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Abstract: Intervertebral disc degeneration (IVDD) is a major cause of chronic low back pain, driven by nucleus pulposus cell (NPC) 
senescence, extracellular matrix imbalance, and chronic inflammation. Transcription Factor EB (TFEB), a master regulator of 
autophagy and lysosomal biogenesis, has emerged as a pivotal player in degenerative diseases. By modulating autophagy-related 
genes, TFEB promotes the clearance of damaged components and maintains metabolic homeostasis in NPCs. Its dysfunction impairs 
autophagic flux, exacerbating cellular apoptosis, oxidative stress, and ECM degradation, thereby accelerating IVDD progression. 
Critically, this review is the first to systematically synthesize evidence positioning TFEB at the nexus of these pathological processes, 
establishing it as an integrative therapeutic target. We detail the molecular regulation of TFEB and its dysfunction in IVDD. 
Furthermore, we evaluate emerging TFEB-targeted strategies and discuss the key translational challenges. This work provides not 
only a mechanistic synthesis but also a forward-looking perspective on overcoming bottlenecks in TFEB-based therapy for IVDD. 
Keywords: TFEB, intervertebral disc degeneration, autophagy flux, nucleus pulposus cells

Introduction
Low back pain (LBP) affects up to 80% of individuals during their lifetime, imposing substantial economic burdens 
on individuals, families, and society.1 A comprehensive study spanning 204 countries identified LBP as the leading 
cause of disability-adjusted life years lost globally, with 619 million cases reported in 2020 and projected to increase 
to 843 million by 2050.2 Intervertebral disc (IVD) degeneration (IVDD) constitutes the primary etiology of LBP.3 The 
pathogenesis of IVDD involves complex mechanisms that frequently encompass cellular senescence, apoptosis, 
inflammatory responses, oxidative stress, and nutrient deprivation.4–6 With advancing age, metabolic dysfunction in 
senescent nucleus pulposus cells (NPCs) and progressive extracellular matrix (ECM) degradation collectively drive 
the structural and functional deterioration of the IVD, thereby initiating and exacerbating IVDD.7,8 Current clinical 
management of IVDD-related disorders primarily involves pharmacological and surgical interventions. However, 
conservative approaches (e.g., oral medications and physical therapy) and surgical procedures fail to address the 
underlying pathology.9,10 Consequently, elucidating the molecular regulatory mechanisms of IVDD and developing 
targeted therapeutic strategies are urgently needed.
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Autophagy has emerged as a focal point of recent scientific inquiry into IVDD pathology, serving as a fundamental 
cellular mechanism for maintaining homeostasis.11,12 It plays a context-dependent dual role in IVDD: while moderate 
autophagy protects cells, its dysregulation (either excessive or insufficient) can contribute to disease progression.13–16 This 
duality underscores the importance of identifying its precise upstream regulators. Studies have indicated that autophagy 
activation can suppress cellular senescence and apoptosis, inhibit ECM degradation and inflammation, thereby delaying 
IVDD.17,18 For example, Yurube et al19,20 demonstrated that targeting the mammalian target of rapamycin complex 1 
(mTORC1) effectively repairs IVDD both in vivo and in vitro through autophagy induction. Nevertheless, the precise 
modulation of autophagic activity presents significant challenges, highlighting the need to understand its master regulators.

Within the regulatory network of autophagy, Transcription Factor EB (TFEB) emerges as a pivotal master 
regulator.21 TFEB is a core member of the microphthalmia-associated transcription factor (MiT/TFE) family and enhances 
autophagic and lysosomal function by regulating related genes.22–24 Its therapeutic potential has been demonstrated in 
multiple pathologies, primarily through modulating the autophagy-lysosomal pathway.25–28 However, systematic research 
on TFEB within the IVDD field remains limited and fragmented. Previous studies have revealed that TFEB expression 
and activity decline during aging, potentially accelerating IVDD.12,29 This evidence suggests TFEB may play a key role, 
yet a comprehensive synthesis is lacking. Specifically, the integrative role of TFEB at the nexus of autophagy dysfunc
tion, oxidative stress, and chronic inflammation in IVDD has not been critically reviewed, and its potential as 
a therapeutic target remains underexplored.

Therefore, elucidating the mechanistic role of TFEB-regulated autophagy in IVDD is crucial. This review system
atically summarizes the central role of TFEB in regulating autophagy in NPCs, examines its pathological implications in 
IVDD, and critically analyzes the current advances in TFEB-targeted therapeutic strategies to provide novel insights and 
therapeutic targets for IVDD management.

Literature Search Methodology
To identify relevant literature for this narrative review, a systematic search was conducted in the PubMed and Web of 
Science electronic databases up to February 2026. The search strategy employed a combination of the following 
keywords and their variants: “Transcription Factor EB” OR “TFEB” AND “autophagy” AND (“intervertebral disc 
degeneration” OR “IVDD” OR “nucleus pulposus”). The reference lists of key articles were also manually screened to 
identify additional pertinent studies. Articles were included if they primarily investigated the role of TFEB and/or its 
regulated autophagy in the context of intervertebral disc biology or degeneration. Studies focusing solely on autophagy in 
IVDD without reference to TFEB, or on TFEB in other organ systems without disc relevance, were excluded. This 
approach aimed to ensure a comprehensive and focused synthesis of the current evidence linking TFEB to IVDD 
pathology.

Dual Regulatory Role of Autophagy in Intervertebral Disc Degeneration
Autophagy Overview
Autophagy is a highly conserved cellular process that is dependent on the lysosomal system to degrade damaged or 
redundant intracellular macromolecular structures, such as proteins and organelles. It serves as a critical mechanism 
for maintaining cellular homeostasis and responding to stress.30,31 Based on substrate delivery mechanisms and 
membrane origin, autophagy is primarily classified into three categories, macroautophagy, which involves the 
formation of double-membraned autophagosomes that engulf cytoplasmic components, ultimately fusing with lyso
somes for degradation. This is the most extensively studied form and plays a central role in IVDD.32,33 Moreover, 
microautophagy and chaperone-mediated autophagy (CMA) represent two supplementary autophagic modalities.34,35 

Mitophagy, a specialized form of macroautophagy, selectively removes damaged or depolarized mitochondria to 
maintain cellular metabolic balance and function.36,37 However, excessive mitophagy activation can lead to mitochon
drial dysfunction and cell death.38,39 The autophagic continuum encompasses stress-induced initiation, followed by 
autophagosome biogenesis, subsequent lysosomal fusion, and terminating in substrate degradation with material 
recycling.40,41
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Pathobiological Progression of Intervertebral Disc Degeneration
The IVD is a fibrocartilaginous cushion situated between adjacent vertebrae, comprising three distinct structural compo
nents: the central gelatinous NP, the inner and outer layers of the annulus fibrosus (AF), and the superior and inferior 
cartilaginous endplates (CEP).42 IVDD arises from the synergistic action of multiple pathological mechanisms, among 
which NPC senescence and apoptosis, imbalance between ECM catabolism and anabolism, activation of inflammatory 
responses, fibrosis of the AF, and calcification of the CEP all play pivotal roles.6,43 As degeneration progresses, NPC 
senescence and inflammation lead to decreased ECM synthesis and increased activity of degradative enzymes (such as 
matrix metalloproteinases and a disintegrin and metalloproteinase with thrombospondin motifs), exacerbating matrix 
degradation. This process severely compromises the structural integrity and functional capacity of the IVD. Chronic 
inflammation triggered by cellular senescence further exacerbates ECM degradation and AF disruption via proinflammatory 
cytokines such as interleukin-1β (IL-1β) and tumor necrosis factor-alpha (TNF-α).44,45

Fibrosis within the AF and the loss of proteoglycans diminish their mechanical strength, resulting in compromised 
disc stability. These pathological alterations interact synergistically, collectively impairing the biomechanical function of 
the IVD and driving pathological progression of IVDD.

Dual Regulatory Mechanisms of Autophagy in Intervertebral Disc Degeneration
With NPC senescence, ECM metabolic imbalance, and exacerbated inflammatory responses within the IVD, autop
hagy functions as a critical cellular self-protection mechanism, exerting complex regulatory roles in this process. 
Moderate autophagy degrades intracellular proteins and organelles, thereby maintaining normal cellular metabolism 
and homeostasis. However, both the overactivation and inhibition of autophagy may exacerbate IVDD. Particularly in 
hypoxic and nutrient-deficient microenvironments, dysregulation of autophagic function in NPCs further aggravates 
IVDD (Figure 1) and (Table 1). Therefore, a comprehensive analysis of the role of autophagy in IVDD not only 
facilitates the elucidation of its pathophysiological mechanisms but also provides novel insights for developing related 
therapeutic strategies.

Autophagy Inhibits Nucleus Pulposus Cell Senescence
Cellular senescence constitutes a core pathological hallmark of IVDD, characterized by irreversible cell cycle arrest and 
induction of the senescence-associated secretory phenotype (SASP).63 Activation of the autophagic pathway has been 
shown to effectively mitigate NPC senescence. For instance, Tbxt expression is reduced in degenerative NPCs. Its 
overexpression significantly enhances autophagy by driving the transcriptional upregulation of ATG7, thereby mitigating 
H2O2-induced cellular senescence and death. This protective effect is abrogated by the autophagy inhibitor 3-methyla
denine (3-MA).46 Concurrently, Wang et al47 elucidated that isorhapontigenin mitigates NPC senescence and suppresses 
ECM degradation by augmenting PI3K/AKT/mTOR-mediated autophagy. Furthermore, Chen et al48 observed decreased 
SIRT6 expression in senescent cells. Overexpression of SIRT6 activates autophagy and reduces stress-induced senes
cence in NPCs, an effect that is partially reversed by autophagy inhibitors. Collectively, these findings confirm that 
targeted modulation of the autophagic pathway provides a novel therapeutic strategy for IVDD intervention by delaying 
NPC senescence.

Autophagy Inhibits Nucleus Pulposus Cell Apoptosis
Apoptosis, a classical form of programmed cell death, plays a pivotal role in metabolic processes in living 
organisms. Autophagy is closely associated with apoptosis of NPCs. Zhou et al49 observed that irisin inhibits 
NPC senescence and apoptosis by activating autophagy, thereby delaying IVDD. Further investigations by Lin 
et al50 confirmed that urolithin A (UA) significantly suppressed NPC apoptosis through the selective activation of 
the mitophagy pathway, consequently maintaining cell viability and secretory-metabolic function under stress 
conditions. Animal experiments revealed that UA intervention effectively ameliorated pathological damage in the 
IVD and surrounding tissues in a puncture-induced IVDD rat model, while decelerating IVDD progression. 
Additionally, Bai et al51 discovered that cyanidin modulated the expression levels of LC3-II/I conversion (0.83- 
fold upregulation), cleaved Caspase-3, and pro-apoptotic protein BAX through the activation of autophagic 
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activity in rat NPCs. This upregulated the autophagic flux, thereby delaying NPC degeneration and inhibiting 
apoptosis. This study showed that cyanidin ameliorated NPC functionality in IVDD by modulating the JAK2/ 
STAT3 signaling pathway, providing experimental evidence for its potential as a therapeutic target.

Autophagy Activation Maintains Extracellular Matrix Homeostasis
The ECM constitutes an essential external environment for cell survival, and ECM metabolic imbalance is a major 
pathological hallmark of IVDD. Zhang et al52 found that quercetin significantly enhanced the protein expression levels of 
the autophagy markers LC3-II and Beclin-1 in NPCs, while simultaneously reducing MMP-13 expression. This maintains 
a balance between ECM synthesis and degradation, thereby preserving normal compositional proportions. Further mechan
istic investigations confirmed that quercetin enhanced autophagic flux through the activation of the SIRT1 signaling pathway, 
significantly inhibiting ECM degradation. Animal model studies demonstrated that quercetin exerts protective effects on 
degenerated IVDs by suppressing ECM degradation.53 Another study identified miR-210 as a critical regulatory target that 
modulates IVDD by regulating NPC autophagy activity and ECM metabolic homeostasis.54 Taken together, these results 
indicate that autophagy effectively regulates the synthesis-degradation equilibrium of the ECM, suggesting that targeted 
modulation of autophagy may serve as an efficient strategy for preventing and treating IVDD.

Autophagy Suppresses Inflammation
The pathological progression of IVDD is closely associated with an inflammatory microenvironment. Degenerated disc 
tissues exhibit abnormal accumulation of proinflammatory mediators such as TNF-α, IL-1β, and interleukin-17 (IL-17). 
These inflammatory cytokines play crucial roles in IVDD pathogenesis by driving matrix metabolic imbalance and 

Figure 1 The dual roles of autophagy in IVDD. Autophagy serves as a critical cellular survival mechanism. Within the IVDD, autophagy delays or prevents the progression of 
IVDD by facilitating the clearance of damaged organelles and misfolded proteins; conversely, excessive autophagy accelerates degeneration by inducing apoptosis and 
senescence of NPCs.When the non-protective effects of autophagy become progressively amplified, they may potentiate IVDD progression.
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cellular senescence.64 A recent study revealed that rapamycin effectively ameliorates IL-1β-induced inflammatory injury 
in NPCs through mTORC1 inhibition and subsequent activation of autophagic flux.55 Yi et al56 reported that specific 
inhibition of the nuclear factor-kappa B (NF-κB) signaling pathway in NPCs substantially alleviates lipopolysaccharide 
(LPS)-induced inflammatory cascades via autophagy activation. In vitro experiments confirmed that p65 gene silencing 
not only significantly elevated LC3-II levels and promoted p62 protein degradation but also concomitantly reduced the 
expression of proinflammatory mediators, including TNF-α and IL-1β. Notably, these anti-inflammatory effects were 
markedly reversed following intervention with the autophagy inhibitor, chloroquine, indicating that autophagy activation 
plays an essential role in suppressing inflammatory responses.

Autophagy Attenuates Oxidative Stress
Oxidative stress refers to a pathological process characterized by excessive accumulation of reactive oxygen species 
(ROS) generated during cellular metabolism, leading to structural and functional damage to cells.65 Oxidative stress can 
mediate cellular senescence and death through activation of multiple signaling pathways.45 Current evidence indicates 
that delphinidin protects NPCs from oxidative stress-induced damage by activating the SIRT1/AMPK/mTOR pathway to 
promote autophagy.57 Yu et al58 reported that targeted delivery of isoginkgetin via a ROS-responsive delivery system 
significantly suppresses H2O2-induced ROS accumulation in NPCs, upregulates ECM synthesis proteins, and counteracts 
mitochondrial damage through autophagy activation. Notably, this protective effect was markedly attenuated by treat
ment with inhibitors of autophagy. Additionally, Yang et al59 revealed that lycopene potentially mitigates oxidative 
stress-induced IVDD by activating the nuclear factor erythroid 2-related factor 2 (NRF2) signaling pathway.

Excessive Autophagy Accelerates Intervertebral Disc Degeneration
Autophagy manifests as a paradoxical double-edged sword effect in IVDD. Although moderate autophagy activation 
exerts cytoprotective effects, excessive or sustained autophagic activity exacerbates IVDD.

In an early study, researchers discovered that excessive autophagy activation promotes NPC apoptosis and senes
cence. When murine NPCs were treated with the autophagy inhibitor 3-MA under 1.0 MPa pressure, cell mortality 

Table 1 Dual Role of Autophagy in IVDD: Key Evidence Summary

Effect Type Primary Function/Effect Key Regulators/ 
Interventions

Core Molecular Mechanisms/Pathways

Protective Role Inhibition of NPC 

senescence

Tbxt,46 isorhapontigenin,47 

SIRT648

ATG7 gene transcription ↑; PI3K/AKT/mTOR pathway ↑; 

autophagic activity ↑

Inhibition of NPC apoptosis Irisin,49 urolithin A,50 

cyanidin51

Autophagic activity ↑; mitophagy activity ↑; JAK2/STAT3 

pathway ↑

Maintenance of ECM 

homeostasis

Quercetin,52,53 miR-21054 LC3-II ↑; Beclin-1 ↑; MMP-13 ↓; SIRT1 signaling pathway 

↑; regulate ECM metabolism

Suppression of 

inflammation

Rapamycin,55 p6556 mTORC1 ↓; IL-1β ↓; NF-κB signaling pathway ↓

Attenuation of oxidative 

stress

Delphinidin,57 

Isoginkgetin,58 

Lycopene59

SIRT1/AMPK/mTOR pathway ↑; NRF2 signaling pathway ↑

Detrimental Role Induction of NPC 
apoptosis/senescence

Excessive mechanical load 
(>1.0 MPa stress)60

ROS ↑

Enhancement of 
mitochondrial degradation

Chronic mechanical stress61 Mitophagy activity ↑

Promotion of NPSC 
ferroptosis

RBX162 Ferritinophagy ↑
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increased significantly within 48 hours compared to pressure-only control groups.60 However, this pro-death effect of 
3-MA markedly diminished beyond the 48-hour timeframe. This suggests that moderate autophagy activation during 
initial stress exposure protects NPCs; however, when the stimulus intensity or duration exceeds critical thresholds, 
enhanced autophagic flux may paradoxically accelerate NPC apoptosis. Jin et al66 revealed that estradiol alleviates 
menopause-induced IVDD in rat models by suppressing autophagy. Subsequent investigations have substantiated that 
this temporally dependent shift in autophagic function manifests more pronouncedly within distinct autophagic pathways. 
Huang et al61 demonstrated that prolonged mechanical stress accelerates NPC senescence by activating the PINK1/ 
Parkin-mediated mitophagy pathway, which triggers excessive mitochondrial degradation. Notably, Zhou et al62 identi
fied that within the acidic microenvironment of IVDD, NCOA4-mediated ferritinophagy becomes aberrantly enhanced, 
driving intracellular iron overload and inducing ferroptosis in nucleus pulposus stem cells (NPSCs). Ring-box 1 (RBX1) 
functions as a critical negative regulator and its functional inhibition exacerbates this pathological cascade. Experimental 
overexpression of RBX1 effectively protected NPSCs and retarded degeneration progression, thereby providing novel 
evidence of the detrimental consequences of excessive autophagy activation.

Autophagy plays a dual role in IVDD. Moderate activation facilitates the clearance of damaged organelles, maintains 
ECM homeostasis, delays cellular senescence and apoptosis, and suppresses inflammatory responses, thereby conferring 
protective effects. Conversely, the excessive activation of autophagy may induce cellular dysfunction, senescence, and 
programmed cell death, ultimately exacerbating IVDD. Consequently, precise modulation of autophagic activity to 
prevent both hyperactivation and oversuppression represents a pivotal challenge for future IVDD prevention and 
treatment research. However, the precise threshold or molecular switch that defines the transition of autophagy from 
a protective to a detrimental process in IVDD remains unclear. Future studies are needed to elucidate how TFEB activity 
precisely regulates this equilibrium across different disease stages or under varying microenvironmental stresses.

Fundamental Functions and Regulatory Mechanisms of TFEB
Given the central role of autophagy in the pathological progression of IVDD and its dual regulatory nature, precise 
targeting of autophagic activity has emerged as a highly promising therapeutic strategy. However, achieving such 
a precise modulation presents significant challenges. TFEB, which functions as the master transcriptional regulator of 
the autophagy-lysosome pathway, orchestrates key processes including autophagosome formation, lysosomal biogenesis, 
and autophagic substrate degradation. Therefore, it plays a pivotal role in maintaining autophagic homeostasis. 
A comprehensive understanding of the biological characteristics of TFEB and its intricate regulatory network is 
fundamental for elucidating its mechanistic role in IVDD and developing targeted intervention strategies.

Biological Characteristics of TFEB
TFEB is a member of the microphthalmia-associated transcription factor E (MiT/TFE) family. As a central regulator of 
lysosomal biogenesis and autophagy, TFEB plays an indispensable role in maintaining cellular homeostasis and in 
clearing damaged organelles and proteins.67 Under nutrient-replete conditions, TFEB is predominantly localized within 
the cytoplasm. However, under stress conditions, including starvation, lysosomal stress, infection, inflammation, and 
mitochondrial damage, TFEB translocates to the nucleus and activates the transcription of genes encoding autophagy 
regulators and lysosomal functional components.68,69 Furthermore, TFEB participates in the regulation of multiple 
biological processes, including cellular senescence, DNA repair, carbohydrate metabolism, lipid metabolism, and the 
WNT signaling pathway.70–72

Regulatory Mechanisms of TFEB
The activity of TFEB primarily depends on its subcellular localization and is stringently regulated through post- 
translational modifications (Figure 2).68 The phosphorylation status of specific serine residues within the TFEB protein 
directly determines its cellular localization. Phosphorylated TFEB predominantly resides in the cytoplasm, whereas 
dephosphorylated TFEB translocates to the nucleus.30 Kinases involved in TFEB phosphorylation include mTORC1, 
extracellular signal-regulated kinase 2 (ERK2, also known as MAPK1), calcineurin (e.g., protein phosphatase 2A), 
protein kinase B (AKT), and glycogen synthase kinase 3 beta (GSK3β).69,73,74
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As a central metabolic regulatory hub, mTORC1 dynamically coordinates cellular responses to environmental signals 
by mediating the phosphorylation of multiple substrates.75 Under nutrient-sufficient conditions, activated mTORC1 
phosphorylates TFEB, retaining it in the cytoplasm and consequently suppressing the transcription of autophagy and 
lysosomal biogenesis genes. Conversely, during amino acid deprivation, mTORC1 inactivation leads to TFEB depho
sphorylation and dissociation from RAG GTPases, enabling its nuclear translocation and activation of autophagy-related 
gene expression.29 The S122, S142, and S211 residues of TFEB serve as phosphorylation targets for mTORC1.76 

Notably, phosphorylation at S142 is mediated not only by mTORC1 but also by ERK2. Under nutrient-replete conditions, 
ERK2 phosphorylates TFEB, thereby inhibiting its nuclear entry.77 GSK3β phosphorylates TFEB at S134 and S138 
residues, promoting cytoplasmic retention. Conversely, GSK3β inhibition facilitated TFEB nuclear translocation. Protein 
kinase C isoforms PKCα and PKCδ induce TFEB nuclear translocation by inhibiting GSK3β-mediated phosphorylation 
of TFEB.78

In addition to phosphorylation, TFEB activity is regulated through other post-translational modifications, including 
acetylation and SUMOylation.67 These are critical post-translational modifications that finely regulate protein stability, 
solubility, enzymatic activity, and intracellular localization. Acetyltransferase GCN5 inhibits the nuclear translocation of 
TFEB at lysine residues K274 and K279.74 Lysine acetyltransferase p300 (KAT3B, encoded by EP300) is one of the core 
enzymes involved in this modification. It primarily localizes within the nucleus but undergoes dynamic shuttling. p300 
acetylates multiple autophagy-regulatory proteins (ATG proteins) and its expression is inversely correlated with autop
hagic activity. Activated mTORC1 complex phosphorylates and activates p300, thereby suppressing starvation-induced 
autophagy and promoting lipid synthesis. Crucially, p300 acetylates TFEB, suggesting that mTOR signaling may 

Figure 2 Post-translational modifications of TFEB and their modification sites within TFEB structural domains. The activity of TFEB is tightly regulated by post-translational 
modifications, including phosphorylation, acetylation, and sumoylation. This figure illustrates the various post-translational modifications of TFEB and their corresponding 
modification sites.
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constitute a key regulatory axis through p300-mediated acetylation, profoundly affecting TFEB subcellular localization, 
transcriptional activity, and its mediation of autophagy-lysosomal function.77 Sumoylation is a process that modulates 
protein function through the attachment of small ubiquitin-like modifiers (SUMO). Sumoylation modulates the transcrip
tional activity of TFEB, playing a regulatory role, particularly within the promoter regions of MITF target genes.79

TFEB in Intervertebral Disc Degeneration
TFEB functions as the master transcriptional regulator of the autophagy-lysosome pathway, orchestrating cellular 
homeostasis through sophisticated regulatory mechanisms such as phosphorylation-dependent modulation and nucleo
cytoplasmic shuttling dynamics. During the pathological progression of IVDD, a convergence of endogenous factors (e. 
g., cellular senescence and mitochondrial dysfunction) and exogenous stressors (e.g., oxidative damage, inflammatory 
microenvironments, and aberrant mechanical loading) culminates in diminished TFEB expression, impaired nuclear 
localization, and significantly reduced transcriptional activity. TFEB dysfunction plays a pivotal role in the pathogenesis 
of IVDD. It not only directly compromises autophagic flux homeostasis, but also weakens cellular antioxidant defenses, 
amplifies inflammatory responses, and disrupts mitochondrial quality control along with extracellular matrix metabolic 
equilibrium. It is critical to distinguish between general autophagy modulation and TFEB-specific effects. This section 
focuses on the latter, synthesizing how the loss of TFEB function—a specific defect in the autophagy-lysosomal 
transcriptional program—uniquely contributes to IVDD pathogenesis beyond a simple reduction in autophagic activity. 
Consequently, elucidating the precise mechanisms by which TFEB dysregulation drives these pathological processes is 
crucial for deciphering the essence of IVDD and for developing targeted therapeutic strategies.

Role of TFEB in Regulating Autophagic Flux
Autophagic flux serves as a critical indicator of cellular capacity to clear damaged proteins and organelles, and is 
essential for maintaining cellular homeostasis. During IVDD progression, insufficient autophagic flux leads to intracel
lular waste accumulation, cellular damage, and ECM degradation. As a master regulator of autophagic flux, TFEB 
maintains a dynamic equilibrium by modulating the expression of autophagy-related genes. Studies have shown that 
diminished TFEB activity induces lysosomal dysfunction and reduces autophagosome clearance efficiency, thereby 
exacerbating NPC senescence and apoptosis.80,81

20-Deoxyingenol (20-DOI) activates TFEB to significantly enhance autophagic flux while suppressing the cyclic 
GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) signaling pathway, thereby inhibiting cellular 
senescence phenotypes associated with IVDD.82 Notably, Liang et al81 found that lysine methylation of protein 
phosphatase 1 catalytic subunit alpha (PPP1CA) inhibits TFEB dephosphorylation, thereby impeding its nuclear 
translocation and further disrupting autophagic flux. Targeted inhibition of the methyltransferase SUV39H2 restores 
TFEB activity, delays NPC senescence, and effectively mitigates IVDD. Furthermore, mechanical overload impairs the 
NPC autophagic flux and induces cell death by causing lysosomal dysfunction. During this process, the expression of 
TFEB, the master regulator governing lysosomal quality control, is significantly downregulated. TFEB overexpression 
restores lysosomal function, mitigates autophagic flux impairment, and effectively prevents mechanical overload-induced 
IVDD. Human IVDD specimens exhibit lysosomal quality control defects and compromised autophagic function, 
confirming TFEB’s central role in maintaining autophagic flux through lysosomal regulation and its therapeutic targeting 
potential.83 These observations collectively establish that enhancing TFEB activity plays a pivotal role in preserving 
autophagic flux during IVDD.

Protective Role of TFEB Against Oxidative Stress
Oxidative stress is a major contributor to IVDD, damaging mitochondria through ROS accumulation and disrupting 
ECM metabolic equilibrium. TFEB mitigates oxidative stress-induced cellular damage by promoting the autophagy- 
lysosomal pathway, thereby protecting NPCs from apoptosis and senescence.84,85 Xie et al84 elucidated that apigenin 
activates TFEB through modulation of the AMPK/mTOR signaling pathway, restoring autophagic flux levels and 
significantly inhibiting ROS-mediated damage to mitochondria and the ECM. Further studies revealed that the 
natural alkaloid palmatine enhances autophagic flux by promoting TFEB nuclear translocation, effectively 
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suppressing tert-butyl hydroperoxide (TBHP)-induced ROS accumulation and oxidative injury while alleviating NPC 
degeneration. Animal experiments have further validated its efficacy in delaying IVDD progression.86 Moreover, 
Apelin enhances collagen type II and aggrecan synthesis in NPCs under oxidative stress by promoting TFEB nuclear 
translocation, thereby proposing a novel therapeutic strategy for IVDD.85

The antioxidant effect of TFEB is mediated by modulation of inflammatory signaling pathways. Under oxidative 
stress conditions, NF-κB signaling is activated, whereas enhanced TFEB expression reduces proinflammatory cytokine 
release by suppressing NF-κB activity.87 In oxidative stress models, TFEB not only restores autophagic flux but also 
significantly reduces levels of NF-κB-dependent inflammatory factors. This dual regulatory mechanism indicates that 
TFEB not only effectively alleviates oxidative stress damage, but also exerts critical protective effects through the 
suppression of inflammation, consequently facilitating IVDD repair.

Role of TFEB in Regulating Inflammation
Inflammation represents a key initiating factor in IVDD, manifesting as elevated proinflammatory cytokine levels in 
NPCs, dysregulation of ECM anabolism/catabolism, and deterioration of the tissue microenvironment.88 In recent years, 
the role of autophagy in modulating chronic inflammation has garnered substantial attention. As a master regulator of the 
autophagy-lysosomal system, TFEB demonstrates a significant potential for alleviating IVDD-associated inflammation.

TFEB exerts critical anti-inflammatory effects through dual regulation of autophagy and inflammatory signaling 
pathways. Research has established that TFEB alleviates chronic inflammation-induced tissue damage by enhancing 
autophagy-lysosomal function to clear damaged intracellular organelles and inflammatory mediators.89 Notably, in sepsis 
models, Erbin has been shown to restore autophagy-lysosomal function and mitigate inflammatory responses by 
promoting TFEB nuclear localization.90 Given that TFEB exerts anti-inflammatory effects by enhancing autophagic- 
lysosomal clearance capacity and suppressing key inflammatory signaling pathways (e.g., NF-κB), this mechanism has 
been established as critical within the chronic inflammatory milieu of IVDD.87 Consequently, targeting the Erbin-TFEB 
axis or analogous upstream regulators to activate TFEB represents a highly promising therapeutic approach for mitigating 
chronic inflammation associated with IVDD.

Furthermore, TFEB functions as a pleiotropic mediator of anti-inflammatory responses through multi-pathway 
regulation. For instance, in non-alcoholic steatohepatitis (NASH) models, the AMPK agonist buddleoside suppresses 
inflammation and fibrosis through TFEB activation.27 In atherosclerosis, Wang et al91 observed that TFEB mitigates 
inflammatory damage by regulating the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signaling pathway. 
These results suggest that the TFEB-mediated integration of multiple signaling pathways is a conserved mechanism 
underlying its pleiotropic anti-inflammatory functions. Building upon TFEB regulatory paradigms in diseases such as 
sepsis, NASH, and atherosclerosis, developing disc-targeted TFEB activation strategies constitutes a potential break
through point for alleviating IVDD-associated inflammation.

In summary, TFEB plays a pivotal regulatory role in suppressing IVDD-related inflammation by enhancing autopha
gic function and intervening in the key inflammatory pathways. Developing targeted TFEB activation strategies provides 
novel therapeutic avenues for anti-inflammatory treatment of IVDD.

TFEB in Mitochondrial Quality Control and Matrix Metabolism Regulation
Mitochondrial dysfunction is the core mechanism of IVDD. ROS accumulation and loss of mitochondrial membrane 
potential trigger cellular apoptosis and ECM degradation, whereas mitochondrial quality control is essential for main
taining cellular homeostasis. TFEB mitigates oxidative stress and inflammation-induced damage in NPCs by regulating 
mitophagy, thereby promoting mitochondrial quality control.

Jin et al92 reported that exosomes derived from hypoxia-preconditioned bone marrow mesenchymal stem cells 
(BMSCs) activated the BNIP3-ANAX2-TFEB axis, enhancing mitophagy and significantly improving mitochondrial 
function and matrix synthesis capacity in degenerated NPCs. Additionally, trigonochinene E enhances lysosomal 
biogenesis and mitochondrial quality control through the TFEB/TFE3 pathway, restoring ECM component synthesis 
while alleviating oxidative stress-induced cellular damage.93 These findings demonstrate that TFEB plays a pivotal 
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role in regulating mitochondrial function and ECM metabolism and has significant implications for IVDD 
regeneration.

The preceding sections delineate TFEB’s multifaceted protective roles. Importantly, these functions are not isolated 
but are integrated through TFEB’s position as a central node. For instance, TFEB-mediated restoration of autophagic flux 
directly mitigates oxidative stress by clearing damaged mitochondria, which in turn reduces a major trigger for 
inflammation. This interconnectedness underscores that TFEB is not merely involved in discrete pathways but coordi
nates a holistic cellular response to degeneration. A critical gap remains in understanding how this integrated network 
dynamically adapts—or fails—across the spectrum from early to end-stage IVDD.

In summary, the central regulatory role of TFEB in IVDD is well-established. It participates in IVDD pathogen
esis by orchestrating four critical homeostatic mechanisms: autophagy-lysosomal clearance, antioxidant defense, 
anti-inflammatory regulation, and mitochondrial quality control (Figure 3). Mechanistically, TFEB dysfunction 
triggers impairment of autophagic flux, leading to accumulation of damaged substrates and induction of oxidative 
stress; the synergistic crosstalk between autophagic disruption and oxidative damage further amplifies inflammatory 
responses. In concert, this triad of perturbations disrupts mitochondrial bioenergetics and ECM homeostasis, 
ultimately mediating progressive structural and functional deterioration of the disc. This self-reinforcing pathological 
cycle elucidates the molecular basis of irreversible IVDD progression, and provides a fundamental theoretical 
framework for the development of targeted interventions.

Figure 3 TFEB mitigates IVDD through modulation of autophagic flux. TFEB enhances autophagy through transcriptional upregulation of core autophagy-related genes (e.g., 
ATG family members, lamp1, beclin-1, ulk1), driving lysosomal biogenesis and autophagosome formation. This coordinated response protects NPCs via suppression of ECM 
degradation, attenuation of inflammatory cascades, mitigation of oxidative damage and inhibition of apoptosis, collectively preserving NPC homeostasis and retarding IVDD 
progression.
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TFEB Repairs Intervertebral Disc Degeneration Through Promoting 
Autophagy
TFEB Activator
The activation of TFEB represents an effective strategy for enhancing autophagy and lysosomal function, facilitating the 
clearance of damaged organelles, degradation of abnormal proteins, and maintenance of cellular homeostasis. This 
approach provides a potential therapeutic avenue for effective prevention and treatment of IVDD. In recent years, 
numerous small-molecule compounds, natural products, and pharmaceutical agents have been shown to activate TFEB, 
thereby exhibiting promising therapeutic potential (Table 2). Multiple pharmacological agents promote TFEB nuclear 
translocation and transcriptional activity by inhibiting the mTOR signaling pathway, including rapamycin, celastrol, 
bimiralisib, omipalisib, PP242, torin1, torin2, and PP30.94–98 These agents inhibit mTORC1 activity, thereby preventing 
TFEB phosphorylation and facilitating its nuclear translocation, which subsequently enhances autophagic and lysosomal 
functions. Curcumin analog C1 serves as a direct TFEB activator that functions without relying on mTOR 
inhibition.99,100 Additionally, curcumin and SB216763 indirectly promote TFEB nuclear translocation by inhibiting 
GSK3β activity.22,101 Narirutin induces TFEB dephosphorylation and nuclear entry through enhanced calcineurin 
activity.102 Trehalose promotes TFEB nuclear localization by mediating intracellular calcium ion release and further 
activating the autophagic pathway.103 These compounds enhance TFEB activity by modulating intracellular calcium ion 
concentration and calcium signaling, providing novel insights for IVDD treatment.

Bottlenecks in Therapeutic Applications of TFEB Activators for Intervertebral Disc 
Degeneration
Current TFEB activators act on multiple signaling pathways, potentially causing aberrant regulation of non-target cellular 
functions. Consequently, achieving cell type-specific TFEB activation within disc cells while avoiding adverse effects in 
other tissues or organs remains a critical challenge. Additionally, sustained TFEB activation may exert negative effects 
on cellular homeostasis, such as induction of metabolic dysregulation or drug resistance. Future studies should evaluate 
the safety profiles and potential side effects associated with prolonged administration of TFEB activators. Furthermore, 
targeted drug delivery to disc cells remains a bottleneck. Integrating nanotechnology or targeted delivery platforms could 

Table 2 TFEB Activators

Activator Primary target/ 
Mechanism

Related Models Efficacy in Related Models Reference

Rapamycin mTORC1 inhibitor Alzheimer’s disease 

models

Reverses Aβ deposition, tauopathy, and cognitive deficits [95]

Torin1 mTORC1 inhibitor Human IVDD models Reverse autophagic impairment and extracellular matrix 

degradation

[94]

Curcumin GSK3β inhibitor Neurodegenerative 

models

Synergize with NRF2/HO-1 to combat oxidative stress [101]

SB216763 GSK3β inhibitor Presenilin-1-deficient 

neural stem cells

Significantly elevate transcription of autophagy-related genes in 

PS1−/− NSCs (qRT-PCR validated)

[22]

Trehalose Calcium signaling, 

mTORC1 inhibitor

Peritoneal 

macrophage

Promote autophagy-related gene expression and clearance of 

misfolded proteins via PPP3/TFEB axis

[103]

Narirutin Calcium signaling Hepatic injury models Target PPP3/calcineurin to activate TFEB and promote 

autophagy

[102]

Curcumin 

analog C1

Direct TFEB 

activator

Alzheimer’s disease 

models

Facilitating robust clearance of Aβ and Tau aggregates, thereby 

ameliorating synaptic and cognitive functions

[99,100]
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enhance local drug concentration while reducing systemic side effects, thereby enabling more precise therapeutic 
strategies for IVDD.104,105 Future directions for TFEB-targeted therapeutic strategies may be realized through inter
disciplinary technological breakthroughs, including the development of more potent and specific small-molecule activa
tors and enhanced precision in TFEB activation via gene-editing technologies (e.g., CRISPR/Cas9),106 and the 
implementation of biomaterials and nanotechnology for disc cell-targeted delivery (Figure 4). In summary, TFEB 
activation is a promising strategy for delaying or reversing IVDD progression. By addressing current challenges and 
integrating emerging technologies, TFEB-targeted therapies hold significant potential for achieving breakthrough 
advances in the efficient prevention and management of IVDD.

Beyond these translational hurdles, deeper mechanistic contradictions must be reconciled. A fundamental paradox 
exists: while TFEB activation is generally proposed as therapeutic, its activity is inherently suppressed by the nutrient- 
sensing mTORC1 pathway, which itself may be aberrantly regulated in IVDD. Furthermore, the potential for dual 
outcomes based on context is not fully resolved. Could forceful TFEB activation in the severely degenerative, acidic disc 
core—where lysosomal efficiency is already compromised—overwhelm the system and exacerbate pathology? Most 
evidence comes from models of induced or early-stage degeneration; its efficacy and safety in advanced disease remain 
speculative. Finally, the field largely focuses on TFEB, neglecting its family members (e.g., TFE3). Their potential 
compensatory roles or distinct functions in IVDD constitute a significant knowledge gap.

Figure 4 Exploring novel strategies for intervening in degeneration. Targeted delivery of apigenin and AAV-TFEB via nanoparticles activates the TFEB-autophagy axis to 
remodel NPC homeostasis.
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Conclusion and Perspectives
As a master regulator of the autophagy-lysosomal system, TFEB plays a pivotal role in IVDD initiation and progression. 
By coordinately enhancing autophagic flux, maintaining mitochondrial homeostasis, and suppressing inflammatory and 
oxidative stress responses, TFEB activation effectively mitigates NPC dysfunction and decelerates degenerative pro
cesses in preclinical models. These findings establish TFEB as a compelling novel therapeutic target for IVDD.

The therapeutic rationale for targeting TFEB follows a defined mechanistic cascade: Strategies aim to enhance TFEB 
activity within NPCs via pharmacological or genetic means. This boosts autophagic flux and lysosomal function through 
transcriptional programming, thereby restoring a core homeostatic axis. The anticipated cellular outcomes include 
attenuated oxidative stress, mitigated inflammation, improved mitochondrial quality, and balanced ECM metabolism. 
Collectively, these changes are expected to preserve disc structure and function, ultimately translating into the clinical 
goals of pain reduction and disability prevention.

Despite this compelling mechanistic rationale, translating TFEB-targeted strategies into clinical therapies faces formidable, 
interconnected barriers. Currently, no TFEB modulator has entered clinical trials for IVDD, primarily due to four core 
limitations. First, the specificity and safety challenge: achieving NPC-restricted activation is crucial to avoid systemic effects, 
given TFEB’s role in broad cellular processes. Second, the disc-specific delivery bottleneck: the avascular, high-pressure disc 
microenvironment severely limits drug penetration, necessitating advanced delivery systems (e.g., biomaterial carriers, nano
particles). Third, the unclear therapeutic window: the “dual role” of autophagy implies a narrow optimal range. The required 
dosage, timing, and stage-specificity of TFEB activation remain poorly defined, with sustained activation risking lysosomal or 
metabolic stress. Fourth, the human evidence gap: robust validation in clinically relevant human disc tissue models across 
degeneration grades is critically needed.

Future research must therefore address these translational bottlenecks. Key directions include: (i) developing disc- 
homing or conditional TFEB agonists; (ii) integrating these agents with advanced intra-disc delivery platforms; and (iii) 
establishing human disc organoid/explant models for efficacy and safety testing. Addressing these challenges will 
determine whether TFEB transitions from a promising molecular target to a viable therapeutic.

In summary, through interdisciplinary integration, TFEB-targeted strategies hold significant potential to overcome 
current limitations in IVDD management. The path forward requires a balanced focus on mechanistic depth and practical 
solutions to delivery and specificity challenges. This dual approach aims to provide new strategies to delay IVDD 
progression and improve patient quality of life.
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