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Purpose: Glucocorticoid-induced osteoporosis (GIOP) is the most common form of secondary osteoporosis, and its pathogenesis is 
closely associated with oxidative stress and impaired osteogenic differentiation. Vitamin K2 (VK2) has strong antioxidant properties 
and potent bone-forming effects, but its application in GIOP is still unclear. This study investigates the therapeutic potential of VK2 in 
GIOP and elucidates its underlying molecular mechanisms.
Methods: Dexamethasone (DEX) was used to establish GIOP model within C57BL/6 mice. The bone mass was assessed using micro- 
computed tomography (micro-CT), hematoxylin and eosin (HE) staining, and Masson’s trichrome staining in vivo. The osteoblast 
activity and the expression of osteogenic and ferroptosis-related markers were evaluated via immunohistochemistry (IHC), RT-qPCR, 
Western blotting, ALP and alizarin red staining. The mitochondrial function and lipid peroxidation of MC3T3-E1 cells were detected 
by flow cytometry, immunofluorescence and specific kits.
Results: VK2 partially prevented bone mass reduction and osteoblast activity inhibition in GIOP mice. VK2 not only reversed the 
DEX-induced reductions in Tb.N, BV/TV, and Tb.Th, but also significantly increased the expression of osteogenic markers, including 
OCN and ALP (P<0.05). Moreover, VK2 improved DEX-induced ferroptosis, oxidative stress and mitochondrial dysfunction in 
MC3T3-E1 cells and promoted osteogenic differentiation in vitro, which could be reversed by ferroptosis inducer (P<0.05). VK2 also 
increased the expression of NRF2, HO-1 and FSP1 which inhibited by DEX in vivo and in vitro (P<0.05). The inhibition of FSP1 and 
NRF2 reversed the osteogenic differentiation promotion and ferroptosis inhibition by VK2 (P<0.05).
Conclusion: VK2 restores mitochondrial function and reduces lipid peroxidation and ferroptosis via the NRF2/FSP1 signaling 
pathway, thereby facilitating osteoblast differentiation and improving bone mass in GIOP mice. This finding not only provides a 
fresh perspective on the etiology of GIOP but also positions ferroptosis inhibition as a promising and innovative therapeutic strategy 
for this condition, with VK2 emerging as a potential candidate for clinical translation.
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Introduction
Glucocorticoids (GCs) are commonly employed to alleviate inflammation or inhibit the immune system.1,2 It has been 
reported that long-term glucocorticoid prescriptions have increased by more than 30% over the past two decades.3 
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Among the adverse effects associated with glucocorticoid therapy, GIOP represents the most prevalent form of iatrogenic 
and secondary osteoporosis. The pathophysiological mechanism of GIOP is highly complex, characterized by a sustained 
reduction in bone formation and a transient early increase in bone resorption.2 Consequently, promoting bone formation 
has become a crucial therapeutic objective in GIOP, a condition marked by considerable limitations in current manage
ment options. Anti-resorptive agents (eg, bisphosphonates) effectively suppress bone resorption; however, a significant 
limitation is that they do not address the underlying cause of impaired bone formation. Furthermore, their long-term use 
is associated with severe complications such as osteomyelitis and osteonecrosis.4,5 Anabolic therapies such as teriparatide 
can stimulate bone formation, but their clinical utility is limited by high costs, cumbersome administration, and 
significant safety concerns, including hypercalcemia and an elevated risk of infection.6,7 The further elucidation of the 
underlying pathogenic mechanisms and the identification of safer and more effective pharmacological agents remain 
urgent challenges in clinical practice.

VK2 is primarily derived from fermented foods and is considered to have a favorable safety profile profile.8,9 The 
biological activity of VK2 is attributed to its unique molecular structure and potent antioxidant properties. As a fat- 
soluble vitamin, VK2 readily permeates cell membranes and enters intracellular compartments to exert its protective 
effects.10 VK2 has been reported to restore metabolic balance in bone tissue and to regulate bone remodeling bidir
ectionally by promoting bone formation and inhibiting bone resorption.11 Distinguished from other osteoporosis 
therapeutics, VK2 emerges as a promising alternative by uniquely targeting impaired bone formation through dual 
anabolic and cytoprotective mechanisms. Its capacity to enhance osteogenic function, coupled with oral bioavailability, a 
favorable safety profile, and cost-effectiveness, positions VK2 as a viable long-term strategy that addresses critical gaps 
in current GIOP management. In recent years, multiple studies have demonstrated that VK2 exhibits significant 
therapeutic effects in treating primary osteoporosis and diabetic osteoporosis, particularly in maintaining and improving 
bone density and reducing the incidence of fractures.12,13 Clinical studies also provide a compelling body of evidence 
supporting the skeletal benefits of VK2 in postmenopausal women. Knapen demonstrated that VK2 supplementation 
significantly enhances bone mineral content and femoral neck width,14 while Koitaya reported that even low-dose VK2 

improves bone metabolism biomarkers and inhibits bone loss.15 Most importantly, these benefits translate into a 
definitive clinical outcome: multiple prospective intervention trials have consistently shown that VK2 supplementation 
reduces the risk of vertebral fractures by approximately 60% in this population.16–18 These consistent findings strongly 
advocate for the use of VK2 in osteoporosis prevention and management. Our previous research also demonstrated that 
VK2 significantly mitigated the progression of osteonecrosis of the jaw by promoting osteoblast differentiation.19 Despite 
emerging evidence, the precise role and underlying molecular mechanisms of VK2 in GIOP remain poorly understood 
and warrant further investigation.

Ferroptosis is a novel form of programmed cell death characterized by the iron-dependent accumulation of reactive 
oxygen species (ROS), which catalyzing the peroxidation of polyunsaturated fatty acids in cellular membranes, 
ultimately resulting in membrane disruption and cell death.20–22 FSP1 (formerly AIFM2) is a crucial regulator of 
ferroptosis that acts independently of GPX4. It catalyzes the NAD(P)H-dependent reduction of COQ10 to its antioxidant 
form, ubiquinol, which scavenges lipid peroxyl radicals and protects cellular membranes from oxidative damage.23,24 

Emerging evidence has implicated ferroptosis in the pathogenesis of osteoporosis across various etiologies. For instance, 
VK2 has been reported to ameliorate type 2 diabetic osteoporosis (DOP) by activating the AMPK/SIRT1 pathway, 
thereby inhibiting ferroptosis.25 In a similar context, maresin1 was shown to suppress high-glucose-induced ferroptosis in 
osteoblasts via NRF2 activation.26 Furthermore, therapeutic strategies targeting ferroptosis or its associated mediator 
HO-1 have demonstrated efficacy in rescuing osteocyte death in DOP.27 This approach works by disrupting the vicious 
cycle between lipid peroxidation and heme oxygenase-1 (HO-1) activation, ultimately preventing trabecular bone 
deterioration. Notably, GIOP is often associated with mitochondrial dysfunction and elevated ROS levels, suggesting a 
potential role of ferroptosis in its development.28 However, the interplay between VK2, ferroptosis, and osteoblast 
function in GIOP remains inadequately explored and poorly understood.

Nuclear factor erythroid 2-related factor 2 (NRF2) is a central transcriptional regulator of the cellular antioxidant 
defense system, while ferroptosis is a form of regulated cell death driven by iron-dependent lipid peroxidation.29 NRF2 
modulates ferroptosis susceptibility both directly and indirectly by controlling the expression of multiple antioxidants and 
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cytoprotective genes, such as HO-1, glutathione (GSH), and GPX4.29–31 Previous studies have demonstrated that FSP1 is 
a transcriptional target of NRF2, and that the ubiquinone CoQ-FSP1 axis mediates ferroptosis and confers radiation 
resistance in KEAP1-deficient lung cancer cells.32 However, the role of this pathway in GIOP remains unexplored. 
Therefore, it is essential to investigate the potential of VK2 to alleviate GIOP by modulating ferroptosis in osteoblasts 
and to elucidate the role of the NRF2/FSP1 signaling axis in the pathogenesis and treatment of this condition.

Therefore, this study aimed to investigate the hypothesis VK2 protects against GIOP by inhibiting osteoblast 
ferroptosis through activation of the NRF2/FSP1 signaling pathway. Using a combination of in vivo GIOP mouse 
models and in vitro systems, we sought to determine whether this mechanism underlies VK2’s efficacy in preventing 
bone loss and promoting osteogenic differentiation.

Materials and Methods
Establishment of the GIOP Model and Tissue Collection
Thirty 8-week-old male C57BL/6 mice were procured from Jinan Pengyue Experimental Animal Breeding Co., Ltd. 
(Shandong, China). All animal experiments were approved by the Institutional Animal Care and Use Committee 
(IACUC), School and Hospital of Stomatology, Shandong University (No.20230803). All treatment procedures were 
conducted in accordance with the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of 
Health. Using a random number table mice were randomly allocated to three groups: the control group, the DEX, and the 
DEX+VK2 group, with 10 mice in each group. Mice in the DEX and DEX+VK2 groups were intraperitoneally injected 
with DEX (DEX; 1 mg/kg, MCE, China) every other day for 8 weeks.33 Additionally, the DEX+VK2 group was orally 
supplemented with VK2 (VK2; 30 mg/kg; Glakay, Shibakawa Plant of Fuji Capsule Co., Ltd., Japan) five days per 
week.19 After 8 weeks of treatment, all mice were anesthetized and intracardially perfused, and femurs were isolated and 
collected. Following fixation with 4% paraformaldehyde, the femurs were either used for Micro-CT imaging or subjected 
to decalcification, dehydration, and paraffin embedding for histological sectioning.

Micro-CT Assessment of the Femurs
Microarchitectural parameters of the collected femurs from all three groups were assessed using a Micro-CT scanner 
(SCANCO Medical AG, Bruttisellen, Switzerland). Micro-CT images were reconstructed at a resolution of 10 μm 
(SCANCO Medical AG).

HE Staining and Masson Trichrome
After immersed in xylene for dewaxing and hydrated in descending gradient alcohol, the paraffin sections were stained 
with hematoxylin followed by eosin (HE staining). Other sections were sequentially stained with hematoxylin and 
Ponceau S acid fuchsin, rinsed in aqueous glacial acetic acid, differentiated in phosphomolybdic acid solution, and finally 
immersed in aniline blue solution. After mounting with neutral balsam, the sections were examined under a light 
microscope (Olympus BX-53, Tokyo, Japan).

IHC Staining
Following dewaxing, hydration, and antigen retrieval, antigenic epitopes were exposed. Endogenous peroxidase activity 
was inhibited using 0.3% hydrogen peroxide solution, and non-specific binding sites were blocked with 1% bovine serum 
albumin (BSA) in PBS. Sections were incubated overnight at 4°C with specific primary antibodies, including anti-ALP 
(ab108337, Abcam), anti-OCN (ab93876, Abcam), anti-FSP1 (20,886-1-AP, Proteintech), anti-NRF2 (T55136, Abmart), 
and anti-HO-1 (T55113, Abmart), followed by incubation with appropriate secondary antibodies for 1 hour at room 
temperature. Subsequently, a DAB chromogenic reaction was performed, and sections were counterstained with methyl 
green. Images were acquired via light microscopy and analyzed using Image Pro Plus 6.0.
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Cell Culture and Treatment
The MC3T3-E1 cell line was obtained from the Shanghai Cell Centre (Shanghai, China) and cultured in α-MEM 
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin in a humidified 
incubator at 37°C with 5% CO2. To assess osteogenic capacity, cells in each group were treated with osteogenic induction 
medium for 7, 14, or 21 days, depending on the experimental design. The osteogenic induction medium consisted of 0.1 
μM DEX, 10 mM β-glycerophosphate, and 0.05 mM ascorbic acid. Based on specific experimental objectives, cells were 
additionally treated with the ferroptosis inducer FIN56 (5μm, HY-103087, MCE, China), the FSP1 inhibitor iFSP1 (3μm, 
HY-136057, MCE, China), or the NRF2 inhibitor ML385 (50μm, HY-100523, MCE, China), RSL3 (800nM, HY- 
100218A, MCE, China).

Reverse Transcriptase-Quantitative Polymerase Chain Reaction (qPCR)
Total RNA from MC3T3-E1 cells was extracted using TRIzol reagent (AG21102, Precision Biotechnology) and RNAex 
Pro Reagent (Accurate Biology, Changsha, China). Reverse transcription to cDNA was performed using the Evo M-MLV 
Reverse Transcription Kit (Accurate Biology). Quantitative real-time PCR (RT-qPCR) was conducted in quintuplicate 
using SYBR Green PCR kits (Accurate Biology) on a real-time PCR system (Bio-Rad, Hercules, USA). Relative gene 
expression levels of ALP, OCN, RUNX2, FSP1, GPX4, SLC7A11, and NRF2 were calculated using the 2^−ΔΔCt method, 
with GAPDH as the internal reference. All primer sequences are listed in Table 1.

Western Blotting (WB)
Total intracellular proteins were extracted using a mixture of RIPA lysis buffer, protease inhibitor, and phosphatase 
inhibitor (98:1:1, Cwbio, Beijing, China). Protein concentrations were determined using a BCA protein assay kit 
(P0012S, Beyotime). Equal amounts of protein (30 μg per lane) were separated by 10% SDS-PAGE and transferred to 
polyvinylidene fluoride (PVDF) membranes. Membranes were blocked with 5% BSA in TBST for 1 hour at room 
temperature, followed by overnight incubation at 4°C with the following primary antibodies: anti-ALP (ab108337, 
Abcam), anti-RUNX2 (ab192256, Abcam), anti-OCN (ab93876, Abcam), anti-GAPDH (ab9485, Abcam), anti-KEAP1 
(WL03285, Wanleibio), anti-NRF2 (T55136, Abmart), anti-HO-1 (T55113, Abmart), and anti-FSP1 (20,886-1-AP, 
Proteintech). After three washes, membranes were incubated for 1 hour at room temperature with horseradish peroxidase 
(HRP)-conjugated goat anti-rabbit IgG (ab6721, Abcam) or goat anti-mouse IgG (SA00001-1, Proteintech). Protein 
bands were visualized using a gel imaging system (Amersham Imager 600, General Electric) and quantified with Image- 
Pro Plus 6.0 (Media Cybernetics), with expression levels normalized to GAPDH.

Table 1 Primer Sequences Used in the Experiment

Gene Forward Reverse

ALP 5′-GCGACCACTTGAGCAAACATC-3′ 5′-CGGCTGATTGGCTTCTTCTT-3′

OCN 5′-CAGAACAGACAAGTCCCACACAG-3′ 5′-TCAGCAGAGTGAGCAGAAAGAT-3′

RUNX2 5′-TACGACCATGAGATTGGCAGTGA-3′ 5′-TATAGGATCTGGGTGCAGGCTGA-3′

FSP1 5′-GGAGGCCCTGGATGTAATTGTG-3′ 5′- CAACTTCATTGTCCCTGTTGCTG-3′

GPX4 5′-CCCGATATGCTGAGTGTGGTTTA-3′ 5′-TTCTTGATTACTTCCTGGCTCCTG-3′

SLC7A11 5′-CCCTGGCATTTGGACGCTAC-3′ 5′-CTCCAGCTGACACTCGTGCTATTTA-3′

NRF2 5′-TAGATGACCATGAGTCGCTTGC-3′ 5′-GCCAAACTTGCTCCATGTCC-3′

GAPDH 5′-GCACCGTCAAGGCTGAGAAC-3′ 5′-TGGTGAAGACGCCAGTGGA-3′
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Alkaline Phosphatase (ALP) Staining and Alizarin Red Staining (ARS)
Following treatment with various reagents and subsequent osteogenic induction for 7 or 21 days, cells were rinsed with 
PBS and fixed in 4% paraformaldehyde for 20 minutes. Cells were then stained with either an alkaline phosphatase 
(ALP) staining solution (C3206, Beyotime) for 30 minutes or 1% alizarin red S solution (G1452, Solarbio) for 15 
minutes. The staining reactions were terminated with PBS, and the cells were examined and imaged under a light 
microscope (CKX-41, Olympus Corp, Japan).

Cell Counting Kit-8 (CCK-8)
The optimal concentration of DEX was determined by assessing cell viability across a range of concentrations (0, 10−8, 
10−7, 10−6, and 10−5 mol/L). Subsequently, the optimal concentration of VK2 was evaluated in combination with 10−6 

mol/L DEX. The experimental concentrations of DEX and VK2 were ultimately determined to be 10−6 M. To investigate 
the mechanism by which DEX affects osteoblast viability, cells pretreated with DEX were separately exposed to 
inhibitors of ferroptosis (ferrostatin-1, Fer-1 5 mM), autophagy (3-methyladenine, 3-MA 5 mM), and necroptosis 
(necrostatin-1, Nec-1 50μM). Cell viability was then assessed in each treatment group.

Measurement of the Intracellular ROS Level
The intracellular ROS levels in MC3T3-E1 cells were measured using both flow cytometry and DCFH-DA staining. For 
flow cytometry, the MC3T3-E1 cells were collected and washed with PBS after treatment with various drugs, followed 
by incubation with DCFH-DA (1:1000 dilution) for 20 minutes at 37 °C. ROS levels were then analyzed by flow 
cytometry (CytoFLEX S, Beckman) after an additional PBS wash for DCFH-DA staining, the procedures were similar 
except that the cells were maintained on the dish throughout the entire process, and a fluorescence microscope 
(OLYMPUS, FV3000) was used to capture fluorescence images.

Measurement of Mitochondrial Quantity and Mitochondrial Membrane Potential
To assess mitochondrial content, the Mito-Tracker Green kit (C1048, Beyotime Biotechnology, China) was used. After 
cells were subjected to various drug treatments, the culture medium was removed and replaced with pre-warmed Mito- 
Tracker Green staining solution, which was incubated with the cells at 37 °C for 15–45 minutes. The staining solution 
was then removed, and fresh pre-warmed culture medium was added. Subsequently, fluorescence images were captured 
using a fluorescence microscope (OLYMPUS, FV3000).

To detect mitochondrial membrane potential, cells were washed with PBS and stained with JC-1 staining solution 
(C1048, Beyotime Biotechnology, China), followed by incubation at 37 °C for 20 minutes. After incubation, the 
supernatant was aspirated, and the cells were washed twice with 1× JC-1 staining buffer. Fresh culture medium was 
then added, and fluorescence images were captured using a fluorescence microscope (OLYMPUS, FV3000).

Detection of Malondialdehyde (MDA)
After discarding the supernatant, cells were washed twice with PBS and harvested using a cell scraper. Total protein was 
extracted via lysis according to the instructions of the assay kit (S0131S, Beyotime Biotechnology, China), and the lysate 
was divided for subsequent protein quantification and MDA analysis. For MDA measurement samples were incubated in 
a ≥95°C water bath for 40 minutes, rapidly cooled under running water, and centrifuged at 4,000 rpm for 10 minutes. The 
absorbance of the supernatant was then measured at 530 nm using a microplate reader.

Determination of GSH Levels
The cells were washed twice with PBS, pelleted by centrifugation, and resuspended in three volumes of protein removal 
reagent. The samples then underwent two rapid freeze–thaw cycles using liquid nitrogen and a 37 °C water bath, 
followed by incubation at 4 °C for 5 minutes and centrifugation at 10,000 × g for 10 minutes. Glutathione levels were 
quantified using the GSH/GSSG Assay Kit (S0053, Beyotime) according to the manufacturer’s protocol. Absorbance was 
measured at 410 nm using a microplate reader, and GSH concentrations were calculated based on a standard curve.
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C11-BODIPY and FerroOrange Staining
Lipid peroxidation levels in cells were assessed using the fluorescent probe C11-BODIPY 581/591 (APExBIO, USA). 
Cells were seeded into culture dishes, and after removing the culture medium, they were incubated with C11-BODIPY 
581/591 in serum-free medium at 37°C for 30 minutes in the dark. The intracellular Fe²+ levels were measured using the 
fluorescent probe FerroOrange (Dojindo Laboratories, China) according to the manufacturer’s instructions. Following 
treatment, cells were washed twice with PBS and incubated with 1 μM FerroOrange diluted in serum-free medium at 37 ° 
C for 30 minutes in the dark. Finally, the labeled cells were observed using a confocal laser scanning microscope 
(OLYMPUS, FV3000).

NRF2-siRNA Knockdown of Osteoblasts
The siRNA, designed and synthesized by General Biol (General Biol, China), was transfected into cells at 70–90% 
confluence using Lipofectamine 8000 (C0533, Beyotime) per the manufacturer’s protocol. Transfection efficiency was 
evaluated by PCR 24 hours post-transfection.

Measurement of Reduced Coenzyme Q10 (CoQ10H2) by Enzyme-Linked 
Immunosorbent Assay (ELISA)
The concentration of CoQ10H2 in mouse cell was quantified using a commercial ELISA kit (CB14527-Mu, Coibo Bio, 
China), according to the manufacturer’s instructions.

Docking Analysis
The structures of VK2 and NRF2 were retrieved from the PubChem database, and energy minimization was performed 
using ChemBio3D. Based on its amino acid sequence, the NRF2 protein structure was initially modeled using 
AlphaFold2 and subsequently refined on the Maestro 11.9 platform to obtain the most energetically favorable docking 
conformation. The identification of active binding pockets, conformational space exploration, and detailed protein-ligand 
interaction analysis were conducted using Schrödinger Maestro, thereby enabling an efficient and comprehensive 
structural analysis.

Immunofluorescence (IF) Staining
The expression of NRF2 and HO-1 in MC3T3-E1 cells was assessed by IF. Following different treatments, cells were fixed 
with 4% paraformaldehyde for 20 minutes and then blocked with PBS containing 5% BSA for 1 hour. Subsequently, the 
cells were incubated overnight at 4 °C with either anti-NRF2 (1:200; T55136, Abmart) or anti-HO-1 (1:200; T55113, 
Abmart) primary antibodies. The next day, cells were incubated with a secondary antibody (CoraLite488-conjugated Goat 
Anti-Mouse, 1:200; SA00013-1, Proteintech) for 1 hour. Nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI), 
and fluorescence images were captured using a fluorescence microscope (OLYMPUS, FV3000).

Statistical Analysis
All data were expressed as mean ± standard deviation, based on a minimum of five independent biological replicates. 
Statistical analyses were performed using SPSS 25 software (SPSS. Inc., Chicago, Illinois, USA). To assess differences 
among three or more groups, one-way analysis of variance (ANOVA) was conducted, followed by the Least Significant 
Difference (LSD) tests for multiple comparisons. A p < 0.05 was considered statistically significant for all analyses.

Results
VK2 Alleviated DEX-Induced Bone Loss and Enhanced Osteogenesis
Micro-CT was used to evaluate differences in bone quantity and quality among the control, DEX, and DEX+VK2 groups. 
Compared with the controls, the DEX group exhibited significantly fewer and sparser trabeculae, an enlarged marrow cavity, 
and thinner cortical bone. In contrast, DEX+VK2 group resulted in a marked increase in trabecular bone volume, a reduction in 
marrow cavity size, and restoration of cortical bone thickness (Figure 1A). HE staining in the control group revealed regularly 
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arranged trabeculae with greater thickness and narrower spacing. In the DEX group, the number of trabeculae was markedly 
reduced, with disorganized structure and increased spacing. Masson staining demonstrated a substantial decrease in bone 
regeneration in the DEX group, whereas bone regeneration was enhanced in the DEX+VK2 group (Figure 1B). Following 
VK2 administration, trabecular structure, density, and thickness were significantly restored, and spacing was notably reduced 
(Figure 1B and C). IHC staining revealed that expression levels of ALP and OCN were significantly decreased in the 
metaphyseal region of GIOP mice, but were significantly restored following VK2 treatment (Figure 1D and E). Optimal 
concentrations of DEX and VK2 (1 × 10−6 mol/L) were determined using cell viability assays (Figure 1F). In vitro experiments 
further examined the effects of DEX and VK2 on osteogenesis in MC3T3-E1 cells. Both WB and RT-qPCR analyses showed 
that DEX markedly suppressed the expression of ALP, RUNX2, and OCN, whereas VK2 treatment reversed these effects 
(Figure 1G and H). ALP and ARS staining further supported these findings (Figure 1I).

VK2 Reversed the Ferroptosis Induced by DEX
The Fer-1 (inhibitor of ferroptosis) and 3MA (inhibitor of autophagy) significantly rescued the cell viability of MC3T3- 
E1, especially the Fer-1 (Figure 2A). This result indicated that the reduced cell viability by DEX mainly attributed to 
ferroptosis. The intracellular ROS levels in different groups were detected by flow cytometry and DCFH-DA staining. 
Both flow cytometry and DCFH-DA staining indicated that ROS level in the DEX group were significantly higher than 
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those in the control group. After VK2 treatment the ROS level decreased in the DEX+VK2 group. However, the 
ferroptosis inducer FIN56 inhibited the down-regulation effect of VK2 on ROS (Figure 2B and C). Since ferroptosis is 
usually accompanied by a decrease in mitochondrial membrane potential, the corresponding detection was carried out for 
each group. The experimental results indicated that DEX led to a decrease in mitochondrial membrane potential, and 
VK2 treatment significantly upregulated the mitochondrial membrane potential. However, the use of the ferroptosis 
inducer FIN56 inhibited the upregulation effect of VK2 on mitochondrial membrane potential (Figure 2D). Mito-Tracker 
Green staining also indicated that DEX treatment resulted in mitochondrial damage, whereas VK2 ameliorated the 
mitochondrial status, and this improvement was achieved through the inhibition of ferroptosis (Figure 2E). It is known 
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Figure 1 VK2 alleviated DEX-induced bone loss and enhanced osteogenesis. (A) Representative Micro-CT images of the femur in different groups, bar=1000μm. (B) HE and 
Masson staining images of mouse femur, bar=100μm. GP, Growth Plate; TB, trabecular bone; BM, bone marrow. (C) Quantitative analysis of bone morphology including 
trabecular bone number (Tb.N), bone/tissue volume (BV/TV), trabecular bone thickness (Tb.Th) and trabecular separation (Tb.Sp), was performed in different groups using 
femur HE staining (n=5). (D) IHC staining images of mouse femur for ALP and OCN, bar=25μm. Black arrows point to the positive immunohistochemical staining regions. 
(E) Statistical analysis of IHC staining for ALP and OCN in femur of WT, DEX, and DEX+VK2 groups (n=5). (F) Cell viability of MC3T3-E1 cells after treatment of different 
concentrations of DEX and combination of DEX and VK2 (n=5). (G) The mRNA expression of ALP, OCN and RUNX2 in MC3T3-E1 cells were detected by RT-qPCR (n=5). 
(H) The protein expression of ALP, RUNX2 and OCN in MC3T3-E1 cells were detected by WB (n=5). (I) ALP and ARS staining of MC3T3-E1 cells in groups of control, 
DEX and DEX+VK2. Data are presented as mean ± SD, n=5, *P < 0.05, **P < 0.01, ***P < 0.001. 
Abbreviation: NS, no significant.
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that GSH depletion can induce ferroptosis, and MDA is an important biomarker of ferroptosis. Therefore, the expression 
of the key regulatory molecules of ferroptosis, GSH and the lipid peroxidation marker MDA, were detected. The results 
suggested that DEX downregulated the expression of GSH and led to the upregulation of MDA, indicating that DEX 
induced ferroptosis. VK2 significantly upregulated GSH and downregulated MDA, inhibiting ferroptosis. However, when 
the ferroptosis inducer FIN56 was used, the inhibitory effect of VK2 on ferroptosis was significantly weakened 
(Figure 2F and G). Moreover, lipid peroxidation assay with BODIPY 581/591 C11 and detection of Fe2+ also verified 
that VK2 ameliorated the ferroptosis induced by DEX (Figure 2H–K).

VK2 Promoted Osteogenic Differentiation of Osteoblasts by Inhibiting Ferroptosis
To verify the effect of ferroptosis on the osteogenic differentiation of MC3T3-E1 cells, four groups of cells were set up, 
including the control group, DEX group, DEX + VK2 group, and DEX + VK2 + FIN56 group. The expressions of 
osteogenesis-related factors including ALP, RUNX2 and OCN were detected by WB and RT-qPCR, and the effect of 
different treatment on osteogenic differentiation of MC3T3-E1 were detected by ALP and ARS staining. Both RT-qPCR 

CON DEX DEX+VK2 DEX+VK2+FIN56

R
O
S

A

C

E

B

CON DEX DEX+VK2 DEX+VK2+FIN56D

100μm

CON DEX DEX+VK2 DEX+VK2+FIN56

CON DEX

DEX+VK2 DEX+VK2+FIN56

JC
-1

A
g
g
re
g
at
e

s

JC
-1

M
o
n
o
m
er
s

H
o
ec
h
st

M
er
g
e

M
it
o
-T
ra
ck
er

G
re
en

R
O
S

30μm
10μm

Figure 2 Continued.

Drug Design, Development and Therapy 2025:19                                                                             https://doi.org/10.2147/DDDT.S554610                                                                                                                                                                                                                                                                                                                                                                                                 11533

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



(Figure 3A) and WB (Figure 3B–E) indicated that DEX inhibited the expression of these osteogenesis-related factors and 
VK2 improved osteogenesis level, but the ferroptosis inducer FIN56 inhibited the osteogenesis-improving effect of VK2. 
ALP and alizarin red staining also confirmed the same effect (Figure 3F and G).
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Figure 2 VK2 reversed the ferroptosis of osteoblasts induced by DEX. (A) Cell viability of MC3T3-E1 cells in groups of control, DEX, DEX+Fer-1, DEX+3MA, DEX+Nec-1 
(n=5). (B) Flow cytometric quantification of cellular ROS levels. (C) DCFH-DA staining detection and quantification of cellular ROS levels (n=5), bar=100μm. (D) JC-1 
fluorescence staining for mitochondrial membrane potential and statistical analysis (n=5), bar=30μm. (E) Mito-Tracker Green fluorescence staining. bar=10μm. (F) 
Quantification of MDA in different groups (n=5). (G) Quantification of GSH in different groups (n=5). (H) Fluorescence staining of BODIPY 581/591 C11.bar=30μm. (I) 
Quantification of BODIPY 581/591 C11 (n=5). (J) Fluorescence staining of Fe2+. bar=30μm. (K) Quantification of Fe2+ (n=5). Data are presented as mean ± SD, n=5, *P < 
0.05, **P < 0.01, ***P < 0.001. 
Abbreviation: NS, no significant.
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Figure 3 VK2 promoted osteogenic differentiation of osteoblasts by inhibiting ferroptosis. (A) The mRNA expression of ALP, RUNX2 and OCN in MC3T3-E1 cells were 
detected by RT-qPCR (n=5). (B) The protein expression of ALP, RUNX2 and OCN in MC3T3-E1 cells were detected by WB. (C) Statistical analysis of the protein levels of 
ALP (n=5). (D) Statistical analysis of the protein levels of OCN (n=5). (E) Statistical analysis of the protein levels of RUNX2 (n=5). (F) ALP staining of MC3T3-E1 cells in 
groups of control, DEX, DEX+VK2 and DEX+VK2+FIN56. bar=100μm. (G) ARS staining of MC3T3-E1 cells in groups of control, DEX, DEX+VK2 and DEX+VK2+FIN56. 
bar=200μm. Data are expressed as mean±SD, *P<0.05, **P<0.01, ***P<0.001.
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VK2 Promoted Osteogenic Differentiation of Osteoblasts Through Increasing FSP1
To further investigate how VK2 regulated ferroptosis, the expressions of several significant markers of ferroptosis in 
MC3T3-E1 cells, including FSP1, GPX4, and SLC7A11, were detected by RT-qPCR. It was found that the expression of 
FSP1 was significantly downregulated by DEX and was greatly upregulated by VK2. Moreover, the ferroptosis inducer 
FIN56 inhibited the up-regulatory effect of VK2 on FSP1. In comparison with GPX4 and SLC7A11, the alterations in 
FSP1 were more pronounced (Figure 4A). This indicated that VK2 predominantly regulated ferroptosis via FSP1. The 
protein level of FSP1 showed the same expression trend as RT-qPCR (Figure 4B). As FSP1 is closely associated with 
ferroptosis, the expression of FSP1 within the femurs of mice in different groups were examined and it was found that 
DEX significantly downregulated FSP1, while VK2 upregulated it (Figure 4C). Rescue experiment was also performed to 
further verify whether VK2 regulated ferroptosis via FSP1. Four groups of cells were established, including the control 
group, the DEX group, the DEX+VK2 group, and the DEX+VK2+iFSP1 group. Subsequently, ferroptosis-related assays 
were performed, including the intracellular ROS levels (Figure 4D), mitochondrial membrane potential (Figure 4E), 
mitochondria Mito-Tracker Green staining (Figure 4F), the expressions of MDA (Figure 4G) and lipid peroxide level 
(Figure 4H). All these ferroptosis-related assays suggested that VK2 alleviated DEX-induced ferroptosis, but the use of 
iFSP1 significantly attenuated the inhibitory effect of VK2 on ferroptosis. To ascertain the dominant role of the FSP1 
pathway in VK2-mediated ferroptosis inhibition, we compared the effects of the GPX4 inhibitor RSL3 and the FSP1 
inhibitor iFSP1. Also, we measured changes in the levels of CoQ10H2, the product of FSP1, following treatment with 
DEX and VK2 using ELISA. The results demonstrated that VK2 significantly reversed the DEX-induced decrease in 
CoQ10H2 levels and iFSP1 was markedly more potent than RSL3 in inducing ferroptosis and, correspondingly, in 
reversing the protective effect of VK2, which exhibited only a partial reversal (Figure 4I and J). Furthermore, RT-qPCR 
and WB detections were carried out to investigate the expressions of different osteogenesis-related factors, including 
ALP, RUNX2, and OCN. The results suggested that VK2 improved the inhibitory effect of DEX on osteogenic factors. 
However, the application of the iFSP1 significantly weakened the up-regulatory effect of VK2 on osteogenic factor 
(Figure 4K and L). ALP and alizarin red staining also confirmed the similar effect of DEX, VK2 and iFSP1 (Figure 4M).

NRF2/FSP1 Was an Important Signaling Axis for VK2 to Improve Ferroptosis
In accordance with previous research reports, NRF2 is likely to be located upstream of FSP1. Consequently, we 
performed molecular docking between VK2 and NRF2. To further investigate the specific mechanism through which 
VK2 inhibits ferroptosis, software of artificial intelligence was used to simulate the molecular docking between VK2 and 
the NRF2 target protein. Subsequently, the docking of the complex was visualized, revealing that VK2 formed a stable 
complex with NRF2 through ALA-28 and ASN-88. These simulations indicated a strong relationship between the VK2 

and NRF2 (Figure 5A). To verify this conclusion, IHC staining was performed on the femurs of the control group, DEX 
group, and DEX+VK2 group of mice. It was found that compared with the control group, the expression of NRF2 and 
HO-1 were significantly downregulated in the DEX group, while the expression levels of NRF2 and HO-1 were restored 
in the DEX+VK2 group (Figure 5B). In the in vitro experiments, the expressions of NRF2 and HO-1 in MC3T3-E1 cells 
of the three groups were examined via IF. The staining outcomes revealed that, in line with the results of the in vivo 
experiments, DEX suppressed the expressions of NRF2 in the cells, while treatment with VK2 facilitated the restoration 
of these two factors (Figure 5C and D). Similar results were also found for IF of HO-1 (Figure 5E and F). To further 
explore the regulatory relationship between NRF2 and FSP1, in vitro experiments were designed with control group, 
DEX group, DEX+VK2 group, and DEX+VK2+ML385 group. The levels of intracellular ROS (Figure 5G and H) and 
lipid peroxides (Figure 5I and J) were measured in each group. Both detections revealed that VK2 significantly 
suppressed ferroptosis induced by DEX, while the NRF2 inhibitor attenuated the inhibitory effect of VK2 on ferroptosis, 
indicating that VK2 regulates ferroptosis via NRF2. To rule out potential off-target effects of the inhibitors, we employed 
siRNA-NRF2. The results showed that NRF2 depletion led to a significant accumulation of intracellular iron and 
reversed the protective effect of VK2 (Figure 5K). This genetic evidence further validated our experimental findings. 
The regulatory role of NRF2/HO-1 on FSP1 was further verified by RT-qPCR and WB assays. RT-qPCR of NRF2 and 
FSP1 also showed similar tendency (Figure 5L). Protein detections indicated that DEX significantly downregulated the 
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expressions of NRF2, HO-1, and FSP1. VK2 treatment upregulated the levels of these three factors, but the use of the 
NRF2 inhibitor attenuated the up-regulatory effect of VK2 on HO-1 and FSP1 (Figure 5M). Beyond the pharmacological 
inhibition, we also employed a genetic approach. The knockdown of NRF2 similarly reduced FSP1 protein levels, 
corroborating our previous findings (Figure 5N). These results implied that VK2 regulated FSP1 via the NRF2/HO-1 axis. 
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The osteogenic differentiation levels of these four groups of cells were further examined by WB, RT-qPCR, ALP and 
ARS staining. Both WB and RT-qPCR suggested that VK2 could alleviate the inhibitory effect of DEX on osteogenesis- 
related factors, while the NRF2 inhibitor attenuated the osteogenesis-enhancing effect of VK2 (Figure 5O and P). ALP 
and ARS staining also pointed to the same conclusion (Figure 5Q).

Discussion
This study was designed to evaluate the therapeutic potential of VK2 in GIOP. Initial in vivo and in vitro experiments 
demonstrated that VK2 significantly alleviated DEX-induced osteoporosis by promoting osteogenesis. Furthermore, the 
protective effects of VK2 were closely linked to its capacity to reverse DEX-induced ferroptosis in osteoblasts. 
Mechanistic analyses identified FSP1 as a critical regulatory factor. Subsequent rescue experiments confirmed that 
VK2 inhibits ferroptosis in osteoblasts via activation of the NRF2/FSP1 signaling axis (Figure 6). Collectively, these 
findings offer new insights into the molecular mechanisms underlying VK2-mediated protection in GIOP.
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Figure 4 VK2 promoted osteogenic differentiation of osteoblasts through increasing FSP1. (A) The mRNA expression of FSP1, GPX4 and SLC7A11 in MC3T3-E1 cells were 
detected by RT-qPCR (n=5). (B) The protein expression of FSP1 in MC3T3-E1 cells were detected by WB (n=5). (C) IHC staining and statistical analysis of FSP1 in mouse femurs 
(n=5), bar=50μm. Black arrows point to the positive immunohistochemical staining regions. (D) DCFH-DA staining detection and quantification of cellular ROS levels in MC3T3-E1 
cells (n=5), bar=100μm. (E) JC-1 fluorescence staining for mitochondrial membrane potential and statistical analysis (n=5), bar=30μm. (F) Mito-Tracker Green fluorescence 
staining. bar=10μm. (G) Quantification of MDA in different groups (n=5). (H) Fluorescence staining and quantification of BODIPY 581/591 C11 (n=5), bar=30μm. (I) Fluorescence 
staining and quantification of Fe2+ (n=5), bar=30μm. (J) Quantification of CoQ10H2 in different groups (n=5). (K) The mRNA expression of ALP, RUNX2 and OCN in MC3T3-E1 
cells were detected by RT-qPCR (n=5). (L) The protein expression of ALP, RUNX2 and OCN in MC3T3-E1 cells were detected by WB (n=5). (M) ALP and ARS staining of MC3T3- 
E1 cells in groups of control, DEX, DEX+VK2 and DEX+VK2+iFSP1. Data are presented as mean ± SD, n=5, *P < 0.05, **P < 0.01, ***P < 0.001.
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GIOP is a common secondary osteoporosis caused by long-term, medium to high-dose glucocorticoid use (≥3 months), 
with a dose- and duration-dependent prevalence.34 The pathogenesis of GIOP is multifactorial and complex. In the early 
stages of the disease, GCs promote bone resorption by stimulating osteoclastogenesis and inhibiting the proliferation, 
differentiation, and function of osteoblasts. As the disease progresses to the established phase, the activities of both 
osteoblasts and osteoclasts are markedly suppressed, resulting in a state of low bone turnover.35 Impaired bone formation is 
now considered the primary pathological hallmark of GIOP.36,37 In our previous studies, we observed a reduction in 
osteoclast numbers in the femoral tissue of GIOP mice compared with controls, suggesting diminished bone resorption, 
which may be associated with later-stage disease progression.33 Under these conditions of globally reduced bone 
remodeling, impaired osteogenic capacity is widely recognized as the dominant pathogenic mechanism. Therefore, the 
present study focused on elucidating the molecular regulation of osteogenesis under GIOP conditions.

Recent studies have revealed that the pathogenesis of GIOP is intricately associated with mitochondrial dysfunction, 
oxidative stress, and ferroptosis.28 Prolonged GCs exposure disrupts mitochondrial dynamics in osteoblasts and osteo
cytes, resulting in a decline in mitochondrial membrane potential, reduced ATP synthesis, and excessive accumulation of 

Figure 5 Continued.
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ROS.38 Additionally, GCs promote lipid peroxidation by upregulating oxidase enzymes. The resulting product, MDA, 
further compromises membrane integrity and activates ferroptosis-related pathways.39 Our experimental results con
firmed that mitochondrial stress, lipid peroxidation, and ferroptosis were significantly elevated in both in vivo and in vitro 
GIOP models, highlighting the close interplay among mitochondrial dysfunction, oxidative lipid damage, and ferroptosis 
in the pathogenesis of GIOP.

Figure 5 NRF2/FSP1 was an important signaling axis for VK2 to improve ferroptosis. (A) Molecular docking analysis of VK2 with NRF2. (B) IHC staining and statistical 
analysis of NRF2 and HO-1 in mouse femurs (n=5), bar=50μm. Black arrows point to the positive immunohistochemical staining regions. (C) Fluorescence staining of NRF2 
in MC3T3-E1 cells. bar=100μm. (D) Quantification of NRF2 (n=5). (E) Fluorescence staining of HO-1 in MC3T3-E1 cells. bar=100μm. (F) Quantification of HO-1 (n=5). (G) 
DCFH-DA staining of cellular ROS levels in MC3T3-E1 cells. bar=100μm. (H) Quantification of cellular ROS levels (n=5). (I) Fluorescence staining and quantification of 
BODIPY 581/591 C11. bar=30μm. (J) Quantification of BODIPY 581/591 C11 (n=5). (K) Fluorescence staining of Fe2+ (n=5), bar=30μm. (L) The mRNA expression of FSP1 
and NRF2 in MC3T3-E1 cells were detected by RT-qPCR (n=5). (M) The protein expression of KEAP1, NRF2, HO-1 and FSP1 in MC3T3-E1 cells were detected by WB 
(n=5). (N) The mRNA expression of NRF2 and protein expression of FSP1 after NRF2 knockdown by siRNA. (O) The mRNA expression of ALP, RUNX2 and OCN in 
MC3T3-E1 cells were detected by RT-qPCR (n=5). (P) The protein expression of ALP, RUNX2 and OCN in MC3T3-E1 cells were detected by WB (n=5). (Q) ALP and ARS 
staining of MC3T3-E1 cells in groups of control, DEX, DEX+VK2 and DEX+VK2+ML385. Data are presented as mean ± SD, n=5, *P < 0.05, **P < 0.01, ***P < 0.001. 
Abbreviation: NS, no significant.
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In addition to its well-documented antioxidant properties in disease modulation, VK2 promotes bone health by acting as a 
cofactor for γ-glutamyl carboxylase40,41 and an SXR ligand to support mineralization and collagen accumulation,42 as well as 
by suppressing the NF-κB pathway to exert dual anabolic and anti-resorptive effects.11,43 Recent studies have also demon
strated that VK2 inhibits osteoblast apoptosis and downregulates sclerostin expression in osteoblasts. Multiple studies have 
demonstrated that VK2 exhibits significant therapeutic efficacy in ovariectomized rat models of osteoporosis.13,43 

Furthermore, VK2 has been shown to attenuate high-glucose-induced ferroptosis in diabetic osteoporosis by reducing ROS 
accumulation and restoring mitochondrial function in bone marrow mesenchymal stem cells.25 However, investigations into 
the preventive and therapeutic effects of VK2 in the context of GIOP remain limited. Moreover, the relationship among VK2, 
ferroptosis, and GIOP remains largely uncharacterized. In the present study, we found that DEX-induced GIOP was associated 
with mitochondrial stress, elevated lipid peroxidation, ferroptosis, and impaired osteogenic activity in osteoblasts. In contrast, 
VK2 enhanced osteoblast differentiation and significantly improved bone mass in GIOP mice by optimizing mitochondrial 
function and suppressing lipid peroxidation and ferroptosis.

Ferroptosis is an iron-dependent form of programmed cell death, characterized by excessive intracellular lipid 
peroxidation and compromised antioxidant defense mechanisms.39 Recent studies have shown that osteoblast ferroptosis 

Figure 6 The mechanism of VK2 in preventing GIOP through the NRF2/FSP1 pathway to inhibit ferroptosis in osteoblasts.
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plays a critical role in the pathogenesis of diabetic osteoporosis.44,45 Similarly, GCs have been reported to induce 
ferroptosis in osteoblasts.20,46 Based on current research, the role of ferroptosis in GIOP is not a ubiquitous form of cell 
death but exhibits considerable specificity. First, a central toxicity of GCs lies in inducing mitochondrial dysfunction and 
severe oxidative stress, while significantly depleting intracellular essential antioxidants.47,48 This upstream event 
precisely triggers the core process of ferroptosis—the uncontrolled accumulation of lipid peroxidation. Therefore, 
ferroptosis can be regarded as a key and specific “downstream executor” of GC-induced osteotoxicity. Second, its 
specificity may be highlighted in comparison with other types of osteoporosis. For instance, in postmenopausal 
osteoporosis, enhanced bone resorption due to estrogen deficiency is the primary characteristic, whereas in GIOP, GCs 
directly target and damage osteoblasts and osteocytes.33,35 Our study observed markedly elevated key indicators of 
ferroptosis (such as lipid ROS and iron accumulation) in the GIOP model, and ferroptosis-specific inhibitors demon
strated potent bone-protective effects. These findings strongly suggest that ferroptosis constitutes a more distinctive 
pathological feature in GIOP. Finally, compared with other forms of cell death, ferroptosis appears to play a more 
dominant role. In this study, ferroptosis inhibitors provided significantly superior protection to osteocytes compared to 
autophagy or necrosis inhibitors. Collectively, this evidence indicates that ferroptosis plays a relatively specific and 
central role in GC-induced osteocyte death.

As a central transcription factor in the antioxidant defense system, NRF2 has been implicated in the pathogenesis of 
GIOP.29,30 Previous studies indicate that VK2 enhances the antioxidant defense capacity of endothelial cells via NRF2 
activation,49 a finding that aligns with our current results. It is important to note that the precise mechanism by which 
VK2 activates NRF2—whether through direct binding or indirect upstream signaling—remains a subject for further 
investigation. Our molecular docking results, consistent with the findings of Lin et al, support the plausibility of a direct 
interaction between VK2 and the NRF2 protein, which could underpin its anti-ferroptotic effect.50 However, the 
activation of NRF2 is a complex process known to be regulated by multiple upstream pathways, including PI3K/AKT, 
PKC, and PERK signaling.51–53 To our knowledge, whether VK2 utilizes these canonical pathways to modulate NRF2 
activity has not yet been experimentally demonstrated. Therefore, elucidating the exact contribution of direct binding 
versus alternative signaling routes represents a critical and necessary direction for future research to fully delineate VK2’s 
mechanism of action. Additionally, FSP1 has been identified as a GPX4-independent ferroptosis regulator, functioning 
through a CoQ10-dependent antioxidant system, and is emerging as a potential therapeutic target in neuroinflammation.54 

In our study, we assessed the expression of key ferroptosis-associated regulators—FSP1, GPX4, and SLC7A11—in 
osteoblasts under different treatment conditions. Among these, FSP1 exhibited the most pronounced recovery following 
VK2 administration, suggesting that VK2 may alleviate ferroptosis predominantly via FSP1. Immunohistochemical 
analysis further confirmed the differential expression of FSP1 in vivo. To validate these findings, we conducted in 
vitro rescue experiments using an FSP1 inhibitor, which further confirmed the role of FSP1 in VK2-mediated osteopro
tective effects. Moreover, targeted rescue assays also demonstrated that NRF2 regulates FSP1 expression. Collectively, 
these findings indicate that the NRF2/FSP1 signaling axis represents a promising therapeutic target for the prevention and 
treatment of GIOP.

The therapeutic potential of VK2 for bone health is increasingly recognized. Clinical evidence demonstrates that VK2 

supplementation preserves or improves lumbar bone mineral density and promotes osteocalcin carboxylation, aligning 
with our results.14,15 VK2 exhibits a favorable safety profile with no significant increase in adverse events, though caution 
remains necessary for patients using warfarin.55 Mechanistically, while ferroptosis inhibition has been implicated, 
emerging evidence suggests the involvement of other pathways including autophagy and apoptosis. Studies confirm 
that VK2 promotes autophagic activation through accelerated LC3-I to LC3-II conversion, an increased LC3-II/LC3-I 
ratio, and upregulated Beclin-1 expression.56,57 Future investigations should focus on delineating the contributions of 
these parallel pathways and validating VK2’s efficacy through well-designed clinical trials. From a pathophysiological 
standpoint, GIOP represents a low bone turnover state primarily driven by impaired bone formation – a context in which 
anabolic agents like VK2 are theoretically advantageous. Nevertheless, the absence of large-scale randomized controlled 
trials specifically targeting GIOP patients continues to limit its clinical adoption, and its long-term benefits and definitive 
therapeutic role require further confirmation.
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However, several limitations restricted the use of FIN56 in in vivo experiments. These include its high cost, 
unverified long-term safety in animal models, and the lack of sufficient supporting literature for in vivo applications. 
Therefore, a rescue experiment was not included in the in vivo component of this study. Also, despite its favorable 
tolerance profile, the safety of VK2 warrants further confirmation, considering reported side effects like taste changes, 
potential hepatobiliary effects, and its established antagonism with warfarin. Furthermore, this study was limited to the 
MC3T3-E1 cell line and an animal model with an intervention period of up to 8 weeks. The effects of VK2 on other bone 
cell types (eg, osteocytes) and in longer-term models warrant further investigation.

Conclusion
In conclusion, our study establishes that VK2 can prevents GIOP by targeting a novel pathogenic mechanism— 
ferroptosis, thereby identifying the inhibition of ferroptosis as the primary mechanism underlying VK2’s protective 
effects. This finding not only provides a fresh perspective on the etiology of GIOP but also positions ferroptosis 
inhibition as a promising and innovative therapeutic strategy for this condition, with VK2 emerging as a potential 
candidate for clinical translation. However, it is important to acknowledge the limitations of this study, including its focus 
on a single cell line and the absence of long-term in vivo data. Future research involving animal models and ultimately 
human clinical trials will be essential to validate these findings, determine the long-term efficacy and safety of VK2, and 
fully establish its therapeutic potential for managing GIOP in patients.
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