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Research Highlights

TRPM2 was highly expressed in cartilage of patients with OA, post-traumatic OA mice, and
inflammatory chondrocytes.

® TRPM2 was essential for chondrocyte damage and murine OA progression.

® TRPM2 expression was upregulated in an NF-kB-p65-dependent manner.

® TRPM2 mediated pathologic feed-forward loop in chondrocytes via the Ca2+-cGAS-STING-
NF-«kB axis.

® Inhibition of TRPM2-Ca?* axis with BAPTA-AM protected against post-traumatic OA in mice.
This study may provide new insights into understanding the pathogenesis of OA in term of
TRPM2 mediated feed-forward loop in chondrocytes and suggest that TRPM2-Ca2+ axis may
be a novel therapeutic target for OA.
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* TRPM2-mediated feed-forward loop promotes chondrocyte damage in osteoarthritis via calcium-

cGAS-STING-NF-kB pathway

* Inhibiting TRPM2-Ca?" axis with BAPTA-AM may be a novel strategy for OA treatment.
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TRPM2-mediated feed-forward loop promotes chondrocyte damage in
osteoarthritis via calcium-cGAS-STING-NF-kB pathway.

Abstract

Introductions: Osteoarthritis (OA) is a significant contributor to disability in the
elderly population. However, current therapeutic options are limited. The transient
receptor potential melastatin 2 (TRPM2) is involved in a range of disease processes,
yet its role in OA remains unclear.

Objectives: To investigate the role of TRPM2 in OA.

Methods: Cartilage samples were collected from patients with osteoarthritis (OA) and
mice with OA to examine TRPM2 expression levels. To investigate the effects of
TRPM2 modulation on the destabilization of the medial meniscus (DMM) induced
knee OA in mice, we utilized TRPM2 knockout mice and employed adenovirus-
mediated overexpression of TRPM2. Furthermore, siRNA-mediated TRPM?2
knockdown or plasmid-mediated TRPM2 overexpression was conducted to explore the
role of TRPM2 in IL-1B-induced chondrocytes. The regulatory mechanism of IL-13 on
TRPM2 expression was screened by signaling pathway inhibitors, and the transcription
factors and binding sites of TRPM2 were predicted using the database. The binding of
RELA (NF-kB-p65) to the Trpm2 promoter was verified by chip-PCR and ChIP-qPCR.
The therapeutic potential of Ca?" chelation with BAPTA-AM for the treatment of
osteoarthritis (OA) was investigated.

Results: An increased expression of TRPM2 was observed in the cartilage of OA
patients and OA mice. Furthermore, mice deficient in Trpm2 exhibited a protective
effect against DMM-induced OA progression. In contrast, TRPM2 overexpression
resulted in exacerbation of DMM-induced OA and the promotion of an OA-like
phenotype of chondrocytes. TRPM2 was upregulated by IL-1B in an NF-kB-p65-
dependent manner. Subsequently, the TRPM2-Ca?"-mtDNA-cGAS-STING-NF-«kB
axis in the progression of OA was validated. Furthermore, inhibition of the TRPM2-
Ca?" axis with BAPTA-AM effectively attenuated established OA.

Conclusions: Our data collectively revealed a pathological feedback loop involving
TRPM2, Ca>", mtDNA, cGAS, STING, and NF-kB in OA chondrocytes. This suggests
that disrupting this loop could be a viable therapeutic approach for OA.

KEY WORDS: osteoarthritis; chondrocyte; TRPM2; calcium ions; NF-xB



Abbreviations:

OA: osteoarthritis; TRPM2: transient receptor potential melastatin 2; OARSI:
Osteoarthritis Research Society International; IL-1PB: interleukin-1f; DMM:
destabilization of the medial meniscus; PFUs: plaque-forming units; IF:
immunofluorescence; ADAMTSS: ADAM metallopeptidase with thrombospondin
type 1 motif 5; AdV: Adenoviruses; Ca?*: Calcium ion; CaCl,: calcium chloride; CCKS:
Cell counting kit-8; cGAS: Cyclic GMP-AMP Synthase; COL2A1: collagen type II
alpha 1 chain; CsA: Cyclosporin A; ECM: extracellular matrix; EdU: Ethynyl-2'-
deoxyuridine; H&E: hematoxylin-eosin; NF-kB: Nuclear factor kappa B; IHC:
immunohistochemistry; KEGG: Kyoto encyclopedia of genes and genomes; siRNA:
small interfering RNA; STING: stimulator of interferon genes; micro-CT: Micro-
computed tomography; MMP13: matrix metallopeptidase 13; ChIP: chromatin
immunoprecipitation; MMP3: matrix metallopeptidase 3; mtDNA: mitochondrial DNA;
NAC: N-Acetyl-l-cysteine; NC: Negative control; RNA-seq: RNA sequencing; iNOS:
inducible nitric oxide synthase; TFs: transcription factors; WT: wild type; COX2:
cyclooxygenase-2; Cytochrome c: Cyt C; BCL2-Associated X: Bax; B-cell lymphoma-
2: Bcl2;D-Loop2: Displacement loop 2; D-Loop3: Displacement loop3.

Introduction

Osteoarthritis (OA) is one of the most prevalent degenerative joint diseases!. The
precise molecular mechanism underlying OA pathogenesis remains largely unknown!.
Chondrocytes play a pivotal role in maintaining cartilage homeostasis and integrity?.
Damage and dysfunction of chondrocytes contribute to the initiation and progression
of OA3. Conducting in-depth research on the molecular mechanisms underlying
chondrocyte damage is essential for developing targeted therapeutic approaches.

Calcium ions (Ca®") have a role in cell signaling, hormone regulation, and cell growth*.
Loss of Ca?" homeostatic control, which can result from excessive channel stimulation
or cytosolic leakage, is a significant contributor to cell death’. The cytosolic overload
of Ca?* triggers mitochondrial permeability transition and cytochrome c release into the
cytosol, ultimately activating caspases and promoting apoptosis®. Previous studies have
demonstrated that excess cytosolic Ca?* contributes to chondrocyte damage and the
development of osteoarthritis (OA)”-3. Therefore, it is evident that the precise regulation
of Ca?" concentration in the chondrocyte is required for the prevention or protection
against OA.

Transient receptor potential melastatin 2 (TRPM2) is a non-selective Ca?*-permeable
cation channel that is gated by intracellular ADP-ribose (ADPR) %10, It is highly
sensitive to activate by oxidative stress-inducing stimuli’. Many studies have
demonstrated that the TRPM2 channel mediates intracellular Ca?" homeostasis and
oxidative stress, suggesting its significant contribution to degenerative diseases'!-!3.
Given the association between oxidative stress and Ca?" homeostasis with the
progression of OA”-14, it can be postulated that TRPM2 may play a role in this disease.



The study aims to investigate the potential role of TRPM2 in the pathogenesis of
osteoarthritis (OA). Our findings suggest that TRPM2 contributes to OA pathogenesis
through a Ca?*-associated pathway and that targeting the TRPM2-Ca®" axis may be an
effective OA therapy. To this end, we observed the TRPM2 expression in cartilage and
chondrocytes. Furthermore, we investigated the role of TRPM2 in OA using Trpm2
knockout mice and adenovirus tools. Moreover, we sought to elucidate the pathogenic
mechanism of TRPM2 and explore the potential therapeutic benefits of Ca?" chelation
for treating OA.

Materials and methods
Mouse chondrocyte

Primary chondrocytes were isolated from wild-type (WT) and 7Trpm2-KO C57BL/6J
mice (5-day-old). The cartilage of the knee joint was removed and ground. Next, trypsin
was used to digest the cartilage pieces for 30 minutes. After trypsin removal, type 2
collagenase (0.25%) was used to digest the cartilage tissues for 6h. Subsequently, the
type 2 collagenase was removed and the resuspended chondrocytes were cultured in a
chondrogenic medium (DMEM/F12 medium with 1% streptomycin sulfate, 1%
penicillin, and 10% FBS). The cells were maintained in an incubator under stable
conditions and appropriate humidity. The first- and second-generation chondrocytes
were utilized in our experiments.

Human cartilage samples

The OA group samples were collected from 12 OA patients following total knee
arthroplasty. The control group samples were collected from 4 amputees (non-OA
patients) and the unloading zone of 3 patients with slight knee OA (see Supplementary
Table 1-2). Before participation, all patients provided informed consent. The Ethics
Committee of Tongji Hospital approved the study (Ethics approval number: TJ-
IRB20210905).

Materials and reagents

Selleck Chemicals provided the following compounds: BAPTA-AM (S7534), RU521
(S6841), Cyclosporine A (S1514), H-151 (S6652), SP600125 (S1460), and LY294002
(S1105). DMSO (HY-Y0320) and QNZ (HY-13812) were procured from Med Chem
Express (MCE, USA). Mouse IL-1f was sourced from R&D Systems (401-ML-010/CF,
USA). CaClz (C4901) was obtained from the Solarbio Company (Beijing, China). Fetal
bovine serum (FBS-NZ500) was procured from NEWZERUM (New Zealand). The
trypsin, type 2 collagenase, streptomycin sulfate, penicillin, and DMEM/F12 medium
were sourced from BOSTER Biological Technology (Wuhan, China).

Ethynyl-2"-deoxyuridine (EdU) staining.



An EdU staining kit (Ribobio, China) was utilized to assess the impact of BAPTA-AM
at varying concentrations on the proliferation of chondrocytes. Initially, chondrocytes
were incubated with the EQU medium to incorporate EAU into the DNA. Subsequently,
the chondrocytes were fixed with paraformaldehyde for 30 minutes. Then, the
I1xApollo staining reaction solution was added and incubated for 30 minutes in a
decolorizing shaker. Finally, the chondrocytes were stained with a solution of Hoechst.
The images were obtained using a fluorescence microscope (Evosfl Auto, USA).

Cell counting kit-8 (CCK8) assay

The viability of chondrocytes was evaluated using a CCK-8 kit (Med Chem Express,
HY-K0301). Chondrocytes were treated with varying concentrations of BAPTA-AM.
Following treatment, the old media was removed and serum-free media containing
CCK-8 solution was added, and the cells were incubated in the dark for 1 h. The
absorbance was then measured at 450 nm.

TRPM? knockdown and overexpression in chondrocytes

Tsingke Biotech (Wuhan, China) provided qualified si-77pm2 and negative control
siRNA. The sequence used in our experiment was as follows: si-Trpm2 1#
CCAAGAUAAUCAUCGUGAATT; si-Trpm2 2#: GCACUCUGCAUACAAUCUAT
T; si-Trpm2 3#: GGAUUCCCGAGAAUAUCAATT. Chondrocytes were cultured and
transfected when they reached an appropriate density with 20 nmol siRNA using
Lipo3000 (Invitrogen, L.3000015). AuGCT DNA-SYN Biotechnology (Wuhan, China)
provided us with the qualified plasmid of Trpm2 and the negative control plasmid.
Chondrocytes were transfected with plasmid and Lipo3000 and P3000TM reagent
(Invitrogen, L3000015).

Intracellular Ca’* imaging

Fluo-4 AM (Beyotime Biotechnology, China) was utilized to quantify intracellular
calcium levels. Following the administration of the treatment, the media was removed
and the cells were washed with HBSS. HBSS-diluted Fluo-4 AM working fluid (2 pM)
was added and incubated at 37°C for 1 h. The cells were then washed with HBSS and
incubated with HBSS for 20 min. Finally, the images were obtained using a
fluorescence microscope (Evosfl auto, USA).

Detection of mtDNA in the cytosol

The mtDNA release assay was conducted following the previously described

methodology!>1¢. Chondrocytes were uniformly cultured (cell counting-based) in six

culture dishes and randomly allocated to three groups: Ctrl, IL-1p, and CaCl. group,

with two culture dishes in each group. Total DNA was extracted from the cells of one

cell dish from each group. Pure cytoplasmic components were obtained from the other
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cell dish. Subsequently, a QIAQuick Nucleotide Removal Column was employed to
obtain the DNA present in the cytoplasmic components. Quantitative PCR was utilized
to determine the nuclear DNA (Tert) and mitochondrial DNA (D-Loop2 and D-Loop3)
present in the total DNA and cytoplasmic DNA. The primer sequences are as follows:

Tert: F:5-CTAGCTCATGTGTCAAGACCCTCTT-3’, (R): 5’-
GCCAGCACGTTTCTCTCGTT-3’; D-loop2: (F): 5’>-CCCTTCCCCATTTGGTCT-3,
R: 5S’>-TGGTTTCACGGAGGATGG-3’; D-loop3: (F): 5’-

TCCTCCGTGAAACCAACAA-3’, (R): AGCGAGAAGAGGGGCATT-3’. The Ct
value for mtDNA abundance in the total DNA was employed as a normalization control
for comparing the changes in mtDNA levels in the cytoplasmic components.

JC-1 potentiometric staining

The mitochondrial membrane potential in chondrocytes was assessed using the JC-1
dye (Beyotime, China). The chondrocytes were treated with si-NC or si-7rpm2 for 48
hours, followed by the induction with IL-18 for 12 hours. Then, 500 ul of the JC-1 dye
working solution (5 uM) was added to each well of the 12-well plate and incubated for
30 minutes. The images were obtained using a fluorescence microscope (Evosfl Auto,
USA).

Mitochondrial ROS Detection

A Mito Sox Red assay kit from (Yeason, China), was employed to quantify the
mitochondrial ROS level in chondrocytes. In brief, chondrocytes were treated with si-
NC or si-Trpm?2 for 48 hours, followed by the induction with IL-1 for 12 hours. After
the treatment, cells were stained with the Mito Sox Red probe (5 uM) for 30 minutes.
Subsequently, the chondrocytes were washed with preheated HBSS three times. The
images were obtained using a fluorescence microscope (Evosfl Auto, USA).

In vitro Toluidine blue and Safranin O staining

Toluidine blue staining and Safranin O staining were employed to observe the
morphology of chondrocytes. In brief, chondrocytes were treated with IL-1, CaCl2,
and BAPTA-AM. Following treatment, chondrocytes were fixed with
paraformaldehyde, and then the toluidine blue (Servicebio, Wuhan, China) or Safranin
O solution (Servicebio, Wuhan) was added and allowed to incubate for one hour.
Subsequently, the cells were washed and images were obtained using a microscope
(Evosfl auto, Life Technologies, USA).

In vivo overexpression of TRPM?2 using Adenovirus

The adenoviral vectors carrying GFP and TRPM2 were designed by Vigene

Biosciences (Shandong, China). One week after the adaptive feeding in the animal

biosafety laboratory level 2 (ABSL-2) located within the Experimental Animal Center
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of Tongji Hospital, the mice underwent a DMM surgery or a sham operation. After a
week, 10 ul of Ad-TRPM2 (1 x 109 PFUs) or Ad-negative adenoviruses (1 x 109 PFUs)
were injected intra-articularly once weekly for 8 weeks!”. The knee joints were
collected for histological analyses after administering either Ad-TRPM2 or Ad-
negative adenoviruses for eight weeks.

Animal experiment

All animal experiment procedures were approved by the Ethics Committee of Tongji
Hospital (TJH-202212051). The wild-type (Trpm2+/+, C57BL/6 background) and
Trpm?2 knockout mice (7rpm2—/—, C57BL/6 background) were generated by Cyagen
Biosciences (Suzhou, China). The depletion of 7rpm2 was confirmed by DNA
genotyping using a standard polymerase chain reaction (PCR) assay (supplementary
Fig.1). Genotyping of Trpm2—/— mice was performed using the following primers:

primers1:(F):5’-TTGGTTAGGTGGTCCATTCATGC-3’, (R):5-
TGGTAAAATGAGCTTCATACCTCC -3, and primers2:(F):5’-
AAAGAATCAGGGAACCAGGAGTAA-3’, (R):5’-TGGTA

AAATGAGCTTCATACCTCC-3’. The sham operation or DMM model was
established in adult male 7rpm2-KO and WT mice. Eight weeks after the DMM surgery,
the OA phenotype was compared between four groups (Sham-WT, Trpm2-KO, WT +
DMM, Trpm2-KO + DMM). To investigate the effect of overexpression of TRPM2 in
vivo, fifty 8-week-old WT mice were divided into five groups: The groups were
designated as follows: Sham + AdV-GFP, Sham + AdV-TRPM2, DMM + AdV-GFP,
DMM + AdV-TRPM2, and DMM + AdV-TRPM2 + BAPTA-AM. To investigate the
in vivo therapeutic effect of BAPTA-AM, WT mice were divided into three groups:
The experimental groups were designated as follows: DMM, DMM + BAPTA-AM (1.5
ng/kg), and DMM + BAPTA-AM (15 pg/kg). A total of 10 upl BAPTA-AM or vehicle
solution was injected into the right knee joint once per week for 8 weeks. Following
this period, the knee joints were collected for histological analysis.

Western blot analysis

The 10% or 12.5% SDS-PAGE gels (Epizyme Biotech, PG112, PG213) were employed
to separate the chondrocyte total protein samples. The separated protein samples on the
gels were transferred to polyvinyl difluoride membranes (Millipore, USA).
Subsequently, the membranes were incubated in a blocking solution (Boster, AR0041)
for 20 minutes, after which they were probed with a series of antibodies. These included
TRPM2 (Novus Biologicals, NB110-81601; diluted at 1:1500), COL2A1 (CST,
#43306; dilution 1:1500), SOX9 (ab185966, Abcam, dilution 1:5000), P53 (Proteintech,
60283-2-Ig, dilution 1:1500), COX2 (Abcam, ab179800, 1:1500), GAPDH (CST,
#97166, 1:1500), B-ACTIN (CST, #4970, dilution 1:1500), and MMP3 (CST, #14351,
1:1500), MMP13 (Proteintech, 18165-1-AP, 1:1500), STING (Proteintech, 19851-1-
AP, 1:1500), NF-«xB p65 (Proteintech, 10745-1-AP), Phospho-NF-kB p65 (Proteintech,
82335-1-RR), IKKa (Abcam, ab3204, 1:1500), and cGAS (Proteintech, 29958-1-AP,
1:1500), Phospho-NF-kB p65 (Proteintech, 82335-1-RR1:1500), IKKa (Abcam,
ab3204, 1:1500), and cGAS (Proteintech, 29958-1-AP, 1:1500), ADAMTSS (Boster,
A02802-1,1: 1000), Cleaved-caspase 3 (Proteintech, 25128-1-AP, 1:500), iNOS (CST,
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#13120; 1: 1500), Cyt C (CST, #4272, 1:1000), Aggrecan (ABclonal, A8536, 1:1000),
Bax (CST, #2772, 1:1000), Bcl2 (CST, #15071, 1:1000), and all samples were
incubated overnight at 4°C. Subsequently, the PVDF membranes were incubated with
the HRP goat anti-mouse or anti-rabbit IgG secondary antibody (Boster, BA1050,
BA1054, 1:5000). The images were visualized using a Bio-Rad scanner (Bio-Rad,
Hercules, CA).

RT-gPCR

The total chondrocyte RNA was isolated and reverse-transcribed to cDNA. PCR was
performed using ¢cDNA for amplification with the SYBR Green Master Mix. The
amplification conditions utilized were those described in a previous article'®. The
sequences of the primers were as follows: Trpm2 (F) 5'-
ACAGCAACCATTCCCACTTCA-3’, (R) 5'- CCCTCCAACACCACGCAGA-3".
Col2al (F) 5'-CTGTGGAGGTCACTGTAGAC T-3', (R) 5'-
GAAGGGGATCTCGGGGTTG-3', Gapdh (F) 5'-AGGTTGTCTCCTG CGACTTCA-
3, (R) 5- GGGTGGTCCAGGGTTTCTTA-3. Cox2 (F) S5-TTCAACA
CACTCTATCACTGGC-3', (R) 5-AGAAGCGTTTGCGGTACTCAT-3', iNOS (F)
5'-GTTCTCAGCCCAACAATACAAGA-3', (R) 5'-GTGGACGGGTCGATGTCAC-
3, Mmp3, (F) 5'-ACATGGAGACTTTGTCCCTTTTG-3, (R) 5'-
TTGGCTGAGTGGTA GAGTCCC-3/, Mmpl3 (F) 5'-
CTTCTTCTTGTTGAGCTGGACTC-3', (R) 5-CTGT GGAGGTCACTGTAGACT-
3, Aggrecan (F) 5'-CCTGCTACTTCATCGACCCC-3', (R) 5'-
AGATGCTGTTGACTCGAACCT-3', Each cDNA sample was repeated at least three
times.

Immunofluorescence (IF) staining

Following the completion of the treatment regimen, the chondrocytes were fixed with
paraformaldehyde and permeabilized with 0.2% Triton X-100 (BioFroxx, 1139ML100).
After that, they were blocked with goat serum albumin (Boster, AR0009). The anti-
TRPM2 (Novus Biologicals, NB110-81601, 1:200), anti-COL2A1 (Abcam, ab239074,
1:200), anti-MMP13 (Abcam, ab39012, 1:200), and anti-STING (Abcam, ab239074,
1:200) antibodies were used in this study. Subsequently, the Anti-Rabbit or Anti-Mouse
IgG Secondary Antibody (Boster, BA1105, BA1031, 1:250) was employed to incubate
the cells. Cell nuclei were stained with DAPI (Boster, AR1177). The images were
obtained by fluorescence microscopy.

Chromatin immunoprecipitation (ChlP) assay

In brief, the DNA molecules were extracted from the chondrocytes using the ChIP assay
kit under the manufacturer’s instructions. The ChIP assay was performed using a ChIP
assay kit (Beyotime, P2078, China) as previously described!®. Then, a DNA
purification kit (Beyotime, D0033, China) was used to purify the DNA obtained in the
previous step. Subsequently, the samples were incubated overnight with the P65
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antibody (Proteinthch, 10745-1-AP) or normal rabbit IgG antibody on a rotary shaker
at 4 °C. The samples were then washed from the Protein A + G agarose beads and
subjected to ChIP-PCR. PCR amplifications were performed as previously described!®.
Primer 1: The forward (F) and reverse (R) primers used for PCR amplification were as
follows: F, 5'-ATCTTGGGCA TAATGTCCTT-3; R, 5'-
GAACTATCCATCCATAAAAAT-3; and F, 5'-TA
CTGGTTCTTTCTGTCTCCTCTGT-3"; R, 5-TACCCTCCTGCTAAAAGTCCCT-3".

Micro-computed tomography (micro-CT) analysis

A Viva CT 80 scanner (Scanco Medical AG, Switzerland) micro-CT was employed to
analyze the paraformaldehyde-fixed knee joints (100 kV, 98 pA, 10.5 um). The
osteophyte size and subchondral bone were analyzed according to the method
previously described in a study by the same authors'®. The images were acquired using
the Scanco Medical software.

Histological analyses

Following the sacrifice of the mice, the postoperative knee joints were collected and
subjected to fixation, decalcification, and paraffin embedding. Safranin O/Fast green
staining (Servicebio, G1053-100ML), immunohistochemical staining (Servicebio,
G1312-100T), and hematoxylin-eosin (H&E) (Servicebio, G1076-500ML) were
performed. The current study applied the Osteoarthritis Research Society International
(OARSI) scoring system to evaluate cartilage degeneration. The OARSI scores were
independently performed by two researchers, with the scoring criteria referenced to the
previously published study!8. Osteophyte size was scored according to the previously
published study!®. Synovitis assessment by H&E slides was conducted according to the
previously described criteria?®. Immunohistochemical staining was performed as
previously described?!. The expression of TRPM2, Aggrecan, MMP13, COL2AI,
COX2, ADAMTSS, and iNOS, was observed in the cartilage of the knee joint.

RNA-sequencing

For transcriptome RNA-seq analysis, total RNA was isolated from chondrocytes and
RNA sequencing was performed by the BGI Genomics Company (Shenzhen, China).
Data were analyzed on the Dr. Tom network platform of BGI.

Statistical analysis

The statistical software utilized was GraphPad Prism 8.0. The one-way analysis of
variance (ANOVA) followed by Tukey’s post hoc test was employed for multiple group
comparisons. At the same time, the unpaired two-tailed Student’s t-test was utilized to
compare continuous data between the two groups. For nonparametric data, the Mann-
Whitney U test was employed to assess differences in OARSI grade between two
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groups, while the Kruskal-Wallis test followed by Dunn’s post hoc test was utilized for
multiple group comparisons. Data are presented as the mean + SEM, and statistical
significance was defined as P < 0.05.

Results
TRPM?2 expression increased in OA

To identify potential pathologic genes involved in OA pathogenesis, RNA sequencing
was performed to analyze the transcriptome changes of IL-1pB-treated chondrocytes.
The volcano plot analysis revealed the differentially expressed genes between the two
groups, and the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis indicated
that the "calcium signaling pathway" was enriched (Fig. 1A, B). Furthermore, a heat
map analysis of the “calcium signaling pathway” revealed Trpm?2 as a significantly
differentially expressed gene between the two groups (Fig. 1C). To validate the
relationship between TRPM2 expression and OA, cartilage samples were collected
from OA patients and OA mice for examination. As shown in Fig. 1D and G, severe
cartilage degeneration and increased TRPM2 expression were observed in OA cartilage.
In DMM-induced OA mice (Fig. 1E, F), we also observed an increase in TRPM2-
positive chondrocytes compared to the sham group. Furthermore, we detected TRPM?2
expression in primary chondrocytes and found that pro-inflammatory factor IL-1[3
could induce notably increased mRNA and protein levels of TRPM2 (Fig. 1H-J).
Additionally, consistent results regarding TRPM2 expression were obtained through
immunofluorescence staining (Fig. 1K). These data collectively support the notion that
OA features the induction of TRPM?2 overexpression.
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200 pm for H&E staining and 100 pm for IHC staining). (F) Quantitative analysis of
TRPM2-positive chondrocytes in murine cartilage (n = 10). (G) Quantitative IHC
analysis of TRPM2-positive chondrocytes within the human cartilage (Ctrl, n = 7; OA,
n = 12). (H) RT-qPCR analyzed the mRNA levels of 7rpm2 in IL-1B-induced
chondrocytes. (I) The TRPM2 expression in IL-1B-induced chondrocytes and (J)
statistical protein expression analysis. (K) IF staining results of TRPM2 expression and
distribution in IL-1B-induced chondrocytes (linear scale: 20 um). Data are presented as
the mean = SEM, and p values are from two-tailed unpaired t-tests (F, G, H, J).

Global deletion of Trpm?2 alleviates DMM-induced OA

To investigate the role of TRPM2 in OA progression, we subjected 7rpm2—/—and WT
mice to DMM surgery. In contrast to the sham mice, the 7rpm2-KO mice exhibited
resistance to DMM-induced cartilage destruction, as evidenced by reduced
proteoglycan loss and cartilage erosion, as well as a lower OARSI score and increased
cartilage thickness (Fig. 2A-D). Consequently, the 77pm2-KO mice that underwent
DMM induction exhibited considerably elevated levels of anabolism (COL2A1 and
Aggrecan) (Fig. 2F, J), accompanied by reduced levels of catabolism (MMP13,
ADAMTSS) and inflammation (COX2, iNOS) in articular cartilage (Fig. 2F, K).

Osteophyte formation and synovitis are typical pathological features of OA%223. To
evaluate the changes in osteophytes and synovium in four groups, we conducted a study.
The Trpm2-KO mice subjected to DMM surgery exhibited a reduction in osteophyte
formation with a minor osteophyte outgrowth (Fig. 2E, H), and exhibited mild
inflammation in the synovium, with a lower synovitis score compared to DMM mice
(Fig. 2G, I). Collectively, these data indicate that 7rpm2 knockout alleviates DMM-
induced OA progression in mice.
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Figure 2 TRPM2 knockout could alleviate DMM-induced OA in mice. (A, B) Safranin
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IHC results and (J, K) quantitative analysis of Aggrecan, COL2A1, MMP13, COX2,
ADAMTSS, and iNOS (Sham group n = 6; Trpm2-KO group: n = §; other two groups:
n = 10; Linear scale = 100 pm). (G) H&E staining for synovium and (I) the quantitative
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Quantitation of maximum osteophyte outgrowth (Sham group n = 6; Trpm2-KO group:
n = §; other two groups: n = 10; Linear scale = 1 mm). Data are mean = SEM. p values
are from the Kruskal-Wallis test followed by Dunn’s post hoc test (C, I), and the one-
way ANOVA test followed by Tukey’s post hoc test (D, J, K).

TRPM? overexpression accelerated DMM-induced OA via Ca’*

To further verify the role of TRPM2 in OA, we performed an intra-articular injection
of AdV-TRPM2 to overexpress TRPM2 in the cartilage of DMM or sham surgery-
induced mice. Immunohistochemistry (IHC) results demonstrated that the number of
TRPM2-positive chondrocytes in cartilage was significantly increased in the AdV-
TRPM2 group compared to those in the AdV-GFP group (Fig. 3A, B). Notably,
TRPM2-overexpressed mice exhibited increased susceptibility to DMM-induced
cartilage degeneration, as evidenced by more severe cartilage degeneration and a higher
OARSI score (Fig. 3C-E) and decreased cartilage thickness (Supplementary Figure. 1G)
when compared to DMM mice. Given that TRPM2 is a non-selective Ca?"-permeable
cation channel, we investigated whether the effect of TRPM2 in OA is dependent on
Ca?". An intra-articular injection of the Ca?" chelator BAPTA-AM (15 pg/kg) was
administered, and it was found that Ca?" chelation could partially alleviate the
exacerbation of cartilage degeneration caused by overexpression of TRPM2 (Fig. 3C-
E, Supplementary Figure. 1G). Following the aforementioned observations, the
TRPM2-overexpressed mice following DMM induction displayed significantly higher
levels of catabolism (MMP13, ADAMTSS) and inflammation (COX2, iNOS), and
lower levels of anabolism (COL2A1 and Aggrecan) in cartilage. Conversely, chelation
of Ca?" largely reversed these changes (Fig. 3F, G). Furthermore, TRPM2
overexpression markedly accelerated osteophyte formation and synovitis in DMM mice,
as evidenced by increased outgrowth of osteophyte and lining cells in the synovium
(Fig. 3H-L). Notably, chelation of Ca?" counteracted these effects caused by TRPM2
overexpression. Collectively, our data suggest that TRPM2 overexpression in cartilage
exacerbates OA progression in mice, at least partially, via Ca®*.
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Figure 3 TRPM2 overexpression exacerbated OA phenotype in DMM-induced OA
mice. (A) IHC results and (B) quantitative analysis of TRPM2-positive chondrocytes
in sham-AdV-GFP and AdV-TRPM2 group mice (Linear scale = 100 um, n = 8). (C)
Safranin O/Fast green staining and (D) OARSI scoring and analysis of cartilage
degeneration (n = 10). (E) H&E staining results (Linear scale = 200 um). (F) IHC
results and (G) Aggrecan, COL2A1, MMP13, and COX2, ADAMTSS, iNOS-positive
chondrocytes analysis (Linear scale = 100 pm, n = 10). (H) 3D reconstruction and (I)
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the tibial plateau transverse sectional images, with white/black arrows indicating
osteophytes. (J) H&E images for synovium and (K) Quantitation of maximum
osteophyte outgrowth (Linear scale = 1 mm, n = 10). (L) the quantitative analysis of
synovitis scores, the black arrow indicates synovial lining cells (Linear scale =200 um,
n = 10). Data are mean = SEM. p values are from two-tailed unpaired t-test (B), the
Kruskal-Wallis test followed by Dunn’s post hoc test (D, L), and the one-way ANOVA
test followed by Tukey’s post hoc test (G, K).

TRPM? is essential for chondrocyte damage

To explore the functional role of TRPM2 in the articular chondrocytes, we isolated the
primary chondrocytes from WT and Trpm2~~ mice and subjected the chondrocytes to
IL-1B stimulation. We found that 7rpm2 deficiency significantly attenuated
chondrocyte damage, as evidenced by decreased expression of catabolism and
inflammation markers (Mmp 13, Mmp3, iNOS, and Cox2) and elevated expression of an
anabolism marker (Col2al, Aggrecan) following IL-1p treatment (Fig. 4A). To further
confirm these findings, we performed gain-and loss-of-function assays in primary
chondrocytes. the expression of TRPM2 was efficiently silenced or overexpressed by
the transfection of 7rpm2 siRNA or Trpm2-plasmid (Supplementary Figure. 1B-D). Of
note, both RT-qPCR and Western blot analyses demonstrated that chondrocyte
inflammation and ECM catabolism were alleviated in 77pm2 siRNA-transfected
chondrocytes exposed to IL-1p treatment (Fig. 4B-F). additionally, the knockdown of
Trpm2 repressed chondrocyte apoptosis following IL-1f induction, as evidenced by
reduced protein levels of apoptotic markers (cleaved-Caspase3 and P53) (Fig. 4G, H),
and (Bcl-2, Bax, Cyt C) (Supplementary Fig. 3A-B). IF staining also detected similar
results in chondrocytes (Fig. 41-L). Furthermore, we estimated the impact of TRPM2
overexpression on chondrocytes and found that the overexpression of TRPM2
increased mRNA levels of biomarkers associated with chondrocyte catabolism and
inflammation in IL-1B-induced chondrocytes (Fig. 4M and Supplementary Fig. 1E-F).
These data demonstrate that TRPM2 is essential for the damage of articular
chondrocytes.
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Figure 4 TRPM?2 is essential for chondrocyte damage. (A) After the IL-1 treatment
for 24 h, the mRNA expression of Col2al, Aggrecan, Mmp13, Mmp3, Cox2, and iNOS
in TRPM2-KO and WT chondrocytes was measured by RT-qPCR. (B) After the siRNA
(48 h) and IL-1P (12 h) treatment, the mRNA expression of Aggrecan, Col2al, Mmp13
Mmp3, Cox2, and iNOS, in primary chondrocytes was measured by RT-qPCR. (C)
After the siRNA (48 h) and IL-1 (12 h) treatment, the Western blot results of COL2A1,
ADAMTSS, MMP13, and MMP3 and (D) the semiquantitative expression analysis. (E)
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The WB results of iNOS, COX2, and (F) semiquantitative expression analysis. (G) The
WB results of P53 and cleaved-Caspase3 expression and (H) semiquantitative
expression analysis. (I, J) IF images of COL2A1 and MMP13. (K, L) The fluorescence
intensity analysis. (M) Chondrocytes were pretreated with overexpression-NC plasmid
or overexpression-TRPM?2 plasmid for 48 h, followed by IL-1p treatment for 12 h, and
the mRNA expression of Mmp3, Mmpl13, Cox2, and iNOS. Data are mean = SEM. p
values are from a one-way ANOVA test followed by Tukey’s post hoc test (A, B, D, F,
H, K, L, M).

TRPM? is upregulated in an NF-xB signaling-dependent manner

As demonstrated in the preceding results, the expression of TRPM2 was observed to be
upregulated in OA chondrocytes. To further investigate the potential mechanism behind
this, we employed three databases (the UCSC Genome Browser database, Signaling
Pathways Project (SPP)-ominer database, and Cistrome Toolkit Data Browser) to
predict the potential transcription factors (TFs) of Trpm2 (Fig. 5A). Given the well-
established role of NF-«xB in IL-1B-mediated cellular processes and OA pathogenesis?*,
We identified RELA (NF-kB-p65) as a promising transcription factor among the
candidates. Additionally, we utilized several inhibitors of classical signaling pathways,
which are largely associated with OA pathogenesis'®?>-27 (QNZ for NF-Kb signal,
LY294002 for PI3K-AKT signal, SP600125 for MAPK-JNK signal, and N-Acetyl-I-
cysteine (NAC) for reactive oxygen species signal) to screen for possible TFs. Notably,
only the NF-kB inhibitor, QNZ, was able to markedly reverse the upregulation of
TRPM2 induced by IL-1p at both the mRNA and protein levels (Fig. 5B, C), indicating
a potential role for NF-xB in mediating the transcription of 77pm2. Furthermore, the
JASPAR database was utilized to predict a potential binding motif, GGGAATTGTC,
which was then validated through a ChIP-PCR (Fig. 5D-F). The results demonstrated
that RELA can bind to the Trpm2 promoter at the predicted binding site 2 (344 bp to
335 bp from the upstream of the transcriptional start site) (Fig. 5SD—F). The
coimmunostaining for TRPM2 and p-P65 in articular cartilage from OA mice revealed
a greater degree of colocalization between TRPM2 and p-P65 in OA cartilage compared
to normal cartilage (Fig. 5G, H). These findings indicated that p-P65 may be an
upstream regulator of TRPM2. To validate this hypothesis, chondrocytes were treated
with QNZ, a classic inhibitor of NF-«kB. As anticipated, the inhibition of NF-kB
activation with QNZ resulted in a suppression of TRPM2, MMPI13, and COX2
expression, while reinstating the expression of COL2A1 (Fig. 51, J). Interestingly, the
overexpression of TRPM2 completely reversed the protective effects caused by QNZ
treatment (Fig. SK-N and Supplementary Fig. 5SA-B). These data collectively indicate
that TRPM2 is upregulated in an NF-kB signaling-dependent manner.
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Figure 5 The regulatory mechanism for TRPM2 expression. (A) Transcription factor,
RELA (P65), the UCSC Genome Browser database, Signaling Pathways Project (SPP)-
ominer database, and Cistrome Toolkit Data Browser were used to screen out.
Chondrocytes were treated with IL-1P (24 h) and several signaling pathway inhibitors:
QNZ (10 uM), SP600125 (10 uM), NAC (100 uM), and LY294002 (10 uM). (B) The
mRNA expression of Trpm?2 in chondrocytes. (C) The WB results of TRPM2 in
chondrocytes treated with signaling pathway inhibitors and IL-1p (24 h) are presented
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below. (D) The schematic of the predictive binding site of RELA at the promoter. (E)
The predicative binding motif of P65 in the promoter of 7rpm2 by using the JASPAR
database. (F) ChIP assay results. (G) Coimmunostaining for TRPM2 and p-P65 in
articular cartilage. (H) Colocalization ratio analysis between the sham and DMM group
(Linear scale = 200 um). (I) Chondrocytes were treated with QNZ for 1 h and IL-1
treatment for 24 h. WB results of TRPM2, COL2A1, COX2, and MMP13 and (J)
quantitative analysis. (K, L) Chondrocytes were treated with TRPM2 overexpression
or negative control plasmid for 48 h followed by QNZ and IL-1p treatment for 24 h.
The WB results of TRPM2, COL2A1, ADAMTSS, MMP13, and the quantitative
expression analysis. (M, N) The WB results of Aggrecan, COX2, iNOS, and the
quantitative expression analysis. The data are presented as mean = SEM. The p values
were derived from a one-way ANOVA test followed by Tukey’s post hoc test (B, J, L,
N) and a two-tailed unpaired t-test (H).

TRPM?2 mediates IL-1pB-induced intracellular Ca®" influx and initiates mtDNA-cGAS-
STING-NF-kB loop

Given that TRPM2 acts as a Ca?"-permeable channel®, we further investigated whether
IL-1p could cause Ca?" influx and Ca?" mediated the effects of TRPM2. We observed
that IL-1p treatment increased intracellular Ca®* concentration (Fig. 6A, B). To assess
the impact of excessive Ca?" on chondrocytes, we used calcium chloride (CaCl,) to
mimic the calcium overload environment in vitro. CaCl, treatment also increased the
intracellular concentration of Ca*' and caused ECM degradation (Fig. 6C, D and
Supplementary Figure. 4A). Interestingly, knockdown of TRPM?2 attenuated the IL-1[3
or CaCl,-induced Ca?" influx and damage in chondrocytes (Fig. 6A-G).

Cellular Ca’" has a significant role in maintaining mitochondrial function?®.
Mitochondrial DNA (mtDNA) release is one of the manifestations of impaired
mitochondrial function and could provoke inflammation via the cGAS-STING
pathway?%3%, Our findings indicate that both IL-1p and Ca?" can stimulate the cGAS-
STING pathway, releasing mtDNA (Fig. 6F-G and Supplementary Figure. 4B, C,
Supplementary Figure. 6A-C). Furthermore, stimulation of IL-1p resulted in a collapse
of the mitochondrial membrane potential and an increase in mitochondrial ROS, as
evidenced by JC-1 staining and MitoSOX Red dye staining (Fig. 6H-I). The results
indicate that the mtDNA-cGAS-STING axis may be involved in the detrimental effects
of excessive Ca’" in chondrocytes. TRPM2- knockdown could alleviate IL-1B or
CaCl2-induced mitochondrial membrane potential collapse, increase mitochondrial
ROS, and increase cGAS-STING pathway upregulation (Fig. 6F-G). To confirm the
role of the mtDNA-cGAS-STING axis in chondrocyte damage, we treated
chondrocytes with Cyclosporin A (CsA) (mtDNA inhibitor), RU.521 (cGAS inhibitor),
and H-151(STING inhibitor). It was observed that these inhibitors attenuated the
activation of the cGAS-STING pathway and improved the metabolism of chondrocytes
(Fig. 6J, K, N). Moreover, our results are consistent with previous observations®!'-32,

Recent studies have indicated that NF-«kB serves as a downstream effector of STING
and participates in the STING-mediated inflammatory response®. This finding
prompted us to investigate the existence of a positive feedback loop involving TRPM2-
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Ca?"-cGAS-STING-NF-kB in OA chondrocytes. Notably, TRPM2- knockdown could
repress NF-kB pathway activation, and inhibiting mtDNA-cGAS-STING axis had
similar inhibitory effects on the NF-«kB pathway (Fig. 6M, P, O). This indicates that the
TRPM2-Ca?*-cGAS-STING axis is essential for the activation of NF-xB. Since NF-xB
acted as an upstream TF for Trpm2, these data support the notion that the TRPM2-
calcium-cGAS-STING-NF-xB axis forms a pathological feedback loop in
chondrocytes.
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Figure 6 TRPM2 mediates IL-1B-induced intracellular Ca?" influx and initiates
mtDNA-cGAS-STING-NF-kB loop. (A, B) Fluo-4 AM staining of Ca?" in
chondrocytes and quantitative analysis of intracellular Ca?* levels. (C, D, E) After the
siRNA and CaCl, treatment, the Western blot results of the COL2A1, ADAMTSS,
MMP13, Clevaed-Caspase3, and quantitative expression analysis. (F, G) After the
siRNA and CaCl,, IL-1p treatment, the Western blot results of the cGAS, STING, and
quantitative expression analysis. (H) Examination of mitochondrial ROS by Mito SOX
Red and the fluorescence intensity analysis. (I) JC-1 staining results and the
fluorescence intensity analysis (Red/Green ratio). (Linear scale = 100 um). (J, K, L, M,
N) After the CsA, H151, RU.521, and IL-1B treatment, WB results of COL2A1,
MMP13, iNOS, cGAS, STING, and quantitative expression analysis. (O) IF staining of
p-P65. (P) After the siRNA and IL-1f treatment, the Western blot results of the p-P65,
P65, and p-IKKa/B, and quantitative expression analysis. Data are mean &= SEM. The p
values were derived from a one-way ANOVA test followed by Tukey’s post hoc test.

Chelation Ca®* with BAPTA-AM attenuated chondrocyte damage

Considering the central role of Ca?" in TRPM2-mediated chondrocyte damage, it is
hypothesized that chelation of Ca?>" may have a beneficial effect on reducing
chondrocyte damage. BAPTA-AM (a Ca?' chelator) was evaluated in vitro to
investigate this possibility. The molecular weight and chemical structure of BAPTA-
AM (Fig. 7A). The results demonstrated that at the concentration range of 1-10 uM,
BAPTA-AM exhibited no toxicity on chondrocyte viability (Fig. 7B) and BAPTA-AM
could significantly reduce CaCl,-induced Ca’* accumulation in chondrocytes (Fig. 7C,
D). In addition, Safranin staining and toluene blue staining showed that BAPTA-AM
treatment did not change the morphology of chondrocytes. At the same time, it could
ameliorate the morphological changes of chondrocytes induced by IL-1p or CaCl, (Fig.
7E). It was also found that BAPT-AM treatment improved IL-1B or CaCl,-related
damage in chondrocytes, as evidenced by restoration of chondrocyte proliferation (EdU
staining) (Fig. 7F-G) and reduction of inflammation (iNOS and COX2 expression),
apoptosis (P53 and Cleaved-Caspase3 expression), and impaired ECM metabolism
(COL2A1, MMP3, and MMP13 expression) (Fig. 7H-M). Collectively, these data
suggest that BAPT-AM could protect against chondrocyte damage.
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Figure 7 The effects of BAPTA-AM on chondrocytes. (A) BAPTA-AM chemical
structure and molecular weight. (B) Chondrocyte toxicity of BAPTA-AM at different
concentrations detected by CCKS. (C) Chondrocytes were treated with BAPTA-AM (5
uM) and CaCl, (5 uM). Representative fluorescence imaging of intracellular Ca**
measured by Fluo-4 AM (Linear scale = 50 pum) and (D) Fluorescence intensity analysis.
(E) Chondrocytes were treated with BAPTA-AM, IL-1p or CaCl,. Toluidine blue and
Safranin O staining (Linear scale = 200 pm). (F) BAPTA-AM treatment at different
concentrations. Proliferating chondrocytes were positively stained by EdU (Linear
scale =100 pum). (G) EdU-positive chondrocytes analysis. Chondrocytes were treated
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with BAPTA-AM and CaCl,. (H, 1, J) WB results of COL2A1, MMP13, cleaved-
Caspase3, and COX2 quantitative analysis of the expression. (K, L, M) After the
BAPTA-AM and IL-1P treatment, the WB results of COL2A1, MMP13, Cleaved
Caspase3, P53 iNOS, and COX2 quantitative analysis of the expression. Data are mean
+ SEM. The p-values were derived from two-tailed unpaired t-tests (B, G) and one-way
ANOVA tests, which were then subjected to Tukey’s post hoc tests (D, H, I, K, M).

Administration of BAPTA-AM attenuated DMM-induced OA

Based on the findings above, we sought to validate whether calcium chelation with
BAPTA-AM could protect against OA progression. Different doses of BAPTA-AM
(1.5 pg/kg and 15 pg/kg) were intra-articularly injected to achieve local administration.
One week after DMM surgery, BAPTA-AM or vehicle control was administered once
a week for a continuous period of 8 weeks. As depicted in Fig. 8A-C, strikingly
attenuated cartilage degeneration was detected in BAPTA-AM treated mice, as shown
by the safranin O/Fast and H&E staining and validated by a lower OARSI score and
increased cartilage thickness (Supplementary Figure. 5C) compared to the DMM mice.
Consistently, mice administered BAPTA-AM exhibited significant attenuation of
catabolism marker (MMP13, ADAMTSS) and inflammation marker (COX2, iNOS)
and improvement of anabolism markers (COL2A1 and Aggrecan) compared with the
DMM group (Fig. 8H, I). Additionally, the severity of osteophyte formation and
synovitis were reduced by BAPTA-AM treatment (Fig. 8D-G). Collectively, these
results demonstrate the therapeutic effects of BAPTA-AM on DMM-induced OA.
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Figure 8 BAPTA-AM administration alleviated DMM-induced OA. The mice were
divided into DMM, DMM + BAPTA-AM (1.5 pg/kg), and DMM + BAPTA-AM (15
ng/kg) groups. After a week of DMM surgery, 10 pl of BAPTA-AM solution or PBS
was intra-articularly injected weekly. Images of Safranin O/Fast green staining (A) and
(B) H&E staining (Linear scale = 200 pm). (C) The OARSI scores analysis for cartilage
degeneration (n = 10). (D) 3D reconstruction images and the tibial plateau transverse
sectional images (Linear scale = 1 mm). (E) Quantitation of maximum osteophyte
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outgrowth (n = 10). (F) H&E staining of synovium and (G) the quantitative analysis of
synovitis scores, the black arrow indicates synovial lining cells (Linear scale =200 um,
n = 10). (H) IHC images (Linear scale = 100 um) and (I) quantitative analysis of
Aggrecan, COL2A1, MMP13, COX2, ADAMTSS, and iNOS (n = 10). (J) The graphic
illustration of this study. Data are mean + SEM. p values are from the Kruskal-Wallis
test followed by Dunn’s post hoc test (C, I), and the one-way ANOVA test followed by
Tukey’s post hoc test (E, G).

Discussion

The chondrocyte is the sole cell type within articular cartilage, which is crucial in
maintaining cartilage homeostasis. When chondrocytes are damaged, they significantly
contribute to the progression of OA3%33, Consequently, it is essential to identify the
mechanisms that greatly influence the fate and function of chondrocytes. Our study
illustrates that TRPM2 acts as a bridge between inflammatory mediators and calcium
homeostasis in chondrocytes. Recent research has reported that HIF-1o promoted
TRPM2 gene expression via transcriptional regulation in TG neurons®®. NF-«B plays a
critical role in OA pathology3’. Our results indicated that IL-1p upregulates TRPM2 in
an NF-kB-dependent manner, facilitating TRPM2-mediated calcium influx. Excessive
intracellular calcium leads to mitochondrial dysfunction and the release of mtDNA,
which activates the cGAS-STING-NF-«kB signaling pathway, culminating in a positive
feedback loop. This cascade ultimately results in chondrocyte damage and cartilage
degeneration. Therefore, targeting the TRPM2-calcium axis may offer a novel
therapeutic avenue for OA (see Fig. 8J).

Calcium ions are indispensable in various cellular physiological processes. However,
unregulated accumulation of calcium can lead to several pathological conditions,
including oxidative stress, apoptosis, and inflammation3¥-4°, Numerous studies have
implicated excess intracellular Ca2+ in promoting chondrocyte damage associated with
OA development’*-42. Our findings corroborate these prior investigations by
demonstrating that TRPM2 serves as a calcium influx channel in chondrocytes, with its
upregulation contributing to chondrocyte dysfunction and apoptosis. Notably, PIEZO1
functions as a mechanosensitive channel, while TRPM?2 is sensitive to oxidative
stress*>44, Both mechanical and oxidative stress are recognized pathological factors in
OA®-4_ underscoring the critical roles of TRPM2 and PIEZO1 in OA pathogenesis.

Excessive calcium ions can act as pathological mediators, triggering multiple signaling
pathways and harmful processes °. One noteworthy example is activating the mtDNA-
cGAS-STING pathway by calcium ions, which can induce inflammation and innate
immunity?3°, Additionally, calcium ions can lead to mitochondrial dysfunction and
subsequent mitochondria-related apoptosis*’. Our study confirmed that calcium ions
can cause mitochondrial dysfunction and mtDNA release in chondrocytes, activating
the cGAS-STING-NF-kB pathway. Importantly, separately inhibiting TRPM2, Ca?", or
the cGAS-STING-NF-kB pathway can ameliorate these detrimental effects. These
results suggest the existence of a TRPM2-mediated pathological positive feedback loop,
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whereby inflammatory mediators induce increased expression of TRPM?2 via the NF-
kB signaling pathway. The subsequent upregulation of TRPM2 facilitates calcium
influx and activates the cGAS-STING-NF-xB signaling pathway, ultimately
exacerbating chondrocyte damage. TRPM2 has been reported in neurological diseases*,
inflammatory diseases*’, cardiovascular diseases>®, and cancer’!. The TRPM2-Ca?'-
cGAS-STING-NF-«B signaling axis may represent a novel pathological mechanism for
investigating these diseases.

In light of these findings, targeting the TRPM2-Ca?" axis presents a promising
therapeutic strategy for OA. However, a selective inhibitor for TRPM?2 is currently
lacking. In our investigation, we have preliminarily demonstrated the protective effects
of calcium chelation using BAPTA-AM in the DMM murine model. This represents an
initial step toward clinical application, and future studies should assess the efficacy and
safety of BAPTA-AM in larger animal models. Given the role of TRPM2 in various
inflammatory and degenerative diseases, including OA, there is a compelling need to
develop more selective inhibitors targeting TRPM2.

Conclusions

In summary, this study elucidates the dysregulation of TRPM2 during OA. Our
findings indicate that TRPM2 plays a significant role in the pathogenesis of OA in
murine models, with TRPM?2 knockout contributing to a delay in OA progression.
Furthermore, we identified a TRPM2-mediated pathological feed-forward loop in
chondrocytes, mediated through the Ca?*-cGAS-STING-NF-«B signaling axis. Based
on these findings, the inhibition of the TRPM2-Ca** axis with BAPTA-AM may offer
a novel therapeutic strategy for OA.
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