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Abstract: In this study, we aimed to determine the effects of functional mandibular lateral shift
(FMLS) on the muscle mass, fiber size, myosin heavy chain fiber type, and related gene expression
in masticatory muscles (masseter and temporalis), as well as whether the baseline levels could
be recovered after FMLS correction in growing rats. The FMLS appliance was placed to shift the
mandible leftward by approximately 2 mm. After FMLS placement for 2 and 4 weeks, the muscles on
the left side had significantly lower wet weight, mean cross-sectional area, and proportion of type
IIa fibers than those on the right side or in the control groups (p < 0.05), with downregulation and
upregulation of IGF-1 and GDF-8 gene expression, respectively (p < 0.05). Following 2 weeks devoted
to recovery from FMLS, the muscle parameters in the recovery group were not significantly different
to those of the control group, and IGF-1 expression in the left-side muscles was enhanced and GDF-8
expression was simultaneously suppressed. These findings indicate that the masticatory muscle
changes induced via FMLS tend to revert to normal conditions if the intervention is eliminated at
an early stage. Therefore, appropriate orthodontic treatment for FMLS during the growth period is
advisable to prevent asymmetric alterations in masticatory muscles.

Keywords: functional mandibular lateral shift; masseter muscle; temporalis muscle; myosin heavy
chain; insulin-like growth factor-1; growth differentiation factor-8; early orthodontic treatment

1. Introduction

Approximately 8–22% of orthodontic patients develop unilateral posterior crossbite
(UPXB) [1–3], making it a common malocclusion in deciduous and early mixed denti-
tions [4]. Most cases of unilateral posterior crossbite are related to functional mandibular
lateral shift (FMLS) [5], a condition in which the mandible laterally deviates to achieve
maximal intercuspation due to premature contact between the teeth [6]. If left untreated for
a prolonged period, FMLS can cause multiple pathological conditions, as well as functional
crossbite [7–9].

Asymmetric masticatory muscle activity is one of potential side effects of FMLS [10–15].
Kiliaridis et al. [10] observed that the masseter muscle (MM) is significantly thinner on the
crossbite side in UPXB individuals. Neuromuscular imbalance that involves masticatory
muscle activity may contribute to FMLS [11,12]. Indeed, electromyography analysis has re-
vealed that patients with UPXB exhibit asymmetric activities in masticatory muscles [13,14].
The masticatory muscle activity is reportedly greater on the contralateral side than the
ipsilateral side [15]. It is generally accepted that early treatment of UPXB associated with
FMLS may reduce the risk of potential side effects [16,17]. More specifically, early cor-
rection of UPXB can positively impact the MM and significantly reduce the occurrence
of reverse chewing patterns [18]. Further, early treatment improves resistance to fatigue
and contraction of the masticatory muscles on the crossbite side [19,20], suggesting that
dysfunctional alterations can revert to normal conditions if this form of mechanical stimu-
lation is eliminated at an early stage. Early orthodontic treatment, such as the removal of
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premature contacts using an expansion plate, can effectively prevent the evolution of these
complications into permanent dentition.

Animal experiments have shown that lateral mandibular deviation induces morpho-
logical changes in the mandible and temporomandibular joint (TMJ), as well as substantial
variations in cellular signaling [21–24]. A mandibular lateral shift can cause asymmetry
regarding the location and size of the bilateral glenoid fossae in growing rats [21] and a
propensity for dysfunctional remodeling of the ipsilateral condyle [22]. In addition, a thick-
ened superficial layer of condylar cartilage, which is indicative of adaptive alterations in the
TMJ, has been reported upon inducing FMLS in growing rats [23]. Further, a mandibular
lateral shift can increase the expression of neuronal nitric oxide synthase and vascular
endothelial growth factor in the MM, causing altered superoxide dismutase activity [25].

Although the effects of functional lateral shift on the mandible and temporomandibular
joint have been extensively studied through conventional animal experiments, alterations in
masticatory muscles have received less attention. Additionally, muscle adaptation related
to the recovery of FMLS and the involved cellular mechanisms remains unclear. Therefore,
we attempted to establish an FMLS rat model; investigate the changes in the muscle mass,
fiber size, and myosin heavy chain (MHC)-type transition in the MM and temporalis muscle
(TM) during FMLS; and determine whether these changes can be returned to the levels
seen in the control group following recovery from FMLS to provide evidence to support
early treatment of FMLS in growing rats. Moreover, gene expression of insulin-like growth
factor-1 (IGF-1) and growth differentiation factor-8 (GDF-8) was examined to elucidate the
possibly related cellular mechanisms.

2. Materials and Methods
2.1. Experimental Model of FMLS

The protocol used in this animal experiment was approved by the Animal Ethics
Committee of Tokyo Medical and Dental University (No. A2021-116A). Thirty-five 5-week-
old male Wistar rats were randomly assigned to five groups (n = 7/group): groups with
FMLS appliance placement for 2 (FMLS2) or 4 (FMLS4) weeks, groups without FMLS
appliance placement for 2 (CON2) or 4 (CON4) weeks, and a group with FMLS appliance
placement for the first 2 weeks, followed by no appliance placement for the subsequent 2
weeks (REC2) (Figure 1a).
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Figure 1. Experimental design. (a) Experimental groups and the study timeline: thirty-five 5-week-
old male Wistar rats were randomly assigned to the following five groups (n = 7/group): groups with
FMLS appliance placement for 2 (FMLS2) and 4 (FMLS4) weeks, groups without FMLS appliance
placement for 2 (CON2) and 4 (CON4) weeks, and a group with placement of the FMLS appliance
for the first 2 weeks and no appliance placement for the subsequent 2 weeks (REC2). (b) The FMLS
appliance comprised guiding plates made of band material and light-cure resin. The appliance was
attached to the maxillary and mandibular incisors to shift the mandible leftward by approximately
2 mm when the rats closed their mouths. FMLS, functional mandibular lateral shift.

Two rats were housed per cage in a climate-controlled environment that had a 12-hour
light/dark cycle and given ad libitum access to powdered food (CLEA, Tokyo, Japan) and
water. The rats were acclimatized to these conditions for the first 7 days, after which stage
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they received intraperitoneal injections of medetomidine, midazolam, and butorphanol
tartrate. Under anesthesia, the FMLS2, FMLS4, and REC2 rats underwent placement of
FMLS appliances. Although no appliances were placed for the CON2 and CON4 groups,
the control rats were correspondingly anesthetized.

The FMLS appliance, which was designed to unilaterally shift the mandible to the left
by approximately 2 mm when the rats closed their mouths, comprised a pair of guiding
plates located at the maxillary and mandibular incisors (Figure 1b). The guiding plate was
made of band material (SHOHU INC., Kyoto, Japan) and covered with light-cure resin
(TOMY International, Tokyo, Japan), as described previously [23]. The appliances were
monitored to ensure an appropriate lateral shift and prevent mandibular protrusion or
retrusion; the light-cure resin was checked daily and supplemented if necessary. In the
REC2 group, the appliances were removed after 2 weeks of FMLS induction.

2.2. Tissue Preparation

The procedures for euthanizing the rats were based on the standard CO2/O2 protocol
at 7 and 9 weeks of age (n = 7/group). After euthanasia, the bilateral MM and TM were
thoroughly and gently dissected at their attachment sites. The wet weight of the muscles
was immediately measured, and the muscles were trimmed. For the quantitative reverse
transcription polymerase chain reaction (RT-qPCR), approximately 80–90 mg of each muscle
was collected, cut into smaller pieces of ≤0.5 cm in any single dimension, and stored at
−80 ◦C until use in separate tubes filled with RNAlater™ Stabilization Solution (Invitrogen,
Carlsbad, CA, USA), which was stored at 4 ◦C overnight in advance. Samples obtained from
the muscle belly were submerged in an optimal cutting temperature-embedding compound
(Sakura Finetek Japan Co., Ltd., Tokyo, Japan) and rapidly frozen in a supercooled bath
of 2-methyl butane in liquid nitrogen. For each sample, transverse serial sections that
had thicknesses of 10 µm were cut using a cryomicrotome (CM3500; Leica Microsystems,
Nussloch, Germany). Sections were then stained with hematoxylin and eosin (H&E)
to determine the cross-sectional area (CSA) of the fibers, and adenosine triphosphatase
(ATPase) activity staining was performed to assess the MHC composition, along with
immunohistochemical (IHC) staining for IGF-1 and GDF-8.

2.3. ATPase Activity Staining

ATPase activity staining was performed according to the standard protocol outlined
by the Neuromuscular Lab of the School of Medicine, Washington University. Non-fixation
slides of snap-frozen muscles were first pre-incubated (in 5.0 mL barbital acetate solution,
10.0 mL 0.1 N hydrogen chloride, and 4.0 mL deionized water; adjusted to pH 4.6) for 5 min
at room temperature and rinsed once with deionized water. Slides were then incubated in
an adenosine triphosphate solution (0.18 M calcium chloride, 0.1 M sodium barbital and
60 mg adenosine triphosphate powder) of pH 9.4 for 25 min. Next, the slides were washed
with 1% calcium chloride solution three times for a total of 10 min, incubated with 2% cobalt
chloride for 10 min, washed with a 1:20 solution of 0.1-molarity sodium barbital three times,
and rinsed with deionized water five times. Finally, the slides were incubated with a 2%
(v/v) solution of ammonium sulfide for 20 s and rinsed in a fume hood with tap water for
5 min. The samples were then dehydrated in ascending concentrations of alcohol, cleared
with at least two changes of xylene, and mounted. The stained sections were observed and
photographed under an optical microscope (NIS-Element; Nikon, Tokyo, Japan), and the
MHC fiber types were examined using ImageJ software (version 1.53) to determine the
proportion of each type (National Institutes of Health, Bethesda, MD, USA). Subsequently,
three non-overlapping high-magnification fields per muscle were randomly identified,
typed, and numbered.

2.4. IHC Staining

Air-dried frozen sections were immersed in pre-cooled acetone (−20 ◦C) for 10 min.
After allowing acetone to evaporate from the tissue sections for 20–30 min at room tempera-
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ture, the sections were treated with 3% hydrogen peroxide for 15 min to block endogenous
peroxidase activity. After rinsing in 1X phosphate-buffered saline (PBS) with 0.1% Tween-20
(ChemCruz®, Santa Cruz Biotechnology, CA, USA), with three changes that each lasted
5 min, the sections were incubated with 1.5% blocking serum (#sc-2023, ImmunoCruz®

goat ABC Staining System, Santa Cruz Biotechnology, CA, USA) for 1 h. After blotting
excess blocking serum from the slides, the sections were separately incubated with goat
anti-human IGF-1 primary antibody (concentration: 15 µg/mL; #AF291, R&D System,
Minneapolis, MN, USA) and goat anti-human/mouse/rat GDF-8 primary antibody (con-
centration: 15 µg/mL; #AF788, R&D System, Minneapolis, MN, USA) in a humidified
chamber at 4 ◦C overnight. The sections were then incubated with biotinylated secondary
antibody for 1.5 h at room temperature, followed by 30 min of incubation with the AB
enzyme reagent after washing three times with 0.1% PBS, with each wash lasting 5 min.
3,3-diaminobenzidine (#SK4105, ImmPACT DAB; Vector Laboratories, Burlingame, CA,
USA) was used as a color-developing agent until the desired staining intensity was ob-
served. Finally, the sections were counterstained with hematoxylin, dehydrated, and
mounted. Three non-overlapping high-magnification fields for each sample were randomly
selected, and positively immunostained areas were semi-quantified via IHC profiler plugins
using ImageJ software.

2.5. RT-qPCR

Total RNA was isolated from the MM and TM samples stored in RNAlater ™ Stabi-
lization Solution using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Complementary
DNA (cDNA) was synthesized from the isolated total RNA using reverse transcriptase
and random primers from the PrimeScript RT Reagent Kit (#RR036; Takara, Tokyo, Japan).
Real-time PCR analysis was performed using a 7500 Real-Time PCR system (Applied
Biosystems, Foster City, CA, USA). Fluorescently labeled TaqMan Probes (#RR391, Probe
qPCR Mix, Takara Biotechnology, Tokyo, Japan) and gene-specific primers were selected
for real-time PCR amplification of messenger RNA (mRNA) of rat IGF-1 (Rn00710306_m1),
rat GDF-8 (Rn00569683_m1), and rat Gapdh (Rn01775763_g1) (TaqMan Gene Expression
Assay; Applied Biosystems, Foster City, CA, USA). Gapdh was used as the internal reference.
Thermocycling was performed at 95 ◦C for 20 s, followed by 40 cycles of 95 ◦C for 1 s and
60 ◦C for 20 s. Gene expression levels were calculated using the Pfaffl method, being set as
the relative quantification compared to the age-matched control group.

2.6. Statistical Analyses

Power analysis was performed using G*Power version 3.1.9.6 (Heinrich Heine Univer-
sity, Düsseldorf, Germany). The effect size was calculated using the data obtained from
the pilot study. Next, the required sample size was determined (n = 6). Before comparison,
the normal distribution of all variables was assessed using the Shapiro–Wilk test. After
establishing normality, body weight and daily consumption of powdered food were de-
termined using one-way analysis of variance, followed by Tukey’s multiple comparisons
test. A paired t-test and Wilcoxon signed-rank test were performed for intragroup analyses
between the deviation and non-deviation sides, and intergroup analyses were assessed us-
ing an unpaired t-test and a Mann–Whitney U-test. All statistical analyses were conducted
using GraphPad Prism version 9 (GraphPad Software Inc., San Diego, CA, USA). Data are
presented as mean ± standard deviation (n = 7). Statistical significance was set at p < 0.05
for all analyses.

3. Results
3.1. FMLS Rat Model

The FMLS appliances were kept in good condition in all groups during the experiment.
No statistically significant differences in body weight were found between the control and
experimental groups. During the first 1–2 days of appliance attachment, the rats attempted
to remove the resin and band; however, this behavior ceased by the third day. The incisors



Biomedicines 2023, 11, 2126 5 of 14

grew during FMLS without extended eruption. We monitored the daily consumption of
powdered food and water, and we confirmed that both were similar among the control and
experimental groups.

3.2. Effect of FMLS on Wet Weight and CSA of Muscles

The effects of FMLS on the wet weights of the MM and TM were first examined. In
both the FMLS2 and FMLS4 groups, the wet weights of the MM and TM on the deviation
side were significantly lower than those on the non-deviation side. Compared to those in
the age-matched control groups, the wet weights of the MM and TM in the FMLS2 and
FMLS4 groups decreased significantly on the deviation side and increased significantly on
the non-deviation side. FMLS at 2 and 4 weeks resulted in atrophy of the MM and TM on
the deviation side and muscle hypertrophy of the MM and TM on the non-deviation side
(on the deviation side, CON2 vs. FMLS2, MM: 0.74 ± 0.09 g vs. 0.60 ± 0.08 g [p < 0.05],
TM: 0.21 ± 0.03 g vs. 0.16 ± 0.02 g [p < 0.05]; CON4 vs. FMLS4, MM: 0.91 ± 0.09 g vs.
0.70 ± 0.10 g [p < 0.05], TM: 0.31 ± 0.04 g vs. 0.26 ± 0.04 g [p < 0.05]; on the non-deviation
side, CON2 vs. FMLS2, MM: 0.72 ± 0.10 g vs. 0.78 ± 0.09 g [p > 0.05], TM: 0.21 ± 0.03 g vs.
0.25 ± 0.03 g [p < 0.05]; CON4 vs. FMLS4, MM: 0.90 ± 0.11 g vs. 1.03 ± 0.07 g [p < 0.05],
TM: 0.30 ± 0.03 g vs. 0.37 ± 0.04 g [p < 0.05]). However, in the REC2 group, there was no
significant difference between the deviation and non-deviation sides or that group and the
CON4 group (Figure 2).
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Figure 2. Effect of FMLS on muscle mass. (a) Wet weight of the MM (n = 7). (b) Wet weight of the
MM (n = 7) on the deviation and non-deviation sides. (c) Wet weight of the TM (n = 7). (d) Wet weight
of the TM (n = 7) on the deviation and non-deviation sides. FMLS, functional mandibular lateral shift;
MM, masseter muscle; TM, temporalis muscle; NS, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001.

Muscle atrophy/hypertrophy was also examined in terms of the muscle CSA through
H&E staining. The mean CSAs of the MM and TM on the deviation side in the FMLS2
and FMLS4 groups were significantly lower than those on each group’s non-deviation side.
Compared to those of the CON2 and CON4 groups, the mean CSA increased significantly
on the non-deviation side and decreased significantly on the deviation side in both the
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FMLS2 and FMLS4 groups. In the REC2 group, the mean CSA was similar on both sides,
with no significant difference being found upon comparison with the mean CSA in the
CON4 group (Figure 3).
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Figure 3. Effect of FMLS on fiber size. (a) Mean CSA of the MM (n = 7). (b) Mean CSA of the MM
(n = 7) on the deviation and non-deviation sides. (c) Mean CSA of the TM (n = 7). (d) Mean CSA
of the TM (n = 7) on the deviation and non-deviation sides. FMLS, functional mandibular lateral
shift; CSA, cross-sectional area; MM, masseter muscle; TM, temporalis muscle; NS, not significant.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.3. Effect of FMLS on MHC Fiber Types

For each side, three distinct fields per muscle sample were imaged at 200× magni-
fication and used to determine the percentage of type I fibers, which were stained dark
brown; type IIa fibers, which were stained light brown; and type IIb fibers, which were
stained intermediate brown (Figure 4a). Type I fibers were observed in the TM, though they
were not observed in the MM. In the MM, the proportions of type IIa fibers found on the
deviation side in the FMLS2 and FMLS4 groups were significantly lower than those on the
non-deviation side and in the CON2 and CON4 groups. Meanwhile, the proportion of type
IIa fibers on the non-deviation side increased significantly, with concomitant reduction
in type IIb fibers relative to the changes in the controls. In the REC2 group, compared
to the FMLS4 group, the proportion of type IIa fibers on the deviation side significantly
increased, reaching a level similar to that in the CON4 group. However, there were no
significant differences in the proportions of type IIa and type IIb fibers between the two
sides in the REC2 group. In the TM, in addition to the analogous alteration of type IIa fibers,
no significant difference in the proportion of type I fibers was observed. Changes in the
composition of the MHC isoforms in the MM and TM demonstrate that FMLS initiated a
fiber-type slow-to-fast transition on the deviation side and a fast-to-slow transition on the
non-deviation side. Additionally, the proportions of type IIa and type IIb fibers in the REC2
group tended to recover to the CON4 control level upon reversal of FMLS (Figure 4b).



Biomedicines 2023, 11, 2126 7 of 14

3.4. IHC Staining for IGF-1 and GDF-8

To investigate the possible molecular signaling pathways involved in FMLS-induced
muscle atrophy, hypertrophy, and fiber-type transition, the protein expression of IGF-1 and
GDF-8, which are the main positive and negative regulators of muscle growth, was studied
through IHC staining. The average optical density (AOD) of the positive area for each factor
was semi-quantified to evaluate the level of protein expression, and three non-overlapping
high-magnification fields per sample were randomly selected and evaluated. There was
enhanced IGF-1 immunoreactivity in the MM and TM sections on the non-deviation side in
the FMLS2 and FMLS4 groups. The AODs of IGF-1 in the MM and TM on the deviation
side were significantly lower than those on the non-deviation side in the FMLS2 and
FMLS4 groups. However, in the REC2 group, the AOD of IGF-1 on the deviation side
was significantly greater than that in the FMLS4 group. In contrast, as one of the main
negative regulators, GDF-8 immunoreactivity was enhanced in the MM and TM sections
from the deviation side in the FMLS2 and FMLS4 groups, while it was enhanced from the
non-deviation side in the REC2 group. The AODs of GDF-8 in the MM and TM on the
non-deviation side in the FMLS2 and FMLS4 groups were significantly lower than those on
the deviation side or in the control and REC2 groups. The protein expression of GDF-8 was
upregulated on the deviation side, though it was downregulated on the non-deviation side,
compared to the control groups, which is opposite to the trend of IGF-1 protein expression.
Furthermore, the trend in the AOD of IGF-1 and GDF-8 in the REC2 group was opposite to
that in the FMLS4 group (Figures 5 and 6).
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Figure 4. Effect of FMLS on MHC fiber types. (a) Representative images of ATPase activity staining
of the MM and TM in each group. (b) MHC fiber-type proportions in the MM and TM. Scale bar
represents 100 µm. ATPase, adenosine triphosphatase; MHC, myosin heavy chain; FMLS, functional
mandibular lateral shift; MM, masseter muscle; TM, temporalis muscle; NS, not significant. * p < 0.05,
** p < 0.01, **** p < 0.0001.
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Figure 5. Immunohistochemical staining for IGF-1. (a) Representative images of IHC staining for
IGF-1 in each group. (b) AOD of the area that was positively stained for IGF-1 in the MM and TM.
Scale bar represents 100 µm. IGF-1, insulin-like growth factor-1; AOD, average optical density; MM,
masseter muscle; TM, temporalis muscle; NS, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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Figure 6. Immunohistochemical staining for GDF-8. (a) Representative images of IHC staining for
GDF-8 in each group. (b) AOD of the area that was positively stained for GDF-8 in the MM and TM.
Scale bar represents 100 µm. GDF-8, growth differentiation factor-8; AOD, average optical density;
MM, masseter muscle; TM, temporalis muscle; NS, not significant. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

3.5. RT-qPCR for IGF-1 and GDF-8

To more accurately determine the effect of FMLS on the regulation of related genes,
the corresponding mRNA expression of IGF-1 and GDF-8 was measured using RT-qPCR.
In the FMLS2 and FMLS4 groups, IGF-1 mRNA expression on the non-deviation side was
significantly upregulated 2.4- and 1.7-fold (MM) and 2.7- and 1.5-fold (TM), respectively,
compared to that in the control group. In the FMLS4 group, IGF-1 mRNA expression
on the deviation side was significantly downregulated 0.5-fold in both the MM and TM.
Consistent with the IHC findings, IGF-1 mRNA expression in the TM on the deviation
side in the REC2 group increased 1.4-fold, and it was significantly higher than that on
the non-deviation side. Following 2- and 4-week FMLS, GDF-8 mRNA expression on the
deviation side was significantly enhanced 1.8- and 2.2-fold, respectively, in the MM and 3.3-
and 1.7-fold, respectively, in the TM. Conversely, on the non-deviation side in the FMLS2
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and FMLS4 groups, GDF-8 mRNA expression was significantly downregulated, falling
0.5- and 0.7-fold, respectively, in the MM and 0.7- and 0.8-fold, respectively, in the TM.
Following a 2-week recovery period after removing the FMLS appliances, GDF-8 mRNA
expression in both the ipsilateral MM and TM in the REC2 group decreased to a level
equal to that in the CON4 group, though it significantly increased in the contralateral TM
compared to the control group (Figures 7 and 8).
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expression of IGF-1 in the MM (n = 7) on the deviation and non-deviation sides. (c) Relative
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deviation and non-deviation sides. RT-qPCR, reverse transcription polymerase chain reaction; IGF-1,
insulin-like growth factor-1; MM, masseter muscle; TM, temporalis muscle; NS, not significant.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Biomedicines 2023, 11, 2126 10 of 14

4. Discussion

In this study, an appliance was designed to induce FMLS in growing rats by enabling
the mandible to laterally deviate at an optical distance of approximately 2 mm, which has
been verified in other studies regarding its effectiveness [23,26–29]. The FMLS appliance
can be stably maintained for a considerable period (≥4 weeks) and harmlessly withdrawn
to allow tissue recovery. In the present study, no significant difference in body weight or
daily food consumption was observed among the groups, suggesting that the 2-millimeter
mandibular shift did not cause nutritional concern. The experimental period was set to
include the peak growth of masticatory muscles from a histological perspective, which
extended from early puberty (5 weeks of age) to young adulthood (9 weeks of age) [30,31].
Hence, this experimental model enabled the evaluation of FMLS’ effects on the MM and
TM during the rapid growth phase.

Muscle atrophy and hypertrophy, in terms of muscle mass and fiber size, occur in
response to mechanical stimuli, as shown in past studies that used several in vivo and
in vitro experimental models [32–34]. This study demonstrated the effects of FMLS on the
two main masticatory muscles, i.e., MM and TM [35]. We observed remarkable changes
in the wet weight and fiber CSA of the muscles on both sides in the experimental groups.
With a significant difference between the deviation and non-deviation sides of the FMLS
compared to age-matched control groups, FMLS tended to cause muscle atrophy on the
deviation side and muscle hypertrophy on the non-deviation side. The REC2 group showed
that early recovery from FMLS suppressed the FMLS-triggered growth and reduction in
muscle mass and fiber size. As such, this study has shown, for the first time using an
animal model, the effects of FMLS on masticatory muscles after recovery.

Mechanical stimulus is a primary variable that regulates the growth and development
of skeletal muscles [36–38]. In the present study, FMLS may have promoted an active
adaptive response on both sides by inducing mechanical stress and environmental stimuli.
A previous study of condylar modifications in an FMLS rat model showed asymmetric
morphological changes in the condyle, indicating that the contralateral side experienced
larger loads (tensile forces and shear stress) [23,39]. This notion is further supported by the
current findings, as the contralateral muscles in the FMLS groups exhibited a significant
increase in wet weight and fiber CSA compared to those in the control groups, whereas
the ipsilateral MM and TM maintained a smaller size. The contralateral side was loaded
with more compressive forces via FMLS when the rats closed their mouths, which was
similar to those forces experienced during incising. Moreover, considering the asymmetric
mandibular ramus height observed in previous FMLS animal models [40], together with
the fact that different distances between muscle attachment sites lead to the stimulation or
inhibition of muscle growth [41], we postulate that a longer ramus on the non-deviation
side has a positive impact on muscle hypertrophy. Thus, the masticatory muscles alter and
adapt to asymmetric changes in the mandible and condylar cartilage during FMLS. Muscle
atrophy and lower contraction forces on the deviation side, which act as manifestations of
the self-adaptability of living organisms, hinder the progression of the lateral shift and its
side effects.

The fiber compositions of skeletal muscles are prenatally pre-programmed, though
they can be altered and refined based on post-natal environmental factors and functional
requirements [42,43]. The presence of multiple MHC isoforms is the key to understanding
the extraordinary flexibility of skeletal muscles and their ability to adapt to a wide range
of functional requirements [44,45]. This observation also justifies ATPase activity staining
being performed in the present study to evaluate masticatory muscle adaptation during
FMLS. We observed a tendency for a fast-to-slow transition of the masticatory muscle
fibers on the non-deviation side in response to FMLS. With a lower muscle mass and
smaller CSA, fibers on the deviation side had fewer type IIa oxidative fibers than those
on the non-deviation side and in the control groups. The reduction in oxidative type IIa
fibers indicates that the animals less frequently utilized their muscles [46]. In agreement
with the finding that the ipsilateral muscle mass and fiber size decreased compared to the
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control level, the idea was further supported by the fact that masticatory muscles on the
deviation side experienced reduced mechanical stimulus and eventually developed lower
muscle activity.

To better elucidate the potentially related mechanisms, IHC staining and RT-qPCR
were performed to explore the effects of FMLS on IGF-1 and GDF-8, which are involved
in primary muscle hypertrophic and atrophic signaling, respectively [47,48]. The present
results indicate that FMLS-induced muscle hypertrophy may be associated with augmented
IGF-1 expression and inhibited GDF-8 expression in the MM and TM on the non-deviation
side. This finding is consistent with the results of a previous in vitro investigation that
reported an association between enhanced IGF-1 gene expression and a marked increase in
muscle mass and fast-to-slow fiber-type transition [49]. The present results also corroborate
the findings of previous studies, which suggested that GDF-8 and IGF-1 are negative and
positive regulators of growth and proliferation in rat MM, respectively. Therefore, by
combining the findings of the present and previous studies, it can be logically assumed
that the asymmetric bilateral masticatory muscle changes in the experimental groups may
be correlated with IGF-1 and GDF-8 regulation. More importantly, the early removal of the
FMLS appliance in the REC2 group appeared to attenuate the FMLS-induced effects on
IGF-1 and GDF-8 expression, which may account for the reversible changes and potential
adaptation of the MM and TM. However, significant differences in GDF-8 expression
between the deviation and non-deviation sides in the MM and TM and IGF-1 expression in
the TM in the REC2 group were retained. Compared to the CON4 group, GDF-8 expression
on the non-deviation side was significantly enhanced in the REC2 group, as it appears that
even after the removal of the FMLS appliance for 2 weeks, the normal level of related gene
expression was not immediately reached. Studies using a novel group with an extended
period of recovery may provide further evidence in this regard.

From a clinical perspective, functional adaptation and soft tissue regeneration after
orthodontic treatment are important components of healing and rehabilitation. Indeed,
certain parallels exist in the histopathological characteristics of TMJ between rats and
humans, including the articular disc and capsule and the thick MM [50]. Based on these
similarities, researchers have attempted to demonstrate the importance of early orthodontic
treatment from different perspectives. Wattanachai et al. [26] and Kure-Hattori et al. [27]
observed asymmetric changes in the proliferation and expression of lubricin in the bilateral
condylar cartilage. Further, Yang et al. [23], Guo et al. [28], and Sato et al. [29] suggested
that early treatment is necessary for normal growth and morphological corrections of TMJ,
with this finding being indicative of mounting evidence that untreated crossbites can cause
permanent developmental alterations, making it crucial that patients received treatment
at an early age. Our study, which used the rat FMLS model for the first time to examine
the changes in masticatory muscles, further demonstrates that FMLS can initiate adaptive
changes in the MM and TM, while early elimination of this mechanical stimulus can aid
reversion to normal conditions.

Overall, it is reasonable to assume that skeletal, joint, and muscle adaptations due to
FMLS occur at an early developmental stage. Once these reversible adaptations become
permanent in adulthood, a combined orthodontic and surgical approach may be necessary
to achieve reversal [5,6]. Thus, appropriate orthodontic treatment should be administered
early in the growth phase to realize the potential advantages of correcting malocclusion
related to FMLS.

5. Conclusions

The present findings demonstrate that FMLS-induced changes in the MM and TM
are reversible and tend to return to the baseline condition upon early elimination of FMLS
during the growth period. This finding emphasizes the importance of early orthodontic
treatment, as it helps patients to achieve balanced development of masticatory muscles.
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14. Woźniak, K.; Szyszka-Sommerfeld, L.; Lichota, D. The electrical activity of the temporal and masseter muscles in patients with
TMD and unilateral posterior crossbite. Biomed. Res. Int. 2015, 2015, 259372. [CrossRef]

15. Lenguas, L.; Alarcón, J.A.; Venancio, F.; Kassem, M.; Martín, C. Surface electromyographic evaluation of jaw muscles in children
with unilateral crossbite and lateral shift in the early mixed dentition. Sexual dimorphism. Med. Oral Patol. Oral Cir. Bucal 2012,
17, e1096–e1102. [CrossRef] [PubMed]

16. Tsanidis, N.; Antonarakis, G.S.; Kiliaridis, S. Functional changes after early treatment of unilateral posterior cross-bite associated
with mandibular shift: A systematic review. J. Oral Rehabil. 2016, 43, 59–68. [CrossRef]

17. Maffei, C.; Garcia, P.; de Biase, N.G.; Camargo, E.d.S.; Vianna-Lara, M.S.; Grégio, A.M.T.; Azevedo-Alanis, L.R. Orthodontic
intervention combined with myofunctional therapy increases electromyographic activity of masticatory muscles in patients with
skeletal unilateral posterior crossbite. Acta Odontol. Scand. 2014, 72, 298–303. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ajodo.2008.09.029
https://doi.org/10.1590/0103-6440201300003
https://doi.org/10.1016/j.ajodo.2010.06.018
https://doi.org/10.2319/080414-542.1
https://www.ncbi.nlm.nih.gov/pubmed/25867255
https://www.ncbi.nlm.nih.gov/pubmed/16202196
https://doi.org/10.1002/14651858.CD000979.pub3
https://doi.org/10.1179/1465312512Z.00000000041
https://doi.org/10.2319/022011-122.1
https://www.ncbi.nlm.nih.gov/pubmed/21591969
https://doi.org/10.1093/ejo/cjt024
https://doi.org/10.2319/101105-360
https://www.ncbi.nlm.nih.gov/pubmed/17605503
https://doi.org/10.1016/j.radcr.2022.09.031
https://doi.org/10.1093/ejo/cjy019
https://doi.org/10.1155/2015/259372
https://doi.org/10.4317/medoral.17942
https://www.ncbi.nlm.nih.gov/pubmed/22926468
https://doi.org/10.1111/joor.12335
https://doi.org/10.3109/00016357.2013.824606
https://www.ncbi.nlm.nih.gov/pubmed/24255961


Biomedicines 2023, 11, 2126 13 of 14

18. Piancino, M.G.; Falla, D.; Merlo, A.; Vallelonga, T.; de Biase, C.; Dalessandri, D.; Debernardi, C. Effects of therapy on masseter
activity and chewing kinematics in patients with unilateral posterior crossbite. Arch. Oral Biol. 2016, 67, 61–67. [CrossRef]
[PubMed]

19. Galbiati, G.; Maspero, C.; Giannini, L.; Tagliatesta, C.; Farronato, G. Functional evaluation in young patients undergoing
orthopedical interceptive treatment. Minerva Stomatol. 2016, 65, 276–283.

20. Martín, C.; Palma, J.C.; Alamán, J.M.; Lopez-Quiñones, J.M.; Alarcón, J.A. Longitudinal evaluation of sEMG of masticatory
muscles and kinematics of mandible changes in children treated for unilateral cross-bite. J. Electromyogr. Kinesiol. 2012, 22,
620–628. [CrossRef]

21. Liu, C.; Kaneko, S.; Soma, K. Glenoid fossa responses to mandibular lateral shift in growing rats. Angle Orthod. 2007, 77, 660–667.
[CrossRef] [PubMed]

22. Nakano, H.; Maki, K.; Shibasaki, Y.; Miller, A.J. Three-dimensional changes in the condyle during development of an asymmetrical
mandible in a rat: A microcomputed tomography study. Am. J. Orthod. Dentofac. Orthop. 2004, 126, 410–420. [CrossRef] [PubMed]

23. Yang, W.; Podyma-Inoue, K.A.; Yonemitsu, I.; Watari, I.; Ikeda, Y.; Guo, X.; Watabe, T.; Ono, T. Mechanoresponsive and lubricating
changes of mandibular condylar cartilage associated with mandibular lateral shift and recovery in the growing rat. Clin. Oral
Investig. 2020, 24, 3547–3557. [CrossRef] [PubMed]

24. Wu, M.; Lin, X.; Gu, Z.; Xu, T.; Liu, L.; Zhou, Y. Mandibular lateral shift induces the increased expression of TGF-β, VEGF,
and Col-II in the condyle of rat temporomandibular joints. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2012, 114, S167–S173.
[CrossRef]
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Roganović, J. Mandibular lateral deviation induces alteration in vascular endothelial growth factor expression and oxidative
stress/nitric oxide generation in rat condyle, synovial membrane and masseter muscle. Arch. Oral Biol. 2020, 110, 104599.
[CrossRef]

26. Wattanachai, T.; Yonemitsu, I.; Kaneko, S.; Soma, K. Functional lateral shift of the mandible effects on the expression of ECM in
rat temporomandibular cartilage. Angle Orthod. 2009, 79, 652–659. [CrossRef]

27. Kure-Hattori, I.; Watari, I.; Takei, M.; Ishida, Y.; Yonemitsu, I.; Ono, T. Effect of functional shift of the mandible on lubrication of
the temporomandibular joint. Arch. Oral Biol. 2012, 57, 987–994. [CrossRef]

28. Guo, X.; Watari, I.; Ikeda, Y.; Yang, W.; Ono, T. Effect of functional lateral shift of the mandible on hyaluronic acid metabolism
related to lubrication of temporomandibular joint in growing rats. Eur. J. Orthod. 2020, 42, cjaa012. [CrossRef]

29. Sato, C.; Muramoto, T.; Soma, K. Functional lateral deviation of the mandible and its positional recovery on the rat condylar
cartilage during the growth period. Angle Orthod. 2006, 76, 591–597. [CrossRef]

30. Miyata, H.; Sugiura, T.; Wada, N.; Kawai, Y.; Shigenaga, Y. Morphological changes in the masseter muscle and its motoneurons
during postnatal development. Anat. Rec. 1996, 244, 520–528. [CrossRef]

31. Uchiyama, S.; Tamaki, T.; Nakano, S. A study of absolute and relative growth on rat skeletal muscle. Nihon Seirigaku Zasshi 1994,
56, 7–16. [PubMed]

32. Ato, S.; Kido, K.; Sase, K.; Fujita, S. Response of resistance exercise-induced muscle protein synthesis and skeletal muscle
hypertrophy are not enhanced after disuse muscle atrophy in rat. Front. Physiol. 2020, 11, 469. [CrossRef]

33. Ziemkiewicz, N.; Au, J.; Chauvin, H.M.; Garg, K. Electrically stimulated eccentric contraction training enhances muscle mass,
function, and size following volumetric muscle loss. J. Orthop. Res. 2023. online ahead of print. [CrossRef]

34. Roberts, M.D.; McCarthy, J.J.; Hornberger, T.A.; Phillips, S.M.; Mackey, A.L.; Nader, G.A.; Boppart, M.D.; Kavazis, A.N.; Reidy,
P.T.; Ogasawara, R.; et al. Mechanisms of mechanical overload-induced skeletal muscle hypertrophy: Current understanding and
future directions. Physiol. Rev. 2023. online ahead of print. [CrossRef]

35. Cox, P.G.; Jeffery, N. Reviewing the morphology of the jaw-closing musculature in squirrels, rats, and guinea pigs with contrast-
enhanced microCT. Anat. Rec. 2011, 294, 915–928. [CrossRef]

36. Wisdom, K.M.; Delp, S.L.; Kuhl, E. Use it or lose it: Multiscale skeletal muscle adaptation to mechanical stimuli. Biomech. Model.
Mechanobiol. 2015, 14, 195–215. [CrossRef] [PubMed]

37. Olsen, L.A.; Nicoll, J.X.; Fry, A.C. The skeletal muscle fiber: A mechanically sensitive cell. Eur. J. Appl. Physiol. 2019, 119, 333–349.
[CrossRef]

38. Wackerhage, H.; Schoenfeld, B.J.; Hamilton, D.L.; Lehti, M.; Hulmi, J.J. Stimuli and sensors that initiate skeletal muscle
hypertrophy following resistance exercise. J. Appl. Physiol. 2019, 126, 30–43. [CrossRef]

39. Teramoto, M.; Kaneko, S.; Shibata, S.; Yanagishita, M.; Soma, K. Effect of compressive forces on extracellular matrix in rat
mandibular condylar cartilage. J. Bone Miner. Metab. 2003, 21, 276–286. [CrossRef]

40. Zou, Y.; Lin, H.; Cai, J.; Xie, Q.; Chen, W.; Lu, Y.G.; Xu, L. Effects of functional mandibular lateral shift on craniofacial growth and
development in growing rats. J. Oral Rehabil. 2022, 49, 915–923. [CrossRef] [PubMed]

41. Edwards, M.H.; Gregson, C.L.; Patel, H.P.; Jameson, K.A.; Harvey, N.C.; Sayer, A.A.; Dennison, E.M.; Cooper, C. Muscle size,
strength, and physical performance and their associations with bone structure in the Hertfordshire Cohort Study. J. Bone Miner.
Res. 2013, 28, 2295–2304. [CrossRef] [PubMed]

42. Sano, R.; Tanaka, E.; Korfage, J.A.; Langenbach, G.E.; Kawai, N.; van Eijden, T.M.; Tanne, K. Heterogeneity of fiber characteristics
in the rat masseter and digastric muscles. J. Anat. 2007, 211, 464–470. [CrossRef]

https://doi.org/10.1016/j.archoralbio.2016.03.013
https://www.ncbi.nlm.nih.gov/pubmed/27031304
https://doi.org/10.1016/j.jelekin.2012.01.002
https://doi.org/10.2319/062806-263.1
https://www.ncbi.nlm.nih.gov/pubmed/17605490
https://doi.org/10.1016/j.ajodo.2004.04.016
https://www.ncbi.nlm.nih.gov/pubmed/15470344
https://doi.org/10.1007/s00784-020-03225-4
https://www.ncbi.nlm.nih.gov/pubmed/32034544
https://doi.org/10.1016/j.oooo.2011.11.024
https://doi.org/10.1016/j.archoralbio.2019.104599
https://doi.org/10.2319/080808-417.1
https://doi.org/10.1016/j.archoralbio.2012.01.006
https://doi.org/10.1093/ejo/cjaa012
https://doi.org/10.1043/0003-3219(2006)076[0591:FLDOTM]2.0.CO;2
https://doi.org/10.1002/(SICI)1097-0185(199604)244:4&lt;520::AID-AR10&gt;3.0.CO;2-R
https://www.ncbi.nlm.nih.gov/pubmed/8158560
https://doi.org/10.3389/fphys.2020.00469
https://doi.org/10.1002/jor.25591
https://doi.org/10.1152/physrev.00039.2022
https://doi.org/10.1002/ar.21381
https://doi.org/10.1007/s10237-014-0607-3
https://www.ncbi.nlm.nih.gov/pubmed/25199941
https://doi.org/10.1007/s00421-018-04061-x
https://doi.org/10.1152/japplphysiol.00685.2018
https://doi.org/10.1007/s00774-003-0421-y
https://doi.org/10.1111/joor.13341
https://www.ncbi.nlm.nih.gov/pubmed/35583904
https://doi.org/10.1002/jbmr.1972
https://www.ncbi.nlm.nih.gov/pubmed/23633238
https://doi.org/10.1111/j.1469-7580.2007.00783.x


Biomedicines 2023, 11, 2126 14 of 14

43. Kawai, N.; Sano, R.; Korfage, J.A.; Nakamura, S.; Tanaka, E.; van Wessel, T.; Langenbach, G.E.; Tanne, K. Functional characteristics
of the rat jaw muscles: Daily muscle activity and fiber type composition. J. Anat. 2009, 215, 656–662. [CrossRef] [PubMed]

44. Botzenhart, U.U.; Gredes, T.; Gerlach, R.; Zeidler-Rentzsch, I.; Gedrange, T.; Keil, C. Histological features of masticatory muscles
after botulinum toxin A injection into the right masseter muscle of dystrophin deficient (mdx-) mice. Ann. Anat. 2020, 229, 151464.
[CrossRef] [PubMed]

45. Spassov, A.; Gredes, T.; Gedrange, T.; Lucke, S.; Morgenstern, S.; Pavlovic, D.; Kunert-Keil, C. Differential expression of myosin
heavy chain isoforms in the masticatory muscles of dystrophin-deficient mice. Eur. J. Orthod. 2011, 33, 613–619. [CrossRef]

46. Plotkin, D.L.; Roberts, M.D.; Haun, C.T.; Schoenfeld, B.J. Muscle fiber type transitions with exercise training: Shifting perspectives.
Sports 2021, 9, 127. [CrossRef]

47. Schiaffino, S.; Mammucari, C. Regulation of skeletal muscle growth by the Igf1-Akt/PKB pathway: Insights from genetic models.
Skelet. Muscle 2011, 1, 4. [CrossRef]

48. Carnac, G.; Vernus, B.; Bonnieu, A. Myostatin in the pathophysiology of skeletal muscle. Curr. Genom. 2007, 8, 415–422. [CrossRef]
49. Yang, H.; Alnaqeeb, M.; Simpson, H.; Goldspink, G. Changes in muscle fibre type, muscle mass and IGF-I gene expression in

rabbit skeletal muscle subjected to stretch. J. Anat. 1997, 190, 613–622. [CrossRef]
50. Porto, G.G.; Vasconcelos, B.C.; Andrade, E.S.; Silva-Junior, V.A. Comparison between human and rat TMJ: Anatomic and

histopathologic features. Acta Cir. Bras. 2010, 25, 290–293. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/j.1469-7580.2009.01152.x
https://www.ncbi.nlm.nih.gov/pubmed/19811563
https://doi.org/10.1016/j.aanat.2020.151464
https://www.ncbi.nlm.nih.gov/pubmed/31978572
https://doi.org/10.1093/ejo/cjq113
https://doi.org/10.3390/sports9090127
https://doi.org/10.1186/2044-5040-1-4
https://doi.org/10.2174/138920207783591672
https://doi.org/10.1046/j.1469-7580.1997.19040613.x
https://doi.org/10.1590/s0102-86502010000300012

	Introduction 
	Materials and Methods 
	Experimental Model of FMLS 
	Tissue Preparation 
	ATPase Activity Staining 
	IHC Staining 
	RT-qPCR 
	Statistical Analyses 

	Results 
	FMLS Rat Model 
	Effect of FMLS on Wet Weight and CSA of Muscles 
	Effect of FMLS on MHC Fiber Types 
	IHC Staining for IGF-1 and GDF-8 
	RT-qPCR for IGF-1 and GDF-8 

	Discussion 
	Conclusions 
	References

