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Abstract

Orthodontic tooth movement (OTM) is governed by a highly coordinated cascade of cellular and
molecular events triggered by mechanical forces. At the heart of this process lies the dynamic
interplay between osteoblasts, osteoclasts, periodontal ligament (PDL) cells, and components of the
immune system. This review begins with an overview of the key cellular players in OTM and the
biological foundations of force-induced bone remodeling, highlighting the critical roles of
mechanotransduction, cytokine-mediated signaling, and extracellular matrix turnover. Building
upon these principles, we explore the fundamentals of photobiomodulation and its broader clinical
applications in dentistry, with particular emphasis on Low-Level Laser Therapy (LLLT). Recent
systematic reviews have assessed its clinical value in orthodontics, reporting variable outcomes in
terms of accelerating tooth movement and alleviating treatment-related discomfort. A central theme
of this review is the emerging recognition of LLLT as a modulator of intercellular cross-talk during
OTM. We analyze how photonic energy may interfere with or amplify mechanical stimuli at the
cellular level, integrating into mechanosensitive pathways such as MAPK, Wnt/p3-catenin, and
PI3K/Akt. Special attention is given to the influence of LLLT on reciprocal interactions between
osteoblasts, osteoclasts, and the PDL stromal environment, as well as on LLLT-mediated cross-talk
between innate and adaptive immune mechanisms under mechanical stress, a dimension of OTM
biology that has received limited attention in previous reviews. Additionally, we evaluate the role of
LLLT in regulating apoptosis and autophagy, key processes for cellular adaptation in the
mechanically active microenvironment. By bridging photonic and mechanical signaling, LLLT may
offer a novel strategy for fine-tuning biological remodeling in orthodontics. Recognition of its
immunomodulatory capacity could inform targeted, evidence-based protocols that optimize both
treatment efficiency and patient outcomes.

Keywords: orthodontic tooth movement; low-level laser therapy; photobiomodulation; cellular
cross-talk; immunomodulation; bone remodeling

1. Introduction

Orthodontic tooth movement (OTM) is initiated by the application of mechanical forces to teeth,
triggering adaptive responses in the surrounding periodontal ligament (PDL) and alveolar bone.
These responses involve structural remodeling that enables the gradual repositioning of teeth within
the alveolar socket and represents the essential biological mechanism underlying orthodontic
therapy. Achieving efficient and predictable OTM is a major clinical goal, as it contributes to reduced
treatment duration, improved patient comfort, and minimization of complications such as root
resorption or periodontal tissue damage [1,2].
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The biomechanical process of OTM is characterized by distinct cellular activities on opposing
sides of the moving tooth. Compression areas favor recruitment and activation of osteoclasts,
promoting localized bone resorption, while tensile zones support osteoblastic activity and new bone
deposition [3]. This dynamic remodeling is finely regulated by a network of molecular mediators,
including various cytokines, growth factors, and lipid-derived molecules, which coordinate the
inflammatory and regenerative phases of tissue adaptation [4].

Because the rate of physiologic tooth movement is inherently limitedvarious surgical and
nonsurgical interventions have been investigated to accelerate the process. Surgical procedures such
as corticotomy and piezocision induce localized bone injury to stimulate remodeling, whereas less
invasive approaches aim to activate bone and periodontal cells through physical or biochemical
stimulation [5,6]. Among the latter, Low-Level Laser Therapy (LLLT), also termed
photobiomodulation, has emerged as a promising adjunct.

LLLT applies light of a specific wavelength that is absorbed by mitochondrial chromophores,
enhancing adenosine triphosphate (ATP) synthesis, modulating reactive oxygen species (ROS) levels,
and activating intracellular signaling pathways involved in cell proliferation, differentiation, and
inflammatory modulation [7,8]. Its effects are influenced by parameters such as wavelength, energy
density, and irradiation timing, which determine the balance between stimulatory and inhibitory
responses. In orthodontics, LLLT has been proposed to promote the functional activity of both
osteoblasts and osteoclasts, support the coupled processes of bone resorption and formation, and
alleviate treatment-related discomfort, making it a potentially valuable tool for optimizing clinical
outcomes [9].

2. Key Cellular Players in OTM

Osteoblasts, osteoclasts, periodontal ligament (PDL) cells, and immune cells are key participants
in OTM, communicating through direct contact and signaling molecules.

2.1. Osteoblasts

Osteoblasts are bone-forming cells derived from mesenchymal stem cells (MSCs) located in bone
marrow, periosteum, and endosteum. These cells commit to osteogenesis under mechanical and
biochemical cues, instead of differentiating into adipocytes or chondrocytes [10,11]. Their
differentiation is directed by Bone Morphogenetic Proteins (BMP-2, BMP-7) and Wingless/Int-1
(Wnt)/B-catenin pathways, which activate transcription factors like Runt-related transcription factor
2 (RUNX2) and osterix (Osx) [12-14]. Additional molecules such as fibroblast growth factors (FGFs),
insulin-like growth factors (IGFs), and parathyroid hormone (PTH) enhance this osteogenic signaling
[15]. Maturing osteoblasts secrete extracellular matrix proteins, primarily type I collagen, along with
osteopontin, osteocalcin, and bone sialoprotein [16]. Matrix vesicles released from these cells initiate
mineralization through alkaline phosphatase (ALP) and calcium-phosphate nucleation [17].

Importantly, osteoblasts regulate bone resorption by balancing receptor activator of nuclear
factor kappa-B ligand (RANKL) and osteoprotegerin (OPG) expression, tipping the scale between
osteoclast activation and inhibition [18]. Mature osteoblasts either undergo apoptosis, become
inactive lining cells, or embed in the matrix as osteocytes, mechanosensitive cells crucial for bone
homeostasis [19]. These anabolic and regulatory roles underscore their central function in bone
remodeling during OTM.

2.2. Osteoclasts

Osteoclasts are multinucleated cells derived from hematopoietic stem cells of the monocyte-
macrophage lineage, sharing their origin with immune cells such as macrophages and dendritic cells
(DCs) [20,21]. They play a crucial role in bone resorption, essential for skeletal remodeling and
calcium homeostasis.
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Their differentiation is primarily driven by Macrophage Colony-Stimulating Factor (M-CSF),
which binds to c-Fms receptors to promote precursor proliferation and RANK expression, and RANK
Ligand (RANKL), produced by osteoblasts, stromal cells, and T cells. RANKL-RANK interaction
activates signaling pathways including nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB), Mitogen-Activated Protein Kinase (MAPK), and calcium signaling, leading to activation of
nuclear factor of activated T cells cytoplasmic 1 (NFATcl) and the formation of mature, bone-
resorbing osteoclasts [22-25].

Mature osteoclasts adhere to the bone matrix via integrins (e.g., avp3), forming a sealed
resorption lacuna where they secrete hydrogen ions and proteolytic enzymes like cathepsin K to
dissolve both mineral and organic components of bone [26,27]. Beyond resorption, osteoclasts also
engage in crosstalk with osteoblasts, contributing to the regulation of bone remodeling [28].

2.3. Periodontal Ligament

The PDL is a specialized connective tissue that anchors the tooth root to alveolar bone,
transmitting forces during chewing and orthodontic treatment. In OTM, the PDL senses mechanical
stress and triggers cellular responses that drive bone remodeling [29]. Its extracellular matrix, rich in
type I collagen, supports diverse cells, including fibroblasts, osteoblasts, osteoclasts, cementoblasts,
mesenchymal stromal cells, immune cells, and periodontal ligament stem cells (PDLSCs) with
regenerative potential [30]. Under orthodontic force, compressed PDL regions promote osteoclast-
mediated resorption, while tension zones stimulate osteoblast-driven bone formation [31]. These
localized responses involve changes in blood flow, cell recruitment, and signaling molecule release,
allowing the PDL to dynamically adapt for tooth stability and effective orthodontic movement
[31,32].

2.4. Immune Cells

The PDL harbors a diverse array of immune cells essential for maintaining tissue homeostasis
and orchestrating responses to mechanical stress. Myeloid-derived innate immune cells include
macrophages, neutrophils, DCs, and mast cells. These cells are involved in immune surveillance,
phagocytosis, antigen presentation, and initiating inflammation via cytokines and alarmins released.
Lymphoid innate cells like natural killer (NK) cells, innate lymphoid cells (ILCs), gamma delta T cells,
and potentially invariant NK T (iNKT) cells contribute to early immune regulation and tissue
remodeling. The adaptive immune compartment comprises CD4* T cells, CD8* cytotoxic T cells, and
B cells, which participate in antigen-specific responses, immunoregulation, and bone remodeling
through cytokine signaling and RANKL expression [33,34].

In homeostasis, these immune cells help maintain tissue integrity, support resident fibroblasts
and stem cells, and ensure immunological balance in the face of constant mechanical challenges.
During OTM, they contribute to all phases of bone remodeling and periodontal ligament regeneration
[35].

3. Biological and Molecular Basis of Orthodontic Tooth Movement

OTM is a highly orchestrated biological process initiated by the application of mechanical forces
to the dentition. These forces induce remodeling of the PDL and alveolar bone through a cascade of
cellular and molecular responses [36]. OTM is a temporally dynamic biological process composed of
interrelated and overlapping stages, rather than a continuous or linear progression. Each stage is
marked by specific histological, molecular, and immunological events, the timing of which may vary
depending on individual biological factors such as bone density, systemic health, and the
characteristics of the applied mechanical forces [35,36].

The earliest biological responses occur within the first 48 hours following the application of
orthodontic force. This initial period is characterized by a sterile inflammatory response triggered by
mechanical deformation of the PDL, characterized by an increased blood flow (vasodilation),
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infiltration of white blood cells, and the release of inflammatory mediators and signaling molecules.
These events initiate the early remodeling of periodontal tissues involving a minor displacement of
the tooth within its socket [36,37].

The initial mechanical stimulus is sensed by local cells, such as fibroblasts, osteocytes, and
endothelial cells, through mechanotransduction, whereby physical forces are translated into
intracellular biochemical signals. Key mechanosensors include integrins (e.g., avp3 and a5p1),
primary cilia, and stretch-activated ion channels such as Yes-associated protein 1 (YAP1), Crk-
associated substrate lymphocyte type (CasL), and Piezol. These receptors initiate downstream
intracellular signaling cascades involving focal adhesion kinase (FAK), Src family kinases, MAPKs,
and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt), NFAT1 (also known as NFATC2),
and Ca?* influx, promoting cell survival, proliferation, and differentiation [37-39].

In the following days, tooth movement enters a temporary plateau, known as the lag period, as
acute inflammation transitions into a chronic phase. Leukocyte migration persists, and structural
remodeling begins in the surrounding periodontal tissues. This stage, lasting 20-30 days, may involve
hyalinized, necrotic zones within the compressed PDL, which are cleared by macrophages and
multinucleated phagocytes. Simultaneously, monocytes differentiate into osteoclast precursors
under RANKL signaling. On the tension side, osteogenic differentiation begins with upregulation of
RUNX2 and ALP, alongside vascular endothelial growth factor (VEGF)-driven angiogenesis
[34,36,40].

Once necrotic zones are cleared, tooth movement accelerates, typically after the second or third
week. A new inflammatory flare-up activates macrophages, fibroblasts, osteoblasts, and osteoclasts.
On the pressure side, increased RANKL/OPG ratios and elevated matrix metalloproteinase (MMP)
activity drive robust osteoclastogenesis. Acidic resorption lacunae enable matrix degradation, while
the tension side supports osteoblast differentiation and matrix mineralization [34,36,40].

Compression and tension sides exhibit distinct osteobiological responses. On the pressure side,
mechanical loading creates a pro-osteoclastogenic microenvironment. PDL fibroblasts, osteoblasts,
and osteocytes upregulate RANKL and M-CSF, promoting osteoclast precursor recruitment and
differentiation. Early secretion of IL-1f3, TNF-a, and IL-6 amplifies osteoclastogenic signaling. As
inflammation progresses, RANKL, primarily expressed by PDLSCs and PDL fibroblasts, osteoblasts,
and activated T cells, becomes central to osteoclast maturation, peaking around 24-48 hours post-
stimulus [40,41].

COX-2 induction leads to elevated prostaglandin E2 (PGE2), further enhancing RANKL
expression and osteoclast activity. COX-2, encoded by PTGS2, promotes PGE2 production,
contributing to vascular changes, nociception, and osteoclastic differentiation [42].

Local hypoxia from vascular compression stabilizes hypoxia-inducing factor (HIF)-1a,
increasing VEGF to support angiogenesis and osteoclast recruitment. HIF-1a activation by hypoxia
and mechanical stress upregulates VEGF, enabling nutrient delivery and precursor migration. This
coordination of osteoclastic activity and angiogenesis facilitates timely resorption and repair [43].
ROS, generated via nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, act as
secondary messengers reinforcing osteoclastogenic signaling, though excessive ROS may cause tissue
damage [44].

Matrix metalloproteinases like MMP-2 and MMP-9 contribute to matrix remodeling by breaking
down type IV collagen and other extracellular matrix (ECM) elements, thereby facilitating cell
recruitment to resorption sites [45]. The resorptive activity of osteoclasts is tightly regulated by the
ratio of RANKL to OPG, a decoy receptor that blocks RANKL-RANK interaction and limits
osteoclastogenesis [1,18,46].

Conversely, the tension side is marked by anabolic responses and osteogenesis. Mechanical
stretching activates Wnt/f3-catenin signaling, which stabilizes (3-catenin and upregulates osteoblast-
specific transcription factors such as RUNX2 and Osx. Activation by Wnt ligands inhibits GSK-3[3,
stabilizing B-catenin and promoting transcription of bone-related genes like RUNX2 and OPG [47].
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Inhibitory proteins such as sclerostin and Dickkopf-related protein (DKK)-1 are typically
downregulated, enabling Wnt-mediated bone formation [45].

Integrin-mediated signaling activates FAK and downstream extracellular signal-regulated
kinase (ERK)/MAPK pathways, stimulating osteoblast proliferation and matrix deposition.
Mechanical strain triggers ERK1/2 and p38 MAPK cascades in PDL cells, regulating MMP expression
and inflammatory responses [48]. In osteoblasts, ERK signaling enhances RUNX2 activation, directly
linking mechanotransduction with osteogenic differentiation [18].

Mechanosensitive ion channels increase intracellular calcium, triggering calmodulin-dependent
kinases and transcription factors such as NFATc1. PI3K/Akt and calcium-dependent pathways are
less characterized in OTM, but available data suggest they promote osteoblast viability and function.
Calcium-sensing receptors (CaSR) may also translate ionic shifts into downstream gene activation
through phospholipase C (PLC) and intracellular Ca?* mobilization [49,50].

Growth factors such as BMP-2, BMP-7, and transforming growth factor-beta (TGF-f3), released
in response to mechanical loading and osteoclastic activity, promote osteoblast differentiation,
collagen synthesis, and recruitment of osteoprogenitor cells. TGF-3/Smad signaling, activated by
matrix-derived TGF-f, supports collagen production and cell proliferation via Smad2/3
phosphorylation, and intersects with MAPK and Wnt pathways to coordinate remodeling [51].

Mechanically induced IGF-1 further supports osteoblast survival and function. BMP-2 and IGF-
1, often acting through Wnt signaling, enhance osteoblast proliferation and maturation [18]. On the
tension side, gene expression shifts toward osteogenesis and matrix deposition. Transcription factors
such as RUNX2 and Osx promote MSC commitment to the osteoblastic lineage. Upregulation of
COL1A1 and ALP reflects active matrix production and early mineralization [18,45].

Bone remodeling during OTM is sustained by angiogenesis and increased vascular permeability,
essential for nutrient delivery and progenitor cell recruitment. Hypoxia-driven VEGF expression
supports vascular adaptation, while transient hypoxia in compressed regions activates HIF-1a,
enhancing VEGF and CXCL12 expression to promote vascularization and progenitor cell migration
to the remodeling site [52]. Redox balance is maintained by antioxidant enzymes such as superoxide
dismutase (SOD) and glutathione peroxidase [53].

In the late phase, tooth movement becomes more stable and continuous. Remodeling is more
organized, supported by elevated ALP activity and sustained involvement of bone and connective
tissue cells. As the tooth nears its final position and mechanical force diminishes, inflammatory
signaling subsides, bone turnover slows, and tissue homeostasis within the periodontium is
gradually restored [32,34,36,41].

In summary, OTM is orchestrated by a complex interplay of mechanical stimuli, signaling
pathways, cytokines, growth factors, and immune regulation. These spatially and temporally
coordinated responses ensure effective and controlled remodeling of the alveolar bone and PDL,
enabling successful orthodontic outcomes.

4. Photobiomodulation in Dentistry: Principles and Broader Clinical Utility

Photomodulation (PBM) has found significant application in OTM. PBM, also known as LLLT,
involves the application of low-intensity red or near-infrared light to modulate biological responses
without causing thermal damage. A variety of light sources have been employed in PBM, including
Gallium-Aluminum-Arsenide (GaAlAs) lasers (780-980 nm), Gallium-Arsenide (GaAs) lasers (~904
nm, pulsed), Helium-Neon (HeNe) lasers (632.8 nm), diode lasers (660-980 nm), and non-coherent
Light Emitting Diodes (LEDs). These devices differ in tissue penetration depth, coherence, and
clinical utility, making them suitable for a wide range of dental applications [54,55].

In dentistry, PBM is increasingly utilized for its anti-inflammatory, analgesic, and regenerative
properties. Its clinical indications extend well beyond orthodontics, including the promotion of soft
and hard tissue healing, management of temporomandibular disorders, treatment of oral mucositis,
enhancement of periodontal regeneration, and relief of dentinal hypersensitivity [56,57]. PBM
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improves cellular functions such as osteoblast and fibroblast activity, angiogenesis, and collagen
synthesis, while also modulating nociceptive pathways and inflammatory mediators [54-58].

Beyond accelerating tooth movement, PBM offers several additional clinical benefits in
orthodontics. It significantly reduces pain, most pronounced within the first 72 hours following force
application, by downregulating inflammatory mediators such as PGE2, bradykinin, and substance P.
Its analgesic effect and capacity to lower PGE2 levels have been confirmed in multiple studies [59-
61]. PBM may also help prevent root resorption by suppressing osteoclastic activity, as shown in
animal models using LLLT [62].

Following surgical procedures such as corticotomy or rapid maxillary expansion, PBM has been
reported to enhance bone regeneration and increase VEGF expression, though findings differ
between animal and clinical studies [63,64]. It also improves the stability and osseointegration of
TADs, with studies demonstrating greater bone-to-implant contact at laser-treated miniscrew sites
[65]. Although much of the current evidence comes from animal models, early human data support
these observations, indicating improved temporary anchorage device (TAD) stability and enhanced
periodontal healing, particularly in patients with compromised tissue conditions.

In such patients, PBM further supports soft tissue recovery by promoting collagen synthesis and
reducing gingival inflammation during orthodontic therapy [59,66]. Altogether, these findings
highlight PBM’s value as a multifunctional adjunct in comprehensive orthodontic and periodontal
care.

5. Summary of Recent Systematic Reviews on the Effects of Low-Level Laser
Therapy in Orthodontics

LLLT has gained interest in orthodontics for accelerating tooth movement, shortening treatment
time, and reducing pain. Over the past 20-30 years, multiple randomised clinical trials (RCTs) and
meta-analyses have explored its efficacy and safety. Doshi-Mehta and Bhad-Patil (2012) reported 30—
58% faster canine retraction with LLLT, without increased root or bone resorption [67]. Elgadi et al.
(2023) consolidated evidence from systematic reviews and confirmed that LLLT significantly reduces
orthodontic treatment time. However, authors emphasize that further histological studies are needed
to gain a deeper understanding of the biological effects of the therapy [68].

Zheng et al. (2023) found LLLT shortens leveling and alignment phases by about 30 days, though
with moderate study heterogeneity [69]. Bakdach and Haddad (2020) observed significant
acceleration but rated evidence as low to very low quality, emphasizing the need for standardized
laser dosage reporting and more rigorous trials [70]. Isola et al. (2019) demonstrated, in a split-mouth
RCT with diode laser (810 nm, 1 W, 66.7 J/cm?), significant acceleration of maxillary canine
distalization and pain reduction [71].

A systematic review and meta-analysis by Yavagal et al. (2021) evaluated PBM’s efficacy in
accelerating OTM in children. Among 14 studies reviewed (9 included in meta-analysis), pooled
results showed a significant increase in tooth movement rate in PBM groups compared to controls.
However, substantial heterogeneity limited the strength of conclusions. Still, PBM was considered a
promising, safe, and non-invasive adjunct, with further trials needed to define optimal protocols [72].
Similarly, Inchingolo et al. (2022) reviewed 41 studies on LLLT in orthodontics over the past decade.
LLLT was found to promote osteoblast activity in the PDL, potentially enhancing tooth movement,
bone regeneration, miniscrew stability, and reducing root resorption. However, evidence on its
effectiveness in pain reduction remained inconsistent [73].

Beyond accelerating tooth movement, LLLT has been shown to reduce pain during OTM, likely
due to its anti-inflammatory and analgesic effects. A clinical trial conducted by Wu et al. (2018)
showed that applying LLLT decreased tooth and gingival pain and sensitivity related to orthodontic
treatment and might also produce effects on the opposite side within the trigeminal system [74].
Similar results were observed during the initial stage of OTM [75]. However, a Cochrane review
found that while LLLT shortened the alignment phase and reduced appointments, it did not
significantly increase tooth movement early on. Minor improvements during space closure and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.1012.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2025 d0i:10.20944/preprints202508.1012.v1

7 of 31

canine retraction were noted but lacked clear clinical significance. Secondary outcomes like root
resorption, periodontal health, and pain showed no significant differences, with overall evidence
rated low to very low quality [76]. Li et al. (2015) also highlighted methodological flaws and bias in
pain management studies, concluding that current evidence is insufficient to recommend LLLT
routinely for orthodontic pain relief, emphasizing the need for further high-quality research [77].

LLLT has been investigated for its effects on orthodontically-induced inflammatory root
resorption (OIIRR), a common adverse outcome of OTM. A systematic review by Michelogiannakis
et al. (2019) analyzed nine studies with conflicting results. Some studies showed LLLT reduced root
resorption and had reparative effects post-OTM, while others suggested that LLLT might increase
OIIRR under certain conditions. Although study quality ranged from moderate to high, the overall
impact of LLLT on OIIRR remains inconclusive, necessitating further research [78].

Despite promising clinical outcomes, LLLT’s clinical adoption in orthodontics faces challenges.
Treatment protocols vary widely in laser parameters such as wavelength, power, energy density,
exposure time, and frequency, hindering comparison and standardization. Many trials have small
samples, short follow-ups, and lack blinding, limiting robustness and generalizability. Methods for
assessing tooth movement differ, affecting accuracy. Most mechanistic data come from animal or in
vitro studies, with uncertain applicability to humans. LLLT shows a favorable safety profile with
minimal adverse effects due to its non-ionizing, low-energy nature, but limited long-term safety data
warrant ongoing monitoring [70,73,76].

6. Molecular Aspects of Low-Level Laser Therapy and the Integration of
Mechanical and Photon-Induced Signals during Orthodontic Tooth Movement

Mitochondria, particularly the electron transport chain enzyme cytochrome c oxidase (COX or
complex IV), are recognized as the primary intracellular targets of LLLT. When red or near-infrared
(NIR) light is absorbed by COX, it enhances mitochondrial membrane potential and stimulates ATP
synthesis. This is accompanied by a transient increase in ROS, which serve as signaling molecules
that can influence various downstream cellular pathways involved in inflammation, differentiation,
and tissue remodeling [79,80].

PBM has also been shown to alter mitochondrial morphology and distribution in osteoblastic
cell cultures, supporting the idea that mitochondria respond dynamically to light exposure [81].
Beyond COX, PBM may upregulate other key components of the mitochondrial respiratory chain,
such as complex I and ATP synthase, thereby further boosting cellular energy metabolism, especially
under stress conditions like ischemia or high glucose levels [80,82].

A key aspect of this mechanism involves the dissociation of nitric oxide (NO) from COX. Under
physiological stress, excess NO can bind to COX and inhibit respiration; however, PBM can reverse
this effect, restoring electron flow and ATP production [83,84]. These mitochondrial changes can
trigger broader cellular responses through a mechanism known as retrograde mitochondrial
signaling, which can impact gene expression, cytokine production, and cell survival [85,86].

Beyond mitochondrial effects, PBM therapy appears to influence calcium signaling and ion
channel activity. Increases in intracellular calcium and cAMP have been observed following PBM,
suggesting activation of calcium-permeable channels [85]. In osteoblast-like Saos-2 cells, PBM-
induced expression of osteogenic markers such as ALP, osteopontin, and RUNX2 was suppressed
when stretch-activated channels (SACs), including TRPC1, were blocked [87]. These findings indicate
that calcium influx through mechanosensitive channels is essential for PBM-mediated osteogenic
responses, and similar mechanisms have been linked to Akt phosphorylation in MSCs exposed to 635
nm light [88]. PBM also activates TRPV1 channels in mast cells, promoting calcium entry and ATP
production, with potential neuroprotective applications [89,90]. While not fully explored, calcium-
sensing receptors (CaSR) may also participate in detecting PBM-induced calcium shifts and
modulating downstream signaling [91]. Additionally, PBM may exert direct effects on extracellular
molecules, including activation of TGF-B1 and SOD production, contributing to stem cell
differentiation and tissue regeneration [79,85,92].
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The integration of mechanical and photonic stimuli represents a central mechanism for
coordinating the biological responses necessary for efficient OTM. Mechanical forces and LLLT
activate a spectrum of overlapping intracellular signaling cascades that converge on shared
molecular effectors, highlighting a complex cross-talk between mechanotransduction and
photobiomodulation.

Mechanical stimuli such as cyclic stretch, fluid shear, or compression are detected via
mechanosensitive elements, including integrins, focal adhesion complexes, and ion channels like
Piezol and TRPC1. These structures initiate downstream pathways, most notably focal adhesion
kinase (FAK), Src, MAPK/ERK, and PI3K/Akt, that regulate cellular responses such as proliferation,
migration, and differentiation [37-39]. Similarly, as already elaborated, LLLT modulates intracellular
metabolism and redox state through mitochondrial activation and ROS/Ca?* generation, activating
some of the same cascades: MAPK/ERK, PI3K/Akt, and NF-kB [79,85].

The convergence of these pathways is especially evident at the level of ERK1/2 and Akt kinases,
which serve as integrators of proliferative and pro-survival signals in both fibroblasts and osteoblasts.
Transcriptional modulators such as NF-kB and AP-1 are activated by both mechanical stress and
photobiomodulatory inputs, regulating inflammatory mediators (e.g., IL-13, TNF-a, COX-2) and
matrix remodeling enzymes necessary for controlled tissue adaptation during OTM [37,39,79,85,92].

ROS and intracellular calcium (Ca?*), which are modulated by both mechanical loading and light
exposure, act as key second messengers driving further activation of calcium/calmodulin-dependent
protein kinases (CaMKs), calcineurin-NFAT, and redox-sensitive transcription factors [93]. These
mechanisms contribute to fine-tuning the signaling dynamics and to synchronizing the temporal
sequence of events such as osteoclastogenesis, fibroblast proliferation, and extracellular matrix
remodeling [37,39]. Ultimately, this dual activation fosters a harmonized biological response to
orthodontic stimuli. Through molecular convergence, cells are equipped to interpret and integrate
both mechanical and photonic signals, enhancing tissue regeneration, accelerating bone remodeling,
and potentially reducing adverse events like inflammation or root resorption. Therefore, this
integrated network of signaling pathways underpins the rationale for using adjunctive LLLT in
orthodontics, not merely as a metabolic booster, but as a molecular modulator of biomechanical
responses essential for optimal treatment outcomes.

7. Cross-talk Between Osteoblasts, Osteoclasts, and Periodontal Stromal Cells
During Orthodontic Tooth Movement: Influence of Low-Level Laser Therapy

During OTM, a dynamic cross-talk between osteoblasts, osteoclasts, osteocytes, PDLSCs, and
PDL fibroblasts orchestrates bone remodeling. This cellular interplay differs significantly between
the compression and tension sides of the PDL. As already emphasized, PDLSCs upregulate RANKL
and downregulate OPG on the compression side, shifting the RANKL/OPG ratio in favor of
osteoclastogenesis. In contrast, on the tension side, PDLSCs and fibroblasts promote osteogenic
differentiation by activating signaling pathways involving RUNX2, Osx, and BMP-2, leading to
osteoblast maturation and extracellular matrix production. Osteoblasts then deposit type I collagen,
ALP, and osteocalcin, facilitating new bone formation to accommodate the repositioned tooth [94—
96].

PDLSCs are positioned at the crossroads of these interactions. Under tensile forces, they
differentiate into osteoblasts, while under compressive forces, they promote osteoclastogenesis via
RANKL expression. Moreover, their immunomodulatory effects on T cells and macrophages
indirectly influence the bone remodeling process [97].

Osteoblasts and osteoclasts interact either through direct physical contact or via the secretion of
various signaling molecules. Direct interactions involve receptor-ligand binding and the subsequent
activation of intracellular signaling pathways. For instance, ephrin B2 (EFNB2), expressed on the
surface of osteoclasts, binds to the EPHB4 receptor on osteoblasts. This interaction activates EPHB4,
promoting osteoblast differentiation and inhibiting apoptosis [28,98].
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Semaphorin 3A (SEMAB3A), produced by osteoblasts, binds to neuropilin-1 (NRP1) on
osteoclasts. This binding inhibits RANKL-induced osteoclast differentiation and simultaneously
promotes osteoblast differentiation through activation of the WNT/B-catenin pathway. The
interaction between the FAS receptor on osteoclasts and its ligand (FASL) on osteoblasts induces
osteoclast apoptosis [28,99].

Osteoblasts also secrete several factors that regulate osteoclast development, including M-CSF,
RANKL, and WNT5A. M-CSF and RANKL act synergistically to promote osteoclast differentiation,
fusion, and activation. RANKL binds to RANK receptors on monocyte-derived precursors,
promoting their fusion into multinucleated osteoclasts that express cathepsin K, TRAP, and carbonic
anhydrase II, enabling bone resorption [28,40]. WNT5A, which is highly expressed in osteoblast-
lineage cells, binds to the receptor tyrosine kinase-like orphan receptor 2 (ROR2) on osteoclasts to
further influence their behavior. In contrast, osteoblast-derived OPG and WNT16 inhibit osteoclast
activity. OPG acts as a decoy receptor by binding to RANKL, thereby preventing its interaction with
RANK and suppressing osteoclastogenesis apoptosis [28]. Conversely, osteoclasts secrete signaling
molecules such as sphingosine-1-phosphate (S1P), collagen triple helix repeat containing 1
(CTHRC1), and complement component C3, all of which enhance osteoblast differentiation.
Additionally, TGF-3 and insulin-like growth factor 1 (IGF-1), released from the bone matrix during
osteoclastic bone resorption, stimulate osteoblast-mediated bone formation. In contrast, sesmaphorin
4D (SEMA4D) suppresses osteoblast differentiation [28].

Beyond these interactions, other bone-related cells also contribute to this regulatory network.
Osteocytes produce RANKL, sclerostin (SOST), and prostaglandin E2 (PGE2), while PDLSCs secrete
RANKL, PGE2, and IL-6. SOST, a glycoprotein encoded by the SOST gene, binds to low-density
lipoprotein receptor-related proteins LRP5 and LRP6, as well as frizzled receptors, to inhibit the WNT
signaling pathway. Through this mechanism, SOST acts as a negative regulator of osteoblast
differentiation in both osteoblasts and PDLSCs [40].

PGE2 stimulates osteoclastogenesis in areas of compression primarily through the EP4 receptor,
which is its dominant receptor subtype in bone. This mechanism is largely mediated by the induction
of RANKL expression in both PDLSCs and osteoblasts [40].

MicroRNAs (miRNAs) also play a key role in mediating communication between osteoblasts
and osteoclasts during OTM. In general, miRNAs regulate stemness, proliferation, differentiation,
and apoptosis by binding to the 3’-untranslated regions (3'-UTRs) of target genes, leading to either
mRNA degradation or inhibition of protein translation. Through these mechanisms, miRNAs
modulate multiple signaling pathways and transcription factors involved in osteogenic
differentiation. These include the TGF-3/BMP pathway, the Wnt/[3-catenin pathway, as well as Notch
and Hedgehog signaling. Additionally, they influence key transcription factors such as RUNX2 and
Osx [100]. It has been shown that miR-3198 is upregulated under compressive force and
downregulated under tension, suggesting that it suppresses OPG expression in response to
mechanical stress [101]. MiR-223 functions as a negative regulator of osteogenic differentiation in
PDL-derived cells by targeting two essential growth factor receptor genes, such as TGFBR2 and
fibroblast growth factor receptor 2 (FGFR2). Similarly, Zhang et al. (2021) reported that miR-93-5p
enhances cell proliferation while inhibiting osteogenic differentiation in human bone marrow-
derived mesenchymal stem cells (BMSCs) [102].

PDLSCs exposed to compressive stress release extracellular vesicles (EVs) containing miRNAs
such as miR-28, which directly promote osteoclast differentiation and bone resorption in OTM
models [103]. They also secrete exosomes enriched with mechano-sensitive miR-21-5p, which
appears to be involved in both osteogenic and osteoclastogenic regulation, although its direct effect
on osteoclasts remains to be fully elucidated [104]. Under inflammatory conditions (e.g., stimulation
with LPS), PDLSC-derived exosomes exhibit increased levels of miR-155-5p, which may influence the
balance between T helper 17 (Th17) cells and regulatory T cells (Tregs), thereby contributing to
alveolar bone remodeling [105].
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Collectively, these findings suggest that the release of specific miRNA-containing EVs by
stromal cells under mechanical and inflammatory stimuli plays a significant role in promoting
osteoclastogenesis and bone remodeling during OTM.

LLLT promotes proliferation and osteogenic differentiation of PDLSCs mainly through
BMP/Smad signaling. Irradiation with Nd:YAG lasers (1064 nm, 2-6 J/cm?) significantly increased
proliferation, ALP activity, and mineralization. These effects were diminished by BMP/Smad
inhibition [106]. Although direct evidence for Wnt/B-catenin activation in PDLSCs is limited, BMP-
Wnt cross-talk during osteogenesis is well established in MSCs [107]. Another study demonstrated
that PBM increases VEGF and BMP expression in PDLSCs, along with enhanced mineralization [108].
Based on a systematic review of in vitro studies, Mylona et al. (2024) reported that PBM within the
630-830 nm wavelength range can enhance both the stemness and differentiation potential of
PDLSCs. Regarding fluence, doses should not exceed 4 J/cm? when using laser-based systems [109].
A systematic review by Berni et al. (2023), analyzing in vitro and in vivo models of bone regeneration,
concluded that LLLT facilitates angiogenesis, supports fracture repair, and induces osteogenic
differentiation in MSCs [110]. Yet, the molecular mechanisms driving these effects during bone
formation remain poorly characterized.

LLLT stimulates osteoclastogenesis on the compression side by upregulating RANKL and
osteoclast markers. In vitro, Ga—As—-Al laser (810 nm) exposure increased NFATc1, TRAP, cathepsin
K (CTSK), and phosphorylation of NF-kB and MAPKSs in RAW264.7 cells [111]. Similar results have
recently been confirmed by Huang et al. (2024) [112]. In vivo rodent OTM models also show increased
osteoclast numbers post-LLLT, linked to elevated RANKL and M-CSF from PDL cells [113].
Regarding cytokine production, the results vary. Wang et al. (2022) demonstrated that LLLT
stimulates the secretion of TNF-a and IL-1(3 by PDLSCs, supporting the hypothesis that PBM may
accelerate OTM by enhancing the early inflammatory response in the compressed PDL [106].
However, in a rat model of medication-related osteonecrosis of the jaw (MRON]J), LLLT reduced
levels of TNF-a and IL-1f3, while increasing the expression of IL-1 receptor antagonist (IL-1RA),
thereby supporting tissue repair 114 [114]. These effects may contribute to the reparative phase of
OTM.

8. Matrix Remodeling and Vascular Response in Orthodontic Tooth Movement
Under the Influence of Low-Level Laser Therapy

Orthodontic force application triggers a coordinated reorganization of the periodontal ECM and
associated vascular adaptations, both crucial for enabling cellular migration, immune infiltration,
bone resorption, and tissue regeneration. These processes are under tight molecular control and differ
spatially between tension and compression zones [115].

The ECM of the PDL, composed mainly of type I and III collagen, proteoglycans, and
glycoproteins, preserves tissue structure and resilience. During OTM, ECM remodeling facilitates the
migration of osteoclasts, fibroblasts, endothelial cells, and immune cells to sites of active bone
turnover. This remodeling is driven by MMPs, a family of zinc-dependent enzymes that degrade
ECM components. Mechanical stimuli upregulate MMPs such as MMP-1 and MMP-8 (targeting
fibrillar collagens), while MMP-2 and MMP-9 degrade gelatin, elastin, and denatured collagens,
clearing pathways for cell migration [116].

In vascular smooth muscle cells, LLLT enhances MMP-1 and MMP-2 expression and collagen
synthesis [117]. In contrast, during OTM with cortical punching in rats, LLLT upregulated MMP-1,
MMP-8, and MMP-13 while decreasing collagen expression in the PDL [118].

MMPs are produced by PDL fibroblasts, osteoclasts, and endothelial cells, with their expression
rising rapidly, especially in compression zones, after force application. Their activity is modulated by
mechanosensitive signaling pathways like MAPK and NF-xB and counterbalanced by tissue
inhibitors of metalloproteinases (TIMPs), particularly TIMP-1 and TIMP-2. The MMP/TIMP ratio
governs ECM degradation, and compressive forces have been shown to increase MMP-9 expression
while transiently suppressing TIMPs, thereby promoting early ECM breakdown [119].
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Zang et al. (2023) [120] showed that LLLT applied under tension stress stimulated PDL cell
proliferation and promoted periodontal remodeling. It suppressed osteogenic markers while
increasing osteoclast-related factors, collagen, MMPs, and TIMPs. The authors hypothesized that
LLLT may more strongly stimulate TIMPs than MMPs, potentially limiting collagen degradation and
enabling net collagen accumulation. However, the dynamic balance of MMPs/TIMPs during OTM
remains poorly defined and warrants further investigation. Persistent disruption of this balance may
lead to complications like root resorption or impaired healing, underscoring the importance of
precise temporal regulation.

In parallel, vascular remodeling is initiated to meet the elevated metabolic and cellular demands
of PDL tissues during OTM. Compression-induced hypoxia stabilizes HIF-1a, a key regulator that
activates angiogenic mediators such as VEGF. VEGF expression in PDL fibroblasts and osteoblasts
increases within 24-48 hours of force application, stimulating endothelial cell proliferation, vascular
permeability, and neovascularization in bone resorption areas [121]. Angiopoietins (Ang-1 and Ang-
2) further regulate vascular architecture. Ang-1 promotes vessel stabilization and pericyte
recruitment, whereas Ang-2 facilitates endothelial sprouting by loosening junctions [122].

Vascular and ECM remodeling are closely linked. VEGF promotes both angiogenesis and MMP
expression, facilitating osteoclast recruitment and ECM degradation. MMPs, in turn, remodel the
basement membrane to support endothelial migration and capillary growth. These processes are
orchestrated by cytokines such as IL-13, TNF-a, and TGEF-3, coordinating ECM turnover with
angiogenesis during the shift from inflammation to repair [123]. LLLT enhances these effects by
upregulating VEGF and accelerating neovascularization in tension-stressed periodontal tissues,
likely via HIF-1a and ERK pathway activation [124,125]. These responses are most evident in the
areas of active remodeling and are essential for maintaining tissue viability during OTM.

Mechanical strain also influences endothelial function by inducing Intercellular Adhesion
Molecule 1 (ICAM-1) and Vascular Cell Adhesion Molecule 1 (VCAM-1), promoting leukocyte
transmigration, while eNOS activation and NO production contribute to vasodilation and regulation
of osteoclastic and immune activity [126,127]. LLLT further stimulates Human Umbilical Vein
Endothelial Cells (HUVEC) proliferation, migration, and angiogenesis through increased HIF-1c,
eNOS, and VEGF expression, mediated via the PI3K/Akt/mTOR pathway, as shown by Li et al. (2020)
[128]. Szymczyszyn et al. (2016) [129] demonstrated that transdermal LLLT improves endothelial
function through enhanced antioxidant and angiogenic responses, though NO metabolite levels
remained unchanged within 24 hours.

Based on these findings, LLLT appears to modulate both extracellular matrix and vascular
remodeling during OTM by balancing MMP/TIMP expression and enhancing angiogenic signaling.
This dual regulation may facilitate controlled tissue remodeling, reduce adverse effects, and
accelerate orthodontic outcomes. However, the precise dynamics and long-term effects of these
interactions require further investigation.

9. Apoptosis and Autophagy in Orthodontic Tooth Movement:
Mechanosensitive Responses and Cellular Interplay under Low-Level Laser
Therapy

Apoptosis and autophagy are interrelated but often antagonistic processes that play central roles
during OTM, particularly in regulating the behavior of osteocytes, osteoblasts, PDLSCs, and immune
cells within the alveolar bone environment. While apoptosis removes damaged or overstimulated
cells, autophagy promotes survival by eliminating dysfunctional organelles, controlling ROS levels,
and modulating inflammatory signaling. The balance between these pathways is critical for proper
coordination of bone resorption and formation during OTM [130].

Mechanical stress has been shown to trigger apoptosis in multiple periodontal cell types. In a
mouse OTM model, TUNEL staining revealed a significant increase in osteocyte apoptosis on the
compression side as early as 12 h, with a peak at 24 h [131]. Similarly, a human biopsy study reported
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arise in the apoptotic index beginning on day 3, peaking on day 7 at both the compression and tension
sites, followed by a decline reaching minimal levels by day 21 [132].

In vitro experiments support these findings. Cyclic or static mechanical loading induces caspase-
3 and caspase-5 activation in PDLSCs and MG 63 osteoblast-like cells, indicating force-dependent
apoptosis [133]. Yu et al. (2017) further confirmed this in MG 63 cells subjected to 15% cyclic stretch
at 0.1 Hz, demonstrating increased Cleaved Poly (ADP-ribose) Polymerase (cPARP) and caspase-3
expression. Interestingly, periostin exerted a protective effect, significantly reducing stretch-induced
apoptosis [134]. Li et al. (2021) reviewed a wide range of in vitro studies involving PDLCs and MG
63 cells, concluding that mechanical loading consistently triggers programmed cell death, primarily
through caspase activation, thus reinforcing the concept of mechanically induced apoptosis in these
cells [135].

Orthodontic force application has been directly linked to early osteocyte apoptosis in alveolar
bone. Kaplan et al. (2021) proposed that this apoptosis is not merely a passive consequence of
mechanical stress but an active process that facilitates the recruitment and differentiation of
osteoclasts and macrophages, supporting bone remodeling. Notably, it does not appear to
significantly affect the overall rate or magnitude of tooth movement [136].

Recent findings highlight the functional relevance of apoptosis in bone regeneration. Liu et al. ()
demonstrated that apoptosis of PDLSCs activates Lepr* osteoprogenitors, particularly on the
compression side of the PDL. This is mediated through apoptotic vesicles derived from PDLSCs,
which serve as signaling cues for Lepr* cells, revealing a novel link between force-induced apoptosis
and osteogenesis during OTM [137]. Shen et al. showed that inhibition of Piezol reduced force-
induced apoptosis in periodontal tissues and fibroblasts via downregulation of the p38/ERK1/2
pathway, indicating that modulation of mechanotransduction can influence cell survival under
orthodonticload [138]. However, some studies suggest that PDLSCs may adapt to compressive stress
without undergoing significant apoptosis, indicating variability in cell-type or context-specific
responses [139].

Although no studies have directly assessed the effects of LLLT on apoptosis in OTM models,
evidence from other systems offers important insight. LLLT exhibits biphasic effects depending on
energy dose and cell type. At lower doses, it can protect cells, such as endothelial or muscle cells,
from apoptosis triggered by inflammatory or oxidative stress. Conversely, higher doses or different
cellular contexts, such as in colorectal cancer models, can activate apoptotic pathways and promote
cell death. This dose-dependent duality underscores the complexity of LLLT-induced cellular
responses [140-142].

Autophagy, alongside apoptosis, is a key cellular stress response during OTM. These two
processes are often reciprocally regulated. In a rat OTM model, autophagy-related gene expression
in PDLSCs rose shortly after force application but declined by day 7, while pro-apoptotic proteins
followed the opposite trend [6]. This inverse relationship is supported by findings that caspase-3 can
inhibit autophagy through the cleavage of Beclin 1, a central autophagic regulator [130,143].

Experimental studies confirm rapid autophagy activation post-force. In rats, Beclin 1 and LC3 II
peaked within 1 h of loading, while p62 decreased, indicating early autophagic flux. Apoptotic
markers increased later, suggesting autophagy precedes apoptosis in mechanically stressed PDL cells
[143]. In GFP-LC3 reporter mice, autophagosome accumulation was observed in PDL and osteoclast
precursors following force application. Notably, rapamycin-induced autophagy reduced both
osteoclast numbers and tooth movement, implying a suppressive role in bone turnover and
inflammation [144].

On the tension side, human PDLSCs exposed to stretch showed concurrent upregulation of
osteogenic and autophagy-related markers. Silencing ATG7 suppressed osteogenesis, while
pharmacologic autophagy enhancement amplified it, suggesting autophagy supports bone formation
under tensile strain [145]. A 2025 narrative review [146] synthesized these insights, reporting that
compressive force activates autophagy in osteocytes and PDLSCs but inhibits it in cementoblasts,
while tensile force and fluid shear stress broadly stimulate autophagy across periodontal tissues. The
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review emphasized the involvement of PI3K/Akt, Hippo, and MAPK pathways, and identified
periostin and non-coding RNAs as potential targets for modulating force-induced autophagy.

Clinically, autophagy plays both protective and regulatory roles. Its enhancement (e.g., via
rapamycin) may mitigate inflammation, promote bone deposition, and reduce excessive tooth
movement, benefiting cases prone to root resorption. Conversely, short-term autophagy inhibition
could accelerate movement when needed, although increased inflammation must be carefully
weighed [144].

LLLT is a known modulator of autophagy. In MC3T3-E1 pre-osteoblasts exposed to H,O,, 808
nm LLLT enhanced autophagic flux (an increase in LC3B, and a decrease in p62) by inhibiting the
PI3K/Akt/mTOR pathway, promoting osteogenic differentiation and matrix formation. Blocking
autophagy reversed these effects, underscoring its functional role [147]. Similar results were reported
in osteoporotic bone marrow-derived stem cells treated with 650 nm PBM, where autophagy
activation improved ALP activity and mineral deposition [148]. Fernandes et al. (2024) further
demonstrated that PBM upregulates autophagy markers (SQSTM1/p62, Beclin, Parkin) and activates
AMPK and TGEF-f signaling in a muscle degeneration model [149].

Collectively, these findings emphasize apoptosis and autophagy as interconnected, force-
sensitive processes central to periodontal remodeling during orthodontic treatment. Their time-
dependent regulation, mechanosensitive pathways, and influence on progenitor cell activation
provide mechanistic insight into tissue adaptation. By modulating these pathways, LLLT may
support regenerative responses while limiting excessive cell loss, offering therapeutic potential to
optimize OTM outcomes and reduce tissue damage.

10. Immune Dynamics in Orthodontic Tooth Movement: Unresolved
Mechanisms of Low-Level Laser Therapy

10.1. Innate Immunity

Neutrophils and monocytes are key innate immune cells, comprising approximately 70% of
leukocytes in the murine PDL [150]. Neutrophils act as early responders to orthodontic force, rapidly
infiltrating the PDL to perform phagocytosis, degrade ECM, and recruit monocytes and macrophages
before undergoing apoptosis [33,150,151]. They also release pro-inflammatory mediators, including
IL-1, IL-6, TNF-a, CCL2, CXCL1a, and CCL3, which collectively drive osteoclastogenesis and bone
resorption [152]. In humans, increased neutrophil numbers in gingival crevicular fluid (GCF) and
saliva are observed within 2 h after force application [153], and murine models consistently show
elevated levels by day 3 [151].

Monocytes serve dual roles. They clear apoptotic cells and act as precursors for osteoclasts,
macrophages, and DCs [151,154]. Their infiltration peaks around day 3 post-force application [150],
followed by osteoclastic differentiation on the compression side, contributing to bone resorption
[154]. Experimental depletion of monocytes/macrophages reduces osteoclast formation, lowers TNF-
a and iNOS expression, and markedly impairs tooth movement in mice [155].

Macrophages, derived from monocytes, modulate inflammation and bone remodeling. M1-type
macrophages (CD68*/iNOS), generated via the JAK/STAT3 pathway, produce IL-1, IL-6, IL-12, TNE-
a, and iNOS, thereby supporting matrix degradation, debris clearance, and osteoclast activation on
the compression side [150,156,157]. Their numbers increase by day 3, peak at day 7, and remain
elevated through day 14 [150,151,155]. Around day 7, macrophages exhibit enhanced chemokine
signaling and inflammatory gene expression [158]. CCR2* macrophages are predominant during both
homeostasis and OTM. Inhibition of CCR2 suppresses inflammatory signaling and delays tooth
movement, indicating a regulatory role [158]. Increased phagocytic activity and monocyte pathway
activation further support their involvement [159]. In vitro, mechanically stimulated macrophages
release cytokines that influence PDL cell behavior and promote osteoclastogenesis [160].

M2 macrophages, generated via the NF-kB pathway in the presence of Th2 cytokines IL-4 and
IL-13, contribute to the resolution of inflammation by suppressing osteoclastogenesis and secreting
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BMP2, which promotes bone formation [161]. In rat OTM models, M2 macrophages become more
prevalent during later phases, aligning with inflammation decline and the onset of tissue remodeling
[162]. In co-culture with human osteoblasts, M2 macrophages enhance osteogenesis, whereas M1
macrophages inhibit it, reinforcing their opposing roles in bone metabolism [150,151].

DCs, present in the PDL, help maintain tissue homeostasis and are increasingly recognized as
players in OTM. Following orthodontic force, CD11c* DCs increase in number in rat PDL, suggesting
force-induced activation [163]. Transcriptomic profiling in mice revealed peak DC maturation and
interaction with NK cells around day 3 of OTM [159]. However, direct evidence regarding DC
phenotype, migration, and impact on bone remodeling remains limited and requires further
investigation.

Among innate lymphocytes, yd T cells are critical in early OTM. Although sparse, their deletion
in mice reduces IL-17A and RANKL expression, impairs neutrophil and monocyte recruitment,
diminishes osteoclastogenesis, and delays tooth movement [164]. In mice, Y0 T cells are the main IL-
17A source, whereas in humans, this function is primarily carried out by Th17 cells.

NK cells also contribute to the early inflammatory phase. Their numbers rise in the PDL post-
force, where they secrete TNF-a and IFN-y [151,159]. Depletion of NK cells via Ncrl receptor impairs
tooth movement, suggesting a role in osteoclast regulation [151].

Innate lymphoid cells (ILCs) have emerged as important mediators of sterile inflammation in
OTM. Unlike adaptive lymphocytes, ILCs respond rapidly and without antigen specificity, exhibiting
phenotypic plasticity influenced by local cues [165]. Wang et al. (2024) reported that ILC1s migrate
toward force-stressed PDL cells, while ILC2s and ILC3s expand in co-culture with such cells,
indicating distinct, subtype-specific responses to mechanical stress [165].

LLLT significantly modulates innate immunity during OTM, though much of the evidence is
indirect, derived from non-orthodontic models such as wound healing, autoimmune diseases,
periodontitis, and in vitro systems. This contributes to heterogeneity and occasional contradictions
in reported outcomes.

Given the pro-inflammatory nature of early OTM, it is plausible that LLLT facilitates tooth
movement by enhancing early pro-inflammatory signaling. Clinical studies report elevated pro-
inflammatory cytokines, including IL-1f3, IL-6, IL-8, and RANKL in GCF of patients undergoing OTM
with laser treatment [166-168]. A systematic review by Reis et al. (2022), covering LLLT wavelengths
from 618 to 980 nm, found increased IL-1p3, IL-8, OPN, and PGE2 in GCF, but no significant changes
in TNF-a or TGF-$3. Levels of IL-6, RANKL, and OPG varied depending on timing and laser
parameters [169]. Kapoor et al. (2014) showed rapid release of IL-13 and TNF-a into GCF
immediately after orthodontic force application, with IL-1p rising within 1 minute and peaking at 24
hours, and TNF-a increasing between 1 hour and 1 day. This early inflammatory surge declines over
time, especially under continuous force, highlighting the importance of precise sampling timing
[170]. While multiple PDL cell types produce these cytokines, infiltrating innate immune cells are the
primary source.

Regarding neutrophils, Cerdeira et al. (2016) showed that LLLT stimulates oxidative burst and
enhances fungicidal activity in human neutrophils [171]. Wasik et al. (2007) demonstrated increased
chemiluminescence in fMLP-stimulated granulocytes from irradiated peripheral blood (632.8 nm, 0.6
J/em?) compared to controls [172]. PBM has also been shown to increase IL-1f3, CCL2, and CCL3 levels
in PBMC cultures, indicating a dose-dependent pro-inflammatory response [173].

In monocytes and macrophages, Chen et al. (2014) reported that 660 nm LLLT enhanced M1-
associated cytokines and chemokines at mRNA and protein levels, accompanied by histone
modifications at TNF-a and IP-10 gene loci [174]. In RAW264.7 macrophages, LLLT dose-
dependently increased M1 markers (iNOS, IL-12, TNF-a, IL-13, IL-6) in naive MO cells, while
downregulating M1 and upregulating M2 markers (Arg-1, IL-10) in pre-polarized M1 cells via
PIBK/AKT/mTOR signaling. This suggests that LLLT promotes M1 polarization early on but can shift
polarized M1 macrophages toward an M2 phenotype, aiding inflammation resolution during later
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OTM stages [175]. Fernandes et al. (2015) observed IL-6 upregulation at 660 nm LLLT in M1
macrophages despite general suppression of other pro-inflammatory cytokines [176].

Similarly, in a rat spinal cord injury model, 810 nm LLLT reduced M1 markers and increased
M2 cytokines (IL-4, IL-13), reprogramming microglia/macrophages toward an M2 phenotype that
promoted neuronal survival and recovery [177]. Zhang et al. (2019) confirmed that 810 nm LLLT
reduced M1 markers, enhanced M2 polarization, and increased neurotrophic factor secretion via
PKA-CREB signaling in mouse bone marrow-derived macrophages [178]. These findings are
consistent with reports that LLLT suppresses pro-inflammatory responses and impairs neutrophil
and monocyte function under inflammatory conditions such as periodontitis [179] and RA [180],
potentially indicating a stage-dependent immunomodulatory effect during OTM.

The precise mechanisms of LLLT’s immunomodulatory effects on innate immune cells during
early OTM remain unclear. These effects may occur directly, through light-responsive photoreceptors
expressed by various cells, including innate immune cells, or indirectly, via other PDL cell types such
as PDLSCs. PDLSCs are central in initiating mechanical force-induced sterile inflammation by
secreting pro-inflammatory mediators that recruit and activate immune cells. Notably, all studies to
date report anti-inflammatory effects of LLLT on PDLSCs, suggesting that LLLT’s modulation of
PDLSCs is more relevant during later OTM stages when inflammation resolution is critical [181,182].

10.2. Adaptive Immunity

While innate immunity has been extensively studied in the context of OTM, the role of adaptive
immunity remains comparatively underexplored. T lymphocytes infiltrate the PDL early during
OTM, guided by pro-inflammatory mediators released from PDL cells, neutrophils, and M1
macrophages [2,183]. DCs in regional mucosal lymphoid tissues are primarily responsible for
initiating T-cell responses. However, the mechanisms by which they migrate from the PDL to
lymphoid tissues under mechanical stress, as well as the nature of their maturational stimuli, remain
unclear. It is postulated that damage-associated molecular patterns (DAMPs) and alarmins released
from compressed PDL structures may trigger this process [184].

Rodent models highlight adaptive immunity as a key regulator of tissue remodeling. Among
CD4* T helper subsets, Th1l and Th17 cells dominate early responses. Thl cells, induced by IL-12 and
IFN-y via T-bet, produce IFN-y, which enhances macrophage function and antigen presentation.
Th17 differentiation, driven by IL-6, IL-13, and TGF-p via Retinoic acid receptor-related orphan
receptor (ROR) vt, results in IL-17A, IL-17F, and IL-22 production, cytokines with pro-inflammatory
and osteoclastogenic roles [185].

Th17 cells promote RANKL-mediated osteoclastogenesis more potently than other T cell subsets
[186]. IL-17 stimulates fibroblasts, PDLSCs, and epithelial cells to secrete chemokines (e.g., CCL2,
CXCL8) and MMPs, aiding ECM remodeling and immune cell recruitment [187]. It also induces IL-
6, IL-8, and PGE2 release from epithelial, endothelial, and stromal cells, and enhances osteoblast
RANKL expression, driving periodontal bone resorption [188]. Elevated IL-17 in GCF may indicate
root resorption during OTM [189].

Th1 cells also express RANKL and contribute to osteoclastogenesis, often indirectly via IFN-y-
mediated modulation of macrophages and DCs [190]. IFN-y, produced by Th1, cytotoxic T cells, DCs,
and NK cells, activates macrophages through NO production and MHC upregulation. In OTM, IFN-
Y’s role is complex. It localizes compression sites, correlating with increased trabecular bone volume
and reduced separation, suggesting bone-preserving effects. Conversely, it may suppress
osteoclastogenesis and limit tooth movement, highlighting context-dependent effects influenced by
timing and local environment [191].

Th2 cells” involvement in OTM is less defined. IL-4, a key Th2 cytokine, inhibits RANKL- and
TNF-a-induced osteoclastogenesis by blocking NF-«B and MAPK pathways, specifically
suppressing NFATcl activation via Signal Transducer and Activator of Transcription 6 (STAT6)-
mediated NF-«kB inhibition. IL-4 also indirectly reduces pro-inflammatory mediators such as TNF-q,
IL-1, and IL-6 [192,193].
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CD220* B lymphocytes increase during the initial and linear tooth movement phases. Though a
known RANKL source, their precise role is unclear. Only one study reported that hPDLSCs can
suppress B cell activity via direct contact [194,195]. B cells exhibit dual functions. They promote
osteoclastogenesis by secreting IL-6, GM-CSF, and RANKL, and indirectly stimulate bone resorption
through IL-12-mediated Thl activation. Simultaneously, they produce anti-inflammatory factors
such as OPG, IL-10, and TGF-f3, suppressing RANKL and osteoclast differentiation [196,197]. Despite
these regulatory capabilities, direct evidence of B cells as major modulators in orthodontic bone
remodeling is limited.

In the later phase of OTM, a shift in the Th cell subset composition occurs, characterized by a
predominance of Tregs [182,191,194]. Tregs are a specialized subset of CD4* T cells that play a pivotal
role in maintaining immune homeostasis and controlling excessive inflammatory responses. They
are defined by the expression of the transcription factor Foxp3 and typically express high levels of
CD25 (IL-2 receptor a chain), while exhibiting low expression of CD127. Tregs exert their
immunosuppressive function through both cell contact-dependent mechanisms and the secretion of
anti-inflammatory cytokines, including IL-10 and TGF-£ [198].

During OTM, Tregs contribute to the resolution of inflammation and support tissue remodeling
by inhibiting osteoclastogenesis and limiting the pro-inflammatory activity of effector Th subsets,
especially Th17 cells. Notably, the balance between Th17 and Treg populations is crucial for the
regulation of bone resorption, tissue integrity, and the pathogenesis of gingivitis and periodontitis
[199]. While Th17 cells are osteoclastogenic through the production of RANKL and IL-17, Tregs
counteract these effects by downregulating RANKL and promoting OPG expression, thereby
suppressing osteoclast differentiation. Tregs generally suppress osteoclast production by inhibiting
RANKL and M-CSF expression, secreting IL-10 and TGF-, and directly binding to osteoclast
precursors. This mechanism helps maintain bone homeostasis and prevents excessive bone
resorption [200].

In experimental models, orthodontic force has been shown to elevate Treg levels. For example,
in a rat model of OTM with concurrent periodontitis, the proportion of peripheral and gingival
Foxp3* Tregs peaked early (around day 3), dipped by day 7, and then rose again during tooth
movement, suggesting a dynamic Treg response to mechanical loading under inflammatory
conditions [201]. Similarly, in both in vitro and in vivo models, heavy orthodontic force combined
with surgical corticotomy led to enhanced Foxp3 expression and increased Tregs in periodontal
tissues, correlating with faster tooth movement and reduced inflammatory bone injury [202].

There is a cross-talk between Tregs and PDLSCs. Tregs interact with PDLSCs by enhancing their
osteogenic differentiation via the Jaggedl-Notch2 signaling axis and promoting mineralization
through direct cell contact [203]. PDLSCs, in turn, modulate T-cell responses by secreting
immunoregulatory factors such as indoleamine 2,3-dioxygenase (IDO), TGF-f1, and PGE,, which
suppress effector T cells and induce Treg differentiation [204]. Additionally, PDLSCs downregulate
CD1b expression on DCs, limiting their antigen-presenting capacity and favoring Treg expansion
[205].

The effect of LLLT on adaptive immunity during OTM is still poorly understood. Given the
known impact of mechanical stress on mobilization, activation, and differentiation of effector T cells
in early OTM, it is hypothesized that LLLT may synergistically modulate these processes. Some in
vitro studies support this, showing that LLLT enhances T cell proliferation in the presence of PHA, a
T cell mitogen [206,207], and B cell proliferation with SAC, a B cell mitogen [172].

However, other studies show inconsistent results. Musawi et al. (2017) found that irradiation of
whole blood at 589 nm (72 J/cm?) increased total CD45* lymphocytes and NK cells but did not alter T
or B cell subsets [208]. The stimulatory effect of PBM on T cells has been supported by findings from
other experimental models. In a murine neuroinflammation model, PBM activated the
JAK2/STAT4/STATS5 pathway, promoting IFN-y and IL-10 secretion from CD4* T cells in vivo and in
vitro [209]. Fractional CO, laser treatment in a tumor model increased both CD4* and CD8* T cell
subsets locally [210].
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Conversely, more consistent evidence shows that LLLT promotes Treg development,
demonstrated in models of asthma [211], RA [212], and stroke [213]. PDLSCs, similar to other MSCs,
induce Tregs potentially via conversion of pro-inflammatory Th17 cells into Tregs, a shift likely
occurring in later OTM stages and contributing to inflammation resolution [214,215]. However, the
mechanisms driving this immunological switch and how LLLT influences these regulatory pathways
remain unclear.

A summary of the involvement of immune mechanisms in OTM and their modulation by LLLT
is presented in Figure 1.
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Figure 1. Interactions between innate and adaptive immune cells, stromal components of the periodontal
ligament and alveolar bone during orthodontic tooth movement (OTM), and the modulatory effects of
photobiomodulation. Early and late OTM phases very often exhibit opposite immune—stromal interaction
patterns, both in the type and intensity of signaling. Blue lines indicate mechanical force effects; red lines indicate
low-level laser therapy (LLLT) effects. Thick red lines mark known LLLT target cells. Abbreviations: IL —
Interleukin; ILC — Innate lymphoid cell; DC — Dendritic cell; PDLSC - Periodontal ligament stromal/stem cell;
RANKL - Receptor activator of nuclear factor kappa-B ligand; NF-kB — Nuclear factor kappa-light-chain-
enhancer of activated B cells; MAPK — Mitogen-activated protein kinase; Treg — Regulatory T cell; NO — Nitric
oxide; TNF-a — Tumor necrosis factor alpha; MMP9 — Matrix metalloproteinase-9; PGE; — Prostaglandin E,; IFN-
Y — Interferon gamma; TGF-f3 — Transforming growth factor beta; GM-CSF — Granulocyte-macrophage colony-
stimulating factor; JAK/STAT3 - Janus kinase/signal transducer and activator of transcription 3; RUNX2 — Runt-
related transcription factor 2; Osx — Osterix; ALP — Alkaline phosphatase; BMP2 — Bone morphogenetic protein
2; Smad — Mothers against decapentaplegic homolog; IDO — Indoleamine 2,3-dioxygenase; Arg-1 — Arginase-1;
Jagged-1 — Jagged canonical Notch ligand 1; VEGF - Vascular endothelial growth factor; DAMPs — Damage-

associated molecular patterns; OPG — Osteoprotegerin.
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11. Conclusions

OTM involves a finely regulated sequence of mechanobiological events mediated by osteoblasts,
osteoclasts, PDL cells, and immune system components. LLLT, a noninvasive photobiomodulatory
technique, has emerged as a promising adjunct in orthodontics by influencing these processes at both
cellular and molecular levels.

Beyond its traditional effects on osteoblast and osteoclast activity, evidence suggests that LLLT
modulates intercellular communication during OTM by interfacing with mechanotransduction
pathways such as MAPK, PI3K/Akt, and Wnt/p3-catenin. This suggests that photonic energy may act
synergistically with orthodontic mechanical forces, altering intracellular signaling cascades and
thereby fine-tuning bone remodeling dynamics. Moreover, LLLT may affect key adaptive responses
in the orthodontic microenvironment, including apoptosis, autophagy, and cytokine-mediated cross-
talk between skeletal and immune cells.

Preclinical and clinical evidence point to LLLT’s potential to accelerate tooth movement and
alleviate treatment discomfort. However, variability in outcomes underscores the importance of
standardizing irradiation protocols and gaining deeper insight into the mechanistic basis of its effects.
Future research should focus on controlled in vitro studies using relevant human cell types under
force application, alongside well-designed clinical trials incorporating molecular biomarkers and
imaging tools for real-time evaluation of tissue remodeling.

Overall, LLLT provides a biologically plausible, mechanism-based approach to enhancing
orthodontic treatment by incorporating photonic cues into the natural framework of force-driven
tissue adaptation. With further validation, this strategy could help optimize treatment timelines,
improve patient comfort, and minimize adverse effects, positioning LLLT as a valuable component
of evidence-based orthodontic practice.

12. Future Perspectives

To strengthen the clinical integration of LLLT in orthodontics, future studies should prioritize
mechanistic investigations that combine advanced in vitro modeling with clear translational
endpoints. Emerging technologies now offer powerful tools for dissecting how PBM influences the
interplay between mechanical forces, intracellular signaling, and immune regulation during OTM.

Single-cell RNA sequencing (scRNA-seq) provides unmatched resolution in mapping cell-
specific transcriptional responses to mechanical stress and PBM. Applying this approach to human
PDL tissues or cultured PDL-derived cells could reveal novel signaling pathways and specialized cell
subsets involved in PBM-mediated remodeling.

Mechanically active in vitro models, such as 2D stretch systems, 3D compression platforms, and
force-controlled bioreactors, allow precise simulation of orthodontic forces under standardized
conditions. When paired with PBM, these platforms can clarify how specific wavelengths and energy
doses affect mechanosensitive pathways.

Another promising avenue is the use of co-culture systems involving PDL cells,
osteoclast/osteoblast precursors, and immune cells such as macrophages, dendritic cells, or T
lymphocytes. These models are ideally suited for studying PBM-driven changes in cytokine
signaling, osteoimmunologic crosstalk, and programmed cell responses such as apoptosis and
autophagy. Likewise, organoids, spheroids, and organ-on-a-chip platforms offer physiologically
relevant 3D microenvironments that mimic the in vivo periodontal milieu, enabling high-content
analysis of PBM effects on angiogenesis, ECM remodeling, and spatiotemporal immune regulation.

Integrating multi-omics profiling, live-cell imaging, and quantitative biomarker analysis will
further advance understanding of PBM’s dynamic impact on tissue adaptation. Establishing
validated in vitro systems that use human primary cells exposed to controlled orthodontic forces and
standardized PBM protocols will be essential for translating laboratory findings into clinical
protocols. Such efforts could ultimately guide the development of precision PBM strategies tailored
to optimize orthodontic treatment outcomes.
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