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Postmenopausal women, elderly individuals, and transfusion-dependent patients are prone
to bone marrow iron overload, which is closely associated with iron overload-associated os-
teoporosis (IO0P). Currently, the treatment of IOOP mainly focuses on promoting iron efflux
and alleviating iron-induced damage, but the intervention value of natural active ingredients
remains unclear. Naringenin (NAR), as a natural flavonoid, can regulate bone metabolism, yet

Keywords: its role and mechanism in IOOP have not been elucidated. In this study, an in vitro model was

Iron overload established by inducing MC3T3-E1 cells with ferric ammonium citrate (FAC), and an in vivo

ga““ge“m. I00P model was constructed by inducing mice with iron dextran to investigate the effects and
steoporosis

mechanisms of NAR. The results showed that NAR improved the alkaline phosphatase (ALP)
activity and mineralization capacity of FAC-induced iron-overloaded cells, upregulated the ex-
pression of collagen I (Collal) and runt-related transcription factor 2 (Runx2), reduced the
accumulation of reactive oxygen species (ROS) and lipid peroxide (LPO), attenuated mito-
chondrial membrane potential (MMP) impairment, and inhibited apoptosis. In in vivo experi-
ments, NAR restored the density and quantity of trabecular bone in iron-overloaded mice.
Mechanistically, RNA sequencing indicated that the effect of NAR was associated with tran-
scription factor EB (Tfeb)-dependent transcription: NAR promoted Tfeb nuclear transloca-
tion and upregulated p62 transcription under iron overload conditions. Co-immunoprecipita-
tion (Co-IP) demonstrated that NAR enhanced the binding of p62 to kelch-like ECH associated
protein 1 (Keap1l), while increasing Nrf2 phosphorylation and upregulating its key effector
proteins HO-1 and NQO1. Functional validation showed that the Nrf2 antagonist ML385 or
siRNA could block the effects of NAR without affecting Tfeb expression, whereas the Tfeb in-
hibitor eltrombopag simultaneously inhibited Nrf2 expression and NAR-induced effects. In
conclusion, NAR alleviates iron overload-induced oxidative damage and osteogenic disorders
via the Tfeb/p62/Nrf2 pathway, suggesting that it may serve as a potential therapeutic agent
for IOOP.

Tfeb/p62/Nrf2 Pathway
Bone formation

1. Introduction The stability of the skeletal structure is contingent upon the

metabolic balance of bone, a process that is subject to rigorous

Osteoporosis (OP) is a prevalent orthopaedic disease on a
global scale ?, the aetiology of which is multifactorial °. It is char-
acterised by a decrease in bone density and quality due to the de-
struction of the microstructure of the bone, thereby increasing
bone fragility '.
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regulation by a complex series of mechanisms . Osteoblasts, de-
rived from the mesenchymal cells of the pluripotent bone mar-
row stroma, form bone nodules by synthesising and secreting
matrix proteins such as Collal and osteocalcin for eventual min-
eralisation °. Following matrix mineralization, approximately
60%-80% of osteoblasts undergo apoptosis, whereas the surviv-
ing cells differentiate into osteocytes and bone lining cells °. Main-
taining the right balance between bone matrix formation by os-
teoblasts and bone resorption by osteoclasts is essential for bone
homeostasis “*.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Iron, as an essential trace element crucial for human
physiological processes, plays a pivotal role in maintaining bone
homeostasis ”'’. Inspired by recent studies "', the link between
iron and osteoporosis has recently received increased attention.
Iron can be obtained daily from food and is essential in many bio-
chemical processes such as oxygen transport, bone marrow
haematopoiesis and immune responses °. Various physiological
and pathological processes, such as tumours '°, atherosclerosis "/
and osteoporosis > '* have been linked to iron overload.

I00P originates from disrupted iron homeostasis, leading to
compromised bone integrity, reduced bone mass, and microar-
chitectural deterioration "’. Under physiological conditions, iron
equilibrium is tightly regulated through ferritin-mediated buffer-
ing . However, in specific pathological contexts—including post-
menopausal women, elderly populations, chronic transfusion-de-
pendent patients, and hereditary hemochromatosis—bone mar-
row iron overload induces oxidative damage via Fenton/Haber-
Weiss reactions that generate excessive ROS *°. While physiolo-
gical ROS levels are essential for cellular signaling, pathological
ROS accumulation causes DNA damage and mitochondrial dys-
function *', contributing to skeletal pathologies such as osteopet-
rosis. Osteogenesis requires coordinated mitochondrial energy
production to support cellular reprogramming. Although the pre-
cise mechanisms remain incompletely defined, iron overload-as-
sociated ROS attack DNA and mitochondria, promoting osteo-
blast apoptosis *cellular senescence *, iron death **, and im-
paired osteoblast proliferation/mineralization °. The iron chelat-
or deferoxamine (DFO) has demonstrated efficacy in alleviating
postmenopausal osteoporosis by modulating skeletal iron dy-
namics . Nevertheless, the molecular pathways linking iron
overload to impaired bone formation require further investiga-
tion.

The Tfeb/Nrf2 system is the core regulatory network for cells
to respond to oxidative stress, and its molecular composition and
function are highly synergistic. Nrf2 (nuclear factor E2-related
factor 2) belongs to the CNC-bZIP transcription factor family,
which binds to Keap1 through the Neh domain and is ubiquitin-
ated and degraded in the basal state 627, while oxidative stress
or electrophilic stimulation can destroy the Keap1-Nrf2 complex,
prompting Nrf2 to enter the nucleus and bind to the ARE *°, activ-
ating HO-1, GSTM1 and other antioxidant genes *’.

As a member of the MiT/TFE family, Tfeb and Nrf2 have a
significant intersection in the regulatory network: the Keapl-
Nrf2 pathway enhances the cell’s ability to clear oxidative dam-
age products by upregulating TFEB/TFE3-dependent lysosome
biogenesis *’; at the same time, Tfeb inhibits the E3 ubiquitin lig-
ase DCAF11 of Nrf2 and promotes the phosphorylation of p62,
blocking the degradation of Nrf2 mediated by Keap1 *', forming a
positive feedback loop to amplify the antioxidant signal **. This
regulatory synergy makes the Tfeb/Nrf2 system a key hub for
maintaining oxidative-reduction homeostasis.

Plant-derived bioactive extracts are one of the key sources of
natural medicines ** **. NAR is a flavonoid compound that is
found in a wide variety of plants, with a particular prevalence in
citrus fruits. It is not only one of the important active ingredients
of traditional Chinese medicines, such as Drynariae Rhizoma (Gu-
SuiBu) and Citri Grandis Exocarpium (HuaJvHong) **. NAR has
been shown to have a range of biological effects. Similar to most
botanical drugs % it also possesses anti-inflammatory 7 antiox-
idant **, immunomodulatory *, and anti-tumor *’. In previous
studies, NAR has been found to enhance the antioxidant capacity
of cells, which is crucial in combating oxidative stress. Further-
more, NAR has been reported in the treatment of various animal
models of osteoporosis *"**. However, the role of NAR in I0OP re-
mains to be elucidated, and its specific mechanisms are yet to be
fully understood.
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2. Materials and methods

2.1. Materials and reagents

Detailed information for reagents and equipment is listed in
Supplementary Tables S1 and S2.

2.2. Animal experiments

C57BL/6] mice (males, six weeks old, 20 + 3 g) used in this
study were purchased by the Experimental Animal Center of
Guangzhou University of Chinese Medicine [SCXK (YUE) 2018-
0034]. After one week of acclimatisation feeding, the animals
were randomly divided into five groups of 8 mice each: Control
group (weekly 0.9% sodium chloride injections intraperitoneally
at 8 to 18 weeks old, daily gavage with distilled water from 12 to
18 weeks old), FeDx group (weekly 0.5 g-kg™ iron dextran injec-
tions intraperitoneally at 8 to 18 weeks old, this intervention was
used in the remaining groups except the control group) *’, FeDx +
NAR-L group (60 mg-kg™ NAR was administered by gavage daily
from 12 to 18 weeks old), FeDx + NAR-H group (120 mg-kg™" NAR
was administered by gavage daily from 12 to 18 weeks old) “’.
The positive control group received DFO 250 mg-kg™" (saline) in-
tervention in addition to the administration of FeDx *, All anim-
als were housed in experimental animal facilities (Laboratory An-
imal Centre, The First Affiliated Hospital of Guangzhou Uni-
versity of Chinese Medicine, SYXK 2018-0092). The corncob
granules are changed every 2 days, food and drinking water are
replenished, and the environment is ventilated and tidy. The light
source was switched on and off alternately for 12 h to simulate
day and night cycles, and the mice were allowed to eat freely in-
side the cages. Rearing ended at 18 weeks of age, and after eu-
thanasia by CO,, lower limb bone samples were collected and
processed for further processing. This animal experiment (Fig.
1A) was approved by the Animal Ethics Committee of the First Af-
filiated Hospital of Guangzhou University of Chinese Medicine
(Approval No. 2021029).

2.3. Cell culture

Reference to previous literature *‘, MC3T3-E1 cells were pur-
chased from Wuhan Punosai Biological Company (China) and
maintained in minimal essential medium (a-MEM, servicebio,
G4554, China) at 37 °C containing 5% CO, supplemented with 1%
penicillin-streptomycin (Gibco, 15070063, USA) and 10% fetal
bovine serum(Gibco, 10099-141, USA).

2.4. CCK-8 assay

To screen for effective initial concentrations of NAR, MC3T3-
E1 cells (4 x 10° cells/well) were inoculated in 96-well cell cul-
ture plates and then exposed to different concentrations of NAR
(0, 5, 10, 20, 40, and 80 pumol-L™) ** or FAC (0, 25, 50, 100, 200
and 400 pmol-L™) for various periods (24, 48 or 72 h) *****_ Af-
terwards, we measured cell viability using CCK-8 (GLPBIO,
GK10001, USA). The absorbance was measured at 450 nm using a
microplate reader (Multiskan SkyHigh, Thermo Scientific, USA).
After that, cells were intervened using a reasonable NAR with
FAC (24, 48, or 72 h) to estimate the optimal therapeutic concen-
tration range of the NAR.

2.5. Co-inmunoprecipitation (Co-IP)
Cells were lysed at the end of the culture using a protease in-

hibitor-containing lysis solution. Samples for Co-IP were incub-
ated overnight at 4 °C with 5 pg of antibody. The lysate-antibody
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mixture was centrifuged at 20 000 x g for 10 min, and the super-
natant was incubated with protein A/G agarose (Thermo Scientif-
ic, 20421, USA) at 4 °C for 2 h. The microspheres containing the
immunoprecipitated protein complexes were washed four times
with IP lysis buffer and denatured for 5 min at 95 °C by adding
2 x SDS-protein loading buffer and subsequently used for gel pro-
tein electrophoresis.

2.6. Western blot

The cells are lysed in RIPA lysis solution containing protease
inhibitors, and the tissue/cell lysates are centrifuged at 21 000 x
g for 20 min to remove cell debris. Alternatively, nuclear pro-
teins can be extracted using the nuclear protein extraction re-
agent. Equal amounts of protein samples (80-100 ug) were pre-
pared and mixed with loading buffer, then subjected to SDS-PAGE
using 15% or 10% acrylamide gels and transferred to nitrocellu-
lose membranes. Membranes were blocked with 5% BSA for 1 h
at room temperature, then overnight in 5% BSA at a 1:1000 dilu-
tion with the indicated primary antibodies, followed by appropri-
ate HRP-coupled anti-mouse/rabbit secondary antibodies. PVDF
membranes containing the target proteins were immersed using
ECL chemiluminescent substrate (ultra sensitive), and then pro-
tein band pictures were obtained using a Bio-Rad gel imaging sys-
tem.

2.7. ALP activity assay and ARS staining

MC3T3-E1 cells were seeded in 24-well plates at a density of
5 x 10* cells per well. After overnight routine culture, the medi-
um was replaced with osteogenic induction medium, and the cor-
responding pharmacological treatments were applied concur-
rently. Post-intervention cells were cultured in osteogenic induc-
tion medium for 5 d and ALP activity was measured according to
the BCIP/NBT ALP colour development kit. The intervened cells
were cultured in osteogenic induction medium for 12 d and cell
mineralization was detected using ARS staining solution.

2.8. Immunofluorescence assay

MC3T3-E1 cells were inoculated on confocal culture dishes
with a glass bottom diameter of 20 mm and fixed in 4% para-
formaldehyde after treatment. After being closed with 4% bovine
serum albumin (BSA) and washed with PBS, cells were treated
with Nrf2 (1:200, AB_2833793; Affinity Biosciences, USA), Keap1
(1:150, sc-514914; Santa Cruz Biotechnology, USA) antibodies
overnight at 4 °C. Cells were then incubated with Alexa Fluor®
488-labelled goat anti-mouse IgG (1:500, ab150113; Abcam, UK)
or Alexa Fluor® 647-labelled goat anti-rabbit IgG (1:500,
ab150079; Abcam, UK) for 1 h at 25 °C. Cells were re-stained with
a DAPI staining solution (Biosharp Biotechnology, China), and
fluorescence was detected using a confocal microscope (Leica,
Germany).

2.9. Evaluation of intracellular and LPO levels

ROS levels were measured using the DCFH-DA probe-based
ROS assay kit. Cells were combined with 20 pmol-L™" DCFH-DA
and incubated for 30 min at 37 °C under light-proof conditions.
Cells were washed twice with PBS resuspended and assayed on a
fluorescence microscope or flow cytometer. Detection of LPO was
performed using the BODIPY® 581/591 C11 probe (Thermo Sci-
entific, D3861, USA). Treated cells were mixed with 10 pmol-L™
BODIPY® 581/591 C11, incubated for 35 min at 37 °C under light-
proof conditions, washed twice, and then transferred to a feed-
ing tube for detection by flow cytometry.
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2.10. Evaluation of mitochondrial ROS (mtROS) levels

The measurement of mitochondrial superoxide in MC3T3-E1
cells was performed with the MitoSOX Red probe. Cells were
plated in 24-well plates at an initial density of 2 x 10* cells per
well. Following 24 h of culture to ensure cell attachment, the des-
ignated pharmacological interventions were initiated. Upon com-
pletion of the treatments, the culture medium was aspirated, and
the cell monolayer was gently rinsed twice with pre-warmed PBS.
A 2.5 ymol-L™" MitoSOX red working solution, prepared in a suit-
able buffer, was then added to completely cover the cells. The
plates were protected from light and incubated at 37 °C for 10
min. Subsequently, the staining solution was removed, and cells
were washed twice thoroughly with PBS to minimize non-specif-
ic background fluorescence. Imaging was immediately conducted
using a fluorescence microscope configured with appropriate fil-
ter sets for the red fluorescence emitted by the oxidized probe.

2.11. Evaluation of malondialdehyde (MDA) levels

The lipid peroxidation product MDA level was measured to
assess oxidative stress. Briefly, MC3T3-E1 cells were seeded in 48-
well plates at a density of 1 x 10* cells per well and allowed to ad-
here for 24 h under standard culture conditions. The designated
pharmacological interventions were initiated on the following
day. After treatment, the cells were collected and lysed. The MDA
content in the cell lysates was then quantified using a commer-
cial MDA assay Kit, strictly following the manufacturer’s instruc-
tions. The absorbance of the resulting reaction product was
measured at 532 nm using a microplate reader (Multiskan Sky-
High, Thermo Scientific, USA).

2.12. Apoptosis evaluation

Apoptosis was detected using Annexin V-FITC/PI kit accord-
ing to the instructions for use. Cells were inoculated in 6-well
plates at a density of 3 x 10°, picked up and treated differently.
Cells were then digested using trypsin, transferred to EP tubes,
and incubated with 10 pL Annexin V-FITC and 5 pL PI in a dark
environment for 5 min at 25 °C. Apoptosis was detected by flow
cytometry (BD Biosciences, USA) after the addition of 500 uL of
loading buffer. Results were analysed using Flow]Jo 10.6.2 soft-
ware.

2.13. Mitochondrial membrane potential measurement

The MMP was detected using the JC-1 MMP detection Kkit.
Cells were treated in the same way as for the apoptosis assay. For
fluorescence microscopy, cells were washed twice with PBS at
the end of treatment, added to JC-1 working solution and incub-
ated for 25 min at 37 °C under protection from light. After incuba-
tion, cells were washed twice with JC-1 staining buffer and ob-
served under fluorescence microscopy. For flow cytometry, cells
were digested with trypsin at the end of treatment, transferred to
1.5 mL EP tubes and incubated using the same conditions as for
fluorescence microscopy. After incubation, the cells were washed
twice with JC-1 staining buffer, resuspended and detected by flow
cytometry (BD Biosciences, USA).

2.14. Micro-computed tomography (uCT) analysis

After fixation, the bones were placed in a scanning rack on a
Skyscan 1172 (Bruker, Germany) and scanned at 80 kV, 100 pA,
0.4° rotation step, and 0.5 mm aluminium filter and 5 um slice
thickness. The data were then analysed using the Custom Analys-
is Program (CTAn 1.17.7.2, Bruker, Germany). The volume of in-
terest was the trabecular parameters within a secondary trabecu-
lar region 130 pm from the proximal tibial growth plate’s proxim-
al edge.
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2.15. Histology assay

The femur was fixed in 4% paraformaldehyde for 24 h, re-
moved and washed 2 times with PBS. It was then placed in 14%
EDTA for decalcification for 10 day. The EDTA solution was
changed every 2 day. After dehydration in gradient ethanol, the
tissue was embedded in paraffin and sliced into thin sections of 5
um thickness using a manual rotary slicer (Leica, Germany). Be-
fore staining, sections were deparaffinized, rehydrated, and
treated with 3% H,0, in methanol to block endogenous peroxi-
dase. Antigen retrieval was performed with heat in citrate buffer,
followed by PBST washing and blocking with 10% goat serum.
Sections were incubated with primary antibodies overnight at
4 °C, then with HRP-conjugated secondary antibodies for 1 h.
After DAB staining, sections were dehydrated, coverslipped, and
observed. Negative controls omitted the primary antibody. The
sections were stained with H&E staining solution and scanned us-
ing a Panoramic Midi Digital Slide Scanner (3DHISTECH, Hun-
gary). The results were viewed and analysed using SlideViewer
2.7 software (3DHISTECH, Hungary).

2.16. Elisa assay

Blood samples were collected from each group of mice and
then centrifuged at 1000 x g for 10 min to rapidly and carefully
separate serum from erythrocytes and collect the serum super-
natant. Serum levels of alanine aminotransferase, nitrogen-based
aminotransferase and urea were determined according to Elisa
instructions.

2.17. RNA-sequencing and data analysis

We extracted the total RNA from the cancellous bone region
of the lower femur in mice treated with FeDx and NAR-H. Sample
RNA integrity and potential DNA contamination were analyzed
using agarose gel electrophoresis. RNA purity was assessed via a
nanodrop micro-spectrophotometer by measuring ODg¢/,59 and
0Dy60,230 ratios. RNA integrity was precisely evaluated using an
Agilent 2100 Bioanalyzer. Following quality checks, mRNA was
enriched using mRNA Capture Beads, purified via magnetic bead
processing, and fragmented by high-temperature treatment. The
fragmented mRNA served as a template for synthesizing first-
strand cDNA in a reverse transcriptase mix. During second-strand
cDNA synthesis, end repair and A-tailing were simultaneously
performed. Adapters were then ligated, and target fragments
were purified and selected using Hieff NGS® DNA Selection Beads.
PCR amplification of the library was conducted, followed by se-
quencing on an Illumina Novaseq X Plus platform. Raw data were
analyzed by GENE DENOVO Co., Ltd. (China). Gene expression
levels were quantified as fragments per kilobase of transcript per
million mapped fragments (FPKM), and log, (fold change) > 1
or < -1 was considered statistically significant.

2.18. Nfe2l2 gene knockdown and efficiency verification

MC3T3-E1 cells were seeded into culture plates and allowed
to grow for approximately 24 h to reach about 70% confluence at
the time of transfection. Three individual Nfe2l2-targeting siRNAs
and one negative control siRNA were complexed with the trans-
fection reagent in Opti-MEM medium. The mixture was incub-
ated at room temperature for 20 min to allow the formation of
transfection complexes. These complexes were then added dir-
ectly to the cell culture medium. After 4 h of transfection, the me-
dium was replaced with fresh complete medium. Following an
appropriate incubation period to allow for gene knockdown, the
transfection efficiency was assessed by quantifying the mRNA ex-
pression level of Nfe2l2 using quantitative qRT-PCR and its pro-
tein expression level using Western blot analysis. The siRNA
demonstrating the highest knockdown efficiency was selected for
all subsequent functional validation experiments.
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2.19. Statistical analyses

Statistical analyses using SPSS 21.0. All results were ex-
pressed as mean * standard deviation. S-W test was used to test
whether the data satisfied normal distribution. Comparisons of
data between multiple groups were analysed using ANOVA, and
differences between two groups were compared using Tukey’s
test. Data comparisons between various groups that did not satis-
fy the chi-square test were analysed using the Brown-Forsyth test
to compare overall differences. Then the Tamhane T2 test was
used to compare two-by-two differences. Statistical results P <
0.05 were considered statistically significant. Graphs were cre-
ated using GraphPad Prism, version 10.

3. Results

3.1. NAR ameliorates bone microstructural changes in IOOP

In this study, an iron overload-induced osteoporosis model
was established by intraperitoneal injection of FeDx in animal ex-
periments. After the experiments, the lower limb bones and ser-
um of the mice were collected for subsequent analyses (Fig. 1A).
The pathological results showed that after intraperitoneal injec-
tion of iron dextran, the bone microstructure of the mice was
altered in a poor direction. Bone trabeculae are the supporting
structures within the bone marrow cavity. Under iron overload,
the number of trabeculae in the tibial marrow cavity was re-
duced, their length was shortened, and the divisional gap was
widened. A more disorganized distribution of trabeculae could be
seen in the simulated light 3D model (Fig. 1B). Compared to the
Control group, the overall number of bone trabeculae in the mod-
el group is sparser, with more peripheral fine shadows, indicat-
ing that the bone trabeculae are farther apart and have a smaller
and shorter morphology. On computational analysis of the micro-
structure, the ratio of bone volume to tissue volume (BV/TV) and
trabecular bone number (Tb. N) were all reduced in the FeDx
group compared to the control group, while the trabecular separ-
ation (Tb. Sp). It should be noted that changes in trabecular bone
pattern factor (Tb. Pf) following FeDx administration did not
reach statistical significance (Figs. 1C-1F). On H&E-stained sec-
tions, a marked increase in fatty vesicles could be seen in the
FeDx group compared to the Control group, and the cross-sec-
tional random distribution of trabeculae became looser (Fig. 1B).

After treatment with NAR, BV/TV and Tb. N increased while
Tb. Pf and Tb. Sp decreased compared to the FeDx group, 120
mg-kg™ of NAR have a better effect. An increase in the number
and density of trabeculae with a more regular alignment direc-
tion was also clearly observed in the 3D model. DFO is an iron
chelator that has been reported in previous studies as a positive
control drug for inhibiting iron overload ". In I00P, the use of
DFO significantly alleviated the changes in BV/TV and Tb. Pf. Ser-
um ELISA revealed no significant changes in ALT, AST, and Urea
levels following treatment with FeDx, DFO, or NAR (Figs. 1H-1J).
In addition, H&E staining of the liver showed clear and visible
structures of liver lobules, polygonal liver cells with clear cell
boundaries, and circular nuclei located at the center of the cells,
displaying normal morphological features. H&E staining of the
kidneys shows that the glomeruli and tubules in the cortical re-
gion are tightly interwoven, while the tubules in the medullary
region are arranged neatly. Overall, the morphological features of
liver and kidney tissues in each group were consistent with nor-
mal physiological characteristics, and no obvious histological ab-
normalities were observed, indicating that NAR at this dose did
not cause significant pathological damage to liver and kidney tis-
sues (Supplementary Fig. S1). These phenomena indicate that
NAR has anti osteoporosis effects on iron overloaded mice, and
the dosage is safe.
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Fig. 1 NAR attenuates iron overload-associated bone microstructural changes. (A) Modeling method and flow chart of NAR treatment in iron overloaded animals. (B) 3D
model of pCT scan reconstruction and H&E staining of mouse lower limb bone. The 3D model is shown in coronal and cross-sectional views, where the cross-sectional view
shows the model after the removal of cortical bone. Pink in the H&E section is bone tissue, purple is medullary cavity cells, and round or oval blanks are fat vacuoles. Red ar-
rows mark areas of fat vacuole concentration t (n = 4/group). (C-F) Bone microstructural parameters analysed for BV/TV, Tb. N, Tb. Sp, and Tb. Pf (n = 4/group). (G) Chem-
ical structure of NAR . (H-]) ELISA assays for AST, ALT, and Urea (n = 6/group). All data are presented as mean + SD. ns, P > 0.05; P < 0.05, "P < 0.01, P < 0.001 vs Control;

P <0.05 vs FeDx.

3.2. NAR attenuates the impairment of iron overload on the activ-
ity and apoptosis of MC3T3-E1 cells

To establish an iron-overloaded MC3T3-E1 cell model, FAC
was used to elevate Fe*" levels in culture media, as previously
demonstrated in studies simulating iron overload environments.
Notably, reported FAC concentrations varied substantially across
prior work “* *>*. Thus, we empirically determined the optimal
FAC concentration by assessing cell viability to balance iron sup-
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plementation with cellular tolerance.

CCK-8 assay results showed that low-concentration FAC (50
umol-L™) slightly enhanced the viability of MC3T3-E1 cells at 24
and 48 h post-intervention, but this effect was reversed at 72 h
(Fig. 2A). When the FAC concentration reached 200 pmol-L™", cell
viability decreased significantly at 24, 48, and 72 h. The decline
was more dramatic at 400 pmol-L™". Combining these findings
with previous literature reports “**“*’, we selected 400 pmol-L™
as the optimal concentration for the iron-overload cell model, as
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it induced the most pronounced decrease in cell viability.

The CCK8 results from NAR indicated that there was no in-
hibition of cellular activity in MC3T3-E1 cells at concentrations of
1-10 pmol-L™ for 24, 48, and 72 h of intervention (Fig. 2B). In the
presence of 400 umol-L™" FAC, cells treated with 1-10 pmol-L™ of
NAR were found to have elevated cell viability at both 5 and 10
umol-L™" at 48 and 72 h of intervention (Fig. 2C), so we chose 5
and 10 pmol-L™ that had no inhibition of activity in normal cells
but were protective of activity in iron overloaded cells for the
subsequent study.

We also examined the expression of Runx2, an osteogenic
trait gene, and Collal, a functional gene. The results showed that
FAC at 400 pmol-L™" inhibited the expression of Runx2 and Collal
and that the inhibition of Runx2 was more pronounced, while
NAR reversed this trend in a dose-related manner (Figs. 2D-2F).
In the ALP activity assay and ARS staining, iron overload affected
ALP activity and reduced the number of mineralised nodules. The
FAC group showed significantly lighter staining compared to the
Control group. Interestingly, NAR reduced the effect of iron over-
load on ALP activity and mineralisation capacity, and 10 ymol-L™
had a better effect than 5 umol-L™" concentration on the recovery
of ALP activity (Figs. 2G-21).
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3.3. NAR inhibits iron overload-associated ROS and LPO in MC3T3-
E1 cells

DCFH-DA was used to indicate intracellular levels of ROS *.
Fluorescence photographs showed a significant increase in the
number of positive cells labelled by DCFH after intervention with
FAC compared to the Control group, indicating an increased level
of ROS in the cells. This was reversed after the NAR intervention
(Figs. 3A and 3B).

Excess ROS can lead to cellular damage, and a decrease in
MMP predicts damage to mitochondria “’, which we speculate
may be associated with mitochondrial mtROS. MitoSOX red mito-
chondrial superoxide indicator was used to target the amount of
mtROS specifically. The results showed that, compared to the
Control group, there were more red fluorescent marked cells in
iron overloaded MC3T3-E1 cells. At the same time, 5 and 10
umol-L™" NAR reversed this trend (Fig. 3C). Fluorescence quanti-
fication showed that the mean fluorescence intensity of cells was
lower than the FAC group following NAR intervention, with a
more significant decrease in the 10 umol-L™" NAR group than in
the 5 pmol-L™" NAR group (Fig. 3D).

On flow cytometric results BODIPY® C11 *°, MC3T3-E1 cells
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under iron overload were overall more biased to the right of the
diagonal, suggesting that the total percentage of emitted light at
about 510 nm was higher than in the Control group under the
same excitation conditions. After NAR treatment, the cells were
generally shifted to the left, with an increased percentage of emit-
ted light at about 590 nm and a decreased percentage at about
510 nm. The data from multiple experiments confirmed that the
trend was statistically significant (Fig. 3E). The flow cytometric
results reflected the same trend. It was more visually observed
that a 10 pmol-L™" concentration of NAR achieved a better reduc-
tion of ROS than a 5 umol-L™" concentration (Figs. 3F-3G). Total
MDA was measured by colourimetric assay using an enzyme
marker, and the results reflected the same direction (Fig. 3H),
with NAR inhibiting iron overload-associated ROS and LPO in
MC3T3-E1 cells.

3.4. NAR attenuates iron overload-associated mitochondrial dys-
function and affects autophagy

A decrease in MMP is one of the critical causes of apoptosis,
and ROS can induce changes in MMP *', Under normal conditions,
JC-1 probes accumulate in mitochondria as polymers and emit
red fluorescence, whereas when FAC intervened, mitochondrial
AWm decreased, and some JC-1 probes could only exist as
monomers and emit green fluorescence under fluorescence mi-
croscopy. In the flow cytometry assay, the trend in membrane po-
tential was essentially the same, with results from multiple ex-
periments suggesting that the changes were statistically signific-
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ant (Figs. 4A and 4B). Surprisingly, the NAR intervention re-
duced the decrease in mitochondrial A¥m and the less green light
was observed under fluorescence microscopy. In contrast, red
light increased (Fig. 4C).

Previous studies have shown that iron overload can cause ap-
optosis in MC3T3-E1 cells *. Our flow cytometry results sugges-
ted that 400 pumol-L™" FAC significantly increased the early and
late apoptosis rate in MC3T3-E1 cells. Excitingly, NAR reduced
the increase in apoptosis rate due to FAC, and a 10 umol-L™" con-
centration of NAR was somewhat better than 5 pmol-L™" in redu-
cing the late apoptosis rate (Figs. 4D and 4E).

Changes in MMP not only induce apoptosis but also alter
autophagy levels. To investigate autophagy’s potential role in
NAR'’s protective effect, we also measured p62 and LC3 levels by
protein blotting assay. FAC intervention significantly increased
the LC3II/I ratio while decreasing p62 levels (Figs. 4F-4H). Sur-
prisingly, NAR intervention reversed p62 levels and reduced
changes in the LC3I1/I ratio, suggesting that NAR attenuates auto-
phagy in the iron overload model.

To investigate the role of autophagy in I00P, we employed
the autophagy inhibitor Mdivi-1 at 10 pmol-L™ to selectively sup-
press dynamin-related protein 1 (Drp1) **, thereby blocking the
autophagic pathway, and observed whether iron overload-in-
duced cellular effects were mitigated. Unexpectedly, Mdivi-1
failed to alleviate iron-overload-mediated oxidative damage and
apoptosis; instead, it significantly exacerbated iron-induced in-
hibition of Collal and Runx2 expression (Figs. 5A-5C) and fur-
ther increased ROS levels in MC3T3-E1 cells (Figs. 5D-5G).
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However, Mdivi-1 treatment showed no statistically significant
effects on mtROS production (Figs. 5H and 5I), apoptosis rates
(Figs. 5] and 5K) , or JC-1 fluorescence-based MMP assessment
(Figs. 5L and 5M) in iron-overloaded MC3T3-E1 cells. These find-
ings indicate that autophagy inhibition is not an effective strategy
to counteract iron-overload-induced decline in osteogenic capa-
city. Specifically, isolated inhibition of autophagy in iron-over-
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loaded osteoblasts should be avoided, as it may exacerbate oxid-
ative damage.

3.5. NAR-mediated amelioration of iron-overload-related osteogen-
ic impairment is associated with Tfeb

To further screen the gene expression influenced by NAR in
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iron overload, we extracted the total RNA from the cancellous
bone region of the lower femur in mice treated with FeDx and
NAR-H, then conducted RNA-Seq detection. The gene expression
abundance distribution of each sample demonstrated the robust-
ness of sequencing reads across different samples (Supplement-
ary Fig. S2A). Principal component analysis (PCA) revealed a dis-
tinct separation between the NAR and IR groups, highlighting
notable differences in their global expression profiles (Supple-
mentary Fig. S2B). Samples within the same group (IR1/IR2/IR3
or NAR1/NAR2/NAR3) showed high Pearson’s correlation coeffi-
cients, indicating data reliability and reproducibility (Supple-
mentary Fig. S2C). Using [log, Fold change| > 1 and P,g;, < 0.05 as
criteria, 115 DEGs were screened out after NAR intervention.
Hierarchical clustering heatmaps grouped samples according to
their treatment (IR or NAR), with distinct gene sets (C1-C4) ex-
hibiting differential expression patterns, further emphasizing
group specific expression characteristics (Supplementary Figs.
S2D and S2E). Among these, 81 genes (e.g., Collal, Colla2, Acan,
Serpina4a) were up-regulated, while 34 genes (e.g, Mmpl2,
Zfp967, Cstdc5, Gm14288) were down-regulated, as presentedin
the volcano plot (Supplementary Fig. S2F).

Gene Ontology (GO) analysis of DEGs revealed distinct func-
tional patterns across biological processes, cellular components,
and molecular functions. In the biological process (BP) category,
significantly enriched terms included extracellular structure or-
ganization, extracellular matrix organization, bone development,
and wound healing, indicating the predominant involvement of
DEGs in tissue construction and repair-related biological path-
ways. Cellular component (CC) analysis demonstrated prominent
enrichment in collagen-containing extracellular matrix, with ad-
ditional associations observed in collagen trimer complexes and
basement membrane structures. These findings collectively sug-
gest preferential localization of DEG-encoded products within ex-
tracellular matrix architectures and related substructures. Mo-
lecular function (MF) characterization revealed three principal
functional clusters: extracellular matrix structural constituents,
collagen binding activity, and protease binding capacity. This
functional profile underscores the dual roles of DEG products in
mediating molecular interactions and maintaining structural in-
tegrity within extracellular environments (Supplementary Figs.
S3A and S3B). Gene set enrichment analysis (GSEA) of GO terms
identified significant entries (P,q;, < 0.05) that were subsequently
ranked by normalized enrichment score (NES). The top six and
bottom six most distinctive pathways were visualized in the GSEA
enrichment plot (Supplementary Figs. S3C-S3H). Notably, the tri-
partite analytical outcomes consistently emphasize the critical in-
volvement of DEGs in extracellular matrix remodeling and tissue
homeostasis.

The KEGG pathway enrichment analysis results were visual-
ized using bar plots, dot plots, and circular diagrams and the pro-
tein-protein interaction (PPI) network visualized the interaction
network among DEGs, revealing that collagen formation-related
genes (e.g., Collal, Colla2) occupied central nodes (Supplement-
ary Figs. S4A-S4D). Based on phenotypic results, our focus was
on gene interaction relationships associated with iron overload
and oxidative damage, which were located in the upper-left re-
gion of the PPI network. Tfeb was upregulated in NAR-treated
bone tissues (log, FC = 1.75, FDR = 0.0036), thereby identifying it
as a potential regulatory target for NAR. The “ECM-receptor inter-
action” pathway demonstrating the most significant enrichment.
Intriguingly, GSEA based on KEGG revealed a positive NES for the
“ECM-receptor interaction-Mus musculus” pathway, whereas the
“Lipid and atherosclerosis” pathway exhibited a negative NES fol-
lowing NAR intervention (Supplementary Figs. S4E and S4F). Ex-
amination of the “Lipid and atherosclerosis” gene set identified
constituent genes associated with lipid peroxidation regulation
(e.g., OIr1, Sod2) and cellular survival modulation (e.g., Bcl2, Bax),
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despite the absence of dedicated pathway entries for these pro-
cesses in the KEGG repository.

Reactome database analysis (FDR < 0.05) highlighted the
“Processing of capped intron-containing pre-mRNA” as the most
prominently enriched pathway (Supplementary Figs. S4G and
S4H). Notably, WikiPathway-based GSEA revealed significant en-
richment in “Osteoclast signaling” and “Endochondral ossification”
pathways (Supplementary Fig. S41), suggesting the potential role
of NAR in modulating bone homeostasis within the context of
I00P pathogenesis.

When co-administered with 50 umol-L™" eltrombopag (E0), a
known Tfeb inhibitor, the ameliorative effects of NAR on Collal
and Runx2 downregulation were significantly attenuated (Figs.
6A-6D). Western blot analysis confirmed the upregulation of
Tfeb protein following NAR intervention (Fig. 6E). The crystal
structure of the human Tfeb bHLH-ZIP domain was retrieved
from the Protein Data Bank (PDB) for molecular docking with
NAR. Binding conformations exhibiting Vina scores < -5
kcal-mol™ were systematically evaluated, with the top five poses
visualized in 3D structural diagrams (Supplementary Fig. S5),
suggesting potential multi-modal interactions between NAR and
Tfeb. Notably, EO compromised NAR-mediated reductions in
ROS/mtROS levels (Figs. 6F-61) and abolished its protective ef-
fects against MMP depolarization (Figs. 6]-6M). These findings
collectively demonstrate the functional dependency of NAR’s bio-
logical efficacy on Tfeb activation.

3.6. NAR further modulates the Nrf2/Keap1 pathway via Tfeb

Previous studies have reported that Tfeb activates the Nrf2
antioxidant system *>*°. Western blotting results showed that
Nrf2 levels increased in the FAC, FAC + NAR-L and FAC + NAR-H
groups compared to the Control group (Figs. 7A-7F). Nrf2 and its
inhibitor Keap1 are critical antioxidant regulatory systems. Im-
munofluorescence results showed that Nrf2 was activated in the
cytoplasm and aggregated more towards the nucleus after FAC
intervention. Interestingly, the activation of Nrf2 was facilitated
by NAR intervention, with more Nrf2 entering the nucleus. At the
same time, the cytoplasmic Keap1 was significantly reduced (Fig.
7G). Furthermore, the elevation of Nrf2 levels was more pro-
nounced following NAR intervention, with the efficacy of NAR-H
being superior to that of NAR-L. Notably, the phosphorylation
level of Nrf2 at the Ser40 site was significantly increased in the
NAR-H group. Heme oxygenase-1 (HO-1), a downstream factor of
Nrf2, exhibited a consistent changing trend with Nrf2, whereas
NAD(P)H quinone dehydrogenase 1 (Nqol), another down-
stream target of Nrf2, was significantly upregulated exclusively
following NAR administration. It is worth noting that no signific-
ant change in Keapl expression was observed in the Control,
FAC, and FAC + low-dose NAR (FAC + NAR-L) groups, while
Keapl was remarkably downregulated in the FAC + high-dose
NAR (FAC + NAR-H) group.

To further validate Tfeb-mediated regulation of Nrf2, expres-
sion levels of Nrf2 and Keap1 were measured following EO treat-
ment. Results showed that EO attenuated NAR-induced upregula-
tion of Nrf2 but exerted no significant effect on Keap1 expression
(Figs. 7H-7K). Notably, in FAC-treated cells, EO significantly
downregulated Nrf2 and enhanced Keap1 expression.

3.7. Pharmacological and genetic inhibition of NRF2 attenuate the
ROS scavenging effect of NAR

As iron overload correlates with intracellular peroxide accu-
mulation, and as we found that NAR effectively enhanced the an-
tioxidant capacity of cells via the Nrf2/Keapl pathway, we used
ML385, an inhibitor of Nrf2, for further studies. The results of the
flow cytometric assay suggested that ML385 shifted MC3T3-E1
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cells intervened by FAC and NAR together to the right and attenu- time, ML385 alone did not significantly increase LPO in normal
ated the ability of NAR to reduce LPO aggregation. At the same cells. ML385 also attenuated the NAR-associated reduction in
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Fig. 6 NAR-mediated amelioration of iron-overload-related osteogenic impairment is associated with Tfeb. (A-E) Western blot results for Collal, Runx2, p62, Tfeb and -
actin and quantitative results. (F) DCH-labelled intracellular ROS. (G) Quantification of fluorescence intensity of ROS content under fluorescence microscopy. (H) Fluores-
cence microscopy results of intracellular mtROS content. (I) Fluorescence quantification of intracellular mtROS content. (J) JC-1 flow cytometry results, the numbers indic-
ate the percentage of cells above and below the horizontal line. (K) Quantitative analysis of JC-1 flow cytometry results. (L) Flow cytometry detection of apoptosis. Following
the criteria reported in most literature, Q1 are physically damaged cells, Q2 are late apoptotic cells, Q3 are normal cells, and Q4 are early apoptotic cells. Numbers in the
graph represent percentages. (M) Flow cytometry statistics for detection of apoptosis. All data are presented as mean + SD (n = 3). 'P < 0.05, "P < 0.01, ""P < 0.001.
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Fig. 7 NAR inhibits FAC-associated increase in mtROS by regulating the Nrf2/Keap1 pathway. (A) Western blot results for Nrf2, pNrf2, Keap1, Nqol and HO-1. (B-F) Quant-
itative analysis of the grey-scale values of Nrf2, pNrf2, Keap1, Nqol and HO-1 bands, respectively. (G) Immunofluorescence detection results of Nrf2, Keap1. Red fluores-
cence is Nrf2, green fluorescence is Keap1, and blue fluorescence is DAPIL. (H-K) Western blot results for Nrf2, pNrf2, Keap1, -actin and quantitative results. All data are
presented as mean * SD (n = 3). P < 0.05, "P < 0.01, P <0.001; "P< 0.05, P < 0.01, ""P < 0.001.

ROS. The use of ML385 substantially increased ROS levels com-
pared to the FAC + NAR group, and the difference was statistic-
ally significant (Figs. 8A-8D).

In the Western blotting, ML385 reduced the expression of
Nrf2 and its downstream factor, HO-1, while Keap1l showed no
significant change after the intervention. For natural cells, ML385
similarly reduced the expression of Nrf2 and HO-1, but to a minor
extent (Figs. 8E-8H). However, treatment with ML385 did not al-
ter Tfeb expression (Figs. 81 and 8J), indicating that the regula-
tion of Nrf2 by Tfeb is unidirectional.

To validate the findings from a genetic perspective, we em-
ployed small interfering RNA (siRNA) to knock down the expres-
sion of Nfe2l2 (which encodes Nrf2) in MC3T3-E1 cells. The res-
ults demonstrated that knockdown of Nrf2 not only significantly
increased the levels of mtROS, but also effectively reversed the
restorative effect of NAR on ALP activity (Supplementary Fig. S6).
Collectively, these findings indicate that the Nrf2 signaling path-
way serves as a critical mediator for the cytoprotective actions of
NAR.

Furthermore, to verify the necessity of Nrf2 in mediating the
cytoprotective effects of NAR, flow cytometric analysis was per-
formed after treatment with ML385, a specific Nrf2 inhibitor. The
results demonstrated that NAR treatment significantly reduced
the late apoptosis rate in iron-overloaded MC3T3-E1 cells.
However, this protective effect of NAR was effectively reversed
by co-treatment with ML385 (Figs. 9A and 9B).

It has been reported that p62 can regulate Keap1-Nrf2 inter-
actions and induce downstream antioxidant effects by isolating
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Keap1 and can reduce Keap1 levels by inducing autophagic clear-
ance of Keap1 ***". In the IP results, NAR treatment upregulated
p62 levels compared to the FAC group. At the same time, p62-
Keap1 binding became less after FAC intervention, whereas NAR
intervention reversed this trend so that p62-Keap1 binding be-
came tight after NAR intervention. This suggests that a greater
proportion of Keap1 is bound and labelled by p62 in the cyto-
plasm (Figs. 9C-9E). Furthermore, analysis of Nrf2 content in the
nucleus revealed that NAR intervention promoted nuclear trans-
location activation of Nrf2 (Fig. 9F). Immunohistochemical (IHC)
analysis of bone tissues demonstrated that NAR treatment signi-
ficantly upregulated the protein expression of both Tfeb and Nrf2
in cells located on the bone surface (Fig. 9G).

These results demonstrate that NAR enhances activation of
the Nrf2 antioxidant system via Tfeb, thereby promoting forma-
tion of the p62-Keapl complex to alleviate Keapl-mediated in-
hibition of Nrf2 and ultimately strengthening the osteogenic ca-
pacity of MC3T3-E1 cells under iron overload.

4. Discussion

OP is a metabolic disease of bone *°, and the study of the
pathogenesis of OP has never stopped. Recently, studies have re-
vealed the potential role of iron in OP *’. As an essential element
in the body, iron is extensively involved in many activities, in-
cluding oxygen storage and transport, intracellular energy con-
version, and nucleic acid metabolism °°. There seems to be a con-
sensus that appropriate intracellular iron levels are fundamental
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to normal physiological function. Iron homeostasis depends on
fine regulation but in pathological conditions, such as postmeno-
pausal women, HH and other diseases ”’. In this study, incorpor-
ating previous reports and our experience, an iron overload mod-
el was constructed by intraperitoneal injection of iron dextran in-
to C57BL/6] mice. The results showed a significant accumulation
of iron in the blood of the mice. In addition to this, disruption of
the physiomechanical structure of the trabeculae was seen in the
micro-CT analysis of the upper tibia, and an increased number of
fat vesicles in the medullary acavity and disruption of trabecular
continuity was seen in sections of the lower femur. This patholo-
gical presentation has similarities to previous reports of what has
been termed excess iron-associated bone loss *°. However, it is
undeniable that the induction of OP by iron overload is complex,
and even studies carried out in typical HH patients have only un-
covered part of the cause * Therefore, unlike classical OP, the
treatment of IOOP appears unclear. NAR-treated mice exhibited a
significant improvement in trabecular bone microstructure and a
reduction in fatty vesicles within the medullary cavity. Coincid-
entally, a recent study has reported a therapeutic effect of NAR
on classical postmenopausal OP *. To distinguish these effects,
we further investigated the role of NAR on an iron overload cell
model.

When iron enters cells, it can generate large amounts of ROS
in the Fenton or Haber-Weiss reaction ®', which can damage DNA
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and proteins ** and is one of the critical signals in many cellular
damages *. Because of this iron property, there is now a relat-
ively large body of research linking iron overload-associated dis-
ease to ROS *“. Accumulating studies have confirmed that ROS
levels are significantly elevated in iron overload cell models. The
accumulated ROS induced by iron overload attacks phosphol-
ipids in the cell membrane, leading to the accumulation of LPO
and its metabolite MDA *, which ultimately exacerbates cellular
structural damage. In our study, we used FAC in MC3T3-E1 cells
to simulate an iron overload environment while detecting intra-
cellular oxide accumulation. The results showed that similar to
previous iron overload studies, ROS levels were significantly in-
creased within the iron overload cell model constructed by
FAC . Detection of cellular LPO content following FAC interven-
tion using the BODIPY® C11 probe showed a significant increase
in LPO levels in cells after iron overload treatment; concurrently,
MDA content was also elevated post-induction, with LPO display-
ing a consistent trend with ROS. These results indicate that the
iron overload model conforms to the characteristics of iron over-
load, ranging from the pathogenic factor to the main phenotypes.
Although ferroptosis phenotypes may be associated with iron
overload models—depending on iron concentration and cell
type ©”“*—oxidative damage remains an extremely critical patho-
logical feature of iron overload, regardless of the presence of fer-
roptosis. Surprisingly, in the NAR intervention experiment, the
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abnormal accumulation of ROS, LPO, and MDA induced by iron
overload was significantly inhibited. These findings indicate that
NAR acts as a strong antioxidant in the iron overload model.
Previous studies have confirmed that iron overload is closely
associated with cell apoptosis. A typical example is that in the
characteristic iron overload state of HH, iron overload in glial
cells can induce apoptosis ®. The results of this study showed
that iron overload significantly induced apoptosis in MC3T3-E1
cells, with the apoptosis level increasing by nearly 6-fold com-
pared with normal cells. Meanwhile, NAR intervention could ef-
fectively inhibit the increase in apoptosis rate. The relationship
between iron overload and apoptosis is relatively complex, but
some studies have indicated that it is closely related to increased
ROS ”°, which can act as an intermediate mediator to damage cells
and induce apoptosis. Notably, autophagy can protect cells from
oxidative stress damage under iron overload "*; therefore, it is ne-
cessary to explore whether autophagy and apopt051s undergo co-
ordinated changes under iron overload "*. Mitophagy is a key

“P<0.001; *P<0.05,*P < 0.01, %P < 0.001.
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mechanism for clearing damaged mitochondria. As the central
hub for cellular energy metabolism, mitochondria not only parti-
cipate in the synthesis of iron-containing groups but also har-
bor the electron transport chain, which is the main source of
ROS "*7*. Therefore, similarly, ROS can serve as a bridge between
cell apoptosis and autophagy. The results of this study showed
that iron overload significantly decreased MMP, and MitoSOX red
detection confirmed that iron overload induced a significant accu-
mulation of mtROS, which was consistent with our speculation.
At the same time, the LC3 II/I ratio increased while the p62 con-
tent decreased, indicating that intracellular autophagic flux was
activated. Collectively, these findings support the conclusion that
iron overload induces autophagy activation, which may resist
ROS-induced damage and apoptosis.

Tfeb, a core member of the MITF-TFE family, is a basic helix-
loop-helix leucine zipper (bHLH-Zip) transcription factor that
participates in various physiological and pathological processes
by regulating target gene expression '°. The Nrf2/Keap1 signal-
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ing pathway is a key regulatory system for cellular antioxidant ca-
pacity ’°. High-throughput screening results showed that NAR sig-
nificantly upregulated Tfeb expression; combined with previous
studies confirming that NAR can enhance Tfeb activity, this sug-
gests that Tfeb may mediate the biological effects of NAR. Mean-
while, it was found that the expressions of Nrf2, HO-1 and Nqo1l
were increased in MC3T3-E1 cells treated with FAC, while Keap1
expression showed no significant change. Notably, 10 pumol-L™
NAR upregulated the expressions of Tfeb and Nrf2, while down-
regulating Keap1 expression. These results support the hypothes-
is that NAR activates the intracellular Tfeb/Nrf2 pathway and en-
hances cellular antioxidant capacity. This mechanism can explain
the reduced levels of mtROS, ROS, LPO and MDA after NAR treat-
ment. Notably, Tfeb can regulate the Nrf2/Keap1 signaling path-
way ”. Under physiological conditions, Keapl forms a complex
with Nrf2, retaining Nrf2 in the cytoplasm ’’; when induced by
oxidative stress or antioxidants, the Nrf2 /Keap1 complex dissoci-
ates, and Nrf2 translocates into the nucleus, binds to the ARE,
and thereby promotes the transcription of antioxidant genes such
as HO-1. However, the mechanism of this regulatory relationship
in iron overload-related diseases remains unclear. To verify the
regulatory relationship between Tfeb and Nrf2 under iron over-
load, we inhibited Tfeb and Nrf2 with EO and ML385, respect-
ively. The results showed that inhibition of Nrf2 had no signific-
ant effect on Tfeb expression, while inhibition of Tfeb simultan-
eously regulated Nrf2 expression. This suggests that Tfeb can reg-
ulate Nrf2 rather than the reverse in the iron overload model of
this study.

In addition, previous literature has shown that the Nrf2/
Keap1 pathway itself is also involved in the regulation of the non-
classical pathway mediated by p62 ”°. p62 can bind to Keap1 and
induce its degradation *’; therefore, NAR may exert a therapeutic
effect on IOOP through p62 mediation, in a manner different from
traditional iron overload therapies. To clarify whether the effect
of NAR depends on p62, this study detected the binding rate of
p62 to Keap1 and the expression level of Nrf2 in the nucleus after
iron overload and NAR intervention. The results showed that
while reducing mtROS and rescuing MMP collapse, NAR could

ROS
LPO
MDA

N
“

A X | ///
|
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also regulate cellular autophagy and upregulate p62 protein level.
On the premise that there was no significant change in the total
cellular Keap1 content, compared with the simple iron overload
group, NAR intervention significantly increased the p62-Keapl
binding rate, and the Nrf2 level in the nucleus was synchron-
ously upregulated. Given that Nrf2 activation can promote the
clearance of mtROS and LPO, restore MMP and regulate auto-
phagy, it is speculated that p62 may focus more on marking
Keapl in this process. As reported in previous studies, the
Nrf2/Keap1/p62 axis can form a positive feedback loop to in-
crease intracellular Nrf2 levels, and the Tfeb inhibitor EO can
eliminate this effect, suggesting that this process is triggered by
Tfeb *>*. The above results support the following hypothesis:
NAR enhances intracellular antioxidant capacity through this pre-
cise mechanism, thereby alleviating iron overload-related osteo-
genic dysfunction.

It is worth noting that although this study identified a poten-
tial new therapeutic drug NAR for I00P and explored its novel
mechanism of action, there are certain limitations in the experi-
mental methods of this study. First, all studies and verifications
were based on mouse models, and no validation has been con-
ducted in human-derived cells or tissues. Second, the direct regu-
latory relationship between NAR and Nrf2 has not been further
confirmed by Co-IP or surface plasmon resonance (SPR) techno-
logy. Finally, targeted pharmaceutical intervention methods such
as MitoQ were not used to clarify the indispensability of mtROS in
the process of NAR exerting its effects. These issues can be veri-
fied in further future studies, with the aim of further elucidating
the pathogenesis of IOOP and exploring therapeutic approaches.

5. Conclusion

In summary, this study demonstrates that NAR ameliorates
100P by activating the Tfeb/p62/Nrf2 pathway to enhance cellu-
lar antioxidant capacity, restore mitochondrial function, and pro-
tect osteoblastic cells from oxidative damage and apoptosis (Fig.
10). These findings provide a solid theoretical basis for the devel-
opment of NAR as a therapeutic agent for IOOP and open new
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Fig. 10 Schematic representation of the role of NAR in modulating the Tfeb/p62/Nrf2/ pathway to mitigate iron overload damage.
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avenues for the research of iron metabolism-related bone dis-

eases.
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