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1.1 Obesity impact and anti-obesity therapies 

1.1.1 Worldwide burden of obesity 

Obesity is a major health problem that has reached epidemic proportions 

worldwide. The World Health Organisation (WHO) defines obesity as a body 

mass index (BMI) greater than 30kg/m2 and also predicts that there will be 

approximately 2.3 billion overweight people aged 15 years and above and over 

700 million obese people worldwide by 2015 (WHO; 

http://www.who.int/mediacentre/factsheets/fs311/en/). Scotland has one of 

the highest levels of obesity (27% of adults and 15% of children) in the world, 

with only the USA and Mexico having higher levels 

http://www.scotlandgov.uk/Publications/2010/02/17140721/4). In addition 

to its associated adverse health consequences, obesity-associated healthcare is a 

serious economic burden. In Europe alone, up to €10.4 billion was spent on 

obesity-related healthcare in 2009 (Muller-riemenschneider et al., 2009) mainly 

due to the expenditure on co- morbidities including Type II diabetes, 

cardiovascular diseases, various cancers, and the attendant increase in 

morbidity and mortality (Mokdad et al., 2003; Brown et al., 2009; Guh et al., 

2009).  

 

Therapeutic intervention for obesity has proven extremely challenging. Obesity 

is a complex trait involving the interaction of genes involved in fundamental 

aspects of weight maintenance, exposure to an environment characterised by an 

over-abundance of food and sedentary life-style choices with limited physical 

activity (Poskitt 2009). A marked shift in diet has occurred worldwide (Popkin 

2001) with greater saturated fat intake, reduced intake of complex 

carbohydrates and dietary fibre, and reduced fruit and vegetable intake (WHO 

2003).  

In terms of pharmacological strategies, the current anti-obesity drugs on the 

market are primarily concerned with reducing appetite or fat absorption in the 

gut. These include; Sibutramine, a neurotransmitter (serotonin and dopamine) 

reuptake inhibitor which increases the levels of these substances in synaptic 

http://www.who.int/mediacentre/factsheets/fs311/en/
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clefts, suppressing appetite by producing a feeling of satiety; Rimonabant, a 

cannabinoid receptor (CB1) antagonist, which causes decreased appetite and 

Orlistat, which acts by preventing fat absorption through inhibiting lipases 

(which break down triglycerides in the gut). However, serious side effects have 

been documented with some of these drugs, including an increased rate of 

cardiovascular events with Sibutramine use (Curfman et al., 2010). In 2007, the 

Scottish Medicines Consortium removed Rimonabant from use in the NHS 

Scotland due to risks of adverse psychiatric events (Burch et al., 2009). 

However, despite these setbacks, there have been considerable advancements 

in the treatment of obesity, achieved by combining pharmacological treatments 

with diet, exercise, behavioral approaches and surgery (gastric band surgery 

and liposuction). However, the prevalence of obesity continues to increase 

inexorably, particularly in the Asia Pacific region (Gill 2006; Low et al., 2009), 

and thus further advancements in obesity treatment are needed, ideally 

avoiding invasive procedures such as surgery. 

 

1.1.2 Interaction between adipocytes and endothelial cells: potential anti-obesity 

therapy?  

Effective anti-obesity treatment is hindered further by the complexity of 

adipose biology, particularly the interaction of the plethora of factors within the 

adipose tissue that modulate its expansion and function. For example, obesity 

results from both an increase in size of the adipocyte and an increase in the 

number of adipocytes. A host of metabolically-active proteins secreted by 

adipocytes, including adipokines, affect adipose growth and many of the 

obesity-associated pathologies (Chaldakov et al., 2003; Gimeno and Klaman 

2005; Kershaw et al., 2004; Ronti et al 2006). Moreover, adipose tissue contains 

non-adipose stromal-vascular cells including endothelial cells. Endothelial cells 

are important in blood vessel formation, primarily to regulate the blood supply 

to the adipose tissue, supplying both oxygen and nutrients and hence affecting 

adipose tissue growth. As expected, several studies have underlined the 

importance of these endothelial cells in the development of adipose tissue 

(Hutley et al., 2001; Aoki et al., 2003; Fukumura et al., 2003) and suggest that 
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interaction between these two cell types represents a target to control adipose 

tissue growth. However, it is currently uncertain whether adipocytes primarily 

regulate adipose tissue blood vessel development or, conversely, adipose tissue 

blood vessel growth dominantly controls adipose tissue expansion.  

This thesis attempts to address the relationship between endothelial cells (and 

associated blood vessel development) and the growth of adipose tissue during 

obesity. To provide the relevant frame of reference, a comprehensive review of 

adipocyte and blood vessel function is provided.  

1.2 Adipocyte Physiology 

1.2.1 Lipid storage and uptake 

A fundamental role for adipocytes is storage and synthesis of fatty acids (FA), 

also known as lipogenesis. Lipogenesis encompasses the processes of fatty acid 

synthesis and subsequent triglyceride (TG) synthesis, and takes place in both 

the liver and the adipose. Lipogenesis is tightly hormonally regulated, in 

particular by insulin (Figure 1.1) in conjunction with the nutritional state (for 

review see Kolditz and Langin 2010). For example, lipogenesis is stimulated in 

the fed state, particularly by diets high in carbohydrates (via insulin) and 

inhibited by fasting (and dietary polyunsaturated FA). Insulin increases the 

uptake of glucose in adipocytes via recruitment of glucose transporters (Glut4) 

to the plasma membrane (Kaestner et al., 1991). These effects are achieved by 

the binding of insulin to the insulin receptor at the cell surface, thus activating 

its tyrosine kinase activity and many downstream effects via tyrosine 

phosphorylation (Nakae & Accili 1999). Insulin also has longer-term effects on 

the expression of lipogenic genes via the transcription factor sterol regulatory 

element binding protein-1 (SREBP-1) (Hua et al., 1993; Tontonoz et al., 1993; 

Assimacopoulos-Jeannet et al., 1995).  

 

Growth hormone (GH) can also inhibit lipogenesis, which can result in a 

significant loss of fat and associated gain of muscle mass (Etherton 2000). This 

may be mediated by GH decreasing insulin sensitivity, resulting in down-

regulation of fatty acid synthase expression in adipose tissue (Yin et al., 1998). 
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Leptin is another hormone that has a key feedback inhibitory effect on 

adipocyte lipogenesis. Leptin, one of the most abundant adipocyte proteins, is 

secreted in proportion to the fat mass and signals to the hypothalamus to 

reduce energy intake (see section 1.3.1 on adipokines). It is also thought to 

affect metabolic pathways in adipose tissue by stimulating the release of 

glycerol from adipocytes (Siegrist-Laiser et al., 1997). Leptin achieves this by 

both stimulating FA oxidation and inhibiting lipogenesis (Bai et al., 1996), which 

in turn is accomplished by down-regulating the expression of genes involved in 

FA and TG synthesis (Soukas et al., 2001). Leptin-mediated changes in 

expression of lipogenic genes may be mediated through a pathway involving 

stimulation of SREBP-1 (Hua et al., 1993; Tontonoz et al., 1993). SREBPs are 

transcription factors that regulate the expression of genes connected with 

cholesterol and fatty acid metabolism (Yokoyama et al., 1993). However, they 

are not the only transcription factors involved. In vitro studies have established 

the importance of the up-stream stimulatory factors (USFs) in regulation of the 

fatty acid synthase promoter by insulin (Wang and Sul 1997). Another 

important transcription factor in adipose tissue is peroxisome proliferator-

activated receptor γ (PPAR)γ, which triggers adipocyte differentiation by 

inducing the expression of several genes critical for adipogenesis. Indeed, a 

number of adipose related genes are regulated by PPARγ, including fatty acid 

binding protein (FATP) and acyl-CoA synthetase (Kersten et al., 2000). The 

regulation of these adipose genes, coupled with evidence suggesting PPARγ 

expression is stimulated by insulin (Vidal-Puig et al., 1997) and SREBP-1 (Fajas 

et al., 2000), means PPARγ is both an adipogenic and lipogenic factor. This has 

been supported by clinical data which show that patients prescribed synthetic 

PPARγ agonists frequently gain fat mass (Fuchtenbusch 2000).  

 

In addition to de novo lipogenesis, adipose tissue can also take up and store FFA 

in the form of TG. This process is mediated by two major pathways; a passive 

component, and a saturable component that exhibits the characteristics of a 

protein-facilitated process (Pohl et al., 2004). A model proposed for the passive 

component involves the “flip-flop” of fatty acids into the inner membrane. This 
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hypothesis and name is based on the assumption that transfer of fatty acids 

across the lipid bilayers in adipocytes would occur through diffusion and is very 

rapid (Hamilton 1998). The second component of lipid uptake involves proteins 

in the plasma membrane of adipocytes, which are implicated in the facilitated 

fatty acid transport, including caveolin-1 (Trigatti et al., 1999) and fatty acid 

translocase (FAT- also known as CD36). When over-expressed in fibroblasts, 

FAT/CD36 increases fatty acid uptake (Ibrahimi et al., 1996) and FAT/CD36 

deficient mice have increased serum fasting levels of non-esterifed free fatty 

acids (NEFA) and show reduced NEFA uptake in isolated adipocytes (Febbraio 

et al., 1999). This confirms the essential role played by FAT/CD36 in facilitated 

FA transport, alongside movement of FA by “flip-flop”.  

Circulating FFAs taken up into the adipose tissue can be the product of TG 

hydrolysis by lipoprotein lipase (LPL). The enzyme is associated with the 

luminal side of capillaries and arteries, where it hydrolyses TG to produce FFAs. 

LPL converts chylomicrons to remnants and begins the cascade required for 

conversion of very low density lipoprotein (VLDL) to low density lipoprotein 

(LDL). 

  

1.2.2 Lipolysis 

In addition to the uptake of FA, one of the other major processes of WAT is 

lipolysis, the release of free fatty acids (FFA) and glycerol from triglycerides 

(TG). This process is stimulated when the organism needs to mobilize energy, 

such as during times of prolonged fasting or exercise. Under normal 

circumstances (basal), there is tight, hormonal, regulatory control of lipolysis, 

provided by catecholamines and insulin (Figure 1.1). However, perturbations in 

normal lipolysis are associated with obesity, including increased basal rates of 

lipolysis that contribute to the development of insulin resistance and impaired 

stimulation of lipolysis (Reynisdottir et al., 1995; Large et al., 1999). Therefore, 

lipolysis has an important role in energy metabolism and is vital to metabolic 

health. 
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Figure 1.1: Stimulation of lipolysis in adipocytes. Signal transduction 

pathways for catecholamines via adrenoceptor (AR) and pathways associated 

with activation by natriuretic peptides. Beta (β) AR stimulation increases GTP 

binding to Gs, which activates adenylyl cyclase (AC), increasing cyclic adenosine 

monophosphate (cAMP) production. cAMP-dependent protein kinase (PKA) is 

activated which leads to the phosphorylation and activation of hormone 

sensitive lipase (HSL) and perilipin A. This promotes translocation to the 

surface of the lipid droplet shown in orange. Caveolin-1 (Cav-1) facilitates the 

interaction between PKA and perilipin. Phosphorylation of perilipin also 

activates ATGL through Abhd5, leading to hydrolysis of triglycerides (TG) and 

release of fatty acids (FA) and glycerol, produced by the hydrolysis of TG. 

Adipocyte lipid binding proteins (e.g. FABP4), facilitate non-esterified fatty acid 

(NEFA) trafficking between metabolic enzymes and membranes. FABP4 also 

binds to HSL in response to stimulated lipolysis. GTP, guanosine triphosphate 

binding protein; cGMP, cyclic guanosine monpohosphate; GC, guanylyl cyclase; 

PKA, protein kinase A; TG, triglycerides; FFA, free fatty acids.   
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Lipolysis may be stimulated by the hormone adrenaline and noradrenaline 

(which acts as a neurotransmitter), in response to fasting or exercise, through 

the activation of β1 and β2-adrenergic receptors (AR), and the β3-adrenergic 

receptor in rodents. Coupling of the β-ARs to stimulatory guanosine 

triphosphate-(GTP)-binding proteins, activates adenylyl cyclase, increasing 

cyclic adenosine-3’,5’-monophosphate (cAMP) production. A rise in cAMP 

activates protein kinase A (PKA). PKA activity is thought to increase lipolysis by 

phosphorylating two substrates; the lipid-droplet (LD) associated protein, 

perilipin (Peri A is the predominant perilipin isoform in adipocytes) (Greenberg 

et al., 1993) and hormone sensitive lipase (HSL), a major lipase in adipocytes 

(Friedrikson et al., 1981; Holm 2003; Yeaman 2004). HSL phosphorylation by 

PKA increases HSL activity and also, more importantly, promotes translocation 

of HSL from the cytosol to the LD (Egan et al., 1992). This interaction between 

HSL, perilipin and lipid stores at the LD surface is thought to account for the 

majority of catecholamine-stimulated (versus basal) lipolysis (Brasaemle et al., 

2000). The complexity of lipolysis recently increased due to the identification of 

adipose triglyceride lipase protein (ATGL) (Villena et al., 2004; Zimmerman et 

al., 2004) and Abhd5, a perlipin-interacting protein (Subramanian et al., 2004; 

Yamaguchi et al., 2004) and coactivator of ATGL (Lass et al., 2006). Genetic 

deletion of ATGL has demonstrated its importance in basal and stimulated 

lipolysis, as it is known to catalyse the initial step in triglyceride hydrolysis in 

adipocyte LDs (Zimmermann et al., 2004; Haemmerle et al., 2006). Further work 

has indicated that PKA phosphorylation of perilipin activates ATGL indirectly 

through its direct interactions with Abhd5 (Granneman et al., 2007). 

Furthermore, FABP4, or adipocyte lipid binding protein, is thought to make 

NEFAs more soluble and facilitate their intracellular trafficking between 

metabolic enzymes (including HSL) and membranes (Winder 1998). FABP4 

binds to HSL, in response to stimulated lipolysis (Winder et al., 1990). 

In human adipocytes, an additional signal transduction pathway independent of 

catecholamines is implicated in pro-lipolytic events. Natriuretic peptides bind 

type A receptors, which possess intrinsic guanylyl cyclase activity. Rises in cyclic 

guanosine 3’,5’-monophosphate (cGMP) activate PKG, which phosphorylates 
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HSL and perilipin (Sengenes et al., 2000) in a PKA-like manner. Stimulation of 

lipolysis by natriuretic peptides is of a similar magnitude to that of 

catecholamines and is known to be particularly prominent in exercise (Moto et 

al., 2004; Lafontan et al., 2005).  

Until recently HSL was thought to be the rate limiting enzyme in lipolysis, as it is 

highly expressed in WAT (Holm et al., 1987) and displays high hydrolytic 

activity for TG, diacylglycerols (DAG), monoacylglycerols and cholesterol 

(Fredrikson et al., 1981; Grober et al., 2003). However, other factors potently 

regulate lipolysis including lipases, cofactors and lipid associated proteins (see 

Zechner et al., 2005 for review). One of these lipid associated proteins is 

caveolin-1. Caveolae are small invaginations on cell plasma membranes (Patel et 

al., 2008), which are abundant in adipocytes (Thorn et al., 2003). Expression of 

caveolin-1 results in increased formation of these invaginations on cell 

membranes (Parton et al., 2006). Caveolae have several functions including 

participation in signal transduction (Drab et al., 2001) and NEFA binding and 

transport (Trigatti et al., 1999). Caveolin-1 is known to associate with the LDs 

and therefore a role in lipolysis has been implicated (Fujimoto et al., 2001; 

Ostermeyer et al., 2001; Pol et al., 2001). In accordance with this, caveolin-1 

deficient mice displayed a decreased lipolytic response to pharmacological 

stimulation of lipolysis (with the β3 agonist CL-316, 243) (Cohen et al., 2004). 

Perilipin phosphorylation is also decreased in the absence of caveolin-1, 

suggesting caveolin-1 facilitates the interaction between PKA and perilipin 

(Cohen et al., 2004). This together suggests a pro-lipolytic function for caveolin-

1, via perilipin phosphorylation (Bezaire and Langin 2009).  

As well as the stimulation of lipolysis, catecholamines can also inhibit lipolysis 

via the activation of α2-AR and their coupling to inhibitory GTP-binding proteins 

(Figure 1.2). This binding to GTP-binding protein inhibits adenylyl cyclase 

action and cAMP production. Therefore, AR-dependent lipolysis is dictated by 

the combined effects mediated by the balance of pro-lipolytic β-AR and anti-

lipolytic α2-AR (Wang et al., 2008). The impairment of PKA-stimulated lipolysis 
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observed in obesity results from accentuated stimulation of α-AR (Jensen et al., 

1989; Lafontan & Berlan 1995; Stitch et al., 2000).  

 

The most potent inhibitor of lipolysis is the hormone insulin, which signals for 

the energy replete state and, thus, activation of energy storage pathways (see 

Lipogenesis 1.2.1 above). Insulin binding to its receptor activates the insulin 

receptor substrate 1, PI3Kinase and phosphodiesterase 3B, which degrades 

cAMP and consequently reduces PKA activation (for review see Carmen and 

Victor 2006). In addition, adenosine 5’-monophosphate-activated protein kinase 

(AMPK) can also inhibit lipolysis (Sullivan et al., 1994; Corton et al., 1995), by 

targeting and binding to HSL (Figure 1.2).  
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Figure 1.2: Inhibition of lipolysis in human adipocytes. Signal transduction 

pathways for catecholamines via adrenoceptor (AR) and insulin causing 

inhibition of lipolysis. α2-AR binding to inhibitory GTP-binding protein inhibits 

adenylyl cyclase (AC) and decreases cyclic adenosine monophosphate (cAMP). 

Insulin binds to the insulin receptor (IR), activating insulin receptor substrate 

(IRS), phosphatidylinositol-3-phosphate kinase (PI3K) and phosphodiesterase 

3B (PDE-3B), decreasing cAMP and PKA activation. Adenosine 5’-

monophosphate-activated protein kinase (AMPK) inhibits lipolysis by binding 

to HSL. TG; triglycerides.  
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1.2.3 The role of adipocyte size and number in obesity 

Increased lipogenesis and/or decreased lipolysis are responsible for increased 

adipocyte size (hypertrophy), and thus, in part, for obesity. However, this 

remains too simplistic a view as pharmacological activation of lipolysis has been 

attempted as an anti-obesity strategy. This was with the aim of reducing 

adipocyte hypertrophy by increasing lipolysis (Crandall et al., 2006). Lipid 

storage by adipocytes serves a protective function, shielding the liver, pancreas 

and muscle against the adverse effects of ectopic lipid accumulation in these 

non-adipose tissues (lipotoxicity) (Dubois et al., 2004; Liu et al., 2006; McGarry 

and Dobbins 1999; Schaffer 2003). This protective function of the adipose tissue 

is illustrated well when there is a complete lack of adipose tissue, which is 

known as lipodystrophy. Lipodystrophy is associated with insulin resistance in 

muscle and with liver steatosis, mainly due to the lipotoxic effects of excessive 

ectopic storage of lipids in these tissues (Kim et al., 2000; Garg 2004). However, 

increased adipocyte size has also been correlated with insulin resistance and 

increased risk of developing type 2 diabetes (Bjorntorp et al., 1971; Krotkiewski 

et al., 1983; Lundgren et al., 2007). Interestingly, obese patients with fewer, 

large adipocytes are more glucose intolerant and hyperinsulinemic that those 

with the same degree of obesity but possessing metabolically active, small 

adipocytes (Stern et al., 1972; Arner et al., 2009).  

Adipogenesis, the process whereby stromal preadipocytes can differentiate into 

adipocytes, forms a further key contribution to adipose tissue growth in obesity. 

Adipogenesis requires the growth arrest of proliferating preadipocytes and is 

initiated by the activation of several transcription factors, including peroxisome 

proliferator-activated receptor gamma (PPARγ) (Rosen et al., 1999). This 

process is also accompanied by an increase in expression of adipocyte genes 

including adipocyte fatty acid binding protein and lipid metabolising enzymes 

(Gregoire et al., 1998). The presence of adipogenesis throughout life has been 

supported by evidence showing early markers of adipocyte differentiation in 

very old mice (>2years) (Kirkland et al., 1990). Moreover, fat cell precursors 

isolated from adult WAT from various species, including humans, have been 
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differentiated in vitro into mature adipocytes (Bjorntorp et al., 1982; Deslex et 

al., 1987; Gregoire et al., 1995; Hauner et al., 1997). Adipocyte cell number was 

increased when both rats and humans were fed a high-carbohydrate or high fat 

diet (Faust et al., 1984; Miller et al., 1984). Recent evidence (Spalding et al., 

2008) suggests that after a key phase of adipocyte number determination in 

early adulthood, adipocyte hypertrophy becomes the main determinant of 

overall obesity. This work also indicated that the rate of adipocyte turnover is 

slow and appears to be very tightly regulated and is, thus, a potential 

therapeutic target.  

1.3 Adipose tissue as an endocrine organ 

The simplistic view of adipose as a metabolically inert organ, which serves to 

synthesize and release lipids, has long been superseded. It has become clear 

over the last two decades that adipose tissue can also be regarded as a dynamic 

endocrine organ, as well as a highly active metabolic tissue (see Galic et al., 2010 

for review). Adipocytes produce a wide range of factors, which are involved in 

glucose homeostasis/insulin sensitivity (e.g. adiponectin, resistin, tumour 

necrosis factor (TNF-α)), inflammation (e.g. interleukin-6 (IL-6), monocyte 

chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1 α 

(MIP-1α) and TNF-α), appetite (e.g. leptin) and blood vessel development or 

angiogenesis (Hotamisligil et al., 1993; Trayhurn and Wood 2005; Lago et al., 

2007). Many factors released from adipocytes may play a further role in the 

development and expansion of adipose tissue and its associated blood vessel 

development.  

 

1.3.1. Adipokines link adipocyte function and angiogenesis 

Given that a central aim of this thesis to delineate the crosstalk between 

adipocytes and angiogenesis in adipose tissue expansion, it is important to set a 

precedent for such interactions. There are many factors released by adipocytes 

that have additional effects upon endothelial cells. Specific examples include 

leptin, which acts directly in the hypothalamus as a satiety signal (Elmquist et 

al., 1998) and has peripheral effects on the liver, pancreas, muscle and adipose 
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tissue (Huang and Li 2000). Genetic deletion or knockdown of leptin action 

leads to severe obesity, diabetes and infertility in mice (Friedman et al., 1998). 

However, leptin is a key adipokine that affects adipose vasculature directly as it 

is a potent activator of angiogenesis. Leptin is known to increase vascular 

permeability of blood vessels and also displays a synergistic angiogenic growth 

effect with fibroblast growth factor-2 (FGF-2) and vascular endothelial growth 

factor (VEGF) (Cao et al., 2001a). This pro-angiogenic role is mediated by the 

functional long form of the leptin receptor (OB-Rb) in endothelial cells (Sierra-

Honigmann et al., 1998). OB-Rb activation in endothelial cells promotes tube 

formation (an essential part of angiogenesis discussed below section 1.6.3) and 

leptin up-regulates the secretion of vascular endothelial growth factor (VEGF) 

via activation of the Jak/Stat3 signaling pathway (Suganami et al., 2004). Leptin 

induces matrix metalloproteinase (MMP-2 and MMP-9) activity which can 

indirectly facilitate angiogenesis (Park et al., 2001). Leptin also induces 

endothelial nitric oxide synthase-mediated vasodilatation (Tigno et al., 2003) 

and is essential for the growing vascular demand of adipose. Therefore, in 

addition to being an important adipokine involved in adipose metabolism, leptin 

also serves as a strong mediator of endothelial function. Such evidence hints 

once more at a critical interaction between factors secreted during the 

expansion of adipose in obesity and regulation of angiogenesis within this 

tissue.  

Resistin is another adipocyte-derived secretory factor, which has a significant 

role in the regulation of obesity-induced insulin resistance (Steppan et al., 2001) 

but also can be a pro-angiogenic stimulus which affects adipose vasculature by 

inducing the expression of adhesion molecules (Kawanami et al., 2004). This up-

regulation of adhesion molecules and also chemokines in endothelial cells can 

then promote endothelial cell proliferation and migration (Mu et al., 2006). 

Infusion or over-expression of resistin leads to hyperglycaemia (Banerjee et al., 

2004; Qi et al., 2006) whereas reducing circulating resistin by gene knockout 

protects against obesity-induced hyperglycaemia (Steppan et al., 2001).  
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Another important adipokine, which has dual functionality on both adipocytes 

and endothelial cells, is adiponectin. Adiponectin is an adipocyte-derived 

insulin-sensitising agent (Bouskila et al., 2005) that increases fatty acid 

oxidation in muscle and liver, in part through the activation of peroxisome 

proliferator activated receptor alpha (PPARα) (Heilbronn et al., 2003). 

Moreover, adiponectin-induced activation of adenosine monphosphate-

activated protein kinase (AMPK) leads to glucose uptake via translocation of the 

glucose transporter GLUT4 to the cell membrane in skeletal muscle (Ceddia et 

al., 2005). Adiponectin also inhibits the adhesion of macrophages to endothelial 

cells (Ouchi et al., 1999) and may therefore play an important role in regulating 

the infiltration of adipose by macrophages that occurs during obesity. 

Adiponectin also has both pro-angiogenic (Denzel et al., 2009; Landskroner-

Eiger et al., 2009) and anti-angiogenic actions in mice in vivo (Brakenhielm et al., 

2004; Man et al., 2010), leaving its overall effects on adipose tissue angiogenesis 

in obesity uncertain. The adipokines described above are distinct examples that 

support the important concept that adipokines, with diverse effects on other 

metabolic processes, can regulate the process of angiogenesis. Identification of 

novel angiomodulatory factors could lead to novel therapeutic intervention 

strategies to target this process and reduce obesity. 

1.4 Inflammatory associated proteins in obesity have angiogenic 

roles 

Adipocytes express a large repertoire of inflammatory proteins including 

several chemokines (such as MCP-1, MIP-1α and interleukin-8 (IL-8), as well as 

the major pro-inflammatory cytokines, TNF-α and IL-6). Obesity is associated 

with an increased expression of these factors in the adipose tissue, leading to 

the concept that obesity is a chronic low-grade inflammatory state (Gimeno and 

Klaman 2005; Trayhurn 2005; Perman et al., 2006). This inflammatory response 

appears to be triggered predominantly in the adipose tissue, although other 

sites are involved, including the pancreas and the liver (Hirosumi et al., 2002; Xu 

et al., 2003). These pro-inflammatory factors have direct effects on adipocyte 

metabolism; for example, the TNF-α gene knockout mouse exhibits improved 
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insulin sensitivity (Uysal et al., 1997). TNF-α increases lipolysis in adipocytes in 

vitro (Zhang et al., 2002) forming a link between adiposity, inflammation and 

systemic insulin resistance (Hotamisligil et al., 1993). Intriguingly, TNF-α also 

has pro- and anti-angiogenic actions and has been shown to promote apoptosis 

in endothelial cells (Shih et al., 2006). Notably, TNF-α promotes proliferation, 

migration and subsequent angiogenesis in endothelial cells and in malignant 

glioma cells (Nabors et al., 2003). TNF-α also increases plasminogen activator 

inhibitor 1(PAI-1) (Birgel et al., 2000).  PAI-1 is elevated in obesity and 

pharmacological inhibition of PAI-1 reduced adipocyte differentiation and 

prevented the development of diet–induced obesity (Crandall et al., 2006). In 

addition, PAI-1 is the primary physiological inhibitor of fibrinolysis (Eriksson et 

al., 1998) and also has a pro-angiogenic effect on endothelial cells (Devy et al., 

2002; Schafer et al., 2001). This demonstrates again the intricacy of the 

relationship between adipocytes in obesity and angiogenesis, where associated 

factors have dual or multiple functionality.  

Integral to inflammatory changes in adipose tissue in obesity is increased T-cell 

and subsequent macrophage infiltration (Weisberg et al., 2003, Xu et al., 2003; 

Rausch et al., 2008). Prevention of macrophage accumulation in adipose tissue 

(Weisberg et al., 2006) and inhibition of macrophage function (Arkan et al., 

2005) prevented the development of the adverse inflammatory and metabolic 

phenotype. Macrophage infiltration is hypothesised to mediate clearance of 

dead adipocytes (Cinti et al., 2005; Strissel et al., 2007). However, in wound 

healing and tumour growth, macrophage infiltration contributes to the 

stimulation of angiogenesis (Sunderkotter et al., 1991). Whether adipose 

macrophages mediate a similar angiogenic role in adipose tissue remodeling is 

less clear, although macrophages do play a role in normal adipose 

vascularisation during tissue development (Pang et al., 2008).  

Activated infiltrating macrophages also release cytokines and active molecules 

such as TNF-α, IL-6 and nitric oxide (NO) (Gordon 1998), which can exaggerate 

the inflammatory phenotype of the adipose tissue. These cytokines and 

chemokines further activate macrophages to increase lymphokine production 
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and secretion. Such a “feed-forward” loop eventually impairs insulin signaling 

within the adipocyte and causes obesity-associated insulin resistance (Grimble 

2002). However, this process likely has additional effects on endothelial cells 

and adipose tissue angiogenesis.  In addition to being released by activated 

macrophages, IL-6 is an important adipokine, predominantly secreted by the 

adipocytes and the non-macrophage adipose stromal cells (Crichton et al., 1996; 

Fried et al., 1998). IL-6 secretion is increased from adipocytes of obese humans 

(Mohamed-Ali et al., 1997) and positively correlates with body mass and plasma 

FFA concentrations (Lazar 2005). Furthermore, IL-6 has a vital role in 

angiogenesis: it is a potent pro-angiogenic stimulus to endothelial cells, 

promoting proliferation and migration (Wang and Newman 2003; Nilsson et al., 

2005; Yao et al., 2006) and also promotes neovascularisation in IL-6 transgenic 

mice in vivo (IL-6 -/-; Campbell et al., 1993). 

Hypoxia may be the critical underlying factor that triggers adipose inflammation 

(Trayhurn and Wood 2005). Thus, as adiposity increases, clusters of adipocytes 

become relatively hypoxic, which initiates the release of inflammatory cytokines 

and angiogenic factors, including NO. This, in turn, is thought to increase blood 

flow, by both the stimulation of angiogenesis and vasodilatation (Trayhurn and 

Wood, 2005).  Thus, a self-fulfilling cycle of events may occur in the adipose 

tissue in obesity whereby rapid adipocyte expansion leads to local hypoxia, 

which stimulates pro-inflammatory remodeling of the tissue (including 

angiogenesis) at the expense of reduced local insulin sensitivity and increased 

inflammatory signaling. If this process remains unbalanced, infiltration of 

macrophages to the inflamed site may become excessive, initiating a feed-

forward inflammatory response that ultimately leads to systemic inflammation 

and insulin resistance without adequate adipose tissue blood vessel growth. 

To summarise, considerable evidence has established that adipose tissue is a 

dynamic endocrine organ, as well as a highly active metabolic tissue. Obesity 

results in the increased secretion of cytokines and growth factors, which play 

important roles in regulating metabolic and cardiovascular processes. However, 

besides adipocytes, adipose is composed also of the stroma-vascular fraction 
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that includes pre-adipocytes, macrophages/dendritic cells and endothelial cells 

that have a role in the growth and maintenance of adipose tissue. It is evident 

that the local circulation in the tissue plays a major role in providing the 

metabolic substrates, as well as clearing adipose-derived products. How this 

process is dysregulated in an obese state remains relatively unclear. 

1.5 The vasculature of adipose tissue 

Most adult tissues remain a similar mass, with an associated stable vasculature 

(Hobson & Denekamp 1984). Adipose tissue is one of the notable exceptions, 

and retains the capacity for dynamic vascularisation. Growing adipose tissue 

requires an adequate oxygen and nutrient supply, and the ability of the adipose 

tissue vasculature to grow and regress throughout adulthood suggests it 

maintains an ability to recruit new capillaries. Indeed adipose tissue explants 

from rabbits induced neovascularisation, whereas liver and muscle did not, in 

the rabbit cornea angiogenesis assay (Silverman et al., 1988). Within adipose 

tissue, each adipocyte is in close proximity to a blood capillary (Rosell and 

Belfrage 1979) and normal growth and maintenance of adipose is dependent on 

a functional blood capillary network (Crandall et al., 1997). Thus, as with some 

tumour formations, growth of normal adipose tissue expansion may be 

dependent upon its vasculature (Folkman 1997). Although crucial for the 

development of adipose tissue, vascular density is rarely examined or assessed 

within the adipose tissue in obesity studies.  

Although mostly overlooked, the rate of lymphatic drainage in adipose tissue is 

inversely related to its growth and lymphatic vessels tend to be absent where 

fat deposition is more abundant (Ryan 1995). Little is known about this 

circulatory system in adipose tissue even though it may play an important role 

in endothelial function and adipose expansion (Skobe and Detmar 2000). 
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1.5.1 The effect of nitric oxide on vascular tone 

An important regulator of vascular tone within blood supply to the adipose is 

nitric oxide (NO). NO is a bioactive gas produced through the conversion of L-

arginine to L-citrulline by any of three nitric oxide synthases (neuronal nitric 

oxide synthase (nNOS); endothelial nitric oxide synthase (eNOS/NOSIII) and 

calcium-insensitive nitric oxide synthase (iNOS); Ignarro 1990) in vascular 

endotheial cells. NO stimulates soluble guanylate cyclase (sGC) in vascular 

smooth muscle cells, increasing cytoplasmic cGMP levels. cGMP activates cGMP-

dependent protein kinases (PKG) and gated ion channels to cause vascular 

relaxation (Moncada et al., 1991). NO is a contributory factor in tumour 

angiogenesis and maintaining vascular tone within tumour blood vessels 

(including lung, prostate and cervical cancer) (Ng et al., 2007; Murohara et al., 

1998). NOS expression (in particular iNOS) was observed in adipose tissue over 

ten years ago (Ribiere et al., 1996; Kapur et al., 1999). Reductions in nitric oxide 

bioavailability can also trigger other events including valscular tone alterations, 

thrombotic dysfunctions, smooth muscle cell proliferation and migration as well 

as leukocyte adhesion (Madamanchi et al., 2005). Such events are also 

associated with an increased production of reactive oxygen species (ROS), 

which in turn reduce endothelial NO availability (Gao et al., 2009).  

Another important regulator in hypoxic conditions in addition to NO, is hypoxia-

inducible factor (HIF). HIF-1 is a basic helix-loop helix transcription factor, 

which induces the expression of many genes including iNOS and VEGF (Melillo 

et al., 1995; Forsythe et al., 1996). HIF contains an α and a β subunit; the β 

subunits are constitutive and it is the α subunits that are unique to the hypoxic 

response. HIF acts as an oxygen-sensing mechanism and is recruited through 

the stabilisation of the α subunit. The C-terminus of the HIF-1α/HIF-2α interacts 

with the CH1 part of the transcriptional coactivator CBP/P300. In the presence 

of oxygen, the HIF asparaginyl hyroxylase FIH adds an atom of oxygen to the β–

carbon of Asn803, which in turn, prevents the recruitment of CBP/P300. In the 

presence of oxygen, HIF prolyl hydroxylases add an atom of oxygen to Pro403 

and/or Pro564, converting the residue to 4-hydroxyproline (Semenza et al., 

1997). The interaction with HIF-α I is mediated by the von Hippel-Lindau (VHL) 
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protein. The multiprotein E3 ligase complexed with VHL leads to 

polyubiquitylation of the HIF α subunit, which is then destroyed by 

proteasomes. Three different HIF prolyl hydeoxylases have been identified: 

PHD1 (prolyl hydroxylase domain 1), PHD2 and PHD3 (Maxwell 2005).  
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Figure 1.3: Regulation of hypoxia inducible factor complex by oxygen is 

through hydroxylation of the α- subunit. In low oxygen, C-terminus of HIF-α 

interacts with transcriptional coactivator CBP/P300, causing transcription of 

target genes.  In presence of oxygen, HIF-α is hydoxylated by prolyl hydroxylase 

domain (PHD) enzymes. The prolyl hydroxylation allows capture by von-Hippel- 

Lindau (VHL) protein, leading to ubiquitylation and destruction. 
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1.5.2 The role of endothelial cells in adipogenesis 

The maturation of adipocytes is an essential process that allows the growth of 

an adipose tissue depot.  Importantly, endothelial cells promote the 

differentiation of pre-adipocytes in a co-culture of mature adipocytes and 

endothelial cells (Aoki et al., 2003). Furthermore, an anti-angiogenic compound 

(anti-VEGFR2 antibody) which inhibited blood vessel formation, led to a 

significant reduction of adipogenesis of preadipocytes when injected 

subcutaneously in mice (Fukumura et al., 2003). Endothelial cell proliferation 

was also present in expanding adult adipose tissue (Crandall et al., 1997). Thus, 

the adipocyte-endothelial cell interaction is very important. 

1.6 Angiogenesis 

An understanding of the systems that co-ordinate and regulate blood vessel 

development and regression in angiogenesis must be addressed to fully 

understand the adipocyte-endothelial cell interaction. Moreover, it is this 

balance between angiogenesis inducers and inhibitors in the microenvironment 

that really controls the rate of new blood vessel formation. Tipping this balance 

determines the angiogenic environment within a tissue.   

The term angiogenesis refers to the formation of blood vessels from pre-existing 

capillaries and post-capillary venules (Carmeliet and Jain 2000). Angiogenesis is 

involved in many aspects of normal physiological function, particularly 

embryogenesis. It is also involved in menstruation, wound healing and 

particularly in muscle during exercise. However, in the adult, excess and/or 

impaired angiogenesis is central to the pathology of many diseases (Folkman 

1995) including coronary heart disease, ischaemic heart disease, critical limb 

ischaemic, arthritis and tumour development in cancer (Griffioen 2000). 

1.6.1 The angiogenic cascade 

Angiogenic events are tightly regulated by growth factors and inhibitors of 

neovascularisation (Conway et al., 2001). The process of angiogenesis can be 

divided into four serially occurring events: initiation, proliferation, 

migration/stabilisation and regression (Figure 1.3): 
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Diagram 1.4: The angiogenic cascade. Diagram representing the five main 

components of the angiogenic cascade. Growth factor-receptor binding activates 

signaling pathways within endothelial cells, causing vasodilatation and the 

release of proteolytic enzymes that degrade the basement membrane 

surrounding the parent vessel. Endothelial cells proliferate and sprout out of 

basement membrane, then migrate using cell surface adhesion molecules. MMPs 

then dissolve the surrounding tissue matrix and tubes begin to form. New blood 

vessels mature and blood flow begins.  Finally, vessels enter the stage of 

regression, which involves apoptosis of endothelial cells. BM, basement 

membrane; MMPs, matrix metalloproteinases (For review, refer to Carmeliet 

and Jain 2000). 
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1.6.2 Initiation of angiogenesis  

The initial phase of angiogenesis is endothelial cell activation, which is a 

prerequisite for endothelial cells to enter the angiogenic cascade (Griffoen 

2000). This occurs primarily by alteration of gene expression (Zardi et al., 

2005). The transcription factor hypoxia-inducible factor (HIF)-1α regulates 

numerous cellular responses to states ranging from hypoxia to oxidative stress, 

associated both with physiological states and with the development and 

progression of many pathophysiological states (Haddad 2005). HIFs act on HIF-

binding sites (HBSs) within the hypoxia-response elements (HREs) of oxygen-

regulated genes (Camenisch et al., 2001). Vascular endothelial growth factor 

(VEGF) is the most prominent HIF-1α target protein involved in vascularisation. 

Additionally, the reactive nitrogen species (RNS) pathway may also regulate the 

stability and activity of HIF-1α, showing that the expression of nitric oxide 

synthase could cause HIF-1α accumulation (Haddad 2002).  

1.6.3 Proliferation 

Following activation, endothelial cell penetration into new areas of the body 

occurs by degradation of the basement membrane by extracellular proteinases, 

including MMPs (Griffoen 2000). MMPs are a family of zinc-dependent 

endopeptidases that are collectively capable of degrading all components of the 

extracellular matrix (Coussens et al., 2002). Most MMPs are expressed through 

the actions of growth factors, cytokines, hormones, physical stress and 

oncogenic cellular transformation (Szabo 2004).  

In addition to basement membrane degradation by MMPs, the VEGF family and 

its receptors play a central, specific role in mediating endothelial cell 

proliferation and migration, as well as increasing vascular permeability 

(Carmeliet et al., 1996). VEGF-A is a secreted glycoprotein, with at least eight 

known human isoforms that bind to an extracellular domain. This activates the 

tyrosine kinase domain of both VEGF receptor-1 (VEGFR-1) and VEGFR-2 on 

endothelial cells. Inhibitors of the tyrosine kinase domain effectively inhibit 

angiogenesis in vitro and in vivo, and are currently in clinical trials to treat 

gastrointestinal stromal tumours and renal cancer (Morabito et al., 2006). 
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Another secreted protein from endothelial cells that also has a binding affinity 

to the tyrosine kinase receptor, is angiopoietin-1 (Ang-1). The tyrosine kinase 

receptor or Tie2, binds Ang-1 which tightens junctional molecules within the 

vessel (Thurston et al., 2000) and thus promotes interaction between 

endothelial cells and mural cells (vascular smooth muscle cells and pericytes) as 

an adhesive protein (Carlson et al., 2001).  Studies using gene knockouts of 

either Ang-1 or Tie 2 have demonstrated their importance in developmental 

angiogenesis as they experienced embryonic lethality, particularly in the heart 

(Yancopoulos et al., 2000). This is indicative of a vital role of Ang-1/Tie 2 in the 

development of blood vessels. Another endothelial growth factor that induces 

both proliferation and migration and has similar potent angiogenic effects to 

VEGF, is hepatocyte growth factor (HGF). HGF synergistically augments the 

angiogenic effects of VEGF in vivo (Van Belle et al., 1998), which is mediated by 

the Ets family of transcription factors, leading to the expression of VEGF and 

MMPs. Fibroblast growth factor (FGF) is another major growth and 

differentiation factor. FGF-1 can induce endothelial cell proliferation and 

endothelial tube formation in collagen (Kanda et al., 1996). In addition, FGF 

inhibitors reduce angiogenesis, for example shark cartilage and its derivatives 

inhibit FGF-induced angiogenesis (Gonzalez et al., 2001).  

1.6.4 Migration and stabilisation 

Following proteolytic degradation of the extracellular matrix, “leader” 

endothelial cells start to migrate through the degraded matrix. They are 

followed by proliferating endothelial cells, which are stimulated by a variety of 

growth factors, some of which are released from the degraded extracellular 

matrix, including VEGF and FGF (Liekens 2001). There is then an interaction of 

endothelial cells with the extracellular matrix and smooth muscle cells to form 

capillary tubes, which involves a host of pro-angiogenic factors including VEGF, 

FGF and interleukin-8 (IL-8) (Fidler & Ellis 2000). Recruitment of pericytes in 

small vessels or smooth muscle cells in larger vessels is required. Platelet 

derived growth factor (PDGF) is among the most potent stimuli for smooth 

muscle cell migration and proliferation in vitro (Heldin et al., 1998).  
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Differentiation of precursor cells into pericytes and smooth muscle cells is 

believed to be initiated upon endothelial cell contact. In response, transforming 

growth factor β (TGF-β) is released by endothelial cells and is activated in a 

plasmin mediated manner. Activated TGF-β acts on myofibroblasts and 

pericytes, which may contribute to the formation of the vessel (Griffioen 2000).   

The immature tube then forms and vessel stabilisation begins, which marks the 

end of growth factor dependence (Darland et al., 1999) (see section 1.7.4).  Once 

tube formation occurs, flow commences and local oxygen levels increase, 

resulting in a decrease in VEGF levels (Beck et al., 1997). Also, TGF-β can alter 

integrin profiles and stimulate basement membrane production and 

accumulation (Enenstein et al., 1992). The presence of the basement membrane 

may provide a long-term signal that supports vessel stabilisation. Furthermore, 

evidence suggests that Ang-1 plays a role in vessel stabilisation as its absence 

lead to defects in vessel remodeling (Beck et al., 1997).  

The processes of cell invasion, proliferation and migration/stabilisation not only 

depend on angiogenic enzymes, growth factors and their receptors, they are 

also mediated by cell adhesion molecules. These can be classified into four 

families depending on their biochemical and structural characteristics and 

include the integrins, the immunoglobulin supergene family, the cadherins, and 

the selectins (Bischoff 1997). The integrin family functions in a variety of cell-

matrix and cell-cell interactions in the vasculature and, as they are expressed on 

endothelial cells, participates in endothelial cell migration and formation of 

capillary-like tubes in vitro (Luscinskas and Lawler 1994). Besides integrins, 

cadherins including VE-cadherin are expressed throughout vascular 

development and are localised at points of cell-to-cell contact (Breier et al., 

1996). Based upon its expression on angiogenic blood vessels and its 

localisation, platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) is 

also implicated in angiogenesis (Berger et al., 1993). 
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 1.6.5 Regression of vessels 

Once assembled in new vessels, endothelial cells become quiescent and have an 

extremely low turnover rate (Engerman et al., 1967). This process of becoming 

quiescent is important as reduced survival of endothelial cells caused vascular 

regression in the embryo (Carmeliet et al., 1999). Endothelial apoptosis is a 

natural mechanism of vessel regression, seen in the retina and ovary, and is a 

frequently observed effect of exogenously-administered angiogenesis inhibitors, 

including endostatin (O’Reilly et al., 1997). The angiogenic balance needs to be 

tipped towards the anti-angiogenic side to induce endothelial cell apoptosis 

(Jain et al., 1998) and factors responsible for causing a shift towards an anti-

angiogenic environment include endostatin, thrompospondin-1 (TSP-1), 

vasohibin and caveolin-1 (Good et al., 1990; Taraboletti et al., 1992; Vogel et al., 

1993; O’Reilly et al., 1997; Liu et al., 1999; Watanabe et al., 2004). In addition, 

angiopoietin-2 is also known to play a role in vessel regression by blocking the 

vessel stabilisation action of angiopoietin-1 (Holsash et al., 1999). 

Haemodynamic forces are also essential for vascular maintenance (Nisoli et al., 

1998; Yamauchi et al., 2007).  

In summary, angiogenesis is tightly controlled through a balance of many pro- 

and anti-angiogenic factors. In healthy tissue, the balance weighs heavily to the 

anti-angiogenic side until new vessels are needed. New vessels either enter an 

apoptotic stage to prevent angiogenesis. Some of these factors are summarised 

in Figure 1.4: 
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Figure 1.5: The effect of pro- and anti-angiogenic factors upon 

angiogenesis.  A tip in the angiogenic balance towards pro-angiogenic 

environment induces angiogenesis. Tipping the angiogenic balance towards an 

anti-angiogenic environment inhibits angiogenesis. Feedback mechanisms 

between pro- and ant-angiogenic factors will modulate angiogenesis as well. 

Pro-angiogenic factors include vascular endothelial growth factor (VEGF); 

fibroblast growth factor (FGF); hepatocyte growth factor (HGF); platelet derived 

growth factor (PDGF); angiopoietin-1 (Ang 1); and the matrix 

metalloproteinases (MMPs). Anti-angiogenic factors include thrombospondin-1 

(TSP-1); angiostatin; endostatin; and vasohibin.  
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1.7 Influence of adipocytes upon angiogenesis  

It is evident that extensive crosstalk occurs between adipocytes and endothelial 

cells, which is likely to play a role in coordinating angiogenesis and 

adipogenesis. This creates a potential avenue for therapeutic intervention in the 

treatment of obesity through targeting the adipose vasculature. Indeed, an 

inhibitor of angiogenesis, TNP-470, prevented the development of obesity in 

Lepob/ob mice (Rupnick et al., 2002). TNP-470, a synthetic analog of fumagillin 

(antimicrobial agent isolated from Aspergillus fumigates), is a well-

characterized, selective inhibitor of endothelial cell growth and angiogenesis 

(Kusaka et al., 1994). Similar results were also obtained using TNP-470 with the 

high fat diet-induced obesity model (Brakenhielm et al., 2004), strengthening 

the case for manipulation of angiogenesis in the treatment of obesity. Moreover, 

an apoptosis-inducing agent specifically targeted to adipose vasculature (using 

an in vivo phage display to isolate a peptide motif that homes to white fat 

vasculature),  showed the reversion of obesity in mice (Kolonin et al., 2004). The 

injection of dominant negative PPARγ-transfected preadipocytes led to the 

inhibition of blood vessel development at the site of injection (Fukumura et al., 

2003), suggesting that cells incapable of normal adipocyte differentiation are 

unable to recruit vessels. This body of evidence re-emphasises the direct role 

adipocytes play in the development of their own vasculature. In accordance, 

there are many angiogenic factors that have emerging roles on adipose function. 

VEGF, alongside its role in regulating endothelial cell proliferation and 

migration in angiogenesis (Carmeliet et al., 1996), also accounts for the major 

portion of the angiogenic activity of media conditioned by adipocytes (Zhang et 

al., 1997). In addition, adipose tissue VEGF expression and secretion is known to 

be induced by hypoxia and insulin (Mick et al., 2002; Zhang et al., 1997). 

Inflammatory cells that have infiltrated adipose, including macrophages, and 

adipose stromal cells, can also contribute to VEGF production (Cho et al., 2007; 

Rehman et al., 2004).  
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Other members of the VEGF family are also implicated in adipose tissue 

development. Placental growth factor (PlGF) impairs adipose tissue growth, 

which is due to defective angiogenesis rather than altered adipogenesis 

(Christiaens et al., 2006; Lijnen et al., 2006). Furthermore, studies in vitro have 

confirmed that HGF is released by cultured adipocytes (Saiki et al., 2006) and 

preadipocytes (Silha et al., 2005). VEGF, Ang-1 and -2, as well as Tie2 receptors, 

are also known to play a significant role in the sprouting and branching of 

vessels in angiogenesis. However, with the exception of a study of Ang-2 gene 

expression in preadipocytes and Lep Ob/Ob adipose tissue (Cohen et al., 2001), 

there are very few studies of adipose tissue angiopoietins. Taken together these 

studies implicate VEGF and other growth factor family members in the 

modulation adipose tissue growth via the vascular system. However, factors 

that have important angiogenic effects (Lijnen et al., 2006; Lijnen 2011) may not 

have any effect upon adipogenesis or, potentially, on adipose tissue 

angiogenesis (Christiaens et al., 2006). 

Another strong contender in the modulation of adipose angiogenesis is 

thrombospondin 1 (TSP-1). TSP-1 is a potent anti-angiogenic factor, which is 

produced by both resting and activated macrophages (DiPietro and Polverini 

1994). TSP-1 suppressed angiogenesis in the cornea pocket assay and inhibited 

growth in the chicken chorioallantoic membrane (CAM) assay (Armstrong and 

Bornstein 2003; Iruela-Arispe et al., 1999). TSP-1 also has subsequent effects 

upon the regulation of inflammation and wound healing (Bornstein 2001). 

Increased TSP-1 expression has been reported in the adipose of rats (Hida et al., 

2000) and is elevated in the plasma and renal tissue of diabetic patients 

(Bayraktar et al., 1994). Thus, a role for TSP-1 seems plausible in regulating 

vascular growth in adipose. 

Adipose tissue also produces several MMPs including MMP-2 and MMP-9 

(MMPs are also to be produced by macrophages and endotheial cells (Galis et al., 

1995; Taraboletti et al., 2002)). These have been postulated to affect 

preadipocyte differentiation and maturation by modulating the extracellular 

matrix (Bouloumie et al., 2002). Furthermore, deletion of tissue inhibitor-1 of 
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MP (TIMP-1) leads to a reduction of adipose mass in mice fed a high-fat Western 

diet (Lijnen et al., 2003). MMP inhibitors, as well as MMP and TIMP gene 

knockouts, markedly inhibit adipose development in conjunction with, and even 

independent of, angiogenesis (Croissandeau et al., 2002). Collectively, MMPs 

and TIMPs play a role in controlling adipogenesis, potentially through the 

modulation of angiogenesis. 

In summary, many established angiomodulatory factors are altered in adipose 

tissue and in obesity. Many adipocyte-derived factors exert effects upon 

endothelial cells and vice versa. Further examination of the endothelial-

adipocyte crosstalk occurring during adipose expansion may expose new 

avenues for therapeutic intervention. 

1.8 Hypothesis and Aims: 

The overarching hypothesis of this thesis is that obesity compromises 

angiogenic potential in adipose tissue and leads to the detrimental metabolic 

phenotype. 

The specific aims of this thesis were: 

 To determine whether angiogenesis is altered in obesity;  

 To identify novel angiomodulatory genes in adipose tissue associated 

with obesity in a unique polygenic model of fatness (Fat; F) versus 

leanness (Lean; L);  

 To functionally characterise angiomodulatory genes with respect to their 

effects on endothelial cells and adipocytes and fat mass in vitro and in 

vivo; 

 To determine the effects of altered nutritional status (obesity, weight 

loss) on adipose vasculature and angiomodulatory genes in vivo. 

 



Page | 32  

 

 

Chapter 2  

Materials and Methods 
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2.1 Animals  

2.1.1 Mouse lines and housing 

2.1.1.1 Fat and Lean mice: 

A polygenic model of obesity (Fat) and leanness (L) was employed to investigate 

changes in angiogenic potential in obesity. Fat and Lean mouse lines were 

selected from a three-way cross of two inbred lines (JU and CBA) and one 

outbred line (CFLP), as described in detail (Bunger and Hill 1999). Briefly, 

selection of the first twenty generations was on the ratio of gonadal fat pad 

weight to body weight of ten-week old males and subsequently on dry matter 

content of males at fourteen weeks of age. Inbred lines were initiated from a 

single family of each of the lines after forty-seven generations of divergent 

selection and maintained by full sibling mating (Bunger and Hill 1999). Mice 

were fed standard chow (Rat and Mouse no 3; Special Diet Services, Essex, UK) 

from weaning. Animals were housed in standard cages with controlled 

lightening (12-h light, lights on at 07.00), with relative humidity of 50±10% and 

under pathogen free conditions, at a room temperature of 23±2°C.  

2.1.1.2 LepOb/Ob mice: 

Another model of genetic obesity, the leptin deficient mouse (Ob/Ob), was also 

used. Seven week old, male LepOb/Ob mice were obtained from Jackson 

Laboratories (Jackson Laboratories, Bar Harbour, ME, USA) (n=6). Age-matched, 

male mice with a pure C57BL/6J background were bred from a colony from The 

University of Edinburgh (n=6) and used as controls. Both types of mice were 

housed in standard cages as described above.  

2.1.1.3 Diet-induced obesity in C57BL/6J mice: 

Diet-induced obesity was investigated using C57BL/6J mice. Six week old male 

C57BL/6J mice (n=12) supplied by Charles River (Kent, London, UK). C57BL/6J 

is the most widely used inbred strain for these studies as they are susceptible to 

diet-induced obesity, type 2 diabetes and atherosclerosis (Winzell and Ahren 

2004). This time period is sufficient to cause obesity and the associated 
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metabolic phenotype, for example insulin resistance and associated islet 

dysfunction (Black et al., 1988). The animals were randomly assigned to two 

different dietary groups: Control and high fat diet (HF) and singly housed as 

described above.  

2.1.1.4 Pair-feeding in C57BL/6J mice 

The effect of pair-feeding on angiogenesis was also examined. Six week old male 

C57BL/6J mice (n=18) supplied by Charles River (Kent, London, UK), were 

randomly assigned to two different dietary groups as described in 2.1.2: Control 

and high fat diet (HF) and were singly housed as described above (n=6 for each 

group).  

2.1.1.5 Diet-induced obesity with associated minipump implantation in C57BL/6J 

mice 

The effect of a thrombospondin 1 analogue (ABT-510; Abbott Laboratories, 

Abbott Park, IL, USA) upon angiogenesis in high fat fed mice was also 

investigated. Five week old male C57BL/6J mice (n=24) supplied by Charles 

River (Kent, London, UK) were randomly assigned to two different dietary 

groups as described in 2.1.2: Control and high fat diet (HF) and had minipumps 

containing ABT-510 inserted (described below). 

 

2.1.2 Dietary manipulation 

2.1.2.1 Fat and Lean mice 

Fat and Lean mice were either placed on a high-fat diet (50% kcal energy as 

saturated fat D12331; Research Diets, New Brunswick, NJ) or a calorie-matched 

control diet (11% kcal energy as saturated fat, D12328; Research Diets, New 

Brunswick, NJ) for eighteen weeks. The mice had free access to their respective 

food and water throughout the study. It must be noted that there are marked 

differences, other than caloric content, of high fat and chow diets. Energy intake 

can be broken down into gross, digestible and metabolisable energy content. 

Gross energy is the complete energy contained within the food itself. Digestible 
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energy is the gross energy minus the energy lost in faecal matter. The 

metabolisable part is the digestible minus the energy lost in urine.   

2.1.2.2 Diet induced obesity in C57BL/6J mice 

The control animals were fed a standard pelleted diet (2014 Teklad Global 14% 

Protein Rodent Maintenance Diet, Harlan, UK) containing 20% of energy as 

proteins, 67% of energy as carbohydrates (5% sucrose, 62% starch) and 13% 

energy as fat by dry weight, for a period of twelve weeks. The HF group (n=12) 

were fed a high fat diet (58% calories as fat) over the same period. The mice had 

free access to their respective food and water throughout the study. Body 

weights and food intake were monitored weekly. 

 

2.1.2.3 Pair fed C57BL/6J mice 

The control animals were fed a standard pelleted diet (see above), while the HF 

group (n=12) were fed a high 58% calories as fat, as before, for a period of 

twelve weeks. After this time on either diet, mice either continued control (n=6), 

HF diet ad libitum (n=6) or HF diet restricted to the amount of calories (kcal/ [g 

body weight]) that the Control group had consumed the previous week (pair-fed 

model), as described (Howard et al., 1999). In order to distinguish between fat 

depot loss through pair-feeding and that caused by primary inhibition of 

angiogenesis, it was important to have controls that are still high fat fed. 

Respective diets were continued for a further three weeks, where body weight 

and food intake were recorded daily (until mice were 21 weeks old). The HF and 

control mice had free access to their respective food and water throughout the 

study. 

2.1.2.4 Diet-induced obesity with associated minipump implantation in C57BL/6J 

mice 

C57BL/6J mice were randomly assigned to two different dietary groups: Control 

and high fat diet (HF) as described before for a period of eight weeks. The mice 

had free access to their respective food and water throughout the eight week 

study. Body weights and food intake were monitored weekly.  
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2.1.3 Surgical Procedures 

All mice were killed by asphyxiation (to preserve aortas) in carbon dioxide. All 

animal experiments were carried out in accordance with the British Home Office 

Animals (Scientific Procedures) Act 1986. 

2.1.3.1 Sponge implantation 

The sponge implantation model has been routinely used to measure vascularity 

(Hague et al., 2002). Thus, as an established means of measuring angiogenesis, 

the sponge implantation model was employed throughout this thesis. Mice were 

anaesthetized using isoflurane (2-2.5 l/min), weighed and administered 

analgesic subcutaneously (buprenorphine; 0.1mg/kg body weight; Reckitt & 

Colman Pharmaceuticals Inc, Richmond, London, UK). The lower back of the 

animals was shaved, a small incision made, and a subcutaneous pocket 

produced on the right hand side underneath the dorsal skin by blunt dissection. 

This process was repeated until the pocket was large enough to insert a sterile 

(sponges autoclaved prior to experimentation) polyurethane sponge (1 cm x 0.5 

cm; eFoam Bilston, England, UK). The lesions were closed using Reflex 9mm 

skin closure clips. Animals were singly housed immediately after surgery and 

maintained for a further 3 weeks. 

Twenty-one days after sponge implantation mice were killed by asphyxiation in 

carbon dioxide, and aortas, adipose and sponges collected for further analysis. 

Sponges were rapidly excised with underlying connective tissue, and bisected. 

One half of each sponge was transferred to a 1.5 ml Eppendorf and immediately 

frozen on dry ice for further experiments. The second half of the sponge was 

fixed in 10% formalin. 

2.1.3.1.1 Sponge processing and staining 

For analysis of vascularity, formalin-fixed sponges were processed into paraffin 

wax using a Tissue Tek Vacuum Infiltration Processor (VIP) and embedded in 

paraffin wax. Excess paraffin wax was trimmed from the surface and 5µm 

transverse sections were taken from the cut surface of each sponge. Sections 

were collected on to poly-l-lysine-coated slides (Sigma-Aldrich, UK) using a 
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flotation bath to ensure firm adhesion. Slides were oven dried (37ºC) overnight. 

The following day slides were dewaxed using xylene (Sigma Aldrich, UK), and 

rehydrated through graded strengths of ethanol (99%, 90%, and 70%) for five 

minutes each. Sections were then stained by haematoxylin and eosin (H&E; 

Sigma Aldrich, UK) for five minutes, rinsed in distilled water, dipped (two 

seconds) in acid alcohol (1% hydrochloric acid in 50% ethanol; Sigma Aldrich, 

UK) and rinsed in distilled water for a further fifteen minutes. Slides were then 

immersed in eosin for one minute and rinsed in distilled water once again. 

Finally, slides were dehydrated prior to cover slipping by one minute 

immersions in 95% and 100% ethanol, and then xylene for five minutes.  

2.1.3.1.2 Quantification of sponge vascularity 

Sponge sections were examined by light microscopy using KS300 imaging 

software (Karl Zeiss Axissop) as described below. The vascularity of the 

explanted sponges was determined by Chalkley counting (Fox et al., 1995). 

Vascular density was determined using a 25-point Chalkley eyepiece graticule at 

x40 magnification (covering an area of 0.5 mm2 at this magnification). For each 

sponge, three non overlapping counts were performed in the areas with the 

highest vascularity. These areas were subjectively identified under low 

magnification (10x). The graticule was rotated in the eyepiece to where the 

maximum number of vessels was overlain by the graticule grid. Individual blood 

vessel density was then obtained by taking the mean of three graticule counts. 

Blood vessels were identified morphologically, with or without erythrocytes 

apparent in the lumen. The mean of the three counts gave the overall Chalkley 

score. 

2.1.3.1.3 Haemoglobin content as an index of angiogenesis 

Neovascularization was also assessed by measuring the concentration of 

haemoglobin in the enclosed sponge implants (Majima et al., 1997). Sponges 

were implanted as described above (Section 2.1.3.1) in C57BL/6J mice. The 

sponges were taken immediately after death at Days 4, 7, 13 and 21 days after 
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implantation. After the sponges were weighed, they were cut into several pieces 

with scissors and 2mls of Drabkin’s reagent (Sigma Aldrich, UK) were added 

and the samples homogenized with a Polytrone homogenizer (Kinematica 

GMBH, Luzern, Switzerland). Samples were then centrifuges for fifteen minutes 

at 10,000 x g. The supernatant was filtered through a 0.22 m filter (Milipore Ltd, 

Watford, UK) and the haemoglobin concentration in the supernatant, obtained 

was determined using a spectrophotometer (OPTImax Tunable Reader, 

Molecular Devices, CA, USA) absorbance read at 540 nm) and standards made 

from cyanmathemoglobin (Sigma Aldrich, UK; made from making 180 mg/ml 

standard solution in Drabkin’s reagent). The concentrations of haemoglobin in 

the granulation tissues were expressed as mg/g wet tissue. This was then 

compared to histological examination (counting individual blood vessels in H&E 

stained sponge section by the Chalkley method) of the other half of the same 

sponge.  

2.1.3.2 Mini pump insertion 

The continous subcutaneous delivery of a thrombospondin-1 analogue (ABT-

510) or saline into C57BL/6J mice was achieved using implanted osmotic 

minipumps (Model 1004: Alzet, Palo Alto, CA). Mice were anaesthetised with 

isoflurane (2-2.5 l/min), weighed and administered appropriate analgesia 

(buprenorphine (0.1 mg/kg body weight) by subcutaneous injection). The lower 

back of the animals was shaved, a small incision made, and a subcutaneous 

pocket formed on the right flank with blunt-ended scissors. This process was 

repeated until the pocket was large enough to insert the osmotic pump on the 

left hand side. The lesions were closed using Reflex 9 mm skin closure clips. The 

pumps delivered saline or ABT-510 continuously at a rate of 0.25 µl per hour for 

twenty eight days. Animals were monitored closely for infection and local 

irritation throughout the course of the experiment.  

Twenty eight days post-implantation mice were tail-tip bled and then killed by 

asphyxiation in carbon dioxide, and aortas, adipose and sponges collected for 
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further analysis. Osmotic minipumps were weighed, examined for residual drug 

and then snap frozen.  

2.1.3.3 Intraperitoneal Glucose Tolerance Test 

Mice were fasted overnight. The test was initiated by the intraperitoneal 

injection of glucose (2 mg/g body weight- 25% stock solution in saline) (Morton 

et al., 2001). Blood samples were collected from the tail tip at 0 (before) and at 

5, 15, 30, 60 and 120 min after injection. Blood glucose concentration was 

determined immediately using an Accu-Chek Instant Plus blood glucose monitor 

(Roche Diagnostic, Burges Hill, UK). Blood samples were centrifuged at 3000 x g 

for 10 minutes (4oC) and aliquots of 20 µl plasma were frozen. 5 µl aliquots of 

each plasma sample in duplicate to determine the plasma insulin, using an 

Insulin ELISA kit (Crystal Chem, Downers Grove, IL, USA). Briefly, after 

preparation of 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 12.8 ng/ml insulin standards in 

distilled water, samples were bound to a 96 well micro-titre plate, incubated 

and then subjected to 2 washes with wash buffer. After incubation and 5 washes 

in wash buffer, enzyme substrate was added, followed by the addition of 100 µl 

of secondary antibody. The reaction proceeded at room temperature and was 

stopped after 40 minutes with the specific stop buffer supplied in the kit and 

absorbance at 550 nm measured on a Molecular Devices Spectra 340 microplate 

reader (USA). Standard curves using insulin standards were generated using 

linear regression as shown in Figure 2.1. 
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2.1.3.3 Standard curve generated using insulin standards 
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Figure 2.1: Standard curve for insulin measurements. Insulin standards 

used included 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4 and 12.8 ng/ml used by linear 

regression to obtain real-time, insulin values.   
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2.1.3.4 Measurement of fasting non-esterified free fatty acids (NEFA) 

The colorimetric determination of non-esterified fatty acids (NEFA) in plasma 

was achieved using a NEFA C kit (Wako Chemicals, Nuess, Germany). Tail-blood 

was collected into an eppendorf with no anticoagulant, at approximately 2pm 

after a 6 hr fast, in C57BL/6J mice. This was then centrifuged (3000 x g, 10 min, 

4oC) and an aliquot (~20 µl blood plasma) was taken and kept on ice. Reagents 

A and B supplied by the manufacturer (Wako Chemicals, Nuess, Germany) were 

prepared as according to manufacturer’s instructions. Reagent A (50 µl) was 

added to a 96-well plate and then 5 µl of plasma was added and incubated at 

37°C, for ten minutes. Reagent B (100 µl) was then added and left at 37°C for a 

further ten minutes. The concentration of NEFAs within the plasma were 

measured on a spectrophotometer (OPTImax Tunable Microplate Reader, 

Molecular Devices, CA, USA) at 550 nm, using a linear regression obtained from 

a NEFA standard curve to calculate unknown NEFA concentrations.  

2.2. Microarray Analysis  

2.2.1 F&L exon array experiment 

RNA from subcutaneous adipose from Fat and Lean mice were analysed using a 

GeneChip 2.0 Affymetrix array experiment. Subcutaneous adipose ribonucleic 

acid (RNA) from age-matched male Fat and Lean mice placed randomly on 

either a high fat or control diet, from inbred lines of generations 58-65 (n=4 per 

group) at approximately nine months of age were used. Total RNA for 

microarray analysis from mouse subcutaneous adipose from Fat and Lean mice 

on a high fat and control diet was prepared using the TRIzol® kit (modified 

from procedure originally described by Chomczynski and Sacchi 1987). Four 

samples for each category (fat and high fat fed (FF); fat and control fed (FC); 

lean and high fat fed (LF); lean and control fed (LC) were prepared. RNA quality 

was assessed using an Agilent 2100 Bioanalyser, which is a microfluidics-based 

platform to test RNA quality. RNA from each sample was loaded onto a 

specialised chip, which in turn can allow electrical current to pass and their 

electrical output a determinant of their RNA quality. RNAs were then processed 
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for hybridisation through standard Affymetrix protocols, with one round of 

cDNA amplification using standard Affymetrix protocols (which are standard 

measurements used for further quality assessment namely noise and 

background). Processed RNAs were hybridised to Affymetrix Mouse Exon 1.0 ST 

Arrays. Scanning was on an Affymetrix GeneChip scanner. The GeneChip Mouse 

Exon 1.0 ST Array core probeset had 16654 non-control probe sets. RNA quality 

control and processing were carried out by Ark Genomics, Roslin, Edinburgh. 

Further analysis and database preparation were by Dr Donald Dunbar of the 

Bioinformatics Team at the Centre for Cardiovascular Science (CVS). The criteria 

used for determining whether changes were significant was calculated by 

Limma and adjusted by Benjamini and Hochberg. Fold changes, greater than 1.5 

and associated adjusted p-values less than 0.05, were used to select genes.  

Data were extracted through the GeneChip® Operating Software (GCOS) 

software and cell intensity file (CEL) files were used for further data processing. 

CEL files were imported into OneChannelGui software (Sanges et al., 2007), 

normalised by RMA with background subtraction in the Affy (Gautier et al., 

2004) module, and statistically analysed with the Limma (Wettenhall and Smyth 

2004) package and the Rank Products (RankProd) package (Breitling et al., 

2004). Gene ontology (Ashburner et al., 2000) and Kyoto Encyclopaedia of 

Genes and Genomes (KEGG) pathway enrichment analysis were performed 

using the Webgestalt (Zhang et al., 2005) and Database for Annotation, 

Visualisation and Integrated Discovery (DAVID) (Dennis et al., 2003). 

Analysed microarray data, along with probe annotation, were imported into a 

custom built MySQL database (www.mysql.com) with a web-based query 

interface (built in PHP: php.net) by the Cardiovascular Science Bioinformatics 

Team. The query interface allows searching by gene annotation and gene 

expression data and is available to registered users at 

(http://ddunbar.mvm.ed.ac.uk/nmorton/). Microarray data will be archived in 

the ArrayExpress data repository (www.ebi.ac.uk/arrayexpress) before 

publication. 
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2.2.2 Realtime PCR 

RNA was isolated from subcutaneous adipose of mice, using RNAeasy columns 

(RNeasy Mini Kit, Qiagen, UK). Briefly, 100 mg of adipose tissue were 

homogenised with a polytrone homogenizer (Kinematica GMBH, Luzern, 

Switzerland) in 700 µl Buffer RLT, supplied by the manufacturer (Qiagen, UK). 

The homogenate was then left at room temperature (15°C-25°C) for five 

minutes. Chloroform (200 µl) was then added and eppendorf vortexed for 

fifteen seconds. Samples were then centrifuged at 12,000 x g for fifteen minutes 

at 4°C. The upper, aqueous phase was then transferred to a new, sterile 

eppendorf and 600 µl ethanol added, which was mixed by vortexing. The 

samples were then transferred to an RNeasy Mini spin column (Qiagen, UK) and 

placed in a 2 ml collection tube (supplied by the manufacturer). These were 

then centrifuged for fifteen seconds at 10,000 x g at room temperature and 

afterwards, the flow-through was discarded. Buffer RW1 (700 µl) was then 

added to the RNAeasy Mini spin column and centrifuged for fifteen seconds at 

10,000 x g, with the flow-through being discarded. Buffer RPE (500 µl) was 

added to the RNAeasy Mini spin column and centrifuged for fifteen seconds at 

10,000 x g, with the flow-through discarded. The membrane of the column was 

then dried by placing the column into a new collection tube and centrifuged at 

10,000 x g for one minute. To elute the RNA from the column, 30 µl of RNase-

free water (supplied by manufacturer) was added directly to the column 

membrane and centrifuged at 10,000 x g for one minute. RNA was also isolated 

from cell cultures using TRIZOL reagent (Invitrogen, Paisley, UK) as described 

(Morton et al., 2001). Briefly, medium was removed from cell cultures and 

TRIZOL was added according to the size of well the cells were grown in; 6 well, 

1ml of TRIZOL; 12 well, 0.5 ml of TRIZOL. Cells were then scraped and removed 

and immediately frozen until use. RNA extraction protocol described above was 

then followed. Total RNA from both methods was quantified by 

spectrophotometry at 260 nm (Nanodrop ™ 2000, Thermo Fisher Scientific Inc, 

Essex, UK). Levels of specific mRNAs were measured by real-time PCR. A total of 

1 µg RNA was treated with deoxyribonuclease I (amplification grade; Invitrogen 

Ltd, Paisley, UK) subsequently and transcribed to cDNA using oligo 
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(deoxythymidine)20 and Superscript III (Invitrogen, Paisley, UK) according to 

the manufacturer’s instructions. Real-time PCR was performed on a Roche 

Lightcycler using Master Mix (Roche, Burgess Hill, UK) and primer/probe sets 

from Applied Biosystems (Foster City, CA) as shown (Table 2.1). Βeta-Actin, 

cyclophilin and GAPDH mRNA levels were used as internal controls (Table 2.1). 

 

Gene Assay ID 

Angpt1 Mm00456503_m1 

Angpt2 Mm00545822_m1 

Angiotensin receptor like 1 Mm00442191_s1 

VEGFA Mm00437304_m1 

FGF Mm00523992_g1 

Thrombospondin Mm00449032_g1 

Interleukin 8 Mm00438258_m1 

Interleukin 2 Mm00434256_m1 

MMP11 Mm00485048_m1 

MMP9 Mm00442991_m1 

MMP2 Mm00439508_m1 

PDGF Mm00435546_m1 

Endostatin Mm00487131_m1 

HGF Mm00434924_m1 

CD36 Mm01135198_m1 

B-Actin Mm00462402_m1 

Cyclophilin Mm02342430_g1 

GAPDH Mm99999915_g1 

Table 2.1: Real-time PCR primer/probes identifications from Applied 

Biosystems. Angpt1, angiopoietin 1; Angpt2, angiopoietin 2; VEGFA, vascular 

endothelial growth factor A; MMP11, matrix metalloproteinase 11; MMP9, 

matrix metalloproteinase 9; MMP2, matrix metalloproteinase 2; PDGF, platelet 

derived growth factor; HGF, hepatocyte growth factor; B-Actin, beta actin; 

GAPDH, glyceraldehydes 3-phosphate dehydrogenase.    
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2.2.3 Western Blot analysis 

Thrombospondin 1 protein levels were measured by Western blot. Protein was 

extracted from subcutaneous adipose tissue. Briefly, approximately 100 mg of 

adipose tissue was homogenised using a polytrone homogenizer (Kinematica 

GMBH, Luzern, Switzerland), in lysis buffer containing 20 mM Tris (pH7.5), 150 

mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100 and a protease inhibitor 

(Roche, UK). Lysates were solubilised for fifteen minutes at 4°C and centrifuged 

at 16,000 x g for ten minutes to clear lysate. The adipose tissue protein extract 

was then removed and frozen until needed. Protein concentrations were 

determined by the Bradford assay. Briefly, Bradford reagent (Sigma Aldrich, UK) 

was diluted fivefold (1part Bradford: 4 parts dH20) and filtered through a 

Whatman 540 filter paper. Adipose tissue protein extract (1 µl) was then added 

to the diluted Bradford reagent (100 µl) on a 96 well plate and the blue colour 

formed was measured with a spectrophotometer (OPTImax Tunable Microplate 

Reader, Molecular Devices, CA, USA) at a wavelength of 595nm. A standard 

curve was also prepared and measured using a serial dilution series of (0.1-1.0 

mg/ml) protein bovine serum albumin (BSA; Sigma Aldrich, UK).  Samples were 

incubated for five minutes at 95°C and 50µg protein from each sample were 

separated by SDS-PAGE (Sigma Aldrich, UK) on a 10 % running gel. The proteins 

were transferred overnight onto nitrocellulose filters in 20 % methanol, 200 

mM glycine, 25 mM Tris buffer (pH 7.8; Sigma Aldrich, UK). The membrane was 

then blocked in 1 X Blotto and 5 % BSA (Sigma Aldrich, UK) for two hours at 

room temperature. The membrane was then washed in 1 X Tween TBS (TTBS) 

and incubated in 1 X Tris-buffered saline (TBS) (Tris-hydrochloric acid and 3 M 

NaCl; Sigma Aldrich, UK), 0.5 % BSA and thrombospodin-1 antibody (Santa Cruz 

Biotechnology Inc, CA, USA, sc-12312) for two hours at room temperature. 

Excess antibody was removed by several washes in 1 X TTBS. Monoclonal 

antibody against mouse thrombospondin-1 (TSP-1), raised in rabbit was used at 

1:1000 dilution, according to manufacturer’s guidelines (Santa Cruz 

Biotechnology Inc, CA, USA, sc-12312). Specific binding was visualized using an 

enhanced chemiluminescence system (Amersham, Buckinghamshire, United 
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Kingdom). Uniform transfer of proteins was visually determined by Ponceau red 

staining of the membrane. Briefly, after electrophoresis, the membrane was 

blotted in 5 ml of Ponceau stain for five minutes (0.1 % Ponceau stain in 1 % 

acetic acid; Sigma Aldrich, UK). The membrane was then transferred to 5 % 

acetic acid (Sigma Aldrich, UK) for a further five minutes.  The membrane was 

then washed twice in distilled water for five minutes each and if successful 

transfer has occurred, proteins were visible in red. The membrane can then 

subsequently be blocked as normal.  

2.3 In vitro methods of assessing angiogenesis 

2.3.1 Mouse aortic ring assay 

Angiogenesis was studied by culturing rings of mouse aorta in three-

dimensional collagen gels (Small et al., 2005) based on modifications of the 

method originally reported for the rat aorta (Nicosia et al., 1990). This assay 

uses a matrix-rich product (Matrigel) prepared from Engelbreth–Holm–Swarm 

(EHS) tumor cells whose primary component is laminin (Madri et al., 1988; 

Grant et al., 1994). Matrigel is liquid at 4ºC, but solidifies to gel at 37ºC. Aortic 

rings derived from rodents are placed into the gel under appropriate culture 

conditions to stimulate growth of endothelial tube-like structures. The gel 

provides a 3D matrix for sprouting vessels from the cultured aortas. Although 

several methods of assessing in vitro angiogenesis are in use, including cell 

proliferation, migration and tube formation assays (discussed in Appendix 7.1), 

this assay was selected as it is currently considered to be the most accurate in 

vitro method of simulating in vivo angiogenesis (Auerbach et al., 2003).  

2.3.2 Culture Conditions and tissue harvesting for aortic rings 

Matrigel (BD Biosciences, UK) was allowed to equilibrate to temperature from 

solid (-20ºC) to liquid (4ºC) overnight. 1ml filter pipette tips and 24 well plates 

were also allowed to equilibrate to temperature (-20ºC) overnight. All culture 

was performed in a class II tissue culture hood (ICN microflow). Matrigel (100 

µl) was added to each well of the uncoated tissue culture plate ensuring air 

bubbles were not introduced into the gel (this is essential as gaps in the Matrigel 
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do not allow tube formation and, therefore, introduce a systematic error). Plates 

were incubated for 20 min at 37ºC in order to allow the gel to set. Mice were 

then killed by asphyxiation in carbon dioxide. A thoraco-abdominal midline 

incision was made and skin pulled back to prevent the entry of fur into the 

peritoneal cavity. Thoracic aortas were removed and preserved in EBM-2 serum 

free/basal medium (EBM-2 serum free media supplemented with aliquots of 

ascorbic acid, heparin and GA1000 (antibiotic; Cambrex Biosciences, UK). The 

peri-aortic fibroadipose tissue was carefully removed with fine micro-dissecting 

forceps and iridectomy scissors, taking care not to damage the aortic wall. 

Aortic rings (1-2 mm in length; approximately 8 per aorta) were isolated and 

rinsed in basal EBM-2. Single aortic rings were then placed into each Matrigel-

containing well. A further 100 µl of Matrigel was layered on top of the aortic 

rings, and incubated for 20 min at 37ºC. Basal EBM-2 (1 ml; Cambrex 

BioScience, Wokingham, UK) was then added to each well and the plate was 

returned to the incubator. Medium was changed every 48 hours with new media 

incubated at 37ºC for 30-60 min before addition to the wells. Experiments were 

all performed in triplicate and aortic rings were cultured for a period of ten 

days.  

Further experimentation explored the possibility of changing the medium used 

in HUVEC culture (EBM-2) to medium used in adipocyte culture (DMEM) as co-

culture of both cell types was desirable. Therefore, DMEM medium with 10 % 

FCS (FCS contains growth factors essential for cell growth) and 2 mM glutamine 

(common amino acid also essential for growth of HUVECs) was employed. This 

was shown to induce TLS formation in aortic rings (refer to Appendix section 

7.2.8).  

2.3.3 Vessel Quantification 

Quantification can be achieved by the measurement of the length and/or the 

abundance of tube-like structures from the aortic ring (Auberbach et al., 2003). 

Abundance rather than length was taken as a measurement of aortic ring 

angiogenesis in this thesis as it was discovered that length did not necessarily 
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reflect growth (Figure 2.2). Quantification of tube like structure (TLS) 

abundance was performed every two days under an Olympus CK40 inverted 

light microscope at 40x magnification from day 2 to day 10 of culture. Images 

were captured daily using a coolsnap photometrics camera and analysed for 

area of vessel abundance using MCID software (Imaging Research Inc.). 

2.3.3 Aortic ring vessel quantification of tube like structures (TLS) 

 

 

 

 

 

Figure 2.2: Quantification of tube like structures (TLS) from aortic rings. 

Length of TLS was not representative of growth from aortic ring, as shown by 

the thick, black line compared to no growth shown by black arrows.   
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2.3.4 Dil-Ac-LDL incorporation into aortic rings 

Aortic rings were removed and sectioned and cultured for 2, 4, 6, 8 and 10 days 

(as described in section 2.3.1). Rings were then stained for  four hours at 37°C 

with 10 µg/ml fluorescent acetylated low density lipoprotein (Dil-Ac-LDL, 

acetylated low density lipoprotein labelled with 1,1-dioctadecyl-3,3,3,3-

tetramethylindocarbocyanine perchlorate; Biomedical Technologies, Stoughton, 

MA), which is selectively taken up by endothelial cells (Voyta et al., 1984). Aortic 

rings were then examined by fluorescent microscopy using rhodamine 

excitation and emission filters, and white light; with representative images 

captured (Nikon inverted microscope TE2000-U C1; magnification x 10). Dil-Ac-

LDL had no effect on endothelial cell growth rate at the concentration used for 

labelling cells (data not shown). 

2.4 In vivo methods of assessing angiogenesis 

2.4.1 Optical projection tomography (OPT) of polyurethane sponges 

Optical projection tomography (OPT) is a 3D imaging technique (Sharpe et al., 

2002),  which is comprised of a diffuse light source, illuminating a rotating, 

biological sample, suspended in a refractive index matching solution (Bioptonics 

3001, Bioptonics, UK). Adjustable optics focus light from a plane of interest in 

the sample onto a charged coupled device (CCD), which captures intensity data 

to a connected computer (Dell Inc, UK) for acquisition and reconstruction. This 

technique was used to visualise the specific, genetic labelling of endothelial cells 

in blood vessels that infiltrated implanted sponges expressing yellow 

fluorescent protein (YFP) in mice. As an incorporated YFP endothelial cell 

specific signal would be detectable within vessels that infiltrate the sponge, then 

no additional antibodies would be required for OPT analysis. Sponges were 

implanted into YFP mice for 21 days as previously described (section 2.1.3.1). 

Sponges were removed, fixed in 2 % formalin (rather than 10 %, to prevent 

quenching of the YFP signal) and then were suspended in filtered 1.5 % low 

melting point agarose (Sigma Aldrich, UK) on magnetic mounts. Blocks were 

then trimmed, dehydrated for 24 hours in methanol. After this time, blocks were 

placed in a 1:2 solution of benzyl alcohol (BA, Acros Organics) benzyl benzonate 
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(BB, Acros Organics) to clear the agarose.  The optical projection tomograph 

(Bioptonics 3001, Bioptonics UK) was prepared for scanning and samples 

attached via a magnet were centred to the axis of rotation.  Magnification was 

set to 1 pixel = 6 µm, scans were performed using UV light, and raw data were 

acquired at increments of 0.9°. 

2.4.2 Thrombospondin-1 enzyme-linked immunosorbent assay (ELISA) 

Thrombospondin-1 immunoassays were performed on plasma using human 

Thrombospondin-1 ELISA kits (Quantikine, R&D Systems, UK). Tail blood was 

collected from two C57BL/6J mice, aged 10 weeks and centrifuged for 15 

minutes at 1000 x g within an hour of collection. The plasma supernatant was 

then collected and kept on ice. Human plasma was diluted 1:75 in calibrator 

diluents RD1-56 prior to the assay. Murine plasma was used undiluted.  Assay 

diluent RD1-56 (100 μl) was first added to each well, followed by 50 μl of 

standard, control or sample, as appropriate and the plate incubated at room 

temperature (2 hrs). Each well was then washed 4 times using wash buffer. 

Diluted human thrombospondin-1 conjugate (200 μl) was then added to each 

well and the samples were allowed to incubate (2 hr, room temperature). At the 

end of this period the wash step was repeated and substrate solution (200 μl) 

added to each well. The plate was then protected from light, and left to incubate 

at room temperature for 30 mins. Finally, stop solution (50 μl) was added to 

each well and the optical density of each well was calculated using a plate 

reader set to 450 nm/540 nm. All solutions were provided by the manufacturer 

(Quantikine, R&D Systems, UK).   

2.4.3 Isolation of adipose tissue stromal vascular fraction by fluorescent activated 

cell sorting (FACS) 

Subcutaneous adipose tissue was isolated from mice immediately after 

asphyxiation in carbon dioxide. Tissues were handled using aseptic technique 

and were placed into warm Krebs solution (115 mM NaCl, 5.9 mM KCl, 1.2 mM 

MgCl2, 1.2 mM NaH2PO4, 1.2 mM Na2SO4, 2.5 mM CaCl2, 25 mM NaHCO3 and 10  

mM glucose, pH 7.4) immediately after removal. Tissues were weighed and 
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minced into fine (<10 mg) pieces using sterile scissors. Minced samples were 

placed in 2 mg/ml collagenase Type I solution, containing phosphate buffered 

saline (PBS), 0.5 % bovine albumin (BSA) and Type I collagenase (Sigma-

Aldrich, UK). The samples were incubated at 37°C on an orbital shaker (215 Hz) 

for 45 minutes. Once digestion was complete, samples were passed through a 

sterile 250 μm nylon mesh (PlastOK, Meshes and Filtration Ltd, Birkenhead, 

UK). The suspension was centrifuged at 18 x g for ten minutes. The pelleted cells 

(the stromal vascular fraction (SVF)) were collected, and the floating cells (the 

adipocyte-enriched fraction) were removed. The SVF was resuspended in 10 ml 

PBS containing 0.5 % BSA and passed through a 0.45 µm filter (MACS, Miltenyi 

Biotec, Surrey, UK). This filter was then washed with PBS (10 ml) and the cell 

suspension was centrifuged again (18 x g, for 10 minutes). Erythrocyte lysis 

buffer was incubated at room temperature for five minutes. Erythrocyte-

depleted SVFs were centrifuged (500 x g 5 min), and the pellet was resuspended 

in 1ml of FACS buffer (PBS containing 5 mM EDTA and 0.5 % BSA; MACS, 

Miltenyi Biotec, Surrey, UK). 

 

SVF cells isolated from adipose tissue samples were cooled on ice and counted 

using a hemocytometer. After counting, cells were centrifuged (500 g, 5 min) 

and re-suspended in FACS buffer (MACS, Miltenyi Biotec, Surrey, UK) at a 

concentration of 7 × 106  cells/ml. Cell suspensions were incubated in the dark 

at 4°C on a bidirectional shaker for 30 minutes in FcBlock (20 μg/ml) (BD 

Pharmingen, San Jose, California, USA). Cells isolated from YFP mice were 

washed twice in 1ml FACS buffer then centrifuged (500 x g, 5 min) and re-

suspended in 1 ml FACS buffer (MACS, Miltenyi Biotec, Surrey, UK). Cells 

isolated from C57BL/6J mice after the FcBlock were incubated for an additional 

50 min with fluorophore-conjugated relevant primary antibodies (rat 

monoclonal CD31 antibody; IgG1, 130-092-654; 5 μg/ml; Abcam) or isotype 

control antibodies, as appropriate. Following incubation with CD31 primary 

antibody, 1 ml FACS buffer (MACS, Miltenyi Biotec, Surrey, UK) was added to the 

cells. Cells were centrifuged (500 x g, 5 min) and re-suspended in 1 ml FACS 

buffer (MACS, Miltenyi Biotec, Surrey, UK). The wash was repeated twice. Cells 
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from both C57BL/6J and YFP mice were analyzed on a FACSCalibur and analysis 

was performed using CellQuest software (Becton, Dickinson and Co., Franklin 

Lakes, New Jersey, USA). Briefly, all cells were visualized on forward 

scatter/side scatter, and the appropriate population was gated on the basis of 

size and granularity.  The gated population was then plotted with Forward 

scatter on the Y axis, and CD31-PE (FL-2 channel). Positive cells were those in 

the upper right and lower right quadrants. Percent positive cells were 

calculated based on collection of 10,000 events. 

2.5 Cell culture 

2.5.1 Mouse 3T3L1 adipocyte cell line 

Mouse 3T3-L1 preadipocytes were obtained from American Type Culture 

Collection (USA). Cells were cultured in basal medium, which consists of 

Dulbecco’s modified Eagle’s Medium (DMEM), 10 % newborn calf serum (Gibco, 

Invitrogen, UK), 500 units/ml Penicillin and 200 mM L-Glutamine (Cambrex, 

Wokingham, UK). Cells were passaged using trypsin (0.25 %) exposure for 2 

minutes at 37°C when at 80 % confluence. Trypsin was neutralised with an 

equal volume of basal medium and cells were centrifuged for five minutes at 

1000 rpm. 

3T3L1 pre-adipocytes passages 2-12 (P2-P12) were seeded onto 6-well 

collagen-coated plates for differentiation, at a density of 2.5 x 105 cells/well. 

Cells were cultured for 48 hours until confluent, then basal medium was 

replaced with differentiation medium 1, which consisted of DMEM, 10 % fetal 

calf serum, 500 units/ml penicillin, 200 mM L-glutamine, 0.5 mM 3-isobutyl-1-

methylxanthine (IBMX), 0.25 M dexamethasone and 1 g insulin (Sigma 

Aldrich, UK).  

Following a further 48 hour incubation, the medium was replaced by 

differentiation medium 2, which is similar to differentiation medium 1, but lacks 

dexamethasone and IBMX. Similarly, after 48 hours incubation, the medium was 

replaced by differentiation medium 3- DMEM containing 10 % fetal calf serum 
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(FCS), 500 units/ml penicillin and 200 mM L-glutamine. The cells were cultured 

until they were lipid-filled, which was assessed morphologically (with the 

counting of lipid droplets observed within random adipocytes within field of 

view) and confirmed by staining, as described below (section 2.5.3). Fully 

differentiated cells, with numerous lipid droplets within the adipocytes, were 

apparent from 10-12 days after initial seeding. For cell treatments, mature 

3T3L1 cells were incubated overnight at 37°C (5 % CO2 and 97 % humidity) in 

DMEM medium made with charcoal-stripped FCS before treatments 

commenced. Stripped FCS was prepared as described below: FCS (500 ml) was 

heat-inactivated at 56°C for twenty minutes in a waterbath. In a sterile hood 

(ICN Microflow), ten grams (10 g) of dextran coated charcoal (Sigma Aldrich, 

UK) was added to the FCS and sealed, stirring overnight at 4°C with a magnetic 

stirrer. After this time, FCS was transferred to 50 ml falcon tubes in the hood 

and centrifuged at 3,300 rpm for 15 minutes. The supernatant was removed and 

filtered twice through each of the following syringe filters; 0.5 µm, 0.45 µm and 

0.22 µm (Millipore, Watford, UK) and then aliquoted in 10 ml falcon tubes and 

stored at -20°C. 

2.5.2 Manipulation of 3T3L1 adipocytes 

Once adipocytes had been incubated overnight with stripped FCS, medium was 

removed and replaced with fresh stripped FCS (refer to section 2.5.1). This was 

used as the medium to dissolve any chemical compounds in further 

experimentation. Experiments were conducted on 6, 12 or 24 well plates, for a 

period of six hours. After this time, both medium and cells (scraped from the 

collagen coated plates) were removed for analysis.  

 

In order to assess the effect of various compounds upon adipocyte function 

(lipolysis or lipid uptake), it was necessary to include positive controls that 

were known to stimulate these processes. For example, insulin is a known, 

potent inhibitor of lipolysis (Sekar et al., 1996) and was used subsequently as a 

positive control to demonstrate this. Concentration response curves (1, 10 and 

100 nM; Sigma Aldrich, UK) were used to determine the most effective 
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concentration of insulin to use in subsequent experiments. Conversely, CL 

316,243 (Pharmacia Biotech, UK) is a β3-adrenoceptor agonist and is known to 

stimulate the release of free fatty acids (Hoffstedt et al., 1996). Concentration-

response curves (1, 10 and 100 nM) were constructed to determine the 

optimum concentration of CL 316,243 agonist to use in subsequent 

experiments. This agonist has potent lipolytic effects at 10 nM (Largis et al., 

1994).  To elucidate the mechanisms of thrombospodin-1 (TSP-1) on adipocyte 

function, various concentrations of the Type I repeat analogue of TSP-1, ABT-

510, were used (1, 10 and 100 nM) as these were optimal for inhibiting 

endothelial cell function at these concentrations (Good et al., 1990; Iruela-

Arispe et al., 1991). ABT-510 was dissolved at 100 X concentration in sterile 

phosphate buffered sulphate for all experiments (PBS).  

 

Pathways that are known to be activated and associated with TSP-1 action on 

endothelial cells were also investigated. The p38 inhibitor, SB203580 (1, 10 and 

100 nM), the PI3K inhibitor, Wortmannin (1, 10 and 100 nM) and the p38 

activator, anisomycin (3, 30 and 300 nM) were used. Inhibitory doses for the 

p38 MAPK were optimal with 10nM SB203580, and this was used in the ABT-

510 dose-response to find optimal concentration (Egelman et al., 1998). 

Wortmannin is a potent PI3 kinase inhibitor in rat adipocytes at a concentration 

of 100 nM (Castan et al., 1999), thus an ABT-510 concentration response-curve 

was conducted with this dose. Anisomycin, a known stimulator of p38 MAPK 

(Barros et al., 1997) was used as a positive control for this pathway (30 nM). 

Stimulation of nitric oxide production was reported with addition of 10 µm 

myristate acid (Zhu et al., 2005). TSP-1 inhibits myristic acid uptake into 

endothelial cells (Isenberg et al., 2007). To investigate if this was a potential 

mechanism, inhibition of nitric oxide production by the nitric oxide synthase 

inhibitor, L-NGnitro-arginine methyl ester (L-NAME) was employed. L-NAME 

inhibits nitric oxide production in adipocytes (300 µM; Nisoli et al., 1998) and 

thus the ABT-510 concentration-response curve was conducted with 300 µM L-

NAME.   
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2.5.3 Lipid accumulation in 3T3L1 adipocytes 

Lipid accumulation in adipocytes was measured by Oil Red O staining in 96-well 

plates. Cells to be tested were fixed in 10% formalin overnight. Cells were then 

washed with 100 μl distilled water (dH2O), and washed with 100 μl 70% 

ethanol. Oil Red O stock solution (Sigma Aldrich, UK) was diluted 6:4 in dH2O, 

filtered through a 0.2 micron filter, and 50μl of this filtered oil red O solution 

used to stain the cells for twenty-five minutes. Cells were then rinsed again in 

ethanol and dH2O, as described above. Photographs were taken at this stage 

using an Olympus CK40 light microscope at 10 x magnification and a coolsnap 

photometrics camera to observe lipid accumulation with oil red O staining. 

IGEPAL (4 %; Sigma-Aldrich, UK) was prepared in isopropanol and added to the 

adipocytes for one hour, causing the cells to lyse and release oil red O. Finally, 

the absorbance was read on a plate reader at 550 nm (a measure of the oil red 

accumulation in the adipocytes). In addition to Oil red O staining, molecular 

markers of adipocyte differentiation could be investigated to confirm complete 

differentiation including leptin, fatty acid binding protein (FABP) or perilipin.  

2.5.4 Non-esterified free fatty acid assay for 3T3L1 adipocytes 

When performing colorimetric tests on cell culture supernatants, cells are 

usually grown in phenol-free DMEM, as the colouring in the phenol (red) can 

interfere with the assay. Free fatty acid (FFA) assays were performed using the 

HR Series NEFA-HR (2) kit (Wako Diagnostics, VA, US). Briefly, 100 μl reagent 1 

was added to 50 μl of sample then incubated at 37°C for 10 mins. After this time, 

50 µl of reagent 2 was added and the absorbance of the solution was read at 550 

nm. 

2.5.5 Primary 3T3L1 adipocyte conditioned medium  

Subcutaneous fat pads from 12 week old, male Tie2/YFP mice were excised and 

minced in PBS containing 0.5 % BSA. Tissue suspensions were centrifuged at 

500 x g for five minutes to remove erythrocytes. Collagenase (1 mg/ml; Sigma-

Aldrich, UK) was added to the tissue suspensions and incubated at 37°C for 45 

minutes with shaking. The cell suspension was filtered through a 100 μm filter 
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(Millipore, UK) and then spun at 300 x g for five minutes to separate floating 

adipocytes from the SVF pellet. The adipocytes were then washed three times in 

PBS to remove any remaining collagenase from the cells. Isolated, floating 

adipocytes (approximately 1 ml) were then cultured in 2 ml eppendorf 

containing 1 ml of basal medium. Cells were then kept at 37oC in a humidified 

atmosphere of 5 % CO2, 97 % humidity and cultured for 24 hours. The 

adipocyte- conditioned medium containing factors released by the primary 

adipocytes was then collected. Culture medium without adipocytes was 

incubated in the same way and used as a control medium. 

2.5.6 Measurement of palmitate uptake in 3T3L1 adipocytes 

Pre-adipocytes (Passage 8 - Passage 11) were seeded onto 12 well plates at a 

density of 2.5 x 105 cells/well. Adipocytes were then fully differentiated, as 

described (section 2.5.1), and incubated with stripped FCS overnight prior to 

experimentation. Drug combinations (ABT-510 1-100 nM; dissolved in sterile 

PBS) were incubated with the adipocytes for 6 hours at 370C. 

Palmitate uptake was measured by the addition of unlabelled palmitate (1.2 

nM), dissolved at 100X concentration in 100% ethanol, and radiolabelled [3H] 

palmitate (0.3 µCi) in a 0.1 % BSA solution. The reaction was allowed to 

continue for 6 hours in an incubator at 37°C. Medium-associated radioactivity 

was obtained by removing medium (1 ml) and adding it to 2 ml of aqueous 

scintillation fluid (Amersham Pharmacia Biotech). Radioactivity of these 

samples was then measured in a Beckham LS330 scintillation counter. Cell-

associated radioactivity was obtained by washing the cells several times in 

medium to remove any unbound palmitate and scraping cells with 1 ml 10 % 

sodium dodecyl sulphate (SDS; Sigma Aldrich, UK) and adding it to 2 ml of 

aqueous scintillation fluid (Amersham Pharmacia Biotech) in a Beckham LS330 

scintillation counter.  

Palmitate uptake in adipocytes was optimised prior to experimentation with 

ABT-510. A time-course experiment was designed to monitor the movement of 

[3H] palmitate into the adipocytes. Initial experiments examined palmitate 
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uptake between 5-30 seconds as described in previous publications (Bonen et 

al., 1998; Guthmann et al., 1999; Coburn et al., 2000). However, no differences in 

uptake were observed (data not shown). Longer experiments had previously 

been designed for 18 hours and 24 hours (Yu et al., 2006; Xi et al., 2007), with 

the reassurance that there was no de-tritiation of palmitate until day two of 

incubation (Carnicero 1984). Therefore, prolonged incubation of palmitate was 

examined. The time-course that revealed a shift in uptake into the adipocyte 

ranged from 5, 15, 30, 45, 60, and 180 and 360 minutes, whereby increased 

cellular translocation was observed at 360 minutes (6 hours) as shown below 

(Figure 2.3).  

2.5.6 Preliminary time course palmitate uptake experiment in 

3T3L1 adipocytes 
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Figure 2.3: 3H palmitate uptake in fully mature 3T3L1 adipocytes. 3H 

palmitate uptake into the adipocytes was evident at 360 min (6 hours). Higher 

concentrations of 3H palmitate were evident in the medium and not the 

adipocyte cells until this point. Data are expressed as mean ± SEM; n=6 for all 

groups. Data analysed by two way ANOVA followed by Bonferroni correction; 

**p<0.01.  
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2.5.7 Intracellular cGMP measurement in 3T3L1 adipocytes  

Pre-adipocytes (P10-P14) were seeded onto 24 well plates at a density of 2.5 x 

105 cells/well. Adipocytes were then fully differentiated with the above protocol 

(section 2.5.1) and then changed to stripped fetal calf serum overnight prior to 

experimentation. Cells were then treated in stripped fetal calf serum medium 

with myristic acid (10 µM) and ABT-510 (100 nM-100 µM). 

After five minute incubation (Nisoli et al., 1998; same reference for myristic acid 

concentration), medium was removed, cells lysed, and intracellular cGMP was 

determined by ELISA assay (Cell Biolabs; San Diego, USA). The assay protocol 

was as follows: 50 µL of cell lysate or standard was added to the goat anti-rabbit 

cGMP coated plate. 25 µL of diluted peroxidase cGMP tracer conjugate was then 

added to each well. 50 µL of diluted rabbit anti-cGMP polyclonal antibody was 

then added to each well and incubated (2 h, room temperature) with continuous 

shaking. The wells were then emptied and each microwell strip was washed 5 

times with 250 µL of 1X wash buffer per well, with thorough aspiration between 

each wash. After the last wash, the wells were tapped on paper towels to 

remove excess buffer. 100 µL of substrate solution were then added to each well 

and incubated for 15 minutes on an orbital shaker. The reaction was stopped by 

adding 100 µL of the stop solution to each well. Absorbance was read 

immediately on a spectrophotometer using 450 nm as the primary wave length. 

All solutions were provided by the manufacturer (Cell Biolabs; San Diego, USA). 

2.5.8 Nitrite quantification in 3T3L1 adipocytes by the Griess Assay 

3T3L1 pre-adipocytes passage 10-14 (P10-P14) were seeded onto 24 well 

plates at a density of 6.0 x 104 cells/well. Adipocytes were then fully 

differentiated with the above protocol (section 2.5.1) and then changed to 

stripped fetal calf serum medium overnight prior to experimentation. Cells in 

stripped FCS medium were then exposed to TNF-α (0.5 ng/ml; mouse 

recombinant), L-NAME (300 µM) and/or ABT 510 (1-100 µM) as indicated 

below. Previous work had demonstrated that 0.8 mM DEA/NO inhibited 

stimulated nitric oxide production from adipocytes (Klatt et al., 2000) and that 
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TNF-alpha mediated NO production that facilitates lipolysis at a concentration 

of 0.5 ng/ml (Lien et al., 2009). 

L-NAME and DEA/NO were incubated with 3T3L1 adipocytes for 1 hour before 

experimentation, to allow the inhibitors to act prior to incubation with 

compounds. The drug combinations described above were then incubated with 

the adipocytes for a further 4 hours, and the medium was removed and assessed 

for nitrite production by the Griess assay. Briefly, 50 µl of Griess reagent (1 % 

sulphanilamide and 0.1 % naphthyl-ethylenediamide in 5 % phosphoric acid; 

Sigma Aldrich, UK) were added to 50 µl of medium on a 96 well plate. After a 15 

minute incubation at room temperature, optical density was measured at 

540nm using a microplate reader (Molecular Devices Spectra 340 microplate 

reader, USA). Calibration curves were made with 0.1 M NaNO2 (1, 10 and 100 

nM- results obtained by linear regression; Sigma Aldrich, UK) dissolved in 

stripped fetal calf serum media.  

2.5.9 CD36 receptor knockdown in 3T3L1 adipocytes by siRNA 

RNA interference, guided by small interfering RNA (siRNA), is an effective 

method to target and suppress the expression of specific genes (Bernstein et al., 

2001).   We attempted to knockdown the CD36 receptor with siRNA ablation in 

3T3L1 adipocytes.  Both 3T3L1 pre-adipocytes and fully mature adipocytes 

were transfected using the DeliverX kit (Panomics, Freemont, CA). DeliverX 

combines siRNA in nanoparticles which are capable of diffusing through the 

plasma membrane of adipocytes and release the siRNA within the cell. Four 

different CD36 specific siRNAs (Shanghai GenePharma, Shanghai, China) were 

used to increase the chance of successful knockdown, as they coded different 

parts of the CD36 receptor in adipocytes. Different concentrations (1- 30 nM) 

were used to optimise the specific concentration required for successful 

knockdown and as recommended in manufacturer’s guidelines (Shanghai 

GenePharma, Shanghai, China). The siRNA IDs were: CD36-216 (sequence (5’ -> 

3’) – sense: CAG AUG ACG UGG CAA AGA ATT); antisense: UUC UUU GCC ACG 

UCA UCU GGG); CD36-826 (sequence (5’ -> 3’) – sense: CGC UGU GUU CGG AUC 
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UGA TTT); antisense: UUC AGA UCC GAA CAC ACA GCG TAT); CD36-837 

(sequence (5’ -> 3’) – sense: GAU CUG AAA UCG ACC UUA ATT): antisense: UUA 

AGG UCG AUU UCA GAU CCG) and CD36-954 (sequence (5’ -> 3’) – sense: CCA 

AUA ACU GUA CAU CUT ATT): antisense: UAA GAU GUA CAG UUA UUG GAG. 

GAPDH siRNA (Shanghai GenePharma) (sequence (5’ -> 3’) - sense: GUA UGA 

CAA CAG CCU CAA GTT); antisense: CUU GAG GCU GUU GUC AUA CTT), was used 

as a positive control for knockdown, as according to the manufacturer’s 

instructions had successful knockdown in 3T3-L1 cells (Shanghai GenePharma, 

Shanghai, China). Scrambled sequences supplied by the manufacturer were also 

used as negative controls. The adipocytes (both pre and mature adipocytes) 

were grown to approximately 70 % confluency (Passage 3- passage 12). The 

DeliverX transfection reagents were sonicated for five minutes prior to use for 

the proper formation of the complex used for transfection. The 5 μM (1 µl for 

12-well collagen coated plate) working stock siRNA was combined with the 

transfection reagent (49 µl for 12-well collagen coated plate), vortexed and 

incubated for 20 minutes at 37°C. Working siRNA transfection complexes (1, 10 

and 30 nM) were then prepared by adding complex dilution buffer to prepared 

concentrated siRNA transfection complexes and sonicated again for five 

minutes. Adipocytes were transfected at Day 6 of differentiation and also at the 

pre-adipocyte stage in 12-well plates. First, cells were washed with PBS, then 

transfection reagent (50 µl) was added for five minutes (this reagent has no 

serum or antibiotics). After this time, serum and antibiotics (100 µl) were added 

and, after 4 hours incubation at 37°C in 5 % CO2 and 97 % humidity, DMEM 

medium was added up to 0.5 ml and incubated for 72 hrs. After this period, 

Trizol (Invitrogen, UK) was added and RT-PCR was performed to verify that the 

transfection had worked.  

2.5.10 Human endothelial cell culture 

Human umbilical vein endothelial cells (HUVECs- Promocell; Heidelberg, 

Germany) were cultured at 37oC in 75 cm3 flasks using endothelial cell culture 

medium (EGM-2 BulletKit - basal medium containing human epidermal growth 

factor, hydrocortisone, gentamicin, ampherotericin B, fetal bovine serum, 
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vascular endothelial growth factor, human fibroblast growth factor B, insulin-

like growth factor 1, ascorbic acid and heparin - Lonza Walkersville; Maryland, 

USA). When cells had grown to confluence they were passaged by first removing 

the culture medium and then washing the cells twice with 3 ml HEPES-buffered 

saline solution (Reagent Pack Subculture Kit – Lonza Walkersville; Maryland, 

USA). HUVECs were then incubated with 3 ml trypsin/EDTA solution (Reagent 

Pack Subculture Kit - Lonza Walkersville; Maryland, USA) at 37oC for 5 minutes, 

and the sides of the flask were gently tapped to lift cells from the culture 

surface. 5 ml trypsin neutralising solution (Reagent Pack Subculture Kit - Lonza 

Walkersville; Maryland, USA) was then added to the cells to prevent cell lysis. 

The cell suspension was then split equally between four new flasks, 15 ml 

culture mediums were added and the flasks were incubated at 37oC. Cells up to 

passage 6 (P6) were used for experimentation. 

2.5.11 Assessment of cell viability: Typan blue exclusion 

HUVEC viability was assessed using the Trypan blue exclusion techniques (Cook 

and Michell, 1989). HUVECs (200,000 cells/well in 1.8 ml growth medium) were 

plated onto 6 well plates and incubated (2 hours, 37oC, 97 % humidity) to allow 

adhesion to the well surface. These were then incubated (under standard 

culture conditions section 2.5.10) with ABT 510 solution (100 µM; 2 ml final 

volume in serum free cell culture medium) for 6 and 24 hours. Briefly, the 

HUVECs were washed and trypsinised (section 2.5.10) and an aliquot (10 µl) of 

the cell suspension was mixed with 90 µl Trypan Blue. Live cells exclude the 

stain and appear white when examined microscopically, using a at x10 

magnification (Olympus CK40 light microscope and coolsnap photometrics 

camera). Dead cells cannot exclude the stain and, therefore, appear dark blue. 

Live and dead cells were counted using a haemocytometer in one field of view; 

the number of dead cells was expressed as a percentage of total cells counted. 

2.5.12 In vitro tube formation assay in HUVECs 

Twenty-four well plates were initially coated with Matrigel (250 l; BD 

Biosciences, UK) as previously described (section 2.3.3). HUVECs (Passage 2-
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passage 6) were rinsed with Hepes solution, trypsinised and neutralised by the 

addition of Trypsin Neutralising Solution (TNS) (All obtained from Cambrex, 

UK). A suspension of 4.0 x 104 cells/ml was prepared in basal medium, 

containing only EBM-2, ascorbic acid, heparin and GA1000. Aliquots (1 ml) of 

the cell/medium suspension were then added to each of the required number of 

wells of the pre-coated Matrigel plate. Plates were incubated at 37oC, and 

images were acquired at 4, 8 and 20 hours. Tube-like structures were viewed 

using a Karl Zeiss Axioskop inverted light microscope at X 40 magnification. 

Images were then viewed using the Microcomputer Imaging Device (MCID) and 

a live-feed camera. Capillary connections were counted by marking all branch 

points between tube-like structures, which was done manually using a cell 

counter (Volin et al., 1999). Each image was blinded prior to counting.   

Experiments involved the addition of 100 nM of ABT-510 (Abbott Laboratories, 

Abbott Park, IL, USA) dissolved in sterile PBS were incubated on HUVECs 

prepared as described above to observe tube-like development. Control (PBS 

only) was incubated also.   

2.6 Immunohistochemistry 

2.6.1 CD31 immunohistochemistry 

Frozen sections of subcutaneous adipose tissue (10 µm) from 10 week, male 

C57BL/6J mice were cut in the cryostat chamber at a temperature of -30 to -

35oC and stored at -80oC until further processing. Fixation of adipose tissue 

sections was in 10 % formalin for 10 mins, followed by three successive washes 

in phosphate buffered solution (PBS). Sections were then dehydrated though 

graded strengths of ethanol (70 %, 80 %, 90 % and 100 %). 

Immunohistochemical staining for CD31 was undertaken using the 

streptavidin–biotin–peroxidase method using the Vectastain Avidin-Biotin-

Complex (ABC) kit for peroxidase (rat IgG) (Vector Laboratories, UK) according 

to the manufacturer's protocol. Incubation with the primary antibody, which 

was rat anti-mouse CD31 (BD Pharmingen) at a dilution of 1:50 in PBS, was 

performed overnight (according to the manufacturer's protocol). Sections were  
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washed twice in PBS, and then developed with DAB (100 µl- allowing the brown 

colour to develop for ≤5 minutes; Vectors Laboratories, UK). Sections were 

counterstained with haematoxylin and eosin (H & E), cleared with xylene, and 

mounted using DPX mounting medium. 

2.6.2 Haematoxylin and eosin staining of mouse adipose tissue 

Epididymal and subcutaneous adipose tissue sections (10 µm thick) were cut in 

a cryostat and mounted on glass slides. Sections were then formalin fixed (10 

%) overnight. The following day slides were dewaxed using xylene, and 

rehydrated through graded strengths of ethanol (99 %, 90 %, and 70 %) for five 

minutes each. Sections were then stained by haematoxylin and eosin (H&E) for 

five minutes, rinsed in distilled water, dipped (two seconds) in acid alcohol (1 % 

hydrochloric acid in 50 % ethanol; Sigma Aldrich, UK) and rinsed in distilled 

water for a further fifteen minutes. Slides were then immersed in eosin (Sigma 

Aldrich, UK) for one minute and rinsed in distilled water once again. Finally, 

slides were dehydrated prior to cover slipping by one minute immersions in 95 

% and 100 % ethanol, and then xylene for five minutes.  

2.6.3 Determination of mouse adipocyte size 

For quantification of the size of adipocytes, the areas of adipocytes in the 

haematoxylin and eosin-stained preparations were analysed. Mature white 

adipocytes were identified by their characteristic unilocular (honeycomb) 

appearance (Nechad et al., 1983) (Figure 2.4). Total areas of adipocytes were 

traced manually and were examined by under light microscope (Karl Zeiss 

Axissop) at X 10 magnification. The whole section of adipose tissue on a field of 

view was analysed, using MCID software (Imaging Research Inc.). Fully formed 

adipocytes were counted in each section. Any adipocytes which had incomplete 

cell membranes were not counted.   
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2.6.2 Haematoxylin and eosin staining of mouse adipose tissue 

 

 

 

 

 

 

 

 

 

Figure 2.4: H&E stained adipose tissue section. Adipose tissue section 

demonstrating the clear unilocular or honeycomb appearance of adipocytes. 

Scale bar represents 5 µm.  
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2.6.4 Determination of media/adventitia ratio of blood vessels in mouse adipose 

For quantification of the media/adventitia ratio, the areas of both the media and 

adventitia in the haematoxylin an eosin-stained preparations were analysed. 

Blood vessels were identified within adipose tissue sections. Total tunica media 

(usually thickest layer of blood vessel and rich in vascular smooth muscle) and 

tunica adventitia (outside of the blood vessel, made completely of connective 

tissue) areas of blood vessels were traced manually and were examined under 

light microscope (Karl Zeiss Axissop) at X 10 magnification. These were then 

analyzed with MCID software (Imaging Research Inc.). Data were then 

expressed as ratios (media area divided by adventitia area). 

2.7 Data analysis and statistics 

All statistical analyses were carried out using Minitab 2005 (Minitab Inc. 

Chicago, IL, USA) and GraphPad 2007 (PRISM, GraphPad Software, San Diego, 

CA, USA) for windows. Data are given as mean ± SEM unless otherwise 

indicated. Linear regression, paired t-tests, one–way and two-way ANOVA 

followed by Bonferroni post hoc or Dunnett’s multiple comparison post hoc test 

where appropriate, were used to detect significant effects between data. 

Differences were considered significant when p<0.05. Asterisks indicate a 

significant difference: *p<0.05; **p<0.01; ***p<0.001. NS indicates a non-

significant result. 
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Chapter 3  

Identification of key adipose tissue angiomodulatory genes and 

the impact of obesity on angiogenesis in vitro  
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 3.1 Introduction  

3.1.1 Proposed pro-angiogenic environment in obesity 

Adipogenesis and angiogenesis are functionally linked (see Chapter 1; 

Introduction 1.7). This stems predominantly from the ability of adipose tissue to 

act as an endocrine organ that produces and secretes multiple cytokines and 

growth factors (Coppack et al., 2001), which can affect angiogenesis, as well as 

adipocyte function (Trayhurn et al., 2008). 

 

Angiogenesis is thought to occur within the expanding adipose tissue in obesity, 

facilitating the provision of adequate oxygen and nutrients to the tissue 

(Carmeliet and Jain 2000). Accordingly, many pro-angiogenic factors have been 

linked to obesity (see Chapter 1.7). These include, for example, platelet-derived 

growth factor (PDGF) (Heldin et al., 1998; Pang et al., 2008), interleukin 8 

(Straczkowski et al., 2002), hepatocyte growth factor (HGF) (Bussolino et al., 

1992; Rehman et al., 2004; Jung et al., 2009), vascular endothelial growth factor 

(VEGF), (Miyazawa-Hoshimoto et al., 2003) and the angiopoietins (Ang 1 and 2; 

Koblizek et al., 1998; Etoh et al., 2001). Of particular interest to this chapter 

regarding high fat feeding, were the studies concerning the pro-angiogenic 

matrix metalloproteinases (MMPs). Treatment of high fat fed mice with 

galardin, a broad spectrum inhibitor of MMPs and, subsequently, angiogenesis, 

reduced fat deposits (Lijnen et al., 2003). Similarly, accelerated development of 

high-calorie diet-induced obesity was observed in MMP-3 deficient mice 

(Maquoi et al., 2003). Supporting the notion that expanding adipose tissue 

requires an increase in pro-angiogenic factors, Ang 2 is up-regulated during 

adipose tissue growth (Silha et al., 2005; Voros et al., 2005).  Other pro-

angiogenic factors have also been positively correlated with body mass index 

(BMI; Asano et al., 2001; Silha et al., 2005), thus there is substantial evidence to 

indicate that an increase in pro-angiogenic factors is required for the 

development of obesity. 
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Conversely, circulating levels of some anti-angiogenic factors, such as 

endostatin and ceramide kinase, are also elevated in obesity (Silha et al., 2005; 

Wu et al., 2007). Increased anti-angiogenic activity would be consistent with the 

demonstration that obese mice have lower adipose tissue capillary density 

(rarefaction, also known as capillary drop out) than controls (Lijnen et al., 

2006). Preclinical studies are consistent with this model and imply that obese 

adipose tissues are hypoxic (Ye et al. 2007). Although the hypothesis that 

adipose tissue rarefaction might precede hypoxia remains untested, it is 

interesting to note that adipose tissue is also known to produce pro-angiogenic 

factors including VEGF, leptin, tumour necrosis factor-α (TNF-α), and 

plasminogen activator inhibitor 1 (PAI-1) in response to hypoxia (Scannell et al., 

1995; Fitzpatrick et al., 1998).  Furthermore, the tip region of the adult 

epididymal adipose is extremely hypoxic, and expresses high levels of pro-

angiogenic factors including VEGF, VEGF receptors and MMPs (Cho et al., 2007). 

This gives further credence to the concept that there is increased expression of 

pro-angiogenic factors in adipose tissue in obesity. 

Given the growing body of evidence for this altered angiomodulatory status in 

obesity, and the weight of evidence suggesting increased angiogenic drive in 

obese, potentially hypoxic adipose tissue, it was hypothesised that there would 

be an increase in angiogenesis in adipose tissue in obesity. Specifically, it was 

proposed that the expanding adipose requires increased vascularity to supply 

the tissue with oxygen and nutrients.  

3.1.2 Adipose gene expression profiling in obesity  

To determine the overall angiogenic balance in adipose, angiomodulatory genes 

within the adipose tissue of lean and obese mice were examined. As obesity is a 

multi-gene/factorial environment-determined trait/condition, it is highly 

unlikely that a single (angiomodualtory) gene could explain the development of 

this complex disease. Thus, there are over two hundred genes that, when 

mutated or expressed as transgenes in the mouse, result in phenotypes that 

affect body weight and adiposity (Chagnon et al., 2002). In addition, the number 
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of quantitative trait loci (QTL) reported from animal models, when last 

assessed, reached over four hundred (Rankinen et al., 2006). This included the 

identification of the four major obesity QTLs in a unique mouse line selected for 

divergent fat mass- the Fat mouse line (Horvat et al., 2000).  In this chapter, the 

polygenic Fat model of obesity was challenged with dietary fat in order to 

recapitulate a gene/environment phenocopy of idiopathic human obesity that 

might serve as a good source of altered, and perhaps more readily 

‘translational’, angiomodulatory genes (compared to monogenic  obesity).  An 

added power of this model was that the major obesity QTLs had been 

determined in previous studies as outlined below. 

The identification of candidate-genes accounting for the effect of obesity QTLs 

can be pursued in a number of ways. One approach is by performing microarray 

analysis of gene expression. Changes in gene expression are then related with 

QTL position of the gene to strengthen causal likelihood. Microarrays are now 

widely used, enabling the simultaneous analysis of thousands of genes in a 

single experiment (Brown and Botstein 1999; Moreno et al., 2001). Some 

studies have used cultured, clonal, human adipocytes (Soukas et al., 2001; 

Permana et al., 2004) to gain insight into obesity mechanisms. However, 

cultured cells have important differences to primary adipose obtained directly 

from experimental animals or humans. Notably, clonal adipocytes lack the 

endothelial vasculature that control important aspects of lipid metabolism such 

as LPL activity (Ailhaud et al., 1992). Microarray profiling of adipose tissue from 

Pima Indians, a population with one of the highest rates of prevalence  of 

obesity and Type II diabetes (Lillioja and Bogardus 1988), shed light on many 

potential candidate genes for the susceptibility to obesity (Lee et al., 2004). 

Similar work conducted on adipose from other obese subjects highlighted many 

adipokines (see section 1.2.5) that contribute to the pathogenesis of obesity 

(Baranova et al., 2005). These large scale genomic studies emphasise that the 

gene expression profile of adipose tissue differs considerably between lean and 

obese subjects. Improved understanding of these differences could lead to the 

identification of key mechanisms contributing to obesity. 
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This chapter employed gene expression profiling, in particular focussing on 

angiomodulatory factors (i.e. using a global gene array more strictly as a 

pathway focussed array) within the adipose tissue, to specifically address the 

idea that angiogenesis within adipose tissue plays a major role in the 

pathogenesis of obesity. Microarray chip analysis of subcutaneous adipose 

tissue from the polygenic mouse model Fatness (F) and Leanness (L) exposed to 

standard chow and high dietary fat was used to model the complex trait found 

in human obesity. This model was created by selecting Fat and Lean mouse lines 

from a three-way cross of two inbred and one outbred line (Bunger and Hill, 

1999). This polygenic model has the advantage, as in human obesity, of deriving 

from a multigenic complex trait rather than a single gene mutation. Upon high 

fat feeding, F mice showed the anticipated increase in fat accumulation, 

particularly in the subcutaneous fat depot (Morton et al., 2005). Therefore, 

these mice provided an excellent means to gain insight into the altered 

angiogenic response in adipose tissue with obesity. Increased expression of pro-

angiogenic factors likely gives rise to an obese phenotype evidenced by the 

profound effect of broad spectrum angiogenesis inhibitors on the development 

of obesity (Brakenhielm et al., 2004). This approach serves to help identify 

angiomodulatory ‘causal’ genes for the obesity phenotype. This may allow more 

accurate and therefore more effective obesity treatments with specific 

angiogenesis inhibitors.  

3.1.3 Angiogenesis as assessed by angiogenic assays in obesity  

In addition to investigation into angiomodualtory gene profiling in adipose 

tissue, specific assays were required to observe angiogenesis in obesity. Two 

well-established angiogenic assays were employed to assess the angiogenic 

response in obesity; 1. the in vitro aortic ring assay (Nicosia & Ottinetti 1990) 

and 2. the in vivo sponge implantation model (Andrade et al., 1987, Hu et al., 

1995; Hague et al., 2002). These assays would be used on a number of murine 

obesity models to test for broad species-wide effects on angiogenesis. The 

following models were employed: 1. a polygenic model of obesity, Fat (F) mice 

and their comparator lean strain, the Leanness, (L) mice; 2. a monogenic model 
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of morbid obesity, the Ob/Ob mouse, which is deficient in leptin (Friedman and 

Halaas 1998) and finally 3. a gene/environment model of obesity the diet-

induced C57BL/6J mouse strain was also studied.  

3.2 Experimental hypothesis 

The experiments described in this chapter were designed to validate the 

hypothesis that obesity increases angiogenesis and is associated with an 

increase in adipose tissue pro-angiogenic factor gene expression. 

3.2.1 Aims 

Specifically the chapter aimed to: 

 Determine whether angiogenesis-associated genes were altered in 

adipose tissue of Fat versus Lean mice. 

 Identify any key, differentially-expressed and validated factors across the 

obesity models that could be taken forward for further functional 

analysis.  

 Determine whether angiogenesis-associated changes in genes are 

reflected in altered angiogenesis in a number of key models of obesity (F, 

Ob/Ob mice and high fat diet-induced obesity). 
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3.3 Experimental Protocol 

3.3.1 Fat and Lean mouse models 

Polygenic models of obesity (Fat) and leanness (L) were employed to 

investigate changes in angiogenic potential in obesity. Fat and Lean mouse lines 

were selected from a three-way cross of two inbred lines (JU and CBA) and one 

outbred line (CFLP), as described in detail (Bunger and Hill 1999). Briefly, 

selection of the first twenty generations was on the ratio of gonadal fat pad 

weight to body weight of ten-week old males and subsequently on dry matter 

content of males at fourteen weeks of age. Inbred lines were initiated from a 

single family of each of the lines after forty seven generations of divergent 

selection and maintained by full sibling mating (Bunger and Hill 1999).  

For microarray analysis, subcutaneous adipose tissue RNA from age-matched 

male Fat and Lean mice placed randomly on either a high fat or control diet, 

from inbred lines of generations 58-65 (n=4 per group) at approximately nine 

months of age was analysed (Morton et al., unpublished). Mice were fed 

standard chow from weaning. For high fat diet experiments, mice were switched 

to a high-fat diet (58 % kcal as fat) or a calorie-matched control diet (11 % kcal 

as fat, calories substituted with sucrose) for a further eighteen weeks. The mice 

had free access to their respective food and water throughout the study. 

Total RNA for microarray analysis from same subcutaneous adipose from Fat 

and Lean mice on a high fat and control diet was prepared using the TRIzol 

method. RNA from four samples for each category (fat and high fat fed (FF); fat 

and control fed (FC); lean and high fat fed (LF); lean and control fed (LC) was 

prepared and hybridised to Affymetrix Genechip 2.0 microarray chips as 

described in section 2.2.1. RNA was isolated from same subcutaneous adipose 

tissue used in the microarray of F and L mice for real-time PCR validation using 

RNAeasy columns (see section 2.2.2). 

Fat (6-7 months of age; n=4-5) and Lean (6-9 months of age; n=4-5) mice were 

also used for sponge implantation and removal of aortic rings. Detailed methods 
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describing sponge implantation, removal and analysis and aortic ring removal 

can be found in section 2.1.3.1 and 2.3.1 respectively. Epididymal adipose was 

also removed for histological analysis using Haematoxylin & Eosin (H & E) (see 

section 2.6.2). Once stained, blood vessels within sections were identified and 

areas of the media and internal lamina of each blood vessel in the adipose were 

measured and a ratio derived (see section 2.6.4).  

3.3.2 Use of other models of obesity 

A model of genetic obesity, the leptin deficient mouse (Lep ob/ob), was also used 

for sponge implantation, removal of aortic rings and investigation into gene 

expression changes in subcutaneous adipose tissue. Seven week old, male ob/ob 

mice were obtained from Jackson Laboratories (n=6). Age-matched, male mice 

from an in-house C57BL/6J colony from The University of Edinburgh (n=6) 

were used as controls.  

Diet-induced obesity was also investigated using C57BL/6J mice. C57BL/6J is 

the most widely used inbred strain for these studies as they are susceptible to 

diet-induced obesity, type 2 diabetes and atherosclerosis (Winzell and Ahren 

2004). This time period is adequate to cause obesity and the associated adverse 

metabolic phenotype (Black et al., 1988).  

Six week old male C57BL/6J mice (n=12) were singly housed and randomly 

assigned to two different dietary groups: control and high fat diet (HF). The 

control animals were fed a standard pelleted diet (containing 20 % of energy as 

proteins, 67 % of energy as carbohydrates with 5 % sucrose, 62 % starch and 13 

% energy as fat by dry weight). The HF group (n=12) were fed a high fat (58 % 

kcal as fat) as before, for a period of twelve weeks.  

RNA was isolated from subcutaneous adipose tissue of LepOb/Ob and three month 

high fat-fed mice with the use of RNAeasy columns. 
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3.4 Results 

3.4.1 Microarray analysis of subcutaneous adipose tissue from Fat 

and Lean mice  

In order to identify broad angiomodulatory changes in adipose tissue from Lean 

and Fat mice, with or without a further dietary obesity challenge, RNA was 

obtained from subcutaneous adipose (the most divergent in mass in response to 

diet: Morton et al., 2005) and used for microarray analysis.  Angiogenesis gene 

ontology (Ashburner et al., 2000) and KEGG pathway enrichment analysis was 

performed using Webgestalt (WEB-based Gene SeTAnalysis Toolkit) (Zhang et 

al., 2005) and DAVID (Database for annotation, visualisation and integrated 

discovery) (Dennis et al., 2003; Huang et al., 2009). The differential expression 

of angiogenesis-related genes were analysed for significant changes in a custom 

built MySQL database. qRT-PCR was used to validate gene expression changes 

indicated by the microarray pathway analysis. Validation was performed on a 

selection of genes that were either up- or down-regulated and were chosen to 

represent key stages of different pathways. This included some genes from the 

angiogenic pathway that were differentially expressed and subsequently 

became the focus of this thesis. The analysis revealed that F and L mice display a 

divergent angio-modulatory gene expression pattern with distinct responses to 

the high fat challenge as described below.  

3.4.1.1 Differential expression of angio-modulatory genes 

Microarray data identified genes that were affected by strain, by diet or by the 

combination of strain and diet (Figure 3.1).  A greater number of pro-angiogenic 

factors were significantly changed by obesity in the Fat mice (p<0.05). For 

example, angiopoietin-2 (Ang-2; Figure 3.1A), angiotensin-like receptor 1 

(Figure 3.1B) fibroblast growth factor-13 (FGF-13; Figure 3.1C) and platelet 

derived growth factor (PDGF; Figure 3.1D) all showed increased expression in 

the F strain. There was no effect on expression of angiopoietin-like 4 (Figure 

3.1E) and matrix metalloproteinase-11 (MMP11; Figure 3.1F) in the F mice. 

Conversely, other pro-angiogenic factors, including angiopoietin-1 (Ang-1; 

Figure 3.1G), fibroblast growth factor-2 (FGF-2; Figure 3.1H) and matrix 
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metalloproteinase-9 (MMP9; Figure 3.1I) were all significantly lower in Fat 

mice.  

The anti-angiogenic factors ceramide kinase (Figure 3.1J) and vasohibin (Figure 

3.1K), were elevated in Fat mice. However, there was no significant effect of diet 

within the strains.  Interestingly, an increase in expression of the anti-

angiogenic factor thrombospondin-1 (TSP-1) (Figure 3.1L) was observed in the 

F strain compared to the L. Furthermore, TSP-1 expression within the F strain 

was also upregulated when fed a high fat diet 

Therefore, an overall increase in pro-angiogenic factors was observed in the Fat 

mice.  However increases in anti-angiogenic factors also highlight that both a 

pro-and anti-angiogenic tone is increased in obesity, as expected for this 

complex homeostatic process (see section Introduction 1.6).   
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3.4.1.1 Divergent angio-modulatory gene expression responses in 

Fat versus Lean mice  
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Figure 3.1: Divergent changes in expression of genes involved in angiogenesis: microarray chip 

analysis in Lean and Fat mice on control or high fat diet. Proangiogenic genes that were differentially 

expressed in the Fat mouse strain included angiopoietin-2 (Ang-2; A); angiotensin-like receptor 1 (B); 

fibroblast growth factor-13 (FGF-13; C); platelet derived growth factor (PDGF; D); angiopoietin like 4 (AL4: 

E) and matrix metalloproteinase-11 (MMP-11; F). Proangiogenic genes affected by diet in the Fat strain 

included angiopoietin-1 (Ang-1; G) and fibroblast growth factor 2 (FGF2; H); metalloproteinase-9 (MMP-9; 

I). Anti-angiogenic genes that were differentially expressed in Fat mice included ceramide kinase (J) and 

vasohibin-1 (K). An antiangiogenic factor affected by high fat diet in Fat mice was thrombospondin-1 (TSP-

1; L). LC, Lean control; LHF, lean high fat; FC, fat control and FHF, fat high fat. Lean control/high fat n=4; 

Fat control/high fat n=4. **p<0.01; Two way ANOVA with Bonferroni post hoc test. 
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3.4.1.2 Validation and confirmation of angio-modulatory gene 

expression in adipose of Lean and Fat mice 

To validate the angiomodulatory gene expression changes seen in the 

microarray, RNA was extracted from subcutaneous adipose tissue from the 

complete cohort (n=6 from each strain and dietary constraint) in order to 

increase statistical power over the microarray (see section 2.2.1). The 

expression of the housekeeping gene, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) did not differ within and between groups when used 

(data not shown). Therefore, transcript levels of this gene were used for 

normalisation of most target genes. However, because of their relatively low 

expression levels matrix metalloproteinase-11 (MMP-11) and fibroblast growth 

factor 13 (FGF-13) could not be fully validated, as a suitable internal control 

with both a comparable expression level (cycle number) and stable expression 

across groups could not be found. 

Ang-1 and MMP-9 levels were reduced in Fat mice (Figure 3.2A & B). The only 

increase in expression of a pro-angiogenic factor was FGF-2 (Figure 3.2C) in the 

Fat mice, in contrast to the microarray result. The anti-angiogenic factor TSP-1 

(Figure 3.2D) was elevated in Fat mice on a high fat diet, confirming the 

microarray. Therefore, there was an apparent, overall shift in angiogenic tone 

towards an anti-angiogenic environment in adipose tissue of Fat mice. 

Microarray changes in Ang-2 and PDGF expression were not reproduced by RT-

PCR (Figure 3.2E &F respectively). 

3.4.1.3 Identification of obesity QTL-associated in angiomodulatory 

genes  

The main QTLs in obesity in Fat and Lean F2 crosses have already been 

described (Horvat et al., 2000). This facilitated identification of potentially 

causal genes for obesity of the Fat mice (Horvat et al., 2000). The majority of 

genes that were differentially expressed were mapped to obesity QTLs (FOB 

chromosomal regions), which included both pro- and anti-angiogenic factors 

(Table 3.1B). These included Ang-1, angiotensin like receptor 1, ceramide 

kinase, FGF13, MMP9, PDGF, vasohibin and TSP-1. Four pro-angiogenic factors 
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were not mapped to obesity QTLs (Figure 3.1A); Ang-2, angiopoietin like 4, FGF-

2 and MMP-11, reducing their likelihood for causality for obesity in Fat mice.   

3.4.1.4 Confirmation of established angio-modulatory genes  

As well as the factors outlined above, there was a wide array of factors involved 

in angiogenesis that were not shown to be differentially regulated in the 

microarray experiment of F and L strains (Table 3.2). This was somewhat 

surprising given previous evidence demonstrating their association in obesity 

(see section 1.6). It was important to investigate these genes as the power of the 

microarray experiment was relatively low and thus subtle, significant changes 

in angiogenic profile may not have been apparent. Therefore, some of these 

factors were examined by real time quantification (Figure 3.3). 

 

Increased gene expression of the pro-angiogenic vascular endotheial growth 

factor (VEGF) was observed in F mice on a high fat diet. VEGF expression was 

suppressed in L mice on high fat diet (Figure 3.3A). There was no effect upon 

expression of other pro-angiogenic factors including interleukin-8 (IL-8) and 

MMP-2 (Figure 3.3B & C). Hepatocyte growth factor was unchanged (HGF; 

Figure 3.3D). The anti-angiogenic factor endostatin was elevated in the adipose 

tissue of the F mice (Figure 3.3E). 

These genes were normalised to TATA binding protein (TBP) instead of GAPDH 

as additional RNA was needed and therefore extracted. 
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3.4.1.2 RT-qPCR validation of angiomodulatory genes in Fat and 

Lean adipose tissue  
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Figure 3.2: Validated mRNA levels of angiomodultory genes in adipose tissue 

from Fat and Lean mice on control or high fat diet. RT-PCR validation of 

angiogenesis associated genes highlighted by microarray. These include angiopoietin-1 

(Ang1; A); matrix metalloproteinase-9 (MMP-9; B); fibroblast growth factor-2 (FGF-2; 

C); thrombospondin-1 (TSP-1; D); angiopoietin-2 (Ang-2; E) and platelet-derived 

growth factor (PDGF; F). LC, Lean control; LHF, lean high fat; FC, fat control and FHF, fat 

high fat. Lean control/high fat n=4; Fat control/high fat n=6; GAPDH; glyceraldehyde-3-

phosphate dehydrogenase Two way ANOVA with Bonferroni post hoc test; *p<0.05; 

**p<0.01; ***p<0.01; NS, non significant.  
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3.4.1.3 Angiomodulatory genes mapping to obesity quantitative trait 

loci (QTLs) 

 

Genes QTL Region for Obesity 

Angiopoietin 2 N/A 

Angiopoietin like 4 N/A 

Fibroblast growth factor 2 N/A 

Metalloproteinase 11 N/A 

   

Genes QTL Region for Obesity 

Angiopoietin 1 FOB3A 

Angiotensin like receptor 1 FOB1 

Ceramide Kinase FOB3 

Fibroblast growth factor 13 FOB4 

Metalloproteinase 9 FOB1 

Platelet-derived growth factor B FOB3B 

Thrombospondin- 1 FOB1 

Vasohibin 1 FOB2 

 

 

Table 3.1: Quantitative trait loci (QTL) region assignation for 

angiomodualtory genes altered in F and L mice. Angio-modulatory genes 

that are differentially expressed in Lean and Fat mice and whether the gene is 

mapped to an obesity QTL (B) or not (A). N/A; non-applicable.  

A 

B 
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3.4.1.4 Known angiomodulatory genes not differentially expressed 

between F and L adipose tissue in the microarray analysis  

 

Known angiomodulatory genes that were not differentially expressed in 

microarray between Fat and Lean mice 

Pro-angiogenic factors Anti-angiogenic factors 

Adiponectin   Endostatin 

Hepatocyte growth factor Caveolin 

Hypoxia-inducible factor 1 α   

Integrin alpha II and V  

Interleukin 2 & Interleukin 8  

Metalloproteinase 2  

Tie 2  

Vascular endothelial growth factor   

 

 

 

Table 3.2: Angiogenesis-related genes not highlighted in microarray 

analysis of subcutaneous adipose of Fat and Lean mice on chow or high fat 

diets. Pro- (in left hand column) and anti-angiogenic factors (in right hand 

column) not differentially expressed on the microarray analysis of fat and lean 

mice. 
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3.4.1.4 mRNA levels of angiogenesis related genes in adipose tissue 

of Fat and Lean mice 
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Figure 3.3: Relative expression of established angiogenesis-related genes 

not highlighted by microarray in Fat and Lean mice on control or high fat 

diet. Vascular endotheial growth factor (VEGF) (A), interleukin-8 (B), matrix 

metalloproteinase 2 (MMP2) (C), hepatocyte growth factor (HGF) (D) and  

endostatin  (E). LC, Lean control; LHF, lean high fat; FC, fat control and FHF, fat 

high fat. Lean control/high fat n=6; Fat control/high fat n=6; *p<0.05; NS, non 

significant. TBP; TATA binding protein; Two way ANOVA with Bonferroni post 

hoc test. 

A B 

C D 

E 
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3.4.1.5 Upregulation of TSP-1 expression in diet-induced and genetic 

obesity 

Contrary to the initial hypothesis, TSP-1, an anti-angiogenic factor was 

upregulated in high fat fed F mice. Microarray data suggested that F mice 

responded to a high fat diet by increasing adipose TSP-1 expression, whereas Le 

mice downregulated TSP-1 on this diet. Real time PCR analysis validated this 

increase in Fat mice, suggesting a new hypothesis that an increased anti-

angiogenic tone may be present within adipose tissue in obesity. Additionally, 

TSP-1 is mapped to an obesity QTL, strengthening its potential role as a 

candidate obesity gene.   

The diet-induced increase in TSP-1 expression was investigated in alternative 

models of obesity in order to test this finding in a broader range of obesity 

models. Accordingly, TSP-1 expression was investigated in subcutaneous 

adipose tissue from genetically obese (the LepOb/Ob mouse - a leptin deficient, 

monogenic model of obesity) and high fat diet-induced obesity models 

(C57Bl/6J administered a high fat diet for 3 months) (Figure 3.4A-B).  Crucially, 

both LepOb/Ob and the diet-induced obese mouse models demonstrated elevated 

adipose tissue TSP-1 expression.  



Page | 84  

 

3.4.1.5 Thrombospondin-1 (TSP-1) mRNA levels in adipose tissue 

from diet-induced and genetic obesity models 
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Figure 3.4: Subcutanoues adipose tissue thrombospondin-1 (TSP-1) mRNA 

levels in diet-induced and genetic obesity. Effect of dietary obesity using 12 

week high fat fed mice (A) and genetic obesity using ob/ob mice (B), on 

subcutaneous adipose tissueTSP-1 expression. TBP; TATA binding protein; Data 

are expressed as mean ± SEM; n=6. *p<0.05; Student’s t test. 

A 

B 



Page | 85  

 

3.4.2 The effects of obesity on angiogenesis in vitro 

TSP-1 expression was increased in adipose tissue of obese animals of various 

models, as assessed by microarray and RT-qPCR. These data implies a decrease 

of angiogenesis in obesity, leading to promotion of a hypoxic environment. The 

effect of obesity of angiogenesis was examined using the aortic ring assay (refer 

to Materials and Methods 2.3.1). 

Tube-like structures (TLS) could be detected after two days culture in aortic 

rings from all animals investigated. After 10 days in culture, some TLSs began to 

degrade and, therefore, analysis was performed on day 10 on all subsequent 

slides. TLS were quantified every two days under an inverted light microscope 

at 40x magnification from day 2 to day 10 of culture and analysed using MCID 

software (see section 2.3.1).  

3.4.2.1 Aortic tube-like structure number (TLS) development is 

reduced in obesity  

Aortic rings from F, LepOb/Ob and high fat fed obese mice consistently 

demonstrated diminished TLS formation when compared to chow fed C57BL/6J 

controls (Figure 3.5 D, E & F respectively) 

3.4.2.2 Lean (L) and C57BL/6J mice have comparable aortic tube-like 

structure (TLS) number  

No significant difference in TLS number was observed between L mice and 

C57BL/6J mice throughout the 10 day period (p>0.05) (Figure 3.6). 
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3.4.2.1 Tube like structure formation was reduced on Day 10 from F, 

Lep ob/ob and 3 month high fat-fed mice aortic rings 
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Figure 3.5: Tube-like structure (TLS) formation in aortic rings cultured from Fat, Lep ob/ob, 

diet-induced obese and C57BL/6J mice. TLS formation as assessed by manual counting under 

light microscopy. New vessel formation was noted after the first 2 days in culture, and rapidly 

increased for the next 8 days in all groups. A:  TLS formation from aortic rings of (i) Fat and (ii) 

C57BL/6J mice. B:  TLS formation from aortic rings of (i) Lep Ob/Ob and (ii) C57BL/6J mice. C: TLS 

formation from aortic rings of (i) 3 month high fat fed and (ii) C57BL/6J mice. TLS formation 

was quantified in Fat (D), Lep Ob/Ob (E) and 3 month high fat fed mice (F). Data are expressed as 

mean ± SEM; n=4-5, Scale bar represents 0.2 mm.  Data were analysed by repeated measures 

ANOVA followed by Bonferroni corrections; *p<0.05; ***p<0.001; HF; high fat fed mice. 
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3.4.2.2 Tube like structure formation was comparable in Lean versus 

C57Bl/6J mice aortic rings 
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Figure 3.6: Tube-like structure (TLS) formation in aortic rings cultured 

from Lean and C57BL/6J mice. A: TLS formation was assessed by manual 

counting under light microscopy from (i) Lean and (ii) C57BL/6J mice. New 

vessel formation was noted after the first 2 days in culture, and rapidly 

increased for the next 8 days in both groups. B: TLS numbers from Lean and 

C57BL/6J mice were quantified. Data are expressed as mean ± SEM; n=4-5, Scale 

bar represents 0.2 mm. Data were analysed by repeated measures ANOVA 

followed by Bonferroni corrections.  
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3.4.3 In vivo examination of angiogenesis in obesity  

In vitro studies demonstrated diminished angiogenesis in the aortic vasculature 

of obese animals. To determine whether this reduction in angiogenesis was 

observed specifically in the adipose of obese animals, histological analysis of 

epididymal fat depots from Lean chow-fed, Lean high-fat fed, Fat chow fed and 

Fat high fat-fed mice were examined by H&E, as described in section 2.6.2.  The 

epididymal adipose depot was chosen as the subcutaneous depot had been 

harvested for real time PCR and the mesenteric adipose depot in Lean mice was 

too small to cut and stain.  Furthermore, to investigate the role of obesity in 

angiogenesis in vivo, three week subcutaneous implantation of sponges in 

C57Bl/6J mice after three months administration of high fat diet were 

histologically assessed for vessel density. 

3.4.3.1 High fat feeding increased media/adventitia area in blood 

vessels of Fat and Lean mice   

Epididymal adipose tissue from both L and F mice on control (Figure 3.7A & C 

respectively) and high fat diets (Figure 3.7B & D respectively) were sectioned 

and stained with Haematoxylin and Eosin (H&E). Vessel numbers were 

unchanged between strains (Figure 3.7E). However, high fat feeding in both F 

and L mouse models induced an increased media/adventitial area within the 

blood vessels of the adipose (Figure 3.7F). For example, both L and F chow fed 

mice exhibited lightly stained blood vessels (shown in pink- individual 

adipocytes are shown as thinner walled, delicate, unilocular pink structures). 

High fat fed L and F mice exhibited markedly stained blood vessels, with an 

associated increase in adventitial area within the blood vessels of the adipose.  

3.4.3.2 Obesity is associated with increased vascularity in 

subcutaneous sponges 

To complement the H & E staining of adipose and assess adipose vascularity, the 

sponge model of angiogenesis was used. Sponges were implanted into F and 

C57BL/6J mice and also high fat-fed and chow fed C57BL/6J mice for a period of 

three weeks (see sections 2.4.1, 2.4.2 & 2.4.3). Due to a failure in L line breeding, 

analogous experiments in Lean mice were not performed. Vascularisation 
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occurred in all sponges. Sponges implanted into F mice demonstrated increased 

vascularity compared with C57Bl/6J controls (Figure 3.9). There was increased 

vascularity (p=0.04) in sponges of HF fed C57Bl/6J mice (Figure 3.9). 



Page | 90  

 

3.4.3.1 Vascular density and media/adventitia area in blood vessels 

in high fat fed Fat and Lean mice 
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Figure 3.7: Assessement of blood vessels within epidiymal adipose tissue of F & L mice on 

chow or high fat (HF) diets. Photomicrographs (x 40) of H & E stained blood vessels in epididymal adipose tissue from 

F and L mice, on either a high fat or chow diet. A: Adipose tissue from Fat control–fed mice; B: Adipose tissue from Fat 

high fat fed mice; C: Lean control adipose tissue and D: Adipose tissue from Lean high fat fed mice. Quantification of the 

number of blood vessels within adipose tissue (E). Quantification of media/lamina areas within blood vessels of adipose 

tissue (F). Measurements of individual blood vessels within adipose were made using MCID software. Horizontal arrows 

indicate adventitia and vertical arrows indicate adipocytes. Data are expressed as mean ± SEM; n=4-6. Scale bar 

represents 10 µm. Data analysed by repeated measures ANOVA followed by Bonferroni corrections; NS; non-significant; 

*p<0.05; **p<0.01.  
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3.4.3.2 Vessel infiltration into sponges of Fat mice 
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Figure 3.8: Blood vessel infiltration in sponges excised from Fat mice 

compared to C57BL/6J controls. Photomicrographs (40x) of H&E stained 

sponges from control (C57BL/6J) (A) and Fat mice (B). Blood vessels were 

identified morphologically, with or without erythrocytes present in the lumen 

and quantified using Chalkley counting (C). Scale bar represents 10 µm. Arrows 

indicate blood vessels. Data are expressed as mean ± SEM, and data were 

analysed by Student’s t test; n=6; * p<0.05.  
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3.4.3.2 Vessel infiltration into sponges of 3 month high fat-fed mice.  
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Figure 3.9: Blood vessel infiltration in sponges excised from 3 month high 

fat fed C57BL/6J mice compared to chow fed C57BL/6J mice. 

Photomicrographs (40 X) of H&E stained sponges from control (C57BL/6J) (A) 

and 3 month high fat mice (B). Blood vessels were identified morphologically, 

with or without erythrocytes present in the lumen and quantified using 

Chalkley counting (C). Scale bar represents 10 µm. Arrows indicate blood 

vessels. Data are expressed as mean ± SEM, and data were analysed by Student’s 

t test; n=6. 

C 
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3.5 Discussion:  

This chapter tested the hypothesis that genetic and diet-induced obesity is 

associated with increased angiogenesis in adipose tissue. The overall finding 

was that obesity is associated with both increased pro- and anti-angiogenic 

tone. Furthermore, a novel anti-angiogenic factor thrombospondin-1 (TSP-1) 

was a candidate obesity gene that may generally modulate adipose tissue 

angiogenesis across a number of key obesity models. 

3.5.1 Divergent angiogenic response by Fat and Lean mice from 

microarray 

A large body of evidence exists highlighting the importance of angiogenesis in 

the development of obesity (Crandall et al., 1997; Zhang et al., 1997; Rupnick et 

al., 2002). For example, the angiogenesis inhibitor, TNP-470, prevented the 

development of obesity in ob/ob mice (Rupnick et al., 2002) and in other mouse 

models of obesity (high-fat diet-induced obesity in C57BL6 mice) (Brakenhielm 

et al., 2004). Despite this contention, little experimental data exists regarding 

adipose tissue vessel density quantification in obesity.  It was therefore 

hypothesised that an increase in adiposity should be accompanied by an 

increase in vascularity, to provide adequate oxygen to the growing adipocytes.  

In order to address the original hypothesis that obesity was associated with 

elevated angiogenesis, a direct, gene profiling approach was adopted to reveal 

any such change towards a pro-angiogenic environment. Given the hypothetical 

framework of altered angiogenic processes within adipose tissue and its strong 

support from the previous studies  (Rupnick et al., 2002), a  human-like obesity 

phenocopy model was exploited, the polygenic Fat mice, in order to look at 

broad angiomodulatory gene expression changes using microarray analysis.   

In accordance with the original hypothesis and previous literature, there was 

increased expression of pro-angiogenic factors Ang 2, MMP11 and PDGF in 

obesity (Fat mice) by the microarray. However these changes could not be 

replicated by qPCR (potential reasons discussed in section 3.5.3). Moreover, 

contradictory results were obtained for FGF-2. Real time PCR experimental 
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results were favoured over microarray due to the greater sensitivity and 

statistical power (section 3.5.3). Thus, the increased FGF-2 expression supports 

our original hypothesis that obesity is associated with an increase in adipose 

tissue pro-angiogenic factors.  Conversely, decreased expression of the pro-

angiogenic factor angiopoietin-1 (Ang-1) was confirmed by real time validation. 

Ang-1 upregulation has been previously reported in experimental adipose 

tissue growth (Dallabrida et al., 2003) and mapped to the obesity FOB3A QTL on 

chromosome 15. Decreased Ang-1 therefore represents another 

angiomodulatory factor that would be important to follow in future work; Ang-1 

may be a potential causal obesity gene. Although this is an important 

observation, it is not necessarily a novel finding, and investigation into the role 

of Ang-1 in obesity by various groups was underway at the time this research 

was conducted. Furthermore, a striking upregulation of TSP-1, a factor whose 

role in obesity research was less apparent this time, was observed. For these 

reasons, the role of TSP-1 in obesity was investigated, and Ang-1 was not 

pursued in this thesis. 

3.5.1.1 Identification and validation of a QTL-associated 

angiomodulatory factor in obesity 

Angiogenesis is controlled by a balance between pro- and anti-angiogenic 

factors (see section 1.6). Simply, an increase in pro-angiogenic factors may 

logically result in the decrease of anti-angiogenic factors to promote vessel 

development within the adipose tissue. This hypothesis was somewhat 

challenged, as clear elevation of anti-angiogenic gene expression such as 

angiotensin-like receptor 1 and TSP-1 (both mapped to obesity QTLs) in Fat 

mice placed on a high fat diet was apparent; an observation validated by  real 

time PCR.  These results may represent a compensatory upregulation of anti-

angiogenic factors in adipose tissue in obesity.  

A reduction in angiogenesis may in fact contribute to the hypoxic environment 

of the adipose tissue (Ye et al., 2007). Therefore, the data demonstrate an 

increased expression of both pro-angiogenic and anti-angiogenic factors in 

adipose tissue in obesity. Given that the overall effect on vessel formation is 
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dependent on this complex balance in vivo, this may explain the discrepant 

responses demonstrated by the angiogenic assays and this serves as a critical 

caveat for the interpretation of these commonly employed experimental 

approaches (see below), to what may be occurring within any given organ in 

vivo. 

3.5.2 Angiogenic response across different models of obesity suggest 

increased anti-angiogenic environment 

As both pro-and antiangiogenic effects had been observed in angiogenesis 

profiling studies in obese models, it was important to obtain information 

concerning the effect of this imbalance on adipose-related angiogenesis. This 

chapter shows that angiogenic responses are complex and may be different 

depending on the assay employed to assess it. This could be explained with 

respect to the in vitro methods applied to an artefactual effect of ex vivo cell 

culture, or indeed to a divergent response between adipose tissue vessels and 

sponge-associated neovascularisation and those of the aorta. Nevertheless, Fat 

mice, Ob/Ob mice and three month high fat-fed obese mice had a consistently 

reduced capacity for the development of aortic tube-like structures. This 

impressive observation that vessels removed from an obese environment can 

still maintain reduced angiogenic capacity was contrary to our initial hypothesis 

and it was concluded that aortic angiogenesis is impaired in obesity.  Decreased 

aortic angiogenic response is in line with previous studies using aortas from 

Ob/Ob mice (Gealekman et al., 2008) and also Zucker diabetic fatty rats 

(Brodsky et al., 2004), which is reassuring. These results are also consistent 

with the lower capillary density (also known as capillary drop out) and 

decreased VEGF (Pasarica et al., 2008) in adipose tissue of obese mice. 

Furthermore, the observed decrease in angiogenesis may also be further 

evidence to indicate a hypoxic environment present in obesity, as it is known 

that obese mouse adipose tissue is hypoxic (Ye et al., 2007). Therefore, 

decreased aortic angiogenesis appears to be a good reporter model for reduced 

angiogenesis associated with adipose tissue in obesity. 
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Whilst an excellent means of measuring angiogenesis in vitro, the aortic ring 

model does not directly test whether obesity alters adipose tissue angiogenesis. 

Therefore, analysis of the number of vessels within adipose was performed 

using H & E staining of adipose sections. There was no significant change 

between F and L mice on either diet yet analysis of the blood vessels within 

these sections did lead to an interesting observation, that the high fat-diet 

caused the formation of enlarged media surrounding the vessels in both animal 

lines. Future work will be necessary to dissect the exact composition and 

function of this increased media to internal lamina area ratio. It is speculated 

that the mechanism of this thickening in high fat feeding may be angiogenesis, 

and certainly diet-related.  

No difference in blood vessel number between F and L mice is not in accordance 

with the altered angiogenic profile observed in adipose gene expression. This 

may mean that the lack of effect is a result of a technique fraught with technical 

problems including differences in length, shape, path of growth or plane of 

adipose section.  This in turn could underpower the data and potentially not 

represent adipose tissue angiogenesis in obesity. It may also be that local 

changes within the adipose that can be extrapolated using sensitive methods 

like RT-PCR, yet these changes could be missed in sections.  

This direct assessment of adipose tissue angiogenesis was proving troublesome 

(see Appendix; Chapter 8) and thus, the in vivo sponge model was used as an 

ideal means to determine any changes in blood vessel distribution. Sponges 

proved to be an excellent way to examine the infiltration of small blood vessels, 

with erythrocytes remaining visible within the vasculature when cut and 

stained. However, in contrast to the aortic ring assay, obesity was associated 

with a significant increase in the number of vessels present in sponges from Fat 

mice (no significant result in high fat-fed mice).  Clearly, conflicting results were 

being produced from the in vitro (aortic ring) and in vivo (sponge) assays. This 

may reflect that although in vitro angiogenic assays can be useful in screening 

for specific functions of endothelial cells, findings may not translate well. It 

could also be due to the sheer complexity of the angiogeneic system in vivo. In 
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addition, previous studies have shown that sponge implantation can cause non 

specific immune responses which, in turn, may cause a significant alteration to 

the angiogenic response (Auberbach et al. 2000).  

The most direct way of examining adipose tissue angiogenesis might initially 

appear to be the staining of blood vessels within fat pads. This revealed no 

difference in vascularity. However, the increased medial thickening witnessed 

around the blood vessels observed with high fat feeding, may shed light on the 

original pro-angiogenic hypothesis. It may be argued that the medial thickening 

observed in adipose could relate well to the angiostatic effect witnessed in 

aortic rings from the obese models. This is because such thickening was not 

evident within the vessels of the sponges (where increased angiogenesis was 

observed). Thus, medial thickening may be indicative of decreased angiogenesis 

and strengthen the argument of an anti-angiogenic environment, as seen with 

increased TSP-1 expression (as discussed below). This notion is also supported 

by the finding that angiogenesis is not required for intimal thickening in 

cardiovascular disease (Khurana et al., 2005), thus decreased angiogenesis 

evident in aortic rings from obese models may lead to thickening of vessels.  

3.5.3 Care in interpretation of microarray 

The discrepancies between microarray and real time validation data and also 

the absence of changes in some of the angiomodulatory genes may be due to the 

low power of the microarray chip experiment (n=4). In addition, many 

angiomodulatory factors are post-transcriptionally regulated, and this is not 

addressed in depth in mRNA level analysis. In spite of these caveats, the 

assumption is that the gene expression patterns generated by the microarray 

would provide a broad initial insight into the angiogenic biology of the adipose 

tissue during obesity that would allow for further investigation.   

Real-time PCR analysis was performed on the same subcutaneous fat pads used 

in the microarray and, as for TSP-1, on additional models of genetic and diet-

induced obesity. It may also have been useful to use cDNA from different cell 

types from within the adipose to observe whether expression changes are 
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conserved and confined to distinct cellular types; namely adipocytes versus 

endothelial cells and immune cells (T cells and macrophages), that accumulate 

in obesity (Weisberg et al., 2003; Rausch et al., 2007). All these cell types are 

known to produce angiogenic factors (Sumi et al., 2007) and are abundant in 

adipose tissue and thus remain major contenders to the contribution to the 

regulation of the tissue vasculature.  

The subcutaneous fat depot was the tissue of choice as this exhibited the 

greatest divergence in fat mass gain between Fat and Lean mice (Morton et al., 

2005).  Therefore if this tissue experienced the largest increased mass, it would 

be hypothesised that it would demonstrate the largest differences in angiogenic 

gene expression. However, it must be noted that there is a higher risk of obesity-

associated metabolic diseases with increased adipose tissue mass in the visceral 

adipose tissue, as compared with the subcutaneous area (Wajchenberg 2000). 

Furthermore, subcutaneous and visceral adipose are metabolically different 

(Vohl et al., 2004) and subcutaneous adipose tissue cannot be removed from a 

mouse as a single identity. This may mean that there will be differences in their 

gene expression profiles, with regard to adipose angiogenesis. Nevertheless, fat 

mass divergence is comparable across fat depots between Fat and Lean mice, 

suggesting similar mechanisms may be at work in all adipose tissues between 

these lines.  

3.5.4 Altered angiogenic response by Fat and Lean mice not 

highlighted in microarray 

A broad spectrum gene array approach was essential in providing insight into 

angiomodulatory factors altered by obesity. However, as outlined above, many 

factors previously shown to influence angiogenesis were not shown to be either 

up- or down-regulated in Fat or Lean adipose tissue. Therefore, it was 

appropriate to investigate some of these established angiogenic factors by real-

time analysis to investigate perhaps more limited changes in gene expression 

not detectable, due to the low power of the microarray. These included pro-

angiogenic factors; vascular endothelial growth factor (VEGF), hepatocyte 
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growth factor (HGF), matrix metalloproteinase-2 (MMP-2) and interleukin-8. 

Alongside their effects on endothelial cells, they were also investigated as all 

have established effects on adipose. For example, VEGF accounts for the major 

portion of the angiogenic activity of media conditioned by adipocytes (Zhang et 

al., 1997) and HGF is also known to increase fat neovascularisation (Bell et al., 

2007). IL-8 is an important angiomodulatory adipokine and MMP-2 is crucially 

involved in basement membrane degradation in angiogenesis. Expression of the 

established anti-angiogenic factor endostatin, which induces endothelial cell 

apoptosis, was also investigated (Vogel et al., 1993).  

There was no significant effect of VEGF in high fat fed Fat mice and IL-8 

expression in Fat compared to Lean mice. HGF showed no significant changes 

between either Fat or Lean mice.  In agreement with a general increase in the 

expression of angiomodulatory genes, endostatin was increased in Fat mice. 

This highlights the complexity of compensatory systems which are in operation 

in adipose tissue in obesity and further highlights the over simplification 

perhaps of the original hypothesis with regards to angiogenic biology in this 

context. Notably, hypoxia within adipose tissue may occur intermittently 

suggesting that changes in highly localised vascular angiomodulatory tone may 

not be reflected in whole adipose tissue depot mRNA profiling studies.   

3.5.5 Enhanced TSP-1 expression in obesity 

Of particular interest from both the microarray and real time analyses was the 

divergent response shown by thrombospondin 1 (TSP-1). As described above, 

TSP-1 is an anti-angiogenic factor, which maps within the obesity QTL (FOB1). 

The data suggested that the Fat mice respond to a high fat diet by increasing 

levels of TSP-1, whereas the Lean mice reduce expression of TSP-1 on this diet. 

These changes parallel fat pad mass, which was shown to increase in high fat-

fed Fat mice, but to decrease in high fat-fed Lean mice (Morton et al., 2005).  

Intriguingly, from a genetics perspective, this increases the likelihood that an 

angiomodulatory mechanism may be causal to the obese phenotype of the Fat 
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mice (Raniken et al., 2006). TSP-1 changes were replicated in the Fat but not the 

Lean strain, further highlighting the importance of secondary validation. 

Moreover, TSP-1 expression was also elevated in commonly-used dietary and 

genetic models of obesity strengthening the case that TSP-1 case is an 

angiomodulatory gene increased in obesity.   Unfortunately due to the large size 

of the TSP1 protein (450kDa) Western blot analysis to validate this change at 

the protein level was unsuccessful, a finding reported by others (Voros et al., 

2005; Varma et al., 2008). 

Reassuringly during the course of this thesis, TSP-1 expression was reported to 

be elevated in the adipose tissue of obese rodents (Hida et al., 2000; Voros et al., 

2005, Varma et al., 2008), although it has never been implicated as a potential 

causal obesity gene, something that is explored more fully in later chapters of 

this thesis. Encouragingly, circulating TSP-1 levels were also increased in obese, 

insulin-resistant subjects and were correlated with adipose inflammation 

(Varma et al., 2008), confirming our results may translate well into human 

obesity.   

3.5.6 Concluding remarks 

In summary, the data in this chapter suggests that, in accordance with the 

original hypothesis, obesity is associated with an increase in pro-angiogenic 

factors. However, this hypothesis was overly simplistic, as increases in anti-

angiogenic factors were also revealed, confirming that the angiogenic balance is 

altered by obesity. In accordance with the complex balance of angiomodulatory 

genes in obesity, different angiogenic assays achieved different results in 

models of obesity. Therefore, both angiogenic assays were taken forward to be 

used for future work/chapters in order to have a broad platform of 

methodology as possible with which to test our specific hypotheses. 

Critically, of the genes that were regulated differentially in adipose tissue, one 

key anti-angiogenic factor that also maps to a major obesity QTL in Fat mice was 

validated and was in accordance with concurrent reports in the literature on 
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obesity. As a validated candidate obesity gene with anti-angiogenic properties, it 

was decided to take TSP-1 forward to develop a further refined hypothesis on 

its role in adipose tissue in obesity.  
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Chapter 4  

Regulation of adipocyte thrombospondin-1 and the direct 

effects of ABT-510 on adipocytes in vitro  
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4.1 Introduction  

We identified increased gene expression of thromspondin-1 (TSP-1) in adipose 

of diet-induced and genetic obesity, as well as a relationship between obesity 

and altered angiogenic potential (see Chapter 3).  TSP-1 is elevated in human 

adipose tissue with obesity (Varma et al., 2008) and in addition, TSP-1 levels 

were augmented in humans and mice with certain cancers (Nathan et al., 1994; 

Volpert et al., 1998). However, the overall effect of an increase in an endogenous 

angiogenesis inhibitor on the expanding adipose (or indeed a tumour) remains 

unclear. What is clear is that TSP-1 has an established anti-angiogenic effect in 

endothelial cells (Good et al., 1990; Iruela-Arispe et al., 1991; Taraboletti et al., 

1992; Vogel et al., 1993; Tolsma et al., 1993; DiPetro et al., 1994; Volpert et al., 

1995). Therefore, this chapter aimed to examine the direct influence of TSP-1 on 

adipose tissue by identifying factors that may increase TSP-1 expression in 

adipocytes and to delineate the signalling pathways activated by TSP-1 in the 

adipocyte.   

4.1.1 TSP-1 structure and function 

There is already an established role of TSP-1 and its effects on endothelial cells. 

TSP-1 is a large (450kDa), multimeric, extracellular matrix protein, that is 

secreted by a variety of cell types (Frazier 1991; Lahav 1993), including 

platelets, from which it is released to maintain haemostasis (Bonnefoy et al., 

2008). TSP-1 is an anti-angiogenic factor in endothelial cells and, at supra-

physiological concentrations (>20 nM which is about forty times that seen in 

normal plasma; approx 0.5 nM) (Saglio & Slayter 1982; Browne et al., 1996), 

TSP-1 inhibits endothelial cell proliferation (Good et al., 1990; Taraboletti et al., 

1992; Vogel et al., 1993) and migration (Good et al., 1990; Taraboletti et al., 

1990; 1992; Tolsma et al., 1993; Volpert et al., 1995) as well as their ability to 

form lumens (Tolsma et al., 1997) and tubes (Iruela-Arispe et al., 1991; DiPetro 

et al., 1994). In accordance with its anti-angiogenic role, TSP-1 null mice were 

shown to display a mildly increased vascular density in muscle (Crawford et al., 

1998), which would also suggest that developmental angiogenesis may be 

modulated by TSP-1. Similarly, transgenic mice over-expressing TSP-1 in the 
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epidermis exhibit delayed wound healing, which is characterised by decreased 

vascularity (Streit et al., 2000). Conversely, TSP-1 null mice have normal 

vascular density in healing wounds (Agah et al., 2002). This perhaps re-enforces 

the concept that angiogenesis requires a balance between multiple pro- and 

anti-angiogenic factors and, thus, knockout of a single modulatory gene may not 

dominantly affect vascular density (Agah et al., 2002). In addition to its anti-

angiogenic role, TSP-1 can act as a pro-angiogenic factor in non-endothelial cells 

by promoting the migration of vascular smooth muscle cells and stimulating 

matrix assembly by binding other matrix proteins, including MMP2  (Taraboletti 

et al., 1990; Gao et al., 1996).  

4.1.2 Anti-angiogenic domains of TSP-1 

These pro- and anti-angiogenic effects of TSP-1 are attributed to distinct 

domains of this highly complex protein. Thus, TSP-1 has a structure consisting 

of: (1) an N-terminal heparin binding domain; (2) a coil, which dictates not only 

its conformation but also participates in interchain disulphide bonds; (3) a 

cysteine rich sequence; (4) three Type I repeats (which are also known as 

thrombospondin type I repeats (TSRs) or properdin-like domains); (5) three 

Type II repeats; (6) Seven calcium-binding Type III repeats; and finally, (7) a C-

terminal globular domain (Bornstein 1992; Adams 2001) (Diagram 4.1). The N-

terminal domain is also known to mediate VEGF uptake and clearance via low 

density lipoprotein receptor-related protein (LRP) (Greenaway et al., 2007).  

The large size of TSP-1 makes it not only impractical to work with in cellular 

and in vivo models, but complicates the interpretation of the results. As the 

region responsible for the inhibition of angiogenesis has been mapped to the 

Type I repeat (Tolsma et al., 1993), much interest has now surrounded these 

smaller fragments for their potential use as therapeutic agents in angiogenesis-

dependent diseases. A structurally-modified proteolytic fragment from the Type 

I repeat of TSP-1 inhibited VEGF-induced endothelial cell migration in vitro, and 

decreased FGF-induced neovascularisation in a rat cornea model (Dawson et al., 

1999). It became apparent, however, that this heptapetide underwent rapid 
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clearance in rodents. Subsequently two more stable nona-papetides, ABT-510 

and ABT-526 were discovered to have anti-angiogenic actions (Haviv et al., 

2005).  

ABT-510 is derived from the second Type I repeat from the NH2 terminal third 

of TSP-1 (Dawson et al., 1999). ABT-510, like TSP-1, has been shown to cause 

endothelial cell apoptosis via activation of Fas and Src-related kinase p59 Fyn 

pathway, ultimately leading to endothelial cell death (Jimenez et al., 2000; 

Quesada et al., 2005). ABT-510 inhibits the migration of human microvascular 

endothelial cells stimulated by growth factors and decreases endothelial cell 

proliferation and tube assembly in fibrin gels (Reiher et al., 2002; Haviv et al., 

2005). As a potent angiogenic mimic of TSP-1, ABT-510 was chosen for 

subsequent studies in this thesis with the caveat that in vivo levels of the 

endogenous TSP-1 molecule may be elevated. Therefore, our findings are 

interpreted cautiously with respect to the effects of increased levels of the 

endogenous molecule, with presumably more pleiotropic effects.  
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Diagram 4.1: Thrombospondin-1 (TSP-1) structure. Pro- and anti-

angiogenic domains of TSP-1 acting at endothelial cell receptors. These include 

N-terminal domains with integrin binding, causing pro-angiogenic effects, 

involving proteins in the transforming growth factor (TGF) family including 

Smad; Type I repeats or TSR region binding CD36 and heparin causing an anti-

angiogenic effect, involving Fas, p38 mitogen activated protein kinase (MAPK) 

and p59 fyn; region containing Type II repeats binding again some of the 

integrin family inducing a pro-angiogenic effect and finally a G-terminal domain 

which can bind CD47 causing an-anti-angiogenic effect, mediated through nitric 

oxide signalling pathways.  
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4.1.3 CD36 mediates ABT-510 anti-angiogenic activity 

The mechanism by which ABT-510/Type I repeat of TSP-1 exerts its anti-

angiogenic effect has been thoroughly investigated. Intact TSP-1 binds to a large 

number of cognate molecules; it has at least 12 different receptors (Bornstein 

1995), many of which are present on the surface of the endothelial cells. These 

include extracellular matrix proteins, cell-surface protein receptors, and 

glycolipids, proteases, and growth factors/cytokines. However, the most well 

characterised interaction is that between ABT-510/Type I repeat of TSP-1 and 

CD36.  

CD36 is an 88kDa cell-surface membrane protein belonging to the scavenger 

receptor B family. Activation of CD36 induces platelet aggregation, anti-

angiogenesis, uptake of long chain fatty acids and oxidised LDL (oxLDL), cell 

adhesion and macrophage phagocytosis (Febbraio et al., 2001). As well as being 

expressed on endothelial cells, CD36 is also expressed highly on adipocytes (it is 

known as FAT, fatty acid translocase), muscle cells, enterocytes and hepatocytes 

(Abumrad et al., 1993; Nassir et al., 2007). 

The important interaction that exists between TSP-1/Type I and CD36 has been 

reiterated in studies using neutralising antibodies against CD36, whereby the 

ability of TSP-1 to inhibit migration and corneal vascularisation was blocked 

(Dawson et al., 1997) and large vessel endothelial cells lacking CD36 failed to 

respond to TSP-1 in vitro, unless transfected with exogenous CD36 (Febbraio et 

al., 2001). In addition, CD36 null mice were resistant to the effects of TSP-1 

(Jimenez et al., 2000), confirming that the anti-angiogenic activity of TSP-1 is 

dependent upon CD36 in endothelial cells.  This was illustrated further as a 

CD36 null mutation in the spontaneously hypertensive rat strain has been 

linked to insulin resistance (Aitman et al., 1999; Pravenec et al., 2003), and 

humans lacking CD36 exhibit insulin resistance (Miyaoka et al., 2001). 

Therefore, in addition to the effects of TSP-1 on endothelial cells through CD36, 

the anti-angiogenic fragment of TSP-1 may bind to CD36 and alter adipocyte 

metabolism, potentially altering insulin associated functions. Clearly this is a 
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promising link between elevated TSP-1, adipocyte lipid metabolism and 

obesity/insulin resistance.  

4.1.4 Pathways implicated in the anti-angiogenic activity of TSP-1 in 

endothelial cells  

Aside from the role of CD36 in lipid metabolism in adipocytes, TSP-1/Type I 

repeats bind CD36 on endothelial cells inducing apoptosis via caspase 3 and 8 

activation (Jimenez et al., 2000; Nor et al., 2000). This binding increases CD36 

association with the signalling intermediate Fyn, activation of which is critical 

for TSP-1-dependent apoptosis and inhibition of angiogenesis (Simantov and 

Silverstein 2003). This was demonstrated when microinjections of Fyn 

neutralising antibodies were shown to abolish signalling events leading to TSP-

1 activated apoptosis in endothelial cells (Jimenez et al., 2000). TSP-1/Type I 

repeat interaction with CD36 also results in the activation of p38 kinase and c-

Jun-NH2-terminal kinase (JNK) (Mirichnik et al., 2008). This JNK induction is 

crucial as TSP-1 anti-angiogenic activity was severely compromised in JNK 1 

null mice (Jimenez et al., 2001). Moreover, a p38 inhibitor, SB203580, blocked 

TSP-1 induced apoptosis in vitro and restored corneal angiogenesis in vivo 

(Jimenez et al., 2000). This anti-angiogenic pathway is summarised in Diagram 

4.2. In addition to the pathways discussed above, the TSP-1/Type I repeat 

induces CD36-independent inhibition of growth in HUVECs via a p53-dependent 

induction of p21 (Yamauchi et al., 2007). 

4.1.5 Overlap of TSP-1 pathways involved in adipocyte lipolysis 

Alongside its role as a dynamic endocrine organ, adipose also serves as a simple 

lipid and energy store. Fat cells store lipids from the diet and those exported 

from the liver. They release these lipids as free fatty acids when the organism is 

fasting by a highly regulated process; lipolysis. The importance of this function 

has been demonstrated in lipodystrophy, where the lack of adipose tissue is 

associated with muscle insulin resistance and liver steatosis, mainly due to the 

lipotoxic effects of excessive ectopic storage of free fatty acids (Kim et al., 2000; 

Garg 2004). Lipolysis is stimulated via adrenergic receptor activation by 
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catecholamines, which in turn activate the G-protein coupled signalling system 

including adenylyl cyclase and cAMP-dependent protein kinase (PKA).  

However, there is evidence that in addition to PKA, G-protein-coupled receptors 

and cyclic AMP can also activate mitogen-activated protein kinase (MAPK) 

pathways (van Biesen et al., 1996; Vossler et al., 1997; Gutkind 1998). There are 

three parallel MAPK pathways in mammalian cells, which include stress-

activated protein kinases, JNK and the p38 MAPKs. These mechanisms play a 

vital role in adipocyte function and, since the anti-angiogenic role of TSP-1 is 

mediated through the p38 MAPK system in endothelial cells, it was reasoned 

that there may be an overlapping or common signalling mechanism in 

adipocytes. This is strengthened further as β3 adrenoceptor activation in 

adipocytes activates p38 MAPK as a downstream consequence of the generation 

of cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) in 

lipolysis (Cao et al., 2001b).    
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Diagram 4.2: Anti-angiogenic activity of ABT-510 upon endothelial cells. 

Two pathways involved after the binding of ABT-510 to CD36: to activate src-

family kinases, p59fyn and p53. p38; JNK and p21 are rapidly phosphorylated, 

which in turn stimulate transcription and cell surface expression of FasL. 

Activated Fas then activates caspases and causes apoptosis. p59 fyn; proto-

oncogene tyrosine-protein kinase fyn; p53; tumour protein 53; p38 MAPK; p38 

mitogen-activated protein kinase; JNK; c-JunN-terminal kinase; FASL; FAS 

ligand.   
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4.1.6 Nitric oxide signalling and TSP-1 

In addition to caspase-induced apoptosis, nitric oxide (NO) is implicated as a 

possible mediator of TSP-1 anti-angiogenic activity. As discussed in section 1.3, 

NO/cGMP signalling is required for angiogenesis in endothelial cells, where it 

can increase proliferation, adhesion and migration at relatively low 

concentrations (Isenberg et al., 2005; 2006). TSP-1 blocked NO-stimulated 

increases in proliferation, adhesion and migration in endothelial cells, at 

picomolar concentrations (Isenberg et al., 2005). Similarly, ABT-510 blocked 

NO/cGMP signalling in endothelial cells whereas TSP-1 null endothelial cells 

showed consistently increased basal levels of cGMP (Isenberg et al., 2008). 

Thus, NO plays a vital role in endothelial function, which can be inhibited by 

TSP-1/ABT-510. This may be a pathway affected by ABT-510 in adipocytes. 

NO also inhibits proliferation and subsequent differentiation of adipocytes 

(Nisoli et al., 1998). Moreover, locally synthesised NO can down-regulate 

lipolysis in human tissue (Andersson et al., 1999). In addition, NO, generated by 

a NO donor, impaired the lipolytic action of isoproterenol (Klatt et al., 2000) and 

also, in obesity, reduced the rate limiting enzyme in adipocyte lipolysis, 

hormone sensitive lipase (HSL; Gaudiot et al., 1998; Large et al., 1999). 

Therefore, NO has many roles on endothelial cells but also is a key modulatory 

factor of adipocyte lipolysis and thus may potentially mediate a novel aspect of 

adipocyte TSP-1 action in adipocytes.  

NO production is associated with many factors known to influence adipocyte 

function.  The cytokine tumour necrosis factor-α (TNF- α) (Old 1985) inhibits 

insulin-stimulated glucose uptake in adipocytes (Hotamisligil et al., 1996), and 

increases lipolysis in human, rat, and mouse adipocytes and 3T3L1 cells (Green 

et al., 1994; Souza et al., 1998; Zhang et al., 2002). TNF-α can directly increase 

the expression of iNOS and subsequent NO production in adipose tissue (Kapur 

et al., 1999) and this in turn suppresses lipolysis (Lien et al., 2009).  

The specific effect and signalling mechanisms of increased TSP-1 upon the 

expanding adipose in obesity has not been investigated. This chapter therefore 
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aimed to address the effect of the Type I repeat ABT-510 upon adipocyte 

function. As there is substantial evidence for the involvement of CD36, p38 and 

NO in the anti-angiogenic effect of TSP-1 in endothelial cells, these key signalling 

pathways were investigated with regard to their adipocyte function. 

4.2 Hypothesis 

It is hypothesised that the TSP-1/Type 1 repeat directly stimulates lipolysis in 

adipocytes by activation of the CD36 receptor-p38 MAPK pathway.  

4.2.1 Aims 

Specifically we aimed to: 

 Determine the factors that may mediate increased adipocyte TSP-1 

expression in obesity.  

 Determine effect of the TSP-1 analogue, ABT-510, upon adipocyte 

differentiation.   

 Determine the effect of ABT-510 on mature adipocyte lipid metabolism.  

 Establish whether the CD36 receptor mediates for the effects of ABT-510 

on adipocytes. 

 Determine the signalling pathways mediating the effects of ABT-510 on 

adipocytes, including the established endothelial cell-associated CD36 

mediated p38 and NO associated pathways.   
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4.3 Experimental Protocol 

4.3.1 Differentiation of pre-adipocytes with ABT-510 incubation 

As adipose has the ability to grow and regress throughout life, it was essential to 

assess the effect of anti-angiogenic part of TSP-1 (ABT-510) on adipocytes at 

both stages of their life cycle: the pre-adipocyte and differentiated adipocyte. 

Therefore, initial experiments were conducted upon pre-adipocytes, throughout 

their maturation into mature adipocytes. 

Pre-adipocytes (P2-P12) were seeded onto 96-well collagen-coated plates, at a 

density of 2.5 x 105 cells/well. Cells were differentiated using specific media 

conditions (see section 2.5.1) with or without 100 nM ABT-510. Every two days 

media were replaced, again with or without 100 nM ABT-510. This continued 

for a period of 10-12 days. Alongside changing of media, treated and non-

treated adipocytes were assessed for lipid accumulation by staining with oil red 

O (see section 2.5.3).  

4.3.2 Manipulation of differentiated 3T3L1 adipocytes 

Pre-adipocytes (P2-P12) were seeded onto 6, 12 or 24-well collagen-coated 

plates, at a density of 2.5 x 105 cells/well, for differentiation (see section 2.5.1). 

Cells were cultured in phenol-red free DMEM (as the phenol interferes with 

colorimetric assay for assessing lipolysis), until they were lipid-filled, which was 

assessed by eye and confirmed by staining with oil red O (see section 2.5.3). 

Fully differentiated cells were apparent from 10-12 days after initial seeding, 

and subsequently incubated overnight in medium made with stripped fetal calf 

serum (FCS), to starve the cells prior to experimentation. Medium was removed 

and replaced with fresh medium and stripped FCS containing concentrations of 

different compounds described below. These experiments were conducted for a 

period of 6 hours, as this is sufficient time for transcriptional changes to occur 

in the cells. After incubation, the medium (for effects on lipolysis) and cells (for 

changes in RNA) were removed for analysis.  
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As increased TSP-1 had been associated with both genetic and dietary obesity 

(see section 3.4.4.5), it was decided to investigate other factors that are known 

to be elevated in obesity and examine their effect on TSP-1 expression to try 

elucidate potential, causal pathways involved. For example, insulin is elevated in 

obesity (Reaven 1993), as are glucocorticoids (Morton and Seckl 2008). There is 

decreased adrenergic stimulation of obese adipose (Muzzin et al., 1991) and 

increased circulating interleukin-6 levels (Mohamed-Ali et al., 1997; Kern et al., 

2001). Thus, insulin, dexamethasone (glucocorticoid), beta-3 agonist (CL 316, 

243; adrenergic stimulation) and IL-6 were incubated with mature Day 10 

3T3L1 adipocytes and TSP-1 expression levels determined. Concentration-

response curves (1, 10 & 100 nM) were used to examine the effects of 

physiologically relevant varying concentrations of these compounds upon TSP-1 

adipocyte expression (Largis et al., 1994; Shojima et al., 2002; Rotter et al., 

2003).     

To assess the effect of ABT-510 upon different aspects of adipocyte metabolism, 

it was important to have positive and negative controls for these functions. 

When examining lipolysis in mature adipocytes, insulin was used as a known, 

potent inhibitor (Sekar et al., 1996). Concentration-response curves (1, 10 and 

100 nM) were used to determine the most effective dose of insulin to use. A 

stimulator of lipolysis, the β3-adrenoceptor agonist, CL 316,243, was used to 

stimulate the release of free fatty acids. Concentration-response curves (1, 10 

and 100  nM) were used to determine the most effective dose of CL 316,243 

agonist to use, as this agonist had already demonstrated lipolytic effects at 

10nM (Largis et al., 1994). To elucidate the mechanisms of thrombospodin-1 

(TSP-1) on adipocyte function, various concentrations of the Type I repeat 

analogue of TSP-1, ABT-510, were used (1, 10 and 100 nM) that had already 

been optimised for inhibition of endothelial cell function (Good et al., 1990; 

Iruela-Arispe et al., 1991). ABT-510 was dissolved in sterile phosphate buffered 

saline for all experiments (PBS).  

To reveal common pathways involved in ABT-510 action on adipocytes, 

pathways associated with TSP-1 action on endothelial cells were also 
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investigated. These included the p38 MAPK pathway and, thus, both an 

inhibitor, SB203580 (1, 10 and 100 nM), and activator of this pathway, 

anisomycin (3, 30 and 300 nM) were used. Concentrations needed to cause 

inhibition of p38 MAPK signalling pathways had been achieved with 10nM 

SB203580 (Egelman et al., 1998). The PI3K pathway is essential for the 

inhibition of lipolysis through the insulin signalling pathway in adipocytes and 

thus a PI3K inhibitor, Wortmannin (1, 10 and 100 nM), was used. Similarly, 

Wortmannin can inhibit PI3 kinase activity inhibition at a concentration of 100 

nM (Castan et al., 1999). Finally, stimulation of nitric oxide (NO) production was 

achieved by addition of 10 µm myristic acid and the nitric oxide synthase 

inhibitor, L-NGnitro-arginine methyl ester (L-NAME) was used at a 

concentration of 300 µm, as shown to inhibit NO production in adipocytes 

(Nisoli et al., 1998). 

Medium was collected after six hours of incubation with the respective 

compound and analysed for FFA content. A detailed protocol of the lipolysis 

assay can be found in Chapter 2 (see section 2.5.4). 

 

In addition to lipolysis, adipocytes are involved in the uptake of fatty acids. 

Investigation into whether ABT-510 would have an effect on this process was 

necessary. A tracer fatty acid was used to track fatty acid uptake from the 

medium into the adipocyte. 3H palmitate uptake is a reliable and accurate way 

to measure the rate of appearance in various cell types, including adipocytes 

(Jensen et al., 1988). Palmitate uptake was measured in Day 10 3T3L1 

adipocytes (differentiation protocol see section 2.5.1) by the addition of 

unlabeled palmitate (1.2 nM) with radiolabeled [3H] palmitate in DMEM 

medium which was left for six hours for optimal uptake into the adipocytes. 

Cell-associated radioactivity was obtained by counting the medium extracted 

and cells were scraped with SDS in scintillation fluid, and counted in a 

scintillation counter. For optimisation studies and a detailed protocol, refer to 

Chapter 2 (section 2.5.6). 
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4.3.3 CD36 expression in differentiating adipocytes and knockdown 

in mature adipocytes 

The established receptor on endothelial cells for ABT-510 is CD36 (Jimenez et 

al., 2000; Febbraio et al., 2001). This receptor is also expressed on adipocytes 

(Febbraio et al., 2001) and therefore CD36 expression was examined. Firstly, 

CD36 expression was assessed throughout adipocyte differentiation. Next, an 

attempt was made to knockdown the adipocyte CD36 receptor to determine if 

ABT-510 was acting through this receptor. 3T3L1 adipocytes were cultured and 

differentiated as described before (see section 2.5.1). At days 3, 5, 7 and 10 post 

differentiation, medium was removed, cells were scraped and RNA isolated 

using TRIZOL reagent (Invitrogen) as previously described (Morton et al., 2001). 

RNA was purified using RNAeasy columns (RNeasy Mini Kit, Qiagen, UK) (see 

Materials and Methods 2.2.1). cDNA was synthesised and real-time PCR was 

performed using CD36 primer/probe set (Mm01135198_m1; Applied 

Biosystems). Cyclophilin mRNA levels were used as an internal control. Finally, 

CD36 receptor knockdown was attempted with siRNA ablation. Both pre-

adipocytes (Day 0) and fully mature (Day 10) 3T3L1 adipocytes were used as 

described in detail in Chapter 2 (see section 2.5.9). 

4.3.4 Non-active peptide sequence  

A non-active peptide sequence (NAC-Gly-Val-DIle-Thr-Arg-Ile-ArgNHEt) was 

used as a control to ensure that the effects of ABT-510 were specific. The 

potential impact of ABT-510 on lipolysis was examined by incubating 1 nM and 

100 nM non-active sequence in Day 10, fully differentiated adipocytes.  

4.3.5 Effect of ABT-510 upon endothelial cell function 

To confirm the specific, anti-angiogenic activity of ABT-510, endothelial 

angiogenic assays were performed. Aortic rings were removed from eight week 

old C57BL/6J mice (n=6) (section 2.3.1 and 2.3.2). These rings were incubated 

with basal EBM-2 medium or basal EBM-2 medium + 100 nM ABT-510 for a 

period of 10 days, with medium replaced every two days. Quantification of tube-
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like structures (TLS) throughout was quantified under an inverted light 

microscope as described (see section 2.3.4).  

Human umbilical vein endothelial cells (HUVECs) were grown and cultured as 

described in Chapter 2 (section 2.5.10). HUVECs were then aliquoted into 24 

well plates that had been pre-coated with 250 l of Matrigel, at a density of 4.0 x 

104 cells/ml. HUVECs were then incubated with basal endothelial cell medium 

(see section 2.5.10) with or without the incubation of ABT-510 (dissolved in 

PBS). HUVECs cultured on plastic produced a characteristic monolayer of cells 

with a “cobblestone” appearance. As expected, culturing on Matrigel (Benelli & 

Albini 1999) causes the cells to spontaneously form TLSs, thus generating a 

complex 2-dimensional network. These tubes formed rapidly, with extensive 

connections evident after 4 hours with a peak after approximately 8 hours in 

culture. HUVECs were then incubated at 37oC, and images were acquired after 

eight hours of culture. TLSs were viewed using a Karl Zeiss Axioskop inverted 

light microscope at X 50 magnification. Capillary connections were counted by 

marking all branch points between tube-like structures, manually using a cell 

counter. The counting was performed blind with respect to the treatment 

(vehicle or ABT-510) for each image.   
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4.4 Results 

4.4.1 TSP-1 expression in 3T3L1 adipocytes is decreased by 10 nM 

interleukin-6 (IL-6) and increased by 100 nM β3 agonist (CL316, 

243) incubation but is unaffected by insulin and dexamethasone 

To elucidate the factors responsible for increased TSP-1 in obese adipose tissue, 

factors elevated in obesity were incubated with adipocytes and TSP-1 

expression determined. The effects of insulin, glucocorticoids, interleukin-6 and 

a beta-3 (β3) adrenoceptor agonist (CL 316,243) on subcutaneous adipose TSP-

1 expression were investigated in Day 11 3T3L1 adipocytes. Insulin and 

dexamethasone had no effect on TSP-1 expression (Figure 4.1 A & B). IL-6 

caused a u-shaped concentration-response, whereby both 1 nM and 100 nM IL-

6 did not alter TSP-1 expression, but 10nM decreased TSP-1 expression (Figure 

4.1C). The β3-agonist CL 316, 243 caused a concentration-dependent increase in 

TSP-1 expression (Figure 4.1D). 
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4.4.1 TSP-1 expression is affected by interleukin-6 (IL-6) and a β3 

agonist (CL 316, 243) 
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Figure 4.1: The effects of insulin, dexamethasone, interleukin-6 (IL-6) and 

β3 agonist (CL 316, 243) on TSP-1 mRNA levels in 3T3L1 adipocytes. Real-

time quantification of Day 11 differentiated 3T3L1 adipocytes after 6hour 

exposure to 1 nM, 10 nM and 100 nM insulin (A), dexamethasone (B), IL-6 (C) 

or CL 316, 243 (D). Data are expressed as means ± SEM; n=6 for all groups. Data 

analysed by one way ANOVA followed by Bonferroni corrections; *p<0.05.  

A B 

C D 
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4.4.2 Angiostatic effect of the TSP-1 analogue (ABT-510) on 

endothelial cells 

In order to assess whether ABT-510 had a potent anti-angiogenic effect, two 

endothelial cell assays were performed. The first was the aortic ring assay, in 

which inhibition of growth in tube-like structure growth (TLS) had already been 

demonstrated (see Chapter 3), the second involved culturing human umbilical 

vein endothelial cells (HUVECs) on the surface of Matrigel (see section 2.5.10).  

Aortic rings obtained from C57BL/6J mice and HUVECs were cultured with or 

without ABT-510. Tube-like structures (TLS) could be detected in aortic rings 

after two days in culture and TLS growth continued for the next 8 days. Tube 

formation analysis in HUVECs was performed at 8 hours. 

4.4.2.1 ABT-510 inhibited TLS formation in aortic rings  

ABT-510 (100 nM) caused an overall inhibition of TLS formation by aortic rings 

compared to control throughout the 10 day examination period (p=0.00114) 

(Figure 4.2). Inhibition of growth was observed as early as Day 2 and at Days 4, 

8 and 10.  

4.4.2.2 ABT-510 inhibited TLS formation by human umbilical vein 

endothelial cells (HUVECs)  

Exposure to 100 nM ABT-510 inhibited TLS formation compared to controls 

(p<0.001; Figure 4.3).   
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4.4.2.1 ABT-510 inhibited aortic tube-like structure (TLS) growth 

from aortas from C57BL/6J mice  
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Figure 4.2: The effects of ABT-510 on aortic TLS formation from C57BL/6J 

mice.  A: TLS formation from aortic rings of C57BL/6J mice was assessed by 

manual counting under light microscopy of (i) no ABT-510 and (ii) 100 nM ABT-

510. B: This was quantified over a 10 day period. Arrows indicate TLS 

formation. Data are expressed as mean ± SEM; n=6 for all groups. Scale bars 

represent 0.2 mm. Data were analysed by two way ANOVA followed by 

Bonferroni corrections (*p<0.05; ***p<0.001). 

A 

B 



Page | 122  

 

4.4.2.2 ABT-510 inhibited tube formation by cultured human 

umbilical vein endothelial cells (HUVECs) 
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Figure 4.3: The effect of ABT-510 upon tube formation in human umbilical 

vein endothelial cells (HUVECs). A: Tube formation by HUVECs cultured on 

Matrigel was assessed by manual counting under light microscopy without (i) 

or with (ii) 100 nM ABT-510. Arrows indicate tubes and magnification is at X 5. 

These effects were analysed 8 hours after cells were seeded onto Matrigel. B: 

Quantification of tube formation in treated and untreated HUVECs. Scale bars 

represent 50 µm. Data are expressed as mean connections relative to the control 

expressed as a percentage ± SEM.; n=3 (3 well triplicates); ***p<0.001; Student’s 

t-test. 
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4.4.3 Effect of ABT-510 upon 3T3L1 adipocyte physiology 

The effect of ABT-510 upon on different aspects of adipocyte metabolism was 

assessed. As described previously (see section 1.2.3), CD36 mediates fatty acid 

transport in adipocytes (Abumrad et al., 1993) and is the proposed receptor for 

TSP-1 function in endothelial cells (Jimenez et al., 2000).  Therefore, CD36 

expression was examined throughout differentiation of adipocytes. As well as 

examining the effects of ABT-510 on the differentiation of fat cells from 

fibroblastic preadipocytes, fatty acid uptake and lipolysis (two major functions 

of adipocytes) was measured in mature adipocytes. As adipose is unique in its 

ability to grow throughout a lifespan, it was important to monitor the effects of 

ABT-510 on both preadipocytes and mature adipocytes.   

4.3.3.1 Adipocyte differentiation is associated with increased CD36 

expression but is not affected by ABT-510 

3T3L1 adipocytes were exposed to a range of concentrations of ABT-510 (0.1 

nM – 100 nM) throughout ten days of differentiation (see section 4.3.1). ABT-

510 had no effect upon lipid accumulation and, subsequently, differentiation 

throughout the ten day differentiation period, as assessed by oil red O 

accumulation every two days (p=0.3664) (Figure 4.4 A & B).  

As differentiation progressed, there was an increase in CD36 expression which 

reached significance on Day 7 and continued to Day 10 (Figure 4.5).  

4.4.3.2 ABT-510 caused a concentration-dependent increase in [3H] 

palmitate uptake 

In order to assess the effect of ABT-510 on lipid uptake, tritiated palmitate (for 

optimisation, see section 2.5.6) was used to trace fatty acid uptake into 

adipocytes and whether this might be altered by ABT-510. ABT-510 caused 

concentration-dependent biphasic effect on [3H] palmitate uptake in fully 

mature 3T3L1 adipocytes (Figure 4.6). Thus, fatty acid uptake was decreased in 

the presence of 0.1 nM and 1 nM ABT-510, but increased at the higher 

concentrations (p<0.01). 
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4.4.3.3 ABT-510 inhibited beta-3(β3)-mediated lipolysis and non-

active peptide sequence of ABT-510 did not 

In addition to uptake, adipocytes also participate in the regulated release of 

fatty acids (lipolysis). The effect of ABT-510 on this process was assessed. ABT-

510 had no significant effect on basal lipolysis (Figure 4.7A). CL-316,243, a 

potent β3-adrenoreceptor agonist was used to stimulate lipolysis and insulin 

was used a potent physiological inhibitor of lipolysis. As anticipated, CL-316,243 

increased (p<0.05) and 100nM insulin inhibited lipolysis (p<0.01) (Figure 4.7B). 

However, the CL-316,243-mediated lipolysis was abolished in the presence of 

even the lowest concentrations of ABT-510 (Figure 4.7B). ABT-510 had no 

additional effect on the inhibition of lipolysis with insulin (data not shown).  

To ensure that the effects of ABT-510 were specific, a non-active peptide, A-

317473 (sequence: NAC-Gly-Val-DIle-Thr-Arg-Ile-ArgNHEt) was supplied by 

Abbott Laboratories and tested on stimulated 3T3L1 adipocyte lipolysis. The 

non active peptide had no significant effect upon stimulated lipolysis (Figure 

4.8). 
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4.4.3.1 ABT-510 had no effect on 3T3L1 adipocyte differentiation   
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Figure 4.4: The effect of ABT-510 throughout 3T3L1 adipocyte 

differentiation on lipid accumulation. A: Light microscopy pictures at x 10 

magnification showing oil droplet as a marker of lipid accumulation and 

distribution between control (i) and 100 nM ABT-510 treated adipocytes(ii). B: 

Quantified lipid accumulation in cells treated with ABT-510, using oil red O 

staining from days 0 to 10.  Scale bar represents 0.5 µm. Data are expressed as 

mean ± SEM; n=6 for all groups. Data were analysed by two way ANOVA 

followed by Bonferroni correction. 

A 

B NS 



Page | 126  

 

4.4.3.1 Increased expression of CD36 with 3T3L1 adipocyte 

differentiation  
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Figure 4.5: CD36 receptor mRNA levels in 3T3L1 adipocytes throughout 

differentiation. Real-time quantification of CD36 receptor expression in 3T3L1 

pre-adipocytes throughout differentiation. Data are expressed as mean ± SEM; 

n=4 for all groups. Data were analysed by one way ANOVA followed by 

Bonferroni correction; **p<0.01.  
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4.4.3.2 ABT-510 has a bi-phasic effect on palmitate uptake into 

adipocytes  
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Figure 4.6:  The effect of ABT-510 upon palmitate uptake into 3T3L1 

adipocytes. Effect of ABT-510 (1, 10 & 100 nM) upon [3H] palmitate uptake in 

fully differentiated adipocytes Day 10).  Data are expressed as mean ± SEM; n=6 

for all groups. Data were analysed by one way ANOVA followed by Bonferroni 

correction; **p<0.01.  
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4.4.3.3 No effect of ABT-510 on basal lipolysis but potent 

suppression of β3-stimulated lipolysis in 3T3L1 adipocytes 
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Figure 4.7:  The effect of ABT-510 upon basal and β3-stimulated lipolysis on Day 

12, 3T3L1 adipocytes. A: ABT-510 effect upon basal lipolysis, including a positive 

stimulator- (β3 agonist-CL 316, 243) and inhibitor (insulin) of lipolysis. B: ABT-510 

effect upon β3-stiumlated lipolysis including a positive stimulator (β3 agonist-CL 316, 

243) and inhibitor (insulin) of lipolysis. Data are expressed as mean ± SEM; n=6 for all 

groups. Data were analysed by one way ANOVA followed by Bonferroni correction; 

*p<0.05; **p<0.01.  
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4.4.3.3 No effect of non-active peptide sequence A-317473 upon 

3T3L1 adipocyte lipolysis 
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Figure 4.8: The effect of non active peptide sequence A-317473upon 

3T3L1 adipocyte lipolysis. Assessment of non-active sequence (1 & 100 nM) 

upon lipolysis as assessed by free fatty acid (FFA) release in Day 10 3T3L1 

adipocytes. Data are expressed as mean ± SEM; n=6 for all groups. Data were 

analysed by one way ANOVA followed by Bonferroni correction; *p<0.05; 

**p<0.01. 
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4.4.4 siRNA down regulation of CD36 

To confirm that CD36 was mediating the action of ABT-510 on adipocytes, 

siRNA-mediated down-regulation of CD36 was attempted. Different siRNAs 

directed against distinct coding regions of the CD36 receptor gene (designated 

1, 2, 3 and 4 below) were used to determine which would be the most effective 

at knocking down the gene. Furthermore, different concentrations (10 and 30 

nM) of each siRNA were used during optimisation (see section 2.5.9). As a 

transfection control, siRNA for glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) and a scrambled sequence negative control (-ve) were also included. 

Cyclophilin and tata binding protein (TBP) was used as an internal control to 

correct for cellular gene expression. To verify the transfection of adipocytes 

using the DeliverX protocol, real-time quantitative PCR was performed on 

adipocytes. As shown in Figure 4.9A, knockdown of the CD36 receptor was 

unsuccessful and GAPDH was also not ablated compared to controls in Day 10 

adipocytes. Successful knockdown of the CD36 receptor was achieved in Day 0 

pre-adipocytes using 30 nM of CD36-2 and the internal control GAPDH (Figure 

4.9B). However, when these cells were continued to Day 10 of differentiation, 

the CD36 receptor down-regulation was not reproducible (Figure 4.9C). 



Page | 131  

 

4.4.4 The effect of down-regulation of CD36 by siRNA on 

preadipocytes and mature adipocytes 
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Figure 4.9:  The effect of CD36 receptor siRNA transfection on 

preadipocytes and mature adipocytes on CD36 mRNA expression.  A: RT-

PCR mRNA concentrations from first attempt to transfect Day 10 3T3-L1 

adipocytes with CD36 receptor specific siRNA, relative to cyclophilin 

expression. B: RT-PCR mRNA concentrations from the second attempt to 

transfect Day 0 3T3-L1 adipocytes with CD36 receptor specific siRNA, relative 

to TATA binding protein (TBP) expression. C: Same adipocytes as in B were 

allowed to differentiate to Day 10 and analysed for CD36 receptor knockdown. 

Data are expressed as mean ± SEM; n=6 for all groups. Data were analysed by 

two way ANOVA followed by Bonferroni correction; **p<0.01.  
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4.4.5 Anti-lipolytic effect of ABT-510 involves p38 MAPK and is 

independent of PI3K  

To determine the mechanism of the novel lipid-retaining effects of ABT-510, the 

CD36 and insulin signalling pathways were investigated. Insulin signalling was 

examined as the anti-lipolytic effects of ABT-510 were comparable to this most 

potent anti-lipolytic hormone which also works through PI3K. This was 

achieved by using Wortmannin (100 nM) and SB203580 (100 nM) for a period 

of 6 hours, to inhibit the PI3-kinase and p38 pathways, respectively, with 

quantification of FFA release as the functional readout for the effect. 

Anisomycin, a known stimulator of p38 MAPK (Barros et al., 1997) was used as 

a positive control for this pathway. Wortmannin (Figure 4.10) and SB203580 

(Figure 4.11) did not affect the inhibition of the CL-mediated lipolysis by ABT-

510 (p>0.05).  Interestingly, stimulation of the p38 MAPK pathway using 

anisomycin (3 nM), caused a reversal of the ABT-510 induced inhibition of CL-

mediated lipolysis (p=0.004) (Figure 4.12). 
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4.4.5 No reversal of the ABT-510-induced inhibition of β3-stimulated 

lipolysis by the PI3K inhibitor, Wortmannin 
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Figure 4.10: The effect of PI3K inhibitor upon β3-stimulated lipolysis in 

3T3L1 adipocytes. Effect of PI3 kinase inhibitor (Wortmannin) and ABT-510 

upon basal and β3 stimulated lipolysis as assessed by free fatty acid release 

(FFA) in Day 10 3T3L1 adipocytes. A positive stimulator-(β3 agonist-CL 316, 

243) and inhibitor (insulin) of lipolysis were also used. Data are expressed as 

mean ± SEM; n=6 for all groups. Data were analysed by one way ANOVA 

followed by Bonferroni correction; *p<0.05; ***p<0.001; NS= non-significant; 

CL= CL316, 243. 
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4.4.5 No reversal of the ABT-510-induced inhibition of β3-stimulated 

lipolysis by the p38 MAPK inhibitor, SB203580 
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Figure 4.11:  The effect of p38 MAPK inhibition on β3-stimulated lipolysis 

in 3T3L1 adipocytes.  Effect of p38 MAPK inhibitor (SB 203580) and ABT-510 

upon basal and β3 stimulated lipolysis as assessed by free fatty acid release 

(FFA) in Day 10 3T3L1 adipocytes. A positive stimulator-(β3 agonist-CL 316, 

243) and inhibitor (insulin) of lipolysis were also used. Data are expressed as 

mean ± SEM; n=6 for all groups. Data analysed by one way ANOVA followed by 

Bonferroni corrections; *p<0.05; ***p<0.001; NS= non-significant; CL= CL316, 

243; SB= SB203580 on legend.  
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4.4.5 Reversal of the ABT-510-induced inhibition of β3-stimulated 

lipolysis by p38 MAPK activation 
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Figure 4.12: The effect of the p38 MAPK activator anisomycin on β3-

stimulated 3T3L1 adipocyte lipolysis. Effect of p38 MAPK activator 

(anisomycin) and ABT-510 upon basal and β3 stimulated lipolysis as assessed 

by free fatty acid release (FFA) in Day 10 3T3L1 adipocytes. A positive 

stimulator-(β3 agonist-CL 316, 243) and inhibitor (insulin) of lipolysis were also 

used. Data are expressed as means ± SEM; n=6 for all groups. Data analysed by 

one way ANOVA followed by Bonferroni corrections; *p<0.05; ***p<0.001; NS; 

non-significant. CL; CL 316, 243; SB= SB203580 on legend.  
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4.4.6 ABT-510-mediated inhibition of β3 stimulated lipolysis is 

independent of nitric oxide pathways 

Nitric oxide (NO) signalling is crucial for both endothelial cells and adipocyte 

function. TSP-1 and ABT-510 inhibit NO signalling in endothelial cells (Isenberg 

et al., 2005; Isenberg et al., 2008). This, coupled with the knowledge that NO 

also inhibits proliferation and subsequent differentiation of adipocytes (Nisoli et 

al., 1998) and causes a decrease in lipolysis (Andersson et al., 1999), may link 

the novel anti-lipolytic effect of ABT-510 observed in adipocytes.  

Myristic acid is a fatty acid capable of activating NO production (Zhu et al., 

2005) and TSP-1 inhibits myristic acid uptake into endothelial cells (Isenberg et 

al., 2007). Thus, the effect of ABT-510 inhibition of β3-mediated lipolysis in the 

presence of myristic acid was investigated with the reasoning that suppression 

of a nitric oxide response could be involved in the anti-lipolytic mechanism 

(note that TNF-alpha mediated NO production facilitates lipolysis (Lien et al., 

2009)). Both cGMP and nitrite production were examined with myristic acid 

incubation to give an indication of the amount of NO produced. NO stimulates 

soluble guanylate cyclase (sGC), increasing cytoplasmic cGMP levels (Moncada 

et al., 1991) and nitrite is also an important source of nitric oxide (Zweier et al., 

1995). However, when both cGMP synthesis (Figure 5.13A) and nitrite 

production (Figure 5.13B) were investigated, there was no effect of myristic 

acid when incubated with any of the concentrations of ABT-510. As well as the 

stimulation of NO production, inhibition of NO production was investigated. The 

nitric oxide synthase inhibitor L-NAME (L-NG-nitro-arginine methyl ester) was 

used to inhibit NO production during stimulation of lipolysis. As may be 

predicted from the lipolytic effects of TNF-α mediated by NO, L-NAME 

incubation caused a reduction in lipolysis in adipocytes (Figure 4.14). This 

reduction was also mirrored when L-NAME was incubated in the presence of 

the β-agonist CL316, 243 and when both CL316, 243 and 100 nM ABT-510 were 

incubated in addition to 300 µM L-NAME. However, it must be pointed out that 

there was no additional effect with incubation of L-NAME to suppress lipolysis 

when ABT-510 was co-incubated. 
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4.4.6 No effect of myristic acid and ABT-510 on production of nitrite 

or cGMP by adipocytes 
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Figure 4.13: The effect of myristic acid and ABT-510 on adipocyte nitrite 

and cGMP production. A: cGMP production in Day 10 3T3L1 adipocytes with 

incubation of myristic acid and ABT-510 as assessed by the cGMP ELISA. B: 

Nitrite production in Day 10 3T3L1 adipocytes with incubation of myristic acid 

and ABT-510 as assessed by the Griess assay. Data are expressed as mean ± 

SEM; n=6 for all groups. Data were analysed by one way ANOVA followed by 

Bonferroni correction; *p<0.05; **p<0.01; NS; non-significant; Myr; myristic 

acid CL; CL 316, 243. 
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4.4.6 Effect of nitric oxide synthase inhibitor L-NAME on stimulated 

lipolysis 
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Figure 4.14: The effect of the nitric oxide synthase inhibitor L-NAME on 

ABT-510-mediated suppression of lipolysis in adipocytes. Effect of L-NG-

nitro-arginine methyl ester (L-NAME) and ABT-510 upon basal and β3 

stimulated lipolysis as assessed by free fatty acid release (FFA) in Day 10 3T3L1 

adipocytes. A positive stimulator-(β3 agonist-CL 316, 243) was also used. Data 

are expressed as mean ± SEM; n=6 for all groups. Data were analysed by one 

way ANOVA followed by Bonferroni correction; *p<0.05; **p<0.01; L-NAME; L-

NG-nitro-arginine methyl ester CL; CL 316, 243. 
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4.5 Discussion 

This chapter tested the hypothesis that the anti-angiogenic activity of TSP-1 has 

a direct effect upon adipocyte function, through similar mechanisms involved in 

its anti-angiogenic action in endothelial cells. This was investigated using a 

synthetic, mimetic peptide of the second Type I repeat of TSP-1, ABT-510.  

4.5.1 Elevated TSP-1 in obesity is also associated with other obesity-

related factors 

The effects of other factors known to be elevated in adipose during obesity on 

TSP-1 expression were examined, focussing on four key factors associated with 

obesity. The effects of insulin, which is elevated due to insulin-resistance (for 

review see Reaven 1993); increased intra-adipose glucocorticoid action (via 

11β-HSD1 in obesity; Morton and Seckl 2008); decreased adrenergic 

stimulation of obese adipose (Muzzin et al., 1991) and, finally, a locally elevated 

adipocytokine (interleukin-6) associated with the chronic adipose inflammation 

observed in obesity (Mohamed-Ali et al., 1997; Kern et al., 2001) were 

investigated. Of note, the TSP-1 receptor, CD36, has been directly linked to 

insulin resistance in adipocytes (Aitman et al., 1999; Pravenec et al., 2003) and, 

thus, it was hypothesied that TSP-1/ABT-510 may mediate direct effects 

through CD36, which is the pathway known to inhibit angiogenesis in 

endothelial cells (Jimenez et al., 2000; Nor et al., 2000; Simantov and Silverstein 

2003). 

TSP-1 levels had previously been correlated with increased insulin levels (result 

of insulin resistance) in humans (Varma et al., 2008). Similarly, as excess 

glucocorticoid production is also associated with obesity and diabetes (Morton 

and Seckl 2008) and short-term administration of a synthetic glucocorticoid, 

dexamethasone, leads to reversible insulin resistance, hyperinsulinemia and 

impaired glucose tolerance in healthy individuals (Tappy et al., 1994; Schneiter 

et al., 1998), the effects of insulin and dexamethasone on TSP-1 expression were 

also investigated. TSP-1 expression was not affected by increasing doses of 

insulin or dexamethasone in adipocytes. This was surprising as dexamethasone 
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induces TSP-1 expression in trabecular meshwork mouse and human cells 

(Flugel-Koch et al., 2004). Therefore, although contrary to previous results, it 

was concluded that increased TSP-1 expression is not mediated by increasing 

concentrations of insulin or dexamethasone.  

Attention then turned towards adipokines and, in particular, interleukin-6 (IL-

6). IL-6 is elevated in obesity (Mohamed-Ali et al., 1997) and inhibits the 

expression of lipoprotein lipase (LPL) on adipocytes (Feingold et al., 1992; 

Greenberg et al., 1992). The typical “bell-shaped” response observed with IL-6 

incubation has been reported previously and with other cytokines (Aarden 

1989; Van dam et al., 1993). Thus transition from the active IL-6 tetrameric 

form to an inactive receptor complex (Groetzinger et al., 1999) could in part 

explain the u-shaped dose effects with IL-6.  

The β3-adrenoreceptor agonist elevated TSP-1. Thus, the adrenergic system may 

alter expression in obesity. β3 agonists have remarkable anti-obesity and anti-

diabetic effects in rodents (De Souza et al., 1997; Ghorbani et al., 1998; Liu et al., 

1998; Weyer et al., 1998). However, catecholamine-stimulated lipolysis is 

reduced in obesity (Arner 1996).  

4.5.2 The anti-angiogenic activity of TSP-1 may be detrimental to 

adipocyte function 

Confirmation that the ABT-510 sequence was the specific, endothelial, anti-

angiogenic part was essential. As expected, ABT-510 showed potent inhibition 

of endothelial cell function, including migration observed in the aortic ring 

preparation and tube formation in the HUVEC preparations. A non-active 

sequence was without effect, proving specificity for the type I repeat effects. 

As ABT-510 caused no alteration of differentiation from pre-adipocyte to the 

fully mature adipocyte, our attention then turned towards other functions of the 

mature adipocyte. The likelihood of a role in mature fat cells was re-enforced by 

the observation that TSP-1 receptor, CD36, increased as the adipocytes became 

mature (>Day 7). Moreover, a novel anti-lipolytic effect of ABT-510, where ABT-
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510 abolished β3-adrenoceptor-stimulated lipolysis, was demonstrated. This, 

coupled with increased fatty acid uptake at high ABT-510 concentrations, could 

mean elevated TSP-1 in obesity promotes further lipid storage by 

simultaneously increasing fatty acid uptake and inhibiting free fatty acid release 

from the adipocyte. This may make increased adipose tissue TSP-1 production 

ultimately detrimental through specific actions on fatty acid movement in 

adipocytes in obesity. However, as alluded to previously, TSP-1 anti-lipolytic 

effect on adipocytes may be masked in obesity as β3 signalling is down-

regulated. 

4.5.3 Study Limitations 

The increase in palmitate uptake by ABT-510 was demonstrated after a six hour 

incubation. As discussed in the Introduction (Chapter 1), uptake of fatty acids 

occurs both via a carrier-mediated method (e.g. CD36) or a passive flip-flop, 

which is based on the assumption that fatty acids are transferred across lipid 

bilayers (Hamilton 1998; Stump et al., 2001). Therefore, it may be argued that 

the movement of palmitate into the adipocytes by ABT-510 was not mediated 

by the proposed receptor (CD36) but this simple diffusion across the 

membranes. This is a valid point, however preliminary time-course experiments 

(see section 2.5.6) dictated 6 hours was a valid time point for investigation. 

The evidence for CD36 mediating the anti-angiogenic activity of TSP-1 in 

endothelial cells is substantial. CD36 receptor expression was observed 

throughout adipocyte differentiation. However, there was no definite proof that 

the effects observed with ABT-510 on adipocytes were through CD36 receptor. 

Attempts to address this were performed by manipulation of CD36 by siRNA 

down-regulation. No successful knock down was observed in mature adipocytes 

and thus CD36 involvement in ABT-510 effect on adipocytes was not confirmed. 

Alternatively, an inhibitor of CD36 was considered. Sulfo-N-succinimidyl oleate 

(SSO), is an oleic acid derivative that specifically binds to and cross-links CD36 

on the plasma membrane, which results in an inhibition of transport  by CD36 

(Coort et al., 2002). This would have been ideal to examine ABT-510 effects at 
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least on fatty acid transport, if not CD36 signalling. Unfortunately, SSO is not 

commercially available and these experiments were not feasible within the time 

limit of the thesis.  

4.5.4 The anti-lipolytic effect of ABT-510 is independent of PI3K, yet 

dependent upon p38 MAPK signalling 

The inhibition of lipolysis by ABT-510 was equipotent to that of insulin, which is 

an established anti-lipolytic agent (at any dose used; 1, 10 and 100nM). Insulin 

exerts such an effect primarily through phosphorylating and activating 

phospodiesterase type 3B (PDE3B), leading to a reduction in cAMP-dependent 

protein kinase (PKA). Phosphoinositide-3-kinase (PI3K) is important in the anti-

lipolytic insulin signalling pathways (Okada et al., 1994; Rahn et al., 1994). 

Therefore, the PI3K inhibitor, Wortmannin (Hausdorff et al., 1999), was used in 

order to determine if ABT-510 effects were mediated through PI3K. 

Wortmannin reversed the anti-lipolytic effect of insulin but not ABT-510, 

suggesting the anti-lipolytic effect of ABT-510 is not through PI3K.  

In addition to PI3K, p38 MAPK is also an established pathway that is activated 

by ABT-510 (Mirichnik et al., 2008). p38 MAPK is also involved in glucose 

disposal by insulin in both muscle and adipose, whereby it causes the activation 

of a glucose transporter (GLUT4) (Michelle et al., 2003). Moreover, β-adrenergic 

receptor-mediated adipocyte lipolysis and inflammation has been shown to 

activate p38 MAPK (Mottillo et al., 2010). Thus, p38 MAPK seemed the ideal 

candidate as a potential mediator of ABT-510 effects on adipocytes. However, 

the p38 inhibitor had no additional effect upon the novel anti-lipolytic effect 

observed by ABT-510. Curiously, stimulation of the p38 MAPK pathway using 

anisomycin caused a reversal of the inhibition of β3-induced lipolysis by ABT-

510. This may indicate that ABT-510 exerts its anti-lipolytic effect through 

decreased p38 MAPK activation, which is completely opposite to its action in 

endothelial cells. 

Another mediator that may potentiate ABT-510 effects on adipocytes is NO. NO 

inhibits basal lipolysis (Andersson et al., 1999), impairs stimulated lipolysis 
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(Klatt et al., 2000) and inactivate HSL (Gaudiot et al., 1998). To determine 

whether ABT-510 was mediating the inhibition of lipolysis through NO 

signalling, experiments were conducted using mediators important in this 

pathway. Myristic acid causes activation of eNOS in a CD36 and AMP kinase 

dependent manner (Zhu and Smart 2005). In addition, myristic acid treatment 

of endothelial cells showed similar biochemical responses as exposure to an NO 

donor and these responses were inhibited by TSP-1 mimetic Type I peptides 

(Isenberg et al., 2007). However, this chapter has presented evidence to show 

myristic acid incubation did not alter nitrite and cGMP production. Yet nitrite 

and cGMP production were also not affected by β3-induced lipolysis which is 

opposite to what would be expected (predicted decrease in cGMP and nitrite 

production). Therefore, this may highlight a lack of sensitivity in both assays to 

observe differences in NO by-product production.  More specific NO assays 

could be employed and although technical, the amperometric microelectrode 

assays  now offer the potential to measure small amounts of NO (10-20 M) from 

single cells (Archer 1993).  No evidence of fluctuations in nitrite and cGMP 

levels may also re-inforce that NO signalling is not a mechanism employed by 

myristic acid in adipocytes and thus further experimentation investigating 

another stimulator of NO production could be used. In addition to stimulation of 

NO production, inhibition of NO was achieved using L-NG-nitro-arginine methyl 

ester (L-NAME). Contrary to previous literature (Gaudiot et al., 2000), L-NAME 

suppressed lipolysis. The decrease was not further affected by the addition of 

ABT-510. This may indicate that either NO may not be involved in the 

stimulated anti-lipolytic effect of ABT-510 or that suppression of a lipolytic 

effect of NO, as shown with TNF-α (Lien et al., 2009) might be a potential anti-

lipolytic mechanism of ABT-510.  

4.5.5 Future studies 

Identifying mechanism(s) for ABT-510 effects upon adipocytes has proven 

difficult. However, down-stream targets of the p38 MAPK pathway would 

warrant further investigation. In particular, the nuclear factor-κB(NF-κB) 

signalling pathway has been implicated in the regulation of adipogenesis in 
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murine cells (Hauner 2005) and, more importantly to this research, has been 

proposed to mediate in part TNF-α-stimulated lipolysis (Bouwmeester et al., 

2004). This pathway may then be down-regulated in the inhibition of stimulated 

lipolysis by ABT-510. In addition, future studies may include co-culture of both 

adipocytes and endothelial cells and the effect of ABT-510 assessed. This 

approach would allow both cell types and their interactions to be examined. 

Although no substantial effect was observed on NO or cGMP production with 

incubation of ABT-510, it may be interesting to assess vascular tone of adipose 

vessels in response to ABT-510 by myography. 
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Chapter 5  

In vivo evaluation of the effects of thrombospondin analogue 

ABT-510 upon weight gain, metabolism and angiogenesis  
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5.1 Introduction  

Synthesised antiangiogenic substances have the potential to prevent 

development of the vasculature and are used in the treatment of cancer. As 

shown in Chapter 4, ABT-510 has an additional, anti-lipolytic effect upon 

stimulated lipolysis in adipocytes. The potent inhibitory role of ABT-510 on 

angiogenesis was observed in syngeneic and xenograft mice, where tumour 

growth was suppressed (Jimenez et al., 2001; Reiher et al., 2002). Furthermore, 

apoptosis of solid tumour endothelial cells in mouse cancer models increased 

with ABT-510 administration (Haviv et al., 2005). In addition, ABT-510 

decreased circulating endothelial cell and endothelial progenitor cells in TSP-1 

knockout mice and mice bearing lung tumours (Shaked et al., 2005). These 

strong preclinical data have contributed to the entry of ABT-510 into Phase I 

and Phase II clinical trials for cancer involving adults with advanced solid 

malignancies (Ebbinghaus et al., 2007; Markovic et al., 2007). These studies 

have been in line with pre-clinical results whereby ABT-510 prevented tumour 

growth and formation; however, clinical trials demonstrated no tumour 

regression (Hoekstra et al., 2005). Examination of the direct effect of ABT-510 

upon adipose (see Chapter 4) and weight gain has not been addressed 

previously. This warrants further investigation particularly since, TNP-470 a 

synthetic analogue of fumagillin, inhibits endothelial cell growth and 

angiogenesis (Kusaka et al., 1994) and prevented the development of obesity of 

both genetic and diet-induced obesity (Rupnick et al., 2002; Brakenhielm et al., 

2004). Although it was not clear whether TNP-470 acted directly upon the 

adipose tissue to inhibit expansion, there was evidence to show reduced 

vascularity within the adipose and decreased circulating levels of lipoprotein 

lipase (LPL) (Rupnick et al., 2002). Consistent with this observation, other 

inhibitors of angiogenesis, including angiostatin and endostatin, also prevented 

genetic obesity in mice (Rupnick et al., 2002).  

As these studies did not clarify the mechanism of anti-angiogenic effects upon 

adipose tissue and whole body physiology, it was important to investigate the 

effect of ABT-510 effect upon adipose tissue metabolism to establish whether 
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direct effects on adipose tissue was causing the alteration in weight. As 

highlighted previously (Chapter 4), ABT-510 is the second Type I repeat of the 

specific anti-angiogenic region of TSP-1. In order to appreciate the in vivo action 

of ABT-510 on metabolism, clues may be gathered from work using TSP-1. 

Increased TSP-1 levels have been associated with obesity and insulin resistance 

(Boden 2001) and with the accelerated development of atherosclerotic lesions 

and restenosis in diabetes (Stenina et al., 2003). Moreover, as TSP-1 is 

synthesised by endothelial cells and adipocytes as well as platelets, it was 

interesting to note that endothelial cells increased TSP-1 production when 

incubated with high glucose (Tada et al., 2001). These studies indicate that 

aberrant glucose metabolism may be a driver of elevated adipose TSP-1. This 

coupled with the fact that CD36 is main receptor mediating the anti-angiogenic 

activity of TSP-1 (Dawson et al., 1997) (see Chapter 4) hints at a strong 

relationship between TSP-1 and insulin resistance.  In addition, CD36 mutation 

in the spontaneously hypertensive rat strain has been linked to insulin 

resistance (Aitman et al., 1999; Pravenec et al., 2003) and  humans lacking CD36 

also exhibit insulin resistance (Miyaoka et al., 2001). It was therefore important 

to monitor glucose homeostasis after ABT-510 administration.  

Previous work has suggested at high concentrations, ABT-510 induced fatty acid 

uptake by adipocytes in vitro and potently inhibited catecholamine-stimulated 

lipolysis (Chapter 4). Thus, alongside its established response in inhibiting 

endothelial cell angiogenesis, ABT-510 may also cause fat retention by 

adipocytes. The work described in this chapter addresses the hypothesis that 

administration of high doses of ABT-510 will act directly on adipocytes to cause 

fat retention, thus re-instating weight gain and countering the beneficial effects 

of inhibition of ABT-510-mediated angiogenesis in diet-induced obesity. 
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5.2 Experimental hypothesis 

The experiments described in this chapter were designed to address the 

hypothesis that administration of the TSP-1 analogue ABT-510 at high doses 

will increase fat uptake into the adipose tissue, directly counteracting its 

beneficial effects to curtail angiogenesis and associated fat expansion. 

5.2.1 Aims 

Specifically this chapter aimed to determine whether: 

 Subcutaneous administration of ABT-510 by minipump would alter 

angiogenesis 

 Subcutaneous administration of ABT-510 by minipump would increase 

high fat diet-induced weight gain at high doses.  
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5.3 Experimental Design 

Six week old C57BL/6J mice were fed either chow (n=6) or high fat diet (n=18) 

for a period of four weeks (see section 2.1.1). After this time, minipumps 

administering vehicle (saline) or Type I repeat analogue of thrombospondin-1 

(ABT-510) at low (0.6 mg/kg/day) or high (60 mg/kg/day) were inserted, 

alongside polyurethane sponges. High fat or control diets were continued for a 

further 4 weeks. After 7 weeks of high fat feeding, insulin sensitivity was 

assessed in control (C), high fat vehicle (V), low dose ABT-510 (AL) and high 

dose ABT-510 (AH) mice using glucose tolerance test (see section 2.1.3.3). Body 

weights were monitored throughout the 8 week study period. Twenty eight 

days post-implantation, mice were killed and aortas, adipose and sponges 

collected for further analysis (Diagram 5.1).       

The use of osmotic minipumps allowed the continuous administration of high or 

100-fold lower (though still angiostatic in vitro) doses of ABT-510 to mice as 

they gained weight with high fat diets. The use of minipumps has many 

advantages over other methods of delivery. For example minipumps are known 

to deliver drugs at a constant, controlled rate and reduce researcher 

intervention during the experimental period. With regard to concentration, 

minipump administration of ABT-510 at a concentration of 60 mg/kg/day for 7 

days decreased angiogenesis and inflammation in a model of inflammatory 

bowel disease (Punekar et al., 2007). Specifically, the main objective was to 

examine the influence of ABT-510 upon adipose vascularity when mice were 

gaining weight during obesity. 
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Diagram 5.1: Time line for in vivo ABT-510 minipump experiment. 

C57BL/6J mice were control or high fat fed for a period of 8 weeks. After 4 

weeks of respective diet, osmotic minipumps containing either vehicle control, 

low and high concentration of Type I sequence repeat of thrombospondin-1 

(ABT-510) were implanted, alongside sponges. ABT-510 dissolved in PBS. 7 

weeks into the experiment, glucose tolerance tests (GTT) were performed. Mice 

were culled at 8 weeks and minipumps, sponges, adipose depots and livers 

removed and analysed.  
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5.4 Results 

5.4.1 Weight gain and tissue harvesting 

5.4.1.1 Divergent response in body weight exhibited by low and high 

doses of ABT-510  

C57BL/6J mice (n=24) were fed either chow or 58% high fat diet for 4 weeks. 

Subcutaneous implantation of minipumps administering vehicle (saline), or 

ABT-510 at low (0.6 mg/kg/day) or high (60 mg/kg/day) doses were employed 

alongside polyurethane sponges (see section 2.1.3.1). High fat or chow diets 

were continued for further 4 weeks. At the beginning of the study the mice were 

randomly assigned to their groups: control diet (C) bodyweight:  20.2 ± 0.4 g; 

high fat vehicle (V): 19.7 ± 0.8 g; low ABT-510 (AL): 19.5 ± 0.8 g and high ABT-

510 (AH): 20.9 ± 0.5 g. Exposure to a high fat diet for 8 weeks caused a 

significant (p<0.001) increase in body weight in the vehicle-treated (V) mice 

(34.0 ± 0.7 g) compared with chow fed (C) controls (30.8 ± 0.5 g) (Figure 7.1). 

This increase was maintained in mice exposed to high dose ABT-510 (AH; 35.0 ± 

1.2 g, p<0.001 compared with C) but was blocked by administration of low dose 

ABT-510 (AL; 30.9 ± 0.6 g) (Figure 5.1). 

5.4.1.2 Administration of low ABT-510 reduces all adipose depot 

weights but not liver weight 

Subcutaneous, epididymal and mesenteric adipose depots were excised and 

weighed. High fat feeding caused an increase in subcutaneous, epididymal, 

mesenteric and liver weight in V mice, compared to C mice (Figure 5.2 A, B, C & 

D respectively). An increase in adipose weight was also observed in AH mice but 

not AL mice. Note the reduction in adipose weight did not completely mimic the 

reduction in body weight observed in AL mice (Figure 5.1). AL mice did not 

exhibit reduced liver weights compared to AH mice (p>0.05) (Figure 5.2 D).   

5.4.1.3 Low ABT administration reduces adipocyte size  

Histological examination by haematoxylin and eosin staining of adipocytes in 

epididymal tissue was used to assess the effects of ABT-510 on adipocyte size. 
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The epididymal adipose tissue was used as this depot was larger in size than the 

mesenteric depot and the subcutaneous adipose tissue was used for molecular 

investigations including real-time PCR. Adipose tissue sections were examined 

under a light microscope (Karl Zeiss Axissop) at X10 magnification, their 

perimeters traced manually and analyzed with MCID software (Imaging 

Research Inc.) to calculate total adipocyte area (see section 2.6.3). Increased 

body weight was accompanied by increased adipocyte size in both V (1.43 ± 

0.51 µm2 ) and AH (1.17 ± 0.60 µm2) mice compared to C mice (0.37 ± 0.25 µm2) 

(Figure 6.3). AL adipocyte size (0.68 ± 0.074 µm2) remained larger in size than C 

mice (0.37 ± 0.25 µm2) (Figure 5.3).  
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5.4.1 Low dose ABT-510 prevented the development of obesity 

whereas high dose ABT-510 did not 
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Figure 5.1: Subcutaneous minipump administration of ABT-510 in chow or high fat (HF) 

fed C57BL/6J mice. A: Mice placed on high fat diet (V, AL and AH) increased body weights until 

week 4. Subsequent minipump and sponge implantation at week 4, caused a reduction in body 

weight in AL mice which continued to week 8. Both V and AH increased their body weights 

further till the end of the 8 week study period. B: Final body weights of C, V, AL and AH mice. V 

and AH had significantly increased body weights compared to both AL and C. Results are 

expressed as mean weight ± SEM of 6 mice from each diet group. Two way ANOVA; Bonferroni 

Multiple comparison post hoc test. *p<0.05; C; control vehicle; V; high fat vehicle; AL; high fat 

low dose ABT-510; AH; high fat high dose ABT-510.  

A 

B 
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5.4.2 Low dose ABT-510 decreased all adipose weights but not liver 

weight 
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Figure 5.2: Subcutaneous, epididymal, mesenteric and liver weights from 

ABT-510 infusion into C57BL/6J mice. V and AH mice showed an increased 

subcutaneous (A), epididymal (B), mesenteric (C) and liver (D) weights 

compared to C mice. AL mice exhibited reduced subcutaneous (A), epididymal 

(B) and mesenteric (C) adipose tissue weights. AL did not decrease liver weight 

(D). Data are expressed as mean ± SEM; n=6 for all groups. Data analysed by one 

way ANOVA followed by Bonferroni corrections; *p<0.05; **p<0.01; ***p<0.001. 
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5.4.3.3 Low dose ABT-510 decreases adipocyte size 
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Figure 5.3: Adipocyte area in epididymal adipose from ABT-510 infused C57Bl/6J 

mice. A-D, Epididymal adipose sections from C, V, AL and AH mice. Photomicrographs 

of H & E stained adipocytes at x 10 from C (A), V (B), AL (C) and AH (D). V and AH 

increased adipocyte size compared to C mice (E). AL caused a decrease in adipocyte 

size in comparison to AH but not to the extent of C mice (E). Scale bar represents 10 

µm. Data are expressed as means ± SEM; n=6 for all groups. Data analysed by one way 

ANOVA followed by Bonferroni corrections.  

E 
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5.4.2 Low concentration ABT-510 infusion by minipump corrects 

glucose intolerance  

In order to assess the effect of ABT-510 upon glucose homeostasis, glucose 

tolerance tests (GTT) were performed at week 7. Glucose was injected (2 mg/g) 

intraperitnoneally and blood glucose was measured from tail venesection over a 

2 hour period, using an instant glucose meter (see section 2.1.3.3). V, AL and AH 

(all high fat fed groups) showed higher basal fasting glucose levels, indicative of 

insulin resistance (V: 12.03 ± 0.37 mmol/l; AL: 10.65± 0.53 mmol/l; AH: 11.85 ± 

0.78 mmol/L; Figure 5.4A). Notably, AL exhibited a greater impairment of 

glucose tolerance than C despite having a lower bodyweight and reduced fat 

mass (C: 8.7 ± 0.88 mmol/l; AL; 9.68 ± 0.21 mmol; Figure 5.4A). AH,  producing 

comparable weight gain as V, had impaired glucose tolerance (V; 14.63 ±1.58 

mmol/l; and AH, 14.85 ± 0.96 mmol/l).  

The higher glucose concentrations observed in the V and AH mice were 

associated with increased stimulated plasma insulin concentrations, observed at 

basal, 0 minutes (V; 1.22 ± 0.28 nmol/l and AH; 1.35 ± 0.067 nmol/l) compared 

to C mice, 0.23 ± 0.092 nmol/l.  Throughout the 120 min time course, AL mice 

once again had comparable plasma insulin concentrations (0.36 ± 0.11 nmol/l) 

to C mice (p<0.05) (Figure 5.4B). Fasting (6 hours) free fatty acid (FFA) levels 

were also measured from blood plasma (see section 2.1.3.4) and both V (1.57 ± 

0.12 mmol/l) and AH (1.74 ± 0.11 mmol/l) exhibited an elevation in fasting FFA 

compared to C mice, 1.18 ± 0.09 mmol/l (Figure 6.4C). Curiously, AL mice also 

exhibited elevated fasting FFA (1.69 ± 0.07 mmol/l) compared to C mice, 

converse once again to what was expected from their reduction in body weight.  
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5.4.2 Low ABT-510 infusion by minipump corrects glucose and 

insulin intolerance in C57BL/6J mice 
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Figure 5.4: Intraperitoneal glucose tolerance testing and associated insulin excursion in 

ABT-510 infused C57BL/6J mice. Mice were fasted overnight and given an intraperitoneal 

injection of 2 mg/g of body weight of glucose in saline (25 % weight/volume). Tail-vein blood 

was collected at each time-point indicated and analysed by either a glucose meter (A) or insulin 

ELISA (B). A: Both V and AH had impaired glucose tolerance compared to C throughout the 

examination period, whereas AL reversed this. B: Basal insulin levels were higher in V and AH 

groups compared to AL and C mice. Final readings also indicate increased insulin concentrations 

in AH mice compared to AL and C mice. C: Fasting tail-vein blood was also collected and plasma 

removed to measure FFA. Fasting FFA levels were elevated in V, and AH mice compared to 

vehicle C, mice with a notable lack of effect of AL upon fasting FFAs. Control (C); high fat vehicle 

(V); low dose ABT-510 (AL) and high dose ABT-510 (AH). Data are expressed as means ± SEM 

n=6 for all groups. Data analysed by two way ANOVA followed by Bonferroni corrections 

(*p<0.05; **p<0.01; ***p<0.001).  
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5.4.3 In Vitro and in vivo angiogenesis studies: Mouse aortic ring and 

subcutaneous sponge implantation assays 

ABT-510’s effect upon angiogenesis was examined using both the aortic ring 

assay and the subcutaneous implantation of sponges. Tube like structure (TLS) 

formation could be detected after 2 days in aortic rings isolated from C, V, AL 

and AH mice and cultured in Matrigel (see section 2.3.1, 2.3.2 & 2.3.3). Growth 

continued for the next 8 days. After 10 days, some TLSs began to degrade. 

Therefore analysis was performed on day 10. This occurred in all treatment 

groups. Sponges were implanted at the same time as minipumps and removed 4 

weeks later (see section 2.1.3.1). Vascularisation occurred in all sponges. 

5.4.3.1 Low dose ABT-510 inhibited TLS formation compared to high 

fat vehicle controls in vitro at day 10 

AL and AH had comparable suppressive effects on TLS formation form aortas 

(Figure 5.5).  

5.4.3.2 ABT-510 did not affect angiogenesis in subcutaneous sponges  

There was no difference in sponge weight between the four treatment groups: 

C; 0.27 ± 0.001 g; V; 0.31 ± 0.21 g; AL; 0.25 ±0.07 g and AH; 0.25 ± 0.02 g (Figure 

5.6C). When vascularity within each sponge was examined, high fat vehicle (V) 

(Figure 5.6B) exhibited higher vessel density than Control (C) (Figure 5.6A). It 

also appeared, through histological examination, that both AL (Figure 5.6C) and 

AH (Figure 5.6D) had augmented vessel infiltration into the sponge compared to 

control (C).  
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5.4.3.1 Low dose ABT-510 minipump infusion suppressed aortic 

tube like structure (TLS) formation  
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Figure 5.5: Tube like structure formation (TLS) in aortas from ABT-510 

infused C57BL/6J mice. V did not alter TLS formation over the 10 day period. 

AL inhibited TLS growth on Day 10 compared to V.  TLS formation was assessed 

by manual counting under light microscopy. New vessel formation was noted 

after the first 2 days in culture, and rapidly grew for the next 8 days in all 

treatment groups. Data are expressed as means ± SEM; n=6 for all groups. C 

control (C); high fat vehicle (V); low dose ABT-510 (AL) and high dose ABT-510 

(AH).Data analysed by repeated measures ANOVA followed by Bonferroni 

corrections (*p<0.05).  
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5.4.3.2 Low dose ABT-510 tends to reduce sponge vascularity  
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Figure 5.6: Assessment of vascularity and weight of subcutaneous sponges 

implanted in ABT-510 infused C57BL/6J mice. H&E stained sponges excised 

from C, HF, AL and AH were weighed and analysed. No difference in sponge 

weights from V, AL or AH mice compared to C animals (A).  V elevated sponge 

vascularity compared to C mice, which was also observed when assessed by 

Chalkley counting (B). Data are expressed as means ± SEM; n=6 for all groups. 

Control (C); high fat vehicle (V); low dose ABT-510 (AL) and high dose ABT-510 

(AH). Data analysed by one way ANOVA followed by Bonferroni corrections; 

NS= non-significant.  

A 

B 
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5.4.4 Opposing effects of ABT-510 upon expression of pro-angiogenic 

factors in subcutaneous adipose 

5.4.4.1 ABT-510 suppressed fibroblast growth factor (FGF) 

expression and did not alter vascular endothelial growth factor 

(VEGF) 

To observe whether the anti-angiogenic ABT-510 would alter the expression of 

pro-angiogenic factors, both fibroblast growth factor (FGF) and vascular 

endothelial growth factor (VEGF) were investigated. RNA was extracted from 

subcutaneous adipose (see section 2.2.2) of C, HF, AL and AH animals. Real-time 

quantitative PCR was used to analyse FGF and VEGF expression. The 

housekeeping gene, GAPDH, was used as a reliable normalisation factor. High fat 

vehicle (V) increased the expression of FGF (p<0.05), however this response 

was completely abolished in both ABT-510 treatment groups (Figure 5.7A). 

There was no effect of high fat-diet or ABT on VEGF expression (p>0.05) (Figure 

5.7B). A similar pattern of elevated expression in high fat vehicle (V) animals 

was observed (p=0.081). This may signify a power issue (n=6) with this 

particular data set. 
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5.3.4.1 ABT-510 infusion decreased fibroblast growth factor (FGF) 

expression and had no effect upon vascular endothelial growth 

factor (VEGF) in subcutaneous adipose  
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Figure 5.7: mRNA levels of fibroblast growth factor (FGF) and vascular 

endothelial growth factor (VEGF) in subcutaneous adipose of ABT-510 infused 

C57BL/6J mice. RNA extracted from subcutaneous adipose tissue of C, V, AL and AH 

animals was analysed for (A) FGF and (B) VEGF expression. A: V increased FGF 

expression compared to vehicle mice. Both AL and AH caused a reduction in FGF in 

comparison to V. B: There were no significant changes in VEGF mRNA levels between 

all groups investigated. Data are expressed as means ± SEM; n=6 for all groups. Control 

(C); high fat vehicle (V); low dose ABT-510 (AL) and high dose ABT-510 (AH). Data 

analysed by one way ANOVA followed by Bonferroni corrections (*p<0.05). 
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5.5 Discussion 

Administration of anti-angiogenic agents can inhibit angiogenesis and prevent 

obesity (Rupnick et al., 2002; Brakenhielm et al., 2004). However, we have 

previously shown that the specific anti-angiogenic analogue of TSP-1 (ABT-510) 

acts directly upon the adipocyte, to inhibit lipolysis and potentially promote 

lipid uptake. Therefore the hypothesis that high dose administration of an 

inhibitor of angiogenesis (the thrombospondin-1 related peptide, ABT-510) 

would have a dual effect, increasing fat mass by causing an increase in lipid 

uptake into the adipocyte, whilst decreasing angiogenesis was tested. We chose 

two doses in order to dissect the fat accumulation response to an obesogenic 

stimulus, from the angiostatic fat reducing effects (Chapter 4). 

5.5.1 Low ABT-510 concentrations reversed weight gain and its 

associated glucose intolerance 

Previous in vivo experiments using ABT-510 addressed tumour size and 

progression (Haviv et al., 2005; Rusk et al., 2006) and effects on body weight 

and metabolism were over-looked. Clinical trials of ABT-510 in humans 

reported side effects which included the onset of diabetes mellitus in one 

patient and anorexia in three patients (Hoekstra et al., 2005). However, no other 

metabolic or body weight effect of ABT-510 has been reported before in 

humans. Notably, these patients had advanced cancers and so the effect of ABT-

510 in normal subjects is not known. 

This chapter has demonstrated low doses of ABT-510 inhibited weight gain 

associated with diet-induced obesity. Interestingly, high doses of ABT-510 

caused no reduction and maintained weight gain at a similar level as high fat fed 

vehicle treated mice.  This maintenance in weight was associated with apparent 

insulin resistance, as indicated by glucose intolerance and elevated circulating 

free fatty acid (FFA) levels.  

In addition to normal weight gain associated with high fat feeding, high dose 

ABT-510 increased liver weight whereas low doses of ABT-510 did not. This 

argues for a general curtailment of lipid accumulation and could feasibly be due 
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to an averse effect on food intake. However, if this was the mechanism for 

weight reduction in low dose ABT-510 treated mice, then a greater effect would 

be expected at higher doses. In addition, all animals administered high fat diet 

had elevated FFAs. This phenomenon of dyslipidemia with high fat feeding has 

been well documented (Ginsberg 1991; Boden 2001) and the severity of obesity 

is often associated with the degree of dyslipidemia. Therefore, normalisation of 

body weight and glucose homeostasis by low dose ABT-510 without 

normalisation of the lipid profile was surprising. The low dose ABT-510 did 

cause a small, but significant, increase in adipocyte size relative to control 

animals, so it is possible that this maintenance of hypertrophy contributed to 

higher NEFA release despite the normalisation of glucose intolerance. 

Alternatively, reduction in fat storage in the adipocytes may promote insulin 

resistance and glucose tolerance through ectopic accumulation in non-adipose 

tissues e.g. liver or muscle (Unger 1995). The elevated NEFA concentrations for 

the ABT-510-treated groups also argue against the role for ABT-510 as an anti-

lipolytic agent in obesity. However, it should be noted that this effect was from 

catecholamine-stimulated lipolysis, which is known to be reduced in obesity 

(Arner 1996). Thus, the anti-lipolytic effect of ABT-510 may be masked by the 

down-regulation of adrenergic signalling when the animals become obese. 

There is also the possibility of a direct effect of ABT-510 upon hepatic 

triglyceride metabolism, where NEFA uptake may be altered. However since 

liver weights were comparable across the ABT-510/high fat treated groups this 

phenomena was not investigated further (but could for potential, future 

studies). 

5.5.2 Low ABT-510 decreased aortic angiogenesis and had no effect 

upon sponge angiogenesis 

This thesis has previously shown a novel anti-lipolytic effect of ABT-510 

(potentially acting through p38 MAPK) on adipocytes. This was also coupled 

with a divergent effect upon lipid uptake, whereby increased uptake was 

observed with high doses and a reversal of this was observed with low doses of 

ABT-510 (Chapter 4). In addition to this action upon adipocytes, ABT-510 also 
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had an angiostatic effect upon endothelial cell growth in in vitro assays. In 

accordance with this role as an antiangiogenic factor, low dose ABT-510 showed 

a decrease in aortic angiogenesis. However, this decrease in vascularity could 

not be reproduced in implanted sponges for either dose of ABT-510 yet an 

overall increase in sponge vascularity was observed. Limitations in both in vitro 

and in vivo assays have already been addressed (Chapter 3) and the lack of 

effect in the ABT-510 sponges may not necessarily reflect angiogenic changes 

within the adipose tissue. This may also indicate that the aortic ring assay is 

more sensitive to changes in angiogenesis than the sponge assay, as there was a 

intrinsic decrease in TLS formation compared to the sponges, where they were 

exposed to constant delivery of ABT-510 and yet no decrease in vascularity. 

Differences in the assays may also indicate that ABT-510 may have not been 

active within the adipose. Evidence to support adequate drug delivery comes 

both from the demonstration that (i) the minipumps were reduced in weight 

and (ii) both doses of ABT-510 attenuated the increased expression of fibroblast 

growth factor (FGF) induced in subcutaneous adipose by high fat feeding, 

independent of weight gain differences. This effect appears to be specific to FGF; 

however it may be argued that a significant pattern may have emerged with 

vascular endothelial growth factor (VEGF) subcutaneous adipose expression, 

but due to the power of this experiment, the results never reached significance. 

Interestingly, both doses of ABT-510 caused an enlargement in individual 

adipocyte area in comparison to controls. As we have previously found that 

ABT-510 augmented fatty acid uptake into the adipocyte, it may be argued that 

ABT-510 is also increasing uptake in vivo, causing them to become enlarged in 

comparison to the controls, even in the presence of reduced angiogenesis. Thus 

the expression of factors regulating fatty acid uptake, including CD36, could be 

examined in future work to observe whether ABT-510 was having an effect 

upon this particular process. If ABT-510 was having a direct fat retaining effect 

on adipocytes, this must be reconciled with the elevated NEFA. The most likely 

explanation, aside from increased fatty acid uptake and suppression of lipolysis, 

is that direct effects on FFA clearance by e.g. the liver, may have a role.  
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5.5.3 Study Limitations 

As shown (Chapter 4), a divergent response from both a low and high (100 fold 

higher) dose of ABT-510 was observed. Initially it was agreed that the high dose 

should be 100 mg/kg/day as this has also been shown to inhibit angiogenesis 

(Greenaway et al., 2009; Campbell et al., 2010). However, due to solubility 

problems at such a high concentration, a concentration of 60 mg/kg/day was 

chosen. The anti-lipolytic effect may not be apparent in vivo at this lower 

concentration.  

Shorter infusion times using ABT-510 have been shown to exert anti-angiogenic 

effects upon endothelial cells (Rusk et al., 2006; Punekar et al., 2007). However, 

extended exposures to ABT-510 are essential for measurable responses in 

human studies (Rusk et al., 2006). There are also reports of delayed responses 

to ABT-510 in clinical trials (Westpha 2004), which would support the 

argument in prolonging the length of time the minipump was implanted. In 

addition to lengthening the minipump study, it would also be interesting to 

investigate ABT-510 effects upon adipose development in an already obese 

model (Lepob/ob mouse). TSP-1 is elevated in obesity and thus ABT-510 

application to an already obese model may worsen the obese phenotype. In 

addition, key control groups could also be added, such as control diet groups, 

receiving ABT-510 treatment. This would confirm the effect upon normal 

weight gain and ABT-510 infusion.  

5.5.4 Concluding Remarks 

The data in this chapter suggest that ABT-510 has biphasic effects on weight 

gain with high fat feeding. Low doses of ABT-510 constrain weight gain and 

cause glucose intolerance. High dose ABT-510 causes a weight gain to levels 

comparable to the high fat fed mice. These findings may suggest elevated 

concentrations of TSP-1 observed in obesity could initially limit adipose 

expansion through angiostatic properties, but at higher levels may promote 

lipid retention by adipocytes. 
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Chapter 6 

The effects of high fat diet-induced weight gain and subsequent 

calorie-controlled weight-loss on neovascularisation 
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6.1 Introduction  

Tumour growth in some cancers may be dependent upon angiogenic factors 

(Folkman 1985; Folkman 1989). Whilst this thesis does not directly address the 

neovascularisation process in tumour growth, there are clear mechanistic 

parallels between angiogenic mechanisms in tumours and in expanding adipose 

tissue. For example, obesity is associated with an increased incidence of some 

cancers both in humans and in rodents including breast, cervical, colon, kidney, 

liver, ovarian and pancreatic cancer    

(http://www.obesity.org/information/cancer_obesity.asp). Moreover, 

individuals that are 25 % above normal body weight have a 33 % greater cancer 

risk than those who maintain ideal body weight (Kritchesky 2003). Such 

associations imply that obesity may have a direct impact upon the angiogeneic 

balance. This may predispose obese individuals to an adversely altered 

angiogeneic response, subsequently leading to tumour growth in cancer. 

Obesity results from a positive energy balance and often involves excessive 

caloric intake (see section 1.2). Despite the known genetic influences in 

susceptibility to obesity, and given the clear role of over-nutrition (e.g. leptin 

and Fto polymorphisms- see Chapter 3), dietary intervention is still the first, key 

strategy employed for combating obesity and its metabolic consequences. The 

impact of dietary intervention on angiogenic changes within the fat and on 

neovascularisation per se (with its potential implications for cancer risk) is not 

well understood. 

Caloric limitation or calorie controlling (usually achieved by pair-feeding in 

rodents) is a commonly used intervention in obesity-related research that 

ensures animals receive fewer calories than ad libitum-fed controls. As far back 

as 1914, it was suggested that pair-feeding might inhibit tumour growth in mice 

by delaying tumour angiogenesis (Rou 1914). More recently, caloric restriction 

extended life span and delayed cancer development in rhesus monkeys (Colman 

et al., 2009), and is the most potent, broadly-acting dietary intervention for 

preventing carcinogenesis in rodent models (Hursting et al., 2007). Indeed, pair-

http://www.obesity.org/information/cancer_obesity.asp
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feeding was shown to have powerful anti-angiogenic and pro-apoptotic effects 

on rapidly growing mouse and human brain tumours (Mukherjee et al., 2004). 

Although data in humans is limited, the benefits of pair-feeding appear to 

translate well into humans as caloric restriction during premenopausal years 

decreased postmenopausal breast cancer risk in women (Howell 1993). Thus, 

limited caloric intake may be beneficial in decreasing the angiogenic response 

which in turn may affect adipose angiogenesis. 

Alongside caloric restriction, inhibitors of angiogenesis have been advocated in 

the treatment of some cancers by disrupting the endothelial cell cycle in 

angiogenesis. Relevant inhibitors include thalidomide and TNP-470 (synthetic 

analogue of fumagillin (Kusaka et al., 1994)), which exhibit broad-spectrum 

anticancer activity in animal models (D’Amato et al., 1994; Benny et al., 2008) 

and are currently undergoing clinical trials. Intriguingly, inhibition of 

angiogenesis with TNP-470 also prevents fat accumulation and corrects insulin 

resistance in genetically obese mice (Rupnick et al., 2002; Brakenhielm et al., 

2004).  This weight loss was associated with no alterations in food intake (and 

thus caloric intake between the groups). However, it remains unclear how these 

angiogenesis inhibitors can correct insulin resistance in the face of calorie 

excess, and indeed whether the effects upon adipose expansion and insulin 

sensitivity were secondary to their angiostatic effects. However, if metabolism 

does adapt to cope with disposal of excess nutrients, this suggests that 

inhibition of angiogenesis may be a useful therapeutic intervention that could 

prevent obesity and its metabolic consequences – even when obesity is already 

established (Rupnick et al., 2002).   

It is not clear if the susceptibility to regain weight in these previously obese 

mice when angiogenesis inhibition is ceased. It is not uncommon for humans to 

rapidly regain weight (rebound) previously lost through dieting. The rate of 

weight loss often decreases and reaches a plateau due to changes in resting 

metabolic rate, and recent research has shown that levels of some hormones, 

including leptin and ghrelin, can predict the regain of weight after dieting 

(Crujeiras et al., 2010). However, functional changes within adipose tissue 
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angiogenesis may also contribute to the difficulty in losing more weight. One 

hypothesis this chapter set out to test was whether the increased angiogenic 

response experienced during obesity is maintained with calorie controlled 

weight loss and that this in turn might provide an adipose tissue-specific 

mechanism that supports the subsequently accelerated weight gain. 

6.2 Experimental hypothesis 

This chapter hypothesised the following:  

 High fat feeding (ad libitum, overnutrition) increases angiogenesis.  

 Pair feeding of high fat diet to a control diet fed group, will reverse 

the angiogeneic process with increased expression of the anti-

angiogenic factor TSP-1.  

 

The hypotheses were tested using both the aortic ring and sponge implantation 

assays (see section 2.3.1 and 2.4.1 respectively). In addition, given its prominent 

role in adipose angiogenesis (see Chapter 3), dynamic changes in expression of 

subcutaneous adipose thrombospondin-1 (TSP-1) in response to pair-feeding 

was also investigated, hypothesising a decrease in expression in calorie 

controlled animals, as an increase in TSP-1 was observed in obesity. 
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6.3 Experimental Protocol  

Six week old male C57BL/6J mice (n=18) supplied by Charles River (Kent, 

London, UK), were individually housed and randomly assigned to two different 

dietary groups: Control and High fat diet (HF) (n=6 for each group). The control 

animals were fed a standard pelleted diet (2014 Teklad Global 14 % Protein 

Rodent Maintenance Diet, Harlan, UK) containing 20 % of energy as proteins, 67 

% of energy as carbohydrates (5 % sucrose, 62 % starch) and 13% energy as fat 

by dry weight, while the HF group (n=12) were fed a high 58% kcal of fat as 

before for a period of twelve weeks. After this time on either diet, mice either 

continued control (n=6), HF diet ad libitum (n=6) or HF diet restricted to the 

amount of calories (kcal/ [g body weight]) that the Control group had consumed 

the day before (pair-fed model), as previously described (Howard et al., 1999). 

In order to distinguish between fat depot loss through pair-feeding and that 

caused by primary inhibition of angiogenesis, it will be important to have 

controls that are still high fat fed. Respective diets were continued for a further 

three weeks, where body weight and food intake were recorded daily (until 

mice were 21 weeks old). The timeline for this experiment is depicted in 

Diagram 6.1.  

All mice had subcutaneous sponges implanted (see section 2.1.3.1) for a period 

of three weeks beginning at week twelve.  At the end of the fifteen week study 

period, subcutaneous, epididymal and mesenteric adipose depots, as well as 

liver and sponges were excised and weighed. Aortas were also removed to 

assess aortic angiogenesis.  
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Diagram 6.1: Timeline for pair feeding experiment. C57BL/6J mice were fed 

a control or high-fat diet for 12 weeks (n=6/group). After this time, sponges 

were implanted and pair-feeding (PF) commenced. Control, high-fat fed and pair 

fed mice continued respective diets for a further 3 weeks were they were killed 

and sponges, aortae, adipose depots and livers were removed. HF; high fat.  
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6.4 Results 

6.4.1 Diet manipulation through pair feeding 

Six week, C57BL/6J mice were exposed to high fat (58 % kcal (n=12)) diet or 

control chow (11 % kcal; n=6) ad-libitum for twelve weeks (see section 2.1.4). 

Food intake was measured weekly and converted into kilocalories by 

calculating kcal to gram ratio, whereby grams eaten were multiplied by these 

given numbers: High fat 58 %= 5.56 and Chow 11 %= 4.07 (Figure 6.1 A). As 

expected, the weekly calorie intake of mice on the high fat diet (141.1 ± 3.7 

kcal), was higher than the weekly calorie intake of chow-fed controls (109.20 ± 

4.85 kcal) throughout the study period (p<0.001). No differences in absolute 

(grams) food consumption was observed between chow or high fat diets 

(p>0.05; data not shown). Thus, the increase in body weight shown in high fat 

fed animals was due to an increase in calorie content, rather than an in weight 

of food.  The average weekly control diet intake was then applied as the calorie 

intake for the pair-fed group by adjusting the amount of high fat 58 % diet 

(corrected beginning weeks 12-15) after adjusting for body weight.  

6.4.2 High fat feeding-induced weight gain is corrected by 3 weeks of 

pair feeding  

The body weight of mice on each diet was monitored during a 15 week period 

(Figure 6.1 B).  At the beginning of the study the mice assigned the control diet 

had a mass of 20.2 ± 0.4 g and the high fat group 19.7 ± 0.8 g and a significant 

increase in body weight in the high fat fed mice was observed at week 6 

(p<0.05). High fat feeding continued to increase body weight compared to chow 

fed controls until week 12, when the pair feeding intervention began. Mice that 

were pair fed showed a rapid decrease in body weight, which continued until 

the end of the three week intervention period; 29.4 ± 2.8 g compared to ad 

libitum high fat fed animals; 46.1 ± 1.7 g (p<0.001). Indeed, the final weights of 

the calorie controlled group were comparable to the control fed group, 31.7 ± 

1.7 g, by three weeks post pair-feeding.  
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6.4.3 High fat feeding-induced increases in organ weight are 

corrected by 3 weeks of pair feeding 

High fat feeding increased all adipose depot weights compared to chow-fed 

controls (Figures 6.2 A, B & C). Three weeks of pair-feeding corrected all 

adipose depot weights examined to a comparable mass as that found in the 

chow-fed controls. Similarly, liver weights increased with high fat feeding (3.68 

± 0.09 g) over the fifteen week period whereas pair-feeding corrected this (1.35 

± 0.12 g) to chow-fed control levels (1.45 ± 0.11 g) (Figure 6.2 D). 

6.4.4 High fat feeding-induced increases in adipocyte size is 

corrected by 3 weeks of pair feeding 

Histological examination by haematoxylin and eosin staining of adipocytes in 

epididymal tissue was used to assess the effects of high fat and pair-feeding 

upon adipocyte size. The epididymal adipose tissue was used as an easily 

accessible and easily processed and quantified depot whereas the subcutaneous 

adipose tissue was used for molecular investigations including real-time PCR to 

maintain consistency with earlier studies such as F and L microarray (Chapter 

3). Adipocytes were examined under a light microscope (Karl Zeiss Axissop) at 

x10 magnification, traced manually and analysed with MCID software to 

calculate total adipocyte area (see section 2.6.3). High fat feeding increased 

adipocyte size (17.11 ± 0.14 µm2) compared to chow-fed controls (8.57± 0.59 

µm2, p<0.001). 3 week pair-feeding resulted in a decrease in epididymal 

adipocyte size (11.75 ± 0.61 µm2; p<0.001), however adipocyte size remained 

significantly larger than the control mice (Figures 6.3 A &D, p<0.01).  

Histological examination revealed a structural impact of pair feeding-induced 

weight loss on the adipocytes with clear distortion of the cell membranes.  
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6.4.1 High fat feeding increased body weight whilst 3 week pair-

feeding corrected body to control levels 
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Figure 6.1: Longitudinal body weight measurements of mice placed on 

control diet, high fat diet and high fat with pair-feeding. A: Calorie 

consumption expressed as kilocalories (kcal) per week over an 8 week 

observation period from 6 week old C57BL/6J mice, which was used to calculate 

pair-fed caloric intake. B: Longitudinal body weight between control and pair 

fed groups. Pair-feeding was initiated after 12 weeks of high fat diet. Data are 

expressed as means ± SEM; n=6 for control; n=6 for high fat and n=6 calorie 

controlled. Data analysed by one way ANOVA and repeated measure ANOVA; 

Bonferroni Multiple comparison post hoc test; *p<0.05; ** p<0.01; ***p<0.001. 
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6.4.2 High fat feeding-induced increases in adipose depot and liver 

weights are corrected by pair feeding 
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Figure 6.2: Tissue weights in control, high fat fed and pair fed mice. 

Weights of subcutaneous adipose (A), epididymal adipose (B), mesenteric 

adipose (C) and livers (D). Data are expressed as means ± SEM; n=6 for all 

groups. Data analysed by one way ANOVA followed by Bonferroni corrections; 

***p<0.001. HF; high fat; PF; pair feeding.  
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6.4.4 Adipocyte size was increased with high fat feeding but only 

partially corrected with pair feeding 
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Figure 6.3: Epididymal adipocyte size from control, high fat and pair fed. 

Photomicrographs of H&E stained adipocytes (x10 magnification) from control 

(A), high fat (B) and pair-fed (C) mice. Quantification of adipocyte size (D). Scale 

bar represents 10 µm. Data are expressed as means ± SEM; n=6 for all groups. 

Data analysed by one way ANOVA followed by Bonferroni corrections; *p<0.05; 

***p<0.001. HF; high fat; PF; pair feeding. 
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6.5 The effects of high fat feeding and pair-feeding mediated weight 

correction on aortic ring and subcutaneous sponge angiogenesis  

To assess whether pair feeding would alter angiogenesis, both the aortic ring 

assay and the sponge implantation assay were employed. At the end of the study 

period (15 weeks) aortas were removed, cut into rings and cultured for 10 days. 

In addition sponges were excised and processed for histological examination 

(see section 2.3.1 and 2.4.1).   

6.5.1 High fat and pair-feeding does not affect TLS formation in vitro 

Tube-like structures (TLS) could be detected after two days in aortic rings from 

control, high fat fed and pair-fed mice. Throughout the study period, there was 

no effect of high fat or pair feeding upon TLS formation in aortas (Figure 6.5).  

6.5.2 Pair feeding after high fat diet increases sponge vascularisation 

The sponge implantation assay (see Materials and Methods 2.4.1) was used to 

assess the effects of pair feeding on angiogenesis in vivo. Vascularity tended to 

increase in the high fat fed group, as seen before (Chapter 3), however, this did 

not reach significance (p=0.08) (Figure 4.6). However, there was a significant 

increase in vessel infiltration into the sponges when the mice were pair fed high 

fat diet for three weeks (p=0.02) (Figure 4.6).  
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6.5.1 High fat feed and high fat, pair feeding does not affect aortic 

TLS formation in vitro  
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Figure 6.4: Tube like structure formation (TLS) in aortas from control, 

high fat fed and pair fed mice. TLS formation was assessed by manual 

counting under light microscopy. New vessel formation was noted after the first 

2 days in culture, and grew for the next 8 days in all treatment groups. Data are 

expressed as means ± SEM; n=6 for all groups. Data analysed by two way 

ANOVA followed by Bonferroni corrections.  
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6.5.2 Pair feeding significantly accentuates sponge vascularity 
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Figure 6.6: Vessel density of sponges excised 21 days after implantation 

from control, high fat fed and pair fed mice. Photomicrographs (x40 

magnification) of H&E stained sponges from control (A), high fat (B) and pair-

fed (C) mice. Sponge vascularity was assessed by Chalkley counting. Blood 

vessels were identified morphologically, with or without erythrocytes present 

in the lumen. Data are expressed as means ± SEM; n=6 for all groups. Data 

analysed by one way ANOVA followed by Bonferroni corrections; *p<0.05; NS, 

non-significant. Scale bar represents 10 µm. Arrows indicate blood vessels.  
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6.6 Effect of high fat and pair-feeding on the angiomodulatory TSP-1 

levels 

Both experiments described below were undertaken in order to ascertain 

whether pair feeding would alter the expression of the angiomodulatory marker 

TSP-1. A human TSP-1 ELISA was used as there was no commercially available 

mouse TSP-1 ELISA. 

6.6.1 Human TSP1 ELISA does not cross-react with mouse TSP-1 

Human TSP-1 was detected at concentrations of 869.8 ± 23.2 pg/ml from neat 

human plasma (n=2). Unfortunately, in neat mouse plasma (n=2) TSP-1 was not 

detected using the human TSP-1 ELISA despite the antigen’s stated 97 % 

homology (Figure 6.7). 

6.6.2 Pair feeding decreases TSP-1 expression in subcutaneous 

adipose tissue 

As circulating TSP-1 was undetectable, local adipose TSP-1 gene expression 

(mRNA level) was investigated. RNA was extracted from subcutaneous adipose 

of control, high fat and pair-fed animals. The subcutaneous depot was chosen to 

remain consistent with the depot in which elevated TSP-1 mRNA levels had 

been found in obese models (see Chapter 3). Using quantitative real-time PCR 

(see section 2.2.1), subcutaneous adipose cDNA was analysed for TSP-1 

expression. Although not significant in this cohort, TSP-1 levels showed a 

tendency to increase (p=0.0754) in agreement with the significantly increased 

expression we observed after 18 weeks of high fat diet (see Chapter 3). 

Intriguingly, pair-feeding caused a significant reduction in TSP-1 expression in 

subcutaneous adipose (p<0.05) (Figure 6.8).   
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6.6.1 HumanTSP-1 ELISA does not cross-react/detect murine TSP-1 
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Figure 6.7: Human TSP-1 ELISA performed with human and mouse plasma. 

Neat human and mouse plasma were analysed by linear regression (A). Neat 

mouse and human plasma were measured on human TSP-1 ELISA (B). n=2 for 

both human and mouse samples; C57BL/6J, 10 week old mice.   
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6.6.2 Thrombospondin-1 (TSP-1) expression was corrected in 

subcutaneous adipose tissue of pair fed mice  
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Figure 6.8: Expression of thrombospondin-1 (TSP-1) in subcutaneous 

adipose of control, high fat and pair fed animals. Real time quantification of 

TSP-1 mRNA levels of subcutaneous adipose of control, high fat fed and pair fed 

mice. Data are expressed as means ± SEM; n=6 for all groups. Data analysed by 

one way ANOVA followed by Bonferroni corrections; *p<0.05.  
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6.7 Discussion 

The work described in this chapter examined the hypothesis that diet-induced 

obesity with subsequent pair feeding induced weight correction and decrease 

angiogenesis. Pair feeding did correct body weight yet, contrary to the original 

hypothesis, appeared to increase the angiogenic drive, in conjunction with 

reduced adipose TSP-1.   

6.7.1 Pair feeding reversed weight gain, with increased sponge 

angiogenesis  

Weight reduction through dietary control may reduce angiogenesis (Weindruch 

et al., 1988; Hursting et al., 2003; Kritchevsky 2003). Caloric restriction reduces 

circulating levels of certain pro-angiogenic factors (Mukherjee et al., 2004); 

however, specific effects within adipose tissue and the effect upon adipose 

angiogenesis have yet to be elucidated.  

We have shown that diet-induced obesity increased weight gain from after 9 

weeks of high fat feeding. A subsequent three weeks of pair feeding then 

completely reversed the gross obesity phenotype and this was associated with 

decreased fat depot and organ weight, as expected. Notably, adipocyte size was 

partially corrected, suggesting that previous hypertrophic adipocytes may 

retain their hypertrophied phenotype and this may be more susceptible to 

future increases in lipid accumulation.  Unexpected was the lack of effect of 

either prolonged high fat feeding or pair-feeding-induced weight correction on 

aortic angiogenesis in vitro. These results were unanticipated given the findings 

of previous chapters whereby obesity suppressed aortic growth (Chapter 3). 

Vascularity, as determined in vivo by implantation of sponges throughout the 

pair-fed dietary intervention (3 weeks), revealed a statistically significant 

increase in vessel density compared to chow fed controls (high fat feeding did 

not increase sponge vascularity as would be expected from previous work from 

Chapter 3 which may be due to a study, statistical power issue (n=6). These 

intriguing results with pair-feeding contrast with previous studies that 

demonstrated caloric restriction causes inhibition of angiogenesis-induced 
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tumour development (Hursting et al., 2007; Colman et al., 2009). Although a 

caloric restriction experiment was not conducted, pair-feeding could still be 

classified as a relatively similar intervention and thus may be predicted to be 

anti-angiogenic in its effect. Interestingly, increased vascularity in the sponges 

was accompanied by a decrease in TSP-1 expression in subcutaneous adipose 

with pair feeding, which, based on the angiostatic effects of TSP-1 on endothelial 

cells (Good et al., 1990; Iruela-Arispe et al., 1991; Volpert et al., 1995), is 

consistent with the increased vascularity observed in the sponges. This might 

have also been predicted given the increase in TSP-1 expression demonstrated 

with obesity (Chapter 3).  

The correlation between adipose TSP-1 expression and the effects observed 

must be approached with caution as it was not possible to measure circulating 

TSP-1 using the only available ELISA. Rather, decreased expression of 

antiangiogenic TSP-1 in pair feeding may decrease vessel regression and 

apoptosis. This implies that by restricting a high fat diet to the calorie intake 

level associated with normal growth (control diet ad libitum fed), the 

vasculature is not diminished but enhanced in vivo. Thus, applying a crash-

course diet approach after a period of chronic over feeding may leave the tissue 

more susceptible to exaggerated (rebound) fat expansion upon subsequent 

exposure to obesogenic conditions. This has intriguing implications for the 

common practice of crash-dieting – and suggests that targeting the adipose 

vasculature at this critical stage could be additionally beneficial to prevent 

rebound weight gain. The time constraints of this thesis did not allow this to be 

examined further.  

The reversal of weight gain observed with pair feeding with associated 

maintenance of sponge angiogenesis gives further insight. This indicates that 

the increased angiogenesis exhibited by high fat feeding (Chapter 3) is caused 

by the constituents of the high fat diet, independent of the calorie content. As 

there is very limited work regarding lipids and their affect upon angiogenesis in 

the literature, this remains only speculative. However, cytoplamsic lipid droplet 

accumulation occurs in cancer tissues (Borradaile et al., 2006) and suggests 
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ectopic lipid accumulation may be a pro-angiogenic stimulus. Therefore the 

partially reduced adipocyte volume caused by pair feeding could still be 

indicative of a pro-angiogenic environment causing an increase in angiogenesis, 

as observed in the sponges.  

Pair-feeding resulted in complete correction of adipose depot mass to that of 

control mice. However, there was only a partial reduction in adipocyte size. This 

may be important in the regain of weight witnessed in humans, as larger 

adipocytes would mean increased lipid re-uptake in the face of caloric excess. It 

was also apparent from histology that there was a structural impact of the rapid 

obese-to-non-obese transition, for example, distorted cell membranes. A recent 

study using caloric restriction demonstrated increased inflammation and 

apoptosis in mice (Patel et al., 2010). This is consistent with an altered 

morphology caused by adipose tissue macrophages driving matrix remodelling, 

not only with adipocyte enlargement and adipose tissue expansion in obesity 

(Huber et al., 2006),  but in shrinking adipose tissue of the pair fed mice. Thus 

recruited macrophages may infiltrate the adipose during high fat feeding and 

reside there to combat apoptosis, if any, associated with pair-feeding. Additional 

examination with immunohistochemistry could be performed, including 

immunohistochemistry techniques using the specific macrophage marker F4/80 

(Weisberg et al., 2003). 

A maintained vessel structure and anti-angiogenic environment with regard to 

TSP-1, with profound and rapid weight loss, may create a subsequently more 

efficient context for adipose expansion. Indeed, this notion is supported in 

humans whereby reducing weight by caloric restriction generally fails as most 

obese patients regain most of their weight thereafter – the so called rebound 

effect (Wadden 1993). Thus, future studies would examine local tissue and 

circulating levels of other angiomodulatory factors by using a general 

angiogenesis microarray and investigate whether a decrease in angiogenesis 

inhibitors was associated with pair-feeding. 
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6.7.2 Study Limitations 

As described, measurement of circulating levels of TSP-1 was attempted using a 

human TSP-1 ELISA. Human TSP-1 shows a 97% homology with mouse TSP-1 

(Armstrong and Bornstein 2003) suggesting that such close homology may 

allow the detection of mouse TSP-1 levels in plasma. Therefore, neat mouse 

plasma was used in order to examine TSP-1 levels. Unfortunately, this was 

either below the detection levels of the assay or undetectable by human TSP-1 

antibodies. As this kit has not been used to measure mouse TSP-1 previously, 

further studies may examine other circulating angiogenic factors within the 

plasma, as changes in angiogenesis within the adipose may not be reflected by 

changes in circulating levels. These might include pro-angiogenic vascular 

endothelial growth (VEGF) and hepatocyte growth factor (HGF) or other anti-

angiogenic factors including endostatin and interleukin-12. Measurement of 

TSP-1 mRNA and/or protein level in the sponge would also help link differences 

in TSP-1 expression in the sponge and the adipose to related angiogenic effects.  

Previous methods for assessing vessel development in adipose have proven to 

be problematic in the context of this thesis. Therefore other means of assessing 

angiogenesis may be employed in order to assess blood vessel infiltration in 

pair fed animals. This may include a recently described immunohistological 

method, which allows the successful detection of both microvessels and 

adipocytes in situ (Xue et al., 2010). Other means of measuring angiogenesis will 

be addressed in Chapter 8. 

As highlighted previously, adipocyte size was not corrected fully with pair 

feeding. This raises questions regarding the metabolic phenotype of the pair fed 

mice, as prior to the caloric intervention they were obese. Thus further 

experimentation would test glucose tolerance and measurements of basal 

metabolic rates to investigate whether pair feeding altered metabolic 

parameters and glucose homeostasis.  
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6.7.3 Concluding Remarks 

The present study does not provide evidence to support the initial hypothesis, 

that high fat feeding increased angiogenesis and pair feeding with high fat food 

to caloric content control diet reversed the angiogenic process. Unexpectedly, 

weight loss with pair feeding after initial obesity did not decrease angiogenesis. 

Indeed there is evidence for increased vascularity and decreased adipose 

expression of the anti-angiogenic factor TSP-1. Therefore, there is increased 

angiogenic potential with rapid weight loss after obesity. Maintained angiogenic 

potential (low TSP-1) and vascular architecture (sponge) with rapid weight loss 

may indicate a mechanistic adipose-mediated basis for rebound fat mass gain 

after dieting. We also describe the first, dynamic responsive regulation of 

adipose TSP-1.  
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     Chapter 7  

Conclusions and future aims 
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7.1 Experimental hypothesis and aims readdressed  

The hypothesis addressed in this thesis was that obesity compromises the 

angiogenic potential of adipose, causing a detrimental metabolic phenotype. The 

work described in this thesis was designed to examine the effects of obesity on 

angiogenesis in vivo and in vitro. To address these aims initially, obese mouse 

models (both genetic and dietary) were investigated.  

 

A consistent alteration in angiogenesis was observed, which demonstrated a 

novel anti-angiogenic protein, thrombospondin-1 (TSP-1), was elevated in 

adipose tissue in obese states. Direct effects upon adipose function were 

observed with an analogue of TSP-1 (ABT-510). However, this relationship 

between TSP-1 and obesity was more complex than originally thought, as 

predicted weight gain with ABT-510 administration was not witnessed. 

7.1.1 Obesity affects angiogenesis differently when using different angiogenic 

assays 

The original question driving this thesis was to investigate whether 

angiogenesis was affected by obesity. To answer this, both in vitro and in vivo 

assays were employed.   

The aortic ring assay is an excellent method for evaluating the angiogenic 

process in an in vitro environment. In this assay, rings of mouse aorta are 

embedded in Matrigel, which then generate an angiogenic response that can be 

modulated with pharmacological, and/or genetic manipulation. The angiogenic 

process is triggered by the dissection procedure and is mediated by endogenous 

factors produced within the aorta (Go and Owen 2003). The use of these intact 

aortic explants has the advantage of including surrounding non endothelial cells 

(such as smooth muscle cells and pericytes) and also a supporting matrix 

(Staton et al., 2004), an environment similar to that in vivo. In addition, the 

endothelial cells in the aortic ring are not proliferating when removed from the 

mouse (as they are already fully grown), which is advantageous as this mirrors 

a more realistic in vivo situation. Thus when angiogenesis is triggered, quiescent 
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endothelial cells respond by becoming proliferative (then migrate from existing 

vessels and differentiate into tubules) (Griffioen 2000).  

This thesis has shown that in all obese models investigated (e.g. Fat mice, 

LepOb/Ob and three month high-fat fed mice), there was a diminished angiogenic 

response observed from aortas. This implies that obesity affects tube formation 

directly in the aorta. This intrinsic ability of obesity to affect vascular formation 

was strengthened by the observation that the polygenic model of leanness (Lean 

mice), did not affect aortic angiogenesis. Further examination into the 

angiogenic potential of Lean mice would have been desirable, however, due to 

breeding constraints, this was not possible.  

 

Decreased angiogeneic responses in obesity are known; obese mice have lower 

capillary density (capillary drop out), decreased adipose expression of vascular 

endothelial growth factor (VEGF) and finally, obese adipose tissue is hypoxic (Ye 

et al., 2007; Pasarica et al., 2008). Interestingly, decreased aortic angiogenesis 

has also been observed the Lepob/ob mouse (Gealekman et al., 2008), confirming 

that obesity directly suppresses the ability of endothelial cells of the aorta to 

form tubes.  

 

The examination of aortic ring angiogenesis has proven reliable and 

informative, however effects of obesity on angiogenesis in vivo would provide 

additional insight. Vessels within adipose tissue are exposed to a vast array of 

adipokines released by the adipocytes and also have many paracrine 

interactions between different cell types. This is absent in the aortic ring assay 

and, more importantly, adipocytes themselves are also not present. 

Furthermore, angiogenesis is normally a microvascular event, and thus the use 

of large aortic vessels does not precisely replicate the in vivo environment 

(Auerbach et al., 2000). The removal of microvascular vessels is an extremely 

intricate procedure due to their small size and removal can result in damaged 

endothelium and disabled growth. For this reason, the aorta is technically 
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advantageous in this setting to ensure accurate examination of the angiogenic 

response.  

 

Therefore, the use of an in vivo model, involving the subcutaneous implantation 

of sponges was used as a means of assessing angiogenesis in obese models. This 

model is another excellent means of quantifying angiogenesis as the 

subcutaneous insertion of polyethurane sponges elicits an angiogenic response, 

causing the formation and infiltration of blood vessels into the sponge, which 

can be analysed and quantified.  This assay was chosen as it offers several 

advantages to the examination of angiogenesis in adipose, including 

implantation allowed close proximity with the subcutaneous adipose depot and 

therefore, exposure to adipocytes themselves. Similarly, the in vivo environment 

permitted the newly formed blood vessels to be exposed to a variety of other 

cell types as well as adipocytes, which may affect growth. It is not surprising 

that when all of these factors are present in an in vivo environment, that 

increased angiogenesis was observed in obese models (e.g. Fat mice). If 

reflective of events in adipose tissue, this would implicate that as the adipose 

depot increases in size, there is an associated increase in angiogenesis to 

supplement the growing metabolic demand of the adipose. Increased sponge 

angiogenesis also supports evidence suggesting an increase in pro-angiogenic 

factors in obesity. Hepatocyte growth factor (HGF) was elevated in the adipose 

of obese humans (Rehman et al., 2003) and circulating VEGF concentrations 

correlated with body mass index (BMI) and visceral fat mass in obese humans 

(Miyazawa-Hoshimoto et al., 2003). 

  

However, this was not a simple linear relationship between increased adiposity 

and associated increased angiogenesis in vivo. Experiments were designed to 

directly manipulate adipose deposition to monitor the effects upon 

angiogenesis. Obese animals were pair-fed to decrease their body weight and 

the effects of the associated angiogenesis.  Unexpectedly, pair-fed mice exhibited 

increased angiogenesis in implanted sponges.  
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Thus, a direct comparison between adipose angiogenesis and an in vivo sponge 

model of angiogenesis is not possible but provided invaluable clues. As stated, 

the sponge is implanted subcutaneously into the mouse, yet not directly into the 

subcutaneous adipose. Also, sponge implantation causes a non-specific immune 

response that may lead to an angiogenic response (Dellian et al., 1996) and may 

account for the divergence in the angiogenic response observed.  

7.1.2 Elevated TSP-1 in obesity may have detrimental effects on adipocytes 

Both the in vitro and in vivo models for assessing angiogenesis were vital in 

confirming angiogenesis was indeed altered in obesity. To answer whether 

specific angiomodualtory changes were occurring in the adipose itself, an exon 

microarray was conducted on the subcutaneous adipose of a polygenic model of 

obesity (Fat mice) and Leanness (Lean mice), that had been chow or high fat fed. 

This demonstrated several pro- and anti-angiogenic factors to be significantly 

altered in obese adipose.  Many of the factors that were differentially expressed 

had been previously reported to be affected by obesity (Bussolino et al., 1992; 

Koblizek et al., 1998; Pang et al., 2008; Jung et al., 2009). TSP-1 emerged as a 

novel anti-angiogenic factor that was elevated in Fat mice and also in genetic 

and diet-induced obesity. Pair feeding induced decreased TSP-1 expression in 

subcutaneous fat, which might have been anticipated as it was opposite to the 

obese models. However, we provide the first evidence for a dynamic role of TSP-

1 in adipose tissue mass regulation. 

 

Although novel at the time of investigation, it was reassuring when subsequent 

literature revealed a similar increase in TSP-1 expression in human obesity 

(Varma et al., 2008). This confirmed TSP-1, an anti-angiogenic factor, as a 

potential obesity-related gene. However, the role of increased TSP-1 in obesity 

had not been explained. There were clues into the role of angiogenic factors in 

obesity with the use of antiangiogenic agents (for example TNP-470, a 

commonly used antiangiogenic factor, which caused a reduction in fat 

deposition, even when obesity had been established (Rupnick et al., 2002). As 

TSP-1 had been reported to have both pro- and anti-angiogenic effects (Iruela-
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Arispe et al., 1991; DiPetro et al., 1994; Agah et al., 2002), it seemed valid to 

specifically scrutinise the specific antiangiogenic TSP-1 region, in line with 

evidence surrounding anti-angiogenic agents and obesity.  

TSP-1 is a very large protein (450 kDa). To focus our studies as outlined above, 

the Type I repeat sequence was employed. The specific anti-angiogenic activity 

of TSP-1 had been mapped directly to this sequence, which was confirmed with 

studies examining endothelial cells (Jimenez et al., 2000; Quesada et al., 2005). 

The effect of ABT-510 upon adipocyte function had not been investigated, which 

was important as it had been revealed as it a potential obesity gene (in obesity 

QTL). ABT-510 caused inhibition of stimulated lipolysis and increased fatty acid 

uptake at high concentrations in mouse adipocytes. Lower concentrations 

decreased fatty acid uptake, suggesting that the effect of ABT-510 upon 

adipocytes is concentration-dependent. Therefore, it was concluded that 

increased TSP-1 levels observed in obesity could potentially facilitate a 

worsening of the metabolic state of the adipose, overcoming a beneficial 

constraint to adipose tissue driven by angiostatic effects by directly promoting 

adipocyte hypertrophy.  

It was then hypothesied that, in contrast to other anti-angiogenic agents, 

administration of high doses of ABT-510 in vivo would inhibit β-stimulated 

lipolysis and thus cause an increase weight gain. However, this was not the case, 

as the hypothesised increase in body weight did not occur. The lack of such an 

effect in vivo may be attributed to the adrenergic system.  β-Adrenoceptor (β-

AR) stimulation causes the induction of lipolysis (see Introduction section 

1.2.2). However, the adrenergic system is known to be suppressed in obesity 

(Arner 1996). Therefore, the inhibition of this β3-AR-stimulated lipolysis by 

ABT-510, may be attenuated in our obese models and no longer be 

mechanistically predominant. The definite models to address this effect of ABT-

510 upon adipocytes would be transgenic mouse models including; CD36 

receptor knockout mouse, to clarify the role of this receptor and ABT-510 

function on adipocytes, and a TSP-1 knockout mouse, to examine β-adrenergic 

signalling.   
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Angiogenesis is associated with sympathetic stimulation, as activation of β-AR 

increases tumour vascularisation, whereas β-AR blockers reduce vessel density 

(Thaker et al., 2006; Lee et al., 2009). However, as with the down-regulation of 

β-AR activation in obesity, there may be a silencing of β-adrenergic signalling in 

cancer, particularly prostate cancer (Yu et al., 2007). Mechanistic similarities 

exist between cancer and obesity-associated angiogenesis that are informative 

to compare. For example, angiogenic factors are elevated in both cancer and 

obesity whilst adrenergic signalling is down-regulated in cancer and obesity 

(Arner 1996).  

 

Although there was a reduction in body weight of mice administered low dose 

ABT-510 fed a high fat diet, the elevated circulating non-esterified fatty acids 

(NEFAs) were surprising. Decreasing adipose weights may be indicative that 

excess lipid, associated with high calorie intake of high fat food, was not being 

deposited appropriately. The increase in liver weight strengthens this case. 

When lipids are not stored safely within the adipose, they are redirected 

towards other organs, such as the liver, and muscle (as well as heart and 

pancreas) (Sethi and Vidal-Puig 2007). These tissues are not designed to store 

large amounts of lipid and are more susceptible to the toxic effects of excess fat 

accumulation (lipotoxcity). Increased circulating NEFAs reduce insulin 

sensitivity and insulin-stimulated glucose uptake in adipose and muscle, which 

increases plasma glucose (Shulman 2000). Raised fasting glucose 

concentrations were witnessed in low dose ABT-510 treated mice. This lipid 

overload to the liver, with excess influx of NEFA, produces a fatty liver and 

modifies various pathways of hepatic metabolism of glucose and lipids. Further 

examination of fat deposition by histological staining (e.g. Oil red O) within the 

liver would help answer the question of detrimental lipid deposition. 

  

The inhibition of β-stimulated lipolysis by ABT-510 was of a similar magnitude 

to that observed with insulin. Therefore, it was plausible that ABT-510 was 

acting through similar pathways associated with insulin action. These included 
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the p38 mitogen-activated protein kinases (MAPK) and the phosphatidylinositol 

3-kinases (PI3K), which were investigated using pharmacological inhibitors. 

Stimulation of p38 by anisomyocin reversed the anti-lipolytic effect of ABT-510 

(yet inhibition did not reverse the effect). Thus, several downstream targets of 

p38 should be investigated to be confident this is the pathway mediated ABT-

510 action upon adipocytes. These may include peroxisome proliferator 

activated receptor γ (PPARγ). Firstly, PPARγ expression is highest in adipose 

(Tontonoz et al., 1994) and plays a key role in mediating both trapping of fatty 

acids and, consequently, fatty acid uptake through fatty acid transport protein 

(FTP) and CD36 (Schoonjans et al., 1996; Motojima et al., 1998). As previously 

described, the action of TSP-1 on endothelial cells is mediated through CD36 

(Jimenez et al., 2000; Febbraio et al., 2001) and ABT-510 was postulated to act 

through this receptor in adipocytes. In addition, ABT-510 induced increased 

fatty acid uptake in vitro and may, therefore act on PPARγ-signalling pathways 

stimulating an influx of fatty acids through CD36. Moreover, PPARγ suppressed 

p38 MAPK phosphorylation in T cells and the PPARγ agonist rosiglitazone 

inhibited both the activity of MAPKs p38 and c-Jun N-terminal kinase (JNK) and 

NFκB, thereby decreasing the expression of pro-inflammatory genes 

(Desreumaux et al., 2001; Jones et al., 2003). This inter-linking of pathways is 

encouraging, as it may help find pathways responsible for the action of ABT-

510. 

Another downstream target of p38 MAPK is NFκB. NFκB regulates adipogenesis 

(Hauner 2005), which is an important process in obesity but, more 

interestingly, NFκB is thought to mediate TNF-α-induced lipolysis 

(Laurencikiene et al., 2007). This pathway will have to be explored further to 

assess what contribution, if any it plays in ABT-510’s effect upon adipocyte 

function. The proposed action of ABT-510 upon 3T3L1 adipocytes is 

summarised in Figure 7.1.  
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Figure 7.1: Proposed signalling pathways involved in the action of ABT-

510 on 3T3L1 adipocytes. ABT-510 is thought to bind to CD36 on adipocytes 

where it causes i) inhibition of beta (β) adrenoceptor stimulated lipolysis, 

causing an increase in fatty acid in the adipocyte and ii) an increase in uptake of 

fatty acids, potentially through CD36, where it also increases fatty acid volume 

within the adipocyte. This would cause the adipocyte to become more lipid 

filled and be detrimental to the metabolic state of the adipocyte. β-AR; beta 

adrenoreceptor; FA; fatty acid; IR; insulin receptor; TG; triglycerides: NO; nitric 

oxide; cGMP; cyclic guanosine monphosphate. Red lines indicate inhibition; 

dotted lines, predicted pathway. 
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7.2 Future work  

The research presented in this thesis has identified TSP-1 as an adipokine 

protein associated with obesity. The specific anti-angiogenic region of TSP-1 has 

helped identify a novel role for ABT-510 directly upon adipocyte function, 

whereby it inhibits β-stimulated lipolysis and increases lipid uptake. The 

complexity of the in vivo environment meant this anti-lipolytic role of ABT-510 

was not observed.  

A case for ABT-510 acting as an anti-lipolytic agent in obesity was not 

supported by elevated fasting NEFAs in vivo. As discussed above, the adrenergic 

system is down-regulated in obesity (Arner 1996) which may be responsible for 

this lack of response. Therefore, the next, key experiments would examine the 

effect of ABT-510 on NEFA production in the circulation of non-obese mice. This 

would help clarify whether the absence of β-signalling in obesity, masked the 

effects of ABT-510 in vivo.   

In addition, methods for measuring the concentration of circulating ABT-510 

should be developed. It would be useful to perform mass spectrometry analysis 

of plasma ABT-510 concentration to confirm the low and high doses 

administered through mini-pump were in fact achieved in vivo. Limitations in 

the amount of plasma available have hindered this investigation. As the 

maximum amount of procedures were planned for this experiment, residual 

plasma obtained from glucose tolerance testing was not sufficient to determine 

whether circulating ABT-510 can be measured.  

Examination of specific apoptotic markers of angiogenesis within the adipose 

could quantify the angiostatic effect of ABT-510 upon adipose depots directly. 

Immunohistochemistry using antibodies for established apoptotic markers 

including caspase 3 and 8 (Singhal et al., 2005) could be used as a surrogate for 

the action of ABT-510. TUNEL staining could also be used to measure apoptosis 

as in endothelial cells in tumours (Dings et al., 2003), and thus could be applied 

to adipose tissue immunohistochemistry. Conversely, as there was no evidence 

of decreased in vivo angiogenesis in sponges, another means of quantifying 
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cellular proliferation may shed some light upon which way the angiogenic 

switch lies. Increased apoptosis would be associated with increased 

proliferation. Furthermore, PCNA and 5-bromo2’-deoxy-uridine (BrdU) staining 

has had excellent results for highlighting proliferation of endothelial cells in 

blood vessels present in tumours (Inoue et al., 2003).  

Mouse 3T3L1 adipocytes were used to model the mature adipocyte in obesity. 

However, the use of primary adipocytes from obese models may be useful to 

examine the role of ABT-510. These adipocytes are exposed to many cell types 

in vivo, including endothelial cells, and may therefore give more insight to the 

role of TSP-1 in obesity. Primary adipocytes have been successfully cultured 

from several species, including humans, and have some advantages over 

cultured cell lines (Hauner et al., 1989; Kirkland et al., 1990; Gregoire et al., 

1995). Primary cells are diploid and may, therefore, reflect the in vivo situation 

better than aneuploid cell lines (Gregoire et al., 1998). They may be obtained 

from various adipose depots and at varying stages of development of obesity 

(Bjorntorp et al., 1982; Deslex et al., 1987).  

7.3 Future aims: methods of improving evaluation of adipose 

angiogenesis  

The need to examine and quantify adipose tissue angiogenesis directly resulted 

in various attempts to examine blood vessel density. This proved to be very 

problematic (see Chapter 8; Appendix). In addition to these methods, other in 

vivo models were considered. Established angiogenic assays including the chick 

choriallantoic membrane (CAM) assay and the corneal angiogenesis assays, 

were simply in undesirable locations and species when trying to assess adipose 

angiogenesis (embryo and cornea) and thus ruled out as a means of measuring 

adipose angiogenesis. The dorsal skinfold window chamber model seemed 

promising, as such a technique would allow the direct and continuous 

measurement of angiogenesis within a living animal (Jain 1997). Yet, the 

chamber window employed is very large and stretches the skin around the 

animal. This would then affect adipose deposition in obesity and was excluded 
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as a model to investigate. The generation of a mouse model (Angiomouse®) was 

also considered to observe adipose angiogenesis in vivo, modifying from its 

current use in visualising primary tumours (Hoffman 2002). The principle of 

Angiomouse® is that tumours express green-fluorescent protein (GFP), which 

can be visualised. Importantly, new vessels formed by angiogenesis do not 

fluoresce and are imaged as well-defined dark networks against the bright, 

green, fluorescent background of a tumour. This could be adapted to quantify 

the fluorescence of adipose, with associated vessel infiltration into the depot as 

a means of measuring angiogenesis. However, there is limited sensitivity with 

Angiomouse® due to light absorption by the surrounding tissues, particularly 

adipose. This was a similar problem encountered by our investigations into Tie-

2 yellow fluorescent protein (YFP) mice, in which both background fluorescence 

in aortic rings and implanted sponges masked any signal from YFP-labelled 

infiltrating blood vessels (see Appendix section 8.2.1). Furthermore, it is now 

known that limited oxygen supplies affect GFP expression, which is the final 

product of a long and complex pathway involving transcription, translation and 

post-translational modifications, each of which can be affected by the 

availability of oxygen (Staton et al., 2004). As this thesis has been primarily 

concerned with adipose angiogenesis in obese, hypoxic environments, this 

mouse model was ruled out as a potential tool for investigation. Finally, 

preliminary experiments using the insertion of Matrigel gel/plugs 

subcutaneously were conducted to measure how feasible this was (data not 

shown). Angiogenesis can be assessed from Matrigel as it forms a solid plug in 

which the angiogenic response can be quantified by measuring the haemoglobin 

content of the plug (Passanitia et al., 1992). Data suggested irregularities in 

shape and vessel infiltration and thus was not used subsequently in this thesis.   

Accomplishing quantification of angiogenesis in adipose tissue would shed 

further light upon this process and in alterations associated with the 

development of obesity. However, it has become evident during this project that 

the examination of angiogenesis in adipose tissue is very challenging.  
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It is reassuring then to know that fellow researchers have also experienced 

similar problems with the assessment of angiogenesis within adipose. 

Nevertheless, advances are being made and recently vessels and adipocytes 

were simultaneously detected in situ, using immunodetection of whole-mount, 

cryosectioned and paraffin-embedded adipose (Xue et al., 2010). Although 

impressive, this technique is not without its disadvantages. Such a protocol of 

vascular detection in adipose cannot be performed in living adipose, as tissue 

must be removed from the animal. It may, therefore, be more beneficial to apply 

current techniques used for the detection of tumour growth in cancers in 

assessing adipose tissue angiogenesis. For example, quantitative reflectance 

optical spectroscopy methods have had success in the direct, quantitative 

measurement of tumour vascular oxygenation and total haemoglobin content in 

both preclinical and clinical models (Skala et al., 2007; Vishwanath et al., 2008; 

Bender et al., 2009). These parameters of oxygenation and haemoglobin content 

would be indicative of tumour structure and size. This is achieved by using a 

technique called diffuse reflective spectroscopy, which provides a measurement 

of the absorption, and scattering of light from the tissue in question, and in turn 

provides the physiological and structural composition of a tissue (Brown et al., 

2009). The application of such a technique to adipose vascularisation would 

allow direct, in vivo measurements of angiogenesis in obesity. This would 

permit the mapping of blood vessel development or regression throughout 

obesity, potentially recording key points were there are alterations in 

angiogenesis. Increasing oxygen demand of expanding adipocytes during weight 

gain could be monitored in real time if the fibre optic probe conducting the 

diffuse reflective spectroscopy was inserted into any of the adipose depots. 

Thus, definitive measurements of angiogenic growth could then be assessed in 

obesity.  

7.4 Concluding remarks 

In summation, the work described in this thesis provides evidence to support 

our initial hypothesis. Angiogenic potential is affected by obesity, whereby in 

vitro assays indicate a suppression of angiogenesis and, conversely, in vivo 
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evidence suggests an elevation in angiogenesis in obesity. Examination of 

angiogenic factors by means of a microarray in a polygenic model of fatness and 

leanness revealed the expression of the anti-angiogenic factor thrombospondin-

1 (TSP-1) was increased in subcutaneous fat in obesity. At higher doses, perhaps 

reflecting the increased TSP-1 expression with obesity, ABT-510 (specific anti-

angiogenic Type I repeat sequence of TSP-1) dominantly promoted fat cell 

retention and obesity, potentially via p38MAPK signalling.  In vivo 

administration of ABT-510 caused a biphasic response, whereby low doses 

suppressed weight gain and high doses did not. Continued studies to improve 

methods of the quantification of adipose angiogenesis will clarify the exact role 

of TSP-1 upon adipocyte metabolism and its role in obesity. Better 

quantification will also be beneficial in researching ABT-510 as a potential 

therapeutic angiogenesis inhibitor in obesity. 
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8.1 Quantification of angiogenesis 

One of the major problems in angiogenesis research has been the difficulty of 

finding suitable methods for determining the angiogenic response. As with all in 

vitro assays, concern remains that results do not translate well into the effects in 

an in vivo situation. The angiogenic cascade in vivo is very intricate, which adds 

to the problem of in vitro analysis. However, these assays do give insight into 

some key angiogenic functions and there are now well established assays 

designed to examine each step involved in the angiogenic cascade. These 

include the tube formation assay, cell proliferation and motility assays. 

When assessing angiogenesis the tube formation assay is more commonly used. 

This simply assumes the basic principle that endothelial cells form tube-like 

structures when cultured on a supportive matrix (Folkman 1986). This assay 

encapsulates at least two key steps in the angiogenic cascade, the migration and 

differentiation of endothelial cells. Nevertheless, this technique relies on manual 

counting, and lends itself to a margin of error.  

Another assay examining angiogenesis, which is considered more than the tube 

formation assay to be a faithful in vitro interpretation of in vivo angiogenesis 

(Auberbach et al., 2003) is the aortic ring assay (Nicosia & Ottinetti 1990). This 

assay allows the three-dimensional assessment of endothelial growth outward 

from aortic segments or rings. This assay has the added benefit of including 

effects mediated by non-endothelial cells on the vascular endothelium. 

Quantification is achieved by the time-consuming measurement of the 

abundance (and sometimes length) of vessel-like extensions from the aortic ring 

continually every two days over a ten to twelve day period. Unfortunately, the 

measurement of three-dimensional growths on a two-dimensional image is 

difficult and again manual counting contributes to a margin of error.  

Several assays have been developed that permit a more realistic assessment of 

the angiogenic response occurring in vivo, which allow better interpretation of 

the data when all used. For example, the Matrigel plug assay, where Matrigel is 

injected subcutaneously into an animal, can further serve as a vehicle for cells 
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and compounds of interest (Passanitia et al., 1992). Usually, the total 

haemoglobin content of the Matrigel plug is indicative of the amount of 

angiogenesis or sometimes the extent of vessel growth as assessed by 

histological means. Like most angiogenesis assays, the interpretation of this 

technique is not without its caveats as the histological analysis is again time-

consuming and it is difficult to generate identical three-dimensional plugs, due 

to the consistency of the Matrigel before it sets and the movement of the animal. 

Another in vivo model, the subcutaneous implantation of a sponge, encapsulates 

a lot of the advantages of other techniques. This model was first described for 

use in measuring blood flow (Andrade et al., 1987, Hu et al., 1995), but was later 

modified to measure vascularity (Hague et al., 2002). The sponge causes the 

induction of a chronic granulomatous response including an intense 

angiogenesis and infiltration of inflammatory cells (Lage & Andrade 2000). 

Vascular growth into the sponge is assessed histologically by manual counting 

of blood vessels stained with Haematoxylin and Eosin. However, the differences 

in sponge materials used by others and the shape and size, makes direct data 

comparison difficult. Moreover, sponge implantation is associated with non-

specific immune responses, which in turn, may cause a significant angiogenic 

response (Auberbach et al., 2000).  

The development of cre/lox technology has provided an important tool to 

manipulate gene expression in mice in a cell-type specific manner. This is 

eloquently demonstrated in the development of a transgenic mouse strain in 

which Cre recombinase expression is directed to endothelial cells by the mouse 

Tie2 promoter (Araki et al., 1995). These mice are useful for cell lineage 

experiments and the incorporation of yellow fluorescent protein (YFP) into the 

Cre alleles allows these autofluorescent proteins to be visualised, when excited 

by UV light. Such a technique has been used to image tumours during 

progression and metastasis (Yang et al., 2000; McCann 2001) and has recently 

been adapted for the study of in vivo tumour angiogenesis (Hoffman 2002). As 

fluorescence is directed to the endothelial cell, the potential examination of 

angiogenesis in adipose could be performed. The combination of sponge 
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implantation within the Tie2-Cre mouse would also allow the angiogenic 

response under different treatments and diets to be assessed. However, the 

main disadvantage with YFP is that its sensitivity may be limited due to light 

absorption by surrounding tissues. 

8.2 Alternate methods of quantifying angiogenesis in vivo 

8.2.1 Fluorescence detectable in implanted sponges in YFP mice 

The fluorescent labelling of the endothelium (in mice with endothelium-specific 

expression of yellow fluorescent protein (YFP)), was hypothesised to improve 

detection and characterisation of angiogenic structures. Sponges implanted (see 

section 2.1.3.1) into YFP mice and excised after 21 days, were visualised under 

UV light. Sponge shape was clearly visible with signal achievable from adipose, 

which was left on from dissection on the corner of sponge (Figure 8.1).  

8.2.2 Optical projection tomography (OPT) of implanted sponges in 

YFP mice did not generate fluorescent vessels 

In addition to utilising conventional immunohistochemistry on sponge sections, 

the organisation of sponge vessel infiltration was attempted to be visualised in 

three dimensions by combining the genetic labelling of endothelial cells 

expressing yellow fluorescent protein (YFP) with optical projection tomography 

(OPT), a novel imaging technique particularly useful for 3D examination of 

organs. Sponges removed from YFP mice were subjected to OPT (see section 

2.4.5). As an incorporated YFP endothelial cell specific signal would be 

detectable within vessels that infiltrate the sponge, then no additional 

antibodies would be required for OPT analysis. However, when these sponges 

were scanned the fluorescence emitted by the sponge itself did not allow any 

individual vessels to be observed or analysed (Figure 8.2).  

8.2.3 No isolation of YFP positive endothelial cells by fluorescence 

activated cell sorting (FACS)  

Manipulating directly YFP labelled endothelial cells present within adipose of 

Tie-2 YFP mice would allow the quantification of endothelial cell number and 
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give an indication of adipose angiogenesis. Thus, pooled subcutaneous adipose 

from six Tie-2 YFP mice was removed and the stromal vascular fraction (SVF) 

was isolated (see section 2.4.10). No antibody incubation was necessary as 

endothelial cells would fluoresce as they are genetically labelled with YFP. 

However, the YFP signal seemed very short-lived as although a clear YFP 

population was observed (Figure 8.3A), the YFP positive cells had disappeared 

(Figure 8.3B) and their signal shifted (Figure 8.3C). Therefore, isolation of YFP 

positive cells within the SVF was not achieved.   

8.2.4 Endothelial cells within tube-like structures of aortic rings not 

fluorescently stained by Dil-Ac-LDL uptake 

To assess whether the fluorescent staining of endothelial branches from aortic 

rings could be used as a measure of angiogenesis, aortic rings from C57BL/6J 

mice were incubated for 4 hours with fluorescently-labelled acetylated low-

density lipoprotein (Dil-Ac-LDL) on Days 2, 4, 6, 8 and 10 after implantation 

(see section 2.3.5) (Figure 8.4). Although it was apparent from the black and 

white images (Figure 8.4 A & C) that there were numerous branches emanating 

from the ring, this was not evident when viewed by fluorescence microscopy 

(Figure 8.4B). However, there was indication of uptake of Dil-Ac-LDL uptake in 

the endothelial cells of the aortic ring itself (Figure 8.4 D). 

8.2.5 Small enrichment of CD31 positive cells obtained from stromal 

vascular fraction by fluorescence activated cell sorting (FACS)  

Isolation of CD31 positive cells has previously been used as an indication of 

angiogenesis (Asahara et al., 1997). In order to check if we could isolate CD31 

positive stained cells from a stromal vascular fraction obtained from adipose, 

fluorescence activated cell sorting was performed on pooled subcutaneous 

adipose from C57BL/6J mice (Figure 8.5) (see section 2.4.10). Although adipose 

from five mice was pooled, the enrichment of CD31 positive cells was only 5.1% 

(Figure 8.5C) compared to CD31 negative cells (Figure 8.5B), which was deemed 

not sufficient enough to warrant pooling of so many mice. Ungated cells are also 

shown (Figure 8.5A).  
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8.2.6 Subcutaneous sponge implantation assay: comparison of 

histology and haemoglobin content  

The sponge implantation assay was used to assess vascularity throughout a 3 

week period. Sponges were removed and weighed at 4, 7, 13 and 21 days. One 

half of the left implanted sponge was used for histological processing (Figure 8.6 

A, B, C & D) and the other half for assessment of haemoglobin content (Figure 

8.6 F) (see section 2.4.4). As time progressed, histological examination showed a 

gradual increase in blood vessel infiltration into the sponge (Figure 8.6 E). This 

increase in blood vessel density was mirrored by an increase in haemoglobin 

content from Day 4 to Day 21 (Figure 8.5 F). The haemoglobin method of 

analysing the extent of vessel infiltration was also examined in three month high 

fat fed C57BL/6J mice (Figure 8.7). However, high interference in 

spectrophotometry readings obtained from sponges excised from the high fat 

group was observed. 

8.2.7 Non-specific CD31 staining within C57BL/6J subcutaneous 

adipose 

To improve the assessment of blood vessel distribution in adipose tissue, 

immunohistochemistry was performed using a CD31 antibody (Figure 8.8). 

CD31, a member of the immunoglobulin superfamily, is commonly used as a 

cytoplasmic endothelial cell marker (Figure 8.8B). However, there was non-

specific staining of the CD31 antibody observed (Figure 8.8C). 

8.2.8 Investigation of angiomodulatory factors in primary adipocyte 

conditioned medium  

It has become increasingly clear that adipocytes are a source of altered bioactive 

(e.g. adipokines) factors in obesity. In order to determine whether adipocytes 

were are key source of angiomodulatory factors, aortic rings were incubated in 

adipocyte conditioned medium.  Aortic rings were cultured in the presence of 

conditioned medium (DMEM) taken from C57BL/6J mouse primary 

subcutaneous adipocyte cultures (see section 2.5.5) or basal DMEM as a control. 

The standard medium for used for growing aortic rings (Nicosia & Ottinetti 



Page | 209  

 

1990) basal EBM2, was used as an additional control, and is the normal medium 

optimised for the aortic ring assay.  

8.2.8.1 Decreased tube-like structure (TLS) formation in aortic rings 

when exposed to basal DMEM and adipocyte-conditioned medium  

Basal DMEM diminished TLS number in aortic rings compared to aortic rings 

incubated with basal EBM2 irrespective of whether it has been conditioned by 

adipocyte culture (Figure 8.9). Reduction in TLS formation was evident from 

Day 4. As there was no significant difference between basal DMEM and 

adipocyte conditioned medium, it could not be determined whether exposure to 

adipocyte had any additional effect upon growth. 
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8.3.1 Visualisation of fluorescent signal from sponges implanted in 

YFP mice indicates quenching of endothelial signal by adipose 

 

 

 

 

 

 

 

 

Figure 8.1: Visualisation of fluorescent signal from sponges implanted in 

YFP mice. (A) Sponge visualised under brightfield, with associated adipose 

visible on the top right edge of sponge (white arrow). (B) The same sponge 

visualised under UV light. The hexagonal shape of the sponge matrix is clearly 

visible, with a darkening of fluorescence from the top right edge of sponge 

(white arrow). Sponges excised 21 days after implantation from YFP mice and 

assessed under a fluorescent microscope Scale bar represents 0.25 mm; n=2; 7 

week YFP mice.  
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8.2.2 Optical projection tomography (OPT) of implanted sponges in 

YFP mice does not show infiltrated blood vessels 

 

 

 

 

 

Figure 8.2: A still from optical projection tomography (OPT) of implanted 

sponges in YFP mice. Three dimensional video of sponge implanted in Tie-2 

YFP mouse. Although clear visualisation of sponge architecture is evident, 

individual blood vessels that have infiltrated the sponge are not visible as the 

signal from sponge is too strong. Representative image from 3 sponges scanned. 
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8.2.3 Short lived YFP positive endothelial cell signal by fluorescence 

activated cell sorting (FACS)  

 

 

 

Figure 8.3: YFP positive endothelial cell signal by fluorescence activated 

cell sorting (FACS). Visualisation of the YFP population of the stromal vascular 

fraction of subcutaneous adipose from Tie-2 YFP mice.  Clear YFP population 

observed (A), gated in pink. After a few hours incubation, this signal had 

disappeared (B) and the YFP signal shifted to the right (C), shown in blue. n=6.



Page | 213  

 

8.2.4 No uptake of Dil-Ac-LDL into endothelial cells of aortic rings 

from C57BL/6J mice 
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Figure 8.4: Dil-Ac-LDL uptake into endothelial cells of aortic rings. Black 

and white images show aortic rings on Day 8 of culture, with TLS branching 

from aortic ring (A & C) and fluorescent images show no visible TLS structures 

(B & D). However, there is clear incorporation of Dil-Ac-LDL into the aortic ring 

itself (B & D). Scale bar represents 200 µm. TLS formation was assessed under a 

fluorescent microscope; n=5; C57BL/6J; 7 weeks of age. 
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8.2.5 Marginal increase in CD31 positive cells from fluorescence 

activated cell sorting (FACS) of stromal vascular fraction  

 

Figure 8.5: Fluorescence activated cell sorting (FACS) of stromal vascular 

fraction using CD31 antibody. Dot plot representation of CD31+ and CD31- 

populations in the stromal vascular fraction (SVF) of subcutaneous adipose 

from C57BL/6J mice.  Ungated population of cells in SVF is shown in A. Negative 

CD31 cells were then gated (B) and CD31 positive cells (C) only exhibited 5.1 % 

enrichment.  
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8.2.6 Comparable results from subcutaneous sponge implantation 

using both histological and haemoglobin analysis 
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Figure 8.6: Analysis of vascularity in sponges implanted into C57BL/6J mice using 

both histological and haemoglobin assays. Photomicrographs (x 10) of H & E stained 

sponges from Day 4 (A), Day 7 (B), Day 13 (C) and Day 21 (D). Sponges excised on Days 

4, 7, 13 and 21 all had significantly increased vascularity when compared to Day 4 (F). 

Blood vessels were identified morphologically, with or without erythrocytes present in 

the lumen and assessed by Chalkley counting. There was a similar increase in 

haemoglobin content with time assessed by colorimetric analysis (E). Data are 

expressed as mean ± SEM, n=6 for each time point. Data were analysed by one-way 

ANOVA followed by Bonferroni correction; *** p<0.001. Scale bar represents 50 µm. 

Arrows indicate blood vessels. 
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C D 

E F 
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8.2.6 Variable haemoglobin content of sponges excised from 3 month 

high fat fed C57BL/6J mice 
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Figure 8.7: Haemoglobin content of sponges excised from 3 month high fat 

fed C57BL/6J mice. No difference in haemoglobin content in sponges excised 

from 3 month high fat fed and chow fed C57BL/6J mice, as assessed by 

colorimetric analysis. Data are expressed as mean ± SEM, n=6 for each time 

point. Data were analysed by one-way ANOVA followed by Bonferroni 

correction; NS; non-significant. 
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8.2.7 Patchy CD31 antibody staining within subcutaneous adipose 

from C57BL/6J mice 
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Figure 8.8: CD31 staining of blood vessels within subcutaneous adipose of 

C57Bl/6J mice. (A) No CD31 antibody control in adipose sections (x10). (B) 

CD31 expression in adipose sections with strong positivity in the endothelial 

cells lining blood vessels. (C) Patchy staining of CD31 antibody (horizontal 

arrows), in which there is clear staining of some blood vessels and not of others 

(vertical arrows). (D) Control staining of CD31 antibody of kidney glomeruli 

blood vessel from C57BL/6J mouse (X 40). Scale bars represent 50 µm. n=4; 10 

week C57BL/6J mice.     
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8.2.8 Decreased tube-like structure (TLS) formation in aortic rings 

cultured in basal DMEM and adipocyte conditioned medium (ACM) 
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Figure 8.9: TLS formation in aortic rings in adipocyte conditioned medium 

and basal DMEM media compared to aortic rings cultured in EBM-2. TLS 

formation was assessed by manual counting under light microscopy of (A) Basal 

EBM2, (B) Adipocyte conditioned medium (ACM) and (C) Basal DMEM on Day 8. 

TLS formation was quantified over the 10 ten period (D). Scale bar represents 

0.2 mm; n=3; C57BL/6J; 9 weeks of age.  

D 
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8.3 Discussion 

8.3.1 Evaluation of new methods of quantification of angiogenesis 

8.3.1.1 Visualisation of YFP signal from endothelial cells from Tie-2 

YFP mice 

It was evident that a new model for the in vivo (and ex vivo) quantification of 

angiogenesis would be useful in alleviating some of the problems described 

above with the other techniques. The development of cre/lox technology has 

provided an important tool to manipulate gene expression in mice in a cell-type 

specific manner. As fluorescence will be directed to the endothelial cells, the 

examination of angiogenesis could be performed. Preliminary experiments were 

conducted with the implantation of sponges into Tie-2 Cre mice to observe 

whether any fluorescence could be detected from or within the sponge as 

angiogenesis progressed. Promising results were achieved with clear structures 

visible within the sponge. Unfortunately, when similar sponges were 

investigated using OPT, the sponge matrix was only visible and the YFP signal 

had not survived the fixation process and was not visible. Tie2-cre mice that 

were used in FACs analysis also produced some disappointing results. The 

number of animals pooled (6 mice) in order to obtain enough adipose, 

associated with colony difficulties, severely restricted this work: it was not 

always possible to obtain mice at the same age. These issues were also mirrored 

with the use of CD31 positive cell FACS isolation, whereby for the enrichment of 

positive cells observed, the amount of subcutaneous adipose needed was large.  

8.3.1.2 Limited uptake of Dil-Ac-LDL by aortic rings 

There is a large volume of analysis required with TLS counting in aortic rings, 

which naturally may introduce a margin of human error. It was therefore 

desirable to attempt other methods of assessing TLS formation. Acetylated-low 

density lipoprotein (Ac-LDL) is taken up by macrophages and endothelial cells 

via the "scavenger cell pathway" of LDL metabolism (Voyta et al., 1984).  

Lipoproteins labelled with the fluorescent probe 1,1'-dioctadecyl-3,3,3',3'-

tetramethyl-indocarbocyanine perchlorate (DiI) have been utilized to visualize 
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the uptake of lipoproteins by macrophages and arterial foam cells (Pitas et al., 

1983). Subsequently, it was hypothesied that Dil-Ac-LDL could be used to 

visualise endothelial TLS from aortic rings in culture. Although the results 

showed an accumulation of Dil-Ac-LDL within the aortic ring itself, there was no 

evidence of such an accumulation within the tube-like structures. TLS were 

visible from Day 4 of the experiment; however Dil-Ac-LDL fluorescence was not 

apparent until Day 8.  It was believed that the fluorescence given from the aortic 

ring was too strong to examine individual TLS, however has been achieved by 

other groups (Blacher et al., 2001). Therefore, this assay was not used for future 

analysis of aortic growth.  

8.3.1.3 Haemoglobin vs. Histology 

The subcutaneous implantation of a sponge encapsulates many of the 

advantages of other techniques in measuring angiogenesis, such as it is 

technically simple and inexpensive. However, vascular growth is assessed 

histologically and is very time consuming. We therefore attempted to develop a 

method of processing the sponges biochemically by measuring the haemoglobin 

content (Ferreira et al., 2004). The pattern of increasing vascularity and 

increasing haemoglobin content of sponges taken at different points over a 21 

day period was comparable between both methods. However, when the sponges 

were placed in mice placed fed a high fat diet for three months, there was 

associated interference observed in the spectrophotometer readings. We 

speculate that the high fat diet or increased adipose with high fat feeding may 

have a subsequent effect upon the assay and therefore, used histological 

staining and analysis of sponges for future sponge implantation experiments. 

However, this interpretation is hard to compare as has not been attempted in 

the literature.   

8.3.1.4 Angiomodulatory factors present in primary adipocyte 

conditioned medium  

Preliminarily experiments addressed the hypothesis that adipocytes regulate 

new blood vessel formation by releasing an angiogenic factor. The specific aim 



Page | 221  

 

was to use aortic rings to determine whether factors secreted by primary, 

mature adipocytes augment tube formation by aortic rings. Whilst the TLS assay 

is traditionally performed in a medium designed for endothelial cells (EBM-2), a 

version of the assay has also been reported using DMEM (Saiki et al., 2006). As 

the latter is the medium of choice for culturing adipocytes, we assessed the 

influence of DMEM on TLS formation in our assay also. It became apparent that 

adipocyte conditioned medium and medium without exposure to any cell 

inhibited tube formation markedly. As eventual co-culture of adipocytes and 

endothelial cells would be desirable, we concluded that DMEM would not be 

optimal for both cell types. 
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8.4 Supplementary microarray information 

8.4.1 Microarray analysis of subcutaneous adipose tissue from Fat 

and Lean mice  

In order to identify changes in adipose tissue from Lean and Fat mice, with or 

without a further dietary obesity challenge, RNA was obtained from 

subcutaneous adipose (the most divergent in mass in response to diet: Morton 

et al., 2005) and used for microarray analysis.  Processed RNAs were hybridised 

to Affymetrix Mouse Exon 1.0 ST Arrays. Scanning was on an Affymetrix 

GeneChip scanner. The GeneChip Mouse Exon 1.0 ST Array core probeset had 

16654 non-control probe sets. RNA quality control and processing were carried 

out by Ark Genomics, Roslin, Edinburgh. Further analysis and database 

preparation were by Dr Donald Dunbar of the Bioinformatics Team at the 

Centre for Cardiovascular Science (CVS). The criteria used for determining 

whether changes were significant was calculated by Limma and adjusted by 

Benjamini and Hochberg. Fold changes, greater than 1.5 and associated adjusted 

p-values less than 0.05, were used to select genes. The total number of genes 

that were differentially expressed on these criteria was 268. Angiogenesis gene 

ontology (Ashburner et al., 2000) and KEGG pathway enrichment analysis was 

performed to identify pathways using Webgestalt (WEB-based Gene 

SeTAnalysis Toolkit) (Zhang et al., 2005) and DAVID (Database for annotation, 

visualisation and integrated discovery) (Dennis et al., 2003; Huang et al., 2009). 

The differential expression of genes were analysed for significant changes in a 

custom built MySQL database.  

Genes that were strongly up to strongly down – regulated were investigated and 

these included macrophage inflammatory proteins- MIP-1α/ccl3, ccl2, ccl5 

ccl19, complement receptor (cr2),  toll-like receptors (tlr) 2, 4 and 13 (tlr2, tlr 4, 

tlr 13), serum amyloid A 3 (Saa3), prostaglandin D2 synthase (ptgds 2), 

thromboxane synthase (tbaxs1), osteopontin 1 (spp1), prostaglandin E2 

receptor subtype 3 (ptger 3), platelet activating factor acetylhydrolase (pla2g7), 

carnitine palmityl trasnferase-1 (cpt1), pyruvate dehydrogenase kinase (pdk4), 
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retinol binding protein 4 and 7 (rbp 4, rbp 7), uncoupling binding proteins 1, 2 

and 3 (ucp1, ucp2, ucp3) and paraoxnase (pon1).  

8.4.2 Validation and confirmation of gene expression in adipose of 

Lean and Fat mice 

To validate the gene expression changes seen in the microarray, qPCR was used 

by selecting genes that the arrays indicated ranged from being strongly up to 

strongly down – regulated.  

RNA was extracted from subcutaneous adipose tissue from the complete cohort 

(n=6 from each strain and dietary constraint) in order to increase statistical 

power over the microarray (see section 2.2.1). The expression of the 

housekeeping gene, tata-binding protein (TBP) did not differ within and 

between groups when used (data not shown). Therefore, transcript levels of this 

gene were used for normalisation of most target genes.  

Genes investigated included macrophage inflammatory proteins- MIP-1α/ccl3, 

ccl2, ccl5 ccl19, complement receptor (cr2),  toll-like receptors (tlr) 2, 4 and 13 

(tlr2, tlr 4, tlr 13), serum amyloid A 3 (Saa3), prostaglandin D2 synthase (ptgds 

2), thromboxane synthase (tbaxs1), osteopontin 1 (spp1), prostaglandin E2 

receptor subtype 3 (ptger 3), platelet activating factor acetylhydrolase (pla2g7), 

carnitine palmityl trasnferase-1 (cpt1), pyruvate dehydrogenase kinase (pdk4), 

retinol binding protein 4 and 7 (rbp 4, rbp 7), uncoupling binding proteins 1, 2 

and 3 (ucp1, ucp2, ucp3) and paraoxnase (pon1). 
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8.4.2 Divergent gene expression responses in Fat versus Lean mice  

 

Figure 8.10: Divergent changes in expression of genes: real-time PCR analysis of cDNA from 

subcutaneous adipose tissue from Lean and Fat mice on control or high fat diet. Genes that were 

differentially expressed in the Fat mouse strain included macrophage inflammatory proteins (MIP-α/Ccl3 

and Ccl2); (C3ar1); toll-like receptor 13 (Tlr13); prostagladin D2 synthase (Ptgds2); thromboxane 

synthase (Tbxas1); osteopontin 1 (Spp1) and platelet activating factor acetylhydrolase (Pla2g7). Genes 

that were differentially expressed in the Lean mouse strain included the macrophage inflammatory 

protein, Ccl5. No expression changes in toll-like receptors 2 and 4 (Tlr2 and 4). Black indicates control fed 

Fat mice (FC); black strip indicates Fat mice on high fat diet; grey colouring indicates Lean mice on control 

diet and grey strip is indicative of Lean mice on high fat diet. n=6. *p<0.05; **p<0.01; ***p<0.001; 

†††p<0.001. Two way ANOVA with Bonferroni post hoc test. 
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8.4.2 Divergent gene expression responses in Fat versus Lean mice  

 

Figure 8.11: Divergent changes in expression of genes: real-time PCR analysis of cDNA from 

subcutaneous adipose tissue from Lean and Fat mice on control or high fat diet. Genes that were 

differentially expressed included carnitine palmityl trasnferase-1 (cpt1), pyruvate dehydrogenase kinase 

(pdk4), retinol binding protein 4 and 7 (rbp 4, rbp 7), uncoupling binding proteins 1 and 2 (ucp1, ucp2) 

and paraoxnase (pon1). No change in expression was in observed in uncoupling protein 3 (Ucp3). Black 

indicates control fed Fat mice (FC); black strip indicates Fat mice on high fat diet; grey colouring indicates 

Lean mice on control diet and grey strip is indicative of Lean mice on high fat diet. n=6. *p<0.05; **p<0.01; 

***p<0.001; †††p<0.001. Two way ANOVA with Bonferroni post hoc test. 
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8.4.3 Top 20 genes whose expression was up-regulated in 

subcutaneous adipose of high fat fed Fat and Lean mice 

Affymetrix Exon Gene ID Name 

6933072 Secreted phosphoprotein 

6812214 Tubulin, beta 2A 

6986031 Actin, alpha 1 

6881092 Fibulin 7 

6750546 Solute carrier family 11 (protein coupled divalent 

metal ion transporters), member  1 

6762967 Proteoglycan 4 (megakarocyte stimulating factor, 
articular superficial zone protein) 

6783044 RIKEN cDNA 1100001G20 gene 

6985008 Dipeptidase 2 

6945584 Thromboxane A synthase 1, platelet 

6909083 UDP galactosyltransferase 8A 

6751634 Glypican 1 

6975367 Protein phosphatase 1, regulatory (inhibitor) subunit 

3B 

7019616 Brain expressed gene 1 

6789316 ATPase, Na+/K+ transporting, beta 2 polypeptide 

6841136 CD200 receptor 1 

6947176 Regenerating islet-derived 1 

6755210 CD84 antigen 

7017134 Fibroblast growth factor 13 

6958058 Glycogen synthase 2 

 

Figure 8.12: Genes whose expressions were up-regulated in subcutaneous adipose tissue 

of Fat and Lean mice on high fat or control diet. n=6; Fold changes (>1.5) and p-values 

(<0.05) were calculated by Limma and adjusted, using Benjamini and Hochberg correction.  
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8.4.4 Top 20 genes were down regulated in their expression in 

subcutaneous adipose high fat fed Fat and Lean mice 

Affymetrix Exon Gene ID Name 

6978332 Chemokine (C-C motif) ligand 22 

6921229 Paired box gene5 

6874979 Protein kinase C, theta 

6939888 Ras association (RalGDS/AF-6), domain family member 6 

6758691 Serine/theonine kinase 17b (apoptosis-inducing) 

6862922 CD226 antigen 

6779264 Pellino 1 

6827943 G-protein coupled receptor 18 

6868021 Fatty acid desaturase 1 

6765166 Prospero-related homeobox 1 

6814055 Zinc finger protein 874 

6833100 Calcium channel, voltage dependent, beta 3 subunit 

6943387 NEDD4 binding protein 2-like 1 

6905422 Purinergic receptor P2Y, G-protein coupled 13 

6921157 Suppression inducing transmembrane adaptor 1 

6988701 CD3 antigen, delta polypeptide 

6755216 SLAM family member 6 

6910592 Interferon-induced protein 44 

6803216 Serine peptidase inhibitor, clade A (alpha-1 
antiproteinase, antitrypsin), member 10 

6789359 Similar to Centaurin, beta 1 

 

Figure 8.13: Genes whose expressions were down-regulated in subcutaneous adipose 

tissue of Fat and Lean mice on high fat or control diet. n=6; Fold changes (>1.5) and p-values 

(<0.05) were calculated by Limma and adjusted, using Benjamini and Hochberg correction.  
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8.4.5 Heatmap of angiogenic genes investigated in subcutaneous 

adipose of Fat and Lean mice 

 

 

Figure 8.14: Heat map of angiogenic genes in Fat and Lean mice that have 

been high fat or control fed. Due to the high level of expression of vascular 

endothelial growth factor A (VEGFA), caveolin 1 (Cav1) and matrix 

metalloproteinase 2 (MMP2), the expression values have been transformed to a 

z score, allowing all the genes to be plotted on the same scale, with red 

indicating high levels of expression and green indicating low. 
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8.4.6 Full gene list of genes in which changed expression was 

observed in subcutaneous adipose of Fat and Lean mice 

AFFYMETRIX 
EXON GENE 
ID Name 

6933072 secreted phosphoprotein 1 

6812214 tubulin, beta 2A 

6986031 actin, alpha 1, skeletal muscle 

6881092 fibulin 7 

6750546 solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 

6762967 proteoglycan 4 (megakaryocyte stimulating factor, articular superficial zone protein) 

6783044 RIKEN cDNA 1100001G20 gene 

6803850 similar to creatine kinase, brain; predicted gene 12892; creatine kinase, brain 

6768928 lanosterol synthase 

6985008 dipeptidase 2 

6945584 thromboxane A synthase 1, platelet 

6909083 UDP galactosyltransferase 8A 

6811689 

histone cluster 1, H2ad; histone cluster 1, H2ae; histone cluster 1, H2ag; histone cluster 1, H2ah; histone cluster 1, 
H2ai; similar to histone 2a; histone cluster 1, H2an; histone cluster 1, H2ao; histone cluster 1, H2ac; histone cluster 1, 
H2ab 

6751634 glypican 1 

6975367 protein phosphatase 1, regulatory (inhibitor) subunit 3B 

7019616 brain expressed gene 1 

6972106 a disintegrin and metallopeptidase domain 8 

6789316 ATPase, Na+/K+ transporting, beta 2 polypeptide 

6841136 CD200 receptor 1 

6947176 regenerating islet-derived 1 

6755210 CD84 antigen 

6930606 slit homolog 2 (Drosophila) 

6777176 tryptophan hydroxylase 2 

6787940 olfactory receptor 1396 

6978869 

similar to Chain A, D92n,D94n Double Point Mutant Of Human Nuclear Transport Factor 2 (Ntf2); predicted gene 
10349; predicted gene 4682; nuclear transport factor 2; similar to nuclear transport factor 2; predicted gene 9386; 
predicted gene 10333 

6872204 MAM domain containing 2 

6843130 melanocortin 2 receptor accessory protein 

7017134 fibroblast growth factor 13 

6901634 solute carrier family 39 (metal ion transporter), member 8 

6958058 glycogen synthase 2 

6762197 PCTAIRE-motif protein kinase 3 

6815558 predicted gene 8416; predicted gene 5593; cyclin B1; similar to cyclin B1; predicted gene 4870 

6957059 complement component 3a receptor 1 

6899682 cathepsin K 

6813398 PDZ and LIM domain 7 

6968778 mannosidase 2, alpha 2 
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6788851 epsin 2 

6910173 cysteine rich protein 61 

6775201 collagen, type XVIII, alpha 1 

6849968 histocompatibility 2, class II antigen E beta2 

6873065 cytochrome P450, family 2, subfamily c, polypeptide 70 

6838417 predicted gene 7172; similar to tubulin, alpha 1; tubulin, alpha 1A 

6874080 heat shock protein 12A 

6803161 legumain 

6957410 C-type lectin domain family 7, member a 

6784564 mannose receptor, C type 2 

6766372 microtubule-associated protein 7 

6864813 sprouty homolog 4 (Drosophila) 

6779843 SH3 and PX domains 2B 

6784526 lin-52 homolog (C. elegans); predicted gene 7020 

6775182 collagen, type VI, alpha 2 

6974126 coagulation factor VII 

6851324 EGF-like module containing, mucin-like, hormone receptor-like sequence 1 

6981823 macrophage scavenger receptor 1 

6763991 regulator of G-protein signaling 4 

6861314 ENSMUSG00000063388 

6879646 CD59b antigen 

6977260 heme oxygenase (decycling) 1 

6977656 uncoupling protein 1 (mitochondrial, proton carrier) 

6866305 spire homolog 1 (Drosophila) 

6882530 transformation related protein 53 inducible nuclear protein 2 

6854419 tryptase alpha/beta 1 

6878739 apelin receptor 

6969698 monoacylglycerol O-acyltransferase 2 

6958193 branched chain aminotransferase 1, cytosolic; similar to branched chain aminotransferase 1, cytosolic  

6761687 transmembrane protein 37 

6767613 popeye domain containing 3 

6806791 CAP, adenylate cyclase-associated protein, 2 (yeast) 

6946993 capping protein (actin filament), gelsolin-like 

6778719 uridine phosphorylase 1 

6834025 natriuretic peptide receptor 3 

6871206 protein phosphatase 2, regulatory subunit B (B56), beta isoform 

6868652 lactate dehydrogenase B; predicted gene 5514 

6926948 retinol binding protein 7, cellular 

6789325 CD68 antigen 

6973527 leukocyte-associated Ig-like receptor 1 

6833151 spermatogenesis associated, serine-rich 2 

6951412 pyruvate dehydrogenase kinase, isoenzyme 4 

6963534 microtubule associated monoxygenase, calponin and LIM domain containing 2 
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6899039 nestin 

6757927 ankyrin repeat domain 23 

6871009 RIKEN cDNA 2010003K11 gene 

6970131 protein kinase C, delta binding protein 

6980364 collagen, type IV, alpha 1 

6986725 matrix metallopeptidase 3 

6954269 prostaglandin D2 synthase 2, hematopoietic 

7019615 transcription elongation factor A (SII)-like 5 

6978290 metallothionein 2 

6970944 cerebellar degeneration-related 2 

6996438 anterior pharynx defective 1c homolog (C. elegans) 

6855022 histocompatibility 2, class II antigen A, alpha; histocompatibility 2, class II antigen E alpha 

6791229 plexin domain containing 1 

6838578 chymotrypsin-like elastase family, member 1 

6900994 breast cancer anti-estrogen resistance 3 

6903360 predicted gene 5150; similar to SIRP beta 1 like 1 protein 

6790294 chemokine (C-C motif) ligand 3 

6764289 interferon activated gene 202B 

6887520 SPC25, NDC80 kinetochore complex component, homolog (S. cerevisiae) 

6760009 serine (or cysteine) peptidase inhibitor, clade E, member 2 

7016678 apelin 

6847556 a disintegrin-like and metallopeptidase (reprolysin type) with thrombospondin type 1 motif, 1 

6782808 ArfGAP with dual PH domains 2 

6760347 5-hydroxytryptamine (serotonin) receptor 2B 

6937522 Wolfram syndrome 1 homolog (human) 

6868058 solute carrier family 15, member 3 

6792367 CD300 antigen like family member B 

6809047 lipoma HMGIC fusion partner-like 2 

6880393 thrombospondin 1; similar to thrombospondin 1 

6919171 RIKEN cDNA B930041F14 gene 

6768198 pterin 4 alpha carbinolamine dehydratase/dimerization cofactor of hepatocyte nuclear factor 1 alpha (TCF1) 1 

6755896 dual specificity phosphatase 10 

6870028 elongation of very long chain fatty acids (FEN1/Elo2, SUR4/Elo3, yeast)-like 3 

6910621 nexilin 

6807041 growth arrest and DNA-damage-inducible 45 gamma 

6781515 microfibrillar-associated protein 4 

6898138 pentraxin related gene 

6993154 chemokine (C-C motif) receptor 5 

6937227 spondin 2, extracellular matrix protein 

6887282 growth factor receptor bound protein 14 

6972750 paternally expressed 3; antisense transcript gene of Peg3 

6942524 serine (or cysteine) peptidase inhibitor, clade E, member 1 

6876543 NIMA (never in mitosis gene a)-related expressed kinase 6 
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6838694 keratin 79 

6789540 smoothelin-like 2 

6920713 sperm acrosome associated 1 

6849595 cyclin-dependent kinase inhibitor 1A (P21) 

6790536 glycerophosphodiester phosphodiesterase domain containing 1 

6791069 beta-1,4-N-acetyl-galactosaminyl transferase 2 

6803172 inositol 1,3,4-triphosphate 5/6 kinase 

6876226 family with sequence similarity 129, member B 

6918021 phospholipase A2, group IIE 

6907246 

histone cluster 2, H3b; histone cluster 1, H3f; histone cluster 1, H3e; histone cluster 2, H3c1; histone cluster 1, H3d; 
histone cluster 1, H3c; histone cluster 1, H3b; histone cluster 2, H3c2; histone cluster 2, H2aa1; histone cluster 2, 
H2aa2 

6899756 hemochromatosis type 2 (juvenile) (human homolog) 

6877909 dehydrogenase/reductase (SDR family) member 9 

6920056 ATPase, H+ transporting, lysosomal V0 subunit D2 

6806435 glucosaminyl (N-acetyl) transferase 2, I-branching enzyme 

6972501 two pore segment channel 2 

6813246 similar to NFIL3/E4BP4 transcription factor; nuclear factor, interleukin 3, regulated 

6849951 myosin IF 

6850834 triggering receptor expressed on myeloid cells 2 

6978263 guanine nucleotide binding protein, alpha O 

6998907 receptor transporter protein 3 

6951783 protein phosphatase 1, regulatory (inhibitor) subunit 3A 

6939130 OCIA domain containing 2 

6875933 olfactomedin 1 

6753068 RIKEN cDNA 5430435G22 gene 

6772009 SAM and SH3 domain containing 1; predicted gene 2082 

6893131 potassium voltage gated channel, Shab-related subfamily, member 1 

6957185 CD9 antigen 

6992493 doublecortin-like kinase 3 

6964382 integrin alpha X 

6944982 RIKEN cDNA 2310016C08 gene 

6840357 HRAS-like suppressor 

6957044 apolipoprotein B mRNA editing enzyme, catalytic polypeptide 1 

6758435 solute carrier family 40 (iron-regulated transporter), member 1 

6881028 acyl-Coenzyme A oxidase-like 

6869293 lipase, gastric 

6791520 mesenchyme homeobox 1 

6913269 collagen, type XV, alpha 1 

6975861 sorbin and SH3 domain containing 2 

6986722 matrix metallopeptidase 12 

6935074 transferrin receptor 2 

6963854 transmembrane channel-like gene family 5 

7019785 microrchidia 4 
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6876136 hemicentin 2 

7011944 solute carrier family 6 (neurotransmitter transporter, creatine), member 8 

6815739 regulator of G-protein signalling 7 binding protein 

6983351 like-glycosyltransferase 

6967059 serum amyloid A 3 

6756386 lysophosphatidylglycerol acyltransferase 1 

6949746 C-type lectin domain family 4, member d 

6762784 regulator of G-protein signaling 2 

6990216 
similar to Annexin A2 (Annexin II) (Lipocortin II) (Calpactin I heavy chain) (Chromobindin-8) (p36) (Protein I) 
(Placental anticoagulant protein IV) (PAP-IV); annexin A2 

6874000 actin filament associated protein 1-like 2 

6988855 cell adhesion molecule 1 

6896615 ubiquitin specific peptidase 13 (isopeptidase T-3) 

6957046 growth differentiation factor 3 

6751362 

similar to UDP glycosyltransferase 1 family polypeptide A13; similar to UGT1.6; UDP glucuronosyltransferase 1 
family, polypeptide A1; UDP glucuronosyltransferase 1 family, polypeptide A2; UDP glycosyltransferase 1 family, 
polypeptide A10; UDP glucuronosyltransferase 1 family, polypeptide A5; UDP glycosyltransferase 1 family, 
polypeptide A cluster; UDP glucuronosyltransferase 1 family, polypeptide A9; UDP glucuronosyltransferase 1 family, 
polypeptide A8; similar to UDP glycosyltransferase 1 family, polypeptide A8; UDP glucuronosyltransferase 1 family, 
polypeptide A7C; UDP glucuronosyltransferase 1 family, polypeptide A6A; similar to UDP glucuronosyltransferase 1 
family, polypeptide A6B; UDP glucuronosyltransferase 1 family, polypeptide A6B 

6972415 tumor necrosis factor receptor superfamily, member 22 

6829971 transmembrane 7 superfamily member 4 

6956867 ret proto-oncogene 

6824763 solute carrier family 7 (cationic amino acid transporter, y+ system), member 8 

6849237 protease, serine, 21 

6897557 periostin, osteoblast specific factor 

6959000 reticulon 2 (Z-band associated protein) 

6864776 protocadherin 1 

6784236 ATPase, H+ transporting, lysosomal V0 subunit A1 

7015521 cytochrome b-245, beta polypeptide 

6790670 noggin 

6944966 leptin 

7013185 toll-like receptor 13 

6947987 fibulin 2 

6950137 C-type lectin domain family 12, member a 

6935402 diacylglycerol lipase, beta 

7011394 four and a half LIM domains 1 

6761998 zinc finger, RAN-binding domain containing 3 

6892286 syntrophin, acidic 1 

6767844 nephrocan 

6822367 integrin, beta-like 1 

6922541 multiple EGF-like-domains 9 

7019519 galactosidase, alpha 

6768479 early growth response 2 

6946055 glycoprotein (transmembrane) nmb 
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6976472 microfibrillar-associated protein 3-like 

6897908 purinergic receptor P2Y, G-protein coupled 1 

6956497 oxytocin receptor 

6850534 phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma) 

6946749 TNFAIP3 interacting protein 3 

6820752 protocadherin 17 

6921161 tropomyosin 2, beta 

7011757 fragile X mental retardation syndrome 1 homolog 

7016887 family with sequence similarity 122, member B 

6856133 solute carrier family 5 (choline transporter), member 7 

7014110 ring finger protein 128 

6896351 arylacetamide deacetylase-like 1 

6952601 solute carrier family 35, member B4 

6854260 tumor necrosis factor receptor superfamily, member 12a 

6941182 transmembrane protein 119 

6917374 fatty acid binding protein 3, muscle and heart; similar to mammary-derived growth inhibitor 

6997037 RIKEN cDNA 2310046A06 gene 

6807609 RIKEN cDNA 2010111I01 gene 

6758414 collagen, type V, alpha 2 

6838809 integrin alpha 5 (fibronectin receptor alpha) 

6964250 family with sequence similarity 57, member B 

6968735 alanyl (membrane) aminopeptidase 

6811046 ryanodine receptor 2, cardiac 

6932509 starch binding domain 1 

6875649 interleukin 1 receptor antagonist 

6996448 tropomyosin 1, alpha 

6932718 bone morphogenetic protein 3 

7007379 isoamyl acetate-hydrolyzing esterase 1 homolog (S. cerevisiae) 

6765218 activating transcription factor 3 

6855071 mutS homolog 5 (E. coli) 

6820040 lysyl oxidase-like 2 

6769635 synaptonemal complex protein 3 

6837144 similar to platelet-derived growth factor B chain; platelet derived growth factor, B polypeptide 

6872783 lysosomal acid lipase A 

6971277 nuclear protein 1 

6938217 RIKEN cDNA 2310045A20 gene 

6957412 oxidized low density lipoprotein (lectin-like) receptor 1 

6850284 ubiquitin D 

6767782 glycoprotein 49 A; leukocyte immunoglobulin-like receptor, subfamily B, member 4 

6762796 regulator of G-protein signaling 1 

6791528 dual specificity phosphatase 3 (vaccinia virus phosphatase VH1-related) 

6891880 CD93 antigen 

7010355 tissue inhibitor of metalloproteinase 1 
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6969838 purinergic receptor P2Y, G-protein coupled 2 

6789609 olfactory receptor 380; hypothetical protein LOC100044155; olfactory receptor 75, pseudogene 1 

6951302 tissue factor pathway inhibitor 2 

7017520 gamma-aminobutyric acid (GABA) A receptor, subunit alpha 3 

6993713 collagen, type V, alpha 3 

6989861 lactase-like 

6819442 fibroblast growth factor 9 

6904303 transient receptor potential cation channel, subfamily C, member 3 

6784845 potassium inwardly-rectifying channel, subfamily J, member 2 

6871545 membrane-spanning 4-domains, subfamily A, member 7 

6755054 regulator of G-protein signaling 5 

6755055 regulator of G-protein signaling 5 

6983162 neurocan; similar to Neurocan 

7011263 PHD finger protein 6 

7020800 toll-like receptor 8 

6819602 ADP-ribosylation factor-like 11 

6883184 solute carrier family 2 (facilitated glucose transporter), member 10 

6885873 lipocalin 2 

6927227 RIKEN cDNA 2810405K02 gene 

6818696 lectin, galactose binding, soluble 3 

6892190 dual specificity phosphatase-like 15 

6855068 DNA segment, Chr 17, human D6S56E 5 

6890205 DnaJ (Hsp40) homolog, subfamily C, member 17; predicted gene 6257 

6974003 collagen, type IV, alpha 2 

6819910 adrenergic receptor, alpha 1a 

6932374 chemokine (C-X-C motif) ligand 1 

6865100 dihydropyrimidinase-like 3 

6760917 peptidylglycine alpha-amidating monooxygenase 

6872791 solute carrier family 16 (monocarboxylic acid transporters), member 12 

6882774 family with sequence similarity 83, member D 

6807201 unc-5 homolog A (C. elegans) 

6830505 DEP domain containing 6 

6991383 procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 

6946004 ATPase, H+ transporting, lysosomal V0 subunit E2 

6789397 B-cell CLL/lymphoma 6, member B 

6792129 ATP-binding cassette, sub-family A (ABC1), member 5 

6765276 
glutathione S-transferase, pi 2; glutathione S-transferase, pi 1; similar to glutathione S-transferase pi class A; 
predicted gene 3934 

6899378 S100 calcium binding protein A8 (calgranulin A) 

6971758 a disintegrin and metallopeptidase domain 12 (meltrin alpha) 

6994678 solute carrier family 37 (glycerol-3-phosphate transporter), member 2 

6945831 olfactory receptor 438 

6762804 regulator of G-protein signaling 18 

7016409 family with sequence similarity 70, member A 
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6754867 family with sequence similarity 78, member B 

6785111 ENSMUSG00000083237 

6873179 secreted frizzled-related sequence protein 5 

6852750 pleckstrin homology domain containing, family H (with MyTH4 domain) member 2 

6935150 family with sequence similarity 20, member C 

6819250 fat storage-inducing transmembrane protein 1 

6856202 RIKEN cDNA 2310076L09 gene 

6893558 prostate transmembrane protein, androgen induced 1; similar to Nedd4 WW binding protein 4 

6978332 chemokine (C-C motif) ligand 22 

6921229 paired box gene 5 

6910648 ST6 (alpha-N-acetyl-neuraminyl-2,3-beta-galactosyl-1,3)-N-acetylgalactosaminide alpha-2,6-sialyltransferase 5 

6874979 protein kinase C, theta 

6939888 Ras association (RalGDS/AF-6) domain family member 6 

6989238 cholinergic receptor, nicotinic, alpha polypeptide 5 

6758691 serine/threonine kinase 17b (apoptosis-inducing) 

6789359 similar to Centaurin, beta 1 

6941780 ras homolog gene family, member f 

6862922 CD226 antigen 

6814044 zinc finger protein 874 

6833100 calcium channel, voltage-dependent, beta 3 subunit 

6779264 pellino 1 

6943387 NEDD4 binding protein 2-like 1 

6905422 purinergic receptor P2Y, G-protein coupled 13 

6803216 serine (or cysteine) peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 10 

6800913 predicted gene 7511; polymerase (RNA) II (DNA directed) polypeptide H 

6945066 family with sequence similarity 40, member B 

6827943 G protein-coupled receptor 18 

6921157 suppression inducing transmembrane adaptor 1 

6906433 RIKEN cDNA D930015E06 gene 

6926974 phosphatidylinositol 3-kinase catalytic delta polypeptide; RIKEN cDNA 2610208K16 gene 

6992091 copine IV 

6988701 CD3 antigen, delta polypeptide 

6868021 fatty acid desaturase 1 

6765166 prospero-related homeobox 1 

6755216 SLAM family member 6 

6960404 D site albumin promoter binding protein 

6906721 Rhesus blood group-associated B glycoprotein 

6971264 CD19 antigen 

6910592 interferon-induced protein 44 

6961289 family with sequence similarity 169, member B 

6832005 GRB2-related adaptor protein 2 

6900254 DENN/MADD domain containing 2D 

6946021 GTPase, IMAP family member 8 
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6749835 CD28 antigen; similar to CD28 antigen 

6814055 zinc finger protein 87 

6850011 histocompatibility 2, O region alpha locus 

6767468 sex comb on midleg-like 4 (Drosophila) 

6803524 B-cell leukemia/lymphoma 11B 

6945699 
similar to protein tyrosine phosphatase domain containing 1 protein; protein tyrosine phosphatase domain 
containing 1; predicted gene 2719 

6992920 

predicted gene 9323; predicted gene 7516; ribosomal protein SA pseudogene; predicted gene 9819; predicted 
gene 6339; predicted gene 9083; ribosomal protein SA; predicted gene 13374; predicted gene 12595; similar to 
laminin receptor 1 (ribosomal protein SA); predicted gene 13208; predicted gene 12113; predicted gene 5498; 
similar to 40S ribosomal protein SA (p40) (34/67 kDa laminin receptor); predicted gene 7549 

6995161 CD3 antigen, epsilon polypeptide 

6901380 lymphoid enhancer binding factor 1 

6983286 FCH domain only 1 

6887081 lymphocyte antigen 75 

6886953 cytohesin 1 interacting protein 

6782286 integrin alpha E, epithelial-associated 

6754681 selectin, lymphocyte 

6828699 prolactin receptor 

6977814 glutamic pyruvate transaminase (alanine aminotransferase) 2 

6765321 TRAF3 interacting protein 3 

6973937 tumor necrosis factor (ligand) superfamily, member 13b 

6772829 A kinase (PRKA) anchor protein 7 

6903056 interleukin 7 

6965314 tetraspanin 32 

6971341 septin 1 

6850128 lymphotoxin B 

6868909 RIKEN cDNA C030016D13 gene 

6878045 Rap guanine nucleotide exchange factor (GEF) 4 

6810688 predicted gene 8990; neuroepithelial cell transforming gene 1 

6980089 Fc receptor, IgE, low affinity II, alpha polypeptide 

6850177 corneodesmosin; hypothetical protein LOC100043961 

6790288 chemokine (C-C motif) ligand 5 

6910597 prostaglandin F receptor 

6959279 cytochrome P450, family 2, subfamily f, polypeptide 2 

6930006 hypothetical protein LOC665705 

6867653 cardiotrophin-like cytokine factor 1 

6845435 CD86 antigen 

6769179 calponin 2 

6848579 chemokine (C-C motif) receptor 6 

6775762 similar to FEX2; stabilin 2 

6792832 CD7 antigen 

6764274 predicted gene 2785 

7013205 purinergic receptor P2Y, G-protein coupled 10 

7017601 Rho GTPase activating protein 4 
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7010644 dedicator of cytokinesis 11 

6847190 SAM domain, SH3 domain and nuclear localization signals, 1 

6811368 RIKEN cDNA A530099J19 gene 

6764038 Fc receptor, IgG, low affinity IIb 

6880987 dual specificity phosphatase 2 

6989422 cytochrome P450, family 1, subfamily a, polypeptide 1 

6769033 icos ligand 

6943142 FMS-like tyrosine kinase 3 

6863755 desmocollin 3 

6958078 ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 1 

6848556 tubulin tyrosine ligase-like family, member 2; predicted gene, ENSMUSG00000079713 

7017672 coagulation factor VIII 

6844819 claudin 1 

6868105 membrane-spanning 4-domains, subfamily A, member 6B 

6993481 folate receptor 4 (delta) 

6855088 lymphotoxin A 

6963895 acyl-CoA synthetase medium-chain family member 3 

6791310 chemokine (C-C motif) receptor 7 

6759951 cDNA sequence BC035947 

6960178 kallikrein related-peptidase 8 

6950985 lymphoid-restricted membrane protein 

6960144 natural killer cell group 7 sequence 

6780570 hepatitis A virus cellular receptor 1 

6908073 glutathione S-transferase, mu 7 

6942960 BAI1-associated protein 2-like 1 

6922301 AT-hook transcription factor 

6836959 predicted gene 8221; apolipoprotein L 7c 

6748889 interleukin 18 receptor 1 

6791881 similar to epithelial protein lost in neoplasm; LIM domain containing 2 

6871542 membrane-spanning 4-domains, subfamily A, member 1 

6824838 transglutaminase 1, K polypeptide 

6769159 complement factor D (adipsin) 

6871509 CD5 antigen 

6870971 cDNA sequence BC021614 

7018531 predicted gene 614; interleukin 2 receptor, gamma chain 

6977119 cDNA sequence BC049349 

6760518 similar to ADP-ribosylation factor-like protein 7; ADP-ribosylation factor-like 4C 

6838828 glycosylation dependent cell adhesion molecule 1 

6838716 integrin beta 7 

6946920 CD8 antigen, alpha chain 

6857769 3-hydroxyanthranilate 3,4-dioxygenase 

6947932 Kruppel-like factor 15 

6919417 thymocyte selection-associated high mobility group box; similar to thymus high mobility group box protein TOX 
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6775151 glutathione S-transferase, theta 1 

6952137 Ca2+dependent activator protein for secretion 2 

6805430 cytidine monophospho-N-acetylneuraminic acid hydroxylase 

6980090 C-type lectin domain family 4, member g 

6766351 interleukin 22 receptor, alpha 2 

6960382 branched chain aminotransferase 2, mitochondrial 

6885432 ficolin A 

6871471 fatty acid desaturase 2 

7016321 septin 6 

6898996 Fc receptor-like 1 

6820472 epithelial stromal interaction 1 (breast) 

6841187 B and T lymphocyte associated 

6839897 UDP-GlcNAc:betaGal beta-1,3-N-acetylglucosaminyltransferase 5 

6861458 adenomatosis polyposis coli down-regulated 1 

6861776 melanocortin 5 receptor 

6870489 programmed cell death 4 

7014854 G protein-coupled receptor 64 

6940646 macrophage activation 2 like 

6988366 sodium channel, voltage-gated, type III, beta 

7018687 zinc finger, DHHC domain containing 15 

6805825 interferon regulatory factor 4 

6800236 zinc finger protein 277 

6822443 deoxyribonuclease 1-like 3 

7011413 CD40 ligand 

6841201 germinal center expressed transcript 2 

6782102 macrophage galactose N-acetyl-galactosamine specific lectin 2 

6754799 CD247 antigen 

6747472 alcohol dehydrogenase, iron containing, 1 

6964163 interleukin 21 receptor 

6925575 lymphocyte protein tyrosine kinase 

6785114 RAB37, member of RAS oncogene family 

6932571 chemokine (C-X-C motif) ligand 13 

6965115 cytochrome P450, family 2, subfamily e, polypeptide 1 

6784205 2',3'-cyclic nucleotide 3' phosphodiesterase 

6871117 cathepsin W 

6866852 solute carrier family 14 (urea transporter), member 1 

6870980 TBC1 domain family, member 10c 

6769181 histocompatibility (minor) HA-1 

6924750 fatty acid amide hydrolase 

6867646 protein tyrosine phosphatase, receptor type, C polypeptide-associated protein 

6984372 expressed sequence AU018778 

6763295 Ral GEF with PH domain and SH3 binding motif 2 

6849761 
similar to axonemal dynein heavy chain 8 long form; similar to dynein, axonemal, heavy chain 8; dynein, 
axonemal, heavy chain 8 
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6988706 myelin protein zero-like 2 

6859850 calcium/calmodulin-dependent protein kinase IV 

6992950 predicted gene 9811; ribosomal protein L14 

6960301 interleukin 4 induced 1 

6844373 
immunoglobulin lambda chain, constant region 2; immunoglobulin lambda chain, constant region 1; 
immunoglobulin lambda chain, variable 1 

6902179 mucolipin 3 

6966327 hepcidin antimicrobial peptide 

6782989 schlafen 1 

6828417 ribosomal protein L37 

6980091 CD209a antigen 

6941029 peroxisomal membrane protein 2 

6817903 choline dehydrogenase 

6937056 solute carrier family 5 (sodium-dependent vitamin transporter), member 6 

6855981 special AT-rich sequence binding protein 1 

6907624 CD2 antigen 

6959165 CD79A antigen (immunoglobulin-associated alpha) 

6886021 TNF receptor-associated factor 1 

6891879 thrombomodulin 

6960140 sialic acid binding Ig-like lectin G 

6939076 TXK tyrosine kinase 

6902183 mucolipin 2 

6900279 expressed sequence AI504432 

6917630 UBX domain protein 11 

6968314 multiple C2 domains, transmembrane 2 

6915847 leptin receptor 

6753067 cathepsin E 

6771794 RIKEN cDNA 5830405N20 gene 

6749852 inducible T-cell co-stimulator; similar to activation-inducible lymphocyte immunomediatory molecule AILIM 

6819887 similar to clusterin; clusterin 

6912477 BTB and CNC homology 2 

6766839 thymocyte selection pathway associated 

6837013 thiosulfate sulfurtransferase, mitochondrial 

6763706 ATPase, Naخس transporting, beta 1 polypeptide 

6918015 phospholipase A2, group IID 

6778784 IKAROS family zinc finger 1 

6878712 solute carrier family 43, member 1 

6876740 Rho GTPase activating protein 15 

6844316 proline dehydrogenase 

6850645 nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon 

6919497 carbonic anhydrase 8; similar to Carbonic anhydrase-related protein (CARP) (CA-VIII) 

6812261 RIKEN cDNA 1810022C23 gene 

6970445 lymphatic vessel endothelial hyaluronan receptor 1 

6846386 centrosomal protein 97 
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6827944 G protein-coupled receptor 183 

6950170 killer cell lectin-like receptor, subfamily D, member 1 

6922324 tumor necrosis factor (ligand) superfamily, member 8 

6779827 neuron specific gene family member 2 

6988722 FXYD domain-containing ion transport regulator 6 

6810063 ELOVL family member 7, elongation of long chain fatty acids (yeast) 

6879140 carbohydrate (keratan sulfate Gal-6) sulfotransferase 1 

6849771 ubiquitin associated and SH3 domain containing, A 

6980107 similar to SIGNR2; CD209c antigen 

7011124 RIKEN cDNA 2610018G03 gene 

6845933 SID1 transmembrane family, member 1 

6778057 diacylglycerol kinase, alpha 

6923313 predicted gene 12669; glutaredoxin 3 

6953424 similar to immunity-associated nucleotide 4; GTPase, IMAP family member 3 

6983819 interleukin 27 receptor, alpha 

6929144 predicted gene 9209; armadillo repeat containing 10 

6991264 cathepsin H 

6953810 indolethylamine N-methyltransferase 

6791914 CD79B antigen 

6883125 matrix metallopeptidase 9 

6957051 solute carrier family 2 (facilitated glucose transporter), member 3 

6890068 RAS guanyl releasing protein 1 

6846497 ST3 beta-galactoside alpha-2,3-sialyltransferase 6 

6764349 regulator of G protein signaling 7 

6775471 sphingosine-1-phosphate receptor 4 

6995158 CD3 antigen, gamma polypeptide 

6971280 sulfotransferase family 1A, phenol-preferring, member 1 

6814050 zinc finger protein 58 

6971287 coronin, actin binding protein 1A 

6900141 protein tyrosine phosphatase, non-receptor type 22 (lymphoid) 

6998930 mutL homolog 1 (E. coli) 

6981328 adrenergic receptor, beta 3 

6984452 RIKEN cDNA 9330175E14 gene 

6787769 IL2-inducible T-cell kinase 

6915567 hook homolog 1 (Drosophila) 

6798334 a disintegrin and metallopeptidase domain 6B 

6761701 macrophage receptor with collagenous structure 

6954000 family with sequence similarity 13, member A 

6850135 histocompatibility 2, D region; histocompatibility 2, D region locus 1 

6787918 

protease (prosome, macropain) 28 subunit beta B, pseudogene; similar to Proteasome activator complex subunit 
2 (Proteasome activator 28-beta subunit) (PA28beta) (PA28b) (Activator of multicatalytic protease subunit 2) 
(11S regulator complex beta subunit) (REG-beta); proteasome (prosome, macropain) 28 subunit, beta; predicted 
gene 7928 

6848553 
similar to T-cell activation Rho GTPase-activating protein; T-cell activation Rho GTPase-activating protein; T-cell 
activation GTPase activating protein 1 
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6989054 POU domain, class 2, associating factor 1 

6867853 mitogen-activated protein kinase kinase kinase kinase 2 

6748662 zeta-chain (TCR) associated protein kinase 

6989015 interleukin 18 

6764036 Fc receptor-like A 

6765460 complement receptor 2 

6755378 kynurenine 3-monooxygenase (kynurenine 3-hydroxylase) 

6969832 RELT tumor necrosis factor receptor 

6988713 sodium channel, voltage-gated, type II, beta 

6850149 histocompatibility 2, Q region locus 10 

6825311 B lymphoid kinase 

6868091 membrane-spanning 4-domains, subfamily A, member 4C 

6946912 CD8 antigen, beta chain 1 

6940658 ATP-binding cassette, sub-family G (WHITE), member 3 

6762147 Ras association (RalGDS/AF-6) domain family member 5 

6768827 protocadherin 15 

6871511 CD6 antigen 

6807882 zinc finger protein 273 

6993142 chemokine (C-X-C motif) receptor 6 

6919212 tumor necrosis factor receptor superfamily, member 18 

6788172 transcription factor 7, T-cell specific 

6959616 suprabasin 

6928871 
sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3A; hypothetical protein 
LOC100044161 

6971260 linker for activation of T cells 

6966320 free fatty acid receptor 1 

6889891 gremlin 1 

6970166 hypothetical protein LOC100044265; predicted gene 4759 

6885855 family with sequence similarity 78, member A; hypothetical protein LOC100047386 

6777310 lysozyme 1 

6995099 chemochine (C-X-C motif) receptor 5 

6868096 membrane-spanning 4-domains, subfamily A, member 4B 

6966322 CD22 antigen; hypothetical protein LOC100047973 

6860035 prenatal ethanol induced mRNA, pseudogene 

6780572 T-cell immunoglobulin and mucin domain containing 4 

6998434 acid phosphatase, prostate 

6835353 angiopoietin 1 

6951396 paraoxonase 1 

6785865 insulin-like growth factor binding protein 3 

6957141 CD4 antigen 

Figure 8.17: Gene set enrichment list of genes differentially expressed in subcutaneous 

adipose tissue of Fat and Lean mice on high fat or control diet. n=6; Fold changes (>1.5) and 

p-values (<0.05) were calculated by Limma and adjusted, using Benjamini and Hochberg 

correction.  
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