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Abstract

In postoperative patients with head and neck cancer, scar tissue formation
may interfere with the healing process, resulting in incomplete functional
recovery and a reduced quality of life. Percutaneous application of carbon diox-
ide (CO,) has been reported to improve hypoxia, stimulate angiogenesis, and
promote fracture repair and muscle damage. However, gaseous CO, cannot be
applied to the head and neck regions. Previously, we developed a paste that
holds non-gaseous CO, in a carrier and can be administered transdermally.
Here, we investigated whether this paste could prevent excessive scarring and
promote muscle regeneration using a bupivacaine-induced rat model of muscle
injury. Forty-eight Sprague Dawley rats were randomly assigned to either a
control group or a CO, group. Both groups underwent surgery to induce mus-
cle injury, but the control group received no treatment, whereas the CO, group
received the CO, paste daily after surgery. Then, samples of the experimental
sites were taken on days 3, 7, 14, and 21 post-surgery to examine the following:
(1) inflammatory (interleukin [IL]-1f, IL-6), and transforming growth factor
(TGF)-p and myogenic (MyoD and myogenin) gene expression by polymerase
chain reaction, (2) muscle regeneration with haematoxylin and eosin staining,
and (3) MyoD and myogenin protein expression using immunohistochemical
staining. Rats in the CO, group showed higher MyoD and myogenin expres-
sion and lower IL-1B, IL-6, and TGF-p expression than the control rats. In
addition, treated rats showed evidence of accelerated muscle regeneration. Our
study demonstrated that the CO, paste prevents excessive scarring and acceler-
ates muscle regeneration. This action may be exerted through the induction of
an artificial Bohr effect, which leads to the upregulation of MyoD and myo-
genin, and the downregulation of IL-1p, IL-6, and TGF-p. The paste is
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inexpensive and non-invasive. Thus, it may be the treatment of choice for

patients with muscle damage.

hypoxia, inflammation, scar, transcutaneous CO,, wound healing

« we used a bupivacaine-induced rat model of muscle injury and performed

gene expression analysis and immunohistochemistry to investigate whether
the CO, paste could prevent excessive scarring and promote muscle
regeneration

forty-eight Sprague Dawley rats that had undergone surgery to induce mus-
cle damage were randomly assigned to the control and CO, groups. The
control group received no treatment, whereas the CO, group received CO,
paste daily after surgery

« we found that rats treated with the CO, paste had reduced inflammatory

cytokine production and presented evidence of reduced scar formation and
accelerated muscle regeneration

the CO, paste is inexpensive and non-invasive. Therefore, it may be the
treatment of choice for patients with muscle damage. Further research

1 | INTRODUCTION

Head and neck cancer has many negative effects on,
among others, aesthetics, swallowing, and pronuncia-
tion." It often spreads to the cervical lymph nodes and
may require neck dissection, which is a reliable method
of controlling cervical lymph node metastasis in head
and neck cancers. Owing to the development of imaging
tests, various techniques have recently been proposed to
preserve the function and reduce the dissection range.’
However, cervical dissection causes a marked decrease
in the quality of life due to scar adhesion, which often
causes shoulder movement disorders, cervical sensory
disorders, and pain after surgery.S’4 In addition, strong
scarring changes due to fibrosis may interfere with early
postoperative recurrence diagnosis. Postoperative che-
moradiotherapy can also cause further scarring, delay
wound healing and hinder reoperation. Injured muscles
begin to regenerate quickly, but the healing process is
hindered by the formation of scar tissue, which can
result in incomplete functional recovery.’ Therefore, the
prevention of scar healing has many advantages for
patients.

Carbon dioxide (CO,) therapy has been developed for
use in humans and animal models, and its efficacy in
treating various conditions, such as limb ischemia and
skin disorders, has been evaluated.®® In the field of derma-
tology, CO, facial therapy improves the oxygenation of the
skin through an artificial Bohr effect.” This therapeutic

should be conducted to confirm our findings

strategy is safe and benefits human health by affecting var-
ious biological processes.

We previously showed that 100% CO, and transcuta-
neous CO, absorption enhancing hydrogel (CO, hydro-
gel) can accelerate the repair of a fracture and enhance
angiogenesis and blood flow.'° Transcutaneous CO, ther-
apy also improves blood flow and angiogenesis in skin
flaps.''Previous studies have used gaseous CO,, but this
is not applicable to the head and neck regions. Therefore,
we developed a topical cutaneous CO, paste that gener-
ates CO, within the material by reacting with moisture
on the skin's surface and efficiently absorbs CO, from the
skin.'>"?

Here, our aim was to investigate whether the CO,
paste could prevent excessive scarring and promote mus-
cle regeneration. To that aim, we used a bupivacaine-
induced rat model of muscle injury and performed gene
expression analysis and immunohistochemistry.

2 | MATERIALS AND METHODS
21 | Animals

A healthy adult male 7-week-old Sprague Dawley rats
were procured from the Charles River Laboratories Inc.
(Tokyo, Japan). Rats were randomly divided into two
groups: the CO, group (n = 6 rats/timepoint) and the
control group (n = 6 rats/timepoint). All animal
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and their backs were left untreated. All rats did not

Quantitative real-time polymerase

The mRNA levels of transforming growth factor-p
(TGF-p), interleukin-1p (IL-1p), interleukin-6 (IL-6),
MyoD, and myogenin were measured. Rats were sacri-
ficed on days 3, 7, 14, and 21 after injury. The experimen-
tal sites were dissected and the mRNA from the collected
samples was extracted using TRIzol (Invitrogen, Carls-
bad, California) and treated using the RNeasy Mini Kit
(Qiagen, Valencia, California). Then, cDNA was synthe-
sised (1000 ng of total RNA) using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, California). The mRNA levels were quanti-
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FIGURE 1 Method of transcutaneous CO, application of rat
scar model

experiments were performed according to the Kobe Uni-
versity Animal Experimentation Regulations (approval
number: P171203). The rats were analysed on days 3, 7,
14, and 21 after surgery.

2.2 | Bupivacaine-induced muscle injury
Before induction of muscle injury, the rats were anaes-
thetised using isoflurane (Pfizer) in O, and injected intra-
peritoneally with pentobarbital (45 mg/kg body weight;
Kyoritsu Seiyaku, Tokyo, Japan). Then, the dorsal skin
was shaved, a 2 cm incision was made above the lumbar
spine, and 3 mL of bupivacaine (AstraZeneca, London,
UK) was intramuscularly injected into the right back
muscle using a 20-gauge needle.'* A suture was attached
to the injection site as a mark. The incision was replaced
and the skin sutured. We chose this muscle because its
position prevents rats from interfering, for example, by
biting, with the surgical treatment.

2.3 | CO; paste treatment

The CO, paste was obtained from CO,Tech (Kobe,
Japan) and contained 1,3-butylene glycol, sodium hydro-
gen carbonate, malic acid, sodium dihydrogen phos-
phate, alkyl-modified carboxyvinyl polymer, and
carboxyvinyl polymer. The backs of the rats in the CO,
group were covered with CO, paste every day after sur-
gery (Figure 1). The test paste stayed on the wounds for
10 minutes. Control rats underwent muscle damage,

fied using the StepOne Real-Time PCR System (Applied
Biosystems). Real-time PCR (20 pL) was performed using
0.5 pM forward primer, 0.5 pM reverse primer, 1 pL of
template cDNA, and 10 pL (2x) Power SYBR Green Mas-
ter Mix (Applied Biosystems). The PCR conditions were
as follows: 95°C for 10 minutes, followed by 40 cycles at
95°C for 15 seconds and 60°C for 1 minute. Target gene
expression was normalised to p-actin and fold-change
was calculated using the 2~ *#“T method (Applied Biosys-
tems). p-actin, MyoD, myogenin and IL-6 primers were
obtained from Invitrogen, and those for TGF-f and IL-1§
were procured from Qiagen. The primer sequences were
described in Tables 1 and 2.

2.5 | Haematoxylin and eosin (H&E)
staining

The tissues were fixed in 4% paraformaldehyde and
embedded in paraffin wax. Paraffin-embedded 6 pm thick
samples were sectioned using a microtome and stained
with H&E. The cross-sectional area of the muscle was
compared between the groups. Images of the sections
were captured using a BZ-X700 microscope at x400 mag-
nification (Keyence, Osaka, Japan). The cross-sectional
area of the muscle was measured in randomly selected
identical muscle fields using Image J software (U.S.
National Institutes of Health, Bethesda, Maryland).

2.6 | Immunohistochemistry

To investigate the expression of myogenic markers, we
performed an immunohistochemical assessment of MyoD
and myogenin. Formalin-fixed and paraffin-embedded
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TABLE 1
chain reaction analysis

Specific primer sequence for real-time polymerase

Gene

name Primer sequence(5'-3')

p-actin Fw: GAT GAG ATT Rv: CAC CTT CAC
GGC ATG GCTTT CGT TCC AGTTT

MyoD Fw: ACT ACA GCG Rv: CGC TCC ACT
GCG ACT CCG ACG ATG CTG GAC
CG AGG

myogenin  Fw: GCC TCC TGC Rv: AGT GCA GGT

AGTC CAG AGT

IL-6 Fw: GGT CTT CTG
GAG TTC CGT TTC

TGT GGG CAT CT

Rv: GGT CTT GGT
CCT TAG CCA
CTC

Note: IL-6, Interleukin-6; Fw, Forward primer; Rv, Reverse Primer; A,
Adenine; G, Guanine; C, Cytosine; T, Thymine.

TABLE 2 Primers used for real-time polymerase chain reaction
analysis
Gene
name Primer
TGF-p Rn_Tgfbl_1_SG QuantiTect Primer Assay cat no:
QT00187796
IL-1p Rn_Il1b_1_SG QuantiTect Primer Assay cat no:
QT00181657

Note: TGF-p, transforming growth factor f; IL-1f, Interleukin-1p.

muscle tissue were pretreated with proteinase K,
quenched with 0.05% H,0,, and incubated overnight at
4°C in Can Get Signal Immunostain Solution A (Toyobo,
Osaka, Japan) with the following primary antibodies:
mouse anti-MyoD antibody (Santa Cruz Biotechnology, sc-
32758, 1:100) and mouse anti-myogenin antibody (Santa
Cruz Biotechnology, sc-52 903, 1:100). Following washes
twice with Phosphate Buffered Saline, the sections were
incubated with peroxidase-conjugated anti-mouse anti-
body (Histofine Simplestain MAX-PO; Nichirei, Tokyo,
Japan; code 424131) for 30 minutes. Following adequate
diaminobenzidine staining and counterstaining with hae-
matoxylin, tissue images were acquired using a fluores-
cence microscope BZ-X700 (Keyence) (x400), and the
positive area was automatically quantified using the
Hybrid Cell Count BZ-H3C software (Keyence).

2.7 | Statistical analysis

Data collection and statistical analyses were performed
using Excel 2012 (Social Survey Research Information
Co., Ltd., Tokyo, Japan). Data are presented as mean
+ SD. Comparisons between the two groups were
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FIGURE 2 Relative mRNA expression of IL-6. The mRNA
expression of IL-6 on days 3, 7, 14, and 21 was evaluated using
quantitative real-time PCR (*P<.05)
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FIGURE 3 Relative mRNA expression of IL-1p. The mRNA

expression of IL-1f on days 3, 7, 14, and 21 was evaluated using
quantitative real-time PCR (*P<.05)

performed using the Mann-Whitney U-test. Statistical
significance was set at P < .05.

3 | RESULTS

3.1 | Gene expression profiles

The PCR results showed that the expression levels of IL-6
(Figure 2, day 7) and IL-1p (Figure 3, all days analysed)
were significantly lower in the CO, group than in the
control group (P < .05). The expression of TGF-f on day
3 was significantly higher in the CO, group than in the
control group (Figure 4); however, its expression on Day
21 was significantly lower in the CO, group than in the
control group. The expression of MyoD (Figure 5; days
3 and 7) was significantly higher in the CO, group than
in the control group (P < .05). Figure 6 shows the expres-
sion of myogenin.
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FIGURE 4 Relative mRNA expression of TGF-p. The mRNA
expression of TGF-f on days 3, 7, 14, and 21 was evaluated using
quantitative real-time PCR (*P<.05)

MyoD

*
S’
w
S 4
S
>
o 3
<
=
e 2
E
v ) *
= r —
©
T 9 L - P o -
@

day3 day7 dayl4 day?1

m control mCO2
* p <0.05

FIGURE 5 Relative mRNA expression of myogenin. The

mRNA expression of myogenin on days 3,7,14, and 21 was
evaluated using quantitative real-time PCR (*P<.05)

3.2 | H&E staining

Figure 7A shows the H&E-stained sections of scars from
the two groups on different days. Many inflammatory
cells were observed in both groups on day 3, and muscle
fibres gradually appeared from day 7 onwards. Although
the number and size of myotubes increased and were
replaced by newly regenerated fibres in both groups, the
CO, group had more muscle fibres than the control
group. Moreover, the number of muscle fibres was higher
on day 14 than on day 7, and this increase was more
prominent in the CO, group. The scars disappeared and
were almost replaced by muscle fibres on day 21, with no
apparent differences between the groups. Figure 7B
shows the measured cross-sectional area of each
expressed muscle fibre. The cross-sectional area of the
muscle in both groups increased as the days passed, and
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FIGURE 6 Relative mRNA expression of MyoD. The mRNA

expression of MyoD on days 3, 7, 14, and 21 was evaluated using
quantitative real-time PCR (*P<.05)
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FIGURE 7 A, H&E staining. H&E histological observation of
healing in both groups on 3, 7, 14, and 21 days after muscle injury
at x400 (scale bar = 100 pm). B, Muscle fibre cross-sectional area
(um?) on days 3, 7, 14, and 21 after injury (*P < .05,n = 7)

was significantly larger in the CO, group than in the con-
trol group (P < .05).

3.3 | Immunohistochemical analysis

MyoD (Figure 8A and Figure 8B) and myogenin
(Figure 9A and Figure 9B) protein levels in the muscle
were assessed using immunohistochemistry. In the CO,
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FIGURE 8 A, Immunohistochemical staining of MyoD.

Immunohistochemical staining of MyoD during the healing process
in both groups on 3, 7, 14, and 21 days after muscle injury at x400
(scale bar = 100 pm). B, MyoD quantitative immunohistochemical
analysis of the primary antibody positive area ratio (*P<.05)

group, a significant number of MyoD- and myogenin-
positive cells were observed around the regenerated myo-
fibers (P < .05). The immunohistochemistry results were
elevated in the CO, group, similar to real-time PCR.

4 | DISCUSSION

Gaseous CO, is used in the treatment of different condi-
tions. CO, therapy involves transdermal absorption of
CO,, which increases vasodilation and blood flow via the
Bohr effect, in turn increasing the partial pressure of oxy-
gen in tissues. Previously, we showed that percutaneous
administration of CO, can produce an artificial Bohr
effect by increasing the O, pressure in the tissue upon
CO, absorption.’ Increased blood flow causes shear
stress in endothelial cells, leading to enhanced expression
of endothelial nitric oxide synthase (eNOS) in vascular
endothelial cells. eNOS plays a major role in many physi-
ological functions, such as the regulation of vascular
tone.'> Upregulation of eNOS expression enhances the
expression of VEGF, resulting in angiogenesis in skeletal
muscle.’®'” In addition, we previously demonstrated that
CO, accelerates muscle regeneration by promoting neo-
vascularization through the upregulation of PGC-1a and
VEGF."® Although conventional methods using gaseous
CO, have many applications, they cannot be applied to
the head and neck areas. To overcome this limitation, we
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o 8
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* p<0.05

FIGURE 9 A, Immunohistochemical staining of myogenin.
Immunohistochemical staining of myogenin during healing process
in both groups on 3, 7, 14, and 21 days after muscle injury at x400
(scale bar = 100 pm). B, Myogenin quantitative
immunohistochemical analysis of the primary antibody positive
area ratio (*P<.05)

developed the CO, paste and investigated whether this
paste can reduce scarring and promote muscle regenera-
tion. To assess this, we used a bupivacaine-induced rat
model of muscle injury and performed gene expression
analysis and immunohistochemistry.

In summary, we found that rats treated with the CO,
paste had reduced inflammatory cytokine production and
presented evidence of reduced scar formation and accel-
erated muscle regeneration.

Bupivacaine is widely used in the study of morpho-
logical changes associated with muscle diseases. Intra-
muscular injection of bupivacaine causes rapid necrosis
of muscle fibres and decreased contractility, leaving the
basement membrane, nerves, and blood vessels intact.
Furthermore, the injury regenerates completely after the
rapid degeneration of skeletal muscle.'**' In animal
models, skeletal muscle injury consists of three distinct
stages.”> The initial stage is characterised by necrosis of
the muscle tissue, degeneration, and an inflammatory
response at the site of injury. It involves the invasion of
inflammatory cells into the damaged area. Inflammation
is an important first step in the wound healing process
and is closely related to scar formation. However, chronic
and continuous inflammation stimulates the secretion of
inflammatory cytokines, leading to excessive scar forma-
tion.?® Therefore, it is important to reduce the inflamma-
tory reaction at an appropriate time point to prevent
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excessive scar formation. The second stage involves mus-
cle regeneration and usually starts 7 to 10 days after the
injury, reaching its peak approximately 2 weeks after the
injury. Therefore, promoting muscle regeneration and
preventing fibrosis within 2 weeks after muscle injury is
critical for successful treatment, as scar tissue grows over
time. Scar formation interferes with the normal muscle
healing process and prevents the complete regeneration
of muscle tissue.>**

One of the most potent fibrosis-promoting cytokines
is TGF-B.>> TGF-B is implicated in the pathogenesis of
fibrosis in most organs, including skeletal muscle.*
Antagonising TGF-f signalling inhibits fibrosis and pro-
motes muscle regeneration.>?’ Here, H&E staining at
Day 14 revealed that the CO, group had less fibrous tis-
sue and increased muscle fibre regeneration. The PCR
results showed that TGF-p was elevated in the early
stages of muscle injury, causing an inflammatory
response. In the CO, group, TGF-p expression was lower
than that in the control group during the second half of
the experiment, suggesting that this may have led to
reduced scarring. In a previous study, CO, therapy was
shown to reduce TGF-P1 protein levels in joint capsules
associated with fibrosis and improve the passive range of
motion in a rat model.*® Here, the CO, paste significantly
prevented fibrosis during muscle regeneration, which was
likely due to the early downregulation of TGF-f, a major
trigger of the fibrosis cascade. In addition, fibrin induces
the expression of inflammatory chemokines and cytokines
that promote muscle degeneration, such as IL-6 and
IL-1p.*° IL-1p induces fibroblast activation and collagen
production through a TGF-f-dependent mechanism.*
Hypoxia induces inflammation and increases the levels of
pro-inflammatory cytokines (IL-6) and C-reactive pro-
tein.*'~? In this study, the expression of IL-6 (Day 7) and
IL-1p (days 3, 7, 14, and 21) was lower in the CO, group
than in the control group. Therefore, the CO, paste may
have accelerated muscle repair by preventing excessive
inflammatory cytokine production and improving hypoxia.
Albes et al*® concluded that low-level laser therapy may
result in reduced IL-6 mRNA expression, thus providing a
protective effect that minimises muscle damage by weak-
ening the inflammatory process during muscle repair.
Song et al** reported that low-level laser therapy reduces
IL-1p levels, suppresses inflammation and decreases skele-
tal muscle damage in a mouse model of muscle injury. Otis
et al®® showed that high cytokine levels (IL-1p, TNF-a,
IFN-y, etc.) mitigate or disable myoblast proliferation.

MyoD, a basic helix-loop-helix transcription factor
belonging to the myogenic regulatory factor family
(MRF),*® and myogenin are induced during myoblast
and myotube myogenic differentiation and are consid-
ered markers of muscle growth and hypertrophy.'®**>’

In the early stages of muscle regeneration, inflammatory
responses, and necrosis of damaged tissue lead to the
activation and proliferation of adult satellite cells,*®*
which repair the damaged area through the cell cycle,
division, differentiation, and fusion with myofibers.***°
Furthermore, it has been reported that MyoD is rapidly
expressed within 12 hours after injury.*® Subsequently,
increased expression of secondary MRFs, such as myo-
genin, induces terminal differentiation, and myoblasts
eventually differentiate into skeletal muscle.*

Nakasa et al** demonstrated that local injection of
muscle-specific microRNAs promotes muscle regenera-
tion in a rat skeletal muscle injury model by downregu-
lating TGF-p and upregulating MyoD and myogenin.
Several investigators have reported a significant relation-
ship between PGC-1a and MyoD.*! In previous studies,
they reported that the transcutaneous application of CO,
using CO, hydrogel enhances muscle regeneration and
fracture healing.'®**** In this study, we reported that
transcutaneous application of CO, paste results in the
upregulation of MyoD and myogenin and the activation
of myogenesis, which may be involved in the upregula-
tion of mitochondrial biogenesis. In this study, PCR ana-
lyses revealed that the expression of MyoD and myogenin
was upregulated on Day 3 after muscle injury in the CO,
group. Immunohistochemical staining for MyoD and
myogenin showed that their expression increased during
the active phase of muscle regeneration. In other words,
our experiments revealed that the CO, paste can acceler-
ate muscle regeneration.

5 | CONCLUSIONS

In conclusion, our study demonstrates that the CO, paste
prevents excessive scarring and accelerates muscle regen-
eration. This may be due to the induction of an artificial
Bohr effect, which leads to the upregulation of MyoD and
myogenin, and the downregulation of IL-1f, IL-6, and
TGF-B. The CO, paste is inexpensive and non-invasive.
Therefore, it may be the treatment of choice for patients
with muscle damage. Further research should be con-
ducted to confirm our findings.
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