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Preface

Covered by dental enamel, supported by dentin and cementum, and given life by
the pulp in its core, the human tooth is indeed an extraordinary tissue. Despite this,
teeth are often affected by dental caries or cavities. Research on dental hard tissues
and their developmental pathologies is attracting more attention from the scientific
community. This book presents the basics of developmental dental defects, which
affect alarge population worldwide and thus require new preventive and therapeu-
tical approaches.

This book is organized into two sections. Section 1, “The Components of Dental
Hard Tissues and Developmental Dental Defects,” covers the basics of the human
tooth while emphasizing the importance of organic content and trace elements.
These components are responsible for giving the unique chemical and mechani-
cal properties of dental hard tissues along with the hydroxyapatite-based mineral
phase.

Section 2, “Genetic Components of Developmental Dental Defects,” elucidates the
complex genetic machinery behind tooth development. It provides an introduction
to the genetic and epigenetic basis of developmental dental defects and directs the

reader to the relevant literature.

This book presents the basics of developmental dental defects in chapters written
by experts from all over the world. We are confident that students, scientists, and
clinicians from diverse backgrounds will find this book useful and we hope the
information contained herein contributes to future research in the field.

Ana Gil de Bona and Hakan Karaaslan
The Forsyth Institute,

Harvard School of Dental Medicine,
Cambridge, Massachusetts, USA
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Chapter1

Organic Matrix of Enamel and
Dentin and Developmental Defects

Eui-Seok Lee, Puneet Wadhwa, Min-Keun Kim,
Heng Bo Jiang, In-Woong Um and Yu-Mi Kim

Abstract

The anatomical crown of the tooth is covered by enamel and root is covered
by cementum. The dentin forms the major part of the tooth. The dentin structure
is very similar to that of the bone both physically and chemically which is why
many scientists have wondered about using its properties for developing a novel
bone graft material. In contrast with hard and brittle enamel dentin is viscoelastic.
The organic structure of dentin which is about 35% is composed of mainly type I
collagen embedded in mucopolysaccharides ground substance. Approximately half
of the non-collagenous composition consists of hyperphosphorylated proteins. The
acidic glycoproteins, Gla-proteins, serum proteins, proteoglycans etc. composes the
remaining part. The dentin matrix consists of many similar proteins as that of bone
like dentin phosphoprotein, dentin sialoprotein etc.. The matrix also consists of
many growth factors. Any external disturbance like an infection, trauma, calcium
or phosphorous metabolic changes can lead to defective amelogenesis. Mutational
changes can lead to defect in dentin. An early diagnosis can result in a satisfactory
treatment plan contributing to functional and esthetical compensation.

Keywords: Enamel matrix, Dentin matrix, Tooth proteins, Growth factors,
Tooth developmental defects

1. Introduction

Enamel and dentin constitute different concentrations of organic, water and
mineral contents. This accounts for their specific physical-mechanical properties
and their integration allow the tooth to be functionally stable in adverse oral condi-
tions [1]. Dentin tissue underlines the enamel and constitutes the bulk of the tooth.
The inorganic to organic ratio is different in various tissues, these variations affect
the properties of these tissues. The enamel is tougher and most highly resistant
to force in comparison to other hard tissue in the body owing to its high inorganic
content. On the other hand the dentin with high organic content serves as a resilient
layer under enamel and cementum [2]. Enamel shows higher mineralization than
cementum as there is more carbon 49% (wt) in cementum than enamel 3% (wt).
Enamel being the hardest tissue and dentin being softer whereas X-ray diffrac-
tion (XRD) shows cementum has poorest crystallinity. Following decalcification
process for separation of organic and inorganic content the organic components of
the dentin are retained thereby maintaining the dentin shape. However due to 90%
mineral content of the enamel it is lost after decalcification.
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2. Enamel

Tooth enamel possess remarkable structural and mechanical properties making
it an unique tissue. Tooth enamel is a complex mineralized tissue comprising of long
and parallel apatite crystals configured into decussating enamel rods [3, 4]. The
enamel consists of 96% inorganic and 4% organic and water content and is the most
mineralized tissue. The organic content of enamel is less than that of dentin. The
organic content consist of some unique proteins present only in enamel and lipids
[5]. The enamel is formed only once before the eruption of the tooth. Following
eruption the tooth organ permanently loses the ability to form new enamel [3].

Being highly mineralized enamel could be expected to be brittle and have low
fracture resistance. However, the experimental studies proved that the fracture
toughness of enamel is equivalent to or even better than some tough ceramics [6, 7].

2.1 Enamel proteins

During the development of enamel, ameloblasts secrete enamel matrix protein.
Proteins are large complex molecules that are required for the structure, func-
tion and regulating bodys tissues and organs. Enamel matrix proteins bind to the
hydroxyapatite structuring the enamel and modulating crystal growth [8, 9]. Initial
developing enamel matrix constitutes 60-70% water, 20-30% proteins and 15-20%
of mineral ions. Mineralization process leads to resorption of enamel proteins and
water leaving very little amount of organic content in matured enamel [3]. Major
components of the enamel matrix protein (EMP) are the amelogenins constituting
greater than 90% of all the organic content in the enamel [10, 11]. The other type of
protein group is the non — amelogenin including enamelins, tuftelin and sheathlins.
Other than these two enzymes, matrix metalloproteinase (MMP)-20 and enamel
matrix serine proteinase (EMSP)-1 are also present in the EMP (Figure 1) [10].

Enamel proteins consist of 1-2% of the total composition. These proteins are
located mainly at the enamel rods interface. The proteins play a role in modulation
of the stress in enamel and contributes to the elastic and viscoelastic behavior [12].
Any kind of damage or denaturation of the enamel or dentin non-collagenous
proteins can decrease the durability of the tooth [12]. Tooth whitening procedures
or treatment with potassium hydroxide leads to loss of enamel proteins causing
enamel to be more prone to fracture [12, 13]. Radiation therapy for treatment
of oral cancers is also known to damage the enamel proteins [12]. In a study the
enamel proteins were extracted using potassium hydroxide treatment from the

Enamel Matrix Protein

Amelogenins (90%) Non- amelogenin (10%)
« Tuftelin
« Sheathlin (ameloblastin, amelin)
« Enamelin
« Enamel proteases (MMP-20, EMSP-1)
« Serum proteins
« Sulfated enamel proteins

Figure 1.
Types of enamel matrix proteins.
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enamel sections of the molar cusps. The results showed a 40% reduction in fracture
toughness in comparison with a fully proteinized control. The organic content of
the enamel is very small, but it is of importance crack growth toughening. This is
because it helps in forming unbroken ligament and fortify its efficacy [14].

The synthesis and secretion of the organic extracellular matrix is controlled by
ameloblasts and deposited along the dentino-enamel junction which eventually
controls enamel biomineralization [15].

Amelogenins are hydrophobic in nature, they are rich in proline (25%), glutamine
(14%), leucine (9%) and histidine (7%) amino acid residues [4, 15]. Amelogenin
functions in regulating orientation, shape and length of enamel crystals [16].
Tuftelin is suggested to function at the level of ameloblast differentiation, it may play
arole in extracellular matrix secretion. Tuftelin is also expressed in different soft tis-
sues, which suggest it may have multifunctional role [17]. Ameloblastin also known
as sheathlin and amelin present in Tomes’ processes of the secretory ameloblasts
the sheath space between rod and inter-rod enamel suggest that this protein may
play a role in biomineralization. Enamelin is also believed to play a role in enamel

Figure 2.

Smgnning electron micrograph images of engineered enamel. In this study apatite was grown within a
decellularized enamel protein matrix, vesulting in decussating enamel prisms containing distinct and separated
individual enamel crystals. A SEM image overview of the engineered enamel apatite, b depicts parallel
bundles of enamel crystals, and c depicts newly formed decussating enamel vods [3]. Figure adapted from
Pandya M et al. (2019).
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biomineralization. Enamelin is hydrophilic and an acidic protein rich in glycine,
aspartic acid and serine [4]. The enamel proteins with unique properties requires
specific proteases for their removal during enamel maturation whose spatiotemporal
expression is impeccably regulated. This requirement is met by serine protease
kallikrein-4 and MMP20 [18]. Enamel proteases processes secreted amelogenins,
ameloblastin and enamelin in the matrix and eventually degrades and remove them
from the mineralizing matrix when maturation of amelogenesis occurs. The sulfated
enamel proteins are present in very small amount in the enamel matrix [15].

2.2 Applications of enamel matrix proteins

Enamel matrix derivative (EMD) is approved by FDA to be used as a material
for periodontal regeneration since 1997 [19]. EMD is commercially obtained by
heat treated lyophilized proteins that are isolated from porcine enamel at specific
stage of development [20]. Emdogain, a mixture of enamel matrix proteins mainly
composed of amelogenin is used for repair of hard and soft periodontal tissues
[11, 21-23]. Emdogain has shown similar results to guided tissue regeneration with
added advantage of easy to use with minimal complications [23].

Owing to its unique properties like toughness and relative fracture resistance
researchers are focusing on developing an enamel-like biomaterial. Enamel bio-
mimetics hold a great promise as structural components in a wide range of fields
for biomedical and engineering applications. Some examples are like tooth repair,
restoring a orthopedic defect site, functional insulator components, brakes and
exhaust pollutant filters [3, 24]. Enamel proteins and calcium phosphate growth
solutions seems to be a convincing formulation for biologically synthesizing tooth
enamel. Based on the established role of enamel proteins, using an EMP researchers
were successfully grew elongated and parallel apatite crystals within decussating
enamel prisms (Figure 2) [3]. The research until now using biochemical approaches
can only mimic limited features of apatite and calcium phosphate crystal growth.

3. Dentin

The dentin consists of 65% inorganic and 35% organic and water content. The
presence of more organic content in dentin than enamel makes it very similar to
that of bone. The organic part of dentin is composed of collagenous fibrils embed-
ded in ground substance of mucopolysacchrides [5]. Type I collagen is the principal
type of collagen in dentin. It contributes about 90% of the organic content, the
remaining 10% contains several proteins and proteoglycans, acidic glycoproteins
referred to as non-collagenous proteins [25, 26]. Also type I collagen is abundantly
present organic constituent of the bone extracellular matrix [27]. The collagen
fibrils form a scaffold network and are densely mineralized. The dentin consists of
little amounts of type V and III collagen. The odontoblasts synthesize and secretes
the non-collagenous proteins as well collagen fibrils [28].

Dentin constitutes tubules ranging in size of micrometer and surrounded by highly
mineralized peritubular dentin, embedded in a matrix rich in collagen called intertubu-
lar dentin. Lamina limitans a sheet-like structure divide the peritubular and the intertu-
bular dentin and primarily composed of proteoglycans protein cores. The proteoglycans
contribute to mechanical behavior of dentin. They link the collagen fibrils securing
the collagenous network together [12]. Peritubular dentin is primarily made of glycos-
aminoglycans and lacks collagen fibrils [29]. Intertubular matrix chiefly constitutes
type I collagen fibrils with non-collagenous proteins and proteoglycans which forms a
three-dimensional organic network buttressed by apatite mineral crystallites [30].
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The adhesive systems used for dentin bonding rely on formation of a hybrid
layer. This hybrid layer is formed by demineralized collagen fibrils reinforced by
resin matrix. As the resin monomers are unable to infiltrate the mineralized tissues,
so adhesive bonding systems are used which has an acid, primer and an adhesive.
The acid helps in removing mineral crystals and exposing the collagen. The primer
which is a hydrophilic solution permits the infiltration of resin monomer into the
demineralized dentin. Finally, the adhesive consisting of a mixture of monomers
penetrates the treated surface thereby forming mechanical adhesion with dentin.
Removing the unbound water from hybrid layer and suppressing the endogenous
enzymatic activity have helped in increasing biocompatibility by inhibiting degra-
dation of the hybrid layer [31].

3.1 Dentin proteins

The dentin matrix and bone proteins are similar. Type I collagen designs an effec-
tive and instructional template for guiding deposition of calcium phosphate poly-
morphs and subsequently transforming into crystalline hydroxyapatite crystals. The
highly complex process of hydroxyapatite nucleation and collagen mineralization is
also controlled by non-collagenous proteins. The amount of these non-collagenous
proteins in dentin and bone is small, but they play an indispensable role in bone
formation and remodeling. Some examples of non-collagenous proteins found in
both are osteocalcin, osteopontin and bone sialoprotein. The dentin matrix proteins
are of interest because of their calcium binding property in the extracellular matrix
which leads to calcification of tissue [32]. Many studies have shown similarities
between dentin and bone. Apart from type I collagen being the leading extracellular
matrix element, other common proteins and proteoglycans are osteonectin/SPARC,
osteocalcin, osteopontin, bone sialoprotein, decorin and biglycan [33].

Dentin proteoglycans plays a key role in mineralization of the dentin and bone,
so they perform structural, metabolic, and functional role. The proteoglycans are
classified as small leucine-rich proteoglycans (SLRP) and the large aggregating
proteoglycans. The SLRP are further divided into 5 classes: decorin; biglycan; fibro-
modulin; lumican and osteoadherin. Among the large aggregating proteoglycan is
only versican has been described well in dentin [25].

Osteocalcin and osteonectin are classified under secretory calcium-binding
phosphoprotein a category of non-collagenous proteins. Osteocalcin is a vitamin
K-dependent gamma-carboxylated protein. It is a small calcium binding protein
consisting of three glutamic acid residues. It is found in dentin in small amounts as
compared to the bone [25]. Osteonectin binds collagen, hydroxyapatite and growth
factors. It is known to regulate proliferation of cells, prompts angiogenesis and for-
mulation of matrix metalloproteinases [34]. Another subset of the secretory calcium
binding phosphoprotein is the Small Integrin-Binding ligand, N-linked Glycoprotein
(SIBLING) family. It includes osteopontin, bone sialoprotein, dentin matrix protein
1, dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein [35].

Dentin phosphoprotein (DPP) and dentin sialoprotein (DSP) were earlier
thought to be unique to dentin [5, 33]. Later some immunohistochemical studies
established that DSP is also present in the alveolar bone, cellular cementum, osteo-
cytes, cementocytes and their matrices [36]. DPP is rich in aspartic acid and phos-
phoserine and bind calcium in considerable amounts. DSP is a glycoprotein rich in
aspartic acid, serine, glutamic acid, and glycine. Both DPP and DSP are synthesized
by odontoblasts and pre-ameloblast cell types. In contrast the bone matrix proteins
are not exclusively made by the osteoblasts. This makes dentin unusual based on
these dentin specific proteins [33]. DSP has been shown to play a role in prompting
differentiation of dental pulp cells in odontoblast-like cells [36].
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3.2 Dentin growth factors

Growth factors are natural activation signals or substances able to stimulate
cellular proliferation, wound healing, and sometimes cellular differentiation.
Generally, a growth factor is secreted protein or a steroid hormone [37, 38]. They are
necessary for regulating various cellular processes that take part in tissue regenera-
tion procedure [39, 40].

Growth factors are generally acting as signaling molecules between the cells, like
cytokines and hormones binding to specific receptors on the target cells surfaces.
Examples of growth factors in dentin are TGF- f§ group, BMP group, Insulin growth
factor-1, hepatocyte growth factor, VEGF, Adrenomedullin, FGF-2, platelet-derived
growth factor, growth/differentiation factor etc. a summary of these growth factors
is given in Table 1.

We can group these growth factors by their actions as: Angiogenisis (FGF-2,
PDGF, VEGF, NGF); Differentiation (TGF-f, PDGF, FGF-2, BMPs, IGF, NGF);
Proliferation (PDGF, FGF-2, IGF, VEGF, TGF-p, SDF-1); Chemotaxis (PDGF, FGF-
2, TGF-p, SDF-1) and Neuronal growth (NGF) [41].

Transforming growth factor-beta

TGF-p1 Promoting tertiary dentinogenesis and in primary odontoblastic
differentiation.

TGF-p2 Upregulated on DPSCs differentiation into a mineralizing
phenotype

TGF-p3 Promotes odontoblastic differentiation

Bone morphogenetic proteins

BMP-2 Promotes vitro and in vivo odontoblastic differentiation, DSPP
induction and increases alkaline phosphatase activity

BMP-4 Increases odontoblastic differentiation

BMP-7 Promotes DPSCs phenotype mineralization

Insulin growth factor-1

Promotes proliferation and differentiation of DPSCs and SCAP into
a mineralizing phenotype

fibroblast growth factor 2 (FGF-2)

Promotes stem cell homing (chemotaxis), angiogenesis, and
stemness

Platelet-derived growth factor

Promotes angiogenesis, chemotaxis of MSCs modulates the process
of odontoblastic differentiation, synergistic act with other growth
factors

Growth/differentiation factor 15

Promotes axonal function and regeneration after injury and plays
important role in neuronal maintenance

Vascular endothelial growth factor
VEGF

Potent angiogenic factor that promotes blood vessel formation in
tooth slices implanted subcutaneously in SCID mice

Hepatocyte growth factor Promotes survival, proliferation, and migration of MSCs
Adrenomedullin Promotes odontoblastic differentiation through activation of p38
Epidermal growth factor Enhances neurogenic differentiation of DPSCs and SCAP
Placenta growth factor Promotes osteogenic and angiogenesis differentiation of MSCs

Brain-derived neurotrophic factor

Promotes neuronal growth and axonal targeting

Glial cell line-derived neurotrophic
factor

Promotes in vivo nerve regeneration and pulp cell proliferation.
Increased expression during odontogenic differentiation.

Table1.
Growth factors in dentin matrix and their role.
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The growth factors diffusion into the dentinal-pulpal junction is postulated to
activate reactionary dentinogenesis and simultaneous reparative dentinogenesis
along with pulp tissue inflammatory reaction [42, 43]. The surviving odontoblasts
secrete reactionary dentin as a response to environmental stimuli causing metabolic
activity increase in the cells. The inductive molecules determining the success of the
pulp healing might be released from damaged dentin and adjacent pulp tissue [44].
Dentin-pulp regeneration process can vary as it depends on the causative agent
whether trauma or pathological conditions. An inflammatory reaction is caused by
these events, which is supposed to be the beginning of tissue regeneration process
[39]. Dentin-pulp defensive and reparative mechanisms mimic the embryonic tooth
development stage and growth factors derived from dentin may play a key role in
regulating these events [42]. The dentinal matrix constitutes angiogenic growth
factors and their release after injury can contribute to overall reparative response of
the dentinal-pulpal complex [45].

There are multiple growth factors in dentin that also exist in bone like insulin-
like growth factor-1 (IGF-1), insulin-like growth factor-2 (IGF-2), transforming
growth factor-beta (TGF-), fibroblast growth factors (FGFs), platelet-derived
growth factor (PDGF), parathyroid bone morphogenetic proteins (BMPs), and
certain members of the growth differentiation factor (GDF) group of proteins
[46-48]. That is why recent studies have shown good results after using dentin as a
bone graft and stated that dentin has shown to be clinically safe and has good bone-
forming capacity [49, 50].

Also known as autogenous tooth biomaterial it is derived from an extracted
tooth through demineralization process. It is useful as graft material because of its
osteoconductive properties [51]. This biomaterial can be used alone or combined
with other materials for example with platelet-rich fibrin [52], bone marrow mesen-
chymal stem cells [53] or bone morphogenetic protein (BMP-2) [54] for enhanced
bone regeneration effects. Recently a dentin derived barrier membrane acting as
an osteoinductive collagen membrane showed successful outcome in guided bone
regeneration and dental implantation. The membrane was derived from block
type autogenous demineralized dentin matrix with advantage of overcoming the
mechanical instability of the collagen membrane. It is mostly composed of type I
collagen, making it suitable for use in implant procedures [55].

4, Dental defects

Enamel has 3 essential enamel proteins to build healthy well mineralized enamel
which is secreted from ameloblasts “amelogenin, ameloblastin and enamelin”
with the help of two enzymes, MMP20 and kallikrein-4 (Klk4) to form the enamel
properly and sequent proteolysis of enamel protein [56]. In the event of alteration
in the process of protein removal, enamel and dental defects will emerge like for
example, amelogenesis imperfecta (AI), Chalky/Molar Hypomolarization (MH),
Dentinogenesis Imperfecta (DI) or fluorosis [57]. Figure 3 depicts the protein
content in healthy and diseased tooth.

4.1 Amelogenesis imperfecta (AI)

Amelogenesis imperfecta is a rare, inherited enamel development disorder where
mutations in the amelogenin gene results in malformation of the enamel layer. It is
subdivided to 4 main types hypoplastic (type I), hypomaturation (type II), hypocal-
cified (type III), hypomaturation/hypoplasia/taurodontism (type IV).
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Figure 3.

Protein content is compared between healthy and diseased tooth enamel. Different proteins are presented

in (rows) as analyzed different tooth conditions (columns). Healthy teeth is presented as reference in light
gray, chalky/molar Hypomolarization (MH): Enamel affected by molar hypomineralization, fluorosis and
Amelogenesis imperfecta (Al): Hypocalcified and hypomaturation amelogenesis imperfecta enamel; vange of
percent by weight (wt %) of protein abundance in comparison to healthy enamel show in 4 colors: Healthy
range of 0.1—1 wt % (light gray); 2—3 times increase (light teal); 3-30 times increase (dark teal); 0—30 times
increase (gray-teal gradient) [57]. Figure adapted from Gil-Bona a et al. (2020).

Clinical and radiographical features and enamel thickness, of different subtypes
are dependent on mode of inheritance and gene mutation. Al occurs due to muta-
tions in several genes, including enamelin, amelogenin, MMP20, Klk4 and FAMS83H
[58-61]. The mutations can lead to hypoplastic, hypomature, or hypocalcified form
of the enamel [62]. Al can be easily seen clinically and radiographically as teeth
appears in abnormal color like (yellow, brown, or gray). Soft enamel, due to hypo
calcification enamel surface are more susceptible to caries, tooth attrition, teeth
hypersensitivity, calculus formation, and gingivitis/periodontitis [63].

Type I hypoplastic Al has reduced thickness of enamel and shows pitting and
grooves. In radiographs enamel shows normal contrasts from dentine. Type II
hypomaturation AI has enamel of normal thickness but appearance is mottled. It is
less severe than hypocalcified type. Radiographically it exhibits similar radioden-
sity as dentine. Type III hypocalcified Al have defect in enamel calcification. The
enamel thickness is normal but is weak in structure and appearance is opaque and
chalky. In radiographs enamel is less radio-opaque in comparison to dentin. Type
IV hypomaturation/hypoplasia/taurodontism Al exhibits mixed hypomaturation
and hypoplasia appearance. In taurodontism enlargement of the body and pulp
chamber is observed. The pulp chamber floor and furcation moves apically down
the root [58].

A proper diagnosis identifying the different phenotypes is essential to deter-
mine molecular etiology. The treatment plan aims at early diagnosis, managing
the pain and restoring the defects with regular follow ups [58]. Mild variations can
be treated adequately with facial veneers, whereas in severe cases full coverage is
mandatory. For young patients milled acetal resin overlays can be used until fully
erupted [64].

4.2 Chalky/molar hypomineralrisation (MH)

It is discolored white patches in one or more molars, porous dental enamel leads
to hypersensitivity and risk of caries. Chalky enamel opacities contained unusually
high amounts of protein, including serum albumin and other derivatives of blood
and saliva [65]. Moderate and severe cases with opacities having a chalky texture
exhibit failure of enamel surface soon after the eruption of tooth, it provides a
hygiene-resistant nidus for dental plaque accumulation. The porous chalky enamel
is invaded by accelerated decay which arises the need for restoration, extraction, or
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orthodontic treatment. It is observed that MH affects the 2-year molars or 6-year
molars, a better understanding of its etiology is necessary [66]. Earlier systemic dis-
turbance of enamel-forming cells (ameloblasts) during the hardening (maturation)
stage of enamel formation was thought to be the cause [67]. A different pathomech-
anism indicating localized exposure of enamel to serum albumin was recently
identified [68]. In a recent study the dose-response relationship between albumin
and the enamel chalkiness was established. This supports the new pathomechanism
also termed as “mineralization poisoning” [66].

MH is a complex problem requiring combinational treatment modalities. The
treatment aim may be preventive or symptom control. Various treatment modali-
ties can be adhesive and sealant restoration, composite restoration, glass ionomer
restoration, preformed metal crown, microabrasion, bleach or orthodontic
extraction [69].

4.3 Fluorosis

Dental fluorosis is a very common developmental disturbance that is caused
by repeated exposures to high concentrations of fluoride during tooth or
enamel formation. This leads to disturbance in enamel formation as the fluoride
decreases calcium concentration in the matrix. This interferes with protease
activity and delays or inhibit enamel matrix protein degradation. An abnormal
apatite crystals growth occurs which leads to physical tooth surface changes [70].
It differs from white striations to stained pitting of the enamel depending on
case severity [71]. The use of topical fluoride dentifrices in young children may
increase the risk of dental fluorosis. In case of concern for fluorosis, in children
under 6 years of age toothpaste with fluoride concentration less than 1000 parts
per million should be used [70].

Treatment of the case depends on the severity and the esthetics concerns. Mild
cases can be treated by bleaching if the tooth. For moderate cases enamel micro-
abrasion with acids can be done. Composite fillings, veneers and crowns can be
used for treating cases with severe forms of the disease [72].

The best solution for this condition is to control the fluoride intake for preven-
tion of dental fluorosis [71].

4.4 Dentinogenesis imperfecta (DI)

Dl is also an inherited condition also called “dentin dysplasia” with discolored
teeth but most often blue-gray or yellow-brown which leads to wear, breakage,
and loss of teeth. This damage can include teeth fractures or small holes (pitting)
in the enamel. The enamel may have hypoplastic or hypocalcified defect in nearly
one-third of patients and has tendency to crack away from defective dentin. Itis a
localized mesodermal dysplasia which affects both primary and permanent denti-
tion. It is inherited in simple autosomal dominant mode exhibiting high penetrance
and low mutation rate [73].

DI has 3 types: Type I: occurs in people who have osteogenesis imperfecta so, it
appears to have other health concern (mutation in COL1A1/A2 gene). Type II: the
most common type occurs in people without another inherited disorder (mutation
in DSPP). Radiographically it shows complete obliteration of the pulp cavity by
dentin. Type Il and type III, are actually similar conditions but in different forms
but DI type III shows enlarged pulp cavities [63].

In histological findings although enamel is normal in structure it tends to crack.
Scalloping is absent in dentino-enamel junction. Mostly mantle dentin structure
is normal. However dentinal tubules of the circumferential dentin are found to
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be coarse and branched. The tubules are reduced in quantity. An atubular area is
present in the dentin with reduction in mineralization and decreased number of
odontoblasts. Another common finding is pulpal inclusions and much interglobular
dentin [73].

Treatment differs from case to case depend on its severity and presenting pain,
also the patient age. Mostly treatments are targeted at maintaining oral hygiene
and esthetics. Early diagnosis and treatment can prevent deterioration of teeth and
occlusion. In severe cases two treatment stages for primary teeth under general
anesthesia is recommended. At the age of 18-20 months the stage 1 treatment
involves composite restorations covering for incisors and preformed crowns for
first primary molars. At the age of 28-30 months stage 2 aims at protecting second
primary molars and canines. For moderate cases one-stage treatment for primary
teeth at 30 months of age is optimal. In severe cases composite restoration may
not be helpful. A long term follow-up is necessary to adjust treatment according to
change in dentition and occlusion [73].

5. Conclusion

The enamel and dentin organic content varies in amount and its constituents.
The enamel proteins help in imparting the elastic and visco-elastic properties to the
enamel. The clinical significance of the non-collagenous proteins may be in rela-
tion with dentinal growth factor release by calcium hydroxide or mineral trioxide
aggregate. The dentin organic matrix constitutes similarity with that of bone, makes
it a desirable bone graft material. Demineralized dentin autogenous bone grafts
have already been used for dental implant surgeries and provides an easy to prepare
and use bone graft material. Any imbalance in the organic content can manifest as
developmental disease of the tooth.
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Chapter2

Fluoride and Other Trace
Elements in Dental Hard Tissue

Y.B. Aswini, Vikrant Mohanty and Kavita Rijhwani

Abstract

Fluorides and other trace elements are a part of various biological and chemical
responses in the human body. They collaboratively work with all proteins, enzymes,
and co-enzymes to carry out the different functions and in redox reactions. The
dietary substances may not have an adequate amount of these essential trace
elements, resulting in the development of dental soft and hard tissue disorders
associated with their deficiencies. To tackle this, dietary supplements will be
needed. So, the current chapter has thoroughly addressed the importance of trace
elements in dental hard tissues. This has also discussed the effect of fluoride and
other trace elements on dental hard tissues, as there is limited literature available in
this area. This will provide an overall understanding of how trace elements are an
essential part and their importance in oral diseases control and prevention.

Keywords: trace elements, fluoride, dental structure, mechanism of action,
distribution

1. Introduction

Carbon, hydrogen, and nitrogen elements make up about 96 percent of all living
things. In the living system, nearly half of all recognized elements are present in
detectable concentrations. The physiological activities of 23 elements are identified
in humans and other mammals, 11 of which are categorized as trace elements (TEs)
[1]. Vanadium, chromium, manganese (Mn), iron (Fe), cobalt, copper (Cu), zinc
(Zn), and molybdenum are transition elements, while selenium (Se), fluorine, and
iodine are non-metal elements [1, 2]. TEs, unlike sodium, calcium, magnesium,
potassium, and chlorine, which are macronutrients that must be consumed in large
quantities, are micronutrients that must be consumed in small amounts. (usually
lower than 100 mg/day). Major and Minor TEs are both essential for human health.
Due to natural or man-made causes, a lack or excess of these elements may have
serious clinical implications [2].

A tooth’s structure includes hard tissue (enamel, dentine, and cement) as well as
soft tissue (pulp and periodontal ligaments). A tooth has a multicellular structure
that can collaborate with the maxillofacial region functionally [2, 3].

Trace elements (TEs) are essential for human health. Toxic effects are
caused by a lack of or an overabundance of TEs. TEs have a huge impact on both
human and dental health. It is involved in the functions of essential biological
polyphosphate compounds such as ATP, DNA, and RNA. In the tooth structure,
TEs are found in various concentrations. Teeth are affected by changes in the
density of certain TEs. Caries susceptibility is increased when the density of
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certain TEs is altered. Others function as a barrier to the development of caries.
Zinc (Zn), phosphorus (P), and magnesium (Mg) are common TEs that have a
significant impact on dental health. The use of tissue samplings such as blood,
semen, teeth, nails, and hair to measure TE values in order to define and correct
these effects has a significant impact. Teeth are widely regarded as a reliable
indicator of TEs. As a result, TEs have a big impact on the development of healthy
teeth [4].

2. Trace elements in dental hard tissues

The hard tissue that protects the tooth’s surface is known as enamel. This layer’s
job is to protect the dentine-pulp complex. Enamel is the body’s toughest and most
resistant tissue. It’s made up of 95-97% inorganic material (calcium hydroxyapatite
crystals) and 1-2% organic material (proteins like amylogenic, enameline,
ameloblastin, and tuftelin, to name a few), and 2-4% water [5]. TEs make up a
small percentage of the 97 percent inorganic content and consists of Phosphorus
(P-17%), calcium (Ca-36.5%), fluoride (F-0.016%), 3.0% carbon dioxide, 0.2%
Na, 0.3% potassium (K), 0.016% Fluoride, 0.1% sulfur (S), 0.01% copper (Cu),
0.016% Zn, 0.003% silicon (Si); and low amounts of silver (Ag), strontium (Sr),
barium (Ba), chromium (Cr), manganese (Mn), Vanadium (V). TE is deposited in
human tooth enamel by the environment before and after the tooth’s mineralization
and maturation [6].

After Enamel, the next layer to the tooth is Dentin consists of an inorganic matrix
70% in weight (40-45% in volume) Organic matrix 20% by weight (30% in vol-
ume), and water 10% by weight (20-25% in volume). The organic portion consists
of proteins like osteonectin, osteopontin, osteoclastin-like dentin Gla protein, dentin
phosphorene, dentin matrix protein, and dentin sialoprotein and type I collagen
fiber [6, 7]. The inorganic material consists of hydroxyapatite crystals and TEs (40 in
number) which include Zn, Sr., Fe, Al, B, Ba, Pb having up to 1000 ppm concentra-
tion and Ni, Li, Ag, As, Se, Nb, Hg having 100 ppb concentration. An analysis of the
relation with age of 10 trace elements in dentine found that boron (B), manganese
(Mn), cobalt (Co), copper (Cu), zinc (Zn), rubidium (Rb), strontium (Sr), molyb-
denum (Mo), cadmium (Cd), and lead (Pb) and suggested that human dentine is an
appropriate substance for relating sex and age [8].

3. Cementum

Cementum is a type of connective tissue that connects the periodontal ligament
to the root surface and covers the root surface’s outermost layer of calcite matrix
[9]. Cement is a vascularized, mineralized tissue and has higher regeneration
potential. It connects the dentin to the periodontal ligament and aids in the repair
and regeneration of periodontal tissue after injury [10]. Cement’s inorganic portion
is identical to that of bone, dentin, and enamel.

The essential mineral part of cementum consists of calcium hydroxyapatite with
amorphous calcium phosphate (Cal0 (PO4) 6 (OH) 2) and has a lower crystallinity
than other calcifying tissues [11]. This lower crystallinity causes the cementum, to be
easily decalcified and increases the tendency to absorb nearby ions like fluoride. That’s
why a higher concentration of fluoride is found in cementum ad compared to other
parts of the tooth. In comparison to other calcifying tissues, the cement of adult mature
teeth has higher fluoride content. The amount of magnesium in the cement is about half
that of the dentin. In the deep layers of the cement, Mg levels gradually rise [9, 10].
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4. Dental pulp

Dental pulp consists of Odontoblastfibroblast (collagen and elastic fibers
forming cells), blood vessels, nerves, and lymphatic vessels that make up the tooth
pulp that develops from the dental papilla [11]. The cells which are responsible
for the formation of pre-dentin, dentin, and reparative dentin are Odontoblast
[11]. When the pulp’s health is threatened the pulp cells especially fibroblasts
produce inflammatory mediators such as IL-8, IL-6, and vascular endothelial
growth factors that are responsible for producing symptoms of pulp infection. The
tooth pulp is responsible for a variety of biological functions, including nutrition,
sensitivity, building, and defense. The health of the pulp is largely influenced by
changes in blood pressure and arterial flow in the apical area. When tooth pulp is
affected by stimulus or irritants like mechanical, chemical, thermal, or microbial
agents causing vascular inflammatory responses like local tissue reactions and
lymphatasis(affecting lymphatic drainage of pulp area) [12-14].

Dental caries is a microbiological infectious disease that causes the degradation
of calcified tissues and the destruction of the organic part of the tooth leads to
cavitation. The bacteria (from mutans Streptococci and Lactobacillus species), a
susceptible tooth surface (host), and a nutrient (diet) to provide bacterial growth
are all needed for the formation of dental caries. From enamel, caries progress to
dentin and causes inflammation of the pulp [15, 16].

In a systematic review analysis of various studies assessing the role of trace
elements in oral health, it was found that there are some trace elements that cause
dental caries progression whereas certain trace elements may decrease the risk of
developing dental caries [4].

The effects of fluoride and various trace elements on dental hard tissues are as
follows:

1.Fluoride as trace element

Of the existing anticaries agents, fluoride is the most powerful and well-tested.
Understanding the mechanism of fluoride’s action in the prevention of dental caries
is critical for developing the best fluoride delivery systems for optimal caries reduc-
tion. Although the exact and full mechanism of action of fluoride cannot be deter-
mined at this time, there is enough evidence to suggest that fluoride has a number of
subtle effects on the calcium-phosphate system as well as the dental plaque metabo-
lism. Fluorides can affect calcium-phosphate interactions in tooth enamel during the
mineralization stage (before the tooth emerges) and, also, post eruptively by surface
interactions with enamel, as well as during a carious attack [17, 18].

* Mineral phase of enamel - areview

Ca2+, PO43-, OH-, and carbonate are the key chemical components of tooth
enamel (CO3”"). These components are found in the form of microcrystals in
enamel and dentin, and their spatial structure resembles that of the pure ternary
mineral hydroxyapatite, Cal0(PO4)6(OH)2. Carbonate is a component of enamel’s
relatively large apatite crystals. Furthermore, teeth’s mineral phase contains a
variety of trace elements, the most significant of which is fluoride. Some of the
elements are adsorbed on the surface of hydroxyapatite crystals, while others with
the right size and charge will fill voids or replace calcium or phosphate in the crystal
interior. As a result, it’s obvious that enamel bioapatite is not pure apatite, but rather
includes CO32-, Na+, Mg2+, F-, Sr2+, CI-, and other ions. Enamel apatite deviates
from the stoichiometry of pure apatite in terms of Ca/P ratios due to a large number
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of substitutions in the crystal lattice. Enamel crystals also have a lot of flaws and are
low in calcium and hydroxyl ions. The solubility of enamel tends to increase as voids
and deviations from stoichiometry increase [19].

Fluoride incorporation within the apatite lattice has significant consequences.
The formation of fluorapatite is caused by the replacement of hydroxyl groups by
smaller fluoride ions, which causes a decrease in the dimension of the unit cell and
has many effects on the physical and chemical properties of the crystals. Surface
enamel (first 10 um) obtained from people living in fluoridated areas may contain
3000-4000 ppm of fluoride, whereas pure fluorapatite has a fluoride concentration
of 38,000 ppm. It is clear that drinking fluoridated water causes just a small amount
of fluoride ions to be substituted for hydroxyl ions, around 10%. Even this minor
substitution appears to play a role in the strong cariostatic impact. The acquisition
of fluoride by enamel is considered before exploring the mechanisms of fluoride
action [19-22].

* Acquisition of fluoride in enamel

Fluoride enters dental enamel by two mechanisms: (1) systemically, through
absorption of fluorides in water, drinks, foods, or fluoride supplements, and (2)
topically, through oral fluids such as saliva, urine, plaque fluid, and topical fluoride
solutions bathing enamel. Topical fluoride acquisition is limited to the enamel
surface, mostly the first 10- to 30-pm layer, and is often limited to etched surfaces
and incipient lesions.

* Systemic acquisition of fluoride

During the mineralization process, fluorides are introduced pre-eruptively into
enamel from tissue fluid. The fluoride level acquired is determined by the fluoride
concentration in the plasma, which is a feature of the fluoride consumed in water,
food, or supplements. The fluoride concentration is relatively high during the early
stages of enamel development, but it gradually decreases as the tooth matures and
acquires more minerals [23].

During the pre-eruptively maturation period, when enamel undergoes rapid and
more full mineralization, the majority of fluoride is incorporated into the sound
surface of the enamel.

Since primary teeth have a shorter time of enamel maturation than permanent
teeth, they absorb less fluoride. The slight variations in fluoride concentration
between permanent teeth can also be explained by differences in tooth maturation
time. In both fluoride and non-fluoride regions, a gradient concentration occurs
with a declining concentration towards the dento-enamel junction in unerupted
and erupted teeth [23].

While the majority of fluoride is acquired during the pre-eruptive growth of
teeth, it is important to note that a large portion of the mineral component of enamel
(about 10% in bovine enamel) is acquired during post-eruptive maturation [24].

Furthermore, the optimum value for enamel crystallinity is reached several
years after the eruption. A significant amount of fluoride is introduced into surface
enamel during this process of mineral deposition. Fluoride is less likely to disperse as
teeth age and become more mineralized, so deposition is more limited to the surface.
This causes a more pronounced fluoride concentration gradient, with lower concen-
trations towards the interior of enamel, though this is later decreased by abrasion on
exposed areas of the tooth. The concentration of fluoride in populations that con-
sumed water that was optimally fluoridated (1 ppm) during the development of the
dentition is higher, Fluoride concentrations in total enamel of permanent teeth range
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from 200 to 300 ppm, with levels as high as 3000 ppm in the first 10 micrometer.
The comparable fluoride concentration in non-fluoridated areas is about 150 ppm in
whole enamel and under 2000 ppm in surface enamel. In the outer few micrometers
of enamel, the gradient is very steep. These levels are lower in primary teeth, with
fluoridated and non-fluoridated communities having 900 and 650 ppm in surface
enamel, respectively [17, 25]. Fluoride concentration is the highest in surface enamel
and decreases towards the inner parts. Fluoride concentrations in enamel vary from
one surface to another on the same tooth. Fluoride concentrations in newly erupted
tooth surface enamel are higher near the incisal edge than near the cervical margin
[26]. However, after the eruption, subsequent wear and attrition of the enamel
destroy the fluoride-rich outer enamel of the incisal edge at a faster rate than it is
obtained, allowing it to fall below the cervical enamel.

Topical obtainment of fluoride is often acquired post-eruptively from the oral
atmosphere in the enamel surface, but the accumulation is mostly limited to the
surface. Foods, water, fluoride-containing beverages, toothpastes, mouth rinses,
prophylactic pastes, topical solutions, and gels are all sources of fluoride.

e Mechanisms of Cariostatic Action

a.Fluoride’s Effect on Enamel Solubility- It is widely accepted that caries
are caused by bacterial acids demineralizing the mineral phase of the tooth.
As a result, the solubility of tooth minerals may have an impact on the car-
ies process. A potential mechanism by which fluoride decreases caries is by
influencing the solubility of dental enamel, according to these claims. It is
relatively easy to show that trace amounts of fluoride (-1 ppm) in an acid
buffer solution significantly reduce enamel solubility, and that enamel readily
acquires reduced solubility properties when exposed to a fluoride solution.

At pH 4.5, Ten Cate and Duijsters [27] found that 2 ppm F in a solution con-
taining 2.2 mM Ca and P effectively prevented enamel demineralization. Proof
that the slight rise of fluoride in enamel caused by drinking fluoridated water
causes significant solubility differences is less conclusive.

Isaac et al. and Jenkins [28, 29] Solubility tests of intact enamel obtained from
teeth of individuals living in fluoridated and non-fluoridated areas show a
trend towards less solubility in the fluoridated classes. Moreno et al. [30] used
apatites with well-defined levels of fluoride ranging from O to 3.4 percent

to come to the conclusion that fluoride concentrations of 4000-8000 ppm
were required to produce a significant decrease in enamel solubility. Fluoride
concentrations in the molecular layers of surface enamel in fluoridated zones
can be higher than those detected by the normal imprecise methods of collect-
ing outer enamel. Explaining how a restricted substitution of fluoride ions for
hydroxyl ions in enamel apatite can affect enamel solubility requires another
consideration. Low levels of fluoride in the solution can react with the outer
surfaces of dissolving hydroxyapatite crystals, forming a shell with fluorapatite
solubility properties, according to Brown et al. [22].

The presence of small amounts of fluoride during a carious attack may therefore
have a major impact on the properties of enamel crystals. This may explain why
fluoride-containing products (dentifrices and mouth-rinses) are highly effective
cariostatic agents when used on a regular or weekly basis for long periods of time.
As previously stated, substitutions and defects cause enamel apatite to deviate from
the stoichiometry of pure hydroxyapatite. Fluoride stabilizes the crystal structure
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of enamel, while carbonate and sodium increase its solubility and reactivity. Also,
Nikiforuk et al. [31] found some evidence that the presence of fluoride during
enamel production results in lower carbonate content. The dissolved enamel
crystals preferentially lose carbonate during an incipient carious assault. Crystals
containing less carbonate are thought to have lower reactivity and solubility, mak-
ing them more resistant to caries. Fortunately, as the plaque’s pH rises, recrystalliza-
tion occurs, resulting in the formation of larger, more resistant crystals. The sum of
these results is that fluoride has a slight but important effect on enamel solubility,
even at the relatively low concentrations found in enamel.

a.Effect of fluoride on mineral phase crystal structure -As calcium phosphate
precipitates from a saturated solution in the physiological pH range, the initial
phase stoichiometry is typically less than the calcium/phosphate molar ratio
(1.67) found in pure hydroxy-apatite. Brown et al. [22] found evidence that the
initially formed solid phase is octacalcium phosphate, tricalcium phosphate,
dicalcium phosphate, or a combination. The initial precipitate may also be an
amorphous solid with no set calcium/phosphate ratio, according to some theo-
ries. Whatever the initial phase was like, it was transformed into hydroxyapatite
and possibly some fluorapatite, the thermodynamically more stable phases
under physiological conditions. Amjad and Nancollas [19] verified earlier work
that fluoride at concentrations of 1-5 ppm enhanced the precipitation of the less
soluble phase of calcium phosphate in very careful kinetic studies of calcium
phosphate precipitation in the presence of fluoride ions. In the absence of
fluoride, the phase that evolved first had the same stoichiometry as octacalcium
phosphate. The Ca/P ratio of the solid phase increased in the presence of fluo-
ride and matched that of fluorapatite. Evidence suggests that fluoride acts as a
catalyst during mineralization, causing the more soluble precursor phases to
transform into the thermodynamically more stable apatite. This in vitro process
is active during tooth mineralization, as shown by the lower carbonate levels
in enamel from fluoridated areas. Fluoride also favors the creation of more
acid-resistant crystals during the demineralization-remineralization episodes
that characterize carious attacks. Fluoride can be believed to stabilize the crystal
structure of enamel apatite because of its ability to form a more stable apatite
phase. It should be remembered that the lattice comprises columns of hydroxyl
ions that are electrostatically bound to calcium ions. Some of the hydroxyl ions
are still absent, and these vacancies reduce the crystal’ stability. Fluorides may
fill these voids or act as a hydroxyl group replacement, forming a stronger bond
to the lattice site than hydroxyl ions. The negatively charged fluoride forms a
tight hydrogen bond with the oxygen atom of the adjacent hydroxyl groups.
Additionally, the better match of fluoride ions between calcium ions increases
the electrostatic attraction between fluorides and calcium, further stabilizing
the structure. While this argument has not been corroborated, the fluoride ions’
strategic location may also prevent diffusion along the linear chain. Although
this assertion has not been corroborated in synthetic hydroxyapatite with
hydroxyl deficiencies similar to those found in enamel [Verbeeck et al.] [32],
the strategic location of the fluoride ions can also obstruct diffusion along the
linear chain. As a consequence of a small fluoride substitution in the lattice
structure, the crystallinity and stability of the crystal are increased.

b.Effect of fluoride on enamel remineralization- Clinical remineralization and
reversal of early carious lesions have been demonstrated experimentally in vivo
[von der Fehr et al., 1970] and clinically observed [33]. Several researchers have
recorded that fluorides improve this natural process in vitro [34, 35]. Salivary
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components and fluoride are now recognized as effective natural protection
mechanism that allows enamel to respond to cariogenic challenges. In vitro,
adding 0.05 mM fluoride to calcium phosphate solutions used to remineralize
partially demineralized enamel increases the rate of remineralization by 4- to
8-fold [36]. In comparison to natural plaque, which has high fluoride levels,
etched enamel remineralization results in higher fluoride levels in the enamel.
This is referred to as enamel’s adaptative response to the acidic environment
in a specific area [37]. The minerals that form during remineralization are less
soluble than those that form in the same solution but do not contain fluorides.

An important reservoir of fluoride is surface enamel from which fluoride is re-
leased during the demineralization phase of a carious attack. Fluoride ions are
also released from plaque when the pH falls which may contribute to reminer-
alization. The process of remineralization can function at the earliest stage of
caries formation, i.e. when the first acid attack occurs.

As the pH starts to grow after the acid attack, fluoride in the microenviron-
ment will trigger enamel dissolution to stop sooner. If the pH increases, fresh,
bigger, less soluble crystals form, containing more fluoride, such as fluori-
dated hydroxyapatite, and less carbonate like fluoridated hydroxyapatite.

The enamel is partially remineralized as a result of the procedure. Following
exposure to fluoride, saliva, or plaque fluid, the amount of new minerals at the
site may increase even more. When fluoride is applied at a later stage of caries
growth, such as when a white spot is apparent, fluoride penetrates the surface
layer and is absorbed preferentially by the porous sponge like the body of the
lesion. This also decreases the solubility of the lesion, making it more vulner-
able to acid attacks in the future. On radiographs prepared from thin parts
taken through the lesion, successive fluoride exposures and caries attacks often
result in a laminated appearance [38]. According to in vitro remineralization
tests, the entire body of the white spot lesion does not need to be remineralized
to become covered. If only the surface zone of a lesion is remineralized, the
lesion can be stopped. When lesions are subjected to re-mineralizing solutions
containing relatively high amounts of fluoride or calcium, this is easily accom-
plished [34]. As a result, the appearance of natural caries white spots in the
mouth does not always imply that the region is actually under attack by caries.
It may actually signify a region that has been attacked but is now partly rem-
ineralized and arrested as a result. Because of the absorption of organic stains,
long-standing arrested lesions often appear as brown spots [35].

Because of the buffering effect of saliva and plaque, as well as the high concen-
trations of calcium and phosphate present, the caries process is complex, with
periods of demineralization when plaque pH are minimal, alternating with
periods of remineralization as pH rises. If the process is to be pushed in the di-
rection of remineralization, the presence of trace amounts of fluorides released
from enamel or normally present in plaque fluid is important [39]. This is a key
mechanism by which fluoride decreases the incidence of caries.

.Effect of fluoride and tooth morphology - Fluoride intake can affect the size

and morphology of teeth in humans and laboratory animals. Most studies show
that if fluoride is present during tooth development, diameters and cusp depths
are smaller [40]. Such morphological modifications would help to reduce caries
vulnerability by making teeth more self-cleaning, but it’s unclear if the effects
of optimal fluoride intake are substantial enough to be clinically significant.
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Other trace elements (strontium and molybdenum) have similar effects in rats,
raising questions about the fluoride effect’s specificity. According to Aasenden
and Peebles [18], molars. Molars in subjects who consumed fluoridated water
or nutrients had shallower fissures and less carious lesions than molars in a
non-fluoride control sample, according to Aasenden and Peebles [18], cor-
roborating other clinical impressions. Deep fissures collect more plaque and
are more difficult to clean than shallow fissures. The improved morphology of
the occlusal surface may be partly to blame for the lower level of occlusal caries
observed in fluoridated areas, despite the fact that it is the least affected.

5. Distribution of trace elements other than fluoride in dental hard tissue
and its mechanism of action

As per the various literature, it has been found that various trace elements have
different roles in causing and preventing dental caries like Selenium, Cadmium,
Magnesium, Platinum, Lead and Silicon are caries promoting elements whereas
other than Fluoride, Phosphorus, Molybdenum Vanadium, Strontium and Lithium
are cariostatic elements.

The effects of trace elements on oral dental tissues are as follows-.

5.1 Vanadium (V)

The vanadium is found with industrial resources such as oil refineries and power
plants. The majority of food compounds contain lesser concentrations whereas
Seafood has a higher concentration of Vanadium and daily uptake from all source’s
ranges from 0.01-0.02 mg [41].

Various studies have been done to assess the role of Vanadium in the development
of prevention of dental caries. It’s found to be caries protective in animal studies and
studies on rats but on the contrary studies on monkeys when they drank water with
Vanadium content tend to have more carious lesions in their mouth. So exact role in
the prevention and development of caries is still not clear [4].

5.2 Strontium (SR)

Strontium is universally present in the environment. Though it is non-essential
but still present in all living beings. This element bears a resemblance to Calcium as
it has a tendency to be taken by bones and skeleton. Depending upon the amount
received, it can have beneficial and harmful effects on humans [42].

Strontium is considered to be caries protective as per the literature. The stron-
tium makes the enamel more stable and stronger as compared to pure calcium con-
tent. It also found that remineralized process in enamel with strontium in solution
easier and faster as compared to without strontium solution and because of this the
tooth enamel stable and more resistant to caries and acid attack [43].

The epidemiological studies suggest that high strontium content is associated
with decreased carious lesions or good enamel. The strontium content decrease
with age and is found to be more young as compared to older people.

5.3 Lithium (Li)
Lithium has an inverse relation with the development of dental caries. Various

studies reported with reduced incidence of caries in presence of lithium in humans [4].
Mostly the lithium exposure occurs with drinking water and if in excess can have an
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effect on different tissues or organs in animals like affects the thyroid function and also
causes histopathological changes in salivary glands [44]. It has medicinal use in various
psychiatric disorders like bipolar disorders [45].

5.4 Copper (Cu)

Copper is a component of a variety of metalloenzymes that act as oxidases to
reduce molecular oxygen. Adult men and women should consume 900 g of fiber
per day. Copper intake from food is approximately 1.0 to 1.6 mg/day for adult men
and women in the United States. Adults have a Tolerable Upper Intake Level (UL)
of 10,000 g/day (10 mg/day), a value based on protection from liver damage as the
critical adverse effect. Greater amounts of copper are found in seafood, green leafy
vegetables, animal products, pulses, and grains [46].

Oral Health and Diseases: What Role Does It Play- Hypochromic anemia, neu-
tropenia, hypopigmentation of hair and skin, irregular bone structure with skeletal
fragility and osteoporosis, joint pain, reduced immunity, vascular aberrations, and
kinky hair are all signs of copper deficiency [47].

* If a person has copper deficiency for a long-time during stages of active growth
it can cause anemia and abnormal keratinization of oral soft tissues. Reduced
iron oxidation and decreased ferroxidase activity of ceruloplasmin are respon-
sible for the anemic impact [48].

* Infections: Due to the accompanied neutropenia, lowered immunity
can result in a variety of oral infections [49]. Granulocyte maturation
disorder has been observed in the bone marrow, as well as vacuolation in
neutrophils.

* Bone defects and pain due to abnormal functioning of ascorbate and lysyl
oxidase leads to osteoporosis like changes in the body i.e. lack of trabecular
pattern and cortex thinning.

* Oral lesions: according to several reports, the average serum copper levels were
present in the Sera from patients with oral potentially malignant conditions
like oral leukoplakia and oral submucous fibrosis, as well as malignant tumors
like squamous cell carcinoma, and was substantially higher.

* The average copper intake in India is 2.1-3.9 mg/day, but it is more than 5 mg/
day due to areca nut chewing. Copper released from areca nuts during chew-
ing is thought to come into direct contact with the oral epithelium and be
dissolved in saliva. Copper is said to be found in saliva for up to 30 minutes.
The longer copper is present in saliva, the more likely it is to be absorbed
by the oral epithelium [48]. Copper occurs in the blood after 15 minutes of
ingestion of areca nut and its ingredients, according to some [50]. Cu serum
levels steadily rise in patients with oral submucous fibrosis as the condition
progresses clinically. However, the local impact of increased salivary copper
levels may be more significant than the increased serum levels. Other schools
of thought attributed a decrease in copper serum concentrations to copper’s
role in upregulating lysyl oxidase, which resulted in excessive collagen cross-
linking [51].

* Cu is also thought to have a caries-promoting effect [52].
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5.5 Selenium (Se)

Selenium salts are essential for a variety of cellular functions in the human
body, but too much of them is toxic [53]. It is present in the liver, kidneys, seafood,
poultry, grains, grain oils, milk, fruits, and vegetables, and a maximum intake of 70
micrograms is recommended [54]. It is required for the formation of anti-oxidants
enzymes in the body.

Selenium is a non-metallic substance that occurs naturally and is absorbed
by the body through food or inhalation. Intake of selenium was linked to an
increase in dental caries. It has been stated that selenium settles in the enamel’s
micro-crystal structure at the start of decay, making it more susceptible to dis-
solution [54].

Furthermore, a reduction in selenium levels in the body has been linked to
oxidative stress. According to a new study, patients who developed oral mucositis
as a result of high-dose chemotherapy significantly shortened the duration and
severity of the condition and also has cytoprotective impact and antiulcer activity
on subsequent reinforcement [55].

5.6 Manganese (MN)

The amount of manganese in food varies greatly. Peanuts and grains have the
highest concentrations, while milk products, meat, poultry, fish, and sea products
have the lowest. Manganese can also be present in coffee and tea, which account
for 10% of daily intake. On average, an adult’s body contains 15 mg of manganese,
which is often found in nucleic acid. The regular requirement is between 2 and 5
milligrams. Manganese is a component of metalloenzymes and acts as an enzyme
activator. Manganese concentrations range from 0.3 to 2.9 ug manganese/g in all
mammalian tissues. Tissues with a lot of mitochondria and pigments (like the retina
and dark skin) have a lot of manganese concentrations in them.

Manganese is a TE that can be ingested by food, air, or water and incorporated
into the enamel. Furthermore, Mn has the ability to change Ca’s position at HAP.
Mn can be used in synthetic HAP without degrading the crystal area size, according
to several studies [56].

Manganese concentrations are normally higher in bones, livers, pancreas, and
kidneys than in other tissues. The bones are the most valuable manganese shop.
Manganese is one of 49 elements found in enamel hydroxyapatite crystals, and it is
normally present in very small amounts. Manganese concentrations in enamel range
from 0.08 to 20 ppm, or 0.08-20 mg/kg, and in dentine from 0.6 to 1000 ppm.

The concentration of Mn is higher in permanent dentition compared to primary
dentition [57].

Manganese is being increasingly linked to the occurrence of tooth decay.
According to one study, the incidence of dental caries in males increased in areas
with higher manganese content. As a result, it is stressed that manganese promotes
caries [4].

5.7 Zinc (ZN)

Zinc is found in the human body in amounts ranging from 2 to 4 grams. The
prostate, eyeballs, brain, muscles, bones, kidney, and liver all store zinc. It is the
only metal used in all enzyme groups and is the second most common transition
metal in species after iron. The concentration of Zn in plasma (10%) remains
constant even when intake is higher and in plasma 60% is tightly bound to albumin
and the rest to transferrin (40%) [58, 59].
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The RDA of Zinc is 15-20 mg. The pancreas and intestines excrete approxi-
mately 2-5 mg per day. Pregnancy, loss of liquid, oral contraceptive use, blood loss,
and acute infection all having lower plasma zinc levels.

Zinc is needed for cell reproduction, differentiation, and metabolic functions.
Zinc also aids normal development during pregnancy, infancy, and adolescence
[60, 61]. Zinc is present primarily in animal products such as beef, milk, and fish.
Phytonutrients are poor in zinc bio adjustment [58].

Oral Health and Diseases: What role does it play?

1. Zinc is present in the oral cavity i.e. in Enamel, Dentin, and Plaque (Naturally
present). Oral health products containing zinc are used to regulate plaque,
minimize odor, and delay the development of calculus. Following delivery
from mouth rinses and toothpaste, zinc elevated concentrations in plaque
and saliva can be retained for long periods of time. Despite the fact that low
concentrations of zinc can both minimize enamel demineralization and alter
remineralization, the anti-cariogenic efficacy is still debatable and contradict-
ed by numerous studies [62].

2. Taste disorders: Zinc plays an important role in taste functions at different
stages of organization, including taste buds, taste sense nerve transmission,
and anatomical structures like the brain. Early researchers concluded that taste
disruptions are caused by zinc deficiency due to some etiology, and therefore
zinc depletion is still corrected for patients reporting taste imbalances [63].

3. A rodent study found that a zinc-deficient diet can cause parakeratosis of the
normally ortho-keratinized oral mucosa. As a result, zinc deficiency can be a
risk factor for periodontal and oral diseases and causes parakeratosis in soft
oral mucosa like in cheeks, tongue, and food pipe [64].

4. Act as a cofactor for superoxide dismutase enzyme and zinc deficiency is a find-
ing of patients with potentially premalignant lesions such as oral leukoplakia
that could be due to more intake of zinc in reaction to higher copper found in
arecanut and oxidants produced during tobacco usage [65, 66].

5.In contrast to common opinion, limited evidence indicates that zinc has a car-
cinogenic effect [67].

5.8 Cadmium (Cd)

Cadmium accumulates in the liver and bones as soon as it reaches the body and
is released slowly (cadmium reference). It causes a major environmental issue as a
result of being received by plants and entering the food chain, or as a result of being
washed from the soil and hitting the water environment. Furthermore, chelating
agents accelerate the downward carriage of cadmium from the soil, which can
contribute to contamination of drinking and irrigation waters as it reaches under-
ground water bodies [68, 69].

Exposure to cadmium has been linked to a number of health problems, including
kidney failure and skeletal problems, and heart diseases [70]. It can be released
from dentures and materials containing metal alloys in the mouth (rigidly bound
with metallothioneins) and can accumulate in teeth and other oral tissues.

Cadmium has been linked to an increase in the occurrence of tooth decay.
However, it is said that cadmium settlement in teeth after growth is ineffective in
preventing caries. According to some animal studies, there is a clear connection
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between the formation of dental caries and cadmium intake during the dental
growth period [4]. The power of increased exposure to and diffusion of this toxic
material on the general and oral health of vulnerable populations such as children is
fetching increasingly significant [4].

5.9 Lead (Pb)

Lead may be consumed by tainted food and beverages as a result of industrial
activity [51]. Lead enters the food chain through vegetables grown in polluted
soil, for example. Lead can be transferred from polluted soil to plants and grass,
potentially resulting in toxic metal accumulation in vegetating ruminants,
especially cattle. Lead accumulation causes toxic effects in animals, as well as toxic
effects in people who drink toxic metal-contaminated meat and milk [71].

It is a radioactive metal that is harmful to the human body. At the HAP of teeth,
lead has the potential to translocate with Ca + 2 and resulting in decreasing the size
of hydroxyapatite crystals [72].

In the atmosphere or diet, lead is passed to body hard tissues such as teeth and
might be having an effect on increasing dental caries. Furthermore, it has been
discovered that lead promotes the development of enamel hypoplasia. As per the
literature, it shows have a probable connection between increasing lead levels in
saliva and the formation of dental caries in children with early tooth decay. Asa
result, lead is critical in the formation of new caries lesions [4, 72, 73].

5.10 Iron (Fe)

Iron (Fe) is abundant in nature and a biologically important part of all living
organisms, unlike other TE. Regardless of geological abundance, when oxygen
comes into contact with iron, it forms hardly soluble oxides. As a result, it is poorly
absorbed by species [74].

Iron is found in liver, beef, poultry products, and fish, as well as cereals, green
leafy vegetables, pulses, nuts, oilseeds, and dried fruits. Iron, as an important
nutrient, is primarily absorbed by green vegetables. Enamel has been found to
have low iron concentrations [75]. RDA ranges from 4 to 5 gm and is essential to
maintain a healthy body.

6. Detection of trace elements and assessment of nutritional status
This was done as follows:

a. Despite the fact that different methods have been used to assess the existence
of trace elements, due to their large distribution within living tissues and
enzyme systems, it is a time-consuming and fruitless task. To determine the
sum of trace elements, colorimetric and spectrographic methods are widely
used. For solitary element analysis, spectroscopy and electrochemical methods
are typically used, while for multiple-element analysis, neutron activation
analysis and spectroscopic methods are typically used [76].

b.Iron deficiency can be easily diagnosed routinely by laboratory test like
Complete blood count with having the high total iron-binding capability, a low
serum iron level, and a low serum ferritin concentration. The erythrocyte zinc
porphyrin assay, has recently been used in primary screening for determining
iron status [77, 78].
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c. The optimum copper-zinc plasma or serum ratio has been stated to be
0.70-1.00. As previously mentioned in the report, diagnosing zinc deficiency
is a difficult task. The most popular indices for measuring zinc deficiency are
plasma or serum zinc levels [79, 80].

d.Since tissue chromium stores do not appear to accurately represent blood
chromium, serum chromium concentration is not an accurate measure of
chromium status. The existence of an extreme chromium deficiency is thought
to be indicated by serum chromium levels less than 0.14-0.15 ng/mL. A person’s
serum chromium level may be elevated as a result of excessive chromium
exposure from work or an accident.

e. The nutritional status of selenium has been determined using various tissues
such as blood, hair, and nails. In general, if dietary selenium consumption is
consistent, these tissues may provide a reliable assessment of selenium status.

f. It is difficult to assess the status of other trace elements in typical individuals’
tissue levels.

7. Sources of trace elements

The location of trace elements on dental hard tissue like enamel and dentin may
differ and also within the structure. The Cu, Pb, Co, Al, I, Sr., Se, Ni, and Mn more
on enamel whereas Fe and F more on dentin and cementum.

Also, within the enamel, the outer surface has more Iron, Lead, and
Manganese than inside layers suggesting that mostly these come from the exter-
nal environment and get deposited on tooth enamel after an eruption or during
calcification.

Trace elements can reach the human body through a variety of routes, including
food, water, and air. Dental materials and fluids (such as saliva, dental prosthesis,
and dental porcelain) are discussed below as potential sources of trace elements in
tooth enamel [81].

a.Saliva - Saliva is actively washing teeth. The structure of the enamel surface
is considered to be affected by many trace elements present in saliva. It varies
among the population and in a great amount the trace elements found in
enamel and also found in saliva (Na, Mg, K, and Zn). The amount of trace
elements in one’s saliva varies from person to person. The most abundant trace
elements in saliva are also the most abundant trace elements in tooth enamel
(Na, Mg, K, and Zn and it suggests that saliva can have a profound effect on
enamel demineralization and remineralization.

b.Dental prostheses - Partial dentures can be a source of trace elements discov-
ered in teeth. Patients with partial dentures have higher levels of Cr, Co, Fe,
and Ni in their saliva than patients without partial dentures. As a result, the
accumulation of trace elements in tooth enamel can be affected by the pres-
ence of dentures in the mouth. The effect of trace elements presents in dental
prostheses on tooth enamel will be confirmed in future studies.

c.Dental porcelain - This material consists of a glass matrix and a leucite crystal-

lite phase. It contains minerals like Si (57-66%), B (15-25%), Al (7-15%), Na
(7-12%), K (7-15%), and Li (0.5-3%). The concentrations of these elements
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in tooth enamel were found to be closely associated. This finding suggests that
dental porcelain may be another potential source of these elements in tooth
enamel but need to confirm with future studies.

8. Conclusion

Though trace elements are only needed in trace amounts, their optimal presence
is critical for the body’s normal physiological functioning and for upholding the
body’s biodynamics. Excess and deficiency both contribute to the onset, develop-
ment, and promotion of different disease processes. As a result, having a thorough
understanding of these trace elements is critical for disease prevention and opti-
mum health.

Nutritional and clinical diagnosis of trace element defects is one of the most
daunting activities. Deficient intake of an important trace element can cause sig-
nificant biological functions within tissues to be harmed, and restoring physiologi-
cal levels of that element can restore or prevent that function from being harmed.
The amount of main trace metals circulating in the blood and deposited in cells is
controlled and regulated by an intricate mechanism in the human body. When the
body fails to function properly or there are inappropriate levels in dietary sources,
excessive levels of these trace elements may develop. A diet rich in antioxidants and
essential minerals is essential for a healthy mind and body, according to numerous
lines of proof. In recent years, preventive medicine has gotten more coverage than
anything else, as the adage goes, “prevention is better than cure.” Oral and general
health are inextricably linked, and the oral cavity can effectively reflect systemic
health. Oral diseases such as oral leukoplakia, oral submucous fibrosis, oral cancer,
and others have been treated with a mixture of micronutrients and trace elements
because their combined effect is more effective than a single application. As a result,
general and oral healthcare professionals must be familiar with the clinical aspects
of trace elements.
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Chapter 3

Developmental Dental Defects
and Tooth Wear: Pathological
Processes Relationship

Francesco Grande and Santo Catapano

Abstract

Many conditions or pathologies can modify teeth surfaces and cause several
functional and esthetic problems. Congenital dental defects and tooth wear are two
of the most important reasons of dental tissue changes. Nowadays, the prevalence
of tooth wear is increasing because of a high incidence of non-physiological tooth
wear especially in young people. However, distinguishing dental defects originated
from tooth wear or developmental dental defects is crucial to plan the most suitable
treatment. Then the aim of this work is to present the different pathological condi-
tions caused by these two etiological factors as well as the underlying biochemical
mechanisms and incorrect habits related.

Keywords: tooth wear, amelogenesis imperfecta, dentinogenesis imperfecta,
attrition, abrasion, erosion, abfraction

1. Introduction

Many conditions or pathologies can modify teeth surfaces and cause several
functional and esthetic problems to the dental patient. They could be divided in:

* congenital defects or developmental dental defects;
* acquired dental defects.

Congenital dental defects include pathologies as amelogenesis imperfecta,
dentinogenesis imperfecta and molar-incisor hypomineralization.

On the other side, dental caries, occlusal trauma and tooth wear are recognized
as the most important reasons of dental tissue changes, concerning acquired dental
defects. However, tooth wear has always been underrated and less considered than
dental caries and trauma [1, 2]. Also congenital dental defects are little considered
because of the lower prevalence in the population then dental caries although there
is a clear association between some types of developmental defects and dental caries
in primary dentition [3].

Regarding tooth wear, today the common opinion of dental clinicians is that
the prevalence of tooth wear is increasing, because of a high incidence of non-
physiological tooth wear and this is confirmed by important surveys [4, 5]. Also the
prevalence of extensive wear is thought to increase, especially erosive tooth wear at

young age [6].
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Regarding congenital dental defects, the comprehension of genetic and environ-
mental influences on enamel and dentine development are considered crucial for
preventive actions and treatment planning of these conditions [7].

With the increased life expectancy and augmented frequency of oral hygiene
procedures, problems related with tooth wear and congenital teeth defects are likely
to place greater demands upon dental clinicians.

Then, in order to face that, it is important to understand the pathological
mechanisms underlying developmental dental defects and dental wear and what
biochemical processes and incorrect habits are involved in these conditions.

2. Congenital dental defects

Congenital dental defects are due to inherited or spontaneous genetic or epi-
genetic mutations that influence specialized cellular and biochemical pathways
involved in dental hard tissue formation [8]. Local or systemic defects depend on
where affected genes are expressed [9, 10].

However, these conditions are also caused by environmental factors such as
drugs, infections, nutritional deficiencies, medical conditions or trauma [7].
Clinical importance of these defects is related to the risk of tooth decay, especially
in respect of biofilm retention [11]. In addition, problems in restorative treatment
because of the effectiveness of the materials and cements used for patient rehabili-
tation could be present.

2.1 Developmental enamel defects

Developmental enamel defects are mostly due to mutations in genes that code
for enamel proteins. Generalized systemic conditions may also be present and could
involve neuroectodermal mesenchyme tissues, that share common embryologic
origins with enamel and dentin [12]. Otherwise, they could be induced by some
pre-, peri- and postnatal factors.

Clinically, enamel abnormalities due to gene mutations are grouped under the
name of amelogenesis imperfecta (AI) [7] and can be clinically divided into quali-
tative and quantitative defects. Qualitative defects differ from quantitative ones
because they are characterized by the presence of normal amounts of enamel that is
deficiently mineralized while quantitative defects are referred to enamel quantity.

Hypoplasia is a quantitative reduction of enamel formation due to disruption
in ameloblast production. It can affect both the primary and permanent teeth [13].
The etiology of hypoplasia is related to insults occurring during the earliest stages
of enamel development (matrix formation) [14]. It causes pits, grooves, thin or
missing enamel, dental surface breaks and deficiencies.

Hypomineralization is a qualitative defect due to insults occurring in the calci-
fication process. The resulting reduced mineralization could be recognized as soft
enamel. When an altered translucency or opacity affects the entire tooth, or alocal-
ized area we can also talk of hypomaturation [12]. In case of hypomaturation and/or
hypomineralization, enamel could fracture easily under loading [15] and this could
result in severe tooth wear.

In the field of hypomineralization defects, a peculiar type of chronological
enamel hypomineralization is the molar-incisor hypomineralization (MIH). It
determines well demarcated opaque areas on the surface of permanent molars
and incisors that could be colored from white to yellow or brownish, depending
on the severity of the pathology [16]. In these cases, teeth often show enamel
disintegration at the occlusal surfaces, post eruptive tooth structure loss and high
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caries susceptibility. Tooth sensitivity could also be present because of the porous
prismatic enamel morphology [17]. This condition may predispose to tooth wear
due to attrition between teeth and it can be aggravated in presence of other factors
as abrasion and erosion. The severity of the clinical status may require extensive
treatment [18-20].

Systemic factors affecting enamel development may also be distinguished in
pre-, peri- and postnatal conditions in relation to the timing of the event [18] and
could be caused by metabolic disturbances, drugs consumption, local infections,
trauma and radiation [21, 22].

Amelogenesis defects may predispose to tooth sensitivity, plaque accumulation
and increased caries risk, and in severe cases even space loss and malocclusion [23].
Also tooth wear can be associated to developmental enamel defects [7]. Infact,
tooth wear could be a detrimental consequence of attrition between teeth in case of
amelogenesis imperfecta and this may also cause the alteration of the normal occlu-
sal pattern. Qualitative enamel defects may decrease the resistance of teeth both to
erosion and abrasion because of the weak resistance to acid attacks and friction with
foreign bodies. Furthermore, the augmented risk of dental caries and the porosity
of enamel structure can enhance the process of tooth breakdown due to occlusal
loading. Anterior open bite and increased calculus formation are commonly
encountered in association to amelogenesis imperfecta [15] and could worsen the
oral condition. Also tooth wear can be associated to developmental enamel defects.

2.2 Developmental dentin defects

Developmental dentin defects principally origin from mutations in genes coding
for the proteins involved in type 1 collagen or in the extracellular matrix as well as in
the mineralization processes. Defects may involve only dentine or both dentine and
skeleton, if altered proteins are specific to dentine or expressed both in bone and
dentine. These two types of clinical phenotype classified inherited dentine defects
in the Shield’s classification system [24].

Dentinogenesis imperfecta is the most common type of developmental disorder
of dentine, affecting both primary and permanent teeth. It is sometimes associated
with osteogenesis imperfecta [25]. When dentine and osseous defects are associ-
ated, there is a genetic fragile bone condition together with a reduced support of
dentine that could show an opalescent brown discoloration. Lacking teeth support
leads to easily fractures of the overlying enamel fractures as well as rapid wear and
attrition of the teeth. Progressive pulp obliteration usually begins soon after erup-
tion of the teeth and wear could arrive to the gingival level [7]. Dentine dysplasia
is less common and shows normal appearing crowns with normal or short roots
and pulp reduced in size. Occasionally, other abnormalities such as dental discolor-
ations, bulbous crowns and pulp obliterations may be encountered [26].

Dentin developmental defects are highly expressed in familiar hypophosphate-
mia, also known as ‘vitamin D-resistant rickets’, an X-linked dominant inheritance
condition [27]. This condition is associated with reduced resorption of phosphate
in the renal tubules and characteristic rachitic bone deformities [28]. Spontaneous
dental abscesses in children with no history of caries or trauma showing teeth
involved in familial hypophosphatemia may occur [29]. Poorly mineralized dentine,
and tubular defects extended closed to the dentino-enamel junction could predis-
pose the pulp to exposures and infection as soon as the enamel is removed (superfi-
cial caries or attrition) [28, 30].

Because of the X-linked condition, boys are affected by the most severe dental
involvement and girls the least. A wide range of spectrum manifestations has been

described [26].
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3. Tooth wear mechanisms

Tooth wear is defined as the progressive loss dental hard tissues from the sur-
faces of the teeth, caused by relative motion (friction) at the surface [1]. This type
of wear includes attrition and abrasion, but also dental erosion and abfraction are
nowadays included in this condition.

Tooth wear due to masticatory function is regarded as a natural phenomenon and
a certain degree of tooth wear is considered unavoidable during age [31]. If the degree
of destruction or the rate of loss becomes excessive, overcoming the physiological
mechanisms of compensation (e.g. formation of secondary dentin), problems arise
with the necessity of treatment [32]. It may cause functional and esthetic problems,
dental sensitivity [1], or it could prejudice the survival of the teeth [2]. Wear could be
critically pathological when it leads to poor masticatory function with concomitant
reduction in quality of life and possible deterioration of systemic health [33].

The presence of developmental dental defects of enamel or dentine origin could
enhance the process of tooth wear. In fact, decreased resistance in teeth with enamel
and dentin abnormalities is a fact and the etiological mechanical and chemical
processes of attrition, abrasion, erosion and abfraction may critically reduce the
survival rate of teeth with developmental dental defects.

Then, understanding and recognizing the disruptive processes of tooth wear and
if it hides possible developmental dental defects is necessary to prevent and treat
several dental pathologies as worn dentition.

3.1 Attrition

Attritional is defined as the loss of tooth tissue due to friction between opposing
teeth and is thus related to dental occlusion. The progressive tooth substance loss
(TSL) is considered by Berry and Poole [31] a normal aging process, in which for-
mation of secondary dentine, muscle adaptation, alveolar growth and attrition are
all part of a compensation mechanism. In this view, attrition, as a normal process of
changing dental morphology, should not be regarded as excessive. However, the loss
of tooth tissue usually affects the dental occlusion, and it is still controversial the
fact of ignoring a changing occlusion in the management of dental problems such as
‘extensive’ attrition or temporomandibular disorders. For these reasons and because
of different assessment criteria, the exact prevalence of attrition is unclear [1, 2].

The literature on attrition does not provide clear evidence for the efficacy of
particular occlusal designs in the management of attrition [34, 35]. Some cross-
sectional studies [36, 37] indicate that anterior (spatial) relationships and attrition
were related. As expected, anterior guidance, which is partially determined by ver-
tical overbite and horizontal overjet, seems to reduce the risk for posterior attrition,
but increases the risk for anterior attrition. Canine protection, that ensures anterior
guidance, may reduce the posterior tooth substance loss but only one study tried to
demonstrate it [37]. Absent posterior support did not necessarily lead to increased
attrition of the remaining teeth, whereas a reduced number of teeth may lead to
increased wear of the remaining teeth [38].

In dentinogenesis imperfecta, attrition is deleterious. As reported in literature,
the reduced support of dentine due to genetic condition leads to easily fractures of
the overlying enamel and to a progressively rapid tooth wear caused by attrition [7].

For this reason, attrition is very common in dentinogenesis imperfecta and have
to be considered as one of the most important factors of tooth wear.

Attrition in patients with amelogenesis imperfecta may result in widespread
exposed dentin both in primary and in permanent teeth. Deficiencies in enamel
attachment to dentin and defective enamel structure take part in the process of
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tooth wear, that could be faster and result in dentoalveolar abnormalities because of
the continuous eruption of teeth [39].

In Molar-incisor hypomineralization (MIH), tooth substance loss could be enhanced
due to attrition mechanisms [40]. MIH complicated with tooth substance loss may not
only compromise the esthetics and function but also endanger the pulp and longevity of
the affected teeth. Tooth substance loss might be complicated by eruption of the teeth
with its dentoalveolar processes which obliterate the space for any restorations [41].

Attention in these patients should also be placed when a prosthetic restoration
is performed on the antagonist tooth because of the possible increased wear. The
material choice is fundamental regarding mechanical properties, hardness and
patient occlusion scheme, and the prosthetic restoration of the antagonist with the
same material could be considered.

Attrition may be accelerated by “demastication”, intended as a tooth wear
process occurring during mastication of food influenced by the abrasiveness of
the individual food particles [42, 43]. High levels of inorganic compounds and
salts were found in snuff by Dahl et al. [44] while silica abrasive particles were also
discovered in tobacco chewing by Bowles et al. [45].

Despite the possible augmented tooth substance loss because of the food particles
abrasiveness, a restorative rehabilitation of the patient with developmental dental
defects is important also for reestablish an appropriate food intake. In fact, the tooth
wear and pain disturbances evoked by some types of food may altered patient’s
alimentary habits, avoiding the consumption of some important nutrients [46, 47].

Some parafunctional habits (bruxism and clenching) may contribute to attrition
[1, 48]. One study concluded that excessive forceful grinding during ongoing sleep
bruxism events may cause canine attrition (Figure 1) [49]. While the prevalence of
bruxism is unclear, studies report between 5-96% of the population may be affected
[1]. Its prevalence on population with developmental dental defects is not reported in
literature but considering the weakness of the tooth tissues in these patients, it could
be responsible of a severely worn dentition in young age [50]. Night bruxism and
clenching are detrimental and a thorough dental and muscular examination has to be
carried out to identify signs of bruxism and clenching in order to avoid major dental
destruction. A misdiagnosis may involve future complex oral rehabilitations in order
to treat patients with developmental dental defects and severe worn dentition [50].

3.2 Dental abrasion

Dental abrasion is defined as the loss of tooth substance due to friction with
food and foreign body (e.g. toothbrush) and may obliterate attrition wear patterns

Figure 1.
A case of teeth attrition caused by bruxism.
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caused by friction of opposing teeth [51]. Some types of dental abrasion may be
related to habit or occupation [1, 2, 52]. Notching of incisal edges may be caused by
pipe smoking, nut and seed cracking, nail biting, and hairpin biting [51, 53].

The etiology may also be deduced from the location and pattern of abrasion [52,
54]. The most common cause of dental abrasion can be found at the cervical areas
and is related to toothbrushing. The technique applied, the time and frequency, the
bristle design, and also the dentifrice used during toothbrushing can strongly influ-
ence this pattern [1, 48, 52]. A zealous, vigorous and repeated toothbrushing as well
the use of toothbrush with not rounded tips of the bristles and abrasive dentifrice,
could lead to an important dental abrasion.

In literature studies, premolars were more frequently affected with lesions vary-
ing from wedge-shaped and dish-shaped to flattened irregular and concave, with
several depth and size (Figures 2 and 3) [55]. Data analysis revealed that vigorous
toothbrushing is the major etiologic factor [56-60].

In patients with developmental dental defects, it is important to place a strong
emphasis on an adequate oral home-care regimen. Education of the patient and
parent guardian on an adequate tooth brushing technique and recommended oral

Figure 2.
Mild abrasion in canine and premolar teeth.

Figure 3.
Severe abrasion and abfraction lesions of the first and fourth quadrant teeth.
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hygiene habits is required. Pitted enamel surfaces and roughness of teeth especially
in amelogenesis imperfecta may predispose plaque accumulation and augmented
susceptibility to dental caries. Oral hygiene could be poor in some patients, often
because of tooth hypersensitivity and the presence of an anterior open bite associ-
ated with mouth breathing [61]. Patients have to be informed regarding their
situation and instruct to maintain correct oral hygiene habitudes.

Motivation to home oral hygiene instructions is important not only for the
health of hard dental tissues but also for the soft gingival tissues. Restorative
procedures are usually performed in patients suffering of enamel and dentine
defects. Then, teeth surfaces may retain more plaque and gingival hyperplasia can
be expressed near restorations.

Dental abrasion is principally associated with horizontal brushing technique
[56], but also with brush stiffness [62, 63], dentifrice abrasiveness [57, 58] and age
[64, 65]. It was observed that hard bristles caused the least amount of tooth abrasion
while soft bristles caused the most amount of abrasion, because of the major reten-
tion of toothpaste offered by smaller diameter filaments and denser tufts [66, 67].

Although studies show a strong association of cervical abrasions to toothbrush-
ing, some authors affirm that dental erosion plays a great role in this tooth wear [1,
48, 63]. Experiments show that an interval of 1-hour should be considered before
toothbrushing after an acid attack, in order to allow a period of remineralization
necessary for improving the resistance of eroded enamel against brushing abrasion
[68, 69]. Seong et al. [70] observed that enamel repair commences within 2 hours
following an acidic attack and is completed 4-24 hours later. Then it could be
concluded that the enamel repair process is relatively slow, exposing to high risk of
tooth wear mediated by erosion/abrasion. In this context, patients with develop-
mental dental defects and especially with enamel hypomineralization should have
particular attention to avoid toothbrushing after eating acid foods and drinks. In
this context, two mechanisms could accelerate tooth wear: the increased deminer-
alization after an acid attack due to the enamel matrix hypomineralization and the
reduced rate of remineralization caused by the alteration of the enamel matrix [14].

Obviously, the amount of saliva produced by each patient is one of the most
important protective factors to avoid erosion of tooth structure. An appropriate
evaluation of salivary rate production should be performed in this sense.

Dental hypersensitivity related to cervical abrasion and exposure of dentin to
the oral environment may be possible and generally more frequent than in other
populations [71].

3.3 Dental erosion

Erosion is known as the dissolution of the surface of an object by means of
fluids. Dental erosion is always caused by acid dissolving hard tooth tissues [72] and
has been defined as the irreversible loss of dental hard tissue caused by a chemical
process not involving bacteria (Figure 4) [43].

A general trend of increasing tooth wear by acid erosion in particular, amongst
the young people, was highlighted by several authors [73-75]. In particular, young
women (15-25 years old) are often affected by psychosomatic eating disorders [76].

These phenomena often clinically overlap with other clinical pathologies such
as abrasion and attrition (Figure 5). This could lead to a difficult differentiation,
especially at the initial stages. However, as the degree of erosion increases, a more
suitable differential diagnosis can be performed. It is very important to establish
if dental erosion underlines any developmental dental defect that may contribute
to the pathologic condition observed. And it is already fundamental to understand
what type of developmental defects may affect the dentition similarly or in addition
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Figure 4.
Occlusal erosion of molar teeth.

Figures.
Increased tooth wear of mandibular teeth cause by a combination of attrition and evosion.

to acid erosion. Sometimes, it could be difficult to distinguish if teeth with missing
enamel and dental surface breaks are affected by hypoplasia, that is a quantitative
reduction of enamel formation or by acids consumption. Erosion mediated by acids
may also be undistinguished from enamel hypomaturation, when diffused opacities
are observed. Then, the area of the opacities or structure deficiencies must be care-
fully observed and all the mouth have to be analyzed to understand if those defects
are localized in only a part of the mouth or widespread. A correct anamnesis of the
patient must also be performed regarding diet habits, gastrointestinal pathologies
or drugs assumption. Dietary analysis and advice regarding erosion and sugars

are fundamental to reduce further problems in teeth affected by amelogenesis
imperfecta [77]. Conversely, children with Al and DI will often avoid ice cream and
fridge-cold products because of the hypersensitivity and this constitute a protective
factor. However, a lot of other cariogenic or acidic products may be responsible for
erosion processes.

In the advanced state, the erosion can extend into dentin. The level of painful
hypersensitivities as well as the esthetic or functional limitations are generally related to
the extension of the erosion, although sometimes an individual component for dentin
hypersensitivity may exacerbate this phenomenon. Also in this case, poorly mineralized
dentine, and tubular defects in dentinogenesis imperfecta may express as extensive
tooth wear, similarly to advanced case of erosion with similar hypersensitivity.
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From an etiologic point of view, erosive defects can be distinguished in endog-
enous and exogenous. The consumption of acidic food and drugs, as well as occupa-
tional acid exposure such as wine tasters and professional swimmers, are considered
extrinsic exposures [78]. Instead, intrinsic erosion is intended when gastric fluids
come into contact with the oral cavity, especially in patients suffering of gastroin-
testinal reflux disease, eating disorders, and/or alcohol abuse [79].

Usually, a palatal and occlusal localization of the erosion defects is due to an
intrinsic erosion, while an extrinsic erosion affects the labial surfaces of the anterior
teeth [80]. Both types of erosion produce deleterious effects on dental elements,
with a pattern of destruction dependent on the erosivity of the erosion-causing
solution (pH, buffer capacity, and mineral concentration), and also on the fre-
quency and type of acid exposure. However, as gastric fluid is evaluated as 1 in the
pH scale and is provided with a high amount of free acid, its erosive potential is
higher than that of extrinsic acids [81]. Moreover, patients with eating disorders
often show xerostomia because of the lower salivary flow rate caused by the general
dehydration or by the antidepressant drugs, which could further increase the risk of
developing erosive lesions.

3.4 Abfraction

Abfraction or Non Carious Cervical Lesions (NCCL) have been used to
describe wedge shaped cervical lesions as a wear defect [82]. It is recognized as the
loss of cervical tooth tissues induced by mechanical loading which led to enamel
and dentin flexure and failure [83]. Some biomechanical analyses show that the
most important area of stress concentration is located at the cervical areas of
the teeth in response to overloading, that leads to initiation of a cervical lesion
(84, 85].

Another study, using FEM, suggested that oblique loading on the tooth stretches
the enamel surface near the cemento-enamel junction causing plastic deformation
at the cervical area [86]. It was seen that lateral forces produce compressive stresses
on the side toward which the tooth bends and the tensile stresses are on the other
side. These stresses create microfractures at the cervical region which propagate
perpendicularly to the long axis of the tooth, leading to a localized defect around
the CEJ [87]. The tensile forces could disrupt the hydroxyapatite (HA) crystals
of the enamel structure, allowing saliva and other small molecules to penetrate
between the prisms and prevent re-establishment of the interprismatic bonds on
release of the stress (Figure 6). Ultimately, when the enamel breaks away at the
cervical margin and exposes the dentin, the process continues in this way and may
accelerate because of the structure of the dentin [82].

Cervical lesions depend on type and severity of the etiologic factor, and not all
these lesions require restorations. They appear primarily at the cervical region of
the dentition and are typically wedge-shaped, with sharp internal and external line
angles [55].

Treatment planning of non carious cervical lesions is based on the reduc-
tion of stress concentration in order to strengthen the tooth, the prevention of
dentin hypersensitivity with major pulp protection and the modification of oral
hygiene habits, improving also the esthetics [82]. Composites and glass ionomer
restorations can be adopted if lesions are not too much extended. On the other
hand, metal crowns can be used where the masticatory load is higher. In order
to treat hypersensitivity, dentin bonding agents, fluoride varnishes and other
desensitizing agents may be useful. Gnatologic devices also can be fabricated
to protect teeth during night, however changing of dietary and oral habits is
mandatory [88, 89].
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Figure 6.
Abfraction lesions associated with moderate tooth wear.

4. Diagnosis and management of patients with developmental dental
defects and tooth wear

Tooth wear is multifactorial in origin [51]. The major factors responsible for
tooth wear should be identified starting from a correct and thorough anamnesis
of the patient in order to establish a predictable treatment plan. Several signs may
result useful in the differential diagnosis process and the appearance of worn tooth
surfaces resulting from the various types of wear differ. In order to make a correct
diagnosis of the etiology of tooth wear it is fundamental not only to observe the
wear pattern but also to investigate if any erosive or abrasive factor is present in
the anamnesis. However, if a clear etiological factor is not find, the observed tooth
wear may be due to the mechanical type. However, identification and recognition
of developmental dental defects is of extreme importance (Table1) [23, 94]. In
fact, early diagnosis and preventive care are essential for the successful treatment
of developmental dental defects. Children with a family history of amelogenesis or
dentinogenesis imperfecta, or medical syndromes commonly associated with them
such as prematurity of birth or hypophosphatemia should be assessed for devel-
opmental dental defects as soon as the teeth erupt. Defects in primary teeth may
possibly indicate a risk also for permanent dentition [7].

For children with developmental dental defects, a preventive program should be
instituted immediately after diagnosis. Neutral sodium fluoride gels or varnishes
professional applications every 3/6 months, in addition with calcium and phosphate
rich agents (casein phosphopeptide-amorphous calcium phosphate, CPP-ACP)
are recommended to reduce caries risk and developmental opacities in teeth with
enamel hypoplasia [95]. Because of the structural weakness of the teeth with
developmental dental defects, other important recommendations are the same as
erosive protection advices such as reduced consumption of acidic food, diet and
soft drinks, control of eventual psychosomatic disorders, because of the possibility
of frequent vomiting [90]. It is also important to consider that the risk of erosive
lesions is increased when acid or soft drinks are assumed by children from a feed-
ing bottle at bed- or nap-time, because of the lower salivary flow rate during sleep
[96]. Furthermore, several drinking habits (sips drinking, use of a straw in direct
contact with teeth, and intensive rinsing) cause a prolonged pH drop in the oral
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Etiology Clinical signs Preventive and
possible therapeutic
options

Attrition Friction between Occlusal tooth wear Teeth prosthetic
opposing teeth [72] or conservative
restorations [1, 2]
Erosion Contact between Vestibular, palatal Avoid acid foods and
acid substances and and/or occlusal tooth drinks consumption

teeth [43] substance loss [90, 91]

Abrasion Friction between Cervical vestibular Avoid horizontal
teeth and foreign tooth substance loss toothbrushing

body [72] technique and dental

abrasive habits [48, 52]

Enamel hypoplasia

Quantitative
reduction of enamel
formation [12]

Thin enamel area
with surface pitting or
vertical grooving on
several teeth

Microabrasion and
restorative or prosthetic
treatment [12, 92]

Enamel
hypomineralization

Reduced enamel
mineralization [40,

Soft and/or discolored
enamel

Fluoride applications,
restorative and/or

93] prosthetic treatment
[16,17]
Dentinogenesis Alterations in Tooth discoloration, Prophylactic coverage
imperfecta collagen proteins enamel fractures, with stainless steel
[47] pulp obliteration crowns, Fluoride
applications [7]
Table 1.

Summary table of the etiology, clinical signs and preventive and therapeutic options of developmental dental
defects and tooth wear conditions. Clinicians must consider possible associations between these two pathological

entities.

cavity compared to a short consumption [97]. Then, patients should restrict the
consumption of acidic food and drinks only to main meals. Acidic beverages should
be consumed cool and as fast as possible in order to reduce their erosivity. Some
foods as yogurts that have high concentrations of calcium and phosphate, result
non-erosive despite their low pH [91].
When tooth wear is already present, the treatment planning in children with
extensive enamel defects due to may involve complex restorations, orthodontics,
exodontia and prosthodontics [77].
Normally, without any developmental dental defects, the treatment planning
depends on the severity of tooth wear. The amount of tooth wear necessary for
intervention is not clear from the scientific literature, even if with the Smith and
Knight index [98], the threshold to start restorative treatment is set once dentine
was involved. A recent paper summarizes when it is recommended a restorative

treatment [99]. Another paper indicates several techniques and treatment strategies
for tooth wear, clearly distinguishing between pathological and physiological tooth
wear; it is also highlighted that dentist has to detect the speed and severity of tooth
wear process in order to decide when intervening [100]. However, difficulties in
detecting a pathological dental loss at early stages differently from physiological
loss, is challenging for the dentist. A complicating factor is also that tooth wear may
be cyclical and can be inactive in the majority of the patients, despite obvious wear
facets in their dentitions [101].

However, in developmental dental defects, because the structural weakness
of the hard tissues leads to its readily deterioration under masticatory stresses
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and both amelogenesis and dentinogenesis imperfecta are associated with rapid
toothwear and crown fractures, protection from toothwear is recommended soon
after eruption [102]. Ideally, restorative stabilization of the dentition should

be completed before excessive wear and loss of vertical dimension occur [103].
Guidelines for the treatment of developmental dental anomalies have been
established by AAPD (American Academy of Pediatric Dentistry) [104]. For
developmental enamel defects, treatment should begin as soon as possible accord-
ing to patient compliance in office dental care. Early identification and preven-
tive interventions are critical for infants and children with enamel defects due

to amelogenesis imperfecta in order to avoid the negative social and functional
consequences of the disorder. The appearance, quality, and amount of affected
enamel and dentin will dictate the type of restorations necessary to achieve
esthetic, masticatory, and functional health. Depending on the severity of enamel
defects and tooth wear, treatment can range from bleaching and/or microabrasion
[92] to composite resin, porcelain veneers [105] or full coverage restorations with
crowns placement [39].

Treatment of dentinogenesis imperfecta frequently includes preventing severe
attrition associated with enamel loss and rapid wear of the poorly mineralized den-
tin, rehabilitating dentitions that have undergone severe wear, optimizing esthetics,
and preventing caries and periodontal disease [104].

Stainless steel crowns are a highly durable restoration choice for the prophylactic
coverage of teeth affect by developmental dental defects. In teeth with dentine
defects, they reduce the risk of pulp exposure and infection, especially in some
types of dentine defects (hypophosphatemia) [28]. Fluoride applications and
desensitizing agents may also diminish tooth sensitivity [106]. In teeth affected by
enamel hypoplasia both primary and permanent molars show a reduction in tooth
sensitivity and in cusp fractures after prosthetic rehabilitation with stainless teel
crowns. This also helps to maintain space and crown height, important also for
orthodontic issues. The crowns are best inserted using a conservative technique,
originally proposed by Seow, that involves a minimal removal of tooth structure in
order to protect teeth with large pulps and dentin defects [28, 107]. In adulthood,
the stainless steel crowns may be replaced with gold or porcelain crowns to provide
long term protection of the teeth.

It should also be considered that marginal leakage around restorations and
recurrent caries with eventual pulp involvement may be determined from the
enamel deterioration [108, 109]. Materials as resin modified glass-ionomer cements
and polyacid modified composites should be used for restoring teeth affected by
enamel defects in order to take advantage of the optimal bonding of these material
with both dentine and enamel [110]. However, despite their esthetic value, compos-
ite resins have low adhesion to poorly mineralized enamel. Then, it is important to
consider the amount of tooth wear in order to proceed with conservative or pros-
thetic rehabilitation.

In cases with significant loss of vertical dimension because of tooth wear, the
reestablishment of a more normal vertical dimension is crucial for a correct func-
tion, mastication and esthetics. Cases showing severe loss of coronal tooth structure
and vertical dimension have to be considered candidates for overdenture therapy.
Overlay dentures placed on teeth that are covered with fluoride-releasing glass
ionomer cement have also been used with success [111].
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Abstract

In dental practice may be encountered a wide variability in the clinical dental
phenotype of tooth number. Failure of tooth development at the bud stage causes
tooth agenesis and reduction in tooth number in the dental arch which involves
various complications. Tooth agenesis is one of the most common developmental
anomalies of human permanent dentition and tends to run in families, may aggre-
gate within families, suggesting a genetic cause. Tooth agenesis can occur in associ-
ation with a variety of craniofacial syndromes, but it is also found as an isolated trait
(familial or sporadic). Other tooth anomalies, such as tooth shape and size, delayed
eruption of teeth, malposition, short roots or taurodontism, have been noted in
association with non-syndromic tooth agenesis as well. Both the deciduous and
permanent dentitions may be affected by missing teeth. Variations in the number of
missing teeth can be determined by a mutation in one gene, by mutations in
multiple genes, induced by local or systemically acting environmental factor,
caused by a combination of gene mutations and environmental factors acting
together, or by damage to chromosomes. As the number of missing teeth increases,
so does the severity of clinical consequences and the impact on oral health-related
quality of life.

Keywords: abnormalities in the tooth number, tooth agenesis, missing teeth,
hypodontia, oligodontia

1. Introduction

The craniofacial growth and its harmonization with the dental apparatus take
place according to a genetic program that acts in a coordinated manner, in both
embryo foetal and postnatal stages. In addition to the structural pattern of develop-
ment, the genetic program also ensures the control of each stage of ontogenesis,
both in space and time, which eliminates the risk of developmental errors. During
odontogenesis intricate genetic, molecular and cellular regulations establish
accurate tooth number and precise location, size, morphology, and composition of
each tooth.

However, deviations from usual structure, or function are possible. Any devia-
tion, qualitative and/or quantitative, from usual pattern of development may be
called developmental abnormality or anomaly. Developmental anomalies are also
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known as congenital anomalies or birth defects. Congenital anomalies are defined
by the World Health Organization (WHO) “as structural or functional anomalies”.
They can occur during antenatal life and can be detected”prenatally, at birth, or
later in infancy” [1].

Development failure of one or more teeth is a result of specific disturbances
(failure in the initiation of tooth formation, reduced odontogenic potential of the
dental lamina, or premature arrest of tooth development) during the early stages
(tooth initiation or morphogenesis stage) of odontogenesis affecting reciprocal
interactions between the dental epithelium and mesenchyme and leading to absence
of tooth germ [2]. Therefore, the usual number of deciduous and permanent denti-
tions, in both jaws, decrease and the condition is known as tooth agenesis. Family,
twin, adoption and tooth development at molecular levels studies provide evidence-
based interpretation of genetics as the predominant factors in the etiology of tooth
agenesis. Frequently association of tooth agenesis with inherited monogenic syn-
dromes supports the role of genetics in the etiology of missing teeth.

Absence of tooth developmental has direct clinical implications causing physical
appearance, emotional, and functional impact on the affected individual. Most
affected individuals lack only one or two permanent teeth, but patients who expe-
rience agenesis of more teeth are frequently encountered in dental practice as well.
Severe forms of missing teeth lead to greater oral impairments. The lack of teeth,
especially anterior teeth, malocclusion, drifting of teeth, diastemas between present
teeth have negative impact on the oral health-related quality of life of the patients.
Tooth agenesis poses medical problems due to ddysmorphic features that may only
require cosmetic concern, or major anomalies that require clinical or cosmetic
attention. Multidisciplinary teams' will manage therapeutic options, such as
retaining the primary tooth, orthodontic treatment to close the edentulous spaces,
dental surgical implants, and fixed or removable dental prosthetic appliances. The
proper treatment may be tailored to the individual. It not only improves speech
and masticatory function but also psychosocial distress that may help to restore
self-confidence.

2. Terminology and classifications

There are several terms used to describe tooth agenesis: congenital absence of
teeth, congenitally missing teeth, lack of teeth, or aplasia of teeth. Some suggest that
the term” congenitally missing” teeth could be misleading because teeth are not
visible at birth in the oral cavity and tooth development is completed after birth, or
teeth may be lost by dental disease, or trauma, or extracted on clinical grounds. In
the case of teeth, the development and differentiation continue long after birth, and
instead of congenital many anomalies could rather be called developmental anoma-
lies [3]. For the purpose of this chapter the term tooth agenesis will be used
throughout. In the literature are used, most commonly, other descriptive terms
mainly defined according to the number of missing teeth:

* Hypodontia is the lack of one to six teeth missing (excluding the third molars)
with mild to moderate levels of severity.

! Clinical management of tooth agenesis requires careful multidisciplinary planning. Multidisciplinary
team should include general dental practitioners, dental nurses, orthodontists, pedodontics,
prosthodontists, oral and maxillofacial surgeons, specialist laboratory technicians, clinical psychologists,

clinical geneticists, dermatologists, speech and language therapists.
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* Oligodontia is the failure of development of more than six teeth missing
(excluding the third molars) with severe level of severity.

* Anodontia means the lack of all teeth without any associated abnormalities
causing an extremely severe dental phenotype.

The terms hypodontia and oligodontia are sometimes used interchangeably
being considered as a unique clinical entity. As stated by Nieminen [3] and
Vastardis [4], this classification of tooth agenesis may not properly reflect the
severity of the phenotype as the third molars are excluded. Wherefore tooth agen-
esis based on dental phenotype severity may be partial or selective, or hypodontia
(mild forms of agenesis), severe forms of agenesis or oligodontia, and very rare
cases of agenesis of whole the dentition or anodontia. According to OMIM [5],
selective tooth agenesis (STHAG) with no other associated systemic features or
isolated tooth agenesis has been separated into two entities. The first entity refers to
oligodontia characterized by the developmental absence of six or more permanent
teeth. The second one refers to hypodontia characterized by the developmental
failure of fewer than six teeth. The number of missing teeth in both cases excludes
agenesis of third molars, commonly called wisdom teeth.

Incisor-premolar hypodontia (IPH) is a term also used in the literature based on
the high frequency of incisors and premolars missing teeth [6]. For the purpose of
this chapter the term tooth agenesis will be used throughout.

3. Clinical epidemiology
3.1 Prevalence of tooth agenesis

Prevalence of tooth agenesis is an important information to be of use not only
for the clinician and patients but also for policy makers, given the implication for
treatment protocols. Many published studies reported large variation in the preva-
lence of tooth agenesis across the world due to differences between methods of
sampling, sample size, age of subjects, orthodontic or non-orthodontic enrolled
subjects, number of males and females, the third molars included or excluded, or
ethnic population groups. Moreover, it has been claimed that agenesis of permanent
teeth has increased over the years. Mattheeuws et al. [7] considered that the period
of time was too short and the available data too limited to describe a possible trend
in the human dentition. Their meta-analysis seems to confirm that tooth agenesis
has been diagnosed more often in recent studies.

Both the primary and permanent dentitions may be affected by variations in the
number of teeth, but the prevalence is different. A prevalence of less than 1% in the
primary dentition has been reported in the European population ranging from 0.4
to 0.9%, and it has been reported to be 2.4% in Japanese population [6, 8, 9].

Prevalence of permanent dentition has been studied extensively because it is no
doubt more affected than primary dentition. Prevalence of tooth agenesis in per-
manent dentition also differs among studies of orthodontic/non-orthodontic sub-
jects. Non-orthodontic population prevalence across the world varies between 1.6
and 9.6 per cent (most often-cited) [10-21] and calculated overall prevalence of
tooth agenesis was estimated to be 6.53% =+ 3.3% [22]. So far, some systematic
reviews compare and evaluate prevalence studies on non-syndromic permanent
teeth agenesis in various populations showing the prevalence varying from 0.3% in
Indian population [16] to 15.7% in Hungarian population [17]. Polder et al. [11]
reported the prevalence of non-syndromic agenesis in permanent teeth of European
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population (third molars excluded) varying between 3.4% in Switzerland to 10.1%
in Norway. The wide range of prevalence values observed in population studies has
suggested geographic differences. Published data reviewed by Pemberton et al. [23]
reported that people of Scandinavian descent are the most susceptible to tooth
agenesis in the permanent dentition whilst those of Asian or Arabic descent are the
most susceptible in the primary dentition.

3.2 Distribution of tooth agenesis by gender

Gender predominance in tooth agenesis has been reported (Table 1) suggesting
gender as a risk factor. Tooth agenesis show prevalence rates higher in females

Type of dentition Prevalence % Prevalence %
Minimum Maximum Male Females
Primary 0.4 0.9 No significant differences
Permanent 3.4 10.1 4.6 6.3
Table 1.

The prevalence of non-syndromic agenesis in permanent teeth (third molars excluded) in European population
(summarized data).

Right quadrants | Left quadrants
Upper teeth N
(maxillary) 87654321]12345678
Lower teeth 87654321112345678
(mandibular)
Figure 1.

Female patient, 22 years old with non-syndromic tooth agenesis. (1,2,3) intraoral photos showing the missing
upper vight lateral incisor and the micvodontia of the contralateral tooth. (4) panoramic radiograph
confirming the agenesis of the maxillary right lateval incisor. * position of the missing tooth.

64



Failure of Tooth Development: Prevalence, Genetic Causes and Clinical Features
DOI: http://dx.doi.org/10.5772/intechopen.99419

compared to males [11, 12, 24]. However, other studies reported no significant
difference between the prevalence of tooth agenesis in males and females [19, 20].

3.3 Number of missing teeth

In most patients, dental agenesis involved only one (47.8%) (Figure 1) or two
teeth (35.1%) (Figure 2) [11]. Absence of one or two permanent teeth was reported
in 83% - 87.9% of the subjects with tooth agenesis [11, 19, 20]. Thus, most of the
affected individuals suffer only a mild form of tooth agenesis.

Although tooth agenesis is a common development anomaly, the prevalence
becomes progressively smaller as the number of missing teeth increases. For exam-
ple, isolated agenesis of at least six teeth is relatively rare, affecting 0.08% of the
Dutch population [25] and 0.16% of the Danish population [26]. Polder et al. [11]
reported an overall prevalence of 0.14% in affected patients with six or more teeth.
In addition, lack of all teeth without associated abnormalities is extremely rare, and
prevalence is unknown [19].

3.4 Tooth agenesis and type of teeth affected

Apparently, any tooth in the arch can be missing, but tooth agenesis tends to
affect distinct tooth classes differentially. Some tooth types were more often

Right quadrants | Left quadrants
Upper teeth
(maxillary) 87654321[12345678
Lower teeth 87654321 |12345678
(mandibular) * *

Figure 2.

A 28-year-old female patient with trisomy 21 presenting lower second premolars agenesis. Several dental
anomalies ave observed on the intraoral photos (1,2,3): Upper diastema, maxillary lateral incisors
microdontia, ectopic canines and spaced lower teeth. (4) panoramic radiograph shows the absence of the lower
second premolars and an agenesis diagnosis can be confirmed. * position of the missing tooth.
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missing than other ones. Thus, the frequency of the individual teeth involved
varies [11].

In the deciduous dentition, the upper lateral incisors account for more than 50%
and together with lower incisors for 90% of all affected teeth [27]. Nieminen
highlighted that there is an obvious association between the agenesis of the temporary
teeth and the permanent teeth; a temporary tooth affected by agenesis is almost every
time followed by missing of the corresponding permanent tooth [3, 27].

The third molars are the most prevalent missing teeth in all reports. Up to 70%
of the population experience problems with their third molars, whether it is failure
of proper eruption (impaction) or not erupting at all (agenesis). Up to 25% of the
population may lose at least one third molar [10] and therefore, usually, third molar
is excluded from the classification. The lowest prevalence of third molar agenesis
reported so far was 10.1% for African American population [28] and the highest
prevalence was 41% for the Korean population [29]. Excluding the third molars, in
European population, the most frequently missing tooth is mandibular second
premolar (2.91%-3.22%), followed by maxillary lateral incisor (1.55%-1.78%) or
second premolar (1.39%-1.61%), as reviewed by Gracco et al. [19].

Other data support the conclusion that the most commonly missing tooth was
the maxillary lateral incisor, followed by mandibular and maxillary second premo-
lars [22]. Figure 3 illustrates the bilateral absence of second lower premolars.
Agenesis of lower central incisors is common in Asian populations in both primary
and permanent dentitions [9].

Right quadrants | Left quadrants
Upper teeth * *
(maxillary) 87654321 )]12345678
Lower teeth 87654321 |12345678
(mandibular) * *
Figure 3.

Female patient aged 7 years old with confirmed trisomy 21 presenting all four second premolars agenesis.
Intraoral photos (1,2,3) emphasize a mixed dentition with lack of space for the alignment of the permanent
teeth. (4) panoramic radiograph shows the congenital absence of the second premolars in both dental arches.
* position of the missing tooth.
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Less commonly affected teeth are, in order, lower incisors, maxillary first pre-
molars, mandibular first premolars, maxillary canines and mandibular second
molars (Figure 4). Patients who experience agenesis of these teeth (e.g., canine or
maxillary central incisor) more often present with many missing teeth [11].

The most stable teeth are maxillary central incisors (prevalence of agenesis
0.016%) and mandibular first molars and canines (prevalence of agenesis about
0.03%) [3]. Recently, Eshgian et al. [21] concluded that hypodontia affected spe-
cific type of teeth. In their study, the most commonly missing teeth were maxillary
premolars, lateral incisors and mandibular premolars. Comparing their results with
other data from previous studies, they explained the differences in patterns and
prevalence of tooth agenesis between different population groups by ethnic diver-
sity in the distributions of mutant genes. The explanation was supported by the
prevalence of people with missing permanent teeth which was significantly lower in
blacks than in whites in U.S.A. [28], and different type of affected tooth, mandibu-
lar incisor in Hong Kong children population [30] and mandibular second premo-
lars among Italians [19]. Polder et al. [11] considered that difference in the ethnic
groups is not the explanation of differences in prevalence between populations due
to the small number of reported hypodontia cases and the difficulty of detecting the
anomaly without appropriate evidence.

Distinct patterns of permanent teeth agenesis have been reported but, as a
general rule, if only one or a few teeth are missing, the absent tooth will be the most
distal tooth of any given morphological class [3, 15, 24, 31].

Right quadrants | Left quadrants
Upper teeth
(maxillary) 87654321 | 12345678
Lower teeth 87654321 (12345678
(mandibular) * *
Figure 4.

Tooth agenesis in a non-syndromic 21-year-old female patient. Intraoral photos (1,2,3) emphasizing a
generalized microdontia and as a result, teeth are spaced with lavger gaps in the lower arch. (4) Anamnesis and
the examination of the panoramic x-ray reveal the congenital absence of the lower second molars, both in the
right and in the left quadrant. * position of the missing teeth.
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Right quadrants | Left quadrants
Upper teeth * * %
(maxillary) 87654321 (12345678
Lower teeth 87654321 | 12345678
(mandibular)
Figure 5.

A 13-year-old male with confirmed Down syndrome presenting different dental anomalies. Intraoral photos
(1-3) show mixed dentition with delayed eruption of permanent teeth, remarking the absence of the upper left
lateral incisor. (4) Examination of the panovamic radiograph reveals the absence of the upper second premolars
and of the maxillary left lateral incisor. * position of the missing teeth.

It is known that upper lateral incisors, second premolars, and third molars are
the last forming teeth in their tooth family, are in the embryonic fusion of the
maxilla and the medial nasal processes and erupt in the critical terminal area of the
dental lamina. For these reasons, the last forming teeth are more vulnerable to the
critical actions of both genetic and environmental factors during odontogenesis and
fail to develop. This can explain why tooth agenesis most frequently affects pre-
molars, lateral incisors, and molars (Figure 5). The anomaly was called ‘end-of-
series [31, 32]. In 2017, it has been assumed by Juuri and Balic that tooth agenesis
most frequently affects the last tooth to develop within the tooth family due to a
gradual decrease of the odontogenic potential of the dental lamina [33].

3.5 Bilateral versus unilateral tooth agenesis
Tooth agenesis may be either bilateral or unilateral. Pinho et al. [32] hypothe-

sized that if the etiology of hypodontia is primarily genetic, then bilateral missing
teeth phenotype would be expected to be more commonly observed. Unilateral
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hypodontia might be a variation in severity of a genetic trait showing a microdont
or peg-shaped contralateral tooth.

Most studies reported predominance of bilateral missing teeth, as reviewed by
Rakhshan [15]. Goya et al. [34] found that symmetry of congenitally missing teeth
was predominant (74.6%), Kirzioglu et al. [35] observed that bilaterally missing teeth
was 73.2%, and Endo et al. [36] reported that 89% of the patients presented bilaterally
missing teeth. Other researchers have found unilateral tooth agenesis more common
[37]. Polder et al. [11] compared (based on nine studies) the occurrence of bilateral
and unilateral agenesis for the most four affected teeth showing that only for maxil-
lary lateral incisors prevalence of unilateral agenesis was lower than bilateral agenesis.

* Bilateral agenesis of maxillary lateral incisors occurred more often.

* Unilateral agenesis involving mandibular second premolars occurred more
common.

* Unilateral agenesis affecting maxillary second premolars was more frequently.

* Unilateral agenesis of mandibular central incisors occurred more often.

Medina [38] stated that while symmetrical dental missing affects the maxilla
(Figure 6), the mandible shows mostly unilateral agenesis. In the opinion of other

Right quadrants | Left quadrants
Upper teeth N % e
(maxillary) 87654321112345678
Lower teeth 87654321 | 12345678
(mandibular)
Figure 6.

Non-syndromic tooth agenesis in a 26-year-old female patient. Clinical intraoral appearance (1,2,3)
emphasizing multiple dental problems, accentuated by the bilateral absence of the upper lateral incisors and of
the second premolars. (4) panoramic radiograph confirming the agenesis of the four upper teeth. * position of
the missing teeth.
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researchers, the most common symmetric missing tooth could be the mandibular
second premolar agenesis, followed by the absence of the maxillary second premo-
lar or maxillary lateral incisor, as reviewed by Rakhshan [15].

3.6 Distribution of missing teeth over maxilla/mandible

No overall difference in tooth agenesis has been reported between maxilla and
mandible for permanent dentition [11]. However, Gomes et al. [20] found maxillary
hypodontia in 59.2% of patients and in the mandible of 40.8% with an overall ratio
of 1.45:1 in orthodontic patients. Several reports mentioned a small but not always
significant predominance of missing teeth in the maxilla [19, 20, 24] whilst other
reported more missing teeth in the mandible than in the maxilla [36].

For the primary teeth, agenesis is more common in the maxilla [27].

3.7 Distribution of missing teeth over left/right sides

No significant difference between left and right sides of the jaw has been
reported. Nevertheless, predominance of tooth agenesis on the left side has been
reported in some Scandinavian studies, as reviewed by Arte S. [18] and Fekonja A.
[24] have found the missing teeth were more commonly absent on the right side.

3.8 Distribution of missing teeth across anterior/posterior regions

No clear difference in tooth agenesis has been found between the anterior and
posterior regions. Most studies showed higher prevalence in the anterior segment
[15] and the few remaining analyses found no significant differences [36]. Endo
et al. [36] suggested that in mild cases of tooth agenesis, the anterior segment might
be more involved while the posterior segment might be predominant in severe
cases.

3.9 Age of detectability

Polder et al. considered the age of detectability as an important issue. A meta-
analysis study made by Polder et al. revealed that the visibility of tooth germs by
X-ray examination hangs on their degree of mineralization. Subjects at the same
chronological age can show significant differences in mineralization stages and
dental age. The major differences in mineralization can be found especially in
mandibular second premolar buds or third molar buds which present a late onset of
mineralization. Therefore, radiographic examination may show a false-positive
result and a misdiagnosis of tooth agenesis [11].

All primary teeth have erupted by the age of three and all permanent teeth
except the third molars between the age of 12 and 14. Therefore, three to four years
of age children are suitable for diagnosis of missing primary teeth by clinical
examination, and 12 to 14-year-old children (the precise determination of teeth
mineralization stages), for diagnosis of permanent teeth [22, 39]. While some stud-
ies reported age of detectability after eight years of age for the permanent dentition,
and failure for the third molar to form is detectable by age 11.

4. Genetic causes of tooth agenesis

Investigations so far show that several heterogenous factors may be involved in
tooth agenesis. Tooth development is a complex process which involves a
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combination of genetic, epigenetic, and environmental factors. Thus, there is no
single etiology of tooth agenesis. Family, twin, and adoption studies” are the pri-
mary exploration by which the genetic basis of a condition may be established. In
addition, observed prevalence differences between populations, and association
with heritable syndromes supplied evidence for strong genetic influences on tooth
agenesis [8]. These findings provided the reasoning for recent efforts to identify the
relevant susceptibility genes and the molecular mechanisms by which they interact
with environmental influences, and to correlate tooth agenesis phenotypes with
their causative factors. Furthermore, genetic studies on mouse models with dental
agenesis have identified a few transcription factors and signaling molecules, such as
WNTs (wingless-related integration site), BMPs (bone morphogenetic proteins),
FGFs (fibroblast growth factor), and NF—«B (nuclear factor kappa B) as candidate
genes in human isolated and syndromic agenesis [40].

More than 300 genes are expressed and control odontogenesis and, apparently,
any of these gene mutations may cause tooth agenesis. Among these genes, PAX9
(paired box gene 9), MSX1 (muscle segment homeobox 1), EDA (ectodysplasin A),
WNT10A (wingless-type MMTYV integration site family, member 10A), and AXIN2
(axis inhibitor 2) are the most frequently reported mutations associated with non-
syndromic tooth agenesis (hypodontia/oligodontia), as reviewed by Al-Ani et al.
[41] and Liu et al. [42]. (Table 2) These all genes have roles in both signaling
pathways and in mediating the signal transduction cascades.

Normal expression of these genes is important for the tooth development. MSX1
is a transcription factors active in regions of condensing ectomesenchyme in the
tooth germ. PAX9 is a transcription factor as well, it is expressed in the tooth
mesenchyme, playing a significant role during odontogenesis in the progressive and
reciprocal signal transduction pathways that normally occur in epithelial-mesen-
chymal cells. Both Msx1 and Pax9 are involved in the Bmp and Fgf pathways and
interact during the tooth-bud-to-cap transition. Their expression profiles during
early tooth development are largely overlapping, and Pax9 is known to activate
transcription of Msx1 at the bud stage. AXIN2 plays an important role in the
regulation of the stability of beta-catenin in the Wnt signaling pathway. EDA is
involved in epithelial-mesenchymal signaling during morphogenesis of ectodermal
organs, including teeth, hairs, feathers, and mammary glands. WNT10A is strongly
expressed in the dental epithelium at the initiation stage and plays a role in tooth
development beyond the bud stage [31].

Studying 34 unrelated patients with isolated tooth agenesis, van den Boogaard
et al. [43] reported that 19 patients, representing 56% of them, had mutations in the
WNT10A gene. Of 34 patients, 3% presented mutations in the MSX1 gene, 9% and
3% had mutations in the PAX9 and AXIN2 genes, respectively. It was concluded
that WNT10A is a significant gene in the etiology of isolated hypodontia.

Frameshift and nonsense mutations are highly likely all causative because they
involve profound alteration of the protein primary structure, but missense muta-
tions in these genes are found to cause tooth agenesis phenotypes characteristic in
terms of severity and affected teeth as well [44].

2 If a tooth agenesis is caused by genetic factors, then individuals who are genetically related should
share similar risks for the condition. Family studies look for genes that cause familial aggregation of a
heritable trait. Twin studies compare the rate of tooth agenesis between monozygotic and dizygotic
twins as a test for genetic contributions. Monozygotic twins have been concordant and have shown
variation due to epigenetic factors, environmental modifiers, or interactions. Studies of adoption can

help distinguish the relative influence of genes and environment.
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Gene Gene name Cytogenetic Gene / Description Inheritance Phenotype
symbol/ location locus of tooth OMIM
locus OMIM agenesis clinical Number
number features
AXIN2 axis inhibitor 2 17q24.1 604025 Oligodontia — Autosomal 608615
severe DOMINANT
permanent teeth
agenesis
EDA ectodysplasin A Xq13.1 300451  Tooth agenesis, X-linked 313500
selective, X- DOMINANT
linked 1
(STHAGX1)
GREM2 GREMLIN-2 1q43 608832  Tooth agenesis, Autosomal 617275
homolog, cystine selective,9 DOMINANT
knot superfamily (STHAGY9)
gene
LRP6 low density 12p13.2 603507  Tooth agenesis,  Autosomal 616724
lipoprotein selective,7 DOMINANT
receptor-related (STHAG?7)
protein-6
MSX1 muscle segment 4p16.2 142983  Tooth agenesis,  Autosomal 106600
homeobox 1 selective,1, with DOMINANT
or without
orofacial cleft
(STHAG1)
PAX9 paired box gene 9 14q13.3 167416  Tooth agenesis, Autosomal 604625
selective,3 DOMINANT
(STHAG3)
Hypodontia/
Oligodontia 3
STHAG2 16q12.1* 602639  Tooth agenesis, Autosomal 602639
(*the disorder was selective, recessive
placed on the map (STHAG2)
by statistical
methods)
STHAG5 10q11.2-q21* 610926  Tooth agenesis, 610926
(*the disorder was selective,5
placed on the map (STHAGS)
by statistical Hypodontia/
methods) Oligodontia 5
(He-Zhao
deficiency)
WNT10A  wingless-type 2935 606268  Tooth agenesis, =~ Autosomal 150400
MMTV selective,4 DOMINANT
integration site (STHAG4) with  or recessive
family, member or without
10A ectodermal
dysplasia
WNT10B wingless-type 12q13.12 601906  Tooth agenesis, Autosomal 617073
MMTV selective,8 DOMINANT

integration site
family, member-
10B

(STHAGS)

Online Mendelian Inheritance in Man (OMIM™) is a comprehensive, authoritative and timely knowledgebase of human
genes and genetic phenotype compiled to support vesearch and education in human genomics and the practice of clinical
genetics. It is freely available and updated daily.

Table 2.

Gene mutations involved in NON-SYNDROMIC tooth agenesis are passed on to the next generation following

different Mendelian patterns of inheritance (according to OMIM database).
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As a rule, homozygous (identical mutation on both alleles of a specific gene) or
compound heterozygous (both alleles of a gene are mutant, but the mutations are
different) carriers of gene mutations exhibit more severe phenotype of tooth
agenesis than heterozygous carriers (two different alleles, but only one is mutant).

Besides the single-gene mutations, Michon [45] reported the functional role of
miRNAs in proliferation and differentiation of cells and tissues during
odontogenesis and possible dental defects development. His results support the
view of complex genetic etiology of tooth agenesis.

Attention should be turned to the expression of a mutation in a family. In
families with a probable dominant or recessive Mendelian inheritance, there seems
to be a variable missing teeth phenotype. In other words, tooth agenesis patterns are
different in expressivity among the affected members within a family having the
same molecular cause. Vastardis studied incisor agenesis in families with dominant
pattern of inheritance. Autosomal dominant disorders express variability in clinical
manifestation caused by reduced penetrance and variable expressivity of mutant
gene. Consequently, individuals in the same family who carry an identical
mutation can vary in the severity of their incisor agenesis. Variable expressivity
determines developmental alteration of lateral incisor shape (peg-shaped) or
rudimentary third molars and unilateral agenesis may be the result of incomplete
penetrance [46].

Mostowska et al. described a three-generation family with severe autosomal
dominant oligodontia. Those affected lacked all permanent molars, second premo-
lars, and mandibular central incisors. The authors found a novel mutation of MSX1.
Mutation occurs in exon 2, at nucleotide 581 a cytosine is changed to a thymine
(c.581C — T transition), and disrupts the homeobox domain, which is highly
conserved. The new mutation causes non-syndromic oligodontia (absence of 14
permanent teeth) in their proband. Two healthy members from the proband’s
family carry the same missense mutation [47]. To date, many studies provide
evidence for great intra- and inter-familial clinical variability in families with
isolated tooth agenesis [3, 13, 41].

There are several possible genetic mechanisms to explain these major differences
in expressivity of the phenotype with the same molecular cause. One of them lies in
the concepts of penetrance and expressivity. Reduced (incomplete) penetrance and
variable expressivity are factors that influence the effects of particular genetic
changes and are commonly seen with Mendelian dominant traits. Tooth agenesis
shows incomplete penetrance, since pedigree studies demonstrate individuals who
must carry the mutation but who do not appear to be affected themselves. Reduced
penetrance probably occurs when final effect of a gene mutation can be indirectly
influenced by modifier genes, epigenetic factors, or miRNAs. Potential modifier
genes may act in the same or in different development pathways altering (exacer-
bate or attenuate the effect of the gene mutation) the clinical phenotype.

Epigenetic factors do not change the gene sequence. Epigenetic alterations may
be induced spontaneously, in response to environmental factors, or may be part of a
person’s make up (allele dosage, copy number variants, allele variants). Identical
twins are ideal subjects for studying the effects of epigenetic modifications.
Monozygotic co-twins sharing sex, age, and identical genomes display discordant
phenotypes for missing teeth which may be explained by epigenetic differences. In
their twin study, Townsend et al. supported the view that, even though there is a
relatively strong genetic basis to missing teeth, the number or position of affected
teeth can be influenced by epigenetic factors. Epigenetic alteration activities, such
as DNA methylation and histone modification, at each stage, at the local level
during the odontogenesis process, may account for distinct phenotypic differences
in the final appearance of teeth of the identical twins. During tooth development,
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odontogenetic cells reply differently to epigenetic variation in spatiotemporal
expression of local signaling molecules passing between cells. [48]

miRNAs play an important role in controlling gene activity by regulating trans-
lation during tooth development. Changes in miRNAs levels have been linked to
several dental defects [45]. Thus, in a population, the missing teeth phenotype
might not occur so often as the abnormal genotype. On the other hand, individuals
with the same genetic condition may have more missing teeth than another having
only one missing tooth. Thus, expressivity describes individual variability. Variable
expressivity is probably caused by a combination of genetic, environmental, and
lifestyle factors, most of which have not been identified.

Dreesen et al. analyzed hypo—/oligodontia phenotype variations in nine families
at individual, intrafamilial and interfamilial levels aiming to evaluate whether the
different agenesis patterns in the pedigrees are predictive of mutations in specific
genes based on reported genotype—phenotype associations. Familial aggregation
was noted but the tooth agenesis patterns were variable between family members,
in terms of number of missing teeth. Therefore, tooth agenesis is not (always) a
simple monogenic disorder. The authors proposed a multifactorial aetiological
model with many genes and environmental factors modulating the clinical
expression [49].

4.1 Genetic heterogeneity of selective tooth agenesis (STHAG) and clinical
features

Genetic heterogeneity describes different gene mutations or genetic mechanisms
that produce the same or similar clinical phenotype. Heterogeneity can be recog-
nized by subtle differences in clinical phenotype or evidence of different patterns of
inheritance. Genetic testing can confirm the gene mutation responsible for a certain
clinical phenotype. Usually, genetic heterogeneity complicates the risk estimation in
genetic counseling and genetic prognoses.

Two types of genetic heterogeneity are recognized: locus heterogeneity (clinical
phenotype is caused by mutations at two or more different loci), and allelic hetero-
geneity (clinical phenotype is caused by more than one mutation within the same
gene, same locus).

Locus heterogeneity is well documented in selective tooth agenesis (STHAG).

There are ten loci associated with STHAG. Nine of them are autosomal loci
(STHAG1 to STHAGY) and one STHAGX1 is sex-linked locus as it follows the
X-linked dominant pattern of inheritance. The corresponding gene located at
STAHG]1 is MSX1 on chromosome 4p16. The genes for the following loci are
PAX9-STHAG3 on chromosome 14q12, WNT10A-STHAG4 on chromosome 2q35,
formerly LTB3-STHAG6 on chromosome 11q13.1, LRP6-STHAG7 on chromosome
12p13, WNT10B-STHAGS on chromosome 12q13, GREM2-STHAG9 on chromo-
some 1q43, and EDA-STHAGX1 on chromosome Xq13. The molecular basis of
STHAG is known for STHAG1,3,4,7,9 and STHAHX1. For STHAG?2 and 5, the
disorder was placed on the map by statistical methods. (Table 2).

In 1998, Ahmad et al. [50] reported an autosomal recessive form of hypodontia
in a large consanguineous Pakistani family. This was the first report of hypodontia
associated with other dental anomalies, such as enamel hypoplasia and failure of
teeth eruption, leading to the edentulous state prematurely. The locus was named
STHAG?2 which is located on chromosome 16p12, but the gene for this locus has not
been described so far.

In 2000, Wang et al. [51] described a rare, heritable, form of agenesis of perma-
nent teeth. The tooth number anomaly was named He-Zhao deficiency. The only
clinical feature of affected individuals was oligodontia. It was transmitted in an
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autosomal dominant manner with reduced penetrance in a large six successive
generation family coming from a small village in China. The number of missing
teeth ranged from “a few teeth to the entire set of teeth”. Some of the patients were
more likely to have first and second molars. This distinct form of permanent tooth
agenesis is associated with STHAGS locus on chromosome 10q11.2.

In 2015, Huckert et al. [52] reported mutations in LTBP3 (latent transforming growth
factor-beta-binding protein 3) gene causing different dental phenotypes and
brachyolmia (short trunk, mild short stature with platyspondyly and scoliosis). The
association of oligodontia with hypoplastic amelogenesis imperfecta, taurodontic molars
and short stature has been designed as a distinct entity named DASS (dental anomalies
and short stature) (OMIM 601216). So, STHAG6 was incorporated into DASS.

Another example of locus heterogeneity is provided by mutations in EDA,
EDAR and EDARADD genes which express the similar phenotype of hypohidrotic
ectodermal dysplasia (Table 3).

Allelic heterogeneity is illustrated by the different mutations in the MSX1 and
PAXO9 genes. For example, MSX1 mutations show overlapping and non-overlapping
phenotypes. Almost all mutations are responsible for autosomal dominant STHAG1
involving second premolars, first molars and third molars. Few MSX1 mutations are
associated with combinations of tooth agenesis with oral clefting (cleft palate only and
cleft lip and cleft palate) and nail abnormalities (Witkop syndrome) [49] (Table 3).

4.2 Genotype-phenotype correlations

Genotype—phenotype correlations refer to the association between specific
germline mutations, meaning genotype, and the resulting spectrum of disease
expression of that mutation in the affected individual, meaning phenotype. Usually,
such correlations are made for monogenic disorders which follow Mendelian inher-
itance patterns. Moreover, the correlations can clarify which characteristics of a
mutation affect the severity of dental anomaly with a genetic background. On the
other hand, the pattern of tooth agenesis provides useful information about how
gene mutation might affect an individual and other member of the family. Tooth
agenesis runs in families and hypodontia/oligodontia patients have one or more
affected family members [48]. So, the family members can be appropriately
counseled by a geneticist, and predictive/pre-symptomatic genetic testing should be
considered for early diagnosis and early intervention, especially for children.

Research studies have linked non-syndromic hypodontia/oligodontia phenotype
with specific gene mutations. For example, among identified mutations, MSX1 and
PAXO9 genes can cause variation in clinical phenotype of tooth agenesis. Kim et al.
[53] studied the pattern of missing teeth in families with certain MSX1 and PAX9
mutations. The missing teeth pattern associated with MSX1 mutants was different
from that associated with mutations in PAX9. MSX1-associated tooth agenesis
involved bilaterally symmetrical absence of maxillary and mandibular second pre-
molars and maxillary first premolars. PAX9-associated tooth agenesis involved also
bilaterally symmetrical missing teeth, usually maxillary and mandibular second
molars were affected. Yu et al. [54] stated that WNTB10B-associated oligodontia
affected most lateral incisors. In contrast, genotype—phenotype analysis of
oligodontia pattern associated with WNT10A mutations revealed that premolars
were the most frequently missing teeth.

4.3 Familial non-syndromic severe tooth agenesis (oligodontia)

Mutations in nine genes (MSX1, PAX9, AXIN2, WNT10A, EDA, EDAR,
EDARADD, NEMO and KRT17) have been associated with non-syndromic
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oligodontia, as reviewed by Liu et al. [42] Oligodontia phenotype is caused by
haploinsufficiency. Mutations produce a reduction in functional gene product
below a threshold required for normal dental development [8].

Apparently, reduced quantities of a gene product should equally affect the
formation of all teeth. Oligodontia caused by defects in MSX1 and PAX9 yields
typical, although variable and overlapping patterns of tooth agenesis [8]. Mutations
of MSX1 result in the absence of all permanent third molars, all second premolars,
macxillary first premolars and variably other teeth, whereas defects in PAX9 cause
mainly agenesis of molars, typically of all permanent maxillary and the second and
third mandibular molars as well as variably of other teeth [55]. Regarding AXIN2
gene, five mutations were reported to be associated with non-syndromic tooth
agenesis: four missense and one frameshift mutations. The phenotype is variable in
expression and involved at least seven teeth. One study reported that a mutation in
EDARADD gene led to non-syndromic oligodontia [41].

4.4 Tooth agenesis as a complex (multifactorial) trait

Not all of the tooth agenesis forms can be linked to precis genetic mutations, at a
single gene locus. Tooth agenesis is a common developmental anomaly and has a
definite familial tendency. However, the proportion of affected near relatives is less
than what expected for a monogenic trait. One way to recognize a complex trait is
through unpredictable inheritance patterns in successive generations. Tooth
agenesis is probably caused by several independent defective genes, acting alone or
in combination with other genes, and interacting with environmental factors,
leading to a specific clinical phenotypic pattern. Being produced by multiple genes,
a multifactorial trait seems to be more susceptible to environmental/stochastic or
nongenetic factors.

Incomplete penetrance, genetic background, and variable expression levels did
not explain all major differences in the expressivity of the phenotype with the same
molecular cause. For these reasons, some authors based on evidence from genetic
studies, animal models, and environmental correlates suggested an oligogenic or
polygenic inheritance of tooth agenesis [42, 45-48].

For instance, Vastardis [45] stated that tooth development is a very complex
process and involves many” players”. Thus, third molar agenesis cannot be
explained in most cases with a simple model of autosomal dominant transmission.
Fekonja et al. [24] suggested that genes could be the dominant factor for the
agenesis in the anterior region, while the posterior teeth could be missing sporadi-
cally. Townsend et al. [56] proposed a multifactorial aetiological model, with possi-
bly many genes, and also environmental and epigenetic factors contributing to
tooth development based on lack of complete concordance for missing teeth in
monozygotic twins.

It has been documented by various statistical analyses using single locus and
polygenic patterns that both approaches are possible. From genetical point of view,
multifactorial inheritance of tooth agenesis is troublesome to analyze. It is difficult
to state whether hypodontia is a result of a polygenic or single gene defect. It arrives
at a diagnosis of multifactorial inheritance for tooth agenesis only after the mono-
genic forms of inheritance have been considered and found unlikely.

4.5 Familial non-syndromic permanent teeth anodontia
Molecular basis or locus of isolated anodontia (OMIM 206780) are unknown.

Gorlin et al. [57] described complete absence of the permanent dentition with the
entire primary dentition present and erupted at a normal time. Anodontia presented
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evidence of autosomal recessive inheritance, including multiple affected sibs and
consanguineous parents. Based on three family studies, it was documented that
anodontia of permanent teeth is a homozygous state of the gene responsible for
pegged or missing maxillary lateral incisors [5].

Pseudoanodontia should not be confused with anodontia. Pseudoanodontia or
false anodontia occurs, when teeth are absent clinically because of impaction,
delayed eruption, exfoliation or extraction. In GAPO syndrome (GAPO syndrome is
the acronymic designation for a complex of growth retardation, alopecia,
pseudoanodontia, and progressive optic atrophy - OMIM 230740) is described
pseudoanodontia, failure of tooth eruption. The syndrome is caused by mutations of
ANTXR1 gene (anthrax toxin receptor 1) located on 2p13.3, and the pattern of
inheritance is autosomal recessive [58].

4.6 Syndromic tooth agenesis

Tooth agenesis is usually isolated, but gene mutations have been identified that
either cause tooth agenesis as a sole isolated agenesis, or tooth agenesis in associa-
tion with a wide variety of multiorgan malformation syndromes. (Table 3 and
Appendix 1 - Table A1)) The London dysmorphology database reported 150
syndromes as being associated with hypodontia [18].

Thus, tooth agenesis is a primary feature of many single-gene Mendelian syn-
dromes that affect not only teeth but also several other ectodermal derivatives
indicating that the development of teeth and certain tissues/organs are under the
control of the same gene molecular functions and common molecular mechanisms
are responsible for tooth and other organ development. A pleiotropic mutation may
influence several, apparently unrelated, traits simultaneously, due to the gene cod-
ing for a product used by a myriad of cells or different targets that have the same
signaling function. For instance, two AXIN2 nonsense mutations caused syndromic
tooth agenesis, such as oligodontia and predispose to colorectal cancer, or
oligodontia and variable other findings, including colonic polyposis, gastric polyps,
a mild ectodermal dysplasia phenotype with sparse hair and eyebrows, and early
onset colorectal and breast cancers [42].

Adventitious chromosomal abnormalities cause tooth agenesis in association
with other clinical features and recognizable patterns of malformations known as
chromosomal syndromes.

* Down syndrome and tooth agenesis (OMIM 190685)

Down syndrome (DS), a common and well-known syndrome, is caused by an
autosomal aneuploid defect called trisomy involving the human chromosome
21 (Ts21). The extra chromosome 21 or part of its long arm (including many
genes) may come in distinct genetic ways, such as full trisomy 21, mosaic
trisomy 21 or unbalanced translocation trisomy 21 causing DS distinctive facial
features. The difference between DS people could be made by chromosome
analysis because craniofacial features are similar. So, cytogenetic analysis is
not relevant for predicting the severity of oro-dental features in DS [59].

Missing teeth were reported in 23-47% of cases (Figure 7). Third molars,
second premolars, and lateral incisors are most frequently absent in the
permanent dentition. Peg-shaped maxillary lateral incisors have been
observed in 10%. In 12-17% of cases, deciduous lateral incisors are missing.
Extreme hypodontia and anodontia have been noted occasionally [60]. There
is a higher incidence of dental anomalies, such as taurodontism, fusion of
deciduous lower lateral incisor with a canine, morphologic crown alterations,
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Right quadrants | Left quadrants
Upper teeth *
(maxillary) 87654321 | 12345678
Lower teeth 87654321 (12345678
(mandibular) ks *
Figure 7.

Multiple tooth agenesis in a 14-year-old female patient with trisomy 21. (1-3) intraoral photos reveal a mixed
dentition. It is important to note that the prolonged retention of several primary teeth, either due to the
congenital absence of the permanent successor tooth (which is the case of the missing maxillary vight lateral
incisor) or the deviation in the eruptive path of the permanent successor which determinate the concomitant
presence of both the deciduous and the permanent teeth on the arch (in the figures, the deciduous teeth are
marked with red arrows while the permanent ones ave labeled by blue arrows). The degree of complexity
involved in this case is increased not only by the agenesis of the upper right lateral incisor, but its association with
another three missing incisors in the lower arch. (4) based on the anamnesis and the examination of the
panoramic radiograph, it was confirmed the agenesis of the upper right lateral incisor, lower lateral incisors,
and the lower right central incisor. Moreover, left second molars in both arches present an elongated pulp
chamber and apically displaced furcations, which are specific for the diagnosis of taurodontism. * position of the
missing teeth.

enamel hypoplasia and hypocalcification. Irregular alignment is common as
well. Tooth eruption of both deciduous and permanent teeth is delayed in 75%
of cases and irregular sequence of eruption is common [60]. DS children with
missing teeth have a more obvious tendency in developing a Class III
relationship of the jaws than DS children without tooth agenesis. This must be
taken into account when treating a DS patient [61].

* Wolf-Hirschhorn syndrome and missing teeth (OMIM 194190)

The deletion of the distal short arm of human chromosome 4 causes del(4p)
syndrome known as Wolf-Hirschhorn syndrome. The critical region is 4p16.3
(WHSCR) and lies approximately 2 Mb from the telomere, so that multiple
genes are deleted. Most important genes, playing a major role in early
development, are NDS2 (nuclear receptor binding SET domain protein 2),
LETM1 (leucine zipper and EF-hand containing transmembrane protein 1),
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and MSX1 (muscle segment homeo box homolog 1) cause the typical signs and
symptoms of this disorder, such as characteristic facial appearance
(microcephaly, high forehead, prominent glabella,” Greek warrior helmet”
facies, broad and/or beaked nose, hypertelorism, short philtrum,
micrognathia, downturned corners of the mouth, short upper lip, dysplastic
ears, preauricular tags), delayed growth and development, intellectual
disability, and seizures. Agenesis of many permanent teeth has been reported
[60].

About 10% of the patients have cleft lip and palate, 25% present cleft palate,
and 50% with micrognathia and high arched palate.

Although, MSX1 gene is outside the WHSCR, in people with Wolf-Hirschhorn
syndrome it is frequently deleted. Previous studies reported the critical role of
MSX1 in dental, lip, and palate development [62, 63]. Some people with Wolf-
Hirschhorn syndrome present mutations of MSX1 gene. It is expected that
deletion of MSX1 gene might disrupt the formation of oral structures in early
development, causing missing teeth and other dental abnormalities associated
with an opening in the roof of the mouth (cleft palate) and/or a split in the
upper lip (cleft lip). Nieminen et al. considered that haploinsufficiency of
MSX1 gene is a possible mechanism for selective tooth agenesis 1 but a single
copy of the gene is not sufficient to produce the oral cleft phenotype [64].

4.7 Sporadic tooth agenesis

Tooth agenesis cases are either familial or sporadic. Sporadic cases are com-
monly considered to be nonhereditary, with low risk for relatives or offspring.

By definition, a sporadic disorder arises in the absence of evidence for a heritable
or environmental etiology. Affected individuals occur occasionally in families with
no reported medical history of tooth agenesis. Consequently, apparently sporadic
tooth agenesis may be not inherited from parents but may arise from different
aetiologies. Fisher et al. considered that apparently sporadic disorders imply genetic
or environmental factors. Sporadic cases can arise from new mutations in germs
cells or somatic cells, as well as disorders with an environmental cause [65].

Usually, environmental factors may cause arrested tooth development. Different
kinds of trauma in the dental region, such as fractures, surgical procedures on the
jaw, and extraction of the preceding primary tooth are mentioned in the literature,
as reviewed by Arte [18]. Furthermore, Vastardis H. [46] reported that dental
agenesis in association with other developmental abnormalities may occur because
of syphilis, scarlet fever, rickets or nutritional disorders during pregnancy or child-
hood that act in the early stages of a developmental process. Besides, the authors
emphasized the effects of cranial irradiation on endocrine function and tooth
development.

5. Genetic testing and diagnosis

Tooth agenesis is diagnosed by intraoral examination (teeth did not erupt),
radiographic assessment of oral cavity (no visible mineralization), and a detailed
dental history to rule out extractions and trauma. Unusual spacing in a child’s
dentition should lead the parent or dentist to suspect tooth agenesis. Occasionally,
tooth agenesis could be a clinical sign of a possible underlying syndrome and not
only an isolated disease. Referrals to genetic specialists should be considered if a
dentist suspects a patient is affected with tooth agenesis.
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Using genetic testing, it is possible to screen or diagnose a patient and make a
precise etiological diagnosis. Tooth agenesis may occur without a family history,
although it is often familial. Monogenic forms of tooth agenesis have a strong
genetic component and genetic testing has usually a confirmatory role. The known
mutations in some genes can be screened for early signs of developing problems and
identification of the individuals at risk.

The analysis is available for genes involved in both syndromic and non-
syndromic forms of tooth agenesis, but the test is expensive, and it is not always
covered by health insurance.

Known genotype—phenotype correlations can be used for mutation detection.
Clinical features in tooth agenesis might be predictive of underlying genotype. For
example, if specific teeth are missing, such as maxillary first premolars associated
with MSX1 mutations or lateral incisors associated with WNT10B mutations, tooth
agenesis pattern gives clue to the most appropriate genetic tests to follow. Genetic
testing panel for selective tooth agenesis analyses changes in nine genes at once.
Looking for tooth agenesis-associated gene mutations, MSX1, PAX9, WNT10A,
LRP6, EDA, WNT10B cause non-syndromic selective tooth agenesis, AXIN2 causes
oligodontia-colorectal cancer syndrome, LTBP3 causes dental anomalies and short
stature, and PTHIR causes primary failure of tooth eruption.

http://ctgt.net/panel/oligodontia-selective-tooth-agenesis-ngs-panel

Combining the clinical features with genetic data is possible to increase precision
in diagnosis, assess prognosis, and prediction of treatment response, provide infor-
mation for healthcare management and family planning. Genetic counseling is
indicated if an individual has a positive family history. For example, Boogaard et al.
[43] consider that by including WNTA10A in the DNA diagnostics of isolated tooth
agenesis, the yield of molecular testing in this condition was significantly increased
from 15% to 71%.

6. Tooth agenesis associated with other clinical features

Several dental anomalies have been reported in association with congenitally
missing teeth. Tooth number reduction is frequently associated with a reduction in
tooth size of (microdontia), altered crown morphology (molars with fewer cusps),
short-rooted teeth, and enlarged tooth body and pulp chamber (taurodontic molar).
The fusion of primary teeth is often followed by hypodontia in the permanent
SUCCESSOTS.

6.1 Clefting and tooth agenesis

Clefting, or an aberrant space between normally fused tissues, usually occurs as
either cleft lip with or without cleft palate (CL/P) or cleft palate only (CPO).
Whether cases of clefts with dental anomalies should be considered isolated or
syndromic cleft can be debated. However, the co-occurrence of cleft lip/palate and
tooth agenesis is sometimes described as CL/P-hypodontia syndrome. Arte [18]
described hypodontia as a very common anomaly in patients with oral and facial
clefts. More studies analyzed tooth agenesis patterns in unilateral/bilateral, com-
plete/incomplete, CL, CL/P or CPO, inside or outside the cleft region.

Published data show that tooth agenesis is more frequently observed in patients
with cleft lip and palate (CLP) or their unaffected sisters and brother than in the
general population because of close relationship between tooth and cleft formation
with respect to the critical time of development and anatomical position [66-69].
Bartzela et al. reported a higher prevalence of dental anomalies in people with cleft
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lip and palate than in the non-cleft population, even outside of the cleft region.
They studied tooth agenesia patterns in human unilateral and bilateral cleft lip and
palate and identified more than 50 different patterns of missing teeth. The most
common pattern involved maxillary lateral incisors, and maxillary and mandibular
second premolars. The frequency of tooth anomalies seems to be related to the
severity of the cleft type. The prevalence of missing teeth reaches 100% in patients
with the most severe type of isolated cleft, such as complete bilateral mixed clefting
phenotype.

The prevalence of tooth agenesis in people complete unilateral cleft lip and
palate has been reported within a range of 48.8% to 75.9% inside the cleft area. The
prevalence outside the cleft region was found to be between 27.2% and 48.8% [66].
when compared with the prevalence of tooth agenesis in general population, which
ranges between 3.2% to 7.6%, the prevalence of tooth agenesis in non-affected
siblings of cleft lip and palate patients was found to be 11.1% outside the cleft area
[11, 70].

The high prevalence of missing teeth outside of cleft region suggests the com-
mon genetic background for both tooth agenesis and clefts. So, odontogenesis and
palate formation are developmentally related events, and one gene or few genes,
might be involved in both processes, in common genetic pathways. Other studies
reported no absence of permanent teeth in the maxillary arch outside the cleft
(distal to the canines) in unoperated patients with cleft, suggesting that the surgical
procedure done to close palatal clefts disrupts the formation of the developing tooth
buds, as reviewed by Slayton et al [68].

Slayton et al. provided an overview of published data related to similar genetic
component for non-syndromic simultaneous presence of both orofacial clefts and
hypodontia. The combined phenotype of tooth agenesis with orofacial clefts outside
the cleft region was described in both humans and animal models and provide
evidence to support a common genetic etiology. Mouse knockout models for defi-
ciency of MSX1 and PAXO9 failed to form teeth and had cleft palate [68].

Few monogenic disorders, such as Van der Woude syndrome (caused by muta-
tion in the IRF6 gene - interferon regulatory factor 6), ectrodactyly-ectodermal
dysplasia-clefting syndrome 3 (caused by mutation in the TP63 gene - tumor pro-
tein p63), and Kallmann’s syndrome (caused by mutation in the FGFR1 gene -
fibroblast growth factor receptor 1) have both clefting and hypodontia as typical
phenotypic findings (Table A1). It should be pointed out that the same gene, IRF6
(interferon regulatory factor 6) may cause a disease as rare as Van der Woude
syndrome and also to contribute to much more common defects, such as isolated
cleft with or without cleft palate [71].

6.2 Disturbances of teeth eruption and tooth agenesis

Primary failure of tooth eruption (OMIM 125350) was reported in association
with hypodontia. The most affected teeth are first, and second molars and involve-
ment can be unilateral or bilateral. Based on family studies, the reported pattern of
inheritance was consistent with autosomal dominant ones and molecular cause
involved mutation of PTHR1 gene (parathyroid hormone 1 receptor) located on
3p21.31 [72]. Regarding permanent dentition, delayed development of posterior
permanent teeth in association with the third molar agenesis was reported in the
literature, as reviewed by Nieminen [3]. An average delay of two years was
observed, with great variation, in a group of 85 patients with agenesis of on the
average seven permanent teeth. It was also reported excessive retardation of devel-
opment of teeth contralateral to missing teeth. Schalk-van der Weide [25] reported
a tendency of early developing teeth of males to be retarded in association with
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severe agenesis, and in females with severe agenesis second mandibular molars to
be significantly delayed in development (only mandibular teeth were studied). The
delay correlated with the extent of agenesis was most prominent in positions next to

the teeth that had failed to develop.

6.3 Reduction in tooth size and shape

In population studies the relationship of tooth agenesis and microdontia has
been shown to be statistically significant. Microdont teeth is small enough to be
outside the usual limit of variation and along with the reduction in size, these teeth
often exhibit a change in shape. Microdont teeth may be either usual form or with
tapering (peg or conical) crowns (Figure 8). The most common form of
microdontia is localized type, affecting maxillary incisors. Peg maxillary lateral
incisors are seen in 1.2 to 3.2% of general population. This is a genetic trait which is
manifest as either peg or missing maxillary lateral incisors. The microdont teeth
show an autosomal dominant inheritance pattern and variable expressivity. Some
studies reported families in which both genitors have pegged permanent maxillary
lateral incisors. Their children had severe tooth agenesis involving primarily agene-
sis of succedaneous permanent teeth. It was suggested that children expressed the
gene mutation in homozygous status. Some studies reported a 2:1 preference for the
left side. In addition, reduced tooth sizes have also been observed within the healthy

Right quadrants | Left quadrants
Upper teeth »
(maxillary) 87654321 | 12345678
Lower teeth 87654321 12345678
(mandibular) »
Figure 8.

Tooth agenesis in a down syndrome male patient, aged 8 years old. (1-3) intraoval evaluation shows the
absence of the right lateral incisors both in the upper and lower arches. (4) the panoramic radiograph confirms
the agenesis of maxillary right lateral incisor which is associated to a peg-shaped in the contralateral quadrant.
Moreover, agenesis of the lower vight lateral incisor is also revealed together with a hypotaurodontism in all four
first molars. * position of the missing teeth.
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relatives of patients with severe tooth agenesis [3]. Baccetti [73] reported a signifi-
cant reciprocal association between agenesis of second premolars and reduced
upper lateral incisors. Third molar agenesis was associated with reduction in the
cusp number of the molars, as reviewed by Arte [18]. The association of
microdontia and tooth agenesis is frequently observed in Down syndrome and
various types of ectodermal dysplasia. Generalized microdontia of all teeth is
extremely rare in people without some sort of syndrome.

6.4 Malposition of teeth

Abnormal positions, or ectopic placement, of teeth (OMIM 189490) are believed
to result from a disturbance of the tooth developmental structure. Various forms of
the position or eruption disturbance of teeth tend to be associated with tooth
agenesis. Differences in frequencies of the abnormal trait between population
groups have been observed, as well as differences in the pattern of associations
among displaced maxillary canines (a typical type of malposition of canines) and
tooth agenesis.

Pirinen et al. [74] studied the palatal displacement of the canine in regard to
congenital absence of permanent teeth in 106 Finnish probands and their first- and
second-degree relatives. All the probands had had surgical and orthodontic treat-
ment for displaced maxillary canines. Incisor-premolar hypodontia and peg-shaped
incisors were found to be strongly associated with palatally displaced canines. The
authors concluded that palatally displaced canine belongs to a spectrum of dental
anomalies related to incisor-premolar hypodontia.

Peck et al. reported a strong association of displaced maxillary canines with third
molar agenesis and second premolar agenesis, whereas upper lateral incisor agenesis
was not significantly interrelated [75]. Garib et al. reported an increased occurrence
of displaced maxillary canines associated with second premolars agenesis [76].
Lagana et al. concluded that only the agenesis of maxillary lateral incisors should be
considered directly connected with displaced maxillary canine [77].

6.5 Taurodontism

Taurodontism (OMIM 272700) is characterized by large pulp chambers, with
changes usually most striking in the molars. The taurodont tooth lies deep in
alveolar bone. Taurodont teeth are associated with missing teeth in chromosome
aneuploydies, such as Down syndrome (Figure 9). It occurs also in other syn-
dromes, especially those having an ectodermal defect, e.g., otodental dysplasia. A
family having affected sibs with a combination of sparse hair, oligodontia, and
taurodontism was reported in the literature [78].

6.6 Rotation of premolars and/or maxillary lateral incisors

It has been documented by Baccetti T. [73] that rotation of premolars is signifi-
cantly associated with missing upper lateral incisors. The author found a significant
association between unilateral agenesis of upper lateral incisors and rotation of the
lateral incisor on the other side of the dental arch, and between unilateral agenesia
of premolars and rotation of premolars on the other side of the arch.

6.7 Enamel hypoplasia, hypocalcification

The finding that there is a significant association between enamel hypoplasia and
hypodontia not involving systemic syndromes has been reported by Baccetti T. [73]
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Right quadrants | Left quadrants
Upper teeth * *
(maxillary) 87654321 | 12345678
Lower teeth 87654321 (12345678
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Figure 9.

Multiple tooth agenesis in an 8-year-old male patient with down syndrome. (1,2,3) examination of the dental
arches reveals a mixed dentition, with a delayed tooth eruption pattern. (4) panoramic radiograph showing the
absence of both the lateral incisors in the maxillary arch and the agenesis of the lower right lateral incisor and
the left central incisor. Moreover, the agenesis is associated with mesotaurodont first molars in both upper and
lower arches * position of the missing teeth.

and Lai et al. [79] It may indicate a common genetic origin for both dental anoma-
lies. However, it also is possible that a single or concurrent environmental factor
may have been responsible for the etiology of both defects. Some authors have
noted that local infection, as well as radiation, may cause both hypodontia and
enamel hypoplasia, as review by Lai et al. [79]

6.8 Concomitant hypo-hyperdontia (CHH)

Concomitant hypo-hyperdontia (CHH) is a rare mixed numeric dental anomaly
characterized by congenitally missing teeth and supernumerary teeth occurring in
the same individual. These two conditions are considered as the opposite extremes
in the development of the dentition [80]. The prevalence of CHH was found to
range from 0.002 to 0.7%. Due to its rarity and sporadicity, the causes of CHH have
been completely unknown. So far, only 80 cases have been reported in the litera-
ture. Wang et al. summarized prior research and concluded that more than two-
thirds of cases had one supernumerary tooth, and the remaining, two or more teeth.
The most commonly supernumerary tooth was mesiodens. Most frequently missing
teeth were upper lateral incisors, lower incisors, and premolars. Only a few cases
had canines and molars agenesis. Both jaws were affected, bimaxillary hypo-
hyperdontia, in about three fourth of the cases. The remaining one-fourth presented
macxillary hypo-hyperdontia, the only maxilla being involved [81]. In most cases,
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CHH was diagnosed during a regular dental examination. Recently, Wang et al. [81]
presented 21 cases of CHH, including 4 familial cases and a syndromic case, and
scrutinized their dental phenotypes. Their study results indicated molar
taurodontism as the most frequently (29%) observed concurrent dental anomaly of
CHH. They also described the fusion of primary lower lateral incisors and canines
followed by missing permanent lower laterals. More results described the central
cusps of premolars identifiable from the panoramic radiograph of 3 cases. Only one
case presented macrodontia of tooth number 9 (upper left central incisor), a
premaxillary supernumerary toothand missing tooth number 10 (upper left lateral
incisor). The authors concluded,” these concurrent dental aberrations suggested
that molecular and cellular mechanisms regulating tooth number also play signifi-
cant roles in tooth morphogenesis”.

7. Conclusions

Tooth agenesis has a high prevalence in human population. It was documented
that missing tooth has a negative impact on daily quality of life causing significant
complications, such as physical appearance problems, oral functional limitations, or
psychosocial distress, and cost not only for the affected individual but also for the
public health care system worldwide. Early diagnosis is still the best way to prevent
complications of missing teeth but understanding the genetic make-up of affected
individuals, the dentist must integrate the tools of genetics in the dental practice for
prediction, prevention, and personalized dental therapy.
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Chapter 5

Influence of Elements on Gene
Expression in Human Teeth

Sukumar Athimoolam

Abstract

Several elements (Ca, Fe, Sr, Mn, Mg, P, Zn, Se, B, Pb, Ni, Ti, etc.), classified
mainly under three groups namely beneficial, harmless and harmful elements, are
measured in human teeth for multiple purposes since they involve in metabolic
activities as well as influence gene expression. There are sufficiently available
studies reporting roles of the elements in both up and down-regulation of gene
expression leading to tooth repair, regeneration, differentiation, biomineraliza-
tion and demineralization in the dental stem cells. Considering the importance
of tooth developmental and protective roles, the association of the elements with
gene expression presented in the present review may facilitate for improvement of
their selection as one of the criteria for strengthening teeth for a longer life through
nutritional sources and dental material formulation.

Keywords: gene expression, elements, mineralization, demineralization,
dental stem cells

1. Introduction
1.1 Inorganic and organic composition

Teeth have major parts of enamel, dentin-pulp complex, and cementum.
Dentin, the largest tooth portion, contains a majority of 70% minerals by weight,
20% organic content of the matrix and 10% water [1]. The chief constituent of the
organic part of dentine is type I collagen with >85% and collagen types IIl and V are
the other remaining contents of it [2, 3]. The dentine phosphoprotein with ~50%
of the noncollagenous part is the main composition of the organic matrix, while
hydroxyapatite is found as the remaining composition of inorganic matrix [4, 5]. In
the case of enamel, less collagen and more noncollagenous protein of 90% amelo-
genin were found. The inorganic constituent of these hard tissues is composed of
biological apatite, Ca;o(PO,)s(OH),. Enamel contains greater inorganic component
(~90% prismatic crystals) than dentin (~70%) and cementum (45%) [6]. When the
higher inorganic level found is related to higher strength and resistant force in the
enamel than in any other hard tissues of body, there are certain means of causing
changes in amount of the inorganic constituents linked with both strengthening
and weakening of tooth development and structure.

1.2 Element and gene relationship

When essential, non-essential (harmless) and harmful elements reach the dental
tissues via blood circulation from natural sources of food, and other man-made sources
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from environment and dental products used for treatment, the reactions of the tis-

sues rely upon dosage and chemical and biological features of the elements and are
markers of specifying the element nature under beneficial, harmful and neutral roles
in elucidating actions of gene expression [7 8]. Since the dental tissues are exposed
continuously to multi-elements at varying quantities and with different physiological
functions, it is conspicuous to discuss here in details about the consequence of element
intake in particular, the interaction between elements and genes. The processes of
mineralization and demineralization are important functions of the tissues of teeth and
bone and are under the control of several genes identified with varying levels of expres-
sion through protein secretion [9]. The diverse genes, levels of expression and related
proteins responsible for either strengthening through mineralization and remineraliza-
tion or debilitating the teeth via demineralization are described well in this review.

1.3 Utilities of dental pulp stem cells

Stem cells are pluripotent cells, having the property of differentiating into
various types of cells of the human body [10]. Mesenchymal stem cells (MSCs) that
have been developed from various human tissues, peripheral blood and body fluids,
are characterized by cellular and molecular markers to understand their specific
phenotypes [11]. Dental pulp stem cells (DPSCs) having an MSCs phenotype, can
be obtained from different dental tissues viz., human exfoliated deciduous teeth,
apical papilla, periodontal ligament (PDL) and dental follicle tissue and can also
be developed into induced pluripotent stem cells by incorporation of pluripotency
markers [12]. The stem cells isolated from different dental tissues are utilized for
in vitro studies about the interaction between elements and gene resulting in gene
expression and mineralization. In this chapter, an attempt has been made to explore
the relationship of element effects on gene expression in the DPSCs with mineral-
ization, cell differentiation and development of teeth.

2. Influence of genes and mineralization
2.1 Mineralization

The bone, dentin and cementum are the hard connective tissues which under
normal biological processes are formed of the collagen fibrils through a scaffold of
extremely arranged crystal structures of calcium phosphate [6]. The cells of the hard
connective tissues influence various mineralization activities such as crystal structural
morphology, composition and localized development and growth. In the bone and
the tooth dentin and enamel, the mineral salts of calcium and phosphate ions are
fixed through activities of the constituents of the extracellular matrix and a sequence
of biocatalysts of enzymes. Mineralization, a lifetime function, occurs through the
precipitation of inorganic elements within the matrix of organic components of teeth
and bones [13]. Tooth mineralisation processes are implicated with tissues interactions
between ectodermal and mesenchymal layers [14] and also with extracellular matrix
components and cell-derived microstructures [15]. Knowledge about the mechanism
of mineral deposition is essential for prophylaxis and treatments of ill health related to
mineralization and also for the renovation and reconstruction of scaffolds.

2.2 Chromosomal defect and mineralization

Alvesalo [16] reported that the Y chromosome regulates the growth of both
tooth enamel and dentin, but the X chromosome influences enamel formation
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only. Hence, various sex chromosome anomalies are associated with variation
in tooth crown size and structure of individuals [16] and also with impaired
tooth mineralization and defective metabolism of calcium and phosphate [17].
Hypocalcification, an example of defective low calcification was reported in
Indonesian individuals with Down syndrome (DS) [18]. To identify chromo-
some influence on mineralization, Keinan et al. [19] estimated Ca/P ratios in
enamel and dentin of exfoliated and extracted lower second primary molars

of children with DS, cerebral palsy (CP) and a control group with no adverse
medical history. They revealed that the prenatal levels of enamel formed and the
mineralization of enamel of the mesial cusps in DS and CP teeth were signifi-
cantly lower than that of the control group. Further, growth and mineralization
of all cusps were found affected in the teeth of DS. It is therefore, opined that
determination of Ca/P ratios in the exfoliated deciduous teeth of developmen-
tally challenged children may aid in finding out the inception and severity of
growth abnormalities in utero and their retarding effects on later development
of teeth [19].

2.3 Loss of amelogenin gene and mineralization

Amelogenin proteins are essential for the normal development of enamel and
are products of ameloblast cells and the primary composition of mineralizing
organic matrix of enamel, that becomes mineralized with a hydroxyapatite phase
to become the mature enamel [20-22]. The gene loci for human amelogenin, the
major protein component of the organic matrix in enamel are on both the X and
Y chromosomes [23]. Particularly, the amelogenin genes (AMGX and AMGY)
that are identified respectively on the X and Y chromosomes, take partina
prominent role at the time of dental enamel development [24] and exert biologic
functions as signaling molecules through cell-surface receptors [25]. When one
X-chromosome is absent or malfunctioning in Turner syndrome (TS), expression
of the X-chromosome was investigated for mineral incorporation during amelo-
genesis and indirectly during dentinogenesis. Primary tooth enamel and dentin
from girls with TS were analyzed with the use of X-ray microanalysis, microradi-
ography and rule induction analysis and compared with that of healthy girls [26].
High levels of calcium and phosphorus, and low levels of carbon, were found in
both TS enamel and dentin; a lower degree of mineralization found in TS enamel
is ascribed to low values of carbon. Thus, it is evident that the absence of amelo-
genin gene (AMGX) expression of the X-chromosome has affected on formation
of dental hard tissue.

2.4 Exon4 amelogenins transcription and enamel biomineralization

Amelogenins are proteins formed by alternative splicing of the amelogenin
gene and are essential for tooth enamel formation [27, 28]. In a study, Stahl et al.
[29] demonstrated the spatiotemporal position of amelogenins, a derivative from
transcripts having exon4 (AMG+4) in the enamel matrix and the relative binding of
recombinant AMG+4 to hydroxyapatite. Besides, they illustrated that secretion of
AMG +4 proteins into the enamel matrix occurred at an early maturation stage and
that binding of recombinant AMG+4 to hydroxyapatite was more as compared to
binding of recombinant AMG-4. The spatiotemporal site of amelogenins containing
exon4 peptide, and their functional variation in hydroxyapatite binding, indicated
that the inimitable features of amelogenins having exon4 was responsible for an
explicit increase of biomineralization connected to stabilization of early-formed
hydroxyapatite at the maturation stage [29].
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2.5 Genes and tooth development

Genes above 300 are found in regulating various stages of tooth development
[30]. Main genes associated with tooth development include homeobox, MSX, DLX,
PAX group and their mutation causes tooth deformity and development disorders
[31]. Ogawa et al. [32] and Kapadia et al. [33] showed that Pax9 controls Msx1
expression and acts with Msx1 at the protein level to activate Msx1 and Bmp4
expression at the time of tooth development. Expression of KROX-26 gene was
identified in the epithelial tissues of the developing tooth during the early bud and
cap stages of the growing fetus [34]. Further, in human beings, the mutation of MSX,
DLX genes [35] and AXIN?2 [36] are related to certain syndromes (tooth agenesis and
tricho-dento-osseous (TDO) syndrome) and hypodontia or oligodontia. To establish
relationships between the syndromes of TDO and the expression patterns of MSX-2,
DLX-5, and DLX-7 homeogenes in dentition, Davideau et al. [37] investigated the
variation in expression of these three genes and compared their activities in orofacial
samples of 7.5-9 week old human embryos. They reported two different patterns of
gene expression in different tissues; (1) a stronger gene (MSX-2) expression in the
progenitor cells of human orofacial skeletal structures namely bones of mandible and
maxilla, Meckel’s cartilage, and tooth germs and (2) other two gene expression (DLX-
5, DLX-7) only in vestibular lamina and vestibular part of dental epithelium. When
the expression patterns of the three genes (MSX-2, DLX-5, and DLX-7) were cor-
related to the various human tooth types of early development stages, it was discerned
that there existed expression of the homeogene in spatially ordered sequences along
the vestibular/lingual axis of dental epithelial tissues and different organizing centers
involved in the control of human tooth morphogenesis [37].

3. Influences of elements
3.1 Calcium

Insufficient dietary calcium and a reduction in the calcium: phosphorous ratio
may promote bone reabsorption, risk of osteoporosis and periodontal disease and
increased calcium intake is associated with alleviation of suffering from inflamma-
tory processes, tooth mobility in patients of gingivitis with haemorrhaging [38].
Hence, enough calcium intake is suggested for patients suffering from periodontal
disease and to help in the prevention of osteoporosis. Calcium is a key component of
the mineralized enamel matrix, but may also have a role in ameloblast cell differen-
tiation. In a study, Chen et al. [39] used human ameloblast lineage cells to determine
the effect of calcium on cell function. Primary human ameloblast lineage cells
were isolated from human fetal tooth buds and were treated with calcium ranging
from 0.05 mM to 1.8 mM. Enhancing calcium levels resulted in notably decreased
proliferation of ameloblast cells. The pretreatment of calcium at of 0.1 mM and
0.3 mM concentrations to the cultures caused respectively overexpression of
amelogenin, amelotin and type I collagen and formation of a mineralized matrix.
Thus, Chen et al. [39], by culturing in vitro human ameloblast lineage cells, showed
that the addition of calcium at 0.1 mM and 0.3 mM, induced cell differentiation and
upregulation of amelogenin type I collagen and amelotin.

Cementoblasts are tooth root lining cells that are essential for formation of
cementum on the root surface and for creating a functional periodontal ligament
[40]. Cementoblasts share phenotypical features with osteoblasts. When the
increased concentration of extracellular Ca®* is linked to stimulating proliferation
and differentiation of osteoblasts, the influence of extracellular Ca’* signaling in
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cementogenesis has been reported by Kanaya et al. [41]. Using reverse transcription
polymerase chain reaction (RT-PCR), they found that enhanced levels of extracel-
lular Ca** increased fibroblast growth factor (FGF)-2 gene expression.

3.1.1 Calcium sensing receptor gene

Mathias et al. [42] reported that Ca®* may regulate tooth formation and the
Ca’*-sensing receptor (CaSR) that is expressed in bone and cartilage has indicated
a mechanism by which extracellular Ca’* can regulate cell function. They identified
CaSR protein and messenger ribonucleic acide (mRNA) in an immortalized amelo-
blast-like cell line (PABSo-E) and the expression of CaSR in cultured ameloblasts.
In PABSo-E cells, increasing extracellular Ca* in the medium from 0 (baseline)
to 2.5 mM or 5.0 mM resulted in an increase in intracellular Ca>* above baseline to
534 +/— 69 mM and 838 +/— 86 mM, respectively. They revealed that enhancement
of Ca’* concentration in the medium could induce the intracellular Ca** signal
transduction pathway and that the CaSR is expressed in developing teeth and may
provide a mechanism by which these cells can react to changes in extracellular Ca**
to regulate cell function and eventually, tooth formation. Further, Spurr [43] indi-
cated several sites of expression and functions for the CaSR gene, which includes a
role in tooth development and fluid regulation.

3.1.2 Pathway of tricalcium silicate induced gene expression for biomineralization

Calcium-silicate cement is used as a liner and a dentin substitute base under
definitive restorative materials [44]. Hence, Du et al. [45] aimed to study tricalcium
silicate (C;S) driven pathway of extracellular signal-regulated kinase 1/2 (ERK1/2)
and its role in influencing proliferation and biomineralization occurring in human
dental pulp cells (hDPCs) in vitro. They cultured hDPCs in a medium containing
CsS for comparing with controls without C3S and for measuring biomineralization,
cell viability and phosphorylated ERK1/2. The ERK1/2 inhibitor U0126 was used to
assess the role of this pathway on stage of the cell cycle and mineralization-depen-
dent gene expressions of hDPCs by using flow cytometry and RT-PCR, respectively.
It was observed that CsS extracts promoted (P < 0.05) biomineralization and
viability of hDPCs. When hDPCs were cultured in the medium of C;S extracts,
phosphorylated ERK1/2 was noticed within half an hour time. Furthermore,
proliferation and the expression of mineralization-dependent genes, including
collagen type I, dentin sialophosphoprotein, osteopontin, and osteocalcin were
found decreased (P < 0.05) due to inhibition of the ERK1/2 pathway by inhibitor
U0126 [45]. In conclusion, C;S stimulated the proliferation and biomineralization
of hDPCs in vitro, through the ERK1/2 pathway.

3.2 Roles of calcium of MTA

Mineral trioxide aggregate (MTA), a therapeutic, endodontic repair substance,
is associated with activities of tissue calcification even though its mode of action
needs further clarification [46]. In order to observe calcium release, calcification
activity, calcium-sensing receptor (CaSR) gene expression and bone morphogenetic
protein-2 (BMP-2), and BMP-2 receptor protein and gene expression, two popula-
tions of human periodontal ligament cells (HPLCs) that were donated by two
patients, were cultured in the presence or absence of MTA discs and/or CaCl, [47].
It was found out that within 2 weeks MTA released a considerable concentration of
calcium (4 mmol/L) into culture media. HPLCs innately exhibited gene expression
encoding for the receptors of CaSR and BMP-2. Supplementation of exogenous
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CaCl, in the media effected expression of CaSR gene, calcification and BMP-2
synthesis during the whole HPLC cultures, while supplementation of magnesium
chloride yielded no impact on mineralization and gene expression. Maeda et al. [47]
concluded that HPLCs cocultured directly with MTA up-regulated BMP2 expres-
sion and calcification.

3.3 Calcium and phosphorus

Several culture systems with human dental pulp cells are employed to find out
the mechanisms involved in dentin formation through promotion of differentiation
of dental pulp (DP) cells into odontoblasts [48, 49]. When explants from human
teeth were cultured in Eagle’s basal medium supplemented with 10% or 15% fetal
calf serum, with or without beta-glycerophosphate (beta GP), Couble et al. [48]
reported that addition of beta GP to the culture medium induced odontoblast fea-
tures in the cultured pulp cells. Further, they showed through splendid structural
evaluation of the cultured pulp cell that the presence of typical intracellular organ-
elles was manifested in the body of odontoblast and afterward there appeared an
area of mineralization in type I collagen rich matrix. The presence of calcium and
phosphorus was evident from X-ray microanalysis while the apatite crystal struc-
ture of the mineral was confirmed through electron diffraction pattern. Finally,
two patterns of expression were identified, viz., elevated expression of alpha 1(1)
collagen mRNAs in all polarized cells and dentin sialoprotein gene expression in
mineralizing areas including their association with calcium and phosphorus [48].

3.4 Calcium, magnesium and enamel formation genes

A genetic component in caries susceptibility is related to variation in enamel
formation genes [50]. The trends of tooth demineralization and remineralization
in a group of subjects are related to chosen five genes (ENAM (enamelin), MMP20
(matrix metalloproteinase 20), TUFT (tuftelin), TFIP (tuftelin-interacting pro-
tein), and AMBN (amelobalstin)). In a study, Halusic et al. [51] exposed primary
baseline teeth (20 h) to an artificial caries solution as well as remineralizing solution
to measure Ca and Mg concentrations in the biopsies of three categories of baseline,
carious, and fluoridated teeth and to compare these tooth categories with allele and
genotype frequencies for calcium and magnesium levels. Halusic et al. [51] pointed
out that calcium content was higher than magnesium levels in each sample and
there existed associations of genetic variation of only two genes, ENAM and AMBN
with mineral concentrations. As a result, it is substantiated that there exits obvious
association among influencing roles of enamel formation genes, tooth levels of
calcium and magnesium and the caries development.

3.5 Selenium from dental material for stronger teeth

Selenium, an essential trace element is a constituent of antioxidant enzymes [52]
and can replace sulphur in bonds of collagen resulting in stronger Se-collagen bond
than a sulphur bond. Since collagen is the most important component of the organic
matrix of the tooth and Se-collagen bond is stronger, the beneficial role of selenium
is evident from stronger teeth of children and adults [53]. Dental filling materials
are one of selenium sources of body intake and its additional benefits were tested
in the experimental tooth samples of 60 subjects who were treated with endodontic
dressing in the following four groups: selenium (Se), calcium hydroxide, calcium
hyrdoxide + selenium and controls without Se (z = 15) [54]. With use of RT-PCR,
expression of the prokaryotic 16S ribosomal RNA and microbial growth were
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evaluated before cleaning and shaping procedures and after 15 days of treatment of
the groups with or without filling materials. The finding of the evaluation indicated
that selenium use from the source of tooth material filling was significantly effec-
tive in reducing the microbial growth by decreasing the IFN-y mRNA expression for
healthy strong teeth [54].

3.6 Strontium

Strontium is recognized as a most recent version of anti-osteoporotic agent that
causes immediately anti-catabolic and anabolic effects on bone cells [55]. Rémer
etal. [56] employed strontium in vitro to explore its application to promote bone
marker transcription and hydroxyapatite formation on isolated Runx2 (Runt-
related transcription factor 2) osteoblasts samples of subjects with a disease of
cleidocranial dysplasia. This ailment is caused owing to insufficient gene dosage
and heterozygous mutations of Runx2 which is an essential transcription factor
2 for maturing of osteoblast and transcription of osteogenic genes. This genetic
deficiency is attributed to supernumerary teeth, aplasia or hypoplasia of clavicles,
symptoms of hypophosphatasia (HPP) and patent fontanelles. In an investiga-
tion, Romer et al. [56] aimed to examine strontium influence on the formation of
hydroxyapatite, the cell proliferation of strontium-treated Runx2 osteoblasts and
gene expression of bone marker proteins. The results of their study manifested
improved hydroxyapatite formation in the extracellular matrix and gene expression
of bone marker proteins in strontium-treated Runx2 osteoblasts. A water soluble
tetrazolium salts-1 cell proliferation assay with strontium-treated Runx2 osteoblasts
indicated that cell proliferation and growth were promoted by strontium. As a
consequence of strontium inducing effects, enhanced mineralization of the extra-
cellular matrix was recognized in the strontium-treated Runx2(+/—)-osteoblasts.

When strontium forms a significant component of dental restorative materials
and is widely used in toothpastes, Huang et al. [57] mentioned that low dose Sr
(between 0.1 and 2.5 mM) induced proliferation and alkaline phosphatase (ALP)
activity, collagen formation and mineralization of human dental pulp stem cells
(hDPSC) in vitro. With the use of quantitative reverse transcription polymerase
chain reaction (QRT-PCR), Western blotting and immunocytochemistry techniques
in hDPSCs, strontium was found regulating gene expression and the protein secre-
tion of the odontogenic markers (dentine sialophosphoprotein), dentine matrix
protein 1, calcium sensing receptor, the downstream pathway of MAPK and ERK
signaling pathway. Strontium specifically in the bioavailable form from bioglass
(BG) appeared regulating metabolic and alkaline phosphate activities in hDPSCs.
Henceforth, it is viewed that the element, strontium at definite concentrations
considerably gives rise to odontogenic differentiation, proliferation and mineraliza-
tion of hDPSCs in vitro through calcium-sensing receptor resembling to the path-
way of osteoblast differentiation [57]. It is suggested based on these findings that Sr
treatment of hDPSCs could be a promising therapeutic agent in dental applications
and that Sr from a substituted BG could be used more effectively in biomaterials
designed for dental applications.

3.7 Strontium phosphate

In another study, Su et al. [58] found out that strontium phosphate had an impact
on the osteogenic differentiation of SHEDs (stem cells from human exfoliated
deciduous teeth); especially, the action of the phosphate compound was linked to
improved osteogenic differentiation of SHEDs along with elevated expression of the
osteoblast-related genes. Two modes of activities were reported on chitosan scaffolds
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containing strontium, namely (1) reduced proliferation of SHEDs and (2) notably
increased activities of type-I collagen expression, alkaline phosphatase role, and cal-
cium deposition. Therefore, it is proposed that strontium has an important function
in tooth remodeling because it can simulate tooth formation and decrease resorption.

3.8 Strontium ranelate

Tian et al. [59] in research, produced strontium ranelate-loaded chitosan film
on titanium surfaces with five values of strontium ranelate (SR) (0, 2, 20, 40, and
80 mmol/L of the strontium ion [Sr**]) to find Sr** effects of bone healing. The
low levels of 2 mmol/L or 20 mmol/L of SR loaded onto the chitosan film caused
improved cell responses of primary oestoblasts (POBs) with obvious proliferation,
alkaline phosphatase (ALP) activity, and expression of bone morphogenetic protein
2 (BMP-2), runt-related transcription factor 2 (Runx2), ALP, and osteocalcin,
whereas SR at great values of 40 mmol/L or 80 mmol/L suppressed the growth of
POBs. The conclusive finding is that the SR-imbibed chitosan film on a titanium
exterior surface supports proliferation and differentiation of osteoblasts in a concen-
tration-dependent way and the subsequent recommendation is that strontium and
titanium have definite utilities as safe implant materials of dental treatment [59].

Osteoporosis that is caused due to intensified bone loss, is associated with peri-
odontitis and the two have the general causal factors of bone resorption [60]. One
of the strategies commonly practiced to deal with the illness of periodontitis is that
when SR is used, strontium ions released from SR, involves in an explicit influence
on arresting activation of osteoclast and inducing differentiation of osteoblast. Jia
etal. [61] studied the processes of periodontal regeneration promoted by strontium
and elucidated that the epigenetic mechanism of splicing factor, heterogeneous
nuclear ribonucleoprotein L (hnRNPL) promoted osteogenesis processing of
periodontal ligament stem cells (PDLSCs) that were activated by strontium chlo-
ride. When SET domain containing 2 is an enzyme that in humans is encoded by the
SETD2 gene and hnRNPL has osteogenesis promotion, there are chances of utilizing
strontium, hnRNPL and SET domain containing 2 for curing periodontitis patients
concurrently ailing from osteoporosis [61].

3.9 Iron role in cytodifferentiation of human periodontal ligament cells

The periodontal ligament (PDL) is essential in maintaining homeostasis of
tooth and periodontal tissue [62] and iron overload or deficiency can have adverse
impacts on alveolar bone density. In a study, the requirement of iron levels for the
cytodifferentiation of PDL cells was reported by Hou et al. [63]. After supplement-
ing in a culture medium of human PDL cells with 10-50 pm ammonijum ferric
citrate or 5 pm deferoxamine (an iron chelator) during differentiation, the status of
intracellular iron was measured by determining the level of expression of ferritin
RNA and protein; in addition, the differentiation and function of PDL cells were
assessed by estimating osteoblast differentiation gene markers and the capability of
formation of mineralized nodules in the culture. The results of the study indicated
that the accumulation of iron caused increased regulation of light and heavy chain
ferritin protein. Concomitantly, inhibition of osteoblast differentiation gene mark-
ers and mineralized nodule formation appeared in the culture medium. Deficiency
of iron occurred during PDL cell differentiation led to decreased three activities
namely (1) downregulation of both the light and heavy chain ferritin proteins, (2)
diminished alkaline phosphatase activity and (3) poor mineralized nodule forma-
tion. Thus, it is concluded that iron is critical for the normal cell differentiation of
human PDL cells [63].
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3.10 Potassium hydrogen phosphate in mineralization

Stem cells from dental apical papilla (SCAPs) can be induced to differentiate
along both osteoblast and odontoblast lineages [64] and effect of KH2PO4 was
studied on differentiation efficiency in SCAPs by Wang et al. [65]. Stem cells
that were isolated from apical papillae of immature third molars were exposed to
two kinds of mineralization-inducing media, MM1 and MM2, with two differ-
ent concentrations of KH,PO,. The levels of proliferation and osteo/odontogenic
differentiation of SCAPs were correlated between MM1 and MM2 treatments.
Investigation with cell counting and flow cytometry revealed that the proliferative
potential of SCAPs was greater in MM2 containing 1.8 mM additional KH,PO, than
in MM1. Similarly, the SCAPs were much better in MM2 medium than in MM1
for various higher activities such as osteo/odontogenesis, alkaline phosphatase
activity, calcium deposition and expression of osteo/odontoblast-specific genes/
proteins (e.g., runt-related transcription factor 2, and osteocalcin). When KH,PO,
1.8 mM was added into the media, there were positive effects of notably increased
cell proliferation, better differentiation capacity of SCAPs along osteo/odontogenic
cell lineages and enhanced mineralization, in comparison to control media lacking
additional KH,PO, [65].

3.11 Effect of phosphate

Mutations in the gene ALPL in hypophosphatasia (HPP) decreased activities
of tissue nonspecific alkaline phosphatase and the consequent rise in pyrophos-
phate (PP(i)) caused bone and tooth mineralization malfunction by affecting
calcium-phosphate (P(i)) precipitation [66]. To find out mechanisms involved in
HPP-associated pulp/dentin phenotypes, Rodrigues et al. [67] cultured primary
pulp cells from hypophosphatasia (HPP) subjects to assay alkaline phosphatase
(ALP) activity, mineralization, and gene expression for comparison with cells from
healthy controls. Exogenous P (i) was provided to the correct P(i)/PP(i) ratio in
cell culture. The results of the culture studies demonstrated that HPP cells showed
remarkably lower ALP activity (by 50%) and mineral nodule formation (by 60%)
than the activities of controls. The affected expression of PP (i) regulatory genes
was found in the HPP pulp cells, including a decrease in the progressive ankylosis
gene (ANKH) and high ectonucleotide pyrophosphatase/phosphodiesterase 1
(ENPP1). P(i) supplementation in the culture restored a remedial activity for the
mineralization and moderately rescued a few gene expressions, even though the
cells had already changed messenger RNA contents for PP (i)-connected genes.
Rodrigues et al. [67] opined that low mineralization and disrupted odontoblast pro-
file caused in pulp cells under HPP conditions, were the first steps of the molecular
mechanisms for dentin phenotypes observed in HPP.

3.12 Aluminum oxide particles

Periodontal ligament stem cells (PDLSCs) are capable of regenerating the
periodontal tissues including alveolar bone tissue [68]. Further, PDLSCs being
considered as the stem cells are associated with the osseointegration of titanium
implants, immediately after an implant is fixed in the fresh gap of the extracted
socket. Therefore, Heo et al. [69] cultured PDLSCs on three sorts of titanium sur-
face textures ((1) smooth machined, (2) blasted with 75 and 125 pm AL O; particles,
and (3) anodized) to check their proliferation and gene expressions of osteocalcin,
osteopontin, type I collagen, and GAPDH. From these experiments, Heo et al. [69]
proposed three deliberations namely, (1) elevated proliferation of PDLSCs on the
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rough surface blasted with 75 pm ALO; particles, (2) increased osteocalcin expres-
sion on the AL,O; particle treated-surface regardless of its particle size and gener-
ally lowered type I collagen expression with time in 6 days culture. In conclusion,
titanium surface coating has inducing effects of AL,O; due to greater proliferation of
PDLSCs in the culture and higher expression of osteocalcin.

3.13 Phosphate of Mg, Sr and Zn and chloride of Mg

Divalent Mg, Sr and Zn contribute significantly to bone remodeling through
osteoinductivity because of their roles in inducing bone formation and reduc-
ing bone resorption [70, 71]. So, Huang et al. [72] experimented to examine the
impacts of a few divalent metal phosphates on osteogenic differentiation from
human exfoliated deciduous teeth by steadily releasing the divalent metal ions
from the scaffold into the culture medium and repetitively activating osteoblastic
differentiation. They reported that osteoblastic differentiation was conspicuously
higher in the SHEDs cultured within chitosan scaffolds containing the phosphates
of divalent metals than in the cells cultured without the phosphates of metals. The
observed metal influence was attributed to elevated action of alkaline phosphatase
and also the bone-related gene expression of collagen type I, Runx2, osteopontin,
osteocalcin, VEGF, and Ang-1, which were evident from the technique of RT-PCR
and immunocytochemistry staining of bone-related protein [72]. A noteworthy
enrichment of deposited minerals, especially the phosphates of Mg and Zn, which
were discerned on the scaffolds after 21 days of culture, was apparent from a
calcium-content assay. Similarly, MgCl, at 10 mM concentration increased odon-
togenic differentiation in human dental pulp stem cells by promoting ERK/BMP2/
Smads signaling through enrichment of intracellular magnesium [73]. It is, there-
fore, concluded and recommended that except barium phosphate, other metal (Sr,
Mg and Zn) phosphates and MgCl, which are found effectively promoting SHED
cell differentiation and osteoblastic cell maturation, have significant efficacy and
immense utility in tissue engineering and bone repair.

3.14 Ca**, Gd*, Sr**, or AI>*

Kanaya et al. [41] showed that treatment with trivalent/divalent inorganic ions,
Ca*, Gd*, Sr** and AP except Mg2+ in cementoblasts (tooth root lining cells)
resulted in a dose-dependent elevation of fibroblast growth factor (FGF-2) mRNA
levels in a cAMP-dependent fashion. Because of this finding, it is presumed that a
mechanism of extracellular Ca®*-sensing exists in the cementoblasts and its regula-
tion results in FGF-2 activation in a cAMP/PKA dependent manner. The knowledge
of the pathway leading to primary genes’ expression for modulating the regen-
eration of oral tissues will guide in making use of these inorganic elements and
designing regenerative therapies in dentistry. In support, the regenerative capacity
of dental pulp stem cells was found higher due to higher osteocalcin and the Runx2
gene expression caused by the scaffolds containing Sr; and Ce; [74].

3.15 Manganese effects on Streptococcus mutans virulence gene expression

Comparison of trace metals in drinking water with that of tooth enamel has led
to prediction of a caries-influencing role of manganese (Mn) [75]. Manganese, an
essential element, is required for the expression of mutant Streptococci sobrinus’s
virulence factors, glucan-binding lectin (GBL) whose functional analogue is a
glucan-binding protein (Gbps/GbpC) that is found contributing to biofilm archi-
tecture and virulence. Therefore, Arirachakaran et al. [76] explored the effects
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of Mn on the transcription of genes encoding Streptococcus mutans (S. mutans)
Gbps, including GbpC, along with other critical S. mutans virulence genes for
understanding Mn role in mutant induced tooth caries. With the use of northern
and western blots and RT-PCR techniques, they aimed to find the differences of
Mn impacts on the selected Gbp genes under conditions of planktonic and biofilm
cultures of S. mutans in media with 50 pM Mn and without Mn. Their findings
showed different forms of Mn effects namely, (1) increased expression of GbpC
and gtfB, (2) decreased expression of wapA, in both planktonic and biofilm
cultures, (3) decreased expression of GbpA and GbpD only in biofilms and (4)
increased expression of gtfC only in planktonic cultures [76]. Thus, it is delineated
that Mn availability affects the expression of multiple S. mutans genes involved in
adhesion and biofilm formation.

3.16 Boron and molecular mechanism of gene expression

Boron is an essential micronutrient participating in metabolism and a few boron
derivatives are found promoting the growth of bone and teeth in vivo [77]. So, Tagh
etal. [78] studied molecular mechanism of bone formation, while evaluating cell
differentiation and toxicity of sodium pentaborate pentahydrate (NaB) at various
concentrations. Further, they assessed odontogenic, osteogenic differentiation and
biomineralization of human tooth germ stem cells (hnTGSCs) by measuring the lev-
els of mRNA expression, odontogenic and osteogenic protein expression, alkaline
phosphatase (ALP) activity, mineralization, and calcium deposits. In comparison
to control, the hTGSCs exposed to NaB showed the uppermost ALP activity and
expression of osteo- and odontogenic-related genes and proteins. Since NaB has the
functional role of promoting in vitro odontogenic and osteogenic differentiation, it
is viewed as a promising compound for the development of new scaffold systems in
both bone and tooth tissue engineering [78].

3.17 Lead

Lead (Pb**) exposure continues to be a significant public health problem and
teeth have been recognized as a useful long-term record of lead (Pb**) uptake [79,
80]. Thaweboon et al. [81] cultured dental pulp cells (DP cells) from the teeth of
young patients (aged 17-24 years) and treated them with lead glutamate to examine
in vitro effects of lead on DP cells. The results of their study denoted that in serum-
free conditions lead at all three concentrations (4.5 x 10~ M, 4.5 x 10" M, and 4.5
x 107 M) caused radically enhanced proliferation of DP cells and only one lead
concentration of 4.5 x 10~ M and in 2% fetal bovine serum caused increasing cell
proliferation. But the significantly decreased levels of protein, procollagen typel,
and osteocalcin secretion observed are indicative of the affected state of DP cells
and toxic effects of lead.

In another in vitro study, stem cells obtained from primary and secondary teeth,
and periodontal ligament were exposed to five concentrations of lead nitrate (160,
80, 40, 20, and 10 uM) for 24 hours to find out its adverse impacts on the prolifera-
tion, differentiation, and gene expression in these cell lines [82]. The findings of
the study revealed damaging lead effects viz., (1) altered morphology and adhesion
of the cells in a concentration-dependent fashion, (2) a severe downregulation of
osteogenesis and ectoderm and endoderm markers, demonstrating an irregular and
untimely differentiation trail and (3) a regular expression of key markers associated
with stemness (Oct 4, Rex 1) and DNA repair enzyme markers. Abdullah et al. [82]
conclusively corroborated the harmful lead effects of modified differentiation and
expression of the stem cells.
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3.18 Titanium

Titanium is also another element finding its way from dental alloy into the
oral cavity to cause various effects. Peri-implant granulation tissue fibroblasts
(PIGFs) were exposed to TiO, particles, Porphyromonas gingivalis and a mixture of
TiO, particles and P, gingivalis to determine gene expression and protein produc-
tion of pro-inflammatory mediators by PIGFs with the use of the techniques of
PCR and enzyme-linked immunoassay (ELISA) [83]. It was observed that at high
concentration TiO, was toxic to PIGFs and at sub-toxic level, it promoted high gene
expression of tumour necrosis factor A (TNF-A) and enhanced protein produc-
tion of TNF-a, interleukin (IL)-6 and IL-8. Both TiO, particles and P. gingivalis
caused higher effects than P. gingivalis alone. In another investigation, Wang et al.
[84] observed that after treatment with submicron particles of titanium, human
mesenchymal stem cells showed reduced levels of several activities namely, bone
sialoprotein (BSP) gene expression, collagen type I and BSP production, cellular
proliferation and viability and matrix mineralization. Further, Salvi et al. [85]
revealed that incorporation of titanium dental implants into hard and soft tis-
sue resulted in a multifarious biological activities viz., osseointegration linked to
inflammation and a raise of gene expression for osteogenesis, angiogenesis and
neurogenesis of wound healing.

Global DNA methylation was determined in 21 subjects with peri-implantitis
and 24 subjects with healthy implants with use of immunohistochemical measure-
ment of 5-methylcytosine (5mC) in peri-implant crevicular fluid samples and
related to titanium levels analysed with inductively coupled plasma mass spectrom-
etry (ICP-MS) in submucosal plaque samples [86]. The levels of 5mC were notably
greater in peri-implantitis samples than the healthy implant samples (P = 0.002).
Therefore, it is opined that there is a relationship between peri-implantitis and epi-
genetic alterations in the peri-implant tissues and that methylation may be affected
by titanium dissolution products. In conclusion, it viewed that because of corrosion
and deposition from implants, titanium toxicity may pose at gene level several tooth
weakening effects namely, inflammation, allergy, bone loss, failure of osseointegra-
tion and dental implants [87].

3.19 Nickel

Nickel becomes a source from alloys of dental application and causes intraoral
metal contact allergy [88, 89], inflammatory response [90, 91] and cytotoxicity [92]
that are associated with the expression of different genes described as follows. X-ray
fluorescence microscopy and spectrometry for measurement of metal level released
from the alloy, histochemical analysis, RT-PCR and western blotting for the expres-
sion level of HLA-DR were employed to compare between gingival tissues collected
from the subjects with allergy and affected by alloy restoration and normal gingival
tissue samples [88]. The allergic groups showed significantly higher levels of protein
and gene expression of human leukocyte antigen DR (HLA-DR) than (P < 0.01)
control group without any metal exposure [88]. In allergic patients metals of alloys
are responsible for inducing HLA-DR which is one of the major histocompatibil-
ity complex class II antigens and associated with antigen presentation to CD," T
lymphocytes [93].

In a study reported by Li et al. [91], impacts of nickel(11) on the expression of
inflammatory cytokine, receptor genes and nuclear factor-kappa B (NFkB)-related
genes were determined by using qRT-PCR and PCR-based arrays in the human
THP1 monocytic cell line pre-exposed to Ni(11) for 72 h. Both downregulation of
10 inflammatory genes and up-regulation of IL8 and seven NFxB-related genes’
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expression were found induced by Ni(11) only in the pre-exposed group. Wylie et al.
[90] treated H400 oral keratinocytes with two Ni-based dental alloys (Matchmate
and Dsign10) and NiCl, (1-40 pg/mL Ni**) and found that exposure to increas-

ing concentrations of NiCl, decreased cell growth and morphology and increased
all cytokine transcripts at 1 day. On day 6, IL-1beta and IL-8 transcripts were
negatively affected, whereas granulocyte-macrophage colony-stimulating factor
(GM-CSF) and IL-11 enhanced with Ni** dose. Further, Messer and Lucas [92]
indicated that Ni ions released from alloys affected several cellular functions and
their cytotoxic effects relied on the factors namely ion chemistry, ion valence, and
dose-time dependence. In conclusion, it is viewed that there exist the main concerns
about biocompatibility of harmful nickel ions released from the alloys into dental
and surrounding tissues [92].

3.20 Mineralization and genes

The human TUFT1 gene is expressed at the time of development and min-
eralization of enamel through coding for tuftelin, a glycoprotein identified in
enamel [94, 95]. Halusic et al. [51] reported that among the selected genes, ENAM,
MMP20, TUFT, TFIP, and AMBN, only two genes EAM and AMBN were found
associated with calcium mineralization, whereas Jeremias et al. [96] reported a
significant association of 3 genes (TFIP11, ENAM, and AMELX) with molar-incisor
hypomineralization.

Pang et al. [50] have used a Streptococcus mutans biofilm model to verify if
variants in genes are connected with mineral loss in dental enamel. In the samples
of saliva and enamels from 213 individuals, they carried out DNA extraction and
analyses of 16 single nucleotide polymorphisms in the saliva and also analyses of
physical and chemical properties, mineral loss and the lesion depth of the deminer-
alized enamel samples under cariogenic challenge for comparison between different
genotypes at each single nucleotide polymorphism. Their findings pointed out
the genes associated with minerals both at higher levels [Mn in GG genotype of
AMBN (rs7694409), Ca in GT genotype of MMP20 (rs1612069), Ca/P ratio in GG
genotype of AMBN (rs13115627)] and also at lower levels [Mn in CT genotype of
TFIP11 (rs2097470) and P in GG genotype of AMBN (rs13115627), AG genotype of
ENAM (rs12640848) and AA genotype of MMP20 (rs2292730)]. Subsequently, the
lower mineral levels were connected with the mineral loss, depth loss and the genes
(TFIP11, TUFT1, MMP20, and ENAM). They suggested that genetic variations in
the genes of TFIP11, TUFT1, MMP20, and ENAM influenced enamel demineraliza-
tion in a Streptococcus mutans biofilm model and the possibilities of weakening the
tooth structure due to demineralizing action of certain genes [50].

4. Summary and conclusions

Elements are found influencing mineralization, cell differentiation and develop-
ment of teeth. Differences in the effects of elements are associated with ionic and
compound forms and dose. Their influence is through gene expression. Table 1
shown the various elements’ influence on gene expression associated with the min-
eralization, cell differentiation and tooth development. Prominently four kinds of
gene expressions were reported, namely up regulation by B, Ca, Sr, Fe, K, P, MgCl,,
Divalent ions (Mg, Zn, etc.), down-regulation by tricalcium silicate and lead, no
expression by barium phosphate and adverse gene expression by lead nitrate. Broadly
the effects could be positive, neutral and negative correspondingly related to their
types as essential, non-essential and harmful elements which are to be considered
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for their multiple sources from diet, environment and dental materials and implants.
Besides other properties and utilities, essential elements (Ca, Sr, Se, Cr, Fe, K, P etc.)
are included and harmful elements (Pb) are excluded from oral intake and in the
composition of dental products formulated and fabricated for multiple requirements
in dentistry, whereas Ni and Ti use is continued since their effects of allergy and
inflammation are very rare and possibilities of their substitutes are explored.
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Abstract

Advanced therapies hold substantial promise for the treatment of periodontal
conditions. Gene therapy has the potential to transfer “therapeutic” genes, which
express proteins such as bone morphogenetic proteins, osteoprotegerin, and tissue
nonspecific alkaline phosphatase, which is deficient in patients with hypophospha-
tasia, a condition that affects mineralization of teeth and bone. Transferred genes
may also express platelet-derived growth factor, which modulates the growth of
periodontal tissue and the alveolar bone. As regards cell therapy, several clinical
trials have shown that mesenchymal stem cells, when used with different kinds of
scaffolds to enable the required three-dimensional environment, possess a bone
regeneration potential that is particularly useful in such disorders as osteoporosis
and osteonecrosis, or for regenerating alveolar bone (osseointegration) prior to
placing a dental implant. However, much work is still required before these new
therapies become true alternatives in routine clinical dental practice. Medical
advances require investments, which are usually influenced by the priorities of
both politicians and society at large. This will contribute to promoting innovation,
efficient treatments, medium- and long-term savings, and a higher quality of life.

Keywords: Advanced therapies, gene therapy, cell therapy, tissue regeneration,
alveolar bone, mesenchymal stem cells, biomaterials and scaffolds, implants,
Good Manufacturing Practices, clinical dental practice

1. Introduction

Advanced therapies encompass a group of novel and innovative pharmacological
procedures including gene therapy, cell therapy and regenerative medicine. Their
goal is to provide curative treatment for diseases or dysfunctions that can currently
be managed only with palliative care. According to the European Medicines Agency
(EMA), advanced therapies are medicines for human use that are based on genes,
tissues, or cells, offering ground-breaking new opportunities for the treatment of
various diseases of different aetiologies, ranging from hereditary to acquired, such
as pathogen-induced infections or cancer [1].

Gene-based medications and procedures are based on “therapeutic” genes whose
effect may be curative, but also prophylactic or even diagnostic. By using different
transfection methods, advanced therapies aim to insert “recombinant” genes into a
diseased cell or organism in order to replace or repair defective genes [2, 3].
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Cell therapy procedures involve any cells that no not have the potential to
contribute to the genetic material of the subject’s offspring (germ-line cells). After
minimal manipulation, the cells are “implanted” “or transplanted” autologously
(same individual), allogeneically (different individual of the same species) or xeno-
geneically (individual of a different species) into an organism in order to restore a
diseased structure or an impaired function [4, 5].

Regenerative medicine or tissue engineering, for its part, is based on restoring
function through the transplantation of cells, tissues, or organoids [6, 7]. Although
regenerative medicine procedures are at the present time still at the early stages of
development, very promising results have so far been obtained, particularly with
regard to organoid preparation [8, 9].

For bioethical reasons, gene therapy procedures are always performed with
somatic cells through the transfer of the “therapeutic” gene using viral or non-
viral vectors. Transfection efficacy tends to be higher with viral vectors (adeno-
associated or lentiviral viruses) but the risk of adverse events is higher, particularly
mutagenic insertion, anaphylactic reaction, and hepatotoxic damage. Given that no
such thing as an ideal vector exists, a compromise must be struck between sustained
long-term expression of the transgene, which entails viral integration of the host
cell into the genome, and a reduction in the number of adverse events [10-12].

Gene therapy procedures can be carried out iz vivo through systemic perfusion
of the gene delivery vector, or through ex-vivo vector-mediated transfection and
subsequent reimplantation of the patient’s cells. The latter is an example of the
administration of gene therapy followed by cell therapy.

Another more recent alternative is gene editing, which is based on the correction
of the defective genes responsible for the patients’ symptoms. This technique uses
tools such as Talen, zinc fingers or CRISPR/Cas9 gene editing [13].

Other kinds of gene therapy are based on siRNA, whose function is to block
RNA translation to protein by temporarily “silencing” a specific gene [14]
(Figure1).

As regards the other component of these types of procedures, i.e., the target
cells, there is a wide range of possibilities, from pluripotent cells like induced
pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs), to multipotent cells,
mesenchymal stem cells derived from adipose tissue, bone marrow, umbilical cord,
or dental tissue, and differentiated adult cells [15-17].

iPSCs and ESCs are pluripotent cells that must be used with great caution due to
their teratogenicity and genetic instability [18]. Use of ESCs is moreover associated
with important bioethical issues [19].

Mesenchymal stem cells (MSCs) are currently the only stem cells that have not
only shown themselves to be safe in several clinical trials but have also demon-
strated their efficacy in a phase III clinical trial, which resulted in their use being
approved by the EMA [20] for the treatment of Duchenne muscular dystrophy [21].

Although the mechanism of action of MSCs is not yet fully understood, they are
believed to play a role in the process of tissue repair and regeneration, mainly due to
their ability to migrate toward damaged or swollen tissues, their angiogenic capac-
ity, their anti-infectious properties and, above all, their immunomodulating and
anti-inflammatory effect resulting from the secretion of trophic factors. Moreover,
they are responsible for the activation of stem cells that reside in the body and for
attracting endogenous cells to the defect site.

Although it is true that one of the most promising options arising from murine
models was the use of preconditioned mesenchymal stem cells with different bone
morphogenic proteins, unfortunately the in-vivo studies performed with larger
mammals and the in-vitro studies with human mesenchymal cells yielded disap-
pointing results. This prompted the development of fresh research projects, dealing
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Apgplimtion of gene- and cell therapy to bone regeneration. GMP-grade: Good manufacturing practices-grade;
MSCs: Mesenchymal stem cells; ASCs: Adipose-derived stem cells; BMIMSCs: Bone marrow mesenchymal

stem cells; PDLSCs: Periodontal ligament stem cells; ABMSCs: Alveolar bone-derived mesenchymal stem

cells; AAV: Adeno-associated viral vectors; LVV: Lentiviral vectors. Cell thevapy is one of the techniques used
in bone regeneration. MSCs, ASCs, BMMSCs, PDLSCs and autologous, allogenic or xenogenic ABMSCs are
used together with scaffolds. Gene therapy procedures can be carried out in vivo through systemic perfusion

of the gene delivery vector (AVV, LVV), or through ex-vivo vector-mediated transfection and subsequent
reimplantation of the patient’s cells. (created in Biorender.com).

particularly with the use of biomaterials to control the ability of MSCs to differenti-
ate and secrete trophic factors by generating a more favorable microenvironment.
In the case of a large animal model, the induction of periodontal regeneration
through the administration of locally applied growth/differentiation factors is being
investigated in non-human primates. Dog models have been developed to study the
application of different cells, biomaterials, and scaffolds to periodontal regenera-
tion [22]. In addition, gene therapy protocols based on the transfection of stem cells
with viral vectors have been used in mammal models to increase the expression of
growth factors [23].

These cells may be isolated from different tissues such as the bone marrow,
fat, the umbilical cord, dental pulp, and more recently from endometrium and
menstrual blood [16, 24]. They are associated with high proliferation and self-
renewal rates, they are capable of secreting countless growth factors, they are easy
to obtain and characterize and, most importantly, they are capable of modulating
the immune response (they have very low immunogenicity) due to the fact that they
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express immunomodulating cytokines and do not express the class II major histo-
compatibility complex (MHC-II) or T-lymphocyte co-stimulating molecules such as
CD40L, CDS0 y CDS6 [25].

They also display a high potential to differentiate to cells of the three germ
layers, mesoderm (differentiation to adipocytes, chondrocytes, osteocytes, muscle
cells and cardiac cells), endoderm (differentiation to pulmonary epithelial cells)
and ectoderm (differentiation into neural cells). For all these reasons, MSCs hold a
bright promise in terms of their clinical application [26, 27].

Their morphology is adherent, fibroblast-like and they express characteristic
clusters of differentiation (CD) membrane markers such as CD44, CD90, CD117,
CD73, CD29, CD13 and CD105. At the same time, they are negative for hemato-
poietic markers such as CD34, CD45, CD133 and BCRP1. They are endowed with a
46X (X/Y) karyotype that is stable both timewise and in terms of culture passages
as it is able to maintain telomerase activity until passage 10. This turns MSCs into a
useful cell therapy vehicle as they are exempt from genetic variability and tumori-
genesis. They also express embryonic transcription factors such as Oct-4, Rex1 and
GATA-4, but not embryonic stem cell markers such as SSEA-1, SSEA-4, TRA-1-60
and TRA-1-81 [28].

Despite the vast amounts of data available on mesenchymal stromal cells and on
the different protocols developed for their expansion, characterization and differ-
entiation, as well as for their manufacturing, good manufacturing practice (GMP)
protocols for the process extending from the validation of MSCs to their preparation
for clinical use, are still in their infancy [29].

The EMA has since 2007 considered expanded MSCs to be advanced therapy
medicinal products (ATMPs) fit for clinical use [1].

Although different GMP protocols have been established concerning the isola-
tion and expansion of MSCs, there is still little understanding of the soundness of
the required preclinical protocols and their translation to research programs. In
this regard, the International Society for Cellular Therapy (ISCT) has established
a series of minimum criteria to define the identity and quality of these cells before
they can be categorized as ATMPs [30-33]. Although there is some flexibility
depending on the types of clinical trials and the regulations issued by different
governments, ISCT’s fundamental criteria are related with microbiological assays,
endotoxin and mycoplasma testing, feasibility tests, clonogenicity, and purity and
functionality analyses.

The criteria generally used to validate the use of MSCs in clinical practice are
related with the following: manufacturing approval by an ethics committee and
participation of authorized sites; donor selection; isolation and expansion of the
cells in accordance with GMPs [clonogenicity tests (fibroblast colony-forming
units); flow immunocytometry-based cell characterization; differentiation poten-
tial assays]; quality control (microbial testing, mycoplasma and endotoxin detec-
tion, karyotyping); and shipment from the manufacturing site to the clinical site
where they are due to be used in the conditions required for this ATMP (tempera-
ture between 3 and 5°C and delivery time under 24 hours) [29].

2. Gene therapy in periodontal disease

As explained above, and as will be specified below, cell therapy is at present the
most potentially useful tool to treat periodontal disease. However, gene therapy
protocols can also make important contributions in specific cases.

Gene therapy may allow an increase in the bioavailability of certain growth
factors or even some proteins that contribute to promoting the modulation of
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periodontal tissue, specifically alveolar bone. The cells in the periodontal ligament
(PDL) are thus characterized by several protein markers such as type III collagen,
osteopontin, bone morphogenetic proteins (BMPs), osteocalcin and bone sialo-
protein. Among them, BMP-4 is particularly important for bone growth and bone
remodeling as it stimulates the expression of osteopontin, BMP-2 and the mRNA of
osteoblast-specific transcription factor CBFA1 in human PDL cells. In this respect,
Tsuchiya et al. [34] used a (highly safe) non-viral electroporation-based plasmid
delivery technique to overexpress BMP-4. In vitro transfected rat PDL cells exhib-
ited production and secretion of the mature form of BMP-4 without any cases of
inflammation, degeneration, or necrosis.

Also, ex-vivo gene therapy experiments have studied the transfer of the BMP-2
gene using bone marrow-derived mesenchymal stromal cells (BMMSCs), muscle-
derived cells, adipose-derived stem cells (ASCs), periodontal ligament stem cells,
and fibroblasts, also showing an increase in osteogenic differentiation and mineral-
ization [35].

Another interesting approach that used the same protocols consisted in the i
vivo transfer of the gene that consistently expresses platelet-derived growth factor
PDGF-B locally in the alveolar bone, which has been shown to stimulate the regen-
eration of the periodontal tissue in bone defects in rat models [36]. Periodontal
lesions have been treated with a matrix containing adenovirus as a transfer vector
expressing PDGF-B. Results showed higher levels of proliferating cell nuclear anti-
gen, with positive cell staining and strong evidence of bone and cementum regen-
eration. A quantitative analysis showed a nearly four-fold increase in the volume of
the alveolar bone and a six-fold increase in the rate of cementum repair in the areas
treated with the vector.

Studies on the use of gene therapy to overexpress some proteins related to
bone resorption such as osteoprotegerin [37] have shown that these proteins could
constitute potential alternatives for modulating and regulating bone mass in cases
of bone weakness; alveolar, mandibular, or maxillary bone osteoporosis; or where
the alveolar bone needs to be bolstered prior to tooth implantation. Osteoprotegerin
is a protein secreted by osteoblasts and stromal osteogenic stem cells that bears close
resemblance with other members of the tumor necrosis factor family. It actsas a
decoy receptor for receptor activator nuclear factor kappa-B (RANKL) and indi-
rectly inhibits osteoclast differentiation and activation, reducing bone resorption.

In a rat model of periodontitis-derived alveolar bone resorption, non-viral gene
therapy-based transfection using a subperiosteally injected osteoprotegerin gene-
expressing plasmid achieved a significant reduction in alveolar bone resorption and
an increase in the number of active osteoclasts [37].

More recently, gene therapy protocols are successfully being used to study other
disorders that would not at first sight seem to be amenable to these techniques, such
as hypophosphatasia.

Hypophosphatasia (HPP) is an uncommon hereditary disorder that affects
mainly the mineralization of bones and teeth. HPP is caused by loss of function
mutations (up to 388 have been reported) in the ALPL gene (chromosome 1) that
expresses tissue-nonspecific alkaline phosphatase (TNALP) [38].

Insufficient levels of TNALP, an enzyme found mainly in bone, liver, and renal
cells, result in elevated extracellular concentrations of inorganic pyrophosphate
(PPi), pyridoxal 5'-phosphate (PLP), and phosphoethanolamine (PEA). The ensu-
ing increase in the extracellular PPi/inorganic phosphate (Pi) relation acts as an
inhibitor of bone mineralization, affecting mainly the hard dental tissue (alveolar
bone) and resulting in premature tooth loss [39-41].

In general, justification for research into and subsequent application of new
advanced therapies depends on the availability (or lack thereof) of an appropriate,
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convenient, and safe treatment for a given condition. In the case of HPP, treatment
before 2015 consisted in an attempt to mitigate symptoms by controlling calcium
and phosphorus levels. Enzyme replacement therapy with asfotase alfa has gained
popularity in recent years [42], although the treatment is not always effective.

As regards the new advanced therapies, the first few clinical applications
corresponded to cell therapy protocols. In this respect, Cahill et al. [43] were able
to correct a severe HPP phenotype by transplanting osteoblasts with high levels of
TNALP. Migration of these osteoprogenitors to the affected areas of the bone was
successful in converting the disease phenotype from severe to mild.

Cell therapy protocols often produce low levels of the deficient protein and,
moreover, such production is systemic. For this reason, it is in many cases inevitable
to resort to gene therapy protocols which, apart from allowing higher therapeutic
efficacy, exhibit longer-term sustained expression levels. Furthermore, they can be
applied locally, e.g., in the periodontal tissue. In this regard, Okawa et al., [44] in
an ex-vivo gene therapy experiment whereby lentiviral vectors and BMMSCs were
used with TNALP-deficient knockout mice, were able to induce alveolar bone and
cementum formation in those mice, significantly in the first case and moderately in
the second, thus contributing to inhibiting premature tooth exfoliation.

More recent gene therapy studies using adeno-associated vectors have shown
greater promise. Following administration of the TNALP-expressing adeno-
associated vector scAAVS-TNALP to TNALP-deficient knockout mice, Ikeue et al.
[45], were successful in achieving enhanced growth of the mandible, the alveolar
bone, and the molar roots, inducing dentoalveolar mineralization and reducing
the exfoliation risk. The same authors have optimized the efficacy of the technique
thereby facilitating its translation to clinical practice [46].

3. Cell therapy and the regeneration of alveolar bone

The periodontium is a complex organ made up of four mesenchymal compo-
nents (gingiva, cementum, alveolar bone and the PDL), which constitute a func-
tional unit in charge mainly of anchoring the tooth to the jawbone firmly enough
to withstand the masticatory forces, and of regulating homeostasis within the oral
cavity [47, 48].

The PDL plays a fundamental structural role as it connects the cementum to the
alveolar bone. It is a highly vascularized cellular tissue (fibroblasts and endothelial,
epithelial, neural, and undifferentiated mesenchymal cells), made up of thick
collagen fibers that are inserted into the external layers of the cementum and of
the alveolar bone. Dental tissue-derived mesenchymal stem cells are responsible
for maintaining hemostasis across all periodontal tissues as they are capable of
differentiating to cementoblasts, which give rise to the deposition of cementum;
to osteoblasts, which give rise to the deposition of bone; and to fibroblasts, which
foster the formation of new connective tissue [47] (Figure 2).

Maintenance and regeneration of alveolar bone and of tooth and implant-sup-
porting structures are based on a balance between bone resorption and bone forma-
tion [49], which is controlled by different types of cells, signaling mechanisms, and
matrix interactions. Advanced therapies, particularly cell therapy and regenerative
medicine, could be considered potential tools capable of restoring that balance in
soft and hard tissues, making it possible to treat traumatic, metabolic, or congenital
disorders that affect periodontal tissue regeneration [50].

This chapter will succinctly cover the possibilities offered by cell therapy for
the treatment of disorders related to the loss and defective regeneration of bone
mass such as osteoporosis or osteonecrosis (the former understood as a systemic
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Figure 2.

Periodontium and PDL cells. The peviodontium is made up of four mesenchymal components (gingiva,
cementum, alveolar bone and the PDL). The PDL, which connects cementum to alveolar bone, is formed by
fibroblast, epithelial cells, endothelial cells, neural cells and mesenchymal stem cells. Mesenchymal stem cells
are responsible for maintaining bone hemostasis by differentiation to cementoblast, osteoblast and fibroblast.
(created in Biorender.com,).

metabolic disease of bone and the latter as an apoptotic loss of bone mass, particu-
larly from the alveolar sockets), and for regenerating bone prior to placing a dental
implant (osseointegration) [51].

The first pioneering studies on the regeneration of alveolar bone using cell
therapy were conducted by Abukawa et al. in 2003 [52]. These authors used porcine
MSCs isolated from the bone marrow, which were differentiated to osteoblasts and
then incorporated to and cultured on a porous scaffold made from biodegradable
poly DL-lactic co-glycolic acid. The result was the formation of bone on the scaf-
fold’s surface.

In 2004, the same authors [53] confirmed their results iz vivo in a porcine model
by using autologous constructs (cell-seeded scaffolds) to reconstruct the segmented
mandible of the induced model. This resulted in the regeneration of the damaged
areas of the mandible, which, in clinical, radiographic, and histologic studies, were
found to contain osteoblasts, osteocytes, bone trabeculae and blood vessels.

Some time later, Streckbein et al. [54] marked a turning point in the application of
cell therapy to periodontal disease. Indeed, human ASCs became a powerful cell ther-
apy tool. ASCs were found to resemble BMMSCs in their capability of differentiating to
osteocytes. Engraftment of autologous ACSs in a fibrin scaffold in a rat model resulted
in the formation of significantly greater amounts of bone than in the control group.

3.1 Osteoporosis
Osteoporosis is a chronic (long-term) skeletal condition typically caused by an
alteration in bone homeostasis arising from an imbalance between bone resorption

and bone formation. Osteoporosis is responsible for the majority of fractures in
the elderly and in post-menopausal women, who tend to experience a reduction in
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bone mass and bone density. Although a genetic predisposition is undeniable, other
causative factors such as the slower development of bone mass during youth as well
as ethnicity, sex, lifestyle and iatrogenesis usually play a role [55, 56].

Osteoporosis is one of the main causes of alveolar, mandibular, and maxillary
bone fractures as these bones are constantly subject to movements and strong
masticatory forces, with the mandibular bone withstanding the greatest mastica-
tory forces and exhibiting the most trabecular structure. It is the dentist’s job to
diagnose potential cases of osteoporosis as early as possible, particularly with a view
to evaluating the need of implants. Current treatment for osteoporosis disorder
is based on antiresorptive and anabolic drugs (oestrogens, bisphosphonates and
monoclonal antibodies such as RANKL inhibitors [55].

What contribution can cell therapy make to the future treatment of this disor-
der? Simply put, cell therapy can offer “curative” rather than palliative treatment,
restoring the structure and function of bone tissue. MSCs are the best candidates on
account of their anti-inflammatory and immunologic characteristics, and of their
widespread bioethical acceptance [57].

It has been suggested [58] that one of the factors leading to osteoporosis in aged
bone tissue is the reduction in the number of MSCs in the bone and the resulting
lower osteoblastic differentiation potential. According to several studies, this is
where cell therapy would play its most evident clinical role [59-61].

The kind of osteoporosis brought about by post-menopausal estrogen deficiency
exhibits very high mortality rates with an associated risk of fracture and of tooth
and alveolar bone loss from the jaw. In a study aimed at evaluating the previ-
ously stated premise [58] that aging of BMMSCs contributes to the development
of osteoporosis, Xu et al. [62] analyzed the effect of special AT-rich sequence-
binding protein 2 (SATB2), a regulator of stemness and senescence of craniofacial
bone-marrow derived mesenchymal stem cells, on ovariectomy-induced alveolar
osteoporosis in a rat model. Transplantation of BMMSCs transfected with the
SATB2-expressing gene ameliorated the disease phenotype, reducing cell senes-
cence, increasing stemness and osteogenic capacity, and diminishing the number of
osteoclastic markers present as well as the adipogenic potential of the cells and the
in vivo ovariectomy-induced loss of alveolar bone.

3.2 Osteonecrosis

Osteonecrosis is a clinical entity characterized by apoptosis of the cells that make
up the bone and the bone marrow. It is usually associated with the appearance of
necrotic areas in the trabecular bone, the subchondral bone, and the bone marrow
and, although it could affect any bone, it is most frequently found in the jawbone
or, more specifically, the maxilla. Jaw osteonecrosis is an infrequent yet serious
condition that involves the maxillary bone [63].

Osteonecrosis generally sets in as a result of exposure of the jawbone to the oral
cavity for a period of at least 8 weeks, following which cells (usually osteocytes)
become senescent and apoptotic from lack of blood supply from the gingiva.
Although there is still no consensus regarding the osteopathogenesis of osteone-
crosis, certain situations have been identified as potential causative mechanisms:
invasive dental procedures such as tooth extraction surgery; trauma in the area of
the maxillary; abnormal (spontaneous) growth of the bone in the palatal area or
the internal areas of the mouth, even in patients without identifiable risk factors;
radiation therapy (radiation-induced osteonecrosis); head and neck cancer; herpes
zoster virus infection; steroid treatments; osteomyelitis; and chronic bone infec-
tion. Jaw osteonecrosis may remain asymptomatic for long periods of time, typical
symptoms including pain in the affected area, inflammation episodes, redness,
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and other signs of infection in the gingiva. Patients may experience numbness or a
feeling of heaviness in the jaw, develop a purulent secretion in the area of exposed
bone, exhibit intra- or extraoral fistulas, or suffer the loosening and loss of the
teeth close to the affected area as a result of the weakening of the bone that anchors
the teeth [64, 65].

As far as diagnosis is concerned, there is at present no predictive diagnostic
test capable of determining if a patient is at risk of or predisposed to suffering jaw
osteonecrosis. A number of salivary biomarkers have recently been described,
which may potentially help in diagnosing and monitoring the most common oral
conditions, including oral leukoplakia, oral lichen planus, Sjégren’s syndrome,
periodontitis, peri-implantitis, and medication-related osteonecrosis of the jaw
[66]. Salivary biomarkers such as interleukins or growth factors have shown them-
selves useful in diagnosing and following up these conditions, making it possible to
conduct an early evaluation of the risk of malignization and monitor the efficacy of
treatment.

Treatments based on antiresorptive drugs such as bisphosphonates adminis-
tered to patients at high risk of osteoporosis or as treatment for bone cancer have
often resulted in an increase in jaw osteonecrosis [67, 68]. The mechanism by
which bisphosphonates may result in maxillary osteonecrosis are currently not
understood, but they have been shown to affect dentoalveolar structures, limiting
or impeding bone regeneration due to inhibition of osteoclast formation and/or
suppression of cell turnover.

Prevention through health education, dental hygiene and periodic dental visits
from early childhood is essential. In most cases, a detailed anamnesis is crucial for
both early detection and prevention [69-71]. Routine treatment is based on antibiot-
ics, antibacterial mouthwashes such chlorhexidine, and removable oral appliances
(retainers) or dental debridement.

There being currently no standard treatment to promote regeneration of the
necrotized area, advanced therapies and, specifically cell therapy, are emerging as
valuable tools not only to curb the necrosis but also to restore and regenerate the
necrotized areas. Although studies have so far focused on bisphosphonate-induced
jaw osteonecrosis, the solutions they propose - if effective — could be applied to
most kinds of jaw osteonecrosis, regardless of their etiopathogenesis.

The first clinical trial that used cell therapy to attempt regeneration of the
alveolar maxillary bone was conducted in 2009 by d’Aquino et al. [72]. The authors
used a biocomplex consisting of autologous dental pulp stem cells and a collagen
scaffold. Histological observation unambiguously showed complete regeneration of
the bone at the necrotic site with optimal rehabilitation of the alveolar bone and full
restoration of the periodontal tissue.

Very good alveolar bone regeneration results have also been obtained in
bisphosphonate-induced osteonecrosis models using allogeneic bone marrow
[73] or ASCs [74]. The advantage of ASCs, as compared to BMMSCs, lies in their
easy and less invasive harvest, their higher yield, their higher proliferation and
duplication potential, their lower levels of senescence; and their higher angiogenic
anti-inflammatory capacity. These cells also exhibit higher survival rates in isch-
emic environments as well as an increased secretion of growth factors such as the
vascular endothelial growth factor (VEGF), hepatocyte growth factor (HGF), and
basic fibroblast growth factor (bFGF). These factors are required in hypoxic envi-
ronments, which is useful for the treatment of osteonecrosis and bisphosphonate-
related ischemic wounds derived from jaw osteonecrosis [74, 75].

There is currently only one clinical trial underway aimed at evaluating the use
of cell therapy for the treatment of jaw osteonecrosis [76]. It specifically seeks to
determine the safety of using autologous BMMSCs in the presence of a porous

139



Human Tooth and Developmental Dental Defects - Compositional and Genetic Implications

tricalcium phosphate scaffold and in a demineralized bone matrix in patients

with jaw osteonecrosis. It is a phase I, prospective non-randomized single-centre
unblinded open clinical trial including patients between 18 and 85 years of age.
The study is the result of a collaborative effort between the Virgen de la Arrixaca
Institute of BioHealth Research (Region of Murcia), the Virgen de la Arrixaca
University Hospital (Region of Murcia), the Regional Ministry of Health of Murcia
and the Spanish Ministry of Health.

Patients with a definitive clinical and radiological diagnosis of jaw osteonecrosis,
of whatever etiology, are implanted with the cell “construct” (MSCs, tricalcium
phosphate and demineralized bone matrix). One month prior to implantation,
the MSCs are first harvested from the patients’ bone marrow and then character-
ized and expanded in GMP-grade conditions. The cells are seeded in tricalcium
phosphate and maintained in culture for 14 days. On the day of implantation, the
MSCs seeded in tricalcium phosphate are admixed with the demineralized bone
matrix, the combination being subsequently coagulated with autologous platelet-
rich plasma before engraftment can occur. Finally, the oral mucosa or the skin are
closed tightly with silk sutures. A careful evaluation must be made of different
circumstances related with the procedure such as bone ischemia or new bone for-
mation; non-severe adverse events related with the procedure such as local surgical
wound infections, non-union and anaphylactic reactions; time to wound healing;
appearance of local pain as determined by a visual analogue scale; bone forma-
tion as measured by computerized tomography; and quality of life as measured by
EuroQol-5D [77, 78].

Mesenchymal stem cells could also play an important osteogenesis and bone
regeneration role in cases of osteoradionecrosis [79], a severe and difficult-to-
manage complication of the jawbone following high-dose radiation therapy in cases
of head and neck cancer.

3.3 Bone regeneration and osseointegration prior to dental implant placement

Placement of intraosseous implants is a routine dental procedure aimed at
restoring missing teeth and masticatory function. However, the stability of
implants is often compromised by the presence of an insufficient amount of sup-
porting bone mass. Sinus elevation treatment using autologous bone and allografts
is the standard alternative in these cases. The problem lies in amount of autologous
bone required for such procedures, which varies as a function of the magnitude of
the damage present. Moreover, alternative alloplastic materials are often ill suited to
compromised vascular environments.

Initial studies in this field, such as those by Matsuo et al. [80] have made inter-
esting contributions. Using particulate cellular bone and marrow (PCBM) and
platelet-rich plasma (PRP), these authors obtained statistically significant increases
in the volume of trabecular bone. Equally interesting findings were reported by
Trautvetter et al. [81] who evaluated the effect of applying autologous periosteal
bone grafts in conjunction with scaffolds to atrophic maxillary bone on long-term
clinical restoration in one-stage procedures, which also involved placement of
dental implants. At six months post-op, these authors observed the presence of
trabecular bone with active osteocytes and osteoblasts and no signs of bone resorp-
tion, connective tissue formation or necrosis.

Different alternatives have been tested, with varying degrees of success in an
attempt to achieve bone regeneration, including multiple biomaterials and scaf-
folds (both natural and artificial), different types of stem cells obtained from the
dental follicle, the periodontal ligament, the dental pulp, the salivary glands and
the adipose tissue; and the multiple growth factors used for dentistry applications

140



Gene and Cell Therapy in Dental Tissue Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.97757

in the framework of tissue engineering programs. Nonetheless, developing new
methodologies and strategies is required to address the problems inherent in the
reconstruction of periodontal bones and tissues [82].

Further in-depth research will be required to determine the influence of the
microenvironment inside the damaged periodontium on the efficacy of the new
strategies that are being developed [83]. The microenvironment exerts a very
significant influence on physiological and physiopathological function, and on
the therapeutic effect of MSCs. The niche where these cells reside is made up of
multiple cell populations, tissue components, and soluble factors that regulate the
cells’ behavior. The fact that viability and differentiation of MSCs are compromised
in conditions such as osteoporosis and periodontitis may aggravate the patient’s
condition and disrupt the tissue healing process.

Studies are currently underway to investigate ways of improving and optimizing
the microenvironment where transplanted cells are going to reside. These stud-
ies have used either pharmacological or epigenetic techniques [84], or cell-free
(extracellular vesicle-based) applications [85] to enhance the resistance of exog-
enous MSCs.

In any event, whether by classical methods or by cell therapy protocols, all
efforts should be aimed at achieving osseointegration to enhance implant efficiency
and durability [86]. The key milestones on the road to osseointegration are as fol-
lows: firstly, it is essential to make sure that periodontal tissue responds positively
to the implant from the outset; subsequently, it must induce osteogenesis and bone
remodeling around the implant. As osseointegration is a process mediated by the
innate immune system that involves the complement system and reactive macro-
phages, factors such as the design and the chemical composition of the implant, the
surgical technique employed, the use of “therapeutic cells”, the local microenviron-
ment and the patient’s systemic characteristics, may play a significant role.

Recourse to StemBios Cell therapy has facilitated induction of early osseo-
integration in primary dental implants. StemBios Cells® are pluripotent stem
cells derived from adult blood and bone marrow. They are equipped with specific
biomarkers and can be easily cultured in vitro in large quantities. They possess the
advantages of embryonic stem cells but, unlike them, they are not teratogenic, and
they cannot result in immunologic rejection. They are capable of differentiating
to endodermal, mesodermal and ectodermal cells, both iz vivo and in vitro. In an
analysis of 11 subjects who had received a dental implant in the mandible only one
of whom was treated with StemBios cell therapy at the time of implantation, Weng
etal. [87] found that this subject exhibited superior healing of the bone tissue, par-
ticularly regarding early bone ingrowth, as compared with that observed following
implantation without this kind of cell therapy.

More recently [88] it has been shown that BMMSCs play an important role in
the efficacy and induction of osseointegration following dental implant placement.
Uncontrolled diabetes mellitus is known to result in very poor osseointegration and
reduced implant durability. Alqahtani et al. analyzed the effect of BMMSCs in the
presence of platelet-rich plasma on the osseointegration of implants placed in New
Zealand rabbits with induced type 1 diabetes. Implants were placed with the help
of collagen sponges loaded with osteoinductive BMMSCs and platelet-rich plasma.
Osseointegration was significantly more effective in the presence of BMMSCs than
in implantations where only platelet-rich plasma was used.

As other tissues in the human body, periodontal tissues are endowed with a res-
ervoir of MSCs that share the same characteristics as other mesenchymal cells such
as adherence, the potential to differentiate to at least three cell lines, and specific
cluster of differentiation markers for stromal cells [89]. In addition, these cells
possess immunomodulating functions. Their properties make these cells potentially
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applicable in clinical practice for the treatment of periodontal and other conditions,
even neurodegenerative ones, such as Parkinson’s disease [90].

The first mesenchymal cells isolated from periodontal tissues were human dental
pulp stem cells (hDPSCs), followed by apical papilla stem cells (SCAPs), periodontal
ligament stem cells (PDLSCs), gingiva-derived mesenchymal stem cells (GMSCs),
dental follicle stem cells (DFSCs), tooth germ stem cells (TGSCs), and alveolar
bone-derived mesenchymal stem cells (ABMSCs). PDLSCs, GMSCs, TGSCs, SCAPs
and ABMSCs, the latter sharing many characteristics with BMMSCs, present osteo-
genic capacity. For their part, DFSCs play a role in the formation of alveolar bone
and the root-bone interface in tooth development [89].

Unfortunately, the number of stromal cells that can be obtained from periodon-
tal tissue is extremely low, which represents a significant hurdle for the use of those
cells when harvested autologously (directly from the patient). This makes it neces-
sary to use other allogeneic sources of adult tissue such as BMMSCs and, especially,
ASCs, given their greater ease of harvest and greater yield [91].

As a general concept cell therapy, as used to regenerate periodontal bone tis-
sue, is based on a combination of a cellular element, made up of the patient’s own
autologous mesenchymal stem cells, an extracellular element, or scaffold, that
provides a substrate for tissue growth and, lastly, a series of chemical-molecular ele-
ments, mainly trophic and growth factors secreted by the cells themselves, that play
arole in the regenerative process. In other words, cell therapy involves an osteogenic
cellular component, a series of osteoconductive signals (trophic factors) and an
osteoconductive support component (scaffold). In this regard, given that there are
multiple factors that may have an impact on the success of these new therapies, the
results of translating the findings of preclinical trials using iz vivo animal models to
the human clinical setting, are not always the ones initially expected. The reasons
for this discrepancy are basically related with size-related differences between
human and animal defects and with what is known as “diffusion distances,” which
have to do with limitations to massive transport (e.g., oxygen diffusion and elimina-
tion of metabolic waste), which are essential for the survival of the transplanted
cells. Moreover, as mentioned above, there may exist significant differences
between animal and human models in terms of the local microenvironment where
the cells reside, and in terms of the epigenetic processes at work in each of them.
These aspects are likely to exert a huge impact on the results obtained [83, 84]. For
these reasons, hystomorphometric analysis of biopsy samples is the most effective
way of quantitatively evaluating regeneration of the bone structure [92].

It should be noted that, when applying advanced therapies (MSC-based
therapy), apart from measuring the efficacy of the procedure, it is essential to
consider its cost-effectiveness. Although the cost involved in the expansion and
preparation of cells is high in GMP-grade procedures [29], several studies [93] have
confirmed that, taking into account the indirect costs related to hospitalization and
complementary treatments such as general anesthesia and the higher complications
rate and higher morbidity associated with traditional grafting procedures, the cost-
efficiency of the new advanced therapies could be higher.

3.4 Clinical trials in progress

As mentioned above in this chapter, although we have a robust understanding of
the properties of stem cells and of the viral vectors used for gene transfer, there still
remains work to be done before they can be applied to clinical practice, including
GMP protocols [29]. The gap will be bridged gradually as the results of the different
clinical trials underway on the new or advanced therapies become available. The
ISCT has already established a series of minimal safety requirements that must be

142



Gene and Cell Therapy in Dental Tissue Regeneration
DOI: http://dx.doi.org/10.5772/intechopen.97757

met when defining the identity and quality of these cells as ATMPs. These require-
ments are mainly related with the risk of contamination by pathogens, the presence
of endotoxins and mycoplasma, the viability of the cells, the safety of the viral
vectors and the teratogenic safety of the cells. These requirements must unfailingly
be met by any clinical study that is undertaken.

One of the first successful clinical trials that used BMMSCs was performed by
Gjerde et al. (ClinicalTrials.gov identifier: NCT02751125) [94, 95], which started
enrolling patients in April 2016 and was concluded in March 2020. The trial was
sponsored by the University of Bergen with the collaboration of Ulm University,
Haukeland University Hospital, University of Nantes, Madrid’s Complutense
University, the University of Aarhus, the International University of Catalonia,
Assistance Publique - Hépitaux de Paris and the European Commission. It was a
pilot project aimed at reconstructing atrophied posterior mandibular alveolar ridges
by using biomaterials and autologous BMMSCs. The last step in the process was
the insertion of an implant into the newly formed bone. This was an interventional
clinical trial with 13 subjects, between 18 and 80 years (Figure 3).

Cells were obtained from the bone marrow of the patients’ alveolar ridge. The
sample was processed in a cell therapy lab using GMP-grade protocols. Cells were
expanded and characterized through flow immunocytometry and, 21 days later,
they were transplanted to the subjects’ alveolar bone. Before closing the transplant
site, the cells were brought into contact with dicalcium phosphate (DCP) and
the material was covered with a reinforced titanium membrane. From four to
six months later, the bone was biopsied and implants placed in the regenerated
bone. Patients were followed up for 1, 2, 3 and 5 years to assess the stability of
the implant. Moreover, the newly formed bone was clinically and radiologically
assessed. Implant stability was measured using the Ostell™ system, based on
Resonance Frequency Analysis (RFA) [96]. In addition, an evaluation was made of
potential adverse events derived from the treatment in general and of the cells in
particular (safety and tolerability).

Results showed that clinical reconstruction of the alveolar ridge is a feasible and
safe procedure yielding a predictable outcome. Osseointegration was achieved in all
dental implants.

A promising clinical trial (ClinicalTrials.gov identifier: NCT04297813) got
underway in March 2020. It is meant to be the first controlled trial using autologous
mesenchymal stem cells, cultured, expanded, and maintained using synthetic
biomaterials with the aim of regenerating enough maxillary bone to offer support
to dental implants. The coordinators of the study are Pierre Layrolle, from the
University of Nantes (France) and Kamal Mustafa, from the University of Bergen
(Norway) and it is sponsored by the European Union (H2020 Maxibone Project).
This clinical trial follows on from a previous study by Gjerde et al. [94, 95].

It is a phase III interventional multicentre randomized controlled clinical trial of
150 patients over 18 years of age. It is aimed at comparing the safety and efficacy of
using autologous mesenchymal stem cells cultured on calcium phosphate biomate-
rials against the use of autologous bone grafts. Patients have been randomized into
either a control group, where subjects receive standard treatment (a jawbone graft),
or an experimental group, where subjects receive a combination of biomaterials and
cultured and expanded autologous stem cells [97].

The cells are obtained from the patients’ coxal bone marrow. These stem cells
are being expanded and produced in two different labs, one at the Transfusional
and Immunogenetic Medicine Institute of the University of Ulm (Germany), and
the other at the Créteil Centre de Thérapie Cellulaire (France). After two weeks,
the mesenchymal stem cells are sent to a surgical clinical centre where they are
brought into contact with a biomaterial (DCP) and, subsequently, engrafted onto
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Clinical trials currently in progress. GMP-grade: good manufacturing practices-grade; BMMSCs: bone marrow
mesenchymal stem cells; DCP: dicalcium phosphate; VAS: visual analog scale; CBCT: cone beam computed
tomography; RFA: resonance frequency analysis. These clinical trials are based on the use of BMMSCs

together with dicalcium phosphate (DCP). The objective was to reconstruct atrophied posterior mandibular
alveolar vidges by using biomaterials and autologous BMMSCs. The last step in the process was the insertion

of an implant into the newly formed bone. Patients were followed clinically and radiologically. (Created in
Biorender.com).

the maxillary and mandibular alveolar ridges. Patients in the control group are
engrafted with autologous bone from the posterior mandibular ramus. A non-
resorbable membrane is used to cover the grafts and guide the tissue regeneration
process. Five months later, the implants are placed following an assessment of the
amount of bone regeneration obtained. Bone biopsies are then obtained, which
are evaluated by synchrotron, microcomputerised tomography and histology.
Subsequently, once dental implants have become osteointegrated, the protective
elements can be placed.

The primary outcome measure in this study will be an evaluation of the changes
in the linear measurements of the alveolar bone width, as measured below the
alveolar ridge immediately before placement of the implant. Secondary outcome
measures will consist, on the one hand, in a VAS evaluation of postoperative pain
following each of the two treatments [98] and, on the other, of radiological analy-
ses to determine the bone volume present, thus gauging the amount of new bone
obtained. This will allow making an informed decision regarding the possibility of
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placing an implant in the reconstructed area. Such as decision will be made on the
basis of 3D Cone Beam Computed Tomography (CBCT) [99].

To be included in the trial subjects have to be healthy, non-smokers and in need
of implants in the upper or lower jaw, with loss of vertical height and less than 4 mm
lateral width. Exclusion criteria include the general contraindications for dental
and/or surgical treatment, and for harvesting bone marrow specimens or bone
grafts; a history of any malignant disease; previous or concurrent radiation therapy
of the head and neck; a history of infectious diseases (HIV, syphilis, hepatitis B or
C); uncontrolled diabetes mellitus; inflammatory or autoimmune diseases of the
oral cavity; and previous or concurrent immunosuppressive treatment or high-dose
bisphosphonate or corticosteroid therapy.

4. Reflections on the application of advanced therapies in dentistry

Advanced therapies encompass a wide-ranging series of different therapeutic
procedures that can be applied to most conditions, transmissible or otherwise
[100]. They are multidisciplinary procedures that may involve basic molecular and
cellular biology techniques and tissue engineering [101]. In general, implementa-
tion of a new healthcare technology, understood in this case as a new therapeutic
procedure, has vast repercussions not only from the clinical point of view but also
from a social and economic perspective. This places a heavy responsibility on the
shoulders of managers and officials in charge of its application. To this should be
added human innate reluctance to adopt new ideas especially when, as in the case
of the new therapies, there are so many unknowns regarding potential medium
and long-term effects. However, some clinical disciplines are more open to change
than others. This should be considered together with the social, legal and bioethical
considerations associated to the introduction of any new technology [102-104].

An explanation must be found to the fact that despite the significant progress
made and the success obtained by research into ATMPs in the last few years, the
number of procedures and products authorized by evaluation agencies has been
extremely low and limited to relatively severe conditions. Going back to dentistry,
although significant improvements have been made on the more classical techniques
and on advanced therapies, much work remains to be done before many of these
procedures become standard clinical practice. The reasons for this may be related to
the novelty of the techniques themselves or to other factors of a social, economic, or
bioethical-legal nature, without mentioning the inherent distrust of practitioners
and the general public toward these innovative procedures. Indeed, even if dental
conditions are not in principle potentially fatal and may often be prevented, they
are highly prevalent, affecting more than 3,5 billion people worldwide [105]. They
are therefore associated with a high economic cost and, very often, a low quality
of life. They are also a social problem as they typically affect the less affluent social
classes [106]. Moreover, dental infections could result in a worsening of systemic
conditions, such as cardiovascular disease [107, 108]. For all these reasons, any
procedure that may ensure greater medium- and long-term efficacy of dental proce-
dures should be eagerly embraced.

What could then be the reasons behind the low number of patients enrolled
in advanced therapy programs in routine periodontal practice? The first explana-
tion, applicable to any type of condition except severe or fatal ones, is the lack of a
sufficient number of preclinical and clinical trials to confirm the therapy’s efficacy
and, particularly, its safety. As advanced therapy procedures were introduced only
recently, their potential, especially long-term, adverse events are not known. It is
therefore essential for a whole body of new clinical trials to be undertaken to dispel
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misgivings and promote confidence among patients. This will inevitably require
greater economic investments in research.

As far as the safety of these protocols is concerned, the more stringent require-
ments imposed by regulatory agencies typically results in a delay in the imple-
mentation of these new therapies. In this regard, special programmes have been
introduced in the last few years to accelerate regulatory procedures and overcome
the so-called “valley of death,” which tends to hold up the deployment of these
novel procedures in clinical practice [109-113].

ATMPs are regulated in the European Union by Directives 1394/2007 [114] and
2009/120/EC [115], which amended Directive 2001/83/EC. Those products are con-
trolled by the Committee for Advanced Therapies and the Committee for Medicinal
Products for Human Use of the European Medicines Agency (EMA), the European
equivalent of the United States’ Food and Drug Administration (FDA). The drug
regulatory agencies of Australia [116], Canada [117], the United States [118], Korea
[119], Singapore [120] and Japan [121] have developed a specific framework for
regulating their use [122].

Meeting the requirements for the accreditation, designation, authorization, or
licensing of the tissue establishments and cell preparation processes involved in
advanced therapy medicinal products can be challenging. As explained above, the
main goal is to ensure that such processes are safe. However, it must be considered
that regulatory agencies prefer to tread cautiously into this uncharted territory so
full of legal loopholes. Apart from addressing those loopholes, which is the respon-
sibility of the legislative bodies, an attempt should be made at harmonizing the
safety norms applicable to advanced therapy medicinal products across the different
regulatory agencies, particularly concerning their general principles, which seem to
be more skewed toward ensuring patient safety than facilitating the development of
innovative therapies to address current medical challenges. This is of course com-
plicated by the fact that the handling and manipulation of cells and tissue materials
must be performed under Good Manufacturing Practice (GMP) conditions as
regulated by Directive 2003/94/EC [123].

It is therefore necessary to find a compromise between the three terms in the
equation: safety, economic investments, and cost-efficiency. In severe or fatal
conditions cost-efficiency tends to be very high but in others such as dental condi-
tions, which are typically non-fatal, there being other longer-standing and more
economical alternatives cost-efficiency is usually much lower. A consensus must be
reached between academia, industry, regulatory authorities, and other stakeholders
that paves the way to improving the design of ATMPs, facilitating their use, and
making it easier for them to make the transition from bench to bedside. In other
words, regulation, reimbursement, and realization are the 3 Rs [124] required to
ensure that patients can benefit from advanced therapies in a safe and efficient way.

It could be argued that the lack of correlation between novel ideas and therapeu-
tic procedures on the one hand, and clinical practice on the other, is generally due
not so much to scientific reasons but rather to regulatory and cost-related ones. It
must be considered that advanced therapies are essentially personalized rather than
one-size-fits-all therapies, which inevitably leads to higher design and production
costs [125].

It should not be forgotten that the rate of progress in a given clinical domain is
determined by the importance assigned by governments and societies to advances
in that domain. Indeed, implementation of novel technologies is heavily influenced
by their usefulness in the eyes of society, particularly in the face of an ever-increas-
ing life expectancy, which inevitable leads to a rise in the number of comorbidities.
From a dentistry perspective, dental problems resulting from a longer life expec-
tancy lead to a lower quality of life because of a disturbed masticatory function.
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Priorities in the realm of dentistry are also influenced by the idiosyncrasies and
the mindsets of the different countries and geographical regions with respect to
healthcare policy. In some Western countries, dental care and hygiene have been
considered to play a secondary role, which has resulted in a lack of awareness of
the importance of dental education and an ensuing lack of prevention programs.
Some governments do not seem willing to devote the required resources to address
conditions that might not appear excessively severe at first glance, but which result
in significant direct and indirect social costs in the medium or long-term.

Implementation of new therapeutic strategies and procedures is clearly con-
strained by the level of priority given to specific clinical areas, starting at the base of
the pyramid, which is prevention-oriented health education. In dentistry, as well as
in other areas, it is essential to support research into new therapies based on ATMPs
in order to provide patients with alternative dental treatments that are safer and
more effective in the long term.

5. Conclusions

* The topic addressed in this chapter, i.e., the contribution of gene and cell
therapy to dental tissue regeneration, is closely related to developmental dental
defects and their treatment. Protocols based on gene and cell therapy repre-
sent “curative” rather than “palliative” therapeutic tools for defects affecting
human dental hard tissues. Proteomics, genomics, and biomaterials science
will be instrumental for translating these strategies into clinical practice.

* Advanced therapies constitute potentially essential strategies for the treatment
of periodontal disease.

* Gene therapy, through adeno-associated or lentiviral vectors could activate
periodontal tissue and alveolar bone modulation through the transfer of
“therapeutic” genes expressing proteins such as BMPs, osteoprotegerin, or
tissue- nonspecific alkaline phosphatase, which is deficient in patients with HPP
(a condition that affects mineralization of teeth and bone) among others. Those
genes could also express factors such as the platelet-derived growth factor.

* In cell therapy, mesenchymal stem cells implemented in an autologous,
allogeneic or xenogeneic manner, with the aid of scaffolds to enable the
required three-dimensional environment, have been shown by several clini-
cal trials to have a significant bone regeneration potential in the context of
osteoporosis, osteonecrosis or alveolar bone regeneration (osseointegration)
prior to placement of a dental implant. Use of these cells is safe as they do not
present with teratogenicity, they have immunomodulating properties, and
they do not pose the risk of immune rejection. The implanted cells maintain
homeostasis across all periodontal tissues and are capable of preserving and
regenerating the alveolar bone and the tooth and implant supporting struc-
tures by managing the balance between bone formation and bone resorption.
The results obtained have thus far offered significant promise in terms of the
long-term durability of implants given the efficacy observed in the induction
of osseointegration.

* Implementation of the new therapies will require finding a compromise

between safety, economic investments, and cost-efficiency. It will be neces-
sary to reach a consensus between academia, industry, and the regulatory
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authorities to improve the design of ATMPs, facilitate their use and speed up
their translation to clinical practice.

* Advanced therapies are by definition personalized, which increases the costs
inherent in their design and their production. For that reason, it will be
essential going forward to devote greater resources to the clinical areas where
they have shown greatest promise. As regards the implementation of advanced
therapies in dentistry, it will be necessary to raise people’s awareness about
the importance of good dental health because as the investments required by
medical progress and these are heavily influenced by the priorities of govern-
ments and society at large. A greater awareness will contribute to promoting
innovation, efficient treatments, medium- and long-term savings, and a higher
quality of life.
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