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Abstract

Cortical bone loss is intricately associated with ageing and coincides with iron accu-

mulation. The precise role of ferroptosis, characterized by iron overload and lipid per-

oxidation, in senescent osteocytes remains elusive. We found that ferroptosis was a

crucial mode of osteocyte death in cortical bone during ageing. Using a single-cell

transcriptome analysis, we identified activating transcription factor 3 (ATF3) as a crit-

ical driver of osteocyte ferroptosis. Elevated ATF3 expression in senescent osteo-

cytes promotes iron uptake by upregulating transferrin receptor 1 while

simultaneously inhibiting solute carrier family 7-member 11-mediated cystine import.

This process leads to an iron overload and lipid peroxidation, culminating in ferropto-

sis. Importantly, ATF3 inhibition in aged mice effectively alleviated ferroptosis in the

cortical bone and mitigated cortical bone mass loss. Taken together, our findings

establish a pivotal role of ferroptosis in cortical bone loss in older adults, providing

promising prevention and treatment strategies for osteoporosis and fractures.

1 | INTRODUCTION

Bone ageing is a complex process characterized by a progressive

decline in bone mass and density, leading to the development of age-

associated osteoporosis. The estimated lifetime risk of osteoporotic

fracture is one in three for women and one in five for men aged

>50 years.1–4 This fracture risk, especially in older adults who already

have poor health, contributes significantly to healthcare costs and

poses a substantial public health concern.5 Bone ageing manifests in

various ways, including osteocyte death, diminished trabecular bone

quantity and thickness and cortical bone thinning.5–9 Cortical

bone thinning is associated with a higher risk of fracture than

trabecular bone loss, highlighting the clinical importance of addressing

this loss.1–4 Although both cortical and trabecular osteocytes originate

from osteoblasts, they exhibit distinct characteristics and develop-

mental pathways.10–14 In addition, cortical and trabecular bones differ

in their fate during ageing.15 However, the mechanisms underlying

cortical bone loss during ageing remain unclear.

During age, the loss of cortical bone is mainly due to the increase

in many osteoclasts around the cortical bone and the absorption at

the endocortical surface and the amount of bone absorption exceeds

that of osteogenesis on the surface of the periosteum.16 Following

osteocyte death, neighbouring osteocytes are stimulated to secrete

receptor activator of nuclear factor kappa-B ligand (RANKL), a media-

tor that recruits osteoclasts to degrade and absorb bone matrix.17–20

Mice lacking RANKL in osteocytes had fewer pericortical osteoclastsYing Yin and Guang-Jin Chen contributed equally to this work.
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and more bone loss as they aged than control mice.21 In addition,

osteocytes can secrete osteoprotegerin, a RANKL inhibitor, and mac-

rophage colony-stimulating factor, a cytokine essential for osteoclast

differentiation, to regulate osteoclast differentiation. Homeostasis of

osteocytes and osteoclasts is a part of bone remodelling. The slower

remodelling rate and prolonged lifespan of cortical osteocytes com-

pared to those of trabecular osteocytes inevitably lead to cellular

senescence during ageing.15 Senescent cells are susceptible to various

modes of cell death, including apoptosis, necroptosis, ferroptosis,

autophagy, pyroptosis and others.22–27 Sub-lethal mitochondrial apo-

ptotic stress is a major driver of senescence-associated secretory phe-

notype.28 Senescent cells exhibit significantly higher iron ion levels

than non-senescent cells, potentially triggering lipid redox imbalance

and ferroptosis.29,30 Necroptosis is implicated in age-dependent brain

degeneration and disrupts hippocampal neuronal connectivity and

cognitive function.27 Ferroptosis, a non-apoptotic cell death mecha-

nism triggered by iron dyshomeostasis, and its molecular mechanisms

include transferrin receptor 1 (TFR1), solute carrier family 7a member

11 (SLC7A11) and various transcription factors such as activating

transcription factor 3 (ATF3). Increasing evidence suggests that fer-

roptosis plays an important role in the ageing process of the body.31

However, the precise mechanism underlying osteocyte death during

ageing remains unclear.

In this study, we revealed that a significant surge in osteocyte fer-

roptosis is a key cause of age-related cortical bone mass loss. With

ageing, the excess accumulation of Fe ions within osteocytes induces

lipid peroxidation, culminating in cell death. In addition, we used small

molecule compounds to inhibit ferroptosis and evaluated their effi-

cacy in mitigating cortical bone loss and restoring bone health. Over-

all, this study has immense potential for improving bone health,

combating age-related bone loss, preventing fractures and ultimately

enhancing the quality of life of old people.

2 | RESULTS

2.1 | Age-related increases in cortical osteocyte
death occur concurrently with a significant rise in
ferroptosis

A series of assays were performed on cortical bone tissues to eluci-

date the mode of osteocyte death during cortical bone ageing. How-

ever, terminal deoxynucleotidyl transferase dUTP nick end labelling

(TUNEL) staining unequivocally demonstrated an age-dependent

increase in osteocyte death within the cortical bone (Figure 1A). In

addition, expression of ferroptosis-associated markers, Slc7a11 and

glutathione peroxidase 4 (Gpx4), showed a significant upregulation

with advancing age, whereas apoptosis (caspase 3 [Casp3] and cas-

pase 6 [Casp6]) and necroptosis (receptor-interacting serine–

threonine kinase 3 [Ripk3] and tumour necrosis factor [Tnf]) genes

remained unaltered in the cortical bone during ageing (Figure 1B), sug-

gesting that ferroptosis might be the predominant mechanism

underlying osteocyte death during cortical bone ageing. Our investiga-

tion of lipid peroxides, the most critical indicator of ferroptosis, within

the femoral cortical bone of mice aged 3, 16 and 19 months revealed

a significant age-related increase in ferroptosis activity (Figure 1C). Lil-

lie and Prussian blue staining revealed a marked elevation in iron con-

tent, encompassing both ferrous (Fe2+) and ferric (Fe3+) forms, within

the cortical osteocytes of aged mice (Figure 1D,E). Interestingly, no

iron staining was observed in the trabecular bone (Figure S1A,B),

implying reduced susceptibility to ferroptosis in the trabecular bone

compared with that in the cortical bone. We also examined the

expression patterns of GPX4 and SLC7A11, which are critical regula-

tory molecules in ferroptosis-associated antioxidant systems. Immu-

nohistochemical staining and western blotting demonstrated

substantial downregulation of both GPX4 and SLC7A11 in femur

osteocytes of 16- and 19-month-old mice (Figure 1F–H). Collectively,

these data provide compelling evidence for the activation of ferropto-

sis in the cortical osteocytes of aged mice, strongly suggesting that

ferroptosis may be the primary mode of osteocyte death during age-

related cortical bone loss.

2.2 | ATF3 is essential for ferroptosis of cortical
osteocytes in aged mice

To identify the key ferroptosis-associated genes involved in bone

senescence, we conducted a bioinformatics analysis of the transcrip-

tomes of 13,629 individual cells using single-cell sequencing data from

the Gene Expression Omnibus database (GSE145477). Cells from the

long bones of 3- and 16-month-old mice were clustered together

based on their transcriptional profiles using unsupervised principal

component analysis and visualized using a nonlinear dimensionality-

reduction technique, uniform manifold approximation and projection

(Figure 2A). Osteocytes formed different sub-clusters, characterized

by differential expression of osteogenic differentiation genes such as

Runx2 (runt-related transcription factor 2), Alpl (alkaline phosphatase),

Col1a1 (collagen alpha-1[I] chain), Sp7 (transcription factor Sp7), Bglap

(osteocalcin), Ibsp (integrin-binding sialoprotein) and Dmp1 (dentin

matrix acidic phosphoprotein 1), indicating that different subgroups

are at different stages of osteogenic differentiation (Figure S2A).

Here, we extracted differentially expressed genes (DEGs) in all osteo-

cyte clusters (1989 individual cells), and a volcano plot showed that

there are 129 upregulated genes and 215 down-regulated genes in

osteocytes between 3- and 16-month-old mice (Figure 2B). Notably,

20 genes overlapped between DEGs and ferroptosis-related genes

(FerrDb database) (Figure 2C). We constructed a protein–protein

interaction network of hub ferroptosis-related DEGs, including andro-

gen receptor, Atf3 (activating transcription factor 3), Egr1 (early

growth response 1), Epas1 (endothelial PAS domain protein 1), Jun

(Jun proto-oncogene), Nedd4 (neural precursor cell expressed, devel-

opmentally down-regulated 4), Nr4a1 (nuclear receptor subfamily

4 group A member 1), Smad7 (SMAD family member 7), Ubc (ubiquitin

C) and Zfp36 (Zinc finger protein 36) (Figure 2D). To validate our
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F IGURE 1 Age-related increases in cortical osteocyte death occur concurrently with a significant rise in ferroptosis. (A) Representative
terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) staining of femur cortical bone from 3-, 16- and 19-month-old mice
(n = 3). (B) Quantitative reverse transcriptase PCR (qRT-PCR) analysis of the levels of solute carrier family 7a member 11 (Slc7a11), glutathione
peroxidase 4 (Gpx4), Casp3, Casp6, Ripk3 and Tnf in the femur cortical bone (n = 3). (C) Lipid peroxide colorimetric assay of femur cortical bone
(n = 3). (D) Representative Lillie staining (blue) of the femur cortical bone, showing ferrous iron content in the cortical bone (n = 3).
(E) Representative Perl's iron staining (blue) of the femur cortical bone, showing the ferric iron content in the cortical bone (n = 3).
(F) Immunohistochemical staining for GPX4 in the femur cortical bone (n = 3). (G) Immunohistochemical staining for SLC7A11 in the femur
cortical bone (n = 3). (H) Western blot analysis of the levels of GPX4 and SLC7A11 in the femur cortical bone, with quantitative data on the right
(n = 3). M, months. *p < 0.05, **p < 0.01, ***p < 0.001.
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F IGURE 2 Activating transcription factor 3 (ATF3) is essential for ferroptosis of cortical osteocytes in aged mice (A). The UMAP (uniform
manifold approximation and projection) plot of long bone cells from 3- and 16-month-old mice. The original data comes from Gene Expression
Omnibus (GSE145477). (B) Volcano plot showing the differentially expressed genes (DEGs) of osteocyte clusters in (A) from 3- and 16- month-old
mice. Genes were listed in Table S2. (C) Venn diagram showing DEGs in a public dataset (FerrDb) about ferroptosis-related genes. Genes were
listed in Table S3. (D) Gene network revealing top 10 DEGs scored by Cytoscape software using cytoHubba plugin. The scores of the 10 DEGs
are listed in Table S4. (E) Confirmation of the top 10 DEGs using qRT-PCR (n = 3). */**/***Compared with 3 months. (F) Immunohistochemical
staining for ATF3 and EGR1 in femur cortical bone of 3-, 16- and 19-month-old mice (n = 3). (G) Western blot analysis of the levels of ATF3 and
EGR1 in the femur cortical bone, with quantitative data below (n = 3). (H) Immunofluorescent co-localization staining for P16 and ATF3 in the
femur cortical bone (n = 3). M, months. *p < 0.05, **p < 0.01, ***p < 0.001.
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bioinformatics results, we evaluated the expression levels of these

hub ferroptosis-related DEGs. The results showed that Atf3 and Egfr1

were significantly upregulated by twofold to threefold in the osteo-

cytes of 16-month mice femurs (Figure 2E). However, only the protein

levels of ATF3 increased in the femurs of 19-month mice

(Figure 2F,G). By the way, we did not see age-specific differences in

ATF3 expression in trabecular osteocytes (Figure S2B). Subsequent

cortical bone immunofluorescence co-localization staining showed

that ATF3 was mostly expressed in osteocytes with high levels of the

senescence markers, P16 (Figure 2H). In addition, single-cell data anal-

ysis showed that ATF3 expression showed an age-related increase in

different clusters, and the cluster (osteocytes 3) with higher ATF3

expression also had higher expression of age-related genes, such as

Cdkn1a (cyclin-dependent kinase inhibitor 1), Tgfb1 (transforming

growth factor beta-1 proprotein), Serpine1 (plasminogen activator

inhibitor 1) and Cdkn2a (cyclin-dependent kinase inhibitor 2A)

(Figure S2C). These results suggest that ATF3 may be a key

ferroptosis-driven gene that regulates osteocyte ferroptosis in aged

cortical bone tissues.

2.3 | ATF3-induced ferroptosis in senescent
osteocytes is not primarily mediated by SLC7A11

To further explore the role of ATF3 in ferroptosis in senescent osteo-

cytes, we down-regulated the expression of Atf3 by siRNA transfec-

tion in MLOY4 osteocytes and analysed iron metabolism and lipid

peroxidation. Literature suggests that ATF3 induces ferroptosis by

inhibiting SLC7A11.32 We found that Atf3 downregulation increased

the expression of SLC7A11 and GPX4 in MLOY4 cells treated with

tert-Butyl hydroperoxide (t-BHP), a classic inducer of cell senescence

(Figure 3A). In addition, Atf3 downregulation effectively reduced the

total cellular iron levels, lipid hydroperoxide and cell death in MLOY4

cells treated with t-BHP (Figure 3B–E). However, SLC7A11 overex-

pression partially increased the expression of GPX4 and decreased

the levels of cellular iron, lipid hydroperoxide and cell death in MLOY4

cells treated with t-BHP (Figure 3F–J). However, SLC7A11 overex-

pression resulted in only a small number of saves. These data demon-

strate that ATF3 is a key molecule in regulating ferroptosis in

osteocytes, whereas SLC7A11, a downstream target of ATF3, appears

to play a less prominent role.

2.4 | ATF3/TFR1 axis is a primary mediator of iron
accumulation and ferroptosis in senescent osteocytes

Given the lack of prior studies on SLC7A11's role in intracellular iron

accumulation, we shifted our focus to investigate the potential

involvement of ATF3 in iron transport. To elucidate the downstream

mechanism of ATF3 in iron accumulation in senescent osteocytes, we

detected the expression levels of iron transport-related proteins,

including TFR1, ferroportin-1 (FPN1) and six-transmembrane epithe-

lial antigen of prostate 3 (STEAP3). We found that TFR1 was signifi-

cantly increased in senescent osteocytes and that ATF3

downregulation reduced TFR1 but did not significantly alter FPN1

and STEAP3 (Figure 4A). Subsequently, we performed Tfr1 knock-

down and observed a decrease in total and ferrous iron levels in

senescent MLOY4 cells (Figure 4B–D). However, TFR1 knockdown

mitigated lipid peroxidation and reduced the number of TUNEL-

positive cells (Figure 4E). In addition, TFR1 knockdown and simulta-

neous overexpression of SLC7A11 improved ferroptosis in senescent

osteocytes (Figure 4C,D).

In addition, ATF3 serves as a transcriptional factor that binds to

DNA and contributes to transcriptional regulation.33 We found that

ATF3 binds to the promoter of Tfr1 (Figure 4E) and activates its tran-

scription (Figure 4F). Here, we demonstrated that ATF3 primarily

increased the accumulation of cellular iron and lipid peroxidation, con-

tributing to ferroptosis by directly promoting Tfr1 expression.

2.5 | Preventing ATF3 upregulation in aged mice
alleviated ferroptosis-induced cortical bone loss

To test the biological role of ATF3 in vivo, we used JY-2 to suppress

ATF3 expression in 19-month-old mice for 4 weeks. Quantitative

analysis revealed a substantial decline in ATF3 expression in the fem-

oral cortical bone of the 19-month-old mice after JY-2 administration

(Figure 5A). With a decrease in ATF3 expression, TFR1 expression in

the cortical bone of the mice also decreased, and GPX4 and SLC7A11

expression increased (Figure 5A). We observed a significant decrease

in cortical bone lipid peroxides following JY-2 treatment in aged mice

(Figure 5B). Correspondingly, immunohistochemical results showed

that after treatment with JY-2, TFR1 expression was significantly

reduced in the cortical osteocytes of old mice (Figure 5C). Moreover,

F IGURE 3 Activating transcription factor 3 (ATF3)-induced ferroptosis in senescent osteocytes is not primarily mediated by solute carrier
family 7a member 11 (SLC7A11). (A) Western blot analysis of the levels of ATF3, SLC7A11 and glutathione peroxidase 4 (GPX4) in MLOY4 cells
at indicated treatment, with quantitative data at right (n = 3). (B and C) Total iron and ferrous iron levels in MLOY4 cells corresponding to the
samples in A were quantitatively determined using iron assay kits (n = 3). (D) Representative immunofluorescence of lipid peroxidation (LPO)

levels in MLOY4 cells at indicated treatment by using LPO Fluorometric assay kits, with quantitative data on the right (n = 3). (E) Representative
images of the terminal deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay in MLOY4 cells at indicated treatment, with
quantitative data on the right (n = 3). (F) Western blot analysis of the levels of SLC7A11 and GPX4 in MLOY4 cells at indicated treatment, with
quantitative data on the right (n = 3). (G and H) Total iron and ferrous iron levels in MLOY4 cells corresponding to the samples in F were
quantitatively determined using iron assay kits (n = 3). (I) Representative immunofluorescence of LPO levels in MLOY4 cells at indicated
treatment by using LPO Fluorometric assay kits, with quantitative data on the right (n = 3). (J) Representative images of the TUNEL assay in
MLOY4 cells at indicated treatment, with quantitative data on the right (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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GPX4 and SLC7A11 protein levels were elevated, and cellular iron

concentrations were significantly diminished in the cortical osteocytes

of old mice treated with JY-2 (Figure 5D–G). Notably, JY-2 effectively

reduced the number of TUNEL-positive cells in the cortical bone and

alleviated the senescence-associated secretory phenotype in cortical

bone (Figure 5H and Figure S3A). In addition, the administration of

JY-2 significantly reduced the number of osteoclasts in the medial

cortical bone and alleviated age-related loss of cortical bone mass

(Figure 5I and Figure S3B). Taken together, ATF3 inhibition in aged

mice can mitigate osteocyte ferroptosis and bone loss in the

cortical bone.

3 | DISCUSSION

This study revealed a novel connection between ageing and ferropto-

sis in cortical bone. During osteocyte senescence in the cortical bone,

the ferroptosis driver, ATF3, underwent significant upregulation.

ATF3 directly regulates TFR1 transcription, thereby promoting iron

accumulation in senescent osteocytes while simultaneously downre-

gulating the cystine export protein SLC7A11. This convergence of

events ultimately leads to iron overload and lipid peroxidation in the

osteocytes. In vivo experiments have shown that ATF3 inhibition

effectively alleviates iron-induced cell death and delays cortical bone

loss. These findings establish ferroptosis as a crucial fate pathway for

osteocytes during cortical ageing and highlight the therapeutic poten-

tial of ferroptosis inhibition in mitigating age-related cortical bone

mass loss.

Osteocyte death is an integral component that controls the com-

plex balance of bone formation and resorption.34 Andreev et al. found

that osteoclasts sensed damage-associated molecular patterns

released by necrotic osteocytes through macrophage induced C-type

lectin, triggering their differentiation and bone loss.35 In the context

of osteocyte death at different sites, osteoclasts exhibit a higher pro-

pensity to resorb osteocytes in areas characterized by low bone den-

sity.36 Therefore, in the process of natural bone ageing, bone

resorption and bone remodelling in the cortical region are slow, and

there are a large number of long-lived osteocytes undergoing ageing.

In addition, osteocytes have a longer survival time, with an extraordi-

nary life span of 25 years.37 Published studies have shown that Fe

ions are more likely to accumulate in ageing tissues and cell bodies.38

This phenomenon is consistent with the iron accumulation and lipid

peroxidation observed in ageing cortical bone. Subsequently, senes-

cent osteocytes undergo ferroptosis, promoting osteoclast formation

and resulting in bone resorption exceeding the amount of new bone

formation. In addition, we did not observe significant iron accumula-

tion in the trabecular bone, which may be attributed to frequent bone

remodelling and the absence of senescent osteocytes. These findings

further emphasize the substantial difference in cortical and trabecular

bone loss during the ageing process, and targeting cortical bone loss

has greater clinical significance for the prevention and treatment of

osteoporotic fractures.

The mechanism of ferroptosis is mainly composed of an

iron-dependent lipid peroxidation system and antioxidant molecular

system including GPX4 and SLC7A11, and the balance of these

two systems influences cell ageing and death.39 GPX4 and SLC7A11

are key proteins in the production of glutathione (GSH), whose func-

tion is to inhibit the generation of Fe2+-dependent reactive oxygen

species (ROS) by converting lipid hydroperoxides into lipid alco-

hols.40,41 Masaldan et al. found that radiation stimulated MEF senes-

cence and increased TFR1 expression, inducing intracellular Fe2+

accumulation.38 Zheng et al. found that SLC7A11 expression was

down-regulated in old mouse lung fibroblasts, which hindered Cys

transport into the cell and restricted GSH synthesis, increasing

intracellular ROS.42 Our results suggest that increased expression of

age-related ATF3, a member of the ATF/cAMP-responsive element

binding family of transcription factors, was an important ferroptosis

driver in cortical osteocytes. Multiple studies have shown that ATF3

directly regulated SLC7A11 transcription by binding to its promoter

region, but this cannot explain the phenomenon of intracellular iron

accumulation after elevated ATF3 expression.32,43–46 Our study

reveals the unique role of ATF3 in ageing osteocytes. In addition to

targeting SLC7A11, ATF3 mainly promotes iron transport into cells by

upregulating the expression of TFR1 in osteocytes. Interestingly,

ATF3 forms homodimers or heterodimers with other transcription fac-

tors, resulting in diverse transcriptional outcomes. Further investiga-

tion is warranted to elucidate the precise mechanism by which ATF3

binds to the Tfr1 promoter region and represses its transcription. On

the other hand, Zhang et al. reported that ATF3 was involved in chro-

matin remodelling and closely related to ageing.33 Existing research

reports indicate that age-related inflammatory factors, such as

interleukin-1, interleukin-6, transforming growth factor-β and

F IGURE 4 The activating transcription factor 3 (ATF3)-transferrin receptor 1 (TFR1) axis is a primary mediator of iron accumulation and
ferroptosis in senescent osteocytes. (A) Western blot analysis of the levels of TFR1, ferroportin-1 (FPN1) and six-transmembrane epithelial
antigen of prostate 3 (STEAP3) in MLOY4 cells at indicated treatment, with quantitative data (n = 3). Only the top bands of TFR1 protein were
evaluated. The lower bands were soluble forms of the TFR1 protein. (B) Western blot analysis of the levels of TFR1 in MLOY4 cells at indicated

treatment, with quantitative data below (n = 3). (C) Total iron and ferrous iron levels in MLOY4 cells at indicated treatment were quantitatively
determined using iron assay kits (n = 3). (D) Representative immunofluorescence of lipid peroxidation (LPO) levels in MLOY4 cells at indicated
treatment using LPO Fluorometric assay kit, with quantitative data on the right (n = 3). Representative images of the terminal deoxynucleotidyl
transferase dUTP nick end labelling (TUNEL) assay in MLOY4 at indicated treatment, with quantitative data on the right (n = 3). (E) The
transcription factor ATF3 was bound to the Tfr1 promoter in MLOY4 cells. Chromatin immunoprecipitation assays were performed using anti-IgG
as a negative control (n = 3). (F) Luciferase reporter assays measuring the activities of the wild-type or mutated ATF3-binding site at the Tfr1
promoter in MLOY4 cells (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001.
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interferon-γ, promoted ATF3 expression.47,48 Additionally, Taketani

et al. have reported that p53 directly regulated the expression of

ATF3.49 In our study, t-BHP, a conventional cell senescence model

construction reagent, was used to induce osteocyte senescence. We

found that the expression of ATF3 in osteocytes was upregulated,

which is consistent with the conclusions of published studies. In sum-

mary, our findings, taken together with those of previously published

articles, strongly suggest that the inflammatory microenvironment of

ageing and senescent osteocytes leads to an increase in ATF3/TFR1

expression, ultimately leading to ferroptosis in cortical osteocytes.

More and more evidence suggests that ferroptosis has a signifi-

cant impact on bone metabolism disorders. Jiang et al.'s study sug-

gested that regulating the nuclear factor erythroid 2-related factor

2/DNA methyltransferases 3A/RANKL axis of osteocytes effectively

F IGURE 5 Preventing
activating transcription factor
3 (ATF3) upregulation in aged
mice alleviated ferroptosis-
induced cortical bone loss.
(A) Western blot analysis of the
levels of ATF3, transferrin
receptor 1 (TFR1), glutathione
peroxidase 4 (GPX4) and solute

carrier family 7a member
11 (SLC7A11) at indicated time
in the femur cortical bone of 3-
and 19-month-old mice treated
with solvent or JY-2 (50 mg/kg/
d, p.o.) for four weeks, with
quantitative data on the right
(n = 3). (B). Lipid peroxide
colorimetric assay of femur
cortical bone (n = 3). (C–E)
Immunohistochemical staining
for TFR1, SLC7A11 and GPX4
of the femur cortical bone
(n = 3). (F) Representative Lillie
staining (blue) of femur cortical
bone n = 3. (G). Representative
Perl's iron staining (blue) of
femur cortical bone (n = 3).
(H) Representative TUNEL
staining of femur cortical bone
(n = 3). (I) Representative
images of micro-CT
reconstruction of femoral
cortical bone, with quantitative
data below (n = 5). M, months.
*p < 0.05, **p < 0.01,
***p < 0.001.

YIN ET AL. 9 of 11



alleviated the development of postmenopausal osteoporosis by inhi-

biting ferroptosis.50 Xu et al. found that inhibiting ferroptosis in osteo-

blasts by stimulating the nuclear factor erythroid 2-related factor

2/GPX4 signalling pathway with vitamin D receptor agonists prefer-

entially hindered age-related bone loss.51 Our study found that ATF3

was the key driving factor for ferroptosis in cortical osteocytes, and

inhibiting ATF3-induced iron accumulation in osteocytes through

small molecule JY-2 effectively reduced the death of senescent

osteocytes and alleviated bone loss in mouse cortical bone. Moreover,

previous studies have shown that the plasma concentration of JY-2

after oral administration is higher and more sustained than that after

intravenous administration, suggesting that JY-2 has oral bioavailabil-

ity.52 Our preliminary attempt to target ATF3 to delay age-related

cortical bone mass loss requires further pharmacodynamic and phar-

macokinetic optimization, verification of clinical application safety and

development of refined application strategies. And, it is necessary to

conduct drug modification research on JY-2 bone targeting.

In conclusion, ferroptosis is the predominant mechanism underly-

ing cortical osteocyte death in older individuals. We demonstrated

that ATF3 inhibition can effectively alleviate cortical bone loss in an

elderly population. This study reveals a novel therapeutic target for

the development of effective interventions against age-related

bone loss.

4 | MATERIALS AND METHODS

Materials and methods are provided in Supplementary Materials.
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