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Irisin reduces orthodontic tooth movement in rats by
promoting the osteogenic potential in the periodontal
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Summary
Obijectives: Positive effects of irisin on osteogenic differentiation of periodontal ligament (PDL) cells have been identified previously, this study
aims to examine its effect on orthodontic tooth movement (OTM) in vivo.

Materials and methods: The maxillary right first molars of male Wistar rats (n = 21) were moved mesially for 14 days, with submucosal in-
jection of two dosages of irisin (0.1 or 1 pg) or phosphate-buffered saline (control) every third day. OTM was recorded by feeler gauge and
micro-computed tomography (uCT). Alveolar bone and root volume were analysed using pCT, and plasma irisin levels by ELISA. Histological
characteristics of PDL tissues were examined, and the expression of collagen type |, periostin, osteocalcin (OCN), von Willebrand factor (VWF)
and fibronectin type Il domain-containing protein 5 (FNDC5) in PDL was evaluated by immunofluorescence staining.

Results: Repeated 1 pg irisin injections suppressed OTM on days 6, 9, and 12. No significant differences were observed in OTM in the 0.1 nug
irisin group, or in bone morphometric parameters, root volume or plasma irisin, compared to control. Resorption lacunae and hyalinization were
found at the PDL:bone interface on the compression side in the control, whereas they were scarce after irisin administration. The expression of
collagen type I, periostin, OCN, vVWF, and FNDC5 in PDL was enhanced by irisin administration.

Limitations: The feeler gauge method may overestimate OTM.

Conclusions: Submucosal irisin injection reduced OTM by enhancing osteogenic potential of PDL, and this effect was more significant on the
compression side.

Introduction Irisin is a hormone, which is secreted as a product of
fibronectin type III domain-containing protein 5 (FNDCS5)
from skeletal muscle in response to physical activity (14).
Other than its main role in energy metabolism (14), irisin is
involved in several other biological functions such as bone
homeostasis (15), tumour occurrence and development (16).
Beneficial effects of irisin on cells from dental, periodontal,
and bone tissues were demonstrated previously. Irisin exerts a
positive effect on differentiation, mineralization, and prolifer-
ation of cementoblasts (17). Irisin also promotes odontogenic
differentiation, mineralization, and angiogenesis in human
dental pulp cells, and thus may provide odontogenic and
angiogenic effects needed for dental pulp regeneration and
healing, as well as in facilitating dentine formation (18).
Recently, it was demonstrated that irisin promoted osteo-
genic differentiation of dental bub-derived mesenchymal stem
cells by increasing osteocalcin (OCN) expression (19). For
periodontal tissues, recombinant irisin enhanced migration,

The periodontal ligament (PDL) is an aligned fibrous tissue be-
tween the root cementum and the alveolar bone that anchors the
tooth and maintains the structural integrity of these mineralized
tissues (1). PDL is continuously exposed to physiological mech-
anical stimuli induced by occlusal forces (2). Furthermore, during
orthodontic tooth movement (OTM), remodelling of PDL, al-
veolar bone, dental pulp, and gingiva occur in response to mech-
anical loading (3,4). The orthodontic forces create strain in cells
and their surrounding extracellular matrix (ECM), triggering a
series of mechanical, chemical, and cellular events, which lead
to structural alterations and eventually tooth movement (5).
Several chemical substances, such as nonsteroidal anti-inflam-
matory drugs (NSAIDs) (6), vitamin D (7), adiponectin (8), epi-
dermal growth factor (9), bisphosphonates (10), and fluorides
(11) affect this process by interacting with local cells, and thus
working in concert with orthodontic forces and exerting inhibi-
tory, additive or synergistic effects on OTM (12,13).
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Figure 1 A. An intraoral schematic illustration depicting the injection site and the orthodontic appliance. B. The flow chart of the experimental setup. #
represents the performance of OTM measurement by feeler gauge. Parts of the figure were generated using Servier Medical Art, provided by Servier,

licensed under a Creative Commons Attribution 3.0 unported license.

growth, and osteogenic behaviour of hPDL cells (20). Further,
irisin may accelerate the osteogenic/cementogenic differen-
tiation of hPDL cells partially via p38 signalling pathway
(21). Most studies demonstrate a stimulatory effect of irisin
on bone formation (15,22-24). Injection of irisin at a cumu-
lative weekly dose profoundly increased cortical bone mass
and strength in mice (22). In addition to irisin’s bone anabolic
effect through enhanced osteoblast differentiation, it also ex-
hibits bone catabolic effect through inhibitory effect on osteo-
clast activation (135).

Based on previous observations, we aim to study the ef-
fects of local injection of irisin on the rate of experimental
OTM; moreover, analyse the bone morphometric parameters
and root volume near the injection site; lastly, compare the
protein expression of certain osteogenic and ECM markers
in stretched and compressed PDL tissues around mesial roots
of maxillary right first molars. This study may elucidate the
potential mechanism by which local injection of irisin affects
the rate of OTM in murine models.

Materials and methods

Ethics statements

All of the animal experiments in this study were approved by
the Norwegian Animal Research Authority (NARA, FOTS ID
25785), and all experimental procedures were performed in
accordance with the Animal Welfare Act and under the guid-
ance of ARRIVE guidelines (Animal Research: Reporting of
In Vivo Experiments).

Animals

Eight-week-old male Wistar rats (7 = 21), weighing between
286 g and 356 g, were kept in ventilated cages, with four
or three animals per cage, and under 12 hours light/dark

cycles and standardized conditions. The rats were provided
with ad libitum access to rat and mouse diet (B&K Universal
Ltd, Aldbrough, Hull, UK) along with tap water. All the ani-
mals were acclimatized for 1 week prior to initiation of the
experiments.

Experimental design

A split-mouth design was used, with the right side of the max-
illa as the experimental side and the contralateral side as an
internal control, as described previously (25). A closed coil
spring (0.008 x 0.030 inches; Ormco, CA, USA) was ligated
to the first molar and the eyelet of a modified incisor band,
and activated once with approximately 0.5 N force according
to a previous study (8), which resulted in a mesial movement
of the maxillary first molar during the experimental period
of 14 days (Figure 1A). The force magnitude was measured
with a Correx dynamometer (Haag-Streit, Bern, Switzerland).

The animals were consecutively numbered 1 to 21 and ran-
domly assigned using the ‘RandomNo’ function in Microsoft
Excel (Microsoft Corporation, https://office.microsoft.com/
excel) into three groups (control [phosphate buffered sa-
line (PBS)], 0.1 pg irisin, and 1 pg irisin, respectively), each
of seven animals. There was no difference in average body
weight between the three groups. On days 3, 6, 9, and 12
of OTM, solutions of recombinant human irisin (Adipogen,
Liestal, Switzerland) dissolved in PBS or plain PBS solution
were administered by submucosal injection mesiopalatally
to the maxillary right first molars. The experimental groups
received 10 pl of either 10 pg/ml irisin (0.1 pg) or 100 pg/
ml irisin (1 pg) solutions, whilst the control group received
10 pl of PBS. The animals were anaesthetized with ketamine-
xylazine (ketamine 50 mg/ml, xylazine 20 mg/ml) given sub-
cutaneously along with isoflurane gas (1% isoflurane mixed
with 30% O,/70% N,O) prior to orthodontic appliance
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installation at day 0, and the animals were anaesthetized with
isoflurane gas during injection at days 3, 6, 9, and 12. At the
end of the experiment, all animals were sacrificed by cardiac
puncture under the anaesthesia via inhalation of isoflurane
gas, followed by collection of blood samples.

A feeler gauge (Mitutoyo Co., Kawasaki, Japan) with a
minimum measurable distance of 50 pm was used to measure
tooth movement between the distal surface of the first molar
and the mesial surface of the second molar at days 3, 6, 9,
12, and 14. The animal weights were recorded on the day of
orthodontic appliance insertion, during injection at days 3, 6,
9,12, and prior to sacrifice. After 14 days, blood samples were
collected by cardiac puncture during the final anaesthesia be-
fore the animals were sacrificed. The animals were decapi-
tated, and the heads were stored in 70 per cent ethanol until
further use. The experimental setup is presented in Figure 1B.

Micro-computed tomography

The micro-computed tomography (uCT) analyses were per-
formed at the end of the experimental OTM at day 14. The
orthodontic appliances were removed and the whole maxillae
including first, second, and third molars together with the sur-
rounding soft tissues were dissected and further fixed in 4 per
cent formaldehyde (VWR, Radnor, PA, USA) for 48 hours at
4°C. The dissected rat maxillae were individually wrapped
in damp gauze and placed into closed tubes for scanning.
The specimens were scanned in a multiscale Skyscan 2211
(Bruker, Belgium) microtomography system, at a voxel size of
10 um, 60 kV, 60 pA, over 360 degrees with a rotation step of
0.37 degrees and 130 ms exposure time per frame, averaging
four frames per projection. Tomograms were reconstructed
using filtered back-projection at NRecon (v. 1.7.4.6, Bruker).

The scans were aligned in the frontal/coronal (C) plane
using the mid-palatal suture. The third molar was defined as
a fixed reference point, and at this specific point the trans-
versal (T) and sagittal (S) sections of the maxillae specimens
were selected and the 3D dataset aligned accordingly. The
movement between maxillary first and third molar at day 14
was measured using the previously defined third molar crown
as a fixed reference. The corner points of an enclosed rect-
angle covering the crowns of both first and third molar in
the selected sections were marked, and all the corner points
were registered (Figure 2). Subsequently, the midpoints of the
cuboids around the crown of the first and third molar were
acquired based on these aforementioned coordinates, and the
length of the vector between these midpoints was thus calcu-
lated. Moreover, at day 14 the smallest distance between the
maxillary first and second molars was measured by pnCT in
order to compare the tooth movement measured by the feeler
gauge.

The root volume of the mesial root and the marginal bone
mesially to the right first molar were analysed as they were
considered the injection target areas. In each scan, a stand-
ardized 3D volume of interest (VOI) was defined using CTAn
(1.20.8, Bruker). For the mesial root volume measurement, the
upper limit was set at apex, and the lower limit was set at the
furcation area, next, the greyscale image was converted into
a binary image by applying the automatic threshold function
on CTAn, then the VOI was limited to the boundary of the
binarized mesial root and further quantified (Figure 3A). For
bone volume and porosity quantification, a VOI was defined
in which the lower limit was set as the marginal alveolar ridge
where a fixed cylinder-shaped VOI with 600 pm diameter was
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selected. The VOI was placed 160 pm mesially to both the
mesial and the mesiobuccal roots starting at the marginal
bone level and continuing for 500 pm upwards (Figure 3B).
The cylinder-shaped VOI containing the alveolar bone was
then quantified for bone volume fraction and porosity.

Tissue preparation and histological analyses

After pCT analysis, the specimens were decalcified in 10 per
cent ethylenediamine tetra-acetate (EDTA) (VWR, Radnor,
PA, USA) (pH 7.5) at 4°C for 10 weeks, the decalcification
degree was monitored by X-ray and needle puncture. The
maxillae were subsequently dehydrated in ascending concen-
trations of ethanol and embedded in paraffin for histological
analysis. Parasagittal sections were cut at 5 pum parallel to the
long axis of the first molars and mounted onto glass slides.
Before staining, sample sections were baked at 60°C for 30
minutes, de-paraffinized in xylene and rehydrated through a
graded ethanol series.

Prior to immunofluorescence staining, the rehydrated tissue
sections were permeabilized with 0.1 per cent Triton X-100
(Sigma-Aldrich, Saint-Louis, Missouri, USA) in PBS for 5 min-
utes at room temperature followed by three times washing
with PBS. Sections were then incubated in Tris-EDTA buffer
(pH 9) with 0.05 per cent Tween 20 overnight at 60°C for
antigen retrieval. The sections were washed with PBS three
times and blocked with 10 per cent normal goat serum (NGS)
(Abcam, Cambridge, UK) for 1 hour at room temperature in
a humidified dark chamber. The sections were incubated with
the following primary antibodies, rabbit anti-vWF (1:500,
ab287962, Abcam, Cambridge, UK), mouse anti-collagen type
I antibody (1:300, ab90395, Abcam), rabbit anti-periostin
antibody (1:300, ab14041, Abcam), mouse anti-OCN anti-
body (1:200, 33-5400, Thermo Fisher Scientific, Waltham,
USA) and rabbit anti-FNDC35 C-terminal antibody (1:200,
ab181884, Abcam) in 2 per cent NGS overnight at 4°C. The
sections were then washed three times with PBS, and stained
with Alexa Fluor 488-conjugated goat anti-rabbit secondary
antibody (Invitrogen, Thermo Fisher Scientific, Carlsbad,
CA, USA) or Alexa Fluor 568-conjugated goat anti-mouse
secondary antibody (Invitrogen, Thermo Fisher Scientific) at
1:500 dilution in 4 per cent NGS for 1 hour at room tem-
perature in a humidified dark chamber. After incubation with
secondary antibodies, tissue sections were washed three times
with PBS, counterstained with DRAQS Fluorescent Probe
Solution (5§ mM, 1:1000, 62251, Thermo Fisher Scientific) for
15 minutes at room temperature. The samples were covered
by glass coverslips with Mowiol mounting medium (Mowiol
4-88, Sigma-Aldrich), and imaged using a Leica SP8 confocal
microscope at 638 nm, 488 nm, and 552 nm excitation, and
665-715 nm, 500-550 nm, and 580-630 nm emission filters
for DRAQS, Alexa Fluor 488, and Alexa Fluor 568, respect-
ively. The 10x lens HCX PL Apo CS 10x/0.4 was used to take
the overall image for the sagittal sections of maxillary right
first molars with surrounding periodontal tissues, while 40x
lens HC PL Apo CS2 40x/1.3 was used to take magnified im-
ages of PDL, which were then quantified for immunofluores-
cence intensity.

To quantify and compare the fluorescence intensity of the
proteins vWE, collagen type 1, periostiny OCN and FNDCS$
between the stained PDL tissues from control and treated
sample sections, confocal images taken with a 40x ob-
jective lens were evaluated using Image ] software (NIH,
Bethesda, MD, USA; https://imagej.nih.gov/ij/). To quantify
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Figure 2 Tooth movement measured by uCT. The corner point coordinates of an enclosed rectangle covering the crown of both first and third molar

in the chosen sections were marked and registered (A-H in the transversal view; 1-8 in the sagittal view). According to these points the midpoints of
cuboids around the molars were acquired. The length between the two midpoints was thus measured. The scans were aligned in the frontal/coronal
plane using the mid-palatal suture. The third molar was defined as a fixed reference point, and at this specific point the transversal and sagittal sections
of the maxillae specimens were selected, and the 3D dataset aligned accordingly. In addition, the smallest distance between the first and second

molars was measured. T: transversal, C: coronal, S: sagittal.

the fluorescence intensities, three parallel histological sections
from each group were selected for staining, and five regions
of interest from coronal one-third of PDL tissues on both
stretched and compressed sides of mesial roots were ran-
domly captured from these three sections, thus quantified for
their mean intensities, the imaging settings were kept constant
while acquiring individual confocal image.

The morphology of the tissue samples was character-
ized based on a modified Goldner’s trichrome staining (26)
and H&E staining of the sections. The chemicals included
Weigert’s haematoxylin solution (Merck KGaA, Merck,
Darmstadt, Germany), fuchsine acid (Merck KGaA), orange
G (Merck KGaA), tungstophosphoric acid (Merck KGaA),
acetic acid (Merck KGaA), Entellan mounting medium
(Merck KGaA), chromotrope 2R (Sigma-Aldrich), fast green

powder (Sigma-Aldrich) and eosin (Sigma-Aldrich). In brief,
the maxillae sections were deparaffinized and rehydrated as
previously described, then washed with tap water for 5 min-
utes and stained in Weigert’s haematoxylin solution for 10
minutes, followed by another wash with tap water for 10
minutes. For Goldner’s trichrome staining, sections were sub-
sequently incubated in chromotrope 2R/fuchsine acid for 15
minutes at room temperature and washed in 1 per cent acetic
acid for three times within 2 minutes. Next, the sections were
incubated with Orange G for 7 minutes at room temperature,
followed by washing for three times in 1 per cent acetic acid
within 2 minutes. After that, the sections were incubated in
fast green solution for 20 minutes at room temperature and
washed in 1 per cent acetic acid again in the same manner.
While for H&E staining, the sections were then stained with
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Figure 3 A. Root volume measured by puCT. The VOI was defined, the raw nCT scan image was converted into binary image, then the VOI was shrunk
and limited to the mesial root and quantified. B. Bone morphometric parameters measured by nCT. The VOI was set as a 600 pm diameter cylinder
placed 160 pm mesially to both the mesial and the mesiobuccal roots starting from the marginal alveolar bone and continuing upwards for 500 pm. The
cylindershaped VOI containing the alveolar bone was quantified for bone volume fraction and porosity.

0.5 per cent eosin for 3 minutes followed by 2 minutes wash
after the haematoxylin staining. Next, the samples were de-
hydrated in 96 per cent ethanol for 3 minutes, thereafter in
99 per cent ethanol for 3 minutes twice and cleared in xylene
for 10 minutes. Finally, sections were mounted with Entellan
mounting medium and covered by cover slips. Images
were captured with a Leica DM RBE microscope (Leica
Microsystems CMS GmbH, Mannheim, Germany).

Irisin in plasma

The amount of irisin in the blood plasma was quantified
after 14 days of OTM using a rat FNDC5/irisin ELISA kit
(LifeSpan Biosciences, Seattle, Washington, USA) according
to manufacturer’s instructions. The plates were read at the
wavelength of 450 nm using a spectrophotometer (BioTek,
Winooski, USA), and the concentrations of circulating irisin
were determined by comparing the optical density values of
the tested samples to the standard curve.

Statistics

Statistical analysis was conducted using GraphPad Prism
Version 9.5.0 (525). The normality distribution of the ex-
perimental results was tested by the Kolmogorov—Smirnov
test, while the equality of group variance was tested by
Brown Forsythe test, followed by one-way analysis of vari-
ance (ANOVA) with Dunnett’s post hoc test for differences
between groups. Where the equal variance and/or the nor-
mality test failed, the Kruskal-Wallis one-way ANOVA on
ranks (Dunn’s method) was performed. All data are presented
as mean = standard deviation, a probability value of <0.05 is
considered significant.

Results

Weight changes and plasma irisin

There was no difference in mean body weight between groups
at any of the time points analysed. However, the average

weight in the control group was significantly reduced (P =
0.0007) from day 0 to day 3 (314 = 11.7 gand 273 = 32.1 g,
respectively), while no significant differences were observed
between days 0, 6, 9, and 12. Thus, it is suggested that the
rats in all groups remained healthy during OTM treatment.

The circulating levels of irisin were measured to determine
if the injections had local or systemic effects. The injections
appeared to have local effects only, as neither 0.1 pg (31.34 =
3.91 pg/mL) nor 1 pg irisin (24.36 + 3.54 pg/mL) resulted in
significantly altered plasma levels of irisin compared to that
of the control group (30.84 = 11.51 pg/mL).

Tooth movement

The maxillary right first molar in the 1 pg irisin group moved
significantly less compared to the control group at days 6, 9,
and 12. The average tooth movement of control group was
found to be 0.23 mm, 0.33 mm, and 0.39 mm at days 6, 9,
and 12, respectively, while average tooth movement of the
group injected with 1 pg irisin was found to be 0.15 mm (P
=0.013), 0.21 mm (P = 0.037) and 0.24 mm (P = 0.049) at
days 6, 9, and 12, respectively, however, no significant differ-
ences were observed between the 1 pg irisin group and con-
trol group at days 3 and 14 (Figure 4A). Although a trend of
reduced OTM was recorded between the 0.1 pg irisin group
and control group at days 6, 9, 12, and 14, this failed to reach
statistical significance (Figure 4A). With regard to pCT meas-
urements, no significant difference was observed between the
control and the irisin groups at day 14 (Figure 4B and 4C).

Bone and root volume effects

It was hypothesized that the local injection of irisin might in-
fluence the bone and root close to the administration site. The
mesial alveolar bone and mesial tooth root, without including
PDL and tooth structures, were chosen for analysis of bone
morphometric parameters and root volume as they were
closest to the injection site. However, bone volume fraction,
porosity, and mesial root volume did not differ between the
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Figure 4 A. Tooth movement measured by feeler gauge (mm) between first and second molar at days 6, 9, and 12 was significantly decreased in

the irisin injected group (1 pg) in contrast with control group. No significant changes were observed at other time points. Significantly different from
control at *P < 0.05. B. Tooth movement between first and second molars measured by uCT at day 14. No significant difference was observed between
control and irisin-treated groups. C. Tooth movement measured by uCT scanning on day 14 between first and third molar. No significant difference was
observed between control and irisin-treated groups. D. Comparison of bone volume fraction measured at the alveolar ridge mesial to the maxillary

right first molar. E. Comparison of porosity measured at the alveolar ridge mesial to the maxillary right first molar. . Comparison of mesial root volume
of maxillary right first molar. No significant changes were found in bone volume fraction, porosity and root volume between control and irisin-treated

groups (n = 7 for each group, one-way ANOVA).

control and irisin-treated groups after 14 days of treatment
(Figure 4D—4F).

Histological analysis

By histological staining, the PDL appeared to be disorgan-
ized and sparse on the compression side in the control group,
in contrast to a denser and well-organized PDL on the com-
pression side in the two groups given irisin (Figure 5). Bone
resorption lacunae (indicated by red arrows) were observed
at the PDL-bone interface on the compression side in con-
trol group (Figure SA), while the PDL-bone interfaces were
smoother, with no obvious lacunae on the compression sides
in animals given 0.1 pg and 1 pg irisin (Figure 5B and 5C).
In addition, hyalinization areas (pointed to by black arrows)
were present at the PDL-bone interface on the compression
side in the control group (Figure 5D), whereas osteoblasts
(pointed to by black arrows) were lining the PDL-bone inter-
faces on the compression side in the two irisin groups (Figure
SE and 5F). However, there was no observed difference in
morphology on the tensional sides between the control and
intervention groups (data not shown).

Immunofluorescence staining analysis

The coronal one-third areas of PDL were chosen for analysis,
and the expression of the ECM markers collagen type I and
periostin (Figure 6), the osteogenic marker OCN (Figure 7),
angiogenic marker vWF (Figure 8), and FNDCS5 (Figure 9)
was evaluated by fluorescence staining on both tension and
compression sides of the mesial root of maxillary right first
molar after 14 days of OTM.

There were no significant differences in the levels of col-
lagen type I expression on the tension side between the irisin

treatment groups and the control group, whilst it was sig-
nificantly enhanced on the compression side [2.42-fold (P =
0.0003) and 2.39-fold (P = 0.0004)] in the two irisin groups,
respectively, compared to the control group (Figure 6A and
6B). The expression of periostin was significantly enhanced
on the tension side [1.4-fold (P = 0.023)] in the 1 pg irisin
group compared to the control group. Moreover, both irisin
groups exhibited significantly increased periostin expression
on the compression side compared to the control group [4.61-
fold (P < 0.0001) and 6.37-fold (P < 0.0001), respectively]
(Figure 6A and 6C).

The levels of OCN were 1.25-fold (P = 0.042) increased on
the tension side in the 0.1 pg irisin dosage group compared
to the control group. On the compression side, both irisin
groups displayed significantly enhanced levels of OCN com-
pared to control [1.94-fold (P < 0.0001) and 2.09-fold (P <
0.0001), respectively] (Figure 7A and 7B).

The levels of vWE, which is a vascular endothelial cell
marker, were significantly decreased by 0.33-fold (P = 0.042)
in the group given 0.1 pg irisin compared to control on the
tension side, and significantly increased by 2.16-fold (P <
0.0001) and 2.67-fold (P < 0.0001) in both irisin groups com-
pared to control on the compression side (Figure 8A and 8B).

Immune detection of the non-secreted C-terminal region of
FNDCS5 demonstrated that both 0.1 and 1 pg irisin induced
significantly enhanced levels of FNDC35 expression on the
tension side compared to the control group (both 1.6-fold;
P < 0.0001 and P = 0.0176, respectively). Similarly, on the
compression side, both dosages of irisin induced a significant
2.9-fold (P < 0.0001) and 2.46-fold (P < 0.0001) increase in
FNDCS5 expression compared to control group (Figure 9A
and 9B).

20z Areniged 60 uo Jasn Ausionun osO Ad 266+. 1 L/258/9/G/10n1e/0le/wod dno-ojwspesey/:sdjy Wolj papEojuMOQ



848

European Journal of Orthodontics, 2023

Direction of Force
*

0.1pg irisin
e S

Figure 5 Histologically stained sections displaying periodontal tissues near injection site. Sagittal sections of periodontal tissues were stained with
Goldner's trichrome staining (A-C) and H&E staining (D-F). Big black arrow indicates the direction of applied force; small red arrows indicate resorption
pits at PDL-bone interface; small black arrows indicate hyalinization areas and osteoblasts lining the PDL-bone interface. r: root; p: periodontal ligament;

ab: alveolar bone.

Discussion

In orthodontic practice, the unwanted movement of anchor
teeth and relapse of previously moved teeth are of major
concern, thus identification of pharmacological agents that
may counteract these undesired events may be of clinical
significance (27,28). In the present study, we demonstrated
that submucosal injection of 1 pg irisin transiently reduced
OTM in an experimental murine orthodontic model. No sys-
temic or local negative effects of irisin administration were
observed.

Feeler gauge measurements demonstrated that irisin in-
duced a significant reduction in OTM at days 6, 9, and 12,
however, not on day 14, measured by both feeler gauge and
nCT. These two measurement methods have different ac-
curacy levels. The feeler gauge method represents a relatively
simple and quick, somewhat operator-dependent measure-
ment technique, which enables the rats to be under a light and
reversible gas inhalation anaesthesia. However, its accuracy is
limited to a minimum measurable distance of 0.05 mm (8). On
the other hand, pCT represents a more sophisticated, some-
what less operator-dependent measurement technique with
relatively high accuracy. The OTM between first and second
molars was measured by feeler gauge, while the pCT tech-
nique measured the OTM between first and second molars,
as well as between first and third molars. The measurements
between first and second molars showed similar trend by both
feeler gauge and pCT, indicating that the two measurement
techniques are comparable. However, the OTM measurement
readings by pCT were smaller compared to feeler gauge. The
latter might stem from the periodontal ligament flexibility

allowing insertion of bigger feeler gauge blades into the gap
between first and second molars, thus leading to an overesti-
mation of tooth movement. Therefore, the feeler gauge meas-
urements should be carried out with meticulous care without
applying excessive force to the blades.

On the other hand, the group treated with 0.1 pg irisin
showed a non-significant trend with reduced OTM when
measured between the first and second molars with both feeler
gauge and pCT, but the same was not observed with pCT
measurement between the first and third molars. It cannot be
excluded that the measurement between first and third molars
made with the pCT on day 14 showed a higher OTM due
to the gradual resumption of the natural distal movement of
the maxillary third molars (29). Consequently, the inhibitory
effect on tooth movement induced by 0.1 pg irisin may have
been masked.

The non-sustained reduction of OTM at day 14 might also
be due to adose-response relationship in terms of irisin ap-
plication frequency and dosage. Previous study has reported
that out of five different irisin dosages ranging from 0.1 to
15 pg/kg, the injection dose starting from 0.5 pg/kg irisin
induced substantial physiological changes in rat brain (30).
This is one of the few studies done on the effect of irisin in
soft tissues i72 vivo, and the two dosages (0.1 and 1 pg) used
in our study were within this range. However, irisin dosages
applied to bone have been reported to be higher; in mice, in-
jection of 100 pg/kg recombinant irisin for 1 week increased
strength and mass of cortical bone (22), and another study
from the same research group has further proved that injec-
tion of 100 pg/kg recombinant irisin weekly for 4 weeks pre-
vented disuse-induced bone loss and retrieved bone mass in
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Figure 6 Confocal images of sagittal sections of maxillary right first molars from control and irisin-treated groups co-stained with collagen type

| and periostin, and quantification of immunofluorescence intensity. A. Histological sections of maxillary right first molars were assessed by
immunofluorescence staining against collagen type | (1-3), periostin (4-6), nuclei were counter stained with DRAQ5 (7-9), merged images are
presented in 10-12. Boxed areas are shown at a higher magnification, white boxes indicate tension side while red boxes indicate compression side.

T: tension side, C: compression side. B. Quantification of collagen type | fluorescence intensity. C. Quantification of periostin fluorescence intensity.
Significantly different from control at *P < 0.05 and ***p < 0.001. Mean fluorescence intensities were measured from five random regions of interest for
each group, one-way ANOVA was used for statistical analysis.
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Figure 7 Confocal images of sagittal sections of maxillary right first molars from control and irisin-treated groups stained with OCN, and quantification
of immunofluorescence intensity. A. Histological sections of maxillary right first molars were assessed by immunofluorescence staining against OCN
(1-3), nuclei were counterstained with DRAQ5 (4-6) and merged images are displayed in 7-9. Boxed areas are shown at a higher magnification, white
boxes indicate tension side while red boxes indicate compression side. T: tension side, C: compression side. B. Quantification of OCN fluorescence
intensity. Significantly different from control at *P < 0.05 and ***P < 0.001. Mean fluorescence intensities were measured from five random regions of
interest for each group, one-way ANOVA was used for statistical analysis.

mice (31). We cannot rule out that the utilized injected dos-  As far as we know, our study is the first one exploring the
ages of irisin in the present study might have been below the role of irisin in OTM, therefore, further research is needed to
so-called optimal irisin dosage of effect, which was suggested identify the optimum irisin dose that impacts the periodontal

to be 500 pg/kg daily according to a systematic review (32). remodelling process during OTM.
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Figure 8 Confocal images of sagittal sections of maxillary right first molars from control and irisin-treated groups stained with VWEF, and quantification
of immunofluorescence intensity. A. Histological sections of maxillary right first molars were assessed by immunofluorescence staining against VWF
(1-3), nuclei were counterstained with DRAQ5 (4-6) and merged images are displayed in 7-9. Boxed areas are shown at a higher magnification, white
boxes indicate tension side while red boxes indicate compression side. T: tension side, C: compression side. B. Quantification of VWF fluorescence
intensity. Significantly different from control at *P < 0.05 and ***P < 0.001. Mean fluorescence intensities were measured from five random regions of

interest for each group, one-way ANOVA was used for statistical analysis.
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Figure 9 Confocal images of sagittal sections of maxillary right first molars from control and irisin-treated groups stained with FNDC5, and quantification
of immunofluorescence intensity. A. Histological sections of maxillary right first molars were assessed by immunofluorescence staining against FNDC5
(1-3), nuclei were counterstained with DRAQ5 (4-6) and merged images are displayed in 7-9. Boxed areas are shown at a higher magnification, white
boxes indicate tension side while red boxes indicate compression side. T: tension side, C: compression side. B. Quantification of FNDC5 fluorescence
intensity. Significantly different from control at *P < 0.05 and ***P < 0.001. Mean fluorescence intensities were measured from five random regions of

interest for each group, one-way ANOVA was used for statistical analysis.

Another contributing factor may be the observed
hyalinization, as it is associated with a lag phase in ortho-
dontics and may temporarily stop OTM until the hyalinized
tissues are cleaned (33,34). In the 1 pg irisin group an
interesting tooth movement trend was observed, from not-
ably reduced tooth movement at day 6 to a notably increased
tooth movement trend at day 14. It can be speculated that 1
ug dosage of irisin might have negatively affected the removal
of hyalinization in the early phase of the experimental OTM,
but once the hyalinization was removed the tooth movement
increased. However, the similar OTM trend was not observed
in the 0.1 pg group at day 14, hence it further supports the
irisin concentration, frequency and duration of application
may impact the OTM differentially.

In the present study, local submucosal injection of irisin
did not induce substantial changes in alveolar bone architec-
ture in terms of bone volume fraction and porosity. Previous
studies have shown that irisin administration might increase
bone mineral density more in rodents with osteoporosis com-
pared to healthy ones (35). Accordingly, since the rats were
healthy in the present study, more consequential bone ana-
bolic effect of irisin regarding OTM might be expected in
periodontally compromised teeth. The anti-catabolic effect of
irisin was demonstrated by markedly fewer bone resorption
lacunae at the PDL-bone interface on the compression side in
the irisin groups compared to control. This finding suggests

that irisin might attenuate the activity of osteoclasts, which
is in line with a previous study showing that irisin inhibits
osteoclast differentiation via downregulation of RANK (36).
Further, during OTM, the interaction between innate immune
cells and osteoclasts is crucial (37). To promote the formation
of osteoclasts, the ratio of M1/M2 macrophages is increased,
thus leading to a more pronounced pro-inflammatory ef-
fect (38,39). This increase is further facilitated by the pyrin
domain-containing protein 3 (NLRP3) inflammasome pro-
duced by PDL cells (40). Irisin has been shown to inhibit the
polarization of M1 macrophages and promote repolarization
of M2 macrophages, thus reducing the secretion of inter-
leukin (IL)-1p, IL-18, and tumour necrosis factor-a to exert
an anti-inflammatory effect (41). On the other hand, irisin
has also been found to suppress apoptosis in osteoblasts of
osteoporotic rats through inhibiting NLRP3 (42). Seeing
these in context, we may speculate that irisin might inhibit
osteoclastogenesis at PDL-bone interface on the compression
side by attenuating inflammatory reaction induced by im-
mune cells.

To elucidate the potential cellular mechanisms involved
in irisin-mediated OTM, expression of several important
markers related to periodontal remodelling was assessed
by immunofluorescence staining. Collagen type I is a major
structural protein of ECM responsible for mechanical proper-
ties in connective tissues, while periostin is strongly expressed
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in collagen-rich tissues constantly subjected to mechan-
ical loading. Periostin can directly bind to collagen type I,
enhancing the collagen fibrillogenesis and therefore the mech-
anical properties of connective tissues (43). OCN is the most
abundant non-collagenous protein expressed in periodontal
tissues, and it may serve as a biological index reflecting the ac-
tivity of osteoblasts during bone formation (44,45). Moreover,
since the development of vasculature is essential for osteogen-
esis to take place, expression of an angiogenic marker vWE,
which is routinely used for identification of blood vessel for-
mation (46,47), was analysed.

It has been shown that there is a negative correlation be-
tween mechanical properties of PDL and the tooth mobility.
Teeth tend to be more immobile with stiffer PDL, and more
mobile with mechanically weak and disorganized PDL (48).
The elevated expression of collagen type I and periostin on the
compression side and elevated expression of periostin on the
tension side by 1 pg irisin reflect increased ECM deposition
and stiffness in PDL in the presence of irisin. Moreover, the
denser and well-organized PDL on the compression side visu-
alized by histological analysis in the two irisin-treated groups
further supports this finding. Taken together, our findings sug-
gest that irisin may inhibit tooth mobility by enhancing the
mechanical properties of PDL.

The rate of OTM also largely depends on the remodelling
of alveolar bone, and the rate of alveolar bone remodelling
is determined by the activity of bone cells including osteo-
clasts and osteoblasts (49). It is well established that active
bone formation on the tension side and bone resorption on
the compression side lead to rapid OTM (50). Therefore,
through interfering with the osteoclast activity or stimulating
the osteoblast activity in the alveolar bone remodelling, the
OTM rate may be reduced (51,52). Both dosages of irisin
induced significant increase in osteogenic marker OCN and
angiogenic marker vWF on the compression side, while only
0.1 pg irisin increased OCN on the tension side. In addition,
by histological staining, significant resorption lacunae were
observed at the PDL-bone interface on the compression side
of the control group, while smoother interfaces were present
in the two irisin groups, indicating a reduced osteoclast ac-
tivity by irisin administration. Further, the well-aligned osteo-
blasts at the PDL-bone interface in the two irisin groups
imply an enhanced osteogenic activity. These findings are
in line with previous studies demonstrating that irisin could
both stimulate osteoblastic lineage cell differentiation and in-
hibit osteoclastogenesis (36,53). Thus, the suppressed OTM
in our study may also be attributed to the inhibited osteo-
clast activity and enhanced osteoblast activity by irisin appli-
cation. However, specific quantification of osteoclasts at the
PDL-bone interface could not be reliably performed because
frontal resorption of bone may cause changes in the structure
at the PDL-bone interface leading to increased irregularity,
which does not allow for accurate numerical assessment (54).

The protein structure of FNDC5 comprises an N-terminal
signal sequence, a short transmembrane region termed as
irisin domain, and a C-terminal domain. The C-terminal
tail of FNDCS is in the cytoplasm, while the extracellular
N-terminal part is proteolytically cleaved and released
into circulation as irisin (55,56). Hence, primary antibody
against C-terminal FNDCS was used for immunofluores-
cent staining in the present study. The FNDCS35 expression
was markedly increased in PDL by 0.1 and 1 pg irisin in
both PDL tension and compression sides compared to the
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control group. However, no significant differences in the
circulating levels of irisin were found between control and
irisin groups. Hence, we speculate that irisin may exert its
osteogenesis stimulatory effect to reduce OTM by directly
targeting PDL tissues. However, our findings may not ne-
cessarily translate to a clinical setting given the limitations
in a rodent model. Since orthodontic treatment is a long
course, more studies looking at irisin application frequency,
dosage and duration are needed to bring this therapeutic
from bench to chairside.

In conclusion, local injection of recombinant irisin may
inhibit OTM transiently by enhancing the ECM deposition,
osteogenic potential and thus mechanical properties of PDL
mainly on the compression side.
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