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Purpose: Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by diverse clinical manifestations, including 
joint symptoms. Arthritis represents one of the earliest manifestations of SLE, profoundly affecting the quality of life for affected 
individuals, yet the underlying mechanisms of SLE-associated arthritis remain insufficiently investigated. The study aimed to 
investigate the impact of SLE exacerbation on arthritis using the MRL/lpr mouse model, which closely mimics human SLE 
manifestations.
Methods: In the present study, we evaluated the impact of SLE onset on knee joint degeneration by comparing arthritic phenotype 
and complex molecular alterations between 6 female 14-week-old MRL/lpr mice, which manifest SLE, and MRL/MpJ mice, which 
remain unaffected.
Results: Our results demonstrated that MRL/lpr mice exhibited a more severe arthritic phenotype compared to MRL/MpJ mice, 
characterized by elevated Osteoarthritis Research Society International (OARSI) scores (P < 0.01), disrupted extracellular 
matrix metabolism, impaired chondrocyte proliferation and increased apoptosis. Notably, inflammatory cytokines proteins such 
as IL-1β and TNF-α (both P < 0.01), IL-18 and IL-6 (both P < 0.05), were significantly increased in articular cartilage of 
MRL/lpr mice, accompanied by increased expression of calcitonin gene-related peptide (CGRP) (P < 0.05), NETRIN-1, and 
NESTIN (both P < 0.01), indicating that SLE promotes inflammation response and sensory nerve ingrowth in the knee joint, 
contributing to the progression of arthritis. Mechanistic analysis revealed that SLE exacerbation intensified chondrocyte 
pyroptosis by upregulating pyroptotic-related proteins, including NLRP3, CASPASE-1, and gasdermin D (all P < 0.01), 
through the regulation of the nuclear factor erythroid 2-related factor (NRF-2)/KEAP-1 and nuclear factor kappa-B (NF-κB) 
pathway.
Conclusion: Collectively, our findings underscore the mechanistic connection between chondrocyte pyroptosis and arthritis exacer-
bation in SLE, suggesting potential therapeutic targets for mitigating arthritis progression in the context of SLE.
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Introduction
Systemic lupus erythematosus (SLE) is a chronic inflammatory autoimmune disease that predominantly affects women of 
childbearing age, with a female-to-male ratio of 9 to 1.1 It is characterized by multisystem involvement, particularly 
involving the heart, bones and joints, skin, liver, blood vessels, and kidneys.2 Increasing clinical evidence suggests that 
a significant proportion (ranging from 69% to 95%) of individuals diagnosed with SLE experience articular symptoms, 
with approximately half manifesting arthritis as the initial symptom,3 which seriously affects patients’ quality of life and 
complicates clinical management.4 Despite substantial focus on the molecular intricacies of SLE pathogenesis and its 
therapeutic strategies, the relationship between SLE and arthritis remains unclear.

Arthritis is the most common degenerative disease in the clinic, primarily marked by progressive degeneration of 
articular cartilage, subchondral bone sclerosis, nerve innervation, and inflammatory responses, leading to chronic pain 
and disability.5 In the progression of knee osteoarthritis, extracellular matrix (ECM) degradases matrix metalloprotei-
nases (MMP) (such as MMP3 and MMP13) initiate ECM degradation by breaking down collagen type II (COL II) and 
other ECM components, while a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS-5) 
specifically targets AGGRECAN.6 As arthritis progresses, increased expression of type I collagen (COL I) and α- 
smooth muscle actin (α-SMA) signifies cartilage fibrosis and joint stiffness. In advanced stages, upregulation of type 
X collagen (COL ) and runt-related transcription factor 2 (RUNX2) indicates chondrocyte hypertrophy and calcifica-
tion, leading to severe cartilage degeneration and joint dysfunction.7 Notably, sustained inflammatory stimulation and 
ongoing damage in joint tissues can affect the afferent processing of nociceptive signals from joints and adjacent tissues, 
leading to heightened pain sensitivity and arthralgia.8 In parallel, our recent findings also underscore that the exacerbation 
of SLE triggers an aberrant inflammatory response within the kidneys and cardiovascular system, thereby aggravating 
SLE-related manifestations,9,10 while other findings indicate inflammatory lesions in the joint,11 and elevated IL-1β and 
IL-6 levels in the joint fluid in SLE patients.12 Therefore, these findings suggest a strong association between abnormal 
inflammation responses and the progression of arthritis within the context of SLE.

Pyroptosis, a specialized form of programmed cell death, is characterized by the activation of the NLRP3 inflamma-
some, promoting the maturation of CASPASE-1, thereby accelerating cell rupture via cleavage of GSDMD and the 
subsequent release of mature IL-1β and IL-18.13 Previous studies, including our own, have demonstrated that chon-
drocyte pyroptosis significantly contributes to arthritis development in the knee joints of mice.14,15 Moreover, activation 
of the NLRP3 inflammasome is pivotal in the pathogenesis and progression of SLE.16,17 Specifically, SLE patients 
derived anti-dsDNA antibodies could stimulate the nuclear factor kappa-B (NF-κB)-mediated upregulation of NLRP3 
and CASPASE-1 in monocytes, thus inducing the production of IL-1β and mitochondrial reactive oxygen species 
(ROS).18 In parallel, hyperactivation of the NLRP3 inflammasome has been observed in myeloid cells of mice with 
experimental lupus, resulting in substantial organ damage.19 This is mainly due to pyroptosis-induced release of many 
inflammatory factors that exacerbate joint inflammatory infiltration.20 Given the crucial role of chondrocyte pyroptosis in 
arthritis progression, we speculate that NF-κB-mediated chondrocyte pyroptosis may also participate in the development 
of SLE-related arthritis.

Oxidative stress is a core factor in the pathogenesis of SLE manifestations, and the diminished antioxidant capacity 
increases susceptibility to SLE and other autoimmune diseases.21 The nuclear factor erythroid 2-related factor (NRF-2) is 
a transcription factor that protects cells from oxidative stress-induced damage by binding to antioxidant response 
elements (ARE), thereby sustaining redox homeostasis by the transcription of downstream antioxidant genes such as 
heme oxygenase-1 (HO-1).22 Emerging evidence highlights the NRF-2/KEAP-1 pathway as a critical regulator of cellular 
antioxidant status and the severity of SLE.23 Moreover, growing research indicates that the NRF-2/KEAP-1 pathway, 
along with downstream NF-κB signaling, plays a significant role in modulating chondrocyte functions, including its 
pyroptotic activity, thereby affecting arthritis progression.24,25 However, it remains unclear whether SLE exacerbates 
arthritis by inducing chondrocyte pyroptosis through the regulation of the NRF-2/KEAP-1 antioxidant pathway and NF- 
κB pathway.

Therefore, this study aimed to explore the effect of SLE exacerbation on arthritis progression using 14-week-old 
MRL/lpr lupus-prone mice and their MRL/MpJ control compartments. Besides, we investigated the role of NRF-2/ 
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KEAP-1 antioxidant pathway in NLRP3-mediated chondrocyte pyroptosis. The findings from this study offer initial 
insights into the pathogenesis of SLE-induced arthritis and may benefit the development of more effective therapeutic 
strategies for this condition.

Materials and Methods
Reagents and Antibodies
Vector® TrueVIEW® Autofluorescence Quenching Kit (SP-8500-15) with DAPI was purchased from Vector Laboratories 
Inc (Newark, USA). TUNEL Bright Green Apoptosis Detection Kit (A112-01) was from Vazyme Biotech (Nanjing, 
China). Fluorescent secondary antibody was obtained from Sungene Biotech Co. (Tianjin, China). SteadyPure Mag 
mRNA Isolation Kit (AG21024), Evo M-MLV RT Mix Kita (AG11728), and SYBR Green Premix Pro Taq HS qPCR Kit 
(AG11701) were supplied by Accurate Biology (Hunan) Co., Ltd (Changsha, Hunan, China). TBHQ (HY100489) was 
obtained from MedChemExpress Co., Ltd. (New Jersey, United States). The antibodies used in this study are listed in 
Table 1. Unless otherwise specified, all chemicals were sourced from Sigma-Aldrich (St. Louis, MO, USA).

Table 1 Detailed Information of Antibodies Used in This Study

Antibody Host Species Dilution Catalog# Company

AGGRECAN Rabbit 1:300 ab114254 Abcam

COL II Rabbit 1:300 ER1906-49 HuaBio

SOX9 Rabbit 1:300 ab185966 Abcam

ADAMTS-5 Rabbit 1:300 ab41037 Abcam

MMP3 Rabbit 1:300 ER1706-77 HuaBio

COL X Rabbit 1:300 ab49945 Abcam

MMP13 Rabbit 1:300 ET1702-14 HuaBio

RUNX2 Rabbit 1:300 ET1612-47 HuaBio

COL I Rabbit 1:300 ab6308 Abcam

α-SMA Rabbit 1:300 RLT5053 Ruiying Biological

Ki67 Rabbit 1:300 ER1902-75 HuaBio

PCNA Rabbit 1:300 GTX100539 Gene Tex

BCL-2 Rabbit 1:300 RLM3401 Ruiying Biological

BCL-XL Rabbit 1:300 RLT0477 Ruiying Biological

BAX Rabbit 1:300 RLM3619 Ruiying Biological

CASPASE-3 Rabbit 1:300 RLM3431 Ruiying Biological

Cleave-CASPASE-3 Rabbit 1:300 RLC004 Ruiying Biological

Cleave-PARP Rabbit 1:300 ET1608-10 HuaBio

TNF-α Rabbit 1:300 RLM3472 Ruiying Biological

IL-1β Rabbit 1:300 RLT4001 Ruiying Biological

IL-6 Rabbit 1:300 R1412–2 HuaBio

IL-18 Rabbit 1:300 RLN1926 Ruiying Biological

(Continued)
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Animals
MRL/lpr mice, a well-established lupus-prone murine model, are known for spontaneously producing various 
autoantibodies.26 MRL/MpJ mice, characterized by a unique immune response, remain healthy at 6 weeks of age and 
fully manifest autoimmune characteristics by 24 weeks, contrasting with the earlier onset of lupus symptoms in MRL/lpr 
mice, typically by 12 weeks.10 In this study, six female MRL/MpJ and MRL/lpr mice at 6 weeks old were used as in the 
study. Briefly, six female MRL/lpr mice were used as the experimental group, and six female MRL/lpr mice served as 
controls. All mice were obtained from the Center Animal House of Zhejiang Chinese Medical University, housed under 
controlled conditions with a 12:12 hour light-dark cycle, ambient temperature of 22–25°C, and relative humidity of 
60–70%. They had unrestricted access to food and water. All procedures involving the mice were approved by the Ethics 
Committee for the Use of Experimental Animals at Zhejiang Chinese Medical University (No. IACUC-20211101-04). 
All animal experiments followed the National Institutes of Health Guidelines for the Care and Use of Laboratory 
Animals. The study was carried out in compliance with the ARRIVE guidelines. All mice were euthanized with 1% 
pentobarbital sodium and sacrificed 8 weeks post-acquisition, and knee tissue was then harvested from anesthetized 
animals for further analysis.

Analysis of Serum Indicators
The alterations of anti-ds-DNA, IL-1β, IL-6 and TNF-α levels in the serum of mice were measured using specific ELISA 
kits (Hnybio, Shanghai, China), according to the manufacturer’s instructions.

Micro-CT Analysis
Prior to histologic processing, the knee joints were analyzed using high-resolution micro-CT (Skyscan1176, Bruker 
micro-CT N.V., Kontich, Belgium). The scanning and analysis protocols were conducted according to our previously 
validated methods.27 Scanning was conducted at a voltage of 50 kV, with a current of 500 μA, and a resolution of 9 μm 
per pixel. Image reconstruction and quantitative morphologic analysis were performed using NRecon v1.6 and CTAn 
v1.15 software, respectively. Three-dimensional images were generated using CTVol v2.2 software. Coronal images of 
the tibial subchondral bone were selected for three-dimensional histomorphometric analyses. And parameters such as 

Table 1 (Continued). 

Antibody Host Species Dilution Catalog# Company

F4/80 Rabbit 1:300 28,463-1-AP Proteintech

CGRP Rabbit 1:500 ab81887 Abcam

NETRIN-1 Rabbit 1:500 Ab39370 Abcam

NLRP3 Rabbit 1:300 19,771-1-AP Proteintech

ASC Rabbit 1:300 Bs-6741R Bioss

CASPASE-1 Rabbit 1:300 22,915-1-AP Proteintech

Cleave-CASPASE-1 Rabbit 1:300 RLC002 Ruiying Biological

GSDMD Rabbit 1:300 ab219800 Abcam

NRF-2(S40) Rabbit 1:300 ET1706-45 HuaBio

KEAP-1 Rabbit 1:300 YT5218 Immunoway

p-I-κBα Rabbit 1:300 ET1609-78 HuaBio

p-P65 Rabbit 1:300 3033S Cell Signaling Technology

P65 Rabbit 1:300 8242S Cell Signaling Technology
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bone volume/trabecular volume (BV/TV), average trabecular thickness (Tb.Th), average trabecular number (Tb.N), and 
average trabecular separation (Tb.Sp) were evaluated using a total of 30 consecutive images.

Histology, Immunohistochemistry (IHC) or Immunofluorescence (IF)
Knee joints harvested for histological analysis were fixed in 4% paraformaldehyde for 48 hours, decalcified with 14% 
EDTA solution for 21 days, and embedded in paraffin for sectioning at 4 μm. The sections were deparaffinized in xylene, 
followed by a graded series of alcohol washes, and stained with Safranin O/Fast green. Cartilage structural changes were 
assessed using a modified OARSI scoring system by two blinded observers, as previously described,28 detailed scoring 
rules are listed in Table S1. The OARSI scores of the two blind evaluators were shown in Table S2. SPSS was used to 
soft compare the reliability scores of the two blind evaluators. The ICC value of the two evaluators was 0.876, and the 
95% confidence interval was [0.624, 0.963], indicating a good consistency between the evaluators.

For IHC, deparaffinized sections were rehydrated and subjected to antigen retrieval in 0.01 mol/L citrate buffer. The 
sections were reduced by treating sections with 0.3% hydrogen peroxide. Non-specific staining was blocked by 
incubation with normal goat serum (diluted 1:20 in PBS) (Invitrogen, Carlsbad, MD, USA) for 20 min at room 
temperature. Sections were then incubated with the corresponding primary antibody at the appropriate dilution at 4°C 
overnight. Diaminobenzidine solution (Invitrogen) was used to detect IHC staining, followed by counterstaining with 
hematoxylin. For IF analysis, a fluorescent-conjugated secondary antibody (Sungene Biotech, Tianjin, China) was 
incubated for 30 min in the dark, followed by DAPI counterstaining. The images were captured with a fluorescence 
microscope (Carl Zeiss, Gottingen, Germany). Quantitative histomorphometric analysis was conducted in a blinded 
manner using Image-Pro Plus Software version 6.0 (Media Cybernetics Inc, Rockville, Maryland, USA).

Western Blot Analysis
Protein samples of knee homogenate and primary chondrocytes were extracted with RIPA lysis buffer with 1% protease 
inhibitor (Beyotime, Shanghai, China) at 4°C for 30min. Protein concentrations were determined using the Pierce™ BCA 
protein Assay kit (Thermo Scientific, Waltham, MA). Equal amounts of protein (30 μg) were separated by SDS-PAGE and 
transferred onto nitrocellulose filter membrane (PALL Life Sciences, Port Washington, NY, USA). After blocking with 5% 
non-fat milk for 1 hour, the membranes were incubated with the following primary antibodies: anti-MMP3 (1:1000), MMP13 
(1:1000), β-Actin (1:1000), IL-1β (1:1000), IL-6 (1:1000), IL-18 (1:1000) NLRP3 (1:1000), AGGRECAN (1:1000), COL II 
(1:1000), ADAMTS-5 (1:500), GAPDH (1:1000), and p-NRF-2 (1:1000) at 4°C overnight. Then the membranes were 
treated with IRDye 680 or 800 secondary antibody (LI-COR, Lincoln, NE, USA) for 1 hour. Protein bands were visualized 
using the Odyssey Infrared Imaging System (LI-COR), and band intensities were quantified by Quantity ONE software (Bio- 
Rad, Hercules, CA, USA). GAPDH and β-actin were used as loading controls for normalization.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was extracted using Steady Pure Mag mRNA Isolation Kit, following the manufacturer’s instructions. A total 
of 1 μg mRNA was reverse transcribed using the Evo M-MLV RT Mix Kit. mRNA levels were quantified via qRT-PCR 
using specific primers (listed in Table 2). Gene expression was normalized to β-actin, and relative fold changes in target 
gene expression were calculated using 2−ΔΔCT method.

TUNEL Staining
Chondrocyte apoptosis was examined using the TUNEL Bright Green Apoptosis Detection Kit, according to the 
manufacturer’s instructions. The number of positive cells was quantified in randomly selected fields of view using six 
sections from each group, with Image-Pro Plus 6.0. DAPI staining was used to estimate the total cell number.

Preparation of Mouse Primary Chondrocytes, Cell Culture, and RNA Transfection
A total of 5 one-week-old MRL/lpr mice were sacrificed, and knee cartilage was harvested and cut into 1 mm³ slices. The 
tissue sections were washed at least three times with cold PBS until clear and blood-free, then digested with 5 mL of 
0.2% type II collagenase (Sigma, USA) at 37°C with 5% CO2 for 4–6 hours. Mouse chondrocytes were then centrifuged 
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and cultured in DMEM supplemented with 10% fetal bovine serum (FBS, Ausbian, Australia), 100 units/mL penicillin, 
and 100 mg/mL streptomycin. Chondrocytes from the first three passages were used for further analysis.

Primary chondrocytes were cultured in DMEM containing 10% FBS, 100 units/mL penicillin, and 100 mg/mL 
streptomycin. siRNA transfection was performed using Lipofectamine RNAiMAX (Thermo Fisher Scientific, MA, USA) 
according to the manufacturer’s instructions. A total of 2×105 primary chondrocytes were seeded in a 6-well plate for 
24 hours, and then transfected with 5 μL of Nlrp3 siRNA (5’-ccgcuuuccugaggaugaacguguu-3’) or Negative Control (NC) 
siRNA (20 μM) along with 10 μL of RNAiMAX. After 24 hours of transfection, cells were treated with or without LPS 
(5 μg/mL). After transfection for 48h, total cell protein was collected for further experiment.

Statistical Analysis
All data are expressed as mean ± SEM. Statistical analyses were performed using GraphPad Prism 8 statistics software 
(San Diego, CA, USA). Data were first tested for normal distribution and homogeneity of variance. For data meeting 
these assumptions, statistical significance was determined using Student’s t-test (for two-group comparisons) or ordinary 
one-way ANOVA (for multiple-group comparisons). For data not meeting these assumptions, non-parametric tests were 
applied. A P-value of <  0.05 was considered statistically significant.

Table 2 Primers Used for Quantitative qRT-PCR

Genes Primer Sequences (5’→3’) Products (bp)

β-Actin S: CACGATGGAGGGGCCGGACTCATC 
AS: TAAAGACCTCTATGCCAACACAGT

154

Aggrecan A: CCTGCTACTTCATCGACCCC 

AS: AGATGCTGTTGACTCGAACCT

115

Col2a1 S: ACTGGTAAGTGGGGCAAGAC 

AS: CCACACCAAATTCCTGTTCA

115

Sox9 S: AGGAAGCTGGCAGACCAGTA 
AS: CGTTCTTCACCGACTTCCTC

193

Adamts-5 S: GGAGCGAGGCCATTTACAAC 

AS: CGTAGACAAGGTAGCCCACTTT

110

Mmp3 S: ACATGGAGACTTTGTCCCTTTTG 

AS: TTGGCTGAGTGGTAGAGTCCC

192

Mmp13 S: CTTCTTCTTGTTGAGCTGGACTC 

AS: CTGTGGAGGTCACTGTAGACT

173

Bcl2 S: ATGCCTTTGTGGAACTATATGGC 
AS: GGTATGCACCCAGAGTGATGC

120

Bcl-XL S: GACAAGGAGATGCAGGTATTGG 

AS: TCCCGTAGAGATCCACAAAAGT

124

Bax S: TGAAGACAGGGGCCTTTTTG 

AS: AATTCGCCGGAGACACTCG

140

Casp3 S: ATGGAGAACAACAAAACCTCAGT 
AS: TTGCTCCCATGTATGGTCTTTAC

74

Tnf-α S: CTGAACTTCGGGGTGATCGG 

AS: GGCTTGTCACTCGAATTTTGAGA

122

IL-1β S: CAACTGTGAAATGCCACC 

AS: GTGATACTGCCTGCCTGA

176

IL-6 S: CCAAGAGGTGAGTGCTTCCC 
AS: CTGTTGTTCAGACTCTCTCCCT

118

IL-18 S: GTGAACCCCAGACCAGACTG 

AS: CCTGGAACACGTTTCTGAAAGA

202
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Results
Validation of SLE Phenotype in MRL/lpr Mice
Our results demonstrated significantly elevated serum levels of anti-dsDNA antibodies, TNF-α, IL-6, and IL-1β in MRL/ 
lpr mice (Figure S1A–D), confirming the onset and progression of SLE at 14 weeks of age.

SLE Exacerbation in MRL/lpr Mice Advances Knee Arthritis Progression
To clarify the impact of SLE onset on arthritis progression, the morphological changes of the knee joints from MRL/MpJ 
and MRL/lpr mice were determined using Safranin O/Fast green staining. The results revealed that MRL/lpr mice 
exhibited a significant reduction in ECM content and cartilage thickness compared to MRL/MpJ mice (Figure 1A). This 
was further accompanied by synovial inflammation, as shown by the thickening of the synovial lining and hyperplasia of 
blood vessels in MRL/lpr mice (Figure S1E). The arthritis severity was further assessed by the OARSI score system, 
revealing higher median and quartile OARSI scores in MRL/lpr mice (median: 1.600, IQR: 1.500–1.925) compared to 
MRL/MpJ mice (median: 1.200, IQR: 1.025–1.325) (Figure 1B). Additionally, micro-CT analysis of the knee joints 
showed that MRL/lpr mice displayed a significant increase in BV/TV and Tb.N in the subchondral bone, while the 
trabecular thickness and trabecular separation remained unchanged (Figure 1C and D). These findings suggest that SLE 
exacerbation may contribute to pronounced cartilage degeneration and subchondral sclerosis of the knee joints in MRL/ 
lpr mice.

SLE Exacerbation in MRL/lpr Mice Impairs Articular Cartilage
The physiological function of the knee joint is critically dependent on the homeostasis of ECM metabolism.29 To explore 
the effects of SLE on matrix metabolism, we examined the expressions of AGGRECAN, COL II, and SRY-Box 
transcription factor 9 (SOX9), along with ECM-degrading enzymes (ADAMTS-5, MMP13, and MMP3) using IHC or 
IF analysis, and the results showed that MRL/lpr mice had lower expression of AGGRECAN, COL II, and SOX9, but 
higher levels of ADAMTS-5, MMP13, and MMP3 (Figure 2A–D). Western blot analysis also revealed that the 
expression of MMP3 and MMP13 in knee tissue homogenate protein was elevated by 3.5- and 4.5-fold, respectively, 
in MRL/lpr mice (Figure 2E and F). Consistent with these results, qRT-PCR analysis showed significant downregulation 
of Aggrecan, Col2a1, and Sox9 mRNA expression, while Mmp3 mRNA levels were notably increased in MRL/lpr mice 

Figure 1 MRL/lpr mice exhibit advanced knee arthritis phenotypes. (A) Safranin O/Fast green staining analysis of articular cartilage in 14-week-old mice. Black arrowheads 
indicate hypertrophic chondrocytes. (B) OARSI scores for structural damage in the articular cartilage of mice. (C) Representative micro-CT images of knee cartilage. (D) 
Statistical results of bone morphological parameters in (C). Data were expressed as the mean ± SEM. n = 6 per group. *indicates a significant difference compared to MRL/ 
MpJ mice. *P < 0.05, **P < 0.01. 
Abbreviations: OARSI, Osteoarthritis Research Society International; BV/TV, bone volume/trabecular volume; Tb.Th, trabecular thickness; Tb.N, trabecular number; Tb.N 
trabecular separation.
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(Figure 2G and H). Given the increased ECM-degrading enzymes may contribute to a fibrotic phenotype and patholo-
gical hypertrophy in chondrocytes,30 we further assessed fibrosis markers (COL I and α-SMA) and hypertrophic markers 
(COL X and RUNX2). The results showed that COL I and α-SMA levels increased by 4.75-fold and 3.28-fold, 
respectively, while COL X and RUNX2 levels rose by 2.92-fold and 3.28-fold in the articular cartilage of MRL/lpr 
mice (Figure 2I–L). These results suggest that SLE progression accelerates ECM degradation and promotes chondrocyte 
fibrosis and hypertrophy in MRL/lpr mice.

Figure 2 MRL/lpr mice exhibit enhanced ECM degradation, along with chondrocyte fibrosis and hypertrophy. (A and B) IHC analysis (A) and corresponding quantification 
results (B) of the expression of AGGRECAN, COL II, and SOX9 in articular cartilage of MRL/lpr mice and MRL/MpJ mice. (C and D) IHC analysis (C) and corresponding 
quantification results (D) of the expression of ADAMTS-5, MMP13, and MMP3. (E and F) Western blot results (E) and corresponding quantification (F) of MMP3 and 
MMP13 expression. (G-H) qRT-PCR results of Aggrecan, Col2a1, and Sox9, Adamts-5, Mmp3, and Mmp13 mRNA expression in knee joint tissues of MRL/lpr mice and MRL/ 
MpJ mice. (I-J) IHC or IF analysis (I) and quantification (J) of COL I and α-SMA expression. (K and L) IHC or IF analysis of (K) and corresponding quantification results (L) of 
the expression of COL X, and RUNX2. Black and white arrowheads indicate the positive staining area. Data were expressed as the mean ± SEM. n = 6 per group. *indicates 
a significant difference compared to MRL/MpJ mice. *P < 0.05, **P < 0.01. 
Abbreviations: ECM, extracellular matrix; COL II, collagen type II; SOX9, SRY-Box transcription factor 9; IHC, immunohistochemistry; ADAMTS-5, A disintegrin and 
metalloproteinase with thrombospondin motifs 5; MMP, matrix metalloproteinases; COL I, type I collagen; α-SMA, α-smooth muscle actin; IF, immunofluorescence; COL X, 
type X collagen; RUNX2, runt-related transcription factor 2.
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SLE Exacerbation in MRL/lpr Mice Increases Chondrocyte Apoptosis
To evaluate whether SLE affects the proliferation of chondrocytes, we examined the percentage of chondrocytes 
expressing Ki67 and the expression of proliferating cell nuclear antigen (PCNA) using IF analysis and found that the 
number of Ki67-positive cell and PCNA levels in the chondrocytes from MRL/lpr mice were significantly reduced 
compared to MRL/MpJ mice (Figure 3A and B). To identify the effects of SLE on chondrocyte apoptosis, the protein 
expression of apoptotic markers, BCL-2, BCL-XL, BAX, CASPASE-3 and Cleaved-CASPASE-3 were determined using 
IF assay and the mRNA expressions of BCL-2, BCL-XL, BAX and CASPASE-3 were detected by qRT-PCR analysis. 
The IF results showed that SLE markedly decreased the levels of anti-apoptotic proteins BCL-2 and BCL-XL, while 
increasing the levels of pro-apoptotic proteins, BAX, CASPASE-3 and Cleaved-CASPASE-3 (Figure 3C and D). qRT- 
PCR results showed reduced mRNA levels of Bcl2, Bcl-XL, and Bax mRNA levels, and increased Caspase-3 mRNA in 
the articular cartilage of MRL/lpr mice (Figure 3E). In parallel, the pro-apoptosis effect of SLE was further validated by 
TUNEL staining, which demonstrated a substantial increase in the percentage of TUNEL-positive chondrocytes in MRL/ 
lpr mice compared to MRL/MpJ mice (31.3% vs 7.5%) (Figure 3F and G). In parallel, Western blot of joint tissue 
homogenates revealed significantly elevated levels of both Cleaved-CASPASE-3 and Cleaved-PARP in MRL/lpr mice 
(Figure 3H and I), indicating enhanced apoptotic activity in the joints of MRL/lpr mice.

SLE Exacerbation in MRL/lpr Mice Stimulates Inflammatory Response and Sensory 
Nerve Inward Growth
Arthritis is thought to contribute to arthralgia, partly due to abnormal inflammatory response and sensory nerve ingrowth 
into the knee joints.31 To further investigate the impact of SLE on the inflammatory response within articular cartilage of 
MRL/lpr mice, we analyzed the expression of inflammatory factors, including TNF-α, IL-1β, and IL-18 using IF analysis 
and Western blot. Both IF analysis and Western blot results demonstrated a significant upregulation of these cytokines in 
the articular cartilage of MRL/lpr mice compared to MRL/MpJ mice (Figure 4A–D), indicating a strong inflammatory 
response within the knee joints following SLE exacerbation. Notably, IL-1β and IL-18 expression, in particular, were 
elevated by 6.13- and 4.9-fold, respectively, indicating a critical role of these cytokines in cartilage degeneration in MRL/ 
lpr mice. Interestingly, qRT-PCR showed decreased mRNA expression of IL-1β, IL-6, and IL-18, while TNF-α mRNA 
levels were increased (Figure 4E).

To evaluate sensory nerve innervation in knee joints during SLE progression, we examined the expression of CGRP, 
a specific marker for sensory nerves, NETRIN-1 and NESTIN using IF analysis. As expected, a significant increase in 
CGRP+ sensory nerve fibers in the subchondral bone of MRL/lpr mice, accompanied by elevated expression of NETRIN- 
1 and the neurogenesis marker NESTIN (Figure 4F and G). Based on these findings, we hypothesize that SLE 
deterioration may amplify arthritis-related pain sensitivity, potentially through elevated cytokine secretion and increased 
NETRIN-1 expression, which in turn promotes the recruitment of CGRP+ sensory neurons in the knee joints of MRL/lpr 
mice.

SLE Exacerbation in MRL/lpr Mice Augments Chondrocyte Pyroptosis
Considering the well-established role of IL-1β and IL-18 in arthritis pathology and its maturation via inflammasomes, the 
molecular mechanism of NLRP3 inflammasome-mediated chondrocyte pyroptosis has garnered considerable attention in 
the context of arthritis progression.32–35 To assess chondrocyte pyroptosis activity in knee joints, we analyzed the 
expression of key pyroptosis markers, including NLRP3, CASPASE-1, and GSDMD, using IF analysis. In line with our 
previous findings,14,27 MRL/lpr mice exhibited markedly increased expression of pyroptosis-related proteins compared to 
MRL/MpJ mice, with NLRP3, CASPASE-1, Cleaved-CASPASE-1, and GSDMD elevated by 4.8-, 4.1-, 6.0-, and 
3.0-fold, respectively Cleaved-CAS (Figure 5A and B). Further Western blot analysis of joint homogenates demonstrated 
significantly upregulated levels of ASC, Cleaved-CASPASE-1, and GSDMD-N in MRL/lpr mice, substantiating 
enhanced pyroptotic activity in these mice Cleaved-CAS (Figure 5C and D). To confirm the role of NLRP3 in 
inflammatory cytokine production, a loss-of-function analysis of NLRP3 was carried out using primary chondrocytes 
from MRL/lpr mice treated with LPS. The results showed that siRNA-mediated Nlrp3 knockdown significantly mitigated 
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Figure 3 MRL/lpr mice demonstrate heightened chondrocyte apoptosis. (A and B) IF analysis (A) and corresponding quantification results (B) of Ki67-positive cells and 
PCNA expression in articular cartilage of MRL/lpr mice and MRL/MpJ mice. (C and D) and corresponding quantification results (D) of the expression of BCL-2, BCL-XL, 
BAX, CASPASE-3 and Cleaved-CASPASE-3. (E) qRT-PCR results of Bcl2, Bcl-XL, Bax, and Caspase-3 (Casp3) mRNA expression in knee joint tissues of MRL/lpr mice and MRL/ 
MpJ mice. (F and G) TUNEL assay (F) and quantification results (G) of the positive cell rates in the articular cartilage. (H and I) Western blot results (H) and corresponding 
quantification (I) of Cleaved-CASPASE-3 and Cleave PARP expression. White arrowheads indicate the positive staining area. Data were expressed as the mean ± SEM. n = 
6 per group. *indicates a significant difference compared to MRL/MpJ mice. **P < 0.01. 
Abbreviations: IF, immunofluorescence; PCNA, proliferating cell nuclear antigen; qRT-PCR, quantitative Real-Time PCR.
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LPS-induced ECM degradation and release of inflammatory factors such as IL-1β and IL-18 in primary chondrocyte cells 
(Figure 5E and F). The above data suggest that SLE aggravation may enhance inflammatory cytokines production in 
MRL/lpr mice through the activation of NLRP3-mediated pyroptosis in chondrocytes.

SLE Exacerbation in MRL/lpr Mice Modulates the NRF-2/KEAP-1 and NF-κB Pathways
To elucidate the potential mechanism through which SLE triggers chondrocyte pyroptosis in knee joints of MRL/lpr 
mice, we examined the activity of NRF-2/KEAP-1 anti-oxidant and NF-κB pathways by analyzing the expression of 
NRF-2 (S40) (p-NRF-2), KEAP-1, phosphorylated IκB (p-IκB), phosphorylated p65 (p-p65), and total p65 using IF 
analysis. The IF results revealed a significant decrease in p-NRF-2 levels in MRL/lpr mice (a 66% reduction), 
accompanied by a marked increase in KEAP-1 expression (a 9-fold increase) (Figure 6A and B). Concurrently, 
components of the NF-κB pathway were notably altered, with p-IκB, and p-P65 levels significantly increased by 
approximately 2-fold and 3-fold, respectively (Figure 6C and D), with total p65 levels showing a modest 1.4-fold 

Figure 4 MRL/lpr mice show elevated inflammatory response and increased sensory nerve inward growth. (A and B) IF analysis (A) and corresponding quantification results 
(B) of the expression of TNF-α, IL-1β, IL-6, and IL-18 in articular cartilage of MRL/lpr mice and MRL/MpJ mice. (C and D) Western blot results (C) and quantification (D) of 
IL-1β and IL-18 expression in knee joint tissues of MRL/lpr mice and MRL/MpJ mice. (E) qRT-PCR results of TNF-α, IL-1β, IL-6, and IL-18 mRNA expression in knee joint 
tissues of MRL/lpr mice and MRL/MpJ mice. (F and G) IF analysis (F) and corresponding quantification results (G) of the expression of CGRP, NETRIN-1 and NESTIN. White 
arrowheads indicate the positive staining area. Data were expressed as the mean ± SEM. n = 6 per group. *indicates a significant difference compared to MRL/MpJ mice. *P < 
0.05, **P < 0.01. 
Abbreviations: IF, immunofluorescence; CGRP, calcitonin gene-related peptide.
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increase. To further clarify NRF-2’s role in chondrocyte pyroptosis, primary chondrocytes from MRL/lpr mice treated 
with Tert-Butylhydroquinone (TBHQ), a widely used NRF-2 activator, in the presence of LPS. The results showed that 
TBHQ significantly reversed LPS-induced reductions in p-NRF-2, AGGRECAN, and COL II levels, while reducing 
LPS-induced increases in ADAMTS-5, MMP3, NLRP3, ASC, Cleaved-CASPASE-1, GSDMD-N, IL-1β, and IL-18 in 
primary chondrocytes (Figure 6E and F). Taken together, these results suggest that SLE exacerbation may enhance 
chondrocyte pyroptosis and worsen arthritis in MRL/lpr mice by modulating the NRF-2/KEAP-1 and NF-κB pathways 
(Figure 7).

Discussion
SLE is a multifaceted autoimmune disease that involves numerous organ systems and significantly affects patient quality 
of life.21,36 Among the diverse clinical manifestations of SLE, arthritis is particularly debilitating, with its incidence 
rising from 72% to 93% as patients age,37 yet the molecular pathways contributing to joint damage and inflammation in 
SLE remain incompletely understood. In this study, utilizing 14-week-old female MRL/lpr mice and MRL/MpJ mice, we 
focused on unraveling the molecular mechanisms by which SLE contributes to joint degeneration, specifically examining 
the role of chondrocyte pyroptosis and its regulation via the NRF-2/KEAP-1 and NF-κB pathways. Our findings showed 
that SLE deterioration in MRL/lpr mice significantly disrupts cartilage integrity, as evidenced by elevated OARSI scores, 

Figure 5 MRL/lpr mice reveal intensified chondrocyte pyroptosis. (A and B) IF analysis (A) and corresponding quantification results (B) of the expression of NLRP3, CASPASE-1, 
Cleaved-CASPASE-1 and GSDMD in articular cartilage of MRL/lpr mice and MRL/MpJ mice. White arrowheads indicate the positive staining area. Data were expressed as the mean 
± SEM. n = 6 per group. *indicates a significant difference compared to MRL/MpJ mice. *P < 0.05, **P < 0.01. (C and D) Western blot results (C) and corresponding quantification 
(D) of ASC, Cleaved-CASPASE-1 and GSDMD-N expression. (E and F) Western blot results (E) and corresponding quantification (F) of the expression of NLRP3, AGGRECAN, 
COL II, ADAMTS-5, MMP3, IL-18, and IL-1β in primary chondrocytes cells treated with or without siNlrp3 and LPS (5 μg/mL). *indicates a significant difference compared to cells 
treated with Vehicle (Veh.). *P < 0.05, **P < 0.01. #indicates a significant difference compared to cells treated with LPS. #P < 0.05, # #P < 0.01. 
Abbreviations: IF, immunofluorescence; NLRP3, nod-like receptor protein-3; GSDMD, Gasdermin D.
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ECM degradation, and heightened chondrocyte pyroptosis. Notably, the progression of SLE contributed to the upregula-
tion of NLRP3 inflammasome components in chondrocytes, along with the suppression of the NRF-2/KEAP-1 antiox-
idant pathway and the activation of NF-κB signaling. These findings provide new insights into the molecular mechanisms 
through which SLE contributes to chondrocyte pyroptosis and exacerbates arthritis progression, potentially informing 
targeted therapeutic strategies.

Figure 6 MRL/lpr mice manifest alterations in the NRF-2/KEAP-1 and NF-κB pathways. (A and B) IF analysis (A) and corresponding quantification results (B) of the 
expression of p-NRF-2 and KEAP-1 in articular cartilage of MRL/lpr mice and MRL/MpJ mice. (C and D) IF analysis (C) and corresponding quantification results (D) of the 
expression of p-IκB, p-P65 and P65. White arrowheads indicate the positive staining area. Data were expressed as the mean ± SEM. n = 6 per group. *indicates a significant 
difference compared to MRL/MpJ mice. *P < 0.05, **P < 0.01. (E and F) Western blot results (E) and quantification (F) of p-NRF-2, AGGRECAN, COL II, ADAMTS-5, 
MMP3, NLRP3, ASC, Cleaved-CASPASE-1, GSDMD-N, IL-1β, and IL-18 expression in primary chondrocytes treated with TBHQ (5 μm) or Vehicle, with or without LPS 
(5 μg/mL). *indicates a significant difference compared to Vehicle (Veh.)-treated cells. *P < 0.05, **P < 0.01. #indicates a significant difference compared to LPS-treated cells. 
#P < 0.05, ##P < 0.01. 
Abbreviations: NRF-2, nuclear factor erythroid 2-related factor; KEAP-1, Kelch-like ECH-associated protein 1; NF-κB, nuclear factor kappa-B; p-NRF2, NRF2 (Ser40); 
p-IκB, phosphorylated IκB; p-p65, phosphorylated p65; TBHQ, Tert-Butylhydroquinone.
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MRL/lpr mice, with their Fas (CD95) mutations, exhibit accelerated autoimmune responses that mirror key 
pathological features of human autoimmune diseases, including lupus nephritis (glomerulonephritis, immune complex 
deposition, proteinuria), autoantibodies production (such as ANA, anti-dsDNA, and anti-Sm), skin lesions (ulcers, 
alopecia, dermatitis), lymphadenopathy, splenomegaly, arthritis (polyarthritis), joint inflammation, and hematological 
abnormalities (such as hemolytic anemia and thrombocytopenia),38–40 making MRL/lpr mice invaluable for studying the 
complex interplay between inflammatory responses and oxidative stress in systemic manifestations of SLE. Moreover, 
recent studies indicate that approximately 90% of SLE patients experience joint symptoms, ranging from intermittent 
arthralgia to acute polyarthritis.41 In our current study, we explored knee joint homeostasis in MRL/lpr mice and found 
that SLE onset contributes to joint degeneration, as indicated by structural impairment, accelerated ECM degradation, 
chondrocyte fibrosis and hypertrophy, loss of chondrocytes, increased inflammatory response and innervation within the 
joint tissues. These findings underscore that SLE not only promotes joint degeneration but also exacerbates associated 
arthritic conditions.

Multiple studies have demonstrated that SLE triggers the accumulation of lupus autoantigens, leading to the over-
production of inflammatory cytokines across various tissues, significantly influencing SLE-related manifestations, 
including renal damage,42 and cardiovascular complications.17,43,44 It is worth noting that increased serum IL-1β levels 
in SLE patients are closely associated with the severity of lupus nephritis, while our latest findings using MRL/lpr mice 
suggest that excessive inflammation in cardiac and renal tissues drives aberrant lipid metabolism, thereby facilitating the 
progression of lupus nephritis and premature cardiovascular disease.9,10 Herein, our findings reveal a substantial increase 
in inflammatory cytokine production within the knee joints of SLE-prone mice, aligning with previous reports of elevated 
IL-1β, IL-18, IL-6, and TNF-α levels in SLE patients. The significant upregulation of IL-1β, in particular, underscores its 
potential as a key mediator of inflammation-driven cartilage degeneration. Surprisingly, the mRNA expression trend of 
IL-1β, IL-6, and IL-18 was not the same as that of protein, which we speculated might be related to the inhibition of 
transcriptional activity and protein degradation of the above indicators. Additionally, the observed increase in CGRP and 
NETRIN-1 expression suggests a novel link between SLE and sensory nerve ingrowth, which may contribute to the 
heightened pain sensitivity observed in SLE-related arthritis. These findings highlight the importance of targeting both 
inflammation and neurogenic pathways in developing therapeutic strategies for SLE-associated joint pain.

Figure 7 A schematic diagram illustrating SLE exacerbation in MRL/lpr mice aggravates arthritis progression. 
Abbreviations: SLE, Systemic lupus erythematosus.
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Pyroptosis, a key driver of inflammation, results in the release of critical cytokines like IL-1β and IL-18.45 Elevated 
serum levels of these cytokines, particularly IL-1β, have been shown to correlate with disease activity and damage in 
SLE manifestations,46 while variations in IL-1β genes are also linked to SLE susceptibility and disease progression.47 For 
instance, Umare et al identified significant associations between IL-1β gene polymorphisms, particularly SNPs in IL-1β 
(−511C/T), and a higher prevalence of renal and hematologic manifestations among SLE patients.48,49 Furthermore, 
studies in both human and animal models have highlighted abnormal pyroptosis in glomerular mesangial cells, 
podocytes, macrophages, and CD4+ T cells during SLE progression,38,50,51 while targeting pyroptosis could offer 
therapeutic benefits, potentially slowing the disease’s progression.52–54 In line with these findings, our study demonstrates 
that SLE escalation activates the NLRP3 inflammasome to promote chondrocyte pyroptosis in MRL/lpr mice. Given the 
well-established role of pyroptosis in promoting inflammatory responses, these findings provide a plausible explanation 
for the observed increase in pro-inflammatory cytokines within the joint tissues of SLE-prone mice.

The NRF-2/KEAP-1 pathway plays a pivotal role in protecting cells from oxidative stress-induced damage and is 
essential for managing both oxidative stress and inflammation in the progression of lupus-like symptoms and arthritis,55 

while enhancing NRF-2 activity and inhibiting the NF-κB/NLRP3 pathway have shown protective effects against murine 
lupus nephritis56 and arthritis.57 Consistent with these findings, our results demonstrate the involvement of the NRF-2/ 
KEAP-1 and NF-κB pathways in chondrocyte dysfunction in MRL/lpr mice. The downregulation of NRF-2 and the 
concurrent upregulation of KEAP-1 in the cartilage of MRL/lpr mice indicate a disruption in the antioxidant defense 
mechanism, which may exacerbate oxidative stress and contribute to joint degeneration. The significant upregulation of 
phosphorylated IκB and P65 further suggests that NF-κB signaling is a critical driver of the inflammatory cascade in 
SLE-induced arthritis. These findings highlight the potential of targeting the NRF-2/KEAP-1 and NF-κB axis as 
a therapeutic strategy for mitigating joint damage in SLE patients.

Despite the valuable insights into the mechanisms by which SLE exacerbates arthritis, some limitations warrant 
consideration. First, although MRL/lpr mice are a well-established model for SLE, they may not fully replicate the 
diversity of SLE manifestations observed in human patients, particularly regarding arthritis. This underscores the need 
for further research using diverse models, such as NZB/NZW F1 mice, BXSB mice, and B6.Sle1/2/3 mice,58–60 or 
clinical samples to validate and extend our findings. Second, although we observed elevated inflammatory cytokines in 
articular cartilage, given that both chondrocytes and synovial cells can undergo pyroptosis under inflammatory condi-
tions, the precise cellular source of these inflammatory mediators remains to be fully elucidated. Future studies 
employing cell-type specific approaches are needed to delineate the relative contributions of different cell populations 
to the inflammatory microenvironment in arthritis. Third, while our study primarily focused on the NRF-2/KEAP-1 and 
NF-κB pathways, it is likely that other molecular mechanisms also contribute to SLE-related arthritis. These were not 
explored in this study, presenting an avenue for future research. Notably, our study is among the first to elucidate the 
specific involvement of these pathways in chondrocyte pyroptosis in the context of SLE exacerbation, highlighting 
a potential therapeutic target for mitigating SLE-related joint pain. Lastly, while the findings in this murine model are 
compelling, translating these results to clinical practice requires cautious interpretation, and further validation in human 
tissues and clinical trials is necessary to confirm the therapeutic potential of targeting the NRF-2/KEAP-1 and NF-κB 
axis in SLE-associated joint disease. Additionally, further research is warranted to investigate the crosstalk between 
oxidative stress, inflammation, and sensory nerve ingrowth in the context of SLE-associated joint pain, as this could 
unveil new therapeutic opportunities.

Conclusion
In conclusion, our study provides compelling evidence that SLE deterioration in MRL/lpr mice exacerbates arthritis 
through the promotion of chondrocyte pyroptosis by modulating the NRF-2/KEAP-1 and NF-κB pathways. These 
findings not only enhance our understanding of the molecular mechanisms underlying SLE-related arthritis but also 
identify potential therapeutic targets for the treatment of this debilitating condition.
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