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Abstract Background/purpose: Orthodontic tooth movement (OTM) is facilitated by two
events; bone resorption on the compression side and bone formation on the tension side simul-
taneously termed bone remodeling. Osteocytes play a critical role in bone remodeling during
OTM, as they have been described as the critical source of nuclear factor-kB ligand (RANKL)
necessary for bone remodeling during OTM. Tumor necrosis factor (TNF)-a is a cytokine that
acts by amplifying RANKL expression in osteocytes. In this study, we evaluated the effects
of TNF-a on RANKL expression in osteocyte during OTM.
Materials and methods: We assessed whether TNF-a influenced RANKL expression in osteocyte
during orthodontic tooth movement by using wild-type (WT) and TNF receptor I and II deficient
(TNFRsKO) mice. A Nickel-titanium closed coil spring was attached to the maxillary alveolar
bone near the incisors and the upper left first molar, and the first molars were moved mesially
in WT and TNFRsKO mice. After OTM, the number of RANKL-positive osteocytes in the alveolar
bone was evaluated by immunohistochemistry.
Results: The number of RANKL-positive osteocyte in the alveolar bone significantly increased
in WT mice than in TNFRsKO mice after OTM.
Conclusion: The results indicate that TNF-a induces the expression of RANKL in osteocyte dur-
ing OTM.
ª 2021 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Osteoclasts derived from hematopoietic stem cells are the
chief bone resorbing cell which mediate bone remodel-
ing.1 Macrophage-colony-stimulating factor (M-CSF) and
receptor activator of nuclear factor kB ligand (RANKL)
have been found to be essential factors of osteoclast
formation.2 Tumor necrosis factor (TNF)-a, a principal pro-
inflammatory cytokine was also found to be inductive of
osteoclast differentiation.3,4 TNF-a regulates osteoclast
formation in erosive bone diseases such as rheumatoid
arthritis and periodontal diseases where there is an
immoderate presence of osteoclasts leading to excessive
bone resorption.5

Osteocytes are terminally differentiated osteoblasts
which are entombed in their secreted bone matrix.6,7 Os-
teocytes reside in bone spaces termed lacunae and ac-
count for 90% of the bone cell population. Osteocytes
communicate through an extravagant canalicular system
connecting osteocyte lacunae to each other, to other cell
types, and to the bone surface.8 This complex communi-
cation apparatus allows the osteocyte to function as a
mechanosensory cell, to remodel its perilacunar matrix
and to regulate mineral metabolism.9 RANKL expressed by
osteocytes has been reported to play an important role in
bone metabolism, as RANKL-deficient mice developed
an osteopetrotic phenotype that became increasingly
apparent with age. It has been argued recently that
osteocyte-secreted RANKL is the most valuable for physi-
ologically driven osteoclast formation in the remodeling
bone.10,11 Furthermore, RANKL-deficient mice have been
shown to be protected against bone loss resulting from
mechanical force unloading.11 Moreover, negating osteo-
cyte RANKL prevents infection-induced periodontal bone
loss.12 Conditional loss of RANKL expression in osteocytes
led to an increase of cancellous bone mass in an osteo-
genesis imperfecta mouse model.13 It is apparent that
osteocyte RANKL strongly affects bone resorption both in
physiological and pathological bone events.

TNF-a-induced osteoclast formation is a major
contributor to bone destruction in disorders such as
rheumatoid arthritis and periodontal disease.14,15 Many
cytokines employ their function on the osteocyte by
Figure 1 Schematic diagram of orthodontic tooth movement in m
attached between the maxillary alveolar bone underneath the incis
0.1 mm stainless steel wire through holes made by drilling into the
end. The resultant force generated mesial movement of the maxil
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amplifying their osteoclast formation and bone resorption
ability, TNF-a is one such cytokine. The osteocyte also
secretes a variety of cytokines and signaling molecules
which affect neighboring osteocytes, other bone cells such
as osteoblasts and osteoclasts, immune system cells
around the bone matrix and other distant organs, which
mean osteocytes exert their functions through paracrine,
autocrine, and endocrine routes.16 We previously reported
that TNF-a directly increases RANKL expression in osteo-
cytes as well as induces osteoclast formation both in vitro
and in vivo.17

Orthodontic tooth movement counts on remodeling of
the alveolar bone through an external mechanical force.
The external force induces growth factor, cytokine, and
neurotransmitter release, which signals to enhance
osteoclastogenesis with compressive forces and osteoblast
formation with tension, leading to the coupling of bone
resorption and bone formation which are prerequisites of
bone remodeling.18,19 Forces applied to the compression
side of the periodontal ligament induce osteoclast forma-
tion and resorption of the alveolar bone, resulting in tooth
movement.18 It has been reported that TNF-a is expressed
at the compression side in the periodontal ligament and
play a crucial role in the regulation of tooth movement and
osteoclast formation during OTM.20,21

The role of osteocytes in OTM is revealed in transgenic
mice which osteocytes express the diphtheria toxin recep-
tor under the control of the Dmp1-promoter. After diph-
theria toxin injection to these mice, OTM was hindered
when compared to wild type mice. Both tooth movement
and osteoclast formation decreased on the compression
side.22 Another recent report showed that using mice spe-
cifically lacking RANKL in osteocytes decreased bone
remodeling and OTM.23 In our recent study, TNF-a
enhanced sclerostin expression in osteocytes and subse-
quently sclerostin enhanced RANKL expression in osteo-
cytes.24 This has been shown to be beneficial to OTM and
bone remodeling. However, the direct effect of TNF-a on
osteocytes RANKL expression during orthodontic tooth
movement is still to be clarified.

In this study, we evaluated the effect of TNF-a on the
expression of RANKL in osteocytes during OTM by using TNF
receptor I and II deficient (TNFRs KO) mice.
ice and intraoral image of a nickel-titanium closed-coil spring
ors and the upper-left first molar. The appliance was tied with a
alveolar bone, and also tied to the first molar at the posterior
lary left first molar.



Figure 2 Effect of TNF-a on RANKL expression in osteocytes during OTM of 6 days. (A) and (B) Histological images of the disto-
buccal root of the maxillary left and right first molars after OTM in each group. The samples were treated with anti-RANKL an-
tibodies and counterstained with hematoxylin. (C) Percentage of RANKL-positive osteocytes to total number of osteocytes located
in the alveolar bone near the compression/mesial side of the distobuccal root after OTM as indicated per group. Red arrows: di-
rection of orthodontic force; arrow heads: RANKL-positive osteocytes; DB: disto-buccal root; P: palatal root. Scale bars Z 100 mm.
Data are shown as the means � standard deviation. Statistical significance was evaluated by Scheffe’s test (n Z 4, *P < 0.01).
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Materials and methods

Experimental animals

Male C57BL6/J mice were purchased from (CLEA, Tokyo,
Japan) and TNFRs KO mice (Tnfrsf1atm1lmxTnfrsf1btm1lmx)
were obtained from (The Jackson Laboratory, Bar Harbor,
ME, USA) aged eight to ten-week-old. The mice were
maintained with a 12/12-h light/dark cycle at 21e24 �C.
1193
The mice were provided with a granular diet (Oriental
Yeast, Tokyo, Japan) to ease eating during OTM without the
use of excessive chewing force.

All experimental procedures conformed to the Regula-
tions for Animal Experiments and Related Activities at
Tohoku University, and were reviewed and approved by the
Institutional Laboratory Animal Care and Use Committee of
Tohoku University, and finally approved by the President of
Tohoku University.



Figure 3 Effect of TNF-a on RANKL expression in osteocytes during OTM of 12 days. (A) and (B) Histological image of the disto-
buccal root of the maxillary left and right first molars after OTM in each group. The samples were treated with anti-RANKL
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Experimental orthodontic tooth movement in mice

For the application of orthodontic tooth movement, mice
were put under anesthesia, and a nickel-titanium (NieTi)
closed coil spring (Tomy, Fukushima, Japan) was hooked to
the left maxillary first molar, and the maxillary alveolar
bone underneath the incisors, which resulted in a 10 g force
according to manufacturer’s instructions moving the
maxillary left first molar in a mesial direction. For appli-
ance fixation, a hole was made by drilling with a slow-speed
handpiece and a tungsten carbide bur underneath each of
the two incisors at the alveolar bone level; then the
appliance was tied to a 0.1 mm stainless steel wire through
this hole, this facilitated the secure attachment of the
appliance to both the left maxillary first molar and the
alveolar bone (Fig. 1).25e27 Each group contained four mice
and orthodontic tooth movement was carried out for 12
days.

Preparation of samples for histological observation

The mice were sacrificed by an overdose of 5% isoflurane in
an inhalation chamber. The maxillae were cut off from the
skull and fixed in 4% paraformaldehyde at 4 �C overnight.
Maxillae were decalcified in 14% EDTA for 3 days at 4 �C.
Decalcified maxillae were dehydrated in graded ethanol
and embedded in paraffin blocks. The samples were cut
into horizontal sections at a thickness of 4 mm from a
starting point of approximately 150 mm from the root
furcation of the maxillary left first molar as described
previously.25e27 The deparaffinized sections were stained
for tartrate-resistant acid phosphatase (TRAP) activity and
counterstained with hematoxylin. TRAP staining was car-
ried out using Fast Red Violet LB Salt (MO, USA, Sigma-
eAldrich), Naphthol-ASMX-phosphate (MO, USA,
SigmaeAldrich), and 50mM sodium tartrate. For RANKL
staining, the sections were washed with 3% H2O2 in PBS for
15min and treated with 3% skim milk for 30min at 37 �C for
blocking. The treated sections were treated with anti-
RANKL antibody (FL-317 SCBT rabbit polyclonal IgG) 1:50
in Can Get Immunostain solution B (Toyobo, Osaka, Japan)
overnight at 4 �C for immunohistochemistry. After washing,
the sections were treated with Histofine� Simple Stain�
Mouse MAX PO (R) (Nichirei Bioscience, Tokyo, Japan) at
room temperature for 1 h. The sections were counter-
stained with hematoxylin. The number of RANKL-positive
osteocytes at the alveolar bone on the compression side
of the distobuccal root on day 6 and on day 12 during OTM
was evaluated.

Statistical analysis

All data are presented as the mean� standard deviation of
independent biological replicas. Statistical analysis was
antibodies and counterstained with hematoxylin. The right side ima
bone around the disto-buccal root of the maxillary left and right fir
in the alveolar bone near the compression/mesial side of the disto
rection of orthodontic force; arrow heads: RANKL-positive osteocyt
Data are shown as the means � standard deviation. Statistical sign
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performed using Scheffe’s F-test. Statistical significance
was assumed at a threshold of p< 0.05.

Results

TNF-a enhances RANLK expression in osteocyte
during OTM

After 6 days and 12 days of orthodontic tooth movement in
mice, the mice were sacrificed, and the maxillae were
prepared for immunohistochemical analysis. After 6 and 12
days of OTM there was significantly a fewer number of
RANKL-positive osteocytes in the alveolar bone at the
compression side of the distobuccal root in TNFRsKO mice
when compared to WT mice, however there was no
appreciable difference at the opposite right control (non-
OTM) side (Figs. 2 and 3). Thus, OTM-mediated RANKL
expression in osteocytes experienced a decrease in
TNFRsKO mice.

Discussion

In the present study, we showed that RANKL expression
increased in WT mice, but not TNFRsKO mice during OTM.
We found that TNF-a stimulated RANKL expression in os-
teocytes during OTM. The results suggested that ortho-
dontic force mediated-TNF-a release is a significant factor
for facilitating the expression of RANKL in osteocytes. This
is the first experiment to examine an interaction between
TNF-a stimulation and RANKL expression in osteocytes
during OTM.

We previously reported that TNF-a injection to supra-
calvariae of mice induced osteoclast formation in calvaria
in vivo.28,29 Furthermore, we showed that TNF-a enhanced
RANKL expression in the cells of supracalvariae through
measuring mRNA level of RANKL after TNF-a injection to
the supracalvariae of mice.28,29 Recently, we tested TNF-a-
induced RANKL expression in osteocytes using immunohis-
tochemistry. The results showed that RANKL osteocyte
expression increased in TNF-a-injected mice, which means
that TNF-a increases RANKL expression in osteocytes
in vivo.

A recent report where mice lacking RANKL in osteocyte
were used reported that these mice experienced a severe
osteopetrotic phenotype as they aged. The results consid-
ered that osteocyte RANKL is most relevant to physiological
bone remodeling.10 Furthermore, osteocytes also were
shown to express RANKL in pathological condition, leading
to bone destruction in diseases such as inflammatory bowel
diseases and periodontal diseases.30,31 In one of our
studies, we examined the direct effect of TNF-a on osteo-
cytes. The results showed that TNF-a directly enhances
RANKL expression as well as osteocyte-induced osteoclast
formation both in vitro and in vivo.17 It has been shown that
ge of each A and B panels represent TRAP stained images of the
st molars. (C) Percentage of RANKL-positive osteocytes located
buccal root after OTM as indicated per group. Red arrows: di-
es; DB: disto-buccal root; P: palatal root. Scale bars Z 100 mm.
ificance was evaluated by Scheffe’s test (n Z 4, *P < 0.01).
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TNF-a increased in human gingival crevicular fluid during
OTM.32,33 Our previous reports studied the link between
TNF-a mediated osteoclast formation and OTM using
TNFRsKO mice.20,21 And in this study, we assessed the ef-
fect of TNF-a on inducing RANKL expression in osteocytes
during OTM by using TNFRsKO mice. We evaluated RANKL
expression by applying orthodontic force to the upper-left
first molar which resulted in a mesial force direction for 6
days and 12 days using immunohistochemistry. RANKL-
positive osteocytes in TNFRsKO mice were significantly
lower than that in WT mice both on day 6 and day 12. Our
experiments also confirmed previously published results
showing that TNF-a is also important for osteoclastogenesis
during OTM as TNFRsKO mice experienced less osteoclast
formation than that in WT mice.20,21

In our pervious study, we analyzed target cell contribu-
tion to the TNF-a pool and subsequent osteoclast formation
during OTM using TNFRsKO and WT chimeric mice. The
chimeric mice were generated by transplanting the marrow
of either TNFRsKO or WT mice into lethally irradiated WT
and TNFRsKO mice, resulting in four mice types. The results
showed that TNF-a-responsive stromal cells (including os-
teocytes) in mice that were transplanted with TNFRsKO
marrow are most contributing to osteoclast formation in
OTM setting.25 These findings suggested that TNF-a-
responsive osteocytes may contribute to osteoclast forma-
tion in OTM. In the present study, TNF-a expressed as a
result of mechanical stress was responsible for osteocytes
expression of RANKL. These findings suggested that TNF-a-
responsive osteocytes are important cells for osteoclast
formation during OTM.
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