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Abstract: Background: Atrophy of the vocal folds and the accompanying glottic insufficiency affect
the quality of life. Although growth factors have been used to treat muscle atrophy, their effectiveness
is limited by their short half-life. Methods: In total, 15 rabbits and 24 rats were used for the study.
The right recurrent laryngeal nerves of all animals were transected. One month following nerve
transection, PBS (PBS group), rHGF (HGF group), or a c-Met agonistic antibody (c-Met group) was
injected into the paralyzed vocal folds. The larynges of the rabbits were harvested from each group
for histologic examination and subjected to PCR analysis. Results: Cross-sectional areas (CSAs) of
thyroarytenoid muscles were evaluated. The c-Met group had increased CSAs compared to the
PBS and HGF groups, but there were no significant differences compared to normal controls. The
expression levels of myogenesis-related genes were evaluated three weeks after the injection. The
expression levels of myosin heavy chain IIa were significantly increased in the PBS group, while the
expression levels of MyoD were increased in the c-Met group. Conclusions: The c-Met agonistic
antibody showed promise for promoting muscle regeneration in a vocal fold palsy model.
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1. Introduction

Glottic closure is essential for vocalization and airway protection [1]. Several patho-
logical conditions cause glottic insufficiency, such as vocal fold paralysis and presbylarynx,
which is the age-related atrophy of laryngeal muscle [2–4]. Damage to the recurrent
laryngeal nerve (RLN) causes vocal-fold paralysis and intrinsic muscle atrophy [5]. Thy-
roarytenoid (TA) is the main intrinsic laryngeal muscle involved in glottic closure [6].

Space-occupation strategies, such as laryngeal framework surgery or injection laryn-
goplasty, have recently been used for the treatment of glottic insufficiency, but could not
improve or prevent laryngeal muscle atrophy. Laryngeal reinnervation surgery can prevent
intrinsic muscle atrophy in vocal fold paralysis, but is technically difficult, requires neck
incisions, and may lead to misdirected regeneration and nerve sacrifice [7–9].

Several studies have reported that hepatocyte growth factor (HGF) has anti-fibrotic
effects and prevents muscle atrophy. A recent phase II/III clinical trial demonstrated that
weekly intracordal HGF injections for four weeks effectively faded scars and improved
the presbylarynx [10]. Sheean et al. reported that exogenous HGF stimulated muscle
repair, but the effects were limited due to the short half-life (2.4 min) and required repeat
injections [11].

c-Met is the transmembrane tyrosine-kinase receptor for HGF. Antibodies that activate
c-Met receptors, such as HGF, are more stable and have longer half-lives, and they could
potentially overcome the limitations of HGF. In this study, we compared the effects of rHGF
and a c-Met receptor agonistic antibody on vocal atrophy in a rabbit vocal fold model.
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2. Results
2.1. Histological Examination

A histological examination was performed using a rabbit vocal fold palsy model.
The right TA muscles were evaluated three weeks following injection. The TA muscle
demonstrated greater atrophy in the PBS group compared to other groups (Figure 1).

Figure 1. Representative histological images of H&E staining of specimens from the normal, PBS,
HGF, and c-Met groups at three weeks post-injury (original magnification: 200×).

The cross-sectional areas (CSAs) of the TA muscles were analyzed in each group. The
PBS group had significantly decreased intrinsic muscle CSA compared to normal controls,
while the HGF group had increased CSA compared to the PBS group, although it was
still lower than in the control group. The c-Met group had significantly increased CSAs
compared to the PBS and HGF groups, with no significant differences compared to controls.
There were no differences in myofiber numbers among the groups, but the single-myofiber
CSAs were increased in the HGF and c-Met groups compared to the PBS group (Figure 2).

Figure 2. Histological evaluation of laryngeal muscles. (A) Representative images of myosin heavy-
chain staining (original magnification: 200×). (B,C) Cross-sectional area of the total muscle fibers.
(D) The number of muscle fibers was quantified by counting single muscle fibers. (E) Cross-sectional
area of a single muscle fiber. * p < 0.05 compared to Nor (normal); # p < 0.05 compared to PBS;
$ p < 0.05 compared to HGF.

The expression levels of c-Met in TA muscles were evaluated. c-Met expression
was significantly decreased in the PBS group compared to normal controls, while it was
insignificantly increased in the HGF and c-Met groups (Figure 3).
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Figure 3. Analysis of c-Met expression in laryngeal muscles. (A) Representative images of c-Met
staining (original magnification: 200×). (B) Relative intensity of c-Met fluorescence. * p < 0.05
compared to Nor (normal).

2.2. Gene Expression Analysis

The expression levels of myogenesis-related genes were evaluated three weeks after
injection in the rat vocal fold palsy model. The expression level of myosin heavy chain IIa
was increased significantly more in the PBS than in the HGF and c-Met groups.

The expression levels of MyoD were decreased in the PBS group compared to the
control group, but there was no significant difference. Only the c-Met group showed a
significant increase compared to the PBS group (Figure 4).

Figure 4. Results of real-time PCR of myogenesis-related genes. (A) The expression level of myosin
heavy chain IIa. (B) The expression level of MyoD. * p <0.05 compared to Nor (normal); # p <0.05
compared to PBS.



Int. J. Mol. Sci. 2022, 23, 7818 4 of 7

3. Discussion

Growth factors have been extensively studied, including for skeletal muscle growth
and regeneration [12]. Several studies have demonstrated the effects of growth factors on
vocal-fold regeneration, but only if delivered directly into the tissue. The effects of growth
factors might be limited due to their short half-life. Therefore, recent studies have focused
on obtaining slow-release substances with the same effects.

Hiwatashi et al. used a collagen-gelatin sponge containing growth factors that were
released slowly during degradation [13]. Choi et al. used small-intestinal submucosa gel
for controlled release of growth factors in a vocal fold wound-healing animal model [14].
Kwon et al. introduced PCL/F127 for controlled release and vocal fold augmentation in an
animal model of vocal fold palsy [15].

However, there are some problems with controlled-release materials. First, most
slow-release materials must remain in the tissue for long periods and cause unintended
volume-increase effects until their decomposition. Second, there are no substances currently
available that have viscoelastic properties similar to vocal folds. Viscoelastic properties
are important for vocal-fold vibration. Injected materials affect the viscoelastic properties
and interfere with normal vocal fold vibrations. Therefore, it is better to avoid injecting
substances into the vocal folds for the purpose of controlled release, unless volume increase
is also required.

In this study, we used HGF for vocal fold muscle regeneration in an animal model
of vocal fold palsy. HGF is present in the extracellular matrix near satellite cells and is
released when injured or stretched. It then binds to the c-Met receptors of quiescent satellite
cells and induces their activation [16]. c-Met agonistic antibodies bind preferentially to
c-Met receptors and activate them for longer durations. Previous studies have reported
that the serum half-life of a c-Met agnostic antibody was approximately three days, and
it remained in situ for six days when injected intravenously [17]. However, in this study,
c-Met was injected directly into the TA muscles to further increase the effect time. An
agonistic antibody could compensate for the short half-life of HGF and may reduce or
eliminate the need for controlled-release materials.

In this study, c-Met expression was increased in the c-Met group compared to the
PBS group, and the gene expression levels for muscle regeneration were increased two
weeks after the injection. These changes resulted in histological differences. Interestingly,
CSAs of single and total myofibers were significantly increased, but the number of muscle
fibers was not different among the groups. These results indicate that c-Met and HGF cause
hypertrophy of the muscle fibers, instead of increasing the number of muscle fibers for the
regeneration of vocal folds.

In TA muscles, several types of MHC isoforms and their compositions were affected by
the developmental, hormonal, and neuronal status. Previous studies showed that, among
the MHC isoforms, the expression of type IIa increased following denervation [18–20].
However, MyoD, known to be an important protein for regulating muscle differentiation,
was increased during muscle hypertrophy [21]. The increase in MHC type IIa and MyoD
expression levels was consistent with previous studies.

There were some limitations to our study. First, histologic examination was performed
three weeks after the injection. Although the c-Met agonistic antibody showed better effects
than HGF, since it acts for a longer period than HGF, it is expected that the difference will
be even greater after 2–3 months. Therefore, further long-term studies are required for
validation of our results. Second, the mRNA expression data for myogenesis-related genes
were from rat models. It is preferable to perform PCR tests in rabbit models. However, a
larger sample size is required to obtain statistical significance. Some studies used rabbits
for PCR, but the number of animals was too small to obtain statistical significance. In this
study, a total of 24 rat larynges were harvested for PCR. Finally, although changes to the
MHC isoform during muscle atrophy have already been studied, identifying changes to
the MHC isoform’s composition in laryngeal muscle in each group might help us to better



Int. J. Mol. Sci. 2022, 23, 7818 5 of 7

understand the effects of denervation, HGF, and the c-Met agonistic antibody. Further
studies are needed on these topics.

In conclusion, injection of a c-Met agonistic antibody into atrophied vocal folds,
as caused by vocal fold palsy, regenerated vocal muscles, which we revealed through
histological and PCR examinations. Our results showed the promising effects of c-Met
agonistic antibodies for muscle regeneration in a vocal fold palsy model.

4. Materials and Methods
4.1. Protein Expression in Rat Model

The study was approved by the Animal Ethics Committee of the Catholic University
of Korea (permit no. CMCDJ-AP-2020-007). The animals were cared for in accordance with
established institutional guidelines.

A total of 24 Sprague-Dawley rats were anesthetized via intraperitoneal injections
of ketamine hydrochloride (100 mg/kg) and xylazine hydrochloride (10 mg/kg). The
animals were placed in a semivertical position on a custom platform. A vertical incision
was made at the midline of the neck. The strap muscles were dissected until the thyroid
gland and trachea were encountered, and the thyroid isthmus was divided. The right RLN
was identified near the inferior thyroid artery on the medial side of the thyroid gland. After
right RLN transection, right-sided vocal fold palsy was endoscopically confirmed using a
pediatric endoscope.

One month following the nerve transection, the rats were anesthetized again and either
100 ng of rHGF (MilliporeSigma, Burlington, MA, USA) or 100 ng of c-Met-agonistic antibody
(c-Met Ab (VM507); Helixmith, Seoul, South Korea) [17], dissolved in 50 µL phosphate-
buffered saline (PBS), was injected into the TA muscle in the experimental groups. In
the control group, 50 µL of PBS was injected. Injections were performed using a syringe
equipped with a 30-gauge long needle, under direct vision, using a pediatric laryngoscope.

The right vocal folds were harvested from all groups two weeks after the injections for
polymerase chain reaction (PCR) testing.

4.2. Muscle Regeneration in Rabbit Model

Fifteen New Zealand white rabbits (Damul Science, Daejeon, South Korea) weighing
3 kg was used to study the vocal fold atrophy. The animals were divided into three groups
for the PBS, rHGF, and C-Met agonistic Ab treatments. After premedication with xylazine
(Rompun 10 mg/kg; Bayer, Leverkusen, Germany), the rabbits were anesthetized via
intramuscular injection of 50 mg/kg ketamine, and they were placed in dorsal recumbency.
The neck area was shaved and a vertical incision was made in the midline of the neck. The
strap muscles were dissected until the thyroid gland and trachea were encountered. The
thyroid isthmus was divided. The right RLN was identified near the inferior thyroid artery
on the medial side of the thyroid gland, and it was transected. Endoscopic examination
was then performed in all rabbits.

One month after nerve transection, 100 ng of rHGF in 100 µL PBS (HGF group) or
100 ng of c-Met agonistic Ab in 100 µL PBS (c-Met group) was injected into the paralyzed
vocal folds. A syringe equipped with a 25-gauge long needle was used for injections under
direct vision employing a 0◦ endoscope. The correct injection site was confirmed by vocal
fold bulging, which reflected the injected volume.

The larynges of rabbits in all groups were harvested for histologic examination three
weeks after the injection. Specimens were embedded in paraffin blocks and 4-µm-thick
coronal sections were made using a microtome. The specimens were stained with hema-
toxylin and eosin (H&E) using standard pathology department protocols. The stained
samples were observed under a light microscope (Eclipse TE300; Nikon, Tokyo, Japan).

4.3. RNA Isolation and Real-Time Reverse Transcription PCR in Rat Vocal Folds

Rat vocal folds were harvested two weeks after injection and homogenized with Tis-
sueLyser II (Qiagen, Hilden, Germany). Total RNA was extracted using TRIzol reagent
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(Invitrogen, Waltham, MA, USA) according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was synthesized from 1 µg of RNA using a Reverse Transcriptase
Premix Kit (Elpis Biotech, Daejeon, South Korea). Real-time PCR was then performed using
an ABI 7500 FAST system (Applied Biosystems, Waltham, MA, USA) in a 20-µL reaction
mixture containing Power SYBR Green PCR Master Mix (Applied Biosystems), 500 nM
forward and reverse primers, and 1 µL cDNA. The gene expression levels were determined
by normalizing to GAPDH using the 2−∆∆CT method. The following primers were used:
GAPDH: F, ACCACAGTCCATGCCATCAC, R, TCCACCACCCTGTTGCTGTA; MHC type
IIa: F, TTGCTCTACCCAACCCTAAGGATG, R, TTGTGTTTCTGCCTGAAGGTGC; MyoD:
F, CGACTGCCTGTCCAGCATAG, R, GGACACTGAGGGGTGGAGTC.

4.4. Histopathology and Immunohistochemistry of Rabbit Tissues

Five larynges were harvested from each group for histological analysis following
euthanasia one month after nerve transection. Specimens were embedded in paraffin
blocks and 4-um-thick coronal sections were made using a microtome. The sections were
stained with H&E using standard pathology department protocols.

For immunohistochemical examination, the sections were incubated overnight at 4 ◦C
with a 1:200 dilution of anti-fast myosin skeletal heavy-chain antibody (Abcam, Cambridge,
UK) or anti-Met (c-Met) antibody (Abcam) in 1% (v/v) normal goat serum, and 1% (w/v)
bis(trimethylsilyl)acetamide (BSA) in PBS. After washing with PBS, the sections were
incubated with a 1:500 dilution of Alexa fluor 488-conjugated anti-mouse IgG antibodies
(Cell Signaling Technology, Danvers, MA, USA) or Alexa Fluor 594-conjugated anti-mouse
IgG antibodies (1:500 dilution; Cell Signaling Technology) for 1 h in the dark at room
temperature. The sections were then counterstained with hematoxylin, rehydrated in a
series of graded alcohol/water mixtures and xylene, and covered with coverslips. The
stained samples were observed using an inverted light microscope (Eclipse TE300; Nikon)
equipped with a digital camera. Stained areas were measured using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). Immunohistochemical staining was
evaluated by calculating the stained pixel area using ImageJ in a blinded fashion.

4.5. Statistical Analysis

All experiments were repeated at least three times. Data are expressed as the mean
± standard error of the mean (SEM). All statistical tests were performed using GraphPad
Prism 5.0 software (GraphPad Software Inc., San Diego, CA, USA). One-way analysis
of variance followed by post-hoc Tukey’s tests were used to compare multiple groups.
p-values <0.05 were considered to indicate statistical significance.
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