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ARTICLE INFO ABSTRACT

Keywords: Articular cartilage damage and chondrocyte apoptosis are among the distinguishing features of
NS8593 osteoarthritis. (R)-N-(benzimidazol-2-y1)-1,2,3,4-tetrahydro-1-naphtylamine (NS8593) is a tran-
TRPM7

sient receptor potential cation channel subfamily M member 7 (TRPM7) channel inhibitor and
was initially considered a potent inhibitor of small-conductance Ca®t-activated K+ channels(SK1-
3 or KCa2.1-2.3 channels). Since SK is one of the targets for atrial fibrillation therapy, several
studies have been conducted using NS8593 and it has been shown to be effective in improving
atrial fibrillation in rats, dogs and horses. Recently, inhibition of TRPM7 has been reported to
alleviate articular cartilage destruction. However, the role and mechanism of NS8593 on articular
chondrocyte damage is unknown. The purpose of this study was to investigate the effect and
mechanism of NS8593 on sodium nitroprusside (SNP)-induced chondrocyte apoptosis in vitro. The
results showed that SNP decreased cell viability and induced chondrocyte apoptosis. NS8593
dose-dependently inhibited the SNP-induced decrease in cell viability and reduced chondrocyte
apoptosis. In addition, SNP stimulation significantly increased the phosphorylation level of the
cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING), and NS8593 treatment
partially reversed the alteration of STING phosphorylation level. Treatment with the STING in-
hibitor H-151 inhibited SNP-induced chondrocyte apoptosis. These results suggest that NS8593
may inhibit SNP-induced chondrocyte apoptosis by suppressing the STING signaling pathway.

STING
Chondrocyte apoptosis

1. Introduction

Osteoarthritis is a common, non-inflammatory, degenerative joint disease that manifests as stiffness and pain in the early stages,
which worsens after prolonged activity, and as localized swelling in the later stages, leading to joint deformity in severe cases.
Osteoarthritis is more common in people over 50 years of age, with a higher prevalence in women than in men, and affects the quality
of life of patients to varying degrees [1]. In addition, osteoarthritis is more likely to occur in joints that are frequently used and heavily
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loaded, and the main pathological changes are degeneration and loss of cartilage, as well as the formation of osteophytes. The
pathogenesis of osteoarthritis is the combined result of multiple factors such as subchondral bone sclerosis, synovial inflammation,
osteophyte formation and cartilage erosion, of which the most significant is the impact of articular cartilage degeneration [2]. Articular
cartilage is mainly divided into three zones, the superficial zone, the intermediate zone, and the deep zone, and its main function is to
provide a smooth and lubricating surface for low friction joints while transmitting heavy loads to the underlying subchondral bone [3].
Chondrocytes are the only cell type in articular cartilage and are responsible for maintaining cartilage homeostasis by synthesizing and
secreting extracellular matrix, which is essential for preventing and delaying osteoarthritis [4]. It has also been suggested that
excessive chondrocyte death is one of the main causes of osteoarthritis pathogenesis [5]. It is well known that chondrocyte apoptosis is
involved in the pathogenesis of osteoarthritis and that inhibition of chondrocyte apoptosis significantly delays osteoarthritis pro-
gression. Therefore, it is important to develop new effective therapeutic medicines or targets to prevent the apoptosis of articular
chondrocytes.

NS8593 (Fig. 1a) was identified as a potent inhibitor of small-conductance Ca’*-activated K™ channels (SK1-3 or KCa2.1-2.3
channels), suppressing SK current with an ICso of ~5 pmol/L, without affecting Na*, Ca2+, or other K* currents [6]. NS8593 exerts its
inhibitory effect by decreasing the Ca?* sensitivity of SK channels, rather than directly blocking their pore. In an in vivo rat model of
paroxysmal atrial fibrillation with hypertension-induced atrial remodeling, inhibition of SK channels by NS8593 exhibited antiar-
rhythmic therapeutic effects [7]. It has also been reported that inhibition of SK channels by use of NS8593 protects against atrial
fibrillation [8]. In addition, NS8593 is a transient receptor potential cation channel subfamily M member 7 (TRPM7) channel inhibitor.
Chubanov et al. found that unlike other TRPM7 inhibitors, NS8593 targets and inhibits TRPM7 channels in a magnesium-dependent
manner and does not affect other TRP channels [9]. TRPM7 expression is increased in the kidneys of unilateral ureteral obstruction
(UUO) mice, and treatment with NS8593 attenuates renal atrophy and inhibits cell proliferation of tubular epithelial and mesangial
cells in the kidneys of UUO mice, and reduces TRPM7 expression to normal levels [10]. Of interest, it has been reported that
knockdown of TRPM7 or use of the TRPM7 inhibitor NS8593 increases tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-induced apoptosis in triple-negative breast cancer (TNBC) cells [11]. However, the role of NS8593 in osteoarthritis chon-
drocyte apoptosis is still unclear.

The experimental team of Barber et al. discovered the stimulator of interferon genes (STING, also known as STING1, TMEM173,
MITA or MPYS), key proteins that regulate innate immunity, and established that sting localizes to the endoplasmic reticulum
membrane and activates the nuclear factor kappa-B (NF-kB) and interferon regulatory factor 3 (IRF3) downstream signaling pathway,
which plays a key role in antiviral immunity [12]. In 2014, two publications first reported that activation of the STING pathway in
caspase-deficient cells promoted apoptosis and finally participated in the inflammatory response [13,14]. Recent studies have shown
that STING not only regulates cell death but also plays a role in recognizing and amplifying immune responses induced by dying cells.
Caspasel2 is the caspase responsible for initiating endoplasmic reticulum stress-induced apoptosis. Based on multiple studies, it has
been found that the mechanism of STING-mediated apoptosis is mainly related to endoplasmic reticulum stress, although it remains
unclear whether STING regulates the activation of caspasel2 [15]. In addition to endoplasmic reticulum stress, STING-mediated
apoptosis may require activation of the IRF3 pathway under certain circumstances. Mechanistically, STING-mediated IRF3 phos-
phorylation triggers the formation of IRF3-BAX complexes, leading to BAX activation, cytochrome c release, and apoptosis [16].
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Fig. 1. NS8593 weakened the effect of SNP on C28/12 cell viability and cell morphology. (a) Chemical structure of NS8593. (b) MTT experiment
was used to determine the cell viability of C28/12 cells treated with different concentrations of SNP for 24 h. (c) Effect of NS8593 on C28/12 cell
viability. (d) NS8593 alleviated the toxic effect of SNP on C28/12 cells. (e) C28/12 cell morphology under 100 x magnification microscope after the
interaction of NS8593 and SNP. The results are means & SEM. *P < 0.05, **P < 0.01 SNP versus control; P < 0.05, *#P < 0.01 SNP + NS8593
versus SNP.
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Recent studies have shown that STING activation promotes apoptosis in T lymphocytes, myeloid cells and hepatocytes [17]. However,
the role of STING in chondrocyte apoptosis is unclear.

Consequently, the purpose of this study was to investigate the protective effect of NS8593 on articular chondrocytes and its possible
mechanism, and to further observe the effect of the STING signaling pathway in the protective effect of NS8593 on chondrocytes. The
effects of NS8593 on sodium nitroprusside (SNP)-induced chondrocyte apoptosis and the STING signaling pathway as well as the
effects of STING inhibition on SNP-induced chondrocyte apoptosis were observed by biochemical/molecular biological analysis, flow
cytometry and cell damage assay. Our study demonstrates that NS8593 attenuates SNP-induced chondrocyte apoptosis by inhibiting
the activation of the STING signaling pathway.

2. Materials and methods
2.1. Cell culture

Human chondrocyte C28/12 cells (Millipore, USA) were cultured in Dulbecco’s modified eagle medium (DMEM, Hyclone, Logan,
UT, USA) containing 10 % fetal bovine serum (FBS, Wisent Inc., St Bruno, Quebec, Canada) and 1 % penicillin-streptomycin (Beyotime
Institute of Biotechnology, Jiangsu, China) in a sterile humidified atmosphere containing 5 % CO- at 37 °C. The culture medium was
changed every 2-3 days. Toluidine blue and type II collagen staining were used to identify chondrocytes. When they reached 80 %
confluence in the culture flask, the cells were trypsinized and passaged. To induce apoptosis-like biological changes, the human C28/12
cells were stimulated with SNP for 24 h as previously described [18].

2.2. MTT assay

Cell viability was evaluated by the MTT assay. Human chondrocyte C28/12 cells were seeded at a density of 5 x 10° cells/well into
96-well plates with DMEM containing 10 % FBS, cultured for 24 h, and then treated with SNP (0.25-2 mM) for 24 h, or with NS8593
(6.25-100 pM) for 24 h. C28/12 cells were subjected to combined treatment with SNP (1 mM) and NS8593 (6.25-100 pM) for 24 h.
C28/12 cells were treated with the STING inhibitor H-151 (0.125-2 uM) for 24 h, or combined treatment with SNP (1 mM) and H-151
(0.125-2 pM) for 24 h. Then 10 pL of 5 mg/mL MTT (Beyotime) dissolved in DMEM was added to each well of a 96-well plate and the
cells were placed in an incubator at 37 °C for 4 h. Subsequently, 150 pL. DMSO was added to dissolve formazan crystals. After a 10 min
incubation period, absorbance values of living cells were read at 490 nm. Cell viability was expressed as a percentage relative to the
control group.

2.3. Mitochondrial membrane potential analysis

Mitochondrial membrane potential (A¥m) was detected by JC-1 or Rhodamine123 (Rh123) staining. Human chondrocyte C28/12
cells were seeded at a density of 5 x 10° cells/well in 6-well plates, cultured for 24 h, and then treated with SNP (1 mM) and NS8593
(25 pM) for 12 h. Next, the C28/12 cells were washed twice in PBS, JC-1 (Beyotime) (1:200) was directly added to the culture plates,
reacted in the dark for 30 min, and washed twice in PBS, then examined under a fluorescence microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany). Following treatment, the C28/12 cells were washed twice in PBS, treated with Rh123 (Beyotime) (1:1000),
reacted in the dark for 30 min, and observed under a fluorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) after
washing twice in PBS.

2.4. Flow cytometry assay

An Annexin V-FITC apoptosis detection kit (BestBio, China) was used to assess apoptosis rates. Cells were seeded into 6-well plates
at a density of 2 x 10° cells/well and cultured for 24 h, then treated with SNP (1 mM) and NS8593 (25 pM) for 12 h. Collected cells
were washed twice in PBS and re-suspended in binding buffer. Annexin V-FITC (2.5 pL) was added to samples and incubated for 15 min
in the dark, followed by addition of 6 pL PI for 5 min in the dark. Apoptosis was measured using a flow cytometer (Beckman Coulter,
Brea, CA, USA). According to the apoptosis detection kit instructions, Annexin V-FITC labels early apoptotic cells, while late apoptotic
cells are labeled by both Annexin V-FITC and PI. Correspondingly, the upper right and lower right corners of the apoptosis flow result
plots indicate early apoptotic cells and late apoptotic cells, respectively.

2.5. Measurement of intracellular reactive oxygen species (ROS)

To analyze intracellular ROS, cells were seeded at a density of 2 x 10° cells/well into 6-well plates and cultured for 24 h, then
treated with SNP (1 mM) and NS8593 (25 uM) for 12 h. Intracellular ROS relative expression was assessed via flow cytometry. FBS-free
DMEM was used for dilution of DCFH-DA (1:1000). The C28/12 cells were digested with trypsin, and the cell suspension was
centrifuged at 1500 rpm for 5 min at 4 °C. Then the collected cells were suspended in diluted DCFH-DA and placed in a cell incubator at
37 °C for 20 min. The cell suspension was collected by centrifugation at 4 °C and 1500 rpm for 5 min, and then washed three times in
FBS-free DMEM. The labeled cells were analyzed on a flow cytometer (Beckman Coulter, Brea, CA, USA). Data were processed using
FlowJo software.
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2.6. TUNEL assay

TdT-mediated dUTP Nick-End Labeling (TUNEL) assays of human chondrocyte C28/12 cells were performed using the One Step
TUNEL Apoptosis Assay Kit (Beyotime), following the manufacturer’s instructions. Briefly, cells were washed three times with PBS,
then treated with the TUNEL reaction mixture in the dark at 37 °C for 30 min. The cells were again washed three times with PBS, and
images were captured under a fluorescence microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).

2.7. Western blot

Treated C28/12 chondrocytes were washed twice in PBS and lysed on ice with RIPA buffer (Beyotime) with 1 % proteinase in-
hibitors. The homogenate was centrifuged at 13200 rpm for 30 min to remove insoluble materials, followed by the addition of SDS
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Fig. 2. NS8593 affected the level of oxidative stress and mitochondrial membrane potential induced by SNP in C28/I2 cells. (The following
fluorescence pictures were taken under an inverted fluorescence microscope with 200 x magnification). (a-b) A¥m was detected by Rh123 and JC-
1 staining in each group. (c-d) A scatter diagram of the DCFH-DA result showed the level of ROS in C28/12 cells through flow cytometry. The results
are means + SEM. *P < 0.05, **P < 0.01 SNP versus control; #p < 0.05, ##P < 0.01 SNP + NS8593 versus SNP.
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loading buffer. The total protein concentration was determined by the BCA protein quantification method (Beyotime). An equal
amount of sample was loaded onto a 10 % SDS gel and transferred to a polyvinylidene difluoride (PVDF) membrane via electro-
phoresis. After blocking with 5 % non-fat milk, membranes were incubated with specific anti-p-actin (Abcam, Cambridge, MA, USA;
1:1000), anti-PARP (Cell Signaling Technology, Danvers, MA, USA; 1:1000), anti-Bcl-2 (Cell Signaling Technology; 1:1000), or anti-
Phospho-STING (Ser366) (Thermo Fisher Scientific, Waltham, MA, USA; 1:500) overnight at 4 °C. Membranes were subsequently
washed with Tris-buffered saline (TBS) containing 0.24 % Tween-20 and incubated with horseradish peroxidase-conjugated secondary
antibody for 60 min. The protein bands were visualized using an ECL solution (Affinity Biosciences Ltd., Cincinnati, OH, USA) and
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Fig. 3. NS8593 protects C28/12 cells from sodium nitroprusside-induced apoptosis by mediating STING signaling pathway. (The following fluo-
rescence pictures were taken under an inverted fluorescence microscope with 200 x magnification.) (a) The apoptosis of C28/12 cells were detected
by TUNEL staining. (b-c) The apoptosis rate of C28/12 cells was detected by Annexin V-FITC/PI apoptosis detection kit. The apoptosis rate was
expressed by percentage. (d—f) The levels of apoptosis related proteins (cleaved-PARP and Bcl-2) were detected by Western blotting (n = 3). (d, g)
The protein levels of p-STING was detected by Western blotting (n = 3). The results are means &+ SEM. *P < 0.05, **P < 0.01 SNP versus control; #p
< 0.05, ##P < 0.01 SNP + NS8593 versus SNP.
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detected with an automatic chemiluminescence imaging analysis system (Tanon). Western blot bands were quantified using Image J
software.

2.8. Statistical analysis

Statistical comparisons were conducted using GraphPad Prism 8. All experiments were performed using at least three independent
biological repeats, and data are presented as means + standard deviation (SD) or means =+ standard error of the mean (SEM). To
compare the means between all measured variables, a one-way analysis of variance (ANOVA) followed by Dunnett’s test or unpaired
Student’s t-test was used as appropriate. P values less than 0.05 were considered significant.

3. Results
3.1. NS8593 reverses SNP-induced changes in viability and morphology of C28/12 cells

To explore the effect of NS8593 on SNP-induced chondrocyte apoptosis, cell viability was measured by MTT assay. As shown, cell
viability decreased after treatment with different concentrations of SNP for 24 h, and 1 mM was selected as the final concentration to
induce apoptosis (Fig. 1b). The results showed that 6.25-50 pM NS8593 did not affect cell viability after 24 h (Fig. 1c). As shown in
Fig. 1d, NS8593 inhibited the SNP-induced decrease in chondrocyte viability in a concentration-dependent manner. Cell viability was
further examined for 48 h of dosing treatment, and the results were consistent with the expectation that neither NS8593 (25 pM) nor
SNP (1 mM) + NS8593 (25 pM) treatment for 48 h had a significant effect on chondrocyte viability (Supplementary Fig. 1). In addition
to the determination of cell activity, we observed the morphological changes of cells treated with 25 pM NS8593 and 1 mM SNP under
a microscope. The cells in the control group were spindle shaped. After treatment with 1 mM SNP for 24 h, the cells shrank and some
dead cells were detached. Compared with the SNP group, the morphological changes of the cells treated with 25 pM NS8593 were
reversed (Fig. 1e). Therefore, these results suggest that NS8593 protects C28/12 cells from SNP-induced cell death.

3.2. The effects of NS8593 on ROS and mitochondrial membrane potential in SNP-stimulated C28/12 cells

To investigate the effect of NS8593 on SNP-induced mitochondrial membrane potential in C28/I2 cells, we used two different
staining methods for the assay. As shown in Fig. 2a, NS8593 rescued the SNP-induced decrease in mitochondrial membrane potential
detected by Rh123 staining. Identically, the JC-1 staining method was used to detect the effect of NS8593 on the regulation of A¥m in
chondrocytes. An increase in the red-green fluorescence ratio indicated higher polarization of the mitochondrial membrane. JC-1
staining results showed that the red-green fluorescence ratio of the SNP treatment group decreased, indicating that the absolute
value of A¥m in the cells decreased (Fig. 2b). Interestingly, NS8593 treatment abrogated this effect, suggesting that NS8593 inhibited
the SNP-induced reduction of A¥m in chondrocytes. In addition to this, in order to investigate whether the protective effect of NS8593
on SNP-stimulated C28/12 cells is related to oxidative stress, we evaluated intracellular ROS levels. We used a DCFH-DA ROS fluo-
rescent probe to detect ROS. The results of flow cytometry showed that the intracellular ROS level increased significantly after SNP
stimulation. Compared with the SNP group, the ROS level in the NS8593 and SNP combined treatment groups decreased (Fig. 2c and
d). The above results suggest that NS8593 may exert a protective effect by reducing ROS levels in SNP-stimulated C28/12 cells.

3.3. NS8593 inhibits SNP-induced C28/12 cell apoptosis

To investigate whether NS8593 reduces SNP-induced apoptosis in C28/12 cells, we measured apoptosis using TUNEL staining, an
Annexin V-FITC/PI apoptosis detection kit and western blotting. TUNEL staining of C28/12 cells showed different degrees of apoptotic
morphological changes in the nuclei of the SNP group (Fig. 3a). NS8593 alone had no significant effect on chondrocytes, but NS8593 in
the combination group significantly reduced the morphological changes of SNP-induced apoptotic cells and exerted a protective effect
on apoptotic chondrocytes (Fig. 3a). Only about 10 % of cells were apoptotic in the control group, while about 50 % of cells were
apoptotic in the SNP group. However, the combination of NS8593 and SNP effectively reduced the apoptosis rate to about 18 %, and
also reduced the proportion of late apoptotic cells (Fig. 3b and c). In addition, Western blot results showed that after SNP treatment,
cleaved-PARP protein expression increased and Bcl-2 protein expression decreased, which could be reversed by NS8593 (Fig. 3d-f). To
determine whether the STING signaling pathway is involved in the protective effect of NS8593 on apoptotic chondrocytes, we treated
C28/12 cells with SNP and examined the phosphorylation levels of STING protein by Western blot. Our data showed that SNP upre-
gulates the phosphorylation level of STING, while NS8593 inhibits STING phosphorylation (Fig. 3dand g). These results suggest that
NS8593 attenuates SNP-induced chondrocyte apoptosis, which may be related to the inhibition of STING signaling pathway activation.

3.4. Involvement of the STING signaling pathway in an NS8593-mediated reduction of articular chondrocyte apoptosis induced by SNP

To confirm whether the STING signaling pathway is involved in the protective effect of NS8593 against SNP-induced chondrocyte
apoptosis, we treated C28/12 cells with the STING inhibitor H-151 (Fig. 4a). MTT assay showed that H-151 restored the SNP-induced
decrease in cell viability, and H-151 alone had no effect on chondrocyte viability within the experimental concentration range (Fig. 4b
and c). We also observed the morphological changes of cells upon treatment with 1 pM H-151 and 1 mM SNP by TUNEL staining and
found that H-151 inhibited SNP-induced chondrocyte apoptosis (Fig. 4d). Consistent with the TUNEL staining results, flow cytometry
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Fig. 4. H-151 (inhibitor of STING signaling pathway) protects C28/12 cells from sodium nitroprusside-induced apoptosis. (The following fluo-
rescence pictures were taken under an inverted fluorescence microscope with 200x magnification.) (a) Chemical structure of H-151. (b) MTT
experiment was used to determine the cell viability of C28/12 cells treated with different concentrations of H-151 for 24 h. (c) H-151 alleviated the
toxic effect of SNP on C28/12 cells. (d) TUNEL staining found that H-151 inhibited SNP-induced chondrocyte apoptosis. (e-f) The apoptosis rate of
C28/12 cells was detected by Annexin V-FITC/PI apoptosis detection kit. The apoptosis rate was expressed by percentage. (g-i) The levels of
apoptosis related proteins (cleaved PARP and Bcl-2) were detected by Western blotting (n = 3). (g, j) The protein levels of p-STING was detected by
\A/Vestern blotting (n = 3). The results are means + SEM. *P < 0.05, **P < 0.01 SNP versus control; #p < 0.05, *#P < 0.01 SNP + H-151 versus SNP.

also showed that H-151 restored SNP-induced chondrocyte apoptosis (Fig. 4e and f). In addition, Western blot results showed that
cleaved-PARP protein and STING phosphorylated protein expression increased and Bcl-2 protein expression decreased after SNP
treatment, and H-151 reversed this effect (Fig. 4g—j). These results suggest that the STING signaling pathway may be closely related to
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Fig. 5. H-151 (inhibitor of STING signaling pathway) affected the level of oxidative stress and mitochondrial membrane potential induced by SNP in
C28/12 cells. (The following fluorescence pictures were taken under an inverted fluorescence microscope with 200 x magnification.) (a-b) A¥m
was detected by Rh123 and JC-1 staining in each group. (c—d) A scatter diagram of the DCFH-DA result showed the level of ROS in C28/12 cells
through flow cytometry. The results are means + SEM. *P < 0.05, **P < 0.01 SNP versus control; #Pp < 0.05, ##P < 0.01 SNP + H-151 versus SNP.
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the protective effects of NS8593 on chondrocytes against apoptosis induced by SNP.

4. The role of the STING signaling pathway in the effect of NS8593 on ROS and mitochondrial membrane potential in SNP-
stimulated C28/12 cells

In order to study whether the STING signaling pathway is involved in the effect of NS8593 on mitochondrial membrane potential,
we analyzed the level of A¥m in cells after adding H-151. Rh123 and JC-1 results showed that mitochondrial membrane potential
decreased when SNP was used alone, but recovered when H-151 was used in combination (Fig. 5a and b). In addition, as shown in
Fig. 5c and d, SNP leads to an increase in intracellular ROS, which can be reversed to some extent by H-151. The above results suggest
that the STING signaling pathway may be closely related to the reduction of SNP-induced intracellular ROS levels and mitochondrial
membrane potential in chondrocytes by NS8593.

5. Discussion

Articular cartilage degeneration is an important hallmark of osteoarthritis, and as the only cell type in articular cartilage, articular
chondrocyte death is one of the main factors contributing to articular cartilage degeneration [19]. Therefore, the active development
of drugs or methods that inhibit articular chondrocyte death is of great significance for the treatment of osteoarthritis. Apoptosis is
caspase-dependent programmed cell death. According to relevant studies, apoptosis can lead to a variety of diseases, including
osteoarthritis. However, the specific mechanism leading to the apoptosis of osteoarthritis articular chondrocytes is limited, and the role
of STING signaling in this process is not fully understood. In this study, we first established an SNP-induced apoptosis model in human
chondrocyte C28/12 cells to simulate osteoarthritis articular cartilage degeneration, and found that 1 mM SNP significantly reduced
chondrocyte viability, while the TRPM7 channel inhibitor NS8593 reversed this effect. Apamine is a highly selective inhibitor of SK
channels, and in order to distinguish the role of SK channels from TRPM7, we treated chondrocytes with Apamine (0.0625-4 pM) and
SNP (1 mM) + Apamine (0.0625-4 pM), respectively, for 24 h, and examined cell viability (Supplementary Fig. 2). In addition, the
effect of SNP (1 mM) + Apamine (0.0625-4 pM) on cell morphology after treatment of chondrocytes was observed by bright field
(Supplementary Fig. 2). It was found that Apamine (0.0625-0.5 pM) had no significant effect on cell viability, which decreased after
24 h of Apamine (1-4 pM) treatment of chondrocytes. In addition, treatment of chondrocytes with SNP (1 mM) and SNP (1 mM) +
Apamine (0.0625-4 pM), respectively, revealed that Apamine could not rescue the SNP-induced decrease in cell viability. Consistent
with the above results, brightfield found that Apamine could not rescue the SNP-induced morphological changes in chondrocytes. The
above results provide preliminary evidence that the inhibitory effect of NS8593 on SNP-induced apoptosis in chondrocytes in this
study was not through inhibition of SK channels. Furthermore, we found that NS8593 significantly inhibited SNP-induced apoptosis in
C28/12 cells, reduced intracellular ROS and increased mitochondrial membrane potential. Mechanistically, NS8593 attenuated
chondrocyte apoptosis by inhibiting STING signaling, suggesting that inhibition of STING-mediated chondrocyte apoptosis is a
promising target for the prevention or even treatment of osteoarthritis (Fig. 6).

In recent years, the prevalence and incidence of osteoarthritis have significantly increased in the middle-aged and elderly, and
osteoarthritis is the main cause of disability in the elderly. Osteoarthritis is a common joint disease characterized predominantly by
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Fig. 6. Schematic diagram of NS8593 alleviating oxidative stress-induced osteoarthritis chondrocyte apoptosis by mediating STING
signaling pathway.
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articular cartilage degeneration and involving the entire joint tissue, including the subchondral cortex, calcified cartilage, synovium,
trabecular bone, and joint capsule tissue [20]. Osteoarthritis preferentially affects weight-bearing joints such as the knee, hip, and
lumbar spine. Patients present with joint pain, stiffness, hypertrophy, and limited mobility [21]. In the development of osteoarthritis,
articular cartilage is severely degraded, and microscopically, chondrocyte apoptosis is the main change. At present, more and more
studies have analyzed the hallmark molecular signals of chondrocyte apoptosis in osteoarthritis cartilage and found morphological and
molecular characteristics of chondrocyte apoptosis, suggesting that chondrocyte apoptosis plays a key role in the pathogenesis of
osteoarthritis [22].

The discovery of transient receptor potential (TRP) channels has been a major advance in the field of neurobiological research in
recent years. The TRPM family, one of the subfamilies of the TRP cation channel family, is ubiquitous in almost all cell types and
participates in physiological and pathological processes of the human body. The TRPM family comprises a total of eight members,
TRPM1-TRPMS, and each TRPM channel has a conserved N-terminal MHR domain to distinguish it from other TRP channels. At the C-
terminus, TRPM channels contain a TRP helix and a helical domain, and in addition, TRPM2, TRPM6, and TRPM7 have functional
enzymatic domains at the C-terminus [23]. TRPM7, also known as LTRPC7 (Long TRP Channel 7), contains a cation channel and an
a-kinase [24]. TRPM7 has six transmembrane segments (S1-S6); segments S1-S4 are receptors, and cation channels exist between
segments S5-S6 [25]. TRPM7 channels are highly permeable to intracellular divalent cations, such as Ca?*, Mg?*, and Zn?*, among
others [26]. Early literature reported that Ca®* inhibitors have anti-inflammatory and analgesic effects [27], while in addition, our
group early demonstrated that intracellular Ca?* is involved in RA chondrocyte apoptosis [28]. Of more concern, our group succes-
sively found that (1) 2-APB, a TRPM7 inhibitor, alleviated cartilage damage in AA rats by inhibiting chondrocyte apoptosis through
regulating the IHH signaling pathway both in vitro and in vivo [29]; (2) TRPM7 mediates calcium influx and promotes chondrocyte
ferroptosis through the PKCa—-NOX4 signaling axis, ultimately leading to RA [30]. However, whether TRPM7 is involved in regulating
apoptosis of osteoarthritis articular chondrocytes and the specific underlying regulatory mechanism is still unclear. NS8593 is a
TRPM7 channel inhibitor, initially identified as a potent inhibitor of SK1-3 or KCa2.1-2.3 channels. SK is one of the targets for the
treatment of atrial fibrillation, and many studies have now demonstrated that NS8593 can effectively ameliorate atrial fibrillation in
rats, dogs, and horses [31]. However, there is no report on the use of NS8593 to treat osteoarthritis. To explore the possibility of
treating osteoarthritis with NS8593, we established an SNP-induced apoptosis model using the chondrocyte cell line C28/I2 and found
that NS8593 significantly reversed SNP-induced expression of apoptotic marker proteins in C28/12 cells as well as the apoptotic rate.
Taken together, these findings indicate that NS8593 inhibits SNP-induced chondrocyte apoptosis.

STING is a newly-discovered intracellular sensor of foreign and endogenous DNA and is thought to play a key role in host defense,
autoimmune diseases and tumor immunity [32]. In 2021, Guo et al. found that the expression level of STING was increased in articular
cartilage of osteoarthritis patients and a mouse model with destabilization of the medial meniscus (DMM)-induced osteoarthritis
compared with normal controls [33]. To explore the possible mechanism of action of NS8593 in the treatment of osteoarthritis, we
established an SNP-induced chondrocyte C28/12 apoptosis model and found that NS8593 significantly inhibited SNP-induced chon-
drocyte C28/12 p-STING protein expression. Furthermore, H-151, a commonly-used STING antagonist, is known to block STING
activation-induced palmitoylation and to exhibit significant inhibitory effects on STING signal transduction in vivo and in vitro [34].
The present study found that H-151 inhibited the secretion of proinflammatory cytokines (IL-23, IL-17, and IL-6) and the infiltration of
M1 macrophages [35]. Treatment of SNP-induced C28/12 cells with H-151, a STING inhibitor, resulted in significant inhibition of
SNP-induced expression of apoptotic marker proteins as well as the apoptotic rate in the chondrocyte cell line C28/12. Therefore, we
can speculate that the inhibition of SNP-induced chondrocyte apoptosis by NS8593 is associated with STING signaling.

6. Conclusion

In conclusion, our study found that the TRPM7 inhibitor NS8593 significantly inhibited SNP-induced chondrocyte apoptosis.
Meanwhile, we also found that the STING signaling pathway was a key regulatory target for NS8593 to inhibit SNP-induced chon-
drocyte apoptosis, and that inhibition of STING signaling protected chondrocytes from apoptosis. Therefore, inhibition of STING
signaling may be a possible therapeutic target for osteoarthritic articular cartilage degeneration.
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