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Orthodontic force, tooth movement, and interleukin-1β

Suwannee Luppanapornlarp1) and Junichiro Iida2)

ABSTRACT : This review presents the basic knowledge and understanding of the biological processes involved in the 
orthodontic force and tooth movement. It also explains one of the basic inflammatory markers that was the “interleukin-1β” 
(IL-1β). Because orthodontic mechanic has to be carefully used during treatment, traumatic effects on the periodontium 
and teeth may occur. Proper understanding of biological events will help design orthodontic force that will produce 
minimal tissue damage. In addition, inflammatory markers such as IL-1β play a critical role in bone remodeling and tooth 
movement. This may be of benefit in understanding how it works and the relevance of the concepts to clinical practice.
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Introduction

　Orthodontic tooth movement is the result from 
applying forces to teeth. This activation evokes cellular 
responses in the teeth and their surrounding tissues, 
including the periodontal ligament, alveolar bone, and 
gingiva. It is advantageous for the orthodontist to know 
the details of the biological events that unfold during 
tooth movement, because some of these details from one 
person may differ to another. This is due to variables 
such as gender, age, psychological status, nutritional 
habits, and drug consumption. These biological variations 
also cause the differences that are frequently observed in 
the outcomes of orthodontic treatment between patients 
with similar malocclusions, treated identically1).
　The essence of orthodontic treatment is the movement 
of teeth through bone to obtain a more perfect dental 
occlusion. Accurate and precise control of tooth 
movement can be optimized with the proper use of 
mechanics and knowledge of the subsequent tissue 
response. Although the art of repositioning teeth has 
been practiced for centuries, the exact mechanism by 
which orthodontic forces orchestrate tooth movement 
is not thoroughly understood. However, despite recent 

advances, the molecular basis for the conversion of the 
orthodontic pressure stimulus into cell-mediated bone 
modeling followed with tooth movement is not completely 
resolved2, 3).

1. Optimal mechanical force for orthodontic 
tooth movement

　Tissue remodeling that facilitates orthodontic tooth 
movement is performed by various cell types. Some of 
these cells are local, such as fibroblasts and bone surface 
lining cells. Other cells are migratory, like macrophages 
and lymphocytes, but evidently play a crucial role in 
modulating the effect of mechanical forces on paradental 
cells. Thus, an optimal orthodontic force is capable 
of evoking an inflammatory response in paradental 
tissues, leading to remodeling of these tissues and tooth 
movement in a desirable direction.
　For the past decade, there were many studies about 
optimal force in orthodontic tooth movement conducted 
in animals and human4-12). The current concept of 
optimal force is led based on the hypothesis that a force 
of a certain magnitude and temporal characteristics 
(continuous vs. intermittent, constant vs. declining, etc.) 
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would be capable of producing a maximum rate of tooth 
movement without tissue damage and with maximum 
patient comfort5). The optimal force for tooth movement 
may differ for each tooth and for each individual patient.
　Many authors have expressed the similar opinion that 
an optimal force is the least harmful to cells, leaving most 
or all of them unharmed. However, Storey13) suggested 
that some tissue damage is unavoidable, and is actually 
beneficial, because it evokes inflammation. Schwarz5) tried 
to equate this force with the capillary blood pressure, 
and recommended to use force magnitudes below this 
pressure level. To reach this goal, he suggested applying 
forces not greater than 15-30 g. per cm2 through root 
surface. However, practically it is difficult to measure 
accurately these forces, and in most cases the force 
distribution in the periodontal ligament (PDL) is uneven, 
resulting in areas of great strain, as well as areas of 
little strain10). Reitan and Rygh7, 14) favored interrupted 
forces, because such forces reduce the risk of dental 
pulp pathology, provide adequate time for tissue 
reorganization, reduce the degree of relapse after tooth 
rotation, and are particularly suitable for treatment of 
adults. They postulated that such forces allow the PDL 
fibers to maintain a functional arrangement, improve 
the circulation, and increase the number of PDL cells. 
Moreover, when these forces are light, they can cause 
only semi-hyalinization, or incomplete necrosis of PDL 
cells, with less disturbed resorption of the alveolar bone.
　In 1998, Blechman15) proposed that static magnets 
generate electromagnetic fields which stimulate bone 
formation in PDL tension sites, thereby reducing tooth 
mobility, pain, and discomfort. He stated that in routine 
orthodontic treatment, bone formation occurs after 
resorption, resulting in widening of the periodontal 
space and increasing tooth mobility. Re-examination of 
histological section of cat jaws in the combination of 
orthodontic force/ electric signals by Davidovitch et al 16) 
supported Blechman’s proposition. These observations 
suggest that an optimal orthodontic force is accompanied 
by an additional signal, such as an electric current, which 
accelerates the rate of alveolar bone formation.
　In an experiment with avian long bones, Lanyon and 
Rubin17-19) observed that the most efficient force was 
dynamic (intermittent) rather than static (continuous). A 
short duration of 5-10 minutes a day was adequate time 
to stimulate a potent periosteal and endosteal osteogenic 
reaction. The force magnitude found to be important and 
defined as optimal was in range of 2,000-4,000 microstrain. 

However, this magnitude could be much lower if the 
frequency of force application was increased.
　Gibson et al  had performed experiments in rats 
and reported that only 1 hour of force application was 
sufficient to cause maxillary molars to move mesially for 
2 weeks20). However, to achieve this movement required 
the extraction of the mandibular molars, to prevent 
occlusal contacts. Unfortunately, this approach is not a 
viable option in human orthodontic practice.
　A meta-analysis of the literature concerning the 
optimal force or range of forces for orthodontic tooth 
movement was performed by Ren et al 4). This indicated 
that there are several studies on human maxillary canines 
with force ranges from 18 to 450 gm. and there are 
variations in several factors in each experiment. The study 
of Lee10) found that optimal force should be between 150 
to 200 gm. And in a few years later, he studied in moving 
human maxillary canines for 7 weeks and found that the 
highest rate of tipping movement was 0.78-1.34 mm./wk., 
the force ranged from 337 to 388 gm. For the bodily tooth 
movement, the highest rate was 0.86-1.37 mm./wk., the 
force ranged from 354 to 375 gm14). However, a threshold 
for force could not be defined. It was concluded that a 
wide range of forces can be identified, all of which lead to 
maximum rate of tooth movement.

2. The effects of mechanical force on tissues 
and cells

　In 1911-1912, Oppenheim reported that tooth movement 
in one pre-adolescent baboon resulted in complete 
remodeling of the entire alveolar process21). This result 
indicated that orthodontic force effects spread beyond 
the constraints of the PDL. The effects of orthodontic 
force magnitude on the dog’s paradental tissue responses 
was examined by Schwarz5). He concluded that an 
optimal force is smaller in magnitude than that capable 
of occluding PDL capillaries. Furthermore, he suggested 
that occlusion of the blood vessels would lead to necrosis 
of surrounding tissues, which could harm the tissues and 
slow down the rate of tooth movement.
　These are consistent with Reitan’s opinion. He conducted 
comprehensive histological examinations of paradental 
tissues incidental to tooth movement. These studies were 
conducted on a variety of species, including rodents, canines, 
primates, and humans. Reitan preferred the use of light 
intermittent forces, because they cause minimal amounts 
of tissue damage and cell death. He noted that the nature 
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tissue response differs from species to species, limitting the 
value of extrapolations. Experimenting in rabbits, Storey 
reported in observing migration of leukocytes out of PDL 
capillaries 20 minutes after orthodontic force application to 
incisors13). He concluded that inflammation is an integral 
part of the tissue response in orthodontics. In the view of 
participation of blood-borne cells in the remodeling of the 
mechanically stressed PDL was confirmed by Rygh. He 
detected macrophages at the edge of the hyalinized zone 
during the early phases of treatment22).
　Teeth can be induced to move from one location in 
the oral cavity to another, by the remodeling of tissues 
in response to the applied forces. The agents responsible 
for this biological response are the various cell types that 
populate the affected tissues. In orthodontics, the effect of 
applied mechanical forces may be assessed on basis of the 
response of single cells, and of groups of interconnected, 
neighboring cells. Such cell-to-cell interactions in the PDL 
and alveolar bone may not be limited to cells of the same 
type, but rather to cells derived from different systems, 
such as osteoblasts and macrophages.
　Although the effects of mechanical stimulation 
have been studied in many tissues, especially for the 
orthodontic treatment, the effects of forces derivatives on 
bone and paradental tissues are of particular importance23). 
It is known that bone cells (osteoblasts and osteoclasts) 
respond to orthodontic force by proliferation and 
increased activity; however, the mechanisms for 
conversion of orthodontic force into biologic activity are 
not completely understood2). Since the decade 1960s, 
there had been demonstrated that orthodontic force 
produced the alveolar bone deflection accompanied with 
changes in periodontal ligament24, 25). These events initiate 
the mechanical stress and induced an electrical charge 
polarization referred to a piezoelectric response. In 
electronegative regions, bone formation occurs, whereas 
bone resorption predominates in electropositive areas. 
Both in vitro and in vivo studies indicate that areas 
that have been described as predominantly osteoblastic 
were routinely electronegative and areas of positivity 
or electrical neutrality were characterized be elevated 
osteoclast activity.
　Mostafa et al. represented an interesting flow chart of 
the events that may influence tooth movement response 
to orthodontic force application (Fig. 1). This separated 
into 2 pathways2).

Pathway I
　Orthodontic force creates vectors of pressure and 
tension, then generation of tissue bioelectric polarization 
in response to bone bending occurs, accompany with 
prostaglandin synthesis by bone cells or the piezoelectric 
effects themselves (I, C, E). After that both prostaglandin 
synthesis and membrane electrical polarization by the 
piezoelectric process act on changes in the levels of 
cAMP (I, F)
　Changes in cAMP levels have been correlated with 
alteration in cell proliferation, differentiation, and 
activation. The results of these changes are increasing 
in the number of the cells involved in bone formation 
and resorption. It has recently been suggested that bone 
formation and resorption are synchronized by a diffusible 
product produced by the osteoblast, “Coupling factor ”26). 
This would provide for a mechanism in which net bone 
formation equaled net bone resorption. The coupling 
factor could then explain the observation that both bone 
resorption and formation occur in area of pressure and 
tension, so maintaining the alveolar bone plate thickness.

Pathway II
　The tissue injury generated by orthodontic force elicits 
a classic inflammatory response (II, C). Inflammatory 
processes are triggered along with the classic vascular 
and cellular infiltration (II, E). Lymphocytes, monocytes, 
and macrophages invade the inflamed tissue and, in all 
likelihood, contribute to prostaglandin release (II, D) and 
hydrolytic enzyme secretion (II, H).

Fig. 1 Two possible biologic pathways generated by 
orthodontic forces. Pathway I shows the possibility 
of the major biologic response to orthodontic force ; 
pathway II shows the possibility of a secondary effect 
(modified from Mostafa et al , 1983)2).
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　It has been reported that local inflammatory responses 
stimulate osteoclast activity. This increase in osteoclast 
activity is believed to be generated by local elevation 
of prostaglandin (II, F) and the subsequent increase in 
cellular cAMP (II, G). The inflammatory response is 
also characterized by hydrolytic enzyme secretion (II, 
I). It is believed that collagenase exists in an inactive 
form and may be activated by hydrolytic action, so it is 
probable that increased collagenase activity contributes 
to increased bone remodeling (II, J). It appears that the 
inflammatory response is a component of responses to 
orthodontic force and that this mechanism most likely 
plays a contribution role during bone remodeling2).

3. Effects on nervous and immune systems

　In the view of nervous and immune systems in 
relation of bone remodeling process, Davidovitch et al 27) 
demonstrated that these systems were influenced by 
neuropeptides and cytokines in the PDL and alveolar 
bone. Furthermore, the response of the paradental tissues 
to orthodontic forces is physical and chemical in nature. 
When applying orthodontic force, the extracellular fluids 
of the PDL must be displaced to permit distortion of 
fibers and cells28). Movement of fluids causes

1. Change in physical and chemical of PDL and bone 
cells

2. Change in nervous system : peripheral nerve fiber
3. Change in the cells of immune system

Change in physical and chemical of PDL and bone cells
　When applying orthodontic force, tooth moves 
within the PDL space and increasing compression of 
blood vessels as pressure increases in the PDL. The 
extracellular fluid is displaced, then the movement of 
tissue fluid will happen and follow with translocation 
of ion and molecules, leading to interactions with cell 
surface charges28). These charges presumably to interact 
with osteocytes’ cell membrane, reflects in alterations 
in contents of intracellular “second messengers ” such 
as Ca2+, adenosine 3’, 5’-monophosphate (cAMP), and 
guonosine 3’, 5’-monophosphate (cGMP). These second 
messengers will change in synthesis and secretion of cell 
products, cell proliferation, motility, etc.

Change in nervous system : peripheral nerve fiber
　Stress from orthodontic force causes in distortion 
of nerve ending fol low with releasing of stored 

neurotransmitter, react centrally by stream toward the 
ganglion, and peripherally by interact with adjacent 
target cells, primarily in the walls of blood vessels.

Change in the cells of immune system
　Neuropeptides from activated peripheral nerve 
ending such as substance P(SP), vasoactive intestinal 
polypeptides (VIP), calcitonin gene related peptide (CGRP) 
have shown to effect on vascular system.
　As a result of changing in nervous system, cells of 
immune system and interaction on vascular endothelial 
cells, there will be the extravascular migration of 
macrophages and lymphocytes, follow with synthesis 
and secrete various types of mediators (Fig. 2). These 
responses are likely to the parts of inflammatory 
processes that complex, continuously changing series 
of responses by the body to injury. It is an effort to 
counteract noxious stimuli and repair or replace damaged 
tissue. These inflammatory-liked processes effect on PDL 
and bone cells such as change in synthesis and secretion 
of cell products, cell proliferation, motility, etc. resulted in 
alveolar bone remodeling. Recent studies of mechanisms 
regulating bone remodeling have concentrated on the 
role of cytokines (cyto = cell , kines = kinesis) since these 
factors appear to have crucial roles in both normal and 
pathologic bone cell function29-31).

　In essence, the above steps represent the development 
of an acute inflammatory reaction in orthodontically 
strained paradental tissues. These processes induce 
the exposing these tissues to systemic factors, such as 

Fig. 2 A schematic model for the possible involvement of 
the nervous system, immune system and interaction 
between physical and chemical factors. (Modified from 
Davidovitch et. al , 1988)27)
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immune cells, drugs, and nutritional components. Directed 
evidence for modified or enhanced cellular activities 
during tooth movement can be found in oral fluids, 
particularly in gingival crevicular fluid (GCF) of treated 
teeth.
　The GCF is an osmotically mediated inflammatory 
exudate found in the gingival sulcus. As an exudate, 
it tends to increase in volume with inflammation and 
capillary permeability. The GCF flow rate has been 
shown to be a reliable indicator of gingivitis development 
during experimental induction of gingivitis32). Furthermore, 
Glycosaminoglycan (GAG) components have been detected 
in GCF samples from sites around teeth affected by such 
conditions as chronic gingivitis, chronic periodontitis, 
and juvenile periodontitis. The presence of sulfated GAG 
chondroitin sulfate (CS) in GCF has been associated with 
those clinical situations in which degradative changes 
were occurring in the deeper periodontal tissues of 
alveolar bone and the PDL. Consequently, GCF analysis 
may derive from the basis of a special test for the 
assessment of various clinical conditions, such as the 
active phases destructive periodontal disease.

4. Effects of orthodontic treatment on GCF

　During orthodontic treatment, the forces exerted 
produce a distortion of the PDL extracellular matrix, 
resulting in alterations in cellular shape and cytoskeletal 
configuration and creating short-lived piezoelectric 
spikes that can lead to cellular activation by changing 
membrane polarity and ion channel activity. This 
distortion of the periodontal tissues also induces 
neuropeptide release from afferent nerve endings. Some 
of these molecules are vasoactive, causing vasodilatation 
and migration of leukocytes into the extravascular space. 
These migratory cells synthesize and secrete a wide 
variety of cytokines and growth factors. In addition, as 
the capillaries are stretched or compress excessively, 
tissue damage may occur. Such events and interactions 
lead to the synthesis and secretion of extracellular matrix 
components, tissue-degrading enzymes, acid, and local 
factors ; induces cellular proliferation and differentiation 
; and promote wound healing and tissue remodeling. In 
vivo studies suggest that as biologic reactions progress 
at varying rates and intensities during different periods 
of treatment, alternate combinations of biochemical 
molecules come into play. These combinations are 
dependent on alveolar remodeling dynamics, the cycles 

of injury and healing, and the composition of the PDL cell 
population at each period33). Such changes in the deeper 
periodontal tissues may modify both the GCF flow rate 
and its components. Thus, analysis of GCF samples may 
help in assessing tissue status around teeth undergoing 
orthodontic movement and provide a useful instrument 
for the modification of orthodontic treatment procedures.

5. Effects of orthodontic treatment on GCF 
composition

　After exposure to orthodontic forces, periodontal cells 
are stimulated to produce cytokines, growth factors, and 
colony-stimulating factors that may function as autocrines 
or paracrines. This process is reflected in the synthesis 
and secretion of extracellular matrix components 
and tissue-degrading enzymes and acids, resulting in 
modification of GCF composition34).

6. Mineralized tissue components and other 
markers of bone turnover

　Already seen GAGs : The substances in this group are 
CS, dermatan sulfate, heparan sulfate (HS), and the non-
sulfated GAG, hyyaluronic acid (HA). They are found 
in the extracellular matrix of mineralized and other 
connective tissues, and are negatively charged complex 
carbohydrates, linked covalently, in the native state, to a 
core protein to form proteoglycans35).

7. Other mineralized tissue components

　This group is used routinely to provide information on 
bone resorption and formation in the evaluation of bone 
disorders such as Paget’s disease, hyperparathyroidism, 
and osteoporosis. There had been reported the used of 
marker of this group such as “osteocalcin” to examine in 
relation to orthodontic tooth movement36).

8. Mediators of the inflammatory processes

　Storey proposed that the early phase of tooth 
movement involves an acute inflammatory response 
characterized by periodontal vasodilatation and migration 
of leucocytes out of the capillaries13). Recent study has 
led to the hypothesis that after mechanical stimulus, 
inflammatory mediators are released, triggering 
the biologic processes associated with alveolar bone 
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resorption and apposition34). Among the local biochemical 
mediators are the cytokines, which are secreted by 
mononuclear cells and leukocytes. Cytokines can provoke 
the synthesis and secretion of numerous substances that 
form the molecular basis for cell-to-cell communication, 
thus interacting directly or indirectly with bone cells27, 34)

9. Tissue-degrading enzymes

　Based on the cycles of injury and healing, several 
combinations of tissue-degrading or tissue-repairing 
enzymes come into play, following the mechanical 
perturbation induced by orthodontic forces. For example,

1) Interstitial collagenases were suggested to initiate 
the degradation procedures in periodontal tissues 
during orthodontic tooth movement

2) β -glucuronidase, the lysosomal enzyme that 
is a marker of primary granule release from 
polymorphonuclear leukocytes. It takes part in the 
degradation processes of mucopolysaccharides of 
connective tissues.

3) Acid and alkaline phosphatase
4) Matrix metalloproteinase
5) Proteinases : serine, cysteine proteinases

10. Chemical mediators and IL-1ß

　The early phase of orthodontic tooth movement 
involves an acute inflammatory response characterized 
by periodontal vasodilation and the migration of 
leucocytes out of periodontal ligament capillaries. 
Inflammatory mediators may trigger the biological 
processes associated with alveolar bone resorption 
and apposition35). Previous research has suggested that 
local mediators such as prostaglandins, interleukins and 
growth factors play an important role in bone remodeling 
induced by orthodontic forces37-39). Some of these 
cytokines, particularly interleukin 1α (IL-1α) and IL-1β, 
tumor necrosis factor-α (TNF-α), and gamma interferon 
(γ-IFN), have been implicated in the mediation of bone 
remodeling process in vitro. IL-1 is distinguished from the 
others because there are many reviews and studies about 
it, indicating that IL-1 is the first polypeptides mediator 
of immune cell function and regulates bone resorption 
and formation40-42).
　IL-1β has been shown to be the most potent cytokine 
to stimulate osteoclast activity and attract leukocytes 
and other cell mediators to process bone remodeling. 

It is the first polypeptide mediator of immune cell 
function to regulate bone resorption and bone formation 
by mechanical stress27, 43). Moreover, IL-1β is one of the 
inflammatory chemical mediators which induce the secretion 
of pain producing substances44). Importantly, IL-1β is 
produced by the PDL in sufficient quantities to diffuse 
into the GCF, and could be identified as biomarkers of 
orthodontic tooth movement45, 46). Luppanapornlarp et 
al 47) studied the optimum orthodontic force, IL-1β levels, 
pain due to orthodontic tooth movement using different 
magnitudes of continuous forces from a broader point of 
view. The data of this study confirmed that IL-1β was 
expressed in GCF both from a healthy control canine 
with no force and the experimental teeth subjected 
to continuous forces of either light or heavier forces. 
Moreover at 24 hours, IL-1β concentration from a heavier 
force showed the highest data than the lighter one.
　Nowadays there are many reports on cytokine 
production in alveolar bone and in PDL during tooth 
movement. More studies report effect of orthodontic 
forces on levels of inflammatory markers of cytokines, 
chemokines, receptors and their antagonists, which have 
been widely documented in GCF. The association of 
cytokine and receptor levels or activity index in GCF 
with velocity of tooth movement, nature of force applied, 
pain intensity, and growth status/age of the subjects, are 
concluded that application of orthodontic forces causes 
an immediate release of inflammatory bone-resorptive 
mediators (IL-1β, TNF-α) in 1 hour that reach peak in 24 
hours, thus supporting the role of inflammation in initial 
orthodontic tooth movement. Moreover, the levels of 
cytokines decrease after attaining peak values, mostly at 
24 hours in continuous forces but repeated activations in 
interrupted force upregulate their secretion. It was also 
concluded that a rise in GCF levels of IL-1β with higher 
force levels (150 vs 50 g) has been linked to increased 
pain intensity during orthodontic tooth movement. In 
addition, increased velocity of tooth movement has been 
correlated with a greater activity index in GCF48).

References

1) Davidovitch Z, ed : Biological Mechanisms of Tooth 
Movement and Craniofacial Adaptation. The Ohio 
State University, College of Dentistry, Columbus, 
Ohio. 1992.

2) Mostafa YA, Weaks-Dybvig M, Osdoby P : Orchestration 
of tooth movement. Am J Orthod. 83 : 245-250, 1983.

25



Suwannee Luppanapornlarp and Junichiro Iida

3) Dolce C, Hatch JP, Van Sickels JE, Rugh JD : Rigid 
versus wire fixation for mandibular advancement 
: skeletal and dental changes after 5 years. Am J 
Orthod Dentofac Orthop. 121 : 610-619, 2002.

4) Ren Y, Maltha JC, Kuijpers-Jagtman AM : Optimum 
force Magnitude for orthodontic tooth movement : A 
Systematic Literature Review. Angle Orthod. 73 : 86-
91, 2003.

5) Schwarz AM : Tissue changes incident to orthodontic 
tooth movement. Int J Orthod. 18 : 331-352, 1932.

6) Oppenheim A : Human tissue response to orthodontic 
intervention of short and long duration. Am J Orthod. 
28 : 263-301, 1942.

7) Reitan K : Clinical and histologic observation on tooth 
movement during and after orthodontic treatment. 
Am J Orthod. 53 : 721-745, 1967.

8) Utley RK : The activity of alveolar bone incident 
to orthodontic tooth movement as studied by 
oxytetracycline-induced fluorescence. Am J Orthod. 
54 : 167-201, 1968.

9) Mitchell DL, Boone RM, Ferguson JH : Correlation 
of tooth movement with variable forces in the cat. 
Angle Orthod. 43 : 154-161, 1973.

10) Lee BW : The force requirements for tooth movement 
part 1 : tipping and bodily movement. Aust Orthod J. 
13 : 238-248, 1995.

11) Hixon EH, Atikian H, Callow GE, McDonald HW : 
Optimal force, differential force, and anchorage. Am 
J Orthod. 55 : 437-457, 1969.

12) Hixon EH, Aasen TO, Arango J, Clark RA, Klosterman 
R, Miller SS, Odom WM : On force and tooth movement. 
Am J Orthod. 62 : 476-489, 1972.

13) Storey E : The nature of orthodontic tooth movement. 
Am J Orthod. 63 : 292-314, 1973.

14) Rygh P : Elemination of hyalinized periodontal tissues 
associated with orthodontic tooth movement. Scand J 
Dent Res. 82 : 57-73, 1974.

15) Blechman A : Pain-free and mobility-free orthodontics? 
Am J Orthod Dentofac Orthop. 113 : 379-383, 1998.

16) Davidovitch Z, Steigman S, Finkelson MD, Yost 
RW, Montgomery PC, Shanfeld JL, Korostoff E : 
Immunohistochemical evidence that electric currents 
increase periosteal cell cyclic nucleotide levels in 
feline alveolar bone in vivo. Arch Oral Biol. 25 : 321-
327, 1980.

17) Lanyon LE, and Rubin CT : Static vs dynamic loads 
as an influence on bone remodeling. J Biomech. 17 : 
897-905, 1984.

18) Rubin CT, and Lanyon LE : Regulation of bone 
formation by applied dynamic loads. J Bone Joint 
Surg Am. 66 : 397-402, 1984.

19) Rubin CT, and Lanyon LE : Regulation of bone mass 
by mechanical strain magnitude. Calcif Tissue Int. 37 
: 411-417, 1985.

20) Gibson JM, King GJ, Keeling SD : Long-term 
orthodontic tooth movement response to short-term 
force in the rat. Angle Orthod. 62 : 211-215, 1992.

21) Oppenheim A : Human tissue response to orthodontic 
intervention of short and long duration. Am J Orthod 
Oral Surg. 28 : 263-301, 1942.

22) Rygh P : Ultra structural changes in tension zone of 
rat molar periodontium incident to orthodontic tooth 
movement. Am J Orthod. 70 : 269-281, 1976.

23) Davidovitch Z, Shanfeld J, Montgomery E, Korostoff 
E : Biochemical mediators of the effect of mechanical 
forces and electric currents in mineralized tissues. 
Calcif Tissue Int. 36 : 86S-97S, 1984.

24) Baumrind S : A reconsideration of the “pressure-
tension” hypothesis. Am J Orthod. 55 : 12-21, 1969.

25) Grimm FM : 1972. Bone bending, a feature of orthodontic 
tooth movement. Am J Orthod. 62 : 384-393, 1972.

26) Rodan GA, Martlin TJ : Role of osteoblasts in hormonal 
control of bone resorption - a hypothesis. Calcif 
Tissue Int. 34 : 311, 1982.

27) Davidovitch Z, Nicolay OR, Ngan PW, Shanfeld JL 
: Neurotransmitters, cytokines, and the control of 
alveolar bone remodeling in orthodontics. Dent Clin 
North Am. 32 : 411-435, 1988.

28) Johnson MW : Behavior of fluid in stressed bone and 
cellular stimulations. Calcif Tissue Int. 36 : 872, 1984.

29) Horowitz MC, Lorenzo JA : Local Regulators of 
Bone. In : Principles of Bone Biology. 2nd ed. Orlando, 
Florida: Academic Press. pp. 961-962, 2002.

30) Dewhirst FE, Stashenko PP, Mole JE, et al  : 
Purification and partial sequence of human osteoclast-
activating factor: identify with interleukin-1 beta. J 
Immunol. 135 : 2562-2568, 1985.

31) Tashjian AH Jr, Voelkel EF, Lazzaro M, et al  : Tumor 
necrosis factor-alpha (cachectin) stimulates bone 
resorption in mouse calvaria via a prostaglandin-
mediated mechanism. Endocrinology. 120 : 2029-2036, 
1987.

32) Brecx MC, Schlegel K, Gehr P, Lang NP : Comparison 
between histological and Clinical parameters during 
human experimental gingivitis. J Periodontal Res. 22 : 
50-57, 1987.

｜ 26 ｜

26



Orthodontic force, tooth movement, and interleukin-1β

｜ 27 ｜

33) Sandy JR, Farndale RW, Meikle MC : Recent 
advances in understanding mechanically induced 
bone remodeling and their relevance to orthodontic 
theory and practice. Am J Orthod Dentofac Orthop. 
103 : 212-222, 1993.

34) Davidovitch Z : Cell biology associated with orthodontic 
tooth movement. in : Berkovitz BKB, Moxham BJ, 
Newman HN (eds). The Periodontal Ligament in 
Health and Disease, ed 2. St Louis : Mosby-Wolfe, 
1995.

35) Pender N, Samuels RHA, Last KS : The monitoring 
of orthodontic tooth movement over a 2-year period 
by analysis of gingival crevicular fluid. Eur J Orthod. 
16 : 511-520, 1994.

36) Griffiths GS, Moulson AM, Petrie A, James IT : 
Evaluation of osteocalcin and pyridinium crosslinks 
of bone collagen as markers of bone turnover in 
gingival crevicular fluid during different stages of 
orthodontic treatment. J Clin Periodontol. 25 : 482-
498, 1998.

37) Baylink DJ, Finkelman RD, Mohan S : Growth factors 
to stimulate bone formation. J Bone Miner Res. 8 : 
S565-S572, 1993.

38) Alhashimi N, Frithiof L, Brudvik P and Bakhiet M : 
Orthodontic tooth movement and de novo synthesis 
of proinflammatory cytokines. Am J Orthod Dentofac 
Orthop. 119 : 307-312, 2001.

39) Norrdin RW, Jee WSS, High WB : The role of 
prostaglandins in bone in vivo. Prostaglandins, 
Leukotrienes and Essential Fatty Acid. 41 : 139-149, 
1990.

40) Smith DD, Gowen M, Mundy GR : Effects of interferon-
gamma and other cytokines on collagen synthesis 
in fetal rat bone cultures. Endocrinology. 120 : 2494-
2499, 1987.

41) Gowen M, Wood D, Russel RG : An interleukin 1-like 
factor stimulates bone resorption in vitro. Nature. 
306 : 378-380, 1983.

42) Canalis E : Interleukin-1 has independent effects 
on deoxyribonucleic acid and collagen synthesis in 
cultures of rat calvariae. Endocrinology. 118 : 74-81, 
1986.

43) Preiss DS, Meyle J : Interleukin-1 beta concentration 
of gingival crevicular fluid. J Periodontol. 65 : 423-428, 
1994.

44) Davidovitch Z et al  : First and second messenger 
interactions in stressed connective tissues in vivo. In: 
Norton LA, Burstone CJ (eds) The biology of tooth 
movement. CRC Press, Boca Raton, Florida. pp. 97-
129, 1989.

45) Grieve WG III, Johnson GK, Moor RN, Reinhardt RA, 
DuBois LM : Prostaglandin E (PGE) and interleukin-1β 
(IL-1β) levels in gingival crevicular fluid during 
human orthodontic tooth movement. Am J Orthod 
Dentofac Orthop. 105 : 369-374, 1994.

46) Uematsu S, Moki M, Deguchi T : Interleukin-1beta, 
interleukin-6, tumor necrosis factor-alpha, epidermal 
growth factor and beta-2 microglobulin levels are 
elevated in gingival crevicular fluid during human 
orthodontic tooth movement. J Dent Res. 75 : 562-567, 
1996.

47) Luppanapornlarp S, Kajii TS, Surarit R, Iida J : 
Interleukin-1beta levels, pain intensity, and tooth 
movement using two different magnitudes of 
continuous orthodontic force.  Eur J Orthod. 32 : 596-
601, 2010.

48) Kapoor P, Kharbanda OP, Monga N, Miglani R, 
Kapila S : Effect of orthodontic forces on cytokine 
and receptor levels in gingival crevicular fluid : a 
systematic review. Prog Orthod. 15 : 65, 2014.

27


