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Abstract: Background and objectives: Calcium phosphates have been widely used as bone substitutes,
but their properties are limited to osteoconduction. The association of calcium phosphates with
osteoinductive bioactive molecules has been used as a strategy in regenerative medicine. Melatonin
has been studied due to its cell protection and antioxidant functions, reducing osteoclastic activity
and stimulating newly formed bone. This study aimed to evaluate the effect of topical application of
melatonin associated with nanostructured carbonated hydroxyapatite microspheres in the alveolar
bone repair of Wistar rats through histological and histomorphometric analysis. Materials and Methods:
Thirty female Wistar rats (300 g) were used, divided randomly into three experimental groups (n = 10),
G1: nanostructured carbonated hydroxyapatite microspheres associated with melatonin gel (CHA-M);
G2: nanostructured carbonated hydroxyapatite (CHA); G3: blood clot (without alveolar filling). The
animals were euthanized after 7 and 42 days of the postoperative period and processed for histological
and histomorphometric evaluation. Kruskal–Wallis and Dunn’s post-test were applied to investigate
statistical differences between the groups at the same time point for new bone and connective tissue
variables. Mann–Whitney was used to assess statistical differences between different time points
and in the biomaterial variable. Results: Results showed a greater volume of residual biomaterial
in the CHA-M than the CHA group (p = 0.007), and there were no significant differences in terms
of newly formed bone and connective tissue between CHA and CHA-M after 42 days. Conclusions:
This study concluded that both biomaterials improved alveolar bone repair from 7 to 42 days after
surgery, and the association of CHA with melatonin gel reduced the biomaterial’s biodegradation at
the implanted site but did not improve the alveolar bone repair.

Keywords: melatonin; calcium phosphate; alveolar bone repair; tooth extraction; rats

1. Introduction

Melatonin is an endogenous neurohormone that is produced and secreted rhythmically
by the pineal gland, controlled by the hypothalamus’ suprachiasmatic nucleus and by the
circadian rhythm of light and darkness, affecting sleep [1,2]. The magnitude of circadian
rhythm is influenced by age, gender, diseases and hormonal conditions [3]. The hormone’s
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biosynthesis is initiated through the uptake of the essential amino acid tryptophan by
parenchymal cells of the pineal gland. After that, tryptophan is converted into a serotonin
neurotransmitter, whose concentration increases during the day and sharply decreases
at the beginning of the night, when serotonin is converted into melatonin through the
action of the hydroxyindole-O-methyltransferase (HIOMT) enzyme over N-acetyl serotonin
(NAS) [4–6]. Due to its lipophilic properties, melatonin can cross cellular membranes and
bind to cytosolic proteins, such as kinase C, calmodulin and calcireticulin [7]. Several
researchers have indicated that melatonin might be dissimilarly distributed at the sub-
cellular level. Particularly, cell nuclei and mitochondria appear to hold higher melatonin
concentrations than other cellular compartments. Studies have shown that extracellular
melatonin equilibrates within seconds with the cytoplasm, confirming that melatonin
rapidly crosses biological membranes [5–7].

Melatonin has a positive influence in the process of bone remodeling [8] and also car-
ries out diverse neuroendocrine and physiologic functions, for example the control of sleep
and circadian rhythm, the regulation of blood pressure, the inhibition of tumoral growth,
and immune function. The decline in its production with age is associated with a high
incidence of osteoporosis and bone fractures, showing the relationship between melatonin
and bone metabolism [9,10], which has been described in previous in vivo studies [11–14]
and occurs in both a direct and indirect manner [15]. First, this hormone directly affects
osteoblast differentiation, increasing its cellular proliferation and thus stimulating mineral
formation in this cell [15]. Furthermore, there is a rise in expression of bone differentia-
tion markers—such as alkaline phosphatase, osteocalcin and bone sialoprotein—and of
osteoblastic genes, such as recombinant human bone morphogenetic protein-2 (rhBMP-2)
and recombinant human bone morphogenetic protein-6 (rhBMP-6) [16,17]. Additionally,
melatonin also influences osteoclasts directly through the inhibition of osteoclastogene-
sis [18,19]. This process is completed by the suppression of the activity of the nuclear factor
kappa-B ligand (RANKL) receptor activator, through downregulation of formation and
osteoblastic activation mediated by RANKL [20,21]. On the other hand, this hormone
regulates bone formation indirectly through interaction with systemic hormones, such
as parathyroid hormone, calcitonin, and estrogen, extending its effect [3]. Moreover, its
antioxidant role captures free radicals released by osteoclasts during the bone resorption
process. As a result, melatonin protects bone cells from oxidative attacks carried out by
free radicals, thus diminishing the tissue destruction [8,17].

The high demand for dental implants in oral rehabilitation, due to various etiologies,
induces an extensive search for new biomaterial bone substitutes and new strategies for
bone regeneration. Calcium phosphates (CPs), such as hydroxyapatite (HA), have been
extensively used in dentistry and medicine for the repair of bone tissue damaged by trauma,
tumors, infections, and congenital abnormalities. Calcium phosphate (CaP) particulates,
cements, and scaffolds have attracted significant interest as carrier vehicles [21–23]. CaP
systems have variable stoichiometry, functionality and dissolution properties that make
them suitable for cellular delivery [24]. Their chemical similarity to bone and biocompati-
bility, as well as nanoparticle size, morphology, and porosity contribute to their controlled
release properties [22,23,25,26]. The osteoconductivity of CPs or their ability to provide
the appropriate scaffold or template for bone formation are well known and have been
reported in previous studies [1,2,22,23,25].

Alveolar preservation techniques can help reduce dimensional changes in bone; how-
ever, they do not prevent bone resorption. A loss in width of 3–4.8 mm and in height
of up to 2.64 mm can be expected [27]. A systematic review showed that horizontal
bone loss (29–63%, 3.79 mm after 6 months) was more significant than vertical bone loss
(11–22%, 1.24 mm after 6 months). A pattern of rapid resorption in the first 3–6 months
and subsequent gradual reduction was observed [28]. Thus, studies with bone substitute
biomaterials, such as calcium phosphates associated with osteoinductive agents, are impor-
tant to preserve the alveolar architecture and allow subsequent implant installation and
prosthetic rehabilitation.
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Given the above, the aim of this study was to evaluate the osteogenic potential of mela-
tonin gel carried by nanostructured carbonated hydroxyapatite microspheres in alveolar
bone repair in rats through histologic and histomorphometric analysis.

2. Materials and Methods
2.1. Ethical Considerations

Animal experiments and breeding were performed under conditions that were in
compliance with the NIH Guide for Care and Use of Laboratory Animals; the Brazilian
guidelines for care and utilization of animals for scientific and didactic purposes—DBCA;
and the CONCEA euthanasia practice guidelines. The experiments were then approved by
the Ethics Commission for Animal Use (CEUA/NAL) under protocol number 5527170719
on 11 October 2019. This study report follows Animal Research: Reporting of in vivo
Experiments (ARRIVE) [29] and Planning Research and Experimental Procedures on An-
imals: Recommendations for Excellence (PREPARE) guidelines where appropriate [30].
This study was conducted according to the 3Rs Program (Reduction, Refinement, and
Replacement) guidelines [31], whose objective is to reduce the number of animals used
during experimentation and minimize animals’ pain and discomfort. All animals were
operated on by the same male surgeon (R.F.B.R.) to avoid any kind of bias.

2.2. Animal Model

This study used 30 adults female Wistar rats (age: 5–6 months), with a mean weight of
300/350 g, provided by the Laboratory Animals Centre at Fluminense Federal University,
Niterói, Rio de Janeiro, Brazil. The animals were kept in plastic cages (n = 2). Each
mini-isolator was lined with dry wood shavings (pine wood shavings), a completely
harmless, nontoxic and inedible material that was replaced daily to provide favorable
conditions and secure animal health and welfare, as well to serve as a thermal insulator
and reduce heat conduction from the animals’ bodies. Diet was standard, consisting
of granulated feed (Nuvilab®, Quimtia Laboratory—Colombo-Paraná-Brazil), changed
daily to prevent fungal formation and proliferation via food’s prolonged exposure. Water
was supplied ad libitum through a glass container with a stainless-steel spout. Room
temperature was maintained between 20 and 22 ◦C, as this was ideal for animals’ growth,
with a controlled light cycle (12 h light and 12 h dark) to provide a correct metabolic
cycle. A senior veterinarian provided nutritional recommendations and animal care and
ensured pre- and post-operative fasting of animals. Animals were randomly assigned to
each group using a system of opaque envelopes to minimize the effects of subjective bias
when allocating animals to treatment.

2.3. Sample Size Calculation

Sample size was calculated using a power analysis based on results from a previous
study, which evaluated newly formed bone in the same experimental animal model and
period to estimate the effect size [32]. Five animals were required to have a 90% chance
of detection, with significance at the 5% level and an increase in the primary outcome
measure (newly bone formed) from 28.2 in the control group to 33.8 in the experimental
group. In this study, 30 female Wistar rats, with an average weight of 300 g, were divided
randomly into 3 experimental groups and two periods, distributed across 07 and 42 days
after surgical procedures (n = 5 group/period) [33].

2.4. Synthesis and Physical Chemical Characterization of Nanostructured Carbonated Hydroxyapatite

In this study, microspheres of 425 to 600 µm in diameter, constituted of nanostructured
carbonated hydroxyapatite at 37 ◦C and containing alginate, were used. These materials
were synthesized in the Biomaterials Laboratory (LABIOMAT) and characterized physically
and chemically through X-ray diffraction (DRX), Scanning Electron Microscopy (SEM), and
Fourier-transformed infrared vibrational spectroscopy (FTIR) in the Brazilian Center for
Research in Physics. All of these results have been published previously [34,35].
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2.5. Melatonin Gel

Melatonin gel was prepared through a mix of 1.2 mg of lyophilized melatonin pow-
der and 1.0 mL of propylene glycol (carrier agent), as stated in previous studies [9,36]
(Bem Viver Prescription Drug Store—Niterói-Rio de Janeiro-Brazil). The placebo gel was
composed of methyl cellulose and a biocompatible solvent (propylene glycol). The only
difference between groups was the presence of melatonin.

2.6. Surgical Procedures

After a 6-hour fasting, all animals were submitted to surgery under general anesthe-
sia through intraperitoneal access—conforming to the Federal Fluminense University’s
experimental animal laboratory (LEA) protocol—with injection of 0.6 mL anesthetic solu-
tion, which was prepared with 1.0 mL of ketamine 10% (Dopalen®—100 mg/mL; CEVA
laboratory—Paulínia-São Paulo-Brazil), 0.5 mL of xylazine 2% (Anasedan®—20 mg/mL;
CEVA laboratory—Paulínia-São Paulo-Brazil) and 8.5 mL of sterile 0.9% saline solution
(KabiPac®—Fresenius Kabi-Barueri-São Paulo-Brazil). After anesthesia, a syndesmo-
tomy, luxation and extraction of the maxillary right central incisors was performed using
a millimetric probe number 5 (Duflex®—Juiz de Fora-Minas Gerais-Brazil), as shown in
Figure 1A,B. Afterwards, animals were divided into 3 groups: the first group was filled
with 0.06 g of biomaterial microspheres that were embedded in 0.6 mL of melatonin gel for
60 min to hydrate the material; the second group was filled with 0.06 g of biomaterial micro-
spheres embedded in 0.6 mL of placebo gel; and the third group did not receive any fillings
(blood clot) (Figure 1). Finally, a closure using nylon suture 5-0 (Ethicon®—Johnson &
Johnson-São Paulo-São Paulo-Brazil) was performed, and an antiseptic was given through
gauze embedded in chlorhexidine solution to protect the surgical wound and prevent a
secondary infection.
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2.7. Procedures and Postoperative Care

Anti-inflammatory meloxicam—1 mg/kg (Meloxivet®—Duprat-Rio de Janeiro-Rio
de Janeiro-Brazil)—was administered through subcutaneous access every 24 hours on the
surgery day and kept over the following two days.

2.8. Obtaining Samples

Following the experimental periods of 7 and 42 days, five animals in each experimen-
tal group were euthanized with a lethal dose of anesthetic (anesthetic overdose), using
200 mg/kg of ketamine (Francotar®—Virbac-Jurubatuba-São Paulo-São Paulo-Brazil) and
20 mg/kg of xylazine (Sedazine®—Fort Dodge-Rio de Janeiro-Rio de Janeiro-Brazil) in
the same syringe, administered through intramuscular access. Collection of samples and
surrounding tissues was performed only after absence of vital signs.

2.9. Samples Processing

Samples from five animals from the experimental period were fixed in formalde-
hyde solution 4%, decalcified in bone decalcification solution (Allkimia ®—Campinas-São
Paulo-Brazil), dehydrated through a series of alcoholic solutions of increasing alcoholic
concentration (80–100%), cleared with xylene and embedded in paraffin blocks, cut with
a thickness of 5 µm, and stained with hematoxylin–eosin (HE) and with Masson’ trichrome
(TM). After that, slices were used for histomorphometric analysis.

2.10. Histomorphometric Analysis

For histomorphometric analysis, the photomicrographs were captured from HE-
stained slides, with 20× magnification, in a bright field light microscope (OLYMPUS®

BX43, Tokyo, Japan) coupled in a high-resolution digital camera (OLYMPUS® SC100,
Tokyo, Japan) in CELLSENS® 1.9 software (Digital Image, Olympus, Tokyo, Japan). In
each histological section, 6 fields, with no overlapping areas, were captured by scanning
corresponding to the interest area into the dental socket.

The photomicrographs were transferred to ImagePro-Plus® 6.0 imaging software (Me-
dia Cybernetics, Silver Spring, MD, USA), and a grid of 200 points was superimposed on
histological images. Each point of the grid was classified according to the corresponding
variable: newly formed bone, biomaterial, and connective tissue, thus allowing the de-
termination of the density of each structure. The number of points for each variable was
transformed into a percentage. The average of the fields of each animal was obtained for
each variable that was used in the statistical analysis.

2.11. Statistical Analysis

After applying the Shapiro–Wilk normality test, the data were considered not normal.
A quantitative description for biomaterial, newly formed bone, and connective tissue vari-
ables was performed through a non-parametric description with median and interquartile
range. Kruskal–Wallis and Dunn’s post-test were applied to investigate statistical dif-
ferences between the groups at the same time point for new bone and connective tissue
variables. Mann–Whitney was used to assess statistical differences between different time
points in the biomaterial variable. The variability of the measurements was evaluated with
a significance level of 5%. Analysis was performed using Graph Pad PRISM 8.3 software
(Inc. La Jolla, San Diego, CA, USA).

3. Results
3.1. Histological Evaluation

After 07 days, in the clot group (Figure 2A,B), the alveolar socket area was filled
by connective tissue containing blood vessels and extravasated red blood cells. The del-
icate trabeculae of neoformed bone at the defect’s periphery was paved by osteoblasts
surrounded by resident mature bone. After 42 days (Figure 2C,D), the central area of the
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defect presented a small amount of connective tissue surrounded by mature trabeculae of
neoformed bone with important osteoblastic activity.
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Figure 2. Photomicrographs of the clot group 7 and 42 days after tooth extraction. (A,B) 07 days;
(C,D) 42 days; (A,C) 10× magnification of (Bar: 200 µm); (B,D) 40× magnification of (Bar: 50µm);
Stain: Masson’ trichrome; Biomaterial (BM); Connective Tissue (CT); Newly Formed Bone (NFB),
Pre-existing Bone (PEB), (*) blood vessels, and (white dotted area) extravasated red blood cells.

After 07 days, in the group of CHA (Figure 3A,B), the tooth socket area was filled with
biomaterial and connective tissue with an important presence of red blood cells. An osteoid
matrix was noted in the periphery. After 42 days (Figure 3C,D), the defect area was filled by
connective tissue in the central portion containing biomaterial; a large area of the defect was
filled by mature trabeculae of neoformed bone with some foci of biomaterial in between.
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Figure 3. Photomicrographs of the CHA group 7 and 42 days after alveolar grafting. (A,B) 07 days; (C,D)
42 days; (A,C) 10× magnification (Bar: 200 µm); (B,D) 40× magnification (Bar: 50 µm); Stain: Masson’
trichrome. Biomaterial (BM); Connective Tissue (CT); Pre-Existing Bone (PEB); Newly Formed Bone (NFB).



Medicina 2022, 58, 1720 7 of 13

After 07 days, the CHA-M group (Figure 4A,B) showed the alveolar socket filled
with biomaterial and connective tissue with an important presence of red blood cells.
After 42 days (Figure 4C,D), the defect area was filled with trabeculae of neoformed bone,
sometimes containing biomaterial, interspersed with fibrous connective tissue.
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Figure 4. Photomicrographs of the CHA-M group 7 and 42 days after alveolar grafting. (A,B) 07 days;
(C,D) 42 days; (A,C) 10× magnification of (Bar: 200 µm); (B,D) 40× magnification (Bar: 50 µm);
Stain: Masson’ trichrome. Biomaterial (BM); Connective Tissue (CT); Newly Formed Bone (NFB), and
Pre-Existing Bone (PEB).

3.2. Histomorphometric Results
3.2.1. Newly Formed Bone

Figure 5 presents histomorphometric results of newly formed bone from different
experimental groups that were studied 07 and 42 days after implantation. At 07 days,
the blood clot group showed more newly formed bone (median 19.33; IQR 16.19–32.32)
in relation to the other groups, CHA and CHA-M (median 0.0) (p = 0.004). At 42 days,
a time-dependent relationship of the increase in newly formed bone in all experimental
periods was seen (p = 0.007). In this period, the blood clot group (median 61.15; IQR
59.92–69.26) showed better newly formed bone compared to the CHA and CHA-M groups
(median 46.54; IQR 31.99–51.02; and 47.37; IQR 36.66–53.68, respectively) (p ≤ 0.04).



Medicina 2022, 58, 1720 8 of 13Medicina 2022, 58, x FOR PEER REVIEW 9 of 15 
 

 

 
Figure 5. Percentage of newly formed bone of all groups after 7 and 42 days after grafting. Results 
are presented as a median and IQR (n = 5). Kruskal–Wallis and Dunn’s post-test were applied to 
investigate differences between the groups at the same time point. Mann–Whitney test was used to 
evaluate differences between the same experimental group in different time points. The (**, p = 0.007) 
represents statistical difference between the same group in different experimental periods. The hor-
izontal bar represents statistical differences between groups over the same period. 

3.2.2. Biomaterial 
After 07 days, no statistical differences were observed between CHA (median 23.05; 

IQR 16.29–29.81) and CHA-M (median 18.16; IQR 14.71–20.96). However, after 42 days, 
the CHA-M group (median 4.73; IQR 2.92–6.91) presented greater volume of remaining 
material compared to CHA (median 1.63; IQR 1.4–1.91) (p = 0.007). In both groups, there 
was a time-dependent decrease in the volume of remaining biomaterial related to a pre-
vious period (p = 0.007) (Figure 6). 

 
Figure 6. Percentage of biomaterial of CHA and CHA m groups after 7 and 42 days after grafting. 
Results are presented as a median and IQR (n = 5). Kruskal–Wallis and Dunn’s post-test were ap-
plied to investigate differences between the groups at the same time point. Mann–Whitney test was 
used to evaluate differences between groups and time points. The ** p = 0.007 represents statistical 
difference between the same group in different experimental periods. The horizontal bar represents 
statistical differences between groups over the same period. 

Figure 5. Percentage of newly formed bone of all groups after 7 and 42 days after grafting. Results
are presented as a median and IQR (n = 5). Kruskal–Wallis and Dunn’s post-test were applied to
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3.2.2. Biomaterial

After 07 days, no statistical differences were observed between CHA (median 23.05;
IQR 16.29–29.81) and CHA-M (median 18.16; IQR 14.71–20.96). However, after 42 days,
the CHA-M group (median 4.73; IQR 2.92–6.91) presented greater volume of remaining
material compared to CHA (median 1.63; IQR 1.4–1.91) (p = 0.007). In both groups, there
was a time-dependent decrease in the volume of remaining biomaterial related to a previous
period (p = 0.007) (Figure 6).
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Results are presented as a median and IQR (n = 5). Kruskal–Wallis and Dunn’s post-test were applied
to investigate differences between the groups at the same time point. Mann–Whitney test was used to
evaluate differences between groups and time points. The ** p = 0.007 represents statistical difference
between the same group in different experimental periods. The horizontal bar represents statistical
differences between groups over the same period.
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3.2.3. Connective Tissue

A decline in connective tissue’s volume was observed in the clot and CHA-M groups
42 days after surgery, compared to the previous experimental group (p = 0.007). In experi-
mental periods, there were no observed differences between groups (Figure 7).
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4. Discussion

Over the past years, research has assessed a wide variety of calcium phosphates to
be used as carriers for drug delivery as antimicrobials [22,23,25], growth factors [34], and
bone morphogenic proteins (BMPs) [26] to enhance bone regeneration. Among them,
nanostructured carbonated hydroxyapatite has shown better biodegradability, biocom-
patibility and osteoconduction [32,35,37]. Despite melatonin’s many functions, the most
interesting ones for the purpose of bone tissue engineering include: regulation of bone
metabolism through the modulation of calcium metabolism; osteoblast differentiation in-
crease; osteoclastogenesis inhibition; interaction with systemic hormones; and antioxidant
role [17–20,38]. The aim of this study was to evaluate the effect of melatonin’s topical
application, associated with nanostructured carbonated hydroxyapatite microspheres, in
the alveolar bone repair of Wistar rats through histological and histomorphometric analysis.
The hypothesis of this study was that the association of this biomaterial with melatonin
gel would improve the alveolar bone repair after tooth extraction when compared to the
control group. The experimental animal model of this study was adult female Wistar rats,
which was different from previous studies that used other experimental animals, such as
dogs, rabbits, mice, and Fischer and Sprague Dawley rats [5,15,16,38–41]. In this study, we
only used one sex (female) to avoid bias in the results; this may constitute a limitation of
this study since the results cannot be extrapolated to males. All animals were operated
on after 5–6 months of age as, at this age, they are considered skeletally mature (adults).
Differently from this study, most of the studies previously performed on rats were con-
ducted on tibia or calvaria; for the first time in the literature, alveolar bone repair after tooth
extraction in rats was evaluated [13,15,39–43]. Many studies previously performed on tibia
investigated the positive effect on new bone formation around implants [4,13,15,16], while
others—more like this study—evaluated melatonin’s influence on bone repair in calvaria
and tibia [41,44,45]. The same biomaterial reported by previous authors was used in this
study [34,35]. Even though many previous studies worked with melatonin, the way it was
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used in this study differed in terms of concentration and route of administration. Some
studies used the same melatonin powder concentration as used here [8,9,42,43], whilst
another study used 3 mg of this hormone [5,6,14–16,41]. The obtained results showed
that the CHA and CHA-M groups improved alveolar bone repair from 7 to 42 days, but
there were no statistically significant differences between them in newly formed bone
42 days after grafting. Moreover, over the same experimental period, the melatonin group
presented a greater amount of residual biomaterial compared to the control group. This
result may suggest that the association of calcium phosphate with melatonin gel delayed
the biomaterial absorption process and its maintenance in the sockets may have impaired
bone neoformation. In addition, since this research is an unpublished study in the literature,
the relationship between the experimental animal model used and the concentration and
the administration route of the gel used may influence these results. Although several
studies have reported that melatonin acts on bone formation [3,10,12,46–52], this study did
not show results demonstrating its effect on bone regeneration. Systematic review assessed
the effectiveness of melatonin’s topical applications in implant dentistry, revealing its direct
action on osteoblasts, which induced a higher rate of preosteoblast to osteoblast maturation
in terms of quantity and velocity, with a higher rate of osseous matrix production and its
corresponding mineralization. Therefore, there was a rise in new bone formation and in
bone-to-implant contact (BIC) values around dental implants, leading to a more stable bone
environment around them [7]. Moreover, a recent systematic review evaluated the effect of
melatonin in periodontal disease through its antioxidant and anti-inflammatory activities,
acting directly on osteoclasts. Therefore, there was a neutralization and detoxification
of various free radicals produced during osteoclastogenesis, which plays a crucial role
in regulating the bone resorption process, thus decreasing periodontitis [53]. Moreover,
some investigators hypothesized that the amount of melatonin in saliva and in gingival
crevicular fluid seems to be lower in patients that suffer from periodontal disease when
compared to the control group, indicating that this hormone may play a protective role in
the periodontal tissue [54–57].

A previous study using melatonin topically observed positive effects on angiogenesis
in rabbit tibiae [43]. When applied topically around dental implants associated with growth
hormone, it showed a positive effect on bone repair in dogs [42]. Osteoblastic proliferation
in rat tibiae [41] and dog dental sockets [39] was also observed after topical application
of melatonin. However, studies using melatonin around dental implants did not observe
positive effects on bone implant contact after 12 weeks [58] and after 2 weeks [59]. It is
possible that the dose of melatonin used in this study may not have favored positive results
in bone neoformation when compared to other previous studies. In this study, only an
histomorphometric analysis of the middle third of the rat dental socket was conducted, so
the hypothesis that melatonin has not remained in the implanted site is not true, mainly
due to the anatomy of the rat dental socket, which is favorable to the maintenance of the
filling material.

In this study, the authors observed that the association of melatonin gel with calcium
phosphate microspheres delayed the degradation of the material. This can be explained
by the fact that melatonin has a local anti-inflammatory effect and calcium phosphate
degrades faster in a more acidic environment, so the presence of melatonin may have kept
the pH neutral, which does not favor degradation. Even if the amount of newly formed
bone is the same in the clot group as in the grafted sockets, we know that the presence of
the biomaterial preserves the alveolar architecture and prevents the atrophy of the alveolar
bone crest, and maintaining adequate contours and dimensions of bone to facilitate the
placement of implants in prosthetic driving positions has good esthetic results [60].

5. Conclusions

Both biomaterials improved alveolar bone repair from 7 to 42 days. The association
of melatonin gel did not improve the alveolar bone repair and did not interfere with
biocompatibility and osteoconduction but delayed the biodegradation of carbonated hy-
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droxyapatite microspheres at the implanted site. Future studies should be carried out to
explore the possible clinical uses and benefits of this hormone in the treatment of compro-
mised sites and patients.

Author Contributions: Conceptualization, V.M. and M.D.C.-M.; methodology, R.F.d.B.R., A.T.N.N.A.,
S.C.S., C.D.d.A.; software, S.C.S., A.T.N.N.A.; validation, M.D.C.-M., J.M.G., A.R. and R.S.; formal
analysis, R.S., M.D.C.-M.; investigation, J.d.A.C.-M., S.C.S. and C.D.d.A. resources, R.S., M.D.C.-M.
and J.d.A.C.-M.; data curation, J.M.G., A.R. and R.S..; writing—original draft preparation, R.F.d.B.R.,
S.C.S., A.T.N.N.A. and M.D.C.-M.; writing—review and editing, R.S., J.d.A.C.-M., A.R.; visualization,
C.D.d.A., S.C.S., A.T.N.N.A., R.F.d.B.R., J.d.A.C.-M., V.M., A.R., J.M.G., R.S. and M.D.C.-M.; supervi-
sion, M.D.C.-M. and J.M.G.; project administration, C.D.d.A.; funding acquisition, J.M.G., M.D.C.-M.,
A.R. and R.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study protocol was approved by the Ethics
Committee of Universidade Federal Fluminense (protocol code 5527170719 at 11 October 2019).

Informed Consent Statement: Not applicable.

Acknowledgments: This study was supported by the Brazilian financial agencies of National Council
for Scientific and Technological Development (CNPq) and Foundation for Research of the State of Rio
de Janeiro (FAPERJ).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Landi, E.; Celotti, G.; Loproscino, G.; Tampieri, A. Carbonated hydroxyapatite as bone substitute. J. Eur. Ceram. Soc. 2003, 23,

2931–2937. [CrossRef]
2. Habibovic, P.; Juhl, M.V.; Clyens, S.; Martinetti, R.; Dolcini, L.; Theilgaard, N.; van Blitterswijr, C.A. Comparison of two carbonated

apatite ceramics in vivo. Acta Biomater. 2010, 6, 2219–2226. [CrossRef] [PubMed]
3. Liu, J.; Huang, F.; He, H.W. Melatonin effects on hard tissues: Bone and tooth. Int. J. Mol. Sci. 2013, 14, 10063–10074. [CrossRef]

[PubMed]
4. Sun, T.; Li, J.; Xing, H.-L.; Tao, Z.-S.; Yang, M. Melatonin improves the osseointegration of hydroxyapatite-coated titanium

implants in senile female rats. Z. Gerontol Geriatr. 2020, 53, 770–779. [CrossRef]
5. Witt-Enderby, P.A.; Slater, J.P.; Johnson, N.A.; Bondi, C.D.; Dodda, B.R.; Kotlarczyk, M.P.; Clafshenkel, W.P.; Sethi, S.; Higgin-

botham, S.; Rutkowski, J.L.; et al. Effects on bone by the light/dark cycle and chronic treatment with melatonin and/or hormone
replacement therapy in intact female mice. J. Pineal Res. 2012, 53, 374–384. [CrossRef]

6. Histing, T.; Anton, C.; Scheuer, C.; Garcia, P.; Holstein, J.H.; Klein, M.; Matthys, R.; Pohlemann, T.; Menger, M.D. Melatonin
impairs fracture healing by suppressing rankl-mediated bone remodeling. J. Surg. Res. 2012, 173, 83–90. [CrossRef]

7. Gomez-Moreno, G.; Aguilar-Salvatierra, A.; Boquete-Castro, A.; Guardia, J.; Piatelli, A.; Perrotti, V.; Delgado-Ruiz, R.A.; Calvo-
Guirado, J.L. Outcomes of topical applications of melatonin in implant dentistry: A systematic review. Implant. Dent. 2015, 24,
25–30. [CrossRef]

8. Ferry, G.; Ubeaud, C.; Lambert, P.-H.; Bertin, S.; Cogé, F.; Chomarat, P.; Delagrange, P.; Serkiz, B.; Bouchet, J.-P.;
Truscott, R.J.W.; et al. Molecular evidence that melatonin is enzymatically oxidized in a different manner than tryptophan:
Investigations with both indoleamine 2,3-dioxygenase and myeloperoxidase. Biochem. J. 2005, 388, 205–215. [CrossRef]

9. Cutando, A.; Gomez-Moreno, G.; Arana, C.; Munoz, F.; Lopez-Pena, M.; Stephenson, J.; Reiter, R.J. Melatonin stimulates
osteointegration of dental implants. J. Pineal Res. 2008, 45, 174–179. [CrossRef]

10. Luchetti, F.; Canonico, B.; Bartolini, D.; Arcangeletti, M.; Ciffolilli, S.; Murdolo, G.; Piroddi, M.; Papa, S.; Reiter, R.J.; Galli, F.
Melatonin regulates mesenchymal stem cell differentiation: A review. J. Pineal Res. 2014, 56, 382–397. [CrossRef]

11. Zhou, L.; Chen, X.; Yan, J.; Li, M.; Liu, T.; Zhu, C.; Pan, G.; Guo, Q.; Yang, H.; Pei, M.; et al. Melatonin at pharmacological
concentrations suppresses osteoclastogenesis via the attenuation of intracellular ROS. Osteoporos. Int. 2017, 28, 3325–3337.
[CrossRef]

12. Sethi, S.; Radio, N.M.; Kotlarczyk, M.P.; Chen, C.-T.; Wei, Y.-H.; Jockers, R.; Witt-Enderby, P.A. Determination of the minimal
melatonin exposure required to induce osteoblast differentiation from human mesenchymal stem cells and these effects on
downstream signaling pathways. J. Pineal Res. 2010, 49, 222–238. [CrossRef] [PubMed]

13. Palin, L.P.; Polo, T.O.B.; Batista, F.R.D.S.; Gomes-Ferreira, P.H.S.; Junior, I.R.G.; Rossi, A.C.; Freire, A.; Faverani, L.P.; Sumida, D.H.;
Okamoto, R. Daily melatonin administration improves osseointegration in pinealectomized rats. J. Appl. Oral Sci. 2018, 26, 1–10.
[CrossRef]

14. Tresguerres, I.F.; Clemente, C.; Blanco, L.; Khraisat, A.; Tamim, F.; Tresguerres, J.A. Effects of Local Melatonin Application on
Implant Osseointegration. Clin. Implant. Dent. Relat. Res. 2012, 14, 395–399. [CrossRef]

http://doi.org/10.1016/S0955-2219(03)00304-2
http://doi.org/10.1016/j.actbio.2009.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19944783
http://doi.org/10.3390/ijms140510063
http://www.ncbi.nlm.nih.gov/pubmed/23665905
http://doi.org/10.1007/s00391-019-01640-1
http://doi.org/10.1111/j.1600-079X.2012.01007.x
http://doi.org/10.1016/j.jss.2010.08.036
http://doi.org/10.1097/ID.0000000000000186
http://doi.org/10.1042/BJ20042075
http://doi.org/10.1111/j.1600-079X.2008.00573.x
http://doi.org/10.1111/jpi.12133
http://doi.org/10.1007/s00198-017-4127-8
http://doi.org/10.1111/j.1600-079X.2010.00784.x
http://www.ncbi.nlm.nih.gov/pubmed/20626586
http://doi.org/10.1590/1678-7757-2017-0470
http://doi.org/10.1111/j.1708-8208.2010.00271.x


Medicina 2022, 58, 1720 12 of 13

15. Calvo-Guirado, J.L.; Ramírez-Fernández, M.P.; Gómez-Moreno, G.; Maté-Sánchez, J.E.; Delgado-Ruiz, R.; Guardia, J.;
López-Marí, L.; Barone, A.; Ortiz-Ruiz, A.J.; Martínez-González, J.M.; et al. Melatonin stimulates the growth of new bone around
implants in the tibia of rabbits. J. Pineal Res. 2010, 49, 356–363. [CrossRef]

16. Salomó-Coll, O.; de Maté-Sánchez, J.V.; Ramirez-Fernandez, M.P.; Hernandez-Alfaro, F.; Gargallo-Albion, J.; Calvo-Guirado, J.L.
Osseoinductive elements around immediate implants for better osteointegration: A pilot study in foxhound dogs. Clin. Oral
Implant. Res. 2018, 29, 1061–1069. [CrossRef] [PubMed]

17. Han, Y.; Kim, Y.-M.; Kim, H.S.; Lee, K.Y. Melatonin promotes osteoblast differentiation by regulating Osterix protein stability and
expression. Sci. Rep. 2017, 7, 5716. [CrossRef] [PubMed]

18. Hazzaa, H.; El-Kilani, N.S.; Elsayed, S.A.-E.; Massieh, P.M.A. Evaluation of Immediate Implants Augmented with Autogenous
Bone/Melatonin Composite Graft in the Esthetic Zone: A Randomized Controlled Trial. J. Prosthodont. 2017, 28, 637–642.
[CrossRef]

19. Son, J.H.; Cho, Y.-C.; Jung, L.-Y.; Kim, I.-R.; Park, B.-S.; Kim, Y.-D. Melatonin promotes osteoblast differentiation and mineralization
of MC3T3-E1 cells under hypoxic conditions through activation of PKD/p38 pathways. J. Pineal Res. 2014, 57, 385–392. [CrossRef]

20. López-Martínez, F.; Ponce, P.N.O.; Rodriguez, M.G.; Pedroza, R.M. Melatonin: Bone Metabolism in Oral Cavity. Int. J. Dent. 2012,
2012, 1–5. [CrossRef]

21. Krajewski, A.; Mazzocchi, M.; Buldini, P.L.; Ravaglioli, A.; Tinti, A.; Taddei, P.; Fagnano, C. Synthesis of carbonated hydrox-
yapatites: Efficiency of the substitution and critical evaluation of analytical methods. J. Mol. Struct. 2005, 744–747, 221–228.
[CrossRef]

22. Soriano-Souza, C.A.; Rossi, A.L.; Mavropoulos, E.; Hausen, M.A.; Tanaka, M.N.; Calasans-Maia, M.D.; Granjeiro, J.M.; Rocha-Leão,
M.H.M.; Rossi, A.M. Chlorhexidine-loaded hydroxyapatite microspheres as an antimicrobial delivery system and its effect on
in vivo osteo-conductive properties. J. Mater. Sci. Mater. Med. 2015, 26, 166. [CrossRef] [PubMed]

23. Calasans-Maia, M.D.; Junior, C.A.B.B.; Soriano-Souza, C.A.; Alves, A.T.N.N.; Uzeda, M.J.D.P.; Martínez-Zelaya, V.R.;
Mavropoulos, E.; Leão, M.H.R.; Santana, R.; Granjeiro, J.M.; et al. Microspheres of alginate encapsulated minocycline-loaded
nanocrystalline carbonated hydroxyapatite: Therapeutic potential and effects on bone regeneration. Int. J. Nanomed. 2019, 14,
4559–4571. [CrossRef] [PubMed]

24. Bose, S.; Roy, M.; Bandyopadhyay, A. Recent advances in bone tissue engineering scaffolds. Trends Biotechnol. 2012, 30, 546–554.
[CrossRef]

25. Soriano-Souza, C.; Valiense, H.; Mavropoulos, E.; Martinez-Zelaya, V.; Costa, A.M.; Alves, A.T.; Longuinho, M.; Resende, R.;
Mourão, C.F.; Granjeiro, J.; et al. Doxycycline containing hydroxyapatite ceramic microspheres as a bone-targeting drug delivery
system. J. Biomed. Mater. Res. 2019, 108, 1351–1362. [CrossRef]

26. Vianna, T.S.W.; Sartoretto, S.C.; Alves, A.T.N.N.; Resende, R.F.D.B.; Mourão, C.F.D.A.B.; Calasans-Maia, J.D.A.; Martinez-Zelaya,
V.R.; Rossi, A.M.; Granjeiro, J.M.; Calasans-Maia, M.D.; et al. Nanostructured Carbonated Hydroxyapatite Associated to rhBMP-2
Improves Bone Repair in Rat Calvaria. J. Funct. Biomater. 2020, 11, 87. [CrossRef]

27. Ten Heggeler, J.M.A.G.; Slot, D.E.; Van der Weijden, G.A. Effect of socket preservation therapies following tooth extraction in
non-molar regions in humans: A systematic review. Clin. Oral Implant. Res. 2011, 22, 779–788. [CrossRef]

28. Tan, W.L.; Wong, T.L.T.; Wong, M.C.M.; Lang, N.P. A systematic review of post extractional sockets hard and soft tissue
dimensional changes in humans. Clin. Oral Implant. Res. 2012, 23, 1–21. [CrossRef]

29. Kilkenny, C.; Browne, W.; Cuthill, I.C.; Emerson, M.; Altman, D.G. Animal research: Reporting in vivo experiments: The ARRIVE
guidelines. Br. J. Pharmacol. 2010, 160, 1577–1579. [CrossRef]

30. Smith, A.J.; Clutton, R.E.; Lilley, E.; Hansen, K.E.A.; Brattelid, T. PREPARE: Guidelines for planning animal research and testing.
Lab. Anim. 2018, 52, 135–141. [CrossRef]

31. European Medicines Agency. Guideline on the Principles of Regulatory Acceptance of 3Rs (Replacement, Reduction, Refinement) Testing
Approaches; European Medicines Agency: London, UK, 2016.

32. Calasans-Maia, M.D.; Melo, B.R.; Alves, A.T.N.N.; Resende, R.F.B.; Louro, R.S.; Sartoretto, S.C.; Granjeiro, J.M.; Alves, G.G.
Cytocompatibility and biocompatibility of nanostructured carbonated hydroxyapatite spheres for bone repair. J. Appl. Oral Sci.
2016, 23, 599–608. [CrossRef] [PubMed]

33. Hesaraki, S.; Nazarian, H.; Pourbaghi-Masouleh, M.; Borhan, S. Comparative study of mesenchymal stem cells osteogenic
differentiation on low-temperature biomineralized Nanocrystalline carbonated hydroxyapatite and sintered hydroxyapatite.
J. Biomed. Mater Res. B Appl. Biomater. 2014, 102, 108–118. [CrossRef]

34. Mourão, C.F.A.B.; Lourenço, E.S.; Nascimento, J.R.B.; Machado, R.C.M.; Rossi, A.M.; Leite, P.E.C.; Granjeiro, J.M.; Alves,
G.G.; Calasans-Maia, M.D. Does the association of blood-derived growth factors to nanostructured carbonated hydroxyapatite
contributes to the maxillary sinus floor elevation? A randomized clinical trial. Clin. Oral Investig. 2019, 23, 369–379. [CrossRef]

35. Valiense, H.; Barreto, M.; Resende, R.F.B.; Alves, A.T.N.N.; Rossi, A.M.; Mavropoulos, E.; Granjeiro, J.M.; Calasans-Maia, M.D.
In vitro and in vivo evaluation of strontium-containing nanostructured carbonated hydroxyapatite/sodium alginate for sinus lift
in rabbits. J. Biomed. Mater. Res.—Part B Appl. Biomater. 2016, 104, 274–282. [CrossRef] [PubMed]

36. El-Gammal, M.; Salem, A.S.; Anees, M.M.; Tawfik, M.A. Clinical and radiographic evaluation of immediate loaded dental
implants with local application of melatonin: A preliminary randomized controlled clinical trial. J. Oral Implantol. 2016, 42,
119–125. [CrossRef]

http://doi.org/10.1111/j.1600-079X.2010.00801.x
http://doi.org/10.1111/clr.12809
http://www.ncbi.nlm.nih.gov/pubmed/26923181
http://doi.org/10.1038/s41598-017-06304-x
http://www.ncbi.nlm.nih.gov/pubmed/28720849
http://doi.org/10.1111/jopr.12631
http://doi.org/10.1111/jpi.12177
http://doi.org/10.1155/2012/628406
http://doi.org/10.1016/j.molstruc.2004.10.044
http://doi.org/10.1007/s10856-015-5505-4
http://www.ncbi.nlm.nih.gov/pubmed/25791461
http://doi.org/10.2147/IJN.S201631
http://www.ncbi.nlm.nih.gov/pubmed/31417258
http://doi.org/10.1016/j.tibtech.2012.07.005
http://doi.org/10.1002/jbm.b.34484
http://doi.org/10.3390/jfb11040087
http://doi.org/10.1111/j.1600-0501.2010.02064.x
http://doi.org/10.1111/j.1600-0501.2011.02375.x
http://doi.org/10.1111/j.1476-5381.2010.00872.x
http://doi.org/10.1177/0023677217724823
http://doi.org/10.1590/1678-775720150122
http://www.ncbi.nlm.nih.gov/pubmed/26814461
http://doi.org/10.1002/jbm.b.32987
http://doi.org/10.1007/s00784-018-2445-7
http://doi.org/10.1002/jbm.b.33392
http://www.ncbi.nlm.nih.gov/pubmed/25716009
http://doi.org/10.1563/aaid-joi-D-14-00277


Medicina 2022, 58, 1720 13 of 13

37. Resende, R.F.B.; Fernandes, G.V.O.; Santos, S.R.A.; Rossi, A.M.; Lima, I.; Granjeiro, J.M.; Calasans-Maia, M.D. Long-term
biocompatibility evaluation of 0.5% zinc containing hydroxyapatite in rabbits. J. Mater. Sci. Mater. Med. 2013, 24, 1455–1463.
[CrossRef] [PubMed]

38. Arabacı, T.; Kermen, E.; Özkanlar, S.; Köse, O.; Kara, A.; Kızıldağ, A.; Duman, S.B.; Ibişoğlu, E. Therapeutic Effects of Melatonin on
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