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Chondrocyte lysates activate NLRP3
inflammasome-induced pyroptosis in synovial
fibroblasts to exacerbate knee synovitis

by downregulating caveolin-1

Xue Du'>*" Ruonan Liu'*", Zongrui Jiang'* Chengyun Zhang'#, Zhijian Yang'*, Shu Hu?*®"" and Zhigi Zhang'*'

Abstract

Background Synovitis, among the most common signs of early-stage osteoarthritis (OA), is mainly mediated by
fibroblast-like synoviocytes (FLSs). Cartilage destruction creates chondrocyte lysates (CLs) that activate synovial
inflammation. A comprehensive understanding of chondrocyte—FLS communication might offer novel, specific
therapeutic targets for treating synovitis and OA. Hence, we sought to uncover the specific role of CLs in OA-FLSs and
synovitis.

Methods Isolated CLs were cocultured with FLSs to test whether they could stimulate synovial inflammation. A
model of medial meniscus destabilization was prepared in C57BL/6 mice and NLRP3 knockout mice, and adeno-
associated virus overexpressing Caveolin-1 (CAV1) was intra-articularly injected for 8 weeks once a week after
dissection of the medial meniscus (DMM). Proteins expressed in FLSs with and without CL coculture were screened
using liquid chromatography-tandem mass spectrometry to identify CL-specific regulators of NLRP3 inflammasome-
mediated pyroptosis.

Results CLs were engulfed by FLSs, which aggravated inflammatory cytokine release and NLRP3 inflammasome-
mediated FLS pyroptosis. NLRP3 expression was significantly upregulated in human OA-FLSs and FLSs cocultured
with CLs, while CAV1 was downregulated. CAV1 overexpression reversed the inflammatory phenotype in FLSs and
simultaneously rescued pyroptosis in CL-pre-treated FLSs. Both synovial hyperplasia and inflammatory infiltration in
C57BL/6 mice with DMM surgery were alleviated after intra-articular AAV-CAV1 injection. Moreover, the CL-specific
protein LIM-containing lipoma preferred partner (LPP) markedly exacerbated FLS pyroptosis and inflammation.
Conclusions Cls were endocytosed by FLSs through CAV1, and the CL-specific protein LPP stimulated NLRP3

inflammasome-mediated pyroptosis and synovitis by inhibiting CAV1 expression. Our findings offer a novel
therapeutic target for treating synovitis.
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Introduction

Osteoarthritis (OA) is one of the most common ageing
and posttraumatic degenerative diseases and causes pain,
stiffness, deformity and eventual disability. Studies have
shown that over 22% of adults older than 40 years have
OA of the knee, and it is estimated that over 500 mil-
lion individuals are currently affected by OA worldwide
[1]. In recent years, OA has no longer been viewed as a
degenerative disease but rather as low-grade inflam-
mation that is driven in part by the innate immune sys-
tem. Innate immune cells recognise damage-associated
molecular patterns (DAMPs) to produce inflammatory
mediators and trigger inflammation [2]. In OA, the main
source of DAMDPs is cartilage matrix breakdown prod-
ucts, which are released into the synovial cavity and
stimulate the innate immune system in the synovium [3].
Synovitis often precedes OA and is considered a sign of
early OA. Therefore, to cure OA at an early stage, eluci-
dating the mechanism of low-grade inflammation in OA
is important.

In addition to several immune cells, such as macro-
phages, fibroblast-like synoviocytes (FLSs) are among
the predominant cell types in the synovium. Aberrant
hyperproliferation of FLSs results in synovial hyperplasia,
a common feature of synovitis. Hence, to cure synovitis
at an early stage, it is necessary to modulate the cellular
homeostasis of FLSs. FLSs secrete several inflammatory
mediators into the synovial fluid (SF). These mediators in
the SF activate the expression and production of metallo-
proteinases in chondrocytes, which can lead to a vicious
cycle [4]. As previously reported, DAMPs likely contrib-
ute to the pathological association of ageing with OA [5,
6]. DAMPs interact with pathogen-recognition recep-
tors (PRRs), such as Toll-like receptors (TLRs) and Nod-
like receptors (NLRs), and trigger the intracellular NLR
family pyrin domain containing 3 (NLRP3) inflamma-
some [7]. Previous studies have suggested that NLRP1/3
inflammasome-activated pyroptosis in FLSs plays an
important role in synovitis [8]. Upon activation, PRRs
polymerise and then recruit apoptosis-associated speck-
like protein containing a CARD (ASC) and caspase-1 to
assemble into inflammasomes, which in turn activate
caspase-1. Activated caspase-1 then cleaves precur-
sors of the proinflammatory cytokines IL-1p and IL-18
to promote their maturation and release; furthermore,
activated caspase-1 cleaves gasdermin D (GSDMD) to
release its active N-terminal fragment. This N-terminal
fragment of GSDMD perforates the cell membrane and
triggers lytic cell death, which is also known as pyropto-
sis [9-12]. In vivo knockdown of NLRP3 was shown to

alleviate synovitis and the OA phenotype in mice [13].
Although NLRP3 is considered an essential regulator of
synovitis, the specific mechanism upstream of NLRP3
activation in the OA synovium needs to be verified.

Recent studies have reported that novel chondrocyte
lysates (CLs) are associated with OA development [14—
16]. Cartilage injury and degeneration lyse chondrocytes
to form CLs that drift in the SF. Stimulation of either pri-
mary human synoviocytes or chondrocytes with soluble
fractions of the lysates resulted in significantly elevated
levels of expression of multiple genes encoding inflam-
matory and degradative mediators [14]. These specific
CLs induce NLRP3 inflammasome activation in joints
and may contribute to OA. However, relatively few
studies have reported the effects of CLs on the NLRP3
inflammasome in FLSs. Moreover, NLPR3 is a cytosolic
receptor, and understanding how CLs activate a receptor
in the cytoplasm is important. One of the most impor-
tant biological processes by which individual cells absorb
macromolecules or particles is endocytosis. Among
several molecules on the cell membrane that regulate
endocytosis is caveolin-1 (CAV1), an important scaffold
protein on the caveolae plasma membrane. It specifically
binds several signalling molecules through its scaffold-
ing domain and plays a vital role in lipid metabolism [17],
cholesterol transport [18], and signal transduction [19].
Many studies have shown that caveolin-1 is involved in
the caveolae-mediated transcytosis pathway, which is
also currently exploited to deliver biological macromol-
ecules and functionalized nanoparticles [20, 21]. The
CAV1 gene is involved in cellular activities, as it regulates
various signalling pathways (such as the PINK-1/Par-
kin, ERK and MAPK pathways) [22-24]. The transcrip-
tion of CAV1 is also involved in the proinflammatory
effect of DAMDP:s after tissue injury [25], and CAV1 may
also act as an upstream protein that regulates NLRP3-
mediated pyroptosis [26, 27]. CAV1 also contributes to
the pathogenesis of OA by mediating chondrocyte senes-
cence. Treatment of articular chondrocytes with IL-1B
and hydrogen peroxide upregulated the expression of
CAV1 and induced cellular senescence. Downregulation
of CAV1 expression with antisense oligonucleotides pre-
vented chondrocyte senescence induced by these stimuli
[28]. Therefore, we hypothesise that CAV1 may play a
role in regulating the phagocytosis of DAMPs by FLSs
and stimulating the NLRP3 inflammasome to promote
synovitis in OA.

In this study, we demonstrated the important role of
CLs in the inflammatory phenotype of FLSs and syno-
vitis, which are consumed by FLSs through endocytosis
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regulated by CAV1. Further studies indicated that CLs
suppressed the expression of CAV1, resulting in NLRP3
inflammasome activation in FLSs in vitro. In vivo overex-
pression of CAV1 alleviated synovitis in a DMM-induced
OA model. There are literature reports that the expres-
sion level of LIM-containing lipoma preferred partner
(LPP) can represent the grading changes of OA at differ-
ent stages and degrees of synovitis, as well as its interac-
tion at sites of focal adhesion in OAFLS [29]. Moreover,
LPP was identified as a CL-specific protein that activates
the NLRP3 inflammasome in FLSs. Thus, our study offers
potential therapeutic targets for synovitis treatment.

Materials and methods

FLS isolation and cell culture

OA-FLSs were isolated from OA patients (n=10) who
underwent total knee arthroplasty (TKA) at the First
Affiliated Hospital of Sun Yat-sen University. Corre-
sponding control FLSs were harvested from patients who
underwent arthroscopy with meniscus injury or anterior
cruciate ligament tear (ACLT) (n=10) and who displayed
no synovitis, cartilage injury or degeneration (Table S1).
The synovium was then digested overnight with 2 mg/
ml type I collagenase (Sigma). The cell supernatant was
filtered at 0.70 pm and cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with 10%
foetal bovine serum (FBS) under 5% CO, at 37 °C. FLSs
were then detached with 0.25% trypsin-EDTA after they
reached 70-80% confluency and added to new medium.

Chondrocyte cell lysate isolation

Cartilage was also harvested from OA patients under-
going TKA and digested overnight by collagenase P
(Roche). The chondrocytes were cultivated and pas-
saged to P1-P4. The chondrocytes were then detached
with 0.25% trypsin-EDTA, frozen (-80 °C or dry ice)
and thawed (4 °C) 4 times, and centrifuged at 4 °C at
12,000 rpm for 10 min. The supernatants were acquired
as CLs.

RNA extraction, reverse transcription, and gRT-PCR

Total RNA was extracted with TRIzol reagent, and
reverse transcription was performed by using EVO
M-MLV RTase according to the manufacturer’s protocols.
After reverse transcription, qRT-PCR was performed
via 2x SYBR Green Pro Taq HS premix according to the
manufacturer’s instructions. The expression of each gene
was calculated via normalization to the expression level
of the housekeeping gene GAPDH. The primers used are
listed in Table S2.

Western blot analysis
Total protein was extracted with radioimmunoprecipi-
tation assay (RIPA) buffer, and SDS-PAGE was used to
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separate the proteins. After SDS-PAGE, we transferred
the proteins to Immobilon-P membranes (0.45 or 0.22
um pore size; Millipore, Billerica, MA, USA). The mem-
branes were then blocked with skim milk and further
incubated with primary antibodies overnight at 4 °C.
After being rinsed with TBST, the membranes were incu-
bated with an HRP-conjugated secondary antibody at
room temperature for 1 h. The protein bands were visu-
alised and detected with a chemiluminescence imaging
system (Bio-Rad). Image] software was used to quantify
the intensity of the bands. The antibodies used were as
follows: GAPDH (1:1000 dilution, Proteintech), NLRP3
(1:1000 dilution, AdipoGen), caspase-1 (1:1000 dilu-
tion, AdipoGen), GSDMD (1:1000 dilution, CST), IL-
1/ (1:1000 dilution, CST), IL-18 (1:1000 dilution, CST),
TLR4 (1:1000 dilution, Abcam), caveolin-1 (1:1000 dilu-
tion, Abcam), ERK (1:2000 dilution, CST), p-ERK (1:1000
dilution, CST), vimentin (1:1000 dilution, CST), and
horseradish peroxidase (HRP)-conjugated secondary anti-
bodies (1:3000 dilution, CST).

Flow cytometry

Flow cytometry was used to evaluate the pyroptosis
rates of the FLSs with an Annexin V-FITC/PI Apoptosis
Detection Kit (MA0220). Specifically, the synoviocytes
were detached, washed with PBS and stained with 5 ul
of Annexin V-FITC and 10 pl of PL The cells that were
positive for Annexin V-FITC were considered pyroptotic
cells. Cytoflex software was used to quantify the pyrop-
tosis rate.

Immunofluorescence (IF) staining

The FLSs were fixed with 4% paraformaldehyde for
15 min and washed with PBS three times. The FLS nuclei
were further permeated with PBS containing 0.3% Triton
X-100 for 15 min. The cells were blocked with 5% BSA for
1 h and then incubated with the primary antibody over-
night, after which they were incubated with secondary
antibodies conjugated to goat anti-rabbit and anti-mouse
immunoglobulin G (IgG) (Alexa Fluor 555, 488; CST).
DAPI was used for nuclear staining. IF was observed via
confocal microscopy. The primary antibodies used are
listed in the Supplemental materials.

Cell proliferation assay

The cell culture conditions described above were also
used for the cell proliferation assay. For the Cell Count-
ing Kit-8 (CCK-8) assay, FLSs were seeded on 96-well
plates at a density of 4000 cells per well. CLs were added
after 24 h of incubation, and 10 u/ of CCK-8 reagent
(Beyotime, China) was added to each well after 48 h and
incubated at 37 °C for 2 h. The absorbance at 450 nm was
measured with a Varioskan LUX Multimode Microplate
Reader (Thermo Fisher Scientific, MA, USA).
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TUNEL staining

For the apoptosis assay, 1x10° cells/well were seeded
in 6-well plates and cultured at 37 °C and 5% CO, in a
humidified environment. The One Step TUNEL Apop-
tosis Assay Kit (Meilunbio) was used to detect apoptotic
cells. Nuclei were stained with DAPI (blue). Fluorescence
images were acquired with a fluorescence microscope
(DMi8, Leica).

Enzyme-linked immunosorbent assay

The level of IL-1f in the supernatants of cultured cells
following stimulation was detected via a Human IL-1B
ELISA Kit (Neobioscience, China) according to the man-
ufacturer’s instructions. The absorbance at 450 nm was
measured.

Transfection

siRNA against CAV1 and the corresponding negative
control oligonucleotides were obtained from RiboBio
(Guangzhou, China). When FLSs seeded into 6-well
plates reached 70—-80% confluence, they were transfected
with these oligonucleotides via Lipofectamine 3000
(Lipo3000; Invitrogen, United States) following the man-
ufacturer’s protocol. The sequence used was as follows:
siCAV1_001: CCACCTTCACTGTGACGAA.

Immunohistochemistry (IHC)

Paraffin-embedded sections were deparaffinised with
xylene and boiled for antigen retrieval. Then, they were
incubated with a hydrogen peroxide block for 10-15 min
to reduce nonspecific background staining caused by
endogenous peroxidase. The tissues were covered with
CAV1 and vimentin or NLRP3 and vimentin primary
antibodies (Abcam, 1:200) in working solutions and incu-
bated overnight at 4 °C. The next day, the sections were
incubated with an anti-rabbit or mouse IHC antibody
(Abcam, USA) for 30 min at room temperature. The tis-
sues were subsequently stained with haematoxylin and
DAB. Finally, they were mounted with a cover glass and
observed and photographed under a microscope.

Coimmunoprecipitation

Treated cells were lysed in lysis buffer for 40 min on ice.
The lysates were incubated overnight at 4 °C on a rotator
with 4 pg of polyclonal NLRP3 and mouse IgG antibod-
ies (Abcam, USA). Fifty microlitres of protein A/G beads
(Biolink, Shanghai, China) were transferred to the pro-
tein—antibody complexes, and the immunoprecipitates
were collected after 2 h of incubation. Finally, the immu-
noprecipitates were resuspended in lithium dodecyl sul-
fate (LDS) sample buffer and heated for 10-12 min at
70 °C for analysis by LDS polyacrylamide gel electropho-
resis. Equal concentrations of protein from the original
lysates were loaded onto the gels and subsequent western
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blotting (WB) with monoclonal antibodies against LPP
(CST, American), GAPDH, and NLRP3 was carried out.

Destabilization of the medial meniscus (DMM)-induced OA
model

Male wild-type (WT) C57BL/6] and NLRP3-/- mice
were housed under specific pathogen-free conditions and
used in experiments at 12 weeks of age. The mice were
provided a normal diet and given ad libitum access to
water. The mice were anaesthetised via isoflurane inhala-
tion before the operation. Anaesthesia was induced with
2-3% isoflurane, and 1.5—2% isoflurane was then used for
anaesthesia maintenance. Experimental knee OA (KOA)
was induced in the mice via transection of the medial
anterior meniscotibial ligament in the left knee as pre-
viously described, and sham surgery was used as a con-
trol. To exclude the osteoprotective effect of oestrogen
in female mice, male mice were selected for all experi-
ments. In brief, C57BL/6] and NLRP3-/- mice were ran-
domly divided into four groups (n=5/group): the sham
operation group, DMM group, 0eNC+DMM group
and 0eCAV1+DMM group. After 8 weeks (weight of
17+0.3 g), the mice were euthanised, and the knee joints
were harvested from the mice and further analysed by
HE, Safranin-fixed green dyeing and immunohistochemi-
cal analysis. We equated synovial thickening with synovi-
tis, The degree of synovitis was scored semiquantitatively
(0-3) [30].

Histological IF staining

To stain cryosections of the mouse knee joints, the sam-
ples were blocked with rat serum or 0.2% BSA and per-
meabilised with 0.1% saponin in PBS for 1 h at room
temperature. For the IF staining, the antibodies listed
in Supplementary Table 3 were used. Staining was per-
formed for 4 h at room temperature or overnight at 4 °C
using the indicated antibodies diluted in blocking solu-
tion. Unbound primary antibodies were washed off with
DPBS, and unlabelled primary antibodies were counter-
stained with goat anti-rabbit IgG or goat anti-mouse IgG
antibody in blocking solution for 4 h at room tempera-
ture and washed with DPBS. Joint sections were stained
with DAPI or SYTOX Blue by incubating the samples for
10 min (DAPI) or 1 h (SYTOX Blue) at room tempera-
ture. The samples were washed three times with DPBS
and once with water for injection and embedded onto a
coverslip with Dako Fluorescence Mounting Medium.

Analysis of electrophoretic bands via LC-MS/MS

LC-MS/MS was performed by BGI-Tech (Shenzhen,
China). Proteins were digested via trypsin (Pierce, US) at
a ratio of 1:50 (w/w, trypsin: protein) for 20 h at 37 °C.
The nano-LC-MS/MS experiments were performed on
an HPLC system composed of 2 LC-20AD nanoflow LC
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pumps, an aSIL-20 AC autosampler, and an LC-20AB
microflow LC pump (all Shimadzu, Tokyo, Japan) con-
nected to a Q-Exactive HF X mass spectrometer (Thermo
Fisher, San Jose, CA). The mass spectrometry data were
matched with data simulated by the Swiss-Prot/UniProt
database with Mascot 2.3.02 to obtain the protein results.
The Gene Ontology (GO), Clusters of Orthologous
Groups of proteins (COGs), and Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases were used for the
analysis.

Scanning electron microscopy

For high-magnification imaging of the histological joint
sections, a Leica TCS SP 5 II confocal microscope with
an acousto-optic tunable filter, an acousto-optic beam
splitter and a hybrid detector (HyD) on a DMI6000 CS
frame was used. Imaging of coverslip-embedded samples
was performed using an HCX PL APO 100x oil objective
with an NA of 1.44. Fluorescence signals were generated
via sequential scans, with tdTomato excitation using a
diode-pumped solid-state laser at 561 nm and detection
with a HyD at 600-650 nm. A second imaging sequence
for visualizing Alexa Fluor 488- or FITC-labelled staining
included the use of an argon laser at 488 nm for excita-
tion and a HyD detector at 500—-550 nm. The third imag-
ing sequence involved simultaneous excitation of SYTOX
Blue with a 458-nm argon laser and Alexa Fluor 647
staining with a 633-nm helium-neon laser. SYTOX Blue
was detected with a HyD detector at 470-520 nm, and
the Alexa Fluor signals were detected with a HyD detec-
tor at 650—700 nm. The generated images were deconvo-
luted with Huygens Professional and 3D-reconstructed
with Imaris software.

Statistical analysis

All the experiments were performed with three or more
biological replicates. All experiments were subjected to a
normal distribution test. For those that followed a normal
distribution, we used a t-test. For those that did not fol-
low a normal distribution, we performed the Mann Whit-
ney U test. The data are expressed as the mean + standard
deviation (SD). One-way analysis of variance (ANOVA)
and the Kruskal-Wallis test were carried out for com-
parisons among multiple groups. Data analysis was per-
formed via SPSS version 20 (IBM Corporation, Armonk,
NY, United States). Differences for which p<0.05 were
considered significant.

Results

NLRP3 inflammasome-mediated pyroptosis in OA-FLSs is
triggered by the endocytosis of chondrocyte lysates

To explore the role of NLRP3 inflammasome-induced
pyroptosis in synovitis and OA, we first examined the
expression level of NLRP3 in FLSs and the synovium.
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The mRNA and protein levels of NLRP3 were signifi-
cantly increased in synovial tissues collected from OA
patients (Figs. 1A, B; Figures S1A-C). NLRP3 expres-
sion was also increased in FLSs from OA synovial tis-
sues in vivo, as verified by double immunostaining for
NLRP3 and vimentin (a specific marker of fibroblasts)
(Fig. 1C). The immunohistochemical staining of NLRP3
in the synovium of patients with and without OA was
also consistent with previous results (Figure S2A). More-
over, we isolated FLSs from normal articular (NA) and
OA synovial tissue and discovered that the NLRP3 levels
were also elevated in OA-FLSs in vitro (Fig. 1D). These
findings suggest dramatically elevated NLRP3 levels and
enhanced subsequent pyroptosis in OA-FLSs compared
with those in normal FLSs.

Next, we sought to determine the effect of cartilage
CLs on FLS pyroptosis. We isolated primary chondro-
cytes, lysed them to form CLs and cocultured the CLs
with FLSs. Surprisingly, in addition to the NLRP3 level,
the mRNA levels of IL-1p, IL-18 and TNF-a, proinflam-
matory cytokines that are specifically secreted during
pyroptosis [31], were also elevated in FLSs upon CL pre-
treatment (Fig. 1E). Additionally, the protein levels of
IL-1pB, IL-18, and NLRP3 and the pyroptosis-related pro-
teins caspase-1 and GSDMD were significantly increased
(Fig. 1F). More importantly, to determine whether CLs
are internalised by FLSs, we coimmunostained CLs and
NLRP3 in FLSs. Confocal imaging of CLs labelled with
Cy5 revealed that CLs were phagocytised by FLSs and
that NLRP3 expression was upregulated in FLSs (Fig. 1G).
Moreover, we examined its effect on FLS homeostasis via
flow cytometry and TUNEL. IL-1p secreted by FLSs was
elevated after CL coculture (Fig. 2A). TUNEL staining
and flow cytometry revealed that the pyroptosis rate of
FLSs was significantly increased (Figs. 2B, C). Similarly,
the results of the CCK-8 assay revealed that CL cocul-
ture impaired FLS viability (Fig. 2D). The results from the
cell cycle analysis revealed that the proportion of FLSs
in the G2-M phase was prolonged, suggesting that the
FLSs pretreated with CLs experienced cell cycle arrest
(Fig. 2E). Moreover, we observed an extreme increase in
the level of perforation of the cellular membrane, a clas-
sic marker used to identify pyroptosis, compared with
that in FLSs without CL pretreatment by scanning elec-
tron microscopy (SEM) (Fig. 2F). Similar effects were
also observed in the Raw264.7 cell line, which is a classic
cell line that resembles macrophages, treated with CLs
(Figure S2C). In addition, transmission electron micros-
copy (TEM) revealed aberrant mitochondrial swelling in
FLSs (Figure S2B). Taken together, these results suggest
that CL engulfment by FLSs is closely related to NLRP3
inflammasome-induced pyroptosis and synovitis.
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Fig. 1 Chondrocyte lysates upregulate the expression of NLRP3 via endocytosis by FLSs. (A). Quantitative PCR analysis of NLRP3 in primary FLSs from
normal articular (NA) tissue and OA tissue (n=6). (B) WB analysis of NLRP3 in synovium obtained from individuals with NA and from patients with OA
(n=3).(C) Representative coimmunofluorescence images of NLRP3 (red fluorescence) and vimentin (green fluorescence), a marker of FLSs, in synovial tis-
sues harvested from NA and OA patients. A scale bar is presented in each image for precision. (D) Immunostaining of NLRP3 (green light) in primary FLSs
isolated from NA and OA patients. (E) gRT-PCR for NLRP3, IL-1(3, IL-18, TNF-a, TLR4 and MMP13 in FLSs with or without CL pretreatment. (F) WB analysis
of NLRP3, caspase-1, GSDMD, IL-1(3, and IL-18 in FLSs with and without CL stimulation. (G) Representative images of coimmunostaining for NLRP3 (green
fluorescence) and CLs (red fluorescence) in FLSs with and without CL pretreatment. All the data are presented as the means+SEMs. Paired t tests and
one-way analysis of variance (ANOVA) were used for statistical analysis. * p<0.05, ** p<0.01, ***p <0.001. FLSs, fibroblast-like synoviocytes; NA, normal
articular; OA, osteoarthritis

Relative protein expression

Chondrocyte lysate-stimulated FLSs regulate the
anabolism and catabolism of chondrocytes

We next sought to investigate whether chondrocytes
were affected by FLSs after CL coculture. We isolated pri-
mary chondrocytes from patients with OA. Then, FLSs

with or without CL treatment were cocultured with pri-
mary human chondrocytes for 24 h. qRT-PCR and WB
analysis confirmed that the expression of type II collagen
(COL2A1) was lower and that of MMP13 was greater
in chondrocytes cocultured with FLSs subjected to CL
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Fig. 2 Chondrocyte lysates promote the secretion of inflammatory cytokines by enhancing pyroptosis in FLSs. (A) ELISA of the protein levels of IL-13 in
the cell supernatants of primary FLSs with or without CL treatment. (B). Representative images of TUNEL-stained primary FLSs with or without CL treat-
ment and quantification of the percentage of TdT-positive cells (n=3). A scale bar is presented in each image for precision. (C). The pyroptotic rates of
FLSs with or without CL pretreatment were detected via flow cytometry via Annexin V-FITC/PI double staining and quantified via FACS analysis. (D). The
viability of FLSs with and without CL pretreatment was quantified via the CCK-8 assay. (E). The effect of CLs on the cell cycle of FLSs was detected by flow
cytometry and PI staining. (F). Representative SEM images focused on the perforation of the cellular membrane on FLSs with and without CL pretreat-
ment. All the data are presented as the means+ SEMs. Paired t tests and one-way analysis of variance (ANOVA) were used for statistical analysis. * p <0.05,
**p<0.01,**p<0.001. A scale bar is presented in each image for precision. FLSs, fibroblast-like synoviocytes;

treatment (Figures S3A, B). Hence, in turn, FLSs engulfed
CLs, which also promoted chondrocyte catabolism and
contributed to cartilage degeneration, indicating the cru-
cial roles of CLs and FLSs in OA.

Chondrocyte lysates downregulate the expression of CAV1
in FLSs via CAV1-dependent endocytosis during synovitis

After confirming that CLs are engulfed by FLSs via endo-
cytosis, thereby activating NLRP3 inflammasome-medi-
ated pyroptosis and aggravating cartilage degeneration,
we sought to explore how CLs are engulfed by FLSs. Pre-
vious studies have suggested that CAV1, a major compo-
nent of caveolae membranes, can regulate endocytosis in
multiple cell types. Hence, we hypothesised that CAV1
acts as an important mediator of FLS-mediated endocy-
tosis of CLs. First, qRT-PCR and WB analyses confirmed

that the expression of CAV1 was significantly downregu-
lated in FLSs treated with CLs (Figs. 3A, B). In addition,
the expression of CAV1 in patients with and without OA
was confirmed via qRT-PCR, WB and IF staining in vitro
and in vivo, and the results suggested that the expres-
sion of CAV1 was also suppressed in the synovium and
FLSs of patients with OA (Figures S4A-D). IF staining
further revealed that CLs were internalised by FLSs and
suppressed the expression of CAV1, suggesting that CLs
regulated the expression of CAV1 after being consumed
by FLSs (Fig. 3C). To prove that CLs were consumed by
FLSs via CAV1-regulated endocytosis, we constructed
a small-interfering RNA specific for CAV1 and trans-
fected it into FLSs. The effect of CAV1 knockdown by
siRNA was demonstrated via qRT-PCR (Figure S5).
Confocal SEM revealed increased enrichment of CLs in
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the cytoplasm of FLSs after CAV1 knockdown follow-
ing CL treatment (Fig. 3D). These results suggested that
the endocytosis of CLs by FLSs was regulated by CAV1
and that the expression of CAV1 was further suppressed
by CL treatment. Afterwards, we explored the potential
mechanism underlying this process. The suppression of
CAV1 was reported to be activated by ERK phosphoryla-
tion, and the TLR4 pathway might also regulate the level
of CAV1 [32, 33]. Hence, we aimed to determine whether
the ERK1/2 or TLR4 pathway regulates the expression of
CAV1 in FLSs treated with CLs. WB analysis indicated

p<0.001. FLSs, fibroblast-like synoviocytes; NA, normal articular; OA, osteoarthritis

that CL administration increased ERK1/2 phosphory-
lation (Fig. 3E). The protein level of Toll-like receptor 4
(TLR4) was also significantly increased in CL-stimulated
FLSs (Figure S6A). Moreover, hypaphorine, an estab-
lished inhibitor of ERK1/2 phosphorylation, rescued the
protein level of CAV1 under CL stimulation (Fig. 3F). We
also constructed siRNAs to knock down TLR4 and anal-
ysed the effects of siTLR4#002 on the expression of TLR4
and several pyroptotic markers (Figures S6 B, C). TLR4
knockdown in vitro after CL administration also upregu-
lated the expression of CAV1, which was accompanied by



Du et al. Arthritis Research & Therapy (2025) 27:104

the elevated expression of several pyroptotic markers (IL-
1B, IL-18, NLRP3, and TNF-a) and the downregulation
of MMP13. These results suggest that CL endocytosis by
FLSs is regulated by CAV1, while CLs inhibit the expres-
sion of CAV1 in FLSs via ERK phosphorylation and the
TLR4 pathway.

CAV1 regulates NLRP3 inflammasome-mediated
pyroptosis in FLSs

In addition to regulating CL endocytosis, we evaluated
the effect of CAV1 on NLRP3 inflammasome-mediated
pyroptosis in FLSs. We constructed a siRNA against
CAV1 and transfected it into FLSs. qRT-PCR revealed
that CAV1 knockdown significantly increased the expres-
sion levels of several inflammatory factors, such as IL-1p,
IL-18, TNF-a, NLRP3 and MMP13, in FLSs (Fig. 4A).
The protein levels of caspase-1 and NLRP3 were greater
after CAV1 knockdown (Fig. 4B). Under CL stimula-
tion, CAV1 inhibition contributed to increased levels of
pyroptosis (Fig. 4C). In vitro double immunostaining for
CAV1 and NLRP3 revealed that CAV1 inhibition pro-
foundly promoted NLRP3 expression with or without
CL administration (Fig. 4D). Flow cytometry further
confirmed that CAV1 silencing promoted pyroptosis in
FLSs (Fig. 4E). Moreover, CAV1 silencing enhanced the
inflammatory phenotype of FLSs, as confirmed by the
level of IL-1p secreted by FLSs as detected by ELISA
(Fig. 4F).

Furthermore, we constructed a plasmid encoding
CAV1 and transfected it into FLSs to evaluate the effect
of CAV1 on NLRP3 inflammasome-mediated pyropto-
sis. qRT-PCR indicated that CAV1 overexpression sup-
pressed the expression of IL-18, NLRP3 and MMP13
(Figure S7A). On the other hand, the expression levels of
IL-1B and TNF-a were elevated after CAV1 overexpres-
sion, but the extent of this upregulation was lower than
that in FLSs treated with CLs (Figure S7C). WB revealed
that CAV1 overexpression decreased the protein levels of
caspase-1 and NLRP3 (Figure S7B). IF staining of NLRP3
and CAV1 in vitro revealed that CLs promoted pyrop-
tosis in FLSs and that CAV1 rescued pyroptosis (Figure
S7D). Moreover, in contrast with CAV1 silencing, CAV1
overexpression alleviated pyroptosis and suppressed
IL-1p secretion in FLSs (Figures S7E, F). Taken together,
these results suggest that under CL treatment, CAV1
modulates NLRP3 inflammasome-mediated pyroptosis
and the inflammatory phenotype in FLSs.

CAV1 overexpression alleviates synovitis through NLRP3 in
mice with DMM-induced OA

To prove that CAV1 plays an important role in regulating
NLRP3 inflammasome-mediated pyroptosis in FLSs and
synovitis in vivo, we performed DMM surgery to estab-
lish OA models in WT and NLRP3 knockout (NLRP3-/-)
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mice. Moreover, intra-articular injection of AAV express-
ing CAV1 was performed once a week. Agarose gel elec-
trophoresis confirmed that NLRP3 in NLRP3-/- mice
marked 1,2,3,5,6,7,8,9,11, 12,13,15,17,18 and 19 had been
successfully deleted (Figure S8A), and IF staining again
confirmed that NLRP3 in NLRP3-/- mice had been suc-
cessfully deleted (Figure S8B). HE staining revealed
that AAV-CAV1 alleviated the synovial hyperplasia in
the DMM mice, and similarly, the NLRP3-/- mice also
presented a lower extent of synovial hyperplasia and
inflammation after DMM surgery than did the WT mice
(Fig. 5A). However, no significant change in the synovium
was observed between the NLRP3-/- DMM +0eCAV1
group and the NLRP3-/- DMM +0eNC group, indicat-
ing that CAV1 alleviates synovitis via NLRP3 inflam-
masome-mediated pyroptosis (Fig. 5A). The synovitis
scores of all the samples were quantified. Coimmuno-
fluorescence analysis of vimentin and CAV1 confirmed
that the AAV was successfully injected into the knee
joint and that CAV1 was overexpressed in FLSs residing
in the synovium (Figs. 5B, C). Consistently, the expres-
sion level of NLRP3 was significantly lower in the DMM
model mice treated with AAV-CAV1 than in the control
mice (Fig. 5D). Previous studies have reported that CAV1
promotes cartilage destruction by activating the MAPK
pathway, and our results suggest that CAV1 may play dif-
ferent roles in cartilage and the synovium. Hence, CAV1
rescued synovitis by modulating NLRP3 inflammasome-
mediated pyroptosis in mice.

LPP in CLs induces pyroptosis in FLSs by inhibiting CAV1
expression

CLs contain various proteins that might act as regulators
of homeostasis in the knee. However, the specific proteins
that connect CLs and pyroptosis in FLSs remain uncer-
tain. To identify the specific proteins that activate NLRP3
inflammasome-mediated pyroptosis in FLSs, mass spec-
trometry was performed to screen potential proteins
in CLs harvested from three patients with OA. Coim-
munoprecipitation (co-IP) was also carried out to iden-
tify NLRP3-binding proteins after FLSs were stimulated
with CLs. The proteins pulled down from NLRP3 were
also subjected to mass spectrometry. Afterwards, we
compared the results to determine the specific proteins
that were not only present in the CLs but also bound to
NLRP3 in the FLSs. Only LPP was identified as a poten-
tial regulator in CLs that might be transferred to FLSs
to activate NLRP3 inflammasome pyroptosis (Fig. 6A).
Co-IP confirmed that the level of LPP pulled from NLRP3
was significantly greater after CL stimulation (Fig. 6B).
On the basis of these results, we further evaluated
whether LPP regulated pyroptosis in FLSs. As expected,
the recombinant LPP protein markedly elevated the
expression levels of several inflammatory cytokines, such
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as IL-1pB, IL-18, TNF-a, MMP13 and NLRP3, but down-
regulated CAV1 expression (Fig. 6C). The WB results
were consistent with the qRT-PCR results in terms of
the levels of CAV1 and NLRP3 after incubation with LPP
(Fig. 6D). Flow cytometry also revealed a greater pyrop-
totic rate in FLSs treated with LPP than in the control
groups (Fig. 6E). Similarly, IF staining confirmed that the
recombinant LPP protein suppressed CAV1 expression

and upregulated NLRP3 expression in FLSs (Fig. 6F).
In conclusion, the CL-specific protein LPP promotes
NLRP3 inflammasome-mediated pyroptosis and synovi-
tis by inhibiting CAV1 expression in FLSs.



Du et al. Arthritis Research & Therapy (2025) 27:104

Sham

NLRP3*

0eNC I DMM

Page 11 of 15

oeCaveolinl t DMM 4

@

Synovitis score(0-3)

NLRP3-/-

Caveolin-1  Vimentin DAPI Merge Cavenlin-1

Sham

DMM

0eNC ' DMM

oeCavealin-1 DMM

Vimenlin DAPI

NLRP3

Vimenlin

Sham

DMM

weNCIDMM

oCaveolin-1-DMM

Fig. 5 CAV1 overexpression in FLSs alleviates synovitis in a DMM-induced OA model through the regulation of NLRP3 inflammasome-mediated py-
roptosis. (A). Representative images of HE-stained knee joints from C57BL/6J (wild-type) DMM mice and NLRP3 knockout DMM mice with or without
intra-articular injection of AAV-CAV1 (0eCAV1) and quantification of the synovitis score (n=5). (B). Representative images of coimmunofluorescence of
CAV1 (red fluorescence) and vimentin (green fluorescence) in knee joints from C57BL/6J (wild-type) DMM mice with or without intra-articular injection
of AAV-CAV1 (n=5). (C). Representative images of NLRP3 (red fluorescence) and vimentin (green fluorescence) in knee joints from C57BL/6J (wild-type)
DMM mice with or without intra-articular injection of AAV-CAV1 (n=5). (D). Representative images of coimmunofluorescence of CAV1 (red fluorescence)
and vimentin (green fluorescence) in the knee joints of NLRP3 knockout mice with or without intra-articular injection of AAV-CAV1 (n=5). All the data are
presented as the means + SEMs. Paired t tests and one-way analysis of variance (ANOVA) were used for statistical analysis. * p < 0.05,** p < 0.01, ***p < 0.001.
HE, haematoxylin—eosin; DMM, destabilization of the medial meniscus; AAV, adeno-associated virus. KO, knockout

Discussion

OA, which is characterised by cartilage destruction,
osteophyte formation, and synovial hyperplasia, is an
age-related or posttraumatic disease with very high mor-
bidity in the elderly population [34]. The synovium plays
an important role in maintaining joint homeostasis. Fur-
thermore, it contributes to degeneration of the joint in
OA by releasing inflammatory molecules [35, 36]. Our
research revealed that CLs can aggravate synovial inflam-
mation, indicating that they play an important role in
the pathogenesis of OA, which is consistent with previ-
ous research [37]. The NLRP3 inflammasome is involved
in the development of OA, leading to the degradation of
cartilage and synovial inflammation [38]. In this study,
we found that the expression of NLRP3 was significantly
lower in the synovium of normal controls than in that of

OA patients and that the expression of NLRP3 increased
after OA-FLSs were stimulated with CLs, which is con-
sistent with the findings of a previous study [39]. Some
studies have reported that CAV1 is highly expressed in
cartilage [28, 40], but there are few reports on CAV1 in
synovial cells. Our experiments revealed that, in con-
trast to that in cartilage, the expression of CAV1 in the
synovium of normal individuals was significantly higher
than that in OA patients, and the expression of CAV1 was
significantly lower after stimulation with CLs. CAV1 may
interact with the NLRP3 inflammasome to affect synovial
inflammation caused by CLs, according to our findings.
Therefore, clarifying the relevant mechanisms may pro-
vide potential targets for the treatment of early OA.
Recently, pyroptosis, a method of programmed cell
death, has been reported in multiple diseases. Pyroptosis
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is caused mainly by the activation of caspases, which cut
the junction between the N-terminal and C-terminal
domains of the GSDMD protein and release the N-termi-
nal domain, which has membrane-perforating activity at
the membrane phospholipid and destroys the cell mem-
brane to cause pyrosis, cell lysis and IL-1f release [41,
42]. In inflammatory diseases, this process can cause an
inflammatory cascade via further activation of resident
cells and recruitment of more inflammatory cells [43].
NLRP3 inflammasome-mediated synoviocyte pyroptosis
has been reported to be involved in the progression of
KOA [8, 44—46]. In this study, we found that NLRP3 was
highly expressed in human OA synovial tissue, where it
acts as a proinflammatory medium, and that when cas-
pase-1 and IL-1p were added after CLs, the IL-18 and

GSDMD levels were significantly increased, cell apop-
tosis was increased, and cell membrane perforation was
observed via SEM. Therefore, we showed that the NLRP3
inflammatory corpuscle is involved in the pathogenesis of
synovitis in OA patients.

In addition to its participation in the formation of
caveolae, CAV1 directly interacts with multiple signal-
ling proteins via its scaffolding domain to regulate their
activity. These proteins are important regulators of cell
transformation and growth [47]. Previous reports have
demonstrated that CAV1 overexpression results in cel-
lular senescence in chondrocytes, whereas a reduction in
CAV1 levels in senescent chondrocytes can modify the
ageing phenotype [48]. Our data revealed that the expres-
sion of CAV1 in OA patient synovium was significantly
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lower than that in normal control synovium and that the
expression of CAV1 in the OA synovium was reduced
after CL stimulation. The anti-inflammatory effects of
CAV1 are mediated by its binding and inactivation of
ERK1/2, PI3-K and PKA [49, 50]. This finding is in line
with our observations that ERK phosphorylation was
activated after the addition of CLs, and the expression
of CAV1 and NLRP3 increased after the addition of an
ERK inhibitor. As a result, we hypothesise that CAV1 can
regulate FLS pyrosis via the ERK pathway.

We found that in vitro silencing and overexpression
of CAV1 also affected NLRP3-mediated pyroptosis. A
decrease in CAV1 can activate the formation of NLRP3
inflammatory bodies, and an increase in CAV1 can
inhibit the death of synovial fibroblasts. CAV1 overex-
pression in vivo decreased the expression of NLRP3 in
synovial cells and inhibited the proliferation of cells in
the synovial membrane. However, after CAV1 was over-
expressed in cartilage, osteophyte hyperplasia and carti-
lage destruction increased.

These findings suggest that CAV1 regulates the pyrop-
tosis of CL-activated FSLs. We analysed CL-stimulated
FLSs via mass spectrometry and co-IP. The results
revealed that LPP was the only protein identified by
both methods. The LPP protein is a member of the zyxin
family of LIM domain proteins and is located at sites of
cell adhesion and cell-cell contact [51, 52]. In addition,
it interacts with a-actinin (ACTN1) to participate in
diverse cellular processes, such as cell adhesion, spread-
ing and migration [53]. LPP may partner with different
molecules, which reflects its various functions; therefore,
LPP may act as a potential oncogene or onco-suppressor
gene in different cancer cell lines [54]. The role of LPP in
arthritic joint tissue has rarely been reported. We used
the LPP protein to stimulate OA-FLSs and verified that
the effect of LPP was similar to that of CLs, as both could
stimulate OA-FLSs; therefore, we hypothesise that LPP is
the main substance in CLs that decreases CAV1 levels.

However, several limitations need to be addressed.
First, because it is difficult to obtain normal synovial
tissue from elderly individuals, we chose specimens
obtained from young arthroscopic patients (mostly
males and those suffering from sports-related injuries) as
the control NA; thus, this study has certain limitations.
Second, more in vivo studies are needed; for example,
whether the construction of CAV1 knockout mice or
the addition of the LPP protein to the synovium of mice
inhibits the development of OA in mice should be tested.
More importantly, more in-depth research is needed to
determine the potential mechanism by which CLs regu-
late pyroptosis. Only in this way can we treat synovitis
accurately and efficiently. Furthermore, more OA patients
with synovitis must be registered in a database to deter-
mine the relationship between CAV1 levels in cartilage
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and the synovium and OA prognosis. Moreover, overex-
pressing CAV1 in vivo might accelerate cartilage degen-
eration in vivo, which is consistent with the findings of
previous studies. These contradictory findings may be
due to the low precision of AAV injection, since all tis-
sues in the knee joints were transfected with AAV-CAV1.
Therefore, it is necessary to understand the underlying
mechanism and discover more precise targeted thera-
peutic strategies to address this issue; for example, CAV1
could be specifically overexpressed in FLSs. We also need
to investigate whether CAV1 expression at a threshold
level can affect the microenvironment of the entire joint.

Conclusion

In conclusion, our findings reveal a new mechanism by
which CLs exacerbate synovitis during cartilage injury or
degeneration. Specifically, CLs promote NLRP3 inflam-
masome-mediated pyroptosis in FLS via CAV1-regulated
endocytosis, with the LPP protein in CLs acting as a key
mediator. Our study highlights the importance of CLs in
promoting the exacerbation of synovitis, providing new
insights into the mechanisms by which cartilage injury or
degeneration can regulate synovitis and identifying thera-
peutic targets for the treatment of synovial inflammation.
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