
Original Research

Roles of TRPV4 and piezo channels in stretch-evoked Ca21

response in chondrocytes

Genlai Du1 , Li Li1, Xinwang Zhang1, Jianbing Liu1, Jianqing Hao1, Jianjun Zhu1, Hao Wu1,
Weiyi Chen2 and Quanyou Zhang2,3

1Department of Cell Biology and Medical Genetics, School of Basic Medical Science, Shanxi Medical University, Taiyuan 030001, China;
2College of Biomedical Engineering, Taiyuan University of Technology, Taiyuan 030024, China; 3Department of Orthopaedics, the Second

Hospital of Shanxi Medical University, Shanxi Key Laboratory of Bone and Soft Tissue Injury Repair, Taiyuan 030001, China

Corresponding authors: Weiyi Chen. Email: chenweiyi@tyut.edu.cn; Quanyou Zhang. Email: zhangquanyou@tyut.edu.cn

Abstract
Chondrocyte mechanotransduction is not well understood, but recently, it has been pro-

posed that mechanically activated ion channels such as transient receptor potential vanilloid

4 (TRPV4), Piezo1, and Piezo2 are of functional importance in chondrocyte mechanotrans-

duction. The aim of this study was to distinguish the potential contributions of TRPV4, Piezo1,

and Piezo2 in transducing different intensities of repetitive mechanical stimulus in chondro-

cytes. To study this, TRPV4-, Piezo1-, or Piezo2-specific siRNAs were transfected into cul-

tured primary chondrocytes to knock down (KD) TRPV4, Piezo1, or Piezo2 expression, des-

ignated TRPV4-KD, Piezo1-KD, or Piezo2-KD cells. Then we used FlexcellVR Tension System

to apply cyclic tensile strains (CTS) of 3% to 18% at 0.5Hz for 8 h to the knockdown and

control siRNA-treated cells. Finally, using a Ca2þ imaging system, stretch-evoked intracellular

Ca2þ ([Ca2þ]i) influx in chondrocytes was examined to investigate the roles of TRPV4, Piezo1,

and Piezo2 in Ca2þ signaling in response to different intensities of repetitive mechanical

stretch stimulation. The characteristics of [Ca2þ]i in chondrocytes evoked by stretch stimu-

lation were stretch intensity dependent when comparing unstretched cells. In addition,

stretch-evoked [Ca2þ]i changes were significantly suppressed in TRPV4-KD, Piezo1-KD, or

Piezo2-KD cells compared with control siRNA-treated cells, indicating that any channel

essential for Ca2þ signaling induced by stretch stimulation in chondrocytes. Of note, they

played different roles in calcium oscillation induced by different intensities of stretch stimulation. More specifically, TRPV4-mediated

Ca2þ signaling played a central role in the response of chondrocytes to physiologic levels of strain (3% and 8% of strain), while

Piezo2-mediated Ca2þ signaling played a central role in the response of chondrocytes to injurious levels of strain (18% of strain).

These results provide a basis for further examination of mechanotransduction in cartilage and raise a possibility of therapeutically

targeting Piezo2-mediated mechanotransduction for the treatment of cartilage disease induced by repetitive mechanical forces.
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Introduction

Articular cartilage, the load-bearing surface in diarthrodial
joints, is subjected to millions of cycles of mechanical loads
of several times bodyweight per year, in humans for decades

of life.1,2 During the joint bearing loading, chondrocytes, as
the only cell type in the articular cartilage, are constantly
exposed to a combination of different forces, in which tensile
strain plays a critical role.3,4 As mechanosensitive cells, chon-
drocytes perceive and respond to load-induced stimuli

Impact statement
Chondrocytes in cartilage are constantly

subjected to load-induced stimuli and

regulate their metabolic activities in order

to maintain cartilage homeostasis.

Therefore, mechanotransduction is impor-

tant in chondrocytes and is vital for their

role in cartilage function. Our results indi-

cate that chondrocytes might sense and

distinguish the different intensities of

repetitive mechanical stimulus by using

different mechanosensitive ion channels.

Specifically, TRPV4 is mainly responsible

for sensing physiologic levels of repetitive

CTS stimulus, while Piezo2 mainly con-

tributes to chondrocyte sensing noxious

levels of repetitive CTS loading. These

results provide a basis for further exami-

nation of mechanotransduction in cartilage

and raise the possibility of therapeutically

targeting Piezo2-mediated mechanotrans-

duction for the treatment of OA which is

induced by injurious and repetitive

mechanical stimulation.

ISSN 1535-3702 Experimental Biology and Medicine 2020; 245: 180–189

Copyright ! 2019 by the Society for Experimental Biology and Medicine

https://orcid.org/0000-0001-7069-937X
mailto:chenweiyi@tyut.edu.cn
mailto:zhangquanyou@tyut.edu.cn


throughout life. Thus, the resulting mechanical signals acting
on chondrocytes represent critical regulators of tissue adap-
tation, structure, and function.4–6

However, the ion channels involved in chondrocyte
mechanotransduction pathways by which the cell senses
and responds to repetitive mechanical stimulation, such as
tensile strain, have not been unambiguously identified.
Notably, there are several candidates including transient
receptor potential vanilloid 4 (TRPV4), Piezo1, and Piezo2
channels in articular chondrocytes.7–9 The mechanosensitive
ion channels TRPV4 and Piezos are appreciably expressed
and active in articular chondrocytes.10,11 TRPV4 has been
linked to mechanotransduction processes in different cell
types as well as chondrocytes.9,12 Piezo1 and Piezo2 are trans-
membrane pore-forming cation channels that have recently
been identified as genuine mechanosensors in numerous
eukaryotic cell types and shown to be involved in numerous
physiological and pathophysiological processes.8,11,13 Recent
researches have indicated that TRPV4, Piezo1, and Piezo2 are
of functional importance in chondrocyte mechanotransduc-
tion.7,9,11,14While TRPV4 and Piezos channels have been asso-
ciated to transduction of biophysical stimulation, their roles in
transducing repetitive stimulations are not clear.

Ca2þ are recognized as an important second messenger
with crucial roles in many cellular processes and multiple
cell types, and chondrocytes are no exception.15–17

Numerous studies have shown that Ca2þ regulation is
vital for chondrocyte behavior and function to display an
adequate response to mechanical stimulation.18–20

Intracellular calcium ([Ca2þ]i) oscillation is among the ear-
liest and most fundamental molecular responses of chon-
drocytes to most physical stimuli.18,21 For example,
experiments performed with in situ chondrocytes using
fluorescent Ca2þ indicators showed that an increase in
[Ca2þ]i is one of the earliest events in the cascade induced
by cyclical compression of the cartilage explant.22

Therefore, understanding the roles of TRPV4 and
Piezo1/2 channels in chondrocytes in the mechanisms by
which repetitive mechanical stimulation of these cells can
be converted into cellular calcium signaling is a rational
path toward understanding cartilage mechanobiology
and associated diseases, particularly osteoarthritis (OA)
induced by repetitive mechanical factors. In this study,
we used different intensities of cyclic strain to simulate
the mechanical microenvironment that chondrocytes
encounter in the body and studied the roles of TRPV4,
Piezo1, and Piezo2 in Ca2þ signaling in response to repet-
itive mechanical stretch stimulation. Our results give
insight into the potential contributions of TRPV4 and
Piezos in transducing repetitive mechanical stimuli and
provide new targets for the prevention and treatment of
joint injuries and diseases induced by repetitive mechanical
forces.

Materials and methods

Cell isolation and culture

Primary chondrocytes were isolated from the full-depth
cartilage taken from the femoral heads, femoral condyles,

and tibial plateaux of six-day-old mice (Experimental
Animal Center, Shanxi Medical University, Taiyuan,
China) by sequential enzyme digestion with collagenase
D (Roche, Mannheim, Germany) as previously described.23

All experiments were performed according to protocols
approved by the Animal Ethics Committee of Shanxi
Medical University. The cell suspension was mixed thor-
oughly to disperse any cell aggregates, filtered through a
40-mm cell strainer (BD Falcon, USA), and then centrifuged
at 1500 rmp for 5min. The chondrocytes thus obtained were
washed twice with PBS, resuspended in DMEM containing
10% fetal calf serum (FCS, Sigma, St Louis, USA) and 1%
penicillin/streptomycin, and counted with a hemocytome-
ter. Chondrocytes which were plated on collagen I-coated
six-well BioFlexVR plates in passages 2–3 were used for
experiments, where the vast majority of them exhibited
the typical chondrocyte morphology, with a rounded or
polygonal shape (Figures S1 and S2).

Application of cyclic tensile strain

For the cell-tensile experiment, chondrocytes were seeded
onto collagen I-coated six-well BioFlexVR plates (Flexcell Int.
Corp., Hillsborough, NC, USA) at an initial density of
5� 104/well. After the cells reached 70 to 80% confluence,
the culture medium was replaced with DMEM containing
1% FCS. Cells were then subjected to CTS at various mag-
nitudes (3, 8, 13, or 18%) and frequency of 0.5Hz for 8 h
using a FlexcellVR Tension PlusTM FX-4000TM system
(Flexcell Int. Corp., Hillsborough, NC, USA) at 37�C in a
humidified incubator with an atmosphere containing 5%
CO2. Cells plated on BioFlexVR plates but not subjected to
stretch served as controls. Four different treatment regi-
mens were assigned: (i) non-stretched controls, (ii) cells
treated with CTS, (iii) TRPV4, Piezo1, or Piezo2 knockdown
(TRPV4-KD, Piezo1-KD, or Piezo2-KD) cells, (iv) TRPV4-
KD, Piezo1-KD, or Piezo2-KD cells treated with CTS.

Chondrocyte siRNA treatment

siRNAs against mouse TRPV4, Piezo1, Piezo2, and an
siRNAnegative control (NC)were designed and chemically
synthesized by Shanghai Sangon Biotechnology Co., Ltd
(Shanghai, China). The designed TRPV4-targeting siRNA
(si-TRPV4) sequences were 50-GCAACAUGCGUGA
AUUC AUTT-30 (sense) and 50-AUGAAUUCACGCAU
GUUG CTT-30 (antisense); the designed Piezo1-targeting
siRNA (si-Piezo1) sequences were 50-GCUGGUCUAU
UUGCUG UUUTT-30 (sense) and 50-AAACAGCAAAUA
GACCAG CTT-30 (antisense); the designed Piezo2-
targeting siRNA (si-Piezo2) sequences were 50-GCUCAG
AAAUGGUGUG CUATT-30 (sense) and 5’-UAGCAC
ACCAUUUCUGA GCTT-30 (antisense). Chondrocytes
plated in six-well BioFlexVR plates were transfected with
40 nM siRNAs by using Lipofectamine 2000 (Thermo
Scientific), according to the manufacturer’s instructions.
The expression of mRNA was measured by real-time PCR
after 48 h of cultivation, and protein expression levels were
assessed by Western blot analysis after 60 h of cultivation.
Repetitive mechanical stretch experiments were performed
after 48–60 h of cultivation.
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Real-time polymerase chain reaction (RT-PCR)

The procedure used for real-time polymerase chain reaction
(RT-PCR) was similar to that reported previously.24 Briefly,
total RNA was extracted by TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to manufacturer-
recommended procedures. One microgram of RNA was
converted to cDNAwith the PrimeScriptTM RT reagent Kit
(TaKaRa Biotechnology Co., Dalian, China) by gradient
PCR device (Eppendorf, Germany). Reverse transcription
was performed for 2min at 42�C, 15min at 37�C, and 5 s
at 85�C, followed by cooling to 4�C. Then, two microliters
of 30-fold-diluted cDNA products were amplified with
SYBRVR Premix Ex TaqTM II (TaKaRa Biotechnology Co.) by
the StepOnePlusTM RT-PCR System (Applied biosystems,
USA) using the following gene-specific primers (Table 1)
designed by Shanghai Sangon Biotechnology Co., Ltd
(Shanghai, China).

For quantification, all target mRNA expressions were
normalized to the expressed housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
RT-PCR conditions were as follows: 95�C for 30 s and
then 40 cycles at 95�C for 5 s, 60�C for 30 s, and 72�C for
1min, followed by 72�C for 10min. The relative quantity of
mRNA was calculated using the 2�DDCn method, in which
Cn is the threshold cycle. The resulting data were expressed
as a ratio to the control value denoted as one.

Western blot

For semiquantitative estimation of proteins synthesis,
Western blot analysis was used as described previously.25

Briefly, cells exposed to various regimens were lysed in ice-
cold RIPA buffer (Applygen Technologies Inc., Beijing,
China) containing PMSF protease inhibitor, and the concen-
trations of the extracted proteins were determined by a
BCA protein assay kit (Applygen Technologies Inc.,
Beijing, China). Equal amounts of protein (25mg) from
each sample were loaded into a 10% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE).
Protein samples were mixed with loading buffer (20% glyc-
erol, 10% 2-mercaptoethanol, 4% SDS, and 0.2mg/mL bro-
mophenol blue in 0.1mol/L Tris-HCl (pH 6.8)), boiled and
then separated by SDS-PAGE. The proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membrane
(Millipore, Billerica, MA). After blocking and washing,
membranes were incubated overnight at 4�C with rabbit
anti-Piezo1 antibody (1:1000 dilution; NBP1-78537, Novus
Biologicals, Littleton, CO, USA), rabbit anti-Piezo2 anti-
body (1:2000 dilution; NBP1-78624, Novus Biologicals,
Littleton, CO, USA), or rabbit anti-TRPV4 antibody
(1:2000 dilution; ACC-034, Alomone Labs, Jerusalem,
Israel). Monoclonal rabbit anti-a-tubulin antibody (1:1000
dilution; ab7291, Abcam, Cambridge, MA) was used to rep-
robe the same blots as an internal standard. Membranes
were then incubated with a 1:6000 dilution of goat anti-
rabbit IgG (ZB-2301, Zhongshan Biotechnology, Beijing,
China) for 2 h at room temperature. The membranes with
protein bands were visualized by enhanced chemilumines-
cence detection reagents (Applygen Technologies Inc.,
Beijing, China) and exposed to X-ray film. Finally, the

semiquantitative analysis of luminescent bands was carried
out with Image-Pro Plus 5.1 analysis software.

Ca21 imaging

Chondrocytes were plated on six-well BioFlexVR plates and
subjected to CTS for 8 h, then loaded with cells with the
fluorescent Ca2þ indicator Fluo-4 AM (5.12 mM for 30min;
Invitrogen). Ca2þ images were taken at 488 nm using laser
scanning confocal fluorescence microscope (FV1000,
Olympus, Japan) at 37�C and fluorescent images were
acquired every 3 s. The background fluorescence (baseline
value) was acquired for three cycles and used to normalize
the fluorescence of the whole experiment. Fluorescence
values were calculated and plotted according to the formu-
la DF/F0¼ (F�F0)/F0, where F0 is baseline fluorescence and
F is the fluorescence intensity at a determined time point.
Cellular Ca2þ responses rate and the amplitude and fre-
quency of [Ca2þ]i oscillations were chosen as characteristic
parameters of Ca2þ signaling evoked by repetitive CTS
stimulation in our experiment. Among them, the amplitude
and frequency of [Ca2þ]i oscillations were measured using
a custom written MATLAB program.

Statistical analysis

All results were presented as mean� standard deviation of
three independent experiments and statistically performed
by using SPSS v.19.0 software and one-way analysis of var-
iance (ANOVA) analysis. A P value< 0.05 was considered
to denote a statistically significant difference.

Results

Effect of CTS on TRPV4, Piezo1, and Piezo2 channel
expression

TRPV4 channel. The expression level of the TRPV4 chan-
nel in chondrocytes following exposure to CTS was moni-
tored at different intensities (Figure 1(a)). The ratios of
stretch to non-stretched control values of TRPV4 were
1.51� 0.09 at 3% strain level (P< 0.05), 1.32� 0.07 at 8%
strain level (P< 0.05), 1.15� 0.11 at 13% strain level
(P> 0.05), and 0.81� 0.06 at 18% strain level (P> 0.05),
respectively (Figure 1(b)). As depicted in Figure 1(b), CTS
significantly induced TRPV4 expression at a low strain
level of 3% and 8%, whereas no significant effects were

Table 1. Primers for the target gene.

Primer 50-30 sequence (forward; reverse)

TRPV4 For: TACGACCTGCTGCTTCTCAA

Rev: TCCTCATCTGTCACCTCACG

Piezo1 For: ATCCTGCTGTATGGGCTGAC

Rev: AAGGGTAGCGTGTGTGTTCC

Piezo2 For: CGCTCAGAAATGGTGTGCTA

Rev: AGATCAAGATGGGCAACAGG

GAPDH For: CACAATTTCCATCCCAGACC

Rev: GTGGGTGCAGCGAACTTTAT

TRPV4: transient receptor potential vanilloid 4; GAPDH: glycer-

aldehyde 3-phosphate dehydrogenase.
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observed at a high strain level 13% and 18% compared with
the unstretched control.

Piezo1 channel. The influence of CTS with different inten-
sities on TRPV4 expression in chondrocytes was investigat-
ed at the protein level (Figure 1(a)). The ratios of stretch to
non-stretched control values of Piezo1 were 0.86� 0.07 at
3% strain level (P> 0.05), 0.97� 0.07 at 8% strain level
(P> 0.05), 1.30� 0.11 at 13% strain level (P< 0.05), and
1.25� 0.08 at 18% strain level (P< 0.05), respectively
(Figure 1(c)). Figure 1(c) shows that CTS significantly
induced Piezo1 expression at a high strain level of 13%
and 18%, whereas no significant effects were observed at
a low strain level 3% and 8% compared with the
unstretched control.

Piezo2 channel. The Piezo2 channel protein level in chon-
drocytes following exposure to CTS was monitored at dif-
ferent intensities (Figure 1(a)). The ratios of stretch to non-
stretched control values of Piezo2 were 0.89� 0.04 at 3%
strain level (P> 0.05), 0.85� 0.04 at 8% strain level
(P> 0.05), 0.93� 0.10 at 13% strain level (P> 0.05), and
1.42� 0.12 at 18% strain level (P< 0.05), respectively

(Figure 1(d)). As shown in Figure 1(d), Piezo2 expression
was enhanced by CTS only at a high strain level of 18%,
whereas no significant changes were observed at a strain
level 3%, 8%, and 13% compared to unstretched cells.

Effects of CTS on [Ca21]i response

Chondrocytes were cultivated on six-well BioFlexVR plates,
and [Ca2þ]i changes in response to stretch stimulation at
different strain magnitudes were examined. Figure 2 illus-
trates the representative [Ca2þ]i oscillations occurring in
cells in six-well BioFlexVR plate samples. As shown in
Figure 2, the CTS stimulation had a significant effect on
the characteristics of [Ca2þ]i oscillation in chondrocytes,
dependent of applied strain magnitude. Furthermore,
[Ca2þ]i oscillation characteristics including peak ampli-
tude, oscillation frequency (peaks/min), and cellular Ca2þ

response rates (%) were quantified. As shown in Table 2,
together with increasing strain, the average cellular Ca2þ

response rates increased with increasing strain from 18.54
� 1.43 in 0% CTS, 18.97� 1.35 in 3% CTS, 20.86� 1.17 in
8% CTS, 22.88� 1.82 in 13% CTS, and 24.67� 2.01 in 18%
CTS, respectively. Obviously, CTS stimulation markedly
increased the average cellular Ca2þ response rates in a

Figure 1. Effect of CTS on TRPV4/Piezo1/Piezo2 protein levels in chondrocytes. (a) Expression of TRPV4/Piezo1/Piezo2 channels in articular chondrocytes following

exposure to CTS for 8 h. The fold change in the expression of (b) TRPV4/(c) Piezo1/(d) Piezo2 channels based on densitometric analysis of Western blot using Image-

Pro Plus by comparing to the housekeeping protein a-tubulin. Data are presented as the mean� standard deviation of three independent experiments. *P< 0.05,

stretched vs. non-stretched control.

TRPV4: transient receptor potential vanilloid 4; CTS: cyclic tensile strains.
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strain magnitude-dependent manner. Similarly, oscillation
peak [Ca2þ]i amplitude significantly increased with CTS
stimulation compared to non-stretched control (P< 0.05).
Moreover, the oscillation peak [Ca2þ]i amplitude increased
in a strain magnitude-dependent manner in chondrocytes.
Additionally, cells in 18%CTS group had significantly more
frequent oscillations compared to the non-stretched control
(P< 0.05). While the oscillation frequency of the 3%, 8%, or
13% CTS group was higher than that of the non-stretched
group, no statistical difference was observed.

siRNA knockdown of TRPV4, Piezo1, and Piezo2 in
chondrocytes

To better understand the roles of TRPV4, Piezo1, and Piezo2
in the responses to cell CTS stimulation, we knocked down
the TRPV4/Piezo1/Piezo2 expression in cultured primary
chondrocytes by using specific TRPV4/Piezo1/Piezo2
siRNAs, designated TRPV4-KD, Piezo1-KD, or Piezo2-KD
cells, respectively.

TRPV4-KD cells. This intervention reduced TRPV4
mRNA levels by �71%, whereas treatment with control
siRNA did not (Figure 3(a)). Western blotting analyses
revealed that TRPV4 siRNA treatment also suppressed
TRPV4 protein expression, respectively (Figure 3(d)).
Specifically, Figure 3(g) shows the transfection of TRPV4
specific siRNA resulted in �62% knockdown of TRPV4
protein.

Piezo1-KD cells. This intervention reduced Piezo1 mRNA
levels by �68%, whereas treatment with control siRNA did
not (Figure 3(b)). Western blotting analyses revealed that
Piezo1 siRNA treatment also suppressed Piezo1 protein
expression, respectively (Figure 3(e)). Specifically,
Figure 3(h) shows that the transfection of Piezo1-specific
siRNA resulted in �56% knockdown of Piezo1 protein.

Piezo2-KD cells. This intervention reduced Piezo2 mRNA
levels by �58%, whereas treatment with control siRNA did
not (Figure 3(c)). Western blotting analyses revealed that

Piezo2 siRNA treatment also suppressed Piezo2 protein
expression, respectively (Figure 3(f)). Specifically, Figure 3
(i) shows that the transfection of Piezo2-specific siRNA
resulted in �49% knockdown of Piezo2 protein.

Effects of TRPV4/Piezo1/Piezo2 knockdown on [Ca21]i
response evoked by CTS stimulation

To explore the functional roles of TRPV4, Piezo1, and Piezo2
channels, we evaluated the stretch-evoked changes in
[Ca2þ]i response in control cells, TRPV4-KD cells, Piezo1-
KD cells, and Piezo2-KD cells with four different intensities
of repetitive mechanical stimulus (3%, 8%, 13%, and 18%
CTS). At 3% CTS, the stretch-evoked [Ca2þ]i response was
significantly suppressed in TRPV4-KD cells compared with
control cells (Figure 4(a)). For example, the average [Ca2þ]i
response rates, amplitude and frequency in response to 3%
CTS stimulation showed decrease in TRPV4-KD cells rela-
tive to control group by 38%, 55%, and 20%, respectively
(P< 0.05; Table 3). However, no significant change in
[Ca2þ]i response was observed in either the Piezo1-KD or
Piezo2-KD group relative to control group (Table 3).
Notably, the same result also occured at 8% CTS (Figure 4
(b) and Table 4). In contrast, at 13% CTS, the stretch-evoked
[Ca2þ]i responses in Piezo1-KD cells and Piezo2-KD cells
were significantly lower than that in control cells, but the
[Ca2þ]i response in TRPV4-KD cells was not significantly
different from that in control cells (Figure 4(c) and Table 5).
More specifically, the average [Ca2þ]i response rates, ampli-
tude and frequency in response to 13% CTS stimulation
showed decrease in Piezo1-KD cells and Piezo2-KD cells
compared to control cells by 28% and 30%, 62% and 53%,
and 20% and 24%, respectively (P< 0.05; Table 5). At 18%
CTS, the stretch-evoked [Ca2þ]i response was significantly
reduced in Piezo2-KD cells relative to control cells, but the
[Ca2þ]i response in TRPV4-KD or Piezo1 cells was not sig-
nificantly different from that in control cells (Figure 4(d) and
Table 6). Data in Table 6 show that the average [Ca2þ]i
response rates, oscillation amplitude, and frequency in
response to 18% CTS stimulation showed a decrease in
Piezo2-KD cells relative to control group by 35%, 59%, and
30%, respectively (P< 0.05).

[Ca2þ]i oscillations in control, TRPV4-KD, Piezo1-KD,
and Piezo2-KD cells were also presented to study the
effects of TRPV4, Piezo1, or Piezo2 knockdown on sponta-
neous [Ca2þ]i oscillation in chondrocyte (Table S1). The
data in Table S1 show that knockdown of any of the three
channels could weaken the [Ca2þ]i oscillation. Only a rela-
tively small change in [Ca2þ]i oscillation before and after
knockdown of any of the three channels was observed. In
sharp contrast, TRPV4, Piezo1, or Piezo2 knockdown could
significantly reduce some specific mechanical stretch-
evoked [Ca2þ]i response (Tables 3 to 6).

Discussion

The objective of this study was to investigate the roles of
TRPV4, Piezo1, and Piezo2 in transducing different inten-
sities of repetitive mechanical stimulus (Physiologic and
Injurious levels of strain) in chondrocytes. For this purpose,
different intensities of CTS were used to simulate the

Figure 2. Representative [Ca2þ]i oscillation profiles response to CTS stimulation

in chondrocytes at different strain magnitudes (3%, 8%, 13%, and 18%). CTS:

cyclic tensile strains. (A color version of this figure is available in the online

journal.)
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load-induced stimuli that chondrocytes encounter in the
body, and the potential contributions of TRPV4, Piezo1,
and Piezo2 in the repetitive mechanical stretch-induced
[Ca2þ]i response in chondrocytes were explored. Findings
from this work showed, firstly, that TRPV4, Piezo1, and
Piezo2 expression in response to CTS showed significant
differences, which depend on the strain magnitudes of
CTS stimulation. Specifically, TRPV4, Piezo1, and Piezo2
expression reached its highest level at 3%, 13%, and 18%
CTS, respectively (Figure 1). Secondly, repetitive CTS stim-
ulation evoked [Ca2þ]i response in a strain magnitude-
dependent manner in chondrocytes (Figure 2 and Table
2). Lastly, and most importantly, TRPV4 contributed to

the 3% and 8% CTS-induced [Ca2þ]i responses in chondro-
cytes; both Piezo1 and Piezo2 contributed to the 13% CTS-
induced [Ca2þ]i response in chondrocytes, while Piezo2
contributed to the 18% CTS-induced [Ca2þ]i response in
chondrocytes (Figure 5). These findings indicate that there
is an overlap in the sensing ranges of Piezo1 and Piezo2, or
in addition, this overlap phenomenon may disappear at
ranges that were not tested in our experiment. Overall,
TRPV4-mediated calcium signals were shown to respond
to low magnitudes of repetitive CTS stimulus, while Piezo2
regulated the chondrocyte calcium response to high mag-
nitudes of repetitive CTS loading. One of the earliest
responses of chondrocytes to mechanical stimuli is [Ca2þ]i

Table 2. Average properties of [Ca2þ]i oscillation for chondrocytes stimulated with CTS stimulation at different strain magnitudes (mean� standard

deviation).

0% CTS (n5 38) 3% CTS (n541) 8% CTS (n539) 13% CTS (n535) 18% CTS (n5 43)

[Ca2þ]i response rates (%) 18.54� 1.43 18.97� 1.35 20.86� 1.17 22.88� 1.82 24.67� 2.01

Amplitude 3.81� 0.25 4.43� 0.31 6.82� 0.44 8.05� 0.51 9.85� 0.48

Frequency (Peaks/min) 0.18� 0.01 0.19� 0.01 0.20� 0.01 0.20� 0.01 0.21� 0.01

Note: Data were collected from n¼ 38 cells, n¼ 41 cells, n¼ 39 cells, n¼ 35 cells, and n¼ 43 cells for 3%, 8%, 13%, and 18% strain magnitude, respectively. Data

are represented as the mean� standard deviation of three independent experiments.

CTS: cyclic tensile strains.

Figure 3. Quantitative analysis of (a) TRPV4/(b) Piezo1/(c) Piezo2 mRNA levels by real-time PCR in untreated cells (naive) and cells treated with control siRNA or

TRPV4/Piezo1/Piezo2 siRNA, respectively. Representative Western blot image for (d) TRPV4/(e) Piezo1/(f) Piezo2 channel protein expression. Quantitative analysis

based on densitometry using Image-Pro Plus by comparing to the housekeeping protein a-tubulin showing the specific knockdown of the expression of (g) TRPV4/(h)

Piezo1/(i) Piezo2. Data are presented as percentage of naive cells and the mean� standard deviation of three independent experiments. *P< 0.05, TRPV4, Piezo1, or

Piezo2 siRNA vs. control siRNA.

NS: non-significant; TRPV4: transient receptor potential vanilloid 4.
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oscillation.18,26 Our results provide useful information to
the field of chondrocyte mechanobiology because Ca2þ sig-
naling induced by stretch stimulation has been known to
promote both cartilage cell health and death; the channels

involved remain elusive. Taking the results together, the
chondrocytes might sense and distinguish the different
intensities of repetitive mechanical stimulus by different
mechanosensitive ion channels.

Figure 4. [Ca2þ]i oscillation evoked by CTS stimulation at different strain magnitudes of (a) 3%, (b) 8%, (c) 13%, or (d) 18% in control siRNA-treated chondrocytes

(control), TRPV4-KD cells (TRPV4-KD), Piezo1-KD cells (Piezo1-KD), and Piezo2-KD cells (Piezo2-KD). TRPV4: transient receptor potential vanilloid 4; CTS: cyclic

tensile strains; KD: knockdown. (A color version of this figure is available in the online journal.)

Table 3. [Ca2þ]i oscillation for Control, TRPV4-KD, Piezo1-KD, and Piezo2-KD stimulated with 3% CTS stimulation (mean� standard deviation).

3% CTS control

(n5 41)

3% CTS TRPV4-KD

(n5 36)

3% CTS Piezo1-KD

(n5 43)

3% CTS Piezo2-KD

(n539)

[Ca2þ]i response rates (%) 19.37� 1.64 12.02� 1.03 # 20.14� 1.71 19.59� 1.68

Amplitude 4.24� 0.33 1.91� 0.14 # 4.02� 0.29 3.95� 0.38

Frequency (Peaks/min) 0.20� 0.01 0.16� 0.01 # 0.19� 0.01 0.19� 0.02

Note: Cell numbers examined for [Ca2þ]i oscillation were 41 cells (control), 36 cells (TRPV4-KD), 43 cells (Piezo1-KD), and 39 cells (Piezo2-KD) for 3% CTS,

respectively. Data are represented as the mean� standard deviation of three independent experiments.

TRPV4: transient receptor potential vanilloid 4; CTS: cyclic tensile strains; KD: knockdown.

Table 4. [Ca2þ]i oscillation for control, TRPV4-KD, Piezo1-KD, and Piezo2-KD stimulated with 8% CTS stimulation (mean� standard deviation).

8% CTS control

(n5 47)

8% CTS TRPV4-KD

(n5 38)

8% CTS Piezo1-KD

(n5 41)

8% CTS Piezo2-KD

(n542)

[Ca2þ]i response rates (%) 20.12� 1.72 13.04� 1.16 # 21.45� 1.87 20.18� 1.99

Amplitude 7.07� 0.51 3.01� 0.27 # 6.64� 0.67 6.42� 0.59

Frequency (Peaks/min) 0.20� 0.01 0.17� 0.01 # 0.20� 0.02 0.19� 0.02

Note: Cell numbers examined for [Ca2þ]i oscillation were 47 cells (control), 38 cells (TRPV4-KD), 41 cells (Piezo1-KD), and 42 cells (Piezo2-KD) for 8% CTS,

respectively. Data are represented as the mean� standard deviation of three independent experiments.

TRPV4: transient receptor potential vanilloid 4; CTS: cyclic tensile strains; KD: knockdown.
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TRPV4 knockout mice were proved to have impaired
pressure and osmotic sensation as well as impaired stretch
sensitivity in the bladder wall.27–29 In addition, OA is more
likely to develop in mice lacking TRPV4, and moreover, the
risk of developing OA increases with age and high body
weight.30,31 Inhibition of TRPV4 impaired cyclical mechan-
ical loading-induced cartilage ECM secretion.7 Atomic
force microscope cantilever-induced Ca2þ transient was
significantly weakened in Piezo1- or Piezo2-KD porcine
articular chondrocytes.32 Additionally, the differences
between TRPV4 and Piezo1 channels were also observed
in mechanosensation in the urothelium, and the sensitivity
of Piezo1 to mechanical stretch stimulation was higher than
that of TRPV4 in the urothelium.33 Recent researches have
reported that Piezo2 plays a critical role not only in somato-
sensory mechanotransduction in response to injurious
stimulation but also in non-noxious tactile mechanotrans-
duction.32,34–36 Thus, it can be concluded that TRPV4 is
mainly responsible for sensing physiologic levels of repet-
itive CTS stimulus, while Piezo2 mainly contributes to
chondrocyte sensing noxious levels of repetitive CTS load-
ing, which is similar to previous reports for TRPV4 and
Piezo, respectively.32 Our findings provide strong support
for the previous hypothesis of the Lee W group reporting
that the anabolic response of chondrocytes to gentle

stimuli, is regulated by a TRPV4-based mechanism, and
the catabolic response of chondrocytes to injurious stimuli
is regulated by a Piezo-based mechanism, respectively.32

Mechanotransduction is important in chondrocytes and is
vital for their role in cartilage function and maintenance.4,6

Since high-intensity exercise is associated with an increase
in the risk of knee OA, thus, our results have significant
implications for mechanobiology of load-bearing articular
cartilage that are prone to injury and degeneration. It is
possible that inhibiting Piezo2 may prevent or delay the
development of OA which is induced by injurious and
repetitive mechanical factors. In addition, it is worth men-
tioning that a Piezo2 antagonist such as Grammostola spat-
ulata mechanotoxin-4 (GsMTx4) has been developed and
proved to have a very benign safety profile.37 A recent
report has found that GsMTx4 pre-treatment prevented
chondrocyte apoptosis following mechanical impact to car-
tilage.32 Although it is premature at this stage to describe
GsMTx4 as a drug for treating knee OA, our findings, that
Piezo2 mainly contributes to the injurious levels of repeti-
tive CTS-induced [Ca2þ]i response in chondrocytes, pro-
vide further support for the hypothesis that Piezo2
inhibition by drugs or molecular knockdown represent an
alternative approach for the treatment of OA which is
induced by injurious and repetitive mechanical
stimulation.

In fact, passaged chondrocytes may have undergone a
degree of dedifferentiation. The majority of cultured cells
did not show significant dedifferentiation in terms of mor-
phology in our study. This may be related to our special
cultivation environment (collagen type I-coated six-well
BioFlexVR plates). Culturing chondrocytes on collagen type
I-coated substrate could significantly inhibit chondrocyte
dedifferentiation and enhance preservation of the chondro-
cyte phenotype.38–40 It should be noted that a recent study
indicated that chondrocytes and dedifferentiated cells

Table 5. [Ca2þ]i oscillation for control, TRPV4-KD, Piezo1-KD, and Piezo2-KD stimulated with 13% CTS stimulation (mean� standard deviation).

13% CTS control

(n5 37)

13% CTS TRPV4-KD

(n540)

13% CTS Piezo1-KD

(n533)

13% CTS Piezo2-KD

(n534)

[Ca2þ]i response rates (%) 21.47� 1.82 20.85� 1.86 15.33� 1.22 # 14.96� 1.37 #
Amplitude 7.86� 0.66 7.69� 0.71 2.87� 0.24 # 3.63� 0.31 #
Frequency (Peaks/min) 0.20� 0.01 0.19� 0.01 0.16� 0.01 # 0.15� 0.01 #

Note: Cell numbers examined for [Ca2þ]i oscillation were 37 cells (control), 40 cells (TRPV4-KD), 33 cells (Piezo1-KD), and 34 cells (Piezo2-KD) for 13% CTS,

respectively. Data are represented as the mean� standard deviation of three independent experiments.

TRPV4: transient receptor potential vanilloid 4; CTS: cyclic tensile strains; KD: knockdown.

Table 6. [Ca2þ]i oscillation for control, TRPV4-KD, Piezo1-KD, and Piezo2-KD stimulated with 18% CTS stimulation (mean� standard deviation).

18% CTS control

(n5 37)

18% CTS TRPV4-KD

(n542)

18% CTS Piezo1-KD

(n545)

18% CTS Piezo2-KD

(n538)

[Ca2þ]i response rates (%) 23.55� 2.14 24.16� 2.37 24.03� 2.19 15.21� 1.28 #
Amplitude 10.06� 0.96 9.84� 0.87 9.35� 0.91 3.96� 0.34 #
Frequency (Peaks/min) 0.20� 0.02 0.21� 0.02 0.21� 0.02 0.14� 0.01 #

Note: Cell numbers examined for [Ca2þ]i oscillation were 37 cells (control), 42 cells (TRPV4-KD), 45 cells (Piezo1-KD), and 38 cells (Piezo2-KD) for 18% CTS,

respectively. Data are represented as the mean� standard deviation of three independent experiments.

TRPV4: transient receptor potential vanilloid 4; CTS: cyclic tensile strains; KD: knockdown.

Figure 5. TRPV4 and Piezo-mediated CTS induced [Ca2þ]i oscillation in chon-

drocyte. CTS: cyclic tensile strains. (A color version of this figure is available in

the online journal.)
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displayed distinct mechanosensitivity. Specifically, com-
pared with chondrocytes, dedifferentiated cells were
more sensitive to substrate deflections, and there was no
significant difference in tensile mechanical stimulation-
induced currents.41 As with the previous the findings in
the Servin-vences MR eLife 2017 paper, our research
showed that TRPV4 might be a more sensitive mechano-
sensor than Piezo for chondrocyte exposed to repetitive
CTS stimulus. However, we still need to continue to
study the potential mechanism of the difference in sensitiv-
ity of TRPV4 and Piezo.

The specific features of a repetitive mechanical stimulus
include not only the amplitude but also the frequency. In
addition, mechanosensitive cells are exposed to repetitive
mechanical stimulation that varies over a wide range of
frequencies.42,43 Lewis group examined how Piezo1 and
Piezo2 mechanosensitive ion channels in HEK293t cells
responded to repetitive mechanical stimulations by electro-
physiological recordings and found that Piezo1 and Piezo2
acted as pronounced frequency filters whose transduction
efficiencies vary with stimulus frequency.44 The mechanical
inputs experienced by Piezos in vivo are arguably more
complex and repetitive in nature.44 However, only the
amplitude of repetitive mechanical stimulus is currently
considered in our cell-tensile experiment. Our results give
an insight into the potential difference at the contributions
of TRPV4 and Piezos in transducing repetitive mechanical
stimuli with different stretch amplitudes. The chondrocyte
biological response depended on subtle changes of
mechanical stimulation characteristics such as frequency
and intensity.4 Therefore, we have every reason to believe
that TRPV4 and Piezos-mediated chondrocyte mechano-
transduction processes may also be related to the frequency
of repetitive mechanical stimulation. Therefore, in the
future study, we will jointly consider the load-induced
repetitive mechanical stretch stimulation in both the ampli-
tude and frequency for more realistic simulation of the
mechanical microenvironment of chondrocytes encounter
in the body.

In conclusion, in the present study conducted on
primary mouse articular chondrocytes, we show that
TRPV4 mainly mediates physiologic levels of repetitive
CTS stimulus-induced [Ca2þ]i responses and Piezo2
mainly mediates injurious levels of repetitive CTS
loading-induced [Ca2þ]i responses. Our findings have sig-
nificant implications for understanding how repetitive
mechanical forces in articular chondrocytes are coupled
to down-stream [Ca2þ]i responses and give insight into
the potential contributions of TRPV4 and Piezos in trans-
ducing repetitive mechanical stimuli.
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