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A B S T R A C T

Background: Ferroptosis is a nonapoptotic cell death process that is characterized by lipid peroxidation and
intracellular iron accumulation. As osteoarthritis (OA) progresses, inflammation or iron overload induces fer-
roptosis of chondrocytes. However, the genes that play a vital role in this process are still poorly studied.
Methods: Ferroptosis was elicited in the ATDC5 chondrocyte cell line and primary chondrocytes by administration
of the proinflammatory cytokines, interleukin (IL)-1β and tumor necrosis factor (TNF)-α, which play key roles in
OA. The effect of FOXO3 expression on apoptosis, extracellular matrix (ECM) metabolism, and ferroptosis in
ATDC5 cells and primary chondrocytes was verified by western blot, Immunohistochemistry (IMHC), immuno-
fluorescence (IF) and measuring Malondialdehyde (MDA) and Glutathione (GSH) levels. The signal cascades that
modulated FOXO3-mediated ferroptosis were identified by using chemical agonists/antagonists and lentivirus. In
vivo experiments were performed following destabilization of medial meniscus surgery on 8-week-old C57BL/6
mice and included micro-computed tomography measurements.
Results: In vitro administration of IL-1β and TNF-α, to ATDC5 cells or primary chondrocytes induced ferroptosis. In
addition, the ferroptosis agonist, erastin, and the ferroptosis inhibitor, ferrostatin-1, downregulated or upregu-
lated the protein expression of forkhead box O3 (FOXO3), respectively. This, suggested, for the first time, that
FOXO3 may regulate ferroptosis in articular cartilage. Our results further suggested that FOXO3 regulated ECM
metabolism via the ferroptosis mechanism in ATDC5 cells and primary chondrocytes. Moreover, a role for the NF-
κB/mitogen-activated protein kinase (MAPK) signaling cascade in regulating FOXO3 and ferroptosis was
demonstrated. In vivo experiments confirmed the rescue effect of intra-articular injection of a FOXO3-
overexpressing lentivirus against erastin-aggravated OA.
Conclusions: The results of our study show that the activation of ferroptosis promotes chondrocyte death and
disrupts the ECM both in vivo and in vitro. In addition, FOXO3 can reduce OA progression by inhibiting fer-
roptosis through the NF-κB/MAPK signaling pathway.
The Translational potential of this article: This study highlights the important role of chondrocyte ferroptosis
regulated by FOXO3 through the NF-κB/MAPK signaling in the progression of OA. The inhibition of chondrocyte
ferroptosis by activating FOXO3 is expected to be a new target for the treatment of OA.
ial meniscus; ECM, extracellular matrix; Fer-1, ferrostatin-1; FOXO3, forkhead box O3; GSH, glutathione; GPX4,
sin; IF, immunofluorescence; IHC, immunohistochemistry; IL-1β, interleukin 1β; MAPK, mitogen-activated protein
search Society International; RIPA, radioimmunoprecipitation assay; ROS, reactive oxygen species.
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1. Introduction

Osteoarthritis (OA) is the most common musculoskeletal disease and
is associated with extremely high rates of disability and a reduced quality
of life in the older population [1,2]. Currently, there is no effective
treatment for OA, except for total knee replacement in patients with
advanced OA. Furthermore, the treatment of early OA is mainly limited
to relieving pain and reducing joint wear [3–6]. Elucidating the patho-
genesis of OA and identifying of new target molecules involved in the
pathophysiological process of OA are essential to the prevention and
treatment of this disease.

Abnormal death of chondrocytes in the articular cartilage during the
development of OA plays an important role in OA progression [7]. Fer-
roptosis is a nonapoptotic mode of cell death that involves
iron-dependent massive lipid peroxidation-mediated membrane damage
[8]. Ferroptosis was first reported by Dixon et al. [9] and is inextricably
linked to many diseases, including leukemia, pancreatic cancer, liver
fibrosis, and OA [10–13].

Recent studies have demonstrated that ferroptosis plays a role in the
occurrence and development of OA, and can promote its progression
[13]. Although OA and ferroptosis share certain features, such as
abnormal iron metabolism [14,15], lipid peroxidation [16,17], and
mitochondrial dysfunction [18], research on the genes involved in
regulating of OA through the mechanism of ferroptosis is scarce. Because
the role of glutathione peroxidase 4 (GPX4), an important marker of
ferroptosis, has been sufficiently studied in chondrocytes, the research
focus can be shifted to molecular targets with the potential to regulate
ferroptosis in OA [10,19–21].

In this study, we determined the upregulation of ferroptosis markers
in an IL-1β/TNF-α-driven inflammatory environment, and the role of
ferroptosis in the pathological process of OA, using in vitro cells and in
vivo animal experiments. The results suggested that forkhead box O3
(FOXO3) was involved in regulating of ferroptosis, that was stimulated
by IL-1β and by the ferroptosis agonist, erastin, in OA. Intra-articular
injection of a FOXO3-overexpressing lentivirus effectively alleviated
the exacerbation of OA caused by a low dose erastin. These findings
suggest a mechanism by which FOXO3 regulates ferroptosis resistance
and demonstrate the therapeutic potential of ferroptosis-based therapies
targeting aberrant chondrocyte death in OA.

2. Materials and methods

2.1. Reagents

A recombinant mouse IL-1β (C600124) and TNF-α (C600052) were
purchased from Sangon Biotech (Shanghai, China). Erastin (S7242) and
ferrostatin-1 (Fer-1; S7243) were purchased from Selleck (Houston,
USA). DCFH-DA (S0033) was purchased from Beyotime (Shanghai,
China). The Liperfluo staining reagent (L248) and FerroOrange (F374)
were purchased from Dojindo (Shanghai, China).

2.2. Animal experiments

All animal experiments were approved by the Animal Ethics Com-
mittee of the Shanghai Ninth People's Hospital. 20 eight-week-old male
C57BL/6J mice were purchased from the Shanghai Laboratory Animal
Research Center (Shanghai, China) and bred in strict accordance with the
rules of laboratory animal feeding. Destabilization of the medial
meniscus (DMM) surgery was performed on the right knee joint of 8-
week-old male C57BL/6J mice to induce OA by dissecting the medial
meniscus ligament [22,23]. The sham group was surgically treated as
described above, but without the dissection of the medial meniscal lig-
ament. On the following day, the ferroptosis agonist erastin and/or a
FOXO3-encoding lentivirus (1 � 1010 virus particles/10 μL) were injec-
ted intra-articularly to test whether FOXO3 overexpression in mouse
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cartilage tissue preserved cartilage integrity in the erastin-treated OA
model (10 μl per joint per mice two times a week for 8 weeks). At week 8,
the mice were euthanized, and the joints were collected for histological
assessment (n ¼ 5 per group).

2.3. Micro-CT analysis

Before decalcification of knee specimens, high-resolution micro-CT
scanning of the low extremities was performed using a Scanco μCT80
system (Scanco Medical, Brüttisellen, Switzerland).

2.4. Histological staining

Lower limb samples were embedded in paraffin and sectioned (5-μm
thickness). For histological assessment, the paraffin-embedded tissue
sections were stained with safranin O-fast green and hematoxylin and
eosin (H&E), in accordance with the manufacturer's instructions (Serv-
icebio). The Osteoarthritis Research Society International (OARSI) score
was based on safranin O-fast green staining in each specimen [24].

2.5. Immunohistochemistry (IHC) and immunofluorescence (IF)

Mouse cartilage tissue sections were fixed in 10% formalin for 7 days.
After fixation, formalin-fixed specimens were embedded in paraffin. IHC
or IF staining was performed with antibodies against GPX4 (Abcam,
ab125066; dilution 1:100), collagen II (Abcam, ab34712; dilution
1:100), and FOXO3 (Cell Signaling Technology, D19A7; dilution 1:100).

2.6. TUNEL staining assay

The chondrocyte death in cartilage tissue was assessed using the
TUNEL apoptosis assay kit (Beyotime), according to the manufacturer's
protocol. Cartilage specimens or cells were briefly fixed with 4% para-
formaldehyde, then embedded in paraffin, and sectioned at 5 μm. The
sections were then deparaffinized with xylene and ethanol, and the cells
were rehydrated with proteinase K. After being washed three times with
PBS, the sections were incubated with a TUNEL reaction mixture for 2 h
at 37 �C in a moist chamber. Nuclei were stained with DAPI. Images were
acquired using a Leica DM4000 B epifluorescence microscope (Leica
Microsystems GmbH).

2.7. ATDC5 cell culture

The chondrogenic cell line, ATDC5, was purchased from the Chinese
Academy of Sciences and maintained in DMEM supplemented with 10%
FBS and 1% penicillin–streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) at 37 �C with 5% CO2. Before further experimental processing, the
ATDC5 cells were treated with ITS for 14 days. The commercial ITS
(Sigma–Aldrich) containing 1.0 mg/ml recombinant insulin, 0.55 mg/ml
transferrin, and 0.5 μg/ml sodium selenite at a 100 � concentration.
Additionally, 10 ng/mL Transforming growth factor-beta 1 (TGF-β1) was
added to the ITS before induction medium was added to the cell culture
dish.

2.8. ATDC5 cell treatment

In order to explore the effect of inflammatory cytokines on the fer-
roptosis of ATDC5 cells, the cells were treated with IL-1β (10 ng/ml) and
TNF-α (10 ng/ml) for 24 h. In order to study whether the activation or
inhibition of ferroptosis was successful and the effect on the expression of
target genes, using different concentrations of ferroptosis agonist erastin
(0, 5, 10, and 20 μM) or ferroptosis inhibitor Fer-1 (0, 1, 5, and 10 μM) to
treat ATDC5 cells for 24 h. In the functional study of FOXO3 in vitro, the
ATDC5 chondrocytes were pre-exposed to lenti-FOXO3 or shRNA tar-
geting FOXO3 (sh-FOXO3) followed by treatment with IL-1β (10 ng/ml)
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for 24 h. To assess the involvement of ferroptosis in FOXO3-mediated
OA, ATDC5 chondrocytes were pretreated with sh-FOXO3, erastin (10
μM) and Fer-1 (20 μM) for 24 h.

2.9. Isolation and culture of primary chondrocytes

One-week-old C57BL/6 mice were euthanized for primary chon-
drocyte extraction. With the help of a microscope, the cartilage of the
knee joint of the lower limb of the mouse was carefully peeled off under
aseptic conditions, then shredded, put into type II collagenase, and
incubated in a 37 �C incubator for 6h. Then, the digested cartilages were
resuspended and inoculated in DMEM/F12 with 10% fetal bovine serum
(FBS), as well as 1% streptomycin/penicillin antibiotics. The incubator
was maintained at a humidified atmosphere and 5% CO2 at 37 �C.
Thereafter, the medium was replaced every 1 or 2 days. When cells grew
to 70%–80% density, they were digested with 0.25% EDTA, and then,
transferred onto T75 at a certain density. In the P0 to P4 passage, there
was no significant change in cell morphology, hence, it can be used in cell
experiments. Therefore, it can be used in cell experiments.

2.10. Lentivirus transfection

Lenti-FOXO3, Lenti-sh-FOXO3, and Lenti-NC were purchased from
OBiO (Shanghai, China). Expression construct of mouse FOXO3 was
subcloned into pLenti-EF1-EGFP-P2A-Puro-CMV-3xFLAG-WPRE vector.
Cells were transduced at 30–50% confluency. After 12 h, more than 95%
of the cells were successfully transduced. The medium was changed, and
the cells were passaged after 2 days. The transduction efficiency was
assessed using Western blotting.

2.11. High-density culture

To assess chondrogenic differentiation, 1.5 � 105 ATDC5 or primary
chondrocytes were resuspended in 10 μL of incomplete DMEM (Gibco;
Thermo Fisher Scientific, Inc.) and seeded as micromasses at the bottom
of a 24-well plate. The cells were allowed to adhere for 1 h at 37 �C, after
which 1ml of DMEM containing 10 ng/ml ITS and 2% FBSwas added. All
media were replenished every other day, and after 14 days, the micro-
masses were stained with alcian blue for 24 h. Digital images were
captured under a light microscope at a 7.8 � magnification (Leica
DM4000B; Leica Microsystems GmbH).

2.12. CCK-8 assay

A CCK-8 assay kit (Sigma–Aldrich) was used according to the man-
ufacturer's instructions to evaluate cell viability. ATDC5 cells were briefly
treated either with IL-1β (10 ng/ml) or erastin (10 μM), for 24 h, and the
culture medium was replaced with a CCK-8 working solution containing
a 10% CCK-8 reagent. The cells were cultured at 37 �C for 1 h. The
absorbance (450 nm) of each well was measured using a microplate
reader.

2.13. Malondialdehyde (MDA) measurement

Cellular MDA concentrations were determined using the lipid per-
oxidation MDA assay kit (S0131S, Beyotime) as per the manufacturers’
instructions. After the treatments, ATDC5 cells were harvested and lysed
with a radioimmunoprecipitation assay (RIPA) lysis solution. The cell
lysate was centrifuged at 12,000�g for 5 min, and the supernatant was
collected for subsequent experiments.

2.14. Glutathione (GSH) measurement

Cellular GSH levels were assessed using the GSH ratio detection assay
kit (S0053, Beyotime), following the manufacturer's instructions. The
GSH assay mix was added to whole-cell lysates, and the mixture was
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incubated in the dark for 60 min. Fluorescence was monitored at wave-
lengths of 490 and 520 nm, and the GSH level was calculated from a
standard curve.

2.15. Intracellular reactive oxygen species (ROS) detection

The intracellular ROS content was measured by confocal scanning
microscopy using DCFH-DA. Cells were seeded in six-well plates and
stimulated with IL-1β (10 ng/ml), erastin (10 μM), or Fer-1 (10 μM) for
24 h, followed by staining with 10 mM DCFH-DA at 37 �C for 30 min.
Finally, the stained cells were observed under a confocal scanning mi-
croscope (Leica DM4000 B).

2.16. Lipid peroxidation detection

The degree of intracellular lipid peroxidation was determined using
Liperfluo staining. ATDC5 chondrocytes were seeded in six-well plates
and stimulated with IL-1β (10 ng/ml), erastin (10 μM), or Fer-1 (10 μM)
for 24 h, followed by staining with Liperfluo (1 mM) for 30 min at 37 �C.
Immediately after washing with PBS, the cells were observed under a
fluorescence microscope (Leica DM4000 B). The fluorescence intensity in
the FITC channel was monitored.

2.17. FerroOrange staining

The FerroOrange probe was used to detect intracellular Fe2þ. After
treatments with IL-1β (10 ng/ml), erastin (10 μM), or Fer-1 (10 μM) for
24 h, the ATDC5 cells were washed with PBS and treated with a Fer-
roOrange working solution (1 μmol L�1) for 30 min. Finally, the stained
cells were observed under a confocal scanning microscope (Leica
DM4000 B).

2.18. Western blot analysis

Cultured cells were lysed using RIPA buffer supplemented with
phosphatase and protease inhibitors (Roche Diagnostics). The protein
was quantified using the BCA assay (Thermo Fisher Scientific, Inc.), and
then equal quantities of extracted proteins (20–30 μg) were separated by
14–20% SDS-PAGE and electroblotted onto 0.22-μm PVDF membranes
(Millipore, Sigma). Membranes were blocked with 5% BSA-PBS (Beyo-
time Institute of Biotechnology) for 1 h and then incubated with primary
antibodies against collagen II (Abcam, ab34712; dilution 1:1000), GPX4
(Abcam, ab125066; dilution 1:1000), SLC7A11 (Abcam, ab175186;
dilution 1:1000), MMP13 (Abcam, ab39012; dilution 1:1000),
ADAMTS5 (Abcam, ab41037; dilution 1:1000), BAX (Cell Signaling
Technology, D2E11; dilution 1:1000), BCL-2 (Cell Signaling Technology,
#15071; dilution 1:1000), cleaved PARP (Cell Signaling Technology,
D64E10; dilution 1:1000), cleaved caspase-3 (Cell Signaling Technology,
Asp175; dilution 1:1000), NF-κB pathway antibody sampler kit (Cell
Signaling Technology, 9936T; dilution 1:1000), and mitogen-activated
protein kinase (MAPK) family antibody sampler kit (Cell Signaling
Technology, 9926T; dilution 1:1000). Thereafter, the membranes were
washed with TBS–0.1% Tween 20 (TBST) and subsequently incubated
with an anti-rabbit IgG (H þ L) secondary antibody (cat. no. 5151;
DyLight™ 800 4X PEG conjugate; Cell Signaling Technology, 1:5000) for
1 h in the dark. After the membranes were washed with TBST, protein
immunoreactivity was detected using an Odyssey fluorescence imaging
system (LI-COR Biosciences). Semiquantitative analysis of the intensity
of protein bands was conducted using the ImageJ V1.8.0 software (Na-
tional Institutes of Health), and the results were normalized to the in-
tensity of the internal loading control, β-actin.

2.19. IF staining in cells

ATDC5 cells were fixed with cold 4% paraformaldehyde for 20 min,
treated with 0.5% Triton X-100 for 5 min, blocked with 10% goat serum
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at room temperature for 60 min, and finally incubated with primary
antibodies against collagen II (Abcam, ab34712; dilution 1:50) and GPX4
(Abcam, ab125066; dilution 1:100) at 4 �C for 16 h. On the following
day, the slides were washed with PBS and incubated with a recombinant
Alexa Fluor® 555 anti-M6PR antibody (Abcam ab203438) for 50 min in
the dark. Subsequently, the slides were washed with PBS and incubated
with a DAPI solution (Sigma–Aldrich, Merck KGaA) for 5 min in the dark
to stain the cell nuclei. After a final wash with PBS, the samples were air-
dried and sealed with anti-fluorescence quenching tablets. Digital fluo-
rescence images were captured using a Leica DM4000 B epifluorescence
microscope (Leica Microsystems GmbH) at 10 � and 20 � magnifica-
tions, and IOD measurements were obtained using the Image Pro Plus
software (version 6.0; Media Cybernetics, Inc.).
2.20. Statistical analysis

All data are presented as the mean � SD values. The GraphPad Prism
software (version 9.0; GraphPad Software, San Diego, CA, USA) was used
for statistical analysis. The Student's t-test was used for comparisons
between two groups, and one- or two-way ANOVA with Sidak's multiple
comparisons test was used for comparisons amongmore than two groups.
Statistical significance was set at P < 0.05.

3. Results

3.1. IL-1β and TNF-α induce ferroptosis-related changes in ATDC5
chondrocytes

We first tested the levels of GSH, which is critical for the prevention of
ferroptosis [25], and found that GSH levels were reduced in ATDC5
chondrocytes in response to IL-1β and TNF-α treatment (Fig. 1A). In
addition, the levels of MDA, a by-product of lipid peroxidation, were
reduced in the inflammatory microenvironment induced by IL-1β and
TNF-α (Fig. 1B). GPX4, the key regulator of ferroptosis, is a lipid
hydroperoxidase that decelerates lipid peroxidation [26]. Therefore, we
examined GPX4 levels by Western blotting to detect changes in ferrop-
tosis at the protein level in the inflammatory microenvironment. The
results showed that GPX4 was significantly downregulated in ATDC5
cells after IL-1β or TNF-α treatment (Fig. 1C and D). SLC7A11 was
selected as another marker of ferroptosis, and changes in its levels in the
inflammatory microenvironment were consistent with those of GPX4
(Fig. 1C and D). Results from immunofluorescence also indicated that
lipid peroxides could also be accumulated by IL-1β or TNF-α treatment
(Fig. 1E and F). These results confirmed an increase in ferroptosis in
ATDC5 chondrocytes in an in vitro inflammatory environment.
3.2. FOXO3 is associated with ferroptosis in ATDC5 chondrocytes

As FOXO3 plays a critical role in regulating oxidative stress and
autophagy [27,28], we explored the effects of the ferroptosis inducer
erastin and the ferroptosis inhibitor Fer-1 on FOXO3 protein expression
to determine whether FOXO3 plays a pivotal regulatory role during
ferroptosis. Our results showed that the levels of ferroptosis markers such
as GPX4 and SLC7A11 were downregulated in ATDC5 cells treated with
erastin, as the concentration of erastin increased. The trend of the
changes in the FOXO3 levels was consistent with that of the ferroptosis
markers, and the downregulation of FOXO3, compared with its expres-
sion level in the control group, was the most significant at 20 μM erastin
(Fig. 1G and H). In the experimental group treated with Fer-1, the
changes in the levels of the FOXO3 protein and the ferroptosis markers
exhibited opposite trends (Fig. 1I and J). These results strongly suggest
that FOXO3 plays a role in chondrocyte ferroptosis and prompted us to
explore FOXO3-regulated ferroptosis in OA.
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3.3. FOXO3 regulates the extracellular matrix (ECM) metabolism and
apoptosis in ATDC5 chondrocytes

The degradation of the ECM and the apoptosis of chondrocytes are
important features in the development of OA. Therefore, we explored the
levels of ECM-related proteins (collagen II, ADAMTS5, and MMP13) and
apoptosis-related proteins (BAX, cleaved caspase-3, BCL-2, and cleaved
PARP) using Western blotting. Lenti-FOXO3 (lv-FOXO3) and Lenti-sh-
FOXO3 (sh-FOXO3) were used for FOXO3 overexpression and knock-
down in ATDC5 chondrocytes, respectively.

First, we transfected cells with the sh-FOXO3 construct and demon-
strated successful FOXO3 knockdown by Western blotting (Fig. 2A and
B). Next, we verified the effect of FOXO3 knockdown on the chondro-
genic ability of ATDC5 chondrocytes using high-density cell culture and
alcian blue staining. The results showed that FOXO3 knockdown atten-
uated the chondrogenic ability of ATDC5 cells (Fig. 2C, Fig. S1), while
ADAMTS5 and MMP13 expressions increased and that of collagen II
decreased (Fig. 2D and E). The results also showed that the knockdown of
FOXO3 promoted apoptosis, which was manifested in the upregulation of
BAX, cleaved caspase-3, and cleaved PARP and downregulation of BCL-2
(Fig. 2F and G). TUNEL staining also supported the promotion of
apoptosis by FOXO3 knockdown (Fig. 2H, Fig. S3). IF analysis of collagen
II expression further confirmed that FOXO3 mediated ECM degradation
(Fig. 2I).

Subsequently, the overexpression of FOXO3 was confirmed in ATDC5
chondrocytes after lv-FOXO3 transfection (Fig. 3A and B). Alcian blue
staining demonstrated that the intracellular overexpression of FOXO3
reversed the reduction of collagen accumulation caused by IL-1β (Fig. 3C,
Fig. S2). The overexpression of FOXO3 also significantly reversed the
effect of IL-1β stimulation on both ECM catabolism and apoptosis
(Fig. 3D–G). The results of TUNEL staining and IF staining for collagen II
were consistent with those of Western blotting (Fig. 3H, I, Fig. S4). In
conclusion, FOXO3 overexpression inhibited ECM degradation and
apoptosis in ATDC5 cells.

3.4. FOXO3 suppresses IL-1β-induced ferroptosis in ATDC5 chondrocytes

Western blotting showed that the overexpression of FOXO3 reversed
the IL-1β-induced downregulation of the ferroptosis markers (Fig. 4A and
B); this was further confirmed by IF staining for GPX4 (Fig. 4C and D),
suggesting a regulatory effect of FOXO3 on ferroptosis in ATDC5 cells.

Next, the reversal effect of FOXO3 overexpression on ferroptosis was
verified using various indicators. The results showed that the IL-1β-
triggered accumulation of ROS and lipid peroxidation were inhibited by
lv-FOXO3 treatment (Fig. 4E–G). The ferrous (Fe2þ), ferric (Fe3þ), and
total (Fe) iron concentrations increased significantly under conditions of
ferroptosis activation, one of its major features. The fluorescence in-
tensity with FerroOrange, a Fe2þ-specific probe, was significantly
enriched in cells treated with IL-1β, but this iron-increasing effect could
also be reversed by lv-FOXO3 treatment (Fig. 4E, H). The same trends
were observed for MDA and GSH (Fig. 4I and J). Furthermore, the
reversal effect of lv-FOXO3 transfection on IL-1β-treated ATDC5 cells was
the same as described above (Fig. 4K). These results demonstrate that
ferroptosis plays a crucial role in IL-1β-induced ATDC5 chondrocyte
death in vitro and confirm a reversal effect of FOXO3 on this form of cell
death.

3.5. FOXO3 knockdown increases the sensitivity of ATDC5 chondrocytes
to ferroptosis

We first studied the effects of the classical ferroptosis agonist erastin
on the expression of matrix metalloproteinases and collagen II. Western
blotting showed that the activation of ferroptosis promoted the expres-
sion of MMP13 and ADAMTS5 but inhibited that of collagen II. These



Figure 1. Inflammation can induce ferroptosis in ATDC5 cells, and FOXO3 is involved (A) Measurement of GSH content 24 h post IL-1β (10 ng/ml) or TNF-α (10
ng/ml) treatment (B) Measurement of MDA content 24h post IL-1β (10 ng/ml) or TNF-α (10 ng/ml) treatment (C) The expression level of GPX4 and SLC7A11 in
ATDC5 cells were determined by WB analysis. (D) Semiquantitative analysis of GPX4 and SLC7A11 expression based on WB analysis (E) Detection of intracellular lipid
peroxidation by Liperfluo fluorescence probe (scale bar: 50 μm). Semiquantitative analysis of the fluorescence intensity of lipid peroxidation (F) Detection of
intracellular lipid peroxidation by Liperfluo fluorescence probe (scale bar: 50 μm). Semiquantitative analysis of the fluorescence intensity of lipid peroxidation(G)
After treatment of ATDC5 cells with different concentrations of erastin (24h), FOXO3, GPX4 and SLC7A11 were determined by WB analysis (H) Semiquantitative
analysis of FOXO3, GPX4 and SLC7A11 expression based on WB analysis. (I) After treatment of ATDC5 cells with different concentrations of Fer-1 (24h), FOXO3, GPX4
and SLC7A11 were determined by WB analysis. (J) Semiquantitative analysis of FOXO3, GPX4 and SLC7A11 expression based on WB analysis. *P < 0.05; **P < 0.01;
***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 independent experiments.
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Figure 2. Knockdown of FOXO3 promotes ECM metabolic disorder and apoptosis (A) WB analysis verified the success of three lenti-sh-FOXO3 knockdown of
FOXO3 in ATDC5 cells. (B) Semiquantitative analysis of FOXO3 expression based on WB analysis (C) Alcian blue staining of shRNA-treated ATDC5s. (D) Protein levels
of MMP13, ADAMTS5 and Collagen II in ATDC5s infected with FOXO3 shRNA #1#2/#3 lentivirus or control shRNA lentivirus (E) Semiquantitative analysis of
MMP13, ADAMTS5 and Collagen II expression based on WB analysis. (F) Protein levels of BAX, cleaved-caspase-3, BCL-2 and cleaved-PARP in ATDC5s infected with
FOXO3 shRNA #1#2/#3 lentivirus or control shRNA lentivirus (G) Semiquantitative analysis of BAX, cleaved-caspase-3, BCL-2 and cleaved-PARP expression based on
WB analysis. (H) TUNEL staining assay was conducted on the ATDC5 chondrocytes infected with FOXO3 shRNA #1 lentivirus or control shRNA lentivirus (scale bar:
100 μm). (I) Immunofluorescence staining of Collagen II in ATDC5 chondrocytes (scale bar: 50 μm). *P < 0.05; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3
independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4. FOXO3 suppresses IL-1β-induced ferroptosis in ATDC5 chondrocytes (A) Protein levels of GPX4 and SLC7A11 in ATDC5s infected with FOXO3
lentivirus and IL-1β (10 ng/ml) (B) Semiquantitative analysis of GPX4 and SLC7A11 expression based on WB analysis. (C) Immunofluorescence staining of GPX4 in
ATDC5 chondrocytes as treated above (scale bar: 50 μm) (D) Semiquantitative analysis of the fluorescence intensity of GPX4. (E) Detection of intracellular ROS by
DCFH-DA (Up), detection of intracellular lipid peroxidation by Liperfluo fluorescence probe (Middle), detection of intracellular Fe2þ by FerroOrange Assay (Down)
(scale bar: 50 μm). Semiquantitative analysis of the fluorescence intensity of intracellular ROS (F), lipid peroxidation (G) and intracellular Fe2þ (H) (I) MDA levels in
ATDC5 cells were quantitatively determined using an MDA assay kit. (J) GSH levels in ATDC5 cells were quantitatively determined using an GSH assay kit (K) The cell
counting kit-8 (CCK-8) assay detects cell viability. **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 independent experiments.

Figure 3. FOXO3 rescues IL-1β treatment-induced disturbance of extracellular matrix metabolism and apoptosis (A) WB analysis verified the success of
overexpression of FOXO3 in ATDC5 cells treated with lenti-FOXO3. (B) Semiquantitative analysis of FOXO3 expression based on WB analysis (C) Alcian blue staining
of lenti-FOXO3 treated ATDC5s. (D) Protein levels of MMP13, ADAMTS5 and Collagen II in ATDC5s infected with FOXO3 lentivirus and IL-1β (10 ng/ml) (E)
Semiquantitative analysis of MMP13, ADAMTS5 and Collagen II expression based on WB analysis. (F) Protein levels of BAX, cleaved-caspase-3, BCL-2 and cleaved-
PARP in ATDC5s infected with FOXO3 lentivirus and IL-1β (10 ng/ml) (G) Semiquantitative analysis of MMP13, ADAMTS5 and Collagen II expression based on WB
analysis. (H) TUNEL staining assay was conducted on the ATDC5 chondrocytes infected with FOXO3 lentivirus and IL-1β (10 ng/ml) (scale bar: 100 μm) (I)
Immunofluorescence staining of Collagen II in ATDC5 chondrocytes (scale bar: 50 μm). **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 inde-
pendent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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effects of erastin on ATDC5 cells were more pronounced when cells were
simultaneously transfected with sh-FOXO3 (Fig. 5A and B). However, the
activation of ferroptosis and the in vitro OA-promoting effect of the
FOXO3 knockdown were reversed by the ferroptosis inhibitor Fer-1
(Fig. 5A and B). GPX4 IF staining confirmed these results (Fig. 5C and D).

Indicators of ferroptosis, such as intracellular ROS production and
lipid peroxidation, confirmed the activation of ferroptosis by erastin. In
addition, the knockdown of FOXO3 enhanced the fluorescence intensity
in the ROS and lipid peroxidation assays (Fig. 5E–G). The knockdown of
FOXO3 also increased the accumulation of intracellular iron upon erastin
treatment (Fig. 5E–H); however, these effects were all reversed by Fer-1
(Fig. 5E–H). The same trends were observed for the MDA, GSH, and cell
viability indicators measured by the CCK-8 assay (Fig. 5I–K). Therefore,
the results of both the inhibition and activation of FOXO3 suggest its
essential role in IL-1β- or erastin-induced ATDC5 chondrocyte ferroptosis
and ECM catabolism.

3.6. Erastin activates ferroptosis by targeting NF-κB and mitogen-activated
protein kinase (MAPK) signaling

Although we explicitly demonstrated the essential role of FOXO3 in
ferroptosis, the mechanism by which FOXO3 mediated the erastin-
stimulated ferroptosis remained unclear. Ferroptosis is closely related
to the activation of the NF-κB signaling pathway [19,21]. Western blot-
ting analysis of ATDC5 chondrocytes revealed that erastin markedly
activated the phosphorylation of IKK, IκBα, and p65 in the NF-κB
signaling pathway (Fig. 6A and B). However, the activation of NF-κB
signaling by erastin, similar to its activation of ferroptosis, could be
reversed by the overexpression of FOXO3, suggesting that FOXO3 is
involved in erastin-activated ferroptosis through the NF-κB signaling
pathway (Fig. 6C).

Previous studies have reported that MAPKs may play an important
role in the mechanism of ferroptosis [19,29]. Therefore, we hypothesized
that the MAPK signaling pathway might play a role in the reversal effect
of FOXO3 on erastin-induced ferroptosis in ATDC5 chondrocytes. As
shown in Fig. 6A and B, the erastin treatment dose- and time-dependently
promoted the phosphorylation of ERK, JNK, and p38, which indicated
that the MAPK pathway played a role in the regulation of ferroptosis in
ATDC5 chondrocytes. Our findings further showed that the activation of
the MAPK signaling pathway by erastin was reversed in
Lenti-FOXO3-transfected cells (Fig. 6F). In addition, only the over-
expression of FOXO3 alone did not cause changes in the NF-κB/MAPK
signaling pathway, which further suggested that the regulatory effect of
FOXO3 on the NF-κB/MAPK signaling pathway needs to be realized
under the premise of ferroptosis activation (Fig. 6G).

In order to further strengthen the conclusion that MAPK signaling and
NF-κB signaling are involved in the regulation of ferroptosis, we further
introduced inhibitors of MAPK signaling and NF-κB signaling, namely
MAPK-IN-1 and NF-κB -IN-1. The results of Western blotting showed that
the protein levels of GPX4 and SLC7A11 down-regulated by erastin could
be significantly reversed under the premise of combined use of MAPK
inhibitors (Fig. 6H and I). Co-administration of MAPK inhibitors similarly
downregulated MDA, which was upregulated during ferroptosis activa-
tion, and similarly promoted the upregulation of GSH (Fig. 6L and M).
The conclusion consistent with the use of MAPK inhibitors can also be
obtained under the premise of using NF-κB inhibitors (Fig. 6J, K, N, O).
The above results undoubtedly illustrate the direct role of NF-κB/MAPK
signaling pathway in the activation of ferroptosis, and further strengthen
the conclusion that FOXO3 protects cells from ferroptosis by inhibiting
the activation of the NF-κB/MAPK signaling pathway.

3.7. FOXO3 also regulates ferroptosis in primary mouse chondrocytes

Although the ATDC5 cell line has superior chondrocyte properties
and is widely used in the study of the musculoskeletal system. However,
ferroptosis, as a novel and understudied new cell death mechanism in OA
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disease, we think it is very necessary to further strengthen our research
conclusions through mouse primary chondrocyte culture and a series of
related experiments. As expected, primary chondrocytes also showed
significant down-regulation of GPX4 and SLC7A11 levels after classical
inflammatory cytokine stimulation (Fig. 7A and B). In addition, after the
ferroptosis agonist erastin was applied to primary chondrocytes, the
levels of GPX4 and SLC7A11 were also significantly down-regulated,
indicating that erastin can promote ferroptosis in primary chondrocytes
(Fig. 7C and D). At the same time, while erastin promoted ferroptosis in
chondrocytes, it also up-regulated the levels of matrix metalloproteinases
MMP13 and ADAMTS5, and down-regulated the expression of type II
collagen, suggesting that ferroptosis in primary chondrocytes promotes
OA (Fig. 7C and D). On the contrary, after we applied the ferroptosis
inhibitor Fer-1, it showed a completely opposite trend compared with the
ferroptosis agonist (Fig. 7E and F).

Next, we also transfected primary chondrocytes with FOXO3 over-
expression lentivirus, and proved the success of FOXO3 overexpression in
primary cells by Western blotting (Fig. 7G and H). Meanwhile, over-
expression of FOXO3 in primary chondrocytes also rescued the down-
regulation of ferroptosis markers GPX4 and SLC7A11 by IL-1β, as
concluded in the ATDC5 cell line (Fig. 7G and H). Abnormally expressed
matrix metalloproteinases and type II collagen were also rescued by
intracellular overexpression of FOXO3 (Fig. 7G and H). Results from
immunofluorescence experiments also indicated that lipid peroxides and
cellular Fe2þ accumulated by IL-1β treatment could also be down-
regulated by overexpression of FOXO3 in primary chondrocytes
(Fig. 7I–K). The same trends were observed for MDA and GSH (Fig. 7L
and M). The above experimental results from primary chondrocytes were
consistent with our research conclusions obtained in ATDC5 cell line,
which undoubtedly further strengthened the conclusion of the mecha-
nism we studied.

3.8. FOXO3 overexpression alleviates erastin-exacerbated OA in mice

Considering that FOXO3 had inhibitory effects on IL-1β-mediated
ferroptosis activation and erastin-promoted induction of matrix-
degrading enzymes in vitro, we investigated a possible effect of FOXO3
on catabolic genes and the expression of key ferroptosis genes in vivo and
in subsequent OA pathogenesis. Erastin, Lenti-FOXO3, and an equivalent
volume of the vehicle were injected into the knee joint of mice with
surgery-induced OA (Fig. 8A). The mice were sacrificed and their knee
joints were harvested 8 weeks after DMM surgery. First, we performed
micro-CT analysis of the undecalcified bone samples. As shown in
Fig. 8B, the mice in the DMM group exhibited signs of joint deformity,
including joint space narrowing and osteophyte formation. These char-
acteristics were more pronounced in the erastin injection group, whereas
osteophyte formation and joint space narrowing were significantly alle-
viated after Lenti-FOXO3 injection. Furthermore, the results of micro-CT
also showed that compared with the injection of erastin, the injection of
erastin plus Lenti-FOXO3 raised the BV/TV, Tb. N, and Tb. Th of sub-
chondral bone, and lessened Tb. Sp (Fig. 8C). Assessment of the cartilage
destruction using H&E and safranin-O staining (Fig. 8D) revealed wear in
the articular surface and degeneration and disappearance of the cartilage
layer in the DMM surgery group, which was more conspicuous in the
erastin injection group. However, the injection of the FOXO3-encoding
lentivirus showed a certain rescue effect against the damage of the
articular surface (Fig. 8D). In the DMM mice injected with Lenti-FOXO3,
the OARSI score was significantly improved compared with those in the
DMMand erastin-treated groups (Fig. 8E). TUNEL staining suggested that
erastin promoted articular surface damage by aggravating chondrocyte
death, while FOXO3 overexpression contributed to rescuing cells from
death (Fig. 8F and G). Further, we examined the possible effects of intra-
articular injection of Lenti-FOXO3 on GPXP4 expression and collagen II
levels in cartilage tissues after DMM surgery. FOXO3 was almost unde-
tectable in the DMM-induced OA knee but was highly detected in mice
injected with the lentivirus encoding mouse FOXO3 (Fig. 8H and I).



Figure 5. FOXO3 knockdown increased the sensitivity of ATDC5 chondrocytes to ferroptosis (A) Protein levels of GPX4, SLC7A11, MMP13, ADAMTS5 and
Collagen II in ATDC5s infected with erastin (10 μM), Fer-1 (10 μM) and sh-FOXO3 (B) Semiquantitative analysis of protein expression based on WB analysis. (C)
Immunofluorescence staining of GPX4 in ATDC5 chondrocytes as treated above (scale bar: 50 μm) (D) Semiquantitative analysis of the fluorescence intensity of GPX4.
(E) Detection of intracellular ROS by DCFH-DA (Up), detection of intracellular lipid peroxidation by Liperfluo fluorescence probe (Middle), detection of intracellular
Fe2þ by FerroOrange Assay (Down) (scale bar: 50 μm). Semiquantitative analysis of the fluorescence intensity of intracellular ROS (F), lipid peroxidation (G) and
intracellular Fe2þ (H) (I) MDA levels in ATDC5 cells were quantitatively determined using an MDA assay kit. (J) GSH levels in ATDC5 cells were quantitatively
determined using an GSH assay kit (K) The cell counting kit-8 (CCK-8) assay detects cell viability. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are
from n ¼ 3 independent experiments.
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Figure 6. Erastin activates ferroptosis by targeting NF-κB and MAPK signaling (A) Western blotting showed that erastin affected NF-κB signal-related proteins
IKK/p-IKK, p-IκBα, and P65/p-P65 (A, B) and MAPK signal-related proteins p-JNK/JNK, p-ERK/ERK and p-P38/P38 (D, E). Overexpression of FOXO3 inhibited erastin-
activated NF-κB (C) and MAPK (D) signaling (G) Effect of intracellular overexpression of FOXO3 on NF-κB/MAPK signaling pathway. (H) Protein levels of GPX4 and
SLC7A11 in ATDC5s treated with erastin (10 μM) and MAPK-IN-1 (10 μM) (I) Semiquantitative analysis of GPX4 and SLC7A11 expression based on WB analysis. (J)
Protein levels of GPX4 and SLC7A11 in ATDC5s treated with erastin (10 μM) and NF-κB-IN-1 (50 μM) (K) Semiquantitative analysis of GPX4 and SLC7A11 expression
based on WB analysis. (L, N) MDA levels in ATDC5 cells were quantitatively determined using an MDA assay kit. (M, O) GSH levels in ATDC5 cells were quantitatively
determined using an GSH assay kit. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 independent experiments.
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Injection with Lenti-FOXO3 reversed the erastin-mediated down-
regulation of GPX4 and collagen II levels (Fig. 8H, J-K). In addition, we
found a similar trend in joint synovial tissue, that is, the down-regulation
of GPX4 level in joint synovial tissue caused by DMM surgery could also
be rescued by intra-articular injection of FOXO3-overexpressing lenti-
virus (Fig. S5). These results suggest that FOXO3 may be involved in OA
progression through regulation of ferroptosis. Therefore, intra-articular
FOXO3 delivery may be a potential approach to OA treatment.
Figure 7. FOXO3 also regulates ferroptosis in primary mouse chondrocytes (
determined by WB analysis. (B) Semiquantitative analysis of GPX4 and SLC7A11 exp
different concentrations of erastin (24h), GPX4, SLC7A11, Collagen II, MMP13 and
GPX4, SLC7A11, Collagen II, MMP13 and ADAMTS5 expression based on WB analys
Fer-1 (24h), GPX4, SLC7A11, Collagen II, MMP13 and ADAMTS5 were determined
MMP13 and ADAMTS5 expression based on WB analysis. (G) Protein levels of FOXO
infected with FOXO3 lentivirus and IL-1β (10 ng/ml) (H) Semiquantitative analysis o
on WB analysis. (I) Detection of intracellular lipid peroxidation by Liperfluo fluores
(scale bar: 50 μm). Semiquantitative analysis of the fluorescence intensity of lipid per
were quantitatively determined using an MDA assay kit. (M) GSH levels in primary c
**P < 0.01; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 independent ex
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4. Discussion

OA is a complex pathological condition associated with multiple
factors, and its underlying pathogenesis has not yet been fully elucidated.
Therefore, except for joint replacement, there is no effective treatment
method or a molecular drug for advanced OA [1,30,31]. An increase in
cell death is considered to be a hallmark of chondrocytes undergoing
osteoarthritic changes. Cell death can be divided into apoptotic and
A) The expression level of GPX4 and SLC7A11 in primary chondrocytes were
ression based on WB analysis (C) After treatment of primary chondrocytes with
ADAMTS5 were determined by WB analysis (D) Semiquantitative analysis of F
is. (E) After treatment of primary chondrocytes with different concentrations of
by WB analysis (F) Semiquantitative analysis of GPX4, SLC7A11, Collagen II,

3, GPX4, SLC7A11, Collagen II, MMP13 and ADAMTS5 in primary chondrocytes
f FOXO3, GPX4, SLC7A11, Collagen II, MMP13 and ADAMTS5 expression based
cence probe (Up), detection of intracellular Fe2þ by FerroOrange Assay (Down)
oxidation (J) and intracellular Fe2þ (K) (L) MDA levels in primary chondrocytes
hondrocytes were quantitatively determined using an GSH assay kit. *P < 0.05;
periments.



Figure 8. FOXO3 overexpression alleviates erastin-exacerbated OA in mice (A) Schematic of the time course used for the DMM-induced in vivo osteoarthritis
experiments. (B) Reconstruction images of micro-CT scanning of the knees and osteophytes (red arrow). Scale bars, 1 mm (C) The BV/TV, trabecular number (Tb. N),
trabecular thickness (Tb. Th), and trabecular spacing (Tb. Sp) of the subchondral bone (D) H&E staining and Safranin O and fast green staining were performed to
observe the cell morphology and tissue integrity in the articular cartilage tissues of the mouse knee undergoing DMM surgery. Scale bars, 20 μm. (E) OARSI grade used
for evaluation of the cartilage degradation in the four groups (F, G) TUNEL staining assay in the articular cartilage tissues of the mouse knee undergoing DMM surgery.
Scale bars, 20 μm. (H– K) Representative images for FOXO3 (up), GPX4 (middle), and collagen II (down) immunostaining in cartilage tissues obtained from sham or
DMM mouse knees. Scale bars, 25 μm. The bar graphs show quantification of the FOXO3-, GPX4-, or COL2-positive cells from total cell population per field, in
immunohistochemical and immunofluorescence sections. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. All data are from n ¼ 3 independent experiments. N
¼ 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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nonapoptotic processes, including classical modes of cell death, such as
necroptosis, pyroptosis, and ferroptosis [8,9]. Numerous studies have
shown that ferroptosis is associated with cell death in various diseases,
including kidney, immune, metabolic, bone, and neoplastic diseases [10,
11,29,32]. Several recent studies have shown that the occurrence of
ferroptosis in chondrocytes and the levels of intracellular
ferroptosis-inducing molecules are highly correlated with the occurrence
and progression of OA [13,19,33]. In-depth examination of the mecha-
nism of ferroptosis and of the molecular mechanism regulating ferrop-
tosis in chondrocytes is expected to provide new targets and a therapeutic
basis for the treatment of OA.

Our research data showed that the articular cartilage from the DMM
surgery group of mice exhibited an increase in cell ferroptosis and the
downregulation of GPX4 levels. Although chronic inflammatory diseases
exhibit a high degree of complexity, an association between decreased
GPX4 levels and a poor prognosis suggests that ferroptosis may be a
facilitating factor contributing to the pathogenesis and progression of
OA. Oxidative stress, including elevated ROS levels and increased accu-
mulation of lipid peroxides, is the driver of chronic inflammation in
joints and important indicator of OA severity [34,35]. Therefore, the
regulation of cellular ferroptosis could play a role in inhibiting the pro-
gression of OA.

Through a series of in vitro experiments, we found that Fer-1, a
specific inhibitor of ferroptosis, could reverse the inflammation-induced
increase in ferroptosis levels and the accumulation of intracellular ROS,
lipid peroxides, and iron. Furthermore, Fer-1 ameliorated the
inflammation-induced disturbances in the ECM catabolism in the ATDC5
cell line. These results strongly suggest that the protection against
cellular ferroptosis may play a role in alleviating OA progression. Erastin,
the optimal ferroptosis inducer, aggravated the destruction of the artic-
ular cartilage in a DMM surgery-induced mouse model of OA, which was
accompanied by decreased levels of ferroptosis markers such as GPX4.
Thus, our data show that ferroptosis promotes OA progression.

Recent studies have shown that FOXO3 can maintain cartilage ho-
meostasis during OA through an autophagy regulatory mechanism [36,
37]. The study by Matsuzaki et al. [38] in 2019 directly revealed the
important role of FOXO family in cartilage development, cartilage ho-
meostasis maintenance and autophagy regulation in chondrocytes. In the
context of intracellular knockdown of the FOXO family, it will directly
lead to chondrodysplasia, accelerated wear and tear, and disorder of
Figure 9. Schematic illustration of effect of FOXO3-re
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autophagy. As ferroptosis is an autophagy-dependent form of cell death
[11,39,40], we speculated that FOXO3 might also regulate ferroptosis in
chondrocytes. Indeed, ferroptosis was inhibited by FOXO3 over-
expression, independently of its anti-inflammatory and antiapoptotic
functions. ROS generation is an important factor in the increase of
intracellular iron levels and initiation of ferroptosis [39]. Our data also
showed that ROS were induced when ATDC5 chondrocytes were treated
with IL-1β or erastin at different concentrations and times. In addition,
the overexpression of FOXO3 antagonized ROS production under
ferroptosis-promoting conditions. As a key regulator of ferroptosis, GPX4
may be a cue for cellular ferroptosis. Miao et al. [19] showed that
changes in GPX4 levels were closely related to OA progression. There-
fore, we investigated the effect of changes in FOXO3 levels on inflam-
mation- and erastin-induced GPX4 expression. The results showed that
both IL-1β and erastin treatment resulted in the downregulation of GPX4
at the cellular and tissue levels in both in vitro and in vivo experiments,
while treatment with a FOXO3-overexpressing lentivirus ameliorated
articular cartilage damage, upregulated GPX4 expression, and increased
the level of the GSH substrate. The knockdown of FOXO3 aggravated the
accumulation of erastin-induced ferroptosis characteristic products, such
as intracellular ROS, lipid peroxides, and iron, and these effects were
reversed by Fer-1. Consistently, erastin and FOXO3 knockdown disrupted
ECM catabolism, which was also rescued by Fer-1. These results strongly
suggest that FOXO3 alleviates OA by inhibiting cellular ferroptosis to a
certain extent.

A recent study has demonstrated that TNF antagonists sensitized sy-
novial fibroblasts to ferroptotic cell death in a mouse model of collagen-
induced arthritis and uncovered a possible role of NF-κB signaling in the
mechanism of ferroptosis [21]. The role of the NF-κB pathway in OA has
been identified in numerous studies [41–43]. Our results also showed
that NF-κB signaling was significantly activated after stimulation with
erastin, whereas FOXO3 overexpression inhibited the phosphorylation of
IκBα and consequently, p65. MAPKs are a serine/threonine protein ki-
nase family containing JNK, ERK, and p38, among others, and regulating
numerous cellular activities, including cell proliferation, differentiation,
apoptosis, inflammation, and innate immunity [44,45]. MAPK signaling
can be activated by various stressors, including oxidative stress and IL-1β.
Furthermore, our results showed that erastin activated MAPK signaling,
as evidenced by the phosphorylation of JNK, ERK, and p38, whereas the
overexpression of FOXO3 inhibited MAPK activation. These results
gulated ferroptosis in osteoarthritis development.
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indicate that FOXO3 can directly interact with the ECM catabolism dis-
order induced by the ferroptosis mechanism through the NF-κB/MAPK
pathway, thereby exerting an anti-inflammatory effect in OA.

This study had certain limitations. Owing to the difficulty of obtaining
human clinical specimens, it was not used in this study. The use of human
tissue and primary cells may further validate our conclusions. In future
studies, we will focus on the predictive and therapeutic role of ferroptosis
in human arthritis. Furthermore, we demonstrated that FOXO3 was
essential for chondrocyte ferroptosis in an inflammatory microenviron-
ment; however, the interaction of FOXO3 with other canonical bio-
markers of ferroptosis, including GPX4, remains unclear. Future research
is required to unveil the inherent connections among GPX4, SCL7A11,
and other genes that may be involved in ferroptosis in chondrocytes.

In conclusion, targeting ferroptosis-associated metabolism in OA may
provide new targets and novel mechanisms for OA treatment. Moreover,
targeting FOXO3 could efficiently reverse chondrocyte ferroptosis in OA
by disrupting the vicious cycle of lipid peroxidation and iron accumu-
lation, eventually ameliorating the destruction and degeneration of the
articular cartilage. This study provides references and serves as a guide
for future research on the molecular mechanisms underlying the rela-
tionship between ferroptosis and OA (Fig. 9).
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