
199© The Author(s) 2018 
K. Endo et al. (eds.), Biomineralization, 
https://doi.org/10.1007/978-981-13-1002-7_21

Chapter 21
The Relationship Between the Structure 
and Calcification of Dentin and the Role 
of Melatonin

Hiroyuki Mishima, Saki Tanabe, Atsuhiko Hattori, Nobuo Suzuki, 
Mitsuo Kakei, Takashi Matsumoto, Mika Ikegame, Yasuo Miake, 
Natsuko Ishikawa, and Yoshiki Matsumoto

Abstract The present study aimed to examine the relationship between the struc-
ture and composition of dentin and odontoblasts and the role of melatonin during 
the calcification process. The expression of MT1 and MT2 melatonin receptor was 
confirmed in the odontoblasts of the control group. In addition, the expression of 
MT1 was stronger than that of MT2. A strong expression of MT1 was detected in 
the odontoblasts in the melatonin-treated groups. MALDI-TOF MS analysis 
revealed that two peaks of 795 m/z and 818 m/z were found in dentin. These peaks 
increased commensurately with the amount of melatonin. The number and size of 
calcospherites in predentin increased in proportion to the concentration of melato-
nin. The degree of mineralization increased slightly in the melatonin-treated group 
using CMR analysis. Two peaks could be clearly detected in the melatonin-treated 
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group at nighttime using X-ray diffraction analysis. Melatonin may participate in 
the dentin composition and the calcification mechanism of dentin.

Keywords Dentin · Melatonin · Melatonin receptor · Calcospherite  · Calcification 
· Circadian rhythm

21.1  Introduction

In the hierarchy of internal biological rhythms, there are the circadian rhythm (cir-
cadian cycle: about 24 h), the circalunar rhythm (about 28 days), and the circannual 
rhythm (about 1 year) (Koukkari and Sothern 2006; Mishima et al. 2013; Pfeffer 
et al. 2012). There is also circadian rhythm in the concentrations of Ca and P of the 
blood. It is reported that Ca will deposit on teeth and bones because blood pH tends 
to be alkaline and blood Ca value decreases at night (Ishida et al. 1983). It became 
clear that circadian rhythm is shown in oral tissues including salivary glands 
(Papagerakis et al. 2014).

Melatonin is the synchronization factor of circadian rhythm (Hattori 2017; 
Koukkari and Sothern 2006). One of the effects of melatonin is the adjustment of 
circadian rhythm, and it serves as the transmission material of the information at the 
nighttime. The melatonin synthesis changes between day and night. In the daytime, 
the melatonin amount decreases (Hattori 2017; Koukkari and Sothern 2006; Pfeffer 
et al. 2012). Melatonin is also associated with tooth development (Kumasaka et al. 
2010; Tachibana et al. 2014). Melatonin may play an essential role in regulating 
bone growth (Roth et al. 1999; Satomura et al. 2007). When melatonin was admin-
istered in aged rats, the bone mass increased, and the internal structure of the bone 
was reinforced (Tresguerres et al. 2014). Antiaging effect of melatonin is expected 
(Hattori et al. 2006; Hattori 2017). Many of the physiological functions of melato-
nin are exerted via two melatonin receptors (MT1 and MT2) of the cell membrane 
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(Pfeffer et al. 2012; Hattori 2017). MT1 is involved in the transmission of optical 
information and works on hypnosis, and MT2 is involved in synchronizing the cir-
cadian rhythm (Liu et al. 2013). MT1 is also involved in tooth development and 
formation (Kumasaka et  al. 2010; Mishima et  al. 2014; Tachibana et  al. 2014). 
Melatonin may regulate various physiological functions in the body and is 
 synchronized with diurnal change (Hattori 2017; Koukkari and Sothern 2006; 
Shimozuma et al. 2011). We have reported that an increase or decrease in the mela-
tonin secretion influences the incremental line and formation of dentin (Mishima 
et  al. 2013, 2014, 2015). The present study aimed to examine the relationship 
between the structure and composition of dentin and odontoblasts and the role of 
melatonin during the calcification process.

21.2  Materials and Methods

21.2.1  Ethics

These animal experiments were conducted with the approval of the animal labora-
tory ethics committee of the Meikai University School of Dentistry (Approval No. 
A 1019, A 1105, A 1221, A1525) and Kagawa University (Approval No. 17636). 
Animal experiments were conducted in compliance with the animal experiment 
implementation regulations of the Meikai University School of Dentistry and 
Kagawa University.

21.2.2  Materials

In this experiment, 5-, 6-, and 7-day-old SD rats were used. These rats were divided 
into three groups: (1) a control group (0.5% alcohol-containing water), (2) a low- 
concentration group (0.5% alcohol +20 μg/ml melatonin-containing water), and (3) 
a high-concentration group (0.5% alcohol +100 μg/ml melatonin-containing water). 
Before and after childbearing, melatonin was administered for 8 days at the 5-day- 
old rats, 9 days at the 6-day-old rats, and 10 days at the 7-day-old rats. The slaughter 
was carried out at midday and midnight. The samples taken during the day were 
classified as daytime specimens, and specimens taken at night were classified as 
nighttime specimens.
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21.2.3  Methods

These samples were removed together with the jaw bones around the incisors. These 
were fixed in 10% neutral buffered formalin solution. The demineralized specimens 
were decalcified for 1 week with a 0.5% EDTA decalcification solution. The demin-
eralized specimens were made into the sliced continuous sections with the thickness 
of about 4 μm with a microtome. The sliced sections were stained with HE staining 
for the analysis of calcospherites and dentin structure. Immunostaining of the mela-
tonin receptor was performed, and the localization of the melatonin receptor in the 
tissue was searched. The melatonin receptors were used, the melatonin 1a (MT1, 
Biorbyt, Cat# orb11085, USA) and melatonin 1b (MT2, LifeSpan BioSciences, 
Cat# LS-A934, USA). The immunohistochemistry procedure was carried out 
according to the method of Mishima et al. 2016. The staining sections were observed 
and analyzed using the light microscopy (ECL-IPSE80i, Nikon, Japan).

On the ground sections, one single-side polishing and double-side polishing 
were carried out with a grinding stone, a diamond lapping film (final particle size 
3 μm), and a diamond paste (final particle size 0.25 μm). These ground sections 
were observed and analyzed by a light microscopy (Eclipse 80i, Nikon, Japan), a 
polarizing microscopy (Eclipse LV100N, Nikon), a scanning electron microscope 
(SEM, JSM-6500F, JEOL, Japan), a contact microradiography (CMR, Softex CMR- 
K, Japan), an atomic force microscopy (AFM, Nanosurf Easyscan, Nanosurf, AG, 
Switzerland), X-ray diffraction method (RINT2500, Rigaku, Japan), and a mass 
spectrometry (matrix-assisted laser desorption ionization time-of-flight mass spec-
trometer: MALDI-TOF MS, ultrafleXtreme-KG1, Bruker, USA). Measurements of 
the number of calcospherites in predentin and the expression concentration of mela-
tonin receptor in odontoblasts were performed using image analysis software 
WinROOF (MITANI, Japan). The measurement and analysis procedure were car-
ried out according to the method of Mishima et al. (2014, 2016). The labial dentin 
covered the enamel, and lingual dentin covered the thin cementum in incisor. We 
observed and analyzed both dentins. The statistical significance between the control 
and melatonin-treated groups was assessed by Bonferroni correction and by Tukey’s 
test. In all cases, the selected significance level was p < 0.05 and p < 0.01. The Ca, 
P, and Mg concentrations in blood serum of rats in the control group and melatonin- 
treated groups were analyzed using a SPOT-Chem blood analysis (SPOTCHEM EZ 
SP-443, ARKRAY, Japan).

21.3  Results

The number of calcospherites increased in the melatonin-treated group of 6-day-old 
rats in the nighttime specimens (Fig. 21.1). A significant difference was observed 
between the control group and the high-concentration group (Fig. 21.1, *p < 0.05). 
However, no clear difference was found between the control group and the 
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melatonin- treated groups in the daytime specimens. A significant difference was 
observed between the daytime and nighttime specimens in the control group 
(Fig. 21.1, **p < 0.05). The expression of MT1 and MT2 melatonin receptor was 
confirmed in the odontoblasts of the control group. In addition, the expression of 
MT1 was stronger than that of MT2. As compared with the control group (Fig. 21.2c), 
the strong expression of MT1 was detected in the melatonin-treated groups in the 
nighttime specimens (Fig. 21.2a, b). A significant difference was observed between 
the daytime and nighttime specimens in the high-concentration group (Fig. 21.3, 
*p < 0.05). The difference in interference color (arrows) was found for the layers of 
incremental lines in the high-concentration group in the nighttime specimens 
(Fig. 21.4a). No change in interference color was observed in the control and low- 
concentration group (Fig. 21.4b, c). By the backscattered electron image of SEM, 
the diameter of calcospherites of the control group was 10–18 μm (Fig. 21.5a), and 
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Fig. 21.1 Number of calcospherites in predentin. These data were obtained from the result of HE 
staining. In the nighttime specimens, calcospherites increased in the melatonin-treated group. 
6-days old. Lingual dentin. *p < 0.05, **p < 0.05

Fig. 21.2 Immunohistochemistry micrographs of the expression of MT1 melatonin receptor at the 
nighttime. The strong expression of MT1 in odontoblasts was detected in the high groups. 6 days 
old. Labial dentin. (a) High group, (b) low group, (c) control group. O odontoblast. Scale bar, 
100 μm
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that of calcospherites of the high group was 13–25 μm (Fig. 21.5b). The size of 
calcospherites in predentin increased in proportion to the concentration of melato-
nin. By the CMR images, calcospherites increased in the high-concentration group 
as compared with the control group (Fig. 21.6, arrow). On the degree of mineraliza-
tion (mineral-volume %), the control group was 29.00%, the low-concentration 
group was 32.29%, and the high-concentration group was 32.61%. The degree of 
mineralization increased slightly in the melatonin-treated group. On the AFM 
images of ground section, the crystal surfaces of dentin were observed (Fig. 21.7a–
c). The crystal surface of dentin regularly arranged with globular uniform size in the 
high-concentration group (Fig. 21.7c). The diameter on crystal surface in the high- 
concentration group was 161–258 nm. On the results of X-ray diffraction method, 
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Fig. 21.3 Expression concentration of MT1 melatonin receptor in odontoblasts. The expressions 
of MT1 of the low and high group were somewhat stronger than that of the control group. The 
vertical axis represents saturation (range, 0–255). *p < 0.05

Fig. 21.4 Micrographs of polarizing microscopy of labial ground dentin. The difference in the 
interference color was found in the layer of incremental lines of the high group (arrows). 6 days 
old. (a) High group, (b) low group, (c) control group. Scale bar, 100 μm

H. Mishima et al.



205

one peak of crystal plane index was detected in the control group (Fig.  21.8a). 
However, two peaks of crystal plane indices were detected in the high-concentration 
group in the nighttime specimens (7-days old) (Fig. 21.8b). The low-angle plane 
index is (002), and the other plane index is one in which three plane indices (211), 
(112), and (300) overlap.

MALDI-TOF MS analysis of the ground sections revealed that two peaks of 
795 m/z and 818 m/z were found in dentin. As the dose of melatonin increased, the 
detected intensity increased in the nighttime specimens (Fig. 21.9). There was no 
clear difference in daytime specimens. Figure 21.10 shows the results of Ca, P, and 
Mg concentration in blood serum using the SPOT-Chem blood analysis. A signifi-
cant difference was observed between day and night in the control group on the 
concentration of P (Fig. 21.10, *p < 0.01). However, the concentration of P in the 
melatonin-treated group did not differ between day and night. The difference was 

Fig. 21.5 Calcospherites in predentin using the backscattered electron image of SEM. The size of 
calcospherites in predentin increased in proportion to the concentration of melatonin. 7 days old. 
(a) Control group, (b) high group. Arrows: calcospherites. Scale bar, 10 μm

Fig. 21.6 CMR images of the transverse sections of incisor dentin. Calcospherites increased in the 
high group. The degree of mineralization increased slightly in the high group. The difference in 
thickness of dentin on (a) and (b) is due to the difference in the cutting region. 6 days old. (a) 
Control group, (b) high group. Arrows show calcospherites. Scale bar, 100 μm
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observed between day and night in the high-concentration group on the concentra-
tion of Ca, but there was no significant difference (p = 0.08). The concentration of 
Ca and P in the blood serum changed by melatonin administration. Regarding the 
concentration of Mg, there was no change.

21.4  Discussion

From HE staining and SEM observation, the number and size of calcospherites in 
predentin increased in the melatonin-treated group. By CMR analysis, the calcifica-
tion was higher in the melatonin-treated groups. Ca and P content of dentin were 
higher in the melatonin-treated group (Mishima et al. 2013, 2014, 2015). The distri-
bution density of Ca and P was greater in the melatonin-treated group (Mishima 
et al. 2015). The width of dentinal tubules was narrower than that of the control 
(Mishima et al. 2015). It is likely that the formation of peritubular dentin was pro-
moted by melatonin (Mishima et al. 2015). From the X-ray diffraction and AFM 
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Fig. 21.7 AFM images of longitudinal ground section of dentin. The crystal surface of dentin 
arranged irregularly both control and low groups. The crystal surface of dentin regularly arranged 
with uniform size in the high group. 7 days old. (a) Control group, (b) low group, (c) high group. 
Length of X axis and Y axis, 2 μm

a b

Fig. 21.8 X-ray diffraction patterns of dentin. Two peaks could be clearly detected in the high 
group at the nighttime. 7 days old. (a) Control group, (b) high group. ※1 shows (002) and ※2 
shows (211), (112), and (300)
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analyses, it was considered that the crystallinity and orientation of the apatite crystal 
of dentin improved by administration of melatonin. We think that odontoblasts were 
activated by melatonin administration and promoted the dentin calcification.

From the result of the polarizing microscopy, it is considered that melatonin 
causes a change in the structure of dentin apatite crystals and collagen fibers. The 
Korff’s fibers were more clearly distributed in the melatonin-treated group of 
 nighttime and daytime specimens (Mishima et al. 2016). It is considered that the 
odontoblasts were activated by melatonin, and the secretion of collagen fibers was 
promoted. Mature dentin is made up of approximately 70% inorganic material, 20% 

Fig. 21.9 Results of MALDI-TOF MS analysis. Two peaks of 795 m/z and 818 m/z are found in 
dentin at nighttime. As the dose of melatonin increased, the detected intensity increased. 6 days 
old. The vertical axis represents intensity (0–2500), and the horizontal axis represents m/z 
(793–893)
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Fig. 21.10 Ca, P, and Mg concentration in blood serum using the SPOT-Chem blood analysis. 
From the left figure, the results of Ca, P, and Mg are shown. 7 days old. The vertical axis represents 
mg/dL. *p < 0.01
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organic material, and 10% water by weight. The organic phase of dentin is com-
posed mainly of type I collagen (Nanci 2003). In mass spectrometry, the peaks of 
type I collagen are detected at 653–960 m/z in the bone (Schweitzer et al. 2009). 
The MALDI-TOF MS analysis revealed that two peaks of 795 m/z and 818 m/z 
were found in dentin. Two peaks are considered to be the peptides in which the type 
I collagen has been resolved. These detected peaks intensity increased in the 
melatonin- treated groups. Thus, it is estimated that the peptides which a large 
amount of collagen was metabolized and resolved increased in the melatonin- 
treated group. We thought that administration of melatonin promotes collagen 
secretion of odontoblasts and the collagenation of dentin.

A strong expression of MT1 was detected in the odontoblasts in the melatonin- 
treated groups. MT1 is considered to be involved in the formation and development 
of teeth (Mishima et al. 2015). Kumasaka et al. (2010) and Tachibana et al. (2014) 
report the expression of MT1 in odontoblasts. Melatonin is thought to affect physi-
ological functions of odontoblasts in the daytime and nighttime. It was suggested 
that the expression of MT1 depends on the amount of melatonin and that melatonin 
is efficiently incorporated into odontoblasts. Melatonin administration changed the 
behavior of Ca and P concentration in serum at night. In summary, the present study 
suggests that melatonin changed the blood composition in the body and influenced 
the structure, calcification, and crystallinity of dentin.
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