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Regulating obesity-induced osteoarthritis by
targeting p53-FOXO3, osteoclast ferroptosis,
and mesenchymal stem cell adipogenesis

Chen Zhao 1,4, Keyu Kong1,4, Pengcheng Liu2, Xuzhuo Chen3, Kewei Rong1,
Pu Zhang1, Lei Wang 1 & Xiaoqing Wang 1

Obesity-related osteoarthritis (OA) and the molecular mechanisms governing
multiple joint structural changes that occur with obesity are not well under-
stood. This study investigated the progression of obesity inmice and validated
the results using human joint samples post-arthroplasty. The results show that
obesity is associatedwith the degeneration of the cartilage layer and abnormal
remodelingof the subchondral bone layer, and this occurs alongside aging and
DNA damage in chondrocytes, osteoclasts, and stem cells. Regulation of p53-
FOXO3 gene loop expression in response to DNA damage effectively inhibits
chondrocyte apoptosis, catabolism, and excessive osteoclast differentiation,
while the intra-articular delivery of a lentivirus expressing FOXO3 to mouse
joints alleviates the progression of OA. The excessive differentiation of sub-
chondral bonemarrow osteoclasts is ferroptosis-dependent and driven by the
senescence-associated secretory phenotype. The results have identified mul-
tiple potential targets for future research into the progression of obesity-
related OA.

Osteoarthritis (OA) is a degenerative joint disease characterized by the
degeneration of articular cartilage, subchondral bone sclerosis, syno-
vitis, and the formation of osteophytes1. The World Health Organiza-
tion has found that approximately 10% of the global population is
affected by OA to varying degrees2. In clinical settings, knee OA is
primarily characterized by joint pain, crepitus, and restricted joint
mobility. This condition significantly impairs patients’ ability to engage
in physical activities and adversely affects their quality of life, resulting
in substantial negative impacts on their mental well-being. The
pathogenic factors and mechanisms underlying OA are highly com-
plex. Common contributing factors include aging, joint injury, obesity,
genetics, sex, and anatomical factors related to joint shape and
alignment3–6; each of which possesses unique mechanisms that

promote the development of OA. Among these factors, obesity, a
metabolic abnormality, has attracted considerable attention.

The ongoing obesity epidemic is one of the greatest challenges in
public health inmodern societies7. In recent decades, theprevalenceof
obesity-related OA, associated with a high body weight, has been
consistently increasing worldwide8,9. Weight loss has been docu-
mented as a highly effective strategy for individuals with OA, particu-
larly those who are obese10,11. However, in metabolic obesity-related
OA, the mechanisms of cartilage destruction and abnormal sub-
chondral bone remodeling defy the conventional concept of “wear and
tear” diseases, and the joint overload theory inadequately explains the
robust correlation between obesity and OA12,13. This evidence collec-
tively suggests that in individualswith obesity-relatedOA, the systemic
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metabolic changes induced by obesity have a greater impact on the
progression of OA than merely increasing the joint load.

In this study, it was observed that obesity induced by a high-fat
diet concurrently led to aging andDNA damage in chondrocytes in the
articular cartilage, osteoclasts in the subchondral bone, and
mesenchymal stemcells in the bonemarrow.Thep53-FOXO3pathway,
known for its swift response to DNA damage, orchestrates phenotypic
changes in chondrocyte catabolism and the excessive differentiation
of osteoclasts. Notably, the intra-articular delivery of a lentivirus
expressing FOXO3 was found to effectively alleviate high-fat diet-
induced cartilage degeneration and subchondral bone remodeling.
This amelioration of subchondral bone remodeling is accomplished
through the regulation of osteoclast differentiation, which is depen-
dent on ferroptosis. Finally, and unexpectedly, the heightened adipo-
genic differentiation of BMSCs induced by aging, coupled with the
subsequent secretion of a senescence-associated secretory phenotype
(SASP) by aging adipocytes, was identified as a pivotal driving force
promoting ferroptosis in osteoclasts.

Results
High fat diet accelerates the progression of osteoarthritis
in mice
To understand whether obesity has an adverse effect on the degen-
eration of knee joint cartilage, that is, whether it leads to the pro-
gression of spontaneous OA, mice were fed a normal or high-fat diet
(HFD) for 2 months. During this process, we regularly detected the
weight, blood sugar, blood lipids, and other information of themice to
determine the success of establishing the obesity model (Supple-
mentary Fig. 1). X-ray andmicro-CT data revealed that obesity induced
in mice by the HFD alone was adequate for the induction of joint-level
wear and the narrowing of the joint space (Fig. 1a, b). TheHFD also lead
to a dramatic loss of articular cartilage, which is manifested by a sig-
nificant increase in the OARSI score and a significant loss of cartilage
(Fig. 1c, g). Synovitis scores also suggested the acceleration and wor-
sening effects of a high-fat diet on synovial inflammation (Supple-
mentaryFig. 2a). At themolecular level, comparedwith thenormaldiet
group, the HFD group showed a decrease in Col2a1-positive cells and a
sharp increase in MMP13-positive cells (Fig. 1c, j, k).

We further aimed to elucidate whether the HFD exacerbated
pathological changes in OA. This investigation targeted individuals
predisposed to, or afflicted with, OA. To achieve this, a destabilized
medial meniscus (DMM) was performed. Imaging data indicated that
when combined with the DMM surgical treatment, the HFD not only
promoted but also exacerbated the formation of osteophytes around
the joints. It contributes to joint space wear and stenosis and may even
lead to joint fusion (Fig. 1a, b, h). Furthermore, the HFD enhanced the
degeneration of the articular cartilage layer and exacerbated a reduction
in type II collagen induced by DMM surgery. Conversely, a substantial
and rapid upregulation of MMP13 in the cartilage layer was evident
(Fig. 1c, j, k). These findings collectively indicate that, at the articular
cartilage level, whether administered alone or in conjunction with DMM
surgery, the HFD not only spontaneously induces the progression of OA
but also exacerbates the ongoing pathological processes.

OA is a degenerative joint disease characterized by cartilage
deterioration due to chondrocyte damage and loss, and also the
abnormal remodeling of the subchondral bone14–16. The tibial sub-
chondral bone volume inmice receiving anHFD underwent significant
changes compared to that in the control mice before or after surgery,
as revealed by 3Dmicro-CT analysis (Fig. 1d, i). TRAP staining revealed
an elevated number of osteoclasts in the subchondral bone in the HFD
group, leading to sustained osteoclastic bone resorption and forma-
tion of expansive bone marrow cavities, with or without concurrent
DMM surgery (Fig. 1d, l).

Prior studies have demonstrated a significant upregulation of IL-6
levels in obese patients17. IL-6 is known to play a crucial role in

promoting the progression of OA and osteoclast differentiation18. Our
findings revealed a substantial upregulation of IL-6 levels in both the
synovial tissue and subchondral bone, regardless of whether the mice
were subjected to HFD alone or in conjunction with DMM surgery
(Fig. 1e, m, n). Thus, obesity induced by an HFD autonomously accel-
erates the development of associated pathological changes in OA
progression and intensifies the advancement of pre-existing OA. This
regulatory process spans multiple levels, encompassing cartilage,
subchondral bone marrow, and joint synovial membranes.

Chondrocytes exposed to fatty acids display characteristics of
apoptosis, catabolism, and senescence
As a prevalent saturated fatty acid, the addition of palmitic acid to the
culture medium effectively establishes a high-fat environment,
mimicking the physiological andmetabolic conditions associated with
obesity6,19. The results showed a gradual decrease in chondrocyte
viability as the palmitate concentration increased (Fig. 2a). Further-
more, in the presence of two well-known inflammatory cytokines, the
treatment of chondrocytes with palmitate resulted in a further
decrease in cell viability compared to the inflammatory cytokines
alone (Fig. 2b). The results of annexin V-FITC staining also revealed
that the exposureof chondrocytes to fatty acids resulted in an increase
in apoptosis levels (Fig. 2c).

The relevant characteristics of chondrocyte ECM metabolism
were then assessed. Micromass cultures of chondrocytes with Alcian
blue staining confirmed that exposure to palmitate affected their
collagen synthesis (Fig. 2d). Western blot analysis using protein
extracts from chondrocytes stimulated with palmitate, inflammatory
cytokines, or a combination of both indicated that the palmitate
treatment downregulated the chondrocyte collagen synthesismarkers
Sox9 and Col2a1. Furthermore, it simultaneously upregulated the
chondrocyte hypertrophy marker Col10a1, as well as the matrix
metalloproteinasesMmp13 and Adamts5. Importantly, when palmitate
was combined with inflammatory cytokines, the changes in these
markers were more pronounced than when inflammatory cytokines
alone were used (Fig. 2e, f). Two indicators of cell apoptosis are
Cleaved PARP and Bcl-2, and they showed upregulated and down-
regulated trends, respectively, indicating that palmitate promotes
chondrocyte apoptosis (Fig. 2e). Immunofluorescence (IF) showed a
reduction in Col2a1 synthesis and an upregulation in Mmp13 expres-
sion in chondrocytes following the palmitate treatment (Fig. 2g, h).
Chondrocytes treated with palmitate combined with inflammatory
cytokines showed a completely senescent subtype, including high
expression levels for γ-H2AX and a loss of Lamin-B1 (Fig. 2i, j). In
addition, the high expression of β-gal further suggested that the level
of cellular senescence was sharply upregulated (Fig. 2k). After palmi-
tate treatment, chondrocytes showed decreased cell viability,
increased apoptosis, and metabolic disorders of the extracellular
matrix, causing them to exhibit a completely senescent phenotype.

p53-AKT-FOXO3 orchestrates fatty acid-induced apoptosis and
catabolism in response to chondrocyte ageing and damage
Notably, γH2AX is not only a marker of cellular senescence but also of
DNAdamage20. The results showed that palmitate significantly increased
the expression and co-localization of γH2AX and p53 in the nucleus of
chondrocytes (Fig. 3a, b). It has been suggested that with fatty acid
exposure, chondrocytes activate p53 and promote its expression and
functional responses. At the same time, as a potential p53-binding
protein21, the results showed that p53 could also activate and phos-
phorylate downstream AKT (Fig. 3c, d). These results suggest that p53
activation in response to aging and DNA damagemay play an important
role in the regulation of HFD-induced obesity-related OA (Fig. 3e). The
next step in the investigation was to study the impact of alterations in
p53-AKT on chondrocyte apoptosis and ECMmetabolism in response to
palmitate exposure. To achieve this, the specific inhibitor of p53,
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Pifithrin-β (PFT-β), was used while treating chondrocytes with palmitate.
The results demonstrated that the combined treatment of chondrocytes
with palmitate significantly enhanced the downregulation of markers
such as Sox9, Col2a1, and Bcl-2, compared to the use of IL-1β or TNF-α
alone. Additionally, it led to a notable upregulation ofmarkers, including
Col10a1, Mmp13, Adamts5, Cleaved PARP, and Cleaved Caspase-3
(Fig. 3f–h). Moreover, with the combined use of p53 inhibitors, this
downregulation or upregulation was further promoted (Fig. 3f–h).
Although the inhibition of p53 promoted the upregulation of autophagy

in chondrocytes, it still manifested as catabolism and the upregulation
of apoptosis when exposed to fatty acids (Fig. 3f). Furthermore, using
the classic AKT-selective inhibitor MK-2206, similar experimental con-
clusions consistent with the inhibition of p53 were obtained (Fig. 3f–h).
This resultmade us excited and curious, because in the presence of non-
fatty acids, inhibiting p53 or AKT in chondrocytes alone promotes the
anabolism of chondrocytes rather than inhibits it (Supplementary
Fig. 3). IF experiments were also used to confirm whether it was the
inhibition of p53 or AKT, the downregulated Col2a1 showed a further
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reduction in expression (Fig. 3i). The results of the micromass analysis
also showed that the inhibition of p53 or AKT significantly inhibited
collagen synthesis (Fig. 3j).

AKT and the FOXO protein family have a crucial interplay, pri-
marily manifested through AKT phosphorylating FOXO proteins to
regulate their functions in cellular physiological processes22. At the
same time, a recent cutting-edge study showed that p53 can also
directly bind FOXO3 protein21. In view of the important regulatory role
of the FOXO3 protein in OA, we conducted further exploration and
excavation around this preliminary research basis. FOXO3 exhibits
reduced expression upon inactivation, accompanied by its transloca-
tion from the nucleus to the cytoplasm (Supplementary Fig. 4). Next,
we transduced chondrocytes with lentiviruses expressing FOXO3 and
verified the success of the FOXO3 overexpression using western
blotting andRT-qPCR (Supplementary Fig. 5). Through IF experiments,
it was observed that chondrocytes transduced with lentivirus no
longer exhibited an upregulation senescence response and DNA
damage markers, γH2AX and p21, in response to the palmitate stimu-
lation (Fig. 3k). Western blotting further confirmed the protective
effect of FOXO3 overexpression in chondrocytes (Fig. 3l). The data
obtained from the RT-qPCR and IF experiments substantiated the
conclusions drawn from the protein-level experiments (Fig. 3m, p).
Alcian blue staining showed significant antagonism to palmitate in
cells transduced with FOXO3-expressing lentivirus (Fig. 3n). The
results from the β-gal staining also demonstrated an amelioration of
the cellular senescence phenotype (Fig. 3o).

Chrondocytes were then investigated to determine if FOXO3
overexpression conferred a protective effect against p53 and AKT
knockdown in combination with palmitate stimulation. The PCR
results were particularly noteworthy; whether in combination with a
p53 inhibitor or an AKT inhibitor, and regardless of whether palmitate
combined with IL-1β or TNF-α, the overexpression of FOXO3 in the
cells not only failed to exert a balancing effect on the ECMmetabolism
but further exacerbated and deteriorated catabolic metabolism
(Fig. 3q, s). The results of the Alcian blue staining further confirmed
that the promotive effect of FOXO3 overexpression on collagen
synthesis was no longer present when p53 or AKT was inhibited
(Fig. 3r, t). In summary, under conditions where p53-AKT regulation is
artificially inhibited, the overexpression of FOXO3 fails to protect
chondrocytes and may potentially exacerbate phenotypic expression
associated with further degradation.

Intra-articular injection of lentiviruses expressing FOXO3
attenuates OA lesions caused by a HFD in mice
Through IF experiments, we first determined the successful regulation
of FOXO3 expression levels in the cartilage layer and subchondral
bonemarrow layer by injectionof lentivirus expressing FOXO3 into the
joint cavity (Supplementary Fig. 6). Micro-CT scans and histomor-
phometric analyses of knee joint sections stainedwith SO&FG andH&E
were conducted to evaluate the extent of articular repair. As antici-
pated, mice treated with lentiviruses expressing FOXO3 exhibited
improvements in OA lesions compared to obese mice fed HFD.

Specifically, there was a significant increase in cartilage thickness,
reduction in osteophyte formation, and decrease in OARSI scores in
mice overexpressing FOXO3 (Fig. 4a–e). The effective overexpression
of FOXO3 in the joint cavity also alleviates the synovial inflammation
promoted by abnormal metabolic factors (Supplementary Fig. 2b). At
the molecular level, intra-articular delivery of FOXO3 effectively
enhanced the collagen marker, Collagen II, in the cartilage. Simulta-
neously, it significantly downregulated the crucial cartilage-degrading
enzyme Mmp13 (Fig. 4h–k).

A previous study found that mammalian FOXO3 also plays a role
at the G2 to M checkpoint of the cell cycle and triggers the repair of
damaged DNA23. The growth arrest and DNA damage response gene
Gadd45a appear to be direct targets of FOXO3a, mediating part of
FOXO3’s role in DNA repair. Through in vitro cell experiments, we
initially confirmed that overexpression of FOXO3 in chondrocytes
promotes an increase in Gadd45a expression levels in chondrocytes
treated with or without fatty acids (Supplementary Fig. 7a, b). Fur-
thermore, through animal experiments, we further reinforced this
conclusion at the cellular and molecular level in the cartilage layer,
suggesting that FOXO3’s protective effect on chondrocytes may
involve various regulatorymechanisms, including catabolism andDNA
damage (Supplementary Fig. 7c).

In the preceding sections of this study, mice fed an HFD exhibited
not only articular cartilage degeneration but also significant remo-
deling of the subchondral bone, accompanied by a marked enhance-
ment in osteoclast differentiation (Fig. 1d, l). Intra-articular injection of
FOXO3-expressing lentivirus effectively mitigated the diminished
bone volume (Fig. 4e–g). TRAP staining indicated a significant reduc-
tion in the number of osteoclasts in mice treated with lentivirus
compared to the HFD group (Fig. 4l, m). IF further demonstrated that
after viral treatment, the number of TRAP-positive cells exhibited a
trend consistent with the staining results (Fig. 4n, o). These results
indicate that intra-articular overexpression of FOXO3 not only effec-
tively restrains thedegenerationof the articular cartilage in obesemice
but also mitigates the loss and remodeling of subchondral bone mar-
row volume.

Excessive adipogenesis in subchondral bone of human
osteoarthritic cartilage
The replaced knee joints from patients who underwent total knee
arthroplasty were collected (Supplementary Fig. 8a). As anticipated,
there was a reduction in aggrecan-containing cartilage and a notable
elevation in the OARSI score with OA when compared with healthy
cartilage (Supplementary Fig. 8b, d). Moreover, an apparent enhance-
ment in adipogenic differentiation was observedwithin the subchondral
bone marrow of the arthritic joint bed (Supplementary Fig. 8c).

RANKL-induced osteoclastogenesis is regulated by p53-
AKT-FOXO3
Compared to the control group, mice fed an HFD had enriched levels
of p53-pFOXO3 in the subchondral bone marrow (Fig. 5a). The role of
the p53-AKT-FOXO3 axis in osteoclast differentiation was then

Fig. 1 | High fat diet accelerate the progression of osteoarthritis inmice. aX-ray
imaging of the lower limbs (top) and knee joints (bottom) of mice subjected to
normal diet as well as high-fat diet conditions. Further categorization was per-
formedbasedonwhether themice underwentDMMsurgery.White arrows indicate
joint space narrowing and bone damage. b Micro-CT reveals the osteophyte
volume in joints of mice subjected to various diets and surgical procedures.
Osteophyte scores (h) was quantified.n = 6mice per group. c SO&FGstaining (top),
H&E staining (middle), and immunohistochemistry (IHC) staining (bottom) of the
knee joints of mice in (a, b). Scale bars, 100 µm and 40 µm. OARSI scoring was
conducted through SO&FG staining (g). Col2a1+ (j) and Mmp13+ (k) chondrocytes
were imaged and quantified. n = 6 mice per group. d Three-dimensional high-
resolution µCT images of the tibial subchondral bone medial compartment (top),

subchondral bone SO&FG staining (middle), and TRAP staining (bottom). Scale bar,
40 µm. Relative volume of trabecular bone (BV/TV) (i) and TRAP+ (l) cells were
quantified. n = 6 mice per group. e Immunofluorescence staining of IL-6 in the
synovialmembrane and subchondral bone. Representative images are shown in (e).
Scale bar, 40 µm. Quantification of IL-6+ cells in the synovial membrane and sub-
chondral bone are presented in (m) and (n), respectively. n = 6 mice per group.
f Immunofluorescence staining of Perilipin-1 in the subchondral bone. Repre-
sentative images are shown in (f). Scale bar, 40 µm. Quantification of Perilipin-1+

cells are presented in (o). n = 6mice per group. Data are represented asmean ± s.d.
Two-way ANOVA was performed. All exact p-values have been indicated in the
figures. Source data are provided as a Source Data file.
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determined in vitro. TRAP staining revealed that treatment with PFT β,
MK-2206, or lentivirus expressing FOXO3 significantly inhibited the
formation of osteoclasts (Fig. 5b, c). The expression levels of various
molecular markers that regulate osteoclast differentiation was vali-
dated. Inhibition of either p53 or AKT using their respective inhibitors
was found to result in marker suppression, indicating the inhibition of
osteoclast differentiation (Fig. 5d, e). Conversely, FOXO3 over-
expression within the cells led to the inhibition of these markers

(Fig. 5f). In summary, these findings suggest that the regulatory effects
on RANKL-stimulated osteoclast differentiation are achieved through
the targeted modulation of the p53-AKT-FOXO3 pathway.

FOXO3 regulates the vicious cycle of chondrocyte-osteoclast
differentiation
In addition to the reasons for lentiviral penetration into the underlying
osteoclast layer, we aimed to further elucidate whether a direct impact
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on chondrocytes can similarly regulate the differentiation of the
underlying osteoclasts. To mimic the vicious cycle within the joint
microenvironment, chondrocytes were co-cultured with BMDM fol-
lowing the RANKL treatment (Fig. 6a). The upper chondrocytes were
pre-transfected with either a FOXO3-expressing lentivirus or an empty
vector. Mature osteoclasts were detected using TRAP staining. The
results showed that when co-cultured with FOXO3-overexpressing

chondrocytes in the upper layer, while the control group showed
obvious osteoclast differentiation and maturity on the fourth day of
cell culture, this group was still in the process of pre-osteoclast dif-
ferentiation (Fig. 6b, c). The data revealed that upon exposure of the
upper layer of chondrocytes to palmitate, the lower layer of osteo-
clasts exhibited significantly heightened osteoclast fusion and
expression compared with the control group. When subjected to the
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inflammatory cytokines IL-1β or TNF-α, the upper layer of chon-
drocytes also notably promoted the differentiation and fusion of the
underlying osteoclasts. Furthermore, the combination of palmitate
with the two inflammatory cytokines for the treatment of upper
chondrocytes resulted in peak differentiation of the lower osteoclasts.
However,when the upper chondrocyteswere transfectedwith FOXO3-
expressing lentivirus, the significant promotion of osteoclast differ-
entiation was reversed (Fig. 6d, e).

Concomitant cellular ferroptosis during osteoclast
differentiation
A recent study indicates that p53 transcriptionally represses VKORC1L1
expression to activate ferroptosis24. Our previous study also revealed
that FOXO3 could modulate the progression of OA by regulating fer-
roptosis in chondrocytes25. Considering the pivotal roles of the
upstream p53 and downstream FOXO3 in ferroptosis regulation, we
aimed to explore whether the regulation of p53-FOXO3 on sub-
chondral bone remodeling and osteoclast differentiation in HFD-
induced obese mice is mediated through osteoclast ferroptosis reg-
ulation. Ferroptosis suppressor protein 1 (FSP1), glutathione perox-
idase 4 (GPX4), and solute carrier family 7 member 11 (SLC7A11) are
integral components of the regulatory framework of ferroptosis and
serve as crucial suppressors of this iron-dependent form of regulated
cell death26–28. The expression levels of these three proteins were sig-
nificantly downregulated inmature osteoclasts (Fig. 7a). TRAP staining
showed that the number of mature osteoclasts was significantly
reduced when combined with the ferroptosis inhibitor Ferrostatin-1
(Fer-1) during the differentiation of BMDM into osteoclasts (Fig. 7b, c).
The fluorescence intensity observed using FerroOrange, an Fe2+-spe-
cific probe, was markedly enhanced in cells treated with RANKL
(Fig. 7d). Simultaneously, intracellular levels of reactive oxygen species
(ROS) and lipid peroxidation were significantly upregulated during
osteoclast differentiation (Fig, 7e, f). Collectively, these three indica-
tors serve as crucial markers for the activation of cellular ferroptosis.
Furthermore, the fluorescence intensity of the three ferroptosis sup-
pressor proteins was markedly diminished in mature osteoclasts
(Fig. 7g–i). In summary, results suggest that the differentiation of
BMDM into osteoclasts is accompanied by the activation of intracel-
lular ferroptosis, which indicates that the regulation of osteoclast
ferroptosis may have important interventional value.

Intra-articular injection of lentiviruses expressing FOXO3
attenuates OA lesions and caused upregulation of ferroptosis in
the subchondral bones of obese mice
Given the observed activation of intracellular ferroptosis during
osteoclast differentiation, we aimed to elucidate whether remodeling
of the subchondral bone in diet-induced obesity-related OA is asso-
ciated with the regulation of ferroptosis. With the HFD, the key

proteins involved in the regulation of ferroptosis were downregulated
in subchondral bone (Fig. 8a–f). Moreover, intra-articular injection of
lentiviruses expressing FOXO3, as previously mentioned, improved
subchondral bone remodeling and inhibited osteoclast differentiation
(Fig. 4l–o). This intervention partially upregulated the expression of
Gpx4 and significantly elevated the expression of Slc7a11 and Fsp1
(Fig. 8a–f). The findings highlight the ability of FOXO3 to regulate the
progression of OA by modulating ferroptosis in both chondrocytes
and subchondral osteoclasts.

HFD-induced adipogenic differentiation of mesenchymal stem
cells promote subchondral bone marrow osteoclast differ-
entiation in a ferroptosis-dependent manner
During the initial exploratory phase of the study, a significant increase
in the expression of adipogenic marker Perilipin-1 was noticed in the
subchondral bones of mice fed an HFD (Fig. 1f, o). Through further
analysis of the subchondral bone from joint replacement patients, it
was tentatively concluded that as OA progressed, adipocyte differ-
entiation in the subchondral bone marrow was significantly enhanced
(Fig. 9a). It appears that we have tentatively resolved the question
raised by Xiaonan et al. in their Discussion section, which was, with an
increase in obesity level, the bone marrow adipose tissue mass
increases significantly29. However, we have generated a new question:
whether SASP factors from aging adipocytes have a similar effect on
osteoclasts. To simulate the microenvironment of the interaction
between osteoclasts and BMSCs undergoing adipogenic differentia-
tion, preosteoclasts and BMSCs were co-cultured in an adipogenic
differentiationmedium (Fig. 9b). After co-culturing preosteoclasts and
BMSCs undergoing adipogenic differentiation, the preosteoclasts in
the lower layer differentiated intomultinucleated osteoclasts as round
giant cells with three or more nuclei earlier than those in the control
group without adipogenic differentiation. Furthermore, the promo-
tional effect of the BMSCs undergoing adipogenic differentiation on
the differentiation of osteoclasts in the lower layer could be further
reversed by a combination with the ferroptosis inhibitor Fer-1
(Fig. 9c, e). To further determine whether certain substances from
differentiated adipocytes could promote early differentiation and
enhance osteoclast differentiation in the subchondral bone marrow,
the JAK inhibitor ruxolitinib (JAKi) was used to treat BMSCs in the
upper layer, which is known to inhibit the release of SASP29,30. The
results indicate that inhibiting SASP secretion fromBMSCs undergoing
adipogenic differentiation can also reverse the differentiation of
osteoclasts (Fig. 9d, f).

Our attention was then turned back to p53-FOXO3 and aimed to
clarify whether osteoclast differentiation could be regulated by con-
trolling the expression of p53-FOXO3 in adipogenic differentiated
BMSCs. The results of TRAP staining suggest that adding the p53
inhibitor Pifithrin-β to the adipogenic differentiation medium of

Fig. 3 | p53-AKT-FOXO3 orchestrates fatty acid-induced apoptosis and cata-
bolism in response to chondrocyte ageing and damage. a, b Confocal images of
IF staining against γH2AX (red) and p53 (green) in mouse chondrocytes treated
with vehicle or palmitate (1mM) (a). Scale bar, 25 µm. The nuclear levels of γH2AX
and p53 were quantified (b) (n = 15). c, d Confocal images of immunofluorescence
staining against p53 (green) and pAKT (red) in mouse chondrocytes treated with
vehicle or palmitate (1mM) (c). Scale bar, 25 µm.Thenuclear levels of p53 andpAKT
were quantified as well (d) (n = 15). e A pattern diagram illustrating nuclear DNA
damage and p53 response in chondrocytes induced by a high-fat diet. Created in
BioRender. Zhao, C. (2024) https://BioRender.com/s11w531. f Immunoblot detec-
tion of Sox9, Collagen II, Collagen X, Adamts5,Mmp13, Cleaved Caspase-3, Cleaved
PARP, Bcl-2, and LC3 in mouse chondrocytes. g, h The mRNA expression levels of
Collagen II, Aggrecan, Sox9, Mmp13, Adamts5, and Mmp3 in mouse chondrocytes
(n = 3). i IF staining of Collagen II (green). Scale bar, 100 µm. jMicromass culture of
mouse chondrocytes. kConfocal images of IF staining against γH2AX (red) and p21
(green) in mouse chondrocytes. Infection with FOXO3-expressing lentivirus was

combinedusing palmitate (1mM). Scale bar, 5 µm. l Immunoblot detection of Sox9,
Adamts5, Mmp13, Cleaved PARP, and Bcl-2 in mouse chondrocytes. m The mRNA
expression levels of Collagen II, Aggrecan, Sox9, Mmp13, Adamts5, and Mmp3 in
mouse chondrocytes (n = 3). nMicromass culture of mouse chondrocytes. o SA-β-
Gal (green) staining for mouse chondrocytes transfected with or without FOXO3.
Scale bar, 100 µm. p IF staining of Collagen II (red). Scale bar, 50 µm. q The mRNA
levels of Collagen II, Aggrecan, Sox9, Mmp13, Adamts5, and Mmp3 in mouse chon-
drocytes (n = 3). rMicromass culture ofmouse chondrocytes. s ThemRNA levels of
Collagen II, Aggrecan, Sox9, Mmp13, Adamts5, and Mmp3 in mouse chondrocytes
(n = 3). t Micromass culture of mouse chondrocytes. The above experiments were
repeated at least three times. Data are represented as mean ± s.d. Two-tailed Stu-
dent’s t tests and one-way ANOVA were performed. All exact p-values have been
indicated in the figures. For western blot analyses in (f, l) and RT-qPCR in
(g, h, m, q, s), GAPDH was utilized as the control. Source data are provided as a
Source Data file.
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BMSCs, or directly using BMSCs transfected with FOXO3-
overexpressing lentivirus, could reverse the promotion effect of
BMSCs undergoing adipogenicdifferentiationon the differentiation of
osteoclasts (Fig. 9g, h). Notably, the inhibition of subchondral osteo-
clast differentiation in the co-culture system concurrently suppressed
the activating effect of upper-layer adipogenically differentiated
BMSCs on osteoclast ferroptosis (Fig. 9i–m).

Furthermore, the mature osteoclasts also affected BMSC adipo-
genic differentiation and aging, thereby establishing a vicious cycle. By
exchanging cells between the upper and lower layers within the co-

culture system,mature osteoclasts in the upper layerwereobserved to
promote the adipogenic differentiation of BMSCs more rapidly in the
lower layer. In contrast, inhibiting the activation of ferroptosis within
the upper-layer osteoclasts was found to impede the rapid progression
of this process (Fig. 9n, o). Simultaneously, by intervening in the p53-
FOXO3pathwaywithin the upper-layer osteoclasts, either by inhibiting
p53 or by overexpressing FOXO3, significant inhibition of the rapid
progression of adipogenic differentiation in the lower-layer BMSCs
was observed (Fig. 9p). Subsequently, cellular senescence was inves-
tigated in the later stages of adipogenesis when the majority of cells
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transitioned into mature adipocytes. When the upper layer was com-
prised of mature osteoclasts rather than BMDMs alone, the differ-
entiation of lower-layer BMSCs into adipocytes was significantly
accelerated (Fig. 9q). Concurrently, this phenomenon was accom-
panied by pronounced cellular senescence phenotypes, as evidenced
by the upregulation of γH2AX expression and significant down-
regulation of Lamin-B1 expression (Fig. 9r, s). Interference with fer-
roptosis activation in upper osteoclasts also inhibited aging and
adipogenic differentiation of the underlying cells (Fig. 9q–s). Inter-
vention in the p53-FOXO3 pathway within upper-layer osteoclasts also
modulated the differentiation of lower-layer BMSCs into mature adi-
pocytes and impeded the rapid progression of the senescent pheno-
type (Fig. 9t–v). Finally, the results of in vivo animal experiments
showed that the injection of a FOXO3-expressing virus into the joint
cavity effectively alleviated HFD-induced subchondral bone-aging-
related phenotypes and hindered the progression of rapid adipocyte
differentiation (Fig. 4p–s). In summary, this study has validated the
vicious cycle of mutual promotion between adipogenically differ-
entiated BMSCs and mature osteoclasts. Interventions targeting
osteoclast ferroptosis and the p53-FOXO3 axis in both cell types
effectively regulated this process.

Cartilage degeneration and abnormal osteoclast differentiation
can be alleviated by suppressing the release of SASP
Aging mice, as the most intuitive model, were used to study the
intervention and therapeutic potential of inhibiting the release of
SASP during the progression of aging, and to clarify the role of fer-
roptosis in this process. The loss of proteoglycans and significant
upregulation of OARSI scoreswere identified in the articular cartilage
of aging mice, as well as a protective effect of JAKi (Supplementary
Fig. 9a, b). Correspondingly, the downregulation of Col2a1 and
upregulation of Mmp13 in the articular cartilage layer of aging mice
also showed significant improvements after the JAKi treatment
(Supplementary Fig. 9c–f). Representative micro-CT images also
showed that the continuous use of JAKi improved knee joint nar-
rowing and significant osteophyte proliferation around the joints
(Supplementary Fig. 9g, h). For the subchondral bone, continuous
administration of the JAKi significantly alleviated the heightened
osteoclast differentiation induced by aging and concurrently mark-
edly suppressed the rapid progression of ferroptosis in the sub-
chondral bone (Supplementary Fig. 9i–p). This further underscores
that targeting obesity, as a distinctive form of aging or in direct aging
scenarios, inhibits SASP originating from senescent cells and can
markedly impede abnormal remodeling in the subchondral bone and
degradation of the cartilage layer.

The combined use of two genetic tools further clarified that the
regulatory effect of FOXO3 on the progression of obesity-related OA
involves multiple cells, such as chondrocytes, subchondral bone stem
cells, and osteoclasts, as well as multiple mechanisms, such as fer-
roptosis, aging, and adipogenesis

At the end of this article, we aim to further ascertain whether
the protective and reversal effects against the progression of
obesity-related OA induced by high-fat diet feeding are regulated
by FOXO3. To achieve this experimental objective, we subjected
mice to continuous HFD for one month and introduced another
common gene intervention tool, small interfering RNA, alongside
lentivirus. Firstly, the results of safranin O-fast green staining and
HE staining suggest that the cartilage degeneration induced by
continuous HFD, which was reversed by intra-articular injection
of lentivirus expressing FOXO3, reappeared with a deteriorating
trend after injection of small interfering RNA targeting FOXO3
(Supplementary Fig. 10a, b, j, k). Furthermore, through IF staining
targeting FOXO3 in the articular cartilage layer, we can confirm
that this effect is due to changes in FOXO3 levels (Supplementary
Fig. 10c, l). Subsequently, the altered expression trends of Col2a1
and Mmp13 further indicate that changes in FOXO3 levels within
articular chondrocytes can affect the ECM metabolism of obesity-
related osteoarthritic chondrocytes (Supplementary Fig. 10d, e,
m, n). Turning our attention to the subchondral bone, we con-
firmed that the intra-articular injection of lentivirus expressing
FOXO3 and small interfering RNA targeting FOXO3 successfully
achieved regulation of FOXO3 levels in the subchondral bone
marrow (Supplementary Fig. 10f, o). Moreover, this regulatory
effect is closely associated with changes in ferroptosis within the
subchondral bone marrow, suggesting that FOXO3’s inhibition of
subchondral bone remodeling and osteoclast activity relies on its
intracellular ferroptotic activity (Supplementary Fig. 10g, h, p, q).
It is evident that changes in the expression levels of the adipo-
genic marker align with alterations in FOXO3 and ferroptosis
levels (Supplementary Fig. 10i, r). In summary, these findings
allow us to outline the research framework of this article once
again, illustrating that the regulatory role of FOXO3 in obesity-
related osteoarthritis is comprehensive and multi-layered.

Discussion
OA is a complex, multifactorial disease with several distinct clinical
subtypes; of these, obesity-relatedOAdiffers because of its association
with obesity or metabolic syndrome, low-grade systemic inflamma-
tion, early onset, and rapid progression. Furthermore, those with
metabolic syndrome and obesity exhibit an increased risk of devel-
oping knee osteoarthritis when compared with those without12. How-
ever, the cartilage degradation and subchondral bone remodelingwith
obesity-related OA cannot be explained by the conventional concept
of “wear and tear“13.

The increasing prevalence of obesity-related OA necessitates a
better understanding of the intricate mechanisms through which
abnormalities in lipid metabolism led to joint damage. Oscar et al.
identified the aberrant activation of synovial inflammation in affected
joints of obesity-related OA patients19. Sung et al. revealed that during
this process, the abnormal accumulation of excessive lipid droplets

Fig. 4 | Intra-articular injection of lentiviruses expressing FOXO3 attenuates
OA lesions caused by a HFD in mice. a, b SO&FG staining (a) as well as H&E
staining (b) was performed to depict the cartilage area of joints in mice fed with a
high-fat diet after intra-articular injection of lentiviruses expressing FOXO3. Black
boxes and dashed lines indicate representative areas of joint cartilage, which were
further magnified for detailed examination. n = 6 mice per group. c The extent of
cartilage damage was assessed using the OARSI scoring system based on the
staining in (a). d, e Micro-CT (e) was conducted to assess the osteophyte volume
(top) in joints from mice fed with a high-fat diet after intra-articular injection of
lentiviruses expressing FOXO3. Osteophyte scores were quantified (d). n = 6 mice
per group. f, g Quantitative micro-CT analysis was performed on the tibial sub-
chondral bone (e), measuring trabecular bone volume per total volume (BV/TV) (f)
and trabecular thickness (Tb.Th) (g) in joints frommice fedwith anHFD after intra-
articular injection of lentiviruses expressing FOXO3.h–k, IHC staining of Col2a1 (h)

andMmp13 (j) was performed on the articular cartilage of joints frommice fedwith
an HFD after intra-articular injection of lentiviruses expressing FOXO3. The per-
centage of positive cells in the cartilage was quantified. n = 6 mice per group.
l, m TRAP staining on the tibial subchondral bone in mice fed with an HFD after
intra-articular injection of lentiviruses expressing FOXO3. The percentage of
positive cells in the subchondral bone of the cartilagewasquantified.n = 6miceper
group. n–s IF staining of TRAP (red) (n), γH2AX (red) (p), and Perilipin-1 (red) (r)
was performed on the subchondral bone of joints frommice fed with an HFD after
intra-articular injection of lentiviruses expressing FOXO3. The percentage of
positive cells in the subchondral boneof the cartilagewasquantified. n = 6mice per
group. The sham group received an injection of a lentiviral blank vector, while the
FOXO3 group received an injection of a lentivirus expressing FOXO3. Data are
represented asmean ± s.d. One-way ANOVAwas performed. All exact p-values have
been indicated in the figures. Source data are provided as a Source Data file.
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Fig. 5 | RANKL-inducedosteoclastogenesis is regulated byp53-AKT-FOXO3. a IF
staining of p53 (green) and pFOXO3 (red) was performed on the subchondral bone
of joints from mice fed with an HFD. n= 6 mice per group. Scale bar, 100 µm.
b, c Representative images of TRAP staining (b) and quantification of mature TRAP+

osteoclasts (c) were performed after culturing with PFT β (10μM),MK-2206 (10μM),
or infectionwith lentivirus expressing FOXO3, followed by treatmentwith RANKL for
6 days (n=4-6). Scale bar, 100 µm. d The mRNA expression levels of Acp5, Atp6v1h,
Ctsk, Dcstamp, Fos, and Nfatc1 in mouse osteoclasts. During the differentiation of
BMDMs into osteoclasts, a combination of the p53 inhibitor PFT β (10μM) and
treatment with RANKL for 6 days was applied. n (Control) = 3, n (PFT β) = 3. e The

mRNA expression levels of Acp5, Atp6v1h, Ctsk, Dcstamp, Fos, and Nfatc1 in mouse
osteoclasts. During the differentiation of BMDMs into osteoclasts, a combination of
the AKT inhibitor MK-2206 and treatment with RANKL (100ng/ml) for 6 days was
applied. n (Control) = 3, n (MK-2206) = 3. f The mRNA expression levels of Acp5,
Atp6v1h, Ctsk, Dcstamp, Fos, and Nfatc1 in mouse osteoclasts. n (Lv-NC) = 3, n (Lv-
FoxO3a) = 3.Mouse BMDMswere transfectedwith lentivirus expressing FOXO3or an
empty vector, followed by treatment with RANKL (100ng/ml) for 6 days. Data are
represented as mean± s.d. Two-tailed Student’s t tests was performed. All exact p-
values have been indicated in the figures. For RT-qPCR in (d–f), GAPDH was utilized
as the control. Source data are provided as a Source Data file.
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Fig. 6 | FOXO3 regulates the vicious cycle of chondrocyte-osteoclast differ-
entiation. a, A schematic diagram of an in vitro cell co-culture model. Chon-
drocytes are seeded in the upper insert, while osteoclasts derived from BMDMs are
cultured in the lower layer. Created in BioRender. Zhao, C. (2024) https://
BioRender.com/s11w531. b, c, Representative images of TRAP staining (b) and
quantification of mature TRAP+ osteoclasts (c) were performed after infection of
upper layer chondrocytes with lentivirus expressing FOXO3 (n = 5). Scale bar,

100 µm. d, e, Representative images of TRAP staining and quantification of mature
TRAP+ osteoclasts were conducted after culturing upper layer chondrocytes with
palmitate (1mM), IL-1β (10 ng/ml), TNF-α (10 ng/ml), or infection with lentivirus
expressing FOXO3 (n = 6). Scale bar, 100 µm. Data are represented as mean ± s.d.
Two-tailed Student’s t tests andone-way ANOVAwereperformed. All exact p-values
have been indicated in the figures. Source data are provided as a Source Data file.
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Fig. 7 | Concomitant cellular ferroptosis during osteoclast differentiation.
a Immunoblot detection of Fsp1, Slc7a11, and Gpx4 in mouse osteoclasts.
b, c Representative images of TRAP staining (b) and quantification of mature
TRAP+ osteoclasts (c) (n = 6). In comparison to the control group stimulated solely
with RANKL (100ng/ml), the experimental group was co-treated with the ferrop-
tosis inhibitor Fer-1 (10 μM). Scale bar, 100 µm. d–f Representative images of Fer-
roOrange staining (red) (d), lipid peroxidation staining (green) (e), and ROS images

(green) (f) are presented. The cell grouping and treatment methods were the same
as in (a). g–i Immunofluorescence staining of Gpx4 (red), Slc7a11 (red), and Fsp1
(red). The cell grouping and treatmentwere the sameas in (a). Scale bar, 25 µm.The
above experiments were repeated at least three times. Data are represented as
mean ± s.d. Two-tailed Student’s t tests wasperformed. All exactp-values have been
indicated in the figures. For western blot analyses in (a), GAPDHwas utilized as the
control. Source data are provided as a Source Data file.
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within chondrocytes can lead to their aberrant apoptosis6. These stu-
dies examined the pathogenicmechanisms of obesity-relatedOA from
different angles and have attempted to propose potential solutions.
However, to date, research specifically investigating the role of

subchondral bone marrow cells in the development of obesity-related
OA has been limited.

In this study, the joint microenvironment and degenerative
changes associated with HFD-induced obesity were investigated from
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Fig. 8 | Intra-articular injection of lentiviruses expressing FOXO3 attenuates
OA lesions and caused upregulationof ferroptosis in the subchondral bones of
obesemice. a–f IHC staining ofGpx4 (a), Slc7a11 (c), and Fsp1 (e) wasperformedon
the subchondral bone of joints from mice fed with an HFD after intra-articular
injection of lentiviruses expressing FOXO3. The percentage of positive cells in the

subchondral bone was quantified. n = 6 mice per group. Scale bar, 100 µm. The
shamgroup received an injection of lentiviral blank vector, while the FOXO3 group
received an injection of lentivirus expressing FOXO3. Data are represented as
mean ± s.d. One-way ANOVAwas performed. All exact p-values have been indicated
in the figures. Source data are provided as a Source Data file.
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three perspectives: chondrocytes within the cartilage, osteoclasts in
the subchondral bone, and mesenchymal stem cells within the bone
marrow. Numerous alterations related to the obesity process were
delineated in detail. Moreover, the significant therapeutic potential of
gene interventions targeting the p53- FOXO3 regulation of cartilage
degeneration at the cartilage level and abnormal remodeling in the
subchondral bone during obesity-induced degeneration were eluci-
dated. The exciting discovery that HFD-induced obesity is associated
with the aging of bonemarrowmesenchymal stemcells and their rapid
differentiation into adipocytes was also reported. Remarkably, the
SASP produced and released by aging adipocytes was able to promote
the abnormal remodeling of subchondral bone through the activation
of osteoclast ferroptosis. These results contribute to our under-
standing of the complex interplay between obesity, bone marrow
mesenchymal stem cells, and subchondral bone reshaping in OA.

When cells are exposed to DNA damage, p53 is rapidly activated
and translocated from the cytoplasm to the nucleus31,32. Inspired by a
recent study, we subsequently developed a deeper interest in this
discovery21. Research suggests that p53, enriched in the nucleus due to
DNA damage, can further phosphorylate AKT, forming a p53-AKT
complex in the cell nucleus. Phosphorylated AKT (p-AKT) subse-
quently phosphorylates multiple downstream effectors, including the
third member of the O subfamily of the forkhead transcription factor
(FOX) family, FOXO3. FOXO3 has been the subject of significant
research within our group, and notable progress has been made21,22,33.
Research by White et al. demonstrated that FOXO3a reduces genomic
instability in mouse embryonic fibroblasts (MEFs) treated with agents

inducing DNA double-strand breaks (DSBs), known as clastogens34.
Moreover, FOXO3 can interact with the ATM-Chk2-p53 complex,
enhancing complex phosphorylation and inducing the formation of
nuclear foci in cells uponDNAdamage35. Building upon the foundation
of these studies, further investigations were conducted using both cell
experiments and animal models to explore the role of the p53- FOXO3
complex in obesity-related OA. The preliminary results suggest that
the inhibition of either p53 or AKT could further enhance ECM
degradation and chondrocyte apoptosis. This implies that, under the
premise ofmetabolic abnormalities induced by obesity, the protective
effects of traditional AKT inhibition in chondrocyteswith conventional
arthritis may be reversed36,37. Subsequently, lentiviruses were con-
structed for the overexpression of the FOXO3 gene to further validate
that in chondrocytes, this can effectively inhibit apoptosis and ele-
vated expression of MMPs induced by a fatty acid treatment. Animal
experiments further confirmed that the overexpression of FOXO3
within the joint cavity of mice could effectively alleviate the degen-
eration of the articular cartilage promoted by HFD.

Research indicates that there is a complex interrelationship
between obesity and iron metabolism38,39. The results of this study
have revealed that, compared to the control group, the levels of anti-
ferroptosis proteins in the subchondral bones of obesity-inducedmice
were significantly downregulated. This strongly suggests that ferrop-
tosis may also be involved in regulating the abnormal remodeling
process of the subchondral bone in obesity-relatedOA. In addition, the
in vitro cell experiments indicated that during the differentiation of
BMDMs into osteoclasts, there was a significant downregulation of
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Fig. 9 | HFD-induced adipogenic differentiation of mesenchymal stem cells
promote subchondral bonemarrowosteoclast differentiation in a ferroptosis-
dependent manner. a IF staining of Perilipin-1 (red) on the subchondral bone of
joints from OA patients (n = 6). Scale bar, 100 µm. b A schematic diagram of an
in vitro cell co-culture model involving murine BMSC and osteoclasts. Created in
BioRender. Zhao, C. (2024) https://BioRender.com/s11w531. c TRAP staining. The
upper layer of stem cells was subjected to two different culture media: normal
medium and adipogenesis medium. Scale bar, 100 µm. d TRAP staining. In the last
column, ruxolitinib (10μM) was included in the adipogenesis medium. Scale bar,
100 µm. e, f Quantification of mature TRAP+ osteoclasts in (c, d) (n = 6). g, h TRAP
staining (h) and quantification of mature TRAP+ osteoclasts (g) (n = 6). Scale bar,
100 µm. In the third column, the upper layer of stem cells was supplemented with
PFT β (10μM), and in the last two columns, the upper layer of stem cells was pre-
infected with lentivirus expressing empty vector or FOXO3. i, j FerroOrange
staining (red) (i) and lipid peroxidation staining (green) (j). Scale bar, 50 µm. k–m IF
staining of Gpx4 (red), Slc7a11 (red) and Fsp1 (red). Scale bar, 50 µm. n, o Exchange

of cells in the co-culture system (o). Created in BioRender. Zhao, C. (2024) https://
BioRender.com/s11w531. The upper layer of pre-osteoclasts was subjected to nor-
mal medium, RANKL-containing medium, and RANKL + Fer-1-containing medium.
Oil Red (red) staining was used to assess the extent of adipogenic differentiation in
the lower layer of stem cells (n). Scale bar, 100 µm. p Oil Red (red) staining. The
upper layer of pre-osteoclasts was treatedwith normalmedium, RANKL-containing
medium, RANKL plus PFT β-containing medium, or cells pre-infected with lenti-
virus. Scale bar, 100 µm. q–s IF staining of Perilipin (red) (q), γH2AX (red) (r), and
Lamin-B1 (red) (s). The cell grouping and treatment methods were the same as in
(n). Scale bar, 100 µm. t–v IF staining of Perilipin (red) (t), γH2AX (red) (u) and
Lamin-B1 (red) (v). The cell grouping and treatment methods were the same as in
(p). Scale bar, 100 µm. The above experiments were repeated at least three times.
Data are represented as mean ± s.d. One-way ANOVA was performed. All exact p-
values have been indicated in the figures. Source data are provided as a Source
Data file.
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anti-ferroptosis proteins accompanied by the accumulation of lipid
peroxides, ferrous ions, and ROS. This indicates that an iron overload
occurs during OC differentiation. It was thus speculated that ferrop-
tosis may play a role in regulating this process.

Prior to addressing this issue, we first answered a question raised
in the Discussion section of a previous study, regarding whether there
is indeed an accumulation of bone marrow adipocytes with HFD-
induced obesity in mice29. During the process of skeletal ageing,
senescent cells can promote the aging of neighboring cells within the
bone by secreting SASP40,41. In these aging skeletal systems, a promi-
nent feature is the senescence of BMSCs and the consequent aug-
mentation of adipogenic differentiation. Wei et al. indicated that
mesenchymal stem cells can promote the differentiation and activity
of osteoclasts by secreting factors such as RANKL42. In addition, Leilei
et al. indicated that adipogenic differentiationof BMSCs impedes bone
formation43. Our further data also indicate that by co-culturing adi-
pogenically induced mesenchymal stem cells with pre-osteoclasts
in vitro, it is possible to effectively induce premature differentiation
and maturation of osteoclasts. During this process, there is an eleva-
tion in intracellular iron overload and ferroptosis levels within osteo-
clasts. Intervention in the activation of ferroptosis within osteoclasts
or inhibition of the release of SASP from the adipocytes can alleviate
the enhanced premature differentiation of osteoclasts. Moreover,
after exchanging the upper and lower layers of cells, mature osteo-
clasts can accelerate the differentiation of BMSCs into fully senescent
adipocytes, thereby forming a vicious cycle. During this vicious cycle,
interference with p53-FOXO3may play a regulatory role. Finally, it was
confirmed that inhibiting the release of SASP in the skeletal system
could rescue the degeneration of the cartilage layer caused by aging.
Therefore, whether it is because of the special forms of aging caused
by obesity or the direct aging conditions, multidimensional and
intercellular communication between joints should be the focus of
future studies, as disease progression should be viewed frommultiple
perspectives.

Methods
Primary cell cultures
According to a previously reported method, primary chondrocytes
were extracted from newborn mice44. The extracted primary chon-
drocytes were cultured in high-glucose DMEM (GIBCO) medium con-
taining 10% FBS and 1% penicillin/streptomycin for subsequent use.
After cell adherence, the relevant viruses were introduced, and the
success rate of infection was assessed 48 h post-transfection.

For bone marrow-derived macrophages (BMDMs), 6–8-week-old
micewere selected for experiments. After euthanasia and dissection of
the hind limbs, femurs and tibias were harvested. The bone epiphyses
at both ends were removed, and the bone marrow was flushed out
using a 1mL insulin syringe. The harvested cells were cultured either in
a 10 cm dish or transferred to a T75 flask. The culture medium com-
prised completemediumcontaining 30ng/mLM-CSF, 10% fetal bovine
serum (FBS), and penicillin-streptomycin. After two days, the cells
were observed with a microscope, and the medium changed for fresh
medium (α-MEM was chosen as the culture medium). After an addi-
tional two days, numerous mononuclear macrophages derived from
the bone marrow were visible under the microscope, indicating the
successful extraction of BMDMs. For further induction of their differ-
entiation into osteoclasts, BMDMs were trypsin-digested, plated, and
after cell adhesion, cultured for 5–6 consecutive days in α-MEM
completemedium containing 30 ng/mLM-CSF and 100ng/mL RANKL.
The observation of a significant number of ginkgo leaf-like fused cells
indicates the initiation of osteoclast fusion. If fusion did not occur by
day 8 or 9, the experiment was considered unsuccessful.

The isolation method for bone marrow mesenchymal stem cells
(BMSCs) is similar to that for BMDMs; however, the cells obtained
through isolation do not require the use ofmedium containingM-CSF.

Animals
All mice were housed under specific pathogen-free (SPF) conditions
and maintained in a controlled environment with a temperature of
23 ± 2 °C, humidity between 40% and 50%, and a consistent 12 h light/
dark cycle throughout the experiments. All C57BL/6 mice used were
male. Animals were randomly divided into different groups. For mice
subjected to a high-fat diet, male C57BL/6 J mice were fed a 60% HFD
(D12492, Research Diets, Inc.) to induce obesity. For mice undergoing
gene therapy, intra-articular injections were administered before the
commencement of the high-fat diet feeding. In the experiments
involving aged mice, the mice were 24 months old. For the ruxolitinib
(JAKi) treatment, JAKiwas dissolved in 10%DMSOand administered via
oral gavage at a dose of 60mg/kg daily for 2 months29. The body
conditions and overall appearance of the mice were monitored daily.

All animal experiments were approved by the Institutional
Research Ethics Committee of the Shanghai Ninth People’s Hospital.
For mice that required a high-fat diet, adult C57BL/6 mice aged
8–12 weeks were selected and fed a high-fat diet containing 60 kcal%
adipose for a continuous period of two months. To investigate whe-
ther a high-fat diet would accelerate the progression of pre-existing
arthritis, medial meniscus destabilization (DMM) surgery was per-
formed as previously described45,46. Briefly, mice were anesthetized,
and their medial joint capsules were incised to expose the medial
meniscotibial ligament (MMTL). The MMTL was severed using micro-
surgical scissors to release the ligaments attached to the tibial plateau,
thereby destabilizing the medial meniscus. After the surgery, the
incision was closed using sutures and disinfected. A sham operation
was performed in the control animals in parallel by incising the medial
knee joint capsule. For mice requiring gene therapy, lentiviruses
expressing FOXO3 were intra-articularly injected.

The aged mice were randomly assigned to experimental groups
for the relevant therapeutic experiments. Ruxolitinib (JAKi) was dis-
solved in 10% DMSO and administered via oral gavage at a dose of
60mg/kg daily for twomonths until euthanasia. Youngmale C57BL/6 J
mice aged 6–8 weeks were used as the controls.

Human pathology
Human knee joint samples were obtained from the discarded joints of
patients whounderwent knee replacement therapy for severe arthritis.
All patients included in the article had a BMI index exceeding 28,
indicating obesity. Histological staining was used to assess the condi-
tions of both relatively intact and severely damaged areas of the
articular cartilage layer. Immunofluorescence experiments were con-
ducted to determine p53 expression levels in the cartilage and sub-
chondral bones. Each participant gave written informed consent.
Ethics approved by The Institutional Research EthicsCommittee of the
Shanghai Ninth People’s Hospital (SH9H-2024-TK349-1).

Histology, immunohistochemistry, and immunofluorescence
The knee joints of mice were fixed in 4% paraformaldehyde, dec-
alcified, dehydrated, and embedded in paraffin. Serial sections were
cut and stained with Safranin O and Fast Green (SO&FG), and Hema-
toxylin and Eosin (H&E) for morphological analysis according to the
manufacturer’s instructions. TRAP staining was used to analyze the
degree of osteoclast differentiation in subchondral bone. For IF
staining, the sections were permeabilized with 0.5% Triton X-100,
blocked with 5% BSA for 1 h, and then incubated with primary anti-
bodies overnight at 4 °C. On the second day, after washing three times,
the sections were incubated with goat anti-rabbit IgG H&L (Alexa
Fluor® 555; Abcam) or goat anti-mouse IgG H&L (Alexa Fluor® 488;
Abcam) secondary antibodies (diluted 1:200) for 1 h. For immunohis-
tochemistry, sections were deparaffinized in xylene, followed by
hydration with graded ethanol. Subsequently, the sections were trea-
tedwith 3%H2O2 and 5% bovine serum albumin (BSA) at and incubated
overnight with specific antibodies. Afterward, a secondary antibody
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conjugated with horseradish peroxidase (HRP) was applied to the
sections, followed by staining with 3,3’-diaminobenzidine (DAB;
Sigma-Aldrich)47. Histological scoring and quantitative IF staining
analyses were performed in a double-blinded manner. The Osteoar-
thritis Research Society International (OARSI) score was based on the
SO&FG staining of each sample48. The antibodies used in this study are
listed in the Supplementary Table. 1.

Radiographic analysis
Digital X-ray imaging of the right lower limb was conducted following
the manufacturer’s guidelines49, employing a 21 lp/mm detector in the
anteroposterior axis. The detector provided up to 5 × geometric
magnification (Faxitron VersaVision; Faxitron Bioptics LLC, Tuc-
son, AZ, USA).

Micro-computed tomography (micro-CT)
The knee joints of the mice were dissected so that they were free from
soft tissue, then fixed them overnight in 70% ethanol and analyzed
using by high-resolution μCT (Skyscan1275, Bruker micro-CT, Kontich,
Belgium). The scanner was set to a voltage of 50 kVp and a current of
200 µA, with a resolution of 5.7 µm per pixel. Sagittal images of the
tibial subchondral bone were used for three-dimensional morpho-
metric analysis. We defined a region of interest covering the entire
subchondral bone compartment and used a total of five consecutive
images from the medial tibial plateau for three-dimensional recon-
struction and analysis.

The three-dimensional model visualization software CTVol was
utilized for the analysis of trabecular bone parameters in the epiphysis
as well as for the overall reconstruction of the knee joint.

Lentivirus production
HEK293T cells were seeded in 10 cm culture dishes to achieve 85-90%
confluency at the time of transfection. Lipofectamine 3000 was used
for co-transfection of the transfer plasmid psPAX2 and pDM2.G
packaging plasmids. In brief, 9 μg of transfer plasmid, 6μg of psPAX2,
3μg of pDM2.G, and 36μl of p3000 reagent were added to 1.5ml of
serum-free MEM medium. 23μl of Lipofectamine 3000 reagent was
diluted in 1.5mlof serum-freeMEMmedium.Subsequently, thediluted
plasmids weremixed with Lipofectamine 3000 and incubated at 24 °C
for 15min. After the incubation, 3ml of culture mediumwas removed,
and 3ml of transfection mixture was added. The transfectionmedium
was refreshed 6 hours later. The viral supernatant was harvested 24
and 48 h post-transfection. After ultracentrifugation at low tempera-
ture (12,000 rpm), the virus was dissolved in 100ml of PBS, aliquoted,
and stored at − 80 °C50.

RNA interference (RNAi)
Negative control and FOXO3 siRNAs were purchased from Genome-
ditech (Shanghai, China). Plasmid and siRNA transfections were per-
formed using Lipofectamine 3000 (Thermo Fisher Scientific),
according to the manufacturer’s instructions.

Cell counting kit-8 (CCK-8) cell proliferation assay
For the cell proliferation assay, cells were infected with lentivirus,
seeded onto 96-well plates at a density of 1 × 104 cells/well, and incu-
bated for 24 h. Subsequently, the cells were treated with different
chemical reagents. At the designated endpoint, cell proliferation was
assessed using the CCK-8 assay (C0037; Beyotime). Absorbance at
450nm (mean optical density) was measured using an Infinite M200
Pro multimode microplate reader (Tecan Group Ltd., Männedorf,
Switzerland).

Annexin V-FITC apoptosis detection
Apoptosis was detected according to the manufacturer’s instructions
(C1062S; Beyotime). After inducing apoptosis, the cell culturemedium

was aspirated, and the cells were washed once with PBS. Then, 195μL
of Annexin V-FITC binding solution was added, along with 5μL of
Annexin V-FITC, and gently mixed. Subsequently, 10μL of propidium
iodide staining solution was added and gently mixed. The samples
were then incubated in the dark at room temperature (20–25 °C) for
10–20min, followed by placement on ice. Light avoidance can be
achieved using aluminum foil. Finally, cells were observed under a
fluorescence microscope (Leica DMi8).

Cell high-density culture and Alcian blue staining
To evaluate chondrogenic differentiation, 1.5 × 105 chondrocytes were
suspended in 10μL of incomplete DMEM (GIBCO) and seeded as
micromasses at the bottomof a 24-well plate. The cells were allowed to
adhere for 1 h at 37 °C, following which 0.5mL of DMEM containing
10 ng/mL ITS and 2% FBSwas added.Media were refreshed every other
day, and after 14 d, the micromasses were stained with Alcian blue for
24 h at room temperature (RT).

Western blot
Cultured cells were lysed using RIPA lysis buffer supplemented with
phosphatase and protease inhibitors. Total protein was quantified
using the bicinchoninic acid assay (Thermo Fisher Scientific). Equal
amounts of extracted protein (20–30μg) were then separated using
12% or 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto 0.22-μm PVDF membranes (MilliporeSigma,
Burlington, MA, USA). The membranes were blocked with 5% BSA-PBS
(Beyotime Biotechnology) at room temperature (RT = 25 °C) for 1 h,
followed by overnight incubation with primary antibodies at 4 °C. The
following day, the membranes were washed with Tris-buffered saline
(TBS)−0.1% Tween 20 (TBST) and subsequently incubatedwith an anti-
rabbit IgG (H+ L) secondary antibody (cat. no. 5151; DyLight™ 800 4X
PEGConjugate; Cell Signaling Technology; 1:10000) for 1 h at RT in the
dark. After washing with TBST, the protein immunoreactivity was
detected using an Odyssey Fluorescence Imaging system (LI-COR
Biosciences, Lincoln, NE, USA).

Reverse-transcriptase quantitative PCR (RT–qPCR)
Total RNA was isolated from cultured cells using the TRIzol® reagent
(Thermo Fisher Scientific, USA) following the manufacturer’s instruc-
tions. Complementary DNA (cDNA) was synthesized by reverse tran-
scription using TaKaRa reverse transcription reagents (TaKaRa Bio
Inc., Kusatsu, Shiga, Japan), and RT-qPCR was conducted using Real-
Time PCR Mix (TaKaRa Bio Inc.). The expression levels of target genes
were determined utilizing the 2-ΔΔCq method51, with GAPDH serving as
the internal reference control. The primers used were listed in Sup-
plementary Table. 2.

Senescence β-Galactosidase Staining
For cells cultured in 6-well plates, the culture medium was aspirated,
the cells rinsed once with PBS, and then 1mL of β-galactosidase
staining fixative added (C0602, Beyotime). The mixture was then
incubated at room temperature for 15min. The volume of the fixative
and subsequent solutions was adjusted proportionally to the other
types of culture plates. The fixative was removed, and the cells were
washed three times with PBS for 3min each. After the final PBS wash,
1mL of the staining working solution was added to each well. Working
solutions were prepared according to the formula provided in the
reagent kit. Cells where then incubate at 37 °C overnight and observed
under a standard optical microscope.

Tartrate-resistant acid phosphatase (TRAP) staining assay
BMDMs were plated in 96-well plates at a density of 1 × 104 cells per
well and cultured with M-CSF (30 ng/mL) and RANKL (100ng/mL),
either in the presence of external chemical stimuli or after pre-
infection with a FOXO3-expressing lentivirus. The culturemediumwas

Article https://doi.org/10.1038/s41467-025-59883-z

Nature Communications |         (2025) 16:4532 15

www.nature.com/naturecommunications


renewed every 2 days until osteoclast (OCs) formation was observed
on day 5. Following a 20min fixation with 4% paraformaldehyde (PFA),
cellswere stainedwithTRAP staining solution at 37 °C for 1 h.OCswere
identified as TRAP-positive cells with more than three nuclei. Images
were captured using an optical microscope (Olympus). The OC num-
ber and area were then quantified using ImageJ software (NIH,
Bethesda, MD, USA).

Cell co-culture and TRAP staining
Adual co-culture assay andTRAP stainingwere conducted to study the
osteoclasts. Preosteoclasts derived from murine bone marrow mac-
rophages (1 × 105 cells/well) were directly seeded into the wells of 12-
well co-culture plates, while chondrocytes (5 × 104 cells/well) were
seeded into Transwell® cell culture inserts (Costar) within the co-
culture plates. The following day, chondrocytes adhered to the
membrane surface of the inserts, and various stimuli, such as chemical
agents, inflammatory cytokines, or viruses, were added to the top of
the chondrocyte layer. The upper co-culture assays were conducted in
DMEM/high-glucosemedium supplemented with 10% FBS, with media
changes occurring every 2 days. The lower chambers were maintained
using α-MEM complete medium, supplemented with M-CSF (30 ng/
mL) and RANKL (100ng/mL). On day 4, TRAP staining of osteoclasts
wasperformed, andTRAP-positivemultinucleated cellswere identified
as mature osteoclasts and quantified.

FerroOrange staining
Pre-cultured osteoclasts were seeded in a fluorescent culture dish and
incubated overnight at 37 °C with 5% CO2. The following day, the cells
were washed three times with serum-free medium and treated with a
solution containing drugs, recombinant proteins, or lentiviruses. The
cells were then incubated at 37 °C with 5% CO2. FerroOrange working
solution (1μmol/L; DOJINDO) was added to the cells and incubated at
37 °C with 5% CO2. The cells were then observed under a fluorescence
microscope without washing.

Lipid peroxidation detection
Osteoclasts were seeded into specific culture dishes or well plates.
After removing the supernatant, cells were washed once with a serum-
free medium. Then, an appropriate amount of Liperfluo (1mM;
DOJINDO) working solution was added and the cells were incubated at
37 °C for 30min. After removing the supernatant, the cells were
washed twice with a serum-free medium. Finally, cells were observed
under a fluorescence microscope.

Intracellular reactive oxygen species (ROS) detection
The intracellular ROS content was measured using DCFH-DA and
confocal scanning microscopy. DCFH-DA was diluted 1:1000 with
serum-free medium to a final concentration of 10μM/L. After remov-
ing the culture medium, an appropriate volume of the diluted DCFH-
DAwas added to each wells. The volume added was sufficient to cover
the cells. The cells were then incubated at 37 °C for 20min in a cell
culture incubator. After incubation, the cells were washed thrice with
serum-free medium to remove any unincorporated DCFH-DA. For
sampleswith in situ-loaded probes, a laser confocalmicroscope can be
used for direct observation.

Adipogenic induction of BMSCs and co-culture with osteoclasts
BMSCs were isolated using the same method as was used for the
BMDMs. Freshly isolated single-cell suspensions were plated at a
density of 5 × 105 cells in 10 cm plates using BMSCs growth media (α-
MEM supplemented with 10% FBS, 100μ·mL−1 penicillin, 100μg·mL−1

streptomycin). Cells were allowed to proliferate for 3 days prior to
aspirating the supernatant, rinsing with PBS three times, and changing
the medium three times per week for 2 weeks. Upon reaching 80%
confluence as observed under amicroscope, the cells were trypsinized

and seeded either on the upper or lower layer of a cell co-culture plate,
as required, for the osteoclast co-cultures.

For adipogenic differentiation, BMSCs were cultured in adipo-
genic media (mesenchymal stem cell adipogenic differentiation and
staining kit, Meilunbio) for a specified number of days, with medium
changes three times a week.

Oil Red O
After induction of adipogenic differentiation, the supernatant was
discarded, each well was washed with PBS 2–3 times, and 2mL of 4%
paraformaldehyde solution was added to each well for 30min to
allow for fixation. Next, the Oil Red O staining working solution was
prepared by mixing saturated Oil Red O dye with distilled water in a
3:2 ratio, stirring well, and filtering through neutral filter paper. The
4% paraformaldehyde was removed, washed with PBS 2 times, and
1mL of Oil Red O staining working solution was added per well for
staining, with a staining time of 30min. The Oil Red O staining
working solution was removed, and the cells were washed with PBS
2–3 times. Then 1mL of PBS was added per well, and the lipid-
staining effects observed under an inverted microscope. Cells
undergoing adipogenic differentiation exhibited orange-to-red lipid
droplets, demonstrating the typical characteristics of adipogenic
differentiation.

Statistical analysis
Statistical analysis of all data was conducted using GraphPad Prism
software (version 8.0). The results are presented as the mean ± s.d.
Comparisons between two groups were performed using an unpaired
two-sided Student’s t test (p <0.05 was deemed significant). One- or
two-way analysis of variance was used for comparisons involving
multiple conditions. Specific values of n are provided in the figure
legends.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available in the article
and Supplementary Information files. Source data are provided in
this paper.
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