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JP4-039 protects chondrocytes from ferroptosis to attenuate osteoarthritis 
progression by promoting Pink1/Parkin-dependent mitophagy
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A B S T R A C T

Background: Osteoarthritis (OA) is the most common degenerative joint disease, and its main pathological 
mechanism is articular cartilage degeneration. The purpose of this study was to investigate the role of mitophagy 
in the pathogenesis of chondrocyte ferroptosis in OA.
Methods: The expressions of ferroptosis related proteins (GPX4, FTH1, COX2) and ubiquitin-dependent 
mitophagy related proteins (PARKIN, PINK1) in the intact and injured areas of OA cartilage were analyzed. 
Nitro oxide JP4-039, a mitochondrial targeting antioxidant, has bifunctional role of targeting mitochondria. 
Then we evaluated the potential protective effect of JP4-039 in OA using the destabilization of medial meniscus 
(DMM)-induced OA model, as well as tert-butyl hydrogen peroxide (TBHP)-treated primary mouse chondrocytes 
and human cartilage explants.
Results: The concentrations of iron and lipid peroxidation and the expression of ferroptosis drivers in the 
damaged areas of human OA cartilages were significantly higher than those in the intact cartilage. Pink1/Parkin- 
dependent mitophagy decreased in the injured area of human OA cartilage and was negatively correlated with 
ferroptosis. Then, the toxicity and effectiveness of JP4-039 are tested to determine its working concentration. 
Next, at the molecular biological level, we found that JP4-039 showed the effect of anti-chondrocyte ferroptosis. 
Moreover, it was verified on DMM-induced OA model mice, that JP4-039 could delay the progression of OA. 
Finally, JP4-039 was re-verified in vivo and in vitro to inhibit chondrocyte ferroptosis and delay the progression 
of OA by promoting Pink1/Parkin-dependent mitophagy.
Conclusion: JP4-039 inhibits ferroptosis of chondrocytes by promoting Pink1/Parkin-dependent mitophagy and 
delays OA progression.

1. Introduction

Osteoarthritis (OA) is the most common form of degenerative joint 
disorder and a leading cause of global disability [1,2]. OA is 

characterized by swelling and pain in the affected joints, and in severe 
cases, it may be accompanied by joint deformity, restricted movement, 
and ultimately lead to disability. The burden of disease caused by OA 
includes not only direct and indirect financial costs, but also individuals 
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intangible living costs, including pain, fatigue, limited activity, reduced 
quality of life, and social limitations. Hence, with the incessant escala
tion of OA incidence, its associated burden is consistently mounting [3]. 
As societal and economic development continues, the escalating trends 
of obesity and aging are intensifying. The incidence of OA is projected to 
increase by approximately 50 % over the next 20 years, making it a 
significant public health challenge in the coming decades [4].

In the initial phase of our research, we classified osteoarthritis (OA) 
into four subtypes: the cartilage degradation-driven subtype, the bone 
remodeling-driven subtype, the pain-driven subtype, and the 
inflammation-driven subtype [5]. The principal pathological charac
teristics of OA manifest in the progressive degeneration and degradation 
of articular cartilage. Chondrocytes, the exclusive cell population within 
cartilage, assume a pivotal role, and the process of chondrocyte death 
plays a critically influential role in the progression of articular cartilage 
degeneration in OA. In recent years, various forms of chondrocyte death, 
including apoptosis, necroptosis, necrosis, autophagic cell death et al., 
have been demonstrated to be associated with the development of OA 
[6,7]. Different modes of cell death, either independently or in combi
nation, collectively contribute to cartilage degeneration, thereby pro
moting the pathological progression of OA. The ferroptosis induced by 
iron-dependent lipid peroxidation has attracted considerable attention. 
This cellular death pathway exhibits significant differences at the ge
netic, morphological, and biological levels compared to previously 
identified programmed cell death [8]. Iron, an indispensable trace 
element, plays a pivotal role in human physiology. However, iron 
overload has been documented to elicit the accumulation of lipid reac
tive oxygen species (ROS), alterations in the expression of 
ferroptosis-associated proteins, and the demise of chondrocytes. This 
cascade of events ultimately results in heightened catabolism and 
reduced anabolism in chondrocytes [9,10]. Recent findings indicate 
that, within human osteoarthritis (OA), elevated concentrations of iron 
and lipid peroxidation, coupled with increased levels of ferroptosis 
drivers, are notably prevalent in the affected regions of articular carti
lage compared to intact regions. Furthermore, through single-cell tran
scriptomics sequencing, a distinct subpopulation of chondrocytes 
exhibiting characteristic ferroptotic features was identified in the 
cartilage of individuals with OA. This revelation provides direct evi
dence of the involvement of chondrocyte ferroptosis in the pathological 
progression of OA [11].

As the epicenter of cellular energy metabolism, mitochondria serve 
as both the principal origin of intracellular reactive oxygen species 
(ROS) and the central hub for iron metabolism, playing a pivotal role in 
the maintenance of systemic iron homeostasis [12–14]. Prior in
vestigations have demonstrated that, in the course of ferroptosis, mito
chondria undergo morphological alterations characterized by a 
reduction in mitochondrial cristae and rupture of the outer mitochon
drial membrane. These changes consequently result in impaired mito
chondrial function [8,15–17]. Mitochondrial dysfunction, particularly 
stemming from dysregulated mitophagy, has been documented as a 
primary contributor, expediting the progression of OA [18–20]. Tar
geting the restoration of mitochondrial dysfunction is consequently 
regarded as a potentially efficacious therapeutic strategy for the disease.

The association between dysfunctional mitophagy and ferroptosis 
has been documented in the literature. However, a definitive investi
gation specifically addressing this relationship in the context of OA re
mains to be conducted [21]. Ferroptosis accompanies persistent 
chondrocyte demise attributed to mitochondrial dysfunction. Notably, 
lipophilic antioxidants and iron chelators have demonstrated efficacy in 
inhibiting ferroptosis. As a prospective intervention, we explored the use 
of JP4-039, a mitochondria-targeted nitroxide compound. This com
pound combines the free radical scavenger 4-hydroxy-2,2,6,6-tetrame
thylpiperidine-1-oxyl (TEMPO) with the mitochondria-targeting 
semigramicidin S peptide. The aim is to address and potentially mitigate 
the ongoing cellular damage associated with iron-induced cell death and 
the consequential impact on chondrocyte function [22]. And it has been 

proven that JP4-039 is an effective antioxidant [23]. Yet, the crucial 
question of whether JP4-039 can reinstate the mitophagy barrier to 
impede chondrocyte ferroptosis and consequently decelerate the pro
gression of osteoarthritis (OA) remains unexplored and unreported. 
Hence, our proposed investigation aims to elucidate whether JP4-039 
can effectively retard the progression of OA by preventing chon
drocyte ferroptosis. Additionally, we intend to delve into the specific 
molecular mechanisms of JP4-039, exploring its potential to restore the 
pathway of mitophagy. This comprehensive study seeks to shed light on 
the intricate interplay between JP4-039, chondrocyte survival, and the 
modulation of mitophagy, providing valuable insights for potential 
therapeutic applications in OA.

2. Materials and methods

2.1. Ethics statement

Human articular cartilage and synovial fluid samples were acquired 
from knee osteoarthritis patients who underwent total knee arthro
plasty, following approval from the Ethics Committee of Nanjing Drum 
Tower Hospital, Affiliated Hospital of Nanjing University School of 
Medicine (2020-156-01). Mouse experiments were conducted with full 
authorization and in compliance with the regulations of the Animal Care 
and Use Committee of Nanjing Drum Tower Hospital Clinical College, 
Nanjing University of Chinese Medicine (2020AE01102).

2.2. Clinical specimen collection

Human knee OA cartilage samples, obtained during knee arthro
plasty at Nanjing Drum Tower Hospital, were categorized into intact 
(lateral condyles) and damaged (medial condyles) regions. Six pairs of 
cartilage samples were utilized to extract proteins for the measurement 
of indicators related to ferroptosis and mitophagy.

2.3. Animal study

Wild type C57BL/6 mice, were purchased from Model Animal 
Research Center of Nanjing University. All mice were kept under 
pathogen-free and 12 h light/dark cycle environment with free access to 
food and water. At 12 weeks of age, an osteoarthritis (OA) model was 
induced in male C57BL/6 mice through surgical destabilization of the 
medial meniscus (DMM) in the right knee joint. Subsequently, from 
week 13 onwards, JP4-039 (10 μM) was administered intra-articularly 
into the right knee joint three times per week, and the dose for each 
injection is 8 μl. The mice at 12 weeks of age were randomly assigned to 
four groups: (1) Sham surgery (Sham); (2) Sham with JP4-039 treat
ment; (3) DMM surgery; (4) DMM with JP4-039 treatment; In the Sham 
and DMM groups, mice received an injection of 8 μL normal saline.

2.4. DMM-induced OA mouse model

The surgically induced osteoarthritis (OA) model through destabili
zation of the medial meniscus (DMM) was established following previ
ously documented procedures [24]. Under isoflurane anesthesia, the 
right knee joint, 12-week-old male C57BL/6 mice was surgically pre
pared. The skin was sterilized, dissected layer by layer up to the inside of 
the joint capsule at the medial site of the patellar ligament, exposing the 
medial meniscus and subsequently resecting the transverse knee liga
ment. Suturing and re-sterilization with iodophor followed. The 
sham-operated group involved skin incision without ligament dissec
tion, followed by suturing.

2.5. Open field test (OFT)

The autonomous activity of the mice was evaluated utilizing an an
imal tracking system (Zhenghua Technology, China). Each mouse was 
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systematically introduced into an unilluminated 50 × 50 cm indoor 
arena. Real-time tracking via a camera was conducted for a 3-min in
terval, with subsequent recordings facilitating the assessment of key 
parameters, including distance traveled, relative activity, activity 
duration, and average speed.

2.6. Footprint experiment

Mice were undergone gait analysis by applying red and blue ink to 
their front and back paws, respectively. The mice freely walked on a 70 
cm × 20 cm track covered with white paper. The inked footprints on the 
paper were utilized to assess relative stride lengths, step lengths, and 
front and back paw distances. The procedure, conducted in a dim and 
quiet environment, involved at least three trials per mouse, ensuring the 
safety and non-toxicity of the ink.

2.7. Von Frey fiber test

Mechanical pain experiments were conducted employing an elec
tronic von Frey Anesthesiometer (IITC, Woodland Hills, USA). Each 
mouse was acclimated to a cage with a 4 cm × 3 cm x 7 cm wire mesh 
bottom for 15 min before von Frey fibers were applied to the right hind 
paw. The force was gradually increased until the mice exhibited pain, as 
indicated by the withdrawal of their right paw [25]. The lower the 
withdrawal threshold, the greater the sensitivity to pain. Experimental 
subjects were blinded to the grouping, minimizing subjective factors.

2.8. Extraction of human OA tissue protein

Following morphological and histological characterization of intact 
and damaged areas, human osteoarthritis (OA) cartilage was finely 
sectioned and pulverized under liquid nitrogen. The resulting cartilage 
powder was homogenized with cold saline, and the supernatant was 
extracted post-centrifugation (12,000 rpm, 20 min, 4 ◦C).

2.9. Histological analysis

After decalcified by 10 % EDTA (#1340, Biofroxx, Germany) solu
tion, Human cartilage and mouse knee joints underwent gradient 
dehydration and were paraffin-embedded. Coronal sections (5 μm) were 
obtained using a paraffin slicer (Thermo, Germany). Following a pre
viously reported procedure, 15 every fifth section of two slides were 
selected and stained with Safranin-O/fast green (S.O.) (#G1371, 
Solarbio, Beijing, China) and hematoxylin and eosin (H&E) (#C0105S, 
Beyotime) to evaluate the cartilage lesions and synovitis, respectively. 
Severity of osteoarthritis (OA) was assessed by blinded observers using 
the OARSI scoring system (0–6 points), and synovitis was scored on a 
0–3 point scale. Scores were recorded for each section, and the mean 
score was calculated as previously described.

2.10. Immunofluorescence (IF) staining

Deparaffinization and hydration of mouse knee joint sections and 
Human cartilage were accomplished using xylene and a gradient of 
alcohol. Antigenic retrieval was performed using pepsin at 37 ◦C for 1 h. 
Following washing with phosphate-buffered saline (PBS), the tissues 
were subsequently blocked with 5 % bovine serum albumin (BSA) for 1 h 
at 37 ◦C. Subsequently, the sections were incubated overnight at 4 ◦C 
with primary antibodies (dilution 1:200) against Parkin (#GB113802- 
100, Servicebio), Pink1 (#23274-1-AP, Proteintech), Tomm20 
(#66777-1-lg, Proteintech) Mmp13 (#GB11247, Servicebio), Cox2 
(#12282, Cell Signaling Technology), Gpx4 (#A11243, ABclonal), 
FTH1 (#4393, Cell Signaling Technology), and Ncoa4 (#66849, Cell 
Signaling Technology). Following three washes with TBST, the sections 
were treated with a fluorescein isothiocyanate (FITC)-conjugated sec
ondary antibody for 1 h at 37 ◦C. After staining the nuclei with 2-(4- 

Amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), immu
nofluorescence images were captured using a fluorescence microscope 
(Zeiss, Germany).

2.11. Immunohistochemical (IHC) staining

Following deparaffinization and hydration, the tissue sections un
derwent an initial immersion in a 3 % H2O2 solution to neutralize 
endogenous peroxidase activity under light protection. Subsequent to 
washing with PBS, antigenic retrieval was performed using pepsin at 
37 ◦C for 1 h. Subsequently, the sections were incubated with 5 % BSA 
for 1 h and then exposed to primary antibodies against Col II (#BA0533, 
Boster) and 4-HNE (#ab46545, Abcam) overnight at 4 ◦C. Following 
this, the horseradish peroxidase (HRP)-coupled secondary antibody was 
applied at room temperature for 1 h. Color development was achieved 
using the ultra-sensitive DAB kit (#1205250, Typing). After hematox
ylin staining for nucleus visualization, the sections were sealed with 
resin.

2.12. Micro-computed tomography (micro-CT) analysis

Before histologic examination, mouse knee joints underwent 
assessment with a Swiss VivaCT 80 scanner (Scanco Medical AG) at a 
resolution of 18.38 μm. Three-dimensional reconstructions of the joints 
were generated using Scanco medical software. Analysis of the cancel
lous bone aimed to derive trabecular-related parameters, subchondral 
bone volume, and quantify the number of bone fragments and sub
chondral bone thickness for each knee joint through 3D reconstruction. 
Analysis of the subchondral bone of the medial femoral condyle from the 
distal edge of the epiphysis by a blind observer 20 layers. The thickness 
of the subchondral plate is calculated by multiplying the number of 
cross-sections forming the subchondral plate with the thickness of the 
cross-sections [26].

2.13. Cell culture

Primary mouse chondrocytes were harvested and cultured following 
established procedures. In brief, rib cartilage obtained from 3-day-old 
C57BL/6 mice was dissected and digested with 4 mL of 0.2 % Collage
nase 2 (Gibco, USA) for 4 h at 37 ◦C. After removing soft tissues, 
chondrocytes were cultured in Dulbecco’s modified Eagle’s medium 
containing 1 g/L glucose (Gibco, Carlsbad, CA), supplemented with 10 
% fetal bovine serum (Gibco) and 1 % penicillin and streptomycin 
(Gibco) under conditions of 37 ◦C and 5 % CO2. The cell culture medium 
was refreshed every 72 h. Chondrocytes were subjected to treatments 
with TBHP (#MKCH9944, Sigma, USA), 10 μM JP4-039 (1205492-16-5, 
Sigma), and 50 μM Mdivi-1 (HY-15886, MCE-MedChemExpress) as 
indicated. For the solubilization of the drug, we used DMSO (200-664-3, 
Sigma) solubilization. And we also added an equal amount of DMSO in 
the control group to maintain the consistency of the drug’s dissolution 
mode on the cells.

2.14. Protein extraction and western blot

Total protein extraction from human cartilages and chondrocytes 
subjected to various treatments was performed using RIPA lysis buffer 
(#R0010, Solarbio) supplemented with 1 mM phosphatase inhibitor 
cocktail (#B15002, Bimake, USA) and 1 mM phenylmethanesulfonyl 
fluoride (#329-98-6, Solarbio). Western blot analysis was carried out 
following established protocols. The primary antibodies included 
Collagen II (#BA0533, Boster), Collagen I (#ab138492, Abcam), 
NCOA4 (#66849, Cell Signaling Technology), COX2 (#12282, Cell 
Signaling Technology), FTH1 (#4393, Cell Signaling Technology), FSP1 
(#24972, Cell Signaling Technology), MMP13 (#ab219620, Abcam), 
Parkin (#ab77924, Abcam), Pink1 (#23274-1-AP, Proteintech), GPX4 
(#ab125066, Abcam), and β-ACTIN (#5795, Cell Signaling 
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Technology). Following incubation with horseradish peroxidase- 
conjugated goat anti-rabbit/mouse secondary antibodies (#BL003A or 
#BL001A, Biosharp), western blots were visualized using the Chem
iDocXRS + Imaging System (Tanon, Shanghai, China). Quantitative 
protein analysis was performed using Image J (version 1.8.0). All anti
bodies utilized in this study were commercially sourced.

2.15. Quantitative real-time polymerase chain reaction (qPCR)

Cellular mRNA was extracted employing the RNA-quick Purification 
Kit (#RN001, ES Science, Shanghai, China), and quantitative polymer
ase chain reaction (qPCR) was performed using the SYBR Green Q-PCR 
Kit (#Q411-02, Vazyme, Nanjing, China) on a Light Cycler 480 PCR 
System (Roche, Switzerland). The primer sequences used are listed in 
Supplementary Table 1.

2.16. Cell counting Kit-8 (CCK-8) assay

Primary mouse chondrocytes were obtained from the rib cartilage of 
C57BL/6 mice within 3 days of birth. Cells were cultured in DMEM/F12 
medium (Gibco) supplemented with 1 % penicillin and streptomycin, 
along with 10 % fetal bovine serum (Gibco), under standard conditions 
of 37 ◦C and 5 % CO2. Inoculate chondrocytes into a 96-well plate, 
expose to various concentrations of JP4-039 (Sigema, 1205492-16-5) for 
24 h to assess drug toxicity. Within the established toxicity range, co- 
incubate cells with varying concentration gradients of JP4-039 and 
TBHP for 24 h to determine the drug’s maximum effective concentra
tion. Cell viability was assessed utilizing a CCK-8 assay (#CK04, 
Dojindo) following the manufacturer’s instructions.

2.17. Cell probe fluorescence

Intracellular levels of reactive oxygen species (ROS), lipid peroxi
dation, and Fe2+ accumulation were assessed using 10 mM ROS probe 
DCFH-DA (#S0033S, Beyotime), 5 mM lipid ROS probe C11-BODIPY 
581/591 (#GC40165, GLPBIO, USA), and 1 mM Fe2+ probe FerroOr
ange (#F374, Dojindo, Japan), respectively. In order to observe changes 
in mitochondrial autophagy, Mito-Tracker Deep Red FM (#C1032, 
Beyotime), which allows observation of mitochondria, was loaded and 
co-incubated with Lyso-Tracker Green (#C1047S, Beyotime), which 
allows localization of lysosomes, and pEGFP-C3-MAP1LC3B (Biogot 
Biotechnology, China), which allows localization of autophagic vesicles, 
respectively. Following overnight starvation, chondrocytes were sub
jected to a 30-min incubation with probes at 37 ◦C, followed by treat
ment with 100 μM TBHP, with or without 10 μM JP4-039, for 4 h. The 
final fluorescence intensity was observed at different wavelengths in the 
fluorescence microscope.

2.18. Statistical analysis

Statistical analyses were conducted using SPSS software (version 
25.0) and GraphPad Prism software (version 8.0). Quantitative data 
represent a minimum of three independent experiments, with no 
exclusion of samples or animals during analysis. The Shapiro–Wilk test 
and Levene method were applied to assess data normal distributions and 
homogeneity of variance, respectively. Paired or unpaired two-tailed 
Student’s t-test was employed for comparing mean values between 
two groups. One-way or two-way analysis of variance (ANOVA) fol
lowed by Tukey’s post-hoc tests were utilized to evaluate the statistical 
significance of mean values across more than two groups. Data were 
expressed as mean values ± standard deviation (SD), and statistical 
significance was set at P < 0.05.

3. Results

3.1. Ferroptosis in osteoarthritis cartilage is linked with a reduction in 
mitophagy

To investigate the relationship between ferroptosis and mitophagy in 
osteoarthritis (OA), our study involved analyzing specific markers in 
both intact and damaged OA cartilage areas. Using morphological and 
histological staining techniques, we differentiated non-injured and 
injured cartilage regions (Fig. 1a, b, f). Our findings showed decreased 
levels of GPX4 (an iron death-related marker) and increased levels of 
COX2 (associated with ferroptosis) in the injured cartilage (Fig. 1c, d, f), 
indicating increased ferroptosis in OA damaged regions. Additionally, 
we observed reduced expression of PARKIN and PINK1 (linked to 
mitophagy) in the damaged cartilage (Fig. 1e and f), indicating a 
decrease in mitophagy. Consistent with these observations in intact 
versus injured cartilage, we replicated similar decreases in mitophagy- 
associated markers Parkin and Pink1 in DMM mice, supporting our 
findings regarding the relationship between ferroptosis and reduced 
mitophagy in OA (Supplementary Figs. 1a–c).

In our investigation of intact versus damaged cartilage, distinct 
protein expression patterns emerged. Damaged cartilage displayed 
heightened levels of COL I alongside reduced COL II, along with elevated 
MMP13 levels indicating cartilage degradation. Additionally, increased 
COX2 and decreased GPX4 and FTH1 indicated heightened ferroptosis in 
the injured chondrocytes. Furthermore, diminished expression of PAR
KIN and PINK1 proteins associated with mitophagy suggested a decline 
in this cellular cleansing process (Fig. 1g and h). Our correlation analysis 
unveiled a negative relationship between ferroptosis in damaged chon
drocytes and mitophagy, shedding light on a potential interplay between 
these mechanisms impacting cartilage health (Fig. 1i). This suggests that 
mitophagy dysfunction may lead to chondrocyte ferroptosis.

3.2. JP4-039 exhibits an anti-ferroptotic effect in chondrocytes

Based on our findings, we identified JP4-039 as a potential thera
peutic agent for preventing chondrocyte ferroptosis and restoring 
mitochondrial function due to its antioxidant properties and mito
chondrial targeting abilities (Fig. 2a).

We simulated chondrocyte ferroptosis using TBHP (50 μM) on pri
mary mouse chondrocytes. We tested JP4-039 for its toxicity and 
effectiveness. To ensure JP4-039 itself didn’t impact cell viability, we 
incubated chondrocytes with various JP4-039 concentrations, finding 
no significant change in viability below 50 μM (Fig. 2b). TBHP stimu
lation also didn’t notably affect cell viability. Post-TBHP stimulation, 
incubating with different JP4-039 concentrations revealed viability 
plateauing at 10 μM (Fig. 2c). Hence, 10 μM was chosen as the effective 
JP4-039 concentration. Unexpectedly, scratch experiments revealed 
that JP4-039 had some migration-promoting effects on chondrocytes 
(Supplementary Fig. 2).

To examine JP4-039 impact on chondrocyte ferroptosis we used 
specific probes for intracellular ferrous ions (Ferro Orange), ROS (DCFH- 
DA), and lipid peroxidation (C11-BODIPY). TBHP notably increased 
ferrous ion levels, ROS, and lipid peroxidation, all significantly curbed 
by JP4-039 (Fig. 2d, e, g). This suggests JP4-039 effectively mitigated 
TBHP-induced markers of ferroptosis in chondrocytes. Additionally, JC- 
1 probe revealed JP4-039’s ability to alleviate TBHP-induced damage to 
mitochondrial membrane potential (CCCP, a drug that induces depo
larization of mitochondrial membrane potential, was used here as a 
positive control group) (Fig. 2f and g). Electron microscopy displayed 
altered mitochondrial morphology in TBHP-stimulated chondrocytes, 
featuring swelling and loss of cristae, indicative of mitochondrial dam
age. JP4-039 administration reversed these changes caused by ferrop
tosis (Fig. 2h).

Then, we delved into chondrocyte gene expression related to anab
olism, catabolism, and ferroptosis. TBHP stimulation led to heightened 
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Fig. 1. Ferroptosis traits in OA showed an inverse correlation with reduced mitophagy. (a) Safranin O-Fast Green (S.O) staining of both intact (I) and damaged 
(D) articular cartilages retrieved from OA patients; Immunohistochemical (IHC) staining of Collagen II (COL II) in human OA cartilages. (b–e) Immunofluorescence 
(IF) staining of MMP13, GPX4, COX2, PARKIN and PINK1 in human OA cartilage. (f) t-test. Data are shown as mean ± SD. (g–h) Western blot analysis and 
quantification of indicated proteins in paired intact (I) and damaged (D) (n = 6) human OA cartilages, including a correlation analysis. Scale bars, 50 μm (a–e). Data 
are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 2. JP4-039 inhibits chondrocyte ferroptosis. (a) Molecular formula of the drug JP4-039. (b, c) CCK-8 assay for the toxicity and potency of JP4-039. (d–g) 
Fluorescence detection of intracellular reactive oxygen species, ferrous ions, lipid peroxidation and mitochondrial membrane potential depolarization probes and 
corresponding statistical analysis. Scale bars, 100 μm (h) Mitochondria of chondrocytes photographed by projection electron microscopy. (i) qPCR analysis of 
indicated genes in chondrocytes treated with 50 μM TBHP an/or 10 μM JP4-039 for 6 h (n = 3). (j, k) Western blot analysis was performed on indicated proteins in 
mouse primary chondrocytes treated with 50 mM TBHP and/or 10 μM JP4-039 for 6 h. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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expression of Gpx4 and Fth1 (ferroptosis suppressors) alongside 
increased Ptgs2 and Ncoa4 (ferroptosis promoters) genes, indicating 
induced ferroptosis in chondrocytes. Additionally, Mmp13 (a catabolic 
indicator) surged while Col2a1 and Sox9 (anabolic indicators) decreased 
(Fig. 2i). These results suggested JP4-039’s protective role by hindering 
chondrocyte ferroptosis. Further, we explored JP4-039’s impact on 
chondrocyte ferroptosis at the protein level. JP4-039 significantly 
countered TBHP-induced reduction in Col2a1 protein synthesis and the 
rise in Mmp13 expression caused by chondrocyte ferroptosis. TBHP 
reduced levels of ferroptosis suppressor proteins (Gpx4, Fth1, Fsp1), 
which were notably restored by JP4-039 treatment. Cox2, an ferroptosis 
driver protein, rose post-TBHP but significantly decreased after JP4-039 
administration (Fig. 2j and k). These findings collectively indicated JP4- 
039’s ability to alleviate TBHP-induced chondrocyte ferroptosis.

3.3. JP4-039 protects chondrocytes from ferroptosis in OA

In order to further clarify whether JP4-039 can inhibit the occur
rence of chondrocyte ferroptosis, thereby protecting cartilage and 
delaying the pathological progression of OA, we constructed a mouse OA 
model using DMM surgery and performed intra-articular injections of 
JP4-039 in order to evaluate its regulatory effect on the progression of 
OA in mice. The Safranin-O/fast green (S.O.) staining and the hema
toxylin & eosin (H&E) staining results showed that JP4-039 treatment 
demonstrated significant chondroprotective effects, including a reduc
tion in cartilage number loss and Osteoarthritis Research Society In
ternational (OARSI) scores (Fig. 3a–c). In addition, in the JP4-039- 
treated DMM surgical group, an increase in Col II+ regions as well as 
Aggrecan+ chondrocytes, suggestive of cartilage anabolism, and a 

Fig. 3. JP4-039 delays OA by inhibiting chondrocyte ferroptosis. (a) Safranin-O/fast green (S.O.) staining; Immunohistochemical (IHC) staining of Col II and 
Aggrecan; Immunofluorescence (IF) staining of Mmp13 (n = 6). (b) Hematoxylin & Eosin (H&E) staining of mice knee (c) The quantification of S.O., Col II, Aggrecan 
and Mmp13 (n = 6). (d) Immunohistochemical (IHC) staining of 4-HNE; Immunofluorescence (IF) staining of Gpx4, Cox2, Fth1, Ncoa4 (n = 6). (e) The quantification 
of Gpx4, Cox2, Fth1, Ncoa4 (n = 6). Scale bars, 50 μm. One-way ANOVA with Tukey’s post-hoc test. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p 
< 0.001.
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decrease in Mmp13+ chondrocytes, suggestive of a decrease in cartilage 
catabolism, were observed (Fig. 3a–c).

Further, in the OA mouse model, the impact of JP4-039 on chon
drocyte ferroptosis was further assessed. Immunofluorescence staining 
of knee joint tissues revealed that JP4-039-treated DMM mice exhibited 
a notably reduced presence of 4-HNE+, Cox2+, and Ncoa4+ chon
drocytes in the cartilage. This reduction suggests a significant inhibition 
of chondrocyte ferroptosis by JP4-039. Additionally, JP4-039 demon
strated an inhibitory effect on the decline of ferroptosis suppressor genes 
Gpx4 and Fth1 (Fig. 3d and e). These findings underscore JP4-039’s 
potential in effectively restraining chondrocyte ferroptosis cell death in 
the context of osteoarthritis.

3.4. JP4-039 improves bone remodeling and behavioral performance in 
DMM mice

It has been concluded that abnormal bone remodeling is a major 
pathological feature of OA, including osteophytes formation and sub
chondral bone sclerosis. Based on these results, JP4-039 could exert 
chondroprotective effects by inhibiting chondrocyte ferroptosis, and we 
next further analyzed the effects on abnormal bone remodeling. We used 
micro-CT scanning analysis and 3D reconstruction, and found that the 
DMM modeled mice showed obvious bone recumbency around the knee 
joint and subchondral bone thickening, and the subchondral bone 
microstructure of the knee joint was obviously changed. Meanwhile, the 
bone volume (BV), bone mineral density (BMD), bone volume/tissue 
volume (BV/TV), trabecular thickness (Tb.Th), and trabecular number 
(Tb. N) of the knee joints of the DMM-modeled mice were all signifi
cantly higher than in the sham group, while trabecular separation (Tb. 
Sp) was significantly reduced. Meanwhile, we found that after modeling 
of mouse knee DMM, intra-articular administration of JP4-039 was able 
to significantly reduce the number of osteophyma and decrease the 
thickness of subchondral bone, as well as decrease the knee BV, BV/TV, 
subchondral bone BMD, Tb.Th, and Tb.N, and elevate the Tb.Sp 
(Fig. 4a–c). These results suggested that JP4-039 significantly improves 
the abnormal bone in the mouse model of DMM remodeling.

The above results indicated that JP4-039 had an overall protective 
effect on OA, so we next further analyzed the activity of the mice 
through behavioral experiments to reflect the knee joint function. We 
first evaluated the effects of the drug on the body weight, knee swelling, 
and pain threshold of the mice, and the results showed that JP4-039 had 
no significant effect on the body weight of the mice, and that JP4-039 
improved knee swelling in DMM mice as measured by the knee joint 
diameter, and the von Frey fiber test also showed that the paw with
drawal threshold of the mice also increased significantly after treatment, 
which reflected the increase in pain threshold of mice (Fig. 4d). Next, 
mice underwent an open field test (OFT) to monitor their spontaneous 
activity for a duration of 3 min. Through the results we can observe that 
DMM mice showed a significant decrease in relative mobility, activity 
time, activity distance and average speed, which was significantly 
reversed after receiving treatment with knee injections of JP4-039 
(Fig. 4e and f). Additionally, we reinforced our assessment of pain and 
gait conditions through footprint experiments. The results showed that 
JP4-039 significantly reduced pain and improved locomotor trajectory 
in mice, which was mainly reflected in the improvement of step length 
and stride length, as well as the shorten of the front/rear print length 
(Fig. 4g and h). In summary, JP4-039 significantly improved physical 
activity in mice.

Furthermore, H&E staining of the heart, liver, spleen, lung, and 
kidney tissues revealed no discernible structural or cellular distinctions 
among the groups. These findings affirm that JP4-039 exhibits no 
apparent signs of toxicity (Supplementary Fig. 3).

3.5. JP4-039 promotes Pink1/Parkin-dependent mitophagy

The obtained experimental findings indicate that JP4-039 has the 

potential to impede chondrocyte ferroptosis, thereby potentially decel
erating the progression of osteoarthritis. The subsequent phase involves 
investigating whether JP4-039 can enhance mitophagy in chondrocytes 
to counteract the inhibition of ferroptosis. Mitophagy encompasses 
diverse yet interconnected mechanisms, typically classified into Ub- 
dependent and Ub-independent pathways. Among the Ub-dependent 
pathways, the Pink1/Parkin pathway stands as one of the most preva
lent. Hence, our subsequent investigations primarily centered on eluci
dating the Pink1/Parkin-dependent pathway of mitophagy. Initially, we 
assessed the expression of Pink1 and Parkin at both gene and protein 
levels. Findings indicated a declining trend in mitophagy-associated 
Pink1 and Parkin expression upon TBHP induction, suggesting a con
current reduction in mitophagy during the ferroptosis process. Inter
estingly, supplementation with JP4-039 notably ameliorated this 
declining trend in Pink1 and Parkin, specifically associated with 
mitophagy (Fig. 5a–c). To validate Pink1 and Parkin expression levels, 
immunofluorescence staining was conducted on the DMM mouse model. 
Results revealed notable downregulation of Pink1 and Parkin expression 
in cartilage, a trend significantly reversed upon JP4-039 treatment 
(Fig. 5d–f). These observations align with in vitro murine chondrocyte 
cultures, further indicating JP4-039’s capacity to modulate chondrocyte 
mitophagy.

When mitochondria initiate autophagic signaling, autophagosomes 
wrap around mitochondria to become mitochondrial autophagosomes. 
Lysosomes bind to mitochondrial autophagosomes, thereby promoting 
the degradation of mitochondrial content. Therefore, we used, Mito- 
Tracker Deep Red FM, Lyso-Tracker Green and pEGFP-C3-MAP1LC3B 
to localize mitochondria, lysosomes and autophagosomes respectively, 
and co-localized staining of mitochondria with lysosomes and auto
phagosomes respectively. The results showed that the co-localization of 
lysosomes and mitochondria, autophagic vesicles and mitochondria 
showed a decreasing trend after the addition of TBHP, which indicated 
that the occurrence of ferroptosis in chondrocytes was accompanied by a 
decrease in mitophagy (Fig. 5g). And the co-localization increased after 
treatment with JP4-039, which indicated that JP4-039 could reverse the 
trend of decreased mitophagy.

3.6. Inhibited mitophagy weakens JP4-039’s anti-ferroptotic impact on 
chondrocytes

The above results indicated that JP4-039 could promote mitochon
drial autophagy in chondrocytes. In order to further verify whether 
ferroptosis could be inhibited by restoring mitophagy and thus slowing 
down the progression of osteoarthritis, we used Mdivi-1, a mitophagy 
inhibitor, to validate the mechanism of JP4’s action in the fight against 
chondrocyte ferroptosis. First, we first verified the efficacy of Mdivi-1 in 
inhibiting mitophagy. After the addition of the inhibitor Mdivi-1, 
mitophagy-associated Pink1 as well as Parkin were markedly inhibited 
at the gene as well as protein level (Fig. 6a and b). We detected the cell 
activity by CCK-8 assay, which showed that there was no difference 
between the cell activity after the addition of Mdivi-1 and the TBHP 
group alone, and the cell activity could be restored after the addition of 
JP4-039 again (Supplementary Fig. 4).

Next, the mitophagy inhibitor Mdivi-1 was added to JP4-039-treated 
chondrocytes, and anabolism, catabolism, and ferroptosis-related genes 
were examined in chondrocytes. The results showed that the up- 
regulation of the ferroptosis protective genes Gpx4 and Fth1 and the 
down-regulation of the ferroptosis driver genes Ptgs2 and Ncoa4 by JP4- 
039 were significantly antagonized by the inhibitor, and the increase in 
the expression of the chondrocyte anabolic genes Col2a1 and Sox9 
induced by JP4-039 was also significantly inhibited, and that the 
expression of the catabolic gene Mmp13 was significantly inhibited by 
the addition of Mdivi-1(Fig. 6c). These indicate that the anti- 
chondrocyte ferroptosis function of JP4-039 was significantly sup
pressed. Similarly, the results at the protein level of chondrocytes 
showed that after the addition of Mdivi-1, the cartilage anabolic index, 
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Fig. 4. JP4-039 enhances bone remodeling and cognitive performance in DMM mouse. (a) Micro-computed tomography (micro-CT) was employed to 
reconstruct three-dimensional images of the mouse knee joint, emphasizing alterations in both femoral and tibial surfaces, with a focus on minimizing repetition(n =
6). (b, c) Quantified changes in BMD, BV/TV, BV, SBP, Tb.Sp, Tb.Th, Tb.N, No.of osteophyte(n = 6). One-way ANOVA with Tukey’s post-hoc test. (d) The quan
tification of mice weight and Knee diameter(n = 6); Paw contraction thresholds were assessed utilizing von Frey fibers to gauge mechanical sensitivity, with an 
emphasis on reducing redundancy(n = 6). (e) Representative trajectory plots reveal a reduction in spontaneous activity of mice following DMM surgery during the 
open field test, highlighting a decrease without unnecessary repetition. (f) Alterations in spontaneous activity, encompassing relative activity, active time, distance 
covered, and mean speed, were examined with an effort to minimize redundancy(n = 6). (g, h) The JP4-039 treatment group exhibited increased relative step length 
and relative stride length, while concurrently demonstrating a reduction in relative front/rear print length in DMM mice, with a focus on minimizing repetitive 
language(n = 6). Scale bars, 50 μm One-way ANOVA with Tukey’s post-hoc test. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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Col2a1, was significantly decreased, the catabolic index, Mmp13, was 
significantly increased, and the expression of the ferroptosis driving 
protein, Cox2, was increased, and the expression of the ferroptosis 
inhibitory proteins, Gpx4, and Fth1, was decreased, which was in line 
with the results at the gene expression level (Fig. 6d and e). Taken 
together, these results all indicate that the inhibition of mitophagy 
blocked the anti-chondrocyte ferroptosis effect of JP4-039. Mitochon
dria serve as intracellular storage organelles for ROS, and imbalance in 
mitochondrial homeostasis leads to intracellular ROS accumulation. Our 
experimental results indicate that the addition of Mdivi-1 leads to 
cellular ROS accumulation (Supplementary Fig. 5).

4. Discussion

Chondrocyte ferroptosis and mitophagy influence the progression of 

osteoarthritis (OA). However, the intricate link between dysfunctional 
mitophagy and chondrocyte ferroptosis remains unclear. This study 
aimed to elucidate the relationship, highlighting decreased mitophagy 
in chondrocytes as a driving force for ferroptosis, thus establishing it as a 
promising therapeutic target. Our focus pivoted towards reestablishing 
mitophagy while mitigating ferroptosis. A key avenue was the targeting 
of intracellular oxidative stress and precise mitochondrial intervention, 
leading to the identification of JP4-039 as a potential therapeutic agent. 
Experimental findings unveiled a reduction in the expression of 
mitophagy-associated proteins Pink1 and Parkin in TBHP-induced 
chondrocyte ferroptosis. This decline suggested a concurrent decrease 
in mitophagy alongside chondrocyte ferroptosis. However, upon JP4- 
039 treatment, a notable inhibition of chondrocyte ferroptosis coupled 
with effective restoration of mitophagy levels was observed. Immuno
fluorescence staining of knee joints in OA mice further corroborated 

Fig. 5. JP4-039 Promoting mitophagy to inhibit ferroptosis. (a, b) Western blot analysis was performed on indicated proteins in mouse primary chondrocytes 
treated with 50 mM TBHP and/or 10 μM JP4-039 for 6 h (n = 3). (c) qPCR analysis of indicated genes in chondrocytes treated with 50 μM TBHP an/or 10 μM JP4-039 
for 6 h (n = 3). (d) Immunofluorescence (IF) staining of Parkin and Tomm20 (n = 6). (e) Immunofluorescence (IF) staining of Pink1 and Tomm20 (n = 6). (f) The 
quantification of Parkin and Pink1. (g) Mito-Tracker Deep Red FM was co-incubated with Lyso-Tracker Green and pEGFP-C3-MAP1LC3B, respectively in chon
drocytes treated with 50 μM TBHP an/or 10 μM JP4-039 for 6 h (n = 3). Scale bars, 50 μm. Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001
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these results, demonstrating reduced mitophagy in OA cartilage. 
Notably, treatment with JP4-039 significantly restored Pink1 and Parkin 
levels in mouse cartilage, mirroring outcomes observed in our in vitro 
TBHP-induced chondrocyte model. This collective evidence strongly 
supports JP4-039’s capacity to curtail chondrocyte ferroptosis by rein
stating mitophagy. Interestingly, in vitro tests revealed that subchondral 
osteosclerosis was improved in DMM mice after injection of JP4-039 
into the knee joint. This could be a direct effect of the drug or an indi
rect effect that affects the chondrocyte state, and we are still working on 
the direct effect, whereas on the indirect effect, there are studies that 
show that there is an interaction between the chondrocyte state and the 
subchondral bone. It is now well documented that there is a correlation 
between cartilage degeneration and subchondral bone sclerosis in OA, 
with chondrocytes releasing exosomes that lead to subchondral bone 
sclerosis [27,28].

Mitophagy is a key process in the cell fate cycle that contributes to 
the removal of damaged and senescent mitochondria, thereby ensuring 
mitochondrial homeostasis and cell viability [29,30]. Mitochondria 
serve as the principal intracellular origin of reactive oxygen species 
(ROS) and stand as primary sites vulnerable to oxidative impairment. 

Additionally, these organelles play a central role in iron metabolism, 
overseeing the regulation and equilibrium of iron within the body [31,
32]. Under physiological circumstances, mitophagy, fusion, and fission 
mechanisms operate individually or simultaneously to uphold a metic
ulous balance in mitochondrial quality control, thus ensuring an optimal 
functional state of these organelles [33]. Upon inhibition of mitophagy, 
the timely elimination of damaged mitochondria is impeded, fostering 
the accumulation of aggregated dysfunctional mitochondria, thereby 
culminating in mitochondrial dysfunction [34]. Studies have shown that 
in osteoarthritis, cartilage degeneration is closely associated with 
mitochondrial dysfunction as OA progresses, regulated and controlled 
by complex mechanisms [35,36].

Ferroptosis is a form of programmed cell death caused by iron- 
dependent lipid peroxidation [8], its main features are: depletion of 
glutathione, accumulation of ferrous ions and production of lipid per
oxides [37]. Recent studies suggest that chondrocyte ferroptosis plays a 
key role in the development of OA [38,39]. Moreover, a myriad of 
connections has been delineated between ferroptosis and mitochondrial 
dysfunction. Ferroptosis coincides with heightened reactive oxygen 
species (ROS) generation, while the perturbation of ATP synthesis 

Fig. 6. Inhibition of mitophagy counteracts the anti-ferroptosis function of JP4-039. (a, b, d) Western blot analysis was performed on indicated proteins in 
mouse primary chondrocytes treated with 50 mM TBHP and/or 10 μM JP4-039 and Mdivi-1 for 6 h(n = 3). (c) qPCR analysis of indicated genes in chondrocytes 
treated with 50 μM TBHP an/or 10 μM JP4-039 and Mdivi-1 for 6 h (n = 3). Data are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. (E)Western blot 
analysis of protein expression and quantification of Col II, Mmp13, Cox2, Gpx4 and Fth1 in different groups (n=3).
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results in irregular iron transportation pathways [40–42]. Multiple in
vestigations have elucidated the correlation between ferroptosis and the 
process of mitophagy. For instance, Bi et al. highlighted the interaction 
between Fundc1 and Gpx4, showcasing their role in promoting hepatic 
ferroptosis and fibrotic injury via mitophagy-dependent pathways [43]. 
Similarly, Lin et al. discovered that BNIP3 and the PINK1-PARK2 
pathway regulate mitophagy, shielding renal tubular epithelial cells 
against cisplatin-induced fibrosis via the ROS/HO1/Gpx4 axis [44]. 
However, the potential interaction between mitophagy and ferroptosis 
during osteoarthritis development remains unclear. Therefore, we 
experimentally elucidated the level of mitophagy that regulates fer
roptosis. However, it was previously reported in the literature that ROS 
cause depolarization of the mitochondrial membrane potential and 
induce an increase in mitophagy, which seems to be contradictory to the 
preliminaries results like [18]. During the initial stages of osteoarthritis 
(OA), the accrual of reactive oxygen species (ROS) triggers the sponta
neous activation of mitophagy, constituting an active defense mecha
nism. However, in the advanced phases of OA, the depletion of Parkin 
results in dysfunctional mitophagy [20].

The current study still has some limitations. First, regarding the 
relationship between mitophagy and ferroptosis, it may be limited to 
verify the correlation only from proteins, and it may be possible to reveal 
the relationship at the level of the single-cell transcriptome. Second, our 
study demonstrated that JP4-039 significantly inhibited chondrocyte 
ferroptosis by promoting Pink1/Parkin-dependent mitophagy, thereby 
slowing the progression of osteoarthritis. However, the possibility of 
potential mechanisms of mitophagy by other pathways cannot be 
ignored. In addition, we explored the existence of a negative correlation 
between mitophagy and ferroptosis in six clinical samples. Small sample 
sizes may compromise current studies of clinical specimens, leading to 
potential selection bias and other implications. Therefore, further pro
spective studies or the use of larger cohorts to confirm our findings are 
imperative.

5. Conclusions

In this study, we confirmed the correlation between mitophagy and 
ferroptosis. This work demonstrated that JP4-039 promotes mitophagy 
to inhibit ferroptosis in chondrocytes, proving its potential as a thera
peutic agent for osteoarthritis.
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