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This review of literature describes the cellular and molecular events of biology of tooth movement, including phases, various theories, effect
of chemical mediators, and various factors that are influencing biology of tooth movement. The better understanding of the tooth movement
mechanism will inspire the orthodontists to design and implement effective appliances that will result in maximum benefits and minimum
tissue damage to the patients. This review article also emphasizes the applied aspect of different medication and hormones, during orthodontic

treatment, on the signaling molecules which produce bone remodeling.
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INTRODUCTION

The evolution of clinical orthodontics is rooted in strong
foundations, based on the scientific studies and mechanical
principles.[!

The orthodontic appliance is the clinician’s primary tool for
initiating and sustaining the biological processes that control
tooth movement. The cascade of biological events that
induce the orthodontic tooth movement (OTM) is initiated by
mechanical stresses in the periodontium. Forces are transferred
to the teeth by the orthodontist using appliances designed to
displace teeth a prescribed amount in a desired direction. This
sends signals to remodel tissues in a way that allows teeth to
move. To interpret the biological responses to activation of
any orthodontic appliance, each interface must be thoroughly
understood. Many studies observed a series of biological cell
occurrences that turn biomechanical signals into chemical and
electrical messages to which cells respond.®! After 100 years,
there is a good understanding of the sequence at both tissue
and cellular levels and now, the current focus of research is at
the molecular level.

The current evidence suggests that downstream from the
initial event in the process of tooth movement which is
the mechanotransduction at focal adhesions (which link
the extracellular matrix to the cytoskeleton); mechanically
induced remodeling is mediated by a complex feedback
mechanism involving the synthesis of chemical messengers.
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These include cytokines such as interleukin-1 (IL-1), IL-6,
and receptor activator of nuclear factor k B ligand by cells of
the osteoblast and/or fibroblast lineages. These, in turn, act
at the biomolecular level in an autocrine/paracrine fashion
to regulate the expression of transcription factors, cytokines,
prostaglandins (PGs), growth factors, enzymes, and structural
molecules involved in the differentiation, proliferation, and
function of mesenchymal and other cell types. Histochemical
studies on animals and biochemical studies on humans
support this conclusion.”! A precondition for the remodeling
activities and ultimately tooth displacement is the occurrence
of an inflammatory process Growth of the sensory nerve
fibers and their neuropeptides in control and development of
inflammation, that is, their role in tooth movement has been
established.!

OTM generally involves two interrelated processes:
(1) Deflection or bending of the alveolar bone and (2)
remodeling of the periodontal tissues. Bone modeling is a
very important aspect of tooth movement and needs proper
understanding. Bone modeling is a mechanically mediated
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adaptive process which includes changing a bone’s size, shape,
or position. Orthodontic aspects of bone modeling are reviewed
relative to morphology, biomechanics, neurology, molecular
control mechanisms, and the periodontal adaptation to stress.
The study of these phenomena and genetic influences may help
to understand better the response to environmental factors such
as orthodontic treatment.!®!

PHases oF TootH MoveEMENT

Burstone (1962) suggested three phases of tooth movement
(Figure 1).

They are:
1. Initial phase
2. Lagphase

3. Post-lag phase.

The initial phase of OTM is characterized by rapid movement
of the tooth within 24-48 h after the first application of the
force.? The movement is rapid due to the displacement of the
tooth in periodontal space. The time frame of the initial phase
usually occurs between 24 h and 2 days. The movement of
the tooth occurs within the socket of bone. Due to the force
applied on the tooth, there is a compression and stretching of
periodontal ligament which, in turns, causes extravasation,
chemoattraction of inflammatory cells, and recruitment of the
osteoblast and the osteoclast progenitors. The tooth movement
in this phase is between 0.4 and 0.9 mm and usually occurs
within a week time.!”!

After the initial phase, there is a lag phase in which the
movement is minimal or sometimes no movement at all. The
reason for initial phase is the hyalinization of compressed
periodontal ligament. The movement does not occur until
the necrosed tissue is removed by the cells (Kashyap, 2016).

In the lag phase, the tooth movement stops for 20-30 days
and during this time, all the necrotic tissue is removed along
with the resorption of adjacent bone marrow. The necrotic
tissue from the compressed bone and compressed periodontal
ligament sites is removed by macrophages, foreign body giant
cells, and osteoclast cells.!®! The third phase is the post-lag
phase in which the movement of tooth gradually or suddenly
increases and is usually seen after forty days after the initial
application of force (Krishnan and Davidovitch, 2006). It
has been hypothesized that during displacement of tooth, a
continuous development and removal of necrotic tissue occur.”

Pilon et al. recently divided the curve of tooth movement into
four phases.['”

THeories oF TootH MovEMENT

The control mechanisms by which biological response, that is,
movement of a tooth to the orthodontic force can be explained
on the basis of different contrasting theories. There are three
widely accepted theories.

They are:

1. Pressure-tension Theory (Figures 2 and 3)
2. Bone-bending theory

3. Fluid Dynamic theory.

Pressure-tension theory

This classic theory of tooth movement relies on the chemical
signals as the stimulus for cellular differentiation and ultimately
tooth movement. According to this theory, an alteration in
the blood flow within the periodontal ligament is produced
by the sustained pressure that causes the tooth to shift in
position within the periodontal ligament space compressing
the ligament in some areas while stretching it in others. Blood
flow is decreased where the periodontal ligament is compressed
while it is maintained or increased where the periodontal
ligament is under tension.['!:'!

Bone-bending theory

Farrar in 1888 suggested that alveolar bone bending plays a
pivotal role in the OTM. This hypothesis was later confirmed
with the experiments of Baumrind in rats and another scientist
called Grimm in humans.!" When a force is exerted on the
teeth to be moved, two principal changes take place in the
alveolar process. First, a bending of the process; second,
absorption of the process in advance of the moving teeth and
deposition of bone behind it. Experiments of Miithlemann and
Zander (1954) with Macaca mulatta (thesus) monkeys found
that deformation of the alveolar bone started when the forces
are >100 g applied to the teeth.!'*!

Fluid dynamic theory

This theory was proposed by Bein. According to him, within
the geometry and structures of the periodontium, fluid systems
act in the transmission and damping of forces acting on a tooth.
There are three distinct but interacting fluid systems that are
involved in damping oscillation of the tooth in its socket; first,
the vascular system enclosed within the blood vessel and lymph
vessel walls; second, the system of the periodontal membrane
comprised of cells and periodontal fibers; and third, the
interstitial fluid continuum that permeates the spaces between
the cells, fibers, blood vessels, tooth, and bone. The dynamic
activities of the fluid systems operating in the periodontium
exhibit separate but interrelated functional properties.!*!
Experiments were conducted on rats which showed that the
extracellular fluid system in the periodontium dissipates part
of the force acting on a tooth in life during intrusion. The
drag effect of the periodontium on teeth was exerted by the
intracellular fluids confined within the cells and fibers whether
there was extracellular fluid flow or not. The thickness of the
periodontal membrane is extremely small relative to the tooth
root and the alveolus. The interstitial fluid or ground substance
is continuous throughout the periodontium. The behavior of the
periodontium under a load is in accord with the behavior of the
squeeze film."3 The squeeze films investigated were lubricant
films in a non-rotating journal bearing and also between
plates. These films enabled the bearing or plates to sustain
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loads resulting in pressures of many hundreds of thousands
of grams per square centimeter, exceeding by 10-fold the
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Figure 1: Phases of tooth movement

Figure 3: Direction of force on tooth!™®

pressures generated during mastication. The squeeze film
effect is applicable to tooth-periodontium reaction to loads.™*

RoLe oF CHEmIcAL MepiaToRrs IN TootH MoVEMENT

Leukotrienes (LTs)

LTs are compounds, closely related to PGs that are produced
by the conversion of arachidonic acid through the lipoxygenase
pathway. They were originally demonstrated in leukocytes
and they are trienes by structure which means the backbone
of the molecule has three double bonds and, hence, they came
to be known as LTs. Many studies have shown that challenges
to tissues by various stimuli will cause the release of both
the cyclooxygenase and lipoxygenase products. There is an
interaction between the cyclooxygenase and lipoxygenase
pathways and modulation of one pathway will usually be
reflected in the modulation of the other. LTs in addition to
PGs might have future clinical applications that could result
in increased tooth movement (Table 1). Moreover clinical use
of LT inhibitors for the control of allergic and inflammatory
conditions should be a factor considered by the orthodontist
in evaluating the success of the tooth movement protocol.l'

Cytokines

Cytokines are low-molecular weight proteins (mw <25 kDa)
produced by cells that regulate or modify the action of other
cells in an autocrine (acting on the cell of origin) or paracrine
(acting on adjacent cells) manner. The definition includes
the ILs, tumor necrosis factors (TNFs), interferons, growth
factors, and colony-stimulating factors. Cytokines are regulated
tightly during induction, gene transcription and translation,
protein synthesis, and secretion. Once released, the cytokines
are regulated in the circulation and at receptor level on target
cells. Cytokines have been shown to be active participants in
the process of OTM in studies conducted on animals. In human
studies involving normal and periodontally inflamed tissue,
TNF has been recovered and quantified from the gingival
crevice. Studies showed an increase in the mean level of TNF
and corroborated that it plays a role in tooth movement in human
beings. Hence, it can be safely concluded that tooth movement
in human beings is associated with an increase in TNF levels.['”

PGs

The term PG was introduced by Von Euler, who first discovered
the compound in semen of humans and believed the prostate

Table 1: Phases of orthodontic tooth movement given by Pilon ef a/

Phase I (initial) 24 h-2 days
Initial tooth movement within the socket
Phase II (arrest) 20-30 days

Movement stops

Phase III (acceleration)
application

Phase IV (linear) Overall tooth movement

40 days of accelerated tooth movement after initial force

Acute inflammatory response vasodilation — migrating of
leukocytes-release of cytokines cell signaling molecules
Chronic inflammation

Continuation of migration of leukocytes

Paradental remodeling

Another period of acute inflammation superimposing the
on-going chronic inflammation

Recruitment of macrophages, fibroblasts, osteoclasts, and
osteoblasts
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APPLICATION OF ORTHODONTIC
FORCE OR PRESSURE
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Figure 4: Histological representation of orthodontic tooth movement

gland to be the major source. Experiments showed that injection
of PGs increased osteoclast numbers. Indomethacin, which
inhibits PG synthesis, blocked the appearance of osteoclasts.!'*]
Further work showed that local PG injection could also increase
the rate of OTM in primates. This culminated in the clinical use
of PGEI1 to increase the efficiency of orthodontic appliances.
PGs appear important in the process of tooth movement under
orthodontic forces (Figure 4), it is suggested that the use of over-
the-counter non-steroidal anti-inflammatory drugs (NSAID’s)
by patients during orthodontic treatment significantly modulates
the molecular pathways underlying tooth movement, leading
to altered treatment efficacy.!'”’

Osteoclastogenesis

Osteoclasts are multinucleated giant cell derived from
hematopoietic stem cells in blood (Suda ef al., 1992). At the
compression site, osteoclast pre-cursor cell differentiates
into osteoclast. As described earlier, the cells which mediate
osteoclasts are cytokines especially TNF-alpha and IL-1. It is
directly stimulated by IL-1R (Jimi ef a/., 1996) and indirectly
by IL-1 and IL6 (O’Brien, 1999). IL6 and IL-1 stimulate
local cells to manifest MCSF and RANKL. PGs mediate
osteoclast formation by enhancing RANKL expression.
In general, the local cells try to deregulate formation of
osteoclast by producing RANKL decoy receptor which is OPG
(osteoprotegerin) (Yasuda et al., 1998).2

Yes-associated protein/transcriptional coactivator with
PDZ-binding motif (YAP/TAZ) protein

YAP and TAZ are transcriptional coactivators encoded by
paratactic homologous genes, shuttle-crossing between
cytoplasm and nucleus to regulate the gene expression, and cell

L
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opposite to the direction of force

l

Increased blood flow

]

Increased oxygen tension

l
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l
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l

Activation of osteoblasts and bone
apposition

behavior and standing at the center place of the sophisticated
regulatory networking of mechanotransduction.?!]

The process of OTM, which owes much to osteoblastogenesis
and osteoclastogenesis, involves the proliferation and
differentiation of many pluripotential cells including
periodontal ligament cells (PDLCs), periodontal ligament stem
cells, MSCs, and pre-osteoclasts in an artificial mechanical
environment. Besides, osteocytes, osteoblasts, and PDLCs act
as important mechanosensory cells and produce mediators,
such as cytokines, growth factors, PG, and nitric oxide upon
loading application to activate other cells in periodontal
tissues.?!]

In view of this, researchers are searching for the connection
between YAP/TAZ and OTM, and there is some direct evidence
indicating that YAP/TAZ takes part in OTM. It has been found
that the expression of YAP and TAZ is upregulated during
OTM, and their expression is proportional to the orthodontic
forces. Besides, how YAP/TAZ engages in the proliferation,
differentiation, and functions of the cells engaged in OTM
and YAP/TAZ has been explored to reveal the effects of YAP/
TAZ in OTM.Y

RoLe oF NEUROTRANSMITTERS IN TooTH MOVEMENT

Sensory nerve fibers and neuropeptides have a role in the
control and development of inflammation and, hence, a role
in tooth movement. It has been recognized that apart from
histamine, PGs, LTs, and cytokines, peripheral nerve fibers
participate in inflammation. This neural contribution is termed
neurogenic inflammation and involves release of neuropeptides
and antidromic stimulation of afferent nerve endings and
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initiation of an inflammatory reaction.” Since inflammation is
an important part of OTM, neural modulation is an important
factor in OTM. Neurotransmitters released in the periodontal
ligament following the application of an orthodontic force
interact with endothelial cells and lead to rapid vasodilation
followed by extrusion of plasma and cells. Neurogenic
mechanisms take part and modulate the development of the
early inflammatory as well as the later reparatory processes
incident to OTM.[*]

Mebication AND TooTH MovEMENT

Orthodontists often prescribe drugs to manage pain from force
application to biological tissues, manage temporomandibular
joint problems, and tackle fungal and viral infections throughout
the course of treatment. A recent review of pharmaceuticals
commonly used in orthodontic practice, provided an insight
into the dosage, pharmacological actions, and side effects
of these agents. A part from these medication, patients who
consume vitamins, minerals, and other compounds, for the
prevention or treatment of various diseases, can also be found
in every orthodontic practice. Some of these drugs may have
profound effects on the short- and long-term outcomes of
orthodontic treatment.

NSAIDs can be divided into different groups depending on their
chemical composition such as salicylates, arylalkanoic acids,
arylpropionic acids, oxicams, and coxibs. The mechanism of
action of these different NSAIDs is almost similar and they
tend to suppress production of all prostanoids (thromboxanes,
prostacyclines, and PGs). Many animal studies have been done
to know the effects of these NSAIDs on OTM but the effects
were evaluated only for short administrations. The effect of
these NSAIDs on OTM also depends on the dose and duration
of these drugs which has to be considered during clinical
application. The decrease in the rate of OTM may be related
to the effect of these drugs on osteoclastic differentiation or
in stimulating their activity. Many orthodontic patients take
NSAIDs to overcome the initial discomfort caused by OTM.
The previous studies reported that NSAIDs decrease the rate
of tooth movement because of its effects on prostanoids.¥

Further, inhibition of the inflammatory reaction produced
by the PGs tends to slow down OTM (Diravidamani et al.,
2012). Paracetamol (Acetaminophen) is not taken under
NSAIDs, although they have similar chemical structure. They
are commonly used analgesics but lack in anti-inflammatory
effect and has no effect on blood clotting and no side effect
on the stomach. Two important animal studies done on the
effect of paracetamol on OTM in rabbit show that there is
no significant effect on rate of OTM. Therefore, paracetamol
can be considered as a safe drug to be used for managing
pain associated with orthodontic treatment (Tyrovola and
Spyropoulos, 2009).2

Another important group of drugs which affect OTM is
bisphosphonates, because of its direct effect on calcium
homeostasis thereby affecting the bone metabolism, thus

having an inhibitory effect on the orthodontic treatment and
tooth movement (Adachi et al., 1997). Bisphosphonates are
used in the treatment of bone diseases such as osteoporosis,
Paget’s disease, and bone metastasis. The half-life of
bisphosphonates is 10 years; therefore, they continue to affect
the bone metabolism even after completion of therapeutic
dose (Tyrovola and Spyropoulos, 2009). Corticosteroids
may increase OTM but it depends on dosage and timing of
steroids (Verna et al., 2000) in contrast to others (Swanson
et al.,2006) who claimed that the corticosteroids inhibit tooth
movement by stimulating in vitro bone resorption which is
also time and dose dependent. Parathyroid hormone (PTH) is
secreted by parathyroid glands, which is released when there
is low concentration of calcium content in blood. The main
effect of PTH is to increase the concentration of calcium by
stimulating bone resorption. Therefore, PTH increases the rate
of OTM by stimulating bone resorption. Estrogens are female
sex hormones which are decreased after menopause in female
patients leading to osteoporosis. Therefore, it is suggested that
estrogens seems to reduce tooth movement rate. !

Thyroid gland releases two hormones thyroxine and calcitonin
which plays an important role in the calcium regulation and
reabsorption. Although, there are no studies which has shown
the effect of calcitonin on the rate of tooth movement, but there
are animal studies to show Thyroxin increases rate of tooth
movement if injected locally by activating osteoclasts.

Vitamin D3 (1,25 dihydroxycholecalciferol) is a hormone
which regulates the serum calcium and phosphate levels
by promoting intestinal absorption and reabsorption. The
deficiency of Vitamin D3 can be due to low intake of calcium
combined with inadequate exposure to sunlight, eventually
leading to osteoporosis, and decreased bone mineralization.
The effect of Vitamin D3 on the rate of OTM has been studied
in rats and the results concluded that Vitamin D3 can increase
the rate tooth movement (Al-Ansari et al., 2015). These effects
of medication and drug abuse on tooth movement indicate that
orthodontists should enquire about the prescribed medication,
over-the-counter drugs and dietary supplements taken by the
orthodontic patients before initiation of treatment. 2!

CoNCLUSION

Rapid advances in all biological fields have enabled the better
understanding of the mechanisms involved in the OTM. It is
evident that, at different stages of tooth movement, different
combinations of cell-cell and cell-matrix interactions occur;
which determine the nature of the remodeling changes.?” The
research trend is now directed toward elucidating molecular
level interactions during these confounding events. A better
understanding of the relationship between genes and
transcription factors in controlling bone and PDL remodeling
will expand knowledge and might strengthen our clinical
capabilities. Above all, this growing body of knowledge on
the response of cells to mechanical loads should illuminate
useful paths in clinical orthodontics and assist us in identifying
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and discarding harmful methods of mechanotherapy. The
future orthodontics will, therefore, increasingly become
biologically correct and consequently patient-friendly. This
ongoing development will move orthodontics closer to the goal
of being optimal, where teeth are moved efficiently, without
causing discomfort to the patient or damage to the teeth and
their supporting tissues.*
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