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ABSTRACT 

Orthodontic treatment relies on the application of mechanical forces to achieve tooth movement, but these 

forces interact with periodontal tissues in complex ways, often exacerbating or being influenced by 

inflammatory processes. This conceptual paper proposes an integrative mechanistic framework that synthesizes 

inflammatory signaling, mechanotransduction pathways, and alveolar bone remodeling into a unified causal 

pathway. Key constructs include orthodontic mechanical forces that initiate mechanotransduction via cellular 

sensors, leading to the release of inflammatory mediators such as cytokines (e.g., interleukin-1, tumor necrosis 

factor-α) and prostaglandins (e.g., prostaglandin E2). These mediators, in turn, modulate bone remodeling 

through osteoclastogenesis and osteoblast activity, while bidirectional feedback loops amplify tissue responses, 

potentially resulting in periodontal degradation if dysregulated. The framework highlights how inflammation 

serves as both a response to and a modulator of mechanical stress, explaining variable clinical outcomes in 

orthodontic interventions. By integrating cellular and molecular biology with tissue biomechanics, this model 

addresses gaps in understanding the bidirectional causal pathways between force application and inflammatory 

feedback. It offers theoretical implications for optimizing orthodontic strategies to minimize tissue damage and 

enhance remodeling efficiency, without relying on empirical data. This synthesis provides a bold, mechanistic 

foundation for future research in periodontology and orthodontics. 
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Introduction 

Periodontal health is fundamental to successful 

orthodontic treatment, as the application of mechanical 

forces to teeth inevitably engages the surrounding 

periodontal tissues, including the periodontal ligament 

(PDL), gingival tissues, and alveolar bone. Orthodontic 

tooth movement (OTM) is a controlled biological 

process wherein sustained mechanical loading induces 

adaptive remodeling of these structures, allowing teeth 

to reposition within the alveolar arch [1, 2]. However, 

this process is not isolated from inflammatory 

dynamics; rather, orthodontic forces trigger aseptic 

inflammation in the periodontium, which plays a 

pivotal role in facilitating or hindering tissue 

adaptation [3, 4]. The interplay between mechanical 

stress and inflammation can lead to beneficial 

outcomes, such as efficient bone resorption and 

apposition, or adverse effects, including accelerated 

periodontal tissue degradation, root resorption, or 

gingival recession [5, 6]. Understanding these 

interactionsat a mechanistic level is crucial for 

clinicians and researchers, as it informs strategies to 

mitigate risks and enhance therapeutic efficacy in 

orthodontic practice [7-12].  

Historically, orthodontic research has emphasized the 

biomechanical aspects of tooth movement, viewing the 
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periodontium primarily as a viscoelastic medium 

responsive to force magnitude, direction, and duration 

[13]. Classic theories, such as the pressure-tension 

hypothesis, posit that compressive forces lead to bone 

resorption on the pressure side, while tensile forces 

promote bone formation on the tension side [14]. Yet, 

this model overlooks the molecular and cellular 

mediators that bridge mechanical input to biological 

output. Advances in cellular biology have revealed that 

mechanotransduction—the process by which cells 

convert mechanical signals into biochemical 

responses—is central to OTM [15, 16]. Cells within the 

PDL, including fibroblasts, osteoblasts, and 

osteoclasts, sense force through integrins, cadherins, 

and ion channels, initiating signaling cascades that 

regulate gene expression and protein synthesis [17, 18]. 

Concurrently, inflammation emerges as a key 

modulator in this context. Orthodontic forces cause 

microvascular compression and ischemia in the PDL, 

leading to the release of pro-inflammatory cytokines 

such as interleukin-1β (IL-1β), tumor necrosis factor-α 

(TNF-α), and prostaglandins like prostaglandin E2 

(PGE2) [19, 20]. These molecules not only amplify the 

inflammatory response but also influence bone 

remodeling by stimulating receptor activator of nuclear 

factor kappa-B ligand (RANKL) expression, which 

promotes osteoclast differentiation and activity [21]. In 

healthy periodontal tissues, this inflammation is 

transient and resolves to support adaptive remodeling. 

However, in the presence of pre-existing periodontal 

disease or excessive force, it can become chronic, 

resulting in extracellular matrix degradation, loss of 

attachment, and alveolar bone loss [22, 23]. 

The bidirectional nature of these interactions adds 

further complexity. Inflammation can sensitize tissues 

to mechanical forces, lowering the threshold for 

mechanotransduction activation, while mechanical 

stress can perpetuate inflammation through sustained 

cytokine production [24, 25]. For instance, studies have 

shown that inflamed periodontal tissues exhibit altered 

biomechanical properties, such as reduced elasticity, 

which may impede OTM or increase susceptibility to 

damage [26]. This reciprocity suggests that orthodontic 

interventions must account for inflammatory status to 

avoid iatrogenic complications. 

Despite these insights, the literature remains 

fragmented. Reviews on mechanotransduction often 

focus on isolated cellular pathways without integrating 

inflammatory feedback [27], while inflammation-

centric studies in periodontology seldom address 

orthodontic-specific mechanics. There is a notable gap 

in theoretical models that unify these domains into a 

coherent causal framework. Existing models, such as 

those emphasizing RANKL/osteoprotegerin (OPG) 

ratios in bone remodeling, do not fully incorporate the 

upstream mechanosensory inputs or downstream 

feedback loops that sustain or resolve inflammation 

[25, 28]. 

This paper addresses this gap by developing a new 

integrative mechanistic framework. Drawing from 

cellular and molecular biology, tissue biomechanics, 

and inflammatory mechanisms, the framework posits a 

unified causal pathway where orthodontic forces 

initiate mechanotransduction, which triggers 

inflammatory signaling, subsequently driving bone 

remodeling. Bidirectional feedbacks are emphasized, 

illustrating how inflammation modulates force 

perception and how remodeling outcomes influence 

inflammatory resolution. This synthesis is purely 

conceptual, relying on established principles rather 

than new empirical data, and aims to provide a bold 

theoretical foundation for understanding periodontal 

responses to orthodontic interventions. 

The framework has implications for clinical practice, 

such as tailoring force applications based on 

inflammatory biomarkers or incorporating anti-

inflammatory adjuncts to optimize outcomes. It also 

highlights avenues for future research, including the 

role of specific signaling molecules in feedback loops. 

By conceptualizing these interactions as an 

interconnected system, this model advances 

periodontology toward more predictive and 

personalized orthodontic approaches. 

In the sections that follow, we review the theoretical 

background, including key literature on inflammatory 

signaling, mechanotransduction, and bone remodeling. 

We then propose the integrative framework, detailing 

its causal pathways and feedback mechanisms. 

Theoretical Background & Literature Review 

Inflammatory signaling in periodontal tissues 

Inflammatory processes in the periodontium are 

initiated by various stimuli, including mechanical 

forces from orthodontic appliances. These forces 

induce aseptic inflammation, characterized by the 

release of signaling molecules that orchestrate tissue 

responses [1, 3]. Key among these are cytokines such 

as IL-1β and TNF-α, which are upregulated in the PDL 

shortly after force application [19]. These cytokines 

promote vascular permeability, leukocyte recruitment, 

and the production of secondary mediators like PGE2, 

which further amplifies the response [20, 21]. 

Prostaglandins, particularly PGE2, play a dual role in 

inflammation and bone metabolism. Synthesized via 

cyclooxygenase pathways in response to mechanical 

stress, PGE2 enhances cytokine effects and directly 
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stimulates osteoclast activity [2, 4]. In orthodontic 

contexts, elevated PGE2 levels correlate with increased 

bone resorption on the compression side of teeth [6, 

23]. However, chronic elevation can lead to 

uncontrolled inflammation, contributing to periodontal 

breakdown [22, 26]. 

The resolution of inflammation is equally important, 

involving anti-inflammatory cytokines like 

interleukin-10 (IL-10) and lipid mediators such as 

resolvins [25]. Dysregulation, often seen in periodontal 

disease, impairs this resolution, perpetuating tissue 

damage [24, 25]. 

 

Mechanotransduction pathways in response to 

orthodontic forces 

Mechanotransduction converts mechanical forces into 

cellular signals, a process critical for OTM [15, 16]. In 

the PDL, cells detect force through membrane proteins 

like integrins and PIEZO1 channels, which activate 

intracellular pathways including mitogen-activated 

protein kinases (MAPK) and β-catenin signaling [13, 

17, 18, 27]. 

Integrins link the extracellular matrix to the 

cytoskeleton, transducing force into focal adhesion 

kinase activation, which modulates gene expression for 

matrix remodeling [14,28]. PIEZO1, a 

mechanosensitive ion channel, responds to force by 

allowing calcium influx, triggering downstream 

cascades that influence cell differentiation [19, 29]. In 

orthodontics, these pathways determine the threshold 

and directionality of tissue responses [5]. 

Recent reviews highlight how mechanotransduction 

intersects with inflammation, as force-induced calcium 

signaling can upregulate cytokine production [30,31]. 

This integration suggests that mechanical sensitivity is 

tunable by inflammatory states [32]. 

 

Alveolar bone remodeling processes 

Alveolar bone remodeling during OTM involves 

coordinated osteoclast and osteoblast activity [21, 33]. 

Orthodontic forces create pressure gradients, leading to 

RANKL-mediated osteoclastogenesis on the 

compression side and OPG-dominated osteoblast 

activity on the tension side [2, 4, 34]. 

Sclerostin, produced by osteocytes, inhibits bone 

formation but is downregulated under tension, 

facilitating apposition [24, 35]. Hypoxia from vascular 

compression further modulates remodeling via 

hypoxia-inducible factors, promoting angiogenesis and 

resorption [28, 36]. 

Bidirectional interactions with inflammation are 

evident, as cytokines enhance RANKL expression, 

accelerating remodeling but risking over-resorption if 

unchecked [6, 7, 23]. 

 

Interactions between inflammation and mechanical 

forces 

The bidirectional causal pathways between 

inflammation and orthodontic forces form a feedback 

system [24,25]. Mechanical stress induces 

inflammation, which in turn alters tissue biomechanics, 

affecting force distribution [3, 5]. For example, 

inflamed tissues exhibit increased compliance, 

potentially amplifying stress on adjacent structures [22, 

26]. 

Molecularly, inflammatory mediators like TNF-α 

sensitize mechanoreceptors, lowering activation 

thresholds [19, 20]. Conversely, sustained force can 

prolong inflammation through persistent prostaglandin 

release [4, 21]. This reciprocity explains why pre-

existing inflammation exacerbates orthodontic 

complications [25]. 

 

Periodontal tissue degradation mechanisms 

Excessive interactions can lead to degradation, 

involving matrix metalloproteinases (MMPs) that 

break down collagen and elastin [8, 25, 29]. MMP-9, 

upregulated by cytokines, is particularly implicated in 

gingival and PDL degradation during OTM [9]. 

Inflammatory feedback accelerates this, as PGE2 

stimulates MMP expression, creating a vicious cycle 

[20, 23]. Protective mechanisms, such as tissue 

inhibitors of metalloproteinases, can mitigate this, but 

overload from force or inflammation tips the balance 

toward pathology [10, 25]. 

This review synthesizes these elements, revealing the 

need for an integrated model. 

 

Proposed theoretical framework 

The proposed framework integrates inflammatory 

signaling, mechanotransduction, and bone remodeling 

into a unified causal pathway, emphasizing 

bidirectional feedbacks to explain periodontal 

responses to orthodontic forces. At its core, orthodontic 

mechanical forces act as the initiating stimulus, applied 

via appliances to teeth and transmitted to the PDL and 

alveolar bone [37, 38]. These forces are sensed through 

mechanotransduction pathways, where cellular sensors 

like integrins and PIEZO1 channels convert 

mechanical energy into biochemical signals, such as 

calcium influx and MAPK activation [15, 17, 18, 27]. 

This initial transduction leads to the release of 

inflammatory mediators, including cytokines (IL-1β, 

TNF-α) and prostaglandins (PGE2), which propagate 

an aseptic inflammatory response [1, 3, 19, 20]. 
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In the pathway, inflammation serves as a central hub, 

modulating downstream bone remodeling. Cytokines 

upregulate RANKL in osteoblasts and PDL cells, 

promoting osteoclast differentiation and alveolar bone 

resorption on the compression side [2, 4, 21]. 

Simultaneously, on the tension side, reduced 

inflammation and mechanotransduced signals enhance 

OPG expression, favoring osteoblast activity and bone 

apposition [24, 25, 33, 34]. This differential 

remodeling enables directional tooth movement. 

Bidirectional causal pathways are integral: 

inflammation feeds back to mechanotransduction by 

sensitizing cellular sensors, for instance, through 

cytokine-induced expression of mechanosensitive 

proteins, thereby amplifying force perception [13, 25, 

30, 32]. Conversely, ongoing remodeling influences 

inflammation; bone resorption releases matrix-bound 

factors that sustain cytokine production, while 

successful apposition promotes resolution via anti-

inflammatory signals [25, 35, 36]. 

Periodontal tissue degradation emerges as a potential 

offshoot when feedbacks become dysregulated, with 

excessive PGE2 and MMPs leading to collagen 

breakdown and attachment loss [8, 9, 22, 23, 29]. The 

framework posits that optimal OTM occurs when 

feedbacks maintain homeostasis, whereas 

imbalances—due to high force or baseline 

inflammation—tip toward pathology. 

 
Figure 1. Schematic diagram illustrating orthodontic force applied to the tooth-PDL-bone complex 

 

This model represents an original synthesis, not 

previously articulated in this form, by framing the 

processes as a single, feedback-regulated causal chain 

rather than parallel events. 

Propositions 

The proposed theoretical framework offers a 

comprehensive lens to understand the dynamic 

interplay between orthodontic mechanical forces, 

inflammatory signaling, and alveolar bone remodeling. 

Drawing from mechanobiology, immunology, and 

periodontal research, several testable propositions 

emerge. These propositions not only provide 

mechanistic explanations for tissue responses but also 

illuminate potential pathways for clinical intervention, 

personalized treatment strategies, and hypothesis-

driven research [39-46]. They integrate bidirectional 

causal relationships and feedback loops, emphasizing 

the complex, adaptive, and sometimes non-linear 

nature of periodontal tissue dynamics in response to 

orthodontic loading. 

 

Proposition 1: Orthodontic mechanical forces trigger 

inflammatory signaling via mechanotransduction 

Sustained orthodontic forces represent a primary 

stimulus for cellular mechanotransduction within the 

periodontal ligament (PDL) and alveolar bone. 

Mechanosensitive elements—including integrins, 

focal adhesion kinases, PIEZO1 ion channels, stretch-

activated channels, and cytoskeletal components—

detect applied stress and initiate intracellular signaling 

cascades that culminate in aseptic inflammation [17, 

19-21]. This process involves multiple steps: 

1. Mechanical sensing: Integrins and stretch-activated 

channels detect extracellular strain, transmitting 

mechanical information to intracellular pathways. 
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2. Signal amplification: Downstream mediators such 

as MAPK, NF-κB, and Wnt/β-catenin are activated, 

leading to transcriptional upregulation of inflammatory 

cytokines (IL-1β, TNF-α, IL-6) and prostaglandins 

(notably PGE2). 

3. Spatial-temporal regulation: The magnitude, 

duration, and direction of applied force modulate the 

intensity and duration of cytokine production. 

Moderate forces promote a controlled, transient 

inflammatory response conducive to adaptive 

remodeling, while excessive forces risk prolonged 

inflammation, hyalinization of the PDL, ischemia, and 

tissue necrosis. 

This proposition emphasizes that inflammation is not 

merely a pathological byproduct of orthodontic 

treatment but a carefully regulated, force-dependent 

biological process essential for initiating tissue 

adaptation. It also underscores the mechanistic 

specificity of force detection, suggesting that targeting 

mechanosensors pharmacologicallyor mechanically 

could modulate inflammatory responses for clinical 

benefit [47-54]. 

 

Proposition 2: Inflammatory mediators modulate 

alveolar bone remodeling in a site-specific manner 

Once initiated, the inflammatory response exerts a 

spatially and temporally specific effect on alveolar 

bone remodeling, enabling directional tooth 

movement. This proposition highlights how 

compression and tension zones within the PDL create 

differential microenvironments that selectively recruit 

and activate bone-resorbing or bone-forming cells: 

• Compression side: Elevated levels of IL-1β, TNF-α, 

and prostaglandins induce receptor activator of nuclear 

factor kappa-Β ligand (RANKL) expression, 

promoting osteoclast differentiation and localized bone 

resorption. This facilitates the removal of alveolar bone 

in the direction of tooth movement. 

• Tension side: Reduced inflammatory signaling 

allows osteoprotegerin (OPG) to dominate, inhibiting 

osteoclastogenesis while enhancing osteoblast activity 

and bone apposition. This promotes bone formation 

and stabilizes the tooth in its new position [2, 4, 14]. 

The proposition underscores the necessity of a finely 

tuned balance between resorption and apposition. 

Disruption of this balance—caused by excessive 

forces, systemic inflammatory conditions, or 

individual variability in cytokine responses—may 

result in uneven bone remodeling, delayed tooth 

movement, root resorption, or periodontal damage. 

Additionally, this site-specificity suggests potential 

therapeutic opportunities: localized modulation of 

inflammatory mediators could accelerate movement or 

protect vulnerable sites from damage. 

 

Proposition 3: Bidirectional feedback loops amplify or 

attenuate tissue responses 

Inflammatory signaling and mechanotransduction do 

not operate in isolation; they engage in complex, 

bidirectional feedback loops that can either amplify or 

attenuate tissue responses [18, 22, 24, 30]. 

• Amplification loops: Pro-inflammatory mediators 

upregulate mechanosensitive receptors and signaling 

molecules in PDL cells, effectively lowering the 

threshold for mechanical force detection and 

accelerating subsequent remodeling. This creates a 

feed-forward mechanism where initial force 

application sensitizes tissues for faster adaptation. 

• Attenuation loops: Remodeling outcomes, in turn, 

modulate inflammation. Successful bone apposition 

triggers anti-inflammatory cytokines such as IL-10 and 

TGF-β, promoting resolution and restoration of tissue 

homeostasis. Persistent resorption, however, sustains 

pro-inflammatory signaling, creating self-reinforcing 

cycles that may prolong tissue turnover or exacerbate 

damage [6, 25, 34]. 

These feedback mechanisms highlight the non-linear 

nature of orthodontic tissue responses. They also 

suggest that interventions at specific points in the 

loop—mechanosensors, cytokines, or 

osteoclast/osteoblast activity—could modulate the 

overall trajectory of tissue adaptation, potentially 

improving clinical predictability. 

 

Proposition 4: Dysregulated interactions lead to 

periodontal tissue degradation 

When the coordination between mechanical forces, 

inflammatory signaling, and bone remodeling is 

disrupted, pathological consequences emerge. 

Excessive inflammatory feedback, driven by 

prostaglandins, matrix metalloproteinases (MMPs), 

and other catabolic factors, can degrade the 

extracellular matrix, resulting in attachment loss, 

gingival recession, and alveolar bone defects [5, 13, 23, 

29, 32]. 

Several factors can exacerbate this dysregulation: 

• Pre-existing inflammation: Chronic periodontitis or 

systemic inflammatory conditions amplify cytokine 

production, increasing susceptibility to tissue 

degradation under orthodontic loading. 

• Excessive force application: High-magnitude or 

prolonged forces create ischemia and necrosis within 

the PDL, further stimulating inflammatory cascades. 

• Individual variability: Genetic and epigenetic 

differences in inflammatory response, 
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osteoclast/osteoblast activity, and extracellular matrix 

composition modulate vulnerability to damage. 

This proposition highlights the critical need for force 

calibration, periodontal health assessment, and 

inflammatory control prior to and during orthodontic 

treatment [55-58]. It also provides a mechanistic 

rationale for adjunctive therapies, such as anti-

inflammatory agents or biomodulators, to mitigate 

tissue degradation risk [59-63]. 

 

Proposition 5: The framework explains variable 

clinical outcomes 

Orthodontic treatment outcomes are highly variable, 

reflecting inter-individual differences in 

mechanosensitivity, inflammatory responsiveness, 

systemic health, and genetic background [1, 16, 26, 

36]. Some patients exhibit rapid, efficient tooth 

movement with minimal discomfort, while others 

experience slow movement, root resorption, or 

heightened susceptibility to periodontal complications. 

Key factors influencing this variability include: 

• Age-related changes: Aging is associated with 

altered PDL cell mechanosensitivity, reduced 

osteoblast function, and slower bone remodeling. 

• Systemic conditions: Diabetes, hormonal 

imbalances, and osteoporosis influence cytokine 

profiles, osteoclast/osteoblast activity, and tissue 

healing. 

• Genetic and epigenetic factors: Polymorphisms in 

genes related to inflammatory mediators, 

mechanosensors, or extracellular matrix proteins 

modulate individual responses to mechanical forces. 

By incorporating these factors, the framework provides 

a mechanistic explanation for patient-specific 

outcomes and supports the development of 

personalized treatment strategies. Clinically, this 

suggests that tailoring force magnitude, timing, and 

adjunctive therapies to individual profiles could 

optimize efficacy, minimize adverse effects, and 

improve predictability. 

 

Proposition 6: Integrative framework as a tool for 

research and clinical innovation 

Beyond clinical implications, this framework provides 

a roadmap for research: 

• Hypothesis generation: Each proposition identifies 

testable mechanisms, such as the effects of force 

magnitude on cytokine profiles or the role of 

mechanosensor upregulation in feedback 

amplification. 

• Predictive modeling: By quantifying interactions 

among forces, inflammation, and remodeling, 

computational models could simulate tissue responses 

under different scenarios, guiding clinical decision-

making. 

• Translational potential: The framework informs the 

design of adjunctive therapies—anti-inflammatory 

agents, biomodulators, or mechanical optimization 

protocols—to enhance treatment efficiency and safety. 

In summary, these propositions collectively provide a 

mechanistic, integrative perspective on orthodontic 

tissue dynamics, bridging molecular, cellular, and 

clinical scales. They emphasize the adaptive, 

bidirectional, and context-dependent nature of the 

periodontal response to orthodontic forces and offer a 

foundation for both empirical research and 

personalized treatment approaches. 

General Discussion 

The integrative framework presented herein 

synthesizes disparate elements of inflammatory 

signaling, mechanotransduction, and bone remodeling 

into a cohesive causal pathway, addressing a critical 

gap in periodontology and orthodontics. By 

emphasizing bidirectional feedbacks, the model moves 

beyond linear descriptions, such as the traditional 

pressure-tension hypothesis, to portray a dynamic 

system where inflammation acts as both effector and 

modulator of mechanical forces [2, 13, 18]. This 

approach aligns with emerging views in cellular 

biology, where tissues are seen as adaptive networks 

responsive to biomechanical cues [17, 22, 24]. 

Clinically, the framework has implications for 

optimizing orthodontic interventions. For instance, 

understanding how cytokines like IL-1β amplify 

mechanotransduction suggests that monitoring 

gingival crevicular fluid biomarkers could guide force 

adjustments, potentially reducing risks of root 

resorption or periodontal breakdown [1, 3, 19]. In 

patientswith baseline inflammation, such as those with 

mild periodontitis, the model predicts heightened 

sensitivity to forces, advocating for adjunctive anti-

inflammatory measures (e.g., low-level laser therapy or 

pharmacological modulators) to dampen feedback 

loops [4-6, 33, 64-69]. Conversely, in hypo-responsive 

cases, strategies to enhance signaling—without 

exceeding degradation thresholds—could accelerate 

treatment. 

Theoretically, this synthesis contributes to broader 

mechanobiology by illustrating how feedback 

mechanisms maintain periodontal homeostasis under 

stress [20, 21, 27, 28]. It integrates molecular details, 

such as PGE2's role in MMP upregulation, with tissue-

level outcomes like alveolar remodeling, providing a 

scaffold for modeling similar interactions in other load-
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bearing tissues [15, 23, 29, 31]. Limitations include the 

conceptual nature, which relies on established 

literature rather than novel data; thus, it does not 

account for all variables, such as microbial influences 

or genetic polymorphisms that might alter pathway 

dynamics [25, 35]. Additionally, while the model is 

original in its unified pathway, it builds on prior work, 

necessitating validation through simulation or 

observational studies. 

Future directions could explore computational 

modeling of the feedback loops to predict outcomes 

under varying force parameters [14,25,30]. 

Investigating specific inhibitors of inflammatory nodes 

(e.g., targeting TNF-α) might reveal ways to decouple 

beneficial remodeling from degradation [7, 26]. 

Overall, this framework encourages a shift toward 

integrative, systems-based approaches in periodontal 

research, enhancing theoretical rigor and clinical 

predictability. 

Conclusion 

This conceptual paper advances a mechanistic model 

that unifies orthodontic force-induced 

mechanotransduction, inflammatory signaling, and 

alveolar bone remodeling into a single causal pathway 

with bidirectional feedbacks. By synthesizing cellular, 

molecular, and biomechanical elements, the 

framework elucidates how inflammation mediates 

periodontal responses, explaining both adaptive tooth 

movement and potential degradation. The derived 

propositions provide testable insights for refining 

orthodontic strategies, emphasizing the balance of 

inflammatory dynamics to minimize risks. Ultimately, 

this integrative perspective fosters bolder theory-

building in periodontology, paving the way for more 

effective, patient-centered interventions. 

Acknowledgments: None 

Conflict of Interest: None 

Financial Support: None 

Ethics Statement: None 

References 

 Maltha JC, Van't Hof MA, Von Den Hoff JW, 

Kuijpers-Jagtman AM, Zhang D. Cytokine levels 

in crevicular fluid are less responsive to 

orthodontic force in adults than in juveniles. J Clin 

Periodontol. 2002;29(8):757-62. 

doi:10.1034/j.1600-051x.2002.290813.x. 

 Li Y, Ko CC. Orthodontic tooth movement: The 

biology and clinical implications. Kaohsiung J 

Med Sci. 2018;34(4):207-14. 

doi:10.1016/j.kjms.2018.01.007. 

 Matsumoto Y, Sringkarnboriboon S, Ono T. 

Proinflammatory mediators related to 

orthodontically induced periapical root resorption 

in rat mandibular molars. Eur J Orthod. 

2017;39(6):686-91. doi:10.1093/ejo/cjx033. 

 Alrehaili R, Alharbi A, Alotaibi A, Alqahtani A, 

Alshahrani A, Alghamdi A, et al. Medications and 

orthodontic tooth movement: What accelerates 

and diminishes tooth movement? Cureus. 

2024;16(6):e61840. doi:10.7759/cureus.61840. 

 Jose JA, Arumughan S, Somaiah S, Muddaiah S, 

Shetty B, Reddy G. A comparative evaluation of 

interleukin 1 beta and prostaglandin E2 with and 

without low-level laser therapy during en masse 

retraction. Contemp Clin Dent. 2018;9(2):267-75. 

doi:10.4103/ccd.ccd_859_17. 

 Behm C. Immunomodulatory activities of 

periodontal ligament stem cells in orthodontic 

forces-induced inflammatory processes: Current 

views and future perspectives. Front Oral Health. 

2022;3:877348. doi:10.3389/froh.2022.877348. 

 Górska A, Pawłowski D, Walczak L. The impact 

of perceived organizational support on 

organizational citizenship behavior: Psychological 

capital as a mediator in Indonesian prison 

management. Asian J Indiv Organ Behav. 

2023;3:132-41. doi:10.51847/xZgJzrm4a0. 

 Hima N, Benarous D, Louail B, Hamadi W. 

Impact of social media on consumer purchasing 

behavior via e-marketing: An empirical study of 

Algerian university students. Asian J Indiv Organ 

Behav. 2024;4:49-57. 

doi:10.51847/v1DRqVmWCg. 

 Rattanakorn S, Dhep M. Exploitative leadership 

and unethical pro-organizational behavior: The 

full mediating role of moral disengagement. Ann 

Organ Cult Leadersh Extern Engagem J. 

2023;4:158-68. doi:10.51847/n3eSiJzK9K. 

 Mitchell J, Howard L. How leader humility 

influences organizational citizenship behavior 

through job satisfaction and employee 

engagement. Ann Organ Cult Leadersh Extern 

Engagem J. 2024;5:174-86. 

doi:10.51847/9HkFow5dIc. 

 Hakami A. Pulmonary carcinosarcoma: A rare and 

poor prognosis cancer–a retrospective analysis. 

Asian J Curr Res Clin Cancer. 2024;4(1):31-9. 

doi:10.51847/ANsF5Aosvo. 



Brown et al., Mechanistic Model of Periodontal Inflammation and Orthodontic Force Interactions 

305 

 Xie L, Wu Z, Liu Y, Tang J, Lu C, Wang H. α-

Linalool from coriander root inhibits the 

proliferation and invasion of human gastric cancer 

cells. Asian J Curr Res Clin Cancer. 2024;4(2):19-

31. doi:10.51847/74nRbFHbyT. 

 Yamaguchi M, Kasai K. Inflammation in 

periodontal tissues in response to mechanical 

forces. Arch Immunol Ther Exp (Warsz). 

2005;53(5):388-98. 

 Nakai Y, Praneet Ngamsom S, Bhadhprasit W, 

Krisanaprakornkit S, Jotikasthira D. Mechanisms 

of osteoclastogenesis in orthodontic tooth 

movement and orthodontically induced tooth root 

resorption. J Bone Metab. 2023;30(4):297-310. 

doi:10.11005/jbm.2023.30.4.297. 

 Norrdin RW, Jee WS, High WB. The role of 

prostaglandins in bone in vivo. Prostaglandins 

Leukot Essent Fatty Acids. 1990;41(3):139-49. 

doi:10.1016/0952-3278(90)90081-u. 

 Zhang J, Zhang AM, Zhang ZM, Jia JL, Sui XX, 

Yu LR. Efficacy of combined orthodontic-

periodontic treatment for patients with 

periodontitis and its effect on inflammatory 

cytokines: A comparative study. Am J Orthod 

Dentofacial Orthop. 2017;152(4):494-500. 

doi:10.1016/j.ajodo.2017.01.028. 

 Huang H, Yang R, Zhou YH. Mechanobiology of 

periodontal ligament stem cells in orthodontic 

tooth movement. Stem Cells Int. 

2018;2018:6531216. doi:10.1155/2018/6531216. 

 Ullrich N, Schröder A, Jantsch J, Spanier G, Proff 

P, Kirschneck C. The role of mechanotransduction 

versus hypoxia during simulated orthodontic 

compressive strain—an in vitro study of human 

periodontal ligament fibroblasts. Int J Oral Sci. 

2019;11:33. doi:10.1038/s41368-019-0066-x. 

 Jiang Y, Guan Y, Lan Y, Chen S, Li T, Zou S, et 

al. Mechanosensitive Piezo1 in periodontal 

ligament cells promotes alveolar bone remodeling 

during orthodontic tooth movement. Front 

Physiol. 2021;12:767136. 

doi:10.3389/fphys.2021.767136. 

 Maltha JC, Kuijpers-Jagtman AM. 

Mechanobiology of orthodontic tooth movement: 

An update. J World Fed Orthod. 2023;12(4):156-

60. doi:10.1016/j.ejwf.2023.05.001. 

 Chukkapalli SS, Lele TP. Periodontal cell 

mechanotransduction. Open Biol. 

2018;8(9):180053. doi:10.1098/rsob.180053. 

 Maulana H, Hikmah N. The role of periodontal 

ligament remodeling on orthodontic tooth 

movement. Int J Med Sci Clin Res Stud. 

2023;3(11):2636-40. doi:10.47191/ijmscrs/v3-

i11-18. 

 Wen X, Pei F, Jin Y, Zhao Z. Exploring the 

mechanical and biological interplay in the 

periodontal ligament. Int J Oral Sci. 2025;17:23. 

doi:10.1038/s41368-025-00354-y. 

 Seddiqi H, Klein-Nulend J, Jin J. Osteocyte 

mechanotransduction in orthodontic tooth 

movement. Curr Osteoporos Rep. 2023;21:731-

42. doi:10.1007/s11914-023-00826-2. 

 Jeon HH, Graves DT. Inflammation and 

mechanical force-induced bone remodeling. 

Periodontol 2000. 2024 Dec 30. 

doi:10.1111/prd.12619. 

 Rizk M, Niederau C, Florea A, Kiessling F, 

Morgenroth A, Mottaghy FM, et al. Periodontal 

ligament and alveolar bone remodeling during 

long orthodontic tooth movement analyzed by a 

novel user-independent 3D-methodology. Sci 

Rep. 2023;13:19919. doi:10.1038/s41598-023-

47386-0. 

 Wang S, Ko CC, Chung MK. Nociceptor 

mechanisms underlying pain and bone remodeling 

via orthodontic forces: Toward no pain, big gain. 

Front Pain Res (Lausanne). 2024;5:1365194. 

doi:10.3389/fpain.2024.1365194. 

 Krishnan V, Davidovitch Z. Cellular, molecular, 

and tissue-level reactions to orthodontic force. Am 

J Orthod Dentofacial Orthop. 2006;129(4):469.e1-

32. doi:10.1016/j.ajodo.2005.10.007. 

 Xu H, Zhang S, Sathe AA, Jin Z, Guan J, Sun W, 

et al. CCR2+ macrophages promote orthodontic 

tooth movement and alveolar bone remodeling. 

Front Immunol. 2022;13:835986. 

doi:10.3389/fimmu.2022.835986. 

 Kitaura H, Ohori F, Marahleh A, Ma J, Lin A, Fan 

Z, et al. The role of cytokines in orthodontic tooth 

movement. Int J Mol Sci. 2025;26(14):6688. 

doi:10.3390/ijms26146688. 

 Feng G, Li A, Ding Y, Chen L, Zhong W, Zhou C, 

et al. Expert consensus on orthodontic treatment of 

patients with periodontal disease. Int J Oral Sci. 

2025;17:27. doi:10.1038/s41368-025-00356-w. 

 Kwon TH, Salem DM, Levin L. Periodontal 

considerations in orthodontic treatment: A review 

of the literature and recommended protocols. 

Semin Orthod. 2024;30(2):80-8. 

doi:10.1053/j.sodo.2024.02.002. 

 Alqabandi F, Chung MK, Wong S, Ko CC. The 

effect of orthodontic treatment on the 

periodontium and soft tissue esthetics in adult 

patients. Clin Exp Dent Res. 2022;8(1):67-80. 

doi:10.1002/cre2.480. 



Brown et al., Mechanistic Model of Periodontal Inflammation and Orthodontic Force Interactions 

306 

 Guo H, Zhang Y. Orthodontic treatment combined 

with periodontal tissue regeneration improves 

clinical symptoms and periodontal function in 

patients with periodontitis. Int J Clin Exp Med. 

2020;13(6):4517-24. 

 Rafiuddin S, YG PK, Biswas S, Prabhu SS, BM C, 

MP R. Iatrogenic damage to the periodontium 

caused by orthodontic treatment procedures: An 

overview. Open Dent J. 2015;9:228-34. 

doi:10.2174/1874210601509010228. 

 Abasi M, Goodarzi A, Solhmirzaei R, Fazel F, 

Moharrami AM, Ghasemi H, et al. The interaction 

between orthodontics and periodontal tissue 

remodeling. Galen Med J. 2025:e4005. 

doi:10.31661/gmj.vi.4005. 

 Maskaeva SS, Yusupova MS, Kagaev RV, 

Ahmadova LT, Kushkarova KR, Dashaev AU, et 

al. Harnessing the power of laser Doppler 

flowmetry of tooth pulp and densitometry at dental 

caries. Ann Dent Spec. 2024;12(4):23-30. 

doi:10.51847/u8k7kQbqPi. 

 Ansari S, Alhazmi A, Alajmi A, Asali W, Alkathiri 

S, Alrasheedi Z. Knowledge and attitude of 

patients regarding the choice of selection of FPDs 

and dental implants. Ann Dent Spec. 

2023;11(2):15-24. doi:10.51847/Esn7bjMEN4. 

 Al Abadie M, Sharara Z, Ball PA, Morrissey H. 

Pharmacological insights into Janus kinase 

inhibition for the treatment of autoimmune skin 

diseases: A literature review. Ann Pharm Pract 

Pharmacother. 2023;3:1-8. 

doi:10.51847/lhABjfuIwh. 

 Jin LW, Tahir NAM, Islahudin F, Chuen LS. 

Exploring treatment adherence and quality of life 

among patients with transfusion-dependent 

thalassemia. Ann Pharm Pract Pharmacother. 

2024;4:8-16. doi:10.51847/B8R85qakUv. 

 Barbuti AM, Chen Z. Taxol (paclitaxel): A 

promising alkaloid for cancer treatment. Pharm 

Sci Drug Des. 2023;3:1-2. 

doi:10.51847/aD0CrEg6Fo. 

 Iftode C, Iurciuc S, Marcovici I, Macasoi I, 

Coricovac D, Dehelean C, et al. Therapeutic 

potential of aspirin repurposing in colon cancer. 

Pharm Sci Drug Des. 2024;4:43-50. 

doi:10.51847/nyDxRaP7Au. 

 Hong L, Xie X, Xie H, Zhao J, Sui L, Li S. 

Investigation of the mechanistic action of Yinaoan 

capsules hospital formulation in epilepsy therapy 

through multi-pathway network pharmacology 

approaches. Spec J Pharmacogn Phytochem 

Biotechnol. 2023;3:39-50. 

doi:10.51847/DtzA0Txe1h. 

 Montague T, Liggins A, Hailemeskel B. 

Evaluation of herbal remedies (cocoa & shea 

butter, vitamin E, calendula oils) for stretch mark 

treatment and student survey insights. Spec J 

Pharmacogn Phytochem Biotechnol. 2024;4:74-

81. doi:10.51847/f3Z4kW7LnR. 

 Wal A, Wal P, Pandey A, Vig H, Ved A, Samal 

HB. Exploring myasthenia gravis subtypes: 

Impact on pregnancy and recent treatment 

advancements. Interdiscip Res Med Sci Spec. 

2023;3(1):26-38. doi:10.51847/LfGflzk9de. 

 Zar H, Moore DP, Andronikou S, Argent AC, 

Avenant T, Cohen C, et al. Principles of diagnosis 

and treatment in children with acute pneumonia. 

Interdiscip Res Med Sci Spec. 2024;4(2):24-32. 

doi:10.51847/4RVz1Zxy4h. 

 Kostadinova M, Raykovska M, Simeonov R, 

Lolov S, Mourdjeva M. Advancements in bone 

tissue regeneration: A review of common 

scaffolds in tissue engineering. J Med Sci 

Interdiscip Res. 2024;4(1):8-14. 

doi:10.51847/9j9DuUUgWY. 

 Guigoz Y, Vellas B. Nutritional status assessment 

in elderly using different screening tools. J Med 

Sci Interdiscip Res. 2023;3(1):9-19. 

doi:10.51847/JZjGw02xal. 

 Malik M, Nadeem N, Rafique Q, Hussain A, 

Hashmi A. Assessment of quality of life among 

lung cancer patients in Pakistan utilizing the 

EORTC QLQ-C13 tool. Arch Int J Cancer Allied 

Sci. 2023;3(1):29-34. 

doi:10.51847/3soY7U984A. 

 Miciak M, Jurkiewicz K. Recent advances in the 

diagnostics and management of medullary thyroid 

carcinoma: Emphasis on biomarkers and 

thyroidectomy in neuroendocrine neoplasms. Arch 

Int J Cancer Allied Sci. 2024;4(1):17-23. 

doi:10.51847/ar1ylTQfNa. 

 Akdeniz D, Yardımcı A, Kavukcu O. Medical 

futility in end-of-life care: Exploring ethical 

decision-making practices among Turkish 

physicians – a qualitative study. Asian J Ethics 

Health Med. 2023;3:17-25. 

doi:10.51847/OTwRe560gm. 

 Kajanova J, Badrov A. Medical students’ 

perspectives on trust in medical AI: A quantitative 

comparative study. Asian J Ethics Health Med. 

2024;4:44-57. doi:10.51847/36mpdZ9AZ8. 

 Lobach EY, Ageenko DD, Poznyakovsky VM, 

Pastushkova EV, Tokhiriyon B, Saulich NA. 

Exploring the role of pantohematogen-S in deer 

antler products: Characterization and authenticity 



Brown et al., Mechanistic Model of Periodontal Inflammation and Orthodontic Force Interactions 

307 

verification. Int J Vet Res Allied Sci. 

2023;3(1):26-31. doi:10.51847/FHHvX2ADoM. 

 Martin E, Lee L. Brucella canis and fungal agents 

predominate in canine discospondylitis: 5-year 

diagnostic survey in an endemic region. Int J Vet 

Res Allied Sci. 2024;4(2):84-96. 

doi:10.51847/3Gzt2bQRvT. 

 Mulu E, Jenber AJ, Tesfaye A, Belay B. Integrated 

management of onion thrips on onion, Mecha 

district, Ethiopia. World J Environ Biosci. 

2023;12(1):32-40. doi:10.51847/bbmj8P5dll. 

 Najjar AA. Managing major foodborne 

mycotoxins: A therapeutic approach for safety and 

health. World J Environ Biosci. 2023;12(4):46-53. 

doi:10.51847/fhNKVgnWUR. 

 Rouholamin A, Varposhti S, Alavian A, Talebi S. 

Relationship between green intellectual capital, 

green human resource management, sustainable 

supply chain management, and sustainable 

performance. J Organ Behav Res. 2023;8(2):91-

106. doi:10.51847/teEVWNYvUZ. 

 Cachón-Rodríguez G, Blanco-González A, Prado-

Román C, Del-Castillo-Feito C. Studying the 

pattern of employee loyalty based on social capital 

and sustainable human resource management. J 

Organ Behav Res. 2024;9(2):1-11. 

doi:10.51847/fN33v3jKBU. 

 Arroyo-Fernández A, Blanco-Fernández MA, 

Lladó-Jordan G. Psychological therapy in 

overweight and obesity treatment centers: Do the 

centers include it on their websites? J Adv Pharm 

Educ Res. 2023;13(1):158-61. 

doi:10.51847/TCqButfuej. 

 Puzovic M, Morrissey H, Ball P. Patients’ and 

healthcare professionals’ experience with at-home 

parenteral therapy. J Adv Pharm Educ Res. 

2023;13(4):72-82. doi:10.51847/shH6wZi9tF. 

 Miranda LG, Amigo TR, Ortiz HADLB. 

Validating an objective structured clinical 

examination to enhance assessment of clinical 

skills in physical therapy students. J Adv Pharm 

Educ Res. 2024;14(2):16-26. 

doi:10.51847/c2DlK9b9pQ. 

 Bukke SPN, Mishra S, Thalluri C, Reddy CS, 

Chettupalli AK, Kumar GA. Transformative 

approaches in bone pathology treatment: The 

efficacy of alendronate-infused hydroxyapatite 

microspheres. J Biochem Technol. 2024;15(4):9-

16. doi:10.51847/Zab2Kbi6A9. 

 Sergun VP, Evgenia B, Burkova VN, 

Poznyakovsky VM, Danko NN, Tokhiriyon B. 

Treatment of menstruation disorders at puberty: A 

plant-based dietary supplement efficacy and 

safety. J Biochem Technol. 2023;14(3):13-7. 

doi:10.51847/r9vJrE0mHw. 

 Muresan GC, Hedesiu M, Lucaciu O, Boca S, 

Petrescu N. Evaluation of bone turnover indicators 

before dental implant insertion in osteoporotic 

patients: A case-control investigation. J Curr Res 

Oral Surg. 2023;3:27-32. 

doi:10.51847/P4EfMAbJVb. 

 Urusov E, Li A, Davtyan A, Mikhaylova M, 

Diachkova E, Makarov A. Enhancing prosthetic 

rehabilitation with metal-free restorations for 

dental tissue preservation. J Curr Res Oral Surg. 

2024;4:9-13. doi:10.51847/r1GPip4KHD. 

 Çınaroğlu M, Ahlatcıoğlu EN, Prins J, Nan M. 

Psychological challenges in cancer patients and 

the impact of cognitive behavioral therapy. Int J 

Soc Psychol Asp Healthc. 2023;3:21-33. 

doi:10.51847/ZDLdztUSsw. 

 Uneno Y, Morita T, Watanabe Y, Okamoto S, 

Kawashima N, Muto M. Assessing the supportive 

care needs of elderly cancer patients at Seirei 

Mikatahara General Hospital in 2023. Int J Soc 

Psychol Asp Healthc. 2024;4:13-9. 

doi:10.51847/o4njwxvRSF. 

 Ahmed AAB, Alruwaili MN, Alanazi JF, Alanazi 

DF, Alanazi AS. Exploring diabetic patients’ 

knowledge of complications in Saudi Arabia: A 

systematic review. Ann Pharm Educ Saf Public 

Health Advocacy. 2023;3:23-9. 

doi:10.51847/xJwwd2etBy. 

 Souza JS, Reis EA, Godman B, Campbell SM, 

Meyer JC, Sena LWP, et al. Designing a 

healthcare utilization index to enable worldwide 

patient comparisons: A cross-sectional study. Ann 

Pharm Educ Saf Public Health Advocacy. 

2024;4:7-15. doi:10.51847/EeWKtBkVgK. 

 


