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Abstract

To investigate the effects of gallium-aluminum-arsenide (GaAlAs) diode laser low-level laser therapy (LLLT) on angiogenesis
and dentinogenesis of the dentin-pulp complex in a human tooth slice-based in vitro model. Forty tooth slices were prepared from
31 human third molars. Slices were cultured at 37 °C, 5% CO,, and 95% humidity and randomly assigned to one of the following
groups: group I: no laser treatment, group II: 660-nm diode laser; energy density = 1 J/cm?, group III: 660-nm diode laser; energy
density = 3 J/em?, group IV: 810-nm diode laser; energy density = 1 J/em® and group V: 810-nm diode laser; energy density = 3 J/
cm?. LLLT was applied on the third and fifth days of culture. After 7 days, tissues were retrieved for real-time RT-PCR analysis to
investigate the expression of VEGF, VEGFR2, DSPP, DMP-1, and BSP in respect to controls. Lower energy density (1 J/em?)
with the 660 nm wavelength showed a statistically significant up-regulation of both angiogenic (VEGF: 15.3-folds and VEGFR2:
3.8-folds) and odontogenic genes (DSPP: 6.1-folds, DMP-1: 3-fold, and BSP: 6.7-folds). While the higher energy density (3 J/
cm?) with the 810 nm wavelength resulted in statistically significant up-regulation of odontogenic genes (DSPP: 2.5-folds, DMP-
1: 17.7-folds, and BSP: 7.1-folds), however, the angiogenic genes had variable results where VEGF was up-regulated while
VEGFR2 was down-regulated. Low-level laser therapy could be a useful tool to promote angiogenesis and dentinogenesis of the
dentin-pulp complex when parameters are optimized.
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Introduction

Complete removal of pulp tissue followed by conventional
root canal treatment is the routine treatment of choice in clin-
ical practice once complete pulp tissue necrosis is diagnosed
[1]. However, it has been reported that root canal treatment
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reduces the strength of teeth and increases the risk of tooth
fracture [2]. Moreover, with the recent improvements in un-
derstanding the regenerative capacity of the dentin-pulp com-
plex and the advancement of new materials and techniques,
attention has been given to more conservative and minimally
invasive treatment options [3]. Photobiomodulation (PBM),
also known as low-level laser therapy (LLLT), has been used
in many branches of medicine and dentistry for the last three
decades where it was found to enhance wound healing [4, 5],
reduce pain and inflammation [4], and promote tissue repair
[6]. LLLT refers to the use of red or near infrared lasers, with
wavelengths ranging between 600 and 1100 nm and an output
power from 1 to 500 mW [7]. This irradiation is either in a
continuous wave mode or pulsed irradiation and these param-
eters result in a laser beam with a relatively low energy density
ranging from 0.04 to 50 J/cm? [7-9]. The transmitted energy
beam has been shown to have no significant thermal effects on
tissues [10].

It has been found in various studies that LLLT can promote
cellular proliferation [11-13]; differentiation [11, 14, 15]; and
odontogenic, osteogenic, and angiogenic gene expression [16,
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17]. However, there is a clear heterogeneity of the parameters
of'laser irradiation in current literature, making it necessary for
further research in order to identify the optimal parameters of
LLLT regarding the wavelength, energy density, power out-
put, duration of irradiation, time intervals between irradia-
tions, and distance from the irradiated tissues [18, 19].
Despite the positive influence that LLLT is reported to pos-
sess on dental cells, it has also been shown that the response to
LLLT may vary according to the nature of the cells and tissues
[7]. Additionally, most studies have focused on the use of
in vitro cell culture models which represent single-cell com-
ponents that is different from the complex nature of the clin-
ical situation [19]. Therefore, it is crucial to employ more
sophisticated in vitro models such as the tooth-slice 3D culture
model to better simulate the clinical condition by allowing the
dental pulp cells to remain in their original niche [20].
Hence, the aim of this study was to evaluate the expression
of angiogenic and odontogenic genes following low-level la-
ser therapy (LLLT), using gallium-aluminum-arsenide
(GaAlAs) diode laser with two different wavelengths,
660 nm and 810 nm, in a human tooth slice-based model.

Materials and methods
Preparation of tooth slices

A total of 31 non-carious maxillary or mandibular third molars
requiring extraction for orthodontic reasons or due to impac-
tion were collected from the outpatient clinic of the Oral
Surgery Department, Faculty of Dentistry, Alexandria
University and other private hospitals.

To minimize the heterogeneity of samples, age range was
restricted from 20 to 35 (mean age was 24.4). Moreover, be-
fore extraction, teeth were evaluated clinically and radio-
graphically to be free from caries, periodontal involvement,
or calcification. Additionally, none of the teeth had been sub-
jected to trauma and none displayed any genetic morpholog-
ical anomalies.

All procedures were done in accordance with the Ethics
Research Committee, Faculty of Dentistry, Alexandria
University (IRB NO: 00010556-I0RG: 0008839) and in ac-
cordance with the 1964 Declaration of Helsinki. Informed
consent was obtained from all patients.

Following the protocol described by Murray et al. [21] and
Goncalves et al. [22], immediately after extraction, teeth were
placed in sterile wash/transport medium composed of
Dulbecco’s Modified Eagle’s Medium (DMEM) with
0.584 g/l L-glutamine, 10,000 IU/ml penicillin,
10,000 pg/ml streptomycin (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), and 2.5 pg/ml
Amphotericin B (Lonza Walkersville Inc., Walkersville,
MD, USA) at room temperature.
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After several washes, attached gingival and periodontal
ligament tissues were removed using sterile periodontal cu-
rettes (Hu-Friedy Co., Chicago, USA), followed by surface
disinfection by 70% ethanol. (Fig. 1a).

Each tooth received two to three parallel transverse cuts at
the level of the cemento-enamel junction (CEJ). The second
and third cuts were immediately apical to the first where the
first cut was made 1 mm coronal to the CEJ. The level of
cutting was done according to a measurement done on each
tooth by measuring the distance between the cemento-enamel
junction (CEJ) and the coronal portion of root furcation on the
trunk of the tooth. If the distance between the CEJ and the
furcation was 2 mm, only one slice was obtained by making
two transverse cuts. On the other hand, if the distance was
3 mm or more, two slices were obtained from the tooth by
making three transverse cuts. Therefore, the slices were ob-
tained only from the area of the CEJ and immediately apical or
coronal to it in order to minimize any variability that may arise
due to anatomical differences in the dentinal tubules and pulp
tissue further down apically in the tooth. Cutting was per-
formed using a low speed diamond disk (Horico Dental,
Berlin, Germany) mounted on a low speed micro-motor
(Saeshin Precision Co. Ltd., Daegu, Korea) and cooled by
cold phosphate-buffered saline (PBS) (Lonza Walkersville
Inc., Walkersville, MD, USA) (Fig. 1b). Each slice was veri-
fied to be 1 mm in thickness.

Representative slices were evaluated by light microscopy
to confirm that the cutting procedure did not cause tissue de-
tachment at the dentin-pulp interface (Fig. 1¢). The slices that
were further processed in the study were not evaluated under
light microscopy to maintain sterility of the culture conditions
prior to testing.

Preparation of 3D organ cultures

Each tooth slice was immediately placed into 1 well of a 6-
well plate containing 3 ml of wash/transport medium of
Dulbecco’s Modified Eagle’s Medium (DMEM) containing
0.584 g/l L glutamine, 10,000 IU/ml penicillin,
10,000 pg/ml streptomycin (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), and 2.5 pg/ml
Amphotericin B (Lonza Walkersville Inc., Walkersville,
MD, USA). Washing was repeated three times for each slice
for 5 min each time [21, 22].

Each tooth slice was then placed in 1 well of a 24-well
plate, containing 1 ml of the previously mentioned culture
medium additionally supplemented with 15% fetal bovine se-
rum (Lonza Walkersville Inc., Walkersville, MD, USA) (Fig.
1d).

Tooth slices were cultured for a total of 7 days at 37 °C
in an atmosphere of 5% CO, in air, in a humidified incu-
bator, and the medium changed after 24 h and every
2 days afterwards [21].
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Fig. 1 Preparation oftooth slices and 3D cultures, low-level laser therapy,
and tissue retrieval for qRT-PCR. a Cleaning the tooth immediately after
extraction using sterile periodontal curettes followed by surface disinfec-
tion using 70% ethanol, then firmly grapping the tooth and preparing it for
slicing. b Horizontally cutting the tooth to obtain 1-mm-thick slice just
apical to CEJ, using a diamond disk mounted on a low speed micro-
motor, while cold PBS was used for cooling. ¢ Inspection of tooth slice
under stereomicroscope with 110 magnification to its original size to
verify the integrity of pulp “P” and dentin “D” and the interface between
them (arrows). d Each slice was placed into a well of 24-well plate

On the third day of culture and again on the fifth day, tooth
slices received low-level laser treatments (LLLT) as explained
below [12, 14]. After 7 days of culture, samples were retrieved
for gene expression analysis.

Demographic data of all samples analyzed in the current
study are provided in Table 3 including the age and sex of
patients, tooth number and number of slices obtained from
each tooth sample.

Low-level laser irradiation

The LLL probe was held perpendicular to each plate at a fixed
distance of 2 cm away from the irradiated sample. Tooth slices
were plated in such a way that one well, between the experi-
mental wells, was left empty to prevent the unintentional de-
livery of laser between wells during irradiation [12] (Fig. le).

The evaluation of power output was assessed before each
experiment using a power meter (Melles Griot, Albuquerque,
NM, USA) by measuring the actual power delivered 2 cm
away from sample and after passing through the plastic cover
of the 24-well plate.

Slices were randomly assigned to four experimental groups
and one control group as follows:

Group I (n = 8) served as the control group which received
no laser treatment but were removed from the incubator and
exposed to the same environment for the same duration as the
laser-treated samples.

containing 1 ml of culture medium, slices were plated in such a way
leaving an empty well between cultured slices to prevent unintentional
delivery of laser between wells during irradiation. e Laser irradiation was
carried out in partial darkness under safety cabinet in sterile conditions, a
black paper was placed underneath the culture plate to decrease backscat-
tering of laser beam and laser probe was fixed at 2 cm distance from
irradiated samples. f Retrieval of tissues from all groups after 7 days of
incubation followed by separating pulp tissue from dentin using sterile
tweezers and preparation for qRT-PCR

Group II (n=8): LLLT using gallium-aluminum-arsenide
(GaAlAs) diode laser (Changchun New Industries Co. Ltd.
(CNI), China) with a wavelength of 660 nm, delivering an
energy density of 1 J/em? [12, 13, 17].

Group III (n=8): LLLT with the same device but with
energy density of 3 J/em?® [12, 13, 17].

Group IV (n=8): LLLT using GaAlAs diode laser
(Changchun New Industries Co. Ltd. (CNI), China) that has
a wavelength of 810 nm, delivering an energy density of
l/em? [14, 16, 23].

Group V (n =8): LLLT again using the same 8§10-nm diode
laser but with energy density of 3 J/cm? [14, 16, 23].

Laser irradiation was performed in dark conditions in a
biological safety cabinet and was in continuous irradiation
mode; a black paper was placed underneath the plate to absorb
laser beam and decrease back scattering. During irradiation,
the laser probe was fixed on top of the plastic cover of the 24-
well plate to standardize the distance. The irradiation was
done with no medium being present in the well to decrease
any chance of absorption of energy by the medium; however,
samples were never allowed to dry-out (Fig. le).

Energy densities were calculated using the following for-
mula:

Energy density (fluence) (J/cm?)

= [power (W) x time (s)]/area (cm®).

@ Springer



1692

Lasers Med Sci (2019) 34:1689-1698

Spot sizes of laser beams over the areas being irradiated
were 0.283 cm?® and 0.18 cm? for the 660-nm and 810-nm
lasers, respectively. These spot sizes were corresponding to
the irradiated areas within the slices taking into consideration
that the average pulp tissue area in the slices was 0.12 cm? (+
0.02). Power output of both laser devices was adjusted at
30 mW. The irradiation time was calculated accordingly, to
deliver these energy densities over the irradiated areas. Laser
parameters are displayed in Table 1.

Total RNA isolation and quantitative reverse
transcriptase polymerase chain reaction

After 7 days, tissues from tooth slices were collected and
processed for real-time PCR to evaluate the expression of
angiogenic and odontogenic/osteogenic markers including
vascular endothelial growth factor (VEGF), vascular endothe-
lial growth factor receptor-2 (VEGFR2), dentin
sialophosphoprotein (DSPP), dentin matrix protein-1
(DMP1), and bone sialoprotein (BSP) (Fig. 1f).

Total ribonucleic acid RNAs were extracted using Biozol
extraction kit according to the manufacturer’s guidelines [24].
A total of 400 ul of Biozol (Hangzhou Bioer Technology Co.,
Ltd., China) was added to each sample for homogenization,
incubated for 15 min in ice; then, 100 ul of chloroform was
added, incubated for another 15 min in ice. It was then centri-
fuged at 12,000 rpm for 15 min at 4 °C using Hettich Mikro
200R refrigerated centrifuge (DJB Labcar Ltd.,
Buckinghamshire, England).

The upper aqueous layer was transferred to a fresh tube and
the same volume of cold isopropyl alcohol was added and the
tube incubated at — 20 °C for 25 min. The mix was centrifuged
at 12,000 rpm for 10 min at 4 °C, and the supernatant was
discarded. Washing with 400—700 pu of cold 75% ethanol and
centrifuged at 12,000 rpm for 5 min at 4 °C. The last two steps
were repeated for three times. RNA pellets were left to dry for
30 min then dissolved with 50 ul of RNase-free water.

A spectrophotometer (Optizen, Mecasys Co., Ltd.,
Dacejeon, Korea) was used to quantify RNA concentrations
by measuring the absorbance at 260 nm and 280 nm for

detection of protein contamination. First-strand complemen-
tary deoxyribonucleic acid cDNA was then reverse transcribed
according to the manufacturer’s instructions for cDNA syn-
thesis kit (HiSenScriptRH[-], Intron biotechnology,
Gyeonggi-do, Korea).

Quantitative real-time PCR was performed using Eco Real-
Time PCR system (Illumina Inc., San Diego, CA, USA). PCR
reactions were performed in 10-pl solution containing cDNA,
forward and reverse primers, and EvaGreen qPCR Mix (Solis
BioDyne OU Riia, Tartu, Estonia) (Fig. 2i).

The sequences of primers used are specified in Table 2.

Quantitative real-time polymerase chain reaction was car-
ried out in duplicate for all groups. Threshold cycle (Cy) values
of all samples were retrieved from Eco Real-Time PCR
Software v4.1.2.0. Data was calculated based on the C; values
and normalized to a housekeeping gene ([3-actin).

Afterwards, fold change (relative expression) was calculat-
ed using the following formula: ((2 * (—AACY))) in relation to
the control group (Table 3).

Statistical analysis

Data was statistically analyzed by a statistician who was
blinded to the allocation of samples within different groups.
The two-tailed Student’s ¢ test was performed using graphpad
software (https://www.graphpad.com/). The results were
expressed as the mean + standard deviation. P value less
than 0.05 was considered statistically significant
(Supplementary Table 1).

Results
Evaluation of angiogenic potential

Samples treated by 660 nm wavelength showed more signif-
icant up-regulation of angiogenic genes where VEGF expres-
sion was increased by 15.3-folds using the lower energy den-
sity (1 J/cm?) which was statistically significant (P value <
0.0001), while the higher energy density (3 J/cm?) caused only
a 3.2-fold increase. However, it was also statistically

Table 1 Low-level laser

parameters used in the study and Group Number of Number of Wavelength  Energy Power  Time
sample grouping slices slices (nm) density (mW) (s)
obtained processed (J/em?)
Group | 11 8 - - - -
(control)
Group IT 10 8 660 1 30 94
Group IIT 10 8 660 3 30 283
Group IV 11 8 810 1 30 6
Group V 10 8 810 3 30 18
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Fig. 2 Real-time PCR analysis of samples treated with 660-nm laser
values are means (£SD) representing the fold change in angiogenic and
odontogenic/osteogenic gene expression in relation to control. Asterisks

VEGFR-2

significant (P value <0.0001). VEGFR-2 was also up-
regulated by the lower energy density (1 J/cm?®) by 3.8-folds.
As for the higher energy density (3 J/cm?), this gene was also
up-regulated by 1.4-folds. Both of them were increased to a
statistically significant level (P value <0.0001) (Figs. 2 and
4).

On the other hand, LLLT of samples with 810 nm resulted in
less satisfactory results where VEGF expression had a statistical-
ly significant up-regulation by 3-folds and 2.8-folds for the lower
(1 Jem?) and higher (3 Jem?) energy densities, respectively.
However, VEGFR-2 was down-regulated by 2- and 1.8-folds
in the 1 J/cm® and the 3 J/cm® groups, respectively. This
down-regulation was statistically significant (Figs. 3 and 4).

DSPP

indicate statistically significant differences in fold change relative to con-
trol group

DMP-1 BSP

Evaluation of odontogenic/osteogenic potential

Samples treated by the wavelength of 660 nm showed higher
up-regulation with the lower energy density (1 J/cm?) where
DSPP expression showed a statistically significant increase (P
value <0.0001) by 6.1-folds and 2-folds with the use of the
lower energy density (1 J/cm?) and the higher energy density
(3 J/em?), respectively. DMP-1 was up-regulated by 1.3-folds
when the lower energy density (1 J/cm?) was used, which was
found to be statistically significant (P value < 0.0001). On the
other hand, the higher energy density (3 J/cm?) was found to
down-regulate its expression (1.2-fold decrease) which was
statistically significant (P value=0.0011). BSP was up-

Table 2 Sequences of primers of

the analyzed genes with the Gene

Primer sequence

Accession number

corresponding accession numbers

VEGF
VEGFR2
DSPP
DMPI
BSP

3-actin

Forward: 5'-CCCACTGAGGAGTCCAACAT-3'

Reverse: 3-TTTCTTGCGCTTTCGTTTTT-5
Forward: 5'-CGGTCAACAAAGTCGGGAGA-3'

Reverse: 3'-CAGTGCACCACAAAGACACG-5'
Forward: 5'-CGGTCAACAAAGTCGGGAGA-3’

Reverse: 3'-CAGTGCACCACAAAGACACG-5'
Forward: 5'-GCAACTCCACGGAGAGCAAA-3'

Reverse: 3'-TAGCCGTCTTGGCAGTCATT-5'
Forward: 5-AAGGGCACCTCGAAGACAAC-3'

Reverse: 3'-CCCTCGTATTCAACGGTGGT-5
Forward: 5'-GCC GATAGTGATGACCTGAC-3'

Reverse: 3'-GGCATCCTGACCCTGAAGTA-5'

NM_001171623.1
EU826563

NM 0142083
U34037
NM_004967

AB196465.1
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Table 3  Demographics of samples used in the study

Patient Age  Sex Tooth Obtained ~ Processed
number location  slices slices
1 35 Female 18 2 2
2 26 Female 38 28 1
3 25 Male 48 1? 1
4 29 Male 38 28 1
5 23 Female 38 1 1
6 23 Male 48 2% 1
7 23 Female 28 1 1
8 21 Male 48 1 1
9 21 Female 48 2% 1
10 26 Female 38 3? 2
11 25 Male 18 2 2
12 26 Female 38 1
13 20 Female 28 1 1
14 21 Female 38 2f 1
15 21 Female 28 1 1
16 26 Female 48 3? 2
17 26 Male 18 1 1
18 21 Male 48 3? 2
19 25 Female 38 1
20 23 Female 38 2 2
21 21 Male 38 2% 1
22 21 Female 48 1 1
23 25 Male 18 2% 1
24 24 Male 48 2 2
25 26 Female 38 1
26 27 Female 28 2
27 25 Female 38 2
28 26 Male 48 2% 1
29 28 Female 28 1 1
30 24 Male 48 28 1
31 23 Female 48 1 1

# Sample was lost during processing due to infection or insufficient size of
retrieved pulp tissue

regulated to a statistically significant level (P value < 0.0001),
where it showed a 6.7-fold increase when the lower energy
density (1 J/cm?) was applied. However, a non-statistically
significant increase by 1.1-fold was noted when the higher
energy density (3 J/em?) (P value = 0.0693) (Figs. 2 and 4).
However, when the 810-nm laser was used, there was a
statistically significant up-regulation in the higher energy den-
sity group (3 J/cm?) where DSPP expression was relatively
unchanged in the lower energy density group (1 J/em?) with
no statistical significance (P =0.9478) while it was up-
regulated with a statistical significance (P <0.0001) by 2.5-
folds when the higher energy density (3 J/cm?) was used.
DMP-1 had a 7.9-fold up-regulation with the lower energy
density (1 J/em?) and a 17.7-fold up-regulation with the higher
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energy density (3 J/cm?) which were both statistically signif-
icant (P<0.0001). BSP gene was also up-regulated with a
statistical significance, by 2-folds with the lower energy den-
sity and by 7.1-folds by the higher one (P <0.0001). (Figs. 3
and 4).

Discussion

An optimal goal in modern endodontics is to restore a healthy
dentin-pulp complex both functionally and anatomically [25].
Low-level laser therapy has been recently shown to have
biostimulatory effects that could be utilized to promote the
natural repair processes of dental tissues [8, 15].

The primary focus of the current study was to shed more
light on the role of LLLT on two basic processes of tooth
repair and regeneration: dentinogenesis and angiogenesis. To
our knowledge, this is the first study to use a 3D in vitro
culture model to test the direct effects of LLLT on the
dentin-pulp complex as a tissue.

Most of the studies in the literature evaluated the effects of
LLLT on mesenchymal stem cells of the pulp regarding their
proliferation and viability, while some other studies evaluated
their differentiation potential [19]. In the current study, the
tooth slice-based model was chosen for more realistic simula-
tion of the clinical conditions and to keep the pulpal cells in
their natural niche within the dentin-pulp complex [20].

It should also be noted that when applying LLLT in the
in vivo studies, not only the cells within the dentin-pulp com-
plex are affected by the laser dose but also cells and release of
mediators from the surrounding tissues; hence, the document-
ed effects could also extend to influence the recruitment of
circulating cells in the blood stream. This accentuates the need
for in vitro studies that can explain the direct effects of LLLT
on the dentin-pulp complex as a whole [26].

In this study, specific odontogenic/osteogenic and angio-
genic genes were selected for analysis. LLLT has been found
to directly increase the expression of one of the most crucial
molecules in dental tissue regeneration, which is transforming
growth factor beta (TGF-g3) [16]. TGF-f31 is a key regulator
for the expression of various non collagenous dentin matrix
proteins which are found to be essential for proper minerali-
zation and maturation of dentin [27, 28]. Among these non-
collagenous dentin matrix proteins are dentin matrix protein
(DMP-1), dentin sialophosphoprotein (DSPP), and bone
sialoprotein (BSP).

DMP-1 is essential for proper mineralization and organiza-
tion of dentinal tubules and inducing the differentiation of
pulp’s mesenchymal stem cells into odontoblast-like cells
[29]. DSPP, which is highly expressed by odontoblasts [30],
is also involved in mineralization and maturation of dentin
[31]. BSP expression has been also shown to be increased
during reparative dentinogenesis, suggesting that reparative
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Fig. 3 Real-time PCR analysis of samples treated with 810-nm laser
values are means (£SD) representing the fold change in angiogenic and
odontogenic/osteogenic gene expression in relation to control. Asterisks

VEGFR-2

dentin could have both dentinogenic and osteogenic charac-
teristics [32].

LLLT was also found to enhance the expression of both
vascular endothelial growth factor (VEGF) and its receptor
(VEGFR2) [17]. VEGF is a crucial pro-angiogenic factor
which binds to its receptor on cell surface and triggers signal-
ing cascades that greatly influence the process of neovascular-
ization [33].

In the present study, some of the used LLLT parameters
appeared to have a positive influence on the biological pro-
cesses occurring within the dentin-pulp complex. The results
suggested that the effects of LLLT on dentin-pulp complex are

Fig. 4 Diagrammatic
representation of the different
effects of LLLT according to the
used laser parameters

DSPP

DMP-1 BSP

indicate statistically significant differences in fold change relative to con-
trol group

dose dependent and are also affected by the change in
wavelength.

Regarding the 660 nm wavelength, the lower energy den-
sity (1 J/em?) resulted in significant increase in angiogenic and
odontogenic/osteogenic genes. However, the higher energy
density (3 J/em?) had an up-regulatory influence on the angio-
genic genes but not on the overall odontogenic/osteogenic
markers. This was consistent with the findings of Wu et al.
[34] who reported positive results regarding cell proliferation
and expression of osteogenic markers with the same wave-
length when low energy densities (1 and 2 J/cm?) were used
while less significant results were obtained with a higher
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energy density (4 J/em?). It was also concurrent with De-
Oliveira et al. [17] who also reported higher proliferation
and higher gene expression of VEGF and VEGFR2 with the
lower energy densities (0.7, 1.5, and 3 J/cm?) but not with
higher ones (9 J/cm?). Barboza et al. [35], Zaccara et al.
[12], and Ginani et al. [13] also reported positive results with
660 nm wavelength and (1 J/cm?) energy density which was
consistent with our results. Godoy et al. [36] and Marques
etal. [37] also reported positive outcomes in studies on human
teeth (in vivo) using the 660 nm wavelength with energy den-
sities of 2 and 2.5 J/em?, respectively, which can be correlated
with our findings.

On the contrary, Pereira et al. [38] using 660-nm diode laser
with energy densities of 0.05, 0.30, 7, or 42 J/em?, Pacheco
et al. [39] using 660 wavelength and energy density of 90 or
150 J/em?® and Bidar et al. [40] using a 630 nm wavelength
and energy density of 7.5 J/em® have all reported no signifi-
cant difference after LLLT. These findings may be attributed
to the use of either too low or too high energy densities [18].

In the current study, the difference in tissue response to
different energy densities can be correlated with the biphasic
dose response phenomenon, where the low doses may pro-
duce better results when compared to higher doses using the
same wavelength. However, if insufficient energy was used
and the threshold was not reached, there will be no biological
effect on targeted cells or tissues [8].

It was noticeable that the odontogenic/osteogenic potential
was not significantly up-regulated when the higher energy
density (3 J/em?) was used with the 660 nm wavelength, while
the angiogenic markers were significantly up-regulated. This
may suggest that, at the end point of the current study, this
energy density triggered the angiogenic response which in fact
precedes reparative dentinogenesis as stated by Tran-Hung
et al. [41]. This can explain the down-regulation of DMP-1
and the unaffected expression of BSP using this energy
density.

As for the 810 nm wavelength, the higher energy density
(3 J/em?) showed a stronger up-regulation regarding the ex-
pression of odontogenic/osteogenic markers compared to the
lower energy density (1 J/cm?), while both of them showed
almost similar effects on angiogenic genes. This was consis-
tent with Renno et al. [42] and Milward et al. [43] who report-
ed that using higher energy density with this wavelength re-
sulted in more cell growth of osteoblasts and dental pulp stem
cells (DPSCs), respectively. Soleimani et al. [14] also reported
that 810-nm laser resulted in enhanced differentiation of hu-
man bone marrow stem cells (hBMSCs) into both osteoblasts
and neurons when higher energy densities were used (4 and
6 J/em?, respectively).

This was also in accordance with Arany et al. [16] who
reported that LLLT of cultured human DPSCs resulted in a
significant up-regulation of odontogenic markers DMP1,
dentin sialoprotein (DSP), osteopontin (OPN), and alkaline
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phosphatase (ALP) when an energy density of 3 J/cm® was
used rather than lower doses (0.03 and 0.3 J/cm?) or higher
doses (30 J/cm?). This was also confirmed in vivo. Ates
et al. [23], however, found that energy densities of 0.5, 1,
or 2 J/em? had no significant effect on proliferation, differ-
entiation, or osteogenic gene expression of human osteo-
blasts. These energy densities may not have reached the
therapeutic threshold of this wavelength and may be need-
ed to use higher energy densities to achieve positive
outcomes.

On the other hand, Bouvet-Gerbettaz et al. [44] reported
that using this wavelength with energy density of 4 J/em?® and
had some inhibitory effects on murine bone marrow stem cell
proliferation with no effects on differentiation. However, these
negative results may be a result of using a relatively high
power output (520 mW) compared to the used power outputs
in the other studies ranging between 20 and 50 mW.

In the present study, it was noted that the use of 810 nm
wavelength had biostimulatory effects on the overall
odontogenic/osteogenic gene expression, with the excep-
tion of the lower energy density (1 J/cm?) having no sig-
nificant effect on DSPP expression. This may be attributed
to the fast cleavage process into DSP and dentin phospho-
protein (DPP) as soon as DSPP protein is formed [45].
However, it could be due to the weaker biostimulatory
effect of this energy density under the current experimental
conditions. It was also noted that with this wavelength, the
expression of VEGFR2 was down-regulated with both en-
ergy densities, but at the same time, up-regulation of the
odontogenic/osteogenic genes took place, which could be
interpreted as decreased endothelial cell activity; and in-
creased cellular differentiation into odontoblast-like cells
together with increased cellular activity of the pre-
existing odontoblasts. However, this needs to be confirmed
by further histological studies.

In the current study, it was difficult to directly compare
the results with that of previous studies due to the differ-
ences in study model, as it seems that the response to LLLT
varies according to the nature of cells and tissues [7].
Furthermore, despite the promising results of using the
tooth slice-based model to evaluate angiogenesis and
dentinogenesis following low-level laser therapy, it was
not shown in the present study whether LLLT would have
positive results when used on inflamed pulps in the same
model. Another limitation is the short culture time; longer
culture periods and different time intervals for evaluation
are recommended. Future work will also focus on analyz-
ing protein expression to allow a more complete picture of
the effects of LLLT in this model and perhaps combining
the use of both wavelengths together to achieve the optimal
benefits. A representation of the potential clinical applica-
tion of both lasers simultaneously is displayed in supple-
mentary Fig. 1.
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Conclusion

In conclusion, the present study suggests that LLLT appears to
be a useful tool to enhance angiogenesis and dentinogenesis of
dentin-pulp complex which could have several benefits in
future clinical applications of regenerative endodontics and
vital pulp therapy procedures. Additional studies are needed
taking into consideration the limitations of the current study.
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