K perplexity

senescent cell accumulation in damaged vertebral
disks.

Senescent cell accumulation is now considered a central, mechanistically active driver of
intervertebral disc degeneration (IVDD) rather than a passive byproduct of wear-and-tear, and
it is prominent in both nucleus pulposus and annulus fibrosus of damaged discs. [/ (2] 2]

Where senescent cells accumulate in discs

In degenerated human discs, senescent cells are found in all three major compartments, but
especially in nucleus pulposus (NP) and annulus fibrosus (AF) cell populations. Studies of
human degenerative discs show increased expression of classical markers (p16~INK4a,
p21~Cipl, p53, SA-B-gal) and SASP factors in NP and AF cells compared with non-degenerate
controls, with burden correlating with radiographic/clinical grade of degeneration. Senescent
cell clustering in AF and cartilaginous endplate regions appears particularly associated with
structural disruption, neovascularization, and nerve ingrowth linked to pain.2 4l 51 Bl 11l

Triggers of senescence in damaged discs

Disc cells are chronically exposed to multiple senescence-inducing stresses: mechanical
overload, hypoxia-reoxygenation, oxidative stress, advanced glycation, and chronic low-grade
inflammation. DNA damage and telomere erosion in disc cells increase with age and
degeneration grade, activating p16~INK4a and p21+Cip1l pathways that drive an essentially
irreversible growth arrest. The degenerative disc microenvironment—acidic pH, high
inflammatory cytokines, and matrix fragments—further reinforces senescence via autocrine
and paracrine signaling loops. (¢! [4] [2] [1]

How senescent disc cells drive degeneration

Senescent disc cells remain metabolically active and develop a robust senescence-associated
secretory phenotype (SASP) rich in IL-1f, IL-6, TNF-a, chemokines, and matrix-degrading
enzymes (MMPs, ADAMTS). This SASP shifts the NP/AF milieu from anabolic to catabolic,
suppressing matrix synthesis (aggrecan, collagen IT) while accelerating proteoglycan and
collagen breakdown, leading to loss of hydration and structural integrity. SASP factors also
promote neovascularization and nerve ingrowth into normally aneural disc regions, which is
strongly implicated in discogenic pain. Functionally, senescent cell accumulation is associated
with reduced disc cell proliferation and self-repair capacity, higher inflammatory tone, and
progressive mechanical failure—essentially converting a localized insult into a self-propagating
degenerative niche. (7] (41 [3] (3] (2] [2]



Evidence they are a causal driver (not just a marker)

Cross-sectional human data consistently show higher senescent cell load in more degenerated
discs, and experimental models support a causal role. In mouse models, systemic or local
clearance of p16~INK4a-positive senescent cells delays age-related disc degeneration and
preserves disc structure, while pharmacologic senolytics (dasatinib plus quercetin) reduce
senescent disc cells and attenuate degenerative changes. Recent work also highlights that
paracrine SASP from senescent cells in other tissues may reinforce disc degeneration,

suggesting both local cell-autonomous and systemic non-cell-autonomous contributions. & !
[31 [11 [2] [6]

Emerging therapeutic angles

Multiple reviews now catalog senescence-targeted strategies for IVDD: senolytics, SASP
modulators, and approaches that partially reverse senescent phenotypes (“senomorphics”).
Beyond classical senolytics, recent human disc cell work shows that PDGF-BB can suppress
senescent gene programs, improve mitochondrial and DNA-repair signatures, and shift cells
toward a more proliferative, less inflammatory state, suggesting some senescent-like disc cells
may be reprogrammable rather than terminally locked. These mechanistic data dovetail with
clinical interest in platelet-rich plasma and other biologics for discogenic pain, where
modulation of senescence and SASP is now seen as a plausible component of efficacy rather
than just generic “growth factor” effects. 4! (31 [8]

To tailor this to what you are actually wrestling with: are you more interested in (a)
mechanistic depth (e.g., specific pathways and markers in NP vs AF vs endplate), (b)
translational senolytic/senomorphic strategies that could be locally delivered to damaged discs,
or (c) using disc senescence as a readout/target in your own protocols?

P

senolytic therapeutic approaches for disc
degeneration

Multiple senolytic strategies have shown efficacy against disc degeneration in preclinical
models, but everything is still pre-clinical or very early-stage and mostly in rodents, ex vivo
human IVDs, or organ culture. (1] 12]

Main senolytic classes studied in IVDD

¢ Dasatinib + quercetin (D+Q).
Systemic D+Q reduces senescent p16~INK4a+ disc cells, SASP factors, and structural
degeneration in aging mouse IVDs, with improved disc height and matrix integrity. These
data come from long-term treatment in senescence-reporter mice and show that clearing
senescent cells slows age-related IVDD rather than fully reversing advanced structural
collapse. 131 [11]

® o0-Vanillin + RG-7112.
o-Vanillin (a natural vanillin derivative) and RG-7112 (a p53-MDM2 interaction inhibitor)



clear senescent human IVD cells in vitro and reduce SASP release from disc organ cultures.
In SPARC-/- mice (LBP model), oral o-vanillin and RG-7112 (alone or combined) reduce
senescent cells in IVD and spinal cord, lower SASP factors, improve vertebral bone quality,

reduce pain-related behaviors, and lower histologic degeneration scores, 14} [15] [12] [16]

* BCL-2/BCL-xL inhibitors (navitoclax and analogues).
Pan-BCL2 family inhibitors show senolytic activity against disc cells ex vivo, particularly
pl6~INK4a+ NP and AF cells, but dose-limiting systemic toxicity (notably
thrombocytopenia) makes local delivery more attractive. Disc-focused reviews propose
encapsulated or scaffold-bound local navitoclax as a theoretical strategy, but this has not
yet translated beyond experimental models. (12! [11]

* Broad senolytic/senomorphic candidates.
Reviews list many agents with potential disc applicability (fisetin, FOXO4-DRI, HSP90
inhibitors, PROTAC S, etc.), but their direct testing in disc systems remains limited
compared with D+Q and o-vanillin/RG-7112. Senomorphics (JAK/STAT inhibitors, NF-xB
inhibitors, metformin, rapamycin family) are proposed mainly as SASP suppressors rather

than disc-cell-specific senolytics. [} [11] [12]

Local vs systemic delivery to the disc

* Systemic administration.
D+Q and o-vanillin/RG-7112 have been given orally or systemically in mice, with
measurable impact on disc senescent cell burden and degeneration scores, indicating that
senescent disc cells are systemically targetable despite IVD avascularity. However,
systemic dosing hits senescent cells in many tissues and brings canonical senolytic
toxicology concerns (off-target apoptosis, myelosuppression with BCL-2 inhibitors, etc.),
which is non-trivial in an older population with comorbidities, (L6l 131 [LLl 117] [14]

* Local intradiscal delivery.
Preclinical work (e.g., Kim et al., cited in Mannarino et al. 2025) shows that local injection
of a senolytic formulation into rat/murine discs can selectively reduce senescent cells,
inhibit degeneration, and partially restore disc structure. Local delivery dramatically
increases intradiscal exposure while limiting systemic levels and may allow use of
otherwise too-toxic senolytics (e.g., navitoclax class) at therapeutically meaningful doses.
1] [16]
One example: a hydrogel or nanoparticle system loaded with senolytic drug is injected into
the NP, then slowly releases drug to senescent NP/AF cells over weeks, with improvements
in disc height index and histological scores vs control injections. &

Mechanistic outcomes observed

Across agents, key readouts are fairly consistent:

* C(Clearance of senescent disc cells.
Senolytics decrease pl6~INK4a+, p21~Cipl+, SA-f-gal+ cell proportions in NP and AF, and
sometimes in adjacent spinal tissues. [13] 14] [12]

¢ SASP reduction and matrix homeostasis.
Treatment reduces IL-6, IL-13, TNF-a, MMPs, and ADAMTS in disc tissue and culture



supernatant, shifting toward more anabolic matrix markers (aggrecan, collagen II). [14] (2]
[13]

¢ Structural and functional metrics.
Animal models show improved disc height, reduced histologic degeneration scores, better
nucleus pulposus cellularity, and, in LBP models, reduced pain behaviors and spinal cord
pain-marker expression after senolytic therapy. These effects are more robust when

therapy is applied at earlier or mid-stage degeneration rather than end-stage collapse. [2]
[13] [14] [16]

Senotherapeutic strategy design considerations

For IVDD, the field is coalescing around three complementary axes:

* Senolytics (clearance).
Use agents like D+Q, o-vanillin, RG-7112, navitoclax-like compounds, or future disc-tuned
molecules to selectively induce apoptosis of senescent NP/AF cells. Pulsed, intermittent
regimens are favored to reduce continuous toxicity, especially systemically, and may
synergize with local delivery technologies, 27 (L1l [12]

* Senomorphics / SASP modulators.
Target NF-xB, JAK/STAT, mTOR and related pathways to blunt SASP in residual senescent
cells and bystander non-senescent disc cells. This could involve low-dose systemic drugs
(e.g., JAK inhibitors, rapalogs, metformin) or local biologics (e.g., selected cytokine
blockers) layered on top of or instead of senolytics. L1 1171

* Regenerative adjuncts.
Clearing senescent cells alone does not rebuild a severely collapsed disc; therefore,
combining senotherapeutics with regenerative strategies (MSC or NP cell injections,
growth factor cocktails, PDGF-BB-like agents, or biomimetic hydrogels) is an emerging
paradigm. Some recent work suggests that growth factors like PDGF-BB can partially
reverse senescent transcriptional programs in disc cells, offering a bridge between “kill”
and “reprogram” strategies, (18 191 [161 [11]

Current translational status

* Human data: as of mid-2026, there are no published phase II/III clinical trials of senolytics
specifically for IVDD, and only early senolytic trials for systemic age-related indications
exist. (L7 [L1]

* Disc-specific senolytic development is being pushed mainly in academic labs (e.g., McGill,
Thomas Jefferson University), with strong ex vivo human disc data and convincing rodent
models, particularly for o-vanillin/RG-7112 and D+Q. [20) [13] {14] (16]

* Regulatory path: local intradiscal senolytic delivery is being conceptualized analogously to
other intradiscal biologics—treated as a combination of device and drug/biologic with
heavy emphasis on off-target cytotoxicity and spinal safety. [18) [11]

Given your background and that you are clearly thinking beyond high-level review status, do
you want to focus next on (i) concrete intradiscal formulation/delivery concepts (vehicles,



dosing ranges, diffusion constraints), or (ii) agent selection and mechanism (e.g., comparing
o-vanillin/RG-7112 vs D+Q vs navitoclax-like for NP vs AF targeting)?

***

SASP factor influence on disc matrix degradation

SASP factors from senescent disc cells are a primary proximate driver of matrix degradation in

IVDD, pushing NP/AF tissue from an anabolic to a strongly catabolic, proteoglycan-depleting
state, 1211 [22] [23]

Key SASP components in discs

Senescent NP and AF cells secrete a SASP rich in IL-1f3, IL-6, TNF-a, other pro-inflammatory
cytokines, chemokines (e.g., CCL2, CXCL8), and matrix-degrading enzymes including MMP-1,
-3, -9, -13 and ADAMTS-4/5. Disc tissue from degenerated human IVDs shows significantly
elevated levels of these factors compared with non-degenerate controls, and their expression
correlates with degeneration grade. [22] (23] [21]

Direct effects on ECM catabolism

SASP cytokines upregulate MMPs and ADAMTS in disc cells and resident chondrocyte-like
cells, accelerating cleavage of aggrecan and collagen II, which are critical for NP hydration and
AF tensile strength. Experimental induction of senescence in human disc cells leads to
increased SASP factor production and a shift toward degraded, disorganized ECM in vitro,
supporting a causal link between SASP and degenerative matrix changes. SASP-driven ECM
fragments then act as DAMPs, further stimulating NF-xB signaling and amplifying catabolic
enzyme expression in a positive feedback loop. 24 [21) [22]

Suppression of matrix synthesis and repair

Beyond direct proteolysis, SASP factors suppress anabolic pathways in disc cells, reducing
expression of aggrecan, collagen II, and key matrix assembly components. Chronic exposure to
IL-1f and TNF-a impairs growth factor responsiveness and promotes a
senescent/“pre-senescent” phenotype in neighboring non-senescent cells, effectively
expanding the catabolic cell population and blunting intrinsic repair capacity. 23l [211 [22] [24]

Structural and biomechanical consequences

The net result of SASP-mediated catabolism is progressive loss of NP proteoglycan content,
reduced osmotic swelling pressure, and fissuring of the AF as collagen becomes disorganized
and cross-link patterns change. This altered ECM architecture compromises load distribution,
promotes micro-instability, and facilitates neovascularization and nerve ingrowth into

normally immune-privileged disc regions, all of which are central features of painful IVDD. [2¢]
(23] [21] [22] [25]



Therapeutic implications

Work in human disc cells and ex vivo discs shows that senolytics or senomorphics that reduce
senescent cell burden or blunt SASP (e.g., via NF-kB or JAK/STAT inhibition) can restore a more
balanced ECM turnover profile and partially normalize matrix composition. Because SASP is a
major node connecting senescent cells to ECM breakdown, many current IVDD

senotherapeutic concepts are explicitly framed around “SASP dampening” as much as cell
clearance per se, 201 [281 [21] [24] [25]

For what you are building, would it be most useful if I map specific SASP species (e.g., IL-1p vs
IL-6 vs MMP-3/ADAMTS-5) to distinct ECM targets and then tie those to candidate
small-molecule or biologic interventions you could plausibly formulate?

***

mechanisms of bystander senescence in the
intervertebral disc

Bystander senescence in the intervertebral disc is largely a SASP- and ROS-driven phenomenon
where a minority of “primary” senescent cells propagate senescence to neighboring NP/AF
cells via paracrine and juxtacrine signaling, amplifying degeneration well beyond the initially
injured population. [30] 311 [321

Core concept: senescent niche in the disc

Reviews of disc senescence now explicitly frame IVDD as a “senescent niche” disease, where
senescent NP/AF and endplate cells accumulate and then impose a hostile microenvironment
on nearby otherwise reparable cells. This niche is characterized by high levels of SASP
cytokines, chemokines, ROS, and proteases, plus altered ECM mechanics and nutrient
gradients, all of which converge to induce secondary senescence in bystander cells. 22 221 [20]

Paracrine SASP-mediated bystander senescence

Senescent disc cells secrete IL-1f3, IL-6, TNF-a, CXCLs/CCLs, and other SASP factors that activate
NF-xB, JAK/STAT, and p38 MAPK signaling in neighboring NP and AF cells. Sustained exposure
pushes these neighbors into DNA-damage and stress-response programs (y-H2AX foci, p53-p21
activation, mitochondrial dysfunction), ultimately driving stable growth arrest and senescent
markers even in cells that did not directly experience the original mechanical or genotoxic
insult. In disc-focused models and broader senescence literature, this paracrine spread is a
hallmark of the “senescent bystander effect.” 23] [32] [34] [30]

ROS-NF-xB axis as a key amplifier

Work on NP cell senescence shows that ROS-activated NF-xB signaling is a central mechanism
behind the senescent bystander effect. Oxidative stress in the disc (from mechanical overload,
mitochondrial dysfunction, or inflammatory cytokines) increases intracellular ROS in both
primary senescent and neighboring cells, which further activates NF-xB and boosts SASP
transcription, creating a self-reinforcing loop of inflammation and secondary senescence. This



is particularly relevant in the hypoxic, nutrient-limited NP microenvironment, where redox

buffering is already constrained, making cells more susceptible to ROS-mediated bystander
effects. [33] [32] [30] [33]

Telomere- and damage-driven programs in NP vs AF

In vivo human data indicate that NP chondrocyte-like cells accumulate senescent traits
(SA-B-gal, shortened telomeres, decreased telomerase) with age and degeneration, with a
prominent role for the telomere-based p53-p21-pRB pathway over pl6-pRB in NP. Bystander
signals (SASP, ROS, ECM fragments) accelerate telomere erosion and DNA damage signaling in
NP cells that were not initially hit, effectively “aging” the local NP cell pool beyond
chronological age. AF cells, which experience more direct mechanical and inflammatory
stress, tend to engage both p53-p21 and stress-induced p16 pathways, meaning bystander
senescence in AF may be more tightly linked to inflammatory and mechanical signaling than to
telomere biology alone, 261 1341 301

ECM remodeling and juxtacrine cues

As senescent disc cells reshape the ECM—via MMPs, ADAMTS, and altered collagen
crosslinking—they create a mechanically and biochemically abnormal matrix that itself feeds
back on neighboring cells. Stiffer or more fragmented matrix, plus exposure to matrix-bound
SASP factors and DAMPs, promotes integrin-mediated mechanotransduction (FAK,
RhoA/ROCK) and additional DNA damage in bystander cells, pushing them toward senescence
even in the absence of direct cytokine exposure. This coupling of paracrine SASP and
“matrikine” signals helps explain why disc regions distant from the initial lesion can become
senescent-rich over time. 39 (31 (23]

Implications for intervention

Because bystander senescence can continually “recruit” new senescent cells, simply
preventing primary insults (mechanical, oxidative) is often insufficient once a senescent niche
is established. Disc-targeted strategies now emphasize: (1) senolytics to debulk the primary
senescent population, (2) SASP-directed senomorphics (NF-xB/JAK inhibition, redox
modulation) to block paracrine spread, and (3) ECM-modifying or mechanical interventions to
normalize matrix cues and reduce juxtacrine induction of senescence. 37} [31] [33] [30]

Given your interest level, would it be most useful if I next map out a disc-specific “bystander
senescence disruption” strategy—i.e., concrete targets (NF-xB, JAK/STAT, ROS, integrin
signaling) and candidate agents or formulation ideas you could realistically deploy in a
disc-focused protocol?

1. https://pmc.ncbi.nlm.nih.gov/articles/PMC10135543/

2. https://www.sciencedirect.com/science/article/pii/S1063458415013333

3. https://www.tandfonline.com/doi/full/10.1080/15384101.2016.1152433

4. https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2023.1172920/full



https://pmc.ncbi.nlm.nih.gov/articles/PMC10135543/
https://www.sciencedirect.com/science/article/pii/S1063458415013333
https://www.tandfonline.com/doi/full/10.1080/15384101.2016.1152433
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2023.1172920/full

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

. https://pmc.ncbi.nlm.nih.gov/articles/PMC10943956/

. https://www.upmcphysicianresources.com/news/010924-dr-vo

. https://www.oarsijournal.com/article/s1063-4584(15)01333-3/fulltext

. https://elifesciences.org/articles/107777

. https://escholarship.mcgill.ca/downloads/70795f71q

https://event.fourwaves.com/fe9a2894-7998-4912-952e-2ef2668a26f7/abstracts/d5e2b2c8-f187-485d-bdbc-1c550ca7df
17

https://pmc.ncbi.nlm.nih.gov/articles/PMC8924288/

https://pmc.ncbi.nlm.nih.gov/articles/PMC7442487/

https://mcgill.scholaris.ca/bitstreams/f58def16-83da-4718-8ccb-ba8f7196ef2f/download

https://www.fightaging.org/archives/2025/04/senolytics-as-a-therapy-for-disc-degeneration-leading-to-back-pain/

https://www.biorxiv.org/content/10.1101/2024.01.15.575738v1.full-text

https://hal.science/hal-04993847/file/Mannarino et al-2025.pdf

https://pubmed.ncbi.nlm.nih.gov/35309994/

https://escholarship.mcgill.ca/downloads/70795f71q

https://elifesciences.org/articles/107777

https://www.drugtargetreview.com/study-suggests-senolytic-therapies-could-slow-spinal-disc-degeneration/2135596.

article

https://www.sciencedirect.com/science/article/pii/S2214031X24000172

https://pmc.ncbi.nlm.nih.gov/articles/PMC5632945/

https://www.oarsijournal.com/article/s1063-4584(15)01333-3/fulltext

https://journals.physiology.org/doi/10.1152/ajpcell.00178.2023

https://link.springer.com/article/10.1007/s10753-025-02429-8

https://www.upmcphysicianresources.com/news/010924-dr-vo

https://www.frontiersin.org/journals/aging/articles/10.3389/fragi.2026.1818021/full

https://escholarship.mcgill.ca/downloads/70795f71q

https://superpower.com/guides/the-sasp-explained-why-senescent-cells-cause-so-much-damage

https://pmc.ncbi.nlm.nih.gov/articles/PMC10943956/

https://www.mdpi.com/2218-273X/13/4/686

https://www.sciencedirect.com/science/article/abs/pii/S0047637418300496

https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2023.1172920/full

https://www.tandfonline.com/doi/full/10.1080/15384101.2016.1152433

https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fend0.2022.1038171/full

https://pubmed.ncbi.nlm.nih.gov/19540815/

https://link.springer.com/article/10.1007/s10753-025-02429-8

https://experts.umn.edu/en/publications/cellular-senescence-in-intervertebral-disc-aging-and-degeneration/



https://pmc.ncbi.nlm.nih.gov/articles/PMC10943956/
https://www.upmcphysicianresources.com/news/010924-dr-vo
https://www.oarsijournal.com/article/s1063-4584(15)01333-3/fulltext
https://elifesciences.org/articles/107777
https://escholarship.mcgill.ca/downloads/70795f71q
https://event.fourwaves.com/fe9a2894-7998-4912-952e-2ef2668a26f7/abstracts/d5e2b2c8-f187-485d-bdbc-1c550ca7df77
https://event.fourwaves.com/fe9a2894-7998-4912-952e-2ef2668a26f7/abstracts/d5e2b2c8-f187-485d-bdbc-1c550ca7df77
https://pmc.ncbi.nlm.nih.gov/articles/PMC8924288/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7442487/
https://mcgill.scholaris.ca/bitstreams/f58def16-83da-4718-8ccb-ba8f7196ef2f/download
https://www.fightaging.org/archives/2025/04/senolytics-as-a-therapy-for-disc-degeneration-leading-to-back-pain/
https://www.biorxiv.org/content/10.1101/2024.01.15.575738v1.full-text
https://hal.science/hal-04993847/file/Mannarino%20et%20al-2025.pdf
https://pubmed.ncbi.nlm.nih.gov/35309994/
https://escholarship.mcgill.ca/downloads/70795f71q
https://elifesciences.org/articles/107777
https://www.drugtargetreview.com/study-suggests-senolytic-therapies-could-slow-spinal-disc-degeneration/2135596.article
https://www.drugtargetreview.com/study-suggests-senolytic-therapies-could-slow-spinal-disc-degeneration/2135596.article
https://www.sciencedirect.com/science/article/pii/S2214031X24000172
https://pmc.ncbi.nlm.nih.gov/articles/PMC5632945/
https://www.oarsijournal.com/article/s1063-4584(15)01333-3/fulltext
https://journals.physiology.org/doi/10.1152/ajpcell.00178.2023
https://link.springer.com/article/10.1007/s10753-025-02429-8
https://www.upmcphysicianresources.com/news/010924-dr-vo
https://www.frontiersin.org/journals/aging/articles/10.3389/fragi.2026.1818021/full
https://escholarship.mcgill.ca/downloads/70795f71q
https://superpower.com/guides/the-sasp-explained-why-senescent-cells-cause-so-much-damage
https://pmc.ncbi.nlm.nih.gov/articles/PMC10943956/
https://www.mdpi.com/2218-273X/13/4/686
https://www.sciencedirect.com/science/article/abs/pii/S0047637418300496
https://www.frontiersin.org/journals/pharmacology/articles/10.3389/fphar.2023.1172920/full
https://www.tandfonline.com/doi/full/10.1080/15384101.2016.1152433
https://www.frontiersin.org/journals/endocrinology/articles/10.3389/fendo.2022.1038171/full
https://pubmed.ncbi.nlm.nih.gov/19540815/
https://link.springer.com/article/10.1007/s10753-025-02429-8
https://experts.umn.edu/en/publications/cellular-senescence-in-intervertebral-disc-aging-and-degeneration/




