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Abstract

The aim of this in vitro study was to analyze the effect of photobiomodulation therapy (PBMT) on the proliferation and
undifferentiating status of stem cell from human exfoliated deciduous teeth (SHEDs). PBMT was carried out with an aluminum
gallium indium phosphide (InGaAlP) diode laser in contact and punctual mode (continuous wave, 660 nm, 20 mW, 0.028 cm?,
and average energy densities of 1 (1 s),3 (45s),5(7s), 10(145), 15 (21 s),0r20 (28 s) Jem? per point). The immunoprofile of the
SHEDs was analyzed using flow cytometry. Cell proliferation was assessed by the MTT reduction assay. Gene expressions of
mesenchymal stem cell markers (OCT4, Nestin, CD90, and CD105) were assessed by RT-qPCR 48 h after PBMT. Data were
compared by analysis of variance (ANOVA) and Tukey’s test (p < 0.05). Cells cultured under nutritional deficit and treated with
PBMT at 5 J/em? presented similar cell growth than those of positive control group. Cell growth was significantly higher than
those of other groups. Mesenchymal stem cell gene markers were still expressed after PBMT at 5 J/cm?. In a short-term analysis,
PBMT increases the number of stem cells with no interference in the undifferentiated state of the irradiated cells, which opens
wide possibilities for application in tissue regeneration.
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Introduction functions, thus having key implications in the treatment of

many diseases or in regenerative processes [2]. In the past

Stem cells are capable of self-renewal and differentiation into
other types of cells [1]. Due to its undifferentiated nature, they
can be stimulated or programmed to play specific biological
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few years, stem cell sources were found in adults, called adult
stem cells, surpassing various ethical and religious barriers,
which come along with the use of embryonic stem cells.
Adult mesenchymal stem cells (MSCs) were isolated from al-
most every type of connective tissue, such as adipose [3], bone
marrow tissues, periodontal ligament tissues [4], and dental
pulp [5, 6]. Stem cells from dental pulp origin, from either
permanent (dental pulp stem cells (DPSCs)) or deciduous teeth
(stem cells from human exfoliated deciduous teeth (SHEDs)),
are of great interest for tissue engineering and cell therapy
purposes once they are easily harvested from dischargeable
samples [7, 8]. Moreover, they can be obtained in reasonable
quantities due to its great proliferation ability [9—11].

Despite all the potentialities of MSCs, the control of its
viability, proliferation, and differentiation processes, before
and/or following cell transplantation, is still a challenge in
the tissue engineering field [12]. The passage of an in vitro
to an in vivo system creates a stressful situation that can result
in the loss of proliferative and differentiation potentials, or
even the death of MSCs [13]. Photobiomodulation therapy
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(PBMT), in turn, has demonstrated the ability to modulate cell
growth, survival, and differentiation processes of many cell
types [14-20] and could be used to overcome some of the
drawbacks related to tissue engineering.

In fact, systematic reviews on the effects of PBMT on
ddMSCs have shown that although no other clear conclusions
were obtained due to the scarce number of publications, the
results of these studies showed a tendency of PBMT to im-
prove ddMSC viability and proliferation, especially when red
laser wavelengths were used [21-23].

Studies on PBMT effects on MSCs have shown promising,
but with controversial results that may be explained due to the
great variability of the PBMT protocols [21-23]. The main chal-
lenge is based on applying the optimal amount of energy able to
stimulate cell metabolism, without leading to phototoxicity [19].
Taken this into consideration, PBMT could be of importance for
future tissue engineering or cell therapy, where the goal is to
obtain large amount of stem cells with the maintenance of their
undifferentiated status. Therefore, the aim of this in vitro study
was to analyze the effect of PBMT on the proliferation and on the
expression of a regular panel of mesenchymal stem cell markers
in SHEDs grown under stressful condition.

Material and methods
Cell culture

The cells were obtained by using the explants plus enzymatic
technique in human dental pulp fragments of two deciduous
teeth extracted under local anesthesia due to advanced root
resorption. The teeth were immersed into sterile saline contain-
ing antibiotics (penicillin and streptomycin 10,000 U/mL) so-
lution and transported to the laboratory for processing. Within
2 h maximum, the dental pulp was removed with the help of a
hypodermic needle under laminar flow. The tissue was washed
twice in sterile calcium and magnesium-free phosphate-buff-
ered saline (PBSA, pH 7.2) containing 4% antibiotic-
antimicotic solution (Invitrogen, Carlsbad, CA, USA) and
streptomycin (Invitrogen) and minced with the help of needles.
Then, tissue fragments were immersed into a 0.25% trypsin
solution (Invitrogen) and incubated at 37 °C for 15 min. After
incubation, trypsin was inactivated using fetal bovine serum
(FBS). Then, the explants were cultured in clonogenic medium
[DMEM/Ham’s F-12 culture media (1:1, Invitrogen), supple-
mented with 15% FBS (Hyclone, Logan, UT, USA), 100 U/mL
penicillin (Invitrogen), 100 pg/mL streptomycin (Invitrogen),
2 mM L-glutamine (Invitrogen), and 2 mM non-essential ami-
no acids (Invitrogen)]. Cells were maintained in an incubator at
37 °C in humid atmosphere containing 5% CO,. The cells were
passed every 4-5 days by washing the flasks twice in
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phosphate-buffered saline (PBS), followed by dissociating in
a 0.25% trypsin solution. The cultures were passed when
semiconfluent in order to prevent the differentiation of the cells
by cell to cell contact. Cell culture medium was changed each 2
or 3 days, depending on the cell metabolism. Samples of the
initial passages were cryopreserved in liquid nitrogen using
dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO, USA).
All culture procedures were undertaken under laminar flow
following the protocols of sterility of materials and solutions
[24].

Immunophenotype profile

Cells up were expanded to the fifth passage for experimenta-
tion. Aliquots of SHEDs (1 x 10° cells/per antibody) were
washed and resuspended in PBS containing saturating concen-
trations of conjugated primary monoclonal antibodies (1:200).
The primary antibodies used were the following: embryonic
markers OCT4 and Nanog (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), mesenchymal stem cell markers Nestin
(Santa Cruz) and CD105 (Dako Corporation, Glostrup,
Denmark), and hematopoietic markers CD31 and CD34 (both
from Dako). Cells were sorted in a flow cytometer (FACS
Calibur, BD Biosciences, San Jose, CA, USA) and a total of
10,000 events were analyzed using the 9.6.2 FlowJo Software
Version (Tree Star, Ashland, OR, USA).

Stressful condition induction

Effects of PBMT may be observed on cultures grown under
nutritional deficit due to its role in the oxidative processes
ongoing in the cell, in particular in the respiratory chain of
mitochondria [25]. This condition is obtained with the de-
crease in the percentages of FBS supplementation in the cul-
ture medium. Cells were seeded in 96-well plates (1 x 10°
cell/well) in clonogenic medium (with 15% FBS). Six hours
later, the culture medium was replaced by media with different
FBS concentrations, as follows: 1%, 2.5%, 5%, 7.5%, 10%,
and 15% (positive control). The cell viability was assessed by
a 3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyl-tetrazolium bro-
mide (MTT) reduction assay after 24, 48, and 72 h. The ab-
sorbance data were used for the construction of cell growth
curves.

Photobiomodulation therapy

PBMT was carried out with a continuous wave InGaAlP
diode laser (A=660 nm, Photon Lase III, DMC-
Equipamentos, SP, Brazil) (Fig. 1a) with a beam spot size
of 0.028 cm?, in punctual and contact mode, 20 mW pow-
er, and 0.714 W/cm?® average power density through the
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Fig. 1 Representative images of
the PBMT protocol. a Photograph
of the laser irradiation through the
bottom of the cell culture plate. b
The setup in the equipment
display. ¢ A diagram of the laser
irradiation points in wells of the 6-
well plate (9.5 cm? growth area; 5
points; 1 central and 4
equidistant) and a well of the 96-
well plate (0.32 cm?® growth area;
1 central point)

bottom of the culture wells (Fig. 1a). The choice of the
parameters (Fig. 2b, Table 1), especially the wavelength,
was based on previous studies [22]. In order to avoid laser
overexposure, wells adjacent to each test well were kept
empty. For the optically clear 96-well plates (Corning
Inc., NY, US; proliferation assay), each well was irradiat-
ed in a single point; for 6-well plates (Corning; gene ex-
pression), each well was irradiated in five equidistant
points (Fig. 1c). Irradiations were applied every other
day during 1 week. The control groups were treated under
identical conditions as the irradiated groups, however
with the laser equipment turned off. Six different average
energy densities were applied according to the experimen-
tal groups (Table 1). A power meter was used to check
laser power output before and after irradiations.

Proliferation assay

Cells were seeded into 96-well plates (1 x 10° cell/well)
in clonogenic medium (with 15% FBS) in alternate
wells to prevent further over irradiation of the cells.
Six hours later, the culture medium was replaced by
deficient medium (defined in the first experiment) or
clonogenic medium (positive control). Then, 12 h later,
according to the experimental groups, the cultures were
submitted or not to PBMT. The cell viability was
assessed by the tetrazolium dye MTT [3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide] reduction
assay at 24, 48, and 72 h after the last irradiation.
The absorbance data were used for building the cell
growth curves.
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Fig. 2 Phase photomicrographs showing a an explant (asterisk—black
sphere) with cells leaving the tissue and attaching to the bottom of the cell
culture flask; b a subconfluent monolayer of cells (original magnification
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x100); and ¢ flow cytometry histograms representing the
immunophenotype profile of SHEDs
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Table 1 PBMT additional

parameters according to the Experimental groups Culture medium Average energy Irradiation time Energy per
different experimental groups density (J/em®) per point (s) point (J)
Positive control Clonogenic medium (CM) - -
Negative control Nutritional deficit (NDM) - - -
L1 NDM 1 1 0.02
L3 NDM 4 0.08
L5 NDM 7 0.14
L10 NDM 10 14 0.28
L15 NDM 15 21 0.42
L20 NDM 20 28 0.56

Gene expression

The gene expression was observed by the real-time quan-
titative polymerase chain reaction (RT-qPCR). Briefly, the
cells (5% 10* cells/well) were seeded into 6-well plates
(n=3). Six hours later, the medium was replaced by the
nutritional deficient medium (defined in the first experi-
ment) or fresh medium (positive control). Then, 12 h later,
PBMT was applied only in two experimental groups: L5
(5 J/em?) and L20 (20 J/em?), corresponding to the
smallest average energy density with positive effects on
cell proliferation and the highest average energy density
applied in the proliferation assay. Total RNA from the
cells was extracted 48 h later using RNEasy Mini Kit
(Qiagen, Cat#74104, Valencia, CA, USA), following the
manufacturer’s instructions and treated with DNase I
(Invitrogen). The cDNA templates were obtained by re-
verse transcription of 1 p of total RNA using the High
Capacity cDNA Archive kit (Applied Biosystems, Foster
City, CA, USA). The products were subjected to qPCR
analysis with SYBR Green dye 1 (SYBR Green Master
Mix®, Applied Biosystems) and specific primers to
OCT4, Nestin, CD90, and CDI105 genes as well as to
constitutive gene GAPDH (Table 2). The thermal cycling

was carried out by Applied Biosystems 7500 Real-Time
PCR System (Applied Biosystems), starting with 95 °C
for 10 min hold, followed by 40 amplification cycles of
95 °C for 10 s and 58—62 °C for 1 min. Dissociation curve
analyses of all qPCR reactions were performed at the end
of cycling to verify the specificity of PCR product. The
quantitative error of all triplicate samples was < 10%.
PCR efficiencies were obtained from fivefold serial dilu-
tions of cDNA templates quantified in triplicates.

Statistical analysis

All experiments were repeated at least three times. Data ob-
tained from the cell proliferation assay and gene expression
were compared using ANOVA followed by Tukey’s post hoc
test. For all data analysis, statistical significance level was set
at 5%. All tests were performed using the program GraphPad
Prism 5.0 (GraphPad Software, CA, EUA).

Results

Stem cells from exfoliated deciduous teeth were success-
fully obtained by the explant technique (Fig. 2a, b). The

Table 2 Primer sequences of the genes studied and characteristics of the reactions
Gene Sequence 5' — 3’ Fragment (bp) AT (°C)

Control GAPDHF GAAGGTGAAGGTCGGAGTC 226 58
GAPDH R GAAGATGGTGATGGGATTTC

Embryonic markers OCT4 F ACTTCACTGCACTGTACTCCTCAG 158 60
OCT4 R AGGTTCTCTTTCCCTAGCTCCTC

Mesenchymal markers Nestin F GACCACTCCAGTTTAGAGGCTAAG 244 60
Nestin R GAATCTCCTCTCCCAGAGACTTC
CD90 F CTAGTGGACCAGAGCCTTCG 236 60
CD90 R TGGAGTGCACACGTGTAGGT
CDI05 F TGCCACTGGACACAGGATAA 205 62
CDI105 R CCTTCGAGACCTGGCTAGTG

AT annealing temperature, bp base pairs
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lineage was isolated, identified, and characterized by flow
cytometry (Fig. 2¢). Cells were positive for the embryonic
(OCT4 and Nanog) and mesenchymal stem cell (Nestin
and CD105) markers and negative for the hematopoietic
stem cell markers (CD31 and CD34).

Determination of fetal bovine serum concentration

Figure 3 illustrates cell growth under different concentrations
of FBS. Significant increase in cell viability was observed in
groups grown with 5% FBS and up (p <0.01). Cells grown at
the concentration of 5% FBS presented a continuous and ex-
ponential growth, but at a significantly lower rate than that of
cell grown under ideal FBS supplementation (15% FBS-
positive control) (p < 0.05). Thus, the concentration of 5%
was chosen to verify the PBMT effect on the clonogenicity
of SHED:s.

Effect of PBMT on cell proliferation

Negative control (5% FBS-non-irradiated) showed growth
rate smaller than that of positive control (15% FBS) (Fig. 4).
Cells grown under nutritional deficit (5% FBS) and irradiated
with all parameters presented similar growth rate than nega-
tive control cells, except by the group irradiated with 5 J/cm®
(L5). Cells grown at 5% FBS and treated with PBMT at 5 J/
cm” exhibited growth significantly higher than negative con-
trol cells and similar to that of non-irradiated positive control
cells grown under ideal conditions (p < 0.05).

Fig. 4 Cell growth of all £ 0.6
experimental groups. c
*Significantly higher than all 8
other groups E 0.4
2
7]
c
[
0 0.2
©
2
whd
5}
0.0-
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Effects of PBMT on gene expression

Figure 5 depicts the gene expression profile of SHEDs cul-
tured under nutritional deficit and irradiated at 5 or 20 J/cm®.
The mRNA expression levels of OCT4, Nestin, and CD90
genes were higher in the 5 J/cm? irradiated group (L5) than
all other groups (p < 0.05). The expression of the CD105 was
significantly smaller in the L5 groups than all other groups
(p <0.05). The CDI105 gene was upregulated in cells of the
negative control and L20 (20 J/em?). At 20 J/cm?® groups, all
genes were expressed but only OCT4 and CD105 were upreg-
ulated when compared to control group grown at 15% FBS
(p <0.05). At 5% FBS, the expressions of Nestin and CD90
were downregulated in relation to control group grown at 15%
FBS (p <0.05).

Discussion

An important source of adult stem cells is the dental pulp
tissue, which, as such as the bone marrow, contains some
undifferentiated cells within an already differentiated tissue
[5]. Tt is widely accepted that in a MSC population, only a
proportion of cells satisfy the typical MSC criteria in a single
cell level, while the others are already committed. Once iso-
lated, despite their high clonogenicity and tripotency, these
cells may partially lose potential after in vivo transplantation,
leading to an important drawback in tissue engineering [12,
26, 27]. In this context, PBMT could improve cell viability in
an overwhelming microenvironment, possibly leading to

. 15%
5%
B 1J/cm?
3J/cm?
I 5J/cm?
I 10J/cm?
. 15)/cm?
20J/cm?

48h

72h
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Fig. 5 Relative gene expression profile of SHEDs cultured under
nutritional deficit. Controls and SHEDs irradiated at 5 or 20 J/ecm?

faster tissue neoformation. Thus, in this study, we aimed to
evaluate the most appropriate PBMT parameters able to stim-
ulate stem cell proliferation growth under nutritional deficit,
while assessing any gene expression change in a commonly
used mesenchymal stem cell marker panel.

Markers of stemness are molecular signatures that distin-
guish stem cells from other differentiated cell types in the body.
In fact, the expression of stem cell markers is tissue and devel-
opmental stage dependent and multiple stem cell markers
should be used in combination to define true stem cell popula-
tions in a tissue [28]. Thus, to identify the source and to confirm
the stemness nature of our lineage, the immunophenotype pro-
file of the cells was checked by using an antibody panel. Our
cells were positive for the embryonic (OCT-4 and Nanog) and
mesenchymal stem cell markers (Nestin and CD105) and neg-
ative for the hematopoietic stem cell markers (CD31, CD34),
confirming previous data [5, 29, 30].

PBMT works through mitochondria molecules’ excitation,
such as cytochrome ¢ oxidase (cyt ¢), in the region of red or
near red (600—1000 nm) spectrum. As such, cyt ¢ in its inter-
mediate forms (i.e., under a condition of oxidative stress) is
considered one of the primary photoaceptors of PBMT [31].
When excited, cyt ¢ provides higher rate of pumping of hy-
drogen protons into the mitochondrial inner space, generating
energy and, therefore, reactive oxygen species (ROS). ROS
can modulate a wide range of cellular processes, but their
concentrations are tightly regulated by potent antioxidant en-
zymes to prevent inadvertent damage [32].

To prevent cell death due to ROS imbalance and phototox-
icity, a maximum dose threshold for PBMT should be deter-
mined to each cell type [19]. Accordingly, to assess the most
appropriate dose parameter applied on SHEDs, we reproduced
an oxidative stress scenario in vitro by decreasing the concen-
tration of fetal bovine serum in the cell culture medium
[14-17, 20]. Thus, we performed a proliferative assay to
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detect the FBS concentration not sufficient to prevent cell
growth, but rather sufficient to make it significantly lower than
controls grown under optimal nutrition conditions (15% FBS).
We found that the culture medium supplemented with 5%
FBS fulfilled this condition and was chosen as the FBS con-
centration for the following experiments.

To finally determine the maximum dose threshold to be
applied on SHEDs, cells were cultured under nutritional def-
icit (5% FBS) and irradiated at 1, 3, 5, 10, 15, or 20 Jem?.
Following irradiation at 5 J/cmz, cells exhibited similar
growth of non-irradiated cells grown under ideal conditions
(at 15% FBS), regardless the experimental time interval eval-
uated. These results are in agreement with previous studies
from our research group and with current literature [20-23].

The expression of stemness genes controls the estab-
lishment, survival, and maintenance of stem cells in their
undifferentiated states. In fact, many growth factors and
signaling molecules in the body regulate the specific
gene expression pattern and some of them might be al-
tered by photobiomodulation. Thus, the stemness gene
expression patterns of the SHEDs studied here were re-
assessed by RT-gPCR after PBMT. All the four genes
evaluated (OCT-4, Nestin, CD90, and CDI105) were still
expressed in SHEDs after cultivation at 5% FBS and
irradiation at 5 J/cmz, corroborating with the initial char-
acterization status of the cells assessed by immunofluo-
rescence. It is noteworthy that the expression of
reprogramming markers, such as OCT-4, may be detect-
able at the beginning of ddMSC passages or in more
immature cells such as the embryonic stem cells.
However, sequential loss of this marker present in the
cell nucleus during culture may occur and may be related
to the fate of ddMSCs will take [30].

Current studies in PBMT have been focused on stem
cell differentiation potential under several stimuli, and little
is known about the effects of PBMT on the undifferentiated
status of these cells after stimulation. A remarkable report
on the effects of photobiomodulation and its mechanism of
action on latent TGFf3—a growth factor that modulates
pluripotency and differentiation of stem cells—observed a
decrease in the expression of stem cell markers after
PBMT, such as STRO-1, CD90, CD117, and CD44, sug-
gesting that PBMT may determine the dental pulp cells’
fate by directing their differentiation (i.e., taking stem cells
far away from their initial undifferentiated status) [33].
These results do not corroborate with our findings.
Nevertheless, it is not clear in which time point the authors
performed this analysis and whether mineral induction was
being performed or not.

We concluded that PBMT at 5 J/em? is able to improve
cell proliferation in an oxidative stress milieu without
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interfering with the undifferentiated status of MSCs in cul-
tures under low passages in a short-term evaluation period.
Thus, PBMT may be a promise tool to improve MSCs’
self-renewal and survival during stem cell transplantation.
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