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Abstract
Osteoarthritis (OA) is one of the common degenerative diseases. Its main pathogenesis is the progressive
destruction of articular cartilage, synovitis, subchondral bone, and periarticular muscle changes.
Accumulating evidence demonstrates that ferroptosis may be important in the progression of OA.
Angelica Sinensis polysaccharide (ASP), a traditional Chinese medicine, possesses antioxidative, anti-
in�ammatory and anti-apoptotic properties in chondrocytes. In this study, we observed that ferroptosis
participates in OA’s progression. Importantly, GPX4, FTH1, and GSH expressions were higher while MDA
level was down-regulated in the control group than in the OA group. Chondrocyte ferroptosis induced by
erastin or IL-1β was rescued to varying degrees by ASP, Fer-1, or DFO in vitro. The anti-ferroptotic effect of
ASP was related to Nrf2 nuclear transfer. In the rat joints, both DFO and ASP alleviated the cartilage
damage induced by DMM or erastin. In summary, Chondrocyte ferroptosis plays a key role in OA
progression, and ASP can partially rescue chondrocyte ferroptosis through the Nrf2-SLC7A11-GPX4 axis,
supporting the view that ASP is an excellent inhibitor of ferroptosis, its inhibition of ferroptosis provides a
potential therapeutic target for the treatment of OA.

Signi�cance Statement
We illustrated that chondrocyte ferroptosis was involved in cartilage degeneration during osteoarthritis
progression. In addition, we demonstrated that ASP can decrease the expression of MMPs in OA
chondrocytes and inhibit the degradation of cartilage ECM. Moreover, ASP signi�cantly elevated SLC7A11
and GPX4 levels and inhibited chondrocyte ferroptosis by promoting Nrf2 nuclear translocation. We
believe our observations are important and could help in the development of new drugs to treat OA.

Introduction
The main clinical symptoms of knee osteoarthritis (OA) are alternating and intermittent pain, swelling,
and limited movement, ultimately leading to joint deformity (Sharma, 2021). To date, OA has become one
of the main diseases compromising people’s ability to work and resulting in disability (Toh et al., 2017). In
the pathophysiological process of OA, chondrocytes, as the only cells of cartilage species, undergo
various forms of programmed death, including apoptosis, necroptosis and pyroptosis (Riegger and
Brenner, 2019; An et al., 2020; Jiang et al., 2020). However, the mechanisms of ferroptosis involved in OA
have rarely been reported. As a new representative of programmed cell death, ferroptosis may have
considerable potential to interfere with OA pathophysiological processes (Yao et al., 2021).

Ferroptosis, a form of programmed cell death, was �rst reported by Dixon et al. in 2012 (Dixon et al.,
2012). Shrunken mitochondria, increased mitochondrial membrane density, decreased or absent
mitochondrial cristae, outer mitochondrial membrane rupture, normal nuclear size and a lack of
chromatin condensation are cellular morphological characteristics of ferroptosis (Xie et al., 2016). The
mechanisms of ferroptosis include iron homeostasis, glutathione depletion, inactivation of the
antioxidant enzyme glutathione peroxidase 4 (GPX4), and lipid peroxidation (Stockwell et al., 2017).
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Solute carrier family 7 member 11 (SLC7A11) is the catalytic subunit of cystine transporter system Xc-,
which takes cystine from the extracellular environment for conversion into cysteine in the cytoplasm by a
reduction reaction that consumes NADPH. Cysteine is then used to synthesize glutathione (GSH), which
is an effective lipid peroxidation scavenger and an essential cofactor, to promote GPX4 production and
thus prevent phospholipid peroxidation and protect cells from ferroptosis (Yang et al., 2014). However,
recent studies have suggested that nuclear factor erythroid 2-like 2 (Nrf2), an initiating gene that inhibits
ferroptosis, is closely related to SLC7A11 (Qiang et al., 2020). In addition, iron metabolism and
glutathione synthesis are also regulated by the Nrf2 signaling pathway (Stockwell et al., 2017; Dodson et
al., 2019). Nrf2 is one of the most important transcription factors regulating the antioxidant response.
Under nonstress conditions, Nrf2 and Keap1 are combined, whereas under stress conditions, Nrf2 is
released into the nucleus, interacts with MAF, and binds to the antioxidative response element (ARE),
generating an Nrf2-MAF dimer to promote downstream gene transcription, including NAD(P)H, quinone
oxidoreductase 1 (NQO1), glutathione-S- transferases (GSTs), glutamate-cysteine ligase catalytic (GCLC),
and hem oxygenase-1 (HMOX1) (Bellezza et al., 2018; Tonelli et al., 2018). Some reports suggest that
activation of the Nrf2 pathway in many compounds can prevent toxic or carcinogenic effects; thus, Nrf2
activation is considered a promising cellular protection strategy (Moon and Giaccia, 2015; Menegon et al.,
2016).

Angelica Sinensis polysaccharide (ASP) is composed of galactose, arabinose, glucose, xylose, rhamnose,
glucuronic acid and fructose (Wang et al., 2003; Sun et al., 2005). Previous reports have shown that ASP
plays an important role in antioxidation, antiapoptosis, and immune regulation and alleviates hepatocyte
damage (Cao et al., 2018; Gu et al., 2019). Zhuang C et al. reported that ASP has protective effects on
chondrocytes, such as autophagy promotion and a reduction in chondrocyte apoptosis induced by H2O2

(Zhuang et al., 2020). However, the effects of ASP on ferroptosis in OA remain unclear. In our study, we
aimed to explore the effect of ASP on chondrocyte ferroptosis in OA and the associated mechanisms.

Materials And Methods

Reagents
Collagenase II (Worthington Biochemical Corp., Lakewood, NJ, USA) was dissolved in DMEM-F12 at 1.5
mg/ml to digest articular cartilage. Erastin (USA, E-7781) and ferrostain-1 (USA, SML0583) were
purchased from Sigma-Aldrich. BODIPY 581/591 C11 (USA, D3861) was purchased from Thermo Fisher.
The LDH Cytotoxicity Assay Kit and Cell Counting Kit-8 (CCK-8) were purchased from Beyotime
Biotechnology (Shanghai, China). Nrf2 antibody (16396-1-AP), collagen  (18165-1-AP) and SLC7A11
antibodies (26864-1-AP) were purchased from Proteintech (Wuhan, China). GPX4 antibody (A11243) and
FTH1 antibody (A19544) were purchased from Abcam. ASP was purchased from Shanghai Yilin Biotech.
Co., Ltd. (Shanghai, China). ASP had a purity greater than 92% pure, and the average molecular weight
was 85.0 kDa.

Subjects
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The study was approved by the ethics committee of the Second People’s Hospital of Changzhou, Jiangsu,
China. Cartilage specimens were collected from the knees of patients with clinical stage III or IV (K-L
score) OA when they underwent joint replacement, and tissue was obtained from non-damaged regions
and obviously damaged regions of the joints (Fig. 1A). All participants signed an informed consent form
before the operation. All participants signed an informed consent form before the operation. Patient
information is shown in Supplementary Table 1.

Isolation and Culture of Chondrocytes
All tissues were cut into pieces as �nely as possible, partially digested by collagenase II at 1 mg/mL in
Dulbecco’s modi�ed Eagle’s medium DMEM/F12 (Gibco BRL, Grand Island, NY, USA) at 37℃ for 4 hours,
and �ltered through a 70-µm cell strainer (BD, Durham, NC, USA). Finally, 10% fetal bovine serum, 50
µg/mL ascorbic acid (AA, Sigma), 100 U penicillin and 100 µg/ml streptomycin were added to the
DMEM/F12 medium for culture in a standard cell culture chamber containing 5% CO2. Nonadherent cells
were removed 2 days later. Adherent cells were split at a ratio of 1:2 until 90% con�uence. Passage 2–3
chondrocytes were used in subsequent experiments. The remaining specimens were cryopreserved and
then ground with liquid nitrogen and preserved.

Cell Viability Assay
The Cell Counting Kit-8 (CCK-8) was used to detect chondrocyte activity in the experiment. Chondrocytes
were cultured in 96-well plates at a density of 5×103 cells/well. After 12 hours, the chondrocytes were
pretreated with 30 µg/ml ASP for 24 hours. Next, the cells were treated with 5 µM erastin, 5 µM erastin
and 30 µg/ml ASP, and 5 µM erastin and 10 µM Fer-1 for 24 hours and 48 hours. After incubation, the
cells were washed twice with PBS, and then 100 µl of 10% CCK-8 solution was added to each well,
followed by incubation at 37℃ for 1.5 hours. The absorbance at 450 nm-650 nm was detected by an
absorbance microplate reader (Epoch Bio-Tek Instruments, USA).

Detection of lipid ROS
Chondrocytes were spread in a 24-well plate at a density of 3×104 cells/well. After 24 hours, the
chondrocytes were treated with 5 µM erastin, 5 µM erastin and 30 µg/ml ASP, or 5 µM erastin and 10 µM
Fer-1 for 24 hours. Lipid ROS levels were measured with the C11 BODIPY �uorescent probe according to
the manufacturer’s instructions. Brie�y, the chondrocytes were cleaned three times with PBS and treated
with 5 µM C11 BODIPY for 25 min at 37℃ in the dark. After incubation, the chondrocytes were washed
with PBS three times and observed under a �uorescence microscope (Nikon Eclipse Ti, Japan).

Western blot analysis
Chondrocytes were spread on 6-well plates at a density of 4×105 cells/well. After 12 hours, the
chondrocytes were treated consistently with the above conditions. Then, the chondrocytes were lysed on
ice for 15 min with 200 µl RIPA buffer containing 1% proteinase inhibitor cocktail and boiled for 5 min
after removal of the medium. The protein concentration was determined by a BCA Protein Assay kit.
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Equal amounts of protein were electrophoresed on a 15% SDS–PAGE gel and transferred to a
polyvinylidene �uoride (PVDF) membrane. Then, the membranes were blocked with 5% skimmed milk at
room temperature for 1 hour and incubated overnight at 4°C with the primary antibody according to the
instructions (1:1000 dilution). Then, the membranes were incubated with secondary antibodies at room
temperature for 1 hour. Protein bands were detected with SuperSignal West Pico Plus (Thermo�sher
Scienti�c, USA) ECL kit, and relative expression levels were quanti�ed using ImageJ software.

Immuno�uorescence staining
Chondrocytes were uniformly seeded on a 24-well plate containing slides. After the cells were treated,
they were immobilized at room temperature for 15 min with 4% paraformaldehyde. After 20 minutes of
0.5% Triton X-100 permeation at room temperature, 5% BSA was used for blocking for 1 hour. Primary
antibodies diluted with 5% BSA (1:200) were incubated at 4°C overnight. After treatment, the slides were
washed three times with PBS and incubated with secondary antibody at room temperature for 1 hour in
the dark. The slides were washed again with PBS 3 times, the nuclei were counterstained with DAPI for 10
minutes in the dark and then observed under a �uorescence microscope.

Lactate dehydrogenase (LDH) assay
To measure the release of lactate dehydrogenase, chondrocytes were evenly distributed on a 96-well plate
at a density of 5×103 per well, with 3–6 wells per group. After treatment as described above, LDH levels
were determined according to the manufacturer’s instructions. In brief, the supernatant of the cells was
moved to a new 96-well plate and incubated for 1 hour with LDH reagent. Then, the absorbance at 490
nm was detected by an absorbance microplate reader.

Glutathione (GSH) assay in cartilage tissue
GSH reacts with 5,5’-dithiobis-2-nitrobenoic acid (DTNB) to produce 2-nitro-5-mercaptobenzoic acid (TNB)
(yellow) and oxidized glutathione (GSSG). GSH levels were determined according to the manufacturer’s
instructions for the Reduced Glutathione Assay Kit (BC1175, Solarbio, Beijing, China). Brie�y, the
specimens were washed with PBS 3 times and frozen. Then, the specimens were ground with liquid
nitrogen, mixed with GSH reagent and moved to 96-well plates, and the absorbance was measured at 412
nm.

Malondialdehyde (MDA) assay in cartilage tissue.

MDA can condense with thiobarbituric acid (TBA) and show a brownish-red color under acidic and high-
temperature conditions. MDA levels were determined according to the manufacturer’s instructions for the
Micro Malondialdehyde (MDA) Assay Kit (BC0025, Solarbio). Brie�y, the specimens were washed with
PBS 3 times and frozen. Then, the specimens were ground with liquid nitrogen, mixed with MDA reagent
and moved to 96-well plates, and the absorbance was measured at 532 nm.

Immunohistochemistry
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Cartilage tissue was taken from SD rats. The cartilage was sectioned after para�n embedding, and
endogenous peroxidase activity was eliminated by 3% H2O2. Next, 6% normal goat serum containing
primary antibodies was added for incubation overnight at 4°C. Color development was observed after 25
min of incubation with the appropriate secondary antibody at room temperature.

siRNA transfection
Cells were cultured in 6-well plates (for western blot analysis), 24-well plates (for immuno�uorescence
and lipid ROS detection) and 96-well plates (for cell viability assay). Control siRNA (no silencing) and
Nrf2 siRNA were transfected into cells using a riboFECT™ CP kit (RiboBio Co. Ltd., Guangzhou, China)
according to the manufacturer’s instructions. The siRNA target sequences are shown as below: si-Nrf2#1,
CATTGATGTTTCTGATCTA; si-Nrf2#2, GAGGCAAGATATAGATCTT. All the analysis was performed at least
48h after transfection.

Establishment of rat models of cartilage damage
Four-week-old male SD rats were used in this study and allowed one week of routine feeding for
adaptation. The rats’ OA model was induced by destabilization of the medial meniscus (DMM) as
previously described (Glasson et al., 2007; Sherwood et al., 2015). Cartilage degradation was evaluated
histologically according to the Osteoarthritis Research Society International (OARSI) guidelines by two
independent investigators. In addition, rats that died or appeared sick during experiments were excluded.

Animal experiment
42 rats were randomly divided into seven groups (n = 6 per group) after OA developed.

Group 1: sham surgery;

Group 2: DMM;

Group 3: DMM and intra-articular injection of DFO (1 mg/kg, twice a week);

Group 4: DMM and intra-articular injection of ASP (3 mg/kg, twice a week);

Group 5: erastin (1 mg/kg, one time) injection into the articular cavity;

Group 6: erastin (1 mg/kg, one time) and ASP (3 mg/kg, twice a week) injection into the articular cavity;

Group 7: erastin (1 mg/kg, one time) and DFO (1 mg/kg, twice a week) injection into the articular cavity.

The same treatment was performed on each rat. After 10 weeks, the rats were sacri�ced, and the knees
were harvested. We performed MRI for imaging examination and hematoxylin-eosin (H&E) and Masson
staining for pathological examination.

Statistical Analysis
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The data in this study are presented as the mean ± SD of at least three independent experiments.
Differences between 2 groups were compared with Student’s t test, and one-way ANOVA was used for
comparisons of more than two groups. All quoted P values were 2-tailed, and values less than 0.05 were
considered statistically signi�cant.

Results
Ferroptosis is involved in OA cartilage degeneration.

Joint cartilage specimens from patients with stage III or IV (K-L score) OA who underwent total knee
arthroplasty were used (Fig. 1A). OA groups had lower collagen II and higher MMP13 levels than the
control group (Fig. 1B). We measured the expression of ferroptosis-related proteins between groups. The
results showed that the knee cartilage from the OA groups had lower GPX4 and FTH1 levels than the
control group knee cartilage (Fig. 1C, 1D, 1G). The OA groups presented lower GSH contents and higher
MDA production under oxidative stress than the control group (Fig. 1E 1F).

ASP partially inhibits ferroptosis induced by erastin.

The number of cells and cell viability decreased after erastin treatment compared with the ASP treatment
(Fig. 2A, 2B). LDH release decreased after pretreatment with ASP (Fig. 2C). Both ASP and Fer-1 partially
reversed the erastin-induced reductions in GPX4, SLC7A11 and FTH1 (Fig. 2D- G). After pretreatment of
chondrocytes with ASP, the lipid peroxidation induced by erastin was partially rescued (Fig. 2H).

ASP alleviates OA by inhibiting ferroptosis.

Chondrocytes were more active after treatment with ASP and DFO (an inhibitor of ferroptosis) than after
treatment with IL-1β (pretreatment with IL-1β for 24 hours) (Fig. 3A). Both ASP and DFO suppressed the
increase in ROS induced by IL-1β (Fig. 3b). ASP also reversed the decline in GPX4, FTH1, and SLC7A11
expression induced by IL-1β (Fig. 3C, 3D). We also used immuno�uorescence to observe the expression
level of GPX4, and the results were consistent with the western blot results (Fig. 3E, 3F). When
chondrocytes were treated with IL-1β, MMP13 was increased and collagen II was decreased, but ASP
reversed these effects (Fig. 3G, 3H, 3I).

ASP inhibits ferroptosis of OA chondrocytes via Nrf2-SLC7A11-GPX4 axis.

We used ASP to treat chondrocyte ferroptosis induced by erastin or IL-1β. As shown in Fig. 4A and 4B,
NQO1 and HO-1 expression increased after treatment with ASP, while SLC7A11 expression changed with
ASP treatment. We found that the protein levels of Nrf2 in the nucleus were increased in cells treated with
ASP (Fig. 4C- 4E). Next, we silenced Nrf2 with a speci�c siRNA (Fig. 4F), the protective effect was lost
(Fig. 4H), and the ROS of lipid was not changed. GPX4, SLC7A11, HO-1 and Nrf2 decreased due to
knockdown, and the antioxidant capacity of cells decreased (Fig. 4I- K).
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ASP or DFO alleviate the degeneration of cartilage in the
imageology of rats
On MRI, the cartilage surface layer was destroyed, reduced and irregularly clustered in Group 2. In Group
3, cartilage damage was mild (Fig. 5A-C), which is consistent with the effect of extracorporeal treatment.
The degree of cartilage destruction in Group 4 was lower than that in Group 2 (Fig. 5D). Group 5 also
showed a certain degree of cartilage damage (Fig. 5E). Both Group 6 and Group 7 showed less cartilage
destruction than Group 5 (Fig. 5F-G).

ASP or DFO alleviate the damage of cartilage in the
pathology of rats
HE and Masson’s trichrome staining showed severe cartilage destruction in Groups 2 and 5 (more severe
in Group 2) (Fig. 6A 2, 5 and 6B 2, 5). However, the joint damage in Groups 3, 4, 6 and 7 was relatively
mild (Fig. 6A 3, 4, 6, 7 and 6B 3, 4, 6, 7). In addition, GPX4 expression was lower in Group 2 and Group 5
(Fig. 6C 2, 5 and 6C 2, 5). However, the low GPX4 expression induced by MIA was alleviated by DFO and
ASP treatment (Fig. 6C 3, 4). GPX4 expression in Groups 6 and 7 was higher than that in Group 5
(Fig. 6C).

Discussion
Chondrocytes are the only cells in articular cartilage and are responsible for maintaining functional
tissue; thus, cartilage damage caused by chondrocyte programmed death plays an important role in the
pathogenesis of osteoarthritis (Aigner et al., 2004; Kühn et al., 2004). Ferroptosis has been reported to
in�uence the pathogenesis of OA (Bin et al., 2021; Reed et al., 2021; Simão and Cancela, 2021). With
further research on ferroptosis in recent years, the main mechanism has gradually been uncovered, and
one of the typical characteristics is excessive accumulation of lipid ROS (Yang and Stockwell, 2016).
Ferroptosis can be triggered when the balance between lipid peroxidation and purging is disturbed.
However, with the help of GSH, GPX4 converts toxic lipid hydroperoxide into a nontoxic lipid (Yang et al.,
2014), and of course, FSP1 has the same effect (Doll et al., 2019). In our study, GPX4 was decreased in
cartilage specimens from patients who underwent knee replacement (Fig. 1) and the OA rat models
(Fig. 6C). Numerous studies have reported that ROS are the main cause of OA development (Aigner et al.,
2004; Martin et al., 2004). ROS upregulates latent matrix-degrading enzyme production and inhibits
matrix synthesis, effectively destroying cartilage homeostasis and inducing cell death (Haklar et al., 2002;
Goldring and Berenbaum, 2004; Im et al., 2008). We found that erastin induced lipid ROS aggregation and
ASP partially reversed this effect (Fig. 2H). Oxidative stress can lead to mitochondrial dysfunction,
mitochondrial DNA damage, telomere instability, cell senescence and anabolic dysfunction (Finkel and
Holbrook, 2000; Maneiro et al., 2005). Therefore, an increasing number of researchers have begun to
focus on the effect of antioxidants on OA. Iron is thought to play an important role in the production of
lipid peroxidation through the Fenton reaction and to act as a switch in ferroptosis (Wang et al., 2017).
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Jing et al. showed that iron overload promotes chondrocyte breakdown (Jing et al., 2021). DFO, similar to
Fer-1, is a known inhibitor of ferroptosis that prevents the occurrence of the Fenton reaction by chelating
free Fe2+. Interestingly, articular cartilage destruction was signi�cantly alleviated in OA rats treated with
DFO (Fig. 5C, 6A, 6B).

Next, in the search for anti-OA compounds, ASP caught our attention. Previous studies have shown that
ASP has excellent antioxidant and antiapoptotic properties and induces chondrocyte proliferation (Xie et
al., 2018; Xu et al., 2021). Although ASP has many protective effects on OA cartilage, no information is
available regarding the effect of ASP on ferroptosis in OA (Zhuang et al., 2016; Zhuang et al., 2018).
Although ferroptosis can be induced by erastin, this phenomenon is not consistent with the OA
pathological developmental process. Thus, we used Il-1β to stimulate chondrocytes (from non-damaged
regions) to simulate the OA environment (Kapoor et al., 2011). We found that Il-1β and erastin had similar
ferroptosis induction effects (lipid ROS aggregation and GPX4, SLC7A11, and FTH1 decreases), which
were reversed by ASP (Fig. 2, 3). ASP effectively reduces cartilage injury by erastin or DMM in vivo
(Figs. 5, 6).

Keap1-Nrf2 signaling is considered one of the most critical endogenous antioxidant stress pathways and
an important target of in�ammation-related diseases (Mills et al., 2018; Lu et al., 2019). Convincingly,
several compounds called Nrf2 activators have been shown to protect OA chondrocytes (Kim et al., 2020;
Lv et al., 2021). Sun J et al. reported that inhibition of the Nrf2 pathway increased ferroptosis sensitivity
(Sun et al., 2021). Previous studies have shown that Nrf2 protects cells from ferroptosis by promoting
SLC7A11 expression (Procaccini et al., 2021; Tang et al., 2021), which is consistent with our results
(Fig. 4). Nrf2 binds with Keap1 under non-stress conditions and is ubiquitinated and degraded in a Keap1-
dependent manner (Sies et al., 2017). Interestingly, ASP can promote the dissociation of Keap1-Nrf2, the
transfer of Nrf2 into the nucleus to exert an antioxidative effect, and SLC7A11 expression (Fig. 4A, 4B).
Nrf2 was also slightly increased in response to IL-1β and Erastin, but we think that this increase is a
stress effect of exogenous stimulation (Fig. 4A, B). To further investigate whether ASP functions through
Nrf2, we knocked down Nrf2. The results showed that SLC7A11 expression was inhibited, lipid
peroxidation product accumulation was increased, and the antiferroptotic ability of ASP was decreased
(Fig. 4), suggesting that ASP can increase SLC7A11 expression by promoting the transfer of Nrf2 into the
nucleus and subsequently protect chondrocytes from the reduction in SLC7A11 (Fig. 7).

In conclusion, our study suggests that ASP can increase SLC7A11 expression by promoting the transfer
of Nrf2 into the nucleus to avoid chondrocyte ferroptosis. ASP may be a promising compound to alleviate
OA in the future.
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Figure 1

Ferroptosis involved in the OA cartilage degeneration. a: Representative image of articular cartilage of
knee from patient underwent TKA showed damaged OA group  and non-damaged regions control
group  and X-ray; b: 3 pairs of control and OA cartilages (each pair from the same joint) were ground with
liquid nitrogen c: 6 pairs of control and OA cartilages were ground with liquid nitrogen. d: Quanti�cation
of the western blot result; e-f: The GSH and MDA levels in control and OA cartilages  pairs 1-3 were
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analyzed. g: Original magni�cation, ×100 (left), and ×400 (right). Each point represents an individual
value (*p< 0.05, **p< 0.01, ***p< 0.001, #p< 0.0001).

Figure 2

ASP partially inhibits chondrocyte ferroptosis induced by erastin. Chondrocytes were divided into four
groups: control group (0.1% DMSO), erastin group, ASP+erastin group (ASP pretreated for 24 hours) and
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Fer-1+erastin group (Fer-1 pretreated for 2 hours). a: The survival of chondrocytes was observed by
crystal violet staining solution. b: Cell viability was analyzed with CCK-8. c: The lactate dehydrogenase
released was analyzed with an LDH assay. d-e: The level of GPX4, FTH1 and SLC7A11 was measured by
western blot. f-g: Original magni�cation, ×400. GPX4 immunostaining and quanti�cation. Signi�cantly
increased green bright puncta showed the expression of GPX4. h: Original magni�cation, ×400. The
accumulation of lipid peroxidation in cells was analyzed by BODIPY. Each point represents an individual
value and no point means contrast (*p< 0.05, **p< 0.01, ***p< 0.001, #p< 0.0001).
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Figure 3

ASP can alleviate the injury of chondrocytes induced by IL-1β through ferroptosis. Chondrocytes were
divided into four groups: control group (0.1% DMSO), IL-1β group, IL-1β+ASP group (IL-1β pretreated for
24 hours) and IL-1β+DFO group (IL-1β pretreated for 24 hours). a: Cell viability was analyzed with CCK-8
at 24 hours and 48 hours. b: Original magni�cation, ×400. The accumulation of lipid peroxidation in cells
was analyzed by BODIPY. c-d: The level of GPX4, FTH1 and SLC7A11 was measured by western blot and
quanti�cation after 48 hours of treatment. e-f: Original magni�cation, ×400. Immuno�uorescence and
quanti�cation. g-h: The level of MMP13 and collage  and quanti�cation after 48 hours of treatment. i:
Original magni�cation, ×400. Immuno�uorescence. Each point represents an individual value and no
point means contrast (*p< 0.05, **p< 0.01, ***p< 0.001, #p< 0.0001).
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Figure 4

ASP inhibits ferroptosis through Nrf2. a-b: The level of Nrf2, Keap1, HO-1, NQO1 and SLC7A11 and
quanti�cation. c-d: Expression of Nrf2 in nucleus and cytoplasm and Quanti�cation. e: Original
magni�cation, ×400. Nrf2 immunostaining. Signi�cantly increased red bright puncta showed the
expression of Nrf2. f: The silencing e�ciency of si-Nrf2 and quanti�cation. g: Original magni�cation,
×400. The accumulation of lipid peroxidation in cells after Nrf2 silencing. h: Cell viability after si-Nrf2. i-
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j: The level of GPX4, SLC7A11, Nrf2, and HO-1 and quanti�cation. k: Original magni�cation, ×400. The
accumulation of lipid peroxidation in cells after Nrf2 silencing. Each point represents an individual
value and no point means contrast (**p< 0.01, ***p< 0.001, #p< 0.0001).

Figure 5

The changes of cartilage in rats were observed by imageology SD rats were divided into 7 groups: a:
Control group, b: OA group c: OA+DFO group, d: OA+ASP group, e: Erastin group, f: erastin+ASP group, g:
Erastin+DFO group.
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Figure 6

The changes of cartilage in rats were observed by pathology Original magni�cation, ×100 (upper), and
×400 (nether) Group 1-7 means Control group, OA group, OA+DFO group, OA+ASP group, Erastin
group, Erastin+ASP group and Erastin+DFO group. a: The knee joint of rats was decalci�ed and stained
with hematoxylin-eosin. b: Masson staining. c: Immunohistochemistry staining of GPX4. 
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Figure 7

ASP alleviates OA by inhibiting ferroptosis via Nrf2-SLC7A11-GPX4 axis.
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