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Summary

Stem cell biology, an emerging future therapy. Human stem cells have been

ﬁeld of research, provides promising methods isolated from the dental pulp, exfoliated dein vitro as well as in vivo in animal models ciduous teeth, the periodontal ligament, the
which make speculation about a future ap- dental follicle and the dental papilla. Stem cell
plication in human dentistry reasonable.

markers such as STRO-1 were used for the
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literature of stem cell research concerning Adult dental stem cells can differentiate into
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ent stem cells are discussed. Adult dental ec- periodontal ligament, cement and dental pulp

ﬁelds relevant for dentistry. In dentistry, differ- many dental components, such as dentin,
tomesenchymal stem cells seem promising for tissue, but not into enamel.

Abbreviations:
ABCs
BMP
DFSCs
DPSCs
FDPMCs
FGF

apical bud cell
bone morphogenetic protein
dental follicle stem cells
dental pulp stem cells
follicle dermal papilla
mesenchymal cells
fibroblast growth factor

Introduction
Dental exfoliation in humans is a genetically regulated event
during childhood. If the permanent teeth are damaged or lost,
they do not regenerate. At present, teeth can only be replaced
with conventional prostheses, i. e., removable prostheses, fixed
dental prostheses, or implants, with prior bone augmentation
if necessary. However, progress in stem cell biology and tissue
engineering may present new options for replacing heavily
damaged or lost teeth, or even individual tooth structures. The
promise of such treatment possibilities puts stem cells in the
focus of dental research.
Stem cells are cells which divide to produce one stem cell
and one cell capable of differentiation. In addition to this asymmetrical division, stem cells can also divide symmetrically into
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MSCs
PDLSCs
SCAPs
SHEDs
TGF

mesenchymal stem cells
periodontal ligament stem cells
stem cells of the (dental) apical
papilla
stem cells of human exfoliated
deciduous teeth
transforming growth factor

further stem cells or into differentiated cells, as necessity demands.
The distinction is made between embryonic and adult stem
cells. Embryonic stem cells are pluripotent, that is, they can
differentiate into all types of somatic cells and theoretically
divide an unlimited number of times (Morsczeck et al. 2007).
Using immunosurgery, they can be harvested from early blastocyst stages (i. e., at about the 4th day of embryonic development). During this procedure, the blastocyst’s trophoblasts are
destroyed by an antibody-activated complement reaction. The
embryoblast cells – the part of the blastocyst that is of interest
for stem cell research – are maintained and, thanks to their
ability to self-regenerate (which is typical of stem cells), can be
multiplied. Their pluripotency remains intact. Through variations in growth factors, they can be specifically differentiated

(Cowan et al. 2004, Terskikh et al. 2006, Moore & Persaud
2007). Ethically, the use of human embryonic cells is a highly
contentious matter, because harvesting them requires the destruction of human embryos early in development.
Information on human embryonic dental stem cells is not yet
available in dentistry. Up to now, only isolated studies on animal
embryonic stem cells have been conducted (Honda M. J. et al.
2008, Kang et al. 2008, Zhu et al. 2008, Ikeda et al. 2009).
Tissue samples from various “parent” tissues can serve as the
source for harvesting adult stem cells. Adult stem cells can only
proliferate a limited number of times. They are distinguished
according to their developmental potential. There are uni- and
bipotent progenitor cells, which can usually only be differentiated into mature cells of their parent tissue, and multipotent
adult stem cells, which can also differentiate into tissues that
are not identical to the parent tissue (Morsczeck et al. 2007).
Adult stem cells are theoretically present in every type of
tissue. Organs that are particularly suited for yielding adult
stem cells include the bone marrow (Pittenger et al. 1999),
the umbilical cord, and umbilical cord blood (Noll 2003). In
order to minimize the lesion inflicted by taking the tissue
sample and limit the weakening of the organ or organism, the
concentration of stem cells in the obtained tissue sample
should be as large as possible (d’Aquino et al. 2008).
With stem cell therapy, scientists hope to make it possible
to cure such severe conditions as Parkinson’s disease, paraplegia, leukemia, and brain tumors, among others.
Some initial success with dental tissue indicates that stem
cell research may be of therapeutic use in dentistry as well, for
instance, to regenerate individual tissue types, such as bone
(de Mendonca Costa et al. 2008, Graziano et al. 2008, Sauerbier et al. 2009, Zheng et al. 2009), periodontal tissue (Shi
et al. 2005, Silverio et al. 2008, Xu L. et al. 2009a), or someday
even entire teeth (Sonoyama et al. 2006, Ikeda et al. 2009).
Currently, clinical application is hindered by unpredictable
timepoints of tooth eruption, the morphology and color of the
generated tooth, and the as yet impossible regeneration of
human dental enamel.
Fundamentally, two means of regenerating teeth are described. The first is conventional tissue engineering, in which
the application of cells in a carrier material in vitro under the
influence of a stimulus leads to tissue regeneration. The second
is the much more innovative process of tooth regeneration
using dental epithelium and mesenchymal cells in vivo after
direct implantation, representing a kind of tissue engineering in
the broader sense (Wang & Wang 2008), based on knowledge
of general embryogenesis and physiological tooth development during childhood.
No systematic literature review exists yet on the topic of
“implementation of stem cell biology in tooth development”.

Tab. I

Thus, the following questions underlie the present systematic
literature review: In the future, how can natural teeth be generated for use in humans? Which cells of a stem cell nature are
suitable for regeneration?
The purpose of this systematic literature review is to present
an overview of the current status of stem cell biology research
in the field of dentistry and identify which methods now being
developed have the potential to be used in humans in the
future. These questions will be answered based largely on in
vitro studies and in vivo animal experiments.

Materials and Methods
The literature was acquired in a systematic search of the titles
on stem cells and dental cell therapy listed in the databank
PubMed. Additional sources (secondary literature) became
available through references in the literature thus found. Table I
lists the search words with which the databank search was
initiated. First, the articles were judged based on their titles,
then on the abstracts, and finally on the entire text. Articles
which contained no information on dental stem cells were
excluded, as were doctoral theses, case reports, and expert
opinions. The search period was 1999 to 2009. Current sources
in the English and German languages were taken into consideration.

Results
From a total of 1,837 hits in the databank search, 1,633 were
excluded based on the title and another 47 were excluded
based on the abstract. Different search words sometimes led to
the same publications. With the results of the widened literature search (including secondary literature), this systematic
literature review included 126 studies.
Taking the listed literature into consideration, Figure 1 illustrates the basics of embryogenesis and odontogenesis. Up to
now, the literature has not contained a systematic scheme
which elucidates these sequences as a whole.
In the following, the processes of embryogenesis and odontogenesis are briefly summarized.
In the human embryo, deciduous and permanent teeth develop as a result of sequential and reciprocal interactions of
the ectodermal epithelium of the oral vestibule and the mesenchyme in the cranial area, which formed from neural crest
cells (Pispa & Thesleff 2003, Bloch-Zupan 2007). Dental enamel
originates from epithelial cells, while all other structures are
formed from mesenchymal cells (Moore & Persaud 2007,
Hacking & Khademhosseini 2009). In about the 5th embryonic
week, odontogenesis is induced from the oral epithelium; the
underlying mesenchyme of the tooth papilla is responsible for

Search words and number of hits in databank search

Search word 1

Search word 2

Number found

Number excluded
(based on title)

Number excluded
(based on abstracts)

dental stem cell

in vitro

869

784

24

dental stem cell

in vivo

359

278

13

42

23

5

545

535

3

12

6

0

4

4

0

6

3

2

DPSC
SHED

stem cell

PDLSC
DFSC
SCAP

stem cell
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Tab. II

Overview of contents of the relevant primary literature (PubMed)

Cell
type(s)

Author, year

Title

Study design

Factor(s)/
inﬂuence

Target cells

DPSCs

Arthur et al. 2008

Adult Human Dental Pulp Stem Cells Differentiate
Towards Functionally Active Neurons Under
Approppriate Environmental Cues

In vivo and in vitro study

Neurally inductive
conditions

Neurons

Batouli et al. 2003

Comparison of Stem-cell-mediated Osteogenesis
and Dentinogenesis

In vivo study

Transplantation
(mouse)

Odontoblasts

Braut et al. 2003

Analysis of the odontogenetic and osteogenetic
potentials of dental pulp in vivo using a
Col1a1-2.3-GFP transgene

In vivo study

Transplantation
(renal capsule)

Osteoblasts and
odontoblast-like cells

Cheng et al. 2008

Postnatal stem/progenitor cells derived from the
dental pulp of adult chimpanzee

In vitro study

Appropriate cell
cultures

Osteogenic, adipogene,
chondrogene differentiation

d’Aquino et al. 2007

Human postnatal dental pulp cells co-differentiate
into osteoblasts and endotheliocytes: a pivotal
synergy leading to adult tissue formation

In vivo and in vitro study

Cell culture and
transplantation

Osteoblasts, endothelocytes

de Mendonca Costa
et al. 2008

Reconstruction of large cranial defects in
nonimmunosuppressed experimental design
with human dental pulp stem cells

In vivo study

Application in bone
lesion

Bone regeneration

El-Backly et al. 2008

Regeneration of dentine/pulp-like tissue using a
dental pulp stem cell/poly(lactic-co-glycolic) acid
scaffold construct in New Zealand white rabbits

In vivo study

Subcutaneous
transplantation
(rabbit)

Dentin- and pulpa-like tissue

Graziano et al. 2008

Human CD34+ stem cells produce bone nodules
in vivo

In vivo study

Absorbable scaffold,
transplantation (rat)

Bone nodules

Gronthos et al. 2002 Stem Cell Properties of Human Dental Pulp Stem
Cells

In vivo study

Transplantation
subcutaneous
(mouse)

Ectopic dentin with pulpal
tissue

Gronthos et al. 2000 Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo

In vivo and in vitro study

Cell culture and
transplantation

Osteoblast progenitors

He et al. 2009

Effects of Notch ligand Delta 1 on the proliferation
of human dental pulp stem cells in vitro

In vitro study

Delta 1

Odontoblasts

He et al. 2008

Effects of FGF2 and TGFbeta(1) on the differentation of human dental pulp stem cells in vitro

In vitro study

a) FGF2
Dentin and pulp tissue,
b) FGF2+TGFbeta(1); adipocytes, neuron-like cells
TGFbeta(1)

Huang et al. 2006

Formation of odontoblast-like cells from cultured
human dental pulp cells on dentin in vitro

In vitro study

Application on dentin
surface

Odontoblasts

Iohara et al. 2004

Dentin regeneration by dental pulp stem cell
therapy with recombinant human bone
morphogenetic protein 2

In vivo and in vitro study

BMP-2

Odontoblasts

Kerkis et al. 2006

Isolation and characterization of a population of
immature dental pulp stem cells expressing OCT-4
and other embryonic stem cell markers

In vitro study

Cell culture

Smooth and skeletal
muscles, neurons, cartilage
and bone

Kumabe et al. 2006

Human dental pulp cell culture and cell
transplantation with an alginate scaffold

In vitro study

Alginate scaffold
(+ betaglycerophosphate)

Odontoblast-like cells,
calciﬁcation

Laino et al. 2006

In vitro bone production using stem cells derived
from human dental pulp

In vitro study

Cell culture

Osteoblasts

Laino et al. 2005

A new population of human adult dental pulp
stem cells: a useful source of living autologous
ﬁbrous bone tissue (LAB)

In vivo and in vitro study

a) Culture
b) Transplantation
(mouse)

a) Osteoblast progenitor
cells, osteoblasts
b) Lamellar bone with
osteocytes

Liu et al. 2007

Multilineage potential of pulp stem cells from
human young permanent teeth in vitro

In vitro study

Culture medium

Osteogenic, adipogenic and
neurogenic differentiation

Lu et al. 2008

A study of osteogenic induction of dental pulp
stem cells from deciduous teeth in vitro

In vitro study

Cell culture

Osteoblasts

Mina & Braut, 2004

New insight into progenitor/stem cells in dental
pulp using Col1a1-GFP transgenes

In vivo study

Transplantation
in renal capsules
(mouse model)

Odontoblast-like,
osteoblast-like cells

Nakashima et al. 2004 Stimulation of reparative dentin formation by ex
vivo gene therapy using dental pulp stem cells
electrotransfected with growth/differentiation
factor 11 (Gdf11)

In vitro and in vivo study

Gdf11

Odontoblasts

Nakashima et al. 2002 Induction of dental pulp stem cell differentiation
into odontoblasts by electroporation-mediated
gene delivery of growth/differentiation factor 11
(Gdf11)

In vitro study

Gdf11

Osteoblasts

862 Schweiz Monatsschr Zahnmed Vol. 120

10/2010

Tab. II (continuation)

Overview of contents of the relevant primary literature (PubMed)

Cell
type(s)

Author, year

Title

Study design

Factor(s)/
inﬂuence

Target cells

DPSCs

Otaki et al. 2007

Mesenchymal progenitor cells in adult human
dental pulp and their ability to form bone when
transplanted into immunocompromised mice

In vivo study

Subcutaneous
transplantation
(mouse)

Bone

Papaccio et al. 2006

Long-term cryopreservation of dental pulp stem
cells (SBP-DPSCs) and their differentiated
osteoblasts: a cell source for tissue repair

In vivo and in vitro study

Cell culture and
transplantation

Osteoblasts

Pierdomenico et al.
2005

Multipotent Mesenchymal Stem Cells with
Immunosuppressive Activity Can Be Easily Isolated
from Dental Pulp

In vitro study

Cell culture

Osteogenic and adipogenic
differentiation

Prescott et al. 2008

In vivo generation of dental pulp-like tissue by
using dental pulp stem cells, a collagen scaffold,
and dentin matrix protein 1 after subcutaneous
transplantation in mice

In vivo study

Simulated furcation
Signs of tissue regeneration
perforation, Kollagengerüst, DMP1, mouse
model (subcutaneous
implantation)

Takeda et al. 2008

Characterization of dental pulp stem cells of
human tooth germs

In vivo study

Transplantation subcutaneous (mouse)

Odontoblasts, osteoblasts

Yang et al. 2009

The performance of dental pulp stem cells on
nanoﬁbrous PCL/gelatin/nHA scaffolds

In vivo and in vitro study

PCL/gelatine/nHA
scaffold

Hard tissue formation,
odontoblast-like cells

Yang et al. 2008b

Hard Tissue Formation of STRO-1-Selected Rat
Dental Pulp Stem Cells In Vivo

In vivo study

Subcutaneous
transplantation
(mouse)

Hard tissue formation

Yang et al. 2008a

Non-Viral Bone Morphogenetic Protein 2
Transfection of rat Dental Pulp Stem Cells Using
Calcium Phosphate Nanoparticles as Carriers

In vitro study

BMP-2

Odontogenic differentiation

Yang et al. 2007

The odontogenic potential of STRO-1 sorted rat
dental pulp stem cells in vitro

In vitro study

Cell culture

Odontoblasts

Yu et al. 2006

Differentiation of dental pulp stem cells into
regular-shaped dentin-pulp complex induced
by tooth germ cell conditioned medium

In vivo and in vitro study

TGC-CM

Odontoblasts, dentinpulpal complex (in vivo),
mineralization buds (in vitro)

Yu et al. 2007

Odontogenetic capability: bone marrow stromal
stem cells versus dental pulp stem cells

In vivo and in vitro study

ABC-Micro environment, renal capsules
of rats

DPCSs: higher osteogenic
potency

Yu et al. 2009

Dynamic hydrostatic pressure promotes
differentiation of human dental pulp stem cells

In vivo and in vitro study

Subcutaneous
transplantation
(mouse)

Odontogenic differentiation

Zhang et al. 2008b

In vivo evaluation of human dental pulp stem
cells differentiated towards multiple lineages

In vitro study

Subcutaneous
transplantation
(mouse)

Odontoblasts, myoblasts,
adipoblasts

Zhang et al. 2008a

Hard tissue formation in a porous HA/TCP ceramic
scaffold loaded with stromal cells derived from
dental pulp and bone marrow

In vivo and in vitro study

Osteogenic medium
Osteoblasts
in vitro, subcutaneous
transplantation
(mouse) in vivo

Zhang et al. 2005

Differentiation ability of rat postnatal dental pulp
cells in vitro

In vitro study

3D-scaffold

Sumita et al. 2009

The location and characteristics of two populations
of dental pulp cells affect tooth development

In vivo study

Transplantation
Dentin and cementum
(omentum of
or enamel and dentin
immune-deﬁcient rats)

Yu et al. 2008

Epithelial-mesenchymal Cell Ratios Can Determine
the Crown Morphogenesis of Dental Pulp Stem
Cells

In vivo and in vitro study

ABCs and DPSCs
in vitro, in vivo
transplantation (rat)

Odontoblast and ameloblast
line of descent

Evaluation of pluripotency in human dental
pulp cells

In vitro study

Cell culture

Osteoblasts, chondrocytes,
adipocytes

Cordeiro et al. 2008

Dental pulp tissue engineering with stem cells
from exfoliated deciduous teeth

In vivo study

Transplantation of
Odontoblast- and
tooth section (mouse) endothelial-like cells

Miura et al. 2003

SHED: Stem cells from human exfoliated
deciduous teeth

In vivo study

Cell culture and
transplantation

Odontoblasts, neurons,
adipocytes

Seo et al. 2008

SHED repair critical-size calvarial defects in mice

In vivo study

Transplantation in
calvarial defects
(mouse)

Bone regeneration

Xu et al. 2009

Isolation and identiﬁcation of stem cells derived
from human exfoliated deciduous teeth

In vitro study

Cell culture

Adipogenic and osteogenic
differentiation

Zheng et al. 2009

Stem cells from deciduous tooth repair mandibular In vivo study
defect in swine

DPSCs
and ABCs

DPSCs
Koyama et al. 2009
and SHEDs
SHEDs

Odontoblast-like cells,
mineralization buds with
dentin-like components

Transplantation in de- Bone regeneration
fect of mandible (pig)
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Tab. II (continuation)

Overview of contents of the relevant primary literature (PubMed)

Cell
type(s)

Author, year

Title

Study design

Factor(s)/
inﬂuence

Target cells

SHEDs
and DFCs

Morsczeck et al.
2009b

Comparison of human dental follicle cells (DFCs)
and stem cells from human exfoliated deciduous
teeth (SHED) after neural differentiation in vitro

In vitro study

Cell culture

Neural differentiation

PDLSCs

Chang et al. 2009

Isolation and identiﬁcation of dog periodontal
ligament stem cells

In vitro study

Cell culture

Osteoblasts, cementoblasts

Fujii et al. 2008

Investigating a clonal human periodontal ligament
progenitor/stem cell line in vitro and in vivo

In vivo and in vitro study

a) Culture
b) Transplantation
(mouse)

a) Osteoblasts, adipocytes
b) Cementum-/bone-like
structures

Gay et al. 2007

Isolation and characterization of multipotent
human periodontal ligament stem cells

In vitro study

Osteogenic,
chondrogenic or
adipogenic conditions

Osteoblasts, chondrocytes,
adipocytes

Liu et al. 2008

Periodontal ligament stem cell-mediated treatment
for periodontitis in miniature swine

In vivo study

Transplantation
(miniature pigs)

Periodontal tissue

Ma et al. 2008

The biological effect of dentin noncollagenous
proteins (DNCPs) on the human periodontal
ligament stem cells (HPDLSCs) in vitro and in vivo

In vitro and in vivo study

DNCPs

Cementogenic differentiation

Seo et al. 2004

Investigation of multipotent postnatal stem cells
from human periodontal ligament

In vitro and in vivo study

Cell culture and
transplantation

PDL, cementocytes,
adipocytes, collagenforrming cells

Singhatanadgit et al.
2009

Isolation and characterisation of stem cell clones
from adult human ligament

In vitro study

Cell culture

Osteogenesis

Trubiani et al. 2007

The performance of human periodontal ligament
In vitro study
mesenchymal stem cells on xenogenic biomaterials

Cell culture

Odontoblasts

Yang et al. 2009

Tissue Engineering of Cementum/PeriodontalLigament Complex Using a Novel ThreeDimensional Pellet Cultivation System for Human
Periodontal Ligament Stem Cells

In vivo study

Transplantation
(mouse)

Cementum, periodontal
ligament

In vivo study

Miniature pig model

Root-periodontal complex
(to hold a ceramic crown)

SCAPs and Sonoyama et al. 2006 Mesenchymal Stem Cell-Mediated Functional
PDLSCs
Tooth Regeneration in Swine
DFSC

SCAP

Kémoun et al. 2007

Human dental follicle cells acquire cementoblast
features under stimulation by BMP-2/-7 and
enamel matrix derivates (EMD) in vitro

In vitro study

BMP, EMD

Cementoblasts, periodontal
ligament cells, osteoblasts

Morsczeck et al.
2009a

Gene expression proﬁles of dental follicle cells
before and after osteogenic differentiation in vitro

In vitro study

Cell culture

Osteogenic differentiation

Morsczeck et al.
2006

Gene expression of runx2, Osterix, c-fox, DLX-3,
DLX-5, and MSX-2 in dental follicle cells during
osteogenetic differentation in vitro

In vitro study

Dexamethasone
and insulin

Cementoblast-like or
osteoblast-like cells

Morsczeck 2005

In vitro differentation of human dental follicle cells
with dexamethasone and insulin

In vitro study

Dexamethasone
and insulin

Cells which express OCN,
BMP-2 and nestin
(osteoblast-like and
cementoblast-like)

Völlner et al. 2009

A two-step strategy for neuronal differentiation
in vitro of human dental follicle cells

In vitro study

Cell culture

Neural differentiation

Wu et al. 2008b

Dentin non-collagenous proteins (dNCPs) can
stimulate dental follicle cells to differentiate into
cementoblast lineages

In vivo study

dNCPs

Cementum

Yokoi et al. 2007

Establishment of immortalized dental follicle cells
for generating periodontal ligament in vivo

In vivo study

Transplantation
(mouse)

PDL progenitor cells

Ikeda et al. 2006

Osteogenic differentiation of human dental papilla
mesenchymal cells

In vitro study

Cultivation

Osteoblasts

Kikuchi et al. 2004

Odontoblasts induced from mesenchymal cells
of murine dental papillae in three-dimensional
cell culture

In vitro study

ECM

Odontoblasts

Park et al. 2009

In vitro osteogenic differentiation of cultured
human dental papilla-derived cells

In vitro study

Cell culture

Osteogenic differentiation

Tetè et al. 2008

Changes in matrix extracellular phosphoglycoprotein expression before and during in vitro
osteogenic differentiation of human dental papilla
mesenchymal cells

In vitro study

Culture in osteogenic
medium

Osteoblasts
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Embryogenesis and odontogenesis
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the regulation and differentiation of these cells as well as the
control of crown and root formation (Schröder 2000, Bluteau
et al. 2008). Over 200 regulatory genes are involved in odontogenesis. Cells communicate via signal molecules and growth
factors. Predominantly, growth factors from the four eminent
families fibroblast growth factor (FGF), Hedgehog, wingless (WNT)
and transforming growth factor-␤ (TGF-␤), to which the bone
morphogenic proteins (BMPs) also belong, are important in the
regulation of odontogenesis (Pispa & Thesleff 2003, BlochZupan 2007, Koch 2007).
The maxillary and mandibular dental laminae of oral cavity
ectoderm each form ten proliferation centers, out of which the
tooth buds seem to shift into the underlying mesenchyme by
means of the simultaneous growth of all jaw sections surrounding the oral cavity (Schröder 2000, Moore & Persaud 2007).
The bud structures, or enamel organs, first assume the shape
of a cap and then that of a bell. The external enamel epithelium is the outermost cell layer of these structures, and is connected to the dental lamina. The inner layer adjacent to the
papilla is called the internal enamel epithelium, and the ameloblasts differentiate from its cells. The mesenchymal cells
which are partially enveloped by the bell-shaped enamel organ
later form the dental papilla. The mesenchymal cells adjacent
to the enamel epithelium differentiate into odontoblasts. In
the bell stage, the internal and external enamel epithelium
unite to form the cervical loop, which, after crown formation
is complete, grows down as the epithelial (Hertwig’s) root sheath
and controls root formation. The mesenchyme surrounding
the epithelial root sheath condenses into the so-called tooth
sac, from which the cementum and periodontium arise (Moore
& Persaud 2007).
In humans, odontogenesis begins in about the 10th embryonic week (Koch 2007).
Wisdom teeth develop postnatally; their enamel organ has
formed by about the 72nd month of life (Schröder 2000). This
means that up to that point, undifferentiated dental embryonic
tissue exists in the jaw. The development of the third molars is
the only organogenesis which takes place completely after birth.
The basis for the regeneration of teeth or individual dental
tissues is the acquisition of suitable stem cells and a suitable
environment in which these cells can differentiate into the
target tissues.
The combination of cells, suitable biomaterials, and biochemical factors are important in tissue engineering to improve
or replace biological functions. Isolated cells can be cultivated
using tissue engineering in vitro prior to in vivo transplantation.
Different carrier materials, such as collagen sponges (Zhang
et al. 2006b, Zhang et al. 2008a, Gebhardt et al. 2009), HA/
TCP (hydroxyapatite tricalcium phosphate) (Gronthos et al.
2000, Gronthos et al. 2002, Miura et al. 2003, Sonoyama et
al. 2006, Zhang et al. 2008b), calcium phosphate (Takeda
et al. 2008, Gebhardt et al. 2009), fibrin polymer ceramic
(Schantz et al. 2005), alginate (Kumabe et al. 2006) or polymers (Duailibi et al. 2004, Gebhardt et al. 2009), PCL gelatin
scaffolds (Yang X et al. 2009a), the use of growth factors such
as fibroblast growth factors (Batouli et al. 2003) and some of
the transforming growth factor ␤ family, e. g. bone morphogenic proteins (Gronthos et al. 2002, Iohara et al. 2004,
Durand et al. 2007, He H et al. 2008, Yang X et al. 2008a,
Yang X et al. 2008b), are being examined for their ability to
enable and ease transplantation and differentiation.
Both in vivo and in vitro, the environment must provide
suitable physiological parameters to allow the cultivation of
the cells.
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A great challenge is the search for a source of human mesenchymal and epithelial stem cells which possess odontogenic
potential, to enable the regeneration of a functional tooth. The
known human dental stem cells are dental pulp stem cells
(DPSCs), stem cells of human exfoliated deciduous teeth
(SHEDs), periodontal ligament stem cells (PDLSCs), dental follicle
stem cells (DFSCs), and stem cells of the dental apical papilla
(SCAPs). Examples of a suitable environment are organic in
vitro cultures, subcutaneous transplants or renal capsules in
experimental animals. The not yet fully developed tooth progenitors could then be transplanted into their physiological
anatomical region and continue to develop there.
Isolated cells from animal tooth buds have already been
cultivated and differentiated in certain biomaterials, then reimplanted in the alveoli of immunosuppressed animals. In
2009, a functional tooth with all its components, particularly
including an enamel crown, was regenerated in an experimental animal for the first time (Ikeda et al. 2009).
Analogous to the animal model, the future goal is to regenerate human autologous functional teeth.

Dental epithelial stem cells
The embryonic oral epithelium induces odontogenesis (Ohazama
et al. 2004). The dental enamel is formed from ameloblasts,
which arise from epithelial stem cells (Fig. 1). They are the only
cells of ectodermal origin which play a role in odontogenesis.
They are lost after tooth eruption, thus leaving no adult human ectodermal stem cells available for cell therapy. Consequently, no information exists yet on dental adult epithelial
stem cells in humans.
In animal experiments, epithelial stem cells have been obtained from third molars of newborn or juvenile, still developing animals. The cells were enzymatically dissociated from
epithelia and associated in vitro with mesenchymal stem cells
of the same tooth to regenerate teeth (Young et al. 2002,
Honda M J et al. 2005, Honda M J et al. 2007b).
As opposed to human teeth, the incisors of rodents grow
throughout the animal’s life. A source of epithelial stem cells,
the apical bud cells (ABCs), in the apical epithelium is responsible for continuous enamel production (Harada et al. 1999,
Harada et al. 2002, Morotomi et al. 2005, Lin et al. 2009).
The homeostatic microenvironment in this region provides
stem cells with a space in which they can develop. In rats, it
was shown that ABCs with DPSCs develop molar-like structures; the most natural crown shape resulted when the two cell
types were at a ratio of 1:1 (Yu J et al. 2006, Yu J et al. 2008).

Dental mesenchymal stem cells
With the exception of ameloblast progenitor cells, all stem cells
involved in odontogenesis originate in mesenchyme (Fig. 1).
Up to the third week of development, the mesenchyme of
the oral and facial region originates almost exclusively from
the paraxial mesoderm. In the fourth week, neural crest cells
of the ectoderm migrate into the hyoid arches, so that ultimately, most of the mesenchyme is of neuroectodermal origin.
These cells are said to have an ectomesenchymal origin (Moore
& Persaud 2007).
The various mesenchymal stem cell populations are usually
found in prevascular niches of their corresponding tissue.
Mesenchymal stem cells can differentiate into nerve, muscle,
vascular, fat, cartilage or bone cells.
The differentiation potential of the various dental mesenchymal stem cells is described in the following. The references
are listed in Table III.

Tab. III

Thematic overview of the literature

Stem cells

Target tissue/target cells

Literature

DPSCs

Odontoblasts

Batouli et al. 2003, Braut et al. 2003, Iohara et al. 2004, Mina & Braut 2004, Nakashima
et al. 2004, Zhang et al. 2005, Huang et al. 2006, Kumabe et al. 2006, Yu J. et al. 2006,
Yang X. et al. 2007, Takeda et al. 2008, Yang X. et al. 2008b, Yu J. et al. 2008, Zhang et al.
2008a, Zhang et al. 2008b, He F. et al. 2009, Yang X. et al. 2009, Yu V. et al. 2009,
Nakashima et al. 2002, Sumita et al. 2009

Dentin & pulp tissue

Gronthos et al. 2002, Yu J. et al. 2006, El-Backly et al. 2008, He H. et al. 2008

Osteoblasts

Gronthos et al. 2000, Gronthos et al. 2002, Braut et al. 2003, Mina & Braut 2004, Laino
et al. 2005, Pierdomenico et al. 2005, Kerkis et al. 2006, Laino et al. 2006, Papaccio et al.
2006, Yu J. et al. 2006, d’Aquino et al. 2007, Jo et al. 2007, Liu H. S. et al. 2007, Otaki et al.
2007, Yu J. et al. 2007, Cheng et al. 2008, de Mendonca Costa et al. 2008, Graziano et al.
2008, Lu et al. 2008, Takeda et al. 2008, Yu J. et al. 2008, Koyama et al. 2009

Chondrocytes

Kerkis et al. 2006, Cheng et al. 2008, Koyama et al. 2009

Adipocytes

Pierdomenico et al. 2005, Jo et al. 2007, Liu H. S. et al. 2007, Cheng et al. 2008, He H.
et al. 2008, Zhang et al. 2008a, Koyama et al. 2009

Endothelocytes

d’Aquino et al. 2007

Neurons

Gronthos et al. 2002, Kerkis et al. 2006, d’Aquino et al. 2007, Liu H. S. et al. 2007, Arthur
et al. 2008, He H. et al. 2008

Musculature

Kerkis et al. 2006, Zhang et al. 2008a

Odontoblasts

Miura et al. 2003, Cordeiro et al. 2008

Osteoblasts

Seo et al. 2008, Singhatanadgit et al. 2009, Xu N. et al. 2009, Zheng et al. 2009, Koyama
et al. 2009

SHEDs

PDLSCs

DFSCs

SCAPs

Neurons

Miura et al. 2003, Morsczeck et al. 2009b

Adipocytes

Miura et al. 2003, Xu N. et al. 2009, Koyama et al. 2009

Endothelocytes

Cordeiro et al. 2008

Odontoblasts

Trubiani et al. 2007

Periodontal tissue

Seo et al. 2004, Sonoyama et al. 2006, Liu Y. et al. 2008, Yang Z. et al. 2009

Osteoblasts

Gay et al. 2007, Fujii et al. 2008, Chang et al. 2009, Singhatanadgit et al. 2009

Cementoblasts

Seo et al. 2004, Ma et al. 2008, Chang et al. 2009, Yang Z. et al. 2009

Chondrocytes

Gay et al. 2007

Adipocytes

Seo et al. 2004, Gay et al. 2007, Fujii et al. 2008

PDL progenitor cells

Yokoi et al. 2007

Osteoblasts

Morsczeck et al. 2005, Morsczeck 2006, Morsczeck et al. 2009a

Cementoblasts

Morsczeck et al. 2005, Morsczeck 2006, Kemoun et al. 2007, Wu J. et al. 2008b

Neuroblasts

Völlner et al. 2009, Morsczeck et al. 2009b

Odontoblasts

Kikuchi et al. 2004, Sonoyama et al. 2006

Osteoblasts

Ikeda et al. 2006, Tete et al. 2008, Park et al. 2009

Dental pulp stem cells
Dental pulp stem cells (DPSCs) can be isolated from the dental
pulp. Depending on specific signals from their environment,
DPSCs can either regenerate new stem cells or undergo a differentiation process. In the dental pulp, there are different
progenitor cell subpopulations, which differ in terms of selfrenewal ability, proliferation rate, and differentiation potential
(Gronthos et al. 2002, Honda M et al. 2007a, Sumita et al.
2009). Dental pulp can be acquired from third molars or pulpectomized teeth left in situ (d’Aquino et al. 2008). Even after
temporary storage in liquid nitrogen, the DPSCs do not lose
their multipotent ability to differentiate (Papaccio et al. 2006,
Zhang et al. 2006a, Woods et al. 2009).
In vitro, DPSCs can differentiate to odontoblasts, osteoblasts,
endothelocytes, smooth muscle cells, adipocytes, chondrocytes,
and neurons.
The developmental ability of DPSCs in vitro is limited. In
vivo, more complex tissues can arise. For instance, DPSCs differentiate in vitro to osteoblast progenitor cells and mature

into osteoblasts which produce LAB (living autologous fibrous
bone tissue) (Laino et al. 2005), while DPSCs in vivo can form
calcified bone tissue with Haversian canals and osteocytes
(Laino et al. 2005, Kumabe et al. 2006, Yang X et al. 2008a,
Yu V et al. 2009), and dentin/pulp-like tissue complexes
(Gronthos et al. 2000, El-Backly et al. 2008).
In animal experiments in vivo, various differentiation directions – i. e., odontogenic, myogenic, adipogenic, and osteogenic
differentiation – were found. In addition, DPSCs influence
angiogenesis (d’Aquino et al. 2007).
Dentistry has long exploited the life-long regeneration potential of adult stem cells in human dental pulp which give
rise to tertiary dentin, therapeutically employed for direct and
indirect pulp capping after caries excavation near the pulp.
The application of calcium hydroxide or calcium phosphate,
among other substances, can induce pulpal progenitor cells
to differentiate into odontoblasts. In the future, DPSCs could
also be used to treat perforated furcations (Prescott et al.
2008).
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Stem cells from human exfoliated deciduous teeth (SHEDs)
Human exfoliated deciduous teeth are a relatively easily accessible source of adult stem cells. SHEDs can be isolated from the
coronal pulp of exfoliated deciduous teeth. It is assumed that
in addition to their role in the eruption of permanent teeth,
they also influence the osteogenesis associated with the same
(Miura et al. 2003).
In vitro, they can differentiate odontogenically, osteogenically, adipogenically, chondrogenically, or neurally, depending
on different conditions.
In vivo, these multipotent stem cells have the potential to
differentiate into neurons, adipocytes, odontoblasts, and osteoinductive and endothelioid cells.

Periodontal ligament stem cells (PDLSCs)
The periodontal ligament, which connects the alveolar bone
to the root cementum and suspends the tooth in its alveolus,
contains stem cells which have the potential to form periodontal structures such as cementum and ligament. It can be harvested from the roots of extracted teeth.
In vitro, PDLSCs differentiate into osteoblasts, cementoblasts,
and adipocytes.
In vivo, after transplantation into mice, structures resembling
bone, cementum, cartilage, and PDL have been found. In a
study using pigs, PDLSCs were implemented to treat periodontal lesions (Liu Y et al. 2008). Combined with SCAPs from
impacted third molars, PDLSCs on a hydroxyapatite-tricalcium
scaffold were transplanted into the alveoli of juvenile miniature pigs. A root and a periodontal complex were formed that
were able to support a ceramic crown, thus fulfilling the function of a natural tooth (Sonoyama et al. 2006).

Dental follicle stem cells (DFSCs)
The dental follicle surrounds the developing tooth. It plays a
major role in the genesis of cementum, periodontal ligament,
and alveolar bone. DFSCs can be isolated from the follicles of
impacted third molars (Yalvac et al. 2009).
DFSCs cultivated in vitro exhibit characteristics of cementoblasts and osteoblasts, and can differentiate neurally.
In vivo, tissue similar to dental cementum and differentiation into PDL progenitor cells have been observed.

blasts (Batouli et al. 2003, Pierdomenico et al. 2005, Schantz
et al. 2005), chondrocytes (Pierdomenico et al. 2005), myoblasts, adipocytes (Pierdomenico et al. 2005), and neuron-like
cells (Pittenger et al. 1999, Sonoyama et al. 2005), among
others.
Embryonic oral epithelium induces BMSCs to express odontogenic genes. The in vivo development of tooth-like structures
with bone has been observed (Ohazama et al. 2004).
In humans, BMSCs are already being used therapeutically in
bone augmentation by sinus lifts (Shayesteh et al. 2008, Sauerbier et al. 2009). They are minimally invasively harvested from
the iliac crest and inserted into the maxillary sinus on a carrier.
In this way, it is possible to do without the surgical removal of
autologous bone prior to conventional implant procedures.
Stem cells can also be isolated from the bone marrow of the
mandible. These MBMSCs (mandibular bone marrow stem cells)
possess a high osteogenic potency (Jo et al. 2007). However,
there are far fewer stem cells here than in the iliac crest marrow.
Mesenchymal cells can be isolated from odontomas and
differentiated into dental hard tissue, such as dentin (Song et
al. 2009).
From umbilical cord blood (Noll 2003), cartilage (Archer
2007), the cornea (Du 2007), mammary glands (Labarge
2007), and adipose tissue (Scafford 2007) stem cells can be
obtained. Medical research has been done on multipotent
neural stem cells from areas such as the hippocampus and
subventricular zone to examine possible uses in neurological
therapy (Winkler 2003). Renal stem cells have the potential
to generate functional, human renal tubule structures in the
future (Minuth 2003).
In dentistry, hair follicles have been studied as an easily accessible source of mesenchymal stem cells. FDPMCs (follicle
dermal papilla mesenchymal cells) from mouse tactile hairs
have been isolated and differentiated to odontoblast-like cells
in vitro (Wu G et al. 2008a). Adipose-derived stem cells regenerate in vivo after transplantation into rat periodontal tissue
(Tobita et al. 2008).
Dermal multipotent cells have been differentiated to odontoblasts in embryonic tooth-bud medium (Huo et al. 2009).

Dental stem cell markers
Stem cells from the dental apical papilla (SCAPs)
SCAPs are stem cells from the apical part of the papilla, a precursor tissue of the dental pulp. Impacted third molars serve
as a suitable source.
In vitro, SCAPs can differentiate osteogenically, odontogenically, and adipogenically.
In vivo, SCAPs have been found to differentiate into odontonblasts and osteoblasts.

Non-dental stem cells
Dental tissue can also be regenerated from non-dental adult
multipotent stem cells (Modino & Sharpe 2005, Yen & Sharpe
2008). Embryonic oral epithelium can stimulate an odontogenic response in mesenchyme which does not have a dental
origin (Ohazama et al. 2004). It would be desirable to have an
extraoral, easily accessible source of stem cells, in order to make
odontogenesis possible in a minimally invasive manner.
Human bone marrow is not only a source of adult hematopoetic stem cells. From bone marrow, multipotent mesenchymal stem cells can also be obtained and cultivated. These bone
marrow derived mesenchymal stem cells (BMSCs) can replicate
themselves and, in experiments, be differentiated into osteo868 Schweiz Monatsschr Zahnmed Vol. 120
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Stem cell markers help identify, characterize, and isolate stem
cells. Some examples are described below as an overview.
STRO-1, a trypsin-resistant cell-surface antigen, is a commonly used dental stem cell marker for all dental MSCs. It is
expressed, for example, from bone marrow mesenchymal cells
(Zhang et al. 2005, Zhang et al. 2006a, Gay et al. 2007,
Morsczeck et al. 2007, Yang X et al. 2007, Xu J et al. 2008,
Yang X et al. 2008a). STRO-1 is one of the early surface markers of mesenchymal stem cells. Its expression diminishes gradually during cultivation of the stem cells (Sonoyama W 2007).
Another stem cell marker, Stro-4, binds to heat shock protein–90 beta of multipotent MSCs and is also suited to identifying stem cells (Gronthos et al. 2009).
Markers for differentiated cells can also be used to characterize stem cells. For instance, the osteoblast marker osteocalcin
is also a stem cell marker of DPSCs (Gronthos et al. 2000).
In addition to mesenchymal stem cell markers, immature
dental pulp stem cells also express markers of embryonic stem
cells, such as Oct-4, Nanog, SSEA-3, SSEA-4, TRA-1-60 and
TRA-1-81 (Kerkis et al. 2006).
The neural marker nestin on dental stem cells indicates that
dental mesenchymal stem cells originate in progenitor cells of

the neural crest, which can also differentiate into neural tissue
(Mao 2008).

Discussion
Literature search methods
Given the search strategy employed (Datenbank PubMed) and
the expanded search of secondary literature, it is safe to assume
that the systematic literature review is based on a reliable selection of publications. Due to limited resources, a search of other
databanks (e. g., Excerpta Medica Data BASE) or in other languages was not conducted. Nevertheless, the relevant literature
was covered with the search strategy that was used.

Discussion of results
Research on the cytological and molecular processes of odontogenesis and tooth regeneration forms the foundation for the
future use of these mechanisms for guided, controlled odontogenesis. The vision of natural dental restorations generated
from stem cells, or the stem-cell-based autologous regeneration
of tissues is what makes stem cell research interesting for dentistry.
To date, embryonic stem cells have hardly been examined in
dentistry. In contrast to them, adult stem cells pose no ethical
conflicts. They, too, have the potential to differentiate into
dental structures.
Epithelial stem cells, such as apical bud cells (Harada et al.
1999, Harada et al. 2002, Morotomi et al. 2005, Lin et al.
2009) have already been examined in vivo and in vitro. These
epithelial stem cells can be extracted from adult rodents
(Harada et al. 1999, Harada et al. 2002, Morotomi et al.
2005, Lin et al. 2009). However, their clinical implementation
in humans is problematic due to the immunological reaction
provoked by animal donor cells, which increases the risk of
rejection.
It has not yet been possible to find a source of human adult
ectodermal stem cells to regenerate enamel post-eruptively. A
promising approach to tooth regeneration in animal experiments may be to obtain epithelial stem cells from third molars
of newborn or juvenile animals (Young et al. 2002, Honda M
J et al. 2005, Honda M J et al. 2007b, Ikeda et al. 2009).
Analogously in children, it must be theoretically possible to
isolate dental ectodermal stem cells from the tooth buds of the
third molars. At this time, the wisdom tooth buds are not yet
radiographically visible because mineralization has not yet
occurred. The attempt to operatively obtain stem cells from
children would not, however, be ethically defensible.
Therefore, for the future as well, the question remains unanswered as to the source of adult epithelial stem cells for enamel
regeneration. An alternative could be conventional crowns
supported by a rudimentary tooth generated from stem cells.
Various adult mesenchymal stem cells, such as dental pulp
stem cells, stem cells from human exfoliated deciduous teeth,
periodontal ligament stem cells, dental follicle stem cells, and
stem cells from the dental apical papilla, have already been
examined in vivo and in vitro for their potential to generate
tooth components. The relevant references are listed in Table III.
Dental mesenchymal stem cells can be substituted by stem
cells of other origins (Ohazama et al. 2004, Modino & Sharpe
2005, Yen & Sharpe 2008). An application of non-dental stem
cells as in bone augmentation (Shayesteh et al. 2008, Sauerbier et al. 2009) seems promising.
For tissue engineering with different stem cells, various carrier materials for differentiation and transplantation are being

examined. The stem cell’s environment, its niche, controls its
behavior and thus represents the basis for its potential manipulation. Particularly polymer and collagen scaffolding
materials are suited to in vitro cultures of DPSCs and PDLSCs
(Gebhardt et al. 2009).
The various adult dental stem cells can be used to regenerate
various dental tissues. To regenerate dentin or pulp tissue,
DPSCs, SHEDs and SCAPs are appropriate. The periodontium
and cementum can be generated from PDLSCs or DFSCs.
The different stem cells exhibit different potencies in tissue
regeneration. Compared with DPSCs, SHEDs have a higher
proliferation rate (Miura et al. 2003). The potential of SCAPs
to regenerate dentin is greater than that of DPSCs (Sonoyama
et al. 2006). Further, mesenchymal stem cells of the dental
papilla were shown to be more potent osteoblast progenitor
cells than were DPSCs (Tete et al. 2008). DFSCs can induce
osteogenesis and dentin formations, but not – as opposed to
DPSCs – a dentin-pulp complex (Miura et al. 2003, Bluteau
et al. 2008).
Even within a stem cell type, there are differences. DPSCs
from pulp horns differentiate with ABCs to dentin and cementum. DPSCs from the apical pulp are less mature than those
from the pulp horns, and differentiate with ABCs to dentin
and enamel (Honda M et al. 2007a, Sumita et al. 2009).
The adult stem cells have different sources. To harvest SCAPs
and DFSCs, impacted third molars are necessary. An easily accessible source of SHEDs are exfoliated deciduous teeth. Only
a few patients who request the replacement of teeth still have
impacted wisdom teeth. Even fewer possess deciduous teeth
from which SHEDs can be isolated. In contrast, the development of a treatment concept to regenerate teeth using DPSCs
and PDLSCs could be implemented in every patient. However,
these cells seem to have a lower dentogenic potential than the
stem cells from teeth which are still in the process of maturing.
For instance, if human DPSCs are extracted from the tooth
buds at an early stage of development, they exhibit an even
higher proliferation rate in osteogenic and odontogenic differentiation (Takeda et al. 2008).
Stem cell markers are of great interest for obtaining adult
stem cells. They should identify stem cells in tissue, to subsequently be able to isolate them. Different markers have
already been examined, showing that Stro-1 may be a suitable stem cell marker for mesenchymal stem cells (Zhang et
al. 2005, Zhang et al. 2006a, Gay et al. 2007, Morsczeck et
al. 2007, Yang X et al. 2007, Xu J et al. 2008, Yang X et al.
2008a).
Controlled odontogenesis in animal experiments has succeeded a number of times. Using SCAPs and PDL stem cells,
tooth roots have been generated which were functional after
conventional crowning (Sonoyama et al. 2006). In animal
experiments with murine embryonic epithelial and mesenchymal stem cells, it is also possible to generate functional, innervated teeth with dentin, pulp, alveolar bone, blood vessels,
periodontal ligament, and enamel (Ikeda et al. 2009). In the
future, this procedure could be applicable in humans.
In the future, it could be possible to minimally invasively
isolate suitable stem cells, profile and differentiate them in
vitro, combine and differentially develop them into a tooth,
in vivo in humans.
For dentistry, stem cell biology and tissue engineering are of
great interest. Various in vivo and in vitro studies provide hope
of future application in humans. However, a great deal of research must be done before it is possible to cultivate entire
teeth as natural, autologous tooth replacements.
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Résumé
Dans le domaine de recherche relativement jeune de la biologie des cellules souches, des méthodes prometteuses in vitro
et in vivo ont été appliquées dans le modèle animal; celles-ci
font paraître réaliste une future application chez l’homme dans
le domaine de la médicine dentaire. Le but de ce travail était
de mettre à jour systématiquement la littérature de la recherche
des cellules souches dans les domaines importants de la médecine dentaire. Dans le cadre de la dentisterie, on discute l’utilisation de différentes cellules souches. En ce qui concerne une

future application chez l’homme, les cellules souches dentales
ectomésenchymales adultes semblent particulièrement prometteuses. On a pu examiner des cellules souches humaines
de la pulpe dentaire, des dents de lait exfoliées, du ligament
parodontal, du follicule dentaire et de la papille dentaire. Pour
la caractérisation et l’isolation des cellules souches, on se sert
en règle générale de différents marqueurs de cellules souches,
comme STRO-1. Les cellules souches dentaires adultes ont le
potentiel de se diviser en tous les composants d’une dent,
comme la dentine, le parodonte, le cément et le tissu de la
pulpe, mais pas en émail de la dent.

References
Archer C W, Oldﬁeld S, Redman S, Haughton L,
Dowthwaite G, Khan I, Ralphs J: Isolation, characterization, and culture of soft connective tissue stem/progenitor cells. In: P G N S R. Ian
Freshney, PHD; Jonathan M. Auerbach, PHD
(Hrsg.): Culture of human stem cells. WileyInterscience, pp 233–248 (2007)
Arthur A, Rychkov G, Shi S, Koblar S A, Gronthos S:
Adult human dental pulp stem cells differentiate toward functionally active neurons under
appropriate environmental cues. Stem Cells
26: 1787–1795 (2008)
Batouli S, Miura M, Brahim J, Tsutsui T W, Fisher
L W, Gronthos S, Robey P G, Shi S: Comparison
of stem-cell-mediated osteogenesis and dentinogenesis. J Dent Res 82: 976–981 (2003)
Bloch-Zupan A: Genetische Störungen der Zahnentwicklung und Dentition. Medizinische Genetik 19: 399–406 (2007)
Bluteau G, Luder H U, De Bari C, Mitsiadis T A:
Stem cells for tooth engineering. Eur Cell
Mater 16: 1–9 (2008)
Braut A, Kollar E J, Mina M: Analysis of the odontogenic and osteogenic potentials of dental
pulp in vivo using a Col1a1-2.3-GFP transgene. Int J Dev Biol 47: 281–292 (2003)
Chang X M, Liu H W, Jin Y, Liu Y, He H X: Isolation
and identification of dog periodontal ligament stem cells. Hua Xi Kou Qiang Yi Xue Za
Zhi 27: 79–83 (2009)
Cheng P H, Snyder B, Fillos D, Ibegbu C C, Huang
A H, Chan A W: Postnatal stem/progenitor cells
derived from the dental pulp of adult chimpanzee. BMC Cell Biol 9: 20 (2008)
Cordeiro M M, Dong Z, Kaneko T, Zhang Z,
Miyazawa M, SHI S, Smith A J, Nor J E: Dental
pulp tissue engineering with stem cells from
exfoliated deciduous teeth. J Endod 34: 962–
969 (2008)
Cowan C A, Klimanskaya I, McMahon J, Atienza J,
Witmyer J, Zucker J P, Wang S, Morton C C,
McMahon A P, Powers D, Melton D A: Derivation
of embryonic stem-cell lines from human blastocysts. N Engl J Med 350: 1353–1356 (2004)
d’Aquino R, De Rosa A, Laino G, Caruso F, Guida L,
Rullo R, Checchi V, Laino L, Tirino V, Papaccio G:
Human dental pulp stem cells: from biology
to clinical applications. J Exp Zoolog B Mol
Dev Evol (2008)
d’Aquino R, Graziano A, Sampaolesi M, Laino G,
Pirozzi G, De Rosa A, Papaccio G: Human postnatal dental pulp cells co-differentiate into
osteoblasts and endotheliocytes: a pivotal
synergy leading to adult bone tissue formation. Cell Death Differ 14: 1162–1171 (2007)

870

Schweiz Monatsschr Zahnmed Vol. 120

10/2010

de Mendonca Costa A, Bueno D F, Martins M T,
Kerkis I, Kerkis A, Fanganiello R D, Cerruti H,
Alonso N, Passos-Bueno M R: Reconstruction of
large cranial defects in nonimmunosuppressed
experimental design with human dental pulp
stem cells. J Craniofac Surg 19: 204–210 (2008)
Du Y F, James L: Culture of human corneal stem
cells. In: P G N S R. Ian Freshney, PHD; Jonathan M. Auerbach, PHD (Hrsg.): Culture of
human stem cells. Wiley-Interscience, pp 249–
280 (2007)
Duailibi M T, Duailibi S E, Young C S, Bartlett J D,
Vacanti J P, Yelick P C: Bioengineered teeth from
cultured rat tooth bud cells. J Dent Res 83:
523–528 (2004)
Durand S H, Romeas A, Couble M L, Langlois D, Li J Y,
Magloire H, Bleicher F, Staquet M J, Farges J C:
Expression of the TGF-beta/BMP inhibitor
EVI1 in human dental pulp cells. Arch Oral
Biol 52: 712–719 (2007)
El-Backly R M, Massoud A G, El-Badry A M, Sherif
R A, Marei M K: Regeneration of dentine/pulplike tissue using a dental pulp stem cell/poly
(lactic-co-glycolic) acid scaffold construct in
New Zealand white rabbits. Aust Endod J 34:
52–67 (2008)
Fujii S, Maeda H, Wada N, Tomokiyo A, Saito M,
Akamine A: Investigating a clonal human periodontal ligament progenitor/stem cell line in
vitro and in vivo. J Cell Physiol 215: 743–749
(2008)
Gay I C, Chen S, MacDougall M: Isolation and
characterization of multipotent human periodontal ligament stem cells. Orthod Craniofac
Res 10: 149–160 (2007)
Gebhardt M, Murray P E, Namerow K N, Kuttler S,
Garcia-Godoy F: Cell survival within pulp and
periodontal constructs. J Endod 35: 63–66
(2009)

Gronthos S, McCarty R, Mrozik K, Fitter S, Paton S,
Menicanin D, Itescu S, Bartold P M, Xian C,
Zannettino A C: Heat shock protein-90 beta is
expressed at the surface of multipotential
mesenchymal precursor cells: generation of
a novel monoclonal antibody, STRO-4, with
specificity for mesenchymal precursor cells
from human and ovine tissues. Stem Cells
Dev 18: 1253–1262 (2009)
Hacking S A, Khademhosseini A: Applications of
microscale technologies for regenerative dentistry. J Dent Res 88: 409–421 (2009)
Harada H, Kettunen P, Jung H S, Mustonen T,
Wang Y A, Thesleff I: Localization of putative
stem cells in dental epithelium and their association with Notch and FGF signaling. J Cell
Biol 147: 105–120 (1999)
Harada H, Toyono T, Toyoshima K, Ohuchi H: FGF10
maintains stem cell population during mouse
incisor development. Connect Tissue Res 43:
201–204 (2002)
He F, Yang Z, Tan Y, Yu N, Wang X, Yao N, Zhao J:
Effects of Notch ligand Delta1 on the proliferation and differentiation of human dental
pulp stem cells in vitro. Arch Oral Biol 54:
216–222 (2009)
He H, Yu J, Liu Y, Lu S, Liu H, Shi J, Jin Y: Effects of
FGF2 and TGFbeta1 on the differentiation of
human dental pulp stem cells in vitro. Cell
Biol Int 32: 827–834 (2008)
Honda M, Sumita Y, Kagami H, Asahina I, Ueda M:
Enamel-dentin and dentin-cementum complex
structure formation in tooth-tissue regeneration. Eur Cell Mater 14: 60 (2007a)
Honda M J, Fong H, Iwatsuki S, Sumita Y, Sarikaya M:
Tooth-forming potential in embryonic and
postnatal tooth bud cells. Med Mol Morphol
41: 183–192 (2008)

Graziano A, d’Aquino R, Laino G, Proto A, Giuliano
M T, Pirozzi G, De Rosa A, Di Napoli D, Papaccio G:
Human CD34+ stem cells produce bone nodules in vivo. Cell Prolif 41: 1–11 (2008)

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

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

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

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

Huang G T, Shagramanova K, Chan S W: Formation of odontoblast-like cells from cultured
human dental pulp cells on dentin in vitro.
J Endod 32: 1066–1073 (2006)
Huo N, Tang L, Yang Z, Qian H, Wang Y, Han C, Gu Z,
Duan Y, Jin Y: Differentiation of dermal multipotent cells into odontogenic lineage induced
by embryonic and neonatal tooth germ cell
conditioned medium. Stem Cells Dev (2009)

Ikeda E, Hirose M, Kotobuki N, Shimaoka H,
Tadokoro M, Maeda M, Hayashi Y, Kirita T,
Ohgushi H: Osteogenic differentiation of human dental papilla mesenchymal cells. Biochem Biophys Res Commun 342: 1257–1262
(2006)
Ikeda E, Morita R, Nakao K, Ishida K, Nakamura T,
Takano-Yamamoto T, Ogawa M, Minuzo M,
Kasugai S, Tsuji T: Fully functional bioengineered tooth replacement as an organ replacement therapy. PNAS 106: 13475–13480 (2009)
Iohara K, Nakashima M, Ito M, Ishikawa M,
Nakasima A, Akamine A: Dentin regeneration
by dental pulp stem cell therapy with recombinant human bone morphogenetic protein 2.
J Dent Res 83: 590–595 (2004)
Jo Y Y, Lee H J, Kook S Y, Choung H W, Park J Y,
Chung J H, Choung Y H, Kim E S, Yang H C,
Choung P H: Isolation and characterization of
postnatal stem cells from human dental tissues. Tissue Eng 13: 767–773 (2007)
Kang H K, Roh S, Lee G, Hong S D, Kang H, Min B M:
Osteogenic potential of embryonic stem cells
in tooth sockets. Int J Mol Med 21: 539–544
(2008)
Kemoun P, Laurencin-Dalicieux S, Rue J, Farges J C,
Gennero I, Conte-Auriol F, Briand-Mesange F,
Gadelorge M, Arzate H, Narayanan A S, Brunel G,
Salles J P: 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 (2007)
Kerkis I, Kerkis A, Dozortsev D, Stukart-Parsons G C,
Gomes Massironi S M, Pereira L V, Caplan A I,
Cerruti H F: Isolation and characterization of a
population of immature dental pulp stem cells
expressing OCT-4 and other embryonic stem
cell markers. Cells Tissues Organs 184: 105–116
(2006)
Kikuchi H, Suzuki K, Sakai N, Yamada S: Odontoblasts induced from mesenchymal cells of murine dental papillae in three-dimensional cell
culture. Cell Tissue Res 317: 173–185 (2004)
Koch M J: Entwicklung der Zähne. Medizinische
Genetik 19: 392–398 (2007)
Koyama N, Okubo Y, Nakao K, Bessho K: Evaluation
of pluripotency in human dental pulp cells.
J Oral Maxillofac Surg 67: 501–506 (2009)
Kumabe S, Nakatsuka M, Kim G S, Jue S S, Aikawa F,
Shin J W, Iwai Y: Human dental pulp cell culture
and cell transplantation with an alginate scaffold. Okajimas Folia Anat Jpn 82: 147–155
(2006)

Liu Y, Zheng Y, Ding G, Fang D, Zhang C, Bartold
P M, Gronthos S, Shi S, Wang S: Periodontal
ligament stem cell-mediated treatment for
periodontitis in miniature swine. Stem Cells
26: 1065–1073 (2008)
Lu J Y, Hua L, Zhou W R, Zou D R: A study of osteogenic induction of dental pulp stem cells
from deciduous teeth in vitro. Shanghai Kou
Qiang Yi Xue 17: 420–424 (2008)
Ma Z, Li S, Song Y, Tang L, Ma D, Liu B, Jin Y: The
biological effect of dentin noncollagenous
proteins (DNCPs) on the human periodontal
ligament stem cells (HPDLSCs) in vitro and in
vivo. Tissue Eng Part A 14: 2059–2068 (2008)
Mao J J: Stem cells and the future of dental care.
N Y State Dent J 74: 20–24 (2008)
Mina M, Braut A: New insight into progenitor/
stem cells in dental pulp using Col1a1-GFP
transgenes. Cells Tissues Organs 176: 120–133
(2004)
Minuth W W, Schumacher K: Von der renalen
Stammzellnische zum funktionellen Tubulus.
Medizinische Klinik 98: 31–34 (2003)
Miura M, Gronthos S, Zhao M, Lu B, Fisher L W,
Robey P G, Shi S: SHED: stem cells from human
exfoliated deciduous teeth. Proc Natl Acad Sci
U S A 100: 5807–5812 (2003)
Modino S A, Sharpe P T: Tissue engineering of
teeth using adult stem cells. Arch Oral Biol 50:
255–258 (2005)
Moore K L, Persaud T V N: Embryologie (Entwicklungsstadien – Frühentwicklung – Organogenese – Klinik). Elsevier Urban & Fischer, (2007)
Morotomi T, Kawano S, Toyono T, Kitamura C,
Terashita M, Uchida T, Toyoshima K, Harada H:
In vitro differentiation of dental epithelial
progenitor cells through epithelial-mesenchymal interactions. Arch Oral Biol 50: 695–705
(2005)
Morsczeck C: Gene expression of runx2, Osterix,
c-fos, DLX-3, DLX-5, and MSX-2 in dental follicle cells during osteogenic differentiation in
vitro. Calcif Tissue Int 78: 98–102 (2006)
Morsczeck C, Moehl C, Gotz W, Heredia A, Schaffer
T E, Eckstein N, Sippel C, Hoffmann K H: In vitro
differentiation of human dental follicle cells
with dexamethasone and insulin. Cell Biol Int
29: 567–575 (2005)
Morsczeck C, Reichert T E, Vollner F, Gerlach T,
Driemel O: The state of the art in human dental stem cell research. Mund Kiefer Gesichtschir 11: 259–266 (2007)

Labarge M A, Petersen O W, Bissell M J: Culturing
mammary stem cells. In: P G N S R. Ian Freshney, PHD; Jonathan M. Auerbach, PHD (Hrsg.):
Culture of human stem cells. Wiley-Interscience,
pp 281–302 (2007)

Morsczeck C, Schmalz G, Reichert T E, Vollner F,
Saugspier M, Viale-Bouroncle S, Driemel O: Gene
expression profiles of dental follicle cells before
and after osteogenic differentiation in vitro.
Clin Oral Investig (2009a)

Laino G, Carinci F, Graziano A, d’Aquino R, Lanza V,
de Rosa A, Gombos F, Caruso F, Guida L, Rullo R,
Menditti D, Papaccio G: In vitro bone production
using stem cells derived from human dental
pulp. J Craniofac Surg 17: 511–515 (2006)

Morsczeck C, Vollner F, Saugspier M, Brandl C,
Reichert T E, Driemel O, Schmalz G: Comparison of human dental follicle cells (DFCs) and
stem cells from human exfoliated deciduous
teeth (SHED) after neural differentiation in
vitro. Clin Oral Investig (2009b)

Laino G, d’Aquino R, Graziano A, Lanza V, Carinci F,
Naro F, Pirozzi G, Papaccio G: A new population
of human adult dental pulp stem cells: a useful source of living autologous fibrous bone
tissue (LAB). J Bone Miner Res 20: 1394–1402
(2005)
Lin Y, Cheng Y S, Qin C, Lin C, d’Souza R, Wang F:
FGFR2 in the dental epithelium is essential for
development and maintenance of the maxillary cervical loop, a stem cell niche in mouse
incisors. Dev Dyn 238: 324–330 (2009)
Liu H S, Bai X W, Yang Y, Ge L H: Multilineage potential of pulp stem cells from human young
permanent teeth in vitro. Beijing Da Xue Xue
Bao 39: 41–45 (2007)

Nakashima M, Iohara K, Ishikawa M, Ito M,
Tomokiyo A, Tanaka T, Akamine A: Stimulation of
reparative dentin formation by ex vivo gene
therapy using dental pulp stem cells electrotransfected with growth/differentiation factor
11 (Gdf11). Hum Gene Ther 15: 1045–1053
(2004)
Nakashima M, Mizunuma K, Murakami T, Akamine A:
Induction of dental pulp stem cell differentiation into odontoblasts by electroporationmediated gene delivery of growth/differentiation factor 11 (Gdf11). Gene Ther 9: 814–818
(2002)

Noll T: Stammzellen – Möglichkeiten ihrer Expansion am Beispiel hämatopoetischer Stammzellen aus Nabelschnurblut. Medizinische Klinik 98: 7–10 (2003)
Ohazama A, Modino S A, Miletich I, Sharpe P T:
Stem-cell-based tissue engineering of murine
teeth. J Dent Res 83: 518–522 (2004)
Otaki S, Ueshima S, Shiraishi K, Sugiyama K,
Hamada S, Yorimoto M, Matsuo O: Mesenchymal progenitor cells in adult human dental
pulp and their ability to form bone when
transplanted into immunocompromised mice.
Cell Biol Int 31: 1191–1197 (2007)
Papaccio G, Graziano A, d’Aquino R, Graziano M F,
Pirozzi G, Menditti D, de Rosa A, Carinci F, Laino G:
Long-term cryopreservation of dental pulp stem
cells (SBP-DPSCs) and their differentiated osteoblasts: a cell source for tissue repair. J Cell
Physiol 208: 319–325 (2006)
Park B W, Hah Y S, Choi M J, Ryu Y M, Lee S G, Kim
D R, Kim J R, Byun J H: In vitro osteogenic differentiation of cultured human dental papilladerived cells. J Oral Maxillofac Surg 67: 507–
514 (2009)
Pierdomenico L, Bonsi L, Calvitti M, Rondelli D,
Arpinati M, Chirumbolo G, Becchetti E,
Marchionni C, Alviano F, Fossati V, Staffolani N,
Franchina M, Grossi A, Bagnara G P: Multipotent mesenchymal stem cells with immunosuppressive activity can be easily isolated from
dental pulp. Transplantation 80: 836–842 (2005)
Pispa J, Thesleff I: Mechanisms of ectodermal organogenesis. Dev Biol 262: 195–205 (2003)
Pittenger M F, Mackay A M, Beck S C, Jaiswal R K,
Douglas R, Mosca J D, Moorman M A, Simonetti
D W, Craig S, Marshak D R: Multilineage potential of adult human mesenchymal stem cells.
Science 284: 143–147 (1999)
Prescott R S, Alsanea R, Fayad M I, Johnson B R,
Wenckus C S, Hao J, John A S, George A: In vivo
generation of dental pulp-like tissue by using
dental pulp stem cells, a collagen scaffold, and
dentin matrix protein 1 after subcutaneous
transplantation in mice. J Endod 34: 421–426
(2008)
Sauerbier S, Stricker A, Kuschnierz J, Buehler F,
Oshima T, Xavier S P, Schmelzeisen R, Gutwald R:
In vivo Comparison of Hard Tissue Regeneration with Human Mesenchymal Stem Cells
processed with either the FICOLL- or the
BMAC-Method. Tissue Eng Part C Methods
(2009)
Scafford K M R, Henry E: Tissue culture of adipose-derived stem cells. Culture of human stem
cells 303–326 (2007)
Schantz J T, Brandwood A, Hutmacher D W, Khor
H L, Bittner K: Osteogenic differentiation of
mesenchymal progenitor cells in computer designed fibrin-polymer-ceramic scaffolds manufactured by fused deposition modeling. J Mater
Sci Mater Med 16: 807–819 (2005)
Schröder H E: Orale Strukturbiologie. Thieme
Verlag, (2000)
Seo B M, Miura M, Gronthos S, Bartold P M,
Batouli S, Brahim J, Young M, Robey P G, Wang
C Y, Shi S: Investigation of multipotent postnatal stem cells from human periodontal ligament. Lancet 364: 149–155 (2004)
Seo B M, Sonoyama W, Yamaza T, Coppe C, Kikuiri T,
Akiyama K, Lee J S, Shi S: SHED repair critical-size
calvarial defects in mice. Oral Dis 14: 428–434
(2008)
Shayesteh Y S, Khojasteh A, Soleimani M, Alikhasi M,
Khoshzaban A, Ahmadbeigi N: Sinus augmentation using human mesenchymal stem cells
loaded into a beta-tricalcium phosphate/hydroxyapatite scaffold. Oral Surg Oral Med Oral
Pathol Oral Radiol Endod 106: 203–209 (2008)

Schweiz Monatsschr Zahnmed

Vol. 120

10/2010

871

Shi S, Bartold P M, Miura M, Seo B M, Robey P G,
Gronthos S: The efficacy of mesenchymal stem
cells to regenerate and repair dental structures.
Orthod Craniofac Res 8: 191–199 (2005)
Silverio K G, Benatti B B, Casati M Z, Sallum E A,
Nociti F H Jr: Stem cells: potential therapeutics
for periodontal regeneration. Stem Cell Rev 4:
13–19 (2008)
Singhatanadgit W, Donos N, Olsen I: Isolation and
characterisation of stem cell clones from adult
human ligament. Tissue Eng Part A (2009)
Song J S, Stefanik D, Damek-Poprawa M, Alawi F,
Akintoye S O: Differentiation and regenerative
capacities of human odontoma-derived mesenchymal cells. Differentiation 77: 29–37
(2009)
Sonoyama W, Coppe C, Gronthos S, Shi S: Skeletal
stem cells in regenerative medicine. Curr Top
Dev Biol 67: 305–323 (2005)
Sonoyama W, Liu Y, Fang D, Yamaza T, Seo B M,
Zhang C, Liu H, Gronthos S, Wang C Y, Shi S,
Wang S: Mesenchymal stem cell-mediated
functional tooth regeneration in swine. PLoS
ONE 1: e79 (2006)
Sonoyama W Y T, Gronthos S, Shi S: Multipotent
stem cells in dental pulp. In: S G Freshney RI,
Auerbach JM (Hrsg.): Culture of human stem
cells. Wiley-Interscience, pp (2007)
Sumita Y, Tsuchiya S, Asahina I, Kagami H, Honda
M J: The location and characteristics of two
populations of dental pulp cells affect tooth
development. Eur J Oral Sci 117: 113–121
(2009)
Takeda T, Tezuka Y, Horiuchi M, Hosono K, Iida K,
Hatakeyama D, Miyaki S, Kunisada T, Shibata T,
Tezuka K: Characterization of dental pulp stem
cells of human tooth germs. J Dent Res 87:
676–681 (2008)
Terskikh A V, Bryant P J, Schwartz P H: Mammalian stem cells. Pediatr Res 59: 13R–20R (2006)
Tetè S, Nargi E, Mastrangelo F, Zizzari V, d’Apolito G,
Traini T, Costanzo G, Dadorante V, d’Alimonte I,
Caputi S, Caciagli F, Ciccarelli R: Changes in
matrix extracellular phosphoglycoprotein expression before and during in vitro osteogenic
differentiation of human dental papilla mesenchymal cells. Int J Immunopathol Pharmacol 21: 309–318 (2008)
Tobita M, Uysal A C, Ogawa R, Hyakusoku H,
Mizuno H: Periodontal tissue regeneration with
adipose-derived stem cells. Tissue Eng Part A
14: 945–953 (2008)
Trubiani O, Scarano A, Orsini G, Di Iorio D,
d’Arcangelo C, Piccirilli M, Sigismondo M,
Caputi S: The performance of human periodontal ligament mesenchymal stem cells on xenogenic biomaterials. Int J Immunopathol Pharmacol 20: 87–91 (2007)
Völlner F, Ernst W, Driemel O, Morsczeck C: A
two-step strategy for neuronal differentiation
in vitro of human dental follicle cells. Differentiation 77: 433–441 (2009)
Wang S L, Wang X J: Tooth regeneration – dream
to reality. Hua Xi Kou Qiang Yi Xue Za Zhi 26:
115–117 (2008)

872

Schweiz Monatsschr Zahnmed Vol. 120

10/2010

Winkler J: Adulte neurale Stammzellen: therapeutisches Potential für die Neurologie. Medizinische Klinik 98: 27–31 (2003)
Woods E J, Perry B C, Hockema J J, Larson L, Zhou D,
Goebel W S: Optimized cryopreservation
method for human dental pulp-derived stem
cells and their tissues of origin for banking and
clinical use. Cryobiology (2009)
Wu G, Deng Z, Fan X, Ma Z, Sun Y, Ma D, Wu J, Shi J,
Jin Y: Odontogenic Potential of Mesenchymal
Cells from Hair Follicle Dermal Papilla. Stem
Cells Dev (2008a)
Wu J, Jin F, Tang L, Yu J, Xu L, Yang Z, Wu G, Duan Y,
Jin Y: Dentin non-collagenous proteins (dNCPs)
can stimulate dental follicle cells to differentiate into cementoblast lineages. Biol Cell 100:
291–302 (2008b)
Xu J, Wang W, Kapila Y, Lotz J, Kapila S: Multiple
Differentiation Capacity of STRO-1(+)/CD146(+)
PDL Mesenchymal Progenitor Cells. Stem Cells
Dev (2008)
Xu L, Tang L, Jin F, Liu X H, Yu J H, Wu J J, Yang Z H,
Wang Y X, Duan Y Z, Jin Y: The apical region of
developing tooth root constitutes a complex
and maintains the ability to generate root and
periodontium-like tissues. J Periodontal Res 44:
275–282 (2009a)
Xu N, Chen K, Shen Y Y: Isolation and identification of stem cells derived from human exfoliated deciduous teeth. Nan Fang Yi Ke Da Xue
Xue Bao 29: 479–482 (2009b)
Yalvac M E, Ramazanoglu M, Gumru O Z, Sahin F,
Palotas A, Rizvanov A A: Comparison and Optimisation of Transfection of Human Dental
Follicle Cells, a Novel Source of Stem Cells,
with Different Chemical Methods and Electroporation. Neurochem Res (2009)

Yokoi T, Saito M, Kiyono T, Iseki S, Kosaka K, Nishida E,
Tsubakimoto T, Harada H, Eto K, Noguchi T,
Teranaka T: Establishment of immortalized
dental follicle cells for generating periodontal
ligament in vivo. Cell Tissue Res 327: 301–311
(2007)
Young C S, Terada S, Vacanti J P, Honda M, Bartlett
J D, Yelick P C: Tissue engineering of complex
tooth structures on biodegradable polymer
scaffolds. J Dent Res 81: 695–700 (2002)
Yu J, Deng Z, Shi J, Zhai H, Nie X, Zhuang H, Li Y,
Jin Y: Differentiation of dental pulp stem cells
into regular-shaped dentin-pulp complex induced by tooth germ cell conditioned medium.
Tissue Eng 12: 3097–3105 (2006)
Yu J, Jin F, Deng Z, Li Y, Tang L, Shi J, Jin Y: Epithelial-mesenchymal cell ratios can determine the
crown morphogenesis of dental pulp stem cells.
Stem Cells Dev 17: 475–482 (2008)
Yu J, Wang Y, Deng Z, Tang L, Li Y, Shi J, Jin Y: Odontogenic capability: bone marrow stromal stem
cells versus dental pulp stem cells. Biol Cell 99:
465–474 (2007)
Yu V, Damek-Poprawa M, Nicoll S B, Akintoye S O:
Dynamic hydrostatic pressure promotes differentiation of human dental pulp stem cells.
Biochem Biophys Res Commun (2009)
Zhang W, Walboomers X F, Shi S, Fan M, Jansen J A:
Multilineage differentiation potential of stem
cells derived from human dental pulp after
cryopreservation. Tissue Eng 12: 2813–2823
(2006a)
Zhang W, Walboomers X F, Van Kuppevelt T H,
Daamen W F, Bian Z, Jansen J A: The performance
of human dental pulp stem cells on different
three-dimensional scaffold materials. Biomaterials 27: 5658–5668 (2006b)

Yang X, van den Dolder J, Walboomers X F, Zhang W,
Bian Z, Fan M, Jansen J A: The odontogenic potential of STRO-1 sorted rat dental pulp stem
cells in vitro. J Tissue Eng Regen Med 1: 66–73
(2007)

Zhang W, Walboomers X F, van Kuppevelt T H,
Daamen W F, van Damme P A, Bian Z, Jansen J A:
The odontogenic potential of STRO-1 sorted
rat dental pulp stem cells in vitro. J Tissue Eng
Regen Med 2: 117–125 (2008a)

Yang X, Walboomers X F, Van Den Beucken J J, Bian Z,
Fan M, Jansen J A: Hard Tissue Formation of
STRO-1-Selected Rat Dental Pulp Stem Cells
In Vivo. Tissue Eng Part A (2008a)

Zhang W, Walboomers X F, van Osch G J, van den
Dolder J, Jansen J A: Hard tissue formation in a
porous HA/TCP ceramic scaffold loaded with
stromal cells derived from dental pulp and
bone marrow. Tissue Eng Part A 14: 285–294
(2008b)

Yang X, Walboomers X F, van den Dolder J, Yang F,
Bian Z, Fan M, Jansen J A: Non-viral bone morphogenetic protein 2 transfection of rat dental
pulp stem cells using calcium phosphate nanoparticles as carriers. Tissue Eng Part A 14: 71–
81 (2008b)

Zhang W, Walboomers X F, Wolke J G, Bian Z, Fan
M W, Jansen J A: Differentiation ability of rat
postnatal dental pulp cells in vitro. Tissue Eng
11: 357–368 (2005)

Yang X, Yang F, Walboomers X F, Bian Z, Fan M,
Jansen J A: The performance of dental pulp
stem cells on nanofibrous PCL/gelatin/nHA
scaffolds. J Biomed Mater Res A (2009a)

Zheng Y, Liu Y, Zhang C M, Zhang H Y, Li W H, Shi S,
Le A D, Wang S L: Stem cells from deciduous
tooth repair mandibular defect in swine. J Dent
Res 88: 249–254 (2009)

Yang Z, Jin F, Zhang X, Ma D, Han C, Huo N, Wang Y,
Zhang Y, Lin Z, Jin Y: Tissue Engineering of Cementum/Periodontal-Ligament Complex Using a Novel Three-Dimensional Pellet Cultivation System for Human Periodontal Ligament
Stem Cells. Tissue Eng Part C Methods (2009b)

Zhu F, Nie R R, Wu L, Liu L, Tang W, Tian W D:
Spontaneous odontogenic differentiation and
critical gene expression of mouse dental papilla
mesenchymal cell in vitro. Sichuan Da Xue
Xue Bao Yi Xue Ban 39: 286–289, 297 (2008)

Yen A H, Sharpe P T: Stem cells and tooth tissue
engineering. Cell Tissue Res 331: 359–372 (2008)

