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Abstract: Background and Objectives: This study aimed to histologically evaluate the effects
of local melatonin application at different doses on bone fracture healing. Materials and
Methods: Thirty rats were divided into three groups, with ten rats in each group. In
the control group (n = 10), a fracture line was created in the tibial bones, and fracture
osteosynthesis was performed without any additional procedure. In the local melatonin
dose 1 (MLT D-1) group (n = 10), a fracture line was created in the tibial bones, and 1.2 mg
of lyophilized powder melatonin was applied locally before fracture osteosynthesis. In
the local melatonin dose 2 (MLT D-2) group (n = 10), a fracture line was created in the
tibial bones, and 3 mg of lyophilized powder melatonin was applied locally before fracture
osteosynthesis. After a 12-week healing period, all subjects were sacrificed, and tibial
bones were collected for histomorphometric analysis. Results: The percentage of bone
formation was significantly higher in the MLT D-1 and MLT D-2 groups than in the control
group. There was no statistically significant difference between the MLT D-1 and MLT D-2
groups. Conclusions: In conclusion, the study demonstrated that local melatonin application
supports bone fracture by increasing bone formation, although different doses of melatonin
did not lead to significant variations in fracture healing.

Keywords: bone formation; fracture healing; local melatonin; rat

1. Introduction
Bone tissue is composed of osteoblasts, osteoclasts, osteocytes, stem cells, minerals like

calcium and phosphate, and a collagen matrix that provides both compressive and tensile
strength [1]. Due to the balance between bone resorption by osteoclasts and bone formation
by osteoblasts, this structure is continually remodeled throughout life. Bone remodeling is
a dynamic process involving the formation of new bone tissue formation by osteoblasts and
the degradation of existing bone tissue by osteoclasts [1,2]. Fracture healing is a complex
mechanism in which cells interact with growth factors that promote cell division and
differentiation, while the extracellular matrix provides structural support for new bone
tissue. Various factors, such as age, bone type, nutritional status, existing bone diseases,
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and medications, can influence this process. The key cells involved in fracture healing
include inflammatory cells, chondrocytes, stem cells, osteoblasts, osteoclasts, pericytes, and
endothelial cells [3]. Among these, osteoblasts and osteoclasts play a central role in bone
formation and resorption [4].

The bone remodeling process is regulated by growth factors, cytokines, prostaglandins,
leukotrienes, and systemic hormones, such as parathyroid hormone, vitamin D, calcitonin,
growth hormone, estrogen, androgen, and melatonin [5]. Melatonin, one of the most potent
known antioxidants, is produced in the pineal gland but can also be synthesized locally
in bone marrow and other tissues [6]. Due to its high lipophilic properties, melatonin can
easily pass through cell membranes and intracellular compartments [7]. It exhibits both
antioxidant and anti-inflammatory effects, with high doses exhibiting anti-inflammatory
effects, including reducing free radicals and proinflammatory cytokines [8]. Melatonin
has been shown to regulate bone cells and gene expression related to osteoblasts [9,10].
Its effects on bone metabolism occur through three primary mechanisms: supporting
osteoblast differentiation and activity, inhibiting osteoclast differentiation, and scavenging
free radicals [11].

The balance between osteoprotegerin (OPG) and receptor activator of nuclear factor
kappa-B ligand (RANKL) is critical for osteoclastogenesis (bone resorption). Melatonin
inhibits osteoclastogenesis by targeting RANKL with OPG, potentially reducing bone loss.
By modulating other signaling pathways affecting osteoblastogenesis, melatonin acts at
multiple levels in bone remodeling [12,13].

By promoting osteoblastic differentiation, melatonin may support fracture healing.
Studies on preosteoblast MC3T3-E1 cells and rat osteoblast-like osteosarcoma 17/2.8 cells
have shown that melatonin increases the production of bone marker proteins such as bone
sialoprotein, alkaline phosphatase (ALP), osteocalcin, and osteopontin. These proteins
are indicators of bone formation and mineralization, and so increasing the levels of these
markers using melatonin may positively impact bone healing processes [14,15].

During bone injury, inflammation and oxidative stress are common. With its strong
antioxidant and anti-inflammatory properties [16], melatonin inhibits the activity of oxygen
radicals during fracture healing and supports the healing process by regulating the activity
of antioxidant enzymes. In a previous study, greater bone fusion was observed on day 28
of the healing process in the melatonin-treated fracture group compared to the untreated
fracture group. These findings suggest that melatonin plays an important role in supporting
fracture healing [17].

The effects of melatonin on angiogenesis (the formation of blood vessels), which
precedes osteogenesis, are also significant for bone regeneration [18]. New bone formation
(NBF) depends on the presence of blood vessels to provide mineral elements and allow the
migration of angiogenic and osteogenic cells to the target areas [19]. Studies have shown
that melatonin treatment increases vascular endothelial growth factor (VEGF) levels during
granulation tissue formation, accelerating the angiogenic process. These findings suggest
that melatonin may have beneficial effects in bone defect repair and vascular injuries [20].
Given these effects, numerous studies have demonstrated melatonin’s significant role in
bone formation and stimulation [21–24].

In this study, we proposed that the local application of melatonin during bone fracture
repair procedures may enhance NBF. Therefore, we aimed to evaluate the histomorphomet-
ric effects of two different doses of local melatonin application on new bone regeneration
in the treatment of bone fractures in rat tibias.
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2. Materials and Methods
2.1. Animals and Study Design

This study was approved by Firat University (protocol number: 19746, date:
13 November 2023) Local Animal Experiments Ethics Committee and conducted at the
Firat University Experimental Research Center, adhering strictly to the Helsinki Declaration
guidelines. A total of 30 one-year-old, 300–350 gr Sprague Dawley female rats were used. To
ensure standardization in the study, rats in the same estrus period were identified by vagi-
nal smear and included in the study. The animals were housed in temperature-controlled
cages, subjected to a 12/12 h light/dark cycle, and given ad libitum access to food and
water throughout the experiment. The sample size was determined by power analysis (8%
bias), with a type 1 error (α) of 0.05, a type 2 error (β) of 0.20 (power = 0.80), and a minimum
of 10 animals per group. Rats were randomly divided into 3 groups: control group (n = 10),
local melatonin dose 1 (MLT D-1) group (n = 10), and local melatonin dose 2 (MLT D-2)
group (n = 10). In the control group, a fracture was created in the diaphyseal region of
the right tibial bones using a steel disk, and fracture osteosynthesis was performed using
Kirschner wire, with no additional procedure. In the MLT D-1 group, the same procedure
was performed, but 1.2 mg of lyophilized powder melatonin (Sigma-Aldrich, St Louis,
MO, USA) was applied topically to the intramedullary region at the fracture line before
osteosynthesis. Similarly, in the MLT D-2 group, 3 mg of lyophilized powder melatonin
(Sigma-Aldrich, St. Louis, MO, USA) was applied topically to the intramedullary region at
the fracture line before osteosynthesis.

This study, which investigated the effects of local melatonin application on frac-
ture healing, was designed based on findings from earlier research. The study by
Dundar et al. [21], conducted on rabbits, served as a reference. Comparable results were
obtained in studies by Munoz et al. [23] which examined local melatonin application
in dogs.

2.2. Surgical Procedures

All surgical procedures were performed under sterile conditions. General anesthe-
sia was induced using intramuscular injections of 10 mg/kg xylazine (Rompun, Bayer,
Germany) and 40 mg/kg ketamine (Ketasol, Richter Pharma, Wels, Austria). Before the
surgical procedure, the surgical area was shaved and cleaned with a povidone–iodine solu-
tion. Following asepsis and antisepsis protocols, an approximately 2.5 mm long incision
was made over the crest of the tibial bone using a No. 15 scalpel blade. After elevating
the soft tissues and periosteum, the diaphyseal region of the tibial bone was exposed. A
bicortical bone cut was made under serum perfusion with a rotary disk. The bone were
stabilized with Kirschner wires, and the soft tissues in the surgical area were repositioned
and sutured. Since the diaphysis of the tibia bone has a flat structure, the bone thicknesses
in this region are equal. Standardization was ensured by performing a bicortical bone cut,
which completely separated the bone fragments while maintaining uniform thickness in
the diaphyseal region. No fatal or nonfatal complications were detected during and after
the experimental procedures.

Post-surgery, rats received intramuscular antibiotics (40 mg/kg cefazolin sodium) and
analgesics (0.1 mg/kg tramadol hydrochloride).

2.3. Histomorphometric Analysis

Tibial bones preserved in zinc–formalin were kept in tap water for 2–3 h, dehydrated
in an alcohol series (70%, 80%, 90%, and absolute) for 24 h, and cleared in xylene solution
for 2 × 30 min. The tissues were then embedded in paraffin blocks. Tissue sections 4–6 µm
thick were prepared using a microtome (Leica RM2265; Leica, Wetzlar, Germany) and
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these sections were placed in an oven set at 60 ◦C and kept for 3–4 h. Then, they were
passed through xylene for 2 × 30 min and through 96%, 90%, and 70% alcohol series for
10 min, respectively. Sections were then passed through distilled water for 2 × 5 min and
subjected to hematoxylin staining for 8 min. They were then washed in running water for
5 min. After removing excess water from the sections, they were stained in eosin for 5 min.
The sections were passed through an alcohol series of increasing concentrations and kept
in xylene for 2 × 30 min. For histological analysis, the sections were coverslipped with
Entellan® (catalog no. 107961, Sigma-Aldrich, St. Louis, MO, USA) and examined with an
Olympus light microscope (Olympus BX43, Tokyo, Japan).

After a 12-week healing period, all subjects in each group were sacrificed. Tibial
bones were preserved in 10% formaldehyde for 72 h and subsequently demineralized
in 10% formic acid. Following demineralization, the bones were dried, embedded in
paraffin, and prepared for histological sectioning. Samples 6 µm thick were obtained using
a rotary microtome and stained with hematoxylin–eosin. NBF was assessed by analyzing
histological sections with a trinocular light microscope equipped with a camera and an
image analysis system [25,26].

To quantify NBF, the area of callus tissue at the fracture site was measured. The regions
within the callus devoid of bone were subtracted from the total callus area to calculate the
bone-filled area. The NBF percentage (%) for each sample was determined by dividing the
total bone-filled area by the total callus area. Histological analyses were performed in a
blinded manner.

2.4. Statistical Analysis

IBM SPSS version 22 was used for statistical analysis. Data conformity to normal
distribution was verified using Shapiro–Wilk and Kolmogorov–Smirnov tests. Since the
data followed a normal distribution, a one-way analysis of variance (one-way ANOVA)
was used to evaluate differences among groups, and the Tukey HSD (Honestly Significant
Difference) test was applied to identify the source of differences. Results were presented
as mean ± standard deviation, with significance set at p < 0.05. Statistical analysis was
performed blindly by a researcher who did not know which group the data belonged to.

3. Results
The study was completed over 12 weeks with 10 rats in each group. No infections,

wound dehiscence, or mortality occurred. Histomorphometric analysis results are shown in
Table 1. The control group exhibited the lowest bone formation percentage (48.7 ± 6.62%)
(Figure 1).

Table 1. New bone formation (NBF) ratios of the groups.

Groups N Mean (NBF) (%) Std. Dev. p *

Control 10 48.7 6.62
0.000MLT D-1 a1 10 58.1 4.82

MLT D-2 a2 10 59.2 3.58
* One-way ANOVA p = 0.000. a1,a2: Tukey HSD. a1,a2: Statistically significantly different compared with control.
a1: 0.001; a2: 0.000. A statistically significant difference was not detected between the MLT D-1 and MLT D-2
groups (p > 0.05).
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The highest bone formation percentages were in the MLT D-1 group (58.1 ± 4.82%) 
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Figure 1. Decalcified histologic images of the control group ((A) 20× and (B) 40× magnification;
hematoxylin–eosin). NBF: new bone formation; *: fibrosis.

The highest bone formation percentages were in the MLT D-1 group (58.1 ± 4.82%)
(Figure 2) and the MLT D-2 group (59.2 ± 3.58%) (Figure 3). The bone formation percentages
in the MLT D-1 and MLT D-2 groups were significantly higher than in the control group, but
no statistically significant difference was found between the MLT D-1 and MLT D-2 groups.
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Figure 3. Decalcified histologic images of the MLT D-2 group ((A) 20× and (B) 40× magnification;
hematoxylin–eosin). NBF: new bone formation; *: fibrosis.

4. Discussion
In this study, the percentage of NBF was 58.1% in the MLT D-1 group, 59.2% in the

MLT D-2 group, and 48.7% in the control group. While there was no statistically significant
difference between the two different doses of local melatonin in fracture bone healing,
the difference between the groups that received melatonin and the control group was
statistically significant.

Fracture repair requires cells that enable the calcification of bone tissue, an organic
matrix, and inorganic substances [27]. Osteoblasts, osteocytes, osteoclasts, and osteogenic
precursor cells in bone tissue play a critical role in bone formation and structural integrity,
along with type I collagen fibers and various non-collagenous components [27,28]. Bone
remodeling occurs through the interaction of hormones, cytokines, growth factors, and
other biomolecules [29].

Melatonin is a key hormone regulating bone formation and absorption. Acting as a
local growth factor, melatonin directly influences osteoblasts by accelerating the matura-
tion of preosteoblasts, resulting in a significant increase in bone matrix production and
calcification rates [30,31]. By binding to receptors on preosteoblasts, melatonin reduces
the differentiation time of osteoblasts from 21 to 12 days, an effect mediated by indole
through membrane receptors [12]. Additionally, melatonin enhances ALP activity, leading
to elevated levels of bone morphogenetic protein 2 human (BMP-2) and osteopontin (OPN),
which boost bone mineral density, bone neoformation [31,32].

The initial stage of bone healing, known as the inflammatory phase, is characterized
by ischemia, clot formation, reperfusion injury, and the infiltration of inflammatory cells.
During this phase, free oxygen radicals produced by neutrophils can damage cell mem-
branes, hindering fracture healing through lipid peroxidation [24,33]. Research has shown
that melatonin mitigates these effects by suppressing free radical activity and regulating
antioxidant enzyme levels in this process [17,20,34]. In the subsequent proliferative phase,
characterized by cell differentiation, collagen accumulation, angiogenesis, and granulation
tissue formation [33], melatonin supports osteoblast proliferation and differentiation by
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promoting collagen accumulation [20]. Furthermore, melatonin has been shown to regulate
angiogenesis during fracture healing [18,22]. For example, Zheng et al. demonstrated that
systemic melatonin treatment in a rat tibial defect model significantly increased angiogenic
markers, including VEGF, angiopoietin-1, and angiopoietin-2 [35].

The connection between melatonin and bone metabolism is well established, with nu-
merous studies highlighting its role in promoting bone cell activity and formation [5,24,36].
Our study investigated the effects of local melatonin application on bone fracture healing in
a rat model. The findings revealed a significant increase in bone formation in the MLT D-1
and MLT D-2 groups compared to the control group, supporting the hypothesis that mela-
tonin enhances fracture healing through its anti-inflammatory and antioxidant properties.

Various administration routes and formulations of melatonin have been explored in
animal studies, including local application of the lyophilized hormone [21,37], systemic
administration via intraperitoneal injection [38,39], and oral administration through gav-
age [40]. For example, systemic intraperitoneal melatonin administration has been shown
to promote osteoblastic differentiation in MC3T3-E1 cells and enhance fracture healing via
the PDGF/AKT signaling pathway [15]. It was found that systemic melatonin application
supports fracture healing by promoting the osteoblastic differentiation of mesenchymal
stem cells and NPY/NPY1R signaling [41]. Additionally, it was shown to increase bone
mineral density and bone formation by supporting osteogenesis [34]. Altintepe et al. re-
ported that systemic melatonin application inhibited alveolar bone resorption and increased
osteoblastic activity by reducing RANKL expression and inflammatory cell infiltration [42].

Despite its benefits, systemic melatonin application requires high doses, increasing
the risk of side effects. Consequently, topical application is often preferred [43]. However,
there is limited research on the effect of different local melatonin doses on fracture healing.
Our study aims to address this gap and contribute valuable insights to the literature in
this field.

In our study, we applied lyophilized powder melatonin locally at two doses: 1.2 mg
and 3 mg. The percentages of NBF were 58.1 ± 4.82% in the group that received 1.2 mg of
melatonin and 59.2 ± 3.58% in the group that received 3 mg. No statistically significant
difference was found between the groups, suggesting that melatonin is effective within a
specific dose range and that higher doses may not confer additional benefits. These findings
offer valuable insights for determining the optimal effective dosage of melatonin.

In a similar study by Dundar et al. [21], lyophilized powder melatonin was also ad-
ministered locally at doses of 1.2 mg and 3 mg, and NBF around the implant was evaluated
histomorphometrically. Unlike our findings, their results showed a significantly higher
percentage of bone formation in the group that received 3 mg of melatonin, indicating
a potential discrepancy between studies. Other studies involving the local application
of 1.2 mg melatonin reported increased NBF and trabecular bone area density around
implants in melatonin-treated groups compared to controls [23,44]. Similarly, a study using
3 mg of locally applied melatonin supported these studies, showing significantly higher
implant-related bone formation in the melatonin-treated group [45]. Clinical studies have
further demonstrated the positive effects of local melatonin application on bone forma-
tion around implants. For example, patient groups that received 1.2 mg of melatonin gel
before implant placement exhibited better stability and reduced marginal bone loss in
implants [36,46,47]. In a study investigating the effects of local melatonin application on
bone defect treatment in osteoporotic rats, groups treated with 3 mg pure melatonin or
1.5 mg melatonin combined with 1.5 mg xenogeneic bone graft showed increased NBF and
osteopontin expression, along with a regulated inflammatory response, compared to the
groups that did not receive melatonin [48]. These findings underscore the positive effects
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of locally applied melatonin on bone healing mechanisms, and the results of our study
confirm this effect.

The present study has some limitations. First, the molecular mechanisms linking
local melatonin application and bone metabolism could not be fully elucidated due to the
methodology used in this study. Second, while in vivo studies are crucial for understanding
the pathways underlying bone fracture healing, their results can only be used to extrapolate
the corresponding pathways in humans. Third, we could not evaluate the long-term success
of bone fracture healing in this study.

5. Conclusions
In conclusion, our study demonstrated that local melatonin application positively im-

pacts bone fracture healing, although no statistically significant differences were observed
in bone formation percentage between the tested doses. Within the limitations of our study,
local melatonin application may be considered a supportive treatment method for bone
healing. Further research is needed to clarify the relationship between melatonin and bone
healing mechanisms.

Author Contributions: Conceptualization, M.T., B.T. and S.D.; methodology, M.T., S.D. and E.C.O.;
software, M.T., S.D. and U.K.C.; validation, M.T., B.T. and O. I.; formal analysis, M.T., T.G. and S.D.;
investigation, M.T., B.T. and S.D.; resources, M.T., O.I., T.G. and S.D.; data curation, M.T., I.H.O., B.T.
and S.D; writing—original draft preparation, M.T., B.T., U.K.C. and S.D.; writing—review and editing,
M.T., S.D. and E.C.O.; visualization, M.T., I.H.O., B.T. and S.D.; supervision, M.T., S.D., T.G., O.I.
and E.C.O.; project administration, M.T. and S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was approved by Firat University (Protocol
Number: 19746 and date: 13 November 2023) Local Animal Experiments Ethics Committee. The
Helsinki Declaration rules were strictly followed during the experiments.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

References
1. Meeson, R.L.; Perpétuo, I.P.; Parsons, K.; Orriss, I.R.; Shah, M.; Pitsillides, A.A.; Michael, D. The in vitro behaviour of canine

osteoblasts derived from different bone types. BMC Vet. Res. 2019, 15, 114. [CrossRef] [PubMed]
2. Omi, M.; Mishina, Y. Roles of osteoclasts in alveolar bone remodeling. Genesis 2022, 60, e23490. [CrossRef]
3. Vertenten, G.; Gasthuys, F.; Cornelissen, M.; Schacht, E.; Vlaminck, L. Enhancing bone healing and regeneration: Present and

future perspectives in veterinary orthopaedics. Vet. Comp. Orthop. Traumatol. VCOT 2010, 23, 153–162. [CrossRef]
4. Lu, C.; Miclau, T.; Hu, D.; Hansen, E.; Tsui, K.; Puttlitz, C.; Marcucio, R.S. Cellular basis for age-related changes in fracture repair.

J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2005, 23, 1300–1307. [CrossRef]
5. López-Martínez, F.; Olivares Ponce, P.N.; Guerra Rodríguez, M.; Martínez Pedraza, R. Melatonin: Bone metabolism in oral cavity.

Int. J. Dent. 2012, 2012, 628406. [CrossRef]
6. Reiter, R.J.; Tan, D.X.; Rosales-Corral, S.; Galano, A.; Jou, M.J.; Acuna-Castroviejo, D. Melatonin Mitigates Mitochondrial

Meltdown: Interactions with SIRT3. Int. J. Mol. Sci. 2018, 19, 2439. [CrossRef]
7. Permuy, M.; López-Peña, M.; González-Cantalapiedra, A.; Muñoz, F. Melatonin: A Review of Its Potential Functions and Effects

on Dental Diseases. Int. J. Mol. Sci. 2017, 18, 865. [CrossRef]
8. Cardinali, D.P. Melatonin as a chronobiotic/cytoprotective agent in bone. Doses involved. J. Pineal Res. 2024, 76, e12931.

[CrossRef]
9. 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]

https://doi.org/10.1186/s12917-019-1857-1
https://www.ncbi.nlm.nih.gov/pubmed/30975149
https://doi.org/10.1002/dvg.23490
https://doi.org/10.3415/VCOT-09-03-0038
https://doi.org/10.1016/j.orthres.2005.04.003.1100230610
https://doi.org/10.1155/2012/628406
https://doi.org/10.3390/ijms19082439
https://doi.org/10.3390/ijms18040865
https://doi.org/10.1111/jpi.12931
https://doi.org/10.1111/j.1600-079X.2010.00784.x


Medicina 2025, 61, 146 9 of 10

10. Zhang, L.; Su, P.; Xu, C.; Chen, C.; Liang, A.; Du, K.; Peng, Y.; Huang, D. Melatonin inhibits adipogenesis and enhances
osteogenesis of human mesenchymal stem cells by suppressing PPARγ expression and enhancing Runx2 expression. J. Pineal Res.
2010, 49, 364–372. [CrossRef]

11. Maria, S.; Witt-Enderby, P.A. Melatonin effects on bone: Potential use for the prevention and treatment for osteopenia, osteoporosis,
and periodontal disease and for use in bone-grafting procedures. J. Pineal Res. 2014, 56, 115–125. [CrossRef] [PubMed]

12. Munmun, F.; Witt-Enderby, P.A. Melatonin effects on bone: Implications for use as a therapy for managing bone loss. J. Pineal Res.
2021, 71, e12749. [CrossRef]

13. Arabaci, T.; Kermen, E.; Ozkanlar, S.; Kose, O.; Kara, A.; Kizildag, A.; Duman, S.B.; Ibisoglu, E. Therapeutic Effects of Melatonin
on Alveolar Bone Resorption After Experimental Periodontitis in Rats: A Biochemical and Immunohistochemical Study. J.
Periodontol. 2015, 86, 874–881. [CrossRef]

14. Gao, W.; Lin, M.; Liang, A.; Zhang, L.; Chen, C.; Liang, G.; Xu, C.; Peng, Y.; Chen, C.; Huang, D.; et al. Melatonin enhances
chondrogenic differentiation of human mesenchymal stem cells. J. Pineal Res. 2014, 56, 62–70. [CrossRef]

15. Zhu, G.; Ma, B.; Dong, P.; Shang, J.; Gu, X.; Zi, Y. Melatonin promotes osteoblastic differentiation and regulates PDGF/AKT
signaling pathway. Cell Biol. Int. 2020, 44, 402–411. [CrossRef]

16. Zhang, B.; Bailey, W.M.; McVicar, A.L.; Gensel, J.C. Age increases reactive oxygen species production in macrophages and
potentiates oxidative damage after spinal cord injury. Neurobiol. Aging 2016, 47, 157–167. [CrossRef]

17. Halici, M.; Öner, M.; Güney, A.; Canöz, Ö.; Narin, F.; Halıcı, C. Melatonin promotes fracture healing in the rat model. Jt. Dis. Relat.
Surg. 2010, 21, 172–177.

18. Ramírez-Fernández, M.P.; Calvo-Guirado, J.L.; de-Val, J.E.; Delgado-Ruiz, R.A.; Negri, B.; Pardo-Zamora, G.; Peñarrocha, D.;
Barona, C.; Granero, J.M.; Alcaraz-Baños, M. Melatonin promotes angiogenesis during repair of bone defects: A radiological and
histomorphometric study in rabbit tibiae. Clin. Oral Investig. 2013, 17, 147–158. [CrossRef]

19. Yamada, Y.; Tamura, T.; Hariu, K.; Asano, Y.; Sato, S.; Ito, K. Angiogenesis in newly augmented bone observed in rabbit calvarium
using a titanium cap. Clin. Oral Implant. Res. 2008, 19, 1003–1009. [CrossRef]

20. Lu, X.; Yu, S.; Chen, G.; Zheng, W.; Peng, J.; Huang, X.; Chen, L. Insight into the roles of melatonin in bone tissue and bone-related
diseases (Review). Int. J. Mol. Med. 2021, 47, 82. [CrossRef]

21. Dundar, S.; Yaman, F.; Saybak, A.; Ozupek, M.F.; Toy, V.E.; Gul, M.; Ozercan, I.H. Evaluation of Effects of Topical Melatonin
Application on Osseointegration of Dental Implant: An Experimental Study. J. Oral Implantol. 2016, 42, 386–389. [CrossRef]
[PubMed]

22. Acikan, I.; Mehmet, G.; Artas, G.; Yaman, F.; Deniz, G.; Bulmus, O.; Kom, M.; Kirtay, M.; Dundar, S. Systemic melatonin
application increases bone formation in mandibular distraction osteogenesis. Braz. Oral Res. 2018, 32, e85. [CrossRef] [PubMed]

23. Muñoz, F.; López-Peña, M.; Miño, N.; Gómez-Moreno, G.; Guardia, J.; Cutando, A. Topical application of melatonin and growth
hormone accelerates bone healing around dental implants in dogs. Clin. Implant. Dent. Relat. Res. 2012, 14, 226–235. [CrossRef]

24. Oryan, A.; Monazzah, S.; Bigham-Sadegh, A. The effects of melatonin in bone healing. Vet. Sci. Res. 2018, 3, 000155. [CrossRef]
25. Tanrisever, M.; Istek, O.; Eroksuz, H.; Karabulut, B.; Ozcan, E.C.; Bingul, M.B.; Guler, R.; Dundar, S. Effects of local application of

bovine amniotic fluid on fracture healing in rats (Rattus norvegicus). Rev. Cient. Fac. Vet. 2024, 34, 2–3. [CrossRef]
26. Acikan, I.; Yaman, F.; Dundar, S.; Ozercan, I.H.; Atilgan, S.S. Protective effects of caffeic acid phenethyl ester (CAPE) and

thymoquinone against cigarette smoke in experimental bone fracture healing. J. Oral Biol. Craniofacial Res. 2022, 12, 610–616.
[CrossRef]

27. Ascenzi, M.G.; Roe, A.K. The osteon: The micromechanical unit of compact bone. Front. Biosci. (Landmark Ed.) 2012, 17, 1551–1581.
[CrossRef]

28. Oryan, A.; Monazzah, S.; Bigham-Sadegh, A. Bone injury and fracture healing biology. Biomed. Environ. Sci. 2015, 28, 57–71.
[CrossRef]

29. Ostrowska, Z.; Kos-Kudla, B.; Nowak, M.; Swietochowska, E.; Marek, B.; Gorski, J.; Kajdaniuk, D.; Wolkowska, K. The relationship
between bone metabolism, melatonin and other hormones in sham-operated and pinealectomized rats. Endocr. Regul. 2003, 37, 211–224.

30. Shino, H.; Hasuike, A.; Arai, Y.; Honda, M.; Isokawa, K.; Sato, S. Melatonin enhances vertical bone augmentation in rat calvaria
secluded spaces. Med. Oral Patol. Oral Cir. Bucal 2016, 21, e122–e126. [CrossRef]

31. Dalla-Costa, K.; Yurtsever, F.V.; Penteado, J.; Martinez, E.F.; Sperandio, M.; Peruzzo, D.C. Melatonin has a stimulatory effect
on osteoblasts by upregulating col-i and opn expression/secretion. Melatonina tem efeito estimulador em osteoblastos, pela
regulação positiva da expressão/secreção de col-i e opn. Acta Odontol. Latinoam. AOL 2020, 33, 125. [CrossRef] [PubMed]

32. Li, T.; Jiang, S.; Lu, C.; Yang, W.; Yang, Z.; Hu, W.; Xin, Z.; Yang, Y. Melatonin: Another avenue for treating osteoporosis? J. Pineal
Res. 2019, 66, e12548. [CrossRef] [PubMed]

33. Bahney, C.S.; Zondervan, R.L.; Allison, P.; Theologis, A.; Ashley, J.W.; Ahn, J.; Miclau, T.; Marcucio, R.S.; Hankenson, K.D. Cellular
biology of fracture healing. J. Orthop. Res. Off. Publ. Orthop. Res. Soc. 2019, 37, 35–50. [CrossRef]

https://doi.org/10.1111/j.1600-079X.2010.00803.x
https://doi.org/10.1111/jpi.12116
https://www.ncbi.nlm.nih.gov/pubmed/24372640
https://doi.org/10.1111/jpi.12749
https://doi.org/10.1902/jop.2015.140599
https://doi.org/10.1111/jpi.12098
https://doi.org/10.1002/cbin.11240
https://doi.org/10.1016/j.neurobiolaging.2016.07.029
https://doi.org/10.1007/s00784-012-0684-6
https://doi.org/10.1111/j.1600-0501.2008.01554.x
https://doi.org/10.3892/ijmm.2021.4915
https://doi.org/10.1563/aaid-joi-D-16-00048
https://www.ncbi.nlm.nih.gov/pubmed/27327091
https://doi.org/10.1590/1807-3107bor-2018.vol32.0085
https://www.ncbi.nlm.nih.gov/pubmed/30281683
https://doi.org/10.1111/j.1708-8208.2009.00242.x
https://doi.org/10.23880/oajvsr-16000155
https://doi.org/10.52973/rcfcv-e34332
https://doi.org/10.1016/j.jobcr.2022.08.011
https://doi.org/10.2741/4003
https://doi.org/10.3967/bes2015.006
https://doi.org/10.4317/medoral.20904
https://doi.org/10.54589/aol.33/2/125
https://www.ncbi.nlm.nih.gov/pubmed/32920615
https://doi.org/10.1111/jpi.12548
https://www.ncbi.nlm.nih.gov/pubmed/30597617
https://doi.org/10.1002/jor.24170


Medicina 2025, 61, 146 10 of 10

34. Liu, H.D.; Ren, M.X.; Li, Y.; Zhang, R.T.; Ma, N.F.; Li, T.L.; Jiang, W.K.; Zhou, Z.; Yao, X.W.; Liu, Z.Y.; et al. Melatonin alleviates
hydrogen peroxide induced oxidative damage in MC3T3-E1 cells and promotes osteogenesis by activating SIRT1. Free. Radic. Res.
2022, 56, 63–76. [CrossRef]

35. Zheng, S.; Zhou, C.; Yang, H.; Li, J.; Feng, Z.; Liao, L.; Li, Y. Melatonin Accelerates Osteoporotic Bone Defect Repair by Promoting
Osteogenesis-Angiogenesis Coupling. Front. Endocrinol. 2022, 13, 826660. [CrossRef]

36. Hazzaa, H.H.A.; El-Kilani, N.S.; Elsayed, S.A.; Abd El Massieh, P.M. Evaluation of Immediate Implants Augmented with
Autogenous Bone/Melatonin Composite Graft in the Esthetic Zone: A Randomized Controlled Trial. J. Prosthodont. Off. J. Am.
Coll. Prosthodont. 2019, 28, e637–e642. [CrossRef]

37. Igarashi-Migitaka, J.; Seki, A.; Ikegame, M.; Honda, M.; Sekiguchi, T.; Mishima, H.; Shimizu, N.; Matsubara, H.; Srivastav, A.K.;
Hirayama, J.; et al. Oral administration of melatonin contained in drinking water increased bone strength in na17turally aged
mice. Acta Histochem. 2020, 122, 151596. [CrossRef]

38. Xu, L.; Zhang, L.; Wang, Z.; Li, C.; Li, S.; Li, L.; Fan, Q.; Zheng, L. Melatonin Suppresses Estrogen Deficiency-Induced Osteoporosis
and Promotes Osteoblastogenesis by Inactivating the NLRP3 Inflammasome. Calcif. Tissue Int. 2018, 103, 400–410. [CrossRef]

39. 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. Verbesserung der Osseointegration von hydroxylapatitbeschichteten Titanimplantaten durch Melatonin bei
weiblichen Ratten hohen Alters. Z. Gerontol. Geriatr. 2020, 53, 770–777. [CrossRef]

40. Virto, L.; Haugen, H.J.; Fernández-Mateos, P.; Cano, P.; González, J.; Jiménez-Ortega, V.; Esquifino, A.I.; Sanz, M. Melatonin
expression in periodontitis and obesity: An experimental in-vivo investigation. J. Periodontal Res. 2018, 53, 825–831. [CrossRef]

41. Dong, P.; Gu, X.; Zhu, G.; Li, M.; Ma, B.; Zi, Y. Melatonin Induces Osteoblastic Differentiation of Mesenchymal Stem Cells and
Promotes Fracture Healing in a Rat Model of Femoral Fracture via Neuropeptide Y/Neuropeptide Y Receptor Y1 Signaling.
Pharmacology 2018, 102, 272–280. [CrossRef]
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