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Summary

The temporomandibular joint (TMJ) connects the mandible to the skull. TMJ disorders induce
degenerative tissue changes in TM]J disc that are largely the result of maladaption to abnor-
mal joint loading. Histopathological studies have documented an association between TM]
arthropathy and loss of tissue cellularity, via apoptosis-related processes, that result in dimin-
ished extracellular matrix generation, organization, and repair. However, the exact molecular
mechanisms underpinning the development and progression of such degenerative changes are
still unclear. We review the most recent findings regarding the involvement of apoptotic mecha-
nisms in TM]J disc degeneration. Although a number of aspects of TMJ disc degeneration have
been thoroughly investigated, data on the involvement of apoptotic mechanisms and their
mediators are few and quite recent; indeed most of the research conducted on fibrous cartilage
apoptosis has focused on the intervertebral disc.
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Introduction

The temporomandibular joint (TMJ) connects the mandible to the skull (Panmeki-
ate et al., 1991; Piette, 1993; Tong and Tideman, 2001). It is a synovial joint that allows
jaw opening and closing and forward, backward and lateral excursion, i.e. the move-
ments that make it possible to bite, chew, swallow, speak, and make facial expressions.
The unique feature of the TMJ is the disc separating the articulating surface of the gle-
noid fossa and eminence from that of the mandibular condyle and dividing the joint
cavity into two compartments (Kapila et al., 1995). TMJ disorders have been demon-
strated to induce degenerative disc tissue changes that are largely the result of mala-
daption to abnormal joint loading (Haskin et al., 1995; Kirk, 1990; Leonardi et al., 2007;
Loreto et al., 2009). Histopathological investigations of degenerated TMJ disc have
documented an association between TM]J arthropathy and loss of tissue cellularity via
apoptosis-related processes that lead to diminished extracellular matrix (ECM) genera-
tion, organization, and repair (Leonardi et al., 2002, 2008, 2010; Loreto et al., 2010; Pea-
gle et al.,, 2003; Hamada et al., 2008; Matsumoto et al., 2008). Although collagen bundle
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fragmentation, tearing and splitting, disc perforation, cell loss and non-specific degen-
erative changes have been extensively described, the molecular mechanisms underpin-
ning their development and progression are still unclear (Kang et al., 2006).

Disc structure and degeneration mechanisms

Histologically the TMJ disc is a compact aneural and nearly avascular fibrous struc-
ture (Marchetti et al., 1999; Leonardi et al., 2001) characterized by distinctive fibrocar-
tilage cells in an ECM containing clearly visible collagen and/or elastic fibres resem-
bling ordinary dense fibrous connective tissue. Its mechanical properties rely on ECM
composition and are ensured by three cell populations: elongated or fibroblast-like
cells, the most numerous; rounded cells without a pericellular halo (fibrochondrocytes),
and rounded cells with a pericellular halo (chondrocyte-like cells) (Miliam et al., 1991;
Berkovitz and Pacy, 2000; Detamore and Athanasiou, 2003). Fibrocartilage is a dynamic
tissue that responds to changes in mechanical stress (Loreto et al., 2009). It has been
demonstrated that maintenance of this phenotype requires application of intermittent
compression and/or shear forces (Benjamine and Ralphs, 2004). Immunohistochemical-
ly fibrocartilage is characterized by type II collagen, aggrecan, laminin, elastin, and sev-
eral other molecules such as aquaporin 1 and lubricin, whose expression is regulated
by tissue homeostasis mechanisms (Leonardi et al., 2012a, b; Loreto et al., 2012) and is
altered in degenerated tissue (Leonardi et al., 2008, 2011; Loreto et al., 2012).

Histologically disc displacement is associated with degenerative changes that
induce an active cell response and a phenotype change from fibroblast-like to fibro-
chondrocyte and eventually to chondrocyte-like (Loreto et al., 2009). TMJ discs affect-
ed by internal derangement, which involves altered anatomical relationships of the
disc-condyle complex, exhibit a general tissue remodelling induced by abnormal
loading (Leonardi et al. 2007). Leonardi et al. (2010) recently devised a histopathologi-
cal score involving a semiquantitative transcription of the full spectrum of TMJ disc
degenerative diseases depending on changes in disc tissue. However, degenerative
changes are also a function of the type and degree of disc displacement; advanced
internal derangement corresponds to a severely deformed disc.

The adult human TM]J disc contains blood vessels only in the bilaminar zone. The
poor blood supply and the compact arrangement of the fibrous component are held
to be the morphological characteristics underpinning the disc’s ability to withstand
the compression forces associated with articulation (de Bont et al., 1985). In contrast,
a dense vascularity is found in discs affected by internal derangement, which often
leads to histopathological changes that culminate in tissue degeneration (Marchetti et
al., 1995; Yoshida et al., 1999).

Apoptosis in TMJ disc with internal derangement

Apoptosis, or programmed cell death, is a multi-step, evolutionarily conserved
homeostatic mechanism by which cells undergo an orderly demise. Its role is well
known in human neoplastic and non-neoplastic disease (Zamparese et al, 2008; De
Maria et al., 2009; Leonardi et al., 2012 in press; Loreto et al., 2012, in press; Ouy-
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ang et al., in press). At variance with necrosis, the contents of the apoptotic cell are
not released and the cell is cleared by phagocytosis (Sedlakova et al., 1999; Malmusi
and Ackerman, 2000; Kanduc et al., 2002; Power et al. 2002; Elmore et al., 2007; Rez-
zani et al., 2012). Apoptosis works through two main, alternative pathways: death
receptor-mediated (or extrinsic) and mitochondria-dependent (or intrinsic). The
former pathway is initiated by ligation of specific death receptors by their ligands.
The main death receptors—Fas and tumour necrosis factor (TNF)-related apoptosis
inducing ligand (TRAIL) receptors R1 and R2—induce cell death following ligation
with Fas ligand (FasL) or TRAIL, respectively (Rodella et al., 2010; Leonardi et al.,
2011; Loreto et al., 2011). Ligation of TRAIL R1 by TNFa also induces apoptosis after
inhibition of nuclear factor kappa-B (NF-kB). Fas ligation by FasL is followed by
recruitment of FADD (Fas-associated via death domain) and subsequently of caspase
8. This process gives rise to caspase 8 activation, which can be inhibited by the anti-
apoptotic molecule FLICE inhibitory protein (Flip). Caspase 8 induces apoptosis by
directly activating caspase 3 or by cleaving bid (BH3 interacting domain death ago-
nist), resulting in mitochondrial dysfunction and subsequent release of cytochrome
c and activation of caspases 9 and 3. Caspase 3 promotes the typical apoptosis fea-
tures, including DNA fragmentation and cell death in several tissues (; Malmusi and
Ackerman, 2000; Kanduc et al., 2002; Power et al. 2002; Elmore et al., 2007; Loreto et
al., 2011; Rezzani et al., 2012).

It is unclear whether repetitive loading and apoptosis are quantitatively related in
any type of cartilage. However, apoptosis has been documented to have a central role
not only in intervertebral disc degeneration (Ariga et al., 2001; Park et al., 2001; Bertram
et al., 2009; Loreto et al., 2011). Several studies have demonstrated the crucial function
of apoptotic mechanisms in intervertebral disc degeneration, and the involvement of
apoptosis in various conditions associated with intervertebral disc degeneration has
been thoroughly explored (Rannou et al., 2004; Heyde et al., 2006; Hiyama et al., 2008;
Tschoeke et al., 2008; Yang et al., 2008; Loreto et al., 2011; Caltabiano et al., in press).

Although a number of aspects of TMJ disc degeneration have been thoroughly
investigated, data on the involvement of apoptotic mechanisms and their mediators
are few and quite recent; indeed most of the research conducted on disc apopto-
sis has focused on the intervertebral disc. TMJ disc degeneration is believed to be a
consequence of mechanical and biological events affecting the equilibrium between
matrix synthesis and degradation. According to this hypothesis loss of cellularity, col-
lagen fibre fragmentation and TMJ disc tears and clefts would all be underpinned by
hyperapoptosis, a situation where collagen fibre degradation is not offset by synthe-
sis of new fibres because of apoptosis-induced cell loss. In turn, a protracted imbal-
ance between matrix synthesis and degradation leads to increasingly severe TMJ disc
defects such as clefts and tears. The findings correlating TM]J disc internal derange-
ment and apoptosis largely come from animal models (Matsuda et al., 1997; Gu et
al., 2002; Nagai et al., 2003; Spears et al., 2003; Huang et al., 2004). However, the Ital-
ian group headed by Leonardi has extensively analyzed programmed cell death in
human TM]J disc with and without internal derangement (Loreto et al 2011a). These
authors have advanced the hypothesis that the degenerative changes seen in discs
with internal derangement must include an active cell response with a change in cell
phenotype from fibroblast-like to fibrochondrocyte, and eventually to chondrocyte-
like, possibly as a response to abnormal loading. However, since only small areas of
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chondral tissue are usually detected in affected discs, they postulated the involve-
ment of apoptotic processes to explain the incomplete tissue change. They did find
activation of apoptosis via the extrinsic and the intrinsic pathway, and noted that the
degree of apoptosis activation correlated with the degree of disc degeneration. After
Huang and co-workers demonstrated that Bcl-2 and Bax oncoproteins are physiologi-
cally expressed in rabbit craniomandibular joint, Leonardi’s group investigated the
activation of the intrinsic pathway and demonstrated an involvement of these mol-
ecules in human TM] disc with internal derangement (Caltabiano et al., in press). In
fact the mitochondrial pathway is partly influenced by Bcl family members bound to
the mitochondrial membrane, including Bax and Bcl-2, which are respectively pro- or
anti-apoptotic regulatory proteins. The anti-apoptotic proteins Bcl-2 and Bcl-XL inhib-
it cytochrome c release, whereas Bcl-2-associated X protein (Bax), Bcl-2 homologous
antagonist/killer (Bak), and Bid, all pro-apoptotic proteins, promote its release from
mitochondria. Cytochrome c and deoxyadenosine triphosphate (dATP) bind to apop-
totic protease activating factor (Apaf-1) to form a multimeric complex that recruits
and activates procaspase 9, an apoptosis-mediating executioner protease that in turn
activates caspase 3, resulting in cell apoptosis.

Further research subsequently led the Italian group to document the presence of
vessel apoptosis in TM]J discs with internal derangement (Loreto et al., 2010). The
findings generated the hypothesis that apoptosis activation could be a self-limiting
process directed at reversing the angiogenesis typically seen in these discs, i.e. a strat-
egy aimed at limiting pathological angiogenesis by reducing the blood supply to
tumours or by reducing harmful inflammation (Loreto et al., 2010). The strong immu-
noexpression of TRAIL, its receptor DR5 and caspase 3 documented in the intima and
media layers of newly formed vessels seems indeed to reflect the defensive activation
of the apoptosis process (Leonardi et al., 2010).

Conclusions

A therapeutic approach aimed at neutralizing apoptosis-inducing molecules
would at least help delay the progression of disc degeneration (Alenzi, 2005). Identi-
fication of target molecules for gene construct or biological or chemical reagent deliv-
ery to target sites could contribute to prevent TMJ disc degeneration (Elmore, 2007).
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