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Abstract 

 

Skeletal muscle mainly consists of a heterogeneous population of myoblasts and fibroblasts. The 

skeletal muscle cells have been studied for cardiac regeneration to apply for autologous transplantation 

in the patient's heart with ischemia. Plenty of angiogenic cytokines secreted from the skeletal muscle 

cells have been shown to recover the damaged heart tissue, possibly through angiogenesis induction. 

While research on cell sheet technology has expanded, the impacts of human skeletal muscle fibroblast 

(HSMF) co-cultured with skeletal muscle myoblast (HSMM) on angiogenic cytokine balance and its 

implication have not been yet clarified. In this study, mono-culture and co-culture of HSMM and HSMF 

as monolayers (two-dimensional structure) and multilayers (three-dimensional structure) in various 

conditions and their respective outcomes were investigated to understand the angiogenic cytokine 

balance and endothelial network formation regulation.  

In chapter 2, the effect of HSMF co-culture in skeletal muscle cell sheet on the productivity of 

angiogenic cytokines and angiogenesis was elucidated. First, the skeletal muscle cells from the original 

source were isolated into HSMM and HSMF populations. These cells were then prepared by mono-

culture and co-culture as monolayers. The culture media were collected and measure the angiogenic 

cytokine productivity. Time-lapse observation and cell tracking system was applied to understand the 

paradigms of physiological interactions implicating the cytokine production from monolayers with 

different HSMF. Moreover, the effect of heterogeneous populations of skeletal muscle cells on 

angiogenesis was evaluated using 3D in vitro culture system imitating in vivo angiogenesis, in which 

green fluorescent protein-expressing human umbilical vein endothelial cells (GFP-HUVECs) were 

cultured under the fabricated multilayered human skeletal muscle cells with various proportions of 

HSMF.  

In chapter 3, the role of FGF-2 in endothelial behaviors to promote endothelial network formation 

in the human skeletal muscle cell sheets were studied. A culture system comprising five-layered sheets 



 iv  

of human skeletal muscle cells co-incubated on GFP-HUVECs mimicking in vivo angiogenesis was 

prepared, and exogenous FGF-2 was added in culture media of a treated group of the cell sheet. The 

endothelial network images from the local and whole area inside the cell sheet were captured and 

analyzed the network length, tip number, and connectivity to understand the extension of the endothelial 

network. The quantitative analysis method of endothelial network formation was modified from the 

previous study to measure the network from the whole sheet area. The numbers of medium and long 

endothelial networks in the cell sheet were measured, and time-lapse observation of endothelial cells 

during network formation was applied to elucidate the precise role of FGF-2 on endothelial functions 

during network extension. 

 Overall, this study provides insight into the impact of HSMF co-cultured in skeletal muscle cell 

sheet on the production of angiogenic cytokines (VEGF, HGF, and FGF-2) and its implication on 

angiogenesis. This study also creates cultural conditions to enhance endothelial network formation, 

which are regarded as necessary in multilayer skeletal muscle cell sheets and other tissue engineering 

approaches.  
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Chapter 1 

General introduction 

 

1.1 Regenerative medicine and cell sheet engineering  

 The term “tissue engineering” was only officially coined in the last few decades. In 1993, Dr. 

Langer and Dr. Vacanti first proposed tissue engineering defined as "an interdisciplinary field that 

applies the principles of engineering and life sciences toward the development of biological substitutes 

that restore, maintain, or improve tissue function or a whole organ" (Langer et al. 1993). Subsequently, 

tissue engineering has been combined with other subjects, such as cell-based therapy, stem cell biology, 

biomechanics prosthetics, and biochemistry, and has been termed regenerative medicine. 

 The promising field of regenerative medicine aims to replace, repair, or regenerate various tissues 

and organs to cure patients suffering from several diseases or traumas. Although various techniques and 

cell sources are available for regenerative medicine, it is still challenging to establish new approaches to 

overcome the technical limitations of cell therapy from the conventional approaches. For example, 

intravenous injection of cells for myocardial infarction treatment has been shown to have low cell 

retention after cell delivery. It has been reported that less than 0.1% of injected cells reached the heart, 

but most cells were diffused to other organs (Freyman et al. 2006). Therefore, a high dose of cells is 

required to increase the efficiency of treating some diseases. Combining seeded cells with scaffolds or 

other tissue is another engineering approach and widely advanced in regenerative medicine to improve 

both cell retention and therapeutic efficiency after cell delivery. Several cell types, such as hematopoietic 

progenitor cells for the treatment of leukemia (Koehl et al. 2002), brain cells for the treatment of 

Parkinson's disease (Olanow et al. 2003), hepatocytes for the treatment of liver diseases (Iansante et al. 

2018), and human neural stem cells to treat chronic ischemic stroke (Kalladka et al. 2016) have been 

transplanted into human patients using this approach. However, it is limited to a small range of diseases 

where a relatively small number of cells are sufficient for treatment, although lack of donors is not a 
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major criticism of this method compared to organ transplantation. However, the use of cell-loaded 

scaffolds tends to have certain adverse effects, such as material-associated infections and immune 

reactions to the implant (Boehler et al. 2011). 

  Facilitation of cell-to-cell interactions and extracellular matrix (ECM) development 

are necessary for tissue maintenance. Harvesting cell suspensions with trypsin often damages 

cell surface proteins that are important for cell-to-cell and cell-to-ECM interactions. The 

negative result impairs cell adhesion and proliferation, leading to uneven distribution and 

low repair efficiency after transplantation. Conventional tissue engineering with scaffold-

seeded cells also has some limitations due to high cell death or loss due to various factors 

such as inflammation at the graft site, autoimmunity, and mechanical injury. Engineering of 

scaffold-free tissue with induction of angiogenic cytokines to promote angiogenesis could 

improve cell survival and therapeutic efficiency. 

 Cell sheet technology is a scaffold-free tissue engineering technique in which transplanted cells 

can be fully preserved by forming cell-cell junctions and extracellular matrix proteins. Cell sheet 

composition resembles that of natural tissues, and therefore, avoids limitations associated with scaffold 

degradation. Moreover, cell sheet harvesting is possible without enzyme treatment; cell-cell interactions 

and cell sheet structure are well preserved. Moreover, this technology enables the delivery of the 

therapeutic cell population into the target tissue without the cell leaking through the injection channel or 

washing out to the bloodstream or becoming apoptosis due to lack of cell adhesion. Therefore, the 

development of cell sheet technology improves regenerative capacity and increases the potential 

applications for biological research. 

 The development of cell sheet technology was first reported by Takezawa et al. as the poly N-

isopropyl acrylamide (PIPAAm) polymer was used to coat cell culture surfaces (Takezawa et al. 1990). 

This polymer exhibits the interesting character of a temperature-responsive reversible transition that 

leads to a change in its hydrophobic/hydrophilic properties (Kenji K. 1990; Nagase et al. 2018). 
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Therefore, the cells can be harvested simply by changing the temperature without enzymatic treatment. 

At a temperature above 32C, the culture surface is hydrophobic, allowing cells to attach and proliferate. 

Lowering the culture temperature to 20C then makes the surface hydrophilic, allowing cells to be easily 

detached from the surface and producing biologically active and functional uniform cell sheets (Fig. 1-

1A). Since cell sheets contain ECM and cell membrane proteins, cell sheets can be attached to other cell 

sheets, and three-dimensional tissues can be easily prepared by simply layering cell sheets without 

immunological scaffolds (Fig. 1-1B). 

 

Fig. 1-1 Schematic diagram of cell sheet technology using the temperature-responsive surface. (A) By 

lowering the temperature, cultured cells are harvested on a temperature-dependent surface coated with a 

poly(N-isopropyl acrylamide) (PIPAAm) as a confluent cell sheet, preserving cell-cell junctions cell 
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surface proteins, and the extracellular matrix (ECM). (B) Fabrication of three-dimensional tissue by 

layering cell sheet. 

 The potential of cell sheet technology was first demonstrated by Nishida et al. in transplantation 

using autologous oral mucosal epithelial cells for corneal regeneration (Nishida et al. 2004). Since then, 

numerous cell types, including epidermal keratinocytes (Matsumine et al. 2019), vascular endothelial 

cells (Sumide et al. 2006), periodontal ligaments (PDLs) (Hasegawa et al. 2005), cardiomyocytes (Guo 

et al. 2020), and skeletal muscle cells (Sawa et al. 2015), have been investigated as cell sheets for 

regenerative medicine. Cell sheet technology has not only been applied in the field of tissue 

transplantation but also provides multicellular three-dimensional models for biological research 

(Nagamori et al. 2013; Li et al. 2017; Lee et al. 2018) (Fig. 1-2).  
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Fig. 1-2 Applications of cell sheet technology engineering for regenerative medicine and biological 

research. 
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1.2 Application of the skeletal muscle cells for myocardial infarction treatment 

Myocardial infarction (MI) or heart attack is a condition that results in irreversible death of heart 

tissue secondary to prolonged ischemia. Today, MI remains a leading cause of death worldwide (Cleland 

et al. 1999). Treatment of MI including drugs to improve blood flow and dissolve the clot and surgical 

procedures to treat blood vessels narrowed by atherosclerosis. However, these methods have only been 

able to halt the progression of the disease (Kwon et al. 2010). Therefore, new therapies are needed to 

regenerate damaged hearts and overcome the poor prognosis of the patients. Heart transplantation is the 

most effective method to treat patients with MI; however, the lack of organ supply is still a major 

problem. Besides, the use of artificial hearts for transplantation in late-stage disease is associated with 

problems due to complications such as infection, bleeding, and thrombosis (Cook et al. 2015).  Recently, 

cell transplantation for MI has gained attention as a promising therapy to overcome the transplant 

challenge. This therapy involves the direct intramyocardial injection of stem cells or skeletal muscle 

myoblasts (Taylor et al. 1998; Orlic et al. 2001). From the previous report, intramyocardial skeletal 

muscle transplantation has been shown to improve heart function after infarction (Menasche et al. 2001; 

Menasche 2007). Since autologous skeletal muscle myoblasts isolated from patients were transplantated 

successfully with no rejection and complication (Siminiak et al. 2004).  However, this method still has 

some disadvantages including cell loss from the leakage of injected cells from myocardium (Pagani et 

al. 2003) and poor survival of graft cells and myocardial damage (Suzuki et al. 2004). 

In the last decade, tissue engineering has been made considerable progress and appealing as an 

emerging field that restores or improves damaged tissue or whole organ function. Tissue engineering for 

skeletal muscle myoblast transplantation is the most appealing and clinical straightforward to pursue 

cardiac tissue replacement (Chen et al. 2015).  

Recently, innovative tissue engineering for transplantation has been developed as cell sheet 

technology. This approach can be manufactured without biomaterials, and the tissues prepared from this 

approach are preserved in their intercellular and extracellular structures essential for cell function during 

transplantation. Besides, such technology enables the delivery of the therapeutic cell population into the 
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target tissue without cell loss by leakage through the injection channel or washout to the circulation, or 

apoptosis by failure to adhere, called anoikis (Yang et al. 2005). 

Myoblast sheet was firstly established using autologous skeletal muscle myoblast by Okano’s 

group at Tokyo Woman's Medical University, Japan (Memon et al. 2005; Matsuura et al. 2013). The first 

trial of autologous human skeletal muscle myoblast sheet transplantation by in vivo dilated 

cardiomyopathy confirmed the feasibility, safety, and therapeutic efficiency of the cell sheet (Sawa et al. 

2013). For treatment mechanism, the myoblasts sheet might produce several cytokines such as vascular 

endothelial growth factor (VEGF), hepatocyte growth factor (HGF), fibroblast growth factor-2 (FGF-2), 

which are essential factors to promote angiogenesis actively in the infarcted area and attract the 

progenitors to come and improve the damaged part resulting in the induction of cardiac tissue (Ahmad 

et al. 2015). Before that evidence, it was reported that implantation of multilayered myoblast sheets such 

as three and five-layered sheets promoted favorable results with better induction of angiogenesis, 

presence of more elastic fibers, and less fibrosis compared with a monolayer sheet, most probably due 

to more cytokine secretion from the HSMMs (Sekiya et al. 2009). From these findings, it is easily feasible 

that, thicker skeletal muscle cell sheet could more induce angiogenesis in the infarcted area and recover 

the heart functions due to high secretion of angiogenic inducible factors. 

 

1.3 Angiogenic growth factors 

Several potent growth factors, including vascular endothelial growth factor (VEGF), hepatocyte 

growth factor (HGF), and basic fibroblast growth factor (bFGF or FGF-2) are reported as primary 

angiogenic simulators in ischemic areas. These growth factors are also experimentally demonstrated to 

improve cardiac functions (Fallah et al. 2019; Laddha et al. 2019). VEGF exerts its biological functions 

through binding to two homologous VEGF receptors expressed on the surface of the endothelial cells 

(Carmeliet 2005; Fallah et al. 2019). After binding, VEGF directly acts on the endothelial cells to 

promote migration, increase permeability, and enhance survival during vascularization and angiogenesis 

(Zachary et al. 2001). From previous studies, injection of skeletal myoblasts with genetic modifications 



8 
 

to upregulate VEGF expression was reported to effectively treat acute myocardial infarction by 

promoting vasodilatory and angiogenic effects (Suzuki et al. 2001; Haider et al. 2004). However, this 

therapeutic strategy of gene transfer is associated with viral vectors; therefore, adverse effects and ethical 

concerns need to be concerned (Kim et al. 2001).  

HGF is one of the most potential angiogenic stimuli. It has been reported to be involved in various 

cell types, including endothelial cells, by promoting motility, cell-to-cell interaction, branching, and/or 

tubular morphogenesis (Morimoto et al. 1991; Rosen et al. 1997). Moreover, previous studies have 

investigated the effects of HGF for the treatment of myocardial infarction by in vivo study (Nakamura et 

al. 2000; Ueda et al. 2001; Jin et al. 2003; Liu et al. 2016). This study demonstrated that the HGF-

engineered skeletal myoblasts promote angiogenesis, reduce myocardial fibrosis, and decrease 

cardiomyocytes' apoptosis (Yuan et al. 2008; Madonna et al. 2015).  

Previously, FGF-2 is also reported to exert therapeutic effects in ischemia by regulating 

angiogenesis through the regulation of various cell-cell interactions (Murakami et al. 2008), and 

incorporation with other growth factors or chemokines such as VEGF (Masaki et al. 2002; Kanda et al. 

2004) and HGF (Onimaru et al. 2002). 

 

1.4 Research outline 

 This study aimed to investigate the productivity of angiogenic growth factors, including VEGF, 

HGF, and FGF-2, by skeletal muscle cells, HSMMs and HSMFs, and cell behaviors in the cell sheet to 

promote angiogenesis. Primary human skeletal muscle cells containing HSMF and HSMM were used to 

construct monolayers and 3D multilayers cell sheets. Then, cytokine levels in cultured media, cell 

migration, and endothelial network formation were analyzed (Fig. 1-3).  

Chapter 1 focused on the effect of HSMF co-cultured with HSMM in cell sheet on angiogenic 

cytokine production and angiogenesis. The VEGF, HGF, and FGF-2 in culture media of monolayers 

prepared from various proportions (co-culture) and cell densities (mono-culture) of HSMMs and HSMFs 

were measured. The mechanism underlying VEGF production in co-culture was investigated by 
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examining the dynamic behaviors of cells in monolayers to analyze the effect of HSMFs on myoblast-to 

myoblast contact. After that, the effect of heterogeneous populations of skeletal muscle cells on 

angiogenesis was evaluated using green fluorescence protein-expressing human umbilical vein 

endothelial cells (GFP-HUVECs) incubated with fabricated multilayer HSMM sheets comprising 

various proportions of HSMFs. This understanding can be applied to design engineered tissues, including 

skeletal muscle cell sheets, to improve the therapeutic potential for myocardial infarction. 

Chapter 2 focused on the precise role of FGF-2 in endothelial function to promote angiogenesis 

after transplantation. In this study, a culture system comprising a five-layered sheet of human skeletal 

muscle cells co-incubated on GFP-HUVECs mimicking in vivo angiogenesis was used. The cultured 

media from the skeletal muscle cell sheets was measured the basal level of endogenous FGF-2. Then,  

the endothelial network formation in the cell sheets treated with or without exogenous FGF-2 after 

prolonged culture was analyzed. The time-lapse observation was used to monitor dynamic endothelial 

behaviors during network formation in the five-layered cell sheet. Moreover, the effect of FGF-2 on 

survival and proliferation of GFP-HUVECs outside the cell sheet was also demonstrated. In the present 

study, the results suggested the precise roles of FGF-2 to maintain endothelial connection and extent 

endothelial network in skeletal muscle cell sheets.  
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Fig. 1-3 Schematic diagram showing an outline of this study 
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Chapter 2 

Angiogenic cytokine productivity in human skeletal muscle cells 

 

2.1 Introduction 

Angiogenesis is a fundamental process in animal development and restoration of damaged tissues 

(Felmeden et al. 2003). This process is forming new blood vessels from the existing ones by increasing 

vessel density, network length, and branching (Durand et al. 2017). During the angiogenic process, 

endothelial cells from the existing blood vessel are activated and stimulated by various growth factors 

such as VEGF and HGF. The activated cells are destabilized from the existing vessel, and they are 

engaged for invasion, migration, proliferation following cell-to-cell connection, and tube formation for 

blood vessel maturation (Papetti et al. 2002).  

Efficient establishment of vascularization achieved by stimulation of angiogenesis is the key 

challenge for tissue engineering. The survival of cells in the middle of the thick three-dimensional tissue 

construct depends on a vascular supply of oxygen and nutrient (Santos et al. 2010).   Accordingly, the 

induction of angiogenic factors to promote blood vessel formation for engineered tissue constructs is a 

major challenge to pave the way for broad clinical use of tissue engineering applications. Several 

approaches, which may improve vascular growth into implanted tissue constructs, are currently under 

investigation (Anderson et al. 2004; Rucker et al. 2006). 

For the model of in vitro angiogenesis, human umbilical vein endothelial cell (HUVEC), isolated 

from the umbilical cord, has been commonly used for vascular biology research due to the simple 

isolation, human source availability, and low cost (Baudin et al. 2007; Lei et al. 2016). Moreover, 

HUVEC transfected to express a green fluorescent protein (GFP) provides a classic cell tracking model 

to investigate many aspects of endothelial functions in the angiogenic process (Liu et al. 2016; Andree 

et al. 2019). In cell sheet technology, GFP-HUVECs have been used to co-culture with multilayer human 

skeletal muscle cell sheets, allowing examining the dynamic endothelial behaviors that mimic the in vivo 
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angiogenesis. This system can evaluate the endothelial network formation, which is considered to be a 

promising in vitro angiogenesis model (Nagamori et al. 2013). 

Ischemic heart disease is the leading cause of mortality of people over the world. The disease 

occurs when the blood flow to the myocardial tissue is obstructed by plaque or blood clotting. After 

myocardial infarction, millions of myocardial cells die and lose from the infarcted site because of the 

lack of oxygen and blood supply (2010; Severino et al. 2020). Several therapeutic approaches based on 

tissue engineering are available to rescue the ischemic heart to replace losing cells and induce 

angiogenesis. Human skeletal muscle myoblast transplantation is being perceived as one of the potential 

alternatives for treating myocardial infarction (Pagani et al. 2003). The advantages of using skeletal 

muscle myoblast are availability and the lack of immunologic barriers to the transplantation process (Dib 

et al. 2005; Menasche 2007). Furthermore, transplantation of autologous skeletal myoblast into the 

human heart was proved for safety and efficiency (Menasche et al. 2001; Durrani et al. 2010). Several 

studies have revealed that skeletal muscle myoblasts provide various essential factors capable of 

angiogenesis induction and recruit the progenitors to the infarcted area resulting in the induction of 

cardiac tissue and recovery of heart functions (Suzuki et al. 2001; Murtuza et al. 2004; Memon et al. 

2005; Shirasaka et al. 2013). Besides, implantation of multilayered skeletal myoblast sheets promoted 

favorable results with better induction of angiogenesis by in vitro (Ngo et al. 2013) and in vivo studies 

(Sekiya et al. 2009; Miyagawa et al. 2017).  

Fibroblasts are the most abundant cell type found in the connective tissues, which able to 

synthesize and secrete pro-angiogenic growth factors, such as vascular endothelial growth factor 

(VEGF), hepatocyte growth factor (HGF), and fibroblast growth factor-2 (bFGF or FGF-2) (Newman et 

al. 2011; Kendall et al. 2014; Chapman et al. 2016). Additionally, fibroblasts also synthesize extracellular 

matrix (ECM) components such as collagen, fibronectin, and proteoglycans to support angiogenesis 

(Newman et al. 2011; Chapman et al. 2016). Nevertheless, an uncontrolled number of fibroblasts can 

cause fibrosis due to excessive deposition of ECM (Mann et al. 2011; Kendall et al. 2014). Thus, co-

transplantation of skeletal myoblasts with a small proportion of fibroblasts can be a potential approach 

for ischemic myocardium regeneration. From the viewpoint of application, the fibroblasts and myoblast 
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proportion, which may vary depending on tissue source, should influence transplantation's therapeutic 

efficiency. The detail of the heterogeneous population of skeletal myoblast and fibroblast for maintaining 

cytokine production and angiogenesis has not been completely understood. 

 A variety of potent growth factors has been identified as angiogenic simulators in ischemic areas. 

Among these factors, VEGF (VEGF-A), HGF, and FGF-2 are direct pro-angiogenic markers to promote 

angiogenesis (Fallah et al. 2019; Laddha et al. 2019). Moreover, these growth factors have been 

experimentally shown improvement of myocardial cardiac functions. The combined delivery of HGF 

and VEGF to infarcted myocardium showed increasing wall thickness of left ventricle (LV) and capillary 

density, reducing the infarction size and improving the dilatation index (Makarevich et al. 2018). 

Moreover, clinical trials have demonstrated that the myocardial perfusion was enhanced, leading to 

improve cardiac function and well-tolerated after treatment with VEGF, HGF, and FGF-2 (Atluri et al. 

2008). VEGF functions are mediated by binding to two homologous VEGF receptors expressed on 

vascular endothelial cells (Carmeliet 2005; Fallah et al. 2019). VEGF directly acts on endothelial cells 

to enhance migration, increase permeability, enhance survival during vascularization and angiogenesis 

(Zachary et al. 2001). Injection of skeletal myoblasts with genetic modification to upregulated VEGF 

demonstrated the effective treatment of acute myocardial infarction through vasodilatation and 

angiogenesis effects (Suzuki et al. 2001; Haider et al. 2004).  However, these studies involve viral vectors 

for therapeutic gene transfer, which the adverse effects and ethical considerations are concerned (Kim et 

al. 2001).  HGF is a potent mitogen for several cell types, including endothelial cells, by promoting 

endothelial cell motility, interaction, branching morphogenesis, and tubular morphogenesis during 

angiogenesis and vascularization (Morimoto et al. 1991; Rosen et al. 1997). Furthermore, previous 

evidence has been proved the therapeutic effects of HGF on myocardial infarction by in vivo study 

(Nakamura et al. 2000; Ueda et al. 2001; Jin et al. 2003; Liu et al. 2016). HGF-engineered skeletal 

myoblasts promoted angiogenesis, reduce myocardial fibrosis, and decreased cardiomyocytes (Yuan et 

al. 2008; Madonna et al. 2015). In addition to VEGFs and HGF, FGF-2 can control angiogenesis by 

regulating various cell-cell interactions and influencing other growth factor or chemokines, including 
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VEGF (Masaki et al. 2002; Kanda et al. 2004) and HGF, provide a beneficial effect for the treatment of 

ischemia (Onimaru et al. 2002). 

 Cells isolated from muscle tissues comprise the major population of myoblast and fibroblasts. 

The specific markers such as CD56 (also known as neural cell adhesion molecule), expressed on 

myogenic cells but not in fibroblasts, are commonly used to isolate fibroblast and myoblast from a mixed 

population. In this study, the human skeletal muscle cells were used to isolate fibroblast and myoblast. 

The study aims to investigate the impact of HSMF co-culture in HSMM sheets on cytokine balance and 

evaluate the consequence of angiogenesis in vitro.  Angiogenic cytokine productivity was measured from 

monolayers prepared from the uni-culture and co-culture of HSMF and HSMM with various ratios and 

initial seeding density. Dynamic observation of cells in monolayer was performed to understand the 

cytokine production mechanism in the skeletal muscle cells. Using in vitro angiogenesis mimicking 

transplantation area, the effect of HSMFs co-culture in HSMM sheet on angiogenesis was also 

demonstrated (Fig. 2-1). 
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Fig. 2-1 Schematic diagram showing the experimental design of chapter 1 

 

2.2 Materials and methods 

2.2.1   Cell culture and preparation 

Primary human skeletal muscle cells (Lot. No. 6F4296; Lonza, Walkersville Inc., Walkersville, 

MD, USA), which contained HSMMs and HSMFs, were used. Skeletal muscle cell culture was 

performed at 37C and 5% CO2 in skeletal cell growth media-2 (SkGM-2; Lonza, Walkersville, MD, 

USA) formulated by combining SkBM™-2 Basal Medium (Cat. No. CC-3246) with the SkGM™-2 

SingleQuots™ kit (Cat. No. CC-3244). Cells were pre-cultured for 5 days in T-225 flasks (Cat. No. 

431082, Corning) at an initial density of 3.5  103 cell/cm2 and the medium dept was set at 2 mm 

throughout the experiments. All cells were harvested until 70-80% confluency. 
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Green fluorescence protein-expressing human umbilical vein endothelial cells (GFP-HUVECs) 

(Lot. No. 20100201001; Angio-Proteomie, MA, USA) were maintained in Endothelial Cell Growth 

Medium-2 (EGM-2; CC-3162, Lonza Walkersville Inc., Walkersville, MD, USA) at 37C and 5% CO2.  

GFP-HUVECs were pre-cultured for three days in T-75 flasks (Cat. No. 430641U, Corning) at an initial 

density of 3.5  103 cell/cm2 and the medium dept was set at 2 mm throughout the experiments.  

 

2.2.2    Fluorescence-activated cell sorting (FACS) 

It has been known that CD56 (also known as neural cell adhesion molecule) is constitutively 

expressed in myogenic cells, including myoblasts, but not expressed in fibroblasts (Agley et al. 2013). 

Therefore, CD56 is commonly used as a marker to distinguish between myogenic and non-myogenic 

cells. In this experiment, CD56 was used to separate myoblast and fibroblast populations from primary 

human skeletal muscle cells. The original cells at passage No.3 were cultured in SkGM-2 media 

following the previous method. On day 5, cells were washed three times with PBS, and 1 ml of 0.1% 

trypsin / 0.02% EDTA solution (Sigma-Aldrich) was treated on the culture area by 1 mL per 45 cm2 for 

cell harvesting. Cells were incubated with trypsin for 3 min at 37C, 5% CO2, and trypsin inhibitor 

solution was subsequently added with the equal amount of trypsin-EDTA solution to deactivate trypsin 

activity. Subsequently, cells were collected into a centrifuge tube and centrifuged at 1000 rpm for 8 min 

to remove trypsin and trypsin inhibitor solution. After that, the cell pellet was suspended in a buffer 

consisting of 0.2% BSA (Wako) and 2 mM EDTA in PBS by 1 mL per 1.0107 cells.  

The cell suspension was then incubated with Alexa fluor 488-conjugated anti-CD56 

(NCAM) (Cat. No. 2191555, Sony, Sony Biotechnology Inc, San Jose, CA) at 100 μL per 1.0 × 107 cells 

on ice for 15 minutes. Subsequently, the sample was washed with PBS and centrifuged at 1000 rpm for 

5 min to remove the unbound antibody. A buffer consisting of 0.2% BSA in PBS was then added to 

resuspend the cell pellet, and cell concentration at 5106 cell/mL was prepared. The cell suspension was 

filtrated using a cell strainer tube (BD Falcon) to obtain a single-cell suspension. The sample was injected 

into the Fluorescence-activated cell sorter (FACS) (JZAN JR; Bay bioscience Co., Ltd, JP), and the cells 
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were sorted based on light-scatter and CD56-Alexa fluor 488 intensity. Isotype control was used to 

determine the level of background surface staining (Fig. 2-4D). CD56-positive cells (CD56+) and CD56-

negative cells (CD56-) were collected and cultured at an initial seeding density of 3.5103 cells/cm2 in 

SkGM-2 medium. The fresh medium was changed every two days. On day 5, cells were harvested for 

population balance analysis by immunostaining and freezing for cell stock.  

  

2.2.3    Preparation of HSMMs/HSMFs cultured with various initial cell density 

 In this experiment, sorted HSMMs or HSMFs were cultured in SkGM-2 media for 5 days. After 

harvesting, the HSMMs and HSMFs were seeded with various initial seeding density (X0) from 1  104 

(low density), 8  104 (middle density), to 3.5  105 (high density) cell/cm2 inside Teflon rings with the 

area of 0.95 cm2 placed on each well of 24-well plates (mono-culture). Cells were cultured as monolayer 

in SkGM-2 at 37C in a 5% CO2, and Teflon rings were then removed after 24 h. The cultured medium 

was changed with fresh medium every 24 h and collected at 72 h for cytokines measurement. 

 

2.2.4    Preparation of monolayer with various HSMM: HSMF ratio 

Sorted HSMMs were mixed with HSMFs were cultured in SkGM-2 media for 5 days. After 

harvesting, these cells were mixed at the various proportion of 0% to 100% HSMF (HSMF: HSMM 

ratios of 0:100 to 100:0) and seeded inside Teflon rings with the area of 0.95 cm2 placed on each well of 

24-well plates at X0 of 3.5  105 cells/cm2. Cells in SkGM-2 media were incubated for 24 h at 37C in a 

5% CO2 atmosphere to form the monolayer.  After 24 h, Teflon rings were removed, and the medium 

was replaced every 24 h with a fresh medium. At 72 h, the cultured medium was collected for cytokines 

measurement.  

Similarly, sorted HSMFs were stained with 5 M CellTracker™ Green CMFDA (Cat. No. C7025, 

ThermoFisher Scientific, USA) in DMEM with no FBS for 20 min at 37C before mixing with HSMMs 

to prepare monolayer for cell tracking experiment. Then cells were seeded with initial density at X0 of 

3.5  105 cells/cm2 inside Teflon ring with area 0.95 cm2 placed on each well of 24-well plates. The 
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Teflon rings were removed after 24 h, and the cultured medium was replaced with a fresh medium. At 

48 h, attached cells were stained with Hoechst 33342 (Cat. No. 4082S, Cell Signaling, USA) according 

to the manufacturer's instructions for nuclei staining.   

 

2.2.5   Quantitative analysis of HSMM and HSMF migration and cell alignment  

Cell tracking and time-lapse observation were used to analyze cell migration and alignment of 

HSMM and HSMF in monolayers. Monolyeres with various percentages from 0% to 100% HSMF were 

prepared. According to the previous method, the HSMF was stained with CellTracker™ Green CMFDA, 

and all cells were nuclei counterstained with Hoechst33240 dye for live-cell imaging. After 48 h of cell 

culture, images of stained cell nuclei and HSMFs in monolayer were captured every 1 h for 24 h using 

the IN Cell Analyzer 2000 (GE Healthcare) with the 20x objective lens. The observation system was set 

to maintain a culture environment at 37C and 5% CO2. Original images (1.5 mm x 1.5 mm) of the 

stained cell with a resolution of 0.74 m/pixel and 8 bits in grayscale. Images were obtained from random 

three areas from duplicate samples in 24 well plates. For quantitative analysis, hundred stained nuclear 

cells from local density in three regions of interest (ROI; 0.8 mm x 0.8 mm) of the duplicated samples 

were determined. Cells from sequence images were measured position (X, Y) in each time point using 

Image J software (Manual tracking plugin), and the data was visualized in trajectory plots (Fig. 2-2A). 

Migration velocity (v⃑ ) and directional angle ( and ') were quantified as shown in Fig. 2-2B and Fig.2-

2C, respectively. A frequency of migration angle of the cell during 48-72 h was plotted in histograms. 

Cell alignment index was defined as the amount of variation (standard deviation, ) of migration angle 

of cells. Thus, a high level of  value means a higher degree of cell alignment disruption. 
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Fig. 2-2 Quantitative analysis of cell migration in monolayer using time-lapse image data analysis. (A) 

Diagram showing the experimental procedure and data analysis of time-lapse images. The monolayers 

were prepared skeletal muscle cells with various proportions of human skeletal muscle fibroblast 

(HSMF) and human skeletal muscle myoblast (HSMM). Cells in monolayers were counterstained with 

Hoechst 33342. The images of cells in monolayer were captured every 1 h during 48-72 h of incubation. 
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The positions (X, Y) of the nucleus were measured to evaluate the migration velocity (𝑣 , m/h), direction 

angle (’), and cell alignment index (CAI) to analyze cell alignment in the monolayer. (B) The position 

of cells at each time point was measured to calculate the distance of cell migration and average migration 

velocity. (C) The position of the cell at origin (t = 0.00 h) and the endpoint (t = 24.00 h) were evaluated 

to analyzed the anti-clockwise angle (’) of cell migration. 
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2.2.6    Cytokine productivity measurement 

To analyzed the cytokines productivity, cultured media was collected from triplicated samples (n 

= 3) in each condition at 72h to measure the level of VEGF-A, HGF, and FGF-2 level using human 

VEGF Quantikine ELISA assay (Cat. No. DVE00, R&D Systems Inc., USA), human HGF ELISA Kit 

(Cat. No. KAC2211, Invitrogen, CA) and human FGF Quantikine ELISA (Cat. No. DFB50, R&D 

Systems Inc., USA), respectively, according to manufacturer's instructions. The cells in monolayers at 

72 h were washed by PBS for 3 times and fixed by 4% paraformaldehyde for 20 min at room temperature. 

After washing, cells were counterstained by staining with 3M DAPI in PBS (Cat. No. D1360, 

ThermoFisher Science, USA) for 30 min at room temperature. Cells were captured using the IN Cell 

Analyzer 2000 (GE Healthcare) with the 20x objective lens and count to estimate the total cell number 

in the monolayer. The cytokine productivity was calculated as the amount of cytokine (fg) per cell per 

hour.  

 

2.2.7   Incubation of 5-layers HSMM sheet with GFP-HUVECs  

 In this study, five-layered HSMM sheets containing various proportions of HSMFs were 

fabricated using the gelatin stamping technique (Fig. 2-3A) according to the previous method (Nagamori 

et al. 2013). HSMMs and HSMFs in SkGM-2 media at day 5 were sub-cultured and mixed at various 

proportion from 0% (no HSMF), 10%, 30% and 40% HSMF (HSMF:HSMM ratios of 0:20, 2:18, 6:14, 

and 8:12). Cells were stained with CellTracker™ Orange CMTMR Dye in DMEM media with no FBS 

according to commercially recommended protocol (5 M for 20 min for live cell imaging). After washing 

with DMEM media, stained cells were centrifuged at 1,000 rpm, and the pellets were resuspended in 

DMEM containing 10% FBS. Cells were seeded at 3.5x105 cell/cm2 inside Teflon ring (0.95 cm2) placed 

in each well (diameter, 1.9 cm2) of 24-well UpCell™ plates (CellSeed, Tokyo, Japan) with a temperature-

responsive surface, and incubated for 24 h at 37°C in a 5% CO2 atmosphere to form monolayer sheet. 

The medium was set to 2 mm in depth throughout the experiments. A gelatin stamp was prepared from 

a solution of 7.4% (v/v) gelatin by dissolving gelatin powder (G1890-100G; Sigma-Aldrich) in 10 mL 
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Hank’s balanced salt solution (Sigma-Aldrich) and 200 L of 1N NaOH solution. The gelatin solution 

was incubated for 30 min at 45 C and loaded to a mold, and incubated overnight at 4C. To stacking the 

cell sheet, gelatin stamps were overlaid onto the monolayer sheet in a well incubated at 37°C, and the 

plate was then transferred to incubate at 20°C in order to harvest the monolayers. Then, the gelatin stamp 

was lifted with the monolayer from the bottom surface of the wells and transferred to the next monolayer. 

These steps were then repeated to harvest monolayer sheets to form a multilayered construct sequentially. 

The multilayered sheets were transferred to the center of 35-mm culture dishes (ibidi GmbH), which 

were seeded with GFP-HUVECs seeded at X0 of 1 × 104 cells/cm2 and cultured in EGM-2 for 24 in 

advance at 37 °C in a 5 % CO2 atmosphere (Fig. 2-3B). At the given incubation time (t), triplicate samples 

were taken for quantitative analysis. The culture medium was replaced with fresh media every day during 

the incubation period. 
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Fig. 2-3 Experimental procedure to prepare multilayer cell sheet. (A) The equipment and (B) method for 

fabrication of multilayered HSMM sheet and co-incubation with GFP-HUVECs using gelatin stamping. 

The images were modified from Trung Xuan Ngo’s thesis (Xuan 2013). (C) Quantitative analysis 

parameters for endothelial network formation inside skeletal muscle cell sheet. 
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2.2.8    Evaluation of GFP-HUVEC network formed inside HSMM sheet 

The endothelial cells inside the 5-layered cell sheet were captured every 24 h. The images were 

then analyzed using a quantitative analysis method similar to a previous study (Nagamori et al. 2013). 

The image of GFP-HUVECs was captured from 8 positions in each sample using a 10x objective lens of 

confocal laser scanning microscope (FV-10i, Olympus, Tokyo, Japan. All images were converted to 8-

bit grayscale with a size of 256 x 256 pixels, which covered an area of 1.27 mm x1.27 mm using 

FluoView Ver.4.2a software (Olympus). Next, the images were processed (Image-Pro Plus; Media 

Cybernetics Inc., Bethesda, MD) using a low-pass filter to remove noise and make a binary image with 

a certain intensity threshold which was set as the average of the automatic threshold intensity, and the 

mode intensity. Then, the binary images were subjected to skeletonization, and the secondary noise was 

removed again with a size threshold to filter out the items with fewer than 16 pixels and the pruning of 

small branches in the objects. After that, the skeletonized images of the endothelial network were 

evaluated by measuring the total length of the network per image area (L; cm-1), the number of total tips 

of the network (NT; tip/cm2), and the extent of the HUVEC network (L/NT; cm/tip). In this measurement, 

the tips existing at the edge of the image were not counted (Fig. 2-3C).  

 

2.2.9    Immunofluorescence staining 

 To confirm the purity of fibroblast and myoblast, pre-sorted cells and post-sorted cells were 

seeded at initial density (X0) of 1 104 cell/cm2 in 96 well-plate and cultured in SkGM-2 media. After 24 

h incubation, cells were fixed with 4% formaldehyde for 15 min and permeabilized with 0.5% Triton X-

100 for 20 min. Next, cells were blocked with 1% BSA for 90 min to prevent non-specific binding. Then 

cells were probed with a mixture of anti-desmin antibody (Y66) (Cat. No. ab32362, Abcam, USA) and 

anti-fibroblast (clone TE-7) (Cat. No. CBL271, Millipore, USA) at dilution 1:250 and 1:100, 

respectively, in 1% w/v BSA at 4C overnight. After washing, cells were immunolabeled with a mixture 

of Alexa Fluor 594 goat anti-rabbit IgG (Cat. No. A11001, Molecular Probes, Life Technologies, USA) 

and Alexa Fluor 488 goat anti-mouse IgG (Cat. No. A11012, Molecular Probes, Life Technologies, 
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USA) at dilution 1:250 in 1% w/v BSA at room temperature for 1 h. After washing with PBS, cells were 

counterstained with dye 4¢-6-diamidino-2-phenylindole (DAPI) (Cat. No. D1306, Molecular Probes, 

Life Technologies, USA). For monolayer immunostaining, the samples were washed twice with 

phosphate-buffered saline (PBS) before fixing with 4% paraformaldehyde in PBS (Wako Pure Chemical 

Industries, Tokyo, Japan) for 15 min at room temperature. Then, the monolayers were permeabilized 

with 0.5% Triton X-100 in PBS for 20 min. Non-specific proteins were then blocked for 90 min with 

Block Ace (Dainippon Sumitomo Pharma Co., Ltd., Osaka, Japan) at room temperature. After that, the 

cells were incubated with an anti-desmin antibody (Y66) (Cat. No. ab32362, Abcam, USA) at 1:250 

dilution prepared in deionized water containing 10% Block Ace at 4C overnight. Then, the samples 

were washed twice with Tris-buffered saline (TBS) and immunolabeled with Alexa Fluor 594 goat anti-

rabbit IgG (Cat. No. A11001, Molecular Probes, Life Technologies, USA) at 1:250 dilution prepared in 

deionized water containing 10% Block Ace at room temperature for 1 h. The F-actin and nuclei were 

fluorescent stained with Alexa Fluor™ 633 Phalloidin (Cat. No. A22284, Molecular Probes, Life 

Technologies, USA) and 4¢,6-diamidino2-phenylindole (Cat. No. D1306, Molecular Probes, Life 

Technologies, USA), respectively. The stained samples were observed by a confocal laser scanning 

microscope (FV-1000; Olympus, Tokyo, Japan). 

 

2.2.10 Statistical analysis 

In this study, all data were presented as mean ± standard deviation. Each experiment was 

performed on three independent samples (n = 3) for quantitative analysis. The significant differences 

between groups were statistically evaluated using one-way analysis of variance (ANOVA), and 

Bonferroni or Least-Significant Different (LSD) was used as a post hoc test (SPSS version 26.0, IBM, 

USA). The statistical differences were considered when the P-value was less than 0.01. 
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2.3 Results 

2.3.1 Purification of HSMF and HSMM from primary skeletal muscle cells 

Fluorescence-activated cell sorting (FACS) is a specialized type of flow cytometry, which 

provides a sorting mode to separate a heterogeneous mixture of cells into two or more containers, one 

cell at a time, the specific light scattering and expressing marker on the cell surface. In this experiment, 

original HSMMs Np.3 (Lot 6F4296), which contain subpopulations of myoblast and fibroblast (Fig. 2-

4A, 2-4B and 2.4C), were stained with Alexa 488 conjugated anti-CD56 to allow the separation of 

myoblast and fibroblast before sorting by FACS. Defining FACS gates is another crucial element of the 

protocol to ensure isolation of a pure population of these cells.  In this experiment, isotype control was 

used to determine the non-specific background signal level from the staining (Fig.2.4D) which the cells 

were considered as CD56- cells. The CD56+ cells were defined when the CD56 signal higher than the 

isotype intensity. In this study, the cell sorting condition was optimized to obtain fibroblast and 

myoblast with purity higher than 95% and 98%, respectively (Fig. 2.4C). The CD56 negative cells 

(CD56-) were then collected and confirmed the purity of the myoblast and fibroblast population with 

anti-desmin and anti-fibroblast. 

To reliably obtaining the cells with high purity (>95%), sorted cells after five days of culture 

and unsorted cells were stained with anti-desmin and anti-fibroblast (clone TE-7). Myogenic cells, but 

not fibroblast, should express desmin (myogenic marker), whereas fibroblast should be positive for 

fibroblast marker of TE-7 staining. Immunofluorescence staining showed that the unsorted cells were a 

mixed population of 68% myoblasts and 32% fibroblasts.  After sorting, obtained CD56+ cells contain a 

major population of myoblast with less than 2% non-myogenic cell contamination, whereas the major 

population of CD56- cells was fibroblasts mixed with less than 5% myogenic cells. These analyses 

confirmed that FACS separated myoblasts and fibroblasts with high purity (Fig. 2-4B and 2-4C).  
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Fig. 2-4 Characterization and quantification of cells during the culturing and sorting processes. (A) 

Characteristics of pre-sorted and post-sorted cells (CD56+ and CD56− cells) cultured in SkGM-2 media 

were analyzed under an inverted microscope. Scale bar, 100 µm. Immunostaining of the pre-sorted cells 

after 5 days of culturing revealed a mixed population of myogenic cells (desmin+) and fibroblasts 

(desmin−, TE-7+). (B-C) After sorting, the CD56+ cells mainly constituted myogenic cells (desmin+), 

whereas the CD56− cells mainly constituted fibroblasts. Scale bar: 300 µm. Flow cytometry analysis of 
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pre-sorted human skeletal muscle myoblasts (HSMM) revealed a mixed population of CD56+ and 

CD56− cells when compared with the negative control (IgG isotype) (D). 
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2.3.2 Effect of HSMF proportion (co-culture) on cytokine productivity  

 Monolayers with various proportions of HSMF from no HSMF to 100% HSMF (HSMF: HSMM 

ratios from 0:20 to 20:0) were prepared and culture for 72 h. The level VEGF, HGF, and FGF-2 in 

cultured media from monolayers at 72 h was measured (Fig. 2-5 (I)). The VEGF productivity in 

monolayers derived from mono-cultures of HSMMs and HSMFs was 4.19  0.10 × 10-2 and 4.18  0.38 

× 10-2 fg/cellh, respectively. Interestingly, the VEGF productivity in the monolayer prepared from 

skeletal muscle cells with 15% (HSMF: HSMM ratio of 3:17) HSMF was approximately 2-fold higher 

(8.93   0.45  10-2 fg/cellh) than that in the monolayer derived from mono-cultures of HSMF or HSMM 

(P < 0.01). However, the VEGF productivity reduced when the percentage of HSMF was higher than 

15% (Fig.2-6A). On the other hand, HGF productivity in the monolayer derived from HSMM mono-

culture was negligible (0.33  0.33 × 10-2 fg/cellh), while HGF productivity in the monolayer prepared 

from HSMF mono-culture was high-level at 27.4  2.27 × 10-2 fg/cellh (Fig. 2-6B). The basal levels of 

VEGF and HGF in culture media without cells used in this experiment were barely detected with 0.11  

0.19 and 0.05  0.09 pg/ml, respectively. The levels of FGF-2 were almost undetectable under all 

conditions (Fig. 2-6C). These results suggested that varying the proportions of HSMM and HSMF in the 

skeletal cell monolayer differentially affected cytokines' production. HGF was secreted only by HSMFs. 

The VEGF production in the HSMM monolayers can be upregulated by the addition of a small proportion 

of HSMFs. 
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Fig. 2-5 The monolayers were prepared with various proportions of human skeletal muscle fibroblasts 

(HSMFs) and human skeletal muscle myoblasts (HSMMs) (I) or using various initial seeding densities 

(X0) of HSMFs or HSMMs (II). 
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Fig. 2-6 Cytokine productivity in monolayers with various proportions of HSMF and HSMM. The 

culture medium from monolayers in a high initial seeding density (X0 = 3.5 x 105 cell/cm2) was collected 

at 72 h to measure the cytokine levels using enzyme-linked immunosorbent assay (ELISA). (A) Effect 

of HSMFs and HSMMs proportions in monolayers on vascular endothelial growth factor (VEGF) 

productivity, (B) hepatocyte growth factor (HGF) productivity, and (C) fibroblast growth factor-2 (FGF-

2). Data are expressed as average cytokine productivity  standard deviation from triplicate samples (n 

= 3). *P < 0.01; the statistical significance was analyzed using one-way analysis of variance (ANOVA) 

with Bonferroni post-hoc test. 
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2.3.3    Effect of cell density (mono-culture) on cytokines productivity in HSMMs and HSMFs 

 The effect of a minor proportion of HSMFs in the HSMM monolayers on VEGF productivity 

was investigated by examining the cell-to-cell contact. Here, the VEGF productivity in the HSMMs 

cultured at low (0.1 × 105 cells/cm2), medium (0.8 × 105 cells/cm2), and high (3.5 × 105 cells/cm2) initial 

seeding density (X0) values, which resulted in differing degrees of cell-to-cell contacts, were compared 

with those of HSMFs (Fig. 2-5 (II)). The VEGF productivity derived from the low X0 value of HSMMs 

was 20.7  1.46 × 10-2 fg/cellh. However, the VEGF productivity in the monolayers derived from 

medium and high X0 values of HSMMs significantly reduced to 10.3  0.07 × 10-2 (P < 0.01) and 5.18  

0.58 × 10-2 fg /cellh (P < 0.01), respectively. On the other hand, the productivity of VEGF observed from 

the HSMF mono-culture varied, which was unrelated to X0. The VEGF productivities in the monolayer 

prepared from low, medium, and high X0 values of HSMFs were 2.18  1.27 × 10-2, 6.90  0.61 × 10-2, 

and 5.53  0.60 × 10-2 fg/cellh, respectively (Fig. 2-7A). The HGF productivity was high in the 

monolayer prepared from HSMF mono-cultures at all X0 values, but the HGF level was almost 

undetectable in the culture media from HSMM mono-culture. The productivities of HGF in the 

monolayers prepared from low, medium, and high X0 values of HSMFs were 22.0  0.39 × 10-2, 21.1  

4.47 × 10-2, and 24.3  4.16 × 10-2 fg/cellh, respectively. In addition, the productivity of HGF was similar 

in the monolayers prepared from different X0 values of HSMFs (Fig. 2-7B). These results implied that 

HSMF-mediated myoblast-myoblast contact disruption might promote VEGF production in HSMMs. 
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Fig. 2-7 The productivities of VEGF and HGF in HSMMs and HSMFs cultured with various X0 at 0.1 × 

105 (low), 0.8 × 105 (middle) and 3.5 × 105 cells/cm2 (high) for 72 h. The productivities of (A) vascular 

endothelial growth factor (VEGF) and (B) hepatocyte growth factor (HGF) in the culture medium were 

analyzed. Data are expressed as average cytokine productivity  standard deviation from triplicate 

samples (n = 3). *P < 0.01; one-way analysis of variance (ANOVA) with Bonferroni post-hoc test. 
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2.3.4 HSMMs and HSMFs migration and cell alignment in monolayer 

 Then, the ability of HSMF in the HSMM monolayer to disrupt myoblast-to-myoblast contact was 

analyzed. Additionally, the time-lapse observation was performed to evaluate the cell interactions and 

migration of HSMM and HSMF in the monolayer. This study was hypothesized that the migration of 

HSMFs in the monolayer disrupts the myoblast-to-myoblast contact, which is observed from alteration 

of the directional migration and alignment of HSMMs. In order to clarify this hypothesis, an HSMM 

monolayer containing CellTracker GreenTM-labeled HSMFs of 2% (HSMM: HSMF ratio of 1:49) 

observed the individual HSMF and surrounded HSMM migration behaviors. During 48-72 h The nuclei 

of cells in the monolayer were live-stained with Hoechst 33342 for tracking of cell migration. In the 

monolayer, the directional migration of HSMMs in the HSMF-free area was compared with that of 

HSMM in the HSMF-surrounded area (Fig. 2-8A). From trajectory plots, the data indicated that HSMMs 

in the HSMF-surrounded area exhibited multidirectional migration. In contrast, those in the HSMF-free 

area exhibited unidirectional migration (Fig. 2-8B). This result implied that HSMFs are involved in 

myoblast-to-myoblast contact disruption. 

 

 

 



35 
 

 

Fig. 2-8 Dynamic behavior of human skeletal muscle myoblast (HSMM) cell migration in the monolayer 

comprising a small proportion of human skeletal muscle fibroblast (HSMF) population. (A) The HSMM 

cell monolayer containing 2% HSMF was prepared to observe the migration behaviors of HSMMs in the 

HSMF-free and HSMF-surrounded areas. The HSMFs were live-stained with CellTracker GreenTM to 

distinguish them from HSMMs. The nuclei of all cells in the monolayer were stained with Hoechst 

33342. The images were captured every 1 h during 48-72 h. The yellow arrow defines the direction of 

cell migration in the local area. Scale bar:200 m (B) Representative trajectory plots showing directional 

migration of 100 HSMMs from each area. The direction and distance of cell migration during 24 h of a 

hundred cell was measured at every position and plotted in the trajectory plot. 
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To examine the role of HSMF on myoblast-to-myoblast contact disruption in monolayer, cell 

migration behaviours in the monolayer prepared using HSMMs, and various proportions of HSMFs were 

observed using an inverted microscope. The HSMM monolayer without HSMFs showed uniform cell 

alignment. In comparison, the cell alignment was deficient in some areas of the monolayer consisting of 

a small proportion of HSMFs. Furthermore, monolayers with the various proportions of HSMFs were 

prepared, and cell migration behaviors, as well as alignment, were analyzed. The result demonstrated 

that the cell alignment was completely dysregulated in the monolayer comprising a high proportion of 

HSMFs (Fig. 2-9).  

The HSMFs showed active migration in the monolayer comprising low proportions of HSMF (5 

to 15% HSMF). Additionally, HSMFs showed a wide range of migration velocity, which higher than 

that of HSMMs (P < 0.01). However, the migration velocity of HSMFs decreased when the proportion 

of HSMFs increased in the monolayer (Fig. 2-10).  
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Fig. 2-9 Analysis of cell alignment in the monolayer. The monolayers prepared using skeletal cells with 

various proportions of human skeletal muscle fibroblast (HSMF) and human skeletal muscle myoblast 

(HSMM) (0, 15, and 95% HSMF) were analyzed under a 10X objective lens of an inverted microscope. 

 

Fig. 2-10 The migration velocity of HSMMs and HSMFs in the monolayer with varying proportions of 

HSMFs (5 to 15% HSMF). *P < 0.01; Statistical significance was analyzed using one-way analysis of 

variance (ANOVA) followed by Least-Significant Different (LSD) post-hoc test. 
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The trajectory plot of HSMM migration in the monolayer containing no HSMFs exhibited 

unidirectional migration, while the number of HSMMs showing multidirectional migration increased 

with a rising HSMF proportion (Fig. 2-11A). In comparison, HSMFs exhibited multidirectional 

migration in monolayers, especially in monolayers containing 5%, 10%, and 15% (Fig. 2-11B). These 

results suggested that cell migration behaviours depend on the proportion of HSMM and HSMF. The 

random active migration of HSMFs disturbed the directional migration of HSMMs, suggesting the 

myoblast-to-myoblast contact disruption by active HSMF migration. 

To quantitate the level of cell alignment disruption, the nucleus of HSMMs from three areas per 

sample was tracked for 24 h and calculated the migration angle (’) as a robust metric to judge overall 

alignment (Fig. 2-2A and Fig. 2-2C). The ’ of HSMM migration in the monolayers comprising various 

HSMF proportions was plotted in a histogram (Fig. 2-12). In monolayer with no HSMF, the histogram 

showed a unimodal peak of ’ from HSMM migration suggesting well alignment of cell in the 

monolayer. In contrast, the multimodal peaks were observed with a rise HSMF proportion from 5%. The 

degree of HSMM alignment between conditions was enhanced. Then, the variation of ’ as the standard 

deviation () values was comparatively analyzed to quantitate the level of cell alignment disruption in 

monolayer with various HSMF proportions (Fig. 2-13). Higher  values mean an increase in the degree 

of myoblast alignment disruption. The  value of HSMM monolayer without HSMF was 25.67  4.67, 

while the skeletal muscle cell monolayer with HSMF proportion of 5, 10, 15, 50, and 80% were 31.19  

9.52, 37.57  3.27, 44.41  5.70 (maximum  value), 42.30  3.43 and 43.73  2.42, respectively. The 

fluorescent staining of F-actin and desmin was performed to confirm the alignment disorder in HSMM 

monolayer containing 15% HSMF compared to the monolayer with no HSMF, in which well alignment 

was observed (Fig. 2-14). These results indicate that the HSMFs inhibited the myoblast-to-myoblast 

contact and consequently disrupt the myoblast alignment.  
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Fig. 2-11 Migration behaviors of human skeletal muscle myoblasts (HSMMs) and human skeletal muscle 

fibroblasts (HSMFs) in a monolayer sheet comprising various proportions of HSMF. (A) The trajectory 

plot shows the direction and distance of HSMM migration in the monolayer containing various 

proportions of HSMFs during 48-72 h of incubation. Representative images show data obtained from a 

hundred HSMM from each local area. (B) Trajectory plot represents the HSMF migration in monolayer 

comprising various proportions of HSMFs during 48-72 h of incubation.  
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Fig. 2-12 Histograms show quantitative analysis of human skeletal muscle myoblast (HSMM) alignment 

at high density in the monolayer comprising various proportions of human skeletal muscle fibroblasts 

(HSMFs). HSMMs were co-cultured with various proportions of HSMFs to prepared monolayers at an 

initial seeding density (X0) of 3.5 × 105 cells/cm2. All nuclei in the monolayer were stained with Hoechst 

33342 before observation for cell tracking. The positions of the cell (X, Y) at the initial (t = 0 h) and 

ending (t = 24 h) time points were measured to calculate the migration angle (’) and were plotted in a 

histogram. Data were obtained from six hundred HSMM from six random areas from duplicated samples 

were analyzed (n = 600). 
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Fig. 2-13 Quantitative analysis of myoblast alignment disruption. Cell alignment was quantitated by 

measuring the direction angle of cell migration. Data were obtained from 600 human skeletal muscle 

myoblasts (HSMMs). The standard deviation () values were used as a metric of variation index of 

direction migration and were compared among different conditions. A high  value indicated 

multidirectional migration and high myoblast alignment disruption. 
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Fig. 2-14 Fluorescent staining images of desmin (red) and F-actin (green) structures towards nuclei (blue) 

in human skeletal muscle myoblast (HSMM) monolayers containing with or without 15% human skeletal 

muscle fibroblast (HSMF).  
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2.3.5 Effect of HSMF on GFP-HUVECs network formation inside the HSMM sheet 

During angiogenesis, endothelial cells from the existing vessel must be activated from stimuli for 

migration, connection, and branching (De Smet et al. 2009). In this experiment, the efficiency of human 

skeletal muscle cell sheets with various HSMF proportions to promote angiogenesis was evaluated using 

in vitro angiogenesis assay mimicking the transplantation area in vivo (Nagamori et al. 2013). In this 

model, GFP-HUVECs were co-incubated under the 5-layered skeletal muscle cell sheets mimicking in 

vivo angiogenesis after transplantation, and GFP-HUVECs were captured every 24 h for time-course 

analysis (Fig. 2-15). The images of GFP-HUVECs inside the cell sheet were quantitatively analyzed 

endothelial network, which three parameters, total network length (L), the total number of endpoints 

(NT), and extent of the network (L/NT), were determined (Fig. 2-3C).  

 

Fig. 2-15 Schematic drawing shows the experimental design to evaluate the effect of HSMF proportion 

on endothelial network formation. Five-layered HSMM sheets containing various proportions of HSMFs 

were prepared and co-cultured with green fluorescent protein-tagged HUVECs (GFP-HUVECs) and 

observed for 216 h. 

 

The morphology of fabricated skeletal muscle cell sheets prepared by this method is shown in 

(Fig. 2-16). The GFP-HUVECs were observed for 216 h to estimate the growth and network formation. 

At t=0h, GFP-HUVECs were initially localized at the bottom of the skeletal muscle cell sheet and 

vertically migrated into the inner portion of the sheet to generate a flat network inside the sheet after 

several days of co-incubation (Fig. 2-17). The network formation of GFP-HUVECs in the 5-layered cell 
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sheets was analyzed according to  L, NT, and L/NT parameters (Fig. 2-3C). The X0 value of GFP-HUVECs 

was confirmed at 0.16  0.01×105 cells/cm2. As shown in Fig. 2-18, the GFP-HUVECs exhibited single 

and round shapes at the initial incubation time (t = 0). However, it was observed that some GFP-HUVECs 

with early elongation were detected in the cell sheets with HSMF proportions of 30% and 40%. The 

endothelial network formation was quantitated using L, NT, and L/NT parameters, as shown in Fig. 2-19. 

The GFP-HUVECs became elongated and were connected with each other in the cell sheets containing 

HSMFs resulting in increasing of L and decreasing of NT. In contrast, the GFP-HUVECs exhibited poor 

connection with each other in HSMM sheets without HSMFs, which L and L/NT were much lower than 

that with HSMFs. The cell sheet prepared from skeletal muscle cells containing 30% HSMFs exhibited 

the early maturation of endothelial network formation, where the maximum values of L (111.3  4.71 

cm-1) and L/NT (0.05  0.01 cm/tip) were found at 48 h, compared with those observed at 24 h and other 

conditions. At this time point, a maximum L/NT value of 0.034  0.02 cm/tip in the skeletal muscle cell 

sheet with 10% HSMF was observed. This value was larger than that of other time points under this 

condition. Although L/NT decreased in other conditions at 96 h, the elongation and smooth connection of 

GFP-HUVECs in skeletal muscle cells with 40% HSMF was observed with the maximum L and L/NT 

values of 115.76  5.59 cm-1 and 0.07  0.01 cm/tip, respectively. These results indicated that different 

proportions of HSMFs in skeletal muscle cell sheets affect angiogenesis after transplantation in an in 

vitro angiogenesis assay. 
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Fig. 2-16 morphology of multilayered HSMM sheet after transferring to the center of a 35 mm culture 

dish, seeded with GFP-HUVECs (X0 of 0.1 × 105 cells/cm2) in EGM-2 at 37°C and 5 % CO2 for 24 h. 

 

Fig. 2-17 Characterization of endothelial network formation inside multilayered skeletal muscle cell 

sheet. The stacking images of GFP-HUVECs (green) in a multilayered skeletal cell sheet (red) were 

captured at t = 0 h (I) and t = 96 h (II) by confocal laser scanning microscope using a 60X objective lens. 
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The 3D images were generated to show the 3D structure of the cell sheet (II and V) and HUVECs network 

structure (III and VI) inside. 

 

Fig. 2-18 Representative image of human umbilical vein endothelial cell (HUVEC) network formation 

in the five-layered human skeletal muscle myoblast (HSMM) sheet comprising various proportions of 

human skeletal muscle fibroblast (HSMF). Scale bar: 200 m. 

 

Fig. 2-19 Quantitative analysis of HUVEC network formation in multilayered human skeletal muscle 

cell sheets comprising various proportions of HSMF. Three parameters, including total length (L, cm-1);, 

total tip number (NT, tip/cm2), the extent of network formation (L/NT, cm/tip) were measured for several 
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hours. The error bars express the standard deviation (SD) (n = 3). *P < 0.01; Statistical significance was 

analyzed using one-way analysis of variance (ANOVA with Bonferroni post-hoc test. 
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2.4 Discussion   

Transplantation of skeletal muscle myoblasts for the treatment of myocardial infarction was first 

demonstrated by Menasché and colleagues (Menasche et al. 2003). Later, several studies have reported 

safety, feasibility, and improved cardiac performance with skeletal muscle myoblast transplantation 

(Siminiak et al. 2004; Dib et al. 2005; Gavira et al. 2006). In addition, the myoblasts are prepared as cell 

sheets, which increases the efficiency of cell transplantation and the induction of therapeutic potential 

(Hata et al. 2006). Transplantation of skeletal muscle myoblast has been demonstrated for safety and 

therapeutic efficiency and showed no severe arrhythmia or ventricular extrasystole frequency alterations 

(Sawa et al. 2015). Although skeletal muscle myoblast sheets have shown their therapeutic effect 

possibly through the various paracrine production (Pouzet et al. 2001), however, the effect of skeletal 

muscle cells consisting of different proportions of myoblasts and fibroblasts on angiogenic cytokine 

production and angiogenesis is not yet understood. This study focused on the regulation of cytokine 

production by specific cell types in human skeletal muscle cell sheets. Monolayers with different 

densities (monoculture) and proportions (co-culture) of HSMMs and HSMFs were prepared. VEGF 

production was observed in the monocultures of HSMMs and HSMFs, with low productivity. However, 

a low proportion of HSMFs in the HSMM monolayer resulted in increased VEGF productivity, with 

maximum productivity observed in the monolayer of skeletal cells with 15% HSMFs (Fig. 2-6A). The 

production of HGF was observed in the HSMF mono-culture only (Fig. 2-6B), whereas that of FGF-2 

was almost undetectable in the mono-cultures of both cell types (Fig. 2-6C). Previous studies in primary 

human retinal pigment epithelial (RPE) cells have shown that VEGF expression is strongly upregulated 

at the edges of the scratched RPE layers after the physical disruption of RPE cell-to-cell interactions. 

This enhanced VEGF expression was correlated with the delocalization of ZO-1, an essential molecule 

for intercellular signal transduction in cells (Farjood et al. 2017). Therefore, this study investigated the 

role of cell-to-cell contact disruption in increasing VEGF production in the monolayers derived from the 

co-culture of HSMM and HSMF.  
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The degree of cell-to-cell contact was then evaluated by culturing the purified HSMMs and 

HSMFs at various X0 values. At a high X0 value (3.5 × 105 cells/cm2), the cells were in contact with the 

neighboring cells. In the culture at a low X0 value (0.1 × 105 cells/cm2), the cells decreased in their contact 

with the neighboring cells. This study showed that VEGF productivity in the HSMM monolayer was 

inversely proportional to the cell density (Fig. 2-7A). In contrast, the productivity of other cytokines in 

the HSMM monolayer was not associated with cell density. Moreover, the productivity of the cytokines 

in the HSMFs was not dependent on the cell density (Fig. 2-7B). Therefore, these data suggested that 

myoblast-to-myoblast contact may regulate VEGF production in HSMMs. Furthermore, the effect of 

HSMF in the HSMM monolayer on the disruption of myoblast-to-myoblast contact was examined using 

cell tracking and time-lapse analysis to investigate the migration behavior. The free HSMFs showed 

active migration and affected the direction of HSMMs migration without affecting the migration velocity 

of HSMMs. (Fig. 2-8A and Fig. 2-8B). It has been suggested that HSMF migration in the monolayer 

disrupts myoblast-myoblast contact, which alters the directional migration and alignment of HSMMs. 

The role of HSMF in HSMM alignment was assessed by measuring the directional angle of cell 

migration, expressed as cell alignment index value (), in the HSMM monolayers with different 

proportions of HSMF. At low proportions in the HSMM monolayer, the HSMFs showed active 

multidirectional migration. However, at high proportions in the monolayer of human skeletal muscle 

cells with 50% and 80% HSMF, the HSMFs showed inactive migration and aggregation. (Fig. 2-10). In 

the mono-culture of HSMM as a monolayer, HSMMs exhibited unidirectional migration (Fig. 2-11A). 

Nevertheless, the presence of HSMFs increased the multidirectional migration of HSMMs (Fig. 2-11B). 

Moreover, the alignment disorder in the monolayer with a small proportion of HSMF was confirmed by 

F-actin staining, as shown in Fig. 2-14. Thus, the cell alignment index values () in the co-culture 

monolayer were higher than those in the mono-culture HSMM monolayer (Fig. 2-13). These results 

support the hypothesis that fibroblasts, which increase VEGF productivity in the HSMM monolayer, 

exhibit active migration and consequently disrupt myoblast-to-myoblast contact. These results suggest 
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that HSMFs regulate cytokine secretion and that cytokine productivity depends on the proportion of 

HSMFs in the human skeletal muscle sheets. 

The effect of HSMFs in the human skeletal muscle sheets on therapeutic efficiency after 

transplantation was evaluated using an in vitro angiogenesis assay. Five-layered HSMM sheets with 

different proportions of HSMFs were prepared and co-cultured with GFP-HUVECs (Fig. 2-15). 

Although the GFP-HUVECs in the human skeletal muscle cell sheet without HSMFshowed elongation 

at an early time point, the endothelial network connection was poor at a later time. In the presence of 

HSMFs, the GFP-HUVEC network formation in HSMM sheets was enhanced. However, the growth of 

the GFP-HUVEC network was dependent on the proportion of HSMF and the levels of VEGF and HGF 

(Fig. 2-18 and Fig. 2-19). Various cytokines are involved in inducing angiogenesis. A previous study in 

the animal model showed that treatment of scaffolds releasing VEGF alone could increase the growth of 

blood vessels; however, the obtained vessel was fragile and exhibited vascular leakage. In the 

combination of triple cytokines, VEGF, HGF, and angiopoietin-1, the blood vessel growth was enhanced, 

and the integrity was improved (Saif et al. 2010). In the present study, GFP-HUVECs in the skeletal 

muscle cell sheets with 10% HSMF initially showed network formation, which decreased significantly 

over time. In contrast, GFP-HUVECs exhibited higher connectivity in the sheets prepared from skeletal 

cells containing 30 and 40% HSMF than in the cell sheets prepared from skeletal cells containing 10% 

HSMF. HGF levels under these conditions may be sufficient to promote a strong connection among GFP-

HUVECs when the VEGF productivity was similar. In addition, HGF and VEGF levels may influence 

the timing of network maturation. The GFP-HUVEC network maturation in the skeletal muscle cell sheet 

comprising 30% HSMF was observed at 48 h with the maximum value of L/NT, whereas maturation of 

endothelial network in the skeletal muscle cell sheets prepared from skeletal cells with 40% HSMF was 

observed at 96 h. The GFP-HUVEC network at 96 h was more stable than that at 48 h. The late maturation 

of the HUVEC network may be due to low VEGF productivity, and the network's stability may be due 

to the high productivity of HGF.  
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Although serum VEGF and HGF levels are elevated in myocardial infarction patients (Kubota et 

al. 2004; Seko et al. 2004; Atluri et al. 2008; Huang et al. 2020) (Table 1), it is noteworthy that the 

amount of these cytokines secreted by the 5-layered HSMM sheets co-cultured with HSMFs was much 

higher (Table 2), indicating the ability of the 5-layered HSMM sheets to induce the angiogenesis at the 

injured site.  
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Table 1. Angiogenic growth factor level from previous studies 

Growth 

factors 
Subjects/cells Conditions Sample 

Detection 

method 

Detected 

concentration 
References 

VEGF 
Human 

(n=17) 

Myocardial 

infarction 

Blood 

serum 
ELISA 

685.6±150.3 

pg/ml 

(Seko et al. 

2004) 

VEGF 
Human 

(n=17) 
Healthy 

Blood 

serum 
ELISA 

173.7±33.6 

pg/ml 

HGF 
Human 

(n=17) 

Myocardial 

infarction 

Blood 

serum 
ELISA 

3,638±1,285 

pg/ml 

HGF 
Human 

(n=17) 
Healthy 

Blood 

serum 
ELISA 59±13 pg/ml 

VEGF 
Human 

(n=44) 

Myocardial 

infarction 

Blood 

serum 

Cytometric 

Bead 

Array 

53.8 ± 42.7 

pg/ml 
(Atluri et 

al. 2008) 

VEGF 
Human 

(n=25) 
Healthy 

Blood 

serum 

Cytometric 

Bead 

Array 

36.3 ± 8.9 

pg/ml 

VEGF 
Human 

(n=248) 

Coronary 

artery 

disease 

Blood 

serum 
ELISA 645.57 pg/ml 

(Huang et 

al. 2020) 

VEGF 
Human 

(n=48) 
Healthy 

Blood 

serum 
ELISA 160.93 pg/mL 

HGF 
Human 

(n=12) 

Ischemic 

heart 

diseases 

Plasma ELISA 
12.0 ± 1.8 

ng/ml 

(Kubota et 

al. 2004) 

Pericardial 

fluid 
ELISA 

0.26 ± 0.04 

ng/mL 

FGF 
Human 

(n=12) 

Ischemic 

heart 

diseases 

Plasma ELISA 
243.5 ± 50.9 

pg/ml 

Pericardial 

fluid 
ELISA 

49.6 ± 7.8 

pg/mL 

VEGF 
Human 

(n=12) 

Ischemic 

heart 

diseases 

Plasma ELISA 
47.2 ± 17.6 

pg/ml 

Pericardial 

fluid 
ELISA 

24.5 ± 3.6 

pg/mL 

VEGF 

Cardiomyocyte 

cell line  

(AP16 cell) 

Normoxia 

Culture 

media ELISA 

 1000 pg/ml 

(> 1x106 

cells) (Casals et 

al. 2009) 

Hypoxia 

Culture 

media ELISA 

 2000 pg/ml 

(> 1x106 

cells) 

 

 



53 
 

Table 2. Angiogenic growth factor productivity in 5-layer HSMM sheet in cultured media of the 

present study  

Cytokines Conditions 

Cytokine 

concentration 

(pg/ml) 

Cytokine productivity 

(pg/sheetday) 

VEGF No fibroblast 928.1  92.9 1484.9  148.7 

 10% fibroblast 2850.6  181.1 4560.8  289.7 

 30% fibroblast 2154.8  26.2 3447.6  41.9 

 40% fibroblast 2572.3  33.3 4115.7  53.2 

HGF No fibroblast 93.4  33.4 149.5  53.5 

 10% fibroblast 1607.4  291.4 2871.8  466.2 

 30% fibroblast 2855.4  19.4 4568.7  31.0 

 40% fibroblast 3450.4  291.7 5520.7  466.8 

 

In this study, the effect of ECM protein deposition on the skeletal muscle cell sheet with different 

proportions of HSMFs was not evaluated. Therefore, the effects of ECM on promoting HUVEC network 

formation and supporting network stability cannot be excluded. Furthermore, the skeletal muscle cell 

sheets prepared from HSMF higher than 50% were unable to evaluate since the sheets containing a high 

proportion of HSMFs were fragile and self-contracted during preparation. It is possible that the self-

contracted sheet was attributed from the aggregation of HSMFs at high proportions (Fig. 2-10 and Fig. 

2-11B) due to the strong connection between HSMFs. 
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2.5   Summary 

In summary, this chapter demonstrated that different ratios of HSMM and HSMF differentially 

affect cytokine balance and angiogenesis, as shown in Fig. 2-20. Fibroblast is the crucial mediator to 

maintain cytokine balance in skeletal muscle cell sheet through high secretion levels of HGF and 

stimulate HSMM, possibly by disruption of myoblast-to-myoblast contact. The co-culture of HSMF and 

HSMM at an appropriate ratio (30% or 40%) promotes angiogenesis and cytokine production. These 

findings can be applied in the tissue engineering field to improve the therapeutic efficiency of human 

skeletal muscle sheets or engineered tissues for transplantation and highlight the role of fibroblasts in the 

regulation of VEGF secretion from adjacent tissue. 
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Fig. 2-20 Schematic drawing shows the effect of human skeletal muscle fibroblasts (HSMFs) co-cultured 

in skeletal muscle cell sheets on angiogenic cytokine balance and angiogenesis. 
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Chapter 3 

Effect of exogenous FGF-2 on endothelial functions in  

5-layered skeletal muscle cell sheet 

 

3.1 Introduction 

The growth of blood vessels from the pre-existing vasculature, called angiogenesis, is a 

fundamental process related to tissue development, regeneration, and restoration (Gianni-Barrera et al. 

2020). This process is essential for the pre-vascularization of engineered tissue constructs and restoration 

of blood supply to the ischemic areas after transplantation (Mastrullo et al. 2020). The biological process 

of angiogenesis is highly dynamic with endothelial cell proliferation, migration, connection, and 

formation of a primitive vascular structure that undergoes maturation and remodeling (Betz et al. 2016). 

These processes require the incorporation of multiple stimuli, including cytokines and extracellular 

matrix components (Mongiat et al. 2016; Potente et al. 2017), which may originate from cells of the host 

tissue following tissue injury (Laschke et al. 2009) or tissue constructs with protein delivery systems or 

different cell types (Richardson et al. 2001; Laschke et al. 2008; Schumann et al. 2009). 

Vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGFs) are positive 

angiogenesis stimuli that exert directly or indirectly. VEGF plays a vital role in directly regulating the 

proliferation, migration, and survival of endothelial cells during angiogenesis (Olsson et al. 2006). VEGF 

binds to its receptor (VEGFR) on the endothelial cell surface and stimulates VEGF signaling (Distler et 

al. 2003; Shibuya 2011; Imoukhuede et al. 2012). In addition to VEGF, FGFs are potent mitogens critical 

in regulating various cellular processes, including angiogenesis. FGFs act directly by binding to specific 

surface receptors (FGFRs) and indirectly by upregulating the expression of other angiogenic proteins 

such as VEGF or VEGFR (Yun et al. 2010; Murakami et al. 2011). Fibroblast growth factor-2 (FGF-2), 

also known as basic FGF (bFGF), is the most potent cellular regulator in various tissues among the 23 

members of the FGF family (Yun et al. 2010). It acts as a cardioprotective agent (Detillieux et al. 2003) 
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and mediates angiogenic stimuli that regulate the proliferation, migration, organization, and tubular-like 

structure formation of endothelial cells (Javerzat et al. 2002; Presta et al. 2005). These multiple functions 

make FGF-2 an attractive candidate for incorporating engineered tissue constructs (Yun et al. 2012; 

Zhang et al. 2018; Piard et al. 2019; Benington et al. 2020). Previous studies have demonstrated the 

treatment of ischemic diseases through FGF-2 delivery to target tissues. However, in vivo injection of 

free FGF-2 solution results in rapid diffusional loss and enzymatic degradation, resulting in decreased 

functional biological activity. Therefore, various studies have developed delivery systems to target FGF-

2 to different tissues by adsorption and controllable release of FGF-2-encapsulated materials. A wide 

range of biomaterials, including synthetic or natural polymers and engineered tissues, have been studied 

as candidate materials to carry FGF-2 and elicit their therapeutic efficacy in vitro and in vivo (Rinsch et 

al. 2001; Bhang et al. 2009; Chu et al. 2011; She et al. 2012). 

Cell sheet engineering is a crucial tissue engineering technique that requires no scaffold (Yang et 

al. 2005). This technology has been established for several diseases and trauma treatment. For myocardial 

infarction treatment, skeletal muscle myoblast has been developed for autologous transplantation (Sawa 

et al. 2015). Although the secretion of angiogenic cytokines, including VEGF, hepatocyte growth factor 

(HGF), and FGF-2 from skeletal muscle myoblast sheets, has been hypothesized as the main reason 

promoting angiogenesis and recovery of ischemic tissues, the precise function of FGF-2 in angiogenesis 

in human skeletal muscle cell sheets for transplantation is still unknown. 

The previous chapter has been shown that the secreted FGF-2 was undetectable in culture media 

of human skeletal muscle fibroblasts (HSMFs) and myoblasts (HSMMs). Furthermore, the role of FGF-

2 to promote endothelial functions in the human skeletal muscle cell sheet has not been elucidated yet. 

The aim of the current study is to investigate whether the angiogenesis effect induced by FGF-2 is 

strengthened after the cell sheet implantation. We fabricated multilayered skeletal muscle sheets 

comprising myoblasts and fibroblasts co-incubated with green fluorescent protein-expressing human 

umbilical vein endothelial cells (GFP-HUVECs). Exogenous FGF-2 treatment was performed, and in 

vitro angiogenesis was measured by quantification of the endothelial network. The time-lapse 
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observation was carried out to monitor the dynamic endothelial behavior during network formation (Fig. 

3-1). 

 

Fig. 3-1 Schematic diagram showing the experimental design of chapter 2. 

 

3.2   Materials and methods 

3.2.1    Cells culture and culture conditions 

In the present study, human skeletal muscle cells (Lot. No. 6F4296; Lonza, Walkersville Inc., 

Walkersville, MD, USA), including human skeletal muscle myoblasts (HSMMs) and fibroblasts 

(HSMFs), and GFP-HUVECs (Lot. No. 20100201001; Angio-Proteomie, MA, USA) were used. 

Subcultures of sorted HSMM and HSMF cells were conducted at 37C in and 5% CO2 in skeletal cell 

growth media-2 (SkGM-2; Lonza, Walkersville, MD, USA) formulated by combining SkBM™-2 Basal 
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Medium (Cat. No. CC-3246) with the SkGM™-2 SingleQuots™ kit (Cat. No. CC-3244).  Cells were 

pre-cultured for 5 days in T-225 flasks (Cat. No. 431082, Corning) at an initial density of 3.5  103 

cell/cm2 and the medium dept was set at 2 mm throughout the experiments. All cells were harvested until 

70-80% confluency. The medium was set to 2 mm in depth throughout the experiment. 

Green fluorescence protein-expressing human umbilical vein endothelial cells (Lot. No. 

20100201001; Angio-Proteomie, MA, USA) were sub-cultured at 37C and 5% CO2 in Endothelial Cell 

Growth Medium-2 (EGM-2; CC-3162, Lonza Walkersville Inc., Walkersville, MD, USA).  GFP-

HUVECs were pre-cultured for 3 days in T-75 flasks (Cat. No. 430641U, Corning) at an initial density 

of 3.5  103 cell/cm2 and the medium dept was set at 2 mm throughout the experiments.  

 

3.2.2   Incubation of 5-layers HSMM sheet with GFP-HUVECs  

 A five-layered HSMM sheet containing 30% of HSMFs was fabricated according to the previous 

method. Briefly, HSMMs and HSMFs cultured in SkGM-2 media at day 5 were harvested and mixed at 

30% HSMF (HSMF: HSMM ratio of 3:7). Cells were stained with CellTracker™ Orange CMTMR Dye 

in DMEM media with no FBS according to the commercially recommended protocol (5 M for 20 min 

for live cell imaging). After washing with DMEM media, stained cells were centrifuged at 1,000 rpm, 

and the pellets were resuspended in DMEM containing 10% FBS. Cells were seeded at 3.5x105 cell/cm2 

inside Teflon ring (0.95 cm2) placed in each well (diameter, 1.9 cm2) of 24-well UpCell™ plates 

(CellSeed, Tokyo, Japan) with a temperature-responsive surface and incubated for 24 h at 37°C in a 5% 

CO2 atmosphere to form monolayer sheet. The medium was set to 2 mm in depth throughout the 

experiments. A gelatin stamp was prepared from a solution of 7.4% (v/v) gelatin by dissolving gelatin 

powder (G1890-100G; Sigma-Aldrich) in 10 mL Hank’s balanced salt solution (Sigma-Aldrich) and 200 

L of 1N NaOH solution and incubated at 45 C for 30 min. Then, the gelatin solution was loaded to a 

mold and incubated overnight at 4C. To stacking the cell sheet, gelatin stamps were overlaid onto the 

monolayer sheet in a well incubated at 37°C, and the plate was then transferred to incubate at 20°C. This 

step was then repeated to harvest monolayer sheets to form a multilayered construct sequentially. The 



60 
 

multilayered sheets were then transferred to the center of 35-mm culture dishes (ibidi GmbH) seeded 

with GFP-HUVECs at X0 of 1 × 104 cells/cm2 for 24 h in EGM-2 at 37 °C in a 5 % CO2 atmosphere. At 

the given incubation time (t), triplicate samples were taken for quantitative analysis. The five-layered 

skeletal cell sheets were then cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich, 

St. Louis, MO, USA) containing 10% fetal bovine serum (FBS); Invitrogen, Grand Island, NY, USA) 

and antibiotics (100 U/cm3 streptomycin, and 0.25 mg/cm3 penicillin G, 0.1 mg/cm3 amphotericin B; 

Invitrogen) with or without 10 ng/mL FGF-2 (Cat. No. RCHEOT002; Reprocell, USA). During the 

incubation period, the medium was replaced with a fresh medium every day. The sampling time (t), 

triplicate samples were used for quantitative analysis.  

 

3.2.3    Evaluation of GFP-HUVEC network formed inside HSMM sheet 

GFP-HUVECs in five-layered skeletal muscle cell sheets were observed at 0, 24, 48, 72, and 96 

h of incubation to elucidate its morphology. Endothelial network formation from random areas was 

analyzed following a previous protocol (Nagamori et al. 2013). Briefly, the images GFP-HUVECs inside 

the cell sheet from eight positions were captured using a 10× objective lens of a confocal laser scanning 

microscope (FV-10i, Olympus, Tokyo, Japan). Images were converted to an 8-bit grayscale with 256 × 

256 pixels covering an area of 1.27 mm × 1.27 mm. All images were processed (Image-Pro Plus; Media 

Cybernetics Inc., Bethesda, MD) to make a skeletonized structure of endothelial network using a low-

pass filter for primary noise removal and binarization at fixed threshold intensity of automatic threshold 

intensity and the mode intensity. Then, the binary images of the endothelial network were subjected to 

skeletonization and secondary noise removal with a size threshold to remove items smaller than 16 pixels. 

Furthermore, the small branches were pruned in the objects. The processed skeletonized images were 

then measured the total length of the network per image area (L; cm−1), the number of total tips of the 

network (NT; tip/cm2), and extension of the endothelial network (L/NT; cm/tip). The network tips at the 

edge of the image were not excluded for counting (Fig. 2-3). 

Furthermore, the five-layered cell sheets were captured using a fluorescence microscope (IN 

CELL Analyzer 2000, GE Healthcare) under a 2× objective lens with 2048 × 2048 pixels. Nine images 
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were captured and tiled with 50% overlapping covering an area of 15.3 mm × 15.3 mm. Skeletal muscle 

cells were stained with 5M CellTracker™ Orange CMTMR Dye in DMEM media with no FBS and 

incubated at 37 for 20 min. Then, the cell sheets were captured for masking to define the sheet boundary. 

Image processing was performed using Image-Pro Plus software (Media Cybernetics Inc., Bethesda, 

MD, USA). The images of sheet morphology were converted to 12-bit grayscale to obtain a color quality 

for masking binary images. The image was adjusted using a low-pass filter of Image-Pro Plus software 

for noise removal and binarization at fixed threshold intensity (average of the mode intensity and the 

automatic threshold intensity). The cell sheet boundary was then selected, and the sheet area was filled 

with white background. Images were modified to 8 bits to reduce their size. Similarly, images of 

HUVECs were captured, tilled, and changed to 8-bit grayscale. The masking was overlaid on the network 

image, and outside endothelial cells were then subtracted to obtain the image of endothelial cells inside 

the sheet as a region of interest (ROI). Subsequently, the GFP-HUVECs images were processed using a 

low-pass filter for noise removal. The binary images of endothelial cells were subjected to skeletonization 

and secondary noise removal with a size threshold to eliminate items smaller than 11 pixels. The pruning 

of small branches was processed in the objects (Fig. 3-2). The total length of the network per sheet (L; 

cm/sheet) and the number of total tips of the network per sheet (NT; tip/sheet) were measured to calculate 

the extent of network formation in the cell sheet (L/NT; cm/tip) (Fig. 3-3). In addition, the length of each 

network in the sheet and the number of networks (NN) longer than 0.2 and 0.4 cm were measured to 

classify networks as short (L < 0.2 cm), medium (0.2 cm  L  0.4 cm), and long (L  0.4 cm) (Fig. 3-

2). 
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Fig. 3-2 Quantitative analysis of GFP-HUVEC network formation inside a five-layered human skeletal 

muscle cell sheet. Image processing procedure to quantify endothelial network formation from the whole 

sheet area. The image was captured using a 2 objective lens of a fluorescence microscope. Tilled images 

were converted to binary images and dilated to make skeletonized objects and noise removal. Scale bar: 

2 mm. 
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Fig. 3-3 Quantitative analysis of endothelial network formation in five-layered skeletal muscle cell 

sheets. The length of the network per sheet (L) and the number of endpoints (NT) were measured from 

the skeletonized network and used to calculate the extent of the GFP-HUVEC network (L/NT). In this 

study, the endothelial network from local areas and whole-cell sheet areas were evaluated. 
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3.2.4   Time-lapse observation of GFP-HUVECs 

For time-lapse observation, skeletal muscle cell sheets co-incubated with GFP-HUVECs were 

captured every 1 h during 48-96 h of co-incubation to understand the dynamic behavior of GFP-HUVECs 

using a confocal laser scanning microscope (FV-10i, Olympus, Tokyo, JP) under a 10 objective lens 

covering an area of 1.27 mm  127 mm. The sequence images were processed using FluoView 4.2 

software (Olympus, Tokyo, Japan). The numbers of endothelial connection and disconnection events per 

area were counted. 

 

3.2.5   GFP-HUVECs culture and FGF-2 treatment 

 To investigate the effect of FGF-2 on endothelial survival and proliferation, GFP-HUVECs were 

sub-cultured for 3 days and harvested for seeding at X0 of 1  104 cell/cm2. After 24 h, GFP-HUVECs 

were cultured in DMEM media containing 10% FBS with or without 10 ng/ml FGF-2 for 96 h. Fresh 

medium was replaced every day, and cells were captured every 24 h by a confocal laser scanning 

microscope (FV10i, Olympus, JP) using a 10 objective lens.  

 

2.5 3.2.6 Measurement of FGF-2 level 

The level of FGF-2 in cultured media was measured using the human FGF Quantikine ELISA (Cat. No. 

DFB50, R&D Systems Inc., USA). The E. coli-expressed recombinant human FGF-2 provided from the 

ELISA kits was used to establish the standard curve. The baseline levels of FGF-2 in cultured media 

without cells were measured. 

 

3.2.7    Statistical analysis 

All values in this study are expressed as the mean ± standard deviation (SD). Each experiment 

was performed using triplicate samples (n = 3). Normally distributed data with equal variances were 

evaluated by an independent sample t-test when two groups were compared. To analyze data with more 

than two groups, a one-way analysis of variance (ANOVA) followed by the Bonferroni test was 
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performed. All statistical analyses were evaluated using SPSS software (version 26.0, IBM, USA). 

Differences were considered statistically significant when the value of P was less than 0.05. 

 

3.3  Results 

3.3.1   Endogenous production of FGF-2 in the five-layered skeletal muscle cell sheet 

In this study, a five-layered skeletal muscle cell sheet comprising HSMF and HSMM  co-

incubated with GFP-HUVECs was cultured in DMEM containing 10% FBS. We first measured the basal 

level of FGF-2 in the cultured media without cells and that endogenously produced from five-layered 

skeletal muscle cell sheets and found that it was undetectable from both conditions. These data 

demonstrate that the endogenous production of FGF-2 by skeletal muscle cell sheet was deficient.  

 

3.3.2  Effect of exogenous FGF-2 treatment on endothelial network formation  

In this study, the efficiency of HUVEC network formation in skeletal muscle cell sheets was 

analyzed using an in vitro angiogenesis assay imitated from the area of in vivo transplantation (Nagamori 

et al. 2013). The five-layered skeletal muscle cell sheets co-incubated with GFP-HUVECs were treated 

with 10 ng/mL FGF-2 in DMEM containing 10% FBS. Quantitative analysis of endothelial network 

formation in the skeletal muscle cell sheets was performed. Cell sheets cultured in media without 

exogenous FGF-2 were used as controls. The density of GFP-HUVECs at 24 h after seeding was 

confirmed to be 1.24  0.50  104 cells/cm2. Endothelial networks were examined using a fluorescence 

microscope every 24 h from 0 to 96 h using 10 and 2 objective lenses for the analysis of the local and 

whole areas. As shown in Fig. 3-4A, most GFP-HUVECs in five-layered skeletal muscle cell sheets were 

single and had a round shape at the beginning of the incubation period (t = 0). Quantitative analysis of 

endothelial network formation revealed a low value of L and L/NT but a high value of NT. GFP-HUVECs 

became elongated and connected after 24 h under both conditions, resulting in an increase in L and L/NT 

values and a decrease in the NT value. After FGF-2 treatment, the L value steadily increased and was 

significantly different as compared to that of the control sample at 96 h. In contrast, L in the control 
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condition gradually increased and then leveled off. The local analysis revealed no significant differences 

in the connectivity expressed by L/NT value between FGF-2 and control treatment (Fig. 3-4B). 

 

Fig. 3-4 GFP-HUVECs from the local area inside five-layered human skeletal muscle cell sheets treated 

with or without 10 ng/mL FGF-2. (A) Images of GFP-HUVEC morphology were captured using a 10 

objective lens of a confocal laser scanning microscope. Scale bar: 200 m. (B) The length of the network 

per sheet (L; cm−1), number of network (NT; tips/cm2), and extent of the GFP-HUVEC network (L/NT; 

cm/tips) were evaluated from eight random areas in each sample. Three samples were measured (n = 3). 

Data are expressed as average  SD. *P < 0.05; independent sample t-test. 
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Evaluation of the endothelial network from the local area was unable to well understand the total 

endothelial network with long length in a sheet since the endothelial cells were captured from the small 

areas in the cell sheet. Therefore, an analysis method to evaluate the total endothelial network formation 

in the sheet was established. The network formation of GFP-HUVECs in the five-layered HSMM sheets 

was quantitated based on the total network length per sheet (L; cm/sheet), the number of total tips of 

network per sheet (NT; tip/sheet), and the extent of the network (L/NT; cm/tip). The quantitative analysis 

of endothelial network formation revealed low L and L/NT values but high NT values at the initial time 

(Fig. 3-5), similar to that observed in local network analysis. After 24 h, GFP-HUVECs became more 

elongated and connected under both conditions, resulting in an increase in L and L/NT values and a 

decrease in the NT value. In the control group, L and L/NT values increased but leveled off after prolonged 

culture. In contrast, L and L/NT values steadily increased and remained constant after treatment with 10 

ng/mL FGF-2. The endothelial habitat inside the skeletal muscle cell sheet was observed; the endothelial 

cells migrated from the culture surface to form a network and remained inside the five-layered skeletal 

muscle cell sheet under both conditions after 96 h (Fig. 3-6). 

 

Fig. 3-5 GFP-HUVECs from the whole area of cell sheets were captured using a fluorescence microscope 

and 2 objective lens. All images were tilled and processed for endothelial network quantitation. The 

length of the network per sheet (L; cm/sheet), number of the network (NT; tip/sheet), and extent of the 
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GFP-HUVEC network (L/NT; cm/tip) were evaluated. Three samples were measured (n = 3). Data are 

expressed as average  SD. *P < 0.05; independent sample t-test. 

To evaluate the ability of FGF-2 to promote the extension of the endothelial network, we 

determined the number of endothelial networks longer than 0.2 and 0.4 cm for the medium and long 

endothelial networks. A network length of less than 0.2 cm was considered as a short network (Fig. 3-

7A). The total length and number of medium and long endothelial networks were significantly higher in 

the skeletal muscle cell sheet treated with 10 ng/mL FGF-2 than in the control group at 72 h (Fig. 3-7B 

and 3-7C). Together, these results suggest that FGF-2 treatment could promote endothelial network 

formation and increase the number of extended networks in five-layered skeletal muscle cell sheets. 

 

Fig. 3-6 Stacking images were captured at t = 96 h by confocal laser scanning microscopy using a 60 

objective lens. The 3D images were generated to show the 3D structure of cell skeletal muscle cell sheets 

(red) and GFP-HUVEC (green) network formation in the presence or absence of 10 ng/mL FGF-2. Scale 

bar: 50 m. 
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Fig. 3-7 Evaluation of extended GFP-HUVEC network in five-layered skeletal muscle cell sheets. (A) 

Skeletonized images of endothelial networks in skeletal muscle sheets treated with or without 10 ng/mL 

FGF-2; networks were grouped as short (blue), medium (green), and long networks (red). Scale bar: 2 

mm. (B) The total length and number of networks in the cell sheet from each group were compared. 

Three samples were measured (n = 3). Data presents with  SD. 



70 
 

3.3.3  Dynamic behavior of GFP-HUVECs in five-layered skeletal muscle cell sheets treated with 

FGF-2 

The dynamic behavior of GFP-HUVECs in five-layered skeletal muscle cell sheets was 

monitored to clarify the precise role of FGF-2 in endothelial network formation. GFP-HUVECs in five-

layered skeletal muscle cell sheets treated with 10 ng/mL FGF-2 were compared with those in untreated 

control sheets. Time-lapse observation revealed endothelial network formation inside the cell sheet after 

48 h of incubation under both conditions. The GFP-HUVECs in cell sheets dynamically migrated, 

connected, and disconnected during endothelial network formation (MOV. 2-1 and MOV.2-2). To 

evaluate whether FGF-2 plays any role in maintaining stabilized endothelial connection and preventing 

endothelial disconnection, we determined the frequency of connection (red arrow) and disconnection 

(white arrow) of endothelial cells in these sheets after FGF-2 and control treatment. Endothelial network 

formation is the dynamic process of connection and disconnection of endothelial cells. The high 

frequency of connection and low frequency of disconnection should stabilize the endothelial network. In 

control with not FGF-2, the endothelial network in the skeletal muscle cell sheet was decayed, showing 

a higher frequency of disconnection (white arrow) compared to one with FGF-2 treatment (Fig. 3-8A 

and 3-8B). Although the frequency of new GFP-HUVECs connection was not higher in FGF-2 (Fig. 3-

9A), the frequency of GFP-HUVEC disconnection resulting in network degradation in the five-layered 

skeletal muscle cell sheet treated with 10 ng/mL FGF-2 was lower than that in the control group (Fig. 3-

9B). These data imply that FGF-2 plays a role in preventing endothelial disconnection during network 

formation in five-layered skeletal muscle cell sheets. 
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Fig. 3-8 Dynamic GFP-HUVEC network formation in five-layered skeletal muscle cell sheets treated 

with or without 10 ng/mL FGF-2. Time-lapse observation of GFP-HUVEC behavior in layered skeletal 

muscle cell sheet. The GFP-HUVECs (green) in the sheet were captured every 1 h by a confocal laser 

scanning microscope using a 60 objective lens during 48-72 h (A) and 72-96 h (B). Endothelial network 

formation is the dynamic process of endothelial connection (red arrow) and disconnection (white arrow). 

Less frequency of disconnection stabilized endothelial network formation in the cell sheet. Scale bar: 

200 m.  
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Fig. 3-9 The events of endothelial connection and disconnection during 48-72 h (A) and 72-96 h (B) 

were counted and expressed as the number of GFP-HUVEC connection and disconnection per area 

(cm−2). 
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3.3.4 Effect of FGF-2 on endothelial behavior outside the five-layered skeletal muscle cell sheet 

In this model, GFP-HUVECs were seeded in 35 mm culture dishes 24 h before the transfer of the 

five-layered skeletal muscle cell sheets into the center of culture dishes. This model allows monitoring 

of GFP-HUVECs inside as well as outside of the sheets. GFP-HUVECs outside the cell sheet were round 

in shape at 0 h, similar to those inside the sheet. The density of GFP-HUVECs outside the sheet did not 

differ between conditions with or without FGF-2. After prolonged incubation, only inside, but not 

outside, GFP-HUVECs formed endothelial networks under both conditions. This result indicates the 

requirement of interaction between cell sheets and endothelial cells to promote endothelial network 

formation. The number of GFP-HUVECs outside the cell sheet increased after prolonged culture and 

was higher in the FGF-2 treatment group than in the control group at 72 h (Fig. 3-10). Many outer GFP-

HUVECs was lost in the control group, possibly owing to cell death and detachment under FGF-2 

deficiency. To confirm the requirement of FGF-2 for survival, the GFP-HUVECs were cultured with or 

without 10 ng/mL FGF-2 (Fig. 3-11). The results showed that GFP-HUVECs could grow well and attach 

to the culture surface in the presence of FGF-2. In contrast, GFP-HUVECs were undetached in the control 

group owing to FGF-2 deficiency. These observations indicate the critical role of FGF-2 in maintaining 

GFP-HUVEC survival and attachment. 
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Fig. 3-10 Effect of FGF-2 on GFP-HUVEC growth outside five-layered skeletal muscle myoblast sheets 

after culture for 72 h. The skeletal muscle myoblast sheet (red) was stained with Cell tracker dye, co-

incubated on GFP-HUVEC (green), and cultured in a medium containing 10 ng/mL FGF-2. The sheets 

cultured in medium without FGF-2 were used as controls. Samples were captured by a fluorescence 

microscope using a 2 objective lens. Scale bar: 2 mm. 
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Fig. 3-11 Culture of GFP-HUVECs in DMEM supplemented with FBS with or without 10 ng/mL FGF-

2. (A) GFP-HUVECs (green) were seeded at an initial seeding density of 1  104 cell/cm2. Cells were 

treated with or without 10 ng/mL FGF-2 for 72 h. (B) Cells were captured every 24 h by a confocal laser 

scanning microscope using a 10 objective lens. Scale bar: 200 m. 
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3.4  Discussion 

 Although the process of angiogenesis has been primarily studied both in vivo and in vitro, 

investigation of this process in vitro is challenging owing to the need for the development of rapid 

vascularization of tissue-engineered constructs to treat ischemic conditions (Adams et al. 2007; 

Tahergorabi et al. 2012; Gianni-Barrera et al. 2020). Numerous soluble growth factors, including VEGF, 

FGFs, and HGF, have been reported to stringently regulate angiogenesis progression involving the 

development of structural blood vessels for vascularized tissue or grafting (Montesano et al. 1986; Xin 

et al. 2001; Matkar et al. 2017). Cell sheet technology using skeletal muscle cells was developed for 

autologous transplantation to treat myocardial infarction (Durrani et al. 2010; Terajima et al. 2014). To 

understand the angiogenic properties of skeletal muscle cells, we evaluated the productivity of growth 

factors, including VEGF, HGF, and FGF-2, in five-layered skeletal muscle cell sheets. We have shown 

that skeletal myoblast sheets containing some fibroblasts can secrete high VEGF and HGF levels, 

consequently promoting endothelial function to form a network (Thummarati et al. 2020). However, the 

production of FGF-2 and its precise role in angiogenesis in skeletal muscle cell sheets are still unclear. 

 In the present study, an in vitro angiogenesis system based on a multilayered skeletal muscle cell 

sheet containing HSMM and HSMF co-incubated with GFP-HUVECs was used to mimic the in vivo 

angiogenesis process after transplantation. The evaluation method was adapted from a previous study 

(Nagamori et al. 2013) to quantitate endothelial network formation inside the five-layered skeletal muscle 

cell sheet. We first measured the basal FGF-2 level in culture media and the endogenous production of 

FGF-2 from skeletal muscle sheets. We demonstrated that the level of FGF-2 secreted from the five-

layered skeletal muscle myoblast sheet in cultured media was undetectable, suggesting no endogenous 

production of FGF-2 from the skeletal muscle cell sheet. The level of FGF-2 secreted from the cell sheet 

in cultured media was undetectable and much lower than the therapeutic concentration (>1 ng/ml) 

necessary to promote endothelial function for angiogenesis, as previously reported (Montesano et al. 

1986; Fafeur et al. 1990; Zubilewicz et al. 2001; Kano et al. 2005). To investigate whether FGF-2 is 

required to promote endothelial function, exogenous FGF-2 was added to the skeletal muscle cell sheet 
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co-incubated with GFP-HUVECs, and endothelial network formation was evaluated. First, the 

endothelial network formation both in the local and whole areas of the sheet during 96 h was quantified 

by measuring total endothelial network length (L) to observe elongation and connection of all endothelial 

cells and the number of the endpoint of the network per sheet (NT). These two factors were then used to 

calculate the extension of the endothelial network in the cell sheet (L/NT). At the initial time, endothelial 

cells from both conditions were round with no elongation and/or connection (Fig. 3-4A). Therefore, the 

L and L/NT values were low, but the NT was high. After 24 h, the endothelial cells became more elongated, 

and some were connected to neighboring cells. Therefore, L and L/NT increased and the number of tips 

reduced, resulting in a decrease in NT value. Although L and L/NT increased after the maturation of the 

endothelial network after 48 h of incubation, no differences were observed in these values between FGF-

2 and control treatment groups (Fig. 3-4B). However, after 48 h, the L and L/NT values failed to increase 

in the absence of FGF-2 and tended to reduce after prolonged culture (up to 96 h). On the other hand, 

these values continuously increased after FGF-2 treatment. These data suggest that FGF-2 could support 

and maintain the endothelial network in five-layered skeletal muscle cell sheets after prolonged culture 

and endothelial network maturation (Fig. 3-5). 

 Endothelial elongation with a stable connection should not increase the total length of the 

endothelial network and the number of extended networks in the sheet. We measured the length of 

networks in the sheet and counted the number of extended networks longer than 0.2 or 0.4 cm at 72 h. 

The number of extended networks increased in skeletal muscle cell sheets following FGF-2 treatment, 

suggesting its role in endothelial elongation and connection (Fig. 3-7A and Fig. 3-7B). The increase in 

the number of extended networks may result from the stabilized endothelial connection after FGF-2 

treatment. To test this hypothesis, the time-lapse observation was performed to monitor dynamic 

endothelial interaction inside the skeletal muscle cell sheet. We found that endothelial network formation 

is a dynamic process wherein endothelial cells are connected and disconnected (Fig. 3-8). However, 

FGF-2 treatment prevented endothelial connection and stabilized network formation as compared to the 

control treatment without FGF-2 (Fig. 3-9). The mechanism by which the FGF-2 stabilizes endothelial 
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network formation in the skeletal muscle cell sheet has not yet been elucidated in this study. Previous 

studies demonstrated that vascular elongation and stabilization are involved in endothelial cell-to-cell 

adhesion molecules (Sauteur et al. 2014; Cao et al. 2017). Numerous transmembrane adhesive proteins 

are commonly associated with endothelial cell-to-cell adhesion include; vascular endothelial (VE) and 

neural (N) cadherin, occludin, claudins, and the junctional adhesion molecules (JAMs) (Lampugnani 

2012). These molecules hold the endothelial cells together and anchor to the actin cytoskeleton and 

signaling molecules, consequently stabilize junctions and transfer cell signaling to mediate cellular 

functions (Dejana et al. 1999).  Accordingly, we hypothesized that FGF-2 might enhance the expression 

and/or localization of these adhesive molecules in GFP-HUVECs inside the skeletal muscle cell sheets, 

leading to the stabilization of endothelial network formation. 

Additionally, FGF-2 has been reported to promote angiogenesis indirectly by influencing other 

growth factors and chemokines such as VEGF, HGF, platelet-Derived Growth Factor (PDGF), and 

transforming growth factor (TGF) (Kano et al. 2005; Bai et al. 2014), contributing to vascular maturation. 

Our previous study has demonstrated that the skeletal muscle cell sheet containing HSMF secreted both 

VEGF and HGF (Thummarati et al. 2020). Therefore, exogenous FGF-2 and cell sheet secreted growth 

factors might synergistically enhance the endothelial network inside the sheet. These hypotheses need to 

be elucidated in the future. 

 The effects of FGF-2 on endothelial cells on the culture surface outside the skeletal muscle cell 

sheet was observed. This study demonstrated that FGF-2 treatment promoted the proliferation of 

endothelial cells outside the cell sheet, as previously reported (Garmy-Susini et al. 2004; Sahni et al. 

2004; Romo et al. 2011). In the presence of FGF-2 in the culture medium, endothelial cells outside the 

skeletal muscle cell sheet could not form endothelial networks, unlike those inside the sheet. It has 

previously shown that skeletal muscle cell sheets comprising fewer fibroblasts secrete high 

concentrations of VEGF and HGF in the culture media. Thus, only soluble factors, including VEGF, 

HGF, and FGF-2 in culture media, were insufficient to facilitate network formation by endothelial cells; 

instead, endothelial cells require other cells to promote the network formation (Fig. 3-10 and Fig. 3-11). 
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Extracellular matrix proteins such as collagen I are driving factors of endothelial cells during 

angiogenesis and mediate disruption of vascular endothelial-cadherin, resulting in a pre-capillary cord 

formation in vitro (Sottile 2004; Davis et al. 2005). Furthermore, other studies have demonstrated that 

the interaction between endothelial and other cells affects the expression of other angiogenic factors 

(Heydarkhan-Hagvall et al. 2003). Skeletal muscle sheets may provide VEGF and HGF and extracellular 

matrix proteins and interact with endothelial cells inside the sheet to promote network formation. 

 

3.5 Summary 

 In conclusion, this is the first time to demonstrate that angiogenesis was enhanced in skeletal 

muscle cell sheets by the addition of 10 ng/mL FGF-2, as evident from the extension of endothelial 

network length through stable endothelial connection (Fig. 3-12). From a future perspective, coculture 

with other cells such as human mesenchymal stem cells (hMSCs) in skeletal muscle cell sheets to produce 

FGF-2 is required to improve therapeutic efficiency (Leuning et al. 2018).  
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Fig. 3-12 Schematic representation of the effect of FGF-2 on GFP-HUVEC behavior in skeletal muscle 

cell sheets. 
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Chapter 4 

Conclusion remarks 

 

4.1 Research conclusion 

This research provides new insights into the angiogenic potential enhancing of the human skeletal 

muscle cell sheet. The first study using a co-culture system of HSMMs and HSMFs shows that the 

different proportions of these cells affected the productivity of angiogenic growth factors, VEGF, and 

HGF. According to the present evidence, HSMMs and HSMMs can produce VEGF, but only HSMFs in 

the co-culture system can secrete HGF with high productivity. However, the FGF-2 level was 

undetectable from the culture media of two cell types, possibly from the FGF-2 synthesis or secretion 

insufficiency. The HSMF with a small proportion in the co-culture enables the enhancement of the 

production of VEGF in HSMM (Fig. 4-1A), which is potentially mediated through inhibition of active 

HSMM migration that results in the loss of myoblast-to-myoblast contact and cell alignment (Fig. 4-1B). 

However, the molecular mechanism under this phenomenon has not been elucidated in the current study. 

Besides, multilayer skeletal muscle cell sheets containing a suitable HSMF proportion (30 to 40%) co-

cultured in GFP-HUVECs were shown to drastically enhance endothelial network formation by 

increasing endothelial network length and connectivity (Fig. 4-1A). Therefore, HSMFs and HSMMs co-

culture should be controlled at a suitable proportion to maintain the balance of these cytokines and 

angiogenic potential. These findings highlight the crucial role of HSMF, which is the super stimuli to 

promote angiogenetic potential in the human skeletal muscle cell sheets.  

Next, this research investigated the role of FGF-2 in endothelial network formation in the human 

skeletal muscle cell sheet lacking endogenous FGF-2. The endothelial network was formed with a high 

network length and connectivity in five-layered cell sheets comprising HSMMs and HSMFs at the initial 

culture, despite no FGF-2 in culture media. Therefore, additional FGF-2 might not be essential to initiate 

endothelial network connection. However, exogenous FGF-2 treatment was shown to stabilize the 
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endothelial network after prolonged culture, in which the high network length, connectivity, and numbers 

of the long and medium networks were shown. FGF-2 retarded endothelial network disconnection in the 

skeletal muscle cell sheet for the precise functions. Moreover, the FGF-2 also promoted attachment and 

survival of the endothelial cells observed outside the cell sheet (Fig. 4-1 C). This study provides 

knowledge about FGF-2 to increase the stable endothelial network in the human skeletal muscle cell 

sheet.  

To sum up, these findings provide cellular regulators in the human skeletal muscle cell sheet to 

improve the angiogenic potential for transplantation and establish models of biological research.  

 

 

Fig. 4-1 Schematic diagram showing the concepts of angiogenic growth factor production and 

angiogenesis in skeletal muscle cell sheet. (A) Five-layered human skeletal muscle cell sheet containing 

30% or 40% maintained VEGF and HGF production and enhanced endothelial network formation. (B) 

A small proportion of skeletal muscle fibroblast (HSMF) on cell alignment and VEGF productivity. (C) 

Exogenous FGF-2 treatment promoted endothelial encounter and connection in five-layered skeletal 

muscle cell sheet with low endogenous FGF-2 production. 
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4.2 Future perspectives 

 Several experiments have been demonstrated in this research to provide new insights into skeletal 

muscle cell sheet engineering; however, many perspectives are listed for further studies to strengthen 

this research field (Fig. 4.2). 

 

 

Fig. 4-2 Future perspective to extend this research towards tissue engineering and biological research 

application. 

 

4.2.1 Molecular mechanism of VEGF section induced by myoblast-to-myoblast contact  

From the present study, the effect of HSMF proportion on cytokine productivity showed that 

VEGF productivity was enhanced in monolayers comprising a small proportion of HSMF but maintained 

at a low level of monocultures. Furthermore, the time-lapse observation of cell migration in monolayer 

implied that myoblast-to-myoblast contact disrupted by a small proportion of HSMF might promote 

VEGF production in HSMM (Fig. 2-7 to 2-11). However, the molecular mechanism to explain this 

phenomenon has not been clarified. In the future, the VEGF expressing related molecules and Myo-to-

Myo adhesion proteins should be identified in HSMM monolayers comprising with or without a small 
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proportion of HSMF to proposed the molecular mechanism under this phenomena. It was hypothesized 

that the disruption of myoblasts-to-myoblast contact might transduce the intracellular signal to promote 

VEGF expression and secretion via mechanosensory such as YAP (Robinson et al. 2009; Schlegelmilch 

et al. 2011; Ahmad et al. 2015) (Fig. 4-2). To prove this hypothesis, immunostaining of YAP, cadherin, 

and -catenin, the mechanical sensing molecules of cell-to-cell contact, and gene expression profile are 

expected to demonstrate using skeletal muscle cell monolayers with or without a small proportion of 

HSMF. 

 

Fig. 4-2 Hypothesis of molecular mechanism to promote VEGF production in human skeletal muscle 

myoblast (HSMM) induced by human skeletal muscle fibroblast (HSMF) 

 

4.2.2 Effect of human mesenchymal stem cells co-culturing in multilayered skeletal muscle cell 

sheet in FGF-2 production and endothelial network stability 

 FGF-2 has a role in maintaining endothelial network formation in skeletal muscle cell sheets. 

However, the level of FGF-2 in culture media from HSMM and HSMF was undetectable. These cells 

may be insufficient to synthesize or secrete FGF-2. Therefore, co-culture skeletal muscle cell sheets with 

other cells such as human mesenchymal stem cells (hMSCs) to produce FGF-2, which could promote 
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the stabilized endothelial network and transplantation's therapeutic efficiency.  Moreover, it would be 

interesting to establish a pre-vascularized cell sheet with lumen formation in a multilayered skeletal 

muscle cell sheet and a new quantitative method of lumen formation (Fig. 4-3). 

 

Fig. 4-3 Schematic drawing of a co-culturing system to fabricate multilayered skeletal muscle sheet with 

stabilized endothelial network and lumen formations 
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4.2.3 Study on effects of fibroblasts from different sources on cytokine production and 

endothelial function   

Fibroblasts are the most abundant connective tissue cells, with diverse structures depending on 

their location and activity. Fibroblasts derived from different tissue may provide differences in cell 

properties such as extracellular matrix production, growth factor secretion, and morphology (Ichim et al. 

2018). In this research, the origin of fibroblasts used to study is human skeletal muscle; however, 

fibroblast from other sources has not been compared. To increase the flexibility of cell sources, the 

fibroblasts from other sources such as dermal fibroblast are interesting for skeletal muscle myoblast sheet 

fabrication, and the angiogenic properties should be analyzed. Furthermore, the passage number of cells 

is an important consideration when designing an experiment in all cell culture laboratories. Especially, 

the passage is a crucial descriptor for primary cells. For cell sheet engineering using fibroblast, it is 

interesting to investigate the effect of fibroblasts passage number on angiogenic cytokines and 

angiogenesis to clarify the passage number range (Fig. 4.4). 

 

Fig. 4.4 Effect of different sources of fibroblast on angiogenic properties of the skeletal muscle cell 

sheet 
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4.2.4 Measuring of angiogenic growth factors and extracellular matrix protein deposition in the 

multilayered skeletal muscle cell sheet 

Angiogenesis is multiple steps that require numerous factors to modulate the angiogenic reaction. 

However, this study measured only three major cytokines, including VEGF, HGF, and FGF-2. Other 

angiogenic growth factors and stimuli such as platelet-derived growth factor-1 (PDGF-1) (Sanz-Nogues 

et al. 2016), stromal cell-derived factor 1 (SDF-1) (Ferrara et al. 2005), angiopoietins (ANGs), and 

extracellular matrix (ECM) proteins (Davis et al. 2005) have been studied to promote angiogenesis from 

other research literature. However, these cytokines were not demonstrated in the present study of the 

human skeletal muscle cell sheet. It is recommended to investigate these stimuli to complete the 

angiogenic stimuli profile secreted by skeletal muscle cell sheets (Fig. 4-5). 

 

Fig. 4-5 Overview of the angiogenic process and its associated stimuli. (* The growth factors which 

were elucidated in skeletal muscle cell sheet in this research.) 
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4.2.5   Testing safety and therapeutic efficiency of skeletal muscle cell sheet in vivo 

This research provided a new strategy to fabricate skeletal muscle cell sheets by optimizing cell 

proportion to enhance endothelial network formation. For pharmacological developments, after skeletal 

muscle cells sheet have been established by new tissue engineering strategies in vitro, it is essential to 

test the viability, safety, and efficacy of engineered tissues in an animal model before clinical application 

(Fig. 4-6).  

 

Fig. 4-6 Fabrication of multilayered skeletal muscle cell sheet and testing the safety and therapeutic 

efficiency by in vivo 
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Nomenclature 

 

(xi, yi) Centroid of cells       [-] 

 Directional angle       [degree, ] 

L/NT Extent of endothelial network      [cm/tip] 

X0 Initial density of cell seeding       [cells/cm2] 

L Length of endothelial network     [cm-1 or cm/sheet] 

D Migration distance       [m] 

t Observation time       [h] 

 Standard deviation       [-] 

NT Tip number of endothelial network     [tip/cm2 or tip/sheet] 

 Velocity of cell migration      [m/h] 
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Abbreviations 

 

2D    Two-dimensional 

3D    Three-dimensional 

ANGs     Angiopoietins 

bFGF    Basic fibroblast growth factor 

BSA    Bovine serum albumin 

CAI    Cell alignment index 

CD    Cluster of differentiation 

cm    Centimeter 

CMFDA    Chloromethylfluorescein diacetate 

CLSM    Confocal laser scanning microscope 

DMEM   Dulbecco’s modified Eagle’s medium 

ECM  Extracellular matrix 

EGM-2  Endothelial growth medium-2 

FGF-2    Fibroblast growth factor 

FGFR    Fibroblast growth factor receptor 

GFP-HUVEC  Green fluorescence protein human umbilical vein endothelial cell 

HSMM  Human skeletal muscle myoblast 
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HSMF  Human skeletal muscle fibroblast 

HGF  Hepatocyte growth factor 

m  Micrometer 

mm  Millimeter 

ml  Milliliter 

NCAM  Neural cell adhesion molecule 

ng  Nanogram 

PFA  Paraformaldehyde 

pg  Picogram  

PDGF-1  platelet-derived growth factor-1 

SD  Standard deviation 

SkGM-2  Skeletal muscle cell growth medium-2 

SDF-1  Stromal cell-derived factor 1 

VEGF  Vascular growth factor  

VEGFR  Vascular endothelial growth factor receptor 
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