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ABSTRACT

Cell sheet technology has emerged as a promising approach for enhancing wound healing,
particularly in challenging cases such as preventing postoperative complications. This method
utilizes sheets of cells, which can promote tissue regeneration and accelerate the healing process
through various mechanisms, including enhanced cell migration, angiogenesis, and cytokine
secretion. Fibroblast is a well-known cell that produces cell sheets to improve wound healing.
Fibroblasts play a crucial role in wound healing, acting as dynamic mediators of tissue repair
through various mechanisms. Their functions include synthesizing extracellular matrix
components, recruitment of immune cells, and modulation of inflammatory responses. When
cell sheet technology shows great promise, challenges remain in standardizing production and
ensuring consistent outcomes across different patient populations, especially in animals. The
current studies established the cell sheet from canine fibroblast and investigated the effect of
low-level laser therapy in canine fibroblast cells and fibroblast sheets.

The first chapter of the study is conducted to establish and characterize the canine
multilayered fibroblast sheet from three origin tissues: oral mucosa, skin, and tail skin. Various
methods have been developed to produce the cell sheet. This study uses large numbers of cells
because this method is relatively simple and cost-effective compared with other cumbersome
methods. A canine multilayered fibroblast sheet was produced using the large-numbers cell
seeding method with Rho kinase inhibitor. Immunohistochemical examination revealed that the
multilayered cell sheet comprised fibroblasts. Comparing the thickness of the cell sheet, the
oral mucosa group showed the thickest layer compared to the others. In addition, we found that
the proliferation of oral mucosal fibroblast was significantly higher than others, while the
viability cell of the tree groups was more than 90%. The multilayered fibroblast sheets were
successfully established from canine fibroblast.

The second chapter of the study describes the in vivo investigation, which was done by
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autologously transplanting the oral mucosa fibroblast sheet into the canine’s lobectomy.
Histological evaluation showed thicker soft tissue with a thicker collagen deposit on the
transplanted site than the control group (without transplantation). Transplantation of fibroblast
sheets on canines may stimulate wound healing and prevent leakage postoperatively.

The third chapter of the study employs low-level laser (LLL) therapy to evaluate the
effects of LLL irradiation in canine fibroblasts. LLL irradiation stimulates cell growth by
regulating the expression of genes related to cell proliferation, cell migration, DNA synthesis,
and others. Since our first study used large numbers to produce the sheet, an investigation of
the proliferation of cells using LLL irradiation was done. In addition, the effect of LLL
irradiation on migration cell ability and toxicity was evaluated along with proliferation cells.
The investigation was done using an Erchonia® EVL dual-diode laser at wavelengths of 405
nm (5 mW) and 640 nm (7.5 mW) with irradiation times of 120, 360, and 1,800 sec. Our
findings suggest that LLL therapy at wavelengths of 405 and 640 nm with an irradiation time
of 120-360 sec (0.26-0.51 J/cm?) can stimulate the proliferation and migration of canine
fibroblasts without causing the toxicity effects. Besides the impact of LLL therapy stimulating
the proliferation of cells, this finding may contribute to a better understanding of the beneficial
role of LLL stimulation in canine wound healing.

The last chapter extends our investigation into the effect of LLL therapy in canine
fibroblast sheets by examining the toxicity and thickness of the sheet. Since LLL irradiation
can improve processes relevant to tissue regeneration, we evaluated whether LLL irradiation
affects the formation of cell sheets. This study used an Erchonia® EVL dual-diode laser at
wavelengths of 405 nm (5 mW) with energy densities of 0.17 and 0.51 J/cm? and 640 nm (7.5
mW) with energy densities of 0.26 and 0.77 J/cm?. The irradiation was done for six different
group treatments. LLL therapy influences the thickness of the fibroblast sheet, suggesting its

potential to enhance the proliferation of cells. All the irradiation groups at each energy density



did not induce a higher cytotoxicity level than non-irradiation groups, demonstrating the safety
of the LLL therapy. These findings suggest that LLL irradiation enhanced the thickness of the
fibroblast sheet and was safely employed to produce the sheets.

In its entirety of chapters, the dissertation aims to provide primary data on regenerative
medicine of canine fibroblast sheet combined with low-level laser therapy that stimulates
wound healing. To the best of our knowledge, this is the first study to develop the canine
fibroblast sheet and the first study to investigate the effect of LLL therapy on canine fibroblast
cells and canine fibroblast sheet. The outcome of this research has considerable promise for

improving regenerative medicine in the veterinary field.



GENERAL INTRODUCTION

Regenerative medicine promotes recovery from disease and injury by utilizing medical
technology to repair, replace, or regenerate tissues or organs. As part of regenerative medicine,
tissue engineering has been well-developed in human and animal models (rats and mice) to
stimulate wound healing and prevent post-operative complications. The present study
established multilayered fibroblast sheets from canines and investigated the effect of LLL
therapy on canine fibroblast cells and fibroblast sheets.

Cell sheet therapy

Cell sheet engineering is an advanced tissue engineering technique in regenerative
medicine focused on repairing or replacing damaged tissue and organs using various biological
techniques (Thummarati et al., 2023). Various cell types, including mesenchymal stem cells,
keratinocytes, and fibroblasts, fabricate cell sheets for wound treatment (Farabi et al., 2024,
Hu et al., 2023; Kirby et al., 2018; Li et al., 2019). These cell sheets can be detached as intact
sheets and transplanted onto the wound site, where they promote the reattachment, migration,
and proliferation of cells, leading to faster wound closure and reduced scarring
(Benchaprathanphorn et al., 2020; Kim et al., 2023). Cell sheets synthesize and release
essential cytokines and growth factors involved in wound healing, further enhancing tissue
repair and regeneration (Ike et al., 2022; Matsuno et al., 2022; Mizoguchi et al., 2018; Nagase
et al., 2020; Yoshimine et al., 2022). The cell sheet technology has potential clinical
applications across various medical conditions (Chang et al., 2023). They are beneficial in
preventing postoperative complications (Fujino et al., 2023; Kim et al., 2018; Yoshimine et al.,
2022). Cell sheets in animals showed effectiveness, including reinforcing the bronchial stump
(Yoshimine et al., 2022), esophageal reconstruction (Yamamoto et al., 2023), regenerating
mouse submandibular glands (Nam ef al., 2019), preventing postoperative pancreatic fistula in

rats (Iwamoto et al., 2021), and prevent perforation after duodenal endoscopic submucosal



dissection in a porcine model (Matsumoto et al., 2020). Thus, the transplantation cell sheets on
the canine may enhance wound healing and address postoperative complications such as
anastomotic leakage after esophagectomy or bronchopleural fistula.
Fibroblast

Fibroblasts play a crucial role in wound healing by contributing to tissue repair through
various mechanisms. Fibroblasts produce extracellular matrix (ECM) components, promoting
cell adhesion, tissue re-epithelialization, angiogenesis, and collagen formation (Cialdai et al.,
2022; Fernandez-Guarino ef al., 2023; Gomes et al., 2021; Plikus et al, 2021). They are
potential cells for regenerative medicine because they express high levels of intracellular
fibroblast growth factors (Yanagihara ef al., 2023), enhancing cell proliferation and migration
(Kendall and Deghali-Bostwick, 2014; Smola ef al., 1993; Trepat et al., 2012). Although not
explicitly expressed on fibroblast, by using immunohistochemical evaluation, specific proteins,
such as vimentin (VIM (protein), Vim (gene/mRNA mouse)) and fibroblast-specific protein 1
(FSP1, S100a4), have served as valuable markers to identify fibroblasts (Lendahl ez al., 2022).
Low-level laser therapy

Low-level laser (LLL) therapy (also known as photobiomodulation) is a noninvasive
treatment modality that uses low-power lasers with a specific wavelength of light to stimulate
cellular processes without causing tissue heating, thereby promoting wound healing and
reducing pain, enhancing ATP production and reducing oxidative stress (AlGhamdi ez al., 2011;
Avci et al., 2013; Dini et al., 2021; Kawasaki and Shimizu, 2000; Rola et al., 2022;
Wickenheisser et al., 2019; Pedroni et al., 2018; Maghfour et al., 2024). LLL therapy has been
applied for fibroblast biostimulation to improve wound healing (Gao and Xing, 2009; Gong et
al., 2022; Lopez and Brundage, 2019; Shingyochi et al., 2017). Fibroblast proliferation and
migration are essential parameters to enhance wound healing processes. Previous studies

reported that applying LLL therapy in human and animal model cells increases cell



proliferation and migration (Peplow ef al., 2010; Solmaz et al., 2017; Tam et al., 2020). LLL
therapy has been practically reported to enhance wound healing in veterinary medicine. In
dogs, Perego (2016) reported that LLL therapy resulted in significant differences in post-
surgical wound healing and decreased the amount of exudates in the surgical area. LLL therapy
also exhibited positive healing effects in canine osteoarthritis (Barale et al., 2020), skin disease
(Perego et al., 2022), and chronic wounds (Hoisang et al., 2021).

A significant finding is the variability in LLL therapy application methods, including
differences in laser type, dosage, and wavelength (Wickenheisser et al., 2019). LLL therapy is
usually performed with visible or near-infrared laser light (390—1,100 nm) with relatively low
fluences (0.04—50 J/cm?) and power densities (<100 mW/cm?) (AlGhamdi et al., 2011; Avci et
al., 2013; Mussttaf et al., 2019; Peplow et al., 2010). The wavelength of visible light varies
from 400 nm to 700 nm, which is divided by color, including violet/blue (400—500 nm), green
(500-565 nm), yellow (565590 nm), orange (590—625 nm), and red (625—-700 nm) (Prado et
al.,2023). Previous studies have shown the beneficial effects of LLL therapy on wound healing
in humans and animals using violet/blue light (Etemadi et al., 2020; Masson-Meyers et al.,
2016; Rossi et al., 2021) and red light (Crisan et al., 2013; Evans and Abrahamse, 2008;
Kreisler et al., 2003; Ma et al., 2018; Moore et al., 2005; Schartinger ef al., 2012; Taniguchi et
al., 2019). These studies reported that LLL therapy stimulates cell proliferation and migration.
Cell sheet therapy— low-level laser therapy

Cell sheets are formed through self-assembly, allowing for high cell density and
retention of extracellular matrix (ECM) components, which are crucial for tissue integration
(Hu et al., 2023). Low-level laser therapy may improve cell processes relevant to tissue
regeneration, such as survival, proliferation, migration, and differentiation. Moreover, LLL
therapy can also prevent cell death and prolong cell longevity both in vitro and in vivo. LLL

therapy and cell sheet technology improve processes relevant to tissue regeneration (Garrido



et al.,2019). By introducing fibroblast sheets and LLL therapy, the quality of treatment may be
improved. To date, the information on the effect of LLL therapy in cell sheets is limited. Pedroni
et al. (2018) reported that both technologies (cell sheet and LLL therapy) benefit tissue
engineering and cell therapy that positively influences stem cell biology. A previous study
reported that LLL therapy influences the composition and ultrastructure of the ECM of a cell
sheet (Garrido et al., 2019). Therefore, LLL therapy may enhance the quality of cell sheet

formation.



STUDY OBJECTIVE

Cell sheet technology is well developed as a regenerative medicine to repair tissue and
prevent post-operative complications. To date, there are no reports on the production and
therapeutic potential of the canine fibroblast sheet and limited information on the effect of low-
level laser therapy on canine fibroblast cells and fibroblast sheets. Therefore, our first study
aimed to investigate and establish the multilayered fibroblast sheets from canine fibroblast
using oral mucosa, skin, and tail tissues. The second study investigated the effect of autologous
fibroblast sheet transplantation in lobectomy canine models. The third study examined the
effects of LLL irradiation at two different wavelengths (405 and 640 nm) and three different
irradiation times (120, 360, and 1,800 sec) on canine fibroblast proliferation and wound
closure. The last study aimed to investigate the effect of low-level laser irradiation on canine
oral mucosal fibroblast sheets. Overall, we investigated the role of canine fibroblasts as a future

regenerative medicine in the veterinary field.



CHAPTER1
Establishment and characterization of multilayered fibroblast cell sheets

from the canine oral mucosa, skin, and tail



1.1 Abstract

Cell sheet therapy has been developed as an effective regenerative medicine to improve
wound repair treatment and prevent postoperative complications. Fibroblasts are widely used
to create cell sheet engineering because of their essential role in tissue regeneration and the
acceleration of the wound healing process. The study aimed to establish the multilayered
fibroblast sheets and assess the effect of autologous transplantation fibroblast sheets in canines.
The study used fibroblasts from three origin canine tissues, including oral mucosa, skin, and
tail skin. A canine fibroblast sheet was produced using the large-numbers cell seeding method
with Rho kinase inhibitor. The assessment included viability cells, histological evaluation of
the sheet, and secretion of vascular endothelial growth factor (VEGF) and monocyte
chemoattractant protein-1 (MCP-1) of the fibroblast sheet. The three fibroblast groups
successfully established a multilayered fibroblast sheet. Hematoxylin and eosin staining
examination showed the thickest sheet in the oral mucosa fibroblast sheet.
Immunohistochemical examination revealed that the multilayered cell sheet comprised
fibroblasts expressed by vimentin. All multilayered fibroblast sheet groups secreted the VEGF
and MCP-1. No differences were observed in the viability cells of each origin cell. The
multilayered fibroblast sheets were successfully established from canine fibroblast. This

finding provides the primary data for developing regenerative medicine in the veterinary field.

1.2 Introduction

Cell sheet therapy can be a promising method for promoting wound healing via tissue
regeneration and accelerated wound healing process. Various cell types, including
mesenchymal stem cells, keratinocytes, and fibroblasts, fabricate cell sheets for wound
treatment (Farabi et al., 2024; Kirby et al., 2018; Li et al., 2019). These cell sheets can be

detached as intact sheets and transplanted onto the wound site, where they promote the
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reattachment, migration, and proliferation of cells, leading to faster wound closure and reduced
scarring (Benchaprathanphorn ef al., 2020; Kim ef al., 2023). In addition, they can synthesize
and release essential cytokines and growth factors involved in wound healing, further
enhancing tissue repair and regeneration (Ike ef al., 2022; Matsuno et al., 2022; Mizoguchi et
al., 2018; Nagase et al., 2020; Yoshimine ef al., 2022). Cell sheet transplantation is effective,
i.e., cell sheets can be grafted to a target site to repair damaged tissues, including those in the
articular cartilage, bone, periodontal ligaments, corneas, blood vessels, skin, and myocardium
(Chen et al., 2015; Lee et al., 2019; Matsuno ef al., 2022; Pakshir et al., 2020; Tsumanuma et
al., 2016; Shirasaka ef al., 2016). Further, they are beneficial in preventing postoperative
complications (Fujino et al., 2023; Kim et al., 2018; Yoshimine et al., 2022). Thus, the
transplantation cell sheets on the canine may enhance wound healing and address postoperative
complications such as anastomotic leakage after esophagectomy or bronchopleural fistula.

Fibroblasts are involved in critical processes such as the breakdown of fibrin clots,
angiogenesis, and the production of new extracellular matrix and collagen structures, which
support other cells that are associated with effective wound healing and wound contraction
(Bainbridge, 2013; Cialdai ef al., 2022; Roman, 2023). Fibroblast sheets can have a significant
potential in tissue engineering and wound healing (Benchaprathanphorn et al., 2020; Ike et al.,
2022; Matsuno et al., 2022; Yoshimine ef al., 2022). Fibroblast sheet therapy is widely
developed using fibroblast from humans (Imamura ez al., 2018; Kim ez al., 2021; Matsushima
et al., 2016), rats (Kanzaki et al., 2007; Yoshimine et al., 2022), and mice (Yamamoto ef al.,
2023; ke et al., 2022; Matsuno ef al., 2022) with various origin cells including skin, tail, and
oral mucosa. Therefore, the canine fibroblast sheet was expected to have significant potential
in treating various canine medical conditions.

Vascular endothelial growth factor (VEGF) is an important angiogenic factor that plays

a significant role in angiogenesis (Ferrara, 2004; Johnson and Wilgus, 2014; Kendall and
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Feghali-Bostwick, 2014). Monocyte chemoattractant protein-1 (MCP-1) chemokines mainly
regulate the migration and infiltration of monocytes/macrophages (Deshmane et al., 2009).
VEGF and MCP-1 were found in rats and mice fibroblast sheets, promoting wound healing
(Nagase ef al., 2020; Yoshimine ef al., 2022; Ike et al., 2022).

Various methods to produce cell sheets already published include those cultured on a dish
with thermo-responsive polymeric surfaces (Flores et al., 2008; Kanzaki et al., 2007,
Nishimura et al., 2019) and those cultured using cell sheet engineering methods with thin
biodegradable polymerized fibrin-coated dishes (Itabashi et al., 2005). A previous study
(Yoshimine ef al., 2022) developed multilayered fibroblast sheets by seeding large numbers of
fibroblast. This cell sheet method is relatively simple and cost-effective compared with other
cumbersome methods. Previous studies have reported in vitro and in vivo investigations in mice
using multilayered cell sheets (Ike et al., 2022; Matsuno et al., 2022; Yoshimine et al., 2022).
The multilayered cell sheets could be transplanted and engrafted more easily with favorable
handling than monolayered cell sheets (Ike ef al., 2022; Sakai et al., 2013).

Rho kinase (ROCK) inhibitors have shown beneficial effects in various cell cultures,
including the promotion of cell aggregation by suppressing apoptosis (Watanabe et al., 2007;
Gao et al., 2019), promotes cell adhesion (Gao et al., 2019), and cell attachment, migration,
and proliferation (Croze et al., 2016; McGifford et al., 2022; Sun et al., 2015; Piltti et al.,
2015). Matsumoto et al. (2022) reported that ROCK inhibitors inhibited the cell aggregate's
collapse and formed the spherical cell aggregates. Studies in cell sheets are still unclear on
whether ROCK inhibitors affect cell sheet formation.

To the best of our knowledge, there are no reports on the production and therapeutic
potential of the canine fibroblast sheet. Therefore, this study aimed to investigate and establish
the multilayered fibroblast sheets from canine fibroblast using oral mucosa, skin, and tail

tissues with and without ROCK inhibitors. In addition, we evaluated the proliferation and
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viability of the three canine fibroblast groups. The result of this study may provide essential
data for developing regenerative medicine using fibroblast sheets in the veterinary field. We
hypothesize that the fibroblast sheet can be produced using the oral mucosa, skin, and tail of

canine fibroblasts.

1.3 Material and Methods
1.3.1 Animals

This study used four healthy beagles with a mean body weight of 13.79 + 0.5 kg. The
beagles' median age was 7.7 (range: 6.2-8.9) years. The dogs were housed in cages with free
food and water access. The Ethics Committee of Animal Experiments of Yamaguchi University,
Japan, approved this study (protocol number: 484).
1.3.2 Collection of tissue samples

Anesthesia was induced via the intravenous administration of propofol at a dose of 7
mg/kg (1% intravenous propofol; Pfizer Inc., Tokyo, Japan). An endotracheal tube was inserted
into the trachea and connected to an anesthetic machine (Driger Fabius® Plus, Liibeck,
Germany). The anesthesia was maintained with isoflurane ((Mylan®, Pfizer, Tokyo, Japan)
within a minimum alveolar concentration of 1.5-2. During anesthesia, Ringer’s acetate solution
at a flow rate of 5 mL/kg/hr (Veen F, Fuso Pharmaceutical Industries Ltd., Osaka, Japan) was
administered intravenously to maintain the circulating blood volume. Subcutaneous
carbazochrome sodium sulfonate at a dose of 0.5 mg/kg (Adna® Injection, Nipro ES Pharma
Co., Ltd., Osaka, Japan) and intramuscular tranexamic acid at a dose of 10 mg/kg
(Transamine®, Daiichi Sankyo Co., Ltd., Tokyo, Japan) were used as hemostatic agents. The
analgesics used were intramuscular buprenorphine hydrochloride at a dose of 0.02 mg/kg
(Lepetan®, Otsuka Pharmaceutical Co., Ltd.,, Tokyo, Japan) and intramuscular

dexmedetomidine hydrochloride at a dose of 0.01 mg/kg (Dexdomitor®, Nippon Zenyaku
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Kogyo Co., Ltd., Fukushima, Japan). The antibiotic is subcutaneous cefovecin sodium at 8
mg/kg (Convenia®, Zoetis Japan Co., Ltd., Tokyo, Japan). The oral mucosa, dorsal skin of the
abdomen, and tail skin tissues of healthy beagle dogs were collected using a 6-mm biopsy
trepan (Biopsy Punch, Kai Industries Co., Ltd., Gifu, Japan) with a tissue thickness of 3 mm.
1.3.3 Culture cells

The collected tissues were washed with phosphate-buffered saline (PBS) and
penicillin/streptomycin (Fujifilm Wako Pure Chemical Industries, Ltd., Osaka, Japan) five
times and then aseptically cut into 2-mm pieces or less with a Metzenbaum Scissor. The cells
were isolated using 5,000 units of collagenase type I (Collagenase, Fuji Film Wako Pure
Chemical Co., Ltd., Osaka, Japan) and cultured in DMEM medium (DMEM®, Life Technology
Corporation, Grand Island, NY, USA) with 10% fetal bovine serum (Fetal Bovine Serum,
Thermo Li Scientific Group, Tokyo, Japan), 100 U/mL penicillin, and 100 pg/mL streptomycin.
The collagenase medium was filtered using a 70-um cell strainer (FALCON®, Corning
International Inc., Tokyo, Japan). After 8 hours, the cells were collected and seeded in the
Dulbecco’s Modified Eagle Medium (DMEM, 10% fetal bovine serum, and
penicillin/streptomycin). The cells were cultured in an incubator for 3—5 days until fibroblast
proliferation and adhesion were confirmed. After the cells were confirmed, the primary
fibroblasts were seeded in a new DMEM medium with a cell density of 2.1 x 10° cells in an
uncoated T-75 flask (FALCON®, Corning International Inc., Tokyo, Japan). Then, the cells
were cultured until they occupied 70%—-80% confluency.
1.3.4 Trypan blue exclusion assay

The trypan blue exclusion assay assessed the proliferation cell and viability in the second
passage fibroblast. Initially, 1 x 10° cells/well for each cell were seeded in an uncoated six-well
plate (FALCON®, Corning International Inc., Tokyo, Japan). For each fibroblast group, a series

of five cultures were set up. One plate of the cells was collected every 24 h for 5 d, and the
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cells were counted using a Burker Turk cytometer. Cell viability was calculated by dividing the
viable cells by the total cell count and multiplying the ratio by 100.

o total viable cells
Cell viability (%) =

total cells

1.3.5 Preparation of fibroblast cell sheets

For the cell sheet preparation method, this study referred to the multilayered sheet
preparation method using rat-derived fibroblasts (Yoshimine et al., 2022). Fibroblasts at the
second passage were used to produce the sheet. The cells were detached from the cell dish
using TrypLE Express (TrypLE Express®, Life Technology Corporation, Grand Island, N,
USA). Primary fibroblast cells were seeded in a 24-well plate (5 x 10° cells/well) using a 2 mL
medium consisting of DMEM and HFDM-1 (+) (Cell Science & Technology Institute, Miyagi,
Japan) supplemented with 5% FBS. The ROCK inhibitor (Culture Sure® Y-27632, Fujifilm
Wako Pure Chemical Industries, Ltd., Osaka, Japan) was evaluated by adding 2.5, 5, 10, 30,
and 50 uM to the oral mucosa fibroblast culture. The surrounding wells without suspension
cells were filled with 2 mL of the PBS to create uniform temperature around the suspension
cells and cultured for 3 d at 37°C and 5% COx.
1.3.6 Enzyme-linked immunosorbent assay

The VEGF and MCP-1 concentrations were assessed using the supernatant fibroblast
sheet after 3 days in the incubator. The enzyme-linked immunosorbent assay (ELISA) method
following the manufacturer’s instructions, VEGF (Canine VEGF, Funakoshi Co., Ltd., Osaka,
Japan) and MCP-1 (Canine MCP-1, Funakoshi Co., Ltd., Osaka, Japan), and were measured
using an Epoch spectrophotometer (BioTek, Winooski, VT, USA). All samples were assayed
in triplicate.
1.3.7 Histological and immunohistochemical analyses

The prepared cell sheet was peeled off by pipetting and fixed with formalin. The

fabricated cell sheets were placed on a raw ham to layer the sheet and embedded in paraftin.
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Sections with a thickness of 3 um were cut and mounted on the glass slides, deparaffinized in
xylene, and rehydrated in a graded ethanol series (100%, 90%, and 70%). The glass slide was
stained with hematoxylin and eosin (H&E). For immunostaining, heat-induced antigen
retrieval was performed using the target retrieval solution with 10 times dilution (S1699;
DakoCytomation A/S, Copenhagen, Denmark) at 95°C for 20 min, cooling for 20 min, and
incubated with blocking buffer (X0909, DakoCytomation A/S, Copenhagen, Denmark) for 30
min at room temperature. The primary antibody was added and incubated for 60 min at room
temperature. After washing, the secondary antibody was added and incubated for 60 min at
room temperature. The primary and secondary antibodies were diluted with Dako anti-diluent
with background. Immunostaining was performed using mouse monoclonal anti-vimentin
antibody (1:500, ab8069, Abcam, Cambridge, UK) and secondary antibodies goat anti-mouse
IgG (1:200, Alexa FluorTM488, A11029, Life Technologies, Waltham, MA, USA). The nuclei
were stained using 4',6-diamidino-2-phenylindole dihydrochloride (DAPI) (PureBlu™ DAPI,
Bio-Rad, Hercules, CA, USA) for 20 min at room temperature. All histological images were
captured using a BZ-X710 microscope (Keyence, Osaka, Japan). The thickness of the fibroblast
sheet based on H&E staining was measured using Imagel (National Institutes of Health,
Bethesda, MD, USA) in four parts randomly for four figures in each sheet.
1.3.8 Data analysis

Body weight was expressed as means + standard deviations and age as median with
range. The proliferation cell and viability of the fibroblast, ELISA results, and fibroblast sheet
thickness were analyzed using a one-way analysis of variance, followed by the Tukey—Kramer
HSD test for multiple comparisons test. These calculations were performed using the JMP
software, version 9.0 (SAS Institute Japan, Tokyo, Japan). A P value of <0.05 was considered

statistically significant.
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1.4 Results
1.4.1 Morphological characteristics of fibroblast

Fig. 1.1 shows the morphological features of fibroblasts at the first passage from three
origin tissues. The fibroblast had a spindle-shaped form. The three tissue groups did not show
a difference in cell morphology.
1.4.2 Trypan blue exclusion assay

The oral mucosa fibroblast had the highest proliferation cells among the three tissue
samples at all observation times (1-5 days). The proliferation cell of the fibroblast significantly
differed between the oral mucosa group and the skin and tail skin groups (P <0.05) (Fig. 1.2A).
The cell viability of the three groups in all observation days was > 90% (Fig. 1.2B). The
viability of the three cell groups did not significantly differ.
1.4.3 Canine fibroblast sheet

Using the following methods in rats, the cell sheet shrunk, the marginal sheet collapsed,
and the sheet formation was difficult (Fig. 1.3). The ROCK inhibitor was evaluated in oral
mucosa fibroblast to prevent shrinking fibroblast sheets. The results showed that adding 2.5
and 5 uM of ROCK inhibitor did not form a sheet while adding 10, 30, and 50 uM of ROCK
inhibitor successfully made a sheet. Histological evaluation showed that the thickest layered
sheet was established by adding 10 uM of ROCK inhibitor (Fig. 1.4). Therefore, 10 uM of
ROCK inhibitor was added to each fibroblast group. A fibroblast sheet was produced (Fig. 1.5).
Macroscopic observation of the oral mucosa fibroblast sheet showed circular shapes and was
easy to detach from the 24-well plates. The tail fibroblast became a cell sheet, and the circular
shape was maintained. Nevertheless, it was hard to detach from the culture plate. Meanwhile,
the skin fibroblast became a cell sheet. However, its circular shape was not maintained and

collapsed during detachment.
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1.4.4 Enzyme-linked immunosorbent assay

The VEGF and MCP-1 concentrations were measured and summarized via graphs (Fig.
1.6). All fibroblast sheet groups secreted VEGF, and there were no significant differences
between the three sheet groups. All groups produced MCP-1. The MCP-1 levels of the oral
mucosa fibroblast significantly differed from the skin fibroblast. There were no significant
differences between the oral mucosal group and the tail group.
1.4.5 Histological analysis of canine fibroblast sheets

Fig. 1.7 shows each sheet stained with H&E. All sheets are presented with multilayered
cell sheets. The thickness values of the oral mucosa, skin, and tail fibroblast sheet were 40.10
+ 6.31, 19.44 £ 0.81, and 20.54 £ 3.47 um, respectively (Fig. 1.8). The oral mucosa fibroblast
sheet was thicker than the skin and tail fibroblast sheet. All fibroblast sheet groups tested

positive for DAPI and vimentin (Fig. 1.9).

1.5 Discussion

In the current study, the canine multilayered fibroblast sheets were successfully
established using fibroblast from the oral mucosa, skin, and tail skin by seeding large numbers
of cells (Yoshimine et al., 2022) with ROCK inhibitor. VEGF and MCP-1 were secreted from
the three fibroblast sheet groups, showing the potential of the sheet to stimulate healing
processes. This study showed that the oral mucosa fibroblast tended to have a higher potential
to create a favorable canine multilayered sheet than fibroblast from the skin and tail.

Fibroblasts are the most common cell type represented in connective tissues. The
morphology of the cells remains the same even when it is present in multiple organ systems
(Rinn et al., 2006). Regarding morphology, the fibroblasts are spindle-shaped with a centrally
placed oval or round nucleus (Kalluri, 2016; Movat and Fernando, 1962; Ravikanth et al., 2011;

Rinn et al., 2006). This study showed the fibroblasts from the three origins presented with a
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spindle-shaped form under light microscope observation. No morphological differences were
observed between the oral mucosa, skin, and tail groups.

The current study produced canine fibroblast sheets using the methods in rats (Yoshimine
et al., 2022). On the first day of observation after seeding, the fibroblast did not retain its
circular shape, and the margin of the sheet collapsed. This condition may occur due to the
activity of myosin phosphorylation during sheet formation. Myosin phosphorylation regulated
by ROCK plays an essential role in smooth muscle contraction and cell migration (Alvarez-
Santos et al., 2020; Niggli, 1999; Matsumura ef al., 2001; Seaholtz, 2003; Sun ef al., 2020).
Therefore, ROCK inhibitor was required to prevent smooth muscle contraction by suppressing
the myosin phosphorylation activation (Kaneko-Kawano ef al., 2012; Nakayama et al., 2005;
Wirth, 2010; Yee et al., 2001). Previous studies on human nasal epithelial cell sheets have
shown that ROCK inhibitors affect myosin regulation by inducing the downregulation of
myosin light chain phosphorylation (Kasai et al., 2020). Moreover, Okumura et al. (2017) have
found that ROCK inhibitor enhances cell adhesion and engraftment by suppressing myosin
phosphorylation in cultured corneal endothelial cell transplantation in primate models. In
addition, several studies have reported that the inhibition of the ROCK signaling pathway
significantly promotes cell aggregation, cell adhesion, and proliferation, suppresses T cell
proliferation, and inhibits apoptosis/necrosis (Croze et al., 2016; Kim et al., 2022; Matsumoto
et al., 2022; McGiftord et al., 2022; Okumura et al., 2017; Peh et al., 2015). The current study
successfully produced the multilayered canine fibroblast sheet from the oral mucosa, skin, and
tail skin fibroblasts by adding 10 uM of ROCK inhibitor.

H&E staining was performed to evaluate the canine-layered cell sheets. Histological
analysis showed that the oral mucosa, skin, and tail fibroblast sheet groups presented with
multilayered cells. The oral mucosa fibroblast sheet was significantly thicker than the skin and

tail skin fibroblast sheets. Immunohistochemistry staining showed that the oral mucosa, skin,
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and tail fibroblast sheet groups tested positive for vimentin. Vimentin, which is a marker of
fibroblast, is a type III intermediate filament protein that plays a role in wound healing progress,
which is essential in promoting fibroblast proliferation, collagen accumulation, and epithelial-
mesenchymal transition signals (Cheng et al., 2016; Coelho-Rato et al., 2024; Ridge et al.,
2022). The presence of vimentin in all the fibroblast sheet groups indicated that applying a
fibroblast sheet in the wound can promote fibroblast proliferation and stimulate wound healing.

VEGF is an endothelial cell-specific mitogen, an angiogenic inducer, and a vascular
permeability mediator promoting neovascularization (Ferrara, 2004). Moreover, it contributes
to endothelial cell migration, proliferation, and tube formation (Apte et al., 2019; Ferrara,
2004). MCP-1 is a member of the C-C family of chemokines, which is a potent chemotactic
factor of monocytes that plays a vital role in wound healing processes by influencing
inflammation, immune responses, tissue remodeling, fibroblast chemotaxis, and collagen
synthesis (Arefieva et al., 2012; Deshmane et al., 2009; Yadav et al., 2010). A previous study
showed that the proinflammatory MCP-1 promotes healing by restoring the macrophage
response in mice with diabetic wounds (Wood, 2014). The current study showed that the three
fibroblast sheet groups secreted VEGF and MCP-1. The VEGF result revealed that the oral
mucosa and tail fibroblast sheet groups tended to be higher than the skin group. On the other
hand, the oral mucosa groups showed a high tendency compared to other groups for MCP-1
assessment. The role of VEGF and MCP-1 was in accordance with the previous studies in mice
and rats, which showed the fibroblast sheets produced various growth factors and cytokines
including VEGF and MCP-1, which are essential in promoting the wound healing process (Ike
et al., 2022; Matsuno et al., 2022; Mizoguchi et al., 2018; Nagase et al., 2020; Yoshimine et
al., 2022).

Further, the current study used large numbers of fibroblasts to make the sheet. Cell

proliferation and viability are considered when selecting the origin of fibroblasts. The trypan
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blue exclusion assay is a standard method to assess cell viability by staining dead cells with
compromised membranes, allowing the dye to enter while excluding the dye for live cells
(Mani and Swargiary, 2023). In this study, the number of cell proliferation in the oral mucosa
fibroblasts significantly increased compared with skin and tail fibroblasts. This result follows
a previous study that showed human oral mucosa fibroblasts proliferated more than dermal
fibroblasts (Lee and Eun, 1999). Previous studies have revealed that oral mucosa fibroblasts in
mice exhibit a higher viability and promote faster healing with less scarring compared with
dermal fibroblasts (Sezgin ef al., 2021; Vijayashree and Sivapathasundharam, 2022).
Interestingly, in this study, the cell viability of the oral mucosa, tail, and tail skin groups was
>90%. Moreover, there was no significant difference between the three groups. Based on this
result, the oral mucosa has a strong potential when it is used as a source of fibroblasts to develop
canine regenerative medicine.

The current study had several limitations. First, the effect of ROCK inhibitor on myosin
phosphorylation regulation, which can produce the canine fibroblast sheet, was not
investigated. This is an important area for future research, as understanding the role of ROCK
inhibitors in myosin phosphorylation regulation could enhance the efficiency of the fibroblast
sheet production process. Second, various growth factors and cytokines were not examined,
which are essential in promoting the wound healing process. Investigating these factors' role in
fibroblast sheet production and wound healing could provide valuable insights for regenerative
medicine. Finally, this study was performed regardless of age and sex in dogs. Hence, further
studies should be performed to address these limitations and to explore the potential variations
in the efficacy of the fibroblast sheet production process based on age and sex.

1.6 Conclusion
To the best of our knowledge, this is the first study to establish a method for creating a

canine fibroblast sheet. In conclusion, we have successfully developed a method that can
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produce a canine multilayered fibroblast sheet using large numbers of fibroblasts and ROCK
inhibitors. Our results, which show that canine oral mucosa fibroblasts are superior to canine
skin and tail fibroblasts, provide primary data for the use of canine fibroblasts in the

development of regenerative medicine in the veterinary field.

Figures Chapter [

Figure 1. 1 Morphology of fibroblast. The canine fibroblast cells presented with a spindle-

shaped single cell. (A) oral mucosa. (B) Tail skin. (C) Skin. Scale bars = 10 um
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Figure 1. 2 The proliferation ability and viability of canine fibroblast cells. (A) The oral

mucosa fibroblast cell had the highest proliferation ability. The proliferation ability
significantly differed between the oral mucosa fibroblast cell group and the tail skin and skin
fibroblast cell groups. (B) The cell viability of all groups was >90% during the 5-day
observation. The cell viability did not vary significantly between the three groups. The

fibroblast cells were counted every 24 hours during the 5-day observation. * P < 0.05
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Figure 1. 3 Macroscopic image of the fibroblast sheet without ROCK inhibitor. The fibroblast
sheet shrunk, and the margin collapsed. (A&B) Oral mucosa fibroblast sheet. (C) Skin
fibroblast sheet. (D) Tail skin fibroblast sheet. The surrounding wells around the fibroblast

sheets were filled with 2 mL of PBS to create a uniform temperature.

30 uM

Figure 1. 4 H&E staining of the canine oral mucosa fibroblast sheets according to the amount
of ROCK inhibitor (10, 30, and 50 uM). Histological staining was performed on the raw ham.
Black arrow: a marker for the fibroblast sheet. Red arrow: a marker for the raw ham. Scale bars

=50 um.
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Figure 1. 5 Macroscopic image of the shape of the canine fibroblast sheet peeled from the
dishes with Rho kinase inhibitor. Oral mucosa fibroblast sheet (left). Tail skin fibroblast sheet
(middle). Skin fibroblast sheet (right). The skin fibroblast sheet did not retain its circular shape

and collapsed during detachment. Scale bars = 5 mm.

Figure 1. 6 VEGF (left) and MCP-1 (right) concentration in the culture supernatants of the
canine fibroblast sheet that were cultured for 3 d (each bar, n = 4). All fibroblast sheet groups
secreted VEGF and MCP-1. There were no significant VEGF values between the three groups.
Significant differences in MCP-1 concentration were observed between oral mucosa and skin.

OM: oral mucosa, S: skin, and T: tail skin. * P <0.05
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Figure 1. 7 H&E staining of the canine fibroblast sheets peeled from the dishes. Oral mucosa
fibroblast sheet (A), skin fibroblast sheet (B), and tail skin fibroblast sheet (C). Observation at
higher magnification of oral mucosa fibroblast sheet (D), skin fibroblast sheet (E), and tail skin
fibroblast sheet (F). Histological staining was performed on the raw ham. Black arrow: a
marker for the fibroblast sheet. Red arrow: a marker for the raw ham. Scale bars (A, B, C) =

50 um. Scale bars (D, E, F) = 20um
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Figure 1. 8 The thickness of the canine fibroblast sheet according to the addition of 10 uM of
Rho kinase inhibitor. The oral mucosa fibroblast cell had the thickest sheet. There were
significant differences in thickness between the oral mucosa group and the skin and tail skin
groups. OM: oral mucosa, S: skin, and T: tail skin. * P <0.05.

Vimentin

Skin fibroblast sheet

Tail fibroblast sheet

Figure 1. 9 Immunohistochemical fluorescence staining of the canine fibroblast sheets peeled
from the dishes. Oral mucosa fibroblast sheet (upper), skin fibroblast sheet (middle), and tail
skin fibroblast sheet (lower). All groups tested positive for DAPI and vimentin. Scale bars =

50 pm
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CHAPTER II
Assessment of the effect of autologous fibroblast sheet transplantation in

canine bronchial stump
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2.1 Abstract

Bronchopleural fistula (BPF) is an abnormal connection between the bronchus and
pleural cavity, associated with high morbidity and mortality. Fibroblasts play a critical role in
wound healing by facilitating connective tissue formation, which was expected to prevent BPF.
After lobectomy, the oral mucosal fibroblast sheet was transplanted autologously to
the canine’s bronchial stump. Histological evaluation, including hematoxylin-eosin and Azan
staining, was performed seven days post-transplantation to evaluate the bronchial stumps. The
autologous transplantation of fibroblast sheets formed connective tissue with collagen
deposition, which is thicker than the nontransplantation groups. This promising result indicates
that the fibroblast sheet stimulates wound healing and holds the potential to prevent leakage

postoperatively for BPF.

2.2 Introduction

Bronchopleural fistula (BPF) is a critical complication associated with lung resection that
is difficult to treat because a bronchial stump is incompletely healing (Endo et al., 2019; Imai
et al., 2011). BPF can lead to further complications such as cause empyema, aspiration
pneumonia, pneumothorax, and bronchopulmonary (Bof ez al., 2007). BPF is rare in humans,
occurring in 0.3% to 4.4% of resections, but it is characterized by high morbidity and mortality
(Endo et al., 2019; Panagopoulos ef al., 2009). The mortality rate of BPF is estimated to be
12.5%-71.2% (Okuda ef al., 2017; Tokunaga et al., 2020).

Even though there were no reports of the morbidity and mortality of BPF in dogs, some
in vivo investigations were done on BPF in dogs (Makidono et al., 2020; Bof et al., 2007; Tao
et al., 2006). Previous studies reported that the technique of bronchial stump closure is one of
the principal factors responsible for the appearance of BPF, including manual suturing using

absorbable sutures, ablation of bronchial mucosa with electric cautery and manual sutures,
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stapling and reinforcement with manual sutures, or ablation and stapling followed by
reinforcement with manual sutures (Murakami et al., 2016; Makidono et al., 2020; Bof et al.,
2007; Arcerito et al., 1982). Although there are advantages to using those techniques, they are
not totally free of complications. Currently, studies of cell transplantation on various organs
have developed to prevent BPF. Previous studies reported that the local administration of bone
marrow stromal cells (Gomez-de-Antonio ef al., 2010), free fat tissue (Yoshimine ef al., 2023),
or adipose-derived stem cells (Llontop et al., 2014) effectively healed bronchial stumps in rat
models.

As reported in Chapter 1, fibroblasts have a high potential as a cell source for fabricated
cell sheets. As fibroblasts play a crucial role in wound healing, fibroblast sheet transplantation
was expected to promote bronchial stump healing. Recently, a fibroblast sheet was reported
to secrete growth factor in vitro and promoted angiogenesis, wound healing, and reinforced
bronchial stump in a rat model (Yoshimine et al., 2022). This study, therefore, aims to evaluate
the potential of autologous fibroblast sheet transplantation as a therapeutic or preventive
method for BPF in dogs, a condition for which there are currently limited treatment options.
We hypothesized that transplantation of multilayered fibroblast sheets can reinforce bronchial

stumps in canine animal models.

2.3 Materials and Methods
2.3.1 Preparation of fibroblast cell sheets

For the cell sheet preparation method, this study referred to the multilayered sheet
preparation method in Chapter 1. Briefly, fibroblasts at the second passage were used to
produce the sheet. The cells were detached from the cell dish using TrypLE Express (TrypLE
Express®, Life Technology Corporation, Grand Island, NY, USA). After centrifugation, the

medium (DMEM + HFDM-1 (+) + 5% fetal bovine serum) was added to the cell suspension,
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and the cell numbers were counted using a Burker Turk cytometer. A cell suspension (2.5 x
10° cells/mL) was prepared and dispensed 2 mL/well into an uncoated 24-well plate
(FALCON®, Corning International Inc., Tokyo, Japan) and was added 10 pM of ROCK
inhibitor (Culture Sure® Y-27632, Fujifilm Wako Pure Chemical Industries, Ltd., Osaka,
Japan). The surrounding wells without suspension cells were filled with 2 mL of the PBS to
create uniform temperature around the suspension cells and cultured for 3 days at 37°C and
5% CO..
2.3.2 Left pneumonectomy and transplantation of multilayered fibroblast sheets

This experiment was divided into control groups (without transplantation) and
transplantation groups. A dog was fixed on the right recumbency position under general
anesthesia. The thoracotomy was performed between the intercostal (fourth and fifth). A
Finochet thoracotomy was applied to approach the left thoracic cavity. The left posterior lobe
base was bluntly dissected to the main bronchus bifurcation, then the artery and vein
pulmonary and bronchus were cut with a medical automatic cutting anastomosis device
(Powered ECHELON FLEX® 7, PVE35A/Endoscopic Powered Linear Cutter 45, ECR45D,
Johnson & Johnson Co., Ltd., Tokyo, Japan) and the left posterior lobe was excised (Fig. 2.1).
The multilayered fibroblast sheets were transplanted to the bronchial closure suture.
Immediately before transplantation, the medium was removed from the cell dish; the cell sheet
was washed with PBS, and then 200 pl of fast green was added to stain the sheet for one
minute. The fibroblast sheet was detached from the cell dish by pipetting. These procedures
were performed aseptically. After closure, the bronchus was checked for leaks by tflooding the
chest cavity with physiological saline and applying a positive pressure breath up to 30 mmHg.
After confirming no leakage, the intrathoracic cavity was washed with physiological saline.
An intrathoracic drain was placed, and the thorax was closed according to the standard

procedure.
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2.4 Results
2.4.1 Left pneumonectomy and transplantation of multilayered fibroblast sheets

Both control and treatment groups underwent similar surgical procedures except for sheet
implantation (Fig. 2.1). The average time of lobectomy is around four hours. There were no
fatal operative errors during the operation. In the leak test, no leak was observed.
Postoperatively, a chest tube was placed and managed for about one day. It was maintained
until the pleural effusion was reduced and then removed. Complications from lobectomy to
euthanasia included subcutaneous emphysema, pain, and decreased appetite, but no obvious
respiratory complications. Macroscopic observation showed that the transplanted fibroblast
disappeared within seven days postoperatively.
2.4.2 Histological analysis

Bronchial samples (Fig. 2.2) were stained with HE (Fig. 2.3) and Azan staining (Fig. 2.4).
Compared to the control group, more tissue forms in the cell sheet group. Azan staining
revealed collagen deposition within seven days after surgery in the fibroblast transplantation

groups.

2.5 Discussion

This study used a pneumonectomy canine model to investigate the usefulness of the
fibroblast sheet on the bronchial stump. Bronchopleural fistula (BPF) is a severe and potentially
life-threatening condition characterized by an abnormal connection between the bronchi and
the pleural cavity. The autologous transplantation of fibroblast sheets formed the connective
tissue with collagen deposition, higher than in the control group, indicating that the fibroblast
sheet stimulated wound healing and was expected to prevent leakage postoperatively.

In the present study, the effect of the transplanted sheets was evaluated using H&E and
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Azan staining. Macroscopic observation showed that the transplanted fibroblast disappeared
by seven days postoperatively. H&E staining showed more tissue formed in the excised
bronchial wall of the transplantation groups than in the nontransplantation groups. These results
indicate that the transplanted fibroblast may promote cell proliferation in the bronchial stump
as a paracrine effect and result in tissue thickness. Azan staining confirmed that the
transplantation groups had higher collagen deposition. Our results are in line with previous
studies that reported that transplantation of fibroblast sheet might promote cell proliferation
and contribute to increased collagen deposition, which is crucial for tissue strength and
integrity in the transplanted area (Yoshimine ef al., 2022; Ueno et al., 2016; Nagase et al.,
2020; Yamamoto ef al., 2023).

While a transplanted fibroblast sheet shows the potential to enhance the tissue thickness
of the bronchial stumps post-operatively, it is essential to consider the evaluation of the
myofibroblasts and vascularization, which are important for wound healing in bronchial stump
post-sheet transplant. The initial time of the disappearing fibroblast sheet was unknown since
this study only evaluated seven days post-transplantation. In addition, mechanical evaluation,
such as burst pressure in the bronchial stump, is needed to strongly evaluate the fibroblast
sheet’s ability to reinforce the bronchial stump. Therefore, further studies should be performed

to address these limitations.

2.6 Conclusion

To our knowledge, this represents the first study to evaluate the effect of autologous
multilayered fibroblast sheets in canine models. The autologous transplantation of fibroblast
sheets formed the connective tissue, including collagen deposition, higher than in the control
group, indicating that the fibroblast sheet stimulates wound healing and prevents leakage

postoperative. The usefulness of transplantation of refractory bronchial stumps may provide
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options as a therapeutic or preventive method not only for current diseases but also for various

diseases.

2.7 Figures Chapter I1

Figure 2. 1 Bronchial stump model. (A) The left posterior lobe was bluntly dissected to the
main bronchus bifurcation and was cut with a medical automatic cutting anastomosis device
(endoscopic powered linear cutter). (B) The left posterior lobe was excised. (C) The
multilayered fibroblast sheet was transplanted to the bronchial closure suture. Dotted lines

demarcate cell sheets.

Anterior bronchus

Anterior brouchus

Posterior bronchus

Posterior bronchus

Figure 2. 2 Bronchial wound closure 1 week postoperative. The dotted white line is defined as
wound closure in the nontransplantation group (A), and the dotted black line is defined as

wound closure in the transplantation group (B)
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Figure 2. 3 Excised bronchial specimens were stained with H&E on day 7 postoperative. The
bronchial wall of the membranous side was thicker in the fibroblast transplantation group than
in the non-transplantation group (control). Control (A); Fibroblast transplantation (B). The

black line is the defined area of the wound of the lobectomy. Scale bars: 500 um.
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Figure 2. 4 Excised bronchial specimens were stained with Azan on postoperative day 7.
Bronchial stumps of control individuals (top) and transplanted individuals (bottom). Dotted

lines demarcate bronchial suture. Scale bars: 500 um
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CHAPTER III

Effects of low-level laser irradiation on canine fibroblasts
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3.1 Abstract

Low-level laser (LLL) therapy is a well-known noninvasive treatment that stimulates
fibroblasts to improve wound healing. LLL therapy can improve fibroblast proliferation and
migration without causing toxicity. The present study aimed to evaluate the effects of two laser
wavelengths at different irradiation times on canine fibroblasts. Fibroblasts were isolated from
canine oral mucosa. After seeding for 24 hours, the fibroblasts were irradiated using the
Erchonia® EVL dual-diode laser at wavelengths of 405 nm (5 mW) and 640 nm (7.5 mW) with
irradiation times of 120, 360, and 1,800 sec. The proliferating and viability cells were evaluated
24 hours after laser irradiation. Wound closure rates were calculated at 0, 24, and 48 hours after
laser irradiation. Parameters, including proliferation cell, cell viability, and cell migration,
tended to be higher in the 360-sec group (405 nm) and 120-sec group (640 nm) than in other
groups. Our findings suggest that LLL therapy at 405 and 640 nm wavelengths with an
irradiation time of 120-360 sec (0.26—0.51 J/cm?) can stimulate the proliferation and migration
of canine fibroblasts. This finding may contribute to a better understanding of the beneficial

role of LLL stimulation in canine wound healing.

3.2 Introduction

Fibroblasts play a crucial role in wound healing by contributing to tissue repair through
various mechanisms. Fibroblasts produce extracellular matrix (ECM) components, promoting
cell adhesion, tissue re-epithelialization, angiogenesis, and collagen formation (Cialdai et al.,
2022; Fernandez-Guarino et al, 2023; Gomes et al., 2021; Plikus et al, 2021). They are
potential cells for regenerative medicine because they express high levels of intracellular
fibroblast growth factors (Yanagihara et al., 2023), enhancing cell proliferation and migration
(Kendall & Deghali-Bostwick, 2014; Smola ef al., 1993; Trepat et al., 2012).

Low-level laser (LLL) therapy (also known as photobiomodulation) is a noninvasive
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treatment modality that uses low-power lasers with a specific wavelength of light to stimulate
cellular processes without causing tissue heating, thereby promoting wound healing and
reducing pain in various in vitro and in vivo studies (AlGhamdi et al., 2011; Avci et al., 2013;
Dini et al., 2021; Kawasaki &Shimizu, 2000; Rola ef al., 2022). LLL therapy has been applied
for fibroblast biostimulation to improve wound healing (Gao and Xing, 2009; Gong et al., 2022;
Lopez and Brundage, 2019; Shingyochi ef al., 2017). Fibroblast proliferation and migration are
essential parameters to enhance wound healing processes. Previous studies reported that
applying LLL therapy in human and animal model cells increases cell proliferation and
migration (Peplow et al., 2010; Solmaz et al., 2017; Tam et al., 2020).

LLL therapy is usually performed with visible or near-infrared laser light (390-1,100 nm)
with relatively low fluences (0.04—50 J/cm?) and power densities (<100 mW/cm?) (AlGhamdi
et al., 2011; Avci et al., 2013; Mussttaf et al., 2019; Peplow et al., 2010). The wavelength of
visible light varies from 400 nm to 700 nm, which is divided by color, including violet/blue
(400-500 nm), green (500-565 nm), yellow (565-590 nm), orange (590-625 nm), and red
(625—-700 nm) (Prado et al., 2023). Previous studies have shown the beneficial effects of LLL
therapy on wound healing in humans and animals using violet/blue light (Etemadi ef al., 2020;
Masson-Meyers ef al., 2016; Rossi ef al., 2021) and red light (Crisan ef al., 2013; Evans and
Abrahamse, 2008; Kreisler ef al., 2003; Ma et al., 2018; Moore et al., 2005; Schartinger ef al.,
2012; Taniguchi et al., 2019). These studies reported that LLL therapy stimulates cell
proliferation and migration.

LLL therapy has been practically reported to enhance wound healing in veterinary
medicine. In dogs, Perego (2016) reported that LLL therapy resulted in significant difterences
in post-surgical wound healing and decreased the amount of exudates in the surgical area. LLL
therapy also exhibited positive healing effects in canine osteoarthritis (Barale et al., 2020), skin

disease (Perego et al., 2022), and chronic wounds (Hoisang et al., 2021). However, there is
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limited information regarding the effects of LLL therapy on canine fibroblasts, which play a
crucial role in wound healing processes. Therefore, the present study aimed to investigate the
effects of LLL irradiation at two different wavelengths (405 and 640 nm) and three different
irradiation times (120, 360, and 1,800 seconds) on canine fibroblast proliferation and wound
closure. This study used primary oral mucosa fibroblast because it closely represents the origin
tissue since the cells are taken directly from the tissue and not modified. Therefore, the results
of this study are expected to be more representative of the tissues, which provide similar effects
to in vivo and clinical conditions. We hypothesized that LLL therapy using 405 and 640 nm
wavelengths can improve the proliferation and migration of canine oral mucosa fibroblasts. The
results can provide data on canine fibroblasts to improve the application of LLL therapy in the

veterinary field.

3.3 Material and Methods
3.3.1 Oral mucosa fibroblast cell culture

The protocol for collecting oral mucosa tissues was approved by the Committee on the
Ethics of Animal Experiments of Yamaguchi University, Japan (Protocol Number 484). The
oral mucosa tissues of three healthy beagles were collected independently using a 6-mm biopsy
trepan (BIOPSY PUNCH, Kai Industries Co., Ltd., Gifu, Japan) with a thickness of tissue 3
mm. Fibroblast isolation was performed according to the previous studies (Adtani et al., 2019;
mclean and Pasumarthi, 2020; Yoshimine et al., 2022) following our first study. Briefly, the
cells were isolated using 5,000 units of collagenase type I (Collagenase, Fujifilm Wako Pure
Chemical Co., Ltd., Osaka, Japan) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM?®, Life Technologies Corporation, New York, NY, USA) with 10% fetal bovine serum
(FBS, Thermo Fisher Scientific Group, Tokyo, Japan), and 100 U/mL penicillin and 100 pg/mL

streptomycin (Penicillin-Streptomycin, Fujifilm Wako Pure Chemical Industries, Ltd., Osaka,
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Japan). The oral mucosa tissues were incubated overnight at 37°C under 5% CO2 and then
collected. The cells were cultured with DMEM medium in an incubator for 1 hour. Then, the
medium was aspirated, and the new medium was added. Since healthy fibroblasts rapidly
adhere to the flask, the adherent cells were defined as fibroblasts; this process removed the
weakened fibroblast and other cells (such as mucosal epithelial cells). The cells were cultured
for 3—5 days until fibroblast proliferation and adhesion were confirmed. Subsequently, primary
fibroblasts were seeded in a new DMEM in an uncoated T-75 flask (FALCON®, Corning
International Inc., Tokyo, Japan) and cultured until the cells were 70%—80% confluent. The
second passage of fibroblasts was used in the experimental procedure.
3.3.2 Laser irradiation

LLL therapy was performed using the Erchonia® EVL dual-diode laser (Erchonia
Corporation, Melbourne, FL, USA), which provides two laser diodes (405 nm [violet/blue laser
beam] with an output of 5 mW and 640 nm [red laser beam] with an output of 7.5 mW). Each
diode emits its wavelength with a tolerance of =10 nm. Different groups were treated using
two wavelengths (405 and 640 nm) with power output densities of 5 and 7.5 mW for 120, 360,
and 1,800 seconds (Table 3.1). The irradiation time was determined within the range of
previous reports (AlGhamdi ef al., 2011; Huang et al., 2009; Moore et al., 2005; Peplow ef al.,
2010). The energy density (J/cm?) for all treatment groups was calculated by multiplying the
exposure time (seconds) by the laser’s power output (W) divided by the surface area (cm?).
The surface area exposed to LLL therapy was identical to that of a 12-well plate (3.5 cm?). The
fibroblasts in the well plate without irradiation were treated similarly and used as a control.
The laser’s position was in contact with the bottom of the 12-well plate cover, with the laser
beam placed at a 90° angle to the bottom of the 12-well plate, which was positioned in a stable

supporting structure from Erchonia Corporation.
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3.3.3 Lactate dehydrogenase (LDH) activity assay

The LDH enzyme was assessed using a commercially available kit for measuring LDH
(Cytotoxicity LDH Assay Kit-WST, Dojindo Laboratories, Kumamoto, Japan). Canine oral
mucosa fibroblasts were seeded in 12-well plates at an initial density of 1 x 10° cells/well and
incubated for 12 hours. The laser irradiation protocol was performed as previously described
(Table 3.1). The non-irradiated fibroblasts were used as a control group. After treatment for 24
hours, 100 pL of cell culture medium was transferred into a 96-well plate and added with 100
pL of LDH reaction solution, prepared according to the manufacturer’s guidelines. The plate
was covered with foil and incubated at room temperature for 30 minutes. Subsequently, 50 pL
of stop solution was added, and the optical density of the solution was directly measured at 490
nm using an Epoch spectrophotometer (BioTek, Winooski, VT, USA). The LDH secretion data
were presented as absorbance with optical density value. All experiments were performed thrice
for repeatability.
3.3.4 Cell Counting Kit-8 (CCK-8) assay

Canine oral mucosa fibroblasts were seeded in 12-well plates at an initial density of 1 X
10° cells/well and incubated for 12 hours before exposure to laser irradiation. After irradiation,
the cells were incubated for 24 hours. For the cell proliferation assay, 100 uL of cell culture
medium and 10 pL of CCK-8 (Dojindo, Kumamoto, Japan) solution were added to each well.
After incubation at 37°C for 2 hours, the optical density of the solution was measured at 450
nm using an Epoch spectrophotometer. The proliferation cell data were presented as absorbance
with optical density value. The cell viability was shown as a percentage calculated according
to the manufacturer’s guidelines. The cell viability was calculated by dividing the average
absorbance from each sample (sample-blank) by the control absorbance (control-blank) and
multiplying by 100 (control: CCK-8 with medium and cells in a well [non-irradiated]; sample:

CCK-8 with irradiated cells and medium; blank: CCK-8 and medium without cells in a well).
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All experiments were performed thrice for repeatability.
3.3.5 Scratch wound healing assay

Scratch assay was performed to assess the effect of LLL irradiation on canine oral mucosa
fibroblasts in response to injury. The canine oral mucosa fibroblasts were cultured in 12-well
plates (2 x 10° cells/well) and incubated for 24 hours until a confluent monolayer of cells was
confirmed. The scratch was performed across the cell layer with a 200-pL sterile pipet tip. The
medium was removed, and the cells were washed with phosphate-buffered saline to remove
debris. Then, 300 pL. of DMEM was added, and irradiation was performed using LLL
following the irradiation times (Table 3.1). After irradiation, 700 p. DMEM medium was
added, and the cells were incubated. Photos were taken at 0, 24, and 48 hours after treatment
via an inverted fluorescence microscope (Olympus, Tokyo, Japan) and analyzed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA). The wound closure rate was
calculated by measuring the scratch area, which was not covered with fibroblast at 24 and 48
hours after treatment. The experiments were performed thrice for repeatability.
3.3.6 Statistical analysis

All data were represented as the mean =+ standard deviation of three independent
experiments. The data were analyzed using a one-way analysis of variance followed by the
Tukey—Kramer honestly significant difference test (for multiple comparisons test). The
calculations were performed using JMP software, version 9.0 (SAS Institute Japan, Tokyo,

Japan). Statistical significance was considered at P < 0.05.

3.4 Results
3.4.1 Cell viability and LDH assay
The effects of LLL irradiation under different irradiation times on canine oral mucosa

fibroblasts 24 hours after irradiation are shown in Fig. 3.1. The fibroblast proliferation and
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viability tended to be higher in irradiated than in non-irradiated groups at both laser diode
wavelengths. The highest proliferation of fibroblasts was observed in the 360-second group
(0.51 J/em?) at a wavelength of 405 nm and in the 120-second group (0.26 J/cm?) at a
wavelength of 640 nm (Fig. 3.1A). Nevertheless, no significant differences were observed
between the irradiated and non-irradiated groups at both wavelengths. The same results were
also observed in terms of viability (Fig. 3.1B), wherein the highest viability was observed in
the 360-second group at a wavelength of 405 nm and in the 120-second group at 640 nm. The
viability of fibroblasts in the 120-second group at a wavelength of 640 nm significantly differed
from that of other groups (P < 0.05). The results of the LDH cytotoxicity assay are shown in
Fig. 3.2. No significant differences were observed in the LDH levels between the irradiated
and non-irradiated groups (P > 0.05), with absorbance ranging from 0.375 to 0.391.
3.4.2 Scratch wound healing assay

The images of the scratch assay of both lasers (405 nm, Fig. 3.3) and (640 nm, Fig. 3.4)
were acquired at 0, 24, and 48 hours after irradiation. At 24 and 48 hours, the irradiated
fibroblasts at 405 and 640 nm wavelengths showed faster wound closure than non-irradiated
cells (Fig. 3.5). At 24 and 48 hours, the 360-second group (0.51 J/cm?) irradiated at a
wavelength of 405 nm presented a rapid healing rate than other groups. Significant differences
between irradiated (360 seconds) and non-irradiated fibroblasts were observed at 48 hours.
Meanwhile, at 24 and 48 hours, a rapid healing rate was found in the 120-second group (0.26
J/em?) irradiated at a wavelength of 640 nm than in other groups. Statistical differences were
observed between the non-irradiated and irradiated groups (120 and 360 seconds) at 24 hours.
Meanwhile, at 48 hours, significant differences were observed between the irradiated (120-

second) and non-irradiated groups.
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3.5 Discussion

In the present study, we evaluated the effects of irradiation using two laser wavelengths
on the cell viability and migration of canine oral mucosa fibroblasts. In both laser wavelengths
(405 and 640 nm) at different irradiation times (120, 360, and 1,800 sec), the fibroblast viability
and migration tended to be higher compared with the control group (0 sec). All the treatment
groups did not induce a higher cytotoxicity level than the control group. This finding indicates
that laser therapy under these conditions stimulates the proliferation and migration of oral
mucosa fibroblasts, is not harmful, and might be safely employed for irradiation of canine oral
mucosa fibroblasts.

LDH assay assessed cell damage by releasing the cytosolic glycolytic enzyme LDH into
the medium due to plasma membrane permeabilization after irradiation (Kabakov and Gabai,
2018). No statistically significant difference in LDH concentration was observed between the
non-irradiated and irradiated groups, indicating that both laser wavelengths and their fluences
were not harmful to living fibroblasts. This result is in line with a previous study (Hou et al.,
2008), where LLL irradiation did not show a significant difference in LDH levels between the
non-irradiated and irradiated groups.

Fibroblast viability and migration were investigated in vitro to evaluate the effects of two
laser wavelengths on canine oral mucosa fibroblasts. Fibroblast viability was evaluated by
assessing dehydrogenase activity in living cells. CCK-8 (also known as WST-8 assay) has been
widely used to assess cell viability and cytotoxicity by detecting high NAD(P)H levels using
tetrazolium salt, which directly corresponds to dehydrogenase activity and provides a measure
of cellular metabolic activity (Chamchoy et al., 2019; Fan et al., 2024). A scratch assay was
performed to evaluate and compare cell migration. Scratch assay (wound healing assay) is a
technique to evaluate cell migration in vitro by scratching a confluent cell monolayer to create

anew artificial gap and observing the movement of cells in the scratch area (Grada et al., 2017;
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Liang et al., 2007; Rodriguez et al., 2005). Cell migration is fundamental in various biological
phenomena, including tissue homeostasis, wound healing, and immune response (Cialdai ez al.,
2022; Trepat et al., 2012). Fibroblasts migrate and proliferate into the wound site and are
required to produce and secrete proteases from the ECM to heal the wound site (Kendall and
Deghali-Bostwick et al., 2014; Trepat et al., 2012).

In the present study, the proliferation, viability, and migration of fibroblasts tended to be
higher in all irradiated groups than in the non-irradiated groups, which was expected. This
finding indicates that the laser with a 405 and 640 nm wavelength and a specific fluence rate
could promote fibroblast proliferation and migration, both essential in normal wound healing
processes. Fibroblasts that were irradiated for 360 sec at a wavelength of 405 nm showed higher
proliferation and viability; however, no significant differences were observed compared with
other groups. In contrast, fibroblasts that were irradiated for 120 sec at a wavelength of 640 nm
showed higher proliferation and viability; however, no significant differences were observed
compared with other groups. Wound closure was faster in the irradiated groups than in the non-
irradiated groups. The groups irradiated for 360 sec at 405 nm and for 120 sec at 640 nm showed
more rapid wound closure than other irradiated groups. This finding indicates that using the
Erchonia® EVL dual-diode laser in one-time irradiation for 120-360 sec at a fluence of 0.2-0.5
J/em? stimulates canine oral mucosa fibroblast proliferation and wound closure. This result is
in line with previous in vitro studies using human fibroblasts at a wavelength of 640 nm
(Hawkins and Abrahamse, 2007; Smola e al., 1993) and animal models (Gong ef al., 2022;
Solmaz et al.,2017), which reported the advantages of LLL therapy in wound healing, including
cell proliferation and migration. Prado ef al. (2023) performed a scoping review of the effects
of photobiomodulation with blue light (400-500 nm) on wound healing. They summarized that
blue light at a low energy density (<20 J/cm?) stimulates different cell types and proteins, but

blue light at a high energy density (20.6-50 J/cm?) reduces cell proliferation, migration, and
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metabolism. Studies on human dermal fibroblasts reported that using blue light at a wavelength
of 470 nm with an energy density of 5 J/cm? (Masson-Meyers et al., 2016) and 420 nm with an
energy density of 3.43 J/em? (Rossi ef al., 2021) stimulated cell proliferation. Etemadi et al.
(2020) also reported that LLL therapy with blue diode laser at power densities of 400 mW/cm?
with irradiation times of 10 and 15 sec corresponding to energy densities of 4 and 6 J/cm?
exerted statistically significant positive effects on the proliferation and migration of gingival
fibroblasts. These findings suggest that combining blue and red light stimulates fibroblast
proliferation and migration.

Overall, among the irradiated groups, the group that was irradiated for 1,800-second (2.5—
3.9 J/cm?) at wavelengths of 405 and 640 nm showed the slowest proliferation and wound
closure rate, suggesting that the time and dose of irradiation are essential to the cell response.
Huang et al. (2009; 2011) summarized the biphasic dose responses in LLL therapy on culture
cells in vitro, animal models in vivo, and clinical studies. Based on the three-dimensional model
of the Arndt—Schulz curve, they suggest that too much power density and/or time may lead to
the inhibition effect of LLL therapy. Another study reported that using a wavelength of 632.8
nm at high doses (10 and 16 J/cm?) increased cellular damage and decreased cellular viability
and proliferation in human skin fibroblasts (Hawkins and Abrahamse, 2007). Similarly, Flores
Luna et al. (2020) proved the principle of the Arndt—Schulz law, wherein small doses provide
positive stimuli to the cellular environment, and higher doses cause deleterious effects,
inhibiting cellular activity. They found a significant reduction in the number of cells using 3.61
and 3.16 J/cm? of energy compared with 0.45 and 0.75 J/cm? of energy at 660 nm. The concept
of biphasic dose-response is essential in LLL therapy because of the large number of
illumination parameters for each treatment and laser characteristic (AlGhamdi et al., 2011; Avci
et al.,2013; Huang ef al., 2009; Huang ef al., 2011).

To date, the exact mechanism of LLL therapy in influencing cellular processes is not yet

46



well established and is likely multifactorial. Studies reported that LLL therapy interacts with
mitochondrial chromophores (Greco et al., 1989; Hamblin, 2018; Karu ef al., 2005), modulates
reactive oxygen species that increase energy production (adenosine triphosphate), and
stimulates enzymes and transcription factors (Avci et al., 2013; Chung et al., 2011; Hamblin,
2018; Pavlov et al., 2024; Rola et al., 2022) that improve wound healing. Therefore, further

studies should investigate these factors in canine oral mucosa fibroblasts.

3.6 Conclusion

To the best of our knowledge, this is the first study that uses canine oral mucosa
fibroblasts to investigate the effects of LLL irradiation in vitro on the wound healing process,
especially cellular proliferation, and migration. We concluded that the Erchonia® EVL dual-
diode laser with two wavelengths (405 and 640 nm) has a stimulating effect on the proliferation
and migration of canine fibroblasts with an irradiation time of 120-360 sec without causing
cytotoxicity. This finding may contribute to a better understanding of the beneficial role of LLL

stimulation in wound healing in canines.

3.7 Table Chapter 111

Table 3. 1 The energy density of different groups

Laser diode 120 seconds 360 seconds 1,800 seconds
405 nm 0.17 J/em? 0.51 J/em? 2.57 J/em?
640 nm 0.26 J/cm? 0.77 J/em? 3.86/cm?
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3.8 Figures Chapter II1

A. Proliferation of Canine Fibroblast B. Viability of Canine Fibroblast

405 nm

Iiradiation tune [irradiation tune

B0 sec @120 sec O360 sec O1.800 sec Wm0 sec @120sec O360sec O1.800 sec

Figure 3. 1 The proliferation (A) and viability (B) of canine oral mucosa fibroblasts (using
CCK-8 assay) were measured 24 hours after irradiation with single-dose LLL irradiation at
wavelengths of 405 and 640 nm for 120, 360, and 1,800-sec. Proliferating fibroblasts are
expressed as absorbance with optical density value, whereas the cell viability of fibroblasts is
expressed as a percentage. The mean was compared by analysis of variance followed by
Tukey’s honestly significant difference test. All experiments were performed thrice for

repeatability. *P < 0.05. CCK-8, Cell Counting Kit-8; LLL, low-level laser
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105 nm 640
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ec O120sec O360sec O1.800 sec

Figure 3. 2 The absorbance of LDH assay in canine oral mucosa fibroblasts at 24 hours after
being treated with single-dose LLL irradiation at 405 and 640 nm wavelengths for 120, 360,
and 1,800 sec. LDH is expressed as absorbance with optical density value. The mean was
compared by analysis of variance followed by Tukey’s honestly significant difference test. All
experiments were performed thrice for repeatability. LDH, lactate dehydrogenase; LLL, low-

level laser.

49



Wavelength: 405 nm

360 sec 1,800 sec

Figure 3. 3 Scratch assay evaluation at a wavelength of 405. Dotted lines indicate the scratch
area at 0, 24, and 48 hours after laser irradiation. Fibroblasts that were irradiated for 360-sec

showed the narrowest scratch at 48 hours. Scale bars =20 um.



Wavelength: 640 nm

0 sec 120 sec 360 sec 1.800 sec

Figure 3. 4 Scratch assay evaluation at a wavelength of 640. Dotted lines indicate the scratch

on N

24 hr

area at 0, 24, and 48 hours after laser irradiation. Fibroblasts that were irradiated for 120-sec

showed the narrowest scratch at 48 hours. Scale bars = 20 um.

Figure 3. 5 Effects of LLL therapy at 405 and 640 nm wavelengths on cell migration. The
scratch wound area was measured at 0, 24, and 48 hours after laser irradiation. *P < 0.05
represents statistically significant differences between irradiated and non-irradiated groups

(control). LLL, low-level laser
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CHAPTER 1V

Effects of low-level laser therapy on canine multilayered fibroblast sheet
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4.1 Abstract

Cell sheets represent an innovative tissue engineering approach, particularly in
regenerative medicine. They create a sheet-like structure of cells that retains essential
extracellular matrix components and cell-cell interactions, enhancing tissue repair and
regeneration. Low-level laser (LLL) therapy is a non-invasive treatment modality that utilizes
low-intensity lasers to stimulate cellular processes in wound healing. Introducing a
combination of fibroblast sheets and LLL therapy may significantly improve the quality of
treatment. This study aimed to investigate the effect of low-level laser irradiation on canine
oral mucosal fibroblast sheets. The cell sheet was produced using a canine oral mucosal
fibroblast. The LLL irradiation was performed using the Erchonia® EVL dual-diode laser at
wavelengths of 405 nm (5 mW) at energy densities 0.17 and 0.51 J/cm? and 640 nm (7.5 mW)
at energy densities 0.26 and 0.77 J/ecm? in six groups of experiment parameters. Lactate
dehydrogenase and the thickness of the sheets were evaluated. LLL therapy influences the
thickness of the fibroblast sheet, suggesting its potential to enhance the proliferation of cells.
The thickness of the sheet was increased in group 4 with one-time irradiation in five days of
culturing in all irradiation doses. Importantly, all the irradiation groups at each energy density
did not induce a higher cytotoxicity level than non-irradiation groups, demonstrating the safety
of the LLL therapy. These findings suggest that LLL irradiation enhanced the thickness of the

fibroblast sheet and was safely employed to produce the sheets.

4.2 Introduction

Cell sheet engineering is an advanced tissue engineering technique in regenerative
medicine focused on repairing or replacing damaged tissue and organs using various biological
techniques (Thummarati et al., 2023). Cell sheets are formed through self-assembly, allowing

for high cell density and retention of extracellular matrix (ECM) components, which are crucial
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for tissue integration (Hu et al., 2023). This technique is significant for regenerative medicine
and has potential clinical applications across various medical conditions (Chang ef al., 2023).
Cell sheets in animals showed effectiveness, including reinforcing the bronchial stump
(Yoshimine et al., 2022), esophageal reconstruction (Yamamoto ef al., 2023), regenerating
mouse submandibular glands (Nam et al., 2019), preventing postoperative pancreatic fistula in
rats (Iwamoto et al., 2021), and prevent perforation after duodenal endoscopic submucosal

dissection in a porcine model (Matsumoto ef al., 2020).

Low-level laser (LLL) therapy in the visible to the near-infrared spectral band (390-1,100
nm) is the absorption of laser light at the electronic level without the generation of heat
(AlGhamdi et al., 2011; Mussttaf ef al., 2019; Peplow ef al., 2010). It may be applied in various
treatments, including wound healing, inflammation, and pain reduction (Musssaft et al., 2019;
Avci et al., 2013). LLL therapy stimulates cellular processes, enhancing ATP production and
reducing oxidative stress (Wickenheisser ef al., 2019; Pedroni et al., 2018). A significant
finding is the variability in LLL therapy application methods, including differences in laser
type, dosage, and wavelength (Wickenheisser et al., 2019). The wavelength of visible light
varies from 400 nm to 700 nm, and was divided into blue /violet (400-500 nm), green (500—
565 nm), yellow (565-590 nm), orange (590—625 nm), and red (625—700 nm) (Prado et al.,
2023). The power output of lasers is 0.001 to 0.1 Watts with a range of length 300 up to 10,600
nm with energy density from 0.01 to 100 J/cm? (Posten ef al., 2005; AlGhamdi et al., 2011;
Avci et al., 2013; Prado et al., 2023). Previous studies reported that LLL therapy showed a
significant role, including enhancing the bone healing process (Berni et al., 2023; Barale et al.,
2020), chronic wounds (Hoisang et al., 2021), and neurodegenerative diseases (Abijo et al.,
2023; Shen et al., 2024). In addition, LLL therapy has been shown to influence the activity of
several growth factors, which are crucial for various cellular functions such as proliferation

and healing (Rola er al., 2022).
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Our previous study found that the autologous transplantation of fibroblast sheets in dogs
after lobectomy formed the connective tissue higher than in the control group (without sheet
transplantation), indicating that the fibroblast sheet stimulates wound healing and prevents
leakage postoperative. Fibroblasts are essential for secreting ECM components, which are
crucial during tissue development, homeostasis, tissue repair, and collagen formation (Lendahl
et al., 2022; Cialdai ef al., 2022; Plikus et al., 2021; Jere and Houreld, 2024). LLL therapy
enhances fibroblast cell proliferation and migration, stimulates protein synthesis, and releases
growth factors essential for effective wound healing (Jere and Houreld, 2024; Bakshi et al.,
2022; Gong et al., 2022; Solmaz et al., 2017). The previous studies reported that the fibroblast
sheet has a significant potential in wound healing (Ike et al., 2022; Matsuno et al., 2022;
Kanzaki et al., 2007; Yamamoto et al., 2023; Matsushima et al., 2016). Previously, we reported
that LLL therapy using a dual-diode laser at wavelength 405 nm and 640 nm at an energy
density of 0.26 to 0.51 J/cm? can stimulate the proliferation of canine fibroblasts. Thus, by
introducing a combination of fibroblast sheet and LLL therapy, the quality of treatment may be

improved.

To the best of our knowledge, there is no information about the effects of LLL irradiation
in acanine fibroblast sheet. Thus, this study investigates the impact of low-level laser
irradiation on canine oral mucosal fibroblast sheets. We hypothesized that LLL therapy using
405 and 640 nm wavelengths can improve the thickness of the canine fibroblast sheet without

causing cell damage.

4.3 Material and Methods
4.3.1 Oral mucosa fibroblast cell culture

The Committee approved the protocol for collecting oral mucosal tissues on the Ethics
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of Animal Experiments of Yamaguchi University, Japan (Protocol Number 484). Three healthy
beagle dogs were utilized in this prospective study. The median age of the dogs was 6.5 (range:
6.2-6.7), with a mean body weight of 12.67 + 1.15 kg. Collecting tissue was done under
general anesthesia. The oral mucosal tissues were collected using a 6-mm biopsy trepan with
a tissue thickness of 3 mm (BIOPSY PUNCH, Kai Industries Co., Ltd., Gifu, Japan) and were
transported in a phosphate-buffered saline (PBS) containing antibiotics 100 U/mL penicillin
and 100 pg/mL streptomycin (Penicillin-Streptomycin, Fujifilm Wako Pure Chemical
Industries, Ltd., Osaka, Japan). The cells were isolated using 5,000 units of collagenase type I
(Collagenase, Fujifilm Wako Pure Chemical Co., Ltd., Osaka, Japan) and cultured in
Dulbecco’s Modified Eagle Medium (DMEM?®, Life Technologies Corporation, New York,
NY, USA) with 10% fetal bovine serum (FBS) (FBS, Thermo Fisher Scientific Group, Tokyo,
Japan), and 100 U/mL penicillin and 100 pug/mL streptomycin and were incubated overnight
at 37°C under 5% COa. Isolation cells were collected and cultured with DMEM medium in an
incubator for 3—5 days until fibroblast proliferation and adhesion were confirmed. Primary
fibroblasts were seeded in a new DMEM in an uncoated T-75 flask (FALCON®, Corning
International Inc., Tokyo, Japan) and cultured until the cells were 70%—80% confluent. The
second passage of fibroblasts was used in the present study.
4.3.2 Preparation of fibroblast cell sheets

For the cell sheet preparation method, this study referred to the previous research. The
cells were detached from the cell dish using TrypLE Express (TrypLE Express®, Life
Technology Corporation, Grand Island, NY, USA), 10 pL of the cell suspension after
centrifugation, and 10 pL of trypan blue were mixed and pipetted well. The cell numbers were
counted using a Burker Turk cytometer. Primary fibroblast cells were seeded in a 24-well plate
(5 x 107 cells/well) using a 2 mL medium consisting of DMEM and HFDM-1 (+) (Cell Science

& Technology Institute, Miyagi, Japan) supplemented with 5% FBS. Ten uM Rho Kinase
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(ROCK) inhibitors (Culture Sure® Y-27632, Fujifilm Wako Pure Chemical Industries, Ltd.,
Osaka, Japan) were added to the wells. The surrounding wells without suspension cells were
filled with 2 mL PBS to uniform the temperature and cultured for 3 and 5 days in an incubator
at 37°C and 5% COa.
4.3.3 Laser irradiation
LLL irradiation was performed using the Erchonia® EVL dual-diode laser (Erchonia
Corporation, Melbourne, FL, USA), which provides two laser diodes (405 nm [violet/blue
laser beam| with an output of 5 mW and 640 nm [red laser beam] with an output of 7.5 mW).
Each diode emits its wavelength with a tolerance of £10 nm. Different groups were treated
using two wavelengths (405 and 640 nm) with power output densities of 5 and 7.5 mW with
energy densities of 0.17, 0.51, 0.26, and 0.77 J/cm? (Table 4.1). The energy density (J/cm?) for
all treatment groups was calculated by multiplying the exposure time (sec) by the laser’s power
output (W) divided by the surface area (cm?). The surface area exposed to LLL therapy was
identical to that of a 24-well plate (1.9 cm?). The fibroblast suspension in the well plate without
irradiation was treated similarly and used as a control. The laser’s position was in contact with
the bottom of the 12-well plate cover, with the laser beam placed at a 90° angle to the bottom
of the 12-well plate, which was positioned in a stable supporting structure from Erchonia
Corporation. LLL irradiation of group treatment and the collection time of fibroblast sheets
were described in Table 4.2.
4.3.4 Lactate dehydrogenase (LDH) assay
The release of lactate dehydrogenase (LDH) was measured using a commercially
available kit for measuring LDH (Cytotoxicity LDH Assay Kit-WST, Dojindo Laboratories,
Kumamoto, Japan). The laser irradiation protocol was performed as previously described
(Tables 4.1 and Table 4.2). The non-irradiated fibroblasts were used as a control group. The

exposure medium was collected before sheet detachment. 100 pL of cell culture medium was
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transferred into a 96-well plate and added with 100 ul. of LDH reaction solution, prepared
according to the manufacturer’s guidelines. The plate was covered with foil and was incubated
at room temperature for 30 minutes. Subsequently, 50 pL of stop solution was added, and the
optical density of the solution was directly measured at 490 nm using an Epoch
spectrophotometer (BioTek, Winooski, VT, USA). The LDH secretion data were presented as
absorbance with optical density value.
4.3.5 Histological evaluation
The prepared cell sheet was detached by pipetting and fixed with formalin. The fibroblast
sheets were placed on a raw ham to layer the sheet and embedded in paraffin. Sections with a
thickness of 3 um were cut and mounted on the glass slides, deparaffinized in xylene, and
rehydrated in a graded ethanol series (100%, 90%, and 70%). The glass slide was stained with
hematoxylin and eosin (H&E). For each fibroblast sheet slide, three figures were taken along
the length of the sheet. Using ImagelJ software (National Institutes of Health, MD, USA), four
measurements were made per figure from the apical to the basal edge of the sheet.
4.3.6 Statistical analysis
Body weight was expressed as means + standard deviation (SD) and age as median with
range. LDH and thickness of the sheet were represented as the mean + SD. The data were
analyzed using a one-way analysis of variance followed by the Tukey—Kramer honestly
significant difference test (for comparison of more than two groups). The calculations were
performed using JMP software, version 9.0 (SAS Institute Japan, Tokyo, Japan). A P value <

0.05 is considered statistically significant for each test.

4.4 Results
4.4.1 Fibroblast sheets

Fibroblast sheets were detached 3 and 5 days after culturing. Fig 4.1 shows the
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macroscopic appearance of fibroblast sheets immediately upon release of the cell culture well
plate. Macroscopic observation of fibroblast sheets in all group treatments maintained a
circular shape.
4.4.2 Lactate dehydrogenase (LDH) activity assay

The LDH activity of the fibroblast sheet was measured 3 days and 5 days after seeding
the cells. In both time observations, there were no significant differences between the
nonirradiated group (Groups 1 and 2) and the irradiated group (Groups 3, 4, 5, and 6) in each
dose irradiation (0.17, 0.26, 0.51, and 0.77 J/cm?) (Fig. 4.2 and Fig. 4.3). A slight increase in
LDH release induced by LLL irradiation was found to be somewhat dose-dependent
concerning the nonirradiated cells.
4.4.3 Sheet thickness evaluation

Hematoxylin and eosin staining were used to calculate the cell sheet thicknesses of the
fibroblast sheet. The multilayered fibroblast sheet was successfully produced from oral
mucosal fibroblasts with LLL irradiation at an energy density of 0.17 J/cm? (Fig.4.4), 0.26
J/em? (Fig. 4.5), 0.51 J/cm? (Fig.4.6), and 0.77 J/cm? (Fig.4.7). Fibroblast sheet thickness at
the energy density of 0.17 J/cm? (Fig. 4.8A) in groups 1, 2, 3, 4, 5, and 6 was 27.22 + 3.60,
2732 +£2097,28.32 +5.42,33.91 + 4.11, 31.89 + 3.46, and 28.65 + 3.78 um respectively. A
significant difference was observed in group 4 compared to groups 2 and 3. Fibroblast sheet
thickness at the energy density of 0.26 J/cm? (Fig. 4.8B) in groups 1,2, 3, 4, 5, and 6 was 28.17
+5.23,28.19+2.99,28.34 + 5.11,32.75+ 3.21,32.41 £ 5.4, and 26.1 + 6.00 um respectively.
A significant difference was observed in groups 4 and 5 compared to group 6. Fibroblast sheet
thickness at the energy density of 0.51 J/cm? (Fig. 4.8C) in groups 1, 2, 3, 4, 5, and 6 was 27.26
+1.24,27.26+2.43,29.9+1.96,34.57+5.32,34.11 £5.99, and 29.49 + 4.30 um respectively.
A significant difference was observed in groups 4 and 5 compared to nonirradiated groups

Groups 1 and 2). Fibroblast sheet thickness at the energy density of 0.77 J/cm? (Fig. 4.8D) in
p gy y g
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groups 1, 2, 3,4, 5, and 6 was 27.65 + 6.87,27.97 + 3.1, 33.82 £ 7.15, 34.60 + 3.33, 30/38 £+
4.54, and 28.53 £ 4.06 um respectively. No significant difference was observed between the

groups.

4.5 Discussion

This study represents the effects of LLL therapy on the thickness of the canine fibroblast
sheet. LLL irradiation was applied during the formation of canine fibroblast cell sheets.
Multilayered cell sheets with LLL irradiation increased the thickness of the sheet compared to
nonirradiated sheets. The thickness of the sheet was increased in group 4 with one-time
irradiation in five days of culturing in all irradiation doses. All the irradiation groups at each
energy density did not induce a higher cytotoxicity level than non-irradiation groups. These
findings suggest that LLL irradiation enhanced the thickness of the fibroblast sheet and was

safely employed to produce the sheets.

Low-level laser therapy is a non-invasive technique that utilizes low-level light to
enhance tissue regeneration, making it a valuable tool in tissue engineering. A previous study
reported that LLL therapy improves cell survival rate in 3D tissue engineering applications
(Bikmulina et al., 2022). LLL therapy has been effectively applied to various 3D systems,
including hydrogel, steroids, cell sheets, and organoids, by enhancing cell viability (Bikmulina
et al., 2022; Selestin Raja et al., 2024). LLL therapy stimulates mitochondrial activity and
prevents cell death, enhancing cell viability and proliferation (Wickenheisser et al., 2019;
Pedroni ef al., 2018; Polina et al., 2022). LLL therapy has emerged as a significant technique
in enhancing the efficacy of cell sheets for tissue regeneration. Selestin Raja et al. (2024)
reported that LLL therapy's ability to promote tissue regeneration without needing external
agents makes it a promising adjunct therapy in regenerative medicine. In the present study, the

thickest layered sheets were found in all irradiated groups than in the non-irradiated groups,
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which was expected. At energy density 0.17 J/cm?, the irradiated sheet (group 4) significantly
differed from the non-irradiated sheet (Group 1 and 2) for 3 and 5 days of culturing. At an
energy density of 0.51 J/cm?, the irradiated sheet (groups 4 and 5) significantly differed from
both non-irradiated sheets. Meanwhile, at energy density 0.26 J/cm? and 0.77 J/em?, even
though there was no significant difference, the results were in the same tendency as the 0.17
and 0.51 J/em?, which is the nonirradiated sheet was thinner compared to the irradiated groups.
Our finding suggests that LLL therapy influences the thickness of the multilayered sheet. The
sheet thickness is likely due to cell proliferation induced by LLL irradiation. Previous studies
reported that LLL therapy stimulates cell proliferation (Hawkins and Abrahamse, 2007;
Shingyochi et al., 2017; Gong ef al., 2022; Solmaz et al., 2017). Our previous study reported
that LLL therapy using a dual-diode laser at wavelength 405 nm and 640 nm at energy density
0.26 to 0.51 J/cm? can stimulate the proliferation of canine fibroblasts. The results were in line
with the current study, which showed that LLL therapy increased the thickness of the fibroblast

sheet at energy densities of 0.17, 0, 26, 0.51, and 0.77 J/cm?.

Different LLL therapies, such as time and dose irradiation, can lead to varied outcomes
in cell responses (Garrido et al., 2019; Ejiri et al., 2014; Ganjali et al., 2018). The biphasic
dose response in LLL therapy indicates that low doses can stimulate biological processes, while
higher doses may inhibit them (Alghamdi ef al., 2011). This phenomenon is often described by
the Arndt-Schulz law, which posits that weak stimuli enhance activity, moderate stimuli reach
a peak effect, and excessive stimuli lead to suppression (Huang ez al., 2009; Huang et al., 2011;
Flores Luna et al., 2020). In the present study, we found that the sheet thickness in all irradiation
groups in each dose irradiation was higher than in the non-irradiated group. We suggest that
the LLL irradiation at energy density 0.17, 0.26. 0.51 and 0.77 J/cm? stimulate the proliferation

of fibroblasts when forming the sheet.
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In vitro studies reported that one-time irradiation (Nowak-Terpitowska et al., 2023;
Mathioudaki, 2024; Hou et al., 2008; Ginani ef al., 2015) and repeated irradiation (Basso et
al., 2012; Hawkins & Abrahamse, 2006; Almeida-Lopes et al., 2001; Ginani et al., 2017,
Pevlov et al., 2010) stimulate cell proliferation. Meanwhile, the in vivo studies reported that
repeat LLL irradiation (Gong ef al., 2022; Lou et al., 2019; Bayat et al., 2022) stimulates
proliferation, tissue repair, and wound healing processes. To date, to our knowledge, no
information compares the single and repeat doses in the canine fibroblast sheet. Thus, we
evaluated the thickness of the sheet based on the time and frequency of irradiation. In each
irradiation dose, our study showed the thickest sheet in group 4, where the irradiated cells were
done the day after seeding, with culturing time for the fifth day (group 4). We suggest that
single irradiation on the day after seeding with five days of culturing provide a thickness sheet

that can potentially be used for clinical use.

Lactate dehydrogenase (LDH) is a crucial enzyme involved in cellular metabolism,
particularly in converting pyruvate to lactate during anaerobic glycolysis. Its significance
extends beyond essential metabolic functions, as elevated LDH levels are associated with
various pathological conditions (Kabakov & Gabai, 2018). A previous study reported that LLL
irradiation at different energy densities has positive, stimulating effects on the proliferation,
secretion, and myogenic differentiation of BMSCs without cytotoxicity (Hou et al., 2008).
Abrahamse and Crous (2024) reported that LLL irradiation did not induce apoptosis or indicate
severe harm to the cells. Since LDH release serves as an indicator of disturbances of in-cell
membrane integrity caused by pathological conditions, we evaluate this parameter in the
culture medium to verify if the fibroblast sheet for 3 and 5 days followed by laser irradiation
had deleterious effects on fibroblast membrane permeability. LDH levels in fibroblast sheet
medium were similar in the groups in each dose irradiation for 3 and 5 days, and there were no

significant differences between the groups in each dose irradiation. Both blue (405 nm) and red
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(640 nm) LLL did not show cytotoxic effects. This result aligns with our previous study, which
found that LLL therapy in 405 nm and 640 nm had energy densities of 0.17, 0.26, and 0.51.
and 0.77 J/em? did not show significant differences between nonirradiated and irradiated
fibroblasts. These results suggest that LLL irradiation did not alter the cell membrane

permeability of fibroblast and fibroblast sheets.

The exact mechanism of LLL therapy in forming the fibroblast sheet is still unclear and
is likely multifactorial. While LLL therapy shows the potential to enhance the thickness of the
multilayered fibroblast sheet, it is essential to consider the variability in responses based on
treatment parameters. Previous studies reported that LLL therapy in cell sheets detected the
presence of collagen type I and type III and fibronectin (Garrido et al., 2019; Pedroni et al.,
2018). In 3D tissue engineering, Bikmulina ef al. (2022) summarized the great potential of LLL
therapy in stimulating cell survival and viability in 3D conditions. Therefore, further studies

should investigate these parameters in canine fibroblast sheets.

4.6 Conclusion

This study set out to determine the impact of LLL irradiation on the canine fibroblast
sheet. This research extends our knowledge about combination therapy and its implementation
in producing the canine fibroblast sheet. The evidence from the present study suggests that
fibroblast sheet fabrication with LLL irradiation could increase the thickness of the sheet

without any substantial cytotoxicity
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4.7 Tables Chapter IV

Table 4. 1 Characteristics of the low-level laser equipment

Wavelength Energy Power (mW) Surface area  Total power Irradiation
(nm) Density (cm?) J) time (sec)
(J/em?)
405 0.17 5 1.9 0.32 65
405 0.51 5 1.9 0.98 195
640 0.26 7.5 1.9 0.49 65
640 0.77 7.5 1.9 1.47 195

Table 4. 2 Group treatment of low-level laser therapy canine oral mucosal fibroblast sheet

Group Days
18t 2nd 3rd 4th Sth

Group 1 Cell - Detaching cell sheet - -
seeding

Group 2 Cell - Medium changed - Detaching cell sheet
seeding

Group 3 Cell LLLI Detaching cell sheet - -
seeding

Group 4 Cell LLLI Medium changed - Detaching cell sheet
seeding

Group 5 Cell LLLI Medium - Detaching cell sheet
seeding changed>LLLI

Group 6 Cell - Medium - Detaching cell sheet
seeding changed>LLLI

LLLI: Low-level laser irradiation
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4.8 Figures Chapter IV

Figure 4. 1 Photograph of the fibroblast sheets immediately after detachment from the 24-well
plate on a 60 mm culture dish. (1) control 3 days, (2) control 5 days, (3) group 4 at energy
density 0.17 J/em?, (4) group 4 at energy density 0.26 J/cm?, (5) group 4 at energy density 0.51

J/em?, (6) group 4 at energy density 0.77 J/cm?
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Figure 4. 2 LDH activity in canine fibroblast sheet at 3 days. No significant differences exist
between the nonirradiated group (Groups 1 and 2) and the irradiated group (Groups 3, 4, 5, and

6) in each dose irradiation
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Figure 4. 3 LDH activity in canine fibroblast sheet at 5 days . No significant differences exist

between the nonirradiated group (Groups 1 and 2) and the irradiated group (Groups 3, 4, 5, and

6) in each dose irradiation. Error bars represent means = SD. *P < 0.05.
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Figure 4. 4 Effects of LLL irradiation (0.17 J/cm?) on construct thickness of fibroblast sheet.
Representative cross-sectional H&E staining fibroblast sheet at an energy density of 0.17 J/cm?
for (1) group 1, (2) group 2, (3) group 3, (4) group 4, (5) group 5, and (6) group 6. Black arrow:

Marker for the fibroblast sheet. Red arrow: Marker for the raw ham. Scale bars = 50 um.

Figure 4. 5 Effects of LLL irradiation (0.26 J/cm?) on construct thickness of fibroblast sheet.
Representative cross-sectional H&E staining fibroblast sheet at an energy density of 0.26 J/cm?

for (1) group 1, (2) group 2, (3) group 3, (4) group 4, (5) group 5, and (6) group 6. Black arrow:

Marker for the fibroblast sheet. Red arrow: Marker for the raw ham. Scale bars = 50 um.
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Figure 4. 6 Effects of LLL irradiation (0.51 J/cm?) on construct thickness of fibroblast sheet.
Representative cross-sectional H&E staining fibroblast sheet at an energy density of 0.51 J/cm?
for (1) group 1, (2) group 2, (3) group 3, (4) group 4, (5) group 5, and (6) group 6. Black arrow:

Marker for the fibroblast sheet. Red arrow: Marker for the raw ham. Scale bars = 50 um.

Figure 4. 7 Effects of LLL irradiation (0.77 J/cm?) on construct thickness of fibroblast sheet.
Representative cross-sectional H&E staining fibroblast sheet at an energy density of 0.77 J/cm?
for (1) group 1, (2) group 2, (3) group 3, (4) group 4, (5) group 5, and (6) group 6. Black arrow:

Marker for the fibroblast sheet. Red arrow: Marker for the raw ham. Scale bars = 50 um.
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Figure 4. 8 The effect of LLL irradiation on the fibroblast sheet thickness. A: Fibroblast sheet

thickness in nonirradiated groups (1 and 2) and irradiated groups (3, 4, 5, and 6) at the energy

density of 0.17 J/em?. Group 4 had significant differences compared to groups 1, 2 and 3. B:

Fibroblast sheet thickness in nonirradiated groups (1 and 2) and irradiated groups (3, 4, 5, and

6) at the energy density of 0.26 J/cm?. Groups 4 and 5 had significant differences compared to

Group 6. C: Fibroblast sheet thickness in nonirradiated groups (1 and 2) and irradiated groups
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(3,4,5,and 6 h density of 0.51 J/ecm?. G 4 and 5 differed significantly fi

the unirradiated groups (1 and 2). Fibroblast sheet thickness in nonirradiated groups (1 and 2)
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GENERAL DISCUSSION

A method for producing a canine multilayered fibroblast sheet was successfully
established using large numbers of fibroblast with ROCK inhibitors. According to fibroblast
origin, canine oral mucosa fibroblasts are more potent than canine skin and tail skin fibroblasts.
Oral mucosal fibroblast function continued to be investigated using low-level laser therapy.
The Erchonia® EVL dual-diode laser with two wavelengths (405 and 640 nm) stimulates the
proliferation and migration of canine fibroblasts with an irradiation time of 120-360 sec
without causing cytotoxicity. We suggest that a combination of fibroblast sheets and LLL
therapy may significantly improve the quality of treatment. The thickness of the sheet was
increased with LLL irradiation with one-time irradiation in five days of culturing in all
irradiation doses. Significantly, all the irradiation groups at each energy density did not induce
a higher cytotoxicity level than non-irradiation groups, demonstrating the safety of the LLL
therapy. These findings suggest that LLL irradiation and cell sheets from fibroblast cells can

potentially enhance wound healing in dogs.

The first chapter focused on establishing the canine multilayered fibroblast sheet from
three different tissue origins. In terms of morphology under light microscope observation, the
three origins presented a spindle-shaped form without any differences. The sheet was created
according to the previous study (Yoshimine ef al., 2022). By then, the cell sheet did not retain
its circular shape, and the margin of the sheet collapsed. We suggested that this condition may
occur due to the activity of myosin phosphorylation during sheet formation. Myosin
phosphorylation is regulated by Rho kinase (ROCK). Therefore, a ROCK inhibitor was
required to prevent the myosin phosphorylation activity during sheet formation. ROCK
inhibitor evaluation by adding 2.5, 5, 10, 30, and 50 uM to oral mucosal fibroblast culture. We
found that adding rho kinase inhibitor in 2.5 and 5 uM did not form a sheet, but it worked in

10, 30, and 50 uM groups. Histological evaluation showed that adding the appropriate 10 uM
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of ROCK inhibitor is the thickest layered sheet. We noticed that the cell sheet became thinner
as the amount of the Rho kinase inhibitor increased. The multilayered canine fibroblast sheet
was produced using the same method and adding 10 uM of ROCK inhibitor. However, the
effect of ROCK inhibitor on myosin phosphorylation regulation, which can produce the canine
fibroblast sheet, was not investigated. Further studies should be performed to address the role

of ROCK inhibitors in the formation of canine fibroblast sheets.

Since the multilayered fibroblast sheet was performed from the three origins of cells,
H&E staining was performed to evaluate the layered cell sheet. The oral mucosa sheet group
was significantly thicker than the skin and tail skin fibroblast sheets. This indicates that the oral
mucosal tissue has the strong potential to be a source of fibroblasts to develop tissue
engineering. Although not explicitly expressed on fibroblast, by using immunohistochemical
evaluation, specific proteins, such as vimentin, Vim, and fibroblast-specific protein 1, have
served as valuable markers to identify fibroblasts (Lendahl ez al., 2022). In this study, all groups
were positive for vimentin. The presence of vimentin in all the fibroblast sheet groups indicated
that applying a fibroblast sheet in the wound can promote fibroblast proliferation and stimulate
wound healing. As VEGF and MCP-1 play a role in wound healing processes, our study found
that all groups of sheets revealed both parameters, indicating that the fibroblast sheet can

stimulate the wound healing process.

We investigated the cell sheet function in dogs by autologously transplanting it to the
dogs after a lobectomy. Cell sheet transplantation studies on various organs have been
developed to prevent bronchopleural fistula (BPF) in animal models, including fibroblast
sheets. BPF is a postoperative complication that is difficult to treat because of the incomplete
healing of a bronchial stump (Imai et al., 2011) with a mortality rate estimated to be 12.5-
71.2% (Okuda et al., 2017; Tokunaga et al., 2020; Di Maio et al., 2015). Previous study has

reported fibroblast sheets' role in improving the bronchial fistula's structural integrity post-
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lobectomy (Yoshimine et al., 2022). Yamamoto ef al. (2023) reported that fibroblast sheets
contribute to increasing collagen deposition, which is crucial for tissue strength and integrity.
Our study evaluates the effect of the autologous transplantation of multilayered fibroblast
sheets on bronchial stump healing in dogs. This study confirmed the effect of transplanted
autologous fibroblast sheets at least 7 days postoperatively. In the present study, the excised
bronchial wall of the membranous side of the transplantation group was thicker than the non-
transplantation group. We confirmed the presence of collagen deposits in the transplanted
group. Since fibroblasts are known to promote collagen deposition, multilayered fibroblast
sheets also have the potential to encourage the deposition of collagen in wound healing. The
usefulness of the fibroblast sheet transplantation of refractory bronchial stump may provide an

option as a therapeutic or preventive method for various diseases.

Since this study used large numbers of cells to produce the sheet, we paid attention to the
proliferation ability of cells. According to the three of fibroblast origin, the oral mucosal
fibroblast has a significant proliferation. Therefore, we continued the study by using the oral
mucosal fibroblast. Since LLL therapy was well-known for enhancing the proliferation of cells,
an investigation of the proliferation of cells using LLL irradiation was conducted. We evaluated
the effects of irradiation using two laser wavelengths on the cell viability and migration of
canine oral mucosa fibroblasts (405 and 640 nm) at different irradiation times (120, 360, and
1,800 sec). Our finding indicates that laser therapy under these conditions stimulates the
proliferation and migration of oral mucosa fibroblasts; it is not harmful and might be safely
employed to irradiate canine oral mucosa fibroblasts. This finding showed that the laser with a
405 and 640 nm wavelength and a specific fluence rate could promote fibroblast proliferation
and migration, both essential in normal wound healing processes. Among the irradiated groups,
the group irradiated for 1,800 sec with energy densities of 2.5 and 3.9 J/cm? showed the slowest

proliferation and wound closure rate, suggesting that the time and dose of irradiation are
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essential to the cell response. Huang et al. (2009; 2011) summarized the biphasic dose
responses in LLL therapy on culture cells in vitro, animal models in vivo, and clinical studies.
Based on the three-dimensional model of the Arndt—Schulz curve, they suggest that too much
power density and/or time may lead to the inhibition effect of LLL therapy. The concept of
biphasic dose—response is essential in LLL therapy because of the large number of illumination
parameters for each treatment and laser characteristic (AlGhamdi ez al., 2011; Avci et al., 2013;
Huang et al., 2009; Huang ef al., 2011). Therefore, further study of LLL therapy in canine

fibroblast cells was recommended with an energy density of 0.2-0.5 J/cm?.

Our investigation continued to evaluate the effect of LLL therapy on canine fibroblast
sheets. Both parameters play a role in wound healing; therefore, we want to explore whether
LLL therapy using 405 and 640 nm wavelengths can improve the characteristics of the canine
fibroblast sheet. The percentage of cytotoxicity 1 day after LLL irradiation at the energy of
0.17,0.26, 0.51, and 0.77 J/em2 in each group showed no significant differences between the
irradiated and the nonirradiated group. However, a slight increase in LDH release induced by
LLL irradiation was found to be somewhat dose-dependent concerning the nonirradiated cells.
This result is in line with the previous study that LLL irradiation did not show a significant
difference in the bone marrow mesenchymal stem cells that were irradiated with LLL
irradiation with energy density 0, 0.5, 1, 2, and 5 J/cm? (Hou et al., 2008). In the present study,
the thickest layered sheets were found in all irradiated groups than in the non-irradiated groups,
which was expected. Our finding suggests that LLL therapy influences the thickness of the
multilayered sheet. The sheet thickness is likely due to cell proliferation induced by LLL
irradiation. Previous studies reported that LLL therapy stimulates cell proliferation (Hawkins
and Abrahamse, 2007; Shingyochi et al., 2017; Gong et al., 2022; Solmaz et al., 2017). The
evidence from the present study suggests that fibroblast sheet fabrication with LLL irradiation

could increase the thickness of the sheet without any substantial cytotoxicity.
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This doctoral thesis reported that the canine multilayered fibroblast sheet was
established, and LLL irradiation enhanced the thickness of the sheet. Future studies are needed
to investigate the effect of fibroblast sheets with LLL irradiation in vivo. This research would
interest all readers interested in developing tissue engineering, especially for developing future

regenerative medicine in the veterinary field.
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