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Abstract
Emdogain® (enamel matrix derivative, EMD) is well recognized in periodontology, where it is used
as a local adjunct to periodontal surgery to stimulate regeneration of periodontal tissues lost to
periodontal disease. The biological effect of EMD is through stimulation of local growth factor
secretion and cytokine expression in the treated tissues, inducing a regenerative process that mimics
odontogenesis. The major (>95%) component of EMD is Amelogenins (Amel). No other active
components have so far been isolated from EMD, and several studies have shown that purified
amelogenins can induce the same effect as the complete EMD. Amelogenins comprise a family of
highly conserved extracellular matrix proteins derived from one gene. Amelogenin structure and
function is evolutionary well conserved, suggesting a profound role in biomineralization and hard
tissue formation. A special feature of amelogenins is that under physiological conditions the proteins
self-assembles into nanospheres that constitute an extracellular matrix. In the body, this matrix is
slowly digested by specific extracellular proteolytic enzymes (matrix metalloproteinase) in a
controlled process, releasing bioactive peptides to the surrounding tissues for weeks after application.
Based on clinical and experimental observations in periodontology indicating that amelogenins can
have a significant positive influence on wound healing, bone formation and root resorption, several
new applications for amelogenins have been suggested. New experiments now confirm that
amelogenins have potential for being used also in the fields of endodontics, bone regeneration,
implantology, traumatology, and wound care.
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Introduction
Enamel matrix derivative (EMD) in the form of a purified acid extract of proteins from pig
enamel matrix (Emdogain®; Straumann AG, Basel, Switzerland) has been successfully
employed to restore functional periodontal ligament, cementum and alveolar bone in patients
with severe attachment loss. The first studies on clinical applications with EMD were published
in 1997 (1,2) and since then a wide number of research groups have studied the mechanism of
actions of EMD and the clinical potential, as well as worked at further evolving the therapeutic
potential of this device. In 2004, a Cochrane review (3) concluded that EMD significantly
improve periodontal attachment levels and reduce probing pocket depth when compared with
open-flap debridement. A multitude of case reports and clinical studies are now published
confirming the clinical effect of EMD when used in periodontal regeneration procedures,
among them a follow-up on a series of 107 consecutive EMD cases that show stable periodontal
regeneration after 5-years of observation (4).

The role of enamel proteins in periodontal ligament formation is supported by their presence
in initial cementum formation during normal development of tooth attachment (5,6). However,
the mechanism(s) by which EMD promotes periodontal regeneration is still somewhat obscure.
The major (>95%) constituent of EMD is amelogenins, a family of hydrophobic proteins
derived from a single gene by alternative splicing and controlled post-secretory processing.
The amelogenins are known to self-assemble into supramolecular aggregates that form an
insoluble extracellular matrix (7) with high affinity for hydroxyl apatite and collagens (8).
When applied to denuded root surfaces, amelogenins therefore precipitates to form a stable
extracellular matrix with a hydrophobic surface with potential for supporting interactions with
cells in adjacent tissues.

So far Emdogain® is the only device on the market that has potential for actually triggering
clinically significant regenerative responses in periodontal ligament cells. If, as several
observations suggest (5,6), amelogenin deposition precedes cementum formation, then EMD
treatment probably mimics odontogenesis and works by restarting dormant developmental
programs in cells for (re) generation of the tooth attachment apparatus. Such responses typically
involve sequential cascades of growth factors that act on the multitude of cells needed to
reconstitute the lost periodontal tissues. It has been assumed that the most important mechanism
of action of EMD is to initiate periodontal regeneration through recruitment of cementoblasts
to the root-surface and hence to stimulate these to form root-cementum. This novel root-
cementum will thereafter secondarily lead to regeneration of periodontal fibers and alveolar
bone. However, many recent studies are reporting that amelogenins also can interact directly
with cell types other than cementoblasts (9–11), suggesting that these molecules have a more
direct role in the regrowth of mesenchymal tissues. This is also supported by clinical
observations on effects on tissues outside the oral cavity (12–16), opening possibilities for new
applications of amelogenins as discussed below.

Amelogenins in enamel biomineralization
The amelogenins are strongly expressed in the dental enamel organ, and demonstrate a very
high overall level of sequence homology among all higher vertebrates examined (> 80%). Both
the tyrosine-rich amino terminal and the hydrophilic carboxy-terminal are almost identical
between species (17). The high level of sequence conservation suggests that the entire structure
of the amelogenin molecule is crucial in enamel formation and biomineralization, and that the
amino- and carboxy-terminal motifs are particularly important for their function. Amelogenins
are rich in proline residues (∼30%) that are believed to inhibit the formation of classic
secondary structures such as β-sheet, α-helix, and random coil, producing an intrinsically
disordered protein. However, this disorder also allows amelogenin molecules to self-assemble
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into hydrophobic supramolecular monodisperse assemblies, so called nanospheres (7). In the
mineralizing enamel matrix these amelogenin assemblies bind to hydroxyl apatite crystallites
to structure the enamel matrix and to modulate the crystal growth (18). A gradual loss of
amelogenins from the matrix occurs within hours after their secretion because of progressive
proteolytic processing and translocation of the derived polypeptide fragments from the matrix
back into the ameloblast. The hydrophilic carboxy-terminal region is cleaved away from the
assembled structures when they bind to apatite. As enamel formation progresses the carboxy-
terminal parts of amelogenin assemblies undergo sequential controlled cleavages modulating
their apatite binding properties. Amelogenin polypeptides produced by this specific proteolysis
become soluble and are absorbed by post-secretory ameloblasts (Fig. 1). The amelogenin
nanospheres are ultimately destroyed, and once the full enamel thickness has been deposited,
virtually all matrix protein is removed and replaced with tissue fluid from the ameloblast in
which the immature enamel crystallites, stretched out during matrix secretion, grow in width
and thickness to occlude the space.

Amelogenin molecular biology
The ability of amelogenins to self-assembly into insoluble nanospheres that are slowly
processed by matrix proteases to release active peptides is probably what makes these
molecules so applicable in the clinic. The amelogenin self-assembly mechanism is controlled
by local changes in temperature, pH, ionic strength, and protein concentration.

While the amelogenins are insoluble at physiological pH, they can be dissolved at either low
or high pH. In addition, the solubility is influenced by temperature and as expected for
hydrophobic interactions, the best solubility is obtained at low temperature. For clinical use
amelogenins are dissolved in an aqueous, acidic solution of propylene glycol alginate (PGA)
in a gel formulation suitable for use in a syringe. When applied to a patient, the acidity of the
gel is neutralized and the temperature increased, and amelogenins are released, undergo self-
assembly and precipitate on the exposed tissue surfaces in the surgical area. Over the course
of days and weeks the amelogenin assemblies are processed by matrix proteases, slowly
releasing biologically active components into the local environment, promoting regenerative
processes and growth.

The activity of EMD has been compared with that of bone morphogenic proteins (BMP) and
transforming growth factor (TGF)-β-like molecules (19). Full length amelogenin molecules
have been shown to stimulate autocrine production of BMP while the smaller amelogenin
fragments of leucine rich amelogenin peptide (LRAP)- and tyrosine-rich amelogenin peptide
(TRAP)-related molecules stimulate autocrine production of TGF-β. It has also been shown
that EMD increases autocrine synthesis of TGF-β in ligament fibroblasts while TGF-β itself
is undetectable in the EMD formulation (9). This study also reported that EMD stimulates the
autocrine production of other growth factors such as vascular endothelial growth factor
(VEGF), platelet-derived growth factors (PDGF) and cytokines like interleukin (IL)-6. In
addition, other studies have shown that recombinant LRAP, presumably free of any mammalian
growth factors, has obvious cell signaling activity (10). Together, these observations suggest
that specific amelogenin molecules may trigger an appropriately balanced and sequenced
autocrine release of growth factors that orchestrate the regenerative effects of EMD.

A wide range of in vitro and in vivo experimental studies have demonstrated that EMD and
amelogenins stimulate growth of multiple mesenchymal cell types including fibroblasts,
cementoblasts, osteoblasts, and stem cells (9,20,21). These studies also show that EMD and
amelogenin enhance the expression of tissue-specific maturation markers, such as alkaline
phosphatase (ALP), collagen, and osteocalcin within osseous tissues (12). A secondary
stimulation of osteoclast activity is also evident (12,21) through increased secretion of proteins
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such as IL-6 and osteoprotegrin. However, a direct cytostatic effect from EMD has been
observed in epithelial cells (9,21,22) and osteoclasts (21,23). Osteoclast activity and epithelial
stasis are clinically important since one of the prerequisites for a successful regeneration of
dental attachment and regrowth bone is the exclusion of epithelial cells, giving the advantage
to connective tissue cells and a balance between osteoblast and osteoclast activities.

To be able to understand the effects that amelogenin proteins have on tissues, one has to study
how these molecules interact with various cell types. A primary cellular response is initiated
by amelogenin binding to receptors on the cell surface, followed by a cyclic adenosine
monophosphate (cAMP)-mediated signal that has been observed in several cell types including
periodontal ligament cells and blood cells (13). Uptake of EMD nanospheres has been
demonstrated in primary human osteoblasts, murine ameloblasts (LS-8), and primary human
periodontal ligament cells (12). In human osteoblasts, the EMD assemblies were found to be
co-localized with the clathrin adaptor protein complex, AP-2, the major mechanism of cargo
sorting into coated pits in mammalian cells (Fig. 2;12). So far, no receptors specific for
amelogenin have been identified, although several putative receptors that bind amelogenin
protein isoforms have been identified (24–26). Here, two members of the lysosomal-associated
membrane proteins (LAMP) are involved where LAMP-1 interacts with the shorter amelogenin
peptide LRAP, whereas LAMP-3/CD63 prefers to bind the longer amelogenin protein
isoforms, but none of these two receptors interact with both of these amelogenin molecules
(25).

The existence of several isoforms and putative individual receptors indicates that the various
isoforms of amelogenin protein may have several different functions. In fact, a gene expression
array on the effect of EMD on primary osteoblast showed significant effect on the expression
of more than 600 genes (Table 1), and a gene expression profile similar to, but not identical,
to that of the bone-promoting hormone parathyroid hormone (PTH) (12). The amelogenins are
no longer though to be tissue-specific and exclusively expressed by the ectodermal enamel-
producing ameloblast cells. Amelogenin expression has been demonstrated in different long
bone cells, in their precursor mesenchymal stem cells, in cartilage cells, and in specific cell
layers of the epiphyseal growth plate (27), suggesting that amelogenin has a role not only in
enamel biomineralization, but in development, growth and calcification of many skeletal
tissues.

Amelogenins in pulpal healing and dentin regeneration
It has been shown that amelogenin participates in the maturation and growth of dental pulp
cells during the tooth formation (28). This knowledge is interesting from the perspective of
reparative dentin formation following dental insults. It is well known that dental pulp tissue
has the potential to form reparative dentine in the adult patient. The mechanism behind this
repair process is poorly understood, and as of today the standard treatment of the traumatized
dental pulp is application of calcium hydroxide to sterilize the lesion and induce reactive
secondary dentin formation. Often, this healing process is not efficient enough to completely
resolve the situation, and the potential outcome may be inflammation, internal root resorbtions
and/or necrosis of the pulp. A number of scientific publications have evaluated the potential
of amelogenin as a pulp-capping material. Experiments in pigs have compared the effect of
EMD with calcium hydroxide when used for direct pulp capping (29,30). The histological
evaluation demonstrated a significantly more pronounced formation of secondary dentine in
teeth treated with amelogenin (Fig. 3). Other studies in rats (31) and dogs (32) have confirmed
these findings and suggest that EMD treatment protects pulp tissue from inflammation and
irreversible degenerative changes. Moreover, histopathological findings in these studies also
suggest that EMD has a positive effect on endothelial cell growth and capillary sprouting in
the pulp, possibly a direct effect of VEGF expression from EMD-stimulated cells.
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A blinded, randomized clinical study, with experimental pulpotomy and pulp capping in
healthy premolars scheduled for extraction for orthodontic reasons, has also demonstrated that
teeth treated with EMD had significantly less post-operative pain than teeth treated with
calcium hydroxide. Again, significantly more formation of pulpal secondary dentine and
dentine bridging, and less inflammation was observed (33). However, this study points out that
EMD in the present formulation (Emdogain®) is not useful for endodontic purposes since it
does not protect against invading microbes, nor does it seal off the cavity or provide support
for the restorative material. Based on the above described studies, it seem clear that
amelogenins do have the potential for being used as a biological, dentin regenerating capping
material, at least in cases where the remaining pulp tissue is healthy and uncontaminated. A
new formulation especially developed for an endodontic application must be developed to
ensure that a good cavity seal occurs as the seal is essential for a predictable clinical outcome
from such procedures.

Amelogenin in bone growth
Micro-array in vitro studies based upon primary human bone cells have demonstrated that
amelogenins can induce expression profiles in bone cells similar to that of growing bone (Table
1; 12). Moreover, animal studies in rats have also shown that amelogenins in the form of EMD
can be applied to osseous defects in long bones (femur) to induce formation of therapeutically
useful trabecular bone (34). Similarly, it has also been shown that amelogenin stimulates bone
sialoprotein (BSP) gene transcription in osteoblasts by inducing expression of nuclear proteins
that bind to the fibroblast growth factor (FGF)-2 response element and TGF-β1 activation
element in the BSP gene promoter (35). BSP is an early phenotypic marker of osteoblast and
cementoblast differentiation, and expression of BSP is a prerequisite for osseous calcification.
Other studies have also confirmed that amelogenins stimulate growth factor expression and
activates intracellular pathways similar to that of BMP and TGF-β (Table 2;Fig. 4;12,36,37).

Amelogenin has also been tested for its effect on cells seeded into organic scaffolds intended
for engineering cruciate ligament tissue (16). This study showed that amelogenin in the form
of EMD significantly restricted ligament cell adhesion to the scaffold when used to treat the
scaffold before seeding with cells, and had no significant benefit when used in an intra-
operative model where EMD and cells were administered concomitantly. However, when EMD
was applied after the scaffold had been seeded with the cells the addition of EMD significantly
increased proliferation and growth. This finding suggests that EMD may be used to accelerate
scaffold colonization, and in turn tissue induction in situ. The observed inhibitory effect on
cell attachment implies that EMD may be best suited to postoperative administration.

In a systematic review (SR) on the efficacy of EMD to promote regeneration of osseous tissue
in intrabony defects, alone or in combination with membranes, a total of 20 in vivo studies with
histomorphometric analysis were evaluated (38). The main results of the SR were that EMD
treatment significantly improved bone regeneration when compared with open-flap
debridement. However, EMD was not more effective than traditional guided tissue
regeneration (GTR) for treatment of intrabony defects of the jaw, nor was there any advantage
in combining GTR and EMD as both treatments performed equally well alone. Also,
application of EMD was more effective when used in supporting defects, and less effective in
non-supporting defects, reflecting the mechanical properties of the gel formulation designed
for use in narrow defects, and not for providing primary wound stability during bone healing.
This SR also suggests that EMD is not osteoconductive by itself since it is incapable of
promoting bone growth into titanium capsules. The various osteoinductive and
osteoconductive effects reported for EMD are thus probably mediated by bone cells that are
stimulated to produce factors for bone growth and mineralization. This is also supported by
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one of the studies included in the SR that reported induction of trabecular bone growth around
endosseous implants treated with EMD (38,39).

The potential for using amelogenins for bone regeneration seems undisputable both in the jaws
as well as in other bones, but at the same time is restricted by severe formulation issues.
Additional research and development is called for before an amelogenin-based product for use
in healing critical size bony defects can be introduced to the biomedical community.

Amelogenin in implantology
The successful integration of dental endosseous implants has been thoroughly demonstrated
in numerous scientific publications. In recent years, the treatment focus for dental implantology
has changed from solely a functional consideration towards achieving shorter healing times
and esthetic concerns. Because of the high success rate of dental implants, more compromised
and challenging cases are also being treated with dental implants. To ensure a successful
treatment outcome in these more difficult cases, novel strategies for improving implant
performance are continuously being developed, including shorter time to load and better
osseointegration. A plethora of growth factors and other biological mediators have been
investigated for stimulation of bone growth and/or mineralization on the implant surface.

Amelogenin is one such candidate that has a potential role in stimulating peri-implant bone
growth. However, no studies so far have been able to demonstrate a significant effect from
EMD or amelogenins on implant performance when analyzed by biomechanical testing. For
example, a study evaluating the effect of the application of EMD onto the surface of dental
root-shaped titanium implants was unable to demonstrate improvement in implant stability or
osseous growth when tested by removal torque (40). On the other hand, an animal study of rat
femurs demonstrated improved osseointegration of implants that were coated with EMD
(39). This study showed that when EMD was applied the trabecular bone volume increased
significantly at 14 and 30 days post-implantation. The field of implantology is rapidly
progressing towards bioactive, osteoinductive surfaces that can be used with superior results
in patients with poor bone quality. The role of amelogenins in this picture is uncertain, but
intriguing case reports and anecdotal information, especially from treatment of patients with
peri-implantitis, justifies further research. As seen for ligament tissue engineering (16) it may
be that developing surface coatings based on amelogenins is not the best way forward, since
this route of administration seems to hinder cell attachment to the material surface. If alternative
methods for amelogenin delivery are developed, the stimulatory effects of amelogenins might
be optimized for adjunct use with osseous implants.

Amelogenin in traumatology
Another attractive possibility for application of amelogenins is for their use in replantation
procedures with exarticulated teeth. The underpinning mechanism is that root surface
conditioning with amelogenins could prevent root resorption and ankylosis, and stimulate
periodontal ligament formation after repositioning of the avulsed tooth. Some early case-
reports and animal experimental findings suggested that EMD could be used as a bioactive
root conditioning for reintegration of avulsed teeth (41), but subsequent studies have struggled
with confirming this effect. A study in dogs showed no significant effects from EMD treatment
on root resorption and ankylosis after 6 months of healing (42). In this study, the teeth were
extracted and reimplanted after killing all cementoblasts on the root surface by drying the teeth
in air for 60 min, before repositioning them. Accordingly, a clinical study using EMD to treat
both previously ankylosed teeth as well as exarticulated teeth reported that all teeth in the study
showed clinical signs of ankylose and concluded that EMD alone was not sufficient to cure or
prevent ankylosis (43). Another clinical study, however, assessing the clinical outcome of 22
avulsed permanent incisors replanted with EMD showed significantly less inflammation and
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root resorption in treated teeth compared with a historical control group from the same region
(44). Also, a study using a protocol for replantation of avulsed teeth called anti-resorptive-
regenerative therapy (ART) that includes local application of glucocorticoids and EMD prior
to the replantation procedure, reported that when ART was used on avulsed teeth that had been
stored non-physiologically for longer periods (typically hours), three of eight teeth healed with
a functional periodontal ligament (45). It thus seems that when used together with anti-
inflammatory drugs, EMD can support functional healing and periodontal regeneration after
replantation, even when the avulsed teeth have a severely compromised cementum layer.

In summary, interesting data on the utilization of amelogenins for replantation of avulsed teeth
has accumulated. It seems plausible that amelogenins can stimulate regeneration of the tooth
attachment apparatus even in cases where the tooth has been stored for significant time outside
the oral cavity. However, additional treatment is needed to ensure a stable and predictive
treatment outcomes, and new protocols for combination of amelogenin treatment with anti-
inflammatory and anti-microbial drugs must be developed and tested before the full potential
of amelogenins can be exploited in dental traumatology.

Amelogenins in wound healing
A common clinical observation when using EMD for regenerative periodontal surgery is
exceptionally fast wound healing and minimal post-operative symptoms such as pain or
swelling. A number of reasons for this observation have been suggested including anti-
inflammatory and anti-microbial effects (13,46). Inspired by clinical observations in oral
surgery, several investigators have studied the effect of amelogenins on healing of both acute
and chronic skin wounds. The first study to demonstrate that amelogenins stimulate skin wound
healing showed that the amount of granulation tissue in an EMD-treated wound was
significantly increased, and that wound fill and re-epithelialization of full thickness wounds
progressed almost twice as fast in the presence of EMD (47). The mechanisms involved in
EMD-assisted skin healing have yet to been completely understood, but it is has been shown
that local application of amelogenins stimulates angiogenesis by inducing secretion of VEGF,
PDGF, and matrix metalloproteinase-2. Similar mechanisms have previously been reported in
a number of in vitro studies (9,12), and support the idea that amelogenins in general work by
stimulating mesenchymal cells to express factors that are important for healing, growth, and
regeneration.

The surprisingly rapid healing observed in animal wound models (Fig. 5) led to the
development of an amelogenin formulation for skin wounds, based on the original EMD
product. Several clinical studies, especially on hard-to-heal venous leg ulcers (VLU), have
showed that the observation from oral surgery sites and animal model holds true and that
amelogenins work well even in longstanding, hard-to-heal VLU. In the first phase III
randomized, clinical multi-center trial on the application of amelogenins in hard-to-heal VLU,
the amelogenin-treated wounds showed a threefold reduction in mean ulcer size compared with
the control group that was treated with vehicle alone over a 12-week period (14). Statistically
significant differences in favour of the Amelogenin-treated group were also found for reduction
in ulcer-related pain, reduction in pain at dressing changes and the proportion of patients scored
with ‘none’ or ‘low’ levels of exudates.

Results of the follow-up from the initial study also showed that the beneficial healing response
to amelogenin was maintained even 6 months after the initial treatment started (15). At the
follow-up in the amelogenin-treated group, significantly more patients continued to show a
reduction in ulcer size from baseline. There were also a significantly higher percentage of
patients with diminished wound size, and the overall number of patients with completely healed
wounds was three times greater in the amelogenin-treated group than in the control group. Also
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pain, inflammation and discomfort continued to be significantly reduced in the amelogenin-
treated group, indicating that the initial beneficial effects from amelogenins were maintained
post-treatment and could be identified by observers at the follow-up.

The experimental and clinical observations on the effect of amelogenins in wound healing are
now widely recognized and show that amelogenin therapy as an adjunct to standard wound
care is beneficial to patients with hard-to-heal VLU, both in the short and long term.
Amelogenins in a formulation named Xelma® (Mölnlycke AB, Gothenburg, Sweden) are now
for sale in Europe for this indication, and an application for regulatory approval in the US has
been filed to FDA. Moreover, clinical trials investigating the effect of Xelma® in diabetic
ulcers, radiation ulcers from cancer therapy, and surgical ulcers have been initiated, and other
indications are under development.

Conclusion and clinical perspectives
Over the years, a wide range of regenerative treatment strategies have been suggested for
resolving critical loss of tissues like bone, ligaments, and skin. EMD is the first product on the
market that is completely based on biomimicry, inducing true periodontal regeneration both
in architecture and function. The observed clinical effects of amelogenins have generated much
interest in how and why these seemingly pluripotent molecules interact with the intricate
cellular and molecular mechanisms that govern healing, regeneration and growth in adults.
Findings suggest that amelogenins works on at least two levels: it acts as its own, natural, slow
release device that ensures long and stable release of amelogenin peptides even after a single
application; and it releases active degradation products that interact directly with cells, inducing
a cascade of growth factor expression that secondarily initiates and maintains the anabolic
processes. The conserved nature of amelogenins hints at a basic function for these molecules
and allows for inter-species use. New data suggest that amelogenins are more widely expressed
in the body than previously believed, and that they might be of use in a wide array of
applications in regenerative medicine.

Clinical relevance
Application of enamel matrix proteins in the form of Emdogain® has set a modern standard
for periodontal regeneration therapy. This clinical application was developed based on the
observation that enamel proteins are not exclusive to enamel, but are also deposited on the root
surface prior to cementum formation. Emdogain® is an extract of enamel matrix containing
almost exclusively amelogenins, the major component of enamel extracellular matrix.
Amelogenins are evolutionarily well conserved, hinting at a profound role in biomineralization.
New experiments show that amelogenins have potential for clinical use in endodontics, bone
regeneration, implantology, traumatology, and wound care.
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Fig. 1.
A schematic diagram of extracellular amelogenin proteolytic processing: After secretion from
the cell the 20 kDa Amelogenin is processed into smaller peptides by specific proteases.
Eventually, the smaller peptides become soluble and are released from the insoluble
amelogenin assemblies. TRAP, tyrosine-rich amelogenin peptide, is one candidate for an active
peptide that can interact with cellular receptors.
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Fig. 2.
Transmission electron micrographs (TEM) of amelogenin assemblies being transported over
the cell membrane in clathrin-coated pits (CCP) in a primary human osteoblast. Osteoblasts
were incubated with enamel matrix derivative (EMD; 50 μg/ml) for 3 h. EMD assemblies are
stained with a gold-labeled anti-amelogenin antibody (black dots). The CCP is in center of the
circle. Further analysis have showed that once in the ccp the EMD assemblies colocalize with
the clathrin adaptor–protein complex, AP-2, the major mechanism of cargo sorting into coated
pits in mammalian cells, suggesting that uptake of amelogenin is an active process involving
specific receptors. Scale bar = 400 nm.
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Fig. 3.
Longitudinal sections through pig incisors 4 weeks after pulpotomy and treatment with (A)
calcium hydroxide and (B) enamel matrix derivative (EMD). Formation of new dentin (ND)
completely bridging the defect is clearly visible in the EMD-treated tooth, whereas only partial
closing of the defect is seen in the calcium hydroxide-treated tooth. C is cavity, PD is primary
dentin and P is pulp. Scale bar = 1.0 mm.
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Fig. 4.
Schematic drawing of the transforming growth factor (TGF)-β pathway: enamel matrix
derivative activation of the TGF-β pathway in osteoblasts is clearly visualized by up-regulation
of the Smad genes (green) in the gene array studies, generating a nuclear signal for new gene
expression. Green symbols indicate a more than fourfold up-regulation of expression of the
actual gene. Red indicates a fourfold or more down-regulation. Gray symbols are genes
regulated more than twofold (up or down). This drawing is based on data from gene array
studies performed on primary human osteoblasts stimulated with amelogenins for 24 h.
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Fig. 5.
Primary wound healing in full thickness wounds in pigs after treatment with enamel matrix
derivative (EMD) or control (propylene glycol alginate vehicle only). After 3 days the EMD-
treated wound is significantly better vascularized than the control as visualized here by the
vivid red color and presence of blood vessels in the wound surface. After 11 days the EMD-
treated wound is almost completely closed and epithelium is covering most of the wound. At
this stage the control wound is still covered in granulation tissue and epithelialization has not
yet started. After 15 days the EMD-treated wound is completely covered by epithelium, and
most of the wound cavity is filled in, while the control wound still show remnants of granulation
tissue exposed in the middle of the wound. In this study EMD-treated wounds healed twice as
fast as control wounds (the vehicle control used here, polyglycol alginate, is often used in
wound care because of its excellent biocompatibility and low pH that restrict bacterial growth
and aid healing).
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Table 1

Number of genes expressed in osteoblasts regulated by enamel matrix derivative

Gene functions regulated by amelogenins No. genes regulated at least threefold

Angiogenesis 17

Cellular communication 25

Related to attachment to other cells 17

Cellular defense and repair 23

Cellular growth and proliferation 20

 Related to cell proliferation 17

 Related to cell growth 5

 Related to cell maturation 3

Molecular transport 39

 Related to mobilization of Ca2+ 22

Cellular signaling 98

Cellular migration 40

 Related to cell homing 34

Skeletal growth and remodeling 19

 Related to skeletal development 18
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Table 2

Cellular pathways activated by enamel matrix derivative

All cells studied

 FGF signaling

 Transforming growth factor-β signaling

 Wnt/β-catenin signaling

PDL fibroblasts

 vascular endothelial growth factor (VEGF) signaling

 SHH pathway

Pulpal fibroblasts

 EGF signaling

 SHH pathway

 VEGF signaling

 Interleukin-6 signaling

 ERK/MAPK signaling

 Estrogen receptor signaling

Bone cells

 PPAR signaling

 Nuclear factor-κB signaling

 Estrogen receptor signaling

PDL, periodontal ligament; SHH, Sonic Hedgehog; EGF, epidermal growth factor; ERK, extracellular signal-regulated kinase; MAPK, mitogen-
activated protein kinase; PPAR, peroxisome proliferator-activated receptor.
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