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Introduction

Abstract

Introduction: The regeneration of dental pulp tissue using human dental pulp stem cells (HDPSCs)
has attracted increasing attention in recent years. Recent studies have suggested that several factors
such as photobiomodulation (PBM) and vitamin D affect the proliferation and differentiation of
HDPSCs. Therefore, the present study evaluated the effects of PBM and vitamin D on odontogenic
differentiation of HDPSCs for dentin -like tissue formation

Methods: HDPSCs were collected, isolated, and characterized and then divided into six groups:
group |, control; group Il, vitamin D (107 Mol); group IlI, irradiation at T J/cm?of 810 nm diode laser;
group 1V, irradiation at 1 J/cm? and culture with vitamin D; group V, irradiation at 2 J/cm?, and group
VI, irradiation at 2 J/cm? and culture with vitamin D, cell viability assay was measured through MTT.
Alkaline phosphatase (ALP) enzyme activity and mRNA levels of vascular endothelial growth factor
(VEGF), bone morphogenic protein-2 (BMP-2), and dentin sialophosphoprotein (DSPP) were also
assessed.

Results: PBM at 1 and 2 J/cm? combined with vitamin D significantly promoted HDPSCs proliferation
through MTT assay and odontogenic differentiation through gene expression of VEGF, BMP-2, and
DSPP levels (P<0.0001).

Conclusion: PBM at 2 J/cm? combined with vitamin D enhanced the HDPSCs proliferation and
odontogenic differentiation and thus could be a novel strategy for dentin regeneration in dentistry.
Keywords: Photobiomodulation (PBM); Vitamin D; Human dental pulp stem cells (HDPSCs); VEGF;
BMP-2; DSPP.

tissue.” Previous studies have found that cell proliferation

Functional pulp regeneration is of great relevance in
the treatment of pulp diseases and tissue engineering.
In this regard, human dental pulp stem cells (HDPSCs)
have the clonogenic capacity and are considered as
odontogenic progenitor cells.! These cells are highly
proliferated and capable of differentiating into multiple
cell lines (odontogenic, osteogenic, and adipogenic),
suggesting a suitable cell source for tissue engineering.’
HDPSCs play an important role in dentinogenesis by
differentiating into odontoblasts and enabling dentin
and enamel mineralization through unending and
collaborative interactions with dental epithelial stem
cells.> Photobiomodulation (PBM) has been known
for the previous three centuries to alleviate pain and
inflammation and® improve wound healing** and repair of

and differentiation and odontogenic, osteogenic, and
angiogenic gene expression may be stimulated by PBM.¢
It has also been established that vitamin D causes
osteogenic differentiation in the human dental pulp
(HDP) and dental follicle cells.” Furthermore, vitamin
D has been demonstrated that it has an efficient role in
reinforcing odontogenesis and dentin regeneration.®
During tooth development, bone morphogenic protein-2
(BMP-2) signaling has a major role in monitoring dentin
sialophosphoprotein (DSPP) expression which occurs
in the secretory stage after BMP-2 expression where
the activity of dentin mineralization in the bell stage
becomes highly active.” Also, during the differentiation
and maturation phase of odontoblasts, BMP-2 and VEGF
were identified." The VEGF protein family regulates
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vascularization as well as angiogenesis.® Also, it enhances
microvessel-like endothelial cells to proliferate, migrate,
and alter the structure of gene expression.*® Therefore,
the main purpose of this research was to evaluate the
effect of PBM using 810 nm diode laser and vitamin D on
odontogenic activity of HDPSCs via MTT assay, alkaline
phosphatase (ALP) measurements, and gene expression
of VEGE, BMP-2, and DSPP.

Materials and Methods
Human Dental Pulp Stem Cells Isolation and Culturing
Fifteen sound impacted third molars were extracted
from healthy adult male patients (18-32 years old) at the
outpatients’ clinic, Cairo University, after their informed
consent. Therefore, a relatively narrow age range of
patients was chosen to reduce the aging effects of HDPSCs.
The extracted teeth were placed on ice in phosphate
buffer saline (PBS) (Thermo Scientific’, USA), and were
then transmitted to the tissue culture unit directly.
Primary cells were isolated and cultured from the
extracted impacted molars as previously described by
three authors."'* Briefly, HDP tissues from the pulp
chamber and the root canal were collected and then
digested with 0.3 mg collagenase type II (SERVA,
Germany) enzyme for 2 hours at 37°C. Then, the cell
strainer (70-um) was infiltrated for the suspension of the
single cell and the centrifugation at 60 g for 8 minutes was
used for the collection of the cells which were suspended
in the plating medium. The maintenance of cells was
done in RPMI-1640 with L-glutamine (BioWhittaker®,
Lonza, USA cat#12-702F) with 10% fetal bovine serum
(LSP®, cat#S-001B-BR) and 1% penicillin/streptomycin
(Biowest® USA, cat# L0018-100) at 37°C in a 5% CO2
incubator. Every 3 days, the culture medium was replaced
by another one until 80%-90% confluence for 3 passages.
For odontogenic differentiation, the plating medium was
supplemented with 50 pg/mL ascorbic acid, 5 mL/Mol
B-glycerophosphate, and 10 mM dexamethasone, all from
Sigma-Aldrich. Every 3 days, the media were changed."”

HDPSCs Characterization

Phenotypical Characterization of HDPSCs

Subsequent culture of HDPSCs was examined under an
inverted microscope (Leica®, Germany) to confirm the
shape and special characters (plastic adherence, spindle
fusiform shape) of the stem cells.?

Immunological Characterization of HDPSCs

According to the International Society of Cell Therapy
Criteria for human Stem Cells," fluorescence-activated
cell sorting analysis was used to confirm surface
antigens specific to CD105 (R&D Systems, USA; cat #,
FAB1320F-025), and stem cells marker as CD29 (R&D
Systems, USA cat #FAB2405P-025) and was negative to
CD 45 (R&D Systems, USA; cat # FAB114A), excluding
hematopoietic, endothelial cells.

Vitamin D Preparation

Anactiveformofvitamin D3 (1,25-(OH)2) (cholecalciferol
[oily form] (PH, Eur, India) was used in the study, with
dose of 1077 Mol, and distributed in six wells as 10000 I.U
but in 96 wells as 1000 1.U.%

Study Design

Ninety-six well tissue culture plates of HDPSCs were
equally divided into six groups at the third passage as a
follow, group I, control group without irradiation; group
I1, vitamin D (107 Mol); group III, irradiation at 1 J/cm?
of 810 nm diode laser; group IV, irradiation at 1 J/cm?
and culture with vitamin D; group V, irradiation at 2 J/
cm?, and group VI, irradiation at 2 J/cm? and culture with
vitamin D.

Laser Irradiation

HDPSCs were irradiated with 810 nm diode laser
(Denlase, China) in a continuous wave mode and output
power of 100 mW and irradiation at 1 J/cm*and 2 J/cm?
Cells were double irradiated (at 0, 48 hours) with a laser
probe fixed perpendicular to each plate and irradiation
was carried out in dark conditions.

To avoid laser over exposure and scattering effect, the
cells were distributed as there were empty wells between
seeded well cells and the culture dishes were wrapped
within the dark paper sheets with a hole of a diameter
corresponding to the diameter of the laser spot area of the
handpiece.®

Cell Viability Assay

MTT assay was used at 24, 48, 72, and 96 hours to
analyze the cell viability of HDPSCs. According
to the manufacturers instructions (Sigma-Aldrich
Co.), for 4 hours to 6 hours, the MTT reagent (3-[4,
5-dimethylthiazol-2-yl]-2,  5-diphenyl tetrazolium
bromide) was applied to the measured cell wells (1x10?).
Once the purple precipitate was obvious, the detergent
reagent (100 uL per well) was used to produce the soluble
formazan dye. The covered plates were kept in the
dark for 2 to 4 hours. The absorption in each well was
evaluated with an ELISA reader plate (Dynatech MRX
5000; Dynex, Chantilly, VA) at 450 nm."

Alkaline Phosphatase Assay

Ninety-six well culture plates for each time point (0,
7, 14, and 21 days) were seeded with 1 x 10° cells/well,
homogenized in 50-uL assay buffer, centrifuged for 3
minutes. Alkaline Phosphatase Assay Kit (Amplite™ AAT
Bioquest, Inc., USA cat# 11950) was used by adding
para-nitrophenylphosphate, a chromogenic phosphatase
substrate, and then incubated at 37°C for 10-30 minutes
and measured levels of ALP documented in kilo unit
(KU)/100 mL. Measurement of absorbance occurred at a
wavelength of 400 nm, and the amount of ALP in the cells
was normalized against total protein content.'¢
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Alizarin Red S Staining

Calcium deposits as end product of the odontogenic
differentiation of HDPSCs was measured using alizarin
red S staining (ARS) on day 21. HDPSCs were stained
with a solution of 2% ARS (Bio Basic INC., Canada) for 15
minutes at a room temperature and washed with distilled
water."”

Quantitative RT-PCR for Odontogenic Genes (VEGE,
BMP-2, And DSPP)

Total cellular RNA for VEGF, BMP-2 and DSPP were
extracted using GF-1 Nucleic Acid Extraction Kits
(Vivantis® Technologies, USA, cat#GF-TR-050) and
reverse transcribed using a complementary DNA master
(SensiFAST™ One-Step Kit, USA, cat # PI-50217 V).

PCR assays were conducted according to the
manufacturer protocol in real-time PCR device (StepOne™
Applied Biosystems, USA).

The RT reaction was followed by a real-time PCR with
a SYBR Green assay performed on an Applied Biosystems
(StepOne™ System, SDS software version 2.1 and RQ
Manager 1.2). GAPDH was used as an endogenous
reference control gene for normalization control.**

The primers of BMP-2, VEGE, DSPP and GAPDH
genes were as follows:

DSPP, F: CAGTGATGAATCTAATGG, R:
CTGATTTGCTGCTGTCTGAC;

BMP-2, F: GGAACGGACATTCGGTCCTT, R:
AGTCCGTCTAAGAAGCACGCG;

VEGE F: CGGGAACCAGATCTCTCACG, R:
AAAATGGCGAATCCAATTCC; GAPDH,

F: TGCACCACCAACTGCTTAGC, R:
CCCCACGGCCATCA

Statistical Analysis

The results were replicated at least 3 times, and the data
were displayed as mean * standard mean deviation. Data
analysis was done by student  test testing two data groups
or one-way variance analysis with Tukey’s post-hoc test
for multiple data groups using GraphPad Prism version 7
(GraphPad Software, Inc. La Jolla, CA, USA). Differences
between groups were considered statistically significant
when P value <0.05.

Results

HDPSCs Characterization

Phenotypical characterization of HDPSCs was assessed
under an inverted microscope as a fusiform like cells as
shown in in Figure 1. Immunological characterization
was assessed as HDPSCs were negative to CD 45 surface
antigen, positive to CD 29 surface antigen, and positive to
CD105, as shown in Figure 1.

Cell Viability Via MTT assay

As illustrated in Figure 2, It was measured at 24, 48,
72, and 96 hours. It showed that, after laser irradiation
of 1 J/em?* and 2 J/cm?, MTT activity had a statistically
significant increase at 24, 72, and 96 hours compared
to the control group (P=0.005). Moreover, there was a
significant difference between groups III and V (P<0.05)
with the highest values of group V, giving the idea that
laser irradiation at 2 J/cm? increases proliferation of
HDPSCs compared to laser irradiation at 1 J/cm?
However, a significant value was obtained in the group
with laser irradiation at 2 J/cm? and culture with vitamin
D against vitamin D alone (P<0.0001). These results
confirmed a synergistic effect of PBM and vitamin D in
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Figure 1. Characterization of HDPSCs; phenotypical characterization (upper section)
(A, B and C) and immunological characterization (lower section); (D, E and F)
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enhancing proliferation of HDPSCs.

ALP Enzyme Activity

On day 7, There was no statistically significant difference
between groups with laser irradiation of 1 J/cm? or that
with culture of vitamin D and the control group, while
significant values were observed in 1 J/cm?+ vitamin D,
2 J/em?, and 2 J/ecm? + vitamin D groups compared to the
control group (P<0.05).

Moreover, on day 14, a highly significant difference was
observed in the 2 J/cm? laser irradiated group and those
with culture with vitamin D compared to the control and
vitamin D alone groups (P<0.001).

On day 21, the group with laser irradiation of 2 J/cm?

WTT gell proldera e assay a1 14 honrs

showed a significant difference compared to the group
with 1 J/cm? irradiation (P<0.001). However, the laser
irradiation combined with vitamin D groups (groups IV
and VT) also showed a significant difference (P<0.0001)
that confirmed the synergistic effect of vitamin D with
PBM on HDPSCs (Figure 3).

Alizarin Red S Staining

As shown in Figure 4, Mineralized nodules were formed
in all groups with various degrees of stain intensity
reflecting their variable calcium content. However, group
VI (2 ]/cm?+ vitamin D) showed highest calcified nodules,
which deeply stained than other groups.

0.0 g ajdam
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Figure 2. ALP activity levels measured at 14 days and 21 days with a highly significant difference between the 2 J/cm? group compared to
the 1 )/cm? (P<0.001) on day 21. Moreover, the 2 )/ cm? and culture with vitamin D group showed highly statistically significant difference

than the control group (P<0.0001).

o« “WE D
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The level of ALF at 21 days

= =
The level of ALP at 14 days

Figure 3. Alizarin Red stain of HDPSCs of different study groups on day 21 under microscope with a magnification of X200.Alizarin red
stain deeply stains calcium nodules formed after odontogenic differentiation where A: for control group, B: for vitamin D only group, C:
for group 1)/cm?, D: for 1)/ cm?+ vitamin D, E: for 2)/cm2 group, F: group of vitamin D and 2)/cm?.

Figure 4. DSPP, BMP-2 and VEGF genes expression with the highest values in group VI (2 J/cm? + vitamin D). Data were expressed as mean
+ SD; P value <0.05 was significant. (*) denotes significant difference versus control. (#) denotes significant difference versus vitamin D. ($)
denotes significant difference versus laser 1 J/cm?. (@) denotes significant difference versus laser 1 J/cm? + vitamin D.
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Quantitative RT-PCR for Odontogenic Genes (VEGE,
BMP-2, and DSPP)

VEGF

VEGF plays an important role in angiogenesis and
maintains odontoblast function. When measured on day
21, it showed a statistically significant difference between
all groups (P<0.0001), especially groups irradiated with
2 J/cm? than those that were irradiated at 1 J/cm? It
also showed a significant difference in group with laser
irradiation at 2 J/cm? and culture with vitamin D than in
group V (laser irradiation only at 2 J/cm?) (P<0.0001).
Data analyzed showed that groups of vitamin D combined
with PBM showed higher significance than groups with
PBM only or vitamin D alone (Figure 5).

BMP-2

BMP-2 reinforces secondary dentin bridge formation
through the up-regulation of DSPP expression. Similar
results as those of VEGF were obtained from BMP-2
gene when measured at the end of the study (P<0.0001)
(Figure 5).

DSPP

The late dentin mineralization marker was measured on
day 21, and it showed a statistically significant difference
between groups (P<0.0001). However, with groups of
laser irradiation at 2 J/cm? (groups V, VI), there were
statistically different values against the control and
vitamin D groups (P=0.0001). However, with groups
of laser irradiation at 2 J/cm? (groups V, VI), there were
statistically different values against the control and
vitamin D groups (P=0.0001) (Figure 5).

Discussion
Dentinogenesis and angiogenesis are the two fundamental

relative gene expression to GAPDH
. N
relative gene expression to GAPDH

expression to GAPDH

VEGF gene expression

Figure 5. DSPP, BMP-2 and VEGF genes expression with the highest
values in group VI (2 J/cm? + vitamin D). Data were expressed as
mean + SD; P-value <0.05 was significant. (¥) denotes significant
difference versus control. (#) denotes significant difference versus
vitamin D. ($) denotes significant difference versus laser 1 J/cm?.
(@) denotes significant difference versus laser 1 J/cm? + vitamin
D.

procedures of tooth repair and regeneration.' Therefore,
the present research focused on the role of PBM and
vitamin D in both processes. The deficiency of vitamin
D might lead to the unmineralized dental structure as a
result of hypocalcification of enamel and dentin.*® Most
of the studies in the related literature have assessed
the effects of PBM on HDPSCs on their potential for
proliferation, viability, and differentiation, while other
studies have assessed the impact of vitamin D on the
potential for differentiation. However, there is no study
evaluating the combined effect of photobiomodulation
(PBM) and vitamin D on HDPSCs. In the present
study, the combination of vitamin D and PBM using
lor 2 J/cm? of 810 nm diode laser had synergistic effect
on proliferation and odontogenic activity of HDPSCs
through MTT assay and gene expression. The wavelength,
power level, and energy density were approved to
affect the desired results of cell proliferation.”’ Limited
research studies have approved that LILT reinforces the
proliferation of HDPSCs through using diode lasers with
different wavelengths and energy densities with a wide
range. However, 2 and 4 J/cm? are the most commonly
researched due to their potential clinical application.?
Few studies have mentioned the effect of an 810 nm
diode laser on the angiogenesis and dentinogenesis of
HDPSCs. It has been shown that irradiation by 810 nm
has a stimulatory effect on proliferation, dentinogenic
genes, and angiogenic genes. In this research, HDPSCs
irradiated with (2 J/cm?) and treated with vitamin D
were higher than HDPSCs irradiated with (1 J/cm?) and
treated conjointly with vitamin D in cell proliferation,
angiogenic and dentinogenic proteins. While previous
study of El Nawam et al°reported that 810 nm diode laser
with energy density 3 J/cm? increased odontogenic genes
expression more than 1 J/cm?, other study of Renno et al*
and Milward et al* reported that osteoblast and HDPSCs
proliferation increased with 810 nm diode laser. Besides,
Soleimani et al®” concluded that higher energy densities
(4 and 6 J/cm?) enhanced the human bone marrow stem
cells differentiation into both neurons and osteoblasts
respectively. Contrariwise, Bouvet-Gerbettaz et al*
stated that an energy density of 4 J/cm? with an 810 nm
diode laser inhibited the murine bone marrow stem cells
proliferation without effect on differentiation. However,
comparing with power outputs used in several studies
ranging between 20 and 50 mW, such adverse effects may
be the consequence of relatively high power (520 mW).
Specific angiogenic and odontogenic genes were exquisite
for analysis in this research. LILT with two different
parameters (1 and 2 J/cm?) and vitamin D have a positive
influence on the angiogenic expression (VEGF) and
odontogenic genes (DSPP, BMP-2), which was higher in
the group of LILT (2 J/cm?) treated by vitamin D. DSPP is
also active in the mineralization and maturation of dentin,
which is strongly expressed in odontoblasts.”” This was
also consistent with Arany et al® who stated that LILT with
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3 J/cm? resulted in an increase in odontogenic markers,
dentin sialoprotein (DSP), and ALP when used instead
of lower (0.03 and 0.3 J/cm?) or higher (30 J/cm?) doses.
As for vitamin D, the outcome of the DSPP upregulation
in HDPSC:s cultured with vitamin D was identical to that
in the last research by Tonomura et al*® who stated that
HDPSCs cultured with vitamin D increased the level of
DSP. Moreover, it was totally different from the research
finding by Ritchie et al* stating that vitamin D had up-
regulated osteopontin but had no effect on DSP-PP
mRNA in the culture of the rat tooth organ. To validate the
odontogenic capacity of HDPSCs, ALP was investigated
as an initial indicator for the formation of hard tissue or
odontogenic differentiation’ in the current research. LILT
(2 J/cm?) with vitamin D enhanced ALP expression and
activity of HDPSCs. The beginning of odontogenesis
resulted in the formation of a mineralized matrix as
soon as HDPSCs were cultured with vitamin D and
irradiated by LILT, as evaluated by Alizarin red staining.
Although the absence of BMP-2 will affect the other
relevant proteins expression, such as DSPP, it is regarded
as a non-specific marker for dentinogenesis.’*> BMP2
reinforces secondary dentin bridge formation through
the up-regulation of DSPP expression.” The expression
of this marker in our analysis is consistent with Manzano-
Moreno et al** who reported that LILT diode laser 940 nm
with the three different groups, 3 J, 4 J, and 3 J, enhanced
significantly BMP-2 expression in human osteosarcoma
cell lines. Likewise, Fujimoto et al** reported that 1, 91 J/
cm? with diode laser 830 nm had a stimulatory effect on
BMP-2 gene and protein expression in a mouse osteoblast-
like cell line. Also, Nakashima® stated that throughout
odontoblast terminal differentiation, BMP-2 expression
became highly active, and Iohara et al*® observed that
DSPP mRNA expression was reinforced by BMP-2
expression. VEGF plays an important role in angiogenesis
and maintains osteoblast function, and is secreted by
osteoblastic and endothelial cells.”” VEGF is a crucial pro-
angiogenic factor, binding to its cell surface receptor and
inducing cascade signals which have a significant effect
on the neovascularization process.* In this research, LILT
810 nm (2 J/cm?) with vitamin D up-regulated the VEGF
expression. Clinical relevance according to these results,
LILT and vitamin D will open the therapeutic window
in dental tissue regeneration and represent a significant
point in the preservation of dental pulp tissue.

Conclusion

Current research proposed that LILT with vitamin D
will have an important influence on the revolution of
forthcoming therapeutic applications of vital pulp therapy
and regenerative endodontics by enhancing dentin-pulp
complex angiogenesis and dentinogenesis, which may
have several benefits.
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