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PPARy activation suppresses chondrocyte
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Abstract

Background Osteoarthritis (OA) is a prevalent disease plaguing the elderly. Recently, chondrocyte ferroptosis

has been demonstrated to promote the progression of OA. Peroxisome proliferator-activated receptor-y (PPARy)

is an important factor in maintaining cartilage health. However, the relationship between PPARy and chondrocyte fer-
roptosis in OA and its mechanism is completely unclear.

Methods We established a surgically induced knee OA rat model to investigate PPARy and chondrocyte ferroptosis
in OA. Rat knee specimens were collected for Safranin O/Fast Green staining and immunohistochemical staining

after administered orally placebo or pioglitazone (PPARy agonist) for 4 weeks. We used RSL3 to establish a chondro-
cyte ferroptosis model cultured in vitro to study the role of PPARy activation toward ferroptosis, mitochondrial func-
tion, and PTEN-induced putative kinase 1 (Pink1)/Parkin-dependent mitophagy. GW9662 (PPARy antagonist), Mdivi-1
(mitophagy inhibitor), and chloroquine (mitophagy inhibitor) were employed to investigate the mechanism of PPARy-
Pink1/Parkin-dependent mitophagy in the inhibition of ferroptosis.

Results We found that PPARy activation by pioglitazone attenuated not only OA but also inhibited the expression

of the ferroptosis marker acyl-CoA synthetase long-chain family member 4 (ACSL4) at the same time in rats. Further-
more, in vivo and in vitro data indicated that PPARy activation restored Pink1/Parkin-dependent mitophagy, improved
mitochondrial function, inhibited chondrocyte ferroptosis, and delayed the progression of OA.

Conclusions The present study demonstrated that PPARy activation attenuates OA by inhibiting chondrocyte ferrop-
tosis, and this chondroprotective effect was achieved by promoting the Pink1/Parkin-dependent mitophagy pathway.
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Background
Osteoarthritis (OA) is the most prevalent degenerative
joint disease in the world, and the symptoms are mainly
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Ferroptosis is an iron- and oxidative stress-dependent
novel form of cell death and is relevant to many diseases
[3, 4]. Recently, studies have demonstrated the contri-
bution of chondrocyte ferroptosis to the progression of
OA [5, 6]. Research evidence has found that activation
of nuclear factor kappa-B (NF-«B), a major factor asso-
ciated with inflammation in OA pathogenesis, induced
hypoxia-inducible factor 2 alpha (HIF-2a) expression,
thereby downregulating glutathione (GSH) production
and inhibiting glutathione peroxidase 4 (GPX4) activ-
ity to promote ferroptosis [7]. In a study of OA mouse
model, chondrocyte ferroptosis plays an important role
in OA and can be inhibited by nuclear factor red lineage
2-related factor 2 (Nrf2) signaling activation to reduce
OA symptoms [8]. These evidences suggest that ferrop-
tosis can be a potential therapeutic target for OA treat-
ment, which raises hope for overcoming the therapeutic
difficulties of OA [5-8]. Although some studies on fer-
roptosis in OA have been reported, they are still at an
initial stage. Thereby, it is necessary to further investigate
the underlying mechanisms.

Mitochondria are involved in various important physi-
opathological processes in cells [9]. During the process
of ferroptosis, the morphological changes that occur in
mitochondria differ significantly from other forms of cell
death, such as mitochondrial fragmentation, increased
density, outer membrane rupture, and loss or disorgani-
zation of most of the mitochondrial cristae [10]. Intra-
cellular mitochondrial homeostasis is maintained by the
production of new mitochondria through mitochondrial
biogenesis and the degradation of damaged mitochondria
through mitophagy [11]. PTEN-induced putative kinase
1 (Pinkl)-mediated Parkin-dependent mitophagy is the
classical pathway for activating mitophagy [12]. Lin et al.
[13] found that mitophagy reduces abnormal reactive
oxygen species (ROS) production and alleviates oxidative
stress, thus acting to reduce ferroptosis. However, the
role of mitophagy in ferroptosis remains controversial. Li
et al. [14] found that p-amyloid protein induces ferrop-
tosis in Alzheimer’s disease dependent on Pink1/Parkin
pathway mitophagy. In addition, the role of mitophagy
in OA has been reported to be debated [15-17].There-
fore, the relationship between them needs to be further
investigated.

Peroxisome proliferator-activated receptor-y (PPARY)
is a ligand-activated transcription factor. It regulates the
expression of several genes and is essential for lipid and
glucose metabolism [18]. PPARy is now known to have
antioxidant and antifibrotic effects in various patho-
physiological processes [18, 19]. PPARy deficiency leads
to spontaneous osteoarthritis [20], and notably, PPARy
expression is reduced in human osteoarthritic cartilage
compared with normal cartilage [21]. Past reports and
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our previous research have shown that PPARy is a key
regulator in maintaining cartilage health and has a chon-
droprotective role in osteoarthritis [22—-24]. However,
whether PPARY protects cartilage associated with ferrop-
tosis and its mechanism remains unclear.

In the current work, we aimed to explore the effect of
PPARy on ferroptosis in OA and its potential mecha-
nisms. Overall, we demonstrate that PPARy activation
attenuates OA by inhibiting chondrocyte ferroptosis
through promoting Pink1/Parkin-dependent mitophagy.

Methods

Animal experiment

Sprague—Dawley (SD) rats (male, 6—8 weeks) were ran-
domly divided into the sham group, Hulth group, and
pioglitazone group (n=6). In the sham group, skin and
joint capsules were incised and then sutured. The rat
knee OA model was established using the modified Hulth
method (Hulth group and pioglitazone group) [25]. A
medial parapatellar incision was taken to open the right
knee joint cavity of the rats, and the medial collateral lig-
ament is resected. The knee is flexed, the anterior cruci-
ate ligament is located and removed, and then, the medial
meniscus is removed. Postoperatively, all animals moved
freely in cages. The pioglitazone group was administered
orally a dose of 20 mg/kg/d of pioglitazone (P816957,
Macklin, Shanghai, China) suspended in 0.5% (w/v)
methylcellulose (C104985, Aladdin, Shanghai, China)
as described previously [26], and the sham and Hulth
groups were fed with placebo (methylcellulose). Treat-
ment started the day after surgery, and all animals were
killed after 4 weeks.

Macroscopic observation, histology,
and immunohistochemistry
Rat knee joints were collected for macroscopic observa-
tion. Photographs of the macroscopic appearance were
taken using a microscope (Nikon, SMZ18). Immersion
of joint tissue in 4% paraformaldehyde (PFA, P0099,
Beyotime) for 24 h. During 4 weeks, the joint tissues
were decalcified in 10% EDTA (G1105, Servicebio).
After decalcification, tissues were embedded using par-
affin. Specimens were cut into slices for staining with
Safranin O/fast green (SOFG, G1053, Servicebio). Slices
were evaluated using the Osteoarthritis Research Society
International (OARSI) scoring system [25].
Immunohistochemical staining The sections were
deparaffinized, and the antigen was retrieved, blocked,
and incubated overnight with a primary antibody
COL2A1 (1:100; GB11021, Servicebio), MMP13 (1:100;
GB11247, Servicebio), ACSL4 (1:100; 22401-1-AP, Pro-
teintech, Wuhan, China), PPARy (1:100; 16643-1-AP,
Proteintech), Pinkl (1:50; 23274-1-AP, Proteintech), or
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Parkin (1:100; 14060-1-AP, Proteintech) in the refrigera-
tor (4 °C). The next day, sections were incubated for 1 h
with antibodies (GB23303, Servicebio), developed with
a DAB solution (G1212-200T, Servicebio), and counter-
stained with hematoxylin (G1004, Servicebio). Immune-
positive signals were observed under a microscope
(Nikon, Eclipse Ci) and quantified using Image] 1.53t as
described previously [27], and the data were expressed as
integrated optical density (IOD).

Isolation and culture of rat chondrocytes

Primary chondrocytes were extracted from 3-week-old
SD rats. Cartilage was obtained from the knee joint and
then cut into 2 mm? pieces, and digested with 0.25%
trypsin (25200072, Gibco, Grand Island, NY, USA) for
40 min. The pieces were digested with 0.3% collagenase
II (C6885, Sigma, MO, USA) for 6 h at 37 °C after being
rinsed three times with phosphate-buffered saline (PBS)
(21-040-CVC, Corning, Shanghai, China), pH 7.4.
Chondrocytes were obtained by centrifuging the cell
suspension and resuspended in DMEM/F12 medium
(C11330500BT, Gibco, Beijing, China) supplemented
with 10% fetal bovine serum (10099141, Gibco, CA,
USA) and 1% penicillin/streptomycin (15140122, Gibco,
CA, USA). All cells were cultured in an incubator (5%
CO,, 37 °C), with the medium changed every other day.

Toluidine blue staining

To identify the chondrocytes, chondrocytes were seeded
into a 12-well plate. After the cells were grown to 80%
concentration, the medium was removed and washed 2
times with PBS. 4% PFA (Beyotime) fixed cells for 10 min,
then PBS washed 3 times. Toluidine blue staining solu-
tion (G3660, Solarbio, Beijing, China) was added to the
wells and stained for 5 min, and then, equal amount of
distilled water was added and mixed, left for 15 min,
washed twice with distilled water, and observed under
the microscope.

Alcian blue staining

Chondrocytes were seeded into a 12-well plate. After the
cells were grown to 80% concentration, the medium was
removed and washed 2 times with PBS. 4% PFA (Beyo-
time) fixed cells for 10 min, then PBS washed 3 times.
Alcian blue staining solution (ALCB-10001, OriCell,
Guangzhou, China) was added to the wells and stained
for 60 min (37 °C). Remove the staining solution, wash
3 times with distilled water, and observe under the
microscope.

Cell viability assay
Chondrocytes were seeded into 96-well plates (4000/
well) and incubated overnight in 100 pL/well of culture
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medium. For the experiment, the media was replaced
with 100 puL of media containing different drugs. After
RSL3 (SML2234, Sigma) or/and pioglitazone (PHR1632,
Sigma) treatment, the medium was changed to a new
medium (100 pL) containing 10 pL CCK-8 solution
(C0038, Beyotime, Shanghai, China). Following 1 h of
incubation, a microplate reader (GloMax Multi Plus,
Promega, Sunnyvale, CA, USA) was used to measure the
optical density (450 nm).

Detection of intracellular reactive oxygen species (ROS)
and lipid peroxidation (LPO)

Chondrocytes were seeded in 6-well plates (2x 10° cells/
well) and incubated for 24 h. They were cultured in a
medium containing 40 pumol of pioglitazone alone or
combined with 10 pM GW9662 (HY-16578, MCE, NJ,
USA), 10 uM Mdivi-1 (HY-15886, MCE), or 20 uM chlo-
roquine (C843545, Macklin) for 24 h, followed by 4 h
incubation with 0.2 uM RSL3. Intracellular ROS and LPO
were detected using DCFH-DA (S0033S, Beyotime) and
BODIPY 581/591 C11 (D3861, Invitrogen, CA, USA)
fluorescent probes. The plates were washed with PBS,
and then, 10 pkM DCFH-DA or 5 puM BODIPY 581/591
C11 was added and placed in the incubator for 30 min.
After washing twice with PBS, cells were collected and
subjected to flow cytometry (BD FACSVerse, Becton
Dickinson). FlowJo v10 (BD Bioscience) was used for data
analysis.

Measurement of mitochondrial membrane potential
(MMP)

The mitochondrial membrane potential of chondrocytes
was measured in 6-well plates by a JC-1 kit (C2006, Beyo-
time). After drug treatment, chondrocytes were washed
twice with PBS and then cultured in JC-1 staining work-
ing solution for 30 min protected from light. The plates
were washed twice using the JC-1 washing solution. Pho-
tographs were taken using a fluorescence microscope
(Nikon, Eclipse-Ti) and analyzed using Image] software.

Measurement of adenosine triphosphate (ATP)

and malondialdehyde (MDA)

Enhanced ATP Assay Kit (S0027, Beyotime) and MDA
Assay Kit (S0131S, Beyotime) were purchased from
Beyotime. Chondrocytes in 6-well plates were lysed
using cell lysis solution and then centrifuged to obtain
the supernatant. Samples are tested according to the
instructions using the appropriate working solution. The
absorbance at the corresponding wavelength was meas-
ured using a spectrophotometer. The protein concentra-
tion measured by BCA Protein Concentration Assay Kit
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(P0012S, Beyotime) was used to normalize the ATP and
MDA content.

Measurement of intracellular iron

Iron Analysis Kit (MAKO025, Sigma) purchased from
Sigma was used to detect intracellular iron. Chon-
drocytes were planted in 6-well plates (2x10° cells/
well) for 24 h before giving drug treatment. Cells were
washed once with PBS and collected after adding iron
analysis solution. After centrifuging (16,000 g, 4 °C,
10 min), samples and iron-reducing agents were cul-
tured and protected from light in 96-well plates (25 °C,
30 min). The iron ion probe (100 uL) was then added,
and the plates were placed in darkness (25 °C, 1 h). A
microplate reader (GloMax Multi Plus, Promega) was
used to determine the optical density at 600 nm.

Detection of mitochondrial superoxide (MitoSOX)
MitoSOX was measured using the MitoSOX Red dye
(M36008, Invitrogen). Chondrocytes of 12-well plates
were processed with the corresponding conditions.
Cells were washed with PBS and incubated with Mito-
SOX Red dye (4 uM) at 37 °C for 10 min, followed by
nuclei staining using Hoechst 33,258 (C1011, Beyotime)
for 5 min. In the end, the plates were washed twice with
PBS and captured in a fluorescence microscope. The
fluorescence signal was quantified using Image].

Immunofluorescence staining

Chondrocytes were inoculated into 24-well plates.
After cell treatment, 4% paraformaldehyde (Beyotime)
was used to fix cells. To increase cell permeability, 0.2%
Triton X-100 (P0096, Beyotime) was added to each well
and treated for 20 min. Then, 2% bovine serum albu-
min (BSA, V900933, Sigma) in PBST was added to each
well for 1 h. Next, cells were incubated with GPX4 anti-
body (1:100; 381,958, ZEN-BIOSCIENCE, Chengdu,
China), or COL2A1 antibody (1:200; GB11021, Service-
bio) dissolved in primary antibody dilution (P0023A,
Beyotime) overnight (4 °C). The next day, Cy3-conju-
gated secondary antibody (1:100; GB21303, Service-
bio, Wuhan, China) was added for 1 h. Finally, we used
Hoecsht33258 (C1011, Beyotime) to label the nuclei
(5 min). Pictures were photographed under a fluores-
cence microscope (Nikon, Eclipse Ci). Data were ana-
lyzed using Image].

RNA extraction and RT-qPCR reaction

Total RNA was extracted from chondrocytes using TRI-
zol reagent (15596026CN, Invitrogen). The cDNA was
synthesized using PrimeScript RT Master Mix (RR0O36A,
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Table 1 Primers information (5'-3")

Gene  Forward primer 5’-3’ Reverse primer 5’-3’

PPARy  TGAAGGCTCATATCTGTCTCCG  CATCGAGGACATCCAAGACAAC
ACSL4  CCCCAGACACACCGATTCAT GAGCGCCAACTCTTCCAGTA
Ptgs2 ATGTTCGCATTCTTTGCCCAG  TACACCTCTCCACCGATGAC
GAPDH  GGGCTGGCATTGCTCTCAA GTATCCTTGCTGGGCTGGG

Takara, Beijing, China). RT-qPCR reaction reactions
were performed with the TB Green RT-PCR reagent
(RR420A, Takara). Relative mRNA expressions were
normalized to GAPDH using the 2724t method. These
primer sequences are listed in Table 1.

Western blot

Chondrocytes were lysed using RIPA Lysis Buffer
(PO013B, Beyotime) containing a 1% protease inhibitor
cocktail (P8340, Sigma). After electrophoresis, proteins
were transferred to PVDF membranes (IPVHO00010,
Sigma) and incubated with primary antibodies in a
refrigerator (4 °C) overnight. The next day, the PVDF
membranes were washed three times with TBST and
incubated with secondary antibodies (1:5000; AP132P,
AP124P, Sigma) for 2 h and then visualized using the
SuperSignal West Pico Chemiluminescent Substrate
(34580, Thermo Scientific, CA, USA) in Bio-RAD Chemi-
Doc XRS +systems (Bio-Rad, CA, USA).

The primary antibodies: GAPDH antibody (1:1000;
ARG10112, Arigo, Taiwan, China), PPARy (1:2000;
16643-1-AP, Proteintech), GPX4 (1:1000; 381958, ZEN-
BIOSCIENCE), Parkin (1:2000; 14060-1-AP, Protein-
tech), Pinkl (1:1000; 23274-1-AP, Proteintech), LC3B
(1:1000; 18725-1-AP, Proteintech).

Statistical analysis

All data were expressed as mean + SD and analyzed with
GraphPad Prism 8.0.2 (GraphPad Software). Statisti-
cal analysis was performed using one-way ANOVA fol-
lowed by LSD test. P<0.05 was considered statistically
significant.

Results

Impaired PPARy and chondrocyte ferroptosis are
associated with osteoarthritis

The macroscopic photographs of the rat knee joint
showed that the cartilage of the sham group was shiny
and smooth, with no obvious cartilage defects or osteo-
phytes (Additional file 1: Fig. S1). The articular cartilage
in the Hulth group was rough and lusterless, with obvious
wear and erosion, exposed subchondral bone, and a large
number of osteophytes (Additional file 1: Fig. S1). The
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articular cartilage of the pioglitazone group was slightly
shiny, and the cartilage was smooth and slightly worn,
with no obvious subchondral bone exposure, and few
osteophytes (Additional file 1: Fig. S1). Safranin O/Fast
Green staining was employed to examine the degrada-
tion in the cartilage, and we found smooth joint surfaces
with clearly visible cartilage structures and abundant
proteoglycan in the sham group (Fig. 1A). We observed

A Sham Hulth
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significant cartilage degeneration as well as loss of pro-
teoglycan in the Hulth group (Fig. 1A). The changes in
the knee joints of pioglitazone-treated OA rats were sig-
nificantly less pathological than those in the Hulth group,
with smoother cartilage and richer proteoglycan content
(Fig. 1A). OARSI scores were elevated in the Hulth group
compared to the sham group and decreased in the piogl-
itazone (Pio)-treated group compared to the Hulth group

Pioglitazone
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Fig. 1 PPARy activation attenuates osteoarthritis in rats, accompanied by inhibition of ferroptosis. A Cartilage sections were stained by Safranin O/
fast green staining and evaluated with OARSI score (n=6; Scale bars, 200 um). B-E Representative pictures of COL2A1, MMP13, PPARy, and ACSL4
immunohistochemical staining in rat cartilage samples. Quantitative analysis results are on the right (n=6; Scale bars, 50 um). Data were expressed

as mean+S.D. *p<0.05; **p<0.01
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(Fig. 1A). Meanwhile, we examined the osteoarthritis
markers collagen type II (COL2A1) and matrix metal-
loproteinase 13 (MMP13). The Hulth model group had
significant osteoarthritis manifestations, and the piogl-
itazone group improved the changes of these indexes,
indicating that PPARy agonists have the effect of attenu-
ating osteoarthritis in rats (Fig. 1B, C). Moreover, PPARy
expression in rat cartilage was decreased in the Hulth
group but recovered in the pioglitazone group (Fig. 1D).
Finally, the expression of the ferroptosis marker acyl-CoA
synthetase long-chain family member 4 (ACSL4) was ele-
vated in the Hulth group and decreased after pioglitazone
treatment (Fig. 1E). These findings suggest that PPARy
activation has a chondroprotective effect in osteoarthritis
and may regulate chondrocyte ferroptosis.

PPARYy activation attenuates RSL3-induced ferroptosis

in rat chondrocytes

Primary chondrocytes were identified using toluidine
blue, Alcian blue, and type II collagen immunofluores-
cence staining (Additional file 1: Fig. S2). We used the
ferroptosis inducer RSL3 to establish a ferroptosis model
in chondrocytes cultured in vitro. The toxicity of piogl-
itazone and RSL3 on chondrocytes was examined by the
CCK-8 method. Chondrocytes treated with 40 uM piogl-
itazone or less for 24 h showed no significant cytotoxicity,
whereas RSL3 reduced cell viability for 4 h in a concen-
tration-dependent manner (Fig. 2A). Considering that
0.2 uM RSL3 reduces cellular viability by approximately
50-60% at 4 h, we chose this dose and time for the study.
After pretreatment with varied doses of pioglitazone for
24 h, chondrocytes were incubated for 4 h with 0.2 M
RSL3. We found that 40 pM pioglitazone significantly
protected chondrocytes from the RSL3-induced reduc-
tion in cell viability (Fig. 2A). In addition, we examined
the changes in cellular PPARy expression. PPARY expres-
sion was significantly lower in the RSL3 group compared
to the control group, according to Western blot and RT-
qPCR data, and pioglitazone restored PPARy expression
(Fig. 2F, G).

To further examine the changes in chondrocyte fer-
roptosis, we measured several indicators associated with
ferroptosis. RSL3 treatment of chondrocytes resulted
in a significantly greater intracellular iron content com-
pared to the control group, while the excess intracellular

(See figure on next page.)
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iron content was reduced after pioglitazone treatment
(Fig. 2B). Meanwhile, intracellular MDA, which is a lipid
peroxidation end product, was increased in the RSL3
group, and pioglitazone inhibited the intracellular MDA
changes caused by RSL3 (Fig. 2C). In the process of fer-
roptosis, the accumulation of ROS mediates the key step
of lipid peroxidation. Therefore, we detected intracellu-
lar ROS and LPO using fluorescent probes with DCFH-
DA and BODIPY 581/591 C11. Flow cytometry results
showed that intracellular ROS and LPO were signifi-
cantly higher in the RSL3 group and lower in the pioglita-
zone group (Fig. 2D, E). Another feature of ferroptosis is
the reduced expression of the antioxidant enzyme GPX4.
Therefore, we examined changes in GPX4. Western
bolt and cellular immunofluorescence results showed
that RSL3 significantly decreased GPX4 expression,
and this change was restored by pioglitazone (Fig. 2F,
H, I). Finally, we also examined the additional ferrop-
tosis markers ACSL4 and prostaglandin-endoperoxide
synthase 2 (Ptgs2). The mRNA expression of ACSL4
and Ptgs2 was increased in the RSL3 group compared
to the control group, according to RT-qPCR data, and
pioglitazone significantly reduced the elevated ACSL4
and Ptgs2 (Fig. 2G). Taken together, we confirmed that
PPARYy activation in chondrocytes inhibits RSL3-induced
ferroptosis.

PPARYy activation attenuates chondrocyte mitochondrial
damage and restores impaired mitophagy

Mitochondria are engaged in a variety of cell death,
including mediating ferroptosis signals, and mitochon-
dria undergo morphological changes that distinguish
ferroptosis from other types of cell death. JC-1 stain-
ing of mitochondrial membrane potential (MMP) is
one of the commonly used indicators of mitochondrial
function. We found that red fluorescence was attenu-
ated and green fluorescence was enhanced in the RSL3
group, as well as the ratio of red to green fluorescence
signal dropped. By contrast, the altered mitochondrial
membrane potential was restored in the pioglitazone
group (Fig. 3A, B). We also examined mitochondrial
ROS (mtROS), and as expected, mtROS was signifi-
cantly increased in RSL3-treated chondrocytes, while
pioglitazone treatment inhibited mtROS production
(Fig. 3C, D). Mitochondria are the energy centers of

Fig. 2 PPARy activation attenuates RSL3-induced ferroptosis in rat chondrocytes. A Rat chondrocytes were treated for 24 h with pioglitazone (5,

10, 20, 40, 80, 160 uM), RSL3 (0.1, 0.2, 0.4, 0. 8 uM) for 4 h or pretreated with pioglitazone (5, 10, 20, 40, 80, 160 uM) for 24 h and then cultured for 4 h
combine with RSL3 (0.2 uM). The CCK-8 test was used to determine cell viability (n=3). B, C Intracellular total iron and MDA were measured using
commercial kits, respectively (n=3). D, E ROS and LPO were labeled with DCFH-DA and BODIPY 581/591 C11 dyes, respectively. Fluorescence

signal detected by flow cytometry. The fold change of mean fluorescence intensity (MFI) was presented (n=3). F The protein levels of PPARy

and GPX4 were determined by western blot (n=3). G The mRNA PPARy, ACSL4, and Ptgs2 expression levels were detected using RT-gPCR (n=3).H, |
Immunofluorescence staining of GPX4 in rat chondrocytes (n=3; Scale bars, 100 um). Data were expressed as mean+S.D. *p < 0.05; **p <0.01
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cells, and ATP production is an important indicator of
mitochondrial function, so we examined ATP produc-
tion. RSL3 treatment significantly reduced chondrocyte
ATP generation compared to the control group, but
pioglitazone treatment boosted cellular ATP produc-
tion compared to the RSL3 group (Fig. 3E). Our data
suggest that PPARy activation can attenuate mitochon-
drial damage in chondrocytes caused by ferroptosis.
The role of mitophagy is to remove damaged mito-
chondria and maintain mitochondrial homeostasis.
To study mitophagy in ferroptosis, we examined the
mitophagy initiators Pinkl and Parkin. We found that
RSL3 decreased Pinkl and Parkin expression and was
restored by pioglitazone treatment (Fig. 4A—C). Microtu-
bule-associated protein B-light chain 3 (MAP1LC3, LC3)
is an indicator of autophagic flux. The ratio of LC3B-II/I
in chondrocytes was elevated after treatment with RSL3,
and we then find that it raised further in the pioglitazone
group (Fig. 4A, D). In conclusion, these phenomena sug-
gest that Pinkl/Parkin-dependent mitophagy is blocked
when chondrocyte ferroptosis occurs, and this alteration
was restored after PPARy activation. Consistent with this,
immunohistochemical detection of Pinkl and Parkin
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in rat sections also showed the same trend (Fig. 4E-H).
These findings suggest that PPARy activation restores
impaired mitophagy in chondrocytes.

PPARy mitigates chondrocyte mitochondrial damage
through mitophagy

Next, we investigated the potential mechanisms by which
PPARYy attenuates mitochondrial dysfunction. Therefore,
we treated cells with GW9662 (GW, PPARy antagonist),
and in addition, to investigate whether this process is
associated with mitophagy, we applied Mdivi-1 (Mdivi,
Mitophagy inhibitor) and chloroquine (CQ), a standard
drug that inhibits mitophagy by blocking autophago-
some-lysosome fusion at the final step of autophagy.
Western blot showed that GW9662 significantly reduced
PPARy, Pinkl, and Parkin expression (Fig. 5A-D), as well
as the ratio of LC3B-II/I (Fig. 5A, E), and the same trend
was obtained after the application of Mdivi-1 (Fig. 5A—
E). After chloroquine inhibited mitochondrial autophagic
flux, LC3B-II accumulated, LC3B-II/I elevated, and the
levels of Pinkl and Parkin significantly reduced (Fig. 5A,
C-E). The study suggests that PPARy activates Pink1/
Parkin-dependent mitophagy in chondrocytes.
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We then examined the changes in mitochondrial
function. JC-1 staining showed that blocking PPARY or
mitophagy significantly enhanced green fluorescence,
significantly decreased red fluorescence, and decreased
the red/green fluorescence ratio in comparison with the
pioglitazone group (Fig. 6A, B). MitoSOX staining indi-
cated that after inhibiting the aforementioned targets, the
fluorescence intensity of mtROS was elevated than in the
pioglitazone group (Fig. 6C, D). As expected, GW9662,
Mdivi-1, and CQ all significantly reversed the promotion
of cellular ATP production by pioglitazone (Fig. 6E). In
conclusion, these results suggest that PPARy attenuates
mitochondrial damage through Pink1/Parkin-dependent
mitophagy.

Inhibition of PPARy-mediated mitophagy aggravates
chondrocyte ferroptosis

Lastly, we examined whether the PPARy-mediated
mitophagy in chondrocytes was associated with ferrop-
tosis. We examined intracellular MDA, and the measure-
ments showed that inhibition of PPARY, or mitophagy
elevated MDA (Fig. 7A). LPO detected by flow cytometry

showed the same trend (Fig. 7B, C). In addition, we exam-
ined GPX4, a key indicator of ferroptosis, and western
blot results showed that GW9662, Mdivi-1, and CQ
inhibited the restorative effect of pioglitazone on GPX4
expression levels (Fig. 7D, E). These results indicate
that PPARy activation inhibits ferroptosis in chondro-
cytes through the Pinkl/Parkin-dependent mitophagy
pathway.

Discussion

OA is a prevalent disease that afflicts the elderly and
causes joint pain and dysfunction. However, cur-
rent treatment and management strategies are unable
to cure OA. Therefore, it is urgent to develop more
effective treatments for OA. Progressive destruction
of articular cartilage is characteristic of OA, and the
maintenance of tissue function of articular cartilage is
dependent on its sole resident cell type, the chondro-
cyte. Therefore, the death of chondrocytes is crucial
in the pathogenesis of OA [28, 29]. Ferroptosis has
recently been demonstrated to be associated with OA,
and the blockage of chondrocyte ferroptosis has shown
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promise for the treatment of OA [5]. Although PPARy
has been shown to have chondroprotective effects [22],
it is unclear whether PPARy regulates chondrocyte
ferroptosis. In this study, we demonstrates that the
mechanism of the chondroprotective effect of PPARy
is mediated through the Pinkl/Parkin-dependent
mitophagy, thus inhibiting chondrocyte ferroptosis in
OA (Fig. 8).

Chondrocytes are unique cells in the articular carti-
lage that regulate the balance of extracellular matrix syn-
thesis and degradation and play a vital role in articular
cartilage function [5, 28, 29]. Oxidative stress-induced
chondrocyte death is a critical event during the devel-
opment of OA, and existing researchers have identified
apoptosis and necrosis as forms of chondrocyte death
[28]. Recently, a study by Yao and coworkers demon-
strated for the first time that chondrocytes underwent
ferroptosis during inflammation and iron overload,
inhibiting type II collagen expression and promoting
MMP13 elevation, revealing the important role of ferrop-
tosis in OA. This also revealed that inhibition of chon-
drocyte ferroptosis could reduce the manifestation of OA
in vitro and in vivo, which provides a novel and effective
way to treat OA [5]. Recently, a study by Miao and cow-
orkers found that chondrocyte ferroptosis is also present
in human OA [6]. We found that chondrocyte ferroptosis
was increased in a surgically induced rat OA model and
was closely associated with the manifestation of OA. It is

suggested that chondrocyte ferroptosis is indeed involved
in the progression of osteoarthritis and shows potential
as a novel therapeutic target that seems to offer hope for
overcoming the therapeutic challenges of OA.

In studies of OA, it has been shown that PPARY expres-
sion is significantly reduced in human osteoarthritic car-
tilage compared with normal cartilage [21]. We found a
significant inhibition of PPARYy expression in OA rats,
which is consistent with previous studies [30]. How-
ever, scholars have conflicting views on the targets and
pathways of PPARY in osteoarthritis, with some studies
demonstrating that PPARy can maintain chondrocyte
viability by the Akt/mTOR pathway to induce chondro-
cyte autophagy [31], and others finding that PPARy can
inhibit chondrocyte apoptosis and reduce the inflamma-
tory response by inhibiting MAPK and NF-«B activation
[32]. In addition, PPARY has been reported to activate the
AMPK-SIRT-1 pathway in human articular cartilage and
attenuate inflammation [33]. However, our study found
that PPARYy activation attenuated OA, and this effect was
accompanied by a reduction in chondrocyte ferroptosis.
Therefore, we hypothesized that PPARy might attenuate
OA in a manner that regulates chondrocyte ferroptosis.

According to the above-mentioned findings, we further
studied the mechanism of PPARYy. In the RSL3-induced
chondrocyte ferroptosis model, we found that PPARy
inhibited chondrocyte ferroptosis. First, we examined
intracellular ROS, MDA, and LPO levels to understand
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the fluctuation of oxidative stress. Second, we assessed
the cellular iron and the level of GPX4, a core protein of
ferroptosis. We found that PPARy reversed the altera-
tions caused by the ferroptosis inducer RSL3. Moreover,
we observed that RSL3 treatment reduced Pinkl and

Parkin in chondrocytes and upgraded the ratio of LC3B-
II/1, suggesting that mitophagy was blocked during fer-
roptosis in chondrocytes, which is supported by a study
by Li and coworkers [34]. We discovered that PPARy
restored the reduction in Pinkl and Parkin expression
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caused by the ferroptosis inducer RSL3, and these phe-
nomena suggest that PPARy has a role in promoting
mitophagy. This was also illustrated by functional assays
of mitochondria, where PPARy reduced the mtROS pro-
duction in mitochondria caused by ferroptosis, reduced
mitochondrial oxidative stress and interruption in chon-
drocytes, and restored cellular ATP generation and MMP.
Application of GW9662, a classical specific antagonist of
PPARYy, eliminated the effects of inhibiting chondrocyte
ferroptosis and promoting mitophagy, demonstrating
that these effects are PPARy-dependent.

The studies on PPARy-regulated Pinkl/Parkin-
dependent mitophagy are few and with mixed findings.
PPARYy negatively regulates mitotophagy which has been
reported in several studies. Small et al. [35] published
a study in 2014 in which PPARy agonists exhibited a
pro-apoptotic effect in renal cells. In this study, aber-
rant PPARy activation was found and Parkin-dependent
mitophagy was activated at 2 h; however, it was inhibited
at 18 h [35]. In another study of ischemia-reperfusion

in renal tubular epithelial cells, Wei et al. [36] found that
ischemia—reperfusion injury inhibited PPARY expres-
sion and increased the expression of LC3II and Pinkl,
and that PPARy was negatively correlated with LC3II
and Pinkl; however, the mechanism between PPARy
and Pinkl-dependent mitophagy in this study was not
clear. However, a recent study reported that PPARy can
promote mitophagy in the Pinkl/Parkin pathway. Li
et al. [37] published their insights into PPARY regula-
tion of Pinkl/Parkin pathway mitophagy in Alzheimer’s
disease. This study applied a novel PPARy agonist, ligus-
trazine piperazine derivative, to treat Alzheimer’s dis-
ease and found that PPARY activation reduced AB40 and
Ap42 levels in vivo and in vitro and improved cognitive
impairment in mice [37]. The mechanism of this effect
was demonstrated by promoting mitophagy in the Pink1/
Parkin pathway, and this protective effect was abolished
by the PPARy-specific antagonist GW9662 [37]. We also
found that PPARy promotes the Pink1/Parkin pathway in
the present study; however, the regulation of the PPARy
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on the Pinkl/Parkin pathway varies in different tissues,
which needs to be further explored in the future.
Mitochondria are not only the primary location of
intracellular ROS generation but are also involved
in the regulation of redox associated with cell sur-
vival [10]. Studies have found a significant increase in
mtROS during ferroptosis [38, 39], and the application
of drugs targeting mitochondria attenuates ferroptosis
after inhibition of mtROS production [39-41]. In vari-
ous states of stress or oxidative damage, mitochondrial
damage leads to abnormally high ROS, and mitophagy
can scavenge damaged mitochondria and thus main-
tain redox homeostasis. Up to now, scholars still pay
little attention to the relationship between mitophagy
and ferroptosis. Lin et al. [13] found that activation
of mitophagy can inhibit ferroptosis. However, Wang
et al. [42] found that activation of mitophagy in oste-
oblasts leads to increased ferroptosis, and Basit et al.
[43] found that inhibition of mitochondrial complex
I stimulated mitophagy through mtROS production,
and activation of mitophagy further promoted elevated
mtROS, leading to necrosis and ferroptosis. Therefore,
to clarify the role played by mitophagy in chondrocyte
ferroptosis, we inhibited mitochondrial autophagic
degradation using the mitophagy inhibitor Mdivi-1 and
the classical autophagy blocker chloroquine. We found
that after blocking mitophagy, mtROS was elevated,

and ferroptosis was significantly increased, as evi-
denced by decreased GPX4 expression and increased
MDA and LPO levels. Our study illustrates that the
inhibition of chondrocyte ferroptosis by PPARy is
achieved through the mitophagy pathway, confirming
the relationship between mitophagy and chondrocyte
ferroptosis, which provides direct evidence for the anti-
ferroptosis effect of mitophagy.

Oxidative stress leads to mitochondrial damage and
dysfunction, and damaged mitochondria produce
abnormally increased ROS leading to further aggrava-
tion of oxidative stress [44]. Therefore, mitochondrial
homeostasis has an important role in maintaining nor-
mal cellular function. Mitophagy, a specific form of
autophagy, is important for maintaining mitochondrial
homeostasis by promoting the clearance of damaged
mitochondria via the autophagic pathway [45]. Yet,
there is disagreement on the significance of mitophagy
in OA. Kim et al. [46] found that BNIP3-dependent
mitophagy promotes cartilage degeneration. In addi-
tion, Shin et al. [17] reported that mitophagy proteins
Pinkl and Parkin were expressed elevated in cartilage
of human and monosodium iodoacetate-induced OA
rat models and caused cartilage degeneration. Increas-
ingly, a growing number of studies have confirmed the
potential benefits of mitophagy in OA [15, 47-49].
In the current work, we found that the expression of
Pink1 and Parkin reduced in rat OA, but PPARY agonist
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restored these alterations. Based on our findings, we
demonstrated the link between PPARy and Pinkl-
dependent mitophagy, and the benefits of promoting
mitophagy for chondrocytes.

Conclusions

In summary, we demonstrated that PPARy activation
inhibits chondrocyte ferroptosis in osteoarthritis and
that this chondroprotective effect is associated with the
activation of Pinkl/Parkin-dependent mitophagy. As a
rescue mechanism to alleviate osteoarthritis, the chon-
droprotective effect of PPARy was elucidated in the
present study. Therefore, inhibition of chondrocyte fer-
roptosis by PPARy may be a therapeutic approach for
osteoarthritis.
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