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Abstract Stem cells constitute the source of differentiated
cells for the generation of tissues during development, and
for regeneration of tissues that are diseased or injured postnatally. In recent years, stem cell research has grown exponentially owing to the recognition that stem cell-based
therapies have the potential to improve the life of patients
with conditions that span from Alzheimer’s disease to
cardiac ischemia to bone or tooth loss. Growing evidence
demonstrates that stem cells are primarily found in niches
and that certain tissues contain more stem cells than others.
Among these tissues, the dental pulp is considered a rich
source of mesenchymal stem cells that are suitable for tissue
engineering applications. It is known that dental pulp stem
cells have the potential to differentiate into several cell
types, including odontoblasts, neural progenitors, osteoblasts, chondrocytes, and adipocytes. The dental pulp stem
cells are highly proliferative. This characteristic facilitates
ex vivo expansion and enhances the translational potential
of these cells. Notably, the dental pulp is arguably the most
accessible source of postnatal stem cells. Collectively, the
multipotency, high proliferation rates, and accessibility
make the dental pulp an attractive source of mesenchymal
stem cells for tissue regeneration. This review discusses fundamental concepts of stem cell biology and tissue engineering within the context of regenerative dentistry.
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Introduction
The discovery of dental stem cells and recent advances in
cellular and molecular biology have led to the development
of novel therapeutic strategies that aim at the regeneration
of oral tissues that were injured by disease or trauma. Tissue
engineering is multidisciplinary by nature, bringing together
biology, engineering, and clinical sciences with the goal of
generating new tissues and organs.1 Tissue engineering is a
science based on fundamental principles that involves the
identification of appropriate cells, the development of conducive scaffolds, and the understanding of the morphogenic
signals required to induce cells to regenerate a tissue or
organ. Over the last few years, dentistry has begun to
explore the potential application of stem cells and tissue
engineering towards the repair and regeneration of dental
structures. It is becoming increasingly clearer that this conceptual approach to therapy, named “regenerative dentistry,” will have its place in the clinical practice of dentistry
in the future. This review discusses the state-of-the-science
with regard to dental pulp stem cells in tooth tissue engineering, and presents a prospectus for the field of stem
cell-based regenerative dentistry.

Stem cells of dental origin
Stem cells are nonspecialized cells that continuously divide,
have the ability of self-renewal, and are capable of generating complex tissues and organs.2 These cells can be classified
as either embryonic or postnatal.3 Embryonic stem cells are
found in the inner cell mass of the blastocyst during the
early stages of embryo development.4 Their self-renewal
potential and unrestricted ability to generate new tissues
and organs (totipotency) make these cells an attractive cellular source for cell-based regenerative therapies. However,
the use of embryonic stem cells is controversial. Indeed,
legal and ethical issues have significantly impaired the feasibility of their use in the laboratory and in the clinic.5
Therefore, this review will not discuss the use of embryonic
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stem cells in dentistry. Similarly to embryonic stem cells,
postnatal stem cells are capable of self-renewal. However,
postnatal cells are multipotent; that is, they have a more
limited capacity for differentiating into other cell types than
the totipotent embryonic stem cells. Notably, postnatal stem
cells present the obvious advantage of being a source of
cells for autologous transplants, minimizing risks related
with immune rejection. And finally, postnatal stem cells can,
at least in theory, be obtained from individuals at any stage
in life.
Several, if not all, adult tissues have a subpopulation of
stem cells. Examples of such tissues are the bone marrow,
brain, skin, muscle, and adipose tissue.6–9 Stem cells have
also been found in several dental tissues. One of the first
tooth-related stem cell types was found in the pulp of permanent teeth and was named dental pulp stem cells
(DPSCs).10 In addition, stem cells from human exfoliated
deciduous teeth (SHED), stem cells from the apical papilla,
dental follicle progenitor cells, and periodontal ligament
stem cells have also been characterized.11–15 Mechanistic
studies focused on these cells are certainly improving our
understanding of tooth development. In addition, this
knowledge has been applied in translational studies that
aim at the use of these stem cells in clinical settings where
the regeneration of dental and craniofacial tissues is
indicated.
The usefulness of stem cells in clinical applications
depends on their proliferation rate, differentiation potential, and accessibility. For example, when bone marrow stem
cells were compared with DPSCs, DPSCs presented favorable results with regard to odontogenic capability.16 Stem
cells of dental origin can certainly generate dental
tissues.10,11,13,17,18 We have shown that SHED and DPSCs are
capable of generating a tissue that has morphological and
functional characteristics that closely resemble those of
human dental pulp (Fig. 1).19–22 Other studies have expanded
the potential of these cells in the treatment of diseases and
conditions such as muscular dystrophies, critical size bone
defects, corneal alterations, spinal cord injury, and systemic
lupus erythematosus.23–28 Such studies clearly demonstrate

Fig. 1. Dental pulp engineered with stem
cells from human exfoliated deciduous
teeth (SHED). SHED were seeded into
tooth slice/scaffolds and transplanted into
the subcutaneous space of immunodeficient
mice. After 21 days, the tooth slices were
retrieved, fixed, demineralized, and
prepared for standard histology.
Photomicrographs of hematoxylin/eosinstained tissue sections (×400) depicting the
periphery and the central portion of the
dental pulp-like tissue formed in the pulp
chamber of these tooth slices

the plasticity and the differentiation potential of stem cells
of dental origin. And finally, SHED cells have the unique
advantage of being retrievable from naturally exfoliated
teeth, which can be considered a “disposable” source of
postnatal human tissue. Collectively, these studies suggest
that the tooth constitutes an attractive source of stem cells
that can potentially be useful in a wide spectrum of clinical
scenarios.

Signaling molecules and dental pulp stem cell
differentiation
Growth factors and morphogenic factors are proteins that
bind to specific membrane receptors and trigger a series of
signaling pathways that coordinate all cellular functions.
These molecules play a critical role during development,
guiding processes that determine the fate of stem cells and
regulate the generation of all tissues and organs in the
developing embryo. Similarly, these morphogenic molecules
play a critical role in physiological processes of tissue regeneration as, for example, wound healing in the skin or dental
pulp responses to the progression of dentinal caries. The
same growth factors that guide embryogenesis and physiological tissue regeneration can also be used therapeutically
to guide stem cell differentiation toward specific cell fates
and to coordinate cellular processes that result ultimately
in the generation of a new tissue or organ via tissue
engineering-based approaches. More specifically, there are
many similarities between morphogenic factors regulating
dentinogenesis and the factors that regulate reparative dentinogenesis.29 One rapidly concludes that the field of dental
tissue engineering can benefit tremendously from studies
focused on the cellular and molecular mechanisms of
odontogenesis.
Growth factors have an important role in signaling
reparative processes in dentin and pulp.29,30 Indeed, it is
known that factors such as transforming growth factor β,
bone morphogenic proteins (BMPs), platelet-derived
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growth factor, fibroblast growth factor, and vascular endothelial growth factor (VEGF) are incorporated into the
dentin matrix during dentinogenesis and are retained there
as “fossilized” molecules.31–33 Interestingly, when these molecules are released from the dentin, they are bioactive and
fully capable of inducing cellular responses, as for example
those that lead to the generation of tertiary dentin and to
dental pulp repair.30,34 The tubular arrangement of the
dentin facilitates the movement of growth factors released
from dentin matrix that has been demineralized by caries,
acidic tooth conditioning agents, or pulp capping materials.
Interestingly, calcium hydroxide has been shown to solubilize dentin and allow the release of bioactive molecules that
can potentially regenerate dentin.35 Such events involve the
recruitment of DPSCs, their differentiation into odontoblasts, and the secretion of mineralizable matrices.36–38 Collectively, the release of growth factors from the dentin
appears to constitute an important mechanism of defense
against injuries, allowing for a finite level of dental tissue
regeneration.
Studies from the early 1990s demonstrated that BMPs
(e.g., BMP-2, BMP-4, BMP-7) trigger signaling events that
induce the generation of dentin in animal models.39,40
However, the ability to induce the formation of dentin is not
limited to BMPs. Dentin matrix protein (DMP)-1 has been
shown to nucleate apatite crystals and to induce dentin formation.41,42 Moreover, bone sialoprotein (BSP) can also stimulate the differentiation of pulp cells into cells that are
capable of secreting mineralizable matrices in pulp exposure
sites.43,44 Interestingly, different morphologic characteristics
are observed when dentin is induced by different factors (e.g.,
BSP-induced dentin appears to be different from BMPinduced dentin). Such results raise the intriguing possibility
that it might be possible to select a specific type of biological
inducer of dentin repair according to the patient’s dentin
needs. Notably, all these morphogenic factors can be found
in dentin matrices and are presumptive inducers of DPSC
differentiation into odontoblast-like cells.43,45,46
Recent studies from our laboratory have added evidence
for the important role of the bioactive molecules that are
present in dentin as inducers of differentiation of pulp stem
cells into odontoblasts.22 We have observed that SHED
seeded in scaffolds surrounded by dentin differentiated into
odontoblasts, as demonstrated by the acquisition of markers
of differentiation such as DMP-1, dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein. In
contrast, SHED seeded in scaffolds without dentin, or in
scaffolds surrounded by dentin that had been previously
deproteinized by long-term treatment with sodium hypochlorite, lost their ability to differentiate into odontoblasts.
In search of the specific dentin proteins that were mediating
the odontoblastic differentiation of SHED, we performed a
series of neutralizing antibody experiments. These studies
demonstrated that dentin-derived BMP-2, but not BMP-7,
is necessary for the differentiation of stem cells into odontoblasts.22 Such results from cell and molecular biology
experiments can provide guidance for translational experiments aimed at the regeneration of dentin via targeted
induction of odontoblastic differentiation of DPSCs.

Scaffolds for dental pulp stem cells
Mammalian cells require interactions with their microenvironment to survive, proliferate, and function. In tissue physiology, these three-dimensional (3-D) environments are
largely composed of extracellular matrix proteins. In tissue
engineering, these 3-D structures are initially provided to
the cells through the use of biodegradable and biocompatible scaffolds.1 They provide an environment that allows for
the adhesion of cells and their proliferation, migration, and
differentiation until these cells and the host cells begin to
secrete and shape their own microenvironment. Therefore,
scaffolds are considered a critical component of tissue
engineering.47,48
Scaffolds made of synthetic polymers allow for the manipulation of their physicochemical properties such as degradation rate, pore size, and mechanical resistance. The most
common synthetic polymers in tissue engineering are likely
poly-(l-lactic acid) (PLLA), poly-(glycolic acid) (PGA), and
the copolymer poly-(lactic-co-glycolic acid) (PLGA). These
scaffolds are biodegradable and biocompatible and allow for
cell growth and differentiation, making them highly suitable
for tissue engineering applications.17,45,49 The degradation rate
can be controlled by the proportion of PLLA/PGA used in
the manufacturing of these scaffolds. Notably, it is important
for the rate of scaffold degradation to be compatible with the
rate of tissue formation. In other words, the scaffold should
be designed to provide structural integrity for the cells used
in tissue engineering until the newly formed tissue becomes
autosustainable.50 One of the first examples of successful
replacement of scaffold by dental tissues was the use of copolymers (PGA/PLLA and PLGA) that allowed for the engineering of complex dental structures with characteristics
similar to the crowns of natural teeth.17
We have used PLLA scaffolds extensively in dental pulp
tissue engineering.19–22 The PLLA scaffolds are cast inside
the tooth slices prepared in the cervical area of extracted
sound human third molars (Fig. 2). Stem cells are seeded in
the tooth slice/scaffolds and transplanted into the subcutaneous space of immunodeficient mice. We have named this
experimental approach the tooth slice/scaffold model of
dental pulp tissue engineering.19–22,51
Our studies have demonstrated that 21–28 days after
transplantation, DPSCs seeded in tooth slice/scaffolds and
transplanted into mice generate a tissue with morphological
characteristics similar to those of human dental pulp (Fig.
1).19–22 We have also investigated the effect of the method
for the creation of pores in the scaffolds on the differentiation of DPSCs into odontoblasts and on the generation of
pulp-like tissues. These experiments revealed that scaffolds
generated with gelatin or salt porogens resulted in similar
proliferation of DPSCs, but the expression of odontoblastic
markers (e.g., DMP-1) was higher in gelatin-based scaffolds
in vitro.21 These initial experiments demonstrated that the
structural characteristics of the scaffold may play a significant role in the differentiation of DPSCs.
From a translational standpoint, it would be beneficial
for scaffolds designed for dental pulp tissue engineering
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Fig. 2. Tooth slice/scaffold model of dental
pulp tissue engineering. Highly porous
biodegradable poly-l-lactic acid scaffolds
were cast in the pulp chamber of
1.5-mm-thick human tooth slices. The
porogen used here was NaCl particles. The
higher magnification image depicts a pore
containing multiple SHED cells

purposes to be made of injectable materials. The goal of
these injectable scaffolds is to allow for stem cell transplantation throughout the full extent of the root canal and pulp
chamber. An excellent example of such an approach was
recently described by Galler and colleagues.52 In this case,
self-assembling multidomain peptide hydrogels were generated and characterized as highly biocompatible and injectable. Interestingly, the addition of a matrix metalloprotease
2 specific cleavage site and a cell adhesion motif (i.e., RGD)
enhanced cell survival and induced cell motility within these
hydrogels. In summary, scaffold development and characterization is quickly becoming a critically important new
area in the field of dental materials. We firmly believe that
this is an emerging area that will play a critical role in the
translation of laboratory findings to the application of stem
cell-based tissue engineering approaches in the dental clinic.

Blood vessels and tooth tissue regeneration
Vasculogenesis is defined as de novo formation of blood
vessels. Temporal and spatial regulation of vasculogenesis is
required for normal embryogenesis. Indeed, loss of a single
allele of the VEGF gene causes early embryonic lethality.53,54 There is solid evidence for a functional link between
vasculogenesis and bone development.55,56 It is also well
known that the teratogenic effect of thalidomide is caused
by aberrant vasculogenesis leading to impaired long bone
development and limb truncation.57 We have recently
observed that SHED have the potential to differentiate into
functional vascular endothelial cells via a process that
closely resembles that of vasculogenesis,19,20 as depicted
graphically (Fig. 3). We have reported that DPSCs differentiate themselves into endothelial cells that make functional,
blood-carrying blood vessels.19,20 These findings raise the
intriguing possibility that stem cells of dental pulp origin
might be useful in the treatment of severe ischemic conditions of the heart, brain, or limbs. Furthermore, it is unquestionable that the success of tissue engineering relies heavily
upon the rapid establishment of local microvascular networks to provide blood and nutrients for cells that are
engaged in tissue regeneration processes. More specifically,
one of the critical challenges of dental pulp tissue engineering is the generation of a functional vascular network, con-

Fig. 3. Schematic representation of the multipotency of dental pulp
stem cells. In this hypothetical example, factor A induces vasculogenic
differentiation of the dental pulp stem cells, while factor B induces
odontoblastic differentiation

sidering the anatomical constraints imposed by the fact that
all vascularization must access the root canal through the
apical foramen. Therefore, much research is needed in the
area of induction of vasculogenesis accompanying efforts of
dental pulp tissue engineering. Notably, the use of stem cells
as a single cellular source for blood vessels and for “tissue
making” is obviously very attractive from a translational
standpoint.
Angiogenesis is the process of new blood vessel formation from preexisting vasculature. Therefore, it is fundamentally different from the process of vasculogenesis. While
vasculogenesis is critically important in the early stages of
embryonic development, angiogenesis allows for the remodeling of the vascular networks later in embryonic development and plays a major role in postnatal physiological
responses (e.g., wound healing). In the context of the dental
pulp, it is well known that conservative pulp treatments such
as direct pulp capping trigger wound healing events that
are orchestrated by an exquisitely regulated angiogenic
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response. During physiological wound healing, cells from
wounded sites release chemotactic factors that contribute
to the organization of a transient inflammatory process.58–60
Notably, local cells release angiogenic factors that quickly
organize a robust proangiogenic response that allows for
the influx of inflammatory cells and provides the oxygen
and nutrients that are required to maintain the high metabolic demands of cells actively engaged in tissue repair.60
In the dental pulp, elegant work has recently shown that
endothelial cell injury is involved in the recruitment of
odontoblastic-like cells.61
VEGF is considered the most important regulator of
vasculogenesis and angiogenesis in physiological as well
pathological conditions.62,63 VEGF induces endothelial cells
to form capillary structures when seeded in 3-D collagen
gels.64 In vivo, VEGF enhances permeability and induces
potent proangiogenic responses.65,66 Notably, VEGF plays a
critical role in the regulation of angiogenesis by enhancing
endothelial cell survival.64 We have observed that VEGF
induces angiogenesis and enhances the survival of dental
pulp cells from human tooth slices transplanted in the subcutaneous space of immunodeficient mice.67 We have also
demonstrated that VEGF induces the differentiation of
DPSCs (i.e., SHED) into endothelial cells.20 The Nakashima
group has elegantly shown that porcine pulp stem cells
enhance local blood flow in experimental ischemic sites by
secreting angiogenic factors (e.g., VEGF) and inducing an
angiogenic response by host endothelial cells.68 Collectively,
these data suggest that a local increase in VEGF availability
is highly beneficial for stem cell-mediated regeneration of
dentin and pulp. Notably, dentin matrices contain VEGF,33
which likely contributes to the angiogenic responses mediated by dentin extracts.69 We have recently begun to explore
the possibility of incorporating VEGF in the scaffolds that
are used for transplantation of stem cells for dental pulp
tissue engineering purposes.
A major challenge for stem cell-based tissue regeneration
is to ensure rapid establishment of efficient blood vessel networks that allow for the survival of transplanted cells and
provide the influx of oxygen and nutrients required to maintain the high metabolic demands of cells participating in
tissue regeneration. Our laboratory has made the novel and
unexpected observation that SHED have the potential to
differentiate into functional blood vessels in vivo.19,20 This
raises the exciting possibility that dental pulp stem cells may
constitute a single cell source for regenerating the tissue in
question (e.g., dental pulp, dentin), while providing at the
same time the required vascular network that will support
the newly formed tissue. Notably, during embryonic development the molecular cues required for timely differentiation
of stem cells are inherently regulated. However, the same is
not necessarily true when stem cells are used therapeutically
in foreign microenvironments. Therefore, studies focused on
the cellular and molecular signaling events regulating the
determination of stem cell fate will be critically important for
the translation of laboratory findings to the clinic. These
studies should provide the knowledge to determine the
nature of biological modifiers that can guide stem cells
toward the desired differentiation paths.

Prospectus for stem cell-based dental tissue
engineering
Stem cell-based regenerative therapies certainly hold much
potential in the treatment of medical and dental conditions.
Indeed, many patients around the world have already benefited from such therapies. However, the decision to incorporate stem cell-based therapies into routine clinical dental
practice requires careful analysis of the risks and benefits
associated with the procedure. For example, while the potential benefits of stem cell transplantation for patients with
hematological cancer tend to outweigh the risks, the same
may not be necessarily true for their use in dental procedures. It is unquestionable that the processes of storage and
expansion of stem cells in laboratory settings, as well as the
transplantation of these cells back to the patient, carry certain
risks. There is a risk of transformation of the stem cells, and
there is also a risk of unwanted contamination of these cells
with pathogens during these procedures.70 While these risks
are relatively small, they exist and cannot be ignored. Indeed,
it is certainly imperative that patients undergoing such procedures with stem cells in investigative or clinical settings are
made fully aware of such risks.
Based on the analysis of the existing literature, and our
own clinical and research judgment, it is becoming increasingly clear that dentistry will embrace new concepts of
tissue regeneration. It is likely that such approaches will
involve the use of stem cell-based therapies combined (or
not) with biomimetic approaches. While the use of stem
cells brings many new therapeutic opportunities, and
perhaps will allow for the treatment of dental conditions
that are untreatable with today’s materials and procedures,
one must proceed with caution. It is imperative for clinical
procedures with stem cells to be supported by solid basic
and translational research. It will be only through rigorous
research that the full extent of the potential risks involved
in the use of these cells will be understood, and the means
to prevent (or overcome) them will be discovered. It will
also be only through research that the biology of toothrelated stem cells and the therapeutic potential of these
cells will be better understood.
In conclusion, stem cell-based dental tissue regeneration
is a new and exciting field that has the potential to transform
the way that we practice dentistry. Its future will depend on
the understanding of the biology of the cells that will be
used to regenerate tissues, and its boundaries will be demarcated by an in-depth knowledge of the potential risks and
likely benefits associated with each regenerative procedure.
The field of stem cell-based regenerative dentistry is
complex and multidisciplinary by nature. Progress will
depend on the collaboration between clinicians and
researchers from diverse fields (e.g., biomaterials, stem cell
biology, endodontics) working together toward the goal of
developing biological approaches to regenerate dental and
craniofacial tissues.
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