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Purpose: Intervertebral disc degeneration (IVDD), a common degenerative disorder, is characterized by chronic inflammation and
progressive cell death. PANoptosis, an integrated form of programmed cell death that merges pyroptosis, apoptosis, and necroptosis,
has recently emerged as a key contributor to degenerative diseases. Although Toll-like receptor 4 (TLR4) and NLRP12 are known to
regulate inflammatory signaling and cell death, their roles in mediating annulus fibrosus cells (AFCs). This study investigated how the
TLR4-NLRP12 axis regulates AFC PANoptosis and contributes to IVDD progression.

Methods: Single-cell RNA sequencing (scRNA-seq) profiled cell heterogeneity and PANoptosis-related signaling in healthy/degen-
erative annulus fibrosus (AF) tissues. An in vitro IVDD model was established by treating AFCs with TNF-a to mimic inflammation.
NLRPI12 knockdown was performed via lentiviral transduction. PANoptosis was assessed by Western blot (cleaved-Caspase-1,
cleaved-Caspase-3, p-MLKL, ¢-GSDMD), TUNEL staining, and flow cytometry. In vivo, a rat IVDD model was induced by
acupuncture puncture, followed by TLR4 knockdown via lentiviral injection. X-ray imaging was used to assess intervertebral space
height, histology to evaluate disc morphology, and TUNEL assay to detect annulus fibrosus cell death.

Results: scRNA-seq revealed an increased abundance of Fibro-AFCs and Adh-AFCs in IVDD, alongside enrichment of cell death-
related pathways. PANoptosis-related gene expression and cell death scores were elevated in degenerative samples. In vitro, TLR4
activation induced PANoptosis in AFCs, which was attenuated by either TLR4 inhibition or NLRP12 knockdown. Formation of the
PANoptosome complex-characterized by colocalization of Caspase-8, ASC, and RIPK3-was observed in degenerative AFCs. In vivo,
TLR4 silencing ameliorated IVDD pathology, as evidenced by improved disc height, and reduced cell death. To our knowledge, this is
the first study to identify the occurrence of PANoptosis in AFCs.

Conclusion: TLR4 promotes PANoptosis in AFCs through NLRP12 activation, driving IVDD pathogenesis. The TLR4-NLRP12-
PANoptosis presents a potential therapeutic target for IVDD.

Keywords: TLR4, NLRP12, PANoptosis, annulus fibrosus cells, intervertebral disc degeneration, inflammatory microenvironment,
single-cell RNA sequencing

Introduction

Low back pain is a leading cause of global disability, and intervertebral disc degeneration (IVDD) is one of its most
common pathological underpinnings.' IVDD is a progressive pathological process characterized by structural disruption
and cellular dysfunction within the disc, ultimately leading to biomechanical instability and chronic inflammation.”
Among the major components of the intervertebral disc, the annulus fibrosus (AF) plays a crucial role in maintaining disc
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integrity by providing tensile strength and enclosing the nucleus pulposus.® During IVDD, annulus fibrosus cells (AFCs)
undergo profound pathological alterations, including extracellular matrix (ECM) degradation, increased fibrosis, pheno-
typic transition, and inflammatory activation.” These changes compromise the structural and mechanical properties of the
disc, accelerate tissue breakdown, and contribute to the chronic degenerative cascade. Despite the central role of AFCs in
IVDD pathogenesis, the underlying regulatory mechanisms driving their degeneration remain incompletely understood.

PANoptosis is a recently identified form of programmed cell death that simultaneously engages pyroptosis, apoptosis,
and necroptosis through the assembly of the PANoptosome complex.” PANoptosis is a unique, inflammatory pro-
grammed cell death pathway characterized by the concomitant activation of pyroptosis, apoptosis, and necroptosis,
which cannot be fully accounted for by any of these pathways alone. Its execution is regulated by the assembly of a
multifaceted protein complex termed the PANoptosome, which recruits key molecules such as ASC, RIPK3, and
Caspase-8, among others. This complex serves as a molecular platform for the simultaneous activation of the three
death pathways. In recent years, PANoptosis has gained increasing attention in IVDD research, as excessive cell death
and inflammation are pivotal drivers of disease progression. For instance, one study demonstrated that PANoptosis occurs
in nucleus pulposus cells (NPCs) and that L-BAIBA inhibits this process while promoting ECM synthesis via the AMPK/
NF-xB pathway; similarly, another study showed that Kongensin A suppresses PANoptosis in NPCs by upregulating
TAK1 and alleviates IVDD progression. With attention growing on PANoptosis in IVDD, current research has
predominantly focused on NPCs, leaving the relationship between PANoptosis and AFCs unexplored. Our previous
research demonstrated that AFCs undergo apoptosis during disc degeneration, consistent with findings reported by
Jacobsen et al”® Additionally, studies by Yao et al” have shown that AFCs experience pyroptosis in the degenerative
process. Drawing from these studies, we hypothesize that PANoptosis is likely involved in the degeneration of AFCs.
However, PANoptosis has not been directly demonstrated in AFCs.

Toll-like receptor 4 (TLR4), as a key molecule connecting inflammation and cell death, has been confirmed to be
involved in the pathological process of various degenerative diseases by activating downstream signaling pathways.'’
Additionally, NLRP12, as a negative regulatory factor of the NLR family, plays an important role in the balance between
inflammatory signal transduction and cell death."" A study found that Heme + PAMPs induce the expression of NLRP12
through the TLR2/4-IRF1-ROS axis. NLRP12 assembles the PANoptosome to activate caspase-8/RIPK3 and cleaved-
Caspase-1, mediates PANoptosis and the release of inflammatory factors, and aggravates hemolysis-related tissue
damage.” However, in the inflammatory microenvironment of IVDD, it remains unclear whether NLRP12 serves as a
key connector molecule between TLR4 and PANoptosis. While existing studies have demonstrated that TLR4 can
exacerbate IVDD through inflammatory signaling, research on the impact of NLRP12 on IVDD remains notably scarce.

Based on this background, this study aims to explore for the first time the regulatory role of the TLR4 signaling
pathway in PANoptosis of AFCs and clarify the mediating mechanism of NLRP12 as a key molecule. The research
results will provide a new perspective for analyzing the pathogenesis of IVDD and lay a theoretical foundation for the
development of intervention strategies targeting cell death pathways.

Materials and Methods

Single-Cell RNA Sequencing (scRNA-Seq) Analysis

We analyzed the publicly available single-cell RNA sequencing dataset GSE230809, which included 46,961 cells from three
healthy AF samples and ten IVDD cases. Quality control was performed by filtering cells with feature counts between 300 and
8000, total RNA counts ranging from 500 to 60,000, and excluding cells with mitochondrial gene expression exceeding 20%
or hemoglobin genes surpassing 10%. The data were normalized and subjected to principal component analysis (PCA) for
dimensionality reduction, followed by UMAP clustering at a resolution of 0.5 to identify distinct cell populations. Cell type
annotation was performed by integrating UMAP projections, hierarchical clustering, and known marker genes from existing
literature. Differential gene expression analysis between healthy and IVDD groups was conducted using Seurat’s FindMarkers
function. Functional enrichment analysis, including Gene Ontology (GO) and KEGG pathway analysis, was performed to
elucidate biological differences, supplemented by gene set enrichment analysis (GSEA) for pathway-level comparisons.
Pseudotime trajectory analysis was carried out using Monocle 2 (v2.10.1) to explore dynamic transcriptional changes across
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cell states. Additionally, gene set variation analysis (GSVA) was applied to evaluate pathway activity within clusters using the
MSigDB ¢5.20.v2023.2.Hs.symbols.gmt gene set. To investigate intercellular signaling, we employed CellChat to infer
ligand-receptor interactions and communication networks, focusing on pathways that exhibited significant differences
between healthy and degenerated discs.

RNA Sequencing Analysis

RNA sequencing (RNA-seq) was conducted by Wuhan Metaware Biotechnology Company (Wuhan, China). Total RNA
was extracted on ice using TRIzol reagent (Thermo Fisher Scientific, MA, USA). RNA concentration and purity were
measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific), while RNA integrity was assessed using
the RNA Nano 6000 Assay Kit on the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Subsequently,
the cDNA library was quality-checked using the same Agilent Bioanalyzer 2100 system. RNA-seq was performed on the
Illumina NovaSeq platform. Raw sequencing data were processed to generate clean reads by removing adapter-contain-
ing reads, poly-N sequences, and low-quality reads. Clean reads were mapped to the reference Rattus norvegicus genome
using HISAT2, followed by transcript reconstruction with StringTie. Gene expression levels were quantified as fragments
per kilobase of transcript per million mapped fragments (FPKM). Differential gene expression analysis was performed
using the DESeq R package (version 1.10.1). Genes were considered significantly differentially expressed if they met the
thresholds of a false discovery rate (FDR) < 0.05 and |log2 fold change| > 1. Finally, KOBAS software was used to
perform statistical enrichment analyses of differentially expressed genes in GO terms, KEGG pathways, and GSEA.

Isolation and Culture of AFCs

Under sterile conditions, AF tissue was isolated and cut into approximately 1 mm?® fragments using ophthalmic scissors.
For each isolation, AF tissues from 8 rats were pooled and digested with 0.4% type II collagenase and 0.01% type V
hyaluronidase at 37 °C for 90 min. Tissue debris was removed using a 70-pum cell strainer, and the remaining suspension
was centrifuged at 400 x g for 5 min. The supernatant was discarded, and the pellet was resuspended in complete
medium consisting of Dulbecco’s modified Eagle medium/F-12 (Viva Cell, Shanghai, China), 10% fetal bovine serum
(Gibco, NY, USA), and 1% penicillin/streptomycin (Beyotime, Shanghai, China). Cells were cultured at 37 °C in a cell
incubator with 5% CO,. The medium was replaced every 3 days, and AFCs were passaged when confluency reached
80-90%. The third generation of AFCs was used for subsequent analysis. For the in vitro IVDD model, AFCs were
treated with 20 ng/mL of TNF-o (MCE, NJ, USA) for 24 hours to mimic the inflammatory microenvironment.

Western Blot Analysis

AFCs were lysed using RIPA lysis buffer (Beyotime), and protein concentrations were determined with a BCA assay kit
(Solarbio, Beijing, China). Lysates were mixed with 1/5 volume of loading buffer, followed by incubation in boiling
water for 10 min. Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and subsequently transferred to PVDF membranes. These membranes were blocked with 5% skim milk for 1 h before
being incubated with primary antibodies at 4°C overnight. The primary antibodies included cleaved-Caspase 1 (1:2000,
Invitrogen, CA, USA, PA5-99390), cleaved-Caspase 3 (1:1000, Proteintech, IL, USA, 25128-1-AP), MLKL (1:5000,
Proteintech, 66675-1-1g), p-MLKL (1:1000, Invitrogen, MA5-32752), c-GSDMD (1:2000, abcam, UK, ab215203), and
GAPDH (1:10000, Proteintech, 60004-1-Ig). After washing with TBST, the PVDF membranes were incubated with
secondary antibodies for 1 h. The secondary antibodies employed were Goat Anti-Mouse 1gG (H+L) HRP (1:20000,
Absin, Shanghai, China) or Goat Anti-Rabbit IgG (H+ L) HRP (1:20000, Absin). Target protein expression was detected
using Clarity Western ECL Substrate (Bio-Rad, CA, USA) and a ChemiDoc imaging system (Bio-Rad), and analyzed
with Imagel software. All results were quantified and normalized to GAPDH.

TUNEL Staining Assay

TUNEL staining was performed to assess apoptosis in cultured AFCs. Cells were seeded on sterile glass coverslips in 6-
well plates and treated as indicated. After treatment, cells were fixed with 4% paraformaldehyde for 30 minutes at room
temperature, followed by permeabilization with 0.1% Triton X-100 for 10 minutes. Apoptotic cells were detected using a
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TUNEL apoptosis detection kit (Bio-Rad), following the manufacturer’s instructions. Briefly, the labeling reaction was
carried out in a humidified chamber at 37°C for 1 hour in the dark. After washing, nuclei were counterstained with DAPI
for 5 minutes. Coverslips were mounted with antifade reagent and examined using a fluorescence microscope (Olympus,
Tokyo, Japan). The apoptosis index was calculated as the percentage of TUNEL-positive cells relative to the total number
of nuclei.

Apoptosis Detection by Flow Cytometry

Apoptosis in AFCs was quantified using flow cytometry with Annexin V-PE/7-AAD double staining. After treatment,
cells were harvested by trypsinization without EDTA, washed twice with cold PBS, and resuspended in 1x binding buffer
at a concentration of 1x10° cells/mL. A total of 100 uL of the cell suspension was incubated with 5 pL Annexin V-PE
and 5 pL Phycoerythrin (PE) for 15 minutes at room temperature in the dark, according to the manufacturer’s instructions
of the Annexin V-PE/7-AAD Apoptosis Detection Kit (Roche, IN, USA). After staining, 400 pL of binding buffer was
added, and samples were immediately analyzed using a flow cytometer. At least 10,000 events were recorded per sample.
Early apoptotic cells (Annexin V'/PE") and late apoptotic or necrotic cells (Annexin V'/PE") were quantified, and the
apoptosis rate was calculated as the sum of early and late apoptotic populations.

Immunofluorescence Staining

AFCs were seeded into confocal culture dishes and treated as indicated. After treatment, cells were fixed with 4%
paraformaldehyde for 20 minutes at room temperature and permeabilized with 0.1% Triton X-100 for 10 minutes. Non-
specific binding was blocked with 5% BSA for 1 hour. Cells were then incubated with primary antibodies against
Caspase-8 (1:100, Invitrogen, MA1-41280), RIPK3 (1:200, Invitrogen, 703750), and ASC (1:200, Invitrogen, PAS-
50915) overnight at 4°C. After washing, cells were incubated with appropriate fluorophore-conjugated secondary
antibodies for 1 hour at room temperature in the dark. Nuclei were counterstained with DAPI. Coverslips were mounted
with antifade reagent and imaged using a fluorescence microscope. Colocalization of proteins was evaluated to assess
PANoptosome formation.

Establishment of the IVDD Rat Model

Under aseptic conditions, male Sprague-Dawley rats (8 weeks old) were anesthetized by intraperitoneal injection of
sodium pentobarbital (40 mg/kg). The coccygeal intervertebral discs were located via palpation and confirmed by lateral
X-ray. Under fluoroscopic guidance, a 20G needle was inserted perpendicularly into the AF of the target disc to a depth
of 5 mm, then rotated 360° for 30 seconds. At 4 weeks post-puncture, the intervertebral disc tissues were harvested for
histological sectioning, magnetic resonance imaging (MRI), and biochemical analysis. All animal experiments were
approved by the Laboratory Animal Welfare and Ethics Committee of Qinghai Provincial People’s Hospital. Twelve rats
were randomly assigned to four experimental groups (n = 3 per group): Sham, [IVDD, IVDD + LV-control, and IVDD +
LV-shTLR4. For in vivo delivery, a total of 5 uL lentivirus (1x10® TU/mL) was slowly injected into the punctured disc
using a microsyringe immediately after the acupuncture procedure.

Histological Staining

Rat intervertebral discs were harvested, fixed in 4% paraformaldehyde for 48 hours, decalcified in 10% EDTA for three
weeks, and embedded in paraffin. Serial sagittal sections (5 pum thick) were prepared for histological and apoptosis
analyses. H&E staining was performed following standard procedures: sections were deparaffinized, rehydrated, stained
with hematoxylin for 5 minutes, rinsed, counterstained with eosin for 2 minutes, dehydrated, cleared, and mounted. For
Safranin O/Fast Green (SO/FQ) staining, sections were stained with Fast Green for 5 minutes, rinsed in acetic acid, then
stained with Safranin O for 5 minutes, followed by dehydration and mounting.

TUNEL staining was performed on paraffin sections to detect apoptotic cells in the AF region. Sections were
processed using a commercial TUNEL apoptosis detection kit (Beyotime), following the manufacturer’s protocol.
Briefly, sections were dewaxed, rehydrated, permeabilized with proteinase K, and incubated with TUNEL reaction
mixture at 37°C for 1 hour in the dark. Nuclei were counterstained with DAPI, and apoptotic cells (TUNEL-positive)
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were visualized using a fluorescence microscope. Quantification was performed from three randomly selected fields per
section.

X-Ray Analysis

Lateral X-ray imaging of rat tails was performed to evaluate intervertebral disc height after AF puncture and treatment.
The scanning parameters were set as follows: 63 mA exposure and 35 kV penetration. Intervertebral disc height index
(DHI) was calculated using ImagelJ software, with changes in DHI expressed as DHI% (postoperative DHI/preoperative
DHI x 100%).

Lentiviral Construction and Transduction

All lentiviral vectors, including shRNA constructs targeting TLR4 and NLRP12, as well as control vectors, were
designed and synthesized by GeneChem (Shanghai, China). The target sequences for rat TLR4 and NLRP12 shRNA
were as follows: shTLR4: 5’-GACCAGAAATTGCTGAGTT-3’; shNLRP12: 5’-GCAGATGAACTGGTATTAT-3".
AFCs were seeded in six-well plates and transduced with lentivirus at a multiplicity of infection (MOI) of 20 in the
presence of polybrene (5 pg/mL). After 24 hours of incubation, the medium was replaced with fresh complete medium,
and cells were cultured for an additional 48—72 hours prior to downstream analysis. Knockdown efficiency was
confirmed by qPCR and Western blot. For in vivo delivery, lentivirus was injected directly into the AF region of rat
tail discs using a microsyringe immediately after needle puncture.

Data Analysis

All experiments were performed in three biological replicates with technical triplicates. Statistical analysis was
performed using GraphPad Prism 11 (Graphpad Software Inc., MA, USA). Data are expressed as mean + SD. Two-
group comparisons were analyzed using an unpaired ¢-test. Multiple comparisons used one-way ANOVA followed by
Bonferroni’s post hoc test. p < 0.05 was considered statistically significant.

Results
scRNA-Seq Analysis Reveals Cellular Remodeling and Subtype Shifts in Degenerative

AF Tissue

We analyzed the publicly available single-cell RNA-sequencing dataset GSE230809, which includes three samples of
healthy AF tissue and ten samples from IVDD cases. To eliminate low-quality cells and minimize RNA contamination,
we performed preprocessing and quality control on the dataset, retaining a total of 43,421 cells for downstream analysis.

Using the Seurat standard pipeline and unsupervised Uniform Manifold Approximation and Projection (UMAP)
clustering, we identified distinct cell populations. Cluster annotation was based on UMAP projection, hierarchical
clustering, and expression patterns of canonical markers reported in the literature (Figure 1A and C). The following
AF cell subtypes were identified:

Fibrotic-like AF cells (Fibro-AFCs): characterized by expression of COL1A1 and FBLN'?
Chondrocyte-like AF cells (Chon-AFCs): expressing SOX9 and ACAN"?

e Homeostatic AF cells (Homeo-AFCs): marked by RSP29 and CCN3'*

Adhesive AF cells (Adh-AFCs): expressing MSMO1 and HMGCS1"

Regulatory AF cells (Reg-AFCs): marked by CHI3L1 and CXCL2'°

The relative proportions of each subpopulation are shown in Figure 1B, with Homeo-AFCs being the most abundant
and Reg-AFCs the least represented. Figure 1C and H shows the marker genes for each cell cluster. Next, we compared
the distribution and relative proportions of AF subtypes between healthy and degenerative samples (Figure 1D and E).
Notably, Fibro-AFCs and Adh-AFCs were significantly increased in IVDD samples, while Chon-AFCs and Homeo-
AFCs were markedly decreased. Reg-AFCs showed a slight reduction.
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We subsequently performed Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses for the healthy and IVDD groups (Figure 1F and G). GO terms enriched in the degenerative group
included cell-cell adhesion via plasma membrane adhesion molecules, cell chemotaxis, myofibril assembly, cellular
component assembly involved in morphogenesis, and pyroptosis. KEGG analysis revealed enrichment in cell adhesion
molecules, ECM-receptor interaction, apoptosis, cCAMP signaling, and NF-kB signaling pathway.
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Interestingly, both GO and KEGG analyses revealed enrichment of pathways related to cell death, prompting us to
hypothesize that PANoptosis, a form of programmed cell death integrating pyroptosis, apoptosis, and necroptosis, might
be occurring in IVDD.

PANoptosis Activation Detected in AFCs During IVDD

PANoptosis is an inflammatory form of programmed cell death (PCD) regulated by the formation of the PANoptosome
complex and triggered by specific signals. It integrates key molecular features of pyroptosis, apoptosis, and necroptosis.

To investigate whether PANoptosis occurs in IVDD, we conducted Gene Set Enrichment Analysis (GSEA) on several
relevant pathways, including the NLRP1 inflammasome complex, NLRP3 inflammasome complex, apoptosis, necrop-
tosis, and pyroptosis (Figure 2A). GSEA results revealed that PANoptosis-related gene sets were significantly down-
regulated in healthy samples relative to degenerative samples, indicating their upregulation in the latter. We next
calculated pyroptosis, apoptosis, and necroptosis scores for each sample. All three scores were significantly elevated
in the IVDD group compared to controls (Figure 2B), supporting the activation of PANoptotic signaling during disc
degeneration.

To further explore the cellular progression dynamics, we performed pseudotime trajectory analysis. Adh-AFCs were
positioned at the early stage of the pseudotime axis, Fibro-AFCs were primarily located at the terminal end, distributed in
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the late stage of the trajectory, while Homeo-AFCs were evenly distributed across all pseudotime stages (Figure S1A).
This suggests a potential differentiation trajectory from adhesive to fibrotic phenotypes during disease progression. To
further examine the association between degeneration and PANoptosis, we analyzed the expression of PANoptosis-
related genes along the pseudotime axis. Key genes such as RIPK1, RIPK3, NLRP3, and ASC were found to be
markedly upregulated in late-stage AFCs (Figure 2C), implicating enhanced PANoptotic activity in these cells. Finally,
we evaluated intercellular communication patterns within AF subpopulations. The IVDD group exhibited significantly
increased frequency and strength of cell-cell interactions compared to the healthy group (Figure 2D and E), indicating a
more active and inflammatory intercellular environment that may promote PANoptosis.

Collectively, these findings suggest that PANoptosis is likely activated in degenerative AF tissues and that late-stage
AFCs may serve as a central hub for this process.

TLR4 Drives PANoptosis in AFCs

To further verify the occurrence of PANoptosis in degenerative AFCs, we treated AFCs with tumour necrosis factor-
alpha (TNF-a) to simulate the degenerative inflammatory environment. Western blot analysis showed increased expres-
sion of PANoptosis-related proteins, including cleaved-Caspase-1, cleaved-Caspase-3, MLKL, phosphorylated MLKL
(p-MLKL), and cleaved Gasdermin D (c-GSDMD), in TNF-a-treated cells compared to the control and DMSO groups
(Figure 3A and B). This indicates that inflammation-induced degeneration of AFCs leads to activation of PANoptosis.
Immunofluorescence staining revealed the formation of PANoptosome complexes, marked by colocalization of Caspase-
8, RIPK3, and ASC in TNF-a-treated cells (Figure 3C). These aggregates (white arrows) provide morphological evidence
of PANoptosome assembly in degenerative AFCs.

To further investigate the molecular changes in degenerative AFCs, we performed transcriptome sequencing on TNF-
a-treated and control groups. Heatmap and volcano plot exhibited the differentially expressed genes (Figure 3D and E),
KEGG pathway enrichment analysis revealed significant involvement of the apoptosis pathway, while GO analysis
showed enrichment in the NLRP1 inflammasome complex (Figure 3F), suggesting that TNF-a treatment triggers
PANoptosis-related processes in AFCs. In addition, KEGG analysis also indicated activation of the Toll-like receptor
signaling pathway, and Reactome analysis highlighted enrichment in the activated TLR4 signaling cascade. These
findings imply a potential link between TLR4 activation and PANoptosis induction. To validate these results, GSEA
was conducted on representative pathways, including apoptosis, Toll-like receptor signaling, and activated TLR4
signaling. The results were consistent with the enrichment analyses described above (Figure 3G), further supporting
the role of TLR4 activation in promoting PANoptosis in this inflammatory model.

TLR4 Induces PANoptosis via NLRP12 Activation in AFCs

RKH acetate is a specific TLR4 inhibitor that directly binds TLR4 and blocks its downstream signaling.!” To explore the
role of TLR4 in AFC PANoptosis, AFCs were treated with RKH acetate. WB showed that RKH acetate reversed the TNF-
a-induced upregulation of cleaved-Caspase-1, cleaved-Caspase-3, MLKL, p-MLKL, and ¢-GSDMD (Figure 4A and B),
indicating that inhibition of TLR4 alleviates PANoptosis in AFCs. TUNEL staining revealed an increase in apoptotic cells
in the TNF-a group, which was reduced after TLR4 inhibition (Figure 4C and D). FC further confirmed that TLR4 blockade
attenuated TNF-a-induced apoptosis (Figure 4E and F).

To further validate the involvement of TLR4, AFCs were infected with TLR4 knockdown (KD) lentivirus. WB
showed that PANoptosis-related protein levels were significantly reduced in the KD group compared to the LV-ctrl group
(Figure 4G and H). Consistently, TUNEL and FC analysis demonstrated decreased apoptosis following TLR4 silencing
(Figure 4I-L). These findings suggest that TLR4 promotes PANoptosis in AFCs.

Among known PANoptosome inducers, ZBP1-, AIM2-, and NLRP12-mediated complexes have been identified.'®
ZBP1 and AIM2 are typically activated by viral stimuli, which are absent in the intervertebral disc environment.'®-*
Previous work by Sundaram et al demonstrated that TLR4 functions upstream of NLRP12 to promote PANoptosome
assembly.” Based on this, we hypothesized that TLR4 may induce PANoptosis in degenerative AFCs via NLRP12. This
hypothesis was supported by our transcriptomic heatmap, which showed increased expression of NLRP12-related genes
in degenerative AFCs (Figure S1B). To verify the role of NLRP12, AFCs were treated with TLR4 agonist-1 (TEA), a
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potent TLR4 activator, with or without NLRP12 KD. WB showed that TEA significantly upregulated PANoptosis-related
proteins, consistent with our earlier findings (Figure 4M and N). Notably, NLRP12 KD markedly suppressed the TEA-
induced expression of these proteins compared to the TEA and TEA+LV-ctrl groups, indicating that TLR4 promotes
PANoptosis through NLRP12 in AFCs. Consistent with the WB findings, TUNEL and FC analyses showed similar trends
(Figure 40-R). These findings confirm that TLR4 induces PANoptosis in AFCs through activation of NLRP12.

Inhibition of TLR4 Ameliorates IVDD in Rat Model

To evaluate the role of TLR4 in AF degeneration in vivo, lentiviral-mediated TLR4 knockdown was performed in rat AF
tissue. X-ray imaging showed that TLR4 KD significantly alleviated disc height loss induced by acupuncture compared
to the LV-ctrl group (Figure 5A and E).
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Figure 4 TLR4 Induces PANoptosis via NLRPI2 Activation in AFCs. (A and B) Western blot analysis and quantification of PANoptosis-related proteins (Caspase-|,
Caspase-3, MLKL, p-MLKL, C-GSDMD) in AFCs treated with Con, DMSO, TNF-a and TNF-0+RKH acetate. (C) TUNEL staining detecting AFCs apoptosis in Con, DMSO,
TNF-0, and TNF-o+ RKH acetate groups. Apoptotic cells appear red, and nuclei are counterstained with Hoechst (blue). Scale bar = 40 um. (D) Statistical analysis of
TUNEL-positive apoptotic AFCs in (C). (E) Representative flow cytometry scatter plots detecting AFCs apoptosis in TNF-0, and TNF-a+ RKH acetate groups. (F) Statistical
analysis of apoptotic AFCs in (E) determined by flow cytometry (n=3). (G and H) Western blot analysis and quantification of PANoptosis-related proteins in AFCs treated
with Con, TNF-a, TNF-a+Lv-ctrl, and TNF-a+Lv-TLR4. (I) TUNEL staining detecting AFCs apoptosis in Con, TNF-a, TNF-a+Lv-ctrl, and TNF-a+Lv-TLR4 groups. Scale bar
=40 um. (J) Statistical analysis of TUNEL-positive apoptotic AFCs in (I). (K) Representative flow cytometry scatter plots detecting AFCs apoptosis in Con, TNF-o, TNF-a
+Lv-ctrl, and TNF-a+Lv-TLR4 groups. (L) Statistical analysis of apoptotic AFCs in (K) determined by flow cytometry (n=3). (M and N) Western blot analysis and
quantification of PANoptosis-related proteins in AFCs treated with Con, TEA, TEA+Lv-ctrl, and TEA+Lv-NLRPI2. (O) TUNEL staining detecting AFCs apoptosis in Con,
TEA, TEA+Lv-ctrl, and TEA+Lv-NLRP12 groups. Scale bar = 40 um. (P) Statistical analysis of TUNEL-positive apoptotic AFCs in (O). (Q) Representative flow cytometry
scatter plots detecting AFCs apoptosis in Con, TEA, TEA+Lv-ctrl, and TEA+Lv-NLRP12 group. (R) Statistical analysis of apoptotic AFCs in (Q) determined by flow
cytometry (n=3). *p < 0.01; ¥*p < 0.001; ***p < 0.0001; ns indicates not significant.

H&E staining revealed that TLR4 KD preserved the lamellar structure of the AF and reduced NP shrinkage, resulting
in improved histological scores compared to the IVDD rats with LV-ctrl (Figure 5B and F). SO/FG staining indicated that
GAG content, which was reduced in the IVDD group, was restored after TLR4 knockdown (Figure 5C). TUNEL staining
showed increased apoptosis in [IVDD discs, which was markedly reduced following TLR4 silencing (Figure 5D and G).

Collectively, these in vivo data demonstrate that suppressing TLR4 alleviates disc degeneration, further corroborating
the critical role of TLR4 in regulating AF PANoptosis during IVDD. A schematic diagram of PANoptosis induced by
TLR4-NLRP12 activation in degenerative AFCs is shown in Figure 6.

Discussion

In this study, we systematically explored the role of TLR4 signaling in AFCs during IVDD. scRNA-seq analysis revealed
an increased proportion of fibroblast-like AFC subtypes and transcriptional enrichment of pyroptosis and apoptosis
pathways in degenerative discs. Functional experiments showed that TNF-a stimulation induced activation of
PANoptosis in AFCs, as evidenced by upregulation of cleaved-Caspase-1, cleaved-Caspase-3, MLKL, p-MLKL, and
c-GSDMD, along with formation of PANoptosome structures. Transcriptomic analysis further identified TLR4 as a key
upstream regulator, acting via NLRP12. In vivo, TLR4 knockdown mitigated disc degeneration and reduced PANoptosis
in AFCs. Collectively, our findings indicate that PANoptosis occurs in degenerative AFCs, regulated by the TLR4-
NLRP12 axis. To our knowledge, this is the first study to implicate PANoptosis as a relevant mode of cell death in AFCs
during IVDD, providing novel insights into the degenerative process of the disc.
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Recent studies have applied scRNA-seq to explore cellular heterogeneity in IVDD, with most focusing on NP
samples.?!*? These analyses have identified key immune, stromal, and degenerative cell populations involved in disc
pathology. We reanalyzed the scRNA-seq dataset GSE230809, which included 3 healthy and 10 degenerative AF
samples. After standard quality control and batch integration, 43,421 cells were retained for downstream analysis.
Based on canonical markers reported in previous studies, we performed cell clustering and identified five distinct AFC
subtypes: Fibro-AFCs, Chon-AFCs, Homeo-AFCs, Adh-AFCs, and Reg-AFCs. Among these, Fibro-AFCs were sig-
nificantly enriched in [IVDD samples and were closely associated with extracellular matrix remodeling and fibrosis. To
further explore the biological changes in degenerative AF tissue, we performed GO and KEGG enrichment analyses
using the ClusterProfiler package. GO terms enriched in the degenerative group included “cell-cell adhesion”, “myofibril
assembly”, and “pyroptosis”, while KEGG analysis highlighted pathways such as apoptosis, ECM-receptor interaction,
and NF-«kB signaling. Notably, both analyses revealed strong enrichment in cell death-related pathways, raising the
possibility that PANoptosis may be involved in the degenerative process.

To evaluate the activation of programmed cell death pathways in degenerative AFCs, we calculated apoptosis, pyroptosis,
and necroptosis scores using gene set-based module scoring. All three scores were significantly elevated in the degenerative
group, suggesting simultaneous activation of multiple cell death programs. To further explore the temporal dynamics of these
processes, we conducted pseudotime trajectory analysis using the Monocle3 package. This method, commonly used in scRNA-
seq studies, enables inference of gene expression changes along a simulated degenerative trajectory. Our analysis revealed that
Adh-AFCs were positioned at early pseudotime stages, while Fibro-AFCs were predominantly enriched at later stages, indicating
that PANoptosis may occur in terminally activated AFC subsets. We next evaluated the expression patterns of RIPK1, RIPK3,
NLRP3, and ASC-core components of the PANoptosome.”® RIPK1 and RIPK3 are central to necroptotic signaling and can
engage in PANoptotic complexes through interactions with Caspase-8.>* NLRP3, a canonical inflammasome sensor, and ASC,
an adaptor protein essential for inflammasome assembly, are also critical for PANoptosis execution.>® Our pseudotime analysis
revealed that these genes were significantly upregulated in late-stage AFCs, further supporting the involvement of PANoptosis in
degenerative progression.

To mimic the inflammatory environment observed in degenerative AF tissue, we treated AFCs with TNF-q, a pro-
inflammatory cytokine previously reported to participate in disc degeneration and immune-related matrix remodeling.?’*
Upon stimulation, WB analysis revealed increased expression of cleaved-Caspase-1, cleaved-Caspase-3, p-MLKL, and
¢-GSDMD, which are canonical executioner molecules of pyroptosis, apoptosis, and necroptosis, respectively.*** These
results confirmed the activation of PANoptosis under degenerative-like stimulation. To further assess the assembly of
PANoptosomes, IF staining was performed to detect Caspase-8, RIPK3, and ASC, which have been identified as core
components of the PANoptosome complex in other inflammatory or infectious contexts.® Colocalization of these markers in
TNF-a-treated AFCs supported the presence of functional PANoptosome aggregates, providing morphological evidence of
PANoptosis. To gain insight into global transcriptomic changes induced by TNF-a, we conducted bulk RNA-seq analysis.
AFCs were grouped into TNF-o-treated and control conditions. GO and KEGG enrichment analyses showed that TNF-a
treatment upregulated genes involved in apoptosis, inflammasome activation, ECM-receptor interaction, and Toll-like
receptor signaling, suggesting enhanced activation of inflammatory and cell death pathways. Reactome pathway analysis
further highlighted enrichment in the activated TLR4 signaling cascade, implicating TLR4 as a key upstream modulator. To
validate these findings, we performed GSEA on representative gene sets, including apoptosis, TLR signaling, and activated
TLR4 signaling. These pathways were significantly enriched in the TNF-a-treated group, confirming that TLR4-driven
signaling is a potential upstream regulator of PANoptosis in AFCs.

To confirm the upstream regulatory role of TLR4 in AFC PANoptosis, we first employed RKH acetate, a selective
TLR4 inhibitor. WB, TUNEL, and flow cytometry results demonstrated that inhibition of TLR4 markedly reduced the
expression of PANoptosis-related proteins and attenuated cell death in TNF-o-treated AFCs. To further validate these
findings, we constructed a TLR4-knockdown lentiviral vector. Consistently, TLR4 silencing led to decreased levels of
cleaved-Caspase-1, cleaved-Caspase-3, p-MLKL, and c-GSDMD, along with reduced TUNEL-positive and apoptotic
cell populations. These results confirm that TLR4 contributes directly to PANoptosis induction in AFCs.

PANoptosis is executed via the formation of PANoptosomes-multiprotein complexes composed of key molecules such
as ASC, RIPK3, and Caspase-8. Recent studies have defined three PANoptosome complexes with distinct sensors and

Journal of Inflammation Research 2025:18 hetps: 16801



Zheng et al

regulators: ZBP1-, AIM2-, and NLRP12-mediated complexes.>® ZBP1- and AIM2-associated PANoptosis are generally
activated in response to viral or microbial components, which are largely absent in the IVD microenvironment.*' Based on
this, we hypothesized that NLRP12 may be the dominant initiator of PANoptosome formation in AFCs. Transcriptomic
analysis revealed that only NLRP12 was significantly upregulated in degenerative conditions, while ZBP1 and AIM2
showed no notable changes. To further evaluate the role of NLRP12, we performed rescue experiments using TEA, a potent
TLR4 agonist. While TEA alone induced robust upregulation of PANoptosis-related proteins, co-treatment with NLRP12
knockdown markedly attenuated this response. Together, these data suggest that aberrant activation of the TLR4-NLRP12
axis may be a detrimental driver of AFC death and IVDD progression through PANoptosome assembly.

To validate TLR4 function in vivo, we knocked down TLR4 in a rat AF puncture model. TLR4 silencing alleviated
disc height loss, preserved AF structure, and restored GAG content. TUNEL staining showed reduced apoptosis,
indicating protective effects against cell death. These findings support that TLR4 contributes to IVDD progression by
promoting AFC degeneration. Combined with our in vitro data, we propose that aberrant TLR4 activation induces
PANoptosis via NLRP12, exacerbating disc degeneration. This pathological mechanism is summarized in Figure 6.

Although TLR4 knockdown alleviated disc degeneration in vivo, the findings were primarily based on rodent models
and in vitro assays. The needle puncture model utilized in this study, while effective, induces mechanical injury in nature.
It should be noted that the invasive nature of this intervention can elicit inflammatory responses.*> Human-derived AFCs
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Figure 6 Schematic diagram of TLR4 induces annulus fibrosus cells PANoptosis via NLRP12 in IVDD.
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and clinical tissue samples were not included, which limits the translational relevance of the conclusions. Additionally,
while our data support the involvement of the TLR4-NLRP12 axis in PANoptosis, the complexity of disc degeneration
may involve additional regulatory pathways not addressed in this study. In future studies, we will aim to validate these
findings in human IVD tissues and further explore their therapeutic potential.

Conclusion

Our study is the first to identify the occurrence of PANoptosis and PANoptosome formation in AFCs. We demonstrated
that TLR4 promotes PANoptosis in AFCs through NLRP12 activation, contributing to IVDD progression, while TLR4
knockdown alleviates disc degeneration. These findings suggest that TLR4 may serve as a potential therapeutic target for
IVDD.
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