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Abstract Background/purpose: Osteoclast differentiation is crucial for orchestrating both
tooth movement and the maintenance of bone density. Therefore, the current study sought
to explore the impact of low-level laser therapy (LLLT) on osteoclast differentiation, func-
tional gene expression, molecular signaling pathways, and orthodontic tooth movement in clin-
ical settings.

Materials and methods: The RAW 264.7 cell line served as the precursor for osteoclasts, and
these cells underwent irradiation using a 808-nm LLLT. Osteoclast differentiation was assessed
through tartrate-resistant acid phosphatase (TRAP) staining. Functional gene expression levels
were evaluated using real-time quantitative polymerase chain reaction (RT-qPCR) while
signaling molecules were examined through Western blot analysis. In the clinical study, 12 par-
ticipants were enrolled. Their tooth movement was monitored using a TRIOS desktop scanner.
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Bone density measurements were conducted using Mimics software, which processed cone-
beam computed tomography (CBCT) images exported in Digital Imaging and Communications
in Medicine (DICOM) format.
Results: We found that LLLT effectively promoted receptor activator of nuclear factor-«B
ligand (RANKL)-dependent osteoclast differentiation and the expression of osteoclast func-
tional genes, including matrix metallopeptidase 9 (MMP9), nuclear factor of activated T-cells
cytoplasmic 1(NFATc1), tartrate-resistant acid phosphatase (TRAP) and cathepsin K (CTSK) in
RAW264.7 cells. Clinically, the cumulative tooth movement over 90 days was significantly high-
er in the laser group than in the control group.

Conclusion: Our research demonstrates that LLLT not only significantly promotes osteoclast
differentiation but is also a valuable adjunct in orthodontic therapy.

© 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

The health of teeth is vital for eating and speaking and
significantly affecting well-being.” Poor alignhment usually
causes discomfort and self-esteem issues and necessitates
orthodontic correction.?* However, this process often lasts
2—3 years and can introduce complications like tooth decay
and gum deterioration.”> Therefore, exploring non-
invasive methods to shorten treatment time and enhance
outcomes is crucial.®’ A key process in shortening treat-
ment time is increasing orthodontic tooth movement,
which depends on osteoclast differentiation.®® Osteoclast
differentiation plays a pivotal role in tooth movement and
the regulation of bone density.'®"" During orthodontic
tooth movement, the force applied to a tooth creates
pressure in the surrounding alveolar bone, and osteoclasts
are responsible for resorbing bone in the path of the moving
tooth, """

Receptor activator of nuclear factor kappa-B ligand
(RANKL) plays an essential role in the differentiation,
activation, and survival of osteoclasts, the cells account-
able for bone resorption.’> When RANKL binds to its re-
ceptor, RANK, on osteoclast precursors, it triggers
downstream signaling pathways that enhance osteoclast
differentiation and activity."* In the context of orthodontic
tooth movement, applying force to teeth increases RANKL
expression, thereby stimulating osteoclastogenesis and
bone resorption on the compression side of the tooth.'?"?
Osteoclast differentiation was divided into two main
pathways: RANKL-independent and RANKL-dependent.'
The RANKL-independent pathway can be activated by
various factors, including inflammatory cytokines and hor-
mones, which influence osteoclastogenesis through alter-
native signaling pathways, allowing for osteoclast
differentiation under conditions without RANKL.'>
Conversely, the RANKL-dependent pathway involves a
complex orchestration of specific proteins critical for bone
resorption. These include matrix metalloproteinase 9
(MMP9), which aids in remodeling the extracellular matrix,
enabling osteoclasts to efficiently resorb bone;'” tartrate-
resistant acid phosphatase (TRAP), which participates in
the dephosphorylation processes within resorption sites;"
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cathepsin K (CTSK), essential for degrading the organic
matrix of bone;"®?° and nuclear factor of activated T-cells,
cytoplasmic 1 (NFATc1), a key transcription factor that
upregulates genes crucial for osteoclast differentiation,
including those encoding MMP9, TRAP, and CTSK."® These
proteins play pivotal roles in facilitating the efficient
resorption of bone, highlighting the sophisticated regula-
tory mechanisms involved in osteoclast differentiation and
activity, especially in processes such as orthodontic tooth
movement.”’

Low-level laser therapy (LLLT) represents an innovative,
non-invasive approach that can trigger cell proliferation
without causing tissue damage by providing energy to
cells.”” LLLT has been considered a potentially useful
method for accelerating orthodontic tooth movement
through its influence on cellular activities, including oste-
oclast differentiation.”” Previous research has demon-
strated LLLT’s potential effectiveness in expediting
orthodontic tooth movement in rats.”> However, the
detailed mechanisms of LLLT in bone resorption and oste-
oclast differentiation remain unclear, and there are limi-
tations to its use in human clinicals, including the need to
specify laser wavelength, power, and frequency.”* Conse-
quently, the objectives of this research were to assess the
underlying mechanisms and efficacy of LLLT in orthodontic
tooth movement and to identify the most effective laser
parameters.

Material and methods
Cell culture

In this study, the RAW 264.7 cell line was utilized as oste-
oclast precursor cells. This cell was purchased from the
American Type Culture Collection (ATCC) (Manassas, VA,
USA). Cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco-Life Technologies, Gaithersburg,
MD, USA), supplemented with 10% fetal bovine serum (FBS)
(Sigma-Aldrich, St. Louis, MO, USA), 100 pg/mL of peni-
cillin, and 100 pg/mL of streptomycin (Thermo Scientific,
Waltham, MA, USA). The culture conditions were main-
tained at 37 °C in an atmosphere containing 5% CO,.
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Laser parameters

In this experiment, we utilized the “TRANS” Portable Laser
Phototherapy Device (model TI-816-3E2) from Transverse
Industries Co., based in Taipei, Taiwan. This device fea-
tures a continuous output wavelength of 808 + 10 nm and
an output power of 300 mW. It is equipped with an LCD
screen display and has dimensions of approximately
L2304+5 mm, W30+£5 mm, and H27+5 mm.

Low-laser level treatment of macrophage cell

RAW 264.7 cells were initially seeded in 12-well plates at a
concentration of 5000 cells per well and allowed to adhere
for 24 h. Following this, the cells were cultured in the
presence of 50 ng/ml RANKL (Abcam Limited, Boston, MA,
USA) and subsequently stimulated with a wavelength of
808 nm and a power of 150 mW at an energy density of 4 J/
cm2 for 5 days. Cells that were not treated with laser
irradiation served as the sham-irradiated control group.
After the treatment, cells were harvested for TRAP stain-
ing, reverse transcription-quantitative polymerase chain
reaction (RT-gPCR), and Western blot analysis.

Staining

To assess osteoclast differentiation, we performed TRAP
staining. The cells were fixed in 10% formalin for 10 min,
followed by staining to detect TRAP activity using a
commercially available TRAP staining kit (Sigma-Aldrich),
as per the manufacturer’s guidelines. Cells that were TRAP-
positive and multinucleated, containing more than three
nuclei, were classified as osteoclasts. These differentiated
cells were then examined under a microscope and quanti-
fied using ImageJ software.

Reverse transcription-quantitative polymerase
chain reaction analysis

Total mRNA was isolated using the Total RNA Miniprep Pu-
rification Kit (GMBiolab, Taichung, Taiwan), and reverse
transcription was performed using the MMLV Reverse Tran-
scription Kit (Invitrogen, Taipei, Taiwan) following the
manufacturer’s instructions. The PCR replication was per-
formed using specific primer sets for detect MMP9, NFATc1,
TRAP and CTSK expression. The PCR program included an
initial denaturation at 95 °C for 10 min, followed by 35
cycles of 94 °C:1 min, 60 °C: 1min, 72 °C: 2 min. The
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene
was used as an internal control to ensure sample loading
consistency and mRNA integrity.

The primer sequences used in this study as follows:

MMP9: GGACCCGAAGCGGACATTG and CGTCGTCGAAATG
GGCATCT.

NFATc1: GACCCGGAGTTCGACTTCG and TGACACTAGG
GGACACATAACTG.

TRAP: ATGGGCGCTGACTTCATCAT and GGTCTCCTGG
AACCTCTTGT.

CTSK: AGTAGCCACGCTTCCTATCC and CCATGGGTAGC
AGCAGAAAC.

GAPDH: AAGCCCATCACCATCTTCCAG and AGGGGCCATC
CACAGTCTTCT.

Western blot

Proteins were separated using a 10% SDS-PAGE gel and
subsequently electroblotted onto polyvinylidene difluoride
membranes. The membranes were blocked with 1 x Tris-
buffered saline containing 0.1% Tween 20 and 2% bovine
serum albumin (BSA) for 1 h at room temperature. This was
followed by incubation with the rabbit anti-human anti-
bodies against p-p65 or p65 (Santa Cruz Biotechnology,
Dallas, TX, USA) at a 1:1000 concentration overnight at
4 °C, and then with horseradish peroxidase-conjugated
donkey anti-rabbit secondary antibody (Santa Cruz
Biotechnology) at a 1:3000 concentration for 1 h at room
temperature. The membranes were developed using
enhanced chemiluminescence, imaged with a LAS-4000
Luminescent Image Analyzer (Fujifilm, Tokyo, Japan), and
the results were analyzed using ImageJ software.

Clinical subjects

This study recruited 12 subjects and all subjects provided
informed consent before study. The inclusion criteria were:
(a) age over 18 years old; (b) good oral hygiene; (c) the
requirement for bilateral canine retraction into the extracted
premolar sites; (d) no significant medical history; (e) no his-
tory of mental or neurological disorders. The exclusion
criteria included: long-term medical treatment that could
interfere with bone metabolism, premature loss of the first
molar leading to the absorption of more than half of the
alveolar ridge width, pregnancy or lactation, previous ma-
lignancy, and mental illness. The study was approved by the
China Medical University Hospital Institutional Review Board
(CMUH110-REC2-138) and conducted in compliance with na-
tional legislation and the Declaration of Helsinki guidelines.

Clinical data collection

Each subject underwent monthly visits during which their
tooth movement was meticulously tracked using a TRIOS
desktop scanner (TRIOS3, 3shape A/S, Copenhagen,
Denmark). To ensure minimal errors, all intraoral scans
were consistently conducted by the same skilled ortho-
dontist. These scans yielded 3D digital models of the sub-
jects’ dentition, which were then stored as STL files.
Subsequent analysis of these files was carried out using the
Blender software (Blender, Blender Institute, Netherlands),
facilitating both convenient and precise measurement of
the distances involved in tooth movement. Additionally,
cone-beam computed tomography (CBCT) was employed
throughout the experiment to provide detailed insights into
the condition of both teeth and alveolar bone.

Alveolar bone density was assessed using Mimics soft-
ware, which analyzed CBCT files exported in DICOM format.
This analysis involved measuring the density changes in the
alveolar bone surrounding the teeth. The software distin-
guished the alveolar bone from the teeth by identifying
variations in grayscale values, correlating these values with
bone density for thorough analysis and comparison.
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Additionally, X-ray images taken before and after ortho-
dontic treatment were utilized. These images facilitated
the evaluation of changes in alveolar bone density resulting
from the application of low-energy laser treatment.

Statistical analysis

Data were analyzed using SAS software (SAS, Inc., Cary, NC,
USA). Statistical significance was assessed between two
groups using Student’s t test. Results were presented as the
mean + standard deviation. P < 0.05 was considered to
indicate statistical significance.

Results
Laser promotes osteoclast differentiation

Osteoclast differentiation can occur through two distinct
pathways: RANKL-dependent and RANKL-independent.'* Our
study initially sought to investigate the role of LLLT in facili-
tating osteoclast differentiation and to determine whether it
follows the RANKL-dependent or independent pathway. We
cultured osteoclast precursor cells with and without RANKL
(50 ng/ml) and subsequently applied LLLT for 5 days. As
depicted in Fig. 1A and B, we observed a dose-dependent in-
crease in osteoclast formation in the group treated with both
RANKL and LLLT. In contrast, the group treated only with LLLT
exhibited no mature, multi-nucleated osteoclast cells
(Fig. 1B). We also noted that the numbers of osteoclast cells at
60 and 120 s were similar (Fig. 1B), indicating that the stim-
ulation times of 60 and 120 s have a similar effect. Therefore,
we opted for 60 s in the follow-up experiment. These results
indicate that LLLT primarily stimulates osteoclast differenti-
ation through a RANKL-dependent mechanism.

Laser promotes osteoclast functional genes

To characterize the functional aspects of osteoclast dif-
ferentiation promoted by LLLT, we investigated the

(A)

Figure 1

expression of NFATc1 (the master transcriptional factor),
MMP9 and TRAP (the osteoclast phenotype molecular), as
well as CTSK (the bone resorption-related molecular).
These molecules are widely acknowledged as specific
osteoclast markers.'”?> We cultured osteoclast precursor
cells with RANKL (50 ng/ml) and subsequently applied LLLT
for 5 days. In line with our expectations, we observed an
upregulation level of mRNA in NFATc1, MMP9, TRAP, and
CTSK following LLLT exposure (Fig. 2A-D). These data sug-
gests that LLLT not only facilitates osteoclast differentia-
tion but also augments their functional activity, thereby
contributing to the process of osteoclastogenesis.

Laser-mediated osteoclastogenesis

The functional importance of p65 nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) pathways
in osteoclastogenesis has been extensively studied?®~%%
which lead to the expression of downstream master tran-
scriptional factors, such as NFATc1.2’ We therefore exam-
ined the activation of p65 in RAW264.7 cells treated with
LLLT by Western blot. Our findings revealed that stimula-
tion through LLLT significantly induced nearly a 2-fold in-
crease in p65 phosphorylation (Fig. 3A and B). These
observations suggest that LLLT promotes osteoclastogenesis
primarily by activating the NF-kB signaling pathway.

Laser promotes cumulative tooth movement in
clinical

We then sought to apply the observations from cell exper-
iments to clinical practice. To this end, we recruited 12
subjects who underwent LLLT irradiation, and meticulously
documented the outcomes using an intraoral digital scanner
at each monthly follow-up visit. The data revealed that
after three months of LLLT treatment, canine retraction on
the LLLT-treated side measured 4.06 & 1.03 mm, compared
to 2.48 + 0.88 mm on the control side (Fig. 4A and B). These
findings demonstrate that LLLT significantly enhances tooth
retraction in a clinical setting.

(B)
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Number of osteoclast cells
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Low-level laser therapy promotes RANKL-dependent osteoclast differentiation. RAW 264.7 cells underwent low-level

laser therapy for varying durations (0, 30s, 60s, or 120s) and were co-cultured with or without RANKL (50 ng/mL) for 5 days to
assess osteoclast differentiation. (A) Mature osteoclasts were identified using the TRAP assay, and (B) the count of TRAP-positive
osteoclasts was quantified (scale bars: 200 um). All data are presented as mean + standard deviation (SD) from triplicate ex-
periments. *P < 0.05 indicates a statistically significant difference compared to the control group; P < 0.05 compared to the

RANKL-treated control group.
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Figure 2 Low-level laser therapy promotes osteoclast functional genes in RAW264.7 cells. RAW 264.7 cells were subjected to
laser irradiation for 120 s and then co-cultured with RANKL (50 ng/mL) for 5 days to evaluate osteoclast differentiation. The
osteoclast phenotype genes (A) MMP9, (B) NFATc1, and (C) TRAP, as well as (D) bone resorption-related gene CTSK mRNA ex-
pressions were detected by RT-qPCR. All data are presented as mean + standard deviation (SD) from triplicate experiments.
*P < 0.05 indicates a statistically significant difference compared to the control group.
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Figure 3  NF-«kB was involved in Low-level laser therapy -mediated osteoclastogenesis. RAW 264.7 cells were subjected to laser
irradiation for 120 s and then co-cultured with RANKL (50 ng/mL) for 5 days to assess osteoclast differentiation. (A) The phos-
phorylation of p65 NF-kB was evaluated by Western blot. (B) The band intensities were quantified using ImageJ software. All data
are presented as mean =+ standard deviation (SD) from triplicate experiments. *P < 0.05 indicates a statistically significant dif-
ference compared to the control group.
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Low-level laser therapy promotes Cumulative tooth movement in clinical. (A) The distance between the canine and the

second premolar was measured on both day 1 and day 90 to assess the retraction velocity with and without LLLT treatment. (B) The
cumulative retraction of the canines. *P < 0.05 indicates a statistically significant difference compared to the control group.

Laser increased bone density loss and tooth
movement in clinical

Alveolar bone density around the teeth is a critical indica-
tor for assessing improvements in the speed of tooth
movement.° In this study, we measured the bone density
of each tooth at three specific regions (cervical, interme-
diate, and apical) on day 1 and day 90 to determine the
percentage of bone density loss. Our results showed a more
pronounced decrease in bone density around the teeth
subjected to LLLT, which facilitates tooth movement
(Fig. 5A). Additionally, the velocity of tooth movement was
monitored monthly. By the 3rd month, the distance of tooth
movement on the LLLT-treated side was measured at
1.96 + 0.60 mm, compared to 1.17 + 0.27 mm on the
control side (Fig. 5B), indicating that the LLLT group
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Control Laser
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Figure 5

experienced significantly greater distalization than the
control group. These findings demonstrate that LLLT
treatment offers clinical advantages, especially in short-
ening the duration of orthodontic treatments.

Discussion

Poor dental alignment, often associated with a reduced
quality of life, can lead to discomfort and difficulties in
eating, thus emphasizing the importance of orthodontic
treatments for correction.””® However, these treatments
typically involve a prolonged process. As a result, there is a
pressing need to investigate noninvasive approaches that
can shorten the duration of orthodontic treatments,
thereby reducing risks and improving patient outcomes.* In
our study, we discovered that LLLT significantly promotes

(B)
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Low-level laser therapy increased bone density loss and tooth movement in clinical. (A) Bone density was measured

using Mimics 3D analysis software on day 1 and day 90. The percentage of bone density loss was calculated using the formula: bone
density on day 90 divided by bone density on day 1. (B) The distance of tooth movement was monitored monthly. To calculate the
velocity of tooth movement, we subtracted the distance measured in the previous month from the measurement of the subsequent
month. *P < 0.05 indicates a statistically significant difference compared to the control group.
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the formation of osteoclasts, crucial for bone resorption,
both in cellular experiments and clinical settings. These
findings underscore the potential of LLLT as an effective
supplement in orthodontic therapy, offering a promising
avenue to enhance treatment efficiency and patient
experience. Osteoclasts are pivotal in initiating tooth
movement.® They are specialized cells that dissolve bone,
creating the necessary space for tooth movement.? Osteo-
clast differentiation can occur through two distinct path-
ways: RANKL-dependent and RANKL-independent.' Our
findings indicate that, in the absence of RANKL, LLLT does
not initiate osteoclast differentiation, suggesting that LLLT
cannot substitute for RANKL in this process. Recent
research underscores that LLLT enhances RANKL release
during the orthodontic movement of teeth.>** In our
study, we observed that LLLT enhances osteoclast differ-
entiation more effectively in conjunction with RANKL than
RANKL alone. Notably, an irradiation duration of just 60 s
proved to be sufficient.

The pathway of osteoclast differentiation is a complex
process, and specific proteins (including MMP9, NFATc1,
TRAP, and CTSK) playing crucial roles in various functions of
osteoclasts differentiation and bone remodeling.?*>*
Earlier investigations have revealed that the application
of RANKL and LLLT irradiation notably enhances the
expression of genes NFATc1 and TRAP in RAW 264.7 cells.®
Furthermore, LLLT combined with platelet-rich fibrin has
been shown to facilitate the formation of mineralized
nodules in the apical papilla.*® Additionally, while the ex-
pressions of RANKL and macrophage colony-stimulating
factor were upregulated, osteoprotegerin (OPG) levels
remain largely unchanged by LLLT exposure.®’” These find-
ings align with the observations in our research. Our study
documented an upregulation in MMP9, NFATc1, TRAP, and
CTSK expression, which is linked to bone resorption, after
LLLT exposure. These results suggest that LLLT may
potentiate osteoclast differentiation and bone resorption
through the modulation of key gene expressions, offering a
potential therapeutic avenue for conditions characterized
by bone degradation or abnormal bone remodeling.

NFATc1 acts as a master modulator for osteoclast acti-
vation and maturation, the activation of NFATc1 is depen-
dent on the up-stream molecular including p38, JNK, ERK,
and p65.3%3? It has previously been reported that low-level

Osteoclast

NF-kB activation

NF-kB complex

Er:YAG irradiation induces the phosphorylation of extra-
cellular ERK without activating JNK.“® Another study re-
ported that low-intensity pulsed ultrasound disrupts the
phosphorylation of ERK, subsequently inhibiting the acti-
vation of osteoclastic transcription factors, such as c-Fos
and NFATc1.*" Song et al. have shown that LLLT promotes
the transfer of p65 from the cytoplasm to the nucleus.'®
These studies indicated that p65 maybe the most impor-
tant molecular of LLLT-related osteoclast differentiation.
These results are in line with our findings, which revealed
that LLLT significantly induced nearly a 2-fold increase in
p65. This suggests that LLLT promotes osteoclastogenesis
not only by stimulating osteoclast differentiation but also
by enhancing their functional activity, primarily through
the activation of the NF-kB signaling pathway.

LLLT has been utilized in various medical fields for over a
decade, offering benefits such as pain and inflammation
reduction, and enhanced wound healing. ** With its numerous
adjustable parameters, LLLT can produce diverse effects.*
Notably, low-dosage LLLT is considered safe for clinical use
and often yields more accurate results than traditional
treatments.*> Several clinical trials have explored the
effectiveness of LLLT in orthodontic treatments. Cruz et al.
conducted a self-controlled study and discovered that canine
retraction was significantly faster following LLL irradiation
(780 nm, 20 mW, 5 J/cm2), with a 34% increase in velocity
over 60 days in the laser group compared to the control
group.*** In a separate study, Zheng and Yang reported that
the cumulative tooth movement over 28 days was markedly
greater in the laser group, accompanied by decreases in OPG
levels and increases in IL-1p and RANKL levels in gingival
crevicular fluid (GCF) samples from the experimental sides.*®
In alighment with these studies, our research indicates that
LLLT can significantly enhance cumulative tooth movement
and increase both bone density loss and tooth movement.
These findings position LLLT as a valuable and effective toolin
orthodontic treatments.

In conclusion, our study has demonstrated that LLLT
significantly enhances the formation of osteoclasts, which
are vital for bone resorption. LLLT effectively promotes
RANKL-dependent osteoclast differentiation. It has been
observed to stimulate the expression of osteoclast func-
tional genes, including MMP9, NFATc1, TRAP, and CTSK in
RAW264.7 cells (Fig. 6). Additionally, the involvement of

Increased bone
density loss and
tooth movement

NFATc1,MMP9,
TRAP, and CTSK

P
(o P [ ) foox

Figure 6
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the NF-kB pathway in LLLT-mediated osteoclastogenesis
has been established. Clinically, LLLT has been shown to
augment cumulative tooth movement, as well as increase
bone density loss and tooth movement, making it a prom-
ising tool in orthodontic treatments. The changes in bone
density following orthodontic treatment with LLLT will be
the focus of our future experiments. Overall, our findings
highlight the potential of LLLT as a valuable adjunct in or-
thodontic therapy.
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