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Abstract

Objectives: Cartilage degenerationis akey pathological change inosteoarthritis (OA). This study investigated the mechanism
by which Astragalus polysaccharides (APS) alleviate cartilage degeneration. Methods: Primary rat articular chondrocytes
were isolated, and a cell degeneration model was induced with lipopolysaccharide (LPS). Different concentrations of APS
(100, 200, 400 mg/L) were tested, and NLR family pyrin domain containing 3 (NLRP3)-knockdown chondrocytes were
generated. Cell viability (CCK-8 metabolic activity), levels of inflammatory factors, and gene and protein levels of markers
associated with cartilage degeneration (including Acan, Adamts5, NIrp3, and Caspase- 1) were measured. Results: APS at
different concentrations improved cell viability (CCK-8) of LPS-induced chondrocytes, inhibited the inflammatory cytokines
interleukin- 1B (IL- 1B) and IL- 18, uprequlated Acan, and downregulated Adamts5, NIrp3, and Caspase- 1. NIrp3 knockdown
produced similar effects to APS, improving chondrocyte degeneration in vitro. Conclusion: APS alleviates LPS-induced
degenerative responses in primary rat chondrocytes, and its protective effect is associated with modulation of the NLRP3/

CASPASE-1 axis.
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Introduction

Osteoarthritis (OA), a common chronic joint disease,
seriously affects the quality of life of many patients
worldwide'. With population aging, the incidence of OA
is increasing year by year, placing a heavy burden on
society and families"2. The main pathological features of
OA include articular cartilage degeneration, subchondral
bone remodeling, and synovial inflammation, among which
articular cartilage degeneration is a core link in disease
progression. Articular cartilage is a highly specialized
connective tissue whose main function is to cushion joint
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loading and reduce friction, thereby ensuring normal joint
movement?. However, in patients with OA, multiple factors—
such as abnormal mechanical stress, inflammatory
mediator release, and imbalance of extracellular matrix
metabolism—Ilead to gradual cartilage degradation;
the number and function of chondrocytes are affected,
ultimately resulting in joint dysfunction®.

In recent years, the NLR family pyrin domain containing
3 (NLRP3)/CASPASE-1 axis has been found to play a
key role in articular cartilage degeneration’. The NLRP3
inflammasome is a multiprotein complex that, upon
activation, recruits and activates CASPASE-1 & On the
one hand, activated CASPASE-1 promotes the maturation
and release of inflammatory cytokines such as interleukin-
1B (IL-1B) and IL-18, leading to a strong inflammatory
response; on the other hand, it can also induce apoptosis,
accelerate the loss of articular chondrocytes, and further
promote cartilage degeneration®'°. Therefore, inhibiting
the activation of the NLRP3/CASPASE-1 axis is a promising
strategy for the treatment of OA.

Based on the development of standardization in
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traditional Chinese medicine and proposals for future
work, Astragalus polysaccharides (APS)—an important
component of polysaccharides extracted from Astragalus
radix (the root of Astragalus membranaceus)—are worthy
of further investigation to promote the application and
development of active-component research in traditional
Chinese medicine''?, Modern pharmacological studies
have shown that APS has a wide range of biological
activities, including immunomodulatory, anti-inflammatory,
antioxidant, and anti-fatigue effects'>. In the OA field,
several studies have reported that APS can alleviate OA
symptoms, improve joint function, and exert a protective
effect on articular cartilage'®. In addition, studies in other
diseases (e.g., allergic rhinitis) have found that APS can
inhibit activation of the NLRP3 inflammasome, thereby
reducing inflammation's. Considering the important role
of the NLRP3/CASPASE-1 signaling pathway in cartilage
degeneration and the potential of APS to impede NLRP3
inflammasome activation, we hypothesized that APS may
mitigate articular cartilage degeneration by modulating the
NLRP3/CASPASE-1 signaling pathway.

The impact of APS on articular cartilage degeneration
and its mode of action remain incompletely defined. The
objective of this study was to create an in vitro LPS-
stimulated chondrocyte model, investigate the protective
effects of APS on articular cartilage degeneration,
and examine its potential role in inhibiting the NLRP3/
CASPASE-1 signaling pathway, thereby providing a
theoretical foundation for the application of APS in OA
treatment.

Materials and Methods
Animals

Three 4-week-old male Sprague-Dawley (SD) rats
(70-90 g) were supplied by Hangzhou Medical College
(Hangzhou, China). After a one-week acclimation period,
experiments were conducted. Animals were housed under
specific pathogen-free (SPF) conditions at 23 + 1 °C with a
12-hlight/12-h dark cycle and ad libitum access to standard
chow and water. All animal procedures were performed at
Zhejiang Baiyue Biotechnology Co., Ltd.

Primary Culture of Rat Chondrocytes

Primary chondrocytes were isolated from 4-week-old
rats and characterized as previously described'®. The
isolation procedure followed the referenced methods'e.
Rats were euthanized with an overdose of anesthetic
(P3761, Sigma-Aldrich, St. Louis, MO, USA). Fur was
removed with surgical scissors, and both knee joints were
harvested. After immersion in 75% ethanol (C06915600,
Nanjing Reagent, Nanjing, China), rats were placed on
a clean surface. Following three phosphate-buffered
saline (PBS; ST341, Beyotime, Shanghai, China) washes
to remove residual hair, the knee joint was opened with
a blade and the transparent articular cartilage was
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excised. After three PBS washes, cartilage was cut into
~1-mm?3 pieces and incubated at 37 °C in 0.2% type Il
collagenase (17101015, Thermo Fisher, Waltham, MA,
USA) for 2 h. The digestion mixture was transferred to a
15-mL centrifuge tube and centrifuged at 1000 rpm for
3 min. The supernatant was discarded, and the cell pellet
was resuspended in medium containing 10% fetal bovine
serum (FBS; A5256701, Thermo Fisher, Waltham, MA,
USA). Cells were plated and cultured at 37°C in a 5% CO,
incubator (Forma Steri-Cult, Thermo Fisher, Waltham,
MA, USA). Primary chondrocytes were maintained in
Dulbecco’s Modified Eagle Medium (DMEM; PM150312A,
Pricella, Wuhan, China) with 10% FBS. Passage-2 (P2)
chondrocytes were used for subsequent experiments.
Primary rat chondrocytes were validated by type Il collagen
immunofluorescence and Toluidine blue staining'”.

Establishment and Grouping of Cell Degeneration Models

First, the effects of different concentrations of APS (10,
25, 50, 100, 200, 400 mg/L; SA9790, Solarbio, Beijing,
China) on cell viability were assessed using the Cell Counting
Kit-8 (CCK-8) assay. APS was characterized as follows:
purity =90% (UV), average molecular weight 254.69 kDa
with a narrow distribution (HPGPC), and endotoxin level
checked using an endotoxin testing kit. The APS solution
was confirmed to be endotoxin-free (endotoxin <0.5 EU/
mL). The chondrocyte degeneration model was induced
with 1 yg/mL lipopolysaccharide (LPS; ST1470, Beyotime,
Shanghai, China) for 24 h'8. Cells in optimal condition were
then allocated to groups: control (conventional culture),
LPS (1 pg/mL LPS), and APS intervention (1 pg/mL LPS +
100/200/400 mg/L APS). Treatments were applied for 24
h'®. Based on these results, 200 mg/L APS was selected for
the subsequent siRNA mechanistic experiments, whereas
100, 200, and 400 mg/L were used for the dose-response
evaluation in the LPS model.

For NIrp3 knockdown, chondrocytes were transfected
with small interfering RNA targeting NIrp3 (siNIrp3-1,
5-GCACGTCTAATCTCTCCATGG-3"; siNIrp3-2,
5-GGAUCUUUGCAGCGAUCAATT-3 Sequence ID:
NM_001191642.1) or a negative-control siRNA (siNC,
5-TTCTCCGAACGTGTCACGT-3') (GenePharma, China).
Transfections were performed with Lipofectamine 3000
(L3000001, Invitrogen, Carlsbad, CA, USA) at a final
siRNA concentration of 50 nM. Transfection efficiency was
evaluated by quantitative real-time PCR (gRT-PCR). Cells
were divided into the following groups: control (conventional
culture), LPS + siNC (siNC + 1 pyg/mL LPS), LPS + siNIrp3
(NIrp3 knockdown + 1 ug/mL LPS), LPS + siNC + APS (siNC
+ 1 pg/mL LPS + 200 mg/L APS), and LPS + siNIrp3 + APS
(NIrp3 knockdown + 1 pg/mL LPS + 200 mg/L APS).

CCK-8

During logarithmic growth, 5,000 cells per well were
seeded into 96-well plates (167008, Thermo Fisher,
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Table 1. Primers used for gqRT-PCR.

Forward Primer (5°’-3°)

Target Gene

Amplicon sizes | Efficiency (%) Reverse Primer (5°-3°)

Gapdh 63 98.5 GCCAGCCTCGTCTCATAGACA GTCCGATACGGCCAAATCC
Acan 175 96.2 GACACCCCTACCCTTGCTTC GGTCGATCTCACACAGGTCC
Adamts5 222 95.8 AGTACAGTTTGCCTACCGCC AGGACACCTGCGTATTTGGG
Nirp3 391 99.5 TGCATGCCGTATCTGGTTGT ACCTCTTGCGAGGGTCTTTG
Caspase-1 108 99.7 TGGAAATGTGCCATCTTCTTT TCAGCTCCATCAGCTGAAAC
Note: Despite the relatively long Nlrp3 amplicon (391 bp), the assay satisfied acceptance criteria for specificity (single melt-curve peak)
and amplification efficiency (standard curve-derived).

Table 2. Antibodies used for Western blotting.

Antibodies Species Mole.cular Clonality Clones Dilutions Catalog RRID Vendor
weight numbers
NLRP3 Rabbit 118 kDa Monoclonal EPR23094-1 | 1:1000 | ab263899 | AB_2889890 | Abcam, UK
CASPASE-1 Mouse 45 kDa Monoclonal D-3 1:500 sc-392736 - SCBT, USA
ACAN Rabbit 250 kDa Monoclonal EPR2886034_ 1:1000 | ab313636 | AB_3166183 | Abcam, UK
ADAMTS5 Rabbit 73 kDa Polyclonal - 1:250 ab41037 AB_2222327 | Abcam, UK
GAPDH Mouse 37 kDa Monoclonal 6C5 1:1000 ab8245 AB_2107448 | Abcam, UK
Goat Anti-Rabbit
1gG H&L (HRP) Goat - Polyclonal - 1:2000 ab6721 AB_955447 | Abcam, UK
Goat Anti-Mouse
1gG H&L (HRP) Goat - Polyclonal - 1:2000 ab6789 AB_955439 | Abcam, UK

Waltham, MA, USA) and incubated overnight in a 5% CO,
incubator. After cell attachment, treatment was applied
according to the experimental groups. An equal volume of
sterile double-distilled water (vehicle for APS) was added to
the control and to all groups without APS to ensure identical
treatment volumes across groups. The osmolality and pH
of the vehicle-containing medium were verified to be within
physiological ranges (295 + 5 mOsm/kg; pH 7.35 + 0.05).
Six wells were allocated per group. Plates were incubated
for 24 h, after which 10 pL of CCK-8 reagent (CO038,
Beyotime, Shanghai, China) was added to each well and
incubated for 2 h. Absorbance at 450 nm was recorded
using a microplate reader (Varioskan LUX, Thermo Fisher,
Waltham, MA, USA).

Enzyme Linked Immunosorbent Assay (ELISA)

The concentrations of interleukin-18 (IL-18) and IL-
18 in cell-culture supernatants were quantified using
commercial sandwich ELISA kits (IL-1B, PI303; IL-18,
PI555; Beyotime, Shanghai, China) in strict accordance with
the manufacturer’s protocols. Briefly, after treatments,
supernatants were collected and centrifuged at 1,000 x g
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for 10 min to remove debris. Assays were performed on the
provided antibody-precoated 96-well plates.

A standard curve was generated for each assay using the
supplied recombinant cytokine standards serially diluted
in the kit diluent. Undiluted supernatants and standards
were added in duplicate (100 pL/well) and incubated at
room temperature (RT) for 120 min. After washing, 100
WL of biotin-conjugated detection antibody was added and
incubated for 60 min at RT. Following another wash, 100 pL
of horseradish peroxidase (HRP)-labeled streptavidin was
added and incubated for 20 min at RT, protected from light.
After a final wash, 100 pL of tetramethylbenzidine (TMB)
substrate was added and incubated for 20 min in the dark for
color development. The reaction was stopped by adding 50
UL of stop solution, and absorbance was read immediately at
450 nm using a Varioskan LUX microplate reader (Thermo
Fisher, Waltham, MA, USA; RRID: SCR_026792).

Cytokine concentrations were calculated by interpolating
the mean absorbance of duplicate wells from a 4-parameter
logistic (4-PL) standard curve. Results are expressed as
picograms per milliliter (pg/mL).
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Figure 1. Treatment with astragalus polysaccharides (APS) at different concentrations could improve chondrocyte degeneration.

(A) The effects of APS at different concentrations (10, 25, 50, 100, 200, 400 mg/L) on chondrocyte viability were detected by Cell

Counting Kit-8 (CCK-8). (B) The effect of APS (100, 200, 400 mg/L) on cell viability (CCK-8) of lipopolysaccharide (LPS)-induced

chondrocytes was detected by CCK-8. (C-D) The levels of inflammatory cytokines were detected by enzyme linked immunosorbent

assay (ELISA). (E-H) mRNA levels (qRT-PCR). (I-J) protein levels (Western blot). GAPDH was used as the loading control. Each

experiment was repeated 3 times (biological replicate). Biological replicates represent independent chondrocyte isolations from
\different animals (n=3), with technical duplicates per assay.*P<0.05, **P<0.01, ***P<0.001.

+ LPS+APS-400

/

gRT-PCR

Total RNA was extracted by adding TRIzol reagent
(15596026, Invitrogen, Carlsbad, CA, USA) to the cells.
Reverse transcription was performed to generate cDNA
using the High-Capacity cDNA Reverse Transcription
Kit (4368813, Applied Biosystems, Foster City, CA,
USA). Gene-specific primers for Acan, Adamts5, Nirp3,
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Caspase-1, and Gapdh (Sangon Biotech, Shanghai,
China) were used for quantitative PCR. Reactions were
assembled according to the manufacturer’s instructions
for SYBR™ GreenER™ gPCR SuperMix (1176202K,
Invitrogen) in a total volume of 50 pL. Amplification
was run on a QuantStudio™ 3 Real-Time PCR System
(A28137, Applied Biosystems) using the instrument’s
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Figure 2. APS improved LPS-induced degenerative responses and was associated with reduced NLRP3/CASPASE-1 expression. (A)
Nirp3 mRNA (gRT-PCR); (B-C) NLRP3 protein (Western blot). GAPDH was used as the loading control. (D) CCK-8 was used to assess
cell viability (metabolic activity). (E-F) The levels of inflammatory cytokines were detected by ELISA. Each experiment was repeated
3 times (biological replicate). Biological replicates represent independent chondrocyte isolations from different animals (n=3), with
\technical duplicates per assay. *P<0.05, **P<0.01, ***P<0.001. )

standard cycling protocol. Primer sequences used in the
gRT-PCR experiments are provided in Table 1.

Western blotting

Total protein was extracted from cells in
radioimmunoprecipitation assay (RIPA) buffer (ROO10,
Solarbio, Beijing, China). Protein concentration was
determined using the bicinchoninic acid (BCA) assay (BCAI,
Sigma-Aldrich, St. Louis, MO, USA). Equal amounts of
protein (20 ug per lane) were separated by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-PAGE;
POO12A, Beyotime, Shanghai, China) and transferred by
wet transfer to polyvinylidene fluoride (PVDF) membranes
(YA1700, Solarbio, Beijing, China). Membranes were
blocked with 5% skim milk at room temperature for 1.5 h
and then incubated with primary antibodies (listed in Table
2) overnight at 4 °C. The CASPASE-1 antibody used detects
total/pro-caspase-1 (=45 kDa); cleaved caspase-1 was not
assessed. The following day, membranes were incubated
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with the appropriate secondary antibody for 2 h at room
temperature. Bands were visualized using a gel imaging
system (ChampGel® 7800, SINSAGE, Beijing, China), and
band gray values were quantified in Imaged. The relative
level of each target protein was normalized to GAPDH.

Statistical Analysis

Data are expressed as mean = standard deviation (SD).
Biological replicates represent independent primary
chondrocyte isolations from different animals (n=3);
technical replicate wells were averaged per biological
replicate before statistical testing. Normality was assessed
using the Shapiro-Wilk test, and homoscedasticity using
Levene’s test. Comparisons among multiple groups were
performed by one-way analysis of variance (ANOVA)
followed by Sidak’s post hoc test. Statistical analyses were
conducted in GraphPad Prism 8.0 (GraphPad Software,
San Diego, CA, USA). A value of P < 0.05 was considered
statistically significant.
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Figure 3. APS requlated levels of proteins associated with cartilage degradation and was associated with modulation of the NLRP3/
CASPASE-1 axis. (A-D) Acan, Adamts5, Nlrp3, Caspase-1 mRNA (gRT-PCR); (E-F) ACAN, ADAMTS5, NLRP3, CASPASE-1 protein
(Western blot). GAPDH was used as the loading control. Each experiment was repeated 3 times (biological replicate). Biological
replicates represent independent chondrocyte isolations from different animals (n=3), with technical duplicates per assay. *P<0.05,

)

Results

Different concentrations of APS ameliorate LPS-induced
chondrocyte degeneration and are associated with
modulation of NLRP3/CASPASE-1 axis

Cell Counting Kit-8 (CCK-8) results showed that 400
mg/L APS significantly reduced chondrocyte viability
(Figure 1A, P < 0.001), whereas 200 mg/L APS had no
significant effect (Figure 1A). Therefore, 100 and 200
mg/L were selected as non-cytotoxic (or low-to-moderate)
concentrations, and 400 mg/L was retained as a high-dose
condition to evaluate whether APS confers protection under
LPS-induced inflammatory stress and to define the upper
boundary of the dose-response. Accordingly, follow-up
experiments used 100, 200, and 400 mg/L APS. Different
APS concentrations significantly improved the LPS-
suppressed cell viability (CCK-8) of chondrocytes (Figure 1B,
P <0.01). Regarding inflammatory mediators, LPS increased
IL-1B and IL-18 in chondrocytes, whereas APS reduced IL-18
and IL-18 levels (Figure 1C-D, P < 0.001). Subsequently, we
quantified mRNA (Figure 1E-H) and protein (Figure 11-J)
levels. In LPS-stimulated primary rat chondrocytes, Acan
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mRNA and ACAN protein decreased, whereas Adamts5/
ADAMTS5, NIrp3/NLRP3, and Caspase-1/CASPASE-1
increased. Treatment with APS (as indicated in Figure 1)
partially reversed these changes, increasing Acan/ACAN
and decreasing Adamts5/ADAMTS5, NIrp3/NLRP3, and
Caspase-1/CASPASE-1 (Figure 1E-J; P < 0.01).

The protective role of APS is linked to NLRP3/CASPASE-1
axis

To explore the mechanism by which APS alleviates
cartilage-related degeneration in vitro in primary
rat chondrocytes, we generated NIrp3-knockdown
chondrocytes (Figure 2A-C, P<0.05) and treated cells with
200 mg/L APS. The siRNA with higher silencing efficiency
(siNIrp3-1) was selected for subsequent experiments. In
CCK-8 viability assays, LPS significantly reduced viability
compared with the control group (Figure 2D, P < 0.001).
Both APS treatment and NIrp3 knockdown increased cell
viability (CCK-8 metabolic activity) and the combination
of APS with siNIrp3 produced a more pronounced effect
(Figure 2D, P < 0.001).
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LPS increased the inflammatory cytokines IL-18 and IL-
18 in chondrocytes (Figure 2E-F, P < 0.001). APS treatment
or NIrp3 knockdown reduced IL-1B8 and IL-18 (Figure 2E-F, P
<0.001), and APS + siNIrp3 did not differ significantly from
APS alone or siNIrp3 alone for these cytokines (Figure 2E-
F). Finally, in analyses of cartilage-degeneration markers,
LPS decreased Acan and increased Adamts5, NIrp3, and
Caspase-1 relative to control (Figure 3A-F, P< 0.001).
APS or NIrp3 knockdown significantly reversed these LPS-
induced changes—upregulating Acan and downregulating
Adamts5, NIrp3, and Caspase-1 (Figure 3A-F, P < 0.01).
Notably, APS + siNIrp3 exerted a stronger effect on
Adamts5 and Caspase-1 than APS alone, and the effect on
Adamts5 was also greater than with siNIrp3 alone (Figure
3A-F, P<0.05).

Discussion

The pathological process of OA mainly consists of
articular cartilage degeneration, matrix degradation,
and synovial inflammation, which eventually lead to joint
injury, deformity, and dysfunction?°. Numerous studies
have shown that interactions among extracellular matrix
proteases, inflammatory mediators, oxidative stress, and
other active factors drive the onset and progression of
OA, and that extracellular matrix degradation is a principal
cause of chondrocyte death and dysfunction, thereby
accelerating articular cartilage degeneration?'. ACAN, a
crucial component of the cartilage extracellular matrix,
preserves cartilage elasticity and resistance to stress
when present in sufficient amounts?2. Down-regulation of
Acan mRNA signifies loss of cartilage matrix components,
compromising structural integrity and thereby accelerating
cartilage degradation?®. ADAMTSS is a proteolytic enzyme
that specifically degrades ACAN; increased ADAMTSS
promotes destruction of the cartilage matrix and is a
significant contributor to cartilage degeneration®425,

The NLRP3/CASPASE-1 signaling pathway plays a
central role in cartilage degeneration?®. LPS is widely
used to induce inflammatory/degenerative responses
in chondrocytes and can promote upregulation of
inflammasome pathway components. The NLRP3
inflammasome requlates CASPASE-1 activation and drives
inflammatory responses, and it is a therapeutic target for
various inflammatory diseases?’. When pattern-recognition
receptors are stimulated, signaling leads to up-regulation
of NLRP3 protein and the precursors of IL-18 and IL-18.
The subsequent accumulation of NLRP3 protein, apoptosis-
associated speck-like protein, and pro-CASPASE-1 forms
active NLRP3 inflammasomes?®. Pro-CASPASE-1 is then
cleaved to the active form CASPASE-1, which promotes the
maturation and secretion of IL-18 and IL-18 and can trigger
pyroptosis®2°,

APSisaprincipalbioactive constituent of Astragalus with
antioxidant, anti-inflammatory, and immunomodulatory
activities, and it has been widely examined in clinical
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research across multiple diseases3°32, In chondrocytes,
APS has been reported to reduce reactive-oxygen-
species-induced oxidative stress, thereby lowering pro-
apoptotic factor expression and restoring chondrocyte
function®3. In this study, APS showed a protective effect
in degenerative chondrocytes. APS increased cell viability
(CCK-8 metabolic activity) in LPS-induced degenerative
chondrocytes, providing a cellular basis for cartilage repair.
In terms of inflammation, LPS significantly uprequlated
inflammatory factors in degenerative cells, whereas APS
effectively downrequlated these cytokines and reduced
inflammatory damage to chondrocytes. Notably, APS
exhibited a biphasic dose-response, a phenomenon
commonly observed with natural bioactive compounds3“.
In our experiments, 400 mg/L APS produced a modest
cytotoxic effect in normal chondrocytes, yet the same
dose conferred significant protection against LPS-
induced injury—Ilikely because anti-inflammatory and
cytoprotective effects outweighed minor toxicity under
stress conditions.

The requlatory effects of APS on cartilage degeneration-
related proteins and the NLRP3/CASPASE-1 axis were of
particular interest. APS treatment markedly increased
ACAN protein levels while decreasing ADAMTSS5, NLRP3,
and CASPASE-1 protein levels. Results from the NIrp3
knockdown experiments, which phenocopied the effects
of APS, support the hypothesis that the protective action
of APS is linked to the NLRP3/CASPASE-1 axis. Notably,
the observation that NIrp3 knockdown produced similar
protective effects and molecular changes suggests that
APS exerts its effects, at least in part, through a mechanism
associated with the NLRP3/CASPASE-1 axis. A previous
study reported that, based on network pharmacology
analysis, multiple active components of Simiao Yong'an
Decoction act on multiple rheumatoid arthritis targets and
exert a broad range of pharmacological effects®®. In future
work, a strategy combining network pharmacology with
experimental verification could be used to further explore
the mechanism by which APS alleviates articular cartilage
degeneration, thereby supporting mechanistic research on
active ingredients in traditional Chinese medicine.

In conclusion, this study provides evidence that
Astragalus polysaccharides (APS) attenuate LPS-induced
degenerative responses in primary rat chondrocytes.
Collectively, the observed downregulation of pathway
components and the phenocopying of APS effects by Nirp3
knockdown suggest that APS acts, at least in part, through
amechanism associated with the NLRP3/CASPASE-1 axis.
However, this study has limitations. Experiments were
conducted only at the cellular level. Although the effects
of APS on degenerative chondrocytes and the associated
mechanisms can be characterized in vitro, this model
does not fully recapitulate the complex physiological
environment in vivo. Therefore, the in vivo efficacy of APS
may be influenced by additional factors, including immune
regulation and systemic metabolism. Future studies should
verify the protective effects of APS on articular cartilage
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degeneration in animal models and further investigate
its in vivo mechanism of action and pharmacokinetic
characteristics to provide a more comprehensive basis for
the clinical application of APS in OA and other cartilage-
degenerative diseases. In addition, the present study
primarily relied on measurements of mRNA expression,
total protein abundance, and downstream cytokine
release. Future studies incorporating direct assessments
of NLRP3/CASPASE-1 activation would be valuable to
determine whether APS directly inhibits inflammasome
assembly and activation.
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Supplementary Figure 1. Representative Western blot images (including molecular weight markers) for all quantified bands. Biological replicates 1-3 are shown.
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