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Abstract: Increasing number of patients with high body-mass index (BMI) are encountered in the orthodontic clinic
with the growing prevalence of obesity and overweight worldwide. Some clinical studies found that the rate of
orthodontic tooth movement (OTM) in obese patients decreased. However, how obesity can impact OTM has not
been determined yet. Here, we used the high-fat diet (HFD) induced obese mouse model to translate this clinical
problem to the basic research, and back to exploring the potential clinical applications. C57BL/6J mice were fed
with high-fat diet (HFD) for 5 weeks to induce obesity and orthodontic nickel-titanium springs were applied to the
upper first molars to establish OTM model. The serum level of leptin was tested by ELISA. Mouse macrophage cell
line RAW264.7 cells were used as osteoclast progenitor cells stimulated by sSRANKL with the presence or absence
of letpin in vitro. TRAP staining was used to detect osteoclasts. Leptin was administrated intraperitoneally in mice
to determine whether it can affect OTM in vivo. In obese mice, we found that OTM was attenuated and the number
of osteoclasts decreased with the elevated serum level of leptin. Mechanically, we confirmed that leptin inhibited
osteoclastogenesis and osteoclast functional genes expression. To translate our findings back to potential applica-
tions, we then revealed the administration of leptin could decrease OTM in wild type mice along with the decreased
number of TRAP-positive osteoclasts. Taken together, these results demonstrated that the elevated level of leptin in
obese mice was able to inhibit osteoclastogenesis and decrease OTM. Administration of leptin could inhibit molar
mesial movement and possessed the potential to be a clinical anchorage reinforcement method.

Keywords: Obesity, leptin, orthodontic tooth movement, osteoclastogenesis, bone remodeling, mice

Introduction (OTM) was not only a local reaction within the
periodontal tissue, but could also induce
systemic reaction in this process [10-15].
Interestingly, several clinical studies have
suggested that the OTM was influenced in
patients with high BMI [16-18]. However, the
precise effects and underlying mechanism has
yet been determined. Therefore, the objective
of this study is to translate this clinical problem
to a basic study. By using high-fat diet (HFD)
induced obese mouse model, we try to deter-
mine whether obesity can affect OTM, and then
explore the possible mechanism. Moreover,
since the level of circulating leptin, which is a
Moreover, recent studies have indicated that cytokine-like hormone secreted by the adipo-
force-induced orthodontic tooth movement cytes, was found elevated among population

The number of obese patients encountered
in orthodontic treatment are becoming more
common as the incidence of obesity and over-
weight is increasing worldwide [1, 2]. High body
mass index (BMI, the weight divided by the
square of the height) is the main characteristic
of obesity. Epidemiologic studies have indicat-
ed that high BMI as a risk factor for several
systemic diseases, such as cardiovascular dis-
ease, diabetes mellitus, chronic kidney diseas-
es, many cancers and several musculoskeletal
disorders [3-9].
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with high BMI [19], whether it can influence
OTM also remains to be elucidated.

In this preliminary translational study, we
found that obese mouse had decreased OTM
rate with the elevated serum level of leptin.
Mechanistically, we revealed that leptin could
inhibit osteoclasts generation and function
through the leptin receptor.

Materials and methods
Animals and treatment

Three-week-old male C57BL/6 mice (Weitong
Lihua Experimental Animal Center, Beijing,
China) were fed with high-fat diet (HFD, 45%
kcal from fat) (Research Diets Inc., New
Brunswick, NJ, USA) or normal diet (10% kcal
from fat) for 5 weeks. Mice were housed in
cages under controlled conditions of tempera-
ture (23°C + 1°C), humidity (50% + 10%), and a
12:12-hour light-dark cycle. They were given
tap water and standard laboratory chow.
Orthodontic nickel-titanium coiled springs (0.2
mm in thickness, 1 mm in diameter, 5 mm in
length; Smart Technology, Beijing, China) were
ligated between the left maxillary first molar
and central incisors of mice. The springs were
activated to deliver an orthodontic force of 30
g. The model was modified from previously
reported methods and the reliability was evalu-
ated [20] (Figure S1).

Leptin (40 pyg/mouse, PeproTech, USA) or vehi-
cle (PBS) were injected intraperitoneally every
other day since one day before force applica-
tion. Mice were sacrificed by pentobarbital
sodium overdose. The animal experimental pro-
tocols were approved by the Institutional Animal
Care and Use Committee of Peking University
(LA2013-92).

Measurement of OTM and MicroCT analysis

We used a stereo microscope (SWZ1000,
Nikon, Japan) to record the occlusal surface of
the maxillae. The OTM distance is measured
between the midpoint of distal-marginal ridge
of the first and second molar as previously
reported [14, 15]. Then, the measurement of
OTM distance was done by using Image J soft-
ware (1.37v, National Institutes of Health). The
final result came from the average of 2
measurements.
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A micro-computed tomography (MicroCT, Sky-
scanl1174, Bruker micro CT, Belgium) was used
to scan the maxillae of mice. To analyze the
bone mass indicators, we choose the furcation
of the first molar as the measurement area due
to its reproducible morphological landmarks.

Tartrate-resistant acid phosphatase staining

Mice maxillae tissues were collected and fixed
in 4% paraformaldehyde, then demineralized
in 15% EDTA and embedded in paraffin. The
transverse cutting method was employed to
get serial sections from the corresponding
group at a thickness of 4 um. Then the sections
were deparaffinized to perform tartrate-resis-
tant acid phosphatase (TRAP) test using a leu-
kocyte acid phosphatase kit (387A, Sigma,
USA) according to the manufacturer’s protocol.
TRAP-positive multinucleated (> 3 nuclei) cells
that attached to the alveolar bone surface
mesial to the distal buccal roots were counted.

Cell culture and treatment

The murine macrophage RAW264.7 cell line
(National Infrastructure of Cell Line Resource,
Beijing, China) were cultured in DMEM contain-
ing 10% FBS supplemented with antibiotics
(200 U/ml of penicillin and 100 ug/ml of strep-
tomycin). Cells were cultured at 37°C in a 5%
CO, incubator. Osteoclasts differentiation was
induced by sRANKL (R&D Systems, USA) at
concentration of 10 ng/ml with the presence
or absence of leptin (100 ng/ml, PeproTech,
USA) for 5 days. To investigate the influence to
the osteoclast functional genes expression,
RAW264.7 cells were treated with various
doses of leptin (0-100 ng/ml) with the pres-
ence of sSRANKL (10 ng/ml) for 24 h.

Immunofluorescence staining

RAW264.7 cells were incubated with the pri-
mary antibodies against leptin receptor (LepR,
1:100, Santa Cruz, USA) to detect the expres-
sion of leptin receptor, and then washed, incu-
bated with FITC-conjugated secondary antibod-
ies (Zhongshan Golden Bridge Biotechnology,
Beijing, China). Nuclei were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI). Con-
focal microscopic images were processed with
LSM 5 Release 4.2 software after acquisition
by a laser-scanning microscope (LSM 510;
Zeiss, Germany).
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Figure 1. Obesity and orthodontic tooth movement models in mice were
established. A. Schedule of the experiment. After 5 weeks of high-fat diet,
orthodontic force was applied to mice. Mice were sacrificed at 3 day, 5 day
and 7 day after force application. B. The orthodontic tooth movement model
in mice. The maxillary left first molars were moved mesially by closed-coil
springs. C. Representative intra-oral photograph of tooth movement model
in obese and control mice after 3 days, 5 days and 7 days of force applica-
tion. D. MicroCT representative image of tooth movement model in obese
and control mice after 7 days of force application. E. Amount of orthodontic
tooth movement on 3 day, 5 day and 7 day after force application in obese
and control mice. The black arrow indicated direction of tooth movement.
The blue arrows indicated tooth movement distances, M1: first molar. M2:
second molar; n=5 in each group, error bars, means * SD; scale bar: 400
um; *P<0.05; NS: not statistically significant.

Enzyme-linked immunosorbent assay (ELISA) Results

Mice serum samples obtained from the experi-
mental and control group were centrifuged at
1000 r/min for 10 min to collect the superna-
tant and stored at -80°C. Concentration of

transcription and real-time
PCR were performed following
previously described protocol
[21]. The sequences of prim-
ers were from previous report-
ed studies [22, 23] and com-
mercially synthesized as listed
below:

Mouse TRAP sence/antisen-
ce: 5-CACTCCCAACCCTGAGA-
TTTGT-3/5'CATCGTCTGCACGG-
TTCTG-3'. Mouse CTSK sence/
antisence: 5-CAGCAGAACGG-
AGGCATTGA-3/5-CCTTTGCCG-
TGGCGTTATAC-3. Mouse RA-
NK sence/antisence: 5-CAGC-
AGCCAAGGAGGACTAC-3/5'A-
CATAGCCCACACCGTTCTC-3".
Mouse B-actin sence/antisen-
ce: 5-CACGATGGAGGGGCCG-
GACTCATC-3'/5’-TAAAGACCT-
CTATGCCAACACAGT-3..

Statistical analysis

All data were presented as the
means + SD, and statistical
analysis was carried out by
Student’s T-test or one-way
ANOVA followed by the least
significant difference (LSD)
multiple-comparison test. All
statistical analyses were per-
formed with GraphPad Prism
6 (GraphPad Software, San
Diego, CA, USA); P<0.05 was
considered to be statistically
significant.

Force-induced OTM is attenuated in HFD in-
duced obese mice

leptin in mice serum was measured by using a
mouse leptin ELISA kit (FineTest) according to
the manufacturer’s instructions. The measure-
ments were repeated three times.

Quantitative real-time polymerase chain reac-
tion (g-PCR)

Total RNA was extracted from cell lysate the
with TRIzol reagent (Invitrogen, USA) according
to the manufacturer’s instructions. Reverse

4109

In order to evaluate the effect of obesity on
OTM, we first established an obese mouse
model by feeding 3-week old mice high-fat diet
(HFD) for 5 weeks (Figure 1A). The body weight
was significantly elevated in obese mice (Eigure
S2). After 3 days, 5 days and 7 days of force
application, the mice were sacrificed for further
evaluation (Figure 1A). The mouse model of
OTM showed that the upper first molars were
driven mesially by nickel-titanium open coil
springs (Figure 1B).

Am J Transl Res 2018;10(12):4107-4118
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Figure 2. Effects of obesity on osteoclastogenesis in mice. A. Representative

may attenuate force-induced
OTM via inhibiting osteoclas-
togenesis in mice.

Leptin may participate in the
attenuated tooth movement

in obese mice and inhibit os-
teoclastogenesis

A previous study showed that
obese patients displayed ele-
vated serum level of leptin
[19], thus we first verified this
finding in the obese mice. We
examined the serum leptin
level in the obesity and control
group before and after force
application. We confirmed th-
at there was significant elev-
ated serum leptin level before
and after 7 days of force appli-
cation in the obese mice when
compared to the control group
(Figure 3A).

images of TRAP* cells on the compression side of PDL and alveolar bone. B.

Obese mice had significant reduced number of TRAP* cells on 3 day and 7
day after force application. No significant difference was noted on day 5. R:
root. PDL: periodontal ligament. AB: alveolar bone. The dark arrow indicated
the force direction. The blue arrow indicated osteoclasts. Data represent as
mean + SD, n=5 in each group; **P<0.01, *P<0.05; NS: not statistically

significant.

As shown in the intra-oral photograph, com-
pared with the control group, we found that the
amount of OTM was decreased in the obese
mice group after 3 days and 7 days of force
application, but no significant difference was
noted after 5 days of force application. The
MicroCT scan data also demonstrated that
there was a reduced OTM in the obese mice
after 7 days of force application when compar-
ing to the control group (Figure 1C-E).

We next examined whether the force-induced
osteoclastogenesis was influenced in obese
mice during the process of OTM. Consistent
with the amount of OTM results, the TRAP
staining of histological sections showed that
the number of osteoclasts was significantly
reduced after 3 days and 7 days of force appli-
cation in the obese mice group, but no signifi-
cant difference was observed on day 5 when
compared with the control group (Figure 2A
and 2B). These results indicated that obesity
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Whether the elevated level of
leptin can directly affect oste-
oclastogenesis so as to influ-
ence OTM is unknown. Thus,
we hypothesized that leptin
may contribute to the reduc-
tion of OTM in obese mice via
inhibiting osteoclastogenesis. We first tested
the expression of leptin receptor in murine
osteoclasts cell line RAW264.7 cells, and con-
firmed that leptin receptor was expressed
on RAW264.7 cells (Figure 3B). TRAP staining
assay was used to evaluate the effect of leptin
on osteoclastogenesis in RAW264.7 cells. The
results showed that leptin treatment signifi-
cantly inhibited the number of RANKL-induced
TRAP* osteoclasts when compared to the vehi-
cle-treated group (Figure 3C).

Since TRAP, CTSK and RANK are typical osteo-
clast-specific functional genes, we next ass-
essed whether the administration of leptin
could affect osteoclast function [24]. The g-PCR
assay showed that the expression of TRAP and
CTSK was significantly inhibited by leptin at the
concentration of 100 ng/ml, and expression of
RANK was significantly inhibited by leptin at the
concentration of 50 and 100 ng/ml (Figure
3D). These results indicated that leptin could

Am J Transl Res 2018;10(12):4107-4118



Obesity attenuates tooth movement by elevating leptin level

A
E' -~
5 4- Leptn
£ . e Control
'.‘% ad * -a- Obesity
2
P =
]
Q
[
Pl }
2
E
g 0 T T T T I ecept
@ > P i S :
Change of Serum Leptin
c 10+ |-—|.
Control sRANKL sRANKL+ Leptin 2
' - E 8+ —I_
. ' ¥ 6
v g 2 M
U i
] ti. o m—""l g 2
¥ = 2
" Control  SRANKL sRANKL+Leptin
D TRAP CTSK RANK
« 1.5+ e 1.54 - 1.5+ | = |
< <
z | | z | | z —
.§ 1.0 i ,g 1.0 5 1.04 -
5 _ 8 8 -
£ s E o -~ & o
°
2 2 2
0.0~ T T 0.0< T 0.0+ T T
0 10 50 100 [ 50 100 0 10 50 100

Concentration of leptin (ng/ml)

Concentration of leptin (ng/ml)

Concentration of leptin (ng/ml)

Figure 3. Serum leptin level was consistent with the tooth movement change during the experiment course and the
effects of leptin on osteoclastogenesis in RAW264.7 cells. A. Serum leptin level was significantly elevated before
and after 7 days of force application. No significant difference was noted on day 3 and day 5. B. Imnmunofluores-
cence staining confirmed that leptin receptor was expressed on RAW264.7 cells. C. TRAP staining showed that
administration of leptin (100 ng/ml) inhibited osteoclatogenesis in RAW264.7 cells. D. Relative RNA expression of
osteoclast-specific functional gene was determined by quantitative reverse-transcription polymerase chain reaction
(0-PCR). B-actin served as a loading control; **P<0.01, *P<0.05; NS, not statistically significant.

directly inhibit osteoclasts generation and
function.

Leptin attenuates OTM to reinforce anchorage
in mice

Since inhibiting posterior tooth mesial move-
ment to reinforce anchorage is a crucial issue
in clinical applications, thus we next evaluate
whether leptin can influence force-induced
OTM in vivo. We injected leptin or vehicle intra-
peritoneally to each group of wild type mice
respectively every other day from one day prior
to force application (Figure 4A). Though there
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was a tendency of reduction in body weight
for the leptin-treated group, no statistically
significant difference was observed between
the groups after 3 days, 5 days and 7 days of
leptin or vehicle administration (Figure 4B).
Comparing to the control group, the intra-oral
photograph showed that the OTM in leptin-
treated group was significantly reduced on day
5 and 7 after force application, but no signifi-
cant difference was noted on day 3. MicroCT
scan also revealed that the OTM was attenuat-
ed in leptin-treated mice after 7 days of force
application when compared with the vehicle-
treated group (Figure 4C-E).

Am J Transl Res 2018;10(12):4107-4118
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Figure 4. Effects of leptin on force induced orthodontic tooth movement
in mice. A. Schedule of the experiment. Orthodontic force was applied to
mice. Mice were sacrificed at 3 d, 5 d and 7 d after force application. Intra-
peritoneal injection of leptin or vehicle was performed every other day since
one day prior to force application. B. Trends of decreased body weight was
noted, while no statistically significant difference was found. C. Representa-
tive intra-oral photograph of tooth movement mice with injection of leptin or
vehicle at 3 day, 5 day and 7 day of force application. D. MicroCT representa-
tive image of tooth movement in mice with injection of leptin or vehicle after
7 days of force application. E. Amount of orthodontic tooth movement on 3
day, 5 day and 7 day after force application in mice with leptin or vehicle ad-
ministration. The blue arrows indicated tooth movement distances, M1: first
molar. M2: second molar. n=5 in each group, error bars, means + SD; scale
bar: 400 uym; **P<0.01, *P<0.05; NS: not statistically significant.

tions. The number of TRAP*
osteoclasts was significantly
reduced on day 3, day 5 and
day 7 in the leptin-treated gro-
up when compared with the
vehicle-treated group (Figure
5A and 5B). Taken together,
these results indicated that
leptin administration was able
to attenuate force-induced
OTM via inhibiting osteoclas-
togenesis in mice.

Discussion

Obesity and overweight have
been considered as a system-
ic disease with the fundamen-
tal basis of imbalance betwe-
en energy intake and expendi-
ture [9]. Globally, it is estimat-
ed that there are more than
2.1 billion people with high
BMI and the prevalence is still
increasing, which has already
become a major public health
problem worldwide [25, 26].
The correlation between obe-
sity and bone health has also
attracted much attention and
previous studies have sugge-
sted that obesity could exert
influence on bone metabolism
[27-29]. Most clinical studies
indicated that obesity was
a protective factor for bone
from osteoporosis and could
increase bone mass [30-32].
While alveolar bone remodel-
ing is the essential biological
process of OTM [33], during
which constant exertion of
mechanical force will induce
alveolar bone remodeling [34-
36]. Since osteoclasts play a
critical role in the process of
OTM [33, 37, 38], the inhibi-
tion of osteoclastogenesis is
very likely to affect OTM. Thou-

To determine whether the administration of
leptin can affect osteoclastogenesis in vivo, we
then evaluated the number of osteoclasts in
the leptin-treated and control group respective-
ly through TRAP staining of histological sec-
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gh there is an increasing number of obese and
overweight patients encountered in orthodon-
tic clinic, only a few studies focused on how
high BMI can affect OTM and the possible
mechanisms still remain to be elucidated.

Am J Transl Res 2018;10(12):4107-4118
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Figure 5. Effects of leptin on osteoclatogenesis after force application in
mice. A. Representative images of TRAP* cells on the compression side of
PDL and alveolar bone. B. Leptin-treated mice had significant reduced num-
ber of TRAP* cells on 3 day and 7 day after force application. No significant
difference was noted on day 5. R: root. PDL: periodontal ligament. AB: al-
veolar bone. The dark arrow indicated the force direction. The blue arrow
indicated osteoclasts. n=5 in each group, error bar: mean + SD. scale bar:

root resorption [39]. However,
as far as we have observed,
no significant root resorption
was noted in both groups
(Figure S3). Since previous
studies also indicated that the
inhibition of osteoclasts may
reduce root resorption [40],
we consider that the possible
prolonged duration caused by
obesity may not exert signifi-
cant influence on root resorp-
tion, yet it demands for further
investigation.

Though we confirmed that the
OTM was reduced in obese
mice, how this phenotype
occurred was unknown, we
then tried to determine the
underlying mechanism of the
reduced OTM in obese mice.
We first confirmed that there
was elevated serum level of
leptin in obese mice as previ-
ously found in obese patients
[19]. Interestingly, there was a
trend of decreased serum
level of leptin in the obese

400 ym; **P<0.01, *P<0.05.

Therefore, we translate the clinical problem
into a basic research model and try to explore
the underlying mechanisms.

In the present study, we first attempted to
determine the effects of obesity on OTM in vivo.
We fed 3-week old mice HFD for 5 weeks to
induce obesity and evaluated the OTM in mice
model. We demonstrated that the amount of
OTM was reduced in obese mice group, which
was consistent with previous clinical findings
[16, 17]. In addition, histological analysis re-
vealed that there were less TRAP* osteoclasts
generation in force-induced OTM in obese mice
group. We chose 3 d, 5 dand 7 d as the time-
points for it has been widely used in mice OTM
model. Furthermore, we did the prolonged the
follow-up as long as 12 d in the preliminary
study, the results were similar to the 7 d data.
However, the appliance dropout rate would be
raised up after 7 days of force application.

As suggested in previous studies, the pro-
longed treatment duration was a risk factor for
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mice group. The possible
cause of this phenotype could
be attributed to the decrease
of food intake as the appliances were installed
in the obese mice, which may be more suscep-
tible to the food intake reduction. With the
adaption of appliances, the food intake in
obese mice may recover and caused the rise of
serum leptin level.

Previous studies have revealed that leptin was
able to inhibit bone formation through the hypo-
thalamus [41, 42]. Yet, these results have been
challenged in recent years, for leptin is mostly
generated by adipose tissue peripherally and
can pass through the blood brain barrier [43,
44]. Also, recent studies indicated that the
administration of leptin peripherally was able to
enhance osteoblast activity in vitro, inhibit
bone resorption and improve bone quantity
and quality in various osteopenia animals [45-
48]. Moreover, leptin was reported to be able to
directly inhibit osteoclasts generation and func-
tion in vitro [23, 49].

Here, we hypothesized that leptin may partici-
pate in the reduced OTM in obese mice by influ-

Am J Transl Res 2018;10(12):4107-4118



Obesity attenuates tooth movement by elevating leptin level

Clinical

Normal BMI High BMI

o o @

’ -

OTM Rate =—— OTM Rate|

]

ILeptin Administration |

. \
Anchorage Loss Reinforce .. 9

Anchorage i = S

)
I P

kjjw R qg.gy»

Bench

‘\

- Control mice Obese mice
OTM Rate OTM Rate|

&) — C%) Leptin t
|

[ iy J—
In vitro ) )
Osteoclasts Osteoclasts
function
Leptin

OTM Rate| ¥
A— ;

OTM Rate

Control /
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clinical application.

encing osteoclastogenesis. We first confirmed
that the expression of leptin receptor on RAW-
264.7 cells which suggested that leptin could
act directly on osteoclasts. We then revealed
that the administration of leptin was able to
inhibit osteoclasts generation in RAW264.7
cells, along with the inhibited expression of
osteoclasts functional genes. However, the in-
depth mechanism of leptin affecting osteo-
clasts is still unknown. Previously, it was report-
ed that leptin was able to inhibit PPAR-y ex-
pression [50], which has been found to be able
to promote osteoclast generation and function
through the regulation of c-fos [51]. Thus,
whether leptin can affect osteoclasts genera-
tion and function through the PPAR-y pathway
needs to be further investigated.

We further evaluated the effects of leptin on
OTM in vivo. We confirmed that the administra-
tion of leptin was able to attenuate the mesial
movement of molars through inhibiting osteo-
clasts generation in mice. Clinically, enforcing
the stability of posterior teeth called anchorage
reinforcement is very critical. Theoretically,
local administration of leptin would be the best
method for application. However, the local
delivery was very difficult to control the dose for
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each mouse with confining space for operation.
Therefore, we administrated leptin intraperito-
neally for its possible application instead. The
local administration of leptin to reinforce
anchorage demands for further investigation in
larger experiment animals. Furthermore, it is
possible to increase tooth movement by block-
ing the leptin receptor, since previous studies
reported that the bone mass of db/db mice
(leptin receptor deficient mice) was reduced
[52], which may result in the acceleration of
tooth movement. For the potentials in medica-
tions, the acceleration of OTM and reinforcing
anchorage in each patient may be done just
by the leptin/leptin receptor pathway, which
demands for further studies.

In conclusion, this study may serve as a prelimi-
nary example of translating orthodontic clinical
problem to bench-top and back to clinical prac-
tice. We translated the clinical findings into
basic a research model and confirmed that
OTM was attenuated in obese mice. Mechani-
stically, it can be explained by the elevated
level of leptin via the inhibition of osteoclasto-
genesis (Figure 6). Considering future clinical
applications, our results suggest that when
patients with high BMI undergo orthodontic

Am J Transl Res 2018;10(12):4107-4118
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treatment, the treatment duration may be pro-
longed and leptin has the potential to reinforce
anchorage.
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Figure S2. Orthodontic tooth movement model.
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Figure S3. Root resorption in the control and obesity group after prolonged force application.



