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Abstract

Apoptosis is an important morphogenetic event in embryogenesis as well as during postnatal life. In the last 2
decades, apoptosis in tooth development (odontogenesis) has been investigated with gradually increasing focus on
the mechanisms and signaling pathways involved. The molecular machinery responsible for apoptosis exhibits a
high degree of conservation but also organ and tissue specific patterns. This review aims to discuss recent
knowledge about apoptotic signaling networks during odontogenesis, concentrating on the mouse, which is often
used as a model organism for human dentistry. Apoptosis accompanies the entire development of the tooth and
corresponding remodeling of the surrounding bony tissue. It is most evident in its role in the elimination of
signaling centers within developing teeth, removal of vestigal tooth germs, and in odontoblast and ameloblast
organization during tooth mineralization. Dental apoptosis is caspase dependent and proceeds via mitochondrial
mediated cell death with possible amplification by Fas-FasL signaling modulated by Bcl-2 family members.

Introduction

The phenomenon of apoptosis was defined almost 40
years ago (Kerr et al., 1972) and the process is well

known as a sculptor of development (Doseff, 2004). Dys-
function in the regulation or execution of apoptotic cell death
is implicated in a wide spectrum of abnormalities and dis-
eases (Meier et al., 2000). Teeth are a great example of a
shaped organ, and apoptosis has been reported at many
stages of tooth development (odontogenesis) (Matalova
et al., 2004). However, detailed investigations and functional
experiments revealing the role of apoptotic signaling, and
the molecular networks involved in dental apoptosis, have
only been performed in the last decade. The mouse is a
common model for cell death studies (Ranger et al., 2001)
and also in odontogenesis research (Fleischmannova et al.,
2008), and therefore we have concentrated on knowledge
from the mouse.

The characteristic morphological features of apoptosis in-
clude blebbing, chromatin condensation, nuclear fragmenta-
tion, loss of adhesion, and cell shrinkage. These observable
changes are accompanied by internucleosomal cleavage of
DNA (Cohen et al., 1994); phosphatidylserine externalization
(Martin et al., 1995); and proteolytic cleavage of a number of
intracellular substrates (Martin and Green, 1995). The entire
process of apoptosis takes from 30 min (Bronckers et al., 2000;
Savill et al., 1993) to 1 h (Satchell et al., 2003). The consequent
clearance of apoptotic cell and bodies is essential for tissue
homeostasis (Savill and Fadok, 2000).

Caspases are the key components involved in apoptosis.
Caspases are cysteine proteases that cleave a set of proteins to
initiate and promote apoptotic signaling. At least 15 mam-
malian caspases have been indentified so far and play roles in
apoptosis, inflammation, and also in nonapoptotic pathways
(Kuranaga, 2011; Lamkanfi et al., 2007). The best known
caspases are the initiators (activators), which includes
caspase-2, -8, -9, and - 10, and the effectors (executors), to
which belong the trio of caspase-3, - 6, and - 7 (Nicholson,
1999; Shi, 2002). The complex caspase networks allow for
compensation between different caspases, which has been
reported particularly in vitro (Zheng et al., 2000).

Targeted disruption of caspase genes in mice has revealed
different requirements for individual caspases during mam-
malian development (Zheng et al., 1999). For example,
caspase-8 - / - embryos die around E11 days with impaired
heart development (Varfolomeev et al., 1998), whereas
caspase-9 - / - mice die before or shortly after birth and ex-
hibit severe brain abnormalities (Kuida et al., 1998). Caspase-
3 - / - knock-out is usually perinatally lethal (Kuida et al.,
1996). Cells contain natural inhibitors of caspases, such as
IAPs (inhibitory apoptosis proteins), and XIPA or cytokine
response modifier A (CrmA) (Ray et al., 1992; Riedl et al.,
2001; Sun et al., 1999; Takahashi et al., 1998). Mammalian IAPs
are able to inhibit large groups of ligands and transducers of
the tumor necrosis factor (TNF) family of receptors, pro-
apoptotic members of the ced-9/Bcl-2 family, cytochrome c,
and chemotherapeutic agents (Deveraux and Reed, 1999;
LaCasse et al., 1998). Fluoromethylketones (z-VAD-fmk) are
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widely used as artificial caspase inhibitors (Lavrik et al., 2005).
A generalized caspase inhibition by z-VAD-fmk has been
shown to disturb early mammalian development (Zakeri
et al., 2005).

The caspase cascade can be organized into two distinct
pathways: either initiated from outside the cell (extrinsic or
death receptor pathway), or from inside the cell (intrinsic or
mitochondrial pathway). The mitochondrial pathway in-
cludes activation of pro-apoptotic factors, such as Bax, which
antagonizes the antiapoptotic effect of other Bcl-2 family
members, such as Bcl-2, by the formation of heterodimers
(Zimmermann et al., 2001). Translocation of Bax, Bid, or Bad
to the mitochondria induces cytochrome c release. Cyto-
chrome c forms a complex with the pro-apoptotic factor Apaf-
1 (apoptotic protease activating factor-1) and procaspase-9,
resulting in the formation of an apoptosome and leading to
activation of caspase-9 in an energy-dependent process (Zou
et al., 1997). Caspase-9 further cleaves procaspase-3 and
caspase-3 activation is followed by the completion of cell
destruction. Pro-apoptotic factor Smac/DIABLO (Du et al.,
2000; Verhagen et al., 2000) is released from the mitochondria
along with cytochrome c during apoptosis. This protein
functions to promote caspase activation by associating with
the apoptosome and by inhibiting IAPs. It has been shown
that cytochrome c and Smac/DIABLO are released in a co-
ordinated manner (Ekert et al., 2001). Caspase-3 is considered
to be the most prevalent, and central caspase and is activated
by both the receptor-mediated and mitochondrial path-
way (Hengartner, 2000). Death receptor mediated caspase-3
activation occurs after ligand binding and receptor oligo-
merization causing activation of caspase-12 (or 10) via the
corresponding death domain (DD). The best known example
is TNF–TNFR coupling, such as Fas (CD95/APO-1)–FasL
(CD178). This coupling is common in the immune system but
also in kidney, testis, lung, intestine, and eye apoptosis
(Watanabe-Fukunaga et al., 1992). Fas-mediated apoptosis
can be modulated by cFLIP, which resembles procaspase-8
but without the active proteinase site (Irmler et al., 1997).

To complete the apoptotic process in a physiological way,
apoptotic cells/bodies must be removed before breakdown of
the membrane and secondary necrosis. This mission is com-
monly performed by professional phagocytes belonging to
the monocyte–macrophage system. In the embryonic tooth
germs, however, many stages of apoptosis occur before vas-
cularisation has become established (Lechguer et al., 2008),
and so the apoptotic cells must be removed by other means.
Clearance of apoptotic cells by neighboring cells within the
tissue is likely to occur. Moreover, phagocytosis of apoptotic
cells may contribute to the promotion of proliferation within
the tissue by supported release of growth and survival factors
(Golpon et al., 2004; Kuranaga, 2011).

Apoptosis in Odontogenesis—Where, When, and Why?

Morphogenesis of teeth is based on reciprocal interactions
between epithelial cells and cranial neural–crest-derived
mesenchyme (Cobourne and Sharpe, 2003; Tucker and
Sharpe, 1999). The initiation of the molar tooth germ in the
mouse begins at embryonic day (E) 11. In all mammals, tooth
development passes through well-defined stages of epithelial
thickening: dental lamina, tooth bud, cap and tooth bell, fol-
lowed by extracellular matrix secretion and mineralization

(Caton and Tucker, 2009). Tooth development is mediated by
the spatiotemporal expression of tooth-related genes and
heterogenous factors employed in cell proliferation, adhesion,
migration, cell cycle regulation, and also apoptotic inhibition
and stimulation (Tucker and Sharpe, 2004). The importance of
factors produced during epithelial–mesenchymal communi-
cation was shown in vitro in an elegant experiment performed
by Vaahtokari et al. (1996). When E13 dental mesenchyme or
epithelium, respectively, are cultured alone, the tissue un-
dergoes severe apoptosis but when the tissues are cultured in
combination, apoptosis is prevented in the cells near the in-
terface of the tissues. Importantly, FGF-4-releasing beads
rescued the surrounding cells from apoptosis when dental
mesenchyme or epithelium was cultured alone (Vaahtokari
et al., 1996). Thus, disruption of signaling factors in vivo,
impacting on epithelial–mesenchymal interactions, may con-
sequently lead to apoptosis. Apoptosis may therefore play a
role in dental diseases and dismorphology as a consequence
of defective tissue interactions. Apoptosis is likely to be in-
volved particularly in oligodontia, hypodontia, agenesis, and
periodontal disease (reviewed in Fleischmannova et al., 2008).
Defects in apoptosis and/or in removal of ectopic tooth
germs, may also play a role in determining the number of
teeth, leading to the formation of supernumerary tooth for-
mation, or influencing the ultimate size of a tooth. As such,
apoptosis seems an attractive candidate factor for macro-
dontia (Kim et al., 2006).

Apoptosis has multiple roles in dental development
from the beginning of tooth formation to the completion of
root development. Apoptosis has been observed in early
morphogenesis, as well as during hard tissue formation and
during tooth eruption (Matalova et al., 2004). A comprehen-
sive study of the temporospatial distribution of apoptosis in
prenatal mouse molar development was provided by Lesot
et al. (1996), followed by a prenatal comparison in the field
vole by Setkova et al. (2006). Apoptosis during postnatal
stages of tooth–bone interactions in the mouse first molar
was recently reported by Lungova et al. (2011) and in the
mouse third molar by Chlastakova et al. (2011). The most
important functional aspects of dental apoptosis are related to
the elimination of the signaling centers of the enamel knots,
elimination of vestigal tooth germs, and odontoblasts and
ameloblasts structural organization, whereas apoptosis in
surrounding tissues is related to tooth growth and eruption
(Fig. 1).

Signaling centers

In the mouse molars, the primary enamel knot (PEK) is
involved in the bud–cap transition (Cho et al., 2007; Jernvall
et al., 1998). The secondary enamel knots (SEK) are present at
the bell stage and are considered to determine the cusp po-
sition and promote their growth by creating folds in the dental
epithelium ( Jernvall and Thesleff, 2000). The primary and
secondary enamel knots express a range of signaling mole-
cules, such as Fgf4 ( Jernvall and Thesleff, 2000). The tertiary
enamel knots (TEK) appear next to the enamel free areas at the
cusp tips, and are thought to play a role in controlling enamel
deposition (Luukko et al., 2003). Molar enamel knot cells
are the most common populations for studying the molecu-
lar mechanisms of apoptosis during tooth development
(Matalova et al., 2010).

APOPTOTIC SIGNALING IN ODONTOGENESIS 61



In the mouse incisors, the localization of enamel knots
differs as just a single enamel knot forms. (Kieffer et al., 1996).
This observation indirectly supports a role for apoptosis in
tooth crown formation.

More than 50 genes, such as Shh, BMP-2, -4, -7, and Fgf-4
have been identified as actively transcribed in the enamel
knots ( Jernvall et al., 2000). After fulfilling their signaling
mission, most of the PEK cells undergo apoptosis, which has
been postulated as a mechanism by which this signaling
center can be silenced.

Vestigal dental primordial

Apoptosis is also believed to contribute to the elimination
of the diastemal dental lamina, together with diastemal and
antemolar vestigal tooth buds (Tureckova et al., 1996). These
are believed to represent vestiges of ancestral teeth sup-
pressed during evolution (Peterkova et al., 2000). Vestigial
structures that appear in the diastema over a particular de-
velopmental period disappear during later development
and do not give rise to functional teeth (Peterkova et al.,
2002; Prochazka et al., 2010). Two prominent rudiments
(MS, R2) can be observed in each lower jaw quadrants, of
which R2 becomes later incorporated into the first molar
(Prochazka et al., 2010). These primordial tooth germs are
arrested at the bud stage and undergo apoptosis correlated
with the expression of Bmps (Peterkova et al., 1998). How-
ever, the arrest of rudimentary buds is prevented in a
number of mouse mutants, where apoptosis is inhibited. In
these mice, the vestigal buds carry on proliferating and form
premolar-like teeth in front of the first molar (Cobourne and
Sharpe, 2010). In Sprouty mutants, Fgf signaling is elevated
and apoptosis is inhibited in the R2, which continues pro-
liferating to form a functional tooth (Peterkova et al., 2009).
A similar reduction in apoptosis, as indicated by loss of p21,
is observed when Shh signaling is elevated, again leading
to formation of a premolar-like tooth (Ohazama et al., 2009).

In contrast, in Wise (also known as Ectodin, Sostdc1, and
Usag1) mutants, with elevated Wnt signaling, no difference
was observed in apoptosis between control and mutant
molar tooth germs, despite the formation of an R2 tooth,
indicating that in these mice the rudimentary tooth can be
revitalized without changes in apoptosis (Ahn et al., 2010).
Apoptosis can also be inhibited by the ectopic application of
antiapoptotic factors such as Fgfs, which can rescue tooth
development in these normally vestigal buds in vitro (Li
et al., 2011).

In the incisor region, vestigal tooth germs have also been
reported (Peterkova et al., 1993, 2002), and apoptosis may also
have a role in regulating the fate of these tooth germs, and
therefore the number of incisors that form. In wild-type mice a
patch of apoptosis is observed in the incisor tooth epithelium
near to the oral surface, which is associated with Wnt activity
(Munne et al., 2009). In the Wise mutant this patch of apo-
ptosis is lost and an additional incisor tooth germ develops
from this region, forming an ectopic incisor (Munne et al.,
2009). There is thus a balance between proliferation and
apoptosis, controlled by signaling molecules that defines how
many teeth form. Such a balance of signaling molecules has
also been shown to be necessary for apoptosis regulation in
other shaped organs, such as limbs (Montero et al., 2001).
Apoptosis modulation can be therefore considered as an im-
portant step in rudimentary tooth revitalization (Peterkova
et al., 2009).

Odontoblasts and ameloblasts

Throughout the lifetime of a tooth, dentin is constantly
formed, starting with active primary dentinogenesis, occur-
ring until closure of the root apex, followed by physiological
secondary dentin formation, which continues at a much
slower rate (Ten Cate, 1998). As a result of dentin matrix
production, odontoblasts become crowded by the reduction
in pulp space. Therefore, the number of odontoblast must be

FIG. 1. Distribution of apoptosis in mouse odontogenesis. (A) First molar tooth germ, perinatal stage, TUNEL assay,
hematoxylin counterstain, magnification 100 · . (B) Detail of the stalk connecting tooth germ with the dental lamina, 400 · ,
arrows point to apoptotic cells. (C) Detail of odontoblast and ameloblast layers, 400 · ; arrows point to apoptotic cells. (D)
Detail of the growing molar cusp with apoptosis in the surrounding bone, 400 · ; arrows point to apoptotic cells. (E) Detail of
the tips of the growing cervical loop enclosing dental mesenchyme and apoptosis in the surrounding tissue, 400 · ; arrows
point to apoptotic cells. am, ameloblasts; ep, dental epithelium; me, dental mesenchyme; od, odontoblasts; ls, lamina stalk.
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reduced by apoptosis, occurring particularly at the beginning
of secondary dentin formation. Nerve growth factor (NGF) is
likely to be an important factor for either the survival or
apoptosis of odontoblasts during pulp reduction (Mitsiadis
et al., 1993). In ameloblasts, apoptosis can be detected at a
range of stages of enamel development: in differentiated,
transitional, as well as maturing ameloblasts (Bronckers et al.,
2000). During enamel formation, about half of the ameloblast
population between late secretory and late maturation stages
undergo cell death (Smith, 1998). Apoptosis is likely to reg-
ulate the ameloblast cell number by elimination of daughter
cells during preameloblast mitosis. During the transition
stage ameloblasts shorten from tall secretory cells to short
maturation-stage cells and start to undergo apoptosis. Later
on, the ameloblasts completely regress, leaving behind the
firm enamel.

Interdental bone and periodontal ligament

As the growing tooth must interact with the surrounding
tissues in order to establish a functional tooth–bone complex
(Diep et al., 2008; Fleischmannova et al., 2010), apoptosis is
involved also in the formation of this interface. The exact
distribution of apoptotic cells is related to tooth growth and
bone remodeling (Chlastakova et al., 2011; Lungova et al.,
2011). In the postnatal molar, apoptosis participates in re-
moval of cells, particularly osteoblasts in the mandibular re-
gion, working together with osteoclasts to remodel the bone
around the developing tooth. Apoptosis of osteoclast pre-
cursors may be a way of controlling the osteoclast cell pop-
ulation, effectively reducing bone resorption (Hughes and
Boyce, 1997). At more advanced developmental stages, apo-
ptotic cells and bodies accumulate in the cell layers above the
tooth cusps, in the path of eruption.

Apoptosis has also been observed in the fibroblast-like cells
of the periodontal ligament (Cerri et al., 2000; Pycroft et al.,
2002). The mechanism of cell death in the periodontal liga-
ment of teeth during eruption may be different from that in
the periodontium of erupted teeth of limited growth, such as
the molars of adult rodents (Bronckers et al., 2000). Gingival
tissue has a high cell turnover, and apoptosis has been dem-
onstrated to occur in humans, perhaps playing a role in pre-
venting over proliferation (Yoshioka et al., 1996).

Other cell populations

Apoptosis is observed particularly in the subodontoblastic
layer and pulp fibroblasts (Mitsiadis et al., 2008), indicating a
role in pulp homeostasis (Nishikawa and Sasaki, 1999). The
pulp is also eliminated by apoptosis during the process of
physiological root resorption in primary teeth. However, the
sequence of events and the definitive reason for the physio-
logical death of pulp cells remain unclear (Monteiro et al.,
2009).

Apoptosis has also been detected in the stratum inter-
medium (Bronckers et al., 1996; Vaahtokari et al., 1996) and
stellate reticulum in mammalian (Baratella et al., 1999;
Vaahtokari et al., 1996) and reptile teeth (Buchtova et al.,
2008). In reptiles the extent of cell death in the stellate retic-
ulum has been linked to the level of Shh signaling in this
tissue, and may play a role in modulating the size of the re-
sulting tooth (Handrigan and Richman, 2010). Apoptosis may
also play a key role in removing cells from the center of the

tooth germ in developing fangs, creating the central canal
along which venom can travel (Zahradnicek et al., 2008).

Apoptosis in Odontogenesis—How?

Several apoptosis related molecules have been already
identified to be essential in dental apoptosis, and some others
are likely to participate in apoptosis amplification and mod-
ulation (Fig. 2).

Caspases

The appearance of apoptotic cells detected by TUNEL and
the presence of apoptotic bodies in the EK correlates with
caspase-3 activation (Shigemura et al., 2001). The functional
impact of caspase-3 deficiency on dental apoptosis was in-
vestigated in caspase-3 knock-out mice (Matalova et al., 2006).
In these mice, apoptosis in the PEK was inhibited and first
molar tooth morphogenesis displayed temporary alteration.
However, these initial morphological changes were compen-
sated during later development, and the adult showed no

FIG. 2. Schematic display of the molecular interactions of
apoptosis related molecules in dental apoptosis indicating
the central position of the mitochondria pathway, which has
been shown to be essential. Ligand binding to the corre-
sponding membrane receptor and consequent conformation
changes starts activation of the initiator caspases, such as
caspase-8, which in turn, cleaves effector caspases, such as
caspase-3. However, effector caspases can be activated also
by the mitochondria pathways starting with release of cy-
tochrome c and formation of the apoptosome (cytochrome
c + Apaf-1 + caspase-9). Both pathways are interconnected by
tBid and can be modulated by Bcl-2 family members (Bax,
Bcl-2) and apoptosis inhibitors, such as FLIP or XIAP. In-
creased levels of the cyclin dependent kinase inhibitor p21
and decreased level of NF-kappa B supports commitment of
the cell to apoptosis.
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dental phenotype. In caspase-9 and Apaf-1 mutant mice
apoptosis in the PEK was not observed (Setkova et al., 2007).
The mitochondrial pathway, mediated by apoptosome for-
mation, was therefore proposed as the major signaling in
enamel knot apoptosis. However, unlike in caspase-3 mu-
tants, no morphological changes were found at the bell stage
in caspase-9 and Apaf-1 mutant mice, and despite the lack of
apoptosis in the primary enamel knot, the cap-to-bell tran-
sition corresponded to the wild-type phenotype (Setkova
et al., 2007). It is possible that amplification mechanisms,
particularly via death receptors, may work synergistically
with mitochondrial caspase cleavage to initiate cell death
(Matalova et al., 2005).

General caspase inhibition has been tested ex vivo using
molar culture; the results, however, have been divergent. For
example, no histological changes were observed in molar
explant cultures after pharmaceutical inhibition of caspases
for 2 days at E13.5 in the mouse, despite lack of apoptosis
leading to the persistence of the enamel knots (Coin et al.,
2000). In these experiments the expression of Shh, Msx-2,
Bmp-2, and Bmp-4 decreased in the persistent enamel knots,
thus indicating that loss of enamel knot signaling could occur
in the absence of elimination of the enamel knot itself. Loss of
apoptosis, therefore, did not impinge on the resultant tooth
shape. According to these results, the role of apoptosis here
would be just a mechanism to scavenge the terminated cells
rather than terminating the signaling role of the enamel knots.
In contrast, Kim et al. (2006) demonstrated that the tooth
shape was altered when they treated explants cultures with
the same inhibitor at the early cap stage. The control teeth
showed proper crown formation, with six cusps; however,
treated teeth displayed a shorter crown height and a longer
mesiodistal diameter; moreover, in dose-dependent manner
(25M, 50M, and 25M, and 100M inhibitor). These results in-
dicate that presence of a persistent enamel knot can alter the
morphology of the resultant tooth, agreeing with the caspase-
3 knockout data. Further work is needed to be able to dissect
out the exact role of apoptosis in the enamel knots.

Nonapoptotic functions of caspases have also been re-
ported, involving osteoclast differentiation (Szymczyk et al.,
2006). Such nonapoptotic functions appear to be related to
formation of the tooth–bone complex.

Bcl-2 family

Bcl-2 has been found in the enamel organ (Slootweg and de
Weger, 1994), ameloblasts (Kondo et al., 2001), odontoblasts,
and subodontoblastic layers (Piattelli et al., 2000). Bax is an
antagonist of Bcl-2, and the Bcl-2/Bax ratio determines cell
fate (Kitamura et al., 2001).

Govorko et al. (2010) observed that in most cells contrib-
uting to the tooth germ both Bcl-2 and Bax proteins are si-
multaneously expressed. Although Bax expression prevails in
the cells of the outer enamel epithelium, Bcl-2 expression
dominate in the areas of inner enamel epithelium. In the
enamel reticulum, some cells express exclusively Bcl-2 or Bax,
whereas others coexpress both proteins. The condensed ecto-
mesenchymal cells of the tooth, mostly expressed only Bax
protein.

Overexpression of human Bcl-2 in odontoblasts in trans-
genic mice prevented in vivo and in vitro odontoblast devel-
opment, leading to a defect in differentiation and maturation

(Zhang et al., 2010). Odontoblast apoptosis was inhibited by
overexpression of Bcl-2; however, surprisingly no significant
difference was revealed in the density of odontoblasts be-
tween the transgenic and wild-type animals. Moreover, nei-
ther the proliferation nor senescence rate of odontoblasts was
affected. The seemingly unaffected odontoblast density may
result from a proportional alteration in the volume of the pulp
chamber (transgenics have larger pulp chambers than the
wild type) or other unidentified mechanisms.

p21, p53, p63, and p73

It was reported that apoptosis in the EK is linked to the
expression of the cyclin-dependent kinase inhibitor p21 in
mouse molars ( Jernvall et al., 1998). p21 expression is induced
by BMP-4 in isolated dental epithelium, which is expressed in
the underlying dental mesenchyme at the onset of EK
formation ( Jernvall et al., 1998). The general caspase inhibitor,
Z-VAD-fmk, was able to completely inhibit p21-induced ap-
optosis, indicating that p21 acts through the caspase pathway
(Wood and Newcomb, 2000). However, mice deficient in p21
have no tooth defects, indicating that it does not play an es-
sential role in tooth development (Deng et al., 1995), or that
other molecules, such as p27 or p57, might compensate for its
function (Mills et al., 1999).

Strong expression of p53 in tooth germs suggests its
engagement in dental apoptosis. Mice lacking p53 are sus-
ceptible to spontaneous tumours but develop normally
(Donehower et al., 1992). In contrast, p63 is essential for tooth
development. p63 deficiency results in disturbed skin ap-
pendage development, including anodontia (Mikkola, 2007).
Possible tissue specific compensation by p63 or p73 have been
described in other systems (Cui et al., 2005; Suliman et al.,
2001) and may be also involved in odontogenesis.

Death receptors

Despite the evidence that dental apoptosis occurs via the
mitochondrial pathway (Setkova et al., 2007), death receptors
may be involved at least at the amplification level. Im-
munohistochemical data from developing rodent and human
teeth suggest possible involvement of Fas (CD95)–FasL
(CD178) and TNF pathways (Hatakeymata et al., 2000; Ma-
talova et al., 2005). High expression of Fas receptor was found
in the primary enamel knot area of the field vole, whereas the
proliferating cervical loop was almost negative. Fas ligand
expression correlated with Fas but it was also present in the
protruding cervical loop (Matalova et al., 2005). Expression of
FasL in Fas-negative cells may play roles in establishing the
space for growing tooth germs, or immune protected areas, as
described in other tissues (French et al., 1996). Fas knock-outs
(lpr mice) have no apparent changes in the adult tooth phe-
notype (Matalova et al., 2005), whereas the impact of FasL
deficiency (glc mice) has not been investigated yet.

A role for TNF/NF-kappa B has been reported in molar
tooth cusp morphogenesis (Ohazama and Sharpe, 2004). Al-
terations in signaling through the death receptor Edar, which
acts upstream of NFkappa B, leads to defects in the formation
of the enamel knot, with cusp defects in the resultant teeth
(Tucker et al., 2000). Cusp defects are also observed in mice
with mutations in other parts of this signalling pathway, the
ligand Eda, and intracellular adapter protein Edaradd
(Headon et al., 2001; Kere et al., 1996).
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Transforming growth factor beta (TGFb) signaling

Apoptosis in ameloblasts has been connected to upregu-
lation of TGF-b1 in the maturation-stage enamel organ. In
mature tissues, and especially in tissues of epithelial origin,
TGF-b1 is generally considered to be a growth inhibitor that

may also promote apoptosis. TGF-b1 induces immediate–
early stress–response genes that lead to a reduction in Bcl-2
expression and an induction of Bax expression. In keeping
with this, a doubling of TGF-b1 transcription was observed in
the maturation-stage enamel organ (P11), compared to the
secretory-stage enamel organ (P4) (Tsuchiya et al., 2009).

FIG. 3. Schematic overview of temporospatial distribution of apoptosis related molecules during odontogenesis showing
expression (mRNA in italics) in the epithelium and mesenchyme at the initiation (epithelial thickening), bud, cap, and bell
stages and at the secretory phase. pek, primary enamel knot; sek, secondary enamel knots.
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TGFb and induction of apoptotic cascade have also been
demonstrated in epithelial cells during rat molar tooth erup-
tion (Moriguchi et al., 2010).

Other molecular players

Dental apoptosis has been associated with the expression of
several other molecules, in particular, transcription factor.
Egr-1, N-myc, c-fos, and Msx-2. These genes are all localized
in developing teeth; however, with the exception of Msx-2, no
confirmed correlation has been shown with cell death in
odontogenesis ( Jernvall and Thesleff, 2000).

BMPs interplay with FGFs and homeobox genes such as
Msx-1 and Msx-2 (Cobourne and Sharpe, 2005) as well as
other signalling pathways, such as Shh and Wnt (Cobourne
and Sharpe, 2005), to modulate survival and apoptosis (Co-
bourne et al., 2001; Jernvall et al., 1998; Peterková et al., 2003).
In particular, Bmp-4 and Bmp-2 appear to be involved in
apoptosis stimulation in the dental epithelium (Tureckova
et al., 1996). The growth inhibitory effect of this pathway
seems to involve activation of p21 (Pouliot and Labrie, 2002).

Basic overview of apoptosis related molecules and their
distribution within developing tooth germ is shown in Figure 3.

Nondevelopmentally induced apoptosis

Several studies have observed that apoptosis is more evi-
dent in odontoblasts after injury to odontoblastic processes, as
seen after cavity preparation (Bronckers et al.,1996; Goldberg
et al., 1994; Kitamura et al., 2001). Compressive forces can also
induce apoptosis (Goga et al., 2006; Kobayashi et al., 2000).
Apoptosis and expression of propapoptotic factors has also
been associated with periodontitis and cyst formation (Mar-
tins et al., 2011).

Recently, a spectrum of different substances, such as im-
planted dental material, food and drugs compounds, and
bacterial molecules have been tested to detect whether these
substances are able to provoke apoptosis in respective parts of
the tooth or in the dental environment. Sodium fluoride (NaF)
is used as a prophylactic for caries; however, extreme acute or
chronic exposure may result in enamel and skeletal fluorosis
and other failures (Robinson et al., 2004). Toxic effects of NaF
consist of inhibition of protein synthesis, alteration in cellular
metabolism, induction of inflammatory cytokines, and apop-
tosis (Elliot et al., 2001). In ameloblasts treated with NaF an
increased level of casapase-8 was observed, whereas in
odontoblasts, an increased level of Bax was detected. An in-
creased level of Bid was observed in both cell populations
( Jacinto-Aleman et al., 2010). NaF may influence both the in-
trinsic and extrinsic apoptotic signaling pathways.

Conclusion

Apoptosis in tooth development has been observed at
many stages and is undoubtedly involved in the balance be-
tween proliferation and cell elimination. The location of ap-
optotic cells indicates key roles in controlling a number of
processes; however, the essential function of apoptosis has not
yet been explicitly demonstrated. Removal of cell death
pathway components results in a variety of phenotypes, with
initial defects often corrected during later development.
Compensatory mechanisms therefore appear to kick in to
result in the eventual death of the cells. Thus, although it

appears likely that apoptosis has a role in creating the final
tooth morphology or controlling the number of teeth, this has
proved difficult to show. Such compensatory mechanisms
and alternative pathways are not restricted to the tooth but
have been previously demonstrated for structures like the
digits. High apoptosis is observed between the digits during
development, leading to their eventual separation. When the
apoptotic machinery is disrupted, such as in Apaf-1 mutants
(Cecconi et al., 1998), apoptosis between the digits is initially
prevented and webbing occurs. These interdigital cells are not
normal, however, and eventually die by nonapoptotic (ne-
crotic) mechanisms, producing a normal final digit pattern
(Montero and Hurle, 2010).

Despite the fact that the primary role of apoptosis in tooth
development and related disorders (such as cleft lip and
palate) has not been clearly shown, the secondary effects ac-
company several disorders. Understanding of the molecular
signaling thus can be beneficial not only for our understand-
ing of basic mechanisms but also for diagnosis and treatment
of disorders.
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