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Targeting ferroptosis to rescue osteogenic
differentiation in BRONJ-affected jawbone
mesenchymal stem cells: the role of miR-145-
3p and exosome-mediated therapy

Yi Shuai?*", Bo Chen'?", Tao Jiang'", Lei Zhu'?, Han Su'?, Wei Wei'?, Bingyao Liu*" and Lei Jin**

Abstract

Background Bisphosphonate-related osteonecrosis of the jaw (BRONJ) is a severe, therapy-refractory condition
driven by ferroptotic disruption of jawbone-derived mesenchymal stem cells (MSCs) biology. We dissect this
mechanism to validate ferroptosis as a therapeutic target.

Methods We first demonstrated that miR-145-3p is mechanistically coupled to ferroptosis and osteogenesis in
BRONJ model by gain- and loss-of-function studies. To evaluate therapeutic efficacy under pathologically relevant
conditions, we designed three models: (i) Local BRONJ repair model: miR-145-3p-enriched exosomes were
encapsulated in an injectable hydrogel scaffold and grafted into necrotic alveolar bone to assess direct BRONJ
resolution. After local BRONJ treatment, endogenous MSCs were re-isolated, and both cellular and exosomal miR-
145-3p levels were quantified. (i) Osteoporosis treatment model: The reprogrammed MSCs derived from treated
BRONJ rats were then administered intravenously to osteoporotic littermates to evaluate whether these MSCs retain
systemic osteogenic competence. (iii) Critical-sized calvarial defect repair model: To further dissect the intrinsic
osteogenic capacity, reprogrammed MSCs derived from treated BRONJ rats were fabricated into cell-sheet/HA-TCP
“sandwich” constructs and transplanted into calvarial defects.

Results BRONJ markedly compromised MSCs viability while elevating hallmarks of ferroptosis that were reversed by
the ferroptosis inhibitor. Concomitantly, osteogenic capacity declined, as shown by reduced ALP activity, mineralized
nodules, new bone formation and expression of RUNX2 and OCN. Mechanistically, we identified a miR-145-3p/
IREB2 regulatory circuit that governs ferroptosis in BRONJ-derived MSCs; exosome-mediated delivery of miR-145-3p
reinstated this axis, thereby reactivating the MSCs osteogenesis and driving in situ bone regeneration. Critically,
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after local BRONJ therapy, the reprogrammed MSCs were (i) infused via tail vein into osteoporotic rats, significantly
elevating bone mass, and (i) engineered into cell-sheet/HA-TCP “sandwich” constructs that achieved robust repair of
critical-sized calvarial defects. These data establish exosomal miR-145-3p as a therapeutic that mitigates ferroptosis
and restores the osteogenic competence of jawbone-derived MSCs for bone regeneration.

Conclusion Collectively, our findings establish the miR-145-3p/IREB2/ferroptosis axis as an important regulator
of BRONJ pathology and demonstrate that exosomal delivery of miR-145-3p not only ameliorates localized BRONJ
but also substantially reinstates the systemic osteogenic potential of jawbone-derived MSCs, offering a pre-clinical
promising strategy to combat both BRONJ and associated bone loss disorders.

Keywords BRONJ, Ferroptosis, Mesenchymal stem cells, Osteogenic differentiation, MiR-145-3p, Exosomes

Graphical Abstract

Engineered o
exosomes miR-145-3p
overexpression
MSCs ferroptosis
MSCs
osteogenesis
Engineered miR-145-3p-

Endogenous

Mgc E New bone enriched exosomes

= formation
miR-145-3p
/’/ Injectable hydrogel
miR-145-3p incorporating exosomes
enriched with miR-145-3p
IREB2 mRNA Regeneration BRONJ
Introduction Recent research has begun to unravel the role of ferrop-

BRONJ is an orphan disease with significant morbidity,
arising as a severe complication from the use of bisphos-
phonates, which are widely prescribed for osteoporosis
and malignancy-related bone diseases [1, 2]. This condi-
tion is characterized by the exposure of necrotic bone
in the maxillofacial region that fails to heal over time,
leading to not only potential functional impairment, but
also poor quality of life causing pain, infection and aes-
thetic concerns [1, 2]. Current therapeutic strategies
for BRONJ, including surgical debridement and drug
administration, are often limited by their invasiveness,
high risk of complications, and suboptimal outcomes [1,
2]. Therefore, there is an urgent need to explore novel
therapeutic approaches that can effectively promote bone
regeneration and alleviate the symptoms of BRONJ. The
pathogenesis of BRON]J remains elusive; however, it is
hypothesized that the disease involves a complex inter-
play of bisphosphonate-induced suppression of osteo-
clast and osteoblast activity, angiogenesis disruption, and
cellular stress responses [3].

tosis, a non-apoptotic form of cell death associated with
the accumulation of lipid peroxidation products and iron
metabolism dysregulation, in the context of cancer [4],
neurodegenerative diseases [5], and ischemia-reperfusion
injury [6], and is increasingly recognized for its potential
role in bone diseases [7, 8]. Studies have highlighted the
interplay between iron homeostasis and bone metabo-
lism, with iron overload or deficiency being implicated
in the pathogenesis of osteoporosis [7, 9]. Iron metabo-
lism disorders can promote osteoclast differentiation [10]
and apoptosis of osteoblasts [11], while also inhibiting
the proliferation and differentiation of osteoblasts [12],
ultimately disrupting the balance of bone remodeling. In
addition, ferroptosis also impedes the osteogenesis of the
MSCs [13]. The relationship between iron metabolism
and osteoporosis offers new insights for clinical treat-
ment and drug development, underscoring the impor-
tance of understanding and targeting iron metabolism in
bone health and disease.
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MicroRNAs (miRNAs) are pivotal regulators in bone
metabolism, influencing the proliferation and differ-
entiation of bone cells such as MSCs, osteoblasts and
osteoclasts [14]. They modulate bone formation and
resorption by targeting various osteogenic and osteo-
clastic factors, thereby impacting the balance of bone
homeostasis [14]. In the context of ferroptosis, miR-
NAs have emerged as significant players. They can pre-
cisely modulate the expression of genes involved in iron
metabolism, lipid peroxidation and antioxidant defenses,
which are crucial in the pathogenesis of diseases where
ferroptosis is implicated [15—17]. The interplay between
miRNAs and ferroptosis has implications for disease
pathogenesis and potential therapeutic interventions,
offering a new approach for understanding and treating
conditions associated with bone metabolism and iron-
dependent cell death. MiR-145 has been demonstrated to
regulate ferroptosis and maintain cellular health across a
range of cell types [18, 19]. Our earlier research indicated
a reduction in circulating miR-145 levels in BRONJ-
affected rats [20], highlighting its potential as a key player
in the pathogenesis of BRON]J. Building on these find-
ings, we aim to investigate the impact of miR-145-3p on
ferroptosis and osteogenic differentiation in MSCs com-
promised by BRONJ.

Exosomes, as nanoscale vesicles released by cells, have
emerged as a promising therapeutic tool in regenerative
medicine [21, 22]. They possess several unique advan-
tages, including low immunogenicity, good biocom-
patibility, and the ability to deliver bioactive molecules
such as miRNAs to target cells. In the field of bone tis-
sue engineering, exosomes have been shown to promote
osteogenesis, angiogenesis and tissue repair [22—24]. For
example, studies have demonstrated that exosomes can
enhance bone regeneration in animal models of osteo-
porosis [7, 25] and fracture healing [24, 26]. These find-
ings suggest that exosome-based therapies hold great
potential for the treatment of BRON]J by modulating the
biological functions of endogenous cells and promoting
bone repair.

In this research, our objective was to uncover the regu-
latory function of miR-145-3p in BRONJ and to develop
an innovative therapeutic approach leveraging engi-
neered exosomes. Our strategy was designed to sup-
press ferroptosis and enhance the repair of osteonecrosis,
thereby unveiling a new mechanistic understanding and
offering a promising therapeutic approach for the man-
agement of BRONJ.

Methods

Ethics

All animal experimental protocols were reviewed and
approved by the Department of Comparative Medi-
cine at Jinling Hospital, Affiliated Hospital of Medical
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School, Nanjing University (Permit No. 2021DZGK]JD-
WLS-0090), strictly adhering to the guidelines set forth
by the NIH for the Care and Use of Laboratory Animals.

Animals

All experimental animals were sourced from the Animal
Center of the Department of Comparative Medicine at
Jinling Hospital, Affiliated Hospital of Medical School,
Nanjing University. We utilized eight-week-old female
Sprague Dawley (SD) rats for the establishment of mod-
els, including BRONJ, ovariectomy (OVX)-induced
osteoporosis, and critical-sized calvarial defect models.
These rats also served as the subjects for MSCs collec-
tion, which was conducted for exosome preparation and
subsequent in vitro analyses. For the ectopic bone forma-
tion assay, we employed eight-week-old female NOD/
SCID mice. The animals were maintained under specific
pathogen-free conditions, with an ambient temperature
of 22 °C, a 12-hour light/dark cycle, and a relative humid-
ity of 50%-55%. They were provided with continuous
access to standard food pellets and tap water throughout
the study.

Establishment of BRONJ model

For BRONJ model, female SD rats aged 8 weeks were
administered zoledronic acid (80 pg/kg) and dexametha-
sone (1 mg/kg) (both from Sigma-Aldrich, USA) via tail
vein injection once a week for 13 consecutive weeks, fol-
lowed by the extraction of the maxillary first molar. For
control model, female SD rats received a tail vein injec-
tion of an equal volume of phosphate-buffered saline
(PBS) (Gibco, USA) while undergoing all other proce-
dures exactly as described for the BRONJ model.

Isolation and culture of jawbone MSCs

For the cultivation of rat MSCs from the jawbone, the
entire bone marrow was extracted by flushing the jaw-
bone with a-MEM (Gibco) with 10% FBS (Gibco). The
cell count was determined using an electronic cell coun-
ter (Bio-Rad, USA). On average, approximately 8.0 x 107
bone marrow cells were then seeded at a density of
8.0x 107 per dish in 10-cm plastic petri dishes (Thermo-
Fisher Scientific, USA). Prior to their use in subsequent
experiments, MSCs were verified for their mesenchymal
stem cell properties.

Flow cytometry

A single-cell suspension of 5x10° MSCs (passage 2)
was prepared and incubated with a panel of antibodies
specific to rat CD29 (Santa Cruz Biotechnology, USA),
CD90 and CD45 (BD Bioscience, USA). This incubation
was conducted at 4 °C in the absence of light to prevent
photobleaching of the fluorophores. Subsequently, the
samples were subjected to flow-cytometric analysis to
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characterize the stem cell surface markers. This analy-
sis was performed using a Beckman Coulter Epics XL
cytometer, an instrument from Beckman Coulter, USA,
which provided identification of the cellular markers.

Fibroblastic colony-forming assay

5x10*> MSCs (passage 2) were plated in a 5-cm plas-
tic petri dish (ThermoFisher Scientific) with a-MEM
medium (Gibco). The medium was changed every 3 days
to ensure nutrient replenishment and waste removal.
After a 10-day cultivation period, the dishes were gently
rinsed with PBS (Gibco) to remove any debris, and the
cells were fixed using 4% paraformaldehyde (Beyotime,
China). The colonies were then stained with 0.5% crys-
tal violet (Beyotime): the dye was prepared by diluting
the stock solution in PBS (Gibco) to a final concentration
of 0.5% (w/v), applied for 15 min at room temperature,
and then gently rinsed three times with PBS (Gibco) to
remove excess stain. Under a stereomicroscope (Olym-
pus Optical, Japan), cell aggregates consisting of more
than 50 cells were identified as colonies. The colony-
forming efficiency was determined by calculating the
ratio of the number of colonies to 200 cells expressed as
a percentage.

Alizarin red S staining

In the assessment of osteogenic differentiation, 1x 10°
MSCs (passage 2) per well were seeded into 12-well
plates (ThermoFisher Scientific). Once the cells achieved
80% confluence, an osteogenic medium was introduced,
comprising 5 mM B-glycerophosphate, 50 pg/mL ascor-
bic acid, and 10 nM dexamethasone (all from Sigma-
Aldrich). This medium was replenished every 3 days to
maintain optimal conditions for osteogenic differentia-
tion. For Alizarin Red S staining, the cells were cultured
in osteogenic medium for a duration of 28 days. The
staining was performed according to the instructions
provided (Beyotime). Quantification involved dissolv-
ing the stained mineralized nodules in 6% cetyl-pyridine
(Beyotime), and the optical density (OD) was measured
using a microplate reader (Bio-TEK Instruments, USA) at
a wavelength of 570 nm.

Oil red O staining

In course of the adipogenic differentiation assay, MSCs
(passage 2) were cultivated for a period of 14 days in a
specialized adipogenic differentiation medium. This
medium was enriched with 0.5 uM dexamethasone, 0.5
mM isobutylmethylxanthine, and 60 pM indometha-
cin, all procured from Sigma-Aldrich. To visualize the
lipid accumulation within the cells, the lipid droplets
were stained using an Oil Red O solution (Beyotime).
The resulting lipid droplets were then examined under
a stereomicroscope provided by Olympus Optical.
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Quantification involved dissolving the Oil red O in 100%
isopropanol (Beyotime) at room temperature for 5 min,
and the OD was measured using a microplate reader
(Bio-TEK Instruments) at a wavelength of 510 nm.

In vitro specific Inhibition of ferroptosis

Based on a gradient concentration screen of 0 uM, 0.1
uM, 1 M, 5 uM, 10 pM, 20 M, and 50 pM, 10 uM of
Ferrostatin-1 (Fer-1) (Sigma-Aldrich) was ultimately
identified as the optimal treatment concentration. The
MSCs (passage 2) were cultured to approximately 80%
confluence in a 6-well plate (ThermoFisher Scientific),
the specific ferroptosis inhibitor Fer-1 was added in
vitro at a concentration of 10 pM. Prior to treatment,
the culture medium was aspirated, and the cells were
washed once with pre-warmed PBS (Gibco) to remove
any residual medium. Then, 2 mL of fresh medium con-
taining Fer-1 was added to each well, ensuring that the
final concentration of Fer-1 was 10 uM. The plates were
gently rocked to ensure even distribution of the inhibitor
and then incubated at 37 °C with 5% CO, for 1 h to allow
the cells to pre-incubate with Fer-1 before further experi-
mental manipulation.

Cell survival assay

MSCs (passage 2) were seeded at a density of 1x10°
cells per well in 96-well plates (ThermoFisher Scientific)
and incubated for 8 h before testing. Cell survival was
assessed using the cell counting kit-8 (CCK-8) (Beyotime)
according to the manufacturer’s standard protocol. To
elaborate, 10 pL of the CCK-8 solution was added to each
well containing 100 pL of medium, and the plates were
subsequently incubated at 37 °C with saturated humidity
and 5% CO, for 2 h after gentle mixing. The OD values
were then measured using a microplate reader (BioTek
Instruments) at a wavelength of 450 nm.

To calculate the cell survival, the following formula
was applied: Cell survival (%)= [(ODyperimentai~ ODpiani)/
(OD ontrol= ODpani)1x100%. This formula allowed for the
determination of the relative cell survival rate by compar-
ing the optical density readings of the experimental wells
to those of the control and blank wells.

Iron assay

MSCs at passage 2 were used for iron assay. To conduct
the iron assay, throughout the procedure, adhere to the
instructions provided in the assay kit (Abcam, USA).
Briefly, to specifically quantify Fe** only, the standard
protocol was modified as follows: serial standards (100
pL) and samples (2—50 pL, adjusted to 100 pL with Iron
Assay Buffer) were loaded in duplicate. All wells, includ-
ing both standards and samples, received 5 pL of Assay
Buffer; the Iron Reducer was omitted entirely. After gen-
tle agitation, plates were incubated at 37 °C for 30 min,
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followed by addition of 100 pL Iron Probe to all wells and
a further 60 min incubation at 37 °C in darkness. Absor-
bance was read immediately at 593 nm on a microplate
reader (BioTek Instruments).

Lipid peroxidation (MDA) assay

MSCs at passage 2 were used for MDA assay. To conduct
the MDA assay, throughout the procedure, adhere to the
instructions provided in the assay kit (Abcam). To gen-
erate MDA-TBA adducts, combine 200 uL of each stan-
dard or sample with 600 puL Developer VII/TBA reagent
and heat at 95 °C for 60 min. After rapid cooling on ice
(10 min), any residual turbidity is eliminated by passage
through a 0.2 um syringe filter. Although Developer VII/
TBA can react with other sample constituents, these side
reactions do not compromise MDA quantitation. Trans-
fer 200 pL of the clarified reaction mixture to a 96-well
plate (ThermoFisher Scientific); the standard curve spans
0-5 nmol MDA for colorimetry and 0—0.5.5 nmol MDA
for fluorometry. Read absorbance at 532 nm immediately
after plating.

Western blot analysis

MSCs (passage 2) were lysed using a cell lysis buffer
enriched with protease inhibitors, as well as through
ultrasonication at a low frequency. Following centrifuga-
tion, the resulting precipitates were discarded, and the
supernatant, which contained the total protein content,
was collected for subsequent western blot analysis. Equal
quantities of proteins were loaded onto a 15% SDS-PAGE
gel. After electrophoretic separation, the proteins were
transferred onto polyvinylidene fluoride membranes
(Millipore, USA). The membranes were initially blocked
with a 5% BSA blocking buffer (Beyotime) and then incu-
bated for 12 h at 4 °C with primary antibodies specific
to rat glutathione peroxidase 4 (GPX4) (Cell Signaling
Technology, USA), IREB2 (Abcam), and B-actin (Cell Sig-
naling Technology). Subsequently, the membranes were
incubated with a secondary antibody (Boster, China) at
room temperature for 2 h, after which they were rinsed.
The protein bands on the membranes were visualized
using a protein enhancement imaging system with an
enhanced chemiluminescence kit (Boster). The gray val-
ues of these bands were quantified using Image] software
(v1.8.0, NIH, USA). Each band’s value was normalized
relative to the corresponding p-actin value.

Transmission electron microscopy (TEM) analysis of
mitochondrial morphology

To prepare MSCs (passage 2) for TEM analysis, the cells
are initially cultured to the desired density in a flask
using «a-MEM (Gibco) with 10% FBS (Gibco). Once they
reach confluence, the medium is removed, and the cells
are washed with PBS (Gibco) before being detached with
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Trypsin-EDTA (Gibco) and collected in a centrifuge tube
(ThermoFisher Scientific). To preserve ultrastructure,
cells were fixed for 2 h at 4 °C with 2.5% glutaraldehyde
(Electron Microscopy Sciences, USA) in 0.1 M sodium
cacodylate buffer (Electron Microscopy Sciences). To
enhance contrast, the cells are then postfix-fixed with 1%
osmium tetroxide (Electron Microscopy Sciences) in the
same buffer for 1 h at 4 °C, followed by staining with 2%
uranyl acetate (Electron Microscopy Sciences) in distilled
water for 12 h at 4 °C. Subsequently, the cells are dehy-
drated through a graded ethanol series (30% to 100%) at
4 °C, infiltrated, and embedded in Spurr’s resin (Electron
Microscopy Sciences) within molds. After polymeriz-
ing the embedded cells at 60 °C for 48 h, the blocks are
trimmed, and ultrathin sections (70 nm) are cut using
an ultramicrotome and mounted on 200-mesh copper
grids (Leica Microsystems, USA). These sections are then
stained with lead citrate (Electron Microscopy Sciences)
for 5 min to further enhance contrast. Finally, the sec-
tions are examined under a TEM (Carl Zeiss, Germany)
at the appropriate magnification to visualize mitochon-
drial morphology and capture high-resolution images for
analysis of mitochondrial size and membrane density.

Mitochondrial size was determined from TEM micro-
graphs acquired at 20,000x on 70 nm ultrathin sections
with clearly resolved organellar contours and cristae.
After importing the images into Image] software (v1.8.0,
NIH), spatial calibration was performed using the Set
Scale command with a calibrated pixel size of 0.5 nm. The
long axis was measured with the Straight-Line tool drawn
along the longest chord; the short axis was measured
perpendicular to this chord at its widest point. Organelle
cross-sectional area was obtained by manually tracing
the outer mitochondrial membrane with the Freehand
Selection tool followed by Measure. For each experimen-
tal condition, 10 mitochondria from 4 biological repli-
cates were analyzed.

To quantify the relative mitochondrial membrane den-
sity in TEM images, digital micrographs are first cali-
brated for pixel-to-nanometer scale using Image]J (v1.8.0,
NIH). After mild noise reduction, the outer or inner
mitochondrial membrane is delineated as a 2-pixel-wide
annular ROI that excludes cristae; an adjacent cytosolic
area devoid of membranes serves as the background.
Integrated optical density is extracted as the mean gray
value of the membrane ROI minus the mean gray value of
the background, yielding a background-corrected relative
electron density. Normalization against the gray value of
resin-only regions corrects for inter-batch variations. For
each experimental condition, 10 mitochondria from 4
biological replicates were analyzed.
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Assessment of intracellular reactive oxygen species (ROS)
levels

MSCs at passage 2 were used for ROS assay. The deter-
mination of intracellular ROS levels was conducted
using the Reactive Oxygen Species Assay Kit (Beyotime).
The process began with the trypsinization of adherent
cells, followed by thorough rinsing with a serum-free
medium. Subsequently, the cells were labeled with 25
mM 2)7’-dichlorofluorescein diacetate and incubated at
37 °C for 30 min, with periodic gentle mixing every 5 min
to ensure even labeling. After incubation, the cells were
rinsed, collected, and reinfiltrate in PBS. The ROS levels
were then visualized and quantified using a fluorescence
microscope (Olympus Optical), capturing images of the
stained adherent cells.

Alkaline phosphatase staining

For Alkaline phosphatase (ALP) staining, the MSCs were
first rinsed with PBS (Gibco) and fixed with 4% parafor-
maldehyde (Beyotime) at 7 days post-induction. The ALP
staining was conducted using a commercial kit (Beyo-
time) following the manufacturer’s protocol. Briefly, cells
were fixed with 4% PFA for 15 min, washed three times
with PBS (Gibco), then incubated for 15 min at room
temperature in freshly prepared BCIP/NBT working
solution (3 mL Beyotime buffer A +10 uL BCIP +20 pL
NBT). After three PBS (Gibco) rinses to stop the reac-
tion, samples were harvested with ALP-positive regions
appearing blue-purple. Images were captured, and the
staining intensity was quantified using Image] software
(v1.8.0, NIH).

Construction of cell-sheets

For the culture of cell-sheets, MSCs (passage 2) were
evenly seeded at a density of 1x107 cells per well in
6-well plates (ThermoFisher Scientific), with each well
containing 2 mL of a-MEM (Gibco) with 10% FBS
(Gibco). Upon reaching confluence, the a-MEM medium
(containing 10% FBS) was replaced with a-MEM (Gibco)
supplemented with 10% FBS (Gibco) and 100 mg/mL
ascorbic acid (Sigma-Aldrich) for an additional 10-day
culture period. The medium was changed every 3 days
to maintain optimal cell growth conditions. Over time,
the white membrane became increasingly visible and the
cell-sheet layer grew progressively thicker. The histologi-
cal structure of the cell-sheet was tested via hematoxylin
& eosin (H&E) staining.

Ectopic bone formation assay

A construct was created by layering four sheets of MSCs
with three layers of hydroxyapatite/tricalcium phos-
phate (HA-TCP) (Sigma-Aldrich), with a total mass of
50 mg and a ratio of HA to TCP of 6:4, using particles
sized between 50 and 200 nm, to form a sandwich-like

Page 6 of 24

structure. In brief, jawbone-derived MSCs from Con-
trol and BRONJ were harvested, and the BRONJ MSCs
were pretreated with Fer-1 at a concentration of 10 uM
(BRONJ +Fer-1). Then, a multilayered construct was
engineered by alternately depositing MSCs-derived cell-
sheets (Control, BRON]J, BRON]J +Fer-1) and HA-TCP
granules (totally 50 mg) in a sandwich-like architecture:
four consecutive cell-sheets interposed with three inter-
vening HA-TCP layers, yielding a precisely stratified
composite graft. Subsequently, the stratified sandwich
was gently rolled into a cohesive, cylindrical mass to yield
the definitive graft for subcutaneous implantation. Under
general anesthesia induced by pentobarbital sodium
(30 mg/kg), the cell-sheet/HA-TCP composites were
implanted subcutaneously on the dorsal region of the
nude mice. Eight weeks post-implantation, the mice were
euthanized, and the implanted constructs were harvested
for histological examination. The constructs were fixed
in 4% paraformaldehyde (Beyotime) for 48 h and subse-
quently decalcified in 17% EDTA (Gibco) for two weeks.
Once embedded in paraffin, the samples were sectioned
and stained with H&E to assess tissue morphology. The
regions of bone formation were visualized using biologi-
cal microscope (Olympus Optical), and the images were
analyzed using Image] software (v1.8.0, NIH). Quanti-
tative assessments were performed on three randomly
selected fields from each specimen to ensure accuracy
and consistency in the evaluation of bone formation.

RNA extraction and quantitative real-time RT-PCR analysis
of mRNA

Total RNA extraction was carried out using TRIzol
reagent (Invitrogen, USA) in strict accordance with
the manufacturer’s protocol. One microgram of total
RNA was reverse transcribed into complementary DNA
(cDNA) utilizing a PrimeScript RT reagent kit (TaKaRa,
Japan). Quantitative real-time RT-PCR analysis was con-
ducted with the SYBR Premix Ex Taq II kit (TaKaRa) on a
CFX96TM Real-Time RT-PCR System (Bio-Rad). B-actin
served as the endogenous control for normalization of
target mRNA levels. U6 served as the endogenous con-
trol for normalization of target microRNA levels. RUNX2
and OCN were tested seven days after osteogenic induc-
tion. The sequences of the primers employed for real-
time RT-PCR are detailed in Supplementary Table S1.

Transfection of MSCs

For the transfection of MSCs (passage 2), the cells were
initially plated into 6-well plates (ThermoFisher Sci-
entific) with a density of 1x10° and the transfection
process was initiated when the cells reached approxi-
mately 60% confluence. We used miR-145-3p mimics
(chemically modified dsRNA (sense, 5-GUCCAGUUU
UCCCAGGAAUCCCU-3’; antisense with 2’-O-Me and
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phosphorothioate linkages)), inhibitors (single-stranded
2’-O-methyl antagomir (5-AGGGGAUUCCUGGGAA
AACUGGAC-3, full PS backbone, 3’-Chol-TEG)), and a
negative control (scrambled mimic and scrambled inhibi-
tor with identical chemistry but non-targeting sequences)
(all sourced from RiboBio, China), each diluted to a
working concentration of 50 nM. The siPORT™ NeoFX™
Transfection Agent (Ambion, USA) was combined with
diluted miR-145-3p reagents and allowed to form trans-
fection complexes at room temperature for 10 min.
These complexes consisted of 50 nM miRNA mimics or
inhibitor plus 7.5 pL of the transfection agent per 1 mL of
Opti-MEM (Gibco). Complexes were incubated 20 min
at room temperature, then were subsequently overlayed
onto the MSCs suspensions and incubated at 37 °C in
a-MEM (Gibco) with 10% FBS (Gibco) for approximately
24 h. For verification of cargo loading, MSCs were har-
vested 24 h post-transfection. Total RNA isolated with
TRIzol reagent (Invitrogen), miR-145-3p quantified by
real-time qRT-PCR using U6 as endogenous control. The
threshold for designation is a>50-fold increase for mim-
ics or a>70% decrease for inhibitors, relative to their
respective NC controls. Furthermore, MSCs were sub-
jected to infection with IREB2 overexpression and silence
lentivirus (RiboBio) at a titer of 1x10® TU/ml, supple-
mented with 5 pg/ml polybrene and complete medium
(RiboBio). This incubation was carried out at 37 °C in
a-MEM (Gibco) with 10% FBS (Gibco) for approximately
48 h.

Target prediction

We employed Targetscan version 8.0 to pinpoint poten-
tial targets of miR-145-3p. Our selection criteria for
targets included those with a cumulative context score
of <-0.5, as determined by Targetscan. In addition, we
meticulously compiled a roster of iron metabolism-
related targets, drawing from the comprehensive Gen-
ecards database, version 2024. With a commitment to
the principle of evolutionary conservation, we further
refined our preliminary screening to identify targets that
exhibit high conservation across human, mouse, and rat
species. Subsequently, we employed a Venn diagram to
intersect the candidate targets derived from these three
diverse sources, thereby elucidating the shared targets
among them.

Luciferase reporter assay

Oligonucleotide sequences of IREB2 were amplified using
specific primers designed with Spel and HindIII restric-
tion sites for subsequent cloning. The primer sequences
were as follows: sense primer 5- UUCUGUGCUGGA
CCCAGGAAUCA-3 and anti-sense primer 5- UUC
UGUGCUGGACCCUCCUUAGA-3. These sequences
were inserted into the pMIR-Report luciferase plasmid
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(Ambion). For the assay, pMIR-control and pMIR-IREB2
plasmids served as the reporter constructs, while a
Renilla luciferase reporter lacking miRNA binding sites
was employed as an internal loading control. Co-trans-
fection of all plasmids with miR-145-3p mimics, inhibi-
tors, or negative controls into MSCs was achieved using
Lipofectamine 2000 (Invitrogen). After a 48-hour incuba-
tion period, luciferase activities were quantified using a
dual-luciferase reporter assay kit (Promega, USA), strictly
adhering to the manufacturer’s protocols. This approach
allowed for the accurate measurement of reporter gene
expression under the influence of miR-145-3p.

Engineered exosomes preparation, isolation and identity
MSCs (passage 2) were transfected with miR-145-3p
mimics or inhibitor as mentioned above. After 48 h cul-
tivation, MSCs were washed 3 times with PBS and cul-
tured for another 48 h in 15 mL serum-free, vesicle-free
a-MEM, which was refreshed once at 24 h. To eliminate
residual cells from the harvested conditioned medium,
the samples were centrifuged at 500 g for 10 min. The
next step effectively removed cell debris and any apop-
totic bodies, which were further cleared by a subsequent
centrifugation of the supernatant at 16,000 g for 30 min.
Subsequently, an ultracentrifugation step was performed
to isolate the exosomes. This was carried out at 150,000
g for 70 min using a Beckman Optima XPN-100 ultra-
centrifuge (Beckman). The exosomes, once collected,
were stored at —80 °C in PBS (Gibco) for future research
applications.

The isolated exosomes were resuspended and stained
with phosphotungstic acid (Sigma-Aldrich) to enhance
their visibility under the electron microscope. The mor-
phology of the exosomes was meticulously observed and
their images were captured using a high-resolution TEM
(Carl Zeiss). Subsequently, the isolated exosomes were
characterized for their size and zeta potential using a
dynamic light scattering and electrophoretic light scat-
tering technique. The measurements were conducted on
a Zetasizer Nano ZS (Malvern Instruments, UK). Prior
to analysis, exosome suspensions were diluted in PBS
(Gibco) to ensure optimal scattering conditions. The par-
ticle size distribution and zeta potential were determined
by analyzing the Brownian motion of the exosomes,
which provided insights into their stability and potential
for cellular uptake. Additionally, the expression of spe-
cific exosomal proteins, TSG101 and CD63 (antibodies
from Santa Cruz Biotechnology), was assessed as mark-
ers for exosome identity. The miR-145-3p expression
in engineered exosomes was estimated using real-time
RT-PCR.
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BRONJ repair with exosome-enriched hydrogel

To treat BRON]J, we engineered an injectable scaffold by
dispersing 1x 10" miR-145-3p-enriched exosomes into
250 pL of HyStem-HP hydrogel (Glycosan Biosystems,
USA), yielding a final exosome density of 4x 10" parti-
cles/mL for targeted jawbone regeneration. Specifically,
to fabricate an injectable HyStem-HP hydrogel incorpo-
rating therapeutic exosomes, the following standardized
parameters were employed. A 1% (w/v) pre-polymer
solution-comprising Glycosil, Heprasil and Gelin-S in
the manufacturer-recommended ratio was prepared at
4°C. Purified MSCs-derived exosomes were introduced
at a final concentration of 2 mg/mL (=4 x 10'° particles/
mL) and gently dispersed via three cycles of low-speed
vortexing to minimize shear-induced membrane rupture.
The mixture was immediately transferred to a 37 °C envi-
ronment, where spontaneous oxidative cross-linking pro-
duced a robust hydrogel within 10 min without external
light or enzymatic triggers.

To monitor the development of new bone tissue, cal-
cein (8 mg/kg) (Sigma-Aldrich) was administered sub-
cutaneously to all rats at 10-day and 3-day intervals
preceding sacrifice. The regenerative capabilities of the
MSCs were assessed through micro-CT scans using the
Siemens Inveon scanner in Eschborn, Germany, adhering
to a specific scanning protocol with a voltage of 80 kV, a
current of 500 mA, and achieving an isotropic resolution
of 14.97 mm. The Inveon Research Workplace 2.2 soft-
ware by Siemens was employed for the analysis of new
bone formation. Following the micro-CT scans, the jaw-
bone underwent decalcification in 17% EDTA (Gibco),
were embedded in paraffin, and sectioned coronally for
H&E staining. The resulting regenerative junctions were
documented using biological microscope with Olympus
equipment, allowing for an evaluation of the quality and
extent of bone regeneration.

Calcein labeling assay

Rats subjected to BRONJ and OVX-induced osteoporosis
were administered calcein (8 mg/kg, Sigma) subcutane-
ously at intervals of 3 days and 10 days prior to euthana-
sia. The distal segments of the left femurs were harvested,
fixed in 4% paraformaldehyde (Beyotime), and embedded
in polymethyl methacrylate. The samples were sectioned
into 50 pm slices, and the calcein labeling was visualized
under a fluorescence microscope (Olympus Optical). The
inter-calcein distance, indicative of the bone formation
rate, was measured using Image]J software (v1.8.0, NIH).

Co-culture of MSCs with exosomes

BRONJ-derived jawbone MSCs (passage 2) were seeded
at 2x10° cells per well in 6-well plates (ThermoFisher
Scientific) and allowed to attach for 12 h in a-MEM
medium (Gibco) supplemented with 10% FBS (Gibco).
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Subsequently, the medium was refreshed with a-MEM
(Gibco) plus 1% exosome-depleted FBS (Gibco) and
5 x 10° particles/mL of miR-145-3p-loaded exosomes. For
evaluation of ferroptosis, MSCs were incubated with exo-
somes for 48 h at 37 °C with saturated humidity and 5%
CO,. The exosome-containing medium was removed and
replaced with osteogenic induction medium composed
of a-MEM (Gibco) supplemented with 10% FBS (Gibco),
5 mM B-glycerophosphate (Sigma-Aldrich), 50 pg/mL
ascorbic acid (Sigma-Aldrich) and 10 nM dexamethasone
(Sigma-Aldrich). MSCs were then maintained in this
medium for 7 or 28 days before osteogenic gene expres-
sion was analyzed by real-time qPCR and matrix miner-
alization was assessed by Alizarin Red S staining.

Immunofluorescence staining assay

The MSCs (passage 2) were fixed and rinsed, followed
by treatment with 0.2% Triton X-100 (Sigma-Aldrich) to
permeabilize the cell membranes. After another round of
rinsing, the cells were incubated with the primary anti-
body specific to rat osteocalcin (OCN) (Santa Cruz Bio-
technology) for 12 h at 4 °C. Subsequence to rinsing, the
cells were incubated with a fluorescent secondary anti-
body (Santa Cruz Biotechnology) at room temperature
for 2 h to enable visualization of the antigen-antibody
complexes. The cell nuclei were then counterstained with
Hoechst 33,342 (Sigma-Aldrich) for 10 min at room tem-
perature to facilitate nuclear identification. The stained
cells were examined using a fluorescence microscope
(Olympus Optical). Both original and merged images
were captured and processed using the DP controller or
DP manager software (Olympus Optical). Immunofluo-
rescence intensity was quantified using Image] software
(v1.8.0, NIH).

Immunohistochemical staining assay

The subcutaneous grafts were harvested seven days after
transplantation. The paraffin-embedded subcutane-
ous graft sections underwent dewaxing and hydration
processes. To inhibit endogenous peroxidase activity,
the sections were treated with 3% hydrogen peroxide
(MKbio, China) for 15 min at room temperature. Fol-
lowing this, the sections were rinsed with PBS (Gibco)
and then incubated with a blocking buffer (Beyotime)
for one hour to prevent non-specific binding. The slides
were subsequently incubated with a primary anti-OCN
antibody (Santa Cruz Biotechnology) (diluted at 1:200)
for 12 h at 4 °C. After thorough washing, the slides were
further incubated with a biotinylated secondary antibody
(Boster) (also diluted at 1:200) for one hour at 37 °C.
This was followed by incubation with an HRP-streptavi-
din complex for 30 min. The slides were then developed
using the DAB chromogen kit (Gene Tech, USA) until
light brown staining became visible, indicating successful
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antigen detection. Quantitative analysis of immunohisto-
chemical positive areas was performed with Image] soft-
ware (v1.8.0, NIH).

Systemic injection of MSCs for osteoporosis treatment

A cohort of twenty 8-week-old SD rats was randomly
and evenly allocated to four groups: Normal, Osteopo-
rosis (OP), OP + BRONJ MSCs, and OP + reprogrammed
MSCs. Under general anesthesia, the Normal group
underwent a sham operation involving the resection of
a small amount of fat near the ovaries, while the other
groups underwent bilateral ovariectomy. Twenty-four
hours postoperatively, rats in the OP+BRONJ MSCs
and OP +reprogrammed MSCs groups were systemically
injected via the tail vein with MSCs (passage 2) derived
from the jawbone before and after BRON] therapy,
respectively, at a dosage of 2x 107 cells/kg. Rats in the
Normal and OP groups received an equivalent volume
of PBS (Gibco). To track new bone formation, calcein (8
mg/kg, Sigma-Aldrich) was administered subcutaneously
to all rats 10 days and 3 days prior to sacrifice. Ten weeks
after the surgical procedures, both femurs were har-
vested post-mortem and fixed in 4% paraformaldehyde
(Beyotime). The left femurs were reserved for hard tis-
sue sectioning to assess calcein labeling. The right femurs
underwent micro-CT analysis (General Electric Com-
pany, USA) following a standardized scanning protocol,
which included a voltage of 80 kV, a current of 80 pA, and
an isotropic resolution of 14 mm. Bone volume to total
volume ratio (BV/TV) and trabecular bone parameters
were calculated using the system’s integrated software
(General Electric Company). Following micro-CT analy-
sis, the right femurs were decalcified, embedded, and
sectioned for H&E staining in accordance with standard
protocols.

Critical-sized calvarial defects repair assay

A group of ten 8-week-old SD rats was randomly
and equally assigned to two experimental groups:
Defect+ BRON] MSCs and Defect+reprogrammed
MSCs. Under general anesthesia, a circular critical-sized
defect measuring 8 mm in diameter was created in the
central region of the calvarium. To address this defect,
a composite scaffold was engineered by layering four
sheets of MSCs (passage 2) with three layers of hydroxy-
apatite/tricalcium phosphate (HA-TCP) (Sigma-Aldrich),
totaling 50 mg, to form a sandwich structure designed
for calvarial defect repair. Twelve weeks post-transplan-
tation, all rats were euthanized, and their skulls were
fixed in 4% paraformaldehyde (Beyotime). The reparative
efficacy of the MSCs was evaluated using micro-CT (Sie-
mens Inveon, Eschborn, Germany) according to a specific
scanning protocol, which included a voltage of 80 kV, a
current of 500 mA, and an isotropic resolution of 14.97
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mm. Analysis of new bone formation was conducted
using Inveon Research Workplace 2.2 software (Siemens
Inveon Eschborn). Following micro-CT scanning, the
skulls were decalcified with 17% EDTA (Gibco), embed-
ded in paraffin, and sectioned in the coronal plane for
H&E staining. The regenerative junctions were then pho-
tographed using biological microscope (Olympus Opti-
cal) to assess the quality and extent of bone regeneration.

Statistical analysis

Data are presented as mean + standard deviation (S.D.).
Prior to statistical analysis, data underwent normality
and homogeneity of variance tests. Comparisons were
conducted using Student’s t-test between two groups;
One-way analysis of variance (ANOVA) with Tukey’s
post hoc test was used for multiple group comparisons.
Statistical analysis and charts were performed by Graph-
Pad Prism 9.0.0 (GraphPad Software, USA). Significance
was set at the p <0.05 threshold.

Results
BRONJ disrupts ferroptotic homeostasis in jawbone-
resident MSCs
This segment endeavored to explore the impact of
BRONJ on ferroptosis within MSCs harvested from the
jawbone. First, jawbone MSCs were isolated and cultured
from both control and BRONJ rats. Immunophenotypic
characterization revealed that both cell populations were
uniformly positive for CD29 and CD90, while negative
for CD45 (Figure S1A and B). Furthermore, each popu-
lation exhibited clonogenic potential (Figure S1C and D)
and retained the capacity for osteogenic (Figure S1E and
F) and adipogenic differentiation (Figure S1G and H),
thereby confirming their authentic MSCs identity. Fig-
ure 1 A illustrates a contrast between the control group,
which maintained a robust cell survival rate of nearly
100%, and the BRON] group, which experienced a sharp
decline in cell survival, leaving fewer than 40% of cells
retaining viability. This marked reduction in cell survival
underscores the cytotoxic effects intrinsic to BRONJ.
Comparative analysis revealed that the BRONJ group
had significantly higher iron levels than the control
group, as depicted in Fig. 1B. This elevation reflects the
disrupted iron homeostasis and increased iron accumu-
lation that are hallmarks of BRON]J. Additionally, the
BRONJ group exhibited markedly higher levels of MDA,
a biomarker indicative of lipid peroxidation during fer-
roptosis, as shown in Fig. 1C. A significant reduction in
GPX4 expression, a cellular signature of ferroptosis, was
observed in jawbone MSCs from BRONJ rats when com-
pared to the control group, as indicated in Fig. 1D and
E. Assessment of mitochondrial morphology (Fig. 1F),
a pivotal factor in ferroptosis, revealed that while the
control group displayed normal mitochondrial size and
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Fig. 1 BRONJ Triggers Ferroptotic Perturbation in Jawbone MSCs. (A) Cell survival, (B) Relative Fe?* level, (C) MDA level, (D) GPX4 protein expression and
its (E) quantification of jawbone MSCs in group of Control, BRONJ and BRONJ +Fer-1. (F) The mitochondrial morphology in MSCs was captured using
TEM. Scale bar, 0.5 pm. (G) The size and (H) membrane density of mitochondria in MSCs were determined from TEM micrographs using ImageJ software.
(1) Immunofluorescence staining of ROS level and (J) its quantitative analysis in MSCs. Scale bar, 20 um. Data are presented as means+SD (n=4; ten mi-
tochondria were examined per sample, yielding a total of 40 mitochondria per group). *p < 0.05; **p <0.01; ***p <0.001

membrane density, the BRONJ group showed evidence
of mitochondrial contraction and increased mitochon-
drial membrane density (Figs. 1G and H), suggesting
mitochondrial dysfunction. Furthermore, ROS levels, a
critical bioindicator of oxidative stress during ferroptosis,
were significantly higher in the BRON]J group than in the
control group, as illustrated in Fig. 1I and J. Collectively,
these findings indicate that ferroptosis in jawbone MSCs
of BRONJ rats is abnormally elevated.

The administration of Fer-1, a potent inhibitor of fer-
roptosis, to the BRON]J group resulted in a remarkable
improvement in cell survival (Fig. 1A), along with a
reduction in iron and MDA levels (Fig. 1B C), respec-
tively. Additionally, GPX4 levels were elevated (Fig. 1D
and E), mitochondrial morphology (Fig. 1F), size (Fig.
1G) and membrane density (Fig. 1H) were ameliorated,
and ROS levels (Fig. 1I and J) were diminished. These
observations underscore the significant role of ferropto-
sis in BRONJ-affected jawbone MSCs.

Ferroptosis triggers osteogenic dysfunction in jawbone-
derived MSCs affected with BRONJ

Our subsequent investigation focused on the effects of
BRONJ and ferroptosis on the osteogenic differentiation
potential of MSCs derived from the jawbone. Jawbone
MSCs from BRON]J rats exhibited the same surface-
marker profile as control cells (Figure S1A and B). How-
ever, their clonogenic capacity (Figure S1C and D) and
osteogenic potential (Figure S1E and F) were significantly
reduced, whereas their adipogenic potential was mark-
edly enhanced (Figure S1G and H). This observation indi-
cates that, even though the surface immunophenotype
of MSCs remains intact, their functional differentiation
potential can still be reprogrammed within the BRON]J
microenvironment.

ALP activity, an early indicator of osteogenic differ-
entiation, was evaluated as shown in Fig. 2A and B. The
control group displayed substantial ALP activity, indicat-
ing intact osteogenic function. Conversely, the BRON]J
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group exhibited a notable decrease in ALP activity, sug-
gesting an impediment in osteogenic differentiation
capacity. The mineralization of the extracellular matrix,
a late-stage indicator of osteogenic differentiation, was
assessed using Alizarin Red S staining, as depicted in
Fig. 2C and D. The control group presented a high level
of mineralization, evident from the intense red stain-
ing. In contrast, the BRONJ group demonstrated a sig-
nificant reduction in Alizarin Red S staining, indicating a
diminished mineralization capacity. Cell-sheet/HA-TCP
“sandwich” constructs (Figure S2A and B) were subcuta-
neously implanted into nude mice to assess their in vivo
ectopic osteogenic capacity (Fig. 2E and F). The control
group exhibited substantial new bone formation, as indi-
cated by normalized new bone formation values. The
BRONJ group, however, showed a marked reduction in
new bone formation, aligning with the in vitro observa-
tions of compromised osteogenic differentiation. The
expression of key osteogenic genes, RUNX2 and OCN,
was further evaluated to elucidate the molecular mecha-
nisms affected by BRONJ, as shown in Fig. 2G and H. The
control group exhibited high expression levels of both
RUNX2 and OCN, consistent with active osteogenic dif-
ferentiation. In contrast, the BRON]J group showed sig-
nificant downregulation of these genes, correlating with
the observed reduction in osteogenic differentiation
markers.

An in vitro concentration-response screen identified
10 nM as the optimal Fer-1 treatment concentration (Fig-
ure S3A-C). Treatment with Fer-1 in the BRONJ + Fer-1
group resulted in a recovery of ALP activity, as seen in
Fig. 2 A and B, and a significant enhancement in the min-
eralization process in BRONJ-affected MSCs in vitro, as
indicated in Fig. 2C and D. Notably, the BRON]J + Fer-1
group also displayed a marked increase in new bone for-
mation in vivo (Fig. 2E and F) and an upregulation of
RUNX2 and OCN (Fig. 2G and H). Collectively, these
findings demonstrate that ferroptosis negatively regulates
the osteogenic differentiation ability of jawbone MSCs in
BRONJ-affected rats.

MiR-145-3p governs ferroptosis and lineage commitment
in jawbone MSCs compromised by BRONJ

To clarify the role of miR-145-3p in modulating ferrop-
tosis in MSCs from the jawbone in BRONJ rats, we con-
centrated on the expression of miR-145-3p and its impact
on ferroptosis following both overexpression and knock-
down. Our analysis disclosed a marked reduction of miR-
145-3p expression in BRON]J-impacted MSCs relative to
the control group, as depicted in Fig. 3A. This diminished
expression of miR-145-3p implies its potential role in the
pathophysiology of BRONJ. The use of mimics and inhib-
itors enabled us to modulate miR-145-3p expression (Fig.
3B).
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Investigating the functional role of miR-145-3p in fer-
roptosis, we observed that overexpression of miR-145-3p
(BRONJ + Mimics) led to a substantial reduction in fer-
roptosis, characterized by enhanced cell survival (Fig.
3C), diminished levels of iron (Fig. 3D) and MDA (Fig.
3E). Moreover, overexpression of miR-145-3p resulted in
elevated GPX4 expression (Fig. 3F and G), and mitigated
mitochondrial contraction (Fig. 3H and I) along with
reduced mitochondrial membrane density (Fig. 3H and
J), indicating an amelioration in mitochondrial function.
A decrease in oxidative stress was also noted after miR-
145-3p overexpression, as illustrated in Fig. 3K and L.

In contrast, the knockdown of miR-145-3p
(BRONJ + Inhibitor) resulted in a decrease in cell survival
(Fig. 3M), an increase in iron (Fig. 3N) and MDA levels
(Fig. 30). It also led to a reduction in GPX4 expression
(Fig. 3P and Q), an exacerbation of mitochondrial con-
traction (Fig. 3R and S) and mitochondrial membrane
density (Fig. 3R and T), accompanied by an increase in
oxidative stress, as demonstrated in Fig. 3U and V.

The miR-145-3p/IREB2 axis orchestrates ferroptotic
homeostasis and osteogenic commitment in jawbone-
derived MSCs from BRONJ

To investigate the role of miR-145-3p in the osteogenic
differentiation of ferroptotic MSCs from the jawbone, we
identified IREB2 as a key target, a molecule significantly
involved in iron metabolism, using target prediction anal-
ysis (Figure S4A and B), luciferase assays (Figure S4C),
IREB2 gene (Figure S4D) and protein expression (Figure
S4E and F) analysis. Our initial findings confirmed no dif-
ference in IREB2 gene expression across control, BRONJ,
and BRONJ+Fer-1 groups (Fig. 4A). However, IREB2
protein expression was elevated in BRONJ-affected
MSCs, and the inhibition of ferroptosis led to a reduction
in IREB2 protein levels (Fig. 4B and C). This suggests that
IREB2 is associated with BRONJ and may be modulated
post-translationally.

Further, we established the influence of miR-145-3p
modulation on ferroptosis and osteogenic differentia-
tion through the regulation of IREB2. Overexpression of
miR-145-3p (Mimics+IREB2) resulted in a significant
decrease in cell survival (Fig. 4D), an increase in iron
(Fig. 4E) and MDA levels (Fig. 4 F) compared to the Mim-
ics + Vector group. To evaluate the functional outcomes
of miR-145-3p and IREB2 modulation on osteogenic dif-
ferentiation, we examined osteogenic gene expression,
in vitro mineralization, and in vivo bone formation. Our
data indicated that the addition of IREB2 neutralized
the effects of miR-145-3p overexpression on enhanced
RUNX2 (Fig. 4G), OCN (Fig. 4H), in vitro mineralization
(Fig. 41 and J), and in vivo bone formation (Fig. 4K and
L).
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Fig. 2 Ferroptosis-Driven Erosion of Osteogenic Competence in Jawbone MSCs under BRONJ Conditions. (A) ALP staining of MSCs and its (B) quanti-
tative analysis. (C) Mineralized nodules formation of MSCs and its (D) quantitative analysis. Scale bar, 20 um. (E) H&E staining of subcutaneous ectopic
ossification induced by MSCs transplantation in nude mice (HA: HA-TCP, B: new bone, CT: connective tissue) and its (F) quantitative analysis. Scale bar, 50
pm. (G) Normalized RUNX2 and (H) OCN gene expressions in MSCs. Data are presented as means+SD (n=4). *p <0.05; **p <0.01; ***p <0.001

Conversely, the knockdown of IREB2 mitigated the ferroptosis and, consequently, the osteogenic differentia-

negative effects of miR-145-3p inhibitor on cell survival
(Fig. 4M), iron (Fig. 4N) and MDA levels (Fig. 40), as
well as on RUNX2 (Fig. 4P), OCN (Fig. 4Q), in vitro min-
eralization (Fig. 4R and S), and in vivo bone formation
(Fig. 4T and U). These results underscore the pivotal role
of the miR-145-3p/IREB2 signaling pathway in regulating

tion of jawbone MSCs in BRONJ rats.

Exosome-delivered miR-145-3p potentiates osteogenic
reconstitution and accelerates bone repair in BRONJ

This section explores the effects of exosome-mediated
miR-145-3p modulation on ferroptosis, and provides
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Fig. 3 (See legend on next page.)
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Fig. 3 miR-145-3p Orchestrates Ferroptotic Signaling and Lineage Commitment in BRONJ-Derived MSCs. (A) Normalized miR-145-3p expressions in Con-
trol and BRONJ MSCs. (B) Normalized miR-145-3p expressions in MSCs treated with vector, mimics and inhibitor. (C) Cell survival, (D) Relative Fe* level, (E)
MDA level, (F) GPX4 expression and its (G) quantification of BRONJ jawbone MSCs treated with vector and mimics. (H) The mitochondrial morphology in
BRONJ MSCs treated with vector and mimics. Scale bar, 0.5 um. (I) The size and (J) membrane density of mitochondria in BRONJ MSCs treated with vector
and mimics were determined from TEM micrographs using ImageJ software. (K) Immunofluorescence staining and its (L) quantitative analysis of ROS
level in BRONJ MSCs treated with vector and mimics. Scale bar, 20 um. (M) Cell survival, (N) Relative Fe?* level, (O) MDA level, (P) GPX4 expression and its
(Q) quantification of Control MSCs treated with vector and inhibitor. (R) The mitochondrial morphology in Control MSCs treated with vector and inhibitor.
Scale bar, 0.5 um. (S) The size and (T) membrane density of mitochondria in Control MSCs treated with vector and inhibitor were determined from TEM
micrographs using ImagelJ software. (U) Immunofluorescence staining and its (V) quantitative analysis of ROS level in Control MSCs treated with vector
and inhibitor. Scale bar, 20 um. Data are presented as means +SD (n =4; ten mitochondria were examined per sample, yielding a total of 40 mitochondria

per group). *p <0.05; **p <0.01; ***p<0.001

a detailed analysis of the in vivo therapeutic efficacy of
miR-145-3p modulation in BRON]J through the trans-
plantation of engineered exosomes. First, exosomes were
isolated from jawbone MSCs and comprehensively char-
acterized by morphology (Figure S5A), particle size (Fig-
ure S5B), zeta potential (Figure S5C), and the canonical
exosomal markers TSG101 and CD63 (Figure S5D). Fig-
ures 5A depict the expression levels of miR-145-3p and
the extent of ferroptosis in endogenous MSCs following
the transplantation of exosomes-loaded hydrogel that
either overexpress or knockdown miR-145-3p. The find-
ings indicate that the transplantation of exosomes over-
expressing miR-145-3p led to a significant increase in
miR-145-3p levels within endogenous MSCs (Fig. 5A),
whereas the transplantation of exosomes knocking down
miR-145-3p resulted in a decrease (Fig. 5A). This adjust-
ment in miR-145-3p expression influenced ferroptosis
levels, as reflected by alterations in cell survival (Fig. 5B),
iron levels (Fig. 5C) and MDA levels (Fig. 5D). Consis-
tent with the in vivo findings, co-culture of BRONJ MSCs
with miR-145-3p-enriched exosomes in vitro markedly
elevated intracellular miR-145-3p levels (Figure S6A),
concomitantly ameliorating indices of ferroptosis, includ-
ing cell survival (Figure S6B), iron (Figure S6C) and MDA
accumulation (Figure S6D).

Figures 5E-I display the microCT analysis and bone
parameters of the jawbone necrosis area following exo-
somes transplantation. The data reveal that exosomes
overexpressing miR-145-3p (BRONTJ + exo-up-miR) sig-
nificantly enhanced new bone formation, as illustrated
in Fig. 5E, and improved key bone parameters, includ-
ing bone volume to total volume ratio (BV/TV) (Fig. 5F),
trabecular thickness (Fig. 5G), trabecular number (Fig.
5H), and reduced trabecular spacing (Fig. 5I). In contrast,
the knockdown of miR-145-3p (Control+exo-down-
miR) exerted adverse effects on these parameters (Fig.
5E-I). H&E staining of BRONJ lesions, as shown in Fig.
57, highlighted distinct differences in tissue morphology
among the control, BRONJ, and exosome-treated groups.
The control group exhibited healthy bone tissue, whereas
the BRON]J group displayed characteristics of necrosis
and diminished bone quality. Notably, treatment with

exosomes overexpressing miR-145-3p led to improved
tissue morphology, suggesting a therapeutic benefit.

To assess in vivo osteogenesis, calcein staining and
quantification of the osteogenic rate were employed. The
findings indicate that exosomal overexpression of miR-
145-3p enhanced new bone formation, as evidenced by
augmented calcein deposition (Fig. 5K) and an elevated
osteogenic rate (Fig. 5L). Conversely, the knockdown of
miR-145-3p negatively impacted these osteogenic pro-
cesses, as exhibited in Fig. 5K and L. These results under-
score the potential of engineered exosomes containing
miR-145-3p as a therapeutic strategy for BRONJ.

Exosome-shuttled miR-145-3p suppresses ferroptotic
stress and restores the osteogenic competence of resident
MSCs in BRONJ

This section explores the effects of exosome-mediated
miR-145-3p modulation on osteogenic differentiation in
endogenous MSCs within the BRONJ context. It reveals
that the overexpression of miR-145-3p in exosomes sig-
nificantly enhances ALP activity (Fig. 6 A and B) and min-
eralization (Fig. 6 C and D) of endogenous MSCs after the
transplantation of exosomes modulating miR-145-3p,
signs of improved osteogenic differentiation. Conversely,
the knockdown of miR-145-3p diminishes these parame-
ters (Fig. 6A-D). Immunofluorescence staining for OCN,
a late-stage osteogenic differentiation marker, is pre-
sented in Fig. 6E, with quantitative analysis provided in
Fig. 6F. The results demonstrate that the overexpression
of miR-145-3p in exosomes improves OCN expression,
while its knockdown results in a decrease, further con-
firming the role of miR-145-3p in facilitating osteogenic
differentiation.

H&E staining of ectopic bone formation is shown in
Fig. 6G, with the quantitative analysis of new bone for-
mation presented in Fig. 6H. The data demonstrate that
exosomal overexpression of miR-145-3p enhances the
osteogenic capacity of BRONJ-derived MSCs thereby
facilitating new bone formation, whereas its knockdown
suppresses these processes. Immunohistochemistry
staining for OCN in ectopic bone formation is depicted
in Fig. 6, with quantitative analysis provided in Fig. 6].
Consistent with the immunofluorescence staining, these
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Fig. 5 Exosome-Delivered miR-145-3p Potentiates Osseous Regeneration in BRONJ Lesions via Robust In Vivo Efficacy. (A) Normalized miR-145-3p ex-
pressions in exosomes derived from MSCs treated with inhibitor and mimics. (B) Cell survival, (C) Relative Fe?" level and (D) MDA level of BRONJ jawbone
MSCs treated with exo-down-miR and exo-up-miR. (E) The 3D morphology, (F) BV/TV, (G)Trabecular number, (H)Trabecular thickness and (I)Trabecular
space of the osteonecrotic jawbone in Control group, BRONJ group, BRONJ + exo-down-miR group and BRONJ +exo-up-miR group. (J) H&E staining of
osteonecrotic jawbone in Control group, BRONJ group, BRONJ + exo-down-miR group and BRONJ +exo-up-miR group. Scale bar, 200 um. (K) Calcein la-
beling and its (L) quantitative analysis of osteonecrotic jawbone in Control group, BRONJ group, BRONJ + exo-down-miR group and BRONJ + exo-up-miR
group. Scale bar, 50 um. Data are presented as means=+SD (n=5). *p <0.05; **p < 0.01; ***p <0.001

results show that the overexpression of miR-145-3p in
exosomes increases OCN expression and subsequent
bone formation, while the knockdown of miR-145-3p
reduces these parameters. In line with the in vivo obser-
vations, in vitro co-culture of BRONJ-affected MSCs
with  miR-145-3p-enriched exosomes substantially
restored their osteogenic capacity (Figure S6E and F), as
evidenced by markedly elevated expression of the osteo-
genic regulators RUNX2 and OCN (Figure S6G and H).

Exosome-reprogrammed BRONJ-derived MSCs restore
osteogenesis in osteogenesis-impaired skeletal disorders
Following exosome-mediated rescue of BRONJ, we har-
vested reprogrammed jawbone MSCs (After exosome-
mediated transfer of miR-145-3p, the post-necrotic
microenvironment is reprogrammed: miR-145-3p con-
currently represses ferroptotic signaling and amplifies
osteogenic transcriptional programs in resident MSCs,
thereby converting them into a rejuvenated, lineage-
competent population that we operationally term “repro-
grammed MSCs.”) from the treated rats. Transplantation
with miR-145-3p-enriched exosomes elevated intracellu-
lar miR-145-3p levels in BRON]J-derived jawbone MSCs
(Figure S7A) and concomitantly increased the miR-
145-3p cargo of their secreted exosomes (Figure S7B),
indicating that these reprogrammed MSCs may possess
the potential to serve as vehicles for miR-145-3p delivery
in skeletal disorders. These endogenous MSCs were iso-
lated, expanded and then transplanted into two in vivo
models that are associated with ferroptosis and osteo-
genic impairment: an OVX-induced osteoporosis model
and a critical-sized calvarial defect model (Figure S8).
Through quantitative micro-CT and dynamic histomor-
phometry, we investigate the intrinsic osteogenic capac-
ity of the endogenous MSCs pool to determine whether
exosome therapy effectively restores their competence
for new bone formation under osteogenesis-impaired
conditions. Figures 7A present high-resolution micro-CT
reconstructions and quantitative bone-morphometric
analyses of femurs from osteoporotic rats administered
reprogrammed MSCs derived from treated BRON] rats.
Post-transplantation with exo-up-miR, the endogenous
MSCs harvested from BRONJ-affected jawbones (repro-
grammed MSCs) demonstrated a significant capacity to
mitigate osteoporosis, as shown in Fig. 7A. This improve-
ment was marked by enhanced BV/TV (Fig. 7B), trabecu-
lar number (Fig. 7 C), trabecular thickness (Fig. 7D), and

reduced trabecular spacing (Fig. 7E) when compared to
both the Osteoporosis group and the OP + BRONJ MSCs
group. H&E staining of femurs, as depicted in Fig. 7F,
revealed that the bone mass in the OP + reprogrammed
MSCs group was superior to that of the Osteoporosis
group and the OP + BRONJ MSCs group. Figures 7G and
H display calcein fluorescence imaging and the osteo-
genic rate of the femur within osteoporosis treatment
models, respectively. The group treated with repro-
grammed MSCs exhibited a notably higher osteogenic
rate, indicating augmented bone formation and repair
capabilities.

Cell-sheet/HA-TCP “sandwich” constructs were trans-
planted locally into critical-sized calvarial defects in rats
(Figure S2A and C) to evaluate their capacity for cranial
bone regeneration. Figures 7I-M present microCT results
and bone parameters for reprogrammed MSCs in the
context of cranial defect repair. Consistent with the osteo-
porosis treatment, the group treated with reprogrammed
MSCs exhibited substantial enhancements in bone regen-
eration (Fig. 7I), characterized by increased bone volume
(Fig. 7J-L) and decreased trabecular spacing (Fig. 7M)
when compared to the group treated with BRONJ MSCs.
H&E staining of skulls revealed an increase in new bone
formation in the Defect + reprogrammed MSCs group as
opposed to the Defect + BRONJ MSCs group (Fig. 7N).
Consistent with the in vitro findings described above,
the two animal models further demonstrated that repro-
grammed MSCs maintain a strong osteogenic capacity
in vivo, an effect attributed to the therapeutic action of
miR-145-3p-enriched exosomes.

In sum, we pinpoint the miR-145-3p/IREB2/ferropto-
sis axis as the key regulator of BRON]J pathogenesis and
show that miR-145-3p-loaded exosomes simultaneously
resolve jaw necrosis and restore the systemic bone-form-
ing capacity of endogenous MSCs, providing a potential
therapy against BRONJ, as summarized in Fig. 8.

Discussion

In this study, we have uncovered the critical role of miR-
145-3p in the pathogenesis of BRON]J and demonstrated
the potential of engineered exosomes as a therapeutic
strategy to inhibit ferroptosis and enhance osteone-
crosis repair. Our findings firstly reveal that BRONJ is
associated with increased ferroptosis in jawbone MSCs,
as evidenced by elevated iron levels, MDA and ROS,
along with reduced GPX4 expression and mitochondrial
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Fig. 7 Exosome-Reprogrammed BRONJ-Derived MSCs Restore Osteogenesis in Osteopenic and Unloaded Environments. (A) The 3D morphology, (B)
BV/TV, (C)Trabecular number, (D)Trabecular thickness and (E)Trabecular space of the femurs in Control group, OP group, OP + BRONJ MSCs group and
OP +reprog MSCs group. (F) H&E staining of femurs in Control group, OP group, OP +BRONJ MSCs group and OP +reprog MSCs group. Scale bar, 250
pm. (G) Calcein labeling and its (H) quantitative analysis of femurs in Control group, OP group, OP +BRONJ MSCs group and OP +reprog MSCs group.
Scale bar, 50 um. (I) The 3D morphology, (J) BV/TV, (K) Trabecular number, (L) Trabecular thickness and (M) Trabecular space of the calvarial defect in De-
fect+BRONJ MSCs group and Defect + reprog MSCs group. (N) H&E staining of calvarial defect in Defect + BRONJ MSCs group and Defect +reprog MSCs
group. Scale bar, 150 um. Note: OP +reprog MSCs: OP +reprogrammed MSCs. Data are presented as means+SD (n=5). *p <0.05; **p <0.01; ***p <0.001

dysfunction. The overexpression of miR-145-3p and the
subsequent inhibition of ferroptosis led to improved cell
survival and osteogenic differentiation. Furthermore,
localized transplantation of miR-145-3p-enriched exo-
somes robustly rescues the osteogenic differentiation
capacity of endogenous MSCs and effectively ameliorates
osteonecrosis in BRONJ, suggesting a novel mechanism
by which miR-145-3p may regulate bone homeostasis in
the context of BRONJ.

In this study, we intentionally selected reprogrammed
MSCs, rather than direct exosome administration,
for treating osteoporosis and calvarial defects, guided
by three mechanistic and translational rationales: (i)
Osteoporotic bone is populated by MSCs with mark-
edly blunted osteogenic competence [27], and the cranial
defect niche is similarly deprived of functionally primed
progenitors [28]. One of key mechanisms underlying
the therapeutic effects of systemically injected MSCs in
osteoporosis is their targeted homing to bone tissue fol-
lowed by direct participation in osteogenic differentia-
tion [29]. Additionally, because the calvarium develops
through intramembranous ossification, the transplanted
MSCs repair calvarial defects by directly participating in
osteogenic differentiation [30]. Therefore, we employed
these two in vivo animal models to verify that osteogenic
differentiation capacity is indeed restored in BRON]J-
derived MSCs after exosome treatment. In fact, trans-
plantation of reprogrammed MSCs into OVX-induced
osteoporotic rats and critical-sized calvarial defects
provides in vivo proof that epigenetic reprogramming
restores robust osteogenic capacity, thereby validating
our central hypothesis. (ii) Mounting evidence implicates
iron-metabolic dysregulation in both osteoporosis [31,
32] and osseous repair failure [33, 34]. We demonstrate
that reprogrammed MSCs harvested from miR-145-3p-
conditioned BRONJ rats retain not only elevated intra-
cellular miR-145-3p but also secrete exosomes enriched
with this miRNA. Consequently, reprogrammed MSCs
may act as self-sustaining vectors that re-engineer the
local iron-metabolic microenvironment and normalize
aberrant ferroptotic signaling in both pathological con-
texts. (iii) Utilizing autologous, disease-rescued MSCs
circumvents the immunologic and logistical constraints
inherent to allogeneic transplantation. By epigeneti-
cally rejuvenating patient-derived MSCs that were ini-
tially dysfunctional, this work outlines a preliminary

framework that, with further validation, may be adapted
to other MSC-related disorders.

Iron overload precipitates MSCs ferroptosis, a ROS-
driven death pathway that arrests osteoblast lineage
commitment while shifting differentiation toward adi-
pogenesis, thereby tilting bone remodeling toward net
resorption [34-36]. Our findings align with emerging
evidence positioning iron dyshomeostasis as a cen-
tral disruptor of skeletal homeostasis. We extend this
paradigm by causally anchoring ferroptosis to BRON]J
pathogenesis and pinpointing miR-145-3p as the pivotal
epigenetic checkpoint governing the process. The role
of miR-145 in modulating ferroptosis has been previ-
ously reported in some cell types [18, 19], but our work is
among the first to explore its function in BRONJ-affected
MSCs. Current evidence consolidates the molecular
determinants by which iron metabolism governs MSCs
osteogenic differentiation into four mechanistic tiers:
(i) Iron homeostatic pathway: in this process, key con-
stituents of the iron-metabolic machinery function as
principal targets that orchestrate downstream regula-
tion. For instance, CRYAB has been shown to bind and
stabilize FTH1, thereby preventing iron release and fer-
roptosis, ultimately promoting osteogenic differentiation
[37]. (ii) Antioxidant/ferroptosis defense systems signal-
ing: in such pathways, collapse of the antioxidant stress
response elevates intracellular ROS in MSCs, thereby
precipitating ferroptosis. For example, the PI3K/AKT/
mTOR signaling pathway has been implicated in protect-
ing MSCs from ferroptosis by regulating iron uptake and
ROS production [38]. (iii) Energy metabolism-related
pathways: in this class of mechanisms, dysregulation of
energy metabolism can act as either a cause or a con-
sequence of ferroptosis. For instance, mitochondrial
damage is closely associated with the induction of fer-
roptosis in various cell types, including MSCs [39, 40].
Conversely, elevated iron levels and oxidative stress dis-
rupt the mitochondrial function, reducing the cells’ abil-
ity to produce energy and synthesize osteogenic proteins
such as RUNX2 and OCN [41]. This iron-mediated mito-
chondrial dysfunction not only inhibits osteogenesis but
also shifts the differentiation fate of MSCs towards adi-
pogenesis, further disrupting bone homeostasis [41]. (iv)
Epitranscriptomic and signaling crosstalk: epigenetic
modulation and signal crosstalk are defining hallmarks
of this mechanistic class. For example, METTL16-medi-
ated N6-methyladenosine (m°A) modification of PPARy
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mRNA promotes lipid remodeling and ferroptosis, indi-
rectly constraining MSCs osteogenesis [42]. Our identifi-
cation of a miRNA-directed ferroptosis axis that governs
MSC osteogenesis represents a distinct epigenetic regu-
lator within this mechanistic spectrum. In future work,
we will deepen our mechanistic exploration of ferropto-
sis-driven BRON] progression. Our immediate priorities
are to map the complete regulatory network surrounding
the miR-145-3p/IREB2 axis and to define how ferroptosis
operates in a cell-type-specific manner within the BRON]J
lesion, thereby identifying more precise therapeutic tar-
gets. In parallel, we will profile additional signaling impli-
cated in BRON]J pathogenesis and elucidate how they
interact with ferroptotic pathways. Finally, we will dissect
how exosome-mediated intercellular signaling remodels
the pathological niche, aiming to uncover druggable tar-
gets within the BRONJ microenvironment.

Emerging evidence positions MSCs-based therapy as
the most multifaceted regenerative platform for BRONJ.
Conceptually, four mechanistic axes are currently
explored: (i) Exogenous MSCs home to necrotic bone
and re-activate endogenous osteoprogenitors, directly
restoring bone defect through paracrine crosstalk [43];
(ii) Topically delivered MSCs orchestrate gingival-muco-
sal re-epithelialization and collagen remodeling, seal-
ing exposed bone and preventing secondary infection
[44, 45]; (iii) Secreted factors from MSCs up-regulate
PDGF signaling, synchronizing osteogenic-angiogenic
coupling and neo-angiogenesis within both osseous and
mucosal compartments [46, 47]; (iv) MSCs exert potent
immunomodulation, rebalancing Th17/Treg [48] or

M1/M2 macrophages [49] phenotypes and inhibiting
pathogenic inflammation, thereby creating an immune-
permissive niche for tissue repair. From a translational
standpoint, delivery modalities have diversified into
five tiers: (i) direct cell therapy via systemic infusion or
local implantation of bone-marrow-, adipose-, umbilical
cord-derived MSCs [43]; (ii) cell-free intervention with
MSCs-derived extracellular vesicles, which recapitulate
the paracrine secretome while circumventing the risks
of live-cell transfer [50]; (iii) purified MSCs-secreted
cytokines or recombinant proteins (e.g., MCP-1, IGF-1,
VEGF and PDGF-BB) administration [46, 51]; and (iv)
bioengineered scaffolds that spatially immobilize MSCs
within osteoinductive matrices (e.g., bioactive glasses) to
achieve spatiotemporally controlled release [52]; and (v)
exogenous pharmaceuticals that act directly on MSCs
[53-55]. Our group has recently uncovered ferropto-
sis as a previously unrecognized driver of MSCs attri-
tion and impaired osteogenic commitment within the
BRON]J microenvironment. Capitalizing on this insight,
we have engineered MSCs-derived exosomes that are
enriched in miR-145-3p. These exosomes not only neu-
tralize lipid-ROS accumulation in resident MSCs but also
reactivate osteogenic signaling, thereby rescuing endog-
enous bone-forming capacity. This ferroptosis-targeted,
exosome-based strategy may represent a paradigm shift
in BRONJ therapeutics, integrating cell-free safety with
mechanism-specific precision.

Compared to traditional surgical and pharmacologi-
cal treatments for BRONJ [1, 2], our exosome-mediated
miR-145-3p therapy offers several unique advantages.
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Unlike surgical debridement, which is invasive and car-
ries a risk of complications, our approach is minimally
invasive and can be delivered systemically or locally.
Additionally, compared to drug-based therapies that
often have limited efficacy and potential side effects, our
strategy targets a specific molecular pathway involved in
BRON] pathogenesis, thereby potentially reducing off-
target effects [56]. Moreover, exosome-mediated delivery
may bypass the compromised vasculature [56] typical of
BRONJ lesions, ensuring that miR-145-3p reaches resi-
dent MSCs even in BRONJ-affected microenvironments
where conventional topically applied drugs fail to pen-
etrate. The endogenous origin of exosomes also mini-
mizes immunogenicity and allows repeat dosing without
eliciting neutralizing antibodies, a critical advantage
over recombinant protein or viral therapies that lose effi-
cacy after successive administrations [56]. However, it is
worth noting that when BRONJ has progressed to exten-
sive sequestrum and cortical plate collapse, exosome-
based therapy alone cannot provide mechanical support;
it must therefore be combined with debridement or bone
grafting, or integrated with new scaffolds that possess
superior biological properties.

Beyond BRON], ferroptosis has emerged as a unify-
ing pathogenic node across a spectrum of osteonecrotic
disorders, including radiation-induced osteonecrosis
of the jaw (RONJ) [57], glucocorticoid-induced osteo-
necrosis of the femoral head (GONFH) [58, 59], and
diabetes-associated osteonecrosis [60, 61]. These enti-
ties share core pathological motifs, namely, deranged
osteoblastic-osteoclastic coupling, aberrant angiogen-
esis, and immune-metabolic microenvironment redi-
rected toward oxidative stress and chronic inflammation,
driven by ferroptotic damage in MSCs, endothelial cells
and immune cells. Our previous study has demonstrated
that, in RONJ, ionizing radiation redistributes lysosomes
toward the perinuclear region, disrupting endothelial
metabolism and catalyzing lipid peroxidation-driven fer-
roptosis [57]. Transplantation of exosomes derived from
MSCs cell aggregates enables the delivery of lysosomes
to achieve lysosomal redistribution, rescues endothelial
integrity, improves CD31* endomucin® specialized ves-
sels and mitigates jawbone necrosis [57]. Moreover, In
GONFH, miRNAs have been implicated in modulating
ferroptosis of MSCs, thereby rescuing their osteogenic
differentiation capacity: a mechanistic parallel that our
investigation mirrors [58, 59]. Diabetes mellitus, a well-
established risk factor for osteonecrosis [62], amplifies
systemic iron overload and lipotoxic ROS generation;
emerging data implicate ferroptosis in diabetic bone
microangiopathy, suggesting a mechanistic continuum
with diabetes-related osteonecrotic phenotypes [63]. By
synthesizing these mechanistic intersections, lysosomal
trafficking in RONJ, miR-mediated redox circuitry in
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GONFH, and iron-lipid homeostasis in diabetic bone
disease, we hope to delineate common therapeutic tar-
gets. Our primary goal is to explore this convergence to
identify candidate targets common to multiple forms of
osteonecrosis and to develop MSC- or exosome-based
interventions that may ultimately be applicable beyond
single etiologies.

Despite the novelty of our findings, particularly the first
demonstration of ferroptosis in BRONJ and the thera-
peutic exploitation of exosomes targeting this pathway,
the study has some limitations. Firstly, the evidence is
restricted to in vitro assays and rodent models, man-
dating rigorous validation in human cohorts before any
translational claim can be made. Secondly, although the
miR-145-3p/IREB2 regulatory axis has been identified as
a nexus between ferroptosis and osteogenesis, the wider
signaling network governing these processes remains
incompletely mapped. Third, we will pursue deeper
mechanistic studies to develop advanced engineering
strategies that both create precision-modified exosomes
and design new biomaterial scaffolds, endowing exo-
some therapy with markedly improved targeting speci-
ficity and therapeutic efficacy. Finally, several pre-clinical
obstacles must be overcome. Scalable, GMP-compliant
production of exosomes with uniform physicochemical
attributes and reproducible potency is currently lacking,
and comprehensive toxicology, including biodistribu-
tion, immunogenicity, and long-term safety, has yet to be
established. Future work should therefore prioritize (i)
process optimization for high-yield, quality-controlled
exosome manufacturing, and (ii) phased clinical trials to
rigorously assess the efficacy and safety of miR-145-3p—
loaded exosomes in BRONJ patients.

Conclusion

Collectively, our study identifies the miR-145-3p/IREB2/
ferroptosis axis as the important regulator of BRONJ and
demonstrates that exosomal delivery of miR-145-3p con-
currently ameliorate localized jaw necrosis and markedly
restores the systemic osteogenic potential of endogenous
jawbone-derived MSCs. In this pre-clinical models, exo-
somal delivery of miR-145-3p attenuated local osteo-
necrosis and partially restored the osteogenic capacity
of endogenous MSCs. While these results encourage
further evaluation, additional studies are required to
determine efficacy, safety, and generalizability to other
bone-loss conditions before clinical translation.
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