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Safety and feasibility of fat injection therapy with adipose-derived stem cells in a

rabbit hypoglossal nerve paralysis model: A pilot study

Abstract

Objective: The aim of this study is to establish a unilateral tongue atrophy model by
cutting the hypoglossal nerve and to evaluate the safety and feasibility of a fat injection
of adipose-derived stem cells (ADSCs) to restore swallowing function.

Methods: A total of 12 rabbits were randomized to three groups; the ADSCs+fat group
(n=4), the fat group (n=4) and the control group (n=4). All rabbits were treated with
denervation of the left hypoglossal nerve and their conditions including body weight and
food intake were checked during follow-up periods (8 weeks). At 4 weeks after the
transection of the nerve, rabbits received the injection therapy into the denervated side of
the tongue with 1.0mL fat tissue premixed with 0.5mL ADSCs in the ADSCs+fat group,
1.0mL fat tissue premixed with 0.5mL PBS in the fat group and 1.5mL PBS in the control
group. Rabbits were euthanized 8 weeks post-treatment and resected tongues were
collected, formalin-fixed and paraffin embedded. To evaluate the change of the intrinsic
muscles of the tongue, muscle fibers around the treatment area was analyzed by
evaluating 5 consecutive hematoxylin-eosin slides per rabbit.

Results: Food intake did not decrease upon nerve denervation, and none of the rabbits
displayed adverse effect such as aspiration, surgical wound dehiscence or infection. No
significant body weight changes were found between the three groups at 4 and 8 weeks
after nerve transection (p>0.05). In the control group, the denervated side of tongue had

1


https://www.editorialmanager.com/anl/viewRCResults.aspx?pdf=1&docID=3126&rev=1&fileID=71780&msid=58fb2e0e-a731-40f5-9b6f-c5e3752c6077
https://www.editorialmanager.com/anl/viewRCResults.aspx?pdf=1&docID=3126&rev=1&fileID=71780&msid=58fb2e0e-a731-40f5-9b6f-c5e3752c6077

significantly smaller muscle fiber areas and diameters compared to the non-denervated
side (p<0.05). The ADSCs+fat group demonstrated a larger area of inferior longitudinal
muscle fibers compared to the control and the fat groups (582+312um? vs. 405£220pum?
and 413+226um?; p<0.05). A significant thicker lesser diameter of inferior longitudinal
muscle fibers was found in the ADSCs+fat group compared to the control and the fat
groups (24£8um vs. 20+6pum and 20+7um; p<0.05).

Conclusion: The rabbit tongue atrophy model was found suitable for the assessment of
muscle change after nerve transection. Fat injection therapy with ADSCs demonstrated
great potential to prevent the muscle atrophy after denervation and to promote the muscle

regeneration around the injection area.
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INTRODUCTION

The swallowing system comprises both the neurological and functional system
and is affected by a great variety of diseases including, but not limited to, neuromuscular
diseases and head and neck cancer. Swallowing pressure plays a critical role to ensure
safe transportation of a food and water without aspiration and when having a swallowing
disorder, there is a dysfunction of the combined movement of the oral cavity, pharynx and
esophagus which has been associated with aspiration, severe nutritional and respiratory
complications, and in some cases results in death [1]. Although the actual prevalence of
dysphagia remains unknown, 15% of the elderly population is thought be affected by
dysphagia [2].

Particularly, insufficient swallowing pressure during the oral and pharynx phase
often leads to severe aspiration pneumonia, which remarkably worsens the quality of life
due to the lack of eating [3]. To restore swallowing pressure when eating food, various
surgical interventions have been proposed such as laryngeal suspension, cricopharyngeal
myotomy and vocal fold medialization [4,5]. However, despite the usefulness of these
surgical procedures to change the anatomical structure from the inner or outer side,
adequate swallowing pressure during the oral and pharynx phase remains challenging in
patients with absolute volume loss of the head and neck organs.

Fat injection therapy is a technique for transplanting autologous fat cells and is
extremely suitable for filling tissue defects due to its safety (no risk of potential graft vs.
hosts reaction) and easy access to fat cells for harvesting [6]. In the head and neck region,
autologous fat injection therapy is commonly used for unilateral vocal fold paralysis and
is ideal when the glottic gap is relatively small [7]. The technique consists of
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transplantation of not only living fat cells but also adipose-derived stem cells (ADSCs)
and many growth factors, which means that the fat injection has a potential of regenerative
properties in the harvested adipose tissue. Previously, we demonstrated that high
concentration of ADSCs added to autologous fat injection therapy led to increased blood
flow and remarkable hypertrophy of the muscle fiber in the area surrounding injection
site in unilateral vocal fold paralysis in large animal [8]. Although fat injection therapy is
recognized as a feasible treatment for unilateral vocal fold paralysis in the clinical setting
[9], little attention has been paid to using this technique to improve swallowing disorder
in the oral and pharynx regions [10,11].

We hypothesize that the fat injection therapy, including a high concentration of
ADSCs, has great potential to improve the swallowing disorder in patients with a loss of
the volume in head and neck region. To demonstrate the feasibility of this approach, in a
preclinical study a unilateral tongue atrophy model was developed by cutting the
hypoglossal nerve. Subsequently the safety and feasibility of fat injection with ADSCs in
this rabbit-based hypoglossal nerve paralysis model was assessed for restoring

swallowing disorder.

MATERIALS AND METHODS

Study Overview

The animal care and the study protocol were approved by Institutional Animal Care
and Use Committee (29455). The workflow of this study is demonstrated in Fig. 1la. A
total of 12 male Japanese white rabbits (weighing 2.4-2.6kg) were treated with

denervation of the left hypoglossal nerve. Animals were randomized to three groups; the
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ADSCs+fat group (n=4), the fat group (n=4) and the control group (n=4).

At 4 weeks after the transection of the nerve, the injection therapy was orally
performed in the denervated side of the tongue. Rabbits received an injection of 1.0mL
fat tissue premixed with 0.5mL ADSCs in the ADSCs+fat group, 1.0mL fat tissue
premixed with 0.5mL PBS in the fat group and 1.5mL PBS in control group. At 8 weeks
post-treatment, all rabbits were euthanized using an overdose of sodium pentobarbital.

Food intake and general condition were carefully checked every day from the
moment of denervation up to the day of euthanasia. Similarly, the body weight was

measured once per week and recorded.

Unilateral hypoglossal nerve paralysis model

Under general anesthesia rabbits were secured in a spine position and a horizontal
skin incision was made around the neck area. The hypoglossal nerve was surgically
exposed and the nerve transection was performed with removal of a 1 cm nerve segment
completely after the confirmation of the fasciculation in the denervated side of the tongue
(Fig. 1b) to produce the hypoglossal nerve paralysis model. After the nerve transection,
the proximal and distal edges of left hypoglossal nerve were ligated by nonabsorbable

surgical suture to prevent the elongation and regeneration of hypoglossal nerve.

Fat injection therapy for tongue
At 4 weeks after the transection of the nerve, rabbits were brought back to the
operation room, and anesthetized as described above. After confirmation of atrophy and

fasciculation of the denervated side of the tongue, a skin incision around the left groin
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was performed and subcutaneous fat tissue was harvested by direct excision. Harvested
adipose tissue was washed and minced finely into particles. A total amount of 1.5mL was
mixed and loaded in a retrograde fashion into a 3.0mL disposable syringe (Fig. 1c).
After the tissue preparation, the rabbit tongue was retracted from the oral cavity
until the cirsumvallete papillae were visible. The injection therapy was then orally
performed at 2cm posterior from tongue tip on the denervated side of the tongue using a
syringe with a 18-gauge needle with direct observation (Fig. 1d). To avoid leakage of the
fat from the injection site, a cotton swab was pressed over the injection site for 5 min after

fat injection.

Isolation and Culture of ADSCs

To isolate and culture rabbit ADSCs, adipose tissue was harvested from the
inguinal area at the same time of the nerve transection in the ADSCs+fat group (n=4).
Harvested adipose tissue was washed with PBS and minced finely into particles. Culture
of ADSCs was performed as previously reported by Gautam [12]. Briefly, the adipose
tissue was digested with 0.3% Collagenase Type I (GIBCO, Grand Island, USA) for 90
min at 37°C with moderate shaking. After shaking, the cell suspension was centrifuged
at 1300 rpm for 5 min, and then, the supernatant was discarded. The pellet was suspended
with 20mL of the culture medium composed of Mesen PRO RS (GIBCO, Grand Island,
USA) supplemented with 10% Fetal Bovine Serum (GIBCO, Grand Island, USA) and
1% penicillin—streptomycin (Pen Strep, GIBCO, Grand Island, USA). The cells were
incubated at 37°C in humid air with 5% CO2 for 7 days. After seeding, we simply

harvested the attached and proliferated cells. The cells were detached with 0.25% trypsin—
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ethylenediaminetetraacetic acid solution and washed by centrifugation at 1300 rpm for 5
min through a culture medium. Finally, a total of 2.0*10% ADSCs in 0.5mL PBS were

prepared and injected in the ADSCs+fat group.

Histological assessment
Rabbit tongues were dissected out and fixed in 4% paraformaldehyde (Fig. 2a).
Tongues were then breadloafed in 5mm thick tissue sections in the coronal plane from the
tongue tip to tongue base for precise evaluation of intrinsic muscle fibers in the tongue
(Fig. 2b). All tissue sections were cassetted and embedded in paraffin after which 4um
coronal sections were obtained from each breadloaf which was subsequently
hematoxylin-eosin (H&E) stained. All H&E slides were captured with a BIOREVO BZ-
9000 microscope (Keyence Corp., Osaka, Japan) and digitized at magnifications of x40,
x200 and x400. To evaluate the change of the intrinsic muscles of the tongue, five
consecutive H&E slides around the injection points per rabbit were analyzed in this study.
To minimize that effect of the angle of the embedded tissue, we chose inferior longitudinal
muscles (IL muscles) for the assessment, which runs from anterior to posterior side of the
tongue (Fig. 2c¢). In x400 microscopic fields, the area and lesser diameter of each IL
muscle fiber was measured with BZ-H1C and BZ-H1M software (Keyence Corp., Osaka,
Japan), as described previously [13,14]. This software automatically measures the areas
of the muscle fibers on a H&E slide (Fig. 2d). The muscle fibers, that were not sectioned
vertically, were manually excluded.
To confirm the presence of Pax7, immunohistochemistry was performed with an

automated staining platform (Ventana Discovery Ultra; Roche-Ventana Medical Systems,
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Tucson, AZ, USA) using CC2 antigen retrieval buffer (Roche-Ventana) for 16 minutes at
100°C, followed by incubation with a rabbit anti-human Pax7 antibody (1:400 dilution;
LS-B3490, LifeSpan BioSciences, Inc., Seattle, WA, USA) for 32 minutes at 36°C,

followed by the OmniMap HRP multimer secondary detection system (Roche-Ventana).

Statistical Analysis

Data was analyzed using GraphPad Prism (Version 6.0c, GraphPad Software, La
Jolla, CA, USA). Results are presented as mean * standard deviation (SD). The amount
of food intake was scored using a 10-point scale with 10 being defined as all food eaten
and 0 no food intake at all. The amounts of food intake, body weights and IL muscle
fibers between the three groups were compared using a Kruskal-Wallis test with a Dunn’s
multiple comparison test as post hoc analyses. IL muscle fibers between the denervated
and the non-denervated side was analyzed with a Mann—-Whitney U-test. A p-value of

<0.05 was considered statically significant.

RESULTS

Safety of the hyoglossus-denervated rabbit model

Following the denervation, none of the rabbits displayed adverse effects such as
documented aspiration, surgical wound dehiscence and infection during follow-up. Under
general anesthesia the tongue condition was carefully observed at 4 weeks after nerve
transection. All rabbits had persistent fasciculation and strong atrophy in denervated side
of the tongue, suggesting the success of the hyoglossus-denervated rabbit model.

The amount of food intake, or weight of the animals did not change over time
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following denervation in none of the three groups at the 4 weeks after nerve transection.
Following the injection therapy also none of the rabbits displayed adverse effects, nor did
the body weight of the animals significantly change upon treatment at 8 weeks (Fig. 3).

These results indicate the safety of the hyoglossus-denervated rabbit model.

Nerve transection causes atrophy of the intrinsic muscles in rabbits

We compared denervated and non-denervated sides of rabbit tongue in the
control group (n=4) to confirm the effect of hypoglossal nerve transection. A
representative tongue is shown in Fig. 4a, demonstrating strong atrophy on the denervated
side, with pallor staining due to the muscle fiber atrophy and the presence of looser
connective tissue. From the animals in the control group, a total of 20 H&E slides (5 per
animal) were assessed with 1357 denervated IL muscle fibers and 1064 non-denervated
IL muscle fibers analyzed. The denervated side of tongue had significantly smaller muscle
fiber areas compared to the non-denervated side (405+220um? vs. 602+28um?, p<0.05)
Similarly, significant smaller muscle fiber diameters were found in the denervated side

compared to the non-denervated side (20£6um vs. 25+7um, p<0.05).

Hypertrophy of the intrinsic tongue muscle fiber with ADSCs in a tongue atrophy model
To assess the effect of fat injection therapy with ADSCs, we compared the areas
and lesser diameters of IL muscles of the denervated side between the 3 groups (n=12) as
shown in Fig. 4b. A total of 60 H&E slides from 12 rabbits (5 per animal) was assessed
with 3780 denervated IL muscle fibers analyzed. Fig.5a shows representative IL muscle

fibers from the ADSCs+fat, fat and control groups. Statistical analysis showed that the
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ADSCs+fat group demonstrated a larger area of muscle fibers compared to the control
and fat groups (582+312um? vs. 405+220um? and 413+226um?, p<0.05) Similarly, a
significant thicker lesser diameter of muscle fibers was found in the ADSCs+fat group
compared to control and fat groups. (24+8um vs. 20+6um and 20+7um, p<0.05).
Immunohistochemistry of Pax7 demonstrated that more Pax7 positive cells were
confirmed around the fat tissues in the ADSCs+fat group compared to the control group
and the fat group (Fig. 5), suggesting that ADSCS differentiated into satellite cells and

promoted the regeneration of muscle fibers around the injection area of the tongue.

DISCUSSION

Adipose-derived stem cells (ADSCs), similar to bone marrow mesenchymal
stem cells, function as the precursors to fat cells but also have multipotency to
differentiate into bone and cartilage mesenchymal cells [15-17]. For this, three elements,
including cells, scaffold and growth factors, are essential for regeneration of tissue and
organs and to achieve the prolonged effect of regenerative therapy [18]. In this study,
ADSCs were injected into the atrophic tongue together with autologous fat tissue
(scaffold and growth factors) to help tissue regeneration a in denervated area of the tongue.
Animals that had received ADSCs demonstrated significant hypertrophied muscle fibers
compared to control animals and animals that only received fat cells (p<0.05), indicating
that ADSCs are essential to prevent the muscle atrophy after denervation. Moreover, the
immunohistochemistry of Pax7 showed that the injected ADSCs might differentiate into
satellite cells and promote the muscle regeneration around the injection area. Our result
is consistent with the autologous muscle-derived stem cell (MDSC) injection therapy in

a denervated tongue model, in which injected MDSCs survived and fused with tongue
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myofibers, with a resultant increase in myofiber diameter and an increase in tongue
strength [19]. The mechanism of tissue regeneration using the stem cell therapy appears
to be as follows: (1) branching to vascular endothelial cells and stimulate vascularization;
(2) emitting several growth factors including hepatocyte growth factor and vascular
endothelial growth factor; (3) differentiating into muscle fiber and other tissues. The
currently results are in line with a previous study in which we demonstrated that fat
injection therapy with a high concentration of ADSCs in a paralyzed vocal cord animal
model resulted in thyroarytenoid muscle fibers hypertrophy [8]. Our ADSCs injection
treatment was evaluated in a preclinical model and been already applied into clinical trial
with long-term efficacy and safety in patients with male stress urinary incontinence [20],
making its application in patients with swallowing disorder a possibility in the near future.
Because our surgical approach is similar to the fat injection therapy as performed in
patients with unilateral vocal fold paralysis [9], the results from our study may thus be
easily applied into a tongue or pharynx to increase the swallowing pressure at the stage
of oral and pharynx phase.

The hypoglossal nerve is critical for movement of tongue in humans and its
transection causes difficulty swallowing, and reduces swallowing pressure at the
oropharynx [21,22], and arises from the vetrolateral side of the medulla oblongata with
two main and divided into the lateral and medial main branches at the lateral aspect of the
hypoglossal muscle [23]. All intrinsic and extrinsic muscles of the tongue are supplied by
the hypoglossal nerve, with the exception of the palatoglossus. We selected rabbits as a
tongue atrophy model to evaluate the safety and feasibility of fat injection therapy because

the anatomy and the branching of the hypoglossal nerve in the rabbit is highly similar to
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that of the human [24,25] and thus our model closely resembles the clinically encountered
situation. Saito et al. assessed the anatomy of the intrinsic tongue muscles in rabbits and
reported the three-dimensional ramification and intertwining of the transverse and vertical
muscles [26]. In our study, the hypoglossal nerve was easily identified under
submandibular gland without any surgical complications in all 12 rabbits and no
subsequent adverse events were found in follow-up. Also, transection of the hypoglossal
nerve demonstrated that intrinsic tongue muscle fibers in denervated side were
significantly smaller than those in non-denervated side by performing histopathological
analysis with H&E staining (p<0.05, 405um? vs. 602um?). These results show that the
transection of hypoglossal nerve is feasible for hypoglossal denervated model in rabbits
and is appropriate to evaluate the effect of the fat injection therapy as a preclinical model.

The timing of the injection therapy and histological evaluation was based on that
from previous MDSCs injection therapies, in which the MDSCs were injected into the
denervated thyroarytenoid muscle in a vocal fold paralysis model and the MDSC therapy
attenuated muscle atrophy after laryngeal denervation [27,28]. Moreover, previous study
demonstrated that the ADSCs and fat injection therapy increased blood flow to the
mucous membrane of vocal folds in a vocal fold paralysis model at 4 weeks after the
injection [8]. Several rabbit studies demonstrated that the timing of 8 weeks after nerve
transection was feasible for the evaluation of atrophic muscles in a facial nerve paralysis
model [29,30]. Taken together, we injected the ADSCs into the denervated side of the
tongue at 4 weeks and evaluated the tongue at 8 weeks after the nerve transection.

There are some limitations to the clinical application of this technique. Firstly,

we could not identify the actual injected fat with ADSCs in the denervated tongue. After
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hypoglossal nerve transection, the muscle fibers in the denervated side of the tongue are
thought to be atrophied and replaced into fat tissues during follow-up periods [31].
Although a larger area of fat tissue was found in the ADSCs+fat group after the injection
therapy, to discriminate the injected fat with ADSCs from the replaced fat after
denervation, cell labeling to ADSCs, such as PKH-26, might be needed in a future study.
Secondly, we evaluated the safety and efficiency of fat injection with ADSCs in rabbit
hypopharyngeal paralysis model, however, the changes during follow-up were short (8
weeks) and insufficient to evaluate the regeneration of the tissue. To evaluate the role of
the ADSCs in denervated tongue, further preclinical study is required with long-term

observational period.

CONCLUSION

The rabbit tongue atrophy model was found suitable for the assessment of muscle
change after nerve transection. Fat injection therapy with ADSCs demonstrated great
potential to prevent the muscle atrophy after denervation and to promote the muscle

regeneration around the injection area.
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Figure Legends
Figure 1: Study workflow (a). Surgical procedure including transection of hypoglossal

nerve (b) and fat injection therapy for tongue (c,d). White arrow: Hypoglossal nerve.

Figure 2: Histological assessment of the intrinsic muscles of the tongue

Rabbit tongues were breadloafed in 5mm thick tissue sections in the coronal plane from
the tongue tip to tongue base (a,b). Within the intrinsic muscles of the tongue, inferior
longitudinal muscles were chosen for the histological assessment (c). The areas and
diameter of the inferior longitudinal muscle fibers were measured on a hematoxylin-

eosin slide (d). Scale bars = 100um.

Figure 3: Change of body weight in three groups during follow-up periods (n=12)

Figure 4: Strong muscle atrophy of inferior longitudinal muscles is seen on the denervated
side in the control group (a). Compared to the fat group and the control group, significant
hypertrophy of the inferior longitudinal muscle fibers is found in the ADSCs+fat group

(b). Scale bars = 100um. IL: inferior longitudinal muscle.

Figure 5: Immunohistochemistry of Pax7 demonstrated that more Pax7 positive cells

were confirmed around the fat tissues in the ADSCs+fat group compared to the control

group and the fat group. Scale bars = 100pm.
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Figure 1

Nerve Injection Histological
transection therapy evaluation
ADSC+fat group (n=4) : fat 1.0mL + ADSCs 0.5mL
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control group  (n=4): PBS 1.5mL
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Figure 3
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Figure 4
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Figure 5






