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Abstract
Purpose of Review Orthodontic tooth movement is characterized by periodontal tissue responses to mechanical loading, 
leading to clinically relevant functional adaptation of jaw bone. Since osteocytes are significant in mechanotransduction and 
orchestrate osteoclast and osteoblast activity, they likely play a central role in orthodontic tooth movement. In this review, 
we attempt to shed light on the impact and role of osteocyte mechanotransduction during orthodontic tooth movement.
Recent Findings Mechanically loaded osteocytes produce signaling molecules, e.g., bone morphogenetic proteins, Wnts, 
prostaglandins, osteopontin, nitric oxide, sclerostin, and RANKL, which modulate the recruitment, differentiation, and 
activity of osteoblasts and osteoclasts. The major signaling pathways activated by mechanical loading in osteocytes are 
the wingless-related integration site (Wnt)/β-catenin and RANKL pathways, which are key regulators of bone metabolism. 
Moreover, osteocytes are capable of orchestrating bone adaptation during orthodontic tooth movement.
Summary A better understanding of the role of osteocyte mechanotransduction is crucial to advance orthodontic treat-
ment. The optimal force level on the periodontal tissues for orthodontic tooth movement producing an adequate biological 
response, is debated. This review emphasizes that both mechanoresponses and inflammation are essential for achieving tooth 
movement clinically. To fully comprehend the role of osteocyte mechanotransduction in orthodontic tooth movement, more 
knowledge is needed of the biological pathways involved. This will contribute to optimization of orthodontic treatment and 
enhance patient outcomes.

Keywords Bone remodeling · Jaw bone · Mechanical loading · Mechanotransduction · Osteocyte · Orthodontic tooth 
movement

Introduction

The demand for orthodontic tooth movement is increasing 
as the health and expectations of our population improve. 
Orthodontic treatment allows tooth movement based on 
the periodontal ligament, a specialized connective tissue 
attaching the tooth root to the alveolar bone [1]. Orthodon-
tic tooth movement aims to move malpositioned teeth to 

an appropriate position through periodontium remodeling 
induced by orthodontic force [2••]. The forces exerted on 
a tooth result in stress on the periodontal ligament. Conse-
quently bone resorption is induced in areas of compression, 
and bone formation in areas of traction or stretching, leading 
to tooth movement [3]. A healthy periodontium is needed 
to prevent damage to the tissues supporting the tooth [4]. 
Orthodontic tooth movement uses teeth segments that resist 
movement and operate as “anchors” to pull against other 
teeth segments that are intended to be moved [5]. The term 
‘anchorage’ in orthodontics is used to describe the resist-
ance to tooth movement resulting from reciprocal forces [6]. 
Assuming ideal treatment goals, anchorage requirements 
should be evaluated in all three planes of spaces: ante-
rior–posterior, transverse, and vertical [7]. Among anchor-
age devices, e.g. miniscrews have increasingly been used for 
orthodontic anchorage because of their absolute anchorage, 
easy placement and removal, and low cost [8, 9]. Success-
ful orthodontic treatment outcomes depend on adequate 
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control of anchorage, which is an important limiting factor 
in orthodontics [10]. Orthodontic anchorage signifies the 
nature and degree of resistance to displacement offered by 
an anatomic unit [10]. Depending on the desired treatment 
outcome, tooth movements should be optimized.

Orthodontic tooth movement depends on coordinated 
tissue resorption and formation in the adjacent bone and 
periodontal ligament [11]. Mechanical loading on teeth 
causes fluid flow, initiating an aseptic inflammatory 
cascade culminating in osteoclastic bone resorption in 
compression areas and osteoblastic bone deposition in 
tension areas [11]. Compression and tension are associated 
with ascertaining local mechanical loading to regulate bone 
and periodontal ligament remodeling for tooth displacement 
[11]. Efficient and safe orthodontic tooth movement relies 
on the underlying biological and biomechanical mechanisms 
of orthodontic tooth movement. Throughout life, bone 
undergoes remodeling, which involves the resorption of 
mineralized bone by osteoclasts followed by the formation of 
new mineralized bone by osteoblasts [8, 9]. The remodeling 
cycle consists of a resorption phase, when osteoclasts digest 
old bone, a reversal phase, when mononuclear cells appear 
on the bone surface, and a formation phase, when osteoblasts 
deposit new bone until the resorbed bone is entirely 
replaced [12]. The coordinated activity of osteoclasts and 
osteoblasts during bone adaptation is generally considered 
to be orchestrated by mechanosensitive osteocytes [13, 14]. 
Osteocyte morphology (shape) varies in different types 
of bone, and reflects differences in mechanosensitivity. 
Round osteocytes are more sensitive to mechanical force 
than elongated osteocytes [15]. Moreover, osteocytes with 
different surface area and orientation are existing locally in 
particular areas of the maxillary bone, which is related to 
the magnitude and orientation of mechanical force [16•]. 
The relationship between osteocyte shape and orientation 
and mechanical force in the jaw bone might contribute to a 
success of dental implants and orthodontic tooth movement.

Bone is able to adapt its mass and structure to mechanical 
loading [17]. Enhanced mechanical loading on bone in vivo 
leads to increased bone mass and mineral density [18, 19•], 
while decreased mechanical loading on bone lowers bone 
mass, mineral content, and bone matrix protein production 
[20, 21]. Bone adaptation occurs during bone remodeling 
[22]. This process of functional bone adaptation serves to 
acquire bones that unite a suitable resistance against mechani-
cal failure with a minimum use of material [23, 24]. Clinically 
relevant functional bone adaptation occurs for instance during 
orthodontic tooth movement. After orthodontic load applica-
tion, the recruitment of osteoclasts leads to bone resorption 
at the site clinically referred to as “compression side”, whilst 
the recruitment of osteoblasts leads to bone formation at the 
site clinically referred to as “tension side” [25••] (Fig. 1). 
To better understand bone adaptation during orthontic tooth 

movement at the macroscopic level, more information regard-
ing the role of ostocyte mechanotransduction is needed. Opti-
mal tissue remodeling facilitating tooth movement to other 
more desirable locations in the dental arch requires knowl-
edge of how mechanical loading is converted into biochemi-
cal signals, identification of the cells and the signaling path-
ways involved, and the response mechanisms activated. We 
postulate that osteocyte mechanotransduction has a pivotal 
role in bone remodeling during orthodontic tooth movement, 
and consequently that orthodontic tooth movement may be 
improved rapidly and effectively when osteocytes are opti-
mally mechanically loaded. Therefore, in this review, we focus 
on the role of osteocyte mechanotransduction, as well as on 
the modulating signaling molecules and signaling pathways 
involved in orthodontic tooth movement.

Bone Homeostasis

Bone adaptation to mechanical loading plays a critical role 
in bone growth and maintenance of bone homeostasis. Bone 
matrix is continuously resorbed (degraded) by osteoclasts 
and rebuilt by osteoblasts at approximately 1–2 million 
microscopic sites in every adult skeleton [26]. Bone resorp-
tion carried out by osteoclasts in a newly formed osteon 
takes around 3 weeks, whereas building by osteoblasts 
takes around 3–4 months [26]. In bone, osteoblast differ-
entiation and function are affected by transcription factors, 
e.g., Cbfa1, growth factors and morphogens, like bone mor-
phogenetic proteins (BMPs), fibroblast growth factors, Wnt, 
as well as their inhibitors, e.g. sclerostin [27]. Osteoclast 
differentiation and function are affected by different mol-
ecules, such as the cell surface receptor RANK (receptor 
activator of nuclear factor kappa B (NFκB)), RANK ligand 
(RANKL), cytokines such as macrophage-colony stimulat-
ing factor (M-CSF), and osteoprotegerin (OPG; decoy recep-
tor for RANKL) [27]. In healthy adults, bone formation and 
resorption are balanced, thereby ensuring maintenance of 
bone strength. The balance between bone formation and 
resorption is affected by several factors, most notably age-
ing, hormones, and mechanical loading [28]. Several dis-
eases are associated with a disbalance in bone formation and 
resorption, i.e. osteoporosis, Paget’s disease, several types 
of cancer (e.g., solid tumors, hematopoietic malignancies), 
and inflammatory diseases (e.g., rheumatoid arthritis) [26]. 
Overloading around badly designed (oral) implants also 
affects remodeling, and causes bone loss. However, bone 
remodeling can also be used e.g., during distraction osteo-
genesis of the mandible, or for orthodontic tooth movement 
[29, 30]. A disbalance in bone formation and resorption can 
cause bone loss resulting in fractures, which is painful and 
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needs to be prevented. Therefore, it is crucial to maintain a 
remodeling balance.

How do Teeth Move Orthodontically?

Orthodontic tooth movement comprises two major steps, i.e., 
osteoclastic resorption of existing bone at the “compression 
side”, and osteoblastic formation of new bone at the “ten-
sion side”. The coordinated cooperation of osteoclasts and 
osteoblasts during bone adaptation is generally believed to be 
orchestrated by osteocytes, which can respond to mechanical 
loading [13, 14]. Osteocytes respond to opposite flow pat-
terns by stimulating osteoclast activity at the “compression 
side” with low flow, and by facilitating bone formation by 
osteoblasts around the “tension side” with high flow. Osteo-
clast and osteoblast activity are therefore related to opposite 
flow patterns, and the mechanosensitive osteocytes are of 
utmost importance to orchestrate the process of remodeling.

Lowering of normal strain of the periodontal ligament 
occurs at the “compression side” during orthodontic tooth 
movement. This leads to local stasis of extracellular fluid 
in the bone canalicular network. Increased strain in bone 
caused by traction of the periodontal ligament leads to 
increased fluid flow in the canaliculi at the “tension side” 
during orthodontic tooth movement. Periodontal ligament 

cells are stretched or compressed during orthodontic tooth 
movement [31], and cytokines such as tumor necrosis 
factor-α (TNF-α) and interleukin-1 (IL-1) are produced 
[32]. Along with TNF-α in the sulcus, osteocyte apoptosis 
is caused at the “compression side” by local stress shield-
ing resulting from decreased functioning of the periodontal 
ligament [33]. This causes almost complete fluid stasis in 
the osteocyte canaliculi [34], absence of fluid shear stress 
on the osteocytes, and decreased nitric oxide (NO) produc-
tion [33]. The insufficient NO production causes osteocytes 
to enter apoptosis via enhanced caspase-3 gene expres-
sion and activity, and decreased Bcl-2 gene expression 
[35]. Apoptotic osteocytes then attract osteoclasts [33, 36], 
leading to bone resorption and remodeling. Moreover, the 
absence of mechanical loading-induced NO production at 
the “compression side” results in the absence of inhibition 
of osteoclast activity, leading to bone resorption. Finally, 
pro-inflammatory cytokines activation of the inducible nitric 
oxide synthase (iNOS) pathway in osteocytes, and NO arisen 
from this pathway potentiates inflammation-induced bone 
resorption at the “compression side” [11, 37]. iNOS-positive 
osteocytes mainly appear in the compression area, whilst 
endothelial nitric oxide synthase (eNOS)-positive osteocytes 
are present in the tension area [38••]. This suggests that 
inflammation-induced bone resorption in the tension area is 
mediated by eNOS, en in the compression area by iNOS. It 

Fig. 1  Schematic diagram of bone remodeling at the “compres-
sion side” and “tension side” during orthodontic tooth movement. 
Mechanical force is applied to the teeth. Bone remodeling starts 
at the “compression side” by means of osteoclastic bone resorption 
regulated by several (bio)chemical factors, e.g. NO,  PGE2, sclerostin, 
TNF-α, IL-1β/6, RANK/RANKL, M-CSF, VEGF, cathepsin K, and 
MMPs. At the “tension side” osteoblastic bone formation is also 
regulated by (bio)chemical factors, e.g. NO,  PGE2, IL-10, RANK/

RANKL, BMP, VEGF, OPG, IGF, TGF-β, TIMP, and MMPs. NO, 
nitric oxide;  PGE2, prostaglandin  E2; TNF-α, tumor necrosis factor-α; 
IL-1β/6, interleukin-1β/6; RANK, receptor activator of nuclear-κB; 
RANKL, receptor activator of nuclear factor- κB ligand; M-CSF, 
macrophage-colony stimulating factor; VEGF, vascular endothelial 
growth factor; OPG, osteoprotegerin; IGF, insulin-like growth factor; 
TGF-β, transforming growth factor-β; TIMP, tissue inhibitor of met-
alloproteinases; MMPs, matrix metalloproteinases
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seems that both eNOS and iNOS are highly important regu-
lators of bone remodeling during orthodontic force appli-
cation [38••]. The mechanically meaningful attraction of 
osteoclasts towards the “compression side” and maintaining 
osteocyte viability at the “tension side”, explains osteoclast 
behaviour during orthodontic tooth movement, resulting in 
bone remodeling.

Osteocyte Mechanotransduction

Importance of Osteocytes in Bone

Osteocytes are former osteoblasts that have become 
entrapped in osteoid [12]. Osteocytes still produce matrix 
proteins, although osteoblast metabolic activity decreases 
after being encased in bone matrix [12]. Osteocytes 
have numerous (around 60 per cell) long slender cell 
processes containing microfilaments, that are organized 
during matrix formation before calcification. The entire 
bone matrix is penetrated by a network of canaliculi 
containing the cellular processes [39]. Osteocytes sense 
and respond to bone tissue strain, resulting in enhanced 
bone remodeling activity by osteoclasts at locations 
where bone remodeling is needed [12].

Osteocyte apoptosis affects bone remodeling [40]. It is 
associated with osteoclastic bone resorption in growing bone 
[41]. Enhanced osteocyte apoptosis is observed after estrogen 
withdrawal in rats [42], which suggests that estrogen loss 
during menopause compromises osteocyte viability, resulting 
in an altered response to mechanical loading and rapid bone 
loss. The local mechanisms inducing osteocyte apoptosis, 
and the local signals produced by apoptotic osteocytes to 
attract or target osteoclasts are largely unknown. Fluid shear 
stress protects osteocytes against apoptosis [43]. Apoptotic 
osteocytes likely represent a cellular signal for osteoclast 
recruitment leading to bone resorption [44•]. Osteoclasts 
have been shown to attack apoptotic osteocytes [45], indi-
cating that osteocyte apoptosis regulates osteoclastic bone 
resorption during bone remodeling.

Role of Osteocytes in Mechanotransduction

Osteocytes are the orchestrators of bone adaptation to 
mechanical loading [46]. They are embedded in bone, 
and contact neighbouring osteocytes via long slender 
cell processes running through canaliculi, which contain 
interstitial fluid [47]. These cell processes also contact 
osteoblasts, bone lining cells, and osteoclasts at the bone 
surface [48]. Throughout bone, this three-dimensional 
network of interconnected cells with its accompanying 
lacuna-canalicular porosity is mechanosensing site in bone 
[43]. How the osteocytes sense mechanical loading via this 

three-dimensional network is explained by the “canalicular 
f low hypothesis” [49]. When bone is mechanically 
loaded, the interstitial fluid is squeezed through the three-
dimensional network, leading to a fluid flow [50]. This fluid 
flow leads to a strain-driven interstitial fluid movement 
through the canaliculi and along the osteocyte processes, 
which is sensed and transduced by the osteocytes [51]. 
This interstitial fluid flow stimulates signaling molecule 
production by osteocytes that stimulate osteoclastic 
bone resorption, or osteoblastic bone formation [14, 52]. 
Mechanotransduction then comprises the translation of 
canalicular flow by osteocytes into cell signals that recruit 
osteoclasts and osteoblasts [44•, 45]. Osteocyte-ablated 
mice are resistant to unloading-induced bone loss, providing 
evidence for a role of osteocyte mechanotransduction [53].

Orthodontic loading causes osteoclastic bone resorption 
at the “compression side” where normal strain of the peri-
odontal ligament is decreased and local extracellular fluid 
stasis in the canaliculi occurs [54, 55]. It causes osteoblastic 
bone formation at the “tension side” where increased strain 
in bone caused by traction of the periodontal ligament leads 
to enhanced fluid flow in the canaliculi [2••]. Osteoclast and 
osteoblast activity are thus related to opposite flow patterns, 
while mechanosensitive osteocytes orchestrate bone remod-
eling [10, 11, 50]. Since local differences in the tensile strain 
magnitude and orientation exist in the jaw bone, osteocyte 
morphology and orientation differ locally [16•]. This reflect 
local differences in the osteocyte mechanosensitivity and 
bone quality, suggesting differences in dental implant suc-
cess based on the location in the maxilla [16•].

Signaling Molecules in Osteocyte 
Mechanotransduction

Mechanically loaded osteocytes produce signaling 
molecules like bone morphogenetic proteins (BMPs), Wnts, 
prostaglandins, osteopontin, sclerostin, NO, and RANKL, 
which modulate the recruitment, differentiation, and activity 
of osteoblasts and osteoclasts [14, 46, 56].

BMPs

BMPs are powerful osteoinductive proteins that belong to 
the transforming growth factor-β (TGF-β) superfamily [57]. 
The BMP-induced signaling pathway results in expression of 
osteogenic master transcription factors osterix, Runx2, and 
Dlx5 [58]. BMP-2 interacts with BMP-2 receptors, causing 
αvβ3 integrin activation and modulation of cell spreading 
and migration independent of matrix stiffness [59]. On the 
other hand, αvβ3 is required to inhibit glycogen synthase 
kinase-3β (GSK-3β) activity through the Src–FAK–ILK 
pathway [59]. BMP receptors and β3 integrin signaling 
converge to control focal adhesion dynamics and Smad 
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signaling, coupling cell migration and fate commitment 
independent of matrix stiffness [59].

Wnts

Osteocytes produce anabolic molecules including Wnts dur-
ing mechanical loading [60, 61]. Wnt-mediated canonical 
Wnt signaling pathway activation plays a role in tension force-
induced bone remodeling during orthodontic tooth movement 
[62]. Mechanical loading enhances, but disuse decreases Wnt 
activity [63]. Wnt signaling pathways have different roles in 
skeletal homeostasis [64]. Canonical Wnt signaling begins 
when Wnt ligands bind to Frizzled and low-density lipopro-
tein receptor-related protein 5/6 (Lrp5/6) receptors on the cell 
membrane [65]. Wnt signaling activation facilitates β-catenin 
accumulation through inhibition of GSK-3β-induced β-catenin 
phosphorylation, followed by translocation of dephosphoryl-
ated β-catenin into the nucleus to induce LEF/TCF-responsive 
gene transcription [65]. β-catenin serves as one of the core 
hubs for mechanotransduction, and as a primary intracellular 
signal transducer for Wnt signaling pathways [66].

Prostaglandins

Periodontal ligament fibroblasts perform regulatory 
functions in the innate immune response, and respond 
to compressive and tensile forces during orthodontic 
treatment with prostaglandin release [67]. Prostaglandins 
are important effector molecules in the cellular responses 
to cytokines, especially IL-1, involved in inflammation 
caused by orthodontic tooth movement. Among the 
subclasses of prostaglandins, prostaglandin  E2  (PGE2) at 
high concentrations is strongly related to bone resorption 
[68], inhibits osteoprotegerin, and stimulates the receptor 
activator of nuclear factor-κB RANKL, which causes 
increased cyclooxygenase-1 (COX-1) and cyclooxygenase-2 
(COX-2) expression [69]. Acute disuse rapidly upregulates 
osteopontin by osteocytes, which likely mediates bone 
resorption, since osteopontin is a known osteoclast 
chemotaxant and modulator of osteoclast attachment to 
bone [70].

Osteopontin

Osteopontin is an integrin ligand in bone produced by osteo-
blasts and osteoclasts. Loss of osteopontin causes resistance 
to unloading-induced bone loss [71]. Osteopontin is a mul-
tifunctional protein, and is considered to be crucial for bone 
remodeling, biomineralization, and periodontal remodeling 
during orthodontic tooth movement [72]. It contributes to 
bone remodeling by promoting osteoclastogenesis and osteo-
clast activity through CD44 and αvβ3-mediated cell signaling 
[72]. Osteoblasts and osteoclasts are not changed in unloaded 

osteopontin knockout mice, which suggests that osteopontin 
is a prerequisite for enhanced osteoclastic bone resorption 
and decreased osteoblastic bone formation under disuse [73].

Sclerostin

Mechanical loading represses sclerostin through the histone 
deacetylases HDAC4 and HDAC5 in osteocytes [71, 74]. 
Moreover, fluid shear stress triggers FAK inactivation via 
dephosphorylation, thus driving the nuclear translocation 
of class IIa HDAC by inhibition of HDAC5 tyrosine 642 
phosphorylation [71, 75]. Sclerostin (SOST) is a protein 
associated with the SOST gene, and is also produced by 
osteocytes [76]. Expression of sclerostin by osteocytes is 
intended to inhibit osteoblast activity and ultimately bone 
formation [77]. Mechanical loading has been shown to 
affect SOST gene expression, which leads to changes in 
bone remodeling [78].

NOS Expression and NO Production

Osteocytes significantly increase NO production as a result 
of mechanical stress, supporting the theory that osteocytes 
play a major role in orthodontic tooth movement. NO is a 
short-lived highly reactive free radical involved in e.g., the 
regulation of bone metabolism, and is produced through 
eNOS and/or iNOS activity [79]. Cultured osteocytes 
respond to fluid shear stress by enhanced NO production, 
and to a localized mechanical loading on the single osteocyte 
level [80, 81]. NO inhibits osteoclast activity [38••, 82], and 
mediates adaptive bone formation in vivo [79, 83]. NO is 
one of the key molecules involved in the regulation of bone 
homeostasis and activation or inhibition of osteoblasts and 
osteoclasts [53, 54]. NO promotes osteoblast differentiation 
and bone formation [84]. NO is strongly involved in the 
biomechanical response of the periodontium to orthodontic 
forces [85]. NO is expressed differently on the “tension 
side” and “compression side” during tooth movement, 
which explains its complex involvement in bone remodeling 
[38••]. NO production occurs through tension force during 
orthodontic force in periodontal ligament cells via eNOS 
[38••, 86]. Additionally, NO exerts complex effects on 
the activity of both osteoblasts and osteoclasts, and the 
spatiotemporal NO generation may determine its specific 
biological effect on bone remodeling [87]. Little is known 
on the role and impact of NO in orthodontic tooth movement 
[82]. Moreover, expression patterns of the NOS isoforms 
iNOS, eNOS, and nNOS in periodontal ligament and 
bone during orthodontic tooth movement in rats revealed 
that all NOS isoforms are involved in orthodontic tooth 
movement, and that they are differently expressed at tension 
and pressure sides [86]. nNOS appeared more involved in 
early orthodontic tooth movement [86]. NOS expression 
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in osteocytes did not change, suggesting that periodontal 
ligament cells rather than osteocytes are the mechanosensors 
in early orthodontic tooth movement [86].

RANKL

Osteocytes are also a great source for RANKL, another 
important molecule produced during orthodontic tooth 
movement. RANKL is one of the crucial cytokines 
driving osteoclast formation during mechanical loading, 
and thus bone remodeling [32]. Mice with an osteocyte-
specific RANKL-deficiency are resistant to orthodontic 
tooth movement due to inhibition of osteoclastogenesis in 
periodontal tissue [88]. Thus, osteocytes are theoretically 
capable of orchestrating bone adaptation during orthodontic 
tooth movement by produce signaling molecules.

On the basis of the findings of the present review, mice 
or rats models have been used mostly to study the role of 
osteocytes in orthodontic tooth movement. A summary of 
selected key articles on the role of osteocyte mechanotrans-
duction in orthodontic tooth movement is presented in 
Table 1. These articles report that orthodontic force affects 
expression of important biological molecules by osteocytes 
in mice or rats, and provide evidence that osteocytes play an 
integral role in the process of orthodontic tooth movement. 
Osteocyte mechanotransduction allows communication with 
other osteocytes, osteoblasts, and osteoclasts. It converts 
mechanical loading during orthodontic tooth movement 

into biochemical responses that control bone mineralization 
[89]. Interestingly, the number of osteoblasts at the “tension 
side” of the periodontal ligament space is also significantly 
reduced due to a possible coupling mechanism in alveo-
lar bone [88]. Matrix extracellular phosphoglycoprotein 
(MEPE) and dentin matrix protein 1 (DMP1) are involved in 
(de)mineralisation of the osteocyte microenvironment. The 
effect of mechanical loading on MEPE and DMP1 expres-
sion during orthodontic tooth movement in mice has been 
investigated [90]. The results showed different expression of 
MEPE and DMP-1 during early (day 1) and late (days 4–7) 
periods of mechanical loading [90].

Orthodontic Tooth Movement and Osteocyte 
Signaling Pathways

During orthodontic tooth movement, increased fluid flow and 
stretching of periodontal ligament fibers on the “tension side” 
are followed by stimulation of osteoblast activity leading to 
increased bone formation, while disruption of fluid flow and 
cell death due to lack of nutrition on the “compression side” 
leads to bone resorption and allows tooth movement [94]. 
In general three major components represent the response 
to mechanical loading during orthodontic treatment: 1) the 
osteocyte mechanoresponse, 2) osteoclastogenesis, and 3) 
osteogenesis [95••]. Osteoblast differentiation and function 
are affected by specific transcription factors, growth factors 

Table 1  Key references on osteocyte mechanotransduction in ortho-
dontic tooth movement in  vivo. M, male; F, female; n.i., not indi-
cated; Ocy, osteocytes; OC, osteoclasts; WT, wild type; Tg, trans-
genic; OTM, orthodontic tooth movement; #, number; +, positive; 

PDL, periodontal ligament; Scl, sclerostin; eNOS, endothelial nitric 
oxide synthase; iNOS, inducible nitric oxide synthase; nNOS, neu-
ronal nitric oxide synthase

Ref. # Species, 
in vivo/
in vitro

Gender,
M/F

Age, wk Inter-vention Outcome parameters Significance

[91] Mouse, (WT, Tg),
in vivo

M 8 OTM # Ablated OCY, # OC, eroded 
bone surface, lacunocanalicular 
system

In vivo demonstration of OCY 
involvement in osteoclastic bone 
resorption during OTM

[86] Rat,
In vivo

M n.i OTM #  iNOS+,  nNOS+,  eNOS+ cells PDL cells respond to OTM by NO 
production; iNOS, nNOS, and 
eNOS are involved, with nNOS 
more involved in early OTM

[92] Mouse,
in vivo &
in vitro

M 8 OTM Scl expression, gene expression PDL-derived Scl is principal 
mediator of bone remodeling 
through paracrine effect on OCY

[88] Mouse (WT, Tg), in vivo M 12 OTM # OC, gene expression Key role for OCY-derived RANKL 
in alveolar bone remodeling, 
establishing molecular basis for 
orthodontic force-mediated bone 
resorption

[93] Rat,
in vivo

M 46 OTM #  iNOS+,  eNOS+ OCY Key role for eNOS and iNOS in bone 
remodeling during OTM;  iNOS+ 
OCY are present in compression 
area, and  eNOS+ OCY in tension 
area
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and morphogens, as well as their inhibitors, while osteo-
clast differentiation and function are affected by different 
molecules, such as RANKL, cytokines, and osteoprotegerin 
[96] (Fig. 1). Although the underlying biological and biome-
chanical processes of orthodontic tooth movement are still 
not fully elucidated, there are several studies showing that 
osteocytes play a major role in controlling the entire response 
to mechanical loading [97–99].

Signaling Pathways Activated by Mechanical 
Loading

The two major signaling pathways activated by mechanical 
loading are the Wnt/β-catenin pathway and the RANKL 
pathway [100].

Wnt/β‑catenin Pathway

The Wnt signaling pathway is one of the key regulators 
of bone metabolism identified in mechanoresponsive 
osteocytes [101]. The Wnt-sensitive signaling pathway 
is separated into the canonical signaling pathway which 
depends on the function of β-catenin (the so-called Wnt/β-
catenin pathway) and the non-canonical pathway [65]. The 
canonical signaling pathway includes critical molecular 
cascades for cellular metabolism [102]. It is essential for 
remodeling of bone/cementum in response to orthodontic 
force [103]. Wnt secretion by osteocytes during orthodontic 
tooth movement leads to the activation of β-catenin 
signaling and upregulation of genes involved in osteoblast 
differentiation and activity, resulting in bone formation 
[101]. In addition, modulation of the expression of the SOST 
gene encoding, which encodes sclerostin, an inhibitor of 
Wnt signaling, stimulates bone formation on the “tension 
side” and inhibits bone formation on the “compression side”, 
thereby regulating orthodontic tooth movement [104].

RANKL Pathway

The RANKL pathway defines bone mass as it discharges 
osteoclast progenitors into the circulation [105]. RANKL-
induced osteoclast activation is vital to homeostasis over 
progenitor recruitment connecting bone remodelling with 
haematopoiesis regulation [105]. Sclerostin downregulates 
osteoblast activity and function [92]. It may ultimately 
upregulate RANKL gene expression and stimulate 
osteoclastogenesis during mechanical loading resulting in 
bone resorption, since the RANKL pathway is important for 
the regulation of bone resorption [106]. RANKL is produced 
by osteoblasts and osteocytes, and binds to its receptor 
RANK on the surface of osteoclasts [107]. This interaction 
activates a signaling cascade that leads to the differentiation, 
activation, and survival of osteoclasts, resulting in bone 

resorption [108]. During orthodontic tooth movement, 
RANKL expression increases in gingival crevicular fluid 
in juvenile patients [109]. RANKL accelerates orthodontic 
tooth movement by increasing the number of osteoclasts and 
bone resorption at the compression side [105].

Other Pathways

Osteocytes also regulate the production of M-CSF, OPG, 
and other cytokines during orthodontic tooth movement 
(Fig. 1). Other signaling molecules or proteins might be 
involved in the process of osteocyte mechanotransduction 
during orthodontic tooth movement, including connexin-43, 
transient receptor potential vanilloid 4, piezo1, sphingosine-
1-phosphate, zinc finger protein, extracellular signal 
regulated kinase, adenosine triphosphate, extracellular 
vesicles, and cyclic adenosine monophosphate [110]. 
Moreover, there is in  vivo evidence for a key role of 
osteocytes in orthodontic tooth movement [88].

Future Perspective

New concepts regarding the biological foundation of 
force-induced tooth movement will further improve 
the field of orthodontics. The orthodontic community 
now has tools for exploring the cellular and molecular 
events involved in orthodontic tooth movement, includ-
ing the use of stem cells capable of differentiating into 
osteoblasts and osteoclasts. The periodontal ligament 
and alveolar bone represent a functional unit undergoing 
remodeling during orthodontic tooth movement. Com-
plex molecular signaling is responsible for converting 
mechanical stresses into biochemical events, with a net 
result of bone apposition and/or bone resorption. Despite 
our improved understanding of mechanical and biochemi-
cal signaling mechanisms, it is still largely unknown how 
mechanical stresses regulate the differentiation of stem/
progenitor cells into osteoblast and osteoclast lineages. A 
better understanding of the impact and role of osteocyte 
mechanotransduction during orthodontic tooth movement, 
as well as osteoblast differentiation from mesenchymal 
stem/progenitor cells and osteoclastogenesis from the 
hematopoietic/monocyte lineage, helps guide our efforts 
towards new approaches to solve current challenges of 
orthodontic treatment. In particular, it is assumed that 
osteocyte mechanotransduction plays a pivotal role in 
bone remodeling during orthodontic tooth movement, 
and consequently that orthodontic tooth movement may 
be improved effectively and rapidly if osteocytes are opti-
mally mechanically loaded. Since the tensile strain magni-
tude and orientation is locally different in jaw bone, local 
differences in the osteocyte morphology and orientation 
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exist. This reflect local differences in the osteocyte mech-
anosensitivity and bone quality, suggesting differences in 
dental tooth movement success based on the location in 
the maxilla. A view on the relationship between tensile 
strain and the osteocyte morphology and orientation in 
the maxillary bone might contribute to a better under-
standing of the cellular processes that lead to different 
bone qualities in various dental tooth movement positions 
and, eventually, to the success of dental tooth movement 
in the maxilla. A mechanistic understanding of the opti-
mal force level resulting in optimal mechanical loading 
on the periodontal ligament for orthodontic tooth move-
ment could help in developing acceleratory techniques 
for orthodontics. Future research is needed to unravel the 
underlying biological and biomechanical processes lead-
ing to optimal mechanical loading on the periodontal tis-
sues during orthodontic tooth movement, and enable the 
translation of biological concepts into clinical practice.

Conclusion

In this review we attempt to shed light on the impact 
and role of osteocyte mechanotransduction during ortho-
dontic tooth movement. Osteocyte mechanotransduction 
plays a significant role in bone remodeling during ortho-
dontic tooth movement. Osteocytes use paracrine sign-
aling, stimulation and secretion of different cytokines, 
hormones, and enzymes to interact with other bone cells, 
e.g., osteoblasts and osteoclasts, to maintain a delicate 
balance between bone formation and resorption. It has 
also been demonstrated that NOS, RANKL, sclerostin, 
and many other essential molecules are expressed in 
response to mechanical loading through osteocyte mecha-
notransduction. For various reasons, mostly animal stud-
ies and only few human studies have been performed to 
demonstrate the important regulatory role of osteocytes 
in orthodontic tooth movement. To fully comprehend the 
role of osteocyte mechanotransduction in orthodontic 
tooth movement, further studies are required unraveling 
the biological pathways involved in order to gain more 
insight into how to optimize orthodontic treatment in 
humans and enhance patient outcomes.
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