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Increasing bone resorption followed by decreasing bone mineralization are hallmarks of bone degen-
eration, which mostly occurs in the elderly population and post-menopausal women. The use of
mesenchymal stem cells (MSCs) has raised many promises in the field of bone regeneration due to their
high osteoblastic differentiation capacity and easy availability from abundant sources. A variety of
compounds, including growth factors, cytokines, and other internal factors, have been combined with
MSCs to increase their osteoblastic differentiation capacity. One of these factors is melatonin, whose
possible regulatory role in bone metabolism and formation has recently been suggested by many studies.
Melatonin also is a potential signaling molecule and can affect many of the signaling pathways involved
in MSCs osteoblastic differentiation, such as activation of PI3K/AKT, BMP/Smad, MAPK, NFkB, Nrf2/HO-1,
Wnt, SIRT/SOD, PERK/ATF4. Furthermore, melatonin in combination with other components such as
strontium, vitamin D3, and vitamin K2 has a synergistic effect on bone microstructure and improves
bone mineral density (BMD). In this review article, we aim to summarize the regulatory mechanisms of
melatonin in osteoblastic differentiation of MSCs and underling involved signaling pathways as well as
the clinical potential of using melatonin in bone degenerative disorders.

© 2022 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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AKT Protein kinase B
ATF4 Activating transcription factor 4
BMD Bone mineral density
BML Bone marrow lesions
BMPs Bone morphogenetic proteins
BMSCs Bone marrow stromal cells
CDK Cyclin-dependent kinase
CHOP CCAAT-enhancer-binding protein homologous

protein
Col1a1 Collagen 1a1
CREB cAMP response element-binding protein
CRP C - reactive protein
Dex Dexamethasone
eIF2a Eukaryotic initiation factor 2a
EMT Epithelial-mesenchymal transition
ER Endoplasmic reticulum
ERK Extracellular signal-regulated kinase
ERS Endoplasmic reticulum stress
ESC Embryonic stem cells
FGF-2 Fibroblast growth factor 2
FSS Fluid shear stress
hFOB Human fetal osteoblastic
HIF-1 Hypoxia-inducible factor 1
HO-1 Heme oxygenase-1
IkB Inhibitor Kb
IKK IkB kinase
iPSC Induced pluripotent stem cells
JNK c-Jun N-terminal kinase
MAPK Mitogen-activated protein kinase

M-CSF Macrophage colony-stimulating factor
MHC II Major histocompatibility class II
MSCs Mesenchymal stem cells
MSDK melatonin, strontium (citrate), vitamin D3, vitamin

K2
mTOR Mammalian target of rapamycin
NFATC1 Nuclear Factor Of Activated T Cells 1
NPY1R Y1 receptor
NPY Neuropeptide Y
Nrf2 Nuclear factor-erythroid 2-related factor 2
OPG Osteoprotegerin
OVX Ovariectomized
PDGF Platelet-derived growth factor
PERK Protein kinase-like endoplasmic reticulum kinase
PI3K Phosphoinositide 3-kinase
POSTN Periostin
PRKD1 Protein Kinase D1
PTEN Phosphatase and tensin homolog
RANKL Receptor activator of nuclear factor _ B ligand
RAP Rapamycin
ROS Reactive oxygen species
RTK Receptor tyrosine kinase
Runx2 Runt-related transcription factor 2
SIRT Silent information regulator type
SOD Superoxide dismutase
SPRY Sprouty RTK Signaling Antagonist
STIM Stromal-interacting molecule
TGF Transforming growth factor-beta
TKA Total knee arthroplasty
VEGF Vascular endothelial growth factor
1. Introduction

Bone with its self-renewal ability can regenerate and repair it-
self. However, we should not ignore that there is a limited ability of
the human body to regenerate itself [1]. Bone as a complex tissue
contains specific cells, including mesenchymal stem cells (MSCs),
osteoblasts, osteocytes, and osteoclasts, and also bone extracellular
matrix (organic and inorganic phase). MSCs as multipotent non-
hematopoietic stromal cells can divide asymmetrically and differ-
entiate into osteogenic, chondrogenic, and adipogenic tissues [2,3].
Osteoblasts are 4e6% of bone cells that are derived from MSC.
Indeed, MSC expresses Runx2 (Runt-related transcription factor 2)
and Col1a1 (Collagen 1a1) genes to become osteoblasts
progenitors.

Runx2, Osterix, Spp1, and BGLAP, as the osteogenic transcription
factors, play a significant role in the commitment of MSCs to
differentiate into osteoblast lineage. Moreover, Osteocytes are a
57
result of the last stage of osteoblasts differentiation and they
localize on the bone matrix. Osteoclasts originate from hemato-
poietic stem cells. Macrophage colony-stimulating factor (M-CSF)
and RANKL (receptor activator of nuclear factor_B ligand) stimulate
these stem cells to differentiate into osteoclasts to directly modu-
late bone resorption. Mechanistically, osteoblasts, stromal cells,
immune cells express RANKL, osteoclast precursors, and osteoclasts
express the RANK receptor. The interaction between this ligand and
receptor has a pivotal role in bone remodeling processes. Mean-
while, osteoprotegerin (OPG) can inhibit this interaction and
consequently inhibit bone loss [4,5].

Bone regeneration has attained remarkable clinical consider-
ation in order to treat various bone degenerative diseases such as
osteoporosis, osteoarthritis (OA), and rheumatoid arthritis. There
are various strategies have been used in regenerative medicine to
overcome these disorders and recover lost tissues. According to
their capacity to differentiate towards multiple mesenchymal



F. Malakoti, F. Zare, R. Zarezadeh et al. Biochimie 202 (2022) 56e70
lineages including bone, MSCs have great potential for use in bone
regeneration in pursuit of successful treatment.

Melatonin (N-acetyl-5-methoxytryptamine) is a hormone
secreted by the pineal gland that affects circadian rhythm, regulates
the sleep-wake cycle, inhibits tumor growth, and regulates im-
munity. In most mammals, including humans, melatonin receptors
have two subtypes, MT1 and MT2, which belong to the G protein-
coupled receptor family, which made melatonin capable to regu-
late multiple intracellular signaling cascades and lead to the acti-
vation of different ion channels [6]. Today, melatonin as a drug or
supplement has an important place in pharmaceutical studies,
which could links health practices to chemical sciences [7,8].
Furthermore, melatonin's possible regulatory role in bone meta-
bolism has been taken into consideration by researchers in recent
years. Melatonin induces osteoblastic differentiation of MSCs,
which is one of the most important strategies in the field of bone
regenerative medicine. Melatonin is also involved in protecting
osteoblasts against stress-induced apoptosis and could stimulate
the mineralization of pre-osteoblastic cells [9]. Some recent studies
demonstrated that oral administration of melatonin can increase
bone formation and bone strength in ovariectomy-induced
degenerated bone and aged mice with osteoporosis [10,11]. More-
over, the mechanism and signaling pathways involved in melato-
nin's effects on osteoblastic differentiation also has been
investigated in numerous recent articles. Summarizing these
signaling pathways can help to better understand the bone biology
under the melatonin treatment. In this regard, in this review article,
we will explain the signaling pathways involved in increasing the
differentiation and survival of osteoblasts that are activated by
melatonin.

2. Bone degenerative disease

Osteoporosis, osteoarthritis, rheumatoid arthritis, and idio-
pathic scoliosis are common disabling conditions that cause many
difficulties for individuals and increase the health burden in soci-
eties. Osteoporosis is a chronic and long-term disorder conducting
to increases the incidence of fragility fractures [12]. Genetics, age,
hormonal change, smoking, calcium, and vitamin D deficiency are
introduced as themain risk factors for this systemic skeletal disease
[13]. There are some underlying mechanisms behind osteoporosis
including loss of optimal strength during bone growth, increasing
bone resorption, and replacement failure. In another word, bone
remodeling has two phases: bone resorption and osteoblastic
replacement. Bone resorption is a shorter phase compared with
osteoblastic replacement. Therefore, an increase in bone remodel-
ing causes bone loss and consequently osteoporosis [14]. Studies
have proven that pro-inflammatory cytokines, including IL-1, IL-6,
and TNF-a, play a pivotal role in the bone resorption phase and
bone mass in humans. In addition, osteoblasts and osteoclasts are
two responsible cells for bone remodeling. Osteoblasts have an
essential role in producing and secreting organic and inorganic
parts of the extracellular bone matrix. Also, osteoblasts modulate
bone resorption by the secretion of macrophage colony-stimulating
factor (M-CSF), receptor activator of nuclear factor kappa-В ligand
(RANKL), and osteoprotegerin (OPG). Mechanistically, RANKL in-
teracts with its receptor RANK on osteoclasts and causes osteoclast
differentiation. However, OPG as a decoy protein blocks RANK/
RANKL interaction in order to inhibit osteoclast differentiation. Dis-
regulation of this process leads to bone disease especially osteo-
porosis [14,15]. Estrogen deficiency in postmenopausal women is
an underlying cause of the inadequate bone formation and conse-
quently osteoporosis [16]. There is an argument that menopause,
osteoporosis, and melatonin reduction are interrelated. Therefore,
investigations suggest that nightly melatonin treatment can
58
alleviate menopause symptoms and increase BMD in post-
menopause osteoporosis cases [17,18]. The protective effects of
melatonin therapy against bone loss in diverse models of osteo-
porosis are shown in Table 1. However, more clinical trials should be
conducted in the future to examine the effects of melatonin therapy
in human patients suffering from osteoporosis and reach a general
agreement on the doses and estimated side effects, because these,
are essential information, that help clinicians to find the best
method in osteoporosis therapy.

Osteoarthritis, the most common joint disease, is prevailed
among people over 60. The whole joint, involving cartilage, sub-
chondral bone, and synovium play important role in OA patho-
genesis in association with systemic inflammation. Indeed, there is
an imbalance between repair and destruction of the joint. To sum
up, in OA cartilage loss occurs and bone turnover rises in sub-
chondral bone [19]. Moreover, IL-1b and TNF-a are mentioned as
the most secreted cytokines in OA [20].

Rheumatoid arthritis, a chronic inflammatory joint disease, is
pathologically occurred in the presence of autoantibodies. In
rheumatoid arthritis, Joint swelling is the cause of synovial mem-
brane inflammation and consequently immune system activation
that leads to leucocyte infiltration. Therefore, during joint inflam-
mation, synovitis consists of innate and adaptive immune cells.
RANKL expresses on T cells, B cells, and fibroblasts, also, RANK
expresses on macrophages, dendritic cells, and pre-osteoclasts.
Taken together, this synovial inflammation promotes chondrocyte
catabolism and synovial osteoclastogenesis leading to more joint
damage and symptoms [21]. As a result, Healthcare providers and
policymakers try to confront the increasing rate of bone diseases.

Idiopathic scoliosis (IS) the most common scoliosis is a complex
disease that is associated with deformity of the spine and it is
common among adolescents aged between 10 and 16. Although the
etiology of IS is not fully understood, it has been suggested that it is
related to biomechanical, neuromuscular, genetic, and environ-
mental conditions [22e24]. Observations show that not only BMD
in IS patients is low, but also the osteogenic differentiation of
idiopathic scoliosis MSC cells decreases compared to normal cells
[25,26]. During the past two decades, some treatments, including
surgical treatment have been suggested but these strategies are
challenging. In this regard, more investigations need to find the
most efficient therapy for this disease [27].

3. Stimulating MSC differentiation to osteoblasts as a strategy
for bone regeneration

“Regenerative medicine” was declared for the first time by
Kaiser et al., in 1991 [28]. As inferred from its name, regenerative
medicine is the regrowth of injured or lost tissues or organs. On this
basis, tissue regeneration especially bone regeneration has been
the subject of lots of research for the last two decades. A large
number of these researches have been conducted to determine the
main factors, which require for bone regeneration. The researchers
have introduced three factors including stem cells, growth factors,
and scaffold materials [29] (Fig. 1). Besides creating mechanical
strength, scaffolds can provide an osteoconductive platform to in-
crease cell adhesion, and provide a matrix for cell proliferation [30].
There are two categories of scaffold materials: 1- natural bone
grafts, and 2- synthetic bone grafts. Natural bone grafts are divided
into three subtypes based on their origin, including autografts (the
biopsy of the host), allografts (same species, different individual), or
xenografts (different species such as bovine). Particularly, the use of
autografts has been declared the gold standard method because of
decreasing the risks of tissue rejection and transmission of diseases
[31,32].

However, one of the most important factors in bone



Table 1
Evidence of melatonin's effects on osteoporosis improvement.

Model Case of Study Kind of
Administration

Dosage Duration Melatonin Effect Additional
information

Reference

Healthy Mice Mice Oral gavage 10 or 100 mg/kg
body weight/d

6 weeks Regulates bone mass ([) MT2�/� cells did
not respond to
melatonin addition

[141]

Cures ovariectomy-induced
bone loss

Postmenopausal
osteoporosis model
(ovariectomized)

Mice Intraperitoneal
injection

60 mg/kg per day 8weeks BMD ([) [142]

BV/TV ([)
upregulates ZIP-1
promotes citrate secretion

Induced osteoporosis Mice Intraperitoneal
injection

10 or 50 mg/kg 8weeks Promoted osteoblast
differentiation

Via mediating the
Wnt/b-catenin
pathway

[143]

(ovariectomized) inhibit NLRP3
Type 2
Diabetic

Mouse MC3T3-E1
cells

Incubated with
melatonin

100 nM e Rescued cell proliferation The incidence of
osteoporosis is
significantly higher
In type 2 diabetes
patients

[144]

Osteoporosis Decreased high glucose-
induced late apoptotic
Alleviates High Glucose-
Induced ER Stress

Age-related
osteoporosis

Male BALB/c Mice Orally administered 100 mg/ml 4e20 months
of age

Increase plasma melatonin
improve both bone strength
and trabecular bone density

Detection of MT2 in
both osteoblasts
and osteoclasts of
the mice femur
melatonin deficient
mice

[145]

Postmenopausal
osteopenic women

Clinical trial Oral administered 1,3 mg 1year femoral neck BMD ([) in a dose-
dependent

[146]

trabecular thickness in tibia
(3 mg) [

manner

volumetric bone mineral
density (vBMD) in the
spine(3 mg) [

Induced osteoporosis SD Rats and 10 mg/kg 3month ameliorated the bone micro-
architecture

[147]

(ovariectomized) BMMSCells Tail vein injection (twice a week) intracellular oxidative stress Y SIRT1 was involved
in the melatonin-
mediated recovery
of osteogenesis and
antioxidant
functions

intracellular antioxidant
enzymes (SOD2, GPX1)[

Incubated with
treatment

1 mM
14 and 100 mM

14 days osteogenic potential [

Experimental
autoimmune
encephalomyelitis
(EAE) model of MS

C57BL/6 mice Intraperitoneal
injection

10 mg/kg/day 13 days Serum levels of vitamin D,
calcium, and osteocalcin (OCN)
reverted back to nearly normal
levels

MS promotes
osteoporosis and

[148]

Melatonin
increases bone
formation by
increasing OCN
levels in vivo

Ovariectomized (OVX)
rats

SD Rats Intraperitoneal
injection

50 mg/kg body
weight

4 weeks Periprosthetic bone mass,
implant fixation intensity[

Expression levels of
the alkaline
phosphatase,
osteocalcin, and
osterix [

[149]

The expression of oxidative
stress markers (NAPDH oxidase
2 and cytochrome c) Y

Melatonin
ameliorated
oxidative stress in
mitochondrial via
the SIRT3/SOD2
signaling pathway

Ovariectomy Mouse bone
marrow
cells(in vitro)

Intraperitoneal
injection

5e25 mg/kg 8 weeks Blocked RANKL-induced
osteoclastogenesis by inhibiting
PRMT1 and asymmetric

The anti
osteoclastogenic
effect of melatonin

[150]

(continued on next page)
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Table 1 (continued )

Model Case of Study Kind of
Administration

Dosage Duration Melatonin Effect Additional
information

Reference

dimethylarginine (ADMA)
expression

was mediated by a
cascade of
inhibition of
RANKL-induced
TRAF6, JNK, PRMT1,
and NF-kB signaling
in melatonin
receptors-
independent
pathway

Female C57BL/6
mice

Alleviated the ovariectomized
(OVX)-induced bone loss by
inhibiting bone resorption

Glucocorticoid-induced
osteoporosis(GIO)

Wistar female rats Intraperitoneal
injection

5 mg/kg 28 days. Positive effects melatonin on
bone metabolism in rats with
GIO

Glucocorticoids are
the most common
cause of drug-
induced
osteoporosis.

[151]

Retinoic acid induced
OP

C57 mice Intraperitoneal
injection

5e50 mg/kg/d 8week Promoted bone formation and
inhibited bone resorption.

Play a role in the
ERK/SMAD and NF-
kB pathways

[152]

Promoted the antioxidant level
and suppressed the level of
oxidant molecules

Aged rats with OP SD intragastric
administration

40 mg/kg/d 12week Bone density of lumbar
vertebra and bilateral femur
and bone mineral level [

Elevate serum
calcium level and
reduce bone
mineral loss

[153]

Rats
Type 2
Diabetic

MC3T3-E1 Cells Incubated 1, 10, or 100 mM 48 h incubated Significantly reduced the level
of ferroptosis and improved the
osteogenic capacity of MC3T3-
E1 through activating the Nrf2/
HO-1 pathway in vivo and
in vitro

High glucose
induces ferroptosis
via increased ROS/
lipid peroxidation/
glutathione
depletion

[154]

Osteoporosis SD rats Intraperitoneal
injection

10e50 mg/kg

BMD: bone mineral density; BV/TV: Bone volume fraction; OP: Postmenopausal osteoporosis.
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regeneration is cells. Several cell types like osteoblasts, embryonic
stem cells (ESC), induced pluripotent stem cells (iPSC) and MSC can
use for bone regeneration. In particular, there is a general agree-
ment that MSC is the best candidate cell among them. It has three
specific reasons. First, MSCs do not have problems like the low
potential of proliferation, immunologic incompatibility, teratoma
possibility, and clinical application difficulties. Secondly, MSCs are
responsible for the normal process of bone healing. MSCs can
produce and release factors that have a role in the managing of
chemotaxis, angiogenesis, and osteogenesis. Also, they can differ-
entiate to osteoblasts and chondrocytes. Finally, these cells have
lower levels of the major histocompatibility class II (MHC II)
markers, which enable them to escape from the immune system
and consequently make them a great factor for therapeutic stra-
tegies like bone regeneration [29,33]. In a systematic review, re-
searchers assessed 23 studies and they concluded that MSC
exosomes have therapeutic efficacy for bone regeneration without
considering the type of exosomes. Indeed, MSC exosomes promote
osteogenic differentiation to osteoblasts and osteocytes as well as
give rise to osteogenic markers like Osteocalcin (OCN) and RUNX2
[34]. Practically, the result of 5e15 years follows up of 140 OA pa-
tients (between 65 and 90 years old) showed that MSCs injection in
subchondral bone of OA cases decreased bone marrow lesions
(BML) volume and consequently reduced or postponed the need for
total knee arthroplasty (TKA) significantly to just 18% of total
60
patients in a mean of ten years. Also, subchondral bone MSCs
treatment is more applicable for patients with BML lower than
3 cm3 without severe malalignment [35].

Encouraging results from osteoporotic animal model studies
have proved that MSC transplantation enhances BMD, osteogenic
markers, like ALP and OCN, and finally, bone formation, which
these findings suggest new cell-based therapy for osteoporosis
[36,37].

The other important factor in bone regeneration is growth fac-
tors. The growth factors including, BMPs (bone morphogenetic
proteins), TGF_b (transforming growth factor-beta), VEGF (vascular
endothelial growth factor), and PDGF (platelet-derived growth
factor) as morphogenic signals play a significant role in bone
regeneration and vascularization. BMPs are secreted from MSCs,
osteoprogenitor cells, osteoblasts, and chondrocytes. Then, BMPs
reside in ECM to modulate MSC cell proliferation and differentia-
tion into osteoblasts and chondrocytes. Platelets produce and
discharge TGF-b and PDGF at the beginning of the fracture healing
process. TGF-b has three main functions in the bone healing pro-
cess, including osteogenic cell proliferation, BMP synthesis induc-
tion, and osteoclast in-activation and apoptosis (20).

In conclusion, the application of MSC has shown a promising
role in bone regeneration and bone healing processes, and growth
factors can increase MSCs survival rate and osteoblastic differen-
tiation whereas scaffolds can provide a platform for their growth.



Fig. 1. Schematic diagram of bone regeneration strategies. This figure shows the chosen components that are more efficient in bone regeneration process. The final goal is either
restoring the lost function or introducing a new function to the damaged tissue.
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4. Melatonin and osteoblastic differentiation

Different aspects of the cellular functions of melatonin have
been widely investigated in recent years. It has been proven that
melatonin contributes to anti-inflammation, anti-oxidant, circa-
dian, and endocrine rhythm regulation. As such, it has been
demonstrated that melatonin has a pivotal role in the regulation of
cell survival, proliferation, differentiation, and apoptosis. For
instance, melatonin has an imperative role in ESC, iPSC, and espe-
cially MSCs differentiation to osteoblasts lineage. In this regard,
melatonin has become the center of attention in recent decades and
it opens a newwindow in bone regenerative medicine and fracture
healing [38].

There are a variety of mechanisms with which melatonin can
induce osteogenesis in these stem cells, for example, melatonin can
increase chromatin accessibility of the osteogenic genes, promote
osteogenesis of BMSCs in vitro, and alleviate osteoporosis pro-
gression in-vivo [39]. In addition, a recent study showed that the
potential application of melatonin in osteoporotic bone defect
repair comes from its promoting effect in
osteogenesiseangiogenesis coupling. In such a way that, besides
increasing osteogenesis differentiation, melatonin also has angio-
genic effects, accelerating bone regeneration. BMSCs cells are
treated with melatonin and have high expression levels of both
osteogenesis-related markers such as ALP, OCN, Runx2, and
angiogenesis-related markers such as VEGF, angiopoietin-2, and
angiopoietin-4 [40]. However, melatonin is a molecule with a dual
role in the control of angiogenesis, and depending on the condi-
tions, for example, the hypoxic state of tumor cells that causes the
overexpression of angiogenic factors, it can exert anti-angiogenic or
pro-angiogenic effects. There are many factors such as signaling
pathways, dosages used, or cell type used in the study (whether it is
a cancer cell or a stem cell) involved in determining which effect
melatonin has on angiogenesis (reviewed in Ref. [41]).

Melatonin can be used as a supplement candidate for improving
osteoporosis and OA by increasing MSCs’ osteoblastic differentia-
tion. The findings of a study indicated that melatonin can inhibit
the production of ROS during bone formation and differentiation of
BMSC, and antagonizes TNF-a-induced ROS production. While the
concentration of melatonin is 100 mM, its pro-osteogenic, anti-in-
flammatory, and antioxidative effects can be maximized [42].
Another study shows that melatonin promotes bone formation
differentiation in human MSC and restores oxidative stress-
inhibiting bone formation through AMPK signaling pathway
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activation in human MSC, which may characterize osteoporosis
metabolism. These findings propose a promising new therapeutic
strategy for treating osteoporosis. When human MSCs treated with
melatonin (100 mM) for two weeks, the level of calcium deposition
was significantly increased in-vitro. These results indicate that
melatonin has an effect on osteoblast differentiation and can be
used as a bone formation promoter in stem cell-based therapies
[43]. In addition, due to its powerful biological function, melatonin
is associated with the development of several degenerative dis-
eases. Concerning OA, melatonin promotes cartilage matrix syn-
thesis, inhibits chondrocyte apoptosis, weakens the inflammatory
response, and suppresses matrix degradation by regulating the
TGF-b, MAPK, or NF-kB signaling pathway has been reported [44].

Furthermore, melatonin mediates osteoblastic differentiation of
MSCs dose-dependently and time-dependently through the regu-
lation of downstream signaling pathways, including PI3K/AKT,
BMP/Smad, MAPK, NFkB, Nrf2/HO-1, PERK-eIF2a-ATF4, Septin4 and
7, SIRT1/SOD2, and Wnt pathways. Thus, we will discuss the cross-
talk between melatonin and these pathways’ role in bone
regeneration.
4.1. PI3K/AKT and BMP/Smad signaling

PI3K/AKT signaling pathway involves various cellular processes
like apoptosis, proliferation, and differentiation. Also, multiple
studies have reported the function of PI3K/AKT signaling in bone
regeneration and osteoblastic differentiation. First, PI3K/AKT ap-
pears to increase the expression level of VEGF protein, an essential
component in bone regeneration and osteoblastic differentiation,
through HIF-1a expression [45] (Fig. 2-a). Secondly, PTEN as a tu-
mor suppressor can inhibit PI3K/AKT signaling pathway and its
function. As such, PTEN inhibition enhances fracture healing pro-
cesses in mature osteoblasts. In this regard, researchers have sug-
gested that PTEN inhibition participates in bone repair due to PI3K/
AKT pathway activation [46]. Finally, there is some evidence that
the activation of PI3K/Akt and BMP/Smad pathways increases the
expression level of osteogenic transcription factors, like Runx2,
leading to the induction of osteoblastic differentiation [47,48]
(Fig. 2-a). A study showed that 100 mM dexamethasone (Dex) re-
duces Runx2 expression and consequently decreases osteoblast
differentiation and mineralization in MC3T3-E1 cells. However,
1 mMmelatonin treatment is able to reverse these effects and gives
a rise to osteogenic differentiation and calcium deposition. Also, in
this study, researchers have tested 8 signaling pathway inhibitors
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to find which ones participated in the melatonin-induced osteo-
genic differentiation. Results have shown that PI3K/AKT and BMP/
Smad signaling cascades have a positive correlationwith melatonin
treatment and osteogenesis. Taken together, melatonin as an
osteogenic agent mediates its function in Dex-induced MC3T3-E1
cells by PI3K/AKT and BMP/Smad signaling pathways [48]. This
specific study just focused on cell lines and, regarding the differ-
ences in in-vivo situation, it is recommended to apply this method
in vivo on mice to compare with these results.

Platelet-derived growth factor (PDGF) is one of the important
growth factors required for cell proliferation and bone formation.
Previously, it has been revealed that PDGF can activate downstream
signaling pathways like the AKT signaling pathway in order to
mediate cell proliferation activation [49,50]. A recent study re-
ported that the administration of melatonin causes osteoblastic
differentiation of MC3T3-E1 cells through PDGF/AKT signaling
pathway. Moreover, the fracture healing process in melatonin-
treated mice has been observed in this study, and the experiment
results confirmed the involvement of the PDGF/AKT signaling
pathway in the fracture healing process of melatonin-treated mice
[51] (Fig. 2-a).

4.2. MAPK signaling pathway

Mitogen-activated protein kinase (MAPK) family consists of
three members including extracellular signal-regulated kinase
(ERK), p38, and c-Jun N-terminal kinase (JNK). These elements have
been proven to participate in cellular processes like proliferation
and differentiation. Relatively, MAPKs are introduced as key signal
transducers responsible for regulating bone mass [52,53].

Melatonin serves as a modulator for different signaling path-
ways including MAPK signaling in order to regulate osteoblastic
differentiation. On the other side, as we mentioned above, the dual
effect of melatonin on osteoblast proliferation depends on its
concentration and time of exposure. For example, 1 mM melatonin
is able to cause cell cycle arrest and inhibit osteoblast cell prolif-
eration. Therefore, a study revealed that melatonin concentration,
ERK pathway, and osteoblast proliferation are interrelated. In this
study, researchers revealed that 1 mM melatonin suppresses ERK
phosphorylation, and activation, conducting down-regulation of
gene expression of cyclin D1 and CDK4 (G1 phase arrest) as well as
cyclin B1 and CDK1 (G2/M phase arrest), which overall leads to
osteoblasts proliferation inhibition [54] (Fig. 2-b). Not only osteo-
blasts differentiation but also osteoclasts differentiation requires
activation of ERK signaling at the early stage of fracture healing
[55]. This study on adult zebra fish also confirmed that melatonin
exposure (100 nM) can inhibit ERK signaling, consequently
reducing osteoblasts and osteoclasts differentiation and finally
causing fracture healing impairment. As a result, we can conclude
that although melatonin reduction leads to bone loss and osteo-
porosis, excessivemelatonin appears to repress the fracture healing
process [55]. This specific study revealed that high doses of mela-
tonin can be toxic and exacerbate bone loss. Thus, it will be
necessary to confirm the therapeutic dosage based on in-vivo
studies. On the other hand, by inactivation of MAPK, melatonin
inhibits osteoclast differentiation, which suggests that melatonin
could be a suitable therapy for bone loss and imply a potential role
of melatonin in bone health. In a recent study melatonin (300 mM)
inhibits V-ATPase Vo Domain (Atp6v0d2) through the MAPK
signaling inhibition. ATP6v0d2 is known to be an essential
component of the osteoclast-specific proton pump, that mediates
extracellular acidification in bone resorption. Therefore, these re-
sults indicate that melatonin exerts suppressive effects on osteo-
clastogenesis [56]. However, in lower concentrations melatonin has
an activator role for MAPK/ERK signaling. In this regard, a recent in-
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vitro study revealed that melatonin (100 mM) significantly pro-
moted proliferation, osteogenic gene expression, and ALP, OCN, and
RUNX-2 proteins expression of dental pulp-derived MSCs by
phosphorylation and activation of MAPK/ERK signaling [57].

Another study was conducted to investigate the role of MEK/
ERK signaling on melatonin-induced osteoblast differentiation in
MSCs. Analysis of this investigation showed that not only does
knocking down of MEK/ERK (1/2) signal transduction have an
inhibitory effect on melatonin-induced osteoblast differentiation in
MSCs, but also acute melatonin exposure (50 nM) raises MEK/ERK
and subsequently increases osteoblastic differentiation. However
chronic exposure has converse results. Because it has been found
that melatonin receptors, especially MT2 receptors, are involved in
the mediation of melatonin function in osteogenesis. So, when
MSCs expose to chronic melatonin, melatonin receptors desensitize
and cause MEK/ERK signaling inhibition. In conclusion, researchers
declared that melatonin induces MEK/ERK signaling activation and
translocation, leading to enhancement of ALP expression and
activation, which takes part in osteoblast differentiation of MSCs
[58] (Fig. 2-b). A recent study showed the role of melatonin in
MEK1/2 and MEK5 in mouse and human MSCs and on bone using
small-molecule inhibitors and CRISPR/Cas9 knockout approaches.
This team demonstrated that MEK1/2 and MEK5 were the primary
drivers underlying melatonin's actions on bone density and bone
mechanical properties by increasing osteogenic factors (RUNX2,
BMP-2, FRA-1, OPG) expression and decreases in PPARg [59].

We believe that duration, time, and dosage are the determining
factors in the effectiveness of melatonin therapy. However, there is
a lack of evidence on the protocols of melatonin therapy. This gap
should be filled by future examinations.

There is an argument that melatonin has the capacity to reverse
the effects of iron overload.

The contribution of iron imbalance is investigated in various
diseases including osteoporosis [60,61]. An in-vivo study [60]
declared that iron overload can cause an increase in bone resorp-
tion, oxidative stress, and inhibition of BMSCs differentiation to
osteoblasts, which overall conduct to bone loss and osteoporosis.
Therefore, researchers suggested that melatonin as a well-known
endogenous anti-oxidant is able to reverse iron overload effects.
Mechanistically, ROS accumulation as a result of iron overload in-
creases p53, ERK, and p38 signals, which are responsible to activate
downstream genes involving cellular senescence, apoptosis, and
differentiation suppression. In this regard, melatonin reverses iron
imbalance effects via blocking phosphorylation and activation of
the p53/ERK/p38 signaling pathway and consequently enhances
BMSCs differentiation as well as inhibition of bone loss [62,63].

Previous studies confirmed that ERK1/2 plays a significant role
in both osteoblast differentiation and mineralization [64]. In this
regard, encouraging evidence shows that melatonin can provoke
osteoblastogenesis from MSCs and their precursors while
decreasing osteoclastogenesis through activation and modulation
of the ERK1/2 pathway [18,65].

Moreover, transduction of frictional force from blood flow (FSS)
by endothelial cells leads to orchestrating signals and regulation of
gene expression and consequently controlling cell behavior. It was
shown that both fluid shear stress (FSS) and melatonin can stim-
ulate ERK phosphorylation, which conducts to the higher expres-
sion level of anabolic proteins in MC3T3-E1 osteoblast cells. On this
basis, this study proved that the combination of FSS and melatonin
has a stronger effect on osteoblasts compared with melatonin
single therapy [66].

Furthermore, it is fully understood that three kinases including
p-mTOR, p-ERK, and p-Akt involve in the regulation of autophagy
during ER stress and accumulation of unfolded proteins.

Growing evidence shows that FSS and melatonin together



Fig. 2. The beneficial effects of melatonin therapy in osteoblastic differentiation through various signaling pathways including: a) PI3K, SMAD, PDGF b) MEK/ERK, SPRY4, PKA, PKD
c) NF-KB d) Nrf2 e) PERK f) SEPTIN g) SIRT h) B-catenin.
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appear to activate p-ERK, p-Akt, and p-mTOR proteins in MC3T3-E1
osteoblast cells in order to preserve both cell structure and function
[67]. There is some evidence that microgravity (a condition of
weightlessness and zero-g) negatively induces bone metabolism
and causes bone loss and osteoporosis through the reduction of p-
mTOR, p-ERK, and p-Akt proteins. Yeong-Min Yoo et al., demon-
strated that melatonin has the capacity to reverse microgravity
effects on pre-osteoblast MC3T3-E1 cells by increasing activation
and phosphorylation of ERK/Akt/mTOR proteins [68]. Taken
collectively, melatonin can regulate osteoblastogenesis, osteoclas-
togenesis, anti-oxidant balance, and microgravity, which are
involved in the modulation of osteoporosis through ERK-specific
pathways.

In contrast, hypoxia occurs during aging, inflammation, and
bone fracture and causes expression inhibition of bone-forming
genes. There is a study that admitted that melatonin is capable to
increase bone-forming gene expression, phosphorylate and acti-
vate p38, MAPK, and Prkd1 signaling under the hypoxic condition,
which these changes show beneficial effects of melatonin on
osteoblastic differentiation, mineralization, and bone-forming ca-
pacity [69] (Fig. 2-b).

It has been reported that a higher concentration of melatonin
has inhibitory effects on osteoblasts proliferation, which helps
normal proliferation in scoliosis [70]. A group of researchers put
forward the theory that a high level of melatonin can stimulate
osteoblast apoptosis through up-regulation of Stromal-interacting
molecule 1 (STIM1) and down-regulation of the ERK pathway
[71]. STIM1 as an ER Ca2þ sensor activates when ER Ca2þ con-
centration reduces. Collectively, these events lead to the activation
of enzymes, like phospholipases, which create damage to mito-
chondria and enhance cell apoptosis [72]. In this regard, the
experimental analysis demonstrated that melatonin concentration
and STIM1 expression have positively correlated. In fact, a higher
melatonin level provokes upregulation and activation of STIM1,
which has three results. First, STIM1 increases the cytosolic con-
centration of Ca2þ, which reduces mitochondrial membrane po-
tential and causes cell death. Secondly, STIM1 activates pro-
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apoptotic factors like BAX protein. Finally, there is a suggestion
that melatonin inhibits the ERK pathway through up-regulation of
STIM1 because the knockdown of STIM1 conducts ERK phosphor-
ylation and activation, which results in increased proliferation and
differentiation. In conclusion, a higher concentration of melatonin
induces apoptosis in osteoblast cells through the STIM1/cytosolic
calcium elevation/ERK pathway [71] (Fig. 2-b). Therefore, although
a higher concentration of melatonin puts negative effects on oste-
oporosis, it might be helpful for scoliosis treatment.

Furthermore, Src as an upstream protein of the MAPK pathway
is responsible to regulate some downstream proteins like Ras, c-
Raf, or ERK. Moreover, Src can increase the expression and activa-
tion of CDK 4/6 complex in order to increase cell proliferation.
Additionally, cAMP response element-binding protein (CREB) as a
transcription factor regulates cell proliferation through the regu-
lation of cyclin D1 activity [73,74]. Relatively, Src is the upstream
factor of p-ERK/p-CREB. However, a higher expression level of
melatonin (2 mM) suppresses Src function and reduces cell pro-
liferation. Therefore, evidence confirmed that melatonin inhibits
CREB activity and cell proliferation via downregulation of the Src
protein. Additionally, cAMP accumulation leads to PKA activation
and subsequently CREB function and cell proliferation. This study
concluded that a high level of melatonin is associated with both
cAMP-PKA and Src pathways regulation, conducting to inhibition of
osteoblasts cell proliferation [75] (Fig. 2-b).

There is an argument that there is a correlation between SPRY4,
MAPK/ERK signaling, melatonin, and osteogenesis in idiopathic
scoliosis. SPRY4 as one of the Sprouty family proteins is a receptor
tyrosine kinase (RTK)- associated signaling protein that is involved
in osteogenic differentiation throughMAPK/ERK signaling pathway
[76]. SPRY4 expression in idiopathic scoliosis is significantly low. It
has been demonstrated that not only does SPRY4 downregulation
in idiopathic scoliosis MSCs conduct osteogenic differentiation
impairment, but also SPRY4 upregulation stimulates osteogenesis
fromMSCs. In vivo evidence has also confirmed the contribution of
SPRY4 in MSCs differentiation to osteoblasts. Mechanistically,
SPRY4 plays its osteogenic role through regulation of the MEK-
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ERK1/2 pathway; because SPRY4 knockdown appears to decrease
MEK-ERK1/2 pathway phosphorylation and function while SPRY4
induction enhances MEK-ERK1/2 activation and eventually osteo-
genesis potential. Moreover, in this study researchers investigated
and concluded that SPRY4 and melatonin are positively correlated
and conducted to MEK-ERK1/2 pathway induction and osteo-
genesis from idiopathic scoliosis MSCs [26](Fig. 2-b). In this regard,
it can be concluded that one of the melatoninmechanisms of action
in osteogenesis induction might be through the activation of the
SPRY4-MEK-ERK1/2 pathway.
4.3. NFkB signaling

NFkB signaling same as other signaling pathways and involves
in different cellular processes, especially inflammatory responses.
In addition, it has been revealed that this signaling contributes to
osteoporosis development [77]. In a normal situation, NF-kB dimers
are blocked by IkB. However, after a stimulus, IKKb (IkB kinase)
phosphorylates IkB at Ser32/36, leading to proteasomal degrada-
tion of IkB and removing the inhibitory effect of IkB on NF-kB
heterodimer (p65/50). Now, NF-kB heterodimer (p65/50) can
translocate to the nucleus and play its effects on gene expression
patternsmostly involved in inflammation [78]. Moreover, RANKL as
an osteoclastogenic cytokine appears to activate the NF-kB
signaling cascade, which leads to enhanced osteoclastogenesis. In
another word, the NF-kB pathway has an essential role in the
RANKL-RANK axis. As wementionedmelatonin plays its osteogenic
function through its anti-inflammatory capacity and the NF-kB
pathway is the most important inflammatory pathway involved in
osteogenesis regulation. Thus, this information generates the hy-
pothesis that melatonin may play its anti-inflammatory role
through the regulation of the NF-kB pathway. In addition, mela-
tonin at lower concentration (1e50 mM) has a positive effect on
bone balance. For example, 10 nM of melatonin can increase the
expression and protein level of osteogenic markers and also
decrease inflammatory cytokine, TNF-a. Taken collectively, the
cross-talk between melatonin and NF-kB signaling has been
investigated in osteoporosis recently. Melatonin suppresses the
MT2-dependent NF-kB signaling pathway and RANKL production
to inhibit osteoclastogenesis and accelerate osteogenic differenti-
ation from MSCs [79]. It has been demonstrated that melatonin
inhibits inflammatory cytokines secretion and NF-kB signaling
orchestrating through blocking IkB and p65 phosphorylation to
reduce bone resorption and prevent bone formation impairment
[80] (Fig. 2-c). Another similar study revealed that melatonin
downregulates NF-kB signaling by blocking IKKa/b, IkBa, and p65
phosphorylation to inhibit the production of inflammatory cyto-
kines TNF-a and IL-1b and alleviate OA disease [81]. It has also been
illustrated that melatonin can suppress the inflammatory osteolysis
of titanium particles [82], but the underlying mechanisms were
obscure [83]. Moreover, the NF-kB signaling pathway is responsible
to activate during inflammation and enhance osteolysis. Therefore,
a study was carried out and found the relationship between
melatonin, NF-kB signaling, and osteolysis prevention. Evidence
showed that melatonin suppresses IkB-a and p65 by blocking their
phosphorylation, which leads to NF-kB signaling pathway inhibi-
tion, decreasing the expression level of transcription factors c-Fos
and NFATc1 and consequently results in reducing inflammation and
bone resorption as well as increasing bone formation [82]. Overall,
the NF-kB signaling pathway is one of the critical signalings in
osteogenesis regulation, which can be inhibited by melatonin and
gives us a clue to consider strategies for bone disease treatment and
regeneration.
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4.4. Nrf2/HO-1 signaling pathway

Nuclear factor-erythroid 2-related factor 2 (Nrf2) has been
revealed to have antioxidant properties, a protective effect on os-
teoblasts, and eventually reduce bone loss. Indeed, Nrf2 has a direct
role in maintaining cellular redox homeostasis and the balance of
oxidative mediators by regulation of antioxidant responsive
element gene expression. In addition, the analysis showed that
inhibition of Nrf2 increases osteoclasts differentiation via up-
regulation of RANKL, leading to bone loss. Moreover, Nrf2is
involved in the regulation of antioxidant enzymes production as a
defense mechanism against oxidative stress-mediated osteoporosis
[84,85].

As we mentioned before iron overload and ROS increase bone
loss. Therefore, ferroptosis has harmful effects on bone micro-
structure. Previous data showed that Nrf2 protects cells against
ferroptosis. Taken together, an in-vivo and in-vitro investigation
revealed that melatonin appears to decline ferroptosis and promote
the osteogenic capacity of the MC3T3-E1 cell line due to activation
of the Nrf2/HO-1 pathway (Fig. 2-d). Moreover, although a higher
concentration of glucose in diabetes mellitus halted osteogenic
differentiation through intracellular ROS accumulation, melatonin
can reverse this effect and increase osteogenic markers via Nrf2/
HO-1 signaling pathway [86,87]. Another study's results show
that melatonin supports the anabolic metabolism of cartilage ma-
trix in OA chondrocytes by increasing protein levels of NRF2
through miR-146a inhibition. Melatonin-mediated activation of the
NRF2/HO-1 axis prevents cartilage degeneration and is a promising
therapeutic target for the treatment of early OA [88]. Therefore, we
need more investigation in this field to use the potential ability of
Nrf2/HO-1 signaling and melatonin in bone regeneration and bone
healing processes.

4.5. PERK-eIF2a-ATF4 pathway

Protein kinase-like endoplasmic reticulum kinase (PERK) as a
transmembrane protein is located in ER. It transduces a signal from
ER to cytosol or nucleus to prevent the accumulation of unfolding
proteins in ER. Activating transcription factor 4 (ATF4) as a member
of cAMP response element-binding (CREB) has an essential role in
bone formation, development, and preservation. It is fully under-
stood that misfold protein accumulation is an important charac-
teristic of ER stress. After that, PERK can phosphorylate and activate
eukaryotic initiation factor 2a (eIF2a), which follows two separate
ways: G1 phase cycle arrest or increasing translation of ATF4.
Indeed, PERK is responsible for phosphorylation of eIF2a, con-
ducting ATF4 translation, and consequently the expression of genes
including genes involved in osteogenesis. Thus, the PERK-eIF2a-
ATF4 signaling pathway plays a significant role in osteoblast dif-
ferentiation and bone formation [89]. However, during long-term
ER stress, ATF4 upregulates gene expression of CCAAT enhancer-
binding protein homologous protein (CHOP) to promote
apoptosis. High glucose concentration in type 2 diabetes patients
causes endoplasmic reticulum (ER) stress.

(ERS) and consequently gives rise to PERK-eIF2a-ATF4-CHOP
signaling pathway and finally cell death in osteoblastic cell line
MC3T3-E1. This evidence confirmed that the incidence of osteo-
blasts apoptosis leading to bone loss and osteoporosis is high in
type 2 diabetes patients. As a result, melatonin has protective ef-
fects against osteoblast apoptosis and osteoporosis by suppression
of PERK-eIF2a-ATF4-CHOP signaling [90].

However, a high concentration of melatonin (4 mM) is associ-
ated with ERS, which leads to eIF2a phosphorylation, ATF4
expression, CHOP activation, cleaved caspase-3, and p-JNK upre-
gulation (Fig. 2-e). PERK-eIF2a-ATF4-CHOP signaling pathway,
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cleaved caspase-3, and p-JNK upregulation conduct hFOB 1.19 cells
to apoptosis and cell death. Meanwhile, this study declared that
melatonin concentration and periostin (POSTN) are interrelated
[91]. POSTN as an extracellular matrix protein expresses and finds
in osteoblasts and the mesenchymal lineage cells and also plays
role in raising epithelial-mesenchymal transition (EMT) and cell
differentiation [92]. It has been reported that inhibition of POSTN
enhances the effects of melatonin in hFOB 1.19 cell apoptosis.
Moreover, the report shows that although POSTN suppresses the
eIF2a-ATF4 pathway, its concentration is positively correlated with
melatonin concentration. Researchers have suggested that this is
because POSTN has protective properties against melatonin in or-
der to maintain hFOB 1.19 cells [91]. In conclusion, this pathway
plays a significant role in bone mass and regulation accompanied
by melatonin.

4.6. Septin4 and 7

Septins family is introduced as GTP binding protein family. One
of the subtypes is Septin4, which plays a significant role in
apoptosis and proliferation regulation through its tumor suppres-
sive function [93]. A recent study revealed that Septin4 has a direct
effect on ERS induction and osteoblasts apoptosis. This study is one
of the few studies, which investigated that melatonin appears to
increase Septin4 expression dose-dependently to accumulate
excessive or prolonged ERS and eventually decrease osteoblasts’
cell viability. Idiopathic scoliosis (IS) is prevalent among juveniles
whose bones are in fastest-growing state. So, the best prevention
and strategy to cure this disease is suppression of osteoblasts
proliferation. On this basis, a higher concentration of melatonin
stimulates Septin4 expression, leading to ERS accumulation and
osteoblasts cell death (Fig. 2-f). This approach has also been sug-
gested for Idiopathic scoliosis (IS) treatment [94].

Septin7 is another member of the Septins family and it is
considered an essential factor to regulate cell cycle progression and
dead. There is contradictory evidence about SEPT7 function in
apoptosis or cell survival after melatonin treatment. In this regard,
it has been reported that high melatonin concentration provokes
apoptosis in the human fetal osteoblastic (hFOB) 1.19 cell line
through induction of ERS. Relatively, Septin7 expression level and
melatonin concentration are positively correlated. On this basis, the
experimental analysis showed that Septin7 protects osteoblasts cell
line from melatonin-induced apoptosis through suppression of
apoptotic proteins, including CHOP and caspase-3 as well as inhi-
bition of ERS accumulation [95] (Fig. 2-f). On the other side, a study
revealed that SEPT7 is a direct target of miR-590-3p. Also, mela-
tonin increases SEPT7 by decreasing miR-590-3p expression. Evi-
dence shows that melatonin treatment causes MiR-590-3p
downregulation and SEPT7 upregulation, which results in
increased apoptosis in (human osteoblast cell line) hFOB 1.19 cell
line rather than decreased apoptosis based on the previously
mentioned study [96]. There is another study declared that mela-
tonin has the capacity to increase intracellular calcium overload,
leading to ERS and consequently osteoblast cell dead. Also, this
study suggested that melatonin mediates this effect through Sep-
tin7 induction. However, upregulation or downregulation of this
protein did not have a significant effect on the results. So, there is a
theory thatmaybe other un-investigated factors are involved in this
process [97]. Further studies are needed to find out the target factor
of melatonin to induce ERS.

4.7. SIRT1 and SIRT3/SOD2 signaling pathway

Human silent information regulator type 1 (SIRT1) has positive
effects on cell growth, cell survival, gene silencing, stress resistance,
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and differentiation in some specific ways [98]. First, SIRT1 enables
the regulation of the transcription factors like p53 and FOXO3
through its deacetylase activity to regulate the cellular process.
Secondly, SIRT1 reverses the cell senescence process and increases
cell proliferation by inhibition of p16INK4a because p53/p21 and
MAPK/p16INK4a pathways are confirmed that they are underlying
causes of cell senescence. In fact, p16INK4a accumulation and SIRT1
suppression happen during H2O2 exposure and causes significant
inhibition of CDK4 and CDK6 cell cycle kinases and induction of the
p38 MAPK signaling pathway, leading to cell senescence. In this
regard experimental data shows that during H2O2 exposure
melatonin appears to increase SIRT1 concentration and conse-
quently reduce p16INK4a protein, resulting in protecting MSCs
from cell senescence [99]. H2O2 can spread freely through the cell
membrane and is a typical representative of ROS in organisms
[100]. Another study showed that melatonin activates SIRT1, and
SIRT3 and inhibits p66Shc (a protein that promotes aging by
inducing apoptosis and necrosis), which cause to reduces the
intracellular ROS levels, stabilizes mitochondria, reduces malon-
dialdehyde levels, increases superoxide dismutase activity, and
reduce apoptosis in immature osteoblast cell line treated with
H2O2 [101]. It has been widely proved that melatonin plays an
antioxidant role in MSC cells and enhances the osteogenic potential
of postmenopausal osteoporosis cases. A recent study declared that
inhibition of SIRT1 by sirtinol and nicotinamide conducts to the
accumulation of ROS and reduces MSCs proliferation. More
importantly, SIRT1 suppression reduces melatonin effects on ma-
trix mineralization and osteogenesis of ovariectomized (OVX) rats
significantly. Taken together, melatonin in association with SIRT1
upregulation enhances osteogenic potential and reduces bone loss
in postmenopausal osteoporosis patients [102] (Fig. 2-g). Therefore,
it is estimated that SIRT1 activation is directly related to melatonin.
Moreover, SIRT1 is in charge of FOXO3 deacetylation, leading to
expression induction of antioxidant enzyme Superoxide dismutase
2 (SOD2), which overall has protective effects on osteoblast cells
from apoptosis and inflammation. On this basis, a recent investi-
gation reported that melatonin upregulates and activates the
SIRT1/SOD2 signaling pathway in MSCs to preserve these cells and
increase MSCs’ osteogenic potential [103].

Another study revealed that melatonin plays its anti-
inflammatory function in chondrocyte cells of OA animal models
through suppression of H2O2-induced SIRT1 mRNA and protein
expression [104]. In this regard, melatonin plays its anti-oxidant
role and osteogenic capability through the upregulation of SIRT1.

The normal function and homeostasis of cell organelles such as
mitochondria are critical for cell proliferation. In this regard, ROS
accumulation appears to impair the function of mitochondria and
inhibit osteogenesis [105]. Relatively, it has been proven that
melatonin with its anti-oxidant propriety can protect cells and
enhance osteogenesis. However, one of the underlyingmechanisms
revealed in 2019 when Wei Zhou et al. [106] demonstrated that
melatonin has a protective role against oxidative stresses and im-
proves bone synthesis and bone mass through SIRT3/SOD2
signaling pathway; Because mitochondrial sirtuin 3 (SIRT3), which
is located in mitochondria, deacetylases Ac-SOD2 and creates the
active form of SOD2 to reduce ROS accumulation [105]. However,
during ROS accumulation SIRT3 expression decreases, and Ac-
SOD2/SOD2 ratio increases. Evidence shows that melatonin can
reverse this situation and enhances bone formation and osteo-
genesis of MC3T3-E1 cells [106] (Fig. 2-g).

4.8. wnt signaling pathway

Major signaling pathways required for the regulation of bone
formation are Wnt/b-catenin and NF-kB. Wnt signaling pathway is
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reported to involve in the regulation of bone mass, like induction of
osteoblast differentiation from MSCs, bone formation, and inhibi-
tion of osteoblasts apoptosis. Wnt activates its downstream tran-
scription factor, b-catenin, which is associated with increased
expression of osteoprotegerin (OPG), leading to indirect inhibition
of osteoclasts activity and consequently inhibition of bone loss.
Also, theWnt/b-catenin pathway is positively correlated with BMP-
2 and its bone formation quality. Finally, the Wnt/b-catenin
pathway is associated with the induction of MSCs to become
mature osteoblasts through increasing osteogenic markers,
including Runx2, Dlx5, and osterix, and reducing adipogenic
markers like PPARg. In this regard, this pathway is one of the well-
investigated pathways in bone regeneration and formation [107].
Although the Wnt/b-catenin pathway is among the most essential
signaling pathways involved in osteogenesis, a few studies are
focused on the impact of melatonin on this specific signaling
pathway.Wnt/b-catenin signaling pathway appears to produce ROS
in the aging MSCs. Melatonin is confirmed to regulate the Wnt/b-
catenin pathway to play its osteogenic role (Fig. 2-h). Melatonin
with its anti-oxidant property has a protective role against ROS
generation. Moreover, melatonin activates MT2 receptors, which
are located on MSC cells, and stimulates the activation of Wnt
signaling in order to enhance osteoblastogenesis [108e110]. In
conclusion, BMP/ERK/Wnt pathways are considered a key mecha-
nism in the osteogenic capacity of melatonin treatment in MC3T3-
E1 cells [111].

Ti-particle causes bone resorption and osteolysis [82]. A group
of researchers investigated the effect of melatonin on particle-
stimulated osteolysis both in-vivo and in-vitro. They found that
melatonin can reverse the titanium particle effects through acti-
vation of the Wnt/b-catenin pathway. Indeed, Ti-particle is associ-
ated with Wnt/b-catenin degradation while melatonin prevents
this degradation to regulate RANKL/OPG ratio, and inhibit osteo-
clastogenesis and bone resorption [112].

4.9. Neuropeptide Y/Neuropeptide Y receptor Y1 signaling

Neuropeptide Y (NPY) system has an influential role in con-
trolling behavior, immunity, cardiovascular system, and also bone
formation, and fracture healing [113]. NPY as a 36-amino acid
peptide is a neurotransmitter that it expresses not only in the brain
but also in osteoblasts, osteocytes, and chondrocytes. Moreover, the
Y1 receptor (NPY1R) appears to express on both osteoblasts and
bone marrow stromal cells. Also, it has been revealed that NPY
enhances the fracture healing process by increasing the expression
level of ALP, OC, PICP, and ICTP [114]. The correlation between
melatonin and NPY has not identified until 2018 by Penghong Dong
et al. In this study, they have been reported that melatonin can
stimulate osteoblastic differentiation andmigration ofMSCs via up-
regulation of NPY and NPY1R in the fracture site. Moreover, inhi-
bition of NPY1R with BIBP3226 leads to suppression of melatonin
effects on bone formation and fracture healing process. Taken
together, same as other signaling pathways, NPY/

NPY1R signaling involves the function of melatonin in bone
formation and osteogenesis [115].

5. Melatonin and other components synergistic stimulating
effect on osteoblastic differentiation

There is general agreement that melatonin has considerable
effects on bonemetabolism,MSCs differentiation, and commitment
[38]. However, some studies investigated and evaluated the syn-
ergism effect of melatonin and other components on bone micro-
structure. Furthermore, Bone Morphogenetic Proteins (BMPs) are
introduced as a transforming growth factor (TGF) superfamily and
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divide into 15 subtypes including BMP4 and BMP9 [116]. As it is
inferred from their names, these proteins are involved in bone
formation and osteogenic differentiation from MSCs. BMP9 can
activate transcription factors, like smad1and smad5, in order to
enhance the expression level of essential genes for MSCs differen-
tiation and osteogenesis. In this regard, a recent study revealed that
the combination of BMP9 and melatonin stimulates ALP activity
andmatrix mineralization greater than BMP9 or melatonin alone in
C3H10T1/2 cells [117].

As we mentioned above both melatonin and BMP-4 have
anabolic effects on bone and prevent bone degenerative disease.
Relatively, a recent study reported that the combination of mela-
tonin and BMP-4 increases bone formation capacity and osteogenic
markers like ALP through up-regulation of the p38/ERK signaling
pathway [118].

Also, previous studies declared that Rapamycin (RAP) has pos-
itive effects on BMD, bone microstructure, and osteoporosis treat-
ment [119]. Another study also revealed that RAP improves the
prevention effects of melatonin on osteoporosis in rat models. As a
result, melatonin and RAP synergistically activate OPG expression
and reduce RANKL expression to reduce bone loss and enhance
bone mass more effectively than melatonin only [120]. Fibroblast
growth factor 2 (FGF-2) has an important role in angiogenesis, bone
formation, and development [121]. Moreover, it has been reported
that melatonin plays an independent function in improving bone
formation and osteogenesis from progenitor cells [122]. Collec-
tively, a study suggested that the combination of melatonin and
FGF-2 appears to enhance OCN and OPN expression, leading to
osteoblastic differentiation, proliferation, and mineralization in
MC3T3-E1 cells within IP-CHA constructs [123]. Melatonin might
be a potential factor in the induction of osteogenesis. In-vivo and
clinical pieces of evidence are required to put this theory into
practice.

Previously, it has been demonstrated that calcium or vitamin D
supplementation has no significant effect on osteoporosis preven-
tion [124,125]. In addition, the effect of strontium has been evalu-
ated and revealed that strontium can enhance vertebral and
femoral bone density in postmenopausal osteoporosis cases [126].
Also, evidence shows that the reduction of bone loss and fracture
incidence occurs due to vitamin K2 application in postmenopausal
osteoporosis cases [127]. The combination of these factors has been
investigated and resulted in increasing BMD [128]. In this regard,
studies investigated the combination of four components named
MSDK, including melatonin, strontium (citrate), vitamin D3, and
vitamin K2 on bone formation and bone loss processes in post-
menopausal women cases. These studies show some precious re-
sults; first, MSDK improves BMD because a 6.48% reduction in the
percentage of osteoporotic fracture risk was observed in treated
cases, compared to a 10.82% rise in the control group. Secondly,
MSDK not only appears to increase bone-forming markers but also
reduces turnover markers. Furthermore, MSDK enhances osteo-
blastogenesis from MSCs while it decreases osteoclastogenesis.
Mechanistically, MSDK gives rise to osteoblastogenesis by raising
the OPG: RANKL ratio. In addition, MSDK therapy has a much
greater effect on osteogenesis compared with melatonin alone,
which is related to the induction of pERK1/2, pERK5, and RUNX2 in
osteoblasts after MSDK treatment [129]. Moreover, MSCs can shift
to adipogenesis or osteogenesis. PPARg (Peroxisome proliferator-
activated receptor g), as one of the important factors, which
determine MSC cells’ destination, improves adipogenesis instead of
osteogenesis [130]. In this regard, MSDK downregulates PPARg
expression and its effect, which leads to enhanced osteoblasto-
genesis fromMSCs [129]. Also, it has been revealed thatMSDK plays
its anti-inflammatory role through the reduction of CRP (C-reactive
protein) level, which is associated with bone health [131].
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Fortunately, MSDK treatment has not shown any harmful effects on
the body, such as high blood pressure [129]. Finally, weight fluc-
tuation has negative impacts on bone mass because it is conducted
to increase the rate of bone turnover [132]. MSDK is likely to
enhance weight stabilization and consequently bone mass [129].
Besides, we believe that the side effects of MSDK should be also
evaluated and reported to have a better understanding of this
combined therapy on overall health.

Another new strategy for using melatonin in regeneration
medicine is to combine it with MSC-derived exosomes. MSC-
derived exosomes are content with miRNAs involved in the
regeneration and self-renewal properties of MSCs and these ad-
vantages can transfer to cells treated with these exosomes [133].
This combination also showed more beneficial effects such as
suppression of oxidative stress and apoptosis in vitro, and in vivo
inflammation, oxidative stress, DNA/mitochondrial damage, and
apoptosis [134]. In this regard, MSC-derived exosomes have
attracted a lot of attention in regeneration medicine and its com-
bination with melatonin has also been studied in wound healing
[135,136], renal cells regeneration in renal ischemia-reperfusion
injury [137], the regenerative potential of chronic kidney disease-
derived mesenchymal stem/stromal cells [138], myocardial repair
in myocardial infarction [139], which showed promising results. In
this regard, melatonin combination with MSC-derived exosomes
showed a promising role in improving OA by inducing chondro-
genesis. Melatonin-induced cell sleep can significantly increase
circular non-coding RNA (ncRNA) circRNA3503. This ncRNA in
combination with MSC-derived exosomes can promote chon-
drocyte renewal and alleviate the progressive loss of chondrocytes
[140]. Nevertheless, more study is needed to demonstrate how this
approach can be helpful in the osteogenic differentiation of MSCs.
6. Conclusion

Melatonin is a hormone with vast biological functions such as
the potential for regeneration of damaged tissues. In the case of
bone regeneration, melatonin can shift MSCs from an adipocytic to
osteoblastic differentiation, which is an important step in bone
regeneration. Melatonin is also a potential signaling molecule that
controls and affects many of the signaling pathways involved in
MSCs osteoblastic differentiation. It plays a certain role in bone
formation and osteogenesis through the regulation of downstream
signaling pathways such as PI3K/AKT, BMP/Smad, MAPK, NFkB,
Nrf2/HO-1, NPY, Wnt, SIRT/SOD, septins, PERK/ATF4. Melatonin as
an osteogenic agent induces osteoblastic differentiation through
activation of PI3K/Akt, BMP/Smad, and Wnt/b-catenin pathways,
which consequently increases the expression level of osteogenic
transcription factors, like Runx2, Dlx5, and osterix and reducing
adipogenic markers like PPARg. However, in different doses and
times of exposure, it may have dual effects. For instance, a high
concentration of melatonin suppresses ERK phosphorylation and
activation, conducting downregulation of gene expression of cyclin
D1, CDK4, cyclin B1, and CDK1, which overall leads to osteoblasts
proliferation inhibition. Based on clinical evidence melatonin
treatment can alleviate bone degenerative diseases like osteopo-
rosis and increase BMD. Several published reports are indicating
that combination therapy of melatonin with other components
such as BMPs, RAP, FGF-2, strontium (citrate), vitamin D3, and
vitamin K2 have beneficial effects on bone and prevent bone
degenerative diseases. Herein, it can be postulated that melatonin
is a potential candidate for bone regeneration. However, additional
studies and clinical trials are needed to determine unknown
mechanisms and investigate the optimum dose of melatonin that is
safer and more efficient to use as a drug routinely.
67
Funding statement

There is not any Funding source.

Ethical approval

This article does not contain any studies with human partici-
pants or animals performed by any authors.

Declaration of competing interest

Authors declared no conflict of interests.

Acknowledgments

The authors would like to thank Shohada Clinical Research
Development Unit, Shohada Hospital, Tabriz University of Medical
Science, Tabriz, Iran.

References

[1] G.C. Gurtner, S. Werner, Y. Barrandon, M.T. Longaker, Wound repair and
regeneration, Nature 453 (2008) 314e321.

[2] M. Dominici, K. Le Blanc, I. Mueller, I. Slaper-Cortenbach, F. Marini, D. Krause,
R. Deans, A. Keating, D. Prockop, E. Horwitz, Minimal criteria for defining
multipotent mesenchymal stromal cells, Int. Soc. Cell. Ther. Position State-
ment, Cytother. 8 (2006) 315e317.

[3] A. Uccelli, L. Moretta, V. Pistoia, Mesenchymal stem cells in health and dis-
ease, Nat. Rev. Immunol. 8 (2008) 726e736.

[4] R. Florencio-Silva, G.R. Sasso, E. Sasso-Cerri, M.J. Sim~oes, P.S. Cerri, Biology of
bone tissue: structure, function, and factors that influence bone cells, BioMed
Res. Int. 2015 (2015), 421746.

[5] M. Capulli, R. Paone, N. Rucci, Osteoblast and osteocyte: games without
frontiers, Arch. Biochem. Biophys. 561 (2014) 3e12.

[6] R. Hardeland, Melatonin: signaling mechanisms of a pleiotropic agent, Bio-
factors 35 (2009) 183e192.

[7] M. Pohanka, New Uses of Melatonin as a Drug; A Review, Current Medicinal
Chemistry, 2022.

[8] Y. Choi, J. Wang, Y. Zhu, W.-F. Lai, Student's perception and expectation to-
wards pharmacy education: a qualitative study of pharmacy students in a
developing country, Indian J. Pharmaceut. Education Res. 55 (2021) 63e69.

[9] W. Da, L. Tao, K. Wen, Z. Tao, S. Wang, Y. Zhu, Protective role of melatonin
against postmenopausal bone loss via enhancement of citrate secretion from
osteoblasts, Front. Pharmacol. 11 (2020) 667.

[10] K. Sharan, K. Lewis, T. Furukawa, V.K. Yadav, Regulation of bone mass
through pineal-derived melatonin-MT2 receptor pathway, J. Pineal Res. 63
(2017).

[11] J. Igarashi-Migitaka, A. Seki, M. Ikegame, M. Honda, T. Sekiguchi, H. Mishima,
N. Shimizu, H. Matsubara, A.K. Srivastav, J. Hirayama, Y. Maruyama,
A. Kamijo-Ikemori, K. Hirata, A. Hattori, N. Suzuki, Oral administration of
melatonin contained in drinking water increased bone strength in naturally
aged mice, Acta Histochem. 122 (2020), 151596.

[12] J.E. Compston, M.R. McClung, W.D. Leslie, Osteoporosis, Lancet (London,
England) 393 (2019) 364e376.

[13] C.J. Wang, L.K. McCauley, Osteoporosis and Periodontitis, Current osteopo-
rosis reports 14, 2016, pp. 284e291.

[14] L.G. Raisz, Pathogenesis of osteoporosis: concepts, conflicts, and prospects,
J. Clin. Investigat. 115 (2005) 3318e3325.

[15] F.A. Saad, Novel insights into the complex architecture of osteoporosis mo-
lecular genetics, Ann. N. Y. Acad. Sci. 1462 (2020) 37e52.

[16] L. Xu, L. Zhang, Z. Wang, C. Li, S. Li, L. Li, Q. Fan, L. Zheng, Melatonin sup-
presses estrogen deficiency-induced osteoporosis and promotes osteo-
blastogenesis by inactivating the NLRP3 inflammasome, Calcif. Tissue Int.
103 (2018) 400e410.

[17] A.K. Amstrup, T. Sikjaer, S.B. Pedersen, L. Heickendorff, L. Mosekilde,
L. Rejnmark, Reduced fat mass and increased lean mass in response to 1 year
of melatonin treatment in postmenopausal women: a randomized placebo-
controlled trial, Clin. Endocrinol. 84 (2016) 342e347.

[18] A.K. Amstrup, T. Sikjaer, L. Heickendorff, L. Mosekilde, L. Rejnmark, Mela-
tonin improves bone mineral density at the femoral neck in postmenopausal
women with osteopenia: a randomized controlled trial, J. Pineal Res. 59
(2015) 221e229.

[19] S. Glyn-Jones, A.J. Palmer, R. Agricola, A.J. Price, T.L. Vincent, H. Weinans,
A.J. Carr, Osteoarthritis, Lancet (London, England) 386 (2015) 376e387.

[20] Y.Y. Chow, K.Y. Chin, The role of inflammation in the pathogenesis of oste-
oarthritis, Mediat. Inflamm. 2020 (2020), 8293921.

[21] J.S. Smolen, D. Aletaha, I.B. McInnes, Rheumatoid arthritis, Lancet (London,
England) 388 (2016) 2023e2038.

http://refhub.elsevier.com/S0300-9084(22)00212-7/sref1
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref1
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref1
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref2
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref2
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref2
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref2
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref2
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref3
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref3
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref3
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref4
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref4
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref4
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref4
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref5
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref5
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref5
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref6
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref6
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref6
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref7
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref7
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref8
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref8
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref8
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref8
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref9
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref9
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref9
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref10
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref10
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref10
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref11
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref11
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref11
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref11
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref11
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref12
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref12
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref12
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref13
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref13
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref13
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref14
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref14
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref14
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref15
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref15
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref15
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref16
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref16
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref16
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref16
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref16
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref17
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref17
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref17
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref17
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref17
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref18
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref18
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref18
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref18
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref18
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref19
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref19
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref19
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref20
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref20
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref21
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref21
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref21
A.P
Highlight



F. Malakoti, F. Zare, R. Zarezadeh et al. Biochimie 202 (2022) 56e70
[22] J.C. Cheng, R.M. Castelein, W.C. Chu, A.J. Danielsson, M.B. Dobbs, T.B. Grivas,
C.A. Gurnett, K.D. Luk, A. Moreau, P.O. Newton, I.A. Stokes, S.L. Weinstein,
R.G. Burwell, Adolescent idiopathic scoliosis, Nature reviews, Disease
primers 1 (2015), 15030.

[23] L. Liu, Y. Zhu, X. Han, Y. Wu, The creation of scoliosis by scapula-to-
contralateral ilium tethering procedure in bipedal rats: a kyphoscoliosis
model, Spine 36 (2011) 1340e1349.

[24] M. Fadzan, J. Bettany-Saltikov, Etiological theories of adolescent idiopathic
scoliosis: past and present, Open Orthop. J. 11 (2017) 1466e1489.

[25] J.C. Cheng, X. Guo, A.H. Sher, Persistent osteopenia in adolescent idiopathic
scoliosis. A longitudinal follow up study, Spine 24 (1999) 1218e1222.

[26] J. Li, N. Li, Y. Chen, S. Hui, J. Fan, B. Ye, Z. Fan, J. Zhang, R.C. Zhao, Q. Zhuang,
SPRY4 is responsible for pathogenesis of adolescent idiopathic scoliosis by
contributing to osteogenic differentiation and melatonin response of bone
marrow-derived mesenchymal stem cells, Cell Death Dis. 10 (2019) 805.

[27] Z.B. Cheung, S. Selverian, B.H. Cho, C.J. Ball, S. Kang-Wook Cho, Idiopathic
scoliosis in children and adolescents: emerging techniques in surgical
treatment, World Neurosurg. 130 (2019) e737ee742.

[28] L.R. Kaiser, The future of multihospital systems, Top. Health Care Financing
18 (1992) 32e45.

[29] G. Battafarano, M. Rossi, V. De Martino, F. Marampon, L. Borro, A. Secinaro,
A. Del Fattore, Strategies for bone regeneration: from graft to tissue engi-
neering, Int. J. Mol. Sci. 22 (2021).

[30] M. Maleki, R. Zarezadeh, M. Nouri, A.R. Sadigh, F. Pouremamali, Z. Asemi,
H.S. Kafil, F. Alemi, B. Yousefi, Graphene oxide: a promising material for
regenerative medicine and tissue engineering, Biomol. Concepts 11 (2020)
182e200.

[31] W.-F. Lai, Non-conjugated polymers with intrinsic luminescence for drug
delivery, J. Drug Deliv. Sci. Technol. 59 (2020), 101916.

[32] I. Sallent, H. Capella-Monsonís, P. Procter, I.Y. Bozo, R.V. Deev, D. Zubov,
R. Vasyliev, G. Perale, G. Pertici, J. Baker, P. Gingras, Y. Bayon, D.I. Zeugolis,
The few who made it: commercially and clinically successful innovative bone
grafts, Front. Bioeng. Biotechnol. 8 (2020) 952.

[33] F. Shang, Y. Yu, S. Liu, L. Ming, Y. Zhang, Z. Zhou, J. Zhao, Y. Jin, Advancing
application of mesenchymal stem cell-based bone tissue regeneration, Bio-
act. Mater. 6 (2021) 666e683.

[34] S.H.S. Tan, J.R.Y. Wong, S.J.Y. Sim, C.K.E. Tjio, K.L. Wong, J.R.J. Chew, J.H.P. Hui,
W.S. Toh, Mesenchymal stem cell exosomes in bone regenerative strategies-
a systematic review of preclinical studies, Materials today, Bio 7 (2020),
100067.

[35] P. Hernigou, J. Delambre, S. Quiennec, A. Poignard, Human bone marrow
mesenchymal stem cell injection in subchondral lesions of knee osteoar-
thritis: a prospective randomized study versus contralateral arthroplasty at a
mean fifteen year follow-up, Int. Orthop. 45 (2021) 365e373.

[36] M. Guan, W. Yao, R. Liu, K.S. Lam, J. Nolta, J. Jia, B. Panganiban, L. Meng,
P. Zhou, M. Shahnazari, R.O. Ritchie, N.E. Lane, Directing mesenchymal stem
cells to bone to augment bone formation and increase bone mass, Nat. Med.
18 (2012) 456e462.

[37] Y. Jiang, P. Zhang, X. Zhang, L. Lv, Y. Zhou, Advances in mesenchymal stem
cell transplantation for the treatment of osteoporosis, Cell Prolif 54 (2021),
e12956.

[38] M. Majidinia, R.J. Reiter, S.K. Shakouri, I. Mohebbi, M. Rastegar, M. Kaviani,
S.G. Darband, R. Jahanban-Esfahlan, S.M. Nabavi, B. Yousefi, The multiple
functions of melatonin in regenerative medicine, Ageing Res. Rev. 45 (2018)
33e52.

[39] Y. Xie, N. Han, F. Li, L. Wang, G. Liu, M. Hu, S. Wang, X. Wei, J. Guo, H. Jiang,
J. Wang, X. Li, Y. Wang, J. Wang, X. Bian, Z. Zhu, H. Zhang, C. Liu, X. Liu, Z. Liu,
Melatonin enhances osteoblastogenesis of senescent bone marrow stromal
cells through NSD2-mediated chromatin remodelling, Clin. Transl. Med. 12
(2022) e746.

[40] S. Zheng, C. Zhou, H. Yang, J. Li, Z. Feng, L. Liao, Y. Li, Melatonin accelerates
osteoporotic bone defect repair by promoting osteogenesis-angiogenesis
coupling, Front Endocrinol (Lausanne) 13 (2022), 826660.

[41] M. Mirza-Aghazadeh-Attari, R.J. Reiter, R. Rikhtegar, J. Jalili, P. Hajalioghli,
A. Mihanfar, M. Majidinia, B. Yousefi, Melatonin: an atypical hormone with
major functions in the regulation of angiogenesis, IUBMB life 72 (2020)
1560e1584.

[42] X. Qiu, X. Wang, J. Qiu, Y. Zhu, T. Liang, B. Gao, Z. Wu, C. Lian, Y. Peng, A. Liang,
P. Su, D. Huang, Melatonin rescued reactive oxygen species-impaired
osteogenesis of human bone marrow mesenchymal stem cells in the pres-
ence of tumor necrosis factor-alpha, Stem Cell. Int. 2019 (2019), 6403967.

[43] S. Lee, N.H. Le, D. Kang, Melatonin alleviates oxidative stress-inhibited
osteogenesis of human bone marrow-derived mesenchymal stem cells
through AMPK activation, Int. J. Med. Sci. 15 (2018) 1083e1091.

[44] Y. Zhang, T. Liu, H. Yang, F. He, X. Zhu, Melatonin: a novel candidate for the
treatment of osteoarthritis, Ageing Res. Rev. 78 (2022), 101635.

[45] J. Zhang, J. Guan, X. Qi, H. Ding, H. Yuan, Z. Xie, C. Chen, X. Li, C. Zhang,
Y. Huang, Dimethyloxaloylglycine promotes the angiogenic activity of
mesenchymal stem cells derived from iPSCs via activation of the PI3K/akt
pathway for bone regeneration, Int. J. Biol. Sci. 12 (2016) 639e652.

[46] J. Dong, X. Xu, Q. Zhang, Z. Yuan, B. Tan, The PI3K/AKT pathway promotes
fracture healing through its crosstalk with Wnt/b-catenin, Exp. Cell Res. 394
(2020), 112137.

[47] Y.H. Choi, Y.J. Kim, H.M. Jeong, Y.H. Jin, C.Y. Yeo, K.Y. Lee, Akt enhances Runx2
protein stability by regulating Smurf2 function during osteoblast
68
differentiation, FEBS J. 281 (2014) 3656e3666.
[48] R. Zhao, L. Tao, S. Qiu, L. Shen, Y. Tian, Z. Gong, Z.B. Tao, Y. Zhu, Melatonin

rescues glucocorticoid-induced inhibition of osteoblast differentiation in
MC3T3-E1 cells via the PI3K/AKT and BMP/Smad signalling pathways, Life
Sci. 257 (2020), 118044.

[49] T. Wang, X. Zhang, D.D. Bikle, Osteogenic differentiation of periosteal cells
during fracture healing, J. Cell. Physiol. 232 (2017) 913e921.

[50] H. Zhang, N. Bajraszewski, E. Wu, H. Wang, A.P. Moseman, S.L. Dabora,
J.D. Griffin, D.J. Kwiatkowski, PDGFRs are critical for PI3K/Akt activation and
negatively regulated by mTOR, J. Clin. Investigat. 117 (2007) 730e738.

[51] G. Zhu, B. Ma, P. Dong, J. Shang, X. Gu, Y. Zi, Melatonin promotes osteoblastic
differentiation and regulates PDGF/AKT signaling pathway, Cell Biol. Int. 44
(2020) 402e411.

[52] Q. Wang, B. Chen, M. Cao, J. Sun, H. Wu, P. Zhao, J. Xing, Y. Yang, X. Zhang,
M. Ji, N. Gu, Response of MAPK pathway to iron oxide nanoparticles in vitro
treatment promotes osteogenic differentiation of hBMSCs, Biomaterials 86
(2016) 11e20.

[53] C. Yi, D. Liu, C.C. Fong, J. Zhang, M. Yang, Gold nanoparticles promote oste-
ogenic differentiation of mesenchymal stem cells through p38 MAPK
pathway, ACS Nano 4 (2010) 6439e6448.

[54] L. Liu, Y. Zhu, Y. Xu, R.J. Reiter, Prevention of ERK activation involves
melatonin-induced G(1) and G(2)/M phase arrest in the human osteoblastic
cell line hFOB 1.19, J. Pineal Res. 53 (2012) 60e66.

[55] J. Kobayashi-Sun, N. Suzuki, A. Hattori, M. Yamaguchi, I. Kobayashi, Mela-
tonin suppresses both osteoblast and osteoclast differentiation through
repression of epidermal Erk signaling in the zebrafish scale, Biochem. Bio-
phys. Res. Commun. 530 (2020) 644e650.

[56] S.S. Kim, S.P. Jeong, B.S. Park, I.R. Kim, Melatonin attenuates RANKL-induced
osteoclastogenesis via inhibition of Atp6v0d2 and DC-STAMP through MAPK
and NFATc1 signaling pathways, Molecules 27 (2022).

[57] Y.H. Chan, K.N. Ho, Y.C. Lee, M.J. Chou, W.Z. Lew, H.M. Huang, P.C. Lai,
S.W. Feng, Melatonin enhances osteogenic differentiation of dental pulp
mesenchymal stem cells by regulating MAPK pathways and promotes the
efficiency of bone regeneration in calvarial bone defects, Stem Cell Res. Ther.
13 (2022) 73.

[58] N.M. Radio, J.S. Doctor, P.A. Witt-Enderby, Melatonin enhances alkaline
phosphatase activity in differentiating human adult mesenchymal stem cells
grown in osteogenic medium via MT2 melatonin receptors and the MEK/ERK
(1/2) signaling cascade, J. Pineal Res. 40 (2006) 332e342.

[59] F. Munmun, O.A. Mohiuddin, V.T. Hoang, M.E. Burow, B.A. Bunnell, V.M. Sola,
A.R. Carpentieri, P.A. Witt-Enderby, The role of MEK1/2 and MEK5 in
melatonin-mediated actions on osteoblastogenesis, osteoclastogenesis, bone
microarchitecture, biomechanics, and bone formation, J. Pineal Res. (2022),
e12814.

[60] J. Tsay, Z. Yang, F.P. Ross, S. Cunningham-Rundles, H. Lin, R. Coleman,
P. Mayer-Kuckuk, S.B. Doty, R.W. Grady, P.J. Giardina, A.L. Boskey,
M.G. Vogiatzi, Bone loss caused by iron overload in a murine model:
importance of oxidative stress, Blood 116 (2010) 2582e2589.

[61] M. Haase, R. Bellomo, A. Haase-Fielitz, Novel biomarkers, oxidative stress,
and the role of labile iron toxicity in cardiopulmonary bypass-associated
acute kidney injury, J. Am. Coll. Cardiol. 55 (2010) 2024e2033.

[62] F. Yang, L. Yang, Y. Li, G. Yan, C. Feng, T. Liu, R. Gong, Y. Yuan, N. Wang,
E. Idiiatullina, T. Bikkuzin, V. Pavlov, Y. Li, C. Dong, D. Wang, Y. Cao, Z. Han,
L. Zhang, Q. Huang, F. Ding, Z. Bi, B. Cai, Melatonin protects bone marrow
mesenchymal stem cells against iron overload-induced aberrant differenti-
ation and senescence, J. Pineal Res. (2017) 63.

[63] J. Yan, Y. Yao, S. Yan, R. Gao, W. Lu, W. He, Chiral protein supraparticles for
tumor suppression and synergistic immunotherapy: an enabling strategy for
bioactive supramolecular chirality construction, Nano Lett. 20 (2020)
5844e5852.

[64] T. Matsushita, Y.Y. Chan, A. Kawanami, G. Balmes, G.E. Landreth,
S. Murakami, Extracellular signal-regulated kinase 1 (ERK1) and ERK2 play
essential roles in osteoblast differentiation and in supporting osteoclasto-
genesis, Mol. Cell Biol. 29 (2009) 5843e5857.

[65] S. Maria, R.M. Samsonraj, F. Munmun, J. Glas, M. Silvestros, M.P. Kotlarczyk,
R. Rylands, A. Dudakovic, A.J. van Wijnen, L.T. Enderby, H. Lassila, B. Dodda,
V.L. Davis, J. Balk, M. Burow, B.A. Bunnell, P.A. Witt-Enderby, Biological ef-
fects of melatonin on osteoblast/osteoclast cocultures, bone, and quality of
life: implications of a role for MT2 melatonin receptors, MEK1/2, and MEK5
in melatonin-mediated osteoblastogenesis, J. Pineal Res. (2018) 64.

[66] C.H. Kim, Y.M. Yoo, Fluid shear stress and melatonin in combination activate
anabolic proteins in MC3T3-E1 osteoblast cells, J. Pineal Res. 54 (2013)
453e461.

[67] C.H. Kim, E.B. Jeung, Y.M. Yoo, Combined fluid shear stress and melatonin
enhances the ERK/Akt/mTOR signal in cilia-less MC3T3-E1 preosteoblast
cells, Int. J. Mol. Sci. 19 (2018).

[68] Y.M. Yoo, T.Y. Han, H.S. Kim, Melatonin suppresses autophagy induced by
clinostat in preosteoblast MC3T3-E1 cells, Int. J. Mol. Sci. 17 (2016) 526.

[69] J.H. Son, Y.C. Cho, I.Y. Sung, I.R. Kim, B.S. Park, Y.D. Kim, Melatonin promotes
osteoblast differentiation and mineralization of MC3T3-E1 cells under hyp-
oxic conditions through activation of PKD/p38 pathways, J. Pineal Res. 57
(2014) 385e392.

[70] L. Liu, Y. Zhu, Y. Xu, R.J. Reiter, Melatonin delays cell proliferation by inducing
G1 and G2/M phase arrest in a human osteoblastic cell line hFOB 1.19,
J. Pineal Res. 50 (2011) 222e231.

http://refhub.elsevier.com/S0300-9084(22)00212-7/sref22
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref22
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref22
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref22
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref23
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref23
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref23
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref23
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref24
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref24
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref24
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref25
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref25
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref25
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref26
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref26
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref26
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref26
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref27
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref27
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref27
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref27
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref28
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref28
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref28
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref29
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref29
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref29
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref30
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref30
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref30
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref30
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref30
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref31
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref31
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref32
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref32
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref32
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref32
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref33
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref33
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref33
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref33
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref34
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref34
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref34
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref34
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref35
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref35
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref35
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref35
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref35
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref36
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref36
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref36
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref36
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref36
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref37
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref37
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref37
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref38
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref38
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref38
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref38
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref38
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref39
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref39
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref39
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref39
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref39
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref40
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref40
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref40
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref41
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref41
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref41
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref41
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref41
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref42
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref42
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref42
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref42
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref43
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref43
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref43
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref43
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref44
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref44
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref45
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref45
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref45
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref45
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref45
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref46
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref46
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref46
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref47
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref47
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref47
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref47
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref48
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref48
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref48
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref48
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref49
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref49
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref49
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref50
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref50
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref50
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref50
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref51
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref51
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref51
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref51
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref52
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref52
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref52
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref52
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref52
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref53
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref53
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref53
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref53
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref54
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref54
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref54
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref54
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref55
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref55
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref55
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref55
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref55
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref56
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref56
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref56
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref57
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref57
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref57
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref57
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref57
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref58
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref58
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref58
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref58
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref58
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref59
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref59
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref59
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref59
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref59
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref60
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref60
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref60
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref60
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref60
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref61
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref61
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref61
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref61
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref62
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref62
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref62
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref62
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref62
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref63
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref63
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref63
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref63
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref63
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref64
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref64
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref64
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref64
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref64
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref65
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref66
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref66
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref66
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref66
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref67
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref67
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref67
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref68
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref68
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref69
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref69
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref69
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref69
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref69
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref70
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref70
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref70
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref70


F. Malakoti, F. Zare, R. Zarezadeh et al. Biochimie 202 (2022) 56e70
[71] S. Qiu, Z.B. Tao, L. Tao, Y. Zhu, Melatonin induces mitochondrial apoptosis in
osteoblasts by regulating the STIM1/cytosolic calcium elevation/ERK
pathway, Life Sci. 248 (2020), 117455.

[72] J. Liou, M.L. Kim, W.D. Heo, J.T. Jones, J.W. Myers, J.E. Ferrell Jr., T. Meyer,
STIM is a Ca2þ sensor essential for Ca2þ-store-depletion-triggered Ca2þ
influx, Curr. Biol. : CB 15 (2005) 1235e1241.

[73] S. Lausson, M. Cressent, Signal transduction pathways mediating the effect of
adrenomedullin on osteoblast survival, J. Cell. Biochem. 112 (2011)
3807e3815.

[74] M. Nubile, C. Curcio, M. Lanzini, R. Calienno, M. Iezzi, A. Mastropasqua, M. Di
Nicola, L. Mastropasqua, Expression of CREB in primary pterygium and
correlation with cyclin D1, ki-67, MMP7, p53, p63, Survivin and Vimentin,
Ophthalmic Res. 50 (2013) 99e107.

[75] L. Tao, Y. Zhu, Melatonin regulates CRE-dependent gene transcription un-
derlying osteoblast proliferation by activating Src and PKA in parallel, Am. J.
Tourism Res. 10 (2018) 86e100.

[76] S. Park, Y. Arai, B.J. Kim, A. Bello, S. Ashraf, H. Park, K.S. Park, S.H. Lee, Sup-
pression of SPRY4 promotes osteogenic differentiation and bone formation
of mesenchymal stem cell, tissue engineering, Part A 25 (2019) 1646e1657.

[77] J. Cheng, H. Wang, Z. Zhang, K. Liang, Stilbene glycoside protects osteoblasts
against oxidative damage via Nrf2/HO-1 and NF-kB signaling pathways,
Arch. Med. Sci. : AMS 15 (2019) 196e203.

[78] S. Wang, Z. Liu, L. Wang, X. Zhang, NF-kappaB signaling pathway, inflam-
mation and colorectal cancer, Cell. Mol. Immunol. 6 (2009) 327e334.

[79] Y. Zhou, C. Wang, J. Si, B. Wang, D. Zhang, D. Ding, J. Zhang, H. Wang,
Melatonin up-regulates bone marrow mesenchymal stem cells osteogenic
action but suppresses their mediated osteoclastogenesis via MT(2) -inacti-
vated NF-kB pathway, Br. J. Pharmacol. 177 (2020) 2106e2122.

[80] H.J. Kim, H.J. Kim, M.K. Bae, Y.D. Kim, Suppression of osteoclastogenesis by
melatonin: a melatonin receptor-independent action, Int. J. Mol. Sci. 18
(2017).

[81] C.C. Huang, C.H. Chiou, S.C. Liu, S.L. Hu, C.M. Su, C.H. Tsai, C.H. Tang, Mela-
tonin attenuates TNF-a and IL-1b expression in synovial fibroblasts and di-
minishes cartilage degradation: implications for the treatment of
rheumatoid arthritis, J. Pineal Res. 66 (2019), e12560.

[82] Z. Ping, Z. Wang, J. Shi, L. Wang, X. Guo, W. Zhou, X. Hu, X. Wu, Y. Liu,
W. Zhang, H. Yang, Y. Xu, Y. Gu, D. Geng, Inhibitory effects of melatonin on
titanium particle-induced inflammatory bone resorption and osteoclasto-
genesis via suppression of NF-kB signaling, Acta Biomater. 62 (2017)
362e371.

[83] N. Suzuki, M. Somei, K. Kitamura, R.J. Reiter, A. Hattori, Novel bromomela-
tonin derivatives suppress osteoclastic activity and increase osteoblastic
activity: implications for the treatment of bone diseases, J. Pineal Res. 44
(2008) 326e334.

[84] Y. Xu, J. Guan, J. Xu, S. Chen, G. Sun, Z-Guggulsterone attenuates
glucocorticoid-induced osteoporosis through activation of Nrf2/HO-1
signaling, Life Sci. 224 (2019) 58e66.

[85] C. Park, H. Lee, M.H. Han, J.W. Jeong, S.O. Kim, S.J. Jeong, B.J. Lee, G.Y. Kim,
E.K. Park, Y.J. Jeon, Y.H. Choi, Cytoprotective effects of fermented oyster
extracts against oxidative stress-induced DNA damage and apoptosis
through activation of the Nrf2/HO-1 signaling pathway in MC3T3-E1 oste-
oblasts, EXCLI J. 19 (2020) 1102e1119.

[86] H. Ma, X. Wang, W. Zhang, H. Li, W. Zhao, J. Sun, M. Yang, Melatonin sup-
presses ferroptosis induced by high glucose via activation of the Nrf2/HO-1
signaling pathway in type 2 diabetic osteoporosis, Oxid. Med. Cell. Longev.
2020 (2020), 9067610.

[87] D. Diao, F. Diao, B. Xiao, N. Liu, D. Zheng, F. Li, X. Yang, Bayes conditional
probability-based causation analysis between gestational diabetes mellitus
(GDM) and pregnancy-induced hypertension (PIH): a statistic case study in
Harbin, China, J. Diabetes Res. 2022 (2022), 2590415.

[88] X. Zhou, Y. Zhang, M. Hou, H. Liu, H. Yang, X. Chen, T. Liu, F. He, X. Zhu,
Melatonin prevents cartilage degradation in early-stage osteoarthritis
through activation of miR-146a/NRF2/HO-1 Axis, J. Bone Miner. Res. 37
(2022) 1056e1072.

[89] S. Yang, L. Hu, C. Wang, F. Wei, PERK-eIF2a-ATF4 signaling contributes to
osteogenic differentiation of periodontal ligament stem cells, J. Mol. Histol.
51 (2020) 125e135.

[90] R. Zhou, Y. Ma, Z. Tao, S. Qiu, Z. Gong, L. Tao, Y. Zhu, Melatonin inhibits
glucose-induced apoptosis in osteoblastic cell line through PERK-eIF2a-ATF4
pathway, Front. Pharmacol. 11 (2020), 602307.

[91] X. Meng, Y. Zhu, L. Tao, S. Zhao, S. Qiu, Periostin has a protective role in
melatonin-induced cell apoptosis by inhibiting the eIF2a-ATF4 pathway in
human osteoblasts, Int. J. Mol. Med. 41 (2018) 1003e1012.

[92] B. Merle, G. Bouet, J.C. Rousseau, C. Bertholon, P. Garnero, Periostin and
transforming growth factor b-induced protein (TGFbIp) are both expressed
by osteoblasts and osteoclasts, Cell Biol. Int. 38 (2014) 398e404.

[93] N. Zhang, Y. Zhang, S. Zhao, Y. Sun, Septin4 as a novel binding partner of
PARP1 contributes to oxidative stress induced human umbilical vein endo-
thelial cells injure, Biochem. Biophys. Res. Commun. 496 (2018) 621e627.

[94] L. Tao, S. Zhao, Z. Tao, K. Wen, S. Zhou, W. Da, Y. Zhu, Septin4 regulates
endoplasmic reticulum stress and apoptosis in melatonin-induced osteo-
blasts, Mol. Med. Rep. 22 (2020) 1179e1186.

[95] X. Meng, Y. Zhu, L. Tao, S. Zhao, S. Qiu, Overexpression of septin-7 inhibits
melatonin-induced cell apoptosis in human fetal osteoblastic cells via sup-
pression of endoplasmic reticulum stress, Mol. Med. Rep. 17 (2018)
69
4817e4822.
[96] X. Meng, Y. Zhu, L. Tao, S. Zhao, S. Qiu, miR-590-3p mediates melatonin-

induced cell apoptosis by targeting septin 7 in the human osteoblast cell
line hFOB 1.19, Mol. Med. Rep. 17 (2018) 7202e7208.

[97] C. Cui, T. Lin, Z. Gong, Y. Zhu, Relationship between autophagy, apoptosis and
endoplasmic reticulum stress induced by melatonin in osteoblasts by septin7
expression, Mol. Med. Rep. 21 (2020) 2427e2434.

[98] Y.M. Lee, S.I. Shin, K.S. Shin, Y.R. Lee, B.H. Park, E.C. Kim, The role of sirtuin 1
in osteoblastic differentiation in human periodontal ligament cells,
J. Periodontal. Res. 46 (2011) 712e721.

[99] L. Zhou, X. Chen, T. Liu, Y. Gong, S. Chen, G. Pan, W. Cui, Z.P. Luo, M. Pei,
H. Yang, F. He, Melatonin reverses H2 O2 -induced premature senescence in
mesenchymal stem cells via the SIRT1-dependent pathway, J. Pineal Res. 59
(2015) 190e205.

[100] T. Li, D. Shang, S. Gao, B. Wang, H. Kong, G. Yang, W. Shu, P. Xu, G. Wei, Two-
dimensional material-based electrochemical sensors/biosensors for food
safety and biomolecular detection, Biosensors (Basel) 12 (2022).

[101] H.D. Liu, M.X. Ren, Y. Li, R.T. Zhang, N.F. Ma, T.L. Li, W.K. Jiang, Z. Zhou,
X.W. Yao, Z.Y. Liu, M. Yang, Melatonin alleviates hydrogen peroxide induced
oxidative damage in MC3T3-E1 cells and promotes osteogenesis by acti-
vating SIRT1, Free Radic. Res. 56 (2022) 63e76.

[102] W. Chen, X. Chen, A.C. Chen, Q. Shi, G. Pan, M. Pei, H. Yang, T. Liu, F. He,
Melatonin restores the osteoporosis-impaired osteogenic potential of bone
marrow mesenchymal stem cells by preserving SIRT1-mediated intracellular
antioxidant properties, Free Radic. Biol. Med. 146 (2020) 92e106.

[103] Y. Zhang, X. Zhu, G. Wang, L. Chen, H. Yang, F. He, J. Lin, Melatonin rescues
the Ti particle-impaired osteogenic potential of bone marrow mesenchymal
stem cells via the SIRT1/SOD2 signaling pathway, Calcif. Tissue Int. 107
(2020) 474e488.

[104] H.D. Lim, Y.S. Kim, S.H. Ko, I.J. Yoon, S.G. Cho, Y.H. Chun, B.J. Choi, E.C. Kim,
Cytoprotective and anti-inflammatory effects of melatonin in hydrogen
peroxide-stimulated CHON-001 human chondrocyte cell line and rabbit
model of osteoarthritis via the SIRT1 pathway, J. Pineal Res. 53 (2012)
225e237.

[105] L. Han, H. Wang, L. Li, X. Li, J. Ge, R.J. Reiter, Q. Wang, Melatonin protects
against maternal obesity-associated oxidative stress and meiotic defects in
oocytes via the SIRT3-SOD2-dependent pathway, J. Pineal Res. (2017) 63.

[106] W. Zhou, Y. Liu, J. Shen, B. Yu, J. Bai, J. Lin, X. Guo, H. Sun, Z. Chen, H. Yang,
Y. Xu, D. Geng, Melatonin increases bone mass around the prostheses of OVX
rats by ameliorating mitochondrial oxidative stress via the SIRT3/SOD2
signaling pathway, Oxid. Med. Cell. Longev. 2019 (2019), 4019619.

[107] M. Majidinia, J. Aghazadeh, R. Jahanban-Esfahlani, B. Yousefi, The roles of
Wnt/b-catenin pathway in tissue development and regenerative medicine,
J. Cell. Physiol. 233 (2018) 5598e5612.

[108] J. Vriend, R.J. Reiter, Melatonin, bone regulation and the ubiquitin-
proteasome connection: a review, Life Sci. 145 (2016) 152e160.

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

[110] F. Luchetti, B. Canonico, D. Bartolini, M. Arcangeletti, S. Ciffolilli, G. Murdolo,
M. Piroddi, S. Papa, R.J. Reiter, F. Galli, Melatonin regulates mesenchymal
stem cell differentiation: a review, J. Pineal Res. 56 (2014) 382e397.

[111] K.H. Park, J.W. Kang, E.M. Lee, J.S. Kim, Y.H. Rhee, M. Kim, S.J. Jeong, Y.G. Park,
S.H. Kim, Melatonin promotes osteoblastic differentiation through the BMP/
ERK/Wnt signaling pathways, J. Pineal Res. 51 (2011) 187e194.

[112] Z. Ping, X. Hu, L. Wang, J. Shi, Y. Tao, X. Wu, Z. Hou, X. Guo, W. Zhang,
H. Yang, Y. Xu, Z. Wang, D. Geng, Melatonin attenuates titanium particle-
induced osteolysis via activation of Wnt/b-catenin signaling pathway, Acta
Biomater. 51 (2017) 513e525.

[113] S.J. Allison, P.A. Baldock, R.F. Enriquez, E. Lin, M. During, E.M. Gardiner,
J.A. Eisman, A. Sainsbury, H. Herzog, Critical interplay between neuropeptide
Y and sex steroid pathways in bone and adipose tissue homeostasis, J. Bone
Miner. Res. : the official journal of the American Society for Bone and Mineral
Research 24 (2009) 294e304.

[114] X.C. Gu, X.B. Zhang, B. Hu, Y. Zi, M. Li, Neuropeptide Y accelerates post-
fracture bone healing by promoting osteogenesis of mesenchymal stem
cells, Neuropeptides 60 (2016) 61e66.

[115] P. Dong, X. Gu, G. Zhu, M. Li, B. Ma, Y. Zi, 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 102 (2018) 272e280.

[116] X. Wang, J. Huang, F. Huang, J.C. Zong, X. Tang, Y. Liu, Q.F. Zhang, Y. Wang,
L. Chen, L.J. Yin, B.C. He, Z.L. Deng, Bone morphogenetic protein 9 stimulates
callus formation in osteoporotic rats during fracture healing, Mol. Med. Rep.
15 (2017) 2537e2545.

[117] T. Jiang, C. Xia, X. Chen, Y. Hu, Y. Wang, J. Wu, S. Chen, Y. Gao, Melatonin
promotes the BMP9-induced osteogenic differentiation of mesenchymal
stem cells by activating the AMPK/b-catenin signalling pathway, Stem Cell
Res. Ther. 10 (2019) 408.

[118] S.H. Lee, J.W. Hwang, Y. Han, K.Y. Lee, Synergistic stimulating effect of 2-
hydroxymelatonin and BMP-4 on osteogenic differentiation in vitro, Bio-
chem. Biophys. Res. Commun. 527 (2020) 941e946.

[119] D. Luo, H. Ren, T. Li, K. Lian, D. Lin, Rapamycin reduces severity of senile
osteoporosis by activating osteocyte autophagy, Osteoporos. Int. : a journal
established as result of cooperation between the European Foundation for

http://refhub.elsevier.com/S0300-9084(22)00212-7/sref71
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref71
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref71
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref72
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref73
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref73
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref73
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref73
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref74
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref74
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref74
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref74
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref74
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref75
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref75
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref75
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref75
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref76
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref76
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref76
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref76
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref77
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref77
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref77
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref77
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref78
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref78
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref78
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref79
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref79
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref79
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref79
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref79
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref80
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref80
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref80
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref81
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref81
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref81
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref81
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref82
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref83
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref83
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref83
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref83
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref83
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref84
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref84
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref84
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref84
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref85
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref86
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref86
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref86
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref86
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref87
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref87
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref87
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref87
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref88
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref88
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref88
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref88
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref88
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref89
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref89
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref89
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref89
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref90
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref90
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref90
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref91
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref91
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref91
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref91
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref92
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref92
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref92
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref92
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref93
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref93
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref93
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref93
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref94
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref94
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref94
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref94
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref95
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref95
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref95
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref95
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref95
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref96
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref96
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref96
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref96
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref97
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref97
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref97
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref97
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref98
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref98
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref98
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref98
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref99
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref99
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref99
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref99
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref99
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref100
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref100
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref100
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref101
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref101
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref101
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref101
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref101
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref102
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref102
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref102
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref102
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref102
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref103
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref103
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref103
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref103
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref103
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref104
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref105
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref105
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref105
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref106
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref106
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref106
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref106
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref107
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref107
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref107
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref107
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref108
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref108
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref108
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref109
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref109
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref109
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref110
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref110
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref110
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref110
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref111
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref111
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref111
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref111
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref112
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref112
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref112
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref112
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref112
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref113
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref114
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref114
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref114
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref114
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref115
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref115
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref115
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref115
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref115
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref116
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref116
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref116
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref116
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref116
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref117
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref117
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref117
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref117
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref118
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref118
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref118
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref118
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref119
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref119
http://refhub.elsevier.com/S0300-9084(22)00212-7/sref119


F. Malakoti, F. Zare, R. Zarezadeh et al. Biochimie 202 (2022) 56e70
Osteoporosis and the National Osteoporosis Foundation of the USA 27 (2016)
1093e1101.

[120] Z.S. Tao, H.L. Lu, N.F. Ma, R.T. Zhang, Y. Li, M. Yang, H.G. Xu, Rapamycin could
increase the effects of melatonin against age-dependent bone loss, Zeits-
chrift fur Gerontologie und Geriatrie 53 (2020) 671e678.

[121] H. Eda, K. Aoki, K. Marumo, K. Fujii, K. Ohkawa, FGF-2 signaling induces
downregulation of TAZ protein in osteoblastic MC3T3-E1 cells, Biochem.
Biophys. Res. Commun. 366 (2008) 471e475.

[122] Z. Ostrowska, K. Ziora, B. Kos-Kudła, E. Swietochowska, J. O�swiecimska,
A. Dyduch, K. Wołkowska-Pokrywa, B. Szapska, Melatonin, the RANKL/
RANK/OPG system, and bone metabolism in girls with anorexia nervosa,
Endokrynol. Pol. 61 (2010) 117e123.

[123] M.Z. Rahman, H. Shigeishi, K. Sasaki, A. Ota, K. Ohta, M. Takechi, Combined
effects of melatonin and FGF-2 on mouse preosteoblast behavior within
interconnected porous hydroxyapatite ceramics - in vitro analysis, J. Appl.
Oral Sci. : revista FOB 24 (2016) 153e161.

[124] A. Avenell, J.C. Mak, D. O'Connell, Vitamin D and Vitamin D Analogues for
Preventing Fractures in Post-menopausal Women and Older Men, The
Cochrane database of systematic reviews, 2014, Cd000227, 2014.

[125] M.J. Bolland, W. Leung, V. Tai, S. Bastin, G.D. Gamble, A. Grey, I.R. Reid, Cal-
cium intake and risk of fracture: systematic review, BMJ (Clinical research
ed.) 351 (2015) h4580.

[126] J.Y. Reginster, E. Seeman, M.C. De Vernejoul, S. Adami, J. Compston,
C. Phenekos, J.P. Devogelaer, M.D. Curiel, A. Sawicki, S. Goemaere,
O.H. Sorensen, D. Felsenberg, P.J. Meunier, Strontium ranelate reduces the
risk of nonvertebral fractures in postmenopausal women with osteoporosis:
treatment of Peripheral Osteoporosis (TROPOS) study, J. Clin. Endocrinol.
Metab. 90 (2005) 2816e2822.

[127] S. Kanellakis, G. Moschonis, R. Tenta, A. Schaafsma, E.G. van den Heuvel,
N. Papaioannou, G. Lyritis, Y. Manios, Changes in parameters of bone
metabolism in postmenopausal women following a 12-month intervention
period using dairy products enriched with calcium, vitamin D, and phyllo-
quinone (vitamin K(1)) or menaquinone-7 (vitamin K (2)): the Post-
menopausal Health Study II, Calcif. Tissue Int. 90 (2012) 251e262.

[128] S.J. Genuis, T.P. Bouchard, Combination of Micronutrients for Bone (COMB)
Study: bone density after micronutrient intervention, J. Environ. Public
Health (2012), 354151, 2012.

[129] S. Maria, M.H. Swanson, L.T. Enderby, F. D'Amico, B. Enderby, R.M. Samsonraj,
A. Dudakovic, A.J. van Wijnen, P.A. Witt-Enderby, Melatonin-micronutrients
Osteopenia Treatment Study (MOTS): a translational study assessing mela-
tonin, strontium (citrate), vitamin D3 and vitamin K2 (MK7) on bone density,
bone marker turnover and health related quality of life in postmenopausal
osteopenic women following a one-year double-blind RCT and on
osteoblast-osteoclast co-cultures, Aging 9 (2017) 256e285.

[130] I. Takada, M. Suzawa, K. Matsumoto, S. Kato, Suppression of PPAR trans-
activation switches cell fate of bone marrow stem cells from adipocytes into
osteoblasts, Ann. N. Y. Acad. Sci. 1116 (2007) 182e195.

[131] S. Ishii, J.A. Cauley, G.A. Greendale, C.J. Crandall, M.E. Danielson, Y. Ouchi,
A.S. Karlamangla, C-reactive protein, bone strength, and nine-year fracture
risk: data from the Study of Women's Health across the Nation (SWAN),
J. Bone Miner. Res. : the official journal of the American Society for Bone and
Mineral Research 28 (2013) 1688e1698.

[132] M.A. Labouesse, E.R. Gertz, B.D. Piccolo, E.C. Souza, G.U. Schuster,
M.G. Witbracht, L.R. Woodhouse, S.H. Adams, N.L. Keim, M.D. Van Loan,
Associations among endocrine, inflammatory, and bone markers, body
composition and weight loss induced bone loss, Bone 64 (2014) 138e146.

[133] Z.Y. Feng, S.D. Yang, T. Wang, S. Guo, Effect of melatonin for regulating
mesenchymal stromal cells and derived extracellular vesicles, Front. Cell
Dev. Biol. 9 (2021), 717913.

[134] C.-K. Sun, C.-H. Chen, C.-L. Chang, H.-J. Chiang, P.-H. Sung, K.-H. Chen, Y.-
L. Chen, S.-Y. Chen, G.-S. Kao, H.-W. Chang, Melatonin treatment enhances
therapeutic effects of exosomes against acute liver ischemia-reperfusion
injury, Am. J. Tourism Res. 9 (2017) 1543.

[135] W. Liu, M. Yu, D. Xie, L. Wang, C. Ye, Q. Zhu, F. Liu, L. Yang, Melatonin-
stimulated MSC-derived exosomes improve diabetic wound healing through
regulating macrophage M1 and M2 polarization by targeting the PTEN/AKT
pathway, Stem Cell Res. Ther. 11 (2020) 1e15.
70
[136] P. Gondaliya, A.A. Sayyed, P. Bhat, M. Mali, N. Arya, A. Khairnar, K. Kalia,
Mesenchymal stem cell-derived exosomes loaded with miR-155 inhibitor
ameliorate diabetic wound healing, Mol. Pharm. 19 (2022) 1294e1308.

[137] F.A. Alzahrani, Melatonin improves therapeutic potential of mesenchymal
stem cells-derived exosomes against renal ischemia-reperfusion injury in
rats, Am. J. Tourism Res. 11 (2019) 2887.

[138] Y.M. Yoon, J.H. Lee, K.H. Song, H. Noh, S.H. Lee, Melatonin-stimulated exo-
somes enhance the regenerative potential of chronic kidney disease-derived
mesenchymal stem/stromal cells via cellular prion proteins, J. Pineal Res. 68
(2020), e12632.

[139] Y. Zhang, N. Yang, X. Huang, Y. Zhu, S. Gao, Z. Liu, F. Cao, Y. Wang, Melatonin
engineered adipose-derived biomimetic nanovesicles regulate mitochon-
drial functions and promote myocardial repair in myocardial infarction,
Front. Cardiovasc. Med. 9 (2022).

[140] S.-C. Tao, J.-Y. Huang, Y. Gao, Z.-X. Li, Z.-Y. Wei, H. Dawes, S.-C. Guo, Small
extracellular vesicles in combination with sleep-related circRNA3503: a
targeted therapeutic agent with injectable thermosensitive hydrogel to
prevent osteoarthritis, Bioact. Mater. 6 (2021) 4455e4469.

[141] K. Sharan, K. Lewis, T. Furukawa, V.K. Yadav, Regulation of bone mass
through pineal-derived melatonin-MT 2 receptor pathway, J. Pineal Res. 63
(2017), e12423.

[142] W. Da, L. Tao, K. Wen, Z. Tao, S. Wang, Y. Zhu, Protective role of melatonin
against postmenopausal bone loss via enhancement of citrate secretion from
osteoblasts, Front. Pharmacol. 11 (2020) 667.

[143] L. Xu, L. Zhang, Z. Wang, C. Li, S. Li, L. Li, Q. Fan, L. Zheng, Melatonin sup-
presses estrogen deficiency-induced osteoporosis and promotes osteo-
blastogenesis by inactivating the NLRP3 inflammasome, Calcif. Tissue Int.
103 (2018) 400e410.

[144] R. Zhou, Y. Ma, Z. Tao, S. Qiu, Z. Gong, L. Tao, Y. Zhu, Melatonin inhibits
glucose-induced apoptosis in osteoblastic cell line through PERK-eIF2a-ATF4
pathway, Front. Pharmacol. 11 (2020).

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

[146] A.K. Amstrup, T. Sikjaer, L. Heickendorff, L. Mosekilde, L. Rejnmark, Mela-
tonin improves bone mineral density at the femoral neck in postmenopausal
women with osteopenia: a randomized controlled trial, J. Pineal Res. 59
(2015) 221e229.

[147] W. Chen, X. Chen, A.C. Chen, Q. Shi, G. Pan, M. Pei, H. Yang, T. Liu, F. He,
Melatonin restores the osteoporosis-impaired osteogenic potential of bone
marrow mesenchymal stem cells by preserving SIRT1-mediated intracellular
antioxidant properties, Free Radic. Biol. Med. 146 (2020) 92e106.

[148] M. Ghareghani, L. Scavo, D. Arnoult, K. Zibara, N. Farhadi, Melatonin therapy
reduces the risk of osteoporosis and normalizes bone formation in multiple
sclerosis, Fund. Clin. Pharmacol. 32 (2018) 181e187.

[149] W. Zhou, Y. Liu, J. Shen, B. Yu, J. Bai, J. Lin, X. Guo, H. Sun, Z. Chen, H. Yang,
Melatonin increases bone mass around the prostheses of OVX rats by
ameliorating mitochondrial oxidative stress via the SIRT3/SOD2 signaling
pathway, Oxid. Med. Cell. Longev. (2019) 2019.

[150] J.-H. Choi, A.-R. Jang, M.-J. Park, D.-i. Kim, J.-H. Park, Melatonin inhibits
osteoclastogenesis and bone loss in ovariectomized mice by regulating
PRMT1-mediated signaling, Endocrinology 162 (2021) bqab057.
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