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� Our study proved that mechanical
overloading induces ferroptosis of
chondrocyte, which might be a
potential therapeutic target for
mechanical damage of chondrocyte
and OA.

� Our study demonstrated Piezo1
facilitated calcium influx leads to
reduction of GSH, decrease of Gpx4
and activation of oxidative stress in
chondrocyte under high strain
mechanical stimulation.

� Mechanical signals were converted
into ferroptosis-associated signals
through Piezo1 channel induced
calcium influx, which might shed
light on therapeutic interventions for
treatment of OA and other diseases
associated with ferroptosis.
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Introductions: Excessive mechanical stress is closely associated with cell death in various conditions.
Exposure of chondrocytes to excessive mechanical loading leads to a catabolic response as well as exag-
gerated cell death. Ferroptosis is a recently identified form of cell death during cell aging and degenera-
tion. However, it’s potential association with mechanical stress remains to be illustrated.
Objectives: To identify whether excessive mechanical stress can cause ferroptosis. To explore the role of
mechanical overloading in chondrocyte ferroptosis.
Methods: Chondrocytes were collected from loading and unloading zones of cartilage in patients with
osteoarthritis (OA), and the ferroptosis phenotype was analyzed through transmission electron micro-
scope and microarray. Moreover, the relationship between ferroptosis and OA was analyzed by GPX4-
conditional knockout (Col2a1-CreERT: GPX4flox/flox) mice OA model and chondrocytes cultured with high
strain mechanical stress. Furthermore, the role of Piezo1 ion channel in chondrocyte ferroptosis and OA
development was explored by using its inhibitor (GsMTx4) and agonist (Yoda1). Additionally, chondro-
cyte was cultured in calcium-free medium with mechanical stress, and ferroptosis phenotype was tested.
Results: Human cartilage and mouse chondrocyte experiments revealed that mechanical overloading can
induce GPX4-associated ferroptosis. Conditional knockout of GPX4 in cartilage aggravated experimental
OA process, while additional treatment with ferroptosis suppressor protein (FSP-1) and coenzyme Q10
(CoQ10) abated OA development in GPX4-CKO mice. In mouse OA model and chondrocyte experiments,
inhibition of Piezo1 channel activity increased GPX4 expression, attenuated ferroptosis phenotype and
reduced the severity of osteoarthritis. Additionally, high strain mechanical stress induced ferroptosis
damage in chondrocyte was largely abolished by blocking calcium influx through calcium-free medium.
Conclusions: Our findings show that mechanical overloading induces ferroptosis through Piezo1 activa-
tion and subsequent calcium influx in chondrocytes, which might provide a potential target for OA
treatment.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Mechanical stimuli, especially high strain mechanical stress, are
deeply involved in traumatic events in various cell types [1-6].
Exposure of chondrocytes to excessive mechanical loading leads
to a catabolic response and substantial cell death and is closely
associated with the pathogenesis of osteoarthritis (OA) [7]. OA is
the most prevalent type of arthritis and is mainly characterized
by chondrocyte aging [8,9]. As a progressive, degenerative joint
disease, OA is the most common cause of disability in adults, yet
the factors that induce OA and its underlying mechanisms remain
largely unknown.

Cell death, especially programmed cell death, is closely associ-
ated with the aging process, in which ferroptosis plays a critical
role [10]. Ferroptosis is a recently identified form of necrotic cell
death characterized by oxidative damage to phospholipids, which
is involved in various conditions [11]. The phospholipid
hydroperoxide-reducing enzyme glutathione peroxidase 4 (GPX4)
plays a predominant role in regulating ferroptosis [12]. GPX4 pro-
duction is related to glutathione (GSH) synthesis, which protects
cells from ferroptosis [13]. Recently, ferroptosis suppressor protein
1 (Fsp1) has been recognized as a protein that protects against
GPX4-associated ferroptosis [14] through a mechanism mediated
by coenzyme Q10 (Co-Q10) [15]. To date, ferroptosis regulators,
especially GPX4, have been reported to be associated with aging
processes, providing potential targets for anti-aging therapy
[16,17].

Piezo1, a mechanically sensitive ion channel, has been exten-
sively studied in both physiological and disease processes in organ-
isms [18]. Piezo1 activation leads to cell death [19]. Recent studies
have shown that Piezo1 might be involved in cartilage degenera-
tion [20]. As a Ca2+-permeable ion channel, Piezo1 plays a predom-
inant role in mechanical stimulus-induced calcium influx [21] and
leads to various biophysical changes in various cell types, including
chondrocytes [20,22,23].
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In this study, we plan to examine the expression and function of
the ferroptosis regulator GPX4 in cartilage and primary chondro-
cytes during OA development. We will determine the roles of
Fsp1 and Co-Q10 in suppressing mechanical stress-induced chon-
drocyte ferroptosis and cartilage aging following GPX4 deficiency.
And, we will investigate the potential involvement and underlying
mechanisms of Piezo1 channels in mechanical stimulus-induced
chondrocyte ferroptosis and cartilage degeneration.
Results

Excessive stress loading leads to ferroptosis in chondrocytes

Cartilage samples were collected from the loading zone (L) and
unloading zone (UL) from patients with OA during total knee
arthroplasty to determine the potential involvement of mechanical
stress-mediated ferroptosis in OA development. As shown in
Fig. 1A, intraoperative images indicated remarkable cartilage dam-
age in the loading zone compared with the unloading zone. The X-
ray in Fig. 1B shows concentrated loading of the loading zone of the
knee joint (red arrow). Chondrocytes were collected from each
zone, and transmission electron microscopy (TEM) was performed
to study alterations in ferroptosis of chondrocytes from the loading
zone of OA cartilage. Fig. 1C reveals ferroptotic features of mito-
chondria in chondrocytes from the loading zone, including thick-
ened mitochondrial membranes and shrinkage of mitochondria
[24]. We further identified the potential genes involved in
overloading-associated OA by collecting mRNA samples from carti-
lage of each zone and performing microarray assay. Microarray
results indicated a decrease in the level of the ferroptosis biomar-
ker GPX4 (red arrow) in chondrocytes in the loading zone com-
pared with the unloading zone, and this trend was consistent
with that of aging-associated molecules (Fig. 1D, Figure S1A). Pri-
mary murine chondrocytes were isolated and cultured under
1 MPa of mechanical stress at a frequency of 1 Hz for 1 h to inves-
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Fig. 1. Excessive stress loading leads to ferroptosis in chondrocytes. (A) The unloading (UL) and loading (L) zone from the articular cartilage of patients with OA. (B) X-ray
of the knee joints from patients with OA, and red arrow indicates concentrated loading in the medial part of knee joints. (C) Representative TEM images of chondrocytes from
the UL and L zones (n = 3 for each group). Arrows show the shrunken mitochondria. Scale bars, 5 lm (Low field), 500 nm (High field). (D) Microarray heatmap of the indicated
groups. (E). Representative TEM images of wild-type mice chondrocytes from the CON group and 1 MPa group (n = 3 for each group). Arrows show the shrunken
mitochondria. Scale bars, 1 lm (low field), 500 nm (high field). (F). Microarray heatmap of the indicated groups. (G). Real-time PCR of GPX4 (n = 3 for each group). (H).
Western blot (WB) analysis of GPX4 under different pressure conditions. (I). Quantification of WB analysis (n = 3 for each group). (J). Immunofluorescence analysis of GPX4.
Scale bars, 20 lm. (K). Quantification of immunofluorescence analysis (n = 3 for each group). (L). Immunofluorescence analysis of GPX4. Scale bars, 50 lm. (M). Quantification
of immunofluorescence analysis (n = 3 for each group). Data were presented as the mean ± SD. *P < 0.05, **P < 0.01.

S. Wang, W. Li, P. Zhang et al. Journal of Advanced Research 41 (2022) 63–75

65



S. Wang, W. Li, P. Zhang et al. Journal of Advanced Research 41 (2022) 63–75
tigate the direct effect of mechanical stimuli on chondrocyte fer-
roptosis. Thereafter, chondrocytes were cultured for another
24 h, and TEM was performed. As shown in Fig. 1E, high strain
loading induced ferroptosis-related changes in the mitochondrial
structure. Then, mRNA was extracted from each group of chondro-
cytes following mechanical stimulation, and GPX4 levels (red
arrow) were diminished in chondrocytes stimulated with mechan-
ical stress (Fig. 1F, Figure S1D). Primary murine chondrocytes were
cultured with or without overloading, as mentioned above, and
mRNA and total protein were extracted and analyzed using real-
time PCR and Western blotting, respectively. High strain loading
reduced the GPX4 mRNA (Fig. 1G) and protein (Fig. 1H-1I) levels.
Cellular immunofluorescence staining indicated decreased levels
of GPX4 in chondrocytes with high strain mechanical loading
(Fig. 1J-1K). We next examined the localization of GPX4 in articular
cartilage from the knee joints of wild-type mice in which a desta-
bilization of the medial meniscus (DMM) model or control model
was established. The GPX4 protein was predominantly localized
within the superficial zone of cartilage in the normal control group,
while GPX4 levels were markedly diminished in cartilage from the
DMM model group (Fig. 1L-1M).

GPX4-associated ferroptosis exacerbates OA development

Tamoxifen-inducible chondrocyte-specific homozygous GPX4
conditional knockout mice (Col2a1-CreERT, GPX4flox/flox) were
established by mating Col2a1-CreERT mice with GPX4flox/flox mice
to elucidate the physiological roles of endogenous GPX4 in articu-
lar cartilage (Figure S2A). Col2a1-CreERT GPX4flox/flox (GPX4-CKO)
mice developed normally and exhibited no skeletal abnormalities
compared with GPX4+/+ (wild-type, WT) littermates (Fig. 2A-2D).
Tamoxifen was administered to 10-week-old GPX4-CKO and WT
littermates through intraperitoneal injection once a day for 5 days.
Two weeks after the last injection, the specific deletion of GPX4 in
cartilage was tested using immunofluorescence staining (Fig. 2E),
revealing knockout of GPX4 in chondrocytes. Thereafter, the
DMM model was established in 12-week-old GPX4- GPX4-CKO
and WT mice following the injection of tamoxifen (Fig. 2F). Two
months after the establishment of the DMM model, the OA pheno-
type was compared between GPX4-CKO mice and WT mice. As
shown in Fig. 2G-2H, increased osteophyte formation was detected
in the knee joints of CKO mice using the micro-CT assay. Further-
more, safranin-O staining and associated histological analyses
were performed, indicating exacerbated development of OA in
the GPX4-CKO group (Fig. 2I-2M). Immunohistochemical staining
also showed decreased expression of anabolic biomarkers, includ-
ing Aggrecan and collagen 2 (Col2), while the expression of cata-
bolic biomarkers, including Matrix metallopeptidase 13 (MMP13)
and A disintegrin and metalloproteinase with thrombospondin
motifs-5 (ADAMTS-5), was increased in GPX4-deficient mice
(Fig. 2N-2O).

The Fsp1-coenzyme Q10 axis is parallel to GPX4-associated fer-
roptosis and antagonizes ferroptosis in response to GPX4 defi-
ciency [15]. In the present study, Fsp1-AAV or GFP-AAV was
delivered into the knee joints of 8-week-old Col2a1-CreERT
GPX4flox/flox mice through intraarticular injection (Figure S3A).
Two weeks later, an IVIS-Spectrum imaging assay was performed,
which indicated successful transfection (Figure S3B). Cartilage
samples were collected, and real-time PCR and cellular immunoflu-
orescence staining for Fsp1 were performed to determine whether
the injection increased Fsp1 levels. Figure S3C reveals increased
Fsp1 mRNA levels in chondrocytes following Fsp1-AAV injection.
As shown in Figure S3D-S3E, the Fsp1 expression level was mark-
edly increased in chondrocytes following the delivery of Fsp1-AAV.
Tamoxifen was subsequently injected into 10-week-old GPX4-CKO
mice once a day for 5 days, as indicated in Figure 3A, and a DMM
66
model was established. Two months after surgery, cartilage sam-
ples were isolated and micro-CT was performed. As shown in Fig-
ure S3F-S3G, osteophyte formation was observed in the GFP-AAV
control group, which was largely abolished in the Fsp1-AAV infec-
tion group. The histological analysis revealed that Fsp1-AAV deliv-
ery attenuated cartilage damage and Osteoarthritis Research
Society International (OARSI) scores in the GPX4-CKO DMM model
(Figure S3H-S3I). Immunohistochemistry of articular cartilage
indicated that Fsp1 treatment retained anabolic biomarker expres-
sion and repressed the expression of catabolic molecules in chon-
drocytes from GPX4-CKO mice subjected to DMM (Figure S3J-
S3K).

The DMM model was established in GPX4-CKO mice that were
subsequently treated with or without 0.1 g/kg*d Co-Q10 through
gastric lavage once a day for two months to investigate the role
of Co-Q10 in GPX4-associated chondrocyte ferroptosis and articu-
lar cartilage aging (Figure S3L). Next, knee joint samples were col-
lected and micro-CT was performed. Osteophyte formation in the
DMM model of GPX4-CKO mice was alleviated by additional treat-
ment with Co-Q10 (Figure S3M-S3N). Moreover, histology showed
that Co-Q10 protected against cartilage degeneration and
improved the OARSI score in GPX4-CKO mice (Figure S3O-S3P).
Immunohistochemistry of articular cartilage also indicated that
Co-Q10 treatment increased anabolic biomarker expression and
repressed the expression of catabolic molecules in GPX4-CKO mice
(Figure S3Q-S3R).

Femoral head samples were obtained from 3-week-oldWTmice
and cultured with or without mechanical stress at 1 MPa with a
frequency of 1 Hz for 1 h for ex vivo experiments to further study
the direct effect of Co-Q10 on mechanical stimulus-induced carti-
lage degeneration. The release of proteoglycans into the medium
was assayed, and Co-Q10 treatment prevented the release of pro-
teoglycans (Figure S4A). In addition, real-time PCR indicated that
Co-Q10 treatment increased anabolism and suppressed catabolism
in the cultured femoral head cartilage (Figure S4B-S4E). Western
blot results (Figure S4F-S4J) were consistent with the real-time
PCR results.

Mechanical overloading induced ferroptosis in chondrocytes through
the Piezo 1 ion channel

Increased calcium influx impairs glutathione (GSH) production,
which inhibits the function of GPX4 and leads to the destruction of
mitochondria [25]. The Piezo1 ion channel is activated by mechan-
ical loading, which facilitates calcium influx under various condi-
tions [22,26]. In the present study, microarray assay results
indicated increased Piezo1 levels in the loading zone of articular
cartilage from patients with OA (Figure S1A, blue arrow) and pri-
mary chondrocytes stimulated with mechanical overloading (Fig-
ure S1D, blue arrow), which was negatively associated with
GPX4. Intriguingly, an obvious change in Piezo2 expression was
not observed compared with Piezo1 in the loading zone of cartilage
and mechanical stimulus-induced chondrocytes based on the
microarray assay (Figure S1). This information prompted us to
determine whether the Piezo1 channel is involved in mechanical
overload-induced ferroptosis. Primary WT mouse chondrocytes
were cultured under high strain mechanical loading with or with-
out treatment with the Piezo1 inhibitor GsMTx4, followed by
staining with Fluo-4 AMMechanical stimuli induced calcium influx
(Fig. 3A-3B), while additional treatment with GsMTx4 alleviated
this alteration. A live/dead cell assay was also performed, and the
results indicated that suppression of the Piezo1 channel by
GsMTx4 reduced mechanical stimulus-induced cell death (Fig. 3-
C-3D). Mechanical overloading also reduced the expression of
GSH (Fig. 3E), and induced ferroptotic damage in mitochondria
(Fig. 3F), changes that were attenuated by additional treatment



Fig. 2. GPX4-associated ferroptosis exacerbates OA development. (A). Representative images of safranin O staining of cartilage in 12-week-old GPX4 CKO (Col2a1-CreERT,
GPX4flox/flox) mice and Wild type (WT, GPX4+/+) littermates. Scale bars, 100 lm (low field), 50 lm (high field). (B-D). Evaluation of proteoglycan loss, cartilage thickness and
chondrocyte number in articular cartilage based on safranin O staining (n = 10 for each group). (E). Immunofluorescence of GPX4. Scale bars, 50 lm. (F). Flowchart of animal
experiment. (G). Representative images of Micro-CT of GPX4 CKO mice and WT littermates after DMM model (n = 10 for each group). Arrows show the formation of
osteophytes. (H). Osteophyte number assay based on Micro-CT (n = 10 for each group). (I). Representative images of safranin O staining. Scale bars, 100 lm (low field), 50 lm
(high field). (J-M). Osteoarthritis Research Society International (OARSI) grade, evaluation of proteoglycan loss, cartilage thickness and chondrocyte number based on safranin
O staining (n = 10 for each group). (N). Immunohistochemical assay of Aggrecan, Col2, ADAMTS-5 and MMP-13 in articular cartilage of each group. (O). Quantification of
immunohistochemical analysis (n = 3 for each group). Scale bars 50 lm. Data were presented as the mean ± SD. *P < 0.05, **P < 0.01.
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Fig. 3. Mechanical overloading induced ferroptosis in chondrocytes through the Piezo 1 ion channel. (A). Calcium influx was tested by Fluo-4 AM. Scale bar = 50 lm. (B).
Quantitative analysis of fluorescence intensity (n = 3 for each group). (C). The cell death ratio of chondrocytes was tested by cell death/live analysis. Scale bar = 50 lm. (D). The
cell number of PI (red fluorescence)/calcein (green fluorescence) reflected the cell death ratio (n = 3 for each group). (E). The expression of GSH in chondrocytes was detected
by ELISA (n = 3 for each group). (F). Representative TEM images of the indicated groups (n = 3 for each group). Arrows showed shrunken mitochondria. Scale bars, 1 lm (low
field), 500 nm (high field). (G). Representative images of ROS levels in chondrocytes. Scale bar = 50 lm. (H). Quantitative analysis of fluorescence intensity (n = 3 for each
group). (I). Mitochondrial membrane potential was detected by JC-1 assay. Scale bar = 50 lm. (J). The relative IOD ratio of red fluorescence to green fluorescence was used for
quantitative analysis (n = 3 for each group). (K). Representative fluorescence images of mitochondria in chondrocytes. Scale bar = 50 lm. (L). Quantitative analysis of
fluorescence intensity (n = 3 for each group). (M). Representative immunofluorescence images of GPX4, Col2 and ADAMTS-5 in chondrocytes. Scale bars 20 lm. (N-P).
Quantification of immunofluorescence analysis (n = 3 for each group). (Q). Western blot (WB) analysis of GPX4. (R). Quantification of WB analysis (n = 3 for each group). Data
were presented as the mean ± SD. *P < 0.05, **P < 0.01.
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with GsMTx4. In the present study, mechanical overloading
increased Reactive oxygen species (ROS) production (Fig. 3G-3H)
and impaired the membrane potential of mitochondria (Fig. 3I-

3J) in stimulated chondrocytes. MitoTracker staining indicated that
the activity of mitochondria [27] in chondrocytes was weakened
by mechanical stress (Fig. 3K-3L), while suppression of Piezo1 by
GsMTx4 reversed these changes in chondrocytes induced by
mechanical stimuli. The results of Immunofluorescence staining
(Fig. 3M-3P) and WB (Fig. 3Q-3R) revealed that mechanical over-
Fig. 4. Suppression of Piezo1 attenuated cartilage aging in a DMM osteoarthritis mo
the PBS group and GsMTx4 group after DMM model (n = 10). Arrows show the formatio
group). (D). Representative images of safranin O fast green staining of the PBS group and
Research Society International (OARSI) score of OA based on the results of safranin O stain
in articular cartilage of the indicated group. (G). Quantification of immunofluorescence
ADAMTS-5 and MMP-13 in articular cartilage of the indicated group. Scale bars 50 lm. (I
presented as the mean ± SD. *P < 0.05, **P < 0.01.

69
loading reduced GPX4 expression and impaired the metabolism
of chondrocytes.

Primary WT mouse chondrocytes were cultured under high
strain mechanical stress stimulation with or without the Piezo1
activator Yoda1 to investigate whether the activation of the Piezo1
channel enhances mechanical overload-induced ferroptosis. Then,
calcium influx was tested by staining cells with 4-Fluo AM. Yoda1
increased calcium influx in chondrocytes (Figure S5A-S5B). A live/
dead cell assay was subsequently performed and revealed that the
del. (A). Flowchart of animal experiment. (B). Representative images of Micro-CT of
n of osteophytes. (C). Osteophyte number assay based on Micro-CT (n = 10 for each
GsMTx4 group. Scale bars, 100 lm (low field), 50 lm (high field). (E). Osteoarthritis
ing (n = 10 for each group). (F). Representative immunofluorescence images of GPX4
analysis (n = 3 for each group). (H). Immunohistochemical assay of Aggrecan, Col2,
). Quantification of immunohistochemical analysis (n = 3 for each group). Data were
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activation of the Piezo1 channel further increased the percentage
of dead chondrocytes stimulated with mechanical overloading
(Figure S5C-S5D). Next, mRNA and total protein were extracted
from each group, and GPX4 levels were analyzed using real-time
Fig. 5. Suppression of the Piezo1 channel failed to reverse mechanical overload-induced
(n = 3 for each group). (B). Western blot (WB) analysis of GPX4. (C). Quantification of WB
GPX4 in chondrocytes. Scale bars 50 lm. (E). Quantification of immunofluorescence anal
AM of chondrocytes in each indicated group. Scale bars 50 lm. (G). Quantitative analysis
in each indicated group. Scale bar = 50 lm. (I). The cell number of PI (red fluorescence)/ca
expression of GSH in chondrocytes (n = 3 for each group). (K). Representative image
fluorescence intensity (n = 3 for each group). (M). Representative immunofluorescence im
of immunofluorescence analysis (n = 3 for each group). (P). JC-1 assay of chondrocytes. Sc
was used for quantitative analysis (n = 3 for each group). (R). Representative fluoresce
analysis of fluorescence intensity (n = 3 for each group). Data were presented as the me
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PCR (Figure S5E) and Western blotting (Figure S5F-S5G); GPX4
levels were reduced in response to the activation of Piezo1 chan-
nels following exposure to mechanical stimuli. DCFDA assays for
ROS synthesis (Figure S5H-S5I) and JC-1 assays of the mitochon-
chondrocyte damage in GPX4-deficient mice. (A). Real-time PCR analysis of GPX4
analysis (n = 3 for each group). (D). Representative immunofluorescence images of
ysis (n = 3 for each group). (F). Calcium influx in chromocytes was tested by Fluo-4
of fluorescence intensity (n = 3 for each group). (H). Cell death ratio of chondrocytes
lcein (green fluorescence) reflected the cell death ratio (n = 3 for each group). (J). The
s of ROS levels in chondrocytes. Scale bar = 50 lm. (L). Quantitative analysis of
ages of Col2 and ADAMTS-5 in chondrocytes. Scale bars 20 lm. (N-O). Quantification
ale bar = 50 lm. (Q). The relative IOD ratio of red fluorescence to green fluorescence
nce images of mitochondria in chondrocytes. Scale bar = 50 lm. (S). Quantitative
an ± SD. *P < 0.05, **P < 0.01.
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drial membrane potential (Figure S5J-S5K) were performed, and
activation of Piezo1 by Yoda1 exacerbated the dysfunction of mito-
chondria in chondrocytes.
Suppression of Piezo1 attenuated cartilage aging in a DMM
osteoarthritis model

A DMM model was established in 12-week-old WT mice, and
200 mM*10 ml GsMTx4 or the equivalent amount of PBS was deliv-
ered through intraarticular injection twice a week for 8 weeks to
determine the role of Piezo1 in OA development (Fig. 4A). Joint
samples were collected, and micro-CT was performed. As revealed
in Fig. 4B-4C, osteophyte formation in the knee joint of the DMM
model was alleviated by the inactivation of the Piezo1 channel.
Safranin-O staining showed that GsMTx4 antagonized cartilage
aging and improved the OARSI score in the DMM model (Fig. 4D-
4E). Immunofluorescence staining for GPX4 was performed to
investigate the role of Piezo1 in regulating GPX4 expression during
OA development, and the suppression of Piezo1 channel function
maintained GPX4 levels in the articular cartilage of the DMM
model (Fig. 4F-4G). In addition, immunohistochemistry of articular
cartilage indicated that GsMTx4 treatment increased the expres-
sion of anabolic biomarkers (Aggrecan and Col2) and suppressed
the production of catabolic molecules (ADAMTST-5 and MMP-13)
in the DMM model (Fig. 4H-4I).

Femoral head samples were isolated from 3-week-old WT mice
and cultured with mechanical stimulation in the presence or
absence of GsMTx4 to further determine the involvement of Piezo1
in chondrocyte metabolism. The release of proteoglycans into the
medium was assayed, and GsMTx4 alleviated the loss of proteogly-
cans in the femoral head (Figure S6A). Moreover, real-time PCR
indicated that GsMTx4 increased the expression of anabolic
biomarkers and suppressed the expression of catabolic molecules
in the cultured femoral heads (Figure S6B-S6E). Western blotting
was also performed, and the results (Figure S6F-S6J) were consis-
tent with the real-time PCR results.
Suppression of the Piezo1 channel failed to reverse mechanical
overload-induced chondrocyte damage in GPX4-deficient mice

Chondrocytes from 5-day-old Col2a1-CreERT GPX4flox/flox mice
were isolated and incubatedwith 10 nM 4-OH-tamoxifen for 3 days
as reported previously to knock down GPX4 and determine the
specific interaction between GPX4 and the Piezo1 channel in
mechanical overload-induced chondrocyte injury. Real-time PCR
(Fig. 5A), WB (Fig. 5B-5C) and immunofluorescence staining (Fig. 5-
D-5E) confirmed the high efficiency of GPX4 deletion in chondro-
cytes. The induced chondrocytes were subsequently cultured
under high mechanical stress with or without GsMTx4 treatment
and stained with Fluo-4 AM. As shown in Fig. 5F-5G, mechanical
overloading caused calcium influx, while GsMTx4 alleviated this
alteration in chondrocytes. However, the live/dead cell assay
(Fig. 5H-5I) showed no significant difference in cell mortality with
or without inhibition of the Piezo1 channel. Intriguingly, mechan-
ical stress still reduced GSH expression (Fig. 5J), while GsMTx4
retained the GSH content due to insufficient GPX4 expression. Nev-
ertheless, DCFDA assays for ROS (Fig. 5K-5L) showed that suppres-
sion of the Piezo1 channel failed to diminish mechanical overload-
induced ROS production in mice lacking GPX4. Immunofluores-
cence staining (Fig. 5M-5O) showed that GsMTx4 did not improve
chondrocyte metabolism in 4-OH-tamoxifen-induced GPX4-CKO
chondrocytes. GPX4 knockdown decreased the protective effect
of GsMTx4 on the mechanical overload-mediated impairment in
the mitochondrial membrane potential (Fig. 5P-5Q) and destruc-
tion of mitochondria (Fig. 5R-5S).
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Calcium influx was required for mechanical stimulus-induced
ferroptosis in chondrocytes

Disorganized calcium influx leads to ferroptosis under several
conditions [28]. Based on this finding and the result from the pre-
sent study that mechanical overload-induced ferroptosis in chon-
drocytes is accompanied by increased influx of calcium ions, we
investigated whether calcium ions were required for mechanical
overload-induced ferroptosis. In the present study, calcium-free
medium was used to remove extracellular calcium ions, and WT
murine chondrocytes were cultured. The Fluo-4 AM assay con-
firmed the lack of obvious calcium influx in chondrocytes cultured
with calcium-free medium even after mechanical stimulation
(Fig. 6A-6B). The increased rate of chondrocyte death caused by
mechanical stress was also largely abolished in the absence of cal-
cium influx into chondrocytes (Fig. 6C-6D). Interestingly, GSH
levels were maintained following the suppression of calcium influx
(Fig. 6E), consistent with previous findings [28,29]. Furthermore,
ROS production was decreased (Fig. 6F-6G), mitochondrial destruc-
tion was alleviated (Fig. 6H-6I), and the mitochondrial membrane
potential was maintained (Fig. 6J-6K). Real-time PCR (Fig. 6L),
immunofluorescence (Fig. 6M-6P) and WB (Fig. 6Q-6R) revealed
that the absence of calcium influx largely maintained GPX4 levels,
reduced the production of catabolic biomarkers, including
ADAMTS-5 and MMP-13, and promoted the secretion of the ana-
bolic biomarker Col2 in response to mechanical overload.
Discussion

OA is a common degenerative disease in the clinic that is mainly
characterized by the destruction of articular cartilage [30]. OA is
caused by an imbalance of anabolic and catabolic factors, which
is strongly associated with abnormal mechanical stress [31].
Mechanical overloading impairs biochemical pathways in chon-
drocytes, leading to reduced production of extracellular matrix
(ECM) and increased degradation of ECMmolecules by related pro-
teases in chondrocytes [32].

Based on accumulating evidence, chondrocyte death plays a
critical role in OA pathogenesis [33]. Ferroptosis is a recently iden-
tified form of pathophysiological cell death that leads to mitochon-
drial dysfunction and oxidative damage to cells [34]. In the present
study, chondrocytes in the loading zone of articular cartilage from
patients with OA and mechanical overload-stimulated chondro-
cytes underwent ferroptosis, consistent with chondrocyte degener-
ation. This finding suggests the potential involvement of
mechanical loading-associated chondrocyte ferroptosis in the car-
tilage aging process. GPX4 is reportedly a key regulator of ferropto-
sis and exerts a protective effect on ferroptotic damage in cells
under various conditions [13]. GSH homeostasis is accepted to be
vital for the normal production and function of GPX4 [35]. In the
present study, GPX4 levels were decreased in degenerating chon-
drocytes, implying a potential association between GPX4 expres-
sion and OA development. A DMM mouse model was established
in this study, and concentrated mechanical loading in knee joints
leads to an OA phenotype in this model [36]. GPX4-CKO mice dis-
played exacerbated OA development compared with WT litter-
mates, implying that the loss of GPX4 in chondrocytes impaired
the normal response of cartilage to mechanical overloading.

The Fsp1-Co-Q10 axis was recently identified as a key regulator
of ferroptosis that is parallel to GPX4 and even rescues the ferrop-
tosis phenotype of cells deficient in GPX4 [14,15]. These ferroptosis
regulators have been extensively studied for their potential thera-
peutic effects on several conditions [37,38]. Here, the administra-
tion of Fsp1 and Co-Q10 antagonized the OA phenotype of GPX4-
CKO mice and exerted a protective effect on mechanical



Fig. 6. Calcium influx was required for mechanical stimulus-induced ferroptosis in chondrocytes. (A). Calcium influx in chromocytes was tested by Fluo-4 AM of
chondrocytes in each indicated group. Scale bars 50 lm. (B). Quantitative analysis of fluorescence intensity (n = 3 for each group). (C). Cell death ratio of chondrocytes in each
indicated group. Scale bar = 50 lm. (D). The cell number of PI (red fluorescence)/calcein (green fluorescence) reflected the cell death ratio (n = 3 for each group). (E). The
expression of GSH in chondrocytes (n = 3 for each group). (F). Representative images of ROS levels in chondrocytes in each indicated group. Scale bar = 50 lm. (G).
Quantitative analysis of fluorescence intensity (n = 3 for each group). (H). Representative fluorescence images of mitochondria in chondrocytes. Scale bar = 50 lm. (I).
Quantitative analysis of fluorescence intensity (n = 3 for each group). (J). JC-1 assay of chondrocytes in each indicated group. Scale bar = 50 lm. (K). The relative IOD ratio of
red fluorescence to green fluorescence was used for quantitative analysis (n = 3 for each group). (L). Real-time PCR analysis of GPX4, Aggrecan, Col2, ADAMTS-5 and MMP-13
in chondrocytes (n = 3 for each group). (M). Representative immunofluorescence images of GPX4, Col2 and ADAMTS-5 in chondrocytes. Scale bars 20 lm. (N-P).
Quantification of immunofluorescence analysis (n = 3 for each group). (Q). Western blot (WB) analysis of GPX4, Col2, ADAMTS-5 and MMP-13 in chondrocytes. (R).
Quantification of WB analysis (n = 3 for each group). (S). Schematic diagram of mechanical overloading induced ferroptosis in chondrocyte. Data were presented as the
mean ± SD. *P < 0.05, **P < 0.01.
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overload-mediated disruptions in chondrocyte metabolism. There-
fore, mechanical overload-induced chondrocyte ferroptosis might
be mainly facilitated by an impairment of the GPX4-associated
pathway.

Piezo channels are involved in mechanical stimulus-induced
alterations in cell viability [39,40]. In the current study, activation
of the Piezo1 channel was associated with chondrocyte ferroptosis,
leading to impaired GSH function, a reduction in GPX4 expression
and ferroptotic damage to mitochondria. According to previous
reports, the Piezo1 channel causes metabolic disorders in chondro-
cytes under mechanical stress [23]. Here, the suppression of Piezo1
by GsMTx4 attenuated OA pathogenesis in a DMM model estab-
lished in WT mice. Interestingly, GsMTx4 treatment maintained
GPX4 levels in articular chondrocytes from the DMM model, con-
sistent with the metabolic alterations. Surprisingly, inhibition of
Piezo1 channel function by GsMTx4 failed to rescue mechanical
overload-induced chondrocyte injury when GPX4 was genetically
suppressed. Thus, GPX4 might be a key downstream target of the
Piezo1 channel in mechanical overload-induced chondrocyte
ferroptosis.

The Piezo1 channel facilitates calcium influx under mechanical
overloading [41]. Moreover, increased influx of calcium ions is
reported to trigger cell death [42,43], which exerts a detrimental
effect on chondrocyte aging and OA development [44,45]. In the
present study, activation of the Piezo1 channel was increased,
while inhibition of the Piezo1 channel decreased calcium influx
in chondrocytes following mechanical overloading. Intracellular
calcium ions are known to interfere with GSH levels in several cell
types [28,29]. Here, we detected increased calcium influx in
response to mechanical stress stimulation, which in turn reduced
GSH and GPX4 levels and led to mitochondrial dysfunction and
oxidative stress. Calcium overload is reported to be involved in fer-
roptotic damage to cells [28,46]. We used calcium-free medium
and found that the depletion of calcium influx largely abolished
mechanical overload-mediated ferroptotic alterations and oxida-
tive stress in chondrocytes, suggesting the close association of cal-
cium influx with mechanical overload-mediated ferroptotic
damage to chondrocytes.

Based on the findings from the current study and various previ-
ous studies, a model was proposed to illuminate the underlying
mechanism by which mechanical loading induces chondrocyte fer-
roptosis (Fig. 6S). Upon mechanical overloading, the Piezo1 chan-
nel is activated and subsequently markedly increases calcium
influx. The accumulation of calcium ions in chondrocytes then
impairs GSH production, reduces GPX4 levels, and alters ferropto-
sis in chondrocytes, which are characterized by mitochondrial dys-
function and exacerbated oxidative stress. Intriguingly, the
additional supplementation of ferroptosis regulators Fsp1 and
Co-Q10 rescues the ferroptosis changes and oxidative damage of
chondrocytes exposed to mechanical overloading.

In summary, this study describes the underlying mechanism of
mechanical overloading in chondrocytes, during which mechanical
stimulation is transferred to the GPX4-associated ferroptosis path-
way and causes subsequent chondrocyte aging. This information
might provide insights into potential therapeutic interventions
for OA and other cartilage degenerative diseases.
Materials and methods

Animals

All animal experiments described in this study were performed
in accordance with institutional guidelines and approved by the
Laboratory Animal Centre of Qilu Hospital of Shandong University
(KYLL-2019(KS)-368). Col2a1-CreERT mice were established by
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and purchased from Cyagen (USA). GPX4flox/+ mice were created
by Cyagen (USA) through ES genome engineering. GPX4flox/+ mice
were mated with GPX4flox/+ mice to generate GPX4flox/flox mice.
GPX4flox/flox mice were mated with Col2a1-CreERT mice to gener-
ate Col2a1-CreERT, GPX4flox/+ mice. Col2a1-CreERT GPX4flox/+ mice
were mated with Col2a1-CreERT GPX4flox/+ mice to generate
Col2a1-CreERT GPX4flox/flox mice (Figure S3A). Male mice with
the Col2a1-CreERT and GPX4flox/flox genes were used in experi-
ments. Col2a1-CreERT GPX4+/+ littermates were assigned to the
wild-type (WT) group [47]. Ten-week-old Col2a1-CreERT
GPX4flox/flox mice were intraperitoneally injected with tamoxifen
(1 mg/d*5 d) (MCE, USA, Cat#HY-13757A) to obtain GPX4-
conditional knockout (GPX4-CKO) mice [47]. C57/BL6 wild-type
(WT) mice were purchased from the Experimental Animal Center
of Shandong University. Wistar rats were purchased from Vital
River Laboratory Animal Technology (Beijing, China). All animals
were housed under controlled, identical specific pathogen-free
(SPF) standard environmental conditions (23 ± 2 �C, 12-hour light/-
dark cycle) with free access to food and water.

Mice were orally administered 0.1 g/kg Co-Q10 daily for 8 weeks
after the DMM model was established to investigate the therapeu-
tic effect of Co-Q10 in GPX4-CKO mice with osteoarthritis [48].

Genotyping

Tail clippings were obtained from 4-week-old mice. Mouse tail
DNA was extracted using a One Step Mouse Genotyping Kit
(Vazyme, China, Cat# PD101-01) according to the manufacturer’s
instructions. The primers used for amplification (GPX4flox and
Col2a1-CreERT) are listed in Table S1. Agarose (1.5 g), 100 mL of
2* Tris-acetate-EDTA buffer (TAE) and 6 ml of Gel Red were mixed
and heated to form agarose gels. The amplified DNA was subjected
to agarose gel electrophoresis. Images were captured using an
Amersham Imager 680 (GE, USA). The positive genotype Col2a1-
CreERT was a 358 bp band, and no band was detected for the
wild-type allele. The GPX4flox/flox alleles were present as a 238 bp
band, the wild-type alleles (GPX4+/+) were detected as a 204 bp
band, and the GPX4flox/+ genotype was detected as two bands at
238 and 204 bp. The primers are listed in Table S1. The results
are listed in Figure S2B-C.

Surgically induced OA model

Mice and rats were anaesthetized with pentobarbital. Destabi-
lization of the medial meniscus (DMM) surgery was performed
under a microscope [49]. The incision was sutured and disinfected
daily until it healed. All mice and rats were housed under normal
conditions. Biting incisions were avoided.

Primary cell isolation and culture

Primary mouse chondrocytes were extracted as previously
described [50]. Briefly, cartilage tissues from the distal femur and
the proximal tibia of 5-day-old mice were harvested under a
microscope. The cells were digested with 0.2% collagenase type II
(Gibco) at 37 �C for 8 h. Chondrocytes were seeded at a density
of 5.7 � 105 cells/cm2, cultured in DMEM/F12 (HyClone, Logan,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco,
USA), 100 U/ml penicillin, and 0.1 mg/ml streptomycin (HyClone,
USA) and incubated under standard conditions (37 �C, 5% CO2).
The culture medium was replaced every 3 days. Chondrocytes
were used for up to five generations in all vitro experiments. All
experiments were performed with two replicate wells.

Chondrocytes from 5-day-old Col2a1-CreERT GPX4flox/flox mice
were collected for in vitro experiments. Chondrocytes were cul-
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tured with 10 nM 4-OH-tamoxifen (Apexbio, USA, Cat# B5421) for
3 days to knock down GPX4 [51].
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