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S U M M A R Y

Background: Osteoarthritis (OA) is a complex process comprised of mechanical load, inflammation, and metabolic
factors. It is still unknown that if chondrocytes undergo ferroptosis during OA and if ferroptosis contribute to the
progression of OA.
Materials and methods: In our study, we use Interleukin-1 Beta (IL-1β) to simulate inflammation and ferric
ammonium citrate (FAC) to simulate the iron overload in vitro. Also, we used the surgery-induced destabilized
medial meniscus (DMM) mouse model to induce OA in vivo. We verify ferroptosis by its definition that defined by
the Nomenclature Committee on Cell Death with both in vitro and in vivo model.
Results: We observed that both IL-1β and FAC induced reactive oxygen species (ROS), and lipid ROS accumulation
and ferroptosis related protein expression changes in chondrocytes. Ferrostatin-1, a ferroptosis specific inhibitor,
attenuated the cytotoxicity, ROS and lipid-ROS accumulation and ferroptosis related protein expression changes
induced by IL-1β and FAC and facilitated the activation of Nrf2 antioxidant system. Moreover, erastin, the most
classic inducer of ferroptosis, promoted matrix metalloproteinase 13 (MMP13) expression while inhibited type II
collagen (collagen II) expression in chondrocytes. At last, we proved that intraarticular injection of ferrostatin-1
rescued the collagen II expression and attenuated the cartilage degradation and OA progression in mice OA
model.
Conclusions: In summary, our study firstly proved that chondrocytes underwent ferroptosis under inflammation
and iron overload condition. Induction of ferroptosis caused increased MMP13 expression and decreased collagen
II expression in chondrocytes. Furthermore, inhibition of ferroptosis, by intraarticular injection of ferrostatin-1, in
our case, seems to be a novel and promising option for the prevention of OA.
The translational potential of this article: The translation potential of this article is that we first indicated that
chondrocyte ferroptosis contribute to the progression of osteoarthritis which provides a novel strategy in the
prevention of OA.
Introduction

Osteoarthritis (OA) is the leading cause of disability in seniors and
endemic throughout the world. It is estimated that 300 million people
worldwide suffered fromOA [1]. OA used to be considered as a disease of
“wear and tear.” Excessive mechanical load on the joint was thought to
lead to the destruction of the articular cartilage. However, researchers
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find out that OA is a more complex process composed of inflammation,
metabolic factors, and even ABO blood group [2–6]. In addition, OA is
regulated by many bioactive molecules such as Wnt and Wnt-related
molecule and SOX9 etc [7,8]. Among those contributing factors of OA,
inflammation is a major factor associated with both the cartilage loss and
symptoms of disease [9]. Inflammatory factors such as interleukin 1β
(IL-1β) are evaluated in the synovial fluid of both early-stage and
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late-stage OA patients [10,11]. Many metabolic factors, such as hyper-
lipidemia [12,13] and iron overload [14–16] are also closely correlated
with OA.

Chondrocytes, as the only cell component of cartilage, maintain the
integrity of the extracellular matrix (ECM) by balancing the synthesis and
degradation of the ECM [17]. Hence, chondrocyte injuries is a major
event during the progression of OA. It’s well studied that chondrocyte
injuries can be attributed to the cell necrosis, apoptosis and autophagic
cell death [18]. In 2012, Dixon et al. firstly reported a new form of
regulated cell death that are morphologically, biochemically and genet-
ically different from other forms of regulated cell death and named it
ferroptosis [19]. Ferroptosis is an iron-dependent non-apoptotic cell
death featured by inactivation of antioxidant enzyme glutathione
peroxidase 4 (GPX4) and the accumulation of lipid reactive oxygen
species (lipid-ROS). Recent studies have proved that GPX4 is the key
regulator of ferroptosis [20]. ACSL4 also is a biomarker and contributor
of ferroptosis, although the mechanism is still unclear [21,22]. System
Xc� is a cystine/glutamate antiporter. Inhibition of SLC7A11, a subunit
that unique to system Xc�, causes depletion of intracellular GSH,
iron-dependent lipid peroxidation and subsequent ferroptosis [23]. P53,
a tumor suppressor that plays critical roles in apoptosis, also plays an
important role in ferroptosis by suppressing the expression of SLC7A11
[24]. Recently, the Nomenclature Committee on Cell Death defined fer-
roptosis as a form of regulated cell death initiated by oxidative pertur-
bations of the intracellular microenvironment that is under constitutive
control by GPX4 and can be inhibited by iron chelators and lipophilic
antioxidants [25]. So far, ferroptosis is proved to be corrected with many
degenerative diseases (such as Alzheimer’s disease, Parkinson’s diseases
and kidney degeneration), carcinogenesis, intracerebral hemorrhage,
traumatic brain injury, ischemia-reperfusion injury and stroke [26]. As
far as we know, there still no research that explores the roles of ferrop-
tosis in the progression of OA. However, OA does have some features in
common with ferroptosis such as abnormal iron metabolism [27–29],
lipid peroxidation [30,31] and mitochondrial dysfunction [32,33]. Thus,
it’s possible that ferroptosis participate in the progression of OA.

In this study, we use Interleukin-1 Beta (IL-1β) to simulate inflam-
mation and ferric ammonium citrate (FAC) to simulate the iron overload
in vitro. Also, we used surgery-induced destabilized medial meniscus
(DMM) mouse model to induce OA in vivo. We aim to explore the roles of
ferroptosis in the progression of OA which can provide a novel strategy
that prevents the progression of OA by inhibiting chondrocyte
ferroptosis.

Materials and methods

Regents

Ferric ammonium citrate (USA, 1185-57-5) was purchased from
Sigma–Aldrich. Recombinant mouse IL-1β (Minneapolis, USA, # 401-
ML) was purchased from R&D systems. Erastin (USA, S7242) and
Ferrostatin-1 (USA, S7243) were purchased from Selleck. Reactive Ox-
ygen Species Assay Kit (China, S0033) was purchased from Beyotime.
C11 BODIPY Lipid Peroxidation Sensor (USA, D3861) was purchased
from ThermoFisher. GPX4 (UK, ab125066, diluted 1:5000) antibody,
P53 antibody (UK, ab131442, diluted 1:1000), SLC7A11 antibody (UK,
ab175186, diluted 1:5000), ACSL4(UK, ab155282, diluted 1:10,000)
antibody, Collagen II (UK, ab34712, diluted 1:200 for immunohisto-
chemical staining) antibody, Collagen II (UK, ab185430, diluted 1:1000
for western blot) antibody, NQO-1 antibody (UK, ab80588, diluted
1:10,000), and Trx (UK, ab133524, diluted 1:10,000) antibody were
purchased from Abcam. Nrf2 antibody (USA, 16396-1-AP, diluted
1:1000), HO-1 antibody (USA, 10701-1-AP, diluted 1:1000), Beta-actin
antibody (USA, 66009-1-Ig, diluted 1:1000) and GAPDH antibody
(USA, 60004-1-Ig, diluted 1:1000) were purchased from Proteintech.
34
Isolation and culture of mouse chondrocytes

Chondrocytes were isolated and cultured as described before [34]. All
animal experimental procedures were performed in accordance with U.K.
Animals (Scientific Procedures) Act, 1986 and European guidelines
(2010/63/EU) and approved by the Experimental Animal Ethics Com-
mittee of Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China. In brief, cartilage was removed from the
knee joints of 5 days old C57BL/6J mice (the sex cannot be identified at
this age). After dissected into pieces, cartilage was respectively digested
with 0.25% trypsin for 30 min and 0.25% type 2 collagenase for 6 h. The
primary chondrocytes were resuspended and cultured in DMEM/F12
medium containing 10% foetal bovine serum (FBS), 1% penicillin and
1% streptomycin sulfate at 37 �C under 5% CO2. Chondrocytes at second
passage were used in experiments.
Western blot analysis

Chondrocytes were seeded in 6-well plates at a density of 5 � 105

cells/well and adhered for 24 h. Then, cells were subjected to different
treatments. In the first group, chondrocytes were treated with 100 μmol
FAC for 48 h. In the second group, chondrocytes were treated with 10 ng/
mL IL-1β for 48 h. In the third group, chondrocytes were treated with 5
μmol erastin for 48 h. In the last group, chondrocytes were treated by
100 μmol FAC or 10 ng/mL IL-1β with 1 μM ferrostain-1 or equal volume
of DMSO for 48 h. Western Blot analysis was performed as described
before [35]. In brief, chondrocytes were washed three times with PBS
and then lysed with 100 μl RIPA lysis buffer (Boster, China, AR0102) that
containing 1% proteinase inhibitor cocktail for 30 min on ice. After
centrifugation at 13,000 rpm for 20 min, the supernatant was collected
and the protein concentration of each sample was detected by BCA assay
kit (Boster, China, AR0146). Equal quality of proteins (25 μg) was elec-
trophoresis in 12% SDS-PAGE gel, and transferred to the PVDF mem-
branes (Millipore, United States). After blocking with 5% skim milk at
room temperature for 1 h, the membranes were incubated with primary
antibodies overnight at 4 �C and incubated with secondary antibodies for
1 h at room temperature. Protein bands were visualized using chem-
iluminescence substrate kit (Boster, China) and ChemiDocTM XRS þ
System (Bio-Rad Laboratories, CA, United States). The density of each
band was quantified by image J version 1.48.
Immunofluorescence staining

Chondrocytes were seeded into 24-well plates. After treatment, cells
were fixed by 4% paraformaldehyde for 15 min at room temperature.
Then, cells were permeabilized 0.5% Triton X-100 for 20 min and
blocked with 5% BSA for 1 h at room temperature. Chondrocytes were
then incubated with GPX4 antibodies overnight at 4 �C. On the second
day, cells were incubated with Cy3-conjugated goat anti-rabbit second-
ary antibody for 1 h in the dark. After washed three times with PBS, cells
were incubated with DAPI for 5 min. Images were obtained under the
fluorescence microscope (Evos fl auto, Life technologies, USA).
Cell viability assay

The chondrocytes viability was detected using cell counting kit-
8(CCK-8) (Boster, China, AR1160). Chondrocytes were seeded into 96-
well plates at a density of 3000 cells/well. After adherence for 24 h,
cells were treated by 100 μmol FAC or 10 ng/mL IL-1β with 1 μM
ferrostain-1 or equal volume of DMSO for 48 h. After removal of medium,
100 μl of 10% CCK-8 solution was added to each well and incubated at
37 �C away from light for 2 h. The absorbance was measured at 450 nm
using a microplate reader (Thermo Fisher Scientific, Vantaa, Finland).



Figure 1. Both IL-1β and FAC induced ferroptosis related protein expression changes in chondrocytes (A) The protein expression level of ACSL4, GPX4, P53, and
SLC7A11, when treated with IL-1β, were detected by western blot (B) Band density ratios of ACSL4, GPX4, P53, and SLC7A11 to GAPDH in the western blots were
quantified by densitometry (C) The protein expression level of ACSL4, GPX4, P53, and SLC7A11 when treated with FAC were detected by western blot (D) Band
density ratios of ACSL4, GPX4, P53 and SLC7A11 to GAPDH in the western blots were quantified by densitometry (E) Total GPX4 protein level were evaluated by
immunofluorescence staining in chondrocytes treated with IL-1β or FAC. *P < 0.05 versus control. Error bars represent SD.
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Figure 2. Ferrostatin-1 attenuated the cytotoxicity, ROS and lipid-ROS accumulation and ferroptosis related protein expression changes induced by IL-1β and FAC
(A–B) Cell viability determined by CCK-8 assay (C) Intracellular ROS and lipid-ROS level detected by DCFH-DA and C11 BODIPY fluorescent probe (D) The protein
expression level of ACSL4, GPX4, P53, and SLC7A11 when treated by IL-1β with 1 μM ferrostain-1 or equal volume of DMSO were detected by western blot (E) Band
density ratios of ACSL4, GPX4, P53 and SLC7A11 to GAPDH in the western blots were quantified by densitometry (F) The protein expression level of ACSL4, GPX4,
P53 and SLC7A11 when treated by FAC with 1 μM ferrostain-1 or equal volume of DMSO were detected by western blot (G) Band density ratios of ACSL4, GPX4, P53
and SLC7A11 to GAPDH in the western blots were quantified by densitometry. *P < 0.05 versus control, #P < 0.05 versus IL-1β or FAC treated group. Error bars
represent SD.
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Detection of intracellular ROS and lipid-ROS

Chondrocytes were firstly seeded in 6-well plates at a density of 3 �
105 cells/well. After 24 h, chondrocytes were treated by 100 μmol FAC or
10 ng/mL IL-1βwith 1 μM ferrostain-1 or equal volume of DMSO for 48 h.
The intracellular ROS and lipid-ROS levels were measured with the
DCFH-DA and C11 BODIPY fluorescent probe according to the manu-
facturer’s instructions. In brief, chondrocytes were washed with PBS
three times and treated with 10 μMDCFH-DA or 5 μM of C11 BODIPY for
20 min at 37 �C in the dark. After incubation, cells were washed with PBS
and observed under the fluorescence microscope (Evos fl auto, life
technologies, USA).

Nuclear protein extraction

The nuclear protein was extracted using a nuclear protein extraction
kit (Beyotime, China, P0028) according the to manufacturer’s protocol.
The unclear protein was subjected to western bolt analysis and lamin B
were used as internal control.

Knockdown of Nrf2 by small interfering RNA

Specific small interfering RNA (siRNA) targeting the mouse Nrf2 gene
was chemically synthesized by RiboBio (Guangzhou, China) and was
transfected into cells using Lipofectamine 3000 transfection reagent
following the manufacturer’s instructions (Thermo Fisher, UT, USA). The
siRNA sequences and knockdown efficiency was reported in our previous
article [34]. The sense strand sequences of Nrf2 siRNA are as follows:
50-CGACAGAC CCTCCATCTA-3’.

Animal experiment

Thirty-two 8 weeks old male C57BL/6 mice were used in this study.
Eight mice were randomly allocated to the sham surgery group. After
anesthetized by intraperitoneal injection of pentobarbital (35 mg/kg),
sham surgery group were subjected to sham surgery. Then, destabilized
medial meniscus (DMM) were performed to establish the OA model in
twenty-four mice. DMM mice were randomly divided into three groups
(N¼ 8 for each group): the DMM group, the DMMþ0.1 mg/kg ferrostain-
1 group and the DMMþ1 mg/kg ferrostain-1 group. The DMMþ0.1 mg/
kg ferrostain-1 group and the DMMþ1 mg/kg ferrostain-1 group were
intraarticularly injected with 0.1 mg/kg or 1 mg/kg ferrostain-1
respectively. The sham surgery group and DMM group were intra-
articularly injected with same volume of vehicle. The injection was
repeated twice a week for 8 consecutive weeks. Eight weeks later, mice
were sacrificed and the knee joints were collected and fixed in 4%
paraformaldehyde for further experiments.

Histological and immunohistochemical staining

Knee joints were decalcified with 10% EDTA solution for two weeks
and embedded in paraffin wax. The specimens were sectioned to 5 μm
thickness in a sagittal plane and then stained with Safranin O/fast green.
The progression of OA was evaluated using the Osteoarthritis Research
Society International (OARSI) scores in a blind manner. Other sections
were deparaffinized, antigen retrieved, incubated with anti-GPX4 or anti-
Collagen II antibody, and then incubated with goat anti-rabbit secondary
antibody. Sections were colored with DAB and counterstained with
37
hematoxylin. The image was captured by fluorescence microscope (Evos
fl auto, Life technologies, USA) and the number of GPX4 or collagen II
positive cell per field in each group were counted under 200-time
magnification.

Statistical analysis

All the data were presented as the means � standard deviation (SD).
Statistical analyses were performed using GraphPad Prism version 6.05.
Differences in numerical data between two groups were determined by
Student’s two-tailed t-test. One-way ANOVA was used to determine dif-
ferences among groups more than two followed by a Bonferroni post
hoctest. P < 0.05 was defined as statistically significant.

Results

Both IL-1β and FAC induced ferroptosis related protein expression changes
in chondrocytes

In this study, we used the protein expression level of GPX4, ACSL4,
P53, and SLC7A11 as markers of ferroptosis. The results of western bolt
showed that both IL-1β and FAC could suppress the expression of GPX4
and SLC7A11 while increased the protein level of P53 and ACSL4 in
chondrocytes (Fig. 1A and C). Band density ratios of ACSL4, GPX4, P53,
and SLC7A11 to GAPDH in the western blots were quantified by densi-
tometry. The difference in protein band density ratio is statistically sig-
nificant (Fig. 1B and D). In addition, we visualized the total protein level
of GPX4 by immunofluorescence staining. In the control group, the red
fluorescence (which indicated the GPX4 protein) is aggregated in mito-
chondria to form granular dots and diffusely distributed in the cytoplasm.
When treated by IL-1β or FAC, the intensity of red fluorescence is reduced
and the number of red granular dots was decreased (Fig. 1E). Together,
those results proved that both IL-1β and FAC induced ferroptosis related
protein expression changes in chondrocytes.

Ferrostatin-1 attenuated the cytotoxicity, ROS, and lipid-ROS accumulation
and ferroptosis related protein expression changes induced by IL-1β and
FAC

Ferrostatin-1 is an efficient ferroptosis specific inhibitor functioned
by eliminating the initiating alkoxyl radicals and other rearrangement
products that produced by ferrous iron from lipid hydroperoxides [36].
We used Ferrostatin-1 to verify the existence of ferroptosis in IL-1β and
FAC treated chondrocytes. Both IL-1β and FAC exerted significant cyto-
toxicity to chondrocytes according to CCK-8 assay. Ferrostatin-1 could
partly attenuate the cytotoxicity (Fig. 2A and B). Also, we used DCFH-DA
and C11 BODIPY fluorescent probe to detect the intracellular ROS and
lipid-ROS. The results showed that both the ROS and lipid-ROS is accu-
mulated in chondrocytes when treated with IL-1β or FAC (reflected by
the intensity of green fluorescence). Ferrostatin-1 can reduce the intra-
cellular ROS and lipid-ROS levels (Fig. 2C). In addition, Ferrostatin-1
could rescue the expression of GPX4 and SLC7A11 and attenuate the
expression for P53 and ACSL4 (Fig. 2D and F). The difference in protein
band density ratio is statistically significant (Fig. 2E and G). We also
visualized the total protein level of GPX4 by immunofluorescence
staining. The results show that ferrostatin-1 can increase the number of
red granular dots and enhanced the intensity of red fluorescence (Fig. 3).
This phenomenon indicated that ferrostatin-1 can rescue the GPX4



Figure 3. (A) The total GPX4 protein level in the chondrocytes treated with IL-1β or in combination with ferrostain-1 was evaluated by immunofluorescence staining.
The nuclei were stained with DAPI (B) The total GPX4 protein level in the chondrocytes treated with FAC or in combination with ferrostain-1were evaluated by
immunofluorescence staining. The nuclei were stained with DAPI.
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Figure 4. Erastin promoted matrix metalloproteinase 13 (MMP13) expression while inhibited Type II collagen (collagen II) expression in chondrocytes (A) The
protein expression level of GPX4, collagen II and MMP13 when treated with erastin were detected by western blot (B) The band density ratio of GPX4, collagen II and
MMP13 to β-actin in the western blots were quantified by densitometry (C) The protein expression level of collagen II and MMP13 when treated by IL-1β with 1 μM
ferrostain-1 or equal volume of DMSO were detected by western blot (D-E) The band density ratio of collagen II and MMP13 to β-actin in the western blots were
quantified by densitometry (F) The protein expression level of collagen II and MMP13 when treated by FAC with 1 μM ferrostain-1 or equal volume of DMSO were
detected by western blot (G-H) The band density ratio of collagen II and MMP13 to β-actin in the western blots were quantified by densitometry.*P < 0.05 versus
control, #P < 0.05 versus IL-1β or FAC treated group. Ns P > 0.05 versus IL-1β or FAC treated group. Error bars represent SD.
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expression that suppressed by IL-1β and FAC. Above results combined,
we proved that both IL-1β and FAC could induce chondrocytes
ferroptosis.

Erastin promoted matrix metalloproteinase 13 (MMP13) expression while
inhibited type II collagen (collagen II) expression in chondrocytes

Collagen II, which is secreted by chondrocytes, is the major compo-
nent of ECM. MMP13, the major ECM-degrading enzyme, is significantly
over-expressed in osteoarthritic articular cartilage and basically unde-
tectable in normal adult tissues [37,38]. Hence, decreased collagen II and
increased MMP13 secretion by chondrocytes are major biomarkers and
contributors of OA. Erastin is the most classic inducer of ferroptosis [39].
39
High efficiency of erastin was confirmed by significantly suppressed
GPX4 protein level (Fig. 4A and B). When chondrocytes were treated
with erastin, collagen II expression was significantly suppressed while
MMP13 expression was evaluated (Fig. 4A and B). Further, we proved
that ferrostatin-1 rescued the collagen II expression that suppressed by
IL-1β and FAC (Fig. 4C and F). The difference of protein band density
ratio of collagen II to β-actin is statistically significant (Fig. 4D and G).
However, ferrostatin-1 did not attenuate the expression of MMP13
induced by IL-1β and FAC (Fig. 4E and H). Considering Ferrostain-1 in-
hibits ferroptosis by eliminating lipid ROS, We speculated that ferrop-
tosis might induce the MMP13 expression in a lipid ROS independent
way.



Figure 5. Nrf2 antioxidant system and ferroptosis are mutually regulated under inflammation and iron overload condition (A) The protein expression level of Nrf2,
HO-1, NQO-1 and Trx when treated by IL-1β with 1 μM ferrostain-1 or equal volume of DMSO were detected by western blot (B) The band density ratio of Nrf2, HO-1,
NQO-1 and Trx to GAPDH in the western blots were quantified by densitometry (C) The protein expression level of Nrf2, HO-1, NQO-1 and Trx when treated by FAC
with 1 μM ferrostain-1 or equal volume of DMSO were detected by western blot (D) The band density ratio of Nrf2, HO-1, NQO-1 and Trx to GAPDH in the western
blots were quantified by densitometry. (E) The nuclear protein level of Nrf2 and HO-1 when treated by IL-1β with 1 μM ferrostain-1 or equal volume of DMSO were
detected by western blot (F) The band density ratio of Nrf2 and HO-1 to Lamin B were quantified by densitometry. (G) The nuclear protein level of Nrf2 and HO-1
when treated by FAC with 1 μM ferrostain-1 or equal volume of DMSO were detected by western blot (H) The band density ratio of Nrf2 and HO-1 to Lamin B were
quantified by densitometry. (I) The protein level of GPX4 when treated by IL-1β with si-Nrf2 or negative control were detected by western blot (J) The band density
ratio of GPX4 to GAPDH were quantified by densitometry. (K) The protein level of GPX4 when treated by IL-1β with si-Nrf2 or negative control were detected by
western blot (L) The band density ratio of GPX4 to GAPDH were quantified by densitometry.*P < 0.05 versus control, #P < 0.05 versus IL-1β or FAC treated group. ns
P > 0.05. Error bars represent SD.
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Figure 6. Ferrostain-1 attenuated cartilage degradation and increased the Collagen II and GPX4 expression in the mouse OA model (A) Cartilage degradation was
assessed by Safranin O/fast green staining (B) Immunohistochemistry staining of GPX4 and collagen II (C) Number of GPX4 positive cells per field under 200-time
magnification (D) The number of collagen positive cells per field under 200-time magnification (E) The progression of OA was evaluated using the OARSI scores.
*P < 0.05 versus sham surgery group, #P < 0.05 versus DMM group. ns P > 0.05. Error bars represent SD.
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Nrf2 antioxidant system and ferroptosis are mutually regulated under
inflammation and iron overload condition

Nrf2 (NF-E2-related factor 2) and its downstream effectors such as
HO-1, NQO-1, and Trx are the main cellular antioxidant system [40].
Also, Nrf2 is identified as a key factor that mitigates lipid peroxidation
and ferroptosis [41]. When activated, Nrf2 translocates from the cyto-
plasm to the nucleus and then activates target antioxidant enzyme genes
by binding to the antioxidant response element (ARE) [42]. In our study,
IL-1β treatment increased the total protein level of Nrf2, HO-1, NQO-1,
and Trx while the expression of those proteins didn’t alter obviously
when treated with FAC. Ferrostatin-1 was able to further enhance the
expression of Nrf2, HO-1, NQO-1 and Trx (Fig. 5A and C). The difference
in protein band density ratio is statistically significant (Fig. 5B and D). In
addition, ferrostatin-1 also increased the intranuclear Nrf2 and HO-1
protein (which also translate into to nucleus when activated) level
determined by western blot (Fig. 5E and G). The difference of protein
band density ratio is statistically significant (Fig. 5F and H). This phe-
nomenon indicated that ferrostain-1 facilitated the activation of the Nrf2
antioxidant system in chondrocytes. Moreover, we knockdown Nrf2 with
siRNA when chondrocytes were treated with IL-1β or FAC. High knock-
down efficiency was verified by western blot as described in our previous
article [34]. The results showed that knockdown of Nrf2 decreased the
GPX4 expression level which indicated higher ferroptosis rates (Fig. 5I
and K). The difference in protein band density ratio of GPX4 to GAPDH is
statistically significant (Fig. 5J and L). Those results combined indicated
that the Nrf2 antioxidant system and ferroptosis are mutually regulated
under inflammation and iron overload condition, although the detailed
mechanism is still unclear.

Ferrostain-1 attenuated cartilage degradation and increased the collagen II
and GPX4 expression in mouse OA model

Considering that both IL-1β (inflammation) and FAC (iron overload)
induced chondrocytes ferroptosis in vitro, we further investigated
whether ferroptosis specific inhibitor ferrostain-1 could attenuate OA
progression in vivo. We used the surgery-induced DMM mouse model to
induce OA in vivo. Intraarticular injection of 1 mg/kg ferrostain-1
significantly attenuated cartilage degradation assessed by Safranin O/
fast green staining (Fig. 6A). Immunohistochemistry staining of GPX4
was used to evaluate the ferroptosis level of chondrocyte. The number of
GPX4 positive cells was reduced in the DMM group and intraarticular
injection of 1 mg/kg ferrostain-1 increased the GPX4 positive cell num-
ber with statistical significance (Fig. 6B and C, Fig. S1). This result sug-
gested that ferroptosis was induced by DMM and the efficiency of
ferroptosis inhibition by ferrostain-1 is promising in vivo. In addition, we
found that intraarticular injection of 1 mg/kg ferrostain-1 rescued the
expression of collagen II which is consistent with our in vitro experiment
(Fig. 6B and D, Fig. S1). We also evaluated the severity of OA using the
OARSI score. The results showed that intraarticular injection of 1 mg/kg
ferrostain-1 attenuated OA progression with statistical significance
(Fig. 6E). In summary, inhibition of ferroptosis by ferrostain-1 attenuated
OA progression in the DMM mice model.

Discussion

OA is the most prevalent joint disease with an increasing trend.
Previous studies suggested that necrosis, apoptosis and autophagic cell
death of chondrocytes contribute to the development of OA. Ferroptosis
is proved to be correlated with many pathological conditions such as
Alzheimer’s disease, Parkinson’s diseases, carcinogenesis, intracerebral
hemorrhage, traumatic brain injury, ischemia-reperfusion injury, and
stroke. Hence, inhibition of ferroptosis represents a novel and attractive
therapeutic method for those diseases. However, if ferroptosis is involved
in the progression of OA is still unknown.

According to the guideline of the Nomenclature Committee on Cell
42
Death, ferroptosis is defined as a form of regulated cell death initiated by
oxidative perturbations of the intracellular microenvironment that is
under constitutive control by GPX4 and can be inhibited by iron chelators
and lipophilic antioxidants [20]. In our current study, we tried to verify
the chondrocytes ferroptosis by its definition. Firstly, we accessed the
oxidative perturbations by detecting the intracellular ROS and lipid-ROS
level. Secondly, we detected the protein expression level of GPX4 along
with three other well recognized ferroptotic biomarkers and contributors
(ACSL4, P53, and SLC7A11) by western blot. Lastly, we used ferroptosis
specific inhibitor ferrostain-1 to verify the ferroptosis in both vivo and
vitro. Moreover, erastin, the most classic ferroptosis inducer, decreased
the collagen II expression and increased the MMP13 expression.
Ferrostain-1 could rescue the collagen II expression in both vivo and vitro
and attenuate cartilage degradation in vivo. However, ferrostain-1 didn’t
attenuate erastin induced MMP13 expression. Ferrostain-1 inhibits fer-
roptosis by eliminating the initiating alkoxyl radicals and other rear-
rangement products that produced by ferrous iron from lipid
hydroperoxides [39]. Thus, we speculated that ferroptosis might induce
the MMP13 expression in a liquid ROS independent way. Although fer-
roptosis is characterized by highly iron-dependent lipid peroxidation, it
also involves various biological processes such as oxidative stress, lipid
metabolism, iron metabolism and biosynthesis of NADPH, glutathione
and coenzyme Q10 [43]. The mechanism of erastin induced MMP13
expression still remains unclear and required further study. Together, our
study proved that ferroptosis is involved in the progression of OA. As far
as we knew, our study is the first one that demonstrated ferroptosis of
chondrocytes is participate in the progression of OA and the first one that
proved ferrostain-1 exerted anti-osteoarthritic effect in vivo and attenu-
ated IL-1β and FAC induced chondrocyte dysfunction in vitro.

Nrf2, the main cellular antioxidant system, is a key factor that miti-
gates ferroptosis. In our study, we found that Ferrostatin-1 facilitated the
expression of Nrf2 and its downstream effectors and the nuclear trans-
location of Nrf2 and HO1 when chondrocytes were treated with IL-1β or
FAC. Such a phenomenon suggested that ferroptosis limited the activa-
tion of Nrf2 in response to oxidative stress. In addition, knockdown of
Nrf2 decreased the GPX4 protein level in chondrocytes when treated
with IL-1β or FAC. These results indicated that Nrf2 is required for
chondrocytes to limited ferroptosis which were consistent with previous
studies [44]. In summary, the results of our study suggested that the Nrf2
antioxidant system and ferroptosis were mutually regulated under
inflammation and iron overload condition. However, the detailed
mechanism remains unclear. We think the interaction between ferrop-
tosis and Nrf2 is of interest and worth to be further studied in the future.

Our study has some limitations. Firstly, unlike apoptosis, there is still
no golden standard for the detection of ferroptosis. However, we do
verify ferroptosis by its definition that defined by the Nomenclature
Committee on Cell Death and preliminarily demonstrated that ferroptosis
is involved in the progression of OA in vivo and correlated with increased
MMP13 expression and decreased collagen II expression in vitro. Sec-
ondly, Adult human chondrocytes basically do not proliferate and the
development of OA and often takes years or even decades. Thus, chon-
drocyte injures and cell death will accumulate during the progression of
OA. In our experiment, we only treated chondrocytes for 48 h. Moreover,
the mice chondrocytes we used in our in vitro experiments are prolifer-
ative. The chondrocytes ferroptosis can be partly rescued by cell prolif-
eration. Thus, the chondrocyte ferroptosis were underestimated in our
study. This limitation also leads to the reduction of cell viability induced
by IL-1β and FAC and its rescue by Ferrostatin-1 is not very dramatic in
our CCK-8 assay. This limitation also exists during the study of chon-
drocyte apoptosis. However, the result is statistically significant and the
limitation doesn’t impair the conclusion.

In summary, we firstly proved that chondrocytes underwent ferrop-
tosis under inflammation and iron overload condition and ferroptosis
contributed to the progression of osteoarthritis in vivo and promoted
MMP13 expression while inhibited collagen II expression in chon-
drocytes cultured in vitro. The inhibition of ferroptosis seems to be a
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novel and promising therapeutic option for OA.
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