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A B S T R A C T

Osteoarthritis (OA) is a common chronic degenerative joint disease, characterized by osteophyte formation and 
cartilage degeneration. A growing number of studies have found that nod-like receptor pyrin domain 3 (NLRP3) 
inflammasome-mediated chondrocyte pyroptosis plays a crucial role in the development of OA. Acetyl zingerone 
(AZ) is a small molecule compound, chemically synthesized to retain the key functional properties of curcumin 
and zingerone, while exhibiting enhanced anti-inflammatory, antioxidant, and anti-aging effects. Previous 
studies in our group have found an inhibitory effect on ferroptosis in AZ osteoarthritis. However, its specific 
mechanism of action has not been fully explained. Therefore, we further delved into whether AZ could alleviate 
OA in mice by affecting mitophagy and pyroptosis. In an in vitro study, we observed that AZ alleviated LPS +
ATP-induced pyroptosis in chondrocytes and inhibited the activation of the NLRP3 inflammasome, a key factor in 
pyroptosis. Moreover, by using the mitophagy activators Resveratrol, the autophagy lysosome inhibitor chlo-
roquine (CQ) and siPINK1 to knock down PINK1, we demonstrated that AZ promoted PINK1/Parkin-mediated 
mitophagy. AZ enhanced PINK1/Parkin-mediated mitophagy, facilitating the clearance of damaged mitochon-
dria, thereby reducing reactive oxygen species (ROS) production and suppressing NLRP3 inflammasome acti-
vation. This cascade mitigated chondrocyte pyroptosis and promoted collagen synthesis. Moreover, AZ 
demonstrated a comparable pro-regenerative effect on the extracellular matrix to that observed with the stan-
dard osteoarthritis treatment, rapamycin. In animal experiments, intra-articular administration of AZ similarly 
promoted mitophagy and inhibited chondrocyte pyroptosis, alleviating osteoid formation and cartilage damage. 
Collectively, these findings suggest that AZ may mitigate OA progression by activating mitophagy and attenu-
ating pyroptosis, highlighting its potential as a preventive therapeutic approach for OA.

1. Introduction

Osteoarthritis (OA) is a degenerative joint disease primarily affecting 
middle-aged and older adults, and is the leading cause of joint pain and 

disability. OA significantly impacts patients’ quality of life and imposes 
a substantial economic burden worldwide [1]. It is characterized by 
articular cartilage erosion, subchondral bone degeneration, bone spur 
formation, and chronic synovial inflammation [2]. Additionally, an 
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imbalance between the synthesis and degradation of the cartilage 
extracellular matrix (ECM) plays a crucial role in the loss and destruc-
tion of articular cartilage [3]. Currently, the main treatments for OA are 
analgesics and nonsteroidal anti-inflammatory drugs (NSAIDs), which 
provide only temporary pain relief and are associated with various 
adverse effects [4,5]. Therefore, discovering a drug that can alleviate, 
prevent, or even reverse the progression of OA is of utmost importance. 
Recently, traditional herbs and derivatives of traditional medicines have 
shown promise in alleviating osteoarthritis with minimal side effects, 
offering the added benefits of being affordable and widely available 
[6,7].

Pyroptosis is a novel form of programmed cell death characterized by 
inflammasome activation, which is dependent on caspase-1 and 
accompanied by the release of large amounts of pro-inflammatory cy-
tokines, such as IL-1β and IL-18 [8]. The inflammasome is associated 
with various inflammatory diseases, including inflammatory bowel 
disease, Parkinson’s disease, and osteoarthritis [9–11]. The most well- 
known of these is the NLRP3 inflammasome, a protein complex 
composed of NLRP3, apoptosis-associated speck-like protein (ASC), and 
the cysteine protease caspase-1 [12]. The NLRP3 inflammasome is 
activated by factors such as pathogen-associated molecular patterns 
(PAMPs) like lipopolysaccharide (LPS), microbes, and viruses, as well as 
damage-associated molecular patterns (DAMPs) such as extracellular 
ATP, uric acid, and cholesterol crystals. Upon activation, the NLRP3 
inflammasome assembles and cleaves pro-caspase-1 into active caspase- 
1, which in turn cleaves the pro-inflammatory cytokines pro-IL-1β and 
pro-IL-18, converting them into their active forms, IL-1β and IL-18 
[13,14]. Concurrently, the NLRP3 inflammasome triggers pyroptosis 
by initiating the cleavage of gasdermin D (GSDMD), leading to the for-
mation of pores in the cell membrane [15]. Recent studies suggest that 
NLRP3 inflammasome activation plays a central role in the pathogenesis 
of osteoarthritis. Chao Lou et al. found that Cucurbitacin B inhibited 
NLRP3 inflammasome activation and pyroptosis, thereby slowing the 
progression of OA [16]. Thus, blocking NLRP3 inflammasome activation 
represents an effective therapeutic strategy for the treatment of 
osteoarthritis.

Mitochondria play a critical role in energy production, reactive ox-
ygen species (ROS) generation, and the regulation of apoptosis [17]. 
When mitochondria are damaged, they not only become inefficient at 
energy production but also tend to over-accumulate ROS, which exac-
erbates chondrocyte damage [18]. Mitophagy, a selective form of 
autophagy, is essential for maintaining mitochondrial mass and ROS 
homeostasis, serving to eliminate dysfunctional mitochondria [19]. 
Research has demonstrated that mitophagy significantly influences the 
progression of osteoarthritis [20]. Wei Li et al. found that Forsythoside A 
inhibited NLRP3 inflammasome activation by promoting mitophagy, 
which in turn mitigated osteoarthritis and inhibited chondrocyte 
senescence [21]. The PTEN-induced PINK1/Parkin pathway, recognized 
as the most extensively studied ubiquitin-dependent pathway for 
mitophagy, enhances the regulation of mitochondrial quality [22]. 
Furthermore, damaged mitochondria not only struggle to produce en-
ergy effectively but also tend to produce excessive ROS, resulting in the 
activation of the NLRP3 inflammasome [23]. Based on these findings, 
we hypothesize that activating PINK1/Parkin-mediated mitophagy 
could represent a promising therapeutic strategy for addressing chon-
drocyte pyroptosis and the onset of osteoarthritis.

Lipopolysaccharide (LPS), an outer membrane component of Gram- 
negative bacteria, is a potent activator of monocytes and macro-
phages, stimulating the secretion of a variety of pro-inflammatory 
molecules, including cytokines, nitric oxide (NO), tumor necrosis 
factor-alpha (TNF-α), and interleukins (such as IL-1 and IL-6), all of 
which contribute to the onset and progression of inflammatory diseases 
and cancer [24]. NLRP3 is a core component of the inflammasome, 
containing a nucleotide-binding oligomerization domain (NACHT) 
essential for autooligomerization and ATPase activity [25]. Recent 
studies suggest that LPS and ATP may activate common pathways, such 

as ROS production, to initiate NLRP3 inflammasome activation, leading 
to caspase-1-dependent pyroptosis [26,27]. LPS treatment has been 
shown to reduce chondrocyte proliferation, an effect further exacer-
bated by ATP treatment, while also increasing the expression of 
pyroptosis-related proteins, including chondrocyte caspase-1, cleaved 
caspase-1, and GSDMD-N [28]. Furthermore, LPS- and ATP-induced 
mitochondrial dysfunction activates NLRP3 inflammasomes through 
mitochondrial damage-associated molecular patterns (mtDAMPs), 
which impair mitochondrial membrane potential and promote the 
release of mitochondrial ROS [29,30]. Therefore, mitochondrial 
dysfunction plays a central role in the activation of NLRP3 inflamma-
somes via multiple mechanisms [31]. Consequently, strategies aimed at 
inhibiting NLRP3 inflammasome activation and pyroptosis by main-
taining mitochondrial homeostasis and promoting mitophagy may offer 
promising therapeutic avenues for the treatment of inflammatory 
diseases.

Acetyl zingerone (AZ) is a small molecule compound derived from 
the natural structures of curcumin and zingerone, with chemical modi-
fications to enhance the structure of curcumin. It retains the key func-
tional properties of both curcumin and zingerone while exhibiting more 
pronounced anti-inflammatory, antioxidant, and anti-aging effects. 
Additionally, AZ improves solubility, photostability, and absorption 
[32]. Previous studies have shown that AZ protects skin melanocytes 
from UV-induced damage, promotes collagen synthesis, and inhibits 
matrix metalloproteinase production [33,34]. Our team has also 
demonstrated that AZ possesses strong antioxidant properties and can 
slow the progression of osteoarthritis in mice [35]. However, the specific 
mechanisms underlying AZ’s effects remain incompletely understood. 
The relationship between curcumin and mitophagy has recently been 
reported in a variety of diseases [36,37], and Acetyl curcumin is struc-
turally alike to curcumin. Therefore, it is reasonable to hypothesize that 
mitophagy plays an important role in the treatment of OA with AZ. In 
this study, we utilized ATDC5 chondrocytes to establish an in vitro 
model of pyroptosis, examining the effects of AZ on chondrocyte activ-
ity, mitochondrial damage, extracellular matrix synthesis and degrada-
tion, mitophagy, and pyroptosis. Furthermore, we established a mouse 
OA model to confirm the therapeutic effects of AZ through indicators 
such as cartilage histology, changes in mitophagy, and expression of 
pyroptosis proteins. Our results suggest that AZ exhibits significant anti- 
OA activity, primarily due to its antioxidant properties, enhancement of 
mitophagy, and suppression of pyroptosis. These findings have impor-
tant clinical implications.

2. Materials and methods

2.1. Materials and reagents

Acetyl zingerone (AZ) was synthesized in the laboratory of Dr. Miao 
at Changzhou University. Lipopolysaccharides (LPS, L3129), Adenosine 
5′-triphosphate disodium salt hydrate (ATP, A6419) and chloroquine 
(CQ, C6628) were purchased from Merck (Missouri, USA). Resveratrol 
(HY-16561) and Rapamycin (AY-22989) were obtained from MedChe-
mExpress™ (Monmouth Junction, NJ, USA). The LDH Cytotoxicity 
Assay Kit (C0016), Reactive Oxygen Species Assay Kit (S0033S), 
Annexin V-FITC Apoptosis Detection Kit (C1062S), BeyoClick™ EdU 
Cell Proliferation Kit with AF488 (C0071S) and Mito-Tracker Green 
(C1048) were sourced from Beyotime (Shanghai, China). The Cell 
Counting Kit-8 (U10014A) was purchased from UU-bio (Suzhou, China). 
The MT-1 MitoMP Detection Kit (MT13) and MitoBright IM Red for 
Immunostaining (MT15) were obtained from Dojindo™ (Beijing, 
China). The stubRFP-sensGFP-LC3 Lentivirus (GPL2001A) was sourced 
from Genechem™. jetPRIME® Transfection Reagent (101000046) was 
sourced from Polyplus (Shanghai, China). MitoSOX™ Red, Alexa Fluor 
488, Alexa Fluor 596 and ProLong™ Diamond Antifade Mountant with 
DAPI (P36962) were purchased from Thermo Fisher™ (Shanghai, 
China). The mouse cell line ATDC5 (ZQ0938) was obtained from 
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Shanghai Zhongqiao Xinzhou Biological Technology Co., Ltd. 
(Shanghai, China). DMEM/F-12 medium and fetal bovine serum (FBS) 
were acquired from Gibco™ (California, USA). The following western 
blot antibodies were purchased from Abclonal™ (Wuhan, China): 
β-Actin (AC038), ASC (A1170), GSDMD (A20197), p62 (A19700), LC3B 
(A19665), Collagen II (A19308), Aggrecan (A12045), MMP3 (A11418), 
and MMP13 (A11148). Parkin (BD-PT3593) was purchased from Bio-
dragon™ (Suzhou, China), IL-1β (P10749) from Servicebio (Wuhan, 
China), NLRP3 (15101S) from Cell Signaling™. Caspase-1 was sourced 
from Santa Cruz Biotechnology™ (sc-398,715). PINK1 (23274–1-AP) 
and MMP13 (18165–1-AP) were obtained from Proteintech™ (Wuhan, 
China). All other materials and reagents were of analytical grade.

2.2. Ethics statemen

The procedures for the care and use of animals were approved by the 
Institutional Animal Care and Use Committee (the file number is IACUC- 
2407014). Mice were housed at the Wutai Animal Facility of Nanjing 
Medical University, and the experiments were conducted by experi-
menters who hold the animal experiment certificate of the Animal Core 
Facility of Nanjing Medical University.

2.3. Animals and treatments

Twenty-eight male, 8-week-old C57BL/6 J mice were purchased and 
all procedures were performed in accordance with internationally 
recognized ethical guidelines. The mice were housed under standard 
conditions (temperature 22–24 ◦C, humidity 45–55 %, 12-h light-dark 
cycle, with free access to food and water). After one week of acclima-
tization, medial meniscus destabilization (DMM) was performed to 
shear the medial meniscus ligament of the right knee, following previous 
literature, resulting in medial meniscus instability and inducing OA le-
sions. One week after surgery, the animals were divided into four groups 
(n = 7): Sham group, DMM group, DMM + Resveratrol (50 mg/kg) 
treatment group, and DMM + AZ (1 mg/kg) treatment group. Intra- 
articular injections into the knee joint were administered using insulin 
needles twice a week for a duration of 8 weeks. Mice in the Sham and 
DMM groups received 10 μL of carrier solution (30 % PEG300, 5 % 
DMSO, and deionized water), while the DMM + resveratrol and DMM +
AZ treatment groups were each injected with 10 μL of either resveratrol 
at a dose of 50 mg/kg or AZ at a dose of 1 mg/kg, respectively.

2.4. Cell culture

The ATDC5 cell line was purchased from Zhong Qiao Xin Zhou 
Biotechnology (Shanghai, China). ATDC5 cells were cultured in DMEM/ 
F12 (G4612, Servicebio) under standard conditions, with 10 % fetal 
bovine serum (FBS, Gibco, USA) and 1 % penicillin/streptomycin 
(Gibco, USA), at 37 ◦C with 5 % carbon dioxide (CO₂). Chondrocytes 
with good growth status after four generations were selected for the 
experiment. The culture medium was changed every two days.

2.5. Cell viability analysis

ATDC5 chondrocytes were inoculated in 96-well plates at a density 
of 1 × 104 cells per well. The cells were co-treated with different con-
centrations of AZ (25, 50, 100, and 200 μM, dissolved in DMSO) and 5 
μg/mL LPS + 2 μM ATP for 24 h and 48 h; controls were cultured in 
medium containing 1/1000 DMSO. The medium was changed once a 
day. Subsequently, cells were incubated with fresh complete medium 
containing 10 μL CCK-8 reagent for 2 h at 37 ◦C. Complete medium 
containing CCK-8 reagent without cells and untreated cells were used as 
blank and mock controls, respectively. Absorbance (OD) at 450 nm was 
detected using a microplate reader (Epoch, Bio-Tek Instruments, USA).

2.6. EdU assays

Chondrocytes were cultured in confocal dishes and treated with 5 
μg/mL LPS + 2 μM ATP, with or without various concentrations of AZ 
(25, 50, 100, or 200 μM; dissolved in DMSO) for 24 h. Cell proliferation 
was then assessed using the BeyoClick™ EdU Cell Proliferation Kit with 
AF555, following the manufacturer’s instructions. Briefly, EdU (20 μM) 
was added to the culture medium and incubated at 37 ◦C for 2 h. After 
incubation, cells were fixed with 4 % paraformaldehyde for 15 min and 
permeabilized with 0.3 % Triton X-100 for 10 min at room temperature. 
Following three washes with the provided washing solution, cells were 
incubated for 30 min at room temperature in the dark with the Click 
Reaction Solution, composed of 430 μL Click Reaction Buffer, 20 μL 
CuSO₄, 1 μL Azide 555, and 50 μL Click Additive Solution per sample. 
Cells were then counterstained with 1× Hoechst 33342 for 10 min at 
room temperature, protected from light, followed by three washes (3–5 
min each). Fluorescence imaging was performed using a laser scanning 
confocal microscope (CLSM-900, Carl Zeiss, Oberkochen, Germany). 
Quantitative analysis was conducted using ImageJ software.

2.7. LDH release

Cytotoxicity was measured by colorimetric determination of lactate 
dehydrogenase (LDH) release from cell supernatants using the LDH 
Cytotoxicity Assay Kit (Beyotime, Shanghai, China), following the 
manufacturer’s instructions.

2.8. Transmission electron microscopy (TEM)

To observe the mitochondria, ATDC5 cells were fixed in 2.5 % 
glutaraldehyde for 4 h at 25 ◦C and centrifuged at 800 rpm for 5 min to 
obtain cell clusters the size of mung beans. The cell clusters were 
embedded in 1 % agarose and rinsed with 0.1 M phosphoric acid buffer 
(pH 7.4). Next, 1 % osmium tetroxide (OSO₄) was added to gently lift 
and suspend the cell clusters. The clusters were then dehydrated, 
embedded in resin, and stained using uranium‑lead double staining (2 % 
uranyl acetate in saturated alcohol solution protected from light for 8 
min and 2.6 %lead citrate protected from carbon dioxide for 8 min). The 
sections were dried overnight at 25 ◦C. Cell morphology and subcellular 
structures were observed using a Hitachi 7800 TEM (Tokyo, Japan).

2.9. Flow cytometry assay

Cell apoptosis was measured with the Annexin V-FITC/PI Apoptosis 
Detection Kit (Vazyme, Nanjing, China). The cell culture of each well 
was aspirated into a 5 mL centrifuge tube, the adherent cells were 
washed twice with PBS, the cells were digested with EDTA-free trypsin, 
and centrifuged for 5 min at 1800 rpm (300 ×g), 4 ◦C, the supernatant 
was discarded, the cells were collected, and the cells were gently 
resuspended with PBS and counted. After cell resuspension, 100 μL of 1 
× Binding Buffer was added and gently blown to a single-cell suspen-
sion. Add 5 μL Annexin V-FITC and 5 μL PI Staining Solution, gently 
blow well, and incubate for 10 min away from light and at room tem-
perature (20–25 ◦C). Finally, add 400 μL 1 × Binding Buffer and gently 
mix well. The stained samples were detected by flow cytometry within 1 
h. The results were measured using a FACSCalibur flow cytometer (BD 
Biosciences), and the data were analyzed using FlowJo software.

2.10. Intracellular and mitochondrial ROS detection

ROS levels were measured using DCFH-DA. ATDC5 cells pretreated 
with or without AZ (100 μM) or CQ (50 μM), was induced with 5 μg/mL 
LPS + 2 μM ATP for 24 h. The cells were then incubated with 10 μM 
DCFH-DA for 20 min at 37 ◦C, washed three times with serum-free 
medium, and the fluorescence intensity was observed using a Laser 
Scanning Confocal Microscopy (CLSM-900, Carl Zeiss, Oberkochen, 
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Germany), with images captured. Quantitative analysis was performed 
using ImageJ software.

Mitochondrial ROS (mtROS) levels were measured using MitoSOX. 
Briefly, ATDC5 cells were pretreated with or without Resveratrol (25 
μM), AZ (100 μM), and CQ (50 μM), and then induced with 5 μg/mL LPS 
+ 2 μM ATP for 24 h. The cells were incubated with 4 nM MitoSOX for 
30 min, washed three times with serum-free medium, and the fluores-
cence intensity was observed using a Laser Scanning Confocal Micro-
scopy (CLSM-900, Carl Zeiss, Oberkochen, Germany), with images 
captured. Quantitative analysis was performed using ImageJ software.

2.11. Detection of mitochondrial membrane potential (Δψm)

ATDC5 cells were seeded in confocal dishes at a density of 5 × 105 

cells per well and cultured overnight. The following day, the supernatant 
was removed, and the MT-1 staining working solution from the MT-1 
MitoMP Detection Kit (MT13, Dojindo, Shanghai, China) was added. 
The cells were then incubated at 37 ◦C for 30 min. Afterward, the me-
dium was removed, and the cells were washed twice with HBSS. 
Following 24 h of 5 μg/mL LPS + 2 μM ATP and drug treatment, the cells 
were washed twice with HBSS, and Imaging Buffer solution was added. 
Finally, the cells were observed using a Laser Scanning Confocal Mi-
croscopy (CLSM-900, Carl Zeiss, Oberkochen, Germany). Quantitative 
analysis was performed using ImageJ software.

2.12. mRFP-GFP-LC3 adenovirus double label assay

P4 generation chondrocytes were seeded into 12-well plates at 50 % 
fusion. stubRFP-sensGFP-LC3 lentivirus (MOI = 100; Genechem, 
Shanghai, China) was used to transfect the chondrocytes in 50 % volume 
of medium for 24 h. In an inverted fluorescence microscope (CX41- 
32RFL, Olympus, Tokyo, Japan), the successful transfection was 
observed. The successfully transfected chondrocytes were seeded in 
confocal petri dishes, and the ATDC5 cells were pretreated with (or 
without) AZ (100 μM), Res (25 μM) and CQ (50 μM), and induced by 5 
μg/mL LPS + 2 μM ATP for 24 h. Finally, the cells were observed by 
Laser Scanning Confocal Microscopy (CLSM-900, Carl Zeiss, Oberko-
chen, Germany).

2.13. PINK1 siRNA transfection

PINK1-siRNA (Saisuofei Biotechnology, Wuxi, China) was used to 
knock down PINK1 in ATDC5 cells, according to the manufacturer’s 
instructions. In addition, ATDC5 cells transfected with non-silencing 
scrambled siRNA (siNC, Saisuofei Biotechnology. Wuxi, China) were 
used as the Ctrl. The respective siRNA senses and antisense sequences for 
PINK1 and Ctrl siRNA were as follows: siPINK1, 5́-GGCAGGUUCCUC-
CAGCGAATT-3′ and 5́-UUCGCUGGAGGAACCUGCCTT-3′, and siNC, 5́- 
UUCUCCGAACGUGUCACGUTT-3′ and 5́-ACGUGACACGUUCGGA-
GAATT-3′. After the cells were successfully transfected, the cells were 
treated according to the method shown in Section 2.14 and then sub-
jected to Western blot analysis.

2.14. Western blotting analysis

Briefly, ATDC5 cells were pretreated with or without Resveratrol (25 
μM), AZ (100 μM), CQ (50 μM), or Rapamycin (100 nM) and then 
induced with 5 μg/mL LPS + 2 μM ATP for 24 h. Total proteins were 
extracted from ATDC5 cells and lysed using RIPA buffer (Beyotime, 
China). Protein concentration was determined using the BCA protein 
assay kit (P0010S, Beyotime™, Shanghai, China). Protein samples were 
separated by SDS-PAGE and transferred to PVDF membranes (Millipore, 
Bedford, USA). The membranes were then blocked in TBST solution 
containing 5 % non-fat milk for 1 h at room temperature. After blocking, 
the membranes were incubated overnight at 4 ◦C with primary anti-
bodies: NLRP3 (1:1000), ASC (1:1000), GSDMD (1:500), Caspase-1 

(1:500), IL-1β (1:500), PINK1 (1:500), Parkin (1:1000), p62 (1:1000), 
LC3B (1:500), Collagen II (1:1000), Aggrecan (1:500), MMP3 (1:1000), 
MMP13 (1:1000), and β-actin (1:2000). After rinse with TBST three 
times, the membranes were incubated with HRP-conjugated secondary 
antibodies (1:5000 dilution) at room temperature for 1 h. Finally, pro-
tein bands were detected using an enhanced chemiluminescence kit 
(ECL kit, BioRad, USA), and densitometric analysis was performed using 
ImageJ software.

2.15. Micro-CT analysis

After a 2-day formalin fixation, the knee samples were scanned using 
a high-resolution micro–computed tomography (CT) scanner (Bruker) at 
50 kV and 450 mA. The high-resolution micro-CT scans were acquired at 
a 9-mm voxel size with 360◦rotation. Then, 3-dimensional reconstruc-
tion was conducted using CTVox software (Bruker). The subchondral 
trabecular bone of the tibial plateau was defined as the region of in-
terest. The following parameters were measured: (1) Bone volume/tis-
sue volume (BV/TV, %), (2) trabecular thickness (Tb.Th, mm) as a 
parameter of bone resorption.

2.16. Immunofluorescence (IF)

ATDC5 cells were cultured in confocal dishes for 24 h. After treat-
ment with 5 μg/mL LPS + 2 μM ATP and drugs for an additional 24 h, the 
cells were fixed with 4 % paraformaldehyde for 15 min, permeabilized 
with 0.1 % Triton X-100 for 10 min, and blocked with 5 % bovine serum 
albumin for 1 h. The cells were incubated overnight at 4 ◦C with primary 
antibodies against NLRP3, ASC, caspase-1, GSDMD, PINK1, Parkin, p62, 
LC3B, Collagen II, Aggrecan, MMP3, and MMP13. After washing three 
times with PBS, the cells were incubated with Alexa Fluor 488 or Alexa 
Fluor 596 (Thermo Fisher™, Shanghai, China) secondary antibodies for 
5 min at room temperature in the dark. The cells were then incubated 
with DAPI for 1 h at room temperature. To label mitochondria, Mito-
Bright IM Red for Immunostaining (1 μM) was added to live ATDC5 cells 
and incubated at 37 ◦C for 30 min, followed by fixation with 4 % 
paraformaldehyde. Further incubated with Parkin and LC3B antibodies 
overnight at 4 ◦C. After incubation with Alexa Fluor 596 and DAPI in the 
dark, fluorescence signals from the region of interest were captured 
using Laser Scanning Confocal Microscopy (CLSM-900, Carl Zeiss, 
Oberkochen, Germany). Immunofluorescence intensity was quantified 
using ImageJ software.

2.17. Histopathological

After mice were euthanized, the knee joints were excised and fixed in 
10 % neutral formalin. The tissue was then immersed in 10 % ethyl-
enediaminetetraacetic acid (EDTA), embedded in paraffin, and cut into 
5 μm thick sections. Sections were stained with HE and Safranin-O ac-
cording to the manufacturer’s recommendations to visualize grossly 
morphologic lesions on the tibial plateau. Osteoarthritis Research So-
ciety International (OARSI) was used to evaluate knee joint lesions.

2.18. IHC analysis

Immunohistochemical analysis was performed following the in-
struction of the manufacturer. Paraffin sections were deparaffinized 
with xylene, rehydrated with ethanol, and washed with PBS. Antigen 
retrieval was performed by incubating the sections with hyaluronidase 
at 37 ◦C for 70 min, followed by treatment with Streptomyces griseus 
protease at room temperature for 10 min, and then washed with PBS. 
After incubation with H₂O₂ for 10 min and washing with PBS, the sec-
tions were incubated overnight at 4 ◦C in a wet box with primary anti-
bodies against NLRP3 (1:100), LC3B (1:200), Parkin (1:50), MMP13 
(1:100), and Collagen II (1:200). On the second day, the sections were 
incubated with HRP-conjugated secondary antibody for 1 h at room 
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temperature. Antigen-positive cells were visualized using a DAB sub-
strate kit, and images were captured using light microscopy. Staining 
intensity was quantified by calculating the area of optical density (AOD) 
in three different fields of view for each sample using ImageJ software.

2.19. Statistical analysis

All experiments were performed at least three times. Data are 

presented as mean ± standard deviation and were analyzed or plotted 
using GraphPad Prism 9.5. Differences between group means were 
assessed with one-way ANOVA. A p-value of <0.05 was considered 
statistically significant.

Fig. 1. AZ attenuates LPS-induced pyroptosis in chondrocytes in vitro. (A) Molecular formula of Acetyl Zingerone. (B–C) Chondrocytes viability was assessed using 
the CCK-8 assay (n = 3).(D) Bright-field images of chondrocytes induced by LPS + ATP with or without AZ pretreatment. Scale bar = 100 μm (n = 3). (E, F) Annexin 
V-FITC/PI staining was performed to detect pyroptosis by flow cytometry, with quantification (n = 3). (G) TEM images of chondrocytes (upper panel, Scale bar =
500 nm; lower panel, Scale bar = 1 μm). Control cells exhibited intact cell membranes with cytoplasmic protrusions. LPS + ATP-treated cells displayed smooth 
membranes with pores (red arrow). AZ treatment reduced the rupture of cell membranes and pore formation (n = 3). (H, I) Western blot analysis and ImageJ 
quantification of key pyroptosis proteins, including NLRP3, ASC, Cleaved-caspase-1, GSDMD-N, and Cleaved-IL-1β (n = 3). Data are expressed as mean ± SD. ns, not 
significant; *p < 0.05, and **p < 0.01, compared to the corresponding control. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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3. Results

3.1. In vitro, AZ attenuates LPS-induced Pyroptosis in chondrocytes

The structural formula of AZ is shown in Fig. 1A. To identify the 
optimal concentration for intervention, we assessed the effects of AZ on 
chondrocyte viability across a range of concentrations (0, 25, 50, 100, 
and 200 μM) and time points (24 and 48 h) utilizing the CCK-8 assay. 
The findings indicated that concentrations of AZ below 100 μM did not 
exhibit cytotoxic effects, while a concentration of 200 μM significantly 
diminished cell viability (Fig. 1B). Consistent with previous research, 
treatment with LPS + ATP considerably reduced cell viability. Notably, 
the CCK-8 assay demonstrated that co-culturing with AZ for 24 h 
effectively mitigated the cytotoxic effects induced by LPS + ATP, with 
100 μM AZ resulting in the most pronounced enhancement of cell 
viability (Fig. 1C). EdU results showed that LPS + ATP inhibited chon-
drocyte proliferation, but AZ reversed this inhibition and was most 
effective at 100 μM (Supplementary Fig. 1. A-B). Consequently, 100 μM 
AZ was determined to be the optimal concentration for further 
experimentation.

LPS stimulation activated the NLRP3 inflammasome, inducing 
pyroptosis through GSDMD-mediated pore formation and interleukin-1β 
(IL-1β) release, contributing to an inflammatory microenvironment. 
Microscopic observation revealed that LPS + ATP significantly induced 
pyroptosis compared to the control, while AZ treatment reversed this 
effect (Fig. 1D). We utilized flow cytometry to assess propidium iodide 
(PI) ratios and employed transmission electron microscopy to investi-
gate cell membrane perforation, which serves as an indicator of pyrop-
tosis. Flow cytometry showed that LPS + ATP treatment increased the PI 
ratio, which was significantly reduced by AZ (Fig. 1E, F). Transmission 
electron microscopy (TEM) confirmed that AZ preserved membrane 
integrity by inhibiting LPS + ATP-induced rupture and pore formation 
(Fig. 1G). We performed Western blot analysis to detect the expression 
levels of proteins associated with pyroptosis. It was observed that AZ 
reversed the upregulation of NLRP3 and ASC induced by LPS + ATP. 
Additionally, AZ inhibited the expression of Cleaved-caspase-1, GSDMD- 
N, and Cleaved-IL-1β (Fig. 1H, I). These findings suggest that AZ inhibits 
LPS + ATP-induced pyroptosis in chondrocytes in vitro.

3.2. AZ reduces mtROS production and alleviates mitochondrial damage 
in LPS-induced chondrocytes

Changes in mitochondrial morphology and function are associated 
with the pathogenesis of osteoarthritis [38]. Impaired mitochondria not 
only fail to produce energy efficiently but also excessively accumulate 
mtROS, which exacerbates chondrocyte damage [39]. It was found that 
mitochondrial dysfunction acts upstream of NLRP3 activation by ROS to 
trigger NLRP3 oligomerization or by inducing α-tubulin acetylation to 
relocate mitochondria to the vicinity of NLRP3 [29]. To evaluate 
chondrocyte mitochondrial function, we measured levels of ROS 
(Fig. 2A, B), mtROS (Fig. 2C, D), and Δψm (Fig. 2E, F). After induction 
with LPS + ATP, the levels of ROS and mtROS in chondrocytes were 
elevated, while Δψm levels were decreased. These changes suggest that 
chondrocyte mitochondria are damaged and dysfunctional. However, 
we found that AZ reversed the LPS + ATP-induced impairment of 
mitochondrial function in chondrocytes. TEM was utilized to examine 
mitochondrial morphology. The results showed that control mitochon-
dria exhibited normal, regular and complete morphology. In contrast, 
mitochondria in chondrocytes treated with LPS + ATP exhibited 
swelling, vacuolation, reduced density, and structural incompleteness. 
However, the supplementation of AZ resulted in a notable improvement 
in mitochondrial morphology, suggesting a potential restorative effect 
(Fig. 2G). These results suggest that AZ reduces mtROS production and 
attenuates mitochondrial damage in LPS-induced chondrocytes.

3.3. AZ enhances mitophagy to reduce mitochondrial damage in LPS- 
induced chondrocytes

Mitophagy is a critical quality control mechanism for mitochondria, 
with PINK1/Parkin-mediated mitophagy playing a pivotal role in the 
elimination of dysfunctional mitochondria. This process mitigates the 
activation of inflammasome and upholds cellular homeostasis [40]. It 
has been found that the antioxidant Curcumin can rescue impaired 
mitochondrial function through the induction of mitophagy [36]. This 
prompts us to hypothesize whether AZ may also exhibit a similar effect 
as Curcumin. To investigate this, we conducted a series of experiments 
aimed at verifying the impact of AZ on mitochondrial function and To 
investigate this, we conducted a series of experiments aimed at verifying 
the impact of AZ on mitochondrial function and autophagy. TEM was 
further used to assay mitophagy. The results demonstrated that the 
addition of AZ significantly improved mitochondrial structure and 
promoted mitophagy in LPS + ATP-induced chondrocytes (Fig. 2G). The 
index expression of mitophagy (PINK1, Parkin, P62, LC3II) in chon-
drocytes was determined by Western blotting. The results demonstrated 
that AZ treatment significantly increased the expression of PINK1, Par-
kin, and LC3II, while concurrently decreasing p62 expression. These 
changes indicate that AZ effectively activates mitophagy in chon-
drocytes (Fig. 3A, B). Additionally, to further elucidate the role of AZ in 
the prevention of osteoarthritis associated with mitophagy we investi-
gated the effect of AZ on mitophagy in the presence of the lysosomal 
inhibitor CQ. CQ inhibits autophagic activity and lysosomal function by 
blocking lysosomal acidification. IF staining showed that the lysosomal 
inhibitor CQ suppressed AZ-enhanced mitophagy activity (decreased 
levels of PINK1, Parkin, and increased levels of P62, LC3B) (Fig. 3C). 
Finally, we assessed mitochondrial function and showed that CQ also 
inhibited ROS and mtROS production in AZ-reduced chondrocytes 
(Fig. 3D-G). These results suggested that AZ increased mitophagy, 
improved mitochondrial function, and inhibited mtROS generation in 
LPS + ATP-induced chondrocytes.

3.4. AZ promotes mitophagy and suppresses pyroptosis in LPS-induced 
chondrocytes through the PINK1/parkin signaling pathway

NLRP3-mediated pyroptosis may exacerbate osteoarthritis by pro-
moting inflammation and damaging cartilage tissues [11]. Mitophagy 
plays a crucial role in inhibiting NLRP3 activation, thereby mitigating 
the inflammatory responses associated with osteoarthritis [21]. We 
further investigated whether AZ the promote mitophagy is linked to 
pyroptosis. Resveratrol (Res) has been found to activate mitophagy 
stimulation in a variety of diseases, including arthritis, kidney injury, 
and lung injury [41–43]. Weimin Fan et al. found that Resveratrol 
alleviated gouty arthritis by promoting mitophagy to inhibit the acti-
vation of NLRP3 inflammation [41]. Western blotting was performed to 
analyze the expression levels of mitophagy-related proteins PINK1, 
Parkin, P62, and LC3B. The findings revealed that, compared to the LPS 
+ ATP group, both the AZ and Res groups significantly increased the 
expression levels of PINK1, Parkin, and the LC3-II/LC3-I ratio in chon-
drocytes, while simultaneously decreasing the protein expression level 
of P62. Conversely, the CQ group appeared to attenuate these effects 
(Fig. 4A, B). These results were further substantiated by immunofluo-
rescence assays, which demonstrated that treatments with AZ and Res 
significantly enhanced the co-localization of Parkin with mitochondria 
(Fig. 4C, D), as well as promoted the aggregation of LC3B-labeled 
autophagosomes toward the mitochondria (Fig. 4E). Additionally, 
autophagic flux assays revealed that AZ and Res significantly increased 
the formation of autolysosome (Fig. 4F). Finally, we evaluated mito-
chondrial function and morphology and found that both AZ and Res 
significantly reduced mtROS production in chondrocytes (Fig. 4G, H), 
while also enhancing mitochondrial structure and promoting mitophagy 
(Fig. 4I). Conversely, the presence of CQ attenuated the effects of AZ, 
indicating that CQ’s inhibition of lysosomal function disrupted the 
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Fig. 2. AZ reduces mtROS production and alleviates mitochondrial damage in LPS-induced chondrocytes. (A, C) ROS and mtROS levels in chondrocytes; (B, D) semi- 
quantitative analysis of ROS and mtROS fluorescence images. ROS: Scale bar = 100 μm, mtROS: Scale bar = 20 μm (n = 3). (E) Mitochondrial membrane potential in 
chondrocytes detected by the MT-1 method; (F) semi-quantitative analysis of MT-1 fluorescence images, Scale bar = 20 μm (n = 3). (G) Detection of mitochondrial 
morphology and mitophagy by TEM, and normal mitochondria (black arrow), damaged mitochondria (white arrow), autophagosomes with mitochondrial-like or-
ganelles (red arrow), Scale bar = 500 nm (n = 3). Data are expressed as mean ± SD. ns, not significant; *p < 0.05, and **p < 0.01, compared with the corresponding 
control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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enhancement of mitophagy activity that AZ typically promotes. These 
results suggest that AZ, similar to Res, promotes mitophagy by modu-
lating the PINK1/Parkin signaling pathway.

As anticipated, Western blot and immunofluorescence analyses 
demonstrated that treatment with AZ and Res significantly reduced the 
expression levels of pyroptosis-associated proteins, including NLRP3, 
ASC, cleaved-caspase-1, GSDMD-N, and cleaved IL-1β, compared to the 

LPS + ATP group. In contrast, treatment with CQ inhibited the AZ- 
induced reduction in the expression of these pyroptosis-related pro-
teins (Fig. 5A-D). Flow cytometry (Fig. 5E, F) and LDH (Fig. 5G) assays 
further corroborated that both AZ and Res significantly inhibited LPS +
ATP-induced chondrocyte pyroptosis. To further elucidate the role of AZ 
in promoting mitophagy via the PINK1/Parkin signaling pathway, we 
conducted reverse validation experiments utilizing siRNA to knock 

Fig. 3. AZ enhances mitophagy to reduce mitochondrial damage in LPS-induced chondrocytes. (A, B) Detection and quantification of PINK1, Parkin, LC3II, and p62 
protein expression through Western blot and ImageJ analysis (n = 3). (C) Immunofluorescence images and quantitative analysis of PINK1, Parkin, p62, and LC3B 
expression in chondrocytes from the indicated groups. Scale bar = 10 μm (n = 3). (D, F) ROS and mtROS levels in chondrocytes. (E, G) Semi-quantitative analysis of 
ROS and mtROS fluorescence images. ROS: Scale bar = 100 μm, mtROS: Scale bar = 20 μm (n = 3). Data are expressed as mean ± SD. ns, not significant; *p < 0.05, 
and **p < 0.01, compared with the corresponding control.
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Fig. 4. AZ promotes mitophagy in LPS-induced chondrocytes through the PINK1/Parkin signaling pathway. (A, B) Detection and quantification of PINK1, Parkin, 
p62, and LC3II protein expression by Western blotting and ImageJ analysis (n = 3). (C, D) Representative images and quantification of immunofluorescence double- 
labelling of Parkin and MitoTracker. Scale bar = 10 μm (n = 3). (E) Representative images of immunofluorescence double-labelling of LC3B and MitoTracker. Scale 
bar = 10 μm (n = 3). (F) Chondrocytes transfection with stubRFP-sensGFP-LC3 lentivirus, images acquired by confocal microscopy. Scale bar = 20 μm (n = 3). (G) 
mtROS levels in chondrocytes. (H) Semi-quantitative analysis of mROS fluorescence images. Scale bar = 20 μm (n = 3). (I) Detection of mitochondrial morphology 
and mitophagy by TEM, and normal mitochondria (black arrow), damaged mitochondria (white arrow), autophagosomes with mitochondrial-like organelles (red 
arrow), autophagosomes (blue arrow), Scale bar = 500 nm (n = 3). Data are expressed as mean ± SD. ns: not significant, *p < 0.05, and **p < 0.01, compared with 
the corresponding control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. AZ promotes mitophagy and suppresses pyroptosis in LPS-induced chondrocytes through the PINK1/Parkin signaling pathway. (A, B) Detection and 
quantification of NLRP3, ASC, Cleaved-caspase-1, GSDMD-N, and Cleaved-IL-1β protein expression by Western blotting and ImageJ analysis (n = 3). (C, D) 
Immunofluorescence images and quantitative analysis of NLRP3, ASC, Caspase-1, and GSDMD in chondrocytes of the indicated groups. Scale bar = 20 μm (n = 3). (E, 
F) Flow cytometric analysis and quantification of Annexin V-FITC/PI staining (n = 3). (G) LDH leakage assessed by ELISA assay in chondrocytes (n = 3). Data are 
expressed as mean ± SD. ns: not significant, *p < 0.05, and **p < 0.01, compared with the corresponding control.
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down PINK1 in vitro. Western blot analysis revealed a marked reduction 
in PINK1 expression within the siPINK1 group, confirming the effective 
knockdown of PINK1 in chondrocytes (Supplementary Fig. 2 A, B). 
Notably, the LPS + ATP + AZ + siPINK1 group exhibited significantly 
lower levels of PINK1 and Parkin compared to the LPS + ATP + AZ +
siNC group. Additionally, the expression of pyroptosis-related proteins 
NLRP3 and GSDMD was elevated in the LPS + ATP + AZ + siPINK1 
group relative to the LPS + ATP + AZ + siNC group (Supplementary 
Fig. 2C, D). These findings indicate that PINK1 knockdown attenuates 
the ability of AZ to facilitate PINK1/Parkin-mediated mitophagy, 
thereby exacerbating chondrocyte pyroptosis. Therefore, based on these 
experimental results, we conclude that AZ inhibits LPS-induced chon-
drocyte pyroptosis by enhancing PINK1/Parkin-mediated mitophagy.

3.5. AZ inhibits LPS-induced ECM degradation in chondrocytes by 
promoting mitophagy

Degradation and loss of articular cartilage are major factors in the 
pathogenesis of OA. ECM synthesis-related proteins, such as Collagen II 
and aggrecan, while inhibiting catabolism-related proteins, including 
MMP-3 and MMP-13, is crucial for therapeutic intervention in OA [20]. 
To investigate the effect of AZ on LPS + ATP-induced ECM degradation 
in chondrocytes, we evaluated the expression levels of Collagen II, 
aggrecan, MMP-3, and MMP-13. Western blotting results indicated that 
both AZ and Res significantly increased the expression levels of Collagen 

II and aggrecan while effectively inhibiting the levels of MMP-3 and 
MMP-13 in LPS + ATP-treated chondrocytes (Fig. 6A, B). Conversely, 
CQ inhibited the protective effects of AZ, alleviating ECM degradation. 
Furthermore, the results of immunofluorescence and quantitative anal-
ysis of Collagen II, aggrecan, MMP-3, and MMP-13 in the treated cells 
were consistent with these findings, confirming the protective effect of 
AZ on chondrocyte ECM integrity (Fig. 6C, D). To further evaluate the 
efficacy of AZ in the treatment of osteoarthritis, rapamycin, a standard 
OA therapy, was used as a positive control. Western blot analysis 
revealed that both AZ and Rapa significantly reversed the LPS + ATP- 
induced reduction in collagen II and aggrecan protein expression, as 
well as the increase in MMP-3 and MMP-13 protein levels. No significant 
differences were observed between AZ and Rapa in their regulation of 
the extracellular matrix homeostasis (Supplementary Fig. 3 A, B). These 
results strongly suggest that AZ inhibits LPS-induced ECM degradation 
in chondrocytes by promoting mitophagy.

3.6. In vivo, AZ attenuates osteoarthritis progression by promoting 
mitophagy mediated by the PINK1/parkin signaling pathway and 
inhibiting chondrocytes pyroptosis

To further elucidate the mechanism of action of AZ on the progres-
sion of osteoarthritis, we randomized mice into four groups: sham, 
DMM, DMM + Res (50 mg/kg), and DMM + AZ (1 mg/kg). Micro-CT 
was employed to investigate whether AZ’s protective effect on 

Fig. 6. AZ inhibits LPS-induced ECM degradation in chondrocytes by promoting mitophagy. (A, B) Detection and quantification of Collagen II, Aggrecan, MMP-3, 
and MMP-13 protein expression via Western blot and ImageJ analysis (n = 3). (C, D) Immunofluorescence images and quantitative analysis of Collagen II, Aggrecan, 
MMP-3, and MMP-13 in chondrocytes of the indicated groups. Scale bar = 20 μm (n = 3). Data are expressed as mean ± SD. ns, not significant; *p < 0.05, and **p <
0.01, compared with the corresponding control.
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articular cartilage is associated with its potential impact on the sub-
chondral bone microstructure of the tibia. The results revealed more 
calcified menisci and bone remnants in the DMM group compared to the 
sham group, with these abnormalities significantly reduced following 
treatment with AZ and Res (Fig. 7A). Bone and trabecular parameters of 
the subchondral bone of the tibia in mice showed that BV/TV and Tb.Th 
were decreased in the DMM group compared to the sham-operated 
group, while treatment with AZ and Res reversed these declines 
(Fig. 7B, C). The results of H&E and Safranin O/Fast Green staining 
indicated that DMM led to significant cartilage loss, depletion of pro-
teoglycans, and elevated OARSI scores. Notably, these alterations were 
effectively attenuated by the administration of AZ and Res (Fig. 7D, E). 
These data suggest that AZ normalizes abnormal subchondral bone 
remodeling and inhibits osteochondral formation and cartilage damage 
in DMM mice. IHC further demonstrated that the expression of 
pyroptosis-related protein NLRP3 was significantly elevated in cartilage 
tissues of DMM group, while AZ and Res reversed these (Fig. 7F, G). 
Meanwhile AZ and Res significantly elevated Parkin and LC3B 
mitophagy-related protein expression in OA mouse tissues (Fig. 7F, G). 
Besides, AZ and Res reversed the decrease of Collagen II expression and 
the increase of MMP13 expression in OA tissues (Fig. 7F, G), which was 
consistent with the results of in vitro chondrocyte experiments. Collec-
tively, these results suggest that AZ attenuates osteoarthritis progression 
by promoting mitophagy mediated by the PINK1/Parkin signaling 
pathway and inhibiting chondrocytes pyroptosis.

4. Discussion

Osteoarthritis (OA) is a major contributor to disability among the 
elderly population. Unfortunately, existing treatment options have 
shown limited efficacy in addressing cartilage degeneration, and there 
are currently no drugs approved specifically as disease modifiers for OA 
[44]. This gap in effective treatment underscores the urgent need for the 
development of new anti-OA drugs that can more effectively target the 
underlying mechanisms of the disease and promote cartilage health. 
Growing evidence suggests that mitochondria play a critical role in OA 
[45]. Previous studies have confirmed that an imbalance in mitophagy 
contributes significantly to mitochondrial dysfunction [46]. In OA, 
mitophagy is inhibited, leading to abnormal accumulation of function-
ally impaired mitochondria, which damages chondrocytes, and curcu-
min alleviates the progression of osteoarthritis by activating mitophagy 
through the AMPK/ PINK1/Parkin pathway [36]. The multifunctional 
properties of AZ stem from its unique chemical structure (3-[4-hydroxy- 
3-methoxybenzyl]pentane-2,4-dione), which contains the 4-hydroxy-3- 
methoxyphenyl ring found in both turmeric ketones and curcumi-
noids, as well as the 1,3- dicarbonyl group found only in curcuminoids, 
two potent natural skincare ingredients with antioxidant, anti- 
inflammatory and anti-aging properties [34]. Thus, the hybrid struc-
ture of AZ retains many properties of gingerone and curcumin, while 
also offering improved photochemical stability, particularly compared 
to curcumin, which degrades significantly under solar radiation. This 
stability makes AZ a promising candidate for the treatment of OA. In this 
study, validation experiments in chondrocytes and a mouse model 
demonstrated that AZ promotes mitophagy to inhibit chondrocyte 
pyroptosis via the PINK1/Parkin pathway, and alleviates OA pathology. 
These findings reveal a novel mechanism for AZ in preventing OA, 
highlighting its potential in OA treatment.

Inflammasome-mediated responses play a crucial role in host de-
fense, but abnormal inflammasome regulation can contribute to auto-
immune and aseptic inflammatory diseases [47]. The NLRP3 
inflammasome is involved in cartilage degeneration and synovial 
inflammation by triggering the release of proinflammatory cytokines 
and degrading enzymes [48]. NLRP3 may serve as a potential biomarker 
for the management of OA [49]. Inhibition of NLRP3 inflammasome 
activity by Icariin or Cucurbitacin B reduces inflammatory cytokines and 
slows OA progression [16,50]. In the present study, AZ significantly 

inhibited NLRP3 inflammatory vesicle activation, cytokine release, and 
GSDMD-N formation in chondrocytes, suggesting that AZ could be a 
novel candidate for the treatment of NLRP3-driven diseases.

Mitochondrial damage increases mtROS production, which in turn 
leads to further mitochondrial damage and dysfunction, thus creating a 
“vicious cycle” that is associated with the development of OA [51,52]. 
Mitophagy is the phagocytosis of damaged mitochondria by double- 
membrane autophagosomes, which then fuse with lysosomes to form 
autolysosome, which are ultimately removed. This is part of cellular 
autophagy, which aims to degrade and remove damaged mitochondria 
to maintain normal cellular function and metabolic homeostasis [53]. 
Mitophagy plays a key role in reducing ROS production and preventing 
mitochondrial dysfunction, thereby enhancing chondrocyte activity 
[20,54]. When mitochondria are damaged, PINK1 rapidly accumulates 
at the mitochondrial membrane and recruits Parkin from the cytoplasm, 
which induces the degradation of the damaged mitochondria [55]. The 
results of this study indicate that AZ promotes the PINK1/Parkin- 
mediated mitophagy signaling pathway in chondrocytes. AZ signifi-
cantly increased the expression of PINK1 and Parkin in both LPS- 
induced chondrocytes and DMM-induced mouse OA cartilage tissues, 
leading to a reduction in mitochondrial damage characterized by 
swelling, vacuolization, and structural incompleteness. Additionally, AZ 
treatment enhanced autophagic flux. Mitochondrial function assays 
demonstrated that AZ significantly reduced mtROS production and 
restored mitochondrial membrane potential, aligning with previous 
findings that activation of mitophagy improves mitochondrial function 
in OA [20,56]. These results suggest that AZ enhances mitophagy and 
improves mitochondrial structure and function in LPS-induced chon-
drocytes and DMM-induced cartilage tissues of mouse OA.

The mechanism by which organelle dysfunction contributes to 
NLRP3 inflammasome activation remains unclear [57]. Recent studies 
suggest that damaged mitochondria exhibit reduced membrane poten-
tial (MMP) and release ROS and mtDNA, both of which act as activators 
of NLRP3 inflammasome activation [58,59]. Mitochondrial dysfunction 
and ROS production promote the formation of NLRP3 inflammatory 
vesicles, leading to the oligomerization of GSDMD and the formation of 
pores in the cell membrane, ultimately resulting in pyroptosis [60,61]. 
Thus, impaired MMP and subsequent accumulation of ROS play a crucial 
role in the activation of NLRP3 inflammatory vesicles and pyroptosis in 
chondrocytes. Mitophagy-mediated degradation of damaged mito-
chondria can reduce NLRP3 activation [22,62]. We hypothesized that 
enhancing the elimination of damaged mitochondria could reduce 
NLRP3 activation and chondrocyte pyroptosis. Numerous studies have 
shown that Resveratrol attenuates toxicant-induced lung injury, kidney 
injury, and myocardial injury by promoting mitophagy through the 
PINK1/Parkin signaling pathway [42,43,63]. Our results show that AZ 
treatment attenuated mitochondrial damage and reduced ROS accu-
mulation induced by impaired MMP. In contrast, inhibition of auto-
phagy by the lysosomal inhibitor CQ reversed these effects, 
demonstrating that AZ regulates mitochondrial mass by promoting 
mitophagy and maintaining mitochondrial homeostasis. To assess 
whether AZ’s effects on mitophagy and NLRP3 inflammatory vesicle 
activation are causal, we performed additional experiments. siPINK1 
and CQ reversed the inhibitory effects of AZ on the expression of 
pyroptosis -associated proteins, including NLRP3, ASC, cleaved caspase- 
1, GSDMD-N, IL-1β, and LDH release. This suggests that AZ inhibits 
NLRP3 inflammatory vesicle activation by promoting mitophagy. 
Furthermore, both in vitro and in vivo experiments showed that AZ and 
Res promote the expression of mitophagy proteins Parkin and LC3B, 
inhibit the expression of the pyroptosis protein NLRP3, and alleviate 
chondrocyte pyroptosis. While their effects were similar, in vivo, AZ at a 
dose of 1 mg/kg was as effective as Res at 50 mg/kg, indicating AZ’s 
significant therapeutic advantage in joint treatment. These findings 
suggest that AZ is a viable clinical candidate for targeting mitochondrial 
dysfunction and NLRP3 inflammasome activation, offering a promising 
therapeutic strategy for mitochondrial homeostasis and the regulation of 
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Fig. 7. AZ alleviates the progression of osteoarthritis in a mouse OA model. (A) Three-dimensional reconstruction of the mouse knee joint 4 weeks after surgery. 
Micro-CT image of sagittal views of the subchondral bone medial compartment 4 weeks after surgery. Scale bar = 9 μm. (B, C) Quantitative micro-CT analysis of the 
microarchitecture of the subchondral bone medial compartment, including bone volume/tissue volume (BV/TV, %) (B) and trabecular thickness (Tb.Th) (C). (D) 
H&E staining and safranin O/fast green staining were used to evaluate cartilage histopathology in OA mice. Cartilage damage (red arrow). Scale bar = 20 μm. (E) 
Osteoarthritis Research Society International (OARSI)-modified Mankin scores of articular cartilage at different time points after surgery. (F, G) Immunohisto-
chemical staining and quantitative analysis of the expression of NLRP3, Parkin, LC3B, Collagen II, and MMP-13 in cartilage tissues. Data are expressed as mean ± SD. 
ns, not significant; *p < 0.05, and **p < 0.01, compared with the corresponding control. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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pyroptosis in chondrocytes. AZ’s therapeutic potential in the joints po-
sitions it as a strong contender for clinical application, with the ability to 
modulate intrinsic signaling pathways to regulate NLRP3 inflammatory 
vesicle activation and pyroptosis.

Articular cartilage is an avascular tissue composed of chondrocytes 
and extracellular matrix [64]. With the onset and progression of OA, 
chondrocyte proliferation and extracellular matrix synthesis gradually 
decrease, while chondrocyte apoptosis and matrix degradation increase 
[65]. Increasingly, studies have shown that inhibition of MMP3 and 
MMP13 production can halt the progression of OA [66]. IL-1β was found 
to cause significant downregulation of key components of the articular 
cartilage matrix, including Collagen II and Aggrecan, as well as upre-
gulation of matrix metalloproteinases, including MMP3 and MMP-13 
[7]. In contrast, activation of inflammatory vesicles with NLRP3 pro-
motes the cleavage of Pro-IL-1β to mature Cleaved-IL-1β, releasing large 
amounts of pro-inflammatory cytokines [12]. Animal and cellular 
studies demonstrated that AZ reduced the expression of cleaved IL-1β, 
MMP-3, and MMP-13, while promoting the expression of collagen II and 
aggrecan. Furthermore, AZ exhibited similar extracellular matrix- 
modulating and osteoarthritis-relieving effects to the standard OA 
therapeutic agent rapamycin. These findings provide further evidence 
that AZ is a promising clinical candidate for the treatment of 
osteoarthritis.

Despite these significant findings, there are still research gaps to 
address. Future studies could focus on identifying the various signaling 
pathways that activate mitophagy in AZ. Biochemical and network 
pharmacology approaches could also be used to explore the mechanistic 
pathways, and techniques like immunoprecipitation and amino acid site 
mutation could help elucidate the interaction between AZ and its target 
proteins. These efforts will further clarify the mechanism underlying 
AZ’s anti-OA effects. In summary, we found that AZ promotes mitoph-
agy, inhibits LPS + ATP-induced chondrocytes pyroptosis and ECM 
degradation through the PINK1/Parkin signaling pathway, and slows 
down the progression of OA in a mouse model. Therefore, AZ presents a 
promising new therapeutic option for OA, offering a novel direction for 
clinical research and treatment.
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