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R E S E A R C H A R T I C L E

Piezo1-driven mechanotransduction as a key regulator of
cartilage degradation in early osteoarthritis
Xu Yan 1, Su Fu 1, Ying Xie 2, Chunlin Zhang 1, and Xuejian Wu 1∗

Osteoarthritis (OA) is a prevalent degenerative disease characterized by pain and cartilage damage in its later stages, while early OA is
marked by the loss of cartilage’s mechanical function. Recent studies suggest that Piezo1, a mechanotransducer, may contribute to
cartilage degradation under abnormal physical stress. This study investigates the mechanism by which Piezo1 mediates the loss of
cartilage’s mechanical properties. Using rat chondrocytes cultured in a 3D in vitro model, we found that fluid flow-induced physical
stress activates constitutively expressed Piezo1, leading to increased catabolic activity and apoptosis, which, in turn, disrupts the
matrix structure. Ex vivo cartilage experiments further demonstrated that the mechanical stress-induced loss of cartilage’s physical
properties (approximately 10% reduction in relaxation modulus) is mediated by Piezo1 and depends on cell viability. Notably, Piezo1
agonists alone did not alter the mechanical behavior of cartilage tissue. In vivo, using an OA rat model induced by anterior cruciate
ligament transection, we observed cartilage integrity degradation and loss of mechanical properties, which were partially mitigated by
Piezo1 inhibition. RNA sequencing revealed significant modulation of the PI3K signaling and matrix regulation pathways. Collectively,
this study demonstrates that Piezo1-mediated catabolic activity in chondrocytes is a key driver of the loss of cartilage’s mechanical
function during the relaxation phase.
Keywords: Osteoarthritis, cartilage degradation, Piezo1, mechanotransduction, catabolic activity.

Introduction
Osteoarthritis (OA) is a chronic degenerative disease affecting
over 300 million people globally, with its prevalence expected
to rise due to aging and obesity [1]. Treatment options for OA
are limited, and there is currently no cure aside from knee
or hip replacement surgery. Although numerous promising
therapeutic targets have been investigated, their mechanisms
remain poorly understood. OA is characterized by cartilage
destruction, leading to joint pain and dysfunction, typically
evident in the later stages of the disease [2]. However, the loss
of cartilage’s mechanical function, as indicated by changes in
modulus, is an early sign of OA pathology. Mechanical prop-
erties, including elastic modulus, permeability, and relaxation
strength, are typically assessed during the creep and relaxation
phases of cartilage [3]. Early detection methods have shown
promise [4, 5], but the molecular mechanisms underlying the
loss of mechanical properties in early-stage OA remain poorly
understood. Unraveling these mechanisms could reveal poten-
tial targets for early OA treatment. The etiology of OA involves
factors, such as trauma, aging, obesity, and catabolic activ-
ity, with abnormal physical stress playing a key role in OA
pathogenesis [2]. Healthy cartilage disperses mechanical stress
and reduces friction through a hydrated matrix of aggrecan and

type II collagen. In contrast, OA cartilage exhibits decreased
proteoglycan content and disrupted collagen structure, leading
to matrix degradation [6]. This degradation is particularly evi-
dent in cartilage from weight-bearing joints, where abnormal
mechanical stimuli contribute to OA progression [7]. Chondro-
cytes, the sole cell type in cartilage, regulate both anabolic and
catabolic processes. Changes in mechanical properties, such as
stiffness and permeability, reflect cartilage degradation.

Piezo channels, discovered in 2010 [8], include Piezo1
and Piezo2, which function as mechanosensitive ion channels
involved in various physiological processes [9]. Piezo1, in par-
ticular, transduces mechanical signals into cellular responses,
such as OA in bone marrow stem cells [10]. In chondrocytes,
Piezo1 activation by abnormal stress has been linked to senes-
cence, apoptosis, and catabolic activity, suggesting its critical
role in OA development [10–13]. Abnormal mechanical stimu-
lation, such as compression and shear stress, leads to decreased
chondrocyte activity and matrix degradation, which are closely
related to OA damage. In OA cartilage tissue, Piezo1 expression
is upregulated. Based on these observations, several studies
have suggested that Piezo1 represents a promising therapeutic
target to limit OA progression. However, whether Piezo1 medi-
ates changes in the mechanical properties of cartilage during
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early OA remains unclear. By elucidating how Piezo1 influences
cartilage’s mechanical behavior, particularly during the early
stages of OA, this research aims to uncover potential therapeu-
tic targets for early diagnosis and treatment. The goal is to estab-
lish the role of Piezo1 in regulating mechanical properties and
catabolic activities in chondrocytes, thereby providing insights
into the early detection and management of OA.

Materials and methods
Preparation of rat chondrocytes and cartilage explants
Healthy and clean 200 g Sprague-Dawley (SD) rats, without
restriction on sex, were purchased from the Animal Center of
Zhengzhou University (License number: SCXK 2021-0009). All
experiments involving animals were conducted in accordance
with the ethical policies and procedures approved by the Ethics
Committee of the First Affiliated Hospital of Zhengzhou Univer-
sity. For cartilage harvest, all animals were euthanized via car-
bon dioxide asphyxiation. The proximal ends of the tibiae were
harvested, and the cartilage tissue was cut and rapidly trans-
ferred at room temperature. The tissue was then cultured and
preserved at 37 °C. Cartilage explants were placed in a 6-well
plate containing 2 mL of culture medium (10% fetal bovine
serum + DMEM). The cartilage tissue was processed into slices
of uniform circular area, described as cartilage explants, which
were prepared for ex vivo experiments and mechanical testing.
For chondrocyte isolation, the cartilage tissue was collected and
digested with enzymes. The cartilage was diced before being
transferred to a conical tube and incubated for 1 h in a 37 °C oven
on a roller, with 7 units/mL pronase prepared in culture media.
After pronase was carefully aspirated, the tissue was incubated
in 100 units/mL collagenase in the same conditions for an addi-
tional 16 h. After discarding the supernatant, the cell pellet was
re-suspended in culture media with 10% fetal bovine serum.
Pre-autoclaved agarose gel was placed in an oven at 80 °C for
20 min and then allowed to cool naturally. The chondrocyte
suspension was mixed with an equal volume of molten 6% (w/v)
agarose, creating constructs with cells in 3% (w/v) agarose,
molded for further experiments. Constructs were prepared for
staining, while for RNA/protein detection and apoptosis assays,
the specimens were digested using papainase solution.

Apoptosis assay
Apoptosis of induced cells was assessed using Annexin V-FITC
labeling and analyzed by flow cytometry. The ratio of apoptotic
cells was calculated by dividing the number of positive cells
by the total number of cells. The working solution of Annexin
V-FITC was prepared immediately before use. Treated cells
were washed three times with PBS and resuspended in binding
buffer. Flow cytometric analysis was performed immediately
following incubation with 100 ng/mL Annexin V-FITC in the
dark for 10 min. The cells were then incubated with 5 mg/mL of
a secondary stain for 5 min, washed three times with PBS, and
examined.

Animals and experimental design
OA was induced in SD rats via anterior cruciate ligament
(ACL)transection, a widely applied method [1]. The rat knee

joint was exposed under inhalational anesthesia, followed by
the resection of the ACL. The contralateral capsule was cut
as a sham control. Rats were randomly assigned to the Sham
group, OA model group, or OA model + intra-articular injec-
tion of GsMTx4 group. In the Sham group, the procedure only
included a skin incision to expose the cartilage, and 100 μL
of saline was injected into the articular space weekly. In the
OA model + GsMTx4 group, 100 μL of 40 μM GsMTx4 was
injected intra-articularly weekly [14]. Six weeks after surgery,
the right knee joints of the rats were collected. After fixation
in 4% paraformaldehyde and decalcification with 0.5 M EDTA,
the tissue was sliced for staining. Meanwhile, total RNA was
collected using a lysis buffer and subjected to RNA sequencing.

Mechanical loading of shear stress by fluid flow
The method for generating shear stress by fluid flow in car-
tilage explants or cells has been previously reported [15]. The
cells/agarose constructs and cartilage tissue were 0.25 mm in
radius and 1 mm in thickness. A fluid flow stress device, created
using a 3D printer, produced several small chambers. After
sterilization, agarose in 2% weight/volume PBS was placed until
fully gelled. The mold was then removed, and the constructs
were placed into the small chambers. The device, filled with cul-
ture media, was placed on an orbital shaker in an incubator. The
exact fluid flow stress was calculated using ANSYS software,
with the rotator set at 100 RPM to induce fluid flow and produce
shear stress for 48 h.

Detection of physical properties of cartilage tissue
The mechanical properties or behavior of cartilage tissue have
been widely explored using various devices, such as strain
detectors, to compress cartilage explants. Due to the small size
of rat cartilage, we employed a microindentation test, as pre-
viously reported [16]. Briefly, the proximal part of the rat tibia
was removed and embedded in a fixing ring with adhesive gel.
A drop of culture medium was applied to the top of the cartilage
tissue to maintain its water content. A set of testing programs
and appropriate probes from the indentation test system were
prepared. During indentation, the displacement of the indenter
was recorded at a cross-read speed necessary to generate the
regulated strain and strain rate. Each explant was pre-loaded to
0.01 N to ensure direct contact, with displacement documented.
The cartilage tissue was then subjected to a 20% compressive
strain applied at a strain rate of 20%/min (creep phase). For
example, a cartilage slice with a thickness of 200 μm was com-
pressed by 40 μm within 1 min. A recovery period of 4 min was
allowed by maintaining the compressor in the same location.
Strain values were recorded every second to generate a scatter
plot for further analysis.

Live/dead staining of cartilage tissue
The viability of chondrocytes was assessed using a live/dead
staining kit consisting of Calcein AM (Sigma) and Ethid-
ium homodimer-1 (EthD-1, Fisher Scientific). The tissue was
immersed in a medium containing 5 μM Calcein AM and 5 μM
EthD-1 for 30 min at 37 °C. After washing with PBS three times,
the tissue was placed on coverslips and immediately imaged
using a microscope with a 10× objective. Calcein AM labeled
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live chondrocytes green (excitation 495 nm, emission 515 nm),
while EthD-1 labeled dead cells red (excitation 528 nm, emission
617 nm).

RNA-sequencing analysis of cartilage tissue
Cartilage tissue was harvested, and total mRNA was isolated
using TRIzol reagent (Invitrogen) according to the manu-
facturer’s protocol. The enriched mRNAs were reverse tran-
scribed into cDNA using random primers. Second-strand cDNA
was synthesized using DNA polymerase I, RNase H, dNTPs,
and buffer. The cDNA fragments were purified using the
QiaQuick PCR extraction kit, end-repaired, and ligated to
Illumina sequencing adapters. The digested products were
size-selected by agarose gel electrophoresis, PCR-amplified, and
sequenced. Six cDNA libraries were constructed using the Illu-
mina NovaSeq 6000 system by Gene Denovo Biotechnology Co.,
(Guangzhou, China). Results from gene ontology (GO) analysis
were subsequently analyzed and utilized.

Histological staining
Serial sagittal sections of rat samples were cut at 6 μm and
stained with H&E, Alcian Blue, and Safranin-O. Based on the
images, Osteoarthritis Research Society International (OARSI)
scoring was used to assess the severity of OA. For immunohis-
tochemistry, sections were incubated overnight at 4 °C with
anti-Piezo1 (1:1000). Sections were visualized using an HRP
system, and the percentage of positive cells was quantified by
two blinded pathologists.

Quantitative polymerase chain reaction (q-PCR)
To validate osteogenic gene expression, total RNA was isolated
from chondrocytes or cartilage tissue using an isolation col-
umn from Qiagen (74004). cDNA was synthesized using TRI-
zol and Oligo-dT (15596026, SO132 from Invitrogen). In some
cases, the concentration and quality of RNA differed signifi-
cantly between samples. PCR was performed with the SYBR
Green assay kit (A25779 from Invitrogen), following the ampli-
fication protocol: 95 °C for 3 min, followed by 40 cycles alter-
nating between 95 °C for 15 s and 60 °C for 30 s. Primers were
designed based on sequences in GenBank (primer sequences
listed below: MMP-13: F-CTTGATGCCATTACCAGTC, R-GG
TTGGGAAGTTCTGGCCAADAMTs5: F-TATGACAAGTGCGGAG
TATG, R-TTCAGGGCTAAATAGGCAGTCollagen: F-ACGTCCAG
ATGACCTTCCTG, R-GGATGAGCAGAGCCTTCTTGAgg: F-GAG
TTTGTCAACAACAATGCC, R-TGGTAATTACATGGGACATCGG
APDH: F-GACAAAATGGTGAAGGTCGG, R-TCCACGACATACTC
AGCACC; all 100–300 bp in length).The fold changes in gene
expression were analyzed using the 2-ΔΔCT method and nor-
malized to GAPDH expression. The reported data represent the
mean expression from three experiments.

Western blot analysis
Western blotting was used to determine the protein expres-
sion levels of Piezo1, matrix metalloproteinase-13 (MMP-13),
thrombospondin motifs 5 (ADAMTs5), Aggrecan, and Colla-
gen II. Cells or tissue samples were extracted and dissolved
in 150 μL of lysis buffer supplemented with 1% (v/v) pro-
tease inhibitor cocktail (78440 from Invitrogen). Proteins were
separated using SDS-PAGE and transferred to membranes

(1704156 and 1620176 from Bio-Rad). After blocking (37565
from Invitrogen), membranes were stained with primary anti-
bodies against tubulin, Piezo1, MMP-13, ADAMTs5, Aggrecan,
and Collagen II, all purchased from Santa Cruz Biotechnology.
Membranes were then incubated overnight with horseradish
peroxidase-conjugated secondary antibodies (31460 and 31430
from Invitrogen) and visualized by chemiluminescence. ImageJ
was used to quantify the intensity of target protein bands in
each blot.

Ethical statement
This study was reviewed and approved by the Ethics Commit-
tee of the First Affiliated Hospital of Zhengzhou University.
No patients were involved in this study.

Statistical analysis
GraphPad Prism was used to conduct the statistical analyses.
Gene/protein expression data and mechanical test data are pre-
sented as the means ± SD from at least three repeats and were
analyzed using Student’s t-tests for two separate groups. For
comparisons involving more than two groups, one-way ANOVA
followed by Tukey’s post hoc tests was used. Fisher’s exact test
was applied for frequency data. The significance level was set to
P < 0.05.

Results
Shear stress stimulated catabolic response and apoptosis via
Piezo1 mediating calcium influx in 3D cultured chondrocytes
in vitro
In vitro experiments identified the harmful effects of mechani-
cal stress induced by fluid flow on chondrocyte metabolism and
apoptosis. Figure 1A shows the experimental protocol where rat
chondrocytes were harvested by enzyme digestion on Day 1,
followed by a 5-day monolayer culture. The cells were then
reseeded in a 3D construct with 3% w/v agarose gel. They
were either placed in static control conditions or subjected
to shear stress from fluid flow for 48 h. The mechanism of
shear stress conduction is depicted in Figure 1B, simulating
shear strain using a 100 RPM orbital shaker, which was also
applied to the cartilage explants. In both unloaded and loaded
cells, Piezo1 was stably expressed, with no changes detected
by western blot analysis (Figure 1C). Immunofluorescence and
DAPI staining showed Piezo1 localization in the nuclear area
(Figure 1D). In response to shear stress, Ca2+ influx was mon-
itored using the Fura-2 AM indicator. Figure 1E demonstrates
the calcium influx initiated by mechanical loading, while Piezo1
inhibitor GsMTx4 blocked this effect, indicating that Piezo1 is
required for mechanical calcium signaling. Apoptotic cells were
assessed by flow cytometry, revealing that mechanical load-
ing induced apoptosis, which was blocked by Piezo1 inhibition
(Figure 1F). Interestingly, pathological stress activated Piezo1,
elevating catabolic activities at the gene transcription and pro-
tein expression levels. Mechanically regulated catabolic genes,
such as MMP-13 and ADAMTs5, showed increased expression,
which was reduced after Piezo1 inhibition (Figure 1G). Specif-
ically, 4.9 ± 1.1 and 3.1 ± 0.4-fold changes were observed
for MMP-13 and ADAMTs5, respectively, following mechanical
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Figure 1. Mechanical strain activated Piezo1-Ca2+ influx to induce apoptosis and catabolic activity in chondrocytes cultured in a 3D construct in vitro.
Isolated chondrocytes cultured in a 3D construct were unloaded, loaded, or loaded with GxMTx4 after culture and serum deprivation, as illustrated in (A).
The mechanical loading pattern using a specialized device is shown in (B). Piezo1 protein expression in unloaded and loaded conditions is displayed in (C).
Additionally, immunofluorescence labeling of Piezo1 in cell constructs is presented for both unloaded and loaded cells (D). (E) Ca2+ influx in response to
strain in cells without and with GxMTx4. The apoptosis frequency of cells under unloaded or loaded conditions, with and without GxMTx4, is shown in (F).
mRNA isolated from cells was analyzed by qRT-PCR (G), showing the gene expression levels of MMP-13, ADAMTs5, Aggrecan, and Collagen II, normalized
to the unloaded control. The protein bands and expressions of MMP-13, ADAMTs5, and Tubulin are shown in (H) and (I). Scattered dots with bars represent
the means ± SD (N = 3 in (C), N = 6 in (E), N = 5 in (G), and N = 3 in (H) and (I)). Statistically significant differences were determined using Student’s t-tests
for (C) and one-way ANOVA for ((E)–(G) and (J)). *P < 0.05, **P < 0.01, ***P < 0.001 indicate statistically significant differences. The symbol “ns” indicates
no significant difference. MMP-13: Matrix metalloproteinase-13.

loading, but these were reduced to 1.9 ± 0.3 and 1.7 ± 0.7-fold
changes with Piezo1 inhibition. The changes in MMP-13
and ADAMTs5 protein levels mirrored the gene expression
results, further indicating that Piezo1 mediates mechani-
cally induced catabolic activity in chondrocytes (Figure 1H).
A 2.2 ± 0.2-fold increase in ADAMTs5 protein expression
was observed in loaded cells, while Piezo1 antagonism sig-
nificantly reduced ADAMTs5 expression to control levels
(Figure 1I).

Piezo1 mediated the loss of mechanical properties during
relaxation phase in cartilage explants ex vivo via regulating live
chondrocytes
Cartilage tissue was harvested from rat knees and cut into
explants for mechanical testing ex vivo. The device used for
mechanical testing is shown in Figure 2A. The compression
strain over time was conducted through the creep and relax-
ation phases. Figure 2B illustrates the creep behavior from σ0
to σ 1 (peak strain) and the relaxation phase from σ 1 to σ2
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Figure 2. Loss of mechanical properties during the relaxation phase due to mechanical loading in cartilage explants ex vivo was mediated by Piezo1-
regulated live chondrocytes. The method for mechanical testing is shown in (A), where compression strain over time was analyzed during the creep and
relaxation phases (B). Based on the equations (C), the modulus during both the elastic and relaxation phases was calculated, along with the percentage of
relaxation. Cartilage explants were either unloaded, loaded with shear stress, or strain-loaded with additional GsMTx4. Piezo1 expression within the tissue
was first detected (D), with the frequency of positive cells shown (E). Meanwhile, live cells within the tissue were identified (F). The representative curve
during mechanical testing is shown in (G). For explants with live cells, the elastic modulus (H) and percentage of relaxation (I) were calculated, showing
significant differences. In cartilage explants with all dead cells, confirmed by live/dead staining (J), the mechanical behavior for elastic modulus (K) and
percentage of relaxation (L) is also shown. In explants with and without Yoda1 treatment, mechanical properties remained unchanged for modulus (M) and
relaxation percentage (N). Scattered dots with bars represent the means ± SD (N = 5 in (H), (K), and (M), N = 7 in (I), (L), and (N)). Statistically significant
differences were determined using Mann–Whitney tests ((H), (K), (M), (I), (L), and (N)) and Fisher’s exact test (E). *P < 0.05, **P < 0.01, ***P < 0.001
indicate significant differences. “ns” indicates no significant difference.

(final stable condition). Based on the equations (Figure 2C),
the elastic modulus and relaxation percentage of the carti-
lage tissue were measured. Before mechanical testing, Piezo1
expression within the tissue was detected. Piezo1-positive
cells were rarely seen in the control, while Piezo1-positive
cells were frequently observed in the strained tissue (blue

arrow, Figure 2D). This difference was statistically significant,
as shown in Figure 2E. Live/dead staining (Figure 2F) revealed
that cell viability was not affected by the treatment, indicat-
ing that apoptosis was differently influenced in 3D cultures
compared to cartilage tissue. The representative strain–time
plots for explants from three groups are shown in the scatter
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plot (Figure 2G). The elastic modulus and relaxation modulus
were maintained, but the relaxation percentage differed signifi-
cantly. In the unloaded, loaded, and GsMTx4-treated loaded car-
tilage explants, the elastic modulus was approximately 2 MPa
with no significant differences between the groups (Figure 2H).
Notably, the relaxation percentage increased from 70.9 ± 8.0%
in the control to 84.5 ± 6.7% in the loaded tissue, but was
restored to 77.1 ± 4.4% with additional GsMTx4 treatment
(Figure 2I). This alteration in mechanical properties reflects
the matrix integrity of the cartilage. To test the role of chon-
drocytes, mechanical tests were performed on cartilage tissue
without live cells (as shown in Figure 2J). Mechanical properties
from both the creep and relaxation phases remained unchanged
(Figure 2K and 2I), demonstrating that live chondrocytes are
required for the mechanically regulated loss of physical prop-
erties under injury. It was proposed that the metabolic activity
of live cells plays a significant role in the Piezo1 mechanism.
In contrast, Piezo1 activation with Yoda1 alone did not alter
mechanical behavior in terms of elastic modulus (Figure 2M) or
relaxation percentage (Figure 2N), suggesting that Piezo1 plays
a regulatory role, but not an initial role, in the loss of mechanical
properties.

Piezo1 mediated the physical properties loss of cartilage in rat
OA model in vivo
We further investigated the effects of a Piezo1 antagonist on
OA damage in rats. The OA model was induced on Day 1
by resection of the ACL in the rat knee, and the experiment
continued for the following six weeks (Figure 3A). Rats were
divided into three groups: sham control, OA model, and OA
model with intra-articular injection of GsMTx4. At the end of
the study, cartilage tissue was either fixed for staining or col-
lected for RNA-sequencing analysis. Results from H&E, Alcian
Blue, and Safranin-O staining (Figure 3B) showed that the OA
model markedly exacerbated lesions in the knee joints, while
GsMTx4 injection exhibited a protective effect. Specifically, the
collagen–proteoglycan structure was disrupted (blue arrows
in the OA model group, Figure 3B), and collagen content was
decreased. Additional treatment with GsMTx4 mitigated OA
lesions, though small, localized cartilage injuries were still
observed (blue arrows, Figure 3B). OARSI scores from the three
types of staining reflected this trend, showing that the score
in control rats was lower than in the OA model group and the
OA model + GsMTx4 group (Figure 3C). A significant difference
between the latter two groups indicated that Piezo1 modulation
partially protected the cartilage in the OA model. In terms of
the mechanical tests, representative strain–time plots for car-
tilage tissue from the three groups are shown in the scatter
plot (Figure 3D). The elastic modulus of the cartilage was sig-
nificantly decreased in the OA model, and Piezo1 inhibition did
not reverse this effect (Figure 3E). Interestingly, the relaxation
behavior of the cartilage differed between groups. The relax-
ation percentage (81.7 ± 1.8% in control) was up-regulated to
89.1 ± 1.6% in the OA model, but was reduced to 85.7 ± 2.6%
after GsMTx4 treatment (Figure 3F). RNA-sequencing data pro-
vided additional insights, suggesting potential involvement of
pathways, such as PI3K signaling, PPAR signaling, and Hippo

signaling pathways, according to KEGG analysis (Figure 3G).
These signaling pathways may contribute to Piezo1-mediated
loss of cartilage mechanical properties during the relaxation
phase by regulating the “Piezo1 – matrix degradation – carti-
lage mechanical behavior” axis. Differentially expressed genes
related to bone metabolism, including MMPs and ADAMTs,
were involved (Figure 3H and 3I), with GO analysis highlighting
the enrichment of genes involved in matrix regulation.

Discussion
This study highlights the crucial role of the mechanosensitive
Piezo1 channel in the loss of cartilage’s physical properties.
Our findings from in vitro, ex vivo, and in vivo experiments
demonstrate that Piezo1 activation by shear stress enhances
the catabolic activity of chondrocytes, thereby affecting the
relaxation behavior of cartilage during mechanical testing. At
the molecular level, shear stress induces apoptosis and upregu-
lates catabolic genes, such as MMP-13 and ADAMTS5 in chon-
drocytes through Piezo1-mediated Ca2+ influx. Ex vivo, shear
stress increases the proportion of Piezo1(+) cells while main-
taining cell viability. Although shear stress impairs the relax-
ation modulus, this effect is counteracted by Piezo1 inhibi-
tion with GsMTx4, while no significant impact on the elastic
modulus was observed. In vivo, GsMTx4 injection prevents OA
progression but only restores the relaxation behavior of carti-
lage. RNA sequencing reveals that PI3K signaling and matrix
regulation pathways involving MMPs and ADAMTSs modu-
late inflammatory responses and matrix stability. Thus, Piezo1-
mediated loss of mechanical relaxation properties in cartilage
is evident. Mechanical loading through shear stress can have
both beneficial and detrimental effects on cartilage homeosta-
sis. While low-frequency shear stress promotes proteoglycan
and collagen synthesis, excessive shear stress is harmful [17].
For instance, shear stress exceeding 0.21 Pa has been shown to
damage cartilage [15]. In this study, we focused on injury-level
shear stress to explore the Piezo1-mediated catabolic effects on
cartilage. The shear stress was approximately 1–2 Pa, as esti-
mated by ANSYS software. We designed and applied a loading
machine to simulate abnormal mechanical loading, which is
characteristic of OA pathology [18]. Although other forms of
mechanical loading, such as tensile strain and compression,
could be applied, shear stress was consistently used to load
3D chondrocyte constructs and explants throughout the study
due to practical constraints. Piezo1 is widely recognized for its
mechanical responsiveness and its role in regulating OA lesions
and osteophyte formation [12–14]. Previous studies have shown
that knocking out the Piezo1 gene or administering GsMTx4
can prevent OA progression [14], which aligns with our find-
ings. However, our study further delved into the mechanical
behavior of cartilage tissue. Cartilage’s viscoelastic properties,
characterized by creep and relaxation phases, are early indi-
cators of OA pathology [4, 5]. Although we did not find evi-
dence that Piezo1 regulates creep behavior, this might be due
to the compressive modulus formed by negatively charged pro-
teoglycans, which Piezo1 minimally affects. This aligns with
the observed loss of supportive force in OA cartilage during
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Figure 3. Piezo1 mediated the loss of cartilage physical properties in a rat OA model in vivo. The OA model was created and divided into three
groups: sham control, OA model, and OA model with intra-articular injection of GsMTx4 (A). The results from H&E, Alcian Blue, and Safranin-O stains
(B) demonstrated the OA lesions in the three groups. The OARSI scores from each staining also reflected this trend (C). As shown in the representative
strain curve (D), the elastic modulus (E) and relaxation percentage (F) indicated the protective role of the Piezo1 antagonist against the mechanical loss of
cartilage. RNA-sequencing data indicated several possible pathways (G), differentially expressed genes (H), and part of the GO analysis results on matrix
regulation (I). The final mechanism of Piezo1’s effect on mechanical properties is illustrated in the schematic drawing (J). Bars represent the means ± SD
(N = 3 in (C), N = 6 in (F) and (G)). Statistically significant differences were determined using one-way ANOVA ((C), (F), and (G)). *P < 0.05, ***P < 0.001
indicate significant differences. The symbol “ns” denotes no statistical difference. OA: Osteoarthritis; GO: Gene ontology; OARSI: Osteoarthritis Research
Society International.

joint movement. Previous studies have reported that the elastic
modulus of cartilage varies depending on loading conditions,
with rat cartilage showing an elastic modulus of approximately
2 MPa, consistent with studies using similar methodologies [16].
In contrast, relaxation responses, which are tied to matrix
integrity—specifically the collagen–proteoglycan matrix—are

crucial for preventing crack nucleation in cartilage [19]. Pre-
vious studies have demonstrated that Piezo1 inhibition by
siRNA reduces the expression of MMP-13 and ADAMTS5, both
key regulators of cartilage degradation. We demonstrated that
Piezo1 governs the relaxation response through factors like
MMP-13 and ADAMTS5, while RNA-sequencing data suggested
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additional pathways, such as PI3K and Col6. Piezo chan-
nels are well-characterized in terms of their structure and
function [8, 9], participating in various biological and patho-
logical processes, including vascular mechanobiology [20], ery-
throcyte volume regulation, and sensing pressure changes in
the genitourinary tract [21]. Recent studies have highlighted the
role of Piezo1 in bone homeostasis, showing its necessity for
bone formation by mediating osteogenesis in osteoblasts [22]
and facilitating osteoblast–osteoclast crosstalk [23]. However,
unlike its anabolic role in bone, Piezo1 seems to mediate
OA progression in chondrocytes, likely due to differences in
cell types. Mechanical loading triggers intracellular calcium
influx via Piezo1, activating the calcineurin/NFAT signaling
pathway [24], which mediates OA lesions. Other ion chan-
nels may also be involved; for example, strain-induced calcium
influx through transient receptor potential vanilloid 4 (TRPV4)
is another major contributor [25, 26]. Additionally, harm-
ful mechanical strain predominantly induces calcium influx
through the Piezo2 channel. YAP, a known mechanotrans-
ducer, may act as a downstream factor [27]. Previous stud-
ies have linked Piezo1-mediated mechanical responses to the
Wnt/β-catenin signaling pathway, with elevated Wnt/Ctnnb1
expression identified through KEGG pathway mapping [24].
Our RNA-sequencing results are consistent with these obser-
vations. The findings of this study also have significant impli-
cations for cell-based therapies in the treatment of OA. Given
that Piezo1 activation contributes to cartilage degradation by
transducing mechanical injury signals and compromising the
extracellular matrix, targeting Piezo1 could enhance the effi-
cacy of cell-based approaches. For instance, mesenchymal stem
cells (MSCs) or chondrocyte-based therapies could potentially
be optimized by either modulating Piezo1 activity or engineer-
ing cells with reduced Piezo1 expression. This could protect
newly formed cartilage from mechanical stress-induced degra-
dation, thereby improving tissue integration and longevity.
This study has several limitations. First, more molecular path-
ways involved in Piezo1-regulated events need to be elucidated,
as some factors may directly affect the mechanical behavior of
cartilage. Second, we used shear stress to monitor cell responses
to mechanical loading. Other specific forms of mechanical load-
ing, such as compression, tensile strain, and hypostatic pres-
sure, both dynamic and static, could lead to varying responses.
Lastly, the clinical implications of Piezo1-mediated mechani-
cal behavior in OA patients remain to be explored in future
research.

Conclusion
In conclusion, this study highlights the role of Piezo1 acti-
vation in the deterioration of cartilage mechanical properties
during OA pathogenesis. Piezo1 transduces mechanical injury
signals, leading to extracellular matrix degradation and a reduc-
tion in cartilage’s relaxation capacity. These findings enhance
our understanding of the early stages of OA and hold impor-
tant implications for the development of drugs and treatments
aimed at modulating OA progression.

Acknowledgments
The authors sincerely thank the key lab of the First Affiliated
Hospital of Zhengzhou University and the Henan Animal Centre
for providing the instruments and animals.

Conflicts of interest: Authors declare no conflicts of interest.

Funding: This work was supported by the National Science
Foundation for Young Scientists of China (Grant No. 81702196).

Data availability: The datasets used and/or analyzed during
the current study are available from the corresponding author
on reasonable request.

Submitted: 17 August 2024
Accepted: 04 October 2024
Published online: 07 October 2024

References
[1] Allen KD, Thoma LM, Golightly YM. Epidemiology of osteoarthritis.

Osteoarthritis Cartilage 2022;30(2):184–95. https://doi.org/10.1016/j.
joca.2021.04.020.

[2] Abramoff B, Caldera FE. Osteoarthritis: pathology, diagnosis, and treat-
ment options. Med Clin North Am 2020;104(2):293–311. https://doi.
org/10.1016/j.mcna.2019.10.007.

[3] Cutcliffe HC, DeFrate LE. Comparison of cartilage mechanical prop-
erties measured during creep and recovery. Sci Rep 2020;10(1):1547.
https://doi.org/10.1038/s41598-020-58220-2.

[4] Cutcliffe HC, Kottamasu PK, McNulty AL, Goode AP, Spritzer CE,
DeFrate LE. Mechanical metrics may show improved ability to predict
osteoarthritis compared to T1rho mapping. J Biomech 2021;129:110771.
https://doi.org/10.1016/j.jbiomech.2021.110771.

[5] Cykowska A, Danalache M, Bonnaire FC, Feierabend M, Hofmann UK.
Detecting early osteoarthritis through changes in biomechanical prop-
erties—a review of recent advances in indentation technologies in
a clinical arthroscopic setup. J Biomech 2022;132:110955. https://doi.
org/10.1016/j.jbiomech.2022.110955.

[6] Muthuri SG, McWilliams DF, Doherty M, Zhang W. History of knee
injuries and knee osteoarthritis: a meta-analysis of observational
studies. Osteoarthritis Cartilage 2011;19(11):1286–93. https://doi.org/
10.1016/j.joca.2011.07.015.

[7] Collins AT, Hu G, Newman H, Reinsvold MH, Goldsmith MR, Twomey-
Kozak JN, et al. Obesity alters the collagen organization and mechanical
properties of murine cartilage. Sci Rep 2021;11(1):1626. https://doi.org/
10.1038/s41598-020-80599-1.

[8] Coste B, Mathur J, Schmidt M, Earley TJ, Ranade S, Petrus MJ, et al.
Piezo1 and Piezo2 are essential components of distinct mechanically
activated cation channels. Science 2010;330(6000):55–60. https://doi.
org/10.1126/science.1193270.

[9] Coste B, Xiao B, Santos JS, Syeda R, Grandl J, Spencer KS, et al.
Piezo proteins are pore-forming subunits of mechanically acti-
vated channels. Nature 2012;483(7388):176–81. https://doi.org/10.
1038/nature10812.

[10] Lee W, Leddy HA, Chen Y, Lee SH, Zelenski NA, McNulty AL, et al.
Synergy between Piezo1 and Piezo2 channels confers high-strain
mechanosensitivity to articular cartilage. Proc Natl Acad Sci USA
2014;111(47):E5114–22. https://doi.org/10.1073/pnas.1414298111.

[11] Ren X, Li B, Xu C, Zhuang H, Lei T, Jiang F, et al. High expression of
Piezo1 induces senescence in chondrocytes through calcium ions accu-
mulation. Biochem Biophys Res Commun 2022;607:138–45. https://
doi.org/10.1016/j.bbrc.2022.03.119.

[12] Gan D, Tao C, Jin X, Wu X, Yan Q, Zhong Y, et al. Piezo1 activation
accelerates osteoarthritis progression and the targeted therapy effect
of artemisinin. J Adv Res 2023;62:105–117. https://doi.org/10.1016/j.
jare.2023.09.040.

[13] Brylka LJ, Alimy A-R, Tschaffon-Müller MEA, Jiang S, Ballhause TM,
Baranowsky A, et al. Piezo1 expression in chondrocytes controls
endochondral ossification and osteoarthritis development. Bone Res
2024;12(1):12. https://doi.org/10.1038/s41413-024-00315-x.

Yan et al.
Piezo1-mechanosignalling in cartilage 912 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.1016/j.joca.2021.04.020
https://doi.org/10.1016/j.joca.2021.04.020
https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1016/j.mcna.2019.10.007
https://doi.org/10.1038/s41598-020-58220-2
https://doi.org/10.1016/j.jbiomech.2021.110771
https://doi.org/10.1016/j.jbiomech.2022.110955
https://doi.org/10.1016/j.jbiomech.2022.110955
https://doi.org/10.1016/j.joca.2011.07.015
https://doi.org/10.1016/j.joca.2011.07.015
https://doi.org/10.1038/s41598-020-80599-1
https://doi.org/10.1038/s41598-020-80599-1
https://doi.org/10.1126/science.1193270
https://doi.org/10.1126/science.1193270
https://doi.org/10.1038/nature10812
https://doi.org/10.1038/nature10812
https://doi.org/10.1073/pnas.1414298111
https://doi.org/10.1016/j.bbrc.2022.03.119
https://doi.org/10.1016/j.bbrc.2022.03.119
https://doi.org/10.1016/j.jare.2023.09.040
https://doi.org/10.1016/j.jare.2023.09.040
https://doi.org/10.1038/s41413-024-00315-x
https://www.biomolbiomed.com


[14] Ren X, Zhuang H, Li B, Jiang F, Zhang Y, Zhou P. Gsmtx4 alleviated
osteoarthritis through Piezo1/Calcineurin/NFAT1 signaling axis under
excessive mechanical strain. Int J Mol Sci 2023;24(4):4022. https://doi.
org/10.3390/ijms24044022.

[15] Salinas EY, Aryaei A, Paschos N, Berson E, Kwon H, Hu JC, et al.
Shear stress induced by fluid flow produces improvements in
tissue-engineered cartilage. Biofabrication 2020;12(4):45010. https://
doi.org/10.1088/1758-5090/aba412.

[16] Wan C, Li Z, Zhou Y. Effect of type 2 diabetes mellitus on the
microstructural, compositional and mechanical properties of carti-
lages. Ann Anatomy Anatomischer Anzeiger 2024;254:152259. https://
doi.org/10.1016/j.aanat.2024.152259.

[17] Jin M, Frank EH, Quinn TM, Hunziker EB, Grodzinsky AJ. Tissue
shear deformation stimulates proteoglycan and protein biosynthesis
in bovine cartilage explants. Arch Biochem Biophys 2001;395(1):41–8.
https://doi.org/10.1006/abbi.2001.2543.

[18] Arokoski JP, Jurvelin JS, Väätäinen U, Helminen HJ. Normal and
pathological adaptations of articular cartilage to joint loading. Scand
J Med Sci Sports 2000;10(4):186–98. https://doi.org/10.1034/j.1600-
0838.2000.010004186.x.

[19] Han G, Chowdhury U, Eriten M, Henak CR. Relaxation capacity of
cartilage is a critical factor in rate- and integrity-dependent fracture.
Sci Rep 2021;11(1):9527. https://doi.org/10.1038/s41598-021-88942-w.

[20] Douguet D, Patel A, Xu A, Vanhoutte PM, Honoré E. Piezo ion
channels in cardiovascular mechanobiology. Trends Pharmacol Sci
2019;40(12):956–70. https://doi.org/10.1016/j.tips.2019.10.002.

[21] Bagriantsev SN, Gracheva EO, Gallagher PG. Piezo proteins: regula-
tors of mechanosensation and other cellular processes. J Biol Chem
2014;289(46):31673–81. https://doi.org/10.1074/jbc.R114.612697.

[22] Sun W, Chi S, Li Y, Ling S, Tan Y, Xu Y, et al. The mechanosensi-
tive Piezo1 channel is required for bone formation. Elife 2019;8:47454.
https://doi.org/10.7554/eLife.47454.

[23] Wang L, You X, Lotinun S, Zhang L, Wu N, Zou W. Mechanical sensing
protein PIEZO1 regulates bone homeostasis via osteoblast-osteoclast
crosstalk. Nat Commun 2020;11(1):282. https://doi.org/10.1038/
s41467-019-14146-6.

[24] Zhou T, Gao B, Fan Y, Liu Y, Feng S, Cong Q, et al. Piezo1/2 mediate
mechanotransduction essential for bone formation through concerted
activation of NFAT-YAP1-ß-catenin. Elife 2020;9:e52779. https://doi.
org/10.7554/eLife.52779.

[25] Du G, Li L, Zhang X, Liu J, Hao J, Zhu J, et al. Roles of TRPV4 and
piezo channels in stretch-evoked Ca(2+) response in chondrocytes.
Exp Biol Med (Maywood) 2020;245(3):180–9. https://doi.org/10.1177/
1535370219892601.

[26] Fu S, Meng H, Inamdar S, Das B, Gupta H, Wang W, et al. Activa-
tion of TRPV4 by mechanical, osmotic or pharmaceutical stimula-
tion is anti-inflammatory blocking IL-1β mediated articular cartilage
matrix destruction. Osteoarthritis Cartilage 2021;29(1):89–99. https://
doi.org/10.1016/j.joca.2020.08.002.

[27] Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, et al.
Role of YAP/TAZ in mechanotransduction. Nature 2011;474(7350):179–
83. https://doi.org/10.1038/nature10137.

Related articles

1. Raloxifene inhibits the overexpression of TGF-β1 in cartilage and regulates the metabolism of subchondral bone in rats with
osteoporotic osteoarthritis

Shao-Hua Ping et al., BJBMS, 2021

2. Brain regions differences in amyloid-β and gene expression in early APP/PS1 mice and identification of Npas4 as a key molecule in
Alzheimer’s disease

Niya Wang et al., Biomol Biomed, 2024

Yan et al.
Piezo1-mechanosignalling in cartilage 913 www.biomolbiomed.com

https://www.biomolbiomed.com
https://doi.org/10.3390/ijms24044022
https://doi.org/10.3390/ijms24044022
https://doi.org/10.1088/1758-5090/aba412
https://doi.org/10.1088/1758-5090/aba412
https://doi.org/10.1016/j.aanat.2024.152259
https://doi.org/10.1016/j.aanat.2024.152259
https://doi.org/10.1006/abbi.2001.2543
https://doi.org/10.1034/j.1600-0838.2000.010004186.x
https://doi.org/10.1034/j.1600-0838.2000.010004186.x
https://doi.org/10.1038/s41598-021-88942-w
https://doi.org/10.1016/j.tips.2019.10.002
https://doi.org/10.1074/jbc.R114.612697
https://doi.org/10.7554/eLife.47454
https://doi.org/10.1038/s41467-019-14146-6
https://doi.org/10.1038/s41467-019-14146-6
https://doi.org/10.7554/eLife.52779
https://doi.org/10.7554/eLife.52779
https://doi.org/10.1177/1535370219892601
https://doi.org/10.1177/1535370219892601
https://doi.org/10.1016/j.joca.2020.08.002
https://doi.org/10.1016/j.joca.2020.08.002
https://doi.org/10.1038/nature10137
https://www.bjbms.org/ojs/index.php/bjbms/article/view/5142
https://www.bjbms.org/ojs/index.php/bjbms/article/view/10820
https://www.biomolbiomed.com

	Piezo1-driven mechanotransduction as a key regulator of cartilage degradation in early osteoarthritis
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgments
	Related articles


