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The craniofacial complex includes the teeth, periodontium, bones,
salivary glands and the temporomandibular joint (see Box 1, for glos-
sary). The homeostasis and maintenance of teeth, together with the
periodontal structures that anchor them into the alveolar bones of
the jaws, deteriorate progressively both with age and with metabolic
maladies such as diabetes and osteoporosis. According to the US
National Institute of Dental and Craniofacial Research (Bethesda,
MD, USA), 86% of adults over 70 years have at least moderate peri-
odontitis and over a quarter have lost their teeth. In the aged, there-
fore, the decline in tooth function has serious repercussions for
health and quality of life.

Tissue engineering offers a new option to supplement existing treat-
ment regimens for periodontal disease. Moreover, compared with
other parts of the body, the oral cavity offers distinct advantages to the
tissue engineer, such as ease of observation and accessibility. Realizing
the potential of regenerative treatments for the craniofacial complex
will require integration of three key elements: inductive morpho-
genetic signals (morphogens), responding progenitor/stem cells and
the extracellular matrix scaffold. To induce morphogenesis of the teeth
and periodontium, these elements must be combined to facilitate a
developmental cascade of pattern formation, craniofacial plan estab-
lishment and the creation of the mirror-image bilateral symmetry of
teeth in maxilla and mandible. Regeneration of craniofacial tissues will
also require a recapitulation of some of the mechanisms of embryonic
development and morphogenesis.

Morphogens are extracellularly secreted signals governing mor-
phogenesis during epithelial-mesenchymal interactions. They com-
prise four evolutionarily conserved protein families—BMPs,
fibroblast growth factors (FGFs), hedgehog proteins (Hhs) and wing-
less- and int-related proteins (Wnts). These protein families exhibit

redundant and reiterative signaling, each with distinct temporal and
spatial expression during initiation, pattern formation, morphogene-
sis and cytodifferentiation. In the craniofacial complex, they govern
patterning and morphogenesis of teeth and associated periodontal
structures, including alveolar bone, cementum, periodontal ligament
(PDL) and gingiva. As yet, it is unclear how the same set of mor-
phogen families that specify the shape of teeth also confer the discrete
morphologies of incisors, canines, premolars and molars. However,
the promise of oral tissue engineering is that applications of recombi-
nant morphogens, regenerative progenitor/stem cells in appropriate
scaffolds and ultimately gene therapies (Box 2) will enable new dental
treatments for caries, endodontic, periodontal and oral-maxillofacial
surgery, alveolar ridge augmentation and cartilage repair in the tem-
poromandibular joint.

Although four distinct families of morphogens are involved in
embryonic craniofacial morphogenesis, BMPs alone appear to be suf-
ficient for regeneration of dental tissues in adults as discussed in this
article. For this reason, we limit the focus of the present review to the
potential use of BMPs and progenitor/stem cells in dental tissue engi-
neering. In the following sections, we describe what is known about
tooth morphogenesis and then discuss the mechanisms by which
BMPs modulate stem cell biology, how the extracellular environment
influences morphogen action, and the integration of these compo-
nents into tissue engineering approaches.

Tooth morphogenesis
Tooth morphogenesis is initiated by dynamic, reciprocal interactions
between ectodermally derived stomodeal epithelium and mesenchyme
derived from the neural crest (see Fig. 1). This process commences
with the thickening of the oral epithelium and the formation of the
dental lamina, which then buds into the mesenchyme. The initiation
of tooth formation begins with invagination of the epithelium into the
neural crest–derived ectomesenchyme. In the subsequent ‘cap’ and
‘bell’ stages, the tooth crown is established by folding of the epithe-
lium. The mesenchyme, which is surrounded by dental epithelium,
forms the dental papilla, which gives rise to tooth pulp and odonto-
blasts, which form dentin. The peripheral cells of the dental mes-
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enchyme comprise the dental follicle and extend around the dental
epithelium forming the enamel organ. Dentin-forming odontoblasts
and enamel-forming ameloblasts differentiate during the bell stage of
development. Finally, the teeth erupt into the oral cavity after crown
morphogenesis is complete1 (Fig. 2).

The enamel knot, an organizing center for tooth morphogenesis,
which regulates pattern formation and teeth shape, forms in the
enamel organ epithelium, a zone devoid of cell proliferation that
appears transiently at the bud stage. Before the bud stage, the pre-
sumptive dental epithelium regulates tooth development. During bud-
ding, the instructive cues for tooth morphogenesis originate in the
mesenchyme, which also provides instructive cues for ameloblast dif-
ferentiation and enamel secretion2.

During the development and morphogenesis of the teeth, the peri-
odontium orchestrates the anchoring of teeth in alveolar bone. As the
name implies, the periodontium forms a sheath around the tooth and
consists of the PDL, cementum and the alveolar bone. The PDL arises
from the inner layer of the dental follicle after the initiation of root
development2. The migration of dental follicle cells to dentin leads to
cementoblast differentiation. Cell proliferation and the differentiation
of the PDL leads to formation of collagen fibrils anchoring the cemen-
tum. Epithelial-mesenchymal interactions are critical for PDL forma-
tion3 and are accompanied by expression of the genes encoding cell
surface proteoglycans, extracellular matrix glycoproteins, transform-
ing growth factor (TGF) β-1 and β-2, and Msx-like homeoproteins.
Fibronectin has been implicated in the migration of mesenchymal
cells into the spaces between epithelial cells and their differentiation

into fibroblasts of the PDL, and in the precise anchoring of PDL fibrils
to the root surface3,4.

During dental epithelial-mesenchyme development, BMPs, FGFs,
Hhs and Wnts are expressed in distinct intracellular signaling cas-
cades. BMPs and FGFs upregulate the expression of many genes and
induce proliferation in the mesenchyme. Wnt family members, of
which, at last count, there were nearly 20 in humans, signal via the friz-
zled family of cell surface receptors. In the absence of Wnt signaling,
glycogen synthase kinase 3 (GSK-3) phosphorylates β-catenin and tar-
gets it for degradation by proteosomes. When Wnt activates the friz-
zled receptor, GSK-3 activity is blocked and therefore β-catenin is
stable and is translocated to the nucleus where it binds to the lym-
phoid enhancer factor (LEF)/T-cell transcription factor, activating the
transcription of Wnt responsive target genes. Sonic hedgehog (Shh),
which is critical for regulating growth and shaping teeth, binds to the
Patched receptor, as well as the transmembrane protein, Smoothened.
This signal activates transcription factors of the Gli family, which are
critical for craniofacial and tooth morphogenesis. Members of the
Wnt and Shh families are mutually inhibitory—Wnts repress Shh
expression, whereas Shh represses Wnt signaling.

Such reciprocal regulatory interactions are critical in establishing
the distinct boundaries between oral and dental ectoderm during
tooth development and morphogenesis4. The pathways, however, are
integrated at different levels in developing teeth, as members of dif-
ferent families regulate some of the same targets. For example, both
BMP and FGF activate the expression of transcription factors Msx1
and Dlx2, and BMP competes with Wnt in Lef 1 expression4. It is

Alveolar bone: The bone in the upper and lower jaws.
Ameloblast: An epithelial cell involved in enamel biosynthesis.
Canine tooth: The two teeth in each jaw placed bilaterally lateral 

to second incisor.
Cementum: The bone-like mineralized tissue surrounding the 

root of teeth.
Debridement: Removal of contaminating foreign tissue adjacent 

to normal tissue in an inflamed or infected 
wound.

Dental Condensed mesenchyme that gives rise to the 
papilla: tooth.
Dentin: Dense mineralized extracellular matrix of teeth 

produced by odontoblasts.
Enamel: A dense white mineralized matrix composite 

covering the dentin of the crown of teeth.
Enamel knot: The signaling center for tooth morphogenesis in 

the enamel organ epithelium.
Endodontics: The branch of dentistry dealing with diseases and 

injury to tooth pulp, root and periapical tissues.
Exfoliated/ Natural shedding of teeth often referred to as
deciduous: ‘baby’ or ‘milk’ teeth.
Furcation: The division of roots in a multiroot tooth.
Gingiva: The gum of the mouth, consisting of connective 

tissue that overlies the crowns of unerupted teeth 
and surrounds the necks of erupted teeth.

Incisor teeth: The four front teeth on each jaw consisting of two 
on either side of the midline.

Mandible: The bone of the lower jaw.
Maxilla: The bone of the upper jaw.

Molar teeth: Six teeth placed bilaterally on either side of the 
upper and lower jaw lateral to premolars.

Occlusal: The masticating surfaces of premolars and molars 
and the hypothetical plane between and contacting 
teeth in upper and lower jaws.

Odontoblast: Cell involved in dentin matrix deposition.
Osteodentin: Rapidly formed secondary dentin with entrapped 

cells resembling bone and lacking tubules 
characteristic of dentin.

Periodontium: The connective tissues surrounding and supporting 
the teeth in the jaws, including cementum, PDL, 
alveolar bone and gingiva.

Periosteum: Connective tissue surrounding all the bones, 
including the jaws.

Premolar teeth: Four teeth placed bilaterally on either side of the 
upper and lower jaws lateral to canines.

Reparative Dentin that lacks dentinal tubules, produced by
dentin: dental pulp in response to injury. Also called 

tertiary dentin.
Rests of An epithelial remnant of the sheath in periodontal
Malassez: membrane that sometimes develops into a dental 

cyst.
Sharpey’s Principal fibers inserting into the cementum in 
fibers: periodontium.
Stomodeal: Pertaining to stomodeum, an invagination of the 

ectoderm of embryos where future mouth is 
formed.

Tubular Native primary dentin with branching spiral 
dentin: tubules produced by odontoblastic cell processes.

Box 1  Glossary
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noteworthy that the same families of morphogens are operative in
discrete morphology of mammalian teeth5. Although all four families
of morphogens are critical for embryonic tooth morphogenesis, in
the adult, the BMPs alone can direct the regeneration and mainte-
nance of dental tissues.

Bone morphogenetic proteins
Bone grafts have been used for over a century by orthopedic surgeons
to aid recalcitrant bone unions. In 1965, Urist6 made the key discovery
that demineralized, lyophilized segments of rabbit bone induce new
bone in intramuscular sites. Subsequently, BMPs were isolated from
adult bone matrix in mammals by extracting demineralized bone
matrix in 4M guanidine, heparin affinity chromatography and prepar-
ative electrophoresis, and the activity of reconstituted purified BMPs
assayed by implantation with insoluble collagenous bone matrix in
vivo (for a review, see ref. 7). The resultant stages of new bone develop-
ment are reminiscent of embryonic bone morphogenesis, complete
with the three key steps: chemotaxis, mitosis and differentiation of
progenitor/stem cells.

The human genome encodes 20 BMPs7. BMPs are dimeric mole-
cules critically dependent on the single intermolecular disulfide bond
for biological activity. The monomeric subunit has about 120 amino
acids, including seven conserved cysteine residues. The BMP family
can be divided into four distinct subfamilies: first, BMP2 and 4; sec-
ond, BMP3 and BMP3B, the latter also known as growth/differentia-
tion factor 10 (GDF10); third, BMPs 5, 6, 7 and 8; and fourth, GDFs 5,
6 and 7, also known as cartilage-derived morphogenetic proteins 1, 2
and 3. BMP1 is not a member of the BMP family but rather is a procol-
lagen C-proteinase involved in the proteolytic processing of soluble
procollagen, leading to the self-assembly of insoluble collagen fibers in
the extracellular matrix.

A single recombinant BMP can have pleiotropic effects on different
steps in bone morphogenesis depending on its concentration: femto-
molar concentrations promote chemotaxis; higher concentrations

promote mitogenesis and differentiation7.
The BMPs play pivotal roles in the develop-
ment of the brain, eyes, heart, kidneys, skin,
bones and teeth. Their actions include the
establishment of body plan; initiation and
maintenance during regeneration of bone,
the formation of skeletal tissue during
embryogenesis, growth and remodeling, and
the induction and creation of new bone (Fig.
2). In the post-natal skeleton, BMPs are inti-
mately associated with the collagenous extra-
cellular matrix and are localized in periosteal
cells and in mesenchymal cells of marrow
stroma during fracture repair8–10.

BMPs also play a critical role in tooth mor-
phogenesis1. In craniofacial development,
they have been implicated in the inductive
interactions between dental epithelium and
mesenchyme in a stage-dependent, reiterative
manner. BMPs 2, 4 and 7 are expressed in den-
tal epithelium, and recombinant BMPs 2 and
4 can be used as a substitute for dental epithe-
lium in inducing mesenchyme differentiation.
BMPs are also expressed in the enamel knot
and are associated with differentiating odon-
toblasts and ameloblasts. BMP3 and BMP7
have been immunolocalized to developing

PDL, cementum and alveolar bone11,12. On the other hand, BMP2 was
localized only in alveolar bone during root morphogenesis12. A role for
BMP3 in the cementoblast lineage has been suggested by its localiza-
tion in the root-lining cells13. One of us (M. Nakashima) has also
observed expression of members of the BMP family in rat incisor den-
tal pulp during different stages of odontoblast development14.

A comparison of other growth factors reveals that BMPs are
(34–38%) related to the TGFβ family. BMPs and TGFβ ligands have
cognate BMP type I and II receptors and TGFβ type I and II recep-
tors, respectively, which function as protein kinases (Fig. 3). The
BMP type I receptor protein kinase phosphorylates intracellular sig-
naling substrates Smads (a fusion of the Sma gene in C. elegans and
Mad gene in Drosophila) 1, 5 and 8. The TGFβ type I receptor kinase
specifically phosphorylates Smads 2 and 3. The phosphorylated
Smads 1, 5 and 8 (BMP-signaling Smads) and Smads 2 and 3 (TGFβ-
signaling Smads) partner with Smad 4 to form signaling complexes
in the cytosol that enter the nucleus to initiate the transcription of
downstream targets (Fig. 3). Although BMPs and TGFβ ligands sig-
nal via distinct receptors, they act in collaboration during bone and
tooth morphogenesis4,53.

Progenitor/stem cells
Several studies indicate that progenitor/stem cells are present both in
dental pulp and in the PDL. During wound healing, dental pulp cells
have the potential to proliferate and to differentiate into odonto-
blasts to form dentin. Odontoblast formation has been studied in
cultures of mature bovine, human and rodent pulp cells as well as in
thick slices of human and rodent teeth15. It is accompanied by the
expression of dentin matrix protein 1, dentin sialoprotein (Dsp) and
dentin phosphoprotein (Dpp)15. In addition, both increased expres-
sion of osteocalcin (a marker for differentiated odontoblasts) and
matrix mineralization occurs during the culture period16–19. When
transplanted into ectopic sites in immunocompromised mice, cells
isolated from human dental pulp give rise to dentin-like structures

Dental lamina Initiation Bud stage Cap stage

Bell stage Eruption

Enamel

Dentin

Pulp

Enamel knot

Figure 1  Reciprocal and reiterative signaling during tooth morphogenesis. Intricate, dynamic and
reciprocal interactions occur between ectodermally derived enamel organ epithelium and neural
crest–derived mesenchyme. Four key families of morphogens (BMPs, FGFs, Shh and Wnts) are involved
in signaling between the epithelium and mesenchyme in an orchestrated spatial and temporal
sequence. The tooth bud develops into the cap and bell stages before eruption. The enamel knot is a
signaling center with a critical role in tooth morphogenesis.
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lined with odontoblast-like cells20. A recent paper also reports the
presence of stem cells in exfoliated deciduous human teeth21.
Together, these results provide evidence that the pulp contains pulp
progenitor/stem cells.

Although specific markers for the dental pulp stem cells have yet to
be characterized, cultured pulp cells express BMP2, BMP4, BMP6 and
BMP7 mRNA16,22,23 and their receptors24 in a stage-dependent man-
ner. In response to treatment with recombinant human BMP2, pulp-
derived mesenchymal cells differentiate into dentin-forming
odontoblasts16. When combined with total EDTA-soluble fraction of
dentin, recombinant human BMP2 also stimulates odontoblast differ-
entiation by dental papilla separate from that in the enamel organ25.

Some progress has also been made in understanding the role of pro-
genitor cells in repair of the PDL, which responds to changes in

applied mechanical force and has a remark-
able capacity for regeneration. In a normal
PDL, several types of osteoblast and progeni-
tor cell associated with bone formation have
been identified, including fibroblasts, rests of
Malassez (an epithelial remnant), and undif-
ferentiated mesenchymal cells. In addition,
cementoblasts have been found lining the
root surface. Although the origin of cemento-
blasts that appear during periodontal regen-
eration is unknown, cells derived from the
PDL and alveolar bone may migrate into 
the periodontal defect, proliferate and differ-
entiate26. It has also been suggested that a
small population of PDL cells in the mature
periodontium can differentiate into an
osteoblast or cementoblast phenotype,
thereby laying down bone or cementum13.
Other likely sources of cementoblasts or
osteoblast progenitor cells include marrow
stroma, perivascular, paravascular and
endosteal fibroblasts13.

An ongoing challenge for the field is to iso-
late progenitor stem cells with well-defined
markers from both dental pulp tissue and

PDL and to expand these cell types in vitro. Current research in several
centers is focusing on the isolation of universal human stem cells with
defined markers that potentially could be used to circumvent immune
histocompatibility barriers. Such cells ultimately may allow the devel-
opment of stem cells for use as shuttle vectors in cellular/gene therapy
(see Box 2).

Extracellular matrix and biomimetic scaffolds
Tissue engineering of teeth and associated tissues requires that the
scaffolding of the extracellular matrix be faithfully duplicated. Both
developing and adult teeth are surrounded by the PDL and anchored
to alveolar bone by cementum. These connective tissues have in com-
mon an extracellular matrix that includes collagens, proteoglycans and
an assortment of noncollagenous glycoproteins. Studies in one of our

Enamel

Dentin

Pulp

Gingiva

Alveolar bone

Cementum

Periodontium

Periodontal
ligament

Endodontics Periodontal Implant

Fracture Alveolar ridge TMJa b

Figure 2 Craniofacial structures and treatments. (a) Structure of a human tooth. The tooth is
surrounded by the periodontium and is anchored in the alveolar bone of the maxilla or mandible. The
pulp has progenitor/stem cells for the repair and regeneration of dentin by dentin-forming odontoblasts
in response to BMPs. (b) BMPs have been demonstrated in preclinical studies to have the potential for
tissue engineering and regeneration of alveolar bone, alveolar ridge augmentation, cartilage repair in
the temporomandibular joint (TMJ), oral implants, endodontic treatment and regeneration of
periodontal tissues.

Although gene therapy in oral medicine remains some way off,
the approach has clear advantages. First, because the half-life
of BMPs is limiting and high concentrations are required to
induce tissue regeneration, morphogen production from
transduced tissues, rather than by direct application of the
protein, may be advantageous. Several studies have already
detailed the ability of rodent or human mesenchymal cells,
transduced with a recombinant adenoviral vector carrying the
gene for BMP2 (refs. 67–69) or BMP7 (refs. 70,71), to elicit
new bone formation in vitro and in vivo. Ligands have also been
incorporated into the surface of viral vectors to enable cell-
specific delivery, which is both better targeted and less invasive
than other methods, such as direct injection72. Second, it is
clear that the ease of visual observation and accessibility of the
mouth/oral cavity makes these tissues more amenable to gene
delivery approaches than internal visceral organs and tissues.
Thus, delivery methods such as electroporation or sonoporation

have been used to transfer the Gdf11 gene (which encodes 
BMP 11) to amputated dental pulp, stimulating the formation 
of reparative dentin17,73. An alternative approach is to use
electroporation or sonoporation to transfect isolated
progenitor/stem cells from dental pulp with BMP genes and
subsequently implant the engineered cultured cells with an
appropriate scaffold into the injured pulp. This ex vivo 
approach to gene transfer may stimulate reparative dentin
formation more rapidly. In a recent paper, syngeneic dermal
fibroblasts were transduced ex vivo with adenoviruses encoding
BMP7, subsequently seeded onto gelatin carriers, and then
transplanted into rats with large mandibular alveolar bone
defects. The lesions treated with BMP7 demonstrated rapid
chrondrogenesis, with subsequent osteogenesis, cementogenesis
and predictable bridging of the periodontal bone defects74.
Recent data indicate that ultrasound may have marked effects
on the growth and function of bone and PDL cells in vitro75.

Box 2  Gene therapy and tooth repair
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laboratories (A.H. Reddi) have shown the critical role of the extracel-
lular matrix substrata in bone induction by BMPs27–29, particularly in
craniofacial morphogenesis and regeneration, which is contact-medi-
ated and occurs over a short range30,31.

Recombinant BMP4 binds to heparan sulfate, heparin, and types I
and IV collagen of the extracellular matrix. Thus, extracellular matrix
components tether active morphogens to confer the optimal confor-
mation and perhaps protect them from proteolysis30. Furthermore,
binding soluble BMP4 to an extracellular matrix component converts
the morphogen into a solid state, which then can initiate contact-
mediated interactions. The interaction between the inductive signal-
ing by morphogens and responding cells is modulated by the
extracellular matrix. BMPs bind to collagens I and IV, type II procolla-
gen, heparan sulfate, fibrillins, proteoglycans and the BMP-binding
proteins noggin, chordin and DAN31. Recently, the BMP antagonist
noggin has been demonstrated to interact with heparan sulfate and
heparin in extracellular matrix32.

The rate of release of growth factor from the scaffold can pro-
foundly affect the results of tissue engineering strategies33. Polylactic-
glycolic acid and polyethylene glycol copolymers, which are
commonly used in implantable devices, are effective in releasing
growth factors and thus are useful in BMP delivery. The pharmacoki-
netics of the recombinant BMP in conjunction with biomaterials, such
as collagen and hydroxyapatite, may be different from the kinetics in
alveolar bone periodontium and teeth because retention of BMPs at
the site of implantation is dependent on the charge characteristics and
isoelectric point of the morphogens34.

The mineral phase in alveolar bone, cementum and teeth is carbon-
ate-rich hydroxyapatite. The affinity of proteins for hydroxyapatite
makes it a natural protein delivery system. A comparison of potential
carriers of BMPs—including collagens, hydroxyapatite, tricalcium
phosphate, glass beads and polymethylmethacrylate, a bone cement—
has revealed that insoluble collagen and hydroxyapatite are optimal for
bone induction7. However, in the case of hydroxyapatite, geometry of
the scaffold is important. Discs of hydroxyapatite with BMPs are
osteo-inductive, whereas granules are consistently feeble in bone
induction, even though their chemical composition and pore sizes are
identical35,36. The cellular and molecular mechanisms underlying this
critical role of geometry of the scaffold with identical chemistry is
unclear and requires further investigation.

Demineralized tooth matrix can also elicit new bone formation.
Work in one of our laboratories (A.H. Reddi) has shown that the geom-
etry of the demineralized tooth matrix derived from the lower incisors
of rats influences the induced phenotype37. When whole demineralized
incisors are implanted subcutaneously, cartilage forms in the pulp
chamber and persists. However, when the apical portion of the tooth is
amputated and the resulting tooth tubes are implanted, cartilage for-
mation is transient in the middle of the tube and is replaced completely
by bone. In this instance, angiogenesis and vascular invasion from both
sides of the tooth tube result in bone formation throughout37. These
experiments demonstrate the critical role of geometry of the matrix
scaffold in determining developmental outcome.

The methods and the dose of irradiation used to sterilize the scaf-
folds of demineralized bone matrix for tissue engineering of bone are
likely to have a profound effect on the outcome. One of us (A.H.
Reddi) has also published work demonstrating that irradiation by a
Cobalt 60 source at doses exceeding five mega RADs (radiation
absorbed dose) may lead to premature mineralization of the
implanted matrix38. It is noteworthy that endogenous BMPs in the
demineralized bone matrix retain their biological activity after irradia-
tion of up to 5 mega RADs.

The extracellular matrix in alveolar bone, periodontium and teeth
releases morphogens locally to elicit bone repair. In this process, the
tissue scaffolding, such as collagen, is crucial in healing segmental
defects of long bones and alveolar bone in mandible and maxilla.
Essentially, it functions as a delivery system and as an osteoconductive
substratum. The surface geometry, the porosity, pore size and bulk
properties are critical. The triad of morphogens, stem cells and scaf-
folds is thus a prerequisite for tissue engineering (Fig. 4).

Regeneration of the dentin-pulp complex
The dentin-pulp complex protects teeth from caries and trauma by

maintaining the hydration of extracellular matrix. The goal of
endodontics and conservative dentistry is to restore or regenerate the
dentin-pulp complex to maintain the vitality and function (and aes-
thetics) of teeth15,39,40. Given the role of BMP4 in inductive epithelial-
mesenchymal interactions during tooth development41, and the
known effects of demineralized tooth matrix on repair of amputated
pulp (see M. Nakashima, ref. 42), BMPs might have a therapeutic role
in endodontics.

The ideal therapy for repairing pulp would be anti-inflammatory
and antibacterial, would stimulate proliferation of pulp stem cells and
would induce their differentiation into odontoblasts to enhance heal-
ing potential and rapid dentin formation. Using an in vivo model, one

SMAD1,5,8 P SMAD2,3 P

SMAD4

SMAD4

SMAD2,3 P
SMAD4

SMAD1,5,8 P

P P

SMAD6

SMAD7

SMAD6

SMAD7

SMAD4

SMAD2,3 P

Response genes

Nucleus

Ligands

Receptors

Signaling
complexes

Transcription

BMP TGFβ

Figure 3  BMP and TGFβ signaling ligands, receptors and transcription.
BMPs are dimeric ligands (with a cysteine knot in each monomer fold) that
interact with both type I and II BMP receptors (BMPR-I and -II). In the
signaling cascade, BMPR-II phosphorylates the Gs domain of BMPR-I. The
collaboration between type I and II receptors forms the signal-transducing
complex. BMP type I receptor kinase complex phosphorylates the trimeric
signaling substrates Smad 1 or Smad 5 or Smad 8. TGFβ isoforms interact
with TGFβ receptors that are distinct from BMP receptors. TGFβ receptor
kinase phosphorylates Smad 2 or 3. This phosphorylation is inhibited and
modulated by inhibitory Smads 6 and 7. Phosphorylated Smad 1, 5 or 
Smad 8 interacts with Smad 4 and enters the nucleus to activate the
transcriptional machinery for early BMP-response genes. Phosphorylated
Smad 2 or 3 partners with common co-Smad 4 and enters the nucleus to
activate TGFβ responsive genes.
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of us (M. Nakashima) has demonstrated that recombinant human
BMP2 and BMP4 can induce new dentin40. Recombinant BMP deliv-
ered in a scaffold of demineralized dentin matrix induces classic tubu-
lar dentin (as in teeth) in amputated pulp, whereas BMP delivered
using reconstituted type I collagen matrix induces instead osteo-
dentin42. Reparative dentin is also induced on freshly cut healthy pulp
tissue in nonhuman primate using recombinant human BMP7 with
an insoluble type I collagen matrix43,44. The size and shape of the
inductive material controls the size and shape of the reparative
dentin43. The reparative dentin appears initially with cellular and soft
tissue inclusions, a portion of which (comprising only about 20% of
the reparative dentin) subsequently changes into a more tubular form
of matrix with associated odontoblast-like cells attached to the mass of
atubular matrix44. Therefore, the extracellular matrix scaffolding is a
critical component and a prerequisite to odontoblast differentiation
and tubular dentin formation42,45. Optimally engineered reparative
dentin may consist of a combination of osteodentin and tubular
dentin46. However, tubular dentin is critical for tooth function, includ-
ing resistance to caries.

Periodontal regeneration
The periodontium, which consists of cementum, PDL and alveolar
bone, functions to anchor the teeth to the jaws (mandible and max-
illa). A critical challenge for clinical dentistry is the application of tis-
sue engineering concepts to obtain total regeneration of the

periodontium, deterioration of which during periodontal disease can
ultimately lead to the loss of teeth. Although advances in the treatment
of gingivitis have made the restoration of gingiva a reality, restoring
alveolar bone and cementum is currently more problematic.

The ultimate goal of periodontal regeneration is the restoration of
functional anchorage of teeth by the following sequential steps:
restoration of PDL, including optimal orientation and insertion of
Sharpey’s fibers into exposed root surfaces and bone; formation of
new cementum by cementoblasts on the surface of root; and finally
restoration of alveolar bone to the cementum-enamel junction. Early
approaches included curettage, open-flap debridement and bone
grafts. However, the results have been variable and unpredictable
because of the paucity of progenitor cells and the presence of microbes
in the periodontal environment47. In addition, the periodontium is
enriched in matrix metalloproteinases and may be detrimental to the
inductive signals, including morphogens and growth factors, respond-
ing stem cells and scaffolds.

The migration of gingival epithelium onto the root surface is
inhibitory to periodontal regeneration. The technique of guided tissue
regeneration, in which a membrane barrier is inserted between the
periodontal flap and root surface, has been key in preventing epithelial
migration48. However, as in any surgical procedure, in some patients
the outcome is not optimal. This may be improved by combining
osteo-inductive bone grafts with a membrane barrier. Thus, further
improvements in periodontal regeneration may be achieved through
the use of BMPs alone or in combination with membrane barricades
to prevent gingival epithelial migration.

In fact, the morphogenetic potential of BMPs makes them ideal can-
didates for use in periodontal regeneration. Optimizing the response of
stem cells to BMP induction requires the use of a delivery system that is
conducive to the migration and attachment of the responding stem
cells onto the scaffolding. Using a baboon model, recombinant BMP7
and baboon type I collagen has been used as a biomimetic scaffold to
regenerate surgically created furcation defects in molars. In this study,
researchers reported the formation of alveolar bone and the creation of
cementum and Sharpey’s fibers, inserted at the optimal orientation into
the root surface49,50. Similar results have been reported using recombi-
nant human BMP2 and synthetic bioresorbable particles with autolo-
gous blood51 to bind the particles (possibly owing to fibronectins)
along with a gelatin and polylactic acid–polyglycolic acid copolymer
scaffold52. More recently, periodontitis (induced by Pseudomonas gingi-
valis) in the molars of baboons has been shown to be treatable through
the delivery of recombinant BMP7 via insoluble type I collagen, which
restores the alveolar bone, cementum and the PDL53. Further work is in
progress to optimize the dose of BMP7 to avoid solid fixation of teeth
by fusion of cementum and alveolar bone49.

The healing of a periodontal wound is complicated by several fac-
tors that limit predictable delivery of agents to the root surface. These
include the perimucosal environment of the avascular mineralized
tooth surface traversing the gingival soft tissue and a complex micro-
biota, which contaminates wounds at the soft-hard tissue interface and
may affect release kinetics of delivered cells or molecules. Thus, several
factors, including signaling molecules, cells, scaffolds, vasculature and
microflora dictate the degree of periodontal regeneration
achieved47,54. The use of morphogens and tissue engineering obviate
donor site morbidity and variable osteoinduction typical of treat-
ments using commercial demineralized bone matrix.

Craniofacial regeneration and implants
The remarkable capacity of BMPs to induce bone has set the stage for
their application in craniofacial surgery for correcting acquired or
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Figure 4  The three key elements for dental tissue engineering are signals for
morphogenesis, progenitor/stem cells, and scaffolds of extracellular matrix
components. The key morphogenetic signaling families are BMPs, FGFs,
Shh and Wnts. The progenitor/stem cells include cells derived from marrow,
dental pulp and PDL-derived cells. The extracellular matrix scaffold consists
of collagens, fibronectin and proteoglycans, including hyaluronic acid.
Synthetic foams, fibers, gels and membranes can be incorporated with
biomimetic biomaterials. The triad of signals, stem cells and scaffolds can
be used for regeneration of bone, PDL, cementum and dentin.
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inherited craniofacial anomalies, the effects of head trauma, and to
treat large bone defects after excision of neoplasms. As yet, there have
been only a few studies in which BMPs have been applied to facilitate
craniofacial regeneration.

Administration of a single recombinant BMP, such as BMP2, 4 or 7,
can initiate the entire cascade of osteogenesis7. BMPs initiate the
prompt regeneration of experimentally induced (critical size) defects
of calvarium in rodents and primates at a dose of 100 µg/g matrix55. In
systematic studies of baboons with critical craniofacial defects of 2.5
cm, dose-dependent regeneration was obtained using BMP-7 (ref. 49).
However, when the concentration of BMP7 was increased to 1,000
µg/g of collagen carrier, a massive increase in turnover of bone was
observed, with numerous osteoclasts. Thus, BMPs, when used in sup-
raphysiological doses, can stimulate bone resorption and turnover,
eliciting a counterproductive response rather than achieving the
intended objective of bone formation. BMPs have also been used for
repair of maxillary sinus and filling of regenerate tissue in extraction
sockets56–58.

Metallic implants might also benefit from combined use with BMPs.
For an implant to be placed correctly, it must be stably anchored in alve-
olar bone. In certain instances, where an implant can be stabilized in
native bone (but parts may not be completely covered by bone tissue),
an oral surgeon can use a bone graft. BMPs may be used to stimulate
bone growth in and around metallic implants to attain optimal integra-
tion of dental implants59–65 in the jaw bone. BMPs could offset loosen-
ing of teeth caused by micromotion, thermal or pressure necrosis and/or
osteolysis. Two studies have demonstrated the host-tissue response to be
dependent on the dose of the BMPs and the collagen carrier49,66.

Conclusions
Although our understanding of the molecular pathways underlying
tooth morphogenesis and regeneration is increasing, the translation
of this knowledge into dental tissue engineering strategies remains in
its early stages. Despite an increasingly detailed picture of the com-
plex and redundant cascades of signaling pathways underlying initia-
tion, pattern formation, morphogenesis and cytodifferentiation, it
remains unclear how these pathways specify the discrete tooth mor-
phologies: incisors, canines, premolars and molars. Thus, the devel-
opment of a whole, tissue-engineered tooth lies some way off. Clearly,
further work is needed to characterize the progenitor/stem cell popu-
lations involved in the development of dental tissues, to map their dif-
ferentiation pathways, and to determine how local conditions (e.g.,
three-dimensional biomimetic scaffolds, presence of microflora, tim-
ing and concentrations of morphogens) affect developmental out-
come. In the near term, it is likely that recombinant protein
morphogens recently approved by the FDA, such as BMP2 and BMP7,
could be applied in dentistry to facilitate the repair of craniofacial
structures. Suitable scaffolds for endodontic treatment and craniofa-
cial surgery are available now as well. Looking ahead, further charac-
terization and analysis of dental pulp stem cells may permit new types
of endodontic therapy (either alone or in combination with BMPs)
and the refinement of biomimetic scaffolds may facilitate novel
approaches to periodontal surgery.
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