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Article 
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Abstract: Chondrocytes maintain the normal morphological structure and physiological function of 

articular cartilage. However, the increased expression of inflammatory mediators and matrix-

degrading enzymes in chondrocytes can promote ECM degradation, consequently disrupting the 

physiological function of articular cartilage and ultimately leading to the onset of osteoarthritis 

(OA). Usnic acid (UA), an extract derived from plants, possesses multiple bioactive properties 

including anti-inflammatory and antioxidant effects. Hence, this study aims to explore the 

molecular mechanisms underlying its protective effects in an in vitro simulated model of OA in rat 

chondrocytes. In vivo experiments encompassed three groups: Control, Model, and Usnic acid (50 

mg/kg), with sample extraction following 12 weeks of administration. Pathological alterations in 

articular cartilage were evaluated using Safranin O-fast green staining. Immunohistochemistry 

(ICH) analysis was employed to assess the expression of matrix degradation-related markers. The 

levels of serum cytokines were quantified via ELISA assays. In this study, primary rat chondrocytes 

were employed as the experimental subject. After a 24-hour treatment period, culture supernatants, 

total RNA, total protein, and nuclear protein were extracted from the different chondrocyte groups. 

ELISA and qPCR methods were used to measure levels of IL-6, TNF-α, and PGE2. WB and qPCR 

were employed to assess levels of p65, p-p65, IκBα, p-IκBα, Nrf2, HO-1, NQO1 ADAMTS-4, MMP-

1, MMP-3, MMP-13, INOS, COX-2, and COL2A1. IF analysis was performed to examine Nrf2, p-p65 

and COL2A1. Results: (1) In vivo, intraperitoneal injection of usnic acid (50mg/kg) can alleviate 

pathological changes in articular cartilage and the levels of inflammatory and oxidative-related 

matrix in the serum. (2) UA reduced the level of inflammatory cytokines in IL-1β-induced 

chondrocytes supernatant. (3) UA can produce anti-inflammatory and antioxidant effects and 

inhibit chondrocytes matrix degradation through the Nrf2 and NF-κB pathways. (3) The mechanism 

by which UA exerts a protective role in chondrocytes is mediated by Nrf2. Conclusion: UA inhibits 

the expression of chondrocyte matrix degradation-related components through Nrf2 mediated Nrf2 

pathway and NF-κB pathway, promotes the production of protective substances, and ultimately 

exerts a protective effect on chondrocytes. 

Keywords: osteoarthritis; UA; chondrocytes; extracellular matrix; Nrf2/NF-κB pathway 

 

Introduction 

Osteoarthritis (OA) is a joint disorder characterized primarily by degenerative changes in joint 

cartilage. The key features of OA include an imbalance in the extracellular matrix (ECM) metabolism 

of chondrocytes (Wieland et al. 2005). Within the ECM of cartilage, proteoglycans (PG) are the major 

constituents, and type II collagen (COL2A1) forms the scaffold structure of chondrocytes. A 

disintegrin and metalloprotease with thrombospondin motifs (ADAMTS) and matrix 
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metalloproteinases (MMPs) are the main matrix-degrading enzymes in joint cartilage (Hui et al. 

2012). They can directly degrade PG and COL2A1. Among them, ADAMTS-4 and ADAMTS-5 are 

the most potent and are considered the primary PG hydrolases (Henrotin et al. 2016，Zeng et al. 2006

，Song et al. 2007). Additionally, MMP-1 and MMP-13 primarily participate in the degradation of 

COL2A1 in chondrocyte ECM, while MMP-3 can activate the precursors of MMP-1 and MMP-13, 

promoting ECM degradation collectively (Hu and Ecker 2021).  

Usnic acid (UA) was primarily found in lichen species such as genera Usnea, Evernia, and 

Alectoria (K 2002). UA has exhibited biological activities including anti-inflammatory, antioxidant, 

and wound healing-promoting effects (Araújo et al. 2015). Vijayakumar et al. conducted acute and 

chronic experiments using UA in rodent models, revealing anti-inflammatory effects (Reddy 2000). 

UA has been shown to enhance the nuclear factor erythroid-2-related factor 2 (Nrf2) gene and protein 

nuclear translocation (Fernandez-Moriano et al. 2017), along with upregulation of antioxidant 

enzymes like Heme Oxygenase 1 (HO-1), NADPH: Quinone Oxidoreductase 1 (NQO1), and 

Superoxide Dismutase (SOD) (Krajka-Kuźniak et al. 2021，Li and Zhang 2020).  

Nrf2 signaling pathway serves to counteract reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) by regulating the balance between oxidative and antioxidative systems, thereby 

preventing oxidative damage (Sivandzade et al. 2019，Ma 2013, Ding et al. 2015). Upon activation, 

the Nrf2 pathway upregulates the expression of HO-1 and NQO1, enhancing cellular antioxidant 

capacity (Qiao, Jiang and Gao 2018). Simultaneously, it suppresses the activation of the NF-κB 

signaling pathway, alleviating cellular inflammation and providing further cellular protection to 

impede disease progression (Jia et al. 2017, Tang et al. 2018, Jung and Kwak 2010). HO-1, categorized 

as an antioxidant enzyme, produces degradation products that collectively inhibit inflammatory 

reactions, thereby exhibiting antioxidative effects (Alcaraz and Ferrándiz 2020). Chen et al. 

demonstrated that the Nrf2 pathway can modulate HO-1 expression in synovial cells, mitigating 

inflammatory responses and decelerating cartilage degradation (Chen et al. 2019). During cellular 

oxidative stress, NQO1 acts by preventing ROS generation, thereby reducing cellular ROS levels, 

exerting antioxidative effects (Dinkova-Kostova and Talalay 2010).  

The NF-κB signaling pathway is considered to be highly associated with OA (Rigoglou and 

Papavassiliou 2013, Oeckinghaus and Ghosh 2009). The NF-κB pathway can function independently 
or interact with other signaling pathways, inducing the expression of inflammatory mediators such 

as IL-6, Tumor Necrosis Factor-α (TNF-α), Cyclooxygenase-2 (COX-2), Prostaglandin E2(PGE2), and 

inducible nitric oxide synthase (iNOS) (Midwood et al. 2009, Ge et al. 2011, Goldring MB 2011), which 

in turn affect chondrocyte metabolism and stimulate the secretion of matrix-degrading enzymes. 

Previous studies have demonstrated that UA downregulates the levels of IL-1β, IL-6, TNF-α, COX-2, 

and iNOS, thus suppressing inflammation, by inhibiting the NF-κB signaling pathway (Jin, Li and 

He 2008, Pazdziora et al. 2023). Odabasoglu et al. found that UA can enhance the expression of 

antioxidants like SOD, reduce iNOS activity, inhibit oxidative damage (Odabasoglu et al. 2006).  

However, the use of UA in the treatment of osteoarthritis has rarely been reported.This study 

based on in vitro cultured rat chondrocytes, aims to explore the protective effect and molecular 

mechanism of UA on OA. By comprehensively analyzing the regulatory effects of UA on rat 

chondrocytes and identifying the optimal dosages, this research holds crucial significance for future 

drug development, clinical trials, and the study of relevant target drugs. 

Material and Method 

Antibodies and Reagents 

INOS, COX-2, COL2A1, ADAMTS-4, Nrf2, HO-1, NQO1, p65, p-p65, IκBα, p-IκBα, GAPDH, 
and Lamin B were purchased from ABconal (Massachusetts, USA); MMP1, MMP3, and MMP13 were 

purchased from Affinity (USA); UA (HY-N0656, purity: 98.69%) and the phosphatase inhibitor were 

procured from Med Chem Express (New Jersey, USA). 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0408.v1

https://doi.org/10.20944/preprints202401.0408.v1


 3 

 

Experimental Animal 

Sprague-Dawley (SD) pregnant rats were obtained from the Liaoning Changsheng Biomedical 

Experimental Animal Center. Prior to the experiment, rats were housed in a well-ventilated and 

appropriately humidified environment with free access to water and food, and bedding was changed 

regularly. The experimental subjects consisted of 14-21-day-old lactating SD rats. All SD rats used in 

this study were conducted under the guidance of the Animal Ethics Review Committee, in 

accordance with relevant regulations for ethical review of animal experiments. 

Experimental Animal Grouping and Surgery 

In this experimental study, thirty male rats were randomly assigned to three groups: Control 

Group (n=10), Model Group (n=10), and Usnic acid Group (n=10). The Control Group underwent a 
skin incision without excision of any ligaments or menisci. The Model Group and Usnic acid Group 

employed the Anterior Cruciate Ligament Transection (ACLT) method to induce OA in rats. Both the 

Control and Model Groups were maintained under standard conditions, while the Usnic acid Group 
received abdominal injections of Usnic acid (50 mg/kg) following the induction of OA. 

Histology and Immunohistochemical Analysis 

12 weeks after the mold was made, samples (blood and joints) were taken from the right hind 

limbs of each group of rats. The tissues were fixed and embedded in paraffin for slicing. Safranin O-

fast green staining was used to observe the pathological changes in the tibial cartilage, femoral 

cartilage, and bones. Immunohistochemical analysis was performed using previously described 

methods. Rabbit primary antibodies and diaminobenzidine (DAB) substrate kit were used for semi-

quantitative analysis of each index. Under the pathological microscope, MMP-3, MMP-13, ADAMTS-

4, Aggrecan, and COL2A1 expression in chondrocyte extracellular matrix appeared yellow-brown. 

Then, we used Image-Pro Plus software version 6.0 (Media Cybernetics, Rockville, MD, USA) to 

analyze the data from all groups. 

Isolation and Cultivation of Primary Chondrocytes 

Detailed experimental steps are shown in Annex 1. The cell culture medium was changed on 

days 2-3, and passage was performed when cell confluence reached 80%. The experiments were 
conducted using the second passage chondrocytes. Control Group: Normal cultured chondrocytes 

for 24 hours; IL-1β Group: Chondrocytes induced with 10 ng/mL IL-1β for 24 hours; UA Groups (2.5, 
5, 10): Chondrocytes co-treated with 10 ng/mL IL-1β and 2.5, 5, and 10 μM UA for 24 hours; Negative 
Control Group (NC): Chondrocytes co-treated with IL-1β and 10μM ML385 for 24 hours(Ma et al. 

2022); Inhibitor Group (ML385): Chondrocytes co-treated with IL-1β, ML385, and 10 μM UA for 24 
hours. 

Enzyme Linked Immunosorbent Assay (ELISA) 

After collecting the culture supernatant, the levels of IL-6, TNF-α, and PGE2 in the chondrocyte 
secretions were determined following the protocols provided by the rat IL-6 ELISA kit, rat TNF-α 
ELISA kit (Shanghai BlueGene Biotech Co., Ltd.), and rat PGE2 ELISA kit (Nanjing Jiancheng 

Bioengineering Institute). Standard curves and linear regression equations were generated using 

ELISA Calc based on the optical density (OD) values, and the concentrations of IL-6, TNF-α, and 
PGE2 in each group were calculated. According to the manufacturer's instructions, the levels of INOS 

((Nanjing Jiancheng Bioengineering Institute)), COX-2, PGE2, and TNF-α in rat serum were detected 
using an ELISA kit. 

The Assessment of UA's Impact on Chondrocyte Viability 

The effect of different concentrations of UA on the viability of the second-generation 

chondrocytes was determined using the CCK-8 assay kit (Shanghai BlueGene Biotech Co., Ltd.). The 
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experimental groups were as follows: Blank control group: chondrocytes without any treatment; 

Vehicle control group: cells + 0.1% DMSO (Sigma, Germany); UA group: cells + UA (concentrations 
of 2.5 μM, 5 μM, 10 μM), with 3 parallel wells set up for each concentration. UA was dissolved in 
DMSO, with the DMSO concentration not exceeding 0.1%. 

Extraction of Total RNA from Chondrocytes and Real-Time Fluorescent Quantitative PCR (qPCR) 

Total RNA was extracted using a total RNA extraction kit (Tiangen, Beijing, China) following 

the manufacturer's instructions. The RNA concentration and purity were determined using a micro-

UV spectrophotometer (Thermo, Massachusetts, USA). The reverse transcription system was 

established according to the instructions of the reverse transcription kit (Kogen, Tokyo, Japan), and 

reverse transcription was performed using a PCR instrument. The obtained cDNA was stored at -

80°C. Reaction system: SuperReal PreMix, 10 μL; cDNA, 2 μL; forward primer, 0.6 μL; reverse primer, 
0.6 μL; DEPC water, 6.8 μL. After centrifugation at 2000 rpm for 30 s in a PCR plate, the reaction was 
carried out on a LightCycler®480 fluorescence quantitative PCR instrument (Roche, Germany), with 
primer sequences as shown in Table 2-1. The 2-ΔΔCT method was used to calculate the relative gene 
expression levels. 

Table 2-1. Primer sequence. 

Gene Name Sequence 

IL-6 
Forward:5’-AGGAGTGGCTAAGGACCAAGACC-3’ 

Reverse:5’-TGCCGAGTAGACCTCATAGTGACC-3’ 

TNF-α 
Forward:5’-GCATGATCCGAGATGTGGAACTGG-3’ 

Reverse:5’-CGCCACGAGCAGGAATGAGAAG-3’ 

PGE2 

 

INOS 

Forward:5’-AGAAGCTGATAATCGGGT-3’ 

Reverse:5’-CCTAGTGAAGGATCC-3’ 

Forward:5’-AAGAGACGCACAGGCAGAGG-3’ 

Reverse:5’-AGCAGGCACACGCAATGATG-3’ 

COX-2 
Forward:5’-AGAAGCGAGGACCTGGGTTCAG-3’ 

Reverse:5’-ACACCTCTCCACCGATGACCTG-3’ 

COL II 
Forward:5’-GAACGGCGGCTTCCACTTCAG-3’ 

Reverse:5’-GCTTCGTCCAGGTAGGCAATGC-3’ 

ADAMTS-4 
Forward:5’-CACCGAACCGACCTCTTCAA-3’ 

Reverse:5’-GAGTTCCATCTGCCACCCGT-3’ 

MMP-1 
Forward:5’-GCTTAGCCTTCCTTTGCTGTTGC-3’ 

Reverse:5’-GACGTCTTCACCCAAGTTGTAGTAG-3’ 

MMP-3 
Forward:5’-TTTGGCCGTCTCTTCCATCC-3’ 

Reverse:5’-GCATCGATCTTCTGGACGGT-3’ 

MMP-13 
Forward:5’-TTCTGGTCTTCTGGCACACG-3’ 

Reverse:5’-TGGAGCTGCTTGTCCAGGT-3’ 

Nrf2 

 

HO-1 

 

NQO1 

Forward:5’-AATATCCAGGGCAAGCGACTC-3’ 

Reverse:5’-CAGCACATCCAGACAGACACC-3’ 

Forward:5’- CTTCCCGAGCATCGACAAC -3’ 

Reverse:5’-CTGTCACCCTGTGCTTGACC-3’ 

Forward:5’-GCCATCATTTGGGCAAGTCC-3’ 

Reverse:5’-TCCTTGTGGAACAAAGGCGA-3’ 

GAPDH 
Forward:5’-GATGCCCCCATGTTTGTGAT-3’ 

Reverse:5’-GGCATGGACTGTGGTCATGAG-3’ 

Chondrocyte Protein Extraction and Western Blotting (WB) 

The proteins from chondrocytes were extracted according to the instructions of the nuclear 

protein extraction kit (Beyotime Biotechnology, Shanghai, China) and stored at -80°C. Protein 
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immunoblot experiments were performed using previous methods, and Image J software was used 

for grayscale analysis to determine the relative protein expression levels. 

According to the previous WB method, detect specific proteins. p65, 1:3000; p-p65, 1:2000; IκBα, 
1:3000; p-IκBα, 1:2000; Nrf2 1:2000; HO-1, 1:3000; NQO1, 1:2000; iNOS, 1:2000; COX-2, 1:3000; MMP1, 

1:2000; MMP3, 1:2000; MMP13, 1:2000; ADAMTS-4, 1:3000; COL2A1, 1:2000; GAPDH, 1:3000; 
LaminB, 1:3000. 

Immunofluorescence (IF) 

Sufficiently rinsed with PBS buffer and fixed with 4% paraformaldehyde (30 min). After 
sufficient rinsing, 0.5% Triton-100 (PBS buffer preparation) was added for 20 min at room 

temperature, and 3% BSA was blocked at room temperature (20 min), and the blocking solution was 

discarded. Add primary antibody and incubate at 4℃ overnight; discard primary antibody, add 

Alexa 488 anti-rabbit IgG fluorescent secondary antibody (37℃, 30 min); rinse with PBS buffer, add 

DAPI staining solution (37℃, 30 min); discard DAPI staining solution, rinse and add anti-

fluorescence quenching sealing solution, and observe by inverted fluorescence microscope. 

Statistic Analysis 

Statistical analysis in this study was conducted using GraphPad Prism 8.0 software. All values 
are presented as means ± standard deviation (SD). Statistical analyses were performed using one-way 

analysis of variance (ANOVA) followed by Tukey's post hoc test. A significance level of P<0.05 was 

considered statistically significant for differences. 

Results 

The Effect of UA on Pathological Changes in Articular Cartilage 

The results of Safranin O-fast green staining reveal distinctive outcomes following interventions. 

The control group exhibits a relatively intact cartilaginous structure characterized by a smooth and 

regular surface, uniform distribution of chondrocytes, and normal red staining of the cartilaginous 

matrix. In contrast, the model group displays irregularities on the cartilage surface, chondrocyte loss, 

reduced quantity with clustered distribution, and diminished red staining of the cartilaginous matrix. 

In the Usnic Acid group, the cartilaginous structure appears relatively intact, with a smooth surface 

and a minor loss of chondrocytes, which, however, are evenly distributed. In comparison to the 

model group, the red staining of the cartilaginous matrix is more uniformly distributed. Mankin 

scores indicate a significantly pronounced difference in cartilage assessments between the control 

and model groups(*p<0.05). Furthermore, a notable difference is observed between the model group 

and the group treated with Usnic Acid (*p<0.05). It is evident that the ACLT method effectively 

induces cartilage degeneration, while administration of Usnic Acid demonstrates a significant ability 

to impede this progression. 
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Figure 1. (A–C) Safranin O-fast green staining was used to visualize pathological changes in articular 

cartilage in various groups (20 x,50μm). (D) Mankin scoring. *p<0.05, **p<0.01 (compared with the 

model group). 

Impact of Usnic Acid on the Expression of Cartilage Metabolism-Related Proteins 

To assess the impact of Usnic acid on the extracellular matrix and cellular metabolism of rat knee 

articular cartilage, this study conducted immunological assays for ADAMTS-4, MMP-3, MMP-13, 

Aggrecan and COL2A1. The immunohistochemical findings revealed that compared to the control 

group, positive cells related to matrix degradation indicators ADAMTS-4, MMP-3,and MMP-13 

notably increased in the model group (∗∗p<0.01). Additionally, the brown staining of the matrix-

protective protein Aggrecan (∗p<0.05) and COL2A1 (∗∗p<0.01) significantly decreased. In contrast, 

when compared to the model group, the Usnic Acid group exhibited a significant reduction in 

positive cells for MMP-3, MMP-13, and ADAMTS-4 (∗∗p<0.01), alongside a considerable increase in 

staining for Aggrecan and COL2A1 (∗∗p<0.01). These findings indicate that Usnic Acid has the 

potential to preserve cartilage integrity by mitigating extracellular matrix degradation in 

chondrocytes. 
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Figure 2. IHC staining was used to detect the content of Aggrecan, COL2A1, MMP-3, MMP-13, and 

ADAMTS-4 in chondrocytes (100μm). ∗p<0.05, ∗∗p<0.01 (compared with the model group). 

The Effects of Usnic Acid on the Levels of PGE2, TNF-α, COX-2, and iNOS in Rat Serum 

ELISA indicates that compared to the control group, the serum levels of PGE2 (**p < 0.01), TNF-

α (**p < 0.01), COX-2 (*p < 0.05), and iNOS (**p < 0.01)  in the model group were significantly 
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increased. Conversely, compared to the model group, the serum levels of PGE2 (*p < 0.05), TNF-α 

(**p < 0.01), COX-2 (*p < 0.05), and iNOS (**p < 0.01) in Usnic Acid group were significantly decreased. 

This suggests that Usnic Acid may lower the secretion of pro-oxidant and inflammatory mediators 

in the serum. 

 

Figure 3. (A–D) The ELISA kits were used to detect the levels of PGE2, TNF-α, iNOS, and COX-2 in 

the serum of each group. All results are presented as mean ± standard deviation (SD) (n = 3), *p < 0.05, 
**p < 0.01 (compared with the model group). 

The Role of UA in IL-1β-Induced Rat Chondrocytes 

The Impact of Usnic Acid on Chondrocyte Viability and the Levels of IL-6, TNF-α, and PGE2 in 
Culture Medium 

As shown in the Figure 4A, there was no statistically significant difference in rat chondrocyte 

viability after 24 hours of incubation with DMSO and different concentrations (2.5 μM, 5 μM, 10 μM) 
of UA compared to the control group (P>0.05). This indicates that the various concentrations of UA 

used in this study did not exhibit significant cytotoxicity towards rat chondrocytes. 

As shown in the Figure 4B,D,F, compared to the control group, after 24 hours of IL-1β induction 
in rat chondrocytes, the expression levels and gene transcription levels of IL-6, TNF-α, and PGE2 in 
cell secretions were significantly increased (P<0.01). In the Figure 1C,E,G, in comparison to the model 

group, the UA group exhibited significantly reduced expression levels and gene transcription levels 

of IL-6, TNF-α, and PGE2 in cell secretions (P<0.01), in a dose-dependent manner. These results 

indicate that UA can inhibit the expression of inflammatory mediators in rat chondrocytes induced 

by 10 ng/mL IL-1β. 
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Figure 4. The effect of UA on the viability of chondrocytes and levels of IL-6, TNF-α, and PGE2 in IL-

1β-Induced Rat Chondrocytes. (A) The effect of UA on the viability of chondrocytes. (B,D,F) Levels 

of IL-6, TNF-α, and PGE2 in cell supernatants; (C,E,G) Gene transcription levels of IL-6, TNF-α, and 
PGE2 in cells. ## P<0.01 compared to the control group; * P<0.05, ** P<0.01 compared to the IL-1β 
group. 

The Impact of UA on the Matrix Metabolites ADAMTS-4, MMP1, MMP3, MMP13 and INOS, COX-

2, COL2A1 in IL-1β-Induced Rat Chondrocytes 

As shown in Figure 5A–I, both WB and qPCR results demonstrated that, compared to the control 

group, the levels of ADAMTS-4, MMP1, MMP3, and MMP13 were significantly increased in the 

model group (P<0.01). In comparison to the model group, the UA group (5, 10) showed a significant 
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decrease in the levels of ADAMTS-4, MMP1, MMP3, and MMP13 (P<0.01); the 2.5 μM UA group still 
significantly reduced the protein expression of these markers and significantly decreased their 

transcription at the mRNA level. It can be seen that UA effectively inhibits matrix degradation in 

chondrocytes. As shown in Figure 5J–P, both WB and qPCR results indicate that compared to the 

control group, the model group exhibited a significant increase in levels of INOS and COX-2 (P<0.01), 

while the level of COL2A1 decreased significantly (P<0.05). In comparison to the model group, the 

UA group showed varying degrees of reduction in INOS and COX-2 levels and an increase in 

COL2A1 levels. This suggests that UA can effectively inhibit matrix degradation in chondrocytes.  
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Figure 5. Figure 2. The impact of UA on matrix degradation-related markers in chondrocytes. (A–P) 

Protein expression levels and mRNA transcription levels of ADAMTS-4, MMP1, MMP3, MMP13 

and INOS, COX-2, COL2A1 in chondrocytes. * P<0.05, ** P<0.01 compared to the IL-1β group.  

The Effects of UA on the NF-κB and Nrf2 Pathway in IL-1β-Induced Rat Chondrocytes 

As shown in Figure 6A–D, the WB results indicate that, compared to the control group, the IL-

1β group exhibited a significant increase in p-p65 levels (P<0.05), a highly significant increase in p-

IκBα levels (P<0.01), and a highly significant decrease in IκBα levels (P<0.01). Compared to the model 
group, all different concentrations of UA groups reduced p-p65 and p-IκBα levels while increasing 
the levels of IκBα. These results indicate that UA can inhibit the activation of the NF-κB signaling 
pathway in IL-1β-induced rat chondrocytes. As shown in Figure 6E–K, WB and qPCR results 

indicated that compared to the control group, the model group exhibited a significant increase in 

nuclear Nrf2 levels (P<0.05), as well as elevated expression levels of HO-1 and NQO1. Furthermore, 

when compared to the control group, the UA group showed further upregulation in the expression 

of Nrf2, HO-1, and NQO1. These results suggest that UA can enhance the activation of the Nrf2 

signaling pathway in IL-1β-induced rat chondrocytes. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 January 2024                   doi:10.20944/preprints202401.0408.v1

https://doi.org/10.20944/preprints202401.0408.v1


 12 

 

 

Figure 6. The Effects of UA on the NF-κB and Nrf2 Signaling Pathway in Chondrocytes. (A–D) 

Influence on the protein expression of p65, p-p65, IκBα, and p-IκBα. (E–K) Impact on the protein 

expression and mRNA transcription of Nrf2, HO-1, and NQO1. # P<0.05, ## P<0.01 compared to the 

control group. * P<0.05, ** P<0.01 compared to the IL-1β group. 
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The Effects of Nrf2 Inhibition on the Action of UA in IL-1β-Induced Chondrocytes  

The Impact of Nrf2 Inhibition on the Effects of UA on Nrf2, HO-1, and NQO1 in L-1β-Induced Rat 

Chondrocytes 

As shown in Figure 7, both WB and qPCR results revealed a significant increase in nuclear Nrf2 

levels (P<0.05) in the model group compared to the control group, along with elevated expressions 

of HO-1 and NQO1. When compared to the control group, the UA group exhibited further increases 

in the expressions of Nrf2, HO-1, and NQO1. Additionally, when compared to the UA group, the NC 

group and ML385 group showed significantly reduced protein expression and mRNA transcription 
levels of Nrf2, HO-1, and NQO1. Furthermore, as shown in Figure H, under fluorescence microscopy, 

Nrf2 was stained green, and cell nuclei were stained blue with DAPI. The control group had minimal 

Nrf2 labeling in chondrocyte nuclei, while the IL-1β group and UA group exhibited clear and dense 

Nrf2 labeling with fluorescence staining. In contrast, the fluorescence staining in the nuclei of cells in 

the NC group and ML385 group noticeably decreased. The consistency between 
immunofluorescence, WB, and qPCR results indicates that the addition of the inhibitor ML385 can 
alter the activating effect of UA on the Nrf2 signaling pathway. 
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Figure 7. Effects of inhibiting Nrf2 on the Nrf2 pathway in chondrocytes treated with UA. (A–G) 

Impact on the protein expression and mRNA transcription of the Nrf2 pathway in chondrocytes. (H) 

IF assay on the effects of inhibiting Nrf2 on collagen type II in chondrocytes treated with UA (×400) # 

P<0.05, ## P<0.01 compared to the IL-1β group. 
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The Impact of Nrf2 Inhibition on the Action of UA in the NFκB Pathway in IL-1β-Induced Rat 

Chondrocytes 

As shown in the Figure 8, the Western blot results demonstrate that, compared to the control 

group, the model group had significantly elevated levels of p-p65 and p-IκBα (P<0.01), while the 
expression level of IκBα was significantly decreased (P<0.05). Compared to the model group, the NC 
group and the ML385 group showed no significant differences in p-p65 levels, with further increases 

in p-IκBα levels and significant decreases in IκBα levels. Additionally, as depicted in Figure E, under 
fluorescent microscopy, p-p65 is stained green, and the cell nuclei are stained blue with DAPI. The 

control group and the UA group chondrocytes showed no or very few p-p65 markings in their cell 

nuclei. In contrast, the IL-1β group, along with the NC and ML385 groups, exhibited clear and dense 
p-p65 markings in their chondrocyte nuclei, showing fluorescent staining. The immunofluorescence 

results are consistent with the Western blot results, indicating that consistent Nrf2 inhibition can alter 

the effect of UA on the NFκB signaling pathway. 

 

Figure 8. The Effect of Nrf2 Inhibition on the NF-κB Pathway in Chondrocytes Treated with UA. (A–

D) Protein Expression Levels of p65, p-p65, IκBα, and p-IκBα. (E) IF Detection of p-p65 Nuclear 

Translocation in Chondrocytes (×400). * P<0.05, ** P<0.01 compared to the IL-1β group. 

The Influence of Nrf2 Inhibition on the Action of UA on ADAMTS-4, MMP1, MMP3 and MMP13 in 

IL-1β-Induced Rat Chondrocytes. 

As shown in Figure 9, both WB and qPCR results demonstrate a significant increase in the levels 

of ADAMTS-4, MMP1, MMP3, and MMP13 in the model group compared to the control group. 

Compared to the model group, both the NC group and ML385 group exhibited further increases in 
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ADAMTS-4, MMP1, and MMP13 levels, although the expression of MMP3, while relatively reduced, 

still remained higher than that in the control and UA groups. This suggests that the inhibition of Nrf2 

can reverse the inhibitory effect of UA on matrix degradation in chondrocytes.

 

Figure 9. Impact of Nrf2 Inhibition on UA-Treated Chondrocytes in Relation to Matrix Degradation 

Components. (A–I) Effects of UA on the protein expression and mRNA transcription of ADAMTS-4 

and MMPs in chondrocytes. * P<0.05, ** P<0.01 compared to the IL-1β group. 

The Impact of Nrf2 Inhibition on the Effects of UA on INOS, COX-2, and COL2A1 in IL-1β-Induced 

Rat Chondrocytes 

As shown in Figure 10, both WB and qPCR results indicate that compared to the control group, 

the model group exhibited significantly elevated levels of INOS and COX-2. In comparison to the 

model group, the NC group and ML385 group showed no significant differences in INOS and 
COL2A1 levels, while the COX-2 protein expression decreased but remained at relatively high levels. 

As shown in Figure H, under fluorescence microscopy, COL2A1 was stained green, and the cell 

nuclei were stained blue with DAPI. The control group and UA-treated chondrocytes exhibited clear 

and dense COL2A1 labeling, presenting fluorescent staining. Chondrocytes treated with IL-1β 
displayed weaker fluorescence staining of COL2A1. The NC group and ML385 group showed similar 
weaker fluorescence as seen in the IL-1β group. This result is consistent with the WB and qPCR 

results, indicating that inhibiting Nrf2 can reverse the inhibitory effect of UA on matrix degradation 

in chondrocytes. 
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Figure 10. The Impact of Nrf2 Inhibition on UA-Treated Chondrocytes regarding Oxidative Markers 

and COL2A1. (A–G) Effects on the protein expression and mRNA transcription of INOS, COX-2, and 

COL2A1. (H) IF detection of the inhibition of COL2A1 in chondrocytes (×100). *P<0.05, ** P<0.01 

compared to the IL-1β group. 
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Discussion 

In recent years, the Nrf2/NF-κB signaling pathway is considered a key target in regulating the 
pathological processes of OA (Bannuru et al. 2018, Taruc-Uy and Lynch 2013). It can mediate 

oxidative stress and inflammatory responses in chondrocytes, thereby regulating ECM and joint 

cartilage processes in chondrocytes (Tang et al. 2018, Nandhu et al. 2017). UA exhibits a wide range 

of pharmacological and biological activities, including anti-inflammatory, antioxidant, and wound 

healing promotion (Su et al. 2014, Piska et al. 2018). Furthermore, UA is considered a potential 

treatment for osteoporosis and has a protective effect against bone-destructive diseases (Kim et al. 

2018). In vivo experiments demonstrated that Safranin O-Fast Green staining showed less severe 
articular cartilage damage, minimal loss of chondrocytes, and a more uniform matrix staining in the 

usnic acid group compared to the model group. Immunohistochemistry results revealed a significant 

increase in the expression of cartilage-degrading components MMP3, MMP13, and ADAMTS-4, as 

well as a significant increase in COL2A1 and Aggrecan, protective components in the melatonin 

group compared to the model group. Additionally, serum ELISA results also demonstrated that usnic 

acid can reduce the expression of inflammatory mediators such as PGE2, TNF-α, iNOS, and COX-2, 

as well as oxidative components. Therefore, it can be concluded that intraperitoneal administration 

of usnic acid at a dose of 50 mg/kg can protect articular cartilage by reducing degradation of the 

extracellular matrix through its anti-inflammatory and antioxidative effects. 

Research has found that UA not only inhibits the NF-κB signaling pathway, downregulating the 

levels of inflammatory mediators and exerting anti-inflammatory effects, but it can also activate the 

Nrf2 signaling pathway, increasing the expression of antioxidant enzymes and enhancing cellular 

antioxidant capacity (Chen et al. 2016, Qi et al. 2020). Therefore, it is hypothesized that UA may exert 

protective effects in OA through the Nrf2/NF-κB signaling pathway. Thus, this study intends to 
explore the effects of UA on chondrocytes and, at the same time, uncover the targeted regulatory 

mechanisms of UA on IL-1β-induced rat chondrocytes based on the Nrf2/NF-κB signaling pathway. 
IL-1β is a primary factor that disrupts the homeostasis within cartilage and can activate pathological 
pathways in chondrocytes, leading to joint cartilage damage and ultimately inducing OA (Dinarello 

2011, Liu et al. 2019). In this experiment, it was observed that 10 ng/ml IL-1β induced the expression 
of oxidative markers (INOS, COX-2) and matrix-degrading enzymes (ADAMTS-4, MMP1, MMP3, 

MMP13) in chondrocytes (Hu et al. 2021). The study also found that IL-1β could activate the Nrf2 and 
NF-κB signaling pathways in chondrocytes, promoting the expression of inflammatory mediators 
and matrix-degrading enzymes, inducing an inflammatory response, disrupting the ECM 

metabolism balance in chondrocytes, and ultimately leading to joint cartilage damage. These findings 

align with the results of this study. In this research, 10 ng/ml IL-1β significantly promoted IκBα and 
p65 phosphorylation in chondrocytes, facilitated the translocation of p-p65 into the cell nucleus, and 

also enhanced the expression of Nrf2, HO-1, and NQO1. These results are consistent with several 

other studies, indicating that IL-1β induction can successfully establish an in vitro model of OA (Jin 

et al. 2021, He et al. 2020, Hu et al. 2018). 
Anti-inflammatory properties of UA have been widely confirmed (Araújo et al. 2015, Zugic, 

Tadic and Savic 2020). In in vitro studies, Jin et al. found that UA exerts anti-inflammatory effects by 

diminishing p65 nuclear translocation and inhibiting IκBα degradation, leading to a significant 
reduction in TNF-α and iNOS levels (Jin et al. 2008). However, there have been no reported studies 

on the effects of UA on the expression of inflammatory mediators in chondrocytes. In this study, 

chondrocytes co-treated with UA and 10 ng/ml IL-1β exhibited a significant decrease in the 
expression of ADAMTS-4, MMP1, MMP3, MMP13, INOS, and COX-2, along with a significant 

increase in COL2A1 expression. This suggests that UA can effectively reduce the production of 

matrix-degrading enzymes, thereby protecting chondrocytes. Nevertheless, the mechanisms through 

which UA operates in chondrocytes still warrant further investigation. Based on previous literature, 

we hypothesized that the Nrf2 pathway and the NF-κB pathway might be the mechanisms through 
which UA exerts its effects. The experimental results demonstrated that UA significantly reduces the 

levels of p-IκBα and p-p65 induced by IL-1β in chondrocytes. Minimal p-p65 fluorescence labeling 

was observed in the cell nucleus, and the levels of inflammatory mediators such as IL-6, TNF-α, COX-
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2, and PGE2 were downregulated. Huang et al. have previously reported that UA can inhibit the NF-

κB signaling pathway in vitro, reducing the expression of inflammatory mediators like IL-1β, IL-6, 

TNF-α, and COX-2, thereby suppressing the inflammatory response (Jin et al. 2008). These findings, 

in line with our study results, suggest that UA may act by inhibiting the dissociation of p65 from 

IκBα, thereby restraining p-p65 nuclear translocation and reducing the expression of inflammatory 

mediators in chondrocytes. This implies that UA might alleviate chondrocyte inflammation, protect 

chondrocytes, and potentially do so by inhibiting the activation of the NFκB pathway. 
The Nrf2 signaling pathway regulates the expression of antioxidant enzyme genes, thus 

modulating the oxidative-reductive balance within cells and playing a crucial role in protecting 

against oxidative stress damage in the body (Khan et al. 2017). When activated, it upregulates the 

expression of HO-1 and NQO1, thereby enhancing the cell's antioxidant capacity(Kim, Lee and Jeong 

2020). In this study, treatment with 10 ng/ml IL-1β induced oxidative damage in chondrocytes, 
resulting in the activation of Nrf2, its translocation into the cell nucleus, and an increase in 

downstream antioxidant enzymes, including HO-1 and NQO1. Numerous studies have 

demonstrated that the expression levels of Nrf2 and HO-1 significantly increase following the 

induction of chondrocytes with 10 ng/ml IL-1β (Khan, Ahmad and Haqqi 2018, Chen et al. 2020). 
Consistent with findings from studies by Jia and Wang Yongsheng, this study confirms that 10 ng/ml 

IL-1β can activate the Nrf2 signaling pathway to some extent in chondrocytes. Fernandez et al. 
discovered that UA promotes the translocation of Nrf2 protein from the cytoplasm to the cell nucleus, 

upregulates HO-1 levels, and enhances cellular antioxidant capacity (Fernandez-Moriano et al. 2017). 

Research by Krajka et al. also found that UA can stimulate Nrf2 gene transcription, Nrf2 protein 

translocation into the nucleus, and enhance NQO1 expression at both the mRNA and protein levels 

(Krajka-Kuźniak et al. 2021). Similar to the results of Fernandez and Krajka the combined treatment 

of UA with 10 ng/ml IL-1β further promotes Nrf2 nuclear translocation and enhances the 
upregulation of HO-1 and NQO1.      

Nrf2 serves not only as a critical regulator of the antioxidant system but also as an upstream 

regulatory entity of the NF-κB signaling pathway. Wardyn's research has shown that Nrf2 gene 
deficiency enhances NF-κB activity, leading to increased production of inflammatory mediators (Wu 

et al. 2023). HO-1 can also inhibit the activation of the NF-κB signaling pathway and the production 
of inflammatory mediators. Based on previous studies (Shen et al. 2023, Wang et al. 2018) .we 

hypothesized that UA can activate the Nrf2 pathway to subsequently inhibit the activation of the NF-

κB signaling pathway, thereby further reducing the generation of inflammatory mediators and 
decreasing the secretion of matrix-degrading enzymes, alleviating chondrocyte extracellular matrix 

(ECM) damage to a certain extent. Therefore, we introduced the Nrf2 inhibitor ML385 to further 
validate the relationship between the Nrf2 pathway, the NF-κB signaling pathway, and chondrocyte 
matrix degradation. Experimental results showed that with the addition of the inhibitor ML385, the 
expression levels of Nrf2 significantly decreased, along with reduced expression of HO-1 and NQO1. 

Conversely, NF-κB was activated, and the expression levels of p-p65 and p-IκBα increased. 
Furthermore, the components related to chondrocyte matrix degradation (ADAMTS-4, MMP1, 

MMP3, MMP13, INOS, COX-2) also increased, while COL2A1 expression decreased. These results 

suggest that UA may activate the Nrf2 signaling pathway, promote the production of the antioxidant 

enzymes HO-1 and NQO1, and subsequently inhibit the activation of the NF-κB signaling pathway, 
thereby exerting anti-inflammatory and antioxidant effects and reducing damage to rat chondrocytes. 

The results of this study indicate that UA can activate the Nrf2 signaling pathway, upregulate 

the levels of antioxidant enzymes such as HO-1 and NQO1, and inhibit the activation of the NF-κB 
signaling pathway. This leads to a reduction in the expression of inflammatory mediators (IL-6, TNF-

α, PGE2), matrix-degrading enzymes (ADAMTS-4, MMP-1, MMP-3, MMP-13), and oxidative 

markers (INOS, COX-2), as well as a decrease in the degradation of COL2A1. These actions exert anti-

inflammatory and antioxidant effects, ultimately inhibiting the degradation of ECM in chondrocytes 

and protecting rat chondrocytes. 

While UA exhibits anti-inflammatory and antioxidant effects and has shown protective effects 

against bone-related disorders, reports on the functional formulations of UA have indicated potential 
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hepatotoxicity with long-term oral administration (Durazo et al. 2004, Sanchez et al. 2006, Yellapu 

RK 2011). Therefore, further research is needed to investigate its pharmacological and toxicological 

effects before clinical use, including long-term validation in experimental animal models. This study 

primarily focused on exploring the mechanisms by which UA modulates ECM degradation in 

cultured rat chondrocytes via the Nrf2/NF-κB signaling pathways from the perspectives of 
inflammation and oxidative stress. However, intracellular signaling pathways are intricate, with 

potential cross-talk and interactions, necessitating further investigation into the connections between 

these pathways.  

Conclusions 

(1) In vivo, intraperitoneal injection of usnic acid (50mg/kg) can alleviate pathological changes 

in articular cartilage by reducing the expression of matrix degradation-related components in 

chondrocytes, and can also reduce the levels of inflammatory and oxidative-related matrix in the 

serum. 

(2) Usnic acid can downregulate the levels of inflammatory mediators such as IL-6, TNF-α, COX-

2, PGE2, as well as matrix-degrading enzymes including ADAMTS-4, MMP-1, MMP-3, and MMP-13 

in rat chondrocytes induced by 10 ng/ml IL-1β, thereby protecting chondrocytes through anti-

inflammatory and anti-matrix degradation pathways, with the most effective intervention observed 

at 10 μM usnic acid. 
(3) Usnic acid can upregulate the expression levels of Nrf2/HO-1/NQO1 proteins, inhibit p65 

phosphorylation and nuclear translocation processes, and exert chondroprotective effects by 

targeting the Nrf2/NF-κB signaling pathway. 
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Annex 1 

Isolation and Cultivation of Primary Chondrocytes: After sacrificing 14-21-day-old SD rats, 

bilateral femoral heads were extracted within a cell laminar flow hood and placed in DMEM/F12 

medium without fetal bovine serum (FBS) (containing 100 U/ml penicillin-streptomycin). The 

femoral heads were then incubated in 0.25% trypsin for 30 minutes. After digestion, the cartilage 
tissue was minced, followed by additional digestion with 0.2% type II collagenase for 4 hours. Upon 
complete digestion, an appropriate amount of DMEM/F12 medium containing 10% FBS (with 100 
U/ml penicillin-streptomycin) was added to resuspend the cells, which were then seeded into cell 

culture flasks and placed in a 5% CO2, 37°C cell culture incubator. The cell culture medium was 
changed on days 2-3, and passage was performed when cell confluence reached 80%. The 
experiments were conducted using the second passage chondrocytes. Control Group: Normal 
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cultured chondrocytes for 24 hours; IL-1β Group: Chondrocytes induced with 10 ng/mL IL-1β for 24 

hours; UA Groups (2.5, 5, 10): Chondrocytes co-treated with 10 ng/mL IL-1β and 2.5, 5, and 10 μM 
UA for 24 hours; Negative Control Group (NC): Chondrocytes co-treated with IL-1β and ML385 for 
24 hours; Inhibitor Group (ML385): Chondrocytes co-treated with IL-1β, ML385, and 10 μM UA for 
24 hours. 
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