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ABSTRACT 

Dioxins and dioxin-like compounds, organic toxicants ubiquitous in our environment, are 
known to impair tooth development, especially dental hard tissue formation. For example, 
exposure of children to the most toxic congener of these compounds, 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD), has been found to correlate with the occurrence of 
developmental enamel defects and missing teeth since the dioxin accident in Seveso, Italy, in 
1976. Enamel defects have also been detected more often in Slovakian children exposed to 
high concentrations of polychlorinated biphenyls (PCB) than in children exposed to lower 
concentrations. Although, concentrations prevailing in the environment may be sufficiently 
high to impair tooth development: exposure to dioxins and dioxin-like compounds in infancy 
through breast-feeding has been connected to molar-incisor hypomineralization of the dental 
enamel (MIH). Results of previous in vivo and in vitro studies with TCDD support the 
clinical observations. Clinical studies also suggest that maternal smoking during pregnancy 
can reduce the child’s tooth size. One of the main components of tobacco smoke is the group 
of non-halogenated polycyclic aromatic hydrocarbons (PAHs), a representative of which is 
7,12-dimethylbenz[a]anthracene (DMBA). Tributyltin (TBT), an organic tin compound, has 
been shown to impair bone formation and mineralization in experimental animals but its 
effect on tooth development had not been studied earlier. In addition to exposure to organic 
toxicants, a well-established cause for enamel hypomineralization is excess fluoride intake. 
Humans are exposed to many environmental toxicants although usually in very low and 
mostly insignificant amounts. However, additive and even potentiative effects of various 
chemicals are possible. 

The principal aim of this thesis project was to examine in vitro if, in addition to dioxins and 
dioxin-like compounds, other organic environmental toxicants, like PAHs and organic tin 
compounds, have adverse effects on tooth development, specifically on formation and 
mineralization of dentin and enamel. The second main aim was to investigate in vitro if 
fluoride could intensify the manifestation of the detrimental developmental dental effects 
elicited by dioxins and dioxin-like compounds. In order to address these goals, mandibular 
first and second molar tooth germs of E18 NMRI mouse embryos were cultured in a Trowell-
type organ culture and exposed to DMBA, TBT, and sodium fluoride (NaF) and/or TCDD at 
various concentrations during the secretory and mineralization stages of development. 
Morphological changes were studied from photographs of whole tooth explants and 
histological tissue sections. Tissue sections of explants were stained by TUNEL, for 
apoptosis, and by BrdU-labeling, for cell proliferation, to determine the effects of TBT, NaF 
and TCDD. The presence of amelogenin was analyzed by immunohistochemistry from 
sections of NaF and TCDD exposed first molars. The expression of genes related to 
mineralization of dental hard tissues in control and TBT exposed first molars were compared 
by real-time quantitative PCR (QPCR) and in situ hybridization. 

Exposure to DMBA and TBT significantly reduced the size of tooth germs and impaired 
deposition and mineralization of dentin and enamel. TBT exposure moderately enhanced 
apoptotic cell death mainly in epithelial tissues in the first molar and increased the frequency 
of BrdU-labeled nuclei in the second molar. In situ hybridization results showed that 
exposure of tooth germs to TBT decreased osteocalcin (Ocn) gene expression in odontoblasts 
but increased its expression in the epithelial compartment of the tooth. Using QPCR, the net 
effect in the whole tooth was an increase in Ocn expression. TBT exposure also reduced 
matrix metalloproteinase 20 (Mmp-20) expression in both ameloblasts and odontoblasts. The 



 
 

effect of TBT on dentin sialophosphoprotein (Dspp) expression varied but both QPCR 
experiments and in situ hybridization showed a decreasing trend. Simultaneous exposure to 
NaF and TCDD at concentrations that alone had no, or a barely detectable, effect on tooth 
development, significantly impaired dentin mineralization and enamel matrix deposition. The 
enamel consistently stained darker after NaF and TCDD exposure compared to control 
histological tissue sections stained with hematoxylin and eosin (HE), suggesting retention of 
enamel matrix proteins and thereby hypomineralization. Immunohistochemical analysis 
revealed that the combined exposure modified amelogenin expression by odontoblasts. 
Apoptosis of secretory ameloblasts or odontoblasts was not enhanced, but simultaneous 
exposure to NaF and TCDD significantly reduced cell proliferation in the second molar. The 
second molars exposed to both NaF and TCDD in combination also seemed to be smaller 
than controls. 

For ameloblasts to become secretory, odontoblasts must have laid down a thin layer of 
predentin that should have commenced mineralization. Therefore, these results suggest that 
the effect of DMBA and TBT, and the combined effect of NaF and TCDD, is directed 
primarily to odontoblasts or dentin mineralization. Decreased Ocn, Mmp-20 and Dspp 
expressions in odontoblasts after TBT-exposure may indicate delayed cell differentiation or 
alternatively, TBT may specifically decrease the expression of genes involved in the 
mineralization of dentin. While TBT-induced decreased Mmp-20 expression in ameloblasts 
may impair enamel mineralization, the coincident reduction of Mmp-20 and Dspp expressions 
in odontoblasts may potentiate a delay in dentin mineralization. The mechanism behind the 
detrimental effects of exposure to higher concentrations of the toxicants studied may involve 
increased apoptosis. However, very low concentrations of NaF and TCDD, or their 
combination, did not enhance apoptosis of secretory ameloblasts or odontoblasts. Thus, the 
present results do not suggest a role for apoptosis in impairing dental hard tissue formation 
after exposure to organic environmental toxicants and fluoride, especially at low 
concentrations.  

This thesis work showed that, in addition to dioxins and dioxin-like compounds, other 
organic environmental toxicants also have detrimental effects on dental hard tissue formation 
and that fluoride can potentiate the harmful effect of TCDD. Dioxins, dioxin-like compounds, 
PAHs and organic tin compounds are all liposoluble and can be transferred to the infant by 
breast-feeding. At the same time, children get fluoride by early use of fluoride toothpaste. 
Because developing teeth are susceptible to each of these compounds, they could interfere 
with the formation of dental hard tissues not only separately but also in combination. Thus, 
the findings of the present study may have clinical significance. However, since this thesis 
work is based on in vitro experiments of mouse tissues, its results cannot as such be directly 
applied to humans and further research would be required to make these findings clinically 
significant. 
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1. REVIEW OF THE LITERATURE 

1.1. Tooth development 

Tooth development closely resembles the development of other epithelial appendages such as 
hair follicles, mammary glands and kidneys. However, a characteristic feature of tooth 
development is the formation of hard tissues, ectomesenchymal-derived dentin and 
epithelium-derived enamel. Dental hard tissues also include cementum.  

1.1.1. Initiation and morphogenesis 

Teeth develop as a result of sequential and reciprocal epithelial-mesenchymal interactions 
(Thesleff, 2003). Inductive interactions regulate tooth development during all stages from the 
initiation to the early phases of matrix secretion. The main signaling proteins involved in the 
mediation of these interactions are members of the fibroblast growth factor (FGF), bone 
morphogenetic protein (BMP) belonging to the TGFβ-superfamily, sonic hedgehog (Shh), 
and wingless (Wnt) families of growth factors (Jernvall and Thesleff, 2000). 

Tooth development begins with the induction of odontogenic mesenchyme by BMPs and 
FGFs from the dental epithelium (Thesleff, 2006). Odontogenic mesenchymal cells derive 
from the neural crest in the midbrain region (Imai et al., 1996). In mouse, tooth formation 
begins at E10. Reciprocal signal molecules, including activin, FGF, BMP, Wnt and Shh 
shifting between the mesenchyme and the epithelium, regulate the thickening of the oral 
ectoderm and formation of the dental placode at the site of each future tooth family (in mouse 
at E11). As development proceeds, the placodal signals regulate budding of the epithelium, 
around which neural crest-derived ectomesenchymal cells condense (E13). Morphogenesis 
continues through the cap stage (E14-15), during which the epithelium grows and folds to 
surround the dental papilla, to the bell stage (E16-18), during which the basic cuspal 
morphology is completed. A schematic presentation of mouse mandibular first molar tooth 
development is shown in Figure 1. 

Growth and folding of the dental epithelium is controlled by several transient signaling 
centers in the epithelium. The first signaling centers appear in the dental placodes when 
epithelial budding begins. The enamel knot signaling centers appear at the bud-cap (primary) 
and bell stages (secondary). Mesenchymal signal molecules, in particular BMP4, are key 
regulators of formation of enamel knots (Bei et al., 2000; Jernvall et al., 1998). The enamel 
knot cells express at least ten different signaling molecules belonging to the four growth 
factor families. Signals affect both epithelial and mesenchymal cells (Jernvall et al., 1994; 
Jernvall and Thesleff, 2000). The signal molecules change gene expression in their target 
cells by many important transcription factors. These include e.g. Msx, Dlx, and Lhx families 
of transcription factors at the initiation stage, and Msx1, Pax9, and Runx2 at the bud-cap 
stages (Thesleff, 2006). 
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Figure 1. Schematic presentation of mouse mandibular first molar tooth development (frontal view). The first 
sign of tooth development is the thickening of oral epithelium (gray) at the site of a future tooth (E11). The 
epithelium forms a bud, around which neural crest-derived ectomesenchymal cells (white) condense (E13). 
Morphogenesis continues through the cap stage (E14) to the (late) bell stage (E18) when the basic cuspal 
morphology has been completed. Enamel knots control growth and folding of the epithelium. Differentiation of 
the ectomesenchymal odontoblasts and epithelial ameloblasts has started. Postnatally (PN), odontoblasts have 
laid down a thick (pre)dentin layer. Dentin mineralization and the subsequent formation of enamel by 
ameloblasts have proceeded throughout the crown and root formation is ongoing.  

1.1.2. Differentiation of the dental cells 

At the late bell stage (E18.5) morphogenesis has been completed and terminal differentiation 
of the odontoblasts and ameloblasts starts to proceed from the tips of the cusps in the cervical 
direction. Ameloblasts form from the inner enamel epithelium (IEE) of the enamel organ and 
the underlying mesenchymal cells of the dental papilla differentiate into odontoblasts. Signals 
from the preameloblasts to the preodontoblasts, across the epithelial basement membrane 
between these cells, initiate the final series of reciprocal signaling (Ruch et al., 1995; Thesleff 
and Hurmerinta, 1981; Figure 2). It is supposed that BMP-2 from the IEE stimulates the 
differentiation of odontoblasts (Begue-Kirn et al., 1992; Åberg et al., 1997). Interaction 
between preodontoblasts and the basement membrane also plays an important role (Thesleff 
and Hurmerinta, 1981). 

During terminal differentiation, the preodontoblasts polarize, that is, their nuclei are 
positioned away from the IEE, become odontoblasts and begin to produce predentin matrix 
(Figure 2). Odontoblasts have been shown to express low amounts of amelogenin, the main 
enamel matrix protein, prior to abundant amelogenin expression by secretory ameloblasts (He 
et al., 2010; Nagano et al., 2003; Papagerakis et al., 2003). He et al. (2010) suggest that 
amelogenin expressed by odontoblasts may play a role in inducing presecretory ameloblasts 
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further to differentiate to secretory stage cells. Tompkins et al. (2005), for one, hypothesize 
that an amelogenin isoform [A-4] produced by secretory odontoblasts may normally delay 
conversion of preameloblasts to secretory ameloblasts until a sufficiently thick layer of dentin 
is produced, whereas another isoform [A+4] stimulates odontoblast development and dentin 
formation thereby enhancing differentiation of ameloblasts. 

However, the initial mineralization of predentin is a requirement for the preameloblasts to 
become secreting ameloblasts (He et al., 2010; Tompkins, 2006; Figure 2). The molecules 
regulating differentiation of ameloblasts also include BMPs produced by the mesenchymal 
cells (Wang et al., 2004). In a recent study, deletion of an RNase, Dicer-1, which processes 
micro-RNAs in epithelium caused impaired ameloblast differentiation and enamel formation 
(Michon et al., 2010). Micro-RNAs are short, non-coding RNAs that participate in post-
transcriptional regulation of mRNA, and are suggested to modulate the main morphogenetic 
signaling pathways regulating, for example, dental cell differentiation (Michon et al., 2010; 
Singh et al., 2008). Also basement membrane may have an important function in 
differentiation of ameloblasts (Chen et al., 2009; He et al., 2010). Thus, cell-matrix 
interactions, signaling molecules and micro-RNAs are likely to be needed for ameloblast 
differentiation. 

 

Figure 2. Cartoon schematically representing differentiation of odontoblasts and ameloblasts, and formation of 
dentin and enamel. (1) Signals from preameloblasts across the basement membrane induce preodontoblasts to 
differentiate into odontoblasts. Interaction between preodontoblasts and the basement membrane also plays an 
important role. (2) Polarized odontoblasts have begun to produce predentin matrix, receded and left behind cell 
processes within dentinal tubules. Preameloblasts are lengthening. (3) Basement membrane has disintegrated, 
and first-formed predentin has mineralized into dentin, which is a requirement for preameloblasts to become 
secreting ameloblasts. (4) Ameloblasts have secreted enamel matrix onto the surface of the mineralized dentin 
and shortened. The latest formed layer of predentin remains permanently unmineralized. (5) When the full 
thicknesses of dentin and enamel matrices have been deposited, ameloblasts have lost their elongated shape and 
shifted into the maturation stage. Odontoblasts have also shortened. pab, preameloblasts; bm, basement 
membrane; pob, preodontoblasts; pd, predentin; ob, odontoblasts; ab, ameloblasts; d, dentin; e, enamel. 
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Peripheral to the IEE, the stratum intermedium, stellate reticulum, and the outer enamel 
epithelium are located. The most superficial and mesenchymal part of the tooth germ, the 
dental follicle, surrounding the tooth epithelium and the mesenchymal papilla, gives rise to 
the periodontal structures: the cementum, the periodontal ligament, and alveolar bone. 

According to the classic theory, cementoblasts differentiate from the dental follicle cells 
during root formation (Diekwisch, 2001). The IEE forms a cervical loop with the outer 
enamel epithelium (OEE), and this two cell layer loop is called Hertwig’s epithelial root 
sheath (HERS). HERS cells are suggested to trigger odontoblast differentiation and dentin 
formation during root formation, and to regulate the differentiation of cementoblasts (Thomas 
and Kollar, 1989; Zeichner-David, 2006). The HERS cells deposit basement membrane 
molecules and enamel proteins on the root dentin, which serves to direct the migration of 
precementoblast cells, and which may induce differentiation of the dental follicle cells into 
cementoblasts (Zeichner-David, 2006). However, recently it has been suggested that acellular 
cementum on the cervical half of the root is formed by mesenchymally transformed epithelial 
cells of HERS and cellular cementum on the apical half of the root by cells that derive from 
the dental follicle (Lézot et al., 2000; Zeichner-David et al., 2003).  

1.1.3. Formation and mineralization of the dental hard tissues 

Dental hard tissues include the enamel, dentin and cementum, produced by ameloblasts, 
odontoblasts and cementoblasts, respectively.  

1.1.3.1. Predentin and mineralized dentin 
Composition, formation, and mineralization. - Mature dentin is composed of approximately 
70% inorganic material, 20% organic material, and 10% water by weight. The inorganic 
component of dentin consists of (substituted) hydroxyapatite (HA; Ca10[PO4]6[OH]2) and the 
organic phase is composed of about 90% collagen. Dentinogenesis is a continuous process of 
matrix deposition throughout the life of a tooth. Odontoblasts firstly secrete an unmineralized 
layer of dentin matrix called predentin that is composed mainly of type I collagen fibrils. 
Predentin gradually mineralizes into dentin as various noncollagenous matrix proteins (NCP) 
and HA are incorporated at the mineralization front. The latest formed layer of predentin 
remains permanently unmineralized. Predentin is thickest during tooth development and 
diminishes in thickness thereafter. Primary dentinogenesis occurs during development, 
whereas secondary dentin is secreted throughout the life of the tooth. Tertiary (reactionary or 
reparative) dentin is synthesized in response to injury. During predentin matrix deposition, 
odontoblasts recede and leave behind cell processes within dentinal tubules (Figure 2). After 
the completion of tooth development, the dentin layer next to enamel represents the first-
formed predentin (mantle dentin). 

The dynamic process of biomineralization involves interplay between a number of molecules, 
including type I collagen, NCPs, and proteoglycans. During the transformation of predentin 
to dentin, plate-like apatite crystals are initiated and grow within and around collagen fibrils. 
Calcium and phosphate ions are transferred from the vascular bed across odontoblasts by 
specific ion-transporting mechanisms into the organic matrix of dentin (Linde and Lundgren, 
1995). Multiple globular mineral foci (calcospherites) grow and coalesce with the adjacent 
foci to form a relatively uniform mineralization front. Among NCPs, the sialic acid (SA)-rich 
proteins are of particular interest, because they appear to be regulators of the mineralization 
process in dentin. The SIBLING (Small Integrin-Binding LIgand, N-linked Glycoprotein) 
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protein family includes four SA-rich proteins; dentin sialophosphoprotein (DSPP), dentin 
matrix protein-1 (DMP1), osteopontin (OPN) and bone sialoprotein (BSP), and matrix 
extracellular phosphoglycoprotein (MEPE), which is not acidic in character (Fisher et al., 
2001). Their genes have been mapped to human chromosome 4q (Fisher et al., 2001). Besides 
SIBLING proteins, proteoglycans, osteocalcin and tissue non-specific alkaline phosphatase 
also play roles in dentin mineralization. 

Dentinogenesis and osteogenesis resemble each other in many ways. Dentin forming 
odontoblasts and bone forming osteoblasts are both mesenchymal cells. However, 
odontoblasts originate from neural crest derived ectomesenchyme whereas osteoblasts may 
originate from both ectomesenchyme and mesoderm. The formation of both dentin and bone 
starts as the deposition of collagen-rich extracellular matrix, predentin and osteoid 
respectively, which undergo mineralization to dentin and bone. Bone and dentin share the 
expression of numerous NCPs. Since some of these proteins and their functions have been 
studied mostly in bone, such studies are referred to here. 

Collagen. - Collagens are the main constituents of the extracellular matrix (ECM). Collagens 
are grouped into fibril-forming and non-fibril-forming collagens. At least 29 types of 
collagens are currently identified. Type I collagen is a fibril-forming collagen, which means 
that the molecules self-assemble into larger collagen aggregates, the fibrils. The type I 
collagen molecule is a heterotrimer of two identical α1 and one α2  polypeptide chains 
forming a triple-helical structure. A minor part of type I collagen is synthesized as a 
homotrimer of three α1 chains. Collagen undergoes extensive post-translational modification. 

SIBLING proteins. - Dentin sialophosphoprotein (DSPP) is considered highly tooth-specific 
but low levels of Dspp expression, about one in four-hundred that of dentin, have been found 
in bone as well (Qin et al., 2002). It is mainly expressed in odontoblasts throughout all phases 
of primary and secondary dentinogenesis but transient expression has also been observed in 
preameloblasts (D’Souza et al., 1997). DSPP is post-translationally cleaved to NH2-terminal 
dentin sialoprotein (DSP) and COOH-terminal dentin phosphoprotein, or phosphophoryn 
(DPP) domains, which are the predominant NCPs of dentin. The existence of a third DSPP 
domain, dentin glycoprotein (DGP), has been demonstrated in pig (Yamakoshi et al., 2005). 
Highly phosphorylated DPP contains large amounts of aspartic acid and phosphoserine. DSP 
is a sialic acid-rich glycosylated protein. DPP has a strong affinity for Ca2+ and it 
significantly promotes the growth of HA crystals when bound to collagen fibrils in vitro 
(Saito et al., 1997). Even though earlier studies have shown that DSP has little or no effects 
on in vitro mineralization (Boskey et al., 2000), Suzuki et al. (2009) suggested that DSP 
predominantly regulates initiation of dentin mineralization, whereas DPP is primarily 
involved in the maturation of mineralized dentin. Teeth of Dspp knockout mice display a 
widened predentin zone and defective dentin mineralization (Sreenath et al., 2003). Since all 
known nonsyndromic genetic diseases of human dentin exclusively involve the DSPP gene 
(Barron et al., 2008; McKnight et al., 2008), it is implicated as a critical molecule in 
converting predentin to dentin. 

Dentin matrix protein 1 (DMP1) has a large number of phosphoseryl residues and it is a 
highly acidic protein that is present predominantly in dentin, cementum and bone. DMP1 
expression is most dominant in the early phases of primary dentin formation, declining 
considerably as dentinogenesis proceeds (D’Souza et al., 1997; Lu et al., 2007); it is also 
expressed in ameloblasts at the maturation phase (D’Souza et al., 1997). DMP1 is 
proteolytically processed to smaller fragments [NH2-terminal (37 kDa) and COOH-terminal 
(57 kDa)] in dentin and bone (Qin et al., 2003). Furthermore, a glycanated form (DMP1-PG) 
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coexists with the non-glycanated 37-kDa fragment in the ECM of bone (Qin et al., 2006). The 
proteolytic process may involve the same proteinase that cleaves DSPP (Qin et al., 2003). 
Like DPP, the highly phosphorylated COOH-terminal (57 kDa) fragment of DMP1 is 
distributed primarily in the inorganic phase (Huang et al., 2008), and since it has a high 
capacity to bind calcium it therefore has been suggested to initiate HA formation (Gajjeraman 
et al., 2007; He et al., 2003). Conversely, the NH2-terminal domain inhibits HA 
crystallization (Gajjeraman et al., 2007). Dmp1 null mice show profound defects in the 
mineralization of dentin (Ye et al., 2004). Further, malformation of the dentinal tubular 
network has been observed (Lu et al., 2007). The tooth phenotype resembles that in Dspp null 
mice and shares some features of the human dentinogenesis imperfecta type III (Sreenath et 
al., 2003). Mutations in the DMP1 gene result in autosomal-recessive hypophosphatemic 
rickets in humans (Feng et al., 2006). In vitro overexpression of Dmp1 induces differentiation 
of mesenchymal cells to odontoblast-like cells and enhances mineralization (Narayanan et al., 
2001). Since DSPP is reduced in Dmp-1 null mutant mice at both mRNA and protein levels, 
DMP1 has been implicated in regulation of Dspp expression during dentinogenesis (Ye et al., 
2004). In line, in another study, in vitro overexpression of Dmp1 induced Dspp expression 
(Narayanan et al., 2001). It may also act as a transcriptional component for activation of 
osteocalcin (Narayanan et al., 2003). Thus, Narayanan et al. (2003) proposed that DMP1 has 
a dual function, as a transcription factor located in the nucleus during early differentiation of 
osteoblasts and as an extracellular matrix protein that initiates mineralization. The export of 
DMP1 from the nucleus during the maturation of osteoblasts has been found to occur in 
response to a stimulus from influx of calcium ions into the nucleus (Narayanan et al., 2003). 

PHEX protein (encoded by phosphate-regulating gene with homologies to endopeptidases on 
X chromosome) has been suggested to be the enzyme responsible for the proteolytic 
processing of DSPP and DMP1 (Qin et al., 2003). However, in a recent study PHEX protein 
was shown not to be responsible for the proteolytic cleavage of these proteins (Zhang et al., 
2010). Three isoforms of bone morphogenetic protein 1 (BMP1) have been observed to 
cleave intact DSPP into DSP and DPP fragments and process also DMP1 (von Marschall and 
Fisher, 2010). Further, both matrix metalloproteinase 20 (MMP-20) and matrix 
metalloproteinase 2 (MMP-2) perform cleavages that separate DSP and DGP (Yamakoshi et 
al., 2006). MMP-20 also generates a series of DSP-positive cleavage products and MMP-2 
makes cuts within the DGP domain (Yamakoshi et al., 2006). Accordingly, inhibition of 
MMP activity impairs dentin mineralization in cultured mouse embryonic molars (Bourd-
Boittin et al., 2005). DPP also undergoes degradation as dentin matures (Masters, 1985) and 
intact DPP is virtually absent from mature human teeth (Chang et al., 1996). It is questionable 
regarding whether the NCPs in dentin are degraded to create space for increased 
mineralization. 

OPN is a phosphorylated glycoprotein that strongly inhibits in vitro growth of apatite crystals 
(Hunter et al., 1996). Accordingly, Opn knockout mice have increased mineral content and 
maturity in bone (Boskey et al., 2002). The amount of OPN in bone is about 70 times that of 
dentin (Butler et al., 2003). Also OPN has been shown to be processed to two fragments after 
translation (Chen et al., 2008). 

BSP is a phosphorylated and sulfated glycoprotein that in vitro acts as a nucleator of the 
initial apatite crystals (Hunter and Goldberg, 1993). Binding of BSP to type I collagen 
increases its HA-nucleating potency (Baht et al., 2008). The quantity of BSP in dentin is 
equal to or less than that of bone (Fujisawa et al., 1993; Qin et al., 2001). Intact protein is 
processed within the mouse odontoblastic cells before secretion (Chen et al., 2008). 
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Matrix extracellular phosphoglycoprotein (MEPE) is believed to be multifunctional, having 
roles in processes such as cell adhesion, phosphate homeostasis, and mineralization (Argiro et 
al., 2001; David et al., 2011; Wang et al., 2011). MEPE is expressed by both odontoblasts 
and osteoblasts (osteocytes) (Chen et al., 2008; Nampei et al., 2004), and it has been 
suggested to inhibit bone formation and mineralization (Gowen et al., 2003). Chen et al. 
(2008) observed that MEPE is also post-translationally processed to three major fragments in 
mouse odontoblastic cells. These fragments have been shown to have different functions, as 
the COOH-terminal fragment inhibits the mineralization process in vitro whereas a 
midterminal fragment stimulates bone formation in vitro and in vivo (Hayashibara et al., 
2004; Rowe et al., 2005). 

Other proteins involved in dentin mineralization. - Proteoglycans (PG) are also proposed to 
play a key role in the mineralization process of dentin. PGs belong to a family of 
glycoconjugates that contain one or more glycosaminoglycans (GAG) covalently attached to 
a protein core. In predentin, small leucine-rich PGs such as biglycan and decorin with only 
one or two chondroitin sulfate or dermatan sulfate GAG side chains are the predominant PGs. 
They are suggested to organize type I collagen into a more fibrillar form near the 
mineralization front in order to induce the proper crystal formation along the collagen fibrils 
and inside the fibrils (Embery et al., 2001). Both decorin and biglycan have the capacity to 
bind collagen molecules (Pogany et al., 1994; Schonherr et al., 1995a; 1995b). The GAG side 
chains are known to bind calcium and interact with HA (Embery et al., 1998). During the 
transition from predentin to dentin, PGs increase the binding affinity for HA probably due to 
different binding affinities of various GAG moieties (Milan et al., 2004). Dentinal PGs are 
predominantly chondroitin sulphate rich decorin and biglycan (Milan et al., 2004). The teeth 
of newborn biglycan- and decorin-null mice show defective dentin mineralization (Goldberg 
et al., 2005). Further, the coalescence of calcospherites in the dentin of DSPP/biglycan 
double knockout mice was severely reduced compared to that of Dspp-/- mice (Haruyama et 
al., 2009). On the other hand, the width of the predentin layer in incisors of DSPP/decorin 
double knockout mice dramatically decreased as compared to Dspp-/- mice (Haruyama et al., 
2009). Since Dspp-/- mice demonstrate an increased deposition of biglycan and decorin in the 
predentin zone (Sreenath et al., 2003), the conversion of predentin to dentin at the 
mineralization front in Dspp-/- mice may be regulated positively by biglycan and negatively 
by decorin (Haruyama et al., 2009). Accordingly, biglycan increases HA formation in vitro 
(Boskey et al., 1997) and decorin binds to the gap region in the collagen fibril, which is 
believed to block initiation of mineralization (Hoshi et al., 1999). 

Osteocalcin (Ocn) is also a major non-collagenous protein in bone, dentin and cementum 
(Hauschka et al., 1989). It is a gamma-carboxylated protein (gla-protein) that binds to apatite 
crystals with high affinity (Poser and Price, 1979). Ocn is strongly expressed by mature 
odontoblasts depositing predentin before it starts to mineralize to dentin (Bidder et al., 1998; 
Bleicher et al., 1999; Bronckers et al., 1987). It is not or weakly detected in predentin and 
strongly evident in mineralizing dentin (Bronckers et al., 1998; Gorter De Vries et al., 1987). 
Thus far, the exact role of Ocn in bone and tooth has not been defined; however, Ducy et al. 
(1996) suggested that it restricts bone formation without affecting bone resorption or 
mineralization. Boskey et al. (1998) showed that bone maturation is impaired in the Ocn 
knockout animals, which implies a role for Ocn in mineral maturation. Price et al. (1982) 
proposed that Ocn may be responsible for preventing excessive mineralization of the bone 
growth plate, but Murshed et al. (2004) did not find any mineralization defects in bones of 
mice overexpressing Ocn in osteoblasts. Serum Ocn concentration has been observed to be 
increased in many patients with metabolic bone diseases (Price et al., 1980). On the other 
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hand, no histological changes in tooth formation have been detected in Ocn knockout mice 
(Bronckers et al., 1998). However, hyper-expression of Ocn has been observed by QPCR in 
first molars of Hyp mice (Onishi et al., 2005), and this hyper-expression was suggested to 
result in hypo-mineralization of dentin (Ogawa et al., 2006). The Hyp mouse is a murine 
homologue of human X-linked hypophosphatemia (XLH) (vitamin D resistant rickets). The 
genetic defect underlying XLH is mutations in the Phex gene (Econs and Francis, 1997). 
Histopathological studies of XLH patients’ teeth have revealed hypomineralization of dentin 
indicated by abundant unmineralized interglobular dentin, broad predentin and irregular 
dentinal tubules (Abe et al., 1988; Seow et al., 1989). Onishi et al. (2005) proposed that Ocn 
is hyper-expressed in odontoblasts of Hyp mice, since Ocn mRNA was detected by in situ 
hybridization in odontoblasts alone. However, they did not find differences in the distribution 
pattern or the amount of Ocn mRNA between Hyp and wild-type mice by in situ 
hybridization. Furthermore, exposure of cultured hamster tooth explants to exogenous Ocn 
impaired the formation of mineralized dentin and enamel (Bronckers et al., 1998). Ocn is also 
known to inhibit hydroxyapatite crystal nucleation and growth in vitro (Hunter et al., 1996; 
Romberg et al., 1986). Vitamin D (as 1,25-dihydroxyvitamin D3) induces the synthesis of 
osteocalcin by promoting the transcription of its gene (Bronckers et al., 1998; Lian et al., 
1989). 

Among the four existing isoforms of alkaline phosphatase, the tissue non-specific alkaline 
phosphatase (TNAP, coded by Alpl gene) is expressed for example by osteoblasts, 
odontoblasts and ameloblasts (Hoshi et al., 1997; Hotton et al., 1999). During dentin 
mineralization, the junction between predentin and dentin is particularly rich in TNAP 
protein (Hotton et al., 1999). TNAP has been proposed to dephosphorylate phosphoproteins 
and thereby make inorganic phosphate available for HA crystals (Whyte, 1994). It controls 
bone mineralization (Harmey et al., 2004) and is also supposed to stimulate dentin 
mineralization (Beertsen et al., 1999). TNAP-deficient mice show delayed mineralization of 
the mantle dentin (first-formed predentin) (Beertsen et al., 1999). 

1.1.3.2. Enamel 
Composition, formation, and mineralization. - Enamel consists of approximately 96% 
mineral and only 0.5-2% organic material (Deakins and Volker, 1941). The inorganic 
component of enamel is HA substituted with components such as carbonate and fluoride ions. 
HA crystallites form enamel rods, formerly called enamel prisms. As the final step of 
epithelial-mesenchymal interactions instructing early tooth development, enamel formation 
(amelogenesis) by ameloblasts begins only after mineralization of predentin has started 
(Tompkins, 2006). An optimal serum calcium level is important for initial dentin 
mineralization and proper enamel matrix secretion and mineralization (Woltgens et al., 1987). 
During amelogenesis ameloblasts undergo three major stages: secretory, transitional and 
maturation stages. At the secretory stage, ameloblasts secrete large amounts of enamel matrix 
proteins forming a scaffold within which HA crystals are formed almost immediately when 
the enamel matrix is laid down. The first HA crystals that are formed interdigitate with dentin 
crystals (Arsenault and Robinson, 1989). An important event for the production and 
organization of the enamel is the development of a short cytoplasmic extension on the 
secretory end of ameloblasts, the Tomes’ processes. Up to 50% of ameloblasts may undergo 
apoptosis during transitional and maturation stages (Smith and Warshawsky, 1977) and the 
number of cells of the stratum intermedium and stellate reticulum are significantly reduced 
by apoptosis during advancing enamel formation (Vaahtokari et al., 1996), preceding total 
disappearance of these cells upon tooth eruption. Hence, enamel cannot renew itself. TGF-β1 
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has been suggested to be responsible for the apoptosis observed during the maturation stage 
(Tsuchiya et al., 2009).  

Protein composition and completion of mineralization. - Amelogenins (5-28 kDa) compose 
over 90% of proteins in the forming enamel matrix (Fincham et al., 1999). Diversity of the 
amelogenins found in enamel matrix is due to alternative mRNA splicing and proteolysis 
(Simmer et al., 1994). The remaining 10% of enamel proteins are less abundant, such as 
ameloblastin and enamelin (Hu et al., 1997; Krebsbach et al., 1996). Amelogenin, 
ameloblastin and enamelin all belong to the secretory calcium-binding phosphoprotein gene 
family (Kawasaki and Weiss, 2003) and are controlled by vitamin D (Papagerakis et al., 
2002b; 2003). 

Amelogenins are bipolar molecules with a hydrophilic carboxyl terminus while the bulk of 
the molecule is hydrophobic (Fincham et al., 1999). Following secretion, amelogenins 
assemble to form supramolecular aggregates, nanospheres, which are thought to control 
crystal growth, morphology and orientation by surrounding crystals along their long axis and 
preventing crystals from fusing during their formation (Fincham et al., 1994; Yang et al., 
2010). Amelogenins are abundant throughout the developing enamel matrix, although 
uncleaved amelogenin polypeptides concentrate in the newly synthesized outer enamel layer 
(Aoba et al., 1992; Uchida et al., 1991). Amelogenin knockout mice exhibit major structural 
enamel defects that affect the overall enamel thickness and rod (prism) structure (Gibson et 
al., 2001). 

Members of the nonamelogenin family of enamel proteins are believed to promote and guide 
the formation of enamel crystals. For example, ameloblastin (45 kDa) is a glycoprotein, 
which comprises about 5% of enamel proteins, and is mainly expressed by ameloblasts 
(Krebsbach et al., 1996). In ameloblastin-null mutant mice, the dental epithelium 
differentiates into enamel-secreting ameloblasts, but the cells detach from the matrix at the 
secretory stage and lose their polarity (Fukumoto et al., 2004). Hence, no structured enamel 
layer is created in the absence of ameloblastin (Fukumoto et al., 2004). Thus, Fukumoto et al. 
(2004) suggest that ameloblastin is a key adhesion molecule for ameloblasts and it plays an 
important role in maintaining the differentiated phenotype of secretory ameloblasts. 

Enamelin is the largest enamel protein (porcine enamelin 186 kDa; Hu et al., 1997) and the 
least abundant (1-5%). It is a glycosylated, phosphorylated protein expressed primarily by 
ameloblasts (Hu et al., 2003). Enamelin-null mutant mice do not make true enamel, and 
despite the accumulation of a thick layer of enamel proteins in the extracellular space, 
mineral formation is almost completely absent (Hu et al., 2008). Among a series of enamelin 
cleavage products a 32-kDa enamelin has been shown to interact with amelogenin and 
proposed to regulate amelogenin macromolecular self-assembly (Fan et al., 2009). 

Once the full thickness of enamel has been deposited, secretory ameloblasts pass through a 
short transitional stage into the maturation stage (Figure 2). At the end of the transitional 
stage, ameloblasts deposit a basal lamina, which adheres to the enamel surface, and the 
ameloblasts attach to it (Moffatt et al., 2006). One component of the basal lamina is amelotin 
(AMTN) (Moffatt et al., 2006). At the maturation stage ameloblasts are responsible for 
degradation of enamel matrix proteins resulting in final mineralization of the enamel as 
preexisting HA crystals grow in width and thickness. The crystallites thicken until they press 
against one another (Smith, 1998). During the maturation stage, ameloblasts cycle between 
smooth and ruffle-ended phases of their apical surfaces. Enamelysin (MMP-20), a calcium-
dependent matrix metalloproteinase, is one of the proteinases processing amelogenins during 
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enamel mineralization at the secretory and early maturation stages (Caterina et al., 2002; Hu 
et al., 2002). MMP-20 has also been shown to cleave ameloblastin in vitro (Iwata et al., 2007) 
and enamelin is rapidly cleaved following its secretion, probably by MMP-20 (Hu et al., 
2003). Another enzyme, kallikrein 4 (KLK4), a serine proteinase, degrades enamel proteins 
particularly during the maturation stage facilitating the removal of organic material from the 
enamel (Hu et al., 2002; Simmer et al., 2009). For example, KLK4 further processes the most 
stable cleavage product of enamelin, the 32-KDa enamelin (Hu et al., 2003). KLK4 is also 
expressed by odontoblasts (Nagano et al., 2003). 

Proper processing of enamel matrix proteins is essential for the removal of organic material 
during the mineralization and maturation stages of enamel development (Bartlett et al., 2004). 
Loss of function of the associated proteolytic enzymes produces hypomineralized enamel; 
Mmp-20 null mice have a thinner than normal (hypoplastic) enamel layer, which has 
decreased mineral content, lacks normal rod (prism) structure and tends to delaminate from 
the underlying dentin (Bartlett et. al, 2004; Caterina et al., 2002). Furthermore, inhibition of 
MMP activity impairs enamel formation and mineralization in cultured mouse embryonic 
molars (Bourd-Boittin et al., 2005). 

Ocn has also been shown to be expressed by epithelial cells, for example, in the enamel free 
area of the cusp tips of rodent molars and stratum intermedium-like cells in odontogenic 
mixed tumors (Bosshardt and Nanci, 1997; Papagerakis et al., 1999). Papagerakis et al. 
(2002a) detected Ocn protein in human enamel matrix specifically at the maturation stage by 
immunohistochemistry. Bronckers et al. (1998) observed that the earliest deposits of 
mineralizing enamel were immunopositive for Ocn and Ortiz-Delgado et al. (2005) showed 
staining in enameloblasts and enamel in teleost fish. However, the role of Ocn in 
amelogenesis is unknown. 

TNAP is expressed in ameloblasts and it is likely to have a role in enamel formation, too 
(Hotton et al., 1999). Incisors of TNAP mutant mice show hypomineralized enamel (Waymire 
et al., 1995). Further, increased enamel width has been observed in biglycan null teeth and 
impaired enamel formation in decorin null teeth (Goldberg et al., 2002), which implies PG 
action also in amelogenesis. Increased enamel formation in the biglycan null teeth results 
most probably from enhanced amelogenin synthesis whereas delayed enamel formation in the 
decorin null teeth has been suggested to be an indirect consequence of dentin 
hypomineralization (Goldberg et al., 2005). Cell-cell and cell-matrix adhesions are important 
as well for the proper enamel formation. Nectin-1;nectin-3 compound mutant mice have 
severely reduced expression of cell adhesion proteins in the enamel organ epithelium and 
impaired desmosomal junction formation between the stratum intermedium layer and 
maturation stage ameloblasts, which seems to lead to retarded enamel maturation (Yoshida et 
al., 2010).  

1.1.3.3. Root cementum 
Root cementum is a mineralized tissue which covers dentin on the root surface. Cementum 
anchors the collagen fibers that connect the root to the alveolar bone through the periodontal 
ligament. On the cervical half of the root there is a thin acellular extrinsic fiber cementum 
(primary cementum or acellular cementum), for which the degree of mineralization is about 
45-60%, and on the apical half of the root there is a thick cellular intrinsic fiber cementum 
(secondary cementum or cellular cementum). A characteristic feature of cellular cementum is 
the presence of cementoblasts (cementocytes) entrapped in lacunae within the matrix. 
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Cellular cementum is not as well mineralized as acellular cementum, and can be reactively 
thickened. 

As in the case of dentin and bone, type I collagen is the predominant organic component of 
cementum constituting up to 90% of the organic matrix. Cementum also contains other 
collagen types and many noncollagenous proteins (NCPs) (Bosshardt, 2005). Cementum 
NCPs include BSP, DMP-1, DSPP, fibronectin, osteocalcin, osteonectin, osteopontin, 
tenascin, proteoglycans, proteolipids, and several growth factors (Nanci and Bosshardt, 
2006). Furthermore, enamel proteins have also been detected in cementum (Nunez et al., 
2010). 

Both acellular and cellular cementum formation is initiated with the deposition of collagen 
fibrils by cementoblasts within the unmineralized root dentin surface. Cementoblasts also 
secrete NCPs, which regulate mineralization of the cementum. Mineralization of root dentin 
starts internally and reaches the dentin surface after the collagen fibrils of dentin and 
cementum have blended together. Mineralization then spreads across the dentin-cementum 
junction into the cementum. Collagen fibrils of the outermost layer of acellular cementum are 
formed by periodontal ligament fibroblasts, therefore it is also referred to as extrinsic fiber 
cementum. There is no morphologically distinct unmineralized layer on the surface of 
acellular cementum, whereas during the formation of cellular cementum, a layer of 
unmineralized matrix, cementoid, is formed and then mineralized. When cementogenesis of 
cellular cementum continues, some cementoblasts become trapped in the matrix, thus it is 
named cellular cementum. (Nanci and Bosshardt, 2006.) 

A prominent manifestation of human hypophosphatasia, resulting from defects in tissue non-
specific alkaline phosphatase (TNAP), is the early loss of teeth, which most likely traces back 
to cementum agenesis (Chapple, 1993; van den Bos et al., 2005). This is suggestive of an 
essential role of TNAP in cementogenesis. Accordingly, in TNAP-deficient mice acellular 
cementum formation is defective (Beertsen et al., 1999).  

1.2. Disturbed dental hard tissue formation 

1.2.1. Background and clinical aspects 

Disturbances in tooth development may be attributed to genetic or environmental reasons. 
However, the majority of these defects are etiologically idiopathic. Environmental 
disturbances can further be divided to systemic (e.g. caused by certain drugs, environmental 
toxicants and fluoride) and local (e.g.caused by infection and irradiation). 

Developmental disturbances impacting on the enamel are clinically grouped into demarcated 
and diffuse hypomineralizations, for which the enamel is improperly mineralized and seems 
whiter or yellower than normal, and into hypoplasias, for which the amount of enamel matrix 
is reduced. Any interference to amelogenesis at the secretory stage is associated with thin 
(hypoplastic) enamel. Disturbances during the maturation stage result in soft enamel of 
normal thickness. 

Knowledge of the etiology of hereditary dentin and enamel defects in mice and humans may 
help reveal mechanisms of impaired dental hard tissue formation caused by environmental 
toxicants. On the other hand, in vitro animal studies on the effects of environmental toxicants 
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on developing teeth can increase the understanding of mechanisms of aberrant human tooth 
development, especially those due to environmental impact. Further, experimental studies 
may help assess human risk for developmental dental disturbances of environmental 
background.  

1.2.2. Inherited defects 

1.2.2.1. Dentin defects 
The two most common hereditary diseases affecting dentin are dentinogenesis imperfecta 
(DGI, types I-III) and dentin dysplasia (DD, types I and II). Thus far, more than 30 different 
mutations in the human DSPP gene have been associated with DGI types II and III and DD 
type II (Nieminen et al., 2010; McKnight et al., 2008). DGI type I, included in the original 
classification of heritable human dentin defects (Shields et al., 1973), is the dental 
manifestation of a heterogeneous, generalized connective tissue disease, osteogenesis 
imperfecta (OI), which results from various mutations in the genes encoding type I collagen 
chains. Patients with DGI typically have amber-brown, opalescent teeth with soft dentin and 
although the enamel is structurally normal, it is often broken off. In DD type I, all teeth are 
normal in shape and color but have short roots contributing to early exfoliation. Periapical 
radiolucencies are frequently detected. Primary teeth in DD type II are phenotypically similar 
to DGI, but permanent teeth appear normal or show only mild discoloration. 

1.2.2.2. Enamel defects 
Development of the dental enamel is exclusively impaired in clinically and genetically 
heterogeneous disorders with at least 14 different subclasses, called amelogenesis imperfecta 
(AI) (Witkop, 1988). AI patients have abnormalities primarily in the amount, composition, 
and/or structure of the enamel, and accordingly, the disorder is classified as hypoplastic, 
hypomature or hypocalcified (Witkop, 1988). Mutations in five genes, amelogenin (AMELX), 
enamelin (ENAM), family with sequence similarity, member H (FAM83H), KLK4, and MMP-
20, have been reported to cause AI in humans, and the mode of inheritance is autosomal-
dominant, autosomal-recessive, or X-linked (Hart and Hart, 2009). Mutations in AMELX and 
ENAM genes cause varied degrees of hypomineralization and/or hypoplasia ranging from 
localized pitting to generalized thinning of the enamel (Kim et al., 2005; Rajpar et al., 2001; 
Wright et al., 2003; 2009b). Impaired function of MMP-20, or of KLK4, results in 
hypomaturation type AI, where enamel is of normal thickness but with deficient 
mineralization (Hart et al., 2004; Wright et al., 2009b). Mutations in FAM83H are associated 
with hypocalcified AI and markedly decreased mineral content in the enamel (Wright et al., 
2009a). 

Enamel defects are also associated with various syndromes and diseases. For example, the 
phenotypes of tricho-dento-osseous syndrome, vitamin D-dependent and vitamin D-resistant 
rickets, and APECED, that is autoimmune polyendocrinopathy-candidiasis-ectodermal 
dystrophy, involve enamel hypoplasia (Bailleul-Forestier et al., 2008). Patients with coeliac 
disease have enamel defects ranging from defect in color to severe hypoplasias, and patients 
with epidermolysis bullosa suffer from variable degrees of hypoplasia (Aine, 1986; Wright et 
al., 1993).  
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1.2.3. Defects caused by systemic environmental factors 

Under the designation of environmental dental defects, only changes in the enamel are 
conventionally described although there would be changes in the dentin too. This is because 
enamel defects are easier to identify clinically. 

Susceptibility of the developing enamel to hypomineralization defects of environmental 
origin is highest at the transitional and early maturation stages of amelogenesis (Suga, 1989). 
It is well known that excess fluoride intake during these stages causes fluorosis, a specific 
type of enamel hypomineralization. At lower doses, fluoride is the most important caries-
preventive agent in dentistry. Exposure to environmental organic toxicants, such as 
polychlorinated dibenzo-p-dioxins and dibenzofurans, has also been connected with enamel 
defects in humans. 

The stage of development of the dentition is dependent on the age of the child and therefore, 
susceptibility of different teeth to developmental disturbances at different times varies. 
Development of the first permanent molars and incisors begins at the fourth gestational 
month and hard tissue formation in them starts around or soon after birth. Enamel formation 
in the upper first incisors has been completed by the end of the fifth year of life and in the 
first molars at about three years (Reid and Dean, 2006). Accordingly, human permanent 
incisors and first molars are at greatest risk for defects caused by systemic environmental 
factors up to the first years of life (Evans and Darvell, 1995; Moorrees et al., 1963). 

Demarcated enamel opacities in 1-4 permanent first molars and frequently incisors is a 
condition known as Molar-Incisor Hypomineralization (MIH). Besides enamel 
hypomineralization, interglobular dentin and an increased proportional amount of organic 
matter in dentin under the affected enamel have been observed (Heijs et al., 2007). The 
condition is fairly common in different child populations: its prevalence in European 
countries varies between 3.6-25% (Weerheijm and Mejàre, 2003). Etiology of MIH is largely 
unclear. However, several factors have been suggested, such as prenatal, perinatal or 
postnatal medical problems (Fredén and Gronvik, 1980; Jälevik et al., 2001; Lygidakis et al., 
2008), use of antibiotics (Laisi et al., 2009), and exposure to dioxins and polychlorinated 
biphenyls in early childhood (Alaluusua et al., 1996; Jan and Vrbic, 2000). 

1.3. Environmental toxicants 

1.3.1. Dioxins and dioxin-like compounds 

1.3.1.1. Nature and human exposure 
Polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs), and 
polychlorinated biphenyls (PCBs) are collectively called dioxins and dioxin-like compounds, 
although the term “dioxins” strictly refers only to PCDDs (Van den Berg et al., 2006). The 
most toxic and widely studied of this general class of compounds is 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD, Figure 3), which is often called simply “dioxin”, and 
which represents the reference compound for this class of compounds. 

PCDDs are organic compounds, in which two chlorinated benzene rings are joined by two 
oxygen bridges. They are produced when organic material containing chlorine is burned, for 
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example by combustion of municipal waste and in chemical manufacturing. PCDDs are 
ubiquitous in the environment and liposoluble, thus they accumulate in fat and enrich in food 
chains. Polychlorinated biphenyls (PCBs) are structurally and conformationally similar to 
PCDDs. Their chemical structure contains 1 to 10 chlorine atoms attached to a biphenyl, 
which is a molecule composed of two benzene rings joined by a carbon-carbon bond. PCDDs 
can be generated through partial oxidation of PCBs. The chemical structure of PCDFs 
resembles the structure of PCDDs, but benzene rings are fused to one furan ring in the 
middle. In the following sections, I will mainly focus on the most toxic PCDD, the TCDD. 

Humans are exposed to PCDDs, PCDFs and PCBs mainly via food, especially milk and dairy 
products, and meat and fish (Kiviranta et al., 2001). In infancy, children can be exposed to 
these compounds mainly via breast-feeding (Vartiainen et al., 1997). An infant can get even 
25% of the mother’s dioxin load via lactation and the accumulation of dioxins and dioxin-like 
compounds in fat may prolong the duration of their action (Vartiainen et al., 1997). However, 
concentrations of dioxins and dioxin-like compounds in mother’s milk have been decreasing 
since the 1970s (Kiviranta, 2005; van Leeuwen and Malisch, 2002; Wilhelm et al., 2007). In 
human adults, most of TCDD is stored in the adipose tissue and has a half-life of 
approximately 7 years (Pirkle et al., 1989). 

1.3.1.2. Mechanisms of action 
The majority of adverse effects of TCDD are mediated by the aryl hydrocarbon receptor 
(AhR) (Gonzalez and Fernandez-Salguero, 1998), which, after binding to TCDD translocates 
to the nucleus, dimerizes with the aryl hydrocarbon receptor nuclear translocator (ARNT) and 
binds to DNA. This initiates the transcription of xenobiotic-metabolizing enzymes such as 
cytochrome P450 1A1 (CYP1A1), which is known to be the primary target for TCDD-
inducible gene expression (Whitlock, 1999). There are also several other AhR-dependent 
ARNT-independent, non-genomic signaling pathways, through which TCDD has been 
suggested to act (Marlowe and Puga, 2005). AhR-independent mechanisms of TCDD actions 
have been studied in AhR-deficient transgenic mice (Fernandez-Salguero et al., 1996). AhR-
deficient mice are highly resistant to TCDD-induced toxicity (Fernandez-Salguero et al., 
1996). All in all, the understanding of the connections between TCDD as a ligand, signaling 
mechanism and a certain toxic outcome remains minimal. 

1.3.1.3. General effects 
Humans. - The majority of effects on humans have been reported after occupational or 
accidental exposure to TCDD. Although studies on humans have revealed a wide spectrum of 
effects of TCDD (USEPA), the most consistently recognized effect of exposure to TCDD-
contaminated substances is chloracne. It is a persistent acneiform condition occurring 
subsequent to substantial acute and chronic exposure to a variety of halogenated aromatic 
hydrocarbons (Caramaschi et al., 1981; Tindall, 1985). Elevated levels of serum gamma 
glutamyl transferase (GGT) have also been observed after TCDD exposure (May, 1982; 
Mocarelli et al., 1986; Moses et al., 1984). Increased levels of GGT may suggest activity such 
as cholestases, liver regeneration, or drug or xenobiotic metabolism. In addition, the risk of 
abnormally low testosterone was two to four times higher in exposed chemical production 
workers than in unexposed referents (Egeland et al., 1994). Dioxins and dioxin-like 
compounds are also suggested to increase the prevalence of orofacial clefts (ten Tusscher et 
al., 2000). The International Agency for Research on Cancer (IARC) graded TCDD as a 
human carcinogen in 1997. 
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Animals. - Dioxins and dioxin-like compounds, especially TCDD, at relatively high doses 
cause lethality, wasting, lymphoid, thymic, splenic and gonadal atrophy, chloracne and other 
changes in the skin, hepatotoxicity, altered lipid metabolism, adult neurotoxicity, 
cardiotoxicity, and disturbances in the endocrine system. However, TCDD is 
developmentally toxic, for example, to immune, nervous, and reproductive systems at 
concentrations even close to the prevailing levels, and causes fetotoxicity, growth retardation 
and thymic and splenic atrophy at doses below those, which are toxic to the mother. TCDD 
also induces orofacial clefts and hydronephrosis. (Birnbaum and Tuomisto, 2000.) 

1.3.1.4. Effects on tooth development 
Humans. - Current knowledge about the effects of dioxins and dioxin-like compounds on 
human tooth development is mainly based on accidents, in which loads of these harmful 
toxicants have been released into the environment. For example, exposure of children to 
TCDD after the dioxin accident in Seveso, Italy, in 1976, has been found to correlate with the 
occurrence of developmental enamel defects (Alaluusua et al., 2004). Accordingly, enamel 
defects were detected more often in Slovakian children exposed to high concentrations of 
PCB than in children exposed to lower concentrations (Jan et al., 2007). Yet, prevailing 
concentrations in the environment may be sufficiently high to impair tooth development: 
MIH was associated with PCDD/PCDF exposure of the child via mother’s milk in a Finnish 
study (Alaluusua et al., 1996) but not in another study performed about 10 years later with 
lower exposure levels (Laisi et al., 2008). 

Animals. - PCDD/PCDF exposure of bank voles in a contaminated sawmill area caused 
reduced size of their third molars (Murtomaa et al., 2007). Further, experimental studies on 
rat and mouse teeth in vivo and in organ culture have confirmed developmental dental 
toxicity of TCDD. The ultimate effect of exposure of cultured mouse embryonic mandibular 
molars at the initiation stage of development is arrest of tooth development by apoptosis 
(Partanen et al., 2004). TCDD enhances apoptotic death of those dental epithelial cells that 
are predetermined to die apoptotically, that is the cells of the OEE, stellate reticulum, stratum 
intermedium, IEE and dental lamina (Partanen et al., 2004). Furthermore, rat pups exposed to 
TCDD also in utero and through lactation, within a limited time frame, display a failure of 
tooth development (Kattainen et al., 2001; Lukinmaa et al., 2001; Miettinen et al., 2002). In 
vitro and in vivo exposure at the bud, cap and bell stages leads to disturbed cuspal 
morphogenesis and diminished tooth size (Kattainen et al., 2001; Lukinmaa et al., 2001; 
Miettinen et al., 2002; Partanen et al., 1998; 2004). At later, formative stages, mineralization 
of dentin matrix and deposition of enamel matrix were impaired in vitro (Partanen et al., 
1998). TCDD exposure of rat pups also via lactation retarded deposition of dentin and enamel 
matrices, impaired dentin mineralization and delayed degradation of enamel matrix during 
enamel maturation in developing molar teeth. Root development was also arrested (Gao et al., 
2004; Lukinmaa et al., 2001). The effects of TCDD substantially depend both on the dose or 
the concentration and the developmental stage of the tooth. 

AhR and ARNT are coexpressed in developing mouse molars during early stages of 
development and mineralization (Sahlberg et al., 2002), and CYP1A1 is expressed in rat 
molar ameloblasts and odontoblasts at the mineralization stage (Gao et al., 2004). In a 
previous microarray study, expressions of Cyp1a1 and Cyp1b1 were highly upregulated in 
mouse E14 mandibular molar tooth germs exposed to TCDD for 24 hours (Sahlberg et al., 
2007). Metabolism of dioxins and dioxin-like compounds by CYP1A1 and CYP1B1 can 
result in the generation of mutagenic metabolites and free radicals (Nebert et al., 2000). 



 
 

16 

These may disturb the normal, intrinsic cell functions, which may lead to apoptosis and 
retarded tooth development and matrix formation. Changes in the expression of genes 
involved in tooth development were rather small due to TCDD exposure (Sahlberg et al., 
2007). This implies that the effect of TCDD on dental tissues is indirect and that the adverse 
effects on deposition and mineralization of dentin and enamel, caused by TCDD, may result 
from modified expression of several developmentally regulated genes (Sahlberg et al., 2007). 
On the other hand, TCDD decreased Dspp gene expression in cultured mouse E18 
mandibular molars exposed for at least 3 days (Kiukkonen et al., 2006). TCDD did not affect 
Mmp-20 expression in ameloblasts but in odontoblasts the expression was slightly decreased 
(Kiukkonen et al., 2006). Thus, target genes of TCDD action may be temporo-spatially 
determined. 

For the adverse effects of TCDD on early dental hard tissue formation to become evident in 
cultured mouse embryonic tooth germs, epidermal growth factor receptor (EGFR) expression 
is required (Partanen et al., 1998). EGFR expression is strong in IEE but decreases or is not 
detected in preameloblasts or secretory ameloblasts (Davideau et al., 1995; Heikinheimo et 
al., 1993; Partanen and Thesleff, 1987). In contrast, Fujiwara et al. (2009) observed 
expression in secretory ameloblasts. During the maturation stage, the expression in 
ameloblasts increases again (Davideau et al., 1995). EGFR is also expressed in 
preodontoblasts and odontoblasts (Davideau et al., 1995; Fujiwara et al., 2009). The results 
suggest that these cells may be targets of TCDD action. 

1.3.2. Non-halogenated polycyclic aromatic hydrocarbons 

1.3.2.1. Nature, human exposure, general effects and mechanism of action 
The chemical structure of non-halogenated polycyclic aromatic hydrocarbons (PAHs) 
contains three or more fused aromatic rings but not anionic halogens as seen in the chemical 
structure of dioxins and dioxin-like compounds (Figure 3). PAHs are ubiquitous, toxic, 
environmental contaminants that are formed by incomplete combustion and carbonization 
processes of organic matter. Apart from some natural sources like smoke from forest fires 
and volcano eruptions, they are present in industry- and traffic-derived exhaust fumes, 
industrial byproducts, and food. A number of different PAHs, such as benzo[a]pyrene (BP) 
and benz[a]anthracene, are one of the main toxic components of tobacco smoke (Hoffmann et 
al., 2001). Among nonsmokers, the principal route of PAH exposure is through the diet 
(Ramesh et al., 2004). The range of the dietary load of PAHs has been reported to be 0.02–28 
µg/person/day (Ramesh et al., 2004). Tobacco smoke increases the daily PAH dose in an 
average of 0.1–0.25 µ g per a nonfilter cigarette (Hoffman and Hecht, 1990). Hence, an 
average total PAH yield may be as high as 30 µg per day for heavy smokers (Menzie et al., 
1992). 

The placenta protects the fetus by filtering noxious compounds from the maternal blood. 
Even so, the amount of BP metabolites bound to DNA as measured from placenta and 
umbilical cord blood was higher among smoking mothers than their non-smoking 
counterparts (Arnould et al., 1997). Furthermore, the breast milk of smoking mothers 
contains substantially higher concentrations of PAHs than milk of non-smoking mothers 
(Zanieri et al., 2007). Children of heavy smokers living in urban areas may get BP via breast 
milk up to 1000 times more than the acceptable daily intake for drinking water established by 
the European commission (Zanieri et al., 2007). 
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As demonstrated in animal experiments in vivo and in tissue and cell cultures in vitro, PAHs 
are cytotoxic and genotoxic, and therefore cause carcinogenicity, and hemato-, cardio-, 
neuro-, immuno-, renal-, reproductive-, and developmental toxicities (Ramesh et al., 2004). 
Furthermore, the IARC has graded benz[a]anthracene as possibly carcinogenic to humans in 
2010 and is currently upgrading BP as a human carcinogen. 

The adverse effects of PAHs, like those of dioxin, are thought to be mediated by the Ah 
receptor; the presence of the cytosolic AhR has been shown to be required for the toxicity of 
PAH compounds to become evident (Gonzalez and Fernandez-Salguero, 1998; Mann et al., 
1999; Matikainen et al., 2001). Binding of PAHs to AhR leads to transcription of certain 
genes such as CYP1A1 and CYP1B1 (Shimada et al., 2003; Uno et al., 2004). CYP1A1 and 
CYP1B1 metabolize PAH compounds to active metabolites that are for the most part 
responsible for the toxic effects of PAHs (Gonzales, 2001).  

1.3.2.2. Effects on tooth development 
Clinical studies suggest that maternal smoking during pregnancy can reduce the crown size of 
the child’s deciduous and permanent teeth (Heikkinen et al., 1992; 1994a; 1994b). 
Accelerated clinical eruption and thinning of permanent incisors have also been reported 
(Heikkinen et al., 1995; 1997). Delayed maturation of permanent teeth, that is, delayed dental 
age compared with chronological age has been observed in children whose parents smoke 
(Kieser et al., 1996). PAH compounds are suggested in part to be responsible for these 
detrimental effects. On the other hand, the frequency of enamel defects in the permanent first 
molars was not found to be increased in children whose mothers had smoked during the last 
12 months before delivery (Alaluusua et al., 1996).  

To the best of my knowledge, no in vivo or in vitro studies on effects of non-halogenated 
polycyclic aromatic hydrocarbons on tooth development have been conducted before the 
present thesis project. 
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Figure 3. The structural formulas of TCDD, DMBA and TBT. 

1.3.3. Organic tin compounds 

1.3.3.1. Nature, human exposure and general effects 
Organic tin compounds (OTCs) are composed of tin, which binds from one to four 
hydrocarbon groups (mono-, di-, tri-, and tetrasubstituted) (Figure 3). Organotins are most 
widely used for stabilization of polyvinyl chloride as mono- or di-substitutes (Risk and Policy 
Analysts limited [RPA], 2005). A tri-substituted organotin, tributyltin (TBT), was widely 
used as an antifouling agent in marine paints until it was observed to accumulate in aquatic 
animals and cause severe damage to the aquatic ecosystem (Harino et al., 2000; Strand and 
Jacobsen, 2005). Despite restrictions in the use of TBT since the 1980’s, high concentrations 
have been found in coastal areas of harbors and dockyards, heavily used water routes and 
dredge spoils sites (Antizar-Ladislao, 2008). The International Maritime Organization has 
prohibited the use of TBT as an antifouling biocide since the year 2008. 

The intake of TBT has been assessed to cause risks of concern for humans (RPA, 2005). 
Humans are exposed to TBT mainly via seafood in the diet (RPA, 2005). The average intake 
of TBT by humans from market-bought seafood has been estimated to vary worldwide 
between 0.18 and 2.6 µg/day/person (Keithly et al., 1999). However, humans can be exposed 
to variety of organotins through a wide range of products and other sources. The cumulative 
intake may in fact exceed the tolerable daily intake (TDI) (RPA, 2005). Recommendation of 
the European Food Safety Agency for the highest allowed daily intake of organotins is 0.25 
µg/kg body weight (European Food Safety Authority, 2004). Children are estimated to be 
particularly at risk of being exposed to organotin levels exceeding the TDI values (RPA, 
2005). This causes great concern, because TBT has been found to cause developmental 
defects in mammals. 
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There are no epidemiologic data on human health effects of chronic low level exposure to 
OTCs but some case reports describe problems after acute exposure to TBT (Grace et al., 
1991; Wax and Dockstader, 1995). The toxicity of TBT at low concentrations has been 
demonstrated in mammals, fish and mollusks. TBT has been shown to cause imposex, that is, 
development of additional male sex organs in female snails, oysters and fish, which leads to 
problems in reproduction (Horiguchi et al., 1998; Shimasaki et al., 2003; Smith, 1981). Cleft 
palate and aberrant gonadal development have been observed in rodents exposed to TBT 
chloride (TBTCl) in utero (Ema et al., 1997; Kishta et al., 2007). Experimental studies imply 
that organotins can transfer to offspring through the placenta and lactation (Kimura et al., 
2005; Noland et al., 1983). 

Previous studies show that TBT and another tri-substituted organotin, triphenyltin, interfere 
with biomineralization in different species (Adeeko et al., 2003; Chagot et al., 1990; Suzuki 
et al., 2006; Tsukamoto et al., 2004). Defective shell calcification has been reported in 
oysters (Alzieu, 2000), whilst rodent embryos exposed in utero showed delayed ossification 
of the skeleton (Adeeko et al., 2003; Sarpa et al., 2007; Tsukamoto et al., 2004). In vitro TBT 
impairs the formation of mineralized nodules and deposition of calcium by cultured rat 
calvarial osteoblasts (Tsukamoto et al., 2004), and decreases osteoblastic activity in teleost 
scale (Suzuki et al., 2006). Furthermore, Tsukamoto et al. (2004) observed that TBT 
decreases the expression of genes encoding tissue non-specific alkaline phosphatase (Alpl) 
and osteocalcin (Ocn), both associated with mineralization, and inhibits TNAP activity in rat 
calvarial osteoblast-like cells. Tsukamoto et al. (2004) concluded that TBT could impair 
differentiation of osteoblasts and that the reduced Alpl and Ocn expressions are a marker of 
this effect. 

The exact mechanism by which TBT causes adverse effects remains to be elucidated. 
However, TBT is known to inhibit aromatase, the cytochrome-P450 19a1, which converts 
testosterone into estradiol (Cooke, 2002; Heidrich et al., 2001). Estradiol, on the other hand, 
contributes to osteoblast differentiation by enhancing BMP-induced Runx2 and osteocalcin 
expressions (Matsumoto et al., 2010; Okazaki et al., 2002). Like ostaocalcin, Runx2 also 
plays a role in tooth development. It has been shown in vitro to up-regulate Dspp gene 
expression in mouse preodontoblast-like cells and to reduce the expression in odontoblast-
like cells (Chen et al., 2005). 

1.3.3.2. Effects on tooth development 
To the best of my knowledge, no in vivo nor in vitro studies on the effects of organic tin 
compounds on tooth development have been conducted before the present thesis project. 
There are also no findings in humans. 

1.4. Fluoride 

1.4.1. Sources and toxicity 

Fluoride is a monovalent ion and due to its abundant existence in the nature, fluoride is found 
at low concentrations in drinking water and foods. Furthermore, it is the most important 
caries-preventive agent in dentistry. Infants acquire fluoride mainly from infant formulas 
diluted to water containing fluoride and by early use of fluoride toothpaste (Osuji et al., 
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1988). Fluoride content in mother’s milk is rather low irrespective of the concentration in 
drinking water (Chowdhury et al., 1990; Chuckpaiwong et al., 2000). 

Fluoride is acutely toxic at high concentrations and can even be lethal. Acute toxicity can 
occur due to a single ingestion of a large amount of fluoride. However, ingestion of an acute 
fatal dose is very rare. The probable toxic dose of fluoride has been set to 5.0 mg F per kg 
body weight. Symptoms of acute toxicity occur rapidly and include diffuse abdominal pain, 
diarrhea, vomiting, excess salivation, and thirst. 

Chronic exposure to excessive fluoride is known to cause dental and skeletal fluorosis in 
humans. Skeletal fluorosis is a rare chronic metabolic bone and joint disease, which is 
associated with chronic joint pain, immobilization of joints, and combination of 
osteosclerosis, osteomalacia and osteoporosis of varying degrees (Krishnamachari, 1986). 
However, fluoride content in drinking water must be over 4 ppm to cause detectable effects 
(Kaminsky et al., 1990). 

The caries-protective effect of fluoride is based principally on the formation of fluoridated 
hydroxyapatite. Compared to carbonated apatite fluorapatite crystals dissolve at lower pH 
values (ten Cate, 1999). 

1.4.2. Effects on tooth development 

Prolonged excessive ingestion of fluoride during dental hard tissue formation causes 
fluorosis, which is a specific type of enamel hypomineralization. The dose-response relation 
is clearly linear, and there is no critical threshold for fluoride intake, below which the effect 
on enamel will not be manifest. Fluoride causes enamel changes ranging from thin, white, 
opaque lines to entirely chalky white enamel (Thylstrup and Fejerskov, 1978). Histologically, 
hypomineralization defects are mainly in the subsurface enamel (Fejerskov et al., 1994). Pits 
and discoloration are post-eruptive damages to the severely porous and hypomineralized 
outer enamel (Thylstrup and Fejerskov, 1979). The structural arrangements of the enamel 
crystals in rod and interrod enamel appear normal but there are enhanced intercrystalline 
spaces (Fejerskov et al., 1974). Dentin in fluorotic human teeth shows hypermineralization 
(Rojas-Sánchez et al., 2007). The prevalence of dental fluorosis has increased over the years 
because the mean fluoride intake from all sources has increased since the 1940s 
(Mascarenhas, 2000). 

Typical enamel hypomineralization defects have also been observed in different mouse 
strains exposed to fluoride (Everett et al., 2002). Moreover, chronic exposure to fluoride via 
drinking water reduced the enamel thickness of rat incisors (Smith et al., 1993). The 
susceptibility between different strains varies suggesting a genetic influence (Everett et al., 
2002). The amount of fluoride incorporated into mineralized tissues in rats was closely 
related to the serum-fluoride levels (Speirs, 1986). Fluoride has also been shown to impair 
enamel matrix secretion and mineralization, and dentin mineralization in vitro (Bronckers et 
al., 1984). Bronckers et al. (1984) observed that fluoride accentuates the globular shape of the 
mineralization front of dentin, suggesting a sparse distribution of mineralization nodules.  

Fluorosis is thought to involve defective degradation and removal of amelogenins from the 
enamel matrix, which is needed to create space for the mineral phase (Den Besten, 1986). 
The amount or activity of MMP-20 has been shown to decrease after fluoride exposure 
during enamel maturation (DenBesten et al., 2002). By decreasing MMP-20 activity, fluoride 
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could also inhibit degradation of dentin sialophosphoprotein and consequently, affect dentin 
mineralization. Robinson et al. (2004) proposed that enhanced protein interaction with the 
mineral could be responsible for both protein retention and reduced proteolysis in fluorotic 
tissue. Bronckers et al. (2009), for one, suggest that fluoride stimulates crystal formation 
resulting in the generation of excess protons, which leads to pH drop. This could alter the 
tertiary structure of amelogenin and affect its function. Low pH also potentiates the inhibitory 
effect of fluoride on MMP-20 (DenBesten et al., 2002). All in all, the primary molecular 
mechanism behind fluorosis remains to be clarified. 
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2. AIMS OF THE STUDY 

The principal aim of this project was to examine whether, in addition to dioxins and dioxin-
like compounds, other organic environmental toxicants, like non-halogenated polycyclic 
aromatic hydrocarbons and organic tin compounds, have adverse effects on tooth 
development in vitro, especially on the formation and mineralization of dentin and enamel. 
The second main aim was to investigate in vitro if fluoride could intensify the manifestation 
of detrimental developmental dental effects of dioxin-like compounds. 

 

The specific aims were to: 

1. investigate the effects of 7,12-dimethylbenz[a]anthracene (DMBA) on the size and shape, 
on the morphology of ameloblasts, and on the formation and mineralization of dentin and 
enamel of cultured mouse embryonic molar teeth. 

2. understand the effects of tributyltin (TBT) on the size and shape, and on the formation and 
mineralization of dentin and enamel of cultured mouse embryonic molar teeth, and to 
investigate cellular mechanisms of the dental toxicity of TBT. 

3. investigate the effect of TBT on the expression of genes associated with mineralization of 
dental hard tissues: osteocalcin (Ocn), alkaline phosphatase (Alpl), dentin matrix protein 1 
(Dmp1), dentin sialophosphoprotein (Dspp) and matrix metalloproteinase 20 (Mmp-20). 

4. establish whether the combined effect of sodium fluoride (NaF) and 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) on dental hard tissue formation is potentiative. 
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3. MATERIALS AND METHODS 

3.1. Teeth and organ culture 

Mandibular first and second molar tooth germs of NMRI mouse embryos were dissected 
under a stereomicroscope on embryonic day 18 (E18). The explants were cultured in a 
Trowell-type organ culture for 3-12 days and exposed to 7,12-dimethylbenz[a]anthracene 
(DMBA), tributyltin (TBT), and sodium fluoride (NaF) and/or 2,3,7,8-tetrachlorodibenzo-p-
dioxin (TCDD). The toxicant concentrations utilised are shown in Table 1. Control explants 
were cultured in the basal medium without toxicants. The explants were cultured in a 
humidified incubator at 37ºC in an atmosphere of 5% CO2 in air. The medium was changed 
every 2-3 days. At every medium change, the growth of the explants was monitored under a 
stereomicroscope.  

Table 1. Concentrations of the studied toxicants 

Toxicant Concentrations 
DMBA 0.1, 0.5, 1, 2 µM 
TBT 0.1, 0.5, 1.0, 2.0 µM 
NaF 2.5, 5, 10, 12.5, 15, 20 µM 
TCDD 5, 10, 12.5, 15 nM 
 

3.2. Preparation of explants for histological examination 

The teeth were fixed with 4% paraformaldehyde (PFA) in PBS at 4ºC overnight. The explants 
were demineralized with ethylenediaminetetraacetic acid (EDTA) for at least two weeks, 
dehydrated through an increasing ethanol concentration series, cleared in xylene, embedded 
in paraffin and serially sectioned at 7 µm. 
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3.3. Specific methods (I-IV) 

Method Material Article 
Organ culture E18 mouse mandibular molar tooth germs I, II, III, IV 
HE-staining (cell and tissue 
morphology) 

Paraffin sections I, II, IV 

Stereomicroscopic examination 
(tissue morphology) 

Whole explants I, II, IV 

BrdU-staining (cell proliferation) Paraffin sections II, IV 
TUNEL-staining (apoptosis) Paraffin sections II, IV 
Digoxigenin in situ hybridization 
(Ocn, Mmp-20, Dspp) 

Paraffin sections III 

QPCR (Ocn, Alpl, Dmp1, Dspp, 
Mmp-20) 

Total RNA from first molars III 

Immunohistochemistry 
(amelogenin) 

Paraffin sections IV 

Statistical analysis  I, II, IV 
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4. RESULTS 

4.1. The development of mouse mandibular first and second molars in vitro 

4.1.1. The developmental stages at the start of culture (E18) (I, II, III, IV) 

At E18 the first molar is at the late bell stage of morphogenesis and its basic cuspal 
morphology has been completed (Figure 4). By this time, both odontoblasts and ameloblasts 
are already postmitotic, differentiation of the dentin forming odontoblasts and of enamel 
forming ameloblasts has started, and deposition of dentin and enamel is about to begin. 
During the terminal differentiation, odontoblasts and ameloblasts become columnar and 
polarized, that is, their nuclei become positioned in the non-secreting ends of the cells. 
Deposition of dentin, and slightly later of enamel, starts close to the cusp tips and proceeds in 
coronal and cervical directions along slopes of the cusps. In the present organ culture system, 
mineralization of dentin first occurs in the medial cusp of the first molar, then in the mesial 
cusp and shortly later in the distal cusp. 

At E18, the second molar is undergoing transition from the cap stage of morphogenesis to the 
bell stage (Figure 4). In the second molar, mineralization is first visible in the mesial cusp and 
then in the distal cusp.  

4.1.2. Stages of development after culture 

4.1.2.1. Stages of development after 5 days of culture (E18+5; stereomicroscopic findings) 
(IV) 
In the first molars, odontoblasts had deposited unmineralized predentin throughout the tooth 
crown. Mineralization of predentin to dentin had begun on the distal slope of the medial cusp 
and induced ameloblasts to start enamel formation (Figure 4). 

In the second molars, predentin deposition had begun but there were no globular mineral foci 
visible. 

4.1.2.2. Stages of development after 10/12 days of culture (E18+10, E18+12; 
stereomicroscopic and histological findings) (I, II, IV) 
In the first molars cultured for 10 and 12 days, odontoblasts had deposited a thick layer of 
predentin throughout the crown. The extent of mineralized dentin and enamel varied from 
one culture experiment to another, ranging from the uniform presence in the mesial cusp to 
the distal cusp in part of the teeth (Figure 4). Ameloblasts were elongated and polarized and 
they formed a coherent layer (Figure 4). Ameloblasts in the coronal third to half of the mesial 
slope of the mesial cusp, covering a thick enamel layer had reached the maturation stage, 
shortened and lost their columnar shape but were still polarized after having secreted the 
enamel matrix (Figure 4). Correspondingly, odontoblasts located on the mesial side of the 
mesial cusp were polarized and elongated but had lost their elongated shape at the cusp tip 
upon predentin formation (Figure 4). 
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After 10 or 12 days of culture, predentin formation in the second molars was consistently in 
progress throughout the crowns. The thickness of predentin varied from one culture to 
another. Predentin mineralization and enamel formation had begun in part of the teeth (Figure 
4). Correspondingly, ameloblasts were mostly polarized and at least mesially and distally 
fully elongated. Odontoblasts were polarized and columnar throughout the tooth crown. 

 

Figure 4. (a, c, d) Stereomicroscopic images of mouse E18 mandibular first (m1) and second (m2) molar tooth 
germs are shown; (a) at the start of culture, (c) after 5 days of culture, and (d) after 12 days of culture. (b) 
Histological section of E18 mouse mandibular first and second molars in sagittal plane. (e) Histological section 
of mesial cusp of E18 mouse mandibular first molar tooth germ after 12 days of culture. 

(a, b) At E18 the first molar is at the late bell stage of morphogenesis and its basic cuspal morphology has been 
completed. The second molar is undergoing transition from the cap stage to the bell stage of morphogenesis. 
Scale bar in b represents 100 µm. (c) Dentin mineralization (dark grey layer shown by black arrow) has begun in 
the first molar on the distal slope of the medial cusp, and ameloblasts (A) have started enamel formation. (d) 
Mineralized dentin and enamel are visible in all three principal cusps of the first molar and in the mesial cusp of 
the second molar (arrows). (e) Enamel layer (E) facing mineralized dentin (D) extends from the tip of the cusp 
to the cervical region. Light staining in the central zone of the enamel layer indicates that the maturation phase 
has started. Ameloblasts (A) in the coronal half of the slope have reached the maturation stage and shortened. 
Odontoblasts (O) are polarized and elongated but have lost their elongated shape at the cusp tip upon predentin 
formation.  

4.1.3. Apoptosis in developing first and second molars (II, IV) 

In the first molars cultured for 7 days, minimal apoptosis was observed in the enamel organ, 
the dental papilla and the oral epithelium. 

In the second molars only few apoptotic ameloblasts were seen. 
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4.1.4. Cell proliferation in developing first and second molars (II, IV) 

In the first molars cultured for 5 and 7 days, proliferating cells were detected in the basal 
epithelial diaphragm giving rise to Hertwig’s epithelial root sheath, and in the juxtaposed 
mesenchymal cells in the cervical area. 

In the second molars cultured for 5 and 7 days, proliferating cells were seen in the basal 
epithelial diaphragm and in the juxtaposed mesenchymal cells in the cervical area, and in 
preameloblasts and preodontoblasts. Corresponding to the earlier stage of tooth development, 
proliferation was more abundant in the second molars than in the first molars. 

4.1.5. Amelogenin expression in developing first molar (IV) 

In the first molars cultured for 7 days amelogenin was detected by immunohistochemistry in 
columnar, polarized ameloblasts extending from the cusp tip to the cervical region of the 
mesial slope of the mesial cusp. Weak staining was present in opposing polarized 
odontoblasts depositing predentin. 

In the first molars cultured for 12 days amelogenin was present in columnar, polarized 
ameloblasts in the cervical region where enamel matrix secretion was about to start or was in 
progress, and in the opposing polarized odontoblasts. 

4.2. Effects of environmental toxicants and fluoride on cultured mouse 
mandibular first and second molar development 

4.2.1. Effects of 7,12-dimethylbenz[a]anthracene (DMBA) (I) 

The effect of DMBA on the first and second molar development was studied after 12 days of 
culture with special reference to the relationship of DMBA concentration to the morphology 
of the tooth crown and the dental hard tissue formation. 

4.2.1.1. Morphological findings in the first molar 
The effect of DMBA on mandibular first molar size was studied by measuring the mesiodistal 
widths of the tooth crowns from stereomicroscopic images. The size decreased with the 
increasing DMBA concentration (p < 0.001, Pearson’s chi-square test, Figure 5). Significant 
effect between the control and exposed tooth was first seen in explants cultured with 0.5 µM 
DMBA (p < 0.02, Bonferroni’s multiple comparison test). DMBA exposure also caused 
cuspal deformation: cusps were often thin and sharp. 
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Figure 5. DMBA exposure reduces the mesio-distal width of first molars in a dose-dependent manner (p < 
0.001, Pearson’s chi-square test). The bars show the average tooth size (units of length ±SD) in the control and 
DMBA exposure groups. Statistically significant difference from the control group is indicated by asterisk; *p < 
0.02, **p < 0.0001, Bonferroni’s multiple comparison test. 

DMBA disturbed dental hard tissue formation dose-dependently. Predentin was thinner than 
in controls, mineralization of dentin was retarded and the amount of enamel was reduced or 
enamel was even lacking. 

Elongation of ameloblasts was less obvious than in controls, and part of the ameloblasts was 
completely nonpolarized as evidenced by the central location of the nuclei in the cytoplasms. 

4.2.1.2. Morphological findings in the second molar 
Consistent with the changes seen in the DMBA-exposed first molars, the exposed second 
molars were smaller than controls and their cusps were often thin and sharp. The effects were 
clear in teeth treated with 0.5 µM DMBA and with higher concentrations. Most teeth exposed 
to 2 µM DMBA were extremely small and delicate. 

Predentin was thinner than in control teeth, and mineralization of dentin or enamel deposition 
had not started.  

Ameloblasts in most teeth had started to elongate, but in some teeth they were largely 
nonpolarized as evidenced by the centrally located nuclei. 

4.2.2. Effects of tributyltin (TBT) (II, III) 

The effect of TBT on the first and second molar development was studied after 10 and 12 
days of culture with special reference to the relationship of TBT concentration to the 
morphology of the tooth crown, the dental hard tissue formation and the differentiation and 
morphology of the dental cells. 
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4.2.2.1. Morphological findings in the first molar (II) 
The effect of TBT on mandibular first molar size was studied by measuring the mesiodistal 
widths of the tooth crowns from stereomicroscopic images. TBT exposure decreased the size 
of the tooth with the ascending concentration (p < 0.001, Pearson’s chi-square test, Figure 6). 

 

Figure 6. TBT exposure reduces the mesio-distal width of first molars in a dose-dependent manner (p < 0.001, 
Pearson’s chi-square test). The bars show the average tooth size (units of length ±SD) in the control and TBT 
exposure groups. Statistically significant difference from the control group is indicated by asterisk; **p < 
0.0001, Bonferroni’s multiple comparison test. 

The effect of TBT on the amount of enamel was estimated from the stereomicroscopic 
images, and the estimation was confirmed by histological analysis of representative explants.
TBT slowed down enamel formation with the ascending concentration (p < 0.001, Pearson’s 
chi-square test, Figure 7). TBT retarded dentin mineralization dose-dependently. The effect 
of TBT on dentin mineralization and enamel formation was clear at the TBT concentration of 
0.5 µM and higher. The majority of teeth exposed to 0.5 µM TBT showed clear reduction in 
dentin mineralization and enamel formation. At the TBT concentration of 1.0 µM, dentin had 
not started to mineralize and no enamel was visible in the vast majority of teeth (Figure 7).  
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Figure 7. Mineralized dentin and enamel formation in first molars in control and TBT-exposure groups after 12 
days of culture. Each first molar was given a score 0–3 depending on the extent and thickness of the enamel on 
the mesial side of the mesial cusp. Score 3 was given to teeth with a thick and even enamel layer extending from 
the tip of the mesial cusp at least midway along the mesial side. Score 2 was given to teeth showing clearly 
thinner or less extended enamel. Score 1 was given if there was only a spot of enamel or mineralized dentin 
mesially and score 0 if there was no enamel or mineralized dentin at all. In teeth scored 0–2 there was no enamel 
in the medial and distal cusps. (A) The bars show the distribution of number of scores in each group. (B) The 
bars show mean values of the given scores of each group. TBT slowed down enamel formation with the 
ascending concentration (p < 0.001, Pearson’s chi-square test). 

The effect of TBT on predentin formation was less overt. Irrespective of TBT concentration, 
the thickness of predentin on the mesial side of the mesial cusp in virtually all teeth was 
comparable to the controls. The proportion of teeth showing reduced predentin thickness in 
the less advanced medial and distal cusps increased with the concentration of TBT. The 
reduced thickness of predentin consistently coincided with an altered morphology of the 
stellate reticulum compartment of the epithelial enamel organ between the medial and distal 
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cusps. The stellate reticulum cells had lost their normal star-like shape and the loose-textured 
tissue had become a dense mass of enlarged eosinophilic cells with round, central nuclei, 
possibly indicating an incipient cell death. Correspondingly, the medial and distal cusps were 
thin and more or less curly. 

The height of ameloblasts decreased with the ascending TBT concentration. Completely 
nonpolarized ameloblasts with central nuclei were seen especially in the occlusal third of the 
mesial side of the mesial cusp. Corresponding to the failure of predentin to mineralize, 
morphological changes in ameloblasts were observed. TBT had no clear effect on 
odontoblasts on the mesial side of the mesial cusp. 

4.2.2.2. Effect on apoptosis and cell proliferation in the first molar (II) 
Since cellular effects can be expected to become evident earlier than effects on hard tissue 
formation, the effects of TBT on apoptosis and cell proliferation were studied from tissue 
sections of explants cultured for a total of 7 days. 

TBT exposure moderately enhanced apoptotic cell death, mainly in epithelial tissues of tooth 
explants exposed for 5 days to 1.0 µM TBT after two days of culture without TBT. Apoptosis 
was increased in the enamel organ constituents stellate reticulum, stratum intermedium and 
ameloblasts; in the basal epithelial diaphragm giving rise to Hertwig’s epithelial root sheet; 
and in the basal layer of the oral epithelium. Apoptosis was concentrated in the medial and 
distal parts of the first molar but was not seen in the mesial cusp. TBT did not alter the rate of 
cell proliferation. 

4.2.2.3. Morphological findings in the second molar (II) 
Consistent with the changes seen in the first molars, TBT affected predentin mineralization 
and enamel formation in the second molar dose-dependently. There was no mineralized 
dentin or enamel in any of the teeth exposed to 1.0 and 2.0 µM TBT. 

TBT also reduced the thickness of predentin dose-dependently. Where predentin deposition 
had not started, odontoblasts were nonpolarized. The proportion of teeth showing altered 
morphology of ameloblasts increased with TBT concentration. Elongation of ameloblasts was 
impaired in all teeth exposed to 1.0 and 2.0 µM TBT and completely nonpolarized 
ameloblasts were also visible. 

The shape of most teeth exposed to 0.5, 1.0, and 2.0 µM TBT was altered: in sections cusps 
appeared thin and curly. Cusp tips lacking predentin were disintegrated. 

4.2.2.4. Effect on apoptosis and cell proliferation in the second molar (II) 
The effects of TBT on apoptosis and cell proliferation were studied from tissue sections of 
explants cultured for 7 days. 

No definite effect on the distribution pattern or frequency of apoptotic cells was observed 
with 1.0 µM TBT. Apoptosis was mainly seen in ameloblasts and in the epithelial diaphragm. 

An increased frequency of BrdU-labeled nuclei on the mesial side of the distal cusp and at the 
deepest site of the fissure between the cusps was observed with 1.0 µM TBT exposure. Of the 
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eight teeth exposed to TBT, four showed abundant proliferation in (pre)ameloblasts and 
stratum intermedium in the region of the whole tooth, in (pre)odontoblasts and in cells of the 
dental papilla. 

4.2.2.5. Effects on gene expression in the first molar (III) 
Changes in gene expression during the secretory and mineralization stages of the first molar 
development after 1.0 µM TBT exposure were studied by real-time QPCR after 3, 5 and 7 
days of culture. In situ hybridization was used to detect expression patterns of the three genes 
(Ocn, Mmp-20, Dspp) whose expression showed changed values in QPCR after exposure of 
tooth explants to TBT. Selected sections of first molars cultured for 5 days were used for 
hybridization. 

After exposure to TBT the expression of Ocn was up-regulated 1.5-fold or more (>0.5 in 
log2-scale) in 70% of the QPCR-assays. After exposure during the whole culture time the 
relative quantity values of Ocn mRNA were higher than the corresponding values of the 
control sample after 3, 5 and 7 days of culture. When the explants were cultured for the first 2 
days without TBT-addition and then exposed for 3 or 5 days (2+3 days and 2+5 days, i.e., 
total culture time 5 and 7 days, respectively), the results varied. 

In control first molars Ocn expression was mainly seen in odontoblasts depositing predentin 
just before the start of mineralization. The expression of Ocn decreased in odontoblasts after 
TBT exposure. In control explants, non-uniform staining was also visible in ameloblasts, 
stratum intermedium and stellate reticulum cells, especially at the cusp tips. TBT-exposure 
increased staining in these cells. Since TBT had an opposite effect on Ocn expression in 
odontoblasts and epithelial cells, and QPCR results showed an increased expression in the 
whole first molar, we performed in situ hybridization for first molars also cultured for 3 and 7 
(exposed the last 5 days) days to ascertain the result. The result was the same in these slightly 
earlier and later developmental stages. 

After exposure to TBT, the expression of Mmp-20 was down-regulated 0.7-fold or more (>-
0.5 in log2-scale) in 60% of the assays. After exposure during the whole culture time, the 
relative quantity values of Mmp-20 mRNA were the same or lower than the corresponding 
values of the control sample after 5 and 7 days of culture. Expression was down-regulated 
even when the explants were cultured for the first 2 days without TBT (2+3 days and 2+5 
days). 

In control first molars Mmp-20 expression was detected by in situ hybridization in mesial 
ameloblasts and odontoblasts. TBT exposure clearly decreased Mmp-20 expression in 
ameloblasts and also in odontoblasts. 

The effect of TBT on Dspp gene expression varied but the relative quantity values by QPCR 
were lower than the corresponding values of the control sample after 5 days of culture in 2 of 
the 3 experiments (explants exposed the whole culture time). 

In control first molars Dspp expression was abundant in odontoblasts depositing predentin. 
Consistent with the result from QPCR, TBT exposure decreased Dspp expression in in situ 
hybridization. 

TBT exposure had no clear effect on Alpl and Dmp1 expressions in QPCR. 
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4.2.3. Effects of sodium fluoride (NaF) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
(IV) 

To investigate if simultaneous exposure to NaF and TCDD has a potentiative effect on 
developing dental hard tissues in vitro, mandibular first and second molar tooth germs of E18 
mouse embryos were cultured in the presence of each agent alone and together for 5-12 days. 
Attention was paid to possible changes in cell and tissue morphology, to the expression of 
amelogenin by ameloblasts and odontoblasts, to apoptosis, and to cell proliferation. 

Mesial cusps of first molars cultured for 7 or 12 days were analyzed for amelogenin 
expression by immunohistochemistry. TUNEL-stained tissue sections of first and second 
molar explants cultured for 7 days were investigated for apoptosis and BrdU-labeled tissue 
sections of tooth explants cultured for 5 days for cell proliferation. The stainings were 
quantified visually under a light microscope. 

4.2.3.1. Stereomicroscopic and histological findings 
Morphological changes were studied from the whole tooth photographs and histological 
tissue sections. 

Stereomicroscopic findings in the first molar after 5 days of culture. - Simultaneous 
exposure of first molars to NaF and TCDD at concentrations of 15 µM and 10 nM 
respectively, which alone had no or a barely detectable effect, impaired predentin 
mineralization. Changing of the concentrations to 10 µM NaF and 15 nM TCDD had no 
effect on the result. NaF and TCDD alone at higher concentrations disturbed predentin 
mineralization. 

Stereomicroscopic findings in the first and second molars after 12 days of culture. - The 
amount of mineralized dentin and enamel in the first and second molars exposed to 15 µM 
NaF alone or 10 nM TCDD alone was comparable to controls in the majority of explants. 
There was no statistically significant difference in the amount of mineralized dentin and 
enamel (P > 0.05, Mann-Whitney test) between control and NaF or TCDD exposure groups 
in any first molar cusps (Figure 8). However, in the NaF-exposed first molars, the 
mineralization front of dentin was particularly globular.  

In the vast majority of explants exposed to 15 µM NaF and 10 nM TCDD simultaneously, the 
amount of mineralized dentin and enamel were clearly reduced in the first molars (Figure 8). 
The differences in the amount of hard tissue between control and NaF+TCDD, between NaF 
and NaF+TCDD and between TCDD and NaF+TCDD group were statistically significant in 
the mesial cusp of the first molars (P < 0.01, Mann-Whitney test). The difference in the 
amount of hard tissue between control and NaF+TCDD group was statistically significant in 
the distal cusp of the first molars (P < 0.01, Mann-Whitney test) but non-significant between 
NaF and NaF+TCDD or between TCDD and NaF+TCDD groups (P > 0.05, Mann-Whitney 
test). The amount of hard tissue was reduced in the medial cusp after simultaneous exposure 
to NaF and TCDD but the differences were not statistically significant between any of the 
groups. NaF and TCDD alone at higher concentrations impaired or prevented dentin 
mineralization and enamel formation. 

Dentin mineralization and enamel formation in the second molars were also retarded.  
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Figure 8. Mineralized dentin and enamel formation in the mesial, medial and distal cusps of first molars in 
control and exposure groups after 12 days of culture. Every cusp was given a score 2, 1 or 0 depending on the 
amount of hard tissue. Score 2 was given if there was a homogenous layer of mineralized dentin and enamel 
extending from the tip of the cusp to the cervical region. Score 1 was given if the amount of hard tissue was 
clearly reduced, and score 0 if the mineralization had not started at all. (A) The bars show the distribution of 
number of scores in each group. (B) The bars show mean values of the given scores of each group. Statistically 
significant difference from the control, NaF and TCDD groups is indicated by three asterisks; ***P < 0.01, 
Mann-Whitney test. Statistically significant difference from the control group is indicated by one asterisk; *P < 
0.01, Mann-Whitney test. 

Hematoxylin-eosin staining after 12 days of culture. - The enamel on the mesial slope of the 
first molar’s mesial cusp was comparable to controls in teeth exposed to 15 µM NaF except 
for the intense purple staining in one of three teeth. All mesial ameloblasts were still 
columnar. The enamel was comparable to controls also in first molars exposed to 10 nM 
TCDD except for the strong staining in one of three teeth. Mesial ameloblasts in 2 of the 3 
teeth were still columnar but lower than in the NaF-exposed teeth. HE-staining confirmed the 
stereomicroscopical findings: in teeth simultaneously exposed to 15 µM NaF and 10 nM 
TCDD, enamel thickness and extent were reduced. In addition, enamel stained darker than in 
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controls. Ameloblasts were columnar and partly detached from the enamel. The odontoblastic 
layer was somewhat disorganized. 

4.2.3.2. Amelogenin expression in the first molar 
Exposure to 10 µM NaF, 15 nM TCDD or their combination did not alter amelogenin 
expression in ameloblasts on the mesial slope of first molar mesial cusp after 7 days of 
culture. Immunostaining of odontoblasts in all three exposure groups was more intense than 
in controls. Amelogenin expression was also seen in dental papilla cells near the cusp tip in 
one of the two teeth exposed to NaF and TCDD simultaneously. 

After 12 days of culture the intensity of amelogenin expression was comparable to controls in 
columnar, polarized ameloblasts in the cervical region on the mesial slope of the first molar 
mesial cusp where enamel matrix secretion was about to start or was in progress, and in the 
opposing polarized odontoblasts in first molars exposed to 10 µM NaF, 15 nM TCDD or to 
their combination. Staining was present in the still columnar (secretory) ameloblasts on the 
enamel surface in some teeth exposed to 10 µM NaF, to 10 nM TCDD, and to 15 µM NaF 
and 10 nM TCDD in combination. Amelogenin was also seen in all mesial odontoblasts 
extending from the cusp tip to the cervical region in part of teeth exposed to NaF and part of 
teeth exposed to NaF and TCDD simultaneously. Staining of odontoblasts in teeth exposed to 
TCDD corresponded to controls. Non-homogenous staining in dental papilla cells near the 
cusp tip was detected in part of teeth exposed to NaF and TCDD simultaneously. 

4.2.3.3. Apoptosis in the first and second molars 
Exposure to 10 µM and 20 µM NaF had no effect on apoptosis. Exposure to 15 nM TCDD 
slightly increased apoptosis in stellate reticulum and the oral epithelium but caused no 
apoptosis in the hard tissue forming cells, namely, ameloblasts and odontoblasts. The 
combined effect of NaF and TCDD did not differ from the weak effect of TCDD alone. For 
the statistical analysis of the amount of apoptosis in the hard tissue forming cells, apoptotic 
ameloblasts and odontoblasts in the mesial cusp of first molars were counted. There were no 
statistical differences between the groups (P > 0.05, Mann-Whitney test). 

4.2.3.4. Cell proliferation in the first and second molars 
12.5 µM NaF or 12.5 nM TCDD alone or in combination did not alter the rate of cell 
proliferation in the first molars. Cell proliferation, as estimated microscopically, in the first 
molar was so minimal that no statistical test was used. 

For the statistical analysis of the amount of cell proliferation in the second molar tooth germ, 
all proliferating cells (epithelial and mesenchymal) in the cervical area were counted. There 
was no statistically significant difference (P > 0.05, Mann-Whitney test) between control and 
NaF or TCDD groups. Simultaneous exposure to NaF and TCDD reduced the frequency of 
labeled nuclei compared to controls. The difference in the amount of cell proliferation 
between control and NaF+TCDD group was statistically significant in the second molar (P < 
0.05, Mann-Whitney test). 



 
 

36 

Table 2. Summary of the results 

 DMBA TBT NaF+TCDD 
 1st 2nd 1st 2nd 1st 2nd 
Reduced tooth size ↑ (ss) ↑ ↑ (ss)    
Cuspal deformation ↑ ↑ ↑ x   
Thin predentin ↑ ↑ ↑ ↑   
Impaired mineralization of dentin ↑ x ↑ (ss) ↑ x (ss) x 
Reduced amount of enamel ↑ x ↑ (ss) ↑ x (ss) x 
Dark enamel matrix / suggestive of 
impaired mineralization (intense HE-
staining) 

    x  

Impaired elongation of ameloblasts ↑ ↑ ↑ ↑   
Impaired elongation of odontoblasts   0 x   
Apoptosis   + 0 0 0 
Cell proliferation   0 + 0 - (ss) 
Ocn expression (QPCR)   +    
Ocn expression (in situ hybridization)   ob - 

epit. + 
   

Mmp-20 expression (QPCR)   -    
Mmp-20 expression (in situ 
hybridization) 

  ab - 
ob - 

   

Dspp expression (QPCR)   -    
Dspp expression (in situ hybridization)   ob -    
Amelogenin expression 
(immunohistochemistry) 

    ob + 
p + 

 

1st  first molar 
2nd  second molar 
↑  dose-dependent effect 
x effect observed, dose-dependency not studied 
ss  statistically significant effect 
0  no effect 
+  increase 
-  decrease 
ob  odontoblasts 
epit. epithelial compartment of the tooth 
ab  ameloblasts 
p  dental papilla 
gray cell  not in the scope of the study 
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5. DISCUSSION 

5.1. General aspects (I, II, III, IV) 

The results presented here provide in vitro confirmation of the study hypothesis that in 
addition to dioxins and dioxin-like compounds, other ubiquitous organic environmental 
toxicants, like non-halogenated polycyclic aromatic hydrocarbons (PAHs) and organic tin 
compounds, also have detrimental effects on tooth development, especially on the formation 
and mineralization of dentin and enamel. Furthermore, this work demonstrates that fluoride 
can potentiate the harmful effect of dioxins and dioxin-like compounds on dental hard tissue 
formation. Current knowledge about the effects of dioxins and dioxin-like compounds on 
human tooth development is mainly based on accidents, where large amounts of these 
harmful toxicants have been released into the environment. Yet, prevailing concentrations in 
the environment may be sufficiently high to impair tooth development. One of the suggested 
etiological factors of Molar-Incisor-Hypomineralization (MIH) is exposure to dioxins and 
dioxin-like compounds in early childhood (Alaluusua et al., 1996). PCDD/PCDF/PCB 
concentrations in mother’s milk have been decreasing since the 1970s (Kiviranta, 2005; van 
Leeuwen and Malisch, 2002; Wilhelm et al., 2007), however the prevalence of MIH has not 
reduced in tandem as could have been expected (Weerheijm and Mejàre, 2003). The etiology 
of MIH is far from solved, however based on the results of the present thesis work, it is 
tangible to propose that other organic environmental toxicants, their combinations, and 
simultaneous exposure to fluoride may also impair dental hard tissue formation and 
mineralization in humans. 

5.2. Methodological considerations (I, II, III, IV) 

This thesis project was based on in vitro studies into the effects of various environmental 
toxicants and fluoride on dentin and enamel formation. The organ culture system used in the 
present work can be utilized to gain information about the effects and mechanisms of action 
of certain toxicants and fluoride on tooth development but exposure concentrations in organ 
cultures and in vivo, especially in humans, cannot be compared as such. As to the fluoride 
concentrations used in article IV, it can be estimated that the culture medium contained 
fluoride at the same order of magnitude as measured plasma levels in humans (Ekstrand, 
1978). However, the actual TCDD concentration in the culture medium cannot be assessed 
because of the low solubility, poor penetration, and the tendency to adhere to surfaces of 
TCDD. The final exposure concentrations in organ cultures at the site of action are uncertain 
and probably much lower than concentrations used (Pohjanvirta and Tuomisto, 1994). The 
same problem may also concern DMBA and TBT. 

There is a great difference in the duration of tooth development in human and mouse. Since 
the effects of DMBA, TBT, TCDD and fluoride on dental hard tissue formation depend on 
total exposure as calculated from the amount and duration of exposure, prolonged ingestion 
of lower amounts of these compounds by humans can have similar effects as a shorter 
exposure to slightly higher amounts by mice. Furthermore, humans are more susceptible to 
certain toxicants than rodents due to slower elimination (Van den Berg et al., 1994; Walton et 
al., 2001). Since the growth of the tooth explants and mineralization of dental matrices will 
set the limit to adequate nutrition of cells in organ culture, lower concentrations combined 
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with longer exposure times cannot be tested. Also, the homeostasis of a living organism is 
likely to modify the response of exposure to these toxicants as compared to explants deprived 
of their natural surroundings. Therefore, the clinical relevance of the present thesis project on 
the effects of DMBA, TBT and TCDD/fluoride on tooth development is largely speculative.  

A feature common to dioxins, dioxin-like compounds, PAH compounds, and organotins is 
that they all are liposoluble and can be transferred to offspring through lactation. Because 
developing teeth are susceptible to each of these compounds, they could interfere with the 
formation of dental hard tissues not only separately but also in combination. Experimental 
dose response studies in different animal species and clinical observations in humans are 
needed to find out if there is any risk at prevailing levels. Regarding exposure to dioxins and 
dioxin-like compounds, the Finnish Food Safety Authority (Evira) has set recommendations 
on the consumption of fish products especially for fertile women and children. 

5.3. Clinical relevance of exposure in vitro 

5.3.1. Exposure route and timing (I, II, III, IV) 

MIH is a condition in which there are demarcated enamel hypomineralization lesions in 1-4 
permanent first molars and, frequently, also in incisors. Mineralization of the first permanent 
molars and incisors in humans begins around, or soon after, birth; the upper first incisors 
have completed their enamel formation by the end of the fifth year of life and first molars at 
about three years of age (Reid and Dean, 2006). Susceptibility of the enamel to 
developmental hypomineralization defects of environmental origin is highest at the 
transitional and early maturation stages of amelogenesis (Suga, 1989). Accordingly, human 
permanent incisors and first molars are at greatest risk for MIH up to the first years of life 
(Evans and Darvell, 1995; Moorrees et al., 1963). Therefore, lactational transfer of organic 
toxicants is a valid exposure route. It has been shown earlier that an infant can receive up to 
25% of the mother’s dioxin load via lactation (Vartiainen et al., 1997). Also PAH compounds 
and organotins may transfer to the infant by breast-feeding (Kimura et al., 2005; Zanieri et 
al., 2007). Children of heavy smokers living in urban areas may ingest PAH compounds via 
breast milk up to 1000 times more than the acceptable daily intake for drinking water 
established by the European commission (Zanieri et al., 2007). Furthermore, accumulation of 
these liposoluble agents in the child’s fat may prolong the duration of their action. Regarding 
simultaneous exposure to fluoride, its content in mother’s milk is rather low irrespective of 
concentration in drinking water (Chowdhury et al., 1990; Chuckpaiwong et al., 2000). 
However, infants acquire fluoride mainly from infant formulas diluted to water containing 
fluoride and by early use of fluoride toothpaste from the time of eruption of the first 
deciduous teeth (Osuji et al., 1988). Thus a breast-fed child getting fluorides from toothpaste 
already at an early age can be simultaneously exposed to organic toxicants and fluoride, with 
the exposure period overlapping with mineralization of the first permanent teeth. 

In the present study design, exposure of the first molars was started at the late bell stage of 
morphogenesis, when differentiation of the dentin forming odontoblasts and enamel forming 
ameloblasts had started and deposition of dentin and enamel was about to begin. This stage 
corresponds well enough with the stage of human permanent first molars and incisors at birth. 
Therefore, from the clinical point of view, the organ culture system used in this thesis work 
was a valid model to experimentally investigate the interference in dental hard tissue 
formation  caused by organic toxicants. 
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5.3.2. The effect on size and shape of tooth (I, II, IV) 

In clinical studies, maternal smoking during pregnancy has been associated with size 
reduction of the child’s deciduous as well as permanent teeth (Heikkinen et al., 1992; 1994a; 
1994b; 1997). Delayed maturation of permanent teeth, that is, delayed dental age compared 
with chronological age has also been reported in children whose parents smoke (Kieser et al., 
1996). Smoking increases the daily dietary intake of PAHs and further exposes the fetus to 
adverse effects of these compounds. After birth, infants can get even very high amounts of 
PAHs via breast-feeding (Zanieri et al., 2007). Results of our experimental study support the 
clinical observations and indicate that DMBA reduces tooth size. This is in line with the 
earlier findings that exposure of bank voles to PCDD/PCDF in contaminated sawmill area 
reduced the size of their third molars (Murtomaa et al., 2007), that molar and incisor tooth 
size was reduced in rats exposed in vivo to TCDD (Alaluusua et al., 1993; Kattainen et al., 
2001; Lukinmaa et al., 2001; Miettinen et al., 2002), and that treatment of developing mouse 
mandibular molars with TCDD in organ culture resulted in a smaller tooth size (Partanen et 
al., 2004). We also demonstrated that first and second molars exposed to TBT were smaller 
than the corresponding control teeth. 

This study has demonstrated an in vitro effect of one tobacco smoke component, DMBA, on 
tooth development. Tobacco smoke also contains several other toxic compounds like 
nicotine, carbon monoxide, nitrogen oxides, and hydrogen cyanide (Hoffmann et al., 2001), 
which may have adverse effects of their own on tooth development. Nicotine has been shown 
to retard tooth development and to reduce the size of the first molar in rats and mice in vivo 
(Chowdhury and Bromage, 2000; Saad et al., 1991). In vitro, nicotine exposure causes 
necrosis in the dental papilla, and when this involves the odontoblast layer, the amount of 
predentin is reduced (Khan et al., 1981). Nicotine also impairs the secretion of enamel matrix 
(Khan et al., 1981). Thus, nicotine and PAH compounds seem to have similar effects that 
may additively impair tooth development. 

Exposure to DMBA also altered cuspal morphology, and the effect was more severe in the 
second than in the first molar. Narrow and curved cusps are also observed in mouse E18 first 
molars cultured for 11 days with TCDD (Partanen et al., 1998). After TBT exposure reduced 
or lacking predentin in the developmentally less advanced medial and distal cusps of the first 
molars was accompanied by morphological alteration in the stellate reticulum of the enamel 
organ and deterioration of the cusps. The stellate reticulum cells lost their normal star-like 
shape and the loose-textured tissue became a dense mass of enlarged eosinophilic cells with 
round, central nuclei, possibly indicating an incipient cell death. In the second molars thinner 
predentin and cusps were observed but the changes in the stellate reticulum were less obvious 
than in the first molars. 

In the study of the effects of NaF and TCDD on tooth development (IV) their concentrations 
were so low that neither agent had effect on tooth size when administered separately. 
However, the second molars exposed to NaF and TCDD in combination appeared to be 
smaller than controls. This supports the hypothesis that the agents may potentiate each other’s 
effect. 

Rather than a specific effect, size reduction and altered cuspal morphology may indicate a 
general toxic effect of the studied toxicants on organ development. 
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5.4. The effects on dentin and enamel formation and mineralization (I, II, 
IV) 

The main focus of this thesis project was on the toxic effects of DMBA, TBT, NaF and 
TCDD on dentin and enamel formation. Exposure to PCDDs and PCDFs has been connected 
with enamel defects in humans (Alaluusua et al., 1996; 2004). It is also well known that 
excess fluoride intake during tooth development causes fluorosis, a specific type of enamel 
hypomineralization. On the other hand, the frequency of enamel defects in the permanent first 
molars was not found to be increased in children whose mothers had smoked during the last 
12 months before delivery (Alaluusua et al., 1996), even if a number of different PAHs, such 
as benzo[a]pyrene (BP) and benz[a]anthracene, are among the main toxic components of 
tobacco smoke (Hoffmann et al., 2001). 

The results of the present thesis project showed that DMBA and TBT, a trisubstituted 
organotin, impair mineralization of dentin and formation of enamel in cultured mouse E18 
mandibular first molars. Depending on the concentration, the effect ranged from barely 
detectable to a complete absence of mineralized dentin and enamel. When predentin had not 
been mineralized and enamel had not been formed in the mesial cusps of the first molars, 
ameloblasts were not elongated but had remained cuboidal, which likely represents a 
morphological sign of their impaired function. Where predentin formation had not started in 
the second molars, ameloblasts and odontoblasts were nonpolarized, which in turn, was 
suggestive of their impaired differentiation. 

DMBA is a representative of a class of toxic non-halogenated PAHs. No in vivo or in vitro 
studies, on the effects of PAH compounds, or organic tin compounds, on tooth development 
appear to have been conducted before the present thesis project. Previous studies show, 
however, that TBT interferes with biomineralization in different species (Adeeko et al., 2003; 
Chagot et al., 1990; Suzuki et al., 2006; Tsukamoto et al., 2004). Response of the process 
ranges from inhibited differentiation and activity of osteoblasts to impaired deposition of 
calcium, and finally to delayed ossification of bones (Adeeko et al., 2003; Suzuki et al., 2006; 
Tsukamoto et al., 2004). Calcium deposition is also essential for mineralization of predentin 
to dentin (Linde and Lundgren, 1995; Woltgens et al., 1987). Accordingly, we found that 
TBT interferes with predentin mineralization and enamel formation. 

Notwithstanding that fluoride and dioxin are completely different compounds chemically, 
they both interfere with dental hard tissue formation. In the present study we showed that 
simultaneous exposure of cultured mouse embryonic molars to NaF and TCDD at 
concentrations, 15 µM and 10 nM, respectively, which alone had no or a barely detectable 
effect on tooth development, significantly impaired dentin mineralization and enamel matrix 
deposition. In histological tissue sections stained with hematoxylin and eosin (HE), the 
enamel consistently stained darker than in controls suggesting retention of enamel matrix 
proteins and accordingly hypomineralization. The presence of enamel matrix could be due to 
delayed development or the adverse effect of NaF and TCDD on enamel mineralization. 

Earlier studies have demonstrated that exposure of cultured mouse tooth germs to TCDD 
during the formation of dental hard tissues impairs dentin mineralization and arrests enamel 
formation (Partanen et al., 1998). TCDD exposure of rat pups via lactation arrested the 
deposition of dentin and enamel matrices (Lukinmaa et al., 2001), impaired dentin 
mineralization and delayed degradation of enamel matrix during enamel maturation in 
developing molar teeth (Gao et al., 2004). In a previous in vitro study, in another mouse 
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strain, the adverse effects of TCDD occasionally became evident at a concentration of 0.5 
µM and were consistent at 1.0 µM (Partanen et al., 1998). In the present study, effects of 
TCDD on dental hard tissue formation, albeit barely detectable, were occasionally seen at a 
concentration as low as 10 nM. The sensitivity difference could be explained by the mouse 
strain difference. On the other hand, we did not find differences in the response to TCDD 
exposure of the continuously erupting incisors between the highly resistant H/W and the 
sensitive LE rat strains (Kiukkonen et al., 2002). 

Fluorosis is thought to involve defective degradation and removal of amelogenins from the 
enamel matrix, which is needed to create space for the mineral phase (Den Besten, 1986). As 
such, after exposure to 15 µM NaF, the enamel stained dark purple in HE staining, albeit 
inconsistently. Although 15 µ M NaF did not affect the amount of enamel matrix, in 
accordance with earlier findings by Bronckers et al. (1984), we observed that at higher 
concentrations fluoride reduced the thickness of the enamel matrix. As shown previously by 
Bronckers et al. (1984), we further observed that 15 µM NaF accentuated the globular shape 
of the mineralization front of dentin, suggesting a sparse distribution of mineralization 
nodules. Consistent with this finding, NaF at higher concentrations delayed dentin 
mineralization.  

5.5. Mechanistic aspects 

5.5.1. The role of epithelial-mesenchymal interactions (I, II, IV) 

A requirement for the differentiation of the ectomesenchyme-derived odontoblasts is a signal 
from the epithelial preameloblasts. For the differentiation of ameloblasts, a signal from 
odontoblasts is needed and ameloblasts do not become secretory until odontoblasts have laid 
down a thin layer of predentin and it has started to mineralize (He et al., 2010; Tompkins, 
2006). Launching of the secretory activity of ameloblasts by the start of dentin matrix 
mineralization represents the final step in the series of epithelial-mesenchymal interactions 
that instruct tooth crown development (Thesleff, 2003; Tompkins, 2006). Therefore, the 
failure of ameloblasts to become secretory or the impaired secretory capacity of ameloblasts 
could be secondary to the adverse effect of the studied toxicants on predentin mineralization. 

While earlier studies suggest that fluoride causes enamel hypomineralization by affecting 
enamel directly, the impaired or delayed enamel matrix secretion and mineralization could as 
well be secondary to the inhibitory effect of NaF on the mineralization of predentin to dentin. 
Given that TCDD has a similar effect, the combined impact of NaF and TCDD on 
amelogenesis could also be a consequence of retarded dentin mineralization. 

5.5.2. The effects at the cellular level: apoptosis and cell proliferation (II, IV) 

Apoptosis, or programmed cell death, plays a central role in the normal development of 
various organ systems by controlling the number of cells (Vaux and Korsmeyer, 1999). 
Developmental disorders and pathological processes can also involve apoptosis. Various cell 
types of the dental epithelium also undergo apoptosis in the course of normal tooth 
development: Apoptotic cells have been localized in the dental lamina, the epithelial cord 
connecting the early tooth germ to the oral epithelium (Vaahtokari et al., 1996). The enamel 
knots, which are transient signaling centers that guide cuspal morphogenesis, also disappear 
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apoptotically (Vaahtokari et al., 1996). Up to 50% of ameloblasts may undergo apoptosis 
during enamel maturation (Smith and Warshawsky, 1977) and the number of cells of the 
stratum intermedium and stellate reticulum will significantly reduce by apoptosis during 
advancing enamel formation (Vaahtokari et al., 1996), to disappear upon tooth eruption. 

Those dental epithelial cells that are predestined to undergo apoptosis may respond to a toxic 
insult by entering apoptotic cell death precociously. The arrest of early mouse tooth 
development and cuspal deformation after TCDD exposure is known to involve precocious 
and increased apoptosis in the dental lamina and enamel knots, respectively (Partanen et al., 
2004). The results of the present thesis work showed that also after TBT exposure, apoptosis 
was enhanced in the dental epithelium programmed to die apoptotically, although the effect 
was studied at a later stage of the first and second molar development. Even though the 
reduced size of the first molar due to TBT-exposure can partly be explained by lacking or 
thin enamel, apoptosis in the enamel organ may have contributed to deterioration of the cusp 
shape and to smaller tooth size. Reduction of tooth size after DMBA treatment could also 
have involved acceleration and/or increase of apoptotic death of dental epithelial cells, since 
PAH compounds are known to induce the expression of an apoptosis-regulating gene, the Bax 
gene (Matikainen et al., 2001; 2002). Fluoride has also been shown to increase apoptosis in 
the ameloblast-like cells in zebrafish (Bartlett et al., 2005) but not in cultured odontoblast-
like cells (Wurtz et al., 2008). 

The mechanism behind the detrimental effects of exposure to higher concentrations of the 
toxicants studied or exposure at early stages of tooth development is supposed to involve 
increased apoptosis. However, as shown in article IV, where developing teeth were exposed 
to very low concentrations of fluoride and TCDD, neither 20 µM NaF nor 15 nM TCDD or 
their combination enhanced apoptosis of secretory ameloblasts or odontoblasts. Therefore, 
mineralization defects could not be attributed to increased apoptosis of dental hard tissue -
forming cells. Thus, the present results do not suggest a role for apoptosis in impairing dental 
hard tissue formation during mineralization or maturation stages after exposure to organic 
environmental toxicants and fluoride at low concentrations. 

Once the dental cells have differentiated, they no longer proliferate. In this thesis project the 
lower first molars were at the late bell stage of morphogenesis when the experiments were 
started and accordingly after 5 days of culture, cell proliferation was ongoing only in the 
cervical area. Therefore reduced tooth size or impaired hard tissue formation in the first 
molar could not have resulted from altered cell proliferation. However, corresponding to the 
earlier stage of tooth development, proliferation was more abundant in the second than in the 
first molars. After TBT exposure proliferating cells were more frequent in both the epithelial 
and mesenchymal tissues of the exposed second molar than in controls. Abundant cell 
proliferation in the second molars is consistent with the morphological and functional signs 
of retarded differentiation. On the other hand, simultaneous exposure to NaF and TCDD 
significantly reduced proliferation in the second molar. The second molars exposed to NaF 
and TCDD in combination seemed to be smaller than controls. Therefore, delayed or 
impaired tooth development may also be explained by reduced cell proliferation. 

5.5.3. The effect at the protein level: amelogenin expression (IV) 

We studied if altered amelogenin expression after NaF and TCDD exposure would explain 
impaired enamel formation. The results showed that NaF and TCDD not only together but 
also alone interfered with the pattern of amelogenin expression in ameloblasts and 
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odontoblasts. Morphology of ameloblasts and the expression of amelogenin indicate that, in 
contrast to the controls, ameloblasts were still secretory and had not entered the maturation 
stage, suggesting delayed secretion and maturation processes of enamel. 

Both ameloblasts and odontoblasts express amelogenin (Papagerakis et al., 2003; Tompkins 
et al., 2005). Amelogenin expression by odontoblasts was increased in response to NaF and 
TCDD both alone and together. Tompkins et al. (2005) hypothesized that an amelogenin 
isoform [A-4] produced by secretory odontoblasts normally delays conversion of 
preameloblasts to secretory ameloblasts until a sufficiently thick layer of dentin has been 
produced. Therefore, a reason for the impaired enamel formation after simultaneous NaF and 
TCDD exposure could be delayed differentiation of ameloblasts due to increased amelogenin 
expression by odontoblasts. In a previous study, Bronckers et al. (1998) concluded that the 
pathological absence of mineralized dentin and enamel allows amelogenin from secretory 
ameloblasts to pass the predentin and odontoblastic layers and to accumulate in the pulp. 
Accordingly, we observed amelogenin reactivity in the dental papilla cells after simultaneous 
exposure to NaF and TCDD. However, since mineralized dentin and enamel were present, 
amelogenin in the dental papilla cells was probably not a product of ameloblasts but likely to 
have been secreted by the mesenchymal dental papilla cells themselves. 

Since the number of specimens was rather small, any definite conclusions cannot be drawn 
based on these results. 

5.5.4. The effects on gene expression (III) 

In this thesis project we demonstrated by QPCR that exposure to TBT increases osteocalcin 
(Ocn) expression in cultured mouse embryonic first molars during the secretory and 
mineralization stages of development. The earlier the exposure was started the clearer the 
QPCR-results: when the explants were cultured the first two days without TBT and then 
exposed for 3 or 5 days, the results were non-uniform. However, in situ hybridization showed 
that while increasing expression in the epithelial compartment of the tooth TBT exposure 
decreases Ocn gene expression in odontoblasts. We also found that exposure of the explants 
to TBT reduces Mmp-20 gene expression both in ameloblasts and odontoblasts. The effect of 
TBT on dentin sialophosphoprotein (Dspp) expression varied but both QPCR experiments 
and in situ hybridization showed a decreasing trend. 

Thus far, the exact role of Ocn has not been defined. Tsukamoto et al. (2004) observed that 
TBT decreases Ocn expression in osteoblasts. They concluded that TBT impairs 
differentiation of osteoblasts and that the reduced Ocn expression is a marker of this effect. 
Corresponding to the effect on osteoblasts we found that Ocn expression is also decreased in 
odontoblasts, which suggests that TBT delays differentiation of odontoblasts as well. By in 
situ hybridization we observed that whereas Ocn expression in odontoblasts was decreased, it 
was non-uniformly increased in ameloblasts, stratum intermedium and stellate reticulum 
cells. The increase in Ocn expression observed by QPCR can be explained by the 
proportional predominance of the epithelial component of the tooth over the mesenchymal 
odontoblasts. Ocn inhibits HA crystal nucleation and growth in vitro (Hunter et al., 1996; 
Romberg et al., 1986). Furthermore, exogenous Ocn is capable of impairing the formation of 
mineralized dentin and enamel (Bronckers et al., 1998), and Ocn is also expressed by dental 
epithelial cells in areas where enamel is not deposited on the mineralized dentin (Bosshardt 
and Nanci, 1997). Therefore, the increased Ocn expression by dental epithelial cells after 
TBT exposure, may have contributed to the inhibition of normal dentin mineralization and of 
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enamel formation as shown in our study on morphological effects of TBT on mouse 
embryonic tooth explants. 

DSPP has an important role in the formation of mineralized dentin. Suzuki et al. (2009) 
suggested that one of the three DSPP domains, dentin sialoprotein (DSP), predominantly 
regulates initiation of dentin mineralization, whereas another domain, dentin phosphoprotein 
(DPP), is primarily involved in the maturation of mineralized dentin. Teeth of Dspp knockout 
mice display a widened predentin zone and defective dentin mineralization (Sreenath et al., 
2003). In a previous study, as shown by in situ hybridization, TCDD decreased Dspp gene 
expression in cultured mouse embryonic teeth (Kiukkonen et al., 2006). Accordingly, the 
effect of TBT on Dspp expression showed a decreasing trend in QPCR and reduced 
expression was observed by in situ hybridization. The results suggested that impaired dentin 
mineralization due to TBT exposure could have involved altered Dspp expression. 

MMP-20 (enamelysin) is a proteinase, which degrades organic enamel matrix during the 
mineralization of enamel (Caterina et al., 2002; Hu et al., 2002). Further, MMP-20 cleaves 
DSP from dentin glycoprotein (DGP) and also generates a series of DSP-positive cleavage 
products (Yamakoshi et al. 2006). Knocking out Mmp-20 in mice resulted in a thinner than 
normal enamel layer, which lacked normal rod (prism) structure, tended to delaminate from 
the underlying dentin and had decreased mineral content (Bartlett et. al, 2004; Caterina et al., 
2002). Inhibition of MMP activity impaired enamel formation and mineralization in cultured 
mouse embryonic molars (Bourd-Boittin et al., 2005). These results greatly resemble our 
morphological findings on effects of organic environmental toxicants on dental hard tissue 
formation. In our earlier study TCDD was not found to alter Mmp-20 expression in 
ameloblasts of cultured mouse embryonic teeth, but in odontoblasts the expression was 
slightly decreased (Kiukkonen et al., 2006). In the present project there was a clear decrease 
in Mmp-20 expression after TBT-exposure in ameloblasts and odontoblasts. Decreased Mmp-
20 expression in odontoblasts may have hindered processing of DSPP and thereby impaired 
dentin mineralization. Furthermore, decreased Mmp-20 expression in ameloblasts is likely to 
have directly impaired enamel matrix degradation required for mineralization. Total 
proteinase activity has also been shown to decrease in the enamel matrix of fluoride-exposed 
rats during enamel maturation, and specifically the activity of MMP-20 has been observed to 
reduce in the presence of fluoride in vitro (DenBesten et al., 2002). Thus, a mechanism 
common to fluoride and TCDD in the inhibition of mineralization could be a decrease in 
Mmp-20 gene expression. This hypothesis is further supported by the finding that tooth germs 
treated with an MMP inhibitor marimastat showed increased immunostaining for amelogenin 
and the distribution pattern of the protein was altered and diffuse as in our NaF/TCDD-
experiment (Bourd-Boittin et al., 2005). 
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6. CONCLUSIONS 

The results of this thesis project have shown that DMBA, TBT, TCDD and NaF interfere 
with hard tissue formation of embryonic mouse tooth in vitro. The effects are concentration 
and developmental stage dependent with the susceptibility decreasing with advancing tooth 
development. 

This study confirms the toxic influence of non-halogenated PAHs on tooth development and 
supports the earlier results of tooth size reduction caused by maternal smoking during 
pregnancy. These results are also in line with previous findings concerning the effects of TBT 
on bone. This work provides experimental evidence that the developmental toxicity of 
fluoride and dioxin is potentiative. Children may be exposed to subclinical levels of fluoride 
and dioxins during early childhood. Since the exposure time coincides with mineralization of 
the first permanent teeth, this finding may have clinical significance. 

Decreased Ocn, Mmp-20 and Dspp expressions in odontoblasts after TBT-exposure may 
indicate delayed cell differentiation or alternatively, TBT may specifically decrease 
expression of genes involved in mineralization of dentin. Decrease in Mmp-20 expression by 
TBT in ameloblasts is likely to directly impair enamel mineralization. The coincident 
reduction of Mmp-20 and Dspp expressions in odontoblasts may have potentiated the delay of 
dentin mineralization. Since the morphological findings after DMBA and TCDD exposure of 
tooth explants resemble those seen after TBT exposure, these results and their interpretations 
may also apply to DMBA and TCDD. 

The results support the hypothesis that DMBA and TBT as well as NaF and TCDD together 
primarily affect odontoblasts and/or dentin mineralization. Since amelogenesis does not start 
until mineralization of predentin to dentin begins, impaired enamel matrix secretion by 
ameloblasts could be secondary to the inhibitory effect of the toxicants on dentin 
mineralization. 

The major dental hard tissues, the dentin and the enamel, are not replaced once they have 
been formed. Therefore, tooth may act as an indicator of exposure to environmental toxins. 
Disturbed dental hard tissue formation raises the question of more extensive developmental 
toxicity of these compounds. 

Tooth development has not been routinely studied in regulatory safety evaluation studies of 
pharmaceuticals, pesticides and other potential toxins. The present thesis work showed that 
structurally and mechanistically different chemicals impair tooth development at relatively 
low concentrations. Therefore, suitability of certain endpoints of tooth development, such as 
tooth size or dental hard tissue mineralization could be evaluated as novel and potentially 
sensitive targets of dental toxicity and possibly also as general indicators of developmental 
toxicity. 
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