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Paeonol inhibits ACSL4 to protect chondrocytes from ferroptosis and
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A B S T R A C T

Background: Discovering an inhibitor for acyl-CoA synthetase long-chain family member 4 (ACSL4), a protein
that triggers cell injury via ferroptosis, presents potential to minimize cellular damage. This study investigates
paeonol (PAE), a traditional Chinese herbal medicine, as an ACSL4 inhibitor to prevent chondrocyte ferroptosis
and protect against osteoarthritis (OA).
Methods: We conducted in vitro experiments using mouse chondrocytes treated with PAE to mitigate ferroptosis
induced by Interleukin-1 Beta (IL-1β) or ferric ammonium citrate (FAC), examining intracellular ferroptotic
indicators, cartilage catabolic markers, and ferroptosis regulatory proteins. A mouse OA model was created via
destabilized medial meniscus (DMM), followed by intra-articular PAE injections. After 8 weeks, micro-computed
tomography and histological assessments evaluated PAE’s protective and anti-ferroptotic effects in the OA
model.
Results: In vitro results showed PAE significantly reduced IL-1β/FAC-induced damage by targeting ACSL4,
including cell apoptosis, inflammatory responses, extracellular matrix degradation, and ferroptotic markers
(oxidative stress, lipid peroxidation, and iron buildup). It also restored the expression of ferroptotic suppressors
and mitigated mitochondrial damage. Additionally, PAE increased cartilage anabolic marker expression while
reducing cartilage catabolic marker expression. Molecular docking, cellular thermal shift assay, and drug affinity
responsive target stability analysis verified the binding interaction between PAE and ACSL4. Furthermore, the
role of PAE in chondrocytes was further verified through ACSL4 knockdown and overexpression. In vivo, mice
with OA showed increased cartilage degradation and ferroptosis, while intra-articular PAE injection alleviated
these pathological changes.
Conclusion: PAE significantly protects chondrocytes from ferroptosis induced by IL-1β/FAC in primary mouse
chondrocytes and DMM surgery-induced OA mice through ACSL4 inhibition.
The translational potential of this article: These findings highlight the potential of targeting ACSL4 in chondrocytes
as a treatment strategy for OA, positioning PAE as a promising drug candidate.
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1. Introduction

Osteoarthritis (OA), affecting about 7 % of the global population, is
the most prevalent type of arthritis [1]. The incidence of OA is rising
with the aging population and obesity epidemic, leading to significant
health and economic burdens [2]. Despite long-term recognition,
effective therapies to alter OA progression are lacking primarily because
of the intricate mechanisms involved in its pathogenesis. The Food and
Drug Administration of the United States categorizes OA as a "serious
condition with significant medical needs that remain unfulfilled" [3].
Cartilage degeneration is the primary pathogenesis of OA progression,
and various chondrocyte injuries directly accelerate this process [4].
Different forms of chondrocyte death, including ferroptosis, have been
recognized in the degeneration of cartilage [5]. Recent studies show that
ferroptosis promotes OA progression by inducing chondrocyte
dysfunction and injury [6,7]. Thus, inhibiting chondrocyte ferroptosis
has emerged as an effective strategy to delay OA progression [7].

Acyl-CoA synthetase long-chain family member 4 (ACSL4), a key
marker of ferroptosis, catalyzes the biosynthesis of lipids with poly-
unsaturated fatty acids [8]. It esterifies arachidonic and adrenic acids to
phosphatidylethanolamine, promoting lipid peroxide accumulation and
ferroptosis [9]. Inhibiting ACSL4 is an effective method to protect cells
from ferroptosis [10], which is evident in OA progression. Xu et al.
illustrated that the upregulation of ACSL4 expression in the affected
cartilage region exceeded that in the unaffected area, intensifying as
human OA progressed [11]. In preclinical OA models, ACSL4 protein
levels were increased in Interleukin-1 Beta (IL-1β)-stimulated chon-
drocytes [12,13]. Knockdown of ACSL4 mitigated the ferroptotic effects
induced by IL-1β on chondrocytes [13]. The results indicate that
focusing on ACSL4 may represent a viable treatment strategy for
addressing OA.

Extensive clinical knowledge has been amassed over thousands of
years in Traditional Chinese Medicine (TCM), making a significant
impact on human health [14]. Targeting ferroptosis unveils a new epoch
for TCM [15]. Paeonol (PAE, 2′-hydroxy-4′-methoxyacetophenone) is a
small molecule phenolic compound that could be isolated from several
TCMs (e.g., peony bark, paeonia rubra, and Xu Changqing) [16]. With
the modernization of TCM, PAE has gained attention for its broad
pharmacological effects, including anti-atherosclerosis, antiplatelet ag-
gregation, anti-oxidation, and anti-inflammatory properties [17]. It has
been discovered that PAE can prevent lipid peroxidation and ferroptosis
in neurons, cardiomyocytes, and endometrial epithelial cells by inhib-
iting the activity of ACSL4 [18–20]. However, the impact of PAE on
ferroptosis in osteoarthritic chondrocytes remains unclear, suggesting a
potential therapeutic approach for OA [21].

This research employed IL-1β to model inflammation and utilized
ferric ammonium citrate (FAC) to represent iron overload in vitro. An in
vivo model of OA was established using a surgically induced destabili-
zation of the medial meniscus (DMM) in mice. We seek to uncover how
PAE contributes to the prevention of chondrocyte damage by focusing
on ACSL4 to inhibit ferroptosis, which in turn helps to slow down the
progression of OA.

2. Methods & materials

Detailed methods and materials are provided in the Results Section
and Supplementary File.

2.1. Chemical & biological reagents

The study utilized the following materials and reagents: complete
DMEM: Nutrient Mixture F12 medium (DMEM/F12) (PM150310B,
Procell, Wuhan, China), 0.25 % trypsin–EDTA (G4001, Servicebio), Cell
Counting Kit-8 (C0037, Beyotime), PAE (R011869, Rhawn), FAC
(R017760, Rhawn), Pronase (10165921001, Roche, Switzerland), Re-
combinant Mouse IL-1β (211-11 B, PeproTech), Annexin V-FITC/

Propidium Iodide (PI) Apoptosis Detection Kit (AD10, Dojindo), Calcein-
AM/PI Double Staining Kit (C542, Dojindo), BeyoClick™ EdU Cell
Proliferation Kit with Alexa Fluor 555 (C0075S, Beyotime), FerroOrange
(F374, Dojindo), Prussian Blue Iron (PBI) Stain Kit for Cell (G1426,
Solarbio), Reactive Oxygen Species (ROS) Assay Kit (S0033S, Beyotime),
mtSOX Deep Red (MT14, Dojindo), GSH and GSSG Assay Kit (S0053,
Beyotime), Malondialdehyde (MDA) Assay Kit (S0131S, Beyotime),
Ferrous Ion Content Assay Kit (BC5410, Solarbio), Glutamate Content
Assay Kit (BC1585, Solarbio), Glutamine Content Assay Kit (G0429W,
Geruisi), Superoxide Dismutase (SOD) Activity Assay Kit (BC5165,
Solarbio), Mitochondrial Membrane Potential (ΔΨm) Assay Kit with
Rhodamine 123 (C2008S, Beyotime), Mito-Tracker Green (MTG)
(C1048, Beyotime), Toluidine Blue (TB) Cartilage Stain Solution
(G1032, Servicebio), Saffron-O and Fast Green (SOFG) Stain Solution
(G1053, Servicebio), Hematoxylin-Eosin (H&E) Stain Solution (G1005,
Servicebio).

The commercial enzyme-linked immunosorbent assay (ELISA) kits
used were: Mouse 4-Hydroxynonenal (4-HNE) ELISA Kit (EM1583,
FineTest), Mouse Nitric Oxide Synthase 2 (iNOS) ELISA Kit (EM0272,
FineTest), Mouse Phospholipid Hydroperoxide Glutathione peroxidase
(GPx4) ELISA Kit (EM1964, FineTest), Mouse Interleukin-6 (IL-6) ELISA
Kit (RK00008, ABclonal), Mouse Cyclooxygenase-2 (COX-2) ELISA Kit
(RK03142, ABclonal), and Mouse Tumor Necrosis Factor-alpha (TNF-α)
ELISA Kit (RK00027, ABclonal).

The commercial antibodies used were: MMP3 (FNab05244, FineT-
est), ADAMTS5 (bs-3573R, Bioss), COL2A1 (FNab01837, FineTest),
SOX9 (FNab10948, FineTest), Aggrecan (A11691, ABclonal), LPCAT3
(A17604, ABclonal), MMP13 (FNab05235, FineTest), ACSL4 (A20414,
ABclonal), SLC7A11 (FNab10533, FineTest), GPx4 (FNab03622,
FineTest), COX-2 (A1253, ABclonal), 4-HNE (bs-6313R, Bioss), GAPDH
(5174S, Cell Signaling Technology), FITC Goat Anti-Rabbit IgG (H + L)
(AS011, ABclonal), Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa
Fluor® 555 Conjugate) (4413S, Cell Signaling Technology), and HRP
Goat Anti-Rabbit IgG (H + L) (AS014, ABclonal).

2.2. Statistical analysis

Data were compiled and independently analyzed by two authors. All
analyses were conducted with GraphPad Prism 9.5 (GraphPad Software,
San Diego, USA). Quantitative data represent the results of at least three
independent experiments, with only data from a representative experi-
ment presented. Student’s t-tests were utilized for pairwise comparisons,
while one-way analysis of variance (ANOVA) was employed for com-
parisons among multiple groups. The data is presented as mean ±

standard deviation (SD). Two-tailed P values were calculated with sta-
tistical significance defined as P < 0.05, denoted as ’ns’ for no statistical
difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All
experiments and images shown are representative.

3. Results

3.1. PAE protects chondrocytes from IL-1β/FAC-induced proliferation
inhibition and cell death

Fig. 1A illustrates the chemical structure of PAE. After 24 h, the
cytotoxicity of varying PAE concentrations on chondrocytes was
assessed (Fig. 1B). PAE treatments at concentrations of 50, 100, and 200
μM for 24 h significantly reduced chondrocyte viability (P < 0.05),
whereas concentrations between 0 and 25 μM showed no significant
cytotoxicity. Based on these findings, 25 μM PAE was chosen for sub-
sequent in vitro experiments. The 5-Ethynyl-2′-Deoxyuridine (EdU) assay
(Fig. 1C and E) confirmed that IL-1β and FAC significantly inhibited
chondrocyte proliferation. However, PAE partially restored the prolif-
eration of cells inhibited by IL-1β/FAC (P < 0.05), indicating its pro-
tective effect on chondrocytes. This result was further validated by
Calcein-AM/PI double staining (P < 0.05) (Fig. 1D and F). These
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findings demonstrate that PAE protects chondrocytes from IL-1β/FAC-
induced proliferation inhibition and cell death.

3.2. PAE reduces IL-1β/FAC-induced inflammation, extracellular matrix
(ECM) degradation, oxidative stress, and apoptosis

IL-1β is commonly used to induce inflammation in chondrocytes as
an in vitromodel for OA, while FAC is used to create an iron overload cell
model [6]. In our research, there was a significant increase in the
expression levels of proinflammatory cytokines (including COX-2, iNOS,
IL-6, and TNF-α) in both the IL-1β and FAC model groups. Conversely,
PAE significantly lowered these cytokines (P< 0.05) (Fig. 2Ã2F). Matrix
metallopeptidase 3 (MMP3), matrix metallopeptidase 13 (MMP13), and
ADAM metallopeptidase with thrombospondin type 1 motif 5
(ADAMTS5) are essential enzymes degrading the matrix involved in OA
cartilage destruction [22,23]. Western Blot results indicated that IL-1β
and FAC promoted cartilage catabolism, while PAE significantly sup-
pressed this effect (P < 0.05) (Fig. 2E and F). Collagen Type II Alpha 1
Chain (COL2A1), SRY-Box Transcription Factor 9 (SOX9), and Aggrecan
are well-known chondrogenic markers [24]. Western Blot results
showed that IL-1β and FAC reduced cartilage ECM anabolism, while PAE
significantly reversed this effect (Supplementary Fig. S1). Additionally,
the DCFH-DA fluorescent probe was utilized to detect intracellular ROS
levels. IL-1β/FAC induced an increase in ROS in chondrocytes, which
was significantly reduced after PAE treatment (Fig. 2G and H) (P <

0.05). Annexin V-FITC/PI staining was employed to assess PAE’s pro-
tective effect against IL-1β/FAC-induced apoptosis in chondrocytes.
Apoptosis was significantly higher in IL-1β and FAC-treated groups
compared to the control group (P < 0.05) (Fig. 2I and J). Conversely,
PAE treatment mitigated the apoptotic impact of inflammation and iron
overload in chondrocytes. These results demonstrate that PAE alleviates
IL-1β/FAC-induced inflammation, ECM degradation, oxidative stress,
and apoptosis in chondrocytes.

3.3. PAE mitigates IL-1β/FAC-induced ferroptosis in chondrocytes

Several markers, including GPx4 and solute carrier family 7 member
11 (SLC7A11), show decreased expression during ferroptosis, while
ACSL4 undergoes an increase in expression. These changes in marker
expression signify ferroptosis [25]. Under conditions of inflammation or
iron overload, GPx4 and SLC7A11 protein expression significantly
decreased, while ACSL4 and its downstream signal factor (lysophos-
phatidylcholine acyltransferase 3 (LPCAT3)) expression increased sub-
stantially (Fig. 3A, B, 3F, and Supplementary Fig. S1) (P < 0.05). These
findings suggest that IL-1β and FAC induce ferroptosis in chondrocytes.
PAE significantly inhibited ACSL4 and LPCAT3 expression, while
enhancing GPx4 and SLC7A11 expression in chondrocytes, highlighting
its anti-ferroptotic efficacy (Fig. 3A, B, 3F and Supplementary Fig. S1) (P
< 0.05). MDA and 4-HNE, primary biomarkers for lipid peroxidation
and ferroptosis, are implicated in various pathological processes asso-
ciated with OA development [26]. IL-1β/FAC exposure elevated MDA
and 4-HNE levels in chondrocytes, an effect significantly reduced by PAE
treatment (Fig. 3C and E) (P < 0.05).

Given the involvement of cellular iron accumulation in ferroptosis,
this study analyzed ferrous and ferric ion levels [27]. The ferrous ion
content assay kit showed that Fe2+ concentration increased in
IL-1β/FAC-treated cells, while PAE treatment significantly reduced Fe2+

levels (Fig. 3D) (P < 0.05). Chondrocytes were also stained with

FerroOrange, which selectively reacts with Fe2+ rather than Fe3+. Fer-
roOrange signal intensity increased significantly with Fe2+ concentra-
tion in IL-1β/FAC-treated cells, while PAE treatment significantly
reduced Fe2+ levels (Fig. 3J and K) (P< 0.05). Intracellular iron deposits
were detected by PBI staining, which showed increased iron content
after IL-1β/FAC treatment. PAE-treated chondrocytes exhibited some
resistance to intracellular iron accumulation (Fig. 3L).

SOD activity, assessed in various treatment groups, was inhibited in
IL-1β/FAC-treated chondrocytes, while PAE partially restored SOD ac-
tivity (Fig. 3G) (P < 0.05). Reduced glutathione (GSH), oxidized gluta-
thione (GSSG), and the GSH/GSSG ratio were also assessed. The IL-1β
and FAC group displayed a significant reduction in both GSH and the
GSH/GSSG ratio, while GSSG levels were notably elevated when con-
trasted with the control group (Fig. 3H) (P < 0.05). In rescue experi-
ments, PAE reversed the decline in GSH and the GSH/GSSG ratio while
increasing GSSG levels (P < 0.05). Considering that glutamate and
glutamine contribute to the production of GSH and nicotinamide
adenine dinucleotide phosphate, intracellular ROS levels were inferred
by measuring glutamate and glutamine concentrations. Lower gluta-
mine levels correspond to higher ROS levels, while higher glutamate
levels indicate lower ROS levels [28]. Analysis of glutamine and gluta-
mate content in each experimental group showed a consistent trend:
IL-1β and FAC increased intracellular glutamate levels while decreasing
glutamine levels in chondrocytes (Fig. 3I) (P < 0.05). PAE treatment
reversed these effects (Fig. 3I) (P < 0.05). These results demonstrate the
ability of PAE to alleviate IL-1β/FAC-induced ferroptosis in
chondrocytes.

3.4. PAE alleviates IL-1β/FAC-induced mitochondrial injury

Lipid peroxidation damages mitochondria during ferroptosis [9,29].
We assessed intracellular oxidative stress levels within mitochondria
using the mtSOX Deep Red probe. IL-1β/FAC-induced oxidative stress
increased mitochondrial ROS release, evidenced by heightened mtSOX
Deep Red intensity (Fig. 4A and B) (P < 0.05). PAE treatment decreased
mitochondrial ROS levels in chondrocytes (Fig. 4A and B) (P < 0.05).
Ferroptosis is associated with abnormal ΔΨm [30]. IL-1β/FAC treatment
impaired ΔΨm, indicated by reduced fluorescence intensity following
Rhodamine 123 staining, which was partially restored by PAE admin-
istration (Fig. 4C and D) (P < 0.05). We employed MTG kits to assess
mitochondrial mass. Chondrocytes treated with IL-1β/FAC showed
reduced mitochondrial mass (Fig. 5E and F) (P < 0.05). PAE mitigated
the IL-1β/FAC-induced loss of organelle mass (Fig. 5E and F) (P < 0.05).

Ferroptosis is characterized by cellular structural alterations such as
mitochondrial atrophy and changes in mitochondrial cristae, setting it
apart from other types of cell death [25]. To further investigate
IL-1β/FAC impact on mitochondria in vitro and evaluate PAE’s potential
protective effects, we employed transmission electron microscopy
(TEM) to examine mitochondrial ultrastructure. Fig. 4G shows
IL-1β/FAC induced mitochondrial structure alterations indicative of
ferroptosis, which were significantly attenuated by PAE treatment.
These findings suggest PAE can ameliorate mitochondrial damage
caused by lipid peroxidation, highlighting its potential as an
anti-ferroptotic agent.

Fig. 1. PAE protects chondrocytes from IL-1β/FAC-induced proliferation inhibition and cell death: (A) PAE structural formula (molecular formula: C9H10O3;
molecular weight: 166.17). (B) Chondrocytes were treated with PAE at concentrations of 0, 12.5, 25, 50, 100, and 200 μM for 24 h (n = 3 per group). (C) Cell
proliferation was determined by EdU staining (scale bar = 200 μm. (D) Calcein-AM/PI double staining (scale bar = 200 μm). (E) Semi-quantitative analysis of EdU
staining fluorescence intensity (n = 3 per group). (F) Semi-quantitative analysis of PI staining assay results (n = 3 per group). Two-tailed P values were calculated
with statistical significance defined as P < 0.05, denoted as ’ns’ for no statistical difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments
and images shown are representative.
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Fig. 2. PAE reduces IL-1β/FAC-induced inflammation, ECM degradation, oxidative stress, and apoptosis: (A~D) ELISA used to detect proinflammatory cy-
tokines (COX-2, iNOS, IL-6, TNF-α) (n = 3 per group). (E) Western Blot analysis of ADAMTS5, MMP3, MMP13, and COX-2 protein levels. (F) Quantification of protein
expression by band densitometry, normalized to GAPDH (n = 3 per group). (G) Intracellular ROS detected using DCFH-DA and visualized with fluorescence mi-
croscopy (scale bar = 400 μm). (H) Quantification of DCFH-DA fluorescence intensity (n = 3 per group). (I) Apoptosis assessed by Annexin V-FITC/PI staining. (J)
Quantitative analysis of apoptosis rate (n = 3 per group). Two-tailed P values were calculated with statistical significance defined as P < 0.05, denoted as ’ns’ for no
statistical difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments and images shown are representative.
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Fig. 3. PAE mitigates IL-1β/FAC-induced ferroptosis in chondrocytes: (A) Western Blot analysis of ACSL4, SLC7A11, and GPx4 protein levels. (B) Quantification
of protein expression by band densitometry, normalized to GAPDH (n = 3 per group). (C) MDA content measured using a lipid peroxidation MDA assay kit (n = 3 per
group). (D) Fe2+ levels in chondrocytes detected using a Fe2+ content assay kit (n = 4 per group). (E) 4-HNE levels in chondrocytes determined by ELISA (n = 3 per
group). (F) GPx4 protein levels detected by ELISA (n = 3 per group). (G) Measurement of intracellular SOD activity (n = 4 per group). (H) Intracellular GSH, GSSG
content, and GSH/GSSG (glutathione redox ratio) (n = 4 per group). (I) Glutamate and glutamine levels (n = 3 per group). (J) Intracellular Fe2+ visualized by
FerroOrange using fluorescence microscopy (scale bar = 100 μm). (K) Quantification of FerroOrange fluorescence intensity (n = 3 per group). (L) Prussian blue
staining of chondrocytes with red arrows indicating iron deposition (scale bar = 100 μm). Two-tailed P values were calculated with statistical significance defined as
P < 0.05, denoted as ’ns’ for no statistical difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments and images shown are representative.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

S. Cao et al. Journal of Orthopaedic Translation 50 (2025) 1–13 

6 



Fig. 4. PAE alleviates IL-1β/FAC-induced mitochondrial injury: (A) Mitochondrial oxidative stress levels assessed by mtSOX Deep Red and visualized via
fluorescence microscopy (scale bar = 100 μm). (B) Mitochondrial membrane potential changes detected using Rhodamine 123 (scale bar = 100 μm). (C) Mito-
chondrial mass evaluated by Mito-Tracker Green staining (scale bar = 100 μm). (D) Quantification of mtSOX Deep Red fluorescence intensity (n = 3 per group). (E)
Quantification of Rhodamine 123 fluorescence intensity (n = 3 per group. (F) Quantification of Mito-Tracker Green fluorescence intensity (n = 3 per group). (G)
Mitochondria in chondrocytes visualized by TEM, with red arrows indicating mitochondria (scale bar = 500 nm). Two-tailed P values were calculated with statistical
significance defined as P < 0.05, denoted as ’ns’ for no statistical difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments and images shown
are representative. (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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3.5. PAE exhibits a comparable chondrocyte-protective and anti-
ferroptotic effect to ACSL4 knockdown in chondrocytes

Molecular docking confirmed the interaction between PAE and
ACSL4 (Fig. 5A). Multiple groups of residues form interactions between
ACSL4 and PAE. The energy associated with the binding of the protein-
ligand complex was − 5.7 kcal/mol, which suggests a robust interaction.
Additionally, the interplay between PAE and ACSL4 was further char-
acterized by the cellular thermal shift assay, and the data manifested
that PAE significantly augmented the thermostability of ACSL4 when
compared with the control (Supplementary Fig. S2A). Furthermore, the
in situ binding of PAE to ACSL4 was verified through the drug affinity
responsive target stability assay, a methodology employed for identi-
fying label-free small-molecule targets based on the decrease in protease
susceptibility of the target protein upon drug binding. The outcomes
suggested that PAE shielded ACSL4 from degradation by pronase in
chondrocytes (Supplementary Fig. S2B). To further investigate, we
knocked down ACSL4 using small interfering RNA. The results showed
that, compared to IL-1β, silencing ACSL4 (si-ACSL4) decreased levels of

key proteins involved in ferroptosis (ACSL4 and GPx4) and ECM
degradation (ADAMTS5), while enhancing the expression of chondro-
genic markers (SOX9 and COL2A1) (Fig. 5B~5D). Notably, PAE appli-
cation exerted similar effects on ferroptosis, ECM degradation, and
chondrogenic markers as ACSL4 knockdown, demonstrating compara-
ble chondrocyte-protective and anti-ferroptotic effects (Fig. 5B~5D).

3.6. PAE protects chondrocytes from the abnormal ECM metabolism
generated by ACSL4 overexpression

To determine that PAE regulates chondrocytes by inhibiting ACSL4,
we analyzed the effects of PAE treatment after chondrocytes overex-
pressed ACSL4 using an overexpression plasmid. First, the up-regulation
of the expression of ACSL4 and its downstream effector (LPCAT3)
confirmed successful overexpression (Supplementary Fig. S3). As shown
in Supplementary Fig. S3, ACSL4 overexpression significantly sup-
pressed cartilage anabolism and promoted cartilage catabolism. How-
ever, when PAE was added to the transfection group, it reversed the
trend of ACSL4 overexpression, increased anabolism and reduced

Fig. 5. PAE exhibits a comparable chondrocyte-protective and anti-ferroptotic effect to ACSL4 knockdown in chondrocytes: (A) Molecular docking of PAE
with ACSL4. ACSL4 protein is depicted as a slate cartoon model, the ligand as a cyan stick, and binding sites as magenta sticks. Nonpolar hydrogen atoms are omitted.
Hydrogen bonds, ionic interactions, and hydrophobic interactions are represented by yellow, magenta, and green dashed lines, respectively. (B) Protein expression
levels of ACSL4, ADAMTS5, SOX9, and COL2A1 were detected by Western Blot. (C, D) Immunofluorescence staining of ACSL4 and GPx4 (scale bar = 100 μm). All
experiments and images shown are representative. (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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catabolism in chondrocytes (Supplementary Fig. S3). Together with the
results of the overexpression and knockdown in vitro experiments, these
data confirmed that PAE protects chondrocytes from ferroptosis and
abnormal ECM metabolism by inhibiting ACSL4.

3.7. PAE attenuates cartilage degeneration in vivo

We further investigated PAE’s potential to mitigate OA progression
in vivo. The OA mouse model was created via DMM surgery (Fig. 6A).
Throughout the experiment, no animals succumbed to accidents or other
unexpected causes, and no infections or inflammations were observed at
the surgical sites. The safety of PAE local injection into the joint cavity
appears promising, evidenced by the steady increase in body weight of
mice in each group (Supplementary Fig. S4A). Additionally, historical
evaluations showed no significant differences in major organs among all
groups (Supplementary Fig. S4B).

Micro-computed tomography (micro-CT) analysis revealed a signif-
icant increase in osteophyte formation, including size and maturity, 8
weeks post-DMM surgery (Fig. 6B, D, and 6E) (P < 0.05). PAE treatment
restrained osteophyte formation (Fig. 6B, D, and 6E) (P < 0.05). To
comprehensively assess articular cartilage damage in knee joints among
groups, histological analyses, including H&E, SOFG, and TB staining,
were conducted. Histopathological examination of the DMM group
showed progressive articular cartilage degeneration, leading to
decreased cartilage thickness and increased surface roughness (Fig. 6C
and H) (P < 0.05). Conversely, PAE treatment suppressed cartilage
thickness loss and alleviated chondrocyte disorganization in mouse knee
joints (Fig. 6C and H) (P < 0.05). Modified Mankin and Osteoarthritis
Research Society International (OARSI) scores indicated that intra-
articular PAE injection significantly ameliorated articular cartilage
destruction (Fig. 6F and G) (P < 0.05). These findings indicate that PAE
can decelerate articular cartilage degeneration in the mouse OA model.

3.8. PAE alleviates ECM degradation and ferroptosis in chondrocytes
within the surgery-induced mouse OA model

To further investigate PAE’s impact on ferroptosis in chondrocytes
within the OA mouse model, immunohistochemical (IHC) analysis was
conducted. IHC analysis revealed significant upregulation of ADAMTS5
and MMP3 expression in the DMM group (Fig. 7) (P < 0.05). Our
investigation also showed elevated levels of ferroptosis-related markers,
such as 4-HNE and ACSL4, and reduced GPx4 expression in the DMM
group when contrasted with the Sham group (Fig. 7) (P < 0.05).
Treatment with varying concentrations of PAE partially alleviated these
changes (Fig. 7) (P < 0.05). Collectively, these in vivo findings strongly
support that PAE can attenuate cartilage degradation and ferroptosis,
thereby impeding OA progression in the mouse model. These results
align with our in vitro observations.

4. Discussion

Emerging evidence suggests that lipid peroxidation-induced ferrop-
tosis significantly contributes to cartilage degradation in OA [26].
Hence, the inhibition of lipid peroxidation and ferroptosis in chon-
drocytes might represent a new therapeutic approach for OA. ACSL4,
plays a pivotal role in the regulation of lipid peroxidation and ferroptosis
by activating polyunsaturated fatty acids and orchestrating lipid meta-
bolism reprogramming [8,31]. Researchers have shown that inhibiting

ACSL4 activity or expression is a critical intervention to prevent fer-
roptosis by suppressing lipid peroxidation [32,33]. Among candidate
drugs, PAE, a natural product from Paeonia, has been shown to signif-
icantly inhibit ferroptosis in neuronal cells treated with heme through
the inhibition of ACSL4 [18], indicating its potential as a ferroptosis
inhibitor in other related diseases. In this study, we demonstrated that
PAE inhibits chondrocyte ferroptosis and alleviates OA progression by
targeting ACSL4.

In vitro, an inflammatory environment and iron overload were
induced in chondrocyte cultures by adding IL-1β and FAC to the media.
Consistent with previous findings [6,34–39], IL-1β/FAC treatment
significantly promoted ECM degradation, inhibited cell proliferation,
increased iron/ROS/lipid ROS levels, reduced ΔΨm, and damaged
mitochondria. These changes led to increased chondrocyte death, with
significant alterations in ferroptosis regulators (ACSL4, SLC7A11, and
GPx4), ultimately causing ferroptosis. Following PAE intervention,
intracellular iron/ROS/lipid ROS levels decreased, apoptosis was
reduced, ACSL4/4-HNE expression was downregulated, and
GPx4/SLC7A11 expression was upregulated. Additionally, PAE shows
similar chondrocyte-protective and anti-ferroptotic effects to ACSL4
knockdown in chondrocytes. The in vivo study established the OA model
through DMM surgery. The OA group showed accelerated cartilage
degeneration, increased osteophyte formation, and higher expression of
4-HNE, ACSL4, ADAMTS5, and MMP3 compared to the Sham and DMM
groups. After PAE intervention, cartilage deterioration was reduced,
osteophyte formation was limited, and the elevated expression in-
dicators were decreased, along with upregulation of GPx4. These results
demonstrate that PAE is an effective ferroptosis suppressor in chon-
drocytes mediated by ACSL4, protecting osteoarthritic cartilage from
destruction (Fig. 8).

In contrast to other well-researched types of cell death, a standard-
ized method or biomarker for identifying ferroptosis is presently lacking
[21,40]. To enhance methodological rigor, we used multiple detection
methods and various evaluation indicators for ferroptosis based on
previous experience. However, certain limitations must be acknowl-
edged. OA is fundamentally a degenerative disease influenced by mul-
tiple factors and cell types [41]. This study solely examined PAE’s
pathogenic mechanism on ferroptosis in chondrocytes. Further research
is necessary to investigate other cells (such as macrophages) and path-
ogenic factors. Secondly, structural and regenerative differences be-
tween mouse and human chondrocytes suggest that the findings may not
directly apply to humans. Thirdly, while clinical OA progression spans
years or decades, our in vitro intervention lasted 48 h, and the in vivo
experiment lasted 8 weeks. Although we observed the in vivo biosafety of
PAE, further studies are needed to evaluate its safety in treating OA.
Fourthly, male C57BL/6 mice are generally acknowledged to reach
sexual maturity at approximately 6 weeks of age. Several studies have
utilized DMM surgery to establish OA models in these 6-week-old mice
[42–46]. However, given that OA is an age-related degenerative carti-
lage disease, it may be more appropriate to select older C57BL/6 mice
(8–12 weeks). We will make corresponding adjustments in future
studies. Fifthly, in the in vivo experiment, we failed to inject low and
high concentrations of PAE into the joint cavity of the Sham group to
evaluate the effects of different concentrations of PAE on healthy knee
cartilage. We will make targeted adjustments in this regard in future
consecutive studies. Finally, as hormonal fluctuations between different
phases of the estrous and menstrual cycles in female mice may
unavoidably introduce variables in experiments and data analysis [47],
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Fig. 6. PAE attenuates cartilage degeneration in vivo: (A) Schematic diagram of the experimental design using animals. Created using Figdraw (https://www.
figdraw.com/static/index.html#/). (B) Three-dimensional coronal and sagittal images of mouse knee joints reconstructed by micro-CT, with a red arrow indi-
cating osteophyte formation (scale bar = 1 mm). (C) Histological assessments of knee sections from each group, including TB, SOFG, and H&E staining (scale bar =
200 μm). (D) Quantification of articular osteophytes in each group (n = 8 per group). (E) Quantitative analysis of osteophyte maturity in each group (n = 8 per
group). (F) Modified Mankin scores for each group (n = 8 per group). (G) OARSI scores for four groups of mice (n = 8 per group). (H) Measurement of cartilage
thickness in knee joints among the four groups (n = 8 per group). Two-tailed P values were calculated with statistical significance defined as P < 0.05, denoted as ’ns’
for no statistical difference, and indicated as *P < 0.05, **P < 0.01, ***P < 0.001. All experiments and images shown are representative. (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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we employed only male mice. Nevertheless, given the statistically sig-
nificant outcomes, we remain optimistic about PAE’s potential for
treating OA and consider it worthy of further investigation.

We are entering a new age of therapies that are specifically targeted
at the molecular level. Examining the molecular foundations and path-
ways involved in the progression of OA, investigating molecular mod-
ulations, and creating personalized therapeutic agents are among the
most promising avenues of research in OA. Given the intricacy of OA, it
may be essential to focus on multiple pathways or adopt a systematic
approach for effective treatment. Future studies should take into ac-
count the combined application of PAE alongside other therapeutic
agents or treatments, including hormonal therapies. Despite its broad

pharmacological effects, PAE’s clinical application is limited by poor
water solubility, rapid metabolism, and low bioavailability. Therefore,
significant effort must be invested in creating novel dosage forms and
enhancing their pharmacokinetics and pharmacodynamics.

5. Conclusion

This study provides the first compelling evidence that PAE effectively
inhibits ferroptosis in chondrocytes by targeting ACSL4 during OA
progression. This finding enriches our comprehension of PAE’s phar-
macological mechanism against OA and determines a novel therapeutic
target, laying the groundwork for future clinical trials and emphasizing

Fig. 7. PAE alleviates ECM degradation and ferroptosis in chondrocytes within the surgery-induced mouse OA model: IHC assay of ADAMTS5, MMP3, GPx4,
ACSL4, and 4-HNE in articular cartilage of each group (scale bar = 100 μm), with quantification of IHC analysis for ADAMTS5, MMP3, GPx4, ACSL4, and 4-HNE (n =

8 per group). Two-tailed P values were calculated with statistical significance defined as P < 0.05, denoted as ’ns’ for no statistical difference, and indicated as *P <

0.05, **P < 0.01, ***P < 0.001. All experiments and images shown are representative.
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the distinctive contribution of this work to advancing OA therapy.
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