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ABSTRACT

EFFECT OF MELATONIN ON OSTEOGENIC, NEUROGENIC,
ADIPOGENIC, CHONDROGENIC, MYOGENIC AND
ODONTOGENIC DIFFERENTIATION OF HUMAN TOOTH GERM
STEM CELLS

Stem cell based applications have become a popular and promising approach for therapy of
a number of disorders including neurodegenerative disorders, diabetes, degenerative
muscle diseases and osteoporosis as well as trauma, inflammations, burns and injuries.
Human tooth germ stem cells are an adult stem cell source, which have mesenchymal stem
cell properties and show high proliferative and differentiation capacity. Melatonin, a
hormone produced mainly by pineal gland in humans, are demonstrated to regulate
differentiation of human and mouse mesenchymal stem cells into various cell lineages
besides its other functions in the body. In this study, the effects of melatonin on osteogenic,
neurogenic, adipogenic, chondrogenic, myogenic and odontogenic differentiation of
human tooth germ stem cells have been investigated. The results showed that melatonin
increases the viability of cells. It significantly increases osteogenic, neurogenic,
chondrogenic, myogenic and odontogenic of the cells whereas it decreases adipogenic
differentiation capability. These results suggest that melatonin has a great potential to
increase differentiation capacity of human tooth germ stem cells and might be used in
regenerative therapy applications involving stem cell differentiations besides defining

potential treatments for obesity because of its suppressor effects on adipogenesis.



OZET

MELATONININ INSAN DiS GERM KOK HUCRELERININ KEMIK,
NORON, YAG, KIKIRDAK, KAS VE DiS$ HUCRELERINE
FARKLILASMASI UZERINE OLAN ETKISI

Kok hiicre wuygulamalarinin, ndrodejeneratif hastaliklar, diyabet, dejeneratif kas
hastaliklari, osteoporoz, yanik, inflamasyon, travma ve yaralanmalar gibi birgok hastaligin
tedavisi icin popller ve umut verici bir yaklagim oldugu gosterilmistir. Mezenkimal kok
hiicre 0Ozelliklerine sahip olan insan dis germ kok hiicrelerinin, yiliksek ¢ogalma ve
farklilagsma kapasitesine sahip olan onemli bir yetigkin kok hiicre kaynagi oldugu
kanitlanmustir. Insanda beyin epifizi tarafindan iiretilen melatoninin, viicuttaki diger birgok
islevinin yani sira insan ve fare mezenkimal kok hiicrelerinin gesitli hiicre hatlarina
farklilagmas1 tizerinde de etkili oldugu gosterilmistir. Bu ¢alismada melatoninin insan dis
germ kok hiicrelerinin kemik, ndron, yag, kikirdak, kas ve dis hiicrelerine farklilasmasi
tizerindeki etkisi aragtirillmistir. Melatoninin bu hiicrelerin canliligimi artirdig1 tespit
edilmistir. Elde ettigimiz sonuglara goére melatonin insan dis germ kok hiicrelerinin kemik,
noron, kikirdak, kas ve dis hiicrelerine farklilagsma yetenegini artirirken bu hiicrelerin yag
hiicresine doniisme yetenegini azaltmaktadir. Sonuc¢lar melatoninin insan dis germ kok
hiicrelerinin farklilasmasi i¢in Onemli bir potansiyele sahip oldugunu ve adipojenez
tizerindeki etkilerinden dolay1 obezite tedavisinde kullanilabilmesinin yani sira yenileyici

tedavi uygulamalarinda da melatoninden yararlanilabilecegini gostermektedir.
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1. INTRODUCTION

1.1. GENERAL VIEW OF STEM CELLS

Stem cells are undifferentiated cells that have the capacity of proliferation, differentiation,
self-renewing and tissue regeneration. When a stem cell divides, one of the daughter cells
self-renew to remain as a stem cell while the other one becomes a differentiated specialized
cell [1].

Stem cells are divided into five groups based on their sources: embryonic stem cells,
embryonic germ cells, fetal stem cells, umbilical cord blood stem cells and adult stem cells
(Figure 1.1). Embryonic stem cells (ESCs) are pluripotent stem cells derived from inner
cell mass of a 5 or 6 day old human blastocyst [2]. ESCs are capable to differentiate into
primordial germ layers (ectoderm, endoderm and mesoderm). However, they have a
number of limitations. A limited amount of ESCs can be produced even with the use of
feeder layers [3]. ESCs are likely to acquire genetic mutations and transform into tumor
cells since they lack a fully developed G1 check point [4-5]. Moreover, despite their great
differentiation potential, usage of ESCs raises ethical, religious and political debates since
the isolation of ESCs involves the destruction of the embryo. Embryonic germ cells are
pluripotent stem cells which are derived from 5-9 week old fetuses and can differentiate
into all three primordial germ layers [6]. Fetal stem cells are originated from the organs of
fetuses [2]. Umbilical cord blood is another stem cell source including mesenchymal stem
cells [7] which are similar to bone marrow-derived mesenchymal stem cells with respect to

cellular properties and multi-lineage differentiation capacity [8-9].
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Figure 1.1. Stem cell sources [10]

Adult stem cells are found in various tissues of the body after embryonic development and
provide homeostasis by replacing dying cells and regenerating damaged tissues as well as
maintain their existence by self-renewal. In the human body, there are different types of
adult stem cells such as hematopoietic, mesenchymal, bone marrow, adipose, endothelial,
neural and intestinal stem cell. Adult stem cells are only able to give rise to cell types of
tissues which they belong to. Hematopoietic stem cells, the first and best described stem
cells, are derived from bone marrow and can differentiate into other blood cell types. They
are demonstrated to be converted to cell types other than those of blood system such as
liver cells, endothelial cells and stromal cells under certain conditions [11]. Bone marrow
stem cells also have the ability to differentiate into a number of cell lineages and express
tissue-spesific proteins in a number of organs such as liver, brain, skeletal muscle, skin,
heart, bone, cartilage and fat [12-17]. The existence of stem cells are also shown in adipose
tissue, which are referred to as adipose stem cells. Adipose stem cells are similar, but not
identical to the bone marrow msenchymal stem cells. They have been demonstrated to
differentiate into a broad range of cell types including bone, liver, cartilage, neural and
endothelium cells [18-19]. Endothelial progenitor cells contribute to development of
vascular network systems by proliferating and differentiating into mature endothelial cells
[20]. Neural stem cells can be isolated from central nervous system or developing brain,

and exhibit capacity to generate neurons, astrocytes and oligodendrocytes [21]. Intestinal



stem cells maintain the homeostasis of adult intestinal epithelium by differentiating into
cell lines including enterocytes, Paneth cells and goblet cells [22].

Mesenchymal stem cells (MSCs) are nonhematopoietic stem cells derived from the bone
marrow, but bone marrow is not the only source of MSCs. They can also be obtained from
brain, spleen, liver, lung, muscle, pancreas, thymus, adipose tissue and human umbilical

cord [23].

1.2. BIOLOGY OF MESENCHYMAL STEM CELLS

Mesenchymal stem cells are multipotent stromal cells which have high potential of
differentiation into a variety of cell types. MSCs have a distinct interest among other stem
cells since they are easily isolated, cultured and manipulated. MSCs were first identified by
colony-forming unit-fibroblast assay in bone marrow of guinea pig by Friedenstein in 1970
[24]. MSCs are characterized by different methods. They can be easily characterized by
analyzing their antigenic surface markers by flow cytometry. In this method, MSCs are
positive for CD73, CD90 and CD105 whereas they are negative for hematopoietic antigens
such as CD45, CD34, CD14 or CD19, HLA-DR or CD11b and CD790 surface markers
[25].

Mesenchymal stem cells show multipotent differentiation capacity which means they
differentiate into multiple, but limited cell types under certain in vitro and in vivo
conditions. MSCs from various species such as human, mouse, rat, rabbit and canine are
have the capacity to develop into terminally differentiated cell lineages including bone [26-
27], muscle [28-29], tendon [30-31], cartilage [32] and adipose tissue [33-34]. Moreover, it
was recently shown that MSCs can also be converted to unrelated cell types by the
induction of certain factors. Takahashi ef al. showed the generation of induced pluripotent
stem cells from adult human dermal fibroblasts via the induction of Oct3/4, Sox2, K1f4 and
c-Myc [35]. In another study, human umbilical cord blood stem cells were differentiated
into human neural cells [36]. This differentiation ability of MSCs into different connective
tissue cell types has made them an ideal clinical candidate cell source for tissue
regeneration studies, especially regeneration of bone [37], cartilage [38] and tendon [30].
Although molecular mechanisms that underlie MSC differentiation have not been
completely understood, Baksh et al. proposed a model for the regulation of stem cell

differentiation, which involves two continuous yet distinct compartments shown in Figure



1.2. In the ‘stem cell compartment’, MSCs undergo transcriptional changes and give rise to
new precursor cells. Stem cells are quiescent until they are stimulated. After stimulation,
for instance, by the presence of growth factors, they divide asymmetrically and generate
one daughter cell, the exact copy of the mother cell, and one daughter cell to become a
precursor cell with a limited pluripotency capacity. These precursor cells continue dividing
symmetrically and generate tripotent and bipotent precursor cells which share
morphological similarity to MSCs, but differ at the transcriptional level. In the
‘commitment compartment’, precursor cells continue to divide symmetrically and form
unipotent progenitor cells. These cells are simultaneously converted to fully committed
mature cells with cell line specific properties [39]. Growth factors, transcription factors,
cytokines and various molecules in extracellular matrix are involved in the commitment

and differentiation of MSCs into mature cells types [40-41].
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Traditionally, it has been accepted as central dogma that stem cells are able to differentiate
into cell lineages from the tissue of origin. This is called orthodox plasticity of the stem
cells. For instance, neural stem cells give rise to certain nerve cell types present in the
brain. But this information has changed over the years since numerous studies challenge
this central dogma by demonstrating that adult stem cells can be converted to unrelated cell
types under specific microenvironmental conditions. For example, bone marrow stem cells
are able to generate neural cells [42] and hepatocytes [11]. This concept is called

unorthodox plasticity.

1.3. DENTAL STEM CELLS

Dental stem cells have recently gained a big interest among the other adult stem cell types.
Dental stem cells are isolated from adult third molars, exfoliated deciduous teeth and adult
periodontal ligament [43-44]. These dental stem cells show mesenchymal stem cell
characteristics and have the ability to differentiate into several cell types including
neurogenic, adipogenic and odontogenic cells [45].

Dental pulp is a connective tissue surrounded by dentine and harbors nerve and blood
vessels. Dental pulp has four distinct areas from the outer layer to the inner layer: The first
part is odontoblastic layer which contains odontoblasts that produce dentin. The second
part is cell free zone rich in nerves and capillaries, and the third part, also named ‘cell rich
zone’, contains fibroblasts as well as the undifferentiated progenitor cells with
pluripotential properties. The inner part harbors nervous network and vascular supply [46].
Post-natal dental pulp tissue contains stem cells functional in dentin formation. Adult
dental pulp stem cell is first identified by Gronthos et al. in 2000 [47]. Dental pulp stem
cell and bone marrow stem cells are found to express the same stem cell markers including
CD44, CD106, CD146 and STRO-1 [45]. The expression of STRO-1 in dental tissues is
suggested to be characterized with multilineage potential [48].

Dental pulp stem cells produce mineral tissue related matrix proteins such as osteocalcin
and alkaline phosphatase. Besides their dentinogenic differentiation potential, dental pulp
stem cells are also able to differentiate into adipogenic and neurogenic cells [49]. Recently,
it was shown that dental pulp stem cells can be converted to osteogenic, chondrogenic and
myogenic cells [50]. Moreover, dental pulp tissue harbors stem cells which have

odontogenic differentiation capacity [S1]. Dental stem cells isolated from human exfoliated



deciduous teeth (SHED), also known as immature dental pulp stem cells (IDPSCs), are
shown to be highly proliferative and express ESCs markers including Oct4, Nanog, SSEA-
3, SSEA-4, TRA-1-60 and TRA-1-81 [52]. Dental follicle cells are derived from dental
follicle, the ectomesenchymal tissue containing precursor cells which are able to generate
periodontum, periodontal ligament, alveolar bone and cementum [53]. Dental follicle
contains the developing tooth, surrounds the enamel organ and dental papilla and organizes
the tooth eruption [54]. Periodontal ligament stem cells are located in periodontal ligament
of the tooth which also contains cementoblasts (cementum-forming cells) and osteoblasts
(bone-forming cells), and are functional in tissue regeneration and homeostasis of
periodontal tissue [55-56]. Dental papilla has been known to contribute to tooth formation
and convert to pulp tissue. Sonoyama et al. has discovered a new type of stem cells
(SCAP) in the apical papilla which seem to be a different population from dental pulp stem
cells. SCAP shows a higher proliferation rate and odonto/osteogenic differentiation
capacity [57-58]. Furthermore, some studies report the neurogenic and adipogenic

differentiation capacity of SCAP [57-59].

1.4. HUMAN TOOTH GERM STEM CELLS (HTGSCs)

Human tooth germ stem cells (HTGSCs) are derived from human third molar tooth germs
of young individuals at the age of 10 to 16. The tooth germ is the aggregate of progenitor
cells which lead to formation of a tooth. It is composed of the dental papilla, dental follicle
and enamel organ. HTGSCs have been discovered to show mesenchymal stem cell
properties. They are derived from dental pulp and dental follicle tissues (Figure 1.3) [60].
Third molar tooth germs develop after the age of six, but still keeps its undifferentiated
state before this time. This could be the reason that MSCs derived from third molar tooth
germs such as HTGSCs are likely to have high proliferation and multipotent differentiation

capacity [52].
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Moreover, stem cells found in tooth germs are demonstrated to have ability to differentiate

into various cells lines of all of the three primordial germ layers [62].

1.5. MELATONIN

Melatonin, also known as N-acetyl-5-methoxytryptamine, is an indoleamine hormone
mainly produced in the pineal gland [63] as well as in many other tissues including the eye
[64], skin [65], gastrointestinal tract [66-67], lymphocytes [68] and thymus [69]. The
production of melatonin is inhibited by light. Most of its biological effects are mediated
through the activation of melatonin receptors while others are suggested to be due to the
chemical antioxidant nature of indoleamine and occur at higher, non-physiological
concentrations [70]. In humans, there are two well-characterized melatonin receptors (MT:
and MT2) which are G protein-coupled proteins with high affinity to melatonin [71-72].
Moreover, an additional melatonin receptor subtype MT3 has been discovered in birds and
amphibians [73]. Melatonin exhibits its pleiotropic effects via two molecular mechanisms:
binding to its high-affinity receptors on membrane and interacting with intracellular targets
to regulate signal transduction pathways or scavenging of free radicals [74].

Melatonin has a number of functions in the human body. It functions as part of the
regulation system of circadian rhythm by being synthesized during the dark phase of the
light/dark cycle and being delivered to the body through the blood stream. Although



suprachiasmatic nuclei (SCN) is the main region in the brain which controls circadian
rhythms through its hormonal and neuronal activities, the daily rhythm of melatonin is
used as a mediator by SCN clock to convey circadian message to target tissues and organs
possessing melatonin receptors [75].

Several studies suggest that melatonin can change the release of various neurotransmitters
such as dopamine, serotonin, norepinephrine and acetylcholine in rats [76-79]. In addition,
melatonin regulates the function of type A y-aminobutyric acid (GABAAa) receptors
through the activation of its receptors [80]. It has been suggested that, in humans, sedative,
analgesic, anticonvulsive and anxiolytic effects of melatonin might be connected to its
interaction with GABAAa [81].

Melatonin has been shown to interact with the immune system although the mechanisms
remain yet to be completely unveiled. It is of great importance to boost the immune
response of elderly individuals and patients having immunocompromised conditions [82-
83]. It was demonstrated that melatonin in vifro enhances the cytokine production
including interleukin (IL)-2, IL-6 and interferon-y (IFN-y) in human mononuclear cells
[84]. Furthermore, it enhances IFN-y production and natural killer cell activity by
increasing the cytokine production [83-85]. These effects of melatonin may occur through
the MT1 and MT2 membrane receptors since they have been identified in various tissues of
immune system including lymphocytes, spleen and thymus.

Melatonin is also an antioxidant molecule with the ability to cross cell membrane and the
blood-brain barrier [86-88]. It was first discovered to be a potent hydroxyl radical
scavenger in 1993 [89]. The usage of oxygen in cells causes the production of reactive free
radical species such as hydrogen peroxide, superoxide anion, nitric oxide and hydroxyl
radical, which are highly toxic and deleterious, and damage macromolecules like DNA,
proteins and lipids, hence triggering apoptosis. The antioxidant ability of melatonin to
protect cells from oxidative damage was proven in numerous publications [90-94]. It can
help the cell at all levels in terms of protecting from oxidative/nitrosative damage by
radicals and radical-related molecules. It stimulates various antioxidant enzymes including
superoxide dismutase, glutathione peroxidase and catalase that convert reactive oxygen
and nitrogen species into harmless products [95-98] as well as enhancing the production of
another antioxidant, glutathione [99-100]. Moreover, it reduces free radical formation in

the mitochondria, a process named radical avoidance [87, 101]. Melatonin also inhibits the



activity of nitric oxide synthase which produce nitric oxide, one of the free radicals [102-

103].

1.6. EFFECTS OF MELATONIN ON STEM CELL DIFFERENTIATION

Beside its several physiological processes in human body, melatonin is also discovered to
induce the stem cell differentiation into various types of cells. It was demonstrated that
melatonin promotes osteoblast differentiation and bone formation in mice [104], enhances
osteogenesis of human mesenchymal stem cells by increasing the expression of runt-
related transcription factor 2 (Runx2), a key transcription factor involved in osteoblast
differentiation [105], regulates osteoblast differentiation [106] and bone growth [107-108].

Melatonin modulates the survival of newborn neurons by stimulating the dendrite
maturation which is a necessary process for the existence of new neurons [109-110].
Researchers also found that melatonin promotes neurogenesis in the hippocampus of mice
after pinealectomy, the removal of pineal gland, which mimics the withdrawal of
melatonin [111]. Furthermore, it augments neurogenic differentiation of neural stem cells
at pharmacological concentrations (1-100 uM) in humans [112] and rats the increasing the
expression of dopaminergic neuron marker tyrosine hydroxylase [113].

In contrast to enhanced osteogenic and neurogenic differentiation by melatonin, an
inhibitory effect on adipogenesis was reported. It inhibits adipogenic differentiation of
human mesenchymal stem cells through the suppression of peroxisome proliferator-
activated receptor (PPAR)-y, a nuclear receptor which regulates adipocyte differentiation
[105]. Moreover, melatonin decreases the expression of glucose transporter GLUT4 and
glucose uptake of adipocytes [114] and inhibits triglyceride accumulation in the osteoblast-
like cells of rats [115].

It was reported that melatonin treatment enhances cartilage matrix synthesis and the
expression of chondrogenic markers including collagen II, Sox 9 and aggrecan [116] and
shows protective and anti-inflammatory effects in chondrocytes [117]. Although
melatonin’s effect on odontogenic differentiation is still unclear, it may play an important
role in the regulation of tooth development since MT1 receptor has been found in the tooth
germs of human and mice [118]. Researchers also discovered that melatonin plays a
protective role on the survival of myocytes against damage by doxorubicin [119] and

reduces the hypoxic damage in cardiomyocytes [120].
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1.7. AIM OF THE STUDY

In this study, we aimed to show the efficiency of melatonin on osteogenic, neurogenic,
adipogenic, myogenic, chondrogenic and odontogenic differentiation of HTGSCs. By
testing this, it is expected that melatonin might be used as a therapeutic agent in the
treatment of a number of disorders such as osteoporosis, osteoarthritis, neurodegenerative

and cardiovascular diseases.
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2. MATERIALS AND METHODS

2.1. ISOLATION OF HTGSCs

Human tooth germs were collected from the 3™ molar teeth of a 14 year old patient. The
collected tooth germs were harvested and cut into small pieces. The tooth germ tissue was
plated in six well plates (BIOFIL, TCP, Switzerland) and grown to confluency in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS) and 1% (v/v) PSA (10.000 units/mL potassium penicillin, 10.000 pg/mL
streptomycin sulfate, 25 pg/mL amphotericin B) (Invitrogen, Gibco, UK). The harvested
cells expanded and started to appear after 3-4 days, and covered the surface after 8 days
(Figure 2.1). Thereafter, the cells were trypsinized using 0.25% (v/v) trypsin/EDTA
(Invitrogen, Gibco, UK). Medium was added to detached cells to inhibit the activity of
trypsin. After the cells were centrifuged at 300 x g for 5 minutes at room temperature, the
pellet was dissolved in fresh medium and seeded on a T-75 flask (Zelkultur Flaschen,
Switzerland). The cells were maintained at 37°C and 5% CO2 in a humidified incubator.

Cells from passages 1~6 were used in all experiments [121].

Figure 2.1. Isolated human tooth germ stem cells at day 8. Scale bar: 400 um
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2.2. CHARACTERIZATION OF HTGSCs

The procedure previously published by our group was done for characterization of
HTGSCs [121]. Cells were trypsinized and incubated with the primary antibodies which
were prepared in PBS. For characterization, primary antibodies against CD29 (cat
#BD556049), CD34 (cat #SC-51540), CD45 (cat #SC-70686), CD90 (cat #SC-53456),
CDI105 (cat #SC-71043), CD133 (cat #SC-65278), CD166 (cat #SC- 53551) (SantaCruz
Biotechnology Inc., Santa Cruz, CA, USA) and CD73 (cat # BD550256) (Zymed, San
Francisco, CA, USA) were used. The cells were washed with PBS to remove the excess
primary antibodies. Thereafter, the cells were incubated with fluorescein-iso-thio-cynate
(FITC)-conjugated secondary antibody (cat #SC-2989) at 4°C for one hour except CD29
phyco-erythrin (PE)-red light-harvesting protein containing chromophore-conjugated
monoclonal antibody was used. The flow cytometry analysis of the cells was done using
Becton Dickinson FACS Calibur flow cytometry system (Becton Dickinson, San Jose, CA,
USA). 5000 cells were counted in each sample.

2.3. TOXICITY ASSAY FOR VARIOUS CONCENTRATIONS OF MELATONIN

Melatonin (MP Biomedicals LLC, USA) at different concentrations (50 nM, 100 nM and
150 nM) were prepared in DMEM with 10% (v/v) FBS and 1% (v/v) PSA. Cells were
seeded on a 96 well plate (BIOFIL, TCP, Switzerland) at a density of 5000 cells per well.
The following day cells were treated with different concentrations of melatonin and 20%
(v/v) DMSO. Cell viability was measured by the MTS assay (CellTiter96 Aqueous One
Solution, Promega, UK) according to the manufacturer’s instructions. MTS (3-(4, 5-
dimethyl-thiazol-2-yl)-5-(3-carboxy-methoxy-phenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium)

is a yellow tetrazolium salt which is catabolized to formazan by dehydrogenase enzyme in
mitochondria of the living cells. Formazan is a purple compound and the detection in this
assay is based on the measurement of formazan compounds by an ELISA plate reader.
After incubating the cells with melatonin for 24, 48 and 72 hours, 10 ul MTS reagent and
100 ul DMEM was given to the cells followed by the incubation for 2 hours. Thereafter,
the absorbance at 490 nm was measured by an ELISA plate reader (BioTek Instruments,

Inc., VT, USA).
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2.4. DIFFERENTIATION PROCESS

HTGSCs were induced to differentiate into osteogenic, neurogenic, adipogenic,
chondrogenic, odontogenic and myogenic cells. The cells were seeded on a six well plate
for RNA isolation and 48 well plate (BIOFIL, TCP, Switzerland) for
immunocytochemistry at a density of 150.000 cells/well and 10.000 cells/well respectively
for each differentiation. For osteogenic differentiation the cells were seeded on six well
plates followed by the addition of osteogenic differentiation medium, which was consisted
of DMEM, 10% (v/v) FBS, 0.1 uM dexamethasone (AppliChem, Germany), 10 mM p-
glycerol phosphate (Sigma, USA) and 50 pg/mL ascorbic acid (Sigma, USA), with or
without 100 nM melatonin. The medium was changed every other day and the cells were
treated with the osteogenic differentiation medium for 14 days [105]. For adipogenic
differentiation, the cells were induced to differentiate into adipocytes using a previously
published method [122]. The cells were seeded on a six well plate and given adipogenic
differentiation medium, which is composed of DMEM, 10% (v/v) FBS, 1 uM
dexamethasone, 100 uM indomethacin (Sigma, USA), 500 uM IBMX (Calbiochem,
Merck Millipore, Germany) and 0.01 mg/mL insulin (Gibco, UK), with or without
melatonin. Adipogenic differentiation lasted 10 days in the adipogenic differentiation
medium that was changed every other day. In the neurogenic differentiation experiments, a
modification of a previously published method was used for neural induction [123].
HTGSCs were treated with the medium including DMEM, 10% (v/v) FBS, 200 uM
butylated hydroxyanisole (Sigma, USA), 5 mM KCl, 2 uM valproic acid (Sigma, USA)
and 5 g/mL insulin for 14 days with the medium change every 3 days with or without
melatonin. A modification of previous method was used for chondrogenic differentiation
[124]. The chondrogenic differentiation medium was consisted of DMEM supplemented
with 10% (v/v) FBS, 0.1 uM dexamethasone, 10 ng/mL TGF-B1 (Sigma, USA), 50 mg/mL
ITS (Gibco, UK), 5.35 mg/ml linoleic acid (Acros Organics, Belgium) and 6.25 pg/mL
insulin, with or without melatonin. The chondrogenic differentiation lasted 3 weeks
changing the medium in every 2-3 days. The odontogenic differentiation was conducted by
treating the cells with the differentiation medium containing DMEM, 10% (v/v) FBS, 10®
M dexamethasone, 5 mmol/L. KH2PO4 and 50 pg/mL ascorbic acid, with or without
melatonin [50]. Eventually, myogenic differentiation was done with the DMEM medium

supplemented with 5% (v/v) horse serum, 0.1 pM dexamethasone and 50 uM
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hydrocortisone (Sigma, USA) [18, 125]. The myogenic differentiation took 3 weeks with
medium changed in every 2-3 days. Positive control groups were treated with the
respective differentiation mediums while negative control groups were cultured only in

DMEM supplemented with 10% (v/v) FBS and 1% (v/v) PSA.

2.5. IMMUNOCYTOCHEMISTRY ANALYSIS

At the end of the differentiation procedures of HTGSCs, the cells were incubated with 2%
(w/v) paraformaldehyde for 30 minutes at 4°C for fixation. The cells were washed with
PBS three times for 5 minutes by shaking the plates on a plate shaker. Later on, the cells
were permeabilized by incubating with 0.1% (v/v) Triton X-100 (in PBS) for 5 min at
room temperature followed by washing three times for 5 min. with PBS. The cells were
incubated with 2% (v/v) goat serum (Sigma, USA) for 20 minutes at 4°C for preventing
non-specific binding of primary antibodies. The cells were again washed three times with
PBS. The cells were incubated overnight with primary antibodies at 4°C. For osteogenic
differentiation collagen type la (COL1A) (ab292, Abcam, UK) and osteocalcin (sc-30044,
Santa Cruz Biotechnology, TX, USA), for neurogenic differentiation enolase (sc-59536,
Santa Cruz Biotechnology, TX, USA), nestin (sc-20172, Santa Cruz Biotechnology, TX,
USA), neurofilament (NF) (sc-20013, Santa Cruz Biotechnology, TX, USA) and tyrosine
hydroxylase (TH) (sc-14007, Santa Cruz Biotechnology, TX, USA), for adipogenic
differentiation adipocyte protein 2 (aP2) (sc-30088, Santa Cruz Biotechnology, TX, USA)
and PPAR-y (ab8934, Abcam, UK), for chondrogenic differentiation collagen type 2a
(COL2A) (ab3092, Abcam, UK), for myogenic differentiation actin (sc-1616, Santa Cruz
Biotechnology, TX, USA), a-smooth muscle actin (a-SMA) (ab5694, Abcam, UK),
desmin (ab15200, Abcam, UK) and MyoD (sc-377460, Santa Cruz Biotechnology, TX,
USA), and for odontogenic differentiation COL1A and dentin sialoprotein (DSP) (sc-
33586, Santa Cruz Biotechnology, TX, USA) were used. The cells were washed three
times with PBS to remove the excess antibody after incubating with primary antibodies.
Thereafter, the cells were treated with secondary antibodies (Goat anti rabbit IgG Alea
Fluor 488, Goat anti mouse IgG Alea Fluor 488) and incubated for 1 hour at 4°C followed
by rinsing three times with PBS. DAPI (AppliChem, Germany) was used to stain the nuclei
of the cells by incubating for 20 minutes at 4°C. The cells were then rinsed three times with

PBS and observed under fluorescence microscope (Nicon Eclipse TE200).
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2.6. TOTAL RNA ISOLATION AND QUANTITATIVE RT-PCR

Primers for alkaline phosphatase (ALP), nestin, CDI133, Sox 9, aggrecan, dentin
sialophosphoprotein (DSPP), COL1A, bone morphogenetic protein 2 (BMP-2), desmin and
alpha-actin-2 (ACTA2) were designed using nBLAST online software of The National
Center for Biotechnology (NCBI). The other primers sequenced were used as previously

described in the literature (Table 2.1).

Table 2.1. Primers used in this study

Primer Sense (5’-3°) Antisense (5’-3’) Ref.
Osteocalcin | GTGCAGAGTCCAGCAAAGGT TCAGCCAACTCGTCACAGTC [126]
ALP GACATCGCCTACCAGCTCAT TCACGTTGTTCCTGTTCAGC

Nestin GGAGTCCTGGATTTCCTTCC GCCCTGACCACTCCAGTTTA

CD133 GCCAGCCTCAGACAGAAAAC CCAAGCCTTAGGAGCATCTG

MAP2 CCATTTGCAACAGGAAGACAC CAGCTCAAATGCTTTGCAACTAT [127]
Adiponectin | TATCCCCAACATGCCCATTCG TGGTAGGCAAAGTAGTACAGCC [105]
PPARy CCTATTGACCCAGAAAGCGATT CATTACGGAGAGATCCACGGA [105]
LPL ACAAGAGAGAACCAGACTCCAA AGGGTAGTTAAACTCCTCCTCC [105]
aP2 AACCTTAGATGGGGGTGTCCT TCGTGGAAGTGACGCCTTTC [105]
Sox 9 GAACGCACATCAAGACGGAG TCTCGTTGATTTCGCTGCTC

Aggrecan ACTGCTGCAGACCAGGAGGT TCCTCGGGGGTGACGATGCT

COL2A GTGTGGAAGCCGGAGCCCTG GGTCCTGGTTGCCCACTGGC [128]
DSPP CAGTACAGGATGAGTTAAATGCC TACTTCTGCCCACTTAGAGCC

COLIA CCACGCATGAGCGGACCCTAA ATTGGTGGGATGTCTTCGTCTTGG

BMP-2 CCACCATGAAGAATCTTTGGAAGA | ATTAAGCCACTACCTTTGACGATAAC
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Desmin GGAGAGCCGGATCAATCTCCCCA ACGACCTCCCCATCCCGTGT

Myogenin TAAGGTGTGTAAGAGGAAGTCG CCACAGACACATCTTCCACTGT [129]
ACTA2 AGACATCAGGGGGTGATGGT ATCTTTTCCATGTCGTCCCAGTTG

MyoD AAGCGCCATCTCTTGAGGTA GCGCCTTTATTTTGACC [125]
GAPDH TGGTATCGTGGAAGGACTCA GCAGGGATGATGTTCTGGA [130]

Total RNA isolation after differentiation was performed using High Pure RNA Isolation
Kit (Roche, Germany) according to the manufacturer’s instructions. cDNA synthesis from
isolated RNA samples were done using High Fidelity ¢cDNA Synthesis Kit (Roche,
Germany). Real time PCR was performed using Maxima SYBR Green/ROX (Fermentas,
USA) for the determination of expression levels of marker genes after differentiations.
cDNAs of the differentiated cells incubated with or without melatonin were used as
template and were mixed with primers and Maxima SYBR Green/ROX qPCR Master Mix
(2X). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the house
keeping gene for the normalization of the data. All the real time PCR experiments were

performed using iCycler RT-PCR detection system (Bio-Rad, Hercules, CA, USA).

2.7. ALKALINE PHOSPHATASE ACTIVITY ASSAY

Alkaline phosphatase activity was determined to demonstrate osteogenic differentiation.
After the process of osteogenic differentiation, medium was removed and cells were
treated with 0.2% (w/v) Triton X-100 (BioBasicInc., Canada, cat # 9002-93-1) for lysis.
Cells were collected from plates and mixed by vortex for 20 minutes at room temperature.
Thereafter, 10 pL of cell lysate was added to each well of a 96 well plate followed by the
addition of 90 pL of ALP solution (BioAssay Systems, USA, cat # DALP-250). After the
incubation for 15 minutes, the absorbance at 405 nm was measured by an ELISA plate

reader.
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2.8. VON KOSSA STAINING

von Kossa staining is a method based on the detection of calcium or calcium salt deposits.
Cells were seeded on 6-well plates at a concentration of 50.000 cells/well. At the end of
both osteogenic and odontogenic differentiation, the medium from cells was removed and
the cells were washed three times with PBS. Then the cells were incubated with
paraformaldehyde for 20 minutes for fixation. After the addition of 3% (w/v) silver nitrate,
the cells were exposed to UV light for 1 hour at room temperature. After washing the cells
three times with PBS, 5% (w/v) sodium thiosulfate was added to each well followed by
incubation for 2 minutes at room temperature. After the incubation, the cells were again
rinsed three times with PBS. Thereafter the cells were incubated with nuclear fast red for 5
minutes at room temperature. After washing with PBS, the cells were observed under the

light microscope.

2.9. ALCIAN BLUE STATINING

1 gram alcian blue dye (Sigma, USA) was dissolved in 100 mL of 3% (w/v) acetic acid to
prepare alcian blue staining solution. The cells were fixed with 2% paraformaldehyde for
30 minutes and incubated with alcian blue staining solution for 30 min. After the
incubation, the cells were washed three times with PBS and the samples were observed

under the light microscope [18].

2.10. OIL RED OIL STAINING

Oil red oil solution was prepared by dissolving 0.5 gram oil red oil (Sigma, USA) in 100
mL isopropanol. The cells were then fixed with 2% (w/v) paraformaldehyde for 30 minutes
followed by wash three times with PBS. The cells were then incubated with oil red oil
solution diluted 6:4 in PBS for 1 hour for staining. Cells were washed with PBS and

observed under the light microscope [131].
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2.11. STATISTICAL ANALYSIS

All data are shown as the means + standard errors. Graphics were drawn using GraphPad
Prism 5 software. The results of real time PCR data were normalized to the mRNA level of
GAPDH. The statistical analysis of the results were performed one-way ANOVA followed
by the multiple-comparison Tukey’s test using GraphPad Prism 5 software. Statistical

significance was determined at P < 0.05.
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3. RESULTS

3.1. CHARACTERIZATION OF HUMAN TOOTH GERM STEM CELLS

Human tooth germ stem cells were analyzed to be characterized for the surface antigens
CD29, CD34, CD45, CD73, CD90, CD105, CD133 and CD166 by flow cytometry. Cells
were positive for CD29, CD73, CD90, CD105 and CD166 whereas they were negative for
CD34, CD45 and CD133 (Figure 3.1). These data showed that HTGSCs were positive for

MSC markers and negative for HSC markers.
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Figure 3.1. Flow cytometry analysis of HTGSCs
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3.2. TOXICITY OF MELATONIN

Toxicity of melatonin was measured by MTS assay at various concentrations (50 nM, 100
nM, 150 nM) for day 1, 2 and 3. The results showed that melatonin was toxic to HTGSCs
at neither of the concentrations tested (Figure 3.2). On the contrary, it significantly
increased the survival of cells at each concentration in each day compared to negative
control except 100 nM of melatonin in the 3™ day. 50 nM melatonin increased the survival
of cells by 120%, 125% and 110% at day 1, 2 and 3, respectively. For 100 nM melatonin,
the survival rate of cells was increased by 125% and 132% at day 1 and 2 while it was not
affected at day 3. Finally, 150 nM melatonin raised the survival by 119%, 130% and 110%
at day 1, 2 and 3, respectively.
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Figure 3.2. Toxicity results of different concentrations of melatonin. NC: Negative control.

*P < 0.05 versus the negative control
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3.3. OSTEOGENIC DIFFERENTIATON

3.3.1. Effect of Melatonin Treatment in Osteogenic Marker Genes

mRNA levels of osteogenic marker genes, osteocalcin, ALP and COL1A, were detected by
real time PCR. Osteocalcin is a non-collagenous bone specific protein found in bone and
dentin tissues [132]. ALP is a type of hydrolase enzyme which removes phosphate groups
from various kinds of molecules including nucleotides and proteins. It is found at high
concentrations in bone tissue since it is necessary for the deposition of minerals in bones
and teeth [133]. COL1A is another markers for osteogenic differentiation. It is one of
collagen types found in bone, cartilage and tendon [134]. Our results showed that cells
treated with melatonin have the highest expression levels of these genes. Furthermore,
mRNA levels of the marker genes are higher in the positive control compared to the
negative control group (Figure 3.3). The expression levels of osteocalcin were 640- and
240-fold elevated in melatonin group and positive control, respectively, compared to the
negative control. ALP expression levels were detected 125 and 67 times higher than the
negative control in melatonin group and positive control respectively. COL1A expression
level was 5.5-fold increase in melatonin groups while positive control was measured 1.8-

fold higher than the negative control.
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Figure 3.3. Osteocalcin, ALP and COL1A expressions in melatonin and control groups.
Mel: Melatonin, PC: Positive control, NC: Negative control. *P < (.05 versus the positive

control

3.3.2. Immunocytochemical Analysis of COL1A and Osteocalcin

The expression of osteocalcin and COL1A were visualized by immunocytochemistry. The
data showed expressions of osteocalcin and COL1A were up-regulated in melatonin
compared with positive control groups whereas there was no expression in the negative

control (Figure 3.4).
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MELATONIN

Figure 3.4. Immunostaining of COL1A and osteocalcin in melatonin and control groups.
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PC: Positive control, NC: Negative control. Scale bar: 100 um

3.3.3. ALP Activity for Osteogenic Differentiation

ALP activity of differentiated HTGSCs is another marker for osteogenic differentiation.
ALP is found in dental and bone tissues at high concentrations. Moreover, alkaline
phosphatase level is measured in case of bone diseases in clinical applications [133]. ALP

activity was measured for the determination of osteogenic differentiation (Figure 3.5).

Absorbance at 405 nm

Figure 3.5. ALP activity results of melatonin and control groups. Mel: Melatonin,

PC: Positive control, NC: Negative control. *P < 0.05 versus the positive control
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Melatonin group was found to have the highest level (16-fold) of ALP activity compared to
the positive and negative control groups. The ALP activity of positive control was

measured 11-fold higher than the negative control.

3.3.4. von Kossa Staining for Osteogenic Differentiation

Osteogenic differentiation of HTGSCs was also confirmed by von Kossa staining which is
a standard method to show calcium or calcium salt deposits as an indicator of osteogenic
differentiation. Calcium depositions were detected by this method in cells treated with
melatonin as well as in the positive control, demonstrating the osteogenic differentiation

(Figure 3.6).

Figure 3.6. von Kossa staining of a. melatonin, b. positive control and c. negative control.

Scale bar: 400 um

3.4. NEUROGENIC DIFFERENTIATION

3.4.1. Effect of Melatonin Treatment on the Neurogenic Marker Genes

CD133 is a transmembrane glycoprotein which is expressed in various tissues including
neuronal and glial cells [135]. Nestin is an intermediate filament protein involved in the
axon growth of neurons and was found to be expressed in neural precursor cells [136].
Microtubule-associated protein 2 (MAP2) is also another marker for neurogenesis, which
is implicated in the microtubule assembly [137]. GAPDH was used as the house keeping
gene to normalize the results. The results showed that melatonin group expresses the

highest mRNA levels of CD133, nestin and MAP2 compared to positive and negative
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controls (Figure 3.7). The expression levels of CD133 were detected 1.7- and 1.3-fold
higher in melatonin group and positive control respectively in comparison to the negative
control. Melatonin group and positive control showed 2.3- and 1.4-fold higher expression
level of nestin compared to the negative control. The expression of MAP2 was elevated up
to 3.4- and 1.8-fold in the melatonin group and positive control in comparison to the

negative control.
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Figure 3.7. CD133, nestin and MAP2 gene expressions of melatonin and control groups.
Mel: Melatonin, PC: Positive control, NC: Negative control. *P < (.05 versus the positive

control
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3.4.2. Immunocytochemical Analysis of NSE, Nestin, NF and TH

Immunocytochemistry assay was performed for neuron-specific enolase (NSE) [50],
nestin, NF [58] and TH (Figure 3.8) [138-139]. NSE is found in mature neurons and
supposed to serve as a growth factor in neurons [140]. NF is one of the major components
of neural cytoskeleton and supports the structure of axons in neurons [141]. TH is an
enzyme found in various neural tissues including central nervous system and the adrenal
medulla [142]. Melatonin group and the positive control were positively stained for NSE,
nestin, NF and TH whereas the negative control does not show expressions of these marker

genes.
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MELATONIN

Figure 3.8. Immunostaining of NSE, nestin, NF and TH. PC: Positive control,
NC: Negative control. Scale bar: 100 pm
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3.5. ADIPOGENIC DIFFERENTIATION

3.5.1. Effect of Melatonin Treatment in Adipogenic Marker Genes

Expression levels of markers for terminal adipocyte differentiation, such as adiponectin,
lipoprotein lipase (LPL), aP2 and PPAR-y were detected by real time PCR. Adiponectin is
a hormone mainly secreted by adipose tissue and regulates glucose levels and fatty acid
breakdown [143]. LPL is an hydrolytic enzyme which breaks down triglycerides into free
fatty acids and monoacylglycerol molecules in adipose tissue [144]. aP2 is a carrier protein
of fatty acids in adipocytes [145]. PPAR-y is a major transcription factor which is found
functional in adipocyte differentiation [105]. The expression levels of the marker genes
were normalized by dividing by the mRNA level of GAPDH. Cells treated with melatonin
during adipogenic differentiation showed the lowest mRNA expressions of the all marker
genes compared to positive control groups (Figure 3.9). Melatonin decreased the
expression of adiponectin by 4.8-fold, LPL by 2.3-fold, aP2 by 13-fold and PPAR-y by 6-
fold in comparison with the positive control. Moreover, LPL expression level was

measured 2.6 times lower in melatonin group compared to the negative control.
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Figure 3.9. Adiponectin, LPL, aP2 and PPAR-y gene expressions in melatonin and control

groups. Mel: Melatonin, PC: Positive control, NC: Negative control. *P < 0.05 versus the

positive control

3.5.2. Immunocytochemical Analysis of aP2 and PPAR-y

For adipogenic differentiation, the expression of aP2 and PPAR-y was checked by

immunocytochemistry. Melatonin was found to down-regulate the expression of these two

markers and give a similar result to those of the negative control while the positive control

groups exhibit higher expressions of aP2 and PPAR-y (Figure 3.10).
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MELATONIN

Figure 3.10. Immunocytochemistry results of aP2 and PPAR-y. PC: Positive control,
NC: Negative control. Scale bar: 100 pm

3.5.3. Oil Red Oil Staining for Adipogenic Differentiation

Oil red oil is a lysochrome diazo dye used to stain lipids and neutral triglycerides. Oil red
oil staining was performed to visualize the intracellular lipid vesicles after adipogenic

differentiation. Lipid vesicles were detected only in the positive control (Figure 3.11).

Figure 3.11. Oil red oil staining of a. melatonin, b. positive control and c. negative control.

Scale bar: 100 pm
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3.6. CHONDROGENIC DIFFERENTIATION

3.6.1. Effect of Melatonin Treatment in Chondrogenic Marker Genes

To confirm chondrogenic differentiation, mRNA levels of Sox 9, aggrecan and COL2A
were detected by real time PCR. Sox 9 is a transcription factor that acts during chondrocyte
differentiation along with other factors [146]. Aggrecan is one of the compounds of
extracellular matrix of cartilage tissue while COL2A is an essential structural protein in
cartilage [147-148]. Melatonin groups have much higher mRNA levels of Sox 9, aggrecan
and collagen II than the positive control (Figure 3.12). Melatonin increased the expression
level of Sox 9 by 2.2-fold, aggrecan by 5.4-fold and COL2A by 7.3-fold compared to the
positive control. The expression levels in the positive control were detected as 15-, 25- and
8-fold elevated for Sox 9, aggrecan and COL2A, respectively in comparison with the

negative control.
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Figure 3.12. Sox 9, aggrecan and COL2A expressions in melatonin and control groups.
Mel: Melatonin, PC: Positive control, NC: Negative control. *P < 0.05 versus the positive

control
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3.6.2. Immunocytochemical Analysis of COL2A

COL2A is the main protein of articular and hyaline cartilage tissues. Expression of COL2A
was checked with immunocytochemistry. Results showed that melatonin and positive
control groups were positively stained whereas the negative control shows almost no

expression of COL2A (Figure 3.13).
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Figure 3.13. Immunostaining of COL2A. PC: Positive control, NC: Negative control.
Scale bar: 100 pm

3.6.3. Alcian Blue Staining for Chondrogenic Differentiation

Alcian blue staining was done for the confirmation of chondrogenic differentiation.
Melatonin  group showed the highest amount of mucopolysaccharides and

glycosaminoglycans formed in cells (Figure 3.14).
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Figure 3.14. a. Alcian blue staining of melatonin and control groups b. General view of

stained wells. PC: Positive control, NC: Negative control. Scale bar: 400 um

3.7. MYOGENIC DIFFERENTIATION

3.7.1. Effect of Melatonin Treatment on the Myogenic Marker Genes

The myogenic markers were analyzed by real time PCR for their expression levels to
confirm the myogenic differentiation. Myogenin and MyoD are transcription factors
required during myogenesis [149]. Desmin is an intermediate filament protein found in the
skeletal muscle, smooth muscle and cardiac muscle tissues [150], and ACTA2 is one of the
actin isoforms, which is functional in cell motility, structure and integrity of
myofibroblasts [151]. The data from real time PCR was normalized to mRNA level of
GAPDH. The results indicate that all of the four marker genes were highly expressed in the
melatonin groups (Figure 3.15). Melatonin raised the expression of myogenin by 2.2-fold,

MyoD by 1.9-fold, desmin by 7.3-fold and ACTA2 by 1.6-fold compared to the negative
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control. The expression levels in the positive control were detected as 1.8-, 1.4-, 4.5- and
1.3-fold elevated for myogenin, MyoD, desmin and ACTAZ2 respectively, compared to the
negative control. Melatonin treatment increased myogenic differentiation compared to the

cells given only myogenic differentiation medium or DMEM.
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Figure 3.15. Myogenin, MyoD, desmin and ACTA2 gene expressions. Mel: Melatonin,

PC: Positive control, NC: Negative control. *P < 0.05 versus the positive control

3.7.2. Immunocytochemical Analysis of Actin, a-SMA, Desmin and MyoD

Actin, a-SMA, desmin and MyoD were immunostained for the confirmation of myogenic
differentiation of HTGSCs. a-SMA is one of the actin isoforms used as a marker for
myofibroblast formation [151]. Immunocytochemistry results indicate that both melatonin

group and positive control were positively stained for actin, a-SMA, desmin and MyoD,
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demonstrating the myogenic differentiation of the cells. However, the negative control

showed less expression levels of these marker genes (Figure 3.16).
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Figure 3.16. Immunostaining of actin, a-SMA, desmin and MyoD. PC: Positive control,

NC: Negative control. Scale bar: 100 um
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3.8. ODONTOGENIC DIFFERENTIATION

3.8.1. Effect of Melatonin Treatment in Odontogenic Marker Genes

For odontogenic differentiation, DSPP, COL1A and BMP-2 were chosen as marker genes
and mRNA expression levels were detected by real time PCR [50, 152]. Melatonin up-
regulated the mRNA expression of DSPP by 1.6-fold, COL1A by 2-fold and BMP-2 by
2.2-fold compared to the positive control (Figure 3.17).
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Figure 3.17. DSPP, COL1A and BMP-2 expressions in melatonin and control groups.
Mel: Melatonin, PC: Positive control, NC: Negative control. *P < 0.05 versus the positive

control
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3.8.2. Immunocytochemical Analysis of COL1A and DSP

COL1A and DSP were checked in immunocytochemistry to confirm the odontogenic
differentiation. DSP is a extracellular matrix protein specific to the dentin tissue [153].
Melatonin group and positive control showed positive results for COL1A and DSP
whereas the negative control did not exhibit any expressions for these marker genes

(Figure 3.18).

MELATONIN

Figure 3.18. COL1A and DSP immunocytochemistry results. PC: Positive control,

COL1A

DSP

NC: Negative control. Scale bar: 100 pm

3.8.3. von Kossa Staining

von Kossa staining method was performed to visualize the calcium deposits after
odontogenic differentiation. Differentiated cells treated with melatonin as well as the
positive control were positively stained whereas the negative control did not give any

positive result (Figure 3.19).



38

Figure 3.19. von Kossa staining of a. melatonin, b. positive control and c. negative control.

Scale bar: 400 um
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4. DISCUSSION

The term “regenerative medicine” is first used by William A. Haseltine in 2000 to describe
biomedical approaches involving the replacement or regeneration of cells, tissues or organs
to establish normal functions of the damaged ones in the body [154]. Some of the tissues in
mammals such as bone marrow, muscle and epithelia go through regeneration to maintain
tissue integrity after cell loss in their normal turnover or after an injury. For instance,
epithelial tissue can repair and regenerate damaged area throughout life. However, other
tissues like cartilage and bone have limited capacity of regeneration while neural and
myocardium tissues exert almost no regenerative ability to confer respective tissues.
Moreover, organ regeneration is only demonstrated in deer antler among mammals [155].
Because of this limited regenerative capacity of human body, regenerative therapies are
very popular and promising for replacing damaged tissues in several conditions such as
trauma, burns, inflammations, injuries as well as in many diseases including diabetes,
cardiovascular diseases and neurodegenerative disorders.

Stem cells are a good candidate for the regenerative medicine because of their great
proliferation and differentiation capacity [156]. The source of stem cell is of great
importance, but also one of the major issues to be addressed since adequate number of
stem cell is required for therapeutic usage. The number of stem cells in the human body is
limited, but numerous studies report that there are some tissues such as bone marrow and
dental tissues from which stem cells can be isolated [157]. However, isolation from other
sources like nervous system is not likely to be feasible. The ideal concept is to find a
source of stem cell at sufficient number and with high proliferation and differentiation
ability as well as easy to isolate from the body without any risk for patient and long culture
procedure.

All of the requirements above led scientists to search for stem cell sources harboring stem
cells with proliferation, self-renewal and differentiation capability. Use of embryonic stem
cells are limited due to the ethical concerns in spite of their huge pluripotency and
differentiation ability. Instead, adult stem cells have gained interest for stem cell based
therapies. Adult stem cells are a good choice since there are several sources in human
body. Researchers have characterized various tissues possessing stem cells with the

mesenchymal stem cell properties ever since bone marrow was identified as the first
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mesenchymal stem cell source [34, 158-161]. Bone marrow mesenchymal stem cells can
be easily isolated and cultured in vitro. The capacity of self-renewing and differentiation
into cells originated from cells with mesenchymal properties rendered them a good
candidate for the regenerative therapy [162]. However, surgical procedures are required for
the isolation of these cells, therefore it has the potential risks of contamination. The
isolation procedure is traumatic and the number of cells obtained is limited. Moreover,
bone marrow related disorders are another problem for this procedure [163]. These issues
associated with bone marrow mesenchymal stem cells led researchers to seek new adult
stem cell sources and isolation methods. Various tissues including skeletal muscle, lung,
adipose tissue and dental tissues are demonstrated to have stem cells with the
mesenchymal stem cell properties [164].

Dental tissue seems to be a good candidate as an alternative stem cell source. Dental stem
cells (DSCs) among others are more easily isolated with simple surgical access and
cultivated. They are also mostly waste materials of dental procedures. Furthermore, they
do not cause any ethical controversies. Low morbidity in the collecting site after surgical
attempt is another advantage of DSCs [165]. DSCs were first isolated by Gronthos et al.
from pulp tissue and termed as dental pulp stem cells (DPSCs) [47]. Since then, different
types of dental stem cells have been identified and characterized from different teeth and
different parts of teeth such as exfoliated deciduous teeth (SHED), periodontal ligament
stem cells (PDLSCs), dental follicle precursor cells (DFPCs) and stem cells from apical
papilla (SCAP) [43, 53, 58, 166]. DSCs were proven to be converted to different lineages:
osteogenic, odontogenic, adipogenic and neurogenic cells and were used in some pre-
clinical applications [167].

In the current study, we used human tooth germ stem cells obtained from the human third
molars (wisdom teeth), which show mesenchymal stem cell characteristics and tested the
effect of melatonin on differentiation of these cells into osteogenic, neurogenic,
adipogenic, chondrogenic, myogenic and odontogenic cells.

Melatonin is a neurohormone mainly produced by pineal gland and released to the blood
stream. It is involved in several physiological functions in the human body. It is part of the
system which regulates circadian rhythm and acts as a mediator by transferring the signals
from suprachiasmatic nuclei clock to target tissue and organs [75]. It also stimulates
immune system by increasing cytokine production and promoting natural killer cell

activity [84-85]. There are many publications which reported that melatonin is also a
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scavenger of free radicals such as hydrogen peroxide, superoxide anion, nitric oxide and
hydroxyl radical [90-94].

Beside all of the functions of melatonin mentioned above, it was demonstrated that
melatonin regulates the differentiation efficiency of mesenchymal stem cells. It is showed
that melatonin increases osteogenic differentiation in human and mouse mesenchymal stem
cells [104-105], stimulates neurogenesis in mice [111] whereas it suppresses the
adipogenic differentiation of human mesenchymal stem cells [105].

Before all of the differentiation experiments, toxicity assay was performed to determine
which concentration of melatonin to treat cells with. 50, 100 and 150 nM of melatonin was
tested to measure its effect on survival of HTGSCs for 3 days. None of the concentrations
exhibited toxicity for HTGSCs. We found that all of the three concentrations significantly
increased the survival rate of cells apart from 100 nM of melatonin on the 3" day. In
previous studies, melatonin was used at various concentrations ranging from 10 nM to 100
UM and it is found that melatonin shows its effects in a dose dependent manner. For
instance, it was demonstrated to increase osteogenesis and decrease adipogenesis as the
concentration increases [105]. We chose 100 nM of melatonin to use in the differentiation
experiments since it was also used at the concentrations of 50 nM or 100 nM in the
differentiation studies [105, 168].

Melatonin was used in the osteogenic differentiation process to see whether it affects the
differentiation capacity of HTGSCs. In order to confirm osteogenic differentiation of
HTGSCs based on the data of osteocalcin, ALP and COL1A mRNA levels by real time
PCR and COLIA and osteocalcin immunostaining was performed. Furthermore, von
Kossa staining and ALP activity assays were performed. All the data from these
experiments demonstrate that osteogenic differentiation of HTGSCs was increased by
melatonin. This result shows similarity to a previous study in which melatonin raises the
osteogenic differentiation ability of human mesenchymal stem cells [105].

Neurogenic differentiation of HTGSCs were confirmed by the real time PCR analysis for
neurogenic markers CD133, nestin and MAP2 as well as TH, enolase, nestin and MAP2
immunostaining. Cells treated with melatonin during the differentiation were shown to
express CD133, nestin and MAP2 higher than positive control, indicating that melatonin
increased the conversion of HTGSCs into neurogenic commitment. Immunocytochemistry
results of different neurogenic markers such as TH, enolase, nestin and MAP2 also gave

positive results for the group treated with melatonin. The results from real time PCR and
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immunocytochemistry demonstrate that melatonin treatment raised this conversion into
neurons of HTGSCs. Melatonin was previously proved to up-regulate the expression of
neurogenic markers such as NeuroD1 [169]. In another study, it was demonstrated that
melatonin increased neurogenic differentiation of neural stem cells when it was treated
during proliferation period although it decreased the neurogenic differentiation in case of
the treatment during the differentiation period [112]. In contrast to this result, we showed
that the neurogenic commitment of HTGSCs were raised by melatonin when it was treated
during the differentiation process.

Adipogenic differentiation of HTGSCs was confirmed by the detection of mRNA levels of
adiponectin, LPL, oP2 and PPAR-y as well as aP2 and PPAR-y immunostaining.
According to the real time PCR results, positive control shows high expression levels for
all of the selected marker genes indicating that adipogenic conversion was successfully
done. However, cells treated with melatonin exhibited quite lower mRNA levels of the
marker genes compared to the positive control. Moreover, aP2 and PPAR-y mRNA levels
were even less expressed in melatonin group than negative control. Oil red oil staining was
also performed to dye and observe lipids and neutral triglycerides produced by the cells as
another indicator for adipogenesis. Lipid formation was decreased by melatonin in the
melatonin group compared to the positive control. All these results including
immunocytochemistry prove that melatonin reduces adipogenic differentiation of
HTGSCs. These results are similar to a previous study in which the adipogenic conversion
of mesenchymal stem cells were inhibited by melatonin treatment [105]. It was also
demonstrated that this inhibition of adipogenic commitment is done through the
suppression of PPAR-y. Similarly, we also found that PPAR-y was down-regulated at the
end of the adipogenic differentiation of HTGSCs.

Chondrogenic differentiation was confirmed by real time PCR analysis of Sox 9, aggrecan
and COL2A as well as immunocytochemistry for COL2A. mRNA levels of the genes were
found to be expressed much higher in melatonin groups than in the positive control.
Importantly, the expression of COL2A, the basic component of articular and hyaline
cartilage, was approximately 7-fold higher than the positive control, which is the most
increased gene among the others. Real time PCR results show similarity with a previous
study in which expressions of these marker genes were up-regulated by melatonin [116].
COL2A was also positively immunostained in melatonin and positive control groups.

Alcian blue staining was also performed. Although all groups were positively stained in
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this study, staining cells with treated melatonin were much higher than the control groups.
All these data prove that melatonin also increases the chondrogenic differentiation of
HTGSCs.

Melatonin was also tested for its effect on the myogenic differentiation of HTGSCs. The
expression levels of myogenin, MyoD, desmin and ACTA2, which are all myogenic
markers, were detected by real time PCR to confirm myogenic differentiation.
Immunostaining for desmin, actin, a-SMA and MyoD was also performed for
confirmation. Immunocytochemistry results show the expression of those genes in positive
control as well as in melatonin groups. Besides, real time PCR analysis proves increased
myogenic commitment of HTGSCs driven by melatonin. Although melatonin is discovered
to enhance the survival of myocytes, it is still unclear whether it has a potential effect on
the myogenic differentiation of mesenchymal stem cells [119-120]. In this study, we show
that it raises the myogenic conversion of HTGSCs which have mesenchymal stem cell
properties.

Finally, odontogenic differentiation was determined by measuring mRNA levels of DSPP,
COL1A and BMP-2 by real time PCR analysis, immunostaining of COL1A and DSP and
von Kossa staining to observe calcium depositions. Expressions in real time PCR were
found augmented in the melatonin groups in comparison to the positive and negative
controls. Melatonin treated cells and positive control group were positively immunostained
for the proteins mentioned above. Furthermore, von Kossa staining showed calcium
deposits in the melatonin group and positive control. It was concluded that melatonin also
raised odontogenic efficiency of HTGSCs. For the first time, melatonin’s effect on
odontogenic differentiation was shown in this study.

In conclusion, melatonin increased osteogenic, neurogenic, chondrogenic, myogenic and
odontogenic differentiation of HTGSCs whereas it inhibits adipogenic differentiation. The
osteogenic and adipogenic differentiation of mesenchymal stem cells are depended on
certain lineage-specific transcription factors [170-171]. These factors determine whether
cells will enter bone or fat cell lineage. PPAR-y and CCAAT/enhancer-binding protein
(C/EBP) family regulate adipogenic differentiation while Runx2 and osterix regulate
osteogenic differentiation. The relationship between PPAR-y and Runx2 is crucial for
leading mesenchymal stem cells to osteogenic or adipogenic commitment [172]. It has
been discovered that the high expression of PPAR-y decreases the expression of Runx2

while low expression of PPAR-y decreases adipogenesis and increase osteogenesis [173-
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175]. Our results for osteogenic and adipogenic differentiation are similar to a previous
study of which osteogenic differentiation of human mesenchymal stem cells were
increased whereas adipogenic differentiation capacity were decreased by melatonin by
enhancement of Runx2 and down-regulation PPAR-y expression respectively [105]. In our
study, it was found that PPAR-y was down-regulated in the treatment of melatonin.
However, Runx2 expression in differentiated HTGSCs is also needed to be investigated to
better understand whether there is the same regulation system between Runx2 and PPAR-
v. The relationship between osteogenic and adipogenic determination is especially
important for osteoporosis in which bone formation is accompanied by an increased
adipogenesis in bone marrow. According to our results, melatonin might be a good
candidate as a drug for preventing osteoporosis.

Beside its various roles in human body, the use of melatonin increases the possibility of
success in regenerative therapy applications since it increases the survival of cells as well
as supports the differentiation of them. Moreover, HTGSCs are a good stem cell source for
a number of reasons such as having mesenchymal stem cell properties, being a waste
material with no contamination risk, causing no ethical issues and having an easy isolation
procedure. In this study, we found out that melatonin increases the differentiation abilities
of HTGSCs. In the future, it might be possible to use melatonin as a drug due to its
promoting effects on stem cells for the treatment of many disorders involving cell or tissue
damage such as neurodegenerative diseases, degenerative muscle diseases, diabetes and

0steoporosis.
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