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Abstract 

Hypertrophic dermal scarring is a debilitating condition for which there is no effective 
treatment. Autologous fat grafting is a rapidly developing technique able to regenerate scar tissue. 
Hypertrophic scarring is a result of dysregulated extracellular matrix deposition from an increased 
myofibroblast presence. Following fat grafting, scar tissue contains a lower population of 
myofibroblasts and a remodelled extracellular matrix. Adipose tissue used in fat grafting is often 
processed to form different clinical formulations before grafting. It has been suggested that a 
population of stromal cells contained within adipose tissue can inhibit fibroblast to myofibroblast 
differentiation. However, there has been no in vitro demonstration that clinically relevant 
formulations of adipose tissue can inhibit myofibroblast differentiation.  

Here it is shown that paracrine factors, secreted from forms of adipose tissue used in a 
clinical setting, can inhibit, and reverse the differentiation of myofibroblasts in vitro. The clinical 
formulations of adipose tissue chosen for this work were; lipoaspirate, Nanofat-like adipose tissue, 
stromal vascular fraction-gel, and adipose derived stem/stromal cells. Cell culture medium 
conditioned with paracrine factors from these formulations was able to prevent expression of 
myofibroblast markers in TGF-β1 treated fibroblasts. Additionally, when applied to differentiated 
myofibroblasts, adipose tissue-derived conditioned medium lowered the expression of α-SMA.  

These results are the first to demonstrate that factors released from different formulations 
of adipose tissue can inhibit and reverse myofibroblast differentiation in an in vitro model simulating 
the onset of scarring. This knowledge gives an insight into the clinical use of autologous fat grafting 
and suggests a mechanism for how fat grating treatments can remodel the extracellular matrix 
found in scar tissue. The data presents clear evidence that fat grafting can lower the myofibroblast 
population in hypertrophic scars and prevent new myofibroblasts from differentiating. This allows 
for a decrease in extracellular matrix tension and a lowering of scar morbidity. 
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0.1 Introduction 

Autologous fat grafting has been shown to be capable of regenerating hypertrophic scars (Klinger et 

al., 2008; Rigotti et al., 2007). A wide range of clinical trials have demonstrated an improvement in 

scar phenotype following autologous fat grafts (van Dongen et al., 2021; Gentile et al., 2017; Klinger 

et al., 2013). Furthermore, formulations of adipose tissue have been developed to enhance the 

therapeutic benefits of this treatment (Yao et al., 2017; van Dongen et al., 2016; Tonnard et al., 

2013). Despite this promising research, there is a scarcity of high quality, in vitro, research 

investigating why adipose tissue grafting has such an effect.  

Hypertrophic scars are formed of excessive extracellular matrix production as a result of 

dysregulated myofibroblast differentiation (Jenkins et al., 2004; Desmoulire et al., 1995). These cells 

express high quantities of extracellular matrix components and have a lowered expression of matrix 

metalloproteinases compared to undifferentiated fibroblasts (Johnston & Gillis, 2017). Thus, 

preventing the differentiation of fibroblasts to myofibroblasts is often a key aim of anti-fibrotic 

therapies (So et al., 2011). There is evidence of decreased myofibroblast presence in scars following 

autologous fat grafting (Wang et al., 2019; Uysal et al., 2014) and evidence to suggest components 

of adipose tissue can inhibit myofibroblast differentiation (Hoerst et al., 2019). However, there has 

been no in vitro demonstration that formulations of adipose tissue used clinically can inhibit or 

reverse this differentiation. As such, this thesis aims to: 

 1. Investigate whether paracrine factors from clinically relevant forms of adipose tissue can 

inhibit the differentiation of fibroblasts. 

2. Examine whether paracrine factors from clinically relevant forms of adipose tissue can 

reverse the differentiation of myofibroblasts. 

3. Identify the cellular components of adipose tissue responsible for any effect paracrine 

factors from clinically relevant forms of adipose tissue may have on myofibroblast differentiation. 

4. Elucidate the underlying mechanisms behind any effect paracrine factors from clinically 

relevant forms of adipose tissue may have on myofibroblast differentiation. 

This thesis begins with a literature review outlining the components of adipose tissue, how 

fibrosis occurs, the development of regenerative autologous fat grafting, and research investigating 

why fat grafting has regenerative abilities.  

Following this, the 1st experimental chapter characterises the clinical formulations of adipose 

tissue used during this research. The methods used to generate these formulations are defined and 
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confocal microscopy and flow cytometry are used to understand the components that make up 

these formulations. Resazurin and LDH assays are used to investigate how processing these 

formulations affects metabolic activity and cell lysis. Finally, the congruence of these formulations 

with the literature are tested by examining whether cell concentration changes as processing occurs, 

via DNA quantification. 

The 2nd experimental chapter examines if secreted factors from these adipose tissue 

formulations can inhibit myofibroblast differentiation. Secreted factors from adipose tissue were 

extracted by adding the formulations characterised in the preceding chapter to cell culture medium 

for 72 hours. Inhibition was assessed by western blotting, qPCR and immunocytochemistry of the 

expression of myofibroblast markers. Following this, the secreted factors from adipose tissue are 

analysed to identify target molecules that may be responsible for an inhibitory effect on 

myofibroblast differentiation. Hepatocyte growth factor is identified as a target molecule and its 

ability to inhibit myofibroblast differentiation is examined via western blotting and 

immunocytochemistry.  

The final experimental chapter investigates whether secreted factors from these adipose 

tissue formulations can reverse myofibroblast differentiation. This is assessed using the same 

methods as the previous chapter however, examination of Ki-67 expression and lipid production is 

used to elucidate the mechanism behind myofibroblast de-differentiation. The thesis ends by testing 

whether secreted factors from these adipose tissue formulations can reverse the myofibroblast 

phenotype of fibroblasts isolated from scar tissue.  
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1.0 Introduction 

This chapter focuses on reviewing the literature surrounding autologous fat grafting and its 

use in scar regeneration. The chapter begins by establishing the components of adipose tissue and 

moves onto an overview of wound healing and current fibrosis treatment strategies. The 

development of regenerative autologous fat grafting and the use of different clinical formulations is 

documented. Furthermore, clinical trials on autologous fat grafting as a hypertrophic scar treatment 

are reviewed. The evidence and mechanisms behind the regenerative ability of autologous fat 

grafting are compared. A concluding section focusses on evidence that fat grafting can inhibit 

fibroblast to myofibroblast differentiation and demonstrates the gap in the literature this thesis 

attempts to address. Finally, the aims and objectives of this research are stated. 
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1.1 Adipose tissue and its components 

Adipose tissue is a heterogenous collection of different cellular populations capable of a 

broad range of functions (Zhang et al., 1994, 2017; Shabalina et al., 2013; Cushman, 1970). It is a 

connective tissue found in deposits around the body and is mainly found as either subcutaneous or 

visceral adipose tissue (Lee et al., 2013). Subcutaneous adipose tissue exists underneath the skin 

whereas visceral adipose tissue is located around various organs (figure 1.1). The main locations of 

subcutaneous adipose tissue are in the abdominal region and the gluteal region with visceral adipose 

tissue being located mainly above the stomach, below the intestine, and around the heart (reviewed 

in Bjørndal et al., 2011).  

It was originally thought that the only functions of adipose tissue were to store triglycerides 

for metabolism and to act as a layer of insulation (Kershaw & Flier, 2004). However, it has been 

realised that adipose tissue plays an important role in endocrine signalling across the body and 

secretes cytokines termed adipokines. Leptin was the first adipokine discovered in 1994 (Zhang et 

al., 1994) and others such as adiponectin (Maeda et al., 1996; Scherer et al., 1995), resistin (Steppan 

et al., 2001), and tumour necrosis factor alpha (TNF-α; Fain et al., 2004) have been shown to play a 

vital role in energy homeostasis and immune response (reviewed in Kershaw & Flier, 2004; Lago et 

al., 2007). This secretory profile makes adipose tissue a key endocrine regulator. 

Adipose tissue itself exists in three forms, white, brown (Seale et al., 2008), and beige (Wu et 

al., 2012). White adipose tissue is primarily involved in the storage of energy in the form of 

triglycerides, with adipocytes in white adipose tissue containing large lipid vesicles containing 

triglycerides (Cushman, 1970). Due to the anhydrous and highly reduced state of triglycerides, they 

make incredibly efficient energy storage molecules which are oxidised to glycerol and NADPH to be 

used in respiration (Bjørndal et al., 2011). White adipose tissue also secretes a large amount of leptin 

(Zhang et al., 1994) and adiponectin (Maeda et al., 1996; Scherer et al., 1995). Brown adipose tissue 

on the other hand is responsible for converting fatty acids into heat (Shabalina et al., 2013) and is 

found in small deposits mainly around the neck (Bjørndal et al., 2011). Beige adipose tissue contains 

a mixture of white and brown adipocytes, combining both functions (Wu et al., 2012).  

Adipose tissue is implicated in inflammatory signalling. Adipose tissue itself contains 

immune cells such as macrophages but also secretes a variety of cytokines that regulate 

inflammation such as TNF-α (Fain et al., 2004) and interleukin (IL)-10 (Zhang et al., 2017).  

A variety of different cellular populations make up adipose tissue with cells ranging from 

adipocytes (S, W. Cushman, 1970; Alexander, 2016) to pericytes (Pierantozzi et al., 2015) and 

adipose derived stromal cells (Zuk et al., 2001). This wide variety of different cells is perhaps the 
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reason for adipose tissues varied secretory profile. Outlined in the sections below are the main 

cellular components of adipose tissue. 

  

Figure 1.1. Locations of adipose tissue deposits throughout the body. The main deposits of white adipose tissue are 
stored (l) subcutaneously and (ll) around the body’s internal organs. The main store of brown adipose tissue is (lll) 
around the neck. Figure created with Biorender.com, based on Bjørndal et al., (2011). 
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1.1.1 Adipocytes  

Adipocytes make up the vast majority of the volume of adipose tissue (Alexander, 2016). 

Adipocytes themselves contain large volumes of lipid. This collection of lipid is the reason why 

adipose tissue is such an effective energy store. Adipocytes in white adipose tissue contain few 

mitochondria but large lipid vesicles (Cushman, 1970) whereas brown adipose tissue contains 

smaller lipid vesicles but more mitochondria (Cinti, 2009). The fatty acids in brown adipocytes are 

used to generate a proton gradient that is released in a futile manner from the mitochondria by 

uncoupling protein 1 (Heaton et al., 1978). While providing heat, this process appears to be essential 

for maintaining metabolic health, with uncoupling protein 1 appearing to protect from diabetes and 

obesity (Cederberg et al., 2001). While the cell lineage of white adipocytes is still unclear it has been 

determined that brown and white adipocytes come from distinct cell lineages (Seale et al., 2008).  

Despite the large lipid vacuole and function as energy storage, adipocytes are very active in 

endocrine signalling with important adipokines such as adiponectin and leptin being secreted 

exclusively by adipocytes (Maeda et al., 1996; Scherer et al., 1995). These cells are more than 

capable of affecting their surrounding environment (Bell et al., 2008; Plikus et al., 2017; Shook et al., 

2020). The plasma membrane of adipocytes contains caveolae (Cushman 1970), invaginations 

formed by caveolin proteins, which are responsible for the intake of lipids, vesicles, and other 

extracellular signals (Pilch et al., 2011).  

Adipose tissue is a heterogeneous and dynamic tissue. Adipocyte turnover in adipose tissue 

is roughly 8 % a year and the makeup of adipose tissue can vary significantly between individuals 

(Parlee et al., 2014). Adipose tissue in obese humans is different to adipose tissue found in “lean” 

individuals which is a result in changes to the adipocytes found in the adipose tissue (Fuster et al., 

2016). As calorific intake increases, the number and size of adipocytes increases dramatically (Salans 

et al., 1973), leading to weight gain. This increase in adipocyte size and number leads to adipocyte 

dysfunction resulting in increased inflammatory signalling, decreased capillarisation, altered 

adipokine secretion, and tissue dysfunction (Fuster et al., 2016). This change in obese adipose tissue 

highlights the heterogenous nature of the tissue between individuals as adipocyte number and size 

can vary massively between individuals (Salans et al., 1973). 

While making up the majority of the volume of adipose tissue, adipocytes only account for 

about 15 % of the cellular number in adipose tissue (Eto et al., 2009). The remaining cell population 

in adipose tissue is grouped together in a population referred to as the Stromal Vascular Fraction 

(SVF).  
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1.1.2 The SVF  

The stromal vascular fraction was first described in 1964 (Rodbell, 1964). Adipose tissue 

from rats was digested via collagenase treatment and centrifuged. This produced a three-layered 

sample with adipocytes and lipid isolated at the top, with liquid underneath, and a pellet of cells at 

the bottom. This pellet was found to contain populations of stromal and vascular cells and as such 

has been termed the Stromal Vascular Fraction. The SVF has been found to contain a wide variety of 

cells (figure 1.2) including endothelial cells (Koh et al., 2011), pericytes (Vezzani et al., 2018), smooth 

muscle cells (Yoshimura et al., 2006), hematopoietic stem and immune cells (Fuster et al., 2016; Han 

et al., 2010; Wu et al., 2007; Weisberg et al., 2003), fibroblasts (Yoshimura et al., 2006), and pre-

adipocytes (Carraro et al., 1991; Rodeheffer et al., 2008). Portions of extracellular matrix (ECM) have 

also been found to be present in the SVF (van Dongen et al., 2019). Finally, a population of 

multipotent stromal cells, capable of adipogenic, chondrogenic, and osteogenic differentiation was 

discovered in 2001 (Zuk et al., 2001) and termed adipose derived stromal cells (ADSC).  

These cells generated excitement in the tissue engineering community as this population 

was an easily isolatable, large population of multipotent cells (Gimble & Guilak, 2003). The 

regenerative properties of adipose tissue are often attributed to ADSCs (Rehman et al., 2004; 

Spiekman et al., 2014; Kruger et al., 2018; Zhao et al., 2018; Borrelli, et al., 2020) however this is far 

from the case, with the SVF also able to aide tissue regeneration (Pallua, et al., 2014b; Domergue et 

al., 2016; van Dongen et al., 2016; Chae et al., 2017; Gentile et al., 2017). The SVF is able to 

spontaneously assemble into capillary networks in vivo as a result of the endothelial and pericytic 

cells present (Koh et al., 2011). Additionally, the SVF has other pro-angiogenic properties (Pallua, et 

al., 2014b; Chae et al., 2017; Vezzani et al., 2018). Immune cells are found in the SVF and contained 

within are populations of T-cells (Wu et al., 2007), macrophages (Fuster et al., 2016) and dendritic 

cells (Bertola et al., 2012). Finally, the SVF has been found to contain pre-adipocyte cells (Carraro et 

al., 1991; Rodeheffer et al., 2008). These cells are often found attached to adipocytes and are 

responsible for replacing these cells upon adipocyte apoptosis in vivo (Rigamonti et al., 2011). It is 

becoming clear that following the first few days of grafting, a significant portion of the adipocyte 

population is lost (Kølle et al., 2013; Torio-Padron et al., 2011). These cells still play an important role 

in the regenerative properties of adipose tissue and it is also likely that these pre-adipocytes in the 

SVF play a role in replacing the adipocyte population (Rigamonti et al., 2011). 

Together, these populations comprise a heterogeneous fraction of adipose tissue that is 

becoming increasingly important in tissue regeneration (Pallua, et al., 2014b; Domergue et al., 2016; 

van Dongen et al., 2016; Chae et al., 2017; Gentile et al., 2017). Below, the function of some of the 

key cells in the SVF will be outlined further.  
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Figure 1.2. The components of adipose tissue. Adipose tissue is composed of tightly packed adipocytes with blood 
vessels, ECM and SVF filling the spaces between adipocytes. The SVF is composed of immune cells, endothelial cells, 
fibroblasts and ADSCs. Figure created with Biorender.com. 
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Table 1.1. Proportions of cellular populations in adipose tissue. The percentage of different cell types found in adipose 
tissue. Numbers calculated from Eto et al. (2009).  

 Cell type Percentage of adipose tissue (by number) 
 Adipocytes 14.6 % 

SVF 
cells 

Fibroblasts, smooth muscle cells + others 46.1 % 
White blood cells 9.4 % 
ADSCs 24.4 % 
Endothelial cells 4.7 % 
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1.1.2.1 Endothelial cells and angiogenesis  

 Endothelial cells are mesodermal in origin (Slukvin & Kumar, 2018) and play a vital role in 

cellular homeostasis. These cells form a vascular network which is responsible for the transport of 

oxygen and endocrine factors around the body. Endothelial cells form in monolayer vessels that 

form the body’s vascular network. This monolayer acts as a semi-permeable barrier which allows for 

the release of oxygen along with paracrine and endocrine signalling, whilst preventing coagulants 

from acting on blood cells (Sumpio et al., 2002).  

Angiogenesis is an important process in the body. Oxygen can diffuse roughly 150 μm from 

capillaries and thus cells more than 150 μm from a blood supply will suffer from a lack of oxygen 

(Olive et al. 1992). During wounding, capillary networks are damaged and cells at the wound site 

suffer from hypoxia (Xing et al., 2011). Thus, damaged vessels require regrowth. This occurs via a 

process termed angiogenesis. Cells in hypoxic conditions begin secretion of hypoxia inducible factor 

(HIF; Xing et al., 2011) and vascular endothelial growth factor (VEGF; Shweiki et al., 1992). 

Endothelial “tip cells” with a high number of VEGF receptors then migrate by movement of filopodia 

towards high concentrations of VEGF. Proliferation of endothelial cells behind the tip cell then 

causes the “growth” of new blood vessels towards the site of low oxygen and relieves the cells of 

their hypoxic conditions (Gerhardt et al., 2003; Ruhrberg et al., 2002). When concentrations of VEGF 

normalise, ECM and basement membrane is deposited and pericytes bind to stabilise the newly 

grown blood vessels (Chiaverina et al., 2019). This is the “sprouting” form of angiogenesis, wherein 

new blood vessels are grown outwards from existing capillary networks. The second type of 

angiogenesis is intussusceptive growth of vessels between other blood vessels (Djonov et al., 2002). 

However, it is sprouting angiogenesis that occurs around wounds (Guerra et al., 2021).  

Relieving hypoxic conditions is an important part of wound healing (Lindegren et al., 2019; 

Xing et al., 2011; Olive et al., 1992) and endothelial cells in the SVF have been shown to aide in this 

(Koh et al., 2011; Shepherd et al., 2004; Rehman et al., 2004). Endothelial cells in the SVF have been 

shown to integrate into newly formed blood vessels and begin proliferation a day after implantation 

(Shepherd et al., 2004). Furthermore, endothelial cells from injected SVF are capable of 

reassembling damaged vasculature. ADSCs from the SVF can also play a role in promoting 

angiogenesis with ADSCs implanted into hypoxic conditions producing VEGF and another angiogenic 

factor; hepatocyte growth factor (HGF; Koh et al., 2011). Additionally, it has been shown that ADSCs 

from the SVF can differentiate into endothelial cells (Cao et al., 2005).   
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1.1.2.2 Pericytes 

Pericytes were first identified as contractile cells at endothelial junctions (reviewed in Sims, 

1986). It is now understood however, that pericytes adhere to invaginations in the endothelial 

basement membrane. These cells form “peg and socket” junctions at short distances (20 nm) from 

the endothelial cell lining in capillaries (Caruso et al., 2009). As such, pericytes form an important 

relationship with endothelial cells and are regulators of angiogenesis. Pericytes tend to bind and 

wrap around several endothelial cells towards the end of capillary structures (Sugihara et al., 2020), 

encourage endothelial cell proliferation in angiogenesis and stabilise blood vessel structure 

(Carmeliet & Jain, 2011). 

The relationship between pericytes and endothelial cells is essential for humans. The 

contraction of pericytes at capillary junctions appears to play a vital role in maintaining vessel 

structure with the removal of these cells leading to blood leakage in micro vessels (Bjarnegård et al., 

2004). Furthermore, pericytes secrete pro-angiogenic factors, including VEGF, a factor essential for 

vessel growth (Darland et al., 2003). 

ADSCs have been observed to differentiate into pericytes (Mannino et al., 2020; Katz et al., 

2005) or take on a pericyte phenotype. These ADSCs secrete pro-angiogenic factors (Traktuev et al., 

2008), lead to increased vessel length, and have been shown to localise around vascular networks 

(Amos et al., 2008). 

1.1.2.3 Immune cells in the SVF 

The stromal vascular fraction has been shown to have immunomodulatory properties. This is 

in some part due to the factors secreted by ADSCs in the SVF (Choi et al., 2019; Zhu et al., 2018; 

Kruger et al., 2018; Zhao et al., 2018). However, it is also due to the immune cells found in adipose 

tissue and the SVF (Guo et al., 2016). The SVF has been found to contain macrophages (Bornstein et 

al., 2000; Villena et al., 2001; Martinez-Santibañez et al., 2014), dendritic cells, both T and B 

lymphocytes, and natural killer cells (Wetzels et al., 2018). These cells play a role in protecting 

adipose tissue from infection however they can be somewhat dysregulated in metabolic diseases. In 

obese adipose tissue, more macrophages are present and there is constant, low-level inflammation 

in the tissue from these immune cells (Hotamisligil et al., 1993; Weisberg et al., 2003).  

Dendritic cells were discovered in the lymph nodes of mice and been shown to have a key 

role in antigen presentation (Steinman & Witmer, 1978). These cells take up antigens (Rosales & 

Uribe-Querol, 2017) and travel to the lymph nodes. Dendrites then present the antigens to native T-

cells which causes them to become activated (Engleman et al., 1981; Doyle and Strominger, 1987).  
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These T lymphocytes (T-cells) are activated into either TH1 or TH2 cells (Romagnani, 1999). 

TH2 cells secrete pro-inflammatory interferon-γ, promoting macrophage activity (Viallard et al., 

1999; Yang et al., 1999) and release IL-2, which stimulates cytotoxic T-cells (Rollings et al., 2018). T-

cells are distinguished from TH1 or TH2 cells by the marker CD8 and release cytotoxic molecules from 

their granules to kill pathogens (Gotcha et al., 1996). TH2 on the other hand, present the processed 

antigen from the dendritic cell to B lymphocytes (B-cells) causing them to produce antibodies or act 

as memory B cells, preventing future infection (Andersson & Melcherst, 1981). 

Macrophages are thought to make up 20 % of the cells in the SVF (Morris et al., 2015), 

although macrophage number is lower in brown adipose tissue (Villena et al., 2001). They are 

important in the phagocytosis of pathogens and lysed cells (Rosales & Uribe-Querol, 2017). 

However, they play a vital role in inflammatory signalling and fibrosis (Witherel et al., 2019) and are 

a major cell responsible for the foreign body response and biomaterial rejection (Anderson et al., 

2008). Macrophages were thought to be derived from monocytes however it is now considered that 

macrophages are present at birth and are derived from the embryonic yolk sac (Waqas et al., 2017). 

Monocytes from the blood can differentiate into macrophages though and are thought to boost 

macrophages numbers (Scott et al., 2016).  

Macrophages can exhibit multiple phenotypes. Initially thought of as M1 “classically 

activated” macrophages that were considered pro-inflammatory and M2 “alternatively activated”, 

considered anti-inflammatory. It is now realised that macrophage activation is more of a plastic 

spectrum with many more phenotypes recognised (reviewed in Witherel et al., 2019). This fact will 

be addressed later, however, in this section, for the sake of simplicity, macrophages will be referred 

to as M1-like or M2-like. The majority of macrophages in the SVF exhibit an M2-like phenotype and 

are considered important not just in the inflammatory response but also vascular regulation (Morris 

et al., 2015). Despite this, both M1-like and M2-like macrophages have been implicated as acting in a 

pro-fibrotic manner. M1-like macrophages have been shown to produce VEGF and have been shown 

to reduce fibroblast migration (Bank et al., 2017; Dondossola et al., 2017) however, they also secrete 

the pro-inflammatory cytokine IL-6 and have caused increased myofibroblast differentiation (Ma et 

al., 2012). Furthermore, M1-like macrophages secrete IL-1β, also leading to fibrosis (Zhang et al., 

1993). M2-like macrophages on the other hand, have also been linked to increased fibrosis with 

production of resistin-like molecule-α causing increased collagen production (Knipper et al., 2015). 

Additionally, macrophages have been shown to be capable of myofibroblast differentiation (Knipper 

et al., 2015). It is clear these cells play a role in fibrosis.  
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1.1.2.4 Adipose derived stromal cells  

It had been previously noted that within the isolated SVF there were populations of 

progenitor cells (Rodbell, 1964). It was demonstrated in 2001 that these progenitor cells were a 

population of mesenchymal stem cell (MSC) like cells found within the SVF. These cells, termed 

adipose derived stromal cells, were found to have the capacity to differentiate into cells of 

adipogenic, chondrogenic, osteogenic, and myogenic lineages (Zuk et al., 2001). In addition to this, 

ADSCs have also shown endothelial (Cao et al., 2005) and neurogenic differentiation potential (Ning 

et al., 2006). 

This discovery caused great excitement in the tissue engineering field as these cells showed 

the ability to differentiate into cells that could restore cartilage (Barlian et al., 2018), bone 

(Hashemibeni et al., 2016), and neurons (Wu et al., 2021) yet overcome some of the traditional 

problems of stem cells such as cell yield, sourcing, and the invasiveness of isolation. ADSCs can be 

isolated in high numbers from lipoaspirate from liposuction (Zuk et al., 2001). Liposuction itself is a 

minimally invasive procedure (reviewed in Bellini et al., 2017a) and the lipoaspirate is a waste 

product and thus there are less ethical issues behind the source of the cells. As ADSCs are isolated 

from the waste product of liposuction, autologous ADSCs can be used, eliminating the risk of 

rejection from the body. Additionally, after several passages in culture ADSCs have been shown to 

lose histocompatibility proteins and no longer illicit an immune response (McIntosh et al., 2006) thus 

leaving open the possibility of allogenic ADSC transplantation.  

There are multiple terms used in the literature for ADSCs, including names such as adipose 

derived stem/stromal cell (Angmalisang et al., 2018; Uysal et al., 2014; Raposio et al., 2014), 

processed lipoaspirate cells (Zuk et al., 2001), and adipose derived mesenchymal stem cell (Sherman 

et al., 2019; Desai et al., 2014). The accepted term from the society IFATS (International Federation 

for Adipose Therapeutics and Science; formally the International Fat Applied Technology Society) is 

“Adipose Derived Stem Cell” (Bourin et al., 2013). The term “adipose derived stromal cell” will be 

used throughout this thesis. This is because while ADSCs do have the capacity for multilineage 

differentiation that stem cells do, there is debate over whether the telomeres of these cells are 

preserved and thus whether they are fully “stem-like” (Izadpanah et al., 2006; Estes et al., 2006; Katz 

et al., 2005). The IFATS does accept this reasoning and referring to ADSCs as “stromal” as opposed to 

“stem” is accepted (Bourin et al., 2013).  

Adipose tissue is of mesodermal origin and develops in the embryo around a similar time to 

fibroblasts (Berry et al., 2013). As such, ADSCs are mesenchymal and share similar CD markers with 

MSCs. Both ADSCs and MSCs are positive for CD90 and CD105 (Mildmay-White & Khan, 2017; Bourin 
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et al., 2013; Huang et al., 2013; Dominici et al., 2006; Gimble & Guilak, 2003). There is variation 

among the markers found on ADSCs however, with some reports suggesting ADSCs are positive for 

markers CD146 (Huang et al., 2013; Gimble & Guilak, 2003) and CD34 (Mildmay-White & Khan, 2017; 

Bourin et al., 2013; Gronthos et al., 2001), while others have found ADSCs to be negative for such 

surface proteins (Mildmay-White & Khan, 2017; Huang et al., 2013; Pachón-Peña et al., 2011; Zuk et 

al., 2002). The markers present on ADSCs can also vary with time (Mitchell et al., 2006). It has been 

noted that ADSCs appear to be heterogenous throughout the body with large sub-populations of 

ADSCs from the same individual expressing different surface proteins (Borrelli et al., 2020a; Borrelli 

et al., 2020b). Given the heterogenous nature of ADSC markers, it has been agreed that ADSCs can 

be defined as such if expressing at least two of a list of CD markers known to be expressed by ADSCs 

and show a capacity for adipogenic, chondrogenic, and osteogenic differentiation (Bourin et al., 

2013). 

ADSCs are often viewed as the major cell responsible for the regenerative properties of 

adipose tissue (Borrelli, Patel, Blackshear, et al., 2020; Kruger et al., 2018; Zhao et al., 2018; 

Spiekman et al., 2014; Rehman et al., 2004). This is partly because of the differentiation capacity 

discussed above, however, ADSCs also secrete a wide range of regenerative factors such as 

hepatocyte growth factor (HGF), VEGF, and fibroblast growth factors (FGFs; Moon et al., 2012). 

Furthermore, ADSCs can influence their surrounding environment via the release of these paracrine 

factors and signals (Crewe et al., 2018; Spiekman et al., 2014; Moon et al., 2012). It is also through 

their secretory profile that ADSCs are seen as a key tool in tissue engineering.  

1.1.3 The extracellular matrix  

The final key constituent of adipose tissue is the extracellular matrix. The ECM is a 3D 

connective tissue found between epithelial and endothelial tissues (figure 1.3, Frantz, Stewart and 

Weaver, 2010). This structure acts as a scaffold which cells are able to bind to and migrate along  

(Donaldson et al., 1982). Alongside this, the ECM supports other cellular functions and can influence 

these actions via mechanotransduction (Humphrey et al., 2014) and the release of growth factors 

(Folkman et al., 1988; Lin et al., 2011). As such, dysfunction or dysregulation of the ECM can result in 

many different diseases (reviewed in Sonbol, 2018). 

The ECM is composed of roughly 300 different proteins, the majority of which are fibrous 

proteins such as collagens, fibronectin, and elastin, alongside proteoglycans (Hynes & Naba, 2012). 

There are 28 different collagen proteins found in mammals and roughly 30 % of the total protein 

weight in animals is collagen. The majority of collagen in the ECM comes in the form of collagen type 

l, lll, and lV (Gordon & Hahn, 2010). Collagen type IV is used to form the basement membrane, a 
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barrier between epithelial cells and the ECM (Pöschl et al., 2004) whereas the majority of collagen 

fibres in the ECM are collagen type l, and lll (Gordon & Hahn, 2010). These fibres are the main 

“structure” of the ECM, provide strength and stiffness to the tissue, and allow for cell migration 

(Donaldson et al., 1982). Collagen binds to cells via integrin proteins on cell membranes, this causes 

clustering of integrin receptors and the formation of focal adhesion complexes (Schwartz, 2010). 

Collagen fibres are composed of heterotrimers of collagen α1 and α2 helices which are 

crosslinked by lysyl oxidase (Marturano et al., 2013; Pauling & Corey, 1951). Compared to other 

fibrous proteins in the ECM, collagen has a relatively short half-life, with turnover ranging from 

between 40 to 180 days dependent on the tissue (Gineyts et al., 2000). As such, collagen 

homeostasis is being constantly maintained by fibroblasts. Fibroblasts secrete most components of 

the ECM such as collagen, elastin, and fibronectin (Mariggio et al., 2009; Adachi et al., 1998; Sephel 

& Davidson, 1986) but also secrete matrix metalloproteinases (MMPs; Bauer et al., 1975; Tandara & 

Mustoe, 2011). These proteins degrade collagen and relieve tension in the ECM. Tissue inhibitor of 

metalloproteinases (TIMPs) inhibit MMPs (Bauer et al., 1975). This results in a dynamic balance in 

the ECM with collagen and TIMP production counterbalanced by MMPs leading to ECM homeostasis.  

While collagen is the most abundant component, other fibrous proteins make up the ECM. 

Elastin is an important molecule that provides the ECM with its elasticity. Tropoelastin is secreted 

and assembles into elastin fibres via lysyl oxidase crosslinking (Sato et al., 2007). These fibres bind 

with ECM components such as collagen and stretch during periods of increased tension and rebound 

once relieved (Frantz et al., 2010). Proteoglycans contain highly anionic glycosaminoglycans 

structures which maintains the hydration of the ECM (Souza-Fernandes et al., 2006) and allow for 

the sequestering and storage of growth factors (Frantz et al., 2010; Folkman et al., 1988). 

Fibronectin is another fibrous protein that binds to cells via integrins. When bound, tension across 

fibronectin increases and more binding sites are revealed on fibronectin which allows for the self-

assembly of fibronectin fibres (Zhong et al., 1998). 
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Figure 1.3. The structure of skin and the ECM. One of the main locations of the ECM is in connective tissue 
underneath the skin in the dermis. The skin is composed of layers of keratinocytes above epithelial cells in the 
epidermis. Collagen lV forms a basement membrane separating the dermis from the epidermis. Elastin, collagen, 
fibroblasts, and elastin form the dermis alongside blood vessels and adipose tissue in the hypodermis. Figure created 
with Biorender.com. 
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Fibronectins and integrins allow for tension in the ECM to influence and affect cell signalling. 

Integrins are a family of transmembrane receptors that bind to the ECM. These receptors are 

composed of an α and β subunit and are grouped into four main classes based on the different 

subunits involved in their formation (reviewed in Humphries et al., 2006). The cytoplasmic domain of 

integrins binds to the actin cytoskeleton of the cell while the ligand binding sites bind to fibronectin 

(Schwartz, 2010). These fibronectin proteins bind collagen fibres and form a focal adhesion complex. 

When tension across the ECM is increased and collagen fibres contract, integrins along the cell 

membrane bundle, causing more binding of fibronectins to integrins and leads to cell signalling via 

mechanotransduction (figure 1.4). This can activate Rho and mitogen activated protein kinase 

(MAPK) signalling within the cell and alters the structure of the actin cytoskeleton (Humphrey et al., 

2014). 

The ECM acts as a dynamic store of growth factors and proteins. The anionic glycoproteins 

sequester growth factors (Folkman et al., 1988) and fibronectin contains binding sites for the storage 

of growth factors such as VEGF, HGF, and platelet derived growth factor BB (PDGF- Rahman et al., 

2005; Wijelath et al., 2006; Lin et al., 2011). While the ECM acts as a reservoir of growth factors, 

contraction of the ECM is also capable of activating latent forms of growth factors that exist in the 

ECM (Wipff et al., 2007; Allen et al., 2012).  

Taken together, the components of the ECM facilitate many cellular functions in the 

surrounding tissues (Donaldson et al., 1982; Lin et al., 2011; Humphrey, et al., 2014). Dysregulation 

of the ECM can lead to disease, and this is what occurs during fibrosis.   
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  A  

B 

Figure 1.4. Integrin mechanotransduction. Collagen binds to fibronectin, which in turn binds to integrins across the 
cell membrane. When the ECM goes from a relaxed state (A) to one through which tension is applied (B) integrin 
proteins cluster, applying force along the cells cytoskeleton and activating Rho and MAPK signalling. This demonstrates 
how forces from the ECM can affect cell signalling. Figure created with Biorender.com. 
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1.2 Fibroblasts and fibrosis 

1.2.1 Wound healing 

Fibrosis is a result of excessive deposition of ECM because of dysregulated wound healing  

(Linares et al., 1972; Craig et al., 1975). Reparative wound healing is composed of four main phases: 

haemostasis, inflammatory, proliferative, and remodelling (figure 1.5; Singer, 2022). Immediately 

after a wound occurs, epithelial and endothelial cells are damaged, blood vessels are broken, and 

the body is exposed to foreign elements such as pathogens. The wound is sealed, and haemostasis 

restored by the formation of a fibrin clot. Fibrinogen in blood plasma is converted to fibrin and forms 

a clot around the wound which fibronectin binds to, allowing for more ECM components to bind to 

the clot (Makogonenko et al., 2002). 

Following the initial sealing of the wound, the inflammatory phase begins where damage 

associated molecular patterns (DAMP) released by damaged and lysed cells cause activation of toll-

like receptors in innate immune cells (Maung et al., 2005). This leads to inflammatory signalling and 

the release of pro-inflammatory signals such as TNF-α, IL-1, -6, and -8 (Lateef et al., 2019; Chen et 

al., 2013). This causes migration of immune cells such as leukocytes, neutrophils and M2-like 

macrophages to the wound where the proliferative phase begins (Lateef et al., 2019).  

In the proliferative phase, VEGF is secreted, angiogenesis occurs, and new blood vessels 

begin to form (Lateef et al., 2019; Asahara et al., 1999). Additionally, macrophages secrete factors 

that lead to the migration of fibroblasts to the wound (Chen et al., 2019). Granulation tissue 

composed of ECM, fibroblasts, and immune cells begin to form and replace the initial fibrin clot 

while fibroblasts secrete ECM components and align collagen around the wound (Narayanan et al., 

1989). Furthermore, transforming growth factor-β (TGF-β) 1 is released from platelets and 

macrophages, causing differentiation of the fibroblasts to myofibroblasts (Chen et al., 2019; 

Desmouliere et al., 1993; Assoian et al., 1983). Myofibroblasts cause contraction of the underlying 

wound tissue and bring the edges of the wound closer together, allowing for quicker re-

epithelisation (Putra et al., 2020). Finally, the wound undergoes a remodelling phase where MMPs 

are secreted to remodel the ECM surrounding the wound and immune cells and myofibroblasts 

undergo apoptosis to halt the wound healing process (Lee et al., 2020; Linge et al., 2005).  

This reparative healing leaves behind a scar at the initial site of wounding. This scar tissue is 

characterised by the presence of type l collagen in parallel bundles. These parallel fibres are weaker 

than native collagen in the ECM (Rawlins et al., 2006; van Zuijlen et al., 2003). Furthermore, elastin 

around the wound is often repaired improperly, meaning that scar tissue is less flexible than native 
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tissue as well (Wagenseil & Mecham, 2007). This means dermal scar tissue is weak and inelastic, 

which if located at important functional areas can impair limb function (van Baar et al., 2006).  

Regenerative wound healing with no scar formation is found during embryonic development 

(Whitby & Ferguson, 1991). Wounds during this time leave no scar and undergo a slightly altered 

wound healing pathway with less IL-6 (Liechty et al., 2000) release and more TGF-β3 present as 

opposed to TGF-β1 (Shah et al., 1995).   

  

Figure 1.5. The timescale of wound healing. The four phases of wound healing occur across varying timescales and 
there are periods of overlapping signalling. The initial stages of haemostasis occur over hours whereas the remodelling 
phase can be maintained for months. Figure created with Biorender.com. 
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1.2.2 Fibroblasts in fibrosis  

As mentioned in the above section, fibroblasts play a key role in wound healing by the 

production of ECM components and causing contraction of the epithelial layer around the wound 

(Putra et al., 2020; Mariggio et al., 2009). Fibroblasts are mesenchymal cells that are found in all 

connective tissues and the ECM (Driskell et al., 2013). There is no definitive marker for fibroblasts. 

Vimentin and COL1A1 can be used (Tarbit et al., 2019; Florin et al., 2004) however, these are present 

in endothelial (Mork et al., 1990) and chondrocyte cells as well (Florin et al., 2004). Fibroblasts 

promote tensional homeostasis in the ECM. When placed in collagen matrixes, fibroblasts bind to 

the fibres via integrin receptors and generate tension across the matrix. While the tension across the 

matrix can be externally increased and decreased, once the force affecting the matrix is removed, 

the original tension across the matrix will be restored by fibroblasts. These cells can also organise 

the deposition of collagen. Fibroblasts bind to the collagen, contract, and then release the fibres 

(Humphrey et al., 2014). Through repeated cycles of this contraction fibroblasts can control the 

alignment of the ECM. Fibroblasts are derived from heterogenous sub-populations across the body 

and dermal fibroblasts are derived from two different lineages with papillary fibroblasts in the upper 

dermis and reticular fibroblasts residing in the lower dermis. It is these reticular fibroblasts that are 

responsible for synthesising the majority of the ECM during wound healing (Driskell et al., 2013).  

During wound healing, fibroblasts are differentiated into myofibroblasts by a variety of 

different factors and pathways (figure 1.6; discussed later in section 1.2.3). Myofibroblasts were 

found in granulation tissue around wounds in 1971. It was noted that, unlike fibroblasts, the cells 

contained bundles of smooth muscles fibres across the cell (Gabbiani & Ryan, 1971). These bundles 

are alpha smooth muscle actin (α-SMA) fibres and are characteristic of the myofibroblast 

(Desmouliere et al., 1993). These fibres cause the myofibroblast cell to contract and due to the 

integrin connections myofibroblasts have with collagen fibres in the matrix, contraction of the 

myofibroblasts causes increased contraction and tension exerted across the ECM in the granulation 

tissue (Hinz et al., 2001). Additionally, myofibroblasts secrete more collagen compared to fibroblasts 

and have increased expression of TIMPs (Johnston & Gillis, 2017), meaning the balance of ECM 

production to degradation shifts in favour of ECM production.  
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Figure 1.6. Myofibroblast activation. Fibroblast differentiation to myofibroblasts occurs during wound healing by TGF-
β1 released into the ECM. This differentiation is characterised by an increase in collagen, fibronectin, and TIMP 
expression alongside the formation of α-SMA stress fibres across the myofibroblast. This causes contraction across the 
cell and by extension, the ECM. Upon the cessation of wound healing, myofibroblasts undergo apoptosis. Figure 
created with Biorender.com. 
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This increase in ECM production is an important factor in wound healing and following the 

cessation of this process myofibroblasts undergo apoptosis and leave behind a scar (Desmoulire et 

al., 1995). However, this process can become dysregulated and hypertrophic scarring can occur. 

Hypertrophic scars are characterised by excessive collagen deposition and increased contraction 

(Tuan & Nichter, 1998). In hypertrophic scars collagen fibres are also increasingly aligned compared 

to native scars (Verhaegen et al., 2009). This combination of increased contraction and thicker tissue 

results in painful and inelastic scars. 

Scarring in organs, such as the lung, replaces the native tissue and reduces function. Dermal 

scarring results in painful and inelastic scars, reducing limb function if scarring occurs at joints, and 

are cosmetically undesirable, significantly effecting patients’ mental health (van Baar et al., 2006; 

Choi et al., 2013; Hoogewerf et al., 2014; Singer, 2022). These scars are a result of deep or chronic 

wounds causing overexpression of inflammatory signals. Receptors for inflammatory markers TNF-α 

and IL-1β are found to be overexpressed in scars alongside the myofibroblast activator TGF-β1 

(Salgado et al., 2012). This results in scars having increased fibroblasts and myofibroblasts present in 

the tissue (figure 1.7; Nedelec et al., 2001). Furthermore, the macrophage populations in fibrotic 

lungs are found to be altered, perhaps leading to increased inflammatory activation (Wipff et al., 

2007). This increase in myofibroblast activation is coupled with a decrease in myofibroblast 

apoptosis (Linge et al., 2005) and leads to increased contraction in the scar (figure 1.7). This 

generates a positive feedback loop as increased contraction in the ECM causes latent TGF-β1 

sequestered in the ECM to be released (Wipff et al., 2007), causing more myofibroblast activation 

and increased contraction. Thus, myofibroblast activation is at the centre of hypertrophic scar 

formation. 
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1.2.3 Canonical and non-canonical myofibroblast activation 

Fibroblasts can be differentiated to myofibroblasts via a number of different signalling 

pathways and stimuli (Midgley et al., 2013; Akhmetshina et al., 2012; Wipff et al., 2007; Grotendorst 

& Duncan, 2005). However, the principle signalling factor in fibrosis is TGF-β1 which activates the 

SMAD signalling pathway and drives “canonical” differentiation (Evans et al., 2003; Desmouliere et 

al., 1993).  

1.2.3.1 The TGF-β superfamily 

The TGF-β superfamily are a group of growth factors that are essential for an assortment of 

cellular functions (reviewed in Morikawa et al., 2016). There are three isoforms found in mammals 

(TGF-β1,2, and 3) which share high levels of homology (Derynck et al., 1988). TGF-β proteins exert 

their signalling effects via TGF receptors. These are homodimer kinase receptors and are referred to 

as TGF receptors type l and ll. The type ll receptor is always active however, the type l receptor 

remains inactive until bound by a ligand (Heldin & Moustakas, 2016).  

TGF-β1 is secreted by numerous cell types in an inactivate form termed the large latent 

complex (Wipff et al., 2007). TGF-β1 exists in this form and is stored in the ECM as this latent form 

by fibronectin (figure 1.8; Miyazono et al., 1991). This complex can be cleaved by proteases (Abe et 

al., 1998; Lyons et al., 1988) or increased ECM matrix contraction (Wipff et al., 2007) allowing the 

active form of TGF-β1 into the surrounding ECM to bind to TGF receptors in nearby cells.  

Figure 1.8. The large latent complex. TGF-β1 exists as the large latent complex in the ECM. TGF-β1 can be removed 
from this complex and activated via enzyme cleavage or ECM contraction. Figure created with BioRender.com. 
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1.2.3.2 SMAD signalling  

Following TGF-β1 binding to the TGF receptors, heterodimerisation of the type l and ll 

receptors occurs, causing the phosphorylation of the SMAD2/3 complex (Derynck et al., 1988; 

Assoian et al., 1983). Phosphorylation of SMAD2/3 allows for binding of SMAD4 which allows the 

complex to translocate into the nucleus (Meng et al., 2012). From there, the SMAD2/3/4 complex 

alters gene expression of the cell directly and indirectly (Morikawa et al., 2016). This pathway can be 

regulated by several key molecules (figure 1.9). Both SMAD6 and SMAD7 inhibit this pathway, and 

the overexpression of SMAD7 can suppress fibrotic pathology (Li et al., 2002; Imamura et al., 1997).  

This pathway is one of the ways through which TGF-β1 in the ECM can effect change on the 

surrounding cells. TGF-β1 has been shown to cause expression of α-SMA and differentiation of 

fibroblasts to myofibroblasts through this pathway (Desmouliere et al., 1993; Hinz et al., 2001). Gene 

expression is altered in fibroblasts by this SMAD signalling and appears to promote the expression of 

connective tissue growth factor (CTFG; Tsai et al., 2018). CTGF acts downstream of SMAD signalling 

and is induced by TGF-β1 dependent SMAD signalling and both cytokines are found in elevated 

concentrations in scar tissue (Chen et al., 2000). CTGF is responsible for ECM remodelling by 

fibroblasts and appears to cause myofibroblast differentiation as applying CTGF alone to fibroblasts 

leads to myofibroblast induction, independent of TGF-β1 (Tsai et al., 2018; Grotendorst & Duncan, 

2005). To summarise, TGF-β1 signalling induces a SMAD signalling cascade that increases expression 

of CTFG, causing myofibroblast differentiation.  
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Figure 1.9. Canonical myofibroblast activation. Differentiation of fibroblasts to myofibroblasts occurs by signalling in 
the SMAD pathway. Binding of TGF-β1 to the TGFβR causes phosphorylation of the SMAD2/3 complex. This allows for 
binding of SMAD4 and translocation into the cell nucleus and altering gene expression. Figure created with 
Biorender.com. 
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1.2.3.3 Non-canonical myofibroblast activation 

The other two main pathways through which myofibroblast activation occurs are the non-

canonical Wnt/β-Catenin and Hyaluronan (HA)/ERK signalling pathways (Midgley et al., 2013; 

Akhmetshina et al., 2012). In native tissue, DKK-1 is present and inhibits the binding of Wnt protein 

to the frizzled transmembrane protein (figure 1.10). If the levels of DKK-1 are reduced, then Wnt 

binds to the frizzled receptor which localises with LRP5/6 (reviewed in greater detail in MacDonald & 

He, 2012). A multiprotein complex in the cytoplasm called the “destruction complex” binds β-catenin 

and leads to its degradation. Wnt binding prevents the degradation of β-catenin and allows for β-

catenin translocation into the nucleus (Aberle et al., 1997). β-catenin then induces gene expression 

of ECM producing genes (Hamburg-Shields et al., 2015) and increases the expression of TGF-β1 

leading to myofibroblast activation via the above canonical pathway (Akhmetshina et al., 2012). 

There appears to be crosstalk between the two signalling pathways as in scar tissue both TGF-β1 and 

β-catenin accumulate and TGF-β1 reduces the amount of extracellular DKK-1 present (Sun et al., 

2015; Akhmetshina et al., 2012), showing perhaps a positive feedback loop resulting in fibrosis.  

Another signalling pathway inducing myofibroblast differentiation is ERK signalling. 

Hyaluronan (HA) is present in the ECM surrounding cells in healthy native tissue. HA binds to CD44 

on fibroblast membranes and forms a layer around the fibroblast (Meran et al., 2013). This HA layer 

causes CD44 to cluster on the plasma membrane and allows for co-localisation with the EGF 

receptor. This allows for the receptor to be phosphorylated (figure 1.11) and causes downstream 

phosphorylation of the ERK1/2 (Midgley et al., 2013). Depending on the speed at which ERK is 

phosphorylated, gene expression is altered to promote either proliferation (> 30 minutes), or 

myofibroblast differentiation (< 5 minutes) in fibroblasts (Midgley et al., 2013). It appears that in scar 

tissue, there is increased HA around fibroblasts. Myofibroblasts secrete less hyaluronidase, the 

enzyme involved in HA digestion and is another way in which dysregulation of normal function 

causes a positive feedback loop leading to increased myofibroblast differentiation and fibrosis 

(Jenkins et al., 2004). It is through dysregulation of these signalling pathways and excessive 

myofibroblast activation through which dermal fibrosis and hypertrophic scarring occurs. 

  



28 
 

 
   

 

  

Figure 1.10. The Wnt signalling pathway. β-Catenin alters gene expression in fibroblasts and causes differentiation to 
myofibroblasts. However, this protein is degraded by ubiquitination via the destruction complex. Signalling from the 
frizzled protein and LRP5/6 as a result of Wnt binding inhibits this ubiquitination and allows for β-catenin translocation. 
Wnt binding is inhibited by DKK-1 however molecules such as TGF-β1 can decrease levels of DKK-1. Figure created with 
Biorender.com. 
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Figure 1.11. ERK 1/2 myofibroblast differentiation. Hyaluronan accumulation causes CD44 clustering at the cell 
membrane surface. This leads to activation of the EGF receptor. This causes phosphorylation of the ERK 1/2. This 
results in altered gene expression and myofibroblast differentiation. Hyaluronan production is elevated by 
myofibroblasts and thus Hyaluronan levels are increased in fibrotic environments. Figure created with Biorender.com. 
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1.2.4 Risk factors in developing fibrosis  

It has been reported that roughly 35 % of people who receive a surgical skin wound will 

develop a hypertrophic scar (Delavary et al., 2012). Individuals who receive a significant traumatic 

injury (such as a high degree of dermal burning; van Baar et al., 2006) or are exposed to a chronic 

injury or inflammation (such as radiotherapy; Rigotti et al., 2007) are at risk of developing dermal 

fibrosis and hypertrophic scarring. However, other than the type of injury, it is still not fully 

understood why some develop hypertrophic scars and others don’t. A genetic element has not been 

found to influence hypertrophic scarring as levels of circulating TGF-β1 or single nucleotide 

polymorphisms in the TGF-β1 signalling pathways did not increase scarring susceptibility (Bayat et 

al., 2003).  

Most risk factors associated with an increased susceptibility to hypertrophic scarring appear 

to link back to increasing or decreasing inflammatory signals. Bacterial presence in burn wounds has 

been associated with hypertrophic scarring (Baker et al., 2007). Bacterial presence triggers the toll 

like receptors in the innate immune system (as in the wound healing response) potentially over 

activating the inflammatory response. Furthermore, bacterial infections delay epithelialisation, 

leading to hypertrophic scarring (Singer & Mcclain, 2002). Those with allergies also seem more 

predisposed to hypertrophic scarring (Smith et al., 1987). Allergic reactions are symptoms of an 

over-active immune response and increased mast cell inflammatory signalling (Amin, 2012). Mast 

cells also synthesise collagen however, hypertrophic scar tissue was not found to have increased 

mast cell presence (Niessen et al., 2004), so this association is not fully understood.   

On the other hand, factors that decrease inflammatory signalling appear to reduce the risk 

of hypertrophic scarring (Lee et al., 2013; Ko et al., 2012; Sørensen, 2012). Smoking is strongly 

associated with pulmonary fibrosis (Andersson et al., 2021) but ironically decreases macrophage-

based inflammation (Sørensen, 2012) and collagen synthesis. This means it is associated with 

decreasing the risk of hypertrophic scarring (Knuutinen et al., 2002). Statins decrease inflammatory 

cytokine production and have been weakly associated with decreased hypertrophic scarring (Ko et 

al., 2012) and chemotherapy reduces immune cell activation and collagen synthesis, meaning it too 

appears to protect from fibrosis (Lee et al., 2013).  

Age is negatively associated with developing fibrosis (Delavary et al., 2012). This is once 

again believed to be due to a dampened inflammatory response associated with aging (Enoch & 

Price, 2004). However, collagen deposition is altered during aging and deposition of type l collagen 

appears to be more random (Enoch & Price, 2004), perhaps providing protection from fibrosis. 
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As stated in the above section, increased ECM tension causes release of latent TGF-β1 (Wipff 

et al., 2007) and thus it is unsurprising that skin exposed to a stretching force is more at risk of 

developing hypertrophic scars (Quatresooz et al., 2006).  

There is little evidence to support that gender plays a role in susceptibility to hypertrophic 

scarring (Kim et al., 2012). Gender is a risk factor in other forms of fibrosis with women almost three 

times as likely to develop systemic sclerosis as men. The rate of incidence is highest in 

premenopausal women and high levels of estrogen are considered to be responsible (Steen et al., 

1997). Treating fibroblasts with estrodial does promote fibrosis and the deposition of ECM (Aida-

Yasuoka et al., 2013) but there is counter evidence that it offers a protective effect (Avouac et al., 

2020) and promotes the degradation of SMAD3 (Ito et al., 2010). Interfering with the SMAD pathway 

is a key target for current anti-fibrotic therapies (Miller et al., 2006; Liguori et al., 2008; So et al., 

2011; Meng et al., 2012).  

1.2.5 Current treatments for hypertrophic scarring  

Treatment options and therapies are available for fibrosis and hypertrophic/keloid scars 

(Shockley, 2011; Leventhal et al., 2006; Kuo et al., 2004; Berman & Bieley, 1996) however, no 

treatment is currently completely effective. There are surgical interventions such as scar 

excision/revision where the scar tissue is removed, and re-epithelialisation is then allowed to occur. 

This treatment can be effective but is invasive and there is a high rate of scar recurrence (Leventhal 

et al., 2006; Berman & Bieley, 1996). In all surgical interventions, attempts are made to relieve skin 

tension given it is a major risk factor in scar formation (Wipff et al., 2007; Quatresooz et al., 2006). 

Techniques such as Z-plastys, where the scar is remodelled to align with the skin to reduce tension 

across the area, are more effective and lead to less recurrence (Shockley, 2011). Newer, 

dermabrasion techniques use diamond wire to remove the scar layer however, scars are often made 

worse by this technique (Poulos et al., 2003).  

Traditionally, silicone gel or pressure dressing have been recommended and used to treat 

large areas of scar tissue (Mustoe et al., 2002). Pressure dressings are thought to reduce collagen 

deposition (Kelly, 2004) and stimulate MMP production (Renò et al., 2002) and silicone gel sheets 

are theorised to keep the scar area hydrated (Berman et al., 2007). Though both are accepted 

treatments for scars there is little evidence to support a positive effect. Likewise, extract from 

onions was thought to be anti-inflammatory and traditionally considered to have anti-scarring 

abilities (Dorsch et al., 1990) however, later research has shown onion extract to be of little 

therapeutic value (Jackson & Shelton, 1999). 
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Laser treatment and cryotherapy treatments of scars is a promising treatment option that is 

showing some success (Kuo et al., 2004). Laser selection is important as while erbium:yttrium-

aluminium-garnet lasers were theorised to inhibit the release of TGF-β1 (Nowak et al., 2000), they 

were found to have no effect on scars and even caused burns on patients (Leclère & Mordon, 2010). 

The use of 585 nm wavelengths lasers though has been shown to reduce TGF-β1 expression and 

remodel collagen in scar tissue (Kuo et al., 2004). The use of cryogenic agents on scar tissues has also 

shown some promise (Har-Shai et al., 2008) however, more research is required into the treatment. 

There are some therapeutic agents that are currently used to treat hypertrophic scars with 

mixed results. As mentioned before, onion extract is used however this is likely ineffective (Jackson 

& Shelton, 1999). Vitamin-E is suggested to aide hypertrophic scar appearance yet there is little 

evidence of its effectiveness (Baumann et al., 1999). The injection of corticosteroids is commonly 

used on scars and is thought to reduce the effect of TGF-β1 on fibroblasts (Miller et al., 2006) and 

decrease inflammation (Pérez et al., 2001).  

There have been many treatments designed to inhibit or alter TGF-β1 signalling in scarring 

such as the use of mannose-6-phosphate (ClinicalTrials.gov 2009) or Metelimumab (Denton et al., 

2007). However, these treatments have failed to prove effective. The most famous example is 

Avotermin. Ferguson et al. had noted that TGF-β3 was found in regenerative wound healing as 

opposed to TGF-β1 (Ferguson & O’Kane, 2004) and thus developed a treatment to administer 

recombinant TGF-β3 (So et al., 2011). This treatment initially proved effective however failed to 

show any effect at stage lll clinical trials (McKee, 2011). This helps to highlight that there is no 

current effective treatment of fibrotic scars and that research into fibrosis therapeutic techniques is 

needed. 
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1.3 Fat grafting in tissue regeneration 

1.3.1 The Coleman technique 
Subcutaneous grafting of adipose tissue has been shown to regenerate dermal scars (Klinger 

et al., 2008; Rigotti et al., 2007). To understand how the use of autologous fat grafting in 

regenerative medicine has developed, it is important to understand the close relationship it has with 

aesthetic and reconstructive surgery. Advances in the field have sometimes been as a result of 

techniques established by surgeons to enhance the use of fat in aesthetic surgery (Tonnard et al., 

2013; Yoshimura et al., 2008; Coleman, 2006). Therapies using adipose tissue in a regenerative 

capacity have arisen as a result of observations by surgeons that fat transplants rejuvenated the 

surrounding skin (Mojallal et al., 2009; Coleman, 2006). This is highlighted by the fact that the first 

uses of fat tissue in surgery date back to the early 1900s, however it is only in the past 15 years that 

adipose tissue has been manipulated to illicit a regenerative response.  

The first graft of adipose tissue was carried out in 1893 (Bellini et al., 2017b) and in the early 

20th century adipose tissue has been used as filler material underneath scars or wrinkles to reduce 

the signs of ageing (Bellini et al., 2017b). Adipose tissue was an effective filling material and was a 

good option due to its abundance in the body and its autologous nature. However, adipose tissue 

has to be removed by invasive surgery and thus these techniques did not become more commonly 

used until the development of liposuction in the 1970s (Illouz, 1983). Liposuction uses a cannula with 

suction applied to it to collect large amounts of adipose tissue in a relatively non-invasive manner 

which can be carried out under local anaesthetic (Bellini et al., 2017a). This technique is now a 

commonly used procedure with 400,000 people undergoing liposuction every year in the U.S. alone 

(Deleon et al., 2021). 

Despite the increasing occurrence of adipose grafting, operational procedures varied from 

surgeon to surgeon, with little record kept of the effectiveness of treatments. This ensured the field 

did not significantly progress until the work of Coleman. Coleman noted the tendency of other 

surgeons to work with inconsistent techniques or report the techniques they had used incorrectly 

(Coleman, 1995, 2006). Furthermore, it was a common occurrence for adipose tissue to be re-

absorbed following grafting (Kølle et al., 2013; Khouri et al., 2012). To minimise this re-absorption, 

Coleman created a standardised protocol for autologous fat grafting (Coleman, 2006). The ‘Coleman 

technique’ is the basis for fat grafting to this day (Kølle et al., 2013).   

Coleman developed a protocol to extract adipose tissue that would break the 

macrostructure into smaller ‘parcels’ to inject back into the body while not causing significant 

damage to the cells in the adipose tissue. A 10 ml syringe was connected to the liposuction machine 
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and the plunger retracted to generate negative pressure (Coleman, 2002). He suggested syringes 

larger than 10 ml would create too much negative pressure and damage the tissue. Furthermore, a 

blunt cannula was then used to reinject the lipoaspirate back into the body as a sharp needled 

cannula led to the destruction of the adipose cells (Bellini et al., 2017a). Coleman believed a 17-

gauge cannula was the most useful size for reinjection of the adipose tissue parcels (Coleman, 2006). 

Contemporary histological analysis and cell counting demonstrated that this form of aspirating 

adipose tissue indeed did not negatively affect the yield or the macrostructure of adipose tissue (von 

Heimburg et al., 2004; Jauffret et al., 2001). Admittedly, these images are grainy and black and white 

however, more up to date electron microscopy (Eto et al., 2009) and immunofluorescence staining 

(Matsumoto et al., 2006) have supported these original findings. Unfortunately, in these two more 

recent papers, there is limited detail in the methods as to how the tissue was extracted. The authors 

don’t state the exact methods of adipose tissue aspiration and in the case of Matsumoto et al., the 

method of re-insertion is not specified. Despite this, there is ample evidence when combined with 

Jauffret et al., and von Heimburg et al., to suggest that lipoaspiration and especially lipoaspiration 

carried out using the Coleman technique does not damage adipose tissue significantly.  

In addition to maintaining the cellular integrity of the adipose tissue, Coleman also 

centrifuged the lipoaspirate to remove oil from the tissue. Others describe this as a wash step (Sesé 

et al., 2020; Tonnard et al., 2013), however Coleman emphasises that this is incorrect as washing the 

adipose tissue may lead to damage to the tissue (Coleman, 1998).  

1.3.2 Adipose tissue resorption 

Despite Coleman’s refining of various aspects of fat grafting, there remained problems with 

the long-term viability of these grafts. The fat tissue itself was often observed to be reabsorbed by 

the body with up to as much as 85 % of the graft volume being lost a few months after insertion 

(Kølle et al., 2013; Khouri et al., 2012). This led to unpredictable surgical outcomes which Coleman 

did try to address with his grafting technique (Coleman, 1995). Coleman believed that inserting 

adipose tissue as the cannula was withdrawn and layering the lipoaspirate led to better resorption 

outcomes and advocated for more consistent photographic evidence to better assess resorption 

(Coleman, 1995, 2006).  

Nevertheless, resorption remains an issue with grafting techniques (Herly et al., 2017). This 

is historically seen as a result of adipocyte death due to inadequate tissue oxygenation and vascular 

support post transplantation (Karacaoglu et al., 2005). Given that adipocytes provide the main 

structural volume of adipose tissue, if these cells are resorbed then most of the volume of an 

adipose tissue graft is also resorbed (Eto et al., 2009). In 2001 it was discovered that a subpopulation 
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of MSCs could be isolated from lipoaspirate, and that they could differentiate into multiple different 

cell lineages including adipocytes (Zuk et al., 2001). These cells are now what we know as ADSCs, and 

their discovery led to advances and excitement in the adipose grafting community. These ADSC were 

found to secrete angiogenic factors and were capable of endothelial differentiation, improving 

neovascularisation in vivo (Cao et al., 2005; Rehman et al., 2004). It was theorised that the 

neovascular properties of these ADSCs could be used to assist the survival of adipocytes upon 

grafting. A technique known as “cell-assisted lipotransfer” (CAL) was developed whereby 

lipoaspirate was removed from patients and half of the lipoaspirate was used to isolate ADSCs 

(figure 1.12). These ADSCs were then added to the remaining half of lipoaspirate that was then 

injected as the graft tissue. This technique led to decreased resorption of adipose tissue grafts and in 

animal studies the ADSCs transplanted as part of the CAL were found to undergo endothelial 

differentiation and become incorporated into the existing vascular networks (Matsumoto et al., 

2006). Furthermore, CAL was shown to be effective at reducing resorption of adipose tissue during 

autologous fat grafting (Yoshimura et al., 2008). The effectiveness of this technique was 

demonstrated by a triple-blind, placebo-controlled trial of CAL that found that grafts using CAL 

retained a higher volume of adipose tissue over 121 days compared to traditional lipoaspirate 

grafting (Kølle et al., 2013). Though it is worth mentioning that the authors of this trial altered the 

original CAL technique from Matsumoto et al. for this trial. Kølle et al. isolated ADSCs two weeks 

before the main grafting operation and expanded the ADSC population. This allowed them to add 

ADSCs at a significantly higher level than would otherwise be possible in CAL. However, given that 

the elective nature of most fat grafting operations this is not an unreasonable modification to the 

technique and while it weakens the results in relation to CAL in Yoshimura et al., it demonstrates the 

effectiveness of this modified technique and the power of ADSCs. 
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Figure 1.12. Cell-assisted lipotransfer. Resorption of adipose tissue is decreased when ADSCs are used to augment 
adipose grafts. CAL is carried out by removing adipose tissue and separating the tissue in half. One half is used to 
isolate ADSCs. These ADSC are then used to augment unaltered adipose tissue that is grafted back into the patient at 
the intended grafting site. Figure created with Biorender.com. 
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1.3.3 Adipose tissue in skin regeneration 

It had been previously noted by Coleman that along with the effective filling of depressed 

hand scars, adipose tissue grafts had a regenerative impact on the skin, refreshing it and often 

improving the scar (Coleman, 2002). Along with these observations, the discovery of the ADSC 

subpopulation and the effect they had on the local microenvironment prompted Rigotti et al. (2007) 

to assess the regenerative potential of adipose tissue. The authors took lipoaspirate and injected it 

underneath fibrotic lesions caused by radiotherapy and evaluated skin morbidity pre- and post-

operatively using the LENT-SOMA scale (Routledge et al., 2003). Rigotti et al. found an improvement 

in all but one patient with skin found to be more hydrated with less collagen present, and increased 

amounts of vasculature (Rigotti et al., 2007). It should also be noted, the authors did not carry out 

the Coleman technique. They noted that their adipocytes appeared damaged and did have high 

rates of resorption. The treatment was shown to be effective on the vast majority of patients (12) 

however, the trial only contained 13 individuals.  

This work was then supported by results from Klinger at al. who injected lipoaspirate 

underneath facial burns (Klinger et al., 2008). This was a small series of case studies with all three 

patients’ burns healing after treatment. The vasculature and ECM of the burn area improved and the 

skin regained elasticity (figure 1.13). The authors of both these papers hypothesised that it is the 

ADSC population of the adipose tissue that is responsible for the regenerative affect observed 

(Klinger et al., 2008; Rigotti et al., 2007). It should also be noted that both studies only treated 

patients with very severe injuries. This perhaps overstates the effectiveness of any treatment, as any 

improvement would be more noticeable. Furthermore, due to the severity of the cases, no placebo 

controls were used although histological images were taken to support their observations. Finally, 

both studies used a small number of patients. The work of these two groups were effective at 

demonstrating the potential of regenerative autologous fat grafting however future studies would 

require controls and much larger numbers of participants. 
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Figure 1.13. The regenerative ability of adipose grafting. (A-D) Images of a case study from Klinger et al., (2008) 
showing a scar (A) 5-years after injury and (B) 8-years following injury. Two autologous fat grafts, 3 months apart, lead 
to a regeneration of the tissue (C-D) 3 months following treatment. Images used under Copyright Clearance Centre 
Rights licence 5307821059173. (E-I) Images of patient from a clinical trial by Rigotti et al., (2007). Images show an ulcer 
following (E) radiotherapy, (F) autologous fat graft, (H) skin graft, (I) three more autologous fat grafts. Images used 
under Copyright Clearance Centre Rights licence 5307821458215.  
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1.3.4 Isolating the SVF 

1.3.4.1 Nanofat 

This work led to increased investigation into the regenerative ability of adipose tissue on 

scars (Jaspers et al., 2017; Byrne et al., 2016; Maione et al., 2014; Gentile et al., 2014; Pallua et al., 

2014b; Klinger et al., 2013). These studies often posited that ADSCs and the cells in the SVF were the 

main components of adipose tissue responsible for the regenerative affects seen (Jaspers et al., 

2017; Carstens et al., 2017; Byrne et al., 2016; Uysal et al., 2014; Pallua et al., 2014b). The SVF could 

be isolated enzymatically via treatment from collagenase enzyme and the cellular yield is high (5 

x105 cells/gram of lipoaspirate; Carstens et al., 2015). Regulatory bodies, including the American 

Food and Drug Administration consider that using enzymatic agents upon cells is more than 

“minimal manipulation” and thus places strict regulatory measures on enzymatic-SVF (U.S. 

Department of Health and Human Services Food and Drug Administration et al., 2020, page 14). As a 

result of this many techniques to process adipose tissue in a non-enzymatic manner have been 

developed (van Dongen et al., 2019; Yao et al., 2017; Mashiko et al., 2017; lo Furno et al., 2017; 

Bianchi et al., 2013; Tonnard et al., 2013). 

Nanofat is an adipose formulation developed by Tonnard et al. in 2013. Initially the 

technique was developed to allow adipose tissue to be inserted into more delicate areas using 

smaller cannulas (27-gauge) than the bulky structure of lipoaspirate would allow (Tonnard et al., 

2013). By passing the lipoaspirate between two syringes with a Luer-Lock connector (figure 1.14), 

this solution is filtered, and the shear force applied to the adipose tissue causes a liquid paste to 

form. This paste could be injected with a smaller cannula. Live-dead staining identified that the 

adipocytes in the lipoaspirate had been lysed and this led to the conversion of the adipose tissue 

into a liquid form. The authors noted a “rejuvenation” of skin treated with injections of Nanofat and 

believed that cells in the SVF were key to this effect.  

Since this initial paper Nanofat has gone on to be used to treat and heal damaged skin and 

scars effectively in case studies and small clinical trials (Uyulmaz et al., 2018; Gentile et al., 2017; 

Kemaloğlu, 2016). Tonnard and others (Sesé et al., 2019; lo Furno et al., 2017; Tonnard et al., 2013) 

have suggested that high volumes of secreted factors such as VEGF, HFG, and platelet-derived 

growth factor (PDGF) play a role in this, alongside factors from the lysed adipocytes promoting an 

inflammatory response. Nanofat is a good potential therapeutic due to the easily injectable nature 

of the formulation. Tonnard insists that due to the lack of adipocytes contained within, Nanofat is 

not a filling material (Tonnard et al., 2020) and shouldn’t be used as such. In the 2013 paper, the 

authors claim that there are no adipocytes in the Nanofat (Tonnard et al., 2013) and in their 
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live/dead imaging this certainly appears to be the case. However, in other work characterising 

Nanofat there does appear to be a small number of adipocytes remaining (Sesé et al., 2019; lo Furno 

et al., 2017). The number remaining does seem to be very small and likely insignificant, but it should 

be noted that Nanofat is not devoid of adipocytes as Tonnard et al. claim. 
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Figure 1.14. Nanofat generation. Nanofat is generated by passing adipose tissue between syringes 30 times. A pass is 
defined as transferring adipose tissue from one syringe to the other. This fragments the adipose tissue and causes lysis 
of the adipocyte population in the adipose tissue and leads to a paste forming. Figure created with Biorender.com. 
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There has been relatively little work to characterise the Nanofat formulation. Osinga et al. 

(2015) investigated the effect that Nanofat generation had on cell viability and found there was no 

decrease in viability when adipose tissue was converted to Nanofat. More recent work on the other 

hand has demonstrated that increasing shear force on adipose tissue when making Nanofat does 

lower cell viability (Qiu et al., 2021; Chen et al., 2020) and decrease cell yield.  As adipocytes make 

up only a small portion of adipose tissue’s cellular population their lysis is unlikely to give the 

appearance of a significant decrease in cell number when cell counts are performed from confocal 

images, such as in the work by Osinga et al., for a more accurate measure of cell number, cells 

should be counted via DNA quantification. The group also found no decrease in adipocyte number 

which disagrees with other literature (Sesé et al., 2019; lo Furno et al., 2017; Tonnard et al., 2013). 

This is possibly a result of Osinga et al. counting adipocytes by eye using confocal images stained 

with BODIPY, where it is difficult to establish whether stained lipid is an adipocyte or a lipid vesicle 

released by a lysed adipocyte.  

Originally, Tonnard et al. (2013) believed that conversion of lipoaspirate to Nanofat reduced 

the volume of adipose tissue by 90 % and isolated roughly 20,000 SVF cells for every ml of 

lipoaspirate started with. A more recent study has shown that Nanofat formation only reduces the 

volume of lipoaspirate by 15 % and contains 6.6 x106 SVF cells (Sesé et al., 2019). This is in part due 

to developments in the Nanofat technique (the authors of Sesé et al. (2019) collaborated with 

Tonnard to develop specific filters for Nanofat grafting that will likely result in less tissue loss). Also, 

cell number was quantified in a more accurate manner (DNA quantification as opposed to 

microscopically counting cells). 

In an attempt to maximise the number of ADSCs in Nanofat, lo Furno et al. removed the 

filtration step to make what they termed “Nanofat 2.0”. They agree that the regenerative effects of 

adipose tissue and Nanofat likely derive from the SVF alongside factors secreted from lysed 

adipocytes. Nanofat 2.0 was found to contain more cells than Tonnard’s Nanofat and the cells that 

were isolated proliferated faster (lo Furno et al., 2017). The authors unfortunately do not provide a 

number of cells per gram (or ml) of adipose tissue and while staining for a variety of ADSC markers, 

they do not give a percentage of cells expressing all these markers. This makes it difficult to directly 

compare the data generated for Nanofat 2.0 to work done by Tonnard and Sesé and limits this works 

impact on the field. As such there are few research groups using this formulation. 

The effectiveness of Nanofat has been demonstrated clinically in small scale case studies 

(Kemaloğlu, 2016) and larger scale trials (Uyulmaz et al., 2018; Gentile et al., 2017). Modifications to 

the Nanofat technique have been trialled and methods to increase the number of SVF cells in the 
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Nanofat yielded better clinical results (Gentile et al., 2017). This trial used histological evaluation of 

the scars post treatment alongside patient and clinician scoring, however contained no placebo 

control. Another trial also demonstrated that Nanofat treatment reduced scarring; however, this 

was only assessed by patient and clinician score, and again with no placebo control (Uyulmaz et al., 

2018). The flaws in these trials indicate that larger scale, controlled trials are needed to investigate 

the impact Nanofat has on scar tissue but there is enough initial evidence to suggest it is a promising 

treatment. 

1.3.5 Alternative methods of mechanically isolating the SVF 

One of the benefits of mechanically emulsifying adipose tissue into Nanofat was that by 

removing the adipocyte population, the concentration of SVF cells and ADSCs was increased in this 

formulation (Sesé et al., 2019). In an attempt to concentrate the SVF population in adipose tissue 

other forms of mechanical emulsification of adipose tissue have been developed (van Dongen et al., 

2019; Yao et al., 2017; Mashiko et al., 2017; Bianchi et al., 2013). Lipogems® is a device to emulsify 

lipoaspirate by placing the adipose tissue in a sealed container with ball bearings and shaking the 

container (Bianchi et al., 2013). Histological images of this Lipogem® generated adipose tissue show 

a fragmentation of the macrostructure of lipoaspirate. However, the tissue was less fragmented 

than Nanofat (Sesé et al., 2019). Furthermore, the percentage of ADSCs in the tissue was increased 

relative to unprocessed lipoaspirate but no total values were given and thus it is impossible to 

compare the cellular yield to other techniques (Bianchi et al., 2013). Lipogem® generated adipose 

tissue has shown some positive regenerative effect in clinical trials (Lonardi et al., 2019; Barfod & 

Blønd, 2019) however, there is little research in relation to Lipogems® and scarring.  

Another method of adipose tissue emulsification is using sharp blades (Mashiko et al., 2017). 

Adipose tissue was placed in a container with spinning blades that broke apart the tissue and lysed 

the adipocytes, making a formulation the authors termed “squeezed fat”. The authors of this study 

made an emulsified fat similar to Tonnard et al. (2013) to compare their formulation to. Squeezed 

fat was more fragmented in comparison to unprocessed lipoaspirate however appeared to have 

more structure than Nanofat. The cellular yield was about 320,000 cells per gram of lipoaspirate and 

was higher than in the Nanofat they generated (130,000). However, the cellular yield was still less 

than half of that recorded by Sesé et al. (2019) in their Nanofat.  

By disrupting the fat and lysing adipocytes Tonnard et al. had been able to concentrate the 

number of SVF cells in their adipose formulations. This was improved upon further by the 

development of formulations often termed “SVF-gels” (Sesé et al., 2020; Wang et al., 2019; Yao et 

al., 2017; van Dongen et al., 2016). These gels are formulations of adipose tissue that have been 
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emulsified and fragmented (often to make Nanofat) and the resulting solution is centrifuged (figure 

1.15). This processing of the adipose tissue generates an oil phase that can be removed, leaving only 

SVF cells in a paste/ gel that can be injected underneath the skin in small 27-gauge needles (Yang et 

al., 2021; Wang et al., 2019). 

Histological examination of this SVF-gel reveals a heavily disaggregated formulation with 

little structure remaining. The formulation mostly contains clusters of SVF cells (Sesé et al., 2020). 

The yield per gram or ml of the formulation is also considerably higher than Nanofat or aspirated 

adipose tissue with yields ranging from 30 x107 cells/g (Sesé et al., 2020) to 4 x105 cells/ml (Yang et 

al., 2021; Yao et al., 2017). SVF-gel has been shown to increase the rate of healing in wound models 

(Wang et al., 2019; Yao et al., 2017) and regenerate hypertrophic scars (Yang et al., 2021). These gels 

have also been shown to heal wounds more quickly than collagenase isolated SVF cells, implying that 

the ECM components left in the gel aide regeneration (Wang et al., 2019). However, this study didn’t 

add an equal number of cells between SVF and SVF-gel treated conditions and so this may be a 

result of more SVF cells being added in the SVF gel. This gel seems effective in regenerating and 

rejuvenating skin (Yang et al., 2021; Wang et al., 2019; Yao et al., 2017). However, there are few 

comparisons between the effectiveness of SVF-gel and other adipose tissues such as Nanofat and 

lipoaspirate. Even in studies comparing the formulations, there is no controlled comparison between 

patients (Yang et al., 2021). As such, further characterisation as to the effectiveness of these 

formulations compared to each other is required and is something this work hopes to address. 

  

Figure 1.15. SVF-gel. Nanofat and other emulsified fat formulations can be centrifuged to remove the lipid oil from the 
SVF and ECM (highlighted segment). 

SVF-gel 
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1.3.6 Clinical trials of autologous fat grafting 

Klinger et al., (2008) and Rigotti et al., (2007) represent the first uses of autologous fat 

grafting to alleviate the symptoms of hypertrophic scarring. Since this time, there has been an 

increase in the reported use of autologous fat grafting as a clinical treatment (Brown et al., 2020; Gal 

et al., 2017; Jaspers et al., 2017; Juhl et al., 2016; Byrne et al., 2016; Maione et al., 2014; Pallua et 

al., 2014a; Klinger et al., 2013; Azzam et al., 2013; Sardesai & Moore, 2007). Overall, it is reported 

that grafting lipoaspirate underneath fibrotic scars does improve the scar tissue with an increase in 

elasticity (Jaspers et al., 2017), a decrease in hardness (Maione et al., 2014; Klinger et al., 2013), and 

decreased pain (Sardesai & Moore, 2007). Most studies use the POSAS system to assess the 

improvement of scar tissue (Brown et al., 2020; Jaspers et al., 2017; Juhl, Karlsson, & Damsgaard, 

2016; Byrne et al., 2016; Maione et al., 2014; Pallua et al., 2014a; Klinger et al., 2013; Sardesai & 

Moore, 2007). This system objectively measures the vascularity, pigmentation, and pliability of scars 

using simple non-invasive measurements. Additionally, it subjectively assesses the pain in the 

patients from their point of view (Lenzi et al., 2019). The Vancouver Scar Scale can also be used (Gal 

et al., 2017) and contains the objective measures POSAS does (as POSAS is based upon the 

Vancouver Scar Scale) however, it does not include the patient’s opinion (Baryza & Baryza, 1995).   

A concern in the reporting of these data is often a lack of a control (Byrne et al., 2016; 

Maione et al., 2014; Pallua et al., 2014a; Sardesai & Moore, 2007). The most common control is the 

injection of saline under a separate section of the scar and comparing that to the section of scar 

tissue treated with adipose tissue (Brown et al., 2020; Jaspers et al., 2017; Klinger et al., 2013). 

However, many reported data sets do not have this control (Byrne et al., 2016; Maione et al., 2014; 

Pallua et al., 2014a; Sardesai & Moore, 2007) lowering the impact of the work. The use of this 

control in future is of critical importance given recent data that while autologous grafting of 

lipoaspirate does improve the POSAS score in treated scars, there was no difference to scars 

receiving a subcutaneous injection of saline (Brown et al., 2020). This work by Brown et al. was a 

randomised, double blinded, placebo-controlled trial, which many reports of autologous fat grafting 

healing scars are not (Byrne et al., 2016; Maione et al., 2014; Pallua et al., 2014a; Sardesai & Moore, 

2007) and thus is fairly robust data. The only criticism of this trial would be the relatively small 

number of patients treated (17, Brown et al., 2020). The number of patients in most case studies or 

trials is between 20-80 (Jaspers et al., 2017; Maione et al., 2014; Pallua et al., 2014a). There are 

examples with fewer than this (8; Gal, Ramirez and Maguina, 2017) and the largest patient number 

identified for this thesis is 694 (Klinger et al., 2013). In future, patient number must increase to 

improve the standard of data.  
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Another issue with data on autologous fat grafting is selectivity of reporting. In a recent 

meta-analysis of autologous fat grafting studies (Walocko et al., 2018), a report indicating that 

autologous fat grafting made no improvement to scar quality (Gal et al., 2017) wasn’t included 

despite meeting the inclusion criteria, in my opinion. A possible explanation as to why it was not 

included was that only a minimal volume of lipoaspirate was added underneath scars (5ml; Gal, 

Ramirez and Maguina, 2017) and thus Walocko et al. didn’t consider the data useful. There are also 

examples of studies stating methods of quantifying scar improvement that were carried out but the 

results are then not reported in the respective study (Malik et al., 2019; Gentile et al., 2017).  

There are studies using injected ADSC in humans to treat various conditions (Hurd et al., 

2020; Jones et al., 2018; Fodor & Paulseth, 2016), however, to my knowledge there has been no 

study carried out investigating injecting ADSCs to treat human scar tissue (although the effect of 

factors secreted from ADSCs has been investigated (Zhou et al., 2016)). This is likely because of the 

difficulties of using ADSCs in humans mentioned earlier and because Nanofat and SVF techniques 

concentrate the number of SVF and ADSC cells (Sesé et al., 2019, 2020) and are thus an acceptable 

substitute to use. Nanofat has been demonstrated to be effective at lowering POSAS scores in trials 

(Rageh et al., 2021; Uyulmaz et al., 2018; Bhooshan et al., 2018; Gentile et al., 2017). It should be 

noted that treating more established scars (> 5 years) with Nanofat led to more effective outcomes 

in one report (Bhooshan et al., 2018). 

There have been reports of complications following fat grafting treatments (Rageh et al., 

2021; Shen et al., 2016). Furthermore, SVF cells release factors that could aide in the growth of 

cancers and tumours raising the question of the safety of autologous fat grafting. Large scale trials 

have been carried out and found that autologous fat grafting is safe in an oncological setting 

(Hanson et al., 2020) and the risk of complications has been found to be exceedingly low (Hurd et al., 

2020; Krastev et al., 2018). 

SVF injections under scars have also been shown to improve quality (Lee et al., 2018; Gentile 

et al., 2014), improve functionality (Carstens et al., 2017), and elasticity (Carstens et al., 2015). It 

should be noted though, that there is variation in these SVF treatments with mechanical isolation 

from Nanofat (Bhooshan et al., 2018; Gentile et al., 2017), centrifugation (Lee et al., 2018), and 

enzymatic isolation (Carstens et al., 2017; Gentile et al., 2014). A recent study by Van Dongen et al. 

(2021) is a well-designed, double-blind, placebo-controlled trial examining the impact of 

mechanically isolated SVF on scar. The key finding from this trial was that while an initial 

improvement (6 months post-operation) was seen in SVF treated scars, following the 12-month 

check-up there was no difference compared to saline control. This questions the findings of other 
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studies that did not follow up at least 12 months following treatment (Jaspers et al., 2017; Juhl et al., 

2016; Maione et al., 2014).  

Overall, there is good initial evidence that autologous grafting of lipoaspirate, Nanofat and 

SVF improves the quality of scars (Bhooshan et al., 2018; Carstens et al., 2017; Klinger et al., 2013). 

However, questions raised by more rigorous trials (van Dongen et al., 2021; Brown et al., 2020) 

highlight the need for more high-level testing and investigations into the mechanisms behind 

adipose tissues regenerative impact on scar tissue.  
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1.4 The mechanisms behind adipose tissue scar amelioration  

1.4.1 Increased angiogenesis  

Following dermal injury, the vasculature surrounding the wound is often damaged, leading 

to a decreased oxygen supply around the wound. This often leads to the wound environment 

becoming hypoxic and triggering the release of HIF-1α (Xing et al., 2011), leading to a change in gene 

expression in the surrounding tissue (Lindegren et al., 2019). Scars have been shown to contain 

increased levels of HIF-1α (Distler et al., 2007). HIF-1α release is important in regular wound healing 

as it causes secretion of VEGF-1 in the surrounding cells (Lin et al., 2004), leading to blood vessel 

repair. However, it also encourages CTFG expression which, as previously described in section 

1.1.2.1, leads to myofibroblast differentiation (Tsai et al., 2018; Grotendorst & Duncan, 2005). 

Furthermore, prolonged exposure to HIF-1α has been shown to increase TGF-β1 production and 

increase expression of collagen and fibronectin genes (Distler et al., 2007). Finally, in radiation 

induced scars, hypoxia induced genes and CTFG expression is dysregulated (Lindegren et al., 2019), 

making it clear that hypoxia exacerbates fibrosis. 

In clinical trials and case studies, following autologous fat grafting with adipose tissue, 

Nanofat, or the SVF, there is often a reported increase in vascularisation around and in the scar 

tissue (Lee et al., 2018; Bhooshan et al., 2018; Gentile et al., 2017; Sultan et al., 2012; Rigotti et al., 

2007). One of the main hypotheses as to why adipose tissue increases this vascularity is the SVF 

contains among it pro-angiogenic cells. Inside the SVF there are endothelial cells that form the lining 

of blood vessels (Eto et al., 2009), alongside ADSCs that can differentiate into endothelial cells (Cao 

et al., 2005). These cells from the SVF have been injected into animal models and have been found 

to be incorporated into the new blood vessels that have been formed (Koh et al., 2011). Additionally, 

the SVF also contains pericytes which are an essential cell in angiogenesis. These cells secrete VEGF 

(Darland et al., 2003), encourage the proliferation and growth of endothelial cells and new vessels 

(Carmeliet & Jain, 2011), and maintain the integrity of these vessels by binding at vessel junctions 

(Sims, 1986).  

Adipose tissue can also stimulate angiogenesis and help relieve hypoxia in a paracrine 

fashion. Lipoaspirate has been found to secrete pro-angiogenic factors such as VEGF, PDGF-BB, and 

insulin-like growth factor-1 (Choi et al., 2019; Grasys et al., 2016). Grasys et al. had previously found 

that the SVF secretes these same growth factors and speculated that the SVF is responsible for the 

production of most of these secretory growth factors from adipose tissue (Pallua, et al., 2014b). It 

should be noted however, that they did not directly compare the concentration of these growth 

factors released from lipoaspirate to just the SVF, so these conclusions need further testing. In 
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addition to this, grafted adipose tissue has also been shown to change the gene expression profile of 

irradiated tissue (Lindegren et al., 2019). The group found that hypoxic genes were upregulated 

following radiation damage however, adipose tissue grafting removed this up-regulation. The mode 

of action through which adipose tissue had this effect was not identified. Despite this, the in vivo and 

in vitro literature has clearly demonstrated that adipose tissue can promote angiogenesis and relieve 

hypoxia. 

ADSCs have also been shown to play a role in relieving hypoxia and secrete paracrine signals 

that promote angiogenesis (Rehman et al., 2004). Cell culture media conditioned with paracrine 

factors from ADSCs has been used to increase the expression of ephrin-B2, a marker of blood vessel 

formation (Angmalisang et al., 2018). Alongside this, extracellular vesicles collected from ADSCs 

promoted the formation of new blood vessels in mice models (Mou et al., 2019). Although, the 

contents of these extracellular vesicles were not examined, so the factors responsible can only be 

hypothesised.  

It has been observed that there is a sub-population of pro-angiogenic ADSC that are 

CD34+/CD146+ (Borrelli, et al., 2020; Deleon et al., 2021). These ADSCs were found to secrete 

significantly more pro-angiogenic factors than other ADSCs and promote vessel formation in animals 

to a greater degree than CD146- ADSCs (Borrelli, et al., 2020). Furthermore, this sub-population was 

shown to restore vascularity in an animal burn model at an increased rate compared to CD146- 

ADSCs (Deleon et al., 2021).  

A final mechanism through which adipose tissue has been observed to increase angiogenesis 

is by promoting the differentiation of monocytes to M2-like macrophages (Dong et al., 2013). When 

treated with ADSC extracellular vesicles, more M2-like macrophages were found to be present in the 

recipient tissue (Yi et al., 2021) and these macrophages have been shown to secrete pro-angiogenic 

cytokines such as VEGF (Dong et al., 2013).  

1.4.2 Modulating the immune system    

Fibrosis is often caused by chronic inflammation or over expression of pro-inflammatory 

cytokines (Borthwick et al., 2013). Grafting of adipose tissue into animal models has been shown to 

decrease the levels of pro-inflammatory cytokines such as TNF-α, cyclooxygenase-2 and nitic oxide 

synthase (Huang et al., 2015). Furthermore, animal models using grafted ADSCs have led to; 

increased levels of IL-10 (Zhang et al., 2017), inhibition of IL-6, IL-1β, and TNF-α production (Kotani et 

al., 2017), reduced immune cell recruitment, and was shown to limit collagen deposition following 

wounding (Zhang et al., 2017). It should be noted however, that Zhang et al. carried out their 

experiments in diabetic mice and while there will be dysregulated inflammation in these mice the 
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inflammatory context will not be identical to hypertrophic scarring. In Kotani et al., following 

bleomycin treatment, more mice survived when ADSCs were injected. The authors attributed this 

increased survival to lowered inflammation as a result of the ADSC injection. They also showed 

increased macrophage apoptosis but unfortunately did not investigate whether this effect was 

applied to all macrophages evenly or was in favour of a particular macrophage phenotype (Kotani et 

al., 2017). 

There is evidence that ADSCs illicit this anti-inflammatory response in a paracrine fashion, 

with ADSC conditioned media and ADSC derived extracellular vesicles being capable of reducing 

inflammation in both obese mice (Zhao et al., 2018), and humans (Kruger et al., 2018). Once again, 

an obese model is not a perfect replica of a fibrotic model however, there is constant inflammation 

found in obese tissue (Fuster et al., 2016). Both groups found that IL-10 was increased in tissue 

following either conditioned media- or extracellular vesicle-treatment and M2-like macrophages 

were present in increased number (Kruger et al., 2018; Zhao et al., 2018). Although once again, Zhao 

et al. did not investigate the contents of the ADSC derived extracellular vesicles, so it can only be 

speculated that ADSC-derived extracellular vesicles are the source of this IL-10 increase.  

The traditional M1-like, classically activated, or M2-like, alternatively activated, model of 

macrophage activation is a simplistic view of macrophage activation. It is now understood that a 

spectrum of activation states exists with IL-10 leading to activation of a M2c, anti-inflammatory 

phenotype (Witherel et al., 2019). It is my belief that factors from ADSCs and adipose tissue are 

leading to this form of macrophage polarisation via IL-10 release. 

ADSCs are not the only cellular population in adipose tissue that reduce inflammation. 

Transplanted SVF leads to less M1-like macrophage presence in wounds (Choi et al., 2019), reduced 

IL-6 and TNF-α production (Zhu et al., 2018), and more IL-10 expression in murine models (Choi et 

al., 2019). Additionally, direct comparisons between the SVF and ADSC using equal numbers of cells 

demonstrate the SVF has a greater anti-inflammatory affect (Choi et al., 2019; Bowles et al., 2017). 

In addition to any paracrine signalling from the grafted SVF, there will also be a population of 

immune cells in the SVF (Eto et al., 2009) that may contribute to this, especially as the SVF has been 

found to contain a significant population of M2-like macrophages (Guo et al., 2016).  

1.4.3 Restoring correct tissue environment 

Adipocytes also play a role in the immunomodulatory ability of adipose tissue. SVF isolated 

from mice with the adiponectin gene knocked out contains more M1-like macrophages and 

increased inflammatory cytokines. On the other hand, treatment with adiponectin led to adipose 

tissue with more M2-like macrophages present (Ohashi et al., 2010). Given the production of 
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adiponectin by adipocytes (Scherer et al., 1995; Maeda et al., 1996), it is likely that adipocytes also 

play a role in an anti-inflammatory action from adipose tissue. 

Adipocytes themselves play an important role in wound healing and help to regulate the 

process. The removal of adipocytes from the dermis leads to decreased inflammation at the outset 

of the wound healing response and decreased contraction around the wound site, delaying wound 

healing (Shook et al., 2020). Furthermore, adipocytes repopulate the dermis following wounding of 

the skin. If this re-population is inhibited then a failure of wound closure and chronic inflammation is 

observed in mice models (Schmidt & Horsley, 2013). Additionally, there are reports of 

myofibroblasts surrounding hair follicles differentiating to adipocytes around wounds (Plikus et al., 

2017; Guerrero-Juarez et al., 2019). Taken together, these reports show that adipocytes play a role 

in ordinary wound healing and via lipolysis can exert changes on the wound microenvironment 

(Shook et al., 2020). It is possible that a mechanism behind adipose tissue-dependent scar 

regeneration is the restoration of the adipocyte population in the dermis and a restoration of 

adipocyte-based signalling normally exhibited in the wound microenvironment (Schmidt & Horsley, 

2013).  

This poses the question of why SVF-based treatments such as Nanofat and SVG-gel are also 

effective at scar regeneration as they contain few adipocytes (Sesé et al., 2020; Tonnard et al., 

2013). However, adipocyte progenitors are found in the SVF (Carraro et al., 1991; Rodeheffer et al., 

2008) and ADSCs are capable of adipocyte differentiation (Zuk et al., 2001). In fact, isolated ADSCs 

differentiated via adipogenic differentiation media were implanted into mice scarring models and 

showed comparable healing to Coleman fat grafting (Chen et al., 2017). There were limitations to 

this, the main one being that in cells treated with differentiation media, differentiated adipocytes 

were not sorted from undifferentiated ADSCs and while there was a large adipocyte presence it 

cannot be ensured that all ADSCs will have differentiated. Thus, as opposed to seeing the effect of 

only differentiated adipocytes on scarring, the group might have been observing adipocytes and 

ADSCs. Despite this, the work shows the importance of adipocytes in ordinary wound healing and 

further demonstrates how the SVF may be impacting on scarring. 

A clinical trial has observed that an injection of only saline, as opposed to adipose tissue, 

underneath scars can also lead to improved scar quality (Brown et al., 2020). This highlights perhaps 

that disrupting underlying scar tissue and “resetting” the wound microenvironment may help 

regenerate scar tissue. This is likely because in scars the ECM is under increased tension (Meyer & 

Mcgrouther, 1991) which can lead to a feedback loop wherein the tension releases TGF-β1 from the 

latent TGF-β1 complex (Wipff et al., 2007), causing myofibroblast differentiation and increasing ECM 
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tension and so on. The injection of adipose tissue (or anything) may reset ECM tension. Additionally, 

the healthy ECM of the injected adipose tissue or SVF may lower the tension in the surrounding 

microenvironment. The ECM of adipose tissue has been demonstrated to increase the rate of wound 

healing and generate healthy ECM (Zhou et al., 2019) and hydrogels composed of adipose tissue 

ECM have been used to deliver growth factors that aide wound regeneration (van Dongen et al., 

2019). 

Autologous fat grafting may also lead to inhibition of myofibroblast differentiation via 

increasing the number of cells present in the dermis. When plated at a low density, fibroblasts 

spontaneously differentiate into myofibroblasts (Masurtt et al., 1996). However, when seeded at a 

high density with cells surrounding them differentiation is inhibited (Petridou et al., 1999). This 

inhibition is likely a result of the high number of cells surrounding the fibroblasts binding the N-

cadherin proteins on the outer membrane of the fibroblasts, which has been shown to inhibit 

myofibroblast differentiation (Michalik et al., 2011). Mesenchymal stem cells (Ishimine et al., 2013) 

and ADSCs possess N-cadherin (Ritter et al., 2015). By implanting a large population of cells into the 

dermis and ECM, autologous fat grafting may provide a large cell population that binds fibroblast N-

cadherin and inhibits myofibroblast differentiation. 

1.4.4 Inhibition of myofibroblast differentiation  

A final mechanism through which adipose tissue might regenerate scars is by preventing the 

differentiation of fibroblasts to myofibroblasts (Ma et al., 2020; Spiekman et al., 2014; Uysal et al., 

2014). This would lower ECM production, relieve tension in the wound microenvironment and 

prevent more scar tissue from being produced.  

Following autologous fat grafting, there has been an observed decrease in TGF-β1 levels 

around the site of the graft (Sultan et al., 2012). Alongside this, injecting ADSCs following the 

induction of fibrosis lowered the levels of secretory TGF-β1 present in the surrounding tissue (Lee et 

al., 2014). By decreasing the levels of TGF-β1 in the wound microenvironment, it is likely there will 

be less myofibroblast activation and thus decreased ECM production. This is supported by data 

showing that paracrine factors in ADSC-derived conditioned media lowered TGF-β1 and CTGF in a 

pulmonary fibrosis model. In turn there was decreased collagen gene expression in the lung tissue 

implying that less myofibroblast activation was occurring (Rathinasabapathy et al., 2016). 

Alongside reducing factors that cause myofibroblast differentiation such as TGF-β1 and 

CTGF, paracrine factors released by adipose tissue can also inhibit the various pathways (such as the 

SMAD pathway) that lead to differentiation (Ma et al., 2020; Spiekman et al., 2014; Uysal et al., 

2014). FGF proteins are a family of proteins that are antagonists to TGF-β1 induced myofibroblast 
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differentiation (Mattey et al., 1997). In a wound model, fibroblasts (most likely myofibroblasts in this 

context) treated with FGF displayed increased apoptosis and decreased collagen production, leading 

to less contraction in the wound (Akasaka et al., 2007). 

FGF-2 has been observed to inhibit collagen production and myofibroblast differentiation in 

pulmonary fibrosis (Koo et al., 2018) and decrease markers of myofibroblast differentiation in 

cardiac fibroblasts (Liguori et al., 2018). FGF-1, -9, and -18 have also been demonstrated to lower 

myofibroblast differentiation markers in a fibrotic model (Joannes et al., 2016). There is evidence 

that FGF inhibits myofibroblast differentiation through the ERK signalling pathway (Koo et al., 2018) 

and the SMAD pathway (Liguori et al., 2018), especially via reducing SMAD2 phosphorylation (Ramos 

et al., 2010).  

Adipose tissue secretes FGFs (Mydlo et al., 1998) and ADSCs also produce basic-FGF when 

implanted into wounds (Uysal et al., 2014). When implanted underneath wounds in rats, ADSCs 

decreased contraction and myofibroblast presence around the wound which the authors attributed 

to FGF-dependent inhibition of differentiation (Uysal et al., 2014). This is plausible and reasonable 

but as I have described multiple times in this section ADSCs secrete a plethora of growth factors 

(Pallua, et al., 2014b). The authors should have removed or eliminated FGF signalling and 

investigated whether ADSCs were still capable of myofibroblast inhibition to strengthen their 

hypothesis (Uysal et al., 2014). Nevertheless, FGF is clearly capable of inhibiting myofibroblast 

differentiation (Liguori et al., 2018; Koo et al., 2018; Joannes et al., 2016). Furthermore, ADSCs that 

have been differentiated to myofibroblasts via TGF-β1 have been reversed back to ADSCs via 

treatment with FGF (Desai et al., 2014). Altogether, the production of FGF by adipose tissue appears 

to play a role in inhibiting myofibroblast differentiation in wounds.  

Another molecule implicated in inhibiting myofibroblast differentiation is HGF. HGF has been 

consistently shown to inhibit myofibroblast differentiation (Dai & Liu, 2004; Rahman et al., 2005; 

Yang et al., 2003, 2005). Adipocytes produce HGF that has been shown to interact with the 

surrounding microenvironment (Bell et al., 2008) and HGF released from adipose tissue ECM can 

alleviate radiation induced fibrosis (Chinnapaka et al., 2021).  

ADSCs have also been shown to secrete HGF (Ma et al., 2020) and following injection of 

ADSCs at the site of irradiation, HGF production is increased alongside a decrease in expression of 

pro-fibrotic molecules such as TGF-β1 and CTFG (Ejaz et al., 2019). The authors hypothesised that 

HGF was the responsible factor however, it was not until Ma et al. used an HGF antibody to remove 

the anti-fibrotic effect of HGF in ADSC-derived conditioned medium that this could be confirmed (Ma 

et al., 2020). The decrease in collagen expression and production following ADSC injection and 
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conditioned media treatment implies that ADSC-derived HGF is inhibiting fibroblast to myofibroblast 

differentiation in fibrosis.  

This work highlights not just the anti-fibrotic effect of HGF but is suggestive of the paracrine 

abilities of ADSCs to inhibit myofibroblast differentiation. Investigation has shown that conditioned 

media derived from ADSCs is able to decrease markers of myofibroblast differentiation (Deng et al., 

2018; Spiekman et al., 2014). 

In vivo work has demonstrated that factors secreted from adipose tissue can decrease the 

markers of myofibroblast differentiation (Ma et al., 2020; Ejaz et al., 2019; Koo et al., 2018; Uysal et 

al., 2014). There remains limited in vitro evidence, however, that this is specifically a result of 

paracrine factors inhibiting myofibroblast differentiation signalling. Furthermore, the few papers 

investigating this have only looked at ADSC-secreted factors (Liguori et al., 2018; Deng et al., 2018; 

Spiekman et al., 2014) and not whole adipose tissue or the SVF. Given that these tissues are injected 

and grafted underneath scars (Gentile et al., 2017; Klinger et al., 2013; Tonnard et al., 2013) it 

appears to be an oversight that ability of these formulations to inhibit myofibroblast differentiation 

has not been established in vitro.  

Spiekman et al. (2014) were the first to demonstrate that media conditioned with ADSC-

derived growth factors could inhibit myofibroblast differentiation in vitro. The group incubated 

ADSCs in cell culture medium and then collected the medium now “conditioned” with the growth 

factors and paracrine molecules secreted from the ADSCs. This ADSC-derived conditioned medium 

was then applied to fibroblasts alongside TGF-β1. α-SMA and collagen production in the fibroblasts 

was significantly decreased alongside the contractile ability of the fibroblasts compared to TGF-β1 

treated fibroblasts. The factors within this ADSC conditioned medium were not examined however, 

and a mechanism for this myofibroblast inhibition was not established (Spiekman et al., 2014). The 

same authors investigated whether FGF was the molecule responsible and while recombinant FGF 

was able to inhibit myofibroblast differentiation in vitro, ADSC conditioned medium couldn’t (Liguori 

et al., 2018). The group suggested the concentration of recombinant FGF they added was 

significantly higher than that in the conditioned medium however the authors didn’t measure 

cytokine levels in their conditioned medium, so it is impossible to confirm this. It also appears odd 

that in one report from the same group, ADSC conditioned medium was able to inhibit myofibroblast 

differentiation (Spiekman et al., 2014) and was unable to in another (Liguori et al., 2018). An 

explanation for this may be growth factor concentration in the conditioned medium. The group 

collected conditioned medium from ADSCs when they were “90 % confluent”. This is not an 

objective measure of cell number and may have led to reproducibility issues related to the 
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concentration of growth factors in their conditioned medium. Alternatively, in Spiekman et al. 

dermal fibroblasts are used and in Liguori et al. cardiac fibroblasts are used. There may be 

differences in how factors secreted by ADSCs interact with TGF-β1 signalling in these fibroblasts 

from different locations. Finally, ADSC age may be a factor with a report of young ADSCs (4-month-

old mice-derived) protecting from fibrosis better than old ADSCs (22-month-old mice-derived; 

Tashiro et al., 2015). ADSCs used in Spiekman et al. and Liguori et al. may have been derived from 

patients of different ages.  

Additionally, while demonstrating myofibroblast differentiation inhibition in vitro is useful, 

scars treated with autologous fat grafts are often years old (Gentile et al., 2017; Jaspers et al., 2017; 

Carstens et al., 2017; Klinger et al., 2008). Thus, it is likely myofibroblasts will also be present and the 

ability of factors from adipose tissue to reverse myofibroblast differentiation would be key to scar 

regeneration. Spiekman et al. did apply ADSC-derived conditioned medium to already differentiated 

myofibroblasts derived from keloid scars but found there was little reversal of myofibroblast 

differentiation (Spiekman et al., 2014). There was success however when ADSCs were co-cultured 

with scar derived myofibroblasts as the paracrine signals released by the ADSCs was able to lower α-

SMA production and reverse the myofibroblast phenotype in vitro (Deng et al., 2018). This work will 

be discussed in more detail in section 5.3 however, I don’t believe this work conclusively proves 

ADSC-derived factors can reverse myofibroblast differentiation as the scar myofibroblasts are 

cultured in serum which has been demonstrated to have a similar effect on myofibroblasts (Kato et 

al., 2020; Hecker et al., 2011).  

This section highlights a gap in the current literature whereby a mechanism for adipose 

tissue-based inhibition of myofibroblast differentiation in vitro has not been established (Spiekman 

et al., 2014). As well as this, the ability of factors from adipose tissue to reverse myofibroblast 

differentiation has not been confirmed. Finally, all the literature investigating adipose tissue-based 

myofibroblast inhibition in vitro has been focussed on factors secreted by ADSCs (Liguori et al., 2018; 

Deng et al., 2018; Spiekman et al., 2014). There has been a lack of investigation of the in vitro effects 

of paracrine factors released by other formulations of clinically relevant adipose tissue.  
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Figure 1.16. Methods of scar regeneration via adipose tissue grafting. The section above charts the in vitro 
mechanisms and hypothesises behind adipose tissue’s regenerative effect in hypertrophic scars. Data has suggested 
that adipocytes supplied by the graft lead to lowered inflammation and increased wound closure. While ADSCs can 
differentiate into endothelial cells and become incorporated into new blood vessels and CD146+ ADSCs are pro-
angiogenic. Pericytes found in adipose tissue also lead to increased angiogenesis. Adipose tissue grafting changes the 
gene expression in the surrounding tissue and relieves hypoxia. Paracrine signals released from adipose tissue has also 
led to decreased inflammation and increased angiogenesis. These paracrine signals have also been implicated in the 
inhibition of myofibroblast differentiation. This mechanism is investigated in vitro in this thesis.  
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1.5 Aims and Objectives  

Given the data presented by the literature in the section above, I hypothesise that paracrine 

factors released by formulations of adipose tissue clinically grafted under scars can inhibit and 

reverse the differentiation of fibroblasts to myofibroblasts. I theorise that this occurs via the TGF-β1 

canonical pathway. There is in vivo work implying this occurs however, there is little in vitro analysis 

to confirm this. 

As such, in this thesis I aim to address these gaps in the literature. My objectives for this 

work are as follows.  

1. Investigate whether paracrine factors from clinically relevant forms of adipose tissue can 

inhibit the differentiation of fibroblasts. 

2. Examine whether paracrine factors from clinically relevant forms of adipose tissue can 

reverse the differentiation of myofibroblasts. 

3. Identify the cellular components of adipose tissue responsible for any effect paracrine 

factors from clinically relevant forms of adipose tissue may have on myofibroblast differentiation. 

4. Elucidate the underlying mechanisms behind any effect paracrine factors from clinically 

relevant forms of adipose tissue may have on myofibroblast differentiation. 

This work will be carried out by generating various formulations of adipose tissue based 

upon those used clinically (Yao et al., 2017; Tonnard et al., 2013). The paracrine factors secreted by 

these formulations will be added simultaneously to fibroblasts alongside TGF-β1. Markers of 

myofibroblast differentiation will then be examined and used to judge whether paracrine factors 

from adipose tissue can inhibit myofibroblast differentiation. The molecules released from these 

formulations will be characterised and used to elucidate the mechanisms behind any adipose tissue-

dependent myofibroblast inhibition. Fibroblasts will be differentiated to myofibroblasts with TGF-β1 

and paracrine factors from adipose tissue added following differentiation. Myofibroblast markers 

will be measured to examine whether myofibroblast differentiation has been reversed following 

treatment with paracrine factors from adipose tissue. Finally, myofibroblasts from scar tissue will be 

treated with these paracrine factors to determine whether adipose tissue can reverse the 

myofibroblast phenotype of scar fibroblasts. 
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2.1 Materials 

2.1.1 Transforming growth factor-beta 1

Recombinant human transforming growth factor-beta (TGF-β) 1 was supplied by Peprotech 

(London, UK). The protein was derived from human embryonic kidney-293 immortalised cells and 

arrived lyophilised. The powder was reconstituted in 10 mM, pH 3 citric acid monohydrate (Merck, 

Gillingham, UK) in phosphate buffered saline (PBS; Thermo Fisher Scientific, Loughborough, UK) to a 

concentration of 0.1 mg/ml. This solution was then diluted in PBS containing 15 mM bovine serum 

albumin (BSA; Merck) to give a final concentration of 10 ng/μl TGF-β1. This was stored at -20 oC until 

use. 

2.1.2 Foretinib 

The molecule foretinib was purchased from Cambridge Bioscience (Cambridge, UK) and 

arrived lyophilised. Foretinib was initially resuspended into aliquots of 1 mg/ml in dimethyl sulfoxide 

(DMSO; Merck) and stored at -80 °C. Upon use, the foretinib solution was diluted further in DMSO 

into aliquots of 0.1 mg/ml (160 μM) and was diluted to a final working concentration in cell culture 

medium. Final working concentration will be described in the relevant experimental sections. 

Foretinib inhibits kinase enzymes such as the C-Met receptor and its structure is shown in figure 2.1.  

Figure 2.1. IUPAC structure of Foretinib molecule. Molecular formula, C34H34F2N4O6, molecular weight, 632.7 kDa. 

2.1.3 Hepatocyte growth factor 

Recombinant human hepatocyte growth factor (HGF) was supplied by Peprotech. The 

protein was derived from human embryonic kidney-293 immortalised cells and arrived lyophilised. 

The powder was reconstituted in 10 mM, pH 3 citric acid monohydrate in PBS to a concentration of 1 

μg/ml. This was stored at -20 oC until use. When needed, this solution was then diluted in PBS 

containing 15 mM BSA to give a final working concentration of 40 ng/ml.  
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2.1.4 Solutions used 

2.1.4.1 Cell culture solutions  

Table 2.1. Components in 1 L of Hank’s balanced salt solution (HBSS). Supplied by Thermo Fisher Scientific. 

 

Table 2.2. Components of 10 % D-MEM. Penicillin and Streptomycin were purchased combined (5ml), all components 
were filter sterilised before purchase through a 0.2 μm filter. 

 

 

Table 2.3. Components of MesenPRO RSTM medium. Penicillin and Streptomycin were purchased and combined (5ml), all 
components were filter sterilised before purchase through a 0.2 μm filter. 

   

Component Final concentration (mg/L) 
CaCl2 140 
MgCl2-6H2O 100 
MgSO4-7H2O 100 
KCl 400 
KH2PO4 60 
NaHCO3 350 
NaCl 8000 
Na2HPO4 48 
D-enantiomer glucose 1000 
Phenol red 10 

Component Volume (ml) Final concentration Supplier 
Dulbecco’s-modified 
eagle medium (D-MEM) 

439 4500 mg/L – glucose, 
sodium pyruvate, 
sodium bicarbonate 

Merck 

Foetal calf serum (FCS) 50 - PAN Biotech (Wimborne, UK) 
L-enantiomer glutamine 5 200 mM Merck 
Penicillin 5 

 
10000 units/ml Merck 

Streptomycin 10 mg/ml Merck 
Amphotericin B solution  
 

1 250 μg/ml Merck 

Component Volume (ml) Final concentration Supplier 
MesenPRO RSTM basal medium 479 - Thermo Fisher Scientific  
MesenPRO RSTM growth supplement 10 - Thermo Fisher Scientific 
L-enantiomer glutamine 5 200 mM Merck 
Penicillin 5 

 
10000 units/ml Merck 

Streptomycin 10 mg/ml Merck 
Amphotericin B Solution  1 250 μg/ml Merck 
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Table 2.5. Reagents and corresponding volumes in reverse transcription reagent solution. All reagents supplied by
Thermo Fisher Scientific. 

 Table 2.4. Adipogenic differentiation medium. 

Component Volume (ml) Final concentration Supplier 
Dexamethasone 2 20 μg/ml Merck 
3-Isobutyl-1-methylxanthine (in absolute 
ethanol) 

1.1 0.5 mM Merck 

Insulin (in 0.01 HCl) 1 10 μg/ml Merck 
Indomethacin 1 100 μM Merck 
MesenPRO RSTM basal medium 94 - Thermo Fisher Scientific 
L-enantiomer glutamine 1 200 μM Merck 
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Table 2.6. Reagents and corresponding volumes in quantitative polymerase chain reaction master solution. 

2.1.4.2 Reverse transcription master solution 

 Table 2.5. Reagents and corresponding volumes in reverse transcription master solution. 

2.1.4.3 Quantitative polymerase chain reaction master solution 

2.1.4.4 Primers used in quantitative polymerase chain reaction 

 The nucleotide sequence for the forward and reverse primers for the cDNA targets can be 

found in table 2.6 and were diluted in RNase free water (Qiagen, Manchester, UK) to 10 μM for use. 

All primers were supplied by Merck. 

Table 2.7. Primers used in quantitative polymerase chain reaction. 

Component Volume (µL) 
With MultiScribe™ enzyme Without MultiScribe™ enzyme 

10X RT buffer 2.0 2.0 
25X dNTP mix (100 mM) 0.8 0.8 
10X RT random primers  2.0 2.0 
MultiScribe™ reverse transcriptase 
enzyme 

1.0 - 

Nuclease-free H2O 3.2 4.2 
Total per reaction  10.0 10.0 

Component Volume (μl) 
2X SYBR green Lo Rox mix (PCR Biosystems, London, UK) 5 
Forward primer (10 µM) 0.5 
Reverse primer (10 µM) 0.5 
RNase free water 3.5 
cDNA 0.5 

Primer  Forward  Reverse  
RNU6-1  5’- CTCGCTTCGGCAGCACA - 3’  5’ - AACGTTCACGAATTTGCGT - 3’  
⍺-SMA  5’ - GAAGAAGAGGACAGCACTG - 3’  5’ - TCCCATTCCCACCATCAA - 3’  
COL1A1  5’ - GTGGCCATCCAGCTGACC - 3’  5’ - AGTGGTAGGTGATGTTCTGGGAG - 3’  
FN1-EDA  5’ - TGGAACCCAGTCCACAGCTATT - 3’  5’ - GTCTTCTCCTTGGGGGTCACC - 3’  
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2.1.4.5 Protein lysis buffer 

 Protein lysis buffer was made up in batches of 10 ml and aliquoted into 1 ml aliquots and 

stored at -20 °C until use. 

Table 2.8. Components of protein lysis buffer. 

 Table 2.9. Enzyme concentrations in one tablet of Complete Mini Protease Inhibitor Cocktail. Information supplied by 
Merck. 

Protease  Enzyme concentration (mg/ml) 
Pancreas extract 20 
Thermolysin 0.5 
Chymotrypsin 2 
Trypsin 20 
Papain 330 

2.1.4.6 Tris buffered saline 

 Tris buffered saline (TBS) was made up to 1 L with deionised water. Hydrochloric acid (1M) 

was used in combination with a SevenMultiTM pH meter (Mettler Toledo, Leicester, UK) to adjust the 

acidity of the solution to pH 7.6, this usually took 45 ml of acid (table 2.9). Tween 20 was added at a 

concentration of 1 ml/L to make 0.1 % TBS Tween 20 wash solution used for western blotting. 

 Table 2.10. Components of 0.1 % TBS Tween 20. 

 2.1.4.7 Semi-dry transfer solution  
Table 2.11. Components of semi-dry transfer solution. 

Reagent  Final concentration  Supplier  
Radioimmunoprecipitation buffer (RIPA buffer)  999 μl/ml Universal Biologics (Cambridge, 

UK) 
Complete mini protease inhibitor cocktail  1 tablet/ 10 ml Merck 
Benzonuclease nuclease enzyme 1 μl/ml Merck  

Component  Final concentration 
Tris(hydroxymethyl)aminomethane (VWR chemicals, Lutterworth, UK) 6.05 (g/L) 
Sodium chloride (VWR chemicals) 8.76 (g/L) 
Hydrochloric acid (1 M; Merck) 45 (ml/L) 
Deionised water 954 (ml/L) 
Tween 20 (Merck) 1 (ml/L) 

Component  Mass/volume 
Tris(hydroxymethyl)aminomethane  5.8 (g/L) 
Glycine (Merck) 2.9 (g/L) 
Sodium dodecyl sulphate (1.9 M; VWR chemicals) 3.6 (ml/L) 
Methanol (absolute; Thermo Fisher) 200 (ml/L) 
Deionised water  800 (ml/L) 
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2.1.5 Antibodies and stains used 

2.1.5.1 Fluorescent stains used  

Table 2.12. Fluorescent stains used to label adipose tissue. All supplied by Affymatrix, Thermo Fisher Scientific. 

2.1.5.2 Flow cytometry antibodies used 

Table 2.13. Antibodies used for flow-cytometry. All supplied by Affymatrix, Thermo Fisher Scientific. 

Dye/Stain Dilution  Solubilised in Excitation λ (nm)  Laser used Supplier 
4,4-difluoro-5-(2-Thienyl)-4-
Bora-3a,4a-diaza-s-indacene-
3-dodecanoic acid (BODIPY 

5 μM Methanol 
(absolute) 

543  HeNe1 
(543 nm) 

Thermo 
Fisher 
Scientific 

MemBrite fix 640/660 1:1000 HBSS 633 HeNe2 
(633 nm) 

Thermo 
Fisher 
Scientific 

4’,6-diamindino-2-
phenylindole (DAPI) 

1:1000 DMSO 405 Argon 2 
(458 nm) 

Merck 

Antibody  Conjugated fluorophore  Filter (nm) Excitation λ (nm) 
Anti-CD31  APC eFluor® 780  Red 780  633 
Anti-CD34  PE  Blue 575  488 
Anti-CD45  eFluor® 450  Violet 450  405 
Anti-CD73  PE-Cy7  Blue 780  488 
Anti-CD90  PerCP eFluor® 710  Blue 695  488 
Anti-CD105  APC  Red 660  633 
Anti-CD146  FITC  Blue 530  488 
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2.1.5.3 Fluorescent antibodies used 

 All fluorescent antibodies used were diluted in 1 % (w/v) BSA in PBS and stored at –20 °C 

until use. 

 Table 2.14. Fluorescent antibodies used. 

2.1.5.4 Western blotting antibodies used 

 Antibodies used in western blotting were diluted in either 5 % (w/v) BSA in PBS or 5 % (w/v) 

dry milk powder (Generon, Slough, UK) dissolved in PBS, depending on the manufacturer’s 

instructions. 

Table 2.15. Antibodies used for western blotting. 

Antibody  Species Dilution Blocking protein Supplier Excitation λ 
(nm)  

Laser used 

Ki-67 Rabbit 1:1000 BSA Abcam 
(Cambridge, UK) 

- - 

α-SMA  Mouse 1:1000 BSA Abcam - - 
Anti-rabbit 
Alexa Fluor® 
647 conjugated 

Donkey 1:1000 BSA Abcam 651 HeNe2 (633 
nm) 

Anti-mouse 
Alexa Fluor® 
555 conjugated 

Goat 1:1000 BSA Abcam 555 HeNe1 (543 
nm) 

α-SMA- 
fluorescein 
isothiocyanate 
conjugated  

Mouse 1:500 BSA Merck 488 LED, 488 nm 
filter used  

Antibody  Species Size (kDA) Dilution Blocking protein Supplier 
Anti-α-SMA  Rabbit 42 kDa 1:10000 Dry milk powder  Abcam 
Anti-GAPDH Mouse 37 kDa 1:5000 Dry milk powder Proteintech, 

(Manchester, UK) 
Anti-β-actin  Mouse  42 kDa 1:10000 BSA Merck 
Anti-mouse, horseradish 
peroxidase conjugated 

Horse N/A 1:3000 BSA  Cell Signaling 
Technology (London, 
UK) 

Anti-rabbit, horseradish 
peroxidase conjugated  

Goat N/A 1:3000 BSA Abcam  
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2.2 Adipose tissue processing methods 

All work on adipose tissue was carried out in a class II biological safety cabinet (Walker, 

Glossop, UK) under laminar flow. Adipose tissue was kept in a sterile environment by cleaning all 

surfaces in the safety cabinet with a solution of 70 % (v/v) industrial methylated spirit (IMS; Thermo 

Fisher Scientific) and deionised water with paper towels. All materials entering the safety cabinet 

were cleaned in a similar manner. Unless otherwise specified, all centrifugation steps were carried 

out in a universal classic 320/320 R centrifuge (Hettich Zentrifugen, Surrey, UK). Prior to use, adipose 

tissue was stored at room temperature in a locked cabinet, any materials isolated from adipose were 

collected within 24 hours of receiving the sample. All incubation steps were carried out at 37 °C in a 

hydrated, 5 % CO2 atmosphere Sanyo (Sheffield, UK) humidified incubator.  

2.2.1 Ethical approval for the use of human tissue 

Human adipose tissue and skin was collected, processed, and handled following a protocol 

approved by the NHS research ethics committee (REC) reference 15/YH/1077 from September 2018 

to July 2021, and REC reference 21/NE/0115 from July 2021 onwards. This allowed the collection of 

adipose tissue and skin under informed consent from patients. Adipose tissue samples were typically 

taken from leftover adipose tissue removed for fat grafting in abdominoplasty, breast mastectomy, 

and gender reassignment operations. However, this list is not exhaustive and leftover adipose tissue 

from any routine procedure in which adipose tissue would normally be discarded could be used. 

Excess adipose tissue was not taken from the patients, only tissue that was taken out by the surgeon 

and subsequently unused was given for use. Operations were carried out by the Sheffield Hospital 

Directorate of Plastic, Reconstructive Hand and Burns Surgery at the Royal Hallamshire Hospital in 

Sheffield, UK. Consent was taken by researchers who have completed consent training under the 

2004 Human Tissue Act. Only the minimal necessary information for audit was collected such as: 

patient name, hospital ID number and date of procedure. The only additional information that could 

be known about patients was whether any skin attached to the adipose tissue contained a scar, 

assessed by a clinician. Once tissue arrived at the laboratory, it was logged and assigned a random 

three number code and access to person-identifiable information was on a need-to-know basis. 

Unprocessed tissue was disposed of via incineration after 7 days. 

2.2.2 Generation of minced adipose tissue and lipoaspirate from adipose tissue 

Human adipose tissue was received either as whole, solid adipose tissue with skin attached 

or as the liquid product of liposuction (figure 2.2A-B). Solid adipose tissue was then minced with a 

scalpel removing large blood vessels and connective tissue until the adipose tissue took on an almost 
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liquid consistency (figure 2.2C). Before use, adipose tissue would be washed in a similar manner to 

the Coleman technique (Coleman, 1998). The adipose tissue was washed in 10 ml Luer-Lock ended 

syringes (B. Braun, Sheffield, UK). The plunger was removed from the barrel of the syringe and a 

syringe cap (B. Braun) placed on the end. The now empty barrel of the syringe was filled with 5 ml of 

adipose tissue and 5 ml of PBS. To secure the plunger end of the syringe, the plastic end of the 

plunger was removed and placed in the end of the syringe barrel. Adipose tissue was then left to 

settle in the syringe for 10 minutes to allow the PBS to flow through the syringe. Following this, 

syringes were centrifuged for 3 minutes at 1200 xg (figure 2.3). The rubber stopper was removed 

from the syringe and the liquid discarded. This process removed any blood and anaesthetic drugs 

used in surgery. For the purposes of this work, adipose tissue taken from solid, whole, tissue and 

processed by mincing with a scalpel was termed “minced adipose tissue”. If adipose tissue was taken 

from the liquid tissue product of liposuction and washed, it was termed “lipoaspirate”. These two 

forms of tissue were the starting points of processing to further formulations. The difference 

between the two forms of adipose tissue was that minced adipose tissue came from solid excess 

tissue and lipoaspirate was generated from the liquid waste product of liposuction. Further forms of 

processed adipose tissue would be generated from either minced adipose tissue or lipoaspirate. 

2.2.3 Processing adipose tissue into emulsified fat 

Minced adipose tissue or lipoaspirate was processed into a formulation termed “emulsified 

fat”. This formulation was designed to be similar to “Nanofat” described by Tonnard et al., (2013) 

where the adipocytes are lysed and the larger macro-structure of adipose tissue is disrupted. Minced 

adipose tissue or lipoaspirate was placed in a 20 cc syringe (BD Biosciences, Wokingham, Berkshire) 

and connected to a second, identical, syringe with a 3.2 mm female-female Luer lock (Thermo 

Fischer Scientific). Adipose tissue was then passed to the opposing syringe 30 times by applying 

force on the syringe plunger. One “pass” was defined as adipose tissue being transferred from one 

syringe to the other. Forcing the adipose tissue through the Luer-Lock applied shear force to the 

adipose tissue leading to a breakdown of its macro-structure and converting the adipose tissue into 

a paste-like formulation (figure 2.2D). The opposing syringe was removed, and the emulsified liquid 

was passed into a separate 30 ml centrifuge tube for use as emulsified fat. 

 

2.2.4 Generating lipocondensate from emulsified fat 

Emulsified fat could be further processed into a formulation termed “lipocondensate”, this is 

similar to other “SVF-gel” formulations in the literature where the stromal vascular fraction (SVF) of 

adipose tissue is isolated (Wang et al., 2019). A 500 μm filter (PluriSelect, Cambridge, UK) was placed 
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atop a 50 ml centrifuge tube (Sarstedt) and emulsified fat was slowly poured into the filter. Forceps 

were then swirled around the filter to aide liquid transfer through the filter and remove any 

remaining clumps of matrix and fibrous tissue in the emulsified fat. This filtrate was then poured into 

a 10 cc syringe with the plunger of the syringe removed and a cap placed on the syringe end. The 

plastic end of the plunger was removed and placed in the end of the syringe barrel to secure the 

contents of the syringe. This filtrate was then centrifuged in the syringe at 2000 xg for 3 minutes. 

This procedure generated a multilayer solution with the central layer being referred to as 

“lipocondensate” (figure 2.2F). To begin with, the filtrate did not consistently separate (mentioned 

later in chapter 3, results section 3.2.4). If lipocondensate did not form, it would be placed in a 4 °C 

fridge to condense and was then warmed at room temperature until liquid and then re-centrifuged. 

Once an emulsion had formed, lipid oil was removed from above the lipocondensate using a Pasteur 

pipette and the red liquid layer below the lipocondensate was allowed to drain from the syringe.  
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Figure 2.2. Stages of adipose tissue processing. (A-B) Adipose tissue was received as either whole tissue with 
skin attached (A) or as semi-liquid lipoaspirate (orange layer; B). (C) To make minced adipose tissue, whole 
adipose tissue was minced with a scalpel and connective tissue and blood vessels removed until the consistency 
shown above was reached. (D-E) Emulsified fat. (F) Emulsified fat was then taken, filtered and centrifuged to 
form lipocondensate. Centrifugation led to the formation of a three-phase solution with lipid on top (l), waste 
liquid below (lll) and lipocondensate in between (ll).  
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Figure 2.3. Schematic of how anaesthetic was removed using PBS.  
 

2.3 Cell culture methods 

2.3.1 Primary cell isolation 

All cell culture work was carried out in a class II biological safety cabinet under laminar flow. 

When not in use (and at all incubation steps unless otherwise stated), cells were incubated at 37 °C 

in a hydrated, 5 % CO2 atmosphere humidified incubator. Cells were kept in a sterile environment by 

cleaning all surfaces in the safety cabinet with a solution of 70 % (v/v) IMS and deionised water with 

paper towels. All materials entering the safety cabinet were cleaned in a similar manner. Unless 

otherwise specified, all centrifugation steps were carried out in a universal classic 320/320 R 

centrifuge. 

2.3.1.1 Adipose derived stromal cell isolation 

ADSC could be isolated either from solid adipose tissue or lipoaspirate. Before use, 

anaesthetic was removed as described in section 2.2.2. If solid tissue was used, 10 cm3 of adipose 

tissue was taken and was minced as described in section 2.2.2. If lipoaspirate was used, 10 ml of 

lipoaspirate was taken for use. This adipose tissue was then added to an equal volume of a sterile 

mixture of 0.1 % (w/v) collagenase 1 (Merck), 0.1 % (w/v) BSA, and 5 ml of a combined mixture of 

10000 units/ml penicillin and 10 mg/ml streptomycin in HBSS (table 2.1). This solution was incubated 

at 37 °C for 40 minutes, being inverted 10 times every 10 minutes.  

Following this, the adipose tissue mixture was centrifuged at 257 xg for 8 minutes. This 

formed a layered solution with four phases (figure 2.4). The lipid oil, red liquid, and adipose tissue 
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layers were removed using a Pasteur pipette, while avoiding disturbing the underlying pellet 

containing the ADSCs. The pellet was washed, and collagenase neutralised by the addition of 10 ml 

of MesenPRO RSTM medium and re-centrifuged at 2645 xg for 8 minutes. The supernatant was 

poured away and the cell pellet resuspended as before in MesenPRO RSTM Medium, the resulting 

solution was transferred to a T75 cell culture flask (Sarstedt). After 24 hours the medium was 

replaced, and the flask washed with 5 ml of PBS.  

  

Lipid oil phase 

Adipose tissue phase 

 

Liquid phase 

ADSC phase 

Figure 2.4. ADSC isolation. Following treatment with collagenase and centrifugation, ADSCs can be isolated from the pellet 
formed. 
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2.3.1.2 Human dermal fibroblast isolation 

Skin was removed from adipose tissue using a Braithwaite knife (Swann Morton, Sheffield, 

UK). A 25 mm2 piece was cut from the main section and subsequently sliced into 0.5 mm2 pieces. 

These were incubated in 10 ml of 0.1 % w/v Difco trypsin (BD biosciences) for 18 hours in a 4 oC 

fridge. The skin in Difco trypsin was transferred to a Petri dish (Thermo Fisher Scientific) and the 

epidermal layer removed by gentle pulling with forceps, and subsequently discarded. The remaining 

dermis was scraped to remove keratinocytes which were not subsequently used by me. Following 

this step, the pieces of dermis were placed in a fresh Petri dish and a 10 ml mixture of collagenase 1 

(0.05 % w/v) and 20 % v/v FCS in D-MEM was added and incubated at 37°C for 24 hours.  

Collagenase/skin mixture was transferred to a 30 ml centrifuge tube (SLS select, Nottingham, 

UK) and centrifuged at 608 xg for 10 minutes. Supernatant was removed and the pellet resuspended 

in 10 % D-MEM and transferred to a T25 cell culture flask (VWR International) and incubated at 37 oC 

for 24 hours. Finally, culture medium was changed, and the flask washed with PBS.  

2.3.1.3 Human scar fibroblast isolation  

To isolate scar fibroblasts, a section of skin containing scar tissue was required. Scar tissue 

was identified by clinical staff before the tissue was sent to me. Scar tissue would be identified by a 

pale, wrinkled area of skin, often in lines indicating where the skin had been punctured. The scar, or 

a 25 mm2 piece of scar (whichever was smaller) was cut from the main section of skin, with care 

being taken to only slice away scar tissue so as to not isolate dermal fibroblasts. From this point, scar 

fibroblasts were isolated from skin in an identical manner to dermal fibroblasts as described in 

section 2.3.1.2. 

2.3.1.4 Maintenance of primary cell cultures 

Fibroblasts and scar fibroblasts were maintained in a solution of 10 % D-MEM (see table 

2.2). Fibroblasts and scar fibroblasts were cultured once a month in 10 % D-MEM containing no 

antimicrobial agents (penicillin, streptomycin, and amphotericin B solution) and observed to ensure 

that good sterile technique was being maintained and that cultures did not contain latent microbial 

infections.  

Adipose derived stromal cells were cultured in MesenPRO RSTM medium (Thermo Fisher 

Scientific). This is a medium specifically designed for mesenchymal cell culture and contains a low 

concentration (2 %) of supplemented serum so as to avoid spontaneous differentiation of 

mesenchymal stromal cells such as ADSCs in routine culture (see table 2.3).  
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ADSC were cultured once a month in MesenPRO RSTM medium containing no antimicrobial 

agents (penicillin, streptomycin, and amphotericin B solution) and observed to ensure that good 

sterile technique was being maintained and that cultures did not contain latent microbial infections. 

Cells were tested monthly for mycoplasma to ensure there was no contamination. 

Serum supplements for cell culture medium are known to contain TGF-β1 (Danielpour et al., 

1989). As a purpose of this work was measuring the effect of TGF-β1 on fibroblasts, all experimental 

work was carried out in cell culture medium without serum. In these cases, the serum was replaced 

with additional D-MEM or MesenPRO RSTM basal medium. This work also wanted to study the 

concentration of growth factors and proteins released from adipose tissue. To achieve this, adipose 

tissue was cultured in MesenPRO RSTM basal medium, with no serum or supplements added. During 

culture, growth factors from the adipose tissue would be released into the medium. This medium 

was removed, stored (discussed later), and termed “conditioned medium”. Serum free MesenPRO 

was used so that any proteins normally found in the serum would not artificially increase the 

concentration of proteins found in the adipose conditioned medium. When carrying out experiments 

containing both (scar) fibroblast culture and adipose tissue conditioned medium, then (scar) 

fibroblasts would be cultured in serum free MesenPRO RSTM basal medium (Serum free MesenPRO) 

for consistency before the addition of adipose tissue conditioned medium. 

Once made into solutions, all cell culture medium was stored at 4 °C until use and warmed 

to 37 °C in a water bath before contacting cells to avoid temperature shock. 

2.3.2 Passaging of primary cell cultures 

ADSC and (scar) fibroblasts were fed twice a week in their respective cell culture medium. 

Upon cells reaching 90 % confluency they were sub-cultured. To do this, cell culture media was 

removed, and the surface of the cell flask was washed by the addition and removal of 5 ml of PBS. To 

detach cells from the tissue culture plastic, 5 ml of 0.5 g/L trypsin – 0.2 g/L EDTA in HBSS was 

warmed to 37 °C and applied to the cells. This solution was left in contact with the cells for 10 

minutes in a humidified 37 °C, 5 % CO2 incubator and was observed under a light microscope to 

check for full detachment of cells. Following this, the appropriate media was added at a 1:1 ratio to 

the trypsin-EDTA-cell solution so that the serum would neutralise the trypsin-EDTA. The resulting 

solution was centrifuged at 152 xg for 5 minutes to pellet the cells. The supernatant was removed, 

and the cell pellet resuspended in MesenPRO RSTM medium or 10 % D-MEM depending on cell type. 

At this stage, cells could be counted using a glass hemocytometer (see section 2.3.3). The number of 

times a cell culture encountered trypsin was tracked as the “passage number”. ADSC were not used 

past passage number 6 and fibroblasts were not used past passage number 7. This was due to an 
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observed decrease in growth rate and dampened response to chemical stimulants such as TGFβ-1 

that is associated with cellular senescence. 

2.3.3 Counting of total cell number  

Following detachment from cell culture plastic via trypsin-EDTA, the total cell number could 

be calculated. A glass hemocytometer (Hawksley, Lancing, UK) was prepared by cleaning the device 

and a glass coverslip with 70 % IMS in deionised water solution and being left to dry. Moisture was 

applied to the hemocytometer by breathing on it and the coverslip placed directly on top. 

Newtonian refraction rings on the coverslip demonstrated it had adhered to the hemocytometer. 

After cells had been pelleted and re-suspended in appropriate cell culture medium, a micropipette 

was used to disturb the cell solution to ensure that cells were equally distributed and had not sunk 

to the bottom of the vessel. Next, 50 μl of cell solution was taken and placed between the 

hemocytometer counting chamber and the glass coverslip (figure 2.5A). Cells were placed in the 

counting chamber by placing a drop of the cell suspension at the edge of the coverslip and allowing 

capillary action to take the liquid underneath the coverslip and into the counting chamber. Using an 

AE 2000 inverted light microscope (Motic, Barcelona, Spain) the counting chambers were viewed at 

x 10 magnification and the cells counted (figure 2.5B). Cells were counted under the following rules:  

a) Cells were counted from at least 2 of the 9 large, numbered squares in each of the two 

hemocytometer chambers. If the number of cells varied dramatically between squares (< or > than 

10) then additional squares were counted, in the order shown in figure 2.5B, lowest to highest.  

b) Cells were discounted if they were sitting on the left or bottom border of the square (see 

red lines and circles) and counted if they lay on the right, or top border (green circles). 

c) If a square contained an artefact or debris that was not a cell, then that square and the 

corresponding square in the other chamber would not be counted and another square used instead. 

d) Cell pellets were initially resuspended in enough cell culture medium to give between 40-

100 cells per square. If there were not 40 cells in a square then the cells in solution would be re-

pelleted by centrifugation and resuspended in a smaller volume of cell culture medium to 

concentrate cells. This was to get a more accurate cell count because if only a small number of cells 

were counted, when scaled up in equation 2.1, then each counted cell would contribute to a much 

larger percentage of the total cell count. This could have led to the count being significantly altered 

by random chance. 

e) If it was apparent that there were more than 100 cells per square, then the cell solution 

was diluted and re-counted for the sake of expediency. The volume of cell culture medium required 
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to get this dilution was typically 1 ml of 10 % D-MEM for fibroblasts and 5 ml of MesenPRO RSTM 

medium for ADSC. 

f) To calculate the total number of cells/ml, the following equation would be used. 

Total cells = Average cells per square x 104 x dilution factor (ml of cell culture medium)  

Equation 2.1. Calculation of total cells in culture. 

       

Figure 2.5. Cell counting methodology. (A) Cells were placed in a hemocytometer and viewed at x10 magnification using 
an inverted light microscope. (B) Schematic view of cell counting chamber. Black dots represent cells. 

 

2.3.4 Cryogenic preservation and resurrection 

For long term storage, cells were removed from the flask as described in section 2.3.2 

however after centrifugation, the total cell number was counted. These cells were then centrifuged 

again and resuspended in freezing media (10 % DMSO and 90 % FCS) at a concentration of 1x106 

cells/ml. Following resuspension, the solution was aliquoted into cryovials (Sarstedt) with 1x106 cells 

per vial. Cells were then frozen by placing in a controlled rate freezing container (“Mr Frosty”, 

Thermo Fisher Scientific) in a -80 °C freezer for at least 24 hours. After this, they were transferred to 

a liquid nitrogen dewar at -196 °C until needed.  

To resurrect these cells, a cryovial was removed from liquid nitrogen and warmed in a 37 °C 

water bath for one minute. After the cell suspension had melted, the solution was transferred to a 

T75 cell culture flask containing warm cell culture medium. To ensure all cells were extracted, each 

vial was washed with an additional 1 ml of cell culture medium. After 24 hours the medium in the 

cell flask was changed and cells were then cultured as described in section 2.3.1.4.  

1 mm 

A B 
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2.3.5 Generation of adipose tissue conditioned medium 

To extract paracrine factors from adipose tissue, processed formulations of adipose tissue 

were added to serum free MesenPRO for 72 hours in a 37 oC, 5 % humidified CO2 incubator to allow 

growth factors and proteins to migrate from the adipose tissue and into the medium. This was 

termed “conditioned medium”. Conditioned medium was generated from minced adipose tissue, 

lipoaspirate, emulsified fat, lipocondensate, ADSC, and free floating lipid removed from the adipose 

tissue during the previous stages of processing (section 2.2.4). The formulations: minced adipose 

tissue, lipoaspirate, and emulsified fat were added to medium at a concentration of 0.1 g/ml of 

serum free MesenPRO. Lipocondensate and lipid were added at a concentration of 0.05 g/ml of 

serum free MesenPRO. This change of concentration was because early observations of the 

processing steps outlined in section 2.2.4 were that 1 gram of adipose tissue led to roughly 0.5 

grams of lipocondensate and 0.5 grams of lipid being produced. The mass of adipose tissue used to 

produce adipose tissue conditioned medium was measured using a 125A balance (Precisa, 

Edinburgh, UK) in a 30 ml centrifuge tube. The weight of the empty container was recorded and 

subtracted from the weight measured when adipose tissue was added to the container to calculate 

mass of adipose tissue used. MesenPRO RSTM medium was conditioned using 4500 ADSCs/mm2 on 

cell culture plastic for 24 hours. After 24 hours, MesenPRO RSTM medium was removed and replaced 

with serum free MesenPRO to remove any serum from the ADSC.  

After 72 hours, all media was removed from its vessel and was centrifuged at 2645 xg for 8 

minutes. Any remaining and floating adipose tissue was removed with forceps and disposed of. The 

remaining medium was then filtered through a 100 μm filter (PluriSelect), aliquoted into 1- and 3-ml 

aliquots to avoid multiple freeze thawing cycles and stored until use at -80 oC.  

2.4 In vitro experimental methods 

2.4.1 Assays used to characterise adipose tissue 

2.4.1.1 Adipogenic differentiation 

ADSCs were seeded at 10,000 cells per well in a 12 well plate in MesenPRO RSTM medium for 

24 hours. Following this, the medium was removed and cells were cultured in serum free MesenPRO 

for 24 hours. This medium was then removed and ADSCs were treated with adipogenic 

differentiation medium (table 2.4) for 14 days with the medium being replaced every 3 days.  

After 14 days, medium was removed and cells were fixed in 3.7 % Paraformaldehyde (PFA; 

Merck) for 15 minutes.  
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2.4.1.2 Oil red O assay 

Oil red O working solution was made up fresh by adding 100 % isopropanol (Thermo Fisher 

Scientific) to oil red O powder (Merck) to a final concentration of 5 mg/ml. This solution was filtered 

through Whatman no. 1 filter paper (Thermo Fisher Scientific). Fixed cells were washed three times 

with PBS and treated with 60 % isopropanol for 15 minutes following which cells were washed three 

times in PBS and 1 ml of oil red O solution was added to each well. Cells were covered in oil red O for 

20 minutes after which, the solution was removed and wells washed 5 times in PBS. Cells were then 

imaged at x10 magnification by an AE 2000 inverted light microscope.  

Lipid vesicles were counted on Fiji software (Schindelin et al., 2012) by increasing the red 

saturation in the colour threshold tool. The saturation on images was thresholded so that only that 

the red staining was visible. The image was then made binary and the dark lipid droplets were 

counted.  

Staining could then be quantified by adding 100 % isopropanol to wells for 5 minutes to 

remove the stain from cells. The absorbance of this solution was then measured at 492 nm on an 

ELx800 photospectrometer (BioTek, Stockport, UK). 

2.4.1.3 Quantification of cell death from processing  

To examine the effect the processing steps (outlined in section 2.2) had upon the cells 

contained within the adipose tissue, assays were carried out to measure cell lysis and cell metabolic 

activity.  

A PierceTM lactate dehydrogenase assay was chosen to measure adipose cell lysis post 

processing. This assay measures cell lysis by quantifying the amount of lactate dehydrogenase (LDH) 

released by a cellular population. Lactate dehydrogenase is the enzyme responsible for catalysing 

the conversion of lactate to pyruvate and the reduction of NAD+ to NADH in the glycolysis stage of 

respiration and thus is found in the cytosol of most cells. When cells are lysed and the cell 

membrane breaks down, lactate dehydrogenase is released (figure 2.6A). When mixed with a 

reaction mix provided in the PierceTM lactate dehydrogenase cytotoxicity assay kit (Thermo Fisher 

Scientific), the lactate dehydrogenase converts NAD+ found in the reaction mix to NADH. The 

reaction mix also contains tetrazolium salt and the enzyme diaphorase which, when combined with 

NADH, forms formazan. Formazan forms a dark red colour and the solutions absorption at 680 nm 

can then be measured as a way of semi-quantifying cell death. 

All reagents used were provided in a PierceTM lactate dehydrogenase cytotoxicity assay kit, 

reagents were made up as per manufacturer’s instructions. 0.1 g of processed adipose tissue 
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(minced adipose tissue, lipoaspirate, emulsified fat, and lipocondensate) was added to 900 μl of 

serum free MesenPRO in a 12-well plate. Samples were left in a 37 °C, 5 % CO2 humidified incubator 

for one hour to allow LDH to move into the medium from any lysed cells. Subsequently, 50 μl of 

medium was removed from each well and added to 50 μl of LDH reaction mixture containing NAD+, 

tetrazolium salt and diaphorase in a 96-well plate in triplicate. The kit also came with a positive 

control reagent containing lactate dehydrogenase, 50 μl of the positive control was also added to 

the 96 well-plate in triplicate and 50μl of serum free MesenPRO was used as a blank sample in the 

same well-plate. 50 μl of LDH reaction mixture added was added to the positive control and blank 

wells. This well plate was then left covered for 30 minutes at room temperature after which, 50 μl of 

“stop solution” was added to each well to halt the conversion of NAD+ to NADH. The well plate was 

then placed in a ELx800 photospectrometer and absorbance at 680 nm was recorded. This value was 

then normalised to a positive control as outlined in equation 2.2.  

(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑎𝑎 680 𝑟𝑟𝑛𝑛 − 𝐵𝐵𝐵𝐵𝑟𝑟𝑟𝑟𝐵𝐵 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑣𝑣𝑟𝑟𝐵𝐵𝑣𝑣𝑟𝑟 𝑟𝑟𝑎𝑎 680 𝑟𝑟𝑛𝑛)
𝑃𝑃𝐴𝐴𝐴𝐴𝑃𝑃𝑎𝑎𝑃𝑃𝑣𝑣𝑟𝑟 𝑟𝑟𝐴𝐴𝑟𝑟𝑎𝑎𝑟𝑟𝐴𝐴𝐵𝐵 𝑟𝑟𝐴𝐴𝐴𝐴𝐴𝐴𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑅𝑅𝑟𝑟𝐵𝐵𝑟𝑟𝑎𝑎𝑃𝑃𝑣𝑣𝑟𝑟 𝑟𝑟𝑟𝑟𝐵𝐵𝐵𝐵 𝐵𝐵𝑙𝑙𝐴𝐴𝑃𝑃𝐴𝐴 

Equation 2.2 Equation used to calculate the relative cell lysis of adipose tissue post processing. 
 

2.4.1.4 Assessment of adipose tissue metabolic activity post processing 

To measure cell metabolic activity, an assay using 7-hydroxy-3H-phenoxazin-3-one-10-oxide 

(resazurin dye) was carried out. Resazurin is a non-toxic dye that is reduced to resorufin by NADH. 

Resorufin fluoresces when excited by light at 571 nm and as NADH/H+ is oxidised by cells that are 

respiring, the conversion of resazurin to resorufin can be used to measure cell metabolic activity 

(figure 2.6B). 

Processed adipose tissue (0.1 g) was added to 900 μl of filter sterilised 0.1 mM resazurin dye 

in serum free MesenPRO in a 12-well plate. Adipose tissue in resazurin was then incubated in a 37 

°C, 5 % CO2 humidified incubator for 4 hours. Subsequently, 50 μl of this solution was removed and 

added to a 96-well plate. Fluorescence was measured at 570 nm/590 nm on an ELx800 

photospectrometer and  readings from 50 μl of 0.1 mM resazurin in untreated cell culture medium 

was subtracted. Following this, fluorescence values were normalised to a control reading, specified 

in the individual experiment (equation 2.3).  
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(𝐹𝐹𝐵𝐵𝑣𝑣𝐴𝐴𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑎𝑎 570/590 𝑟𝑟𝑛𝑛 −  𝐹𝐹𝐵𝐵𝑣𝑣𝐴𝐴𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝐴𝐴𝑜𝑜 𝐴𝐴𝐵𝐵𝑟𝑟𝑟𝑟𝐵𝐵 𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑣𝑣𝑟𝑟𝑃𝑃𝑟𝑟 𝑟𝑟𝑎𝑎 570/590 𝑟𝑟𝑛𝑛)
 𝐹𝐹𝐵𝐵𝑣𝑣𝐴𝐴𝑟𝑟𝑟𝑟𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑎𝑎 570/590 𝑟𝑟𝑛𝑛 𝐴𝐴𝑜𝑜 𝑟𝑟𝐴𝐴𝑟𝑟𝑎𝑎𝑟𝑟𝐴𝐴𝐵𝐵 𝐴𝐴𝑟𝑟𝑛𝑛𝑠𝑠𝐵𝐵𝑟𝑟

= 𝑅𝑅𝑟𝑟𝐵𝐵𝑟𝑟𝑎𝑎𝑃𝑃𝑣𝑣𝑟𝑟 𝑟𝑟𝑟𝑟𝐵𝐵𝐵𝐵 𝑛𝑛𝑟𝑟𝑎𝑎𝑟𝑟𝐴𝐴𝐴𝐴𝐵𝐵𝑃𝑃𝑟𝑟 𝑟𝑟𝑟𝑟𝑎𝑎𝑃𝑃𝑣𝑣𝑃𝑃𝑎𝑎𝑙𝑙 

Equation 2.3 Equation used to calculate the relative cell metabolic activity of adipose tissue post processing. 
 

Figure 2.6. Assays used to measure cell lysis and metabolic activity. (A) The conversion of pyruvate to lactate due to the 
release of lactate dehydrogenase was used to measure cell lysis. (B) Resazurin is reduced to resorufin by the conversion of 
NADH to NAD+, a by-product of respiration and a sign of healthy cell metabolism. 
 

2.4.1.5. DNA extraction and quantification 

 To extract DNA, a Macherey-Nagel NucleoSpin DNA lipid tissue kit (Thermo Fisher Scientific) 

was used. DNA was extracted from minced adipose tissue, lipoaspirate, emulsified fat, and 

lipocondensate (0.05 ± 0.007 grams of tissue). All centrifugation steps were carried out in a Hawk 

15/05 centrifuge at 11,000 xg for 30 seconds. Before extraction, adipose tissue was placed on a cell 

strainer (10 μm, PluriSelect) and washed several times with PBS to ensure that any DNA from cells 

that had ruptured before extraction was removed. Following this wash, the adipose tissue sample 

was placed in a NuceloSpin bead tube and 100 μl of BE buffer added. The adipose tissue was then 

disrupted and lysed by the addition of 40 μl of LT buffer and 10 μl of proteinase K followed by 20 

minutes of agitation on a Vortex Genie 2 (Scientific industries, St. Neots) bead holder. After 

agitation, samples were centrifuged and 600 μl of LT mixture was added to the adipose mixture and 

the samples were re-centrifuged. The resulting solution was then added to a NucleoSpin DNA lipid 

tissue binding column, where DNA released from adipose tissue agitation was bound to a membrane 

in the column. The tubes were then centrifuged, and the membrane was washed by adding 500 μl of 

BW mixture and centrifuging followed by the addition of 500 μl B5 mixture and a centrifugation step. 

A 

B 
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The membrane was then dried with another centrifugation step and DNA was eluted from the 

column by the addition of 100 μl of BE buffer and a final centrifugation.  

 DNA was quantified using a Quant-iTTM PicoGreen® kit (Thermo Fisher Scientific). DNA 

collected from adipose tissue was added to PicoGreen® DS DNA reagent (diluted 1:200 in TE buffer) 

at a 1:1 ratio. This solution was added to a 96 well plate and incubated in the dark at room 

temperature for 5 minutes and fluorescence at 520 nm was measured using a ELx800 

photospectrometer. Fluorescence values were compared to a standard curve generated using 

supplied lambda DNA standards (table 2.16). Lambda DNA standard was diluted with TE buffer and 

then added to PicoGreen® DS DNA reagent. Cell number was calculated by using a value of 6 pg as 

the amount of DNA per cell. If the fluorescence of the solution was higher than any sample in the 

standard curve, the solution would be diluted in TE buffer and fluorescence re-examined. DNA 

samples were collected and quantified by Dr. Victoria Workman and data was used with her 

permission. 

Table 2.16. Concentration of DNA standard used to generate standard curve.  

 

 

Standard TE Buffer 
(μl) 

Volume of DNA standard 
(2μg/ml) (μl) 

PicoGreen® DS DNA 
reagent (μl) 

Final DNA 
concentration (ng/ml) 

A 0 1000 1000 1000 
B 900 100 1000 100 
C 975 25 1000 25 
D 990 10 1000 10 
E 750 250 (standard D) 1000 2.5 
F 600 400 (standard E) 1000 1 
G 750 250 (standard F) 1000 0.25 
H 900 100 (standard G) 1000 0.025 
I 1000 0 1000 0 
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2.4.2 Fluorescent staining of adipose tissue 

To characterise the effect processing had on the macrostructure of adipose tissue, a 

MemBriteTM fix 640/660 cell surface staining kit (Cambridge Bioscience), BODIPY and DAPI stains 

were used to label adipose tissue. Different formulations of adipose tissue (minced adipose tissue, 

lipoaspirate, emulsified fat, and lipocondensate) were generated and 1 mg of each formulation was 

placed in separate Eppendorf tubes (Thermo Fisher Scientific). Membrite pre-stain buffer 

(Cambridge Bioscience) was diluted 1:1000 in HBSS and was added to cover adipose tissue and 

incubated at 37 °C for 5 minutes. MemBriteTM dye solution was diluted 1:1000 in HBSS. Pre-stain 

buffer was removed from fat and MemBriteTM dye solution was added to Eppendorfs and incubated 

with adipose tissue for 5 minutes at 37 °C. Following this, adipose tissue was stained by adding 5 μM 

BODIPY 558/568 and 1 μg/mL DAPI and incubating for 30 minutes at room temperature. After 

staining, the dyes were removed and the adipose tissue samples were washed by adding and 

removing PBS three times, were fixed by the addition of 3.7 % PFA, and kept at 4 °C until use. 

Prior to imaging, PFA was removed from the Eppendorfs and samples were washed three 

times in PBS. Adipose tissue was then removed from the Eppendorfs and were encapsulated by 

placing samples in wells of an 8-well μ-slide (Ibidi, Glasgow, UK) and adding 1 % (w/v) agarose 

(Thermo Fisher Scientific) to ensure samples were not mobile while imaging occurred. Tissue 

samples were imaged using a Zeiss LSM 880 AiryScan confocal microscope using Zen Black 2014 

software (Zeiss, Cambridge, UK). Images were taken at a x10 magnification using a UV laser (405nm) 

to image DAPI and two separate VIS lasers at 633 nm and 543 nm were used to image MemBrite and 

BODIPY respectively. Images were taken using Z-stacking and 50 images across a depth of 50 μm 

were taken of samples. Images were generated on Zen Blue 2014 software (Zeiss). Maximal 

projections were generated by combining all images of the Z-stack into one image. Orthogonal 

projections were generated using the “orthogonal projection” function.   
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2.4.3 Flow Cytometry analysis of ADSC 

ADSC were allowed to grow to 90 % confluency and were separated from cell culture plastic 

as described in section 2.3.2. After resuspension the ADSCs were counted and a total of 10x106 cells 

were removed and centrifuged at 600 xg for 5 minutes. Cells were washed twice in 1 % (w/v) BSA in 

PBS then resuspended in 1 μl of flow cytometry buffer solution (FCBS; Thermo Fisher Scientific) and 

left in an incubator at 37 °C for 30 minutes. FCBS is a solution containing various salts and is used 

dilute antibodies and preserve them at the correct pH. Following this, cells were washed twice in 

FCBS and resuspended in a solution of 20 % (v/v) human Fc receptor binding inhibitor (Thermo 

Fisher Scientific), 80 % (v/v) FCBS and incubated in a 4 °C fridge for 20 minutes to prevent non-

specific binding of antibody Fc regions. Afterwards, cells were pelleted by centrifugation at 600 xg, 

resuspended in FCBS and aliquoted into Eppendorfs with 5x105 ADSC per sample. 

Fluorescent flow cytometry antibodies were then added to ADSCs in various combinations 

described in table 2.17. Antibody solutions were made up by diluting antibodies 1:20 in FCBS. These 

antibody solutions were then added to ADSC solutions at a 1:1 ratio and were incubated in the dark. 

The isotype control used was an antibody to mouse IgG1 K (Thermo Fisher Scientific). Cells were 

pelleted a final time at 600 xg and then fixed by adding 0.5 ml of 4 % PFA. Flow cytometry samples 

could be stored in this manner for a week in a 4°C fridge. Samples were then analysed on a LSRll 

Flow Cytometer using compensation beads and fluorescence minus one (FMO) controls to set 

voltage gates. Data was then analysed using Flowing Software (Turku Bioscience Centre, Turku, 

Finland). 
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Table 2.17. Antibody combinations used in flow cytometry analysis. FVD is a fixable viability dye (Thermo Fischer 
Scientific)   

Sample Antibody (μL) 
FCBS volume 
(μL) 

 CD31 CD34 CD45 CD73 CD105 CD90 CD146  
ADSC sample (with FVD) 5 5 5 5 5 5 5 15 

ADSC sample (without FVD) 5 5 5 5 5 5 5 15 

Isotype control Isotype control Mouse IgG1 K 45 

Fluorescence minus one (FMO) control CD31  x 5 5 5 5 5 5 45 

FMO control CD 34 5 x 5 5 5 5 5 45 

FMO control CD 45 5 5 x 5 5 5 5 45 

FMO control   CD 73 5 5 5 x 5 5 5 45 

FMO control CD 105 5 5 5 5 x 5 5 45 

FMO control CD 90 5 5 5 5 5 x 5 45 

FMO control CD146 5 5 5 5 5 5 x 45 
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 2.4.4 Extraction and quantification of fibroblast mRNA 

2.4.4.1 RNA extraction 

Cells were seeded in 6-well plates at a density of 35,000 cells per well in 10 % D-MEM. After 

24 hours, 10 % D-MEM was removed and replaced with serum free MesenPro for 24 hours to 

remove FCS from the fibroblasts. Serum free medium was then removed and replaced with serum 

free MesenPro containing 5 ng/ml of recombinant TGF-β1 and incubated for 72 hours. This medium 

was then removed, and fibroblasts were washed with PBS. 

 RNA was then extracted from the fibroblasts seeded in each well using the RNeasy® Plus 

Mini kit, (Qiagen) as per the manufacturer’s instructions. Fibroblasts were lysed one well at a time by 

the addition of 350 μl of lysis buffer containing 10 μl/ml β-mercaptoethanol (Merck) and scraping 

with an 18 cm flexible cell scraper (Thermo Fisher). The lysate was transferred to a gDNA elimination 

spin column. The lysate was stored on ice until all lysate samples had been collected. Following this 

all columns were centrifuged at 8,000 xg for 30 seconds in a Hawk 15/05 centrifuge. An equal 

volume of 70 % ethanol was then added to the flow-through. This solution was then transferred to a 

RNeasy spin column where the RNA bound to the column mesh via ionic interaction. The solution 

was then centrifuged at 8,000 xg for 30 seconds to remove the ethanol. Columns were washed with 

buffers RW1 and RPE (each followed by 30 seconds centrifugation at 8,000 xg). To elute the RNA 

from the column, 50 μl of RNase free water was added to the spin column and centrifuged at 13,000 

xg for one minute. The filtrate from the previous step was then re-added to the spin column and 

centrifugation repeated to maximise the concentration of extracted RNA from the column. A 

Nanodrop 1000 (Thermo Fisher Scientific) was used to quantify RNA and the ratio of absorbance at 

260 nm to absorbance at 280 nm was used to estimate the purity of extracted RNA. Samples with a 

260:280 ratio of approximately 2 and an absorbance profile with a single peak were deemed pure. 

2.4.4.2 Generation of cDNA 

Transformation of mRNA to cDNA was carried out using a High Capacity RT PCR kit (Thermo 

Fisher Scientific). Reverse transcriptase reagent mixture was made as per manufacturer's 

instructions (see table 2.5) and 10 μl of this mixture was added to an equal volume of 10 ng/μl RNA. 

Reverse transcription was carried out on the RNA-reagent mixture in a Thermal Cycler Prime 

(Techne, Staffordshire, UK) using the protocol in table 2.18. For each cDNA sample generated, a 

duplicate mixture was made, and a reverse transcription reaction carried out without the addition of 

the reverse transcription enzyme. This sample acted as a control to ensure there was no genomic 

DNA contamination in the sample. 
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Table 2.18. Protocol used for reverse transcription PCR. 

2.4.4.3 Quantification of cDNA 

 SYBR green quantitative polymerase chain reaction on the cDNA generated from the 

reverse transcription was then used to quantify gene expression of myofibroblast markers (α-SMA, 

COL1A1, FN1-EDA splice variant). Reagent mixtures were made containing RNase free water, x2 

SYBR green Lo Rox mix, and forward and reverse primers for each myofibroblast marker (table 2.6). 

The nucleotide sequence for the forward and reverse primers for the cDNA targets can be found in 

table 2.7. Primers were diluted in RNase free water to 10 μM for use. To the different mixtures, 5 ng 

of cDNA was added and a qPCR reaction was carried out using a Rotor Gene Q qPCR machine, 

measuring fluorescence at 520 nm after excitation at 480 nm during each cycle (table 2.19). The 

cycle at which 0.04 fluorescence units was reached was recorded to generate a Ct value which 

related back to the abundance of cDNA before amplification. Using the recorded Ct values, the 2-ΔΔCT 

method was used to calculate the relative gene expression of genes characteristic of a myofibroblast 

phenotype compared to the house keeping gene RNU6-1 (Livak & Schmittgen, 2001; equation 2.4). A 

melt step was added following the final extension stage and reviewed visually. A single fluorescent 

peak demonstrated there was only one amplification product in each reaction. 

2−∆∆𝐶𝐶𝐶𝐶 = 2−(∆𝐶𝐶𝑡𝑡(𝑡𝑡𝑒𝑒𝑒𝑒𝑡𝑡)−∆𝐶𝐶𝑡𝑡(𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐)) 

∆𝐶𝐶𝐶𝐶 =  ∆𝐶𝐶𝐶𝐶 (𝐶𝐶𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐶𝐶) −  ∆𝐶𝐶𝐶𝐶 (𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟𝑡𝑡 𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡∶ 𝑅𝑅𝑅𝑅𝑅𝑅6−1) 

Equation 2.4. 2^-(ΔΔ Ct) calculation. Equation used to calculate relative gene expression using CT values from qPCR. 

Step Temperature (°C) Time (minutes) 
Denaturation 25 10 
Annealing 37 120 
Extension 85 5  
Hold 4 ∞ 
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 Table 2.19. Protocol used for SYBR green qPCR.  

Step Temperature (°C) Time 
Initial denaturation 95 10 minutes  
Denaturation 95 10 seconds  Repeat 

x40 Annealing 60  15 seconds  
Extension 75  20 seconds (fluorescence values acquired at 

this step) 
Melt Increase from 75 to 

95 
90 second wait to begin, 5 second wait 
between each 1 °C increase in temperature 

Hold 4 ∞ 
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2.4.5 Protein analysis of α-SMA  

2.4.5.1 Extraction and quantification of fibroblast protein via western blotting 

 HDF were seeded in 6 well plates (Starlab, Hamburg, Germany) at 35,000 cells per well in 10 

% D-MEM. After 24 hours, 10 % D-MEM was removed and replaced with serum free MesenPRO for 

24 hours to remove FCS from the fibroblasts. Serum free media was then removed and replaced 

with serum free MesenPRO containing 5 ng/ml of recombinant TGF-β1 and incubated for 72 hours. 

This medium was then removed, and fibroblasts were washed by adding and then removing PBS to 

each well with an electronic pipette. A micropipette was then used to remove any small, remaining 

volumes of fluid in the wells. 

Fibroblasts were lysed one well at a time by the addition of 200 μl of protein lysis buffer (see 

table 2.8) to wells. The base of the each well was scraped in a circular manner for 30 seconds with an 

18 cm cell scraper to aide lysis. The lysate was collected with a micropipette and stored in an 

Eppendorf on ice for 30 minutes. Following this incubation period, the lysate was centrifuged at 

10,000 xg in a Hawk 15/05 centrifuge for 10 minutes at 4 oC. The protein solution was extracted, 

taking care not to disturb the pellet of cell debris that had formed during centrifugation, and placed 

in a fresh Eppendorf and stored at -20 °C.  

2.4.5.2 Protein quantification 

Total protein concentration of lysates was quantified using a PierceTM BCA assay (Thermo 

Fisher), as per the manufacturer’s instructions. In a 96 well plate (Greiner BioOne, KremsmÜnsten, 

Germany) 25 μl of protein sample was added to 200 μl of a 50:1 mixture of working reagent (50 

units reagent A: 1 unit reagent B). The well plate was covered with ParafilmTM (Thermo Fisher 

Scientific) and left to incubate at 37 °C for 30 minutes. Following this, absorbance was measured at 

562 nm on an Infinite M200 photospectrometer. Unknown protein concentrations were quantified 

by comparing to a standard curve generated by making solutions of a known protein concentration 

using BSA as the protein and RIPA buffer as the diluent (see table 2.20 and figure 2.7). Once a 

standard curve was generated, the gradient of the trendline was then used in the equation 2.5. A 

fresh standard curve was generated every time a BCA assay was carried out.  
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Table 2.20. Protein volumes used in standard curve generation. 

𝑌𝑌 = 𝑛𝑛𝑚𝑚 

𝑌𝑌 = 1145.8 𝑚𝑚 1.746 

𝑌𝑌 = 2000  𝜇𝜇𝜇𝜇/𝑛𝑛𝐵𝐵 

Y = Protein concentration (μg/ml)  m = gradient of trendline  x = Absorbance at 562 nm 

Equation 2.5. Equation used to calculate protein concentration using a BCA standard curve. 

Vial Volume of Diluent (µL) Volume of Protein (μl) Final BSA Concentration (µg/mL) 
A 0 300 (From BSA stock) 2000 
B 125 375 (Stock) 1500 
C 325 325 (Stock) 1000 
D 175 175 (From vial B) 750 
E 325 325 (From vial C) 500 
F 325 325 (From vial E) 250 
G 325 325 (From vial F) 125 
H 400 100 (From vial G) 25 
I (Blank) 400 0 0 

Figure 2.7. Example of BCA standard curve. Example of a standard curve generated by measuring absorbance of 
protein samples made up at the concentrations in table 2.18. Error bars = standard error. 
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2.4.5.3 Gel electrophoresis 

Following quantification, gel electrophoresis was carried out on protein lysate. Protein lysate 

was diluted in molecular grade water to the concentration of the lowest sample in each biological 

repeat to ensure an equal volume of protein would be added to each well of the gel. This protein 

mixture then had 5 μl of 5X Protein Loading Buffer (Thermo Fisher) added and was heated at 95 °C 

on a hot block (Thermo Fisher Scientific) for 3 minutes. This mixture was then added to wells of a 

pre-cast 4-20 % Mini-PROTEAN TGX polyacrylamide gels (Bio-Rad, Watford, UK). On average, 5-20 μg 

of protein lysate was added to wells. A Primestep prestained broad range protein ladder (BioLegend, 

London, UK) was added in one well of each gel (3 μl) so as to measure the size of any protein bands 

detected at later stages. Sodium dodecyl sulphate (SDS) solution (1 % v/v, in deionised water; VWR 

chemicals) was added to a gel tank with the acrylamide gel. Recycled SDS solution was used to fill 

the tank however, the solution between the gel cassette was always freshly made using deionised 

water as a diluent (figure 2.8A). An electric current set at 200 V was passed through the gel cassette 

for roughly 30 minutes, pulling the protein down the gel. This was halted when the loading dye had 

reached the bottom of the gel. 

After electrophoresis, the protein inside the gel was transferred over to a nitrocellulose 

membrane. The gel was placed in between a 0.2 μm thickness nitrocellulose membrane and filter 

paper (both Bio-Rad) as in figure 2.8B. Both the membrane and paper were pre-wet with semi-dry 

transfer buffer (see table 2.10). The transfer stack was then placed in a Trans Blot Turbo and a 20 V, 

2 A current run through the stack for 20 minutes. This current pulled the negatively charged protein 

out of the gel and onto the membrane, which bound the protein due to hydrophobic interactions 

between the membrane and protein.  
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Figure 2.8. Western blotting equipment. (A) Gel electrophoresis tank used for western blotting. (B) The gel cassette would 
be filled with fresh 1 % SDS. (C) Schematic of how protein blots were transferred from an acrylamide gel to a nitrocellulose 
membrane.  

A 

Gel cassette 

Fresh 1 %  SDS 

Recycled 1 % SDS 

B 

C 
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2.4.5.4 Membrane staining 

All membrane incubation steps were carried out in a sealed plastic tub either for one hour at 

room temperature on a SSL 4 see-saw rocker (SLS Scientific) or at 4 °C overnight in a fridge (BioCold, 

Polbeth, UK) on a SSL 4 see-saw rocker. Membranes were washed by the addition of 0.1 % TBS-

tween 20; table 2.9) and 10 minutes of room temperature incubation. This wash buffer was then 

removed, and the wash step repeated another two times. 

Freshly transferred membranes were first blocked by adding 5 % (w/v) dry milk powder or 5 

% (w/v) BSA (depending on the buffer solution suggested by the antibodies manufacturers), both in 

0.1 % (v/v) TBS, and washed. Following blocking, primary antibodies were applied to the blot and 

incubated for one hour or overnight. Following 3 washes in 0.1 % TBS-tween 20 for 10 minutes each, 

a secondary antibody conjugated to HRP was applied, the blot was incubated and washed. To 

quantify the amount of protein bound to the membrane, chemiluminescence solution (a 1:1 solution 

of Clarity Western Peroxide Reagent and Clarity Western Luminol/Enhancer Reagent (both Bio-Rad)), 

was added to the blot for 5 minutes and then removed. The membrane was then imaged on a C-Digit 

scanner (Li-Cor Biosciences, Cambridge, UK) for 12 minutes at a high sensitivity setting. Following 

imaging, the membrane was washed and the bound antibodies removed by 30 minutes of 

incubation with Western Blot Stripping Buffer (Abcam) that had been pre-warmed to 37 °C. 

Following antibody stripping, the membrane would be washed and blocked as before and could be 

re-probed with alternate antibodies.  

2.4.5.5 Protein densitometry 

Protein abundance was measured in a semi-quantitative manner via densitometry using the 

image software, Fiji (figure 2.9). Using the “rectangle” tool, equal areas across the same horizontal 

plane were selected around each lane of the image of the nitrocellulose membrane. Using the “plot 

lanes” feature in the “analyse” tool section of the program, histograms showing the relative density 

of the previously selected areas were generated. The area of the histogram represented the density 

of the band selected and the amount of protein present on the membrane. To subtract the 

background signal of the western blot, a line was drawn underneath the peak of each histogram and 

using the “wand” tool the area of each protein band was measured and normalised to the area of 

the corresponding loading control. 
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Figure 2.9. Western blot densitometry. (A) Example western blot stain for α-SMA. (B) Protein bands selected using the 
rectangle tool in Fiji. (C) Histogram generated by Fiji to visualise the density of a protein band. (D) The background signal 
was removed from density calculations.  
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2.4.5.6. Immunofluorescent imaging of myofibroblast protein 

Microscope coverslips (19 mm; Thermo Fisher) were placed in wells of a 12 well-plate 

(Sarstedt) and sterilised in 1 ml of 100 % methanol for 15 minutes. Subsequently, these wells were 

washed three times in 1 ml of PBS. HDF were then seeded in these wells at 10,000 cells per well in 

10 % D-MEM. After 24 hours, 10 % D-MEM was removed and replaced with serum free MesenPro 

for 24 hours to remove FCS from the fibroblasts. Serum free medium was then removed and 

replaced with serum free MesenPro containing 5 ng/ml of recombinant TGF-β1 and incubated for 72 

hours. Following incubation, medium was removed, and the fibroblasts were fixed in 500 μl of 100 % 

methanol for 15 minutes. Cells were washed three times by adding and removing 1 ml of PBS to 

each well. After this, fibroblasts were permeabilized in 1 % v/v Triton X (Thermo Fisher) in PBS for 15 

minutes and washed three times in PBS. The cells were then blocked for one hour in 2.5 % (w/v) BSA 

in PBS on a SLS 4 see-saw rocker, oscillating at 30 rpm for one hour at room temperature and were 

washed three times in PBS. Fibroblasts were then stained in one of two ways, depending on whether 

cells were being stained for α-SMA only or α-SMA and Ki-67. 

α-SMA only 

Fibroblasts were stained for one hour by adding anti-⍺-SMA-fluorescein isothiocyanate (FITC) 

conjugated antibody and DAPI stain both in 1.0 % BSA in PBS (table 2.13). Cells were incubated in 

this solution for one hour at room temperature on a rocker, oscillating at 30 rpm. Following 

incubation, this solution was removed, and wells were washed three times with PBS. Microscope 

coverslips were then removed from the well plate. The coverslip was then slowly placed cell side 

down onto a drop of DPX mountant (Thermo Fisher Scientific) on a microscope slide. Slides were 

imaged in a dark room on an 1x73 Inverted Olympus fluorescent microscope with a Retiga 6000 

camera. Using a 69002 - ET - DAPI/FITC/Texas red filter to image coverslips. The filters allowed only 

light of specific wavelengths to reach the sample. These wavelengths were 405 nm (DAPI), 488 nm 

(FITC). 

α-SMA and Ki-67 

Fibroblasts were stained for one hour by adding Ki-67 and α-SMA antibodies in 1 % w/v BSA 

(table 2.13) and incubated at room temperature on a rocker. Following this, the antibodies were 

aspirated from the wells and secondary AlexaFluor® antibodies and DAPI were added in 1 % w/v BSA 

and incubated in wells for 1 hour at room temperature on a rocker while covered. Following 

incubation, this solution was removed, and wells were washed three times in PBS. Microscope 

coverslips were then removed from the well plate. The coverslip was then slowly placed cell side 

down onto a drop of DPX mountant on a microscope slide. Slides were imaged in a dark room on 
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using an upright LSM510 Meta Confocal microscope using the HeNe1 (543 nm), HeNe2 (633 nm), 

and Argon (458 nm) lasers to image coverslips. 

In both instances, images were taken at x10 magnification as separate image files for each 

filter and later combined and analysed. Three images were taken for each microscope slide and a 

suitable image location was chosen by looking at slides with the DAPI filter so as to only see cell 

nuclei and not allow the presence of α-SMA to influence the choice of image location. 

Cells were counted on ImageJ by their nuclei and the number of cells producing ⍺-SMA was 

recorded (figure 2.10). Brightness was increased on images to aide visibility, this change was applied 

uniformly on all images in each respective set on ImageJ. 
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Figure 2.10. Example of image analysis. (A) All blue nuclei were counted in a field of view. If nuclei lay on the left or 
bottom edge they would be excluded from counting (see red lines and circles), if they lay on the right or top edge they 
would be counted (green line). (B) Nuclei laying on green α-SMA fibres would be counted to determine cells producing 
α-SMA. 

A 
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2.4.6 Methods for examining the components of adipose tissue 

2.4.6.1 Cytokine array 

Adipose tissue conditioned medium was probed for a wide variety of different cytokines and 

growth factors using a Ray Bio® C-Series Human Cytokine Antibody Array (C5) (RayBiotech, 

Peterborough, UK). The array comprised 88 different antibodies (table 2.19) with binding sites to 

different cytokines collected in small circles across the blot. When conditioned medium or serum 

etc. are added, then proteins found in the solution will bind to the corresponding antibody if it is 

present on the membrane (figure 2.11). The amount of cytokine present can then be analysed using 

densitometry. Different samples of minced adipose tissue, lipoaspirate, emulsified fat, 

lipocondensate, ADSC, and lipid conditioned medium were selected for testing. Medium collected 

from three different patients’ adipose tissue was used for each condition to limit the effect patient 

variation had upon results. A PierceTM BCA assay was carried out as per the manufacturer’s 

instructions to quantify total protein volume by generating a standard curve as in figure 2.7. The only 

difference to the procedure carried out in section 2.4.5.2 was that diluted serum free MesenPRO 

was used as the diluent. Serum free MesenPRO was diluted by a factor of 5 in deionised water as the 

phenol red contained in the MesenPRO RSTM basal medium interfered with absorbance readings at 

562 nm. To ensure an equal volume of protein from each conditioned medium sample was added to 

the cytokine array, all different conditioned media were diluted in deionised water to the 

concentration of the lowest protein concentration sample. Different samples of the same 

formulation type of conditioned medium were then pooled together equally to make a 1 ml final 

mixture (333 μl of each patient sample). The samples were then run on the cytokine array. 

All reagents in the C-Series Human Cytokine Antibody Array (C5) were made up as per the 

manufacturer’s instructions and all incubation steps were carried out on an SSL 4 see-saw rocker 

oscillating at 30 rpm. Blocking buffer (2 ml) was added to each well to block binding sites present on 

the membrane to limit non-specific binding and incubated at room temperature for 30 minutes. This 

buffer was removed and the 1 ml solutions of conditioned media from minced adipose tissue, 

lipoaspirate, emulsified fat, lipocondensate, ADSC, and lipid were added to one blot each. Serum 

free MesenPRO was added to the final blot to act as a negative control. Once conditioned medium 

was added, the plate was incubated overnight at 4 °C. 

Following this incubation, the conditioned medium was removed, and the membranes were 

washed three times by adding 2 ml of Wash Buffer I, incubating for 5 minutes at room temperature 

and then removing the buffer. This wash step was then repeated with Wash Buffer ll. After washing 

the membrane, 1 ml of biotinylated antibody cocktail was added to the membranes and left 
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overnight at 4 °C. This biotinylated antibody cocktail contains antibodies for the 88 cytokines tested 

by this membrane with biotin molecules attached, these antibodies bind to any cytokine that has 

been bound to the membrane (figure 2.11). After incubation, the membranes are washed again with 

Wash Buffer l and ll before 2 ml of streptavidin conjugated to horseradish peroxidase was added and 

incubated on the membrane overnight at 4 °C. Streptavidin will bind to any biotin bound to the 

membrane and the conjugated horseradish peroxidase will luminesce when a chemiluminescent 

mixture is added to the membrane. The Streptavidin was removed, and the membranes washed a 

final time with wash buffer I and II following which, chemiluminescence detection mixture was 

applied to membranes for 2 minutes before the membranes were imaged at a high sensitivity setting 

on a C-Digit Scanner.  

2.4.6.2 Array densitometry  

Membrane images were analysed using the imaging software “Fiji” (figure 2.12). Using the 

“rectangle” tool, equal areas across the same horizontal plane were selected around each column of 

the image of the nitrocellulose membrane. Using the “plot lanes” feature in the “analyse” tool, 

histograms showing the relative density of the previously selected areas were generated. The area of 

the histogram represents the density of the band selected and the amount of protein present on the 

membrane. To subtract the background signal of the membrane a line was drawn underneath the 

peak of each histogram and using the “wand” tool the area of each protein circle was measured and 

equated to signal intensity. 

The relative amount of cytokine present in conditioned medium was then calculated using 

the following equation and comparing to positive controls found on the membrane and serum free 

MesenPRO treated membranes.  

𝑅𝑅𝑟𝑟𝐵𝐵𝑟𝑟𝑎𝑎𝑃𝑃𝑣𝑣𝑟𝑟 𝑜𝑜𝐴𝐴𝐵𝐵𝑓𝑓 𝑟𝑟𝑚𝑚𝑠𝑠𝑟𝑟𝑟𝑟𝐴𝐴𝐴𝐴𝑃𝑃𝐴𝐴𝑟𝑟 𝐴𝐴𝑜𝑜 𝑟𝑟𝑙𝑙𝑎𝑎𝐴𝐴𝐵𝐵𝑃𝑃𝑟𝑟𝑟𝑟 𝑋𝑋 𝐴𝐴𝑟𝑟 𝑛𝑛𝑟𝑟𝑛𝑛𝐴𝐴𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑌𝑌 =  
𝐼𝐼𝑟𝑟𝑎𝑎.  𝑚𝑚 ( 𝑃𝑃𝑚𝑚𝑙𝑙

𝑃𝑃𝑟𝑟𝐴𝐴𝑟𝑟𝑎𝑎 . )
𝐼𝐼𝑟𝑟𝑎𝑎. 𝑟𝑟𝐴𝐴𝑟𝑟𝑎𝑎

 

X = cytokine of choice 
Y = membrane of choice 
Int. = Pixel intensity of cytokine X on a membrane Y 
Pxy = Average intensity of positive control spots on membrane Y 
Pcont. = Average intensity of positive control spots on negative control membrane (serum free MesenPRO) 
Int. cont. = Pixel intensity of cytokine X on negative control membrane 
Equation 2.6. Densitometry calculation for a Ray BioTek cytokine array. 
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Figure 2.11. Schematic of cytokine array procedure. The cytokine array membrane contains a wide variety of different 
antibodies with binding sites for cytokines, if these are present in the medium added to the membrane they will bind and 
can be quantified by HRP densitometry.  
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Figure 2.12. Densitometry analysis of cytokine array. (A) Example of the image produced using a C-Digit Scanner of a 
luminescent membrane and examples of the signal from select cytokines. (B) The rectangle tool was used to measure the 
pixel density of one column at a time, producing 8 peaks at once. (C) The background signal from the blot was subtracted 
from each peak to calculate relative density. 

 

2.4.6.3 HGF ELISA 

To quantify the specific concentration of hepatocyte growth factor found in conditioned 

media samples, an enzyme-linked immunosorbent assay (ELISA) was carried out. An ELISA works in a 

similar method to the cytokine array outlined above however it only contains antibodies for a 

specific, single protein, in this case HGF (figure 2.13).  

Four different patient samples for each type of adipose tissue conditioned medium (minced 

adipose tissue, lipoaspirate, emulsified fat, lipocondensate, ADSC, and lipid conditioned medium) 

were analysed for HGF concentration via an ELISA. Where possible, samples that were tested using 

the cytokine array were also tested using the ELISA. The protein concentration of each different 

sample was quantified using a PierceTM BCA assay as per the manufacturer’s instructions to quantify 

total protein concentration by generating a standard curve as in figure 2.7. The only difference 

compared to section 2.4.5.2 was that diluted serum free MesenPRO was used as the diluent. Serum 
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free MesenPRO was diluted by a factor of 5 in deionised water as the phenol red contained in the 

MesenPRO RSTM basal medium interfered with absorbance readings at 562 nm. 

Conditioned medium samples were then diluted with deionised water to a protein 

concentration of 25 μg/ml to match the concentration of the lowest protein sample. Conditioned 

medium (100 μl) was added to wells of a human HGF ELISA kit (Merck) and incubated overnight at 4 

°C on a SLS 4 orbital rocker at 30 rpm. All reagents used in the ELISA were made up as per the 

manufacturer’s instructions and all incubation steps were carried out on a rocker at 30 rpm. Wash 

steps were carried out by adding and then removing 1x Wash Buffer provided with the ELISA kit after 

5 minutes on a rocker at 30 rpm.  

 The conditioned medium was removed following incubation and wells were washed with 

Wash Buffer after which, 100 μl of Detection Antibody was added to each well and incubated in the 

dark for 1 hour at room temperature. After incubation, wells were washed and 100 μl of streptavidin 

solution was added and incubated for 45 minutes in the dark at room temperature before the wells 

were washed again and 100 μl of TMB one-step substrate reagent was added. Wells were incubated 

in this solution for 30 minutes at room temperature in the dark before this was removed, wells were 

washed, and Stop Solution was added to halt the luminescence reaction. The absorbance of wells at 

450 nm was then measured on a ELX800 photospectrometer (Agilent, Stockport, UK). 

 2.4.6.4 ELISA analysis 

 Alongside the conditioned medium samples, a standard curve was generated by diluting 

recombinant HGF provided with the ELISA kit to a known concentration and measuring the 

absorbance (as described in table 2.19). These absorbance values were plotted on GraphPad Prism 9 

and using the “interpolate standard curve” and selecting “hyperbola” to generate a standard curve 

(figure 2.13). Absorbance values from conditioned medium samples were then compared to the 

standard curve by the GraphPad software and the concentration of HGF was calculated.  
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 Table 2.22. HGF volumes used in standard curve generation.   

Sample Volume of Diluent (μl) Volume of 2000 pg/μl HGF (μl) Final concentration (pg/μl) 
A 0 100 2000 
B 66.6 33.4 666.7 
C 88.9 11.1 222.2 
D 96.3 3.7 74.07 
E 98.77 1.23 24.7 
F 99.59 0.41 8.23 
G 99.86 0.14 2.74 
H 100 0 0 
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Figure 2.13. ELISA schematic. (A) Diagram of ELISA methodology. (B) Standard curve generated from HGF 
standards supplied with ELISA. 
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2.4.7 Assessing cellular metabolic activity 

As a method of testing the cytotoxicity of a solution, a resazurin assay would be carried out 

on cells to examine the cell’s metabolic activity following exposure to a given solution, a decrease in 

metabolic activity was an indicator of cytotoxicity. 

HDF were seeded in a 12-well plate at 10,000 cells per well. Cells were seeded in 10 % D-

MEM. After 24 hours, medium was removed and replaced with serum free media for 24 hours to 

starve the cells of serum. After 24 hours, serum free media was removed, wells washed with 1 ml of 

PBS, and 1 ml of filter sterilised 0.1 mM resazurin dye in serum free MesenPRO was added to wells. 

HDF in resazurin were then incubated in a 37 °C, 5 % CO2 humidified incubator for 4 hours. 

Subsequently, 50 μl of this solution was removed and added to a 96-well plate. Fluorescence was 

measured at 570 nm/590 nm on an ELx800 photospectrometer and normalised to readings from 50 

μl of 0.1 mM resazurin (equation 2.3). 

2.5 Statistics 

All statistical analysis was carried out on GraphPad Prism 7 software. This software was also 

used to assess whether data was normally distributed. Statistical significance was defined as P ≤ 

0.05. Errors bars represented standard deviation unless otherwise stated. Experiments were carried 

out at least in triplicate where possible. N was used to represent biological repeats where an 

experiment was carried out on different occasions using different samples. n was used to represent 

technical repeats where data was collected multiple times from the same biological sample and 

averaged to generate a mean of the technical repeats. 

Given that most of the data presented in this thesis was comparing the values between 

different formulations of adipose tissue-derived conditioned medium, an ordinary one-way analysis 

of variance (ANOVA) was carried out to test significance between the different conditions. A Brown-

Forsythe test, built into the ANOVA, was used to confirm data was standardly distributed and 

Tukey’s multiple comparisons test was used to assess significance by pairwise mean comparison. 

These tests were used unless otherwise stated in the figure legends.  

In graphs legends terms are used to represent cell culture medium conditioned with 

different formulations of adipose tissue were used. “Minced” represented minced adipose tissue 

conditioned, “lipoaspirate” represented lipoaspirate tissue conditioned, “emulsified” represented 

emulsified fat conditioned medium, “lipocondensate represented lipocondensate conditioned 
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medium, “ADSC” represented ADSC conditioned medium and “lipid” represented lipid conditioned 

medium.  
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Chapter 3: Characterisation of adipose tissue 

formulations  
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3.1 Introduction and aims 

Subcutaneous injections of adipose tissue have been demonstrated to have an anti-fibrotic 

effect in skin and the ability to regenerate hypertrophic scars (Benjamin et al., 2015; Bruno et al., 

2013). These autologous fat grafts have been shown to be effective at regenerating skin damaged 

from radiation (Rigotti et al., 2007), burning (Klinger et al., 2008), and surgery (Caviggioli et al., 

2011). Rigotti et al. (2007) were the first to demonstrate that autologous fat grafts could regenerate 

scar tissue. The group injected lipoaspirate under scars caused by repeated radiotherapy and 

observed an improvement in scar symptoms in 12 of the 13 patients. Klinger et al. (2008) followed 

this up with case studies on three patients with historic burns (between 2 and 13 years from initial 

injury) and found that following fat grafting the appearance, thickness, and elasticity of the scars 

were improved. Autologous fat grafting was also found to reduce the pain felt in patients following 

mastectomy (Caviggioli et al., 2011).  

While adipocytes make up roughly 90 % of the total volume of adipose tissue, a collection of 

stromal cells termed the “stromal vascular fraction” (SVF) make up the majority of the cellular 

population of adipose tissue (Cohen & Spiegelman, 2016). The SVF is composed of a wide variety of 

cell types such as endothelial cells, pericytes, fibroblasts and immune cells such as macrophages and 

leukocytes (Bourin et al., 2013). Another large population of cells in the SVF are adipose derived 

stromal cells (ADSC). ADSCs were first observed in 2001 by Zuk et al. (2001) and are mesenchymal 

stromal cells that can differentiate into a variety of cells such as endothelial cells (Cao et al., 2005), 

adipocytes, and osteoblasts (Gimble & Guilak, 2003). These cells also secrete growth factors such as 

vascular endothelial growth factor (VEGF) that increase vascularisation (Rehman et al., 2004). The 

first papers investigating autologous fat grafting underneath scars suggested that the SVF was 

responsible for the regenerative properties observed with adipose tissue grafting techniques. Rigotti 

et al. (2007) found, by using ultrasound imaging, that neovascularisation at the wound site was 

increased following grafting. This was later confirmed by Klinger et al. (2008). Both papers suggested 

that cells in the SVF might be responsible. As a result, a major focus has been to identify methods to 

remove the other components of adipose tissue and thus concentrate the cells in the SVF 

(Alexander, 2016; Chen et al., 2020; lo Furno et al., 2017; Mashiko et al., 2017; Qiu et al., 2021; Sesé 

et al., 2019, 2020; Tonnard et al., 2013; Yao et al., 2017). 

While the SVF can be isolated enzymatically, this product is difficult to use clinically. 

Regulatory bodies, such as the Food and Drug Administration (FDA), regard enzymatic treatment of 

adipose tissue as more than “minimal manipulation” (U.S. Department of Health and Human 

Services Food and Drug Administration et al., 2020, page 14) and thus these cells cannot be 
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transplanted into humans without additional approval. To address this issue, methods of isolating 

SVF cells mechanically have been investigated. One of the most well-known methods of 

emulsification is Nanofat, introduced by Tonnard et al. (2013). By passing lipoaspirate between two 

syringes, the adipose tissue has shear force applied to it and is broken down. The adipocytes in the 

adipose tissue are lysed and this forms a paste that is more easily injected using small gauge needles 

into areas such as the face. In addition to this, the SVF can be isolated mechanically by taking the 

fragmented adipose tissue used to make Nanofat and centrifuging it. This removes any lipid, liquid 

and cell debris, leaving mostly SVF cells (Sesé et al., 2020; Yao et al., 2017). These mixtures are 

termed ‘SVF-gels’ in the literature. 

My research was focussed on the effect adipose tissue has on fibroblast to myofibroblast 

differentiation. One of the aims of my project was to test the effect of clinically relevant 

formulations of adipose tissue on myofibroblast differentiation. Another of the aims was to identify 

which components of adipose tissue are responsible for any effect observed on myofibroblast 

differentiation. To this end, it was chosen to investigate the effects of five different formulations of 

adipose tissue on myofibroblast differentiation. These formulations were termed minced adipose 

tissue, lipoaspirate, emulsified fat, lipocondensate, and ADSCs (figure 3.1). These formulations are 

already in clinical use by surgeons (Bhooshan et al., 2018; Klinger et al., 2008; Mashiko et al., 2017; 

Yoshimura et al., 2008) and their influence on myofibroblast differentiation are discussed in chapters 

4 and 5.  

While discussed in more detail in section 3.3.1, minced adipose tissue often had to be used 

as a substitute for lipoaspirate. It was considered minced adipose tissue and lipoaspirate were 

comparable because they both contain all the components of adipose tissue (Eto et al., 2009). The 

only difference is that lipoaspirate has been broken apart during its surgical extraction and is in a 

liquid form, while minced adipose remains as a solid. Emulsified fat is similar to Nanofat described in 

Tonnard et al. (2013), with the macro structure of the adipose tissue fragmented and the adipocytes 

lysed. Lipocondensate is a formulation similar to other SVF-gels such as that described by technique 

used in Yang et al. (2021) and Yao et al. (2017). Processing to this formulation was expected to 

remove every component of the adipose tissue other than the SVF cells and extracellular matrix 

(ECM). Processing should also have had the effect of “concentrating” the SVF, as 10 ml of 

lipocondensate should contain more SVF cells than 10 ml of adipose tissue. Finally, enzymatic 

isolation of ADSCs removed nearly all other SVF cells.  Each formulation was chosen because the 

processing steps between each formulation should remove at least one component of the adipose 

tissue (figure 3.2). This meant that the components responsible for any anti-fibrotic effects observed 

could be identified via a process of elimination. For example, if only ADSCs had any effect on 
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myofibroblast differentiation but no other formulation did, then it can be determined that ADSCs are 

the responsible component. Likewise, if an effect was seen in minced adipose tissue, lipoaspirate, 

emulsified fat, and lipocondensate but not ADSCs, then it was likely that cells from the SVF other 

than ADSCs were responsible for any effect observed on myofibroblast differentiation.  

Before this was tested in later chapters however, characterisation of the adipose tissue 

formulations was carried out. The aim of this chapter was to characterise the clinical formulations 

used throughout the research for this thesis. This was achieved by:  

-Optimising the processing techniques used to generate these formulations. 

-Identifying the cellular populations contained within each formulation. 

-Understanding how processing affects metabolic activity, lysis, and cell concentration 

within each formulation. 

 
Figure 3.1 Formulations of adipose tissue. Outlined above are the formulations of adipose tissue used throughout this 
thesis and the components found within.   
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Figure 3.2. Composition of adipose tissue formulations. Schematic showing how adipose tissue is processed into different 
formulations and the components contained within. Fat is extracted as either minced adipose tissue or lipoaspirate 
containing all the components of adipose tissue. ADSCs are isolated via collagenase from this adipose tissue. Emulsified fat 
is generated, lysing adipocytes. This formulation is then filtered and centrifuged, and the lipid and lysed cells are removed, 
leaving the SVF and ECM.  
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3.2 Results 

3.2.1 The appearance and form of adipose tissue formulations  

 Adipose tissue used in this research was obtained from the clinic, with informed consent, 

either as whole adipose tissue or lipoaspirate. Whole adipose tissue (figure 3.3A) had an orange 

appearance on the outer layers of the tissue. Once cut into, the adipose tissue within was a bright 

yellow colour. If cut into and subsequently left to oxidise this tissue would then also take on an 

orange colour. The tissue was coated in a moist and oily layer of liquid, but the tissue would dry out 

if left outside a sealed container for over an hour. Whole adipose tissue was easy to cut into with a 

scalpel and was composed of lobes of fat held together with connective tissue septa. If left to dry, 

the outer layer of adipose tissue was more difficult to cut with a scalpel. When generating minced 

adipose tissue from whole adipose tissue, long, red blood vessels were found and removed from the 

tissue. There were also collections of darker liquid that may have been pools of blood generated 

during surgery. Whole adipose tissue also contained larger segments of fascia that were difficult to 

slice with a scalpel. These sections would be cut away and removed. The tissue was overall oily to 

the touch, despite washing.  

Minced adipose tissue appeared as a collection of small orange lobes of whole adipose 

tissue. The tissue had a wet consistency and was oily to the touch (figure 3.3B). If left in a liquid such 

as cell culture medium, lipid would leach out into the liquid and form droplets.  

Lipoaspirate had the appearance of an orange slurry, similar to minced adipose tissue (figure 

3.3C). The lipoaspirate behaved as a liquid however, there were small, solid lobes of adipose tissue 

within the lipoaspirate. This made transferring the tissue difficult as it could not be measured 

accurately as a liquid or transferred as a conventional solid. It had many of the properties of minced 

adipose tissue however, the segments of solid tissue were smaller than in minced adipose tissue. 

Lipoaspirate was less oily than minced adipose tissue and less lipid was observed to leach out if 

placed in liquid. 

Emulsified fat was an orange paste with a pink hue. The tissue itself was very oily but 

behaved as a liquid. It was viscous, yet not enough to prevent emulsified fat being poured between 

containers. This viscosity was variable from sample to sample.  

It was difficult to filter emulsified fat through a 500 μm filter to generate lipocondensate. 

The paste would flow through the filter slowly unless a pair of tweezers was rubbed round the filter 

in a circular manner to allow emulsified fat to transfer through the filter. After a time, there was an 

accumulation of fascia that would not pass through the filter and would collect around the tweezers. 
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This tissue was removed. Once formed, lipocondensate was a very viscous, yellow, gel. Its 

appearance was that of a gel and had no solid structure however, it would not flow as a liquid and 

was difficult to transfer between containers. Neither emulsified fat nor lipocondensate could be 

transferred with a Gilson micropipette and thus a Gilson Microman® positive displacement pipette 

was needed to measure volumes of emulsified fat and lipocondensate.  

ADSCs were isolated from either whole adipose tissue or lipoaspirate. A fully confluent flask 

of ADSC would contain ~ 1.2 million cells and these would take on a spindle, fibroblast like 

morphology (figure 3.3F). Initial studies found problems with ADSC cell culture. Isolated ADSC were 

cultured in Dulbecco’s Modified Eagles Medium (D-MEM) containing 10 % serum (referred to as 10 

% D-MEM) and would grow as expected. However, after being passaged twice, the ADSC 

morphology changed becoming larger and wider, the cells would stretch, and stress fibres could be 

seen within the cells (figure 3.3G). In addition, proliferation stopped, and cells would begin to lyse. 

The problem was resolved by changing the culture medium to MesenPRO RSTM medium. The ADSCs 

reverted to their original growth rate and morphology and this medium was used to isolate and 

culture ADSCs for the remainder of the research. 
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Figure 3.3. Adipose tissue formulations. (A) Whole adipose tissue. (B) Minced adipose tissue. (C) Lipoaspirate. (D) 
Emulsified fat. (E) Lipocondensate, black bracket denotes lipocondensate. (F) ADSCs cultured in MesenPRO RSTM Medium. 
(G) ADSCs cultured in 10 % D-MEM. Scale bars = 200 μm. Video of these processing techniques can be found at
https://www.youtube.com/watch?v=EruoEy3QyUk.
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3.2.2 ADSC surface marker characterisation 

Due to the plasticity of ADSCs and because the ADSCs were isolated from tissue containing a 

wide variety of different cells, it was important to confirm that the cells being isolated and cultured 

were ADSCs. Flow cytometry was carried out as described in section 2.4.3 to measure the proportion 

of isolated cells expressing ADSC surface markers (figure 3.4). Cells isolated from two different 

patient samples were tested. The proportion of cell surface proteins was consistent between 

samples. A small number of cells were positive for CD31, CD34, CD45, or CD146 (0.23 %, 0.49 %, 0.56 

%, and 0.06 % respectively). The number of cells that did not express control markers CD31 and 

CD45 was high with 99.50 % of cells CD31-/CD45- (figure 3.5). The proportion of CD73+ cells 

remained low (2.81 %, figure 3.4F). The number of CD90+ or CD105+ ADSCs was high with 91.50 % 

and 83.20 % expressing these markers respectively. The percentage of cells that were both 

CD90+/CD105+ was 80.10 % (figure 3.5). 

3.2.3 ADSC adipogenic differentiation 

Another marker of ADSCs is the ability to differentiate to adipocytes, which can be assessed 

by the formation of lipid droplets following incubation with adipogenic differentiation medium. 

ADSCs were cultured in adipogenic differentiation media as described in section 2.4.1.1, following 

which, oil red O staining was carried out on treated ADSCs (section 2.4.1.2). After being cultured in 

differentiation medium, cells had a visibly slower rate of proliferation compared to control ADSCs 

and some took on a circular form (Figure 3.6A-B). The number of lipid droplets present in 

differentiated ADSCs was calculated as described in section 2.4.1.2. Very few lipid droplets could be 

identified in control cells compared to differentiated ADSCs. Differentiated cells had visible lipid 

droplets and image analysis determined there was a mean of 128 lipid vesicles per field of view 

(figure 3.6C). This was significantly more lipid vesicles than control ADSCs (16, p = 0.015). This 

supported data outlined in 3.2.2. that the cells being isolated are ADSCs. 
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Figure 3.4. Flow cytometry analysis of ADSC surface marker expression. (A) Percentage population of cells from two 
patients expressing various CD surface markers. (B-C) Dot plots of cells sorted by FSC (front scatter) and SSC (side 
scatter). (C) singlet cells were identified based on their FSC and SSC and the expression on the surface of these cells 
was examined. (D-G) Dot plots showing the population of cells expressing a variety of cell surface markers were 
examined, (D) CD31/45, (E) CD34/73, (F) CD90/105, (G) CD73/146.  
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Figure 3.5. Analysis of markers characteristic of ADSCs. The percentage of cells expressing both markers of ADSCs 
CD90 and CD105 was calculated alongside the percentage of cells negative for markers of endothelial cells (CD31) and 
leukocytes (CD45). N = 2, n = 1.  
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A 

B 

C Figure 3.6. Analysis of ADSCs treated with adipogenic differentiation 
medium. (A-B) Light microscopy images of ADSCs stained with oil red O 
after 21 days of treatment with (A) serum free MesenPro, (B) adipogenic 
differentiation medium. Scale bar = 150 μm. (C) The number of lipid vesicles 
per field of view in treated and control cells. N = 3, n = 1. Bars = standard 
deviation, * = p < 0.05. Significance measured with an unpaired T test. 
Images taken by Rachel Furmidge and used in this thesis with her 
permission. 
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3.2.4. Optimisation of adipose tissue processing techniques 

3.2.4.1 Does pass number affect the metabolic activity of emulsified fat and lipocondensate? 

In Tonnard et al.’s original Nanofat paper in 2013, the authors passed lipoaspirate between 

syringes 30 times to lyse the adipocytes contained within. Since then, there has been little 

experimentation using different pass numbers and 30 passes has become the standard for Nanofat 

generation and other emulsification techniques (Bhooshan et al., 2018; Kemaloğlu, 2016; lo Furno et 

al., 2017; Sesé et al., 2019; Yu et al., 2018). There has only been a little work examining the effect of 

altering pass number in Nanofat generation (Osinga et al., 2015). Nanofat has been used in surgery 

because of the regenerative effects of the cells found within the emulsion (Bhooshan et al., 2018; 

Kemaloğlu, 2016). Thus, it was decided to test whether the number of times adipose tissue was 

passed between syringes had any effect on the metabolic activity of the cells found in emulsified fat 

or lipocondensate using a resazurin assay. Emulsified fat was generated as described in section 2.2.3 

with a varying number of passes between syringes (10, 30, 100) and a resazurin assay carried out 

(section 2.4.1.4). The fluorescence value of the emulsified adipose tissue and lipocondensate was 

normalised against either the minced adipose tissue or lipoaspirate that the sample was processed 

from. One “pass” was defined as adipose tissue being transferred from one syringe to the other. 

Following emulsification, there was no change in metabolic activity between samples passed 

between syringes 10 and 30 times (0.69 and 0.73 fluorescence relative to either minced adipose 

tissue or lipoaspirate respectively). When passed 100 times, metabolic activity decreased (0.29 

relative fluorescence) however, this was not significant (figure 3.7A, p > 0.05). Additionally, 

lipocondensate was generated from this emulsified fat (section 2.2.4) and the metabolic activity of 

lipocondensate was measured via resazurin assay. Pass number was found to have little influence on 

cellular metabolic activity. All conditions were within 0.7 relative fluorescence units of each other 

and were not significantly different (figure 3.7B). This data shows the metabolic activity of the 

cellular population of emulsified fat and lipocondensate was not affected by altering the pass 

number in emulsified fat generation. 

3.2.4.2 Does pass number effect cell lysis in emulsified fat and lipocondensate? 

Given that the metabolic activity of the emulsified fat and lipocondensate was not affected 

by pass number, it was decided to test whether the change in pass number was affecting the degree 

of cell lysis in the emulsified fat and lipocondensate. To test this, an LDH assay (section 2.4.1.3) was 

carried out on emulsified fat and lipocondensate and normalised against the minced adipose tissue 

or the lipoaspirate that the sample was generated from. 
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The degree of cell lysis remained the same between emulsified fat generated from 10 and 30 

passes between syringes at 1.74, and 1.63 relative absorbance respectively (figure 3.7C). When 

passed between syringes 100 times, there was an increase in relative absorbance to 2.10 however, 

this was not significant (p > 0.3). When this emulsified fat was processed into lipocondensate, there 

was little difference in the amount of cell lysis between samples. When passed between syringes 10 

times, lipocondensate had 2.67 times greater relative absorbance compared to the adipose tissue it 

was generated from. This was the same as lipocondensate generated from emulsified fat that had 

been passed between syringes 30 times (2.71 times relative absorbance, figure 3.7D). There was a 

slight increase in relative absorbance in lipocondensate generated from 100 pass emulsified fat (3.12 

times relative absorbance) however, this was not significant (p > 0.89). Furthermore, pass number 

did not affect the consistency of the emulsified fat formed, implying changing pass number had little 

impact on adipose tissue fragmentation. Taken together, data from figure 3.7 shows that the pass 

number of emulsified fat had no influence on the metabolic activity of the product and no effect on 

the number of cells lysed during the generation of these products. Going forward, emulsified fat and 

lipocondensate was passed between syringes 30 times. This was because pass number was found to 

have no effect on the variables measured and thus there was no reason not to use the literature 

standard.  
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Figure 3.7. Pass number does not affect the cellular metabolic activity or the amount of cell lysis in emulsified fat or 
lipocondensate. (A-B) Cellular metabolic activity was measured using resazurin assays on (A) emulsified fat and (B) 
lipocondensate. Metabolic activity was assessed by measuring fluorescence values and normalising them to the 
fluorescence values of the minced adipose tissue or lipoaspirate the sample was generated from. (C-D) The amount of cell 
lysis following different pass numbers was measured using an LDH assay on (C) emulsified fat and (D) lipocondensate. N = 5 
(A, C) / 3 (B, D), n = 3. Bars = standard deviation. Ordinary one-way analysis of variances (ANOVA) were carried out on B, C, 
and D. A Kruskal-Wallis test was carried out on A.  
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3.2.5 Does emulsifying adipose tissue with a “Microlyzer” lead to increased cell lysis? 

Following centrifugation of emulsified fat to generate lipocondensate (section 2.2.4), a two-

phase solution would form consisting of waste liquid below, and an emulsion of lipid in water on top 

(figure 3.8A). However, in the research describing the generation of “SVF-gel” that my protocol was 

based upon, Yao et al. (2013) described a tri-layered sample, with waste liquid at the bottom, an SVF 

layer above this and the free lipid oil on top. Thus, troubleshooting methods to generate separation 

between the SVF and free lipid layer was carried out.  

It was considered that the processing pre-centrifugation may not be causing sufficient 

adipocyte lysis, resulting in the SVF and free lipid layers in the lipocondensate not separating 

consistently. To try and increase cell lysis, a commercial product known as a “Microlyzer”, was 

trialled. This product is reported to increase adipocyte lysis and separate the SVF from adipose tissue 

for generating emulsified fat products (PRP First, 2021; Zocchi et al., 2019) such as Nanofat. It 

consists of a compartment housing a filter with sharp blades that is attached between the syringes 

when generating emulsified fat. Adipose tissue is passed between filters 30 times, the blade filter is 

removed and replaced with a smaller blade filter and the process repeated. This should ensure 

complete lysis of adipocytes (figure 3.8). I hypothesised that the Microlyzer would lead to increased 

adipocyte lysis and thus more free lipid being present in the lipocondensate. This could lead to more 

consistent separation between the SVF and lipid layer.  

To test the effect of the Microlyzer on lipocondensate cellular metabolic activity and cell 

lysis, lipocondensate was generated as in section 2.2.4 however instead of using a Luer-lock, a 

Microlyzer was fitted between the syringes (figure 3.8E). Following processing, a resazurin and LDH 

assay was carried out on the product. The metabolic activity of lipocondensate generated using the 

Microlyzer was greater than lipocondensate generated without the device (0.98 times relative 

fluorescence compared to 0.66, figure 3.9A). The amount of cell lysis occurring when lipocondensate 

was generated using the Microlyzer was lower than lipocondensate generated without the device 

(0.74 times relative absorbance compared to 3.62, figure 3.9B).  

While using the Microlyzer, experimentation with techniques to disrupt the free lipid and 

SVF emulsification was carried out. In Yao et al. the authors state that, when generating SVF-gel, the 

free lipid and SVF emulsion must be flocculated to achieve full separation. To this end, unseparated 

lipocondensate generated by the Microlyzer was taken and stored at 4 °C until the emulsion had 

solidified. Following this, the emulsion was removed and warmed at room temperature until it had 

melted. This solution was then disrupted using a Pasteur pipette and recentrifuged the 

lipocondensate. This method caused a tri-layered sample to form and generate a separated solution 
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as seen in figure 3.10A. As a result, this technique was used for the remainder of the project to 

generate lipocondensate (figure 3.10B). Additionally, this separation occurred in lipocondensate 

generated without the Microlyzer. The Microlyzer resulted in less cell death assessed by the LDH 

assay, therefore it was not used in future work to generate lipocondensate. 
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Figure 3.8. Using the Microlyzer to process adipose tissue. (A) Unseparated lipocondensate generated from 
emulsified fat made with varying pass number, (left-right) 10 passes, 30 passes, 100 passes. (B) Picture of Microlyzer 
blades. Blades were sized at 2400, 1200, and 600 μm. (C) Microlyzer blades after use to disrupt adipose tissue. (D) 
Microlyzer casing. (E) Microlyzer fully assembled with syringes attached. (F) Schematic of Microlyzer.  
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Figure 3.9. The effect of a Microlyzer on lipocondensate metabolic activity and cell lysis. (A) Relative cellular metabolic 
activity of lipocondensate generated with a Microlyzer. Metabolic activity was calculated by measuring fluorescence 
values and normalising to the fluorescence values of the minced adipose tissue or lipoaspirate the same was generated 
from. (B) Relative cell lysis of lipocondensate generated using a Microlyzer. N = 3 (lipocondensate) / 1 (lipocondensate - 
Microlyzer). Error bars = standard deviation. 
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Figure 3.10. Separated lipocondensate. (A) Images of lipocondensate separated into a tri-layered sample. The three layers 
were (l) free lipid, (ll) SVF/lipocondensate, (lll) waste liquid. (B) Schematic of how lipocondensate was treated if it did not 
separate following centrifugation. 
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3.2.6 The effect of processing on the structure of adipose tissue 

One of the purposes of using different formulations of adipose tissue in this work was to 

observe the effect of removing different components of adipose tissue when its anti-fibrotic abilities 

were tested in later chapters. These components were removed by the processing steps outlined in 

section 2.2. Processed adipose tissue was stained with various dyes (section 2.4.2) to analyse the 

effect of processing on the structure and cellular populations of the resulting adipose formulations. 

The tissue was stained with 4,4-difluoro-5-(2-Thienyl)-4-Bora-3a,4a-diaza-s-indacene-3-dodecanoic 

acid (BODIPY), Membrite 640/660, and DAPI to stain lipid, cell membrane, and nuclei respectively. 

These stains allowed for the identification of adipocytes and blood vessels. Adipocytes would 

present as large lipid droplets surrounded by a cell membrane and a nucleus associated with the 

membrane. Vessels would present as membranous tubules with multiple nuclei within the 

membrane.  

 Stained adipose tissue was imaged on a Zeiss LSM 880 AiryScan confocal microscope. A 

single image was taken of minced adipose tissue and Z-stack images were taken of lipoaspirate, 

emulsified fat, and lipocondensate and were combined into a maximal projection as described in 

section 2.4.2 (figure 3.11). This allowed the structure of adipose tissue to be analysed visually. Z-

stack images were processed into orthogonal projections to allow the 3D structure of the adipose 

tissue to be examined (section 2.4.2, figure 3.12). Minced adipose tissue was found to be organised 

in a tightly packed structure containing adipocytes and blood vessels. All BODIPY staining was 

confined to lipid contained within a cell membrane and nuclei were associated with this membrane, 

marking them as adipocytes. Most adipocytes were large (~ 100 μm diameter). Blood vessels were 

identified and could be clearly visualised (figure 3.11A). In lipoaspirate, there were large droplets of 

lipid contained within cell membranes with nuclei associated, indicating these lipid droplets were 

adipocytes. Most adipocytes were large with a diameter of roughly 100 μm however, there were 

smaller (25 μm diameter) adipocytes present. There were vessels present as well and although there 

were clearly defined cell membranes, there were also collections of broken cell membranes with no 

nuclei associated, indicating the presence of debris from cell lysis (figure 3.11B). Lipoaspirate had a 

three-dimensional structure. Adipocytes could be seen to be present at different depths throughout 

the tissue on orthogonal projections (figure 3.12A). 

Emulsified fat contained lipid droplets however, there was increased variation in the size of 

these collections compared to minced adipose tissue and lipoaspirate. Sizes ranged from between 

100 and 5 μm in diameter. There were fewer clearly defined cell membranes surrounding lipid. 

There were large (100 μm) droplets of lipid present without any cell membrane indicating adipocyte 

lysis (figure 3.11C). No vessels could be identified and there was more cell debris present than in 
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minced adipose tissue and lipoaspirate. The three-dimensional structure of the tissue had been 

broken down (figure 3.12B). All structure in the emulsified fat was observed along one flat plane.  

Processing adipose tissue to lipocondensate broke down the structure of the tissue. There 

were lipid droplets (50 μm – 100 μm) bound by a membrane and nuclei indicating the presence of 

adipocytes however, there were also large (100 μm – 150 μm) droplets of free lipid from lysed 

adipocytes (figure 3.11D, IV). The tissue contained vessels that could be identified however, there 

was also noticeable cell debris and unorganised membrane staining, indicating a high degree of cell 

lysis from processing. The three-dimensional structure of lipocondensate was similar to that of 

emulsified fat (figure 3.12C). Any cellular structure present was in a single layer at the bottom of the 

plane however, free lipid had risen to the surface of the gel used for mounting.  

These images visualise how the structure of adipose tissue changes at a cellular level as it is 

processed into the formulations outlined in this work and suggests adipocyte lysis is occurring during 

processing. 
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Figure 3.11. Staining of formulation of adipose tissue. (A-D) Fluorescent staining of adipose tissue. Adipose tissue was 
stained with BODIPY (lipid, red), Membrite 640/660 (cell membrane, green) and DAPI (cell nuclei, blue) and images 
merged. Images show (A) minced adipose tissue, (B) lipoaspirate, (C) emulsified fat, (D) lipocondensate. Arrows indicate (l) 
adipocytes, (ll) vessels, (lll) cell debris, (lV) free lipid. 
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Figure 3.12. Orthogonal projections of adipose tissue. (A-C) Fluorescent staining of adipose tissue. Adipose tissue was 
stained with BODIPY (lipid, red), Membrite 640/660 (cell membrane, green) and DAPI (cell nuclei, blue) and orthogonal 
projections generated. An image of the Z-stack was chosen and a point along both X and Y axis selected (green lines). An 
image of all staining along the Z axis was then generated combining all the images of the Z-stack at that point along the X axis 
(right rectangle) and the Y axis (top rectangle) to give a three-dimensional structure to the image. (A) lipoaspirate, (B) 
emulsified fat, (C) lipocondensate. Scale bars = 100 μm. 
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3.2.7. Does processing adipose tissue cause cell lysis?  

Fluorescent images in figures 3.11 and 3.12 imply that the mature adipocyte population is 

being removed as processing is carried out. To confirm if processing is removing adipocytes, the 

cellular metabolic activity of the adipose tissue formulations (generated as in section 2.2) was 

assessed by a resazurin assay and fluorescence normalised to a blank resazurin control (section 

2.4.1.4).  

The cellular metabolic activity of minced adipose tissue, lipoaspirate, emulsified fat, and 

lipocondensate was similar between groups (1.0, 1.0, 0.73, 0,66 times relative fluorescence to blank 

resazurin respectively, figure 3.13A). There was no significant change in metabolic activity between 

forms of processed adipose tissue (p > 0.3). Since there was no discernible difference in the 

metabolic activity of the forms of adipose tissue, an LDH assay was carried out to assess whether 

processing steps were causing cell lysis (section 2.4.1.3).  

The amount of cell lysis occurring after processing in minced adipose tissue, lipoaspirate and 

emulsified fat was roughly equal. Minced adipose tissue had an absorbance value of 1.54 times that 

of the positive control, lipoaspirate 1.11 times the control and emulsified fat had a relative 

absorbance value of 1.77 times the positive control. However, when processed to lipocondensate 

there was a significant increase in the amount of cell lysis compared to all other groups (P ≤ 0.001). 

Lipocondensate had a relative absorbance value of more than double the other forms of adipose 

tissue, at 3.63 times that of the positive control (figure 3.13B). This data shows that increased 

processing of adipose tissue leads to increase cell lysis however, this has no effect on the overall 

metabolic activity of the remaining adipose tissue cells.  
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Figure 3.13. The effect of processing on adipose tissue metabolic activity or cell lysis. (A) Metabolic activity of processed 
adipose tissue. Fluorescence at 570 nm normalised to a fluorescence value of the minced adipose tissue/ lipoaspirate the 
samples were generated from (N = 4 (minced adipose tissue, lipoaspirate) / 8 (emulsified fat) / 3 (lipocondensate), error 
bars = standard deviation). (B) Cell lysis of adipose tissue following processing. Absorbance at 680 nm was measured and 
normalised to a positive control provided with the assay. (N = 5 (minced adipose tissue) / 4 (lipoaspirate) / 9 (emulsified 
fat) / 3 (lipocondensate). Ordinary one-way ANOVAs were carried out, bars = standard deviation, * = P ≤ 0.001). 
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3.2.8 Does adipose tissue origin affect metabolic activity and cell lysis of emulsified fat? 

The supply of adipose tissue became limited at various points during the project and often 

whole adipose tissue was supplied as opposed to lipoaspirate. Lipoaspirate is more clinically relevant 

as surgeons almost exclusively use lipoaspirate (Bhooshan et al., 2018; Caviggioli et al., 2011; Klinger 

et al., 2008; Rigotti et al., 2007; Tonnard et al., 2013; van Dongen et al., 2016), however whole 

adipose tissue often had to be used as a substitute in my work. The previous experiments show that 

processing adipose tissue to emulsified fat did not affect cell metabolic activity or increase cell lysis. 

This data was generated by combining data from emulsified fat made from minced adipose tissue 

and lipoaspirate. It was decided to investigate whether the form of adipose tissue emulsified fat was 

generated from affected the cell metabolic activity or amount of cell lysis in the subsequent 

emulsified fat.  

Resazurin data from emulsified fat generated from minced adipose tissue or from 

lipoaspirate was plotted separately (figure 3.14). Emulsified fat from minced adipose had a lower 

metabolic activity than emulsified fat generated from lipoaspirate (0.69 times fluorescence relative 

to minced adipose tissue/ lipoaspirate fluorescence values compared to 0.74 times fluorescence, 

figure 3.14A). Cell lysis data from emulsified fat generated from minced adipose tissue or from 

lipoaspirate was plotted separately (figure 3.14). Cell death in emulsified fat generated from minced 

adipose tissue was higher than that in emulsified fat generated from lipoaspirate (1.90 times 

absorbance relative to a positive control compared to 1.62 times absorbance). However, this was 

not significant (p > 0.35, figure 3.14B). This data suggests that minced adipose tissue is a suitable 

substitute for lipoaspirate for processing to emulsified fat. 
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Figure 3.14. The effect of adipose tissue source on emulsified fat metabolic activity and cell lysis. (A) Metabolic activity of 
emulsified fat generated from either minced adipose tissue or lipoaspirate. Fluorescence at 570 nm normalised to the 
fluorescence values of the minced adipose tissue or lipoaspirate the samples were generated from (N = 4, bars = standard 
deviation). (B) Cell lysis in emulsified fat generated from either minced adipose tissue or lipoaspirate (N = 5 (minced adipose 
tissue) / 4 (lipoaspirate), bars = standard deviation, ordinary one-way ANOVAs were used to test significance). 
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3.2.9 Do adipose tissue processing methods concentrate SVF cells? 

 SVF-gels, such as lipocondensate, are used clinically because it is thought that adipocytes 

are being removed and the cells of the SVF are being concentrated, which in turn leads to a greater 

regenerative effect (Yao et al., 2017). The above data outlined in section 3.2.5 demonstrates that 

processing adipose tissue to lipocondensate causes cell lysis, which may be the adipocytes lysing. 

Therefore, to test whether tissue processing concentrates cells, it was examined whether the 

number of cells present per gram of lipocondensate was altered compared to other formulations. By 

examining the amount of DNA present in lipoaspirate, emulsified fat and lipocondensate, the 

number of cells present in these formulations was calculated (section 2.4.1.5). Before and after 

processing, the mass of adipose tissue was measured to allow for the calculation of the number of 

cells in each formulation per gram of adipose tissue started with. 

Lipoaspirate contained a mean of 7.85x106 cells for every gram of adipose tissue before 

washing. After processing to emulsified fat, there was an increase in cell number to 8.57x106 for 

every gram of starting adipose tissue. When processed to lipocondensate there was a large decrease 

in cell number to 1.11x106 cells per gram of starting adipose tissue however, this decrease was not 

significant (p = 0.057, figure 3.15A). When the number of cells per gram of formulation was 

calculated, all formulations appeared to contain a roughly equal number of cells. Lipoaspirate 

contained 7.85x106 cells per gram, emulsified fat 9.98x106 cells per gram, and lipocondensate 

contained 9.75x106 cells per gram. This shows that while processing the adipose tissue to 

lipocondensate does remove cells, when normalised against the mass of the formulation, 

lipocondensate contains a similar number of cells compared to lipoaspirate. Given that images in 

figure 3.11D show fewer intact adipocytes, it is likely that it is mostly SVF cells that remain and that 

processing was concentrating these SVF cells. 
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Figure 3.15. Quantification of adipose tissue cell number following processing. (A-B) Adipose tissue cell number 
calculated by quantification of DNA present. (A) Cell number per gram of starting adipose tissue. (B) Cell number per 
gram of formulation. N = 3/4 (lipocondensate), n = 3. Bars = standard deviation. A Kruskal-Wallace test was performed 
on figure A and an ordinary one-way ANOVA was carried out on figure B. DNA analysis was carried out by Dr. Victoria 
Workman and the data is presented with her permission. 
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3.3 Discussion 

The aim of this chapter was to characterise the clinical formulations used throughout the 

research for this thesis. This was achieved by:  

-Optimising the processing techniques used to generate these formulations. 

-Identifying the cellular populations contained within each formulation. 

-Understanding how processing affects metabolic activity, lysis, and cell concentration 

within each formulation. 

Autologous fat grafting has been shown to regenerate damaged skin (Caviggioli et al., 2011; 

Klinger et al., 2008; Rigotti et al., 2007). The mechanism behind this remains unknown. Further 

complicating this unknown is that adipose tissue is complex, with many different cell types and 

components (Eto et al., 2009). In order to elucidate the mechanisms behind adipose tissue’s 

regenerative action, a variety of different formulations of adipose tissue with different components, 

were tested in chapters 4 and 5. By removing components and testing these new formulations, it 

was hypothesised that the cellular population responsible for any regenerative effect could be 

identified. Furthermore, there are a wide variety of different adipose tissue formulations, generated 

via different processing methods, that are being used to treat damaged skin by clinicians (lo Furno et 

al., 2017; Mashiko et al., 2017; Tonnard et al., 2013; Yao et al., 2017). Thus, it was important to test 

the regenerative ability of other clinically relevant adipose tissue formulations as well as 

lipoaspirate. The formulations selected for use in chapters 4 and 5 were minced adipose tissue, 

lipoaspirate, emulsified fat, lipocondensate, and ADSCs. The work in this chapter was focussed on 

characterising these formulations for future work later in the thesis. 

3.3.1 Minced adipose tissue and lipoaspirate 

Minced adipose tissue and lipoaspirate were considered as “unaltered” adipose tissue, with 

all the components of adipose tissue present. Minced adipose tissue was generated from whole 

adipose tissue by fragmenting the tissue with a scalpel to a consistency similar to that of lipoaspirate 

(figure 3.3B). The characteristics of the two formulations were tested. Using stains for lipid, cell 

membrane, and cell nuclei, the structure of the two formulations was examined and compared. Both 

minced adipose tissue and lipoaspirate had a similar appearance (figure 3.11A-B). Both the tissues 

had a structured appearance with mostly uniform lipid droplets, surrounded by membranes and 

nuclei, which were most likely adipocytes. There were large vessel structures throughout the tissue 

showing that any endothelial structures present had not been completely broken apart. Fluorescent 

images taken of the two different formulations showed the tissues shared a similar structure post 
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processing. Resazurin and LDH assays were carried out on the formulations of adipose tissue 

generated for this work. When examining minced adipose tissue and lipoaspirate to judge the 

amount of cell lysis processing caused, here was no significant difference in cell lysis between the 

two formulations (figure 3.13B, p = 0.54). Additionally, emulsified fat generated from minced 

adipose tissue and lipoaspirate was compared. There was no difference in cellular metabolic activity 

and cell lysis. Taken together, this data shows that minced adipose tissue and lipoaspirate are 

functionally identical formulations. The same cellular components are present in the tissue and 

processing whole adipose tissue to minced adipose tissue results in a similar amount of cell lysis to 

lipoaspirate. Furthermore, products generated from the tissues are functionally the same with the 

metabolic activity and cell lysis during processing the same in emulsified fat generated with 

lipoaspirate or minced adipose tissue.  

Following the standardisation of autologous fat grafting by Dr. Coleman (Coleman, 1998, 

2002), lipoaspirate has been almost exclusively used over solid adipose tissue by clinicians (Caviggioli 

et al., 2011; Klinger et al., 2008; Rigotti et al., 2007; Yoshimura et al., 2008). Processing techniques 

such as Nanofat, SVF-gel, and other techniques such as “squeezed fat” (Mashiko et al., 2017) also 

use lipoaspirate as standard (Sesé et al., 2020; Tonnard et al., 2013; Yao et al., 2017). This is because 

these procedures are designed to be easy and quick for surgeons to carry out and be completed 

during one operation. Lipoaspiration has been shown to fragment adipose tissue slightly. The overall 

structure is maintained however, following liposuction the adipocytes are less densely packed and 

some larger vessels and ECM have been degraded (Eto et al., 2009; Matsumoto et al., 2006). 

Furthermore, there are reports that liposuction alters the cellular yield and composition of adipose 

tissue compared to whole adipose tissue. Von Heimburg et al., (2004) demonstrated that aspirated 

fat contained a higher number of SVF cells per gram in comparison to whole, excised adipose tissue. 

This indicates that liposuction causes lysis of some adipocytes and changes the proportion of SVF 

cells in the tissue compared to excised adipose tissue. This is supported by Eto et al., (2009) who saw 

a similar number of cells overall, but a higher proportion of SVF cells compared to adipocytes in 

lipoaspirate.  

Lipoaspirate is often used by surgeons as it is quick to extract and then re-insert in one 

operation. Mincing adipose tissue with a scalpel, in the way I do in this study, would take more time 

than surgeons have, thus lipoaspirate is used as standard. The adipose tissue supplied to me, with 

informed consent, was excess waste surgical tissue and liposuction was carried out to collect 

lipoaspirate, only the amount needed for the surgery was extracted and used on the patient. Thus, 

there was often little excess lipoaspirate and I might only receive 2/3 ml of lipoaspirate per 

operation. However, when whole adipose tissue was removed from patients there was often little 
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use for this tissue and when I was supplied with whole adipose tissue it was often in large quantities. 

Consequently, most of the useable tissue received was whole adipose tissue as opposed to 

lipoaspirate. As such, it was decided to test and compare minced adipose tissue to lipoaspirate to 

examine whether minced adipose tissue could act as a substitute for lipoaspirate. The data gathered 

from confocal images show minced adipose tissue had a similar structure to lipoaspirate. 

Furthermore, these images show a tissue similar in structure to lipoaspirate in immunofluorescence 

and scanning electron microscope images shown in Eto et al. (2009) and Matsumoto et al. (2006). 

Minced adipose tissue showed bundled adipocytes with vessels running throughout similar to those 

in the literature. While the number of cells throughout minced adipose tissue compared to 

lipoaspirate was not quantified, LDH data demonstrated that there was not a difference in cell death 

between the formulation. This implies that cell number will not be widely different between the two 

formulations. This is also supported by the literature with data showing there is a slight alteration in 

the proportion of cell populations between lipoaspirate and whole fat but little substantial 

difference (Eto et al., 2009; von Heimburg et al., 2004). 

This data supports little difference exists between whole adipose tissue and lipoaspirate to 

begin with but, that mincing adipose tissue in the method outlined in this chapter generates a 

formulation functionally identical to lipoaspirate. This data establishes a baseline formulation used 

in the clinic that more processed formulations such as emulsified fat and lipocondensate can be 

compared to. 

3.3.2 Emulsified fat 

Nanofat was originally developed to help treat volume loss in smaller and more delicate areas in the 

body (Tonnard et al., 2013). The authors found that adipocytes were lysed whilst mechanically 

breaking down the adipose tissue, and further experimentation has shown that the remaining SVF is 

still associated with the surrounding ECM (Alexander, 2016). It was decided to use a formulation 

“emulsified fat” that was styled upon Tonnard’s Nanofat. This formulation was used as it would 

remove the adipocyte population from the adipose tissue and allow me to see the effect of 

adipocytes in vitro by comparing emulsified fat to the minced adipose tissue or lipoaspirate. The 

processing technique to generate emulsified fat was optimised and the formulation characterised.  

Generating emulsified fat with 10 and 30 passes between syringes did not lead to a change 

in cell metabolic activity or cell lysis (figure 3.7A, C). When generated using 100 passes there was a 

decrease in the mean metabolic activity combined with an increase in mean LDH presence however, 

neither of these data were significant (p = 0.1 and 0.32 respectively). The metabolic activity of 

emulsified fat was similar to that of minced adipose tissue and lipoaspirate. The cell lysis that 
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occurred during processing was also the same as during minced adipose tissue or lipoaspirate 

processing as well (figure 3.13). Confocal images revealed that some adipocytes were still present 

following emulsified fat processing (figure 3.11). However, vessels were fragmented, and large lipid 

vesicles (indicating adipocyte lysis) were present throughout. Finally, emulsified fat contained a 

similar number of cells per gram of starting adipose tissue compared to lipoaspirate. However, per 

gram of formulation emulsified fat contained a higher mean number of cells in comparison to 

lipoaspirate. This data showed that increasing pass number did not lead to increased cell lysis and 

thus 30 passes was used to generate emulsified fat as this is what is used in the literature. Confocal 

images showed that adipocytes were being lysed however, this was not reflected in a significant 

decrease in metabolic activity or increase in cell lysis compared to lipoaspirate. An explanation for 

the lack of change in metabolic activity and cell death may be that adipocytes only contribute 10 % 

of the total cell number of adipose tissue (Alexander, 2016). There is more than 10 % variation in this 

metabolic activity and cell lysis data (standard deviation was more than 35 % of the mean averages) 

and thus lysing this relatively small population may not alter the metabolic activity of the adipose 

tissue enough to impact a resazurin assay or LDH assay. Supporting this is that the mean number of 

cells per gram of formulation in emulsified fat increased compared to lipoaspirate. This implies that 

the larger adipocytes are being lysed and thus per gram, there are more, smaller, SVF present. This 

data indicates emulsified fat is being generated as expected.  

When Tonnard et al. (2013) first generated Nanofat, the purpose was to break down the 

adipose tissue so that it could be implanted using 27-gauge needles that were smaller than the 

previously used 23-gauge. This would mean lipofilling could be carried out more accurately in 

smaller, delicate, areas of the body. To do this, the authors passed adipose tissue between syringes 

30 times. The shear force applied to adipose tissue while shifting between syringes in Nanofat 

generation is the force that is reported to lyse any viable adipocytes (Tonnard et al., 2013). 30 passes 

has become the industry standard (Bhooshan et al., 2018; Kemaloğlu, 2016; lo Furno et al., 2017; 

Sesé et al., 2019; Yu et al., 2018). There has been some experimentation to investigate how different 

methods of Nanofat generation alter the formulation’s efficacy or ADSC yield (Gentile et al., 2017; lo 

Furno et al., 2017; Yang et al., 2021). By filtering the Nanofat after its formation, centrifuging half of 

the Nanofat to isolate the SVF and then adding this SVF back into the Nanofat Gentile et al. (2017) 

generated “supercharged Nanofat”. This increased the number of cells found in the formulation and 

when injected underneath burns the thickness, pliability, and vascularisation of the skin was 

increased. Alternatively, it has been shown that by not filtering Nanofat following formation, SVF 

cells in the Nanofat have increased proliferation after the first week when cultured (lo Furno et al., 

2017). Despite this experimentation however, to my knowledge there has been no investigation into 
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whether increasing pass number during Nanofat generation increases cell lysis. Chen et al., (2020) 

and Qiu et al. (2021) both found that decreasing the size of the aperture adipose tissue is passed 

through to generate Nanofat increased cell lysis however, with a significant decrease in the viable 

cell population. The number of cells per gram of emulsified fat/Nanofat etc. has been reported as 

between 6x106 (Sesé et al., 2019) and 4x104 (Yang et al., 2021). 

When analysing the cell lysis that had occurred during emulsified fat generation, increasing 

pass number did not lead to increased cell lysis. This is slightly unexpected as it is logical that 

applying more shear force by passing the adipose tissue more times would lead to increased cell 

death however, the data suggests this is not the case. However, for this work a 3.6 mm Luer-Lock 

was used. This generated the lowest shear force on adipose tissue when used by Qiu et al. (2021) 

compared to smaller apertures. This data, combined with this analysis in the literature suggests that 

the size of the aperture adipose tissue is passed through is more important for lysing adipocytes 

than pass number as pass number had little influence on cell lysis, whereas aperture did (Qiu et al., 

2021). It may be that after a few passes, any cells that are going to lyse from the shear force have, 

and smaller cells can pass through the aperture undisrupted. In future I would generate emulsified 

fat with progressively smaller Luer-Locks to ensure complete adipocyte lysis.  

In confocal images in figure 3.11, it can be hard to distinguish between live adipocytes, and 

lipid vesicles. Tonnard et al. (2013) used live/dead staining to show there were no viable adipocytes 

in Nanofat (figure 3.16). In the images used in the paper there is calcein AM staining of smaller cells 

(which usually indicates live cells) in between large, dark, circles where there is no staining present. 

These dark circles are lipid vesicles as the calcein AM and propidium iodine stains used in live/dead 

staining do not stain lipid. This shows that even when adipocytes are lysed by shear force the lipid 

contained within the now burst adipocytes remains in droplet form. This appears to be occurring in 

the emulsified fat generated for this work. There is some specific staining for cell membrane around 

lipid droplets which shows the presence of some adipocytes. However, most staining appears 

nonspecific, in gaps between the lipid droplets, or in clumps of cellular debris. This indicates that 

most adipocytes are lysed but even so, Nanofat is not completely devoid of adipocytes (figure 3.13C) 

with images from Sesé et al. (2019) showing some adipocytes present in their Nanofat formulation. 

Finally, the number of cells per gram of emulsified fat is consistent with figures reported in 

the literature with the 8.5 x106 cells per gram aligning with figures from Sesé et al. (2019). The 

numbers recorded in this paper put the number of cells per gram at around 6x106, which is slightly 

lower than those recorded in this work. This perhaps indicates slightly less lysis is occurring during 

emulsified fat processing however, this was within acceptable variation.  
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The processing technique used to generate a Nanofat-like formulation “emulsified fat” have 

been optimised. These formulations were then characterised with the metabolic activity and cell 

number present being similar to minced adipose tissue and lipoaspirate. There is evidence that the 

adipocyte population has been removed, as would be expected based upon the literature.  
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Figure 3.16. Adipocytes in formulations of emulsified fat. Staining of adipose tissue from (A) emulsified fat generated by 
myself (confocal microscopy), (B) Nanofat from Tonnard et al. (2013) (live dead staining), (C) Nanofat from Sesé et al. 
(2019), (haematoxylin and eosin staining). Images used with permission from Copyright Clearance Centre using licence 
5324931343530 and 5324940022993. 
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3.3.3 Lipocondensate 

Clinicians have developed different processing techniques for lipoaspirate to condense the 

SVF fraction of adipose tissue to achieve better therapeutic outcomes (Mashiko et al., 2017; Sesé et 

al., 2020; van Dongen et al., 2016; Yao et al., 2017). The “lipocondensate” used in this work was 

based on the “SVF-gel” generated in Yao et al. (2017). The theory behind this condensation of the 

SVF is that the majority of adipose tissue volume is made up of adipocytes, yet these cells 

encompass a small number of the total cells of adipose tissue (Alexander, 2016). By disrupting 

adipocytes by mechanical processing and removing oil and water via centrifugation, it is theorised to 

dramatically increase the number of SVF cells present per gram of adipose tissue. In this chapter, the 

processing technique to generate lipocondensate was optimised, the cellular composition of the 

formulation was characterised and finally, the metabolic activity and cell number post processing 

was compared to lipoaspirate.  

Alterations to the emulsified fat generation process had no effect on the subsequent 

lipocondensate generated (figure 3.7B, D). Metabolic activity and cell lysis was unchanged regardless 

of pass number used on emulsified fat implying that changing the pass number in our method of 

generating emulsified fat causes little additional lysis of SVF cells as the metabolic activity of the 

lipocondensate (which contains only SVF cells) is unchanged. The initial attempts to generate 

lipocondensate using the technique in Yao et al. yielded little success. Centrifugation would often 

not result in separation between the lipocondensate layer and the top, free lipid layer (figure 3.8A).  

Instead, an oily emulsion of both layers would be present, as opposed to two clearly defined and 

separate layers. Several different methods to flocculate the emulsion and cause separation were 

trialled but emulsion separation was effectively achieved via freezing the emulsion in a 4 °C fridge, 

thawing the mixture and disturbing with a Pasteur pipette and re-centrifuging the solution. This 

allowed for consistent lipocondensate formation with the lipid layer separating from the 

lipocondensate. A commercial Microlyzer product was trialled to increase cell lysis during 

lipocondensate processing. However, cellular metabolic activity was higher and cell lysis lower in 

lipocondensate generated with the Microlyzer and thus it was discarded. In confocal images (figure 

3.11D), the structure of lipocondensate appears disrupted compared to lipoaspirate and minced 

adipose tissue. There are few adipocytes present and most of the lipid stained is not bound within a 

membrane and smeared across the image into large vesicles. The formulation did still contain 

vessels however, there was also a high degree of cell debris, indicating increased breakdown of the 

tissue. This indicates the adipose tissue is becoming more fragmented the more processing occurs. 

When analysed via a resazurin and LDH assay, there was significantly increased cell lysis present in 

the lipocondensate compared to all other formulations (figure 3.13B, P ≤ 0.001) however, there is no 
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change in the levels of metabolic activity in comparison to the other formulations (figure 3.13A). In 

addition to this, for every gram of starting adipose tissue there were 1.10x106 cells found in 

lipocondensate, much lower than in emulsified fat and lipoaspirate. Whereas, when measuring cells 

per gram of formulation there were 9.75x106 cells in lipocondensate, a similar number to emulsified 

fat and lipoaspirate. Taken together, this data shows that lipocondensate processing is causing 

adipocyte lysis and removal from the formulation. This is because LDH levels indicate increased cell 

lysis however, metabolic activity is comparable to other formulations because there are still the 

same number of cells per gram present in the formulation. The adipocytes are being replaced by a 

higher concentration of SVF cells.  

The layer of oil and lipocondensate that formed in figure 3.8A were acting as an emulsion. 

Emulsions are a stable solution of two liquids that are immiscible. If the emulsion becomes unstable 

the two liquids will begin to separate and form two distinct phases (reviewed in Goodarzi & 

Zendehboud (2019)). Under certain conditions, an emulsion can become stable and will remain as 

droplets of one component in another component which is immiscible to the first. One of the most 

important factors in the stability of an oil/water emulsion is the size of the oil droplets (Rousseau, 

2000). Yao et al. (2017) recommends that should the SVF-gel fail to separate from the oil layer then 

extra oil should be added and force used to “flocculate” the emulsion. The process of flocculation is 

a recognised technique used to destabilise emulsions. The theory behind the process itself is that by 

adding lipids or disrupting the emulsion in other ways, the droplets of one phase that exist in the 

emulsion start to group together where they then coalesce and join (figure 3.17). This causes the 

stability of the emulsion to be lost, and the two phases to separate (Degner et al., 2014). Lipid oil is 

released from lysed adipocytes (Qiu et al., 2021). Qiu et al., (2021) examined the amount of oil 

generated from producing Nanofat with different sized Luer-locks and found that Nanofat generated 

with the largest connector had the lowest lipid oil content of the all the Nanofat formulations made. 

Since the initial development of Nanofat, commercial products to streamline and speed up the 

process of mechanically emulsifying the adipose tissue have been developed (Bianchi et al., 2013; 

TULIP Aesthetics, 2022). The Tulip system is one such product. The device is designed to transfer 

lipoaspirate between syringes and through a mesh as part of a closed system that can be used 

quickly during surgery (TULIP Aesthetics, 2022) and is used to generate Nanofat (Sesé et al., 2019). 

The Microlyzer is a similar system and is designed to isolate SVF cells from adipose tissue by using 

blades of 2.4, 1.2, and 0.6 μm diameter to mechanically emulsify the adipose tissue (PRP First, 2021). 

Imaging of lipocondensate-like formulations has demonstrated the removal of adipocytes. Live/dead 

imaging, scanning electron microscopy, and confocal imaging has shown even the fragmentation of 

adipocytes or no adipocyte presence at all (Wang et al., 2019; Yang et al., 2021; Yao et al., 2017). 
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The formulation appears to be composed to SVF cells and disrupted ECM (Sesé et al., 2020; Yao et 

al., 2017). The removal of these adipocytes leads to a concentration of the SVF, with the large 

volume of adipocytes removed, a higher number of SVF cells per gram can be realised. In 

lipocondensate/ SVF-gel formulations, the number of cells per gram of formulation has been 

reported as 5x105 (Yang et al., 2021), 4x104 (Yao et al., 2017), 3x106 (van Dongen et al., 2016), and 

the highest reported value being 3x107 (Sesé et al., 2020). Despite the wide range of values, all of 

these SVF-gels were found to have a similar or higher number of cells per gram than lipoaspirate and 

are thus successfully condensing the SVF population. 

Lipocondensate was failing to separate from lipid oil as described in Yao et al. (2017). Several 

mechanisms were trialled to “flocculate” the emulsion such as adding more lipid, disruption with a 

Pasteur pipette, and re-centrifugation. The use of the Microlyzer was an attempt to generate more 

lipid with the hope of stabilising the emulsion. When generating emulsified fat, a 3.6 mm Luer-Lock 

was used, this generated the lowest amount of lipid when different size Luer-Locks were tested in 

Qiu et al., (2021). It was hoped that by using the Microlyzer, more adipocytes would lyse and release 

more lipid, destabilising the emulsion. This was not the case however, with the Microlyzer leading to 

less cell death in lipocondensate generated with the Microlyzer. Consistent lipocondensate 

separation was achieved by freeze/thawing the lipocondensate mixture. It was then noticed that the 

lipocondensate emulsion would solidify in a 4 °C fridge, above the freezing point of water. Thus, the 

mixture of lipid in the unseparated lipocondensate must have a different freezing point to the water 

phase of the emulsion. The mixture was then thawed, disturbed with a Pasteur pipette and re-

centrifuged. This technique then led to phase separation and the successful formation of 

lipocondensate every time it was used. This occurs because when frozen in an emulsion, oil droplets 

undergo a process known as “partial coalescence”, whereby the oil droplets begin to partially 

crystallise and fuse together. When thawing begins the now fused droplets join. This joining 

decreases the stability of the emulsion causing it to become unstable and eventually the phases 

separate out (Degner et al., 2014). Following this finding, if lipocondensate did not separate 

following initial centrifugation, it was treated with this freezing technique, and this allowed 

consistent formation of lipocondensate. The cellular structure and makeup of my lipocondensate is 

consistent with that of the literature. The fragmented formulation in Yao et al. looks very similar to 

my lipocondensate with a few adipocytes and mostly disrupted cell debris and vessels. In theory, 

processing to lipocondensate should remove all adipocytes (Wang et al., 2019). In reality however, 

images do show a few adipocytes still remaining, both in my work and others (Sesé et al., 2020; Yao 

et al., 2017). It is likely that this is down to the method of image capture which may be adding bias 

to the fluorescent images. It is impossible to take an image of an artifact that is not present. Given 
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that the structure of emulsified fat and lipocondensate have been broken down to an almost liquid 

form, there is little to view under a microscope. Thus, the images taken will be of the most 

structured elements remaining, which are more likely to contain the few adipocytes present. Despite 

this, my data agrees with the literature that processing to lipocondensate concentrates the SVF cells 

in lipocondensate-like formulations. The number of cells per gram of lipocondensate was 9.75x106. 

This is between values reported by Sesé et al. (2020), at 3x107 and van Dongen et al. (2016) at 3x106. 

As in these papers, the cells per gram of lipocondensate was similar or higher than the number of 

cells per gram of lipoaspirate while adipocytes were removed, showing that processing to 

lipocondensate is concentrating the SVF cells in adipose tissue. The work in this chapter has 

optimised the processing technique for my lipocondensate formulation, characterised the cellular 

structure of the formulation, and compared the metabolic activity, cell lysis, and cell number to the 

other formulations used in this work. 
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Figure 3.17. Separating a stable emulsion. Lipid in a stable oil/water emulsion can be separated by freezing the lipid until 
crystallisation. This crystallisation causes the lipid to fuse together, destabilising the emulsion upon thawing and leading to 
separation. 
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3.3.4. ADSC  

Finally, enzymatically isolated ADSCs were characterised via flow cytometry and an oil red O 

assay. Overall, the ADSCs isolated were positive for markers CD90 and CD105 (figure 3.4). Across the 

cellular population isolated, 80.50 % of cells were CD90+/CD105+ (figure 3.5). There was little 

expression of CD34, CD73, and CD146 (less than 0.50 %). Expression of control markers CD31 and 

CD45 was low (figure 3.4) with 99.50 % of cells being CD31-/CD45- (figure 3.5). ADSCs treated with 

differentiation media showed a substantial change in morphology with significantly more lipid 

vesicles present compared to untreated ADSCs (figure 3.6). During the initial months of this project, 

isolated ADSC were cultured in 10 % D-MEM. However, these cells did not grow in a reliable manner. 

Cells frequently stopped proliferating and slowly died after two weeks. Cell cultures died before they 

became confluent enough to reach a second passage, and thus, no quantitative measure or assay of 

their viability could be carried out to investigate this phenomenon. A variety of factors were 

investigated ranging from collagenase A concentration during isolation, seeding density, and 

incubator environment. However, changing the culture medium to MesenPro led to ADSC survival to 

at least passage six. The flow cytometry data along with oil red O staining supports that ADSCs 

isolated are in fact ADSCs and following the use of MesenPro growth medium, ADSCs are behaving 

as would be expected. 

ADSCs are frequently cited as the cellular component in adipose tissue responsible for its 

regenerative properties (Cao et al., 2005; Rehman et al., 2004; Rigotti et al., 2007; Spiekman et al., 

2014). ADSCs are a dynamic cell, share many properties with mesenchymal stem cells (MSCs) and 

can differentiate into multiple cell lineages (Cao et al., 2005; Gimble & Guilak, 2003; Zuk et al., 

2001). Guidelines have been set by the “International Federation for Adipose Therapeutics and 

Science” and the “International Society for Cellular Therapy”. The groups recommend that ADSCs 

can be classed as such if they are expressing two CD markers found to be present in ADSCs and are 

tested for two negative CD markers (Bourin et al., 2013). CD90, referred to as Thy-1 (Shi et al., 2019), 

and CD105 (referred to as Endoglin; Fonsatti & Maio, 2004) are markers of MSCs (Dominici et al., 

2006) and are frequently cited as being expressed by ADSC, (Bourin et al., 2013; Gimble & Guilak, 

2003; Huang et al., 2013; Mildmay-White & Khan, 2017). As such, the presence of these markers is a 

strong indicator that the isolated cells are ADSCs. CD31 (Platelet Endothelial Cell Adhesion Molecule) 

is a marker found in endothelial cells (reviewed in Rakocevic et al. 2017) and CD45 (leukocyte 

common antigen) acts as a marker for hematopoietic stem cells (Nakano et al., 1990). CD31 and 

CD45 are used as a negative control for MSCs (Dominici et al., 2006) and ADSCs are found to not 

express these surface proteins (Bourin et al., 2013; Huang et al., 2013). CD146 is considered a 

marker of ADSCs by some (Gimble & Guilak, 2003; Huang et al., 2013) however, others have found 



150 
 

little expression of CD146 in ADSCs (Mildmay-White & Khan, 2017; Pachón-Peña et al., 2011). ADSCs 

have been shown to exist in distinct sub-populations, with Borrelli et al. (2020) able to find large 

populations of CD146- ADSCs while also finding CD146+ ADSCs when isolating SVF cells. CD34 is 

another protein with no clear scientific consensus as to whether it is a marker of ADSCs. The 

transmembrane phosphoglycoprotein has been found to be present in ADSCs (Gronthos et al., 2001; 

Mildmay-White & Khan, 2017) and is even considered a marker in the International Federation for 

Adipose Therapeutics and Science and the International Society for Cellular Therapy (Bourin et al., 

2013). However, other researchers have found MSCs and ADSCs to be CD34- (Dominici et al., 2006; 

Huang et al., 2013; Zuk et al., 2002). Additionally, ADSCs have been shown to lose the expression of 

markers such as CD34 over time as the cells are passaged in culture (Mitchell et al., 2006). 

ADSCs can differentiate into adipogenic, osteogenic, and chondrogenic cell lineages (Gimble 

& Guilak, 2003). Because of this ability, other standard tests for ADSC purity are assays for 

adipogenic (oil red O), osteogenic (alkaline phosphatase), and chondrogenic (alcian blue) 

differentiation (Bianchi et al., 2013; Bourin et al., 2013; et al., 2001). Finally, different culture 

medium has been used for growth of isolated ADSC (al Battah et al., 2011; Fadel et al., 2011; Francis 

et al., 2010; Roxburgh et al., 2016). Roxburgh et al. (2016) investigated the effect of culturing ADSCs 

in various cell culture media on their proliferation and ability to differentiate. They found that ADSCs 

cultured in 10 % D-MEM had one of the highest rates of proliferation however, they did also observe 

a high rate of spontaneous osteogenic differentiation when cultured in 10 % D-MEM. Other groups 

have cultured isolated ADSCs successfully in 10 % D-MEM (Baptista et al., 2009; Francis et al., 2010; 

Sherman et al., 2019) but it was noted by Baptista et al. (2009) and Sherman et al. (2019) that some 

ADSC cultures would halt proliferation and the population would spontaneously decrease. This 

observation, combined with the spontaneous differentiation seen in Roxburgh et al. (2016) and my 

own observations indicates that 10 % D-MEM might not be the most suitable medium to culture 

ADSCs in. Fadel et al. (2011) isolated ADSCs in Alpha-MEM supplemented with 15 % foetal calf serum 

however, most of their isolation techniques failed with ADSCs halting proliferation and dying. Other 

commercial media was examined in Roxburgh et al. (2016) and “Advanced D-MEM” by Invitrogen 

and “Pre-adipocyte media” from Lonza was found to lead to low rates of proliferation in ADSCs. The 

group did find however that ADSCs cultured in MesenPRO medium remained healthy and 

proliferated at a high rate. 

This project involved isolating ADSCs from human tissue. Primary cell isolates will show 

patient-patient variation and are, by definition, uncharacterised. In addition to this, the ethical 

approvals in place for this work do not allow for the disclosure of relevant demographic information 

such as: patient age, smoker status, or weight. All these factors can affect the characteristics of the 
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ADSCs isolated (reviewed in Varghese et al., 2017). Additionally, ADSCs have been shown to have 

different characteristics depending on the donor site (Engels et al., 2013; Padoin et al., 2008), 

another piece of information that was not accessible. For these reasons, isolated ADSCs from two 

patients were characterised and the expression of common surface protein markers was examined. 

Overall, the ADSCs isolated matched the criteria established by the International Federation for 

Adipose Therapeutics and Science with the vast majority of ADSCs positive for CD90+/CD105+, with 

adipogenic differentiation capabilities and little CD31 and CD45 contamination. There are mixed 

reports of ADSCs expressing CD146 and CD34 and the International Federation for Adipose 

Therapeutics and Science accepts that there is a high degree of heterogeneity between individuals 

ADSCs. Thus, these two markers alone are not essential for ADSC classification (Bourin et al., 2013). 

The lack of CD146 in my isolated ADSCs may be a result of a combination of patient variation and 

heterogeneity in adipose tissue isolated. By chance cells could have isolated from a region of adipose 

tissue with a high population of CD146- ADSCs identified by Borrelli et al. (2020a). Given that the 

cells used in flow cytometry had been in culture for at least two weeks, a possible explanation for 

why the ADSCs isolated have low expression of marker CD34 is that as in Mitchell et al. (2006) the 

ADSCs may have lost the expression of this marker. Based on experience and reports in the 

literature, it is likely that culturing ADSCs in 10 % D-MEM leaves the user open to issues with batch 

variation. The spontaneous halting of proliferation in some ADSC cultures described in Baptista et al. 

(2009) and Sherman et al. (2019) and the fact that changing culture medium to MesenPRO instantly 

removed my own issues, indicates that it is likely some batches of FCS serum used in 10 % D-MEM 

were lacking an element essential to ADSC growth. The composition of serum supplement must be 

different in MesenPRO resulting in more reliable growth in ADSC culture. 

The ADSCs used in this project have been characterised the evidence suggests that the 

isolation technique used is leading to ADSC cultures. Furthermore, this culturing process has been 

optimised by altering the medium used to ensure ADSC growth and survival for use in this research. 

In conclusion, the formulations I will be using to test on myofibroblast differentiation have 

established. These are formulations used today in a clinical setting and work in this chapter has 

demonstrated these formulations behave as the literature expects. This work has optimised the 

processing techniques used to generate these formulations, identified the cellular populations 

contained within each formulation, and demonstrated how processing affects metabolic activity, 

lysis, and cell concentration within each formulation. 
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Chapter 4: Investigating the ability of factors from 

adipose tissue to inhibit a myofibroblast phenotype 
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4.1. Introduction and aims 

Hypertrophic scars are caused by excessive deposition of collagen following traumatic or 

repeated injury. These injuries lead to dysregulation of extracellular matrix (ECM) synthesis and 

excessive production of ECM from myofibroblasts. At the same time, the breakdown of collagen by 

matrix metalloproteinases is decreased. The myofibroblast is a key effector cell in this process due to 

their ability to produce increased amounts of ECM components such as collagen. As such, one of the 

key stages in the formation of hypertrophic scars is the differentiation of fibroblasts to 

myofibroblasts by transforming growth factor-β (TGF-β) 1 via the SMAD signalling pathway.  

Significant research has been carried out to investigate whether it is possible to disrupt the 

TGF-β1/SMAD signalling pathway in fibrosis. Ai et al. (2015) used the molecule GQ5 from the resin of 

the plant Toxicondendron vernicifluum to disrupt the phosphorylation of SMAD3. When used in a rat 

model GQ5 was able to reduce the expression of fibrotic genes. The molecule hepatocyte growth 

factor (HGF) has been found to inhibit SMAD signalling in multiple ways; for example, by blocking 

SMAD2/3 translocation into the nucleus, stabilising the SMAD co-repressor transforming growth 

interacting factor, and by inducing the expression of the SMAD co-repressor SnoN (Dai & Liu, 2004; J. 

Yang et al., 2003, 2005). As well as this, Hou et al. (2005) found that by increasing expression of 

SMAD7, which in turn inhibits SMAD3 phosphorylation, they were able to prevent fibrosis from 

developing in rat kidneys.   

Since the discovery by Rigotti et al. (2007) that subcutaneous injections of adipose tissue can 

lead to tissue regeneration, research has been carried out to investigate the underlying mechanisms 

behind these observations, much of which has centred around ADSC. Spiekman et al. (2014) 

demonstrated that paracrine factors secreted from ADSC were able to inhibit myofibroblast 

differentiation and other groups have since demonstrated that factors from ADSC can influence the 

TGF-β1 signalling pathway (Ejaz et al., 2019; Ma et al., 2020; Rathinasabapathy et al., 2016). Despite 

this, there has been little interest as to whether paracrine factors from adipose tissue, as opposed to 

monocultured ADSC, can interfere with the TGF-β1 signalling pathway.  

In the previous chapter, various formulations of adipose tissue were characterised and the 

cellular components present post processing were described. The aims of the chapter were to: 

- Test whether growth factors released by adipose tissue-derived conditioned medium 

inhibit TGF-β1 dependent myofibroblast differentiation. 

- Elucidate the mechanism behind any inhibitory effect. 

- Examine which component(s) of adipose tissue are responsible for any inhibition? 
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4.2 Results  

4.2.1 Analysing the effect of TGF-β1 on fibroblasts 

4.2.1.1 Gene expression of myofibroblast markers following TGF-β1 treatment 

Myofibroblasts are often characterised by an increase in α-smooth muscle actin (α-SMA) and 

ECM production (Hinz et al., 2001). TGF-β1 has long been reported to induce differentiation of 

fibroblasts to a myofibroblast phenotype (Desmouliere et al., 1993). To test whether TGF-β1 is a 

suitable molecule for inducing myofibroblast differentiation in fibroblasts, the gene expression of 

three characteristic myofibroblast markers were examined in fibroblasts incubated with TGF-β1 for 

24, 48, or 72 hours. Human dermal fibroblasts were treated with TGF-β1 as described in section 

2.4.4.1 and gene expression of Col1A1, FN1-EDA, and α-SMA was quantified as described in section 

2.4.4.2 and 2.4.4.3. Gene expression was compared to the housekeeping gene RNU6-1. 

The expression of α-SMA remained similar at all time points in TGF-β1 treated and untreated 

cells, relative to RNU6-1 (figure 4.1). There was a small increase in the mean α-SMA expression when 

fibroblasts were treated with TGF-β1 for 48 hours (2.6 times the expression of RNU6-1 compared to 

2.0 in untreated cells), however this difference was not significant (p = 0.70). There was an increase 

in the mean fibronectin expression in TGF-β1 treated fibroblasts compared to untreated cells at the 

24 hour time point which was not significant (p = 0.55). After 48 hours of TGF-β1 treatment, there 

was a significant increase in fibronectin expression compared to untreated cells (0.9 to 7.1 times 

expression relative to RNU6-1, p < 0.05). Fibronectin mRNA expression in fibroblasts treated with 

TGF-β1 for 72 hours was unchanged compared to untreated cells. The addition of TGF-β1 to 

fibroblasts increased collagen l expression relative to RNU6-1 when compared to untreated 

fibroblasts. This increase was found after 24, and 48 hours and there was a significant increase of 1.1 

to 4.9 times relative expression after 72 hours of TGF-β1 treatment compared to untreated cells (p < 

0.05).  

These results show that fibroblasts treated with TGF-β1 express increased amounts of 

collagen l and fibronectin mRNA, which is characteristic of a myofibroblast phenotype. TGF-β1 

treatment did not significantly alter α-SMA expression at the time points measured. However, mRNA 

can be present for short time periods (Yang et al., 2003) and thus mRNA expression may not fully 

reflect cell phenotype. To further test whether TGF-β1 can alter α-SMA expression, protein analysis 

was carried out.  
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Figure 4.1. Expression levels of mRNA characteristic of a myofibroblast phenotype relative to RNU6-1. (A) α-SMA 
expression (B) FN1-EDA expression (C) COL 1-A1 expression. Gene expression was calculated using the 2-ΔΔCT method, 
normalising to RNA expression levels from RNU6-1. A two-way analysis of variance (ANOVA) was carried out comparing 
the expression of TGF-β1 treated and untreated fibroblasts. N = 6 (24 hours), 5 (48 and 72 hours), n = 3. Error bars = 
standard deviation. * = p < 0.05. 
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4.2.1.2 Protein analysis of TGF-β1 treated fibroblasts 

To examine the effect of TGF-β1 on α-SMA protein expression in fibroblasts, western 

blotting analysis was carried out on protein lysate from fibroblasts treated with TGF-β1 for 24 and 72 

hours. HDF were passaged as described in section 2.3.2 and seeded at 35,000 cells per well. Cells 

were treated with TGF-β1, and a western blot was carried out as described section 2.4.5. The 

amount of α-SMA protein present in the protein lysate was compared to the constitutively 

expressed protein, GAPDH, by densitometry (see section 2.4.5.5). There was no change in the 

amount of α-SMA protein expressed by untreated cells compared with cells treated with TGF-β1 for 

24 hours (figure 4.2A). At the 72-hour timepoint, untreated cells expressed 0.3 times as much α-SMA 

protein as GAPDH. When TGF-β1 was added to fibroblasts for 72 hours, α-SMA expression relative to 

GAPDH protein was significantly increased compared to untreated cells (1.3 times that of GAPDH, P 

< 0.03, figure 4.2B).  

Taken together, the increase in gene expression of collagen and fibronectin and protein 

expression of α-SMA shows TGF-β1 treatment increases markers of myofibroblast differentiation in 

fibroblasts. Henceforth, TGF-β1 was used to simulate scar induced myofibroblast differentiation in 

fibroblasts. Incubation with TGF-β1 for 72 hours was used to examine the effects paracrine factors 

from adipose tissue had on myofibroblast differentiation.  

 
 
 
 

 

 

 

 

 

 

 

 

Figure 4.2. α-SMA protein expression following treatment with TGF-β1. (A) Representative western blots probed for α-
SMA and loading control GAPDH. (B) Relative densitometry values of protein bands. N = 4 (24 hours) / 3 (72 hours) n = 1, 
error bars = standard deviation. A two-way ANOVA was carried out to compare the relative intensity of protein bands in 
TGF-β1 treated and untreated cells. * = P > 0.03.  
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4.2.2 The effect of adipose tissue-derived conditioned medium on myofibroblast markers in 

cells treated with TGF-β1  

To examine the effect that paracrine factors from adipose tissue have on the TGF-β1/SMAD 

signalling pathway, adipose tissue was used to condition cell culture medium. TGF-β1 was added to 

fibroblasts alongside adipose tissue-derived conditioned medium. Medium was conditioned with 

either minced adipose tissue, lipoaspirate, emulsified fat, lipocondensate, ADSCs, lipid. A control of 

serum free MesenPRO alongside TGFβ-1 and free lipid added on top was also used. Changes to the 

levels of markers of myofibroblast differentiation: collagen, fibronectin and α-SMA, were used to 

quantify the impact of paracrine factors from adipose tissue on myofibroblast differentiation (figure 

4.3). 

Figure 4.3. Experimental design for examining the effect of adipose tissue-derived conditioned medium on TGF-β1 
induced myofibroblast differentiation. 

4.2.2.1 Gene expression of myofibroblast markers following TGF-β1 treatment alongside adipose 

tissue-derived conditioned medium 

 To examine the effect of adipose tissue-derived conditioned medium upon TGF-β1 

treatment of fibroblasts, gene expression levels of fibronectin and collagen were examined (section 

2.4.4). Medium conditioned with either minced adipose tissue, emulsified fat, lipocondensate, or 

free lipid was tested alongside a control containing serum free MesenPRO, TGF-β1 and free lipid 

added on top of the medium.  

There was a large increase in expression levels of fibronectin compared to RNU6-1 in cells 

treated with TGF-β1 (10.5 times expression of RNU6-1) relative to untreated, control cells (p = 0.44). 

This increase was also present when free lipid was added alongside TGF-β1 (16.1 times expression 
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compared to RNU6-1, p = 0.09). When medium conditioned with either minced adipose tissue, 

emulsified fat, or lipocondensate was added to fibroblasts in combination with TGF-β1, there was a 

decrease in the mean fibronectin expression in comparison to TGF-β1 treated cells (6.1, 7.8, 8.7 

times expression respectively, figure 4.4A). However, this expression was still increased compared to 

the expression of fibronectin in untreated fibroblasts. The only condition under which there was not 

an increase in fibronectin when cells were treated with TGF-β1 was when fibroblasts were treated 

with lipid medium and TGF-β1, with the expression of fibronectin at 0.6 times expression relative to 

RNU6-1.   

When examining gene expression levels of collagen compared to RNU6-1, fibroblasts treated 

with: TGF-β1, TGF-β1 and free lipid, and TGF-β1 and lipid conditioned medium, there was an 

increase in the mean collagen expression levels compared to untreated fibroblasts (2.6, 4.3, 1.8 

times expression compared to RNU6-1 respectively). However, mean expression levels of collagen in 

cells treated with TGF-β1 and minced adipose tissue, emulsified fat, and lipocondensate were either 

equal with untreated cells (minced adipose tissue conditioned medium, figure 4.4B) or were 

decreased. Emulsified fat conditioned medium and TGF-β1 treated fibroblasts expressed 0.8 times 

the amount of collagen as untreated cells. Lipocondensate conditioned medium and TGF-β1 treated 

fibroblasts expressed 0.7 times the amount of mRNA relative to RNU6-1 although this decrease in 

both conditions was not significant compared to TGF-β1 treated cells (p = 0.21 and 0.17 

respectively).  
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Figure 4.4. Expression levels of mRNA of myofibroblast markers in adipose tissue-derived conditioned medium and TGF-
β1 treated fibroblasts. (A) FN1-EDA expression and (B) COL1A1 expression. Gene expression was calculated using the 2-ΔΔCT 
method, normalising to RNA expression levels from RNU6-1. Coloured bars represent cells treated with conditioned 
medium. A One-way ANOVA was carried out comparing the expression of fibroblasts treated with TGF-β1 and various 
adipose tissue-derived conditioned medium N = 3 (N = 2 for lipid medium + TGF-β1), n = 3. Error bars = standard deviation. 
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4.2.2.2 Analysis of α-SMA protein expression following treatment of fibroblasts with TGF-β1 and 

adipose tissue-derived conditioned medium 

Following gene expression analysis, the impact that paracrine factors had on TGF-β1 

dependent α-SMA expression was measured via western blotting and fluorescent 

immunocytochemistry (section 2.4.5). Medium conditioned with either minced adipose tissue, 

emulsified fat, lipocondensate, ADSC, or free lipid was tested alongside a control containing TGF-β1 

and free lipid added on top of the medium. 

Using western blotting and densitometry analysis, the amount of α-SMA protein expressed 

by fibroblasts was compared to levels of GAPDH, a constitutively expressed protein (figure 4.5A). 

Adding TGF-β1 to fibroblasts led to a significant increase in α-SMA expression compared to 

untreated cells (1.0 to 0.2 times α-SMA protein compared to GAPDH, p < 0.001). When fibroblasts 

were treated with TGF-β1 and either: minced adipose tissue, emulsified fat, or lipocondensate 

conditioned medium, there was a significant decrease in the levels of α-SMA relative to GAPDH 

compared to TGF-β1 treated cells (0.1, 0.02, 0.02 relative intensity respectively, p < 0.001, figure 

4.5B). There was a significant increase in the levels of α-SMA protein levels relative to GAPDH in 

fibroblasts treated with TGF-β1 and free lipid when compared to untreated cells (p < 0.001). There 

was an increase in the mean expression of α-SMA protein in fibroblasts treated with lipid and TGF-β1 

or ADSC conditioned medium compared to untreated cells (1.2 and 0.7 relative intensity 

respectively) however, this increase was not significant.  

Immunofluorescent staining of cells with 4’,6-diamindino-2-phenylindole (DAPI) stain and an 

anti-α-SMA- Fluorescein isothiocyanate (FITC) conjugated antibody was used to assess the 

percentage population of cells expressing α-SMA protein. In untreated cells, 2.0 % of the cellular 

population were expressing α-SMA protein (figure 4.6A). There was an increase in the mean 

percentage of α-SMA positive cells when treated with TGF-β1 (52.5 %). When cells were treated with 

TGF-β1 and conditioned medium from either minced adipose tissue, emulsified fat, or 

lipocondensate there was a decrease in the mean percentage population of cells expressing α-SMA. 

Only 0.5 % of minced adipose tissue and TGF-β1 treated cells expressed α-SMA, 2.5 % of emulsified 

fat and TGF-β1 treated cells expressed α-SMA, and 0.87 % of lipocondensate and TGF-β1 treated 

cells expressed α-SMA (figure 4.6C-E). There was an increase in the mean percentage population of 

α-SMA expressing cells when cells were treated with TGF-β1 and either free lipid, lipid conditioned 

medium or ADSC conditioned medium at 26.6 %, 40.3 %, and 42.7 % respectively. Following a 

Kruskal-Wallace test, there was a significant difference between the means in this data set (p = 

0.036), however there was no significance between individual means (discussed later in section 

4.3.2). 
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Taken together, the α-SMA protein and fibronectin and collagen mRNA expression data 

appears to show that paracrine factors from minced adipose tissue, emulsified fat, and 

lipocondensate can inhibit the characteristic increase in myofibroblast markers from TGF-β1 

dependent differentiation of fibroblasts. This poses the question as to which factors from the 

adipose tissue-derived conditioned medium are responsible for this effect?  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 

 

 

Figure 4.5. α-SMA protein expression following treatment with TGF-β1 and adipose tissue-derived conditioned medium. 
(A) Representative western blots of fibroblasts treated with TGF-β1 and various forms of adipose tissue-derived 
conditioned medium stained for α-SMA and loading control GAPDH. (B) Relative densitometry values of protein bands. 
Coloured bars represent cells treated with conditioned medium. N = 3 (N = 2 for Lipid medium + TGF-β1 and ADSC + TGF-
β1) n = 1. Error bars = standard deviation. * = p < 0.05 compared to TGF-β1 positive control.   

GAPDH 

α-SMA  A 

B 

- - Conditioned 
medium 

Lipid   

TGF-β1   

- 

- 

- 
- - - - - - 

M
inced 

Em
ulsified 

Lipocondensate 

AD
SC 

Lipid 



163 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Immunofluorescence analysis of the effect of adipose tissue-derived conditioned medium on TGF-β1 
dependent α-SMA expression. (A-H) Representative immunofluorescence images of cells stained for nuclei (blue) and α-
SMA fibres (green). Fibroblasts were treated with (A) untreated, (B) TGF-β1, (C) TGF-β1 + minced adipose tissue-derived 
conditioned medium, (D) TGF-β1 + emulsified fat conditioned medium, (E) TGF-β1 + lipocondensate conditioned medium, 
(F) TGF-β1 + ADSC conditioned medium, (G) TGF-β1 + Lipid conditioned medium, (H) and TGF-β1 + free lipid. (I) The 
percentage of the cellular population per field of view was calculated from images and tabulated. Scale bar = 200 μm, N = 3 
(N = 4 for ADSC + TGF-β1), n = 3. Coloured bars represent cells treated with conditioned medium. Error bars = standard 
deviation. * = p < 0.04 compared to TGF-β1 positive control. 
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4.2.3 Analysis of cytokines present in adipose tissue-derived conditioned medium  

4.2.3.1 Examination of conditioned medium via cytokine array 

Data from section 4.2.2 suggests that adipose tissue-derived conditioned medium can inhibit 

TGF-β1 dependent fibroblast differentiation. A cytokine array was used to identify which paracrine 

factors were present in the adipose tissue-derived conditioned medium and thus may be responsible 

for the above effect. A cytokine array containing various molecules implicated in the inhibition of 

TGF-β1 signalling was selected. Conditioned medium from minced adipose tissue, lipoaspirate, 

emulsified fat, lipocondensate, ADSC, and free lipid was applied to the array. The relative abundance 

of target cytokines compared to serum free MesenPRO was calculated by densitometry of the 

antibody dots in each blot (section 2.4.6.1 and 2.4.6.2). Groups of cytokines were analysed first with 

fibroblast growth factor (FGF) proteins, interleukin (IL) proteins, and TGF-β1 proteins assessed. The 

cytokine array only contained enough reagents to test adipose tissue-derived conditioned medium 

once and thus significance cannot be drawn from the data. In an attempt to minimise the effect of 

patient-to-patient variation, media was collected from three different patients and pooled together 

before testing. 

FGF proteins were found in relatively low quantities (figure 4.7A), FGF-4, -6, -7, and -9 were 

found to be present at baseline levels in all conditioned media except for FGF-9 from emulsified fat 

conditioned medium (2.2 times relative intensity compared to serum free MesenPRO). TGF-β1, -2, 

and -3 were found to be present however, in concentrations similar to that of serum free MesenPRO 

(figure 4.7B).  

Most ILs were present in similar quantities in conditioned medium compared to serum free 

MesenPRO. Notable exceptions to this were IL-6, -7, -8, -10, and -16 (figure 4.7C). IL-7, -10 and -16 

had high quantities present in only one form of conditioned medium. IL-7 was found to be present in 

lipocondensate conditioned medium at 6.7 times the amount found in serum free MesenPRO. Levels 

of IL-10 were found to be high in minced adipose tissue conditioned medium (3.2 times relative 

intensity to serum free MesenPRO) and emulsified fat conditioned medium contained 4.6 times the 

amount of IL-16 relative to serum free MesenPRO. Concentrations of IL-8 increased as adipose tissue 

was processed from minced adipose tissue to emulsified fat to lipocondensate as the relative 

concentration of IL-8 increased from 4.6 times that of serum free MesenPRO in minced adipose 

tissue to 10.0 in lipocondensate conditioned medium. IL-8 concentrations then dropped in ADSC 

conditioned medium with 3.5 times relative intensity compared to serum free MesenPRO and was 

found to be present at lower levels than baseline in lipid conditioned medium. The highest 

concentration of any cytokine tested on the array was IL-6. The relative intensity of spots from 



165 
 

minced adipose tissue, lipoaspirate, emulsified fat, lipocondensate, and ADSC conditioned medium 

was exceptionally high (29.3, 39.2, 49.3, 59.7, 34.3 times relative to serum free MesenPRO 

respectively). However, the amount of IL-6 found in lipid conditioned medium was lower than that of 

serum free MesenPRO with 0.5 times the intensity relative to the serum free media. 

To select target factors for further analysis, cytokines present in amounts more than 10 

times that of serum free MesenPRO were selected and analysed (figure 4.8). A brief search of the 

literature was carried out on these molecules to identify if any anti-fibrotic effects had been 

previously observed (table 4.1). Cytokines IL-6, angiogenin, tissue inhibitor of metalloproteinases 

(TIMP)-2, and HGF were found in the highest abundance out of all cytokines across the array with a 

relative intensity of 59.7, 40.4, 33.5, and 28.0 times that of serum free MesenPRO respectively. The 

highest concentration of IL-6 was found in lipocondensate conditioned medium, the highest TIMP-2 

concentration was found in lipoaspirate conditioned medium and the highest angiogenin and HGF 

levels were found in emulsified fat conditioned medium. 

Following the literature search, CXCL1 (18.1 times relative intensity compared to serum free 

medium), CXCL9 (12.5 times relative intensity compared to serum free medium) and HGF were 

found to have recorded anti-fibrotic properties or mechanisms in fibroblasts. Given the high levels of 

abundance found in conditioned medium isolated from minced adipose tissue, emulsified fat, and 

lipocondensate, which were found to inhibit TGF-β1 dependent fibroblast differentiation, and well 

recorded anti-fibrotic properties in the literature, HGF was chosen for further tests as to whether it 

is responsible for the anti-fibrotic effects of adipose tissue-derived conditioned media.
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Figure 4.7. Cytokine array analysis of FGF, TGF-β1 and IL proteins. (A-C) Conditioned medium was probed on a 
cytokine array to assess the abundance of (A) FGF, (B) TGF-β, (C) and IL proteins present in the conditioned medium 
relative to serum free MesenPRO. N = 1, n = 1. Black line represents the concentration of the cytokine present in serum 
free MesenPRO. 
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Table 4.1. High abundance cytokines. Table of all cytokines from figure 4.8. and literature supporting their pro- and or 
anti- fibrotic function. 

 

Cytokine Basic function Pro or Anti-fibrotic function Reference 

ENA-78 
(CXCL5) 

Stimulates chemotaxis of 
neutrophils with 

angiogenic function. 

Pro fibrotic, ENA-78 found in high concentrations in people with 
idiopathic pulmonary fibrosis. 

Keane, et al., (2001) 
 

GRO alpha 
(CXCL1) 

Chemoattractant for 
neutrophils. 

Produced by myofibroblasts in cancer associated fibroblasts, 
inverse correlation between TGF-β1 signalling and CXCL-1. 

Zou, et al., (2014) 
 

IL-6 

Pro-inflammatory cytokine, 
inhibits tumour necrosis 
factor alpha and IL-1 and 

IL-10. 

Stimulates proliferation and migration of fibroblasts via 
JAK/STAT and mitogen associated protein kinase pathways. 
Can stimulate differentiation to myofibroblasts via JAK/ERK 

Induces Bcl2 in fibroblasts which makes resistant 2 apoptosis. 

Johnson, et al., (2020) 
 

MCP-1 
(CCL2) 

Chemokine responsible for 
recruiting osteoclasts to 

bone. 
Profibrotic, secreted in high amounts by hepatic myofibroblasts. 

Dagouassat, et al., (2009) 
 

MCP-2 
(CCL8) 

Activates immune cells. 
Little evidence of antifibrotic activity. Increases myofibroblast 

migration. 
Torres, et al., (2013) 

 

MIG 
(CXCL9) 

Inflammatory chemokine 
associated with the 
function of T-cells. 

Found to have general antifibrotic effects in human livers. 
Can inhibit SMAD signalling via promoting SMAD7 expression. 

Wasmuth, et al., (2009) 
O’Beirne, et al., (2015) 

 

Angiogenin Promotes angiogenesis and 
blood vessel growth. N/A N/A 

Leptin 
Adipose hormone, 

primarily involved in 
energy regulation. 

Increases SMAD2/3 activation in conjunction with TGF-β1 in 
mice, knockout downplays fibrotic response. 

Generally, seems to be pro-fibrotic by increasing the 
differentiation of cells to myofibroblasts via TGF-β1 pathway. 

Yang, et al., (2007) 
 

GCP-2 
(CXCL6) 

Mediates angiogenesis and 
a chemoattractant to 

neutrophil granulocytes. 

Found in high levels in fibrosis patients 
promotes fibrosis through JAK-STAT. 

Cai, et al., (2018) 
Sun, et al., (2019) 

 

HGF 

Secreted by mesenchymal 
cells, promotes motility 
and cellular cascades. 
Important for organ 

regeneration. 

Inhibits TGF-β1 activation of rat myofibroblasts via inhibition of 
SMAD2/3 translocating into the cell nucleus, does it by activating 

ERK signalling, sequestering activated SMAD2/3 away. 
Down regulates IL proteins. 

Yang, et al., (2003) 
Schievenbusch, et al., (2009) 

 

IGFBP-4 

Can act as an apoptotic 
factor in cancer. 

Binds insulin like growth 
factors. 

Potentially antifibrotic, reduces connective tissue growth factor 
and collagen expression in TGF-β1 treated fibroblasts. 

Su, et al. (2019) 

MIP-3 alpha 
Activator of immune cells 

(dendrites and 
neutrophils). 

Produced in high amounts post TGF-β1 activation, acts 
downstream of SMAD signalling. 

Brand, et al., (2015) 
 

NAP-2 
(CXCL7) 

Mediates neutrophil 
recruitment. N/A N/A 

TIMP-1 Inhibit metalloprotease 
function. 

Pro-fibrotic. Johnston & Gillis, (2017) 

TIMP-2 Inhibit metalloprotease 
function. Pro-fibrotic. Johnston & Gillis, (2017) 

PDGF-BB 
 

Stimulates angiogenesis 
and granulation tissue. 

Profibrotic, stimulates migration of myofibroblasts and may 
encourage their proliferation.  

 

Tangkijvanuch, et al., (2002) 
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4.2.3.2 Examination of conditioned medium via HGF ELISA 

 Cytokine array analysis of conditioned medium used in the preceding section calculates 

cytokine concentration in a semi-quantitative fashion. Having chosen to investigate the effect of HGF 

further, a more accurate measure of the concentration of HGF in adipose tissue-derived conditioned 

medium was required. This would be used to identify the form of conditioned medium containing 

the highest concentration of HGF to use in future experiments.  

To this end, a HGF enzyme-linked immunosorbent assay (ELISA) was carried out as described 

in section 2.4.6.3 to quantify HGF concentration in conditioned medium from minced adipose tissue, 

lipoaspirate, minced adipose tissue, emulsified fat, ADSC and lipid. Conditioned medium from 

minced adipose tissue contained 2.8 ng/ml of HGF (figure 4.9). The highest concentration of HGF 

was found in lipoaspirate conditioned medium at 6.4 ng/ml which fell to 2.4 ng/ml in emulsified fat. 

Lipocondensate conditioned medium contained 0.4 ng/ml which was significantly lower than the 

concentration in lipoaspirate conditioned medium (p < 0.01) and ADSC and lipid conditioned 

medium did not contain enough HGF to give a reading on the ELISA. HGF was found at more than 

double the concentration in lipoaspirate conditioned medium than that of the next highest condition 

and thus in future experiments, where possible, lipoaspirate conditioned medium would be used to 

test the effect of HGF on fibroblast differentiation.  

 

 

 

 

 

 

 

 

 

Figure 4.9. Quantification of HGF concentration present in adipose tissue-derived conditioned medium. HGF 
concentration was quantified via an HGF-ELISA. N = 4, n = 2, error bars = standard deviation, * = p < 0.01 between selected 
conditions. 

  



170 
 

4.2.4 Can foretinib restore myofibroblast differentiation from adipose tissue-derived 

conditioned medium? 

Hepatocyte growth factor was identified as one of a number of candidate molecules that 

may be responsible for adipose tissue-derived conditioned medium’s ability to inhibit myofibroblast 

differentiation. To test whether this is the case, the inhibitor molecule foretinib was used alongside 

TGF-β1, adipose tissue-derived conditioned medium, and recombinant HGF. Foretinib acts as a 

competitive inhibitor on the C-Met receptor (figure 4.10), which is the receptor through which HGF 

acts. Adipose tissue-derived conditioned medium was added to fibroblasts alongside TGF-β1 as 

described previously in this chapter (section 4.2.2); however, foretinib was added alongside the 

medium and TGF-β1 (figure 4.11). Markers of myofibroblast differentiation were measured to 

examine whether foretinib could prevent the inhibitory effect of adipose tissue-derived conditioned 

medium with the ultimate aim of understanding the molecular mechanism of action. 

Figure 4.10. Foretinib inhibition of the C-Met receptor. Foretinib acts as a competitive inhibitor to HGF by binding with the 
C-Met receptor, blocking the binding site from HGF (Sohn et al., 2020; Zillhardt et al., 2011) .   
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4.2.4.1 Testing the cytotoxicity of foretinib and its solvent vehicle on fibroblasts 

Before testing the effect of foretinib on the adipose tissue-derived conditioned medium, it 

was first required to test whether foretinib, or the concentration of solvent needed to solubilise the 

foretinib was cytotoxic to fibroblasts. Human dermal fibroblasts were cultured in serum free 

MesenPRO and 100 % ethanol (1 or 2.5 μl/ml) or dimethyl sulfoxide (DMSO; 1.0, 2.5, or 5.0 μl/ml) 

were added. A resazurin assay (section 2.4.7) was carried out to examine the effect of the solvent on 

fibroblast metabolic activity. Fluorescent values at 570 nm were normalised to those of a negative 

control containing cells cultured in only serum free MesenPRO. A positive control of fibroblasts 

cultured in 2 % serum MesenPRO saw an increase in the mean fluorescence value to 1.2 times that 

of the serum free MesenPRO control (figure 4.12A). Fibroblasts were cultured in 1, 2.5, and 5 μl/ml 

of DMSO following which their metabolic activity was unchanged relative to fibroblasts in serum free 

MesenPRO (1.0 times fluorescence compared to the negative control in all conditions). When 

cultured with ethanol there was no change in cell metabolic activity. Fibroblasts cultured in 1 μl/ml 

absolute ethanol had a relative fluorescent value of 0.9 times that of the negative control as did 

fibroblasts cultured in 2.5 μl/ml absolute ethanol. Due to this, it was decided to solubilise foretinib in 

DMSO; as at the concentrations chosen there was little or no effect on cell metabolic activity. While 

only by a small degree, fibroblasts cultured in 2.5 μl/ml of DMSO had the highest mean metabolic 

activity of the cells cultured in solvent, thus foretinib was solubilised in 2.5 μl/ml DMSO. 

Following this, fibroblasts were cultured in serum free MesenPRO and various 

concentrations of foretinib. A resazurin assay was carried out to assess the metabolic activity of cells 

cultured in foretinib to assess the impact of foretinib on fibroblast metabolic activity. Compared to 

cells cultured in serum free MesenPro, cells cultured in 2 % serum MesenPRO produced fluorescence 

values of 1.2 times that of the negative control. All cells cultured in foretinib produced similar 

fluorescence values than the negative control. The metabolic activity of cells was the same 

regardless of foretinib concentration (figure 4.12B). Cells cultured in 0.4 nM foretinib had a relative 

fluorescence value of 0.9 times that of cells cultured in serum free MesenPRO. Fibroblasts in 4, 40, 

and 400 nM foretinib had relative fluorescence values of 0.90 times that of cells cultured in serum 

free MesenPRO respectively and no concentrations were significantly lower than the negative 

control. Taken together, these results suggest foretinib is not significantly cytotoxic to fibroblasts. As 

all concentrations of foretinib resulted in a similar metabolic activity then foretinib was used at 1nM, 

which is the highest working concentration suggested by the manufacturers.  
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Figure 4.11. Can foretinib restore fibroblast differentiation? Schematic of experimental design to test the effect of 
foretinib on adipose tissue-derived conditioned medium dependent inhibition of myofibroblast differentiation.  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
Figure 4.12. Assessing the cytotoxicity of foretinib and its solvent vehicles. (A-B) Fibroblasts were treated with various 
concentrations of (A) DMSO and ethanol and (B) foretinib and were incubated with resazurin dye to assess cell metabolic 
activity. The fluorescence at 570 nm was recorded and normalised to untreated fibroblasts (control). (A) N = 2 / 3 (Control), 
n = 3. (B) N = 5 / 2 (400 nM foretinib), n = 3, error bars = standard deviation.    

B A 
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4.2.4.2 Does foretinib remove adipose tissue-derived conditioned medium dependent inhibition of α-

SMA expression in TGF-β1 treated fibroblasts? 

The ability of HGF and adipose tissue-derived conditioned medium to inhibit fibroblast 

differentiation and for foretinib to remove this inhibitory effect, was tested by analysing the 

expression of α-SMA protein. HDF were seeded and treated with TGF-β1 as in section 2.4.5.1. 

Combinations of 40 ng/ml of HGF, 1 nM foretinib, and adipose tissue-derived conditioned medium 

was added concurrently with TGF-β1. Fluorescent immunocytochemistry and western blotting were 

carried out to assess α-SMA protein expression. When TGF-β1 treated cells were stained for nuclei 

and α-SMA fibres, 48.7 % of cells were expressing α-SMA, which was significantly higher than 

untreated fibroblasts (15.4 %, figure 4.13B, p < 0.05). When cells were treated with TGF-β1 and 40 

ng/ml of HGF the percentage of cells expressing α-SMA increased to 64.1 % which was also 

significantly higher than untreated cells (p < 0.01). When 1 nM foretinib was added to fibroblasts 

alongside HGF and TGF-β1, 46.7 % of cells expressed α-SMA, this decrease in the mean was not 

significant compared to TGF-β1 treated cells (p = 0.66). When lipoaspirate conditioned medium was 

added to fibroblasts in combination with TGF-β1 there was a significant decrease in the percentage 

of cells expressing α-SMA compared to TGF-β1 treated fibroblasts (48.7 % to 8.8 %, p < 0.05, figure 

4.13H). When foretinib and lipoaspirate conditioned medium were added to cells alongside TGF-β1 

the percentage of cells expressing α-SMA was 20.7 %. This was significantly lower than the 

percentage of cells expressing α-SMA following TGF-β1 and HFG treatment (64.1 %, p < 0.01). 

Using western blotting techniques, the amount of α-SMA protein being expressed by 

fibroblasts relative to the constitutive protein β-actin was assessed. When treated with TGF-β1, 

there was an increase in the mean α-SMA protein expressed compared to untreated fibroblasts (0.5 

to 1.2 times relative intensity to β-actin, p = 0.17, figure 4.14B). Fibroblasts treated with TGF-β1 and 

40 ng/ml of HGF expressed a similar amount of α-SMA protein to TGF-β1 treated fibroblasts relative 

to β-actin (1.0 times relative intensity to β-actin). The mean α-SMA expression was lower when 

fibroblasts were treated with TGF-β1, HGF and 1 nM foretinib (0.7 times relative intensity) however, 

this was not significant compared to TGF-β1 treated cells (p = 0.3). When lipoaspirate conditioned 

medium was added alongside TGF-β1 to fibroblasts there was a decrease in mean α-SMA expression 

to 0.4 times relative intensity to β-actin but once again, this was not significant (p = 0.06). The cells 

with the lowest expression of α-SMA protein were fibroblasts treated with TGF-β1, fat conditioned 

medium, and 1 nM foretinib at 0.14 times relative intensity to β-actin, this was significantly lower 

than cells treated with TGF-β1 and cells treated with TGF-β1 and HGF (p < 0.05).  

Taken together, the immunofluorescence and western blotting data suggests that HGF does 

not play a role in TGF-β1 dependent differentiation of fibroblasts to myofibroblasts under the 
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conditions tested and that foretinib is not capable of restoring myofibroblast differentiation in 

adipose tissue conditioned media treated fibroblasts.  

  B C 
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Figure 4.13. Fluorescent staining of α-SMA following TGF-β1 and foretinib treatment. (A-H) Representative 
immunofluorescence images of cells stained for nuclei (blue) and α-SMA fibres (green). Fibroblasts were treated with (A) 
nothing / control, (B) TGF-β1, (C) TGF-β1 + 40 ng/ml HGF, (D) TGF-β1 + 1 nM foretinib, (E) TGF-β1 + 40 ng/ml HGF + 1 nM 
foretinib, (F) TGF-β1 + lipoaspirate conditioned medium, (G) and TGF-β1 + lipoaspirate conditioned medium + 1 nM 
foretinib. (H) The percentage of the cellular population per field of view was calculated from images and tabulated. Scale 
bar = 200 µm. N = 3, n = 3. Error bars = standard deviation. Purple coloured bars represent cells treated with HGF and/or 
foretinib, green coloured bars represent cells treated with conditioned medium. Black * = p < 0.05 compared to basal 
medium control, orange * = p < 0.05 compared to TGF-β1 and lipoaspirate conditioned medium treated cells, blue * = p < 
0.01 compared to TGFβ-1, lipoaspirate conditioned medium and foretinib treated cells. 
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Figure 4.14. α-SMA protein expression following treatment with TGF-β1 and adipose tissue-derived conditioned 
medium. (A) Representative western blots of fibroblasts treated with TGF-β1, HGF, foretinib, and adipose conditioned 
medium stained for α-SMA and loading control β-actin. (B) Relative densitometry values of protein bands. N = 3, n = 1. 
Error bars = standard deviation. Purple bars represent cells treated with HGF and/or Foretinib, green bars represent 
cells treated with conditioned medium. * = p < 0.05 compared to cells treated with TGF-β1, foretinib and conditioned 
medium. 
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4.3 Discussion 

The aims of this chapter were to:  

- Test whether growth factors released by adipose tissue-derived conditioned medium 

inhibit TGF-β1 dependent myofibroblast differentiation. 

- Elucidate the mechanism behind any inhibitory effect. 

- Examine which component(s) of adipose tissue are responsible for any inhibition 

4.3.1 Differentiation of fibroblasts to myofibroblasts 

The work in this chapter has demonstrated that the addition of adipose tissue-derived conditioned 

medium to TGF-β1 treated dermal fibroblasts inhibited myofibroblast differentiation. Firstly, a 

model for myofibroblast differentiation was established. The addition of TGF-β1 led to an increase in 

myofibroblast differentiation. When cells were treated with TGF-β1, there was a significant increase 

in fibronectin and collagen gene expression (figure 4.1B-C) implying fibroblasts are undergoing 

differentiation upon TGF-β1 treatment. Although it should be noted that α-SMA mRNA expression in 

TGF-β1 treated fibroblasts did not differ from that of untreated cells (figure 4.1A). Of the time points 

examined, fibronectin gene expression relative to untreated cells was highest at 48 hours, while 

collagen gene expression compared to untreated cells was unchanged after 24 hours before 

increasing after 48 hours. When examining protein data, western blotting showed that after 72 

hours of TGF-β1 treatment there was a significant increase in α-SMA expression compared to 

untreated cells (figure 4.2). 

One of the difficulties that investigators face when carrying out research on myofibroblasts 

is the lack of definition as to what a myofibroblast is. There are many different markers used in the 

literature however none are unique to the myofibroblast. A common compromise to this problem is 

to use a combination of different markers to define whether a fibroblast has differentiated to a 

myofibroblast. Markers of myofibroblast differentiation range from cytoskeletal proteins, surface 

markers, and ECM proteins (reviewed in Hinz, 2007). 

The markers initially chosen to characterise TGF-β1 dependent differentiation of fibroblasts 

in this work were α-SMA, collagen 1, and fibronectin EDA splice variant. Myofibroblasts produce 

increased amounts of ECM proteins compared to fibroblasts. Two of these proteins are fibronectin 

and collagen 1 and thus increases in the expression of the genes Col1A1 and FN1-EDA are an 

effective method of measuring myofibroblast differentiation, furthermore, FN1-EDA is an essential 

component of TGF-β1 myofibroblast differentiation (Serini et al., 1998).  
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A cytoskeletal marker of myofibroblast differentiation is α-SMA. This is the most commonly 

used marker in the literature, responsible for myofibroblasts contractile ability and regarded by 

some as the minimum requirement to confirm myofibroblast differentiation (Li et al., 2021; Hu et al., 

2020; Plikus et al., 2017; Speight et al., 2013; Hecker et al., 2011; Hinz, 2007; Hinz et al., 2001). The 

main hesitancy in the literature to use α-SMA as a myofibroblast marker is that it does not 

distinguish between myofibroblasts and other smooth muscle cells (Zalewski et al., 2002). This 

however, is not an issue with the research carried out for this thesis as differentiating between 

smooth muscle cells and myofibroblasts is not required, as this work is  comparing the effect TGF-β1 

has on dermal fibroblasts. 

The expression of α-SMA in TGF-β1 treated cells did not differ from untreated fibroblasts, 

implying that fibroblasts might not be differentiating. However, the turnover of mRNA to protein can 

be very quick in cells, and the half-life of mRNA can be very short and influenced by the surrounding 

environment of the cell (reviewed in more detail by Yang et al., 2003).  it was decided to investigate 

whether TGF-β1 treated fibroblasts were producing increased levels of α-SMA protein, as this would 

be another method to demonstrate increased levels of α-SMA gene expression. Given the increase 

seen in the above data, the evidence suggests TGF-β1 is differentiating dermal fibroblasts to 

myofibroblasts.  

Interestingly, after 24 hours untreated cells were shown to be expressing similar levels of α-SMA 

protein compared to TGF-β1 treated cells. There is likely to be slight activation of some fibroblasts 

regardless of TGF-β1 treatment as serum starvation has been shown to increase fibroblast ECM 

production and there is evidence that seeding fibroblasts onto cell culture plastic promotes 

fibroblast contraction, likely caused by increased α-SMA (Leicht et al., 2001; Grinnell, 2000). Given 

that α-SMA protein expression in untreated cells had decreased by 72 hours, and that α-SMA protein 

expression (figure 4.2) and collagen expression (figure 4.1) was highest after 72 hours of TGF-β1 

treatment, it was decided that going forward in future experiments, fibroblasts would be treated 

with TGF-β1 for 72 hours. This would in theory allow for greater TGF-β1 dependent differentiation 

and allow time for untreated cells to adjust to serum starvation and cell culture plastic and allow α-

SMA expression back to basal levels. 

Measuring and assessing levels of markers of contraction (α-SMA) and increased ECM production 

(collagen and fibronectin) is useful because hypertrophic scars are produced by excessive ECM 

deposition and contraction (Evans et al., 2003; Ehrlich et al., 1994). By measuring markers that lead 

to scarring, any decrease adipose tissue-derived conditioned medium causes in the expression of 

these markers not only shows myofibroblast differentiation is inhibited, but also that any future 
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treatment based on adipose tissue-derived conditioned medium is likely to be therapeutically 

beneficial. 

4.3.2 The effect of adipose tissue-derived conditioned medium on fibroblast differentiation 

Following on from this, data clearly showed that paracrine factors from adipose tissue-

derived conditioned medium can inhibit myofibroblast differentiation. The data in figures 4.4, 4.5, 

and 4.6 show that factors released from adipose tissue reduces the expression of myofibroblast 

markers in fibroblasts treated with TGF-β1 in a paracrine fashion. Conditioned medium from minced 

adipose tissue, emulsified fat, and lipocondensate was not able to significantly reduce ECM gene 

expression relative to TGF-β1 treated fibroblasts however, mean collagen 1 expression was either 

the same or lower than in untreated fibroblasts. In protein data in figures 4.4 and 4.5 α-SMA protein 

expression is almost completely removed when TGF-β1 is applied to fibroblasts alongside minced 

adipose tissue, emulsified fat, and lipocondensate conditioned medium.  

While western blotting data showed a significant decrease in the amount of α-SMA protein 

produced when TGF-β1 was added alongside minced adipose tissue, emulsified fat, and 

lipocondensate conditioned medium there was no significant decrease in the population of α-SMA 

producing cells in immunofluorescence images. It is possible that this is due to variance in other data 

sets. In figure 4.6, the mean average population of cells expressing α-SMA protein when treated with 

TGF-β1 and minced adipose tissue, emulsified fat, or lipocondensate conditioned medium was 0.5 %, 

2.5 %, and 0.9 % respectively. It appears in these conditions, α-SMA expression is inhibited when 

compared to the 52.5 % of cells producing α-SMA when treated with only TGF-β1. However, there 

was large variation in other conditions tested (TGF-β1 and free lipid, ADSC conditioned medium, or 

lipid conditioned medium). This resulted in the data for figure 4.6 not being standardly distributed 

and thus a Kruskal-Wallis test was the most suitable test to analyse statistical significance. The 

Kruskal-Wallis test is less sensitive than a one-way ANOVA because it is not assumed that the data is 

parametric. The Kruskal-Wallis test showed there was statistical significance overall between the 

mean averages in the data set (p = 0.036) however, when pair-wise comparisons were carried out 

between the individual mean averages in the data set, no significance was found between any 

individual conditions. Although no RNA or immunofluorescence data was significant compared to 

TGF-β1 treated fibroblasts when combined with protein data, the evidence supports the conclusion 

that adipose tissue-derived conditioned medium inhibits myofibroblast differentiation in TGF-β1 

treated fibroblasts.  

When minced adipose tissue, emulsified fat, and lipocondensate conditioned medium was added 

alongside TGF-β1 to fibroblasts α-SMA protein expression was removed and the mean average of
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*See appendix 

collagen 1 gene expression was identical to untreated fibroblasts. Adipose tissue-derived 

conditioned medium was always added in conjunction with TGF-β1 and thus, it is likely that it is the 

adipose tissue-derived conditioned medium that is inhibiting the expression of these genes and 

proteins. 

Given that myofibroblast differentiation was inhibited by minced adipose tissue, emulsified 

fat, and lipocondensate conditioned medium it is possible to speculate on the source of these 

inhibitory molecules. All three of these formulations contain the stromal vascular fraction (SVF) and 

ECM implying these components are responsible for the inhibitory effect of these conditioned 

media. Because ADSC conditioned medium did not lead to myofibroblast inhibition then it could be 

considered that other cells in the SVF are producing the growth factors responsible for inhibition or 

that the growth factors are being released from the adipose tissue ECM.  

Myofibroblast differentiation has been inhibited by a range of molecules via the TGF-

β1/SMAD pathway and factors produced by adipose tissue such as FGF (Cushing et al., 2008; Liguori 

et al., 2018) and HGF (Hu et al., 2020a) have been shown to be very effective at this. There is 

significant literature that shows ADSCs alleviate the symptoms of hypertrophic scarring and can 

inhibit myofibroblast differentiation (Li et al., 2016*; Spiekman et al., 2014; Uysal et al., 2014). The 

only evidence however, of in vitro inhibition of myofibroblast differentiation was demonstrated by 

Spiekman et al. (2014). The group showed that fibroblasts treated with TGF-β1 and cell culture 

medium conditioned with ADSCs was able to inhibit expression of α-SMA and collagen and prevent 

TGF-β1 dependent contraction of fibroblasts. This contradicts the results obtained in figures 4.4, 4.5, 

and 4.6 as conditioned medium from minced adipose tissue, emulsified fat, and lipocondensate was 

able to inhibit myofibroblast differentiation however, ADSC conditioned medium did not. The 

differences in results may be explained by how conditioned medium was generated. In Spiekman et 

al. the exact number of cells used to condition cell culture medium is not described and thus they 

may have used more ADSCs and had an increased concentration of paracrine factors than in the 

conditioned medium I used. Alternatively, the differences between our data may be a result of 

patient-to-patient variation. It has been demonstrated that sub-populations of ADSCs exist that have 

different secretory profiles properties (Borrelli et al., 2020). There is no flow cytometry 

characterisation of the ADSCs used in Spiekman et al. and thus it is impossible to know if there 

existed different populations in their ADSC culture compared to mine. This is further reinforced by a 

paper from the same group as Spiekman et al. They found it possible to inhibit myofibroblast 

differentiation with HGF but found ADSC conditioned medium had little effect on cardiac fibroblast 

differentiation (Liguori et al., 2018). The inconsistency between their results and those in this thesis 

may be as a result of patient-to-patient variation in isolated ADSCs.
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The lipid conditioned medium and the control + TGF-β1 and free lipid controls served 

important yet distinct roles. Lipid droplets contain protein and are capable of exchanging proteins 

and ions with other organelles (Olzmann & Carvalho, 2019). It was considered possible that proteins 

released from lipid droplets may inhibit TGF-β1 dependent differentiation. Thus, lipid conditioned 

medium was used to observe whether any paracrine factors were released from the adipose tissue 

lipid which may interfere with SMAD signalling. The TGF-β1 and free lipid control was used because 

lipid droplets are hydrophobic environments. When left in the cell culture medium to generate 

conditioned medium, lipid droplets were released from the adipose tissue and stayed in the 

conditioned medium. It was considered possible that recombinant TGF-β1 added to the cell culture 

medium may be sequestered and trapped in the droplet, preventing TGF-β1 dependent 

differentiation. Thus, the free lipid control was used to test whether any large lipid vesicles found in 

the conditioned medium were sequestering TGF-β1 added to culture medium. Fibronectin 

expression levels following TGF-β1 and lipid medium conditioned medium treatment implied lipid 

medium may be able to effect fibronectin gene expression (figure 4.4). However, neither control 

showed any ability to inhibit α-SMA protein expression of TGF-β1 treated fibroblasts. Cells treated 

with TGF-β1 and free lipid had similar levels of myofibroblast markers α-SMA, collagen, and 

fibronectin compared to TGF-β1 treated fibroblasts. Similar controls are not present in other in vitro 

work and when combined with data from this thesis it appears free lipid has no effect on TGF-β1 

entry into fibroblasts in vitro. 

The demonstration that paracrine factors from adipose tissue can inhibit myofibroblast 

differentiation is useful for clinicians. Primarily this data aides understanding as to why adipose 

tissue can inhibit fibrosis but also suggests anti-fibrotic treatments. Having surgery is a major risk 

factor in developing fibrosis (Delavary et al., 2012) with 35 % of people developing scars from 

fibrosis. Elective surgery could be preceded by liposuction to generate an adipose tissue-derived 

conditioned medium based therapeutic, or a cell free therapy could be developed from the 

constituent components of the medium. Furthermore, it could be used in combination with surgical 

techniques to remove the scar and prevent a new one forming. A drug that aimed to prevent fibrosis 

has already been trialled and combined with surgical revision (So et al., 2011) and while it failed at a 

later clinical trial there is obvious desire for an anti-fibrotic drug to inhibit fibrotic development. 

Furthermore, the knowledge that the paracrine factors responsible for this inhibition are likely being 

generated from the SVF or ECM of adipose tissue justifies the use of formulations such as Nanofat 

and SVF-gel techniques (van Dongen et al., 2021; Gentile et al., 2017; Tonnard et al., 2013). These 

techniques are used to concentrate the SVF in these formations and in theory should have a greater 

anti-fibrotic effect. 
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4.3.3 Cytokines present in adipose tissue-derived conditioned medium  

A RayBio® cytokine array was used to probe the conditioned medium from minced adipose 

tissue, lipoaspirate, emulsified fat, lipocondensate, ADSC and lipid. This was carried out to identify 

cytokines present in adipose tissue-derived conditioned medium. An array containing 88 different 

cytokines (see section 2.4.6.1), most with links to immunomodulation, ECM remodelling or with 

noted antifibrotic effect was selected and the medium probed.  

The cytokine array chosen contained four FGF proteins. FGF-4, -6, -7, and -9 were all found 

to be present in adipose tissue-derived conditioned medium, in low amounts relative to serum free 

medium (figure 4.7A). FGFs were consistently found to be highest in medium conditioned with 

emulsified fat, suggesting that perhaps FGFs are found in adipocytes and upon their lysis are 

released. TGF-β1 was found to be present in minced adipose tissue, lipoaspirate, emulsified fat and 

lipid conditioned medium at a higher concentration than serum free medium however, it was in 

lower concentrations when compared to other cytokines (figure 4.7B). This supports the idea that 

adipose tissue-derived conditioned medium is antifibrotic as it contains little TGF-β1. Additionally, 

TGF-β1 was found to be present at lower amounts in ADSC conditioned medium compared to serum 

free medium (figure 4.7B). The profile of TGF-β3 followed that of TGF-β1, the cytokine was found in 

the highest amounts in minced adipose tissue, lipoaspirate, and emulsified fat conditioned medium. 

Although the concentration of TGF-β3 in all conditioned media was on a par with, or below TGF-β3 

levels in serum free MesenPRO medium (figure 4.7B). The concentration of ILs were very low in 

adipose tissue-derived conditioned medium relative to serum free medium, except for in the case of 

IL-6 and IL-8 (figure 4.7C). 

The SVF has been shown to secrete FGFs, vascular endothelial growth factors, and insulin-

like growth factor (Grasys et al., 2016) and ADSCs secrete high concentrations of these factors as 

well (Pallua, et al., 2014b). However, none of the work by Spiekman et al. probes what paracrine 

signals are being secreted by the ADSCs and which factors may be responsible for inhibiting 

myofibroblast differentiation. To elucidate a mechanism behind this inhibition, these secreted 

paracrine factors were investigated.  

While promoting fibroblast migration and reducing their apoptosis, some members of the 

FGF family have been found to protect from fibrosis or can inhibit fibroblast to myofibroblast 

differentiation so in this context can be considered anti-fibrotic (Joannes et al., 2016; Shams et al., 

2015; Yao et al., 2013; Ramos et al., 2006). Due to the nature of the cytokine array used, the 

concentration of FGFs found in the conditioned medium used in this work to that found by Grasys et 

al., (2016) cannot be directly compared. Given the low amounts that FGFs were found in, especially 
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compared to other growth factors, it was decided it was unlikely that FGFs were responsible for the 

anti-fibrotic effects of adipose tissue-derived conditioned medium. The concentration of various 

TGF-β proteins were assessed on the cytokine array (figure 4.7B).  

Cell culture serum has been found to contain TGF-β1 (Danielpour et al., 1989). Given that 

TGF-β1 was used in these experiments to cause myofibroblast differentiation, it was important to 

control when cells were exposed to TGF-β1. To this end, cells were cultured in serum free medium to 

remove any TGF-β1 found in serum. ADSC conditioned medium did not inhibit myofibroblast 

differentiation. One hypothesis as to why, is that ADSCs produce TGF-β1 (Heo et al., 2016) and thus 

ADSC conditioned medium may be exogenously activating the fibroblasts. Given the low 

concentration of TGF-β1 in ADSC conditioned medium, it can be ruled out that ADSC production of 

TGF-β1 being responsible for the lack of inhibition in ADSC conditioned medium treated cells in 

section 4.2.2.  

Ferguson et al. (So et al., 2011; Shah, Foreman, & Ferguson, 1995; Whitby & Ferguson, 1991) 

have carried out extensive work into the anti-fibrotic action of TGF-β3. With that in mind, levels of 

TGF-β3 found in adipose tissue-derived conditioned medium was investigated. TGF-β3 was also 

found in low concentrations relative to serum free medium and was not chosen as a target going 

forward due to the low concentration found in the conditioned medium.  

Interleukins make up a broad family of cytokines with a wide variety of immunomodulatory 

effects. Some interleukins are directly able to cause differentiation of fibroblasts to myofibroblasts 

(Ma et al., 2012; Murray et al., 2008). It has been suggested that IL-1 can inhibit TGF-β1 dependent 

α-SMA expression in fibroblasts (Zhang et al., 1997, Shephard et al., 2004) however, other literature 

indicates that IL-1 is in fact pro-fibrotic and leads to an increase in fibroblast collagen production 

similar to that of myofibroblast activation (Wilson et al., 2010; Zhang et al., 1993). IL-6 has been 

shown to cause differentiation of fibroblasts to myofibroblasts in the literature (Ma et al., 2012). 

Thus, it is contradictory that IL-6 is the most concentrated cytokine found on the array used, given 

that adipose tissue-derived conditioned medium appears to be inhibiting and not promoting 

fibroblast differentiation. A reason for this contradiction may be that the cytokines through which 

adipose tissue-derived conditioned medium inhibits fibroblast differentiation are many times more 

potent than the activating capacity of IL-6. Alternatively, cytokines from adipose tissue-derived 

conditioned medium may inhibit IL-6 dependent differentiation through the same mechanism it 

inhibits TGF-β1 dependent activation (this would make sense as IL-6 dependent myofibroblast 

activation also occurs through the SMAD signalling pathway (Ma et al., 2012)). Additionally, the lack 

of effect of IL-6 on fibroblasts in this data highlights a limitation of this in vitro work. IL-6 has been 
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found to have different effects on fibrosis in different environments. In healthy patients IL-6 appears 

to be anti-fibrotic however, in patients suffering from idiopathic pulmonary fibrosis IL-6 is a 

profibrotic marker (Moodley et al., 2003). Furthermore, when co-cultured with activated M1 

macrophages, fibroblasts secreted significantly more IL-6 and the cross talk between fibroblasts and 

macrophages led to an increased pro-fibrotic environment (Ma et al., 2012). This highlights how 

adipose tissue-derived conditioned medium is effectively inhibiting myofibroblast differentiation in 

an in vitro monoculture of fibroblasts however, it may not be as effective when applied to a more 

complex fibrotic model such as a bleomycin challenge in an animal (Lagares et al., 2017). The high 

concentrations of IL-6 may not be having any effect on healthy, isolated dermal fibroblasts, but may 

be much more potent if applied to fibroblasts in a scar or fibrotic environment.   

To decide on a target from adipose tissue-derived conditioned medium to examine further 

for an ability to inhibit myofibroblast differentiation, the cytokines found in the highest 

concentration were selected. This was because it was theorised these cytokines would be having the 

largest effect on fibroblast differentiation. Cytokines found at concentrations at least 10 times that 

of serum free medium were selected for further screening (figure 4.8). Evidence of anti-fibrotic 

effects from these cytokines was investigated. Some cytokines were pro-fibrotic or caused 

differentiation of fibroblasts to myofibroblasts, such as leptin (Kü et al., 2007) and IL-6 (Ma et al., 

2012). Some cytokines, such as MIP3-Alpha, were found to act downstream of SMAD signalling and 

thus would have no effect on TGF-β1 dependent myofibroblast differentiation (Brand et al., 2015). 

However, two cytokines found in high concentrations in adipose tissue-derived conditioned medium 

have previously been reported to inhibit myofibroblast differentiation. CXCL-9 has been shown to 

promote SMAD7 expression, which in turn suppresses SMAD2/3 phosphorylation and translocation 

into the nucleus (O’Beirne et al., 2015; Wasmuth et al., 2009). HGF has been frequently reported to 

have anti-fibrotic effects in a variety of different mechanisms (Dai & Liu, 2004; Shams et al., 2015; 

Yang et al., 2003, 2005). Due to the frequency with which HGF is cited in the literature for its ability 

to inhibit myofibroblast differentiation, it was decided to test whether HGF was the factor present in 

adipose tissue-derived conditioned medium for inhibiting myofibroblast differentiation.  

HGF was found in high concentrations in minced adipose tissue (2.8 ng/ml), lipoaspirate (6.4 

ng/ml), and emulsified fat conditioned medium (2.4 ng/ml; figure 4.9). HGF concentration was 

highest in lipoaspirate while ADSC and lipid conditioned medium did not contain enough HGF to 

record a reading on the ELISA. The lack of HGF in ADSC and lipid conditioned medium perhaps offers 

an explanation as to why there was no myofibroblast inhibition from these conditioned media, as 

there was little HGF present. 
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4.3.4 The effect of foretinib and HGF on adipose tissue-derived conditioned medium 

inhibition of myofibroblast differentiation  

Foretinib was designed as an anti-cancer drug due to its ability to inhibit the C-Met receptor 

and is known to be cytotoxic to human cells (Simiczyjew et al., 2018). In addition to this, foretinib 

needs to be dissolved in solvents. These solvents are cytotoxic agents and for this reason, the effect 

of foretinib and the solvents on the metabolic activity of fibroblasts was tested. This data was used 

to ensure that foretinib or the solvents used did not have a significant cytotoxic effect on dermal 

fibroblasts. When solvents were added to fibroblasts in concentrations that would be used to 

solubilise foretinib, there was no difference in metabolic activity relative to a control treated with 

only serum free medium. A decision needed to be made as to which solvent was used to solubilise 

foretinib in. While not significant, fibroblasts cultured in ethanol had a slightly lower metabolic 

activity than those cultured in DMSO when tested, so going forward it was decided to use DMSO to 

solubilise foretinib. Realistically, there was no difference in metabolic activity and these solvents had 

no effect on the fibroblasts.  Likewise, all foretinib concentrations had no effect on cell metabolic 

activity at any of the concentrations tested. With that being the case, the highest concentration 

recommended by the manufacturers (1.0 nM) was selected for use on fibroblasts. 

HDF were treated with TGF-β1, HGF, and foretinib (figure 4.11). Levels of α-SMA protein 

following this treatment was examined via western blotting and immunofluorescence. Treating cells 

with HGF alongside TGF-β1 did not lead to a decrease in α-SMA expression compared to TGF-β1 

treated cells (figures 4.13 and 4.14). Once again, adipose tissue-derived conditioned medium 

significantly reduced the expression of α-SMA when HDF were treated with adipose tissue-derived 

conditioned medium and TGF-β1. When foretinib was added alongside the adipose tissue-derived 

conditioned medium and TGF-β1 HDF also produced significantly less α-SMA, showing the inhibitory 

effect of adipose tissue-derived conditioned medium was not blocked by foretinib (in figure 4.14B, 

adipose tissue-derived conditioned medium, foretinib, and TGF-β1 treated fibroblasts had the lowest 

amount of α-SMA protein present). This data appears to indicate that HGF is not capable of 

inhibiting myofibroblast differentiation in vitro under the conditions tested. This conclusion can be 

reached because cells treated with HGF and TGF-β1 still expressed high levels of α-SMA protein. 

Furthermore, foretinib was not able to remove the inhibitory effect of adipose tissue-derived 

conditioned medium on α-SMA expression, showing that factors in the medium are still inhibiting α-

SMA protein expression.  

It has been demonstrated that HGF added to fibroblasts alongside TGF-β1 is able to inhibit α-

SMA expression in vitro (Yang et al., 2003). Yang et al. found that a concentration of 40 ng/ml was able 

to prevent the translocation of SMAD2/3 into the nucleus and prevent fibroblast differentiation. HGF 
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was used at the same concentration as Yang et al. and did not elicit a similar effect, recombinant HGF 

and HGF from adipose tissue-derived conditioned medium could not inhibit α-SMA expression. This 

may be a result of using a higher TGF-β1 concentration. In this work, 5 ng/ml of TGF-β1 were added 

to fibroblasts whereas, Yang et al. added 2 ng/ml, a higher concentration of HGF may have been 

required to inhibit differentiation from a higher concentration of TGF-β1. Furthermore, the 

concentration of HGF needed to inhibit SMAD signalling may vary between cell population and a 

higher concentration may have been required compared to the cells used by Yang et al. However, data 

from figure 4.9 suggest that the concentration of HGF used was not an issue as the concentration of 

HGF in lipoaspirate conditioned medium was at roughly 5.5 ng/ml. This is much lower than the 40 

ng/ml of HGF added to the fibroblasts but lipoaspirate conditioned medium was still able to inhibit 

myofibroblast differentiation. Future work could determine whether the HGF was activating the C-

Met receptor or whether the foretinib supplied was inhibiting the C-Met receptor of cultured 

fibroblasts. It may simply be that the inhibitory ability of adipose tissue-derived conditioned medium 

is a result of a wide range and combination of different inhibitory factors present in the medium. As 

mentioned earlier, an anti-fibrotic therapeutic aimed at inhibiting scarring via the addition of a single 

molecule was developed (So et al., 2011). However, when used in patients on a much larger scale was 

not seen to have as great an effect as in small scale wounds (McKee, 2011). A combination of different 

molecules may be needed to effectively inhibit myofibroblast differentiation in vitro. 

To conclude, this chapter has demonstrated that paracrine factors from adipose tissue-derived 

conditioned medium can inhibit myofibroblast differentiation via the SMAD signalling pathway. This 

work is the first in vitro evidence that adipose tissue used by clinicians can inhibit myofibroblast 

differentiation, providing evidence for adipose tissue’s antifibrotic abilities and future therapeutics. 

The ability to inhibit the formation of myofibroblasts in those at risk of scarring could prevent 

excessive hypertrophic scarring. This work has provided evidence that the paracrine factors that 

inhibit this differentiation are likely being produced by the SVF or ECM of adipose tissue and thus 

methods that concentrate these populations in adipose tissue should be encouraged and developed 

further. In the conditions tested, HGF was unable to inhibit myofibroblast differentiation and further 

work to elucidate the precise mechanism behind adipose tissue inhibition of myofibroblast 

differentiation should be investigated further. 
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Chapter 5: Investigating the ability of factors from 

adipose tissue to reverse a myofibroblast phenotype 
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5.1 Introduction and aims 

 In the preceding chapter, it was demonstrated that factors from adipose tissue-derived 

conditioned media can inhibit transforming growth factor-β (TGF-β) 1 dependent myofibroblast 

differentiation. This knowledge could be used to generate therapeutics delivered to groups at risk of 

fibrosis and those who know they will be undergoing surgery or radiotherapy. By taking these 

therapeutics, the development of fibrosis could be prevented by inhibiting myofibroblast 

differentiation.  

However, this does little to clarify the role of adipose tissue in regenerating already formed 

scars. In literature showing adipose tissue-based regeneration of hypertrophic scars, these wounds 

have often been formed for years (Bruno et al., 2013; Byrne et al., 2016; Klinger et al., 2008). In 

these cases, the inhibition of myofibroblast differentiation would not be particularly useful, as this 

differentiation has already occurred.  

It has historically been considered that myofibroblasts are terminally differentiated 

(Bayreuther et al., 1988; Evans et al., 2003) and that unless they undergo apoptosis, these cells are 

not capable of differentiation to other cell types or back to quiescent fibroblasts (Hinz, 2007). In 

more recent times however, research groups have demonstrated that myofibroblasts can undergo 

adipogenic differentiation (el Agha et al., 2017; Plikus et al., 2017). Additionally, factors from 

adipocytes have also been shown to cause myofibroblast de-differentiation (Hoerst et al., 2019). 

Following adipose tissue grafting underneath scars, it is often reported that contraction is decreased, 

excessive extracellular matrix (ECM) is removed, and collagen deposition remodelled (Bruno et al., 

2013; Caviggioli et al., 2011; Maione et al., 2014). It is likely that this is a result of factors from the 

adipose tissue causing the myofibroblasts activated during scar formation to de-differentiate to 

another cell type, or to undergo apoptosis. Thus, the aims of this chapter were to:  

- Measure α-smooth muscle actin (α-SMA) expression in TGF-β1 differentiated 

myofibroblasts following the addition of adipose tissue-derived conditioned medium (figure 5.1) to 

examine whether factors within the conditioned medium could reverse myofibroblast 

differentiation. 

- Elucidate the mechanism behind any reversal effect. 

- Examine whether addition of adipose tissue-derived conditioned medium could reverse 

myofibroblast differentiation in hypertrophic scar myofibroblasts. 
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Figure 5.1. Schematic of protocol to investigate the ability of adipose tissue-derived conditioned medium to reverse 
a TGF-β1 induced myofibroblast phenotype. Fibroblasts were activated to myofibroblasts via TGF-β1 incubation for 72 
hours. Following this, cells were treated with adipose tissue-derived conditioned medium for 72 hours. Markers of a 
myofibroblast phenotype were then investigated. 
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5.2 Results 

5.2.1 Do myofibroblasts remain differentiated if TGF-β1 is removed? 

Before testing whether adipose tissue-derived conditioned medium was capable of reversing 

myofibroblast differentiation, it was important to examine whether TGF-β1 treated fibroblasts still 

displayed markers of myofibroblast differentiation following the removal of TGF-β1. This was to 

ensure that any decrease found in myofibroblast markers was a result of the addition of adipose 

tissue-derived conditioned medium and not a consequence of removing TGF-β1 from the fibroblasts. 

To test whether markers of myofibroblast differentiation remain following the removal of TGF-β1, 

fibroblasts were treated with TGF-β1 for various time periods using the methods described in 

section 2.4.4.1. Medium containing TGF-β1 was removed and replaced with serum free MesenPRO 

for 72 hours, following which gene expression of collagen and fibronectin was quantified as 

described in section 2.4.4.2 and 2.4.4.3. Gene expression was normalised to the house-keeping gene 

RNU6-1 and compared to the gene expression of untreated fibroblasts.  

Fibronectin expression in fibroblasts treated with TGF-β1 and then serum free media was 

higher than untreated cells. In all time periods tested, the mean fibronectin expression was higher 

than untreated cells (figure 5.2A). The relative fibronectin expression in TGF-β1 treated cells was 

significantly higher than untreated cells after 24 and 72 hours of TGF-β1 treatment (6.9-times and 

6.6-times relative gene expression compared to 0.9 and 1.0 respectively, p < 0.01).  

Likewise, collagen expression in fibroblasts treated with TGF-β1 and then serum free media 

was higher than untreated cells. Mean collagen expression was higher than untreated cells at all 

time points and significantly higher after 24 hours of TGF-β1 treatment (figure 5.2B). Untreated cells 

expressed 1.0-times as much collagen as RNU6-1 while cells treated with TGF-β1 for 24 hours and 

then serum free medium for 72 hours expressed 4.8-times as much collagen as RNU6-1 (p = 0.02).  

Given that collagen and fibronectin expression is significantly higher than untreated cells 

after TGF-β1 is removed for 72 hours, this gave confidence going forward that any effect on 

myofibroblast markers is in response to adipose tissue-derived conditioned medium and not the 

removal of TGF-β1. For the sake of consistency with previous sections, it was decided to treat 

fibroblasts with TGF-β1 for 72 hours.  
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  A      FN1-EDA B        Col1A1 

Figure 5.2. Expression levels of mRNA characteristic of a myofibroblast phenotype following TGF-β1 treated followed 
by 72 hours of serum free media treatment. (A) FN1-EDA expression (B) COL1A1 expression. Gene expression was 
calculated using the 2-ΔΔCT method, normalising to RNA expression levels from RNU6-1. A two-way analysis of variance 
(ANOVA) was carried out comparing the expression of fibroblasts treated with TGF-β1 for 6,24, and 72 hours. N = 3, n = 
3. Error bars = standard deviation. * = p < 0.02. 
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5.2.2. Can adipose tissue-derived conditioned medium reduce α-SMA protein expression in 

fibroblasts previously treated with TGF-β1? 

To examine whether factors from adipose tissue-derived conditioned medium could reverse 

the expression of α-SMA protein induced by TGF-β1 treatment, immunofluorescence of fibroblasts 

treated with TGF-β1 for 72 hours and then adipose tissue-derived conditioned medium for 72 hours 

(figure 5.1) was carried out. Fibroblasts were seeded on coverslips and treated with TGF-β1, or left 

untreated, for 72 hours as described in section 2.4.5.6. This medium was then removed, and 

fibroblasts were treated with adipose tissue-derived conditioned medium for 72 hours. Following 

which, medium was removed, cells were fixed and immunofluorescence staining of cell nuclei and α-

SMA was carried out as described in section 2.4.5.6. Once again, there was a control to examine the 

effect of lipid on α-SMA protein expression. In this condition, fibroblasts were treated with TGF-β1 

for 72 hours which was then replaced with serum free medium with lipid added for 72 hours.  

Before fixation for immunofluorescence, light microscopy images were taken of cells (figure 

5.3). There was a noticeable visual difference in cell morphology in cells treated with adipose tissue-

derived conditioned medium compared to only TGF-β1 treated cells. TGF-β1 treated cells were large 

and had a stretched appearance (figure 5.3B), and immunofluorescence images indicated actin fibres 

across the cell. While nonquantitative, this implies that TGF-β1 treated cells had a myofibroblast 

morphology and maintained it after TGF-β1 was removed for 72 hours. In comparison, cells treated 

with TGF-β1 and either minced adipose tissue, emulsified fat, or lipocondensate had a more spindle 

like appearance, matching the literature description of fibroblasts (Fortier et al., 2021; figures 5.3C-

E). These images suggest that following TGF-β1 treatment and then exposure to adipose tissue-

derived conditioned medium, cells had a fibroblast like morphology. 

In immunofluorescence images, less than 1 % of untreated fibroblasts expressed any 

detectable α-SMA protein (0.9 %, figure 5.4A). There was a significant increase in the percentage of 

cells expressing α-SMA in fibroblasts treated with TGF-β1 and then serum free media as 41.0 % of 

cells expressed α-SMA protein (p < 0.01, figure 5.4 B, I). The percentage of α-SMA expressing 

fibroblasts was significantly lower than TGF-β1 treated cells when fibroblasts were treated with TGF-

β1 and then either minced adipose tissue, emulsified fat, or lipocondensate conditioned medium 

(4.5, 3.4, and 11.3 % respectively, p < 0.02, figure 5.4C-E). When treated with TGF-β1 and then 

adipose derived stromal cell (ADSC) conditioned medium there was no change in the percentage of 

cells expressing α-SMA compared to only TGF-β1 treated cells (41.7 %). When fibroblasts were 

treated with TGF-β1 and then lipid conditioned medium, there was a significantly lower percentage 

of cells expressing α-SMA compared to TGF-β1 treatment (16.0 %, p = 0.03). When treated with TGF-

β1 and then serum free medium and lipid 32.7 % of cells expressed α-SMA.   
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Taken together, this data shows that paracrine factors from adipose tissue-derived 

conditioned medium can lower the expression α-SMA, a key marker myofibroblast differentiation 

and suggests that these factors are reversing myofibroblast differentiation. 
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Figure 5.3. Morphological analysis of adipose tissue-derived conditioned medium on TGF-β1 treated fibroblasts. (A-
H) Light microscopy images were taken at x10 magnification on an AE 2000 inverted light microscope. Cells were 
treated with (A) untreated, (B) TGF-β1 and then serum free medium, (C) TGF-β1 and then minced adipose tissue 
conditioned medium, (D) TGF-β1 and then emulsified fat conditioned medium, (E) TGF-β1 and then lipocondensate 
conditioned medium, (F) TGF-β1 and then ADSC conditioned medium, (G) TGF-β1 and then lipid conditioned medium, 
(H) TGF-β1 and then serum free medium and lipid. Scale bars = 100 μM. Arrows indicate visible α-SMA stress fibres. 
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Figure 5.4. Analysis of α-SMA production in TGF-β1 activated myofibroblasts following treatment with adipose tissue-
derived conditioned medium. (A-H) Fluorescent images taken on an upright LSM510 Meta confocal microscope. Cells 
were stained for nuclei (blue) and α-SMA fibres (green). Cells were treated with (A) untreated, (B) TGF-β1 and then serum 
free medium, (C) TGF-β1 and then minced adipose tissue conditioned medium, (D) TGF-β1 and then emulsified fat 
conditioned medium, (E) TGF-β1 and then lipocondensate conditioned medium, (F) TGF-β1 and then ADSC conditioned 
medium, (G) TGF-β1 and then lipid conditioned medium, (H) TGF-β1 and then serum free medium and lipid. Scale bars = 
100 μM. (I) The percentage of cells producing α-SMA was calculated. N = 3 / 2 (control + TGF-β1 + lipid), n = 3. Green bars 
represent cells treated with conditioned medium. Error bars = standard deviation. An ordinary one-way ANOVA was 
carried out to test for significance. Black * = p < 0.037 compared to TGF-β1 treated control, green * = p < 0.037 compared 
to TGF-β1 and ADSC treated cells.  
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5.2.3 Does adipose tissue-derived conditioned medium increase myofibroblast proliferation? 

5.2.3.1 Immunofluorescence cell count 

It was noticed anecdotally in immunofluorescence images from figures 5.3 and 5.4 that 

images of cells treated with adipose tissue-derived conditioned media contained more cells than 

other conditions. Mitogens such as fibroblast growth factor (FGF)-2 have been shown to cause 

myofibroblast de-differentiation via activating the mitogen activated protein kinase (MAPK) 

signalling cascade and causing myofibroblasts to proliferate into fibroblasts (Fortier et al., 2021; 

Hecker et al., 2011). It was considered that that this may be the mechanism through which adipose 

tissue-derived conditioned medium was lowering α-SMA expression in TGF-β1 treated fibroblasts. To 

examine if images taken of adipose tissue-derived conditioned medium treated fibroblasts contained 

more cells, the number of cells per image were counted as in section 2.4.5.6 using the number of 

DAPI stained nuclei to count cell number.  

Images of control fibroblasts, not treated with TGF-β1, contained on average 59 cells per 

mm2. Treating cells with TGF-β1 and then serum free media did not affect the number of cells 

present in images (79 cells per mm2, p = 0.99, figure 5.5A). Likewise, treating cells with TGF-β1 and 

lipid conditioned medium or TGF-β1, serum free media and free lipid had no effect on the number of 

cells present, with 75 and 68 cells per mm2 respectively. There was an increase in the mean number 

of cells present when fibroblasts were treated with TGF-β1 and lipocondensate or ADSC conditioned 

medium however, this was not significant (161 and 123 cells per mm2, p > 0.08). When cells were 

treated with TGF-β1 and then minced adipose tissue or emulsified fat conditioned medium, there 

were significantly more cells present in images. Images of cells treated with TGF-β1 and then minced 

adipose tissue contained on average, 191 cells per mm2 and images of cells treated with TGF-β1 and 

then emulsified fat conditioned medium contained 222 cells per mm2. This was significantly higher 

than the number of cells present in images of untreated fibroblasts, TGF-β1 treated fibroblasts, and 

TGF-β1 and lipid conditioned medium treated fibroblasts (p < 0.05).  

Given that images were taken in an unbiased manner (detailed in section 2.4.5.6) and the 

same number of cells are seeded for all conditions at the beginning of each experiment, these 

results suggest that minced adipose tissue and emulsified fat conditioned medium were affecting 

the number of cells present when imaged.  
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Figure 5.5. The effect of adipose tissue-derived conditioned medium on the number of cells in fluorescent images.  
Using images in figure 5.4, the number of cells per mm2 in images was counted. N = 3 / 2 (control + TGF-β1 + lipid), n = 
3. Error bars = standard deviation. Coloured bars represent cells treated with conditioned medium. An ordinary one-
way ANOVA was carried out to test for significance. Black * = p < 0.042 compared to TGF-β1 and minced adipose tissue 
conditioned medium treated cells. Blue * = p < 0.042 compared to TGF-β1 and emulsified fat conditioned medium 
treated cells.   
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5.2.3.2 Cellular metabolic activity of adipose tissue-derived conditioned medium treated cells 

Immunofluorescence images of cells treated with TGF-β1 and adipose tissue-derived 

conditioned medium showed that there were more cells present in images taken of cells following 

treatment with adipose tissue-derived conditioned medium. To examine whether adipose tissue-

derived conditioned medium was causing an increase in the number of cells present, a resazurin 

assay was carried out on fibroblasts treated with adipose tissue-derived conditioned medium. 

Fibroblasts were seeded in 12 well plates and were treated with TGF-β1 for 72 hours (or just serum 

free medium in the case of the negative control condition) as described in section 2.4.5.1. A 

resazurin assay (section 2.4.7) was then carried out on the cells. Fibroblasts were washed in 

phosphate buffered saline (PBS) and treated for 72 hours in adipose tissue-derived conditioned 

media. A control condition of cells treated in 2 % serum medium for 72 hours following TGF-β1 

treatment was also added. Another resazurin assay was then carried out and the fluorescence values 

normalised to the negative control following the first 72 hours of serum free medium culture (figure 

5.6A).  

Following 72 hours in serum free medium, control cells had a relative metabolic activity of 

0.9-times that of control fibroblasts after the first 72 hours of serum free medium incubation. TGF-

β1 treated cell metabolic activity was unchanged at 0.9-times that of untreated fibroblasts. Cells 

treated with minced adipose tissue, lipocondensate, ADSC, or lipid conditioned medium all had a 

higher mean metabolic activity at 1.2-, 1.0-, 1.0-, and 1.0-times that of untreated fibroblasts 

however, this was not significant. Cells treated with TGF-β1 and then emulsified fat had a cellular 

metabolic activity of 1.3-times that of untreated cells and this was significantly higher than control 

fibroblasts, TGF-β1 and serum free medium treated fibroblasts, and TGF-β1, serum free medium and 

lipid treated fibroblasts (p < 0.04). Control cells treated with only 2 % serum medium had a relative 

metabolic activity of 1.3-times that of untreated fibroblasts, which was also significantly higher than 

control fibroblasts, TGF-β1 and serum free medium treated fibroblasts, and TGF-β1, serum free 

medium and lipid treated fibroblasts (p < 0.05). This data shows that adipose tissue-derived 

conditioned medium increases the cellular metabolic activity of fibroblasts and implies the presence 

of an increased number of cells. 
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Figure 5.6. The effect of adipose tissue-derived conditioned medium on relative metabolic activity in TGF-β1 
activated myofibroblasts. A resazurin assay was carried out on cells following treatment with TGF-β1 and then 
repeated following treatment with adipose tissue-derived conditioned medium. Relative metabolic activity was 
calculated by normalizing the fluorescence of resazurin at 570 nm after adipose tissue conditioned media to 
fluorescence values following 72 hours of TGF-β1 treatment. N = 6 (control, control + TGF-β1, TGF-β1 + minced adipose 
tissue, TGF-β1 + lipocondensate, TGF-β1 + ADSC) / 5 (TGF-β1 + emulsified fat, TGF-β1 + lipid medium, control + TGF-β1 
+ lipid) / 4 (control + 2 % serum), n = 3. Error bars = standard deviation. Coloured bars represent cells treated with 
conditioned medium. An ordinary one-way ANOVA was carried out to test for significance. Black * = p < 0.043 
compared to cells treated with medium containing 2 % serum supplement. Pink * = p < 0.043 compared to cells treated 
with TGF-β1 and emulsified fat conditioned medium.   
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5.2.3.3 Examination of Ki-67 expression following TGF-β1 and adipose tissue-derived conditioned 

medium treatment 

While increased cellular metabolic activity does not definitively indicate that there are more 

cells present, this data does imply that adipose tissue-derived conditioned medium is increasing the 

number of cells present. Combined with data from section 5.3.2.1 and 5.2.2.2, this data suggests 

that factors from adipose tissue-derived conditioned media may be giving the appearance of 

decreasing myofibroblast number by causing increased proliferation of cells. To examine further 

whether adipose tissue-derived conditioned medium was increasing cellular proliferation, fibroblasts 

were treated with TGF-β1 for 72 hours and then adipose tissue-derived conditioned medium and 

were stained for 4’,6-diamindino-2-phenylindole (DAPI), α-SMA and Ki-67 as described in section 

2.4.5.6. Confocal microscopy and immunofluorescence analysis was then carried out on these cells 

(section 2.4.5.6). Ki-67 is a marker of cellular proliferation (Davey et al., 2021; Sun & Kaufman, 2018) 

and any cell expressing the protein was considered to be proliferating. 

In untreated fibroblasts, 14.6 % of cells were expressing Ki-67 (figure 5.7A, I). There was an 

increase in the mean percentage of cells expressing Ki-67 when treated with TGF-β1 and then serum 

free media to 23.2 % however this was not a significant increase (figure 5.7B, p = 0.99). Likewise, 

there was no change in the percentage of Ki-67 expressing cells in populations treated with TGF-β1 

and then either minced adipose tissue or emulsified fat conditioned medium (27.3 and 28.9 % 

respectively, figures 5.7C-D, p > 0.95). Fibroblasts treated with TGF-β1 and then either 

lipocondensate or ADSC conditioned medium expressed Ki-67 in 56.1 % of the cellular population 

examined, this was not significantly higher than any other condition examined (p > 0.19). In cells 

treated with TGF-β1 and then lipid conditioned medium, 11.6 % of cells were expressing Ki-67 and 

10.1 % of cells treated with TGF-β1 and then serum free media and lipid were expressing Ki-67. 

Taken together, no adipose tissue conditioned media significantly altered the expression of Ki-67 in 

TGF-β1 treated fibroblasts. 
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Figure 5.7. Analysis of Ki-67 expression in TGF-β1 activated myofibroblasts following treatment with adipose tissue -
derived conditioned medium. (A-H) Fluorescent images taken on an upright LSM510 Meta confocal microscope. Cells 
were stained for nuclei (blue), α-SMA fibres (green), and Ki-67 (purple). Cells were treated with (A) untreated, (B) TGF-β1 
and then serum free medium, (C) TGF-β1 and then minced adipose tissue conditioned medium, (D) TGF-β1 and then 
emulsified fat conditioned medium, (E) TGF-β1 and then lipocondensate conditioned medium, (F) TGF-β1 and then ADSC 
conditioned medium, (G) TGF-β1 and then lipid conditioned medium, (H) TGF-β1 and then serum free medium and lipid. 
Scale bars = 100 μM. (I) The percentage of cells expressing Ki-67 was calculated. N = 3 / 2 (control + TGF-β1 + lipid), n = 3. 
Coloured bars represent cells treated with conditioned medium. Error bars = standard deviation. An ordinary one-way 
ANOVA was carried out to test for significance. 
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5.2.3.4 Does adipose tissue-derived conditioned medium illicit adipogenic differentiation in TGF-β1 

treated fibroblasts  

 Data to examine whether adipose tissue-derived conditioned medium causes proliferation 

of myofibroblasts was inconclusive however, another mechanism behind reversible myofibroblast 

differentiation has been reported. There is evidence to suggest that myofibroblasts can undergo 

adipogenic differentiation following wounding (el Agha et al., 2017; Plikus et al., 2017). To examine if 

factors from adipose tissue-derived conditioned medium were causing adipogenic differentiation of 

fibroblasts, cells were treated as described in section 5.2.2 except following fixation, an oil red O 

assay was carried out as described in section 2.4.1.2. The presence of oil red O stain indicates the 

presence of lipid and adipogenic differentiation. Oil red O stain was quantified by absorbance at 492 

nm. 

 There was no difference in the amount of oil red O staining in any condition (p > 0.45). 

Untreated, TGF-β1 and serum free media, and TGF-β1 and minced adipose tissue conditioned 

medium treated cells had a similar mean absorbance (0.29, 0.25, and 0.28 respectively, figure 5.8). 

TGF-β1 and emulsified fat conditioned medium treated cells had an absorbance of 0.50, as did TGF-

β1 and lipocondensate conditioned medium treated cells. Cells treated with TGF-β1 and ADSC 

conditioned medium had an absorbance value of 0.38 and TGF-β1 and lipid conditioned medium 

cells had an absorbance value of 0.55. Fibroblasts treated with TGF-β1 and then serum free media 

and lipid had the highest mean absorbance value (0.65) but this is not significantly higher than any 

other condition (p > 0.14). This data suggest that adipose tissue-derived conditioned medium is not 

causing adipogenic differentiation of myofibroblasts. Following this, it was decided to examine 

whether adipose tissue-derived conditioned medium could reverse myofibroblast differentiation in 

fibroblasts isolated from hypertrophic scars. 

  



202 
 

  A 

Figure 5.8. Does adipose tissue conditioned medium induce adipogenic differentiation in TGF-β1 activated 
myofibroblasts. (A) Adipogenic differentiation was assessed by the presence of Oil red O dye following staining after 
TGF-β1 and adipose tissue conditioned media treatment. N = 3 / 2 (TGF-β1 + minced adipose tissue and TGF-β1 + lipid 
medium), n = 3. Coloured bars represent cells treated with conditioned medium. Error bars = standard deviation. An 
ordinary one-way ANOVA was carried out to test for significance. (B) Representative image of ADSCs treated with 
adipogenic differentiation medium. Red droplets indicate lipid presence and adipogenic differentiation. Image taken at 
x4 magnification, scale bar = 150 μm. (C) Representative image of TGF-β1 treated myofibroblasts following the 
addition of minced adipose tissue conditioned medium.  Few lipid droplets can be seen. Image taken at x10 
magnification, scale bar = 200 μm. 
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5.2.4 Does adipose tissue-derived conditioned medium reduce α-SMA expression in scar 

fibroblasts? 

To test the ability of adipose tissue conditioned media to reduce the expression of α-SMA in 

already differentiated myofibroblasts, fibroblasts isolated from scars were cultured as described in 

section 2.3.1.4. These scar fibroblasts were then seeded on coverslips and as described in section 

2.4.5.6, serum starved, and then cultured with TGF-β1, adipose tissue-derived conditioned medium, 

or lipid for 72 hours. These cells were then stained for cell nuclei and α-SMA, as described in section 

2.4.5.6, and immunofluorescence analysis carried out.  

In populations of untreated, control, scar fibroblasts, 46.5 % of cells were expressing α-SMA 

(figure 5.9E). This significantly increased to 97.4 % of cells expressing α-SMA when TGF-β1 was 

added to scar fibroblasts for 72 hours (figure 5.9B, p = 0.005). The percentage of cells expressing α-

SMA when treated with minced adipose tissue conditioned medium was 32.7 %, significantly lower 

than TGF-β1 treated scar fibroblasts (p < 0.001). However, this was not significantly lower than 

untreated scar fibroblasts (p > 0.65). The mean percentage of cells expressing α-SMA when treated 

with ADSC conditioned medium or lipid was higher than untreated scar fibroblasts (62.7 % and 68.8 

% respectively) but was not significantly higher (p < 0.35). This data shows that under the conditions 

tested, adipose tissue-derived conditioned medium did not reduce α-SMA expression in scar 

fibroblasts. 
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Figure 5.9. α-SMA production in adipose tissue conditioned media treated scar fibroblasts. (A-E) Representative 
images of α-SMA and DAPI stained scar fibroblasts, (A) untreated, (B) TGF-β1 treated, (C) minced adipose tissue 
conditioned medium treated, (D) ADSC conditioned medium treated, (E) Lipid treated. X10 magnification, scale bar = 
200 μm. (F) The percentage of cells expressing α-SMA. Significance calculated by an ordinary one-way ANOVA. N = 3, n 
= 3. Coloured bars represent cells treated with conditioned medium. * = p < 0.005 compared to TGF-β1 treated cells.  
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5.3 Discussion  

The aims of this chapter were to:  

- Measure α-smooth muscle actin (α-SMA) expression in TGF-β1 differentiated 

myofibroblasts following the addition of adipose tissue-derived conditioned medium (figure 5.1) to 

examine whether factors within the conditioned medium could reverse myofibroblast 

differentiation. 

- Elucidate the mechanism behind any reversal effect. 

- Examine whether addition of adipose tissue-derived conditioned medium could reverse 

myofibroblast differentiation in hypertrophic scar myofibroblasts. 

5.3.1 Paracrine reversal of myofibroblast differentiation 

To test whether factors from adipose tissue-derived conditioned medium could reverse 

myofibroblast differentiation, gene expression data was used to ensure that the removal of TGF-β1, 

was not causing spontaneous de-differentiation. 72 hours after TGF-β1 removal, cells treated with 

TGF-β1 for 24 and 72 hours expressed significantly higher fibronectin compared to untreated 

fibroblasts. Collagen expression was also significantly higher in cells following TGF-β1 removal after 

24 hours of TGF-β1 treatment compared to untreated fibroblasts (figure 5.2). This demonstrated 

that TGF-β1 treated cells maintain their phenotype for 72 hours if cultured in serum free medium 

after the addition of TGF-β1. For consistency with the work in chapter 4 and because fibronectin 

expression remained increased, in this chapter, TGF-β1 was added for 72 hours to activate 

myofibroblasts. Adipose tissue-derived conditioned medium was also added for 72 hours for the 

sake of consistency with chapter 4.  

Paracrine factors in adipose tissue-derived conditioned medium were able to reverse the 

myofibroblast phenotype in fibroblasts treated with TGF-β1 for 72 hours. Immunofluorescence 

showed a significant decrease in the expression of α-SMA fibres in cells treated first with TGF-β1, 

and then minced adipose tissue, emulsified fat, lipocondensate, or lipid conditioned medium (figure 

5.3). As in chapter 4, ADSC conditioned medium had no effect on α-SMA expression. Light 

microscopy images supported this data with cells treated with TGF-β1 having a wide and stretched 

appearance. Within the cytoplasm, actin stress fibres could be seen to be causing contraction of the 

outer membrane of the myofibroblasts as described in the literature. On the other hand, fibroblasts 

treated first with TGF-β1 and then minced adipose tissue or emulsified fat conditioned medium had 

a thin, spindle-like appearance with no visible stress fibres. These data indicate that paracrine 

factors from adipose tissue-derived conditioned medium can reverse the myofibroblast phenotype. 
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Given that factors from minced adipose tissue, emulsified fat, or lipocondensate conditioned 

medium reversed the differentiation of myofibroblasts, it could be suggested that as in chapter 4, 

the stromal vascular fraction (SVF) or ECM is the responsible component for this de-differentiation. 

This is because these are the components of adipose tissue found in all these formulations. 

However, factors from lipid conditioned medium were also able to reduce the expression of α-SMA 

in TGF-β1 differentiated myofibroblasts (figure 5.3). Lipid is also found in minced adipose tissue and 

emulsified fat however, not in lipocondensate. Thus, there may be two different mechanisms 

causing myofibroblast de-differentiation, one dependent on factors released from lipid and another 

dependent on factors released from the SVF. 

A significantly increased number of cells was found in immunofluorescence images of cells 

treated with TGF-β1 and then minced adipose tissue, emulsified fat, or lipocondensate conditioned 

medium. There were a similar number of cells after incubation with lipid medium as in samples 

incubated with only TGF-β1. This is further suggestive of two separate mechanisms of myofibroblast 

de-differentiation. Because, if myofibroblast de-differentiation is working via increasing proliferation 

(mentioned later) then there is little to suggest that lipid conditioned medium is increasing 

myofibroblast proliferation.  

The ability of adipose tissue-derived conditioned medium to increase TGF-β1 treated 

fibroblast proliferation was examined via Ki-67 staining and resazurin assay. Cell counts of 

fluorescent images in figure 5.4 showed that when treated with TGF-β1 and minced adipose tissue 

or emulsified fat conditioned medium, a significantly higher number of cells were present (figure 

5.5). However, these images were just random selections of the larger cellular population in each 

well plate. The resazurin assay on the other hand, gave information about the whole cellular 

population present in a particular well. Cells treated with TGF-β1 and then emulsified fat 

conditioned medium were significantly more metabolically active than control cells. No other 

condition was significantly higher than the control however, cells treated with TGF-β1 and then 

minced adipose tissue-derived conditioned medium had a higher mean average than all conditions 

other than emulsified fat conditioned medium (p = 0.11). When stained for Ki-67, there was no 

significant difference in Ki-67 expression in any condition tested and thus the number of 

proliferating cells were not different between conditions when stained with Ki-67. While not a 

quantitative measure of cell number, resazurin data implies that following treatment with emulsified 

fat conditioned medium a higher number of cells were present. Ki-67 expression did not show 

increased proliferation of myofibroblasts, but Ki-67 only has a half-life of 6-9 hours (Davey et al., 

2021). Given that TGF-β1 treated myofibroblasts are being incubated with adipose tissue-derived 

conditioned media for 72 hours, it is likely that by the time cells are fixed and stained most of the 
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Ki-67 expression in proliferating cells has been missed. Taken together resazurin, and Ki-67 data 

shows that in the conditions tested adipose tissue-derived conditioned medium did not lead to 

increased myofibroblast proliferation. However, cell counts and resazurin data on emulsified fat 

conditioned medium imply there might be adipose tissue growth factor dependent increased 

proliferation occurring. If timings for Ki-67 staining are optimised and more objective measures of 

cell counts are used, then this hypothesis could be confirmed. 

In all conditions tested via oil red O staining, there was no significant difference in 

absorbance. This showed there was not an increased lipid presence in cells treated with TGF-β1 and 

then adipose tissue-derived conditioned medium. These results confirmed that adipose tissue-

derived conditioned medium was not causing myofibroblasts to undergo adipogenic differentiation.  

Finally, immunofluorescence staining of α-SMA was carried out on fibroblasts isolated from 

scars and treated with TGF-β1, minced adipose tissue, or ADSC conditioned medium. In control scar 

fibroblast populations, 45.6 % of cells expressed α-SMA. Cells treated with TGF-β1 expressed 

significantly more α-SMA than all other conditions. Minced adipose tissue conditioned medium 

treated scar fibroblasts had a lowest mean expression of α-SMA however this was not significantly 

lower than control scar fibroblasts. This data shows that in the conditions tested, factors from 

adipose tissue-derived conditioned medium cannot reverse the differentiation of scar-derived 

myofibroblasts. 

5.3.2 Myofibroblast plasticity 

Historically, myofibroblast differentiation has been considered a terminal stage in the 

fibroblast lifecycle (Bayreuther et al., 1988; Evans et al., 2003; Hinz, 2007). In more recent times 

however, it has become increasingly apparent that myofibroblast differentiation is not necessarily 

terminal and can be reversed in vitro (el Agha et al., 2017; Fang et al., 2012; Fortier et al., 2021; 

Hecker et al., 2011; Maltseva et al., 2001; Melling et al., 2018; Sieber et al., 2018; Walker et al., 

2020). Furthermore, it has been suggested that myofibroblasts may differentiate into adipocytes to 

resolve wound healing (Plikus et al., 2017). 

Evans et al., (2003) was one of the first research groups to demonstrate the involvement of 

SMAD proteins in TGF-β1 induced myofibroblast differentiation. This work is frequently cited as 

demonstrating that myofibroblasts are a terminally differentiated cell (Garrison et al., 2013; Hecker 

et al., 2011; Kato et al., 2020; Sieber et al., 2018). To the best of my understanding however, there 

are no experiments carried out in this research paper to demonstrate that these myofibroblasts are 

in fact terminally differentiated. Bayreuther et al., (1988) was cited by Evans et al., (2003) as 

demonstrating that myofibroblasts are terminally differentiated. The group does demonstrate that 
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serially passaged fibroblasts demonstrate a myofibroblast phenotype and halt proliferation. 

However, it is possible the inability of these myofibroblasts to de-differentiate is a result of 

myofibroblast senescence from serial passaging and not something intrinsic to myofibroblast 

differentiation as Kato et al., (2020) were able to cause de-differentiation of TGF-β1 induced 

myofibroblasts but not in senescent myofibroblasts. Myofibroblast de-differentiation has been 

demonstrated since 2001 (Maltseva et al., 2001), but in the past decade there has been an 

increasing acceptance that myofibroblasts are still a plastic cell type (Fortier et al., 2021; Hinz, 2015; 

Sieber et al., 2018). 

It has been reported that removing TGF-β1 and culturing with media containing 10 % serum 

induces the reversal of the myofibroblast phenotype (Hecker et al., 2011; Kato et al., 2020). 

However, multiple papers have demonstrated that myofibroblasts activated with TGF-β1 maintain 

their myofibroblast phenotype following culture in serum free media. Hecker et al., (2011) showed 

that myofibroblasts remain activated for longer than 72 hours after TGF-β1 is removed and Fortier et 

al., (2021), Garrison et al., (2013), and Kato et al., (2020) have shown activation 120 hours post TGF-

β1 removal. 

There are several mechanisms thought to be responsible for the removal of myofibroblasts 

from wound tissue. Hecker et al., (2011) demonstrated that myofibroblast de-differentiation is a 

result of increased MAPK signalling. Mitogens are molecules that stimulate mitosis via various 

signalling pathways (reviewed in McCubrey et al., (2007)) and Hecker et al., showed that increased 

MAPK activity decreased α-SMA expression via downregulating the protein MyoD and caused 

myofibroblast proliferation. They also suggested that MAPK activity caused disassembly of α-SMA 

fibres, which results in a loss of the myofibroblast phenotype. The mitogen FGF-2 has been shown to 

de-differentiate myofibroblasts (Koo et al., 2018; Maltseva et al., 2001) and it has been suggested 

that FGF-2 may act by causing myofibroblast proliferation through the MAPK pathway (Fortier et al., 

2021). Treating TGF-β1 activated myofibroblasts with FGF-2 caused upregulation of proliferative 

genes, caused increased proliferation, and resulted in a morphological change wherein 

myofibroblasts lost their stress fibres and became elongated and thin as if untreated with TGF-β1 

(Fortier et al., 2021). It was suggested that for myofibroblasts to proliferate it is required that their 

cytoskeleton is re-structured, and the α-SMA stress fibres are broken down, leading to a loss of 

phenotype upon proliferation and de-differentiation back to a fibroblast state. 

Alternatively, it has been suggested that myofibroblasts may undergo adipogenic 

differentiation. It is thought that in the dermis, the differentiation of myofibroblasts to adipocytes is 

a key stage in the resolution of wound healing (Plikus et al., 2017). The research of Plikus et al.,
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*See appendix 

 demonstrated that myofibroblasts around hair follicles can differentiate into adipocytes via bone 

morphogenic protein (BMP)-2 or 4 stimulation. In addition to the work by Plikus et al., (2017), it has 

been shown that lung myofibroblasts can be differentiated into a cell termed a lipofibroblast (el 

Agha et al., 2017). These cells (reviewed in McGowan, 2019) are fibroblasts containing lipid vesicles 

found in lung tissue. This differentiation was found to be regulated via peroxisome proliferator-

activated receptor-γ (PPARγ; el Agha et al., 2017). Myofibroblasts from systemic sclerosis skin (a 

fibrotic skin disease) were found to express less collagen following treatment with adiponectin (Fang 

et al., 2012). Adiponectin is a downstream product of PPARγ and if those myofibroblasts had been 

tested for lipid vesicles, they may have been found to have differentiated due to the adiponectin. In 

fact, Plikus et al. (2017) found that the removal of PPARγ prevents adipogenic differentiation of 

myofibroblasts, further highlighting PPARγ’s importance in this differentiation.  

Finally, prostaglandin E2 (PGE2) is an inflammatory mediator that also plays a role in female 

reproduction (Niringiyumukiza et al., 2018). It has also been found to cause the removal of 

myofibroblasts (Sieber et al., 2018). The mechanistic action behind this effect was investigated 

(Fortier et al., 2021) and it was discovered that PGE2 promoted the production of cyclic adenosine 

monophosphate and poly ADP ribosome polymerase, both markers of apoptosis (Kondo et al., 2010; 

Zhou et al., 2005). It was concluded that PGE2 was promoting apoptosis in myofibroblasts, which 

caused a decrease of myofibroblast markers such as α-SMA and collagen in cells (Fortier et al., 

2021). Upon the resolution of normal wound healing, myofibroblasts undergo apoptosis (Desmoulire 

et al., 1995). In fibrosis, this does not occur for reasons not fully understood (Hinz, 2007). It appears 

that PGE2 restores this programmed cell death in TGF-β1 treated myofibroblasts.  

While the process behind hypertrophic scarring is not fully understood, it is clear that 

fibroblasts isolated from hypertrophic scars behave differently from normal fibroblasts (Chun et al., 

2016; Tuan & Nichter, 1998; Ţuţuianu et al., 2019). As a result of long term and repeated exposure 

to inflammatory signals such as TGF-β1, these cells have been constitutively activated to 

myofibroblasts and express α-SMA even when isolated and not treated with TGF-β1 (Kumai et al., 

2010; Ţuţuianu et al., 2019). Furthermore, several other proteins are expressed differentially 

compared to normal, healthy, fibroblasts (Tuan & Nichter, 1998; Zhang et al., 2012).  

There has been some investigation into whether factors from adipose tissue can alter the 

phenotype of scar fibroblasts. Kumai et al. (2010) found that ADSC conditioned medium lowered the 

expression of α-SMA in ferret scar fibroblasts and Li et al. (2016) * found ADSC conditioned medium 

lowered expression of α-SMA and collagen in human scar fibroblasts, while also decreasing scar 

fibroblast migration. Factors from monocultured adipocytes have been shown to lower the 
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expression of α-SMA and ECM markers of a myofibroblast phenotype (Hoerst et al., 2019). The 

authors suggest that BMP-4 secreted by ADSCs activated PPARγ caused this effect. Spiekman et al., 

(2014), demonstrated that ADSC conditioned medium could inhibit TGF-β1 induced fibroblast 

differentiation and applied this medium to activated myofibroblasts from keloid scars. However, 

they only saw a partial decrease in the myofibroblast markers of keloid fibroblasts. Finally, co-culture 

of ADSCs with scar fibroblasts has been demonstrated to reverse the myofibroblast phenotype of 

these scar fibroblasts with α-SMA, fibronectin, and collagen expression decreased alongside 

myofibroblast contractile ability (Deng et al., 2018)*. Although, the authors do not suggest a specific 

paracrine mechanism for this observation.  

5.3.3 Adipose tissue based myofibroblast reversal 

It appears there are three mechanisms behind the removal of myofibroblasts in a wound 

setting; apoptosis of myofibroblasts (Fortier et al., 2021; Sieber et al., 2018), adipogenic 

differentiation (el Agha et al., 2017; Plikus et al., 2017), and myofibroblast proliferation (Fortier et 

al., 2021; Hecker et al., 2011). After the resolution of wound healing, myofibroblasts normally 

undergo apoptosis however, in fibrosis this seems to be dysregulated (Desmoulire et al., 1995). The 

addition of PGE2 appears to restore this apoptosis (Sieber et al., 2018), potentially removing the 

myofibroblast population from scars. Unfortunately, the cytokine array in section 2.4.6.1 did not test 

for the levels of PGE2 in adipose tissue-derived conditioned medium. However, there is evidence of 

adipose tissue secreting this factor (Hu et al., 2016). In figure 5.3, in light microscopy images, cell 

debris can be seen in fibroblasts treated with TGF-β1 and then lipid conditioned medium. 

Furthermore, cells appear sparser in these images, perhaps indicating that some cells have 

undergone apoptosis. There could be PGE2 being released from lipid conditioned medium leading to 

increased myofibroblast apoptosis meaning there appears to be less α-SMA in figure 5.4. However, it 

would then be expected that cell counts were lower in figure 5.5 and this isn’t the case. Further 

investigation is needed to identify whether this is the method of action lipid conditioned medium is 

causing myofibroblast removal through.  

Another mechanism of myofibroblast removal is adipogenic differentiation. Myofibroblasts 

have been shown to undergo adipogenic differentiation following wound healing in response to 

PPARγ (el Agha et al., 2017). It was noticed that myofibroblasts treated with adipose tissue-derived 

conditioned medium seemed to contain lipid vesicles, a marker of adipogenic differentiation (Gimble 

& Guilak, 2003). Plikus et al. found that following wounding, as myofibroblasts differentiated to 

adipocytes, oil red O staining showed that lipid presence increased and α-SMA expression decreased 

in wounds. If my myofibroblasts were undergoing adipogenic differentiation, then it would explain
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why α-SMA expression decreased in figure 5.4 when adipose tissue-derived conditioned medium 

was added. In Hoerst et al. (2019), the authors found that myofibroblast de-differentiation was 

induced by PPARγ signalling with a decrease in α-SMA and collagen expression. PPARγ signalling acts 

upstream of adiponectin signalling (Plikus et al., 2017) and is highly expressed in adipose tissue 

(Torre-Villalvazo et al., 2018). It was hypothesised that adiponectin secreted by adipose tissue-

derived conditioned medium may have been acting downstream of PPARγ signalling and causing 

adipogenic differentiation in myofibroblasts. Myofibroblasts were stained with oil red O which binds 

to lipid in cells (Mehlem et al., 2013) however, as in Hoerst et al. there was no observed increase in 

lipid droplet formation in any conditions. The literature, along with data discussed above indicates 

that adipokine induced PPARγ signalling in myofibroblasts is still not fully understood and the 

decrease in α-SMA expression observed in TGF-β1 treated myofibroblasts is not a result of 

adipogenic differentiation. 

Finally, mitogens (specifically FGF-2) cause myofibroblasts to proliferate (Fortier et al., 

2021). For this proliferation to occur, the actin cytoskeleton must be disassembled and thus 

myofibroblasts lose their contractile phenotype and α-SMA fibres when proliferating, resulting in 

them no longer being considered myofibroblasts (Hecker et al., 2011). FGF proteins were found to 

be present in my adipose tissue-derived conditioned medium in section 4.2.3, and adipose tissue has 

been found to secrete high volumes of FGF-2 (Mydlo et al., 1998). While resazurin and Ki-67 staining 

did not show increased myofibroblast proliferation I believe there are mitigating factors that explain 

this (mentioned in section 5.3.1). The α-SMA in myofibroblasts give the cells the wide, splayed 

appearance (figure 5.3). When treated with FGF-2 and proliferation has occurred, the cytoskeleton 

has disassembled and myofibroblasts return to the thin and elongated fibroblast (Fortier et al., 

2021). The images in this paper are very similar to my light microscopy images in figure 5.3, (figure 

5.10). This gives me reason to believe one of the main mechanisms through which my adipose 

tissue-derived conditioned medium reverses myofibroblast differentiation is through increased 

proliferation. Further optimisation and objective testing would have been used to test this 

hypothesis however, time constraints meant this unfortunately could not happen.  
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Figure 5.10. Change in myofibroblast morphology following FGF-2 and adipose tissue conditioned medium treatment. (A-
B) Images of TGF-β1 treated fibroblasts and stained for α-SMA from Fortier et al., (2021). Images used with permission from 
Creative Commons using the following license https://creativecommons.org/licenses/by/4.0/. (A) TGF-β1 and then FGF-2 
treated myofibroblasts, cells have a spindle-like morphology. (B) TGF-β1 treated fibroblasts, cells are wide and stretched, 
characteristic of a myofibroblast phenotype. (C-D) Light microscope images of TGF-β1 treated fibroblasts. (C) Cells treated 
with minced adipose tissue. Cells have a long, spindle morphology. (D) Untreated myofibroblasts, cells are stretched and α-
SMA fibres are visible.   
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My work is the first to show that paracrine factors from clinically relevant formulations of 

adipose tissue can reverse the differentiation of myofibroblasts following TGF-β1 differentiation in 

vitro. It has been previously demonstrated that paracrine factors from adipocytes can reverse 

myofibroblast differentiation (Hoerst et al., 2019). The work by Hoerst et al. also agreed with my 

results as their ADSC conditioned medium could not reverse myofibroblast differentiation. The 

group do not mention the concentration of ADSCs per ml of conditioned medium, but they seeded 

cells at 100,000 cells per well of a 6-well plate. This is more than double the number of cells I seed 

per well for my ADSC conditioned medium (45,000 cells per well of a 6-well plate) and is suggestive 

that ADSC concentration is not why ADSC conditioned medium had no influence on myofibroblast 

phenotype. Their work also suggests that the adipocyte population in minced adipose tissue is 

responsible for the anti-fibrotic effect from the conditioned medium. Factors secreted from 

adipocytes will also be present in emulsified fat and lipid conditioned medium as these factors will 

have been stored in the lipid of these formulations.  

This work was unable to demonstrate that adipose tissue-derived conditioned medium was 

able to reverse the differentiation of scar fibroblasts. This aligns with some data from Spiekman et 

al. testing their ADSC conditioned medium on fibroblasts isolated from keloid scars. There was some 

responsiveness to ADSC conditioned medium with a decrease in collagen type lll expression but 

there was no other decrease compared to baseline keloid scar fibroblasts. The α-SMA expression in 

their article matches that of figure 5.9, with TGF-β1 increasing α-SMA expression significantly and 

their conditioned medium able to bring this expression to baseline levels. However, this expression 

never went lower than that of the untreated scar fibroblasts. Kumai et al. (2010) were able to show 

a decrease in α-SMA expression in scar fibroblasts via ADSC co-culture but the decrease in the 

percentage of cells expressing α-SMA was smaller than the difference observed between the mean 

of α-SMA expressing cells in my untreated and minced adipose tissue conditioned medium treated 

scar fibroblasts. Likewise, Deng et al. (2018) have also suggested ADSC co-culture to be able to 

reverse myofibroblast differentiation. While this does disagree with the results of my work in this 

chapter co-culture experiments are different to using conditioned medium as paracrine signals will 

be being constantly secreted with co-culture, alongside the scar fibroblasts signalling to the ADSCs. 

Furthermore, Deng et al. (2018) cultured their scar fibroblasts in D-MEM containing 10 % serum. It 

has been demonstrated that culturing differentiated myofibroblasts in serum causes de-

differentiation back to fibroblasts (Hecker et al., 2011; Kato et al., 2020). It is possible the de-

differentiation that Deng et al. (2018) reported may be a result of the serum they added and not 

crosstalk from ADSCs. 
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This chapter has shown that paracrine factors from clinically used forms of adipose tissue 

can reverse myofibroblast differentiation in vitro. This work is supported by other results in the 

literature and goes some way to explaining why autologous fat grafting regenerates scar tissue. The 

reduced contraction and thickness of scars may be a result of myofibroblast de-

differentiation/apoptosis around the scar tissue, removing the production of ECM and contractile 

forces on the tissue. While it was not possible to cause de-differentiation of scar fibroblasts in these 

conditions there is support from the literature and my in vitro work that this may be possible by 

causing apoptosis, adipogenic differentiation, or proliferation based de-differentiation. These results 

suggest that adipocytes or lipid, and the stromal vascular fraction are responsible for this effect. This 

highlights that while concentrating the SVF can be effective for regenerative grafting, adipocytes 

play an important role in this regeneration and should not necessarily be discarded. If the exact 

signalling mechanisms behind this response can be elucidated, then a cell free therapeutic could be 

developed to deliver subcutaneously to hypertrophic scars to reduce scar contraction.   
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6.0 Discussion  
The aims set out at the beginning of this work were as follows: 

1. Investigate whether paracrine factors from clinically relevant forms of adipose tissue can 

inhibit the differentiation of fibroblasts. 

2. Examine whether paracrine factors from clinically relevant forms of adipose tissue can 

reverse the differentiation of myofibroblasts. 

3. Identify the cellular components of adipose tissue responsible for any effect paracrine 

factors from clinically relevant forms of adipose tissue may have on myofibroblast differentiation 

4. Elucidate the underlying mechanisms behind any effect paracrine factors from clinically 

relevant forms of adipose tissue may have on myofibroblast differentiation. 

6.1 General discussion 

6.1.1 Characterising adipose tissue formulations  

The results in this thesis demonstrate that adipose tissue can inhibit myofibroblast 

differentiation and reverse myofibroblast differentiation in vitro. This work aimed to use 

formulations of adipose tissue that are used currently in a clinical setting. These formulations were 

minced adipose tissue, lipoaspirate, emulsified fat, lipocondensate and ADSCs. During this work, the 

processing steps used to generate emulsified fat and lipocondensate were optimised. In particular, 

the observation that freeze/thawing the lipocondensate formulation causes separation from the 

lipid oil is useful knowledge that may help other researchers and surgeons effectively generate their 

own lipocondensate-like formulation. Using confocal imaging, resazurin and LDH assays, and through 

cell counting the formulations were characterised and by comparing them to the literature it is likely 

the formulations used in this work matched those used by others. This data demonstrated that 

minced adipose tissue could be used as a substitute for lipoaspirate, adipocytes were being lysed 

during emulsified fat generation, lipocondensate formation was concentrating the SVF and that 

ADSCs had literature-established markers. 

Clinicians use a wide variety of different adipose tissue formulations, similar to those used in 

this project, in regenerative surgeries. These include lipoaspirate (Caviggioli et al., 2011; Klinger et 

al., 2008), emulsified fat (Kemaloğlu, 2016), lipocondensate (Cao et al., 2022), and adipose tissue 

supplemented with ADSCs (Carstens et al., 2015). Processing adipose tissue from lipoaspirate into 

other formulations significantly alters the structure and the contents of the adipose tissue itself. For 

example, processing to Nanofat removes the adipocyte population of the adipose tissue (Tonnard et 
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al., 2013) and SVF-gel formulations have had the lipid removed (Yao et al., 2017). Furthermore, 

because the use of enzymatically isolated ADSCs is restricted by regulatory bodies (U.S. Department 

of Health and Human Services et al., 2020), these formulations are generated in an attempt to 

mechanically disrupt the adipose tissue and concentrate the population of SVF cells (and thus by 

extension, ADSCs). As a result of this, a wide range of different formulations have been developed in 

the literature using different processing techniques (Bianchi et al., 2013; Mashiko et al., 2017; 

Tonnard et al., 2013; Yao et al., 2017). Even within established techniques, there are often 

differences in processing steps with different versions of “Nanofat” (Gentile et al., 2017; lo Furno et 

al., 2017) and “SVF-gels” (Sesé et al., 2020; van Dongen et al., 2016; Yao et al., 2017) cited in the 

literature. As a result, it was important to characterise the formulations used throughout this work 

and ensure they are functioning as intended in the literature they are based on.  

To this end, confocal images of the formulations used in this work are comparable to images 

of clinically relevant formulations of adipose tissue (lipoaspirate (Eto et al., 2009), emulsified fat 

(Tonnard et al., 2013), and lipocondensate (Yao et al., 2017)). These images show the well-

structured adipose tissue becomes fragmented and the adipocyte population decreases and release 

lipid as the adipose tissue becomes more fragmented. Lipoaspirate images show tightly bundled 

adipocytes with vessels running throughout in a similar manner to Eto et al. (2009). Images of 

emulsified fat show the fragmented tissue structure with lipid vesicles in place of adipocytes as seen 

in the live/dead staining of Tonnard et al. (2013). These images also show the highly fragmented 

lipocondensate with few adipocytes but SVF cells still present is similar to the images in Yao et al. 

(2017). Furthermore, cell numbers in the formulation are in line with those in the literature. (Sesé et 

al., 2019, 2020) and demonstrate that the more adipose tissue is processed, the more concentrated 

the SVF becomes. This data not only characterises the formulations used throughout this work but 

also confirms that the formulations are acting in an identical manner to the clinically relevant 

formulations they are based upon. 

6.1.2 Myofibroblast differentiation inhibition and reversal  

These formulations characterised in chapter 3 were used to generate “conditioned medium” 

containing paracrine factors from the adipose tissue formulations. These paracrine factors were able 

to inhibit TGF-β1 dependent myofibroblast differentiation with ECM expression and α-SMA 

production inhibited. These paracrine factors could also decrease the production of α-SMA in 

fibroblasts already differentiated to myofibroblasts. This indicates that myofibroblast de-

differentiation was occurring following treatment with paracrine factors. In the conditions tested, 

HGF was unable to replicate the inhibition caused by adipose tissue-derived conditioned medium. 

Furthermore, the C-Met inhibitor, foretinib, was unable to prevent the inhibitory action of 
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lipoaspirate conditioned medium. This implies that HGF is not the paracrine factor in adipose tissue 

responsible for myofibroblast inhibition. Finally, paracrine factors from adipose tissue were unable 

to reverse the differentiation of myofibroblasts isolated from scar tissue in the conditions tested. 

Admittedly though, this was the last experiment carried out in this work and could definitely be 

optimised and tested in greater detail. 

There is strong evidence that autologous fat grafting regenerates scar tissue (Klinger et al., 

2013; Rigotti et al., 2007; van Dongen et al., 2021). Alongside reducing pain and increasing elasticity, 

the stiffness of the scar tissue is decreased (Jaspers et al., 2017; Maione et al., 2014). Excessive ECM 

produced by myofibroblasts alongside contraction of the myofibroblasts themselves is responsible 

for this stiffness (Hinz et al., 2001). In histological analysis of scars following autologous fat grafting, 

there is a decrease in the presence of α-SMA and a decreased myofibroblast population (Uysal et al., 

2014; Wang et al., 2019). This suggests that autologous fat grafting is able to remove or cause de-

differentiation of the myofibroblasts formed during scarring. It has become apparent that the 

myofibroblast is a plastic cell type and de-differentiation is possible (Fortier et al., 2021; Hecker et 

al., 2011). Furthermore, adipocytes (Hoerst et al., 2019) and ADSCs (Li et al., 2016; Deng et al., 2018) 

have been observed to cause a reversal of the myofibroblast phenotype. Despite evidence 

suggesting autologous fat grafting removes myofibroblast cells from scars, there have been few in 

vitro studies on the ability of adipose tissue and these formulations to inhibit or reverse 

myofibroblast differentiation. ADSCs have been shown to inhibit (Spiekman et al., 2014) and reverse 

myofibroblast differentiation in vitro (Deng et al., 2018). However, the effectiveness of other 

formulations at inhibiting or reversing myofibroblast differentiation has never been compared in 

vivo or in vitro. Inhibition of the TGF-β1 pathway in vitro has been reported with numerous 

molecules implicated in SMAD inhibition. HGF (Yang et al., 2003), FGF (Liguori et al., 2018), and 

CXCL9 (Wasmuth et al., 2009) have all been demonstrated to interfere with the TGF-β1 signalling 

pathway. Anti-scarring drugs have been designed and tested with the aim of inhibiting myofibroblast 

differentiation in scar tissue (So et al., 2011). Clinical trials however, have been unsuccessful and 

anti-fibrotic treatments are in need of development (McKee, 2011). 

In vitro inhibition of myofibroblast differentiation has been established by Spiekman et al., 

however, this is the first demonstration that other formulations of adipose tissue used in clinic can 

inhibit differentiation. HGF has been shown to inhibit myofibroblast differentiation in vitro (Yang et 

al., 2003). Despite this, in my research HGF from adipose tissue conditioned medium did not have 

this same affect. This highlights that one of the strengths of using adipose tissue in regenerative 

medicine is the variety of different factors it secretes (highlighted in chapter 4). Previous research 

has targeted myofibroblast differentiation using one molecule at a time (Liguori et al., 2018; (HGF); 
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So et al., 2011; (TGF-β3); Yang et al., 2003; (HGF)). This was eventually shown to be ineffective in 

more complex models (McKee, 2011) despite early success. In the context of this thesis, HGF may 

not effectively inhibit myofibroblast differentiation on its own and adipose tissue-derived 

conditioned medium may inhibit myofibroblast differentiation via a combination of different factors 

at the same time. My work, in combination with the literature above highlights this. Finally, adipose 

tissue conditioned medium was unable to reverse myofibroblast differentiation in fibroblasts 

isolated from scar tissue. There is inconsistency in the literature regarding scar myofibroblast de-

differentiation. Deng et al. showed that ADSC co-culture can reverse scar myofibroblast phenotype 

however, Spiekman et al. demonstrated that ADSC conditioned medium had little impact. This 

combined with my research implies scar myofibroblast de-differentiation is possible, but further 

testing is required to reveal how this can be achieved consistently with adipose tissue.  

6.1.3 The components responsible for myofibroblast inhibition and reversal 

ADSC conditioned medium was not able to inhibit or reverse myofibroblast differentiation in 

any measure tested during this work. All forms of conditioned medium apart from ADSC and lipid 

conditioned medium was able to inhibit myofibroblast differentiation. Thus, it can be concluded that 

the paracrine factors responsible for this inhibition are derived from the SVF or the ECM of adipose 

tissue as this is the only component present in minced adipose tissue, lipoaspirate, emulsified fat, 

and lipocondensate. ADSC conditioned medium was unable to inhibit or reverse myofibroblast 

differentiation in any condition tested. This is not indicative that ADSCs have no influence at all on 

myofibroblast differentiation. ADSCs will be present in all formulations bar lipid medium and as 

discussed in the upcoming section, it is possible that ADSC conditioned medium was generated with 

too low a concentration of ADSCs.  

Interestingly, all forms of conditioned medium except ADSC conditioned medium caused 

reversal of the myofibroblast phenotype. This suggests at least two mechanisms of action behind 

myofibroblast de-differentiation as lipid conditioned medium does not contain SVF, ECM, or 

adipocytes, which are present in the other formulations.  

Most work on the regenerative abilities of adipose tissue focus on ADSCs (Deng et al., 2018; 

Ma et al., 2020; Spiekman et al., 2014; Uysal et al., 2014). ADSCs have been shown to inhibit and 

reverse myofibroblast differentiation. However, little work has investigated what roles other 

components of adipose tissue can play in affecting fibroblast differentiation. Hoerst et al. has shown 

that factors released from adipocytes can reverse myofibroblast differentiation but, to my 

knowledge this is the only other research investigating myofibroblast reversal with any component 

of adipose tissue other than ADSCs. My data in chapter 5 indicates that paracrine factors from 
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adipose tissue conditioned medium can reverse myofibroblast differentiation. As stated in the 

above, the data implies two mechanisms of action as lipid conditioned medium and lipocondensate 

conditioned medium both had a similar affect but share none of the same cellular components. 

Given that lipocondensate only contains SVF and ECM it is likely that these components are 

responsible for one of the mechanisms of myofibroblast differentiation. Given that adipocyte 

conditioned medium has been observed to lead to myofibroblast de-differentiation (Hoerst et al., 

2019), It is likely that factors released from live adipocytes into the lipid of adipose tissue are 

responsible for this second mechanism. This is an important reminder that while ADSCs show 

regenerative potential, adipose tissue as a whole is a strong source of regenerative factors. My 

research shows that in vitro myofibroblast inhibition is likely from factors released by the ECM and 

SVF of adipose tissue, while myofibroblast reversal is likely from two different mechanisms, one 

from the ECM and SVF, the other from factors released into lipid. 

6.1.4 Wider influence of this research 

In vitro inhibition of myofibroblast differentiation has been established by Spiekman et al., 

however, this is the first demonstration that other formulations used in clinic can inhibit 

differentiation. Taken together, this knowledge could help in the development of new anti-scarring 

therapeutics. There is currently no effective method of removing hypertrophic scars. Surgical 

resection of the scarring often leads to recurrence (Leventhal et al., 2006) and therapeutics 

developed to inhibit scar formation such as mannose-6-phosphate (ClinicalTrials.gov, 2009) and 

metelimumab (Denton et al., 2007) have proved ineffective. Furthermore, approximately 35 % of 

surgical skin wounds will develop into a hypertrophic scar (Delavary et al., 2012). This data could 

form the basis of new anti-fibrotic treatments aimed at using therapeutics to inhibit myofibroblast 

differentiation and prevent scars forming. With elective surgeries, liposuction could be carried out 

days beforehand and the conditioned medium used alongside surgery to prevent hypertrophic scar 

formation following surgery. Furthermore, conditioned medium treatment could be provided 

alongside scar resection, removing the scar, and preventing its recurrence of a new scar. This would 

allow for the regeneration of already formed scars. If the growth factors responsible for this 

inhibition could be identified, a cell free therapeutic with the constituent molecules of adipose 

tissue-derived conditioned medium could also be developed for the same purpose. Alternatively, 

these therapeutics could be used to cause the reversal of myofibroblast differentiation. This would 

lead to the underlying ECM returning to a “normal” microenvironment and alleviate the contraction 

and stiffness felt in hypertrophic scars.  

This data is also useful to the surgeons. Firstly, it demonstrates that it is not necessary to 

spend time processing adipose tissue down to only ADSCs. This work has shown that formulations 
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other than ADSCs, already in use, are capable of in vitro myofibroblast inhibition and reversal. Thus, 

the need to seek ethical approval for the use of enzymatically isolated ADSCs is removed and quick 

procedures such as generating Nanofat can be used in a clinical setting to achieve myofibroblast 

inhibition. This data also demonstrates that in a fibroblast inhibition setting, lipocondensate and 

emulsified fat are as effective as conventional lipoaspirate grafting. This means surgeons do not 

need to consider how effective a formulation is at inhibiting myofibroblast differentiation when 

selecting which formulation to use in the clinic, as they all seem equally effective. As a result, 

different formulations can be used depending on what the surgeon needs, small and delicate areas 

in need of regeneration can be treated with emulsified fat or lipocondensate and large areas can be 

treated with lipoaspirate with minimal manipulation required.  

6.2 Limitations of this work 

One of the main limitations of this work is that the physiological effects of adipose tissue 

conditioned medium on TGF-β1 treated fibroblasts was not examined. While factors from adipose 

tissue-derived conditioned medium reduced the production of α-SMA it was never examined what 

affect this would have on the contractile ability of these myofibroblasts. This work assumes that 

inhibiting or reversing the production of α-SMA would help alleviate the symptoms of hypertrophic 

scarring however, due to time constraints, this was never tested. It was originally planned to test the 

effect of adipose tissue conditioned medium on myofibroblast contraction using a collagen gel assay 

(Bell et al., 1979; Spiekman et al., 2014). Unfortunately, due to lab time lost during the COVID-19 

pandemic, this work was never carried out.  

TGF-β1 causes differentiation of fibroblasts via the SMAD pathway (figure 1.9). By observing 

a reduction in α-SMA when fibroblasts are treated with adipose tissue conditioned medium and TGF-

β1 I have assumed that this reduction is a result of inhibiting the SMAD pathway. This is logical 

however, to further confirm this western blotting analysis could have been carried out to examine 

the levels of phosphorylated SMAD3 (p-SMAD3). If p-SMAD3 was found to also be present in 

decreased amounts when adipose tissue conditioned medium was added it would confirm that the 

SMAD pathway is being inhibited.  

Fibrosis is a very complex disease and is a result of more than just the dysregulation of 

myofibroblast differentiation. Thus, using only monocultured fibroblasts, cultured in 2D, is a rather 

simple model of fibrosis with more thorough animal wound models available (Koo et al., 2018; Wang 

et al., 2019). Furthermore, fibroblasts differentiated to myofibroblasts with recombinant TGF-β1 will 

behave differently from fibroblasts isolated from scars that differentiated a long time ago. The 

results from this study should be interpreted with this in mind. However, when treated with TGF-β1 
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roughly 50 % of fibroblasts differentiated and expressed α-SMA (figures 4.5, 4.6, 5.3, 5.9). When 

fibroblasts were isolated from scar tissue and stained for α-SMA, the same proportion of these cells 

were constitutively expressing α-SMA compared to TGF-β1 treated fibroblasts. This supports the 

concept that TGF-β1 activated fibroblasts can be used as a substitute for scar myofibroblasts.  

Fibroblasts can be differentiated into myofibroblasts via more than just TGF-β1 acting via 

the SMAD pathway. These non-canonical methods of activation are outlined in section 1.2.3. It could 

be argued that this work would have a greater impact if the ability of adipose tissue-derived 

conditioned medium to inhibit or reverse myofibroblasts activated via different mechanisms to TGF-

β1, such as radiation induced fibrosis, were investigated. 

Finally, if this work were to be repeated, the method with which adipose tissue-derived 

conditioned media was generated could be changed. The concentration at which adipose tissue was 

added to added to medium to “condition” the medium was decided early in the project. Minced 

adipose tissue and lipoaspirate were added to serum free medium at a concentration of 0.1 g/ml. 

This was an arbitrary starting point but by using a small volume of adipose tissue it was hoped that 

hypoxia in the tissue over the 72 hours of conditioning would be minimised.  Initially, it was 

attempted to condition medium with an equivalent amount of adipose tissue for each condition. 

When converting minced adipose tissue or lipoaspirate to emulsified fat, there would be very little 

volume lost (and this is supported by DNA quantification showing that lipoaspirate and emulsified 

fat had almost the same number of cells per gram). As a result of this observation, 0.1 g/ml of 

emulsified fat was used when generating emulsified fat conditioned medium. However, during the 

early stages of the project, and before the lipocondensate processing had been fully optimised in 

section 2.2.4, it appeared that for every 10 g of lipoaspirate or minced adipose tissue processed, 5 g 

of lipocondensate and 5 g of lipid was generated. As a result, lipocondensate and lipid were added to 

medium at 0.05 g/ml as it appeared that processing to lipocondensate roughly halved the amount of 

adipose tissue remaining and that half of the mass of adipose tissue was lipid. Thus, halving the 

volume added to the medium made sense at the time. In hindsight and having carried out more 

characterisation work, this is now known to not be the case. Having fully optimised the 

lipocondensate procedure it is now known that for every 10 grams of lipoaspirate/minced adipose 

tissue I started with, roughly 1 g of lipocondensate was produced alongside roughly 7.5 g lipid. 

Additionally, DNA quantification in section 3.2.9 showed that lipocondensate had roughly a tenth of 

the number of cells of lipoaspirate and emulsified fat. Thus, if aiming to use equivalent amounts of 

adipose tissue, conditioned medium should have been generated with 0.01 g/ml of lipocondensate 

and 0.075 g/ml of lipid. This miscalculation resulted in lipocondensate being effectively 5 times more 

concentrated than it should have been if equivalent volumes of adipose tissue were being used. If 
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aware of this at the start of the work in chapter 4, medium would have been conditioned with these 

volumes of adipose tissue however, significant sections of this work had already been completed so 

no changes were made.  

ADSC conditioned medium was generated by adding serum free medium to ADSCs seeded at 

a concentration of 4,500 cells per cm2 in 6-well plates. This was because multiple people were 

examining the effects of ADSC conditioned medium in my lab group and to be consistent with their 

work I began seeding 45,000 cells per cm2. A decision was made to decrease this to 4,500 cells per 

cm2 (15,000 cells per ml of conditioned medium as I added 3 ml of serum free MesenPRO per well of 

a 6 well plate). This was because at 45,000 cells per cm2 cells were overconfluent in the well plates 

and it was considered this would have an adverse effect on the factors in the conditioned medium. If 

this work were to be carried out again, medium would be conditioned in a T75 flask with 10 ml of 

serum free MesenPRO with 34,000 cells per ml of conditioned medium (4,500 cells per cm2 in a T75 

flask). This change is because following further characterisation, the number of cells per gram of 

lipoaspirate was calculated at 7.85 x106. For an equivalent number of ADSCs then the total number 

of cells used to condition lipoaspirate conditioned medium would be calculated (7.85 x105 cells in 0.1 

g/ml) and this number divided by 23.3 (the percentage of cells in lipoaspirate that are ADSCs as 

calculated in Eto et al., (2009)). This would give a total of ~34,000 cells per ml of conditioned 

medium. 

6.3 Future work 

To take this work further, the mechanistic action responsible for adipose tissue conditioned 

mediums ability to inhibit and reverse myofibroblast differentiation must be identified. One could 

examine the ability of different growth factors found in adipose tissue-derived conditioned medium 

to replicate this effect such as FGF-2, CXCL9, PGE2, and adiponectin. Additionally, it would be 

possible examine the effect of adding several of these factors at once as adipose tissue-derived 

conditioned medium may work because it contains a multitude of different factors that may interact 

with one another. It would be interesting to examine whether the inhibition and reversal of α-SMA 

adipose tissue conditioned medium was having a physiological effect on myofibroblast contraction 

and ECM production using collagen contraction assays and Sirius red staining to quantify collagen 

production. Reducing the expression of α-SMA should lead to less contraction (Hinz et al., 2001). it 

would also be useful to examine whether adipose tissue-derived conditioned medium could inhibit 

or reverse the differentiation of fibroblasts when treated with other myofibroblast inducing 

molecules or treatments such as connective tissue growth factor or radiation.  
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The use of extracellular vesicles (EVs) in therapeutic research has been rapidly increasing 

(Roy et al., 2018). It has been shown that EVs from adipose tissue can have a significant impact on 

the surrounding environment (Crewe et al., 2018; Gao et al., 2017) and EVs from ADSCs have been 

shown to aide in cellular regeneration (Han et al., 2020). EVs are an important part of paracrine 

signalling, and it will be likely that EVs from these formulations may be having an impact on 

myofibroblast differentiation. The growth factors contained in EVs will not have been identified on 

the cytokine array used and thus a large portion of the growth factors in my conditioned medium 

may not have been analysed. It would be interesting to isolate EVs from my conditioned medium 

and investigate whether these EVs alone could inhibit or reverse myofibroblast differentiation. It 

would then be possible to also compare the effect of EVs from adipose tissue as opposed to EVs 

from just ADSCs.  This could be followed up with proteomic analysis to identify what signalling and 

growth factors may be present in the conditioned medium.  

Finally, one could further examine whether adipose tissue-derived conditioned medium 

could reverse the differentiation of scar fibroblasts. It was hypothesised in chapter 5 that scar 

fibroblasts may need to be treated with adipose tissue-derived conditioned medium for a prolonged 

period of time. This is because in conditioned medium the concentration of paracrine factors will 

only decrease over time unless more conditioned medium is re-applied. Scar fibroblasts may need a 

higher concentration of paracrine factors or to be exposed to these factors for a longer period of 

time to cause de-differentiation, due to the increased time the cells have existed in a myofibroblast 

phenotype. In a co-culture set up, paracrine factors are being continuously released throughout the 

time period of the experiment. This constant release of factors may be why Deng et al. saw success 

at de-differentiation scar myofibroblasts. To replicate this, It would be possible to re-apply adipose 

tissue-derived conditioned medium to examine if increasing the concentration of paracrine factors 

and the length of time from adipose tissue has any effect on scar fibroblast phenotype.  

6.4 Conclusions 

To conclude, I have generated and characterised clinically relevant formulations of adipose 

tissue used in regenerative surgeries by clinicians. I optimised steps in the production of a Nanofat-

like formulation and my technique of generating lipocondensate provides useful information into 

the mechanics of generating SVF-gel formulations. I compared these formulations to others in the 

literature and found that as processing steps were carried out the adipocyte population was 

removed and the number of SVF cells present was concentrated.  

Using these formulations of adipose tissue, I revealed that paracrine factors from these 

formulations could inhibit α-SMA expression and TGF-β1 induced myofibroblast differentiation in 
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vitro. This was the first in vitro demonstration of inhibition of myofibroblast differentiation by 

factors from clinically relevant formulations of adipose tissue. I tested whether HGF was the 

paracrine factor responsible for this effect however I was unable to confirm this. The concentration 

of other paracrine factors secreted by adipose tissue was examined however and other potential 

therapeutic targets remain to be examined in the future.  

I demonstrated that paracrine factors from adipose tissue could reverse the phenotype of 

TGF-β1 treated myofibroblasts. This was the first in vitro demonstration of reversal of myofibroblast 

differentiation by factors from clinically relevant formulations of adipose tissue.  Paracrine factors 

from adipose tissue were able to inhibit α-SMA expression in fibroblasts already differentiated to 

myofibroblasts using TGF-β1. The mechanisms behind such actions were investigated and 

myofibroblast proliferation and adipogenic differentiation were examined however, neither of these 

mechanisms could be confirmed at this time. Further work needs to be carried out if the impact of 

paracrine factors from adipose tissue on scar fibroblasts phenotype is to be realised. I am the first to 

demonstrate that paracrine factors from adipose tissue itself, and not just ADSCs, are capable of 

both inhibiting and reversing myofibroblast differentiation. 
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7.0. Appendix 
When drawing conclusions from these papers, the following must be considered. 

Deng et al. (2018) – It has been noticed that in figure 1A of this paper the two left hand side 

panels showing what should be different cell cultures are likely the same image.  

Li et al. (2016) – The paper is entitled “Adipose tissue-derived stem cells suppress 

hypertrophic scar fibrosis via the p38/MAPK signaling pathway”. It has been noticed a paper entitled 

“Adipose tissue-derived stem cells inhibit hypertrophic scar (HS) fibrosis via p38/MAPK pathway” 

was published in 2018 with similar sections of text and similar figures. (DOI: 10.1002/jcb.27689). 
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