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Stem cells and tooth regeneration: prospects for personalized dentistry
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Abstract
Over the last several decades, a wealth of information has become available regarding various sources of stem cells and their
potential use for regenerative purposes. Given the intense debate regarding embryonic stem cells, much of the focus has centered
around application of adult stem cells for regenerative engineering along with other relevant aspects including use of growth
factors and scaffolding materials. The more recent discovery of tooth-derived stem cells has sparked much interest in their
application to regenerative dentistry to treat and alleviate the most prevalent oral diseases—i.e., dental caries and periodontal
diseases. Also exciting is the advent of induced pluripotent stem cells, which provides the means of using patient-derived somatic
cells for their creation, and their eventual application for generation of the dental complex. Thus, evolving developments in the
field of regenerative dentistry indicate the prospect of constructing Bcustom-made^ tooth and supporting structures thereby
fostering the realization of Bpersonalized dentistry.^ On the other hand, others have explored the possibility of augmenting
endogenous regenerative capacity through utilization of small molecules to regulate molecular signaling mechanisms that
mediate regeneration of tooth structure. This review is focused on these aspects of regenerative dentistry in view of their
relevance to personalized dentistry.
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Introduction

Prevalence of common oral diseases

Common oral diseases include dental caries and periodontal
diseases which, left untreated, can lead to eventual tooth loss.
Worldwide, dental caries, which often leads to pain and dis-
comfort, are very prevalent in upward of 90% of school-aged
children and nearly 100% of adults. Also, severe periodontal
disease is common (e.g., in upward of 20% of adults), which
can lead to loss of tooth as reflected by data indicating that
about 30% of people aged 65–74 have no natural teeth.
Indeed, complete loss of natural teeth is widespread and par-
ticularly affects older people [1, 2].

In Europe, dental caries remains a major problem, especial-
ly in Eastern Europe and in socio-economically deprived
groups in Europe as exemplified by data indicating that almost
all adults have experienced dental caries and that only 41% of
Europeans retain all their natural teeth. The total expenditure
on dental health care each year is 40 billion euros and around
66% of these costs relate to treating dental caries and its con-
sequences [3].

In the USA, the Center for Disease Control (CDC) report,
for 2011–2012, indicates dental caries remains a major public
health concern [4]. Collectively, the data indicate that dental
caries is common among various age groups of children and
adults and that disparities exist among various socioeconomic
groups both in dental caries prevalence and access and barrier
to dental care.

Similar to dental caries, periodontal diseases are also very
prevalent in both developed and developing countries and
estimated to affect about 20–50% of people worldwide. In
Europe, severe periodontal disease affects 5–20% of middle-
aged (35–44%) adults and up to 40% of older individuals, 65–
74 years old [5]. In the USA, a recent CDC report indicates
that about 47% of adults aged 30 years or older have some
form of periodontal diseases. Periodontal disease increases
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with age affecting 70% of adults 65 years or older [6]. Indeed,
high prevalence of periodontal diseases makes it a major pub-
lic health concern because aside from adversely impacting
oral health and eventually leading to tooth loss, periodontitis
is believed to increase the risk for systemic disorders such as
cardiovascular diseases [7, 8].

Predictive, preventive, and personalized
medicine/dentistry

Thus far, clinical dentistry has relied heavily on a variety of
dental biomaterials and restorative options/protocols to pre-
vent and/or treat dental caries and lost tooth structure; these
include dental amalgam, composite materials, and fixed and
removal prosthesis. Similarly, a variety of protocols are used
for prevention and treatment of periodontal diseases including
basic treatment (e.g., scaling and root planning/curettage) and
guided tissue regeneration. More recently, dental implants
have provided a very attractive option for replacement of teeth
lost to dental caries and/or periodontal diseases. Although
dental implants are considered as a Bgold standard^ for re-
placement of missing teeth, they do not exhibit many of the
properties of natural teeth and can be associated with compli-
cations leading to their failure. However, developments in
tissue engineering and the recognition of the usefulness of
stem cells in tissue repair and regeneration have sparked much
interest in application of tissue engineering principles and
protocols to regenerate the dental complex or its associated
structures. Also exciting is the prospect of use of small mole-
cules to modulate signaling mechanisms that can promote
repair and regeneration of the tooth structure. Clearly, such
advances pave the way for personalized dentistry which is at
the core of the paradigm shift from Breactive medicine/
dentistry^ to predictive, preventive, and personalized
medicine/dentistry [9, 10]. These aspects are the focus of this
review. However, at the outset, an overview of normal tooth
development would be helpful for better understanding of
current research aimed at repair and regeneration of diseased
tooth and the periodontium.

Tooth development

Tooth development is the culmination of reciprocal epithelial-
mesenchymal interactions occurring in sequential stepwise
fashion [11–13]. The ability to generate teeth initially resides
in the dental epithelium which causes induction of tooth for-
mation in mesenchyme of cranial neural crest origin (Fig. 1).
Initially, dental lamina forms at the site of future tooth devel-
opment via thickening of dental epithelium. The formation of
tooth placode heralds the initiation of tooth development and
the invagination of the epithelial component into the underly-
ing mesenchyme at specific locations. Hallmark features of

subsequent stages include proliferation of the epithelial cells
and transition of the epithelium through various shapes rang-
ing from bud-, cap-, to bell-like shapes thereby determining
the 3-dimensional form and shape of the future crown (Fig. 1).
During tooth development, the placodal stage coincides with
the shift of odontogenic capacity from the epithelium to the
dental mesenchyme; thereafter, dental mesenchyme can in-
duce tooth formation when combined with epithelium.

The condensation of dental mesenchyme is believed to be
accompanied with expression of odontogenic markers such as
Pax9, Msx1, and BMP4 [11–13]. The condensed dental mes-
enchyme initially surrounds the invaginating epithelium, but
later on it becomes surrounded by the epithelium (i.e., dental
epithelium). Hallmark features of the late bell stage include
cellular differentiation and the production of mineralized ma-
trices, namely enamel and dentin and subsequent development
of crown of the tooth. The formation of enamel and dentin
occurs at the interface between inner dental epithelium (or
inner enamel epithelium) and dental mesenchyme (or dental
papilla); cells of the inner dental epithelium differentiate into

Fig. 1 Diagram depicts developmental stages of the tooth. E =
embryonic; d = days (for mouse); w = weeks (for human)
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ameloblasts while those of dental papilla differentiate into
odontoblasts with the ultimate production of enamel and den-
tin, respectively.

Completion of development of the crown of the tooth
marks the beginning of root formation which occurs as a result
of joining of inner and outer enamel cells and their prolifera-
tion along with their downward movement to progressively
encircle dental papilla and assuming 3-dimensional shape,
form, and size of the root of the developing tooth. The epithe-
lial cuff encircling the dental papilla is known as the epithelial
root sheath or the Hertwig root sheath. The inner enamel ep-
ithelium of the root sheath no longer differentiates into ame-
loblasts but continues to induce differentiation of the dental
papilla cells to become odontoblasts which produce root den-
tin. This is followed by fragmentation of the Hertwig’s root
sheath and consequent access of the ectomesenchymal cells of
the dental follicle to the root surface and their differentiation to
cementoblasts which ultimately produce cementum. The final
stages of root development occur during and after tooth erup-
tion and are characterized by further elongation of the root and
formation of periodontal tissues that provide anchorage of the
tooth to underlying bone; the source of periodontal tissues is
the ectomesenchymal cells of the dental follicle, which pro-
duce the alveolar socket and the periodontal ligament thereby
connecting the tooth with its socket. It is noteworthy that
remnants of Hertwig’s root sheath become a component of
the periodontal ligament (i.e., rests of Malassez) which can
be the source of some cystic jaw lesions [11–13].

Stem cells

Embryonic and adult stem cells—potential
applications

Stem cells are non-specialized cells which possess two impor-
tant characteristics (Fig. 2). First, they are capable of self-re-
newal, via cell division, even after long periods of inactivity.
Second, under certain physiological or experimental condi-
tions, they can give rise to functional cells of a specific tissue
or organ [14, 15]. Consequently, stem cells are recognized as
possessing the remarkable potential to develop into many dif-
ferent cell types during early life and growth. Importantly, in
many tissues, stem cells serve as an endogenous reservoir
system to replenish other cells during the lifetime of a person
or an animal. For example, in the gastrointestinal system and
bone marrow, stem cells regularly undergo cell division in
order to repair and replace worn out or injured tissues. On
the other hand, in some organs (e.g., heart and pancreas), stem
cells undergo cell division only under special conditions
[14–16].

The types of stem cells, in humans and animals, are the
embryonic stem cells and the somatic (i.e., cells of the body)

or adult stem cells (Fig. 3). The initial discovery of mouse
embryonic stem cells, in 1981, and subsequent detailed inves-
tigation of their biology paved the way for development of the
methods and techniques to derive stem cells from human em-
bryos (1998) and grow them under laboratory conditions [14,
15]. It is noteworthy that human embryos were created
through in vitro fertilization for reproductive purposes; when
no longer needed for the intended purpose, they were donated
for research purpose with the informed consent of the donor.
Importantly, in early embryonic stage (i.e., blastocyst), the
inner cells give rise to the entire body of the organism which
requires specialized cells for all germ layers (Fig. 3). Thus,
embryonic stem cells are pluripotent cells capable of produc-
ing specialized cells for all tissues and organs [14, 15].

Adult stem cells, on the other hand, are undifferentiated
cells which reside among differentiated cells in a tissue or
organ; unlike embryonic stem cells which originate from blas-
tocyst, the origin of adult stem cells in some mature tissues
remains unclear and is under investigation (i.e., endogenous to
the tissue/organ and/or mobilized from other parts of the body,
e.g., bone marrow, to another tissue/organ). The adult stem
cell can renew itself and can differentiate to yield some, but
not all, specialized cell types of the tissue or organ; thus, adult
stem cells are considered as multipotent cells [14, 15] (Fig. 3).

Fig. 2 Diagram shows hallmark features of stem cells
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Investigation of adult stem cells dates back to the 1950s when
it was discovered that the bone marrow contains at least two
types of stem cells, namely hematopoietic stem cells and mes-
enchymal (or bone marrow stromal) stem cells [14, 15]. While
hematopoietic stem cells give rise to all blood cell types, mes-
enchymal stem cells can generate a variety of specialized
types including bone, cartilage, and fat cells. Further, endo-
thelial progenitor cells play a major role in bone marrow an-
giogenesis due to their relevant clonogenic potential; these
cells are also mobilized into the peripheral blood, giving rise
to mature endothelial cells in newly formed blood vessels after
injury (e.g., myocardial infarction) or during tumor develop-
ment. Thus, bone marrow-derived endothelial cells likely rep-
resent a reservoir for the entire body angiogenesis and
vasculogenesis. Adult stem cells have been found in many
more tissues than once thought possible (e.g., in the heart
and brain) leading to the prospect of their use for transplants
in order to repair or regenerate cells/tissues that have sustained
injury. Indeed, hematopoietic stem cells (e.g., from bone mar-
row) have been used for over 40 years as transplants for sev-
eral conditions including leukemia and lymphoma [14, 15].
Thus, transplantation-based therapies are being explored even
for repair and regeneration of tissues/organs which once were
thought not to harbor stem cells. For example, while initial
evidence for dividing cells that ultimately became nerve cells
was provided from studies in the 1960s, it was not until the
1990s that the preponderance of evidence convinced the sci-
entific community that adult brain does contain stem cells
capable of generating astrocytes, oligodendrocytes, and neu-
rons [14, 15, 17, 18]. Similarly, adult myocardium is now

considered to possess resident (progenitor) stem cells which
can be identified by the use of surface markers (e.g., c-Kit,
Sca1, or platelet-derived growth factor receptor a) [16].
Nonetheless, the challenge still remains how to effectively
mobilize such endogenous repair/regenerative capacity of
the heart to treat cardiac diseases (e.g., myocardial infarction).

Induced-pluripotent stem cells—potential
applications

The more novel introduction in the field of stem cells is the
advent of induced pluripotent stem cells (iPSCs) (Fig. 4). The
scientific basis for this breakthrough actually dates back to the
early 1960s with the landmark discovery of Sir John B. Gurdon
that specialization of cells can be reversible [19, 20]. This con-
clusion was based on Gurdon’s elegant studies whereby the
nucleus of a fertilized egg cell from a frog was removed and
replaced with the nucleus of a cell taken from a tadpole’s intes-
tine. This modified egg cell grew into a new frog, proving that
the mature cell still contained the genetic information needed to
form all types of cells [19, 20]. Relying on this information,
Yamanaka and colleagues [21] identified conditions that would
allow some specialized adult cells to be reprogrammed to as-
sume a stem cell-like state—iPSCs. These cells were derived
from mouse (embryonic or adult) fibroblasts infected with vi-
ruses encoding the transcription factors Oct3/4, Sox2, c-Myc,
Klf4, and Sox2. Accordingly, mouse iPSCs exhibit the mor-
phology and growth properties of embryonic stem cells and
express their marker genes. Authors also showed that subcuta-
neous transplantation of iPSCs into nude mice-produced
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tumors containing tissues from all three germ layers thereby
establishing pluripotency of mouse iPSCs [21]. Soon, thereaf-
ter, human iPSCs were introduced which express cell markers
and are capable of generating cells characteristics of all three
germ layers [22]. Accordingly, it was shown that only four
factors, namely, Oct4, Sox2, Nanog, and Lin28, are sufficient
to program human somatic cells to pluripotent stem cells that
display the essential features of embryonic stem cells. The hu-
man iPSCs possess normal karyotypes, display telomerase ac-
tivity, and express cell surface markers and genes that are char-
acteristic of human embryonic stem cells. Importantly, the ad-
vent of iPSCs provides the unique opportunity for a number of
applications including regenerative dentistry as described be-
low. Indeed, recognition of the revolutionary impact of iPSCs
led to the award of Nobel Prize in Medicine and Physiology, in
2012, to Gurdon and Yamanaka.

More recently, research has focused on generation of
integration-free iPSCs [23–25]. This was prompted by the fact
that the original method for generation of iPSCs uses retrovi-
rus or lentivirus vectors that require integration of viral DNA
into target cells. The integration of exogenous genes encoding
required transcription factors for generation of iPSCs (e.g.,
Oct4, Sox2, C-Myc, and Klf4) raises concern about the risk
of mutagenesis and tumor formation [26]. Thus, non-
integration gene delivery systems (e.g., Sendai virus, recom-
binant proteins, synthetic mRNA and episomal vectors) are
increasingly utilized for generation of iPSCs—i.e., generation
of integration-free iPSCs [27]. In this context, it is important to
note that generation of integration-free iPSCs from human
urine-derived cells has further raised the prospect for person-
alized medicine and dentistry as described below [28].

Dental stem cells

The dental pulp has long been known to respond to an injuri-
ous stimulus by mobilizing its endogenous defenses culminat-
ing in generation of reparative dentin. This innate ability to
repair damaged tissue has been suggestive of existence of
odontogenic progenitor cells or stem cells that participate in
the regenerative process. This recognition ultimately led to the
seminal work of Gronthos and colleagues [29] in 2000 who
reported identification and isolation of dental pulp stem cells
(DPSCs) from third molars; DPSCs manifest high clonogenic
capacity and great multilineage potential (e.g., osteogenic,
dentinogenic, adipogenic, chondrogenic, myogenic, neuro-
genic; [30]). Identification of DPSCs laid the foundation for
subsequent studies to explore existence of stem cells in other
parts of the oral cavity (Fig. 5). Accordingly, stem/progenitor
cells have been identified and characterized in the apical pa-
pilla (SCAPs), in human exfoliated deciduous teeth (SHED),
periodontal ligament (PDLSCs), and dental follicle (DFPCs);
others have reported existence of alveolar bone marrow-
derived mesenchymal stem cells (ABMSCs), gingival-
derived mesenchymal stem cells (GMSCs), and tooth-germ
progenitor cells (TGPCs). Stem/progenitor cells derived from
oral cavity express several mesenchymal markers including
CD29, CD73, CD90, and CD105 as well as embryonic
markers such as Sox2, Nanog and Oct4 and can differentiate
into multiple cell lineages [11, 13, 30–33]. Importantly, some
dental stem cells exhibit more embryonic-like features than
bone marrow stem cells and umbilical cord [31–34].
Therefore, mesenchymal stem cells derived from the oral cav-
ity are believed to be very important and valuable resource for
eventual development of cells for clinical/therapeutic applica-
tions not only in dentistry but also in medicine. Indeed, tooth-
derived stem cells have been used to regenerate cells of a
variety of organs including bone, liver, pancreas, salivary
gland, vascular system, skeletal muscle, nerve, and cornea

Fig. 5 Diagram shows sources of stem cells from the oral cavity

Fig. 4 Diagram depicts potential source (e.g., fibroblasts or epithelial
cells in urine) for development if iPSCs and their differentiation potentials
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[33]. Some features of major tooth-derived stem cells are sum-
marized in Fig. 6.

Aside from identification of mesenchymal stem cells in the
oral cavity, the existence of tooth epithelial stem cells niche
was initially identified in continuously growing mouse inci-
sors [11, 35–37]. Dental epithelial progenitor cells differenti-
ate into four cell types as follow: inner enamel epithelium
(ameloblast cell-lineage), stratum intermedium, stellate retic-
ulum, and outer enamel epithelium. The cervical loop which
develops after the bud stage, at the apical end of the inner and
outer epithelium, is composed of the inner and outer dental
epithelium. The cervical loop encircles the loosely arranged
stellate reticulum cells (which are lost after first layer of enam-
el is formed). Tooth epithelial stem cells originate from Sox2+
cells of the component of dental epithelium andmaintain com-
petence to generate teeth; this is best observed during the
formation of succedaneous (or replacement) teeth; these cells
were later shown to be capable of generating all epithelial
components of the tooth. Thus, tooth-derived epithelial stem
cells could potentially be used to generate new teeth.
Importantly, however, in humans, this is not feasible because
epithelial stem cell niche remains active until the onset of root
formation which coincides with the loss of stellate reticulum
from the cervical loop and consequent loss of epithelial stem
cells. Indeed, during tooth eruption, the entire epithelial com-
partment, including ameloblasts, is lost through apoptosis.
Thus, the inability of human teeth to regenerate enamel relates
to the loss of the epithelial compartment along with loss of
epithelial stem cells and their niche; this recognition has

invigorated research to explore potential options for enamel
regeneration as described below. This aspect of normal human
tooth development is critically relevant to stem cell-based
tooth regeneration given that both epithelial and mesenchymal
interactions are required for tooth formation as described
below.

Stem cells and tooth regeneration

The dental complex is a multistructure organ composed of
highly mineralized tissues (i.e., enamel, dentin, and cemen-
tum) and soft tissues of the dental pulp and the periodontium.
These structures are the target of most common dental
diseases—dental caries and periodontal diseases. Thus, regen-
erative dentistry is focused on exploring the potential of stem
cells derived from the dental complex or iPSCs for regenera-
tion of dentin/pulp complex, whole tooth, bioroot, and peri-
odontal tissue following similar general principles and proto-
cols [11–13, 29–36].

As alluded earlier, existing interventional and therapeutic
options utilize restorative and periodontal techniques/
protocols coupled with use of biocompatible materials to ad-
dress these prevalent oral diseases. While such approaches
have markedly improved oral health of humans across the
globe, long-term clinical success is unpredictable and limited.
Given the great strides that have been made in tissue regener-
ative sciences, attention is increasingly shifted to empowering
endogenous healing, repair, and regenerative capacities of the

Fig. 6 Summary of major features of several types of stem cells derived from the dental complex. BMSCs = bone marrow-derived stem cells
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human body with the ultimate objective of repair and regen-
eration of oral tissues lost to disease and injury. Thus, regen-
eration of dental complex and its associated structures (i.e.,
whole tooth, dentin-pulp, tooth root, or periodontal tissues) is
the focus of intense research and development.

As described earlier, hallmark characteristic of tooth devel-
opment is the epithelial-mesenchymal interactions; this aspect
is critically relevant to any attempt at regeneration of tooth or
its components. This is evident from the seminal studies of
Kollar and Baird [38, 39], who established that the interaction
of lip-furrow epithelium with dental mesoderm produces
teeth. Shortly thereafter, the group further established the de-
velopment of tooth germs, in vitro, when recombinants of
embryonic dental epithelium and mesenchyme were placed
into the anterior chamber of mouse eye which produced prop-
erly patterned tooth constructs with enamel and dentin. Later
studies used cell lines of the dental epithelium and
ectomesenchyme for tooth generation. Accordingly, dental
epithelium cell line was established from a p53-deficient fetal
mouse and shown to express ameloblastin and amelogenin.
Thereafter, reconstructed tooth germs, using cell lines and
fetal mesenchyme, were implanted under the renal capsule
which resulted in tooth generation with calcified structures
resembling natural tooth; germs without cell lines developed
bone [40]. Nakao and colleagues [41] developed a protocol
whereby epithelial and mesenchymal tissues were initially
isolated from incisor tooth germ of embryonic day 14.5
(ED14.5) followed by dissociation into single cells.
Thereafter, these single cells were reconstituted, which mani-
fested compartmentalization, within a collagen gel drop, at
high cell density which were, in turn, used for generation of
bioengineered incisor tooth germ. The explants were
transplanted beneath the kidney capsule. After a 10-day peri-
od, the bioengineered tooth germ, placed under the renal cap-
sule, generated incisors with proper orientation of tissue com-
ponents (e.g., odontoblasts, dentin, dental tubules, amelo-
blasts, enamel, dental pulp, root) in comparison to natural
tooth. Authors also examined the potential of either the
bioengineered tooth germ or the developing tooth (under the
renal capsule) to be successfully transplanted thereby devel-
oping the tooth in the oral cavity after extraction of a mandib-
ular incisor in the mouse. Thus, they used bioengineered tooth
which developed under the kidney capsule (for 2 weeks) or
the bioengineered tooth germ which was developed in organ
culture for 2 days. Accordingly, individual bioengineered
teeth or primordia were implanted into the tooth cavities in a
cusp-to-root direction. Two weeks after transplantation, both
the single primordia isolated from cultured tooth germ and the
single teeth isolated from explants in the subrenal capsules
developed in extraction sites and formed correct tooth struc-
ture comprising of enamel, dentin, root, dental pulp, blood
vessels, and bone by histological observations at high frequen-
cies (77% and 85%, respectively). Utilizing similar protocols,

Ikeda and colleagues [42] achieved transplantation of a
bioengineered tooth germ into the socket of a lost tooth in
an adult mouse. The bioengineered tooth erupted into the oral
cavity and achieved occlusion. Further, the bioengineered
tooth possessed hardness of mineralized tissues for mastica-
tion and responded to orthodontic treatment and noxious stim-
ulation. Nonetheless, the bioengineered tooth did not achieve
the 3-dimensional geometric shape and form of the intended
tooth—the maxillary first molar. Thus, while significant
strides have been made in developing the methods and tech-
nology for tooth generation, major hurdles remain in regener-
ation of tooth that replicates collective biological, functional,
and morphological features of natural tooth. More recently,
utilizing a murine transplantation model system, successful
transplantation of a bioengineered tooth unit was reported,
which was comprised of the mature tooth, periodontal liga-
ment, and alveolar bone into a poorly sized bony socket
achieving bone integration by recipient bone remodeling.
The bioengineered tooth manifested physiological tooth func-
tions such as mastication, periodontal ligament function for
bone remodeling, and responsiveness to noxious stimulations.
The bioengineered tooth unit restored enough of the alveolar
bone in a vertical direction into an extensive bone defect of
murine lower jaw [43].

An outcome of trauma to developing tooth is the ensuing
pulpal necrosis accompanied with impaired root development.
A recent study has explored the ability of autologous tooth
stem cells to regenerate dental pulp following implantation
into injured teeth [44]. Utilizing animal models, authors ini-
tially showed that implantation of autologous tooth stem cells
from deciduous teeth was capable of regenerating the dental
pulp as manifested with development of an odontoblast layer,
blood vessels, and nerves. This led authors to explore the
relevance of these findings to human subjects. Thus, authors
compared the efficacy of transplantation of autologousDPSCs
from deciduous teeth to that of apexification. The results in-
dicated that DPSCs implantation, compared to apexification
treatment, resulted in regeneration of three-dimensional pulp
tissue with blood vessels and sensory nerves, a year later,
accompanied with longer root but reduced width of the apical
foramen. Further, no adverse effects were noted 2 years after
DPSC transplantation. Based on their findings, authors sug-
gest that autologous human DPSCs can regenerate whole den-
tal pulp and may be useful for treating tooth following trau-
matic injury [44].

As alluded earlier, loss of the epithelial compartment along
with loss of epithelial stem cells and their niche occur during
normal human tooth development thereby accounting for the
inability of human tooth to regenerate enamel. Thus, while
great strides have been made to regenerate stem cell-based
dentin/pulp complex, regeneration of enamel structure has
lagged behind. Consequently, enamel regeneration remains a
major challenge given its distinctive apatite composition,
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hierarchical architecture, and corresponding properties [45,
46]. Nonetheless, initial attempts at enamel generation in-
volved development of inorganic methods for growth of
aligned enamel-like apatite nanocrystals on dental enamel
[47, 48]. More recently, attention has turned to use of organic
matrices for guided mineralization via a biomimetic approach
based on regulated organic-inorganic interaction. Accordingly,
amelogenin and gelatin have been used to grow aligned apatite
nanocrystals directly on enamel surface [49, 50].More recently,
a protein-mediated mineralization process was reported that
capitalizes on disorder-order interplay using elastin-like
recombinamers to program organic–inorganic interactions into
hierarchically ordered mineralized structures. The materials
comprise elongated apatite nanocrystals that are aligned and
organized into microscopic prisms, which grow together into
spherulite-like structures, hundreds of micrometers in diameter,
that come together to fill macroscopic areas. This approach
could offer a potential strategy for hard tissue repair and regen-
eration such as the enamel [51].

Scaffolds and growth factors for regenerative
dentistry

While this review has primarily focused on potential cellular
sources for tooth regeneration, it is important to emphasize
that this aspect is just one component of many requirements
of tissue engineering. Other components may include scaf-
folds and growth factors which have been the focus of other
reviews and will be briefly alluded to here.

Several criteria are described for an ideal scaffold including
chemical stability, mechanical strength, biocompatibility, con-
trolled degradation, and being permissive of cell adhesion and
proliferation. Scaffold materials with potential for regenera-
tive dentistry include natural polymers (e.g., collagen, chito-
san, alginate and hyaluronic acid); synthetic materials (e.g.,
polyglycolic acid, polylactic acid, polylactic polyglycolic ac-
id); and bioactive ceramic (e.g., hydroxyapatite and bioglass)
[13, 31, 52]. While these scaffolding materials have shown
effectiveness and usefulness in tooth repair/regeneration at-
tempts, a potential problem associated with the use of scaf-
folding material relates to risk of infection and inflammation
thereby prompting exploration of scaffold-independent regen-
eration techniques and protocols [31]. In this context, a novel
approach has been described whereby scaffold-free 3-dimen-
sional cell constructs, using thermoresponsive hydrogel, have
been fabricated using DPSCs and their viability have been
assessed for in vitro and in vivo dental pulp regeneration
[53]. The results indicate formation of pulp-like tissues with
rich blood vessels within the human root canal (of tooth de-
void of pulp) 6 weeks after implantation. Further, histologic
analyses indicated that transplanted DPSCs differentiated into
odontoblast-like mineralizing cells at sites in contact with

dentin and that human CD31-positive endothelial cells were
found at the center of regenerated tissue. These observations
indicate the self-organizing ability of 3-dimensional DPSCs
constructs within the pulpless root canal in vivo and that pulp-
like tissue, rich in blood vessel, can be formed with DPSCs
without the use of scaffolds or growth factors [53]. More re-
cently, Smith et al. [54] reported on their work to create highly
cellularized bioengineered tooth bud constructs that would
develop hallmark features of natural tooth buds such as the
dental epithelial stem cell niche, enamel knot signaling cen-
ters, transient amplifying cells, and mineralized dental tissues.
These constructs consisted of postnatal dental cells which
were encapsulated within gelatin methacryloyl hydrogel and
were implanted under the skin of immunocompromised rats
which demonstrated evidence of natural tooth development.
On the other hand, another study used decellularized tooth
buds which were reseeded with postnatal dental epithelium,
dental mesenchymal, and endothelial cells; the protocol sup-
ported the formation of mineralized whole teeth in an in vivo
large animal mini-pig jaw thereby establishing the potential
use of decellularized tooth bud as scaffold for bioengineered
tooth replacement therapy in humans [55].

With respect to growth factors, a number of them have been
used to regulate proliferation of and induction of differentia-
tion of stem cells into desired cells; these molecules bind to
specific cell membrane-associated receptors thereby mobiliz-
ing a cascade of pathways and processes culminating in tissue
generation [56, 57]. Indeed, the relevance and importance of
several growth factors in generation or repair of dentin and
pulp (e.g., barrier formation at site of pulp exposure) have
been demonstrated. For example, bonemorphogenetic protein
(BMP)-2 mediates dentin-induced odontoblastic differentia-
tion of dental pulp stem cells. On the other hand, transforming
growth factor- β (TGF-β) can stimulate odontoblast-like cell
differentiation and DPSCs-mediated mineralization [56].
Thus, establishing critical growth factors, or combinations
thereof, that would be conducive to regeneration of dental
complex or associated structures is a major focus of ongoing
research.

Finally, an emerging field in tooth regeneration relates to
epigenetics and stem cells. As indicated earlier, various
sources of stem cells in the oral cavity have been identified
including the dental pulp—i.e., DPSCs; sources of these cells
from humans include the pulp of primary teeth or third molars.
While these cells have multi-lineage potential, cellular, and
molecular mechanisms that determine their lineage specifica-
tion remain to be better established. Emerging evidence indi-
cates that conformation of chromatin structure can impact cell
fate. Thus, reversible chemical modifications at the DNA and/
or histone levels can influence gene sequences thereby
impacting cell fate. Further, miRNAs are emerging as poten-
tial players in determining somatic lineage. These aspects are
the focus of a recent review [58].

38 EPMA Journal (2019) 10:31–42



Signaling mechanisms and use of small
molecules in reparative and regenerative
dentistry

Recent studies have explored responses of resident dental
pulp cells to infection and inflammation due to dental car-
ies which encroaches upon the dental pulp accompanied
with apoptosis of odontoblasts [59]. It is believed that the
ensuing damage can/may be partially repaired due to mi-
gration, to the injured site, and activity of DPSCs which
are present in niches around the blood vessels of the pulp.
Consequently, DPSCs can differentiate to odontoblasts and
generate reparative, or tertiary, dentin. Thus, chemotaxis of
DPSCs to pulpal site of injury is a critical event for the
endogenous capacity of the dental complex to repair/
regenerate itself. Consequently, unraveling the signaling
mechanism(s) culminating in migration of DPSCs to the
site of injury within the tooth has been a focus of research
in the field. Accordingly, a recent study explored the role
of stromal cell-derived factor-1 (SDF-1) and its interaction
with its G protein-coupled receptor, C-X-C chemokine re-
ceptor type 4 (CXCR4) and associated signaling pathway
in migration/recruitment of DPSCs [60]. The results indi-
cate that SDF-1/CXCR4 axis induces migration of human
DPSCs via signaling mechanisms involving focal adhesion
kinase (FAK)/phosphatidylinositol-3 kinase (PI3K)/Akt
and glycogen synthase kinase 3-β (GSK-3β)/β-catenin
pathways. Authors concluded that these signaling path-
ways are involved in repair of the dental pulp and that
SDF-1 maybe a novel therapeutic option for treatment of
pulpitis [60]. A subsequent study, utilizing a murine model
of dental pulp exposure in molar teeth, explored the impact
of pharmacologic inhibition of GSK-3β in formation of
dentin; inhibition of GSK-3β is known to upregulate
Wnt/β-catenin signaling immediate response in the dental
pulp. For these studies, tideglusib (a potent and selective
inhibitor of GSK-3β) was used in order to activate the
aforementioned signaling pathway and to mobilize resident
stem cells in the pulp thereby promoting reparative dentin
formation; tideglusib is known for its neuroprotective, anti-
inflammatory and neurogenesis-inducing effects with po-
tential usefulness in neurodegenerative diseases such as
Alzheimer’s disease [61, 62]. Thus, tideglusib was deliv-
ered to tooth preparations, with intentional mechanical
pulp exposure, using biodegradable collagen sponges, in
order to promote dentin formation as collagen sponge pro-
gressively degrades. This protocol was able to promote
natural repair at the site of pulp exposure by depositing
reactionary dentin 6 weeks after treatment thereby filling
the whole injury site from occlusal to pulp chamber roof.
Importantly, the dental pulp remained vital in comparison
to control teeth with exposed pulp without capping and
those with glass ionomer not revealing evidence of

reparative dentin formation with pulp becoming severely
hypoplastic [61]. A more recent study from this group ex-
plored potential role of Wnt/β-catenin pathway, TGF-β
and BMP in reparative dentin formation; it is noteworthy
that damage to dentin causes the release of fossilized
TGF-β and BMP within dentin which, in turn, stimulate
odontoblasts to generate reactionary dentin which is
formed on the pulpal surface of exiting dentin resulting in
its thickening [62]. This study utilized a nonexposed pulp
injury model in mouse coupled with use of the pharmaco-
logic agents to modulate aforementioned pathways. The
results indicate that Wnt activation increases reactionary
dentin formation while inhibition of Wnt, TGF-β, or
BMP pathways do not impair reactionary dentin formation.
Interestingly, however, inhibition of BMP and/or TGF-β
signaling produces a more disorganized, nontubular reac-
tionary dentin. Authors conclude that Wnt/β-catenin sig-
naling pathway does not play a major role in the formation
of reactionary dentin; however, in concert with reparative
dentin generation, exogenous activation of Wnt/β-catenin
pathway can enhance tertiary dentin formation. These ob-
servations are encouraging as they raise the prospect of
empowering endogenous capability of the dental complex
for repair and regeneration.

Conclusion

The discovery of stem cells in various components of the
dental complex alongwith the advent of iPSCs have sparked
a flurry of research activity around the world with the noble
andultimateobjectiveof repair and regenerationof thedental
complex or its associated structures. These extensive pre-
clinical studies have paved the way for several ongoing clin-
ical studies to determine the feasibility of utilization of dental
complex-derived stem cells to promote dental pulp regener-
ation or their efficacy in treatment of chronic periodontitis,
among others [31]. However, the outcome of these clinical
trials largely remains to be established. Nonetheless, the po-
tential feasibility of generation of various components of the
dental complex utilizing iPSCs raises the prospects of use of
urine-derived cells in order to prepare if-iPSCs to be further
utilized for production of the tooth germ and its subsequent
implantation with the hope of generation of biologically and
functionally competent dental complex in humans (Fig. 7).
Clearly, major obstacles must be overcome (e.g., generation
of tooth of appropriate 3-dimensional form and shape that
would function normally) before full realization of regener-
ative dentistry. This is not unusual given the fact that stem
cell-based therapies for other human diseases (e.g., myocar-
dial infarction) still remain a dream despite several decades
of intense research and development in related fields [16]. In
this context and as alluded earlier, while the reversibility of
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cell differentiation/specialization was established in the ear-
ly 1960s [17, 18], the advent of iPSCs which relied on that
knowledge occurred in 2006 with the first report of genera-
tion ofmurine iPSCs [18].Also exciting is the progress in the
area of tooth repair via modulation of signaling mechanisms
which regulate migration and function of resident stem cells
in the dental pulp and their ultimate differentiation to odon-
toblasts and dentin generation. Thus, while the ability of the
tooth to generate reactionary and reparative dentin has been
known for a long time, emerging studies are unraveling rel-
evant signaling mechanisms as potential novel target(s) of
therapies via use of small molecules for their modulation.
Thus, harnessing the ability of the dental complex to repair
and regenerate could ultimately lead to providing alterna-
tives to existing protocols/biomaterials for treatment of the
most common oral diseases—i.e., dental caries and peri-
odontal diseases.

Expert recommendations

As described above, major advances have been made towards
regeneration of dentin/pulp, bioroot, whole tooth and peri-
odontal support in preclinical studies with clinical studies on-
going. Nonetheless, it is important to note that much of our
knowledge regarding regenerative dentistry emanates from
studies which have utilized otherwise Bnormal^ conditions
and/or healthy animals. Since the ultimate objective of regen-
erative dentistry is applicability to diverse patient populations,
it is important to explore how various disease conditions (e.g.,
metabolic diseases such as diabetes mellitus) may affect the
ability to regenerate the dental complex or its associated struc-
tures. Also, if patient-derived iPSCs are to be employed for
such purposes, it is important to establish how disease condi-
tions affect their utility for regenerative purposes. Thus, real-
ization of use of stem cells for personalized dentistry is very
complex and multifaceted albeit a noble objective.
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