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ABSTRACT
D‐Glucose serves many roles in cellular functions, but its role in human periodontal ligament‐derived mesenchymal stem cells (hPSLSCs) is yet
unknown. Here, the roles of high glucose concentration on neurogenic differentiation by hPDLSCs were investigated. Two‐stage neurogenic
induction protocol was employed. Cells were maintained in normal neurogenic induction medium, high glucose condition, or high mannose
condition. The results showed that high glucose attenuated neurosphere formation efficiency by hPDLSCs in terms of morphology, neurogenic
marker expression, without a deleterious effect on cell viability. Contrastingly, neurosphere‐derived cells matured in high glucose condition
exhibited normal neuronal characteristics compared to the control. During neurosphere formation in high glucose, glucose transporters (GLUTs)
mRNA levels were significantly decreased, corresponding with the deprivation of cellular glucose uptake. Further, a glucose uptake inhibitor,
cytochalasin B, was used to confirm the deleterious effects of glucose uptake deprivation during neurosphere formation. The results
demonstrated that deprivation of glucose uptake attenuated neurosphere formation efficiency by hPDLSCs. Together, the results illustrated that
high glucose condition attenuated the efficiency of neurosphere formation but not neuronal maturation, which may occur through the
downregulation of GLUTs and the reduction of glucose uptake. J. Cell. Biochem. 115: 928–939, 2014. � 2013 Wiley Periodicals, Inc.
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Periodontal ligament provides tooth support and serves as cell
resources for alveolar bone and periodontal tissue regeneration

[Song et al., 2012]. Various cell types reside in periodontal ligament,
including vascular endothelial cells, smooth muscle cells and
fibroblast cells [Song et al., 2012]. Interestingly, several publications
suggested the stem cell‐liked properties of periodontal ligament‐

derived subpopulation. Those cells contain self‐renewal ability and
multipotential differentiation capability. The examples are neurons,
hepatocytes, osteoblasts, chondrocytes, and adipocytes [Seo
et al., 2004; Grimm et al., 2011; Egusa et al., 2012; Osathanon
et al., 2013b]. Moreover, the expression of mesenchymal stem cell
markers (STRO‐1, CD‐44, CD‐73, CD‐90, and CD‐105) and embryonic
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stem (ES) cell markers (OCT‐4, NANOG, SOX‐2, REX‐1, SSEA‐1,
SSEA‐3, SSEA‐4, TRA‐1–60, and TRA‐1–81) has also been reported,
suggesting the stem cell characteristics of human periodontal
ligament stem cells (hPDLSCs) [Kadar et al., 2009; Kawanabe
et al., 2010; Mrozik et al., 2010].

In the regard of neuronal differentiation, many publications have
been reported on the successes of in vitro formation of neuronal
lineage cells from PDLSCs [Kadar et al., 2009; Li et al., 2010; Mi
et al., 2011; Osathanon et al., 2013b]. By two‐step neuro‐induction
protocol, the spindle‐shape cells with long neurite‐like extensions
along with neurogenic marker upregulation have been successfully
produced from PDLSCs in vitro [Techawattanawisal et al., 2007;
Osathanon et al., 2013a,b]. This protocol consists of neuroprogenitor
(neurosphere) formation and neuronal maturation step. Regardless,
several factors have been shown to involve and regulate neurogenic
differentiation by various types of stem and progenitor cells. The
regulation might also be cell type specific. In this regards, an
experiment conducted under in vitro oxygen‐glucose deprivation
(OGD) condition has suggested the sensitivity of developing or
immature hippocampal neurons [Jiang et al., 2004]. Moreover,
glucose reduction could prevent replicative senescence and increase
mitochondrial respiration by human mesenchymal stem cells,
suggesting the importance and relevance of glucose on cell function
and viability [Lo et al., 2011].

D‐Glucose, an aldohexose sugar, serves a pivotal role in cell
function and respiration. Metabolism of glucose provides energy‐
supplying molecules and many metabolic intermediates, which are
important to cell function [Maciver et al., 2008]. The optimal glucose
conditions have been studied and used for stem cell maintenance and
differentiation. In this respect, inducing condition supplied with
25mM glucose could enhance the efficiency of cardiogenic
differentiation, but inhibit the propensity of neurogenic differentia-
tion by embryoid body (EB) derived from mouse ES cells [Mochizuki
et al., 2011]. Contrastingly, three different glucose conditions (5.5, 25,
and 45mM) were able to support mouse ES cell‐derived EB formation
in similar appearances and pluripotent marker patterns [Mochizuki
et al., 2011]. These results suggested the variety of cellular responses
toward glucose conditions. However, the study and evidence
regarding glucose effects on neuronal differentiation by hPDLSCs
are yet unknown. Thus, the objective of this study was pointed out to
explore the effect and relevance of glucose conditions on in vitro
differentiation of hPDLSCs toward neurogenic lineage.

MATERIALS AND METHODS

hPDLSCs ISOLATION AND CULTURE
The hPDLSCs were isolated and cultured following the previous
published protocol [Osathanon et al., 2013a]. Protocols were
approved by the Ethical Committee, Faculty of Dentistry, Chula-
longkorn University. Teeth removal due to impaction and orthodontic
reasons were collected for cell isolation. The donor teeth must contain
no caries, no inflammation, or other pathological conditions. The
isolated cells were maintained at 37°C, 100% humidified and 5%
carbondioxide condition. Dubecco0s modified Eagle medium (DMEM
with 4.5 g/L glucose; Gibco) supplemented with 10% FBS (Gibco),

2mM L‐glutamine (Gibco), 100U/ml penicillin (Gibco), 100mg/ml
streptomycin (Gibco), and 5mg/ml amphotericin B (Gibco) was used
as the culture medium and changed every 48 h.

hPDLSCs CHARACTERIZATION
The isolated cells were characterized by using reverse transcription‐
polymerase chain reaction (RT‐PCR) and flow cytometry. Expressions
of transcription factors identifying stemness properties (REX‐1,
NANOG, and OCT‐4) and surface markers (CD24, CD44, CD45, CD73,
CD90, CD105, and STRO‐1) were evaluated. Further, the multipoten-
tial differentiation properties regarding osteogenic and adipogenic
lineages were investigated. The characterization protocols were
performed according to our previous reports [Govitvattana et al.,
2013; Nowwarote et al., 2013]. Briefly, for osteogenic induction,
hPDLSCs were seeded into 24‐well plate in a concentration of
2.5� 104 cells/well. Cells were maintained in osteogenic induction
medium for 14 days with every 48‐h substitution. Osteogenicmedium
was growth medium supplemented with 50mg/ml ascorbic acid,
100 nM dexamethasone, and 10mM b‐glycerophosphate. Regarding
adipogenic induction, cells were plated into 24‐well plate and
maintained with adipogenic induction medium supplemented with
0.1mg/ml insulin, 1mM dexamethasone, 1mM IBMX, and 0.2mM
indomethacin for 16 days.

NEUROGENIC DIFFERENTIATION
Two‐step induction protocol that comprises neuroprogenitor (neuro-
sphere) formation and neuronal cell maturation was used to induce
neurogenic differentiation of hPDLSCs [Osathanon et al., 2013a]. In
summary, during the first 7 days, hPDLSCs were seeded in 60‐mm‐

Petri dishes (Falcon) and supplemented with neuroinduction
medium. Then, hPDLSCs‐derived neurospheres were transferred
into collagen type IV (Sigma)‐coated culture dishes (Corning) and
grownwith neuroinductionmedium supplemented with retinoic acid
(Sigma) for another 7 days. Neurobasal medium (Gibco) supple-
mented with 20 ng/ml bFGF (Invitrogen), 20 ng/ml EGF (Sigma),
2mg/ml heparin (Sigma), 1% serum free B‐27 supplement (Invi-
trogen), 2mM L‐glutamine, 100 U/ml penicillin, 100mg/ml strepto-
mycin, and 5mg/ml amphotericin B was used as the neuroinduction
medium and changed every 48 h. To explore the roles of glucose
conditions on neurogenic differentiation by hPDLSCs, 18 g/L D‐
glucose (Sigma) was added into neurobasal medium (4.5 g/L glucose)
in order to make 22.5 g/L (5�)‐glucose neuroinduction medium. D‐
mannose (Sigma) at the same concentration was used as the control
to compare and elucidate the effects of increased neuroinduction
medium osmolarity. In some experiments, cytochalasin B (10mM), a
glucose uptake inhibitor, was used to elucidate the effects of glucose
uptake deprivation during neurosphere formation. Data were
collected at days 1, 3, and 7 in each step of neuroinduction.
Neurospheres and mature neuronal cells were captures and analyzed
for sizes and spreading diameters by using of AxioVision Rel. 4.8
program. Reverse transcription‐polymerase chain reaction (RT‐PCR)
was used to evaluate the mRNA expressions. Immunocytochemistry
was used to confirm the expression of bIII‐TUBULIN (bIII‐T) at
protein level. Fluorescent glucose‐uptake cell‐based assay was
performed to verify the intracellular glucose. Calcein AM and EthD‐1
were used to determine cell viability.
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RT‐PCR
The cellular RNA was extracted with Trizol reagent. Then, RNA
samples (1mg) were converted to cDNA using reverse transcriptase
enzyme kit (Promega). Taq polymerase enzyme kit (Invitrogen) was
used to amplify the target genes. Amplified cDNA was electro-
phoresed on 1.8% agarose gel and stained with ethidium bromide.
The18S ribosomal RNA was used as a reference gene. For real time
quantitative RT‐PCR (qRT‐PCR), LightCycler1480 SYBR Green I
Master kit (Roche Diagnostic) was employed. The mRNA expression
was normalized to 18S and then further normalized to the control. The
primer sequences were shown in Supplementary Table SI.

FLOW CYTOMETRY
The hPDLSCs were stained with PE‐conjugated anti‐CD24 anti-
body (BD Biosciences Pharmingen), FITC‐conjugated anti‐CD44
antibody (BD Biosciences Pharmingen), PerCP‐conjugated anti‐
CD45 antibody (BD Biosciences Pharmingen), PerCP‐CyTM5.5‐
conjugated anti‐CD90 antibody (BD Biosciences Pharmingen), and
PE‐conjugatd anti‐CD105 antibody (BD Biosciences Pharmingen).
For data analysis, FACSCalibur regarding the CellQuest software (BD
Bioscience) was used, and values were illustrated as mean
fluorescence intensity (MFI).

IMMUNOCYTOCHEMISTRY STAINING
Neurospheres and neuronal cells attached on collagen IV‐coated
plates were fixed in cold methanol for 15min, then permeabilized
with 0.1% Triton1‐X100 in PBS for 1min, and incubated with 10%
horse serum in PBS for 1 h. Primary antibody, mouse anti‐bIII‐
TUBULIN (Promega), was used to incubate at 1:100 dilution for 18 h.
After that, biotinylated‐goat anti‐mouse antibody (1:500 dilution;
Invitrogen) and streptavidin‐FITC (1:500 dilution; Sigma) were used
to incubate for 1 h in each step. DAPI (0.1mg/ml) was used for nuclei
counterstaining. All of procedures were performed at 4°C and washed
with PBS in every step. The results were analyzed by fluorescent
microscope incorporated with Carl ZeissTM Apotome.2 apparatus
(Carl Zeiss, Germany).

GLUCOSE UPTAKE CELL‐BASED ASSAY
Glucose uptake by neurospheres and neuronal cells were explored by
glucose uptake cell‐based assay kit (Cayman chemical). Briefly, cells
were incubated with glucose‐free medium containing 200mg/ml 2‐
NBDG (2‐deoxy‐2‐[(7‐nitro‐2,1,3‐benzoxadiazol‐4‐yl)amino]‐D‐
glucose) for 10minutes at 37°C, then washed with warm cell‐based
assay buffer and immediately analyzed by fluorescent microscope
incorporated with Carl ZeissTM Apotome.2 apparatus.

CELL VIABILITY ASSAY
Live/Dead1 cell viability assay (Invitrogen) was used to assess the cell
viability. In summary, neurospheres and neuronal cells were stained
with calcein acetoxymethyl ester (calcein AM) and ethidium
homodimer‐1 (EthD‐1) at 37°C for 15min. The stained cells were
then washed with warm PBS and analyzed by flow cytometer and
fluorescent microscope incorporated with Carl ZeissTM Apotome.2
apparatus. For flow cytometry, the single cell suspension was
obtained before staining. In some experiments, MTT assay was
employed. Briefly, cells were incubated in MTT solution for 15min
and then the formazan crystals were solubilized using glycine‐
dimethylsulfoxide buffer for absorbance measurement at 570 nm.

STATISTICAL ANALYSES
The results were showed as mean� standard deviation (SD). Data
were analyzed using one‐sample t‐test for determining difference
within one group or independent Student0s t‐test for two sample
groups or one‐way analysis of variance (ANOVA) followed by
Dunnett post hoc for three or more sample groups. Three subjects
(n¼ 3) were used in the study. Significant difference was recognized
when P‐value <0.05.

RESULTS

hPDLSCs CHARACTERIZATION
The isolated cells were characterized for the stem cell characteristics
using RT‐PCR,flow cytometry (Fig. 1A,B), and immunocytochemistry

Fig. 1. hPDLSCs characterization. Transcription factors identifying stemness properties (i.e., REX‐1, NANOG, and OCT‐4) and surface markers (i.e., CD24, CD44, CD45, CD73,
CD90, CD105, and STRO‐1) were analyzed using RT‐PCR (A) and flow cytometry (B).
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staining (Supplementary Fig. S1). The expression of transcription
factors identifying stemness properties including REX‐1, NANOG,
and OCT‐4 were illustrated. Moreover, surface markers of mesenchy-
mal stem cells (CD44, CD73, CD90, CD105, and STRO‐1) were also
expressed, while hematopoietic related surface markers (CD24 and
CD45) were not detected. There is no statistical significant different
among three individuals on the surface marker expression. In order to
clarify the multipotential differentiation properties of established
hPDLSCs, cellular differentiation toward osteogenic and adipogenic

lineages was employed. By culturing cells in osteogenic induction
medium, hPDLSCs were able to differentiate into osteogenic lineage
(Fig. 2A), confirming by the dramatic increase of mineral deposition
and the upregulation of osteogenic marker gene expression
(COLLAGEN I [COL I] and OSTEOCALCIN [OCN]) at day 14. A
significant increase of alkaline phosphatase (ALP) activity was shown
at day 7. Moreover, the intracellular lipid droplets were noted upon
maintained cells in adipogenic induction medium for 16 days,
corresponding with the increase of adipogenic marker mRNA

Fig. 2. Multipotential differentiation capability and neuronal differentiation of hPDLSCs. For osteogenic differentiation, the increase of mineral deposition, osteogenic marker
gene expression, and alkaline phosphatase enzymatic activity was illustrated (A). Regarding adipogenic induction (B), the intracellular lipid accumulation and adipogenic marker
gene expression were demonstrated using oil red O staining and RT‐PCR, respectively. For neuronal differentiation (C), the neurosphere formation was observed and the bIII‐
TUBULIN expression was illustrated in the spheres and attached differentiated cells. Neurogenic marker gene expression was analyzed by RT‐PCR. Asterisks indicated the statistical
significance compared to the control.
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expression (PEROXISOME PROLIFERATOR–ACTIVATED RECEP-
TOR‐GAMMA [PPAR‐g] and LIPOPROTEIN LIPASE [LPL]) (Fig. 2B).

DIFFERENTIATION OF hPDLSCs TOWARD NEURONAL LINEAGE
Neurosphere formation technique as described in our previous report
was used to differentiate hPDLSCs into neuronal lineage [Osathanon
et al., 2011, 2013a]. The hPDLSCs seeded in 60‐mm‐Petri dishes and
supplemented with neuroinduction medium were able to form
neurosphere (neuroprogenitor) since day 1 (data not shown) and the
average size of sphere at day 7 was 150.49� 79.79mm in diameter
(Fig. 2C). Further, hPDLSCs‐derived neurospheres were transferred
into collagen type IV‐coated culture dishes and maintained in
neuroinduction medium supplemented with retinoic acid for another
7 days to let the cell migrate and mature. At day 14, neurosphere‐
derived cells migrated out and attached to the culture dish. Those cells
exhibited long, thin neurite‐like extension processes. Both day 7
neurosphere and day 14 mature neuronal cells expressed bIII‐
TUBULIN protein as observed by immunocytochemistry staining. The
upregulation of neurogenic gene markers (SOX‐2, SOX‐9, bIII‐T,
NEUROMODULIN [NM], and NEUROFILAMENT [NF]) was noted.
Moreover, Notch target genes, HES1 and HEY1, were upregulated,
suggesting the involvement of Notch signaling in neurogenic
differentiation of hPDLSCs as described in our previous publication
[Osathanon et al., 2013a]. Together, the results suggested the
capability of hPDLSCs differentiation toward neuronal lineage.

HIGH GLUCOSE CONDITION SUPPRESSED NEUROSPHERE
FORMATION BY hPDLSCs
To examine the roles of high glucose conditions on hPDLSCs, D‐
glucosewas added into culturemedium tomake 2� (9 g/L), 5� (22.5 g/
L), and 10� (45 g/L) glucose concentration (Supplementary Fig. S2). At
high glucose condition (10�), the abnormal cell morphology was
noted and appeared in round shape and floating, implying cell death.
Therefore, two glucose conditions were further employed in
neurogenic induction. However, there is no obvious difference in
the sphere0s size in 2� glucose condition. Thus, the 5� glucose
concentration was utilized in further experiments. D‐Mannose at the
same concentration was used to elucidate the effects of increased
osmolarity. The normal neuroinduction medium was employed as the
control. The physical properties of neurogenic media, including
density and viscosity were tested. The results revealed no significant
difference of those physical properties among three different culture
mediums (data not shown). In addition, there was no significant
difference in cell number at days 1, 3, and 7 upon maintaining
hPDLSCs in all three culture condition (normal, 5� glucose, and
mannose) as determined by MTT assay, suggesting no influence of
culture condition on cell toxicity and proliferation (data not shown).

In neurosphere formation with high glucose neurogenic medium
(NeuroþGlu), the hPDLSCs‐derived neurospheres appeared smaller
in size than normal neurogenic induction medium (Neuro; Fig. 3A).
The average sphere size was not significantly different (Supplemen-
tary Fig. S3). However, a trend of an increased percentage of small‐
size neurosphere (<50mm) was found in high glucose group (Fig. 3B).
For high mannose group (NeuroþMan), the trend of the neuro-
sphere0s size was slightly smaller than the control, but there was still
larger than high glucose group. Additionally, neurogenic gene

markers (SOX‐2, SOX‐9, bIII‐T, NM, and NF) and Notch target genes
(HES1 and HEY1) of neurospheres derived from high glucose group
were downregulated and the significant difference was found in SOX‐
2, HES1, and HEY1 compared to the control. The expression levels in
mannose group exhibited in similar levels to the control (Fig. 3C).
Moreover, the bIII‐TUBULIN protein expression in high glucose
condition was apparently decreased comparing with neurospheres
from the control and high mannose group as seen by immunocyto-
chemistry staining (Fig. 3D).

The glucose transporters (GLUTs) mRNA expression was evaluated
at day 7. The results demonstrated the downregulation of GLUT1,
GLUT2, and GLUT3 mRNA expression in high glucose condition
compared to the control (Fig. 3E). However, the significant difference
was noted in GLUT2, and GLUT3. The GLUTS mRNA expression in
highmannosegroup exhibited in similar levels to the control. Further, a
glucose uptake cell‐based assay usingfluorescent glucose analogue, 2‐
NBDG, was employed. The high glucose‐derived neurospheres showed
a relative decreased intracellular glucose compared to the control and
high mannose group, suggesting the lower ability to uptake glucose
into the cells (Fig. 3F). Moreover, cell viability was evaluated using
Calcein AM and ethidium homodimer‐1. By analyzing with fluores-
cence microscope, most of cells in three conditions were stained with
greenfluorescence of CalceinAMsuggesting the cell viability (Fig. 3G).
Moreover, flow cytometry analysis revealed no significant difference
in cell viability among three conditions, thus, excluding the potential
influence of cell death on the observed phenomenon (Fig. 3H).
Together, the results illustrated the defects of neurosphere formation
upon high glucose condition, and the downregulation ofGLUTs along
with a decreased glucose uptake were concurrently occurred.

NORMAL hPDLSCs‐DERIVED NEUROSPHERES UNDERWENT
NEURONAL MATURATION EVEN IN HIGH GLUCOSE CONDITION
Further investigations regarding the ability of neurosphere matura-
tion in high glucose condition were investigated. The hPDLSCs‐
derived neurospheres obtained from normal induction protocol were
used. The spheres were seeded into collagen IV‐coated culture dishes
and maintained in neurogenic medium supplemented with retinoic
acid for another 7 days. The collagen IV‐attached spheres were further
maintained in three different culture conditions; the normal
neurogenic medium control, high glucose medium and high mannose
medium. There was no difference in sphere size, morphology, and cell
migration upon seeding on collagen IV in all medium conditions
(Fig. 4A,B). Moreover, the neurogenic marker genes were exhibited in
similar levels. No statistical significance was noted among three
culture conditions (Fig. 4C). In addition, no obvious changewas noted
in regard of the bIII‐TUBULIN protein expression at day 7 in all those
culture condition (Fig. 4D). Further, there was no significant
difference in GLUT mRNA expression, glucose uptake efficiency, as
well as cell viability among those conditions (Fig. 4E–H). Together,
the results suggest that high glucose condition does not influence the
maturation process of hPDLSCs‐derived neurospheres.

CYTOCHALASIN B ATTENUATED NEUROSPHERE FORMATION BY
hPDLSCs
As described above, high glucose condition attenuated neurosphere
formation by hPDLSCs. This was concurrently with the
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Fig. 3. High glucose condition suppressed neurosphere formation by hPDLSCs. The sphere morphology of cell cultured in normal neuroinduction condition (Neuro), high glucose
neuroinduction medium (NeuroþGlu), and high mannose neuroinduction medium (NeuroþMan) was illustrated (A). The graph representing the percentage of sphere size was
shown (B). Neurogenic marker gene expression was evaluated using qRT‐PCR. The graphs illustrated the relative mRNA expression normalized to 18S and the control (C).
Immunocytochemistry staining demonstrated bIII‐TUBULIN protein expression was shown (D). GULTs mRNA levels were determined using qRT‐PCR and the graphs represented the
relative mRNA expression normalized to 18S and the control (E). The fluorescent glucose analogue, 2‐NBDG, was employed to determine the cellular glucose uptake (F). Cell
viability was evaluated using calcein AM/EthD‐1 and further analyzed using fluorescence microscopy (G) as well as flow cytometry (H). Asterisks indicated the statistical
significance compared to the normal condition (Neuro).
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Fig. 4. Normal hPDLSCs‐derived neurospheres underwent neuronal maturation even in high glucose condition. The hPDLSCs‐derived neurospheres obtained from normal
induction protocol were seeded into Collagen IV‐coated culture dishes and underwent maturation stage in three different conditions; normal condition (Neuro), high glucose
condition (NeuroþGlu), and high mannose condition (NeuroþMan). Sphere morphology (A) and sphere spreading diameter (B) were evaluated at days 1, 3, and 7. qRT‐PCR was
employed to illustrate the neurogenic marker gene expression and the relative mRNA expression was calculated (C). Immunocytochemistry staining for bIII‐TUBULIN was evaluated
at day 7 (D). GULTs mRNA levels were determined using qRT‐PCR and the graphs represented the relative mRNA expression normalized to 18S and the control (E). The glucose
uptake assay was performed using the fluorescent glucose analogue, 2‐NBDG (F). Cell viability was evaluated using calcein AM/EthD‐1 and further analyzed using fluorescence
microscopy (G) as well as flow cytometry (H).
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downregulation ofGLUTs expression, implying the regulation via the
alteration of glucose uptake. To investigate the proposed mechanism,
cytochalasin B was supplemented in normal neurogenic condition to
inhibit glucose uptake. The cytochalasin B at concentration of 10mM
did not have the effect on cell viability and proliferation as
determined by MTT assay at days 1, 3, and 7 (data not shown). In
neurosphere formation assay, the spheres in neurogenic medium
supplemented with cytochalasin B (Neuroþ cytochalasin B) appeared
smaller in size than the normal condition (Neuro) and the percentage
of small‐size neurospheres (<50mm) was increased compared to the
control (Fig. 5A,B). However, the statistical significant difference in
average sphere diameter was not observed (data not shown). In
addition, the attenuation of neurogenic mRNA levels was observed in
cytochalasin B treated group. However, the significant difference was
noted for SOX‐2, bIII‐T, NM, HES1, and HEY1 mRNA expression
(Fig. 5C). Correspondingly, the bIII‐TUBULIN protein expression in
the spheres was markedly downregulated in cytochalasin B treated
group (Fig. 5D).

The GLUTs mRNA levels (GLUT1, GLUT2, and GLUT3) were not
different between cytochalasin B treated group and the control
(Fig. 5E). However, the intracellular glucose levels were markedly
reduced, comfirming the efficiency function of cytochalasin B to
prevent glucose uptake (Fig. 5F). No influence of cytochalasin B on
cell viability was noted (Fig. 5G,H). Together, the results illustrated
that blocking of cellular glucose uptake during neurosphere
formation caused the impairment of neurosphere formation by
hPDLSCs.

DISCUSSION

In this study, we described the effects of high glucose conditions on
hPDLSCs0 neurosphere formation and neuronal maturation. The
results illustrated the deleterious effects of high glucose condition
during neurosphere formation but not for neuronal maturation stage.
The inhibition of glucose uptake resulted in the defective neurosphere
formation by these cells.

Many publications have suggested a crucial role of glucose on
stem cell functions and properties. For ES cell‐derived EB
formation, Mochizuki et al. [2011] have suggested that three
different glucose conditions (5.5, 25, and 45mM) but not for
glucose‐free condition were able to form mouse ES cell‐derived EB
in similar morphology and pluripotent marker expression pattern.
Moreover, the glucose at concentration of 25mM showed a
beneficial role in generation of beating cardiac muscle‐like clusters,
but it was not suitable to form bIII‐tubulin‐positive neuronal cells
from mouse ES‐derived EB [Mochizuki et al., 2011]. Additionally,
in vitro OGD condition has illustrated the sensitivity of developing
or immature hippocampal neurons [Jiang et al., 2004]. It has also
been shown that bone marrow‐derived mesenchymal stem cells
maintained in glucose reduction condition could utilize energy
efficiently and showed high self‐renewal and anti‐replicative
senescence capabilities [Lo et al., 2011]. Taken together, these
reports suggested a crucial and sensitive role of glucose on cellular
properties, especially in cell differentiation. For hPDLSCs, we
previously reported that hPDLSCs could efficiently differentiate

into functional neuronal cells in 25mM glucose employing two‐
stage neurogenic induction protocol [Osathanon et al., 2013a]. In
order to clarify the effects of high glucose on hPDLSCs‐derived
neuronal differentiation, the concentration at 125mM was
employed. In addition, this concentration did not have any effects
on hPDLSCs proliferation and survival.

We observed in the present study that hPDLSCs expressed the
detectable baseline levels of several neurogenic marker genes in
undifferentiated stage. This may be due to the neural crest origin of
periodontal ligament tissue, hence, there are some remained
subpopulation of neural crest‐derived cells [Kaku et al., 2012].
Thus, the intrinsic characters of neuroectodermal lineage may remain
in those cell populations [Dangaria et al., 2011; Tomokiyo
et al., 2012]. We noted the bIII‐TUBULIN mRNA expression but
the protein expression was observed in undifferentiated hPDLSCs.
Correspondingly, Keeve et al. was also reported and hypothesized that
this phenomenon may be controlled by miRNA‐translation repres-
sion, resulting in absent bIII‐TUBULIN protein expression [Keeve
et al., 2013].

Physical properties of high glucose mediumwere first hypothesized
as a cause of the defect in neurosphere formation. However, no
difference physical factor was observed in high glucose medium
compared to the normal culture medium, including the medium
density and viscosity. To evaluate the influence of high osmolarity on
cell behaviors, the D‐mannose was supplemented in the culture
medium to obtain similar concentration to those of high glucose
condition. The hPDLSCs0 neurospheres formed in highmannose group
were quite similar to the control, suggesting the irrelevance of high
osmolarity effect on neurosphere formation impairment occurred in
high glucose condition. Further investigations illustrated interesting
cellular responses in high glucose condition during neurosphere
formation. Comparing with normal and mannose group, the down-
regulation of glucose transporters (GLUTs) mRNA expression and the
decrease intracellular glucose in hPDLSCs‐derived neurospheres were
found in high glucose condition. Contrastingly, the levels of GLUTs
genes expression and glucose uptake of hPDLSCs‐derived neuronal
cells during maturation stage were not different among those groups.
Thus, the downregulation of GLUTs genes and deprivation of cellular
glucose uptake might play a pivotal role in aberrations of hPDLSCs‐
derived neurosphere formation in such condition.

In the present study, we explored four main types of class I
transporter which are classical types [Wood and Trayhurn, 2003;
Adekola et al., 2012]. The GLUT1, GLUT2, and GLUT3 mRNAs were
expressed in hPDLSCs‐derived neurospheres and neuronal cells,
while GLUT4 mRNA expression was absent. Moreover, the
expressions of GLUT1 and GLUT3 mRNAs in undifferentiated
hPDLSCs were noted (unpublished data). GLUT1 is widespread
transporter responsible for general basal glucose transport [Car-
ruthers et al., 2009]. Besides, GLUT3 is transporter highly expressed in
neurons helping in neuronal glucose uptake and formerly designated
as neuronal GLUT [Simpson et al., 2008]. The expression of GLUT3
mRNA in undifferentiated hPDLSCs may cause by the intrinsic
characteristics of neuroectodermal lineage. Regarding the down-
regulation of GLUTs mRNA in hPDLSCs‐derived neurospheres under
high glucose condition, it implies the GLUT0s involvement in cellular
response to high glucose conditions. GLUT1 is classified as one of
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Fig. 5. Cytochalasin B attenuated neurosphere formation by hPDLSCs. The hPDLSCs were maintained in the normal neuroinduction medium (Neuro) or the neuroinduction
medium supplemented with cytochalasin B (Neuroþ cytochalasin B). The sphere morphology (A) and the percentage of sphere0s size (B) were evaluated. The neurogenic mRNA
expression was determined using qRT‐PCR and the relative mRNA expression was normalized to 18S and the control (C). The bIII‐TUBULIN expression was determined using
immunocytochemistry staining (D). The GLUTs mRNA levels were determined using qRT‐PCR (E). The levels of cellular glucose uptake were evaluated by fluorescent glucose
analogue, 2‐NBDG (F). Cell viability was evaluated using calcein AM/EthD‐1 and further analyzed using fluorescence microscopy (G) as well as flow cytometry (H). Asterisks
indicated the statistical significance compared to the normal condition (Neuro).

936 GLUCOSE IMPAIRS hPDLSCs-DERIVED NEUROSPHERE



glucose‐regulated proteins (GRPs) which responses to various cellular
stress [Wertheimer et al., 1991; Sasson et al., 1997]. It has been shown
that expression of GLUT1 in mRNA and protein level is down-
regulated in environment containing high level of hexose sugar,
while glucose deprivation causes upregulation of these components
[Hahn et al., 1998a,b; Itani et al., 2003; Joyner and Smoak, 2004].
Moreover, previous publications have demonstrated the mechanisms
of GLUT1 expression in response to ambient glucose concentration.
High glucose induced downregulation of GLUT1 via Akt pathway
which was activated by PKC‐oxidative stress signaling as showed in
retinal pigment epithelial (RPEs) cells [Kim et al., 2007], while PKA
and cAMP could upregulate GLUT1 expression by stimulation of
CREB/CBP/TORC2 complex formation via NF‐kB which enhanced
glucose uptake and proliferation in mouse ES cells [Kim et al., 2012].
In addition, expression of GLUT3 depends on neuronal activity and
glucose utilization [Vannucci et al., 1998]. Moreover, it has been
shown that cAMP is involved in GLUT3 expression as illustrated in
model using breast cancer cell line [Meneses et al., 2008]. In the
respect of GLUT2 expression, GLUT2 mRNA levels were upregulated
upon neurogenic differentiation of hPDLSCs, while an absence of
GLUT2 mRNA was observed in undifferentiated hPDLSCs (unpub-
lished data). GLUT2 is bidirectional transporter responsible for
glucose sensor and mainly distributed in pancreatic b‐cells,
hepatocytes and neurons [Thorens, 2003; Scheepers et al., 2004;
Leturque et al., 2009]. In addition, absent ofGLUT4mRNA expression
in undifferentiated and neurogenic differentiated hPDLSCs was
observed correlating to previous publications illustrating the
expression of GLUT4 in insulin‐responsive tissues, for example,
adipocytes and myocytes [Wood and Trayhurn, 2003; Scheepers
et al., 2004; Leto and Saltiel, 2012].

It should be noted in the present study that the GLUTs expression
was determined only in mRNA levels and only one time point was
evaluated. Therefore, the GLUTs regulation in neurogenic differenti-
ation by hPDLSCs should be interpreted with caution. It has been
demonstrated that high glucose condition attenuated the GLUTs
protein expression but not altered the mRNA levels, resulting in the
decreased cellular glucose uptake [Alpert et al., 2002; Fernandes
et al., 2004; Rosa et al., 2009]. The phenomenon occurred to avert the
increase oxidative stress from extravagant glucose influx, implying
the crucial protective role of the regulation of GLUT expression in cell
behaviors [Rosa et al., 2009, 2011]. The change of mRNA expression
of GLUTs is not enough to indicate their participation in this
phenomenon. In addition, the change of GLUT expression levels may
involve in other mechanisms not directly related to neurosphere
formation. Therefore, the complex regulation mechanism of GLUTs
on protective role and neurogenic differentiation is indeed needed
further investigation.

Despite the issues discussed above, the influence of the alteration
of glucose uptake on hPDLSCs neurosphere formation was further
determined using cytochalasin B treatment condition in normal
neurogenic induction condition. According with a decreased cellular
glucose uptake without any change in GLUTs genes expression, the
observations revealed a substantial effect of glucose uptake
deprivation on defects of hPDLSCs‐derived neurosphere formation.
In addition, cell viability assay suggested the high proportion of living
cells in all experimental groups, illustrating that osmotic‐ or stress‐

induced cell death might not be a main cause of neurosphere
formation defects occurred in high glucose condition.

Another limitation of the present study is the lack of function
study.We illustrated that the high glucose condition did not influence
during the maturation step of neurogenic differentiation by hPDLSCs
as determined by neurogenicmarker gene and protein expression. The
confirmation of the mature neurogenic function is still necessitated.
The cell characters, which can exhibit action potential, should be
further investigated by the electrophysiological assay to verify
mature neuronal characteristics.

In summary, we illustrated that the efficiency of neurosphere
formation but not for neuronal maturation by hPDLSCs was
attenuated in high glucose condition. The deprivation of glucose
uptake might play a pivotal role in neurosphere formation defects.
Further exploration regarding molecular signaling is required to
elucidate the underlying mechanism and improve efficiency of
neurosphere formation.
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