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A B S T R A C T   

Osteoarthritis (OA) is a prevalent chronic degenerative joint disease worldwide. Obesity has been 
linked to OA, and increased free fatty acid levels (e.g., palmitate) contribute to inflammatory 
responses and cartilage degradation. Xanthohumol (Xn), a bioactive prenylated chalcone, was 
shown to exhibit antioxidative, anti-inflammatory, and anti-obesity capacities in multiple dis
eases. However, a clear description of the preventive effects of Xn on obesity-associated OA is 
unavailable. This study aimed to assess the chondroprotective function of Xn on obesity-related 
OA. The in vitro levels of inflammatory and ECM matrix markers in human chondrocytes were 
assessed after the chondrocytes were treated with PA and Xn. Additionally, in vivo cartilage 
degeneration was assessed following oral administration of HFD and Xn. This study found that Xn 
treatment completely reduces the inflammation and extracellular matrix degradation caused by 
PA. The proposed mechanism involves AMPK signaling pathway activation by Xn, which in
creases mitochondrial biogenesis, attenuates mitochondrial dysfunction, and inhibits NLRP3 
inflammasome and the NF-κB signaling pathway induced by PA. In summary, this study high
lights that Xn could decrease inflammation reactions and the degradation of the cartilage matrix 
induced by PA by inhibiting the NLRP3 inflammasome and attenuating mitochondria dysfunction 
in human chondrocytes.   
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1. Introduction 

With a prevalence of approximately 28 % in the global population over 60 years, osteoarthritis (OA) stands among some of the most 
prevalent joint diseases. Characteristic features of OA include inflammation, cartilage degeneration, pain, and physical disability [1,2]. 
Epidemiological analysis suggests that the incidence of OA is associated with numerous risk factors, including previous joint damage, 
aging, gender, genetic factors, joint anatomical factors, and obesity [3,4]. Currently, pain management and end-stage joint replace
ment surgery are the most preferred strategies for OA treatment [3,5]. However, the occurrence of postoperative adverse outcomes and 
the finite lifespan of the prosthesis present a major obstacle to current therapies. Therefore, contemporary research has shifted its focus 
to pathogenesis and developing new strategies for the prevention of early OA. 

Obesity is a major risk factor leading to the onset and progression of OA; it not only increases the burden on weight-bearing joints 
like the knee and the hip but also affects lipid metabolism. Elevations in the levels of free fatty acids (FFAs), such as stearic acid (SA) 
and palmitate (PA), are linked to obesity [6,7]. These FFAs are important proinflammatory factors. Studies have reported that FFAs are 
key contributors to endothelial dysfunction, insulin resistance, cardiac dysfunction, and ischemic cardiomyopathy [8–10]. The 
excessive accumulation of these FFAs may lead to the initiation of inflammatory signaling pathways (e.g., toll-like receptors), even
tually causing cell dysfunction [11]. Studies have further demonstrated that elevated FFA levels in cartilage tissues, synovial fluid, and 
synovium of patients with OA are associated with disease severity [7,12,13]. These results indicate the relationship between obesity 
and OA. However, a comprehensive elucidation of its underlying mechanisms is currently unavailable. 

Xanthohumol (Xn), a prenylated chalcone, is a primary bioactive component extracted from Humulus lupulus L (the hop plant). Xn 
was previously shown to possess anti-tumor, anti-inflammatory, anti-obesity, and anti-oxidative properties. Kenta et al. reported that 
Xn suppresses the angiogenesis of pancreatic cancer by blocking the NF-κB signaling [14]. Moreover, Xn can inhibit the NF-κB 
signaling pathway and protect against LPS-induced acute lung injury [15]. Additionally, Xn could suppress hepatic steatosis, 
expression of pro-inflammatory genes, and non-alcoholic fatty liver in the WTD-induced obesity model [16]. Xn has also been reported 
to prevent age-related brain damage and hepatic alterations by eliminating age-related oxidation stress and inflammation [17,18]. 
However, the involvement of Xn in OA, another obesity-related and inflammatory disease, is not yet explained. We attempted to 
understand the anti-inflammatory, chondroprotective, and mitochondria-protective properties of Xn in palmitate-induced chon
drocytes in this study, which would help explore a potential novel pharmacological agent for OA treatment. 

2. Materials and methods 

2.1. Reagents and chemicals 

Endotoxin-free Xn was purchased from Aladdin and CCK-8 from Beyotime Institute of Biotechnology. The Gress reagent nitrite 
measurement kit was commercially procured from Cell Signaling Technology. Human PGE2 ELISA kits were purchased from Solarbio 
Science & Technology [19]. Penicillin/streptomycin and Fetal bovine serum were purchased from Gbico. Nutrient Mixture F12 
(DMEM/F12), and Dulbecco’s modified Eagle’s medium was supplied by Hyclone. 

2.2. Preparation and culture of human primary chondrocytes 

The Ethics Review Committee at the Shenzhen Second People’s Hospital granted its approval for the collection of cartilage tissues 
from patients. After each patient received a thorough explanation of the investigation and provided written informed consent (Ethic 
no.20211215005-FS01), samples were collected for this study. Tissues from the human articular cartilage were collected from 
volunteer donors who had undergone joint replacement or joint surgery. The samples were washed thrice with PBS containing 
penicillin and streptomycin and then cut into small fragments (1–3 mm3). The minced samples were placed in 1 mg/mL collagenase II 
(Sigma) at 37 ◦C for 16 h in a shaker; digestion was performed multiple times until collagen was completely dissolved. After digestion, 
the suspension was filtered with a 100 mm nylon cell strainer to remove matrix debris, and the cells were then collected after 
centrifugation at a rate of 1000 rpm for 10 min [20]. Cells were resuspended thoroughly and subcultured in chondrocyte growth 
medium (DMEM/F12, 10 % FBS, 100 μg/mL streptomycin, and 100 IU/mL penicillin) using a CO2 (5 %) incubator at 37 ◦C. The 
medium was replaced as the cells attached and passaged when they reached 80 % confluence. Chondrocytes from only passage 1 (P1) 
and passage 2 (P2) were included in the experiments. Chondrocyte morphology was studied using toluidine blue staining [21]. 

2.3. CCK-8 assay 

Human primary chondrocytes were seeded on 96-well cell culture plates at a density of 1 × 104 cells/well, which were subjected to 
overnight incubation. The Xn concentration range used in the assay was determined based on previous studies. After incubation with 
Xn for 48 h, the viability of cells was measured using a cell counting kit-8 as per the standard procedures. Briefly, the culture medium 
and CCK-8 solution were mixed at a ratio of 10:1, following which 100 μL of the mixture was introduced into each of the wells. Af
terward, it was incubated for 1 h at 37 ◦C in an incubator, and its absorbance at 450 nm was recorded via a microplate reader [22]. 

2.4. Griess reaction and PGE2 ELISA 

IL-1β (10 ng/mL) treatment of the cells with and without Xn was done for 24h to measure the levels of NO and PGE2. The culture 
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medium was first harvested, and then the Gress reagent nitrite measurement kit (Cell Signaling Technology) and human PGE2 ELISA 
kit (Solarbio Science & Technology) were used to quantify the NO and PGE2 levels, respectively, as laid out in the instruction 
handbook of the kit [23]. All the assays were repeated at least thrice. 

2.5. Real-time PCR 

As per the instructions provided by the manufacturer, total RNA was isolated from the human articular chondrocytes using TRIzol 
reagent (Invitrogen). Afterward, cDNA synthesis was done using 1 μg of total RNA with the aid of the PrimeScript™ RT Reagent Kit and 
gDNA Eraser (Takara). Quantitative RT-PCR was conducted with SYBR Green Supermix (BioRad) using aViiA7™ Real-Time PCR 
System (Applied Biosystems) [20]. Each experiment was done at least thrice, and all samples were normalized to GAPDH as the 
standard. Table 1 contains a list of the primer sequences designed for this study. 

2.6. Western blots 

Whole protein extraction from chondrocytes was done using lysis buffer (50 mM Tris-Hcl, 150 mM NaCl, pH 7.4, and 0.1 % SDS) 
with protease inhibitor supplement. The nuclear and cytoplasmic proteins from the chondrocytes were extracted using a nuclear and 
cytoplasmic protein extraction kit. Cells were lysed for 30 min with lysis buffer on ice by swirling each 10 min. The protein solution 
was then centrifuged for 10 min at a rate of 15,000g at 4 ◦C. Using a BCA protein assay kit (Pierce), the samples’ protein concentration 
was determined [24]. 

The denatured protein solution was exposed to SDS-PAGE (12 %) and then transferred onto a PVDF membrane. Membrane blocking 
was carried out with 5 % non-fat dry milk (1 h at room temperature), which was incubated at 4 ◦C with primary antibodies for an entire 
night. As the membrane underwent three washes with TBST, the secondary antibodies were applied, and the mixture was incubated at 
room temperature for an hour. Using an ECL reagent (ThermoFisher), bands on the membrane were developed, and analysis of 
immunoreactive bands was performed using the ImageJ software [25]. All the results were repeated at least thrice. Primary antibodies 
specifically directed against GAPDH (1:1000), COX-2 (1:1000), iNOS (1:1000), MMP1 (1:5000), MMP3 (1:5000), MMP13 (1:1000), 
PGC-1α (1:1000), TFAM (1:1000), AMPKα (1:1000), and p-AMPKα (1:1000) were purchased from Proteintech. ADAMTS5 (1:500) was 
purchased from ABclonal, and collagen II (1:500) was purchased from ThermoFisher Scientific; Human Reactive Inflammasome 
Antibody Sampler Kit II, p-IκBα (1:1000), IκBα (1:1000), p65 (1:1000), p-p65 (1:1000), anti-rabbit IgG, HRP-linked Antibody (1:1000), 
anti-mouse IgG, and HRP-linked Antibody (1:1000) were purchased from Cell Signaling Technology. 

2.7. Immunofluorescence 

Seeding of the chondrocytes was done in 24-well glass plates at a fixed density of 1 × 104 cells per well. Cell treatment was done 
with 10 ng/mL PA in the absence and presence of Xn for 24h for collagen II and MMP13 stain, and for 2h in case of p65 stain. The glass- 
seeded chondrocyte monolayers were fixed with 4 % paraformaldehyde (room temperature, 15 min) after they were washed thrice 
with PBS. Following another PBS wash, 0.3 % Triton X-100 (in PBS) was introduced to permeabilize the cells (10 min at room tem
perature). The cells were then blocked using 5 % BSA for 30 min. Chondrocytes were incubated with collagen II, MMP13, and p65 
primary antibodies overnight at 4 ◦C. The cells were then washed thrice with PBS and incubated with Alexa Fluor® 647-conjugated 
goat anti-rabbit IgG (1:500) for 1h in the darkness at room temperature. Finally, the cells were incubated with DAPI for nuclei staining. 
Under a fluorescence microscope, the images were captured [20]. 

Table 1 
Primers for RT-PCR used in this study.  

Gene Forward primer Reverse primer 

IL-1β 5′-TACGAATCTCCGACCACCA-3′ 5′-GGACCAGACATCACCAAGC-3′ 
TNF-α 5′-GTCAGATCATCTTCTCGAACC-3′ 5′-CAGATAGATGGGCTCATACC-3′ 
iNOS 5′-GACGAGACGGATAGGCAGAG-3′ 5′-CACATGCAAGGAAGGGAACT-3′ 
COX-2 5′-GAGAGATGTATCCTCCCACAGTCA-3′ 5′-GACCAGGCACCAGACCAAAG-3′ 
MMP1 5′-CTGTTCAGGGACAGAATGTGC-3′ 5′-TTGGACTCACACCATGTGTT-3′ 
MMP3 5′-TGCGTGGCAGTTTGCTCAGCC-3′ 5′-GAATGTGAGTGGAGTCACCTC-3′ 
MMP13 5′-GGCTCCGAGAAATGCAGTCTTTCTT-3′ 5′-ATCAAATGGGTAGAAG TCGCCATGC-3′ 
Adamts5 5′-GGTCAAGGTCCCATGTGCAAC-3′ 5′-GAATGCGGCCATCTTGTCATC-3′ 
Collage II 5′-CTGTCCTTCGGTGTCAGGG-3′ 5′-CGGCTTCCACACATCCTTAT-3′ 
NLRP3 5′-CGTGAGTCCCATTAAGATGGAGT-3′ 5′-CCCGACAGTGGATATAGAACAGA-3′ 
ASC 5′-GCGCTGGAGAACCTGACCGC-3′ 5′-CTCCTGCAGGCCCATGTCGC-3′ 
Caspase-1 5′-GAAAGCCCACATAGAGAAGG-3′ 5′-CTCTTTCAGTGGTGGGCATC-3′ 
PGC-1α 5′-AGCCTCTTTGCCCAGATCTT-3′ 5′-GGCAATCCGTCTTCATCCAC-3′ 
TFAM 5′-CCAAAAAGACCTCGTTCAGCTT-3′ 5′-CTTCAGCTTTTCCTGCGGTG-3′ 
D-loop 5′-CTATCACCCTATTAACCACTCA-3′ 5′-TTCGCCTGTAATATTGAACGTA-3′ 
18sRNA 5′-TAGAGGGACAAGTGGCGTTC-3′ 5′-CGCTGAGCCAGTCAGTGT-3′ 
GAPDH 5′-GGAGCGAGATCCCTCCAAAAT-3′ 5′-GGCTGTTGTCATACTTCTCATGG-3′  
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2.8. Molecular docking 

The structure of AMPK (PDB ID: 4CFF) was retrieved from the RCSB Protein Data Bank (https://www.rcsb.org/) and used as the 
receptor for molecular docking. The 3D structure of Xn was obtained from the PubChem website (https://pubchem.ncbi.nlm.nih.gov/) 
and used as a ligand for molecular docking (PubChem ID: 639,665). Molecular docking between small ligand molecules and the re
ceptor protein was performed using the AutoDockTools1.5.7 software. PYMOL 2.5.2 was used to analyze the flexibility of ligand 
binding to the pocket residues [26]. 

2.9. ATP assay 

The level of ATP in chondrocytes was measured using an ATP assay kit from the Beyotime Institute of Biotechnology following the 
guidelines of the manufacturer [27]. Briefly, the treated cells were subjected to lysis and centrifugation at 12000g (4 ◦C) for 5min. 
Afterward, 20 μl of the collected supernatant was added to 100 μl working solution in a 96-well plate. The luminescence was detected 
using a microplate reader. 

2.10. Reactive oxygen species (ROS) assay 

Using a ROS assay kit (Beyotime Institute of Biotechnology Inc.) [28], ROS was detected by the fluorescent probe 2′, 
7′–dichlorofluorescein diacetate (DCFHDA). Briefly, cells were separated by centrifugation, stained with DCFHDA, and then examined 
using a microplate reader after 30 min of incubation in the darkness at 37 ◦C. 

2.11. Lipid peroxidation malondialdehyde (MDA) assay 

A lipid peroxidation MDA assay kit helped in the detection of lipid peroxidation levels. Thiobarbituric acid (TBA) and MDA can 
interact in an acidic environment at high temperatures to generate the red MDA-(TBA)2 adduct. Briefly, cells were collected and 
centrifuged for 15 min at 12000g. The supernatant obtained was treated with TBA and the reaction product was determined by 
spectrophotometry at 535 nm [29]. 

2.12. Animal models 

Sprague-Dawley (SD) male wild-type (WT) rats (8 weeks old) were procured from the Cloud-Clone Corp., Wuhan. Rats were housed 
in a sterile setting (temperature = 27 ◦C) with a 12h light-dark cycle and 50 % humidity. The Committee for Animal Use and Care at 
Southwest Medical University approved all animal protocols and procedures involved in this study (Ethic no. 20211124-043). A high- 
fat diet (HFD) was applied to the rats for six weeks before the construction of an OA model, which was built on the instability of the 
medial meniscus (DMM) caused by surgical therapy, as was already mentioned [30]. Briefly, 40 mg/kg of 2 % (w/v) pentobarbital was 
administered intraperitoneally to the rats to make them unconscious. Microsurgical scissors were used to cut the medial meniscus tibial 
ligament, and the medial patellar tendon was used to open the right knee joint capsule. However, in a sham control group, the medial 
meniscus tibial ligament was not cut. In the present investigation, rats were classified into three groups at random: the OA group 
(DMM), the OA group receiving XN treatment (DMM + XN), and the sham control group (sham). 

2.13. Histopathological analysis 

The knee joint’s calcification was removed with a 10 % EDTA solution after it had been fixed with 4 % paraformaldehyde (24 h, 
4 ◦C). To create frontal serial slices with a thickness of 5 m, the tissue was dehydrated, cleared, embedded in paraffin blocks, and sliced. 
Afterward, safranin O-fast green (S–O) staining was done for the slides, and a light microscope was used to identify the degree of 
cartilage degeneration [20]. 

2.14. Immunohistochemical assay 

MMP3 and collagen II expression levels were detected in the cartilage by immunohistochemistry. Briefly, the slides were dewaxed, 
rehydrated, and sealed with 5 % BSA for 30 min after a 20-min incubation with 0.4 % pepsin (Sangon Biotech Co., Ltd.) in 5 mM HCl to 
repair the antigen. Then, in the presence of primary antibodies specific to MMP3 (1:500) and collagen II (1:50) overnight (at 4 ◦C), 
incubation of the slides was done. After 50 min (room temperature) of incubation, the slides were subjected to incubation with HRP- 
conjugated goat anti-rabbit (1:50), and images were captured with an Olympus BX51 microscope (Olympus Corporation) [20]. 

2.15. Statistical analysis 

All experiments were repeated at least thrice. The data were presented as mean ± SD. The software called GraphPad Prism version 
8.0 was used for statistical analysis. A Student t-test with two-tailed and unpaired samples was used to make a comparison between the 
two groups. Multiple groups were compared using a single-factor analysis of variance (ANOVA) and a posttest (Bonferroni). In 
addition, P < 0.05 indicated the significance level. 
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3. Results 

3.1. Cytotoxicity of Xn on human chondrocytes 

The molecular chemical structure of Xn is presented in Fig. 1A. The toluidine blue staining of proteoglycan revealed the spindle- 
shaped morphology of human primordial chondrocytes (Fig. 1B). The expression levels of collage II, MMP13, and MMP3 in normal 
human and OA chondrocytes were examined. The results showed that in comparison to OA chondrocytes, normal chondrocytes 
expressed more collage II and less MMP3 and MMP13 (Fig. 1C). Additionally, only human chondrocytes in passages 1 and 2 were used 
in the next experiments. Our findings demonstrated that small quantities of Xn had no considerable cytotoxic effect on human 
chondrocytes. However, following treatment with a concentration of 20 μM, the vitality of chondrocytes was considerably decreased 
(Fig. 1D and E). Therefore, an Xn concentration of 10 μM was used in subsequent experiments. 

Fig. 1. The cytotoxicity of Xn on human chondrocytes. A. Chemical structure of Xn. B. Human primary chondrocytes examined by toluidine blue 
staining. C. Expression of collagen II, MMP3, and MMP13 detected by qPCR in normal human and OA chondrocytes. D and E. Cytotoxic effects of Xn 
on human chondrocytes determined at 24h and 48h by CCK8 assay. *P < 0.05, **P < 0.01, and ***P < 0.001. 
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3.2. PA-induced inflammatory mediators in human chondrocytes are blocked by Xn 

Herein, qPCR, western blotting, and ELISA were conducted to evaluate the expression and production of IL-1, TNF-, iNOS, COX-2, 
NO, and PGE2, thus examining the effects of Xn on PA-induced inflammation of chondrocytes. Xn suppressed the IL-1β expression, and 
TNF-α was stimulated by PA (Fig. 2A–B). Additionally, the outcomes demonstrate that Xn suppressed COX-2 and iNOS expression that 
was induced by PA at the protein and gene levels (Fig. 2C–E). The ELISA results suggested that Xn inhibited PA-induced NO and PGE2 
production (Fig. 2D). Thus, it can be proposed that Xn inhibited the expression and production of PA-induced inflammatory mediators 
in human chondrocytes. 

3.3. Xn attenuates PA-induced ECM degradation in human chondrocytes 

The effects of Xn on collagen II, MMP1, MMP3, MMP13, and Adamts5 were investigated by qPCR, western blotting, and immu
nofluorescence to ascertain the effects of Xn on the synthesis of ECM and its degradation induced by PA. According to the observations, 
Xn enhanced the collagen II mRNA expression in response to PA stimulation while inhibiting the expression of MMP1, MMP3, MMP13, 
and Adamts5 mRNAs (Fig. 3A). Following PA stimulation, Xn (10 μM) elevated the protein level of collagen II while inhibiting the 
protein levels of MMP1, MMP3, MMP13, and Adamts5 (Fig. 3B–C). Additionally, collagen II and MMP13 immunofluorescence staining 
revealed that following PA stimulation, Xn stimulated collagen II expressions and inhibited MMP13 expression (Fig. 3D). Our results 
suggest that Xn attenuates PA-induced ECM degradation by inhibiting collagen II synthesis and the synthesis of ECM-degrading en
zymes in human chondrocytes. 

Fig. 2. Blocking the levels of PA-induced inflammatory mediators by Xn in human chondrocytes. A. mRNA expression of IL-1β and TNF-α 
detected using qPCR. B. Production of IL-1β and TNF-α detected using ELISA. C. mRNA expression of iNOS and COX-2 detected using qPCR. D. 
Production of NO and PGE2 detected using ELISA. E. Protein expression of COX2 and iNOS detected using western blotting and quantified. *P <
0.05, **P < 0.01, and ***P < 0.001. 
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3.4. Xn prevents PA-induced NF-κB activation in human chondrocytes 

To ascertain the anti-inflammatory effects of Xn on PA-treated chondrocytes, the expression of p65, p-p65, IκBα, and p-IκBα was 
examined using immunofluorescence and western blotting. According to the observations, Xn pretreatment substantially attenuated 
the phosphorylation of p65, which was remarkably elevated by PA stimulation (Fig. 4A–B). In PA-induced chondrocytes, Xn pre
treatment enhanced IκBα protein levels and lowered IκBα phosphorylation levels (Fig. 4A–B). Additionally, Xn pretreatment reduced 
p65 expression in the nucleus of PA-induced chondrocytes, according to the results of the immunofluorescence staining (Fig. 4C). Our 
findings indicated that Xn inhibited p65 translocation and IκBα degradation in human chondrocytes, thus preventing PA-induced NF- 
κB activation. 

3.5. Xn inhibits PA-NLRP3 inflammasome axis-induced inflammation and ECM degradation 

According to recent reports, palmitate, the most abundant among all saturated FFAs, serves as a secondary signal for the NLRP3 

Fig. 3. Attenuation of PA-induced ECM degradation by Xn in human chondrocytes. A. mRNA expression of collagen II, MMP1, MMP3, 
MMP13, and Adamts5 detected using qPCR. Protein expression of collagen II, MMP1, MMP3, MMP13, and Adamts5 detected using western blotting 
(B) and quantification results (C). D. Expression of collagen II and MMP13 detected by immunofluorescence. *P < 0.05, **P < 0.01, ***P < 0.001 
and ****P < 0.0001. 
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inflammasome to become active. NLRP3 was involved in the maturation and release of IL-1β, which played a significant role in OA 
progression. Therefore, the effects of Xn on PA-induced activation of NLRP3 inflammasome were investigated. Our results suggested 
that PA stimulation considerably increased the mRNA levels of NLRP3, ASC, and caspase 1, while Xn pretreatment considerably 
prevented these increases (Fig. 5A). Western blotting revealed that Xn pretreatment reduced the expression of NLRP3, ASC, caspase-1, 
pro-caspase-1, IL-1β, and pro-IL-1β in chondrocytes that were stimulated by PA (Fig. 5B–C). Thus, our findings suggest that Xn may 
have inhibited PA from inducing IL-1β production via the mechanism of preventing the activation of the NLRP3 inflammasome in 
human chondrocytes. 

3.6. Xn promotes mitochondrial biogenesis and prevents mitochondrial dysfunction 

Mitochondrial dysfunction contributes to the inflammatory response by activating the NLRP3 inflammasomes. Moreover, Xn has 
been shown to activate the AMPK signaling pathway which plays a significant function in maintaining mitochondrial homeostasis. 
Therefore, the effects of Xn on mitochondrial biogenesis were investigated. Our studies revealed that PA-induced downregulation of p- 
AMPKα, PGC-1α, and TFAM expression was suppressed by Xn (Fig. 6A–C). To confirm whether the effects of Xn on PA-induced 
inflammation and ECM degradation are mediated by AMPK activation, compound C was used. The level of p-AMPKα, TFAM and 
collagen II in PA-treated chondrocytes incubated with Xn in the presence of compound C were significantly decreased, and the level of 
expression of NLRP3 and MMP3 was increased (Fig. 6D). Computational molecular docking analysis between Xn and AMPK was 
performed by AutoDock 4. The structures of Xn and AMPK were obtained and analyzed (Fig. 6E and F). The results showed that Xn 
formed hydrogen bonds with AMPK residues ARG78 and GLN81 (Fig. 6G). Moreover, PA-induced ROS accumulation and MDA 

Fig. 4. Prevention of PA-induced NF-κB activation by Xn in human chondrocytes. Protein expression of p-IkBα, IkBα, p-p65, and p65 detected 
using western blotting (A) and quantified (B). C. Nuclear translocation of p65 observed by immunofluorescence. *P < 0.05, **P < 0.01, and ***P 
< 0.001. 
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elevation were also inhibited by Xn (Fig. 6H–I). Furthermore, Xn increased the expression of ATP and mtDNA, which were down
regulated by PA (Fig. 6J–K). Therefore, our data provide proof that Xn may increase mitochondrial biogenesis and prevent PA-induced 
mitochondrial dysfunction as well as NLRP3 inflammasome activation. 

3.7. Xn alleviates OA progression in the DMM rat model 

A rat OA model was constructed, which then administered with Xn (20 mg/kg/2 days) intraperitoneally to evaluate the effect of Xn 
on OA progression in vivo. S–O staining revealed that the DMM group’s articular cartilage had remarkably less articular cartilage than 
that in the sham control group, which had a red-dyed, normal, and smooth surface (Fig. 7A). The red-dyed region thickened, and the 
articular cartilage surface was smoother in the Xn-treated group compared to those the DMM group (Fig. 7A), suggesting that Xn may 
have played a role in attenuating the degradation of the cartilage matrix. MMP3 and collagen II immunohistochemistry were also 
observed in the OA model. The MMP3 expression level was remarkably higher in the DMM group than in the sham group, whereas it 
was lower in the DMM + CAPE group (Fig. 7B). The collagen II expression level was remarkably lower in the DMM group than in the 
sham group, whereas it was higher in the DMM + CAPE group (Fig. 7B). 

4. Discussion 

OA is among the most prevalent inflammatory disorders with complex pathogenesis. It presents multiple symptoms such as chronic 
joint pain, inflammation, and joint cartilage damage. Obesity and obesity-associated metabolic factors are considered to be key factors 
in promoting OA [31,32]. Aberrant accumulation of adipose tissue, which increases the mechanical stress on joints, is a primary 
contributor to obesity-related OA. However, individuals with obesity have a higher probability of developing OA in small joints of the 
body [33]. Irregular lipid metabolism and numerous adipocytokines are thought to have a significant contribution to the initiation and 
pathogenesis of OA [34,35]. Previous studies demonstrate that the FFA levels are quite high in the synovial fluid and the cartilage of 
patients with OA, which has the potential to trigger chronic inflammation in the chondrocytes [31,36]. For example, PA the most 

Fig. 5. Inhibition of PA-NLRP3 inflammasome axis-induced inflammation and ECM degradation by Xn. A. mRNA expression of NLRP3, ASC, 
and caspase 1 detected using qPCR. Protein expression of NLRP3, ASC, caspase-1, pro-caspase-1, IL-1β, and pro-IL-1β detected using western blotting 
(B) and quantification results (C). *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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common saturated fatty acid found in the human body [37], was reported to induce expression of the inflammatory mediator IL-6, thus 
promoting ECM degradation in the chondrocytes [38]. And growing evidence shown that PA was used to study high-fat diet (HFD) 
related diseases. Such as, PA-treated HK-2 renal tubular cells were used for in vitro assessments of obesity-induced nephropathy [39]. 
The in vitro model of non-alcoholic fatty liver disease was established by treating HepG2 cells with PA [40]. Moreover, PA-induced 
osteoarthritis cell models was well used to study obesity-related OA [41,42], hence, we used PA treated chondrocyte cell model for 
further studies. Increasing evidence has shown that natural compounds possess chondroprotective properties; as they can repress 
inflammatory responses, they could be potential agents in treating OA [43,44]. Only limited strategies are available for treating 
obesity-related OA. Oral administration of resveratrol could alleviate high-fat diet-induced osteoarthritis pathology in mice [45] 
indicating the potential of natural compounds in preventing obesity-related OA. Herein, Xn, a prenylated chalcone, can inhibit in
flammatory responses, and ECM degradation caused by PA in human chondrocytes. In the present study, we have illustrated its un
derlying mechanism and its chondroprotective function in rats have been elucidated. 

According to the findings from the present study, PA was a potent inducer of inflammation in chondrocytes, consistent with a 
previous study [38]. We detected enhanced expression of iNOS, IL-1β, COX-2, TNF-α, MMP-1, 3 and 13, and Adamts5, and decreased 
collagen II expression in PA-treated human chondrocytes. All of these are active markers for inflammatory response and ECM 
degradation in OA. Additionally, increased synthesis of NO and PGE2 increased the production of iNOS, COX-2, IL-1β, and TNF-α in 
PA-treated human chondrocytes, which was inhibited by Xn. Moreover, Xn significantly suppressed MMP1, MMP3, MMP13, and 
Adamts5 synthesis and reduced the deterioration rate of collagen II in PA-treated chondrocytes. These outcomes suggest that Xn could 
alleviate PA-induced inflammatory response and ECM degradation occurring in human chondrocytes, implying that Xn has tremen
dous potential in the treatment of obesity-related OA. 

The possible mechanisms of Xn involved in the inhibition of PA-induced NLRP3 inflammasome activation were further investi
gated. NF-κB not only enhances the transcription of catabolic genes, like the family of MMPs and ADAMTSs, but also activates the 
expression of essential inflammation factors in OA chondrocytes, including COX2, iNOS, and PGE2, indicating the crucial function of 
this transcription factor in OA pathogenesis [46]. Our results revealed that Xn pretreatment inhibited p65 translocation to the nucleus 
from the cytoplasm in PA-induced chondrocytes. Moreover, the PA-induced NF-κB signaling stimulation was suppressed by Xn. These 
findings are in line with prior reports by Kenta and Lv, which described how Xn suppresses the angiogenesis of pancreatic cancer [14] 
and protects from acute lung injury induced by LPS [15] by inhibiting the NF-κB signaling pathway. Hence, the molecular mechanism 
involved in the inhibition of PA-induced OA by Xn might be linked to the NF-κB signaling pathway. 

Although the NLRP3 inflammasome is essential in several human diseases, its function in OA pathogenesis remains unclear. 
Activated NLRP3 inflammasome can trigger caspase-1 that enhances the maturation and release of IL-1β. It is a crucial proin
flammatory cytokine that links obesity to cellular dysfunction [47,48] and a mediator in the progression of OA [49,50]. it was recently 
discovered that PA has been involved in the activation of NLRP3 inflammasome in bone marrow-derived macrophages (BMMs) of 
obesity models [9]. The present study confirmed that PA could also activate the NLRP3 inflammasome in human chondrocytes. Thus, 
whether Xn could inhibit the NLRP3 inflammasome induced by PA was investigated. According to our findings, PA-induced over
expression of ASC, NLRP3, pro-caspase-1, caspase-1, pro- IL-1β, and IL-1β is inhibited via pretreatment of chondrocytes with Xn 
(Fig. 5). Thus, Xn may inhibit PA-induced IL-1β expression and OA progression by suppressing the NLRP3 inflammasome activation in 
human chondrocytes. 

As previously established, the NLRP3 inflammasome can be activated by multiple danger signals, including ROS, nitric oxide (NO), 
and Ca2+ [51]. Excessive ROS generation led to ROS accumulation, which was identified as the most important activator of mito
chondrial dysfunction [52]. Studies have shown that mitochondrial dysfunction contributes to several inflammatory disorders like 
neuro, heart, and kidney diseases by activating the NLRP3 inflammasomes [53,54]. Therefore, targeted inhibition of mitochondrial 
dysfunction may be a promising approach to attenuate the inflammatory reaction caused by the NLRP3 inflammasomes. For example, 
Fucoxanthin inhibits mitochondrial dysfunction and NLRP3 inflammasome in an AMPKα dependent manner [55]. The 
AMPKα/PGC-1α axis played a crucial role in maintaining mitochondrial homeostasis and in preventing mitochondrial dysfunction 
[56–58]. Janaiya reported that the anti-obesity effects of Xn relied on the initiation of the AMPKα signaling pathway [59]. In the 
present study, whether Xn could inhibit PA-induced mitochondrial dysfunction and NLRP3 inflammasomes by activating the AMPK 
signaling pathway was investigated. Xn revised the PA-induced downregulation of phosphorylated AMPKα, PGC-1α, and TFAM and 
inhibited PA-induced upregulation of ROS and MDA. In summary, Xn might constrain the stimulation of the NLRP3 inflammasome 
induced by PA in chondrocytes, which acts via increasing mitochondrial homeostasis and preventing mitochondrial dysfunction. 

In this study, Xn attenuated the inflammatory response and ameliorated PA-induced degradation of ECM in chondrocytes through 
the activation of AMPKα/PGC-1α signaling pathway as well as inhibition of the NLRP3 inflammasome and the NF-κB signaling 
pathway (Fig. 7C). Additionally, in the DMM OA model, Xn could mitigate OA progression, in consistence with the in vitro experiments. 
Thus, Xn can act as an effective drug for OA treatment. 

Fig. 6. Increased mitochondrial biogenesis and prevention of mitochondrial dysfunction by Xn. A. mRNA expression of PGC-1α and TFAM 
detected using qPCR. Protein expression of p-AMPKα, AMPKα, PGC-1α, and TFAM detected using western blotting (B) and quantification results (C). 
D. Protein expression of p-AMPKα, AMPKα, TFAM, NLRP3, Collagen II, and MMP3 detected using western blotting with or without compound C 
treatment. E. Modular structure of Xn. F. The modular structure of AMPK. G. Interaction between Xn and AMPK. H. Content of ROS measured by a 
detection kit. I. Content of MDA measured by a detection kit. J. Content of ATP measured by detection kit. K. Expression of mtDNA detected using 
qPCR. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. 
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