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ABSTRACT

Statement of the Problem: Enamel organ (EO) is an ectodermal derived structure, which is
involved in the different aspects of tooth development. Tooth development shares the same
regulatory molecules and genes expressed in other developing organs. Endothelin- 1 (ET-1)
and Endothelin A receptor (ETAR), (ET-1/ETAR) axis, are involved in differentiation of
embryonic stem cells and organ development.

Purpose: The present study aimed to investigate the ET-1 and ETAR expression profiles
during the development of human primary tooth EO with the relatively large sample size.
Materials and Method: In this experimental study, 33 human fetuses aged from 13 to 23
weeks (3 samples from each fetal age) were collected. The samples were divided into three
age groups (<16 weeks, <19 weeks, >19 weeks) and cut for hematoxylin and eosin (H&E)
and immunohistochemistry (IHC) staining. A two-way ANOVA test was conducted to ex-
amine the expression levels of ET-1 and ETAR in different layers of human primary tooth
EO. The statistical significance was assumed at p < 0.05.

Results: There were statistically significant differences between the expression levels of ET-
1/ETAR axis in the four-layered human primary tooth EO in different fetal ages (13-23
weeks). Besides, there were significant differences between the expression levels of ET-
1/ETAR axis in all layers of human primary enamel organ and types of teeth.

Conclusion: Due to the profile of expression of ET-1/ETAR axis, it can be concluded that
this axis contributes to the differentiation of all human primary EO layers and secretion of
enamel. ET-1/ETAR axis is one of the signaling molecules, which may have crucial roles in
tooth development.
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Introduction

ues through three stages including bud stage, cap stage,

The pharyngeal arches are precursors for structures in
vertebrate embryos [1]. A variety of genes, signaling
pathways, and growth factors regulate the craniofacial
development. In addition, environmental factors and
teratogenic agents are critical during morphogenesis and
histo-differentiation stages within embryo [1].

Tooth development starts with the formation of den-
tal placodes. From this point, tooth development contin-
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and bell stage [2]. Enamel organ (EO) is an ectodermal
derived structure involved in the different aspects of
tooth development [3]. EO is reported to be a stem cell
reservoir [4]. The coronal part of EO differentiates into
four layers including inner enamel epithelium (IEE),
stratum intermedium (SI), stellate reticulum (SR), and
outer enamel epithelium (OEE) [5]. In a developing
tooth, the shape and pattern depend on epithelial-mesen-
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chymal interactions, which are modulated by several
signaling pathways [6]. Tooth development also shares
the same regulatory molecules and genes expressed in
other developing organs [7]. Any malfunction and mu-
tation result in congenital defects as well as develop-
ment of cysts and tumors, which appear at any time
during life in head and neck area [6-8].

Endothelins (ETs) are composed of three structural-
ly similar 21-amino acid peptides, including endothelin-
1 (ET-1), endothelin-2 (ET-2), and endothelin-3 (ET-3)
[9]. ET-1 is the most common circulating form of ETs.
Different cell types such as endothelial cells and vascu-
lar smooth muscle cells produce ET-1 [10]. ET-1 medi-
ates a number of functions (vasoconstriction, pain, and
inflammation) by binding to specific cell surface recep-
tors, namely endothelin A receptor (ETAR) and endo-
thelin B receptor (ETBR) [9-10]. ETBR is expressed on
vascular smooth muscle cells, endothelial cells, macro-
phages, and platelets while ETAR is found on vascular
smooth muscle cells [9-10]. ET-1 is involved in embry-
onic stem cell differentiation and organ development
[11-12]. In addition, ET-1 has mitogenic properties [13].
Interestingly, ET-1 is expressed in the pharyngeal arch
epithelium while ETAR is expressed on the pharyngeal
arch ectomesenchymal cells. These findings may reflect
the influence of ET-1/ETAR axis in development of
pharyngeal arches [14]. There are only few animal stud-
ies regarding the role of ET-1 and its receptors in odon-
togenesis [15-16]. Therefore, the role of ET-1/ETAR
axis is not yet clear in the development of human teeth.
The present cross sectional study aimed to investigate
the ET-1 and ETAR expression profiles during the de-
velopment of human primary tooth EO with the rela-
tively large sample size.

Materials and Method

Sample collection and staining method

The Ethics Committee approved this study (approval
No.IR.UMSHA.REC.1398.043). Dilation and curettage
was done for pregnancies under 13 weeks’ gestation,
and the fetuses over 23 weeks were buried. Hence, only
human fetuses aged between 13 weeks to 23 weeks (3
samples for each fetal age) were collected. After obtain-
ing parents’ consent, the head of each sample was cut
and placed in a fixative for 2 days. After decalcification
with dilute nitric acid (5%), the samples were embedded

in paraffin. The blocks were cut for hematoxylin and
eosin (H&E) staining. Then, the sections of 4 pm were
cut and processed for immunohistochemistry (IHC)
according to the previous studies [17]. Antibodies used
in the IHC assay were anti-ET-1 mouse monoclonal
antibody (1:170; ab2786) and anti— ETAR rabbit poly-
clonal antibody 1:170; ab76259). Placenta tissue was
used as a positive control, which is known to express
ET-1 and ETAR [9]. The omission of primary antibod-
ies served as the negative control. According to time
line of human tooth development, central incisor tooth
germ is in the bell stage of development during the
14" and 15" gestational weeks [1, 15]. Besides, amelo-
blasts appear to function in central incisor tooth germ
around the 18th week of gestation [16]. Therefore, the
samples were divided into three age groups including
<16 weeks, <19 weeks and >19 weeks. The cytoplasmic
(ET-1) and cell membrane (ETAR) immunostaining
were analyzed. The positive stained cells were counted
and the percentage of positive cells was recorded for
each EO layer of first primary central incisor and first
molar of both jaws in all samples [17].

Statistical analysis was carried out using SPSS (ver-
sion 20.0; SPSS Inc. Chicago, IL). A two-way ANOVA
analysis was conducted to examine the effect of fetal
age and types of teeth on the expression levels of ET-1
and ETAR in the different layers of EO. The statistical
significance was assumed at p < 0.05.

Results

Histologic analysis for the expression level of ET-1 in all samples
In this study, 25 samples were males and 8 samples
were females. The analyses of ET-1 expression level in
the four-layered EO are shown in Table 1.

Table 1: Analysis of ET-1 expression in the four layered
Enamel Organ

Source of Variation  df el F P
sguare Value
Fetal age (IEE) 2 813995 423109 0.000
Types of teeth (IEE) 3 125.908  65.446  0.000
Interaction (IEE) 6 5.151 2.677 0.018
Fetal age(SI) 2 795.041 484.220 0.000
Types of teeth (SI) 3 124119 75595  0.000
Interaction(SI) 6 5.148 3.136 0.007
Fetal age (SR) 2 424899 427373 0.000
Types of teeth (SR) 3 85451 85.948  0.000
Interaction (SR) 6 12392 12.464  0.000
Fetal age (OEE) 2 785051 552979 0.000
Types of teeth (OEE) 3  136.160 95909  0.000
Interaction (OEE) 6 7.650 5.389 0.000
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The post-hoc analysis indicated a significant differ-
ence between the ET-1 expression level in the IEE layer
of mandibular central incisor and mandibular first molar
EOs (p<0.001), and between the ET-1 expression level
in the IEE layer of mandibular central incisor and max-
illary central incisor EOs (p<0.001). Moreover, this
difference was also significant between the ET-1 ex-
pression level in the IEE layer of mandibular central
incisor and maxillary first molar EOs (p< 0.001).

Additionally, the post-hoc analysis showed a signifi-
cant difference between the ET-1 expression level in the
S| layer of mandibular central incisor and mandibular
first molar EOs (p <0.001), and between the ET-1 ex-
pression level in the Sl layer of mandibular central inci-
sor and maxillary central incisor EOs (p< 0.001). This
difference was also significant between the ET-1 ex-
pression level in the SI layer of mandibular central inci-
sor and maxillary first molar EOs (p< 0.001).

Furthermore, the post-hoc analysis identified a sig-
nificant difference between the ET-1 expression level in
the SR layer of mandibular central incisor and mandibu-
lar first molar EOs (p< 0.001), and between the ET-1
expression level in the SR layer of mandibular central
incisor and maxillary central incisor EOs (p< 0.001).
This difference was also significant between the ET-1
expression level in the SR layer of mandibular central
incisor and maxillary first molar EOs (p<0.001). More-
over, the post-hoc analysis determined a significant dif-
ference between the ET-1 expression level in the OEE
layer of mandibular central incisor and mandibular first
molar EOs (p< 0.001), and between the ET-1 expression
level in the OEE layer of mandibular central incisor and
maxillary central incisor EOs (p< 0.001). This differ-
ence was also significant between the ET-1 expression
level in the OEE layer of mandibular central incisor and
maxillary first molar EOs (p< 0.001).

Histologic analysis for the expression level of ETAR in all samples
Table 2 details the expression level of ETAR in all lay-
ers of EO.

The post-hoc analysis distinguished a significant dif-
ference between the ETAR expression level in the IEE
layer of mandibular central incisor and mandibular first
molar EOs (p< 0.001), and between the ETAR expres-
sion level in the IEE layer of mandibular central incisor
and maxillary central incisor EOs (p< 0.001). Moreover,
this difference was also significant between the ETAR
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Table 2: Analysis of Endothelin A receptor (ETAR) ex-
pression in the four layered enamel organ

. Mean p
Source of Variation  df square F Value
Fetal age (IEE) 2 876.935 460.703 0.000
Typesof teeth (IEE) 3 147.967 77.735  0.000
Interaction (IEE) 6  4.205 2.209 0.047
Fetal age(SI) 2 791450 468.044 0.000
Types of teeth (SI) 3 120451 71.232  0.000
Interaction(SI) 6  5.536 2.682 0.018
Fetal age (SR) 2 393568 347.266 0.000
Types of teeth (SR) 3  68.561 60.495  0.000
Interaction (SR) 6 21.255 18.754  0.000
Fetal age (OEE) 2 760.552 673.828 0.000
Types of teeth (OEE) 3  136.790 121.192 0.000
Interaction (OEE) 6  8.828 7.821 0.000

expression level in the IEE layer of mandibular central
incisor and maxillary first molar EOs (p< 0.001).

Furthermore, the post-hoc analysis indicated a sig-
nificant difference between the ETAR expression level
in the SI layer of mandibular central incisor and man-
dibular first molar EOs (p< 0.001), and between the
ETAR expression level in the Sl layer of mandibular
central incisor and maxillary central incisor EOs (p<
0.001). This difference was also significant between the
ETAR expression level in the Sl layer of mandibular
central incisor and maxillary first molar EOs (p< 0.001).

In addition, the post-hoc analysis revealed a signifi-
cant difference between the ETAR expression level in
the SR layer of mandibular central incisor and mandibu-
lar first molar EOs (p< 0.001), and between the ETAR
expression level in the SR layer of mandibular central
incisor and maxillary central incisor EOs (p< 0.001).
This difference was also significant between the ETAR
expression level in the SR layer of mandibular central
incisor and maxillary first molar EOs (p< 0.001). More-
over, the post-hoc analysis found a significant differ-
ence between the ETAR expression level in the OEE
layer of mandibular central incisor and mandibular first
molar EOs (p< 0.001), and between the ETAR expres-
sion level in the OEE layer of mandibular central incisor
and maxillary central incisor EOs (p< 0.001). Likewise,
this difference was significant between the ETAR ex-
pression level in the OEE layer of mandibular central
incisor and maxillary first molar EOs (p< 0.001) (Figure
la-b).

Discussion
The ET-1/ETAR axis is critical for development and
growth in a variety of organs [8, 18]. We herein report
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Figure 1: Histograms depicting the percentage of Endothelin- 1 (ET-1), a: Endothelin A receptor (ETAR), b: Expressions in the differ-
ent layers of enamel organ (EO) in all fetal ages

the expression level of ET-1/ETAR axis in the different liferation of EO is tightly linked to ET-1/ETAR axis
layers of human primary EO. Consistent with well- [14]. In this aspect, our findings have demonstrated the
established functions of ET-1/ETAR axis, the cell pro- immunohistochemical localization of the ET-1/ETAR

Figure 2: Expression patterns of Endothelin- 1 (ET-1) in the human primary enamel organ (EO) and nearby structures in different fetal
ages (A-K) (100 x or 400 x), a: 13-week fetus, b: 14-week fetus, c: 5-week fetus, d: 17-week fetus, e: 18-week fetus, f: 19-week
fetus, g: 20-week fetus, h: 21-week fetus, i: 22-week fetus, j: 23-week fetus (mandibular central incisor), k: 23-week fetus (maxillary
central incisor)
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7 ]

fetal ages (A-K) (400x%), a: 14-week fetus, b: 15-week fetus, c: 16-week fetus, d: 17-week fetus., e: 18-week fetus, f: 19-week fetus, g:
20-week fetus (mandibular first molar), h: In a 20-week fetus (mandibular central incisor), i: In a 21-week fetus, j: In a 22-week fetus,
k: In a 23-week fetus (AB: Ameloblast, D: Dentin, DF: Dental follicle, DP: Dental papilla, EM: Enamel matrix, OD: Odontoblast; PD,
predentin

axis in all layers of human primary EO (Figure 2-3).

In addition, the present study has indicated the ele-
vated expression level of ET-1/ETAR from the bud
stage onward in all four layers of human primary EO.
Additionally, data analysis in this study, showed a strik-
ing increase in the number of positive cells in the human
primary EO layers with increase of fetal age. These fin-
dings may indicate the role of ET-1/ETAR axis in cell
proliferation and differentiation of the different layers of
human primary EO. A study detailing the investigation
on developing rat tooth has found high densities of ET-1
and ETAR immune-reactivity in ameloblasts [12].

A research, using p63, has indicated stem cells in the
Sl and SR layers and ameloblasts [19]. Another study
has shown the sonic hedgehog expression in the SI cell
layer which confirms the role of the Sl cells as the pri-
mary early stem cells of the EO [20]. In addition, it has
been shown that the Sl cells interact with the IEE cells
and ameloblasts. The S cells are required for the differ-
entiation of ameloblasts [3]. The highest expression
levels of Notchl, 2 and 3 in the SI cells can also prove
the presence of stem cells in the SI layer [21]. It is sug-
gested that the SI stem cells may originate from the SR
or ameloblast lineages [19, 22]. It has been established
that ET-1/ETAR axis plays a crucial role in the differen-
tiation of stem cells [23-24]. Besides, ET-1/ETAR axis
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has been proven to activate mitogenic pathways in dif-
ferent cell types such as osteoblasts and endothelial cells
[23]. Immunostaining of ET-1/ETAR axis in the current
study, may confirm the role of ET-1/ETAR axis in the
differentiation of stem cells and proliferation of differ-
ent cell types of EO.

Previous investigations have shown the production
of high amounts of alkaline phosphatase by the Sl cells
[25-26]. Both the SI and IEE cells function synergisti-
cally and can be considered as a single functional unit
responsible for enamel formation [27].

These findings may signify the role of SI cells in the
differentiation of IEE layer (ameloblasts) and enamel
formation [20, 22, 28]. On the other hand, the ET-
1/ETAR axis involves in Ca?" transportation and induc-
es anincrease in the intracellular Ca?* concentration
[24, 29]. In our study, there was a gradual increase in
ET-1 and ETAR expression level with increase of fetal
age in the Sl and IEE cell layers (ameloblasts). There-
fore, it can be assumed that the ET-1/ETAR axis con-
tributes to enamel formation.

A previous investigation has speculated that ET-1,
secreted by endothelial cells, may promote the recipro-
cal functions of endothelial cells and dental pulp stem c-
ells [24]. Additionally, Aida et al. [30] have revealed
the increased expression level of VEGF in the IEE cells
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and ameloblasts. They concluded that VEGF expression
is associated with the differentiation of IEE cells to am-
eloblasts via activation of map kinase leading to cell pr-
oliferation [30]. Besides, the expression of VEGF in the
IEE, SR and OEE layers of EO has been reported [31-
32]. On the other hand, ET-1 enhances VEGF expressi-
on and angiogenesis via ETAR [18]. These reports may
indicate that the ET-1/ETAR axis controls the expressi-
on of VEGF and angiogenesis in the primary tooth EO.

Earlier investigations have revealed that the blood
capillaries are initially juxtaposed to the OEE layer [33].
Besides, the OEE layer is not a continuous layer; there-
fore, the capillaries penetrate the EO through these gaps.
These findings suggest that when the tooth germ is fully
developed, the process of vascularization of EO occurs
[33]. Our study confirms the previous results, demon-
strating that the capillaries are found next to the OEE
layer and penetrate to this layer.

However, results from this study suggest further
study with larger sample size for better understanding
the role of ET-1/ETAR axis in tooth development.

Conclusion

This study sheds a new light on the expression level of
ET-1/ETAR axis in the human primary tooth EO as a
four-layered tissue complex and a stem cell niche. Due
to the profile of expression of ET-1/ETAR axis, it can
be concluded that aforementioned axis contributes to
proliferation and differentiation of the four-layered pri-
mary enamel organ via different mechanisms such as
angiogenesis. Therefore, ET-1/ETAR axis involves in
the secretion of tooth enamel. ET-1/ETAR axis is one of
the signaling molecules that EO might use to exert roles
in tooth development. Besides, our study may prove that
the capillaries close to the OEE layer gradually pene-
trate to the primary tooth EO. Further studies with larger
sample size are required for better understanding of the
role of ET-1/ETAR axis in tooth development.
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