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Chapter 1
Introduction

Background and rationale

Calcium ion (Ca?*) in pulp capping materials is believed to be the key
component that controls osteo/odontoinductive process in vital pulp therapy
contributing to tertiary dentinogenesis (1, 2). Recent studies found that elevated
extracellular Ca®* in a significant amount can promote an expression of osteogenic
markers in various human stem cells such as human adipose-derived, bone-marrow-
derived mesenchymal stem cells and dental pulp cell (3-5). The increase of
extracellular Ca?* can initiate osteo/odontogenic differentiation and mineralization
processes in dental pulp cell via calcium carbonate precipitation in the wound area
(6-8), indicating an important role for external Ca?* level in regulating the function of

cell.

Ca?* also plays crucial role in other cellular function such as cell proliferation,
migration and also apoptosis (9). Change of intracellular Ca** homeostasis in cells
caused apoptosis in many cell types. Recent studies found that high extracellular
Ca?* (20 mM) can inhibit bone resorption ability of osteoclasts and induce osteoclast
apoptosis (10). The free Ca** released from pulp capping materials may modulate

other cell functions in mineralized tooth tissue as well (11).

Despite being the major constituent in different pulp capping materials,
cellular mechanism of Ca?* on dentin regeneration by dental stem cells is largely
underexplored. Recent studies about the effect of external Ca?* concentrations were
done on dental pulp stem cell (DPSCs) obtained from permanent teeth and found
that Ca®* does not affect DPSCs cell proliferation. In fact, Ca** promotes
mineralization but inhibits alkaline phosphatase (ALP) activity, an odontoblastic cell
differentiation marker, in a non-linear relationship. Moreover, Ca’" affects osteogenic
gene expression by downregulating some gene expressions but upregulating some

other genes (6). Surprisingly, study of effect of Ca?* on stem cells from human



exfoliated deciduous teeth (SHEDs) is scarce despite its promising stem cells
potential. SHEDs are mesenchymal stem cell obtained from pulp of deciduous teeth,
which are easy to collect with little ethical concern. Moreover, SHEDs have high
proliferation rate and express high levels of pluripotent markers that make them
more immature than DPSCs (12). In addition, SHEDs can differentiate into many types
of cell lineages, such as osteogenic/odontogenic, neurogenic, angiogenic, and
adipogenic differentiation. For these reasons, SHEDs are an important source of stem

cells for dental tissue engineering (12).

Thus, this study aimed to investigate the effect of Ca** concentrations on
SHEDs in many aspects, including cell proliferation, cell migration, and osteogenic
differentiation. The results will benefit in determining the optimum Ca®" level
suitable for developing SHEDs in dental tissue regeneration and might lead to the

new innovation of vital pulp therapy agent in the future.



Research question
Does the Ca®" affect cell proliferation, osteogenic differentiation, and cell

migration of SHEDs?

Research Objectives
1. To investigate the effect of Ca** concentration on proliferation of SHEDs
2. To investigate the effect of Ca** concentration on osteogenic differentiation
of SHEDs

3. To investigate the effect of Ca?" concentration on migration of SHEDs

Hypothesis

The optimal Ca?* concentration can provide desirable outcomes on

proliferation, osteogenic differentiation, and migration of SHEDs.
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Definitions

1.

SHEDs : mesenchymal stem cells obtained from dental pulp tissue of human
exfoliated deciduous teeth, which are not invasive and easy to acquire. Cells
will be isolated from the tissue explants and used in the experiments without
immortalization.

Cell proliferation : the process of growing and dividing of cell to produce
two daughter cells. In this study, MTT assay will be used to determine an
increasing number of cells.

Osteogenic differentiation : the process of becoming an osteoblast of
unspecialized cells under induced condition. In this study, osteogenic
differentiation will be assessed by Alizarin red staining, Von Kossa staining,
and osteogenic marker gene expressions.

Colony forming unit : unit commonly used to estimated the number of cells
in a test samples

Migration : the process of moving of cell from one location to another. In this

study, wound healing assay will be used to examine cell migration.



Expected benefits of the study
The results provided data suggesting the effect of various concentrations of
Ca®* on SHEDs. The information was useful for inducing mineralized tissue formation

from SHEDs in tissue engineering in the future.

Limitation
This study was performed in in vitro condition. Some human conditions could

not be imitated due to several limitations.

Ethical consideration

Ethical considerations and approval for the research protocol were approved
by the Ethical Committee of the Faculty of Dentistry, Chulalongkorn University (Ethics
code: HREC-DCU 2021-020).



Chapter 2
Literature review

Stem cells

Stem cells are an essential part of tissue engineering, a combination of
engineering and bioscience that focuses on developing biological substances that can
restore, maintain, or improve tissue function. Tissue engineering requires two
additional components, scaffolds and growth factors, which are chemical and
physical stimuli. The principles of tissue engineering are to either stimulate
regeneration of target tissue from the inside or isolate human stem cells and culture
them in a finely replicated in vitro environment of the native tissue scaffolds, aiming
to produce biological replacements for previously damaged tissue of the host.
Moreover, growth factors must also be provided to maintain stem cells because
various molecular factors can affect many properties of stem cells, including their

shape, proliferation capability, and death (13-15).

Stem cells are unspecialized cells with excessive proliferation and
self-renewal potential capable of differentiation into various cell types of an
organism. Stem cells can be classified based on their differentiation ability starting
from totipotent, with the most differentiation ability, pluripotent, multipotent,
oligopotent, and unipotent, with the least potential. Totipotent stem cells, such as
zygotes, can differentiate into any cell type of an organism, both embryo and
extraembryonic structure. Pluripotent stem cells are capable of forming into cells of
all germ layers; endoderm, mesoderm, and ectoderm, except for extraembryonic
structures, such as the placenta. Embryonic stem cells (ESCs) and induced
pluripotent stem cells are examples of pluripotent stem cells. Multipotent stem
cells, such as mesenchymal stem cells and hematopoietic stem cells, have less
proliferative ability than pluripotent stem cells, mostly limited to each germ layer or
specific cell lineages. Oligopotent stem cells differentiation potential is more

restricted to specific cell lineage. An example of oligopotent stem cells is a myeloid



stem cell, which can develop into only white blood cells but not red blood cells.
Unipotent stem cells have the least differentiation capabilities of only one cell type.

However, they are a promising candidate for regenerative therapy (16-18).

Another classification of stem cells is based on their origin, which can be
divided mainly into ESCs and adult stem cells. Human ESCs are obtained from the
inner mass of blastocytes, which have high differentiation potential. Despite their
promising features, the use of ESCs is avoided because of ethical issues in harvesting,
which result in the destruction of blastocytes. Thus, using adult stem cells is more
practical for clinical practice. Adult stem cells can be harvested from numerous
tissue such as bone marrow, skeletal muscle, neural tissue, and various oral regions

(19).

Human dental stem cells

Uses of human dental stem cells in tissue engineering are becoming more
popular because many dental stem cells show promising differentiation abilities and
can be harvested without causing much harm. Human dental stem cells can be
obtained from various oral tissue, including SHEDs, dental pulp stem cells (DPSCs),
periodontal ligament stem cells (PDLSCs), dental follicle stem cells (DFSCs), and
stem cell from dental apical papilla (SCAPs). Despite their similarities in the
expression of various gene markers, their proliferation and differentiation potential

are quite different (15, 20).



Stem cells from human exfoliated deciduous teeth

Stem cells from human exfoliated deciduous teeth (SHEDs) are multipotent
mesenchymal stem cells discovered by Miura et al. in 2003. SHEDs have been
reported to show an expression pattern similar to mesenchymal stem cell properties,
such as CD13, CD44, CD73, CD90, CD146, CD166, and STRO-1 but not CD34, CD45,
which are hematopoietic lineage markers. Since then, SHEDs have gotten more and
more attention because of their high expression of proliferation rate and population
doublings number compared to dental pulp stem cell (DPSC) and bone marrow
stromal stem cell (BMSSC). Moreover, SHEDs also show higher potential for
proliferation than DPSC from their expression of various markers such as CD117
(stem cell factor | receptor, typical for pluripotent stem cell), CD71 (a proliferating
cells marker), and CD105 (an endothelial cell marker), and also remain more

undifferentiated than DPSC (12, 21, 22).

SHEDs are widely known and studied for their odontogenic and osteoblastic
lineage differentiation ability because SHEDs express osteogenic markers, such as
RUNX2, DSP, bone morphogenetic protein 2 (BMP2), osteocalcin (OCN), osteopontin
(OPN), osteonectin, and type 1 collagen (Col-1). SHEDs can differentiate into
osteoblasts both in vitro and in vivo with bone-forming and regeneration abilities.
This regeneration capability even exists in non-immunosuppressed mice, repairing
large bone defects. SHEDs odontoblastic lineage differentiation is also confirmed
both in vivo and in vitro. When induced, SHEDs can differentiate into odontoblast-like
cells that can generate dental pulp-like tissue, in vivo. However, most of these
studies were done in an ectopic implantation model in mice or rats, which are not
similar to clinical situations. Thus, further studies under a more real-clinical situation,

such as tooth socket or jaw bone of large animals, might be needed (22).

SHEDs are also capable of differentiation into other cell lineages, such as

neurogenic, angiogenic, and adipogenic differentiation. SHEDs can be induced to
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become a variety of neural cells. Studies have shown that significant recovery
improvement was seen in rats with spinal cord injury that had SHEDs transplanted,
and further improvement is seen when SHEDs were pre-induced to differentiate into
neural-like cells before transplant. SHEDs also express various endothelial
differentiation markers when cultured in tooth slice combine with VEGF and can
differentiate into endothelial cells when transplants into immunodeficient mice

(12, 22).

Harvesting SHEDs is very simple and convenient, with little trauma to none.
Moreover, using one’s stem cell decrease risks of immune rejection and eliminate
risks of getting diseases from donor cells. After extraction, the teeth are transferred to
a container and then cultured before cryo-preserved. The preserved SHEDs can be

kept for 9 months without losing their properties (23).

Ca?* and osteogenic differentiation of stem cells

Ca?* plays an important role in regulating cell functions such as cell
differentiation, proliferation, and apoptosis through cell signaling pathways. Primary
sources of Ca’* in most cells, including stem cells, are from an influx of extracellular
Ca?* through the plasma membrane and Ca®* release from the internal storage of
endoplasmic reticulum (ER) by inositol 1,4,5-trisphosphate receptor (InsP3R). Most of
the influx of Ca®* through the plasma membrane is from the stored-operated Ca*
(SOC) channels, which are voltage-independent pathways, with additional help from
the voltage-operated Ca** channels (VOCCs). Changes in intracellular Ca** levels have
been exhibited to begin specific processes of cell behavior in many conditions, for

example, in osteogenic differentiation of mesenchymal stem cells (9, 24, 25).

Recent studies found that elevated extracellular Ca?* ranging from 0.3 to 5.0
mM can promote an expression of various osteogenic markers in human
adipose-derived stem cells, including ALP activity as well as the mRNA expressions of

Runx2 and osteocalcin. The elevation of extracellular Ca?* also activates the calcium
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sensing receptor (CaSR), increasing the intracellular Ca** along with the expression of
BMP-2 mRNA. These results suggest that an elevation of extracellular Ca®* can
enhance osteogenic differentiation and mineralization of human adipose-derived

stem cells (3).

Ca’*, at different concentration, also affect the osteogenic differentiation of
bone-marrow-derived  mesenchymal stem cells. At 18 mM of Ca*,
bone-marrow-derived mesenchymal stem cells show the highest osteogenic
differentiation capability, which can be seen from the highest expression of Col-1 and
OCN as well as ALP activity. Further increases or decreases in Ca’* concentration

result in a significant decreases of these osteogenic markers (4).

Ca?* and apoptosis of stem cell

Apoptosis is a programmed cell death process that happens when cells face
stress or damage (26). Change of Ca®* homeostasis in cells is also one of the factors
in the apoptosis regulation as increasing intracellular Ca** induces apoptosis in stem
cells. Recent studies found that high extracellular Ca** (20 mM) can inhibit bone
resorption ability of osteoclasts and induce osteoclast apoptosis (10). Furthermore,
increasing extracellular Ca®" influx induces mitochondrial reactive oxygen species
(ROS) production that leads to oligodendrocyte cell toxicity and apoptosis (27).
However, the apoptosis of bone-marrow-derived mesenchymal stem cells does not
seem to be affected by the changes in extracellular Ca?* level between 0.0 mM to
7.2 mM, as no apoptotic cells were seen in any of these groups. Nevertheless, Ca®*
concentrations used in this study seem to be lower than in other studies. Thus,
further studies about the effect of Ca** on the apoptosis of stem cells might be

needed (4).



12

Effect of Ca®*on pulp cell

It has been proven that calcium is necessary for inducing pulp cells to form
reparative dentin, but the mechanism cannot be clearly identified yet (28). Two
studies on the effect of various Ca** concentrations ranging from 1.8 mM to 16.2 mM
to DPSC found that increasing levels of Ca?* slightly decrease DPSC proliferation rate
in a not significant manner. Both of these studies also state that osteopontin (OPN),
a noncollagenous protein that is produced by pulp cells, which helps in
mineralization of reparative dentin, gene expression were highest in 5.4 mM Ca®*
concentration group (6, 29). However, another study at a lower concentration of Ca*
(1.1 - 1.8 mM) found that OPN level was highest at 1.8 mM Ca®* concentration (30).
Both studies also found that mineralization rate of DPSC is not linear to Ca®*
concentration, but Ca?" concentrations that induce the most mineralization are
different between these studies (5.4 & 9.0 vs. 12.6 mM). There is also an association
between the mineralization and the apoptosis rate of DPSC in a linear manner.
Therefore, more studies are needed to confirm the relationship between Ca®" to OPN
expression and mineralization. ALP gene expression, an odontoblastic differentiation
marker, was also found to be lower with higher Ca?* level but may also be in a non-

linear relationship (6, 29). Thus, it can be seen that only a few studies about direct

effect of various Ca®* concentrations are available, and further studies are needed.
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Calcium staining

Calcium mineralization can be detected by various methods. Two of the
most used methods are Von Kossa and alizarin red S staining methods. Von Kossa
staining method is a histochemical method frequently used to detect calcium both
in vitro and in vivo. This technique uses silver nitrate to treat samples. However,
what this technique really detect is not the calcium itself but the anions like
phosphate and carbonate that usually bind to calcium instead. Only the reacted
phosphate or carbonate will show coloration. Thus, lack of specificity is a major
disadvantage for Von Kossa method because it cannot detect other calcium ions that
do not bind to phosphate or carbonate. The stained anions will give off grey and
black coloration. Nevertheless, these colors are not the direct results of silver nitrate.
Originally, when calcium phosphates were treated with silver nitrates, yellow deposit
appear at first, but we normally found them as black because silver nitrate was later
reduced by organic components in the cells and UV light exposure. Moreover, it is
impossible to separate organic materials from calcium deposits in the samples
completely. Thus, traditional histological procedures record black coloration instead

of yellow that only appear in the early stage (31, 32).

Alizarin red S, a derivative of hydroxy anthra-quinone, is also another
frequently used method for detecting calcium with some advantages over Von Kossa
because it has more specificity toward calcium. Thus, more coloration was usually
seen with alizarin red S compared to Von Kossa. Alizarin red S reacts with calcium ion
via its sulfonate and hydroxyl group, creating coloration. Alizarin red S itself is not a
dye, but it forms visible colored precipitation with calcium under pH around 4 - 8
with colors ranging from yellow to violet. Alizarin red S also capable of binding with
calcium-binding proteins and proteoglycans which may result in misinterpretation.
However, alizarin red S specifically bind with calcium at pH of 4.2, which can prevent

false-positive  coloration from binding with other substances (33-36). It s
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recommended to use both of these methods for calcium staining, which can help in
confirming each other results. Moreover, additional tests for specific marker

expressions should also be used in correlation with the results (37).
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Chapter 3

Materials and methods

Patients selection

Stem cells from human exfoliated deciduous teeth (SHEDs) were obtained
from primary teeth with no carious lesions or pathologic lesion of healthy pediatric
patients from Pediatric dentistry department, Faculty of dentistry, Chulalongkorn
University. The teeth were extracted following the treatment plan such as prolong
retention teeth and stored in a culture medium. Ethical approval was submitted by
the Ethics Committee, Faculty of Dentistry, Chulalongkorn University. The study

protocol and informed consent were provided to the child’s parent.

Sample size
Exfoliated deciduous teeth were obtained from at least 4 different patients

for biological replication

The study process
Cell Isolation and culture

Primary dental pulp cells were explanted from exfoliated deciduous teeth.
Briefly, extracted teeth were washed with sterile phosphate buffer saline (PBS) 2-3
times; then the pulp tissues were carefully removed from the teeth and cut into
small pieces using a surgical blade, and placed on 35-mm tissue culture plate
(Corning, New York, NY, USA) with Dulbecco’s Modified Eagle Medium (DMEM, Gibco,
USA) supplemented with 10% fetal bovine serum (HyClone, USA), 2mM L-glutamine
(Gibco, USA), 100 Units/ml Penicillin (Gibco, USA), 100 Hg/ml Streptomycin (Gibco,
USA), and 5 Hg/ml Amphotericin B (Gibco, USA). The cell explants were incubated at
37°c in a humidified atmosphere of 5 %CO, in the air. The media were changed every
two days. When cell confluence was achieved, cells were detached with 0.25 %
trypsin-EDTA (Gibco, USA) and subcultured at a 1:3 ratio to first passage on 60-mm

tissue culture plates. Cells from passages 6-9 were used for the experiments.
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Flow cytometry

The flow cytometry analysis was applied to quantify the expression of specific
surface antigens in SHEDs cells. Single cell suspensions were obtained by detaching
cells with 0.25 % trypsin-EDTA solution. Cells were centrifuged and the supernatant
culture media were discarded. Then, cells were rinsed with PBS and stained with
primary antibodies conjugated to fluorescent dye, including anti-human CD44 (BD
Bioscience Pharmingen, USA), PerCP-CyTMb5.5-conjugated anti-human CD90 (BD
Bioscience Pharmingen, USA), and PerCP-conjugated anti-CD45 (BD Bioscience
Pharmingen, USA). Stained cells were analyzed using a FACSCalibur flow cytometer

using the CellQuest software (BD Bioscience, USA).

Ca?* supplements

Culture media and osteogenic induction media (culture media with 50 ug/mL
ascorbic acid, 10 mM B—glycerophosphate, and 100 nM dexamethasone) containing
various concentrations of Ca®* were prepared by dissolving calcium chloride (CaCly;
Sigma-Aldrich, USA) in distilled water and added into the media which regularly
contained 1.8 mM Ca”*. The Ca*" concentrations used in this experiment were 1.8
mM (control), 5.4 mM (threefold), 9.0 mM (fivefold), 12.6 (sevenfold) and 16.2
(ninefold).

Cell proliferation assay

SHEDs were seeded at a density of 12,500 cells/well in 24-well plates in
culture media, with four repeats for each Ca’" concentration. After 1, 3, and 7 days,
changes in cell growth viability were analyzed using the 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. The existing media in every well were
removed and replaced with 300 ul MTT solution (USB Corporation, USA) for 15
minutes at 37°C in a humidified atmosphere of 5 %CO, to allow formazan crystal

formation. Next, the formazan was dissolved using eluting agents that contained


http://en.wikipedia.org/wiki/Di-
http://en.wikipedia.org/wiki/Methyl
http://en.wikipedia.org/wiki/Thiazole
http://en.wikipedia.org/wiki/Phenyl
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dimethylsulfoxide and sglycine buffer. The solutions were determined for optical

density (OD) by a microplate reader (ELx800; BIO-TEK®) at 570 nm.

Osteogenic/odontogenic induction

SHEDs were seeded at a density of 12,500 cells/well in 2d-well plates. After
24 hr, culture media were replaced with osteogenic induction media containing
various concentrations of Ca®", with four repeats for each concentration. Cell-free
controls corresponding to each group tested were conducted to determine whether
spontaneous precipitation occurred following calcium supplementation under the
same conditions as the cell culture. The media were changed every 48 hr. Mineral
deposition was analyzed using alizarin red S staining and von kossa staining, as
described below. Osteogenic marker gene expression was determined using

quantitative real-time polymerase chain reaction, as described below.

Alizarin red S staining

At day 14 of culture, SHEDs were washed one time with PBS and fixed with
4% formalin in PBS for 10 min. After that, cells were washed two times with
deionized water. Subsequently, cells were incubated with alizarin red S solution for 3
min at room temperature under gentle agitation. Then, cells were washed three
times with deionized water to remove excess staining. The precipitated dye was
solubilized in 10% w/v cetylpyridinium chloride solution, and the absorbance was

measured at 570 nm
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Von kossa staining

At day 14 of culture, SHEDs were washed one time with PBS and fixed with
4% formalin in PBS for 10 min. After that, cells were washed two times with
deionized water. Subsequently, cells were incubated with 1% silver nitrate solution
for 10 min under ultraviolet light. Then, cells were washed three times with
deionized water to remove excess staining and dried overnight. The plates were
photographed with a digital camera, and the amount of staining was visually

quantified.

Quantitative real-time polymerase chain reaction

The expression levels of osteogenic marker genes after 3 and 7 days in
osteogenic induction media with various Ca?* concentrations were determined by
quantitative RT-PCR (qRT-PCR). Total cellular RNA was extracted using Trizol Reagent
according to the manufacturer’s instructions. Then, the complementary DNA (cDNA)
was synthesized using reverse transcriptase ImPromll kit (Promega, USA). After that,
QPCR was performed on MiniOpticon real-time PCR system (Bio-Rad, USA) using
FastStart Essential DNA Green Master kit (Roche Diagnostic, USA). The values of Gene
expression were normalized to GAPDH expression values and further normalized to

controls. The primer sequences for RT-PCR are listed in Table 1.
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Table 2 Primer sequences used in this study

Gene Primer sequence
Forward: 5 GAAGGTGAAGGTCGGAGTC 3’
GAPDH
Reverse: 5" GAAGATGGTGATGGGATTTC 3’
Forward: 5 ATGATGACACTGCCACCTCTG 3’
RUNX2
Reverse: 5 GGCTGGATAGTGCATTCGTG 3’
Forward: 5' GCCAGAAGCTGTGAAACCTC 3'
OSX
Reverse: 57 GCTGCAAGCTCTCCATAA 3’
Forward: 5’ GACCTCCTCGGAAGACACTC 3’
ALP
Reverse: 5” TGAAGGGCTTCTTGTCTGTG 3’
Forward: 5’ CTTTGTGTCCAAGCAGGAGG 3’
OCN
Reverse: 5 CTGAAAGCCGATGTGGTCAG 3’

Colony forming unit assay

SHEDs were seeded into 6-well culture plates at a density of 500 cells. After
24 hr, the culture media with various Ca?* concentrations were replaced. After 14
days, cells were fixed with 10% buffer formalin (MERCK, Germany) for 10 minutes,
washed SHEDs with PBS twice, and stained with methylene blue (Sigma, USA). Then
the colony area and intensity were determined using ColonyArea plugin in ImageJ
software on the individually taken photo of each well. The ColonyArea plugin then
quantified the colony area and intensity based on the difference in color threshold

between the colony and the background (38).



21

Migration assay

Wound healing assay were used to examine cell migration. SHEDs were
seeded into 6-well culture plates and allowed to reach full confluence. A vertical
line was scratched through the cell monolayer to make a wound gap with a 10 pL
pipette tip; the maximum differences in the width of the wound between each well
must not exceed 5 percent. Then, culture media with various Ca?* concentrations
were replaced. Microphotographs of the scratch were taken at 0, 24, and 48 hours
post-wounding. The cultured cells were observed with a phase-contrast microscope
(Olympus, Tokyo, Japan). Wound closure rate was determined by image analysis

using ImageJ (National Institute of Health, Bethesda, MD, USA).

Statistical analyses

All experiments were repeated from cells obtained from at least four
different donors (n=4). All data were expressed as mean + standard deviation (SD).
The results of MTT assays and wound healing assays were statistically analyzed using
two-way Anova and Tukey’s multiple comparison test of concentration and time.
Otherwise, one-way Anova were used in all other experiments. All statistical analyses
will be performed using Prism 8 (GraphPad Software, CA, USA). A p-value of < 0.05

will be considered to indicate a significant difference.

Places of Study
Research unit of mineralized tissue, Faculty of Dentistry, Chulalongkorn

University
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Chapter 4

Results
SHED cell isolation and characterization

Cells isolated from primary teeth exhibited a fibroblast-like and spindle-
shaped morphology (figure 1). To quantify the expression of specific surface antigens
of SHEDs, SHEDs were analyzed using flow cytometry. SHEDs expressed stem cells
markers; CD44 (92.65%) and CD90 (77.87%), which were the known mesenchymal
stem cell markers, whereas they were negative for hematopoietic markers, CD45

(0.23%) (figure2).

Figure 1 Cell morphology of the isolated cells at day-1 cultured in 109%DMEM

(original magnification x4). Cells were spindle and fibroblast like in shape.
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Figure 2 Flow cytometric analysis of surface antigens on SHEDs. Isolated cells
expressed mesenchymal stem cells surface markers including CD44 (A), CD90 (B)

whereas cells did not express hematopoietic markers, CD45 (C).
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Effects of the Ca?* concentrations on the proliferation of SHEDs

To evaluate the effect of Ca?" concentrations on the proliferation of SHEDs,
SHEDs were maintained in culture medium with various Ca?* concentration. After 1, 3
and 7 days, cell proliferation were analyzed using MTT assay. The results indicated
that there was no statistically significant difference in cell proliferation ability
between the control group (1.8 mM Ca?" concentrations) and experimental groups

(5.4,9,12.6 and 16.2 mM Ca?* concentrations) (P > 0.05) (Figure 3).

0.6~

2

. Control (Ca” ' 1.8 mM)
. CaZJr 5.4 mM

2+
B 2 9.0mm

2+
B 2126 mm

2+
B " 162mm

OD value (at 570 nm)

Day 1 Day 3 Day 7

Figure 3 Ca”* concentrations do not affect the proliferation of SHEDs. Increased Ca**
concentrations showed no statistically significant difference in cell proliferation ability

between the control and experimental groups (P > 0.05).
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Effects of the Ca?" concentrations on the mineralization of SHEDs

Increased Ca®* concentrations accelerated mineralization of SHEDs

Cells were cultured in osteogenic induction medium containing various
concentrations of Ca®* for 14 days. Then, cells were stained with Alizarin red S and
von kossa to evaluate mineralized deposition. As shown in Figure 4, mineralized
deposition in SHEDs gradually increased with increasing Ca®* concentrations. The
maximal staining was observed at 9 mM Ca®* concentrations. The calcium content in
the mineralized nodules was significantly higher in the experimental groups
compared to the control group (P < 0.0001), except for the 162 mM Ca®'

concentrations that had less significant difference (P < 0.05).

(A) CaZ*(mM)
2 1.8 (Control)
£
%
£
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(B) Ca®*(mM)
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Alizarin red S staining

Von kossa staining
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Figure 4 Increased Ca®* concentrations significantly increased mineralization of SHEDs

at 14 days. (A) Mineralization was determined using Alizarin red staining and
Von Kossa staining. The maximal staining was observed at 9 mM Ca?* concentrations.
(B) Images showed representative photographs of 1.8 mM Ca’*- 162 mM Ca*
concentration groups at days 14 (4x magnification). (C) Relatively quantified calcium
contents of alizarin red staining using optical density at 570nm were presented as
mean + SD. Calcium content was significantly higher in the experimental groups

compared to the control group (****P < 0.0001, *P < 0.05).
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Effects of the Ca?* concentrations on SHEDs colony forming unit ability

To evaluate the effect of Ca** concentrations on colony forming unit ability of
SHEDs, SHEDs were maintained in culture medium with various Ca** concentration for
14 days. Then, cells were stained with methylene blue. The results indicated that

the Ca®" concentrations have no effect on colony forming ability of SHED (Figure 5).
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Figure 5 Ca** concentrations have no effect on the colony forming unit ability of
SHEDs. (A) Images showed representative colonies were evaluated using methylene
blue staining. (B,C)No statistically significant difference on colony area and colony
intensity were found between the control group and experimental groups (P > 0.05)

when Ca?* concentrations were increased.



27

Effects of the Ca?* concentrations on the osteogenic gene expression in SHEDs

Increased Ca?* concentrations in osteogenic induction medium affects

osteogenic gene expression in SHEDs

Cells were cultured in OM containing various concentrations of Ca?* for 3 and

7 days, and the relative mRNA expression of osteogenic gene markers was evaluated
using real-time PCR.
At day 3, downregulation of the early osteogenic markers, Runx2 and ALP was
observed, whereas OSX remained unchanged compared to the control. Runx2
expressions were lower than control in every group, but a significant difference was
seen only in 9.0 mM group (p<0.05). Meanwhile, ALP expressions were
downregulated in 5.4 and 12.6 mM groups (p<0.05) and significantly lower in 16.2
mM group (p<0.01). On the other hand, OSX was slightly upregulated compared to
control, but the differences were not significant. At day 7, the difference became
more apparent in every group. Runx2 expressions were downregulated in 12.6 mM
group (p<0.05), and further downregulated in 5.4, 9.0, and 16.2 mM group (p<0.01).
Lower expressions were also seen in every group of ALP compared to control
(p<0.01). For OSX, only 12.6 mM group showed significantly higher expression
compared to control (p<0.05).

The expression of OCN, which represented the late osteogenic marker, was
comparable to the control at day 3, with slightly higher expression in 16.2 mM group,
but the difference was still not significant. At day 7, OCN expressions were
significantly higher in both 9.0 and 12.6 mM group (p<0.05). In 5.4 and 16.2 mM

group, the expressions were also increased, but the difference were not significant.
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Figure 6 Effect of Ca®" concentrations in OM on mRNA expression of osteogenic gene
markers. (6C, 6D) OSX and OCN expression were upregulated on day 7, but only in
9.0 mM in OCN and 12.6 mM in both groups that show statistically significant
difference (*P < 0.05). (6A, 6B) Runx2 and ALP expression were down regulated at
almost every concentration on day 3 and 7 (**P < 0.01), except for the 9.0 mM of
day 3 and 12.6 mM of day 7 of Runx2, and 5.4 mM and 12.6 mM of day 3 of ALP,

that the expressions were less down regulated (*P < 0.05).
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Effects of the Ca?* concentrations on the migration of SHEDs
Increased Ca?* concentrations inhibited migration of SHEDs

To evaluate the effect of Ca?* concentrations on the migration of SHEDs,
SHEDs were assessed using a wound healing assay. The cell monolayer was scratched
with a 10 pl pipette tip and maintained in culture medium with various Ca®
concentrations. Cell migration into the wounded area was observed at 0, 24, and 48
hours post-wound infliction. Wound closure area was calculated using Image J
software. The wound healing at 24 hours was significantly impaired in the 5.4, 9.0,
and 16.2 mM Ca?* concentrations group compared with the control group (P < 0.05),
but the 12.6 mM Ca?* concentrations group showed non-significant impairment.
However, at 48 hours, the wound healing of all elevated Ca®* concentrations groups
was impaired compared with control group, but the significant difference was not

observed (Figure 7).
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Figure 7 Increased Ca®* concentrations significantly inhibited migration of SHEDs. (A)
Scratched cell monolayer in culture medium containing different Ca®* concentrations
at 0, 24, 48 hours (original magnification x4). (B) Percentage of wound closure area of
culture medium containing different calcium concentrations at 0, 24, and 48 hours as

calculated by Image J software (*P < 0.05).
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Chapter 5

Discussion and Conclusion

Uses of human dental stem cells in tissue engineering are becoming more
popular because many dental stem cells show promising differentiation abilities and
can be harvested without causing much harm. Human dental stem cells can be
obtained from various oral tissue, including SHEDs that were isolated from primary
teeth (15, 20). SHEDs are multipotent mesenchymal stem cells that express various
gene markers which can be characterized by their surface antigens using flow
cytometry. We found that SHEDs expressed CD44 and CD90 but not CD45 which
were hemopoietic markers. Our result was consistent with many previous studies
showing that SHEDs can express CD13, CD44, CD73, CD90, CD146, CD166, and STRO-1,
but not CD34 and CD45. Moreover, SHEDs can also express CD117, CD71, and CD105,
which shows that SHEDs are more undifferentiated and have more promising
proliferation capabilities than DPSCs (12, 21, 22).

Ca?* involves in regulating many important cell functions such as cell
proliferation, differentiation, and migration through calcium signaling pathways. For
most cells, including stem cells, primary sources of Ca*" are from an influx of
extracellular Ca** through the plasma membrane and Ca®* release from the internal
storage of the endoplasmic reticulum (9). Calcium dynamic has been exhibited to
begin specific processes of cell behavior in many conditions (9, 24, 25). The
stimulating effects of extracellular Ca** on proliferation were stated in numerous
previous studies with various results in different cell types (4, 39, 40). Ca®" induced
proliferation of BMSCs at 84 hours when cultured in medium containing Ca®*
concentration between 0-5 mM in a dose-dependent manner (40). In osteoblast,
a similar result was found in low doses as Ca?* 5 mM significantly promoted
proliferation, whereas higher doses as 20 mM decreased osteoblast cell proliferation
lower than without Ca®". However, MSCs reacted differently with Ca?* less than 1.8
mM., the proliferation of MSCs was inhibited instead, and no effect was found when

the Ca®* concentration was raised between 1.8 to 7.2 mM (4).
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Most calcium-based dental pulp capping materials such as Dycal®, MTA, and
Biodentine™ often claimed that Ca”" is the major ingredient to induce or promote
dental pulp healing or regeneration after in closed contact with the residing dental
pulp stem cells (28). It was hypothesized that the high basic environment created by
Ca?* ion release from the materials either influence the dental pulp stem cells
proliferation or induced osteo/odontoblastic differentiation (1, 41). In our study,
when the effect of different Ca®’concentration on cell proliferation and colony
forming unit capabilities of SHEDs were examined, no significant differences were
found, but colony area and colony intensity tended to decrease in higher
Ca®*concentration. These results were also similar to another study in DPSCs,
showing no significant differences in proliferation at the same level of Ca?!
concentration (6).

However, when tested with various calcium-based pulp capping materials, the
results were still controversial. Both ProRoot® MTA and Biodentine™ seemed to
promote proliferation of DPSCs (statistically significant differences were not tested in
this study) at every concentration of material ranging from 10% to 100% when
compared to control at day 7 (42). Results in SHEDs are more conflicting, since one
study found that both Biodentine™ and MTA Angelus promoted SHEDs proliferation
at 48 hours, with significantly higher proliferation rate in Biodentine™ than MTA
Angelus (43). On the other hand, another study also stated that only Biodentine™
showed influence on SHEDs proliferation at day 7 but not MTA (44). We speculated
that the differences in the results among the studies may come from the other
additional ingredients in the pulp capping materials rather than the Ca®* itself since
we observed no influence of Ca** concentrations on SHEDs cell proliferation.

Runx2 is the master regulator of osteogenic differentiation and is upregulated
at the early stage of osteoblastic differentiation to induce the proliferation of
osteoblast progenitors (45, 46). Interestingly, no significant change in Runx2
expression was observed at day3 in our study; therefore, this suggested the
irelevance of Ca** and SHEDs cell proliferation. Moreover, Ca** concentration is more
likely to have the influence on the late stage of osteoblastic differentiation rather

than the early process. Runx2 and OSX, the two major early osteogenic markers,
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remained unchanged at day 3 compared to the control. Meanwhile, the significantly
decreased expression of Runx2 and ALP along with the upregulation of OCN at day 7
indicated the role of Ca®* during the osteoblast maturation process. Both ALP and
Runx2 were early osteogenic marker genes, which were normally decreased during
the differentiation from immature to mature osteoblast (46, 47). Ca®* concentrations
tended to have most effect on ALP since increasing Ca** significantly inhibited ALP
expression in most conditions (except for the 9.0 mM group on day 3) compared to
control. Although ALP expressions were strongly inhibited on day 7 (P < 0.01), the
dose dependent effect was still inconclusive. Our results were also consistent with
the study in DPSCs, suggesting that Ca®" also significantly inhibit ALP gene expression
at late stage of osteoblast differentiation (day 14 and 21) (6).

Significant upregulation of OCN at day 7 when Ca®" level was increased also
indicated the function of Ca®** during extracellular matrices (ECM) production and
mineralization since high expression of OCN is expected at the final stage of
osteoblast differentiation (48). Since only OCN was examined in this study, other ECM
production-related genes such as OPN and COL1A1 should be further investigated for
confirmation.

Moreover, an increased in mineralization as examined by Alizarin red and
von kossa staining also coincided with the high OCN expression. The Ca®" level
correspondence was noted in a specific range between 5.4 and 12.6 mM. The
declined in mineralization when the dose exceeded 9.0 mM might be due to the
negative feedback that inhibit osteogenic differentiation (49) but did not seem to be
affected by cell death since the proliferation rate remained unchanged at high Ca*
concentration. Likewise, the calcium-based pulp capping materials tended to affect
the late stage of osteogenic differentiation. Biodentine™ seemed to inhibit ALP gene
expression on day 1 to 7 compared to control (50). Meanwhile, OCN expression was
promoted by both MTA Angelus and Biodentine™ on day 7 (51). Moreover, Proroot®
MTA and Biodentine™ also had the ability to induce mineralization significantly on
day 14 (52).

Cell migration is another crucial process in tissue regeneration. Recruitment of

remoted progenitor cell to the injury site occurred at the early step of tissue healing
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(53). However, there were very few studies about the effects of different Ca** levels
on migration of cells, and none of them were studied on SHEDs. A study on MSCs
found that CaSO, between 3 to 5 mM can induce migration; otherwise, there was no
significant difference in higher Ca?* concentration (54). Nevertheless, when CaCl, was
tested with MSCs in another study, the concentration that promoted migration of
MSCs the most was 10 mM followed by 8 mM, while 4 and 6 mM did not have any
effect on migration (55). Ca®* between 1.8 to 5.0 mM promoted migration in a
dose-dependent manner of some cell lines but had no effect on others (56). These
dose-dependent results were also similar to the study in dermal fibroblasts, using
Ca®* concentration between 0.1 to 3.5 mM. This study also found that the
concentration that promoted migration the most was 2.5 mM followed by 3.5, 1.25,
and 0.5 mM, respectively (57). It can be seen that the effect of Ca®* on migration of
cells was different on several types of cells and the effective dose was varied.
Surprisingly, we found that Ca*" higher than 1.8 mM seemed to inhibit migration of
SHEDs and the effect was eminent at 24 hours. The less inhibition was seen in 48

hours without any statistical significance.

On the contrary, the effect of pulp capping materials on migration had also
been studied on dental pulp stem cells. Many studies had found that Biodentine™
can promote migration more than other pulp capping materials (58, 59). According to
the study of Omidi et al. (2019), Biodentine™ can significantly enhance migration
compared to control (DPSCs with DMEM), but MTA Angelus and Theracal™ LC seem
to inhibit migration. The authors suggested that the migration enhancing capability of
Biodentine™ may come from its ability to induce DPSCs to secrete MCP-1 cytokines,
a cytokine that played a role in migration of macrophage cells which is associated
with initial moderate inflammatory process, a stage followed by and pulp repair
respectively (58). Moreover, another study found that at 0.2 mg/ml of Biodentine™,
migration rate was higher than control (no Biodentine™) and 2 mg/ml of

Biodentine™ (60). However, few studies found that Proroot® MTA and Biodentine™
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did not affect migration at all, but most of them still agreed that Theracal™ LC and
Dycal® seemed to inhibit migration, with a greater inhibiting effect in Dycal®
(42, 61, 62). The differences between each study may come from the difference in
the preparation of pulp capping materials, and the effective Ca?* concentration may
be restricted and specific to each cell type. Thus, further studies about the optimal
concentration of either pulp capping materials or Ca** for migration on SHEDs and

other types of cells were also needed before making any clear conclusions.

The results indicated that the optimum dose range of Ca®* concentration for
promoting late stage osteoblast differentiation were between 9.0 and 12.6 mM.
However, the concentrations of Ca?* released from various pulp capping materials at
day 1 start from 0.45 to 0.978 mM and slowly rise to 0.315 to 1.377 mM at day 7 (63).
It can be seen that the amount of Ca?* released from pulp capping materials was still
far from achieving late stage osteoblast differentiation promotion. Thus, the invention
of high Ca**-release pulp capping material may be another option for newer pulp

capping materials.

According to our results, it seemed that Ca’* did not enhance the
proliferation or migration of SHEDs. Thus, using calcium-based pulp capping materials
should be limited to the tooth with a small pulp exposure site because these
materials cannot induce tissue regeneration. So, further studies on biomolecules
focusing on tissue regeneration while maintaining the vitality of the compromised

pulp may help improve the success rate of the current vital pulp therapy treatment.

In conclusion, our study showed that Ca* concentration between 1.8 to 16.2
mM did not alter proliferation and colony forming unit ability of SHEDs. Instead,
when Ca* level was raised to a certain level, SHEDs migration was inhibited.
Concurrently, high Ca®** concentration appeared to induce the late stage of

osteogenic differentiation, especially ECM production and mineralization.
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To our knowledge, this study was the very few first that reported direct effect
of Ca?* on SHEDs. So further studies using a broader range of Ca** concentration on
SHEDs are needed before a solid conclusion can be drawn. Furthermore,
investigation on other predominant proteins related to mineralization and ECM
production, such as fibronectin and OPN, with immunocytochemistry and enzyme
linked immunosorbent assay (ELISA), whereas other late osteogenic genes with

gRT-PCR (64, 65), may also help in developing better pulp capping materials in the

future.
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