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Enamel matrix proteins (EMP) are secreted by ameloblasts during odontogenesis. The main component of enamel
protein extract is amelogenin. The extracts also contain proteins with bioactive properties similar to bone morpho-
genic proteins and transforming growth factor B1. Research on animal models indicates that EMP improve healing
of oral mucosa wounds by stimulating the production of collagen fibers and blood vessels in the connective tissue.
Success in the treatment of oral wounds prompted interest in possible applications of amelogenins in the repair
of damaged skin due to similarities in histological structure between skin and mucosa.
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Introduction

Enamel matrix proteins (EMP) are secreted by amelo-
blasts during odontogenesis. Postnatally, EMP stimulate
osteogenesis and cementogenesis during periodontal
tissue regeneration processes. The main component of
enamel protein extracts is amelogenin. The extract also
contains proteins with bioactive properties similar to
bone morphogenic proteins (BMPs) and transforming
growth factor B1 (TGF-B1) [1]. Through their modulating
effect on the activity of gingival and periodontal fibro-
blasts, proteins promote the regeneration and alteration
of the gingival biotype. A recent study conducted on an
animal model showed that the EMP improve the healing
of oral mucosa wounds by stimulating the production of
collagen fibers and blood vessels in the connective tis-
sue. Success in the treatment of oral wounds prompted
interest in possible applications of amelogenins in the
repair of damaged skin due to similarities in histological
structure between skin and mucosa. This is proven by
recent genetic studies, carried out on ganoid scales of
fish, demonstrating the primary occurrence of enamel in
the skin in relation to the oral cavity ratio [2].

In vitro amelogenins stimulate the synthesis of the
extracellular matrix molecules such as osteopontin, os-
teocalcin, hyaluronic acid, and type | collagen; stimulate

cytokine expression (VEGF, PDGF-AB, IL-6, IGF-1); and
regulate cAMP and alkaline phosphatase. Interestingly,
the amelogenins appear to affect connective and epithe-
lial tissue cells differently [1].

Commercially used enamel matrix proteins (Em-
dogain), obtained from porcine fetal teeth, as enamel
matrix derivative (EMD), are used in materials intended
for the mouth and skin.

Skin and oral mucosa - structure,
role and differences

Skin is the largest organ in the human body. It oc-
cupies an area of approximately 1.5-2 m? and weighs
between 18 and 20 kg with the subcutaneous tissue. It
has both passive and active functions. Skin is a covering
layer, a protective barrier against the penetration of bio-
logical (viruses, bacteria, fungi) and physical (UV radia-
tion) agents. It has a thermoregulatory function due to its
extensive vascular system, the presence of subcutane-
ous tissue and sweat glands. Additionally, it is involved
in transepidermal water loss regulation.

Skin is a metabolically active structure. It synthesizes
7-dehydrocholesterol (an inactive form of vitamin D)
under the influence of UV radiation. Skin-associated
lymphoid tissue (SALT) is an organ involved in the im-
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munological processes. Keratinocytes produce biologi-
cally active cytokines —interleukin 1 (IL-1), interleukin 8
(IL-8), tumor necrosis factor a (TNF-a), transforming
growth factor B (TGF-B) and proopiomelanocorticotropin
hormone. Langerhans cells can also produce cytokine.
Additionally, skin-absorbing properties allow the absorp-
tion of various substances [3].

Skin consists of three layers — the epidermis, dermis
and subcutaneous tissue. Epidermis is the most exter-
nal layer and consists of four cell types. Keratinocytes
are the most abundant cells in the epidermis, with the
others being melanocytes, Langerhans cells and Merkel
cells. Epidermis consists of four layers: stratum corneum,
stratum granulosum, stratum spinosum, and stratum
basale. However, on the palms of the hands and the
soles of the feet, there are five epidermis cell layers, with
stratum lucidum located between the stratum corneum
and stratum granulosum. Stratum corneum is the most
superficial layer and consists of flattened, dead kerati-
nocytes called corneocytes. This layer prevents water
loss, the penetration of allergens and infectious agents.
In this layer, trans-isomer urocanic acid, which is respon-
sible for maintaining skin acidity, is formed as well as
pyrrolidone carboxylic acid, essential for maintaining
proper skin hydration. Stratum granulosum, which lies
under the stratum corneum, is composed of 3-5 layers
of flattened, spindle cells. Located below the stratum
spinosum, this layer is built of non-tightly adhered po-
lygonal cells. The deepest layer of the epidermis is the
stratum basale, made of a tightly adjacent cell layer. It
is the reproductive layer of the epidermis. This layer con-
tains keratinocytes, melanocytes, Langerhans cells and
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The dermis is composed of connective tissue, colla-
gen and reticulin fibers, embedded in the extracellular
matrix. It contains numerous cellular elements such as
fibroblasts, myofibroblasts, dendritic cells, mast cells
and inflammatory cells as well as nerves, lymphatic and
blood vessels. The dermis contains two layers, the papil-
lary and reticular dermis. The papillary layer is superfi-
cial and composed of loose connective tissue. This layer
forms finger-like structures in the epidermis called papil-
lae. Under the papillary dermis lies the reticular dermis,
composed of dense connective tissue. This layer is re-
sponsible for skin thickness.

Subcutaneous tissue (hypodermis) is composed of
adipocytes, fibrous connective tissue and blood vessels.
Fibroblasts are the most abundant cells in the connec-
tive tissue with significant morphological and functional
heterogeneity (Figure 1). There are three groups of fibro-
blasts in the dermis. In the papillary layer, the cells are
small (47 nm), arranged horizontally and remain in con-
tact with collagen fibers. In the reticular layer, fibroblasts’
sizes increase and they are arranged along the collagen
fibers. The third group of dermis fibroblasts is associated
with the hair follicle, which can be separated into two
subgroups of cells. The deeper the cells are located in the
skin, the bigger the cells are. In the subcutaneous tissue
the cells reach approximately 16 nm, and their protru-
sions can reach 180 nm to form a network. Fibroblasts
produce all components of the extracellular matrix and
interact in dynamic and mutual interactions with other
skin cells — epithelial cells, endothelial cells, nerve cells,
adipocytes, inflammatory and stem cells, through direct
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cell-cell communication, cell-matrix interaction, and by
secretion of growth factors and cytokines [4, 5].

There is similarity between mucous membrane and
skin. Mucosa protects deeper layers of tissues, and pre-
vents microorganisms, antigens, and toxic substances
from penetrating. Mucosa also completes secretory and
absorption functions (e.g. drugs).

Gingival mucosa, part of the oral mucous mem-
brane that covers the alveolar bone, is built of stratified
squamous epithelium, oral epithelium, and an underly-
ing connective tissue called lamina propria, which con-
tains vascular components, that forms extensive capil-
lary loops in the papillae between the epithelial ridges.
The lack of submucosa tissue and the presence of ke-
ratinized epithelium are responsible for the pale color
of healthy gingiva. Epithelium of keratinous gingiva has
a structure similar to the epidermis and consists of four
layers: stratum corneum, stratum granulosum, stratum
spinosum, and stratum basale. Epithelial tissue con-
sists mainly of keratinocytes, melanocytes (in a smaller
number than in the epidermis), Langerhans cells and
Merkel cells. The lamina propria is composed of fibrous
connective tissue and can be distinguished into two lay-
ers, the papillary and the reticular. It contains bundles
of collagen fibers and a small amount of elastic fibers.
The most frequently represented cells are fibroblasts;
other cells characteristic of connective tissue are also
present — macrophages, mast cells, granulocytes, lym-
phocytes. Like in the dermis, fibroblasts exhibit morpho-
logical and functional differentiation [6, 7]. In contrast
to the epidermis, the stratum corneum of the mucous
membrane is thinner, and the epithelium also renews
itself faster: 5-8 days as opposed to 28 days in the skin.

Amelogenins — structure

Amelogenins are a family of hydrophobic proteins se-
creted by ameloblasts (EMP), and are the largest group
of extracellular matrix proteins (ECM), accounting for
over 90% of all enamel proteins (with ameloblastin and
enamelin accounting for 5% and 2 % respectively) [8,
9]. Amelogenins have unusual amino acid composition,
containing over 50% hydrophobic amino acids [8]. Ap-
proximately 25-30% of all amino acids are proline, with
relatively high levels of histidine, glutamine and leucine
[9]. Amelogenins are practically insoluble at physiological
pH and body temperature but dissolve in high or low pH
and at a low temperature. They self-aggregate spontane-
ously in vivo and in vitro, forming supramolecular struc-
tures called nanospheres, the size of which depends on
the temperature changes. Amelogenin nanospheres are
arranged in a precisely defined shape and size, which af-
fects the microstructure and the increase in the length
of the hydroxyapatite crystals [10-13]. Amelogenin ex-
pression has been observed in bone and cartilage cells
— chondrocytes, osteoblasts and osteoclasts — as well
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as in soft tissues unrelated to odontogenesis, like the
brain and some hematopoietic cells [12]. The fact that
amelogenins are expressed in soft tissues suggests their
multifunctionality.

The amelogenin gene is located on the sex chromo-
somes and is one of the best-known human genes. It
is a highly conservative gene for various species, which
contributes to the lack of allergic reactions and high
compatibility in clinical trials [14]. Amelogenin has a very
high sequence identity among examined vertebrates
(> 80%). Amelogenin is rich in both the tyrosine amino-
terminal and the hydrophilic carboxy-terminal that are
almost identical between species [10, 11]. In most spe-
cies, the amelogenin gene has seven exons, with exon 4
not found in some of the species. Recently, exons 8 and
9 have been identified in human tissues [15]. Various iso-
forms of amelogenin are the result of alternative splicing
of protein fragments.

The intact amelogenin molecule is a 25 kDa protein.
Three major domains are distinguished in this primary
protein: a hydrophobic N-terminal tyrosine-rich domain
called the tyrosine-rich amelogenin peptide (TRAP);
a middle hydrophobic region rich in proline; and a hydro-
philic C-terminal domain [10, 16]. The parent protein is
rapidly processed intracellularly by cutting the C-terminal
telopeptide, creating a 23 kDa protein, and after further
degradation a protein of a mass of 20 kDa is produced
and secreted into the extracellular matrix. Subsequently,
the protein is enzymatically cut in two ways. In the main
path, 20 kDa amelogenin is cleaved into 11 kDa (soluble)
peptides and an intermediate form of 7 kDa, which is
then degraded to 5 kDa TRAPR The minor path leads to
the formation of the tyrosine-rich amelogenin peptide
(TRAP) with a mass of 5 kDa and soluble 13 kDa peptides.
A leucine-rich peptide (LRAP) is formed as a result of the
degradation of amelogenin formed from alternative splic-
ing [9] (Figure 2).

Amelogenins — role in tooth development

Amelogenins’ role in tooth development and post-
eruption repair processes is widely documented in in vi-
tro and in vivo studies [17-19], particularly in connection
with cement inhibition and dentin resorption. It inhibits
odontoclast development, probably by regulating the
expression of NF-kB ligand-receptor activator (RANKL).
In vitro studies indicated that the EMD effect on differ-
ent cell biology is the result of both the activity of 20 kDa
amelogenin itself, and various protein fractions or growth
factors [20]. Long-chain amelogenin fractions may stimu-
late autocrine production of BMP, while leucine-rich or
tyrosine-rich fractions accelerate autocrine production
of TGF-B. It is suggested that amelogenins may stimu-
late fibroblasts’ secretion of TGF-B, which manifests it-
self in the ability to differentiate into various directions.
Furthermore, bone morphogenetic proteins, primarily
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Figure 2. The process of extracellular proteolysis of amelogenins. Ameloblasts synthesize three categories of enamel ma-
trix derived proteins: amelogenin, enamelin and nonamelogenin non-enamelin proteins. Amelogenin is slowly degraded
by proteolytic extracellular enzymes to smaller, soluble forms [1]

responsible for osteogenesis and osteoinduction during
bone repair, may have similar effects on periodontal tis-
sues, including epithelial cells and fibroblasts, likely due
to their role as regulators in epithelial-mesenchymal in-
teraction processes [21].

The fibroblast phenotype is genetically modulated
but is also strongly locally affected. Research on fibro-
blast morphology showed variations in response to stim-
uli between the fibroblasts present in periodontal tissues.
Differences occurred in gingiva even within attached
gingival fibroblasts and gingival papilla fibroblasts. The
effect of EMD on periodontal and gingival fibroblasts is
various. Research on the role of gingival fibroblasts in the
regeneration process launched the hypothesis that only
the cells in the vicinity of the damaged periodontium are
capable of creating a new attachment with all its compo-
nents. Gingival fibroblasts are perceived as specific pro-
genitor cells. Among them, cells were isolated with typi-
cal osteogenic phenotype, which expressed osteocalcin
and osteopontin genes, as well as increasing secretion
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of alkaline phosphatase or enzymes involved in miner-
alization [22]. Although fibroblasts’ morphology seems
to be described in detail, it is well known that their cell
membrane contains many receptors for bioactive mol-
ecules. However, there is still little knowledge about the
fibroblasts’ surface markers, which would allow different
fibroblasts to be distinguished.

Research confirmed however that EMD significant-
ly affects fibroblasts’ biology. The observed increase in
the proliferative potential, without significant changes
in cell morphology, is very promising, especially in the
treatment of gingival recessions, wound healing, skin re-
vitalization, as well as in stem cell therapy [23] (Figure 3).

Amelogenins influence on epithelial cells

Many EMD studies conducted on periodontal tissues
have shown that the EMD effects on epithelial and mes-
enchymal cells can vary [24-26]. The results of research
on the effects of EMD on oral epithelial cells are ambigu-
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ous. EMD has been shown to decrease the proliferation
of epithelial cells [27, 28], but in many clinical trials, the
acceleration of epithelial healing after intraoperative EMD
use was observed [29-32]. It is suggested that EMD may
induce malignant lesions in the mucosa, which means that
patients with pre-cancerous or malignant lesions on the
mucosa should not be treated with EMD [30].

In the previous study, the effect of amelogenin and
the peptides of amelogenin degradation was analyzed
on human tongue cancer cell line SCC-25 (squamous cell
carcinoma). The study used: AMEL-GST made of recom-
binant prAMEL protein with a mass of 21.3 kDa and glu-
tathione transferase (GST), TRAP with a mass of 5.3 kDa
and EMD. The listed formulations were used at concen-
trations of 12.5, 25 and 50 ug/ml, forming ten groups of
studied cells. The impact on the morphology, adhesion,
proliferation, and migration of cells was evaluated. Refer-
ring to cell morphology, adherence and migration, no sig-
nificant differences were observed, regardless of the type
and concentration of the preparation used (Figure 4). No
significant differences were observed in cell proliferation
after 12-hour incubation in either of the groups tested.

Cell index
+

TRAP 12.5 !!5.

o HGF-1
| SCC-25

Figure 3. Effect of EMD, prAMEL and TRAP on the prolifera-
tion of human fibroblast (HGF-1) and cancer cell (SCC-25)
after 48 h stimulation [23, 33]

Figure 4. SCC-25 epithelial cell morphology after EMD stimulation. A — SCC-25 control cells after 24 h. B — Cells after 48 h
EMD stimulation. C — Control cells after 72 h. D — Cells after 72 h EMD stimulation. No significant changes in cell morphol-

ogy were observed after EMD stimulation [33]
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Figure 5. Effect of EMD, prAMEL and TRAP on the cancer cell
proliferation intensity (SCC25) after 48 h stimulation [33]

However, after 24 h of incubation, a significant decrease
in Cl (cell index) in the group stimulated with prAMEL
(12.5 pug/ml) was noted as compared to cells stimulated
with EMD (12.5 and 25 pg/ml). Furthermore, after 48 h
incubation, all the groups of cells treated prAMEL (12.5,
25 and 50 pg/ml) showed a significant decrease in pro-
liferation rate compared to the control group stimulated
with EMD [33] (Figure 5). These results are compatible
with the observations made in another study, which in-
dicated that the recombinant AMEL inhibits the growth
rate, adhesion and migration of gingival epithelial cells
[34]. Li et al. found that recombinant AMEL (25, 25, and
25 pg/ml) inhibits human epithelial cell attachment, mi-
gration and growth of the gingival epithelium in a time
and dose-dependent manner [34].

The results of other studies were inconclusive [35, 36]
due to the use of different cell types (epithelial cells,
tongue cancer, gingival fibroblasts, periodontal fiber cells)
obtained from various species (rats, pigs, humans) and the
use of various EMD components.

Amelogenins’ influence on connective tissue cells

Gingival fibroblasts (GFs) are considered as a poten-
tial source of pluripotent stem cells used in regenerative
processes not only in the mouth but also in the tissues
located outside the oral cavity [37]. They affect the mi-
gration of keratinocytes and play an important role in
mucous membrane wound healing — a process which
includes cell migration, cell attachment to extracellular
matrix components and cell proliferation [38]. Although
GFs are phenotypically and functionally different from
skin fibroblasts [39] and periodontal fibroblasts [40]
an EMD response was observed in all of the cell types.
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Amelogenins, the main component of EMD, products of
amelogenin degradation (TRAP) or products resulting
from alternative splicing (LRAP) have different biochemi-
cal properties [41, 42]. It has been shown that EMD sig-
nificantly increases the proliferation of GF [24, 43] and
that the process is time- and concentration-dependent.
Amelogenins affect the adhesion of gingival fibroblasts
rather than proliferation. Biological inactivity of TRAP [44]
suggests the same as inhibitory effects of recombinant
amelogenins on GF migration [34].

The next study [23] was performed on human gingival
fibroblasts (HGF ATCC CRL-2014 line). AMEL-GST was used,
consisting of prAMEL protein, with a mass of 21.3 kDa and
glutathione transferase (GST), TRAP with a mass of 5.3 kDa
and EMD. The formulation was used in the following con-
centrations: 12.5, 25 and 50 pg/ml. The impact on the mor-
phology, adhesion, proliferation and migration of cells was
evaluated. No significant differences were observed in cell
proliferation after 12 h incubation. However, after 24 and
48 h of incubation, a significant increase in Cl was found
in the EMD stimulated cell group, for all of the concentra-
tions used compared to the control group, prAMEL and
prTRAP In addition, all doses of prAMEL and recombinant
prTRAP administered for 48 h caused an increase in prolif-
eration rate compared to control cells, with the difference
significant only for prAMEL 50 pg/ml. Analysis carried out
after 60 and 72 h of incubation showed a significant in-
crease in migration in the group stimulated by prAMEL for
all concentrations and in the group stimulated by prTRAP
12.5 pg/ml, compared to both control and EMD groups.
After 48 h stimulation with EMD or prAMEL, a significant
decrease in the percentage of cells in the GO/G1 phase
and an increase in the percentage of cells in the S and
G2/M phases was observed. No significant changes were
observed in the cell cycle after prTRAP stimulation [23].

There are only a few publications related to the treat-
ment of periodontal tissue using the TRAP peptide. Stout
et al. [45] did not observe TRAP biological activity, and
Amin et al. [46] found its negative effects on periodon-
tium and alveolar bone.

Amelogenins’ impact on wound healing

Wound healing is a multi-step, complex process in-
volving migration, proliferation, and adhesion of cells to
extracellular matrix components. In this process, various
types of cells (fibroblasts, macrophages, lymphocytes) are
involved, regulated by cytokines, growth factors, extracel-
lular matrix components (fibrin, collagen, etc.) and tissue
inhibitors [47, 48]. Success in the clinical application of
EMD in periodontal wound healing caused interest in the
potential role of amelogenin in the repair of damaged
skin. An in vivo study conducted by Mirastschijski et al.
on rabbits showed that surface application of EMD on
the wound promotes the formation of granulation tissue.
Macroscopically the wound area was smaller (the assess-
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ment was carried out on days 3, 7 and 14), and the new
granulation tissue was more resistant to injury, less prone
to bleeding compared to the control group. Histopatho-
logical examination after 28 days showed that the more
advanced stage of healing occurred in the EMD group; the
structure of scar tissue was more mature, reflecting the
disappearance of the blood vessels within the scar [49].

A similar study on pigs confirmed the results ob-
tained previously. The evaluation performed after 5, 20
and 35 days showed a reduction in the width of wounds
in the group treated with EMD as compared to the con-
trol group. On day 35, the wounds in the EMD group were
almost completely healed. Histologically, the test group
was characterized by a larger amount of connective tis-
sue and better-shaped collagen [50].

Animal studies led to the development of amelogenin
compounds for the treatment of skin wounds based on
the original EMD product. Several clinical trials demon-
strated the positive effect of EMD on difficult-to-heal
ulcers such as venous leg ulcers, diabetic foot ulcers
and pressure ulcers. Amelogenin proteins, which are
biocompatible with ECM proteins applied to the wound
bed, form a temporary matrix that acts as a supporting
structure, to which skin fibroblasts can attach during the
healing process. It has been shown that amelogenins sig-
nificantly reduce the size of the ulcer, reduce the level of
exudate and reduce the pain associated with the wound.
It is worth noting that wounds persisting longer than
6 months and covering an area larger than 10 cm? pres-
ent the best response to amelogenin treatment [47,
51-54]. Research conducted so far suggests that amelo-
genins operate at least on two levels during the healing
process. Products of amelogenin degradation directly af-
fect cells, inducing a cascade of growth factors [11].

In vitro studies on human dermal fibroblasts showed
that amelogenins increase cell proliferation and secre-
tion of growth factors such as TGF-B, vascular endothe-
lial growth factor (VEGF) and matrix metalloproteinase-2
(MMP-2) [50]. Other studies confirmed the EMD stimu-
lating effect on the proliferation of human dermal fibro-
blasts [55].

Summary

The use of enamel matrix derivative in the treatment
and support of the healing process of damaged skin is
a recognized and applied method, although still limited.
The main components of the mixture, in extract or in
a recombinant form, provide excellent results and are
promising not only in the process of healing, repair or
regeneration, but also in the revitalization of skin.
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