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Effects of unilateral nasal obstruction on the characteristics of

jaw-closing muscles in growing rats

Huan Tanga; Ikuo Yonemitsub; Yuhei Ikedac; Kenzo Watakabea; Shunichi Shibatad;
Jun Hosomichie; Takashi Onof

ABSTRACT
Objectives: Mouth breathing caused by nasal obstruction (owing to abnormal pressure of
masticatory muscles) affects craniofacial growth and development. The influence of unilateral nasal
obstruction on jaw-closing muscles was investigated in rats to reveal one of the etiologic
mechanisms.
Materials and Methods: Forty 8-day-old male Wistar rats were used in this study. Experimental
rats were subjected to left-sided nasal obstruction by burning the external nostril tissue at the age of
8 days. Pulse oxygen saturation was recorded each week. Morphologic changes were evaluated by
staining with hematoxylin and eosin (to assess the cross-sectional area) and by adenosine
triphosphatase activity staining (to assess the myosin heavy chain isoform composition).
Immunohistochemical and reverse transcription quantitative real-time polymerase chain reaction
analyses of tumor necrosis factor-a and glucose transporter 4 were carried out at 5 and 9 weeks of
age.
Results: The cross-sectional area of the jaw-closing muscles was lower in the experimental group
at 9 weeks of age. The percentage of myosin heavy chain-2a in masseter muscles was increased
in the experimental group compared with the control group. An increase in the tumor necrosis
factor-a messenger RNA and protein levels and a decrease in the glucose transporter 4 messenger
RNA and protein levels at 5 and 9 weeks of age in the jaw-closing muscles in the experimental
group were noted.
Conclusions: Unilateral nasal obstruction could affect the morphology and contractile character-
istics of jaw-closing muscles during growth in rats. (Angle Orthod. 2019;89:102–110.)

KEY WORDS: Unilateral nasal obstruction; Jaw-closing muscle; Tumor necrosis factor-a (TNF-a);
Glucose transporter 4 (GLUT4); Myosin heavy chain (MHC)

INTRODUCTION

The relationship between mouth breathing and

craniofacial morphology has been studied for de-

cades.1–3 Chronic nasal obstruction followed by mouth
breathing is a nonspecific condition that can occur in

rhinosinusitis, allergic rhinitis, and adenoid hypertro-

phy. It results in a backward and downward rotation of

the mandible, an increase in the mandibular plane
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angle, augmentation of the anterior lower vertical facial
height, and reduction of the posterior facial height.1,3,4 It
has been shown that nasal obstruction decreases the
skull base along the longitudinal axis and inhibits
vertical development in the nasomaxillary complex in
rats.5 Clinical studies have shown that nasal obstruc-
tion followed by oral respiration decreases masseter
electromyographic (EMG) activity and increases su-
prahyoid EMG activity.6 Additionally, a reduction of
masseter EMG activity followed by injection of botuli-
num toxin reduces the size of muscle fibers and
induces conversion of fiber types.7

Myosin heavy chain (MHC) composition is associated
with the contractile properties of muscles. Adult skeletal
muscles contain three types of MHC: 1 (slow), 2a (fast),
and 2b (fast).8 With regard to fast fibers, MHC-2b
exhibits faster shortening velocity, generates a greater
maximum specific force, and has lower fatigue resis-
tance than MHC-2a.9 The MHC isoforms include fast-
and slow-twitch isoforms. Hence, adaptations in muscle
force can occur in response to altered requirements due
to changes in environmental conditions, such as
hormone levels, occlusal force, and hypergravity.10

Tumor necrosis factor-a (TNF-a) is synthesized by
skeletal muscle myocytes and was shown to play a role
as an endogenous mediator to influence muscle growth
and adaptation via paracrine and autocrine effects.11

TNF-a expression in skeletal muscles influences muscle
metabolism via three general actions: promoting catab-
olism (protein loss and insulin resistance), inhibiting
contraction, and modulating myogenesis.12,13 The my-
ogenetic potency of TNF-a is evident from animal studies
showing that TNF-a induced a reduction in contractile
function.14 Glucose transporter 4 (GLUT4) in skeletal
muscles was shown to be an important glucose-
transporter isoform that plays a major part in insulin-
and contraction-stimulated glucose transport.15 A nega-
tive impact on muscle regeneration occurred if the
GLUT4 pathway was impaired.16 Extrapolating these
findings, TNF-a and GLUT4 could be markers of the
muscle contractile properties and adaptation of muscles.

In the current study, histologic and histochemical
approaches were used to explore the influence of nasal
obstruction on the morphologic changes and character-
istics of jaw-closing muscles in growing rats. Obvious
advantages of a histochemical approach are high
sensitivity and direct evidence of functional changes in
protein levels at qualitative and quantitative levels.

MATERIALS AND METHODS

Animal Model

The study protocol was approved by the Animal
Welfare Committee of Tokyo Medical and Dental
University (No. 0170370A, Tokyo, Japan).

Forty male Wistar rat pups were divided randomly
into experimental and control groups (n ¼ 20 each).
At 8 days of age, the rat pups were placed first in a
chamber at –188C for 10 minutes to anesthetize them
by hypothermia. After confirming that the tempera-
ture of the external nostril was decreased sufficiently,
experimental group rats were subjected to left-sided
nasal obstruction by burning the tissue surrounding
the external nostril using a surgical instrument
(Hakko Red; Hakko Corporation, Osaka, Japan).This
approach did not cause mechanical/chemical dam-
age to the olfactory mucosa and is the most common
and simplest procedure for neonatal animals.4 A
sham operation was undertaken by placing a
cauterizing device approximately 1–2 mm above
the external nostril on the left side in the control
group.17 After cauterization, 3% chlortetracycline
(Aureomycin Ointment; Pola Pharma, Tokyo, Japan)
was used to prevent infection. The body weight of
the rats was measured each week throughout the
experimental period. A mouse pulse oximeter
(MouseOX; STARR Life Sciences, Oakmont, Pa)
was used while administering 4% isoflurane (inhala-
tion anesthetic) (SFMBX1; DS Pharma Biomedical,
Osaka, Japan) to measure pulse oxygen saturation
(SpO2) each week.18

Muscle Sampling and Tissue Preparation

Rats were euthanized according to a standard CO2/
O2 protocol at 5 and 9 weeks of age (n¼ 10 per group
per time point). After euthanasia, the bilateral superfi-
cial masseter, deep masseter, medial temporalis, and
tibialis anterior (reference) muscles were dissected
from their attachment sites. After collection, the
muscles were trimmed and samples obtained from
the muscle belly. The muscles were frozen directly in
optimal cutting temperature embedding compound
(Tissue-Tek II; Miles Laboratories, Naperville, Ill). For
each muscle type, transverse sections were cut using
a cryomicrotome (CM3500; Leica Microsystems, Nus-
sloch, Germany). Then, sections were subjected to
staining with hematoxylin and eosin (to assess the
mean cross-sectional area [CSA]) and to adenosine
triphosphatase (ATPase) activity staining (to assess
MHC composition), in addition to immunohistochemical
(IHC) analyses of TNF-a and GLUT4. Image J
(National Institutes of Health, Bethesda, Md) was used
to measure the CSA of muscles.

ATPase Activity Staining

ATPase activity staining was performed according
to a standard protocol that was described previously.19

Slides were first preincubated (0.1 M barbital acetate
and 0.1 M HCl, adjusted to pH 4.6) for 5 minutes, and
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then rinsed with a substrate solution (0.18 M calcium

chloride and 0.1 M sodium barbital, adjusted to pH

9.4). Slides were incubated in an adenosine triphos-

phate solution (0.18 M calcium chloride, 0.1 M sodium

barbital and 60 mg adenosine triphosphate powder) at

pH 9.4 for 45 minutes. Then, slides were washed

three times with 1% calcium chloride solution for 10

minutes each, incubated with 2% cobalt chloride for 3

minutes, washed five times with 5 mM sodium barbital

solution, and rinsed with water for 2 minutes. Finally,

slides were incubated with 1% ammonium sulfide for 1

minute and rinsed with water five times. Sections were

observed under an optical microscope (NIS-Element;

Nikon, Tokyo, Japan) and the fiber types identified to

calculate the percentage of each type.

IHC Analyses of TNF-a and GLUT4

After rinsing in phosphate-buffered saline (PBS),

sections were treated with 0.3% hydrogen peroxide

for 30 minutes. Then, sections were blocked with 3%

bovine serum albumin for 30 minutes. After rinsing

with PBS, sections were incubated with goat anti-

rabbit GLUT-4 primary antibody (Abcam, Cambridge,

United Kingdom) and goat anti-rabbit TNF-a primary

antibody (Abcam) overnight at 48C. Slides were

incubated with biotinylated universal secondary anti-

body (Vectastain Universal Quick Kit, Vector Labora-

tories, Burlingame, Calif) for 30 minutes at room

temperature after washing thrice with PBS. Immuno-

reactive sites were visualized with 0.03% 3,3-diami-

nobenzidine (ImmPACT DAB, SK4105; Vector

Laboratories). Sections were observed under an

optical microscope, and five non-overlapping high-

magnification fields were selected.

Reverse Transcription Quantitative Real-Time
Polymerase Chain Reaction

The total RNA of samples from the superficial
masseter, deep masseter, medial temporalis, and
tibialis anterior muscles were isolated based on
manufacturer instructions using a PureLink FFPE Total
RNA Isolation Kit (Invitrogen, Carlsbad, Calif).20,21

Isolated total RNA was reverse-transcribed into com-
plementary DNA with random primers using High-
Capacity cDNA Reverse Transcription Kits (Applied
Biosystems, Foster City, Calif). For each sample, a
TaqMan polymerase chain reaction (PCR) assay
(TaKaRa Biotechnology, Shiga, Japan) of each target
gene (TNF-a and GLUT4) and control gene (actin) was
undertaken in triplicate using a 7500 Real-Time PCR
system (Applied Biosystems). PCR was carried out
with a fluorescently labeled TaqMan Probe (TaKaRa
Biotechnology) and gene-specific primers.

Statistical Analyses

Two-way analysis of variance was used for inter-
group and intragroup analyses of SpO2. The Student’s
t-test was conducted for other comparisons between
the two groups using SPSS version 20.0 (IBM,
Armonk, NY). P , .05 was considered significant.

RESULTS

Body Weight and SpO2

The body weight of all rats increased in a normal
manner throughout the experimental period. There
were no significant differences at any stage between
the rats in each group (Figure 1). In the control group,
SpO2 decreased from the age of 8 days to 5 weeks,
reached approximately 95%, then remained stable until

Figure 1. Changes in the body weight of rats during the experimental

period. Abbreviations: Cont, control group; Exp, experimental group.

Figure 2. Pulse oxygen saturation (SpO2) * P , .05. Abbreviations:

Cont, control group; Exp, experimental group.
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9 weeks of age. In contrast, SpO2 decreased until the

rats were 7 weeks old, reached approximately 93%,

then remained stable until 9 weeks of age in the

experimental group. From 3 weeks of age, the SpO2 in

the experimental group was significantly lower than

that in the control group (Figure 2).

CSA and Expression of MHC Isoforms

In the superficial masseter, deep masseter, and

medial temporalis muscles, the CSA was reduced at 9

weeks of age in the experimental group compared with

the control group (Figure 3).

The ATPase activity staining procedure stained type-

1 myofibers dark brown, type-2a myofibers white, and

type-2b myofibers medium brown. Only MHC-2a and

MHC-2b were observed at the marginal portion of

superficial and deep masseter muscles (slow-type

MHC-1 was not detected). At 5 and 9 weeks of age,

the percentage of type-2a fibers in the experimental

group was increased in the superficial and deep

masseter muscles compared with that in the control

group (Figure 4).

IHC of TNF-a and GLUT4 and Reverse

Transcription Quantitative Real-Time PCR

In the experimental group, there was enhanced TNF-

a immunoreactivity and lower GLUT4 immunoreactivity

in sections of the superficial masseter, deep masseter,

and medial temporalis muscles at 5 and 9 weeks of

Figure 3. (a) Mean cross-sectional area of muscle fiber at 5 and 9 weeks old. (b) Hematoxylin and eosin staining. Scale bar, 200 lm. * P , .05.

Abbreviations: Cont, control group; Exp, experimental group; sm, superficial masseter; dm, deep masseter; mt, medial temporalis; and ta, tibialis

anterior.
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age compared with those in the control group (Figure

5).

In the experimental group, the messenger RNA

(mRNA) levels of GLUT4 decreased by 17%, 21%, and

10% in the superficial masseter, deep masseter and

medial temporalis muscles, respectively, at 5 weeks of

age. These levels decreased by 31%, 35%, and 27% in

the superficial masseter, deep masseter, and medial

temporalis muscles, respectively, at 9 weeks of age

compared with those in the control group. At 5 weeks

of age, the TNF-a mRNA levels in the experimental

group increased by 67%, 63%, and 52% in the

superficial masseter, deep masseter, and medial

temporalis muscles, respectively, compared with those

in the control group. At 9 weeks of age, the increases

were 71%, 63%, and 45%, respectively (Figure 6).

DISCUSSION

In humans, nasal obstruction followed by mouth

breathing can lead to hypoxia.22 SpO2 is a standard

measurement used in clinical practice because it is a

reliable method for predicting arterial oxygen saturation

(SaO2).
23 In the present study, the SpO2 values were

investigated in two groups of rats. SpO2 decreased

significantly from 3 weeks of age in the experimental

group. Unilateral nasal obstruction may have induced a

low level of oxygen due to a reduction in airflow.

Figure 4. (a) Composition of fiber types in jaw-closing muscles. (b) Adenosine triphosphatase staining. Scale bar, 200 lm. Abbreviations: Cont,

control group; Exp, experimental group; sm, superficial masseter; dm, deep masseter; mt, medial temporalis; and ta, tibialis anterior.
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Harvold and colleagues24 reported that infant monkeys

adapted to nasal obstruction by enlarging the oral airway

or maintaining a low-positioned mandible with or without

protruding the tongue. In contrast, creating a passage of

air through the oral cavity in rats is difficult because of the

configuration of the epiglottis and soft palate.25 Thus, it is

likely that rats could not adapt to bilateral nasal

obstruction and learn mouth breathing. Studies have

shown that nasal obstruction in rats increased mandib-

ular development by allowing respiratory compensation

in breathing.25,26 Additionally, it was reported that

unilateral nasal obstruction in rats at 8 days of age

enhanced the jaw-opening reflex and contractile prop-

erties of the tongue-protruding muscles.17 Therefore, it

was speculated that rats adapted to nasal obstruction by

reducing nasal airflow as well as increasing the gape and

activity of the tongue-protruding muscles.

Studies have shown that nasal obstruction can

reduce the electromyographic activity of the masseter

and anterior temporalis muscles.27 To meet a wide

range of functional demands, the masticatory muscle

can adapt its fiber size and phenotypes.28 The

Figure 5. Expression of tumor necrosis factor-a (a) and glucose transporter 4 (b) in jaw-closing muscles. Scale bar, 200 lm. Abbreviations: Cont,

control group; Exp, experimental group.
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morphologic changes of muscles can be caused by
contraction, occlusal alteration, and mechanical over-
load.29 It was reported that activity levels in masseter
and anterior temporalis muscles among individuals
who exhibit mouth breathing were lower at the
maximum intercuspal position.30

The present study demonstrated that morphologic
changes in the jaw-closing muscles occurred after
nasal obstruction. These changes were in association
with reductions in the CSA of the jaw-closing muscles,
and a slow-to-fast-type change occurred in the
masseter muscles, with a decrease in expression of
MHC-2b and an increase in MHC-2a expression.
According to the characteristics of MHC isoforms
described previously9 among fast fibers, compared
with fibers expressing MHC-2a, those expressing
MHC-2b generate faster shortening velocity, greater

maximum specific force, and lower resistance to
fatigue. The present investigation showed that unilat-
eral nasal obstruction could reduce the contraction
force of the masseter muscles.

In addition, the results showed that unilateral nasal
obstruction increased expression of the protein and
mRNA of TNF-a and decreased those of GLUT4 in
jaw-closing muscles. TNF-a has long been recognized
as a cytokine that reduces the contractile functions of
skeletal muscles, and it is considered to be associated
with cachexia as a mediator of muscle atrophy.31,32 Li
and Reid13 concluded that the effect of TNF-a (ie,
reduction in muscle contraction) could be prevented by
pretreating muscles with the platelet activating factor
receptor and an inhibitor of nitric oxide synthase.
GLUT4 is the most important glucose carrier ex-
pressed in rat skeletal muscles.33 Two signaling

Figure 6. Messenger RNA expression of tumor necrosis factor-a (a) and glucose transporter 4 (b) in jaw-closing muscles. * P , .05.

Abbreviations: Cont, control group; Exp, experimental group; sm, superficial masseter; dm, deep masseter; mt, medial temporalis; and ta, tibialis

anterior.
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pathways lead to GLUT4 expression, an insulin-
activated signaling pathway and an insulin-indepen-
dent signaling pathway that is activated by contrac-
tion.34 Nasal obstruction may reduce GLUT4
expression via contractile dysfunction, thereby causing
glucose dysregulation and muscle atrophy.

Numerous clinical studies have investigated the
relationship between the function of masticatory
muscles and the morphology of the craniofacial
complex. There is a negative correlation between
masseter muscle activity and occlusal force and the
mandibular plane angle.35 For example, patients with
myotonic dystrophy who present with low activity in
masseter muscles have abnormal bone development
and a large mandibular plane angle.36,37 The current
results suggest that unilateral nasal obstruction can
affect development of the mandible by reducing the
growth and contraction activity of jaw-closing muscles.
One of the disadvantages of a histochemical approach
is the lack of information regarding dynamic changes in
the tissues because only the static or fixed constituents
were studied when the chemical tests were applied.
The changes in MHC types of the jaw-closing muscles
adapted to nasal obstruction in adult rats will continue
to be observed after growth has been completed.

CONCLUSIONS

� Unilateral nasal obstruction in growing rats reduced
the fiber CSA of the jaw-closing muscles and
increased the percentage of MHC-2a in masseter
muscles.

� After unilateral nasal obstruction, TNF-a expression
was upregulated and that of GLUT4 downregulated
in masseter and medial temporalis muscles com-
pared with those in control group rats aged 5 and 9
weeks. These results suggest that unilateral nasal
obstruction reduces the growth and contraction
characteristics of jaw-closing muscles to affect
craniofacial development.
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