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Abstract
Objective

The pathogenesis of osteoporosis is closely linked to osteoblast impairment caused by oxidative stress.
While umbilical cord mesenchymal stem cells (UC-MSCs) are widely recognized as a promising
regenerative therapy, the specific pathways underlying their protective effects on oxidatively stressed
osteoblasts are not fully understood. This study aimed to determine whether UC-MSCs exerted
protective effects on osteoblasts by targeting ferroptosis and to characterize the mediating function of
the miR-218-5p/CBX83 signaling axis in this regulatory mechanism.

Methods

We established an in vitro oxidative stress injury model by treating the mouse osteoblast cell line
(MC3T3-E1) with H,0,. We co-cultured these cells with UC-MSCs. Cell viability and injury were evaluated
using CCK-8 and LDH release assays. ROS, Fe2*, MDA, and glutathione (GSH) levels were assessed with
probes and biochemical kits to evaluate ferroptosis characteristics. Expression of ferroptosis defense
proteins and osteogenic markers was analyzed using RT-qPCR and Western blot analysis. To validate the
regulatory relationship between miR-218-5p and CBX3, dual-luciferase reporter assays were employed.
Functional rescue experiments were carried out using a specific ferroptosis inducer (RSL3), miRNA
inhibitors, overexpression constructs, and siRNA-mediated gene silencing.

Results

UC-MSCs protected MC3T3-E1 cells from H,0, injury by improving viability, reducing LDH release, and
inhibiting ferroptosis (ROS, iron overload, lipid peroxidation). They upregulated glutathione peroxidase 4
(GPX4), SLC7A11, and FTH, restoring ALP activity and osteogenic marker expression. Importantly, the
introduction of RSL3 entirely abrogated these UC-MSC-mediated osteoprotective effects, confirming the
causal involvement of ferroptosis. Mechanism studies showed that H,0, downregulated the expression
of miR-218-5p, which directly targets the 3'UTR of CBX3 and inhibited its protein expression; UC-MSCs
could significantly upregulate and restore miR-218-5p levels. Mechanism studies have shown that miR-
218-5p effectively replicates the anti-ferroptosis and bone protection effects of UC-MSCs. On the
contrary, the use of specific inhibitors to suppress miR-218-5p significantly weakened the protective
benefits of UC-MSCs against ferroptosis and osteogenic dysfunction, and the overexpression of CBX3
also reversed the protective effect mediated by UC-MSCs.

Conclusion
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UC-MSCs inhibit oxidative stress-induced osteoblast ferroptosis and promote osteogenesis via the miR-
218-5p/CBX3 axis, providing new insights into MSC therapy for osteoporosis.

1 Introduction

Osteoporosis is a prevalent global public health issue characterized by progressive bone mineral loss
and deterioration of bone microarchitecture, conditions that markedly increase susceptibility to fragility
fractures(Hernlund et al. 2013; Salari et al. 2021). Bone health is maintained by a tightly regulated
balance between osteoblast-mediated bone formation and osteoclast-mediated bone
resorption(Manolagas 2000). The aging process promotes ROS accumulation in the bone marrow,
creating a highly oxidative microenvironment that drives osteoblast apoptosis, senescence, and impaired
differentiation(Ye et al. 2023; Shen et al. 2022). In recent years, therapeutic strategies utilizing umbilical
cord mesenchymal stem cells (UC-MSCs) have emerged as a promising approach in bone tissue
engineering and the management of metabolic bone diseases, owing to their potent paracrine
immunomodulatory, free radical-scavenging, and niche-remodeling activities(Li et al. 2024; Liu et al.
2018). However, the specific molecular signaling networks downstream of UC-MSCs that confer
osteoprotection against oxidative stress-related damage remain incompletely understood.

Ferroptosis is a newly identified form of regulated cell death, defined by the toxic accumulation of iron-
driven lipid peroxidation products that culminate in cell demise. The onset of ferroptosis is commonly
associated with marked depletion of glutathione (GSH) and the loss of activity of essential antioxidant
defense components such as glutathione peroxidase 4 (GPX4)(Ru et al. 2024; Dixon et al. 2024).
Increasing studies have shown that iron homeostasis imbalance plays a crucial pathological role in
various types of osteoporosis(Ruan et al. 2024). When osteoblasts are subjected to severe oxidative
stress, ferroptosis is easily induced, directly leading to the loss of bone formation ability(Wang et al.
2024). Therefore, targeting the inhibition of osteoblast ferroptosis is considered a highly promising anti-
osteoporosis targeted strategy. In this context, exploring whether UC-MSCs can exert their bone
protection function by intervening in the ferroptosis metabolic pathway holds significant scientific
significance.

Mesenchymal stem cells (MSCs), especially umbilical cord-derived UC-MSCs, possess strong paracrine
functions and immunomodulatory capabilities, and have shown promising application prospects in
tissue repair and bone regeneration(Rahyussalim et al. 2023). Previous studies have shown that UC-
MSCs alleviate oxidative stress damage by secreting exosomes and cytokines, but the specific
molecular mechanism of their regulation of osteoblast ferroptosis remains to be systematically
elucidated. MicroRNAs (miRNAs) are important epigenetic regulatory factors that play a crucial role in
maintaining bone metabolic homeostasis(lantomasi et al. 2023; Philippe et al. 2023). miR-218-5p is
abnormally expressed in various bone disease models and has been reported to promote osteoblast
differentiation and alleviate postmenopausal osteoporosis by targeting SOCS3(Zhou et al. 2023); while
CBX3 (Chromobox 3), as the core component of the polycomb repressive complex (PRC1), participates
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in chromatin remodeling and gene transcription regulation and may play an important role in cellular
stress responses and differentiation(Wu et al. 2026).

In this study, we established an in vitro model of oxidative stress in mouse osteoblasts (MC3T3-E1)
using H,0,. Based on previous observations, we hypothesized that under severe oxidative stress
stimulation, the pathogenic factor CBX3 in osteoblasts would be abnormally highly expressed, thereby
serving as a key hub to induce ferroptosis and inhibit osteogenic differentiation; while UC-MSCs could
precisely target and inhibit the transcription and translation of CBX3 by upregulating miR-218-5p, thereby
establishing an anti-ferroptosis barrier and salvaging osteogenic function. The primary objective of this
study was to uncover the molecular mechanisms underlying UC-MSC treatment for osteoporosis. These
findings aim to inform the design of new bone-preserving approaches based on miRNA-mediated
epigenetic regulation.

2 Materials and Methods
2.1 Cell Culture and Processing

MC3T3-E1 was obtained from the Chinese Academy of Sciences Cell Bank. UC-MSCs (CP-CL11, China
Punosai) were purchased from Wuhan Punosai Life Science and Technology Co. According to the
manufacturer's instructions, these cells were isolated from human umbilical cord tissue and
phenotypically analyzed in accordance with the multi-potential mesenchymal stem cell definition
standards proposed by the International Society for Cellular Therapy (ISCT). Through flow cytometry
verification, these cells were positive for the classic MSC surface markers CD73, CD90, and CD105
(positive rate > 95%), and negative for hematopoietic markers CD34 and CD45 (positive rate < 2%).
Additionally, the cells exhibited the ability to differentiate into three lineages: osteogenic differentiation
was confirmed by alizarin red S staining of mineralized matrix, adipogenic differentiation was confirmed
by oil red O staining of lipid droplets, and chondrogenic differentiation was evaluated by alcian blue
staining of matrix rich in glycosaminoglycans. All experiments were conducted using the 3rd to 6th
generations (P3-P6) of UC-MSCs. MC3T3-E1 cells were maintained in a-MEM with 10% FBS and 1%
penicillin/streptomycin at 37°C, 5% CO,. Three experimental groups were established: a control group
(Ctrl), an H,0,-induced treated group (200 pmol/L H,0, treatment for 24 h), and a co-culture group in
which UC-MSCs and MC3T3-E1 cells were separated using a Transwell system (UC-MSCs in the upper
chamber, MC3T3-E1 in the lower well). In subsequent mechanistic assays, cells in each group were
further treated with relevant inhibitors, plasmids, or oligonucleotides on this foundation.

2.2 Cell Viability and Membrane Damage Detection

The cytotoxicity of H,0, and the protective effects of UC-MSCs were evaluated by measuring cell viability
using the CCK-8 detection kit (Beijing Beyotime Biotechnology Co., Ltd., Cat. No. C0038). MC3T3-E1 cells
were seeded into 96-well plates at a density of 5x103 cells/well. After treatment for different durations
(0,12, 24, 36, and 48 hours), 10 uL of CCK-8 reagent was added to each well, followed by a 1.5-hour
incubation period. Absorbance values at 450 nm were subsequently recorded. Concurrently, culture
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supernatants were collected to measure LDH leakage using the LDH Assay Kit (Beijing Beyotime
Biotechnology Co., Ltd., Cat. No. C0017), which served as an indicator of cell membrane damage and
cytotoxicity.

2.3 Detection of Intracellular Reactive Oxygen Species
(ROS)

The accumulation of intracellular ROS was quantified using a DCFH-DA fluorescent assay (Beyotime,
Cat. No. S0033). Briefly, the treated cells underwent triple washing with PBS before a 30-min incubation
with 10 pmol/L DCFH-DA (prepared in serum-free conditions) at 37°C, protected from light. Residual
unbound probes were subsequently removed by rinsing with PBS three times. An Olympus IX73
microscope (Japan) was employed to capture the green fluorescent signals, which were then processed
by Imaged software (NIH, USA) to calculate the mean fluorescence intensity.

2.4 Determination of Biochemical Indicators of Ferroptosis
(Fe?*, MDA, GSH)

According to the instructions of the kit, a biochemical quantitative analysis was conducted on the core
markers of ferroptosis in the cells. All the kits were purchased from Nanjing Jiancheng Bioengineering
Institute. The ferroin (Fe2*) assay kit (Nanjing Jiancheng, Cat. No. A039-2-1) was used to detect the
concentration of free Fe2?* in the cells.

2.5 Oligonucleotide and Plasmid Transfection

The specific inhibitors, mimics, and their respective negative controls (NC) targeting miR-218-5p, as well
as the small interfering RNA (si-CBX3) targeting CBX3 and its negative control (si-NC), were all
synthesized by GenePharma (Suzhou, China). Shanghai GeneChem Co., Ltd. (China) provided the empty
vector (oe-NC) alongside the expression plasmid encompassing the entire mouse Cbx3 cDNA sequence
(oe-CBX3). Upon reaching a confluence of approximately 60-70%, the MC3T3-E1 cultures underwent
transient transfection. This procedure was facilitated by the Lipofectamine 3000 kit (Invitrogen,
Carlsbad, CA, USA), strictly adhering to the established protocol provided by the supplier. At 48 h post-
transfection, the cellular samples were harvested for further assays or applied in the co-culture system.
Additionally, in specific mechanism reversal experiments, 5 uM ferroptosis-specific inducer RSL3
(MedChemExpress, USA, Cat. No. HY-100218) was added for intervention treatment.

2.6 Osteogenic Differentiation Induction and Detection

Osteogenic differentiation of MC3T3-E1 cells was induced by culturing them in differentiation medium
containing a-MEM supplemented with 10 mM B-glycerophosphate, 50 ug/mL ascorbic acid, and 100 nM
dexamethasone. At 7 and 14 days post-induction, ALP activity was assessed with the commercial assay
kit (Nanjing Jiancheng Biotechnology Institute, Cat. No. A059-2-2), following the provided protocol. The
assay employed pNPP as the substrate, and absorbance values were recorded at 405 nm to calculate
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ALP activity. The measured ALP levels were then normalized against total protein content, which was
determined using the BCA method.

2.7 Real-time Fluorescence Quantitative PCR (RT-gPCR)

Cellular total RNA was extracted by employing the TRIzol reagent (Cat. No. 9109; Takara Bio, Japan).
Following the evaluation of RNA yield and quality via a NanoDrop 2000 device (Thermo Fisher Scientific,
USA), 1 ug of the extracted RNA was synthesized into complementary DNA (cDNA) using the HiScript Il
RT SuperMix kit (Cat. No. R323-01; Vazyme Biotech, Nanjing, China). Subsequent fluorescent quantitative
PCR was executed using the ChamQ Universal SYBR Green Master Mix (Cat. No. Q711-02; Vazyme
Biotech). The amplification processes were monitored on either a Bio-Rad CFX Connect or an Applied
Biosystems QuantStudio 5 thermocycler. To calculate the relative transcriptional abundance of the genes
of interest (miR-218-5p, Alp, Ocn, and Runx2), the standard 27AACt algorithm was applied. For the mRNA
expressions (Alp, OCN, Runx2, and CBX3), B-actin was used as the endogenous normalization control;
for the expression of miR-218-5p, U6 small nuclear RNA (snRNA) was employed for normalization. The
specific primer sequences used were as follows: B-actin (Forward: 5-CACCATTGGCAATGAGCGGTTC-3,
Reverse: 5-AGGTCTTTGCGGATGTCCACGT-3'); ALP (Forward: 5-GGGGTACAAGGCTAGATGGC-3,
Reverse: 5-GAGAGCGAAGGGTCAGTCAG-3'), OCN (Forward: 5-GTCCAAGCAGGAGGGCAATA-3', Reverse:
5-GATGCGTTTGTAGGCGGTCT-3'), Runx2 (Forward: 5-AATGATGAGAACTACTCCGCCG-3', Reverse: 5-
GCCTGCCTGGGATTTCTTGGT-3'), CBX3 (Forward: 5- TAGATCGACGTGTAGTGAATGGG-3', Reverse: 5-
TGTCTGTGGCACCAATTATTCTT-3'); U6 (Forward: 5-CTCGCTTCGGCAGCACA-3', Reverse: 5
AACGCTTCACGAATTTGCGT-3'); miR-218-5p (Forward: 5-GCGCGTTGTGCTTGATCTAA-3', Reverse: 5-
AGTGCAGGGTCCGAGGTATT-3).

2.8 Western Blot Analysis

For protein expression profiling, cellular lysates were prepared in RIPA buffer (Beyotime, Shanghai,
China) containing a cocktail of protease and phosphatase inhibitors. Following protein concentration
determination via a BCA assay, standardized aliquots (20—30 pg) of protein were resolved on SDS-PAGE
gels and subsequently transferred to PVDF membranes. To prevent non-specific binding, the blots were
incubated in a 5% skim milk blocking solution for 60 min at ambient temperature. This was followed by
an overnight incubation at 4°C with specific primary antibodies targeting GPX4, SLC7A11, FTH1, CBX3,
ALP, OCN, RUNX2, and B-actin. The detailed information for the primary antibodies used is: anti-GPX4
(Abcam, ab125066, 1:1000), anti-SLC7A11 (CST, #12691, 1:1000), anti-FTH1 (Proteintech, 11827-1-AP,
1:1000), anti-CBX3 (Abcam, ab210903, 1:2000), anti-ALP (Santa Cruz, sc-271431, 1:500), anti-OCN
(Abcam, ab13418, 1:1000), anti-RUNX2 (CST, #12556, 1:1000), and anti-B-actin (Sigma, A5441, 1:5000).
After thorough washing steps the next day, the blots were exposed to HRP-linked secondary antibodies
for another hour at room temperature. Finally,immunoreactive signals were detected using an ECL
reagent, with densitometric quantification executed by ImageJ software.

2.9 Dual Luciferase Reporter Gene Assay
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To elucidate the direct interaction between miR-218-5p and CBX3, a dual-luciferase reporter system was
utilized. The wild-type 3'-untranslated region (3'UTR) of CBX3, harboring the putative miR-218-5p
complementary site, alongside its mutated counterpart, was cloned into pmirGLO plasmids. MC3T3-E1
cells in the exponential growth phase were seeded into 24-well culture dishes. Subsequently, these cells
underwent co-transfection with the constructed wild-type or mutant reporter vectors in combination with
either miR-218-5p mimics or negative control oligos (miR-NC). Following a 48-h incubation period, the
cellular lysates were collected. The luminescence levels generated by firefly and Renilla luciferases were
ultimately evaluated employing a dual-luciferase reporter assay system (Promega, USA), which
facilitated the calculation of the relative luminescent ratios.

2.10 Function Restoration Experiment

The miR-218-5p inhibitor (or mimic) and the CBX3 overexpression plasmid were transfected into MC3T3-
E1 cells to verify their effects on the protection of UC-MSCs.

2.11 Statistical Analysis

GraphPad Prism software (version 8.0) was used as the main tool for all statistical calculations in this
study. All experiments were conducted in three independent biological replicates, with each replicate
containing at least three technical replicates. Quantitative results were expressed as the mean
standard deviation. Statistical comparisons between two groups were performed using the unpaired
Student's t-test, while comparisons among three or more groups were conducted using one-way analysis
of variance (ANOVA), followed by Tukey's post hoc test. A P value less than 0.05 was considered
statistically significant.

3 Results

3.1 UC-MSCs can rescue osteoblast damage and
differentiation disorders induced by oxidative stress by
inhibiting ferroptosis

This study aims to investigate whether UC-MSCs in bone cells can alleviate oxidative stress-mediated
damage and clarify the underlying regulatory mechanism. An oxidative stress injury model was
established by treating MC3T3-E1 cells with H,0,, and the role of RSL3 (a specific ferroptosis inducer)
was verified in a partial co-culture system. The results showed that H,0, significantly reduced cell
viability within 48 hours, and co-culture with UC-MSCs effectively alleviated this cytotoxic effect

(Fig. 1A). Similarly, H,0, treatment led to a significant increase in LDH release, while UC-MSCs
intervention could significantly inhibit this phenomenon (Fig. 1B, P < 0.0001). Since oxidative stress is
the main driver of ferroptosis, we further evaluated the indicators related to ferroptosis. DCFH-DA
staining showed that H,0, induced a sharp accumulation of intracellular ROS in cells, while UC-MSCs
significantly cleared excessive ROS (Fig. 1C, D). At the protein level, UC-MSCs significantly upregulated
the expression of key ferroptosis defense markers, including GPX4, SLC7A11, and FTH, which were
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downregulated in H,0, treatment (Fig. 1E-H). Notably, after introducing RSL3, the protective effect of UC-
MSCs on cell survival and inhibition of ferroptosis was significantly weakened, indicating that the anti-
ferroptosis effect is crucial for UC-MSC-mediated cell protection. Additionally, we also evaluated the
effect of UC-MSCs on osteogenic differentiation. RT-gPCR and Western blot analysis showed that H,0,
exposure severely inhibited the expression of osteogenic-related markers (including ALP, OCN, and
Runx2) at the mRNA and protein levels (Fig. 1L-O). While UC-MSC treatment could effectively restore the
expression of these markers. However, this osteogenic repair was mostly reversed after RSL3 treatment.

3.2 UC-MSCs mediate anti-ferroptosis effects via miR-218-
5p and rescue osteogenic differentiation defects

To elucidate the molecular mechanisms underlying the protective effects of UC-MSCs, we focused on
the regulatory role of miR-218-5p. First, RT-qPCR results showed that H,0,-induced oxidative stress
significantly suppressed miR-218-5p expression, whereas co-culture with UC-MSCs markedly
upregulated its levels (Fig. 2A-B). Subsequently, functional rescue experiments confirmed the central role
of miR-218-5p in resisting ferroptosis. Results indicated that addition of a miR-218-5p inhibitor
significantly weakened UC-MSCs' ability to clear ROS accumulation, Fe?*, and MDA (Fig. 2C-F), while also
exacerbating GSH depletion (Fig. 2G). At the protein level, the miR-218-5p inhibitor significantly
downregulated the expression of ferroptosis defense proteins—GPX4, SLC7A11, and FTH—that were
induced by UC-MSCs (Fig. 2H-K). These findings suggest that upregulation of miR-218-5p is a critical
step in UC-MSC-mediated suppression of ferroptosis. Furthermore, we evaluated the impact of miR-218-
5p on osteogenic differentiation at both transcriptional and translational levels. RT-qPCR revealed that,
compared to the UC-MSC co-culture group, addition of the miR-218-5p inhibitor significantly reduced
mMRNA expression of osteogenic genes ALP, OCN, and Runx2 (Fig. 2L-N, P <0.0001). Consistently,
Western blot analysis demonstrated that inhibition of miR-218-5p significantly counteracted the
restorative effect of UC-MSCs on the expression of these osteogenic proteins (Fig. 20-R).

3.3 miR-218-5p directly targets and negatively regulates
the expression of CBX3

To reveal the downstream molecular mechanism by which miR-218-5p protects osteoblasts, we
predicted through bioinformatics databases that the 3'UTR region of CBX3 contains potential binding
sites for miR-218-5p (Fig. 3A). To verify this prediction, we constructed a CBX3 3'UTR luciferase reporter
vector containing the wild-type (WT) or mutant (Mut) binding sequences. The dual-luciferase reporter
gene assay results showed that transfection with miR-218-5p mimics significantly reduced the luciferase
activity of the CBX3-WT vector (P = 0.0034), while having no significant effect on the luciferase activity of
the CBX3-Mut vector (Fig. 3B), confirming the direct binding of miR-218-5p to CBX3 mRNA.
Subsequently, we evaluated the regulatory effect of miR-218-5p on CBX3 protein expression. Western
blot results showed that H,0, treatment led to a significant increase in the protein level of CBX3 in
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MC3T3-E1 cells (Fig. 3C-D, P = 0.0002). After transfection with miR-218-5p mimic on top of H,0,
treatment, the expression level of CBX3 protein was significantly inhibited (P = 0.0004).

3.4 Targeted knockdown of endogenous CBX3 can

simulate the anti-ferroptosis and bone protection effects
of UC-MSCs

Given that miR-218-5p has been confirmed to have a negative regulatory effect on CBX3, we further used
small interfering RNA (si-CBX3) to directly silence CBX3 in MC3T3-E1 cells, aiming to verify whether
inhibiting this factor is sufficient to produce a bone protection effect similar to that of UC-MSCs. Western
blot results confirmed the knockdown efficiency: H,0, treatment significantly induced an increase in
CBX3 expression (Fig. 4A-B, P = 0.0164), while after transfection with si-CBX3, its protein level was
significantly downregulated under oxidative stress conditions (P = 0.0009). Subsequently, we evaluated
the effects of silencing CBX3 on cell phenotype and the ferroptosis pathway. DCFH-DA fluorescence
staining showed that knockdown of CBX3 significantly reduced the intracellular ROS accumulation
induced by H,0, (Fig. 4C-D, P <0.0001). At the molecular level, Western blot results confirmed that
inhibiting the expression of CBX3 significantly restored the levels of ferroptosis defense proteins GPX4,
SLC7A11, and FTH (Fig. 4E-H), indicating that CBX3 is a potential key target mediating the occurrence of
ferroptosis under oxidative stress. Finally, we detected changes in osteogenic differentiation markers.
The results showed that silencing CBX3 significantly alleviated the inhibition of osteogenic function by
H,0,. At the protein level, the expressions of Runx2, ALP, and OCN were significantly restored (Fig. 4I-L);
at the same time, RT-qPCR results also confirmed the synchronous upregulation of these osteogenic-
related genes at the mRNA level (Fig. 4M-0, P < 0.0001). These results suggest that by directly inhibiting
the expression of CBX3 through genetic means, it is possible to simulate the anti-ferroptosis effect of
UC-MSCs, thereby effectively rescuing the osteogenic differentiation disorder caused by oxidative stress.

3.5 Overexpression of CBX3 weakened the anti-ferroptosis
and osteogenic rescue effects of UC-MSCs on osteoblasts

After confirming the protective effect of silencing CBX3, we further verified the necessity of the miR-218-
5p/CBX3 axis in UC-MSC treatment through functional restoration experiments. We transfected the
CBX3 overexpression plasmid (Oe-CBX3) into the co-culture system to observe whether it could reverse
the bone protective effect of UC-MSCs. The results showed that UC-MSCs significantly reduced the ROS

accumulation, Fe?*, and MDA levels induced by H,0,, and restored the GSH reserves; however, the

introduction of Oe-CBX3 significantly weakened these anti-ferroptosis effects (Fig. 5A-E). At the
molecular level, Western blot results showed that overexpression of CBX3 significantly downregulated
the expression of iron death defense proteins (GPX4, SLC7A11, and FTH) maintained by UC-MSCs
(Fig. 5F-D). Meanwhile, the rescue effect of UC-MSCs on osteogenic differentiation function was
significantly blocked by Oe-CBX3. RT-qPCR results showed that compared with the control plasmid
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group, overexpression of CBX3 led to a significant decrease in the mRNA levels of key osteogenic genes
ALP, OCN, and Runx2 (Fig. 5J-L, P < 0.0001). Similarly, Western blot results also confirmed the
synchronous decline of these osteogenic markers at the protein expression level (Fig. 5SM-P).

4 Discussion

Osteoporosis is characterized by a progressive deterioration of the bone marrow microenvironment.
Notably, the persistent oxidative stress triggered by aging or the sharp decline in hormone levels
following menopause is considered a core pathological driver that impairs the osteogenic function of
osteoblasts(Subarajan et al. 2024; Fischer et al. 2022; Yao et al. 2025). In recent years, UC-MSCs have
attracted much attention in the cell therapy of metabolic bone diseases due to their outstanding
paracrine immune regulation and microenvironment remodeling capabilities(Hoang et al. 2022; Zhidu et
al. 2024). However, the underlying epigenetic and metabolic coupling mechanism by which UC-MSCs
enable osteoblasts to resist oxidative stress damage has not yet been fully unraveled. This study
clarifies a previously uncharacterized molecular defense mechanism through which UC-MSCs exert their
cytoprotective effects: UC-MSCs can precisely target and downregulate the expression of the pathogenic
hub gene CBX3 by upregulating miR-218-5p in damaged osteoblasts, thereby attenuating osteoblast
ferroptosis induced by H,0, and substantially restoring their osteogenic differentiation potential. This
discovery not only provides a new perspective for understanding the bone-protective effect of UC-MSCs,
but also greatly enriches the ferroptosis metabolic theory of osteoporosis.

Defined as a regulated form of cell death, ferroptosis is characterized by iron-dependent lipid
peroxidation and is implicated in the progression of multiple oxidative stress-associated pathologies,
such as osteoporosis(Dixon et al. 2014; Battaglia et al. 2020; Xia et al. 2023). In this study, it was
observed that H,0, treatment significantly induced ferroptosis in MC3T3-E1 cells, characterized by
excessive accumulation of ROS, increased intracellular Fe2* levels, increased MDA content, depletion of
GSH, and downregulation of GPX4, SLC7A11, and FTH at both mRNA and protein levels. Co-culture with
UC-MSCs effectively reversed these ferroptosis-related phenotypes and restored osteogenic
differentiation ability(Svajger et al. 2025; Shen et al. 2019). To further verify the mediating role of
ferroptosis in oxidative stress-induced osteogenic dysfunction, we introduced the GPX4-specific inhibitor
RSL3(Kim et al. 2023; Xiao et al. 2025). The results showed that RSL3 significantly weakened the
protective effect of UC-MSCs on osteogenic differentiation, confirming that ferroptosis is the critical
downstream mediator of H,0,-induced osteogenic cell dysfunction, which is consistent with recent
reports on targeting ferroptosis to improve bone metabolic disorders.

When exploring the upstream regulatory mechanism of the anti-ferroptosis effect of UC-MSCs, we
focused on the epigenetic regulation mediated by microRNAs. UC-MSCs can transfer miRNAs through
paracrine pathways (including exosomes) and reconfigure the gene expression network of target
cells(Zhang et al. 2022; Xu et al. 2021; Saadh et al. 2025). This study found that H,0, stimulation
significantly downregulated the expression of miR-218-5p in MC3T3-E1 cells, while co-culture with UC-
MSCs could effectively rescue this downregulation. Applying miR-218-5p-specific inhibitors can weaken
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the anti-ferroptosis and osteogenic protective effects of UC-MSCs, leading to a secondary decrease in
the expression of osteogenic markers (ALP, OCN, Runx2) and ferroptosis defense genes (GPX4,
SLC7A11, FTH) at the transcriptional level, indicating that miR-218-5p is an important downstream
effector molecule for the protective function of UC-MSCs. Consistent with our hypothesis, dual-luciferase
reporter experiments confirmed that miR-218-5p directly targets the CBX3 gene. CBX3, a key component
of the HP1 family, is a known player in chromatin remodeling and transcriptional regulation. Our results
suggest that CBX3 may serve as a potential bridge between epigenetic modification and ferroptosis in
osteoblasts, although the precise downstream targets through which it modulates ferroptotic sensitivity
require further elucidation.

Through functional gain and loss experiments, we have obtained evidence supporting a crucial role of
CBX3 in this pathway: under the presence of UC-MSCs, overexpression of CBX3 significantly weakened
its inhibitory effect on ferroptosis and its protective effect on osteogenic differentiation; while in the H,0,
treatment condition without UC-MSCs, knockdown of CBX3 could partially mimic the protective
phenotype of UC-MSCs, restore the expression of anti-ferroptosis proteins and promote the levels of
osteogenic markers(Bai et al. 2025). These bidirectional validation results suggest that UC-MSCs inhibit
ferroptosis and promote osteogenic differentiation by up-regulating miR-218-5p and consequently down-
regulating CBX3. However, the precise molecular mechanisms by which CBX3 regulates ferroptosis-
related genes—including whether it directly or indirectly modulates the transcription of GPX4, SLC7A11,
and FTH—require further investigation.

Several limitations of the current work must be acknowledged. Notably, the study relies exclusively on in
vitro cell lines and lacks confirmation in living organisms. Because osteoporosis involves complex
intercellular communication, future studies should assess the therapeutic relevance of this pathway in
preclinical models, including OVX and aging-induced mouse models. Secondly, how UC-MSCs target and
upregulate miR-218-5p in osteoblasts across the physical barrier in the indirect co-culture system
remains a mystery. Considering the paracrine characteristics of mesenchymal stem cells, we strongly
hypothesize that exosomes are the core delivery vehicles, which requires future confirmation through the
extraction, identification, and purification of UC-MSC-Exos. Finally, it is plausible to hypothesize that
CBX3 might directly or indirectly influence the transcription of ferroptosis defense genes such as GPX4.
However, whether this regulation occurs via direct promoter binding or indirect signaling cascades
remains speculative at this stage.

5 Conclusion

In summary, this study has revealed a novel epigenetic and metabolic regulatory pathway through which
UC-MSCs alleviate the differentiation disorder of osteoblasts induced by oxidative stress. Our findings
suggest that UC-MSCs can target and modulate the expression of CBX3 by upregulating miR-218-5p in
damaged osteoblasts, thereby contributing to the maintenance of the GPX4/SLC7A11 defense system at
both transcriptional and translational levels, strongly inhibiting the occurrence of lipid peroxidation and
ferroptosis, and substantially restoring the differentiation and bone generation potential of osteoblasts.
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This study not only provides new theoretical support for understanding the pathological mechanism of
osteoporosis (especially the destructive role of ferroptosis in it), but also offers important molecular
targets (miR-218-5p/CBX3 axis) for cell-free therapy based on UC-MSCs and their derivatives,
demonstrating a broad clinical transformation prospect.
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Abbreviation
ALP
CBX3
CCK-8
cDNA
DCFH-DA
Fe?*

FTH
GPX4
GSH
H,0,
HRP

LDH
MDA
miRNA
MSC

NC

OCN

oe

PBS
PVDF
ROS
RSL3
RT-gPCR
RUNX2
SD
SDS-PAGE
SEM
si-CBX3

Full Form

Alkaline phosphatase
Chromobox 3

Cell Counting Kit-8
Complementary DNA
2',7'-Dichlorodihydrofluorescein diacetate
Ferrous ion

Ferritin heavy chain
Glutathione peroxidase 4
Glutathione

Hydrogen peroxide
Horseradish peroxidase
Lactate dehydrogenase
Malondialdehyde
MicroRNA

Mesenchymal stem cell
Negative control
Osteocalcin
Overexpression
Phosphate-buffered saline
Polyvinylidene difluoride
Reactive oxygen species

(1S,3R)-RSL3 (ferroptosis inducer)

Reverse transcription quantitative polymerase chain reaction

Runt-related transcription factor 2

Standard deviation

Sodium dodecyl sulfate—polyacrylamide gel electrophoresis

Standard error of the mean

Small interfering RNA targeting CBX3
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Abbreviation  Full Form

SLC7A11 Solute carrier family 7 member 11

UC-MSC Umbilical cord mesenchymal stem cell

3'UTR 3-Untranslated region
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Figure 1

UC-MSCs protect osteoblasts from H,0,-induced damage and differentiation disorders by inhibiting the
ferroptosis pathway. (A) At 0, 12, 24, 36, and 48 hours, the cell survival rate of different groups of MC3T3-
E1 cells was detected using the CCK-8 method. (B) The release of LDH in the supernatant was
measured. (C) Representative fluorescence images of intracellular ROS after DCFH-DA staining (scale =
50 um). (D) Quantitative analysis of the average ROS fluorescence intensity. (E-H) Western blot analysis
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and corresponding quantitative analysis of ferroptosis-related proteins GPX4, FTH, and SLC7A11. (I-K)
RT-qPCR analysis of the relative mRNA expression levels of osteogenic markers ALP, OCN, and Runx2.
(L-O) Western blot analysis and corresponding quantitative analysis of osteogenic proteins Runx2, ALP,
and OCN. B-actin was used as a loading control. Groups: 1: MC3T3-E1; 2:MC3T3-E1-H,0,; 3: MC3T3-E1-
H,0,+UC-MSCs; 4: MC3T3-E1-H,0,+UC-MSCs+RSL3. The data are presented as mean + SD, and all are
derived from n = 3 independent biological replicates. The exact P value is indicated above the bars; P <
0.0001 indicates the highest statistical significance level.
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Figure 2

Inhibition of miR-218-5p can weaken the protective effect of UC-MSCs against H,0,-induced ferroptosis
and osteogenic damage. (A-B) RT-qPCR was used to detect the expression levels of miR-218-5p in each
group. (C-D) DCFH-DA staining was used to observe the accumulation of intracellular ROS (scale = 50
um) and to quantify the fluorescence intensity. (E-G) The contents of Fe?*, MDA, and GSH in each group
of cells were detected. (H-K) Western blot was used to detect the expression and gray-scale
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quantification of iron death defense proteins GPX4, SLC7A11, and FTH. (L-M) RT-gPCR was used to
detect the relative mRNA expression levels of osteogenic-related genes ALP, OCN, and Runx2. B-actin
was used as the internal reference for mRNA and protein detection, and U6 was used as the internal
reference for miRNA detection. (0-R) Western blot was used to detect the expression and gray-scale
quantification of osteogenic marker proteins Runx2, ALP, and OCN. Note: 1: MC3T3-E1; 2: MC3T3-E1-
H,0,; 3: MC3T3-E1-NC-inhibitor- H,0,. 4: MC3T3-E1-miR-218-5p-inhibitor-H,0,; 5: MC3T3-E1-H,0,+UC-
MSCs; 6: MC3T3-E1-miR-218-5p-inhibitor-H,0,+UC-MSCs. The data are presented as mean  SD, and all
are derived from n = 3 independent biological replicates. The exact P values or significance levels are
indicated in the figure (**** P < 0.0001).
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Figure 3

miR-218-5p targets and negatively regulates the expression of CBX3. (A) Bioinformatics predicts the
binding sites of miR-218-5p to the 3'UTR region of mouse CBX3, and displays the mutant (Mut)
sequence. (B) Dual luciferase reporter gene assay verifies the targeting relationship between miR-218-5p
and the CBX3 3'UTR. (C-D) Western blot and gray-scale quantitative analysis detect the expression levels
of CBX3 protein in different treatment groups. B-actin is used as the internal reference for protein
detection. The data are presented as mean + SD, and all come from n = 3 independent biological
replicates. The exact P values have been marked in the figure to indicate statistical significance.
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Figure 4

Targeted silencing of CBX3 can alleviate H,0,-induced osteoblast ferroptosis and osteogenesis disorder.
(A-B) Western blot and gray-scale quantitative analysis verified the expression levels of CBX3 in different
treatment groups and the knockdown efficiency of si-CBX3. (C-D) DCFH-DA fluorescence staining
observed the accumulation of ROS in cells of each group (scale = 50 pm) and the average fluorescence
intensity quantification. (E-H) Western blot and gray-scale quantitative analysis detected the protein
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expression of ferroptosis defense proteins GPX4, SLC7A11, and FTH. (I-L) Western blot detected the
expression levels of osteogenic marker proteins Runx2, ALP, and OCN and their corresponding gray-scale
quantification. (M-0) RT-gPCR detected the relative mRNA expression levels of osteogenic marker genes
ALP, OCN, and Runx2. B-actin was used as the internal reference for protein and mRNA detection. Group
description: 1: MC3T3-E1; 2: MC3T3-E1-H,0,; 3: MC3T3-E1-si-NC-H,0,; 4: MC3T3-E1-si-CBX3-H,0,. The
data are presented as mean + SD, all derived from n = 3 independent biological replicates. The exact P
values for the key comparison groups are shown in the figure; P < 0.0001 indicates a statistically
significant difference of extreme magnitude.
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Figure 5

Overexpression of CBX3 reversed the protective effect of UC-MSCs on H,0,-induced ferroptosis and

osteogenic dysfunction. (A-B) DCFH-DA fluorescence staining was used to observe the accumulation of

ROS in cells of each group (scale = 50 pm) and to quantify the average fluorescence intensity. (C-E)

Biochemical assays were used to detect the changes in FeZ*, MDA, and GSH contents in cells of each

group. (F-1) Western blot and gray-scale quantitative analysis were used to detect the expression levels
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of ferroptosis defense proteins GPX4, SLC7A11, and FTH. (J-L) RT-gPCR was used to detect the relative
mMRNA expression levels of osteogenic marker genes ALP, OCN, and Runx2 in each group. (M-P) Western
blot and gray-scale quantitative analysis were used to detect the expression levels of osteogenic marker
proteins Runx2, ALP, and OCN. B-actin was used as the internal reference for protein and mRNA
detection. Group description: 1: MC3T3-E1; 2: MC3T3-E1-H,0,; 3: MC3T3-E1-H,0,+UC-MSCs;4: MC3T3-
E1-0e-NC-H,0,+UC-MSCs; 5: MC3T3-E1-0e-CBX3-H,0,+UC-MSCs. The data are presented as mean * SD,
all derived from n = 3 independent biological replicates. The exact P values for the key comparison
groups are shown in the figure; P < 0.0001 indicates a statistically significant difference of extreme
magnitude.
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