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Abstract

Following symmetric or asymmetric divisions, stem cells are defined by three major 
properties: self-renewal, clonogenic proliferation, and multipotent or pluripotent cells, 
susceptible to differentiate into several distinct lineages. At the end of the successive phases, 
they become terminally differentiated cells. Oral stem cells take origin in niches where a local 
microenvironment supports the repair and regeneration of tissues or organs. The progeny of 
stem cells share a similar gene expression profile for a variety of transcriptional regulators, 
extracellular matrix proteins, growth factors/receptors, cell adhesion molecules, and some 
lineage makers characteristic of fibroblasts, endothelial cells, smooth muscle cells, odontoblasts, 
and osteoblasts. The identification of perivascular cells as a native source of mesenchymal 
progenitor cells pave the way to the development of novel oral regenerative therapies.

INTRODUCTION

Biological properties of stem cells 

Stem cells are defined by three major properties: 

a. They are capable to undergo long-term self-renewal and 
never become senescent, 

b. They display clonogenic proliferation, 

c. When they divide, daughter cells give rise to multilineage 
cells, becoming ultimately terminal differentiated cells. 

Symmetric division gives rise to one daughter cell dentical 
to the original stem cell, whereas the other daughter undergo 
terminal differentiation. Asymmetric stem cell division ensures 
stem cell renewal and a progeny of cells establish the repair and 
regeneration of tissues and organs. 

During asymmetric stem cell division, Notch signaling is 
inhibited in one of the two daughter cells while it is activated in 
the other, enabling to generate two different cell types. Notch 
promotes human stem cells (HSCs) self-renewal and inhibits cell 
differentiation. HSCs are regulated by signals which form the HSC 
niche and express Jagged [1].

The maintenance and regulation of normally quiescent 
stem cell populations are tightly controlled by the local 
microenvironment. Both the supportive connective tissues 
of bone marrow and dental pulp contain stromal stem cell 
populations with high proliferative potentials capable of 
regenerating their respective microenvironments, including 
bone and dentin (Figure 1)[2].

Precursors of functional osteoblasts, the bone marrow 
stromal stem cells [BMSSCs] and dental pulp stem cells were 

initially identified by their capacity to form clonogenic cell 
clusters (colony-forming units fibroblast [CFU-F]) in vitro. The 
progeny of ex-vivo expanded BMSSCs and DPSCs share a similar 
gene expression profile for a variety of transcriptional regulators, 
extracellular matrix proteins, growth factors/receptors, cell 
adhesion molecules, and some lineage makers characteristic of 
fibroblasts, endothelial cells, smooth muscle cells, and osteoblasts 
[3]. The embryonic and adult SCs are able to differentiate 
along at least one (unipotent) and/or a number of interactions 
between stem cells and the non-stem cell multiple (multipotent) 
lineages. The capability of multilineage differentiation is one of 
their characteristics. This is essential for their potential use for 
therapeutic purposes. (Figure 2) [4].

Highly vasculogenic subfractions of side population (SP) 
were isolated based on CD31 and CD146 expression associated 
to the dental pulp. The transplanted cells were near the newly 
formed vasculature and expressed several proangiogenic factors, 
such as VEGF-A, G-CSF, GM-CSF, and MMP3. Conditioned medium 
from these subfractions showed mitogenic and antiapoptotic 
activities. Subfractions of SP cells are a new stem cell source for 
cell-based therapy to stimulate angiogenesis/vasculogenesis 
during tissue regeneration [5].

The origin and fate of stem cells 

The source of mesenchymal stem cells (MSCs) is the 
bone marrow (BM), also known as marrow stromal cells or 
mesenchymal progenitor cells. Therefore, the term ‘‘Stromal 
Cell’’ was proposed. They are self-renewable, multipotent or 
pluripotent cells, susceptible to differentiate into several distinct 
mesenchymal lineages. Stem cells undergo differentiation 
into cells with different lineages. The early isolated stem cells 
demonstrated frequently alkaline phosphatase reactivity, 
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CD102, CD121a, b, CD123, CD124, CD49. Also, initial cultures of 
MSCs are known to co-express a heterogeneous group of genes 
characteristic of hematopoietic and multiple mesenchymal 
lineages such as the osteogenic lineage (Cbfa1, alkaline 
phosphatase, osteocalcin, and osteopontin) and the adipocytic 
lineage (lipoprotein lipase). MSCs are negative to cell markers 
of endothelial cells (CD31), monocytes/macrophages (CD14), 
lymphocytes (CD11a/LFA-1), leukocytes (CD45), red blood cells 
(glycophorin A), and other hematopoietic cells (CD3, CD14, CD19, 
CD34, CD38, and CD66b). Cultured MSCs synthesize also a wide 
range of cytokines and growth factors, including stem cell factor, 
interleukin-7 (IL-7), IL-8, IL-11, transforming growth factor-β 
(TGF-β), cofilin, galectin-1, laminin-receptor 1, cyclophilin A, and 
matrix metalloproteinase-2 (MMP-2) [8-11].

Minimal criteria to define multipotent mesenchymal stromal 
cells are the following: 

1) The cells should be adherent to plastic; 

2) The cells are positive for CD73, CD90 and CD 105 and 

3) negative for CD11b or CD14, CD19 or CD79a, CD34, CD45 
and HLA-DR; and 

4) they differentiate into osteoblasts, adipocytes and 
chondroblasts in vitro. `

The suggestion that MSCs are associated with blood vessels 
in vivo, suggest that pericytes, that are located on the abluminal 
side of blood vessels in close contact with endothelial cells, show 
great similarity to MSCs in vitro and may behave as tissue specific 
SCs in vivo. 

The term ‘‘pericyte’’ is used here for the sake of simplification, 
as many names can be used for these peri-endothelial cells 
depending on their anatomical location and whether or not they 
are embedded in the basement membrane that surrounds blood 
vessels. 

MSC paracrine effects can be divided into trophic (‘‘nurturing’’), 
immunomodulatory, anti-scarring and chemoattractant. The 
trophic effects of MSCs can be further subdivided into anti-
apoptotic, supportive (stimulation of mitosis, proliferation 
and differentiation of organ-intrinsic precursor or stem cells) 
and angiogenic. Two of these molecules, vascular cell adhesion 
molecule 1 (VCAM-1, aka CD106) and E-selectin (CD62E), are 
ligands for the MSC surface molecules integrin α4/ β1 (CD49d/
CD29) and CD44, respectively.

Many molecules are known to be chemoattractive and 
stimulatory for different immune cells. They include IL-1β, IL-
6, IL-7, IL-12, IL-16, IL-1 receptor antagonist, TNF-α, TNF-β, 
epithelial neutrophil-activating protein 78, eotaxin, IL-8, 
monocyte chemoattractant protein 1, macrophage inflammatory 
protein (MIP)-1α, MIP-1β, RANTES, intercellular adhesion 
molecule-1 (ICAM-1), VCAM-1, G-CSF, GM-CSF, growth hormone, 
stem cell factor (SCF), VEGF165, bFGF, thyroid-stimulating 
hormone (TSH), CD40 and CD40 ligand (see Figure 3) [8-12].

Bone markers are expressed by dental pulp stem cells 
(alkaline phosphatase, type I collagen, osteonectin, osteopontin, 
and osteocalcin), and fibroblasts (type III collagen and fibroblast 
growth factor). They are also positive for CD73, CD90, and Stro-1. 

Figure 1 Stem cells derived from the inner cell mass of blastocyte 
stage human embryos differentiate into several cell types having the 
potential to replace or régénérat tissues.

Figure 2 Perivascular niche and multipotency of mesenchymal stem 
cells (MSC).

partial cytodifferentiation, and their ability to form mineralized 
nodules. They were isolated on the basis of methods founded 
on the adherence of marrow derived fibroblast-like cells to the 
plastic substrate of the cell culture plate, and a concomitant lack 
of adherence of marrow-derived hematopoietic cells [6]. The 
secretion of a broad range of bioactive molecules by MSCs, such as 
growth factors, cytokines and chemokines, constitutes their most 
biologically significant role under injury conditions. These cells 
are part of a perivascular niche in vivo. Research involving MSCs 
described an adherent, non-hematopoietic cell type present in 
the bone marrow of different species that could form fibroblastic 
colonies in vitro. These cells were termed fibroblastic colony-
forming units, and the in vitro progeny of CFU-Fs have the ability 
to differentiate along osteogenic, adipogenic and chondrogenic 
pathways in vitro and when implanted in vivo [7].

Initial cultures of the adherent MSC population have been 
labeled by a panel of antibodies targeting a wide range of cell-
surface antigens and peptides such as SH2 (CD105), SH3, SH4 
(CD73), SB-10, and a group of other adhesion molecules and 
growth factor/cytokine receptors including CD166, CD54, 
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Dental pulp stem cells demonstrate a clonogenic population. 
Expression of markers such as CD90 (Thy1), CD73 (Nt5e), 
CD105 (Eng) markers and multi-lineage differentiation follow 
appropriate stimulation. They display multilineage differentiation 
giving rise to osteo-/odontoblastic, adipogenic, and neurogenic 
cells. 

Mesenchymal stromal stem cells (Figure 4) display high 
expression for CD 29, CD44, CD105, CD73, CD90, and HLA I 
characteristic of hematopoietic stem cells. They express nestin, a 
neural cell marker, but they lack expression of CD45, CD34, CD14, 
CCD11b, CD79α, CD19 and HLA-II surface molecules (Figure 4).

Differences appear between embryonic and adult SCs. 
The proliferation rate of bone marrow-derived mesenchymal 
stem cells, embryonic stem cells (SHED) and adult SCs differs 
substantially from adult dental pulp SCs. Genes that participate 
in pathways related to extracellular matrix proteins of SHED 
display 2.0 fold more proliferation rate compared with adult 
dental pulp stem cells [8].

It is suggested that STRO-1+ /c-Kit+ /CD34− hDPSCs and 
STRO-1+ /c-Kit+ /CD34+ hDPSCs might represent two distinct 
stem cell populations, with different properties. These results 
trigger further analyses investigating the hypothesis that more 
than a single stem cell population resides within the dental pulp 
[9]. 

Five types of human dental stem cells have been 
isolated and characterized (Table 1)

Among them, all except SHED are from permanent teeth. 
These dental stem cells are considered as mesenchymal stem 
cells (MSCs) and possess different levels of capacities to become 
specific tissue forming cells. DPSCs and SHED are from the pulp 
and SCAP is from the pulp precursor tissue, the so-called apical 
papilla [10]. 

Figure 3 Paracrine effects of cultured MSCs.

Figure 4 From MSC to the differentiation compartment.
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Mesenchymal stem cells are residing in the apical papilla. 
Pericytes are in vivo counterparts of Mesenchyme Stem/Stromal 
Cells. MSCs were identified as colony-forming unit fibroblasts 
able to be transformed into osteoblasts after osteogenic 
differentiation. 

Pericytes localize around the endothelial layer in capillaries 
and microvessels, where they are embedded within the basement 
membrane and can be identified based on the expression of 
markers including CD146 (cluster of differentiation), MCAM 
(melanoma cell adhesion molecule), PDGFRb (CD140b, platelet 
derived growth factor receptor beta), NG2 (neural/glial antigen 
2), CSPG4 (chondroitin sulfate proteoglycan 4), and αSMA (alpha 
smooth muscle actin, ACTA1, (actin alpha 1 skeletal muscle). 

The identification of perivascular cells as a native source of 
mesenchymal progenitor cells open the way to the development 
of novel regenerative therapies with improved efficacy using 
well-defined cell populations

Embryonic and adult oral stem cells 

Embryonic stem cells were isolated from the inner mass of 
developing blastocyte. The outer layer of trophoblast give rise to 
the placenta, and ES cells are derived fom the inner mass. They 
are capable of multilineage differentiation. They differentiate into 
derivative of three embryonic germ layers : endoderm, ectoderm, 
and mesoderm. They are pluripotent, capable of differentiating 
into cells derived from the three germ layers. They are immortal 
in culture and may be maintained for several hundred passages 
in an undifferentiated state, maintaining a normal chromosomal 
composition. Surface markers have been identified as CD9, 
CD24, alkaline phosphatase and genes involved in pluripotency 
including Oct-4, Rex-1, SOX-2, Nanog, LIN28, Thy-1, and SSEA-3 
and -4.

Adult stem cells are clonogenic cells capable of self-renewal 
and multilineage differentiation. They are rare and do not 
display characteristic morphology or surface markers allowing 
to distinguish between embryonic and mature cells. A CD34- or 
CD133-positive, CD-38 and lineage-negative population contains 
other cell types and hematopoietic stem cells, also present in 
“negative” populations. Bone marrow mesenchymal stem cells 
may differentiate into osteoblasts. They are able to adhere and 
proliferate in scaffolds, and they can also differentiate into 
odontoblastic lineage cells. These cells were identifed as coloniy 
forming unit-fibroblasts that are adherent, spindle-shaped cells. 
They proliferate to form colonies, and are capable of osteogenesis 
[9,10].

Human MSCs decline with age. In newborn 1/10,000, 
are scored at 10 years, 1/100,000 at 30 years, 1/ 250,000 to 
1/400,000 at 50 years, and ½,000,000 at 80 years [11]. 

From SHED, adult stem cells differentiate into a broad range 
of different cell types. SHED form sphere-like clusters when 
cultured in neurogenic medium. Immature DPSCs express the 
embryonic cell markers Oct4, Nanog, stage-specific embryonic 
antigens (SSEA-3, SSEA-4) and tumor recognition antigens 
(TRA-1-60 and TRA-1-81). Odontoblasts and osteoblasts express 
mineralized matrix proteins, such as dentin matrix protein 1, 
fibronectin, type I collagen, alkaline phosphatase, osteonectin, 
osteopontin, bone sialoprotein, and osteocalcin. 

Postnatal dental pulp contains cells that are clonogenic, 
highly proliferative, and capable of regenerating a tissue, 
properties that effectively define them as stem cells. A protocol 
specifically allows identifying and isolates the subpopulations of 
dental pulp pluripotent-like stem cells (DPPSC). These cells are 
SSEA4+, OCT3/4+, NANOG+, SOX2+, LIN28+, CD13+, CD105+, 
CD34-, CD45-, CD90+, CD29+, CD73+, STRO1+ and CD146-, and 
showing genetic stability in vitro based on genomic analysis. 
Induced pluripotent stem (iPS) cells, which are reprogrammed 
as somatic cells with similar characteristics to ESC, constitute a 
viable alternative.

It was observed that fold expression of several pluripotent 
markers such as OCT4, SOX2, NANOG, and REX1 were higher 
(>2) in human deciduous as compared with DPSCs. However, 
DPSCs showed higher expression of neuroectodermal markers 
PAX6, GBX2, and nestin (fold expression >100). Similarly, 
higher neurosphere formation and neuronal marker expression 
were found in the differentiated DPSCs into neuron-like cells as 
compared with SCD. Gene variations occurred within the different 
sources of the same stem cells, and these variations determine 
their lineage propensity toward a specific destination, shown to 
be committed toward neuronal lineage [12]. 

Postnatal (or adult) stem cells are pluripotent. These cells 
retain a developmental potential that is more restricted than for 
embryonic stem cells. Adult stem cells were initially thought to 
have a differentiation capacity limited to their tissue of origin, 
however studies have demonstrated that stem cells have the 
capacity to differentiate into cells of mesodermal, endodermal 
and ectodermal origins.

A variety of names have been used to describe the cell 
population isolated from collagenase digests of adipose tissue. 
The following terms have been used to identify the same adipose 
tissue cell population: Adipose-Derived Stem/Stromal Cells. 
Adult-derived stem cells may also be adipose-derived stem cells 
undergoing osteogenic, neural, and chondrogenic differentiation 
[13,14].

Niches of stem cells 

Stem-cell populations are established in ‘niches’. The 
stem cell ‘niche’ provides a specialized microenvironment 
that preserves their repopulating capacity [15]. They regulate 
lineage specific differentiation of mesenchymal stem cells. The 
niche is responsible for maintaining and controlling a quiescent 
stem cell population that is capable of responding according to 
host requirements. Key components of the niche include direct 
interactions between stem cells and neighboring cells, secreted 
factors, inflammation and scarring, extracellular matrix (ECM), 
physical parameters such as shape or shear stress and tissue 

Table 1: Five types of human dental stem cells.

1  Dental pulp stem cells (DPSCs)

2 Stem cells from exfoliated deciduous teeth (SHED)

3  Stem cells from apical papilla (SCAP) and 

4  Periodontal ligament stem cells (PDLSCs)

5 Cells of the follicle sac
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stiffness or elasticity. The MSC niche was proposed as a specialized 
micro-environment needed to retain their « steamness ».

Plastic-adherent multipotent cells can be isolated from many 
adult tissue types. A primary function of the niche is to anchor 
stem cells. In addition to N-cadherin, other types of adhesion 
molecules, including integrins, play an important role in the 
microenvironment/stem cell interaction [15-17].

Niches constitute specific anatomic locations that regulate 
how SCs participate in tissue generation, maintenance and 
repair. The “niche” is composed of cellular components, the 
microenvironment, and signals emanating from the support cells 
(supportive microenvironment).

The stem cells niche was identified, and the niche size was 
controlled [18]. Communication between stem cells and niche 
cells may be direct, through physical interactions, or indirect, 
through secreted factors that mediate communication between 
cells that are not in direct contact, but mediated by secreted 
factors. The niche saves stem cells from depletion, while 
protecting the host from over-exuberant stem-cell proliferation. 
It constitutes a basic unit of tissue physiology, integrating 
signals that mediate the response of stem cells to the needs of 
organisms [19]. Mechanisms of stem cell maintenance are key 
to the regulation of homeostasis and contribute to aging. Until 
recently, niches were a theoretical concept strongly supported 
by the observation that transplanted stem cells survive and grow 
only in particular tissue locations.

Multiple stem cell niches were identified in different zones of 
dental pulp. They expressed nestin, vimentin and Oct3/4 proteins, 
while STRO-1 protein localization was restricted to perivascular 
niche [20]. Using STRO-1, CD146 and pericyte-associated antigen, 
the DPSC niche was localized in the perivascular and perineural 
sheath regions. Dental stem cells display positive markers: STRO-
1, CD13, CD44, CD24, CD29, CD73, CD90, CD105, CD106, CD146, 
Oct4, Nanog and β 2 integrin, and negative markers: CD14, CD34, 
CD45 and HLA-DR. Like all MSCs, dental stem cells are also 
heterogeneous and the various markers listed previously are 
expressed by subpopulations of stem cells [20].

Among the identified stem cells, DPSCs, SHED and SCAP are 
potentially suitable cell sources for pulp/dentin regeneration 
However, only the c-kit+-enriched bone marrow cells can acquire 
the characteristics of odontoblasts.

Two independent studies have 

a. Identified a subset of osteoblastic cells 
(N-cadherin+CD45−) to which HSCs physically attach in 
the bone marrow, 

b. Identified an N-cadherin/β-catenin adherens complex 
between HSCs and osteoblastic cells, 

c. Shown that Jagged1, generated from osteoblasts, 
influences HSCs by signaling through the Notch receptor,

d. Demonstrate that the number of N-cadherin + osteoblastic 
lining cells controls the number of HSCs. 

The ECM not only anchors stem cells but also directs their 
fate. Soluble growth factors increased the local concentration of 

agonists to which target populations in the niche are exposed. 
The interaction of the ECM with stem cells depends not only on its 
protein composition but also on its physical properties. There is 
strong evidence that ECM surface topography and bulk stiffness 
can profoundly influence stem cell behavior. Understanding the 
way that stem cells interact with their supporting niche, defined 
the totality of the stem-cell microenvironment. 

Angiogenic factors 

It was considered that the use of angiogenic inducing factors, 
such as VEGF and/or PDGF, should enhance and accelerate the pulp 
angiogenesis. Synthetic scaffolds, such as PLG, can be fabricated 
with impregnated growth factors. Human bone marrow-derived 
mesenchymal stem cells have the potential to differentiate into 
mesenchymal tissues in vitro and in vivo. Cultured in presence of 
2% fetal calf serum and 50 ng/ml vascular endothelial growth 
factor, the cells differentiate into endothelial-like cells [21].

Neuron differentiation

With respect to innervation, it is likely that generated/
regenerated pulp contains ingrown nerve fibers from and 
adjacent to natural tissues. DPSCs have been shown to either 
produce neurotrophic factors or possess neural differentiation 
potential. The reason why dentin is so sensitive to various 
irritations is due to the hydrodynamic activities of the dentinal 
tubules in association with the sensory A-δ fibers extending 
into the dentinal tubules in the predentin layer. Since the newly 
generated dentin does not appear to have well-organized dentinal 
tubules, even if the regenerated A-δ fibers reach the pulp–dentin 
junction, it may not cause the normal dentin sensitivity that 
natural teeth display [22].

Human DPSCs grew out of the neurospheres in vitro 
and established a neurogenic differentiated hDPSC culture 
characterized by an increased expression of neuronal markers 
such as neuronal nuclei, microtubule-associated protein 2, 
neural cell adhesion molecule, growth-associated protein 43, 
synapsin I, and synaptophysin enzyme-linked immunosorbent 
assay. Neurogenic maturation of hDPSC demonstrate that these 
cells are capable of neuronal commitment following neurosphere 
formation, and they are characterized by distinct morphological 
and electrophysiological properties of functional neuronal cells. 
The perikaryon of the cells was characterized by a large central 
nucleus with a prominent nucleolus. Organelles included an 
extended Golgi apparatus and RER, indicate an increased packing 
of proteins in membrane-bound vesicles [23].

Human DPSCs can differentiate into Schwann cells and 
support neural outgrowth in vitro [24]. In addition, neurites 
were myelinated in a 3-dimensional collagen type I hydrogel 
neural tissue construct. Human DPSCs have the potential to 
differentiate along the neural lineage. Even in an undifferentiated 
state, hDPSCs already express neural markers like S100, β-III-
tubulin, and nerve growth factor receptor p75 and they are able 
to produce and secrete a range of NFs, ciliary neurotrophic factor, 
vascular endothelial growth factor, brain-derived neurotrophic 
factor, glia-derived neurotrophic factor, and nerve growth 
factor b, enhancing and guiding axonal outgrowth. To evaluate 
the expression of glial markers, immunocytochemical staining 
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was performed with antibodies against laminin, p75, GFAP, 
CD104, and nestin in hDPSCs, d-hDPSCs, and Schwann cells. Both 
Schwann cells and hDPSCs showed a positive immune reaction 
for laminin, p75, GFAP, and CD104. Furthermore, expression of 
the early neural marker nestin decreased in differentiated cell 
cultures compared to hDPSCs and was not detected in Schwann 
cells.

The hematopoietic stem cell niche : The niche functions as 
a physical anchor for stem cells. Different types of stromal cells 
regulate stem cell activation, proliferation, and differentiation. 
Many signal molecules have been shown to be involved in 
regulation of stem cell behavior, through the JAK-Stat pathway. 
Among these, the BMP and Wnt signal pathways have emerged 
as common pathways for controlling stem cell self-renewal and 
lineage fate. The stem cell niche exhibits an asymmetric structure 
[25-28].

Two types of useful makers have been identified. Firstly, 
it contain distinctive structures related to their early state of 
differentiation, such as aggregates of endoplasmic reticulum-like 
vesicles (called the spectrosome). Secondly, components of the 
signaling pathways are involved in stem cell maintenance and in 
daughter cell programming. HSCs represent only about 1 out of 
every 30,000 cells (0.003%) in the bone marrow. This provides 
evidence that the niche microenvironment is localized and not 
a general tissue property. Distinct ‘‘stromal’’ cell types initially 
guide niche morphogenesis and continue to directly contact and 
signal to resident stem cells. The chemokine CXCL12 is required 
for the maintenance of bone marrow and is expressed by both 
perivascular and endosteal cells. Many niches have been shown 
to depend on additional signals that may function indirectly to 
maintain niche integrity. Some niche signals function to program 
daughter cells rather than to regulate the stem cells themselves. 
Niches also share a requirement for a system to ensure that stem 
cells remain in the niche following stem cell division [26].

Adult dental mesenchymal stem cell (MSCs) niches have the 
capacity to self-renew and differentiate along multiple lineages. 
They are influenced by a specialized « microenvironment » 
contributing to tissue maintenance, tooth growth and repair 
(regeneration). They expressed certain markers and following 
specific stimulation, differentiate into cells having the 
characteristicss of osteoblasts, chondrocytes, odontoblasts, 
and adipocytes. The niche of stem cells are composed of 
microenvironmental factors that enable them to maintain 
tissue homeostasis. The niche also safeguards against excessive 
stem cell production. Signaling molecules such as Wnt, Notch, 
Fibroblast growth factor (FGF) and Hedgehog proteins are 
regulators of stem cell functions, inducing proliferation or 
differentiation [27,28].

Notch receptors are evolutionarily conserved trans-
membrane proteins that bind to Notch specific ligands (Jagged1, 
Jagged2, Delta-like1, Delta-like3, Delta-like4). TACE/ADAM10 
and γ-secretase presenilins cleave Notch proteins and release 
their intracellular domain (NICD) that contains nuclear 
localization signals.

There is a consensus that MSCs do not express CD11b (an 
immune cell marker), glycophorin-A (an erythroid lineage 

marker), or CD45 (a marker of all hematopoietic cells). CD34, a 
marker of hematopoietic stem cell (HSC) is rarely expressed in 
human MSCs, although it is positive in mice. CD31 (expressed on 
endothelial and hematopoietic cells) and CD117 (a hematopoietic 
stem/progenitor cell marker) are almost always absent from 
human and mouse MSCs. Positive markers include Stro-1. CD106, 
or VCAM-1 (vascular cell adhesion molecule-1), is expressed on 
blood vessel endothelial and adjacent cells, consistent with a 
perivascular location of MSCs [29].

Because they are involved in cell adhesion, chemotaxis, 
and signal transduction, a perivascular nature of the MSC 
niche is suggested on the basis of the expression of α- smooth 
muscle actin. Isolated from all tissue types tested and from 
the immunohistochemical localization, they were localized in 
perivascular sites. MSCs were found with the use of the markers 
Stro-1 and CD146, lining blood vessels in human bone marrow 
and dental pulp.

Endosteal niche maintain cell quiescence over the long term, 
whereas the perivascular niche maintains cell proliferation. The 
DPSC niche was identified by antibodies against STRO-1, CD146, 
and pericyte-associated antigen (3G5). Immunolabeling was 
found in the perivascular and perineural sheath regions. These 
cells stained the perivascular region, with small clusters of cells 
in the extravascular regions. 

Granulocyte-colony stimulating factor induces subsets 
of dental pulp stem cells to form mobilized dental pulp stem 
cells, expressing a high level of proliferation, migration and 
antiapoptotic effects, and displaying regeneration potential [30]. 

Bone marrow–derived mesenchymal stem cells are 
multipotent stem cells and have been the most studied MSCs. 
Bone Marrow stromal cells are progenitors of skeletal tissue 
components. They may also contribute to the formation of 
neural and myogenic cells, and to vascular walls [31]. Studies 
on the transplantability of marrow stromal cells are inscribed 
into the general problem of bone marrow transplantation 
(BMT). Transplantation of marrow stromal cell strains allows 
for an ectopic development of hematopoietic tissue at the site of 
transplantation.

Regardless of whether genomic or cytoplasmic sequences 
are the target of gene therapy, the efficacy of all of these new 
technologies depend on: 

a. The efficiency at which the reagents are incorporated into 
BMSCs in the ex-vivo environment; 

b. The selection of specific targets, and 

c. The maintenance of the ability of BMSCs to function 
appropriately in vitro.

They undergo osteogenic differentiation when stimulated by 
osteogenic reagents in vitro. When the cells are transplanted into 
immunocompromised mice, they are capable of forming bone 
and inducing hematopoietic marrow. This colony-forming cell 
population showed a high uptake rate for bromodeoxyuridine 
(indicative of cell proliferation) and exhibiting over 70 population 
doublings in vitro. 
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THE USEFULNESS OF STEM CELLS IN DENTAL 
THERAPIES
Stem cells from the apical papilla (SCAP)

Another population of mesenchymal stem cells residing in 
the apical papilla of permanent immature teeth recently has 
been discovered and was termed stem cells from the apical 
papilla (SCAP) [32,33]. These stem cells appear to be the source 
of odontoblasts that are responsible for the formation of root 
dentin.

In order to examine whether SCAP are distinct from DPSCs, 
SCAP and DPSCs from the same tooth were isolated and grown 
in cultures under the same conditions. Ex vivo–expanded SCAP 
were also found to express the cell-surface molecule STRO 
1.When compared with DPSCs, it was found that SCAP showed a 
significantly greater bromodeoxyuridine uptake rate, number of 
population doublings, tissue regeneration capacity, and number 
of STRO-1–positive cells, that are co-expressed with dentinogenic 
markers [bone sialophosphoprotein (BSP), osteocalcin (OCN), 
and growth factors receptors (FGFR1, TGFβRI)]. To distinguish 
the cell rich zone in mature pulp, it was termed “apical cell rich 
zone”. Apical papilla appears to contain less blood vessels and 
cellular components than do the dental pulp and the apical cell 
rich zone.

Neurogenesis : Endogenous axon guidance was induced 
by adult human dental pulpo-genitor/stem cells (DPSCs) 
[34]. Implanted dental pulp stem cells were mediated via the 
chemokine CXCL12, also known as stromal cell-derived factor-1, 
and its receptor CXCR4. DPSCs differentiate into functionally 
active neurons, influencing endogenous recruitment of neural 
stem cells, and generating neurospheres. Nerve growth factor, 
brain-derived neurotrophic factor, glial-derived neurotrophic 
factor (GDNF), and CXCL12, also known as stromal cell-derived 
factor-1, are expressed by dental pulp cells. These factors have 
also been implicated in axon guidance. CXCL12, interacting 
via its cognate receptor CXCR4, has been shown to possess 
axon guidance activities in the nervous system and to instigate 
recruitment of dental pulp cells after injury. CXCL12/CXCR4 
interactions patterned sensory development.

One potential use of regenerative endodontic therapy may 
be the repair of root canal perforations. In addition to nutrients 
and systemic in-situ interactions, the three main components 
believed to be essential for tissue regeneration are stem cells, 
scaffold, and growth factors. Collagen served as the scaffold 
and dentin matrix protein 1 (DMP1) was the growth factor. The 
triad of DPSCs, collagen scaffold, and DMP1 induce an organized 
matrix formation, which may lead to hard tissue formation [35].

Dental follicle progenitors cells (DFPCs) (Figures 5- 
7)

Numerous pro-and anti-angiogenic factors such as vascular 
endothelial growth factor, monocyte chemotactic protein-1, 
plasminogen activator inhibitor-1 (PAI-1) and endostatin were 
found both at the mRNA and protein level. They were able to 
significantly induce HMEC-1 migration in vitro. They possess 
the capacity to differentiate into numerous cell types in vitro 
including odontoblasts, osteoblasts, chondroblasts, adipocytes, 

and neuronal cells. Stem cells promote angiogenesis in two 
distinct fashions:

(1) The so-called paracrine effect by stimulating the formation 
of blood vessels from the host tissue through secretion of 
angiogenic factors, 

(2) By differentiating themselves into endothelial cells 
and thereby actively participating in the newly formed 
vascular structures. 

Concerning paracrine induction of angiogenesis, hDPSC 
were previously shown to express several angiogenic factors 
such as vascular endothelial growth factor (VEGF), platelet-
derived growth factor (PDGF) and fibroblast growth factor (FGF-
2). Several studies indicate that hDPSC also have angiogenic 
potential in vivo [36] (Figures 5-7).

Dental pulp stem cells (DPSCs) may differentiate into neuron 
and before  Dental induced Pluripotent stem cells (iPSC),  β - 
Dental pulp stem cells (DPSCs) may differentiate into neuron, 
cardiomyocytes, chondrocytes, osteoblasts, liver cells and β     
cells of islet of pancreas. 

They are derived from  various  dental tissues such as human 
exfoliated deciduous teeth, apical papilla, periodontal ligament 
and dental follicle tissue [37].

Dental follicle cells (DFCs) were evaluated by using embryonic 
stem cells markers (OCT4 and SOX2), mesenchymal stem cells 
markers, neural stem cells markers (Nestin), neural crest stem 
cells markers and a glial cells marker. They were weakly positive 
for CD90. The dental follicle contains a significant proportion of 
neural stem/progenitors cells, expressing b-III-tubulin (90%) 
and nestin (70%) [38].

Dental Induced pluripotent stem cells (iPS)

Dental tissues derived from ectomesenchyme harbor 
mesenchymal-like stem/progenitor cells. 

Many stem/progenitor cells from discarded dental tissues 
may be reprogrammed into iPS cells. The 4 factors Lin28/Nanog/
Oct4/Sox2, c-Myc/Klf4/Oct4/Sox2 carried by viral vectors were 
used to reprogram different dental stem/progenitor cells: stem 
cells from exfoliated deciduous teeth (SHED), stem cells from 
apical papilla (SCAP), and dental pulp stem cells (DPSCs). All 
can be reprogrammed into iPS cells exhibiting a morphology 
indistinguishable from human embryonic stem (hES) cells in 
cultures and expressing hES cell markers such as SSEA-4, TRA-
1-60, TRA-1-80, TRA-2-49, Nanog, Oct4, and Sox2. Human bone 
marrow stromal stem cells (BMSSCs) and dental pulp stem cells 
(DPSCs) may be isolated by immunoselection using the antibody 
STRO-1, which recognizes an antigen on perivascular cells in 
bone marrow and dental pulp tissue [3].

Stem/progenitor cells can be reprogrammed into iPS cells. 
The 4 factors carried by viral vectors were used to reprogram 
different dental stem/progenitor cells: stem cells from exfoliated 
deciduous teeth (SHED), stem cells from apical papilla (SCAP), 
and dental pulp stem cells (DPSCs) [39,40]. The 3 lines exhibited 
a morphology indistinguishable from human embryonic stem 
(hES) cells in cultures [41]. The research on stem cells is mostly 
related to the understanding of the biology and behavior 
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Figure 5 A different group of differentiated cells.

Figure 6 A4 cells; Adipocytes, Chondrocytes expression, and A4 von Kossa mineralization.
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Figure 7 Tissue engineering implicates cells, signals, and scaffolds.

comportment of embryonic, adult, and inducible pluripotent 
stem cells. Four transcription factors are sufficent to reprogram 
human somatic cells to pluripotent stem cells that exhibit the 
essential characteristics of embryonic stem (ES) cells [42].

The definitive characteristics of a stem cell as self-renewal 
and differentiation into somatic (adult) cells was postulated by 
studying somatic stem cells of the hematopoietic system. 

Dental tissues derived from ectomesenchyme harbor 
mesenchymal-like stem/progenitor cells Reprogrammation of iPS 
cells from discarded dental tissues may be obtained from stem/
progenitor cells. They were used to reprogram 3 different cells. 
It has been shown that all 3 can be reprogrammed into iPS cells 
at a higher rate than fibroblasts. They exhibited a morphology 
indistinguishable from human embryonic stem (hES) cells in 
cultures and expressed cell markers such as SSEA-4, TRA-1-60, 
TRA-1-80, TRA-2-49, Nanog, Oct4, and Sox2 [39-42]. 

Stem cells and endodontic therapies : root lenghtening, 
pulp regeneration and/or closure (Apexogenesis and 
apexification) 

The key procedures are 

(1) Minimal or no instrumentation of the root canal 
disinfection or irrigation of the canal system, 

(2) The disinfection is associated with an intra-canal 
medication using a triple-antibiotic paste between 
appointments, 

(3) The treated tooth is sealed with mineral trioxide aggregate 
(MTA) and glass ionomer/resin cement at the completion 
of the treatment. Periodical follow-ups will take place 
to observe any continued maturation of the root. This 
strategy is leading to root apexification. 

Using a paste containing Augmentin as an intracanal 
medicament, the formation of root apex was expanding, but 
without increase in toot length (apexogenesis). Nosrat et al. 
[44], concluded that the closure of the root apex is possible 
(apexification) without pulp regenerationthese therapies 
constitute two alternatives possibilities to endodontic treatment. 
However, the precocious treatment accompanying a relatively 

thin dentin walls of the canals place the tooth at greater risk for 
root fracture over time. The treatment objective is to maximize 
the opportunity for apical development and closure, known as 
apexification, enhancing root dentin formation. 

Apexogenesis is a phenomenon implicating a vital pulp. It 
takes in consideration the role that stem cells may have in the 
continued root development, This is related to the biological 
activity of Hertwig’s epithelial root sheath (HERS), implicated 
in root development and shape. Stem cells have the capacity to 
self-replicate and differentiate into specialized tissue type. The 
odontoblasts (and Höhl cells) secrete dentin and are integral to 
the pulp–dentin complex. Primary dentin is formed until the full 
length of the root development is reached. This is followed by 
dentin formation that proceed as secondary dentinogenesis and 
eruption. Apexogenesis continues at a slower rate throughout 
the lifetime of the individual. As the root and pulp develop, the 
dental papilla located apically to the developing pulp (a region 
called apical papilla) will contribute to the root formation. HERS 
is very sensitive to trauma and once destroyed by trauma or 
by infection, the normal root development is stopped without 
further differentiation of odontoblasts.

The procedure that induces apexogenesis is undertaken to 
preserve the remaining vital tissue and allow completion of root 
formation and in addition, to apical maturation. 

Apexification is connected to the immature teeth with a 
necrotic pulp. Apexification is then performed to treat immature 
teeth with non-vital pulp by inducing a calcified barrier at the 
open apex [32,45]. Pulp necrosis arrest further root development 
of an immature permanent tooth. To induce the formation of an 
apical hard tissue barrier, the method used specifically is named 
apexification. Because of its high pH, calcium hydroxide not only 
weakens the root but may also inhibit new tissue formation 
within the canal. The possibility of vital tissue regeneration in the 
root canal space with a continuous increase in root thickness and 
length has been demonstrated for immature teeth. 

There are three major components in tissue engineering 
inplicated in apexogenesis and apexification:



Goldberg M (2020)

JSM Dent 8(1): 1122 (2020) 10/16

Central

(i) Cells that are capable of hard tissue formation (odontoblasts 
and pulp cells), 

(ii) Scaffolds that can support cell growth and differentiation, 

(iii) Molecules that provide signalling.

Dental pulp stem cells are able to differentiate into functional 
odontoblast-like cells with an active mineralization potential and 
they may be used in dental tissue engineering via stem cell–based 
approaches. Dental pulp stem cells are shown to be active by an 
increased alkaline phosphatase activity, dentine sialoprotein 
expression and formation of mineralized nodules. Platelet-rich 
plasma is a natural reservoir of various growth factors that 
can be collected, unlike the chemically processed molecules or 
recombinant proteins producing undesired side effects and 
expose the tissue to unnecessary risks. The use of platelet-rich 
plasma (PRP) in combination of DPCs may be beneficial for new 
tissue formation and for apical closure (apexification) [46-51]. 

The protocol for pulp revascularization/revitalization begins 
with root canal irrigation with minimal instrumentation and 
then continues with disinfection with an antibiotic mixture. The 
most commonly reported dressing is a triple antibiotic paste, 
which consists of ciprofloxacin, metronidazole, and minocycline. 
After disinfection of the canal system, the antibiotics allowed to 
induce bleeding into the root canal space, a phenomenon under 
the control of mechanically irritating the periapical tissues. It is 
presumed that the blood clot serves as a scaffold in which stem 
cells from the apical papilla populate the clot. In addition, growth 
factors released from platelets and the dentinal walls serve as a 
promoter for stem cell division and differentiation processes [45-
50].

Immunohistochemistry and gene profile analysis have 
identified in dental tissues perivascular cells by using markers, 
CD146/MUC18, 3G5, CD-44, VCAM-1; alkaline phosphatase 
and α-smooth muscle actin in differing proportions on STRO-1 
positive cells. Fibroblast growth factor, transforming growth 
factor beta (TGFβ) superfamily including bone morphogenic 
proteins, platelet-derived growth factor and insulin-like growth 
factor have specific and sometimes overlapping functions in stem 

cell control. BMPs appear to be the key regulators of apexification.

The cell line needs to be grown and expanded before being 
implanted into the root canal, resulting in protracted clinical 
treatment times. The implanted cells then need to reliably adhere 
to the disinfected root canal walls which may dictate a change 
in the way clinicians debride and disinfect root canals. Lastly, 
the implanted tissue lacks a crucial vascular supply, and it is 
technically difficult to replant the three-dimensional regenerated 
pulp without damaging the cells. When an open root apex exists, 
a similar scaffold design adjacent to a vascular supply may assist 
apexification by thickening and closing the apical portion of the 
root with hard tissue.

No published reports are involving the use of genetically 
manipulated cells for apexogenesis or apexification procedures. 
Research is in its early stages in terms of identifying novel genes 
and finding appropriate vectors for controlled cell-specific safe 
delivery. The phenotype repopulating the open root apex has still 
to be selected by environmental factors [46].

The apical part of the root includes three compartments: 
an apical cell-rich zone (where apical stem cells are mostly 
located and constitute a reservoir of undifferentiated pulp cells 
progenitors (abbreviated as SCAP by Sonoyama et al. [33]. Cells 
are located in the apical papilla mesenchyme, and in the radicular 
dental pulp [43- 50] (Figure 8-11).

SCAFFOLDING MATERIALS FOR CELL THERAPIES 
AND PULP REGENERATION

The three key ingredients for tissue engineering are 

a. Signals for morphogenesis, 

b. Stem cells for responding to morphogens and 

c. The scaffold of extracellular matrix. 

The pulp tissue contains stem/progenitor cells that potentially 
differentiate into odontoblasts in response to bone morphogenetic 
proteins. Two strategies aimed to regenerate dentin. Firstly, 
it is an in vivo therapy, where BMP proteins or BMP genes are 
directly applied to the exposed or amputated pulp. Secondly, an 

Figure 8 Different apical closure types in group dental pulp cells + platelet rich plasma. Some bone-like tissue form a bridge and merge with 
cementum-like  tissue to close the apex.



Goldberg M (2020)

JSM Dent 8(1): 1122 (2020) 11/16

Central

Figure 9 Gene frequency in the apical pulp compared with the coronal pulp.

Figure 10 Cells, scaffold and signals are implicated in oral stem cells regulation and differentiation.

ex vivo therapy consists of isolation of stem/progenitor cells from 
pulp tissue, differentiation into odontoblasts with recombinant 
BMPs or BMP genes that are finally transplanted autogenously to 
regenerate dentin [48]. 

The scaffold provides a physicochemical three-dimensional 
microenvironment for cell growth and differentiation, promoting 
cell adhesion and migration. The scaffold serves as a carrier 
for morphogen in proteins and cell therapy. Scaffold should 
be effective for transport of nutrients, and oxygen. It should 
be gradually degraded and replaced by regenerative tissue, 
retaining the feature of the final tissue structure. They should 
have biocompatibility, nontoxicity, and proper physical and 
mechanical strength. Natural polymers such as collagen and 
glycosaminoglycan offer good biocompatibility, and bioactivity. 
Commonly used synthetic materials are polylactic acid, 

polyglycolic acid), polylactic-co-glycolic acid. Synthetic hydrogels 
include polyethylene glycol-based polymers, and those modified 
with cell surface adhesion peptides, such as arginine, glycine, 
and aspartic acid (RGD), can improve cell adhesion and matrix 
synthesis within the three-dimensional network. Scaffolds 
may contain inorganic compounds such as hydroxyapatite and 
calcium phosphate.

Morphogens include bone morphogenetic proteins, fibroblast 
growth factors, wingless-proteins, Hedgehog proteins, and tumor 
necrotic factor families. BMP family members are sequentially 
involved in embryonic tooth development. Six different Bmps 
(Bmp2 to Bmp7) are co-expressed temporally and spatially. The 
interactions between epithelium and mesenchyme are important 
in tooth development. Bmp2, Bmp4 and Bmp7 signals expressed 
in the enamel knot influence both epithelial and mesenchymal 
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cells and they are responsible for the maintenance of the enamel 
knot and the subsequent morphogenesis of epithelium. Two 
transmembrane receptors are expressed in the dental pulp. Bmp 
signals are transduced from the plasma membrane to the nucleus 
through a limited number of Smad proteins, receptor-activated 
Smads (R-Smads), common mediator Smads (co-Smads), and 
inhibitory Smads (I-Smads). Many Smad-interacting proteins 
have been detected and determine the outcome of the signaling. 

The regenerative potential of dental pulp, particularly in 
mature teeth, has been considered to be extremely limited. 
However, our improved understanding of pulpal inflammation 
and repair and improved dental materials and technologies make 
vital pulp therapy a viable alternative to root canal treatment. 
Our knowledge in this regard and the future potential of saving or 
even regenerating the pulp becomes a routine dental procedure 
[51, 52]. Regenerative endodontics is the creation and delivery 
of tissues to replace diseased, missing, and traumatized pulp 
[51,53].

To create a more practical endodontic tissue engineering 
therapy, pulp stem cells must be organized into a three-
dimensional structure that can support cell organization and 
vascularization. This can be accomplished by using a porous 
polymer scaffold seeded with pulp stem cells. A scaffold should 
contain growth factors to contribute to stem cell proliferation 
and differentiation, leading to improved and faster tissue 
development.

To achieve the goal of pulp tissue reconstruction, scaffolds 
must meet some specific requirements. Biodegradability is 
essential, since scaffolds need to be absorbed by the surrounding 
tissues without the necessity of surgical removal. 

The types of scaffold materials available are natural or 
synthetic, biodegradable or permanent. The synthetic materials 

include polylactic acid, polyglycolic acid, and polycaprolactone, 
which are all common polyester materials that degrade within 
the human body. All these scaffolds have been successfully used 
for tissue engineering applications because they are degradable 
fibrous structures with the capability to support the growth of 
various different stem cell types. This has led researchers to 
concentrate efforts to engineer scaffolds at the nanostructural 
level and modify cellular interactions with the scaffold. Scaffolds 
may also be constructed from natural materials. In particular, 
different derivatives of the extracellular matrix have been 
studied to evaluate their ability to support cell growth. Several 
proteic materials, such as collagen or fibrin, and polysaccharidic 
materials, like chitosan or glycosaminoglycans (GAGs), need 
additional studies.

This will allow tissue engineered pulp tissue to be 
administered in a soft three-dimensional scaffold matrix, such 
as a polymer hydrogel. Hydrogels have the potential to be 
noninvasive and easy to deliver into root canal systems. In theory, 
the hydrogel may promote pulp regeneration by providing a 
substrate for cell proliferation and differentiation. Problems 
encoutered in the past with hydrogels included limited control 
over tissue formation and development. Advances in formulation 
have dramatically improved their ability to support cell survival. 
Despite these advances, hydrogels are still at an early stage of 
research, and this type of delivery system, although promising, 
has yet to be proven to be functional in vivo. 

New techniques involving viral or nonviral vectors can deliver 
genes for growth factors, morphogens, transcription factors, and 
extracellular matrix molecules into target cell populations. Viral 
vectors are modified to avoid the possibility of causing disease. 
Several viruses have been genetically modified to deliver genes. 
Nonviral gene delivery systems include plasmids, peptides, gene 
guns, DNA-ligand complexes, electroporation, sonoporation, and 

Figure 11 The promise of oral stem cell research & therapies.
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cationic liposomes. The choice of gene delivery system depends 
on the accessibility and physiological characteristics of the target 
cell population. 

An ideal scaffold should promote cell attachment and provide 
a conducive environment for pulp or dentin regeneration. Natural 
polymers include natural extracellular matrix components 
such as collagen and fibronectin, typically biocompatible and 
biodegradable.

Hyaluronic acid sponge has been used in dental pulp 
regeneration. Chitosan monomers. In vivo, direct pulp capping 
with chitosan monomer showed that chitosan monomer induced 
(1) minimal inflammatory cell infiltration after 1 day, (2) 
promoted proliferation of pulp fibroblasts after 3 days, and (3) 
induced mineralization by odontoblastic cells after 5 and 7 days. A 
number of additional synthetic polymers have been suggested as 
potential scaffolds for pulp regeneration. The synthetic polymers 
are non-toxic, biodegradable and allow precise manipulation of 
the physico-chemical properties [53]. 

PULP REGENERATION AND DENTINOGENESIS
BMP are members of the transforming growth factor (TGF)-

beta family. They were originally identified as regulators of 
cartilage and bone formation. They play an important role 
in embryogenesis and morphogenesis of various organs and 
tissues, including teeth. It has been demonstrated that human 
recombinant BMP (rhBMP-2, rhBMP-7) induce dentinogenesis. 
The response of dental pulp cells to BMPs suggests that the cells 
present receptors for these bioactive molecules. BMP receptors 
(BMPR) are serine/threonine kinases that include type I receptors 
and the type II receptor. It was demonstrated that dental pulp 

cells (SHED, DPSC, fibroblasts) express BMPR-IA, BMPRIB and 
BMP-II receptors. When SHED were cultured in tooth slice and 
were stimulated with VEGF, VEGFR2 expression was observed 
after the first day of stimulation. After 28 days, SHED also began 
to express PECAM-1 and VE cadherin, thus suggesting that SHED 
progressively acquired an endothelial phenotype when exposed 
to VEGF [53]. 

The pulp tissue engineered SHED injected into full-length root 
canals with either Puramix™ (a peptide hydrogel) or collagen 
type I (rh collagen) differentiate into functional odontoblasts and 
facilitate the completion of root formation in necrotic immature 
permanent teeth [53].

This indicates that for regenerative endodontics to be 
successful, the disinfection of necrotic root canal systems must 
be accomplished in a fashion that does not impede the healing 
and integration of tissue engineered pulp with the root canal 
walls. The choice of an irrigant is of great importance, because 
the irrigant acts as a lubricant during instrumentation, flushes 
debris and microorganisms out of the canal, and reacts with pulp, 
necrotic tissues, and microorganisms and their subproducts. 

Chemical chelating agents are used to remove the smear 
layer from root canal walls, Several solutions have been 
investigated for removing smear layers, including doxycycline, 
a tetracycline congener; citric acid, and, most recently, MTAD. 
MTAD is an aqueous solution of 3% doxycycline, 4.25% citric 
acid, and 0.5% polysorbate 80 detergent. This biocompatible 
intracanal irrigant is commercially available as a two-part 
set that is mixed on demand (BioPure MTAD, DentsplyTulsa, 

Table 2. Summary of the barriers to be addressed to permit the introduction of regenerative endodontics.

1 Disinfection and shaping of root canals in a fashion to permit regenerative endodontics

 (a) Chemomechanical debridement - cleaning and shaping root canals

 (b) Irrigants - 6% sodium hypochlorite and 2% chlorhexidine gluconate and alternatives

  (C) Medicaments - Calcium hydroxide, triple antibiotics, MTAD, and alternatives

2 Creation of replacement pulp-dentin tissues

 (a) Pulp revascularization by apex instrumentation

 (b) Stem cells; allogenic, autologous, xenogenic, umbilical cord sources

 (c) Growth factors; BMP-2, -4, -7; TGF-β1,-β2,-β3 

 (d) Gene therapy; identification of mineralizing genes

 (e)Tissue engineering; cell culture, scaffolds, hydrogels

3 Delivery of replacement pulp-dentin tissues

 (a) Surgical implantation methods

 (b) Injection site

4 Dental restorative materials

 (a) Improve the quality of sealing between restorative materials and dentin

 (b)  Ensure long-term sealing to prevent recurrent pulpitis

5 Measuring appropriate clinical outcomes

 (a) Vascular blood flow

 (b) Mineralizing odontoblastoid cells

 (c) Intact afferent innervations

 (e) Lack of signs or symptoms
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Tulsa, OK). In this product, doxycycline hyclate is used instead 
of its free base, to increase the water solubility of this broad 
spectrum antibiotic. MTAD has been reported to be effective in 
removing endodontic smear layers, eliminating microbes that are 
resistant to conventional endodontic irrigants and dressings, and 
providing sustained antimicrobial activity through the affinity of 
doxycycline to bind to dental hard tissues  (Table 2,3) [50-53].

CONCLUSIONS 
Following symmetric or asymmetric divisions, stem cells 

are defined by three major properties: self-renewal, clonogenic 

proliferation, and multipotent or pluripotent cells, susceptible 
to differentiate into several distinct lineages. At the end of 
the cascade of successive phases, they become terminally 
differentiated cells. Five dental SC have been identified in the 
pulp and in the surrounding tissus. In addition to the dental 
pulp stem cells (DPSCs), stem cells from exfoliated deciduous 
teeth (SHED), from the apical papilla (SCAP), and periodontal 
ligament, and cells of the follicle sac were recognized. They may 
contribute to apexogenesis when the pulp is still alife, or after 
a trauma or infection, they keep the potential for apexification 
with or without root canal regeneration. Stem cells, extracellular 
matrix components, growth and transcription factors, and/or 
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viral vectors may be used to reprogram progenitor cells, in close 
association with a bioactive non-toxic scaffold. Altogether, these 
steps are effective in removing endodontic smear layers. They 
should eliminate microbes that are resistant to conventional 
endodontic irrigants and dressings. This is a pre-requisite before 
any attempt to regenerate the root pulp. These procedures pave 
the way to novel endocontic therapies, allowing the repair of 
radicular pulp, with tissue reformation associated to the binding 
of the regenerated pulp to dental hard tissues, and the tight 
closure, forming an impermeable seal to the tooth apex.
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