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Abstract

Objective: Relapse after orthodontic treatment remains a
crucial problem. Pulsed electromagnetic fields (PEMFs)
accelerate osteoblastogenesis and inhibit osteoclasto-
genesis. However, their effect on tooth movement during
the retention phase of orthodontic treatment has not been
studied. This study investigated the role of PEMF stim-
ulation in preventing tooth relapse after orthodontic
tooth movement (OTM) in rat models.

* Corresponding address: Department of Dentistry-Biomedical
Sciences, Oral and Maxillofacial Pathology, Faculty of Dentistry,
Universitas Jember, JI. Kalimantan 37 Jember, East Java, 68121,
Indonesia.
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Methods: Thirty-six male Wistar rats were divided into
control, PEMF 7, and PEMF 14 groups. The maxillary
first molar was moved mesially with a 50 g force of a
Nickel Titanium closed coil spring for 21 days. Therefore,
PEMF stimulations, including a frequency of 15 Hz and
intensity of 2.0 mT, were applied to a retention phase for
2 h daily for 7 and 14 days. The tooth relapse distance
was evaluated on days 1, 3, 7, and 14; the number of
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osteoblasts, osteoclasts, and fibroblasts was assessed by
hematoxylin and eosin staining; and the expression of
fibroblast growth factor 2 (FGF-2) and type I collagen
(Col-I) was evaluated by immunohistochemistry. The
data were analyzed using one-way analysis of variance
and post hoc test with p < 0.05 considered statistically
significant.

Results: Tooth relapse distance was significantly
decreased in the PEMF 7 and PEMF 14 groups
compared to the control group. A significant increase was
detected in osteoblasts, fibroblasts, FGF-2, and Col-I in
both PEMF groups, while osteoclasts decreased
(p < 0.05).

Conclusion: The reduction of tooth relapse could be
attributed to PEMF stimulation for 7 and 14 days by
accelerating alveolar bone formation and periodontal
ligament remodeling.

Keywords: Orthodontic tooth movement; Pulsed electro-
magnetic field; Relapse

© 2024 The Authors. Published by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The main problem after orthodontic treatment is relapse,
which is a change in tooth position. The etiology of relapse is
multifactorial, although the most proposed is the ongoing
process of periodontal tissue remodeling and osteogenesis
around the moved teeth.' > Previous research on 67 patients
who had worn retainers for an average of 8.5 years showed
that five patients still experienced relapse after the retainer
was removed.® The results of research on experimental
animals with tooth movement for 12 days and retainer use
for 2 and 4 weeks showed relapse of 85% and 24%,
respectively.2

Alveolar bone deposition and periodontal ligament
remodeling play an important role in preventing relapse after
orthodontic treatment. The cells involved in osteogenesis are
osteoblasts, osteoclasts, and osteocytes,” while the cells
involved in periodontal ligament remodeling are
fibroblasts. Type I collagen (Col-I) and fibroblast growth
factor 2 (FGF-2) are the main mediators in the process of
periodontal ligament and alveolar bone remodeling. Col-I
is responsible for the formation of Col fibers and is also an
important mediator of bone formation. FGF-2 plays an
important role in the formation of new blood vessels by
stimulating fibroblast proliferation and Col production
during the process of alveolar bone and periodontal ligament
remodeling.7

Several efforts are made to prevent relapse. Pulsed elec-
tromagnetic fields (PEMFs) are a non-invasive adjunctive
therapy for osteoporosis in postmenopausal women,”
mandibular fractures,” and improving osseointegration
of implants in the alveolar bone.'"”'? Although the
biomolecular effects of PEMF on alveolar bone cells have
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not been widely investigated, previous
reported that PEMF stimulation can
regeneration by accelerating osteoblast cell proliferation
and inhibiting osteoclastogenesis.14’15 In addition, PEMF
stimulation can increase fibroblast proliferation activity in
fibroblast cell culture.'® However, it remains unknown
whether PEMF stimulation can prevent relapse after
orthodontic treatment by increasing osteogenesis and
remodeling periodontal ligament.

Therefore, this study investigated the role of PEMF in
preventing tooth relapse after orthodontic treatment in rat
models through assessing the relapse distance, histological
analysis of alveolar bone and periodontal ligament cells, as
well as immunohistochemical analysis.

Materials and Methods
Experimental animal models

This study received ethical approval letter from the Ethics
Committee, Faculty of Medicine, Universitas Brawijaya
(Jawa Timur, Indonesia). A total of 36 male, 3-month-old
Wistar rats (Rattus norvegicus) were included in the analysis.
Rats were acclimatized for 7 days in polycarbonate cages at a
room temperature of 20—23 °C, with 12/12 h light—dark
cycles. To ensure optimal conditions, rats received
adequate nutritional and fluid intake, along with soft foods
to prevent difficulty eating during orthodontic tooth move-
ment (OTM).

Experimental animals were divided into a control group
(21 days of orthodontic appliance and 7 days of retention
phase without PEMF stimulation), PEMF 7 group (21 days
of orthodontic appliance and 7 days of retention phase with
PEMF stimulation), and PEMF 14 group (21 days of or-
thodontic appliance and 14 days of retention phase with
PEMF stimulation). The anesthetic agent was a mixture of
ketamine hydrochloride (Troy Laboratories Pty Ltd., Glen-
denning NSW, Australia) and xylazine (Interchemie werken
“De Adelaar” BV, Venray, Netherlands) in a 1:1 ratio.
Intramuscular administration of anesthesia at a dose of
1 mL/kg BW aimed at reducing the discomfort of the rats
while installing and removing orthodontic equipment.
Meanwhile, euthanasia was carried out with anesthesia that
exceeded the dose. The general research scheme is presented
in Figure 1.

OTM in rat models

A nickel titanium (Ni—Ti) closed coil spring (American
Orthodontics, Sheboygan, WI, USA) of 0.01 inches in
diameter and 5 mm in length was inserted between the first
molar and the maxillary incisor for mesial movement. The
end of the Ni—Ti closed coil spring was tied with a ligature
wire and wrapped around the first molar. Subsequently, the
other end was wrapped around the incisor and covered with
glass ionomer luting cement (GC Glass lonomer Luting &
Lining Cement, Tokyo, Japan), as shown in Figure 2A. The
magnitude of the activation force of the orthodontic
appliance was a 50 g force. According to previous studies,
a 50 g force of orthodontic appliances is ideal to move the
rat’s maxillary first molars mesially.”*w The coil springs


http://creativecommons.org/licenses/by-nc-nd/4.0/

Pulsed electromagnetic field prevents tooth relapse

Retention
period 7 days
Control Group and Relapse period
OTM 21 days No PEMF
0 21 DIw D3ww D7 ee— )] 4
Retention
PEMF 7 Group period and Relapse period
OTM 21 days PEMF 7 days
0 201 Diw D3 = D7 se— D14
Retention
iod and :
PEMF 14 Group perio Relapse period
OTM 21 days PEMF 14 days
0 21 Dl w D3ww D7 D14

Figure 1: Research scheme. The maxillary first molar was moved bodily mesially with a 50 g force of Ni—Ti closed coil spring for 21 days.
During the retention periods of 7 and 14 days, the treatment groups were exposed to PEMF. After passing the retention period, the Ni—Ti
closed coil spring was removed and entered the relapse period. D1, day 1 relapse; D3, day 3 relapse; D7, day 7 relapse; D14, day 14 relapse;
Ni—Ti, nickel-titanium; OTM, orthodontic tooth movement; PEMF, pulsed electromagnetic field.

Figure 2: The sequence of research. (A) Tooth movement after using an Ni—Ti close-coil spring for 21 days; (B) retention phase, where the
glass ionomer luting cement closed the interdental space between the first and second molars (red arrow); (C) relapse phase with the glass
ionomer cement that closed the interdental space between the first and second molars is removed (red arrow); (D) and the maxillary teeth

impression with silicone impression materials. Ni—Ti, nickel-titanium.

were measured using a stress and tension gauge (Ormco Co.,
Glendora, CA, USA) to determine the force magnitude.
OTM lasted 21 days. The maxillary molars were impressed
using silicone impression materials (Sangchi, Shanghai,
China) to measure the distance of the first maxillary molar
after 21 days of orthodontic treatment.

Retention phase and PEMF stimulation

The retention phase lasted 7 and 14 days, starting after
the completion of active OTM.” The retention procedure
used the glass ionomer cement type II (GC Glass lonomer
Light-Cured Universal Restorative, Tokyo, Japan) to
maintain the interdental space between the maxillary first
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Figure 3: Pulsed electromagnetic field stimulation schematic. (A)
Pulse generator, (B) Helmholtz coil, (C) animal cage, (D) elec-
tromagnetic wave sensor, and (E) temperature sensor. The wave-
form was square with 5 ms of burst width, 0.2 ms of pulse width,
0.02 ms of pulse wait, 60 ms of wait burst, 0.3 pus of pulse rise, and
2.0 ps of pulse fall.

and second molars. Subsequently, the animals were anes-
thetized, and orthodontic devices were removed. Debris
attached to the gingiva and teeth between the first and
second molars were cleaned and dried. The gingiva in the
interdental space was coated with a Teflon tape seal to
prevent the glass ionomer from adhering. Glass ionomer
was placed in the interdental space, leveled parallel to the
occlusal surface, and exposed to a light cure unit for 5 s, as
shown in Figure 2B.

The PEMF stimulator was created and modified based
on previous studies.”’ ™%} Specifically, PEMF consists of a
pulse generator and two Helmholtz coils of 30 cm in
diameter separated at a distance of 15 cm placed coaxially
(Figure 3). To produce a suitable Helmholtz coil, 200
turns of copper wire are required. The Integrity Design
Research 324 Gauss meter (Integrity Design and Research
Corp., Essex Junction, VT, USA) was used to assess the
accuracy of the magnetic field intensity created by the
Helmholtz coil with a maximum magnetic field intensity
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Figure 4: Evaluation of PEMF stimulation on relapse distance and histological analysis. The data are presented as the mean and standard
deviation. (A) The relapse distance, histogram of osteoclast numbers on the (B) tension and (C) pressure side, osteoblast number on the
(D) tension and (E) pressure side, and fibroblast number on the (F) tension and (G) pressure side. *p < 0.05, significant compared with the
control group; #p < 0.05, significant compared with the PEMF 7 group. PEMF, pulsed electromagnetic field.



Table 1: Evaluation of PEMF stimulation on relapse distance and the number of osteoclasts.

Relapse distance (mm) Number of osteoclasts on Number of osteoclasts

(mean + SD) the tension side (mean + SD) on the pressure side (mean + SD)

Control PEMF 7 PEMF 14 Control PEMEF 7 PEMF 14 Control PEMF 7 PEMF 14
D1 0.07 + 0.01 0.05 + 0.02 0.03 £ 0.01% 4+1.0 3+1.0 3+1.0 8+ 1.0 44+1.0 24+1.0
D3 0.15 4+ 0.04 0.08 4+ 0.03 0.06 £ 0.02% 3+1.0 3+1.0 2+1.0 7+1.0 3+1.0 1.7 £ 0.6
D7 0.32 + 0.03 0.17 + 0.06" 0.09 + 0.03%° 3+1.0 2+0.0 1+1.0 5+1.0 1.7 £ 0.6 1+1.0
D 14 0.44 + 0.05 0.21 4+ 0.08* 0.11 £ 0.03* 24+0.0 1 £0.0% 0.7 + 1.0* 2+1.0 1+£1.0 0.3+ 0.6

Control, control group; D1, day 1 relapse; D3, day 3 relapse; D7, day 7 relapse; D14, day 14 relapse; PEMF, pulsed electromagnetic field; PEMF 7, PEMF 7 group; PEMF 14, PEMF 14 group;
SD, standard deviation.

? p < 0.05, significant compared with the control group.

® p < 0.05, significant compared with the PEMF 7 group.

Table 2: Evaluation of PEMF stimulation on the number of osteoblasts and fibroblasts.

Number of osteoblasts Number of osteoblasts Number of fibroblasts Number of fibroblasts

on the tension side on the pressure side on the tension side on the pressure side

(mean + SD) (mean + SD) (mean + SD) (mean + SD)

Control PEMF 7 PEMF 14 Control PEMF 7 PEMF 14 Control PEMF 7 PEMF 14 Control PEMF 7 PEMF 14
D 1 57 + 4.6 63 + 4.6 94 4+ 2.3%° 45+ 1.0 55+ 3.0 65 + 4.4% 116 £+ 5.29 165 + 4.58* 179 &+ 5.57¢ 128 + 4.00 175 4+ 4.58* 198 + 2.00*°
D3 61 +4.0 68 £+ 4.6 102 + 4.5%° 53+ 3.6 63 £+ 3.6 74 £ 2.6™° 120 £ 5.57 169 + 5° 185 + 6.24%° 134 £+ 4.58 179 + 4.58° 219 + 436"
D7 67 £ 2.6 80 + 4.6° 116 + 4.6"° 59 + 4.0 71 £ 2.6" 82 + 4.6“° 127 £ 4.58 176 £ 57° 193 + 3.00%" 145 £+ 5.00 181 £ 5.57° 232 + 2.65%°

D 14 76 £ 3.6 90 + 2.5% 132 £ 2.6"° 63 £+ 3.6 80 + 3.6" 95 4 3.6™° 134 + 5.57 182 + 4.36" 213 + 5.29%° 150 £ 4.58 190 + 2.00" 260 + 4.58%°

Control, control group; D1, day 1 relapse; D3, day 3 relapse; D7, day 7 relapse; D14, day 14 relapse; PEMF, pulsed electromagnetic field; PEMF 7, PEMF 7 group; PEMF 14, PEMF 14 group;
SD, standard deviation.

% p < 0.05; significant compared with control group.

L p < 0.05; significant compared with PEMF 7 group.
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Figure 5: Histological image of osteoblasts (yellow arrow), oste-
oclasts (red arrow), and fibroblasts (blue arrow) in the control,
PEMF 7, and PEMF 14 groups. The direction of tooth movement
(black arrow). AB, alveolar bone; PDL, periodontal ligament;
PEMF, pulsed electromagnetic field; T, tooth. Scale bar: 50 pm.

of 2.0 mT and repetition frequency of 15 Hz.’'>> The
animals in the retention phase were stimulated by PEMF
for 2 h daily for 7 and 14 days. At the end of the
retention phase, the glass ionomer cements were removed
and the experimental animals entered the relapse phase
(see Figure 4).

Relapse measurement

In the relapse phase, on days 1, 3, 7, and 14, the distal shift
of the first molar was assessed (Figure 2C). Silicone
impression materials (Sangchi, Shanghai, China) were used
to cast maxillary molars (Figure 2D). The mesial
movement of the first molar was calculated directly from
mold models using a digital caliper (Mitutoyo, Kanagawa,
Japan). The relapse distance was calculated using the
following formula:'’

JR=J1-1J2

where JR (relapse distance) is the amount of tooth relapse distance of
the first molar (mm); J1 is the distance between the mesial edge tip of
the second maxillary molar and the distal edge tip of the first
maxillary molar after 21 days of orthodontic treatment; and J2 is the
distance between the tip of the mesial edge of the second maxillary
molar and the tip of the distal edge of the first maxillary molar after
1, 3, 7, and 14 days in the relapse phase.

Histology and immunohistochemical analyses

Sample fixation was carried out for 24 h using a 10%
buffered formalin solution at room temperature. There-
fore, samples were decalcified with 14% ethyl-
enediaminetetraacetic acid (EDTA) solution (pH 7.4) for
approximately 30 days. This solution was changed every 4
days, while bone density was checked in preparation for
cutting tissue slides. After decalcification, the samples were
dehydrated with 70%, 80%, and 95% ethanol solution,
each for 60 min. Then the samples were cleared with xylene
solution for 90 min and embedded in liquid paraffin at
60 °C. After the paraffin hardened, the samples were cut
using a microtome in a transverse direction at cervicoapical
two-thirds with a thickness of 5 um for hematoxylin and
eosin (H&E) staining and 3 pm for immunohistochemical
methods.

H&E staining was conducted to determine the number of
osteoclasts, osteoblasts, and fibroblasts. These cells were
observed on the tension and pressure sides with a light mi-
croscope at 400 x magnification equipped with the Optilab 3
camera (PT Miconos, DI Yogyakarta, Indonesia). In the
relapse phase days 1, 3, 7, and 14, the numbers of osteoclasts,
osteoblasts, and fibroblasts were counted manually in three
selected fields of view and calculated as the average.
Furthermore, an immunohistochemical procedure was per-
formed to analyze the expression of Col-I and FGF-2 on
days 1, 3, 7, and 14 of the relapse phase. The slides were
deparaffinized with xylene solution and 100%, 90%, 80%,
and 70% ethanol solution and incubated in 3% hydrogen
peroxide for 20 min at room temperature. Then the slides
were incubated overnight at 4 °C with primary antibodies
against Col-I (COL1A1 mouse monoclonal antibody, sc-
293,182; Santa Cruz Biotechnology, Inc., Dallas, TX,
USA) and FGF-2 (sc-74412; Santa Cruz) and at room tem-
perature for 20 min with polymer (N-Histofine Simple Stain
MAX PO; Nichirei Biosciences Inc., Tokyo, Japan). Subse-
quently, the samples were incubated with a substrate and
Mayer solutions, each for 5 min at room temperature. The
expression of Col-I and FGF-2 was observed with a light



Table 3: Evaluation of PEMF stimulation on the expression of Col-I.

Col-I expression on the tension side (Arb. unit) (mean £+ SD)

Control

PEMF 7

PEMF 14

Col-I expression on the pressure side (Arb. unit) (mean + SD)

Control

PEMF 7

PEMF 14

D 1
D3
D7
D 14

1,767,119 £ 100,037
1,993,493 4+ 250,190
2,114,574 4+ 356,843
2,271,241 + 235,879

2,044,518 + 428,526
2,395,580 + 198,997
2,652,564 + 362,902
2,912,669 + 480,909

3,144,221 + 198,194%"
3,437,339 + 375,283"

4,129,845 + 559,669°
5,133,853 + 568,891%"

1,771,499 + 233,143
1,990,024 + 261,822
2,096,774 £+ 265,876
2,156,901 + 308,524

2,382,961 + 292,337
2,563,960 + 285,614
2,777,874 + 281,748
3,030,282 + 186,305

3,449,294 + 344,199"°
3,815,561 + 217,231%°
4,072,273 =+ 295,289%°
4,774,964 & 311,720*"

Arb. unit, arbitrary unit; Col-1, type I collagen; Control, control group; D1, day 1 relapse; D3, day 3 relapse; D7, day 7 relapse; D14, day 14 relapse; PEMF, pulsed electromagnetic field;
PEMF 7, PEMF 7 group; PEMF 14, PEMF 14 group; SD, standard deviation.
% p < 0.05, significant compared with the control group.
b p < 0.05, significant compared with the PEMF 7 group.

Table 4: Evaluation of PEMF stimulation on the expression of FGF-2.

FGEF-2 expression on the tension side (mean FOB1SD)

FGF-2 expression on the pressure side (mean £+ SD)

Control PEMF 7 PEMF 14 Control PEMF 7 PEMF 14
D1 61.67 £ 4.51 68.00 £ 2.00 135.67 + 3.799"° 21.33 £ 3.51 61.33 + 3.21° 122.33 + 3.21%°
D3 65.33 £ 5.51 72.33 £2.52 143.00 + 5.13%" 24.00 £ 3.00 62.00 £+ 5.29* 133.67 + 4.04™°
D7 71.67 £4.73 79.67 £ 5.51 186.33 & 3.51%° 30.00 £ 1.00 68.67 &+ 3.51" 148.67 + 4.16™°
D 14 72.67 £ 4.16 88.33 £+ 4.51¢ 197.67 + 2.08" 3333 £ 1.15 76.33 &+ 4.73% 165.00 £ 5.00™"

Control, control group; D1, day 1 relapse; D3, day 3 relapse; D7, day 7 relapse; D14, day 14 relapse; FGF-2, fibroblast growth factor 2; PEMF, pulsed electromagnetic field; PEMF 7, PEMF 7
group; PEMF 14, PEMF 14 group; SD, standard deviation.
4 p < 0.05, significant compared with the control group.
® p < 0.05, significant compared with the PEMF 7 group.

asdpja. 11100} sjuadaad pjarf o11ouSDL0.4103]d PISIn
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Figure 6: Results of immunohistochemical analysis. The data are presented as the mean and standard deviation. The histogram of Col-1
expression on the (A) tension and (B) pressure side and FGF-2 expression on the (C) tension and (D) pressure side. *p < 0.05, significant
compared with the control group; #p < 0.05, significant compared with the PEMF 7 group. Arb. Unit, arbitrary unit; FGF-2, fibroblast

growth factor-2; PEMF, pulsed electromagnetic field.

microscope at 400 x magnification equipped with the Optilab
3 camera for three selected pictures, and the average was
taken on the pressure and tension sides. Positive Col-I
expression were counted by the intensity of the brown
extracellular matrix in the periodontal ligament using ImageJ
software version 4.0 (National Institutes of Health,
Bethesda, MD, USA). Positive FGF-2 expression was
observed manually by counting the number of periodontal
ligament cells, which were stained brown.

Statistical analyses

The average relapse distance; the number of osteoclasts,
osteoblasts, and fibroblasts; and the expression of Col-I and
FGF-2 are presented as the mean and standard deviation.
The data were analyzed using SPSS Statistics version 26.0
(SPSS Inc., Chicago, IL, USA). The Kolmogorov—Smirnov
test was used to analyze the normality, and one-way analysis
of variance was used to analyze the variance, followed by a
post hoc test using Tukey’s Honestly Significant Difference
test. The data on relapse distance was non-homogeneous, so
a post hoc test was performed using the Games—Howell test.
The number of osteoclasts was not normally distributed, so
the Mann—Whitney U test was performed. P < 0.05 was
considered statistically significant.

Results

Relapse distance

Table 1 shows a decrease in tooth relapse distance in the
PEMF 7 and PEMF 14 groups compared to the control
group. Statistically, a significant difference in tooth relapse
distance was detected between the control and PEMF 7
groups on days 7 and 14, and control and PEMF 14

groups on days 3, 7, and 14 in the relapse phase (p < 0.05),
as shown in Figure 4A.

Number of osteoclasts, osteoblasts, and fibroblasts

The number of osteoclasts in the PEMF 7 and PEMF 14
groups was decreased compared to the control group on the
tension and pressure sides, as shown in Table 1. Statistically,
the results showed significant differences between PEMF 7
and control groups, as well as PEMF 14 and control groups
on day 14 on the tension side (p < 0.05) (Figure 4B, C).
Meanwhile, the number of osteoblasts in the PEMF 7 and
PEMF 14 groups was increased compared to the control
groups on both sides, as shown in Table 2. Thus, there were
significant differences between the PEMF 7 and control
groups on days 7 and 14 as well as the PEMF 14 and control
groups on days 1, 3, 7, and 14 on the tension and pressure
sides (p < 0.05). Moreover, the number of osteoblasts in the
PEMF 14 group showed significant differences compared to
the PEMF 7 group on days 3, 7, and 14 on the tension and
pressure sides (p < 0.05; Figure 4D, E).

The number of fibroblasts in the periodontal ligament was
increased in the PEMF 7 and PEMF 14 groups compared to the
control group on the tension and pressure sides, as shown in
Table 2. Statistical results showed a significant difference
between the PEMF 7 and control groups, PEMF 14 and
control groups, as well as the PEMF 7 and PEMF 14 groups
on both sides on days 3, 7, and 14 (p < 0.05; Figure 4F, G).
Histological images of osteoclasts, osteoblasts, and fibroblasts
on the tension and pressure sides are presented in Figure 5.

Expression of Col-1 and FGF-2

The expression of Col-I was elevated in the PEMF 7 and
PEMF 14 groups compared to the control group on the
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Control group Control group Control group
Day 1 Day 3 Day 7

Control group
Day 14

B 7

PEMF 7 group
Day 3 Day 7

Day 14

PEMF 14 group PEMF 14 group

Day 3 Day 7 Day 14

Figure 7: Histological observation collagen-I expression (red arrow)
in the control, PEMF 7 and 14 groups. The direction of tooth
movement (black arrow). AB, alveolar bone; PDL, periodontal lig-
ament; PEMF, pulsed electromagnetic field; T, tooth. Scale bar:
50 pm.

tension and pressure sides, as shown in Table 3. Based on the
results on the tension side, there were significant differences
between the PEMF 14 and control groups on days 1, 3, 7,
and 14, as well as between the PEMF 7 and 14 groups on
days 1, 7, and 14 (p < 0.05). However, on the pressure side,
the expression of Col-I showed a significant difference be-
tween the PEMF 14 and control groups on days 1, 3, 7, and
14, as well as between the PEMF 14 and 7 groups on days 1, 3,
7, and 14 (p < 0.05) (Fig. 6A, B). The expression of Col-I in
the tension and pressure sides is presented in Figure 7.

The expression of FGF-2 in PEMF 7 and 14 groups was
increased compared to the control group on the tension and
pressure sides, as shown in Table 4. Statistically, there was a

Control group Control group

Control group Control group

Day 14

AR
B :i:i.‘.u AU

% T i

PEMF 7 group
Day 14

".{} J

PEMF 14 group

M

PEMF 14 group

PEMF 14 group
Day 1

Figure 8: Histological observation of FGF-2 expression (red ar-
row) in the control, PEMF 7 and 14 groups. The direction of tooth
movement (black arrow). AB, alveolar bone; FGF-2, fibroblast
growth factor-2; PDL, periodontal ligament; PEMF, pulsed elec-
tromagnetic field; T, tooth. Scale bar: 50 pm.

significant difference in expression between the PEMF 14
and control groups, as well as the PEMF 7 and PEMF 14
groups on the tension and pressure sides on days 1, 3, 7,
and 14. The expression of FGF-2 also showed a significant
difference between the PEMF 7 and control groups on days
1,3,7,and 14 (p < 0.05) on the pressure side (Figure 6C, D).
The expression of FGF-2 on the tension and pressure sides is
presented in Figure 8.
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Discussion

Preventing relapse is crucial after completing orthodontic
treatment to maintain the corrected position of the tooth. In
this study, OTM in rats, which continued with the retention
and relapse phases, was used to explore the effects of PEMF
stimulation on relapse. The results of this study showed that
PEMF stimulation for 2 h/day during the retention phase for
7 and 14 days reduced the relapse distance compared to
control groups. Moreover, this stimulation also decreased
the osteoclast number, as well as increased the number of
osteoblasts and fibroblasts and the expression of Col-I and
FGF-2 on the tension and pressure sides.

Several studies have reported that PEMF stimulation can
reduce the number and viability of osteoclasts.”*%
An in vitro study evaluated the effects of PEMF on
osteoclast cells in women aged 18—68 years and showed
that the number of these cells decreased at all ages.
Another in vitro study showed that PEMF stimulation
decreased osteoclast activity.% Jiang et al. (2016) also
reported that PEMF stimulation resulted in increased
OPG expression and decreased receptor activator of
nuclear factor kappa B ligand expression, reducing
osteoclast differentiation.”’

The findings of this study are in agreement with previous
research. Zhai et al. (2016) showed that PEMF with a fre-
quency of 15.83 Hz and intensity of 2 mT for 2 h/day opti-
mally increased the osteoblast proliferation of MC3T3-El
cells in vitro, as confirmed by staining with alkaline phos-
phatase and alizarin red.” Exposure of MC3T3-E1 cells to
PEMF at a frequency of 15 Hz and intensity of 5 mT has
been proven effective in promoting the growth and differ-
entiation as well as maturation of osteoblasts.”’ Meanwhile,
exposure to PEMF at 50 Hz, 4.0 mT, and 40 min daily
increased osteoblasts through the Wnt signaling pathway
in vitro and in vivo. The Wnt signaling pathway acts as a
crucial regulator of osteoblast formation by activating
transcription factors, The role of the Wnt signaling
pathway is to regulate osteoblast formation by activating
transcription factors.”””® Based on the dual actions of
osteoclasts and osteoblasts, PEMF has shown significant
potential in alveolar bone deposition after OTM.

Restoring the structural integrity of the periodontal
ligament after orthodontic treatment is a complex process,
which requires rapid regeneration and restoration of
function to inhibit relapse after the orthodontic device is
removed. The periodontal ligament consists of Col fibers,
mainly Col-I, located in the periodontal space between the
alveolar socket and the root. The primary cells comprising
the periodontal ligament include fibroblasts, which play a
role in repairing alveolar bone and cementum.”” This
study showed a significant increase in fibroblasts in the
PEMF 14 compared to the control and PEMF 7 groups.
Costantini et al. (2019) investigated an in vitro wound
model and reported that PEMF exposure induced the
early phase of fibroblast proliferation and accelerating
wound healing.3()

The current study also reported that PEMF stimulation
increased Col-I expression in the PEMF 7 and PEMF 14
groups. This result is in line with a study by Choi et al. (2015),

who studied PEMF in the healing process of diabetic wounds
and showed increased Col-I in the PEMF group compared to
the control group.‘” PEMF stimulation for 4 weeks at a
frequency of 3.85 kHz and intensity of 1.19 mT in a rat
model of acute bilateral supraspinatus injury showed a
significant increase in Col-I at the injury site compared to
the control.*”” Furthermore, PEMF stimulation for 5 days at
3 min/day in rat tenocyte cultures showed a significant
increase in Col-I expression.‘}?’

Generally, alveolar bones experience remodeling
throughout life similarly to bone. Immediately after OTM,
the alveolar bone requires accelerated bone formation to
prevent relapse. This study showed that there was an increase
in FGF-2 expression on the tension and pressure sides after 7
and 14 days of PEMF stimulation. FGF/FGFR signaling is
also essential in the process of osteogenesis, indirectly
increasing osteoblast differentiation. One of the family
members, FGF-2, is the most widely used FGF ligand in the
field of regenerative medicine, including regeneration of
periodontal ligament, alveolar bone, cementum, and neo-
vascularization.* ¢

The results of this study showed that PEMF stimulation
for 7 and 14 days in the orthodontic retention phase can
prevent tooth relapse by increasing the number of osteoblasts
and fibroblasts and the expression of FGF-2 and Col-I, as
well as decreasing osteoclasts numbers after OTM in rat
models. This study had several limitations. The in-
vestigations using molecular and microcomputed tomogra-
phy analysis of alveolar bone and periodontal ligament,
which are needed to determine the molecular and structural
mechanisms of tooth relapse after OTM, were not assessed.
Further research also needs to focus on local exposure to
PEMF in the oral cavity so that it can become the basis for
research on the clinical use of PEMF stimulators by dentists.

Conclusions

In conclusion, this study indicated that the reduction in
tooth relapse could be attributed to PEMF stimulation for 7
and 14 days in the orthodontic retention phase after OTM in
rat models by accelerating alveolar bone formation and
periodontal ligament remodeling.
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