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KEYWORDS Abstract Background/purpose: Periodontal ligament stem cells (PDLSCs)-based regeneration
CaCly; therapy has received attention for its potential alternative applications in hard tissue and
Calcium; tooth. However, the environmental diversity of oral cavity that regulates PDLSCs differentia-
hPDLSCs; tion has made it difficult to develop. Therefore, we investigated how high calcium concentra-
Osteogenic tions in the oral environment influence osteogenic differentiation of human PDLSCs (hPDLSCs).

differentiation Materials and methods: hPDLSCs collected from human molars were isolated and cultured with

CaCl,. First, multi lineage differentiation potentials to osteogenic, chondrogenic, and adipo-
genic cells were investigated. Then, the effects of CaCl, on both alkaline phosphatase (ALP)
activity and bone mineralization were analyzed and the expression of mRNA and protein for
osteogenic marker was explored. Further, luciferase assay was performed to evaluate CaCl,
could regulate the transcriptional activity on osteogenic differentiation in hPDLSCs

Results: CaCl, treatment at normal to high concentrations showed similar suppression of ALP
activity, while mineralized nodule formation was decreased by CaCl, treatment dose-
dependently without affecting proliferation or cytotoxicity in hPDLSCs. We also observed that
CaCl, treatment repressed the mRNA expression and protein abundance of osteogenic genes
and transcriptional factors. Notably, repression of the Runx2 level was significant, and CaCl,
treatment inhibited Runx2-mediated transcriptional activity on the osteoblast-specific
element (OSE) and ALP promoters.

Conclusion: High concentrations of calcium negatively regulate osteogenic differentiation of
hPDLSCs, by repressing osteogenic gene expressions and transcriptional activity. Therefore,
these conditions may be applicable to determine the physiologically appropriate concentration
of calcium.
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Introduction

The periodontium is necessary for the maintenance of tooth
function and includes the gingiva, cementum, periodontal
ligament (PDL), and alveolar bone. As a specialized con-
nective tissue fiber between alveolar bone and cementum,
PDL provides supportive, nutritive, and sensory functions
and remodeling in teeth." For remodeling, the PDL contains
dental mesenchymal stem cells that can differentiate into
osteoblasts, adipocytes, cementoblasts, and chondrocytes
for diverse physiological roles.” Many studies have suc-
cessfully isolated human periodontal ligament stem cells
(hPDLSCs) from the PDL and elucidated the therapeutic
potential of hPDLSCs clinically.® hPDLSCs mainly present on
the surface of the tooth and boundary locations of the
periodontium, which are important for periodontal regen-
eration and inflammatory response.* Currently, various
types of bone graft materials, including allografts, xeno-
grafts, and synthetic bone graft substitutes, are being
developed to enhance the regeneration of periodontium
after grafting.’ Specifically, stem cell research is actively
being conducted, and detailed biological approaches and
better understanding of hPDLSC differentiation are ex-
pected to significantly improve the rate of adhesion and
bone formation performance.

Although hPDLSCs are multipotent stem cells that can
differentiate into various cells, the number of cells capable
of performing desired functions is limited.® Therefore, it is
considerably important to induce hPDLSCs to differentiate
into osteoblasts and cementoblasts for formative function.
In general, genetic, molecular, and environmental factors
play a role in the determination of stem cell fate.” The
molecular genetic study of hPDLSC differentiation has
progressed somewhat; however, little research has exam-
ined the role of environmental factors in the oral cavity in
relation to hPDLSC differentiation.® According to a previous
report, it is only known that hypoxia in the oral cavity in-
creases the proliferation of hPDLSCs,® whereas other fac-
tors that affect the oral environment, such as temperature,
pH, and nutritional conditions, are extremely under-
examined. Therefore, if this study confirms hPDLSC differ-
entiation by other oral environmental factors, the results
will provide potent possibilities for future research.

Calcium consumed through food or nutritional supple-
ments has various effects on our bodies.'® Among the many
nutrients, calcium mediates signal transmission within
various cells and has an important role in the interaction
between cells or tissues."" As an essential nutrient, calcium
could regulate the survival and death of various bacteria in
the oral cavity; that is, calcium can influence the oral
microbiome, which is important for digestion, energy gen-
eration, inflammation, and cell fate determination.’? In
addition, calcium is the main constituent of hydroxyapa-
tite, which composes the tooth tissue, including enamel,
dental pulp, cementum, and alveolar bone; therefore, it
plays a crucial role in the formation and regeneration of
teeth.’®> Meanwhile, a high calcium concentration, patho-
physiologically defined as hypercalcemia, can interfere
with heart and kidney function and disorder digestive sys-
tem.'* Especially in bones, the excess calcium in blood was
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leached from bones, subsequently it can cause bone pain
and muscle weakness.'® Therefore, it is necessary to sup-
plement the appropriate concentration of calcium needed
physiologically. In this study, we aim to elucidate the role
of high calcium concentrations in controlling hPDLSC dif-
ferentiation mainly through Runx2 or osterix regulation.

Materials and methods
Primary cell culture

According to the protocol approved by the Institutional Re-
view Board (IRB No. WKDIRB-201708-02) of the dental clinic
of Wonkwang University, the third human molars were
collected from three healthy young females (15—23 years
old). After gently separating the PDL from the extracted
molar, the separated PDL was digested in 3 mg/mL collage-
nase type | solution (Worthington Biochem, Freehold, NJ,
USA) and 4mg/mL dispase (Boehringer, Mannheim, Ger-
many). For single-cell suspension, whole cells were passed
through the 40-mm strainer (Falcon BD Labware, Franklin
Lakes, NJ) and were incubated in alpha-modified Eagle’s
medium («MEM; Gibco BRL, Grand Island, NY, USA) with 10%
fetal bovine serum (FBS; Gibco BRL) and 1% penicillin-
streptomycin antibiotics (Thermo Fisher Scientific, Wal-
tham, MA, USA) in a 37°C, 5% CO, incubator. The medium
was changed after the first 24h and every three days
thereafter. Colonies of hPDLSCs were randomly selected and
incubated separately. All primary cells within passage 2 or 3
were used in this study.

Flow cytometric analysis

Characterization and comparison of the mesenchymal stem
cell (MSC) phenotypes of hPDLSCs were performed by
examining expression of MSC-associated surface markers at
passage 2 using flow cytometry as previously described. In
brief, 1.0 x 10%cells were fixed for 10min with 3.7%
paraformaldehyde and resuspended in phosphate-buffered
saline (PBS) with 1% bovine serum albumin (BSA; ICN Bio-
medicals, Aurora, OH, USA) for 30 min for blocking. Next,
cells were incubated with specific antibodies for CD34,
CD13, CD90, or CD146 (BD Biosciences, San Jose, CA, USA)
at 4°C for 1h, followed by incubation with fluorescent
secondary antibodies at room temperature for 1h. The
percentage of cells positive for each marker was measured
with a FACS Calibur flow cytometer (Becton Dickinson
Immunocytometry Systems, San Jose, CA, USA) and
analyzed with Cell Quest Pro software (Becton Dickinson
Immunocyte Measurement System).

Cytotoxicity assay

Cell toxicity was tested using 3-(4, 5-dimethyltiazzol-2-
day)-2, 5-diphenyl tetrazoleum bromide (MTT, Thermo
Fisher Scientific) assays. hPDLSCs were cultured with
various concentrations of CaCl, on a 96-well plate. After
incubation for 1, 2, 7 or 14 days, 20 uL of MTT (5mg/mL)
solution was added to the 96-well plate, and the final
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concentration was set to 0.5mg/mL. After incubating the
cells for 1 h, the top solution was removed from each well,
and isopropanol (100L) was added to dissolve the MTT
crystals. Quantitative analysis of samples dissolved in iso-
propanol was conducted at 490 nm using SpectraMax 190
(Molecular Devices, San Jose, CA, USA).

Osteogenic differentiation and alkaline phosphatase
(ALP) and Alizarin red S (ARS) staining

For osteogenic differentiation, hPDLSCs were cultured in
osteogenic differentiation medium (DM) with 50 mg/mL
ascorbic acid, 10mM B-glycerophosphate, and 100nM
dexamethasone (Sigma—Aldrich, St. Louis, MO, USA) for 1
week (ALP staining) and 2 weeks (ARS staining). After fixing
the differentiated hPDLSCs for 5min using 4% para-
formaldehyde solution, ALP activity was measured using
BCIP/NBT color development substrate (Sigma—Aldrich),
and mineralized nodules was detected with ARS solution
(Sigma—Aldrich). Samples dissolved in dimethyl sulfoxide
were quantitatively analyzed using spectrophotometric
measurements obtained at absorption wavelengths of
480 nm (ALP staining) or 405 nm (ARS staining) by Spectral
Max 190 (Molecular Devices). Cells were observed using a
microscope (Olympus, CKX53, Tokyo, Japan).

Chondrogenic and adipogenic differentiation

To induce chondrogenic and adipogenic differentiation,
hPDLSCs was cultured in StemPro Chondrogenic and Adi-
pogenic differentiation media (Gibco BRL), respectively,
using appropriate nutritional supplements to induce
cartilage and adipocyte formation. After 3 weeks, the
differentiated hPDLSCs was fixed for 5 min using 4% para-
formaldehyde solution and stained with 1% Alcian Blue
(Sigma—Aldrich, for cartilage staining) and 0.3% Oil Red O
dye (Sigma—Aldrich, for lipid droplet staining) Cells were
observed using a microscope (Olympus, CKX53).

Quantitative PCR

Whole-cell RNA was obtained using TRIzol Reagent (Thermo
Fisher Scientific) as directed by the manufacturer. Oligo
(dT) primers and ReverTra Ace gPCR Reverse Transcriptase
(RT) Master Mix (Toyobo, Osaka, Japan) were used to syn-
thesize cDNA. Real-time PCR was performed using the
Thunderbird SYBR qPCR Master Mix (Toyobo) on a StepOne
Real-Time PCR System (Molecular Devices) using the
following conditions: Samples were held at 95°C for 30s,
followed by 95°C for 30s, 60°C for 5s, and 95°C for 5s.
The expression levels of genes of interest were normalized
to the expression of GAPDH (glyceraldehyde 3-phosphate
dehydrogenase). The primer sequences for PCR were as
follows: Alp, forward (F), 5-ATT GCC CTG AAA CTC CAA
AAC C-3', and reverse (R), 5'-CCT CTG GTG GCA TCT CGT
TAT C-3'; Dentin sialophosphoprotein (Dspp), F, 5-TGC TGG
AGC CAC AAA C-3/, and R, 5-AAA CCC TAT GCA ACC TTC-3/;
collagen, type I, alpha 1 (Coll1at), F, 5-TCT CCACTC TTC
TAG GTT CCT-3/, and R, 5'-TTG GGT CAT TTCCAC ATG C-3/;
Runx2, F, 5-AGC AAC AGC AAC AGC AG-3/, and R, 5-GTA
ATC TGA CTC TGT CCT TG-3'; Osterix, F, 5'-GGG TTA AGG
GGA GCA AAG TCA GAT-3', and R, 5'-CTG GGG AAA GGA GGC
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ACA AAG AAG-3'; and GAPDH, F, 5-ACC ACA GTC CAT GCC
ATC AC-3/, and R, 5'-TCC ACC CTG TTG CTG TA-3'.

Western blot analysis

The hPDLSCs (3.0 x 10° cells/well) were seeded in a 6-well
plate and incubated for 2 weeks. Cell pellets were washed
with PBS and lysed in ice-cold RIPA lysis and extraction
buffer (Thermo Fisher Scientific). Protein concentrations of
cell lysates were measured by a Pierce BCA Protein Assay
Kit (Thermo Fisher Scientific). Equal amounts of cell ex-
tracts (20 ug of protein) were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and blotted
onto a polyvinylidene fluoride membrane (GE Healthcare,
Buckinghamshire, UK). After blocking with 5% skim milk,
the membranes were incubated with primary antibodies
against Runx2, a-tubulin (Cell Signaling, Danvers, MA, USA),
Col1a1, and osterix (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (Thermo
Fisher Scientific). Blots were finally visualized using an
enhanced chemiluminescence kit (GE Healthcare).

Transient transfection and luciferase reporter
assay

For transient transfection, polyethylenimine (PEIl; Poly-
sciences, Warrington, PA, USA) was used. The hPDLSCs
were plated in 24-well plates 1 day before transfection at
a density of 2x10*cells/well. The cells were co-
transfected with luciferase reporter gene (6 x osteoblast-
specific element [OSE]-Luc, ALP-Luc, BSP-Luc, or OC-Luc)
and a CMV promoter-driven pB-galactosidase reporter
(pCMV-B-gal) along with Runx2 or osterix. After 18 h, the
cells were treated with the indicated concentration of
CaCl; for 24 h. The Luciferase Reporter Assay Kit (Prom-
ega, Madison, WI, USA) was used to measure the luciferase
activity, and all experiments were performed in triplicate.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
5.03 software (La Jolla, CA, USA). The results were
expressed as the means + SD. We determined the statistical
significance using one-way analysis of variance (ANOVA)
with the Tukey—Kramer test.

Results

hPDLSCs have multilineage differentiation
potential

For flow cytometric analysis, we confirmed hPDLSCs using
isolated cells to form single-cell-derived colonies and
randomly selected three different colonies. CD13, CD90,
and CD146 are estimated positive markers of mesenchymal
stem cells (MSCs), whereas CD34 is an MSC-negative marker
representing endothelial cells and primitive hematopoietic
precursors. As a result, 96.53%, 99.27%, 87.9%, and 1.03% of
hPDLSCs were positive for CD13, CD90, CD146, and CD34,



Y. Han

respectively, indicating the presence of MSCs (Fig. 1A). The
ratio of positive cells was determined by the relative
strength of antibody-bound cells. To investigate the mul-
tipotent differentiation function of hPDLSCs, bone forma-
tion was first examined by ALP and ARS staining with
osteogenic induction medium. After one or two weeks of
osteogenic induction for ALP and ARS staining, respectively,
hPDLSCs exhibited increased ALP activity and calcium
nodule formation. In addition, after three weeks of incu-
bation with adipogenic or chondrogenic medium, hPDLSCs
also showed the capability of adipogenic and chondrogenic
differentiation, as confirmed by Alcian blue or Oil red O
staining, respectively (Fig. 1B).

CaCl, treatment inhibits osteoblast differentiation
at non-cytotoxic concentrations of hPDLSCs

CaCl, administered at concentrations of 125 and 625 mM
was toxic to hPDLSCs after 1, 2, 7 or 14 days of culture;
however, no toxicity was detected with less than 25 mM
CaCl, (Fig. 2A). Thus, we conducted further experiments
at concentrations lower than 25 mM. To examine the ef-
fects of CaCl, on osteoblast differentiation, the hPDLSCs
were treated with CaCl,, ascorbic acid, dexamethasone,
and B-glycerophosphate. Following 7 or 14 days of cul-
ture, ALP and ARS staining confirmed that ALP activity
and mineralized nodule formation were inhibited in the
CaCl, treatment group when compared with the differ-
entiation medium-treated group; furthermore, the
absorbance of the extracted ALP and ARS was decreased
by CaCl, treatment (Fig. 2B and C). No significant dif-
ference was observed in ALP activity with CaCl, at

1—25mM; however, bone mineralization was repressed by
CaCl, dose-dependently.

CaCl, treatment significantly represses osteogenic
gene expression

To determine the mechanisms by which CaCl, influences
osteoblast differentiation, the expression levels of osteo-
genic genes and transcription factors were analyzed in
CaCl,-treated hPDLSCs. The mRNA expression of osteogenic
differentiation markers and transcriptional factors
including ALP (Alp), DSPP (dentin sialophosphoprotein,
Dspp), Col1a1 (collagen, type I, alpha 1, Col1«a1), Runx2
(Runx2), and Osterix (Osterix) decreased significantly after
treatment with CaCl, compared to untreated group
(Fig. 3A). Furthermore, the CaCl,-treated group also
showed decreased protein abundances of Col1a1, Runx2,
and Osterix (Fig. 3B).

CaCl, treatment inhibits Runx2-and osterix-
mediated transcriptional activity

To further demonstrate the inhibitory effect of CaCl, on
osteogenic differentiation, we measured the transcrip-
tional activity using a luciferase reporter gene containing
Runx2-multibinding sites (6X OSE-Luc). As expected, Runx2
overexpression increased the transcriptional activity,
whereas osterix overexpression showed no significant ef-
fects; additionally, CaCl, treatment inhibited Runx2-
mediated transcriptional activity to the basal level
(Fig. 4A). Next, we examined the regulation of various
Runx2 and osterix target gene promoters, such as the
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Figure 1  Characterization of human periodontal ligament stem cells (hPDLSCs) (A) As markers of mesenchymal stem cells (MSCs),

CD13, CD34, CD90, and CD146 were used for fluorescence-activated cell sorting analysis of hPDLSCs. For whole-cell analysis of
CD13-, CD34-, CD90-, and CD146-positive cells, the percentage of the cells positioned in the right side of the M1 gate was measured
(n = 3) (B) To identify the multipotent lineage differentiation of hPDLSCs, cells were incubated with osteogenic (1 week for
alkaline phosphatase [ALP] staining; 2 weeks for [Alizarin red S ARS] staining), adipogenic, and chondrogenic (3 weeks) induction

medium (scale bar = 100 um).
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Figure 2  Effect of CaCl, treatment on osteogenic differentiation of hPDLSCs (A) hPDLSC viability was measured using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. hPDLSCs were treated with the indicated concentrations of
CaCl; for 1, 2, 7 or 14 days. *P < 0.05 compared with control group; ANOVA—Bonferroni post-hoc test (B) Osteoblast differentiation
was measured using alkaline phosphatase (ALP) staining after 7 days (C) Bone mineralization was measured using Alizarin Red S
(ARS) staining after 14 days. The ratio of relative absorption was normalized to the non-treated group. *P < 0.05 compared with the
DM-treated group; ANOVA-Bonferroni post-hoc test.
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Figure 3  Effect of CaCl, treatment on osteogenic gene expression of hPDLSCs. hPDLSCs were cultured in osteogenic differen-
tiation medium without or with CaCl, (25 mM) (A) The mRNA expression of Alp, Dspp, Col1a1, Runx2, and Osterix was analyzed by
real-time reverse transcription—polymerase chain reaction. *P < 0.05, **P < 0.01 compared with the DM-treated group; ANOVA-

Bonferroni post-hoc test (B) The protein abundance was confirmed by Western blot analysis with the indicated antibodies; o-
tubulin was used as a loading control.
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Figure 4 CaCl,-mediated suppression of Runx2-and osterix-mediated transcriptional activation (A—D) hPDLSCs were co-
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promotors of ALP (ALP-Luc), BSP (bone sialoprotein; BSP-
Luc), and osteocalcin (OC-Luc). CaCl, treatment sup-
pressed the transcriptional activity of the ALP promoter
induced by Runx2 and osterix overexpression. Furthermore,
CaCl, treatment also inhibited osterix-induced transcrip-
tional activity of the BSP and osteocalcin promoters and
slightly affected that of the ALP promoter (Fig. 4B).

Discussion

With the development of dental implant technology, the
treatment of periodontal diseases using biomaterials com-
bined with stem cells has achieved significant advances,
which have been supported by various biological studies.'®
In addition, stem cell research has been carried out in
various fields with excellent results, which have been
incorporated and applied in the field of dentistry.'” How-
ever, the research conducted in dentistry so far has been
limited because of the different characteristics of the oral
cavity environment compared to other organs.® In partic-
ular, the oral cavity is the place where the internal body
environment changes most actively due to food intake or
respiration, which affects various physiological activities
and pathological symptoms in the mouth.' Nevertheless,
stem cell research in dentistry has focused on elucidating
the gene expression and regulatory mechanisms at the
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molecular level rather than influencing changes in the basal
environment of the oral cavity.?’ Therefore, we aimed to
identify the effects of hPDLSC differentiation caused by
changes in calcium concentration within the oral cavity
environment.

In mammals, calcium plays central roles as a major
constituent in bone and other mineralized tissues and as an
intracellular messenger that mediates biological processes,
including muscle contraction, glycolysis, cell growth and
division, and ion transport through conversion of Ca*"
jons.?" Therefore, long-term calcium deficiency, commonly
known as hypocalcemia, can lead to osteopenia, osteopo-
rosis, brain malfunction, muscle spasm, and dental
changes.”? Meanwhile, excessive intake of calcium or
vitamin D due to the recovery of deficient calcium levels,
side effects of some drugs, hyperparathyroidism, and lung
diseases can cause hypercalcemia, which is defined as a
high calcium level in the blood serum (greater than
2.6 mM).?%% Hypercalcemia also can cause various bodily
symptoms, such as bone pain, muscle weakness, and
abnormal heart rhythms; however, the dental effects have
not been elucidated.” In our present study, high concen-
tration of CaCl, (125 and 625mM) caused toxicity in
hPDLSCs (Fig. 2A). Therefore, we conducted most experi-
ments at a calcium concentration of 25mM, which is high
level of calcium concentrations in the blood. A previous
report suggested that calcium concentrations of about
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5mM appeared to be appropriate for osteoblast differen-
tiation and proliferation, whereas much higher concentra-
tions (>10mM) abrogated cell survival rather than
inhibiting differentiation in mouse primary osteoblasts.?’
Assuming that osteoblast differentiation and hPDLSC dif-
ferentiation are not exactly same process but have
considerable similarities, our results show different points.
At 25 mM, CaCl, decreased the mRNA expression levels of
Alp, Dspp, Col1a1, and osterix and markedly repressed
Runx2 expression (Fig. 3A). Furthermore, CaCl, treatment
downregulated the protein abundances of Col1a1, osterix,
and Runx2 and ultimately inhibited ALP activity and bone
mineralization (Fig. 2B, C, and 3B). Since sequential
expression of Runx2 followed by osterix is essential for the
progression of osteogenic differentiation,?® inhibitory ef-
fects on Runx2 and osterix expression by high concentra-
tions of CaCl, result in down-regulated osteogenic
differentiation in hPDLSCs. Taken together, these results
demonstrate that unlike the results of the osteoblasts in
mice, high concentrations of calcium inhibit cell differen-
tiation rather than controlling cell proliferation or survival
in hPDLSCs.

As CaCl, treatment inhibited the mRNA and protein
levels of Runx2 and osterix, it can be hypothesized that
transcriptional activity related to osteogenic differentia-
tion could be regulated by calcium. In the present study,
CaCl, treatment decreased the Runx2-mediated transcrip-
tional activity on the OSE and ALP promotors, but not the
BSP and osteocalcin promoters. As Runx2 is an early-stage
transcriptional factor of osteogenic differentiation, it
mainly activates the ALP promoter, which was significantly
inhibited by calcium, while the later stage transcriptional
factor osterix mainly affected the BSP and osteocalcin
promoters and was subsequently inhibited by CaCl, treat-
ment (Fig. 4). These results suggest that calcium not only
reduces osteogenic gene expression but also inhibits tran-
scriptional activity for osteogenic differentiation.

Dental mesenchymal stem cells, which are multipotent
stem cells found in the mouth that are used to treat in-
flammatory diseases or regenerate periodontium, are
currently in the spotlight.?’>?® Elucidating the relationship
between the changes in the oral cavity environment and
the process of hPDLSC differentiation will aid in improving
periodontium regeneration and preventing periodontitis.
Although there are various restrictions on the clinical ap-
plications of stem cell differentiation, our finding may be a
good approach for future clinical applications in peri-
odontal tissue regeneration.
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