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Abstract

As the core pathological basis of chronic low back and leg pain and spinal dys-
function, the etiology of intervertebral disc degeneration (IVDD) has long gone
beyond simple mechanical wear, representing instead a gradual process in which
mechanical imbalance and biological dysregulation are deeply coupled. The
introduction of the concept of “inflammaging” provides a new dimension for
elucidating its complex progression. Studies have shown that the pathological
evolution of IVDD is not an accumulation of isolated events, but a multidimen-
sional molecular cascade driven by inflammaging. Endogenous and exogenous
stresses induce cells to enter a senescence program, triggering the persistent re-
lease of the senescence-associated secretory phenotype (SASP), which not only
remodels the local immune microenvironment but also leads to the gradual loss
of the native immune privilege of the intervertebral disc. Under the influence
of chronic low-grade inflammation, cellular metabolic reprogramming becomes
increasingly prominent: excessive lactate accumulation activates acid-sensing
ion channels, forming a feed-forward loop of “microenvironmental acidification-
inflammatory cascade-matrix degradation.” As the lesion progresses, aberrant
activation of the transforming growth factor-g signaling pathway further drives
cellular phenotypic transition, causing the elastic matrix to transform into patho-
logical fibrosis and ultimately leading to loss of function of the spinal motion seg-
ment. In view of these pathological processes, this article systematically reviews
cutting-edge intervention strategies aimed at blocking this cascade, ranging from
the use of senolytic drugs to selectively eliminate senescent cells and block the
source of inflammation, to the use of functionalized carriers to targetedly inhibit
the paracrine effects of SASP, and to the application of responsive hydrogels
to remodel matrix homeostasis. In-depth elucidation of the molecular cascade
mechanisms triggered by inflammaging, together with the use of biomaterials
technologies to block pathological cycles, can provide important theoretical sup-
port for early intervention and tissue regenerative repair in IVDD.
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[Abstract] As the core pathological basis of chronic low back pain and spinal
dysfunction, the cause of intervertebral disc degeneration (IVDD) has long gone
beyond the scope of simple mechanical wear, but is a gradual process in which
mechanical imbalance and biological disturbance are deeply coupled. The in-
troduction of the concept of “inflammaging” provides a new dimension for
elucidating its complex evolutionary patterns. Studies have shown that the
pathological evolution of IVDD is not an accumulation of isolated events, but
a multidimensional molecular cascade response driven by inflammaging. Inter-
nal and external stress induces cells to enter a senescent program and triggers
the continuous release of the senescence-associated secretory phenotype (SASP),
which not only reshapes the local immune microenvironment, but also leads to
the gradual loss of the disc’ s intrinsic immune privilege. Under the action of
chronic low-grade inflammation, cellular metabolic reprogramming becomes in-
creasingly prominent: excessive lactate accumulation activates acid-sensing ion
channels, forming a positive-feedback loop of “microenvironmental acidification
—inflammatory cascade—matrix degradation.” As the lesion progresses, abnormal
activation of transforming growth factor-g signaling pathways further promotes
phenotypic transition of cells, causing the elastic matrix to transform toward
pathological fibrosis, ultimately leading to loss of function of the spinal motion
segment. In view of the above pathological processes, this article systematically
reviews frontier intervention strategies to block this cascade reaction, including
targeted elimination of senescent cells with senolytic agents to block the inflam-
matory source; targeted inhibition of SASP paracrine effects with functionalized
carriers; and reshaping matrix homeostasis with responsive hydrogels. It also
analyzes in depth the molecular cascade mechanisms triggered by inflammaging
and the use of synergistic biomaterial technologies to block the pathological cy-
cle, which can provide important theoretical support for early intervention and
tissue regenerative repair of IVDD.

[Keywords] intervertebral disc degeneration; inflammaging; cellular senescence;
acid-sensing ion channels; TGF-f signaling pathway; pathological fibrosis; func-
tionalized biomaterials
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beyond the category of simple mechanical wear, but is a gradual process of deep
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of mechanical imbalance and biological disorder. The introduction of the con-
cept of “inflammaging” provides a new dimension for elucidating its complex
evolutionary law. Studies have shown that the pathological evolution of IVDD
is not a stacking of isolated events, but a multi-dimensional molecular cascade
response driven by inflammaging. Internal and external stress triggers the con-
tinuous release of the senescence-associated secretory phenotype (SASP) by in-
ducing cells to enter the aging process, which not only reshapes the local immune
microenvironment, but also leads to the gradual loss of the original immune priv-
ilege of the intervertebral disc. Under the action of chronic low-grade inflam-
mation, cell metabolic reprogramming is becoming more and more significant:
excessive lactic acid accumulation forms a feed-forward cycle of “microenvi-
ronment acidification-inflammation cascade-matrix degradation” by activating
acid-sensitive ion channels. With the progression of the disease, the abnormal
activation of the transforming growth factor-§ signaling pathway further pro-
motes the phenotypic transformation of cells, resulting in the transformation of
the elastic matrix to pathological fibrosis, which eventually leads to the loss of
spinal motor unit function. In view of the above pathological processes, this
paper systematically reviews the cutting-edge intervention strategies to block
the cascade reaction, including the use of senolytic drugs to target the removal
of senescent cells to block the source of inflammation, the targeting of the in-
hibition of SASP paracrine effects with the help of functional carriers, and the
reshaping of matrix homeostasis with the help of responsive hydrogels. In-depth
analysis of the molecular cascade mechanism triggered by inflammaging and syn-
ergistic biomaterial technology to block the pathological circulation can provide
important theoretical support for early intervention and tissue regeneration and
repair of IVDD.

[Key words] Intervertebral disc degeneration; Inflammaging; Cellular senes-
cence; Acid-sensing ion channels; TGF-S signaling pathway; Pathological fibro-
sis; Functionalized biomaterials

Intervertebral disc degeneration (IVDD) is the common pathological basis of
degenerative spinal diseases[ 1-2], and is also the core inducement leading to
chronic low back and leg pain and functional impairment worldwide[3-4]. Epi-
demiological data show that 80% of individuals suffer from lumbodorsal symp-
toms in their lifetime[ 4], and the resulting increase in medical expenditure and
loss of labor force have imposed a heavy economic burden on global public health
systems["3]. Although conservative treatment and surgical decompression are
widely used clinically, the former is difficult to reverse pathological outcomes[~5-
6], while the latter carries an inherent risk of inducing accelerated degeneration
of adjacent segments due to changes in biomechanical distribution|["7-8]. This
dilemma has prompted researchers to re-examine the pathogenesis of IVDD.
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Modern views hold that IVDD is a progressive process in which mechanical in-
jury and biological disorder are deeply coupled[~9-10]. Changes in microstruc-
ture will deteriorate the microscopic mechanical environment|~10], inducing cel-
lular dysfunction and matrix metabolic imbalance through mechanical-signal
transduction[~11-12]; the concept of “inflammaging” provides a new perspec-
tive for this. Inflammaging is a chronic, systemic, sterile low-grade inflammatory
state that appears with increasing age["13-14]. Its core feature is the accumu-
lation of pro-inflammatory factors and remodeling of the immune microenviron-
ment driven by the senescence-associated secretory phenotype (SASP)["14-15],
which breaks intervertebral disc tissue homeostasis["16-17]. Senolysis targeting
the clearance of senescent cells has shown therapeutic potential in a variety of
age-related diseases["18]. This review aims to explore the cascade effects of
chronic inflammation, cellular phenotypic transformation, tissue fibrosis, and
matrix imbalance in the evolution of IVDD, so as to provide theoretical support
for early precision intervention.

1 Inflammaging-induced evolution of the intervertebral disc
microenvironment: cellular senescence-driven and immune
response activation

In the specific physiological microenvironment of the intervertebral disc, nucleus
pulposus (NP) and annulus fibrosus cells, driven by endogenous and exogenous
stresses[ 19-20], are prone to a tendency toward persistent cell-cycle arrest["21-
22], namely entering the stage of cellular senescence. Although these senescent
cells lose proliferative potential, they still maintain vigorous metabolic activity
and exhibit marked SASP. Through the release of pro-inflammatory factors,
matrix-degrading enzymes, and chemokines, senescent cells locally construct a
harmful microenvironment with catabolic dominance[22], and drive phenotypic
transformation of neighboring healthy cells through paracrine effects, promoting
a trend of pathological signal amplification within the tissue[ 23-24].

During this process, senescent NP cells, by upregulating the expression of ma-
trix metalloproteinases and inflammatory factors, transmit stress signals at the
cellular level into a degradation phenotype at the tissue level["25]. Among
them, N-acetylglucosamine-glucosamine-chondroitin sulfate serves as a key me-
diator["26], triggering premature cellular senescence and disrupting redox home-
ostasis, systematically accelerating the apoptosis of functional cells and degra-
dation of the extracellular matrix (ECM)["27]. As the integrity of the fibrous
ring structure is compromised and NP shifts or protrudes under mechanical
imbalance[ 28], the original immune privilege barrier is lost["29], inducing infil-
tration of peripheral mononuclear cells into the tissue. Infiltrating cells trigger
nuclear factor-xB (NF-xB)-mediated inflammatory cascade reactions through
damage-associated molecular patterns[~29-30], and drive macrophage polariza-
tion toward the M1 phenotype[~31], ultimately inducing abnormal growth of
nociceptive nerves into the deep layers of the tissue through the release of nerve
growth factor[~32], forming the basis of discogenic pain hypersensitivity.
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The chronic inflammatory cascade induced by inflammaging can negatively reg-
ulate the biosynthesis of core matrix components at the transcriptional level. In
the degenerative environment, abnormally active NF-xB and mitogen-activated
protein kinase (MAPK) signaling pathways are regarded as major signaling
pathways mediating ECM metabolic imbalance["33-35]. Activation of these
pathways is often accompanied by suppression of the expression of the cartilage
lineage key transcription factor SRY-box transcription factor 9 (SOX9),

weaken the tissue’ s repair potential at the source.

The biomechanical properties of the intervertebral disc are highly dependent on
the content and structural integrity of the proteoglycan aggrecan[ 36]. Aggre-
can interacts with hyaluronic acid to form macromolecular aggregates, endowing
the tissue with the ability to resist compressive loads. As the core regulator of
type II collagen and aggrecan[~37], reduced SOX9 expression not only causes NP
cells to gradually deviate from their physiological phenotype[~38-40], but also
removes its inhibitory effects on chondrocyte hypertrophy and osteogenesis[41].
This systematic suppression at the transcriptional level makes it difficult for the
intervertebral disc to maintain structural homeostasis through endogenous syn-
thesis while bearing catabolic pressure, thereby driving the evolution of patho-
logical imbalance in the tissue toward systemic functional decline["42-43].

2 Inflammatory senescence-mediated biochemical home-
ostasis remodeling: the pathogenic effects of lactic acid
accumulation and acid-sensitive ion channels

Abnormal activation of the inflammatory microenvironment is often accompa-
nied by marked metabolic reprogramming[~44]. The abnormal accumulation of
intervertebral-disc metabolites is considered an important driver of the occur-
rence and development of IVDD["45]. In the musculoskeletal system, aberrant
lactylation is a key mechanism that mediates ECM homeostatic imbalance and
decreased tissue repair capacity[ 46], effectively linking cellular metabolic stress
with pathological tissue remodeling.

As the largest avascular organ in the human body["47], the NP tissue inside the
intervertebral disc is, under physiological conditions, in a hypoxic and enclosed
microenvironment. Because nutrient diffusion pathways are limited, anaerobic
glycolysis becomes the main metabolic mode by which nucleus pulposus cells
(NPCs) obtain ATP["48]. However, during degeneration, this fragile metabolic
balance is disrupted: limited material exchange leads to excessive accumulation
of the metabolic product lactate in the central NP region[ 44,49], where its
concentration reaches a peak in degenerated NP regions["49], thereby inducing
a marked decrease in local pH["50]. This imbalance of biochemical homeostasis
not only marks insufficient nutrient supply, but also establishes a pathological
feedback loop through lactic-acid-accumulation-induced acidosis. Studies have
shown that high concentrations of lactic acid can directly inhibit ECM biosyn-
thesis and induce NPC apoptosis[~51-52], accelerating structural collapse of the
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intervertebral disc (IVD) at both biochemical and cellular levels.

As core receptors that sense the acidic microenvironment, acid-sensing ion chan-
nels (ASICs) are a class of proton-gated ion channels[ 53] and belong to the de-
generin/epithelial sodium channel family of exogenous sodium-ion channels|[~54].
ASICs are widely expressed in the nervous system and in peripheral tissues such
as the intervertebral disc[~53-54], and their activation is coordinately regulated
by metabolic products such as acidosis, lactic acid, and arachidonic acid.

Studies have shown that upregulated ASIC expression is closely associated
with the pathological progression of IVDD. As upstream regulatory factors,
ASIC1 and ASIC3 directly drive premature senescence of nucleus pulposus mes-
enchymal stem cells by activating the p53-p21/p27 and pl6-Rbl axes[ 55].
In addition, as important mediators of NP and endplate cells, activation of
ASICla directly induces cellular apoptosis["56]; at the level of tissue home-
ostasis, ASICs convert extracellular proton signals into transmembrane ion
fluxes["57-58], and the resulting intracellular calcium-signal dysregulation can
further activate downstream MAPK and NF-xB pathways[~59-60], thereby es-
tablishing a vicious feed-forward cycle of “microenvironmental acidosis-inflam-
mation-matrix degradation.” In addition, ASIC-mediated extracellular lactic-
acid effects also involve regulation of intracellular reactive oxygen species lev-
els[761], triggering activation of the NOD-like receptor protein 3 (NLRP3) in-
flammasome and release of interleukin-18 (IL-103), systematically aggravating
the degenerative process of NP tissue. Beyond disrupting matrix homeostasis,
the acidic microenvironment and the ASIC signal transduction it mediates are
also core drivers of discogenic low back pain. As a nociceptive stimulus, the
acidic microenvironment can directly activate damage receptors at peripheral
nerve endings; in a chronic inflammatory environment, ASICs and inflammatory
mediators mutually activate one another’ s expression. While this interaction
amplifies the local inflammatory cascade, it also constitutes the pathological
basis for the induction and maintenance of chronic pain through sustained acti-
vation of damage receptors[ 62].

3 Inflammatory senescence-driven tissue morphological
transition: fibrotic remodeling and functional decline
mediated by transforming growth factor-g (TGF-p5)

In the chronic sterile low-grade inflammatory environment constructed by in-
flammatory senescence|[ 63-65], multiple SASP components and pro-aging fac-
tors synergistically drive abnormal activation of fibrotic signaling. Among them,
dysregulation of the TGF-8/Smad signaling pathway is regarded as the core
mechanism inducing intervertebral-disc fibrosis.

As a key node regulating cell differentiation, apoptosis, and tissue fibrosis,
the TGF-£/Smad signaling pathway plays a central role in maintaining
intervertebral-disc homeostasis and coordinating environmental stress re-
sponses|[ 66]. As a multifunctional cytokine, TGF-S is indispensable for the
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development and growth of the IVD[T67]: at physiological doses, it exerts
endogenous tissue-protective effects by promoting matrix synthesis, inhibiting
catabolism, and suppressing inflammatory responses. Studies have found that
TGF-f and its receptors are widely distributed in NP and annulus fibrosus
cells, but their expression levels diminish with age[ 67-68]; this age-related
decline in expression suggests attenuation of endogenous repair capacity. On
this basis, appropriate upregulation of GATA-binding protein 4 (GATA4)
and TGF-( )1 expression through bioengineering approaches has been shown
to induce cartilage endplate stem cells to migrate into the NP and undergo
directed transformation into NPCs, thereby inhibiting the progression of IVDD
to a certain extent[ 69].

Although TGF- exhibits potential to promote repair[~70], recent studies sug-
gest that pathological overactivation of TGF- signaling is an important induce-
ment driving the progression of IVDD["67,71-72]. In the degenerative context,
abnormal activation of TGF-5 signaling mediates morphological remodeling of
the IVD microenvironment[~71,73]. This abnormal activation is closely associ-
ated with endplate hypertrophy, intrachondral ossification, and accelerated vas-
cularization[~73], and further worsens the biomechanical environment of the in-
tervertebral disc by inducing narrowing of the IVD space. At the same time, this
signaling pathway also participates in regulation of inflammatory responses dur-
ing the fibrotic process[~71,74], jointly accelerating structural breakdown of the
tissue. Overexpressed TGF-g binds to its receptors and activates downstream
Smad signaling, thereby triggering transcription of pro-fibrotic genes[ 75-76].

The most prominent pathological feature of fibrosis is manifested as an excessive
tendency of ECM components.

reconstruction of properties[~72,”77-"78], with the core process being the pheno-
typic conversion of collagen types. During pathological fibrosis, highly hydrated
and elastic type II collagen within the intervertebral disc is markedly lost and re-
placed by disordered, mechanically stiffer type I collagen. This evolution from a
functional matrix toward a fibrotic matrix leads to the loss of the intervertebral
disc’ s ability to resist compressive loads[~79]. Because type I collagen cannot
provide the necessary viscoelastic support, when the spinal segment bears phys-
iological loads, the stress distribution changes from uniform conduction by the
NP to local stress concentration, ultimately resulting in systemic decline of the
functional spinal motion unit.

4 Frontier intervention strategies for IVDD driven by in-
flammaging: breaking pathological cascade reactions

Based on the core driving role of inflammaging in the progression of IVDD,
emerging intervention strategies are no longer limited to traditional symptom
relief, but are committed to blocking pathological cascade reactions. By tar-
geted elimination of inflammatory sources, regulation of the pro-inflammatory
microenvironment, and physical restoration of matrix homeostasis, it is expected
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that substantive biological reconstruction of intervertebral disc tissue can be
achieved.

4.1 Targeted clearance of senescent cells: using senolytics to block
the inflammatory source

Targeting senescent cells and SASP, a key degenerative inducer, senescent-cell-
clearing senolytic drugs have become an intervention direction with great po-
tential["24]. Their mechanisms of action mainly involve temporarily interfering
with anti-apoptotic pathways specific to senescent cells, prompting these cells to
initiate selective apoptotic programs, thereby fundamentally reducing the driv-
ing factors of tissue injury[~80]. Multiple preclinical studies have shown[ 80-
~83] that senolytics have clear efficacy in delaying the progression of age-related
diseases in multiple organs, including musculoskeletal system-related lesions.

Relevant research findings show that, in light of the specific pathological fea-
tures of IVDD, senolytics can effectively clear senescent endplate chondrocytes
within the marrow cavity beneath the endplate cartilage, while also suppressing
the pro-inflammatory effects of SASP["84-"86]. In experimental aging models,
the value of this intervention is reflected not only in its ability to curb the pro-
cesses of intervertebral disc height reduction and bone loss; more importantly,
it can promote regeneration of microvessels in the marrow cavity. This pro-
vides critical nutritional support for the originally avascular intervertebral disc.
Even if senolytics cannot directly reach the interior of the intervertebral disc,
they can still improve angiogenesis in the endplate region and its coupling with
bone formation, indirectly promoting the energy metabolism levels of NP and
annulus fibrosus cells.

4.2 Regulating the immune microenvironment: SASP-targeted inhi-
bition and local delivery based on functionalized carriers

In view of the low bioavailability of systemic anti-inflammatory drugs in the in-
tervertebral disc and their significant systemic side effects, local drug delivery is
regarded as a highly promising strategy for treating IVDD["87]. In recent years,
microspheres or nanoparticles have been used as functionalized carriers[~88-"92].
By means of microfabrication, specific pro-inflammatory factor inhibitors can be
delivered directly into degenerated NP tissue, enabling sustained drug release
and long-term maintenance of local immune homeostasis. For example, pH-
responsive microspheres constructed from methacrylated hyaluronic acid["93],
or microspheres with immune-defense functions["91], can release drugs in re-
sponse to the biochemical features of the degenerative microenvironment, achiev-
ing controlled and sustained drug release and thereby maintaining local immune
homeostasis over the long term. This precise intervention can not only effec-
tively curb immune microenvironment remodeling driven by SASP, but also
provide the necessary low-inflammatory, low-metabolic-stress environment for
endogenous repair of the damaged matrix by reducing pro-inflammatory factor
levels["94], preventing degenerative cascade reactions in the intervertebral disc.
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4.3 Reconstructing matrix homeostasis: physical support and bio-
chemical repair mediated by responsive hydrogels

To address matrix mechanical instability caused by pathological fibrosis, func-
tional materials developed through bioengineering technologies show dual repair
potential. As a new type of scaffold[~95-"96], responsive hydrogels can not only
compensate for tissue defects through their viscoelastic mechanical properties
and simulate the biomechanical support of the NP[797-798], but also enable
intelligent drug release according to changes in the microenvironment, such as
decreased pH or increased enzyme concentration|[ 99].

Among various intervention approaches for intervertebral disc regeneration,
functionalized hydrogels loaded with anti-inflammatory molecules, anti-fibrotic
drugs, or growth factors exhibit therapeutic advantages distinct from other
methods["100-"101]. It should be emphasized that this strategy is not simply
physical filling. Its core value lies in its ability to precisely intercept the cascade
transmission of profibrotic signaling pathways such as TGF-£["102], thereby
suppressing the pathological transition of collagen phenotypes at the molecular
level[795], which can effectively delay the progression rate of matrix fibrosis.

The above synergistic model combining mechanical support with chemical mi-
croenvironment regulation logically realizes the reconstruction of intervertebral
disc biochemical homeostasis from the bottom up. As an important bridge link-
ing materials science and regenerative medicine, this type of composite interven-
tion provides a feasible key technological route for functional restoration and
tissue integration of spinal motion units by simulating the microenvironmental
characteristics of the natural extracellular matrix.

5 Summary and outlook

Inflammaging plays a pivotal role in the pathological progression of IVDD. It
is not only the starting point that induces chronic sterile low-grade inflamma-
tion, but also a deep-seated cause that drives changes in cell fate, metabolic
reprogramming, and tissue fibrosis through SASP components. From immune
microenvironment remodeling induced by cellular senescence, to activation of
ASICs triggered by lactate accumulation, and then to the fibrotic outcome
caused by pathological overactivation of the TGF-g pathway, this series of cas-
cade mechanisms together depicts the trajectory by which the intervertebral
disc shifts from physiological homeostasis to systemic functional decline.

In response to the above pathological cascade reactions, using senolytics to block
the inflammatory source, functionalized carriers to precisely suppress SASP, and
responsive hydrogels to reconstruct matrix homeostasis has established a core
pathway for biological intervention in IVDD. However, clinical translation still
faces multiple challenges: first, the precision of senolytic effects—namely, how to
avoid potential off-target risks while clearing terminally senescent cells to rebuild
nutritional supply; second, the dynamic regulatory performance of carrier design
—how to ensure long-term maintenance of immune homeostasis in a complex mi-
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croenvironment; and third, the need to focus on matching the biomechanics and
biochemical signals of responsive hydrogels, aiming to rebuild physical support
while strictly preventing the risk of pathological fibrosis mediated by TGF-45.

Looking to the future, in-depth elucidation of the molecular cascade mechanisms
triggered by inflammatory aging, combined with cutting-edge biomaterials tech-
nologies to achieve physical-chemical dual blockade of pathological cycles, is
expected to provide new entry points and theoretical bases for early precise
intervention and tissue-regeneration research in IVDD.

Author contributions: Yan Manli proposed the research concept, participated
in literature collation, was responsible for drafting and revising the manuscript,
and took overall responsibility for the manuscript; Luo Junhua participated in
drafting the manuscript; Zhang Rongqing participated in manuscript revision.

The authors declare no conflicts of interest.

References

[1] Chen X L, Zhang A R, Zhao K C, et al. The role of oxidative stress in
intervertebral disc degeneration: Mechanisms and therapeutic implications[J].
Ageing Res Rev, 2024, 98: 102323. DOIL: 10.1016/j.arr.2024.102323.

[2] Wang Y D, Cheng H G, Wang T, et al. Oxidative stress in intervertebral
disc degeneration: Molecular mechanisms, pathogenesis and treatment[J]. Cell
Prolif, 2023, 56(9): €13448. DOI: 10.1111/cpr.13448.

[3] GBD 2021 Low Back Pain Collaborators. Global, regional, and national
burden of low back pain, 1990-2020, its attributable risk factors, and projections
to 2050: a systematic analysis of the Global Burden of Disease Study 2021[J].
Lancet Rheumatol, 2023, 5(6): e316-e329. DOI: 10.1016/52665-9913(23)00098-
X.

[4] Zhang X M, Zhang Z L, Zou X S, et al. Unraveling the mechanisms of interver-
tebral disc degeneration: an exploration of the p38 MAPK signaling pathway|[J].
Front Cell Dev Biol, 2023, 11: 1324561. DOI: 10.3389/fcell.2023.1324561.

[5] Mohd Isa I L, Teoh S L, Mohd Nor N H, et al. Discogenic low back pain:
anatomy, pathophysiology and treatments of intervertebral disc degeneration[J].
Int J Mol Sci, 2022, 24(1): 208. DOI: 10.3390/ijms24010208.

[6] Kamali A, Ziadlou R, Lang G, et al. Small molecule-based treatment ap-
proaches for intervertebral disc degeneration: Current options and future direc-
tions[J]. Theranostics, 2021, 11(1): 27-47. DOI: 10.7150/thno.48987.

[7] Zavras A G, Acosta J R, Holmberg K J, et al. Effect of device constraint: a
comparative network meta-analysis of ACDF and cervical disc arthroplasty[J].
Spine J, 2024, 24(10): 1858-1871. DOI: 10.1016/j.spinee.2024.05.016.

[8] Zhang J Y, Ruan D K, Xuan A W, et al. Comparative study of outcomes
between allograft intervertebral disc transplantation and anterior cervical dis-

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

cectomy and fusion: a retrospective cohort study at least 5 years of follow-up[J].
Eur Spine J, 2023, 32(10): 3561-3574. DOI: 10.1007/s00586-023-07799-x.

[9] Cyril D, Giugni A, Bangar S S, et al. Elastic fibers in the intervertebral disc:
from form to function and toward regeneration[J]. Int J Mol Sci, 2022, 23(16):
8931. DOI: 10.3390/ijms23168931.

[10] Ashinsky B G, Gullbrand S E, Bonnevie E D, et al. Sacrificial fibers
improve matrix distribution and micromechanical properties in a tissue-
engineered intervertebral disc[J]. Acta Biomater, 2020, 111: 232-241. DOL:
10.1016/j.actbio.2020.05.019.

[11] Kim J W, Jeon N, Shin D E, et al. Regeneration in spinal disease: therapeu-
tic role of hypoxia-inducible factor-1 alpha in regeneration of degenerative inter-
vertebral disc[J]. Int J Mol Sci, 2021, 22(10): 5281. DOI: 10.3390/ijms22105281.

[12] Kim J W, An H J, Yeo H, et al. Activation of hypoxia-inducible factor-1l«
signaling pathway has the protective effect of intervertebral disc degeneration[J].
Int J Mol Sci, 2021, 22(21): 11355. DOIL: 10.3390/ijms222111355.

[13] Franceschi C, Garagnani P, Parini P, et al. Inflammaging: a new immune-
metabolic viewpoint for age-related diseases[J]. Nat Rev Endocrinol, 2018,
14(10): 576-590. DOI: 10.1038/s41574-018-0059-4.

[14] Calder P C, Bosco N, Bourdet-Sicard R, et al. Health relevance of the
modification of low grade inflammation in ageing (inflammageing) and the role of
nutrition[J]. Ageing Res Rev, 2017, 40: 95-119. DOI: 10.1016/j.arr.2017.09.001.

[15] Conway J, Duggal N A. Ageing of the gut microbiome: Potential influences
on immune senescence and inflammageing[J]. Ageing Res Rev, 2021, 68: 101323.
DOI: 10.1016/j.arr.2021.101323.

[16] Silwal P, Nguyen-Thai A M, Mohammad H A, et al. Cellular senescence
in intervertebral disc aging and degeneration: molecular mechanisms and
potential therapeutic opportunities[J]. Biomolecules, 2023, 13(4): 686. DOL:
10.3390/biom13040686.

[17] Rajasekaran S, Tangavel C, K s S V A, et al. Inflammaging determines
health and disease in lumbar discs—evidence from differing proteomic signatures
of healthy, aging, and degenerating discs[J]. Spine J, 2020, 20(1): 48-59. DOL
10.1016/j.spinee.2019.04.023.

[18] Patil P, Dong Q, Wang D, et al. Systemic clearance of p16INK4a-positive
senescent cells mitigates age-associated intervertebral disc degeneration[J]. Ag-
ing Cell, 2019, 18(3): €12927. DOI: 10.1111/acel.12927.

[19] Ni S F, Huang X S, Li X S, et al. METTL3 promotes nucleus pulposus
cell senescence in intervertebral disc degeneration by regulating TLR2 M6A
methylation and gut microbiota[J]. J Gerontol A Biol Sci Med Sci, 2024, 79(8):
glae150. DOT: 10.1093/gerona/glael50.

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

[20] Wei C, Wang X B, Wu S W, et al. Beta-defensin 1 knockdown amelio-
rates the characteristics of intervertebral disc degeneration by altering nucleus
pulposus and annulus fibrosus cell phenotypes via suppression of the extracellu-
lar signal-regulated kinase signaling pathway[J]. Osteoarthritis Cartilage, 2025,
33(5): 560-573. DOI: 10.1016/j.joca.2025.02.783.

[21] Liu Y, Dou Y M, Sun X, et al. Mechanisms and therapeutic strategies
for senescence-associated secretory phenotype in the intervertebral disc de-
generation microenvironment[J]. J Orthop Transl, 2024, 45: 56-65. DOL
10.1016/j.jot.2024.02.003.

[22] Li K, Hu S H, Chen H. Cellular senescence and other age-related mechanisms
in skeletal diseases[J]. Bone Res, 2025, 13: 68. DOI: 10.1038/s41413-025-00448-
7.

[23] Xiong J M, Guo Q Y, Luo X H. Cellular senescence in age-related muscu-
loskeletal diseases[J]. Front Med, 2025, 19(3): 409-426. DOI: 10.1007/s11684-
025-1125-7.

[24] Wu Y H, Shen S W, Shi Y F, et al. Senolytics: eliminating senescent cells
and alleviating intervertebral disc degeneration[J]. Front Bioeng

Biotechnol, 2022, 10: 823945. DOI: 10.3389/fbioe.2022.823945.

[25] Vamvakas S S, Mavrogonatou E, Kletsas D. Human nucleus pulposus in-
tervertebral disc cells becoming senescent using different treatments exhibit a
similar transcriptional profile of catabolic and inflammatory genes[J]. Eur Spine
J, 2017, 26(8): 2063-2071. DOI: 10.1007/s00586-017-5198-0.

[26] Feng C C, Zhang Y, Yang M H, et al. The matrikine N-acetylated
proline-Glycine-proline induces premature senescence of nucleus pulposus
cells via CXCR1-dependent ROS accumulation and DNA damage and rein-
forces the destructive effect of these cells on homeostasis of intervertebral
discs[J]. Biochim Biophys Acta Mol Basis Dis, 2017, 1863(1): 220-230. DOL:
10.1016/j.bbadis.2016.10.011.

[27] Lu H, Liu Z M, Wang Y, et al. DEPTOR regulates nucleus pulposus
cell senescence through the mTORC1/S6K1/ATG1 pathway to alleviate in-
tervertebral disk degeneration[J]. Cell Death Discov, 2025, 11: 533. DOL
10.1038/s41420-025-02819-9.

[28] Zhang A R, Cheng Z R, Chen Y H, et al. Emerging tissue engineering
strategies for annulus fibrosus therapy|[J]. Acta Biomater, 2023, 167: 1-15. DOL
10.1016/j.actbio.2023.06.012.

[29] Feng P, Chu X L, Che Y, et al. Monocyte USP7-p65 axis mediates immune
responses to the immunogenicity of nucleus pulposus[J]. Cell Stress Chaperones,
2025, 30(6): 100114. DOI: 10.1016/j.cstres.2025.100114.

[30] Burt K G, Kim M K M, Viola D C, et al. HMGB1 mediates macrophage re-
cruitment and regional intervertebral disc properties following injury[J]. FASEB

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

J, 2025, 39(12): €70711. DOI: 10.1096/1j.202402658R.

[31] Peng Y Z, Chen X Z, Rao Z L, et al. Multifunctional annulus fibrosus matrix
prevents disc-related pain via inhibiting neuroinflammation and sensitization[J].
Acta Biomater, 2023, 170: 288-302. DOI: 10.1016/j.actbio.2023.08.028.

[32] Sun K Q, Jiang J L, Wang Y, et al. The role of nerve fibers and their
neurotransmitters in regulating intervertebral disc degeneration[J]. Ageing Res
Rev, 2022, 81: 101733. DOI: 10.1016/j.arr.2022.101733.

[33] Shi Z W, Zhu L, Song Z R, et al. Roles of p38 MAPK signalling in
intervertebral disc degeneration[J]. Cell Prolif, 2023, 56(8): €13438. DOL:
10.1111/cpr.13438.

[34] Li B X, Hu Y B, Chen Y, et al. Homoplantaginin alleviates inter-
vertebral disc degeneration by blocking the NF-xB/MAPK pathways
via binding to TAKI1[J]. Biochem Pharmacol, 2024, 226: 116389. DOI:
10.1016/j.bcp.2024.116389.

[35] Zhang H J, Liao HY, Bai D Y, et al. MAPK/ERK signaling pathway: a
potential target for the treatment of intervertebral disc degeneration[J]. Biomed
Pharmacother, 2021, 143: 112170. DOI: 10.1016/j.biopha.2021.112170.

[36] Roughley P, Martens D, Rantakokko J, et al. The involvement of aggre-
can polymorphism in degeneration of human intervertebral disc and articular
cartilage[J]. Eur Cell Mater, 2006, 11: 1-7.

[37] Ahmed N, Iu J, Brown C E, et al. Serum- and growth-factor-free three-
dimensional culture system supports cartilage tissue formation by promoting
collagen synthesis via Sox9-Col2al interaction[J]. Tissue Eng Part A, 2014,
20(15/16): 2224-2233. DOI: 10.1089 /ten. TEA.2013.0559.

[38] Tsingas M, Ottone O K, Haseeb A, et al. Sox9 deletion causes severe inter-
vertebral disc degeneration characterized by apoptosis, matrix remodeling, and
compartment-specific transcriptomic changes[J]. Matrix Biol, 2020, 94: 110-133.
DOI: 10.1016/j.matbio.2020.09.003.

[39] Aboushaala K, Chee A, Ko F, et al. Mechanism of intervertebral disc degen-
eration via the S-catenin/CCL2 pathway in Sox9 conditional knockout mice[J].
JOR SPINE, 2025, 8(1): €70053. DOI: 10.1002/jsp2.70053.

[40] Zhang X Y, Guo Q P, Fang J W, et al. Sequentially assembled co-delivery
nanoplatform of SIRT1 protein and SOX9-expressing plasmid for multipronged
therapy of intervertebral disc degeneration[J]. J Nanobiotechnology, 2025, 23(1):
340. DOTI: 10.1186/s12951-025-03401-2.

[41] Joung S, Yoon D S, Cho S, et al. Downregulation of microRNA-495 alle-
viates IL-1f responses among chondrocytes by preventing SOX9 reduction[J].
Yonsei Med J, 2021, 62(7): 650-659. DOI: 10.3349/ymj.2021.62.7.650.

[42] Sahlman J, Inkinen R, Hirvonen T, et al. Premature vertebral endplate
ossification and mild disc degeneration in mice after inactivation of one allele

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

belonging to the Col2al gene for Type II collagen[J]. Spine, 2001, 26(23): 2558-
2565. DOI: 10.1097/00007632-200112010-00008.

[43] Hao Y J, Zhu G D, Yu L, et al. FOXO3-Activated HOTTIP sequesters
miR~615-3p away from COL2A1 to mitigate intervertebral disc degeneration[J].
Am J Pathol, 2024, 194(2): 280-295. DOI: 10.1016/j.ajpath.2023.10.011.

[44] Sun K @, Shi Y Y, Yan C, et al. Glycolysis-derived lactate induces
ACSL4 expression and lactylation to activate ferroptosis during interverte-
bral disc degeneration[J]. Adv Sci (Weinh), 2025, 12(21): e2416149. DOL
10.1002/advs.202416149.

[45] Zhang Y Y, Liu L, Qi Y H, et al. Lactic acid promotes nucleus pulposus cell
senescence and corresponding intervertebral disc degeneration via interacting
with Akt[J]. Cell Mol Life Sci, 2024, 81(1): 24. DOI: 10.1007/s00018-023-05094-
y.

[46] Xie Y, Umar M, Luo Y J, et al. The role of lactylation modifications in
musculoskeletal diseases: From mechanism to clinical application[J]. Pharmacol
Res, 2025, 221: 107976. DOI: 10.1016/j.phrs.2025.107976.

[47] Sun Z, Zhao H, Liu B, et al. AF cell derived exosomes regulate en-
dothelial cell migration and inflammation: Implications for vascularization
in intervertebral disc degeneration[J]. Life Sci, 2021, 265: 118778. DOL
10.1016/;.1£s.2020.118778.

[48] Xu H R, Wei K, Ni J H, et al. Matrix stiffness regulates nucleus pulposus
cell glycolysis by MRTF-A-dependent mechanotransduction[J]. Bone Res, 2025,
13(1): 23. DOI: 10.1038 /541413-025-00402-7.

[49] Liu Y D, Yang J H, Wang Z H, et al. Lactate and lactylation in in-
tervertebral disc degeneration[J]. Front Mol Biosci, 2025, 12: 1685975. DOL:
10.3389/fmolb.2025.1685975.

[50] Xu Z Q, Peng C R, Dong C P, et al. Lactylation dynamics and its regulatory
roles in orthopedic pathologies: a research update[J]. J Proteome Res, 2025,
24(11): 5319-5328. DOI: 10.1021/acs.

jproteome.5c00714.

[61] Shen J L, Chen A, Cai Z W, et al. Exhausted local lactate accumula-
tion via injectable nanozyme-functionalized hydrogel microsphere for inflam-
mation relief and tissue regeneration[J]. Bioact Mater, 2022, 12: 153-168. DOL:
10.1016/j.bioactmat.2021.10.013.

[52] Shi J H, Zhou X C, Wang Z, et al. Increased lactic acid content associated
with extracellular matrix depletion in a porcine disc degeneration induced by
superficial annular lesion[J]. BMC Musculoskelet Disord, 2019, 20(1): 551. DOIL:
10.1186/s12891-019-2937-x.

[63] Liu J J, Tao H, Wang H B, et al. Biological behavior of human nucleus pul-
posus mesenchymal stem cells in response to changes in the acidic environment

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

during intervertebral disc degeneration[J]. Stem Cells Dev, 2017, 26(12): 901-
911. DOTI: 10.1089/scd.2016.0314.

[64] Wang Z Y, Han L T, Chen H'Y, et al. Sal2b improves biological activity of
human degenerative nucleus pulposus mesenchymal stem cells in a severe acid
environment by inhibiting acid-sensitive ion channels[J]. Front Bioeng Biotech-
nol, 2022, 10: 816362. DOI: 10.3389/fbioe.2022.816362.

[55] Ding J Y, Zhang R J, Li H M, et al. ASIC1 and ASIC3 mediate cellular
senescence of human nucleus pulposus mesenchymal stem cells during interverte-
bral disc degeneration[J]. Aging, 2021, 13(7): 10703-10723. DOI: 10.18632/ag-
ing.202850.

[56] Guo Y J, Meng Y, Liu H, et al. Acid-sensing ion channels mediate the
degeneration of intervertebral disc via various pathways—a systematic review[J].
Channels, 2019, 13(1): 367-373. DOIL: 10.1080,/19336950.2019.1664038.

[57] Peng Z, Kellenberger S. Hydrogen sulfide upregulates acid-sensing ion chan-
nels via the MAPK-Erkl/2 signaling pathway[J]. Function (Oxf), 2021, 2(2):
zqab007. DOI: 10.1093/function/zqab007.

[58] Liu T T, Qiu C Y, Li X M, et al. CXCL10 enhances acid-sensing ion
channel currents in rat dorsal root[J]. Mol Neurobiol, 2025, 62(2): 1882-1893.
DOI: 10.1007/s12035-024-04390-3.

[59] Tao J J, Lu Z, Su J W, et al. ASICla promotes the proliferation of synovial
fibroblasts via the ERK/MAPK pathway[J]. Lab Investig, 2021, 101(10): 1353-
1362. DOI: 10.1038/s41374-021-00636-z.

[60] Zhou R P, Wu X S, Wang Z S, et al. Interleukin-6 enhances acid-induced
apoptosis via upregulating acid-sensing ion channel la expression and function
in rat articular chondrocytes[J]. Int Immunopharmacol, 2015, 29(2): 748-760.
DOTI: 10.1016/j.intimp.2015.08.044.

[61] Zhao K C, An R, Xiang Q, et al. Acid-sensing ion channels regulate nu-
cleus pulposus cell inflammation and pyroptosis via the NLRP3 inflammasome
in intervertebral disc degeneration[J]. Cell Prolif, 2021, 54(1): e12941. DOL
10.1111/cpr.12941.

[62] Abdelhamid R E, Sluka K A. ASICs mediate pain and inflammation in
musculoskeletal diseases[J]. Physiology (Bethesda), 2015, 30(6): 449-459. DOIL:
10.1152/physiol.00030.2015.

[63] Mlynarska E, Kowalik A, Krajewska A, et al. Inflammaging and senescence-
driven extracellular matrix remodeling in age-associated cardiovascular

disease[J]. Biomolecules, 2025, 15(10): 1452. DOI: 10.3390/biom15101452.

[64] Castro A L, van der Vliet E, Pereira P, et al. Impact of transient versus
continuous IL-145-driven inflammatory 3D models on annulus fibrosus cells[J].
Acta Biomater, 2025, 202: 234-247. DOIL: 10.1016/j.actbio.2025.06.041.

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

[65] Wang W, Jiang C, Chen J H, et al. Macrophage changes and high-
throughput sequencing in aging mouse intervertebral disks[J]. JOR Spine, 2025,
8(2): €70061. DOI: 10.1002/jsp2.70061.

[66] Yan X, Ding J Y, Zhang R J, et al. FSTL1 accelerates nucleus pulposus-
derived mesenchymal stem cell apoptosis in intervertebral disc degeneration by
activating TGF-S-mediated Smad2/3 phosphorylation[J]. J Transl Med, 2025,
23(1): 232. DOI: 10.1186/s12967-025-06231-w.

[67] Chen S, Liu S, Ma K, et al. TGF-§ signaling in intervertebral disc
health and disease[J]. Osteoarthr Cartil, 2019, 27(8): 1109-1117. DOL
10.1016/j.joca.2019.05.005.

[68] Yokozeki Y, Kawakubo A, Miyagi M, et al. Reduced TGF-/ expression and
CD206-positive resident macrophages in the intervertebral discs of aged mice[J].
BioMed Res Int, 2021, 2021(1): 7988320. DOI: 10.1155/2021/7988320.

[69] Luo L W, Gong J F, Zhang H'Y, et al. Cartilage endplate stem cells trans-
differentiate into nucleus pulposus cells via autocrine exosomes[J]. Front Cell
Dev Biol, 2021, 9: 648201. DOI: 10.3389/fcell.2021.648201.

[70] Alkhatib B, Liu C R, Serra R. Tgfbr2 is required in Acan-expressing cells for
maintenance of the intervertebral and sternocostal joints[J]. JOR Spine, 2018,
1(2): e1025. DOI: 10.1002/jsp2.1025.

[71] Staszkiewicz R, Gladysz D, Sobaniski D, et al. Assessment of the concentra-
tion of transforming growth factor beta 1-3 in degenerated intervertebral discs
of the lumbosacral region of the spine[J]. Curr Issues Mol Biol, 2024, 46(11):
12813-12829. DOI: 10.3390/¢imb46110763.

[72] Ding Y F, Li F, Wang Y Y, et al. Nanomedicine approaches for interver-
tebral disc regeneration: from bench to bedside[J]. Pharmaceutics, 2025, 17(3):
313. DOI: 10.3390/pharmaceutics17030313.

[73] Bian Q, Jain A, Xu X, et al. Excessive activation of TGF/S by spinal in-
stability causes vertebral endplate sclerosis[J]. Sci Rep, 2016, 6: 27093. DOL:
10.1038/srep27093.

[74] Peng D D, Fu M Y, Wang M N, et al. Targeting TGF-£ signal transduc-
tion for fibrosis and cancer therapy[J]. Mol Cancer, 2022, 21(1): 104. DOL
10.1186/s12943-022-01569-x.

[75] Hu H H, Chen D Q, Wang Y N, et al. New insights into TGF-/3/Smad
signaling in tissue fibrosis[J]. Chem Biol Interact, 2018, 292: 76-83. DOL
10.1016/j.cbi.2018.07.008.

[76] Gyorfi A H, Matei A E, Distler J H W. Targeting TGF-§ signaling
for the treatment of fibrosis[J]. Matrix Biol, 2018, 68/69: 8-27. DOL
10.1016/j.matbio.2017.12.016.

[77] Castro A L, Ribeiro-Machado C, Oliveira C M, et al. Fibrotic alterations in

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

human annulus fibrosus correlate with progression of intervertebral disc hernia-
tion[J]. Arthritis Res Ther, 2022, 24(1): 25. DOI: 10.1186/s13075-021-02690-w.

[78] Wang W J, Yu X H, Wang C, et al. MMPs and ADAMTSs in inter-
vertebral disc degeneration[J]. Clin Chim Acta, 2015, 448: 238-246. DOL:
10.1016/j.cca.2015.06.023.

[79] Rajasekaran S, Soundararajan D C R, Nayagam S M, et al. Novel

biomarkers of health and degeneration in human intervertebral discs: in-
depth proteomic analysis of collagen framework of fetal, healthy, scoliotic,
degenerate, and herniated discs[J]. Asian Spine J, 2023, 17(1): 17-29. DOL
10.31616/asj.2021.0535.

[80] Kirkland J L, Tchkonia T. Senolytic drugs: from discovery to translation[J].
J Intern Med, 2020, 288(5): 518-536. DOL: 10.1111 /joim.13141.

[81] Hickson L J, Langhi Prata L G P, Bobart S A, et al. Senolytics decrease
senescent cells in humans: Preliminary report from a clinical trial of Dasatinib
plus Quercetin in individuals with diabetic kidney disease[J]. EBioMedicine,
2019, 47: 446-456. DOI: 10.1016/j.ebiom.2019.08.069.

[82] Hawthorne B C, Wellington I J, Sabitsky J T, et al. Human rotator cuff
tears reveal an age-dependent increase in markers of cellular senescence and
selective removal of senescent cells with dasatinib + quercetin increases ge-
netic expression of COL1A1 in vitro[J]. Arthroscopy, 2024, 40(1): 34-44. DOL
10.1016/j.arthro.2023.05.036.

[83] Takaya K, Kishi K. Combined dasatinib and quercetin treatment con-
tributes to skin rejuvenation through selective elimination of senescent cells in
vitro and in vivo[J]. Biogerontology, 2024, 25(4): 691-704. DOI: 10.1007/s10522-
024-10103-z.

[84] Chen B L, Zhu R J, Hu H, et al. Elimination of senescent cells by
senolytics facilitates bony endplate microvessel formation and mitigates disc
degeneration in aged mice[J]. Front Cell Dev Biol, 2022, 10: 853688. DOL:
10.3389/fcell.2022.853688.

[85] Zheng B J, Zhang X Y, Kong X X, et al. S1P regulates intervertebral disc
aging by mediating endoplasmic reticulum-mitochondrial calcium ion homeosta-
sis[J]. JCI Insight, 2024, 9(21): e177789. DOI: 10.1172/jci.insight.177789.

[86] Lim S, An S B, Jung M, et al. Local delivery of senolytic drug inhibits in-
tervertebral disc degeneration and restores intervertebral disc structure[J]. Adv
Healthc Mater, 2022, 11(2): ¢2101483. DOI: 10.1002/adhm.202101483.

[87] Rudnik-Jansen I, Du J, Karssemakers-Degen N, et al. Drug retention
after intradiscal administration[J]. Drug Deliv, 2024, 31(1): 2415579. DOL
10.1080/10717544.2024.2415579.

[88] Hong Y Z, Duan Y D, Zhu Z, et al. IL-1ra loaded chondroitin sulfate-
functionalized microspheres for minimally invasive treatment of interver-

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

tebral disc degeneration[J]. Acta Biomater, 2024, 185: 336-349. DOL
10.1016/j.actbio.2024.06.048.

[89] Dai J Q, Ni L, Jin C Y, et al. Esterase-responsive kartogenin composite
hydrogel microspheres boost nucleus pulposus regeneration in interver-
tebral disc degeneration[J]. Acta Biomater, 2025, 198: 131-150. DOI:
10.1016/j.actbio.2025.04.001.

[90] Qiu X M, Zhang Y Z, Wei Z Y, et al. PLGA/BK microspheres targeting the
bradykinin signaling pathway as a therapeutic strategy to delay intervertebral
disc degeneration[J]. Commun Biol, 2024, 7(1): 1540. DOI: 10.1038/s42003-024-
07196-0.

[91] Zhou L, Cai F, Zhu H Y, et al. Immune-defensive microspheres promote
regeneration of the nucleus pulposus by targeted entrapment of the inflamma-
tory cascade during intervertebral disc degeneration[J]. Bioact Mater, 2024, 37:
132-152. DOI: 10.1016/j.bioactmat.2024.03.020.

[92] Gao R, Zhang Y F, Deng B, et al. GM@mTG-V microspheres pro-
mote NP regeneration by reconstructing IVD biomechanics and inflam-
matory microenvironment[J]. Mater Today Bio, 2025, 32: 101897. DOL
10.1016/j.mtbio.2025.101897.

[93] Ma T, Wu J W, Chen S L, et al. pH-responsive modified HAMA micro-
spheres regulate the inflammatory microenvironment of intervertebral discs[J].
ACS Appl Mater Interfaces, 2024, 16(46): 63295-63305. DOI: 10.1021/ac-
sami.4c14475.

[94] Cheng H Z, Chunping C P, Shu Z X, et al. Microenvironment-targeted
strontium delivery system reshapes redox homeostasis to halt degenerative cas-
cades in intervertebral discs[J]. J Control Release, 2026, 389: 114449. DOL
10.1016/j.jconrel.2025.114449.

[95] Zhang J M, Li C, Liu H R, et al. Hydrogel delivery systems in intervertebral
disc degeneration: Current status and future perspectives[J]. J Control Release,
2025, 386: 114066. DOI: 10.1016/j.jconrel.2025.114066.

[96] Zhang J M, Wang Z S, Chen S F, et al. From molecular regulation to tissue
repair: hydrogels in the fight against intervertebral disc degeneration[J]. Ann
Med, 2025, 57(1): 2572310. DOI: 10.1080,/07853890.2025.2572310.

[97] Yu X J, Zhao Y T, Abuduaini H, et al. A novel spherical GelMA-HAMA
hydrogel encapsulating APET x 2 polypeptide and CFIm25-targeting sgRNA
for immune microenvironment modulation and nucleus pulposus regeneration
in intervertebral discs[J]. J Nanobiotechnology, 2024, 22(1): 556. DOLI:
10.1186/s12951-024-02783-z.

[98] Muir V G, Fainor M, Orozco B S, et al. Injectable radiopaque hyaluronic
acid granular hydrogels for intervertebral disc repair[J]. Adv Healthc Mater,
2024, 13(25): €2303326. DOIL: 10.1002/adhm.202303326.

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

ChinaRxiv [$X]

[99] Wang W T, Liu L, Ma W Z, et al. An anti-senescence hydrogel
with pH-responsive drug release for mitigating intervertebral disc degen-
eration and low back pain[J]. Bioact Mater, 2024, 41: 355-370. DOL
10.1016/j.bioactmat.2024.07.031.

[100] Chen Y H, Yang Z R, Cheng Z R, et al. Injectable hydrogel microspheres
promoting inflammation modulation and nucleus pulposus-like differentiation
for intervertebral disc regeneration[J]. J Control Release, 2025, 380: 599-614.
DOTI: 10.1016/j.jconrel.2025.02.016.

[101] Liu L, Wang W T, Huang L, et al. Injectable inflammation-responsive hy-
drogels for microenvironmental regulation of intervertebral disc degeneration[J].
Adv Healthc Mater, 2024, 13(22): €2400717. DOI: 10.1002/adhm.202400717.

[102] Li Y'Y, Zhai Y, Wang T L, et al. An anti-FAP-scFv-functionalized exosome-
carrying hydrogel delivers SKI mRNA to fibrotic nucleus pulposus cells to al-
leviate intervertebral disc degeneration by regulating FOXO3[J]. Theranostics,
2025, 15(9): 3877-3899. DOI: 10.7150/thno.107776.

(Received: 2026-06-26; Revised: 2026-07-25)
(Editor: Kang Yanhui)

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv. Machine translation. Verify with the original.

chinarxiv.org/items/chinaxiv-202608.00040 Machine Translation


https://chinarxiv.org/items/chinaxiv-202608.00040

	Abstract
	Full Text
	Cascade Mechanism of Inflammaging-Driven Intervertebral Disc Degeneration: from Microenvironmental Evolution to Tissue Fibrosis and Frontier Intervention Strategies
	Cascade Mechanism of Inflammaging-driven Intervertebral Disc Degeneration: from Microenvironmental Evolution to Tissue Fibrosis and Frontier Intervention Strategies
	1 Inflammaging-induced evolution of the intervertebral disc microenvironment: cellular senescence-driven and immune response activation
	2 Inflammatory senescence–mediated biochemical homeostasis remodeling: the pathogenic effects of lactic acid accumulation and acid-sensitive ion channels
	3 Inflammatory senescence–driven tissue morphological transition: fibrotic remodeling and functional decline mediated by transforming growth factor-\beta (TGF-\beta)
	4 Frontier intervention strategies for IVDD driven by inflammaging: breaking pathological cascade reactions
	4.1 Targeted clearance of senescent cells: using senolytics to block the inflammatory source
	4.2 Regulating the immune microenvironment: SASP-targeted inhibition and local delivery based on functionalized carriers
	4.3 Reconstructing matrix homeostasis: physical support and biochemical repair mediated by responsive hydrogels

	5 Summary and outlook
	References


