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Purpose: Lysosomal dysfunction and chondrocyte ferroptosis are pivotal drivers of osteoarthritis (OA) pathogenesis, yet their
interlinked molecular mechanisms remain poorly defined. This study investigates the associations between lysosomal dysfunctions
and ferroptosis in OA chondrocytes, aiming to identify actionable therapeutic targets.

Patients and Methods: Human OA cartilage samples were categorized into intact and damaged groups based on structural integrity.
Lysosomal fractions were isolated from both groups for comparative lipidomic profiling and functional assays. A rat OA model was
established via anterior cruciate ligament transection, followed by histopathological evaluation using hematoxylin-eosin (HE) staining,
Safranin-O Fast Green scoring, and immunohistochemical analysis to quantify cartilage repair and degeneration.

Results: The damaged groups displayed significantly increased lysosomal membrane permeability (LMP) and ferroptosis activation
compared to intact groups. Lysosomal lipidomics revealed oxidative stress-induced down-regulation of phosphatidylethanolamine
(PE), a key membrane-stabilizing phospholipid, in chondrocytes. Functional studies demonstrated that PE supplementation rescued
chondrocyte viability (CCK-8 assay) and attenuated LMP-driven ferroptosis by restoring lysosomal integrity and suppressing lipid
peroxidation. In vivo, intra-articular PE administration markedly reduced OA progression, as evidenced by improved cartilage
histology scores, and downregulated ferroptosis markers.

Conclusion: PE supplementation restores lysosomal PE levels, reduces LMP, and alleviates ferroptotic phenotypes in preclinical
models, suggesting therapeutic potential. These findings significantly increase our understanding of the pathogenesis of OA and reveal
potential therapeutic targets for its management.
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Background

Osteoarthritis (OA), a degenerative joint disease, represents a substantial threat to the quality of life of middle-aged and
elderly individuals. Chronic pain, joint stiffness, and reduced mobility significantly impair daily activities, often leading
to physical decline, social isolation, and depression.' Over 30% of adults aged 65 and older experience symptomatic OA,
with the knee and hip joints being the most frequently affected areas.” This condition not only exacerbates age-related
comorbidities such as obesity and cardiovascular risk but also diminishes independence in performing essential tasks.®
The therapeutic landscape remains challenging owing to the limited availability of disease-modifying treatments. Current
treatment strategies predominantly focus on symptom management via the use of non-steroidal antiinflammatory drug

https://doi.org/10.2147/IJGM.S581128 International Journal of General Medicine 2026:19 581128 |
Received: 29 November 2025 © 2026 Iheng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 30 March 2026 AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati .org/licenses/by-nc/4.0/). By accessing the

Published: 14 April 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0004-5612-179X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zheng et al

(NSAIDs), which poses risks of gastrointestinal and cardiovascular complications with prolonged use, or invasive joint
replacement surgeries, which involve surgical risks and considerable financial burdens.* The contrast between therapeutic
challenges and the increasing prevalence of OA in aging populations underscores the pressing need for innovative
treatment strategies that address both the biological and psychosocial aspects of this debilitating condition.

Ferroptosis, a form of iron-dependent regulated cell death characterized by lipid peroxidation and inactivation of
glutathione peroxidase 4 (GPX4), has emerged as a critical factor in the pathogenesis of OA.>® In OA, chondrocytes
undergo metabolic disturbances and oxidative stress, which create an environment conducive to ferroptotic processes.
The accumulation of excess iron in articular cartilage disrupts redox homeostasis, promoting the generation of reactive
oxygen species (ROS) and driving lipid peroxidation.”® Meanwhile, mechanical stress and inflammation elevate ROS
levels in chondrocytes, surpassing the capacity of GPX4 and facilitating chondrocyte ferroptosis. Ferroptosis-induced
chondrocyte death accelerates extracellular matrix degradation through the upregulation of matrix metalloproteinases and
aggrecanases while concurrently inhibiting collagen synthesis. Previous studies have demonstrated that ferroptosis
inhibitors or iron chelators can mitigate cartilage degeneration and improve joint function in OA models.”'"’
Therefore, elucidating the regulatory mechanisms of ferroptosis may offer potential strategies for OA management by
preserving chondrocyte viability and maintaining cartilage integrity.

Emerging evidence underscores the intricate interplay between lysosomal dysfunction and the pathogenesis of
OA.'"'? Lysosomes, which are essential for maintaining cellular homeostasis through macromolecule degradation and
autophagy, are impaired in OA chondrocytes.'? This impairment results in the accumulation of damaged organelles and
toxic metabolites. In addition, the destabilization of lysosomes disrupts autophagy flux, thereby exacerbating oxidative
stress and mitochondrial dysfunction."* Excessive iron accumulation within chondrocytes catalyzes Fenton reactions,
leading to the generation of ROS that overwhelm antioxidant defenses, ultimately triggering lipid peroxidation and
membrane rupture.'”” Lysosomal damage may synergize with ferroptosis by releasing stored iron and proteolytic
enzymes, further destabilizing cellular membranes and promoting the release of inflammatory cytokines. Although
ferroptosis inhibitors show promise in preclinical studies, they lack lysosomal targeting. Targeting lysosomal repair
mechanisms may have therapeutic potential for mitigating the progression of OA.

We observed a significant decrease in the abundance of phosphatidylethanolamine (PE) through lysosomal lipidomic
analysis. As an essential component of lysosomal membrane lipids, the conical shape of PE promotes lysosomal
formation, membrane curvature, and fusion, which is critical for lysosomal stability.lﬁ’17 Notably, alterations in phos-
pholipid composition have been previously reported in joint tissues and synovial fluid from OA patients, further
supporting the translational relevance of targeting PE in this context.'®>° However, the known biological functions of
PE in regulating membrane repair, antioxidant activity, and preventing ferroptosis have not been sufficiently addressed.
This study aimed to investigate the protective effects of PE on human chondrocytes against oxidative stress-induced
ferroptosis in OA.

Materials and Methods

Human Samples Collection and Cell Culture

The studies were approved by the Ethics Committee of the Third Affiliated Hospital of Anhui Medical University (2024-
241-01). All research activities adhered strictly to the Declaration of Helsinki. Human articular cartilage samples were
collected from patients diagnosed with knee OA (aged 67 to 82 years, Kellgren-Lawrence grade 4) who underwent total
knee arthroplasty. The samples were categorized into intact and damaged regions according to the degree of
degeneration.”! Human chondrocytes were isolated and cultured in accordance with a previously established
protocol.”> The samples were obtained from the articular cartilage surface during knee joint replacement. After washing
away the blood with normal saline, a bone rongeur was used to crush the cartilage, which usually had a diameter of about
3 to 5 millimeters. These pieces were first treated with 0.25% trypsin for 30 minutes, then subjected to digestion with
0.25% type II collagenase for 6 hours. The isolated primary chondrocytes were subsequently resuspended and maintained
in DMEM/F12 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin solution, under
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a humidified environment containing 5% CO, at 37°C. COL2A1 was utilized for chondrocyte identification via
immunofluorescence assay.>> For experimentation, chondrocytes from the second passage were utilized.

Subcellular Fractionation

Chondrocytes were isolated and used to obtain cytosolic and lysosome-enriched fractions using the Lysosome
Enrichment Kit (Solarbio, China). The cell pellet was resuspended in PBS and homogenized on ice using a Dounce
homogenizer with approximately 20 strokes. Subsequently, differential centrifugation was performed in accordance with
the manufacturer’s instructions to isolate crude lysosomes, while the remaining supernatant was collected as the cytosolic
fraction. WB analysis of LAMP1 was used to validate the purity and normalize the content. The prepared subcellular
fractions were stored at —80°C for further analysis.**

Proteomics and Lipidomics

The proteomics and lipidomics analysis was performed at OUYI Corporation (Shanghai, China) in accordance with
established methodologies.'®**° Proteins with a P value < 0.05 and a fold change > 1.2 or < 0.83 were considered
upregulated and downregulated, respectively. The criteria for identifying significantly differentially abundant metabolites
were a variable importance in the projection (VIP) value >1 and a P value < 0.05.

Western Blot (WB) Analysis

Proteins were isolated from the samples using RIPA buffer (Beyotime, China), and the concentration of the extracted
proteins was measured via the Bradford method. Following this, the proteins were electrophoretically transferred onto
PVDF membranes (Merck Millipore, USA). To prevent non-specific binding, the membranes were incubated in
a blocking solution containing 5% non-fat dry milk for one hour at ambient temperature. They were then exposed to
primary antibodies at 4°C for 12 hours. The primary antibodies applied in this study included: anti-GAPDH (Servicebio,
China; 1:2000), anti-LAMP1 (Zenbio, China; 1:1000), anti-CTSD (Proteintech, China; 1:1000), anti-COX2 (Proteintech,
China; 1:1000), anti-TF (Proteintech, China; 1:1000), anti-FTH1 (Huabio, China; 1:1000), and anti-GPX4 (Huabio,
China; 1:1000). After the primary antibody incubation, the membranes were rinsed three times with TBST, each wash
lasting 15 minutes, and subsequently treated with secondary antibodies for a duration of 2 hours at room temperature.
GAPDH served as the loading control for data normalization.

Immunofluorescence (IF)

Chondrocytes grown in confocal dishes were first fixed using 4% paraformaldehyde for a duration of 15 minutes,
followed by two washes with PBS. Next, the cells were permeabilized with a solution containing 0.1% Triton X-100 for
15 minutes. After permeabilization, the samples were incubated with 2% goat serum for 30 minutes at room temperature
to block nonspecific binding. Subsequently, the sections were treated overnight at 4°C with primary antibodies specific to
LAMP1 (Zenbio, China; dilution: 1:100) and CTSD (Proteintech, China; dilution: 1:200). The following day, the samples
were exposed to Alexa Fluor-labeled secondary antibodies for one hour at room temperature. To visualize nuclei, sections
were stained with DAPI for five minutes. Images were taken with Zeiss LSM800 confocal microscope (Zeiss, Germany).
The fluorescence intensities quantified using Image J.

Lipid ROS Staining

The levels of lipid ROS were measured through staining with BODIPY-C11 (Invitrogen, Germany). Chondrocytes were
treated with 5 pM of BODIPY 581/591 C11 for 30 minutes at 37°C. After the treatment, cells were washed three times
with PBS to eliminate residual dye.

Lysosomal Enzyme Assay

The enzymatic functions of CTSD (Proteintech, China) and NAGLU (Sigma-Aldrich, USA) were evaluated following
the guidelines outlined by the manufacturers. The activity levels of these enzymes in both lysosomal and cytosolic
fractions were determined by analyzing the corresponding changes in optical density.
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FerroOrange Staining

FerroOrange (Dojindo, Japan) was utilized to label intracellular ferrous iron by applying a 5 uM solution of FerroOrange.
The chondrocytes were then incubated for a period of 30 minutes at 37°C. Following incubation, the cells were washed
three times with PBS to eliminate any residual dye. Fluorescence imaging was performed using a confocal microscope
(Zeiss, Germany).

Lyso-Tracker Staining

Lysosomal staining was carried out with the aid of Lyso-Tracker Red (Beyotime, China). The cells were exposed to 50
nM Lyso-Tracker Red for a duration of 30 minutes at 37°C, after which they were rinsed thoroughly with PBS three
times. Subsequently, the stained cells were examined using a confocal microscopy (Zeiss, Germany).

Animal Experiment

The animal study was reviewed and approved by the Animal Care and Use Committee of the Anhui Medical University
(20242502). All animal experiments were conducted following the 3R principle of animal experiment ethics. Male
Sprague-Dawley (SD) rats, approximately 6 to 8 weeks old, were randomly divided into three experimental groups: the
control group, the degeneration group, and the PE treatment group, with five animals in each group. In the control group,
only surgical incisions were made to the skin and joint capsules, which were then immediately closed without further
manipulation. For all surgical procedures, rats were first anesthetized using isoflurane and then secured in a stereotactic
apparatus under continuous anesthesia. The knee OA model was induced following previously established protocols.?'*’
This involved making a medial parapatellar incision to access the right knee joint cavity, followed by the removal of the
medial collateral ligament. The knee was flexed to allow for identification and excision of the anterior cruciate ligament,
and the medial meniscus was then removed. After surgery, all animals were returned to their cages and allowed free
movement. For the PE group, 40 pL of PE (6 uM) was directly injected into the joint twice a week. In contrast, the sham
and degeneration groups received intra-articular injections of 40 pL of normal saline on the same schedule. Eight weeks
post-surgery, the right knee joints were harvested for further analysis.

Histology and Immunohistochemical (IHC) Staining

Following decalcification, the specimens underwent dehydration and were embedded in paraffin wax. The prepared paraffin
blocks were then sectioned into 5 pum thick coronal slices. These sections were subjected to HE staining and safranin O staining
for histological analysis. For IHC labeling, the sections were initially deparaffinized and rehydrated. Antigen retrieval was
carried out via microwave exposure in a 0.01 mol/L citrate buffer for 15 minutes. Endogenous peroxidase activity was blocked
by incubating the sections with goat serum albumin for 30 minutes. Subsequently, the tissue sections were incubated overnight
at 4°C with primary antibodies targeting FTH1 (Huabio, China; 1:200 dilution), COX2 (Proteintech, China; 1:200 dilution), TF
(Proteintech, China; 1:200 dilution), and GPX4 (Huabio, China; 1:200 dilution). Afterward, the sections were exposed to the
corresponding secondary antibodies for 1 hour at room temperature and finally counterstained with hematoxylin.

Statistical Analysis

The data are presented as the mean + standard deviation (SD). To compare two groups, statistical significance was assessed
using Student’s f-test for normally distributed data or the Mann—Whitney U-test for data that were not normally distributed.
When comparing multiple groups, one-way analysis of variance (ANOVA) was employed for normally distributed datasets,
while the Kruskal-Wallis test was used for those that were not normally distributed. All statistical evaluations were
conducted using GraphPad Prism software, with significance levels set at *P < 0.05, **P < 0.01, and ***P < 0.001.

Results
LMP and Ferroptosis in Chondrocytes Were Observed During OA

To address the association between lysosomal dysfunction and OA, we analyzed the LMP between histologically defined
intact OA cartilage and damaged OA cartilage (Figure 1 A). Compared with those in the intact samples, significantly greater
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concentrations of lysosomal enzymes were detected in the cytosolic fractions from the damaged samples. This increase was
accompanied by a corresponding decrease in enzyme content within the lysosomal fractions (Figure 1B). Costaining of
CTSD and LAMP1 revealed that, compared with those in the intact group, CTSD exhibited a more diffuse distribution and
fewer puncta in the damaged group (Figure 1C). LysoTracker staining revealed fewer healthy lysosomes in the damaged
group than in the control group (Figure 1D). Furthermore, the levels of ferroptosis markers, including FerroOrange and
Lipid ROS, were significantly elevated in damaged samples compared with intact samples (Figure 1E-H). These results
revealed that lysosomal dysfunction and ferroptosis occurred during the course of OA.

Oxidative Stress Leads to Lysosomal Damage and Ferroptosis in Chondrocytes

To investigate the effects of oxidative stress on chondrocytes, we conducted proteomics analysis after treatment with the
oxidative stress inducer tert-butyl hydroperoxide (TBHP) at a concentration of 100 uM for 48 hours. The PCA revealed a clear
separation between the control and treated groups (Figure 2A). The enriched analysis revealed that the terms “lysosome
membrane” and “lysosome” were the most notable (Figure 2B). Upon treatment with TBHP, a significant increase in
lysosomal enzyme concentration was observed in the cytosolic fractions. This elevation coincided with a corresponding
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decrease in enzyme levels within the lysosomal fractions (Figure 2C—F). Costaining of CTSD and LAMPI revealed that
following TBHP treatment, CTSD exhibited a more diffuse distribution with fewer puncta (Figure 2G). Moreover, there was
a notable reduction in the number of lysosomes after TBHP treatment (Figure 2H). WB analysis of the FTH1, GPX4, COX2,
and TF proteins confirmed that oxidative stress induces ferroptosis in chondrocytes (Figure 21 and J). Additionally, the levels
of FerroOrange and lipid ROS were significantly elevated following TBHP treatment (Figure 2K—N).

Lipidomics of the Lysosomal Fractions Revealed a Reduction in PE After Oxidative Stress
Given that proteomics sequencing revealed an aberrant lysosomal membrane structure, and considering that the lipid
composition of the lysosomal membrane is critically important for its functionality, we prepared lysosome-enriched
fractions for lipidomic analysis following oxidative stress overload with TBHP at a concentration of 100 uM for
48 hours. The orthogonal partial least squares discriminant analysis (OPLS-DA) model demonstrated a distinct separation
between the two groups (Figure 3A). Volcano plot and heatmap analyses revealed substantial metabolic differences
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between the intact group and those treated with TBHP (Figure 3B and C). Notably, the abundance of PEs was
significantly decreased after oxidative stress (Figure 3D-F). Moreover, the abundance of PEs in the damaged group
was significantly lower than that observed in the intact group (Figure 3G). This analysis reveals the process by which PE
participates in lysosomal damage under oxidative stress conditions.

PE Protects Chondrocytes from Oxidative Stress-Induced Ferroptosis and Improves

Lysosomal Functionality

Given that the functional role of PE in chondrocytes remains unclear, we subsequently investigated whether PE can also
mitigate ferroptosis and lysosomal dysfunction. The PE (Sigma - Aldrich, USA) was dissolved in saline using ultrasonic
waves, and the concentration was adjusted according to the experimental requirements. As shown in Figure 4A, PE
significantly promoted cell viability of the experimental group after 24 h at concentrations ranging from 2 to 12 pmol.
Notably, the most substantial protective effect was observed at a concentration of 6 pmol, leading to its selection for
subsequent experiments. PE treatment resulted in decreased levels of COX2 and TF but concurrently increased levels of
FTH1 and GPX4 (Figure 4B and C). Additionally, PE treatment led to reductions in both iron and lipid peroxide levels
(Figure 4D-G).

PE is a key component of lysosomal membrane lipids. On the basis of these findings, we speculate that PE may repair
lysosomal membrane damage in the damaged group. As shown in Figure 5SA-D, PE decreased lysosomal content leakage
from lysosomes to the cytoplasm. Costaining of CTSD and LAMP1 demonstrated that, following PE treatment, CTSD
exhibited a less diffuse distribution with fewer puncta (Figure 5E). LysoTracker staining of lysosomes revealed an
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increased number of healthy lysosomes after PE treatment (Figure SF). Lipidomic analysis revealed that the abundance of
lysosomal PEs was significantly increased following PE treatment (Figure 5G-J). The total abundance of PEs was
significantly up-regulated after PE treatment (Figure 5K). These results indicate that PE protects chondrocytes from
ferroptosis and improves lysosomal functionality.

PE Protects Against Chondrocyte Ferroptosis in a Lysosomal-Dependent Manner
The present study further investigated the potential protective effects of PE on oxidative stress in chondrocytes through
the lysosomal pathway. Following PE treatment, the chondrocytes were subsequently exposed to LMP inducer
N-dodecylimidazole (NDI, 30uM) for 48 hours. PE significantly attenuated the leakage of lysosomal contents from
lysosomes to the cytoplasm, but treatment with NDI blocked the protective effect of PE (Figure 6A—D). Following NDI
disturbance, CTSD exhibited a more diffuse distribution with fewer puncta (Figure 6E) and fewer healthy lysosomes
(Figure 6F). Moreover, the level of ferroptosis significantly increased after NDI disturbance (Figure 6G—L). These
findings suggest that PE protects against chondrocyte ferroptosis in a lysosomal-dependent manner.

Therapeutic Effect of PE in an OA Model

To investigate the therapeutic effects of PE in vivo, we utilized a rat model of OA. Figure 7A shows the schematic
illustration of the animal experimental procedure. Histological analysis via HE and safranin O staining demonstrated that
PE attenuated the progression of OA (Figure 7B and C). IHC staining for COX2, TF, and GPX4 indicated that the OA
models exhibited a significant degree of ferroptosis, which was partially reversed following treatment with PE
(Figure 7D-I).

Discussion

LMP, characterized by the leakage of lysosomal contents into the cytosol, has emerged as a critical mechanism driving
ferroptosis and is implicated in the progression of OA."* Lysosomes, which house hydrolytic enzymes such as cathepsins
and store redox-active iron, play important roles in maintaining cellular homeostasis and mediating stress responses.'
Under pathological conditions such as oxidative stress or inflammation, the lysosomal membrane becomes destabilized,
leading to the release of proteolytic enzymes and iron ions.”**° This leakage triggers a cascade of events: cathepsins
disrupt mitochondrial integrity, exacerbating oxidative stress, whereas free iron catalyzes lipid peroxidation via the
Fenton reaction, a hallmark of ferroptosis.'* In OA, articular chondrocytes are particularly vulnerable to LMP-induced
ferroptosis. The degenerative joint environment, which is characterized by chronic inflammation and excessive ROS,
promotes lysosomal fragility and dysfunction.''® Our work is consistent with previous studies revealing that chondro-
cytes in OA patients exhibit elevated levels of lysosomal LMP and ferroptosis. The loss of functional chondrocytes
disrupts extracellular matrix synthesis, accelerating cartilage degradation and joint dysfunction. Thus, targeting LMP and
ferroptosis pathways may offer novel strategies to mitigate OA progression.

In our study, we also observed that LMP and ferroptosis occurred under conditions of oxidative stress. Lysosomal
membranes are uniquely composed of a single phospholipid bilayer enriched with specialized lipids, including choles-
terol, phosphatidylcholine, phosphatidylinositol, and PE, which collectively ensure membrane integrity, stability, and
functionality.'® Alterations in the lipid composition of lysosomal membranes are critical drivers of lysosomal damage and
increased permeability, contributing to cellular dysfunction and death. In a study on random skin samples, Lou et al**
demonstrated that the hydrolysis of phospholipids in the lysosomal membrane leads to increased LMP and subsequent

cell necroptosis via the lysosomal pathway. Similarly, Sarkar et al*'

found that low levels of phospholipids such as PE
and phosphatidylcholine contribute to LMP and lysosomal dysfunction, ultimately resulting in cell death. Under
pathological conditions such as oxidative stress, aging, or lipid peroxidation, cholesterol accumulation or imbalances
in phospholipid ratios disrupt membrane fluidity and stability.** For example, oxidative stress in OA oxidizes PE,
compromising its ability to maintain membrane structure. These lipid perturbations destabilize the membrane, leading to
LMP, leakage of cathepsins into the cytosol, and activation of ferroptosis pathways.>® Therefore, therapeutic strategies

targeting lipid homeostasis, such as the use of antioxidants to mitigate lipid peroxidation, small molecules to restore
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Figure 6 PE protects chondrocytes ferroptosis in a lysosomal dependent manner. (A and B) CTSD in the lysosomes fractions were extracted after NDI treatment, and
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phospholipid balance, or cholesterol-lowering agents, may stabilize lysosomal membranes, preserve autophagic flux, and
prevent cell death.

Lipidomics is an emerging and rapidly evolving field within the broader omics domain dedicated to the systematic
study of lipid-related pathways in biological systems.?*~* This discipline not only examines the metabolic pathways of
endogenous metabolites within organisms, organs, or tissues but also assesses alterations in metabolic profiles caused by
both internal and external stress conditions. By thoroughly profiling lipid modifications, lipidomics has facilitated the
discovery of various biological processes involved in specific pathophysiological pathways. Integrating changes in
metabolic profiles with these pathways holds significant promise for advancing disease diagnosis and treatment
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strategies. Unlike other omics approaches, lipidomics operates downstream of gene regulation and protein interaction
networks, offering a direct reflection of biochemical activities and delivering a precise depiction of an organism’s
ultimate phenotypic characteristics. By employing lipidomic analysis, Radulovic et al*> demonstrated that cholesterol
transfer mediated by endoplasmic reticulum contacts facilitates lysosomal damage repair and provides lipids essential for
membrane restoration. In this context, we conducted a lipidomic analysis to investigate alterations in the metabolite
profiles of lysosomal fractions under oxidative stress conditions.

Through this lipidomic approach, we identified significant downregulation of PE under oxidative stress conditions.
Furthermore, the abundance of PEs in the damaged group was lower than that in the intact group. PE, a key phospholipid
component of lysosomal membranes, plays a pivotal role in maintaining lysosomal membrane integrity and function.'®
PE contributes to membrane curvature and stability due to its conical molecular shape, which is critical for lysosomal
membrane dynamics, including fusion with autophagosomes or endosomes.'” PE is essential for preserving lysosomal
structural integrity, as its deficiency or oxidative modification under OA-related oxidative stress can destabilize
lysosomal membranes, leading to enzyme leakage and impaired autophagic flux.?**' In OA, oxidative stress-induced
lipid peroxidation may alter the physicochemical properties of PEs, compromising their lysosomal acidification and
degradative capacity. Furthermore, PE interacts with lysosomal membrane proteins and ion channels, regulating
lysosomal exocytosis and calcium signaling.>® The downregulation of PE has been linked to lysosomal storage disorder-
like phenotypes, exacerbating chondrocyte dysfunction through the accumulation of undegraded macromolecules.
Therapeutic strategies targeting PE homeostasis may restore lysosomal functions in OA.

PE plays tissue-specific therapeutic roles in disease modulation, influenced by its unique metabolic pathways and
functional demands in different organs. In the liver, PEs play critical roles in lipid metabolism and lipoprotein
secretion.’” Inhibition of PE synthesis disrupts very-low-density lipoprotein assembly, leading to hepatic steatosis.
Restoring the hepatic phosphatidylcholine-to-PE molar ratio through dietary interventions or pharmacological modula-
tion of the Kennedy pathway may alleviate fatty liver disease and enhance postsurgical liver regeneration.*® In cardiac
tissue, mitochondrial PE is essential for maintaining cristae structure and ATP production.*® Deficiencies in PE-
plasmalogens are associated with cardiac dysfunction. Supplementation with plasmalogen precursors or antioxidants to
prevent PE oxidation may protect against cardiomyopathy and ischemia—reperfusion injury.*® However, further research
is needed to validate the specific functional role of PE in OA.

In our study, we demonstrated the therapeutic potential of PE in the inhibition of LMP. The unique conical shape of
PE promotes membrane curvature, facilitating lysosomal vesicle formation and repair. During lysosomal damage, PE
externalization serves as a signal for membrane repair systems, such as the endosomal sorting complexes required for
transport (ESCRT) complex, which seals membrane ruptures to prevent enzyme leakage.'® PE also interacts with
autophagy-related proteins such as LC3, enabling autophagosome—lysosome fusion, a critical step in clearing damaged
organelles or pathogens.*'** Conversely, PE deficiency disrupts lysosomal acidification and hydrolase activity, exacer-
bating substrate accumulation and oxidative stress. PE also plays a role in lysosome-dependent cell death. Excessive
damage induces PE peroxidation, destabilizes membranes and releases cathepsins, which activate caspase-dependent
apoptosis or NLRP3 inflammasome-driven ferroptosis.'*** Therefore, PE may function as both a structural component
and a dynamic signaling center, integrating lysosomal integrity with adaptive cellular mechanisms to prevent oxidative
stress-induced chondrocyte ferroptosis in OA. PE depletion could indirectly affect lysosomal stability by impairing
autophagic flux or other lipid trafficking pathways that are crucial for lysosomal homeostasis.

As the most prevalent degenerative joint disease, OA has significant socioeconomic impacts and a reduced quality of
life. Current pharmacological interventions remain limited in efficacy, necessitating the urgent development of disease-
modifying therapies. Through integrated lipidomics and functional validation, we elucidated the regulatory mechanism
by which PE modulates chondrocyte ferroptosis, establishing its potential therapeutic value for OA management. As an
economical and readily available phospholipid compound, PE has remarkable translational potential. Our findings not
only reveal novel molecular targets but also suggest PE as a potential agent for OA therapeutics. PE is a relatively cost-
effective and readily available agent. The reported alterations in lysosomal PE are of transitional significance, as they
offer novel molecular targets and potential therapeutic drugs for the research on OA treatment. However, the method of
administering PE for human OA treatment poses significant concerns. Intra-articular injection can be regarded as
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a feasible approach; nevertheless, such attempts have only been conducted in animal experiments. The next challenge is
to ensure the safe and efficient delivery of PE to the joints.** PE can be incorporated into the composition of delivery
systems, as demonstrated by the clinical development of MM-II (NCT04506463).* This clinical results from the phase
2b trial demonstrated that a single 3 mL injection of MM-II provided pain relief lasting up to 26 weeks, with
improvements in weekly average daily pain and reduced rescue medication use, supporting the therapeutic potential of
phospholipid-based formulations. Current research on articular administration remains confined to preclinical models,
highlighting the imperative to develop safe and effective joint-specific delivery systems for human applications.

Our study was subject to several limitations. First, the limited cohort size in lipidomic profiling may constrain the
statistical power to delineate comprehensive metabolic signatures, potentially introducing bias in capturing systemic
lipidomic variations. Secondly, all human samples are from knees of KL grade 4, which is suitable for advanced OA but
restricts the generalizability to earlier stages. Third, the precise regulatory mechanisms underlying PE downregulation
under oxidative stress remain unclear, particularly concerning epigenetic modifications or posttranslational regulation of
lipid metabolic enzymes. This knowledge gap underscores the need for comprehensive mechanistic studies that integrate
multiomics approaches and include functional validation to fully elucidate this pathway. Lastly, human OA is a slowly
progressive, long-term degenerative joint disorder. By contrast, the anterior ACLT-induced OA model reflects an acute,
trauma-driven onset and fails to fully recapitulate the gradual, multifactorial nature of human OA development. Although
the in-vitro model cannot fully simulate the etiology and pathological mechanism of OA suitable model, we can be
rationally chosen according to the observed phenotypic features or the underlying disease mechanism, offering
a promising approach to evaluate the therapeutic potential of candidate targets.

Conclusion

Through lipidomic analysis of lysosomal fractions in chondrocytes, we observed a significant decrease in the abundance
of PEs under oxidative stress conditions. As an essential component of lysosomal membrane lipids, PE plays a critical
role in maintaining the stability and functionality of the lysosomal membrane. PE supplementation restores lysosomal PE
levels, reduces LMP, and inhibits ferroptosis in preclinical models, suggesting therapeutic potential. These findings
significantly increase our understanding of the pathogenesis of OA and reveal therapeutic targets for its management.
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