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Summary 

D ental pulp therapy of teeth degraded by caries, dental wear lesions (abrasion, attrition, erosion) or trauma 
is currently limited to conventional restorations such as pulp capping or root canal therapy. Therefore, 
dental research focusing on strategies for vital pulp therapy might open a promising alternative to the 
removal of the whole pulp by maintaining the function of the tooth. The implementation of a medical 
device in dental and oral tissue engineering is based on potential cell sources and biocompatible materials 
applied as direct pulp capping agents, which can also serve as a carrier of signalling molecules.  In 
addition to nerves and blood vessels, the pulp contains highly proliferative stem/progenitor cells 
possessing a self-renewal and differentiation capability. The latter have the ability to regenerate degraded 
dentin in vivo when compromised dentin is located close to the pulp. Hence, the design of a suitable 
biomaterial is focused on both the healing potential through stimulating regeneration of the pulp tissue, 
and enhancing tissue formation by released biomolecules. Studies in dental research aim at the 
development of suitable biomimetic and degradable biomaterials with uniquely functional properties at a 
nanometer-scale. Because human dental pulp stem/progenitor cells (DPSC) have shown the capacity to 
differentiate into odontoblasts, this in vitro system can be used to characterize, optimize and evaluate 
newly developed bioactive materials. The current chapter will summarize selected research methods, 
current findings in the differentiation of DPSC and also an overview of potential filling materials studied 
to regenerate dentin-pulp complex.  
 
Keywords: Dentin regeneration, biomaterial, progenitor/stem cells, pulp capping, pulp-dentin biology. 
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stimuli like attrition, carious decay, and dental restorations may induce the formation of 

tertiary dentin, also referred to as reactionary, reparative, irritation, and irregular dentin [5-8]. 

Tertiary dentin that is formed by already-existing odontoblasts by mild stimuli like attrition is 

usually called reactionary dentin. Alternatively, tertiary dentin which is typically irregular in 

structure and not tubular, is termed reparative dentin. The cells forming reparative dentin are 

newly differentiated odontoblasts derived from mesenchymal progenitor/stem cells located in 

the pulp [9]. These postnatal cells are defined as human dental pulp stem cells (DPSC) and 

appear as a minor subpopulation within the pulp. A series of studies have demonstrated that 

DPSC provide characteristic stem cell properties as they are self-renewed, highly 

proliferative with clonogenic efficiency, and possess the capability for multi-lineage 

differentiation [10-11]. 

Furthermore, previous studies have been conducted to demonstrate that DPSC can be 

induced to differentiate into odontoblast-like cells and generate dentin-like mineral structures 

in vivo and in vitro [10-12]. Concerning the remaining questions and gaining insights into 

mechanisms involved in the expression of an odontoblast-like phenotype, the DPSC 

demonstrate a promising and useful cell culture system for in vitro studies and in vivo tissue 

engineering.  

 

Tissue engineering applied for dentin regeneration 

The overall goal of tissue engineering is the functional restoration of tissue structures as well 

as the maintenance of the natural environment, and thus the viability and function of the 

damaged tissue due to disease or trauma. In this context, dental replacement in clinical 

applications depends on the use of a potential material which would be anti-inflammatory, 

antibacterial and can simultaneously enhance the proliferation and induce the differentiation 

of present DPSC into odontoblast-like cells leading to dentin formation [13]. 

Because of the similarities between dentin and bone structures, studies are often 

performed in dental tissue engineering in dependence on or in comparison to bone formation 

processes and applied osteoinductive materials. From a tissue engineering point of view it is 

noteworthy that there are differences between bone formation and a potential dentin 

formation as well. Different approaches, which are also under investigation for maxillofacial 

surgery and partly for tooth tissue regeneration, can already be performed for bone 

reconstruction, such as: 1) An autologous graft from various donor regions comprising bone 

forming cells and growth factors and therefore being osteogenetic [14]; 2) An allograft and 
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xenograft, respectively, i.e. a bone sample from other human beings or from animals, which 

is osteoinductive due to certain proteins like growth factors [15-16]; 3) Various 

osteoinductive biomaterials acting as carriers for growth factors inducing bone formation [17-

19]; 4) Synthetic bone substitutes for bone replacement without or with just partially 

resorption or for bone repair using osteoconductive porous devices, i.e. scaffolds, providing a 

mechanical support until the tissue has regenerated and remodelled itself naturally, e.g. 

calcium phosphates [20-22], poly(D,L)lactide based materials [23-24], collagen-

hydroxyapatite composites [25]; bioactive glasses [26-27], methacrylate-based materials [28-

29]. 

The different autogeneic, xenogeneic and alloplastic bone replacement materials can 

be differentiated according to the functional quality of the new tissue and the dynamics of 

bone conversion thus induced. Comparing osteoconductive bone substitutes with 

demineralised, osteoinductive materials and autogenic bone grafts, bone inducing matrices 

show the largest quantity of new bone formation. In order to extrapolate the findings of bone 

to dentin repair, it is necessary to understand the dentin-pulp complex in more detail and in 

particular the challenging situation of the pulp itself especially in case of pulp healing and 

formation of reparative dentin.  

 

Promising options for dentin regeneration  

In this context, the morphology of dentin and the different types of dentin formation has to be 

considered. The formation of tertiary dentin, reactionary and reparative dentin, represents an 

important defence mechanism and a regenerative property of the pulp-dentin complex. In this 

context it is reasonable to assume that there are two different approaches for dentin 

regeneration by the use of tissue engineering techniques. 

The first option includes a device which could be applied as a restorative filling 

material into a deep tooth cavity on a residual layer of dentin on top of the pulp. This device 

releases growth factors [30] stimulating the formation of reparative dentin. Such an approach 

results in a diminished pulp chamber and in an amplified dentin layer. Hence, the natural 

decrease in size of the pulp chamber is accelerated, but the pulp would be beneficially 

protected by an enhanced dentin layer thickness. Thus, the formation of a reparative dentin 

layer would provide an optimal barrier to avoid any bacteria infiltration to the pulp tissue, 

which is not provided by any artificial restorative materials [31]. For such an objective, one 

has to consider how to achieve the transport of stimulating factors through cut dentin [32-35]. 
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The second option and more challenging approach is focused upon the application of 

a scaffold on an open pulp [36-37] enabling odontoblast-like cells to grow into the scaffold 

and to convert it into dentin. Thus, a deep carious lesion is turned into a rather small dentin 

wound that could easily be covered by a common restorative material acting as a substitute 

for enamel. However, it is very difficult to organise the conversion of the scaffold into dentin 

in a way that the volume of the scaffold is not altered during the regenerative process, to 

avoid any physical stress inside of the treated tooth. Such a material has to be dentin 

conductive for odontoblast-like cells. Although the caries-affected dentin is typically 

removed by excavation, some micro-organisms could survive in particular in the dentinal 

tubules from where a colonisation of a scaffold would be possible. Such a contamination has 

to be prevented by antibacterial means, e.g. disinfectants or antibiotics. 

In this context, the chapter will give an overview of current studies in the field of 

dental tissue engineering aimed at the maintenance of a vital dentin-pulp complex after teeth 

injury. On one hand the ability of DPSC to differentiate into odontoblasts comes to the fore 

of studies performed by various scientific research groups and the authors’ group themselves. 

On the other hand, the selection of a potential biomaterial being clinically applied to the 

cavity plays an emerging role due to the stimulating effect on differentiation by itself and 

carrying active biomolecules (growth and differentiation factors). Therefore, selected 

methods applied in various laboratories for the isolation of primary dental pulp cells, their 

cultivation, phenotype characterization as well as potential filling materials in dentistry, are 

summarized in the following sections giving an idea of the complexity and criteria which 

have to be implicated in dental repair.  

 

Methods in studies of dental pulp cells in vitro 

Isolation procedures 

The first and critical step is the isolation of cells providing the potential to differentiate into 

odontoblast-like cells. A series of experiments have shown that dental pulp cells can be 

isolated from human impacted third molars (14-29 years of age), which are extracted for 

clinical reasons under anaesthesia [10, 38-39]. Tooth surface were cleaned by covering with 

0.3% chlorhexidine gel [40-41], swabbed with 70% (v/v) alcohol [42] or dipped carefully in 

30% hydrogen peroxide for 30 to 120 sec. Pulp was opened by cutting around the cementum-

enamel junction using sterilized dental fissure burs to reveal the pulp chamber [10]. Other 

studies describe that teeth were immediately cracked opened, or opened by means of either a 
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dentinal excavator or a Gracey curette [39, 41] before removing the coronal pulp tissue 

gently. After separation of the pulp tissue, cells can be isolated by various methods. Recently, 

two isolation methods were examined in relation to the growth behaviour of human pulp 

cells. Pulp cells can be either isolated by (1) digestion [10, 41] or (2) the out-grown method 

[43].  

First, the pulp tissue can be digested in a solution of collagenase type I and dispase as 

reported in details by Gronthos et al. [10, 41]. The cell suspension is then centrifuged and 

pellets are suspended in Dulbecco’s modified Eagle’s medium (DMEM). Single-cell 

suspensions can be obtained by passing the cells through 70 µm strainer and seeding into 6-

well plates in DMEM supplemented with 10-20% FCS, 100 µM ascorbic acid 2-phosphate, 2 

mM L-glutamine, 100 Units/ml penicillin and 100 µg/ml streptomycin [10, 44-45]. 

Secondly, pulp tissue explants (4 mm3) were placed in 6-well plates and designated as 

human pulp cells/out-grown method (HDPC-o). These cells were cultivated to confluence in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented wit 10% FBS and antibiotics 

[46]. Further, human pulp primary cultures (HPPc) could be obtained by mincing tissue 

fragments of extracted pulps into small pieces (< 1 mm3), which were than placed in well 

plates containing RPMI 1640 medium-glutamax supplemented with 100 IU/ml penicillin, 100 

µg/ml streptomycin, 10 µg/ml amphotericin-B and 10% FCS [38-39]. All cultures were 

maintained in a humidified atmosphere of 95% air and 5% CO2 at 37°C and medium change 

should be performed every two days.  

 

Cell proliferation and investigation of stem/progenitor cells 

When cells reach confluence, they can be harvested by trypsinization and subcultured. 

Previous studies showed that cells were mainly cultured until the 3rd – 5th passage for 

experimental use [39, 45-46]. Further, Iohara et al. demonstrated two cell culture systems in 

order to investigate the proliferation in vitro and differentiation potential of DPSC in vivo. 

Here, cells were either seeded onto cell culture dishes at a density of 104 cells per cm2, or 2 · 

105 cells per ml were centrifuged in 15 ml conical polypropylene tubes at 1000 rpm for 5 min 

to obtain a pellet. The monolayer and three-dimensional pellet culture were proliferated in 

DMEM + 10% FBS + penicillin/streptomycin as described before [47]. 

Analytical methods 

Proliferation rate. To investigate the effect of various culture conditions on the proliferation 

of dental pulp cells the proliferation rate can be determined by bromodeoxyuridine (BrDU) 

incorporation [10, 46] or through incorporation of [3H] thymidine to quantify DNA synthesis 
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Table 1. PCR primer sequences for specific gene expression markers of human odontoblast-like cells 
described by various research groups. GAPDH: gyceraldehyde 3-phosphate dehydrogenase used as 
internal control for the normalization of all target gene expressions, OC: osteocalcin, ON: osteonectin, 
DSPP: dentin sialophosphoprotein, Col-I: collagen type I, ALP: alkaline phosphatase.  
 

Protein Sequence (5´-3´) amplicon Reference 

GAPDH Forward: GAGGATAAAGGACAACATGG 
Reverse: AAGAAGCATCTCCTCGGC 39 

OC Forward: CCATGGAGAAGGCTGGG 
Reverse: CAAAGTTGTCATGGATGACC 53 

ON Forward: ATGAGGGCCTGGATCTTCTT 
Reverse: CTGCTTCTCAGTCAGAAGGT 120, 45 

DSPP Forward: GGCAGTGACTCAAAAGGAGC 
Reverse: TGCTGTCACTGTCACTGCTG 10 

Col-I Forward: TCAGAGAGGAGAGAGAGGCT 
Reverse: ATTCAGGGGAACCTTCGGCA 46 

ALP Forward: GACCCGTCACTCTCCGAGATG 
Reverse: CTGCGCCTGGTAGTTGTTGTG 56 

 

 

Part I: Dental pulp cell cultivation 

In order to develop a potential biomaterial for dental pulp regeneration and reconstitution of a 

complete dentin-pulp-complex, the understanding of the proliferation as well as 

differentiation processes is indispensable. Hence, studying processes in dental regeneration 

using an in vitro dental pulp cell culture system can provide an insight into biological 

processes which lead to odontoblast-like cell differentiation and induced dentin matrix 

mineralization. Just based on a complete knowledge about in vitro dental pulp cell (DPC) 

behaviour and following in vivo experiments, conclusions can be drawn upon the 

requirements on the development of a highly suitable filling material. The following section 

demonstrates whether it is possible to isolate a potential cell population comprising DPSC, 

and furthermore the proliferation and differentiation ability has to be proven.  
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Isolation, identification and proliferation  

Therefore, the first and critical step in order to investigate the proliferation and differentiation 

ability of these cells is the isolation of a suitable cell population. DPC and DPSC, 

respectively, have already been isolated from adult human teeth (14-29 years of age) [10, 12, 

38-39, 41-42, 44-46, 52], pork [47] and rat dental pulp [50]. A further cell culture system was 

obtained from human exfoliated deciduous teeth (SHED) (6-10 years of age) [12, 41]. Miura 

et al. reasoned from his findings that SHED are distinct from DPSC because of a higher 

proliferation rate, increased cell-population doubling, and stem cell typical formation of 

spherical cell clusters and osteoinductive potential in vivo. However, these cells do not 

maintain the capacity to reconstitute a dentin-pulp-complex for which reason there remain 

only mentioned [12].  

Currently, two isolation methods are performed in various reports to isolate DPSC by 

either enzyme digestion, or the out-grown method, as described before. Huang et al. 

investigated whether cell isolation methods yield in the same pool of cell population. 

Although the out-grown method is more convenient and not as technically extensive as the 

enzymatic digestion, cells migrate out of the tissue fragments growing slower than human 

DPC obtained by digestion method until becoming confluent in 2-3 weeks [46]. Even 

enzymatic digestion may cause a cell damage it allows different types of cells to form 

compact and loose types of colonies within 1-2 weeks, which can separately be characterized 

[10, 46]. All cell cultures display a wide range of cell morphology such as fibroblast-like 

cells, endothelial-like or epithelial-like cell populations. Gronthos et al. and Batouli et al. 

have applied the enzyme digestion method and were able to demonstrate that dental pulp cells 

differentiated into odontoblast-like cells, which also formed dentin matrix in vivo [10, 57]. 

The out-grown method showed that cells are potentially capable to differentiate into 

odontoblasts or forming mineralized nodules in vitro [42, 44, 53, 58]. Concerning the growth 

behaviour and characterization ability of single cell colonies the digestion method seems to 

be more reasonable. Both methods demonstrated the ability to isolate cells containing a minor 

population of odontoblast precursor cells with typical criteria for postnatal somatic stem cells 

[59], such as their high rate of proliferation, clonogenic nature [10], and co-expression of 

specific markers. 
 

Identification studies showed that DSPC express the cell surface antigen STRO-1, which is 

known to immunoselect osteogenic precursors in bone marrow stromal cells [10, 12, 39, 48-

49]. Alliot-Licht et al. investigated the effect of dexamethasone contained in the 
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differentiation medium resulting in a significant increase of STRO-1 positive cell population 

in human DPSC [39]. Previous studies have demonstrated that isolated SHED cells 

proliferated in vitro contain approximately 9% of STRO-1 positive cell population [12]. 

These observations agree to that of Shi and Gronthos [48] and Zhang et al. [49], 

demonstrating a similar percentage of about 5-6% of the total pulp cell population. Further 

analysis revealed that DPSC express the perivascular cell marker CD146 [48, 60], but does 

not react with the hematopoietic markers CD14 (monocyte/macrophage), CD45 (leucocyte) 

or CD34 (hematopoietic stem cells/endothelium) [10, 61]. To date there is no investigation 

published that demonstrates the effect of the applied isolation method on the yield of 

precursor cells in DPC. 

 

After providing the evidence to isolate stem/progenitor cells out of the dental pulp, 

proliferation studies have been described in various reports and exhibit a high proliferation 

rate (mean 72% BrDU-positive DPSC after passage 1) [10]. The growth potential was beyond 

100 population doublings and cell populations formed clonogenic cell clusters [10, 61]. 

Studies have also demonstrated that cultures can be maintained after extensive subculturing 

of up to 20 passages after seeding isolated DPSC [10, 39]. After subculturing they are able to 

adhere quickly to conventional plastic dishes showing a typical fibroblastic, spindle-shape to 

polygonal morphology [42, 49], as shown in figure 3. 

 

 

 

 

 

 
Fig. 3. Isolated human dental pulp cells plated on culture dishes and forming colonies after 7 days 
(bar = 200 µm). [C. Mauth, U. Graf-Hausner] 
 

Concerning phenotypic changes occurring during passages or by the choice of 

isolation method, it has been investigated that the ALPase activity decreases after several 

passages beyond 13-16 passages in human DPC. Studies from Shiba et al. have shown that 

the age of donor also has an effect on the lifespan of cell cultures. Hence, human pulp cells 

from young donors could be cultivated over a longer cultivation period than those from older 
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Given that during dentinogenesis pulp cells adhere to the osteodentin matrix before 

their differentiation into odontoblasts forming tubular dentin, it is suggesting itself that 

growth factors are sequestered in the dentin matrix mediating the cellular response [115]. 

Interestingly, studies from Tziafas et al. and Smith et al. could demonstrate that dentin matrix 

components directly influence dentinal repair activity. Therefore, EDTA-soluble dentine 

matrix fractions were prepared and implanted into a cavity using an experimental animal 

model (dog molar teeth) and showing that the matrix provides necessary inductive signals for 

dentinogenic response [115, 117]. Previous experiments also indicated that these effects can 

be mimicked by the application of morphogens such as TGF-β1 and BMPs inducing tubular 

matrix deposition around the implant [118-119]. 

 

Conclusion 

Despite the rapid findings and wealth of data provided by in vitro and in vivo approaches in 

the field of dental regeneration, further research studies are required before pulp regeneration 

and even tooth restoration can be applied in dentistry. However, all data also confirm a 

realistic feasibility of dental tissue repair in the near future. It is obvious that our knowledge 

in dental tissue engineering expands rapidly. In this context it has been demonstrated that 

present dental pulp stem/progenitor cells have the ability to differentiate in vitro as well as in 

vivo into odontoblast-like cells. Furthermore, the application of bioactive glasses incorporated 

into a biodegradable polymer matrix also seems to be a suitable material as a regenerating 

dental substitute. In particular, the material would provide stability and a stimulation effect 

on hard tissue formation, as described before. The next step has to be the design of a “smart” 

and appropriate growth factors release system for diffusion through a residues dentin matrix 

after cavity preparation. Referring to previous findings, future experiments should be focused 

on the design of a highly sophisticated biological based scaffold system, which would greatly 

improve tooth viability and health maintenance in dentistry. Therefore, the development of a 

3D-material as pulp capping agents meeting afore mentioned prerequisites, and aiming at the 

dentin-pulp complex regeneration, are currently a high priority in research investigations but 

also of high interest at the Ivoclar Vivadent AG. 
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Abstract

Tooth development results from sequential and reciprocal
interactions between the oral epithelium and the underlying
neural crest-derived mesenchyme. The generation of dental
structures and/or entire teeth in the laboratory depends upon
the manipulation of stem cells and requires a synergy of all
cellular and molecular events that finally lead to the
formation of tooth-specific hard tissues, dentin and enamel.
Although mesenchymal stem cells from different origins
have been extensively studied in their capacity to form
dentin in vitro, information is not yet available concerning
the use of epithelial stem cells. The odontogenic potential
resides in the oral epithelium and thus epithelial stem cells
are necessary for both the initiation of tooth formation and
enamel matrix production. This review focuses on the
different sources of stem cells that have been used for
making teeth in vitro and their relative efficiency.
Embryonic, post-natal or even adult stem cells were
assessed and proved to possess an enormous regenerative
potential, but their application in dental practice is still
problematic and limited due to various parameters that are
not yet under control such as the high risk of rejection, cell
behaviour, long tooth eruption period, appropriate crown
morphology and suitable colour. Nevertheless, the
development of biological approaches for dental
reconstruction using stem cells is promising and remains
one of the greatest challenges in the dental field for the
years to come.

Keywords: Stem cells, odontoblast, dentin, ameloblasts,
enamel, tooth, incisor, human.
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Introduction

Teeth are highly mineralized organs resulting from
sequential and reciprocal interactions between the oral
epithelium and the underlying cranial neural crest-derived
mesenchyme (Duailibi et al., 2006; Mitsiadis, 2001) (Fig.
1). Tissue recombination experiments point out that the
oral epithelium contains the inductive capability for
odontogenesis. This potential allows conditioning of the
underlying mesenchyme, which in turn regulates the
differentiation of epithelial cells. The importance of cranial
neural crest-derived cells in odontogenesis has been
shown in experiments where transplantation of mouse
neural crest cells into chick embryos allowed growth of
tooth germs (Mitsiadis et al., 2003). Numerous growth
factors have been shown to be involved in different stages
of the embryonic tooth development (i.e. initiation,
morphogenesis, cytodifferentiation). Members of the
Transforming Growth Factor beta (TGFβ) superfamily
such as Bone Morphogenic Protein 2 (BMP-2) and BMP-
4 are key signalling molecules in regulating epithelial-
mesenchymal interactions during odontogenesis
(Kratochwil et al., 1996; Nadiri et al., 2004; Vainio et al.,
1993). Molecules of the Fibroblast Growth Factor (FGF)
family such as FGF-3, FGF-4, FGF-8 and FGF-10 are
involved in cell proliferation and regulate expression of
specific target genes in teeth (Bei and Maas, 1998;
Kettunen et al., 1998, 2000). Wnt proteins such as Wnt-
3, Wnt-7b, Wnt-10a and Wnt-10b have essential roles as
regulators of cell proliferation, migration and
differentiation during tooth initiation and morphogenesis
(Dassule and McMahon, 1998). Other diffusible factors
such as sonic hedgehog (shh) also contribute to both
initiation and subsequent dental morphogenesis (Khan et
al., 2007).

Two major cell types are involved in dental hard tissue
formation: the mesenchyme-originated odontoblasts that
are responsible for the production of dentin and the
epithelium-derived ameloblasts that form the enamel (Fig.
1). Odontoblasts are columnar post-mitotic cells that form
a layer in contact with the dentin. Odontoblastic processes
are formed at their distal part, penetrate the dentin and
participate in the secretion of dentin matrix and minerals.
The matrix is composed of collagen (90%) and non-
collagenous proteins such as Dentin Sialophosphoprotein
(DSPP) and Dentin Matrix Protein 1 (DMP-1). The
deposition of apatite minerals on this matrix gives rise to
the mature calcified dentin.

Enamel is secreted by ameloblasts along the dentino-
enamel junction. Enamel is mainly composed of
hydrophobic proteins such as amelogenin, ameloblastin,
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or be committed to terminal differentiation. Progenitors
and transit amplifying cells have a limited lifespan and
therefore can only reconstitute a tissue for a short period
of time when transplanted. In contrast, stem cells are self-
renewing and thus can generate any tissue for a lifetime.
This is a key property for a successful therapy. The capacity
to expand stem cells in culture is an indispensable step for
regenerative medicine, and a considerable effort has been
made to evaluate the consequences of the cultivation on
stem cell behaviour.

Stem cells cannot be identified with certainty in any
tissue: scientists rely on indirect properties such as the
expression of a repertoire of surface proteins, slow cell
cycle, clonogenicity, or an undifferentiated state. However,
none of these criteria are specific. The evaluation of self-
renewal is the ultimate way to show “stemness”, which
relies on the isolation and transplantation of a putative stem
cell (clonal analysis) followed by its serial transplantation
and long-term reconstitution of a tissue.

During recent years, stem cells have been used
extensively in many medical disciplines for the repair and/
or regeneration of defective tissues and organs (e.g. bone,
ligament, heart). New therapeutic approaches are largely
inspired and based on our knowledge of embryonic
development. The aim of regenerative medicine is to
stepwise re-create in vitro all the mechanisms and processes
that nature uses during initiation and morphogenesis of a
given organ. In this context, stem cell research offers an
amazing and seductive potential for body homeostasis,
repair, regeneration and pathology. The possibility of
manipulating stem cells in situ using specific signalling
molecules or by expanding them ex vivo is an exciting
outcome of basic research. Hence, regenerative medicine
has become a fashionable field and the isolation and
manipulation of embryonic and adult (or post-natal) stem
cells for the creation of new functional organs that will
replace the missing or defective organs constitutes an
enormous challenge. Embryonic and adult stem cells have
been under intense investigation that focuses on the in vitro
development of new organs such as hair, skin and bone.
Adult stem cells (ASC), which possess a restricted potential
of differentiation, can easily be isolated from a patient and
after in vitro amplification and/or differentiation could be
re-injected to the same patient thus avoiding immune
rejection, as is the case for allografts or xenografts. Since
numerous problems remain, the ideal protocol for human
pathologies is far away from being used. However, the
knowledge in stem cell technology is increasing quickly
in all medical disciplines and dictates the need for new
strategic approaches in all fields, including reparative
dentistry. Stem cell therapy constitutes a common challenge
for dentists as well as biologists.

Dental stem niches and other stem cell sources for
the development of teeth in vitro or ex vivo
As tooth formation results from epithelial-mesenchymal
interactions, two different populations of stem cells have
to be considered: epithelial stem cells (EpSC), which will
give rise to ameloblasts, and mesenchymal stem cells
(MSC) that will form the odontoblasts, cementoblasts,

osteoblasts and fibroblasts of the periodontal ligament.
Thus, tooth engineering using stem cells is based on their
isolation, association and culture as recombinants in vitro
or ex vivo conditions to assess firstly tooth morphogenesis
and secondly cell differentiation into tooth specific cells
that will form dentin, enamel, cementum and alveolar bone.
Various approaches could be used according to the origin
of stem cells. Many recent studies have focused on the
localization of sites of adult tissues/organs where specific
ASC populations reside. ASC are quiescent, slow-cycling,
undifferentiated cells, which are surrounded by
neighbouring cells and extracellular matrix. This
microenvironment is specific for each stem cell
compartment but is likely to be influenced by common
factors such as vasculature or loading pressure. The
specialized microenvironment, housing ASC and transient-
amplifying cells (TAC), forms a “niche”. Understanding
these microenvironments and their regulation is the key
for the successful reproduction of such niches and for the
ex vivo engineering of an organ with ensured functional
homeostasis.

In teeth, two different stem cell niches have been
suggested: the cervical loop of rodent incisor for EpSC
(Harada et al., 1999; Mitsiadis et al., 2007) and a
perivascular niche in adult dental pulp for MSC (Shi and
Gronthos, 2003). In rodent incisors the proliferation of
EpSC, which is located at the cervical loop area, is
governed by signals from the surrounding mesenchyme.
FGF signalling (mainly FGF-3 and FGF-10) is of particular
importance since it is linked to the Notch pathway (Thesleff
et al., 2007). Molecules such as BMPs, Activin and
Follistatin are also expressed inside the stem cell niche
and are known to regulate it’s maintenance and
functionality through a complex integrative network
(Mitsiadis et al., 2007; Thesleff et al., 2007; Wang et al.,
2007).

In the dental pulp, MSCs are thought to reside in a
perivascular niche (Shi and Gronthos, 2003), but little is
known on the exact location and molecular regulation of
this niche. The Eph receptor tyrosine kinase family of
guidance molecules appears to be involved in the
maintenance of the human dental pulp perivascular niche
(Stokowski et al., 2007). EphB and its ligand Ephrin-B
were shown to inhibit MSC migration and attachment via
the MAPK pathway through unidirectional and
bidirectional signalling respectively (Stokowski et al.,
2007).

In addition to the dental pulp MSC (Gronthos et al.,
2000; Miura et al., 2003), other MSC populations have
been isolated from human dental tissues such as the
periodontal ligament (Seo et al., 2004, 2005) and the dental
follicle (Morsczeck et al., 2005), but nothing is known
about the existence of a niche in these tissues.

Mesenchymal stem cells
MSC can be isolated from different sources. First described
in bone marrow (Friedenstein et al., 1970), MSC have been
extensively characterized in vitro by the expression of
markers such as STRO-1, CD146 or CD44 (Pittenger et
al., 1999). STRO-1 is a cell surface antigen used to identify
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osteogenic precursors in bone marrow, CD146 a pericyte
marker, and CD44 a mesenchymal stem cell marker. MSC
possess a high self-renewal capacity and the potential to
differentiate into mesodermal lineages thus forming
cartilage, bone, adipose tissue, skeletal muscle and the
stroma of connective tissues (Prockop, 1997). The potential
of dental MSC for tooth regeneration and repair has been
extensively studied in the last years. Below, we discuss
mesenchymal progenitors that have been assessed for tooth
engineering purposes, such as progenitors derived from
teeth and bone marrow.

Stem cells from human exfoliated deciduous teeth
(SHED). The isolation of post-natal stem cells from an
easily accessible source is indispensable for tissue
engineering and clinical applications. Recent findings
demonstrated the isolation of mesenchymal progenitors
from the pulp of human deciduous incisors (Miura et al.,
2003). These cells were named SHED (Stem cells from
Human Exfoliated Deciduous teeth) and exhibited a high
plasticity since they could differentiate into neurons,
adipocytes, osteoblasts and odontoblasts (Miura et al.,
2003). In vivo SHED cells can induce bone or dentin
formation but, in contrast to dental pulp, DPSC failed to
produce a dentin-pulp complex.

Adult dental pulp stem cells (DPSC). After a dental
injury, dental pulp is involved in a process called reparative
dentinogenesis, where cells elaborate and deposit a new
dentin matrix for the repair of the injured site (Mitsiadis
and Rahiotis, 2004). It has been shown that adult dental
pulp contains precursors capable of forming odontoblasts
under appropriate signals (About et al., 2000; About and
Mitsiadis, 2001; Alliot-Licht et al., 2005; Gronthos et al.,
2000, 2002; Miura et al., 2003; Tecles et al., 2005). Among
these signals are the calcium hydroxide or calcium
phosphate materials, which constitute pulp-capping
materials used by dentists for common dental treatments.
Dental pulp progenitors have not been clearly identified
but some data suggest that pericytes, which are able to
differentiate into osteoblasts, could also differentiate into
odontoblasts (Alliot-Licht et al., 2005; Lovschall et al.,
2007; Shi and Gronthos, 2003). Tooth repair is a lifetime
process thus suggesting that MSC might exist in adult
dental pulp. The in vivo therapeutic targeting of these adult
stem cells remains to be explored.

Stem cells from the apical part of the papilla
(SCAP). Stem cells from the apical part of the human
dental papilla (SCAP) have been isolated and their potential
to differentiate into odontoblasts was compared to that of
the periodontal ligament stem cells (PDLSC) (Sonoyama
et al., 2006). SCAP exhibit a higher proliferative rate and
appears more effective than PDLSC for tooth formation.
Importantly, SCAP are easily accessible since they can be
isolated from human third molars.

Stem cells from the dental follicle (DFSC). DFSC
have been isolated from follicle of human third molars
and express the stem cell markers Notch1, STRO-1 and
nestin (Morsczeck et al., 2005). These cells can be
maintained in culture for at least 15 passages. STRO-1
positive DFSC can differentiate into cementoblasts in vitro
(Kemoun et al., 2007) and are able to form cementum in

vivo (Handa et al., 2002). Immortalized dental follicle cells
are able to re-create a new periodontal ligament (PDL)
after in vivo implantation (Yokoi et al., 2007).

Periodontal ligament stem cells (PDLSC). The PDL
is a specialized tissue located between the cementum and
the alveolar bone and has as a role the maintenance and
support of the teeth. Its continuous regeneration is thought
to involve mesenchymal progenitors arising from the dental
follicle. PDL contains STRO-1 positive cells that maintain
certain plasticity since they can adopt adipogenic,
osteogenic and chondrogenic phenotypes in vitro (Gay et
al., 2007). It is thus obvious that PDL itself contains
progenitors, which can be activated to self-renew and
regenerate other tissues such as cementum and alveolar
bone (Seo et al., 2004).

Bone marrow derived mesenchymal stem cells
(BMSC). BMSC have been tested for their ability to re-
create periodontal tissue. These cells are able to form in
vivo cementum, PDL and alveolar bone after implantation
into defective periodontal tissues. Thus, bone marrow
provides an alternative source of MSC for the treatment
of periodontal diseases (Kawaguchi et al., 2004). BMSC
share numerous characteristics with DPSC and are both
able to form bone-like or tooth-like structures. However,
BMSC display a lower odontogenic potential than DPSC
(Yu et al., 2007), indicating that MSC from different
embryonic origins are not equivalent. Indeed, DPSC derive
from neural crest cells, whereas BMSC originate from the
mesoderm. Furthermore, the comparison of the osteogenic
and adipogenic potential of MSC from different origins
shows that, even if cells carry common genetic markers,
they are not equivalent and are already committed toward
a specific differentiation pathway (Musina et al., 2005,
2006). Commitment could arise from conditioning of stem
cells by their specific microenvironment or stem cell niche.
MSC can also be obtained from several other sources such
as synovial membrane ((De Bari et al., 2001, 2003, 2004)
and periosteum (De Bari et al., 2006). As these cell
populations display distinctive biological properties
depending upon their tissue of origin (De Bari and
Dell’accio, 2008), it remains to be explored which source
might be used for an optimal tooth development for clinical
application.

In search of epithelium-originated dental stem cells
Although significant progress has been made with MSC,
there is no information available for dental EpSC in
humans. The major problem is that dental epithelial cells
such as ameloblasts and ameloblasts precursors are
eliminated soon after tooth eruption. Therefore, epithelial
cells that could be stimulated in vivo to form enamel are
not present in human adult teeth. Stem cell technology
appears to be the only possibility to re-create an enamel
surface.

Epithelial stem cells from developing molars. Several
studies describe the use of EpSC isolated from newborn
or juvenile animals, usually from third molar teeth. In these
studies, epithelia were removed and cells dissociated
enzymatically. Precursors were then amplified and
associated with MSC (originated from the same tooth) in

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

Z
Squiggly

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Highlight

userr
Rectangle

userr
Rectangle

userr
Highlight

userr
Highlight

userr
Highlight

userr
Rectangle

userr
Rectangle

userr
Highlight

userr
Highlight

userr
Highlight



8

G Bluteau et al.                                                                                                                Stem cells for tooth engineering

synovial membrane to form ectopic stable cartilage in vivo.
Arthritis Rheum 50:142-150.

De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP
(2001) Multipotent mesenchymal stem cells from adult
human synovial membrane. Arthritis Rheum 44:1928-
1942.

De Bari C, Dell’Accio F, Vandenabeele F, Vermeesch
JR, Raymackers JM, Luyten FP (2003) Skeletal muscle
repair by adult human mesenchymal stem cells from
synovial membrane. J Cell Biol 160:909-918.

De Bari C, Dell’Accio F, Vanlauwe J, Eyckmans J,
Khan IM, Archer CW, Jones EA, McGonagle D, Mitsiadis
TA, Pitzalis C, Luyten FP (2006) Mesenchymal
multipotency of adult human periosteal cells demonstrated
by single-cell lineage analysis. Arthritis Rheum 54:1209-
1221.

Duailibi MT, Duailibi SE, Young CS, Bartlett JD,
Vacanti JP, Yelick PC (2004) Bioengineered teeth from
cultured rat tooth bud cells. J Dent Res 83:523-528.

Duailibi SE, Duailibi MT, Vacanti JP, Yelick PC (2006)
Prospects for tooth regeneration. Periodontol 2000 41:177-
187.

Friedenstein AJ, Chailakhjan RK, Lalykina KS (1970)
The development of fibroblast colonies in monolayer
cultures of guinea-pig bone marrow and spleen cells. Cell
Tissue Kinet 3:393-403.

Gay I, Chen S, Macdougall M (2007) Isolation and
characterization of multipotent human periodontal
ligament stem cells. Orthod Craniofac Res 10:149-160.

Gronthos S, Brahim J, Li W, Fisher LW, Cherman N,
Boyde A, DenBesten P, Robey PG, Shi S (2002) Stem cell
properties of human dental pulp stem cells. J Dent Res 81:
531-535.

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S
(2000) Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc Natl Acad Sci USA 97: 13625-
13630.

Handa K, Saito M, Tsunoda A, Yamauchi M, Hattori
S, Sato S, Toyoda M, Teranaka T, Narayanan AS (2002)
Progenitor cells from dental follicle are able to form
cementum matrix in vivo. Connect Tissue Res 43: 406-
408.

Harada H, Kettunen P, Jung HS, Mustonen T, Wang
YA, Thesleff I (1999) Localization of putative stem cells
in dental epithelium and their association with Notch and
FGF signaling. J Cell Biol 147: 105-120.

Honda MJ, Shimodaira T, Ogaeri T, Shinohara Y, Hata
K, Ueda M (2006) A novel culture system for porcine
odontogenic epithelial cells using a feeder layer. Arch Oral
Biol 51: 282-290.

Honda MJ, Shinohara Y, Hata KI, Ueda M (2007a)
Subcultured odontogenic epithelial cells in combination
with dental mesenchymal cells produce enamel-dentin-like
complex structures. Cell Transplant 16: 833-847.

Honda MJ, Sumita Y, Kagami H, Ueda M (2005)
Histological and immunohistochemical studies of tissue
engineered odontogenesis. Arch Histol Cytol 68: 89-101.

Honda MJ, Tsuchiya S, Sumita Y, Sagara H, Ueda M
(2007b) The sequential seeding of epithelial and
mesenchymal cells for tissue-engineered tooth
regeneration. Biomaterials 28: 80-689.

Hu B, Nadiri A, Kuchler-Bopp S, Perrin-Schmitt F,
Peters H, Lesot H (2006) Tissue engineering of tooth
crown, root, and periodontium. Tissue Eng 12: 2069-2075.

Kawaguchi H, Hirachi A, Hasegawa N, Iwata T,
Hamaguchi H, Shiba H, Takata T, Kato Y, Kurihara H
(2004) Enhancement of periodontal tissue regeneration by
transplantation of bone marrow mesenchymal stem cells.
J Periodontol 75: 1281-1287.

Kawano S, Saito M, Handa K, Morotomi T, Toyono T,
Seta Y, Nakamura N, Uchida T, Toyoshima K, Ohishi M,
Harada H (2004) Characterization of dental epithelial
progenitor cells derived from cervical-loop epithelium in
a rat lower incisor. J Dent Res 83: 129-133.

Kemoun P, Laurencin-Dalicieux S, Rue J, Farges JC,
Gennero I, Conte-Auriol F, Briand-Mesange F, Gadelorge
M, Arzate H, Narayanan AS, Brunel G, Salles JP (2007)
Human dental follicle cells acquire cementoblast features
under stimulation by BMP-2/-7 and enamel matrix
derivatives (EMD) in vitro. Cell Tissue Res 329: 283-294.

Kettunen P, Karavanova I, Thesleff I (1998)
Responsiveness of developing dental tissues to fibroblast
growth factors: expression of splicing alternatives of
FGFR1, -2, -3, and of FGFR4; and stimulation of cell
proliferation by FGF-2, -4, -8, and -9. Dev Genet 22: 374-
385.

Kettunen P, Laurikkala J, Itaranta P, Vainio S, Itoh N,
Thesleff I (2000) Associations of FGF-3 and FGF-10 with
signaling networks regulating tooth morphogenesis. Dev
Dyn 219: 322-332.

Khan M, Seppala M, Zoupa M, Cobourne MT (2007)
Hedgehog pathway gene expression during early
development of the molar tooth root in the mouse. Gene
Expr Patterns 7: 239-243.

Komine A, Suenaga M, Nakao K, Tsuji T, Tomooka Y
(2007) Tooth regeneration from newly established cell lines
from a molar tooth germ epithelium. Biochem Biophys
Res Commun 355: 758-763.

Kratochwil K, Dull M, Farinas I, Galceran J,
Grosschedl R (1996) Lef1 expression is activated by BMP-
4 and regulates inductive tissue interactions in tooth and
hair development. Genes Dev 10: 1382-1394.

Le Guehennec L, Soueidan A, Layrolle P, Amouriq Y
(2007) Surface treatments of titanium dental implants for
rapid osseointegration. Dent Mater 23: 844-854.

Lovschall H, Mitsiadis TA, Poulsen K, Jensen KH,
Kjeldsen AL (2007) Coexpression of Notch3 and Rgs5 in
the pericyte-vascular smooth muscle cell axis in response
to pulp injury. Int J Dev Biol 51: 715-721.

Mitsiadis T (2001) Bases moléculaires du
développement dentaire, In “La dent normale et
pathologique” (E. Piette, M. Goldberg, Ed.), De Boeck-
Université Press, Paris, pp19-38.

Mitsiadis TA, Rahiotis C (2004) Parallels between tooth
development and repair: conserved molecular mechanisms
following carious and dental injury. J Dent Res 83:896-
902.

Mitsiadis TA, Hirsinger E, Lendahl U, Goridis C (1998)
Delta-notch signaling in odontogenesis: correlation with
cytodifferentiation and evidence for feedback regulation.
Dev Biol 204: 420-431.

userr
Rectangle



9

G Bluteau et al.                                                                                                                Stem cells for tooth engineering

Mitsiadis TA, Cheraud Y, Sharpe P, Fontaine-Perus J
(2003) Development of teeth in chick embryos after mouse
neural crest transplantations. Proc Natl Acad Sci USA 100:
6541-6545.

Mitsiadis TA, Barrandon O, Rochat A, Barrandon Y,
De Bari C (2007) Stem cell niches in mammals. Exp Cell
Res 313: 3377-3385.

Miura M, Gronthos S, Zhao M, Lu B, Fisher LW, Robey
PG, Shi S (2003) SHED: stem cells from human exfoliated
deciduous teeth. Proc Natl Acad Sci USA 100: 5807-5812.

Morsczeck C, Gotz W, Schierholz J, Zeilhofer F, Kuhn
U, Mohl C, Sippel C, Hoffmann KH (2005) Isolation of
precursor cells (PCs) from human dental follicle of wisdom
teeth. Matrix Biol 24: 155-165.

Musina RA, Bekchanova ES, Belyavskii AV, Sukhikh
GT (2006) Differentiation potential of mesenchymal stem
cells of different origin. Bull Exp Biol Med 141: 147-151.

Musina RA, Bekchanova ES, Sukhikh GT (2005)
Comparison of mesenchymal stem cells obtained from
different human tissues. Bull Exp Biol Med 139: 504-509.

Nadiri A, Kuchler-Bopp S, Haikel Y, Lesot H (2004)
Immunolocalization of BMP-2/-4, FGF-4, and WNT10b
in the developing mouse first lower molar. J Histochem
Cytochem 52: 103-112.

Nakao K, Morita R, Saji Y, Ishida K, Tomita Y, Ogawa
M, Saitoh M, Tomooka Y, Tsuji T (2007) The development
of a bioengineered organ germ method. Nat Methods 4:
227-230.

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK,
Douglas R, Mosca JD, Moorman MA, Simonetti DW,
Craig S, Marshak DR (1999) Multilineage potential of
adult human mesenchymal stem cells. Science 284:143-
147.

Prockop DJ (1997) Marrow stromal cells as stem cells
for nonhematopoietic tissues. Science 276: 71-74.

Robey PG (2005) Post-natal stem cells for dental and
craniofacial repair. Oral Biosci Med 2: 83-90.

Seo BM, Miura M, Gronthos S, Bartold PM, Batouli
S, Brahim J, Young M, Robey PG, Wang CY, Shi S (2004)
Investigation of multipotent postnatal stem cells from
human periodontal ligament. Lancet 364: 149-155.

Seo BM, Miura M, Sonoyama W, Coppe C, Stanyon
R, Shi S (2005) Recovery of stem cells from cryopreserved
periodontal ligament. J Dent Res 84: 907-912.

Shi S, Gronthos S (2003) Perivascular niche of
postnatal mesenchymal stem cells in human bone marrow
and dental pulp. J Bone Miner Res 18: 696-704.

Sire JY, Davit-Beal T, Delgado S, Gu X (2007) The
origin and evolution of enamel mineralization genes. Cells
Tissues Organs 186: 25-48.

Smith CE, Warshawsky H (1975) Cellular renewal in
the enamel organ and the odontoblast layer of the rat incisor
as followed by radioautography using 3H-thymidine. Anat
Rec 183: 523-561.

Sonoyama W, Liu Y, Fang D, Yamaza T, Seo BM,
Zhang C, Liu H, Gronthos S, Wang CY, Shi S, Wang S
(2006) Mesenchymal stem cell-mediated functional tooth
regeneration in swine. PLoS ONE 1: e79.

Stokowski A, Shi S, Sun T, Bartold PM, Koblar SA,
Gronthos S (2007) EphB/ephrin-B interaction mediates
adult stem cell attachment, spreading, and migration:
implications for dental tissue repair. Stem Cells 25: 156-
164.

Tecles O, Laurent P, Zygouritsas S, Burger AS, Camps
J, Dejou J, About I (2005) Activation of human dental pulp
progenitor/stem cells in response to odontoblast injury.
Arch Oral Biol 50: 103-108.

Thesleff I, Wang XP, Suomalainen M (2007)
Regulation of epithelial stem cells in tooth regeneration.
C R Biol 330: 561-564.

Vainio S, Karavanova I, Jowett A, Thesleff I (1993)
Identification of BMP-4 as a signal mediating secondary
induction between epithelial and mesenchymal tissues
during early tooth development. Cell 75: 45-58.

Wang XP, Suomalainen M, Felszeghy S, Zelarayan LC,
Alonso MT, Plikus MV, Maas RL, Chuong CM,
Schimmang T, Thesleff I (2007) An integrated gene
regulatory network controls stem cell proliferation in teeth.
PLoS Biol 5: e159.

Yokoi T, Saito M, Kiyono T, Iseki S, Kosaka K, Nishida
E, Tsubakimoto T, Harada H, Eto K, Noguchi T, Teranaka
T (2007) Establishment of immortalized dental follicle cells
for generating periodontal ligament in vivo. Cell Tissue
Res 327: 301-311.

Yoshiba K, Yoshiba N, Aberdam D, Meneguzzi G,
Perrin-Schmitt F, Stoetzel C, Ruch JV, Lesot H (1998)
Expression and localization of laminin-5 subunits during
mouse tooth development. Dev Dyn 211: 164-176.

Young CS, Terada S, Vacanti JP, Honda M, Bartlett
JD, Yelick PC (2002) Tissue engineering of complex tooth
structures on biodegradable polymer scaffolds. J Dent Res
81: 695-700.

Yu J, Wang Y, Deng Z, Tang L, Li Y, Shi J, Jin Y (2007)
Odontogenic capability: bone marrow stromal stem cells
versus dental pulp stem cells. Biol Cell 99: 465-474.

userr
Rectangle

userr
Rectangle



Braz Dent J 22(2) 2011

Mesenchymal stem cells in the dental tissues 91

INTRODUCTION

The discovery of stem cells and recent advances 
in cellular and molecular biology has led to the 
development of novel therapeutic strategies that aim at 
the regeneration of many tissues that were injured by 
disease. Generally, stem cells have two major properties:  
they are capable of self-renewal and, upon division, they 
can give rise to cells that have the potential to differentiate 
(1). Tissue engineering is a multidisciplinary field that 
combines biology, engineering, and clinical science 
with the goal of generating new tissues and organs. It is 
a science based on fundamental principles that involves 
the identification of appropriate cells, the development 
of scaffolds and morphogenic signals required to induce 
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cells to regenerate a tissue or organ (2). Over the last 
few years, medicine has begun to explore the possible 
applications of stem cells and tissue engineering towards 
the repair and regeneration body structures (3). It is 
becoming ever more clear that this conceptual come 
up to therapy, named regenerative medicine, will have 
its place in clinical practice in the future. It has been 
shown that stem cells will play an important role in future 
medical treatments because they can be readily grown 
and induced to differentiate into any cell type in culture. 

Stem cells are cells that have the ability to renew 
themselves through mitosis and can differentiate into 
several specialized cells. The embryonic stem cells (ESC) 
are pluripotent and have the ability to become almost any 
kind of cell of the body (4). The local microenvironment 
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dental pulp were termed dental pulp stem cells (DPSC). 
They were isolated from permanent third molars and 
exhibited high proliferation and high frequency of colony 
formation that produced calcified nodules (10). DPSC 
cultures from impacted third molars at the stage of root 
development were able to differentiate into odontoblast-
like cells with a very active migratory and mineralization 
potential, leading to organized three-dimensional dentin-
like structures in vitro (17). 

There are different cell densities of the colonies in 
DPSC, suggesting that each cell clone may have different 
grown rate (10). Different cell morphologies and sizes 
can be observed in the same colony. The differentiation 
of DPSC to a specific cell lineage is mainly determined 
by the components of local microenvironment, such as, 
growth factors, receptor molecules, signaling molecules, 
transcription factors and extracellular matrix protein. 
DPSC can be reprogrammed into multiple cell lineages 
such as, odontoblast, osteoblast, chondrocyte, myocyte, 
neurocyte, adipocyte, corneal epithelial cell, melanoma 
cell, and even induced pluripotent stem cells (iPS cells) 
(18,19). Almushayt et al. (20) demonstrated that dentin 
matrix protein 1 (DMP1), a non-collagen extracellular 
matrix protein extract from dentin, can significantly 
promote the odontoblastic differentiation of DPSC 
and formation of reparative dentin over the exposed 
pulp tissue. Additionally, DPSC can be induced into 
odontoblast lineage when treated with transforming 
growth factor β1 (TGFβ1) alone or in combination with 
fibroblast growth factor (FGF2) (21). 

Histologically, dentin lies outside of dental pulp, 
and they intimately link to each other. Functionally, 
dental pulp cells can regenerate dentin and provide it 
with oxygen, nutrition and innervation, whereas the 
hard dentin can protect soft dental pulp tissue. Together, 
they maintain the integrity of tooth shape and function. 
Any physiological or pathological reaction occurring at 
one part, such as trauma, caries, and cavity preparation, 
will affect the other. Both of them act as a dentin-pulp 
complex and simultaneously participate in various 
biological activities of the tooth. Several studies have 
shown that DPSC play a vital role in the dentin-pulp 
tissue regeneration (10). In vivo transplantation into 
immunocompromised mice DPSC demonstrated the 
ability to generate functional dental tissue in the form 
of dentin/pulp-like complexes (22). Transplanted 
ex vivo expanted DPSC mixed with hydroxyapatite/
tricalcium phosphate form ectopic dentin/pulp-like 
complexes in immunocompromised mice. These polls 

of heterogeneous DPSC form vascularizad pulp like 
tissue and are surrounded by a layer of odontoblast-like 
cells expressing factors that produce dentin containing 
tubules similar those found in natural dentin (22,23). 
Huang et al. (24) reported that dentin-pulp-like complex 
with well-established vascularity can be regenerated 
de novo in emptied root canal space by DPSC. These 
studies provide a novel advance for future pulp tissue 
preservation and a new alternative for the biological 
treatment for endodontic diseases.

In addition, DPSC can express neural markers 
and differentiate into functionally active neurons, 
suggesting their potential as cellular therapy for neuronal 
disorders (7). In recent study, DPSC were transplanted 
into the cerebrospinal fluid of rats in which cortical 
lesion was induced. Those cells migrated as single cells 
into a variety of brain regions and were detected in 
the injured cortex expressing neuron specific markers.  
This showed that DPSC-derived cells integrate into 
the host brain may serve as useful sources of neuro and 
gliogenesis in vivo, especially when the brain is injured 
(25). The spontaneous differentiating potential of these 
cells strongly suggests their possible applications in 
regenerative medicine.

STEM CELLS FROM HUMAN EXFOLIATED 
DECIDUOUS TEETH 

Stem cells may be also isolated from the pulp 
of human exfoliated deciduous teeth (SHED). These 
cells have the capacity of inducing bone formation, 
generate dentin and differentiate into other non-
dental mesenchymal cell derivatives in vitro. SHED 
exhibit higher proliferation rates, increased population 
doublings, in addition to osteoinductive capacity in vivo 
and an ability to form sphere-like clusters. However, 
unlike DPCSs, they are unable to regenerate complete 
dentin/pulp-like complexes in vivo (10). With the 
osteoinductive potential, SHED can repair critical 
sized calvarial defects in mice with substantial bone 
formation (26). Given their ability to produce and 
secrete neurotrophic factors, dental stem cells may also 
be beneficial for the treatment of neurodegenerative 
diseases and the repair of motor neurons following 
injury. Indeed, dental stem cells from deciduous teeth 
have been induced to express neural markers such as 
nestin (27). The expression of neural markers in dental 
stem cells stimulates the imagination for their potential 
use in neural regeneration such as in the treatment of 
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Parkinson’s disease. The potential of dental stem cells in 
non-dental regeneration continues to be further explored 
by researchers. 

STEM CELLS FROM APICAL PAPILLA

The physical and histological characteristics 
of the dental papilla located at the apex of developing 
human permanent teeth has been recently been described 
and this tissue has been termed apical papilla. This 
tissue is loosely attached to the apex of the developing 
root and can be easily detached. A population of stem 
cells isolated from human teeth was found at the 
tooth root apex. These cells are called stem cells from 
apical papilla (SCAP) and have been demonstrated to 
differentiate exhibit higher rates of proliferation in vitro 
than do DPSC. There is an apical cell-rich zone lying 
between the apical papilla and the pulp. Importantly, 
stem/progenitor cells were located in both dental pulp 
and the apical papilla, but they have somewhat different 
characteristics (12). The higher proliferative potential 
of SCAP makes this population of cells suitable for 
cell-based regeneration and preferentially for forming 
roots. They are capable of forming odontoblast-like 
cells and produce dentin in vivo and are likely to be 
the cell source of primary odontoblasts for the root 
dentin formation (12). The discovery of SCAP may 
also explain a clinical phenomenon that was presented 
in a number of recent clinical case reports showing that 
apexogenesis can occur in infected immature permanent 
teeth with apical periodontitis or abscess (28). It is likely 
that SCAP residing in the apical papilla survived the 
infection due to their proximity to the periapical tissues. 
This tissue may be benefited by its collateral circulation, 
which enables it to survive during the process of pulp 
necrosis. Perhaps, after endodontic disinfection, these 
cells give rise to primary odontoblasts to complete the 
root formation. 

PERIODONTAL LIGAMENT STEM CELLS 

Periodontal ligament (PDL) is a space interlying 
the cementum and alveolar bone, a replacement of the 
follicle region surrounding the developing tooth in cap 
and bud stages of development. Fibers inserted into 
the cementum layer may be of follicle origin (termed 
Sharpey’s fibers) or cementoblast origin (in cellular 
intrinsic fiber cementum). The PDL matures during 
tooth eruption, preparing to support the functional 

tooth for the occlusal forces. In the mature PDL, major 
collagen bundles (principal fibers) occupy the entire 
PDL, embedding in both cementum and alveolar bone. 
Fibers are arranged in specific orientations to maximize 
absorption of the forces to be placed on the tooth during 
mastication. The PDL has long been recognized to 
contain a population of progenitor cells and recently, 
studies  identified a population of stem cells from human 
PDL capable of differentiating along mesenchymal 
cell lineages to produce cementoblast-like cells, 
adipocytes and connective tissue rich in collagen I (14). 
PDL stem cells (PDLSC) display cell surface marker 
characteristics and differentiation potential similar to 
bone marrow stromal stem cells and DPSC (14). After 
PDLSC were transplanted into immunocompromised 
mice, cementum/PDL-like structures were formed. 
Human PDLSC expanded ex vivo and seeded in three-
dimensional scaffolds (fibrin sponge, bovine-derived 
substitutes) were shown to generate bone (29). These 
cells have also been shown to retain stem cell properties 
and tissue regeneration capacity. These findings suggest 
that this population of cells might be used to create a 
biological root that could be used in a similar way as a 
metal implant, by capping with an artificial dental crown.

DENTAL FOLLICLE PRECURSOR CELLS

The dental follicle is a loose connective tissue 
that surrounds the developing tooth. The dental follicle 
has long been considered a multipotent tissue, based on 
its ability to generate cementum, bone and PDL from 
the ectomesenchyme-derived fibrous tissue. Dental 
follicle precursor cells (DFPC) can be isolated and 
grown under defined tissue culture conditions, and 
recent characterization of these stem cells has increased 
their potential for use in tissue engineering applications, 
including periodontal and bone regeneration (12,30). 
DFPC form the PDL by differentiating into PDL 
fibroblasts that secrete collagen and interact with fibers 
on the surfaces of adjacent bone and cementum. Dental 
follicle progenitor cells isolated from human third 
molars are characterized by their rapid attachment in 
culture, and ability to form compact calcified nodules 
in vitro (30). DFPC, in common with SCAP, represent 
cells from a developing tissue and might thus exhibit a 
greater plasticity than other dental stem cells. However, 
in the same way as for SCAP, further research needs to 
be carried out on the properties and potential uses of 
these cells (Table 1). 
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DENTAL PULP STEM CELLS AND DENTAL 
TISSUE ENGINEERING 

There are several areas of research for which 
dental stem cells are presently considered to offer 
potential for tissue regeneration. These include the 
obvious uses of cells to repair damaged tooth tissues 
such as dentin, PDL and dental pulp (6,24). Even the 
use of dental stem cells as sources of cells to facilitate 
repair of additional tissues as bone and nerves (6,7,26). 
Efforts to induce tissue regeneration in the pulp space 
have been a long search. In 1962, Ostby (31) proposed 
inducing hemorrhage and blood clot formation in the 
canal space of mature teeth in the hope of guiding the 
tissue repair in the canal. However, the connective 
tissue that grew into the canal space was limited and 
the origin of this tissue remains unproved. Regenerative 
Endodontics represents a new treatment modality that 
focuses on reestablishment of pulp vitality and continued 
root development. This clinical procedure relies on the 

intracanal delivery of a blood clot (scaffold), growth 
factors (possibly from platelets and dentin), and stem 
cells (32). In a recent study, it was demonstrated that 
mesenchymal stem cells are delivered into root canal 
spaces during regenerative endodontic procedures in 
immature teeth with open apices (32). These findings 
provide the biological basis for the participation of stem 
cells in the continued root development and regenerative 
response that follow this clinically performed procedure. 

As DPSC have the potent dentinogenic ability, 
they could be used for the vital pulp therapy. When DPSC 
are transplanted alone or in combination with BMP2 
in the pulp cavity, these stem cells can significantly 
promote the repair and reconstruction of dentin-pulp-
like complex (31). Prescott et al. (34) placed the triad of 
DPSC, a collagen scaffold, and DMP1 in the simulated 
perforation sites in dentin slices, and then transplanted 
the recombination subcutaneously into the nude mice. 
After 6 weeks of incubation, well-organized pulp-
like tissue could be detected in the perforation site. 

Table 1. Stem cell types in dental pulps (6,7,10-15,17,18,20).

Properties DPSC SCAP SHED PDLSC DFPC

Location Permanent 
tooth pulp

Apical papilla of 
developing root

Exfoliated 
deciduous tooth 

pulp

Periodontal 
ligament

Dental follicle of 
developing tooth

Proliferation rate Moderate High High High High

Heterogeneity Yes Yes Yes Yes Yes

Multipotentialy

Odontoblast, 
osteoblast, 

chondrocyte, 
myocyte, neurocyte, 
adipocyte, corneal 

epithelial cell, 
melanoma cell, iPS

Odontoblast, 
osteoblast,
neurocyte, 

adipocyte, iPS

Odontoblast, 
osteoblast,

chondrocyte, 
myocyte, 
neurocyte, 

adipocyte, iPS

Odontoblast, 
osteoblast,

chondrocyte,
cementoblast,

neurocyte

Odontoblast, 
osteoblast,
neurocyte

Tissue repair

Bone regeneration, 
neuroregeneration, 

myogenic 
regeneration, dentin-

pulp regeneration

Bone regeneration, 
neuroregeneration, 

dentin-pulp 
regeneration, 

root formation

Bone regeneration, 
neuroregeneration, 

tubular dentin

Bone regeneration, 
root formation, 

periodontal 
regeneration

Bone 
regeneration, 
periodontal 
regeneration

DPSC = dental pulp stem cells; SCAPs = stem cells from the apical papila; SHED = stem cells from the pulp of human exfoliated 
deciduous teeth; PDLSC = periodontal ligament stem cells; DFPC = dental follicle precursor cells.
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EDITORIAL

DENTAL TECHNOLOGY continues to evolve at an unprecedented
rate. A cursory perusal of the content of local, state, national and
international continuing education programs attests to our percep-
tion that there has been a notable surge in relevant scientific
advancements in dentistry over the past few years. At the same
time, the dental clinician’s strong interest in these advances is
undeniable. Our ability to replace teeth (implants) as well as our
capability, in many instances, to improve the specific biologic envi-
ronment where these implants will, it is hoped, thrive and remain
(site development) could not have been imagined 25 years ago.

The link between oral health and systemic disease states has
become more clearly defined. Similarly, stem cell research utilizing
undifferentiated cells from human tooth pulp tissue holds the
promise of dramatically improving future dental and medical care.
Additionally, we have identified the etiology of dental caries and its
transmissibility mechanisms. And we have developed specific pro-
tocols that have shown to be incontrovertibly effective in preventing
this disease.

The problem of limited access to oral health care has received
considerable attention in the past few years. There is growing con-
cern that our modern dental technology and exquisite academic
and clinical training programs are not benefiting large segments of
the public. There appear to be reversals in oral health status nation-
ally and abroad. Identifying the constellation of complex factors
that might be contributing to limiting access will be a fundamental
step in removing current obstacles to oral health care for all. Some

of these areas might include creating incentives for recent dental
school graduates to relocate either temporarily or permanently to
underserved areas. Incentives should include some form of “loan
forgiveness” or monetary consideration in light of the tremendous
personal debt that dental school graduates typically have. Naturally,
such an incentive must also include removing any existing barriers
to the freedom of professional movement within the U.S.

Who will be leading this effort to bring the benefits of modern
dentistry to a larger segment of our population? It will be the tri-
partite dental organization, led by the American Dental Association.
It will be the ADA who will visibly and genuinely remain proactive
in oral health care access issues as a major stakeholder and who
will not remain on the side lines and, perhaps, on the “coat tails” of
other heath professions.

The ADA will be challenged to find creative paths to conse-
quentially partner with academic and research institutions, the
dental manufacturing industry, government, the public and indi-
vidual dentists, all in an effort to resolve the pressing problem of
oral health care access, while, at the same time, protecting the sanc-
tity of the dentist/patient relationship.

These are exciting and challenging times for the dental profes-
sion and individual dentists. Only through our powerful collective
voice, the American Dental Association, can we hope to achieve our
enlightened goals.

Progress in Dentistry
Remarkable paradox. Remarkable challenge.

D.D.S. M.Sd

userr
Textbox
4. Mao2008 (truncated)



Abstract

What are stem cells? As dentists, why

should we be concerned with stem

cells? How would stem cells change

dental practice? Is it possible to grow

a tooth or TMJ with stem cells? This

article summarizes the latest stem

cell research and development for

dental, oral and craniofacial applica-

tions. Stem cell research and devel-

opment will, over time, transform den-

tal practice in a magnitude far greater

than did amalgam or dental implants.

Metallic alloys, composites and even

titanium implants are not permanent

solutions. In contrast, stem cell tech-

nology will generate native tissue

analogs that are compatible with the

patient’s own.

STEM CELLS CAN BE DEFINED as cells
that 1. self-replicate and 2. are able to dif-
ferentiate into at least two different cell
types. Both conditions must be present for
a cell to be called a stem cell. For example,
osteoblasts are not stem cells. Although
osteoblasts differentiate into osteocytes,
they typically do not differentiate into other
cell types except osteocytes. Osteocytes are
not stem cells; they are end-lineage cells
that typically neither self-replicate nor dif-
ferentiate.

Different Types of Stem Cells
Embryonic stem cells (ES) refer to the cells
of the inner cell mass of the blastocyst dur-
ing embryonic development. ES are partic-
ularly notable for their two fundamental
properties: the capacity to differentiate into
any cell type in the body and the ability to
self replicate for numerous generations
(Lyons and Rao, 2007). One potential dis-
advantage of human ES, besides ethical
issues, is precisely their virtually unlimited
proliferation and differentiation capacity
(Ryu et al., 2004). The clinically observed

teratoma is an example of ES growing into
wrong tissues. To date, little attempt has
been made towards the use of ES in dental,
oral and craniofacial regeneration.

Amniotic fluid-derived stem cells (AFS)
can be isolated from aspirates of amniocen-
tesis during genetic screening. An increas-
ing number of studies have demonstrated
that AFS have the capacity for remarkable
proliferation and differentiation into multi-
ple lineages, such as chondrocytes,
adipocytes, osteoblasts, myocytes, endothe-
lial cells, neuron-like cells and live cells
(Barria et al., 2004; Prusa et al., 2004; De
Gemmis et al., 2006; De Coppi et al., 2007;
Kolambkar et al., 2007; Perin et al., 2007).
The potential therapeutic value of AFS
remains to be discovered.

Umbilical cord stem cells (UCS) derive
from the blood of the umbilical cord. There
is growing interest in their capacity for self-
replication and multi-lineage differentia-
tion (Laughlin et al. 2001). UCS have been
differentiated into several cell types, such
as cells of the liver, skeletal muscle, neural
tissue and immune cells (Warnke et al.,
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Stem Cells and the Future of Dental Care
Jeremy J. Mao, D.D.S., Ph.D.
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derived osteoblasts can be used to regener-
ate oral and craniofacial bones. MSC-
derived myocytes can be used to treat mus-
cular dystrophy and facial muscle atrophy.
Stem cell-derived adipocytes can be used
to generate soft tissue grafts for facial soft
tissue reconstruction and augmentation.

Stem Cells and 
Dental Practice
Patients come to the dentist because of
infections, trauma, congenital anomalies or
other diseases, such as orofacial cancer and
salivary gland disorders. Caries and peri-
odontal disease remain highly prevalent
disorders among humans. Whereas native
tissue is missing in congenital anomalies,
diseases such as caries or tumor resection
result in tissue defects. For centuries, den-
tistry has been devoted to healing defects
with durable materials or the patient’s own
(autologous) tissue. But we now realize that
metallic alloys or synthetic materials are
not permanent solutions (Rahaman and
Mao, 2005). Amalgam, composites and
even titanium dental implants can fail; and
all have limited service time (Rahaman
and Mao, 2005).

Why are stem cells better than durable
implants such as titanium dental implants?
A short answer to this question is that stem
cells lead to the regeneration of teeth with
periodontal ligament that can remodel
with the host.

Why are stem cells superior to autolo-
gous tissue grafts? Autologous tissue graft-
ing is based on the concept that a diseased
or damaged tissue must be replaced by like
tissue that is healthy. Thus, the key draw-
back of autologous tissue grafting is donor
site trauma and morbidity. For example, we
currently harvest healthy bone from the
patient. We might take from the iliac crest,
rib bone, chin or retro-molar area for bone
grafting needs in cleft palate, ridge aug-
mentation, sinus lifting, and maxillary and
mandibular reconstruction.

In contrast, stem cell-based therapeu-
tic approaches may circumvent the key
deficiencies of autologous bone grafting
(Rahaman and Mao, 2005). Stem cells from
a tiny amount of tissue, such as the dental
pulp, can be multiplied or expanded poten-

tially to sufficient numbers for healing
large, clinically relevant defects. Stem cells
can differentiate into multiple cell lineages,
thus providing the possibility that a com-
mon (stem) cell source can heal many tis-
sues in the same patient, as opposed to the
principle of harvesting healthy tissue to
heal like tissue in association with autolo-
gous tissue grafting (Moioli et al., 2007).
Stem cells can be seeded in biocompatible
scaffolds in the shape of the anatomical
structure that is to be replaced (Rahaman
and Mao, 2005). Stem cells may elaborate
and organize tissues in vivo, especially in
the presence of vasculature. Finally, stem
cells may regulate local and systemic
immune reactions of the host in ways that
favor tissue regeneration.

When will each stem cell-based tech-
nology be available for dental and oral
surgery practice? Some of the near-term
applications, such as growth factor deliv-
ery, are approved or are being reviewed by
the FDA, whereas others are being investi-
gated at various stages of product develop-
ment. However, it is impossible to provide
the precise timeline of clinical application
for a myriad of dental, oral and craniofacial
diseases. Science does not progress linearly,
and breakthrough is not always predicted.

Furthermore, the progress of stem cell-
based technologies also depends on the reg-
ulatory pathways of the FDA in the United
States and equivalent regulatory agencies
elsewhere. What can be predicted is that
stem cell-generated tissue analogs will be
available for clinical use for certain tissues
before others.The first wave of this paradigm
shift in dental health care is upon us now.
The impact of this paradigm shift will even-
tually be present in every dental practice.

Physicians and scientists have recommend-
ed that umbilical cord stem cells and amni-
otic fluid stem cells be banked for potential
application in the treatment of trauma and
pathological disorders. Our understanding
of mesenchymal stem cells in the tissue
engineering of dental, oral and craniofacial
structures has advanced tremendously
(Krebsbach et al.,1999; Pittenger et al.,1999;
Bianco et al., 2001; Alhadlaq and Mao, 2004;
Mao et al., 2006; Marion and Mao, 2006).We
have witnessed tissue engineering of the
tooth, temporomandibular joint condyle,
cranial sutures, soft tissue grafts, craniofa-
cial bone, and other dental, oral and cranio-
facial structures in animal models (review:
Mao et al., 2006).

With all that we have learned about
stem cells and tissue engineering of dental,
oral and craniofacial structures, we are in a
position to bring awareness to our patients
regarding the proper storage of their
extracted teeth in conditions that will pre-
serve craniofacial stem cells, including tooth-
derived stem cells. These include, but are
not limited to, extracted wisdom teeth,
extracted deciduous teeth, any teeth extract-
ed for orthodontic purposes and any non-
infected teeth extracted.

Among postnatal tissues that are sources
of stem cells that are obtainable without
substantial trauma are extracted wisdom
teeth, exfoliating or extracted deciduous
teeth, teeth extracted for orthodontic treat-
ment, trauma or periodontal disease.

Craniofacial stem cells, including
tooth-derived stem cells, have the potential,
as do bone marrow-derived stem cells and
adipose-derived stem cells, to cure a num-
ber of diseases that are relevant to dentistry
as well as medicine, among them, diabetes,
Parkinson’s disease and cardiac infarct.

Is it Possible to Grow a Tooth
or TMJ with Stem Cells? 
As an example of craniofacial regeneration,
we have used stem cells in the tissue engineer-
ing of a human-shaped temporomandibular
joint using MSCs (Alhadlaq and Mao, 2003;
Alhadlaq and Mao, 2005; Marion and Mao,
2006; Troken et al., 2007). Given that the
mandibular condyle consists of two strati-
fied layers of cartilaginous and bone tissues,

The progress of stem cell-based

technologies also depends 

on the regulatory pathways 

of the FDA in the United 

States and equivalent 

regulatory agencies elsewhere.
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Stem cell-based biological tooth repair
and regeneration
Ana Angelova Volponi1, Yvonne Pang1,2 and Paul T. Sharpe1
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Biomedical Research Centre at Guys and St Thomas’ NHS Foundation Trust and Kings College London, London, UK
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Teeth exhibit limited repair in response to damage, and
dental pulp stem cells probably provide a source of cells
to replace those damaged and to facilitate repair. Stem
cells in other parts of the tooth, such as the periodontal
ligament and growing roots, play more dynamic roles in
tooth function and development. Dental stem cells can
be obtained with ease, making them an attractive source
of autologous stem cells for use in restoring vital pulp
tissue removed because of infection, in regeneration of
periodontal ligament lost in periodontal disease, and
for generation of complete or partial tooth structures
to form biological implants. As dental stem cells share
properties with mesenchymal stem cells, there is
also considerable interest in their wider potential to
treat disorders involving mesenchymal (or indeed non-
mesenchymal) cell derivatives, such as in Parkinson’s
disease.

Tooth development
Teeth are complex organs containing two separate spe-
cialized hard tissues, dentine and enamel, which form an
integrated attachment complex with bone via a special-
ized (periodontal) ligament. Embryologically, teeth are
ectodermal organs that form from sequential reciprocal
interactions between oral epithelial cells (ectoderm) and
cranial neural crest derived mesenchymal cells. The
epithelial cells give rise to enamel forming ameloblasts,
and the mesenchymal cells form all other differentiated
cells (e.g., dentine forming odontoblasts, pulp, periodon-
tal ligament) (Box 1). Teeth continue developing postna-
tally; the outer covering of enamel gradually becomes
harder, and root formation, which is essential for tooth
function, only starts to occur as part of tooth eruption in
children.

Repair, restoration and replacement of teeth is unique
among clinical treatments because of the huge numbers of
patients involved. Paradoxically, although teeth are non-
essential for life and thus not considered a major target
for regenerative medicine research, in comparison with
neural or cardiac diseases, for example, this very fact
makes teeth ideal for testing new cell-based treatments.
Because the patients are not usually ill, if anything goes
wrong it is far less life threatening, and the accessibility
of teeth means that treatment does not require major

surgery. Added to this is the existence of highly prolifer-
ative stem cell populations in teeth, which can be easily
obtained from naturally lost or surgically removed teeth.
These stem cells can be used for tooth repair, restoration
and regeneration and, significantly, non-dental uses, such
as developing stem cell-based therapies for major life-
threatening diseases. An important but often overlooked
advantage of teeth as a source of stem cells is that
postnatal root formation (a rich source of dental stem
cells) is a developmental process, and thus cells involved
in root formation are more embryonic-like than other
sources of dental stem cells. The humble tooth clearly
has a very important role to play in future developments
in regenerative medicine.

In this review, we outline the important biological prop-
erties of dental stem cells and illustrate examples of re-
search showing the rapid progress being made in using
these cells for tooth repair. We also highlight the major
obstacles that need to be overcome before any form of
usable, cell-based tooth replacement becomes available
to practising dentists.

Dental stem cells
Several populations of cells with stem cell properties have
been isolated from different parts of the tooth. These
include cells from the pulp of both exfoliated (children’s)
and adult teeth, from the periodontal ligament that links
the tooth root with the bone, from the tips of developing
roots and from the tissue (dental follicle) that surrounds
the unerupted tooth. All these cells probably share a
common lineage of being derived from neural crest
cells and all have generic mesenchymal stem cell-like
properties, including expression of marker genes and dif-
ferentiation into mesenchymal cell lineages (osteoblasts,
chondrocytes and adipocytes) in vitro and, to some extent,
in vivo. The different cell populations do, however, differ in
certain aspects of their growth rate in culture, marker gene
expression and cell differentiation, although the extent to
which these differences can be attributed to tissue of origin,
function or culture conditions remains unclear.

Dental pulp stem cells
The possibility that tooth pulpmight containmesenchymal
stem cells was first suggested by the observation that
severe tooth damage that penetrates both enamel and
dentine and into the pulp stimulates a limited natural
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repair process, by which new odontoblasts are formed,
which produce new dentine to repair the lesion [1,2].
Putative stem cells from the tooth pulp and several other
dental tissues have now been identified (Box 2) [3–8].

The first stem cells isolated from adult human dental
pulp were termed dental pulp stem cells (DPSCs) [3]. They
were isolated from permanent third molars, and exhibited
high proliferation and high frequency of colony formation
that produced sporadic, but densely calcified nodules.
Additionally, in vivo transplantation into immunocompro-
mised mice demonstrated the ability of DPSCs to generate
functional dental tissue in the form of dentine/pulp-like
complexes [4]. Further characterization revealed that
DPSCs were also capable of differentiating into other
mesenchymal cell derivatives in vitro such as odontoblasts,
adipoctyes, chondrocytes and osteoblasts [9–12]. DPSCs
differentiate into functionally active neurons, and
implanted DPSCs induce endogenous axon guidance,

suggesting their potential as cellular therapy for neuronal
disorders [13–15].

Stem cells from human exfoliated deciduous teeth
Stem cells isolated from the pulp of human exfoliated
deciduous (children’s milk) teeth (SHED) have the capacity
to induce bone formation, generate dentine and differenti-
ate into other non-dental mesenchymal cell derivatives in
vitro [16–20]. In contrast to DPSCs, SHED exhibit higher
proliferation rates [21], increased population doublings,
osteoinductive capacity in vivo and an ability to form
sphere-like clusters [16]. SHED seeded onto tooth slices/
scaffolds and implanted subcutaneously into immunode-
ficient mice differentiated into functional odontoblasts
capable of generating tubular dentine and angiogenic en-
dothelial cells [18].

Studies using SHED as a tool in dental pulp tissue
engineering in vivo, where pulp removed because of

Box 1. Tooth development

Tooth development is traditionally considered a series of stages that

reflect key processes (Figure I). The first step is induction, in which

signals from the epithelium to the mesenchyme initiate the develop-

mental process. As localized proliferation of the dental epithelial cells

takes place, the cells form a bud around which the mesenchymal cells

condense. Differentiation and localized proliferation of the epithelial

cells in the bud leads to the cap stage. It is at this stage that crown

morphogenesis is initiated by the epithelial signalling centre, an

enamel knot regulating the folding of the epithelium. By the bell

stage, the precursors of the specialized tooth cells, ameloblasts,

coordinate enamel deposition, and odontoblasts, which produce

dentine, are formed. Tooth eruption involves the coordination of bone

resorption and root development, and occurs postnatally.

Throughout tooth development, signals are exchanged between

epithelial and mesenchymal cells to coordinate each process. The key

initial signals occur at induction (epithelium) and bud formation

(mesenchyme). Once the mesenchymal cells receive signals from the

epithelium, the mesenchyme sends reciprocal signals back to the

epithelium. Strategies for biological replacement teeth aim to utilize

these first signal exchanges by identifying either epithelial cells that

can induce a naive mesenchyme or mesenchymal cells that can

induce a naive epithelium to stimulate tooth development.[()TD$FIG]
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Figure I. Diagrammatic representation of tooth development.
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infection is replaced with stem cells, have revealed
that the tissue formed has architecture and cellularity
closely resembling that of dental pulp, a tissue important
for tooth vitality [19]. Another interesting clinical
application has been suggested by investigations of
the therapeutic efficacy of SHED in alleviating Parkin-
son’s disease (PD) [20]. Transplantation of SHED
spheres into the striatum of parkinsonian rats partially
improved the apomorphine evoked rotation of beha-
vioural disorders. The results of this study indicate that
SHED might be a useful source of postnatal stem cells
for PD treatment. SHED are isolated from children’s
exfoliated teeth, however, so autologous stem cell thera-
py for a disease such as PD would require that these cells
be stored from childhood. DPSCs, which are obtained
from adult tooth pulp, might well have similar proper-
ties, however, and collection and expansion of these
autologous cells would simply require removal of a tooth
from the patient.

SHED and other dental stem cells are derived from
cranial neural crest ectomesenchyme, and so developmen-
tally and functionally would appear identical, but studies
have shown that they do differ and have different gene
expression profiles. SHED have significantly higher prolif-
eration rates compared with DPSC and bone marrow-
derived mesenchymal stem cells [21]. Comparison of the
gene expression profiles showed 4386 genes that are dif-
ferentially expressed between DPSC and SHED by two-
fold or more. Higher expression in SHED was observed for
genes that participate in pathways related to cell prolifer-
ation and extracellularmatrix formation, including several
growth factors such as fibroblast growth factor and trans-
forming growth factor (TGF)-b [21]. TGF-b in particular is
important, because it is released after damage to dentine
and might act to mobilize pulp stem cells to differentiate
into odontoblasts [1,22].

DPSC are highly proliferative and retain their stem cell
characteristics after prolonged culture [23]. They could
therefore be used as a generic allogeneic source of mesen-
chymal stem cells. Their use as autologous cells, however,
is currently restricted to children who have not yet lost all
their deciduous teeth. Commercial banking of these cells is
thus becoming widespread to enable them to be used once
the child becomes an adult. Limited studies have shown
that frozen SHED cells do maintain their properties after
cryopreservation for 2 years [24], but one caveat is that the
effects of long-term storage (10 years, plus) have not yet
been assessed. Because children naturally lose 20 decid-
uous teeth, there are multiple opportunities to bank these
cells, unlike cord blood, for example.

Periodontal ligament stem cells
The periodontal ligament (PDL) is a fibrous connective
tissue that contains specialized cells located between the
bone-like cementum and the inner wall of the alveolar bone
socket that acts as a ‘shock absorber’ during mastication
(Box 2). The PDL has long been recognized to contain a
population of progenitor cells [25] and recently, several
studies [26] identified a population of stem cells from
human periodontal ligament (PDLSC) capable of differen-
tiating along mesenchymal cell lineages to produce cemen-
toblast-like cells, adipocytes and connective tissue rich in
collagen I in vitro and in vivo [26–29].

The periodontal ligament is under constant strain from
the forces of mastication, and thus PDLSC are likely to
play an endogenous role in maintaining PDL cell numbers.
This might explain why they are better than other dental
stem cell populations at forming PDL-like structures [17].

Root apical papilla stem cells
A unique population of dental stem cells known as stem
cells from the root apical papilla (SCAP) is located at the

Box 2. Human third molar as a source of dental stem cells

Human third molars (‘wisdom teeth’) start their development post-

natally, during childhood (ages of 5–6 years) and begin their

calcification process from the age of 7–10 years. By the age of 18–25

years, the roots of the third molars have completed their develop-

ment. These teeth are most commonly extracted and discarded in the

dental clinic, but because they are still undergoing root development,

they provide an excellent source of dental stem cells including DPSC,

PDL cells and SCAP cells (Figure II).[()TD$FIG]

Figure II. Photograph and diagram of a human third molar tooth following extraction. A hemisected tooth showing the internal tissues is shown on the right. Because

the tooth was in the process of erupting, root growth is incomplete, and the apical papilla is visible. A diagrammatic representation of this tooth is shown on the left.
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tips of growing tooth roots (Box 2). The apical papilla tissue
is only present during root development before the tooth
erupts into the oral cavity [30]. SCAP have the capacity to
differentiate into odontoblasts and adipocytes [27]. These
cells are CD24+ but expression is downregulated upon
odontogenic differentiation in vitro coincident with alkaline
phosphatase upregulation. SCAP cells exhibit higher rates
of proliferation in vitro thandoDPSC [27]. By co-transplant-
ing SCAP cells (to form a root) and PDLSC (to form a
periodontal ligament) into tooth sockets of mini pigs, den-
tine and periodontal ligament was formed. These findings
suggest that this population of cells, together with PDLSC,
could be used to create a biological root that could be used in
a similar way as a metal implant, by capping with an
artificial dental crown. Most human tissues from early in
their development are not clinically available for stem cell
isolation; however, because roots develop postnatally, the
root apical papilla is accessible in dental clinical practice
from extracted wisdom teeth. Thus, a very active source of
stemcellswith embryonic-like properties (i.e., in the process
of development) can be readily obtained. Further experi-
ments on the properties of these cells obtained from human
teeth following expansion in culture are needed.

Dental follicle stem cells
The dental follicle is a loose ectomesenchyme-derived con-
nective tissue sac surrounding the enamel organ and the
dental papilla of the developing tooth germ before eruption
[31]. It is believed to contain progenitors for cementoblasts,
PDL and osteoblasts. Dental follicle cells (DFC) form the
PDL by differentiating into PDL fibroblasts that secrete
collagen and interact with fibres on the surfaces of adjacent
bone and cementum. DFC can form cementoblast-like cells
after transplantation into SCID mice [32,33].

Dental follicle progenitor cells isolated from human
third molars are characterized by their rapid attachment
in culture, expression of the putative stem cell markers
Nestin and Notch-1, and ability to form compact calcified
nodules in vitro [34]. When DFC were transplanted into
immunocompromised mice, however, there was little indi-
cation of cementum or bone formation [34]. DFC, in com-
mon with SCAP, represent cells from a developing tissue
and might thus exhibit a greater plasticity than other
dental stem cells. However, also similar to SCAP, further
research needs to be carried out on the properties and
potential uses of these cells.

Dental tissue repair
There are several areas of research for which dental stem
cells are currently considered to offer potential for tissue
regeneration. These include the obvious uses of cells to
repair damaged tooth tissues such as dentine, periodontal
ligament and dental pulp [16–19,32–36]. Even enamel
tissue engineering has been suggested [37], as well as
the use of dental stem cells as sources of cells to facilitate
repair of non-dental tissues such as bone and nerves [12–

15,20,38,39].

Periodontal regeneration
The periodontium is a set of specialized tissues that sur-
round and support the teeth to maintain them in the jaw.

Periodontitis is an inflammatory disease that affects the
periodontium and results in irreversible loss of connective
tissue attachment and the supporting alveolar bone. The
challenge for cell-based replacement of a functional perio-
dontium is therefore to form new ligament and bone, and to
ensure that the appropriate connections are made between
these tissues, as well as between the bone and tooth root.
This is not a trivial undertaking, as these are very different
tissues that form in an ordered manner (spatially and
temporally) during tooth development. One aim of current
research is to use different populations of dental stem cells
to replicate the key events in periodontal development both
temporally and spatially, so that healing can occur in a
sequential manner to regenerate the periodontium [34].

A conceptually simpler approach to periodontal regen-
eration methods involves engineered cell sheets to
facilitate human periodontal ligament (HPDL) cell trans-
plantation [35]. Periodontal ligament cells isolated from a
human third molar tooth were cultured on poly(N-isopro-
pylacryl-amide) (PIPAAm)-grafted dishes that induce
spontaneous detachment of the cells as viable cell sheets
upon low temperature treatment. HPDL cells sheets were
implanted into athymic rats that had the periodontium
and cementum removed from their first molars. Fibril
anchoring resembling native periodontal ligament fibres,
together with an acellular cementum-like layer, was ob-
served, indicating that this technique could be applicable
to future periodontal regeneration. Although promising,
this approach does not take into account any replacement
of bone that might be required.

The outstanding issue with these approaches is the
extent to which any reconstituted periodontium can main-
tain integrity and function during mastication over long
periods of time. Current treatments for severe periodonti-
tis are poor, however, and thus, despite their flaws, any
new dental stem cell-based treatments are likely to be the
subject of intensive clinical research in the near future.

De novo regeneration of dental pulp
Dental pulp needs to be removedwhen it becomes infected,
and this is particularly problematic for root pulp that
requires endodontic (root canal) treatment. The restora-
tion of tooth pulp is thus a much sought after goal in
dentistry because the current practice of replacing
infected pulp with inorganic materials (cements) results
in a devitalized (dead) tooth. A recent study demonstrated
de novo regeneration of dental pulp in emptied root canal
space using dental stem cells [36]. DPSC and SCAP iso-
lated from the human third molars were seeded onto a
poly-D,L-lactide/glycolide scaffold and inserted into the
canal space of root fragments, followed by subcutaneous
transplantation into SCID mice. Subsequent histological
analysis of the tooth fragments 3–4 months after surgery
indicated that the root canal space was completely filled
with pulp-like tissue with well established vasculariza-
tion. Moreover, a continuous layer of mineralized tissue
resembling dentinewas deposited on the existing dentinal
walls of the canal [36]. Recent studies using genetically
marked cells inmicehave suggested that adding stemcells
makes little difference to the extent to which an empty
pulp cavity regenerates because the majority of cells are
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Concluding remarks
Despite some progress, there remain major obstacles to
formulating safe, simple and reproducible cell-based
approaches for tooth repair and regeneration that could
be used on patients. It is clear that there is both a clinical
need for such treatments and a vast patient resource.
Dental stem cells have many advantages, and results to
date suggest that teeth are a viable source of adult mesen-
chymal stem cells for a wide range of clinical applications.
Ultimately, the use of these dental stem cells over other
sources of mesenchymal stem cells for therapeutic use will
not only depend on ease of use and accessibility, but also on
the efficiency and quality of repair in relation to cost.
Dental pulp cells grow well in culture and, unusually,
the proportion of cells with stem cell properties appears
to increase with passage. The molecular basis of this
phenomenon needs to be investigated because it might
provide a paradigm for increasing stem cell numbers in
cultures of other cell types.

For whole tooth regeneration, there remain manymajor
issues that will take considerable time to resolve. Most
immediate is the identification of epithelial and mesenchy-
mal cell populations that can be maintained and expanded
in culture to provide the large numbers needed to make a
tooth. Related to this is the issue of whether the cells will
need to be autologous (expensive, but safe) or allogeneic
(cheaper, but with possible rejection problems). Finally, an
additional fundamental issue that needs to be considered
is that human tooth development is a much slower process
than in mice. Human tooth embryogenesis is approximate-
ly eight times slower, and postnatal development lasts
several years. Thus, whereas growth, implantation and
eruption of bioengineered mouse teeth might take a few
weeks, the equivalent time to create a functional human
tooth might be many months or even years. Research thus
needs to be done to investigate ways of possibly accelerat-
ing human tooth development.
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