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Objective: This study aimed to investigate the effects of D-galactose (D-gal) on cellular senescence induc-
tion, cell proliferation, mineralization production, and odontogenic gene expression of isolated human
dental pulp cells (HDPCs).

Methods: Isolated HDPCs were cultured and assigned to four groups: control, 1 g/L D-gal, 10 g/L D-gal, and
10 g/L D-gal with Biodentine (BD). Cell proliferation was evaluated at 24, 48, and 72 hours using Alamar Blue®
assay. To evaluate cellular senescence at 48 hours, senescence-associated beta-galactosidase (SA-B-gal) activ-
ity and senescence-related genes (p16 and p21) were assessed with SA-3-gal staining assay and quantitative
reverse-transcription polymerase chain reaction (QRT-PCR), respectively. To examine the mineralization po-
tential under differentiating conditions, quantitative staining with Alizarin Red S and mineralization-related
gene expression (dentine sialophosphoprotein, DSPP) were investigated at 14 days. One-way ANOVA was
used for statistical analysis. The statistical significance level was set at 0.05.

Results: 1 g/L D-gal and 10 g/L of D-gal significantly decreased cell proliferation at 72 hours compared to the
control group (p<0.05). SA-B-gal-positive cells were significantly more prevalent in both D-gal-treated groups
than in the control group (p<0.05). The expressions of genes p16 and p21 were markedly increased in cells
treated with 10 g/L D-gal compared to the control group (p<0.05). The addition of BD did not promote cell pro-
liferation but significantly improved cellular senescence by reducing SA-B-gal activity, p16, and p21 expression
(p<0.05) compared to the group without BD. For mineralization potential, the amount of mineralization was
similar among groups under differentiating conditions. The reduction of DSPP gene expression was obvious
only in the 10 g/L D-gal group (p<0.05). The addition of BD did not show a significant effect on mineralization.
Conclusion: Ten g/L of D-gal can effectively induce aging phenotypes and reduce DSPP gene expression
in HDPCs. Co-incubation with BD extract reduced the expression of these aging phenotypes. Mineralization
production was not altered in the presence of D-gal. The data support the development of in vitro model for
aging dental pulp.
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« Ten g/L of D-galactose can promote cellular senescence in the human dental pulp cells.

« D-galactose shows a potential to use as an aging accelerator in an in vitro vital pulp thera-
py model under aging situation.

« Biodentine has an anti-aging property in dental pulp cells.

INTRODUCTION

Age-related alterations occur in all tissues and
organs, including teeth (1) where the function
and physiological activities of the dental pulp

decline, which limit its responses to external
stimuli. Cellular senescence is one of the key
markers observed during aging conditions. It
involves an irreversible arrest of cell division
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caused by various stress inducers, such as infection, inflam-
mation, and oxidative stress, which induce irreparable DNA
damage, triggering cell cycle arrest while secreting a variety
of substances into the environment (2). Cellular senescence is
a concern in regenerative dentistry since it could impair the
regeneration process of the dental pulp (3).

At present, treatment options for injured dental pulp have
gradually shifted from conventional to more regenerative ap-
proaches, such as vital pulp therapy (VPT) and regenerative
endodontic procedures (REP) (4). Initially applied in young
patients, these treatments have later been adopted for older
patients as well (5). Although the clinical success of VPT using
bioactive materials such as mineral trioxide aggregate (MTA)
or Biodentine (BD) is favorable, few studies have been con-
ducted on cell regeneration in aged dental pulp cells. There-
fore, developing an in vitro aging model of dental pulp cells for
future research is of great importance.

There are various models that have been used to explore the
underlying mechanisms of aged dental pulp, including har-
vesting healthy dental pulp from aged patients (6) or animal
models (7), and treating isolated dental pulp cells with cer-
tain chemical substances (8). A number of approaches, which
include the observation of the senescence-associated beta-
galactosidase (SA-B-gal) lysosomal enzyme and the detection
of biomarker genes for cellular senescence, such as p16 and
p21, have been used to examine the mechanism behind the
aging process (9). Previous studies have revealed a decline in
pulp function in dental pulp isolated from aged patients (6,
10). Comparable results have also been described in some in
vitro studies that simulate the aging model in dental pulp cells
using hydrogen peroxide (8, 11) or para-Cresol (p-Cresol) (12).

To date, one of the most well-known substances used to in-
duce cellular aging in many types of organs and tissues, both in
vitro and in vivo, is D-galactose (D-gal), which is an aldohexose-
reducing sugar that exists in the body and is abundantly found
in most foods (13). Overdosing on exogenous D-gal causes
aging by increasing oxidative stress, apoptosis, and inflamma-
tion (14). Several studies have used D-gal to induce the aging
process in many organs, such as the brain, heart, lungs, liver,
kidneys, reproductive organs, skin, bones, skeletal muscles,
immune response, and others (15). The D-gal-induced aging
model is generally applied in research because of its practical-
ity, short study duration, ease of application, lower cost, mini-
mal adverse effects, and because it is less likely to cause death
in animals in in vivo models (16). However, to the best of our
knowledge, D-gal has never been studied in dental pulp cells.

Accordingly, this study aimed to explore the effects of D-gal on
isolated human dental pulp cells (HDPCs) in various aspects as-
sociated with cellular senescence, including cell proliferation,
SA-3-gal expression, p16 and p21 gene expression, mineraliza-
tion potential, and the expression of dentine sialophosphopro-
tein (DSPP) genes. Additionally, the effects of BD, a common
bioactive material used for VPT, on D-gal-treated HDPCs were
also examined. The null hypothesis of this study posited that
D-gal did not induce cellular senescence in HDPCs, nor did BD
supplementation alleviate the senescence condition.
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MATERIALS AND METHODS

Primary Culture of Human Dental Pulp Cells (HDPCs)

This study was conducted in accordance with the Declaration
of Helsinki. The study protocol was endorsed by the Human
Experimentation Committee, Faculty of Dentistry, Chiang
Mai University (no: 83/2020, date: 25/11/2020). Human den-
tal pulp tissues were aseptically harvested from sound third
molars (n=3) from patients aged 18-25 years without any
underlying disease. After tooth extraction, blood and saliva
were rinsed off from the extracted teeth using sterile normal
saline solution. The tooth crown was then immersed in 2.5%
sodium hypochlorite (NaOCl) for 5 minutes for disinfection.
The teeth were sectioned into halves with a sterilized chisel
and hammer. The pulp tissues were hygienically separated
from the sectioned teeth in a laminar flow hood using steril-
ized forceps, then ground and digested in a solution contain-
ing Collagenase | (Gibco/Invitrogen, Gaithersburg, MD, USA)
and Dispase Il (Sigma-Aldrich) for up to 45 minutes. Then the
samples were centrifuged at 1,500 rpm at 25°C for 5 minutes
to eliminate the undigested tissue. The cell suspension was
transferred and cultured in complete a-MEM (Sigma-Aldrich,
St Louis, MO, USA) consisting of 10% fetal bovine serum (Gib-
co/Invitrogen), 1% penicillin-streptomycin (Sigma-Aldrich),
and 100 mol/L L-ascorbic acids (Sigma-Aldrich) at 37°C humid-
ified atmosphere of 95% air and 5% CO, with medium refilled
every 72 hours. Then, the cells were subcultured with 0.25%
trypsin-EDTA (Gibco/Invitrogen). To determine cell prolifera-
tion and senescence biomarkers, HDPCs at the third passage
were assigned to 4 experimental groups as follows: 1) control:
cells cultured in complete a-MEM; 2) 1 g/L D-qgal: cells cultured
in complete a-MEM with 1 g/L D-gal; 3) 10 g/L D-gal: cells
cultured in complete a-MEM with 10 g/L D-gal; and 4) 10 g/L
D-gal with BD: cells cultured in complete a-MEM with 10 g/L
D-gal and BD extract. To analyze mineralization potential and
the expression of dentinogenic differentiation gene, HDPCs at
the third passage were assigned to 5 experimental groups as
follows: 1) control: cells cultured in complete a-MEM through-
out the experiment; 2) control with differentiation induction:
cells cultured in complete a-MEM for 48 hours, then in differ-
entiation media for another 14 days; 3) 1 g/L D-gal: cells cul-
tured in complete a-MEM with 1 g/L D-gal for 48 hours, then in
differentiation media for 14 days; 4) 10 g/L D-gal: cells cultured
in complete a-MEM with 10 g/L D-gal for 48 hours, then in dif-
ferentiation media for 14 days; and 5) 10 g/L D-gal with BD:
cells cultured in complete a-MEM with 10 g/L D-gal and BD
extract for 48 hours, then in differentiation media for 14 days.

Preparation of D-galactose (D-gal) and Biodentine (BD)
The procedure and concentration for D-gal preparation were
modified from previous studies. In brief, D-gal powder (Sigma-
Aldrich) was dissolved in a-MEM medium and filtered through
a 0.2 um filtration membrane (Minisart; Sartoris Stedim
Biotech, Goettingen, Germany) to prepare the D-gal solution
of 1and 10 g/L. A volume of 100 mL each was prepared for the
1 and 10 g/L D-gal solutions.

The preparation of BD extract was modified as described
by Weekate et al., (17). Briefly, after mixing 1 capsule of BD
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(Septodont, Saint-Maurdes-Fossés, France) following the
manufacturer’s instruction, it was loaded into 10 cylindrical
elastic molds (2 mm in width and 3 mm in height) and in-
cubated at 37°C for 24 hours to allow the BD to set. A total
of 10 BD pieces were prepared, which was sufficient for all
experiments. Each BD piece was then immersed in 3.14 mL
of sterile a-MEM for 7 consecutive days. The supernatant was
then filtered using a 0.2 pum membrane and kept at 4°C. The
BD extracts were diluted in complete a-MEM to a ratio of 1:16
prior to the experiment, and a total volume of 502.24 mL of
diluted BD extract was prepared.

Cell Proliferation by Alamar Blue® Assay

Cells seeded at 1x10? cells/well in 96-well plates were allo-
cated to groups as described earlier. For each sample (n=3),
cells were assigned in triplicates per group. At 24, 48, and 72
hours, cell proliferation was evaluated using the Alamar Blue®
assay (Gibco/ Invitrogen). Briefly, 15 pL of Alamar Blue were
added into each well, and then the quantitative changes
in colorimetric were evaluated using a spectrophotometer
(Bio-Rad Laboratories Inc., Herculus, CA, USA) at the wave-
length of 550 and 595 nm. The percent reduction of Alamar
Blue was calculated.

Analysis of Senescence Biomarkers

Senescence-associated beta-galactosidase (SA-B-gal) assay
HDPCs at 1x10* cells/well were seeded into 24-well plates
and assigned similarly to the experimental groups in the
previous part. For each sample (n=3), cells were assigned
in triplicates per group. At 48 hours, SA-B-gal staining was
carried out using SA-B-gal staining kit (Cell Signaling Tech-
nology, Beverly, MA, USA) in accordance with the manufac-
turer’s instructions. In short, after fixing the cells in 2% (v/v)
formaldehyde and 0.2% glutaraldehyde, the cells were then
kept in an SA-B-gal staining suspension (1 mg/mL 5-bro-
mo-4-chloro-3-indolyl h-D-galactosidase, 40 mM citric acid,
pH 6.0, 40 mM sodium phosphate, pH 6.0, 5 mM potassium
ferrocyanide (K4[Fe(CN)6]), 5 mM potassium ferricyanide
(K3[Fe(CN)6]), 150 mM sodium chloride, and 2 mM mag-
nesium chloride) and later incubated at 37 °C without CO2
for 24 hours. The senescent positive cells were identified
as blue-staining by standard light microscopy. Ten random
fields per well were used to identify the proportion of SA-p-
gal-positive cells using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

Senescence-related Gene Expression by Quantitative Re-
verse-transcription Polymerase Chain Reaction (qRT-PCR)
Cells at 3x10° cells/well in 6-well plates were used in this part.
Cells from each sample (n=3) were assigned in triplicates per
group. At 48 hours, total RNA was separated with the Nucle-
oSpin RNA Il extraction kit (ThermoFisher Scientific) and tran-
scribed into cDNA using ReverTra Ace gPCR RT master mix kit
(Toyobo Co. Ltd, Osaka, Japan). The genes upregulation lev-
els were explored by quantitative real-time polymerase chain
reaction assay in triplicate using LightCycler 480 Real-Time
PCR system (Roche Applied Science, Rotkreuz, Switzerland)
with SensiFAST SYBR no-ROX kit (Bioline, London, UK). The
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TABLE 1. Primer sequences used for the detection of senescence
markers by qRT-PCR

Gene Primer sequences (5’-3’)

name

p16 Forward: CAA CGC ACC GAATAGTTA CG (32)
Reverse: GAA GGA CCT GTG CGA CCA

p21 Forward: GTCTTG TAC CCTTGT GCCTC (32)
Reverse: AAA GAT GGT GAG GTTTGC TG

GADPH Forward: ACC ACA GTC CAT GCC ATC AC (32)

Reverse: TCC ACCACCCTGTTG CTGTA

gRT-PCR: Quantitative reverse-transcription polymerase chain reaction, GADPH:
Glyceraldehyde-3-phosphate dehydrogenase

PCR cycles, temperatures, and time were set as following: 1)
denaturation: 45 cycles, 95°C, 10 seconds; 2) annealing: 60°C,
20 seconds; and 3) extension: 72°C, 40 seconds. The prim-
er sequences for p16 and p21 were designed following the
published literature shown in Table 1. The amount of each
MRNA was standardized by the housekeeping enzyme glyc-
eraldehyde-3-phosphate dehydrogenase (GADPH) and cali-
brated using the comparative CT method.

Analysis of Mineralization Potential and the Expression of
Dentinogenic Differentiation Gene

Alizarin red S assay

HDPCs at 3x10° cells/ in 24-well plates were assigned to 5
groups as mentioned earlier in the primary culture of HDPCs
section. Cells from each sample (n=3) were assigned in trip-
licates per group. Differentiation media, consisting of com-
plete a-MEM, 50 mg/mL of ascorbic acid (Sigma-Aldrich), 10
nmol/mL of dexamethasone (Sigma-Aldrich), and 10 mmol/
mL of B-glycerophosphate (Sigma-Aldrich), was used for the
following groups: differentiation media, 1 g/L D-gal, 10 g/L
D-gal, and 10 g/L D-gal with BD; except for the control group.
At day 14, samples were fixed with 4% paraformaldehyde and
rinsed with 1 mL of phosphate-buffered saline (PBS). Then, 0.5
mL of Alizarin Red S solution at pH of 4.2 (Sigma-Aldrich) was
added and incubated with a gentle rocking motion for 5 min-
utes at room temperature. The remaining dye was removed
with deionized water. After that, all samples were left dry at
room temperature for a week. To quantify the volume of cal-
cium deposit, 10% methylpyridinium chloride monohydrate
(Sigma-Aldrich) in 10 mmol/L sodium phosphate was used as
the destaining solution (room temperature, 20 minutes). One
hundred microliters of the destaining solution were relocat-
ed to 96-well plates, and the absorbance was assessed using a
spectrophotometer at 550 nm.

Mineralization-related Gene Expression by Quantitative Re-
verse-transcription Polymerase Chain Reaction (qQRT-PCR)
Cells at 1x10° cells/well in 6-well plates were treated as previ-
ously described in osteogenic differentiation media. The cells
were assigned to groups in the same fashion as the Alizarin
Red S assay. Cells from each sample (n=3) were assigned in
triplicates per group. At day 14, total RNA was collected and
processed for DSPP gene expression using qRT-PCR. The prim-
er sequences are shown in Table 2.
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TABLE 2. Primer sequences used for the detection of mineraliza-
tion-related marker by gRT-PCR

Gene Primer sequences (5’-3’)

name

DSPP Forward: AAT GGG ACT AAG GAAGCT G (32)
Reverse: AAG AAG CAT CTC CTC GGC

GADPH Forward: ACC ACA GTC CAT GCC ATC AC (32)

Reverse: TCC ACCACCCTGTTG CTGTA

gRT-PCR: Quantitative reverse-transcription polymerase chain reaction, DSPP:
Dentine sialophosphoprotein, GADPH: Glyceraldehyde-3-phosphate dehydro-
genase

Statistical Analysis

All experiments were conducted in triplicate and expressed as
the meanzstandard error. Statistical analysis was performed by
SPSS 17.0 software (SPSS Inc, Chicago, IL, USA) using One-way
ANOVA and either LSD or Dunnett’s T3 test. Since the variances
gathered from data of cell proliferation, mineralization forma-
tion, and the expression of odontogenic differentiation-related
gene were equal, the post hoc LSD was applied. The Dunnett’s
T3 test was performed in results obtained from SA-B-gal ex-
pression and senescence-related gene expression as the vari-
ances were unequal. The dissimilarity between experimental
groups was considered to be statistically significant at p<0.05.

RESULTS

Effects of D-gal on HDPC Proliferation

At 24 hours after cell treatment, no significant changes in the
percentage of cell proliferation were observed among the
D-gal 1 g/L (20.52+4.52%), D-gal 10 g/L (19.23+£3.46%), and
D-gal 10 g/L + BD groups (19.40+3.39%) when compared with
the control (20.99+4.23%, p>0.05). Similarly, the cell prolifera-
tion at 48 hours of the D-gal 1 g/L (35.50+2.84%), D-gal 10 g/L
(34.31£2.21%), and D-gal 10 g/L + BD groups (34.99+2.42%)
did not differ significantly when compared with their con-
trol (37.62+2.79%, p>0.05). However, D-gal at both 1 and 10
g/L significantly reduced the percentage of cell proliferation
(36.05+0.53% and 35.99+0.78%, respectively) when compared
to the control group at 72 hours (39.63+0.81%, p<0.05). The ad-
dition of BDin 10 g/L D-galfor 72 hours did notimprove cell pro-
liferation as the percentage of cell proliferation (36.81+0.99%)
was not comparable to the control (39.63+0.81%, p<0.05).
Moreover, no differences in cell proliferation between D-gal 10
g/L (35.99+0.78%), and D-gal 10 g/L + BD groups (36.81+0.99%)
were observed at 72 hours (p=0.48) (Fig. 1).

Effects of D-gal on the Expression of Senescence Biomarkers

SA-B-gal expression

The detection of SA-B-gal positive cells was examined at 48
hours incubation period. SA-B-gal positive cells were stained
in blue (Fig. 2a). Quantitatively, the percentage of SA-B-gal
positive cells remarkably increased in all groups containing
D-gal (p<0.05). In groups with 10 g/L D-gal showed a signifi-
cantly higher number of SA--gal positive cells (56.06+1.69%)
than in a group with 1 g/L D-gal (33.76+£1.97%, p<0.05). Co-in-
cubation with BD significantly lowered the number of SA-f3-

Cell Proliferation
D Control
50.0 D-gal 1glL
B pgaitogL
D-gal 10 g/L + BD
g 30.04 %%?
O 2004 /
© :%
© %
|
10.0 %
.
Time (hours)

Figure 1. Cell proliferation of D-gal-induced HDPCs at different con-
centrations. © p<0.05 compared to the control group. Statistical analy-
ses were performed by One-way ANOVA

BD: Biodentine; D-gal: D-galactose, HDPCs: Human dental pulp cells, ANOVA:

Analysis of variance

gal positive cells (49.59+1.07%, p<0.05) when compared to
the 10 g/L D-gal group without BD (Fig. 2b).

Senescence-related gene expression

The expression of senescence-related genes p16 and p21
were assessed at 48 hours using qRT-PCR. Increasing trends
in p16 and p21 expression were observed in both D-gal
groups without BD. Considering the expression of p16 gene,
the significant upregulation was detected only in the 10 g/L
D-gal group (2.41+0.13-fold change) when compared to the
control (p<0.05). Interestingly, the presence of BD significant-
ly downregulated the level of p16 (1.32+0.05-fold change)
when compared to the 10 g/L D-gal group (p<0.05) (Fig. 3a).
BD not only significantly decreased the p16 gene expression
compared to the 10 g/L D-gal group, but it also restored p16
levels to those of the control group (p=0.06). Similarly, a sig-
nificant increase of p21 gene expression was found in the 10
g/L D-gal group (2.11+£0.08-fold change) when compared to
the control (p<0.05). Co-incubation of BD with 10 g/L D-gal
significantly lowered the p21 level (0.58+0.06-fold change)
when compared to the10 g/L D-gal group (p<0.05). The level
of p21 gene in the co-incubation group was comparable with
the control (p=0.06) as well (Fig. 3b).

Effects of D-gal on the Mineralization Potential and Odon-
togenic Differentiation

Mineralization formation

The Alizarin Red S assay was performed to quantify calcium
deposition on day 14 under differentiating conditions (Fig. 4a).
Mineral deposition was compared with the control groups. The
control groups, which received no treatment, were divided



146 Saiyasilp et al. D-galactose-induced Aging in Dental Pulp EUR Endod J 2025; 10: 142-150
a ) b SA-B-gal staining
3 k&
i
60.04
7 v
; |
Z : e 50.0
Control D-gal 1 g/L T_n’ 4004
]
- > E J Q
1 g 30.07
: =
’ N 3 ==
‘ . ® 0 ;004
- > i 10.0-1
—— J —— 00 -
D-gal 10 g/L D-gal 10 g/L + BD Control D-gal 1 D-gal 10 D-gal 10 + BD
Groups
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Figure 3. The effects of D-gal and co-incubation with BD on senescence-related gene expression using qRT-PCR analysis at 48 hours. (a) The
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*: p<0.05 compared to the control group, *: p<0.05, ##: p<0.01 compared to the different concentration. D-gal: D-galactose, BD: Biodentine, qRT-PCR: Quantitative re-
verse-transcription polymerase chain reaction, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase

into 2 subgroups: one without differentiation induction and
the other that underwent differentiation for 14 days, as previ-
ously described in the materials and methods. All groups sub-
jected to differentiation induction, including the second con-
trol group (1.47+0.13), 1 g/L D-gal group (1.42+0.13), 10 g/L
D-gal group (1.32+0.13), and the combined 10 g/L D-gal with
BD group (1.48+0.14) showed significantly higher absorbance
readings, indicating increased mineralization compared to

the control group without differentiation medium (0.26+0.07,
p<0.05). Comparison among groups with differentiation me-
dium revealed no significant changes, though the absorbance
showed a decreasing trend when cells were exposed to D-gal,
especially at higher concentrations. Co-incubation of BD with
10 g/L D-gal did not enhance mineralization as no significant
differences were detected compared to the 10 g/L D-gal group
(p=0.37) (Fig. 4b).
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Odontogenic differentiation-related gene expression

The greatest level of DSPP gene expression was observed in
the control group that experienced odontogenic differenti-
ation using differentiation media (1.55+0.43-fold change);
however, the difference was not significant compared to the
control with no differentiation (p=0.09) (Fig. 4c). The presence
of 1 g/L D-gal slightly decreased the DSPP levels (1.17+0.09-
fold change) compared to the control group that underwent
differentiation induction, although no significant difference
was detected (p=0.23) (Fig. 4c). Interestingly, the 10 g/L D-gal
significantly affected the level of DSPP, as shown by the low-
est DSPP expression (0.72+0.17-fold change, p<0.05 vs. con-

trol with differentiation and 1 g/L D-gal groups) (Fig. 4c).
The addition of BD to 10 g/L D-gal did not improve the ex-
pression levels of DSPP compared to the 10 g/L D-gal group
(0.37£0.02-fold change, p=0.71) (Fig. 4c).

DISCUSSION

The present study showed that HDPCs treated with D-gal
exhibited various aging phenotypes, including a significant
reduction in cell proliferation, marked evidence of SA-B-gal
positive cells, and increased expression of both the p16 and
p21 genes. The supplementation of BD significantly reduced
these markers of aging but did not strongly affect the miner-
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alization potential or DSPP gene expression in the D-gal-treat-
ed cells. The methods used in this study, including SA-B-gal
staining and the detection of p16 and p21 genes via gRT-PCR,
are well-established and effectively capture markers of cellu-
lar senescence. Additionally, the mineralization assay, which
includes both qualitative images of mineral production and
quantitative gene expression results, successfully highlights
the impact of D-gal on odontogenic differentiation. These es-
tablished techniques provide a strong understanding of the
aging process in HDPCs. However, incorporating additional
markers related to oxidative stress or apoptosis could further
enhance the comprehensiveness of the findings.

Dental pulp is a crucial component of the tooth, preserving its
vitality by maintaining its function, health, and self-protective
properties. However, the aging process, either due to increas-
ing age in patients or external injury to the tooth, can impair
dental pulp function. Therefore, it is crucial to examine the
characteristics of dental pulp under aging conditions. Among
various methods to simulate the aging environment in vitro,
D-gal is an attractive substance used to induce aging due to its
simplicity and effectiveness, as confirmed in several previous
studies (18, 19). However, it has never been tested in a dental
pulp model. This study aimed to evaluate whether D-gal could
be used to simulate the aging model of the pulp as the find-
ings would be beneficial for developing future experimental
models for new treatment approaches.

Optimal substance concentration is crucial for inducing in
vitro aging. Our preliminary results (supplementary Figure 1
revealed that 100 g/L D-gal induction resulted in severe and
extensive mortality of HDPCs and may affect the availabil-
ity of cells for further studies. Therefore, this study selected
lower concentrations of D-gal to induce cellular senescence
without severely disturbing cell viability. This study showed
that concentrations of 1 and 10 g/L D-gal could trigger cel-
lular senescence in which significant reductions in cell prolif-
eration were observed. Previous studies using mesenchymal
stem cells derived from rat bone marrow also reported similar
findings in the reduction of cell proliferation after cells were
treated with 10 g/L D-gal (20, 21). It should be noted that the
reduction in cell proliferation is one of the aging phenotypes
that has also been observed in long-term cell culture, known
as replicative senescence (22, 23). Other studies in HDPCs also
demonstrated the decline of cell proliferation when cells were
cultured for a long period, 60 days (11) and 145 days (9).

For aging phenotypes, the detection of SA-3-gal activity is ex-
tensively used to confirm cellular senescence. B-galactosidase
is a lysosomal enzyme found within normal cells, where an
increase in cellular lysosomal activity is typically observed at
the senescent stage (24-26). Moreover, the detection of p16
and p21 genes, which are associated with pathways involved
in senescence, is also widely accepted (3, 27). In this present
study, a significant increase in SA-B-gal positive cells was ob-
served after treating cells with various concentrations of D-gal
for 48 hours. Both p16 and p21 gene expressions were found
to be upregulated at 48 hours in HDPCs induced by 10 g/L D-
gal. A similar study using p-Cresol on dog dental pulp stem
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cells generated results which showed that cellular senescence
was induced, as confirmed by the increase in SA-B-gal activity,
p21, IL-1, IL-8, and p53 when used at 500 umol/L for 72 hours
(12). Although only short-term results (24-72 hours) on cel-
lular senescence were available in our study, our findings are
consistent with other studies that evaluated replicative cellular
senescence of HDPCs in long-term cultures of 60 days (11) and
145 days (9). Comparable results from those studies included
a decrease in cell proliferation, the accumulation of SA-B-gal
positive cells, and the upregulation of aging-related genes
such as p16 and p21, which are similar to our findings in the
short-term culture. Interestingly, higher expressions of these
aging phenotypes, including SA-3-gal and p16ink4a, were also
exhibited in the dental pulp tissue isolated from aged patients
(64 years; 62-66 years) compared to younger donors (10).

Regarding the mineralization potential, one of the defensive
mechanisms of the pulp is to generate reparative dentine
against the exogenous stimuli (28, 29). Therefore, it is essential
for dental pulp cells to have the capability to differentiate into
mineralization-producing cells. In general, the regenerative
potential of dental pulp tissue has been claimed to become
impaired with age (30, 31). In this present study, HDPCs treated
with D-gal exhibited a slight declination of mineralization po-
tential with the reductions of DSPP gene expressions. Similar
findings were also reported when 20 mg/mL D-gal was applied
to isolated human apical papilla cells (32). The use of other
substances, for example, p-Cresol (12) and hydrogen peroxide
(8, 11) also impacted the mineralization/differentiation effects
of the cells. In addition, the long-term culture of HDPCs for 60
days (11) and 145 days (9) showed the decreased expression
of odontogenic markers and mineralization nodule formation.

Therefore, based on the above-mentioned findings and their
relations, D-gal is a good candidate for inducing cellular aging
in HDPCs in vitro since it promotes the expression of various
aging phenotypes. Compared to other models, 10 g/L D-gal
induction for 48 hours is less time-consuming when com-
pared to a model with long-term culture. However, the use
of other substances, for example, p-Cresol and hydrogen per-
oxide is also promising, but both substances induce several
consequences including inflammation in dental pulp cells as
reported by the expression of inflammatory markers such as
IL-6 and TNF-a (12, 33). Additional studies are still needed to
investigate the effects of D-gal on dental pulp cells in other
aspects such as oxidative stress, and inflammation induction.

To date, regenerative treatment approaches are crucial in
dentistry. VPT is one such treatment that aims to regenerate
damaged dental pulp, relying on the self-reparative potential
of healthy dental pulp. In the past, this treatment strategy was
typically limited to young patients. However, with advanced
technologies and innovative materials, these treatments have
been extended to older patients. BD, a tricalcium silicate-
based cement, is one of the most prominent materials used
in this field. Its composition, with superior properties such as
shortened setting time and reduced potential for tooth discol-
oration, has made it popular in endodontics as an alternative
to mineral trioxide aggregates (MTA) (34, 35). Previous stud-
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ies have suggested that BD can promote cell proliferation and
trigger mineralization production (36, 37). Additionally, BD is
capable of diminishing pro-inflammatory and elevating anti-
inflammatory cytokines (38, 39).

In the present study, the effect of BD on aged dental pulp cells
was examined using a D-gal induction model. The findings
from this study showed that the application of BD in the D-gal-
treated HDPCs helped to reduce the expression of various ag-
ing phenotypes, including the expression of SA-B-gal, p16, and
p21. BD tended to recover the level of mineralization produc-
tion and the expression of the DSPP gene. However, BD seemed
to have no positive effect on the proliferation of D-gal-treated
cells. Our findings are inconsistent with a recent study that in-
vestigated the effect of 0.2 mg/mL BD extract on dental pulp
cells isolated from donors aged 60 and above, reporting that BD
extract promoted cell proliferation (40). Since the aged HDPCs in
our study were derived from D-gal-induced aging, whereas the
other study isolated cells from patients aged 60 and above, the
cell models used are different. Additionally, the previous study
did not report the effects of BD on cellular senescence markers.
Therefore, further investigations are needed to confirm the ef-
fect of BD extract on the cell proliferation of aged HDPCs. To the
best of our knowledge, there is still a lack of research exploring
the effects of BD on cellular senescence. The results from our
present study confirmed that BD could protect against the cel-
lular senescence of dental pulp cells induced by D-gal, which
suggests that BD has potential for use in the elderly. Future
studies regarding the mechanism of BD on cellular senescence,
for example, its potential for reactive oxygen species (ROS) re-
duction or other pathways, should be conducted.

CONCLUSION

Ten g/L of D-gal for 48 hours can effectively induce aging pheno-
types in HDPCs, as evidenced by the reduction in cell prolifera-
tion, the increase in SA-B-gal positive cells, and the upregulation
of p16 and p21 senescence-related genes. Co-incubation with
BD extract reduced the expression of these aging phenotypes.
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