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High glucose promotes the osteogenic differentiation
capability of human periodontal ligament fibroblasts
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Abstract. Periodontal ligament fibroblasts (PDLFs) are
important cells, which are involved in maintaining tooth
integrity. Diabetes has been found to be associated with
periodontal disease in a bidirectional manner. The aim of
the present study was to investigate the stemness properties
of human PDLFs (HPDLFs) in high glucose conditions.
HPDLFs were analyzed for their osteogenic differentiation
capacity by inducing the cells with osteogenic medium in
various glucose concentrations. The gene expression was
then examined using reverse transcription-quantitative poly-
merase chain reaction analysis, and examinations of alkaline
phosphatase activity and nodule formation were performed.
The results of the gene expression analysis revealed that
high glucose media induced the expression of NANOG,
octamer-binding transcription factor 4, (sex determining
region Y)-box 2, cluster of differentiation 166 (CDI166),
PERIOSTIN and B-CATENIN following culture of the
cells for 3 days. Alkaline phosphatase activity increased
following 14 days in the high glucose condition. In addition,
higher numbers of calcified nodules were formed on day 28
in the group cultured with high glucose. The results showed
that high glucose induced bone formation by elevating the
expression of stem cell markers, particularly CD166, and this
induction may be regulated through 3-CATENIN.

Introduction

A high blood glucose level is characteristic of diabetes mellitus
(DM), a disease resulting from abnormal insulin levels or an
abnormal response to insulin. Patients with DM are prone
to several complications, including periodontitis. A previous
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longitudinal study showed that the prevalence of periodontitis
increased with an odds ratio of 4.23 in diabetic patients (1).
Increased alveolar bone loss is also found in diabetic patients
with poor glycemic control (2).

The periodontal ligament, a component of periodontal
tissue, consists of heterogenous cells and is involved in
tissue regeneration. Several studies (3-5) have shown that
periodontal ligament fibroblasts (PDLFs) express mesen-
chymal stem cell markers and can differentiate to become
osteoblasts, adipocytes and chondrocytes. Under hypergly-
cemic conditions, PDLFs can induce apoptosis through the
caspase-3 signaling pathway (6,7). In addition, high glucose
levels induce the expression of fibronectin receptor (8), which
may result in delayed wound healing in diabetic patients
with severe periodontitis. However, the stem cell properties
of PDLFs in high glucose remain to be fully elucidated.
Therefore, the present study aimed to investigate the effect
of different glucose conditions on the stemness properties
of human PDLFs in order to improve understanding of the
biology of these cells in diabetic patients, which may lead to
improved dental treatment.

Materials and methods

Cell culture. The HPDLFs were purchased from ScienCell
Research Laboratories (Carlsbad, CA, USA). The HPDLFs
were routinely cultured in Dulbecco's modified Eagle's
medium (DMEM; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) supplemented with 10% fetal bovine serum (FBS;
Hyclone; GE Healthcare Life Sciences, Logan, UT, USA)
and antibiotic/antimycotic solution containing 100 U/ml
penicillin G, 100 pg/ml streptomycin and 0.025 pg/ml ampho-
tericin B (Thermo Fisher Scientific, Inc.). The HPDLFs were
maintained in a humidified atmosphere at 5% CO, at 37°C
and were subcultured at confluence. The culture medium was
replaced every 2-3 days. The HPDLFs used in the present
study were those in passages 5-9.

To examine the effect of a high glucose concentration on
HPDLFs, the cells were cultured in three types of medium:
Normal glucose (NG), high mannitol (HM) and high glucose
(HG). The NG medium contained 5.5 mM of D-glucose,
simulating the normal blood glucose level in humans. The
HG medium contained 25 mM of D-glucose, whereas the
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HM medium was used as an osmotic pressure control, which
contained 5.5 mM of D-glucose and 19.5 mM D-mannitol.

Proliferation assay. A 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay, a quantitative
colorimetric assay, was used to estimate cell viability and cell
proliferation. The principle of the assay is that MTT, a yellow
tetrazole, is metabolized by mitochondrial succinate dehydro-
genase in living cells to a purple formazan product.

The HPDLFs were seeded in 24-well plates (Costar®;
Corning Incorporated, Corning, NY, USA) at a density of
2x10* cells/well in a humidified atmosphere at 5%CO, at 37°C.
Following incubation for 24 h, the time was set as day 0 and
the medium was replaced with the three experimental media
(NG DMEM, HG DMEM and HM DMEM).

On days 1, 3,5 and 7, the cells were washed with PBS and
incubated with 500 pl of 0.5 mg/ml MTT (Sigma-Aldrich;
Merck Millipore, Darmstadt, Germany) for 2 h at 37°C. The
cells were rinsed again with PBS. The formazan products were
dissolved in 500 pl of dimethyl sulfoxide (Sigma-Aldrich;
Merck Millipore) for 30 min at room temperature with agita-
tion. The absorbance at 540 nm was determined using an
Epoch™ microplate spectrophotometer (Biotek Instruments,
Winooski, VT, USA). All assays were performed in triplicate.

Osteogenic differentiation. To induce osteogenic differentiation,
the HPDLFs were seeded in 24-well plates (Costar®; Corning
Incorporated) at a density of 5x10* cells/well in a humidified
atmosphere at 5%CO, at 37°C. When the cells reached 90%
confluence (day 0), they were induced with 50 ug/ml ascorbic acid
(Sigma-Aldrich; Merck Millipore), 10 mM [-glycerophosphate
(Sigma-Aldrich; Merck Millipore) and 100 nM dexamethasone
(Sigma-Aldrich; Merck Millipore) in each type of DMEM. The
medium was replaced every 2-3 days.

Measurement of alkaline phosphatase activity. Following
induction of the HPDLFs with osteogenic medium for 7, 14
and 21 days, the cells were analyzed for alkaline phosphatase
activity. All groups of HPDLFs were scraped from culture
and transferred into microtubes, washed twice with 1X
PBS, and lysed with 200 ul lysis buffer containing 1 mM
phenylmethanesulfonyl fluoride (Sigma-Aldrich; Merck
Millipore) in CelLytic M (Sigma-Aldrich; Merck Millipore)
for 15 min at room temperature. The lysed cells were centri-
fuged at 20,598 x g for 15 min at 4°C. The supernatant was
stored at -80°C until use. To measure alkaline phosphatase
activity, 50 pl of the sample supernatant was diluted with
50 ul 0.1 M Tris-HCI, followed by the addition of 50 ul
2 mM p-nitrophenol phosphate substrate (Sigma-Aldrich;
Merck Millipore) and incubation at 37°C for 30 min. The
reaction was terminated by adding 50 ul ice-cold 2 N NaOH.
The absorbance was measured at 450 nm. The alkaline
phosphatase concentration was calculated from the standard
curve of p-nitrophenol (Sigma-Aldrich; Merck Millipore).
The alkaline phosphatase activity was calculated in U/nmol
p-nitrophenol/mg protein/min. The alkaline phosphatase
activity of the induced HPDLFs was then divided by the basal
alkaline phosphatase activity to normalize the difference
between the passages of cells. All assays were performed in
triplicate.
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Nodule formation. The induced HPDLFs were evaluated for
calcified nodule formation following induction with osteogenic
medium for 28 days. All groups of HPDLFs were washed twice
with 1X PBS. The cells were fixed with cold absolute methanol
at room temperature for 10 min and rinsed twice with distilled
deionized water. The calcified nodules were stained with 1%
Alizarin Red (pH 4.1-4.3; Sigma-Aldrich; Merck Millipore)
at room temperature for 30 min. The excess dye was removed
and nodules were rinsed with distilled deionized water until the
background became clear. The presence of nodules was observed
under an inverted microscope (Nikon Corporation, Tokyo,
Japan). All experiments were performed at least three times.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) analysis. To analyze gene expression
following the induction of HPDLFs with osteogenic medium
for 3 days, RNA was extracted using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturer's protocol. The concentration and purity
of RNA was determined from the ratio of optical density
(OD),4,/OD,g, using an Epoch™ microplate spectrophotom-
eter (Biotek Instruments).

Contaminating DNA was removed by DNase I (Fermentas;
Thermo Fisher Scientific, Inc.). The prepared RNA was then
used as a template for RT to cDNA using iScript selected cDNA
synthesis kits (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
according to the manufacturer's protocol. Briefly, cDNA was
reverse transcribed in iScript reaction mix containing iScript
reverse transcriptase together with oligo dT primer, followed
by incubation at 42°C for 90 min and 85°C for 5 min.

The subsequent qPCR was performed in a StepOnePlus™
RealTime PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) to compare the expression of stem cell marker
CDI66, periodontal ligament cell marker PERIOSTIN and
signaling molecule 8-CATENIN between cells treated with
different glucose concentrations using the primers shown
in Table T (9-15). The 20-ul cocktail contained 10 pl 2X
Maxima® SYBR green master mix with ROX (Thermo Fisher
Scientific, Inc.) 0.25 uM forward and reverse primers, and
50 ng cDNA. The reactions were initially preheated at 95°C
for 10 min followed by 60 cycles of denaturation at 95°C for
30 sec, annealing at the annealing temperature of each primer
(Table I) for 30 sec and extension at 72°C for 30 sec. The
comparative quantification cycle (16) was further analyzed
for gene expression by using S-ACTIN as an internal control.

Statistical analysis. Cell proliferation, gene expression and
alkaline phosphatase activity were first analyzed for data
distribution using the Shapiro-Wilk Test and the homogeneity
of variance. Differences between groups were analyzed using
an independent-samples median test and pairwise comparisons
of groups using SPSS software version 18 (SPSS Inc., Chicago,
IL, USA). P<0.05 was considered to indicate a statistically
significant difference.

Results
Growth of HPDLFs in different glucose conditions. The

HPDLFs were cultured in DMEM containing three concen-
trations of glucose (NG, HM and HG), as described above.
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Table I. Primers used for reverse transcription-quantitative polymerase chain reaction analysis.

Length  Annealing
Author, year Target gene Primer sequence (bp) temp. ("C)  Refs.
Stem cell marker
Cao et al OCT4 (pou5fl) F 5'-TATACACAGGCCGATGTGG-3' 397 60 C))
R 5-GTGCATAGTCGCTGCTTGA-3'
NANOG F 5'-ATGCCTCACACGGAGACTG-3' 369 60
R 5'-CTGCGTCACACCATTGCTA-3'
Saigusaetal  SOX2 F 5'-CAAGATGCACAACTCGGAGA-3' 95 60 (10)
R 5'-GCTTAGCCTCGTCGATGAAC-3'
Rada et al STROI F 5'-GAAGCTAAAGTGGATTCAGGAGTA-3' 216 58 an
R 5'-TAAGCAGGGGACCATTACA-3'
Wang et al CDI166 F 5-GAATGTCTCTGCTATAAGTATTCCAG-3' 157 62 (12)
R 5-GTACAGCCAGTAGACGACACCAGCAAC-3'
Periodontal
ligament
cell marker
Dobreva et al ~ PERIOSTIN F 5-GAAAGGGAGTAAGCAAGGGAG-3' 179 58 (13)
R 5-ATAATGTCCAGTCTCCAGGTTG-3'
Signaling molecule
Chen et al B-CATENIN F 5-AATCTTGCCCTTTGTCCCG-3' 214 60 14)
R 5'-GGTTGTGAACATCCCGAGC-3'
Internal control
Herath et al B-ACTIN F 5'-TTGGCAATGAGCGGTT-3' 93 60 (15)

R 5-AGTTGAAGGTAGTTTCGTGGAT-3'

OCTH4, octamer-binding transcription factor 4; SOX2, (sex determining region Y)-box 2; CD166, cluster of differentiation 166.

The HPDLFs showed higher proliferation rates when grown
in the HG medium, compared with cells grown in the NG or
HM medium, however the differences were not statistically
significant (Fig. 1).

Stemness gene expression in different glucose conditions.
The embryonic stem cell markers (OCT4, NANOG and SOX2)
and CD166 mesenchymal stem cell marker were significantly
upregulated following 3 days of induction under HG condi-
tions, compared with NG and HM conditions (Fig. 2A-D).

Osteogenic differentiation under different glucose conditions.
The alkaline phosphatase activity showed that HPDLFs started
to differentiate following induction with osteogenic medium for
7 days (Fig. 3). The alkaline phosphatase activities in all groups
showed similar patterns, with the highest activities of alkaline
phosphatase found on day 7. Subsequently, activity progres-
sively decreased on days 14 and 21, as shown in Fig. 3. However,
the alkaline phosphatase activity in the HG medium appeared
to decrease more slowly, compared with that in the other groups.
Following the induction of HPDLFs with osteogenic
medium for 28 days, higher numbers of calcified nodules
were formed in the HG medium, compared with the numbers
formed in the NG and HM media, as shown in Fig. 4.

Expression of PERIOSTIN and f-CATENIN. As periostin
is a marker of periodontal ligament integrity and -catenin
is a signaling molecule associated with osteogenesis, the

NG
-= HM

10 -+ HG

Cell Number (x10¢ cells)

Day 1

Day 3

Day 5 Day 7

Figure 1. Proliferation of human periodontal ligament fibroblasts cultured in
DMEM containing NG, HM and HG concentrations. No statistically signifi-
cant differences were found when compared with NG. Data are presented
as the mean + standard error. NG, normal glucose; HM, high mannitol; HG,
high glucose.

expression of PERIOSTIN and -CATENIN were also exam-
ined in the present study. HG induced the HPDLFs to express
significantly higher levels of PERIOSTIN, compared with NG
and HM (Fig. 5A). Furthermore, the HPDLFs showed signifi-
cantly higher expression of f-CATENIN in HG (Fig. 5B).

Discussion

In the oral cavity, the periodontal ligament anchors the tooth
in the alveolar bone. It is an important source of stem cells,
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Figure 2. Expression levels of embryonic and mesenchymal stem cell markers. Expression of embryonic markers (A) OCT4, (B) NANOG and (C) SOX2, and
mesenchymal markers (D) STROI and (E) CDI166 of HPDLFs cultured in osteogenic medium containing NG, HM and HG concentrations for 3 days. Data
are presented as the median and range. "P<0.05, compared with NG. OCT4, octamer-binding transcription factor 4; SOX2, (sex-determining region Y)-box 2;
CDI66, cluster of differentiation 166; NG, normal glucose; HM, high mannitol; HG, high glucose.
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Figure 3. Alkaline phosphatase activity of human periodontal ligament fibro-
blasts cultured in osteogenic medium containing normal glucose NG, HM and
HG concentration for 7, 14 and 21 days. No statistically significant differences
were found when compared with NG. Data are presented as the mean + stan-
dard error. NG, normal glucose; HM, high mannitol; HG, high glucose.

lying between the alveolar bone and the cementum, which
is involved in regeneration by differentiating to replace the
destroyed attachment tissue. As HPDLFs are readily obtained

from extracted teeth by scraping the periodontal tissue out
from the root of extracted teeth, they offer potential as a source
of adult stem cells. HPDLFs have been reported to possess
mesenchymal stem cell properties, as they can differentiate
into osteoblasts, adipocytes, chondrocytes and neurons (3-5).
However, their differentiation activities under different glucose
conditions remain to be fully elucidated. As the progression of
periodontitis destroys periodontal tissue, increased alveolar
bone loss has been found in diabetic patients with poor glycemic
control (2). The effect of high glucose conditions has been
investigated in several cell types, including fibroblasts (6-8).
Therefore, the regeneration processes of periodontal ligament
tissue may be affected in periodontitis, particularly in patients
with poor glycemic control.

In the present study, HPDLFs in the HG medium tended
to proliferate more, compared with those in the NG and HM
medium, although differences were not statistically significant.
The glucose concentrations used in the present study simulated
the normal blood glucose levels found in healthy individuals
(100 mg/dl) and the high blood glucose level found in diabetic
patients (400 mg/dl). The higher proliferation rate in the HG
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Figure 4. Calcified nodules stained with 1% Alizarin Red from human periodontal ligament fibroblasts on day 28 of osteogenic induction in normal glucose,

high mannitol and high glucose conditions.
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Figure 5. Relative quantification of Periostin and 5-catenin. Relative quantification of (A) Periostin and (B) 8-catenin was determined using reverse transcrip-
tion-quantitative polymerase chain reaction analysis following osteogenesis of human periodontal ligament fibroblasts for 3 days in NG, HM and HG. Data are
presented as the median and range. 'P<0.05, compared with NG. NG, normal glucose; HM, high mannitol; HG, high glucose.

group was not unexpected, as glucose is an energy source
for all cells. In addition, the HM group, an osmotic pressure
control group, showed the same effect as the NG group. This
suggested that the higher growth rate was due to the effect
of glucose and not the effect of osmotic pressure. Previous
studies on mouse bone mesenchymal stem cells support
these findings, which showed that 25 mM glucose-containing
medium promoted growth of cells on day 17 (17). These find-
ings suggest that high glucose conditions alone, as found in
diabetic patients, may not harm the growth of PDLFs.

When HPDLFs were induced with osteogenic medium
for 3 days, the embryonic stem cell markers, OCT4, NANOG
and SOX2, were upregulated in the HG condition, similar
to the results reported by Madonna et al in 2014 (18). These
results showed that HG levels can enhance the expression of
embryonic stem cell markers in HPDLFs at early stages of
osteogenesis. The mesenchymal stem cell marker, CD166,
was also upregulated on day 3. The upregulation of stem cell
marker genes may be associated with the potential of cells to
differentiate, which correlates with the increased number of
calcified nodules formed in this condition at later stages. In
addition, Saito ef al in 2014 (19) suggested that the expression
of CDI66 is associated with the capacity of cells to differen-
tiate into osteoblasts/cementoblasts.

Following osteogenic induction for 14 days, the HPDLFs
in the HG concentration medium expressed higher levels of
alkaline phosphatase activity, compared with those in the
NG and HM media. Again, this suggested that the increased
alkaline phosphatase activity was due to the metabolic activity
of cells, whereas increased osmotic pressure did not affect
activity. On day 28, higher numbers of calcified nodules were

also formed in the HG condition, compared with those in
the NG condition. In 2014, Li and Li (17) also showed that
periodontal ligament cells cultured under HG conditions also
had higher alkaline phosphatase activities on days 14 and 21,
but found that fewer nodules were formed in the HG medium.
These differences may be due to the different sources of cells
and their ability to express stem cell markers. In the present
study, following induction, the cells started to differentiate and
form calcified nodules. The HG condition was found to stimu-
late the formation of calcified nodules, and this may be due to
higher metabolic activity producing more ATP and increasing
calcium transport into cells, which leads to increased calcium
concentration inside cells, followed by calcium deposition.

In terms of the association between diabetes and peri-
odontal disease in bone metabolism (20), diabetic animals show
delayed bone healing. Patients with diabetes have been shown
to have lower radial bone density, compared with non-diabetic
patients (21). By contrast, the results of the present study showed
the enhancement of osteogenesis in HPFLFs cultured in HG
medium. However, other factors may also require consider-
ation in examining the effect of the diabetic condition on cells.
Diabetic animals may not only exhibit hyperglycemia, but may
exhibit other conditions, including the production of advanced
glycation end products, lipotoxicity from long-chain free
fatty acids and immune responses due to the diabetic condi-
tion. Consequently, the HG levels alone may not have been
sufficient to negatively affect the osteogenic differentiation of
HPDLFs in the present study, compared with diabetic animals.
Cells under chronic diabetic conditions may have alterations
in protein modification, which lead to a different response
to hyperglycemia, compared with the response of cells in
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in vitro HG conditions. Intracellular hyperglycemia initiates
intracellular and extracellular advanced glycation end product
formation. In addition, several immune cells in the body of
animals and humans respond to hyperglycemia. Neutrophils in
diabetic patients with moderate and poor diabetic control have
been found to release higher levels of superoxide, compared
with healthy subjects (22). Thus, it is possible that fibroblasts
in vitro may respond differently to HG, compared with in vivo.
The cocktail of inflammatory cytokines secreted may also
affect in vivo results. An example of this is the increased level
of TNF-a in a diabetic mouse model, which induces the apop-
tosis of mesenchymal stem cells (23).

The findings of the present study have various implications.
In terms of clinical implications, the results showed that HG
increased all cellular processes, including the proliferation and
differentiation of HPDLFs. Therefore, in diabetic patients with
periodontitis, once the periodontal pathogen has been removed
and inflammation subsides, HPDLFs can differentiate into
the osteoblast lineage, which assists in bone regeneration.
Intensive periodontal therapy can significantly reduce peri-
odontal indices and HbAIc in diabetic patients with moderate
periodontitis (24).

The in vitro results of the present study are also of interest
in terms of cell-based experiments as HG caused HPDLFs
to differentiate into osteoblasts and form calcified nodules.
Accordingly, the glucose level in the medium may be impor-
tant when examining the process of osteogenesis in cells.

Periostin is a tissue specific protein in periodontal liga-
ments (25). It is reported to be secreted in adipose tissue
and is significantly positively correlated with blood glucose
levels in obese rats (Psammomys obesus) with type 2 diabetes
mellitus (26). In addition, a study by Horiuchi et al in 1999 (27)
suggested that periostin is involved in the recruitment and
attachment of osteoblast precursors. The results of the present
study showed increased expression of PERIOSTIN in the HG
osteogenic medium. This suggested that the cells retained
tissue specific origin, and that this protein may be involved in
osteogenic differentiation in HG medium.

The results of the present study also showed that 5- CATENIN
was upregulated in HG medium. As several reports (28-30) have
suggested that Wnt/B-catenin is involved in osteogenesis, HG
conditions may induce osteoblast differentiation in HPDLFs
through the Wnt/B-catenin pathway. However, further studies
are required to understand the mechanisms involved.

In terms of tissue regeneration in diabetes and periodon-
titis, the results of the present study showed that HG increased
all cellular processes, including the proliferation and differ-
entiation of HPDLFs. Therefore, in diabetic patients with
periodontitis, once the periodontal pathogen has been removed
and inflammation subsides, HPDLFs can differentiate into the
osteoblast lineage, which will assist bone regeneration. Thus,
intensive periodontal therapy can significantly reduce peri-
odontal indices and HbAIc in diabetic patients with moderate
periodontitis (24). The results of the present study also
suggested that calcification in cell-based transplantation may
be performed successfully in diabetic patients. Furthermore,
reagents associated with the Wnt/B-catenin pathway may be
useful in stem cell therapy to assist in inducing osteogenic
differentiation, as suggested by Liu et al in 2015 (31). This
may improve the treatment of bone regeneration in the future.

2793

In conclusion, the present study indicated that HG medium
(25 mM) was non-toxic to HPDLFs. The HPDLFs responded
to HG conditions by increasing the expression of embryonic
and mesenchymal stem cell markers, as well as the tissue
specific protein, periostin. Calcified nodules were also formed
in higher numbers when the cells were induced in osteogenic
medium containing HG concentration. This effect may be
regulated by B-catenin, which was induced by HG levels.
Further investigation of HPDLFs transplantation in animal
models is required to confirm these in vitro results. However,
these cells are likely to be useful for tissue regeneration in
diabetic patients.
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