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Abstract 

Background: Intervertebral disc degeneration (IVDD) is a major pathological process leading to low back pain, closely associ- 

ated with the functional decline of nucleus pulposus progenitor cell (NPPC). The role of the cGAS-STING pathway in mediating 

DNA-sensing-associated inflammation and senescence in IVDD has not been fully elucidated. 

Methods: This study integrated genetics, computational biology, cellular experiments, and animal models to systematically 

investigate whether taurine (TAU) exerts protective effects by modulating this pathway. 

Results: Mendelian randomization analysis suggested a causal relationship between higher TAU levels and reduced risk of 

IVDD. Molecular docking and dynamics simulations demonstrated that TAU stably binds to cGAS and STING. In both degener- 

ated human nucleus pulposus (NP) tissues and an H2 O2 -induced NPPC senescence model, the cGAS-STING pathway was signif- 

icantly activated. TAU intervention maintained mitochondrial function, reduced cytosolic mtDNA leakage, and enhanced au- 

tophagic degradation of STING, thereby suppressing downstream TBK1-IRF3/NLRP3 inflammatory signaling and subsequently 

alleviating cellular senescence, inflammatory responses, and apoptosis. TAU treatment effec tively delayed intervertebral disc 

height loss, histopathological progression, and pain sensitivity in a rat IVDD model. 

Conclusion: This study is the first to reveal that TAU mitigates IVDD through multi-targeted modulation of the “mitochondria- 

cGAS-STING” axis, providing a theoretical foundation for its translational application as a disease-modifying agent. 

Keywords: taurine, intervertebral disc degeneration, STING, mitochondria, nucleus pulposus progenitor cell 
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Introduction 

Intervertebral disc degeneration (IVDD) is a common chronic mus- 

culoskeletal disorder and a leading cause of low back pain, draw- 

ing significant attention due to its high prevalence and substantial 

disability burden [ 1 ]. The IVD is composed of the endplates, an- 

nulus fibrosus (AF), and nucleus pulposus (NP) [ 2 ]. IVDD is charac- 

terized by excessive degradation of the extracellular matrix and a 

marked reduction in cellularity within NP tissue [ 3 ]. The etiology of 

IVDD is multifactorial, involving a combination of risk factors such 

as aging, oxidative stress, osteoporosis, mechanical stress, inflam- 

mation, and metabolic dysregulation [ 4 ]. Within the NP, nucleus 

pulposus progenitor cell (NPPC) exhibits multilineage differentia- 

tion potential and plays a crucial role in maintaining the functional 

integrity of NP tissue [ 5 ]. However, the avascular nature of the NP 

results in a harsh microenvironment characterized by chronic hy-

poxia and nutrient deficiency [ 6 ]. Accumulating evidence indicates

that the depletion or dysfunction of NPPC is a major contributor

to NP degeneration, further exacerbating IVDD and increasing the

risk of disc herniation [ 7 ]. To date, the specific molecular mech-

anisms underlying IVDD progression remain incompletely eluci- 

dated, underscoring the need for in-depth investigation into its

pathogenesis and the identification of novel therapeutic targets. 

Notably, genomic instability is a hallmark of aging-related

diseases. Accumulated DNA damage not only induces cellular

senescence but also promotes aberrant secretion of inflamma-

tory cytokines, a phenotype known as the senescence-associated

secretory phenotype (SASP) [ 8 ]. Persistent DNA damage and

hyperactivation of DNA damage signaling pathways are consid-

ered central mechanisms driving the initiation and maintenance
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f cellular senescence [ 3 ]. The cyclic GMP-AMP synthase (cGAS)- 

timulator of interferon genes (STING) signaling pathway is a crit- 

cal mediator of innate immune responses, primarily responsible 

or sensing and responding to cytosolic DNA [ 9 ]. Upon binding cy- 

osolic DNA, cGAS activates STING (also known as STING1), initi- 

ting downstream signaling cascades that contribute to various 

athological processes, including DNA damage-associated senes- 

ence, NOD-like receptor thermal protein domain associated pro- 

ein 3 (NLRP3) inflammasome-mediated pyroptosis, increased re- 

ctive oxygen species (ROS) levels, accelerated extracellular ma- 

rix degradation, and enhanced apoptosis of NPPCs [ 10–12 ]. These 

echanisms suggest that the cGAS-STING pathway may play a piv- 

tal role in IVDD progression. 

Therefore, enhancing autophagy-mediated clearance of dam- 

ged mitochondria, reducing cytosolic accumulation of mitochon- 

rial DNA (mtDNA), or directly blocking downstream signaling may 

epresent effective strategies for delaying the progression of IVDD. 

owever, clinically effective pharmacological interventions tar- 

eting this signaling axis are currently lacking. In the search for po- 

ential therapeutic strategies, TAU, a free amino acid abundantly 

istributed in intracellular fluids of various tissues such as the 

rain, heart, and skeletal muscle, has garnered increasing inter- 

st. It supports essential physiological functions in these tissues 

 13 ]. However, plasma TAU levels decline with age in both hu- 

ans and rats, a change closely associated with cellular senes- 

ence [ 14 ]. TAU exhibits strong antioxidant properties, mitigating 

xidative stress by neutralizing free radicals and ROS [ 15 ]. Further- 

ore, studies indicated that TAU can modulate aging processes 

hrough mechanisms involving endoplasmic reticulum stress and 

itochondrial function, highlighting its potential value in delaying 

ellular senescence and maintaining tissue homeostasis [ 16 ]. 

Based on this background, although previous studies have es- 

ablished the critical roles of the cGAS-STING axis, cell death 

apoptosis and pyroptosis), and inflammatory responses in IVDD 

 3 ], the role of TAU in retarding senescence remains controver- 

ial [ 17 ], and its regulatory effects on STING signaling and IVDD 

rogression in senescent NPPCs are still unclear. In particular, the 

nterrelationship among TAU, STING signaling, and IVDD has not 

een systematically elucidated. Therefore, this study aims to inno- 

atively investigate the interaction between TAU intervention and 

GAS-STING pathway activation during NPPC senescence, provid- 

ng new insights into the molecular mechanisms of IVDD and po- 

ential therapeutic targets. 

aterials and methods 

ntervertebral disc specimens 

P tissue specimens were collected from 12 patients who un- 

erwent unilateral biportal endoscopic lumbar discectomy (UBE). 

he patients had a mean age of 55.71 ± 4.63 years, and all pre- 

ented with chronic IVDD accompanied by progressive neurolog- 

cal symptoms. As conservative management had failed, surgi- 

al intervention via UBE was indicated. The degree of IVDD was 

valuated using the Pfirrmann classification system based on T2- 

eighted magnetic resonance imaging (MRI) [ 18 ]. The samples 

ere classified as follows: three samples were graded as Pfir- 

mann II, three as Pfirrmann III, three as Pfirrmann IV, and three 

s Pfirrmann V. Furthermore, tissue samples graded as Pfirrmann 

II and V were subjected to Hematoxylin and Eosin (HE) staining

and were histologically scored according to the relevant patho-

logical scoring system. The use of human tissue samples in this

study was approved by the Ethics Committee of Northern Jiangsu

People’s Hospital Affiliated to Yangzhou University (Approval No.

202103427, 2 March 2021). 

Molecular docking 

The two-dimensional structure of the small molecule ligand was

acquired from the PubChem database, and its three-dimensional

conformation was constructed using ChemOffice software. A pro-

tein crystal structure with high resolution was selected from the

RCSB PDB database to serve as the molecular docking recep-

tor. The protein structure was preprocessed with PyMOL soft-

ware, including the removal of non-protein components such as

water molecules and phosphate ions. Subsequently, molecular

docking was performed using AutoDock Vina 1.5.6 to investigate

the interaction patterns between the protein and the ligand. Fi-

nally, the docking results were visualized with PyMOL and Dis-

covery Studio 2019 software, generating two-dimensional and

three-dimensional interaction diagrams illustrating the binding

between the test compound and key amino acid residues. 

Molecular dynamics simulation 

Molecular dynamics (MD) simulations were performed for 100 ns

using Gromacs 2022. The CHARMM36 force field was applied for

the protein, while the ligand topology was generated using the

General AMBER Force Field 2 (GAFF2) [ 19 ]. The protein-ligand com-

plex was solvated in a cubic box under periodic boundary condi-

tions [ 20 ]. Electrostatic interactions were treated using the Particle

Mesh Ewald method, and the Verlet cutoff scheme was employed.

The system was subsequently energy-minimized and equilibrated

under canonical (NVT) and isothermal-isobaric (NPT) ensembles.

Finally, a production MD simulation was carried out for 100 ns un-

der constant temperature (310 K) and pressure (1 bar) using Gro-

macs 2022. 

Mendelian randomization 

Mendelian randomization (MR) employs genetic variants as in-

strumental variables to infer causal relationships between expo-

sures and disease outcomes [ 21 , 22 ]. The alleles of exposure-

associated genetic variants are randomly allocated and thus not

subject to reverse causation bias [ 23–25 ]. In this study, a two-

sample MR analysis was conducted to examine the causal link

between TAU and IVDD. Publicly available expression quantita-

tive trait loci and protein quantitative trait loci related to IVDD

susceptibility were utilized. Summary-level eQTL data were re-

trieved from the IEU OpenGWAS database ( https://gwas.mrcieu.

ac.uk/ ). Genome-wide association study (GWAS) summary data for

IVDD outcomes were obtained from the FinnGen database ( https:

//www.finngen.fi/ ). Causal estimates were derived using the in-

verse variance weighted (IVW) method. 

NPPC isolation 

All Sprague-Dawley (SD) experimental rats used in this study were

obtained from the Animal Experimental Center of Yangzhou Uni-
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versity (License No. SYXK (SU) 2021–0027). Primary NPPCs were 

obtained from SD rats aged 8–12 weeks with a body weight of 250–

300 g. The isolation method of NP tissue was the same as our pre- 

vious research [ 26–28 ]. Briefly, after euthanasia of SD rats using 

an overdose of pentobarbital, the rat tail was obtained. After re- 

moving the skin and thoroughly disinfecting, the nucleus pulpo- 

sus tissue was carefully separated and appropriately minced. The 

nucleus pulposus tissue was digested in a 0.2% type II collagenase 

solution at 37◦C in a 5% CO2 incubator overnight. The cell suspen- 

sion was then centrifuged at 1000 rpm for 4 min to collect the cells. 

After adding 5 ml of complete medium to the centrifuge tube and 

thoroughly pipetting, it was transferred to a cell culture dish and 

placed in a 37◦C, 5% CO2 cell incubator. The medium was changed 

every 2 days, and the cell status was observed. When the cells 

reached 80% confluence, they were passaged at a ratio of 1:3, and 

cells were observed and photographed under a microscope. The 

third generation of cells was used for subsequent experiments. All 

procedures involving animal tissue samples in this study were ap- 

proved by the Animal Ethics Committee of Yangzhou University on 

3 March 2025 (Approval No. 202502889). 

Cell culture and STING overexpression 

NPPCs were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Gibco, Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with 15% fetal bovine serum and 1% penicillin- 

streptomycin, under conditions of 37◦C, 21% O2 , and 5% CO2 . To 

simulate STING overexpression, the cells were treated with the 

STING receptor agonist DMXAA. 

Cell viability assay 

Cytotoxicity of TAU on NPPC was assessed using the Cell Count- 

ing Kit-8 (CCK-8; Beyotime, China). Briefly, NPPCs were seeded into 

96-well plates at a density of 5 × 103 cells per well and cultured at 

37◦C under 5% CO2 . After 24 h of treatment under respective con- 

ditions, 10 μl of CCK-8 solution was added to each well, followed 

by incubation for 2 h. The optical density was then measured at 

450 nm using a microplate reader (Bio-Rad, Hercules, USA). The 

cell viability was calculated using the following formula: (the ab- 

sorbance value of the experimental group—the absorbance value 

of the blank group)/(the absorbance value of the control group—

the absorbance value of the blank group) × 100%. 

RNA isolation and qRT-PCR 

The total RNA of NPPCs was extracted using TRIzol reagent (Invit- 

rogen, USA). Then, according to the manufacturer’s instructions, 

the entire RNA was reverse transcribed into complementary DNA 

(cDNA) by Prime Script-RT reagent kit (Vazyme Biotech, China), 

and cDNA amplification was performed using SYBR Premix Ex Taq 

(Vazyme Biotech, China). The expression levels of target genes in 

differ ent gr oups wer e c alculated by the comparative Ct method to 

obtain the cycle threshold (Ct) value, and the relative gene expres- 

sion level was standardized by the expression level of the internal 

reference gene GAPDH. According to the sequence in GenBank, the 

primers were designed by Prime 5.0 software. 

Detection of mtDNA 

mtDNA isolation was performed as described in the previous sec-

tion. Briefly, NPPCs were subjected to the following treatments:

no intervention; 100 μM H2 O2 for 12 h; TAU for 12 h; or DMXAA for

12 h. Cells were subsequently lysed in normal DMEM for 3 days,

and dsDNA was isolated from the cytosolic fraction. mtDNA in the

cytoplasm was quantified by quantitative real-time PCR. To accu-

rately assess cytoplasmic mtDNA levels, the following mitochon-

drial genes were examined: mtND1, mtCYTB, and mtCOX1. 

Protein extraction and western blot 

analyses 

Total protein was extracted using a whole cell lysis assay kit (Key-

Gen, China). The supernatant was collected as the total protein ex-

tract, and protein concentration was quantified using the bicin-

choninic acid assay. Equal amounts of protein ( ∼25 μg) were

separated by 4%–20% SDS-PAGE and transferred onto 0.22 μm

PVDF membranes. The membranes were washed with TBST and

then blocked with rapid blocking buffer f or 30 min. Subsequently,

they were incubated overnight at 4◦C with primary antibodies

diluted according to the manufacturer’s instructions. After three

washes with TBST, the membranes were incubated with species-

appropriate secondary antibodies, also diluted as recommended, 

for 1 h at room temperature on a shaker. Following another three

TBST washes, the blots were visualized and captured using a Bio-

Rad imaging system and then analyzed with ImageJ software. 

5-Ethynyl-2’-deoxyuridine (EdU) 

incorporation assay 

Cell proliferation was assessed using the EdU Cell Proliferation

Detection Kit (Beyotime, China). NPPCs were seeded into 6-

well plates and treated with respective compounds at 37◦C un-

der 5% CO2 until reaching appropriate confluency. Pre-warmed 

2 × EdU working solution was mixed 1:1 with pre-warmed com-

plete medium and added to the cells for 2 h. Subsequently, the

cells were fixed with 4% paraformaldehyde for 15 min, permeabi-

lized with 1 ml immunostaining permeabilization solution per well

for 10–15 min at room temperature, and incubated with Click re-

action mixture for 30 min. After washing three times with washing

buffer, the cells were stained with 1 ml of 1x Hoechst solution for

10 min at room temperature protected from light. Images were ac-

quired using an inverted fluorescence microscope, and the num-

ber of EdU-positive nuclei was quantified and analyzed with Im-

ageJ software (NIH, USA). 

Senescence assays 

Cellular senescence was assessed using the Senescence β-

Galactosidase Staining Kit (Cell Signaling Technology) according 

to the manufacturer’s instructions. NPPCs were seeded into 6-well

plates at an appropriate density and treated with compounds af-

ter cell attachment. Following treatment, cells were fixed with 1 ml

of β-Gal staining fixative for 15 min at room temperature, washed

three times with PBS, and incubated overnight at 37◦C without

CO2 in SA- β-Gal working solution. Senescent cells were subse-
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uently examined under a microscope and analyzed using ImageJ 

oftware. 

ssessment of apoptosis by flow 

ytometry 

o clarify the effec t of STING activation, cell apoptosis was de- 

ected using Annexin V-FITC/PI Cell Apoptosis Detection Kit (Key- 

en, China) according to the manufacturer’s protocol. After adding 

he cells to the drug for intervention and washing with PBS, NPPCs 

n each group were collected by trypsin digestion and resus- 

ended in 500 μl 1x binding buffer. Then, 5 μl PI and 5 μl annexin-v 

ere added to the cell suspension and incubated at room temper- 

ture for 15 min. The percentage of annexin V-FITC and PI positive 

abeled cells was analyzed by flow cytometry (BD, USA). 

C-1 assay for mitochondrial membrane 

otential 

MP of NPPCs was evaluated using the JC-1 Assay Kit (KeyGen, 

hina). In healthy mitochondria, JC-1 forms aggregates in the ma- 

rix, emitting intense red fluorescence (indicating polarization), 

hereas in impaired mitochondria, it remains monomeric in the 

ytoplasm and produces green fluorescence due to MMP loss 

depolarization). After treatment according to the manufacturer’s 

rotocol, NPPCs from each group were observed and imaged un- 

er a fluorescence microscope. The ratio of green to red fluores- 

ence intensity was analyzed using ImageJ software. 

itochondrial electron microscopy 

or transmission electron microscopic observation of mitochon- 

ria in NPPC, the cells were first chemically fixed to preserve their 

ltrastructure. This was followed by a series of dehydration steps 

o replace cellular water with resin. The samples were then em- 

edded to form rigid blocks. Subsequently, these blocks were sec- 

ioned into ultrathin slices using an ultramicrotome and stained to 

nhance contrast. Finally, the sections were observed and imaged 

nder the electron microscope to visualize the detailed morphol- 

gy of the mitochondria. 

OS assay 

ntracellular reactive ROS generation in NPPC was detected us- 

ng the fluorescent probe dihydroethidium (DHE) assay kit (Key- 

en, China). NPPCs were seeded into 6-well plates and treated 

s described above. After treatment, the cells were washed twice 

ith PBS and incubated with 10 μM DHE at 37◦C for 30 min. ROS- 

ssociated fluorescence was visualized and analyzed using a fluo- 

escence microscope and ImageJ software. 

poptosis staining 

UNEL staining was performed using a One Step TUNEL Apopto- 

is Assay Kit. Briefly, cells were fixed with immunostaining fixative 

P0098) or 4% paraformaldehyde for 30 min. After permeabiliza- 

ion with immunostaining strong permeabilization buffer (P0097) 

r PBS containing 0.3% Triton X-100 for 5 min at room tempera- 

ure, 50 μl of prepared TUNEL detection solution was added and 

incubated at 37◦C for 60 min in the dark. The cells were washed

three times with PBS and then visualized under a fluorescence mi-

croscope using an excitation wavelength of 450–500 nm and an

emission wavelength of 515–565 nm. 

Immunofluorescence assay 

Immunofluorescence staining was performed to detect the ex-

pression of target proteins within cells. Briefly, NPPCs were seeded

onto poly-L-lysine-coated cell slides (25 mm in diameter). The cells

were fixed with 4% paraformaldehyde for 15 min and washed

twice with PBS containing 0.5% Triton X-100 for 15 min each at

room temperature. Subsequently, the cells were blocked with

QuickBlock™ Blocking Buffer for Immunol Staining (Beyotime,

China) for 1 h. Primary antibody incubation was carried out

overnight at 4◦C in the dark. The cells were then washed twice

with TBST and incubated with a fluorophore-conjugated goat anti-

rabbit IgG secondary antibody at 37◦C for 2 h. After counterstaining

with DAPI for 10 min, the stained NPPC samples were visualized us-

ing either a fluorescence microscope or a laser scanning confocal

microscope (Zeiss LSM 710, Germany) and analyzed with ImageJ

software. 

Comet single-cell gel electrophoresis assay

The comet assay was performed following the instructions pro-

vided with the single-cell electrophoresis assay kit (ENZO Life Sci-

ences, USA). NPPCs were treated with vehicle control, 50 ng/ml

IL-1 β, 50 ng/ml hydroxyurea, or 100 μM H2 O2 for 24 h, followed

by incubation in normal DMEM for an additional 3 days. The cells

were then trypsinized, centrifuged, and resuspended in 1 × PBS

at a density of 1 × 105 cells/ml. A 50 μl aliquot of the cell suspen-

sion was mixed with 500 μl of 1% low-melting-point agarose, and

75 μl of the mixture was layered onto a slide pre-coated with 1%

normal-melting-point agarose. The slide was allowed to solidify

at 4◦C in the dark for 10 min. After incubation in pre-chilled lysis

buffer f or 1 h, the slide w as placed in a horizontal electrophoresis

unit containing alkaline electrophoresis buffer and kept at room

temperature in the dark for 60 min to allow DNA unwinding. Elec-

trophoresis was conducted at 25 V and 300 mA (0.73 V/cm) for

10 min. Subsequently, the slide was rinsed with distilled water,

treated with neutralization buffer (pH 7.5), dehydrated in 70%

ethanol for 5 min, and air-dried. Prior to analysis, the slide was

stained with 100 μl of CYGREEN® dye for 30 min in the dark at room

temperature. After complete drying at 37◦C, the samples were vi-

sualized using a fluorescence microscope (OLYMPUS CKX41) with

excitation/emission wavelengths of 489/515 nm. 

Single-cell sequencing database 

Comprehensive sample information for the single-cell sequencing

data presented in this study is available from the GEO database un-

der accession number GSE205535. Violin plots were used to com-

pare the expression distribution of DNA marker genes between de-

generative and normal NPPC. A statistical significance of P < 0.05

indicated a statistically significant difference between the degen-

erative group and the normal control group. 
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Rat model of IVDD 

A total of 18 male SD rats aged 8–12 weeks and weighing 250–

300 g were selected for this study. All experimental rats were pro- 

cured from the Comparative Medicine Center of Yangzhou Uni- 

versity. A rat model of IVDD was established using a fine-needle 

puncture method [ 29 ]. After body weight measurement, rats in the 

IVDD and TAU groups were anesthetized by intraperitoneal injec- 

tion of 1% pentobarbital at a dose of 40 mg/kg. Following ade- 

quate anesthesia, the target caudal intervertebral discs were lo- 

cated and marked. The surgical area was disinfected three times 

with povidone-iodine. A 21-gauge needle was inserted perpendic- 

ular to the longitudinal axis of the tail at the marked site to a depth 

of 5 mm—a needle holder was fixed 5 mm from the tip to con- 

trol the penetration depth. The needle was rotated 360◦ and main- 

tained in situ for 30 s before withdrawal. The puncture site was dis- 

infected again with povidone-iodine and compressed with sterile 

gauze for 1 min to achieve hemostasis. Two weeks after puncture, 

rats in the TAU group received daily oral gavage of TAU (100 mg/kg) 

for 8 consecutive weeks. The severity of IVDD at the puncture level 

was evaluated using radiographic and pathological methods at 4 

and 8 weeks after tre a tment. IVDD was assessed b ased on the Pfir- 

rmann grading system [ 18 ] and histological scoring criteria with 

reference to established literature [ 30 ]. 

Histology, immunofluorescence, and 

immunohistochemistry 

IVD tissues harvested from rats were fixed in 4% paraformalde- 

hyde (PFA), decalcified with 10% ethylene diamine tetraacetic acid 

solution, embedded in paraffin blocks, and tissue-sectioned. The 

specimens were cut into 5 μm histological sections and stained 

with haematoxylin–eosin (HE), safranin-o/fast green (S-O). The de- 

gree of IVDD was evaluated using the histological grading scale of 

Norcross et al. for histological images [ 30 ]. 

For the immunohistochemical analysis, the IVD tissue was fixed 

in 4% paraformaldehyde. The tissue was dehydrated, embedded, 

and made into paraffin blocks. A microtome was used to slice 

the paraffin block into thin sections, which were then placed in a 

buffer solution. A diluted primary antibody (anti-Collagen II, anti- 

MMP-9, anti-ACAN, anti-STING, anti-cGAS, anti-IL-6, anti-IL-1 β an- 

tibody) solution was applied to the sections, which were then 

placed in a wet box and incubated overnight in a 4◦C refrigerator. 

The sections were rinsed several times with PBS buffer. The sec- 

ondary antibody was applied to the sections for incubation, fol- 

lowed by rinsing with PBS buffer. Finally, the staining results were 

observed under a light microscope and photographed for records. 

Immunofluorescence staining was finally performed, and the 

sections were washed with PBS. Bovine serum albumin was used 

to incubate the sections at room temperature for 30–60 min. 

The diluted primary antibody (anti-Collagen II, anti-Bax, anti-Bcl- 

2, anti-MMP-9, anti-dsDNA, anti-STING, anti-cGAS, anti-LC3 anti- 

body) was dropped on the sections, placed in a wet box, and in- 

cubated in a 4◦C refrigerator overnight. The next day, the sections 

were washed with PBS solution for several times, 5 min each time, 

and the fluorescently labeled secondary antibody was dropped 

on the sections and incubated for 60 min without light. It was 

also washed with PBS solution for several times, 5 min each time. 

microscope (OLYMPUS CKX41) was used to obtain digital images.

They were observed under a fluorescence microscope. According

to the fluorophore used, the appropriate excitation filter block was

selected to observe fluorescent signals of differ ent colors, r espec-

tively, and take photos with a high-resolution camera. 

Radiographic and MRI analyses 

Radiographic and MRI scans were performed before puncture and

at 6 and 10 weeks post-puncture. Disc height index (DHI) was mea-

sured from X-ray images. A 7.0 T MRI system (Philips Intera Achieva

7.0, the Netherlands) was used to acquire sagittal T2-weighted im-

ages. The degree of IVDD was evaluated using the Pfirrmann grad-

ing system based on signal intensity and disc height. Both DHI and

Pfirrmann grading were assessed independently by three spine

surgeons who were blinded to the treatment groups. DHI was cal-

culated as the ratio of the disc height to the height of the adjacent

vertebral body. 

Statistical analysis 

The experimental data are expressed as mean ± standard devia-

tion (X ± S). The obtained experimental data are statistically an-

alyzed on SPSS 25.0 software, and then the statistical graphs are

drawn using GraphPad Prism 9.5 software. The comparison be-

tween groups is conducted using unpaired t-test or one-way anal-

ysis of variance, and P < 0.05 is considered statistically significant

difference. 

Results 

MR, molecular docking, and MD 

simulations 

Employing a two-sample MR approach, we identified significant

evidence supporting a causal association between TAU and IVDD

risk (IVW: OR = 0.85, 95% CI: 0.77–0.94, P = 0.001). Cochran’s Q-

test revealed no substantial heterogeneity ( Q _P > 0.05). Both MR-

Egger regression ( P > 0.05) and funnel plot symmetry indicated

the absence of significant horizontal pleiotropy. These findings

were visualized via a scatter plot. In addition, leave-one-out sensi-

tivity analysis confirmed that the overall causal estimate was not

driven by any single nucleotide polymorphism (Fig. 1 A–D). 

Next, we proceed to the next analysis through molecular dock-

ing simulation and MD simulation. Molecular docking simulation

is a convenient and effec tive me thod f or exploring the interac tion

between small molecules and their target proteins. This study uses

AutoDock Vina1.5.6 software for molecular docking to explore

protein-ligand interactions. In general, when the binding energy is

less than –5.0 kcal/mol, it indicates that the two have good binding

activity, less than –7.0 kcal/mol indicates strong binding activity,

the lower the binding energy, the stronger the binding activity be-

tween the two, the higher the affinity, and the more stable the con-

formation. In this study, the binding energies of TAU with cGAS and

STING proteins were –4.3 kcal/mol and –3.6 kcal/mol, respectively,

indicating that TAU has affinity for both cGAS and STING. The

residues GLY304, HIS363, and LYS362 on the cGAS receptor form

hydrogen bond interactions with TAU, while the residues ALA364,
DAPI was counterstained in the dark at RT for 3 min. Fluorescence 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

GLU366, SER274, GLU372, GLU373, THR374, ALA273, and LEU277 

D
ow

nloaded from
 https://academ

ic.oup.com
/pcm

/article/9/2/pbag013/8666913 by guest on 20 July 2026



6 Precision Clinical Medicine, 2026, Volume 9, Issue 2

Figure 1 (A–D) TAU targeting of cGAS/STING is causally associated with IVDD. MR determines the relationship between TAU and IVDD. (E) Molecular 

docking simulates the binding force of TAU with cGAS protein. (F) Molecular docking simulates the binding force of TAU with STING protein. (G–K) MD 

simulations examine the stability of the complex system formed by the binding of cGAS and TAU. (L) Single-cell sequencing reveals changes in STING in 

human degenerative NPPCs. Data are expressed as mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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on the cGAS receptor form van der Waals forces with TAU (Fig. 1 E). 

The residues LEU299, ARG197, ARG310, and CYS309 on the STING 

receptor form van der Waals forces with TAU. The residues ASN307 

and ASN308 on the STING receptor form hydrogen bond interac- 

tions with TAU (Fig. 1 F). These docking results suggested that TAU 

may interact directly with cGAS and STING and may play a biolog- 

ical role in IVDD through these proteins. 

The root mean square deviation (RMSD) is a good indicator for 

measuring the conformational stability of proteins and ligands, 

and it also measures the degree of deviation of atomic positions 

from their starting positions. The smaller the deviation, the bet- 

ter the conformational stability. During the simulation process of 

the cGAS protein, the complex system showed an upward trend, 

reaching equilibrium after 98 ns, and eventually fluctuating below 

4.2Å . There were no significant RMSD fluctuations, indicating that 

the protein structure was not damaged in any way (Fig. 1 G). Fur- 

ther analysis revealed that the radius of gyration and solvent ac- 

cessible surface area of the complex system exhibited slight fluc- 

tuations during the movement process, indicating conformational 

changes in the complex system (Fig. 1 H, I). Hydrogen bonds play 

an important role in the binding between ligands and proteins, 

and the number of hydrogen bonds between the complex systems 

ranged from 0 to 5. In most cases, the complex had about 2 hydro- 

gen bonds, indicating that the complex has good hydrogen bond 

interactions (Fig. 1 J). The root mean square fluctuation (RMSF) can 

represent the flexibility of amino acid residues in proteins, and the 

RMSF value of the complex is relatively low (mostly below 4Å ), so 

its flexibility is low and its stability is high (Fig. 1 K). The results 

showed that cGAS, as the core protein of pathway activation, forms 

a complex system with TAU that has high stability. 

Activation of the cGAS-STING pathway in 

degenerative human NP tissues 

To assess the extent of cellular senescence in NP tissue, NP sam- 

ples and corresponding MRI data were collected from five patients 

undergoing spinal surgery. The samples were classified according 

to the Pfirrmann grading system (Grades I-V) (Fig. 2 A, B). Western 

blot analysis revealed a progressive upregulation of cGAS, STING, 

and NLRP3 protein expression with increasing degeneration grade 

(Fig. 2 D, F–H). HE staining further demonstrated that advanced de- 

generation was accompanied by structural disruption and fibro- 

sis of the NP tissue (Fig. 2 E). Single-cell RNA sequencing data in- 

dicated significantly elevated STING expression in degenerative 

NPPC (Fig. 1 L). These results suggested that the cGAS-STING path- 

way is activated in degenerative human NP tissue and is asso- 

ciated with the formation of a local inflammatory microenviron- 

ment. 

Optimal incubation concentration of TAU 

NPPCs were isolated and cultured using an established proto- 

col, with passaged cells exhibiting a characteristic long-spindle 

morphology [ 28 , 31 , 32 ] ( Supplementary Fig. 1 A). Based on previ- 

ous optimization studies, an oxidative stress-induced senescence 

model was established by treating cells with 100 μM H2 O2 for 6 h 

[ 33 ]. Cytotoxicity assessment using CCK-8 assay confirmed that 40 

μM TAU exhibited no adverse effects on cell viability across var- 

ious exposure durations (0, 6, 12, 24 h) ( Supplementary Fig. 1 B). 

Consequently, this concentration was selected for all subsequent

experimental procedures. 

TAU suppresses cytosolic dsDNA release 

during IVDD progression 

The single-cell gel electrophoresis (comet) assay results demon-

strated that H2 O2 treatment induced significant DNA damage in

NPPC, which was effectively mitigated by TAU intervention. No-

tably, DMXAA-induced STING overexpression substantially attenu- 

ated the protective effects of TAU (Fig. 3 A, B). Immunofluorescence

imaging revealed markedly elevated levels of cytosolic dsDNA in

H2 O2 -treated NPPC compared to controls ( Supplementary Fig. 2 A,

B). Subsequent analysis confirmed the presence of mtDNA within

the cytosolic dsDNA fraction. While H2 O2 treatment increased cy-

tosolic mtDNA content, TAU administration significantly reduced 

these levels. Conversely, DMXAA-induced STING overexpression 

reversed the beneficial effects of TAU ( Supplementary Fig. 2 C–E).

These results indicated that oxidative stress promotes cytosolic

dsDNA release in degenerative NPPC, and TAU exerts protective ef-

fects through specific inhibition of STING overexpression. 

In vivo assessment using immunofluorescence and HE stain-

ing at 10 weeks post-injury demonstrated progressive degenera-

tive changes and severe IVDD in the puncture-induced rat model

( Supplementary Fig. 2 F, G). Analysis of human degenerative IVD

tissues (Pfirrmann grades II vs V) revealed more severe structural

disruption in advanced degeneration, correlating with increased 

cytosolic dsDNA leakage in NP tissues (Fig. 2 C, I). These data es-

tablished a positive correlation between dsDNA accumulation and

IVDD severity. 

Anti-inflammatory effects of TAU via 

STING suppression in degenerative NP 

As the primary sensor for cytosolic dsDNA, cGAS demonstrated

significantly elevated expression in Pfirrmann grade V discs com-

pared to grade II specimens (Fig. 2 D, F–H). Western blot and Im-

munofluorescence analysis confirmed that H2 O2 treatment signif- 

icantly upregulated cGAS, STING, and NLRP3 expression in NPPC,

effec t s that were reversed by TAU treatment. The protective ef-

fects of TAU were notably diminished by DMXAA co-treatment

(Fig. 3 C–H). Furthermore, evaluation of inflammatory signaling

pathways revealed significant upregulation of TBK1, IRF3, IL-1 β,

and IL-6 in H2 O2 -treated NPPC ( P < 0.05). TAU treatment effectively

suppressed these inflammatory mediators, while DMXAA compro- 

mised the anti-inflammatory efficacy of TAU (Fig. 3 I, J) ( P < 0.05).

These results indicated that cGAS and STING expression increase

in degenerative NP tissue and suggested that TAU may delay IVDD

progression by exerting anti-inflammatory effects, potentially via 

inhibition of the DNA sensor cGAS. 

TAU alleviates STING-related autophagic 

impairment in senescent NPPC 

SA- β-galactosidase staining confirmed that H2 O2 -induced STING 

upregulation promoted NPPC senescence, which was ameliorated

by TAU treatment (Fig. 4 A, B). Western blot analysis showed de-

creased LC3-II and increased p62 expression in H2 O2 -treated cells,
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Figure 2 Human IVDD is associated with dsDNA release and pathway activation. (A) MRI data from 5 patients with different degeneration grades 

undergoing spinal surgery. (B) Nucleus pulposus tissues of varying degeneration grades obtained from 4 surgical cases. (C) Detection of dsDNA release in 

human NP tissues of Pfirrmann grades II and V by immunofluorescence. Scale bar, 50 μm. (D) Protein expression and quantitative analysis of cGAS, 

STING, and NLRP3 in human nucleus pulposus tissues from Pfirrmann grades II to V. (E) Evaluation of degeneration in human nucleus pulposus tissues 

by H&E staining. Scale bar, 500 μm. (F–H) Quantitative analysis of cGAS, STING, and NLRP3 proteins in human nucleus pulposus tissues from Pfirrmann 

grades II to V. (I) Fluorescence quantification of cytoplasmic dsDNA release in human NP tissues. Data are presented as mean ± SD. ( ∗P < 0.05, ∗∗ P 
< 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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Figure 3 TAU inhibits H2 O2 –induced DNA damage and cGAS–STING pathway activation in NPPC. (A) Comet assay showing the extent of DNA damage in 

NPPCs following H2 O2 and TAU stimulation. Scale bar, 50 μm. (B) Statistical analysis of comet tail moment. (C, F) Protein expression and quantitative 

analysis of cGAS, STING, and NLRP3 in NPPCs. (D, G) Immunofluorescence detection and quantitative analysis of cGAS changes in NPPCs. Scale bar, 50 

μm. (E, H) Immunofluorescence detection and quantitative analysis of STING changes in NPPCs. Scale bar, 50 μm. (I, J) Protein expression and 

quantitative analysis of TBK1, IRF3, IL-1 β, and IL-6 in NPPCs. Data are expressed as mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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Figure 4 TAU alleviates H2 O2 –induced senescence and enhances autophagy in NPPC. (A) Sa- β-Gal assay showing that H2 O2 induces senescence in 

NPPCs. Scale bar, 100 μm. (B) Proportion of β-Gal-positive NPPCs quantified by statistical analysis. (C) Immunofluorescence detection of LC3 II 

expression in NPPC. Scale bar, 50 μm. (D) Quantitative analysis of LC3 II fluorescence intensity. (E, F) Immunofluorescence detection and quantitative 

analysis of p21 changes in NPPCs. Scale bar, 50 μm. (G, H) Immunofluorescence detection and quantitative analysis of p53 changes in NPPCs. Scale bar, 

50 μm. (I) Fluorescence results of ROS in different groups. Scale bar, 50 μm. (J) Quantitative analysis of ROS fluorescence intensity. Data are expressed as 

mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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indicating impaired autophagic flux. TAU treatment restored au- 

tophagy activity, as evidenced by increased LC3-II and decreased 

p62 levels ( Supplementary Fig. 3 A, B). Immunofluorescence mi- 

croscopy corroborated these findings, demonstrating enhanced 

LC3 puncta formation following TAU administration (Fig. 4 C, D). 

Molecular analysis revealed that H2 O2 -induced STING overexpres- 

sion significantly upregulated senescence markers p53, p21, and 

p16, effects that were counteracted by TAU treatment. DMXAA in- 

tervention diminished the beneficial effec t s of TAU (Fig. 4 E–H) 

( Supplementary Fig. 3 C, D). We further examined the protein ex- 

pression level of MMP-9 by immunofluorescence and Western blot- 

ting. The results showed that, compared with the control group, 

H2 O2 stimulation significantly upregulated the protein level of 

MMP-9 in NPPCs, whereas TAU treatment markedly suppressed 

this increase. Co-treatment with DMXAA attenuated the inhibitory 

effec t of TAU on MMP-9 expression ( Supplementary Fig. 3 E–J). 

These findings indicated that senescent NPPCs exhibit impaired 

autophagic degradation of STING, leading to its accumulation and 

cellular senescence, while TAU appears to promote STING au- 

tophagy, thereby delaying NPPC senescence. 

TAU protects mitochondria by reducing 

STING expression 

Transmission electron microscopy examination revealed mi- 

tochondrial ultrastructural abnormalities, including organelle 

shrinkage and increased cristae density, in H2 O2 -treated NPPC. 

TAU treatment substantially ameliorated these morphological al- 

terations (Fig. 5 A, B). Loss of mitochondrial membrane potential 

(MMP), an early event in apoptosis, was observed in H2 O2 -treated 

cells (decreased red JC-1 fluorescence) and was preserved by TAU 

treatment. DMXAA inhibited this protective effect (Fig. 5 C, D). Intra- 

cellular ROS levels were significantly elevated in the H2 O2 group 

( P < 0.05). TAU incubation significantly suppressed ROS over- 

production ( P < 0.05), and DMXAA reduced this inhibitory effec t 

( P < 0.05) (Fig. 4 I, J). These results demonstrate that TAU allevi- 

ates H2 O2 -mediated oxidative stress in NPPCs by reducing ROS 

levels, an effect attenuated by DMXAA, suggesting STING activa- 

tion contributes to mitochondrial dysfunction. Thus, TAU can pro- 

tect NPPC by inhibiting STING expression. 

TAU attenuates apoptosis by suppressing 

STING accumulation 

Flow cytometry and TUNEL assays showed significantly increased 

apoptosis in H2 O2 -stimulated, STING-overexpressing NPPC com- 

pared to controls. TAU treatment partially reduced apoptosis, 

and this effect was diminished by DMXAA ( Supplementary Fig. 

4 A, B) (Fig. 5 E, F). EdU staining revealed significantly fewer EdU- 

labeled NPPC in the H2 O2 group than in controls ( P < 0.05); 

TAU treatment partially increased this number ( P < 0.05), and 

DMXAA attenuated TAU’s pro-proliferative effect ( P < 0.05) (Fig. 5 G, 

H). Western blotting, immunofluorescence, and quantitative real- 

time PCR (qRT-PCR) demonstrated that STING activation upregu- 

lated pro-apoptotic proteins (caspase-3, Bax) and downregulated 

anti-apoptotic Bcl-2, promoting apoptosis. TAU mitigated these 

changes ( Supplementary Fig. 4 C–G) (Fig. 5 I–K). These results in- 

dicated that STING activation promotes NPPC apoptosis, and TAU 

can mitigate apoptosis by inhibiting STING expression. 

Evaluation of TAU’s effec t on delaying 

IVDD in an animal model 

An IVDD rat model was successfully established and treated

with TAU. Radiological and histological evaluations at 6 and 10

weeks post-injury, assessing DHI, Pfirrmann grade, and histolog-

ical score, showed that TAU treatment delayed IVDD progression

(Fig. 6 A, B). Immunofluorescence confirmed increased STING ex-

pression in the NP tissue of rats with IVDD, which was reduced

by TAU treatment ( Supplementary Fig. 5 A, B and Supplementary

Fig. 7 A). Immunohistochemistry showed significantly higher ex-

pression of cGAS and STING in the degeneration group com-

pared to controls, and TAU treatment decreased their expres-

sion ( Supplementary Fig. 5 C, D). X-ray and MRI analyses indicated

that TAU helped maintain IVD height, prevent disc space collapse,

and preserve NP tissue integrity (Fig. 6 C–F). HE staining of IVD

showed intact NP and AF morphology in controls, degeneration-

associated changes in the IVDD group, and improvement with

TAU treatment (Fig. 6 G, H). Safranin O/Fast Green (SO/FG) stain-

ing also demonstrated these changes, with strong red staining in-

dicating proteoglycan-rich cartilage endplates (EP) in the control

group, while the IVDD group exhibited damaged EP, irregular struc-

ture, and loss of hyaline matrix and chondrocytes. TAU treatment

helped maintain the morphological structure and matrix composi-

tion of the AF and NP ( Supplementary Fig. 6 A, Supplementary Fig.

7 B, Supplementary Fig. 8 A and Supplementary Fig. 9 B). Masson’s

trichrome staining, primarily observing mature collagen fibers in

the IVD structure, revealed more disorganized AF and increased

immature collagen fibers in the degeneration group, which were

significantly reversed by TAU treatment ( Supplementary Fig. 6 B).

Furthermore, measurement of the NP area in gross specimens of

discs from different groups showed a progressive decrease in the

relative NP area over time in the IVDD group; however, TAU treat-

ment reversed these changes (Fig. 6 I, J). Immunohistochemical

analysis demonstrated that TAU treatment reduced the degrada-

tion of aggrecan and collagen II and suppressed the expression of

MMP-9 (Fig. 7 A–D, Supplementary Fig. 6 C, D, Supplementary Fig.

7 B, Supplementary Fig. 8 A and Supplementary Fig. 9 B). Immuno-

histochemical analysis of IL-1 β and IL-6 in differ ent IVD gr oups

showed that the expression of these two inflammatory markers

was higher in the degeneration group than in the control group

( P < 0.05); however, at 6 and 10 weeks, respectively, the expression

of IL-1 β and IL-6 in the TAU group was significantly lower than in

the degeneration group ( P < 0.05) (Fig. 7 E–H, Supplementary Fig.

8 B and Supplementary Fig. 9 A). These results collectively demon-

strated that TAU intervention can mitigate both age-dependent

and injury-induced IVDD initiation and progression. 

Discussion 

IVDD is a complex degenerative condition driven by multiple fac-

tors, characterized by the progressive deterioration of the NP

tissue, ultimately leading to low back pain and related func-

tional impairments [ 34 , 35 ]. This study systematically elucidated

the novel mechanism of action of TAU in mitigating IVDD by

integrating genetic analyses, computational simulations, cellu- 

lar experiments, human tissue validation, and animal models.

Our finding was that TAU exerts its effects through multi-target

intervention in the critical inflammatory axis of mitochondrial
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Figure 5 TAU alleviates apoptosis and mitochondrial dysfunction in NPPC. (A, B) Transmission electron microscopy of NPPC mitochondria morphology 

and quantitative analysis. Scale bar, 100 μm. (C) Fluorescent results of MMP in different groups. Scale bar, 50 μm. (D) Quantitative analysis of MMP 

fluorescence intensity. (E) TUNEL assay results in NPPC. Scale bar, 100 μm. (F) Quantitative analysis of TUNEL-positive cells. (G) EdU assay results in 

NPPC of differ ent gr oups. Sc ale bar, 100 μm. (H) Quantitative analysis of EdU-positive cells. (I) Immunofluorescence detection of Bax expression in NPPC. 

Scale bar, 50 μm. (J) Immunofluorescence detection of Bcl-2 expression in NPPC. Scale bar, 50 μm. (K) Quantitative analysis of fluorescence intensity of 

Bax and Bcl-2. Data are expressed as mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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Figure 6 Radiographic and histological results of animal experiments. (A) Schematic of the in vivo experimental procedure. (B) Measurement of IVD 

height index (DHI). (C) The X-ray images of rats at 0 week, 6 weeks, and 10 weeks after puncture in each group. (D) MRI scans of IVD at 0 week, 6 weeks, 

and 10 weeks after puncture to evaluate the degree of disc degeneration. (E) Quantitative analysis of DHI. (F) Quantitative analysis of Pfirrmann grading. 

(G, H) Representative images of HE-stained sections and quantitative histological grade score. Scale bar, 500 μm. (I, J) Gross specimen of NP area 

measurement and quantitative analysis of differ ent gr oups. Data ar e pr esented as mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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Figure 7 Immunohistochemical results of animal experiments. (A, B) Immunohistochemical detection and quantitative analysis of aggregation protein 

changes in IVD. (C, D) Immunohistochemical detection and quantitative analysis of Collagenase II changes in IVD. (E, F) Immunohistochemical detection 

and quantitative analysis of IL-1 β changes in IVD. (G, H) Immunohistochemical detection and quantitative analysis of IL-6 changes in IVD. Scale bar, 500 

μm. Data are expressed as mean ± SD. ( ∗P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001, ∗∗∗∗ P < 0.0001). 
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Figure 8 Working model of DNA leakage–triggered cGAS–STING signaling leading to NPPC senescence and apoptosis. Schematic diagram of the working 

hypothesis: when cells are subjected to external or internal stress, mtDNA leaks from mitochondria into the cytoplasm, where it is recognized by cGAS in 

the cytoplasm, catalyzing the synthesis of the second messenger 2’3’-cGAMP, and activating STING on the endoplasmic reticulum. The activated STING 

moves to the Golgi apparatus, recruiting and activating TBK1 and transcription factor IRF3, ultimately inducing the expression of type I interferon (IFN-I) 

and various inflammatory factors, further leading to adverse outcomes such as senescence and apoptosis of NPPC. 
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amage-cGAS-STING pathway, thereby alleviating NPPC senes- 

ence, inflammatory responses, and mitochondrial dysfunction, 

nd ultimately decelerating IVDD progression. These findings not 

nly revealed a core driver of sterile inflammation in IVDD but also 

osition TAU as a potential disease-modifying agent with transla- 

ional promise. 

Our investigation commenced with a significant causal infer- 

nce: two-sample MR analysis provided genetic evidence support- 

ng a causal relationship between higher circulating TAU levels and 

 lower risk of IVDD. This established a solid foundation of clini- 

al relevance for our subsequent experiments, suggesting that el- 

vating TAU levels could be an effec tive pr eventive or therapeutic 

trategy. Subsequently, MD and dynamics simulations suggested 

hat TAU may directly interact with cGAS and STING proteins. Al- 

hough its binding affinity was relatively moderate compared to 

igh-affinity inhibitors, this likely reflects the characteristic mode 

f action of TAU—it may function not as a potent inhibitor but 

ather as a multi-target fine-tuner. This moderate interaction was 

ufficient to elicit significant biological effects in subsequent func- 

ional assays, indicating its regulatory role. 

In degenerated human NP tissues, we observed a positive cor- 

elation between the expression of key components of the cGAS- 

TING pathway (cGAS, STING) and the severity of degeneration. 

his finding aligns with reports by Chen et al., who linked the 

GAS-STING pathway to cellular senescence and tissue degener- 

tion [ 8 ]. In both human degenerative tissues and a chronic ox- 

dative stress (H2 O2 )-induced NPPC senescence model, we pro- 

osed that STING signaling activation is persistent and pathologi- 

al. Under the chronic, sustained stress typical of IVDD, mitochon- 

rial damage leads to continual leakage of mtDNA, resulting in 

he chronic overactivation of the cGAS-STING pathway. This ex- 

cerbates the local inflammatory microenvironment, ultimately 

hifting the pathway’s role from potentially protective to destruc- 

ive, driving chronic inflammation and cellular senescence [ 9 ]. 

hese events collectively form a vicious cycle of “DNA damage- 

nflammation-senescence-apoptosis”, accelerating ECM degrada- 

ion and structural disintegration of the disc. Our study elucidated 

he therapeutic value of TAU within this pathological context. 

TAU’s mechanism of action demonstrates multi-layered syner- 

istic effec t s. Mitochondria serve as central hubs for cellular en- 

rgy metabolism and apoptotic regulation [ 36 ], they also repre- 

ent a major source of ROS as well as the origin of mtDNA leakage 

 37 ]. First, acting upstream, TAU protects mitochondrial integrity 

nd reduces mtDNA leakage, thereby suppressing the aberrant ini- 

iation of the cGAS-STING pathway at its source. This indicates that 

he core benefit of taurine resides in its mitochondrial protective 

unction, which our study specifically attributes to the preserva- 

ion of mtDNA stability. Second, at the core of the pathway, TAU 

ikely exerts dual negative regulation through direct interaction 

ith cGAS/STING and by promoting the autophagic degradation 

f STING. Autophagy is a crucial homeostatic process for clearing 

amaged organelles and proteins within cells [ 38 , 39 ]. We found 

hat TAU enhances autophagic flux (increased LC3-II, decreased 

62), thereby accelerating STING clearance. This finding is signif- 

cant as it links TAU’s action to the cell’s intrinsic protein quality 

ontrol mechanisms [ 40 , 41 ]. Finally, downstream, TAU effectively 

nhibits the activation of the TBK1-IRF3 pathway and the produc- 

ion of pro-inflammatory cytokines, halting the inflammatory sig- 

aling cascade. This multi-target mode of action enables TAU to ef- 

ectively mitigate the multiple pathological consequences of sus- 

tained STING activation: cellular senescence, ECM degradation,

and apoptosis (Fig. 8 ). 

In our animal model, systemic administration of TAU signif-

icantly improved disc structure and function in rats and sup-

pressed the intradiscal inflammatory environment, strongly sup-

porting its translational potential. Certainly, this study has limi-

tations. The rat caudal puncture model primarily mimics injury-

induced degeneration and does not fully capture the slow, mul-

tifactorial, age-related characteristics of human IVDD. The direct

binding of TAU to cGAS/STING and its functional consequences re-

quire further validation via more precise genetic approaches, such

as point mutations. Furthermore, the bioavailability and specific

distribution of TAU within the intervertebral disc necessitate opti-

mization through more in-depth pharmacokinetic studies. 

In summary, the innovativeness of this study lies in the system-

atic validation of the cGAS-STING pathway as a key disease driver

in IVDD and the revelation that the natural molecule TAU mod-

ulates this pathway through a multi-faceted mechanism of “mi-

tochondrial protection-pathway inhibition-autophagy enhance-

ment”. Our work not only provides a new therapeutic target and

candidate drug for IVDD but also suggests that restoring commu-

nication homeostasis between organelles represents a promising

new strategy for treating degenerative diseases. 

Conclusion 

This study confirms that the persistent activation of the mitochon-

drial damage-mtDNA leakage-cGAS-STING pathway is a key patho-

logical axis driving sterile inflammation, cellular senescence, and

matrix degradation in IVDD. Through a multi-level chain of evi-

dence, we identify the natural small molecule TAU as an effec tive

multi-target modulator of this pathway. TAU exerts protective ef-

fects through a coordinated and sequential mechanism. Firstly,

at the source, it stabilizes mitochondrial function, significantly

reducing the cytosolic leakage of mtDNA, thereby curbing the

aberrant initiation of the cGAS-STING pathway. Secondly, at the

core of the pathway, TAU directly interacts with cGAS/STING and

promotes the autophagic degradation of STING, achieving dual

inhibition of signal transduction. Finally, by effectively blocking

the downstream TBK1-IRF3/NF- κB axis, TAU successfully reverses

the senescence process in NPPCs and alleviates inflammation-

mediated ECM degradation. In the rat IVDD model, TAU treatment

effec tively delayed the progressive loss of disc height and the dis-

ruption of tissue architecture. 

In conclusion, our findings position TAU as a potential ther-

apeutic agent capable of intervening in the disease process by

reestablishing homeostasis between mitochondria and the cy-

tosol. Targeting the cGAS-STING pathway provides a novel strategy

for developing disease-modifying therapies for IVDD, warranting

further clinical translation exploration. This work provides a the-

oretical foundation and experimental basis for developing TAU-

based novel interventions or drugs for treating IVDD and associ-

ated low back pain. 
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