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Abstract: 

 

Background: Adipocytes are derived from precursor cells, called preadipocytes, via a coordinated 

process of differentiation that involves substantial remodelling of molecular and cellular 

configuration and the extracellular matrix (ECM).  Adipocytes function as energy stores and 

endocrine cells, secreting several biologically active cytokine-like proteins, termed adipokines, in a 

highly regulated manner to regulate essential aspects of metabolism, physiology and behaviour.  

Typically, adipocyte function and adipokine production become dysregulated in obesity 

contributing to the development of obesity-related diseases. Adiponectin is a key adipokine with 

anti-diabetic, anti-atherogenic and anti-inflammatory effects. It is secreted into the circulation in 

high concentrations in a variety of multimeric forms, the most biologically active being a high 

molecular weight (HMW) multimer, a form which is decreased in obesity.  The efficient 

multimerisation and secretion of HMW adiponectin requires Vitamin C (VitC) to drive essential post-

translational modifications (PTMs).  The same PTMs are also required for collagen fibril formation, 

required for ECM remodelling. Surprisingly, the mechanism(s) of VitC uptake into preadipocytes 

and adipocytes is unknown, however recent papers suggest it’s transport may be mediated by the 

GLUT1 glucose transporter working in tandem with stomatin: an integral plasma membrane protein 

which facilitates plasma membrane ion transport and cytoskeletal anchoring. The aim of this 

project was to begin to define the pathway(s) that mediate VitC transport into (pre)adipocytes and 

determine whether this is compromised in obesity. 

Methods: (i) Twelve transcriptomic datasets from the gene expression omnibus (GEO) detailing 

changes in gene expression profiles during differentiation were analysed using GEO2R. (ii) The 

volume of regulatory sites (promoter and transcription factor binding) upstream of the stomatin 

gene (STOM) were analysed using genome analysis programmes ENCODE, BLAST and Ensemble. (iii) 

Six GSE (Genomic Spatial Event) datasets comparing gene expression profiles of tissues or cells from 

lean and obese subjects were analysed as above. 

Results: (i) Analysis of differentiating gene expression profiles showed characteristic induction of 

classic adipogenic markers (FABP4, C/EBP, PPARγ, PLIN1, ADIPOQ and FASN) with evidence of 

differential induction of some genes in human and murine cells (eg FABP4: 1,000 vs 50-fold 

induction; ADIPOQ: 50 vs 1,000-fold induction).  There were no major changes in expression of the 

VitC transporters responsible for transport of ascorbate (the reduced form of VitC), SVCT1/2, or the 

glucose transporters, GLUT1/4, capable of transporting dehydroascorbate (DHA - the oxidised form 

of VitC).  However, the expression of stomatin, a protein that modulates the activity of GLUT1 such 

that it transports DHA preferentially over glucose, was significantly induced in differentiating 
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human cells (10-fold) but not rodent cells.  (ii) The number of adipogenic transcription factor 

binding sites proximal to the stomatin gene was 50% higher in organisms such as humans that rely 

on dietary VitC, compared with others that can synthesise VitC.  (iii) There were no significant 

differences between adipose tissues or cells from lean or obese subjects. 

Conclusions:  Collectively these results raise the intriguing hypothesis that stomatin expression is 

differentially regulated during adipogenesis in those species incapable of VitC synthesis, compared 

to species that can.  Increased stomatin expression may facilitate uptake of DHA, via modulation of 

GLUT1.  Future investigations are required to test this hypothesis and, whilst stomatin gene 

expression does not appear to be compromised in obesity, whether stomatin protein and/or 

function is compromised remains to be investigated. 
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1. Introduction: 

1.1. Obesity and Type 2 Diabetes 

1.1.1. Obesity 

Obesity is characterised as abnormal or excessive fat accumulation that may impair health, 

accompanied by a body mass index (BMI) >30 kg/m2 1. This excessive fat accumulation occurs in 

individuals following a 21st century lifestyle (consistently positive energy balance and low physical 

activity). Obesity contributes to a wide range of non-communicable diseases, such as 

cardiometabolic disorders and T2D 2. The treatment of obesity has historically remained as caloric 

restriction and an increase in physical activity. However, the consistent increase in its prevalence 

from countries across the globe shows that this is an ineffective treatment method, as it requires 

consistent compliance to achieve long-lasting benefits. Therefore, various treatments, both 

pharmacological and non-pharmacological, have been developed to assist in the treatment of 

obesity. Obesity is one of the most prevalent diseases globally, with rates tripling from 1975 to 1.9 

billion adults in 2016 1. Obesity is also one of the causes of mortality worldwide, with an estimated 

2.8 million people dying each year from obesity-related complications 1.  

1.1.2. Aetiology of Obesity 

There are a range of factors that contribute to the development of obesity in an individual. 

Biological factors which may contribute to the development of obesity occur as a result of genetic 

or epigenetic modifications. These modifications may be split into 3 groups: monogenic mutations 

predominantly affecting genes of the central regulatory pathway of appetite regulation 3; 

syndromic obesity – obesity, as a result of multiple mutations, presenting within a syndrome 4; 

epigenetic modifications which alter the expression of a variety of genes affecting the development 

of obesity 5. 

There are various factors within an individual’s environment that may contribute to the 

development of obesity. Such factors include socio-economic status, geographical location, both 

globally and nationally, and the proximity of fast-food outlets 6.  
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1.1.3 Pathophysiology of Obesity 

As adiposity increases with obesity, so does the risk for the development of obesity-related 

diseases, such as T2D and cardiometabolic disorders. The progression from a lean state to obesity 

is accompanied by a phenotypic alteration of adipose tissue, resulting in the development of a 

systemic and chronic, low-grade inflammation 7. This is characterised by increased circulating levels 

of free fatty acids, pro-inflammatory cytokines such as interleukin-6 and tumour necrosis factor α 

(TNF-α), as well as the activation and infiltration of immune cells into adipose tissue 8. 

Accompanying this chronic inflammation is a specific dyslipidaemia profile, known as atherogenic 

dyslipidaemia, which is characterised by increased serum low-density-lipoprotein (LDL), decreased 

serum high-density-lipoprotein (HDL) and increased triglyceride levels 9. Combined, these 

symptoms result in vascular dysfunction, characterised by atherosclerosis, impaired fibrinolysis, as 

well as a substantial increase in cholesterol deposition within arterial walls; all of these symptoms 

contribute greatly to the development of cardiometabolic disorders including strokes and 

myocardial infarction 10.  

Additionally, it has been shown that the chronic inflammation caused by rapid expansion of adipose 

tissue increases the risk of the development of T2D by reducing the sensitivity of insulin, 

predominantly in adipocytes and hepatocytes 11. This is partly due to reduced production of the 

insulin-sensitising and anti-inflammatory adipokine adiponectin, 12. As shown in Figure 1.1, the 

production of adiponectin is significantly reduced in obesity 13.  

 

 

 

 

 

 

 

 

Figure 1.1: Plasma concentration of adiponectin in lean, overweight and obese individuals. 65 post-menopausal women provided samples 

for analysis, showing a significant decrease in concentration of plasma adiponectin in overweight and obese individuals 13.  
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1.1.4. Treatment of Obesity   

As mentioned previously, the cornerstone of obesity treatment is nutritional intervention alongside 

increases in physical activity, however there is limited effectiveness with this mode of treatment 

due to the reliance on patient compliance. As such, a range of pharmacological agents have been 

developed to treat individuals with obesity, the majority of which aid in caloric restriction through 

appetite suppression 14, as shown in Table 1.1. Bariatric surgery is also used to treat individuals in 

many cases but is only considered when BMI >40 Kg/m2 or >35 Kg/m2 with additional complications 

15. 

 

 

 

 

 

 

 

 

 

1.1.5. Type 2 Diabetes (T2D) 

T2D is a chronic disease that affects approximately 463 million people worldwide 17. T2D is typically 

characterised by hyperglycaemia as a result of insulin resistance combined with pancreatic beta-

cell dysfunction. T2D is initially treated with lifestyle intervention, with metformin generally 

prescribed if lifestyle changes prove ineffective 18.  

1.1.6. Pathophysiology of T2D 

The onset of T2D is gradual, occurring over many years. Its onset is a result of a chronic positive 

energy balance, resulting in a reduction in the effects of insulin on glucose transport 19. Insulin 

promotes a decrease in plasma glucose concentrations in many ways including downregulation of 

gluconeogenesis, upregulation of glycolysis, and suppressing expression of the hormone glucagon, 

which acts antagonistically against insulin 20.   

Table 1.1: List of FDA-approved medications for obesity. The majority of these agents, with the exception of Orlistat, work primarily by 

promoting satiety through stimulation of pro-opiomelanocortin (POMC) neurons in the arcuate nucleus 16.  
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Initially, hyperglycaemia is managed effectively by a compensatory increase in production of insulin 

by the beta cells. However, as insulin resistance progresses and the demand for insulin increases, 

pancreatic beta cells undergo hyperplasia to compensate; the increase in insulin production and 

cellular activity eventually results in beta cell apoptosis, resulting in beta cell islet dysfunction 21. 

This results in a decline in insulin production, thereby contributing to the characteristic 

hyperglycaemia seen in T2D. Ultimately, this loss of insulin sensitivity results in a decrease in the 

homeostatic effects of insulin, such as decreased GLUT4 translocation, an increase in hepatic 

gluconeogenesis and a decrease in glycogenesis, eventually leading to chronic hyperglycaemia.   

T2D has an insidious onset, showing relatively mild symptoms in its early stages. Such symptoms 

include polydipsia, polyuria, weight loss despite appetite retention, and fatigue 22. As the disease 

progresses, so does the risk of the development of diabetes-related diseases, such as peripheral 

arterial disease (PAD) 23 and glaucoma 24.  

1.1.7. Pharmacological Treatment of T2D 

As shown in Figure 1.2, there are a variety of pharmacological agents used in the treatment of T2D. 

The majority of these rely on restoring normoglycaemia to the patient.  

 

 

 

 

 

 

 

 

The first line of treatment for most patients is metformin, which inhibits hepatic gluconeogenesis, 

decreasing fasting blood glucose up to approximately 20%, as well as decreasing glycated 

haemoglobin (HbA1c) concentrations by 15% 26. Metformin is used over many other agents due to 

its lack of contraindications and cheap manufacturing cost 27. SGLT2 inhibitors are the latest class 

of anti-hyperglycaemic agents available, which selectively inhibit sodium-glucose cotransporter 2 

(SGLT2) proteins in the proximal convoluted tubule of the kidneys, which are responsible for 90% 

Figure 1.2: Effects of pharmacological agents used in the treatment of T2D. T2D is treated pharmacologically in a multitude of ways, 

however all pharmacological agents are utilised to target patient hyperglycaemia 25. 
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of filtered glucose reabsorption 28. This results in increased urinary excretion of glucose, aiding in 

the maintenance of normoglycaemia.  

1.1.8. Non-Pharmacological Treatment of T2D 

There are few non-pharmacological treatments of T2D, with a change in lifestyle, both physical and 

nutritional, being commonplace alongside pharmacological intervention. Recent research has 

shown that in patients still showing beta cell function, very-low-calorie diets (VLCDs) were able to 

rapidly reverse the progression of T2D to remission, predominantly due to a decrease in hepatic 

and pancreatic lipid concentrations29. There is also evidence showing that bariatric surgery may be 

used to improve glycaemic control in patients and may result in the reversal of T2D as a direct result 

of gastrointestinal anatomy restructuring 30. Research has consistently shown that glycaemic 

control improvements occur rapidly following bariatric surgery, often preceding weight loss 31.  

1.1.9. Prevalence of T2D 

90-95% of people living with diabetes are living with T2D 32. T2D has increased in prevalence due to 

the increasing global prevalence of obesity and sedentary lifestyles 33. The aetiology, 

pathophysiology and diagnosis of T2D are now well-understood however T2D remains one of the 

largest causes of mortality worldwide, killing approximately 1.6 million people in 2016, the majority 

of which lived in low- or middle-income countries 17. T2D has been diagnosed in many individuals 

of varying age and BMI, but the prevalence of diabetes is much greater in those with obesity. Obese 

adults in the UK are five times more likely to be diagnosed with diabetes than adults of a healthy 

weight, with obesity being the greatest contributing factor to a diagnosis of T2D 34.  

1.2. Adipocytes 

1.2.1. Adipose tissue 

Adipose tissue is a connective tissue, composed of adipocytes, preadipocytes, fibroblasts, stromal 

cells and macrophages 6. Adipose tissue is considered one of the largest organs in the body, 

contributing greatly to structural and endocrinological function. Adipose tissue contributes greatly 

to metabolic homeostasis through secretion of a range of hormones, cytokines, growth factors, and 

other secretory products, known as adipokines 35. As shown in Figure 1.3, adipokines contribute to 

the proper function of several tissues but are predominantly utilised in regulating carbohydrate and 

lipid metabolism and modulation of the immune system using pro- and anti-inflammatory 

molecules 36. During obesity, flexible lipid storage in adipocytes is decreased, adipose expansion 

capacity is decreased and adipokine secretion is dysregulated, resulting in widespread 

dysregulation of many systems and the development of a systemic and chronic, low-grade 

inflammation36. It has also been noted that these symptoms observed in obesity, as well as other 
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symptoms like hypertriglyceridemia, insulin resistance and hepatic steatosis, have also been 

observed in individuals with lipodystrophy, highlighting that ‘adequate’ adipose tissue is essential 

for metabolic homeostasis36.   

 

 

 

 

 

Adipocytes and adipose tissue have been categorised into three main types, white, brown and 

beige, which perform varying roles in the body. 

1.2.2. White Adipose Tissue 

White adipose tissue (WAT) comprises the largest adipose tissue volume in most mammals, 

representing at least 10% of total body weight in normal adult humans 37. WAT is critical for lipid 

storage, as well as producing the majority of adipokines, which may act locally and systemically to 

maintain metabolic homeostasis 38. Structurally, WAT shows a mosaic composition, consisting of 

only one third adipocytes, the remainder being a structure of immune cells, extracellular matrices, 

stromovascular cells and nervous tissue 39. The adipocytes in this composition are generally mixed, 

showing a range of white, brown and beige adipocytes; the composition of these adipocytes varies 

depending on the location of the tissue. WAT can also be subdivided into two types according to its 

anatomical position; subcutaneous WAT (SWAT), which surrounds the abdomen, hips, thighs and 

gluteal areas, and visceral WAT (VWAT), which is predominantly concentrated in the abdominal 

Figure 1.3: Overall actions of adipokines throughout the body. Adipokines contribute greatly to metabolic homeostasis and are essential 

to the maintenance of many tissues. When these effects are reduced in obesity, many tissues are affected, resulting in widespread 

dysfunction 36. 
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cavity in mesenteric, omental, perineal and peritoneal depots 40. Whilst both variants of WAT 

perform their key roles of insulation and energy storage, VWAT is closely linked to metabolic 

complications in obesity as its enlargement is detrimental to the functions of surrounding organs 

41. 

1.2.3. Brown Adipose Tissue 

Brown adipose tissue (BAT) comprises approximately 5% of a neonatal human’s body weight, which 

naturally decreases as the child matures 42. BAT is present in adult humans, with metabolically 

active depots present in the supraclavicular and thoracic regions 43. BAT may be found in depots 

such as these or they can be distributed within other tissues, such as those found in skeletal muscle 

43. The main role of BAT is to generate heat via non-shivering thermogenesis through use of the 

mitochondrial transmembrane protein uncoupling protein-1 (UCP-1), which disrupts the 

mitochondrial proton gradient resulting in the generation of heat 44. BAT activity contributes to 

whole-body fat oxidation and diet-induced thermogenesis, and also acts as an anti-diabetic tissue; 

it does this by increasing local energy expenditure during cold exposure, resulting in increased 

glucose uptake as well as increasing basal and insulin-stimulated whole-body glucose disposal 45. 

1.2.4. Beige Adipose Tissue 

Beige adipose tissue (BeAT) functions as a reserve of BAT that can be induced via cold exposure to 

dissipate energy in the form of heat 46. BeAT is found dispersed throughout WAT and shows 

morphological similarities to both WAT and BAT, containing large, multilocular lipid droplets, as 

well as large amounts of UCP-1 positive mitochondria46.  

1.3. Adiponectin 

Adiponectin is a 30KDa multimeric adipokine that is secreted in greater concentrations than any 

other adipokine in non-obesogenic states, showing circulating concentrations of 5-10 μg/ml 47. 

Adiponectin has attracted extensive study due to its systemic anti-obesogenic, anti-inflammatory 

and anti-diabetic actions 48. It has also been well-documented that adiponectin is subject to post-

translational modifications (PTMs) that drive the formation of high molecular weight (HMW) 

multimers, which are more biologically active than low molecular weight (LMW) adiponectin 49. The 

potential of adiponectin, or derivatives, as a therapeutic to reduce obesity and obesity-related 

complications is an active field of research.  
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1.3.1. Effects of Adiponectin  

It is important to mention that the functions of adiponectin remain contentious. Some evidence 

has been presented suggesting that adiponectin concentrations positively correlate with pro-

inflammatory markers in inflammatory diseases unrelated to increased adiposity 50; however, the 

majority of evidence suggests that hypoadiponectinaemia is associated with an increase in the risk 

of obesity-associated diseases 50. Once secreted, adiponectin enters the circulation, eliciting its anti-

diabetic and anti-inflammatory effects. As shown in Figure 1.4, adiponectin is active in most tissues 

and is most biologically active as a HMW multimer 51; the actions of adiponectin are also conserved 

across human and murine species. There is also evidence suggesting that adiponectin may bind to 

circulating free fatty acids in circulation, thereby suggesting a mechanism by which adiponectin may 

reduce their concentration and protect against dyslipidaemia 52. Adiponectin elicits its intracellular 

effects by binding to one of 3 receptors, Adiponectin Receptor 1 (ADIPOR1), Adiponectin Receptor 

2 (ADIPOR2), and T-cadherin. ADIPOR1 and ADIPOR2 are highly expressed throughout the body but 

are predominantly expressed in tissues where insulin sensitisation is considered more significant, 

such as the skeletal muscle and liver 53. T-cadherin is ubiquitously expressed but is predominantly 

expressed in the skeletal and cardiac muscle.  

 

 

  A 

B 
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C 

Figure 1.4: A depiction of adiponectin multimerization, tissue distribution and function. (A): Adiponectin Multimersiation. 

Adiponectin may only be secreted after undergoing minor multimerization but is most biologically active as a HMW multimer 51 (B): 

Efficacy of different adiponectin multimers in key target tissues. Larger bouquet structures are HMW multimers, whilst smaller 

structures depict adiponectin hexamers 51 (C): Target tissues and biological activity of adiponectin. Various tissues utilise adiponectin 

to promote cellular growth and insulin sensitivity, as well as reducing inflammation. These effects are seen in both rodents and 

humans 54.    



 

10 
 

 

The mechanisms behind the downstream effects of adiponectin receptor binding are complex and 

not fully understood, however adiponectin is able to elicit a range of effects upon binding 55, for 

instance, adiponectin promotes increased ceramidase activity, decreasing level of pro-

inflammatory ceramides implicated in obesity-derived insulin resistance 56. Ceramidase activity is 

regulated via ADIPOR1/2 binding, with evidence showing a positive correlation between 

ceramidase activity and ADIPOR1/2 expression 57. Adiponectin receptors are also capable of 

regulating membrane fluidity and preventing lipotoxicity, independently of adiponectin, in many 

cell types 58. T-cadherin binding may be responsible for many of HMW adiponectin’s beneficial 

effects on the cardiometabolic system, such as revascularisation and promotion of wound healing 

59. 

1.3.2. Adiponectin Synthesis and Multimerisation 

Adiponectin monomers show little biological activity and are undetectable in native conditions 60. 

The protein is encoded by the AdipoQ gene at Chr.3q27, a region identified as carrying a 

susceptibility gene for T2D and metabolic syndrome 61. Human adiponectin is 244 amino acids long 

and consists of 3 domains: an NH2-terminal hyper-variable region; a collagenous domain consisting 

of 22 Glycine-XY repeats and 4 conserved lysine residues, which are utilised as binding sites during 

multimerization 62; and a globular COOH-domain, which is similar in structure to the complement 

protein C1q.  

Several PTMs are required in multimerization. Adiponectin is not secreted in its monomeric form; 

initial interactions between collagenous domains of the monomers are required to form a LMW 

trimer, which may be secreted. Trimers can form intermolecular disulphide bonds with other 

trimers via a highly conserved cysteine residue (Cys36) at the NH2-terminus, forming hexamers 63. 

These hexamers may form bouquet-like oligomers, consisting of 12-18 hexamers, via hydroxylation 

and glycosylation of 4 conserved lysine residues on the collagenous domain of the adiponectin 

subunits, performed by prolyl and lysyl-hydroxylase enzymes 64, which require ascorbate as a 

cofactor. These reactions allow collagenous domains to bind with one another, forming a HMW 

multimer, the most biologically active form which is capable of providing great insulin-sensitising 

and cardiometabolic-protective effects 60. Studies have shown that sexual dimorphism exists, with 

females showing higher levels of circulating adiponectin than males 65.  

1.4. Vitamin C (VitC) 

VitC cannot be synthesised in humans and many other vertebrates, such as primates and guinea 

pigs, due to an evolutionary loss of the L-gulonolactone oxidase (GULO) enzyme 66. As such, humans 
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are dependent on dietary VitC due to its vital functions as an antioxidant as well as a cofactor to 

various enzymes 67. VitC deficiency has historically been an issue; however the prevalence of VitC 

deficiency has increased globally as a result of the increased availability of energy-dense foods with 

little nutritional value, and the decreased interest in the consumption of nutritious fruits and 

vegetables 68.  

1.4.1. Sources of VitC 

VitC is found in a wide range of foods, predominantly in its reduced form, ascorbic acid (AA). AA is 

particularly rich in fruits of the genus Citrus including oranges, lemons and limes 68. A small amount 

of dehydroascorbic acid (DHAA), the oxidised variant of VitC, may also be found in processed foods, 

as well as cooked or stored foods 69. AA and DHAA are weak acids that are reduced to the anion 

ascorbate at pH >5. Hence, ascorbate is the predominant form found in vivo. Ascorbate shows 

remarkable properties as an electron donor – a property that allows it to act as an efficient 

antioxidant 70.  

1.4.2. VitC Deficiency 

Perhaps surprisingly many individuals still experience VitC deficiency with rates varying across 

countries from 7.1% in the United States up to 79.3% in India 68. VitC deficiency is defined as a serum 

concentration of <11.4μmol/L depending on age and gender 67. VitC deficiency results in many 

symptoms, including anaemia, immune deficiencies and a loss of collagen production, resulting in 

systemic dysregulation. The severity of VitC deficiency is mirrored by the tissue-specific 

requirements of VitC, shown in Figure 1.5. VitC deficiency is easy to treat, requiring an increased 

daily intake of 100-300 mg, depending on age and gender, until no symptoms remain 67.  

 

 

 

 

 

 

 

 

1.4.3. Structure and Variants of VitC 

Figure 1.5: Distribution of Vitamin C within the human body 71. The tissues of the CNS require the highest concentration of VitC, 

where it predominantly acts as an antioxidant. A large amount may also be found in the adrenal glands, which is released upon 

stimulation by adrenocorticotrophic hormone to alleviate oxidative stress during a stress response 72. 
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AA is a water-soluble ketolactone containing two ionizable hydroxyl groups, allowing it to act as an 

excellent electron donor and antioxidant 70. As shown in Figure 1.6, AA is converted to the anion 

ascorbate via deprotonation at one of the hydroxyl chains. This conversion to a monoanion, also 

known as monodehydroascorbate (MDHA), is relatively short-lived as ascorbate is an efficient 

reducing agent allowing it to undergo two consecutive, single-electron oxidation reactions. The 

result of these oxidation reactions is the formation of the molecule dehydroascorbate (DHA), which 

serves as the predominant electron receiver in VitC recycling pathways. Upon interaction with 

water, DHA may be stabilised to DHAA.  

 

 

 

 

 

 

 

 

 

1.4.4. Functions of VitC 

Whilst the body is capable of producing many antioxidants, such as catalase and superoxide 

dismutase, exogenous antioxidants such as ascorbate are required to maintain homeostasis of 

systemic redox reactions 73. Circulating ascorbate is able to neutralise reactive oxygen species (ROS) 

via electron donation systemically, however ascorbate is most biologically active in the central 

nervous system (CNS) and is preferentially absorbed by CNS tissues to counteract the high levels of 

ROS production seen here 74. The importance of ascorbate within the CNS is also mirrored by the 

high expression levels of sodium-dependent VitC transporter (SVCT) 2, a high-affinity transporter 

of ascorbate 75. SVCT2 also shows evidence of increased expression in astrocytes following 

ischaemic damage, highlighting a compensatory mechanism to aid CNS tissues in clearing excess 

ROS 75.  

VitC also acts as a cofactor to various enzymes, primarily in the α-ketoglutarate-dependent 

hydroxylase family 76. Members of this family catalyse a wide range of oxygenation reactions 77. Of 

Figure 1.6: Oxidation of Ascorbic Acid to DHA. 70 
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this family, ascorbate, acts as a cofactor to the prolyl- and lysyl-hydroxylase enzymes, which are 

utilised in various biochemical pathways throughout the body, including procollagen-proline 

dioxygenase, which hydroxylates collagen, stabilising its triple helix to aid collagen fibril formation 

78. Prolyl and lysyl-hydroxylases also regulate the degradation of hypoxia inducing factor-1α (HIF-

1α) 79 and are required in adiponectin multimerization as mentioned earlier.  

1.4.5. VitC Synthesis  

Despite VitC being essential to human health, VitC may only be acquired in many vertebrates, 

including humans, through dietary intake. Many animals synthesise VitC through an evolutionarily 

conserved biosynthetic pathway, shown in Figure 1.7.  

 

 

 

 

 

 

 

 

 

 

 

 

The loss of the ability to utilise this biosynthetic pathway, circled in red in Figure 1.7, is due to 

inactivation of the gene encoding the L-gulonolactone oxidase (GULO) enzyme, which catalyses the 

final step in AA biosynthesis 66. As a result, many vertebrates have adapted absorbing VitC through 

various methods, such as passive diffusion through the buccal cavity and gastrointestinal 

absorption via SVCT transporters and some glucose transporters, such as GLUT1 81.  

The rationale for the loss of function in this gene has been heavily debated, and four hypotheses 

have been proposed:  

Figure 1.7: Biochemical Pathway of Vitamin C Synthesis in Vertebrates. Numbers represent the following enzymes: 1. UDP-glucose 

pyrophosphorylase, 2. UDP-glucose dehydrogenase, 3. UDP-glucuronidase, 4. Glucuronate reductase, 5. Gluconolactonase, 6. L-

gulonolactone oxidase (GULO), 7. L-gulonate 3-dehydrogenase 80. 
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- The ‘ascorbate-rich diet hypothesis’: The inactivation of GULO occurred due to an adequate 

amount of VitC being present within the diet of our ancestors, therefore endogenous synthesis was 

not required 80.   

- The ‘ascorbate and fertility hypothesis’: GULO was inactivated to encourage successful 

reproduction in younger, fitter individuals, as older and more unfit individuals required more VitC 

for adequate health 81.  

- The ‘better electron ratio hypothesis’: Ascorbate biosynthesis requires consumption of 

glutathione and the generation of hydrogen peroxide, resulting in an electron neutral net redox 

potential, therefore it was more beneficial to receive dietary VitC rather than generate it through 

de novo synthesis 81.  

- The ‘free radical hypothesis’: A retrovirus inactivated the gene encoding GULO, resulting in an 

increase in the generation and accumulation of ROS. These ROS would attack the DNA more, 

resulting in a higher rate of molecular evolution and faster adaption to environmental changes 81.  

 

1.4.6. Uptake and Recycling of VitC 

Once ingested, AA remains in its deionised form until reaching the duodenum, where it is converted 

to ascorbate. In the gastrointestinal tract (GIT), ascorbate may be oxidised initially to MDHA or DHA 

via interactions with other oxidising agents, such as Fe3+, Flavonoids, and ROS 69.  

In the GIT, ascorbate may be transported by SVCT1 73. M/DHA may also be absorbed within the GIT 

via several GLUTs from the Class I GLUT family of solute carriers. Members of this family that are 

capable of M/DHA transport include GLUT’s 1, 2, 3, 4 and 8 82. In the enterocyte, ascorbate may be 

used as a reducing agent, or as a cofactor to various enzymes, whilst M/DHA may be recycled into 

ascorbate through interactions with the enzymes MDHA-reductase and DHA-reductase, 

respectively 83. These reactions replenish cellular ascorbate levels but reduce cellular 

concentrations of GSH and NADPH, which are required as reducing agents in ascorbate recycling. 

This process may occur in nucleated cells, but the majority of ascorbate recycling occurs in 

erythrocytes, where GSH and NADPH levels cannot be replenished 84. As erythrocytes only have a 

limited capacity of GSH and NADPH available, this process is deleterious to the erythrocyte lifespan 

and will contribute to ROS generation and cell death. 

Ascorbate and unrecycled M/DHA undergo various efflux mechanisms to enter circulation from the 

enterocyte. The mechanisms behind ascorbate and M/DHA efflux are currently unknown, but 

several hypotheses have been presented; the most popular being that the enterocyte basolateral 
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membrane contains volume-sensitive anion channels which initiate ascorbate and M/DHA 

transport, following changes in cellular osmolarity 85.  

Once in the circulation, ascorbate may travel freely to act within various tissues (as shown in Figure 

1.5). Ascorbate travels through the endothelial barrier of the blood vessels and the plasma 

membrane of various cell types via the transporter SVCT2, which mediates tissue-specific uptake of 

VitC 86. M/DHA is mostly absorbed by circulating erythrocytes via GLUT1 transporters, where it is 

recycled into ascorbate and released 87. As M/DHA is predominantly taken up by erythrocytes for 

use in ascorbate recycling, ascorbate is the predominant variant of VitC seen in the circulation 88.  

If M/DHA is not recycled then it is excreted in urine in one of 5 forms: DHA, ketogulonate, ascorbate-

2-sulfate, oxalic acid and ascorbate; ascorbate is only excreted however if daily consumption 

exceeds 2 grams 89. 

1.4.7. Sodium Dependent VitC Transporters 

SVCTs are sodium-dependent transporters, which couple to a Na+/K+ ATPase complex to aid active 

transport 73. SVCTs are part of the SLC23 family of transport proteins, which contains four members: 

SVCT1, SVCT2, SVCT3 and sodium-dependent nucleobase transporter 1 (SNBT1) 86. It is important 

to mention that SVCTs are only capable of transporting ascorbate88; as ascorbate is the 

predominant variant of VC seen in the circulation 88, the majority of VitC transport in many tissue 

types is performed using SVCTs.  

SVCT1 is found mostly in tissues responsible for the distribution of ascorbate, where trafficking of 

ascorbate exceeds the requirements of the cell. Such cell types include the epithelial enterocytes 

of the small intestine and the proximal tubule cells of the nephron 90. SVCT1 is adapted to this form 

of transport in two ways. First, the VMax of SVCT1 is high (15 pmol/min/cell), allowing for rapid rates 

of ascorbate transport 91. Second, the KM of SVCT1 is also high (50-100 μM), giving the transporter 

a high affinity for ascorbate 92. Combined, these properties allow SVCT1 to mediate systemic VitC 

homeostasis through consistent and gradual transport of ascorbate.  

SVCT2 is expressed ubiquitously but shows some evidence of tissue-specific expression levels that 

mirror the demand of ascorbate in the tissue 93. SVCT2 is responsible for the transportation of 

ascorbate into metabolically active tissues, that require the vitamin as a cofactor in enzymatic 

reactions and or protection from oxidative stress 94. The VMax of SVCT2 is reportedly similar to that 

of SVCT1, allowing SVCT2 to transport large amounts of ascorbate when required 91, but the KM of 

SVCT2 is relatively high (0.6mM), giving it a reduced affinity for ascorbate than SVCT1 95. These 
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properties allow SVCT2 to transport large quantities of ascorbate, allowing rapid delivery of 

ascorbate to target tissues.       

SVCT3 shows relatively high expression levels in the kidney, with virtually no expression in any other 

tissue; the role of SVCT3 remains unknown, however it has been speculated that it may act as a 

nucleobase transporter.  

1.4.8. Class-I GLUTs and Stomatin   

The transportation of DHA via some class I GLUTs has been well-documented, particularly in 

enterocytes 96 and erythrocytes 87. Whilst these GLUTs may transport DHA without modulation, the 

GLUT1 transporter shows the ability to transport DHA with much greater affinity following 

modulation by the protein stomatin.    

Stomatin, also known as human erythrocyte integral membrane protein band 7, is a 31 kDa protein 

which forms complex oligomers within cholesterol-rich membranes 97. Stomatin is believed to play 

many roles in plasma membrane ion transport, as well as acting as a cytoskeletal anchor, causing 

conditions such as hereditary Stomatocytosis when stomatin structure or function are 

compromised through mutation 98. As a result of its essential roles in the maintenance of cell 

structure and plasma membrane composition, stomatin is ubiquitously expressed across all tissue 

types and is highly conserved between many species 99.  

Stomatin is also essential in facilitating DHA transport via class I GLUTs, particularly GLUT1 – it does 

so by binding to and modulating the affinity of GLUT1 to preferentially transport DHA over glucose 

87. Erythrocytes show higher GLUT1 concentrations than any other cell type.  Despite this the 

regulation and function of GLUT1 during erythropoiesis is unknown prompting the suggestion that 

GLUT1 is expressed alongside stomatin within the erythrocyte to provide a compensatory 

mechanism for DHA recycling, in order to maintain sufficient ascorbate concentrations in animals 

incapable of synthesising VitC 87. In support of this, animals capable of synthesising ascorbate de 

novo show increased GLUT4 concentration in mature erythrocytes, instead of GLUT1, which is not 

modulated via stomatin to transport DHA 87; more research is needed however to elucidate the 

evolutionary pressure(s) required in these species to warrant an increase in erythrocyte GLUT4 

expression. Nonetheless, these findings further support the notion that GLUT1 is utilised in 

erythrocytes, alongside stomatin, to facilitate DHA recycling.  

Whilst the modulation of GLUT1 activity by stomatin have only been demonstrated some cells, such 

as human erythrocytes and Jurkat cells 87, it remains possible that stomatin may perform a similar 
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role in other cell types and tissues, suggesting a mode of transport for DHA into tissues of various 

types.  

 

1.5. VitC, Obesity and Type 2 Diabetes  

Recent research has highlighted beneficial effects of VitC in the treatment of T2D. In a recent study, 

individuals with T2D were given AA supplementation, resulting in up to 36% reductions in daily 

postprandial glucose concentrations as well as decreases in systolic and diastolic blood pressure 100. 

Furthermore, evidence suggests VitC supplementation may promote adipogenesis 101. As 

mentioned previously, VitC is required for the efficient production of HMW adiponectin. Whilst VitC 

may provide a range of beneficial effects against T2D, many of these are lost in obesity, with the 

reason(s) for this loss being unknown. As shown in Figure 1.8, supplementation with VitC results in 

an approximate 100% increase in HMW adiponectin production in Gulo-/- mutant mice, a metabolic 

genotype characterised by a homozygous knockout in the mouse GULO gene, resulting in a 

metabolic phenotype characterised by the loss of de novo VitC synthesis 102. Furthermore, this data 

shows that total adiponectin production hasn’t increased, but the amount of HMW adiponectin 

has, suggesting that VitC does not directly increase expression of adiponectin, but rather facilitates 

its multimerization into the HMW multimer. This correlation is also believed to be seen in humans, 

as supported by Figure 1.9, which shows a significant positive correlation between circulating VitC 

and HMW adiponectin. It is important to mention that whilst these data are statistically significant, 

they are unpublished data derived from the Whitehead laboratory.  
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Figure 1.8: Effects of transient high dose Vitamin C supplementation on circulating total and HMW adiponectin levels in Gulo
-/-

 

mice. *** denotes p<0.001 between HMW at week 0 and week 3 103. 

Figure 1.9: Relationship between circulating levels of Vitamin C and HMW adiponectin in adult humans. Statistical significance was 

determined using Spearman’s correlation coefficient between Vitamin C and HMW adiponectin in 105 subjects (61 males, 44 females) 
103.
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1.5.1.  VitC and Adipogenesis  

The effects of VitC on adipogenesis are not fully understood. Many reports 101, 104, 105, 106 suggest that 

supplementation with a stable VitC derivative, such as zinc-chelated VitC 101, drives adipogenesis by 

increasing the expression, and activity, of factors that promote adipogenesis, like PPARγ and CCAAT 

enhancer binding protein alpha (C/EBPα) 101. Other reports show that supplementation with the 

VitC derivative ascorbic acid-2-phosphate (AA2P) also increases the efficiency of adipogenesis and 

this has been linked with reduced ERK 1/2 phosphorylation and increased expression of 

adipogenesis-related factors 104. 

Supplementation with native AA has been shown to have dose-dependent effects on the efficacy 

of adipogenesis. For instance, supplementation with concentrations of native AA (≤100 μmol/ml) 

elicit positive effects on adipogenesis, increasing the expression of various adipogenic markers. 

However, supplementation with concentrations above physiological levels (100 μmol/ml) have 

been shown to decrease the efficacy of adipogenesis and lipid droplet accumulation via decreased 

production of cAMP, a mediator of several adipogenesis-related regulatory pathways 105. As may 

be expected, supplementation with AA, which is relatively unstable in tissue culture and is only 

routinely added with media changes (every 3-4 days), has a modest effect on adipogenesis 

compared to more stable derivatives.  Supplementation with AA may also be performed in 

combination with additional agents, to counteract any negative effects. For instance, one study 

performed co-treatment with accutase to prevent AA-associated cell clumping in the early phase 

of adipogenesis 106.  

The effects of VitC, both stable and unstable derivatives, on adipogenesis have largely been 

determined in studies using the mouse 3T3-L1 cell line 107 with little research being performed with 

human cell lines. Therefore, the actions of VitC within models of human cells may differ to what has 

been observed in 3T3-L1 cells due to the fundamental differences in the species’ ability to synthesis 

VitC de novo.  

1.5.2. VitC Uptake in Adipocytes 

Initial research by the Whitehead laboratory suggested that VitC may be transported into 

adipocytes via SVCT2-mediated active transport. However, the presence of GLUT1 on the plasma 

membrane of adipocytes, suggests that adipocytes may also transport DHA via stomatin-modulated 

GLUT1. GLUT1’s predominant role is as a basal glucose transporter 87 and adipose tissue does not 

utilise circulating glucose for energy production, instead producing ATP via the glucose 

independent, β-oxidation pathway 108. Adipose tissue predominantly traffics glucose via insulin-

stimulated GLUT4 for utilisation in glucose homeostasis mechanisms, such as the conversion of 
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glucose to lactate; this even occurs in insulin-resistant adipocytes, highlighting the significance of 

adipocytes in glucose homeostasis109. This suggests that GLUT1 expression in mature adipocytes is 

not utilised for glucose transport but to traffic DHA following modulation by stomatin.  

1.5.3. VitC Resistance in Obesity 

All observations made in Figures 1.8 and 1.9 were made in lean individuals. When Gulo-/- mice were 

fed a high fat diet for 12 weeks, resulting in obesity, the observations made from Figure 1.8 could 

not be recapitulated. One hypothesis suggested this to be a result of defective VitC uptake into the 

adipocyte, thereby resulting in insufficient adiponectin multimerization. The lack of VitC uptake into 

adipocytes would partially explain the characteristic decrease in HMW adiponectin seen in obesity 

12, and therefore may contribute to the development of T2D. 

1.6. Aims and Objectives 

The aims and objectives of this project are: 

- To define the pathway(s) that mediate VitC transport into adipocytes, and to determine 

whether these are compromised in obesity. 

- To analyse the expression of various genes implicated in VitC transport during adipogenesis 

and in adipose tissue from lean and obese individuals.  

- To determine whether stomatin is implicated in VitC transport in adipocytes, and whether 

its expression and regulation differs between adipocytes and adipose tissue from humans 

and other species capable of de novo VitC synthesis.  

  



 

21 
 

2. Materials and Methods: 

2.1. Materials  

No physical materials were required for this study.   

2.2. GSE Analysis 

All GSE datasets were chosen using the gene expression omnibus (GEO) database and data were 

analysed and extracted using GEO2R110. Data were transformed using Microsoft Excel, followed by 

statistical analysis and formatting into graphs using the GraphPad PRISM software.  

2.3. Stomatin Proximal Sequence Analysis and Comparison 

2.3.1. BLAST Sequence Analysis  

Sequences were identified and analysed using the NCBI nucleotide basic local alignment search tool 

(BLAST), which locates regions of similarity between sequences. Two 5100 nucleotide sequences 

were analysed (-5000 to 100), containing the proximal region of stomatin in both the Mus musculus 

and human genomes.  

2.3.2. Identifying Promoter Motifs and Transcription Factors 

Promoter motifs and transcription factors were identified using the Eukaryotic Promoter Database 

(EPD) program, which locates regulatory elements within genes and species of interest. 4 promoter 

motifs were screened for - TATA-box; Initiator; GC-box and CCAAT-box. 10 transcription factors 

were screened for – C/EBPα; C/EBPβ; C/EBPδ; C/EBPε; C/EBPγ; PPARγ; KLF5; GATA6; MLXIPL and 

RORB. These genes were chosen due to their implication in adipogenesis111 and are shown in Table 

2.1. The locations of these transcription factors and promoter motifs were then mapped to show 

the similarities in location between the human and Mus musculus genomes.  

The volume of non-adipogenic-related TF binding sites upstream of the stomatin gene in the human 

and murine genomes were also analysed. Two transcription factors were screened for: specificity 

factor 1 (SP1), a ubiquitously expressed transcription factor involved in the expression of a wide 

range of genes112; activating transcription factor 4 (ATF4), a member of the AP-1 family of DNA-

binding proteins112. 
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2.3.3. Sequence Analysis and Comparison Using ENCODE 

The first 1000 base pairs were analysed in greater detail using the ENCODE sequence analysis 

program. Base pair matches were only considered significant when in a chain of 5 or more, as the 

majority of promoter motifs and TF binding sites are 5-15 base pairs long113. This was used to 

compare the binding sites of previously reported promoter motifs and transcription factors to 

determine regions of sequence identity.  

2.3.4. Comparing Additional Species  

Human and murine stomatin regulatory elements were also compared with regulatory elements 

from two other species – Gallus gallus, also known as the Red Junglefowl, is a chicken that, much 

like many other poultry, is capable of de novo VitC synthesis; and Macaca mulatta, also known as 

the Rhesus Macaque, a primate that is incapable of de novo VitC synthesis like many other Old 

World Primates114.  

2.3.5. Analysing the Protein Coding Region of Stomatin  

The protein-coding region of the Stomatin gene was analysed to determine fundamental 

differences in amino acid sequences and therefore protein structure and function. This was 

performed using data from the sequence analyser ‘Ensembl (e!)’, which analyses the sequences of 

genes across various species, in order to determine sequences of similarity. This data was compared 

with published data from various papers to determine the validity of the data found.  

 

Table 2.1: List of transcription factors screened for in the regulatory elements of the Stomatin gene. The presence of these positive 

and negative regulators of adipogenesis in the regulatory elements of stomatin would implicate the need to modulate stomatin 

expression during adipogenesis. This would suggest that Stomatin is required in adipogenesis and plays a role in the development 

of adipocytes.   
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3. Establishing a workflow to compare gene expression profiles across datasets  

3.1. Introduction 

The aim of this work was to establish a workflow that would allow comparison of expression profiles 

of a suite of genes of interest from transcriptomic datasets characterising temporal changes in gene 

expression during differentiation of preadipocytes from various origins, across multiple 

independent studies. To achieve this, datasets from the Gene Expression Omnibus (GEO) database 

were analysed using the GEO2R web-based platform. The GEO serves as a repository for 

transcriptomic datasets from both published and unpublished studies, with each dataset identified 

by a unique Gene Series (GSE) number, allowing for easy access. This exemplar details the processes 

used to determine the expression profile of the FABP4 gene, selected as it has been widely reported 

to show early, robust induction following stimulation of adipogenesis in various cell types115,116,117 

from two datasets. The datasets selected for this analysis were chosen as they contained multiple 

timepoints throughout differentiation of human SGBS cells (GSE123385116) and primary human 

preadipocytes (PHPs) (GSE77532115), allowing a preliminary comparison of these two systems.  

3.2. GSE123385 - SGBS Cells: 

3.2.1. Rationale for the Analysis of GSE123385 

This dataset provides a detailed timecourse over the full period of differentiation for SGBS 

preadipocytes, allowing for changes in expression profiles to be accurately portrayed. Whilst there 

are no repeats for individual timepoints, the grouping of samples generates reliability for this data 

without compromising the expression profile of individual genes. Furthermore, the SGBS 

preadipocytes appear to differentiate well in this study, providing an exemplar dataset for 

reference.     

The aims of the original study116 were to comprehensively describe the molecular alterations during 

human adipocyte differentiation in SGBS cells in a combined analysis of the proteome and 

transcriptome. Particularly, the investigators were interested in the identification of key adipogenic 

markers, seen in PHP cultures during adipogenesis, in the SGBS cells. The rationale for this research 

was to confirm the accuracy of the SGBS cell model as a robust model of PHPs which in turn could 

be used to further understand human adipocyte function. Additionally, despite the extensive use 

of SGBS cells their transcriptomes and proteomes had yet to be fully analysed and compared to 

other adipocyte models as well as PHP cultures.  

SGBS cells were induced to differentiate in a serum free, chemically defined medium over 14 days, 

which is consistent with the standard protocol used in the Whitehead lab118. Analysis of the 

transcriptome at days 0 (n=3), 1, 2, 3, 4, 5, 6, 8, 10, 12 & 14 (all n=1) of differentiation was performed 
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following the Affymetrix GeneChip® expression analysis protocol, using Affymetrix Human Genome 

U133A Arrays in combination with the GeneChip® Operating Software (GCOS).  A gene was 

considered as not expressed when the raw expression value was below 100 in all samples. This 

approach identified that 64.5% of genes assayed (14,372 of 22,277) were expressed during SGBS 

differentiation. 

3.2.2. Analysis of GSE123385 – Quality Control and Data Processing 

All data analysis and extraction was performed using GEO2R110 to allow comparison of two or more 

samples, or groups of samples, within a dataset, or GEO series, to identify differentially expressed 

genes.  Samples were initially grouped according to PCA, as performed by the original authors116. 

This grouped samples with similar profiles at days 0, 2-4 (early), 6-8 (mid) and 10-14 (late) together, 

with samples from day 1 and day 5 remaining ungrouped.  As a preliminary screen, to check the 

integrity of all the samples within the series, the value distribution of the samples was analysed 

(Figure 3.1).  All samples showed similar distribution profiles, indicating the dataset was suitable 

for further analysis. 

 

 

 

  

Figure 3.1: Value distribution analysis of GSE123385: Value distribution allows users to determine whether samples are suitable for 

comparison. As shown above, all samples have a centred median, shown by the black line within each coloured box, determining 

that they are suitable for comparison. Samples are also grouped according to principal component analysis results. The y-axis 

represents median expression value of genes in each sample, the x-axis represents each sample.  
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The specific values for FABP4 were extracted from the dataset using the probe ID for FABP4 

(203980_at), which was identified by searching the probe-set ID list of the array used in this study, 

the Affymetrix Human Genome U133A Array116. The ‘raw data’ was presented as ‘expression values’ 

in tabular or graphical form (Figure 3.2).  

 

 

 

 

Figure 3.2: Expression of FABP4 in differentiating SGBS preadipocytes in tabular (A) and graphical (B) formats, generated by 

GEO2R for GSE123385. D(number) denotes the days on which the samples were taken. Expression value is an arbitrary value which 

required transformation into fold change.  
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The expression values were then transformed into fold-change by (i) calculating the mean value of 

the 3 repeats at day 0 then (ii) dividing the expression value for each day by the mean value at day 

0, normalizing the data to represent a fold-change (Supplementary Figure 1) to allow comparison 

across studies.  Two data points for day 0 were from cells cultured in serum-free media (standard 

protocol), whilst the third data point was from cells cultured in media containing foetal calf serum 

(FCS), allowing identification of any notable changes in gene expression in the presence of FCS.  For 

the analyses performed here, if expression of a gene was changed considerably by FCS, this value 

was omitted when calculating the mean value at day 0; FCS-induced variation was observed for the 

genes GLUT1 (increased 500-fold), PPARγ (decreased 100-fold), and FASN (decreased 100-fold) 

reported in this analysis. 

3.3. PHPs (GSE77532) 

3.3.1. Rationale for the Analysis of GSE77532 

PHPs are typically considered the best model for research into the process of adipogenesis, 

however there are several limitations that prevent them from being used extensively. Firstly, PHPs 

must be gathered from tissue biopsies, which requires consent from the donor and minor surgery 

for collection. This collected sample must then be separated from other cell types and impurities in 

the sample, which requires careful enzymatic dispersal and centrifugation`119. Furthermore, to 

culture PHAs from preadipocytes cells takes longer than with other adipocyte models, taking 

approximately 21 days, whilst most adipocyte models take between 10-14 days to culture116; from 

an economic and time-sensitive standpoint, this difference can be costly. Nonetheless, PHPs can be 

incredibly useful, exhibiting multipotency, a relatively high expansion capacity and passage number, 

and the ability to undergo cryopreservation for extended periods of time120. Once differentiated 

into adipocytes, PHP cultures resemble genuine adipocytes at the phenotypic level and will respond 

to physiologically relevant hormones, such as insulin, in ways that recapitulate in vivo responses. 

Despite their significant advantages over adipocyte models, PHP cultures are only used when 

necessary, as the methods of collection and culturing often outweigh their benefits in comparison 

to adipocyte models, which are more widely available and cheaper to maintain.  

Notwithstanding the above, many papers detail the transcriptome of PHPs throughout 

differentiation. This dataset116 was chosen as it shows gene expression patterns during 

adipogenesis from both sexes, with an n value of 4. Furthermore, the paper monitors differential 

expression between non-induced ‘control’ preadipocytes and induced ‘adipogenic’ preadipocytes 

harvested at the same timepoints (as opposed to comparison with control cells harvested at day 0, 

prior to induction of adipogenesis).  A potential weakness of this approach was the absence of gene 
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expression data from baseline samples.  However, analysis of the non-induced control cells 

demonstrated there was no change in gene expression across the time course, at least for the genes 

reported in the current study.  Hence, an imputed baseline value was derived for day 0 (effectively 

the mean of all the values across the time course). 

The aim of this study115 was to identify patterns of gene expression during adipogenesis of PHPs. 

PHPs were isolated from subcutaneous adipose tissue from four donors, 1 male and 3 females, and 

cultured in complete culture medium (α-MEM, GIBCO, Life TechnologiesTM, New York) 

supplemented with foetal calf serum, penicillin and streptomycin.  Cells were differentiated over 

21 days, a traditional length of time used to differentiate PHPs121. RNA was harvested from non-

induced and induced cells on days 1, 7, 14 and 21, and analysed using the Affymetrix GeneChip® 

expression analysis protocol combined with the Affymetrix Expression ConsoleTM (to enable 

background correction, summarisation, normalisation, and calculation of probe set expression 

values).  

3.3.2. Analysis of GSE77532 – Quality Control and Data Processing  

 PCA analysis by the authors confirmed clustering of adipogenic samples from each of the donors 

at days 1, 7, 14 and 21, with control samples being grouped separately115. In the current study all 

data analysis and extraction was performed with GEO2R. The value distribution shown in Figure 3.3 

confirmed the dataset was suitable for further analysis  

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Value distribution analysis of GSE77532: Value distribution allows users to determine whether samples are suitable for 

comparison. As shown above, all samples have a centred median, shown by the black line within each coloured box, determining 

that they are suitable for comparison. Samples are also grouped according to principal component analysis results. The y-axis 

represents median expression value of genes in each sample, the x-axis represents each sample.  
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The specific values for FABP4 were extracted from the dataset using the probe ID for FABP4 

(17078592), which was identified by searching the probe-set ID list of the array used in this study, 

the Affymetrix Human Gene 2.0 ST Array115. The ‘raw data’ was presented as ‘expression values’ in 

tabular or graphical form (Figure 3.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

Figure 3.4: Expression of FABP4 in differentiating SGBS preadipocytes in tabular (A) and graphical (B) formats, generated by 

GEO2R for GSE77532. D(number) denotes the days on which the samples were taken, C denotes that the sample is a control, whilst 

A denotes that the sample is undergoing adipogenesis. Expression value is an arbitrary value which required transformation into 

fold change.  
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During this study, two sets of cells, a control set and an adipogenic set, were monitored. The 

difference in the expression values of these two sets was used to calculate a fold change for each 

day using the following equation: 2^ (adipogenic sample – control sample). These transformed data 

were grouped and processed to aid comparison within the study as well as across other studies 

(Supplementary Figure 2). 4 repeats were generated in this study, so this translation into fold 

change was done for each repeat, and an average was generated for each timepoint. 

No samples were measured at day 0 of the differentiation timecourse in this experiment.  However, 

average gene expression was shown to stay relatively stable in the control cells (not induced to 

differentiate) throughout the timecourse allowing us to impute a value of 1.  This was the case for 

FABP4 (as shown in Fig 3.4) as well as all other genes studied in the current investigation. 

This approach confirmed that the PHPs differentiated efficiently, providing an exemplar dataset 

suitable for reference. 

3.4. Comparative Analysis 

In order to identify similarities and/or differences in gene expression profiles between GSE77532 

and GSE123385, the two datasets were compared. Following normalization and transformation into 

fold-change, FABP4 gene expression profiles were compared at four stages of differentiation 

(Figure 3.5). Whilst this enabled a direct comparison, it also failed to provide an optimal 

representation of the differentiation timeline that would be suitable for comparison of various cell 

types, over differing timecourses.  

 

  Figure 3.5: Initial comparison of fold-change in FABP4 gene expression in differentiating SGBS (GSE1123385) and primary human 

preadipocytes (GSE77532). Graph shows fold-change in FABP4 gene expression at Day 1, Early, Middle (Mid) and Late stages of 

differentiation.  For SGBS cells Early, Mid and Late are days 2, 3 & 4, days 6 & 8, and days 10, 12 & 14 respectively. For primary 

preadipocytes, Early, Mid and Late are day 7, day 14, and day 21 respectively (n=4 for all).  All points represent mean ± SEM of fold-

change compared with expression levels on day 0 (values for day 0 were imputed for PHP cells). 
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Furthermore, this This was addressed by formatting the two datasets to fit onto a ‘merged’, 

percentage-based timeline (Figure 3.6) which allowed for more accurate alignment of gene 

expression profiles between the two datasets without omission of any data points or grouping of 

data from different timepoints (Figure 3.7). Datasets were analysed individually using an ordinary 

one-way ANOVA (Supplementary Figure 3), which showed statistically significant changes in FABP4 

expression for both datasets.  

  Figure 3.6: Alignment of complete SGBS (GSE123385) and primary preadipocyte (GSE77532) differentiation timecourses by 

percentage. The schematic shows the timelines for complete SGBS and primary preadipocyte differentiation (14 and 21 days), as well 

as a merged timecourse that represents the extent of differentiation as a percent, enabling more direct comparison of datasets of 

different durations. Grey asterisks represent non-induced (control) samples; Black asterisks represent induced (differentiating) 

samples. Blue blocks represent clustering of samples spanning multiple timepoints in the SGBS timeline (determined by PCA) compared 

with matching timepoints (match indicated by shade and letter) in the primary preadipocyte timeline. Initial comparative analyses of 

these datasets (Fig 3.7), was deemed suboptimal hence a merged timeline representing percentage of time of complete differentiation 

was employed. 

Figure 3.7: Comparative Analysis of FABP4 expression in differentiating SGBS (GSE123385) and primary human preadipocytes 

(GSE77532). Graph shows fold-change in FABP4 expression using a percentage-based timecourse to aid in comparative analysis. 

Analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed in chapter 3.  
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3.5. Genes of Interest 

A panel of six well-defined markers of adipogenesis (termed ‘positive adipogenic markers’ - FABP4, 

Adiponectin, PPARγ, C/EBPα, PLIN1, & FASN) and three negative regulators of adipogenesis (termed 

‘negative adipogenic markers’ - LXN, GATA6, CXCL6) were chosen to allow determination of the 

relative efficiency of differentiation.  Five genes implicated in VitC transport (SVCT1, SVCT2, GLUT1, 

GLUT4 & stomatin) were included.  In addition, two other genes of interest (based on unpublished 

work from the host lab) were also included (ADIPOR1 and ADIPOR2). 

3.5.1. Positive Adipogenic Markers 

Six well-characterised genes were chosen as positive markers of adipogenesis, all showing 

increased expression following induction of adipogenesis.  Collectively, the relative induction of 

these markers will allow us to estimate the relative efficacy of differentiation across the datasets.  

FABP4 is an intracellular lipid chaperone and is one of the most well-defined markers of 

adipogenesis122. As described previously, adiponectin is an anti-diabetic, anti-obesogenic and anti-

inflammatory adipokine which is highly secreted by adipose tissue. Adiponectin is also widely 

recognised as an adipogenic marker123. Both of these genes show increasing expression throughout 

adipogenesis and plateau during the later period of differentiation.  

PPARγ is also recognised as a positive adipogenic marker, due to its critical role as a transcription 

factor involved in the expression of various genes in the early phases of adipogenesis124. In humans, 

a loss-of-function mutation in PPARγ may lead to severe lipodystrophy, insulin resistance and 

diabetes124, with adipocyte-specific deletions of PPARγ in murine models resulting in the complete 

absence of WAT125. As such, the inclusion of PPARγ in the panel of positive adipogenic markers 

provides a method by which the induction of adipogenesis can be confirmed. C/EBPα is also a 

positive adipogenic marker induced in the early phase of adipogenesis where it works in tandem 

with and upregulates PPARγ to promote the induction of adipogenesis124. As such, inclusion of 

C/EBPα in this study aids monitoring the early stages of adipogenesis across datasets.  

PLIN1 is a major lipid-binding protein that aids in lipid droplet formation in the mid- to late stages 

of adipogenesis126. Its inclusion in this study serves as a method of monitoring the efficiency of the 

mid- to late stages of adipogenesis. FASN is the final positive adipogenic marker in this study, and 

is a protein involved in the late stages of adipogenesis, where it facilitates de novo lipid synthesis127.  

Altogether, the monitoring of these six genes (as well as GLUT4) provides an overview of the 

adipogenic programme, allowing evaluation of a timecourse with reliability.  
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3.5.2. Negative Regulators of Adipogenesis 

LXN; the only known mammalian carboxypeptidase A inhibitor; GATA6; a zinc finger transcription 

factor; and CXCL6; a chemoattractant for neutrophilic granulocytes; are all considered to be 

preadipocyte markers, and their expression is shown to decrease as adipogenesis progresses, 

indicating their roles as negative regulators of adipogenesis115. Monitoring expression of these 

genes complements and extends our analysis of the positive adipogenic markers, serving to further 

our estimation of the efficacy of differentiation in different datasets.    

3.5.3. Additional Genes of Interest 

Some additional genes were chosen for analysis to further other research projects in the Whitehead 

laboratory. ADIPOR1 and ADIPOR2 are two adiponectin receptors, eliciting its many roles 

throughout the body128. The Whitehead laboratory has previously observed distinctive expression 

profiles for ADIPOR1 and AdipoR2 during adipogenesis, with ADIPOR1 showing no significant 

changes, whilst ADIPOR2 shows significant increases from the mid-stage. Their inclusion in this 

study is expected to support these previous findings allowing AdipoR2 to be used as a marker of 

adipogenesis.  

3.5.4. Genes Implicated in VitC Transport 

SVCT1’s roles as a bulk transporter of ascorbate129 highlight it as a potential adipocyte transporter. 

However, unpublished data from the Whitehead laboratory has shown that SVCT1 expression in 

primary human preadipocytes and adipocytes is 40-fold less than the expression of SVCT2. 

Nonetheless, SVCT1 was included in the current study. Conversely, SVCT2 transports ascorbate to 

tissues demanding ascorbate129 and it serves as a strong candidate for the main adipocyte VitC 

transporter.  

GLUT1, GLUT4 and stomatin were investigated due to their ability to transport DHA. Whilst both 

GLUTs are capable of performing this role naturally, GLUT1 is reported to undergo modulation by 

stomatin to enhance its affinity for DHA over glucose, thereby facilitating enhanced DHA 

transport87. Whilst GLUT4 is naturally expected to increase in the late stage of adipogenesis130, 

there are no consistent trends reported in GLUT1 expression profiles109. Stomatin expression 

profiles during adipogenesis have not been reported (to the best of our knowledge).  
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3.6. Data Analysis 

Both GSE datasets were compiled into figures containing multiple panels, providing varying levels 

of detail to aid in comparative analysis of the two datasets. As shown in Figure 3.8, these panels are 

comprised of percentage based timecourses of grouped genes (Fig. 3.8 A-D). Genes were grouped 

as positive adipogenic markers (Fig. 3.8 A), negative adipogenic markers (Fig. 3.8 B), adiponectin 

receptors (Fig. 3.8 C) and genes encoding proteins related to VitC transport (Fig. 3.8 D). Each of 

these panels were comprised of data from panels E-T, which focus on the expression profiles of 

independent genes. Each of these individual panels show fold-changes of genes at the timepoints 

provided in the study and have been analysed using an ordinary one-way ANOVA followed by 

Tukey’s multiple comparisons to determine statistical significance. In these individual panels, data 

from days 1 and 5 are excluded from analysis as it is impossible to determine significance with an n 

value of 1. However samples from multiple days have been grouped according to the principal 

component analysis produced by the authors of this study. Together, these panels provide a 

comprehensive expression profile of each of the genes in this study whilst highlighting significant 

changes in individual genes, variation in samples and overall trends in expression profiles when 

compared with other genes.  

3.6.1 Analysis of GSE123385 

As shown in Figure 3.8, the differentiation of the SGBS preadipocytes from GSE123385 cells was 

well-executed. This is most notably observed when examining the positive adipogenic markers (Fig. 

3.8 A and E-J), all of which show a significant increase by day 14. FABP4 (Fig. 3.8 E) and adiponectin 

(Fig. 3.8 G) show the largest increases in expression in these genes, of 450-fold and 160-fold, 

respectively. Three of the six positive adipogenic markers show significant induction by days 2-4, 

including FABP4, adiponectin and C/EBPα Fig. 3.8 H). The negative adipogenic markers (Fig. 3.8 B 

and K-M) all show significant decreases in expression, with GATA6 (Fig. 3.8 M) showing the largest 

decrease of 90%. All of the negative adipogenic markers also show significant decreases by days 2-

4, with CXCL6 (Fig. 3.8 K) and LXN (Fig. 3.8 L) showing continuing decreases from this timepoint. The 

expression profiles of the positive and negative adipogenic markers highlights the efficacy of 

differentiation seen in these cells, justifying the use of this dataset as an exemplar.   

The adiponectin receptors (Fig. 3.8 C and N-O) show that ADIPOR1 (Fig. 3.8 N) expression remains 

relatively stable, showing no significant increase; variability in samples is observed in days 10-14, 

however. ADIPOR2 (Fig. 3.8 O) expression does show a significant increase however, showing 

significant induction by days 6-8 and increasing to a peak 6-fold induction by days 10-14. These 
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observations have been reported previously in the Whitehead laboratory and will be investigated 

in a separate study. Of the genes encoding proteins related to VitC transport (Fig. 3.8 D and P-T), 

only GLUT1 (Fig. 3.8 R) and stomatin (Fig. 3.8 T) show significant increases in expression, with GLUT1 

showing a transient 1.3-fold increase at days 2-4, decreasing back to basal levels by days 6-8, whilst 

stomatin shows consistent significance in fold-changes, reaching a peak fold-increase of 4.5-fold by 

days 2-4. GLUT4 (Fig. 3.8 S) shows no significant increase, which is a trend observed across all 

studies observing adipogenesis in human preadipocytes reviewed in this study; conversely, some 

murine preadipocyte models show an increase in GLUT4 expression in the later stages of 

adipogenesis130, suggesting that murine and human preadipocytes may show differential 

expression of GLUT4 during adipogenesis.  

Overall, these data show that the SGBS cells in this dataset have differentiated efficiently, as shown 

by the changes in the expression profiles of the positive and negative adipogenic markers. These 

expression profiles are considered to be characteristic, with respect to previously reported studies, 

further supporting the use of this dataset as an exemplar study. Interestingly, only stomatin showed 

any consistently significant change in the genes encoding proteins related to VitC transport.  

 

  Figure 3.8: Changes in gene expression during differentiation of SGBS preadipocytes (GSE123385). SGBS preadipocytes were 

differentiated over 14 days using established methods and transcriptomics was performed and data uploaded onto the GEO 

database as described116. Analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as 

detailed in chapter 3. Panels A-D show changes in expression of groups of genes across the differentiation timecourse which is 

represented as percent (where 100% = 14 days; n=3 for day 0; n=1 for all other timepoints).  (A) Positive adipogenic markers: FABP4; 

PLIN1; ADIPOQ; C/EBPa; PPARg; FASN. (B) Negative adipogenic markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 

& ADIPOR2.  (D) Genes implicated in Vitamin C transport: SVCT1 & 2; GLUT1 & 4; STOM. 
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Figure 3.8 (continued): Changes in gene expression during differentiation of SGBS preadipocytes (GSE123385). Panels E-T show 

changes in individual genes across the differentiation timecourse. Principal component analysis was used to group timepoints with 

similar gene expression profiles at early, mid and late stages (days 2, 3 & 4; days 6 & 8; days 10, 12 & 14) whilst profiles at day 1 and 

day 5 were distinct116. Statistically significant differences from expression at day 0 (p<0.05) are denoted by green symbols and were 

determined by ordinary one-way ANOVA followed by Tukey’s multiple comparisons (black symbols denote no significant difference). 
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3.6.2. Analysis of GSE77532 

As shown in Figure 3.9, the differentiation of the PHPs from GSE77532 was performed well. This is 

most notable in the characteristic increases of the positive adipogenic markers (Fig. 3.9 A and E-J). 

Of these genes, FABP4 (Fig. 3.9 E) and adiponectin (Fig. 3.9 G) show the largest increases of 600-

fold and 350-fold, respectively. Only two of the positive adipogenic markers, PPARγ (Fig. 3.9 I) and 

FASN (Fig. 3.9 J) do not show significant induction by day seven, only showing significant induction 

at day 14. Of the negative adipogenic markers (Fig. 3.9 B and K-M), only CXCL6 (Fig. 3.9 K) shows no 

significant decrease, with LXN (Fig. 3.9 L) and GATA6 (Fig. 3.9 M) showing decreases of 55% and 

75%, respectively, by day one.  

The adiponectin receptors (Fig. 3.9 C and N-O) show that ADIPOR1 (Fig. 3.9 N) shows considerable 

variation between samples and shows no significant change in expression throughout the 

timecourse. ADIPOR2 (Fig. 3.9 O), whilst showing less variation between samples, also shows no 

significant change throughout the timecourse. Of the genes encoding proteins related to VitC 

transport (Fig. 3.9 D and P-T), only GLUT4 (Fig. 3.9 S) and stomatin (Fig. 3.9 T) show significant 

increases, with GLUT4 showing significant induction on day 14, which reaches a peak 1.5-fold 

increase at day 21, whilst stomatin shows a consistent significant increase from day one, reaching 

a peak fold-increase of 3.5 by day 14. GLUT4 expression increase in adipogenesis has been 

previously reported and is expected during adipogenesis130, however stomatin increase in 

adipogenesis has not been reported prior to this study.  

Overall, these datasets show very similar expression profiles, justifying the use of SGBS cells as a 

model of primary human adipocytes. Furthermore, the expression profiles of the positive and 

negative adipogenic markers showed consistency with observations made in other published 

studies, thereby justifying the use of these two datasets as exemplars. Ultimately, the comparison 

of these datasets provided confidence that this approach would allow meaningful comparisons to 

be made between other datasets, allowing identification of similarities and differences between 

gene expression profiles from different model systems.  
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3.7. Expanding the Parameters of Analysis 

Once the data from GSE123385 and GSE77532 had been analysed and compared, the expression 

profile of stomatin had been highlighted as unexpected and interesting. Before any assumptions 

could be made about the expression profiles of any genes encoding proteins related to VitC 

transport, it was decided that more datasets were required for analysis. These datasets were 

needed not only to further investigate the expression profiles of these genes, but to confirm the 

use of GSE123385 and GSE77532 as exemplar studies.   

  

Figure 3.9: Changes in gene expression during differentiation of primary human preadipocytes (GSE77532). Primary human 

preadipocytes from four donors (3♀/1♂) were differentiated over 21 days using established methods and transcriptomics was 

performed and data uploaded onto the GEO database as described115. Analysis of changes in gene expression (mRNA) was performed 

using GEO2R and GraphPad PRISM as detailed in chapter 3. Panels A-D show changes in expression of groups of genes across the 

differentiation timecourse which is represented as percent (where day 21 = 100%).  (A) Positive adipogenic markers: FABP4; PLIN1; 

ADIPOQ; C/EBPa; PPARg; FASN.  (B) Negative adipogenic markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & 

ADIPOR2.  (D) Genes implicated in VitC transport: SVCT1 & 2; GLUT1 & 4; STOM.  Panels E-T show changes in individual genes across 

the differentiation timecourse.  Statistically significant differences (p<0.005) from expression values at day 0 are denoted by green 

symbols (black symbols denote no significant difference) and were determined by ordinary one-way ANOVA followed by Tukey’s 

multiple comparisons (n=4 / timepoint). 
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4. Analysis of adipogenesis-induced changes in expression of genes involved in VitC 

uptake  

4.1. Introduction  

To determine which gene(s) related to VitC VitC transport was most likely facilitating VitC VitC 

transport in adipocytes, a range of transcriptomes from published datasets studying adipogenesis 

were analysed. The transcriptomes analysed were gathered from various studies and included 

primary preadipocyte cultures and preadipocyte models from various species. These 

transcriptomes were analysed to highlight changes in the expression profiles of genes related to 

VitC VitC transport. These genes include the ascorbate transporters SVCT1 and 2, the GLUTs 

implicated in DHA transport, GLUTs 1 and 4, and stomatin. These were analysed alongside a range 

of markers of adipogenesis as discussed in Chapter 3.  

4.2.  Analysis and Comparison of GSE Datasets 

In total, 12 GSE datasets were analysed, as shown in Table 4.1, four from primary human cells (three 

from adipose-derived preadipocytes, sometimes called adipose stem cells (ASCs), and one from 

bone marrow-derived mesenchymal stem cells (BMD-MSCs)), three from SGBS preadipocytes, one 

from primary rat preadipocytes and four from the widely used murine 3T3-L1 preadipocytes131. 

Datasets were analysed following the protocols and workflow outlined in Chapters 2 and 3.  

 

Table 4.1: Summary of GSE Datasets analysed. *denotes exemplar datasets analysed in Chapter 3; Hu = Human; BMD = Bone 

Marrow Derived; UnP = Unpublished.  
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4.2.1. Primary Human Cells 

GSE37836: This dataset, derived from an unpublished study, utilised primary human BMD-MSCs to 

investigate the role of zinc finger proteins in adipogenesis. Samples were collected in triplicate at 

10 timepoints throughout a 15-day period of differentiation (0, 1, 12 & 24 h and 2, 4, 6, 9, 12 & 15 

d) and were analysed using the Illumina HumanWG-6 v3.0 expression beadchip. 

As shown in Figure 4.1 (panels A and E-I), there were significant increases in expression of all five 

positive adipogenic markers (The 6th marker, FASN, was not detected in this study).  FABP4 was 

induced to the greatest extent, peaking at around 140-fold induction at day 9 (Fig 4.1 E), with all 

genes showing significant induction from 12 h (PPAR - Fig 4.1 I), 1 day (FABP4, PLIN1, C/EBP - Fig 

4.1 E, F & H) or 2 days (ADIPOQ – Fig 4.1 G).  As expected, expression of the negative adipogenic 

markers LXN and GATA6 was significantly reduced from 12 h and beyond (Fig 4.1 B, K & L).  In 

contrast, CXCL6 expression was significantly increased from 2-12 days (Fig 4.1 B & J). 

Expression of the adiponectin receptors showed some significant, albeit modest, changes at 

differing timepoints (Fig 4.1 C).  ADIPOR1 exhibited, perhaps surprisingly, a significant 1.2-1.3-fold 

increase at 12 h and 1 day yet expression was significantly decreased at 4 days (Fig 4.1 M).  The 

expression of ADIPOR2 was increased significantly, around 1.5-fold, from days 4-9 (Fig 4.1 N). 

Changes in expression of genes that encode proteins involved in VitC uptake were mixed (Fig 4.1 

D), consistent with changes seen in the previous Chapter (see Figures 3.10 & 3.11).  Expression of 

SVCT1 was unchanged (Fig 4.1 O) (SVCT2 was not reported).  GLUT1 expression showed a 

significant, albeit transient, decrease in expression from 12 h to 9 days (Fig 4.1 P) whilst GLUT4 

expression showed no change at any timepoint (Fig 4.1 Q).  STOM expression was significantly 

increased from day 1 onwards, peaking with induction around 9-fold at day 4 before decreasing to 

around 2-fold by day 15 (Fig 4.1 R).  Whilst the transient nature of the increase in STOM expression 

observed here was not apparent in either of the exemplar datasets (see Figures 3.10 & 3.11), all 

three datasets showed significant increases in STOM expression relatively early in the 

differentiation process. 
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GSE20752 (GPL570): This study utilised transcriptomics to compare the differences in gene 

expression profiles and epigenomics between human and murine preadipocytes throughout 

adipogenesis132. This dataset contains two separate array types, one used for analysis of human 

transcriptomes, GPL570, and one for mouse, GPL1261. Human preadipocytes were harvested in 

duplicate at eight timepoints throughout a 14-day period of differentiation (0, 1, 2, 3, 5, 7, 9 and 14 

d) and analysed using the Affymetrix Human Genome U133 Plus 2.0 Array.  

As shown in Figure 4.2 (panels A and E-J), these cells have undergone an efficient differentiation as 

demonstrated by the significant increases of all 6 positive markers. FABP4 was induced to the 

greatest extent reaching a peak of approximately 1500-fold by day 5 of the timecourse (Fig. 4.2 E), 

Figure 4.1: Changes in gene expression during differentiation of primary human BMD-MSCs (GSE37836). Primary human BMD-

MSCs from three donors were differentiated over 15 days using established methods and transcriptomics was performed and data 

uploaded onto the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/ acc.cgi?acc=GSE37836). Timepoints denote points of 

mRNA analysis (with h=hours and d=days). Analysis of changes in gene expression (mRNA) was performed using GEO2R and 

GraphPad PRISM as detailed in chapter 3. Panels A-D show changes in expression of groups of genes across the differentiation 

timecourse which is represented as percent (where 100% = 21 days). (A) Positive adipogenic markers: FABP4; PLIN1; ADIPOQ; 

C/EBP; PPAR. (B) Negative adipogenic markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes 

implicated in VitC transport: SVCT1; GLUT1 & 4; STOM. FASN and SVCT2 were unavailable in this dataset. Panels E-T show changes 

in individual genes across the differentiation timecourse. Statistically significant differences (p<0.05) from expression values at day 

0 are denoted by green symbols (black symbols denote no significant difference) and were determined by ordinary one-way ANOVA 

followed by Tukey’s multiple comparisons (n=3 / timepoint). 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37836
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37836
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE37836
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with all genes showing significant induction by 1 day (FABP4, C/EBPα, PPARγ, FASN – Fig. 4.2 E, H, I 

& J), or 2 days (PLIN1 and ADIPOQ – Fig. 4.2 F & G). The negative markers CXCL6 and LXN (Fig. 4.2 

B, & L) contrasted the expression profiles of those described in Figure 4.2 A, showing significant 

reductions by day 1. Interestingly, GATA6 showed significant increases in expression on days 1 and 

9-14, with a transient decrease between these two points (Fig. 4.2 B & M).   

Of the adiponectin receptors, (Fig. 4.2 C, N & O), only ADIPOR2 showed any significant change, 

showing a significant induction by day 3 and a peak 2-fold induction at day 9 (Fig. 4.2 C & O); these 

observations recapitulate the unpublished observations made by the Whitehead laboratory. When 

observing changes in expression of genes that encode proteins involved in VitC transport, there was 

considerable variation between the expression profile of each gene (Fig 4.2 D & P-T). Expression of 

SVCT1 remained unchanged (Fig. 4.2 D & P), whilst SVCT2 showed a 35-40% decrease from day 1 

onwards (Fig. 4.2 D & Q). GLUT1 showed considerable variation in expression across the timecourse, 

with significant induction at day 14 (Fig. 4.2 D & R). GLUT4 showed no significant change (Fig. 4.2 D 

& S); Stomatin showed a significant 8-fold induction at day 1, reached a peak induction of 17-fold 

by day 3, which decreased, yet remained significant, to 7-fold by day 14 (Fig. 4.2 D & T).  

 

 

 

 

 

 

 

 

  

Figure 4.2: Changes in gene expression during differentiation of primary human preadipocytes (GSE20752-GPL570). Primary 

human preadipocytes were differentiated over 14 days132. Analysis of changes in gene expression (mRNA) was performed using 

GEO2R and GraphPad PRISM. Panels A-D show changes in expression of gene groups across the timecourse, represented as percent 

(where 100% = 21 days). (A) Positive adipogenic markers: FABP4; PLIN1; ADIPOQ; C/EBP; PPAR; FASN. (B) Negative adipogenic 

markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in VitC transport: SVCT1 & 2; 

GLUT1 & 4; STOM.   
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Figure 4.2 (continued): Changes in gene expression during differentiation of primary human preadipocytes (GSE20752-GPL570). 

Panels E-T show changes in individual genes across the differentiation timecourse.  Statistically significant differences (p<0.05) from 

expression values at day 0 are denoted by green symbols (black symbols denote no significant difference) and were determined by 

ordinary one-way ANOVA followed by Tukey’s multiple comparisons (n=2 or 1 / timepoint). 
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Whilst there were only 2 samples for most of the timepoints in this dataset, with some timepoints 

only having 1, the overall timeline included 14 samples at eight timepoints.  Most of the gene 

expression profiles showed consistency across the timecourse, exhibiting significant peaks for most 

genes from days 3 to 9, with GATA6 and GLUT1 the exceptions (Fig 4.2 M & R).  Collectively, these 

observations provide confidence in the dataset despite the limited number of samples (data points) 

per timepoint. 

GSE57538: This study133 was performed to determine the function of the transcription factor MYC 

in adipogenesis through MYC gene knockout experiments. As MYC was believed to play a role in 

the early stages of adipogenesis samples were only taken after 3 days incubation under control 

conditions or following induction of differentiation. This meant however that the downstream 

effects of silencing MYC beyond 3 days of induction of differentiation was not observed, limiting 

the opportunity to explore the efficiency of the latter stages of adipogenesis in the absence of MYC 

or potential compensatory mechanisms. Primary human preadipocyte cells were purchased from 

Zenbio and harvested in triplicate after 3 days and analysed using the Affymetrix HT HG-U133+ PM 

Array Plate.  

As shown in Figure 4.3 A, all six positive adipogenic markers showed a significant increase in 

expression, with FABP4 again showing the greatest induction, of around 400-fold.  The inset 

highlights the more modest increases in C/EBPα (30-fold), PPARγ (6-fold) and FASN (4-fold) 

expression. Expression of all three negative markers was reduced, with CXCL6 showing an trend 

towards a decrease (p=0.09) whilst LXN and GATA6 were both significantly decreased by more than 

70% (Fig 4.3 B).  There was no significant change in expression of either adiponectin receptor, which 

may reflect the early timepoint studied (Fig 4.3 C).  The expression of genes encoding proteins 

involved in VitC transport remained unchanged except for GLUT1, which was reduced by around 

40%, and STOM, which was increased 4-fold (Fig 4.3 D). 
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Whilst this data only provides a single snapshot of an early timepoint in adipogenesis, it is still 

considered significant and reliable. The data provides further evidence of early stomatin induction, 

supporting the notion of its importance in adipocyte function. Interestingly, PPARγ induction was 

slightly reduced upon MYC knockdown133, decreasing from an average expression value of 598.03 

in adipogenic samples, to 578.98 in samples with silenced MYC expression. This slight reduction 

was also observed for stomatin expression, which showed a decrease in average expression value 

from 4213.25 in adipogenic samples, to 4021.65 in samples with silenced MYC expression. These 

values suggest MYC positively regulates PPARγ expression, which in turn positively regulates 

stomatin expression, indicating a potential link between the adipogenic transcription factor and 

stomatin.   

Overall, the primary human preadipocyte datasets analysed show considerable consistency. The 

positive markers show similarities in expression profiles across each dataset, with FABP4 always 

being the most highly induced, whilst C/EBPα was the most consistent, showing a peak induction 

of 40-60-fold across each of the datasets around day 4, as well as showing a similar temporal profile 

across each dataset. Of the negative markers, LXN was consistently decreased across each of the 

datasets, whilst CXCL6 and GATA6 showed some variability, but both showed reduced expression 

Figure 4.3: Changes in gene expression during differentiation of primary human preadipocytes (GSE57538). Primary human 

preadipocytes were differentiated over 3 days using established methods and transcriptomics was performed and data uploaded 

onto the GEO database as described133. Analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad 

PRISM as detailed in chapter 3. Panels A-E show fold induction of genes 3 days after induction of differentiation. (A) Positive 

adipogenic markers: FABP4; PLIN1; ADIPOQ; C/EBP; PPAR; FASN. Inset included to highlight changes in C/EBPa; PPARg; FASN. (B) 

Negative adipogenic markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in VitC 

transport: SVCT1 & 2; GLUT1 & 4; STOM. Statistically significant differences (p<0.05) from expression values at day 0 are denoted 

by green symbols (black symbols denote no significant difference) and were determined by a paired t-test (n=3).  
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overall. The expression profiles of the adiponectin receptors showed consistency between each 

dataset, showing little or no change in ADIPOR1, whilst ADIPOR2 showed a modest increase 

between 1.5-2.5-fold induction, recapitulating the observations made by the Whitehead 

laboratory. Of the genes expressing proteins related to VitC transport, there was some variability 

in the expression profiles of each gene, but all of the genes other than stomatin remained relatively 

unchanged or were reduced. Surprisingly, GLUT4 showed little change in expression across the 

datasets, which contrasts with observations detailing its increased expression in the late stages of 

adipogenesis134. Importantly, the only gene implicated in VitC transport that showed consistent 

changes in expression was stomatin, which was consistently increased at day 1 and peaked at 10-

20-fold by day 4 of each timecourse.   

 4.2.2. Human SGBS preadipocytes 

GSE76131: This study135 focused on monitoring adipogenesis in SGBS preadipocytes to further 

elucidate the mechanisms of adipogenesis in in vitro cultures. Six timepoints were designated 

throughout a 15 day period of differentiation (0 and 6 h, and 2, 4, 8 and 15 d) with 3 to 9 replicates 

per time point, for a total of 26 profiles. Samples were analysed using the Illumina Human HT-12 v4 

Expression BeadChip.  

As shown in Figure 4.4, the differentiation of the SGBS cells has been performed efficiently, with 

significant increases observed in all 5 positive adipogenic markers (adiponectin was not available 

on this chip) (Fig. 4.4 A & E-I). FABP4, like in the primary human datasets, showed the greatest 

induction of the positive adipogenic markers, increasing approximately 900-fold by day 4 and 

plateauing for the rest of the timecourse (Fig. 4.4 A & E). PLIN1 showed a largely significant increase 

of around 400-fold, peaking at day 8 (Fig. 4.4 A & F), as did C/EBPα, showing an approximately 500-

fold increase at day 15 (Fig. 4.4 A & G). Each positive marker showed significant induction by 6 hours 

(FABP4, FASN – Fig. 4.4 A, E & I) or 2 days (PLIN1, C/EBPα, PPARγ – Fig. 4.4 A, F, G & H). Conversely, each of the 

negative markers showed decreased expression (Fig. 4.4 B), however only CXCL6 (Fig. 4.4 J) and LXN 

(Fig. 4.4 K) showed significant decreases.   

Expression of the adiponectin receptors (Fig. 4.4 C, M & N) showed significant increases in induction 

during the late stage of adipogenesis (days 8-15); ADIPOR1 showed an unexpected increase 

throughout the timecourse, peaking at around 3-fold at day 15 (Fig. 4.4 C & M). ADIPOR2 showed 

little to no change in expression during the early stages of adipogenesis, but increased considerably 

by day 8, reaching a peak of around 12-fold by day 15 (Fig. 4.4 C & N).  There was considerable 

variation in expression profiles of the genes encoding proteins involved in VitC transport (Fig. 4.4 D 

& O-S). SVCT1 and SVCT2 (Fig. 4.4 O & P) showed considerable variation across the samples, which 
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prevented identification of any observable trends. GLUT1 (Fig. 4.4 Q) showed fluctuations in 

expression throughout the timecourse, with two significant peaks at day 4 and 15 (2.5 & 2.7 fold) 

interrupted by a trough at day 8. GLUT4 (Fig. 4.4 R) expression showed moderate and consistent 

increases throughout the timecourse, peaking at 3.5-fold on day 15. Stomatin (Fig. 4.4 S) showed 

the most marked increase in expression of this group of genes, increasing consistently across the 

timecourse, from as early as 6 hours, peaking at around 17.5-fold by day 15. This finding is 

consistent with the early induction of stomatin observed previously in the primary human datasets.   

 

 

 

  

Figure 4.4: Changes in gene expression during differentiation of SGBS preadipocytes (GSE76131). SGBS preadipocytes were 

differentiated over 15 days using established methods135. Statistical analysis of changes in gene expression (mRNA) was performed 

using GEO2R and GraphPad PRISM. Panels A-D show changes in expression of gene groups across the timecourse which is 

represented as percent (where 14 days = 100%). (A) Positive adipogenic markers: FABP4; PLIN1; C/EBP; PPAR; FASN. (B) Negative 

adipogenic markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in VitC transport: 

SVCT1 & 2; GLUT1 & 4; STOM.  
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Figure 4.4 (continued): Changes in gene expression during differentiation of SGBS preadipocytes (GSE76131): Panels E-S show 

changes in individual genes across the differentiation timecourse. (0 h, n=3; 6 h, n=9; 2 days, n=3; 4 days, n=4; 8 days, n=3; 15 days, 

n=4). Statistically significant differences (p<0.05) from day 0 expression values are highlighted in green (black symbols denote no 

significant difference) and were determined by ordinary one-way ANOVA followed by Tukey’s multiple comparisons. 
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This dataset is one of the most reliable of the 12 datasets analysed. The length of the timecourse 

fully encompasses the recommended 14 day differentiation period for SGBS preadipocytes, 

meaning all late stage gene expression profiles were fully monitored. Furthermore, samples were, 

at minimum, taken in triplicate for each timepoint, providing significant reliability to any data 

procured. Finally, almost all positive and negative markers follow the typical expression profiles 

observed in other datasets, highlighting that the cells were differentiated in an efficient and 

standardised manner.  

GSE76319: This study focused on identifying genes whose expression was affected by reduced 

tenomodulin expression in the early stages of adipogenesis136. Tenomodulin is an inhibitor of 

angiogenesis and has been shown to be linked to the progression of obesity, with increased 

concentrations of tenomodulin in adipose tissue positively correlating with the severity of the 

disease137. Samples were taken in triplicate 24 h after induction of differentiation and were then 

analysed using the Affymetrix Human Gene 2.0 ST Array.  

As shown in Figure 4.5, these cells appear to have undergone an efficient differentiation, as shown 

by the significant increase in 5 of the 6 positive adipogenic markers (Fig. 4.5 A). FABP4 showed the 

greatest increase in expression, reaching 50-fold. Adiponectin presented no significant increase at 

this time, most likely due to how early the timepoint is in the timecourse; many other datasets such 

as GSE37836 and GSE20752-GPL570 only show significant induction of adiponectin from 2 days 

following induction of adipogenesis. The negative markers (Fig. 4.5 B) exhibit some variation in 

expression profiles once more. Of the three, only GATA6 has shown a significant decrease of 

approximately 70%, whilst LXN displayed a 1.5-fold increase. In GSE76131, GATA6 was the only 

negative marker to not display a significant change, whilst LXN and CXCL6 exhibited significant 90% 

reductions in expression from as early as 6 hours following induction of adipogenesis. It is therefore 

difficult to explain or rationalise the increase in LXN in this dataset, as all other evidence suggests 

that differentiation has been induced and its expression should be reduced.   

The adiponectin receptors (Fig. 4.5 C) displayed similar results to those observed in other datasets, 

with ADIPOR1 exhibiting no significant change, whilst ADIPOR2 showed a slight but significant 1.4 

fold increase. Of the genes encoding proteins related to the transport of VitC (Fig. 4.5 D), only 

stomatin presented a significant change, with expression increasing by 3-fold. This correlates with 

previously reported data showing stomatin is induced in the earliest stages of adipogenesis.  
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It is important to remember that this dataset only analysed the first 24 hours of adipogenesis in the 

SGBS preadipocytes, therefore the values of gene expression are not expected to be as high or low 

as observed in other datasets; for instance, FABP4 expression exhibited significant induction as 

early as 6 hours following induction of adipogenesis, and increased between 300-1500 fold, 

reaching a peak by day 4 in the majority of datasets. The majority of positive adipogenic markers 

will also follow this pattern of expression with the exception of C/EBPα, which does not typically 

show significant induction until 1 day following induction of adipogenesis, as highlighted by 

previous datasets. Interestingly, many of the genes encoding proteins responsible for VitC transport 

show later induction like C/EBPα, except for stomatin. Stomatin expression typically increases 

significantly within the first 24 hours, following the expression patterns of many of the positive 

adipogenic markers and even showing greater fold increases than some positive adipogenic 

markers in many cases. This evidence supports the argument that stomatin plays a role of significant 

importance in maturing adipocytes, where it may facilitate VitC transport. 

Figure 4.5: Changes in gene expression during differentiation of SGBS preadipocytes (GSE76319). SGBS preadipocytes were 

differentiated for 24 h using established methods and transcriptomics was performed and data uploaded onto the GEO database as 

described136. Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed 

in chapter 3. Panels A-D show fold induction of genes 24 h after induction of differentiation. (A) Positive adipogenic markers: FABP4; 

PLIN1; ADIPOQ; C/EBP; PPAR; FASN. Inset included to highlight changes in ADIPOQ; C/EBP; PPAR; FASN (B) Negative adipogenic 

markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in VitC transport: SVCT1 & 2; 

GLUT1 & 4; STOM. Statistically significant differences (p<0.05) from expression values at day 0 are denoted by green symbols (black 

symbols denote no significant difference) and were determined by a paired t-test (n=3). 
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Overall, these datasets provided excellent adipogenic expression profiles for analysis. The changes 

in expression profiles of positive and negative adipogenic markers were mostly significant and 

suggested efficient differentiation, whilst the expression profile of the genes encoding proteins 

involved in VitC transport provided evidence to implicate a role for stomatin in maturing adipocytes. 

Moreover, these datasets highlighted the similarities between SGBS and primary human 

preadipocyte gene expression profiles. For instance, FABP4 showed the highest levels of induction, 

much like in the primary human preadipocytes, and all of the positive markers showed a similar 

expression profile to those observed in the primary human preadipocytes. These similarities 

support the fact that SGBS cells are a suitable model for human adipocyte studies. 

4.2.3. Primary Murine Preadipocytes 

GSE119796: This study138 analysed the impact of knockdown of a long noncoding RNA lncRNA-Adi 

on adipogenesis usiing rat adipose tissue-derived stromal cells. Samples were taken in triplicate 

seven days after induction of adipogenesis and were analysed using the Affymetrix Rat Gene 2.0 ST 

Array.  

As shown in Figure 4.6, the rat preadipocytes do not appear to be differentiating as efficiently as 

seen in previous studies. This is highlighted particularly in the positive adipogenic markers; whilst 3 

of the 5 observed displayed a significant increase in expression (Fig 4.6 A), this increase is relatively 

small, 15-fold at most, when compared to the increased expression observed in the human 

datasets. Furthermore, only LXN showed a significant decrease out of the 3 negative adipogenic 

markers (Fig 4.6 B). ADIPOR1 and ADIPOR2 presented no significant changes, although for ADIPOR2 

this may be due to the high degree of variability across the three samples (Fig 4.6 C). Consistent 

with this, there were no significant changes in expression of the genes encoding VitC transport 

proteins, including stomatin (Fig 4.6 D), although GLUT4 may have displayed some significance if 

not for the variability between samples. 
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Rat preadipocytes typically take 8-9 days to fully mature139, so the cells examined were within the 

later stage of adipogenesis. However, data from the previously analysed datasets suggests that by 

day seven, most genes that are responsive to the differentiation show detectable changes. It is also 

worth noting that for many genes there were ‘outliers’ (PLIN1, ADIPOQ, C/EBPα, LXN CXCL6 

ADIPOR2 and GLUT4). Analysis of the raw data indicated that these outliers did not come from the 

same sample, hence the reason for this variability is unclear.  Whilst this dataset is not ideal, it is 

noteworthy that this is the first dataset where stomatin showed no change.  One possibility is that 

stomatin expression was already elevated.  This is supported to some extent by the relatively 

limited change in expression of the majority of genes, when compared with the changes observed 

in the previous datasets from human cells.  Unfortunately, the raw data does not allow comparison 

of relative expression across different genes within a dataset or the same gene across multiple 

datasets.  To address this future studies are required. 

Surprisingly, there were very few datasets that analysed the transcriptomes of primary murine 

preadipocytes undergoing adipogenesis available on GEO, and those that were available required 

specialised software unavailable to our laboratory.   

Figure 4.6: Changes in gene expression during differentiation of primary rat preadipocytes (GSE119796). Three repeats of primary 

rat preadipocytes were differentiated over 7 days using established methods and transcriptomics was performed and data uploaded 

onto the GEO database as described138. Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and 

GraphPad PRISM as detailed in chapter 3. Panels A-D show fold induction of genes 7 days after induction of differentiation. (A) 

Positive adipogenic markers: FABP4; PLIN1; ADIPOQ; C/EBPa; PPARg. FASN was unavailable in this dataset. (B) Negative adipogenic 

markers: CXCL6; LXN; GATA6.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in Vitamin C transport: SVCT1 

& 2; GLUT1 & 4; STOM. Statistically significant differences (p<0.05) from expression values at day 0 are denoted by green symbols 

(black symbols denote no significant difference) and were determined by a paired t-test (n=3).  
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4.2.4. Mouse 3T3-L1 Preadipocytes 

GSE20752 (GPL1261): This dataset is derived from the same study as GSE20752-GPL570132 and 

focuses on the expression profiles within 3T3-L1 preadipocytes during adipogenesis. Samples were 

taken in duplicate at 3 timepoints (0, 2, 7 d) and analysed using the Affymetrix Mouse Genome 430 

2.0 Array.  

As shown in Figure 4.7, the gene expression profile of positive adipogenic markers indicates the 

3T3-L1 preadipocytes have undergone efficient differentiation and that differentiation was 

analysed through the majority of the recommended 10 day period of differentiation for 3T3-L1 

cells132. All 5 positive adipogenic markers (PLIN1 was not available on this chip) displayed a 

significant increase (Fig. 4.7 A) and showed induction of expression by day 2, with adiponectin 

exhibiting the largest fold increase, reaching a peak of 2000-fold at day 7 (Fig 4.7 A & F). 

Interestingly, FABP4 (Fig. 4.7 A & E) did not show the same degree of increase as it does in the 

datasets observing human adipogenesis, merely reaching a 21-fold increase by day 7. The negative 

adipogenic markers (Fig. 4.7 B, J & K) LXN and GATA6 both exhibited uncharacteristic, significant 

increases in expression at day 2, whilst only LXN (Fig 4.7 J) displayed a significant decrease at day 7; 

GATA6 (Fig 4.7 K) expression did decrease at day 7, but not to a significant degree.  

ADIPOR1 and ADIPOR2 (Fig 4.7 C, L & M) both exhibited significant increases in expression, with 

ADIPOR1 showing a modest 1.5-fold increase at day 7, whilst ADIPOR2 displayed a more 

pronounced increase, showing significant induction at day 2 and increasing to a 12-fold increase at 

day 7. Of the genes which encode proteins related to VitC transport (Fig. 4.7 D & N-R), only GLUT1 

and GLUT4 showed any significant changes in expression. GLUT1 displayed a slight increase in 

expression, showing significant induction at day 2 and reaching a peak fold-increase of 1.9 by day 

7. GLUT4 also exhibited significant induction at day 2, but a more significant 45-fold increase by day 

7. Interestingly, stomatin presented no significant change in expression throughout this timecourse, 

unlike in all human studies, which demonstrated induction of stomatin typically 1 day after 

induction of adipogenesis.  

Whilst this timecourse did not extend to the recommended 10-day period of differentiation for 3T3-

L1 preadipocytes132, it did analyse the first 70% of the timecourse, allowing for reliable analysis of 

expression profiles from the early- and mid-stages of adipogenesis. Interestingly, the expression 

levels of adiponectin and FABP4 in this dataset appear reversed, with respect to the expression 

levels of adiponectin and FABP4 in human GSE datasets. Also, stomatin expression has not 

increased significantly in this dataset, instead showing similar results to those observed in 

GSE11979. A limitation of the dataset is the small n value (2/timepont) as well as a high degree of 
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variation in the values of some of the control samples, such as for SVCT2, which showed raw 

expression values of 31.54 and 0.47 in its control samples. More samples leading to a larger n value 

would minimise these limitations. 
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Figure 4.7: Changes in gene expression during differentiation of 3T3-L1 preadipocytes (GSE20752-GPL1261). Two repeats of 3T3-

L1 preadipocytes were differentiated over 7 days using established methods and transcriptomics was performed and data uploaded 

onto the GEO database as described132. Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and 

GraphPad PRISM as detailed in chapter 3. Panels A-D show fold induction of genes over 7 days of differentiation. (A) Positive 

adipogenic markers: FABP4; ADIPOQ; C/EBPa; PPARg; FASN. PLIN1 was unavailable in this dataset. (B) Negative adipogenic markers: 

LXN; GATA6. CXCL6 was unavailable in this dataset.  (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in Vitamin 

C transport: SVCT1 & 2; GLUT1 & 4; STOM. Panels E-R show individual changes in genes across the differentiation timecourse. 

Statistically significant differences (p<0.05) from expression values at day 0 are denoted green symbols (black symbols denote no 

significant difference) and were determined by one way ANOVA and Tukey’s multiple comparisons (n=2).  
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GSE93637: This dataset is from a study which aimed to determine the effects of a knockdown of 

the Tumour Protein 53 Inducible Nuclear Protein 2 (TP53INP2) on adipogenesis in 3T3-L1 

preadipocytes140. Samples were taken in quadruplicate at two timepoints (0 and 7 d) and analysed 

using the Affymetrix Mouse Genome 430 2.0 Array.  

As shown in Figure 4.8, the gene expression profiles suggest that the differentiation of these cells 

is not being performed as efficiently as desired. This is most notably seen in the positive adipogenic 

markers (Fig. 4.8 A), of which only 3 of the 5 (PLIN1 was not available on this chip) exhibited 

significant increases, with adiponectin displaying the greatest increase at approximately 55-fold. 

Positive adipogenic markers should show large increases in expression, particularly FABP4 and 

adiponectin, which typically exceed fold increases over 100 in human and murine differentiating 

preadipocytes. No negative adipogenic markers were available in this chip either, hence their 

absence from this analysis.  

ADIPOR1 and ADIPOR2 (Fig. 4.8 B) showed similar results to those observed in previous GSE 

datasets, with ADIPOR1 displaying no significant change, whilst ADIPOR2 exhibited significant 

induction, increasing up to 3.2-fold. None of the genes which encode proteins involved in VitC 

transport (Fig. 4.8 C) showed any significant changes in expression; whilst GLUT4 expression did 

appear to increase greatly, it failed to reach significance likely due to the high variability between 

differentiated samples,  with raw expression values ranging from 291.75 to 43.30. It is important to 

mention that many of the genes analysed in this dataset appear to display pairs of samples with 

similar values, suggesting the samples may consist of technical repeats derived from two different 

cell cultures. The variation between these pairs of samples is consistent across many of the genes 

analysed, indicating that one of the biological repeats has differentiated better than the other. 

Whilst the differentiation of these preadipocytes did not show great efficacy, this dataset does 

provide a good degree of reliability due to the n-values for each sample. Much like GSE20752-

GPL1261, this dataset did not analyse the entire 10-day period of differentiation for 3T3-L1 

preadipocytes, meaning the late stage gene expression profiles may not be fully characterised. 

However, given stomatin expression sometimes peaks during the early stages of adipogenesis (at 

least in the datasets from primary human cells) combined with an absence of data between day 0 

and day 7 it remains possible that any transient increase in STOM expression may have been missed 

in this study.     
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Figure 4.8: Changes in gene expression during differentiation of 3T3-L1 preadipocytes (GSE93637). 3T3-L1 preadipocytes were 

differentiated over 7 days using established methods and transcriptomics was performed and data uploaded onto the GEO 

database as described140. Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad 

PRISM as detailed in chapter 3. Panels A-C show fold induction of genes over 7 days of differentiation. (A) Positive adipogenic 

markers: FABP4; ADIPOQ; C/EBPa; PPARg; FASN. PLIN1 was unavailable in this dataset. (B) Adiponectin receptors: ADIPOR1 & 

ADIPOR2.  (C) Genes implicated in Vitamin C transport: SVCT1 & 2; GLUT1 & 4; STOM. Negative adipogenic markers were 

unavailable in this dataset. Statistically significant differences (p<0.05) from expression values at day 0 are denoted green symbols 

(black symbols denote no significant difference) and were determined by a paired t-test. Control values are n=3. Differentiated 

values are n=4.  
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GSE40565: This dataset is derived from a study which aimed to investigate the actions of insulin 

gene enhancer protein 1 (ISL-1) on adipogenesis141. Differentiation was monitored over a 48 h 

period and samples were taken in triplicate per timepoint (0 h, 48 h). Samples were analysed using 

the Affymetrix Mouse Gene 1.0 ST Array.  

As shown in Figure 4.9, these preadipocytes showed significant changes in gene expression, 

although the expression profiles differ greatly to what is observed during adipogenesis in other GSE 

datasets. This difference in gene expression profiles may be because the samples were only taken 

48h after adipogenesis was induced, however many other datasets profiling the early stages of 

adipogenesis have shown greater fold-changes in expression, suggesting that these cells have not 

differentiated efficiently. Five of the six positive adipogenic markers (Fig 4.9 A) displayed significant 

changes, with PPARγ showing the largest increase in expression, reaching a 1.8-fold increase. 

However, PLIN1 and adiponectin both showed significant decreases of 45% and 95%, respectively, 

which is uncharacteristic. Conversely, the negative adipogenic markers (Fig. 4.9 B) LXN and GATA6 

(CXCL6 was not available in this chip) exhibited significant increases in expression of 2.6-fold and 

1.6-fold, respectively. These negative markers are typically characterised by decreases in 

expression as early as 6 hours after induction of adipogenesis, highlighting that differentiation of 

these preadipocytes is not being performed efficiently; this is also supported by the increases in 

LXN and GATA6, which mirror the poor induction of the positive adipogenic markers.   

The adiponectin receptors (Fig. 4.9 C) displayed similar results to those observed in other datasets, 

with ADIPOR1 remaining relatively stable with no significant change, whilst ADIPOR2 exhibited a 

modest, yet significant, 1.8-fold increase. Of the genes which encode proteins related to VitC 

transport (Fig. 4.8 D), only SVCT1 showed no significant change, which is to be expected. SVCT2 

shows a slight 1.4-fold increase, whilst GLUT1 and GLUT4 show significant, uncharacteristic 

decreases of 40% and 20%, respectively. Surprisingly, stomatin displayed a significant increase up 

to 2.2-fold; this increase has not been observed in any other murine dataset thus far. 

While this dataset should provide useful information related to the early phase of adipogenesis the 

unexpected changes in several of the positive (PLIN1 and ADIPOQ) and negative (LXN and GATA6) 

markers, combined with the relatively modest changes in other markers suggests the cells are not 

differentiating well. So whilst this dataset shows a significant increase in stomatin expression, and 

is the only murine dataset to show this, this should be interpreted with caution.  
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GSE122054: This dataset is derived from a study which focused on the characterisation of a long 

noncoding RNA, called slincRAD, and its role in adipogenesis142. Single samples were harvested at 3 

timepoints (0, 2, 4 d) and were analysed using the Agilent-026655 Whole Mouse Genome 

Microarray 4x44K v2. This dataset is presented to illustrate the limitations of many of the datasets 

available in the GEO database.  

As shown in Figure 4.10, the efficacy of the differentiation of these preadipocytes is difficult to 

interpret, due to the short length of the timecourse and lack of significance in gene expression 

profiles. Of the 6 positive adipogenic markers (Fig. 4.10 A & E-I), adiponectin (Fig. 4.10 F) is the only 

gene to exceed a fold increase of 10. Whilst adiponectin is considered a mid-stage marker of 

adipogenesis, its fold-increase has been observed as much higher in many of the previously 

analysed datasets. No negative adipogenic markers were available on this chip, hence their absence 

from this analysis.  

Figure 4.9: Changes in gene expression during differentiation of 3T3-L1 preadipocytes (GSE40565). 3T3-L1 preadipocytes were 

differentiated over 48 h using established methods and transcriptomics was performed and data uploaded onto the GEO 

database as described141. Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad 

PRISM as detailed in chapter 3. Panels A-D show fold induction of genes over 48 h of differentiation. (A) Positive adipogenic 

markers: FABP4; ADIPOQ; C/EBPa; PPARg; FASN. PLIN1 was unavailable in this dataset. (B) Negative adipogenic markers: LXN; 

GATA6. CXCL6 was unavailable in this dataset. (C) Adiponectin receptors: ADIPOR1 & ADIPOR2.  (D) Genes implicated in Vitamin 

C transport: SVCT1 & 2; GLUT1 & 4; STOM. Statistically significant differences (p<0.05) from expression values at day 0 are 

denoted green symbols (black symbols denote no significant difference) and were determined by a paired t-test (n=3). 
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The adiponectin receptors (Fig. 4.10 B, L & M) show similar fold-changes to those observed in 

previous datasets, with ADIPOR1 (Fig. 4.10 L) showing relative stability, whilst ADIPOR2 (Fig. 4.10 

M) shows a gradual increase. Of the genes which encode proteins involved in VitC transport (Fig. 

4.10 C & N-R), SVCT1 (Fig. 4.10 N) is the only gene which does not increase. SVCT2 (Fig. 4.10 O) 

shows a 3.4-fold increase over the 4 days, GLUT1 (Fig. 4.10 P) shows a 1.2-fold increase which occurs 

at day 2 and plateaus at this point until day 4.  GLUT4 (Fig. 4.10 Q) also shows a modest increase, 

reaching an approximate 1.9-fold increase by day 2, which increases to nearly 2.5-fold by day 4. 

Stomatin (Fig. 4.10 R) induction also appears to consistently increase, showing a fold-increase of 

1.8 at day 2, to a 2.2-fold increase at day 4.  

Like many of the 3T3-L1 datasets available on the GEO (that have not been analysed in the current 

study), this dataset is limited in terms of sample numbers and differentiation period. 

Furthermore, many of the chips used to analyse these cells do not contain probes for any of the 

negative adipogenic markers used in the current study.   

Figure 4.10: Changes in gene expression during differentiation of 3T3-L1 preadipocytes (GSE122054). 3T3-L1 preadipocytes were 

differentiated over 4 days using established methods and transcriptomics was performed and data uploaded onto the GEO database 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122054). Statistical analysis of changes in gene expression (mRNA) was 

performed using GEO2R and GraphPad PRISM as detailed in chapter 3. Panels A-C show fold induction of genes over 48 h of 

differentiation. (A) Positive adipogenic markers: FABP4; ADIPOQ; C/EBPa; PPARg; FASN. PLIN1 was unavailable in this dataset. (B) 

Adiponectin receptors: ADIPOR1 & ADIPOR2.  (C) Genes implicated in Vitamin C transport: SVCT1 & 2; GLUT1 & 4; STOM. Negative 

adipogenic markers were unavailable in this dataset. 
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Figure 4.10 (continued): Changes in gene expression during differentiation of 3T3-L1 preadipocytes (GSE122054). Panels E-R show 

individual changes in gene expression across the differentiation timecourse. No statistical analysis was performed. 
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Overall, the murine preadipocyte models provided some interesting insights into murine 

adipogenesis. The GSE datasets show similar expression profiles to those observed in human 

preadipocyte datasets, with some distinct differences. These differences include the reduced fold-

induction of FABP4 and larger fold-increases in adiponectin observed in murine preadipocytes, as 

well as the decreased expression levels of murine stomatin. Unfortunately, these were the only 

murine datasets worth analysing, due to the distinct lack of suitable murine datasets available for 

analysis on GEO.  

4.3. Discussion  

4.3.1. Comparative Analysis  

Based on the datasets analysed there is clear variation in the timelines of differentiation across the 

different studies.  For example, the BMD-MSCs (GSE# - Fig 4.1) peaked at days 4-9 (40% of the full 

21 day timecourse121) compared with the exemplar ADSCs* (GSE# - Fig 3.11) which peaked from 

14-21 days (80%). This may reflect differences in cell-types as well as differences in the protocols 

employed. 

Table 4.2 presents a summary of the datasets investigated in the current study, providing a semi-

quantitative overview of the greatest adipogenesis-induced change in expression of each gene, 

grouped according to species (human or rodent) and cell type. This highlights a number of 

differences.  For example, in the human datasets FABP4 expression is consistently higher than 

adiponectin expression, whilst this is reversed in the 3T3-L1 datasets.  
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ADIPOR1 and ADIPOR2 expression profiles are similar across all studies, with slight, mostly non-

statistically significant variations noted in ADIPOR1, whilst ADIPOR2 often shows modest, yet 

significant increases. These observations have been noted across several human and murine 

datasets, suggesting that the expression profile of ADIPOR1 and ADIPOR2 during adipogenesis are 

highly conserved between the two groups. Additionally, these data are consistent with the 

observations made by the Whitehead laboratory, supporting the notion that ADIPOR1 may be 

considered a housekeeper whilst ADIPOR2 may be used as a marker of adipogenesis.   

SVCT1 expression shows the most consistency across the datasets, showing no significant change 

in expression. This is to be expected, as SVCT1 shows relatively low expression levels outside of 

tissues where bulk ascorbate transport is performed143. SVCT2 also shows relatively consistent 

expression levels across the datasets, except for one primary human (GSE20752-GPL570) and one 

3T3-L1 (GSE40565) dataset, which showed a significant decrease, and a significant increase, 

respectively. These data suggest that SVCT1 and SVCT2 expression during adipogenesis is well 

conserved between humans and murine species, as well as indicating these genes are not 

upregulated during adipogenesis.   

GLUT1 expression shows considerable variation between datasets, even in datasets from similar 

cell types, with no observable trend. Conversely, GLUT4 expression is consistent across datasets in 

similar cell types, with no change or a modest decrease observed in primary human cells, no change 

or a modest increase observed in the SGBS cells, and an increase in all murine datasets except 

GSE40565. One possible reason GLUT4 expression may not be increased in some datasets may be 

the short duration of differentiation, as GLUT4 is recognised as a late marker of adipogenesis134. 

Of the genes which encode proteins involved in VitC transport, changes in stomatin expression 

show divergence between the human and murine datasets. Stomatin expression increased from 

3.5 to 18.5-fold in all human datasets, with each dataset showing a significant increase. Murine 

datasets show little to no increase in stomatin. Two studies did show  a 2.2-fold increase, however 

one of these was the questionable GSE40565 dataset and the other was the GSE122054 dataset 

which had two timepoints (each n=1) and also showed a 3.5 fold increase in SVCT2 expression 

although this failed to reach significance due to high variability across the samples. Furthermore, in 

human adipogenesis stomatin expression is induced very early, showing significant increases as 

early as 6 hours (GSE76131), reaching its peak after 4 days (GSE37836, GSE20752-GPL570, and 

GSE76131) making it unlikely that the duration of the murine studies was a factor. Collectively, 

these data suggest that significant induction of stomatin occurs during adipogenesis of human cells, 

but not rodent cells.  
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4.3.2. Possible Implications  

It is unclear why human, but not rodent, preadipocytes would show an increase in stomatin 

expression during adipogenesis. As mentioned previously, stomatin is highly conserved between 

humans and rodents and is ubiquitously expressed due to its fundamental roles in the maintenance 

of cellular structure144. Stomatin is utilised systemically as a cytoskeletal anchor and a major 

constituent of lipid rafts145, therefore, an increase in the expression of stomatin during adipogenesis 

reflect alterations in preadipocyte size and morphology.  However, this would not explain why the 

human stomatin expression profile is not mirrored in murine preadipocytes. 

To support the hypothesis that stomatin acts as a key VitC transporter in human adipocytes, it is 

important to mention ascorbate’s roles as a cofactor to prolyl- and lysyl-hydroxylase enzymes in 

various reactions, including adiponectin multimerization64 and collagen fibril formation146. 

Therefore, it is postulated that stomatin expression increases to facilitate human preadipocyte DHA 

transport, in order to increase intracellular ascorbate concentrations for use in adiponectin 

multimerization as well as to aid in the large amount of collagen fibril formation that occurs for use 

in altering ECM composition during adipogenesis147. 

Whilst the above hypothesis is attractive it is worth noting that DHA comprises  5% of circulating 

VitC derivatives, with ascorbate comprising approximately 95% 148. It is believed that the majority 

of DHA is rapidly taken up by erythrocytes for ascorbate recycling so very little remains in the 

circulation87. Therefore, it seems reasonable to argue that the higher circulating concentrations of 

ascorbate would result in the majority of VitC transport for all tissues, including adipocytes, to be 

performed by an ascorbate transporter, such as SVCT2; unpublished findings from the Whitehead 

laboratory also show SVCT2 expression levels are 40-100 fold than SVCT1 in pre/adipocytes. After 

investigating the raw expression values, the largest difference in SVCT1/2 expression was found to 

be 19-fold in GSE57538 (7.835 vs 151.167 in SVCT1 and SVCT2, respectively). SVCT2 raw expression 

values are relatively high in many control samples, showing average values of 261.53 (GSE119796), 

267.18 (GSE76319) and 288.94 (GSE93637) in some datasets; however, SVCT2 is not significantly 

induced consistently, with the majority of datasets showing insignificant changes in expression. 

Conversely, stomatin induction has been shown to consistently increase in human adipogenesis, 

increasing to nearly 20-fold in many cases, suggesting that SVCT2 does not act as a predominant 

VitC transporter in adipocytes.  

Unlike tissues such as the brain and liver, the concentrations of ascorbate in adipose tissue have 

not been documented71. As such, the requirements of VitC within adipocytes is currently 
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unquantified. Future experiments in this area should focus on quantifying the concentration of VitC 

in adipose tissue. 

Overall, the analysis of these datasets provided novel data, revealing a difference in regulation of 

stomatin expression between human and rodent preadipocyte cell types during differentiation.  

The datasets investigated were the best-suited for this project available on the GEO database. 

Whilst other datasets were available, some required access to specialised software and or training 

beyond the scope of this project, whilst others lacked probes for several of the key genes of interest. 

It is worth noting that the sensitivity and accuracy of these analyses relied on the measurements of 

fold changes, which are particularly sensitive to baseline values. 

Whilst the increase in stomatin expression in human preadipocytes may reflect one or more roles 

other than modulation of GLUT1 affinity to transport DHA, the absence of a similar increase in 

murine preadipocytes suggests otherwise. Thus, to identify the mechanisms underpinning the 

differential regulation we next explored the proximal regulatory elements of the stomatin gene in 

humans and rodents. 
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5. Analysis of the proximal regulatory elements of the Stomatin gene in species that 

do and do not express the gulonolactone oxidase enzyme. 

5.1. Introduction  

Stomatin’s unique expression profile was only observed in differentiating human preadipocytes, 

not in murine preadipocytes. This differential expression profile suggests that the roles of stomatin 

in adipocytes differ between the two species. To investigate this, the potential of differential 

regulation of stomatin gene expression by adipogenic and non-adipogenic promoter motifs (PMs) 

and transcription factors (TFs) was investigated.  

Alignment of the human and murine genomes shows 85% of the protein-coding regions are 

identical, with some genes being up to 99% identical149. However, non-coding regions, such as 

regions containing regulatory elements are less similar, showing identical regions of, at most, 

50%149. So far, research has shown that regulation of gene expression is very similar in human and 

murine systems, justifying the use of murine models in biomedical research. However, fundamental 

differences can be observed in gene expression patterns between the two species150. Thus, whilst 

protein-coding regions typically remain highly conserved, regulatory elements in non-coding 

regions show greater variation, with some genes showing more similarity in regulatory elements 

than others. Particularly, genes which are more highly conserved between the two species show 

greater regulatory element identity. Considerable research has been performed in this area using 

the Encyclopaedia of DNA elements (ENCODE) programme, which catalogues many functional 

elements in the genomes of various species, including humans and murine151.   

5.2. Analysis and Comparison of Stomatin Proximal Regulatory Elements 

5.2.1. BLAST Sequence Analysis  

To determine whether fundamental differences exist in the upstream non-coding regions for 

stomatin in the human and murine genomes, the sequences were aligned and compared. Human 

STOM is located at Chr9 q33.2, whilst murine Stom is located at Chr2 23.53cM152. Analysis of the 5 

kbp region immediately upstream from the transcriptional start site (TSS) revealed 9.1% sequence 

identity, with four regions of similarity ranging from 63%-91%, with the longest of these being 610 

bp (Figure 5.1 A).   
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5.2.2. Promoter Motif (PM) and Transcription Factor (TF) Binding Site Comparison 

Next, the PMs and TF binding sites located within 5 kbp upstream of the TSS of the stomatin gene 

in the human and mouse genomes were compared. The rationale being that considerable 

differences in the location and or number of PMs and TF binding sites would support a model where 

human STOM and murine Stom may be subject to different regulation. This in turn would support 

a model where stomatin may play different, potentially additional, roles in human compared to 

murine adipocytes.  

The PMs and TF binding sites were mapped using the Eukaryotic Promoter Database (EPD), a 

composite database used to identify and compare regulatory elements within the genomes of 

various species153. In the 5 kbp region upstream of human STOM, 27 PMs were identified (5 TATA 

box; 8 Initiator; 9 GC box; 5 CCAAT box) whilst 31 PMs were found (5 TATA box; 9 Initiator; 14 GC 

box; 3 CCAAT box) in the corresponding region of murine Stom (Figure 5.1 B & C). Whilst a similar 

total number of PMs were identified ( 15%) there were less GC box motifs in the human vs mouse 

(9 vs 14,  55%) and more CCAAT box motifs (5 vs 3,  40%). The location of several of the PMs also 

differed.  

  Figure 5.1:  Comparison of the 5 kbp sequence upstream of human and mouse stomatin transcription start site (TSS) (A) map 

showing regions of sequence identity (SI) between 5 kbp upstream of human and mouse stomatin TSS in humans (upper) and mice 

(lower). Coloured lines highlight regions of significant sequence identity. (B) Map showing promoter motif locations between 5 kbp 

upstream of human and mouse stomatin TSS. Coloured lines highlight different promoter motifs. Numbering starts at the TSS (0). 
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Analysis of binding sites for the seven TFs implicated in driving the early stages of adipogenesis 

(C/EBPs , , , , & ; PPAR and KLF5) revealed 113 sites in the upstream region of human STOM 

compared with only 74 for murine STOM (Figures 5.1 C and 5.2 A). This represents 50% more 

adipogenic TF binding sites in the upstream region of human STOM and appears consistent with 

the significant increase in stomatin gene expression during differentiation of human preadipocytes 

but not murine preadipocytes observed in Chapter 4.  Considering all the TFs that play a positive 

role in adipogenic differentiation (all except GATA6), there was a significantly higher number of 

binding sites in human vs mouse (p = 0.036) (Figure 5.2 A). Furthermore, there was also a 

significantly higher number of binding sites for the C/EBPs (p = 0.0014), ranging from C/EBP (6 vs 

2,  66%) to C/EBP (16 vs 9,  33%) .  Given the critical role these TFs play in the very early stages 

of differentiation this difference may be expected to contribute to the early induction of stomatin 

gene expression in human cells.  KLF5 binding sites were also higher in the human (32 vs 24,  25%).  

Perhaps surprisingly, there were less PPAR binding sites in human vs mouse (10 vs 13,  30%).  

Analysis of binding site numbers for MLXIPL (15 vs 12,  20%) and RORB (6 vs 11,  83%) revealed 

somewhat contrasting findings although these TFs are involved in the latter stages of 

differentiation, hence unlikely to be involved in the early induction of stomatin gene expression. 

Finally, there were less binding sites for GATA6, which plays an inhibitory role, in human vs mouse 

(9 vs 11,  22%).   

Analysis of the number of binding sites of two general, ‘housekeeper’ TFs, SP1 (32 vs 23,  28%) 

and ATF4 (8 vs 5,  37%), also revealed higher numbers in the human vs mouse sequence (Figure 

5.2 B).  Whilst not exhaustive this suggests that there may be more TF binding sites in the human 

vs mouse sequence examined.  However there appears to be a greater difference between the 

number of binding sites for the adipogenic TFs, particularly the C/EBPs, than for the housekeeping 

TFs. Taken together, these observations support the hypothesis that differences in the proximal 

upstream region contribute to the observed differences in regulation of stomatin gene expression. 

Similar analysis was also performed on the corresponding genomic region from two additional 

species, rhesus macaques and red junglefowl, which are unable and able to synthesise VitC 

respectively. The results largely recapitulated those above (see Supplementary Figure 4 A), with a 

significantly higher number of adipogenic TF binding sites in the rhesus macaque compared with 

both mouse (p < 0.05) and junglefowl (p < 0.005) and human also having a significantly higher 

number than the junglefowl (p = 0.005).  There were no significant differences between human and 

macaque or mouse and junglefowl.   
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A 

B 

Figure 5.2: Comparison of adipogenic (A) and non-adipogenic (B) TF binding sites volume in the human and Mus musculus 

proximal region of stomatin. Numbers highlighted in green represent TF binding sites 5 kbp upstream of human STOM TSS (Hu). 

Numbers highlighted in orange represent TF binding sites 5 kbp upstream of Mouse Stom TSS (Mo). TF binding sites were screened 

for 5 kbp upstream of the stomatin TSS (100 - -5000).  Percentage of TF binding sites 5 kbp upstream of mouse Stom, with respect 

to binding sites 5 kbp upstream of human STOM, is shown in grey. GATA6 data are highlighted red to indicate their role as a repressor 

of adipogenesis. MLXIPL and RORB data are highlighted blue to indicate their activity is mostly observed in the later stages of 

adipogenesis.  
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The number of housekeeping TF binding sites exhibited across the four species showed some 

differences, but these differences were less pronounced than those observed for the adipogenic TF 

binding sites (see Supplementary Figure 4 B). This is consistent with the more ubiquitous roles of 

SP1 and ATF4, which include regulation of genes involved in a range of cellular processes such as 

apoptosis, chromatin remodelling and differentiation154. 

An important point to note are the levels of conservation between species capable and incapable 

of de novo VitC. Overall, species incapable of de novo VitC synthesis (humans and Rhesus Macaques) 

showed a much greater degree of conservation between TF binding site number and location, whilst 

species capable of de novo VitC synthesis (mouse and Red Junglefowl) showed very little 

conservation in TF binding site number and location.   

Overall, these data provide further evidence of the potential for differential regulation of stomatin 

gene expression between species capable and incapable of de novo VitC synthesis, thereby 

supporting the hypothesis that stomatin may facilitate DHA transport in adipocytes of species 

incapable of de novo VC synthesis via modulation of GLUT1 affinity.    

5.2.3. Analysing the Protein Coding Region of Stomatin  

The human and mouse stomatin genes share similar organisation, with both comprised of 7 exons, 

spanning around 30 kbp in length (Figure 5.3 A).  Alignment of the coding sequences demonstrates 

a high degree of conservation, with 82 % shared identity (Figure 5.3 B) which is also apparent at the 

amino acid level, with 87.5% of amino acids identical (252 of 288, Figure 5.3 C)155. Detailed structure 

/ function studies of stomatin have identified key residues and domains that are highly conserved 

across species, consistent with its ubiquitous expression and fundamental roles as an integral 

membrane scaffold protein that regulates the activity of ion channels and GLUT187,97. Essentially, 

this high degree of conservation of the gene encoding stomatin is translated into conservation of 

the molecular, structural and functional properties of the protein across species. 
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5.3. Discussion 

These data highlight that whilst the structure and functions of stomatin are conserved between 

species, its regulation is not. The variance in TF binding site number, and location, in the proximal 

regions of the species analysed supports the hypothesis that differential regulation of stomatin 

occurs between species capable and incapable of de novo VC synthesis. However, a degree of 

variation in these parameters is anticipated, as distinct species will naturally show variation in 

regulatory element composition. The similarities between human and Rhesus Macaque regulatory 

elements are also to be expected, as the two species share a genomic sequence identity of 

approximately 93%156. Nonetheless, this sequence identity supports the notion that stomatin 

regulation is more complex in species incapable of de novo VC synthesis.  

Whilst this analysis provided evidence of potential molecular mechanisms that would provide 

differential regulation of stomatin gene expression between species capable and incapable of de 

novo VC synthesis, there remain some caveats and limitations. Firstly, many of the TF’s labelled as 

‘adipogenic’ also regulate genes in response to other stimuli. For instance, C/EBPα also regulates 

various genes during the differentiation of blood cells157, and KLF5 also regulates genes involved in 

intestinal epithelial cell development158. Furthermore, many of these regulatory elements may not 

regulate stomatin expression, as some of these binding sites may control the regulation of other 

nearby genes. Ideally, the stomatin proximal regulatory elements of other species such as the 

common rat would have been included in the analysis.  The high degree of sequence identity (of 

Figure 5.3 (continued): Comparison of human and rodent stomatin amino acid sequence (C). The entire stomatin amino acid 

sequence was compiled from cDNA derived from whole stomatin mRNA and transcribed into an amino acid sequence in the FASTA 

format. * = conserved residues in all sequences in the alignment; : = conserved substitutions; . = semiconserved substitutions155. 
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90%) between rats, mice and humans would increase the likelihood of species-specific differences 

in regulatory elements being meaningful159. However, the Eukaryotic Promoter Database (EPD), 

which was used to locate PMs and TF binding sites only catalogued the upstream regulatory 

elements of stomatin in the four aforementioned species. 

Overall, the data presented here, despite the caveats and limitations, support the findings detailed 

in Chapter 4.  The greater number of binding sites for TFs involved in the early stages of 

adipogenesis in the proximal region of the human stomatin gene, and that of the rhesus macaque, 

provide a potential mechanism that would explain the induction of stomatin expression in 

differentiating human preadipocytes. That this may be linked to a species ability, or inability, to 

synthesise VC de novo remains an intriguing possibility worthy of further, functional investigation.   
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6. Analysing the expression of genes related to vitamin C uptake in adipocytes from 

lean and obese individuals 

6.1. Introduction 

To further the in silico investigations into VitC uptake I next set out to characterise the effects of 

obesity on expression of the genes encoding proteins involved in VitC transport, particularly 

stomatin. As discussed (Chapter 1.5), the characteristic reduction in HMW adiponectin in obesity 

may occur, at least in part, as a result of reduced VitC uptake.  

6.2. Analysis of GSE Datasets 

As shown in Table 6.1, six GSE datasets were analysed, three from abdominal WAT, one from 

omental WAT, and two from isolated adipocytes. Datasets were analysed following the protocols 

and workflow outlined in chapters 2 and 3.  

 

 

 

6.2.1. Human Adipose Tissue 

GSE94753: This dataset160 is derived from a study which aimed to identify new genes controlling 

insulin sensitivity by analysing gene expression profiles in WAT harvested from lean or obese insulin 

sensitive (OIS) or obese insulin resistant (OIR) women (see Table 6.1 for details). Analysis was 

performed using the Affymetrix Human Gene 2.1 ST Array.  

As shown in Figure 6.1, there are significant differences between the expression of several genes in 

WAT from lean verses Wat from OIS and OIR individuals. This is the case for five of the six positive 

adipogenic markers, where expression is significantly lower in the OIS and OIR, with FABP4 the 

Table 6.1. Summary of lean and obese datasets. WAT = White Adipose Tissue; IR = insulin resistant; IS = insulin sensitive; * = this 

dataset did not provide an average age per study, only showing an age range for all participants.   
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exception (Fig. 6.1 A-F). It is also apparent that the expression is typically lower in OIR vs OIS, with 

this difference significant for PLIN1 (Fig 6.1 B). Similar differences are also observed for two of the 

three negative adipogenic markers, namely LXN and GATA6, with LXN expression significantly 

higher in OIR vs lean, whilst GATA6 expression is significantly lower in the OIR vs lean or OIS (Fig. 

6.1 G-I). 

There are no significant changes in ADIPOR1 expression levels between the three groups (Fig. 6.1 

J), which is perhaps to be expected given ADIPOR1 remains unchanged during differentiation.  In 

contrast, ADIPOR2 is significantly reduced (by 15%) in OIR but not in OIS samples (Fig. 6.1 K).  

Regarding the genes that encode proteins involved in VitC transport (Fig. 6.1 L-P), SVCT2 is 

modestly, but significantly higher in WAT from OIS and OIR (Fig. 6.1 M) whilst both GLUT1 and 

GLUT4 expression are significantly lower in the OIS and OIR by 45% and 60% respectively (Fig. 6.1 

N & O). GLUT4 expression was also significantly lower in the OIR vs OIS which is consistent with the 

reported dependence of GLUT4 expression on insulin signalling and sensitivity161. 

  

Figure 6.1: A measure of gene expression in human subcutaneous (SQ) abdominal white adipose tissue (WAT) from lean and 
obese individuals (GSE94753). SQ abdominal WAT from lean, OIS and OIR individuals was isolated using established methods and 
transcriptomics was performed and data uploaded onto GEO (https://pubmed.ncbi.nlm.nih.gov/28570579/).Statistical analysis of 
changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed in chapter 3. Panels A-I show fold 
changes in gene expression of positive (A-F) and negative (G-I) adipogenic markers in WAT from lean, OIS and OIR individuals.  
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Figure 6.1 (continued): A measure of gene expression in human subcutaneous (SQ) abdominal white adipose tissue (WAT) from 
lean and obese individuals (GSE94753). Panels J-P show fold changes in gene expression of adiponectin receptors (J-K) and genes 
encoding proteins related to VitC transport (L-P) in WAT from lean, OIS and OIR individuals. Statistically significant differences 
(p<0.05) from the lean are denoted by green symbols and statistical significance from the OIS are denoted by a red asterisk above 
the OIR sample (black symbols denote no significant difference) and were determined by ordinary one-way ANOVA followed by 
Tukey’s multiple comparisons (n= 9/ lean; n=18/OIS; n=21/OIR; Gene expression values are shown normalised to the lean mean, 
which was set at 1). 
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Overall, this dataset provides interesting insights into the dysregulation of gene expression in the 

context of obesity and obesity combined with insulin resistance. Whilst there is greater variability 

in the expression levels of some genes relative to others (eg FABP4 vs FASN – Fig 6.1 A & F) on the 

whole the values look relatively tight, especially when considering the samples are from different 

individuals, subject to a wide range of environmental and genetic factors that will affect gene 

expression profiles. Perhaps the most striking observation is the progressive nature of the changes 

from lean to OIS, and on to OIR, indicating a level of dysregulation that deepens when faced with 

the combined insults of obesity and insulin resistance.  Finally, it is worth noting that stomatin 

expression appeared to be least effected of all the VitC transport genes, with both GLUTs 

significantly decreased and SVCT2 significantly increased. 

GSE133786: This dataset162 was derived from a study in which a correlation was observed between 

decreased concentrations of uc001kfc.1, a long non-coding RNA, and decreased insulin sensitivity 

in obese individuals, by analysing the transcriptome of lean and obese individuals (see Table 6.1 for 

details). Samples were analysed using the Affymetrix Human Gene 2.0 ST Array.  

Of the five positive adipogenic markers (FABP4 was not available in this dataset), three displayed 

significant decreases, with adiponectin and PPAR expression 30-40% lower and FASN expression 

70% lower in samples from the obese (Fig. 6.2 A-E). However, for adiponectin and PPAR this 

difference was due to an outlier in the lean group derived from one sample / subject (sample A), 

that was 2-fold greater than the other lean values.  If this sample was excluded only FASN 

expression was significantly lower. 

All three negative adipogenic markers showed lower expression in the obese samples (Fig. 6.2 F-H), 

however this appeared to be due to the unusual bimodal distribution of the lean samples where 

two values, also from the same samples / subjects across the three genes (including sample A), had 

considerably higher values than the other three.  A similar result was found for ADIPOR1 and, albeit 

to a lesser extent, ADIPOR2 (Fig. 6.2 I & J). Of the genes encoding proteins related to VitC transport 

SVCT1 showed a modest 10% increase in the obese samples that was, somewhat surprisingly, 

significant whilst there were no significant differences in the expression of levels of the other genes 

(Fig. 6.2 K-O). 
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Figure 6.2: A measure of gene expression in human subcutaneous (SQ) abdominal white adipose tissue (WAT) from lean and 

obese individuals (GSE133786). SQ abdominal WAT from lean and obese individuals were isolated using established methods and 

transcriptomics was performed and data uploaded onto the GEO database (https://pubmed.ncbi.nlm.nih.gov/31824561/). 

Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed in chapter 

3. Panels A-O show fold changes in gene expression in WAT from lean and obese individuals. FABP4 data is omitted from this dataset 

as the data is considered anomalous in this set. Statistically significant differences (p<0.05) from the lean are denoted by green 

symbols (black symbols denote no significant difference) and were determined by a paired t-test (n=5; Gene expression values are 

shown normalised to the lean mean, which was set at 1). 
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The limitations of this small dataset are apparent, with meaningful statistical analysis and data 

interpretation compromised due to the small number of samples and the high inter-individual 

variability.  Notwithstanding the above, this dataset does not suggest any change in stomatin 

expression in obesity.    

GSE92405: This dataset163 is derived from a study in which the transcriptomes of monozygotic twins 

concordant and discordant for BMI were analysed to determine whether genes related to 

mitochondrial activity were downregulated in adipocytes from obese individuals. Details of 

participants are described in Table 6.1. Samples were analysed using the Affymetrix Human 

Genome U133 Plus 2.0 Array.  Many genes were not available in this dataset (including FASN, 

SVCT1, SVCT2, GLUT1, GLUT4, LXN and CXCL6) for reasons which are unclear as they were reported 

in other datasets such as GSE20752 (GPL570) and GSE9624 using this array. 

As shown in Figure 6.3, there is very little difference in the expression profile of many genes 

between the lean and obese samples. Of all the genes analysed, only adiponectin and PPARγ (Fig. 

6.3 C & E) show significant, albeit modest, changes. The high degree of similarity between the 

results for the lean and obese subjects is most likely due to the relatively small difference in BMI 

between the two groups. As shown in Table 6.1, the average BMI of the lean and obese groups was 

24.1 Kg/m2 and 29.9 Kg/m2, respectively. This difference of 5.8 Kg/m2 is the smallest difference in 

BMI of all analysed datasets in this study, therefore the differences between lean and obese gene 

expression profiles are expected to be reduced in this dataset. Furthermore, study participants are 

monozygotic twins, many of which (n=14) were concordant for the same BMI (ΔBMI ≥3 Kg/m2). As 

monozygotic twins share the same alleles and show similar gene expression profiles163, gene 

expression profiles will show similar relative expression levels between all twins in this study and 

will share a greater identity in twins showing concordance for BMI.  
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  Figure 6.3: A measure of gene expression in human subcutaneous (SQ) abdominal white adipose tissue (WAT) from lean and 

obese individuals (GSE92405). SQ abdominal WAT from lean and obese individuals was isolated using established methods and 

transcriptomics was performed and data uploaded onto the GEO database (https://pubmed.ncbi.nlm.nih.gov/27734103/). 

Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed in chapter 

3. Panels A-I show fold changes in gene expression in WAT from lean and obese individuals. FASN, SVCT1, SVCT2, GLUT1, and GLUT4 

probes were present, however levels of RNA were not high enough to be considered significant. CXCL6 and GATA6 were not present 

in this dataset. Statistically significant differences (p<0.05) from expression values are denoted by green symbols (black symbols 

denote no significant difference) and were determined by a paired t-test (n=26; Gene expression values are shown normalised to 

the lean mean, which was set at 1). 
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GSE9624: This dataset164 is derived from a study in which the transcriptomes of lean and obese 

prepubertal children were analysed to characterise differentially expressed genes between the two 

groups. Details of the participants are outline in Table 6.1. These samples were analysed using the 

Affymetrix Human Genome U133 Plus 2.0 Array.  

Out of the whole dataset only FABP4 expression was significantly different between the lean and 

obese groups, being 30% higher in the obese vs lean (Figure 6.4). The lack of any other significant 

changes is most likely attributable to a high degree of variation, which was not specific to any 

samples / subjects, and the limited sample size. This dataset was not particularly informative. 

  

Figure 6.4: A measure of gene expression in human subcutaneous (SQ) omental white adipose tissue (WAT) from lean and obese 

individuals (GSE9624). SQ omental WAT from lean and obese individuals was isolated using established methods and 

transcriptomics was performed and data uploaded onto the GEO database (https://pubmed.ncbi.nlm.nih.gov/25856673/). 

Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as detailed in chapter 

3. Panels A-I show fold changes in gene expression of positive (A-F) and negative (G-I) adipogenic markers in WAT from lean and 

obese individuals.  
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Taken together, these studies provide some insight into obesity-associated changes in gene 

expression profiles of WAT.  Whilst analysis of some of the datasets was of limited value, due to 

high variability and small sample size, a key observation in the context of the current investigation 

is that even in those datasets that did provide clear evidence of obesity-associated changes, 

stomatin expression was unaffected, suggesting stomatin mRNA levels in human WAT are not 

altered in obesity.  

  

Figure 6.4 (continued): A measure of gene expression in human subcutaneous (SQ) omental white adipose tissue (WAT) from 

lean and obese individuals (GSE9624). Panels J-P show fold changes in gene expression of adiponectin receptors (J-K) and genes 

encoding proteins related to VitC transport (L-P) in WAT from lean and obese individuals. Statistically significant differences (p<0.05) 

from expression values are denoted by green symbols (black symbols denote no significant difference) and were determined by an 

unpaired t-test (lean, n=6; obese, n=5; Gene expression values are shown normalised to the lean mean, which was set at 1). 
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6.2.2. Human Adipocyte Isolates  

These datasets study the transcriptomes of isolated preadipocytes derived from WAT donated from 

lean and obese individuals. Lean preadipocytes (LP) and obese preadipocytes (OP) were stimulated 

to differentiate into lean adipocytes (LA) and obese adipocytes (OA) and relative expression of gene 

expression was monitored. All genes analysed in OP, LA and OA samples were normalised to the 

expression values of genes from LPs. 

GSE80654: This dataset165 is derived from a study which characterised the transcriptomes of various 

isolated cell types found in WAT from lean and obese individuals. Details of participants may be 

found in Table 6.1. Samples were analysed using the Affymetrix Human Transcriptome Array 2.0. 

As shown in Figure 6.5, there is some evidence of differential expression between LPs, LAs and OAs, 

but no evidence of differential expression between LPs and OPs. This is most notable in the positive 

adipogenic markers (Fig. 6.5 A-F), which show some of the most significant increases in relative 

expression observed in this study; this is most notable in adiponectin (Fig. 6.5 C). Interestingly, 

adiponectin also shows the largest difference in relative expression between LAs and OAs in this 

dataset, showing a slight, yet insignificant, 5-fold decrease between the LA mean and OA mean. 

Each of the negative adipogenic markers (Fig. 6.5 G-I) show significant changes in at least one of 

the adipocyte groups. GATA6 shows the greatest significant decrease, in both LAs and OAs.  

Interestingly, CXCL6 is the only gene in this dataset to show a significant change in OA relative 

expression, but no significant change in LA relative expression.  

Both adiponectin receptors (Fig. 6.5 J & K) show significant increases in relative expression in both 

LAs and OAs. Of the two adiponectin receptors, ADIPOR2 shows the greatest fold-increase between 

LPs and both adipocyte groups. Of the genes which encode proteins involved in VitC transport (Fig. 

6.5 L-P), only SVCT1 and GLUT1 show no significant changes between the LP relative expression and 

relative expression of either adipocyte groups. Of these genes, GLUT4 (Fig. 6.5 O) shows the 

greatest fold-increase between LPs and both adipocyte groups. Stomatin (Fig. 6.5 K) is the only gene 

in this group of genes encoding proteins related to VitC transport to show a significant increase in 

LA relative expression, but no significant increase in OA relative expression.  

  



 

86 
 

 

  

Figure 6.5: A measure of gene expression in human preadipocytes and isolated mature adipocytes from lean and obese individuals 

(GSE80654). Preadipocytes and isolated mature adipocytes, from subcutaneous abdominal white adipose tissue (WAT), from lean 

and obese individuals were isolated using established methods and transcriptomics was performed and data uploaded onto the GEO 

database (https://pubmed.ncbi.nlm.nih.gov/28570579/). Statistical analysis of changes in gene expression (mRNA) was performed 

using GEO2R and GraphPad PRISM as detailed in chapter 3. Panels A-P show fold changes in gene expression in WAT from lean and 

obese individuals. Statistically significant differences (p<0.05) from expression values are denoted by green symbols (black symbols 

denote no significant difference) and were determined by ordinary one-way ANOVA followed by Tukey’s multiple comparisons (LP 

n=10, OP n=9, LA n=7, OA n=7; Gene expression values are shown normalised to the LP mean, which was set at 1). 
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This dataset provides a wealth of data regarding the differential expression of genes in lean and 

obese preadipocytes and adipocytes. It appears that the expression of many genes in OAs are very 

similar to the expression of genes in LAs, with the exception of the positive adipogenic markers, of 

which four of the six show slight decreases in relative expression between LAs and OAs. There is no 

evidence of differential expression between LPs and OPs in all of the analysed genes. Many of these 

genes show increased expression during adipogenesis, meaning LP and OP relative expression levels 

are likely to remain similar prior to induction of adipogenesis. The similarity in relative expression 

levels of stomatin in LAs and OAs (Fig. 6.5 K) suggests that mRNA levels of stomatin are not affected 

in obesity. This samples in this dataset are also relatively stable, showing little variability in both the 

preadipocyte and adipocyte groups.   

GSE100795: This dataset166 is derived from a study which analysed the transcriptomes of various 

cell types from lean and obese females, to monitor the regulation of preadipocytes and 

adipogenesis in the lean and obese states. Details on participants can be found in Table 6.1. Samples 

were analysed using the Affymetrix Human Clariom D Assay.  

As shown in Figure 6.6, there are some significant differences in the relative expression of many 

genes between LPs and both adipocyte groups. The most notable changes are observed in the 

positive adipogenic markers (Fig. 6.6 A-F), in which only C/EBPα does not show a significant change 

between any of the four groups. Adiponectin shows the most notable changes in relative 

expression, with 38,000-fold and 32,000-fold increases in the LAs and OAs, with respect to LP 

relative expression. The 6,000-fold decrease between the LA and OA adiponectin relative 

expression is also significant and is also the largest difference in LA and OA relative expression of 

any gene in this entire study. FASN shows the greatest decrease in relative expression between LAs 

and OAs, showing a significant 160-fold decrease between the two groups. None of the negative 

adipogenic markers (Fig. 6.6 G-I) show any significant changes, most likely due to the significant 

variability in all four groups.  

Of the adiponectin receptors (Fig. 6.6 J & K) ADIPOR2 shows a significant increase in relative 

expression between LPs and both adipocyte groups, with a significant increase in relative 

expression between LAs and OAs. ADIPOR1 also shows significant increases in relative expression 

between LPs and both adipocyte groups, but a significant decrease is observed between the relative 

expression of LAs and OAs. Of the genes which encode proteins involved in VitC transport (Fig. 6.6 

L-P), only GLUT4 shows a significant change in relative expression between LPs and either adipocyte 

group.  
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Figure 6.6: A measure of gene expression in human preadipocytes and isolated mature adipocytes from lean and obese individuals 

(GSE100795). Preadipocytes and isolated mature adipocytes, from subcutaneous abdominal white adipose tissue (WAT), from lean 

and obese individuals were isolated using established methods and transcriptomics was performed and data uploaded onto the 

GEO database (https://pubmed.ncbi.nlm.nih.gov/29116032/). Statistical analysis of changes in gene expression (mRNA) was 

performed using GEO2R and GraphPad PRISM as detailed in chapter 3. Panels A-P show fold changes in gene expression in WAT 

from lean and obese individuals. Statistical significance cannot be determined as n=2 for all samples. Gene expression values are 

shown normalised to the LP mean, which was set at 1 
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This dataset, whilst showing some of the most significant changes in expression between adipocyte 

groups, is largely unreliable due to the low n value of the dataset. Unsurprisingly, there is 

considerable variation between control samples in many of the genes analysed, reducing the 

reliability and impact of any results observed. There is no evidence of a significant difference in 

relevant expression between LPs and OPs, most likely due to the fact that many of these genes are 

involved in adipogenesis and mature adipocyte function. Furthermore, stomatin shows no evidence 

of a significant difference in relative expression between any lean and obese groups, suggesting 

that stomatin mRNA levels are not affected in obesity.  

Overall, these datasets show that stomatin induction is not affected in obesity, in both 

preadipocytes and mature adipocytes. Furthermore, these data show that there are no observable 

differences in the relative expression of stomatin between lean and obese preadipocytes.  

6.3. Discussion 

6.3.1. Comparative Analysis 

As shown in Table 4.2, many of these datasets show consistencies within their own groups (adipose 

tissue and adipocyte isolates), but very little consistency across groups. This is due to the fact that 

the controls for the adipose tissue (lean adipocytes) and the controls for the adipocyte isolates (lean 

preadipocytes) show great differences in the baseline values of gene expression. For instance, the 

mean expression value of FABP4 in GSE94753 is 4612.97, whilst the mean expression value of FABP4 

in GSE80654 is 495.08. This near-tenfold difference is due to the fact that the adipose tissue-derived 

adipocytes matured and show much greater expression levels of many genes than the quiescent 

preadipocytes.  

When observing the positive adipogenic markers, there is consistency in data from adipose tissue. 

Each of the datasets show little to no change in FABP4, with only GSE9624 showing a slight 

significant increase in FABP4 in obese adipose tissue. Adiponectin shows significant decreases in 

obesity in three of the four datasets, suggesting that adiponectin expression is compromised in 

obesity. This may be a result of decreased regulation by adipogenic transcription factors, such as 

PPARγ, which shows consistent, significant fold-decreases in three of the four datasets. Of the 

positive adipogenic markers, FASN shows the greatest decreases in expression of the three datasets 

it is present in, showing significance in two of these three decreases. This data is reflected by the 

adipocyte isolate datasets, which show that whilst the expression of positive adipogenic markers 

does increase during adipogenesis, the level of expression reached is often lower in adipocytes from 

lean individuals, when compared with adipocytes from obese individuals. Overall, this suggests that 

the expression of positive adipogenic markers is negatively affected by obesity.  
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The expression of negative adipogenic markers across the datasets analysing adipose tissue also 

show considerable consistency. The relative expression of GATA6 in obese samples is consistently 

decreased across all four datasets, with statistical significance noted in two of these datasets. CXCL6 

also shows consistent fold-decreases in obese samples across the three datasets, with statistical 

significance observed in two of these three fold-decreases. LXN relative expression in obese 

samples shows slight variation across the three datasets it is observed in, showing a significant 

increase in one dataset, a significant decrease in another, and an insignificant decrease in a third 

dataset. Unfortunately, no trends can be observed in the relative expression of negative adipogenic 

markers in the datasets analysing adipocyte isolates, as the data for negative adipogenic markers 

from GSE100795 shows considerable variation and no significance.  

The adiponectin receptors show very few changes in relative expression between the datasets 

analysing adipose tissue. ADIPOR1 and ADIPOR2 relative expression is shown to be relatively stable 

across three of the four datasets, with a slight significant decrease observed in GSE133786 for 

ADIPOR1 and GSE94753 for ADIPOR2.  In the datasets studying gene expression in adipocyte 

isolates however, ADIPOR1 and ADIPOR2 show significant fold-increases in OAs, with respect to LP 

relative expression, suggesting that adiponectin receptor mRNA levels are not affected by obesity. 

Interestingly, ADIPOR2 levels in OAs are consistently higher than in LAs, with a significant difference 

observed in these levels in GSE100795, suggesting adipocytes in obese individuals may express 

more ADIPOR2 than in lean individuals; this may be a compensatory mechanism to increase the 

actions of adiponectin in adipocytes in order to aid in the maintenance of insulin sensitivity and 

normal adipocyte function, however this cannot be confirmed from this data alone. Overall, these 

data suggest that adiponectin receptor mRNA levels are not compromised during obesity and may 

in fact be increased to increase adiponectin action within adipocytes to combat obesity-related 

complications.  

The genes which encode proteins related to VitC transport show varying levels of relative 

expression across each dataset, with many datasets showing insignificant changes in these genes. 

SVCT1 shows a slight, significant increase in one dataset analysing adipose tissue, but shows no 

significant change in any of the other five datasets. SVCT2 shows a slight, significant increase in a 

dataset analysing adipose tissue, and one significant decrease in a dataset analysing adipocyte 

isolates, with all other datasets showing no significant change. GLUT1 shows a significant fold-

decrease in GSE94753 and is the only dataset to show this significant change. This is most likely 

observed here due to the large sample size for each group (lean, OIS, OIR) and because this dataset 

had the largest difference in lean and obese mean BMI’s in the entire study (lean BMI = 23.0 Kg/m2, 

OIS BMI = 41.0 Kg/m2, OIR BMI = 40.0 Kg/m2). This vast difference in BMI may affect the function of 

adipocytes between lean and obese groups. Surprisingly, GLUT4 showed the greatest variability of 

the genes which encode proteins involved in VitC transport, despite being one of the most well-
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characterised genes in this study. GLUT4 only showed a significant decrease in GSE94753, whilst 

showing significant increases in both studies analysing adipocyte isolates.   

The fold induction of stomatin throughout all the datasets in this study only showed a significant 

change once. This significant increase was noted only in GSE80654 and did not occur in OAs, only 

in LAs. Individually, these datasets support the notion that stomatin mRNA levels in mature 

adipocytes are not affected during obesity. As shown in Figure 6.7, the compiled data is also 

suggestive of this. In adipose tissue (Fig. 6.7 A), there is no significant change observed in stomatin 

relative expression, and in isolated adipocytes (Fig. 6.7 B), there is only a slight significant increase 

in stomatin expression in LAs. Whilst Figure 7.6 B suggests that stomatin mRNA levels are affected 

by obesity, as the levels in the OAs do not mirror the significant levels seen in the LAs, the difference 

between the two groups is only slight and insignificant. This is supported by the base expression 

values observed in GEO2R, which show stomatin expression values in lean and obese groups from 

all datasets being incredibly similar to one another. For instance, the average expression values of 

stomatin in the LAs and OAs from GSE80654 are 2001.03 and 1878.63, respectively. Additionally, 

the average expression value of stomatin from lean and obese adipose tissue from GSE92405 are 

6171.38 and 5957.44, respectively. The values from both of these studies are incredibly high a very 

similar to one another, both supporting the evidence of stomatin’s importance in adipocytes, as 

well as showing the similarity in expression in lean and obese environments. Overall, these data 

strongly support the lack of a correlation between stomatin mRNA levels and obesity.  

  

Figure 6.7: Expression of Stomatin in compiled GSE datasets studying adipose tissue and isolated adipocytes. Data from all 
previously studied GSE datasets were grouped according to their focus on adipose tissue or isolated adipocytes and were compiled 
into one dataset for analysis. Four studies focusing on adipose tissue were compiled and two studies focusing on isolated adipocytes 
were compiled.  Statistical analysis of changes in gene expression (mRNA) was performed using GEO2R and GraphPad PRISM as 
detailed in chapter 3. Panel A shows fold changes in gene expression in adipose tissue from lean and obese individuals. Statistically 
significant differences (p<0.05) from expression values are denoted by green symbols (black symbols denote no significant 
difference) and were determined for adipose tissue studies using an unpaired t-test (lean, n=46; obese, n=75; Gene expression 
values are shown normalised to the lean mean, which was set at 1). Panel B shows fold changes in gene expression in isolated 
adipocytes in LPs OPs, LAs and OAs. Statistically significant differences (p<0.05) from expression values are denoted by green 
symbols (black symbols denote no significant difference) and were determined by ordinary one-way ANOVA followed by Tukey’s 
multiple comparisons (n= for each group; Gene expression values are shown normalised to the lean mean, which was set at 1).  
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6.3.2. Discussion of Analysis  

These datasets, whilst providing some compelling evidence of the lack of a correlation between 

stomatin mRNA levels and obesity, had some limitations. Firstly, the sample size of many of these 

datasets was relatively low, conferring less reliability for each sample. Furthermore, there was 

considerable variation in control samples across many of the datasets; whilst this is expected when 

sampling from a population of different individuals and genders, it can result in a loss of reliability, 

particularly when great variability is observed in control samples. However, by using samples from 

different individuals, it may be argued that the reliability of the significant results generated is much 

greater, as the observed significant changes in relative expression occurred in the presence of 

sample variability, suggesting the significant data is robust. Also, as many of the datasets use 

samples from males and females, variability will occur naturally as a result of sexual dimorphism in 

gene expression. For instance, females are known to have higher concentrations of HMW 

adiponectin65 which requires greater levels of adiponectin expression, meaning females in each of 

the studies are likely to show a greater level of adiponectin mRNA in each sample.   

As discussed in 1.5, the reduction in HMW adiponectin plasma concentrations in obesity is believed 

to be due to a loss of VitC transportation in adipocytes. This reduction in VitC transport leads to a 

reduction in adiponectin multimerization, thereby leading to reduced HMW adiponectin secretion 

and action. So far there has been considerable data to suggest that stomatin is the major 

transporter of VitC in human adipocytes, therefore it is likely that its expression would be reduced 

in obesity, to fit the aforementioned model. However, this evidence suggests that stomatin mRNA 

does not decrease in obesity, and the reason for this is unknown. The evidence presented in 

Chapter 5 suggests that stomatin is regulated by various adipogenic-related TFs, such as PPARγ, 

which shows decreased mRNA levels in obese adipocytes, as shown above. The data presented 

here, however, would either suggest that stomatin expression is not regulated by adipogenic TFs, 

which is unlikely due to the substantial evidence of its regulation by these TFs in Chapter 5, or that 

stomatin expression is not affected by obesity at the level of the transcriptome. It is likely that the 

production of stomatin is affected at the proteomic level, which would not be observable through 

the data presented here. If this is the case, and stomatin production is reduced in obesity, this 

would provide more evidence to support the hypothesis that stomatin contributes to the majority 

of VitC transport in human adipocytes, via GLUT1 affinity modulation.  

Overall, the data presented in this chapter suggests that obesity does not compromise stomatin 

gene expression in adipocytes or in WAT.  In addition, these data provide insights into the effects 

of obesity, in the absence or presence of insulin resistance, and on the expression of several genes 

of interest in the Whitehead laboratory. 
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7. Discussion 

Overall, this project has presented considerable evidence suggesting differential expression and 

regulation of stomatin in the adipocytes of species capable and incapable of de novo VitC synthesis. 

The expression of stomatin appears to show increased levels of expression and regulation in 

adipocytes from species incapable of de novo synthesis, as shown by increased mRNA levels during 

adipogenesis, as well as increased levels of adipogenic proximal regulatory elements upstream of 

the stomatin gene. Additionally, stomatin expression does not appear to be affected in obesity at 

the level of the transcriptome. This suggests that if stomatin is a predominant transporter of VitC, 

and its production or action is decreased during obesity, then the inhibitory effects that obesity has 

on stomatin must occur at the level of protein expression. These data are derived from a wide range 

of sources and whilst it is considered significant, it does have some caveats and limitations. Whilst 

there is considerable research to be performed before stomatin can definitively be considered the 

primary regulator of VitC transport in human adipocytes, this study has presented substantial 

evidence in favour of this hypothesis and has outlined the research needed to pursue this 

hypothesis further in future.  

The evidence so far suggests that stomatin expression is elevated in the adipocytes of species 

incapable of de novo VitC synthesis, as shown by the differential expression profiles of stomatin in 

human and rodent adipocytes. It is known that the activity of stomatin extends beyond its capability 

to facilitate DHA transport via GLUT1, therefore it is arguable that the expression of stomatin 

increases in developing adipocytes to facilitate these interactions. However, the evidence 

suggesting otherwise is compelling, as both the raw expression values and transformed fold 

changes of stomatin show greater levels in analysed human adipocytes. There are very few studies 

which observe the action of stomatin within adipocytes, with only two papers within the last 20 

years focussing on this topic. Furthermore, these studies167,168 only observe stomatin action within 

3T3-L1 adipocytes and do not provide any information on stomatin transcriptomics, providing no 

information which is pertinent to this study. It is therefore argued that the evidence presented in 

this study regarding the differential expression profiles of stomatin in human and murine 

adipocytes is novel and cannot be compared to the findings of any other study. These findings also 

greatly support the hypothesis that increased stomatin expression in human adipocytes is required 

to facilitate DHA transport, as the only clear factor that explains the differential expression of 

stomatin between human and rodent adipocytes is the ability to synthesise VitC de novo. There 

were some limitations with this study of human and murine stomatin expression, particularly in the 

acquisition of datasets, the reliability of samples and the differences in cell culture methods, which 

may have affected gene expression in unforeseen ways. Nonetheless, the amount of data provided 
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shows a strong positive correlation between increased stomatin expression and the inability to 

synthesise VitC de novo.  

As mentioned previously, the rationale for including SVCT1 in this comparative analysis was due to 

its known role as an ascorbate transporter; however unpublished results from the Whitehead 

laboratory show SVCT1 expression as 40-fold lower than SVCT2 in adipocytes. The data from this 

study has shown that whilst SVCT1 does show lower expression levels than SVCT2 in many studies, 

as determined by differences in raw expression value, the largest difference between SVCT1 and 

SVCT2 expression was 19-fold in GSE57538 (7.835 vs 151.167 in SVCT1 and SVCT2, respectively). 

Nonetheless, this is still sufficient evidence to suggest that SVCT1 plays little to no role in ascorbate 

transport in human adipocytes.  

Regarding the research performed in Chapter 4, there are some improvements and future 

experiments that may be performed to test the hypotheses presented. Firstly, the generation of 

data from in vitro cell cultures must be performed rather than utilising other published datasets. 

This would ensure minimal variation between samples as a result of differing cell origins and culture 

techniques, as well as allowing the same processing protocols to be used on each sample, increasing 

the reliability and significance of any correlations observed between gene expression profiles. 

Furthermore, experiments could be developed to evaluate the expression of genes following 

supplementation with VitC, which could provide interesting results, with respect to the genes of 

interest. This research, in turn, would allow determination of which gene product(s) were required 

to promote VitC uptake in preadipocytes and adipocytes.  

The data presented in Chapter 5 also supports the evidence of differential expression of stomatin 

in species capable and incapable of de novo VitC synthesis. There is substantial evidence showing 

increased volumes of adipogenic-related TFs in the proximal region of the stomatin gene in species 

incapable of de novo VitC synthesis, as well as more highly-conserved binding site locations 

between these species. These data suggests that the regulation of stomatin is more closely linked 

to adipogenesis and adipocytes in species incapable of de novo VitC synthesis, and that the 

regulation of stomatin in this manner is important in these species, as shown by the high-level of 

conservation in binding site location and volume. It was also determined that the regulation of 

stomatin in other cell types was similar between species capable and incapable of de novo VitC 

synthesis, due to the similar volume of non-adipogenic TF binding sites shared between the two 

groups. Furthermore, the adipogenic TF binding sites present in the proximal region of the stomatin 

gene in species capable of de novo VitC synthesis show little conservation between species, 

suggesting that the regulation of stomatin by adipogenic TFs is not important to conserve between 
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these species. These data, once again, suggest that stomatin is expressed in greater amounts in the 

adipocytes of species incapable of de novo VitC synthesis and that this increase in expression and 

regulation is most likely to facilitate DHA transport via GLUT1 modulation. Much like the findings in 

Chapter 4, there are essentially no other studies to compare this research to, due to the novelty of 

the research produced. As mentioned in Chapter 5, there are some limitations to these findings, 

particularly regarding the ability of the adipogenic-related TFs abilities to regulate genes unrelated 

to adipogenesis. Also, the sequence identities of the species capable of de novo VitC synthesis and 

species incapable of de novo VitC synthesis are not similar, with the Mouse and Red Junglefowl 

believed to have a considerably lessened sequence identity, with respect to the high sequence 

identity observed between humans and Rhesus Macaques. This lack of identity does weaken the 

argument that suggests a lack of conservation in adipogenic-related TFs in species capable of de 

novo VitC synthesis. Limitations like these weaken the data provided here on its own, but when 

presented with the data from Chapter 4 provides compelling evidence of differential regulation and 

expression of stomatin depending on a species ability to synthesis VitC de novo. In future research 

regarding the differential regulation of stomatin, it would be beneficial to utilise different species 

that also show divergence on the ability to synthesise vitamin C de novo. It would also be beneficial 

to know the sequence identities of the different species examined, as this can be used to interpret 

the significance of similarities and differences observed in the species’ proximal regulatory 

elements. A broader pool of species would also provide more significance to any findings, more 

observable trends in regulation and conservation between species, as well as more reliability to the 

overall data produced. It would also be beneficial to analyse a wider range of TFs, particularly those 

related to adipogenesis, in order to provide more reliability and significance to any trends observed.   

The data presented in Chapter 6 suggests that stomatin mRNA levels are not affected during 

obesity, which initially does not support the hypothesis that stomatin is responsible for the majority 

of VitC transport in human adipocytes. This is because of the evidence presented in 1.5 showing 

that one reason for a reduction in HMW adiponectin during obesity is reduced VitC uptake in 

adipocytes; this reduction in VitC uptake is believed to be due to an issue with adipocyte VitC 

transport proteins which would predominantly be stomatin, if the hypothesis of stomatin’s role in 

adipocyte VitC transport is correct. Whilst the data presented in Chapter 6 appears to not support 

stomatin’s role as the predominant VitC transporter due to its stable mRNA levels in lean and obese 

states, it also suggests that stomatin action or production may be affected during obesity at the 

proteomic level. Stomatin undergoes post-translational modification to become an oligomeric 

scaffolding protein, allowing it to support cell membranes169, although the enzymes which control 

this multimerization have to be defined. Therefore, it is likely that, in an obesogenic environment, 
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the expression and/or regulation of the enzyme(s) controlling the post-translational modification 

and/or trafficking of stomatin to the plasma membrane is reduced, resulting in reduced stomatin 

production and/or trafficking and therefore reduced activity, with respect to DHA transport. This 

theory is probable as obese adipocytes are known to show reduced activity of certain enzymes 

controlling post-translational modifications; for instance, the expression of PKA-R2B, the key 

regulatory subunit of PKA, an enzyme which controls post-translational modification of a wide 

range of proteins, is significantly reduced in obese adipocytes, resulting in decreased PKA activity170. 

The research that occurred in Chapter 6 naturally had some limitations, such as the variability seen 

in control samples, the low sample size for some GSE datasets, as well as the absence of any 

timecourse for analysis. In future experiments regarding this topic, all investigations should be 

performed on cells cultured in vitro, to reduce the variability seen in cell samples as a result of 

cellular origin and culture methods. Also, the expression profile of stomatin should be monitored 

during adipogenesis of preadipocytes from lean and obese individuals, as the expression profile of 

stomatin tends to peak in the earliest stages of differentiation, as shown in Chapter 4, and may be 

affected during obesity.  

It is important to mention that this study originally began as an in vitro investigation into the 

transporters of VitC in adipocytes but was converted to in silico research as a result of the 

Coronavirus pandemic. As a result of the pandemic and subsequent lockdowns, all ongoing in vitro 

research was ceased and was never continued, predominantly due to the uncertainty of whether 

laboratories would remain open throughout the year. A range of other experiments were planned 

for in vitro investigations to determine which of the proteins related to VitC transport were the 

most predominant in adipocytes. Such experiments included gene knockout procedures coupled 

with VitC treatment in cultured cells, as well as studying VitC uptake in cells in an obesogenic 

environment. These experiments will be undertaken in future research projects, with the assistance 

of the findings made in this in silico study.  

As mentioned previously, this study is the first to investigate the actions of stomatin, with respect 

to VitC transportation, in adipocytes. As such, there is very little published data to compare and 

refer to when analysing the data presented here. To improve the significance of this data, the 

expression of stomatin in other cell types should be analysed to discover correlations between 

expression profiles in these cells and the expression profiles generated here. However, this is not a 

current possibility, as the concentrations of VitC uptake in adipose tissue have not been fully 

investigated either; this means that any comparisons drawn between stomatin expression in 

adipocytes and other cell types cannot be compared reliably, as the concentrations of VitC required 
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by each cell type may differ greatly, potentially affecting the expression of stomatin and other VitC 

transporters.  

To summarise the findings of this project, a model of the hypothetical stomatin-DHA-adiponectin 

axis was generated, as shown in Figure 7.1. This figure, whilst accurately summarising the 

hypotheses outlined throughout this study, also highlights areas which must be investigated in 

future experiments. Firstly, the concentrations of VitC required by adipose tissue must be 

investigated, as this data will allow stomatin expression in adipocytes to be compared to other cell 

types, such as erythrocytes, which are known to express high levels of stomatin for use in DHA 

transport87. Also, gene-knockout experiments should be performed on each of the genes which 

encode proteins related to VitC transport, in order to confirm that stomatin is differentially 

expressed and regulated between species capable and incapable of de novo synthesis; these 

experiments should also be repeated in murine cells. These investigations could provide more 

evidence of stomatin’s differential regulation and expression between the two species groups, 

further supporting the hypothesis that stomatin may act as the predominant VitC transporter in 

human adipocytes. In order to fully characterise the axis presented in Figure 7.1, stomatin must 

also be investigated at the proteomic level in lean and obese human adipocytes, as a reduction in 

stomatin production in obese adipocytes would greatly support the hypothesis that stomatin is the 

predominant human adipocyte VitC transporter. If stomatin protein concentrations are reduced in 

obesity, the proteins responsible for the post-translational modification and trafficking of stomatin 

must be investigated next, in order to highlight which protein is most likely affected during obesity. 

This would naturally lead to investigations into how obesity affects this protein, which may be 

investigated in a similar manner to his study, using comparative analysis of gene expression profiles, 

regulation and protein interactions in lean and obese adipocytes. Altogether, these investigations 

would be able to provide a model by which adiponectin multimerization is reduced in obesity, 

providing novel therapeutic targets for obesity. These targets would most likely result in the 

upregulation of stomatin expression or the expression of proteins controlling its post-translational-

modification and/or trafficking.  
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Figure 7.1: Model of the hypothetical stomatin-DHA-adiponectin axis in lean human adipocytes (A) and obese human adipocytes 

(B). In lean human adipocytes, adipogenic and non-adipogenic transcription factors promote the expression of stomatin (1). 

Translated stomatin is trafficked to the plasma membrane to perform various roles (2). Stomatin may bind and interact with GLUT1 

to increase its affinity to DHA (3). Increased intracellular DHA is utilised in the ascorbate recycling pathway, producing ascorbate at 

the expense of other antioxidants (4). Newly recycled ascorbate, as well as small concentrations of extracellular ascorbate trafficked 

by SVCT2, are utilised as a cofactor to prolyl- and lysyl-hydroxylases in adiponectin multimerization (5). HMW adiponectin is 

trafficked out of the adipocyte into the circulation, where it elicits a range of anti-diabetic, anti-inflammatory and anti-atherogenic 

effects (6). In obese human adipocytes, stomatin transcription and translation is stimulated as normal (1) resulting in the production 

of normal levels of stomatin, with respect to lean human adipocyte levels (2). However, unknown obesity related complications 

affect either post-translational modification or plasma-membrane trafficking of stomatin, leading to reduced stomatin in the plasma 

membrane (3). The reduction of stomatin production/trafficking leads to a reduction in stomatin-modulated GLUT1 transport of 

DHA, resulting in reduced levels of ascorbate recycling (4). The lower levels of ascorbate result in decreased amounts of adiponectin 

multimerization (5), resulting in reduced circulating HMW adiponectin and increased circulating LMW adiponectin (6). This results 

in a reduction in the beneficial effects of HMW adiponectin, resulting in decreased anti-diabetic, anti-atherogenic and anti-

inflammatory effects.  
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Figure 7.1 (continued): Model of the hypothetical stomatin-DHA-adiponectin axis in lean murine adipocytes (C) and obese murine 

adipocytes (D). In lean murine adipocytes, non-adipogenic and smaller amounts of adipogenic transcription factors, with respect to 

levels observed in human adipocytes, stimulate expression of stomatin (1). Stomatin is produced in lower concentrations, with 

respect to levels in human adipocytes, and trafficked to the plasma membrane to perform various roles (2). Instead of utilising 

extracellular DHA trafficked by stomatin-modulated GLUT1, murine adipocytes utilise L-gulonolactone oxidase to convert glucose 

into ascorbate; small amounts of intracellular DHA may also be recycled to ascorbate (3). Intracellular and extracellular ascorbate 

are then utilised in adiponectin multimerization reactions (4), leading to the secretion of HMW adiponectin, which elicits a range of 

anti-diabetic, anti-atherogenic and anti-inflammatory effects. In obese murine adipocytes, the expression of stomatin (1) is 

stimulated as normal, however post-translational modification and trafficking of stomatin is reduced by obesity-related 

complications (2). The de novo synthesis of ascorbate (3) is not affected however, meaning the same levels of ascorbate are available 

for use in adiponectin synthesis (4). This allows for the generation of similar levels of HMW adiponectin observed in lean murine 

adipocytes (5).  
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In conclusion, this project has presented considerable evidence suggesting differential expression 

and regulation of stomatin in the adipocytes of species capable and incapable of de novo VitC 

synthesis. Evidence of differential expression profiles and differential regulation between the two 

species groups, alongside evidence of similarities in expression profiles from other genes encoding 

proteins related to VitC transport, supports the hypothesis that stomatin is responsible for the 

majority of VitC transport in adipocytes, via affinity modulation of GLUT1. Additional evidence 

shows that stomatin mRNA levels are not affected by obesity in human adipocytes, leading to the 

hypothesis that stomatin post-translational modification or trafficking may be downregulated in 

obesity. These findings have been used to produce a hypothetical stomatin-DHA-adiponectin axis, 

providing a mechanism by which obesity may reduce adiponectin multimerization through 

reductions in post-translational modification and/or trafficking of stomatin, leading to a reduction 

in DHA transport and ascorbate recycling for use in adiponectin multimerization.  

In the future, research will focus on characterising the effects on VitC transport in adipocytes in the 

absence of stomatin, as well as investigating the effects of obesity on stomatin at the proteomic 

level. Additionally, an extended study on SGBS preadipocyte differentiation past the recommended 

14 day period, up to a period of 21 days, would be useful to determine any fold changes in 

expression of stomatin post-differentiation. Furthermore, an investigation into the expression of 

stomatin, and the effects of its loss, in different adipose depots could provide great insight into the 

importance of stomatin and varying adipose depots, such as bone marrow adipocytes, in the 

production of adiponectin. If these investigations and hypotheses are found to be correct, stomatin 

production, post-translational modification and trafficking may be considered as novel therapeutic 

targets for the treatment of low HMW adiponectin levels in obesity.   
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Supplementary Figure 1: Raw expression values of FABP4 from GSE123385: Expression values were normalised to aid in analysis 

with other GSE datasets. Normalisation is performed by dividing the raw value by the average of the 3 values for day 0. The third
 

sample for day 0 was cultured with FCS. If this value was considerably different from the other 2 values of day 0, it would be excluded 

from the normalisation calculation.  

Supplementary Figure 2: Transformed FABP4 expression values from GSE77532. Preadipocytes were split into control and 

adipogenic groups to analyse differences in gene expression. 4 repeats were generated to achieve statistical significance. Data was 

transformed into a fold change using the following expression [2^ (adipogenic sample-control sample)], and averages were 

generated to aid in comparative analysis with the SGBS preadipocytes. 
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Supplementary Figure 3: Ordinary one-way ANOVA of GSE123385 (A) and GSE77532 (B). 
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Supplementary Figure 4: Comparison of adipogenic (A) and non-adipogenic (B) transcription factor binding site volume in the 

proximal region of stomatin from various species. TF binding sites were screened for 5 kilobases upstream of the stomatin TSS (100 

- -5000) in the human (Hu), Rhesus Macaque (Rhe) Mouse (Mo) and Red Junglefowl (Chi) genomes. Percentage of TF binding sites 

in the stomatin proximal regions, with respect to the human proximal region, is shown in grey. GATA6 data are highlighted red to 

indicate their role as a repressor of adipogenesis. MLXIPL and RORB data are highlighted blue to indicate their activity is mostly 

observed in the later stages of adipogenesis.  


