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A B S T R A C T   

As a permanent state of cell cycle arrest, cellular senescence has become an important factor in aging and age- 
related diseases. As a central regulator of physiology and pathology associated with cellular senescence, the 
senescence associated secretory phenotype can create an inflammatory and catabolic environment through 
autocrine and paracrine ways, ultimately affecting tissue microstructure. As an age-related disease, the corre-
lation between intervertebral disc degeneration and cellular senescence has been confirmed by many studies. 
Various pathological factors in the microenvironment of intervertebral disc degeneration promote senescent cells 
to produce and accumulate and express excessive senescence associated secretory phenotype. In this case, 
senescence associated secretory phenotype has received considerable attention as a potential target for delaying 
or treating disc degeneration. Therefore, we reviewed the latest research progress of senescence associated 
secretory phenotype, related regulatory mechanisms and intervertebral disc cell senescence treatment strategies. 
It is expected that further understanding of the underlying mechanism between cellular senescence pathology 
and intervertebral disc degeneration will help to formulate reasonable senescence regulation strategies, so as to 
achieve ideal therapeutic effects. 
The translational potential of this article: Existing treatment strategies often fall short in addressing the challenge of 
repairing intervertebral disc Intervertebral disc degeneration（IVD） degeneration. The accumulation of se-
nescent cells and the continuous release of senescence-associated secretory phenotype (SASP) perpetually 
impede disc homeostasis and hinder tissue regeneration. This impairment in repair capability presents a sig-
nificant obstacle to the practical clinical implementation of strategies for intervertebral disc degeneration. As a 
result, we present a comprehensive overview of the latest advancements in research, the associated regulatory 
mechanisms, and strategies for treating SASP in IVD cells. This article aims to investigate effective interventions 
for delaying the onset and progression of age-related intervertebral disc degeneration. In an era where the aging 
population is becoming increasingly prominent, this endeavor holds paramount practical and translational 
significance.   

1. Introduction 

Low back pain (LBP) is one of the most common and important 
causes of disability, with approximately 60%–80% of people worldwide 
experiencing symptoms of LBP throughout their lifetime. And the inci-
dence rate is increasing year by year worldwide [1]. Low back pain can 
be caused by many factors, including intervertebral disc degeneration 
(IVDD), spinal stenosis, vertebral body displacement, etc [2]. Scholars 
have continued and in-depth exploration of the pathogenic factors and 
mechanisms of intervertebral disc degeneration [3,4]. In recent years, 

cellular senescence, as one of the emerging important causes, has 
received continued attention from researchers. 

The accumulated research results showed that cell senescence 
increased with the degree of IVDD progression [5], while exhibiting 
typical tissue characteristics of matrix degeneration. Senescent cells 
(SNCs) in degenerated human intervertebral discs are distributed in cell 
clusters, and the expression of the senescence marker p16INK4a increases 
in an age-dependent manner [6]. The accumulation of SNCs and the 
decrease in the density of healthy nucleus pulposus cells (NPCs) lead to 
the imbalance of catabolism and anabolism [7]. Inflammatory 
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catabolism is characterized by the secretion of inflammatory mediators, 
matrix metalloproteinases (MMP), A Disintegrin and Metalloproteinase 
with Thrombospondin motifs (ADAMTS), and chemokines. It leads to 
the reduction of collagen and glucosaminoglycan, dehydration fibrosis 
of nucleus pulposus, vascular nerve ingrowth of annulus fibrosus, 
cartilage endplate calcification and other matrix changes [8]. On the 
other hand, the specific microenvironment of intervertebral disc 
degeneration includes avascular, acidic, hypertonic, abnormal me-
chanical load, oxidative stress and other stressors [9,10]. These factors 
in turn promote the generation of stress-induced premature senescence 
of cells, and show different expression profiles of Senescence-associated 
secretory phenotype (SASP). Over time, the accumulation of molecular 
and cellular damage by SASP leads to abnormal tissue balance, which 
ultimately leads to the decline of intervertebral disc tissue structure and 
function. 

Cellular senescence denotes the enduring arrest of the cell cycle 
subsequent to exposure to various stresses, concomitantly giving rise to 
a secretory ensemble termed the “senescence-related secretory pheno-
type" (SASP) [11]. However, the intervertebral disc’s microenvironment 
happens to harbor an array of stressors, including vascular insufficiency, 
hypoxia, acidity, mechanical load, and high osmotic pressure. These 
stressors induce DNA damage in intervertebral disc cells, hastening the 
generation and accumulation of SNCs [12]. SNCs react to diverse 

stressors and secrete distinct SASP components. SASP modulates cellular 
conditions by releasing inflammatory factors, MMP, growth factors, 
chemokines, epigenetic factors, and extracellular vesicles, while also 
engaging in communication with neighboring cells [13]. Consequently, 
the aging of adjacent healthy cells, depletion of stem cells, inflamma-
tion, and disruption in the balance of metabolic decomposition/syn-
thesis occur. The catabolic effects exemplified by MMP remodeling the 
intervertebral disc matrix, resulting in fibrosis, vascularization, struc-
tural and functional impairment, and the compromise of immune priv-
ilege [14]. The progressive deterioration of the intervertebral disc 
microenvironment accelerates the progression of intervertebral disc 
degeneration. 

As an important challenge in anti-aging strategies, the pathogenic 
mediators, substrates, and effective intervention strategies involved in 
the influence of SNCs on the process of intervertebral disc degeneration 
are receiving increasing attention. In this review, we provide an updated 
overview of the key mediators responsible for the pathological and 
physiological activities of SNCs remodeling the intervertebral disc ma-
trix - SASP and its bioactive components, as well as related pathogenic 
mechanisms. In addition, we summarized the selective elimination of 
aging cells and potential strategies that SASP can follow. 

Fig. 1. Schematic model of senescence associated secretory phenotype (SASP) and their biological functions during intervertebral disc degeneration. SASP exerts an 
inflammatory cascade reaction through pro-inflammatory factors to maintain the chronic inflammatory state of the intervertebral disc. Intervertebral disc immune 
privilege is broken concurrently with the progression of autophagy, vascularization and neuroinvasion.MMP further aggravate catabolism and promote the 
destruction of intervertebral disc tissue structure and fibrotic degeneration. Chemokines primarily stimulate cellular migration and assume crucial roles in immune 
surveillance, inflammation, and tissue regeneration by recruiting beneficial cells from immune cell populations, stem cells, or other tissues. Excessive and persistent 
growth factors promote fibrosis of the disc matrix and induce vascular and neural invasion. Epigenetic factors coordinate DNA methylation, histone-related 
epigenetic machinery, chromatin remodeling and accelerate cellular senescence. 
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2. .Composition of senescence related secret phenotype 

SASP has heterogeneity, tissue specificity, and pleiotropy, mainly 
including a heterogeneous mixture of inflammatory factors, MMP, 
growth factors, chemokines, epigenetic factors, and other components 
[15](Fig. 1). Its composition and intensity vary depending on the 
stressors. These components can regulate their own phenotype and 
mediate the aging of adjacent cells through autocrine or paracrine forms 
[16]. 

2.1. Inflammatory cytokines 

The obvious characteristic of intervertebral disc degeneration is low- 
level chronic inflammation, and its main effect comes from the inflam-
matory response caused by pro-inflammatory factors. The secretion of 
inflammatory factors can amplify its harmful biological effects through a 
cascade, and the occurrence of vascularization and nerve ingrowth also 
breaks the immune privilege of the intervertebral disc, further enriching 
the source of immune cells [17]. Chronic inflammation of the interver-
tebral disc mediated by key cytokines such as tumor necrosis factor-α 
(TNF-α), interleukin-1β (IL-1β), IL-6, and IL-8 has been widely studied 
and confirmed [18]. Increases in SASP components such as TNF-α, IL-8, 
and IL-1β can be observed in non-degenerated intervertebral disc cells 
and degenerated intervertebral cells. As pleiotropic cytokines, both 
TNF-α and IL-1β can induce senescence in healthy cells, as evidenced by 
the upregulation of β-galactosidase and p16 [19]. Some other studies 
have shown that IL-1β and TNF-α significantly inhibit cell proliferation 
and telomerase activity and promote G0/1 cell cycle arrest [20]. Natural 
products such as curcumin and o-vanillin can reduce SASP factors (IL-1, 
IL-6, IL-8) of senescent IVD cells related to inflammation and back pain 
[21]. α-Ketoglutarate (α-KG) can reduce the levels of IL-6, phosphory-
lated JAK2 and STAT3 in IL-1β-induced senescent NPCs and the nuclear 
translocation of p-STAT3, and increased synthesis of aggrecan and type 
II collagen in NPCs and significantly attenuated senescence and MMP-13 
protein expression [22]. In addition, IL-1β and TNF-α mediate various 
pathological processes of intervertebral disc degeneration, including 
autophagy, matrix destruction, apoptosis, pyroptosis, and proliferation. 
Previous studies have shown that NPCs can adapt to long-term residence 
in tissue ecological niches with nutrient scarcity and maintain high 
levels of autophagy activity independent of nutrient flux to achieve a 
certain level of survival [23]. Upon short-term stimulation with IL-1β, 
activation of the PI3K/AKT/mTOR pathway in NP cells leads to atten-
uation of autophagy, resulting in NP degeneration [24]. 

2.2. Matrix metalloproteinases 

As an important manifestation of intervertebral disc degeneration, 
catabolic and synthetic imbalances persist in extracellular matrix 
remodeling (ECM). Matrix metalloproteinases (MMPs) are key enzymes 
involved in aging-related ECM remodeling. Promotes reduced expres-
sion of key structural components including collagen, aggrecan, versi-
can, decorin and elastin, significantly promoting catabolic processes 
[25]. Among them, MMP-1 shows high expression through various 
mechanisms that induce nucleus pulposus or annulus fibrosus cell 
senescence, such as replicative senescence, ionizing radiation, and 
p16INK4a over expression [14]. MMP-1, -2, -3 and 13, the major 
aging-associated ECM-degrading enzymes, persist in the aging disc 
environment [26]. MMP-2 functions primarily as a gelatinase, targeting 
denatured collagen, gelatin, and laminin. There is evidence that MMP-2 
activity is higher in senescent nucleus pulposus (NP) cells compared 
with young NPCs under both classic and intervertebral disc conditions 
[15]. In addition, increased levels of p16INK4a were associated with 
increased gene expression of the degrading enzymes MMP-13 and 
ADAMTS-5 [5]. Furthermore, abnormal MMP activity is associated with 
nucleus pulposus fibrosis, and MMP-2 and MMP-12 are two major pro-
fibrotic markers of NPCs [27]. MMP-2 dissociates the 

E-cadherin-β-catenin complex and increases β-catenin nuclear trans-
location and binding to lymphoid enhancer binding factor 1 (LEF1), 
thereby promoting the high expression of fibrosis genes α-SMA and 
collagen I [28]. MMP-12 was significantly up-regulated in the rat 
injury-induced NP fibrosis model and co-localized with α-SMA in NP 
cells, indicating that it is related to the generation of myofibroblasts 
[29]. 

2.3. Growth factors 

SASP includes several growth factors, including transforming growth 
factor-β (TGF-β), platelet-derived growth factor (PDGF), vascular 
endothelial growth factor (VEGF), and epidermal growth factor (EGF). 
TGF- β is a multifaceted cytokine that exerts powerful growth inhibitory 
and pro-apoptotic effects in different cell types [16]. Its growth inhibi-
tory effect mainly depends on the induction of cyclin-dependent kinase 
(CDK) inhibitors, namely p16INK4b, p21 and p27, as well as other factors 
that hinder proliferation [30]. Recent research shows that TGF-β induces 
a deeper state of aging under hypoxic conditions than under normoxic 
conditions [31]. Excessive and sustained TGF-β activation is observed in 
the progression of nucleus pulposus fibrosis. TGF-β1 treatment can 
induce the expression of α-SMA and collagen I in human NP cells [32]. 
VEGF and p53 genes are cooperatively expressed in degenerated inter-
vertebral disc tissue, and jointly participate in the formation and infil-
tration of new blood vessels, accelerating the degeneration of 
intervertebral disc tissue [33]. In addition, studies have shown that 
VEGF levels are reduced in P16 KO mice [34]. 

2.4. Chemokines 

Chemokines primarily stimulate cellular migration and assume 
crucial roles in immune surveillance, inflammation, and tissue regen-
eration by recruiting beneficial cells from immune cell populations, stem 
cells, or other tissues. Senescent cells exhibit an augmented production 
of chemokines, thereby reshaping the microenvironment of the tissue 
and exerting influence on neighboring normal cells through autocrine 
and paracrine signaling [35]. Aging NPCs, when exposed to TLR-2/6 
agonists, demonstrate a substantial increase in the secretion of SASP 
factors, namely CCL2, CCL5, CCL7, and CCL8. Remarkably, the utiliza-
tion of o-vanillin and RG-7112 as therapeutic interventions for aging 
yields a significant reduction in the secretion of these chemokines [36]. 
In the context of replicative aging of nucleus pulposus cells, which 
characterizes decomposition and inflammatory metabolic changes, 
SASP manifests a modest upregulation of chemokines, including CCL5, 
CXCL10, and CCL2. Furthermore, the introduction of N-acetylated 
Proline Glycine Proline (N-Ac-PGP) into the matrix not only promotes 
the secretion of aforementioned chemokines but also enhances the 
sustained destructive impact of aging NPCs on the structure and function 
of intervertebral discs [37]. Chemokines can also attract immune cells to 
perform immune monitoring on intervertebral discs, especially after the 
loss of immune immunity in the nucleus pulposus tissue. The expression 
of CC motif chemokine 2 (CCL2) and CC motif chemokine 3 (CCL3) in 
NPC activates CCR1+and CCR2+M1 macrophages and promotes 
macrophage migration [38]. 

2.5. Epigenetic factors 

Epigenetic factors orchestrate DNA methylation, histone-associated 
epigenetic mechanisms, and chromatin remodeling, intricately inter-
connecting with the aging network and giving rise to diverse aging 
phenotypes [39]. Yang et al. found that WTAP increased in aging NPCs 
and significantly promoted the modification of NORAD m6A due to 
KDM5a-mediated epigenetic increase in promoter H3K4me3. NORAD 
deficiency leads to reduced sequestration of PUMILIO protein, resulting 
in enhanced PUM1/2 activity, thereby inhibiting the expression of 
target E2F3 mRNA and promoting senescence of NPCs [40]. Silent 
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mating type information regulator 2 homolog-1 (SIRT1), a member of 
the NAD+-dependent deacetylase family, engages in the regulation of 
cell cycle, DNA repair, autophagy, aging, and numerous other vital 
processes. It directly participates in the negative regulation of SASP 
expression. Remarkably, SIRT1 overexpression significantly impedes 
cellular senescence in nucleus pulposus (NP) cells, promoting cell pro-
liferation and suppressing apoptosis [41]. Moreover, the utilization of its 
agonist, Resveratrol, exerts an anti-aging effect by modulating the 
oxidative stress-induced aging of rat NP cells via the Akt-Foxo1 pathway 
[42]. METTL14’s involvement in TNF-α-induced miR-34a-5p m6A 
modification facilitates cellular senescence in human NP cells and NP 
cells from intervertebral disc degeneration (IVDD) patients. SIRT1 
serving as an effective target of miR-34a-5p, counteracts the cellular 
senescence promoted by its overexpression [43]. Numerous studies have 
shown that SIRT1 can mediate tissue physiological functions such as 
stress resistance, apoptosis, senescence, and inflammation through 
deacetylation of histones, transcription factors, or coactivators [44]. 
SIRT1 exists as a protective mediator in IVD degeneration, and its 

expression is reduced in severely degenerated intervertebral discs [45, 
46]. Enhanced expression of SIRT1 also significantly ameliorates 
senescence of nucleus pulposus cells due to oxidative stress [42,47]. For 
cellular senescence and mitochondrial dysfunction in NP cells due to 
high-intensity mechanical loading, SIRT1 attenuates cellular senescence 
and mitochondrial dysfunction in NP cells through the regulation of 
PINK1 (a mitochondrial autophagy regulator)-dependent mitochondrial 
autophagy [48]. 

3. Mechanisms associated with cellular senescence 

3.1. p53/p21 and p16/Rb 

In addition to regulating the basic feature of the cell cycle, the p53/ 
p21 pathway also plays an important role in the composition and in-
tensity of SASP(Fig. 2). The p53 transcription factor plays a key role in 
cellular responses to stress. It is activated in response to DNA damage, 
leading to cell growth arrest, allowing for DNA repair, or driving cellular 

Fig. 2. SASP regulation of aging intervertebral disc cells converges on the p53/p21 and p16/Rb pathways. NF-κB: NF-κB is a major factor regulating the transcription 
of many SASP-related components. ATM autophosphorylates and promotes phosphorylation, SUMOylation, and monoubiquitination of NEMO. As a result, mono-
ubiquitinated NEMO translocates to the cytoplasm together with ATM, activating the IKK complex. Phosphorylation of IκB leads to the release of p65, which is then 
transferred to the nucleus and upregulates the transcriptional program of SASP factors. AMPK: Mitochondria-derived reactive oxygen species (ROS) replenish DNA 
damage foci and DDR signaling after initial senescence. and mediates changes in metabolic status low NAD+/NADH and increases in AMP: ATP ratios. AMP-activated 
protein kinase (AMPK) is activated by high AMP and ADP levels and can affect SASP by activating p53 and stabilizing p21 mRNA. cGAS/STING: After cytoplasmic 
chromatin fragments and mitochondrial DNA are damaged, they are released into the cytoplasm and then activate the cGAS/STING signaling pathway to produce the 
second messenger cGAMP. STING dimerizes and is excreted from the endoplasmic reticulum to the Golgi apparatus. It then binds to TBK1 to form a complex. TBK1 
then phosphorylates IRF3 and IκB kinase in parallel. IKK phosphorylates inhibitor of NFκB (IκB), resulting in the release of NFκB. mTOR: Phosphatidylinositol 3-ki-
nase (PI3K)/AKT activates class I PI3K. This process generates PIP3 and leads to PKB/Akt activation. Active PKB/Akt activates mTOR indirectly by inhibiting its 
negative regulator [tuberous sclerosis complex (TSC1/2)]. Activated mTORC1 enhances p53 function. 
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senescence or apoptosis, ultimately maintaining genome integrity. The 
levels and activity of p53 are strongly regulated primarily by post- 
transcriptional mechanisms, including MDM2-mediated ubiquitination 
and proteasomal degradation. Inhibitors developed against MDM2 have 
been shown to significantly inhibit SASP. USP7 inhibition stabilizes p53 
by promoting MDM2 autoubiquitination and degradation and abolishes 
doxorubicin-induced increases in IL-1α, IL-1β, IL-6, and Tnfsf11 mRNA 
levels [49]. Similarly, treatment with the MDM2 inhibitors nutlin-3a or 
MI-63 significantly reduced the expression of the hallmark SASP factors 
IL-6 and IL-1α in cells senescent by genotoxic stimulation [50]. 
Regarding p53 and its Ubiquitin ligase MDM2, the SIRT1-dependent 
inhibition of p53 deacetylation can mitigate cellular senescence and 
SASP through the P53/P21 pathway [51]. As a downstream target gene 
of p53, p21 has been shown to mediate p53-induced G1 cell cycle arrest. 
It has also been shown to produce SASP through retinoblastoma protein 
(Rb)-dependent transcription and activate immune surveillance of se-
nescent cells [52]. Targeted elimination of p21Cip1+ reduces senescent 
cells with telomere dysfunction, as well as several radiation-induced 
pro-inflammatory senescence-related secreted phenotypic factors, such 
as IL-6, MMP-12, CCL2, and CCL7 [53]. 

The role of p21CIP1 may be limited to the onset of senescence, 
whereas p16INK4a maintains a long-lasting growth arrest, suggesting the 
existence of differentially regulated stages of senescence [54]. As a CDK 
inhibitor, p16 selectively binds directly to CDK4-cyclin D and 
CDK6-cyclin D complexes. As a result, it blocks the phosphorylation of 
pRB, thereby blocking E2F-mediated transcription of genes related to 
cell proliferation. Levels of p16 INK4a are elevated in aged and stressed 
tissues compared to young, healthy tissues. Further studies have shown 
that the level of expression of p16 is positively correlated with the 
severity of IVDD degeneration in humans. The BubR1 progeria trans-
genic mice constructed by Darren et al. were able to induce the elimi-
nation of p16Ink4a-positive senescent cells after administration. The 
results showed that lifelong elimination of p16INK4A cells could signifi-
cantly delay age-related diseases, while elimination of p16INK4A cells 
later in life would alleviate these age-related pathologies [55]. Che et al. 
found that compared with healthy mice, the intervertebral discs of mice 
whose p16 encoding gene was deleted were less likely to degenerate. 
Selective elimination of P16-positive senescent cells can attenuate IVDD 
by promoting cell cycle and inhibiting SASP, cellular senescence, and 
oxidative stress [7]. Studies have shown that long-term intervention 
with the drug combination of dasatinib and quercetin as a protective 
factor can attenuate dependent disc degeneration by significantly 
reducing the aging markers p16INK4a, p19ARF and the SASP molecules 
IL-6 and MMP13 [56]. 

3.2. mTOR 

The mechanistic target of rapamycin (mTOR) is a serine–threonine 
kinase. Studies have shown that mTOR-dependent signaling can regu-
late SASP by controlling mRNA transcription and protein synthesis. 
mTOR-dependent signaling is necessary to maintain or implement 
different aspects of cellular senescence. In particular, regulation with 
SASP reflects complex changes in the activity of mTOR and other 
metabolic pathways, such as autophagy [57]. A large number of studies 
have shown that rapamycin can significantly reduce SASP secretion, 
mainly through mTOR complex 1 (mTORC1). Inhibition of mTORC1 can 
also selectively block the translation of membrane-bound IL-1α and 
reduce the transcriptional activity of NF-κB to inhibit the expression and 
secretion of inflammatory cytokines in senescent cells. Both are impor-
tant factors in autocrine amplification loops that regulate the levels of 
other SASP factors. It can reduce the expression and secretion of IL-6 and 
IL-8 [58]. The effects of mTORC1 inhibition on the secretory phenotype 
may reflect, at least in part, the ability of 4EBP1, one of the substrates of 
mTORC1, to regulate phosphorylation of the RNA-binding protein 
ZFP36L1 during aging, thereby inhibiting its transcript degradation of 
SASP components [59]. What is even more interesting is that mTOR can 

serve as both an upstream regulator and a downstream effector of 
autophagy. Autophagy has been shown to produce high fluxes of recy-
cled amino acids and other metabolites. mTORC1, which is subsequently 
bound by lysosomes, is used to synthesize SASP factors, such as the 
cytokines IL-6 and IL-8 [60]. Narita and other scholars discovered that 
the TOR-autophagy spatial coupling compartment (TASCC), that is, the 
catabolic process (autophagy) can be coupled with the anabolic process 
(mTORC1-dependent protein synthesis) to effectively coordinate the 
production of SASP proteins [61]. 

3.3. AMPK 

AMP activated protein kinase (AMPK) serves as a sensor of the cell’s 
energy-reduced state. As the NAD+/NADH ratio decreases, the AMP: 
ATP and ADP:ATP ratios increase, and AMPK is dephosphorylated and 
activated [62]. Activation of AMPK can lead to direct phosphorylation of 
p53 and increase in p21 transcription, thereby releasing SASP, which is 
involved in the cellular aging process [10]. Specifically, the decrease in 
the NAD+/NADH ratio and the depletion of NAD + increase the secre-
tion of some of the SASPs and also contribute to the development of 
degenerative diseases associated with aging. NAD levels in most tissues 
are maintained through the NAD salvage pathway and its rate-limiting 
enzyme nicotinamide phosphoribosyltransferase (NAMPT) [63]. At the 
same time, NAMPT can regulate pro-inflammatory SASP (IL-1β, IL-6, 
and IL-8) through the high-mobility group A protein (HMGA)– 
NAMPT–NAD + signaling axis, independent of growth arrest. AMPK 
activation enhances p53-mediated inhibition of p38MAPK, thereby 
reducing NF-kB-mediated inflammatory signaling [64]. Sun et al. found 
that small extracellular vesicles derived from NAMPT-enriched adipo-
cytes could improve the SASP(TNF-α, IL-6 and IL-8) of nucleus pulposus 
cells and cartilage endplate cells by activating NAD + biosynthesis and 
rejuvenate them to attenuate IVDD [65]. Du et al. found that selective 
agonism of AMPK can reduce the expression of p16INK4a and SASP 
proteins (including MMP9, MMP13 and HMGB1) and significantly delay 
NPC senescence [66]. 

3.4. NF-κB 

Accumulating studies indicate that NF-κB is an important regulator 
of pro-inflammatory SASP expression in multiple modes of aging, and 
that both direct and indirect inhibition of NF-κB exhibit attenuation of 
the SASP transcriptional program [67]. NF-κB is activated during 
normal and accelerated aging. Inhibition of NF-κB delays the onset of 
premature aging symptoms in Ercc1 –/Δ mice. At the same time, late 
senescent cells exert a bystander effect through NF-κB activation, 
secreting IL-1α and IL-8 to synergistically promote the cellular senes-
cence of early MSCs. This effect can be eliminated by shRNA transfection 
or the use of NF-κB inhibitors in early cells [68]. As an important 
component of SASP, activation of the NF-κB signaling pathway directly 
or indirectly induces the expression of pro-inflammatory mediators, 
chemokines, MMP and other related factors. Studies have shown that 
activation of NF-κB can regulate the expression of CXCL1, CXCL2 and 
CXCL3 and induce the accumulation of inflammatory factors in NPCs. 
And activation of NF-κB response elements located in the promoters of 
MMP-3, MMP-9, MMP-13, ADAMTS- 4 and ADAMTS-5 genes can induce 
the expression of matrix metalloproteinase genes [69]. Shusuke et al. 
found that bleomycin-induced cell senescence can increase the activity 
of NF-κB p65 subunit and increase the mRNA expression of IL-6, IL-8 and 
CCL20. Administration of the NF-κB inhibitor BAY 11–7082 can inhibit 
NF-κB activity and reduce the secretion of IL-6 and IL-8 [70]. 

3.5. cGAS-STING 

The cyclic GMP-AMP synthase (cGAS)-interferon gene stimulator 
(STING) signaling pathway plays a crucial role in the innate immune 
response. Various cellular stresses, such as DNA damage, can promote 
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the production of cytosolic DNA, including cytoplasmic chromatin 
fragments (CCF), mtDNA, cDNA, etc. Recognition of such cytosolic DNA 
by the cGAS-STING pathway leads to the production of SASP [71]. 

The cytosolic DNA sensor cGAS is responsible for connecting DNA 
damage to the activation of the SASP. This process involves cGAS 
catalyzing the production of the second messenger cGMP, which in turn 
activates the adaptor protein STING. The activation of STING leads to 
the activation of both IRF3 and NF- κB [72]. Additionally, a 
non-canonical pathway can trigger the activation of STING through 
cGAS-independent DNA damage, involving p53 and the ubiquitin E3 
ligase TRAF6. This pathway preferentially activates NF- κB rather than 
IRF3. The γH2AX and STING markers associated with DNA damage 
demonstrated an increase in NP cells treated with tert-butyl hydroper-
oxide (TBHP). The activation of IFN regulatory factor 3 (IRF3) via STING 
is known to mediate ECM degradation, senescence, and apoptosis in NP 
cells. In vivo studies have shown that silencing of STING attenuates 
puncture-induced intervertebral disc degeneration (IVDD) in rats [73]. 
Accumulated oxidative damage to the proteins and lipids of the mito-
chondrial membrane eventually leads to increased permeability or even 
rupture of the membrane, allowing mtDNA to leak into the cytoplasm 
[74]. Moreover, under oxidative stress, the mitochondrial permeability 
transition pore (mPTP) can open in human nucleus pulposus cells as a 
result of cytoplasmic release of mitochondrial DNA (mtDNA) [75]. The 
binding of cGAS to cellular DNA fragments can activate the NF-κB signal 
transduction pathway, leading to the downstream expression of proin-
flammatory cytokines and the induction of SASP in senescent cells [76]. 

4. Cellular senescence treatment strategies 

Accumulating preclinical evidence suggests that therapeutic regi-
mens that inhibit inflammatory cytokines or selectively eliminate SNCs 
are promising candidates for strategies to slow disc degeneration. 
However, there is still controversy over the choice of senostatics and 
senolytics [77]. Senolytics are a class of drugs or compounds that can 
selectively induce apoptosis (programmed cell death) in SNCs. By 
selectively eliminating SNCs, senolytics effectively prevent the accu-
mulation of SNCs. Unlike senolytics, senostatics do not kill SNCs but 

inhibit paracrine signaling. For example, by regulating the SASP regu-
latory network in SNCs, including the aforementioned therapeutic tar-
gets such as p53/p21 and p16/Rb, mTOR, AMPK, NF-κB and 
cGAS-STING. This prevents the increase in SNCs caused by the 
bystander effect. 

Although drugs or compounds involving both therapeutic strategies 
have shown promising anti-aging efficacy, the lack of cell selectivity and 
potential side effects still provide challenges to anti-aging strategies. 

4.1. Natural products and their analogues 

Many natural compounds have been reported to have anti-aging or 
age-related effects (Table .1). Studies have shown that quercetin, a 
plant-derived product with antioxidant and anti-apoptotic properties, 
can modulate the expression of SASP in NP cells [78]. Quercetin might 
inhibit the NF-κB signaling pathway by binding to the Keap1-Nrf2 
complex. This complex is involved in the activation of the antioxidant 
response elements (AREs), which can further help in mitigating the 
inflammation caused by oxidative stress, thus reducing SASP in NP cells 
[79]. Further study, Novais et al. discovered that prolonged adminis-
tration of dasatinib and quercetin mitigates age-related degeneration of 
intervertebral discs in mice. Moreover, the combination of dasatinib and 
quercetin significantly reduces aging markers (p16INK4a and p19ARF) and 
SASP molecules (IL-6 and MMP-13) [80]. Curcumin is a natural product 
with various biological activities, including anti-inflammatory, antiox-
idant, and other effects. Curcumin and its metabolite, o-vanillin, exhibit 
anti-aging properties on aging human intervertebral disc cells. These 
compounds have been validated as potential agents for eliminating SNCs 
via the Nrf2 and NF-κB pathways [21]. Dehydrocostus lactone (DHE) is a 
natural sesquiterpene lactone that possesses potent anti-inflammatory 
properties, mediated by the NF-κB and MAPK signaling pathways, as 
established by various studies. It has been shown that DHE can also 
effectively inhibit TNF-α-induced cellular senescence through the STING 
pathway [81]. 

Table 1 
Senotherapeutics related to intervertebral disc degeneration.  

Drugs Mechanism Outcomes Reference 
(s) 

Quercetin Nrf2/NF-kB axis Influencing SASP factor expression and senescence phenotype in NPCs [82] 
Dasatinib and 

Quercetin 
Significantly reduced the senescence markers p16INK4a and p19ARF and the SASP molecules IL-6 
and MMP13 

[83] 

Curcumin and O- 
vanillin 

Expression of SASP factors was decreased, and matrix synthesis increased [84] 

Dehydrocostus 
lactone 

TBK1/NF-κB and MAPK Signaling Partially attenuated TNF- α Induced ECM degradation and NP cell senescence [85] 

ABT-263/Navitoclax Bcl-2 family Significant decrease in intervertebral disc SASP (IL-6 and MMP-13) secretion and diminished ECM 
degradation 

[86] 

17-DMAG Hsp90 Increased PG levels [87] 
RG7112 

（RO5045337） 
p53 Selectively kill senescent intervertebral disc (IVD) cells through apoptosis and reduce the expression 

of SASP factors in culture, including IFN- γ, IL-6 and CCL24 
[88] 

SIRT1 Regulating autophagy as well as counteracting oxidative stress [89] 
Ganciclovir Selectively remove p16 Ink4a 

positive senescent cells 
Reduction in the number of senescent cells ameliorates multiple age-associated changes within the 
disc tissue 

[90] 

Rapamycin mTOR signaling pathway Reduce p16 expression and reverse the senescent phenotype of human NPCs [91] 
Amiloride non-specific ASIC inhibitor Reversed the decline in NP-MSC proliferative capacity and cell cycle arrest together with blocking 

cells from becoming senescent 
[92] 

Klotho Inhibitor of Wnt/β-catenin Reduce age-related SASP protein secretion and maintain NPC phenotype and viability [93] 
KU55933 Inhibitor of ATM Ameliorates myeloid cell senescence and stromal GAG loss [94,95] 
SSK1/JHB75B/NaV- 

Gal 
β-gal-targeted prodrug Selective killing of SNCs [96–98] 

Nrf2/NF-kB axis: NF-E2-related factor 2/Nuclear factorkappa B; SASP: Senescence-associated secretory phenotype; NPCs: Nucleus pulposus cells; 
PG: Proteoglycan; ABT-263: A Bad-like BH3 mimetic; Bcl-2 family: B cell CLL/lymphoma-2 (BCL-2) and its relatives comprise the BCL-2 family of proteins; 
17-DMAG: 17-dimethylaminoethylamino-17-demethoxygeldanamycin, a heat shock protein 90 (Hsp90) inhibitor; RG7112: MDM2 Small-Molecule Antagonist; 
SIRT1: Sirtuin 1; IFN- γ: Interferon-γ; CCL24: C–C motif chemokine ligand 24; ASIC: Acid-sensing ion channels; NP-MSC: Nucleus pulposus mesenchymal stem cells; 
ATM: The ataxia-telangiectasia mutated; GAG: Glycosaminoglycan; SNCs: Senescent cells 

Y. Liu et al.                                                                                                                                                                                                                                      



Journal of Orthopaedic Translation 45 (2024) 56–65

62

4.2. Bcl-2 family inhibitors 

3.3 As negative regulators of cell apoptosis, members of the Bcl-2 
family encompass proteins such as pro-apoptotic Bax, Bak, and Bok, as 
well as the BH3 protein. In addition, they include anti-apoptotic proteins 
Bcl-2, Bcl-W, and Bcl-XL [99]. Among these, anti-apoptotic proteins 
(including Bcl-2, Bcl-w, and Bcl-XL) are typically upregulated in aged 
cells and exhibit resistance to cell apoptosis induction signals [100]. 
Aged cells exhibit resistance to apoptosis due to the transcription 
expression of anti-apoptotic Bcl-2 proteins. The efficacy of a series of 
developed Bcl-2 family inhibitors demonstrates the feasibility of pro-
moting apoptosis in aged cells. Bcl-2 family members can combat 
mitochondrial outer membrane permeability (MOMP) by binding to the 
BH3 motif of Bax or Bak5, which is a key step in cell apoptosis [101]. To 
this end, some researchers have developed BH3 motif mimics that pro-
mote apoptosis in aged cells by binding to Bcl-2, such as ABT-263 
(navitoclax). Lin et al. treated degenerated intervertebral discs with 
ABT-263 loaded polylactic-co-glycolic acid nanoparticles (PLGA-ABT). 
The study found that ABT-263 significantly reduced the secretion of 
aging-associated secretory phenotype (SASP) markers, including IL-6 
and MMP-13, and inhibitedECM degradation [102]. Similar small 
molecule inhibitors have been developed for proteins BCL-2, BCL-W, 
and BCL-XL (ABT-737). ABT-737 effectively eliminates SNCs induced by 
DNA damage in the lungs when treated with mice [103]. Both ABT-737 
and ABT-263 exhibit high affinity for BCL-2, BCL-XL, and BCL-W. By 
binding to these anti-apoptotic proteins, ABT-737 and ABT-263 essen-
tially mimic the presence of BH3 pro-apoptotic proteins, and both 
compete with and replace them, promoting apoptosis in aged cells. 
Hsp90 inhibitors. 

Heat shock protein 90 (HSP90) is a type of molecular chaperone that 
functions with the assistance of co-chaperones and ATP. The chaperone 
function involves binding the client protein with HSP90 and ATP, fol-
lowed by the hydrolysis of ATP into ADP and inorganic phosphate. The 
energy released by this cleavage is then utilized to repair the client 
protein, aided by co-chaperones [104]. The role of heat shock protein 90 
and its homologues in cellular aging is still a complex topic with various 
research findings. For instance, HSP90’s client protein phosphorylated 
AKT (p-AKT) can stabilize aging cells by preventing them from under-
going apoptosis [105]. Another example is that Hsp90α contributes to 
the lysosomal degradation of p14ARF, which is related to the C-terminus 
of the Hsp70 interacting protein. P14ARF can trigger aging via multiple 
pathways such as activating p53 signaling, Myc protein, E2F1 protein, 
and ATM/ATR/CHK DNA repair [106]. The HSP90 inhibitors, such as 
17-DMAG (alvespimycin), geldanamycin, 17-AAG (tanespimycin), and 
ganetespib were assessed by bioinformatics and high-throughput 
sequencing to demonstrate senescence activity in a cell type-specific 
manner across a range of SNCs. Treatment of Ercc1 -/Δ mice with 
17-DMAG, not only extended their healthy lifespan but also boosted 
their PGs levels [107]. 17-AAG inhibited M1 polarization of macro-
phages by targeting MAPK and NF-κB pathways, improved M1-CM 
induced pro-inflammatory and catabolic phenotypes of NPC, and ulti-
mately attenuated NP fibrosis and macrophage-induced pathological 
angiogenesis [108,109]. 

4.3. p53 

The vital role of p53, a tumor suppressor factor functioning as a stress 
response transcription factor, in age-related cell cycle arrest is evidenced 
by a vast body of research. Telomere erosion and DNA damage are 
significant factors that impact the core pathway of p53/p21 cip1 cell 
aging. The activation of ATM/ATR by DDR subsequently triggers the 
p53/p21cip1 axis by means of the phosphorylation of p53 and its 
ubiquitin ligase MDM2 (Mouse double minute 2) [110]. Its activity as a 
transcription factor is regulated by post-translational modifications or 
stability. MDM2 serves as an upstream regulator of P53 by regulating its 
levels through degradation [111]. RG7112 (RO5045337) is a small 

molecule inhibitor of MDM2/p53 interaction that has the ability to 
revive p53 activity. Recent reports indicate that apoptosis-mediated 
selective killing of senescent IVD cells is achievable, which also leads 
to a reduction in the expression of culture-based SASP factors including 
IFN-γ, IL-6, and CCL24. Similarly, in vitro treatment of intact human 
intervertebral discs with RG7112 may improve the stability of inter-
vertebral disc matrix through its aging effect on aging IVD cells [112]. 
Second, due to the synergistic action of SIRT1-dependent p53 deacety-
lation control activity for ubiquitination, the accumulation of SNCs can 
be effectively avoided by preventing SIRT1-dependent deacetylation 
[113]. SIRT1 has been shown to reduce oxidative stress-induced senes-
cence in human CEP cells via the p53/p21 pathway, while also playing a 
role in attenuating senescence by regulating autophagy as well as 
counteracting oxidative stress [114]. 

4.5. Other studies on anti-aging of intervertebral discs 

In addition to the P53 elimination strategy mentioned above, 
clearing p16Ink4a positive aging cells can also delay aging related dis-
eases. Patil et al. used ganciclovir to selectively remove p16 Ink4a positive 
SNCs in p16-3MR transgenic mice. The experimental results showed that 
the proteolytic degradation of aggregating proteoglycans in interverte-
bral discs was significantly reduced, the total proteoglycan matrix 
content was increased, and the histological characteristics of interver-
tebral discs were improved [115]. Rapamycin has the ability to signif-
icantly diminish the expression of the aging marker p16 gene. The 
downregulation of p16, in turn, may deliver antioxidant effects, reverse 
the aging-related phenotype of human NP cells, and consequently hinder 
the progression of IVDD [116]. An equally fascinating discovery is that 
the activities of ASIC1 and ASIC3 have been recognized as upstream to 
the aging pathway, encompassing p53 p21/p27 and p16-Rb signal 
transduction, as opposed to ASIC2 and ASIC4. By inhibiting ASIC1 and 
ASIC3, selective acid ion channel inhibitors such as Amir, PcTx1, and 
APETx2 effectively reverse NP-MSC proliferation and cell cycle arrest, 
thereby halting the process of cell aging [117]. Meanwhile, it has been 
shown that activation of the Wnt/β-catenin signaling pathway promotes 
NPC apoptosis and mediates the process of disc degeneration [118]. 
Klotho, a natural inhibitor of Wnt/β-catenin, can reduce age-related 
SASP protein secretion and maintain NPC phenotype and viability 
[93]. Ataxia-telangiectasia (ATM) signaling is the primary pathway used 
by cells to respond to genomic damage and to resist constant attack by 
endogenous and environmental factors. Activation of ATM leads to cell 
cycle arrest, senescence and/or apoptosis. Targeting ATM inhibition 
ameliorates myeloid cell senescence and stromal glycosaminoglycan 
loss. In turn, this behavior may drive disc cell senescence and matrix 
perturbation through the ATM-p53-p21 axis [119,120]. 

5. Conclusions and perspectives 

The evidence linking cellular senescence, SASP, and a key cause of 
age-related intervertebral disc degeneration (IDD) is compelling. How-
ever, the study of disc cellular senescence is still in its initial stages of 
exploration. SASP, regulatory signaling pathways, and resulting phe-
notypes of cellular senescence in the Intervertebral Disc (IVD) are 
gradually being uncovered through in vitro and in vivo experiments; 
Each of these processes may lead to progressive alterations in cellular 
metabolism, morphology, as well as function, with further progression 
to loss of structural and functional homeostasis of disc tissue. Therefore, 
a deeper understanding of the underlying mechanisms of the pathology 
of cellular senescence with respect to therapeutic strategies against disc 
degeneration seems to be beneficial for subsequent corresponding 
treatments. 

Anti-aging therapies for age-related degenerative diseases have been 
partially investigated in preclinical studies with remarkable success. 
However, intervention strategies targeting senescence-related pathways 
have also demonstrated worrisome side effects. Therefore, in order to 
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realize the translation of novel drugs into clinical trials, it is necessary to 
explore the mechanisms of cellular senescence and screen anti-aging 
drugs more deeply. Meanwhile, the SNCs accumulated in different or-
gans or tissues are highly heterogeneous. Therefore, to monitor the ef-
ficacy of anti-aging drugs, it is also necessary to screen senescent cell- 
specific biomarkers for a series of SASPs in order to monitor the num-
ber of SNCs and phenotypic changes. A more profound comprehension 
of the molecular mechanisms that drive the multi-stage advancement of 
senescence, as well as the development and operation of acute versus 
chronic SNCs, has the potential to usher in innovative therapeutic ap-
proaches for age-related pathologies and increase longevity. 
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