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Objective: This narrative review examines regulated cell death programmes underlying disc internal derangement
and condylar osteoarthritis in the temporomandibular joint (TMJ), evaluating the balance between cell loss and
endogenous repair capacity across both compartments.

SK;I:‘):;;S Design: A narrative, mechanism-oriented review of PubMed-indexed literature, supplemented by citation tracking
Tempgromandibular joint osteoarthritis from core TMJ cell death studies, with evidence stratified by an explicit hierarchy prioritising human TMJ tissue
Ferroptosis and synovial fluid findings over animal, in vitro, and non-TMJ osteoarthritis data.

Resuits: In the disc, internal derangement is associated with apoptosis via extrinsic TRAIL/DR5/caspase-3 and
intrinsic Bax/cytochrome c/caspase-9 pathways; chondrocyte-like apoptosis appears repair-limiting, whereas the
CD34 + perivascular stromal niche may serve as a local repair reservoir. In condylar cartilage and synovium,
necroptosis, pyroptosis and ferroptosis interact with autophagy dysregulation and senescence-related mito-
chondrial dysfunction in TMJ osteoarthritis (TMJOA), through overlapping mechanisms involving mechanical
stress, inflammatory cytokines, oxidative injury, iron loading and altered vesicular communication. A
PANoptosis-compatible model is proposed, in which caspase-3, GSDMD/caspase-1, and RIPK3/MLKL signalling
may converge in inflamed TMJ tissues, though direct demonstration of a PANoptotic complex remains required.
Conclusions: Regulated cell death in the TMJ is compartment-specific and repair-coupled rather than uniformly
degenerative. Distinguishing death programmes and repair reservoirs in the disc versus condylar cartilage offers

a framework for pathway-specific and multi-pathway therapeutic targeting in future studies.

1. Introduction

The TMJ (Fig. 1) is among the most biomechanically complex ar-
ticulations in the human body, executing translation, rotation, and
lateral glide simultaneously under loads generated by mastication,
speech, parafunctional habits, and craniofacial growth. Unlike appen-
dicular synovial joints, its articular surfaces are covered by secondary
fibrocartilage rather than hyaline cartilage, combining type I and type II
collagen in a tissue that is uniquely responsive to both compressive and
shear stresses (Lu et al., 2022). An avascular fibrocartilaginous disc in-
terposes between the condyle and the glenoid fossa; in its central zone it
lacks both blood vessels and innervation, relying entirely on diffusion
for metabolite exchange and harbouring resident cell populations —
fibroblast-like cells, fibrochondrocytes, and chondrocyte-like cells
(CLCs) — whose proliferative index is exceptionally low (Galanti et al.,
2013).

This site-specific biology has been recognised since the classic liter-
ature on degenerative joint disease. Haskin et al. (1995) emphasised that
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the TMJ has sparse fibrocartilaginous cellularity, a distinctive
collagen-proteoglycan matrix and unusual loading conditions; conse-
quently, mechanisms inferred from appendicular joints should be
treated as supportive rather than automatically transferable to the TMJ
(Haskin et al., 1995).

Cell death in the TMJ has historically been studied in two partially
overlapping contexts: the internal derangement (ID, defined as an
abnormal disc-condyle positional relationship, most commonly pre-
senting as anterior disc displacement with or without reduction) liter-
ature, which focuses on the disc and where apoptosis correlates with the
severity of displacement and histopathological damage; and the TMJOA
literature, which focuses on condylar cartilage and the synovium, where
research has expanded beyond apoptosis to encompass necroptosis,
pyroptosis and ferroptosis, together with autophagy dysregulation,
mitophagy failure and cellular senescence. The main pathological fea-
tures of TMJOA - chondrocyte death, extracellular matrix (ECM)
degradation, and subchondral bone remodelling — are mechanistically
inseparable (Li et al., 2021). A unified framework linking disc cell death
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Fig. 1. Dissection of the right temporomandibular joint (TMJ) of a human
cadaveric specimen. Right side. Lateral view. 1. parotid gland; 2. temporal
muscle; 3. zygomatic root; 4. fibrous capsule; 5. superior joint compartment; 6.
synovial membrane (dissected); 7. bilaminar zone; 8. TMJ disc; 9. neck of
mandible; 10. articular cartilage, covers the mandibular condyle; 11. inferior
joint compartment; 12. inferior head of the lateral pterygoid muscle; 13. su-
perior head of the lateral pterygoid muscle; 14. anterior disc extension.

to condylar OA, with repair capacity as the central biological question,
provides the conceptual architecture of this review (Table 2).

Despite this expanding literature, no prior review has simultaneously
mapped regulated cell death pathways and associated autophagic and
senescence responses across both TMJ compartments within a unified
anatomical and evidence-stratified framework. Studies of disc apoptosis
in internal derangement and condylar cell death in osteoarthritis have
developed as largely parallel literatures; the repair-limiting conse-
quences of compartment-specific cell death, the role of the CD34* peri-
vascular stromal niche as a death-programme-vulnerable repair
reservoir, and the possibility of PANoptosis-compatible convergence in
inflamed TMJ tissues have not previously been synthesised in an inte-
grated model. The present review addresses these gaps.

2. Literature search and review strategy

This article was prepared as a narrative, mechanism-oriented review
rather than as a systematic review. PubMed-indexed literature was
prioritised, with additional references selected through backward and
forward citation tracking from central TMJ cell death papers. Searches
combined the terms temporomandibular joint, TMJ, temporomandib-
ular joint osteoarthritis, internal derangement, disc, condylar cartilage
and synovium with apoptosis, tumour necrosis factor-related apoptosis-
inducing ligand (TRAIL), caspase-3, autophagy, mitophagy, pyroptosis,
inflammasome, NLR family pyrin domain-containing protein 3 (NLRP3),
gasdermin D (GSDMD), necroptosis, receptor-interacting serine/threo-
nine-protein kinase 1 (RIPK1), receptor-interacting serine/threonine-
protein kinase 3 (RIPK3), mixed lineage kinase domain-like protein
(MLKL), ferroptosis, glutathione peroxidase 4 (GPX4), transferrin re-
ceptor (TFRC), senescence, cluster of differentiation 34 (CD34), vascular
endothelial growth factor (VEGF), exosomes, migrasomes and inte-
grated inflammatory cell death combining Pyroptosis, Apoptosis, and
Necroptosis (PANoptosis).

Human TMJ tissue and synovial fluid studies were treated as the
most directly relevant evidence. Animal and in vitro TMJ models were
included when they tested pathway activation, temporal sequence or
therapeutic modulation. Non-TMJ osteoarthritis, skeletal development,
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and general studies on regulated cell death were used only to support
mechanisms that have not yet been directly tested in TMJ tissues. This
evidence hierarchy is made explicit to avoid presenting extrapolated
mechanisms as established TMJ findings (Table 1).

3. The TMJ disc and condylar cartilage: different tissues,
different vulnerabilities

3.1. Structural divergence

The TMJ disc's compactly arranged fibrocartilage is avascular except
in the bilaminar zone and at the lateral and medial attachment margins
(Loreto et al., 2010). This peripheral vascularisation contains peri-
vascular stromal cells, which may contribute to a peripheral repair
niche; the avascular central and intermediate zones must sustain
themselves by diffusion alone. Under normal loading, disc CLCs main-
tain matrix homeostasis through balanced anabolic and catabolic ac-
tivity; when loading exceeds adaptive capacity or disc position is
displaced, the CLCs undergo phenotypic transformation — from
fibroblast-like to fibrochondrocyte to chondrocyte-like — an adaptive
response that is itself cut short by apoptosis (Galanti et al., 2013; Loreto
et al., 2009).

The condylar cartilage, by contrast, is underlaid by richly vascu-
larised subchondral bone and organised into four zones (fibrous, pro-
liferative, pre-hypertrophic, hypertrophic) whose architecture allows
incremental mechanical adaptation. The superficial zone retains
progenitor-like qualities: its cells can proliferate and differentiate into
deep-zone chondrocytes, thereby constituting a critical repair reservoir
for progressive OA (Liu et al., 2021b). Nevertheless, this capacity is
finite; under sustained abnormal loading or inflammatory insult, it is
overwhelmed.

This distinction is consistent with contemporary TMJOA reviews,
which describe the joint as a fibrocartilaginous, mechanically adaptive
articulation in which chondrocyte survival, extracellular matrix degra-
dation and subchondral bone remodelling evolve as an osteochondral
unit (Cardoneanu et al., 2022; Lu et al., 2022). It also explains why
regenerative approaches must address both cellular survival and tissue
repair capacity rather than only symptomatic inflammation (Zhao & Xie,
2021).

3.2. Implications for cell death pathways

Differences in vascularity, inflammatory exposure and cellular
composition may influence the distribution of regulated cell death
pathways across TMJ compartments. Pyroptosis, necroptosis and fer-
roptosis do not inherently require blood-borne signals; however, TMJ-

Table 1
Evidence hierarchy used in this narrative review.

Evidence level Role in this review Examples

Human TMJ tissue
or synovial fluid

TMJ animal
models

TMJ in vitro or ex
vivo models

Non-TMJ OA or
skeletal biology

Reviews or
computational
models

Highest relevance for
compartment-specific
claims.

Used for temporal sequence,
pathway activation and
preclinical intervention.
Used to infer directionality
and molecular nodes.

Used only for mechanistic
support where TMJ-specific
data are absent.

Used for background,
terminology and integrative
hypotheses, not as primary
TMJ evidence.

Disc apoptosis; synovial-fluid
pyroptosis markers; iron/
ferroptosis-related biofluid
data.

Disc displacement, UAC, MIA,
CFA and mechanical-loading
models.

Chondrocytes, synoviocytes,
macrophage-FLS co-culture
and organoid systems.
VEGF-mediated cartilage-
bone coupling; general
PANoptosis and cell-death
crosstalk.

Regulated cell-death and
PANoptosis reviews; multi-
pathway modelling papers.
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specific evidence for these pathways currently derives predominantly
from condylar cartilage and synovium. In the disc, the strongest direct
evidence concerns extrinsic and intrinsic apoptosis associated with
mechanical stress and local death signalling. Disc cell death may be
especially repair-limiting compared with condylar chondrocyte death:
every CLC lost from the avascular disc interior cannot be replaced by
vascular progenitor recruitment, and loss of perivascular stromal cells in
the disc periphery could further compromise local repair capacity. Death
of condylar chondrocytes, while also harmful, occurs in a tissue that
retains subchondral bone vascularity and a progenitor-containing su-
perficial zone — both of which provide partial regenerative backup.
These compartment-specific differences in vascularity, inflammatory
cell access, and regenerative reserve provide the anatomical framework
for interpreting regulated cell death in the TMJ (Galanti et al., 2013; Liu
et al., 2021b; Loreto et al., 2010) (Table 2, Fig. 2).

4. Apoptosis in the TMJ disc
4.1. Chondrocyte-like apoptosis as a repair-limiting mechanism

The defining conceptual contribution of the disc apoptosis literature
is that cell death in the degenerated disc is not incidental but mecha-
nistically repair-limiting. In TMJ ID, disc fibrocartilage responds to
abnormal loading through progressive phenotypic transformation:
fibroblast-like cells transition to fibrochondrocytes and eventually to
CLGs, a shift that is considered an adaptive attempt to generate fibro-
cartilage capable of withstanding compression. However, only small
patches of chondral tissue are ever achieved in displaced discs. The
reason proposed by Loreto et al. (2009) in an immunohistochemical
study of 21 discs from 19 patients with ID is that the very CLCs generated
by this adaptive transformation overexpress TRAIL and its death re-
ceptor, DR5, and are TUNEL-positive. The apoptotic death of CLCs,
regulated at least in part through TRAIL/DR5 signalling, thus undercuts
adaptive chondroid metaplasia before it can produce functional repair
tissue, eventually leading to disc perforation. This framing — apoptosis as
the mechanism that aborts repair — establishes the biological logic
connecting cell death to structural failure (Loreto et al., 2009).

These findings are contextualised by a contemporary review (Galanti
et al., 2013) that confirms: histopathological investigations of degen-
erated TMJ disc have documented an association between TMJ
arthropathy and loss of tissue cellularity via apoptosis-related processes
that lead to diminished ECM generation, organisation, and repair. The
disc contains three cell populations — elongated fibroblast-like cells
(most numerous), rounded fibrochondrocytes (without a pericellular
halo), and CLCs (with a pericellular halo) — and fibrocartilage requires

Table 2
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intermittent compression or shear to maintain its phenotype; abnormal
loading disrupts this balance and triggers apoptotic cascades (Galanti
et al., 2013).

4.2. The TRAIL/DRS5 extrinsic pathway

The TRAIL ligand and its death receptor DR5 constitute the primary
extrinsic apoptotic axis in the TMJ disc. In 21 displaced discs (12 with
anterior disc displacement with reduction, ADDwR; 9 with anterior disc
displacement without reduction (ADDwoR)), TRAIL immunostaining
was detected in the cytoplasm of disc cells in every specimen, with the
degree of staining positively correlated with the histopathological
degeneration score (Spearman p = 0.617), supporting a quantitative
association between extrinsic apoptosis and structural disc failure
(Leonardi et al., 2011). Regional analysis showed that in ADDwoR,
TRAIL/DR5-positive cells were significantly more numerous in the
posterior disc attachment than in the anterior and intermediate bands; in
ADDWR, greater positivity characterised the anterior and intermediate
bands, reflecting the anatomical locus of greatest mechanical derange-
ment in each displacement type (Leonardi et al., 2011; Loreto et al.,
2009).

4.3. Caspase-3 as the executioner: biomechanical topography of
irreversible cell death

Downstream of the TRAIL/DR5 axis, caspase-3 — the terminal
executioner caspase whose activation marks the execution phase of
apoptosis — has been spatially mapped across disc regions. In 18 patients
with ID (13 ADDwR; 5 ADDwoR) plus four cadaveric control discs,
caspase-3 immunoreactivity was significantly greater in both ADDwR
and ADDwoR than in controls, with distinct regional patterns that pre-
cisely corresponded to the biomechanical stress topography of each
displacement type. In ADDwoR, where the disc remains fixed in the
anteriorly displaced position and does not revert on mouth opening,
maximum compressive stresses concentrate in the posterior disc
attachment (PDA); caspase-3-positive cells were accordingly signifi-
cantly more numerous in the PDA than in the anterior or intermediate
bands (P < 0.01). In ADDwR, before disc recapture, stress peaks in the
anterior band; after reduction during jaw opening, the intermediate
zone is loaded; the proportion of caspase-3-positive cells was highest in
the anterior and intermediate bands of ADDwR compared with the
corresponding regions of ADDwoR discs (P < 0.05). No regional differ-
ences in caspase-3 were observed in control discs. The spatial distribu-
tion of irreversible apoptosis thus mirrors the mechanical stress
distribution determined by disc position and movement pattern,

Regulated cell death pathways, associated cellular responses and evidence anchors in TMJ tissues.

Pathway Main TMJ compartment(s) Markers or axes Evidence and targetable nodes

Apoptosis Disc cells; condylar TRAIL/DRS5, Bax/cytochrome ¢/ Strongest direct TMJ evidence. Potential nodes include TNF/iNOS inhibition,
chondrocytes; synovium caspase-9, caspase-3, TUNEL PI3K/AKT survival signalling and BMSC-derived exosomes.

Autophagy/ Condylar cartilage; synovium; Beclin-1, LC3B-1I, LAMP2, p62/ Early adaptive response that may fail during progression. Nodes include

mitophagy possibly disc SQSTM1, MTORC1, PINK1-related MTORCI inhibition, migrasome-mediated autophagy support and
pathways mitochondrial quality control.

Pyroptosis Synovium and condylar NLRP3, ASC, caspase-1, GSDMD, IL- Direct TMJ evidence is present in the synovium and condylar cartilage.
chondrocytes; disc not yet 1p, IL-18, TLR4 Nodes include MCC950, Ac-YVAD-cmk, resatorvid and ALPK1/NLRP3/ROS
defined modulation.

Necroptosis Condylar cartilage and synovium  RIPK1, RIPK3, p-MLKL, SDC4, TNFa Preclinical evidence from the TMJ supports an inflammatory feedforward

loop. Nodes include RIPK1/RIPK3/MLKL inhibition, SDC4 blockade and
BRD4 inhibition.
Ferroptosis Condylar chondrocytes; inflamed =~ HIF-1a/TFRC, Fe2 + , 4-HNE, ACSL4, = Human biofluid and experimental evidence support inflammation-to-iron-

synovial fluid environment GPX4, system Xc-

Senescence and repair ~ Condylar cartilage; disc

exhaustion perivascular niche mediators
PANoptosis- Inflamed synovium and condylar ~ Caspase-3 plus GSDMD/caspase-1
compatible cartilage plus RIPK3/MLKL

convergence

pl6, p21, p53, SA-B-gal, SASP

loading injury. Nodes include Fer-1, Lip-1, Nrf2/ARE activation, HIF-1a and
TFRC inhibition.

Links cell-cycle arrest, inflammatory secretion and progenitor-niche
attrition. Interventions remain largely experimental.

Hypothesis-generating model. Direct TMJ proof would require combined
pathway inhibition or knockdown.
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Condylar-synovial compartment

l

\4

l

Disc central zone

Avascular,
diffusion-dependent
fibrocartilage; low
cellular turnover;
apoptosis-dominant
vulnerability;
limited regenerative
replacement.

Disc periphery /
bilaminar zone

Vascularised
attachment zone
containing CD34+
perivascular
stromal/progenitor
niche; susceptible
to angiogenic
remodelling and
niche loss.

Synovial membrane Mandibular condylar Subchondral
cartilage bone
Cytokine-rich
inflammatory Mechanically Vascular
compartment; stressed bone
macrophage- fibrocartilage; Compantivent;
2 . osteoclast
synoviocyte P, recruitment,
crosstalk; aUtOphagy remodelling,
pyroptosis-related dysregulation, and
synovitis and necroptosis, osteochondral
inflammatory ferroptosis, and inflammgnory
amplification. terminal coupling.
differentiation \
under TMJOA
conditions.

Core concept:

the avascular disc and the condylar-synovial unit differ in both

dominant death pathways and regenerative capacity.

Fig. 2. Temporomandibular joint (TMJ) compartments and differential vulnerability to regulated cell death. Conceptual compartmentalisation of the
temporomandibular joint (TMJ) according to vascularity, cellular turnover, dominant regulated cell-death vulnerability and regenerative capacity. Condylar cartilage
itself is avascular; the adjacent synovium and subchondral bone are vascularised. The avascular disc compartment is separated from the condylar-synovial
compartment because these regions differ substantially in oxygen and metabolite supply, inflammatory-cell access, progenitor-cell availability and reparative po-
tential. The disc central zone is diffusion-dependent and has limited capacity for cellular replacement, making apoptosis of resident fibrocartilaginous and
chondrocyte-like cells particularly repair-limiting. The disc periphery and bilaminar zone contain vascularised attachment tissue and CD34-positive perivascular
stromal/progenitor elements, but this niche is vulnerable to angiogenic remodelling and death-programme-mediated depletion. In contrast, the synovial membrane,
mandibular condylar cartilage and subchondral bone form a condylar-synovial unit in which inflammatory crosstalk, pyroptosis, autophagy dysregulation, nec-
roptosis, ferroptosis, osteoclast recruitment and osteochondral remodelling may interact during temporomandibular joint osteoarthritis (TMJOA). The figure em-
phasises that compartment-specific vascularity and repair capacity determine which regulated cell-death pathways are most biologically consequential.

supporting a biomechanical-histological correspondence in which me-
chanical overload is a plausible upstream driver of caspase-3 activation
across disc zones. ADDwWR discs also exhibited a greater reduction in
fibroblast-like cells and a higher proportion of chondrocyte-like cells
than ADDwoR, consistent with more advanced adaptive phenotypic
transformation in those areas under recurrent mechanical loading
(Loreto et al., 2011).

4.4. Vessel apoptosis: a self-limiting counter-process

Normal TMJ discs are avascular except in the bilaminar zone and
lateral/medial attachment margins (Loreto et al., 2010). Pathological
angiogenesis accompanies disc degeneration — but to understand the
vessel apoptosis described below as a counter-response, it is necessary
first to establish the upstream angiogenic switch that drives vascular
ingrowth in the diseased disc.

The VEGF (vascular endothelial growth factor) provides this signal.
In healthy adult articular and fibrocartilaginous tissues, chondrocytes
and fibrochondrocytes suppress VEGF expression to maintain the avas-
cular status that characterises normal cartilage. Under pathological
conditions — mechanical overload, hypoxia, and pro-inflammatory cy-
tokines — disc cells undergo phenotypic change and acquire VEGF
expression, constituting an angiogenic switch from a vascular-
suppressive to a vascular-permissive microenvironment. This pattern
has been documented in osteoarthritic human articular cartilage, where
VEGF is detectable in chondrocytes and is significantly upregulated in
severe disease, indicating that diseased chondrocytes may acquire a pro-
angiogenic and partly hypertrophic-like phenotype (Murata et al., 2008;
Pfander et al., 2001; Pufe et al., 2004). During normal endochondral

ossification, hypertrophic chondrocytes at the cartilage-bone junction
express VEGF to coordinate capillary invasion, cartilage resorption, and
trabecular bone formation (Gerber et al., 1999); a comparable but
pathological activation appears in osteoarthritic cartilage and degen-
erated disc. Mechanical overload directly contributes to this shift: in
cartilage under excessive load, HIF-mediated signalling drives VEGF
upregulation, providing a mechanotransduction link between abnormal
biomechanics and angiogenic activation (Pufe et al., 2004).
CD34-positive endothelial microvessels represent the vascular
response to this VEGF signal. The CD34 is a transmembrane glycoprotein
expressed by vascular endothelial cells and is widely used in histopa-
thology to highlight microvessels and quantify microvascular density
(Fina et al., 1990; Sidney et al., 2014). CD34-positive luminal structures
adjacent to, or penetrating, VEGF-positive disc cell zones mark the
arrival or expansion of endothelial-lined microvessels in response to a
permissive angiogenic microenvironment. Importantly, immunohisto-
chemical analyses of the bilaminar zone in pathological TMJ disc
specimens reveal a spatial association between VEGF-immunoreactive
disc cells and CD34-immunoreactive endothelial microvessels in the
same tissue region. Because separate immunostaining runs were per-
formed (double staining was not conducted), this is characterised as a
spatial association rather than cellular co-expression: VEGF immuno-
positivity identifies the pro-angiogenic disc cells generating the
recruitment signal, while CD34 immunopositivity identifies the
responding endothelial vascular structures. The two markers thus report
different biological compartments — signal generator and signal recip-
ient — within the same angiogenic axis. Chondrocytes or fibrochon-
drocytes do not themselves form blood vessels; rather, VEGF-positive
disc cells activate endothelial recruitment and vascular ingrowth into a
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matrix that would normally exclude vessels (Bonnet and Walsh, 2005;
Gerber et al., 1999; Pfander et al., 2001). In the broader context of OA, a
comparable vascular breach — channels crossing the tidemark, neuro-
vascular  invasion at the osteochondral junction, and
osteophyte-associated angiogenesis — drives pain, subchondral bone
remodelling, and disease progression (Bonnet and Walsh, 2005; Suri
et al., 2007; Walsh et al., 2007).

In 15 TMJ discs displaced without reduction and 4 unaffected discs,
TRAIL, DR5, and caspase-3 were co-expressed in the intima and media
layers of newly formed vessels in the affected discs. This endothelial
apoptosis has been interpreted as a self-limiting counter-process
directed at inducing vessel regression, constituting an endogenous
attempt to restrict the inflammatory vascular ingrowth that amplifies
disc damage (Loreto et al., 2010). The complete sequence within Section
4.4 is therefore: VEGF + disc cells —» CD34 + endothelial invasion
(angiogenic switch) — TRAIL/DR5/caspase-3-driven endothelial
apoptosis (self-limiting counter-response). The same
TRAIL/DR5/caspase-3 apparatus thus operates in two spatially distinct
compartments with opposite adaptive valences: CLC death worsens
repair capacity while endothelial death attempts to limit
angiogenesis-driven inflammation. This dual role of apoptosis in the
TMJ disc, with repair-limiting CLC death on one side and potentially
self-limiting endothelial death on the other, is summarised in Fig. 3
(Leonardi et al., 2011; Loreto et al., 2010, 2009).

4.5. The intrinsic mitochondrial pathway

Extrinsic TRAIL-driven apoptosis in the disc is accompanied by
activation of the intrinsic mitochondrial pathway. In a cohort of 15
patients with ID and anterior disc displacement without reduction,
compared with 6 unaffected discs, immunohistochemistry for Bax, Bcl-2,

Branch 1: Chondrocyte-like cell (CLC) repair-failure pathway

Abnormal loading / disc displacement ]
\

A\ \

Phenotypic shift toward chondrocyte-like cells
(CLCs)
A\

[

[

[ TRAIL/ DRv5 activation
[

[

[

Caspase-3-dependent apoptosis of CLCs ]

A\

Loss of matrix-producing cells

Y

Failed chondroid repair and progressive disc
degeneration / perforation

Key concept:

apoptosis in disc CLCs is not merely a degenerative
epiphenomenon; it interrupts an adaptive repair attempt
and therefore limits tissue regeneration.

'™MJ disc”
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cytochrome c, and caspase-9 showed: complete absence of Bcl-2
immunopositivity in all pathological specimens; significantly greater
cytochrome ¢ and caspase-9 immunoreactivity in degenerated versus
unaffected discs; and a significant correlation with the histopathological
degeneration score (Spearman p = 0.617). These findings demonstrate
that disc apoptosis occurs partly via the mitochondrial pathway
(Caltabiano et al., 2013). The authors propose that convergence of
extrinsic and intrinsic apoptosis, cross-linked via Bid cleavage by
caspase-8, creates a self-amplifying loop that accelerates total disc
cellularity loss (Caltabiano et al., 2013).

Nagai et al. (2003) extended the apoptosis narrative to the synovial
compartment: in 47 arthroscopically obtained synovial specimens (31
ID, 11 OA, 5 condylar fractures), iNOS and Fas were detected primarily
in synovial lining cells and subintimal macrophages; Fas expression was
significantly higher in fractures than in OA, and single-stranded DNA
(ssDNA, a direct marker of apoptosis) was significantly higher in OA
than in ID. The positive correlation between iNOS and Fas/ssDNA
expression indicated that nitric oxide-mediated oxidative stress and
apoptosis co-evolve in the synovial lining as disc derangement pro-
gresses to OA (Nagai et al., 2003).

4.6. Disc displacement and condylar chondrocyte apoptosis: the
translational step

Anterior disc displacement directly injures condylar chondrocytes
through mechanical stress redistribution. In a rabbit surgical disc
displacement model, apoptotic chondrocytes were abundant in articular
cartilage from displaced joints, peaking at one to two weeks post-surgery
and localised predominantly in the proliferative and hypertrophic zones,
with a decrease in the total number of condylar chondrocytes by week
two (Gu et al. 2002). At six weeks, the cartilage layer was thinner despite

Branch 2: Angiogenic side pathway

Mechanical stress / hypoxia / inflammatory
cues

VEGF-positive disc cells

\4

[ )
[ )
; [ CD34-positve endothelalingrowth ]
[ ]
[ )
[ )

’
0
’
1

\4

Pathological angiogenesis in the degenerated
disc

TRAIL / DR5 / caspase-3-mediated endothelial

ago%tosis

Attempted regression of newly formed vessels

Vessel apoptosis may represent a self-limiting counter-
response aimed at restricting angiogenesis-associated
inflammation.

Integrated message:

in the TMJ disc, apoptosis can have opposite biological implications depending on the target cell population: loss
of chondrocyte-like cells worsens repair failure, whereas loss of pathological neovessels may limit inflammatory

vascular ingrowth.

Fig. 3. Cell death-repair failure axis in the TMJ disc. Schematic representation of the two biologically distinct consequences of apoptosis in the degenerated
temporomandibular joint disc. In the main repair-failure pathway, abnormal loading and disc displacement promote phenotypic transition of resident disc cells
toward chondrocyte-like cells (CLCs). These CLCs express TRAIL and DR5 and undergo caspase-3-dependent apoptosis, reducing the population of matrix-producing
cells and interrupting attempted chondroid repair. This sequence links internal derangement to progressive disc degeneration and, in advanced lesions, perforation.
In the angiogenic side pathway, mechanical stress, hypoxia and inflammatory cues promote VEGF expression by disc cells, followed by CD34-positive endothelial
ingrowth and pathological neovascularisation. TRAIL/DR5/caspase-3-mediated apoptosis of endothelial cells within newly formed vessels may represent a self-
limiting counter-response aimed at restricting angiogenesis-associated inflammation. Thus, apoptosis has opposite biological implications depending on the target
cell population: death of CLCs worsens repair failure, whereas death of pathological neovessels may limit inflammatory vascular ingrowth.
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fewer apoptotic cells, indicating that early apoptotic loss is not
compensated for by subsequent proliferation. This study established a
direct causal link between disc displacement and condylar chondrocyte
apoptosis, framing ADD not merely as a disc disease but as a trigger of
condylar OA.

The rabbit study by Feng et al. (2002) is useful as an additional
primary anchor for this sequence: surgically induced anterior disc
displacement produced TUNEL-positive condylar chondrocytes most
prominently at one to two weeks, with apoptotic cells concentrated in
the proliferative and hypertrophic zones, followed by a remodelling
phase at four to six weeks (Feng et al., 2002). This supports the inter-
pretation that disc displacement can initiate a time-limited apoptotic
burst before overt structural remodelling becomes dominant.

A clinically relevant molecular bridge from disc pathology to
condylar apoptosis is provided by FSTL1 (follistatin-like protein 1). The
FSTL1 is significantly elevated in the synovial fluid of temporoman-
dibular disorders (TMD) patients with condylar bone resorption
compared with those without; in condylar chondrocytes, FSTL1 over-
expression disrupts mitochondrial morphology — reducing mitochon-
drial diameter and cross-sectional area and suppressing TIM23 and
TOM20 mitochondrial membrane proteins — thereby inducing energy
failure and mitophagy-dependent apoptosis. Targeted siRNA silencing of
FSTL1 via intra-articular injection restored cartilage homeostasis
markers and reduced apoptotic rates in the UAC rat TMJOA model (F. Li
et al. 2025a).

4.7. BMSC exosomes as anti-apoptotic disc therapy

Bone marrow mesenchymal stem cell-derived exosomes (BMSC-
Exos) represent a novel biological countermeasure against disc
apoptosis. In TNF-a-treated TMJ disc chondrocytes and in a rat mono-
iodoacetate (MIA)-induced TMJOA model, BMSC-Exos attenuated the
inhibitory effects on chondrocyte proliferation and chondrogenic po-
tential and strongly suppressed TNF-a-induced apoptosis by increasing
phosphorylation of PI3K/AKT pathway proteins. Intradiscal injection of
BMSC-Exos alleviated disc degeneration and inflammation in vivo (Chen
et al., 2025). This establishes a PI3K/AKT pro-survival axis as the disc's
endogenous anti-apoptotic defence and BMSC-Exos as a carrier capable
of reinforcing it.

5. Apoptosis in condylar cartilage
5.1. Zonal distribution and sex-related differences

Chondrocyte apoptosis in condylar cartilage under disordered oc-
clusion follows a time- and sex-dependent pattern. In experimentally
induced disordered occlusion (ECDO) in Sprague-Dawley rats, apoptotic
chondrocytes increased significantly in the female 8- and 12-week
subgroups and in the male 12-week subgroup. Female animals showed
earlier and more extensive apoptosis, whereas male animals exhibited a
significant decrease in chondrocyte proliferation in the 12-week sub-
group. Histomorphological degradation was observed in all ECDO ani-
mals and correlated with the zonal distribution of apoptotic cells in the
pre-hypertrophic and hypertrophic zones (Jiao et al., 2009). These sex
differences in the timing and extent of apoptosis — with females showing
earlier chondrocyte death — may partly explain the higher clinical
prevalence of TMJOA in women.

5.2. iNOS and nitric oxide as mitochondrial apoptosis mediators

Nitric oxide (NO) produced by inducible nitric oxide synthase (iNOS)
is a central mediator of mitochondria-dependent chondrocyte apoptosis
in TMJOA. In unilateral anterior crossbite (UAC) rats and ATDC5 (a
murine chondroprogenitor cell line) chondrocytes subjected to fluid
flow shear stress (FFSS), iNOS expression was upregulated, accompa-
nied by caspase-3 and caspase-9 immunostaining. These FFSS
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upregulated superoxide dismutase (SOD) and NO, reduced mitochon-
drial membrane potential (A¥m), and promoted cytochrome c release
into the cytoplasm. All these changes were reversed by iNOS inhibitors,
directly demonstrating that NO produced under mechanical load me-
diates mitochondrial damage and releases the intrinsic apoptotic
cascade (Ren et al., 2019).

Tumour necrosis factor (TNF) is a further amplifier of this cascade. In
UAC rats, TNF was significantly elevated in condylar chondrocytes and
synovium from week 2, and local intra-articular injection of a TNF in-
hibitor at week 2 significantly reduced chondrocyte apoptosis (assessed
by TUNEL), cleaved caspase-3, and Bax expression at week 4. In vitro,
isolated condylar chondrocytes treated with TNF showed increased
apoptosis by flow cytometry, and TNF inhibition abolished this effect
(Yang et al., 2015). Together with the iNOS data, these findings position
the TNF — NO — mitochondrial damage — caspase-9 — caspase-3 axis
as a major apoptotic cascade in mechanically loaded condylar
chondrocytes.

5.3. ERS pathway: Derlin-3 and the GRP78/CHOP/caspase-12 cascade

Endoplasmic reticulum stress (ERS) provides a second major up-
stream pathway for condylar chondrocyte apoptosis. Under FFSS in
ATDCS cells, the ERS-apoptosis pathway — characterised by upregula-
tion of GRP78 (HSPA5), CHOP (DDIT3), ATF6, caspase-12, and cleaved
caspase-3 — was induced. A key regulatory molecule is Derlin-3, an ER-
associated degradation component whose expression in condylar carti-
lage increases at 1 and 3 weeks but decreases at 7 and 11 weeks after
UAC induction (Liu et al., 2020). Derlin-3 thus operates as an endoge-
nous brake on ERS-apoptosis coupling that is progressively lost as
TMJOA advances - a mechanistic explanation for the increasing
apoptotic burden observed at later disease stages.

The HIF transcription factors add a further layer of complexity to
ERS-apoptosis regulation under the hypoxic microenvironment of
condylar cartilage. In a UAC rat model over 2, 4, and 8 weeks, HIF-1a
expression in condylar cartilage decreased progressively while HIF-2a
increased, alongside rising ADAMTS5, MMP13, and cleaved caspase-3 at
8 weeks (Zhang et al., 2022). Complementary evidence from heterozy-
gous HIF-la-deficient mice showed thinner cartilage, reduced proteo-
glycan, and greater degeneration under mechanical stress than
wild-type controls; mechanical stress in wild-type animals increased
HIF-1a, VEGF, and caspase-3, with HIF-1a appearing to mediate a pro-
tective adaptive response (Mino-Oka et al., 2017). The synthesis of these
data suggests that HIF-la is chondroprotective while HIF-2a is
pro-apoptotic, and that the loss of HIF-1la/gain of HIF-2a balance in
progressive TMJOA shifts the hypoxic response from adaptive to
destructive.

Mouth breathing exemplifies a non-occlusal aetiology for the same
apoptotic cascades: in adolescent male rats, mouth breathing induced
subchondral bone resorption, condylar cartilage thinning, and upregu-
lation of TNF, Bax, cytochrome c, and cleaved caspase-3 in condylar
cartilage, with apoptosis detectable in both the proliferative and hy-
pertrophic layers. Both the extrinsic (TNF/caspase-8/caspase-3) and
intrinsic (Bax/cytochrome c/caspase-9/caspase-3) pathways were acti-
vated simultaneously (Wang et al., 2023).

5.4. Epigenetic regulation: IncRNA HOTAIR

Long non-coding RNA HOTAIR (HOXC antisense RNA) links systemic
inflammation and epigenetic regulation to apoptosis in condylar chon-
drocytes. The IncRNA HOTAIR was significantly upregulated in the sy-
novial fluid of TMJ OA patients and of IL-1p-stimulated rabbit condylar
chondrocytes. The HOTAIR knockdown reversed IL-1f-driven upregu-
lation of MMP-1, MMP-3, and MMP-9, and significantly decreased the
chondrocyte apoptosis rate induced by IL-1, establishing HOTAIR as an
epigenetic amplifier of both ECM catabolism and apoptosis in TMJOA
(Zhang et al., 2016).
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5.5. Chondrocyte apoptosis recruits osteoclasts: the CX3CL1/p38 axis

An important downstream consequence of condylar chondrocyte
apoptosis is the active recruitment of osteoclast precursors (OCPs) to the
subchondral zone, indicating that apoptosis can contribute actively to
bone-resorptive signalling rather than representing only passive cell
loss. In a TMJOA rat model, a temporal and spatial association between
cartilage degradation and bone resorption was identified. Apoptotic
chondrocytes — but not non-apoptotic chondrocytes — released CX3CL1
(fractalkine), a chemokine whose synthesis is regulated by p38 MAPK
activation in dying cells. The CX3CL1-CX3CR1 axis recruited OCPs to-
ward bone, and blockade of CX3CR1 or p38 (PH-797804) substantially
reduced OCP chemotaxis and bone resorption. Pan-caspase inhibition
(Z-VAD-FMK) also reduced OCP recruitment, confirming caspase
dependence (Guo et al., 2022). This p38-CX3CL1 mechanistic axis
reframes chondrocyte apoptosis from a cell-autonomous event to an
intercellular signal with local osteochondral consequences.

5.6. Chondrocyte-derived exosomes and biomechanically driven cartilage
calcification

Mechanically stressed condylar chondrocytes amplify TMJOA
through a second non-cell-autonomous mechanism: enhanced exosome
formation with pathologically altered pro-calcification cargo. In UAC
rats over 4-12 weeks, TEM of degenerative condylar cartilage revealed a
large number of exosome-like bilayer vesicles (50-150 nm) within the
abnormal calcification matrix, accompanied by significantly elevated
CD63 (exosome marker) positivity and progressive von Kossa-positive
calcified zone expansion. The exosomal cargo was reciprocally dysre-
gulated: matrix Gla protein (MGP, a direct calcification inhibitor that
sequesters calcium-phosphate nucleation sites) was reduced in both
chondrocytes and secreted exosomes, while tissue-nonspecific alkaline
phosphatase (TNAP) and nucleotide pyrophosphatase/
phosphodiesterase-1 (NPP1) — pro-calcification enzymes that together
regulate inorganic phosphate (Pi) availability for basic calcium phos-
phate crystal formation — were significantly increased at all timepoints
(P < 0.01). Under FFSS in vitro, primary condylar chondrocytes showed
dose-dependent increases in exosome secretion (CD63 expression) and
Alizarin red-positive calcified nodule formation; inhibition of exosome
formation with GW4869 or supplementation of exogenous MGP and
inhibition of TNAP/NPP1 (SBI-425; Ennp-1-IN-1) each significantly
reduced calcification. The experimental sufficiency of these exosomes
was demonstrated by local intra-articular injection of FFSS-stimulated
chondrocyte exosomes into normal rat TMJs, which reproduced OA-
like cartilage degeneration and calcification together with elevated
TNFa, IL-1p, IL-6, and IL-18. Conversely, local GW4869 injection into
UAC rats reduced calcification, degeneration, and cartilage inflamma-
tory signalling. This exosome-dependent calcification cascade is mech-
anistically distinct from but temporally concurrent with the cell death
programmes reviewed above: the same biomechanical stimuli that
activate apoptosis, autophagy suppression, and necroptosis in condylar
chondrocytes simultaneously drive exosome biogenesis, creating a par-
allel amplification loop - stressed chondrocytes — pathological exo-
somes — matrix calcification — inflammation — further chondrocyte
stress — that accelerates osteochondral failure beyond what cell loss
alone would predict (Q. Liu et al. 2022b).

5.7. Mechanical signalling in differentiation and terminal cell fate

Single-nucleus RNA sequencing of condylar cartilage from an over-
loading mouse model identified 11 distinct chondrocyte subtypes.
Pseudotime trajectory and CellChat analyses converged on Acvrlb (the
gene encoding activin receptor type IB / ALK4) and its downstream
SMADZ2/3 signalling as the key pathway driving terminal differentiation
of condylar chondrocytes under overloading stress. Acvrlb inhibition in
vitro reduced markers of terminal differentiation, positioning the
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activin/ALK4/SMAD axis as a novel therapeutic target for limiting
overloading-driven chondrocyte fate commitment (Zhou et al., 2025).
The mechanical signalling review by Liu et al. (2024) further maps how
different magnitudes of mechanical stimulation selectively engage
Wnt/p-catenin, TGF-B/BMP, FGF, and NF-kB pathways in TMJOA, with
the appropriate magnitude window being critical: physiological loading
is chondroprotective while excessive or insufficient loading promotes
apoptotic and degenerative responses (Liu et al., 2024).

6. Autophagy: protective adaptation or cell-death pathway?
6.1. Autophagy as the first cellular response to mechanical overload

In the degenerative cartilage of the TMJ, autophagy is induced
before apoptosis becomes prominent. In a rat model of biomechanical
dental stimulation (4 molars displaced from original position), trans-
mission electron microscopy detected autophagosomes, condensed
chromatin, and abundant rough ER in experimental chondrocytes. The
expression of Beclinl and LC3 increased, while mTOR activity (assessed
by p-mTOR and p-p70S6K) and MAP4K3 (mitogen-activated protein
kinase kinase kinase kinase 3, an mTOR activator) decreased. The
inversely proportional relationship between MAP4K3/mTOR activity
and autophagy markers confirmed that mTOR inhibition is the principal
mechanism coupling mechanical overload to autophagy induction
(Zhang et al., 2013). This study established autophagy enhancement as
an early protective response — not a death mechanism - in degenerative
TMJ cartilage.

6.2. The ERN1-MTORC1-EIF2AK3 switch

As TMJOA progresses, the relationship between autophagy and
apoptosis inverts. In UAC and FFSS models spanning 2-20 weeks,
autophagy markers (Beclinl, LC3B-II, LAMP2) were elevated early and
declined late; apoptosis markers (cleaved caspase-3) rose progressively.
The molecular switch is governed by MTORC1 and its upstream regu-
lators. In early injury, phosphorylated ERN1 (IREla) inhibits MTORC1
via AMPK (PRKAA1/2), promoting autophagic flux. As disease pro-
gresses, p-ERN1 signalling diminishes, releasing MTORC1 from inhibi-
tion. Activated MTORC1 then simultaneously suppresses
autophagosome formation and, via phospho-EIF2AK3 (PERK), drives
ERS-apoptosis through DDIT3 (CHOP) and CASP12 upregulation. p-
EIF2AK3 additionally impairs autophagosome-lysosome fusion, elimi-
nating the last autophagic defence. Chondrocyte-specific MTORC1
knockout in mice reproduced the pro-autophagy, anti-apoptosis
phenotype; MTORC1 pharmacological activation worsened degenera-
tion. Intra-articular rapamycin delivery rescued condylar cartilage
through autophagy restoration and apoptosis suppression (Yang et al.,
2020). The PDCD4 protein shows a parallel pattern: it suppresses
autophagy and promotes apoptosis via Akt signalling in IL-1p-treated
TMJ chondrocytes, further confirming that multiple molecular brakes
on autophagy converge to push the chronically injured chondrocyte
toward death (Liu et al., 2021a). An orchestrated review of initiation
and progression of dental-stimulated TMJOA confirms: in insufficient
matrix restoration, deep zone cells shift from autophagy to apoptosis
and terminal differentiation, while superficial zone cells are prompted to
differentiate and supply the cell loss in the deep zone, constituting the
tissue's only remaining repair attempt (Liu et al., 2021b).

6.3. Migrasomes: a novel autophagy transfer system in TMJ synovium

A 2026 study identified migrasomes, vesicular organelles formed at
retraction fibre tips of migrating cells, in synovial tissue and synovial
fluid from patients with TMJOA. Single-cell transcriptomics and in vitro
validation indicated infiltrating M1 macrophages as a major source of
synovial migrasomes. Proteomic profiling showed enrichment in
autophagy-related proteins, including LC3B and Beclin-1. After uptake
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by osteoarthritic chondrocytes, M1 macrophage-derived migrasomes
promoted autophagy activation, reduced catabolic changes and atten-
uated cartilage degeneration in a rat MIA-TMJOA model. The synovium-
cartilage organoid model ("Mini-TMJ") supported synovium-to-cartilage
migrasome transfer as a mechanism of intercellular autophagy support.
These findings suggest that inflammatory macrophages may also
generate vesicular cargo with chondroprotective activity under defined
experimental conditions (Sa et al., 2026).

7. Pyroptosis and inflammasome-mediated synovitis
7.1. NLRP3/caspase-1/GSDMD in TMJOA synovium

Pyroptosis is a gasdermin-executed lytic death coupled to inflam-
masome activation. The NLRP3 oligomerises with apoptosis-associated
speck-like protein containing a CARD (ASC) and pro-caspase-1 upon
pathogen-associated molecular pattern (PAMP)/damage-associated
molecular pattern (DAMP) sensing; active caspase-1 cleaves GSDMD and
pro-IL-1f, with GSDMD-N-terminal fragments perforating the plasma
membrane and releasing mature IL-1p and IL-18. In a complete Freund’s
adjuvant (CFA)-induced rat TMJOA model, NLRP3 mRNA and protein
were upregulated in synovial tissue; caspase-1 inhibition by Ac-YVAD-
cmk and NLRP3 inhibition by MCC950 both significantly suppressed
pyroptosis in synovial tissue and reduced IL-1p secretion. In a
macrophage-like synoviocyte (MLS) + fibroblast-like synoviocyte (FLS)
co-culture model, LPS/ATP stimulation of MLS alone was insufficient to
drive robust FLS pyroptosis; the macrophage component was required
for robust FLS inflammasome activation. Ultrastructural evidence by
TEM confirmed chromatin condensation, swollen mitochondria,
dispersed trans-Golgi network, and plasma membrane pore formation in
FLS - the morphological signature of pyroptosis. The NLRP3-caspase-1
axis thus operates through an obligatory macrophage-driven amplifi-
cation mechanism in TMJ synovitis (Xin et al., 2022).

7.2. Chondrocyte pyroptosis with human tissue evidence

Human synovial-fluid data strengthen the case for pyroptosis in
TMJOA. In synovial fluid and synovium from TMD patients, the
pyroptotic biomarkers GSDMD, caspase-1 and IL-1p correlated posi-
tively with cartilage-degradation mediators and pro-inflammatory cy-
tokines. In a mouse MIA-induced TMJOA model, alpha-kinase 1
(ALPK1)-deficient animals showed less synovitis, cartilage degeneration
and chondrocyte pyroptosis than wild-type controls. In vitro, macro-
phage supernatants, rather than direct cytokine treatment alone, trig-
gered ROS generation and NLRP3-dependent pyroptosis in primary TMJ
chondrocytes and ATDC5 cells; metabolic disturbance preceded cell
death. Inhibition of NLRP3 with MCC950 reduced both pyroptosis and
metabolic disturbance by blocking caspase-1 activation and IL-1p
secretion (Liu et al., 2023). Together with the MCC950/Ac-YVAD-cmk
data (Xin et al., 2022), this study provides direct TMJ-specific evi-
dence that pyroptosis contributes to cartilage degeneration in inflam-
matory TMJOA.

Reactive oxygen species (ROS) operate downstream of the NLRP3
inflammasome as effectors: in macrophages, hydrogen peroxide sup-
plementation reversed the anti-inflammatory protection associated with
MCC950, whereas N-acetylcysteine (NAC) reproduced MCC950-like ef-
fects, supporting a TLR4/NLRP3/ROS/IL-1p hierarchy (Liu, Li, Zhao,
et al.,, 2023). In a separate CFA-induced murine TMJOA model, resa-
torvid downregulated the MyD88/NF-kB/NLRP3 cascade, reduced
GSDMD expression and chondrocyte pyroptosis, and alleviated cartilage
degeneration (Liu, Li, Feng, et al., 2023).

Taken together, these studies indicate that pyroptosis is no longer
only an extrapolated mechanism in TMJOA. The best-supported evi-
dence currently concerns synovium and condylar cartilage, whereas
pyroptosis in the TMJ disc, especially in fibrochondrocytes and
chondrocyte-like cells, remains uncharacterised.
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8. Necroptosis and osteochondral inflammation
8.1. The RIPK3/MLKL necrosome in TMJOA

Necroptosis is initiated when apoptosis is blocked or overwhelmed:
RIPK1 assembles with RIPK3 into the necrosome, RIPK3 phosphorylates
MLKL (pMLKL), and oligomerised pMLKL forms plasma membrane
pores causing osmotic lysis and release of DAMPs. In UAC-induced
TMJOA rats, TEM revealed translucent cytosol, swollen organelles,
and ruptured cell membranes in condylar chondrocytes at the early
stage of cartilage degeneration. Both RIPK3 and pMLKL were upregu-
lated by immunohistochemistry in the same cells. Intra-articular injec-
tion of RIPK3 or MLKL inhibitors, or genetic knockout of RIPK3/MLKL,
significantly prevented cartilage degeneration (He et al., 2022), sup-
porting necroptosis as a therapeutically modifiable mechanism of early
condylar cartilage loss.

8.2. The TNFa-SDC4-TNFa vicious cycle

A self-amplifying necroptotic loop distinguishes TMJ necroptosis
from simple DAMP release. Quantitative proteomics of DAMPs released
by necroptotic condylar chondrocytes identified syndecan-4 (SDC4) and
heat shock protein 90 as the principal signalling DAMPs. The SDC4, a
heparan sulphate proteoglycan core protein, when released by nec-
roptotic cells, significantly stimulated TNFa expression in cartilage and
synovium; blocking SDC4 function with a specific antibody increased
cartilage thickness and reduced synovial inflammation. The resulting
TNFa — RIPK3/MLKL — necroptosis — SDC4 release — TNFa autocrine
loop constitutes a feedforward cycle by which an initial necroptotic
event propagates and sustains itself throughout the joint (He et al.,
2022). The RIPK1 appears to regulate both limbs of this cycle: RIPK1
inhibition in TMJOA synoviocytes suppressed elevated inflammatory
factors, NF-kB activation, and both apoptotic (caspase-8) and nec-
roptotic (RIPK3/MLKL) cell death markers after TNF-o/cycloheximide
stimulation. CFA-induced and disc perforation TMJOA models
confirmed that RIPK1 inhibition protected articular cartilage against
progressive degradation (Cao et al., 2024).

8.3. Temporal dynamics: apoptosis first, necroptosis later

A key mechanistic insight concerns the temporal sequence of death
programme activation in mechanically stressed condylar cartilage.
Under 60 g compressive mechanical force in a rat model, inflammation
and apoptosis appeared throughout the entire cartilage layer on day 4
and persisted to day 7. Necroptosis was detectable only at the later time
point (day 7) and was spatially concentrated in the transition layer
rather than the full cartilage thickness. Lentiviral RIP1 silencing (Lenti-
siRIP1) protected cartilage from thinning by simultaneously inhibiting
sustained apoptosis at day 7 and late-stage necroptosis, confirming RIP1
as the shared upstream node coupling both programmes (Zhou et al.,
2023). This temporal sequence — apoptosis as the immediate response,
necroptosis as the amplified late event — has implications for treatment
windows: anti-apoptotic  intervention must precede, while
anti-necroptotic intervention can follow, the onset of mechanical
overload.

Earlier primary evidence from Zhang et al. (2017) already placed
RIP1-dependent necroptosis within the mechanical-overload response of
mandibular cartilage. In their compressive-force model, RIP1, RIP3 and
caspase-8 increased after loading, and pharmacological inhibition of
necroptosis with necrostatin-1 or apoptosis with Z-VAD partially
restored cartilage thickness and chondrocyte number. Combined inhi-
bition had a stronger protective effect, supporting the view that
apoptosis and necroptosis are parallel, interacting responses to excessive
mechanical force rather than mutually exclusive mechanisms (Zhang
et al., 2017).
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8.4. Epigenetic regulation: BRD4 and MLKL

The bromodomain protein BRD4 provides an epigenetic layer of
necroptosis regulation in TMJOA. The BRD4 expression was notably
upregulated in TMJ tissues under aberrant mechanical stress. Chromatin
immunoprecipitation demonstrated BRD4 enrichment at the MLKL
promoter region, and BRD4 expression showed a positive correlation
with RIP3 and MLKL levels. Inhibition of BRD4 by JQ1 (intra-articular
injection) significantly reduced chondrocyte necroptosis, down-
regulated TNF-a, RIP3, MLKL, and p-MLKL, and alleviated TMJOA-
associated pathological changes (Huang et al., 2025). A narrative re-
view of necroptosis in TMJOA contextualises these findings within the
broader field: multiple small-molecule inhibitors of RIPK1, RIPK3, and
MLKL have demonstrated efficacy in preclinical arthritis models, sup-
porting the translational viability of this pathway (Zhao et al., 2025).

9. Ferroptosis, oxidative stress, and lipid peroxidation in TMJOA
9.1. Molecular machinery

Ferroptosis is iron-dependent cell death defined by accumulation of
lipid hydroperoxides from peroxidation of polyunsaturated fatty acid
(PUFA)-containing membrane phospholipids. The central antioxidant
brake is the system Xc—/GSH/GPX4 axis: system Xc— imports cystine in
exchange for glutamate; cystine is reduced to cysteine and condensed
into glutathione (GSH); GPX4 uses GSH as a co-factor to reduce lipid
hydroperoxides to non-toxic lipid alcohols. Depletion of GSH or GPX4 —
through p53-mediated SLC7A11 suppression, inflammatory cytokine-
driven iron accumulation, or direct GPX4 inhibition — unmasks lipid
peroxide accumulation and ferroptotic cell death. The ACSL4 amplifies
ferroptosis by esterifying PUFAs into membrane phospholipids. GPX4-
independent parallel defences include FSP1/CoQ10, DHODH, and
GCH1/BH4 (Zhang et al., 2025).

9.2. Ferroptosis in TMJ-specific evidence

Based on published primary data, GPX4 expression is significantly
reduced in TMJOA tissues and synovial fluid. Proteomic analysis of sy-
novial fluid from patients with TMJ anterior disc displacement and OA
identified upregulation of FGFR1, FBLN2, and GRB2, implicating fer-
roptotic signalling specifically in the ADD-with-OA microenvironment.
In rat TMJOA models (UAC, occlusal disorder, MIA, IL-1p), ferroptosis
markers (elevated p53, elevated ACSL4, decreased GPX4) were
confirmed. Liproxstatin-1 (Lip-1), a ferroptosis inhibitor, suppressed
condylar chondrocyte ferroptosis, restored mitochondrial function,
reduced ROS and lipid peroxidation, and preserved cartilage matrix in
these models (Zhang et al., 2025).

9.3. The HIF-1a/TFRC axis: direct mechanistic evidence from human
TMJOA

A mechanistic chain connecting synovial inflammation to iron-
driven ferroptosis in condylar chondrocytes has been proposed and
experimentally supported. In TMJOA patients, synovial fluid aspirated
before hyaluronic acid lavage contained markedly elevated IL-1f, ROS,
Fe®*, and Fe** compared with post-lavage values — providing direct
human biofluid support for iron overload as a feature of TMJOA (Chen
et al., 2024). The RNA sequencing of IL-1p-treated TMJ chondrocytes
identified a gene ontology shift toward iron homeostasis and oxidative
stress-related cell death. In UAC rats, condylar cartilage demonstrated
reduced COL2A1, decreased chondrocyte number, GPX4 down-
regulation, and elevation of 4-hydroxynonenal (4-HNE) — a specific
end-product of PUFA lipid peroxidation and a recognised
ferroptosis-associated lipid peroxidation marker — all reversed by
intra-articular ferrostatin-1 (Fer-1).

The upstream regulatory hierarchy operates as follows: IL-1$ — HIF-
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la transcriptional upregulation — TFRC (transferrin receptor 1) induc-
tion — Fe?* entry into chondrocytes — Fenton reaction (Fe** + H202 —
Fe* + -OH) — propagating lipid radical chain — ferroptotic death. The
directionality was pharmacologically confirmed: HIF-1a inhibition
downregulated IL-1p-induced TFRC expression, whereas TFRC inhibi-
tion did not alter HIF-1a levels, placing HIF-1a upstream of TFRC in this
experimental setting. Both HIF-1a and TFRC inhibition independently
rescued IL-1B-induced mitochondrial membrane potential loss and
restored mitochondrial structure. Downstream, both HIF-1a and TFRC
inhibition reduced IL-1p-stimulated MMP13 and rescued COL2A1
expression in  chondrocytes (Chen et al, 2024). The
HIF-1o/TFRC/iron/4-HNE/GPX4| axis thus constitutes the primary
inflammation-to-ferroptosis transduction pathway in TMJOA condylar
chondrocytes.

This also clarifies the dual-role paradox of HIF-1a in the TMJ: HIF-1a
is chondroprotective against apoptosis under mechanical stress
(Mino-Oka et al., 2017) but pro-ferroptotic via TFRC-driven iron loading
under inflammatory conditions (Chen et al., 2024) — the same tran-
scription factor having divergent consequences depending on the
dominant upstream stimulus.

9.4. The Nrf2/ARE anti-ferroptotic defence: curcumin as an experimental
activator

The principal endogenous cellular defence against ferroptosis
beyond GPX4 operates through the Nrf2/antioxidant response element
(ARE) transcriptional programme. Nrf2 drives expression of HO-1,
SOD2, NQO-1, and GCLC - the rate-limiting enzyme for GSH synthesis
— supporting the GSH/GPX4 anti-ferroptotic system. In IL-1f-stimulated
human TMJ chondrocytes, curcumin (CUR), the principal bioactive
polyphenol of Curcuma longa, activated Nrf2 (and its phosphorylated
form p-Nrf2) and upregulated all four Nrf2 downstream antioxidants
(HO-1, SOD2, NQO-1, GCLC) at both mRNA and protein levels. The CUR
concomitantly suppressed IL-1p-induced iNOS, COX-2, IL-6, MMP-1,
MMP-3, MMP-9, MMP-13, ADAMTS-4, and ADAMTS-5, and reduced
ROS generation, while restoring COL2A1 and ACAN mRNA expression
(Jiang et al., 2020). Because the Nrf2/ARE programme drives
GCLC-mediated GSH synthesis upstream of GPX4, curcumin's mecha-
nism positions it as an anti-ferroptotic agent operable at the GSH supply
level — complementing radical-trapping ferroptosis inhibitors such as
liproxstatin-1 and ferrostatin-1, and providing a plant-derived thera-
peutic with demonstrated intra-articular tolerability in TMJOA.

A polymer nanoparticle platform extends this polyphenol anti-
ferroptotic strategy into a sustained intra-articular delivery system
with superior pharmacokinetics. Poly(p-coumaric acid) nanoparticles
(PCA NPs), synthesised by polycondensation of p-coumaric acid (p-CA, a
naturally occurring phytophenolic acid) and stabilised with DSPE-
PEG2k into ~118 nm spherical particles, exhibit concentration-
dependent DPPH and ABTS radical-scavenging activity significantly
exceeding that of hyaluronic acid (HA) at all tested concentrations. In IL-
1p- and erastin-stimulated condylar chondrocytes, PCA NPs restored
GPX4 and SLC7A11 expression, suppressed ACSL4 and p53 upregula-
tion, reduced Fe** accumulation (FerroOrange probe), diminished lipid
ROS and MDA, restored mitochondrial network morphology and mem-
brane potential (JC-1 staining), and elevated intracellular GSH and SOD
activity. In vivo transcriptomic analysis of MIA-induced TMJOA rat
condylar cartilage by KEGG GSEA confirmed ferroptosis as the primary
pathway modulated by PCA NP treatment alongside oxidative phos-
phorylation and oxidative stress pathways. At 8 weeks post-injection,
PCA NPs significantly outperformed HA in BV/TV recovery, Mankin
score improvement, MMP13/iNOS suppression, and collagen II resto-
ration. Importantly, Cy5-labelled PCA NPs retained detectable fluores-
cence in the TMJ for at least 7 days post-injection — significantly longer
than free Cy5 or p-CA-Cy5 (both nearly absent by day 5) — a pharma-
cokinetic advantage confirmed by SEM to reflect adherence to the
fibrocartilage matrix surface. This drug-free nanoparticle platform
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combines: sustained joint retention exceeding HA, direct ferroptosis
inhibition through GPX4/SLC7A11 axis restoration, anti-inflammatory
blockade of iNOS/TNFa/MMP pathways, and a natural polyphenol
safety profile — making PCA NPs a multi-functional, disease-modifying
candidate that operates simultaneously at the Nrf2/ferroptosis and in-
flammatory axes of TMJOA (Guo et al., 2024).

9.5. Inflammatory amplification: pyroptosis—ferroptosis loop

The inflammatory milieu creates a pyroptosis-to-ferroptosis ampli-
fication loop: IL-1p — the canonical GSDMD pore-release product — ac-
tivates HIF-1oa/TFRC to drive iron overload, elevates lipid peroxidation,
and downregulates GSH, directly inducing ferroptotic conditions in
neighbouring chondrocytes. Conversely, ferroptosis-associated lipid
peroxidation products (including 4-HNE) can activate NLRP3 inflam-
masome assembly, reinforcing pyroptosis (Chen et al., 2024; Zhang
et al., 2025). This IL-1p — HIF-1a/TFRC — Fe?*/ROS/4-HNE — GPX4|
— ferroptosis — lipid peroxides - NLRP3 — IL-1p cycle constitutes a
self-sustaining inflammatory death amplification loop that is specifically
accessible to therapeutic interruption at multiple nodes: NLRP3 can be
inhibited by MCC950; HIF-1a and TFRC can be blocked to reduce iron
influx; the Nrf2/ARE transcriptional programme can be activated by
curcumin to restore glutathione supply; and lipid peroxidation can be
suppressed by liproxstatin-1 or ferrostatin-1.

10. Cellular senescence, mitophagy failure, and the progenitor-
cell niche

10.1. Senescence in TMJOA

Cellular senescence — permanent cell-cycle arrest accompanied by
the senescence-associated secretory phenotype (SASP) — is a state that
bridges ageing-associated metabolic decline and OA pathogenesis. Key
biomarkers include p16 (CDKN2A), p21 (CDKN1A), p53, SA-p-galacto-
sidase, and Lamin A/C. The cyclin-dependent kinase inhibitor p21
carries a dual role in TMJOA: beyond its canonical senescence-
associated cell cycle arrest, p21 exerts an immunoregulatory function
in the condylar cartilage. In p21-knockout mice subjected to a TMJ
loading protocol, condylar OA was significantly exacerbated compared
with wild-type, with greater inflammatory infiltrate and cartilage loss.
This suggests that p21 limits the immune-mediated component of
condylar degeneration, and that p21 loss removes an important brake on
cartilage destruction (Khurel-Ochir et al., 2021).

10.2. Sympathetic innervation and mitochondrial dynamics

The sympathetic nervous system provides a recently identified up-
stream regulator of mitochondrial dynamics and potential senescence in
TMJOA chondrocytes. Activation of the a2-adrenergic receptor (Adra2)
by norepinephrine in primary condylar chondrocytes upregulated MMP-
3, downregulated aggrecan, and simultaneously increased mitochon-
driogenesis, the number of mitochondria, mitochondrial fusion and
fission, and mitophagy. a2-Adrenergic receptor antagonism (yohim-
bine) attenuated these catabolic and mitochondrial changes, establish-
ing a sympathetic — «2-Adra2 — mitochondrial dynamics — catabolism
axis in TMJ chondrocytes that may link pain-related sympathetic tone to
cartilage degeneration (He et al., 2024). This represents a novel
neuro-osteochondral pathway with therapeutic implications in
pain-associated TMJOA.

10.3. Single-cell transcriptomics: terminal differentiation trajectories

Single-nucleus RNA sequencing of overloaded condylar cartilage
identified 11 distinct cell types (Zhou et al., 2025). Pseudotime trajec-
tory analysis revealed Acvrlb (ALK4 / activin receptor type 1B) and its
SMAD2/3 downstream signalling as the key driver of terminal
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chondrocyte differentiation under mechanical overload. CellChat
intercellular communication analysis confirmed Acvrlb-mediated cell
fate commitment. These scRNA-seq data provide the highest-resolution
view currently available of the cellular heterogeneity underlying
condylar cartilage degeneration and identify cell subtypes at differential
risk for apoptosis and terminal differentiation. Earlier scRNA-seq work
on OA cartilage had identified regulatory chondrocytes (RegC) and
fibrochondrocytes as the principal necroptotic  subtypes
(MLKL/RIPK1/RIPK3-enriched), while homeostatic chondrocytes
(HomC) showed lower necroptosis scores, establishing subtype speci-
ficity for death programme engagement.

10.4. The perivascular progenitor niche: the repair counterpoint to cell
death

The conceptual integration of cell death with repair capacity requires
consideration of a putative perivascular repair reservoir in the disc pe-
riphery. The normal TMJ disc is nearly avascular; only its peripheral
zone - the bilaminar zone and lateral/medial margins — contains vas-
cularisation and associated perivascular stromal cells. These
CD34 + perivascular stromal cells share morphological and phenotypic
features with pericyte-associated MSC precursors described in fibro-
cartilaginous tissues and have been proposed as constituents of a peri-
vascular progenitor niche in the TMJ disc periphery.

Loss or dysfunction of perivascular stromal cells could reduce the
disc’s already limited repair capacity. However, direct evidence that
CD34-positive stromal cells in the TMJ disc are selectively depleted
through TRAIL/DR5-mediated apoptosis or inflammation-associated
ferroptosis is currently lacking. Their susceptibility to individual death
programmes and their functional contribution to disc repair therefore
remain hypotheses requiring targeted investigation. Conversely, the
superficial zone of the condylar cartilage, which retains progenitor-like
qualities including the capacity to proliferate and differentiate toward
the deep zone (Liu et al., 2021b), represents the condyle's analogous
repair reservoir — similarly vulnerable to SASP-driven paracrine senes-
cence, ferroptosis, and necroptosis-associated DAMPs.

MSC-centred TMJOA reviews reinforce this repair-centred interpre-
tation. Cui et al. (2017) and Zhao and Xie (2021) both emphasised that
conventional management rarely restores degraded cartilage or sub-
chondral bone, whereas MSC-based strategies may act through chon-
drogenic differentiation, trophic support, immunomodulation,
exosomes and scaffold-assisted fibrocartilage regeneration (Cui et al.,
2017; Zhao & Xie, 2021). In the present review, these data are used not
as proof that the disc niche can already be therapeutically rebuilt, but as
support for treating progenitor-cell preservation as a biologically rele-
vant counterpart to regulated cell death.

MIA-induced TMJOA in female rats showed activation of the toll-like
receptor pathway, oestrogen metabolism, oxidative stress, and altered
energy metabolism as convergent drivers of condylar OA, with
oestrogen-related pathways contributing to the higher prevalence in
women (Liu et al., 2025). Together with the sex differences in apoptosis
timing (Jiao et al., 2009), these data highlight female oestrogen biology
as an important modulator of death programme vulnerability in the
TMJ.

The perivascular origin of CD34 + stromal cells in the disc periphery
also intersects with the vascular endothelial growth factor (VEGF) sig-
nalling network that governs osteogenic repair capacity in the condylar
compartment. During endochondral ossification, VEGFA functions as
the central mediator coupling hypertrophic cartilage remodelling,
vascular invasion, and bone deposition: hypertrophic chondrocytes at
the chondro-osseous junction secrete VEGF, which promotes endothelial
ingrowth while simultaneously recruiting osteoblast-lineage precursors
from the perichondrium into the primary ossification centre (Gerber
etal., 1999; Maes et al., 2010). HIF-1a, essential for chondrocyte growth
arrest and survival under hypoxic conditions (Schipani et al., 2001),
amplifies VEGF production and thereby couples angiogenesis to
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osteogenesis (Wang et al., 2007). Lineage-tracing studies have estab-
lished that a proportion of hypertrophic chondrocytes survive the
cartilage-to-bone transition and transdifferentiate into osteoblasts and
osteocytes during both development and fracture repair (Yang et al.,
2014; Zhou et al., 2014) — a process requiring VEGFA to maintain the
vascular microenvironment that supports precursor recruitment and
mineralisation. Beyond its paracrine roles, intracellular VEGF directly
regulates mesenchymal stem cell fate: loss of intracellular VEGF shifts
the RUNX2/PPARy2 balance toward adipogenesis and away from
osteoblastogenesis, demonstrating that VEGF acts within skeletal pro-
genitors as well as through extracellular vascular mechanisms (Liu et al.,
2012). By extrapolation from skeletal biology, disruption of a peri-
vascular repair niche could impair regenerative support in TMJOA.
Whether CD34-positive stromal cells in the disc undergo
pathway-specific depletion, or contribute directly to VEGF-dependent
condylar repair, remains unproven.

11. Crosstalk between cell death pathways

Programmed cell death pathways are not isolated linear cascades but
form an interconnected network in which shared molecular switches,
compensatory responses, and integrated multi-programme states
determine cellular fate (Bedoui et al., 2020; Eskander et al., 2025; Kist &
Vucic, 2021). Three linked questions organise the crosstalk literature:
which molecules serve as shared switches between pathways; do cells
engage genuinely integrated death states that cannot be attributed to
any single programme; and where do current mechanistic models fall
short (Sorokin et al., 2025)? The discussion below applies these general
principles to the TMJ context with specific reference to primary TMJ
data where available.

11.1. Shared molecular switches

Caspase-8 is the master switch between extrinsic apoptosis and
necroptosis. When active, caspase-8 cleaves RIPK1 and RIPK3, pre-
venting necrosome assembly and directing the cell towards apoptotic
death. When caspase-8 activity is blocked - by viral inhibitors, by cFLIP
upregulation, or by sustained biomechanical overload that depletes
initiator caspases — RIPK1 and RIPK3 are free to assemble the necrosome
and activate MLKL (Kutumova et al., 2025; Yuan & Ofengeim, 2024). In
the TMJ, this switch is not theoretical: the temporal sequence in me-
chanically compressed condylar cartilage — apoptosis on day 4 across the
whole cartilage layer, necroptosis on day 7 confined to the transition
zone - represents the biological manifestation of this competition under
sustained stress, as caspase-8 capacity is outpaced by progressive load
(Zhou et al., 2023).

Caspase-3 bridges apoptosis and secondary pyroptosis through
GSDME (gasdermin E) cleavage. Although canonical pyroptosis depends
on caspase-1-mediated GSDMD cleavage, active caspase-3 can cleave
GSDME to generate a pore-forming N-terminal fragment, converting an
apoptotic stimulus into a lytic, pyroptotic-like outcome. Conversely,
caspase-3 can inactivate GSDMD by cleaving it at a non-canonical site,
attenuating pyroptosis when apoptosis is the dominant mode of death
(Wang & Kanneganti, 2021). The net outcome - lytic pyroptosis or
non-lytic apoptosis — depends on which caspase substrates are engaged
first and at what stoichiometry. In the TMJ synovium, where
macrophage-driven IL-1p release through GSDMD pores and FLS
apoptosis coexist (Xin et al., 2022), caspase-3/GSDME crossover is
biologically plausible and mechanistically unexplored.

The BCL-2 family proteins, Beclin-1, Ca?*, and p53 link apoptosis and
autophagy, making stress responses rheostatic rather than binary
(Kutumova et al., 2025). The BCL-2 binds and sequesters Beclin-1,
preventing autophagosome nucleation; pro-apoptotic BH3-only pro-
teins release Beclin-1 by displacing it from BCL-2, simultaneously
initiating autophagy and promoting BAX/BAK-mediated cytochrome c
release. In TMJ models, an early autophagy-dominant phase coincides
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with p-ERN1-mediated suppression of MTORC1, whereas later apoptotic
dominance coincides with restored MTORCI activity (Yang et al., 2020;
Zhang et al., 2013).

The MTORC1 operates at the apex of the autophagy-apoptosis
switch: MTORC1 activation suppresses autophagic flux and simulta-
neously drives EIF2AK3-mediated ERS-apoptosis; conversely, MTORC1
inhibition by intra-articular rapamycin restores autophagy and sup-
presses apoptosis, and loss of autophagic protection sensitises chon-
drocytes to ferroptosis and necroptosis through ROS accumulation (Li
et al., 2021; Yang et al., 2020).

11.2. TMJ-specific molecular hubs

NF-xB/ROS bridge pyroptosis, ferroptosis, and senescence in the
condylar and synovial compartments. IL-1f released through GSDMD
pores activates NF-kB, upregulates TFRC and HIF-1a (iron accumula-
tion), and suppresses GPX4, directly imposing ferroptotic conditions in
neighbouring chondrocytes (Chen et al., 2024). Ferroptosis-associated
lipid peroxidation products — particularly 4-HNE - can activate NLRP3
inflammasome assembly, establishing a pyroptosis — ferroptosis —
pyroptosis amplification cycle (Chen et al., 2024; Zhang et al., 2025).
The same ROS excess generated by failed mitophagy promotes HIF-2a
upregulation, caspase-3 activation, and SASP secretion, thereby linking
the mitophagy/senescence arm to all inflammatory death programmes
(Zhang et al., 2022).

The SDC4-TNFa vicious cycle (He et al.,, 2022) exemplifies how
necroptotic DAMPs re-enter the network as inflammatory inputs:
syndecan-4 released by necroptotic chondrocytes stimulates TNFa
expression in cartilage and synovium, thereby activating RIPK1 and
re-initiating the apoptosis-necroptosis competition in neighbouring
cells. The cycle is thus self-amplifying and can only be broken upstream
(RIPK1/RIPK3/SDC4 inhibition) rather than by targeting a single
downstream effector.

11.3. PANoptosis-compatible convergence of cell-death programmes

PANoptosis is an inflammatory cell-death state in which pyroptotic,
apoptotic and necroptotic machinery are engaged in an integrated
network that cannot be fully explained by any single pathway (Gullett
et al., 2022; Wang & Kanneganti, 2021). The operational criterion is
functional redundancy (Fig. 4): disruption of one arm alone, such as
caspase-1, RIPK3 or Bax/Bak, does not completely prevent cell death,
whereas combined disruption of pyroptotic and apoptosis-necroptosis
modules provides greater protection (Gullett et al., 2022). Infection
models show that cells can switch death routes when one arm is
inhibited or pathogen-modified (Bedoui et al., 2020; Snyder & Oberst,
2021). In non-TMJ disease contexts, including neurological disorders
and cancer, PANoptosis may remove damaged or malignant cells while
also amplifying bystander inflammation (Guo et al., 2025; P. Li et al.,
2025b; J. Liu et al., 2022a).

In the TMJ, direct evidence of PANoptosis has not been reported, but
several prerequisites are present. Condylar chondrocytes under UAC or
MIA models show activation of caspase-3 (apoptotic), RIPK3/MLKL
(necroptotic) and GSDMD/caspase-1 (pyroptotic) pathways under
TNFa- and IL-1B-rich conditions; the SDC4-TNFa loop may sustain
cytokine levels sufficient to engage more than one module. PANoptotic
assessment, as operationally defined by Gullett et al. (2022), would
require combined pathway knockdown or inhibition to test whether
blocking one pathway is insufficient to prevent cell death (Gullett et al.,
2022). This is a feasible next step for TMJ models, particularly in syn-
oviocyte and macrophage-FLS co-culture systems (Xin et al., 2022).

11.4. Evidence architecture and knowledge gaps in the TMJ crosstalk
context

Mapping the general cell death crosstalk literature onto the TMJ
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PANoptosis: Integrated Multi-Programme Inflammatory Cell Death

Cannot be prevented by inhibiting any single arm — functional redundancy requires combined disruption

PANoptosome — Shared Regulatory Platform
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PANoptosis — Integrated Outcome

Casp-3 — GSDME: 2° pyroptésis

Concurrent engagement of all three programmes — amplified inflammatory cell death
DAMP/PAMP release - IL-1(3/IL-18 secretion - Membrane lysis - Chromatin fragmentation
Functional redundancy: single-arm inhibition insufficient (Gullett et al., 2022)

TMJ context: Casp-3 + RIPK3/MLKL + GSDMD all present under TNFo/IL-1f — direct PANoptosis evidence pending

Crosstalk

Casp-8 4 RIPK1: sﬁpprcsscs necroptosis

Fig. 4. PANoptosis as an integrated inflammatory cell-death platform. The diagram summarises PANoptosis as a coordinated, multi-programme form of
regulated cell death in which pyroptosis, apoptosis and necroptosis are not activated as isolated pathways, but through a shared regulatory platform, the PAN-
optosome. Upstream inflammatory, damage-associated, and stress signals, including pathogen-associated molecular patterns (PAMPs), damage-associated molecular
patterns (DAMPs), tumour necrosis factor-o (TNFa), interleukin-1p (IL-1p), cytokine signalling, and genotoxic stress, converge on core molecular components such as
caspase-8, RIPK1, ASC, ZBP1, and FADD. These signals may engage pyroptotic execution via inflammasome-associated caspases and gasdermin D (GSDMD),
apoptotic execution via caspase-3, and necroptotic execution via the RIPK1-RIPK3-phosphorylated MLKL axis. The lower panel indicates the integrated outcome, in
which membrane permeabilisation or rupture, cytokine release, chromatin fragmentation and DAMP/PAMP release amplify tissue inflammation. In the temporo-
mandibular joint (TMJ), the coexistence of caspase-3, RIPK3/MLKL and GSDMD expression under TNFa/IL-1p-rich conditions may support a PANoptosis-compatible
environment. However, direct evidence for a complete PANoptotic complex in TMJ tissues remains to be demonstrated. Abbreviations: ASC, apoptosis-associated
speck-like protein containing a CARD; DAMP, damage-associated molecular pattern; FADD, Fas-associated death domain protein; GSDMD, gasdermin D; IL, inter-
leukin; MLKL, mixed-lineage kinase domain-like protein; PAMP, pathogen-associated molecular pattern; RIPK, receptor-interacting serine/threonine-protein kinase;
TMJ, temporomandibular joint; TNFa, tumour necrosis factor-o; ZBP1, Z-DNA-binding protein 1.

reveals a consistent gradient in the maturity of evidence. Apopto-
sis—necroptosis—pyroptosis crosstalk has the largest combined evidence
base — genetic (RIPK1/3 knockout, caspase-8 deletion studies), mecha-
nistic (necrosome/inflammasome biochemistry), and some integrated
modelling — but clinical translation in the TMJ context remains limited
to small animal studies without biomarker validation in human tissue
(Qian et al., 2024; Sorokin et al., 2025). Autophagy crosstalk with
apoptosis has strong mechanistic support (ERN1-MTORC1-EIF2AK3
axis) (Yang et al., 2020) and preclinical therapeutic leverage (rapamy-
cin), but models do not yet incorporate autophagy—ferroptosis or auto-
phagy-necroptosis interactions specifically in TMJ tissue.

Ferroptosis integration is the clearest gap in the evidence for cross-
talk. Although the pyroptosis — ferroptosis link via IL-18/HIF-1a/TFRC
is mechanistically supported (Chen et al., 2024), ferroptosis is largely
excluded from quantitative multi-pathway models because
cross-pathway biochemical connections to the RIPK1/caspase-8 axis and
to the GSDMD system remain incompletely characterised (Kutumova
et al, 2025). A TMJ-specific computational model integrating
MTORCI, RIPK1, NF-kB, and the HIF-1a/TFRC/GPX4 ferroptosis arm
would be a useful advance and tractable, given the density of quanti-
tative in vitro and in vivo data now available in the field.

A second gap is translation from network biology to clinical bio-
markers. Cancer and inflammatory disease research consistently argues
that adaptive rewiring across death programmes makes single-pathway
therapeutic targeting insufficient, yet context-specific biomarkers able
to identify which death mode dominates at a given TMJOA stage remain
absent (Guo et al., 2026; Qian et al., 2024). Synovial fluid proteomics
already contains pyroptotic biomarkers (Liu, Li, Zhao, et al., 2023) and
ferroptosis indicators (Fe?* overload) (Chen et al., 2024); adding
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necroptotic (pMLKL, SDC4) and autophagic (LC3B, SQSTM1) markers to
a multi-programme panel would provide the stage-specific fingerprint
needed to match therapeutic intervention to disease phase.

The ageing and degenerating TMJ therefore exhibits a convergent
multi-pathway death network: mitophagy failure elevates ROS, driving
simultaneous apoptosis, ferroptosis, and NLRP3 pyroptosis (Yang et al.,
2020; Zhang et al., 2013); GSDMD-released IL-1p amplifies ferroptosis
via HIF-1a/TFRC (Chen et al., 2024); necroptotic SDC4 sustains the
TNFa loop (He et al., 2022); and SASP cytokines prime the synovium for
macrophage-driven FLS pyroptosis amplification (Liu, Li, Zhao, et al.,
2023; Xin et al., 2022) — all superimposed on a progenitor pool already
depleted by disc ID-associated apoptosis (Leonardi et al., 2011; Loreto
et al, 2009). This convergent pathology is the reason why
multi-pathway crosstalk should inform the framework for both mecha-
nistic understanding and therapeutic design in TMJOA.

12. Therapeutic implications

Apoptosis in the disc can be counteracted by anti-TRAIL antibodies
or TRAIL decoy receptor upregulation (to block the CLC apoptosis), TNF
inhibition, iNOS inhibitors, and BMSC-derived exosomes delivered
intradiscally (Chen et al., 2025; Leonardi et al., 2011; Loreto et al., 2009;
Ren et al., 2019; Yang et al., 2015). The PI3K/AKT axis activated by
BMSC-Exos provides a pharmacologically actionable survival pathway
for disc chondrocytes (Chen et al., 2025).

Autophagy restoration via MTORC1 inhibition (intra-articular
rapamycin) (Yang et al., 2020) and M1 macrophage-derived migrasome
delivery (restoring autophagic flux in OA chondrocytes) (Sa et al., 2026)
represent mechanistically distinct strategies for autophagy rescue.
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Pyroptosis suppression through NLRP3 inhibition (MCC950),
caspase-1 blockade (Ac-YVAD-cmk), TLR4 antagonism (resatorvid), and
ALPK1 pathway blockade has been tested in TMJ-specific experimental
models (Liu, Li, Feng, et al., 2023; Liu, Li, Zhao, et al., 2023; Xin et al.,
2022). Reactive oxygen species (ROS) scavenging with NAC provides a
downstream complementary approach.

Necroptosis inhibition targets multiple nodes: RIPK1 inhibition,
RIPK3/MLKL inhibition, SDC4 antibody blockade, and BRD4 inhibition
(JQ1) (Cao et al., 2024; He et al., 2022; Huang et al., 2025; Zhou et al.,
2023). Temporal considerations apply: anti-RIP1 lentiviral delivery
must precede day 7 to capture both apoptotic and necroptotic windows
(Zhou et al., 2023).

Ferroptosis inhibition operates at multiple nodes of the HIF-la/
TFRC/iron/GPX4 axis: suppression of lipid peroxidation by liproxstatin-
1 and ferrostatin-1 (both reported in UAC rat TMJOA); Nrf2/ARE acti-
vation via curcumin (intra-articular injection reported in CFA rat
TMJOA), which drives GCLC-mediated GSH supply upstream of GPX4;
iron chelation (deferoxamine); HIF-1a inhibition to reduce TFRC in-
duction; and direct TFRC blockade (Chen et al., 2024; Jiang et al., 2020;
Zhang et al., 2025). The NLRP3 blockade simultaneously reduces fer-
roptotic susceptibility by curtailing IL-1p-mediated upregulation of
HIF-1a/TFRC, illustrating the shared therapeutic leverage of pyroptosis
and ferroptosis inhibition (Chen et al., 2024; Zhang et al., 2025).

Experimental evidence supports a2-adrenergic receptor antagonism
to attenuate sympathetic signalling-associated mitochondrial dysregu-
lation and identifies p21-mediated immunoregulation as protective
against condylar cartilage degeneration (He et al., 2024; Khurel-Ochir
et al., 2021). Acvrlb/ALK4 inhibition to limit terminal differentiation
(Zhou et al., 2025) represents an emerging strategy that targets cell fate
commitment rather than death itself.

Disc repair requires addressing the progenitor niche. BMSC-Exos
delivered intradiscally preserved disc chondrocyte viability via PI3K/
AKT (Chen et al., 2025). Scaffolds seeded with CD34 + perivascular
stromal cells from the disc periphery, combined with anti-apoptotic
coatings (TRAIL blockade) and anti-ferroptotic coatings (GPX4
augmentation), represent a conceptually sound tissue-engineering
approach that has not yet been tested (Cui et al., 2017; Loreto et al.,
2009; Zhang et al., 2025; Zhao & Xie, 2021).

This therapeutic framing should remain conservative. The broader
regenerative literature supports platelet-rich plasma (PRP), HA and
MSC-based interventions as potentially structure-modifying or repair-
supportive in TMJOA, but results remain heterogeneous and often
model-dependent (Cardoneanu et al., 2022; Zhao & Xie, 2021). There-
fore, anti-death interventions should be presented as complementary to,
not replacements for, regenerative strategies directed at cartilage, disc
and subchondral bone repair.

13. Gaps and future directions

The evidence landscape identifies several specific gaps that can be
addressed experimentally.

Pyroptosis, previously considered a "research gap" in primary TMJ
studies, is now documented by two direct primary studies (Liu, Li, Zhao,
et al., 2023; Xin et al., 2022), one of which includes human synovial
fluid data. However, both studies focus on the condylar cartilage and
synovium; pyroptosis in the disc fibrochondrocyte is entirely
uncharacterised.

Disc-specific data are currently unavailable for autophagy, nec-
roptosis, and ferroptosis. Whether autophagy in disc CLCs is protective
or biphasic, whether RIPK3/MLKL is activated in disc fibrochon-
drocytes, and whether the GPX4/system Xc— axis is expressed and
functional in disc peripheral cells are entirely open questions.

Necroptosis has substantial interventional evidence among the
emerging pathways, with blockade of the RIPK1, RIPK3, MLKL, SDC4,
and BRD4 pathways showing preclinical TMJOA benefit. However,
human tissue validation for RIPK3 or pMLKL expression in condylar
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cartilage biopsies or synovial fluid remains limited. Such translational
data would substantially strengthen the evidential rank.

The functional characterisation of CD34 + perivascular stromal cells
in the TMJ disc periphery — clonogenicity, chondrogenic differentiation
potential, phenotypic distinction from endothelial cells and pericytes,
response to death-inducing stimuli — remains at the descriptive stage.
Functional studies of this niche population would help convert the cell
death-to-repair-capacity framework from conceptual to mechanistic.

The paracrine cross-talk between dying disc cells and condylar
chondrocytes — mediated by apoptotic vesicles (apoVs), migrasomes,
and exosomes in synovial fluid — has not been directly mapped in TMJ-
specific models. Given that Chen et al. (2025) demonstrate BMSC-Exos
can protect disc cells and that Sa et al., 2026 demonstrate macrophage
migrasomes restore autophagic flux in condylar chondrocytes (Chen
et al., 2025; Sa et al., 2026), the possibility of disc-cell-derived vesicles
similarly signalling to the condyle is mechanistically plausible and
experimentally approachable.

14. Conclusions

Cell death in the temporomandibular joint is a multi-compartment,
multi-mechanism, temporally dynamic, and repair-coupled phenome-
non. In the TMJ disc, apoptosis via TRAIL/DR5 (Leonardi et al., 2011;
Loreto et al., 2009) and the mitochondrial Bax/cytochrome c/caspase-9
pathway (Caltabiano et al., 2013) defines the cell death landscape of
internal derangement. The repair-limiting framing of chondrocyte-like
cell apoptosis (Loreto et al., 2009) and the protective potential of
BMSC exosomes (Chen et al., 2025) together demarcate the biological
question as cell death versus repair capacity rather than death mecha-
nism per se.

In condylar cartilage, autophagy - initially protective, later sup-
pressed through the MTORC1/ERN1/EIF2AK3 switch (Yang et al., 2020;
Zhang et al., 2013) — is the mechanism whose failure enables apoptosis,
and subsequently necroptosis (He et al., 2022; Zhou et al., 2023),
pyroptosis (Liu, Li, Zhao, et al., 2023; Xin et al., 2022), and ferroptosis
(Zhang et al., 2025) to gain dominance. All four are mechanistically
interconnected through MTORC1, NF-«kB, ROS, and the IL-1p amplifi-
cation loop. Chondrocyte apoptosis has local osteochondral conse-
quences beyond cartilage loss, actively recruiting osteoclast precursors
via p38-CX3CL1 signalling (Guo et al., 2022), thereby driving sub-
chondral bone resorption.

The most productive frame for future investigation is not "which
pathway causes the most cell death?" but "which pathway most selec-
tively eliminates the progenitor pools without which repair is impos-
sible?" — in both the disc periphery and the condylar superficial zone.
Answering this question will define the next generation of disease-
modifying targets for TMJOA, targets amenable to intra-articular de-
livery in one of the most anatomically accessible joints in the body.
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4-HNE: 4-hydroxynonenal
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ECDO: experimentally created disordered occlusion

EIF2AK3/PERK: eukaryotic translation initiation factor 2 alpha ki-
nase 3

ERN1/IREla: endoplasmic reticulum to nucleus signalling 1

ERS: endoplasmic reticulum stress

FADD: Fas-associated death domain protein

FFSS: fluid flow shear stress

FLS: fibroblast-like synoviocyte

FSP1: ferroptosis suppressor protein 1

FSTL1: follistatin-like protein 1

GCHL1: GTP cyclohydrolase 1

GPX4: glutathione peroxidase 4

GRP78/HSPAS: glucose-regulated protein 78

GSH: glutathione

GSDMD: gasdermin D

GSDME: gasdermin E

HA: hyaluronic acid

HIF-1a: hypoxia-inducible factor 1-alpha

HIF-2a: hypoxia-inducible factor 2-alpha

HO-1: haem oxygenase 1

ID: internal derangement

IL-1p: interleukin-1p

IL-6: interleukin-6

IL-18: interleukin-18

iNOS: inducible nitric oxide synthase

JQ1: BRD4 bromodomain inhibitor

LAMP2: lysosomal-associated membrane protein 2

LC3: microtubule-associated protein 1 light chain 3

IncRNA: long non-coding RNA

LPS: lipopolysaccharide

MDA: malondialdehyde

MIA: monoiodoacetate

MLS: macrophage-like synoviocyte

MLKL: mixed lineage kinase domain-like protein

MMP: matrix metalloproteinase

MSC: mesenchymal stem cell

MTORCI: mechanistic target of rapamycin complex 1

NAC: N-acetylcysteine

NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells

NLRP3: NLR family pyrin domain-containing protein 3

NO: nitric oxide

NQO-1: NAD(P)H quinone dehydrogenase 1

Nrf2: nuclear factor erythroid 2-related factor 2

OA: osteoarthritis

p62/SQSTM1: sequestosome 1

PANoptosis: integrated inflammatory cell death combining Pyrop-
tosis, Apoptosis, and Necroptosis

PAMP: pathogen-associated molecular pattern

PDA: posterior disc attachment

PI3K: phosphatidylinositol 3-kinase

PINK1: PTEN-induced kinase 1
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PMLKL: phosphorylated MLKL

PUFA: polyunsaturated fatty acid

RCD: regulated cell death

RIPK1: receptor-interacting serine/threonine-protein kinase 1

RIPK3: receptor-interacting serine/threonine-protein kinase 3

ROS: reactive oxygen species

SA-p-gal: senescence-associated p-galactosidase

SASP: senescence-associated secretory phenotype

SDC4: syndecan-4

SLC7A11: solute carrier family 7 member 11 (system Xc~ catalytic
subunit)

SOD: superoxide dismutase

ssDNA: single-stranded DNA

TFRC: transferrin receptor

TLR4: toll-like receptor 4

TMD: temporomandibular disorders

TMJ: temporomandibular joint

TMJOA: temporomandibular joint osteoarthritis

TNFa: tumour necrosis factor-alpha

TRAIL: tumour necrosis factor-related apoptosis-inducing ligand

UAC: unilateral anterior crossbite

VEGF: vascular endothelial growth factor

ZBP1: Z-DNA-binding protein 1
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