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Purpose: Systemic lupus erythematosus (SLE) is an autoimmune disorder marked by immune system dysregulation and autoanti
bodies production, causing widespread inflammation and damage across various body systems. Despite the prevalent back pain in SLE 
patients, the link between SLE and intervertebral disc (IVD) degeneration, a primary contributor to back pain, remains inadequately 
understood. This study explored the impact of SLE on IVD degeneration using the MRL/lpr mouse model, which effectively replicates 
human SLE manifestations.
Methods: The study utilized MRL/lpr mice to investigate the effects of SLE on IVD degeneration. The mice were evaluated for 
typical SLE phenotypes and indicators of IVD degeneration, including IVD height, IVD score, tissue integrity, extracellular matrix 
degradation, and apoptosis of IVD cells. Additionally, the study examined nucleus pulposus (NP) pyroptosis and inflammatory 
cytokine secretion. Mechanistic analysis focused on the antioxidant pathway, specifically the expression levels of NRF2, HO-1, 
KEAP1, and the phosphorylation levels of p65.
Results: MRL/lpr mice displayed typical SLE phenotypes and exacerbated profiles of IVD degeneration, including reduced IVD 
height, lower IVD score, significant IVD tissue impairment, extracellular matrix degradation, and increased apoptosis of IVD cells. 
Notably, SLE stimulated NP pyroptosis and excessive secretion of inflammatory cytokines. Mechanistic analysis indicated that the 
progression of SLE impedes the antioxidant pathway by downregulating NRF2 and HO-1 expression, upregulating KEAP1, and 
enhancing phosphorylation levels of p65.
Conclusion: Our findings highlight the mechanistic link between SLE and IVD degeneration, suggesting potential therapeutic targets 
for mitigating back pain in SLE patients.
Keywords: systemic lupus erythematosus, intervertebral disc degeneration, nucleus pulposus, pyroptosis, NRF2/KEAP1/NF-κB 
pathway

Introduction
Systemic lupus erythematosus (SLE) is a multifaceted autoimmune disease wherein immune system dysregulation 
mistakenly attacks healthy tissues and organs, predominantly affecting women of childbearing age.1 Manifesting through 
autoantibody/antigen complexes in diverse organs, SLE gives rise to a spectrum of systemic symptoms, encompassing 
conditions like lupus nephritis, lupus splenitis, arthritis, pericarditis, skin rashes, and organ inflammation.2–5 Apart from 
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these typical symptoms, clinical evidence shows up to 16.3~36% of individuals with SLE encounter incidents of low 
back pain (LBP), adversely affecting their quality of life and daily performance.6–8 Despite extensive focus on the 
molecular intricacies of SLE pathogenesis and therapeutic modalities, the connection between SLE and LBP, predomi
nantly caused by intervertebral disc (IVD) degeneration, remains incompletely understood.

IVD degeneration, a primary contributor to LBP, is characterized by metabolic disturbances within extracellular 
matrix (ECM), disc height reduction, structural impairment, inflammation, and decline in nucleus pulposus (NP) cell 
count.9,10 Notably, the synthesis of inflammatory cytokines such as IL-1β IL-18, IL-6, and TNF-α, have been identified as 
a key driver of IVD degeneration and consequent LBP.11 These cytokines amplify inflammatory cascades, accelerate the 
synthesis of other pro-inflammatory mediators such as cyclooxygenase-2 (COX-2), stimulate ECM degradation, hinder 
IVD cell proliferation, and increase oxidative stress throughout the degenerative process.12 Our recent findings from 
clinical evaluations of SLE-affected individuals and experimental studies using SLE model mice underscore heightened 
inflammatory cytokines within various tissues, including the cardiovascular system, and kidneys.13–16 Collectively, these 
studies suggest a correlation between excessive inflammation response within the context of SLE disorder and the 
progression of IVD degeneration.

Pyroptosis, an orchestrated form of programmed cell death, triggered via nod-like receptor protein-3 (NLRP3)/ 
Caspase-1 activation, subsequently cleaving IL-1β and IL-18 precursors to spur their maturation and externalization, 
driving hyper-inflammatory reactions.17 Clinical and basic studies highlight the aberrant activation of pyroptosis in 
kidney tissue of lupus nephritis patients and SLE model mice,18,19 as well as within bone marrow-derived mesenchymal 
stem cells and monocytes/macrophages sourced from SLE patients.20,21 Meanwhile, anti-dsDNA antibodies, hallmarks of 
SLE, can activate the NLRP3 inflammasome in monocytes/macrophages of SLE patients, upregulating the production of 
IL-1β.22 Notably, inhibiting pyroptosis has shown effectiveness in alleviating lupus nephritis progression in both in vitro 
and in vivo settings.18,23 Moreover, SLE-induced pulmonary arterial hypertension has been linked to pyroptosis of 
pulmonary arterial endothelial cells.24 Given the role of NP cell pyroptosis in IVD degeneration and subsequent LBP.12,25 

It is plausible to hypothesize that NP cell pyroptosis may also be involved in SLE-induced IVD degeneration.
Oxidative stress is a significant factor in the pathogenesis of SLE and other autoimmune diseases.26 The NRF2/ 

KEAP1 pathway stands as a critical regulator of cellular antioxidant status. Upon oxidative stress, Nuclear factor 
erythroid 2-related factor 2 (NRF2) dissociates from Kelch-like ECH-associated protein 1 (KEAP1), translocates into 
the nucleus, and promotes the transcription of antioxidant genes such as heme oxygenase 1 (HO-1), thereby maintaining 
cellular homeostasis and preventing oxidative damage.27–29 Numerous studies on SLE patients and lupus-prone mice 
highlight the critical involvement of the NRF2/KEAP1 pathway in the SLE’s onset and progression and its associated 
phenotypes, such as glomerulonephritis.26,30–33 Moreover, mounting evidence shows the regulatory role of NRF2/KEAP1 
pathway and downstream NF-κB signaling in the modulation of NP cell functions, including its pyroptosis activity, 
thereby governing the progression of IVD degeneration.34,35 Nonetheless, it remains unclear whether SLE induces NP 
cell pyroptosis to aggravate IVD degeneration by suppressing the NRF2/KEAP1 antioxidant pathway.

Given the significant burden of LBP on SLE patients, we aimed to explore the underlying mechanism of IVD 
degeneration coinciding with SLE progression. MRL/lpr lupus-prone mice, along their MRL/MpJ control compartments, 
were utilized, and a repertoire of investigative measures were employed, including radiography, morphological staining, 
immunohistological analyses, and TUNEL assay, to assess the complex interplay between SLE and IVD degeneration. 
Our discoveries provide an innovative understanding surrounding SLE-centric IVD degeneration and LBP intricacies.

Materials and Methods
Animals and Treatments
The MRL/lpr mouse model is renowned for its spontaneous lupus-like symptoms, including autoantibodies production 
(IgG anti-dsDNA and antiphospholipid antibodies), elevated cytokines, and clinical features such as hematological 
abnormalities, splenomegaly, and immune complex glomerulonephritis. In contrast, the genetically similar MRL/MpJ 
strain also eventually develops autoimmune disease but exhibits a healthy phenotype at 6 weeks of age, fully manifesting 
autoimmune traits by 24 weeks.13,15 In this study, female MRL/lpr mice and MRL/MpJ mice at 6 weeks of age, were 
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obtained from the Center Animal House of Zhejiang Chinese Medical University and housed under a specific pathogen- 
free environment, and maintained at 23 ± 2°C, 40–60% humidity, and a 12-h light/dark cycle, with unrestricted access to 
food and water. All procedures were approved by the Ethics Committee for the Use of Experimental Animals at Zhejiang 
Chinese Medical University (No. IACUC-20211101-04).

At 6 weeks of age, female MRL/lpr mice were designated as the MRL/lpr group, and age-matched female MRL/MpJ 
mice served as controls. At 14 weeks of age, urine samples were collected using metabolic cages. Following collection, 
all mice were euthanized with 0.3% sodium pentobarbital. Blood was collected via abdominal aortic puncture, and the 
serum was separated and stored at −80°C until further measurement. Then, spleens, bilateral axillary and inguinal lymph 
nodes, right kidneys, and lumbar vertebrae were harvested for subsequent histopathological analysis. All animal 
experiments were obedient to the ARRIVE guidelines and conducted in accordance with the UK Animals (Scientific 
Procedures) Act, 1986 and related guidelines, EU Directive 2010/63/EU for animal experiments.36

Measurement of Spleen Index and Lymph Node Index
Spleen index was determined by the ratio of spleen weight to body weight, expressed as a percentage (Spleen Weight / 
Body Weight × 100%). Similarly, the lymph node index was calculated as the ratio of lymph node weight to body weight, 
also expressed as a percentage (Lymph Node Weight / Body Weight × 100%).

Analysis of Serum Indicators
The alterations of anti-ds-DNA, IL-10, and TNF-α levels in the serum of mice were measured using corresponding 
ELISA kits (Hnybio, Shanghai, China), according to the manufacturer’s instructions.

Analysis of Urine Protein
All fresh urine samples were centrifuged at 600 g for 15 min at 4 °C. The protein concentration in the supernatant was 
assessed using an automatic biochemical analyzer (TOSHIBA TBA-120FR).

Histology, Immunohistochemical (IHC) and Immunofluorescent (IF) Analyses
The renal histopathological evaluation was conducted according to the previous methods,13,15 kidney tissues were fixed 
in 4% buffered paraformaldehyde for 24 h and embedded in paraffin. Similarly, lumbar tissues were fixed in 4% buffered 
paraformaldehyde for 72 h, decalcified in 0.5 M ethylenediaminetetraacetic acid (EDTA; pH = 7.4) at room temperature 
for 3 weeks, dehydrated, and then embedded in paraffin. The kidney and lumbar tissues were sectioned into 5-mm-thick 
coronal slices, and the histology of these tissues was analyzed using hematoxylin-eosin (H&E) staining as previously 
described.13,37

Renal sections were incubated with primary antibodies to IgG (1:200, Abcam, Cambridge, UK) and C3 (1:200, 
Abcam). IVD sections were incubated with COL2 (1:300, NeoMarkers), AGGRECAN (1:300, Abcam), ADAMTS-5 
(1:300, Abcam), MMP3 (1:300, Ruiying biological, Suzhou, China), BCL2 (1:300, Ruiying biological, Suzhou, China), 
BAX (1:300, Ruiying biological), CASPASE-3 (1:300, Ruiying biological), IL-1β (1:300, Bioss, Woburn, MA, USA), 
IL-18 (1:300, Ruiying biological), IL-6 (1:300, Proteintech, Wuhan, China), TNF-α (1:300, Ruiying biological), COX-2 
(1:300, Proteintech), NLRP3 (1:300, Proteintech), ASC (1:300, Bioss), CASPASE-1 (1:300, Proteintech), NRF2 (1:300, 
ImmunoWay, Plano, TX, USA), KEAP1 (1:300, ImmunoWay), HO-1 (1:300, Proteintech), p-p65 (1:300, Cell Signaling, 
Danvers, MA, USA), p65 (1:300, Cell Signaling) at 4°C overnight. For IHC staining, sections were incubated with 
polymer-HRP labeled secondary antibody (ZSGB-BIO, Beijing, China) for 30 min the following day, and visualized 
using 0.05% diaminobenzidine (DAB). Positive staining appeared in brown, followed by counterstaining with hematox
ylin. Images were captured with a microscope (Carl Zeiss, Göttingen, Germany). For IF analysis, a fluorescent- 
conjugated secondary antibody (Sungene Biotech, Tianjin, China) was added for 30 min in the dark, followed by 
DAPI counterstaining. The images were captured with a fluorescence microscope (Carl Zeiss, Göttingen, Germany). 
Quantitative histomorphometric analysis was conducted in a blinded manner with Image-Pro Plus Software version 6.0 
(Media Cybernetics Inc, Rockville, Maryland, USA).
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Micro-CT (μCT) Analysis
Before histological processing, the radiographic alterations in vertebrae were evaluated using high-resolution μCT 
analysis. A Skyscan 1176 μCT scanner (Skyscan 1176; Bruker μCT, Kontich, Belgium) with a 90 kVp source and 
300 μA current was used to capture images of the vertebrae at a resolution of 9 μm. CTVol v2.2 visualization software 
was utilized to analyze various parameters of the L4-L5 intervertebral disc (IVD) and the intervertebral disc height index 
(DHI) was determined by measuring the anterior, middle, and posterior distances of the L4~L5 IVD and comparing them 
to the average height of the adjacent upper and lower vertebral body.

TUNEL Assay
The presence of apoptotic cells in situ was assessed using the TUNEL Bright Green Apoptosis Detection Kit (Vazyme 
Biotech; Nanjing, China), following the manufacturer’s instructions. To ensure specificity, PBS was used instead of TdT 
enzyme solution as a negative control. Six samples were randomly selected from each group, and the number of positive 
cells was quantified in each. Nuclei were identified separately by DAPI staining, and the total number of cells in each 
sample was counted to determine the percentage of cells that were undergoing apoptosis.

Cell Culture
Rat NP cell line (rNPCs) was generously gifted by Prof. Di Chen at Rush University Medical Center. The rNPCs were 
cultured in DMEM (Invitrogen) supplemented with 15% FBS (Ausbian, Australia), 2 mm L-glutamine (Invitrogen), and 
0.1 mm non-essential amino acids (Invitrogen) in a humidified atmosphere of 5% CO2 at 37°C. The medium was 
renewed every 2 days. rNPCs were treated with LPS (5 μg/mL, L2880, Sigma-Aldrich), with or without TBHQ (5 μm, 
HY100489, MedChemExpress) for 12 h.

Western Blot Analysis
RIPA lysis buffer (Beyotime, Shanghai, China) containing 1% protease inhibitors was employed to extract the total 
protein of rNPCs. After 30 min-extraction at 4°C, the protein concentration was assessed using a Pierce™ BCA Protein 
assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Subsequently, 30 μg protein was separated via SDS-PAGE and 
transferred onto nitrocellulose filter membranes (Millipore, Billerica, USA). After blocking with 5% non-fat milk for 1 h, 
the membranes were incubated with primary antibodies against NRF2 (Ser40) (p-NRF2) (1:1000, Bioss), NLRP3 
(1:1000, Proteintech), IL-1β (1:1000, Bioss), IL-18 (1:1000, Bioss), COL2 (1:1000, Ruiying), MMP3 (1:1000, Bioss), 
and GAPDH (1:1000, Origen), at 4°C overnight, respectively. Subsequently, IRDye 680 or IRDye 800 secondary 
antibody was added and incubated for 2 hours. Signal visualization was achieved using the Odyssey Infrared Imaging 
System. GAPDH was used as the internal standard for total target proteins, and the blot intensities were quantified using 
Image J V1.8 (N ational Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
All numerical data were presented as means ± SEM. Statistical analysis was performed using GraphPad Prism software 
(San Diego, CA, United States). Statistical comparisons between two groups were performed using the unpaired two- 
tailed Student’s t-test after confirming homogeneity of variances with the F-test with a p-value of less than 0.05 
considered statistically significant.

Results
Verification of SLE Phenotypes in MRL/Lpr Mice
To gain a comprehensive understanding of the intricate relationship between SLE and IVD degeneration, MRL/MpJ and 
MRL/lpr mice were bred according to our established protocol.13 The onset and/or outcome of SLE in MRL/MpJ mice 
was initially confirmed by evaluating the ratio of spleen-to-mouse body weight and the ratio of lymph node-to-mouse 
body weight, two representative indexes of inflammatory response that reflect the severity of disease to some extent. The 
results revealed increased ratios of spleen index and lymph node index in MRL/lpr mice compared to MRL/MpJ mice 
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(Figure 1A and B). In parallel, MRL/lpr mice exhibited heightened serum levels of dsDNA, IL-10, and TNF-α 
(Figure 1C–E), as well as elevated urinary protein levels (Figure 1F). Furthermore, Histopathological analysis using 
H&E staining revealed substantial kidney impairments in the MRL/lpr mice, including mesangial matrix hyperplasia, 
mesangial cell proliferation, glomerular swelling, and inflammatory cell infiltration (Figure 1G). Further IF analysis of 
IgG and IHC analysis of C3 indicated increased IgG and C3 deposition in their glomeruli (Figure 1H–K). All these data 
demonstrate the onset and exacerbation of SLE within the MRL/lpr mouse at 14 weeks of age.

SLE Contributes to IVD Degeneration of MRL/Lpr Mice
To investigate the impact of SLE on the development of IVD degeneration, a comparative analysis of radiographic 
changes in L4-L5 IVDs of MRL/MpJ mice and MRL/lpr mice was conducted using μCT analysis. The DHI results 
showed that MRL/lpr mice displayed a 20% reduction in lumbar disc height compared to MRL/MpJ mice (Figure 2A). 
To determine whether SLE could affect the structure and composition of IVDs in MRL/lpr mice, histopathological 
assessment of IVDs was carried out using H&E staining and a histological score system based on specific histological 

Figure 1 Verification of SLE phenotypes in MRL/lpr mice. (A) Spleen indexes in MRL/lpr mice and MRL/MpJ mice were calculated as the ratio of spleen weight to body weight (%). 
(B) Lymph node indexes were calculated as the ratio of lymph node weight to body weight (%). (C–E) Serum levels of anti-dsDNA antibody (C), IL-10 (D), and TNF-α (E) in MRL/ 
lpr mice and MRL/MpJ mice were determined by corresponding ELISA kits. (F) Quantification of urinary protein concentration in MRL/lpr mice and MRL/MpJ mice. (G) 
Representative images of the kidney H&E staining sections. (H and I) Immunofluorescence staining (H) and corresponding quantification (I) of IgG deposition in the glomeruli of 
MRL/lpr mice. (J and K) IHC analysis (J) and corresponding quantification (K) of C3 deposition in the glomeruli of MRL/lpr mice. Data are presented as mean ± SEM. *p < 0.05; **p < 
0.01 (vs MRL/MpJ mice), n = 6 per group. 
Abbreviation: SLE, Systemic lupus erythematosus.
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grading scale criteria as previously described.38 The corresponding results showed that MRL/MpJ mice displayed well- 
organized IVD structures, characterized by ample vacuoles with abundant matrix contents in NP, orderly arranged 
annulus fibrosus (AF) tissues with minimal tearing, and no ectopic bone formation in endplates (EP). Strikingly, the IVDs 
of MRL/lpr mice exhibited reduced vacuole sizes in NP, fissures along with folds in the interlamellar regions of AF 
tissues, and extensive ectopic bone formation in EP (Figure 2B). In parallel, the histological grading system revealed 
notably lower histological scores for IVDs of MRL/lpr mice (Figure 2C). Our findings suggest that SLE contributes to 
the deterioration of IVD structure in MRL/lpr mice.

Figure 2 SLE contributes to IVD degeneration in MRL/lpr mice. (A) Representative μCT images of IVDs between L4 and L5 vertebrae of MRL/MpJ and MRL/lpr mice. The 
DHI was calculated based on measurements of adjacent L4 and L5 vertebrae. Yellow lines represent the distances (β1-β3) between the adjacent vertebra, and red lines 
represent adjacent vertebral body heights (α1-α3 and γ1-γ3). (B) Representative images of the H&E staining results of IVD tissues in MRL/MpJ and MRL/lpr mice. (C) 
Evaluation of IVD degeneration degree in (B) by histological grading score. (D and E) The IHC staining (D) and corresponding quantification (E) of COL2, AGGRECAN, 
ADAMTS-5, and MMP3 in IVDs. Black triangles indicate positive staining cells. Data are expressed as mean ± SEM, **p < 0.01 (vs MRL/MpJ mice), n = 6 per group. 
Abbreviations: SLE, Systemic lupus erythematosus; μCT, Micro-CT; L4, Lumbar 4; IHC, Immunohistochemical analysis.
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SLE Disrupts the Homeostasis of Matrix Metabolism in IVDs of MRL/Lpr Mice
It has been well established that maintaining a stable matrix composition is paramount for the proper physiological 
functioning of IVDs.39 To assess the effect of SLE on ECM metabolism of IVDs, the expression levels of AGGRECAN 
and COL2, and their corresponding degradases ADAMTS-5 and MMP3, were determined using IHC analysis. As 
depicted in Figure 2D, MRL/lpr mice exhibited a 60% reduction in AGGRECAN levels and a 2.1-fold and 4.5-fold 
increase in ADAMTS5 and MMP3 within the IVD, albeit with a non-significant decrease in COL2. These findings reveal 
that SLE contributes to ECM degradation within IVDs, thereby aggravating IVD degeneration.

SLE Augments Apoptosis Ratio in NP Tissues of MRL/lpr Mice
To identify the impact of SLE on the apoptosis of IVD cells, the expression of apoptotic-related markers, BCL2, BAX, 
and CASPASE-3 were determined using IF analysis. We found a significant down-regulation of anti-apoptotic protein 
BCL2 and up-regulation of pro-apoptotic proteins BAX and CASPASE-3 in IVDs of MRL/lpr mice (Figure 3A–D). 
Similarly, the pro-apoptosis effect of SLE was further confirmed by TUNEL staining, showing a notable rise in the 
number of TUNEL-positive cells within NP (Figure 3E and F). The above results suggest that the exacerbation of SLE 
could potentiate apoptosis in IVD tissues of MRL/lpr mice.

Exacerbation of SLE Facilitates Inflammatory Response in NP Tissues of MRL/Lpr Mice
To explore whether SLE affects the inflammatory response within IVDs of MRL/lpr mice, the expressions of inflam
matory cytokines, including IL-1β, IL-18, IL-6, TNF-α, and COX2, were determined by IF assay. Remarkably, the 
progression of SLE amplified the production of these inflammatory cytokines in IVDs of MRL/lpr mice (Figure 4). 
Specifically, the expression levels of IL-1β, IL-18, IL-6, TNF-α, and COX2 were found to be 1.9-fold, 10.1-fold, 
2.8-fold, 4.1-fold, and 1.8-fold higher, respectively, in the NP tissues of MRL/lpr mice compared to MRL/MpJ mice, 
suggesting a robust inflammatory response within IVDs following the exacerbation of SLE.

Figure 3 Exacerbation of SLE enhances apoptosis rate in IVDs of MRL/lpr mice. (A–D) IF staining (A) and corresponding quantification (B–D) for the expression of BCL2, 
BAX, and CASPASE-3 in IVDs of MRL/MpJ and MRL/lpr mice. White triangles indicate the high expression in A. DAPI stains nuclei blue. (E and F) TUNEL staining (E) and 
corresponding quantification of TUNEL-positive cell rates (F) in the IVD tissues. White triangles indicate TUNEL-positive cells in (E). DAPI stains nuclei blue. Data are 
expressed as mean ± SEM, **p < 0.01 (vs MRL/MpJ mice), n = 6 per group. 
Abbreviations: SLE, Systemic lupus erythematosus; IVD, Intervertebral disc; IF, Immunofluorescent analysis.
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Exacerbation of SLE Aggravates Pyroptosis of NP Tissues of MRL/Lpr Mice
Considering the well-established involvement of IL-1β and IL-18 in the pathology of IVD degeneration and its maturation 
through inflammasomes, along with the widely recognized role of the molecular mechanism underlying NLRP3 inflamma
some-mediated NP pyroptosis during IVD degeneration progression,12,25,37,40 we further evaluated the impact of SLE on the 
pyroptosis activity in IVDs by determining the key pyroptosis-related proteins including NLRP3, ASC, and CASPASE-1 
using IF analyses. As expected, there was a 2.4-fold, 2.2-fold, and 5.7-fold upregulation in the expression levels of NLRP3, 
ASC, and CASPASE-1, respectively, in the NP tissues of MRL/lpr mice (Figure 5). The findings indicate that the advancement 
of SLE aggravates inflammation response primarily through stimulating NLRP3-mediated NP pyroptosis.

Exacerbation of SLE Suppresses NRF2/KEAP1/NF-κB Pathway in NP Tissues of MRL/ 
Lpr Mice
Subsequently, to elucidate the underlying mechanism through which SLE activates NP pyroptosis, we assessed the 
NRF2/KEAP1/NF-κB signaling pathway by analyzing the expression levels of NRF2, KEAP1, HO-1, as well as the 

Figure 4 Exacerbation of SLE promotes inflammatory response in NP tissues of MRL/lpr mice. (A) IF staining for the expression of IL-1β, IL-18, IL-6, TNF-α, and COX-2 in 
NP tissues of MRL/lpr mice compared to MRL/MpJ mice. White triangles indicate the high expression in NP. DAPI stains nuclei blue. (B) Quantification of the expression of 
IL-1β, IL-18, IL-6, TNF-α, and COX-2 in. (A) Data are expressed as mean ± SEM, **p < 0.01 (vs MRL/MpJ mice), n = 6 per group. 
Abbreviations: SLE, Systemic lupus erythematosus; NP, Nucleus pulposus; IF, Immunofluorescent analysis; COX-2, Cyclooxygenase-2.

Figure 5 SLE activates NLRP3-mediated pyroptosis in NP tissues of MRL/lpr mice. (A) IF staining for the expression of NLRP3, ASC, and CASPASE-1 in NP tissues of MRL/ 
lpr mice compared to MRL/MpJ mice. White triangles indicate the high expression in NP. DAPI stains nuclei blue. (B) Quantification of the expression of NLRP3, ASC, and 
CASPASE-1 in (A). Data are expressed as mean ± SEM, *p < 0.05, **p < 0.01 (vs MRL/MpJ mice), n = 6 per group. 
Abbreviations: SLE, Systemic lupus erythematosus; NLRP3, Nod-like receptor protein-3; NP, Nucleus pulposus; IF, Immunofluorescent analysis.
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phosphorylation status of p65—key upstream regulators of NP pyroptosis, using IF analyses. As illustrated in Figure 6, 
SLE significantly reduced the expression of NRF2 and HO-1 expressions, while increasing the levels of KEAP1, p-p65 
and total p65 expressions. To further validate the crucial role of the NRF2-KEAP1 pathway in NP pyroptosis in vitro, we 
treated rNPCs with a NRF2 agonist tert-Butylhydroquinone (TBHQ) in the presence of LPS, a classic pyroptosis 
inducer.41 As expected, TBHQ treatment significantly reversed LPS-induced decrease in NRF2 phosphorylation and 
the increase in NLRP3 and its downstream cytokines, IL-1β and IL-18, in NP cells, along with the restoration of matrix 
metabolism. Given the well-established correlation between the oxidative stress status in SLE,30 and the interplay 
between oxidative stress, NRF2/KEAP1/NF-κB signaling pathway, and NP pyroptosis, these findings collectively suggest 
that SLE may potentiate NP pyroptosis via governing NRF2/KEAP1/NF-κB signaling pathway, thereby exacerbating 
IVD degeneration progression (Figure 7).

Figure 6 Exacerbation of SLE regulates NRF2/KEAP1/NF-κB pathway in NP tissues of MRL/lpr mice. (A) IF staining for the expression of NRF2, KEAP1, and HO-1, and 
corresponding quantification (B) in the NP tissues of MRL/lpr mice compared to MRL/MpJ mice. (C) IF staining for the expression of p-p65 and p65, and corresponding 
quantification (D) in the NP of mice. White triangles indicate the high expression in NP. DAPI stains nuclei blue. Data are expressed as mean ± SEM, *p < 0.05, **p < 0.01 (vs 
MRL/MpJ mice), n = 6 per group. (E) Western blot analysis of p-NRF2, NLPR3, IL-1β, IL-18, COL2, and MMP3 in rNPCs treated with LPS and TBHQ for 12 hours. (F) 
Quantification of relative protein levels in (E). Data are expressed as mean ± SEM, **p < 0.01 (vs rNPCs treated with Vehicle (Veh.)), #p < 0.05, ##p < 0.01, (vs rNPCs 
treated with LPS alone). 
Abbreviations: SLE, Systemic lupus erythematosus; NRF2, Nuclear factor E2-related factor 2; KEAP1, Kelch-like ECH-associated protein 1; HO-1, Heme oxygenase 1; 
p-p65, phosphorylated p65.
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Discussion
SLE is a complex autoimmune disease with multisystem involvement, characterized by the formation of autoantibodies, 
deposition of immune complexes, and inflammation, leading to a spectrum of complications, presents notably with cutaneous 
and mucosal complications (70%), renal complications (30%), and especially arthritis and musculoskeletal complications 
(85%).42 Notably, accumulating studies on SLE populations have underscored that approximately 16.3~36% of SLE patients 
encounter persistent LBP,6,8 indicating a heightened incidence of IVD degeneration in the context of SLE disorder. Despite 
this, the precise mechanism linking IVD degeneration advancement to SLE exacerbation remains obscure. In the present 
study, a comprehensive comparison analysis was conducted utilizing 14-week-old MRL/MpJ and MRL/lpr mice to assess the 
potential impact and the underlying mechanism of SLE occurrence on IVD degeneration pathogenesis. Our findings revealed 
that MRL/lpr mice displayed typical SLE manifestations, alongside compromised IVD homeostasis including reduced IVD 
height, diminished vacuole sizes in NP, ectopic bone formation in EP, accelerated ECM degradation, increased apoptosis ratio 
of IVD cells, and excessive secretion of inflammatory cytokines. Importantly, further analysis indicated that SLE stimulated 
NP pyroptosis by upregulation of the key pyroptosis-related proteins, including NLRP3, ASC, and CASPASE-1, via 
suppressing antioxidant pathway, NRF2/KEAP1 pathway and enhancing NF-κB signaling. Overall, our in vivo findings 
enhance understanding concerning how SLE stimulates LBP by promoting NP pyroptosis to exacerbate IVD degeneration 
development, highlighting a promising therapeutic target for improving the clinical management of LBP in SLE patients.

MRL/lpr lupus-prone mice, with accelerated autoimmune responses due to Fas (CD95) mutations, mirroring key 
pathological features of human autoimmune diseases and related manifestations, including lupus nephritis 

Figure 7 Schematic working model of SLE strengthens NP cell pyroptosis and IVD degeneration via regulation of NRF2/KEAP1/NF-κB pathway. 
Abbreviations: SLE, Systemic lupus erythematosus; NP, Nucleus pulposus; IVD, Intervertebral disc; NRF2, Nuclear factor E2-related factor 2; KEAP1, Kelch-like ECH- 
associated protein 1.
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(glomerulonephritis, immune complex deposition, proteinuria), autoantibody production (ANA, anti-dsDNA, and anti- 
Sm), cutaneous lesions (ulcers, alopecia, dermatitis), lymphadenopathy, splenomegaly, arthritis (polyarthritis), joint 
inflammation and cartilage degeneration, and hematological abnormalities (hemolytic anemia, thrombocytopenia),43–45 

making them as invaluable assets for investigating the complex interplay of inflammatory responses and oxidative stress 
in various systemic manifestations associated with SLE.23 Concurrently, recent evidence highlights that approximately 
90% of SLE patients experienced joint symptoms ranging from intermittent arthralgias to acute polyarthritis, with 
a significant portion suffering from LBP.8 Consistent with these findings, in the present study, our investigation on 
IVD homeostasis using MRL/lpr mice showed that the onset of SLE triggers the development of IVD degeneration, as 
evidenced by reduced IVD height, impaired IVD structure, accelerated ECM degradation, activated inflammatory 
response, and loss of NP cells within IVD tissues, solidifying that SLE is responsible for the progression of IVD 
degeneration and subsequent LBP.

Numerous studies have confirmed that SLE induces congregation of many lupus autoantigens inside apoptotic cells 
and excessive production of inflammatory cytokines in various tissues, which effectively regulate the phenotypes of SLE 
manifestations such as renal injury,46 and cardiovascular system.47,48 It is worth noting that the increased serum IL-18 
levels in SLE patients were closely associated with the severity of lupus nephritis,49 while our latest findings using MRL/ 
lpr mice suggest that excessive inflammation in cardiac tissue and renal tissue triggers the aberrant lipid metabolism, 
thereby facilitating the progression of lupus nephritis and premature cardiovascular disease.13,14 Herein, our findings 
provide evidence that SLE leads to enhanced productions of inflammatory factors in IVD tissues, notably a 10.1-fold 
elevation of IL-18, in turn, contributes to ECM degradation, and apoptosis of IVD cells, thus promoting the occurrence of 
IVD degeneration. Importantly, while apoptosis typically does not elicit an inflammatory response in organisms, 
pyroptosis acts more rapidly than apoptosis and is associated with a substantial release of pro-inflammatory factors.50 

Therefore, we speculate that SLE-induced IVD degeneration may not be solely attributed to apoptosis but rather to the 
excessive production of cytokines induced by pyroptosis.

Pyroptosis plays a crucial role in initiating the inflammatory response, leading to the significant accumulation and 
release of cytokines IL-1β and IL-18.51 Several studies have reported that polymorphisms in pyroptosis-related gene are 
associated with the susceptibility, disease severity, and treatment effect of SLE.52–54 For instance, Cruz et al explored the 
distribution of 13 SNPs in eight pyroptosis-related genes and found that the NLRP3 gain-of-function variant 
(rs10754558) was significantly more frequent in SLE patients with nephritis,54 while Chen et al also discovered that 
the IL-18 gene promoter rs1946518 (−607A/C) polymorphism was closely associated with susceptibility to SLE.53 

Moreover, a multitude of investigations both in SLE individuals and mice have demonstrated that aberrant activation of 
pyroptosis was noted in glomerular mesangial cells, podocytes, macrophage, and CD4+ T cells,18,23,54–59 while inhibiting 
pyroptosis has thus emerged as a promising therapeutic strategy with the potential to significantly retard SLE 
progression.60–62 Consistent with the aforementioned activation of pyroptosis in SLE-related manifestations, our study 
unveils that SLE significantly triggers NP pyroptosis within IVD tissues of MRL/lpr mice, evidenced by the augmented 
expression of pyroptosis-related proteins including NLRP3, ASC, CASPASE-1. These findings reinforce the assertion 
that pyroptosis may play a crucial role, surpassing apoptosis, during SLE-induced IVD degeneration and LBP. Recent 
findings show that the DDRGK1-NRF2-KEAP1 interaction regulates redox balance and chemoresistance, offering new 
therapeutic prospects for osteosarcoma treatment.

The NRF2/KEAP1 pathway is the most important antioxidant system protecting cells from damage due to oxidative 
stress,63 and has been demonstrated to manage oxidative stress and inflammation in the progression of lupus-like 
symptoms and IVD degeneration.26,30–32,64 Upregulation of NRF2/HO-1 and suppression of NF-κB/NLRP3 pathway 
have shown beneficial effects in mitigating murine lupus nephritis,65 and IVD degeneration.66,67 Consistent with these 
findings, our results demonstrate the occurrence of SLE significantly decreases NRF2 and HO-1 while increasing KEAP1 
expression, alongside upregulation of the phosphorylated and total levels of p65. These outcomes strongly suggest that 
SLE-mediated induction of NP cell pyroptosis may contribute to ECM degradation, apoptosis of IVD cells, inflammatory 
response, and impaired IVD structure via the regulation of the NRF2/KEAP1/NF-κB pathway.

While this study has yielded significant findings, several limitations must be acknowledged. This study exclusively utilized 
the MRL/lpr mouse model, which, although valuable, cannot represent the full spectrum of SLE pathology. Comparative studies 
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using other lupus-prone mouse models, such as NZB/W F1,68 are necessary to ensure that the findings are broadly applicable and 
not limited to one specific model. This approach would validate the observed effects and enhance the generalizability of the 
results. Moreover, our study evaluated the mice at 14 weeks of age, focusing on a relatively short-term period. Given that both 
SLE and IVD degeneration are chronic conditions, it is crucial to understand the long-term effects and progression dynamics. 
Long-term studies examining older mice at various stages would provide a more comprehensive understanding of how SLE 
influences IVD degeneration over time, capturing the chronic and progressive nature of these diseases. Furthermore, despite the 
importance of animal models in understanding disease mechanisms, translating these findings to humans is crucial. Validation 
using clinical samples from SLE patients is necessary to verify if the molecular mechanisms observed in mice correspond to 
human pathology. This would strengthen the translational relevance of the findings and potentially guide clinical interventions. 
Addressing these limitations through future research will enhance our understanding and pave the way for more effective 
therapeutic strategies.

Conclusions
In conclusion, our work demonstrates that SLE exacerbates IVD degeneration by promoting NP cell pyroptosis and governing 
the NRF2/KEAP1/NF-κB pathway, offering new insights into SLE-associated LBP and suggesting potential targets for 
therapeutic intervention. Future research should validate these results in diverse models and human samples to enhance 
translational relevance.
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