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Abstract
Background. Diabetes is one of the most common metabolic diseases that disrupt the functioning of dif-
ferent body organs, including oral tissue. Some diabetic complications remain even after the control of the 
hyperglycemic condition. The adverse effect of hyperglycemia on the pulp structure and function has been 
shown previously.

Objectives. The purpose of this study was to investigate the effect of the hyperglycemic state on the aging 
of pulp cells and evaluate the role of Wnt signaling as the underlying mechanism of this process. 

Material and methods. The isolated pulp cells were cultured in the Minimum Essential Medium 
(MEM)-alpha for 7, 14 and 21 days under the influence of glucose at concentrations of 5 mM, 20 mM 
and 30 mM. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used 
to evaluate cell viability, the beta-galactosidase test was applied to assess cellular senescence and gene 
expression was measured with quantitative real-time polymerase chain reaction (qRT-PCR).

Results. The results of this study showed that cell proliferation decreased following exposure to 20 and 
30 mM glucose, which was accompanied by an increased number of senescent cells and an increased p21 
expression. There was a significant increase in beta-catenin and Wnt1 expression in response to high glu-
cose. Treatment with beta-catenin inducer enhanced cellular aging in the hyperglycemic state, while beta-
catenin inhibitor decreased the senescence response.

Conclusions. The present study further confirmed the effect of the high-glucose condition on pulp cell 
aging and suggests a role for beta-catenin in the induction of cellular aging. Targeting the key regulators 
of cellular aging in pulp tissue might lead to the development of new therapies for the prevention and 
treatment of endodontic complications in diabetic patients. 
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Introduction
Diabetes is among the most common metabolic diseases 

in the world, being responsible for millions of deaths per 
year. Diabetes is not only recognized as a  disease, but 
also as a series of diseases that may affect the body’s sys-
tems and many organs. The global prevalence of diabetes 
in 2010 was 8.3%, representing 387 million patients; the 
number is estimated to reach 552 million by 2030.1,2 Im-
paired insulin secretion and function are typical features 
of the diabetic state, which is characterized by high blood 
glucose. Diabetes-induced changes in the metabolism 
of carbohydrates and lipids cause extensive modifications 
in the function and structure of the vascular and nervous 
systems, which consequently affect various organs, such 
as the heart, kidney, eyes, etc.

A large number of  studies have shown the influence 
of high glucose on oral tissue.3,4 People with diabetes are 
at higher risk of periodontal disease than healthy people. 
Indeed, diabetes has been identified as a major risk fac-
tor for periodontitis and gingivitis.5 Other oral manifesta-
tions and complications of diabetes include salivary dys-
function, taste disturbance, increased prevalence of oral 
mucosa lesions, and poor wound healing capacity.4 There 
are also profound changes in the alveolar bone function, 
accompanied by reduced osteogenic capacity and bone 
remodeling, which could lead to tooth loss. Studies on 
the adverse effects of diabetes on pulp tissue are limited. 
Based on histopathological observations, diabetic pulp 
undergoes significant changes, including increasing the 
basement membrane thickness, decreasing the lumen dia-
meter and obliterative endarteritis, contributing to poor 
vasculature and a higher risk of pulp necrosis.6 Also, calci-
fications in diabetic pulp are frequently observed, resem-
bling age-associated changes in old individuals.7 At  the 
cellular level, hyperglycemia may enhance the expression 
of  inflammatory factors and structural proteins, such as 
collagen and osteopontin,8,9 which is accompanied by 
an  increase in the expression of  oxidative stress-related 
enzymes.10 Mesenchymal stem cells (MSCs) residing in 
human pulp exhibit a high capacity of proliferation and 
odontoblastic differentiation, which was found to be re-
duced in diabetic rats, thus affecting the regeneration 
of dentin and the formation of  the dentin bridge.11 Still, 
the underlying mechanism of hyperglycemia-induced cel-
lular and molecular changes in pulp tissue has not been 
fully elucidated. There is evidence showing the causative 
effect of hyperglycemia in the induction of cellular aging 
in different cell types as well as diabetic models.12–14

Understating the detailed molecular mechanism of 
diabetic-induced changes in the cell function and targeting 
the key regulatory factors can be of great importance in 
the development of new therapeutic approaches in end-
odontic treatment for patients suffering from diabetes. In 
the present study, the effect of high glucose on the induc-
tion of the senescence response in cultured pulp cells was 

investigated. Also, the potential role of Wnt signaling in 
high glucose-induced senescence was evaluated.

Material and methods

Material 

Glucose was purchased from Merck (CAS 77938-63-7; 
Darmstadt, Germany). The inhibitor of Wnt/beta-catenin 
pathway PNU-74654 (CAS 113906-27-7) was from 
Santa Cruz Biotechnology (Santa Cruz, USA), and both 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and 5-bromo-4-chloro-3-indolyl-β-D-
galactopyranoside (X-Gal) were from Roche Diagnostics 
(Mannheim, Germany). Lithium chloride (LiCl; CAS 
7447-41-8), magnesium chloride (MgCl2), potassium ferri-
cyanide (K3[Fe(CN)6]), potassium hexacyanoferrate (II) 
trihydrate (K4[Fe(CN)6·3H2O]), and dimethyl sulfoxide 
(DMSO) were purchased from Merck. Fetal bovine serum 
(FBS) and phosphate-buffered saline (PBS) were from 
Biowest (Nuaillé, France). The sources of all other materials 
used in the experiments were indicated in the text.

Primary cell culture, stem cell 
characterization and cell treatment 

Pulp cells were isolated from dental pulp tissue. For this 
aim, the teeth extracted from 3 healthy patients attend-
ing the Dental Policlinic of Tehran University of Medical 
Sciences in Iran were transferred immediately to the 
laboratory in Minimum Essential Medium (MEM)-alpha 
(Biowest) with 20  mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES) buffer, pH 7.4. In-
formed written consent was obtained from the subjects 
for conducting the study. The tissues were digested in the 
collagenase-dispase enzyme solution (Invitrogen, Waltham, 
USA) and the primary cells were isolated according to the 
previously reported method.15 The isolated cells were cul-
tured in MEM-alpha supplemented with 10% FBS under 
the humidified condition at 37°C with 5% CO2. The pulp 
cells were characterized by the expression of their surface 
cluster of differentiation (CD) markers and their potential 
to differentiate into different cell lineages according to the 
previously described techniques.16

To study the effect of glucose on pulp cells, a stock solu-
tion of 100 mg/mL glucose was prepared in MEM-alpha. 
The solution was filtered and the appropriate volume was 
added to each well containing the culture medium to give 
the total concentrations of 20 mM and 30 mM glucose. 
The pulp cells were treated with the medium contain-
ing 20 mM or 30 mM glucose for 7, 14 and 21 days. The 
control groups were treated with 5 mM glucose. The me-
dium was refreshed every 3 days. The cells were exposed 
to LiCl (6 mM) or PNU-74654 (10 µM) on the same day 
of glucose treatment.
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MTT assay 

The cells were seeded in 96-well tissue culture plates at 
a density of 4,000 cells/well. After overnight rest time, the 
cells were treated with different concentrations of glucose 
in MEM-alpha supplemented with FBS. Cell prolifera-
tion was measured with the MTT assay, which is based 
on the cleavage of  the tetrazolium salt (MTT) by meta-
bolically active cells to form the purple formazan crystal 
dye. After removing the cell culture medium from each 
well, 100 µL of the MTT solution (50 mg/10 mL PBS) was 
added and the plate was incubated at 37°C for 3–4 h. Fol-
lowing the formation of formazan crystals, the MTT so-
lution was substituted with 50 μL of DMSO to dissolve 
the crystals while shaking for 20 min. The absorbance was 
measured at wavelengths of 570 nm and 650 nm by means 
of a multi-well spectrophotometer (BioTek Instruments, 
Inc., Winooski, USA).

Beta-galactosidase assay 

Beta-galactosidase cytochemical staining was used 
to evaluate cellular senescence. The beta-galactosidase 
enzyme is expressed in the lysosomes of all cells at pH 
4, which is the optimum pH of the enzyme activity. The 
senescent cells with high beta-galactosidase activity are 
distinguished under high pH 6. For this experiment, the 
cultured cells in 24-well plates were washed with PBS 
and fixed with paraformaldehyde 2% in PBS for 5 min, 
which was followed by washing with PBS twice. The 
senescence-associated (SA)-beta-galactosidase stain-
ing solution was prepared in PBS containing MgCl2 
(2 mM), K4[Fe(CN)6·3H20] (2.12 mg/mL), K3[Fe(CN)6] 
(1.64  mg/mL), and X-Gal (1  mg/mL) at pH  6. The 
500 µL of the solution was added to each well and the 
plate was incubated at 37°C. After 24  h, the staining 
solution was removed and the cells were rinsed twice 
in PBS. Finally, 500  µL of  the SYBR® green solution 
(1:10,000) (Sigma-Aldrich, St. Louis, USA) was added 
to each well. The blue X-Gal-stained cells were count-
ed under light microscopy (Leica Camera, Wetzlar, 
Germany). The number of  blue cells was recorded in 
at least 10 different microscopic fields and the percent-
ages were calculated from the total number of fluores-
cent nuclei that were detected in the same field under 
fluorescence microscopy.17

Real-time polymerase chain reaction and 
gene expression assessment

Total RNA was extracted from the control and treated 
samples with the use of TRI Reagent® (Sigma-Aldrich), 
with standard procedures based on phenol-chloroform 
extraction and ethanol precipitation. The extracted 
RNA was quality-controlled for purity and integrity with 
agarose gel electrophoresis and the measurement of the 

260/280  nm ratio of  absorbance. Next, 1  µg of  RNA 
was treated with 0.1  U of  RNase-free DNase I (Roche 
Applied Science, Mannheim, Germany) and converted 
to cDNA, using BioFact™ RT-Kit (BIOFACT, Daejeon, 
South Korea) according to the manufacturer’s protocol. 
Subsequently, 2  µL of  cDNA was used as a  template 
for quantitative real-time polymerase chain reaction 
(qRT-PCR) with 1  µL of  primers, 10  µL of  BioFact™ 
2X Real-Time PCR Master Mix and 1  µL of  random 
hexamer, and 6  µL of  sterile, diethyl pyrocarbonate 
(DEPC)-treated water. The conditions for qRT-PCR 
include: 15 min at 95°C for denaturation; 20  s at 95°C; 
20 s at 60°C; and 30 s at 72°C.

The sequence of primers was as follows: 
p21 F 5´-GGCACCCTAGTTCTACCTCA-3´, 
R 5´-CTCCTTGTTCCGCTGCTAAT-3´;  
Wnt-1 F 5´-GTTCCATCGAATCCTGCACG-3´, 
R 5´-CTGCCTCGTTGTTGTGAAGG-3´;  
beta-cat F 5´-TCCCTGAACTGACAAAACTGCT-3´,  
R 5´-CACCATCTGAGGAGAACGCAT-3´; and  
GAPDH F 5´-CACATGGCCTCCAAGGAGTAA-3´,  
R 5´-TGAGGGTCTCTCTCTTCCTCTTG-3´.

The PCR products were visualized on 1% agarose gel 
and melting curves were evaluated for single peaks. The 
relative fold change was calculated relative to the control 
group after normalization to the internal control gene, 
glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 
The formula 2−ΔΔCt was applied as the standard method 
for determining gene expression changes.

Statistical analysis

The significance of  the obtained data was determined 
using two-way analysis of variance (ANOVA) followed by 
Tukey’s multiple comparison test with the help of the IBM 
SPSS Statistics for Windows software, v. 20.0 (IBM Corp., 
Armonk, USA). All the experiments were performed at 
least twice, each in triplicate on separate dates. The level 
of significance was set at 0.05.

Results

Characterization of pulp mesenchymal 
stem cells 

The extracted pulp MSCs successfully adhered to the 
plastic cell culture plates and were positive for MSC sur-
face markers CD73, CD90 and CD105, as assessed by 
flow cytometry and the immunofluorescence analysis 
(Fig. 1A,1B). Also, the cells showed the lack of the expres-
sion of  hematopoietic markers CD 45 and CD 34. The 
MSCs could differentiate into different cell types, includ-
ing the osteogenic, adipogenic and chondrogenic lineages 
(Fig. 1C).
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High glucose reduced the proliferation 
of pulp cells 

The proliferation rate of  the isolated pulp cells was 
examined at a  high concentration of  glucose during 

long-term exposure by means of the MTT assay. The re-
sults showed that while the number of cells in the control 
group (5 mM glucose) increased continuously, exposure 
to 20 mM and 30 mM glucose significantly inhibited cells 
proliferation on days 14 and 21 (Fig. 2A).

Fig. 1. Characterization of pulp mesenchymal stem cells (MSCs)

A – plastic adherence; B – MSC surface markers; C – differentiation of MSCs into osteoblasts (alizarin red staining), adipocytes (oil red staining) and chondrocytes 
(Alician blue staining).
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High glucose induced cellular senescence 
in pulp cells 

To evaluate the presence of the senescent cells among 
the pulp cells treated with glucose, the beta-galacto-
sidase assay was performed. The results showed that 
exposure to high concentrations of glucose increased 
SA beta-galactosidase activity in a  dose-dependent 
manner (Fig.  2B,2C). The number of  aging cells in-
creased with the passing time and an  increasing glu-
cose concentration. To further confirm the senescence 
response, the expression of the p21 marker associated 
with cell cycle arrest was assessed. High glucose re-
sulted in an enhanced expression of p21 after 7-, 14-, 
and 21-day exposure (Fig. 3).

Increased beta-catenin and Wnt1 
expression at high glucose 

There was a  significant increase in the expression 
of beta-catenin at 30 mM glucose as compared to control 
5 mM glucose on day 7 (p < 0.001). Exposure to 20 mM 
and 30 mM glucose enhanced Wnt1 expression in the cul-
tured pulp cells (Fig. 4).

High glucose-induced senescence 
response is mediated by beta-catenin 

To evaluate the role of Wnt signaling in the glucose-
induced senescence response, the cells were treated 

with beta-catenin inhibitor – PNU-74654 – and beta-
catenin inducer – LiCl. The results showed that LiCl 
aggravated cellular senescence in the presence of high 
concentrations of glucose (20 mM and 30 mM). Also, 
an  increased percentage of  senescent cells alleviated 
in the presence of PNU-74654 (10 µM) at high glucose 
concentrations (Fig.  5A). Similarly, LiCl induced p21 
expression, while exposure to PNU-74654 reduced the 
p21 level under hyperglycemic conditions, as mea-
sured by qRT-PCR (Fig. 5B).

Fig. 2. Cell proliferation at different concentrations of glucose on days 7, 14 and 21 (A), the corresponding diagram of the percentage of the senescent 
cells increased at high glucose concentrations (B) and senescence-associated (SA) beta-galactosidase staining (the senescent cells with beta-galactosidase 
activity with blue color developed in their cytoplasm) (C)
a significantly different from group 20 mM on a specific day (p < 0.05); á significantly different from group 20 mM on a specific day (p < 0.001);  
b significantly different from control on a specific day (p < 0. 001); # significantly different from control on day 7 (p < 0.001). 
For A and B, data presented as mean (M) ± standard deviation (SD).

Fig. 3. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
of gene expression of p21 in the cells exposed to different concentrations 
of glucose on days 7, 14 and 21
b significantly different from control on a specific day (p < 0. 001);  
# significantly different from control on day 7 (p < 0. 001). 
Data presented as M ±SD.
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Discussion
Senescence or cellular aging is a process that irrevers-

ibly ceases the proliferation of  normal cells in response 
to external environmental factors or internal stimuli, such 
as telomere length shortening and oncogene induction. 
While maintaining their metabolic activity, the senescent 
cells undergo phenotypic changes in their structure and 
secretory profile. In this study, we attempted to investi-
gate the influence of high glucose on cells isolated from 
pulp tissue in an in vitro model resembling the hypergly-
cemic condition in diabetic patients.

Considering that the fasting blood glucose of diabetic 
patients rises above 10 mM, in the present study – in or-
der to simulate the diabetic state – the concentrations 
of 20 mM and 30 mM were used, in accordance with the 
concentrations applied in previous studies.18–20 The opti-
mum concentration of 5 mM in the cell culture medium 

was selected as the control group. Our results showed 
that the culture medium enriched with glucose could 
pose an inhibitory effect on the proliferation rate after 2 
and 3 weeks of exposure, indicating the chronic influence 
of the hyperglycemic medium.

The beta-galactosidase staining method is regarded as 
the key test for the evaluation of cellular aging based on the 
level of lysosomal beta-galactosidase activity at pH 6. While 
the optimum activity of the enzyme is at pH 4, only the se-
nescent cells with strong enzyme activity are detectable at 
pH 6.21 Our results showed that the number of beta-galac-
tosidase-positive cells increased at the 20 mM and 30 mM 
glucose concentrations as compared to the control group. 
Along with beta-galactosidase activity, the expression of cy-
clin-dependent kinase (CDK) inhibitor p21 – the marker 
of  cellular senescence – was increased. The data further 
confirmed the induction of senescence and cell cycle arrest 
during long-time exposure to the hyperglycemic condition.

Fig. 5. Beta-galactosidase staining analysis and quantitative real-time polymerase chain reaction (qRT-PCR) analysis of p21 expression after exposing the cells 
to beta-catenin inhibitor (PNU-74654) and beta-catenin inducer (LiCl) at different glucose concentrations

A – percentage of the senescent cells after exposure to beta-catenin inducer or inhibitor at different glucose concentrations; B – expression of p21 
in the cells after exposure to beta-catenin inducer or inhibitor at different glucose concentrations;  
a significantly different from control on a specific day (p < 0.05); b significantly different from control on a specific day (p < 0.001);  
# significantly different from control on day 7 (p < 0.001).  
Data presented as M ±SD.

Fig. 4. Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of gene expression of beta-catenin and Wnt-1 in the cells exposed to different 
concentrations of glucose
a significantly different from control (p < 0.001). The experiment was performed 3 times, each in triplicate. 
Data presented as M ±SD.
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Human pulp tissue has a key role in the maintenance 
and repair of the teeth. It is comprised of the stromal cell 
population with a  high capacity of  differentiation into 
odontoblasts – the main functional cells in dentin regene-
ration.22 Previous studies in animal models have shown 
the association between diabetes and reduced pulp heal-
ing capacity.11 Also, few studies are available on bone 
marrow-derived stem cells, and the adverse effect of hy-
perglycemia on their proliferation and differentiation.23,24 
Similarly to our results, Oancea et al.25 and Yan et al.26 also 
revealed the disturbance of dental pulp cell proliferation 
at high glucose. Recent research indicates that the expo-
sure of bone marrow-derived hematopoietic stem cells to 
a high glucose-containing medium induces aging, genetic 
instability and telomere length changes in these cells.27 
However, the precise mechanism of  aging induction in 
these cells remains unclear. There is also further evidence 
on glucose-induced bone marrow-derived stem cell se-
nescence and the causative role of  oxidative-mediated 
autophagy.20 While less has been reported on the senes-
cence response in diabetic pulp tissue or cultured pulp 
cells, our results clearly showed the induction of cellular 
aging in the cultured pulp cells exposed to long-term hy-
perglycemic conditions.

Searching for the underlying molecular mechanism, 
we observed the stimulation of the expression of Wnt1 
and beta-catenin. Thereby, it hinted the involvement 
of  the Wnt signaling pathway in glucose-induced pulp 
cell senescence. Indeed, the Wnt/beta-catenin signal-
ing pathway plays an  important role in various cellular 
processes, such as proliferation, differentiation, migra-
tion, survival, apoptosis, and pluripotency.28,29 The Wnt 
signaling pathway comprises both the canonical-beta-
catenin dependent and the non-canonical-beta-catenin 
independent pathways, and it is believed that the ca-
nonical pathway plays a key role in dentinogenesis and 
dentin regeneration.28 In the presence of Wnt ligand and 
binding to specific cell membrane receptors, cytoplas-
mic beta-catenin protein is transferred to the nucleus 
and activates the transcription of many target genes. In 
the present study, we applied PNU-74564, the binder 
of beta-catenin, to inhibit the Wnt signaling pathway.30 
Lithium chloride is also known for its role in stabilizing 
beta-catenin through the inhibition of glycogen synthase 
kinase 3 beta (GSK3β) activity, and therefore the acti-
vation of  canonical Wnt signaling.31 Our results demon-
strated that in the presence of beta-catenin inhibitor, the 
percentage of the senescent cells was reduced, while LiCl 
significantly enhanced glucose-induced senescence. The 
data further confirmed the involvement of Wnt signaling, 
particularly beta-catenin, in the progression of diabetic-
induced cellular aging. Regarding the association 
between Wnt signaling and senescence, Liu et al. through 
in vitro and in vivo studies revealed that the activation 
of  canonical Wnt-signaling triggers senescence in pri-
mary mouse embryonic fibroblasts and epithelial cells.32 

Another study on thymocytes showed that the transgenic 
expression of  beta-catenin induces cell growth arrest, 
DNA damage and senescence.33 Also, bone marrow-
derived stem cells from systemic lupus ery thematosus 
patients exhibited signs of senescence and showed high 
activity of beta-catenin.34 Although there are some other 
studies which indicate the role of  beta-catenin in the 
induction of cell proliferation.35,36

Further detailed clinical studies are essential to assess 
the pulp tissue proliferation rate and the level of  beta-
catenin in diabetic patients. Based on the current results, 
Wnt signaling might be the potential target for the inhibi-
tion of the senescence response in the hyperglycemic con-
dition, suggesting the development of bioactive materials 
applied in pulp capping that would be specific for diabetic 
patients.

Conclusions
The results of the present study showed that the diabetic 

condition disturbed pulp cell proliferation and induced 
the senescence phenotype, which is mediated by beta-
catenin/Wnt signaling. Such changes might compromise 
the healing and regenerative capacity of  diabetic pulp. 
Based on the results of  the current study and previous 
research, it is suggested that differential approaches in 
endodontic treatment need to be considered for diabetic 
pulp. Knowledge on the molecular mechanism of diabetic-
induced senescence and targeting the key regulatory 
protein will help us find new therapeutic approaches in 
endodontic treatment for diabetic patients. 
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