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Abstract: Numerous tissue engineering uses for gingival-derived mesenchymal stem cells (GMSCs)
have been demonstrated. Recently, low-level laser therapy (LLLT) has been projected as a factor
that can improve MSCs’ regeneration capacity. Therefore, the aim of this research was to examine
the impact of LLLT at 1.5 J/cm2 and 3 J/cm2 on the viability and osteo/odontogenic potential of
GMSCs. An MTT assay was performed to detect viability. Osteo/odontogenic differentiation was
evaluated using Alizarin Red S staining and qRT-PCR for the evaluation of the RUNX2, OC, DMP1,
and DSPP genes. A two-way ANOVA with Tukey’s post hoc test was used to determine the statistical
significance between groups. The results revealed that LLLT of both energy densities had no cytotoxic
effect on GMSC viability. LLLT of 1.5 J/cm2 demonstrated better viability than the higher energy
density (3 J/cm2). Furthermore, the osteo/odontogenic differentiation potential was promoted
following LLLT radiation, where both groups exhibited mineralized nodule formation, with the low-
energy laser having a significantly higher Alizarin Red S stain level. A qRT-PCR analysis revealed
higher expression levels of osteogenic and odontogenic markers in the LLLT groups compared to the
control group. In conclusion, this study showed the potential application of LLLT as a non-toxic and
effective strategy to enhance the regenerative capacity of GMSCs for tissue engineering and clinical
treatments in the oral and craniofacial fields.

Keywords: dentistry; tissue engineering; gingival-derived mesenchymal stem cells; periodontology;
low-level laser therapy; osteogenic differentiation; odontogenic differentiation

1. Introduction

Tissue engineering is a modern multidisciplinary field with the ultimate objective of
healing and rebuilding damaged tissues [1]. Mesenchymal stem cells (MSCs) are critical
components in the process of tissue engineering owing to their distinct characteristics [2,3].
MSCs from oral sources have been proven to contain the necessary attributes for tissue
regeneration utilization [4–9]. Dental MSCs are a unique set of MSCs that can exceed the
properties of bone marrow MSCs (BMMSCs), which are regarded as the predominant kind
of MSCs exploited in tissue engineering [10–12]. This is because of their multipotency traits,
accessibility, and high proliferation rates.

A unique type of MSC of oral origin is isolated from the gingiva, known as gingival-
derived MSCs (GMSCs). This type of MSC has yet to receive much attention from re-
searchers. Gingival tissue collected through non-invasive dental procedures, such as crown
lengthening and gingival biopsies, is a rich source of GMSCs. Because of this, they have the
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potential to be a very useful source of MSCs for the tissue engineering of the craniofacial
and oral regions [13,14].

GMSCs share the properties of other MSCs; they have a self-renewal capacity, multi-
differentiation potential, and acquire cell-surface-specific proteins such as CD73, CD105,
and CD90, which characterize MSCs [15,16]. It is feasible to promote GMSCs into differ-
entiating into numerous cell types, such as osteoblasts, chondrocytes, adipocytes, and
fibroblasts [17,18]. In addition, it has been proven that they can differentiate into odon-
toblasts, cells that form dentin [19]. The high proliferative capacity of GMSCs has been
reported in many studies. It has been demonstrated that it may surpass the capacity of
BMMSCs [20]. At the same time, GMSCs have no tumorigenicity after a long culture
period and long-term inoculation in animal models [21]. Moreover, GMSCs have the
potential, under specific induction conditions, to differentiate into ectodermal and endo-
dermal cell types [22,23]. In addition to this, it has been demonstrated that GMSCs also
possess anti-inflammatory and immunomodulatory capabilities, which position these cells
as a promising source of MSCs for clinical applications involving the treatment of many
diseases [24,25].

The advantageous and promising characteristics of GMSCs have made researchers
devote a lot of time and effort to uncover the potential uses of MSCs in tissue engineering.
GMSCs have been used to treat skin disorders and autoimmune diseases and promote nerve
regeneration [26–28]. Furthermore, GMSCs have been utilized to treat oral and craniofacial
disorders. Sun et al. [29] have demonstrated the ability of GMSCs to treat periodontal
inflammation and promote periodontal regeneration. Moreover, the therapeutic uses of
GMSCs in the craniofacial region include the treatment of peri-implantitis, maxillofacial
bone defects, and oral mucositis and the promotion of facial nerve regeneration and salivary
gland regeneration [22,28,30–32].

The potential for regeneration of GMSCs can be inhibited by factors such as aging
and illness. With age, the proliferative capacity and multipotency of the MSCs decline,
compromising their regenerative ability. The therapeutic potential of MSCs may also be
reduced due to decreases in the number of MSCs caused by underlying conditions [33]. As
with other stem cells, GMSCs have a finite life span and are subject to cellular senescence,
which inhibits their ability to proliferate and differentiate. Because of their advancing
age, they may not be as useful for tissue regeneration in the long run. Also, compared to
BM-MSCs and PDLSCs, GMSCs have been shown to have a lower osteogenic potential [34].

Several methods, such as the addition of cytokines, growth factors, and bioactive
substances, have been implemented to enhance MSCs’ regeneration potential. The employ-
ment of a laser with a wavelength between 630 and 980 nm, as in low-level laser therapy
(LLLT), is one such strategy. Due to the lack of heat and tissue damage caused by these
lasers, LLLT is often called a “cold laser” [35]. These red and near-infrared electromagnetic
waves have been shown to promote the proliferative capacity of MSCs by stimulating the
action of growth factors and enzymes and the synthesis of ATP within the cells [36,37].

The therapeutic effect of LLLT is related to many parameters. The wavelength, power
and energy densities, type of laser used, pulse structure, duration, and repetition of irradia-
tion are all factors that determine the effectiveness of LLLT for bio-stimulation [36].

Because of its distinct properties, LLLT has proven to be a useful technique for re-
generating damaged tissues. Tissue repair, accelerated wound healing, and inflammatory
modulation are all areas where LLLT has been put to use [38]. By stimulating many
signaling pathways involved in osteogenic differentiation, LLLT also expedites bone heal-
ing [39,40]. Oral diseases such as mucositis, TMJ inflammation, aphthous stomatitis, and
dentinal hypersensitivity have also been treated with LLLT [41–43].

Because LLLT has been shown to be a successful treatment method for a wide variety
of disorders, it was used to biologically stimulate MSCs. LLLT has been shown to have
a stimulatory effect on DPSCs, SHED [44], SCAP [45], and PDLSCs [46], promoting their
proliferation, viability, and differentiation.
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The bio-stimulatory effect of LLLT is related to the cellular absorption of LLLT, which
takes place in the mitochondrial respiratory chain, and results in an increase in ATP levels,
the upregulation of growth factors, and the inhibition of apoptosis. In addition, the laser’s
anti-inflammatory and anti-edematous actions are caused by an increase in the body’s
microcirculation, which speeds up blood flow to the affected area.

On the other hand, not a lot is known about how LLLT affects GMSCs. In light of
this, the purpose of this research was to investigate the effect of LLLT on the osteogenic
and proliferative capabilities of GMSCs, with the end goal of enhancing the regenerative
potential of GMSCs as a conveniently available and promising form of MSCs. We hypothe-
sized that LLLT with a low energy density (1.5 J/cm2) would promote viability and induce
osteo/odontogenic differentiation more effectively than high-level laser therapy (HLT)
with a high energy density (3 J/cm2).

2. Materials and Methods
2.1. GMSC Isolation and Culture

After receiving written consent, gingival tissues were collected from healthy patients
aged 20–40 who had undergone crown-lengthening treatments. Gingival tissues were
collected from 5 patients, and a pool of cells was obtained to provide a yield of stem cells
large enough to conduct the whole experiment with the repetition of each experiment three
times and to provide a biological duplicate excluding the “patient source” variable [47,48].

We used collagenase type I (Sigma, St. Louis, MO, USA) and dispase type II (Sigma,
St. Louis, MO, USA) on the collected gingival tissues, which resulted in a finely minced
consistency. Following a phosphate-buffered saline (PBS) (Gibco BRL, CA, USA) filtering
step, cell pellets were isolated from the tissues and cultured in Dulbecco’s modified Eagle’s
medium/F-12 Ham medium (DMEM/F12, Sigma-Aldrich) supplemented with 10% fetal
bovine serum (Gibco, Grand Island, NY, USA) [49]. The cells employed in this analysis
were in their fourth passage.

2.2. GMSC Characterization
2.2.1. Surface Marker Analysis

Cultured GMSCs were analyzed using flow cytometry for the quantitative surface
marker identification of CD73, CD90, CD105, CD34, and CD45. About 1 × 105 cultivated
cells were examined using a flow cytometer (Beckman Coulter, Fullerton, CA, USA) after
being treated with monoclonal antibodies against the surface markers [50].

2.2.2. Multilineage Differentiation Potential

The multilineage differentiation potential of the cultured cells was determined using
a differentiation kit (Human mesenchymal stem cell functional identification kit, R&D
systems, Minneapolis, MN, USA). Products of the differentiated cells were stained with
Alizarin Red S (Sigma Aldrich, Steinheim, Germany) for osteogenic differentiation, Oil red
O stain (Sigma Aldrich, Steinheim, Germany) for adipogenic differentiation, and Alcian
Blue (Sigma Aldrich, Steinheim, Germany) for chondrogenic differentiation (N = 5) [51].

2.3. LLLT Protocol

Cultured cells were irradiated using a GaAIAs Diode laser device (K2 mobile laser,
Hulaser, Seoul, Republic of Korea) with a wavelength of 980 nm in a continuous mode.
Laser radiation was applied in two different energy densities: group I received 1.5 J/cm2

and group II received 3 J/cm2 in single doses for 60 s. The irradiation procedures were
performed in dark conditions to prevent any dispersion of light [52].

2.4. Cell Viability

The cell viability of GMSCs after laser radiation of different energy densities was
evaluated using MTT assays on days 1, 3, and 7 of the culture (N = 3). The results
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are reported as the viability percentage against the control group (cells without laser
radiation) [53].

2.5. Osteo/Odontogenic Differentiation of GMSCs

To induce osteo/odontogenic differentiation, irradiated GMSCs (N = 3) were cultured
in osteo/odontogenic media consisting of DMEM (Sigma Aldrich, Steinheim, Germany)
supplemented with 0.1 µM dexamethasone (Sigma Aldrich, Steinheim, Germany), 10 mM
β-glycerophosphate (Merck, Darmstadt, Germany), and 50 µg/mL ascorbic acid (Sigma
Aldrich, Steinheim, Germany) for 14 days. Non-radiated cells cultured in osteogenic media
were considered a positive control [51].

2.6. Alizarin Red S Staining

Following 2 weeks in osteogenic media, GMSCs (N = 3) were stained with Alizarin
Red S dye (Sigma-Aldrich, Steinheim, Germany), adhering to the guidelines provided by
the manufacturer. The mineralized nodules were examined, and images were captured
using an inverted microscope (Olympus, Tokyo, Japan) following the removal of any excess
dye. The mineralized nodules were measured via their absorbance at 405 nm after the red
dye was mixed with 10% glacial acetic acid (Sigma-Aldrich) [54].

2.7. Quantitative Real-Time Polymerase Chain Reaction

Total mRNA was extracted from GMSCs (N = 3) using a QIAGEN RNA extraction kit
(QIAGEN GmbH, Hilden, Germany) following the manufacturer’s instructions. q-Real-
time Polymerase Chain Reaction (q-RT PCR) quantification was performed using SYBR
Green premix (Qiagen). The mRNA expression levels were normalized against β-actin,
and all experiments were performed in triplicate [51]. The primer sequences used were as
follows:

DMP1: 5′-AGGAAGTCTCGCATCT CAGAG-3′ (forward) and 5′-TGGAGTTGCTGTTT-
TCTGTAGAG-3′ (reverse);
DSPP: 5′-TCACAAGGGAGAAGGGAATG-3′ (forward) and 5′-TGCCATTTGCTGTGATGTTT-
3′ (reverse);
Runx2: 5′-CACTGGCGCTGCAACAAGA-3′ (forward) and 5′-CATTCCGGAGCTCAGCA-
GAATAA-3′ (reverse);
OC: 5′-CAGCAAAGGTGCAGCCTTG-3′ (forward) and 5′-TGGGGCTCCCAGCCATTG-3′

(reverse);
β-actin: 5′-CCATCGTCCACCGCAAAT-3′ (forward) and 5′-CCTGTAACAACGCATCTCATA-
3′ (reverse).

2.8. Statistical Analysis

The results for cell viability and osteo/odontogenic differentiation are presented
as means ± standard deviations and were obtained through experiments conducted in
triplicate. The Shapiro–Wilk test was used to assess the normality of the data. To determine
the statistical significance between the experimental groups, a two-way ANOVA with
Tukey’s post hoc test was used. A value of p < 0.05 was considered significant. Graphpad
Prism 9.0 (GraphPad Software, San Diego, CA, USA) was used for the statistical analysis.

3. Results
3.1. Morphological Characterization, Identification, and Multi-Differentiation Potential of GMSCs

A surface antigen analysis via the flow cytometry of GMSCs revealed the positive
expression of CD73, CD105, and CD90, confirming the stemness of the cells. It was
found that GMSCs do not express the hematopoietic markers CD34 and CD45 (Figure 1).
A morphological examination of GMSCs at the fourth passage showed that the cells
acquired a spindle-shaped appearance typical of MSCs. Moreover, trilineage differentiation
(osteo/adipo/chondrogenic) potential was confirmed after the positive expression of the
respective stains (Figure 2).



Appl. Sci. 2023, 13, 8490 5 of 13

Appl. Sci. 2023, 13, 8490 5 of 13 
 

3. Results 
3.1. Morphological Characterization, Identification, and Multi-Differentiation Potential of 
GMSCs 

A surface antigen analysis via the flow cytometry of GMSCs revealed the positive 
expression of CD73, CD105, and CD90, confirming the stemness of the cells. It was found 
that GMSCs do not express the hematopoietic markers CD34 and CD45 (Figure 1). A mor-
phological examination of GMSCs at the fourth passage showed that the cells acquired a 
spindle-shaped appearance typical of MSCs. Moreover, trilineage differentiation (os-
teo/adipo/chondrogenic) potential was confirmed after the positive expression of the re-
spective stains (Figure 2). 

 
Figure 1. The surface genes of GMSCs were analyzed using flow cytometry. CD73, CD90, and 
CD105 were found to be positively expressed, while the hematopoietic markers CD34 and CD45 
were not expressed. 

 
Figure 2. (a) Morphological characterization of GMSCs at 4th passage. The multilineage differenti-
ation potential of GMSCs to (b) osteocytes (confirmed with Alizarin Red S stain), (c) adipocytes 
(confirmed with Oil red O stain), and (d) chondrocytes (confirmed with Alcian Blue stain). 

Figure 1. The surface genes of GMSCs were analyzed using flow cytometry. CD73, CD90, and CD105
were found to be positively expressed, while the hematopoietic markers CD34 and CD45 were not
expressed.

Appl. Sci. 2023, 13, 8490 5 of 13 
 

3. Results 
3.1. Morphological Characterization, Identification, and Multi-Differentiation Potential of 
GMSCs 

A surface antigen analysis via the flow cytometry of GMSCs revealed the positive 
expression of CD73, CD105, and CD90, confirming the stemness of the cells. It was found 
that GMSCs do not express the hematopoietic markers CD34 and CD45 (Figure 1). A mor-
phological examination of GMSCs at the fourth passage showed that the cells acquired a 
spindle-shaped appearance typical of MSCs. Moreover, trilineage differentiation (os-
teo/adipo/chondrogenic) potential was confirmed after the positive expression of the re-
spective stains (Figure 2). 

 
Figure 1. The surface genes of GMSCs were analyzed using flow cytometry. CD73, CD90, and 
CD105 were found to be positively expressed, while the hematopoietic markers CD34 and CD45 
were not expressed. 

 
Figure 2. (a) Morphological characterization of GMSCs at 4th passage. The multilineage differenti-
ation potential of GMSCs to (b) osteocytes (confirmed with Alizarin Red S stain), (c) adipocytes 
(confirmed with Oil red O stain), and (d) chondrocytes (confirmed with Alcian Blue stain). 

Figure 2. (a) Morphological characterization of GMSCs at 4th passage. The multilineage differen-
tiation potential of GMSCs to (b) osteocytes (confirmed with Alizarin Red S stain), (c) adipocytes
(confirmed with Oil red O stain), and (d) chondrocytes (confirmed with Alcian Blue stain).

3.2. MTT Assay

To evaluate the cytotoxic effects of both power densities of LLLT on GMSC viability,
an MTT assay was conducted. Figure 3 shows that the groups had no significant difference
after 24 h. After 72 h, it was observed that both parameters of LLLT resulted in a significant
increase (p < 0.05) in cell viability. This indicates that LLLT did not have any negative
impact on the viability of GMSCs. On day 7, the GMSCs treated with 1.5 J/cm2 LLLT had
a significantly higher absorption value (p < 0.05) than the GMSCs treated with 3.5 J/cm2

LLLT (Figure 3).
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Figure 3. Effect of LLLT on GMSC viability on days 1, 3, and 7 (evaluated using MTT assay). ****
indicates a significant difference (p < 0.0001).

3.3. Alizarin Red S Assay

The Alizarin Red S stain was used to assess calcium deposition and mineralization
in the GMSC samples after 2 weeks of culture in osteogenic media. After the staining
procedure, the presence of calcium ions was detected by forming a red-orange color. In
addition, in both experimental groups, strong and distinct red staining was observed,
indicating a high level of calcium deposition. This suggests that LLLT promoted the
osteogenic differentiation of the cells. A quantitative analysis of Alizarin Red S staining
showed a significant difference in calcium deposition between the group I and II control
groups. In addition, the lower energy density (1.5 J/cm2) demonstrated higher levels
than the high energy density, highlighting the lower power’s effectiveness in promoting
mineralization (Figure 4).
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Figure 4. Effect of LLLT on osteogenic differentiation of GMSCs. Representative images of cells
stained with Alizarin Red S dye after 14 days: (a) control (GMSCs in normal culture), (b) osteogenic
group (without LLLT), (c) group I (1.5 J/cm2), and (d) group II (3 J/cm2). (e) A bar chart demonstrat-
ing quantitative results of Alizarin Red S stain absorbance rate. **** indicates significance (p < 0.0001)
for each group compared to the control group and differences between groups.

3.4. q-RT PCR

The expression levels of osteogenic and odontogenic markers were determined to
detect the effect of 1.5 J/cm2 and 3 J/cm2 LLLT on the osteo/odontogenic differentiation
of GMSCs. In both groups that received LLLT, the levels of DMP1, DSPP, and RUNX2
expression were noticeably higher than in the control group. Additionally, there was a
significantly greater expression of these markers (with a p-value less than 0.05) in the
1.5 J/cm2 LLLT group compared to the 3 J/cm2 group. The mRNA expression of OCN
was significantly increased (p < 0.05) in both LLLT parameter groups compared to the
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untreated groups. However, there was no significant difference (p > 0.05) found in the OCN
expression between the two LLLT groups (Figure 5).
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4. Discussion

GMSCs have been proven to be effective in the treatment of various diseases and in
the regenerative processes of damaged tissues [16,55]. However, the potential of GMSCs
for oral regenerative procedures is yet to be thoroughly studied, and a limited number of
studies have investigated these cells’ osteo/odontogenic differentiation ability. Moreover,
studies utilizing LLLT and identifying the best laser protocol for stimulating GMSCs toward
osteo/odontogenic differentiation still need to be made available. Accordingly, the present
study aimed to evaluate the cytocompatibility and osteo/odontogenic differentiation po-
tential of GMSCs after stimulation using two different PBM parameters.

GMSCs were isolated from gingival tissues, and the positive expression of MSC cell
surface markers CD73, CD90, and CD105 was confirmed following a phenotypic analysis
using flow cytometry. Numerous studies previously described this phenotypic profile to be
characteristic of MSCs, ensuring the successful isolation of GMSCs [56,57].

In the present study, the bio-stimulation of GMSCs was examined after LLLT using
different energy densities. The laser type used for LLLT in this study was a 980 nm diode
laser, which can be available in dental offices because of its relatively low cost and ease
of handling. Moreover, a diode laser with a wavelength ranging from 600 to 1200 nm
and energy densities ranging from 0.4 to 4 J/cm2 has been proven to have bio-stimulatory
effects on different stem cells, while energies greater than 10 J/cm2 might have cytotoxic
effects [44]. Therefore, a single application of a diode laser with a 980 nm wavelength for
60 s using two energy densities, 1.5 J and 3 J, was examined in the present study.

The current study used an MTT assay to examine the cell viability and proliferation
rates of GMSCs following LLLT. The results showed a significant increase (p < 0.05) in cell
viability following the application of both energies, indicating that LLLT with the tested
parameters was non-toxic to GMSCs and stimulated their proliferation. This effect may be
attributed to the enhancement of cellular metabolism by LLLT and the increased production
of adenosine triphosphate (ATP) [58], which promoted the function and proliferation of
GMSCs.

The MTT results on day 7 showed that lower energy doses (1.5 J/cm2) resulted in
better viability of GMSCs compared to higher doses (3 J/cm2). High-energy doses of laser
irradiation may cause cellular stress and damage and inhibit metabolism, thereby negatively
affecting cell viability and function. On the other hand, GMSC viability was improved by
exposure to lower energy doses because they were less cytotoxic and promoted GMSC
growth. These findings corroborate previous studies that found low-energy-density lasers
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to be more effective than higher dosages at encouraging stem cell development. Large
energy doses have been shown to have deleterious effects on cell photoreceptors, resulting
in metabolic suppression and cell death. Higher doses of laser irradiation can cause more
stress and damage to cells, which may reduce their ability to survive and function [59,60].
In order to maintain better viability, GMSCs may be able to withstand lower energy dosages
that are less cytotoxic.

The current study also looked at how varying LLLT energy densities affected the abil-
ity of GMSCs to differentiate into osteo/odontogenic tissues. It is critical to remember that
precise laser irradiation parameters, such as the wavelength, energy density, and exposure
period, can significantly impact how odontogenic differentiation turns out [57,61]. Success-
ful odontogenic differentiation also depends on the choice of the stem cell source, culture
conditions, and the presence of the right growth factors or signaling molecules [12,62].
LLLT has been investigated for its potential to promote the osteo/odontogenic differentia-
tion of stem cells, such as DPSCs [63], SCAP [57], and PDLSCs [64]. GMSCs were found to
form calcified nodules with positive Alizarin Red S staining in both experimental groups.
The quantitative absorption values of the Alizarin Red S staining revealed a significantly
higher value in group I than in group II. Once again, the lower energy dose caused a better
biological response by GMSCs for odontogenic differentiation. Different energy doses of
laser irradiation can activate other signaling pathways within cells. Lower energy doses
may selectively activate specific pathways involved in odontogenic differentiation, leading
to a more focused and efficient cellular response. Higher energy doses, on the other hand,
may activate additional or different pathways that could interfere with or dampen the
desired odontogenic differentiation [65,66].

During the osteogenic and odontogenic differentiation process, GMSCs experience
changes in the patterns of gene expression that they exhibit, including the upregulation of
certain markers. The expression of osteogenic and odontogenic genes was analyzed using
quantitative real-time PCR for a deeper evaluation of the osteo/odontogenic differentia-
tion. Both experimental groups showed significant levels of gene expression, which was
indicative of the commitment and maturation of GMSCs in the direction of the osteoblast
and odontoblast lineages.

When compared to the control and osteogenic groups, the expression of Runt-related
transcription factor 2 (Runx2), which is one of the earliest markers of osteogenic differentia-
tion and plays a crucial role in the commitment of mesenchymal stem cells to the osteoblast
lineage [67], was significantly increased in both laser groups. This contrasted with the
groups that received osteogenic treatment. However, a decrease in Runx2 expression
was observed in the high-energy group (3 J/cm2), which aligns with previous findings.
The expression of Runx2 was significantly increased following laser irradiation at 0.4 and
1.9 J/cm2, as demonstrated in previous research. However, a decrease in Runx2 expression
in osteoblasts was found after using a laser at 3 J/cm2, which was consistent with the
current study in which group II had significantly lower expression of RUNX2 than group I.

In this study, high upregulation of osteocalcin (OC) in groups I and II, compared
to the control group and osteogenic group (positive control), indicated the maturation
of osteoblasts. OC is a protein that mature osteoblasts produce and is associated with
their terminal differentiation [68]. Previous studies have shown an upregulation of OC
following LLLT at different energy densities [69,70]. Cevik et al. [71] applied LLLT with
different wavelengths and energy densities to BMMSCs and found that LLLT promoted
osteogenesis. Chen et al. [72] demonstrated that LLLT significantly increased the expression
of the osteogenesis-related genes RUNX2, ALP, and OC at low energy levels of LLLT. The
authors also revealed that the inhibition of the osteogenic markers was evident after using
high-power energy densities, which agrees with the present results.

Dentin sialophosphoprotein (DSPP) is thought to be a unique marker for odontogenic
differentiation [73], and it plays a vital role in the regeneration of dentin. Both bone and
dentin contain DSPP in varying amounts. However, dentin contains a substantially larger
concentration of it than bone. Dentin matrix protein-1 (DMP1) is yet another protein that is
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essential to the process of odontogenesis and has a significant impact on the mineralization
of dentin [74]. The current work confirmed the effect that LLLT has in promoting the
odontogenic differentiation of GMSCs by showing that the genes DSPP and DMP1 were
highly elevated in both experimental groups. In addition, a laser with a lower energy
(1.5 J/cm2) exhibited considerably greater gene expression of DMP1 and DSPP than a laser
with a higher energy (3 J/cm2), which suggests that lasers with lower energy can have a
more significant influence in encouraging the odontogenic differentiation of GMSCs. The
stimulation of the odontogenic differentiation of GMSCs by LLLT may be inferred from the
elevated expression of DSPP and DMP1, both of which are markers of this process. Despite
this, more study is required to ascertain the histological structure of the newly created
tissue.

Additionally, some recently introduced compounds have been demonstrated to have
a significant influence on the oral environment. Probiotics [75], lysates [76], and post-
biotics [77] can modify clinical and microbiological parameters in periodontal patients,
so these products should also be considered in future clinical trials, as adjuvants and in
combination with LLLT.

We recognize that individual variability plays a crucial role in assessing treatment
outcomes, and we intend to explore this aspect in our subsequent research. By analyzing
individual cells, we aim to identify any variations in responses that may contribute to
different treatment outcomes among individuals. This approach will provide a more
comprehensive understanding of LLLT‘s efficacy and its potential implications.

On the other hand, this study was an in vitro experiment, which limited its ability to
completely replicate the complex in vivo environment. Results obtained in a controlled
laboratory environment may not necessarily translate to the same clinical outcomes.

5. Conclusions

Overall, this study showed that GMSCs have great potential to be widely used in tissue
engineering and the regeneration of tissues. Within the limitations of the in vitro experi-
ments, the proliferative capacity of GMSCs was stimulated and their osteo/odontogenic
differentiation potential was promoted following LLLT. Lower-energy LLLT had a more
stimulatory effect on GMSCs than higher-energy LLLT. These findings emphasize the
importance of optimizing the laser parameters for LLLT therapy to achieve the desired
outcomes in oral regenerative procedures involving GMSCs.
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