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ABSTRACT  

Obesity, characterised by excess fat, is a huge risk factor for both insulin resistance and Type 2 diabetes 

(T2D). Current treatments are only partially effective. Regulator of Calcineurin 1 (RCAN1), a gene on 

chromosome 21, is highly expressed in the brain, heart and metabolic tissues such as the adipose tissue 

and pancreatic β-cells. RCAN1 is an endogenous inhibitor of the protein phosphatase, calcineurin, in 

the calcineurin-NFAT pathway. Recently, it was shown that RCAN1 was a candidate driver of β-cell 

dysfunction in T2D (Peiris et al., 2012, Peiris et al., 2016) and was increased with obesity. Rcan1-/- mice 

on a high fat diet (HFD) exhibited a lean phenotype and had increase browning of white adipose tissue 

(WAT) (Rotter et al., 2018). However, it is unknown if other mechanisms, apart from thermogenesis, 

are responsible for this phenotype. The recent discovery of a novel suite of drugs that inhibits RCAN1 

could be a potential therapeutic for obesity and T2D. This is possible if the drugs are successful in 

decreasing lipid storage in adipocytes, increasing proliferation and decreasing apoptosis in pancreatic 

β-cells.  

Therefore, the aims of this research include determining the minimum concentration of five inhibitors 

of RCAN1-calcineurin association (IRCA) drugs that were not lethal to cells and are effective in 

reducing fat storage in adipocytes, increase proliferation and decrease apoptosis in β-cells. Additionally, 

to extend our understanding of mechanisms in the adipose tissue that could drive the anti-obesity effects 

in Rcan1-/- mice, we aimed to investigate gene expression changes associated with lipolysis, 

adipogenesis and lipogenesis in the WAT of Rcan1-/- mice compared to wild-type. To investigate 

possible factors that might induce RCAN1 expression, several factors were investigated in adipocytes. 

The results of this study showed an increase in fat storage in adipocytes, instead of a reduction, when 

the effective minimum concentration of IRCA drugs were determined. This was observed only in more 

diluted concentrations of the IRCA drugs used, suggesting possible off-target effects not specific to 

RCAN1-calcineruin interaction. The effective minimum concentration of IRCA drugs on β-cells were 

determined and their effects on proliferation and apoptosis-associated gene expression were tested. 

Whilst no expression changes were found, a significant increase in real-time proliferation was found 

when IRCA1 was used to treat β-cells compared to control. Furthermore, there were gene expression 

changes associated with lipolysis, lipogenesis and adipogenesis in WAT from Rcan1-/- mice and WT 

mice fed a low-fat diet (LFD) and a HFD. These novel pieces of data add to our understanding of the 

lack of HFD-induced obesity phenotype seen in our Rcan1-/- mice in a recent publication (Rotter et al., 

2018). Moreover, the use of several factors significantly increased gene expression of RCAN1 isoforms, 

Rcan1.1 and Rcan1.4, in adipocytes. Overall, the findings of this research provide exciting and new 

insights into possible mechanisms involved in Rcan1-/- mice adipocyte function. We have also identified 
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a potential new therapeutic that increases the proliferation in β-cells and we now have a broad overview 

of factors that could upregulate or downregulate RCAN1 gene expression in adipocytes. 
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1.1 General Introduction 

Diabetes, defined by hyperglyemia (Bouret et al., 2015) due to partial or full decline in b-cell mass and 

insulin insufficiency (Heit, 2007, American Diabetes, 2010), is a multifactorial and severe metabolic 

disorder projected to be the 7th leading cause for death globally by 2030 (World Health Organisation, 

2016). Comorbidities associated with diabetes also contribute to increasing health and healthcare cost. 

There are several types of diabetes (Table 1.1). An estimated 1 million Australians have clinical diabetes 

and 3 million are expected to have diabetes by 2025. In Australia, the annual cost estimates to be 14.6 

billion and Type 2 diabetes (T2D) constitutes 90% of all types (Diabetes Australia, 2015).   

Table 1.1 Diabetes types (Diabetes Australia, 2015) 

Types Information 

Type 1 (T1D) • 5% incidence 
• Immune destruction of β-cells   

Type 2 (T2D) • 90% incidence 
• Typically late onset   
• Increasingly developing in children 
• Obesity (↑ fat mass) is a risk factor 

Other types  • Gestational diabetes mellitus (GDM) 
• Monogenic diabetes e.g. Maturity onset diabetes of the young (MODY)  
• Pharmacologically-induced diabetes  
• Neonatal diabetes mellitus (NDM) - temporary/ permanent 

 

Type 1 diabetes (T1D), immune-mediated diabetes, account for approximately 5% of all cases. T1D 

usually occurs in children and arises from the autoimmune destruction of β-cells in the pancreas due to 

CD4+ and CD8+ T cells and macrophages targeting β-cell antigens leading to insulin secretion 

deficiency and hypoinsulinemia (Gillespie, 2006). It is currently held that both T1D and T2D have 

underlying genetic predisposition outlining its etiology (Dotta et al., 2005, Peiris et al., 2016).  

Globally, T2D a poorly understood disease, is constantly on the rise and driven by increased rates of 

obesity, which often occurs together (Bouret et al., 2015, World Health Organisation, 2016). The 

pathology of T2D will be discussed in further sections. Obesity, a global epidemic (Gesta et al., 2007), 

is a chronic condition that affects all age groups and is associated with mortality and morbidity, 

decreasing life expectancy by 6-20 years (Bouret et al., 2015). Old age, obesogenic side-effects of drugs, 

disease (e.g. hypothyroidism), increased food consumption, lifestyle and genetic predisposition 

(Caterson and Gill, 2002) can result in obesity. Body mass index (BMI), an anthropometrical standard 

measure of overweight and obesity (National Insitutes of Health, 1998, World Health Organisation, 
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2000), is weight in kilograms divided by height in meters squared (Deurenberg et al., 1991). Obesity is 

determined by a high BMI of  ³30kg/m2 (Bouret et al., 2015). Having excess body fat is associated with 

cardiac and metabolic conditions and peripheral insulin resistance (Despres, 1993) – all hallmarks of 

T2D and its complications. This risk is heightened with an increased distribution of visceral fat (Gesta 

et al., 2007). The dysregulation of energy metabolism is central to both obesity and T2D. Therapies for 

obesity-associated T2D must ameliorate its pathophysiology, however, no cure has been found to treat 

both. Current treatments are successful to a certain degree, however, off-target effects prevail. 

Exploring both long-lasting drugs and genes responsible for β-cell dysfunction in T2D are essential in 

furthering our understanding of the pathophysiology of obesity-related T2D. 

1.2 Physiological Glucose Homeostasis  

Essential for survival, glucose concentrations in the blood are tightly regulated within a narrow range 

to maintain glucose homeostasis as blood glucose fluctuate in states of fasting and after consumption 

of food (Czech, 2017). Key tissues in glucose homeostasis are the liver, adipose tissue, skeletal muscle 

(Carnagarin et al., 2015), brain and pancreas (Roder et al., 2016). Nutrients are regulated and 

metabolised according to the requisite needs of individual tissues, achieving a balance between 

regulatory (insulin) and counter-regulatory (glucagon) hormones secreted by the pancreas regulating 

fuel storage and mobilization (Nolan et al., 2011) (Figure 1.1). In healthy adults, normoglycemia is 

maintained at a range of 80 to 100mg (Geva et al., 2019) and fluctuates after a meal and in-between 

meals. Figure 1.1 summarises glucose homeostasis in the body. In particular, hyperglycemia (high 

blood glucose) occurring in T2D, involves the dysregulation of glucose homeostasis due to insulin 

resistance in metabolic tissues (Samuel and Shulman, 2012). Overall, obesity, insulin resistance and 

T2D contributes to the dysregulation of glucose homeostasis and metabolism observed in obese-

induced T2D patients (Bouret et al., 2015). These will be discussed in further sections of this 

introduction.  
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Figure 1.1 Glucose homeostasis by actions of various organs and maintained differently in fasting 

and fed states. ‘G’ indicates glucose, ‘FFA’ indicates free fatty acids and ‘AA’ indicates amino acids. 

Arrows of different sizes indicate amount of glucose received. In the fasted state, the predominant 

hormone is glucagon (secreted by α-cells) that acts on the liver. Hepatic glycogenolysis and 

gluconeogenesis produces endogenous glucose (Czech, 2017). Some of this glucose is delivered to 

insulin-dependent tissues (e.g. muscle and adipose tissues) for self-utilisation and these tissues will 

undergo protein catabolism and fatty acid oxidation (Dean, 2004). In the fed state, the predominant 

hormone is insulin (secreted by β-cells) that inhibit the actions of glucagon. Pancreatic β-cells are able 

to detect changes in the blood glucose (Sharabi et al., 2015). Insulin acts on the liver to inhibit de novo 

glucose production to achieve glucose homeostasis. This glucose is also transported to the brain for 

utilisation and to adipose tissue and muscle for storage (Nolan et al., 2011). 
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1.3 Pancreas 

The pancreas is a key organ in managing metabolism and glucose homeostasis throughout the body. 

The pancreas functions as an exocrine organ (secreting pancreatic juices and digestive enzymes into the 

duodenum) (Husain and Thrower, 2009) and as an endocrine organ (producing insulin, glucagon, and 

somatostatin) within different cell types in the islets of Langerhans (Jouvet and Estall, 2017) (Figure 

1.2). Within the islets of Langerhans, pancreatic b-cells make up the majority of islet cells (65-80%). 

These b-cells, the only source of endogenous insulin in the body (Bouret et al., 2015), releases insulin 

in response to high blood glucose as part of the glucose homeostatic mechanism. Insulin is released 

through the process of glucose-stimulated insulin secretion (GSIS) (Herman and Kahn, 2006), discussed 

in the next section. 

Figure 1.2 Anatomy of a human pancreas (Roder et al., 2016).  Islet cells include the α-cells (secretes 

glucagon), δ-cells (secretes somatostatin), g-pancreatic polypeptide-cells (produce pancreatic 

polypeptide to auto-regulate endocrine and gastrointestinal secretion, ε-cells (that produces ghrelin) and 

the pancreatic b-cells (secretes insulin) (Bouret et al., 2015). 

Image removed due to copyright restriction.
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1.3.1 Insulin and Glucose-Stimulated Insulin Secretion (GSIS) 

The insulin gene encodes pre-proinsulin, a precursor of insulin, synthesized by the ribosomes of the 

rough endoplasmic reticulum (rER). Pre-proinsulin undergoes a sorting process in the rER and the 

Trans-Golgi Network (Halban, 1991), necessary to enable formation of dense-core secretory granules 

upon glucose stimulation (Hou et al., 2009). Insulin activates protein and lipid synthesis and storage of 

glucose as glycogen in the liver and the muscle (Michael et al., 2000). In the adipose tissue, insulin also 

induces fatty acid storage (Sharabi et al., 2015). Insulin also has roles in the central nervous system, 

impacting food intake and satiety by regulation gut hormones such as leptin (Banks et al., 1997).  

Circulating insulin binds to heterotetrameric insulin receptors located on cell membranes of target 

tissues (e.g. liver, muscle and adipose cells) to store or to take up glucose (Jouvet and Estall, 2017). 

The insulin receptors are made up of two extracellular a-subunits, forming the insulin-binding site and 

linked to two b-subunits via disulfide bonds (De Meyts, 2004). The binding of insulin brings about a 

conformational change in receptor α-subunits, allowing for the entry of ATP that binds to β-subunits, 

auto-phosphorylating the receptor and inducing a cascade of intracellular phosphorylation. The insulin-

receptor substrate (IRS) 1 and 2 are phosphorylated and downstream phosphorylation with intracellular 

molecules eventually results in an increase in glycogen, lipid and protein synthesis and the translocation 

of the GLUT2, the sole glucose transporter in b-cells (Sharabi et al., 2015), to the plasma membrane 

(Shepherd and Kahn, 1999, Youngren, 2007).  

Insulin secretion is regulated by exocytosis in b-cells. Synaptic proteins such as soluble N-

ethylmaleimide-sensitive fusion (NSF) protein and the attachment protein of NSF, communicates with 

the membrane bound receptor SNARE proteins, essential in the regulation of exocytosis of insulin and 

the fusion of synaptic vesicles with the plasma membrane prior to the release of insulin from vesicles 

(Wheeler et al., 1996). Synaptobrevin and pre-synaptic plasma membrane proteins, namely 

synaptosome-associated protein 25 (SNAP-25) and syntaxin (Sudhof, 1995), are SNARE proteins 

essential for granule fusion and acts to couple Ca2+ channels to secretory granules (Meldolesi and 

Chieregatti, 2004), exposing a subset of release-competent granules (readily releasable pool; RRP) in 

response to high Ca2+ levels (Rorsman et al., 2000). The process of GSIS is summarised in Figure 1.3. 

Insulin exocytosis of insulin granules from islet b-cells are tightly regulated to maintain glucose 

homeostasis and is stimulated in the presence of the rise in ATP,  due to ATP synthesis by mitochondrial 

oxidative phosphorylation, in the cytoplasm (Koster et al., 2005) (Figure 1.3 ❷). The entry of divalent 

cation calcium (Ca2+) acutely increase intracellularly and triggers exocytosis in β-cells through full 

vesicle fusion or “kiss and run” partial fusion pore (Rorsman and Renstrom, 2003) (Figure 1.3 ❻,	❼). 

Short-term induction (seconds to minutes) of Ca2+ is essential for normal function such as 

cytoprotection, proliferation, insulin synthesis and secretion. However, long-term induction of Ca2+ 
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signalling increases ER stress, apoptosis and affects differentiation in β-cells, resulting in loss of β-cells 

as observed in T2D (Sabatini et al., 2018).  

Figure 1.3 Pancreatic b-cell glucose uptake and insulin release. Image adapted from (Lowell and 

Shulman, 2005). Increase in blood glucose increases glycolysis (❶) to metabolise glucose in pancreatic 

β-cells. This increases intracellular ATP to ADP ratio (❷) which sends a metabolic signal that closes 

the KATP channels (❸) inducing a membrane depolarization (❹), activating voltage-gated Ca2+ 

channels (VDCC) (❺), allowing Ca2+ influx (❻) that signals for insulin exocytosis (❼) thereby 

releasing insulin (Koster et al., 2005).  

Image removed due to copyright restriction.
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1.4 Adipose tissue 

1.4.1 Adipose tissue structure and function 

The adipose tissue functions to provide protection to internal organs and thermal regulation. The 

adipose tissue, the largest energy store in the body (Ramsay, 1996, Jensen, 1997), also functions as an 

endocrine organ and is a key player in whole body energy and glucose homeostasis that directly and 

indirectly modulates appetite, insulin sensitivity and immunological responses (Spiegelman and Flier, 

2001). The adipose tissue consist of two main types; white adipose tissue (WAT) and brown adipose 

tissue (BAT) (Oikonomou and Antoniades, 2019) (Figure 1.4). Adipocytes, arise from mesenchymal 

and mesodermal stem cell origin (Gesta et al., 2007). WAT is the most abundant fat form and functions 

both as an energy store of triacylglycerol and as an endocrine organ that secrete hormones and 

adipokines. In contrast, brown adipose tissue (BAT), dense with mitochondria, functions to dissipate 

heat during thermogenesis (Gesta et al., 2007) by utilising and taking up fatty acids and glucose (Bartelt 

et al., 2011, Rosell et al., 2014). BAT contains the uncoupling protein 1 (UCP1) in the mitochondrial 

membrane that uncouples energy to produce heat rather than ATP (Cannon and Nedergaard, 2004), 

disrupting the movement of proton gradient across the inner mitochondrial membrane (Rosen and 

Spiegelman, 2006). Recently, a third fat type has been discovered: beige adipocytes that arises from 

multi-locular WAT adipocytes that are different from BAT. These beige adipocytes have decreased 

UCP1 levels compared to BAT but can induce UCP1 expression and has the ability to expand oxygen 

usage (Chakkera et al., 2017) which could impact thermogenesis and metabolic regulation.  
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Figure 1.4 Visualisation of all fat depots in mice (de Jong et al., 2015). Fat depots include both 

subcutaneous depots (anterior and posterior) and visceral depots (perineal, perigonadal, mediastinal, 

retroperitoneal and mesenteric) (Fantuzzi and Mazzone, 2014). WAT is present in subcutaneous skin 

around abdominal areas, while BAT is found subcutaneously in inter-scapular, cervical, paravertebral 

and axillar areas (Rosen and Spiegelman, 2006, Rosell et al., 2014). 

Adipocytes, fibrous connective cells of the adipose tissue, are responsible for long-term triglyceride 

storage. Adipocytes are 25-200µm in diameter (Trujillo and Scherer, 2006, Fruhbeck et al., 2001), 

depending on how much triglyceride is stored (Spiegelman and Flier, 1996). Approximately half of the 

content in adipose tissue is made up of other cells such as endothelial cells, fibroblasts, macrophages 

and the other half contains mature adipocytes (Trujillo and Scherer, 2006, Trayhurn, 2007). The lipid 

droplet, a 0.1-100µm organelle, makes up majority of the cell body of a mature adipocyte, functions to 

store triglycerides and plays a role in lipid metabolism. In the central part of the lipid droplet are the 

lipid esters (Fujimoto and Parton, 2011) used for several processes such as β-oxidation and lipoprotein 

synthesis (Brasaemle, 2007). Perilipin, a structural protein unique to adipocytes, covers the lipid droplet 

(Daval et al., 2006) and its function is discussed in further sections of this thesis. Additionally, 

adipocytes perform an array of functions such as secreting adipokines, lipids, fatty acids (Fruhbeck et 

al., 2001) and hormones that have a role in immunity, blood pressure, regulation of nutrient uptake, 

sensitivity to insulin and inflammation. Therefore, adipocytes play a crucial role in the development of 

obesity-related comorbidities such as insulin resistance and T2D.  

Image removed due to copyright restriction.
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1.4.2 Adipose tissue: development and metabolism 

Adipose tissue has roles in glucose homeostasis (Figure 1.1). The amount of lipid present depends on 

processes such as lipoprotein lipase (LPL) hydrolysis, fatty acid uptake, lipid synthesis and 

esterification (Trujillo and Scherer, 2006). During excess caloric availability, mature adipocytes 

function to store triacylglycerol for future energy use. As a whole, the adipose tissue mass is balanced 

by lipolysis, lipogenesis and adipogenesis, regulated by hormones, cytokines and factors related to fuel 

metabolism (Ramsay, 1996). Gene expression changes related to these pathways will be explored in 

Chapter 5. 

1.4.2.1 Adipocyte cell line 
The well-studied (Sarjeant and Stephens, 2012) 3T3-L1 adipocyte cell line is derived from clonal 

expansion of Swiss mouse embryos 17 to 19 days old (Green and Meuth, 1974, Green and Kehinde, 

1976). When confluence is reached, pre-adipocytes transform into adipocytes with accumulation of 

lipid droplets (Ailhaud et al., 1989). These differentiated adipocytes are morphologically (Novikoff et 

al., 1980) and biochemically (MacDougald and Lane, 1995) similar to in situ adipocytes (Sarjeant and 

Stephens, 2012) (Figure 1.5), serving as an excellent in vitro model for the study of adipocytes in 

glucose metabolism (Vishwanath et al., 2013).  

The 3T3-L1 cell lines require glucocorticoid-supplemented differentiation cocktail to induce 

adipogenesis and terminal differentiation (Rubin et al., 1978). The differentiation media includes 

insulin, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (Dex) and biotin (Rubin et al., 1978). 

Insulin modules the differentiation process by increasing lipogenesis, stimulating the uptake of glucose, 

inducing triglyceride synthesis and lipid accumulation thereby promoting the expression of the 

adipocyte phenotype (Green and Meuth, 1974, Russell and Ho, 1976, Ailhaud et al., 1989). The 

synthetic glucocorticoid agonist, dexamethasone, aid pre-adipocytes to become mature adipocytes 

through first activating the expression of transcription factor, such as the CCAAT-enhancer-binding 

protein (C/EBP)δ protein, and activating the synthesis of chondroitin sulphate proteoglycans (Boone et 

al., 2000, Cornelius et al., 1994). IBMX, a competitive non-specific phosphodiesterase inhibitor, 

together with dexamethasone, controls PPARg activity that induces C/EBPδ and C/EBPβ transcription 

factors in adipogenesis and differentiation. IBMX increases intracellular cyclic AMP (cAMP) and 

protein kinase A (PKA) involved in adipogenesis (Pantoja et al., 2008). This is explained in greater 

detail in Chapter 5 of this thesis. Biotin is added as biotin-dependent enzymes, acetyl-CoA carboxylase 

(Mackall et al., 1976) and pyruvate carboxylase, are involved in fatty acid synthesis and replenishing 

of mitochondrial oxaloacetate. High amounts of NADPH are needed for lipogenesis (Mackall and Lane, 

1977). Without biotin, fatty acid synthesis (lipogenesis) cannot occur (Kuri-Harcuch et al., 1978).  
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1.4.2.2 Adipogenesis 
Adipogenesis is a bi-phasic process where fibroblast-like pre-adipocytes, precursor stem cells form 

fibrillar structures, transform into a laminar morphology as the cell move towards being a fully 

developed triglyceride-containing adipocyte (Mariman and Wang, 2010). During this process, pre-

adipocyte change functionally and have increased insulin sensitivity and cell secretion capacity 

(Lefterova and Lazar, 2009). Surplus fat can be deposited into the adipose tissues via adipogenesis 

(Mariman and Wang, 2010, Kim and Nam, 2017, Moseti et al., 2016).  A fully matured adipocyte is 

indicated by the presence of  peroxisome proliferator-activated receptors 2 (PPARg2), glucose 

transporter type 4 (GLUT4) and fatty acid synthase (FAS) (Rosen and MacDougald, 2006).  

Early regulators of adipogenesis and adipocyte differentiation include the transcriptional factors 

peroxisome proliferator-activated receptor gamma (PPARg), CCAAT/enhancer-binding proteins 

(C/EBP)a, b and d and sterol regulatory element binding protein (SREBP)-1 (Spiegelman and Flier, 

1996, Fajas et al., 1999, Kim et al., 1998, Farmer, 2006). Other regulators of mature adipocyte synthesis 

include fatty acid-binding protein 4 (FABP4), adiponectin and fatty acid synthase (Kim et al., 1998). 

PPARγ, nuclear receptors mainly found in adipocytes, are essential in adipogenesis (Rosen et al., 2002) 

and maintenance of mature adipocytes (Imai et al., 2004). The adipose- specific deletion of PPARγ in 

mice decreased size of WAT and caused abnormalities in WAT function (Jones et al., 2005).  

In the fibroblast state, PPARg receptor stimulation induces differentiation, induces expression of genes 

specific to adipose tissue, morphological alterations and increase in lipid density. PPARg, the proximal 

effector of adipogenesis, is essential and sufficient for adipogenesis (Rosen et al., 2000). During 

adipogenesis, C/EBPβ and δ are responsible for the expression of C/EBPα (Cao et al., 1991). C/EBPβ 

and C/EBPδ induces PPARγ expression in the early stages of differentiation, while C/EBPα maintains 

PPARγ expression in later stages of differentiation (Farmer, 2006). Moreover, co-activators such as 

PPAR-g-coactivator-1a (PGC-1a), a co-activator of PPARg and other factors, are also part of the 

differentiation process (Farmer, 2006). Mature adipocytes are terminally differentiated, are filled with 

lipids as triacylglycerol synthesis increases, are also able to sense insulin and secrete various adipokines 

(Shen et al., 2011) (Figure 1.5). The steps for the transformation of 3T3-L1 cells from fibroblast to fully 

differentiated adipocytes is summarised in Figure 1.5. 
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Figure 1.5 Adipocyte differentiation from fibroblast to pre-adipocytes. Image adapted from 

(Cowherd et al., 1999, Boone et al., 2000). There are four stages for the transformation of pre-adipocytes 

into fully mature adipocytes: 1 – pre-confluent proliferation, 2 –confluence-induced growth arrest due 

to contact inhibition, 3 – growth factors induce clonal expansion and 4 – terminal differentiation and 

final growth arrest where lipids are loaded (Cowherd et al., 1999). Stage four is controlled by the PPAR 

family and C/EBP family members, both master regulators of adipogenesis (Farmer, 2006). 

Image removed due to copyright restriction.
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1.4.2.3 Lipogenesis 
Lipogenesis is the synthesis of fat, including the synthesis of fatty acids and triglycerides within the 

adipocytes and hepatocytes from either the diet or de novo synthesis from non-lipid substrates (Kersten, 

2001, Daval et al., 2006). In the fed state, lipogenesis is activated through insulin action on the adipose 

and liver tissues. Both the sterol regulatory element-binding protein 1 (SREBP1) and carbohydrate-

responsive element binding protein (ChREBP) are transcription factors that regulate the expression of 

de novo lipogenesis (DNL) genes and associated enzymes (Brown and Goldstein, 1997, Ruiz et al., 

2014). The process of DNL is described in Figure 1.6 and is reviewed extensively (Lafontan, 2009, 

Chouchani and Kajimura, 2019). 

The SREBP1 family controls the expression of enzymes required for endogenous cholesterol, fatty acid, 

triacylglycerol and phospholipid synthesis (Eberle et al., 2004). SREBP-1a and SREBP-1c are isoforms 

of SREBP family, alternate splice variants of the Srebf1 gene. In the absence of sterols, SREBPs release 

the amino-terminal containing a basic helix-loop-helix leucine zipper domain through site specific 

proteases and SREBPs translocate into the nucleus to bind to specific sterol response elements in the 

promoters of target genes (Brown and Goldstein, 1997, Horton et al., 2002). In particular, SREBP-1c 

activates fatty acid and cholesterol synthesis by binding to sterol regulatory element (SRE) in promoters 

of lipogenic genes, fatty acid synthase (FAS) and ATP-citrate lyase (ACL) (Amemiya-Kudo et al., 2002, 

Shao and Espenshade, 2012). While SREBP-1a has roles in increasing gene expression of acetyl-CoA 

(ACC), FAS and ACL, components of the lipogenesis pathway (Edwards et al., 2000, Shimano, 2009). 

These enzymes are present in the cytosol. The alternate isoform of ACC1 enzyme is ACC-beta (ACC2) 

that is localized to the mitochondrial membrane to limit b-oxidation through malonyl-CoA mediated 

inhibition of carnitine palmitoyl transferase I (CPT1) which catalyses the transfer of long-chain fatty 

acyl-CoA into the mitochondrion (Wakil and Abu-Elheiga, 2009). 

ChREBP is a glucose responsive transcription factor that upregulate genes responsible for fatty acid 

synthesis and glycolysis involved in DNL in the adipose tissue (Uyeda et al., 2002, Iizuka et al., 2004). 

ChREBP binds to the carbohydrate response element (ChoRE) in the promoter regions of transcriptional 

targets FAS and ACC1 (Towle et al., 1997, Herman et al., 2012). ChREBP is a key determinant of 

systemic insulin sensitivity and glucose homeostasis. GLUT 4-mediated glucose uptake induces 

ChREBP which activates DNL in the adipose tissue (Herman et al., 2012). ChREBP-alpha (ChREBP-

α) in combination with max-like protein X (MIx) are bound to the carbohydrate response elements in 

promoters of target genes such as ACL, ACC1, FAS, stearoyl-CoA desaturase-1 (SCD1) and ChREBP-

beta (ChREBP-β). Once activated, ChREBP-β activates target genes that synthesises fatty acids (Iizuka, 

2013, Song et al., 2018). The function of ACL, ACC1 and FAS are summarised in Figure 1.6 and we 

will be looking at the gene expression of these lipogenic enzymes in Chapter 5.  
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Figure 1.6 Adipose tissue de novo lipogenesis. Diagram adapted from (Song et al., 2018). Glucose 

first enters the adipocyte via GLUT4 and undergoes glycolysis, generating citrate at the end of the Krebs 

cycle. In the adipocyte, DNL involves glucose uptake that converts glucose-derived citrate to acetyl-

CoA by ACL. Acetyl-CoA is converted to malonyl-CoA, a long-chain fatty acid, by ACC-alpha 

(ACC1) enzyme (Sullivan et al., 1994). Malonyl-CoA is converted to palmitate by fatty acid synthase 

(FAS) (Kim et al., 1998, Edwards et al., 2000, Shimano, 2009, Tang et al., 2016). Stearoyl-CoA 

desaturase (SCD1) converts palmitate into fatty acids. The glucose metabolites from glycolysis induces 

ChREBP-α activity that joins Mlx to ChORE in the promoter of ACL, ACC1 and FAS, SCD1 and 

ChREBP-β genes. Shown in the diagram, a HFD inhibits DNL by supressing the activation of ChREBP-

β (Song et al., 2018).  

Image removed due to copyright restriction.
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1.4.2.4 Lipolysis 
Triacylglycerols are the main components of intracellular energy stores in lipid droplets (Kulminskaya 

and Oberer, 2019). In states of fasting, glucose is low, lipogenesis is perturbed causing reduced 

triglycerides in white adipose tissue. Lipolysis and glycolysis are activated with the actions of glucagon 

(Figure 1.1). Glycolysis first breaks glucose down into acetyl-CoA for fatty acid synthesis. Lipolysis is 

the process where triglycerides are secreted from their lipid droplet storage in adipocytes (Trujillo and 

Scherer, 2006) and hydrolysed into fatty acids and glycerol that goes into the blood circulation, ensuring 

that sufficient FFA is maintained to accommodate lipid energy requirements during times of fasting 

(Jensen, 1997). Lipid droplets within adipocytes function to store and regulate lipolysis of neutral lipids 

(Greenberg et al., 2011). Lipolysis occurs as both basal and stimulated lipolysis and several enzymes 

are involved (Duncan et al., 2007) (Figure 1.7). These enzymes were studied during stimulated lipolysis 

where their function is best demonstrated. Lipolysis can be stimulated by various stimuli such as 

catecholamines (Langin, 2006).  

Figure 1.7 Lipolysis in adipocyte. Image adapted from (Zechner et al., 2012). PLIN1 functions as a 

protective barrier that restricts access of TG lipases (ATGL and HSL) to stored TG (in the fed state) 

and stabilizes lipid droplets (Brasaemle, 2007, Hansen et al., 2017). ATGL is a rate-limiting enzyme 

for TG hydrolysis in adipocytes, cleaving TG to DG, releasing fatty acids (FA). CGI-58 acts as a co-

activator of ATGL (Lass et al., 2006) while G0S2 attenuates ATGL action by selectively inhibiting TG 

hydrolase activity even in the presence of CGI-58 (Yang et al., 2010). HSL, a cytosolic lipase, mobilises 

free fatty acids (FFA) from the adipose tissue (Sullivan et al., 1994) by converting DG to MG, releasing 

FA. Finally, monoacylglycerol lipase (MGL) converts monoglycerol (MG) to glycerol (G).   

Abbreviations:  

Perilipin 1 (PLIN1) 

Comparative gene identification-58 
(CGI- 58) 

Adipose triglyceride lipase (ATGL) 

Hormone sensitive lipase (HSL) 

Monoglyceride lipase (MGL) 

G(0)/G(1) switch gene 2 (G0S2) 

Non-esterified fatty acids (NEFA) 

Triacylglycerol (TG) 

Diacylglycerol (DG) 

Monoacylglycerol (MG)  

Fatty acid (FA)  

Glycerol (G) 
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Once lipolysis occurs, fatty acids in the blood is oxidised to fulfil the fuel requisite of other tissues or 

re-esterify fatty acids in the adipocyte (Ramsay, 1996). Lipolysis is controlled by the balance of 

lipolytic, anti-lipolytic hormones and biochemical signals. Inducers of lipolysis includes 

catecholamines, a pro-lipolytic hormone, binding to β-adrenergic receptors (β1, β2, β3) coupled to G 

stimulatory proteins that causes an elevated adenylate cyclase (AC) activity. Adenosine triphosphate 

(ATP) is converted by adenylyl cyclase to cAMP, activating the cAMP-dependent protein kinase A 

(PKA) pathway (Jaworski et al., 2007). The cAMP/PKA pathway is described in Chapter 6. PKA, a 

serine/threonine kinase, is involved in phosphorylating and activating lipolysis proteins such as 

PLIN1(Miyoshi et al., 2007), HSL (Carmen and Victor, 2006, Krintel et al., 2008) and ATGL (Pagnon 

et al., 2012). The activation of phosphodiesterase 3B in adipocytes inhibit the cAMP/PKA signalling 

which reduces lipolysis and promotes lipogenesis when insulin is secreted after a meal (Kitamura et al., 

1999). ATGL, a member of the family of patatin domain-containing proteins, hydrolyses triglycerides 

to diacylglycerides in the lipolytic pathway (Figure 1.7). ATGL expression and enzyme activity is 

complex (Lass et al., 2011); ATGL gene expression is increased by peroxisome proliferator-activator 

receptor (PPAR) agonist, glucocorticoids and fasting, while food intake and insulin decreases ATGL 

gene expression (Zechner et al., 2012). ATGL is not regulated by PKA, AMP-activated kinase (AMPK) 

phosphorylates the S406 serine residue that causes an increase in hydrolytic activity of ATGL. AMPK 

involvement in lipolysis is controversial (Zechner et al., 2012). CGI-58, co-activates ATGL and 

enhances ATGL activity up to 20-fold (Lass et al., 2006, Schweiger et al., 2008, Granneman et al., 

2009). When hormonally stimulated, PKA phosphorylates PLIN1 at multiple sites releasing CGI-58 

which interacts with PLIN1, preventing PLIN1 binding and inducing ATGL activity (Miyoshi et al., 

2007, Granneman et al., 2009) (Figure 1.7). G0S2, the most abundant in the adipose tissue and liver, is 

expressed in high amounts after feeding (Yang et al., 2010) and acts as a potent endogenous inhibitor 

of ATGL. G0S2 is specific only for ATGL as HSL, MGL, LPL were not inhibited (Cerk et al., 2014). 

Even in the presence of CGI-58, G0S2 was able to inhibit ATGL activity (Lu et al., 2010, Yang et al., 

2010). An interdependent relationship exists between G0S2 and ATGL. G0S2 was translocated to the 

lipid droplet with ATGL when exposed to β-adrenergic agonists and this translocation was disrupted 

when ATGL expression was reduced (Yang et al., 2010).  

The next lipase in the lipolytic pathway is HSL. Phosphorylation and dephosphorylation regulates HSL 

activity (Daval et al., 2006). Several kinases can phosphorylate HSL such as PKA (Stralfors and 

Belfrage, 1983), AMPK and Ca2+/calmodulin-dependent kinase (Lass et al., 2011). When PKA 

phosphorylates HSL, there is simultaneous phosphorylation of PLIN1, allowing HSL to translocate 

from the cytosol to the lipid droplet surface (Miyoshi et al., 2007). HSL is involved in converting 

diacylglycerol (DG) to monoacylglycerol (MG), releasing a single FA. In a healthy person, insulin acts 

to suppress HSL and adipocyte TG storage is enabled (Lewis et al., 2002). There is a decrease in 

lipolysis in a dietary-induced obesity model in visceral and subcutaneous adipose tissues. HSL 
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phosphorylation also downregulated phosphorylation when stimulated with catecholamines (Gaidhu et 

al., 2010). Finally, MGL breaks down monoacylglycerols (MG) to glycerol (G) in the lipolysis pathway. 

MGL is ubiquitously expressed and found mostly in the adipose tissue (Zechner et al., 2012). Gene 

expression of lipolytic proteins are investigated in Chapter 5.  

1.4.3 Factors secreted from adipocytes 

The adipose tissue, is dynamically involved in an array of cellular functions and secrete various factors 

(Figure 1.8). Apart from glucose and lipid metabolism, adipocytes are also involved in functions such 

as immunity, appetite regulation, coagulation and angiogenesis (Coelho et al., 2013).  The importance 

of these factors is highlighted in diseases. For example, leptin, solely an adipocyte-derived hormone, is 

proportional to the amount of adipose tissue present and has many physiological functions such as 

signalling to the brain to store fats, regulate appetite and energy expenditure (Coelho et al., 2013). In 

obese persons, leptin is increased and plays an important role in obesity-induced oxidative stress 

(Milagro et al., 2006) which is pro-inflammatory in obesity (Ouchi et al., 2011).  

Additionally, adiponectin, an important adipocytokine is also secreted exclusively from the adipose 

tissue (Ghadge et al., 2018), functions to modulate various metabolic processes, such as fatty acid 

oxidation, acts to inhibit glucose production in the liver (Fang and Judd, 2018) and is an adipose-tissue 

specific anti-inflammatory protein. In the obesogenic state, adiponectin is dysregulated and expresses 

inflammatory proteins such as chemokines, cytokines and acute-phase proteins. Macrophages further 

expel cytokines and chemokines that worsen the inflammation (Trayhurn, 2007). The three major 

adipokines that adipocytes produce are tumour necrosis factor alpha (TNF-a), interleukins -1b (IL-1b) 

and -6 (IL-6). TNF-a and IL-6 will be discussed in the context of inflammation in T2D in section 1.5.1. 

Factors from the adipose tissue, listed in Figure 1.8, will be discussed in Chapter 6.  
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Figure 1.8 The adipose tissue secretes various factors for multiple physiological functions (Coelho 

et al., 2013). This list of factors in the diagram is non-exhaustive. 

1.5 Dysregulation of Glucose Homeostasis leads to T2D and Obesity 

1.5.1 Obesity is a risk factor for T2D: insulin resistance 

T2D is a complex late onset condition characterised by increased fasting blood glucose >7 mmol/L 

(>126mg/dl) (American Diabetes, 2019) and is linked to obesity, peripheral tissue insulin resistance 

and progressively worsening insulin insufficiency due to β-cell dysfunction (Leahy, 2005, Hashimoto 

and Tanaka, 2017) (Figure 1.9). Age, obesity, lack of physical activity, belonging to a certain ethnic 

group and having pre-existing health complications, such as hypertension, can increase risk for T2D 

(Colberg et al., 2010). Obesity, hypertrophy of adipose tissue (increased adipocyte mass), can become 

diabetogenic with associations to peripheral insulin resistance and contributes to T2D (McLaughlin et 

al., 2016, Verboven et al., 2018) as well as cancer and other co-morbidities (Fruh, 2017) (Figure 1.9). 

Insulin resistance is the decline in sensitivity to insulin stimulation in insulin-dependent tissues (skeletal 

muscle, liver, adipocytes) causing glucose intolerance (Tagi et al., 2019). Following β-cell dysfunction 

and failure, hypoinsulinemia ensues, leaving no compensatory mechanism for hyperglycaemia and 

affect organs vital for glucose homeostasis (Poitout and Robertson, 2002). This will be discussed further 

in the section 1.5.1.2.  

Image removed due to copyright restriction.
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Figure 1.9 Insulin resistance associated with obesity (Kumar et al., 2014). Adipokines, non-esterified 

FFA and inflammation due to obesity can induce insulin resistance in adipocytes. Pancreatic β-cell 

initially counteracts insulin resistance via compensatory hypersecretion of insulin. When β-cells are 

unable to compensate, β-cell failure and T2D ensues, resulting in lack of insulin secretion and 

hyperglycemia (Kumar et al., 2014). 

Excess adipose tissue in the visceral and deep subcutaneous depots are strongly linked to insulin 

resistance, reducing insulin action to suppress lipolysis and T2D (Grundy et al., 2004). In obesity, the 

overloading of lipids in adipocytes induce macrophage recruitment in the adipose tissue (Figure 1.10). 

Adipokines, TNF-a and IL-6, increases with obesity and act on inflammatory pathways causing 

macrophages to manufacture large amounts of TNF-a through the IKKβ-NF-kβ (inhibitor of nuclear 

factor (NF)-κβ (Iκβ) kinase-β-NF-κβ) and the JNK-AP1 (JUN N-terminal kinase-mitogen-activated 

protein kinases kinase kinase kinase -4-activated protein-1) signalling pathways (Solinas et al., 2007), 

thereby contributing to obesity-induced insulin resistance (Hotamisligil et al., 1995, Tilg and Moschen, 

2008). These pro-inflammatory adipokines can impact β-cell survival (Figure 1.9) directly affecting 

insulin signalling as adipokines can modulate serine phosphorylation of the insulin receptor substrate 

(IRS) (Kanety et al., 1995) and affect insulin secretion (Malin and Kashyap, 2016). Moreover, TNF-α 

also acts to downregulate the gene expression of adiponectin, an anti-inflammatory adipokine (Hector 

et al., 2007) (Figure 1.9). The chronic inflammation in adipose tissue causes an imbalance between 

Image removed due to copyright restriction.
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lipogenesis and lipolysis, the dysregulation of adipogenesis transcriptional factors and impaired lipid 

oxidation via mitochondria b-oxidation (Boone et al., 2000). The non-esterified fatty acids (NEFA), 

released from the adipose tissue, is also a huge contributor to insulin resistance when ectopic fatty acids 

and lipotoxicity ensues (Figure 1.9) and will be discussed in the next section. 

Figure 1.10 The dysregulation of adipose tissue in obesity (Ghaben and Scherer, 2019). Obesity 

causes adipocyte to hypertrophy with increased triglyceride storage and accumulate activated 

macrophages and T-cells. With the expansion of adipose tissue in obesity, adipocytes undergo necrosis 

due to poorer vascularization (Ouchi et al., 2011).   

1.5.1.1 Non-esterified (free) Fatty Acid (NEFA) and Lipotoxicity in Obesity and T2D 
When faced with obesity, the adipose tissue can become dysfunctional due to surplus body fat resulting 

in abnormal adipokine regulation and the misappropriation of non-esterified free fatty acids (NEFA) in 

non-adipose tissues (Danforth, 2000). Long-chain NEFA leads to ectopic lipid accumulation in these 

tissues and eventually lipotoxicity and apoptosis ensues (Kusminski et al., 2009). Lipotoxicity occurs 

due to an imbalance between endogenous lipogenesis and fatty acid oxidation (Poitout and Robertson, 

2002). Moreover, plasma free fatty acids (FFA) are indicative of lipolysis of both TG-rich lipoproteins 

and adipose triglyceride stores, measured against the uptake of re-esterified FFA in the adipose and 

liver tissues and oxidation in other tissues such as the muscle (Lewis et al., 2002). The mobilization of 

NEFA from adipocytes into the blood circulation are hallmarks of the classic development of insulin 

resistance and development of T2D (Lewis et al., 2002). This is confirmed by increased NEFA in the 

blood of diabetic and pre-diabetic patients in both fasted and postprandial states (Roust and Jensen, 

1993, Bergman and Ader, 2000). These pre-diabetic individuals are typically obese. Prolonged high 

plasma FFA level, lipotoxicity impairs β-cell function and reduces insulin secretion, causing individuals 

to be in a hyperglycaemic state (Kashyap et al., 2003). 

Image removed due to copyright restriction.
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1.5.1.2 b-cell dysfunction and Insulin Resistance causes T2D 
T2D is characterised by hyperglycemia and results from insulin resistance and b-cell dysfunction 

(Figure 1.11) that could occur years prior to the actual diagnosis of T2D (Holman, 1998, Cerf, 2013). 

Not every obese person acquires T2D (Despres, 1993). Insulin resistance becomes T2D only if insulin-

secreting β-cells become dysfunctional and are unable to produce adequate insulin for glycemic 

homeostasis. Pancreatic b-cell dysfunction is defined by the drop in insulin release when exposed to 

glucose stimuli (Bagdade et al., 1967, Perley and Kipnis, 1967) or defect in proinsulin to insulin 

transformation (Kahn and Halban, 1997). The loss of β-cell mass and function leads to b-cell failure in 

T2D (Butler et al., 2003). This involves a drop in β-cell volume associated with apoptosis (Butler et al., 

2003). b-cell dysfunction is linked to glucotoxicity (heightened blood glucose) which induce alterations 

to β-cell mass due to decreased rate of replacement through neogenesis or replication of β-cells and 

increased rate of diminishing β-cells due to necrosis or apoptosis (Donath and Halban, 2004). 

Consequently, there is a reduction in β-cell proliferation and β-cell mass therefore resulting in reduced 

insulin secretion, β-cell dysfunction and failure. Both hyperglycemia and hyperlipidemia further 

worsens β-cell dysfunction (Prentki and Nolan, 2006). In db/db mice, b-cells display functional 

alterations in the pre-diabetic state and insulin exocytosis is increased in response to glucose (Do et al., 

2016). Several studies alluded to apoptosis, glucotoxicity, oxidative stress and mitochondrial 

dysfunction as possible contributors to β-cell dysfunction, however, the exact molecular mechanism 

underlying β-cell dysfunction during insulin resistance in T2D is unknown. These are discussed in the 

next section. 

Figure 1.11 T2D is marked by both insulin resistance and b-cell dysfunction. Image adapted from 

(Leahy, 2005). Worsening insulin resistance correlates to progression from normoglycemia to T2D. 

The initial compensation phase allows for the maintenance of normoglycemia. A resulting decline in β-

cell function occurs with a decrease in β-cell number and mass. Eventually, b-cell failure ensues in T2D 

(Lowell and Shulman, 2005). Together, both insulin resistance, b-cell dysfunction and gradual decline 

and eventual failure are characteristic to T2D.  

Image removed due to copyright restriction.
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1.5.1.3 Glucotoxicity and Apoptosis in β-cell dysfunction 
In the initial stages of hyperglycemia, pancreatic β-cells are able to maintain normal glucose tolerance 

with a compensatory increase in insulin secretion (Figure 1.9), brought about by increasing b-cells 

proliferation, insulin synthesis and GSIS (Kahn et al., 1993, Prentki and Nolan, 2006). FLICE inhibitory 

protein (FLIP) is an inhibitor of the Fas induced-apoptosis (Irmler et al., 1997). In normal conditions, 

the presence of sufficient FLIP, a caspase 8 inhibitor, induces β-cell proliferation via the Fas pathway 

(extrinsic apoptosis pathway). This is consistent with the initial compensatory increase of β-cell mass 

and secretion in hyperglycemic conditions. However, prolonged exposure to hyperglycemia results in 

glucotoxicity of β-cells. The β-cell number reduces and β-cell function is impaired, marked by an 

inability to compensate for hyperglycemia and a decrease in β-cell mass by >50% (Rahier et al., 2008). 

Apoptosis is a mechanism of cell death summarised in Figure 1.12. Apoptosis results in alterations in 

β-cell genes or other genes associated with insulin synthesis and secretion (Pick et al., 1998, Federici 

et al., 2001, Maedler et al., 2001). For example, the downregulation of insulin (Robertson et al., 1992) 

and Pdx-1 (Marshak et al., 1999) transcripts due to glucotoxicity results in β-cell apoptosis. A reduction 

in glucose sensitivity (Sako and Grill, 1990, Kaiser et al., 1991) coupled with dysfunctional β-cells 

eventually leads to β-cells failure (Robertson et al., 1994, Moran et al., 1997) (Figure 1.11). Exposure 

to chronic hyperglycaemia and cytokines, FLIP switches from proliferation to apoptosis. Glucotoxicity 

prevents FLIP protein synthesis and activates the Fas signalling pathway to induce β-cell apoptosis 

(Maedler et al., 2002). This is consistent with the eventual decline in β-cell mass and function in T2D. 

Genes associated with apoptosis are investigated in Chapter 4.  
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Figure 1.12 General mechanisms of apoptosis pathway (Kumar et al., 2014). Apoptosis involves 

both the intrinsic pathway and the extrinsic pathway that results in activation of caspases downstream. 

The mitochondrial pathway BCL2 family of proteins, regulate mitochondrial permeability, becomes 

imbalanced due to loss of survival signals, DNA damage and other insults, thereby activating BH3-only 

protein sensors that antagonises anti-apoptotic proteins (BCL2) and activates pro-apoptotic proteins 

(BAX and BAK). There is subsequent leakage of cytochrome c that activate caspases 9. In the death 

receptor pathway, plasma membrane receptors (Fas ligands) binds to Fas and activate adaptor proteins 

that activates caspase 8. Once caspase 8 or caspase 9 are activated, subsequent executioner caspases, 

such as caspase 3, act to breakdown structural components of the nuclear matrix and cause nuclear 

fragmentation of nuclei in the downstream apoptosis pathway. 

1.5.1.4 Oxidative stress in Obesity and T2D 
Oxidative stress can occur from greater exposure to oxidants such as intracellular production of reactive 

oxygen species (ROS) and endoplasmic reticulum (ER) stress (Riemer et al., 2009) coupled with the 

downregulation of protective mechanisms against oxidants (Davies, 1999). Oxidative stress is increased 

in the presence of hyperglycemia which induces the downregulation of insulin transcription through 

upregulation of oxidative stress-induced gene, Myc, implicated in both b-cell dysfunction and apoptosis 

(Kaneto et al., 2002, Pascal et al., 2008). Islets damaged by oxidative stress are unable to repair 

sufficiently due to poor DNA repair mechanisms (Modak et al., 2009). Oxidants, such as ROS, a 

resulting by-product of mitochondria oxidative phosphorylation in β-cells glucose metabolism, is 
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important for normal physiology (Turrens, 2003). However, overproduction of ROS, coupled with the 

decrease in antioxidants (e.g. superoxide dismutase, glutathione peroxidase 1 and catalase (Lenzen, 

2017, Tonooka et al., 2007)) and worsening glucotoxicity and diabetes (Robertson, 2004) leads to 

diabetic complications such as β-cell dysfunction, lipotoxicity and increased NEFA (Maritim et al., 

2003, Robertson et al., 2003). The decline in b-cell function and eventual failure is linked to impaired 

mitochondria function (Poitout and Robertson, 2002, Tanaka et al., 2002) discussed in the next section. 

Oxidative stress is derived from various sources (Maritim et al., 2003); ROS is produced by phagocyte-

like NADPH oxidases (NOX2) in β-cells that increases ROS production and decreases cAMP 

production, altering the secretory response (Li et al., 2012). Overall, the mitochondria remain the main 

source of ROS in T2D β-cells (Marchetti et al., 2004, Robertson, 2004). 

The overall effect of oxidative stress is the induction of insulin resistance in peripheral tissues due to 

ROS overproduction (Furukawa et al., 2004). Obesity induces oxidative stress locally in WAT (Keaney 

et al., 2003), damaging proteins associated with lipolysis (Curtis et al., 2010) and dysregulating insulin 

signalling (Demozay et al., 2008). Obesity-induced oxidative stress is strongly linked  to T2D defined 

by hyperglycemia, increased lipid levels (Beltowski et al., 2000), chronic inflammation (Fernandez-

Sanchez et al., 2011), decrease in adiponectin levels, increase in inflammatory cytokines (e.g. TNF-α) 

(Furukawa et al., 2004), overproduction of leptin (Milagro et al., 2006) and mitochondrial dysfunction 

(Martinez, 2006).  

1.5.1.5 Mitochondrial dysfunction and T2D 
The mitochondria are essential for metabolic processes such as oxidative phosphorylation, substrate 

oxidation, generation of ATP and ROS clearance. Mitochondria are necessary for KATP-dependent GSIS 

by pancreatic b-cells that utilises mitochondrial generated ATP (Wollheim, 2000, Maechler and 

Wollheim, 2001) (Figure 1.3). Obesity, insulin resistance and T2D are linked to increased ROS 

production and when not managed, ROS can cause mitochondrial damage via DNA fragmentation, 

protein crosslinking and peroxidation of membrane phospholipids and the induction of stress pathways 

(Fariss et al., 2005). Mitochondrial dysfunction impact negatively on fusion and fission of the 

mitochondria (Montgomery and Turner, 2015), lowering ATP generation, reducing mitochondrial 

mass, decreasing responsiveness to glucose and over producing ROS which contributes to insulin 

resistance (Anello et al., 2005, Montgomery and Turner, 2015). Increased mitophagy results in a 

reduction in mitochondria number, reducing oxidation via the electron transport chain (Montgomery 

and Turner, 2015). Moreover, the apoptosis pathway is linked to the mitochondria (Orrenius, 2004) 

where caspase 3 activation and cytochrome c are exported and are part of mitochondrial-regulation of  

β-cell mass (Mulder and Ling, 2009) (Figure 1.12). Furthermore, genetic and epigenetic changes can 

alter both metabolic enzymes and function in β-cell mitochondria. Mitochondrial number is affected by 

fission of already existing mitochondria and fusion and fission could affect mitochondrial structure that, 
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in turn, affects proton and protein diffusion (Mulder and Ling, 2009). Basal ATP levels were increased 

in T2D human islets, however, the increase in ATP did not induce insulin secretion and glucose 

induction did not hyperpolarize the mitochondrial membrane. These alterations are attributed to changes 

in the mitochondria of β-cells as there was an increase in expression of complex I and V in these patients 

(Anello et al., 2005). Additionally, Tfam (mitochondrial transcription factor A gene) controls expression 

of the mitochondrial DNA (mtDNA) and b-cell specific deletion of Tfam gene in mice resulted in islets 

displaying a perturbed respiratory-chain activation and decreased GSIS upon glucose stimulation (Silva 

et al., 2000). This further highlights the role of mitochondria in β-cells.  

Moreover, mitochondria also have a role in WAT that involves the regulation of metabolism and the 

generation of ATP (Spiegelman and Flier, 2001), energy expenditure, insulin resistance and 

adipogenesis.  Mitochondria is present in low amounts in WAT, compared to BAT and β-cells, and 

mitochondrial dysfunction in WAT has been understudied. WAT-specific ablation of Tfam in mice, 

upregulated mitochondrial fatty acid oxidation, protected mice from both age- and diet- associated 

obesity, insulin resistance and liver steatosis (Vernochet et al., 2012). In db/db mice adipocytes, 

decreased mitochondria and dysregulation in mitochondrial respiration were found (Choo et al., 2006). 

Additionally, obese human sWAT demonstrated a decrease in mtDNA, mitochondrial oxidative genes, 

oxidative phosphorylation mechanism, fatty acid oxidation was inverse to insulin resistance (Heinonen 

et al., 2015), increased ROS production and damage linked to decreased mitochondrial antioxidant 

enzymes, superoxide dismutase and glutathione peroxidase (Chattopadhyay et al., 2015). Overall, 

mitochondrial dysfunction in WAT could contribute to the insulin resistance in the adipose tissue of 

obese and T2D patients. Mitochondrial biogenesis and the expression of the thermogenic gene, UCP1, 

is increased, inducing browning of WAT to beige fat with cold exposure, b-adrenergic stimulation 

(Barbatelli et al., 2010) and being on high caloric diet. The increase in UCP1 is linked to the decrease 

in diet-associated obesity. Taken together, the role of mitochondria is important in WAT. 

1.5.2 Genetic basis of T2D and obesity 

T2D pathology is complex and risk of T2D could arise from both genetic and acquired pre-disposition 

that are not completely understood (Leahy, 2005). Genome-wide association studies (GWAS) 

demonstrated that T2D risk is polygenic. A large number of genes are linked to T2D risk loci involved 

in pancreatic b-cell regulation (Prasad and Groop, 2015). This is critical as pancreatic b-cells are the 

only source of endogenous insulin produced in the body. Increasingly, new genes are being linked to 

obesity susceptibility (Bell et al., 2005, Dahlman and Arner, 2007). Furthermore, correlating islet 

microarray gene expression data with insulin secretion and HbA1c, specific genes (GLR1A, PPP1R1A, 

PLCDXD3, FAM105A and ENO2) were identified to be implicated in T2D (Taneera et al., 2015). Both 

DNA methylation studies and epigenetic changes are implicated in the pathology of T2D and obesity 

(Prasad and Groop, 2015, van Dijk et al., 2015). Obesity-related genes can disrupt energy homeostasis 
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in the body causing a rise in both adipocyte number and lipid amount (Spiegelman and Flier, 1996, 

Farmer, 2006). Patients with Down syndrome (DS) often have T2D. Using a Down syndrome screening 

approach, our lab has recently identified a single gene, regulator of calcineurin 1 (RCAN1), implicated 

in the pathogenesis of T2D (Peiris et al., 2012, Peiris et al., 2016) and plays a role in preventing diet-

induced obesity (Rotter et al., 2018). This will be discussed further in section 1.7. 

1.6 RCAN1 and the Calcineurin-NFAT pathway 

1.6.1 RCAN gene and nomenclature 

There are three RCAN genes, namely RCAN1, RCAN2 and RCAN3 found to date and RCAN1 is the best 

studied (Davies et al., 2007). This gene is well conserved in mammals (Hilioti and Cunningham, 2003). 

Previously known as Down syndrome critical region 1 (Dscr1), RCAN1 was first identified as a 

sequence expressed on a yeast artificial chromosome clone which contained a portion of gene known 

as Down syndrome critical region (DSCR) of human chromosome 21 (Fuentes et al., 1995). It was also 

known as a myocyte-enriched or modulatory calcineurin interacting protein (Mcip1) in mice hearts 

(Rothermel et al., 2000), neubula (nla) in Drosophila melanogaster, Sarah (sra) in Drosophila eggs, 

Adapt78 in the Chinese Hamster (Crawford et al., 1997), CBP1 and calcipressin-1 (Csp1 and CALP1) 

(Genesca et al., 2003). To reduce confusion, in 2007, the HUGO Gene Nomenclature Committee 

(HGNC) and the Mouse Genomic Nomenclature Committee (MGNC) established that the universal 

nomenclature will be regulatory of calcineruin 1 (RCAN1) (Ermak et al., 2006, Davies et al., 2007). 

The RCAN1 gene encode proteins that bind to calcineurin A and inhibit calcineurin-dependent 

pathways. Calcineurin is a hetermodimeric calcium/calmodulin-activated serine/threonine protein-

phosphatase 3 found throughout the body (Musson and Smit, 2011) and is discussed in greater detail in 

further sections of this thesis.  

1.6.1.1 RCAN1 gene/protein structure 
In humans, regulator of calcineurin 1 (RCAN1) gene is found on chromosome 21 within regions q22.1- 

q22.2 which encompasses 7 alternatively spiced exons separated by 6 introns (Harris et al., 2005). 

Differences exist in RCAN1 chromosome between animals and humans; the Rcan1 gene is found on 

chromosome 16 in the mouse (Strippoli et al., 2000). Through differential promoter usage (Fuentes et 

al., 1997), RCAN1 has a unique genomic arrangement resulting in 7 alternative transcripts creating 

isoforms of RCAN1 (Rothermel et al., 2003) (Figure 1.13). RCAN1.1 and RCAN1.4 are the two 

predominant isoforms in the mammalian tissue. Each isoform is expressed at different levels in diverse 

tissues including the brain, liver and skeletal muscle (Fuentes et al., 1997). RCAN1.1, 48kDa long, 

begins at exon 1 and includes exons 5, 6, 7. RCAN1.1 isoform can be further subdivided into RCAN1.1 

short (RCAN1.1S) and RCAN1.1 long (RCAN1.1L) that share exons 5-7 in the C-terminal region, 

derived from alternative transcription initiation site on exon 1 (Figure 1.13). While RCAN1.4, 24kDA 
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long, begins at exon 4 and includes exons 4 to 7 (Fuentes et al., 2000, Kingsbury and Cunningham, 

2000) . A cluster of 15 NFAT binding sites is present on RCAN1 within the alternative promoter region 

of RCAN1.4 where RCAN1.4 gene expression is regulated by the calcineurin-NFAT (CN/ NFAT) 

pathway (Harris et al., 2005) (Figure 1.13). 

Figure 1.13 RCAN1 has two additional isoforms (Harris et al., 2005). All RCAN1 isoforms share 

amino acids encoded by exons 5-7 which is a conserved FLISPP sequence which shares homology with 

the serine poline (SP) boxes found in NFAT protein and contain a putative CN-binding motif. 

RCAN1.1L has N-terminal amino acids encoded by an elongated version of exon 1, which encodes 26 

amino acids in addition to the 29 found in exon 1 of RCAN 1.1S. 

Image removed due to copyright restriction.



Chapter 1: Introduction 

28 

The structure of the RCAN1 protein is described in Figure 1.14. The inhibitory actions of RCAN1 

involves the direct binding of RCAN1 to the catalytic domain of CN and the SP rich region (Rothermel 

et al., 2000).  Binding of the SP region is neither essential nor sufficient to for CN inhibition (Vega et 

al., 2002). Two serine residues in the SP region of RCAN1, Ser 112 (Ser112) and Ser 108 (Ser108) 

respectively, can be phosphorylated by mitogen-activated protein kinase (MAPK) (Abbasi et al., 2006) 

and one by glycogen synthase kinase 3 (GSK-3) (Genesca et al., 2003), thereby modulating its inhibition 

activity on CN (Figure 1.14). Furthermore, having the SP repeat from RCAN1 being analogous to 

NFAT is critical for its role in effecting the CN-NFAT pathway.  

Figure 1.14 Features of the RCAN1 protein (Rothermel et al., 2003). A family signature Phe-Leu-

Ile-Ser-Pro-Pro-Xaa-Ser-Pro-Pro-Pro (FLISPP) of the highly conserved  serine-proline (SP) motif 

(similar to NFAT proteins (Crabtree, 1999)) , CN docking sites (N- and C-terminal domains), N-

terminal amphipathic leucine repeat (L) which is a dimerization/protein interacting region, an acidic 

region (a), a cluster of basic amino acids (b) and a SH2 ligand domain (not shown) (Fuentes et al., 1997, 

Vega et al., 2002, Mehta et al., 2009).   

1.6.1.2 RCAN1 expression and function 
RCAN1 is widely distributed throughout the body and has many roles (Rao et al., 1997). RCAN1 is 

constitutively expressed and is particularly abundant in metabolically active regions such as the skeletal 

muscle, heart, brain (Fuentes et al., 1997), pancreatic β-cells (Peiris et al., 2012) and in the adipose 

tissue (Rotter et al., 2018). This presents a unique opportunity for investigation of the role of RCAN1 

in T2D and obesity. Both isoforms of RCAN1 are ubiquitously expressed, however, depending on tissue 

type, RCAN1.1 is more highly expressed. Furthermore, in β-cells, RCAN1.1 is present in more 

abundance than RCAN1.4 (Peiris et al., 2016).  

RCAN1 is also known as a stress-inducible gene activated by multiple stress stimuli that increases 

intracellular Ca2+ (Crawford et al., 1997, Leahy et al., 1999, Davies et al., 2001, Wang et al., 2002). 

Type of stress-stimuli and extent of RCAN1 activation is variable. Factors that induces RCAN1.1 
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expression include glucocorticoids and vascular endothelial growth factor (VEGF) (Hirakawa et al., 

2009) while Notch signaling pathway downregulates RCAN1.1 expression. Expression of RCAN1.4 is 

regulated by oxidative stress, Ca2+ and calcineurin (Fuentes et al., 2000, Kingsbury and Cunningham, 

2000) though the cluster of 15 NFAT binding sites of RCAN1.4 (Yang et al., 2000) (Figure 1.14). 

Chronic exposure to stress-associated stimuli such as oxidative stress, Ca2+ and amyloid-β (Ermak et 

al., 2001) can be deleterious in neuronal cells. The amount of RCAN1 expression is vitally important 

for the survival or death of cells, especially in the presence of oxidative stress (Porta et al., 2007b). 

RCAN1 expression is upregulated in DS and AD (Crawford et al., 1997, Fuentes et al., 2000, Strippoli 

et al., 2000, Yang et al., 2000). RCAN1.1 gene expression was also upregulated in the presence of high 

glucose (Peiris et al., 2012) in human islets, mouse islets and the MIN6 β-cells (Peiris et al., 2016). 

While RCAN1.4 expression can be induced by an array of mitogens (Harris et al., 2005) and cytokines 

involved in inflammation (e.g. ROS (Crawford et al., 1997) and tumour necrosis factor (TNF-α) (Cho 

et al., 2008, Jang et al., 2011)). Therefore, RCAN1 expression has both a deleterious role in a chronic 

timeframe (e.g. T2D) and a protective role in an acute time frame (up to days); RCAN1 can protect 

against transient stressors that increase intracellular Ca2+ and internal synthesis of reactive oxygen 

species (ROS) (Porta et al., 2007b) and oxidative damage (Ermak et al., 2002). In Chapter 6, I 

investigate factors that could upregulate RCAN1 expression. 

RCAN1 is a dual regulator of calcineurin (CN) (Figure 1.15) and RCAN1’s best characterized role is 

as an inhibitor of CN (Fuentes et al., 2000, Kingsbury and Cunningham, 2000, Rothermel et al., 2000, 

Casas et al., 2001, Ermak et al., 2001). Both isoforms of RCAN1 are similarly potent inhibitors of CN 

(Rothermel et al., 2000). RCAN1 inhibits CN but also competes with NFAT for the same binding site 

on CN that usually dephosphorylates NFAT (Martinez-Martinez et al., 2009). Transcript of Rcan1.4 is 

induced by Ca2+-dependent NFATc and C/EBP-b transcription factors (Yang et al., 2000, Wu et al., 

2007), under the control of CN/NFAT forming an inhibitory (negative) feedback loop (Kingsbury and 

Cunningham, 2000, Yang et al., 2000) (Figure 1.15). When CN levels are elevated during prolonged 

Ca2+ stimulation (Rothermel et al., 2000), RCAN1 negatively feeds back on the pathway itself, elevating 

Rcan1 expression (Fuentes et al., 2000, Yang et al., 2000), resulting in RCAN1 protein inhibition on 

CN. Overexpression of RCAN1 inhibits CN activity to avoid the harmful effects of CN when there is 

chronic over activation of Ca2+ (Fuentes et al., 2000). Therefore, the negative feedback loop acts as a 

protective mechanism against unrestrained CN activation that could result in uncontrolled apoptosis 

(Wang et al., 1999). A positive feedback loop also exists to prevent further cell damage (Ermak et al., 

2002) through downstream NFAT transcriptional activity. Upregulating of NFAT proteins in the 

cytosol creates a positive feedback loop (Crabtree and Olson, 2002).  
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Figure 1.15 Negative feedback and Positive feedback control of NFAT signalling (Crabtree and 

Olson, 2002). (A) NFAT signalling induces RCAN1 gene expression, upregulating RCAN1 gene 

expression. Therefore, RCAN1 protein acts to inhibit CN in the CN/NFAT pathway, thereby exerting 

its negative feedback control. (B) Activation of NFAT gene expression upregulates NFAT proteins in 

the cytosol, creating a positive feedback loop.  

Image removed due to copyright restriction.
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1.6.2 The Calcineurin- NFAT pathway 

In a given cell, the general CN/ NFAT pathway is depicted in Figure 1.16. Details of this pathway is 

discussed in the sections to follow.  

Figure 1.16 Schematic of the calcium-dependent calcineurin-NFAT pathway. Image adapted from 

(Muller and Rao, 2010). Cellular events start with stress-induced Ca2+ entry (❶), Ca2+ binds to 

Calmodulin (CaM) (❷) and the Ca2+/CaM complex binds to Calcineurin (CN) (❸). CN 

dephosphorylates NFAT (❹), NFAT translocate from the cytosol into the nucleus (❺). NFAT may 

bind to a transcriptional partner (❻) and together, bind to DNA transcriptional targets (❼). With the 

absence of Ca2+ entry or in the presence of CN inhibitors (e.g. CsA, FK506 or RCAN1), NFAT kinases 

(e.g. GSK3) phosphorylates NFAT (❽) and induces NFAT nuclear export back into the cytosol (❾). 

CN/NFAT signalling has a positive feedback loop where NFAT gene expression is induced (green (+) 

symbol) and a negative feedback loop where CN/NFAT signalling induces RCAN1 gene expression 

and RCAN1 proteins inhibits (red (-) symbol) CN action causing it to be inactive (black arrow). 

Image removed due to copyright restriction.
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1.6.2.1 Intracellular calcium (Ca2+) is induced by stress 
There are many stresses that could trigger intracellular calcium (Ca2+) entry, for example, oxidative 

stress (Davies et al., 2001). Ca2+, essential for survival, is a widely distributed signalling molecule with 

a wide range of functions within cells, targeting genes and modulating gene expression (Yu et al., 2001). 

One target of Ca2+ is calmodulin. In β-cells, exposure to chronically high glucose (Tang et al., 2007) 

induces high oxidative stress due to an impaired antioxidant system, triggering Ca2+ entry. Ca2+ entry in 

β-cells is essential for insulin production and secretion, β-cells replication and survival and is implicated 

in T2D (reviewed (Sabatini et al., 2018)). Sources of oxidative stress in T2D have been discussed earlier 

in this thesis in the section 1.5.1.4.  

1.6.2.2 Calcium-Camodulin (Ca2+/CaM) interact with Calcineurin (CN) 
Calcineurin (CN) is a heterodimeric calcium/calmodulin-activated serine/threonine protein-

phosphatase 3 (PP3) (previously known as protein-phosphatase 2B, PP2B) found throughout the body 

(Musson and Smit, 2011). Being widely distributed, CN is involved in a raft of different cellular 

processes and have multiple molecular targets (Asai et al., 1999, Wang et al., 1999, Genesca et al., 

2003) including molecules controlled by NFAT members (Mognol et al., 2016). CN is an important 

enzyme in Ca2+-sensitive signalling cascade and CN regulates the CREB phosphorylation and CREB-

dependent transcriptional activation (Kim and Seo, 2011), as well as, the direct dephosphorylation of 

NFAT triggering gene expression in the nucleus. Moreover, CN has two subunits essential for its 

function (Crabtree and Olson, 2002) and summarised in Figure 1.17. 

Figure 1.17 Structure of Calcineurin subunits (Shou et al., 2015). The CN protein has two subunits, 

calcineurin A (CnA) and calcineurin B (CnB). CnA has three functional domains which includes the 

N-terminal catalytic region, a regulatory region binding CnB and calmodulin (CaM) and a C-terminus

auto-inhibitory domain (AID) that is displaced upon calmodulin binding (Aramburu et al., 2000). CnB

has four Ca2+-binding EF-hand motifs which can be recognized by immunosuppressive complexes and

competitively binds to CnA.

Image removed due to copyright restriction.
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Calmodulin (CaM) is a ubiquitous multifunctional four domain Ca2+-dependent regulatory protein that 

mediates many actions of Ca2+ (Cheung et al., 1981, Kakiuchi, 1983), regulating gene expression in the 

CN/NFAT pathway (Klee et al., 1988, Crabtree, 1999, Olson and Williams, 2000). Intracellularly, Ca2+ 

binds to calmodulin forming a calcium-calmodulin complex (Figure 1.18).  

Figure 1.18 Calcineurin is activated by the binding of calcium and calmodulin (CaM). Image 

modified from (Rothermel et al., 2003). CnA containing the N-terminal catalytic domain and binding 

domain for CnB and CaM. The C terminus contains the auto-inhibitory domain that folds to occlude 

the active site when CaM is not bound. Upregulation of intracellular Ca2+ promote binding of Ca2+ 

binding of Ca2+/ CaM to the catalytic subunit of calcineurin (CnA) displacing the auto-inhibitory region 

upon CN binding to CaM at the CaM binding site (Rothermel et al., 2000). 

Image removed due to copyright restriction.
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1.6.2.3 Synthetic and endogenous inhibitors of calcineurin 
Liu et al. has helpfully classified endogenous CN binding proteins into four main classes based on their 

effect (Table 1.2). At high concentrations RCAN1 serves as an inhibitor of CN and an activator at low 

concentrations (Liu, 2003).  

Table 1.2 Classification of calcineurin binding proteins (Liu, 2003) 

Protein classes Main effect Proteins 

Inhibitors Lead to inhibition of calcineurin CN-binding protein 1 (Cabin 1/ cain) 

FKBP38 

CHP 

A238L 

Anchoring 
proteins 

Physically associate calcineurin to 
other signalling proteins  

A-kinase anchor protein 79 (AKAP79)

FKBP12 

Calsarcin 

BCL-2 

Activators Activate calcineurin Ca2+/CaM 

Dual regulators Inhibition and activation RCAN1 

CBP1 

Endogenous physiological inhibitors of CN include AKAP79 (Coghlan et al., 1995, Klauck et al., 1996, 

Kashishian et al., 1998), CABIN1 (Sun et al., 1998), CHP and RCAN1 (Rothermel et al., 2000). 

RCAN1 alters CN under pathological and non-pathological conditions. In the CN-NFAT pathway, 

inhibitors of RCAN1 inhibits RCAN1 and does not affect CN activity (Chan et al., 2005). This pathway 

is discussed in a later section “RCAN1 inhibits the Calcineurin-NFAT pathway” and these inhibitors 

are discussed in section 1.8.  

Synthetic CN inhibitors include Cyclosporin A (CsA) and tacrolimus (FK506) which are 

pharmacological drugs that exert immunosuppressive actions in organ transplant patients. These drugs 

bind to cytosolic immunophilins and induce a complete and continual inhibition of CN thereby 

regulating CN enzymatic activity whilst non-competitively binding to CN (Chan et al., 2005) causing 

negative side effects (Martinez-Martinez and Redondo, 2004) such as weight gain and hyperglycaemia 

with 15-30% of patients having post-transplant diabetes mellitus (PTDM) (Weir and Fink, 1999). These 
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side-effects caused further co-morbidities and increased mortality rates (Weir, 2001, Doyle and Egan, 

2003, Heisel et al., 2004).   

1.6.2.4 Nuclear factor of activated T cells (NFAT) 
Nuclear factor of activated T cells (NFAT) are transcriptional regulatory proteins first discovered and 

studied in activated T cell nuclear samples. There are five identified members in the NFAT family 

encoded by different genes (Macian, 2005). NFAT1-NFAT4 is regulated by Ca2+ where the entry of 

Ca2+ activate enzymes such as CN and dephosphorylate NFAT, inducing NFAT nuclear translocation 

(Rao et al., 1997, Macian, 2005, Crabtree and Olson, 2002). In this thesis, NFAT 1- NFAT4 proteins 

will be collectively termed NFAT.  

In resting cells, in the cytoplasm, NFAT interacts with CN (CnA and CnB) and resides in the cytoplasm 

via a complex of proteins. The nuclear localisation sequence and residues in the DNA binding domain 

that contact with DNA are inaccessible when NFAT is phosphorylated (Rao et al., 1997) due to 

interactions with the serine-rich region and the SP repeats (Beals et al., 1997).  The functions of NFAT 

are discussed in the next section. Furthermore, obesity is linked to inflammation and transcriptional 

effectors (e.g. NFAT) that contribute to immune function. NFAT also regulates the Pparg2 gene 

transcription, important in adipocyte differentiation (Yang et al., 2006a), therefore, NFAT and its 

transcriptional activities could be important to the study of obesity and T2D.  

1.6.2.5 RCAN1 inhibits the Calcineurin-NFAT pathway 
The	focus	of	this	thesis	is	the	interaction	of	RCAN1 with CN that will be discussed in greater detail. 

On a cellular level, RCAN1 is found in both the nucleus and cytoplasm (Pfister et al., 2002). The amount 

of RCAN1 in the cell, its localization in the cytosol or nucleus and its phosphorylation status can either 

inhibit or enhance CN signaling (Pfister et al., 2002, Hilioti et al., 2004, Abbasi et al., 2006). Low 

RCAN1 facilitate CN signaling (Mehta et al., 2009). While high RCAN1 concentration inhibited CN 

signaling (Hilioti et al., 2004). Furthermore, phosphorylation by Dual Specificity Tyrosine 

Phosphorylation Regulated Kinase 1A (DYRK1A), for example, induced RCAN1 to switch from 

inhibitor to promoter of CN signaling (Jung et al., 2011). Therefore, the amount of RCAN1 expressed 

is important and key to understanding pathological conditions such as T2D. 

RCAN1 interacts directly with CN (Fuentes et al., 2000, Rothermel et al., 2000) (Figure 1.16), binding 

to the A subunit of CN in a linker region between CnA catalytic domain and CnB binding domain 

(Fuentes et al., 2000). When RCAN1 auto-inhibitory domain undergoes conformational change, the 

protein is active. Exon 7 of RCAN1 alone binds to CN with high affinity (Chan et al., 2005). RCAN1 

binding to CN did not disrupt formation of CN- CaM binding but disrupted CN binding to NFAT by 

competing for the same binding site (Vega et al., 2002, Mehta et al., 2009). This is evident in 

overexpression of RCAN1 inhibiting NFAT translocation to the nucleus, inhibiting CN-NFAT-
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mediated gene transcription (Fuentes et al., 2000). When NFAT is in a constitutively active form, 

RCAN1 does not inhibit its translocation, therefore, RCAN1 specifically targets CN in this pathway 

(Rothermel et al., 2000). However, the regulatory role of RCAN1 may not be limited to CN inhibition.  

The presence of low Ca2+ levels result in downregulation of CN via hormonal and developmental 

signals, a reduction in CN inhibition by RCAN1 and RCAN1 would be quickly degraded. When NFAT 

is activated and translocates into the nucleus, RCAN1.4 protein is synthesized and binds to CN to 

resume inhibition effect. The positive and negative feedback loop in the CN/NFAT pathway (Figure 

1.16) establishes equilibrium among CN activity, NFAT transcription and RCAN1 protein abundance 

(Rothermel et al., 2003).  

The activation of NFAT is regulated by phosphorylation status (Feske et al., 2003) and translocates to 

the nucleus (Flanagan et al., 1991, Clipstone and Crabtree, 1992) (Figure 1.16). NFAT has many targets 

and facilitates transcription of these targets once bound to DNA (Wilkins and Molkentin, 2002). In the 

rat I insulin promoter, Nfat binds to three elements and activates insulin gene transcription. Mutations 

in these sites resulted in significant decreased in the combined effect of glucose and GLP-1 in promoting 

insulin gene transcription by NFAT via PKA- and CN-dependent pathways in pancreatic β-cells. GLP-

1 synergistically increases the effect of glucose on NFAT-mediated gene transcription in b-cells. cAMP 

directly increases Ca2+ release from intracellular stores in β-cells (Lawrence et al., 2002). The 

CN/NFAT pathway will be discussed further in the context of T2D in the next section.  

1.7 RCAN1 in disease 

1.7.1 Alzheimer’s disease (AD) and Down Syndrome (DS) 

RCAN1 is especially well studied in DS where the gene was first discovered on chromosome 21 

(Korenberg et al., 1994, Sinet et al., 1994). Expression of RCAN1 is high in some areas of the adult 

brain  (Baek et al., 2009, Kurabayashi and Sanada, 2013) highlighting RCAN1’s importance to neuron 

and normal neuronal function such as apoptosis (Asai et al., 1999, Sun et al., 2011, Porta et al., 2007a), 

long term potentiation (Hoeffer et al., 2007) and synaptic function (Chang and Min, 2009). People with 

DS have metabolic defects (e.g. T2D), immunological defects and neurodegenerative conditions (e.g. 

AD) (Ermak et al., 2001). RCAN1 is a well-known inhibitor of calcineurin in the brain (Varma et al., 

2017) involved in pathology of AD by inhibiting CN activity, causing insoluble hyper-phosphorylated 

(Xie and Johnson, 1998, Garver et al., 1999) tau and neurofibrillary tangles of the amyloid beta (Aβ) 

peptide that no longer prevent formation of  aggregates (Desdouits et al., 1996) - all hallmarks of AD 

(Ladner et al., 1996, Ermak et al., 2001).  

There is a strong genetic driving force behind mitochondria dysfunction, as it occurs early in fetal DS 

b-cells (Helguera et al., 2013). The DS patients β-cells have fragmented mitochondria and amyloid 

proteins are accumulated in insulin vesicles. This causes a significant decline in GSIS response and 
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increased pro-insulin exocytosis (Helguera et al., 2013), similar to islets of patients with T2D. Unlike 

age-matched insulin-dependent diabetics, insulin-dependent DS patients only require a lower insulin 

dose (Anwar et al., 1998), eluding to possible coping mechanisms such as increased insulin sensitivity 

in DS patients to compensate for b-cells defects.  

Furthermore, DS abnormalities is highly complex and overexpression of RCAN1 is not the only 

contributing factor. Reverting RCAN1 to disomic levels in trisomy 16 mouse model of DS did not 

revert cardiac and craniofacial defects (Lange et al., 2005). Moreover, DS mouse models had trisomic 

RCAN1 locus and had hyperglycemia while those without this region were not hyperglycemic, 

indicating that a greater number of genes in this region is key to metabolism and glucose regulation 

(Peiris et al., 2016). Therefore, there are strong links between DS patients and T2D, even though this is 

not well understood. A study on the incidence of T2D in DS patients (Taggart et al., 2013) indicated 

higher fasting blood glucose and increased insulin resistance (Yahia et al., 2012, Real de Asua et al., 

2014), however, these studies did not take into account obesity, a huge risk factor for T2D (Rohrer et 

al., 2010).   

1.7.2 T2D and Obesity 

Growing literature and work from the lab surround the role of RCAN1 in T2D and obesity, in a bid to 

better understand these severe metabolic conditions. Dysfunction of pancreatic b-cells and lowered 

insulin released upon glucose stimulation are not fully understood and other factors could be involved 

in the pathogenesis of T2D (Rahier et al., 2008). In T2D, dysfunction of b-cells led to decreased b-cells 

number and elevated RCAN1 expression. RCAN1 has a role as a regulator of vesicle exocytosis both 

in chromaffin cells (Keating et al., 2008) and best known to endogenously inhibit protein phosphatase, 

CN, essential for physiological and biologically functioning β-cells. RCAN1 is important for normal 

maintenance of plasma insulin levels through insulin secretion and loading in β-cells (Peiris et al., 

2012). Several findings strongly implicate RCAN1 in T2D and is discussed in this thesis. 

In β-cells, CN targets both NFAT and cAMP-responsive element-binding protein (CREB) 

transcriptional co-activator which is a transducer of regulated CREB activity-2 (TORC2) 

(Soleimanpour et al., 2010). In vivo, rise in intracellular Ca2+ in β-cells due an influx of glucose, 

activates CREB phosphorylation and downstream activity, modulating β-cell mass and function 

(Lipskaia and Lompre, 2004). The CN-NFAT signalling pathway is a regulator of pancreatic β-cell 

proliferation, mass and function. CN has major roles in the expression of β-cell factors including insulin 

and plays an essential role in activation of insulin transcription when Ca2+ signals are inducted. 

Transcription factors that regulate genes encoding insulin and Glut2 includes Pdx1, MafA and Beta2 

that act via the CN-NFAT pathway where CN directly regulates insulin secretion (Heit et al., 2006a). 
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The CN-NFAT signalling pathway in β-cells regulate key factors necessary for normal endocrine 

pancreas development (Kim and Hebrok, 2001, Arron et al., 2006).  

The CN/NFAT signalling controls cell cycle factors such as cyclin D1, cyclin D2, CDK4 in β-cells that 

are critical for the development and function of β-cells (Heit et al., 2006a). Additionally, knocking out 

Cnb1 in mice β-cells (bCnb1KO), a regulatory subunit of CN, inhibited cyclin gene expression and 

significantly reduced β-cell proliferation and mass (Figure 1.19 A). This led to β-cell failure, decreased 

expression of insulin mRNA and proteins, perturbed insulin secretion and glucose intolerance -all 

hallmarks of T2D. Diabetes in these bCn1KO mice worsened with age (Figure 1.19 B). However, if 

NFAT1 is expressed in its activated form in β-cells, NFAT1 binds to the promotors, increasing 

expression of cyclin D1 (Ccnd1), cyclin D2 (Ccnd2) and Cdk4, thereby increasing β-cell proliferation 

in these mice (Heit et al., 2006a). In β-cells, CN inhibition is protective against apoptosis in the 

mitochondria caused by inflammatory cytokines and dexamethasone (Ranta et al., 2006, Grunnet et al., 

2009).  

Figure 1.19 Effects of age in bCnb1KO mice on β-cell mass and β-cell mass number.  (A) bCnb1KO 

mice had more severe diabetes with age indicated by the decrease in β-cell mass (black) compared to 

controls (white) (B) this induced diabetes worsened with increased age (Heit et al., 2006a). 

Administration of synthetic CN inhibitors into rats caused reduced insulin transcription, hyperglycemia, 

decreased serum and pancreatic insulin output and glucose intolerance (Gillison et al., 1989). Patients 

treated with immunosuppressive drugs, CsA and FK506, had diabetes post-organ transplant and the 

CN/NFAT pathway could control islet coping mechanisms (Weir and Fink, 1999). Furthermore, the 

CN/NFAT signalling is also involved in regulating MODY genes (Heit, 2007). Therefore, there are 

implicating literature to support the study of CN/NFAT and role of RCAN1 in T2D and obesity.  
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1.7.2.1 RCAN1 regulate characteristics of T2D 
Our laboratory identified a single gene, RCAN1, as a candidate gene linking hyperglycemia and 

functional changes in T2D β-cells. When Rcan1 is over-expressed in mice, mice were observed to have 

characteristics of T2D (Peiris et al., 2016). Through the screening of regions of chromosome 21 linked 

to hyperglycemia in DS mice lines, 38 genes associated with hyperglycemic phenotype were identified. 

This technique of screening is possible as human DS β-cells have mitochondrial dysfunction and 

decreased GSIS similar to T2D β-cells. From human T2D islet data (Fadista et al., 2014), five key β-

cells genes out of the original 38 genes identified in the DS mice lines were upregulated. These genes 

include EVA1C, OLIG2, IFNAR1, RUNX1 and RCAN1 (Figure 1.20A). Only RCAN1, when 

upregulated, had associations with mitochondrial function and exocytosis of insulin in mouse islets or 

mouse β-cell lines. Specifically, GSIS was reduced in T2D (Keating et al., 2008, Peiris et al., 2012, 

Peiris et al., 2016). Furthermore, RCAN1.1 and RCAN1.4 are expressed in both db/db mice islets 

(Figure 1.20B) and human islets (Figure 1.20C). Of the two isoforms of RCAN1, RCAN1.1 is expressed 

10-fold more than RCAN1.4 in db/db islets (Figure 1.20B) which strengthens human T2D gene

expression data implicating RCAN1 as a strong candidate for roles in T2D (Peiris et al., 2014).

Figure 1.20 RCAN1 is linked to hyperglycemia. (A) Five genes linked to hyperglycemia in DS 

models trisomic regions, only RCAN1 increased in human islets with T2D (B) RCAN1.1 was expressed 

10-fold more than RCAN1.4 in db/db mice (C) this is similar to increased RCAN1.1 expression

compared to RCAN1.4 in human islets (Peiris et al., 2016).

Furthermore, RCAN1 accounted for the top 13% most highly expressed gene in human islets (Fadista 

et al., 2014). There is a strong genetic basis for RCAN1 gene as a candidate for T2D in b-cells. DNA 

methylation data from human islets is informative on how RCAN1 expression is increased in b-cells. 

At three different sites in the mouse islets, RCAN1 methylation was reciprocal of RCAN1 expression 

A B C
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in human islets; increased RCAN1 expression at these same sites correlated with RCAN1 methylation 

status which was reduced in T2D islets (Dayeh et al., 2014). Our mouse model overexpressing RCAN1 

is further validated by other independent studies also showing b-cell defects due to RCAN1 

overexpression. Such studies include transient overexpression of RCAN1 decreasing GSIS in b-cell in 

vitro (Kim et al., 2011), b-cell number and islet size was significantly reduced in a RCAN1ox line (Peiris 

et al., 2012). Additionally mice created independently of our study also exert b-cell changes (Gurda et 

al., 2015). RCAN1 expression is linked to hyperglycemia in DS mice, worsening metabolic 

proliferation in obese mice. The combination of data from both human and mouse studies therefore 

show that RCAN1 is implicated in the pathogenesis of T2D. In the next sub-section, our lab had shown 

that overexpression in RCAN1 is indeed a contributor to T2D. 

1.7.2.2 RCAN1 is implicated in T2D 
Overexpression of human RCAN1.1 isoform in mice causes diabetes, age-associated hyperglycemia 

(Figure 1.21A), reduced glucose tolerance, hypoinsulinemia, reduced islet size (Figure 1.21B), resulting 

from a reduction in total β-cell per islet (Figure 1.21C), not actual reduction of  β-cell size itself (Figure 

1.21D) and increased mitochondrial ROS production (Peiris et al., 2012). RCAN1 regulates β-cell 

proliferation; the reduced islet size of the RCAN1ox can also be attributed to the reduction in β-cell 

proliferation (unpublished data from our lab, not shown).  

Figure 1.21 Diabetes worsen with age in RCAN1ox mice. (A) RCAN1ox mice had age-dependent 

diabetes. Pancreatic islets from WT and RCAN1ox were stained for insulin and (B) islet size was 

significantly smaller for RCAN1ox in aged mice at the 100th day time point compared to WT control, 

consistent with this (C) the number of β-cell islet was reduced and (D) there was no reduction in actual 

β-cell size at the 100th day time point for RCAN1ox (Peiris et al., 2012). White bars, WT; Black bars, 

mice overexpressing RCAN1.1 (RCAN1ox).  



Chapter 1: Introduction 

41 

1.7.2.3 RCAN1 is implicated in β-cell mitochondrial dysfunction 
In b-cells mitochondria function is key to GSIS and RCAN1 has a role in its regulation (Peiris et al., 

2014) such as mitochondrial autophagy (Ermak et al., 2012), mitochondrial DNA content, number and 

size of mitochondria and mitochondrial enzymatic activities (Chang and Min, 2005). In RCAN1.1 

overexpressed mice (RCAN1ox), the mitochondrial electrochemical gradient is changed and there is a 

decline in insulin secretion both in vivo and in vitro.  These mice have overt diabetes characterized by 

hypoinsulinemia, decreased b-cell number and mitochondria dysfunction. In islets of RCAN1ox mice, 

mitochondrial respiration is reduced and is not attributed to changes in ETC proteins or decrease in 

mitochondrial mass. Furthermore, in RCAN1ox mice there was a reduction in GSIS in vivo (Figure 

1.22A) and in vitro (Figure 1.22B) and, reduced succinate-induced secretion (Figure 1.22C), reduced 

mitochondrial respiration and reduced ATP levels (Figure 1.22D) through downregulation of the ATP-

ADP ratio. The decrease in mitochondrial respiration in RCAN1ox islets is due to apparent 

mitochondrial dysfunction. The reduction of ATP causes reduction in depolarization-induced insulin 

exocytosis (Peiris et al., 2016). As ATP is necessary for vesicle transport in b-cells and membrane 

capacitance measurement of RCAN1ox, using a series of depolarizing pulses increased membrane 

capacitance in both WT and RCAN1ox b-cells due to insulin exocytosis, however, insulin secretion was 

not sustained in RCAN1ox b-cells (Figure 1.22E). A lack of ATP decreases vesicle fusion.  

Figure 1.22 Overexpression of RCAN1 reduces GSIS in (A) cells and (B) in mice, (C) reduced 

succinate-induced insulin secretion, (D) ATP levels in islets of WT and RCAN1ox mice (E) average 

capacitance change at each depolarizing pulse in islets of WT and RCAN1ox mice (Peiris et al., 2016). 
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1.7.2.4 Rcan1 regulates obesity, adipocyte function, metabolism and thermogenesis  
Strong evidence exists for exploring the role of RCAN1 in the CN-dependent signalling in the adipose 

tissue to combat obesity and T2D. On a cellular level, CN has roles in adipocyte differentiation. 

Adipocyte differentiation in mature 3T3-L1 adipocytes is promoted through elevated PPARg and the 

binding of NFAT4 binds to adipocyte protein 2 (AP-2) promoter (Ho et al., 1998). Knocking out Nfat2 

and Nfat4 in mice resulted in a lean phenotype and resistance to diet-induced obesity. These mice also 

had reduced adiposity, heightened glucose and insulin sensitivity (Yang et al., 2006a). Additionally, 

NFAT has targets that are central to metabolism (Lawrence et al., 2002, Yang et al., 2006a, 

Soleimanpour et al., 2010). This demonstrates that NFAT signalling has a role in maintaining glucose 

and insulin homeostasis. Moreover, the promoter region of G0S2, a lipolysis gene, contains potential 

site for the transcription factor NFAT (Heckmann et al., 2013). Prostaglandin F2a (PGF2a), a potent 

biological inhibitor of adipocyte differentiation, is elevated in chronic obesity-induced inflammation 

(Liu and Clipstone, 2007) preventing adipocyte differentiation acting using its Gq-coupled FP 

prostanoid receptor which specifically binds CN (Liang et al., 2004) in the CN/NFAT pathway, thereby 

negatively regulating adipocyte differentiation (Neal and Clipstone, 2002).  

The use of the CN inhibitor, CsA, elevated inhibition of differentiation of adipocytes and lipid 

accumulation in 3T3-L1 pre-adipocytes (Neal and Clipstone, 2002). This could contribute to the 

obesogenic effects such as weight gain and development of diabetes, well established in patients who 

use CN inhibitors for immunosuppression post-transplantation (Heisel et al., 2004). Polymorphisms in 

the NFATc4 locus is linked to increased risk for diabetes in post-transplant patients (Chen et al., 2012). 

Furthermore, CN can activate cAMP response element binding protein (CREB)-regulated transcription 

co-activator (CRTCs). CREB/CRTC cellular effects are essential to the metabolism of insulin-sensitive 

tissues such as the pancreas and adipose tissue (Altarejos and Montminy, 2011). CRTC3 isoforms are 

linked to adiposity (Song et al., 2010) and cholesterol levels (Ou et al., 2014).  

Even though no GWAS studies in human has directly linked RCAN1 to metabolic disorders, SNPs at 

the locus had strong correlation to climate adaptation (Hancock et al., 2008) and QTL studies in cattle 

had strong links between RCAN1 and multiple adipose tissue traits (Dodson et al., 2010). Furthermore, 

the gene encoding the catalytic subunit of CN is linked to human BMI and insulin in serum (Ramos et 

al., 2014). The catalytic subunit of CnA encoded by the PPP3CA locus was found to be associated with 

both BMI and serum insulin levels in a human genome-wide association study (GWAS) (Harms and 

Seale, 2013, Ramos et al., 2014, Lee et al., 2014). Several obesity related genes are implicated in cancer 

and one of these genes is RCAN1 (Sebio et al., 2015). Taking these into account, CN has a role in 

metabolism and the study of RCAN1 could help garner understanding of the mechanisms underlying 

this. Therefore, CN-dependent signalling (e.g.CN/NFAT pathway) is implicated in metabolic 

regulation, however, underlying mechanisms are unknown. Our lab has published data implicating 



Chapter 1: Introduction 

43 

RCAN1 in obesity, adipocyte metabolism and thermogenesis (Rotter et al., 2018) that could have 

therapeutic outcomes for obese patients and those with T2D.  

1.7.2.5 Rcan1-/- mice are resistant to diet-induced obesity and inflammation and had 
increased metabolism 

Rcan1 was shown to regulate fat mass; Rcan1 knock out (KO; Rcan1-/-) mice did not gain weight despite 

being on a high fat diet (Figure 1.23A), not due to reduced food intake, absorption of ingested fat or 

level of physical activity (Rotter et al., 2018). To further confirm this, MRI scans showed less fat in 

Rcan1-/- mice than controls after 8 weeks on a HFD (Figure 1.23B) and had less body fat volume (Figure 

1.23C). Inflammation in WAT usually occurs prior to the onset of T2D and gene expression of 

inflammatory markers (Tnfa, Tnfb, Mcp-1 and F480) in gWAT of KO mice were normal regardless of 

diet, compared to WT which showed an increase in these inflammatory markers (Figure 1.23D). While 

WT mice on a HFD had increased leptin levels, KO did not (Figure 1.23E), consistent with the increase 

in body mass of WT mice on a HFD as leptin levels correlated with the amount of body fat. Additionally, 

these mice had improved peripheral insulin sensitivity as their glucose tolerance was not impaired 

(Rotter et al., 2018), therefore these KO mice were shown to be protected from age-dependent decline 

in glucose metabolism and handling. Metabolism for these mice were increased, shown by a higher 

resting energy expenditure (REE) when there was an increase in O2 consumption (Figure 1.23F) and 

CO2 production (Figure 1.23G) in Rcan1-/- mice not due to respiratory exchange ratio (Figure 1.23H) 

or reduced physical activity (Figure 1.23I), indicating that these mice are protected from obesity on a 

HFD compared to controls. Furthermore, expression of RCAN1 in adipose tissue of these mice 

correlated to body weight insulin and triglycerides from another data set (Figure 1.23J). Overall, the 

data is indicative of the benefits of targeting the adipose tissue.  
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Figure 1.23 Rcan1-/- are resistant to diet induced obesity and had increased metabolism (Rotter et 

al., 2018). (A) Rcan1 KO mice gain less weight on a HFD (B) illustrated in MRI scans and (C) KO 

mice had significantly reduced subcutaneous and visceral depots. (D) Expression of inflammatory 

markers in gWAT was absent in KO mice. (E) Serum leptin decreased in KO on a HFD. (F) Oxygen 

consumption (G) and carbon dioxide production were increased in Rcan1 KO while (H) respiratory 

exchange ratio (RER) and (I) total physical activity were unchanged between KO and WT mice. (J) 

RCAN1 was correlated to the expression in the adipose tissue with body weight, triglycerides and insulin 

in tissues from lean and obese mouse strains resistant or susceptible to diabetes from another data set 

(Keller et al., 2008).  
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1.7.2.6 RCAN1 has a cell autonomous role in adipocytes and regulates thermogenic 
processes 

Metabolic homeostasis is vital for normal body weight, survival and heat generation such as 

thermogenesis (Bouret et al., 2015). Responsive thermogenic process involves an uprise in energy 

expenditure due to stimuli (e.g. cold) causes an activation of UCP1 to generate heat in brown adipose 

tissue instead of ATP. Low levels of UCP1 is linked to genetic obesity (Nedergaard et al., 2001).  

RCAN1 has adipose tissue autonomous role in the induction of white adipocytes transformed into 

brown adipocytes, via inhibition of adipocyte differentiation toward a brown phenotype. This can be 

seen in sWAT where cold-induced mice in KO mice had more browning in white adipose tissue 

compared to WT mice (Figure 1.24A). This is because Rcan1-/- mice had increase activation of adaptive 

thermogenesis in WAT in response to temperature or diet. RCAN1 has a role in inhibiting diet and cold 

induced thermogenesis in adipose tissue through the Pgc1α/Ucp1 axis. Pgc1α is necessary for activation 

of cold-induced adaptive thermogenesis at the transcriptional level in BAT (Puigserver et al., 1998). 

After 1 day of cold exposure, transcript levels of Pgc1α and UCP1 in WAT of female mice were 

increased in Rcan1-/- compared to WT (Figure 1.24 B, C). Diet-induced beiging of WAT in response to 

chronic HFD was increased in KO mice shown by the upregulation of Pgc1α, Ucp1 and Adrb3 

transcripts (Figure 1.24 D).  
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Figure 1.24 RCAN1 has a cell autonomous role in adipocytes, control and regulate thermogenic 

processes (Rotter et al., 2018). (A) H&E histological section of sWAT from KO and WT stained against 

Ucp1 of KO and WT mice house at RT and 6 degrees for 5 days increased browning in KO at 6 degrees 

(B) Transcript levels of Pgc1α and (C) Ucp1 in sWAT of female WT and Rcan1-/- mice after 1 day of

RT or cold-induction (4 degrees) (D) Transcript level of Ucp1, Pgc1a and Adrb3 were upregulated in

sWAT of Rcan1-/- mice, compared to WT after 25 weeks on a HFD.

Moreover, Rcan1-/- mice had increased basal lipolysis and decreased activated lipolysis (Figure 1.25), 

which could explain their lean phenotype. Knocking down Rcan1 in the 3T3-L1 adipocyte cell line 

reduced lipid content for both Rcan1 isoforms. siRNA targeting Rcan1.1 and Rcan1.4 isoforms 

successfully knocked down RCAN1 transcripts (Figure 1.26A) prior to differentiation. Differentiation 

was not inhibited by the deletion of Rcan1 as adiponectin release into media at a similar time. Oil Red- 

O staining quantified lipid droplets within cells, showing a significant decrease in Rcan1.1 knocked 

down adipocytes compared to control (Figure 1.26B). These findings implicate RCAN1 which has a 

novel role in adipocyte biology (Rotter et al., 2018).  
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Figure 1.25 Basal and activated lipolysis showed significant changes between WT and KO in 

sWAT. (A) Basal rates of lipolysis in sWAT tissue explants from Rcan1-/- (KO) and Rcan1+/+ (WT) 

mice (B) lipolysis fold change after administration of adrenergic stimulation (males, n=5, ± SEM) 

*P<0.05 (t-test in A; two-way ANOVA with multiple comparisons in B). gWAT: gonadal fat pads,

sWAT: subcutaneous WAT, BAT: brown adipose tissue (Rotter et al., 2018).

Figure 1.26 Rcan1.1 decreased more lipids than Rcan1.4.  (A)Western blot of Rcan1 knockdown in 

3T3-L1 adipocyte cell line showed the presence of both Rcan1.1 and Rcan1.4. (B) 3T3-L1 cells were 

stained with Oil Red-O and the knock down of isoforms Rcan1.1 and Rcan1.4 reduced lipid storage 

compared to control.   

A B

A

B
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These anti-obesity properties seen in Rcan1-/- mice might be beneficial for patients with DS who has 

increased adiposity and insulin resistance (Flore et al., 2008, Basil et al., 2016) and reduced resting 

energy expenditure (Hill et al., 2013). The overexpression of Rcan1 in the pancreas led to β-cell 

mitochondrial dysfunction and Rcan1 methylation is reduced at multiple sites in human T2D islets and 

correlated with RCAN1 expression in T2D islets. The absence of RCAN1 in mice protected it from 

diet-induced obesity, inflammation and had increased browning upon cold exposure indicative of 

thermogenic modulation. Metabolism of these mice were also increased. Therefore, knocking out Rcan1 

in metabolic tissues (e.g. pancreas and adipose tissue) could be therapeutic and inhibitors of RCAN1 

that inhibits CN but not CN activity (Chan et al., 2005) could be beneficial for people with metabolic 

conditions such as T2D. This is discussed in the next section.  

1.8 Therapeutics for T2D and Obesity: IRCA drugs inhibit RCAN1-
Calcineurin interaction 

To date, the mode of management of T2D focuses on reducing the effects of insulin resistance such as 

lifestyle and dietary transformation in addition to drug use to improve glycaemic control, reducing 

initial postprandial high blood glucose or improving insulin output. Pharmacological interventions like 

sulphonylureas or metformin, the most common drugs prescribed for diabetic patients, do not reverse 

loss of β-cells (Rao et al., 2012). Moreover, the mechanism underlying metformin therapeutic effects 

is still unclear. Lifestyle modifications and exercise are the prescribed treatment for obesity 

management, however, adherence to such methods are not always successful. While these treatments 

achieve partial effectiveness, many patients do not fully recover normal insulin levels. The advancement 

of therapeutic approaches using precision medicine is still a long way (Groop, 2016), therefore, despite 

the myriad of therapeutics available in the market there is still no cure for T2D. The evidence for the 

role RCAN1 in diabetes and obesity is on the rise. Inhibiting RCAN1 without disrupting CN activity 

could allow for better understanding of the pathology behind T2D so that T2D and associated risk 

factor, obesity, could be reduced.  

A florescence-based binding assay in a high throughput screen of approximately 32,000 small 

molecules identified 5 lead compounds known as inhibitors of RCAN1-calcineurin association (IRCA) 

1 to 5. These IRCA 1-5 drugs have the ability to dose-dependently interrupt the interaction between 

RCAN1 and CN at various potencies. These IRCA drugs were shown to rescue CN activity in the 

presence of exon 7 of RCAN1. IRCA4 fully restored CN activity at the lowest concentration tested 

(100nM) (Chan, 2007). Importantly, IRCA 1-5 inhibited the RCAN1-CN interaction but not CN activity 

(Figure 1.27). This is in contrast to immunosuppressive drugs cyclosporine A  (CsA) and tacrolimus 

(FK506) that inhibits CN activity, inducing acute irreversible β-cell dysfunction and diabetes (Weir and 

Fink, 1999).  
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Figure 1.27 Inhibitors of RCAN1 (IRCA drugs 1-5) inhibiting RCAN1. 

From the preliminary data in our lab (Figure 1.28), the inhibition of RCAN1 using these drugs could 

possibly reduce obesity and T2D β-cell dysfunction (Peiris et al., 2016, Rotter et al., 2018). The Rcan1-

/- mice knocks out Rcan1 throughout the whole mice and excludes tissue-specific effects of knocking 

out RCAN1. We hope to achieve similar results as those observed in the Rcan1-/- mice when using these 

IRCA drugs to inhibit RCAN1 in the adipose tissue and pancreatic β-cells. To our knowledge, no 

research has tested these drugs in vivo, inhibiting RCAN1 as a possible therapy for diabetes and obesity 

in humans through translational research surrounding the regulation of adipocyte biology, reversal of 

b-cell dysfunction and improvement of metabolic profiles of the obese mouse. Preliminary findings

from our lab showed that these drugs can inhibit lipid accumulation in adipocyte cells (Figure 1.28).

However, specific lipid pathways implicated is unknown and IRCA drug effects in pancreatic β-cells

are unknown.

With the identification of RCAN1’s role in reducing insulin secretion in mice with overexpressed Rcan1 

gene, IRCA drugs may be able to improve insulin secretion and serve as a novel therapeutic target for 

T2D. Furthermore, current drugs act to merely alleviate the symptoms of T2D rather than cure T2D. 

IRCA drugs maybe be able to reverse and even prevent T2D. Individuals with DS and AD might be 

able to use IRCA drugs to improve β-cell function, thereby, aiding symptoms associated with T2D. 
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Figure 1.28 Preliminary data of 3T3-L1 cells treated with IRCA1-IRCA5 drugs stained with Oil 

Red-O  (n=6). (A) IRCA1-5 drugs at 1x the Ki were applied on the fully differentiated 3T3-L1 cells for 

6 days followed by staining with the Oil Red-O assay compared to control (B) Graphical representation 

of data in (A) showed a decrease in lipid content. IRCA1 showed 30%, IRCA2, 58%, IRCA3, 24%, 

IRCA4, 19% and IRCA5, 25% decrease in lipid content compared to control. The One-way ANOVA 

was used for the statistical determination of significance, P<0.0001 (Unpublished data). 

Table 1.3 IRCA drugs inhibition potencies (Chan, 2007) 

IRCA DRUGS Inhibition potencies (Ki) of IRCAs (µM) 

IRCA1 0.99±0.19 

IRCA2 2.24±0.26 

IRCA3 2.89±0.58 

IRCA4 2.49±0.36 

IRCA5 1.36±0.20 

control IRCA1

IRCA2 IRCA3

IRCA4 IRCA5

A

B
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1.9 Project aims 

This project will test the effect of these drugs on the function of β-cell and adipocyte cell lines. This 

will provide proof-of-principle data for the in vivo testing of these drugs in mice and in mouse models 

of T2D and obesity.  

Overarching hypothesis: inhibition of calcineurin through RCAN1 causes the dysfunction of both β-

cells and the adipose tissue in obesity and T2D.  

Therefore, this Masters project aims to: 

Aim 1: To determine the effective minimum concentration of IRCA drugs in reducing fat storage in the 

3T3-L1 adipocyte cell line. 

Aim 2: To determine the effective minimum concentration of IRCA drugs on proliferation and 

apoptosis of the β-TC6 cell line. 

Aim 3: To determine the expression of lipolysis-, lipogenesis- and adipogenesis- related genes in 

epididymal white adipose tissue (eWAT) from Rcan1-/- mice and WT mice on a low-fat diet (LFD) and 

a high-fat diet (HFD). 

Aim 4: To investigate factors that may regulate Rcan1 expression in 3T3-L1 cells.
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2.1 IRCA drug preparation  

Through a fluoresce based binding assay, a high throughput screening of approximately 32,000 small 

molecules were used to identify small molecules that inhibit the RCAN1- calcineurin interaction. 

Through this assay, a total of five lead compounds dose-dependently interfere with the RCAN1-

calcineurin interaction (Ki values in Table 2.1) and are termed inhibitors of RCAN1-calcineurin 

association (IRCA) (Chan, 2007). The IRCA drugs were prepared as a 100,000x stock concentration 

and dissolved in a volume of DMSO. Due to poor solubility of IRCA2 and IRCA5, these drugs were 

diluted down to 50,000xKi and 10,000xKi stock respectively. DMSO was use as a control for all 

experiments dealing with IRCA drug use. Serial dilutions were undertaken to achieve drug 

concentrations of 1,000xKi, 100xKi, 10xKi and 1xKi. All drug were aliquoted and stored at -20°C.  

Table 2.1 IRCA drug concentrations  

 Concentration (µM) x1000µM Supplier 

IRCA1 0.99 Sigma- Aldrich 

IRCA2 2.24 Ambinter 

IRCA3 2.89 USP reference standard 

IRCA4 2.49 Ambinter 

IRCA5 1.36 Ambinter 

 

2.2 3T3-L1 cell line 

2.2.1 Media preparation for 3T3-L1 cells 

The maintenance media was prepared when required and supplemented accordingly (Table 2.2). The 

Fetal bovine serum that is mesenchymal stem cell-qualified (FBS-MSC) media, stored at -80°C, were 

aliquoted into 50mL aliquots, thawed at room temperature and heat-inactivated for half an hour at 56°C 

water bath. Prepared aliquots were stored at -20°C until required. Media preparation involved the 

supplementation of 50 mL of heat-inactivated FBS-MSC and 5 mL of Penicillin (105 Units/mL) 

/Streptomycin (105 µg/mL) to the DMEM (high glucose 4.5g/L) (500mL).  
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Table 2.2 Maintenance medium constituents 

Components Volume Supplier 

DMEM (high glucose 4.5g/L) 
500mL 

Gibco by Life technologies 

ThermoFisher Scientific, Australia 

Fetal Bovine Serum, mesenchymal stem 
cell-qualified (FBS-MSC)  50 mL (10%) ThermoFisher Scientific, USA 

Penicillin, 105 Units/mL: Streptomycin, 
105 µg/mL (100x Pen/Strep) 5 mL ThermoFisher Scientific, USA 

2.2.2 Seeding 3T3-L1 cells from liquid nitrogen storage 

The 3T3-L1 cells (Passage 12) (ATCC) is a cell line derived through clonal isolation (Green and 

Kehinde, 1974, Zebisch et al., 2012) and obtained from Professor David James (Charles Perkins Centre, 

Sydney) and stored in liquid nitrogen.  Using 1.8µL cryovials (Corning) that contained 1.5mL of cells 

(passage 12-15) was thawed on ice from the liquid nitrogen storage. All of the cells were transferred to 

a 15mL tube 1.5mL of pre-warmed maintenance media was added drop by drop over 5 minutes so as 

to not shock the cells. The cells were left to sit at room temperature for 5 minutes to calibrate and 

additional pre-warmed maintenance media topped up cells to the 10mL mark slowly. The cells were 

centrifuged at 400xg for 5 minutes and the supernatant was replaced with 1mL of fresh maintenance 

media. The tube was gently flicked to resuspend the cells in media and transferred into a T25 flask, 

incubated at 37°C and 5% CO2 (SANYO CO2 incubator).  The media was changed every 3rd day by 

taking out ¾ of media from the flask and replacing it with fresh media of the same volume. 

2.2.3 Subculturing, splitting and maintenance of the 3T3-L1 cell line 

The cells were rinsed with PBS to remove all of the excess media. Trypsin 0.05%/ EDTA (Gibco, 

Thermofisher) 2mL was added and the flask was incubated for 2 minutes. Maintenance media (Table 

2.2) was added to the cells to stop trypsin enzymatic action, all cells were transferred into a 15 mL tube, 

topped up to 10mL with media and centrifuged at 400 x g for 5 minutes. The supernatant was discarded 

and replaced with 10mL. The 3T3-L1 cells were subcultured in 1:4 in a 70% confluent flask of cells 

and split every three days.  

2.2.4 Seeding cells, cell viability and cell count 

A trypan blue cell viability test was performed along with a cell count prior to plating cells. The cells 

were washed in PBS once to remove medium that inhibits trypsin action. After which, 2mL of 0.25% 

trypsin (in EDTA) was added to the flask for 2 minutes. While lightly hitting the flask, cells were 
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removed from the inner flask surface observed under a light microscope. The cytoplasm in non-viable 

cells appear dark blue, stained with trypan blue.  

The 3T3-L1 cells were seeded at 2000 cells/well in 100µl in a 96 well plate. Once seeded, cells were 

left to become confluent for 3 days before the media was replaced with differentiation media for another 

3 days (Table 2.3).  

Table 2.3 Differentiation media constituents 

Components In 50mL of media (µL) 

Dexamethasone: 10,000x stock at 2.2mM 5 

Biotin: 1000x Stock at 100µg/mL 50 

Insulin: 100x stock (bovine, Calbiochem) 25 

Isobutyl-methyl-xanthine (IBMX): 1000x stock at 500mM 50 

After which, the differentiation media was replaced with post-differentiation media for 3 days (Table 

2.4). After 3 days of post-differentiation media, the 3T3L1 cells are fully differentiated and they were 

treated with IRCA drug diluted in media, for 6 days, replaced daily.  

Table 2.4 Post-differentiation media constituents 

Components Volume (µL) 

DMEM (high glucose 4.5g/L) + 10% (FBS-MSC) 10000 

Insulin: 100x stock (bovine, callbiochem) 5 

2.3 MTT assay 

The Vybrant® MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) cell 

proliferation assay kit (ThermoFisher Scientific) was used according to manufacturer’s protocol and 

modified as required. A 12mM MTT stock solution was made by adding 1mL of sterile warm PBS to 

one vial containing 5mg of MTT. This vial was then mixed by vortexing till the MTT dissolved. The 

remainder of the unused solution was stored light protected in aluminium foil at 4°C. 
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2.3.1 Principles of the MTT assay for cell growth and viability 

The microculture Vybrantâ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 

(MTT) (Thermofisher Scientific) is a colorimetric test used to determine cell growth and viability 

(Mosmann, 1983). The MTT assay converts water soluble MTT (yellow) into an insoluble purple 

formazan (Berridge and Tan, 1993, Vistica et al., 1991, Liu et al., 1997). The MTT reduction is enclosed 

in intracellular vesicles that result in needle-like MTT formazan at the cell surface that are either 

endosomes or lysosomes. The cells take up MTT via endocytosis, followed by gathering of formazan 

in the endosomal or lysosomal vesicles that translocates to the cell surface during exocytosis (Liu et al., 

1997). The formazan products accumulate in lipid droplets (Stockert et al., 2012). The reduction occurs 

due to the oxidoreductase enzymes that depends on NADH or NADPH inside the cells. DMSO is 

applied to break the vesicles containing the purple formazan that is released into the media to be 

measured with the plate reader (Stockert et al., 2012).  This is a widely used test for cell viability as the 

amount of formazan formed correlates to the number of cells alive. 

2.3.2 Labelling and quantitating MTT-labelled cells 

The maintenance medium containing phenol red was removed and replaced with 100µL per well of 

fresh phenol red-free warm medium. A volume of 10µL of the previously prepared 12mM MTT 

solution was added to each well including the negative control wells. The plate was then incubated at 

37°C for 4 hours. After which, 85µL of media was removed from each well and replaced with 85 µL 

of DMSO and mixed thoroughly using a pipette. Using a light microscope (Olympus CKX41 

microscope), cells were checked to ensure that all purple pigment were released from their membranes 

and further pipetting was performed to disrupt membranes. The formation of bubbles was removed by 

centrifuging the plate that was sealed and spun for 2 minutes at 13,000 rpm (Eppendorf 5810R). The 

absorbance was read at 520nM using the Beckman Coulter-DTX 880 Multimode Detector. 

The β-TC6 cells used this same assay, however, after the incubation step, 85µL of media was removed 

from each well and replaced with 50 µL of DMSO and mixed thoroughly using a pipette. The formation 

of bubbles was removed by centrifuging the plate that was sealed and spun for 2 minutes at 13,000 rpm 

(Eppendorf 5810R).  

2.4 β-TC6 cell line  

Laurance et al (1998) defined a β-cell line as one that has capabilities in sustaining insulin secretion 

(Laurance et al., 1998). The Beta-TC6 (β-TC6) (passage 33-40) (ATCC ® CRL-11506™) insulinoma 

cell line, a widely used model of actual β-cells and a gift from Claudine Bonder (UniSA), was used in 

our experiments. This cell line originated from insulinoma of a transgenic Mus musculus with simian 

virus 40 (SV40) large T antigen. The mouse had a pseudogene component made up of the SV40 early 

region regulated by the promoter of the rat insulin II gene that caused multiple b-cell insulinomas. 
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Hybrids of the two genes were created to link the DNA 5’ coding  region of the rat insulin II gene with 

the structural large-T antigen (Hanahan, 1985).   

2.4.1 Media preparation for β-TC6 cells 

Media preparation involved the supplementation of 89 mL of heat-inactivated FBS-MSC (15%), 6 mL 

of Penicillin (105 Units/mL) /Streptomycin (105 µg/mL) and 6 mL of GlutaMAX was supplemented to 

the DMEM (high glucose 4.5g/L) (500mL) (Table 2.5). The maintenance media for the β-TC6 cells 

were replaced twice a week and split once every week.  

Table 2.5  Maintenance medium constituents 

Components Volume Supplier 

DMEM (high glucose 4.5g/L, 4nM L-
gultamine, 1 mM sodium pyruvate, and 
1500 mg/L sodium bicarbonate) 

500mL ATCC, USA 

Sterile Fetal Bovine Serum (FBS) 
(15%) 89 mL Bovogen, France 

Penicillin, 105 Units/mL: Streptomycin, 
105 µg/mL (100x Pen/Strep) 6 mL ThermoFisher Scientific, USA 

GlutaMAX (100x) 6 mL ThermoFisher Scientific, USA 

2.5 Primer selection and design 

Primers were selected from previous publications as primers used for experiments are specific for their 

target. Additionally, all primers used in this thesis have undergone analysis in the Primer-BLAST 

primer design tool (National library of Medicine; NCBI) (Ye et al., 2012). Primer-BLAST is a software 

able to generate candidate primer pairs and check the target specificity of the generated primer pairs by 

placing candidate primers on various unique template regions not similar to other targets. This ensures 

quality control of the primers used in this thesis. All primers in this thesis were ordered as custom-made 

Oligonucleotides, in desalted form, from ThermoFisher Scientific (Australia). 

2.6 Animals 

The Rcan1-/- lines were derived  from two independent origins, one without exons 5 and 6 (Vega et al., 

2003) and the other had absent coding regions of exons 6 and 7 (Porta et al., 2007b). The mice were 

from a mixed 129SvJ x C57BL/6 genetic background, homozygous for a wild-type allele of the 

nicotimamide nucleotide transhydrogenase locus (Nnt), a mutation that can impair glucose homeostasis 

and upregulate weight on a HFD (Parker et al., 2009, Nicholson et al., 2010). Metabolic phenotype of 
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both lines were indistinguishable. The littermates form (Het x Het) crosses were used when available. 

While sibling mice form (Het x Het) crosses set up the (Het x KO) and (WT xWT) crosses to obtain the 

KO and WT animals in this experiment. Periodically, new breeding pairs were obtained from offspring 

of (Het x Het) crosses. All animals used in experiments were age-matched, one generation away from 

the founding (Het x Het) cross. Animals were housed at 23oC under standard vivarium conditions under 

a 12:12-h light:dark cycle. Animals were allowed free access to water and were fed ad libitum either a 

normal chow diet (NC) which was low-fat diet (LFD), in which 4% of the caloric content derived from 

fat (LabDiet 5001), a high-fat diet (HFD) in which 35% of the calories derived from fat produced by 

Specialty Feeds (WA, Australia). Food consumption and body weight were recorded weekly. All animal 

procedures were carried out with the oversight and approval of the University's Institutional Animal 

Care and Use Committee and conformed to the current Guide for the Care and Use of Laboratory 

Animals, published by the National Institutes of Health. Unless otherwise noted, tissues were harvested 

between 10 AM and 2 PM. The mouse tissues used in this thesis were already extracted and frozen 

down or dissected out from the live animal. Breeding and maintenance of animals were managed by 

animal facility staff and by Dr Alyce Martin. 

2.7 Experiments involving quantitative Real Time PCR (RT-PCR) 

The flow charts detail the steps involved in obtaining the RNA and performing the RT-PCR from cell 

lines (Figure 2.1A) and from adipose tissue depots (Figure 2.1B).  

Figure 2.1 Summary of RT-PCR steps and RNA extraction  from (A) cell lines and (B) adipose 

tissue depots. 

Step 0: 17-18-week-
old mice on 4% fat 
(LFD) or 35% fat diet 
(HFD) for 8 weeks 
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2.7.1 Adipose tissue lysis and extraction of total RNA 

Epididymal white adipose tissue (eWAT) which is the largest visceral adipose tissue linked to the 

epididymis and testis (de Jong et al., 2015) (Figure 1.4) was dissected from Rcan1-/- and WT mice of 

the different diets and immediately snap frozen in liquid nitrogen. Using RNeasy® Lipid Tissue Mini 

Kit (Qiagen, Australia) with optimisation of the manufacturer’s instructions, adipose tissue was lysed 

from frozen samples previously acquired. The night before the procedure, 2.0mL safe-lock Eppendorf 

tubes were labelled and a steel bead was added, pre-chilled at 4°C. Approximately 100mg of frozen 

tissue samples were quickly placed into pre-chilled Eppendorf tubes containing steel bead and 1mL of 

QIAzol lysis buffer was added. Eppendorfs were placed on ice and this procedure was done in the 4°C 

cold room. This was done for all samples consecutively. All samples were homogenised using the tissue 

lyser (Qiagen, Australia) for 4 minutes at 30Hz. The samples were transported to a fume hood on ice 

and 200mL of chloroform was added. Each sample-containing tube was manually shaken by hand for 

15 seconds and left to sit at room temperature for 1 minute before being put back on ice. This was done 

for all tubes consecutively. Tubes were transported to the 4°C cold room on ice and centrifuged at 

12,000xg (or 12,753 RPM) for 20 minutes. All tubes were put on ice carefully to avoid disrupting 

phases. This includes 4 phases: Upper aqueous phase, Interphase (white), organic phase (pink) and 

lower phase (clear). In the fume hood, 500µL of the topmost layer (aqueous phase) containing RNA 

was extracted using a pipette fitted with barrier tips and place into a fresh pre-chilled Eppendorf tube 

and kept on ice.  

2.7.2 Purification of extracted RNA 

In tubes containing extracted RNA, 500µL 70% ethanol was added and vortexed for 10 seconds and 

placed back on ice. A volume of 500 µL was transferred to a pre-labelled RNeasy spin column attached 

to a collection tube and centrifuged (Eppendorf® mini-spin®) at maximum speed of 12,000 x g for 15 

seconds and flow through was discarded. This was repeated again with the remaining 500µL of sample. 

The column was cleansed with 350µl of buffer RW1 and centrifuged at maximum speed for 15 seconds 

and flow through discarded.  To a 10µl aliquot of DNase I (Qiagen), 70µL of buffer RDD was added 

and mixed gently and added to the membrane of the column, incubated at room temperature for 15 

minutes. A volume of 350µl of buffer RW1 was added to the spin column and centrifuged, flow through 

discarded. Buffer RPE prepared with ethanol previously prepared, centrifuged for 15 seconds at 

maximum speed and flow through discarded. This step was repeated but spun for 2 minutes. 

Transferring columns to a fresh collection tube, tubes were dry-spun for 1 minute at maximum speed. 

Spin columns were transferred to a fresh pre-chilled and pre-labelled 1.5ml Eppendorf tube and 30µl 

of RNase-free water was added to the membrane of the column and left to incubate at room temperature 

for 5 minutes prior to being spun at maximum speed (12,000 x g) for 1 minute. The eluted RNA in the 

Eppendorf tubes were carefully transferred back into its spin column and spun again for another minute 
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to increase RNA yield. All tubes containing RNA was immediately place on ice. All RNA was stored 

at -80°C. 

2.7.3 Determining concentration and quality of the RNA 

Using the NanoDrop 2000TM (Thermo Scientific, Australia), the concentration of RNA was determined. 

Using the Agilent RNA 6000 Pico kit (Agilent Technologies, Inc), a volume of sample was diluted to 

the pico chip range of 50-5000ng/µl, RNA quality was determined; RNA integrity (RIN) number 7 or 

more was deemed to be of an acceptable RNA integrity, measured on the Bioanalyzer instrument 

(Agilent) (Figure 2.2)  
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Figure 2.2 Example of measurements of RNA integrity.  (A) A high Agilent RNA integrity with RIN 

number at 9.10 and 7.60 (B) RIN number was above 7 and associated gel image. 

2.7.4 Reverse-transcription cDNA synthesis 

Complementary DNA (cDNA) were synthesised using the Omniscript®RT Kit (Qiagen Australia) 

following manufacture’s protocol. Depending on the RNA yield, 500ng, 1000ng, 1500ng or 2000ng of 

RNA was used to synthesise cDNA. The reaction mixture (Table 2.6) was prepared and added to each 

tube and incubated in a water bath at 37°C for an hour. Tubes were then immediately cooled on ice to 

stop reaction. 

A B
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Table 2.6 Reverse transcription reaction reagents 

Reagents Volume per reaction (µl) 

Template RNA x 

RNase-free water (12-x) 

10x Buffer RT 2 

dNTP Mix (5mM each dNTP) 2 

Oligo-dT primer (10µM) (Qiagen) 2 

RNase inhibitor (Roche) (10 units/µl) 1 

Ominiscript Reverse Transcriptase (Qiagen) 1 

Total volume 20 

2.7.5 SYBR® Green quantitative real-time PCR 

Quantitect SYBR® Green PCR kit and the Rotor-Gene 3000 thermocycler (Corbett Research) were used 

(Table 2.7). β-actin gene was use as a housekeeper gene for normalisation as it is abundantly expressed. 

All target genes and their primer sequences were normalised to β-actin using the qgene software. The 

master mix (Table 2.7) for each quantitative PCR reaction was prepared fresh before each run. All 

samples were run in triplicate and each tube of the triplicate held 25µL sample and master mix volume 

in total. All targets had a negative control, termed ‘no template control’, in which 2µL of RNase-free 

water was added instead of cDNA. 

Table 2.7 Quantitative real-time PCR reaction master mix constituents prior to addition of cDNA 

Master mix constituents Reaction volumes (µL) 

SYBR Green qPCR master mix (2x) 12.5 

Forward Primer (10 µM) 0.75 

Reverse Primer (10 µM) 0.75 

RNAse-free water 9 

Total volume 23 

The reaction cycling time (Table 2.8) was kept constant across all experiments in this thesis. 
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Table 2.8 Reaction cycling 

PCR cycle Settings 

Hold 95°C (15 minutes) 

Annealing 55°C (20 seconds) 

45 cycles Extension 72°C (25 seconds) 

Denaturation 94°C (15 seconds) 

Hold 72°C (4 minutes) 

Hold 60°C (1 minute) 

Melt 60°C to 99°C (with 0.5°C increments at each step) 

The use of Roter Gene software allowed for the melt curve (not shown) and comparative quantitation 

graph (Figure 2.3) and the take-off values can be used in the Qgene software to generate the mean 

normalised expression to be used in statistical analysis.  

Figure 2.3 Generic example of a quantitation graph produced from the Rotor Gene software. 

Green represents reference gene, β-actin; red represents target gene 1; blue represents target gene 2; 

orange represents the non-template control. 
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2.7.6 Agarose gel electrophoresis 

The agarose gel was used to test some initial primers to observe the specificity of the primers for its 

targets. An agarose gel (3%) was prepared with the use of 4.5 grams of multi-purpose agarose gel 

powder in 150mL of 1x TBE buffer. Once heated in a microwave for 2mins, the agarose gel solution 

was cooled to approximately 60°C and 7.5µL of Gel Red™ (Sigma) was added to detect amplified 

DNA. In the Bio-Rad gel electrophoresis set up, two combs were put in place and the gel solution was 

poured into the tray to solidify for 35 minutes at room temperature. The combs were removed and 1x 

TBE buffer was added to cover the gel. A quantity of 2µL Loading Dye (Sigma) was mixed with 10µL 

of each sample and loaded into its assigned well on the gel. The DNA ladder (1Kb Plus, Invitrogen) 

was prepared at a concentration of 200ng/µL. A quantity of 5µL of prepared ladder was mixed with 

2µL of the 6x loading dye and loaded into its assigned well on the gel. Once the ladder and the samples 

were loaded onto the gel, the gel was run at 80V for 40 minutes. Using the Image Lab™ Software (Bio-

Rad), the gel was imaged under ultra-violet light, exposed for 0.5 seconds, through the Gel Dox EZ 

Imager (Bio-Rad) software. The gels were run for some of the primers and it shows a single band, 

suggesting that the primers were specific for their target (Appendix C). 

2.8 Statistical analysis 

All data are normalised to β-actin housekeeper gene and presented as the mean normalised expression, 

generated using the Qgene software. The statistical analysis for each experiment will be discussed 

within each results chapter.
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Chapter 3. THE MINIMUM EFFECTIVE CONCENTRATION 
OF INHIBITORS OF RCAN1-CALCINEURIN ON 

ADIPOCYTES
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3.1 Introduction 

Diabetes primarily involve tissues such as the pancreas and metabolically active tissue such as adipose 

tissue and skeletal muscles. While many therapeutic interventions employ multi-faceted therapeutic 

combinations to treat diabetes, no cure has been found. RCAN1 is a gene located within the 21q22.12 

region of human chromosome 21 and mouse chromosome 16 (Fuentes et al., 2000). RCAN1 has many 

roles but its best-known role is as an endogenous inhibitor of the Calcineurin (Fuentes et al., 2000, 

Rothermel et al., 2000, Ermak et al., 2002).  

Interaction of RCAN1 and calcineurin inhibits the dephosphorylation of NFAT family of transcription 

factors in pancreatic β-cells, thereby allowing multiple downstream effects when NFAT is able to 

dephosphorylate and translocate into the nucleus (Peiris et al., 2012, Peiris et al., 2016). Metabolic 

effects of RCAN1 are not limited to pancreatic β-cells. RCAN1 is most highly expressed in adipocytes 

and skeletal muscle. The contribution to resting energy expenditure (REE) and obesity is associated 

with these metabolic tissues, with REE contribution of 5% from adipocytes and 20% from skeletal 

muscles (McClave and Snider, 2001). RCAN1 expression changes in metabolically important tissues, 

such as adipose tissue and correlates with impaired metabolic regulation (Parks et al., 2015). RCAN1 

overexpression in mice leads to an obesogenic phenotype. However, the lack of the Rcan1 gene resulted 

in reduced weight gain in mice on a high-fat diet (HFD) compared to their WT controls (RCAN1+/+ 

mice). This suggests that RCAN1 regulates obesity. This difference was not due to lesser food intake 

and the capacity to absorb nutritional fat is not altered (Rotter et al., 2018).  

The inhibitors of RCAN1 were discovered from a high throughput method of a library of compounds 

that showed inhibition of the RCAN1-calcineurin interaction (Chan, 2007) and collectively termed 

‘inhibitors of RCAN1-calcineurin association (IRCA)’ compounds. The screening of these drugs by 

Chan (2007) have been described in section 1.8 of this thesis. Unlike the immunosuppressant that targets 

calcineurin, cyclosporine A (CsA) and tacrolimus (FK506), that led to reversible β-cell dysfunction and 

post-transplant diabetes, these IRCA compounds inhibit RCAN1-calcineurin interaction but do not 

perturb calcineurin activity. Previously, our lab demonstrated that 3T3-L1 adipocyte cell line exposed 

to IRCA compounds decreased lipid content. IRCA2 was found to be the most effective drug being 

over two times as effective as the other drugs in reducing lipid content in the 3T3-L1 cell line (Figure 

1.28).  

These IRCA drugs may have therapeutic potential for diabetes and obesity with their capacity to 

specifically target RCAN1 without affecting calcineurin activity. These IRCA drugs have not been use 

in a physiological system. Therefore, my project is novel and aims to inhibit RCAN1-calcineurin 

interaction and possibly reduce lipid storage in adipocytes in a dose-dependent manner. This chapter 
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attempts to employ the MTT cell viability assay concurrently with an Oil Red-O assay to quantify lipid 

storage in adipocytes treated with IRCA drugs titrated up and down the original Ki.  

3.2 Materials and methods 

The 3T3-L1 cell line (passage 15-20) were maintained and differentiated as per methods described in 

Chapter 2. Cells were seeded at 60% confluence as the cell line is susceptible to spontaneous 

differentiation when it is 90-100% confluent. The image below shows an example of a 90% confluent 

flask (Figure 3.1). The cells were seeded onto the plate at the density of 2000 cells per well. The method 

for preparation of IRCA drugs, the culturing of 3T3L1 cells and the MTT cell viability assay, has been 

described in the previous in sections 2.1, 2.2 and 2.3, respectively.  

Figure 3.1 Sample image showing 3T3-L1 adipocytes at 90% confluence. Image taken using the 4x 

objective lens on the Olympus CXK43 Inverted microscope. Scale bar represents 100µm.  

3.2.1 The MTT assay 

The microculture Vybrantâ 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay 

(MTT) (Thermofisher Scientific) is a colorimetric test used to determine cell growth and viability 

(Mosmann, 1983) and was used in the experiments in this thesis. The principles of MTT and detailed 

methods are described in section 2.3 of this thesis. 
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3.2.2 Principles of the Oil Red-O assay 

The Oil Red-O assay selectively stains and detects neutral lipids in cultured cells. The red stain is 

displaced from the isopropanol solution into the lipid droplets as there is greater solubility in the lipids 

than in the isoproterenol. The Oil Red-O assay has its limitations where the cells have to be fixed prior 

to staining in the presence of isopropanol (Majka et al., 2014). Due to its duration, cost-effectiveness 

and its ability to stain lipids, this assay is widely used (Kraus et al., 2016).  

3.2.3 Oil Red-O staining for lipid droplets 

3.2.3.1 Preparation of the Oil Red-O stain 
The Oil Red-O is a specific lipid stain (Ramirez-Zacarias et al., 1992). The day before performing the 

Oil Red-O assay, three parts of the readily purchased Oil Red-O stain kept in 0.5% isopropanol (Sigma) 

was diluted in two parts of water to obtain a final concentration of 60% Oil Red-O. This solution was 

mixed thoroughly by inverting the tube several times and the tube was left to sit undisturbed on the 

bench for 10 minutes. In the fume hood, the diluted Oil Red-O mixture was filtered once using a glass 

funnel fitted with a 2.5µm filter paper (Filtech grade 1803) and the filtrate was collected in a new 50mL 

faclon tube. The tube was light-protected in aluminium foil and stored in the fridge at 4°C overnight. 

Before commencing the Oil Red-O assay, the 60% diluted Oil Red-O is filtered again with a glass 

funnel and filter paper in the fume hood.  

3.2.3.2 Preparation of Oil Red-O standards  
The Oil Red-O standards were prepared by serially diluting the Oil Red-O solution in the same amount 

of isopropanol. The table below shows how much Oil Red-O is in each dilution (Table 3.1).  

Table 3.1 The table include the concentrations of 60% diluted Oil Red-O solution in 500mL of 

100% isopropanol serially diluted.  

Dilutions 60% diluted Oil Red-O working solution (µL) 

Blank 0 

1/128 dilution 8 

1/64 dilution 16 

1/32 dilution 31 

1/16 dilution 63 

1/8 dilution 125 

¼ dilution 250 

½ dilution 500 
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3.2.3.3 Oil Red-O staining procedure 
Adipocytes were washed twice with phosphate-buffered saline (PBS) (Gibco) for 10 minutes each and 

removed. After which, the cells were fixed using 200 µL of PBS of 10% buffered formalin (home-

made) that was added to each well and was left to incubate for 1 hour at room temperature. Following 

fixation, formalin was removed and cells were equilibrated by incubating for 10 minutes in 60% 

isopropanol before applying the Oil Red-O stain. A volume of 200µL of the twice-filtered 60% Oil 

Red-O was added to each well and incubated at room temperature for 20 minutes. The Oil Red-O stain 

is then removed and the cells undergo 5 washes in 200µL of distilled water. Before removing the last 

water wash, the cells were viewed under a light microscope (Olympus CKX41 microscope) to ensure 

that the Oil Red-O pigment stained all of the fat droplets. Upon removal of the last water wash, the Oil 

Red-O stain was eluted with 150µl of 100% isopropanol at room temperature for 10 minutes. To ensure 

all of the Oil Red-O dye has been eluted, the solution in each well was mixed several times by pipetting 

up and down with use of a multi-channel pipette. Using the multi-channel pipette, 100µL of eluted Oil 

Red-O was transferred into a fresh 96 well plate in the same sequence as the main 96 well plate. The 

100µL of the previously prepared Oil Red-O standards and negative control (containing only 100% 

isoproterenol) were contained in individually labelled 1.5 mL Eppendorf tubes added to the 96 well 

plate. Using a plate reader (Beckman Coulter-DTX 880 Multimode Detector), the Oil Red-O 

absorbance was read at an excitation wavelength of 520nM.  

3.2.4 Statistical analysis 

All data are presented as mean ± standard error of mean (SEM). The drug-treated groups were relative 

to the control. Difference between drug concentrations were performed using a One-way ANOVA 

unpaired test with Dunnett post-hoc test to compare all drugs to its control. A two-tailed P-value <0.05 

was considered statistically significant. Statistical analyses were performed using the Prism software 

(Prism 8.0).   

3.3 Results 

3.3.1 The 3T3-L1 adipocyte cell line transformed from fibroblast to mature adipocytes 

To study the role of IRCA drugs in inhibition of the RCAN1-calcineurin interaction, we treated all cells 

with IRCA1 to IRCA5 for 6 days post-differentiation and post-adipogenesis. Successful transformation 

process of the 3T3-L1 adipocyte cell line is described below (Figure 3.2 A-D). After the 6 days of drug 

treatment, the cell viability was quantified using the MTT assay. Concurrently, the Oil red-O assay 

indicated lipid storage after 6 days of drug treatment. All cells in the IRCA drug-treated group were 

compared relative to control (Figure 3.3-3.7).  
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The 3T3-L1 fibroblast were cultured and differentiated according to standard procedure. 

Undifferentiated 3T3-L1 cells displayed a fibroblast-cell like structure (Figure 3.2A). These cells 

initiate adipogenesis by polarising their longitudinal structures into more localised, single globular 

structures with the influence of the adipocyte differentiation cocktail (Figure 3.2B). By Day 3, tiny lipid 

droplets are sparsely distributed within the cell and are more apparent (Figure 3.2C). Under the 

influence of the post-differentiation cocktail, the once-fibroblast cells are terminally differentiated, 

containing multiple lipid droplets and stained with Oil Red-O (Figure 3.2 D).  

Figure 3.2 The 3T3-L1 cells from fibroblast differentiated to mature adipocytes. (A) Fibroblast 

3T3L1 cells are transformed with (B) differentiation media on the 3rd day post-confluence into 

adipocytes. (C) Post-differentiation media is added after 3 days (D) and then the lipids in the adipocytes 

are stained with Oil Red-O. Image (A)-(C) are taken with a 4x objective lens on the Olympus CXK43 

inverted microscope. Image (D) was taken with a 10x objective lens. Scale bar represents 100µm for 

images (A)-(D).   

A B

C D
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3.3.2 Increase lipid storage after drug treatment from 1xki and below 

The 3T3-L1 cells were treated for 6 days using the IRCA1 drugs and were viable at all concentrations 

tested (Figure 3.3A). The 3T3-L1 cells showed an increase in lipid content at 1xKi down to 0.001x Ki, 

relative to control using the Oil Red-O assay (Figure 3.3B). For IRCA2, 3T3-L1 cells were viable at all 

concentrations tested (Figure 3.4A) and showed an increase in lipid content at 0.001x Ki relative to 

control (Figure 3.4B).  

Figure 3.3 The 3T3-L1 mature adipocytes were treated with IRCA1 drugs for 6 days. (A) MTT 

cell viability assay (n=6) measured at 520nM. All 3T3-L1 cells were treated with IRCA drugs ranging 

from 10xKi to 0.001xKi. All results were normalised to control and (B) the Oil Red-O assay (n=15) 

measured at 520nM. All cells in the IRCA drug-treated groups were relative to DMSO control group 

across both assays. The n values in brackets indicate individual wells. Asterisks show where One-way 

ANOVA with Dunnett post-hoc test indicate difference (One-way ANOVA with Dunnett post-hoc 

analysis, *p<0.05, ** p<0.01, ****p<0.0001).   
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Figure 3.4 The 3T3-L1 mature adipocytes were treated with IRCA2 drugs for 6 days. (A) MTT 

cell viability assay (n=6) measured at 520nM. All 3T3-L1 cells were treated with IRCA drugs ranging 

from 1xKi to 0.001xKi. All results were normalised to control and (B) Oil Red-O assay (n=15) was 

measured at 520nM. All cells in the IRCA drug-treated groups were relative to DMSO control across 

all both assays. The n values in brackets indicate individual wells. Asterisks show where One-way 

ANOVA with Dunnett post-hoc test indicate difference (One-way ANOVA with Dunnett post-hoc 

analysis, ****p<0.0001).   

With the use of IRCA3, there was a reduction in lipid content following the use of 10x Ki concentration 

(Figure 3.5B), however, this was due to reduced cell viability and the loss of adipocytes (Figure 3.5A) 

rather than the reduction of lipid content within cells. There was an increase in lipid storage with the 

use of 0.01xKi and 0.001xKi concentrations (Figure 3.5B).  
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Figure 3.5 The 3T3-L1 mature adipocytes were treated with IRCA3 drugs ranging from 1xKi to 

0.001xKi for 6 days. (A) All cells were viable using the MTT cell viability assay (n=6) measured at 

520nM at 1xKi down to 0.001x Ki. Reduced cell viability was quantified at 10x Ki and 5x Ki (One-way 

ANOVA with Dunnett post-hoc analysis, **<0.01 and *** p<0.001 respectively) (B) The 3T3-L1 cells 

showed an increase in lipid content at 0.01xKi relative to control using the Oil Red-O assay (n=15) 

measured at 520nM. All cells in the IRCA drug-treated groups were relative to DMSO control across 

both assays. The n values in brackets indicate individual wells. Asterisks show where One-way 

ANOVA with Dunnett post-hoc test indicate difference (One-way ANOVA with Dunnett post-hoc 

analysis, *** p<0.001).   

Similarly, there was an increase in lipid storage following 0.01x Ki and 0.001x Ki IRCA4 drug treatment 

(Figure 3.6B) and 0.001x Ki IRCA5 (Figure 3.7B) compared to their respective controls. Whilst there 

was an expected decrease in cell viability for 10x Ki, there was an unexpected increase in lipid storage 

at 10xKi (Figure 3.6 A, B). This phenomenon also occurs for IRCA5 10x Ki (Figure 3.7A,B).  
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Figure 3.6 The 3T3-L1 mature adipocytes were treated with IRCA4 drugs ranging from 10xKi to 

0.001xKi for 6 days. (A) All cells were viable using the MTT cell viability assay (n=6) measured at 

520nM at 1x Ki down to 0.001x Ki. Reduced cell viability quantified at 10x Ki (One-way ANOVA with 

Dunnett post-hoc analysis, **<0.01) (B) The 3T3-L1 cells showed an increase in lipid content at 0.001x 

Ki, 0.01x Ki and 10x Ki relative to control using the Oil Red-O assay (n=15) measured at 520nM. All 

cells in the IRCA drug treated groups were relative to DMSO control across both assays. The n values 

in brackets indicate individual wells. Asterisks show where One-way ANOVA with Dunnett post-hoc 

test indicate difference (One-way ANOVA with Dunnett post-hoc analysis, **p<0.01, *** p<0.001).   
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Figure 3.7 The 3T3-L1 mature adipocytes were treated with IRCA5 drugs ranging from 10x Ki 

to 0.001x Ki for 6 days. (A) using the MTT cell viability assay (n=6) measured at 520nM at 10xki 

down to 0.001x Ki. Reduced cell viability quantified at 10x Ki and 5x Ki (One-way ANOVA with 

Dunnett post-hoc analysis, * P ≤ 0.05 and ****p<0.0001 respectively) (B) The 3T3-L1 cells showed 

an increase in lipid content at 0.001x Ki and 10x Ki relative to control using the Oil Red-O assay (n=15) 

measured at 520nM. All cells in the IRCA drug-treated groups were relative to DMSO control across 

both assays. The n values in brackets indicate individual wells. Asterisks show where One-way 

ANOVA with Dunnett post-hoc test indicate difference (One-way ANOVA with Dunnett post-hoc 

analysis, *p<0.05, **** p<0.0001).  
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3.4 Discussion 

Diabetes and obesity are on the rise. The understanding of the Calcineurin-NFAT pathway in adipocytes 

are limited, while IRCA drugs targeting the RCAN1-calcineuin pathway, could have a therapeutic 

benefit of reducing lipid content in adipocytes. Based on the Rcan1-/- mice studies, similar to these 

results, we hypothesize that mice tissue, such as primary adipocytes treated with IRCA drugs would 

target the RCAN1-calcineurin interaction and reduce storage of lipids in adipocyte and induce 

proliferation in pancreatic β-cell (discussed in the next results chapter). To test the in vitro efficacy of 

these IRCA compounds on adipocyte function, we used the Oil Red-O assay on 3T3-L1 cells to 

undertake a full dose dependence test ranging from 1000-fold less to the highest dissolvable 

concentration, up to a 10-fold above (in 10-fold increments), starting with their Ki from the initial drug 

screen. This sets the platform for translation of cell culture work into whole animal experiments using 

these IRCA compounds i.e. once this minimum effective concentration is determined, the 

concentrations can be used on RCAN1ox primary adipocytes to test the specificity of IRCAs for RCAN1 

and their effects on adipocyte differentiation.  

Chan et al. (2007) found that IRCA drugs inhibit RCAN1 directly without inhibiting calcineurin thereby 

blocking the interaction between RCAN1 and calcineurin. However, this was not tested in a 

physiological system. Using an isolated system of fully developed adipocytes that contain Rcan1 gene 

expressed in these tissues, together with the treatment of drugs, we are able to reduce drug side-effects 

that may occur in a whole mice system. Currently, our knowledge of these drugs is limited. We only 

know their chemistry. In a whole organism system, the drug chemistry can change and therefore further 

studies will have to be conducted to optimise the effect of the drugs.  

The transformation from fibroblast state to mature adipocytes in the 3T3-L1 cell line was confirmed 

with successful lipid formation in the adipocytes, stained with the Oil Red-O. Cell viability was tested 

using the MTT assay. All cells were viable at the maximum concentration used for IRCA1 and IRCA2. 

The absence of RCAN1 reduces lipid accumulation in mature differentiated 3T3-L1 adipocytes, 

however, surprisingly, there was an increase in lipid storage in drugs from 1xKi titrated down; in the 

more diluted concentrations of the drugs used, there were more lipid storage compared to control. This 

indicates that with lesser inhibition of RCAN1-calcineurin interaction, lipid content increases.  

Decrease in lipid content at 1xKi concentration for IRCA2 was not significant and all cells were still 

viable at that concentration. This suggests that other molecular pathways could be involved, causing 

lipid storage rather than reducing lipid storage. This a novel finding and these IRCA drugs could have 

off-target effects that are currently unknown and requires further investigation. It is possible that there 

is an upregulation of lipogenesis and a downregulation of lipolysis in these IRCA-drug treated cells, 

therefore increasing lipid storage. Also, there was a significant decrease in lipid content at 10x Ki and 

5x Ki for IRCA3, however, cell viability using the MTT assay showed significantly reduced cell 
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viability, hence IRCA3 at 10xKi was ineffective in reducing lipid content. At a lower concentration of 

IRCA3, there was an increase in lipid storage. The increase in lipid content at 10xKi IRCA4 and IRCA5 

was not expected as there was a significant decrease in cell viability at this concentration. Reasons for 

these results have to be further investigated.  

Overall, my data was not similar to the previous data gathered which showed that all five IRCA drugs 

successfully decrease lipid content in mature adipocytes of the 3T3-L1 cell line (Figure 1.28). These 

results are overall contrary to pre-differentiation siRNA knockdowns of the two isoforms of the Rcan1 

gene in 3T3-L1 adipocytes with an observed reduction in lipid storage (Figure 1.26). In Rcan1-/- mice 

liver, lipid accumulation was lower compared to WT on either diets. This was assessed using the Oil 

Red-O assay. Furthermore, Rcan1-/- mice failed to gain weight on a HFD compared to those on a normal 

fat diet (Rotter et al., 2018), therefore the hypothesis that IRCA drugs inhibit the RCAN1-calcineurin 

interaction acts to decrease lipid content needs to be further investigated. The results presented in here 

showed an increase in lipid storage and this was only observed with the use more diluted IRCA 1-5 

concentrations. This indicates that these IRCA drugs could potentially affect other pathways other than 

those associated with RCAN1 function. For example, RCAN1 may exert effects on calcineurin-

independent signalling cascades such the MAPK/ERK signalling pathway and NFkB inflammatory 

pathway (Kim et al., 2006b, Hoeffer et al., 2007, Keating et al., 2008, Martin et al., 2012). Further 

investigation would be required to determine which pathways these drugs might affect.  

There could be a number of reasons for the disparity in results. To ensure that this was not a difference 

due to a different person conducting these experiments, comparisons of the drugs used in this 

experiment and those used in the preliminary data were made (Appendix A-1). Shown in the Appendix 

of this thesis, both results, the drugs prepared by another member of the lab and drugs prepared by me, 

were similar for all of the drug concentrations. In this separate experiment, the Oil Red-O assay 

indicated a significant increase in lipid content at IRCA1 1xKi using the drugs used in these experiments 

compared to DMSO control. This trend was consistent across five experiments and was observed in the 

drugs used for the preliminary experiment (Figure 1.28). There was a decrease in lipid content at IRCA2 

1xKi for both of our drugs and this is the only drug concentration that matches the preliminary data 

showing a decrease in lipid content using all five drugs at 1xKi concentration. Therefore, the minimum 

effective dose that decrease lipid storage and does not cause reduced cell viability could not be 

determined. Further investigations have to be conducted to better understand the disparity in results 

between the preliminary data and those of the experiments conducted in this chapter. More essentially, 

other methods of testing these drugs could be employed. Oil Red-O is the most widely used assay used 

to quantify lipid content within adipocytes. However, recently, LipiD-QuantT live cell imaging was 

introduced and can also be used to quantify lipid droplets (Varinli et al., 2015). This is discussed in 

section 7.3 of this thesis.  
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Furthermore, other aspects of adipocyte functions, apart from lipid storage, could be tested. CsA, the 

calcineurin inhibitor, added to 3T3-L1 cells decreased basal and TNFα-induced lipolysis by half in vitro 

(Holowachuk, 2007). Isoproterenol activates PKA activity through cAMP stimulation (Anthonsen et 

al., 1998) and TNF-α induces lipolysis through the mitogen-activated protein kinases (MAPKs) (Ryden 

et al., 2004). Similarly, these IRCA drugs could be tested for its effects in lipolysis and lipid storage 

using gene expression studies involved in lipid metabolism other adipocyte associated pathways. 

Furthermore, the calcineurin inhibitor CsA and FK506 which prevents NFAT translocation, GSK3β 

inhibitors (Li+ or TZDZ-8) which increases NFAT translocation, can be use on 3T3-L1 cells to better 

understand the calcineurin downstream pathways in adipocytes (Holowachuk, 2007). This would add 

greater understanding of use of IRCA drugs to inhibit the RCAN1-calcineurin interaction without 

disrupting calcineurin and possibly alleviate post-transplant reversible diabetes when the calcineurin 

inhibitors are used. The limitations and future directions for this experiment will be discussed in greater 

detail in section 7.3. 
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4.1 Introduction 

Pancreatic β-cells are the primary source of endogenous insulin in the body and defects in β-cells result 

in dysregulation of glucose homeostasis and together with insulin resistance, result in diabetes. The 

molecular pathology of β-cell dysfunction during insulin resistance and hyperglycaemia is currently not 

known. One such gene is RCAN1 and its best-known role is as an endogenous inhibitor of calcineurin 

(Fuentes et al., 2000, Kingsbury and Cunningham, 2000, Rothermel et al., 2000). In the recent 

publication, Rcan1 was found in mouse islets and the cytosol of pancreatic b-cells, implicated in b-cell 

dysfunction evident by hyperglycaemia-induced RCAN1 expression in Down Syndrome mice and 

expression increase in islets of humans with type 2 diabetes (Peiris et al., 2016). The RCAN1 protein 

expression was increased in db/db mouse islets and in human and mouse islets under hyperglycaemic 

conditions. Mice overexpressing RCAN1 (RCAN1ox) displayed a loss in in vivo glucose-stimulated 

insulin secretion and their β-cells had mitochondrial dysfunction (Peiris et al., 2016).  

The molecular mechanisms in islets that maintain glucose homeostasis and the role they play in the β-

cell dysfunction linked to the pathology of T2D, still remains elusive. β-cells have adaptive mechanisms 

such as hyperplasia, hypertrophy and increase insulin production to match the increase glucose load 

(Bonner-Weir et al., 1989). The mass of β-cells was determined by the β-cell growth (proliferation and 

differentiation) and β-cell death (apoptosis). Consequently, the mass of β-cells determine the amount 

of insulin produced (Bonner-Weir, 2000). Additionally, dysfunction in controlling β-cell proliferation 

or apoptosis, thereby the inability for β-cells to change its number or mass, leads to T2D (Heit et al., 

2006b). Mice overexpressing RCAN1 had a loss of β-cells and this could be due to reduced proliferation 

or increased apoptosis (Peiris et al., 2012). By investigating expression levels of markers of β-cell 

proliferation and apoptosis in cells treated with inhibitors of RCAN1 would allow us to understand the 

effects of inhibiting RCAN1-calcineurin interaction using these drugs and the impact on β-cell number 

and mass.  

The gradual loss of insulin secreting β-cells resulted from the loss of mass due to apoptosis is 

characteristic of T2D (Jonas et al., 2009). Apoptosis is mediated through two converging pathways 

(Figure 1.12); the Bcl-2 family regulates the mitochondrial (intrinsic) pathway and caspase 8 mediates 

the extrinsic pathway. In the intrinsic pathway, BAX moves from the cytosol to the mitochondrial 

membrane and induces the release of mitochondrial cytochrome c into the cytosol that activates the 

caspase apoptotic cell death (Ness et al., 2006). Members of the Bcl-2 family members including Bcl-

2–interacting mediator of cell death (BIM) and Bcl-2–associated X protein (BAX) are involved in 

programmed cell death activating caspase 9 and caspase 3 in neuronal cells (Niquet and Wasterlain, 

2004) and modulating the integrity of the mitochondrial outer membrane (Ness et al., 2006). The 

extrinsic pathway involves caspase 8 and molecular processes are summarised in section 1.5.1.3. 
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Calcineurin inhibitor FK506 functions to immunosuppress the immune system via inhibition of 

calcineurin (Shirane and Nakayama, 2004). In leukemic cells, disruption of RCAN1 resulted in a 

decrease in Bcl-2 family proteins expression and increased anti-apoptotic Bcl-2 proteins expression 

(Nagao et al., 2012). Glucocorticoids (GCs), induce apoptosis in leukemic cells by modulating pro- and 

anti- apoptotic gene expression. The use of GCs led to an increase in RCAN1.1 but not RCAN1.4 in 

apoptotic leukemia cells. BIM expression was increase in response to GCs in healthy cells and tumour-

affected cells (Saenz et al., 2015). In rat neurons, the upregulation of RCAN1.1 resulted in increased 

markers of apoptosis, caspase 9 and caspase 3, that resulted in apoptosis in neurons (Sun et al., 2011). 

The upregulation in expression of caspase 3 and caspase 9 in the pancreas, together with the loss of β-

cells were observed in islets overexpressing Rcan1 (Peiris et al., 2012). This suggest that RCAN1 has 

a role in mediating apoptosis in β-cells. Furthermore, PUMA (p53-upregulated modulator of apoptosis) 

is a pro-apoptosis gene and part of the BH3-only protein that interacts with Bcl-2 family members 

induce the release of cytochrome c in mitochondrial apoptosis. PUMA is also able to activate BAX by 

inducing Bax expression in apoptosis (Liu et al., 2003). Therefore, we hypothesise that RCAN1-induced 

inhibition of calcineurin results in β-cell apoptosis and that inhibiting the RCAN1-calcuineurin 

interaction could reduce this apoptosis. 

Post-transplant patients treated with calcineurin inhibitors for immunosuppression have an increased 

incidence of diabetes that is reversible upon cessation of immunosuppressant exposure (Heit et al., 

2006a). The calcineurin-NFAT pathway is implicated in this and could regulate islet responses (Weir 

and Fink, 1999). In β-cells, the ablation of calcineurin b1 (Cnb1), a calcineurin phosphatase regulatory 

subunit decreases in specific regulators of β-cell proliferation such as cyclin D1 and cyclin D2 (Heit et 

al., 2006a). Markers such as cyclins D1 and D2 are vital for β-cell growth in mature mice (Georgia and 

Bhushan, 2004, Kushner et al., 2005). When NFATc1 was conditionally expressed and induced, these 

Cnb1-absent β-cells cause an anti-diabetic effect through increased expression of genes essential for 

normal β-cell physiology (Heit et al., 2006a). Therefore, with the use of the inhibitors of RCAN1-

calicneurin association (IRCA) drugs (Chan, 2007) on β-cells, to assessed for proliferation and 

apoptosis activity, is essential in determining the effects of inhibiting the RCAN1-calcineurin 

interaction on the Calcineurin-NFAT pathway and impact on downstream apoptosis or proliferation 

effects that determines β-cell number and mass. Inhibiting calcineurin causes post-transplant diabetes 

using calcineurin inhibitors, however, inhibition of RCAN1-calcineurin interaction could be therapeutic 

as calcineurin itself is not disrupted, thereby allowing NFAT to be in its dephosphorylated state and 

translocated into the nucleus for downstream effects. Given that normal mature β-cells resulted in 

increased expression of important cell-cycle regulators that promoted β-cell proliferation and mass 

(Heit et al., 2006a), the translocation of NFAT into the nucleus could be therapeutic for diabetic patients.  
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Based on the current literature, I hypothesise that inhibiting RCAN1 would increase proliferation and 

decrease apoptosis in β-cells. This chapter aims to determine the effective minimum concentration of 

IRCA drugs on proliferation and apoptosis of the β-TC6 cell line. Once the optimal minimum effective 

concentration is determined with the use of a real-time proliferation assay, the xCELLigence assay, we 

aimed to test these optimal concentrations over an extended period to investigate the rate of proliferation 

in IRCA drug-treated cells. Concurrently, we aim to quantify expression of genes associated with 

proliferation and apoptosis in these drugs-treated cells.  

4.2 Materials and methods 

The preparation of the IRCA drug serial dilution has been described in section 2.1. The MTT cell-

viability assay has also been previously described in section 2.3. This assay was used in this experiment 

to first determine the minimum effective concentration of IRCA drugs that could be use that does not 

cause reduced cell viability.  

4.2.1  β-TC6 Cell line 

The culturing and maintenance of the mouse-derived Beta-TC6 (β-TC6) cell line (ATCC ® CRL-

11506™) is described in Chapter 2. The β-TC6 cells (Figure 4.1) derived from a transgenic mouse 

expressing large T-antigen of SV40 in pancreatic β-cells (passage number 36-40) were seeded at 12,000 

cells per well in plates in the volume of 100µL and left overnight in the incubator to adhere to the 

surface at the bottom of the well for all experiments. Specifically, for the xCELLigence experiments, 

pancreatic β-cells (passage number 36-40) were seeded at 12,000 cells per well in plates in the volume 

of 150µL and left overnight in the incubator, at 37oC and 5% CO2 conditions, to adhere to the surface 

at the bottom of the well. 
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Figure 4.1 Sample image of β-TC6 cells at 60% confluence. Image taken with a 4x objective lens on 

the Olympus CXK43 inverted microscope. Scale bar represents 100µm.  

4.2.2 Measuring real-time proliferation using the xCELLigence system 

The xCELLigence system (Roche Applied Science and ACEA Biosciences) includes the real-time cell 

analysis (RTCA) analyser, RTCA dual purpose (DP) station, the computer with the integrated RTCA 

software (version 2.1.0, ACEA Biosciences, Inc.) and the disposable electronic microtiter plates (E-

plate®16) (ACEA Biosciences, Inc.). The DP-type of the xcelligence system has a 3 individually-

controlled measurement docks that cradles individual E-16 plates (each plate has 16 wells) (Moodley 

et al., 2011), within a regular tissue culture incubator (5% CO2 at 37oC). The cell index (CI) is a unitless 

measure of relative change in electrical impedance reflective of cell viability. CI considers background 

impedance and therefore require a ‘blanking’ step as the first step correcting for impedance caused by 

medium alone. The xCELLigence system requires specific plates that have high-density gold electrode 

array and the use of adherent cells. When no cells are present, CI is zero and as more cells proliferate, 

cell index increases. Alternatively, when CI decreases this reflect decrease net adhesion. The diagram 

below summarises the principles of using electron impedance as a measure of cell proliferation (Figure 

4.2). 
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Figure 4.2 Diagram showing the electron flow and electrical impedance using adherent cells in 

the xCELLigence gold-plated electrode wells. When no cells are present, the electron flow is not 

impeded and flow is unaffected through culture medium, unlike in the well after the addition of cells 

(represented in blue in the diagram). As cells proliferate and adhere to the bottom of the well, there will 

be greater impedance which indicates greater electron flow as impedance is a sensitive measure for cell 

number (ACEA Biosciences Inc., 2019).  

The xCELLigence software was used to measure the real-time effect of IRCA drugs on the β-TC6 using 

an amplitude detection method. A blanking step using 50µL of media is added to the wells using a 

multi-pipette in a reverse pipette fashion to eliminate the formation of bubbles. After which, 100µL of 

12,000 cells were added to each well and left overnight in the incubator to adhere to the surface at the 

bottom of the well. The system was set to do its scan every hour. A volume of 0.7 µL of each IRCA 

drug diluted in 700µl media with the chosen concentrations was first prepared in an Eppendorf. Daily, 

200µL of drugs were replaced at approximately the same hour using a reverse pipetting method. On the 

19th day, the scans were stopped and data were exported and analysed. The xCELLigence system read 

amplitude readings every hour. Our data shows one time point in the 24 hours from when the first 

reading was taken.  

4.2.3 Real-time PCR measured gene expression 

The method for qPCR has been discussed in Chapter 2. The table below provides the forward and 

reverse sequences for the target apoptosis and proliferation genes used in this chapter (Table 4.1). The 

melt curves and quantitation graphs generated for each of these gene targets can be found in Appendix 

B.1.
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Table 4.1 Genes targeted for apoptosis and proliferation in β-TC6 cell line 

Marker for Genes Forward Reverse Length Reference 

Apoptosis Bim1 GAGTTGTGAC
AAGTCAACAC
AAACC 

GAAGATAAAG
CGTAACAGTT
GTAAGATAAC
C 

256 (McKenzie et 
al., 2010) 

Apoptosis Puma2 ATGCCTGCCTC
ACCTTCATCT 

AGCACAGGAT
TCACAGTCTG
GA 61 (McKenzie et 

al., 2010) 

Apoptosis Bax3 TGAAGACAGG
GGCCTTTTTG 

AATTCGCCGG
AGACACTCG 140 (Saksida et al., 

2013) 

Apoptosis Caspase 3 TCTGACTGGA
AAGCCGAAAC
T 

AGGGACTGGA
TGAACCACGA
C 

207 (Saksida et al., 
2013) 

Apoptosis Caspase 8 TCAACTTCCTA
GACTGCAACC
G 

CTCAATTCCAA
CTCGCTCACTT 127 (Saksida et al., 

2013) 

Apoptosis Caspase 9 TCCTGGTACAT
CGAGACCTTG 

AAGTCCCTTTC
GCAGAAACAG 

109 (Saksida et al., 
2013) 

Proliferation Cyclin D1 

(Ccnd1) 

CGTGGCCTCT
AAGATGAAGG 

CTGGCATTTTG
GAGAGGAAG 185 (Cho et al., 

2008) 

Proliferation Cyclin D2 

(Ccnd2) 

CACACCGTGA
AACATTACAG 

CAGTTGGTTTG
GTTTTGTTT 326 (Rulifson et al., 

2007) 

TCTCTCTCAAA
CTTCCCAAA 

CACGTGGATG
ATATTCCTTT 307 (Rulifson et al., 

2007) 

Housekeeper β-actin GGGGCAAGAG
AGGTATCCTG
ACC 

CCCTGGATGCT
ACGTACATGG
C 

237 (Rotter et al., 
2018) 

1 Bcl-2-interacting mediator of cell death (Bim)  
2 p53-upregulaed modulator of apoptosis (Puma) 
3 Bcl-2-associated X protein (Bax)  
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4.2.4 Statistical analysis 

All data are presented as mean ± standard error of mean (SEM). The target genes were normalised to 

the house keeping gene β-actin.  Difference between diet groups and mice groups were performed using 

a One-way ANOVA unpaired test with Dunnett’s post-hoc test. For the data from the xCELLigence 

real-time proliferation experiment, a two-way ANOVA with Dunnett’s post-hoc test was used to 

compare all 5 drugs at multiple time points to its control. A two-tailed P-value <0.05 was considered 

statistically significant. Statistical analyses were performed using the Prism software (Prism 8.0).   

4.3 Results 

4.3.1 Cell viability of IRCA drug-treated β-TC6 cells 

The β-TC6 cell line was treated with IRCA1 to IRCA5 drugs for 3 days prior to conducting the MTT 

cell viability assay. This assay was used to determine the maximum concentration of the IRCA drugs 

that does not decrease cell viability. At 10 times the Ki, IRCA1 showed a significant decrease in cell 

viability, therefore this dose was considered lethal. For IRCA2, 1xKi and half times the Ki were 

considered lethal to these cells and were considered non-viable at these concentrations. Similarly, 5 

times Ki and 10 times the Ki for IRCA 3 was considered to cause reduced cell viability. Surprisingly, 

20x Ki IRCA4 was not lethal, however, 1xki and 10x Ki was considered doses that significantly reduced 

cell viability. There were no significant reduction in cell viability caused for all concentrations tested 

for IRCA5 (Figure 4.3). The chosen minimum effective concentration for IRCA1 was 5x Ki, the next 

Ki down from 10x Ki which significantly reduced cell viability (Figure 4.3A), IRCA2 was 0.1x Ki 

(Figure 4.3B), IRCA3 was 1x Ki (Figure 4.3C), IRCA4 was 0.1x Ki (Figure 4.3 D) and IRCA5 was 10x 

Ki (Figure 4.3E). These optimal concentrations were considered to be the highest concentration that 

these β-cells were still viable.  
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Figure 4.3 The β-TC6 β-cells were treated with IRCA 1 to IRCA 5 drugs. Ranging from 10x Ki to 

0.001x Ki for 3 days prior to MTT cell viability test measured at 520nM (n=6-12). The graphs show 

(A) IRCA 1, (B) IRCA2, (C) IRCA3, (D) IRCA4 and (E) IRCA5 -treated cells. All cells in the IRCA

drug-treated groups were relative to DMSO control in both assays. Asterisks show where one-way

ANOVA with Dunnett post-hoc test indicate difference (One-way ANOVA with Dunnett post-hoc

analysis, *p<0.05, ***p<0.001, ****p<0.0001). All data shown are in SEM.
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4.3.2 Inhibition of RCAN1-induced proliferation in β-TC6 cells 

To further examine the effects of these IRCA drugs at a single concentration that does not reduce cell 

viability, we used the xCELLigence real-time cell proliferation assay. The β-TC6 cell line was treated 

with IRCA drugs for 18 days at the concentration discovered earlier and drugs-in-media were replaced 

daily to ensure consistency in daily dosage. There was a statistically significant increase in proliferation 

relative to control group for IRCA1 treated cells at 5x Ki compared to its DMSO control (Figure 4.4). 

This was not observed for the other IRCA drug groups.  

Figure 4.4 Using the xCELLigence system to measure real-time proliferation in the β-TC6 cell 

line treated with IRCA1- IRCA5 drugs at their minimum effective concentration that does not 

cause reduced cell viability. The average cell index (CI) from two experiments (n=3-4) involving 

BTC6 cell line treated over 18 days with the minimum effective concentration of IRCA1 to IRCA5 

drug compared to a DMSO control. The no treatment group denotes just cells and media. Asterisks 

show where Two-way ANOVA with post-hoc test indicate difference (Two-way ANOVA with post-

hoc analysis, * p<0.05, **p≤0.01, ***p<0.001, ****p<0.0001). All data shown are in SEM. 
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4.3.3 IRCA compounds had no effect on the RNA expression of genes associated with β-
cell proliferation and apoptosis 

The expression of genes associated with β-cell proliferation and apoptosis was investigated in the β-

cell line treated with IRCA drugs for 3 days. Primers specific for the proliferation genes Cyclin D1 

(Ccnd1) and Cyclin D2 (Ccnd2) and apoptosis genes, Bax, Puma, Bim and Caspase 3, Caspase 8 and 

Caspase 9 of Mus musculus were used on these β-cells template cDNA from real-time PCR reactions. 

These primer sequences were previously used in our lab (Table 4.1). There were no significant 

expression changes in apoptosis and proliferation genes between control groups and their various IRCA 

drug treatment groups (Figure 4.5).  
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Figure 4.5 The expression of proliferation and apoptosis genes in β-TC6 β-cells were treated with 

IRCA drug at their minimum effective concentration for 3 days (n=3-4). The graphs (A) – (F) 

shows the apoptosis-associated genes and (G)- (I) shows the proliferation-associated genes. All data 

shown is in SEM and all genes were normalised to β-actin. Statistical significance was determined by 

comparing control group with treatment group using the One-way ANOVA with Dunnett’s post-hoc 

test.  

Taken together, the data indicates that inhibiting RCAN1-calcineurin interaction has a positive effect 

of inducing proliferation in the β-cell line. This suggests that IRCA drugs could be of therapeutic value 

in the treatment of diabetes. At gene level, IRCA drugs did not have an effect on the profile of pro-

survival or apoptosis-associated genes after 3 days of drug treatment. This may reflective that changes 

could be happening earlier or after this point that was examined. Further investigation is necessary. 
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4.4 Discussion 

In this study we attempted to understand the effects of inhibition of RCAN1-calcineurin interaction, 

using IRCA compounds, on β-cell apoptosis and proliferation and on the expression of markers of 

apoptosis and proliferation in the β-TC6 β-cell line. The optimal drug concentrations that had minimal 

effects on cell viability were initially determined as shown in Figure 4.3. These concentrations were 

then used for the rest of the experiments as optional drug concentrations to examine the effects on 

proliferation via real-time or measuring gene expression. Using the xCELLigence software to monitor 

the real-time proliferation effects of IRCA drugs on these β-cells over 18 days, IRCA1 at 5x Ki was 

shown to induce proliferation. There were no gene expression changes in the markers of apoptosis and 

proliferation in these β-cells treated with IRCA drugs for 3 days. The timeframe of 3 days was selected, 

mirroring the duration that the minimum effective concentration of drugs were tested for. The effects 

on gene and protein expression changes likely preceded the downstream effects of proliferation seen in 

the xcelligence experiment, however, this might have occurred before or after the time point of 3 days 

of IRCA drug treatment. These time points were not tested in this current chapter.  

Glucose homeostasis requires normal β-cell function and insulin secretion as β-cells are the only source 

of endogenous insulin in the body. RCAN1, an inhibitor of calcineurin, has been implicated in the 

pathogenesis of T2D, where the expression of RCAN1 is upregulated in hyperglycaemic conditions 

(Peiris et al., 2012, Peiris et al., 2016). Additionally, RCAN1ox mice had smaller islets, increased ROS 

production, reduced GSIS, therefore RCAN1 could affect the balance between proliferation and 

apoptosis. There is strong evidence that Rcan1 is a key gene in metabolism and upregulation of RCAN1 

is linked to the pathology of T2D.  

The MTT assay, a metabolic assay, was vital in this experiment as it indicates cell viability which is 

especially important when testing drugs of various concentrations. In my results, the MTT assay was 

successful in obtaining the minimum effective concentration of each drug as follows: IRCA1 at 5x Ki, 

IRCA2 and IRCA4 at 0.1x Ki, IRCA3 and IRCA5 at 1x Ki were the chosen drug potencies selected for 

the experiments in this chapter, based on the results from the MTT assay. The cells being viable at 20x 

Ki for IRCA4 is surprising as we see that the previous two concentrations IRCA4 at 1xKi and 10xKi 

had significantly reduced absorbance readings compared to control and therefore, we would expect that 

at 20xKi, this downward trend would follow. Reasons for this is unclear.  

In β-cells, proliferation is important for normal insulin exocytosis and regulation of glucose homeostasis 

(Georgia and Bhushan, 2004). Particularly in the onset of management of chronic hyperglycaemia, β-

cells proliferate to release more insulin as a coping mechanism for the influx of glucose (Heit et al., 

2006a). The label-free xCELLigence biosensor technology has wide applications in cellular drug 

activity, viability and drug profiling. With the use of the xCELLigence real-time cell proliferation assay, 
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the minimum effective concentration was used for 18 days. The reason for conducting the experiment 

for 18 days is so that we can see a full plateau of the growth curve where the cells in the well are 

extremely confluent and proliferation can no longer be detected. These drugs were replaced daily in 

media for the duration of 18 days, as the half-life of these drugs are currently unknown. There was a 

significant increase in β-cell proliferation with the use of IRCA1 at 5x Ki from the 8th day of drug 

treatment compared to the control (DMSO) group. The β-cells treated with IRCAs 2-5 showed no 

significant changes to the rates of proliferation compared to control. This is helpful in indicating that 

IRCA1 at 5x Ki is the most effective drug for inducing the highest rate of proliferation compared to its 

control. Further experiments regarding potency and half-life of the drug can be conducted. The 

inhibitory effect of the IRCA drugs on RCAN1-calcineurin interaction could also target other molecular 

pathways. The limitations of the xCELLigence is that, cell index measurements which is reflective of 

the proliferation of β-cells does not distinguish between more cells, larger cell size or change in cell 

shape (Kho et al., 2015). Therefore, the effects of IRCA drug use on these β-cells needs to be further 

quantified through immunohistological means or the use of FACS sorting to determine proliferation 

and cell histology.  

The inhibition of RCAN1-calcineurin with use of IRCA drugs resulted in no significant changes at 

transcriptional level for the genes associated with apoptosis and proliferation. Western blot can be used 

to confirm if protein expression changes occur. This suggest that apoptosis and proliferation rates could 

cancel each other out therefore manifesting as no change in expression rates in the short term of 3 days. 

This is supported by the data obtained for the xCELLigence experiment where only on the 8th day 

proliferation rate is significantly increased compared to control. Therefore, drug treatment over longer 

than 3 days in culture might enable us to observe expression changes in apoptosis and proliferation 

genes. Ideally, a time-dependent analysis of gene expression changes from 1 day, 3 days, 6 days, 9 days, 

12 days, 18 days could be conducted to better understand the apoptosis and proliferation gene 

expression changes in IRCA drug β-cells in the short-term and long-term.  

The D-type cyclins are important in the mitogenic signalling pathway, functioning to progress the cell 

cycle. Therefore, they are important in the proliferation of β-cells (He et al., 2009). In Cnb1-/- mice 

islets, Ccnd1 mRNA levels had no change. However, upon selective NFAT activation, there was a 

significant increase in Ccnd1 gene expression (Heit et al., 2006a). Therefore, our results using IRCA 

drugs to disrupt the RCAN1-calcineurin interaction resulting in no expression changes in Ccnd1 

expression is similar to that of Cnb1-/- mice, suggesting that the IRCA drugs could have other off-target 

effects that might perturb NFAT translocation in to the nucleus in the calcineurin-NFAT pathway. It 

would be necessary to induce selective NFAT activity in these cells to investigate this hypothesis. 

Cyclin D2 is required for mature β-cell proliferation. There was no change in Ccnd2 mRNA levels, 

despite significant acute increase in Cyclin D2 protein after a small part of the pancreas was dissected 
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out from mice (He et al., 2009). This could also be the case with the data presented in this chapter, 

where Ccnd2 showed no change at mRNA level and could potentially have post-transcriptional 

modifications at protein level. 

Mitochondrial dysfunction is characteristic to T2D. The mitochondria are sensitive to overt levels of 

oxidative stress which results in apoptosis. This is evident in islets overexpressing RCAN1, in low and 

high glucose conditions (Peiris et al., 2016). The RCAN1ox islets had a greater mitochondrial ROS 

production in the high glucose condition compared to low glucose and WT in the same conditions 

reflected by relative fluorescence using the MitoSox fluorescence assay (Peiris et al., 2012). RCAN1 is 

a stress-inducible protein that is involved in mitochondrial function in neuronal cells and more recently, 

the pancreatic β-cells (Peiris et al., 2012). In high glucose conditions, both RCAN1.1 and RCAN1.4 

protein expression is increased in mouse pancreatic islets compared to low glucose conditions. There 

was a reduction in ATP availability in RCAN1ox islets and reduced GSIS (Peiris et al., 2016).The 

expression of apoptosis markers can be correlated to the glucose-induced oxidative stress that increases 

ROS production, resulting in mitochondrial dysfunction and an induced increase in apoptotic genes. 

Therefore, future experiments can involve exposure of IRCA drug-treated cells to oxidative stress. To 

better understand mitochondrial dysfunction, mitophagy, a type of autophagy occurring specifically in 

the mitochondria can be measured in cells treated with IRCA drugs. 

Additionally, to further the drug study, changes in expression of transcription factors that regulate genes 

important to β-cell function such as Pdx1, Beta2, Hnf4α, Hnf1α, Hnf1β, as a well as, β-cell cycle 

regulators including cyclin-dependent kinase 4 (Cdk4) and c-myc (Heit et al., 2006a) can be analysed 

in IRCA drug-treated cells. This is important for our understanding of the functionality of these β-cells 

to secrete insulin post-drug treatment. Also, an ELISA can be used by extracting lysates from drug-

treated β-cells to investigate insulin content in these cells and therefore test for the β-cell’s ability to 

secrete insulin (Peiris et al., 2012). This can be helpful in understanding the effects of IRCA drugs on 

the β-cell’s functional capacity to secrete insulin following the increase in proliferation rate with the 

use of the IRCA1 drug at 5x Ki. Limitations in this study include the lack of direct measurement of β-

cell number, β-apoptosis and calcineurin activity post-drug use. Such experiments would clarify the 

effect of using IRCA drugs to inhibit the RCAN1-claicnuerin interaction, discussed in section 7.4. 

The recent publications from our lab used mice that had a global RCAN1 overexpression (Peiris et al., 

2012). Consideration needs to be made when comparing results from RCAN1ox, Rcan1-/- mice islets or 

β-cells with that of IRCA drug-treated islets or β-cells as RCAN1 was globally expressed or knocked 

out in the whole animal. This is a limitation to such studies as other pathways could be implicated. 

Furthermore, the use of islets explant from RCAN1ox mice were kept in culture for a few days prior to 

experiments conducted in these publications. Therefore, in vivo effects could be loss through this 

process. However, the use of primary islets and β-cells obtained from wild-type mice treated with IRCA 
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drugs might provide a better understanding of true effect of these inhibitors upon the RCAN1-

calcineurin interaction and the downstream NFAT translocation and effects. Apart from Calcineurin 

inhibitor CsA, which prevents NFAT translocation, the GSK3β inhibitors (Li+ or TZDZ-8) which 

increases NFAT translocation can be use on β-TC6 cells to better understand the RCAN1-calcineurin 

pathway (Holowachuk, 2007). These results can be compared with the effects of using IRCA drugs on 

β-TC6 where RCAN1-Calcineurin interaction would be inhibited and calcineurin, essential to NFAT 

translocation, should continue.   

The first study investigated the optimal drug concentrations that does not affect cell viability, with 

treatment of cells for 3 days, was helpful in determining the minimum effective drug concentrations 

that does not reduce cell viability. Even though differences in proliferation rates were only observed 

from day 8 in the xCELLgience experiment that occurred over 18 days, the viability of cells can be 

determined in a shortest amount of time and the study investigating the minimum effective 

concentration of drug that does not cause reduced cell viability was merely a gauge for cell viability at 

a single concentration. Overall, the significance of this study is the therapeutic gain of being able to 

induce proliferation by targeting the RCAN1-calcineurin interaction in b-cells. The capacity of inducing 

the proliferation of β-cells for the treatment of diabetes could have an immense change to the way 

diabetes is being treated. Although more work is still required, this is a promising finding that could be 

further developed to combat diabetes.  
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GENES IN WT AND Rcan1-/- MURINE eWAT ON HIGH- 

AND LOW-FAT DIETS
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5.1 Introduction 

The RCAN1 gene, found on chromosome 21, has been associated with pancreatic β-cell mitochondrial 

dysfunction, T2D (Peiris et al., 2012, Peiris et al., 2016) and supresses non-shivering thermogenesis 

(NST) through inhibition of  the induction of uncoupling protein 1 (UCP1) expression in white adipose 

tissue and through sarcolipin in skeletal muscles (Rotter et al., 2018). Apart from functional 

mechanisms such as NST, the adipose tissue undergoes several other metabolic processes such as 

lipolysis, lipogenesis and adipogenesis. We are interested in extending our understanding of the role of 

RCAN1 in other metabolic pathways within the adipose tissue. The regulation of lipolysis and 

lipogenesis are essential in determining energy distribution and maintenance of the fat depot size within 

the organism (Kersten, 2001). Downregulated lipolytic activity could contribute to increased TG 

storage in the adipose tissue, resulting in obesity. While lipodystrophy, due to abnormally high rates of 

lipolysis, could result in lipotoxicity that contributes to insulin resistance (Jaworski et al., 2007, 

Morigny et al., 2016). In an obese individual, excess fatty acids could be released in excess, insulin 

resistance, endothelial and pancreatic b-cell dysfunction (Cerf, 2013, Ormazabal et al., 2018) might 

eventually result in T2D. The regulation of lipolysis is complex, involving metabolic hormones, 

neuronal input and metabolites that changes in response in nutritional states (Lass et al., 2011, Nielsen 

et al., 2014). In a recent publication, RCAN1 KO (Rcan1-/-) mice fed a high fat diet (HFD) did not gain 

weight compared to WT and displayed a lean phenotype confirmed with nuclear magnetic resonance 

spectroscopy (Figure 1.23B). Rcan1-/- and WT mice on a HFD displayed no differences in faeces 

cholesterol and triglyceride content (Rotter et al., 2018) suggesting that nutritional uptake in the 

intestines was not disrupted and the lack of weight gain in these Rcan1-/- mice on a HFD was not due to 

defects in dietary absorption or NST. Additionally, the data showed a reduction in adipocyte size in fat 

pads between Rcan1-/- and WT mice on either diets, indicative of lesser fat storage in adipocytes. 

Therefore, other metabolic mechanisms could contribute to the lean phenotype observe in Rcan1-/- mice 

on a HFD. In this chapter, we explore gene expression changes associated with lipolysis, lipogenesis 

and adipogenesis in epididymal white adipose tissue (eWAT) of Rcan1-/- and WT mouse on high- and 

low- fat diets. The eWAT fat depot was used in this experiment as it is the largest visceral fat depot in 

the body of the mouse and description of its location is described in chapter 1 (Figure 1.4). 

Lipolysis is the breakdown of triacylglycerol (TG) to produce non-esterified fatty acids (NEFA) and 

glycerol under fasting and cold-induced adrenergic conditions and during elevated energy demands. 

The expression of key genes known to be associated with lipolysis such as perilipin 1 (Plin1), 

comparative gene identification 58 (Cgi-58), adipose triglyceride lipase (Atgl), G0/G1 switch gene 2 

(G0s2) and hormone sensitive lipase (Hsl) were measured using quantitative real-time PCR in this study 

(Table 5.1). The function of these enzymes and their role in the lipolytic pathway have been described 

in detail in Chapter 1 (Figure 1.7). Based on a recent publication, basal lipolysis was increased in the 
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Rcan1-/- mice compared to its WT in subcutaneous white adipose tissue (sWAT). In the activated 

lipolysis state, activated lipolysis is decreased in the Rcan1-/- mice compared to WT in sWAT (Rotter 

et al., 2018) (Figure 1.25). Therefore, this chapter aims to investigate lipolysis-associated gene 

expression and discuss possible functional changes due to expression changes.  

Both lipogenesis and adipogenesis have not been directly measured in Rcan1-/- mice and studying these 

processes will expand our understanding of the role of RCAN1 in adipocyte biology and function. 

Lipogenesis is the process of fatty acid synthesis and subsequent triglyceride synthesis occurring in 

both liver and adipose tissue (Kersten, 2001). The lipogenic pathway has been described in detail in 

Chapter 1 (Figure 1.6) and the lipogenesis-associated genes such as ATP-citrate lyase (Acl), Acetyl 

CoA carboxylase alpha (Acc1), ACC-beta (Acc2), fatty acid synthase (Fas), sterol regulatory element 

binding transcription factor 1 (Srebp1), Srebp -1a, -1c, carbohydrates response element binding protein 

(Chrepb), Chrebp-α and -β  are investigated in this chapter (Table 5.1). In lipolysis, the breakdown of 

triacylglycerol to fatty acids and glycerol, involves the sequential actions of three important lipases, 

namely, ATGL, HSL and MGL (Lass et al., 2011). It is important to first consider the function of these 

proteins, when trying to understand how gene expression changes could affect function and the overall 

significance of these findings. SREBP1 and ChREBP are key transcription factors that regulate genes 

in the de novo lipogenesis (DNL) and glycolysis pathways (Brown and Goldstein, 1997, Ruiz et al., 

2014). SREBP-1c is involved in insulin-mediated effects on lipogeneic gene expression in adipocytes 

(Kim et al., 1998, Foretz et al., 1999). Furthermore, SREBP-1c activate genes for fatty acid biosynthesis 

but not cholesterol synthesis while SREBP-1a activates genes for both cholesterol and fatty acid 

biosynthesis (Amemiya-Kudo et al., 2002, Horton et al., 2002, Iizuka et al., 2004). Srebp1-/- mice has 

decreased synthesis of fatty acids, given the reduced expression of genes for fatty acid synthesis 

enzymes in the liver (Ruiz et al., 2014). Srebp1c mRNA expression is elevated in islets (3.4 times higher 

than lean control), liver (2.4 times higher than lean control) (Kakuma et al., 2000) and the SREBP-1c 

protein levels are increased in the kidney of HFD-induced diabetic animal models (Saravanan and Pari, 

2016). In pathogenic states, SREBP-1c is upregulated in the liver in insulin-resistant animals and is 

involved in the pathogenesis of T2D (Shimano et al., 1996, Tobe et al., 2001), insulin resistance in 

skeletal muscle (Bi et al., 2014) and b-cell dysfunction (Wang et al., 2003).  

ChREBP is a glucose-responsive transcription factor, involved in DNL, and regulate genes of enzymes 

involved in fatty acid synthesis and glycolysis (Uyeda et al., 2002, Iizuka et al., 2004). ChREBP has 

two isoforms, ChREBP-α and ChREBP-β, alternative splice variants of the same Mlxipl gene (Herman 

et al., 2012). GLUT 4-mediated glucose uptake induces ChREBP which activates adipose tissue DNL 

(Herman et al., 2012). ChREBP-α is constitutively expressed in metabolic tissues such as the adipose 

tissue (Iizuka et al., 2004). ChREBP-α in combination with max-like protein X is bound to the 

carbohydrate response elements in promoters of target genes involved in lipogenesis and ChREBP-β. 
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Once activated, ChREBP-β also activates target genes that synthesises fatty acids (Song et al., 2018) 

(Figure 1.6). Overall, dysregulation of DNL can result in adverse metabolic effects (Ameer et al., 2014). 

Therefore, we were interested in investigating the expression of lipogenic enzyme gene expression the 

expression of their transcriptional regulators.   

Obesity can involve both hypertrophy (increase size of adipocyte) or hyperplasia (formation of new 

adipocytes by adipogenesis, therefore, the study of adipogenesis is important for the understanding of 

obesity (Ghaben and Scherer, 2019). Adipogenesis is defined as the differentiation of adipocytes from 

pre-adipocytes into mature fat cells (Kersten, 2001) (Figure 1.4). Both CCAAT/enhancer-binding 

protein alpha (C/EBP-α) and leptin are involved in adipogenesis and we investigated the expression of 

these genes within eWAT of these mice (Table 5.1). The differentiation cocktail used to transform 

fibroblast cells to adipocyte cells has been discussed in section 2.2.1 of this thesis. Expression of 

C/EBPa is necessary for pre-adipocyte differentiation. In the absence of C/EBPa, adipose-specific 

genes were not expressed and triacylglycerol accumulation was not detected (Freytag et al., 1994, Shao 

and Lazar, 1997). Leptin is a cytokine produced mainly by WAT and is highly linked to weight and 

food intake (Gallardo et al., 2007); dysregulation of leptin results in metabolic conditions and obesity. 

In the recent publication, leptin serum levels were decreased in Rcan1-/- mice on a HFD compared to 

WT on a HFD and compared to Rcan1-/- on normal chow, which is expected as Rcan1-/- had anti-

obesogenic effects (Rotter et al., 2018) (Figure 1.23E). Moreover, leptin has multiple roles and is 

involved in the regulation of fatty acid homeostasis where it restricts lipid storage in adipocytes, and 

limits lipid accumulation in non-adipocytes, functioning to protect against lipotoxicity (Unger et al., 

1999, Unger, 2002) and prevents the overexpression of SREBP-1c. Furthermore, peroxisome 

proliferator-activated gamma (PPAR γ), key in gluconeogenesis as well as adipogenesis (Tontonoz and 

Spiegelman, 2008), showed a significant downregulation of PPARγ in Rcan1-/- compared to WT on a 

HFD (Figure 5.1), indicative of reduction in adipogenesis in Rcan1-/- mice on a HFD compared to WT. 

Therefore, these two genes in the present study, involved in adipogenesis, are essential to our 

investigation of phenotypic effects observed in Rcan1-/- compared to WT and with diets of different fat 

levels. In this study, it is hypothesized that there will be decrease in lipogenic- and adipogenesis-related 

genes in Rcan1-/- compared to WT on a HFD. To investigate this hypothesis, RT-PCR was used to 

examine genes associated with lipogenesis, adipogenesis and lipolysis.  
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Figure 5.1 Transcript level of peroxisome proliferator-activated gamma (Pparg)  involved in 

adipogenesis in liver of WT and KO mice on normal chow (NC) and high fat diet (HFD) (Rotter 

et al., 2018). 

Overall, obesity can result from expansion of individual adipocyte size or increase in abundance of 

adipocytes due to increased differentiation (Spiegelman and Flier, 1996) and understanding of 

adipogenic genes is important. Lipolysis and lipogenesis determine the amount of fat accumulated 

(Kersten, 2001). Therefore, our study aims to understand the effects of diet on Rcan1-/- and WT gene 

expression in the processes related to lipolysis, lipogenesis and adipogenesis in eWAT. This will also 

further our understanding of the role of RCAN1 in adipose tissue function. I hypothesise that RCAN1 

decrease lipolysis, increase lipogenesis and adipogenesis in mice on a HFD compared to LFD through 

its role as an inhibitor of calcineurin.  

5.2 Materials and methods 

5.2.1 Animals 

Rcan1-/- mice (Flinders University) or wild-type (WT) were generated and fed a high (35%) fat diet 

(HFD) produced by Speciality Feeds (WA, Australia) or and a low (4%) fat diet (LFD; Normal chow) 

(LabDiet 5001) for 8 weeks by Dr Alyce Martin (Keating lab) and were humanely euthanised at 17-18 

weeks old. Details of mice breeding can be found in section 2.6. The epididymal white adipose tissue 

(eWAT) was dissected and snap frozen for later use. Total RNA was extracted from mice eWAT using 

the RNeasy® Lipid Tissue Mini Kit (Qiagen, Australia) following manufacturer’s instructions and 

described in detail in section 2.7 of this thesis.  

5.2.2 Adipose tissue Gene Expression Profile 

The list of gene targets for lipolysis, lipogenesis and adipogenesis can be found in the table below (Table 

5.1) and the general quantitative PCR method has been described previously in Chapter 2. The melt 

curves and quantitation graphs generated for each of these gene targets can be found in Appendix B.2. 
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Table 5.1 Primer forward and reverse sequences and size and source 

Lipolysis 

Gene target Forward Reverse Length Reference 

Perilipin 1 (Plin1) GGGACCTGTGAGT
GCTTCC 

GTATTGAAGAGC
CGGGATCTTTT 228 (Cai et al., 2012) 

Adipose triglyceride 
lipase (Atgl) 

ATTTATCCCGGTGT
ACTGTG 

GGGACACTGTGA
TGGTATTC 119 (Lee et al., 2009) 

Comparative gene 
identification 58 
(Cgi-58) 

GGTTAAGTCTAG 
TGCAGC 

AAGCTGTCTCAC
CACTTG 126 (Zierler et al., 

2013) 

Hormone  Sensitive 

lipase (Hsl) 

GCTGGGCTGTCA 
AGCACTGT 

GTAACTGGGTAG 
GCTGCCAT 

160 (Taschler et al., 
2011) 

G0/G1 switch gene 
2 (G0s2) 

AGTGCTGCCTCTCT
TCCCAC 

TTTCCATCTGAGC
TCTGGGC 65 (Zandbergen et al., 

2005) 

Lipogenesis 

Gene target Forward Reverse Length Reference 

Sterol regulatory 
element-binding 
transcription factor 
1 (Srebp1- total) 

GCTCCAGCTCATC
AACAACCA 

CAGGAAGGCTTC
CAGAGAGGA 160 

(Le Lay et al., 

2002) 

Srebp1c 
ATCGGCGCG 
GAAGCTGTC 
GGGGTAGCGTC 

ACTGTCTTGGTT 
GTTGATGAGCTG 
GAGCAT 

116 (Rinella et al., 
2008) 

Srebp1a CATAGGGGGCGTC
AAACAG 

GATGTGCGAACT
GGACACAG 104 (Green et al., 2007) 

Carbohydrate-
responsive element-
binding protein 
(Chrebp- total) 

CACTCAGGGAATA
CACGCCTAC 

ATCTTGGTCTTAG
GGTCTTCAGG 110 (Herman et al., 

2012) 

Carbohydrate-
responsive element-
binding protein -
alpha (Chrebp-α) 

CGACACTCACCCA
CCTCTTC 

TTGTTCAGCCGG
ATCTTGTC 121 

(Herman et al., 

2012) 

Carbohydrate-
responsive element-
binding protein- 
beta (Chrebp-β) 

TCTGCAGATCGCG
TGGAG 

CTTGTCCCGGCAT
AGCAAC 87 

(Savage et al., 
2006, Jois et al., 
2016) 
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Acetyl-CoA 
carboxylase alpha 
(Acc1) 

ATTGTGGCTCAAA
CTGCAGGT 

GCCAATCCACTC
GAAGACCA 67 

(Savage et al., 

2006) 

Acetyl-CoA 
carboxylase beta 
(Acc2) 

GGGCTCCCTGGAT
GACAAC 

GCTCTTCCGGGA
GGAGTTCT 73 

(Im et al., 2009) 

ATP-citrate 
lyase (Acl) 

ACCCTCTTCAGCC
GACATACC 

CTGCTTGTGATCC
CCAGTGA 147 (Schirra et al., 

2006) 

Fatty acid synthase 
(Fas) 

CCAAGCAGGCACA
CACAA 

CACTCACACCCA 
CCCAGA 132 (Hessel et al., 2007) 

Adipogenesis 

Gene target Forward Reverse Length Reference 

CCAAT/enhancer-
binding protein 
alpha (Cebp-a) 

TGGACAAGAACAG
CAACGAGTAC 

GCAGTTGCCCAT
GGCCTTGAC 239 (Sandhir and 

Berman, 2010) 

Leptin TCTATCAACAGGT
CCTCACC 

ACTGTTGAAGAA
TGTCCTGC 240 (Lee et al., 2009) 

Housekeeper 

Gene target Forward Reverse Length Reference 

β-actin GGGGCAAGAGAG
GTATCCTGACC 

CCCTGGATGCTA
CGTACATGGC 237 (Rotter et al., 2018) 

5.2.3 Statistical analysis 

Data are presented as mean ± standard error of mean (SEM). The results for each RT-PCR run was 

inserted into the Qgene spreadsheet that automates delta-delta CT readings and generates the calculated 

mean normalised expression. The mean normalised expression for the target genes were normalised to 

the house keeping gene β-actin. Difference between diet groups and mice groups were performed using 

a One-way ANOVA unpaired test with Tukey post-hoc test. A two-tailed P-value <0.05 was considered 

statistically significant. Statistical analyses were performed using the Prism software (Prism 8.0).  
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5.3 Results 

5.3.1 Lipolysis associated gene expression changes in Rcan1-/- mice 

Lipolysis gene expression in epididymal white adipose tissue (eWAT) in the absence or presence of 

RCAN1 on mice fed a normal chow (4% fat), denoted as low-fat diet (LFD) and a 35% high fat diet for 

8 weeks. There was significant decrease in Plin1 and Hsl expression in Rcan1-/- on a LFD compared to 

WT. This was roughly 0.5-fold decrease for both genes. (Figure 5.2 A, E). No significant changes were 

observed in transcript levels of Cgi-58 and G0s2 (Figure 5.2 B, D). On a HFD, there was an 2- fold 

increase in transcript levels in Rcan1-/- compared to WT and LFD groups (Figure 5.2 C). Taken together, 

RCAN1 may have a role in the lipolytic pathway at a transcriptional level, as it highly affects the rate-

limiting enzyme ATGL, evident by the significant increase in Atgl in Rcan1-/-on a HFD compared to 

WT and all diet groups. The increase in Atgl mRNA in KO mice on a HFD suggest that basal lipolysis 

is increased in these mice compared to WT and all diet groups. Additionally, consumption of LFD 

showed a significant decrease in Plin1 and Hsl expression compared to WT on the same diet further 

suggesting that RCAN1 plays a role in the lipolytic process. Overall, this supports the data showing 

RCAN1 decreases lipolysis in WT mice (Rotter et al., 2018) (Figure 1.25).  
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Figure 5.2 Expression of lipolysis-associated genes were analysed from murine eWAT tissue of 

WT LFD, Rcan1-/- LFD, WT HFD and Rcan1-/- HFD groups. (A) Perilipin 1 (Plin1) (n=6 -11) (B) 

Comparative gene identification 58 (Cgi-58) (n=7-10) (C) adipose triglyceride lipase (Atgl) (n=7-10) 

(D) G0/G1 switch gene 2 (G0s2) (n=7-11) and (E) hormone sensitive lipase (Hsl) (n=6-11). Asterisks

show where one-way ANOVA with Tukey post-hoc test indicate difference (One-way ANOVA with

Tukey post-hoc analysis, *p<0.05, *** p<0.001).
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5.3.2 Lipogenic gene expression was altered in Rcan1-/- mice 

In our study, we compared directly the expression level of genes in the lipogenic pathway in adipose 

tissue of WT and Rcan1-/-mice. To determine whether diet causes a difference between Rcan1-/- mice 

and WT, the eWAT of mice fed on these diets were isolated. SREBP-1 and ChREBP are key 

transcription factors involved in the regulation of enzymes involved in lipogenesis such as ACC1 and 

ACC2, ACL and FAS. There was a significant decrease in Srebp1c transcript levels in Rcan1-/- mice on 

a LFD and WT on a LFD (2.6-fold) (Figure 5.3C). Overall expression changes were not observed in 

Srebp1-total and Srebp1a (Figure 5.3 A and B). The transcript levels of Chrebp-total were significantly 

increased (2.3-fold) in Rcan1-/- on a HFD compared to WT on a HFD (Figure 5.3 D). No expression 

changes observed in Chrebp-α and Chrebp-β (Figure 5.3 E). 
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Figure 5.3 Expression of transcription factors involved in lipogenesis in murine eWAT tissue. 

(A) Sterol regulatory element-binding transcription factor 1 (Srebp-1) (n=6-11) (B) Sterol-regulatory

element binding protein -1 alpha (Srebp1a) (n=5-9) (C) sterol regulatory element binding protein-1c

(Srebp1c) (n=6-11) (D) Carbohydrate-responsive element binding protein (Chrebp-total) (n=7-10) (E)

Carbohydrate-responsive element binding protein-alpha (Chrebp-α) (n=7-11) and (F) Carbohydrate-

responsive element binding protein-beta (Chrebp-β) (n=5-10). Asterisks show where One-way

ANOVA with Tukey post-hoc test indicate difference (One-way ANOVA with Tukey post-hoc

analysis, *p<0.05, *** p<0.001).

FAS is a key lipogenic enzyme. While there were no changes in the Fas and Acc2 transcript levels 

(Figure 5.4 B,D), Acl was significantly increased in Rcan1-/- on a HFD compared to WT HFD (8.7-fold 

increase) and LFD groups (Figure 5.4A). The Acc1 transcript levels decreased significantly in Rcan1-/-

on a LFD compared to WT on a LFD (3.5-fold decrease). Comparing WT in LFD to HFD groups, there 

was a significant 5.6-fold decrease in Acc1 gene expression (Figure 5.4C).  
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Figure 5.4 Expression of genes of lipogenic enzymes in murine eWAT tissue. (A) ATP-citrate lyase 

(ACL) (n=6-12) (B) fatty acid synthase (Fas) (n=7-12) (C) acetyl-CoA carboxylase alpha (Acc1) (n=4-

10) (D) Acetyl-CoA carboxylase beta (Acc2) (n=7-11). Asterisks show where one-way ANOVA with

Tukey post-hoc test indicate difference (One-way ANOVA with Tukey post-hoc analysis, *p<0.05, ***

p<0.001).
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5.3.3 Adipogenesis gene expression change with diet type in Rcan1-/- mice 

In the recently published work, Pparg, part of the adipogenic process, showed a decreased in mRNA 

expression in Rcan1-/-on a HFD compared to WT. This was similar for leptin serum levels, where Rcan1-

/- mice had decreased leptin levels compared to WT on a HFD (Rotter et al., 2018). CCAAT/enhancer-

binding protein alpha (Cebp-a) and Leptin were the two genes we looked at for adipogenesis. There 

was a significant 2.4-fold increase in leptin gene expression in Rcan1-/- mice on a HFD compared to 

WT on a HFD, a 9.1- fold increase in leptin gene expression in Rcan1-/- HFD compared to Rcan1-/- LFD 

and a 3.9-fold increase in leptin gene expression in WT HFD compared to WT LFD (Figure 5.5). 

Figure 5.5 The expression of adipogenesis-associated gene in murine eWAT tissue.

(A) CCAAT/enhancer-binding protein alpha (Cebp-a) (n=7-11) and (B) Leptin (n=5-12). Asterisks

show where one-way ANOVA with Tukey post-hoc test indicate difference (One-way ANOVA with

Tukey post-hoc analysis, *p<0.05, *** p<0.001).

Taken together, these data demonstrate that diet-specific changes affected leptin at the transcriptional 

level and not Cebp-a expression in Rcan1-/- mice and WT mice eWAT. Furthermore, leptin is important 

in the expansion of fat and the adipogenic process. Overall, RCAN1 has a regulatory role in lipid 

metabolism.  
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5.4 Discussion 

Obesity is linked to increased risk for T2D, cancer and cardiovascular disease (Fruh, 2017). The ablation 

of Rcan1, an endogenous inhibitor of calcineurin, has been recently linked to an anti-obesogenic 

phenotype in mice (Rotter et al., 2018) and the overexpression of RCAN1 was linked to diabetes in mice 

(Peiris et al., 2012, Peiris et al., 2016). There is need for greater understanding of the role of RCAN1 in 

the adipose tissue given that metabolic effects of RCAN1 is not limited to β-cells (Peiris et al., 2012, 

Peiris et al., 2016). Furthermore, synthetic inhibitors of calcineurin used for immunosuppression in 

organ transplant patients have increased risk for weight gain and post-transplant diabetes (Heisel et al., 

2004, Chakkera et al., 2017), presenting a link between calcineurin, a target of RCAN1 inhibitory effect, 

and diabetes. The results of this chapter have highlighted the diverse range of effects of knocking-out 

Rcan1 and the differences in diets have on adipogenic, lipolytic and lipogenic gene expression. This 

study is novel and understanding of gene expression changes in the adipose tissue of Rcan1-/- mice 

could inform us of the role of RCAN1 in adipose tissue function discussed below.   

5.4.1 Plin1 and Hsl gene expression decreased in Rcan1-/- mice on a LFD 

Functionally, PLIN1 proteins have dual roles, functioning as a barrier to lipid droplet breakdown (Ueno 

et al., 2013) and has a role in regulating lipolysis rate as it functions as a barrier to lipases, such as HSL, 

thus maintaining low basal lipolysis (Brasaemle et al., 2000b, Miyoshi et al., 2006, Jaworski et al., 

2007). This is important as obese patients and animals have elevated basal lipolysis (Reynisdottir et al., 

1995) and stimulated lipolysis is reduced (Large et al., 1999), reviewed by (Morigny et al., 2016). 

Insulin resistance in obese patients can dysregulate adipocyte metabolic activities and increase basal 

lipolysis (Morigny et al., 2016). PLIN1 also acts to increase activated lipolysis by regulating the 

hydrolytic action of HSL, through both phosphorylation independent and dependent mechanisms 

(Miyoshi et al., 2006). My results show a decrease in Plin1 gene expression in Rcan1-/- mice compared 

to WT, which is indicative of reduced barrier protection against lipases, inherently increasingly basal 

lipolysis as evident in the recent publication where Rcan1-/- mice had increased basal lipolysis compared 

to WT (Rotter et al., 2018). Basal lipolysis in Plin1-/- adipocytes was increased compared to WT (Tansey 

et al., 2001) where Plin1-/- mice had a lean body mass, upregulated metabolic rate but increased glucose 

intolerance and peripheral insulin resistance. This is most evident when these mice were fed a HFD, 

resulting in an increased in ectopic fat which contributed to the development of insulin resistance 

(Martinez-Botas et al., 2000, Tansey et al., 2001) and the promotion of inflammatory responses (Sohn 

et al., 2018). Therefore, decreased expression of lipid-droplet protein PLIN1 is linked to insulin 

resistance - the lack of PLIN1 in Plin1-/- mice results in induction of inflammatory responses and 

lipolysis was promoted (Sohn et al., 2018). Furthermore, adipose-specific Plin1 overexpression and 

mice on a HFD, resulted in resistance to obesity, improved insulin sensitivity and increased WAT 

browning (Miyoshi et al., 2010), indicating that PLIN1 is important for the proper regulation of 
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lipolysis. These studies help us understand the importance of PLIN1 in obese and diabetic states. 

However, in contrast to these Plin1-/- mice, the Rcan1-/- mice did not develop insulin resistance as they 

had normal blood glucose, maintained normal lipid and insulin sensitivity after a HFD (Rotter et al., 

2018). The current literature has no studies on the relationship between PLIN1, calcineurin or RCAN1 

therefore, more research needs to be conducted to investigate the role of RCAN1 in the adipose tissue.  

Lipolysis is complex and a relationship exist between PLIN1 and HSL. In basal lipolysis, HSL is 

associated with the lipid droplet (LD) and is not phosphorylated (Miyoshi et al., 2006). With 

stimulation, PLIN1 is phosphorylated by PKA at serine residue Ser-517, which controls PKA-

stimulated activated lipolysis in adipocytes (Miyoshi et al., 2007). When HSL is phosphorylated, HSL 

moves from the cytosol to the LD surface as PLIN1 undergoes conformational changes to bring LD-

associated HSL in close proximity with stored neutral lipids, increasing hydrolysis of TG through PKA-

stimulated lipolysis (Moore et al., 2005, Miyoshi et al., 2006, Jaworski et al., 2007). Here, my results 

show a decreased in Hsl gene expression in Rcan1-/- compared to WT on a LFD. This is a similar 

decrease observed in activated lipolysis in sWAT in Rcan1-/-  mice compared to WT. The decrease in 

activated lipolysis could be specific to sWAT (subcutaneous) (Figure 1.25) and eWAT (visceral), 

reflected as gene expression decrease in eWAT, in contrast to no change in activated lipolysis observed 

in gWAT and BAT (Figure 1.25). Caesar et al. (2010) proposes that variations could exist, dependent 

on depot-specific location, affecting gene expression changes (Caesar et al., 2010). Furthermore, HSL 

and PLIN1 are differentially expressed between omental and subcutaneous adipose tissue and could 

cause depot differences in lipolysis (Ray et al., 2009, Lee et al., 2013), therefore, depot differences in 

gene expression and proteins can influence obesogenic fat accumulation that is linked to diabetes with 

visceral accumulation being more susceptible than subcutaneous fat depots (Arner, 1998). In the 

literature, NFAT proteins have roles in the control of gene transcription in mature adipocyte metabolism 

and lipolysis (Holowachuk, 2007) and HSL can be dephosphorylated by calcineurin in vitro (Olsson 

and Belfrage, 1987). Lipolysis was reduced by 50% with CsA treatment, specific calcineurin inhibitor, 

that resulted in reduced expression of lipolytic genes Hsl, aP2, Pparg and Acs (Holowachuk, 2007). 

This is consistent with the present results where Hsl was decreased in Rcan1-/- mice compared to WT, 

indicative of reduced activated lipolysis. However, in another study, the calcineurin inhibitors CsA, 

tacrolimus and rapamycin (mTOR) significantly elevated isoproterenol-stimulated phosphorylation of 

HSL on Ser552 (Pereira et al., 2013) thereby regulating HSL hydrolytic activity (Anthonsen et al., 

1998). In studies involving the ablation of Hsl, mice were resistant to obesity caused by a HFD (Osuga 

et al., 2000, Harada et al., 2003) or when bred with ob/ob mice (Sekiya et al., 2004). Therefore, the 

downregulation of Hsl could contribute to the anti-obesity phenotype in Rcan1-/- mice. Further work 

needs to determine post-translational changes to HSL levels and also investigate HSL activity in these 

Rcan1-/- mice to understand the differences in Hsl expression decrease in Rcan1-/- compared to WT.  
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5.4.2 Atgl gene expression increased in Rcan1-/- mice on a HFD  

Given that Rcan1-/- may be contributing to changes in lipolysis when on a HFD, we then chose to 

examine other molecules involved in the lipolytic pathway. Stimulation of PKA led to the activation of 

the lipolytic pathway activating the thermogenic pathway in BAT and activation of UCP1 (Caron et al., 

2019). Adipose Triglyceride lipase (ATGL) is the rate-limiting enzyme in lipolysis (Lu et al., 2010) 

and is highly expressed at transcriptional level in adipose tissue in mice (Zimmermann et al., 2004). 

When overexpressed in adipocytes, there was an increased in diacylglycerol. Similarly, fatty acid 

released increased after isoproterenol stimulated lipolysis. This is in contrast to decreased basal lipolysis 

when Atgl gene was silenced. Therefore, ATGL has ability to modulate both basal and stimulated 

lipolysis (Zimmermann et al., 2004). Both the phosphorylation of ATGL’s coactivator CGI-58 and 

phosphorylation of Perilipin, facilitates access of ATGL to lipid droplets to promote triglyceride 

hydrolysis (Greenberg et al., 2011). 

Both lipolytic lipase proteins, ATGL and HSL (Pereira et al., 2013), are direct targets of AMPK (Kim 

et al., 2016) and both had gene expression changes opposite to each other in this present study. Both 

ATGL and HSL work sequentially to generate monoglyceride. It has been proposed that HSL is mainly 

responsible for stimulated lipolysis while ATGL is the main lipase for basal lipolysis (Ducharme and 

Bickel, 2008). The gene expression of Atgl in Rcan1-/- was increased compared to WT on a HFD. Basal 

lipolysis is primarily due to actions of ATGL (Haemmerle et al., 2006, Miyoshi et al., 2008) and these 

results could explain the increase in basal lipolysis in Rcan1-/- mice (Rotter et al., 2018). The results are 

consistent with adipose-specific overexpression of Atgl in mice, resulting in an increased lipolysis, was 

unchanged in serum free fatty acid levels but these animals had reduced body fat which allowed 

resistance to diet-induced obesity and insulin resistance, elevated adipose mitochondrial biogenesis and 

whole-body oxygen consumption (Ahmadian et al., 2009). In a study by Wueest et al. (2008), basal 

lipolysis was two times higher in larger adipocytes than smaller adipocytes and mRNA expression of 

Atgl and Hsl was higher in larger adipocytes derived from eWAT in mice (Wueest et al., 2009). It is 

known that larger adipocytes could produce higher pro-inflammatory cytokines (Skurk et al., 2007). 

The increase in Atgl gene expression could also indicate that other metabolic processes could be 

involved as ATGL has been shown to elevate activity of nuclear receptor PPARα which is a PGC-1α 

binding partner to promote fatty acid oxidation (Haemmerle et al., 2011, Ong et al., 2011, Obrowsky et 

al., 2013, Khan et al., 2015) that breaks down fatty acids into acetyl-CoA and enters the Krebs cycle to 

generate ATP.  

Also in Atgl-/- mice, thermoregulation was affected due to impaired TG hydrolysis, reduced lipolysis by 

85% in BAT and 82% in WAT of these animals. Consistent with this, Atgl-/- mice had 80% decreased 

PGC1α and 53% UCP1 expression (Haemmerle et al., 2006). The lack of ATGL resulted in the build-

up of triglycerides in multiple tissues (Haemmerle et al., 2006, Schweiger et al., 2009) and delayed 
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cholesterol absorption in the intestines (Ahmadian et al., 2010). Moreover, the reduction in lipolysis 

resulted in fatty acid oxidation shifts to glucose oxidation and protects mice against HFD-induced 

insulin resistance (Haemmerle et al., 2006, Hoy et al., 2011). As lipolysis is decreased, fatty acid 

oxidation and UCP1 induction for thermogenesis decreased (Ahmadian et al., 2011). Consistent with 

literature, adipose-specific Atgl ablation study where there was a reduction of BAT UCP1 expression, 

O2 consumption and mitochondrial biogenesis (Ahmadian et al., 2011). In Rcan1-/- mice, particularly in 

the female mice, Pgc1α and Ucp1 both increased gene expression (Rotter et al., 2018), indicative of 

increased thermogenesis. Moreover, the decreased Atgl gene expression in WT on a HFD and possibly 

reduced lipolysis was due to the presence of high nutrient availability (Obrowsky et al., 2013). These 

results are expected as lipolysis is upregulated during energy shortage or in times of starvation. 

Furthermore, mice fed a HFD increased ATGL and CGI-58 expression, while HSL and PLIN1 protein 

was reduced (Gaidhu et al., 2010). Therefore, diet changes greatly affected the expression of these 

proteins involved in lipolysis and could provide explanation for the increase in gene expression of Atgl 

in eWAT from Rcan1-/- on a HFD. These mice displayed a lean phenotype, did not gain weight, had no 

change in serum fatty acid levels and increased whole-body oxygen consumption rate (Rotter et al., 

2018). PLIN1 binds strongly to CGI-58, a co-activator of ATGL, and contributes to the decrease in 

basal lipolysis (Granneman et al., 2009). In contrast to the present data, which suggest increase lipolysis 

occurring in the Rcan1-/- HFD group paralleled with the increase in Atgl gene expression, Tnfα gene 

expression was decreased in the same mice on the same diet in gWAT (Rotter et al., 2018). It is known 

that Tnfα is able to stimulate lipolysis locally in adipocytes (Jaworski et al., 2007). Further investigation 

is required to explain this.  

Furthermore, G0S2, present in abundance in adipose tissue, can selectively and directly inhibit ATGL 

(Yang et al., 2010), binding to ATGL regardless of its activity status or the presence of CGI-58 (Lu et 

al., 2010, Yang et al., 2010, Schweiger et al., 2012). Both ATGL and G0S2 are can affect each other’s 

localisation to lipid droplets (Russell and Forsdyke, 1991). There were no significant changes in 

transcript levels of Cgi-58 (co-activator of ATGL (Lass et al., 2006)) and G0s2 (co-inhibitor of ATGL) 

despite an increase in Atgl Rcan1-/-  HFD group compared to WT and these enzymes are important in 

the lipolytic process. In the present study, Atgl is significantly upregulated in Rcan1-/- mice on a HFD 

and as expected, there is a trend showing decrease in G0s2. The increase in ATGL protein and decrease 

G0S2 protein is similarly observed in fasting in humans (Nielsen et al., 2011). Moreover, 

overexpression of G0s2 deceases both basal and stimulated lipolysis in both adipocytes and adipose 

tissue explants. While the ablation of G0s2 increased lipolysis in mature adipocytes (Yang et al., 2010, 

Schweiger et al., 2012). TNF-α is a known potent simulator of basal lipolysis in adipocytes that could 

cause insulin resistance in obesity (Uysal et al., 1997, Cawthorn and Sethi, 2008, Chen et al., 2009). 

TNF-α treatment results in suppression of G0S2 expression and vice versa, ectopic expression of G0S2 

reduced TNF-α stimulated lipolysis by inhibiting ATGL (Yang et al., 2011). In Rcan1-/- mice compared 
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to WT, basal lipolysis was increased, while Tnfα gene expression was decreased in Rcan1-/- compared 

to WT on a HFD in gWAT (Rotter et al., 2018), therefore we would expect that G0s2 gene expression 

would also decrease in Rcan1-/- on a HFD. On a HFD, G0S2 protein decreased in perigonadal fat depots 

but was elevated in mesenteric fat depot compared to mice on a normal chow diet (Wueest et al., 2012) 

suggesting that there could be fat depot differences as well. Additionally, G0S2, which has potential 

NFAT binding sites (Ma et al., 2006), was reversibly inhibited by CsA, therefore, via the NFAT 

pathway, G0S2 may be involved in the post-transplant patient diabetes (Cristillo et al., 1997). 

Furthermore, in T2D patients, G0S2 in subcutaneous fat had reduced expression of G0S2 transcripts 

and proteins (Nielsen et al., 2012, Schweiger et al., 2012). The increase in lipolysis by ATGL, 

concurrently the decrease in G0S2, results in insulin resistance (Schweiger et al., 2012). These were 

similar to my results where Rcan1-/- mice on a HFD had a reduced expression of G0s2 in the same group 

and diet in Figure 5.2 and the difference is that Rcan1-/- mice were not insulin resistant but were 

protected against obesity (Rotter et al., 2018), likely a phenotypic effect of knocking out Rcan1 in these 

mice. Moreover, the ablation of Cgi-58 in adipocytes resulted in the blockage of insulin-stimulated 

suppression of lipolysis (Stockli et al., 2019), therefore lipolysis was unrestrained in these mice. When 

G0S2 is overexpressed in adipocytes specifically, there is a reduction in lipolysis and an increase in fat 

mass in mice but improved glucose and insulin tolerance (Heckmann et al., 2014). In WAT of humans, 

G0S2 protein is reduced by fasting (Nielsen et al., 2011) and in T2D that is not managed (Nielsen et 

al., 2012). The ablation of G0S2 protein resulted in a lean mouse, resistant to HFD-induced obesity and 

insulin resistance, increased stimulated lipolysis and increased thermogenesis (El-Assaad et al., 2015). 

5.4.3 Expression of Srebp1c changed in WT mice with diet and in Rcan1-/- mice  

Lipogenesis is mainly regulated at a transcriptional level by SREBP proteins (Strable and Ntambi, 2010, 

Plantier et al., 2012). We hypothesise that RCAN1 increases lipogenesis in mice on HFD compared to 

LFD through its role as an inhibitor of calcineurin as Rcan1-/- mice remain lean on a HFD (Rotter et al., 

2018). SREBPs are involved in elevating the expression of lipogenic enzymes such as ACC, FAS, SCD, 

GPAT and ACL (Shimomura et al., 1998, Horton et al., 2002). It is known that the overexpression of 

nSrebp1a in adipose tissue controlled by the aP2 promoter activated both cholesterol and fatty acid 

synthesis genes causing higher lipid accumulation in adipocytes causing hypertrophy, higher rates of 

lipogenesis and increase fatty acid secretion from adipocytes into the medium used (Horton et al., 2003). 

The aP2 promoter is found not only in adipocytes but also macrophages (Makowski et al., 2001) that 

play a role in adipocyte metabolism (Biswas and Mantovani, 2012) therefore there is compounding 

results with the use of aP2 promoter. When mice overexpressing Srebp1a were bred with the ob/ob 

mice, their offspring had weight reduction. However, compared to original ob/ob mice, these mice had 

worst insulin resistance (Ohno et al., 2018). We would expect that Rcan1-/- would have an opposite 

effect to mice overexpressing Srebp1a, as they had lesser lipid accumulation, apparent in their lean 

mass. The present data shows no gene expression changes in Srebp1a for both diet groups and between 
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Rcan1-/- or WT. Both SREBP-1c and -1a, alternative splice variants that encodes the Srebf1 gene, are 

controlled independently and have distinct roles in lipid synthesis (Horton et al., 2003); SREBP-1c is 

mainly involved in FA synthesis upon insulin stimulation while SREBP-1a is implicated in both FA 

synthesis and cholesterol synthesis (Eberle et al., 2004). Even though SREBP-1a is more potent of the 

two isoforms, SREBP-1c is more highly expressed than SREBP-1a in the adipose tissue (Shimomura 

et al., 1997, Shimomura et al., 1998). In contrast to Srebp1a, Srebp1c gene expression changes were 

observed in the present study, discussed in the next paragraph. More investigation is required to 

understand gene expression changes of Srebp1a.  

In general, a HFD reduces the expression of all DNL enzymes in the adipose tissue (Nadler et al., 2000, 

Caesar et al., 2010) correlating to insulin resistance (Ranganathan et al., 2006, Hoffstedt et al., 2007, 

Roberts et al., 2009, Kursawe et al., 2010). Similarly, obese mice and humans have reduced expression 

of lipogenic enzymes in the adipose tissue causing a downregulation of the DNL flux (Diraison et al., 

2002, Eissing et al., 2013, Duarte et al., 2014). However, differences between Srebp1c and Chrebp gene 

expression could exist; HFD reduced ChREBP but not SREBP-1c expression in WAT (Caesar et al., 

2010). However, in the present study, there was a decrease in Srebp1c gene expression in WT mice on 

a HFD compared to WT mice on LFD. The literature is mixed. A similar decrease in Srebp-1c gene 

expression was found in isolated adipocytes from sWAT obtained from obese T2D patients, where T2D 

patients had insulin-resistance and Srebp1c gene expression negatively correlated with BMI, suggesting 

that SREBP-1c is affected by HFD-induced obesity (Sewter et al., 2002). Furthermore, the decrease in 

SREBP-1c, over time, could potentially result in lipotoxcity contributing to insulin resistance as 

Srebp1c gene is downregulated, affecting lipogenesis in adipocytes (Sewter et al., 2002). From the 

recent publication, it is known that WT mice on a HFD became obese and sWAT from these mice 

possess a larger cross-sectional area of adipocytes with a higher insulin serum level (Rotter et al., 2018), 

therefore the present results are consistent with previous findings.  

In the liver, Pparg mRNA expression in Rcan1-/- mice was significantly reduced compared to WT on a 

HFD (Rotter et al., 2018) which is involved in gluconeogenesis and shares a common role with SREBP-

1 in being a major transcription factor that is involved in lipogenesis (Strable and Ntambi, 2010). The 

increased PPAR-γ and SREBP-1c expression in the liver of obese patients is strongly linked to fatty 

liver disease (Pettinelli and Videla, 2011). Therefore, we expect that Srebp1c expression in the adipose 

tissue would mirror that of Pparg expression, however, in the present study, a decrease in Srebp1c gene 

expression in Rcan1-/- mice compared to WT was found in mice fed a LFD. This is a novel finding that 

RCAN1 impacts lipogenic Srebp1c expression at transcription level, however, specific mechanisms 

should be investigated to understand the implications of knocking out Rcan1 affecting lipogenesis in 

the adipose tissue. Mentioned earlier in the introduction of this chapter, SREBP-1c is a transcriptional 

factor involved in controlling gene expression of various lipogenic enzymes. Interestingly, there is a 
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similar decrease found between Rcan1-/- and WT on LFD Acc1 gene expression that converts acetyl-

CoA to malonyl-CoA in the lipogenesis pathway. There could be novel links between ACC1 and 

SREBP-1c in the adipose tissue metabolism in Rcan1-/- mice which needs to be further investigated.  

5.4.4 Expression of Chrebp increased in Rcan1-/- mice on a HFD 

ChREBP is a glucose-responsive transcription factor that acts to upregulate genes involved in de novo 

lipogenesis in the adipose tissue (fatty acid synthesis) and glycolysis (Iizuka et al., 2004). A list of 

lipogenesis-associated genes that ChREBP regulates include Fas, Accl and Scd1 (Figure 1.6). ChREBP 

is also involved in gluconeogenesis and glycolysis pathways as well (Iizuka, 2013). ChREBP is 

regulated by GLUT4 in the adipose tissue and is necessary for improved glucose homeostasis via 

increased GLUT4 expression (Herman et al., 2012). GLUT4 overexpressed in mice fed a HFD had 

normal glucose tolerance owing to ChREBP-induced lipogenesis in WAT. GLUT4ox mice crossed with 

ChREBP-KO mice resulted in a loss of glucose tolerance (Herman et al., 2012). CHREBP is found in 

significant amounts in tissues involved in metabolism such as the pancreatic islets, adipocytes and liver. 

ChREBP-β is the shorter ChREBP isoform compared to ChREBP-α (Richards et al., 2017). In this 

study, ChREBP gene expression showed a trend to decreased in WT on a HFD compared to LFD. This 

is expected as literature supports WT mice on a HFD diminishes ChREBP expression in WAT, 

downregulating DNL enzymes ACL and FAS in mWAT and sWAT (Caesar et al., 2010, Herman et al., 

2012). However, in the study by Caesar et al., Chrebp, Acl and Fas showed no significant differences 

in gene expression (Caesar et al., 2010). Similarly, ChREBP expression is decreased in adipose tissue 

of obese adults compared to lean subjects (Hurtado del Pozo et al., 2011). There were no expression 

changes in the isoforms of Chrebp gene, however, Chrebp gene expression was increased in Rcan1-/- 

mice compared to WT on a HFD, suggesting that there could be an increase in lipogenesis in the absence 

of Rcan1. This is contrary to our hypothesis where we postulated that the presence of Rcan1 would 

increase lipogenesis, giving rise to HFD-induced obesity in WT mice. We have to measure lipogenesis 

directly to ascertain the changes in gene expression in the present study and this can be done by direct 

labelled carbon incorporation into lipids. Similar to the study by Eissing et al., ChREBP-β mRNA in 

subcutaneous fat depot was too lowly expressed for RT-PCR (Eissing et al., 2013) and in our study, the 

melt curve shows multiple peaks and the quantification curve showed rise in Chrebp-β expression in 

eWAT coming up later, meaning that it is very lowly expressed (Appendix B.2). In the study by 

Lextexier et al., ChREBP mRNA in rat or human adipose tissue was not affected by HFD (Letexier et 

al., 2003). The expression of GLUT4, FAS and ACC in visceral adipose tissue were significantly 

reduced in obese and obese-diabetic patients (Eissing et al., 2013). ChREBP is associated with GLUT4 

being activated by glucose and ChREBP-β gene expression was significantly decreased in obese and 

obese-diabetic compared to non-obese controls, while SREBP1 showed no changes in gene expression 

between groups (Eissing et al., 2013).  
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In particular, it is important to measure lipogenesis in the adipose tissue, as liver DNL and adipose 

tissue DNL differs; obese subjects had increased ChREBP expression in the liver but decreased 

expression in the adipose tissue (Letexier et al., 2003, Eissing et al., 2013, Kursawe et al., 2013). It has 

been suggested that in the adipose tissue, ChREBP-β expression, but not ChREBP-α, is linked with 

insulin sensitivity and is decreased in the adipose tissue but heighted in the liver (Herman et al., 2012). 

There is inter-tissue communication between the adipose tissue and liver, where deletion of hepatic 

ChREBP changed gene expression in adipose tissue, where there was an upregulation of lipogenic genes 

in WAT in the fasting state in mice with liver-ChREBP KO (Jois et al., 2017). In the adipose tissue of 

liver-specific ChREBP KO mice, expression of lipogenesis genes Acc1 (2.7-fold) and Scd1 (2-fold) 

were increased in fasted animals (Jois et al., 2017). The adipose-specific ChREBP knockout had 

reduced rates of lipogenesis in the adipose tissue, are insulin resistant with dysfunctional insulin action 

in the liver, muscle and white adipose tissue in both chow-fed and HFD (Vijayakumar et al., 2017). In 

the adipose tissue, ChREBP partners with lipolytic HSL enzyme (Morigny et al., 2019). The interaction 

between HSL and ChREBP disrupted the nuclear translocation of ChREBP-α which usually activates 

ChREBP-β (Morigny et al., 2019).  The two isoforms ChREBP-a and -b acts to target FAS and ACC1 

(Herman et al., 2012) in the lipolysis pathway. Mice on a HFD had decreased protein expression of 

lipogenic enzymes, ACL and FAS, in the white adipose tissue (Jiang et al., 2009). Similar to the present 

study, the expression of Acc1 decreased in WT mice on a HFD compared to WT on a LFD and this 

trend was seen in Fas expression of WT mice fed a HFD where there was a decrease in Fas expression 

compared to WT on LFD. Moreover, the global Acc1 knockout was embryonically lethal (Abu-Elheiga 

et al., 2005) while adipose-specific Acc1 knockout was prone to HFD-induced obesity (Mao et al., 

2009). Therefore, the reduced Acc1 expression is expected in WT mice and results in obesity. 

5.4.5 Lipogenic enzyme expression were affected by diet and Rcan1-/- mice. 

Decrease in Acl gene expression in WT mice on either diet was unexpected. ACL is involved in 

converting citrate that exits the glycolytic pathway into acetyl-CoA in the lipogenic pathway (Figure 

1.6). Following the lipolysis pathway, WT mice on LFD decrease in Acl gene expression indicating a 

reduction of the amount of citrate converted to acetyl-CoA cycled downstream of the lipogenic 

pathway. Despite the availability of Acc and Fas in WT mice on a LFD, having insufficient citrate 

converted to acetyl-CoA upstream of the lipogenic pathway fatty acids cannot be cycled downstream, 

eventually resulting in decreased lipogenesis in the WT mice. 

In Srebp1 null mice adipose tissue mass was not affected and FAS and ACC expression remined the 

same (Shimano et al., 1997), therefore, changes observed in SREBP1 may not be reflected on the 

enzymes they control as observed in Figure 5.4. In humans, expression of FAS, ACC1, SREBP-1c genes 

and SREBP-1c protein were not modified by consumption of a HFD (Letexier et al., 2003). However, 

interpretation of data in this work is difficult as the use of HFDs in various experiments to induce 
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obesity had varying influence on lipogenesis (Strable and Ntambi, 2010). Moreover, under caloric 

restriction, in the adipose tissue, SREBP-1c deficiency inhibits the upregulation of lipogenic genes 

associated with caloric restriction (Fujii et al., 2017). Therefore, SREBP-1c expression changes may 

not directly correlate with changes in lipogenic enzymes. Even though SREBP-1c is required to promote 

lipogenic enzyme expression in the adipocytes in vitro (Kim and Spiegelman, 1996). SREBP-1c 

deficiency and effects on DNL could be compensated by SREBP-2 as Shimano et al. suggest (Shimano 

et al., 1997). In the present study, no changes were observed in the expression of Acc2 between WT 

and Rcan1-/- across both diet groups. However, it is known that global Acc2 knockout mice are protected 

against obesity and diabetes induced by a HFD (Abu-Elheiga et al., 2003). In the recent publication, the 

Rcan1-/- mice were lean, healthy and were protected against obesity-induced diabetes (Rotter et al., 

2018) this phenotypic effect is similar to that of Acc2 global knockout. Mechanisms controlling these 

genes and the resulting phenotypes require further investigation to better understand phenotypic 

changes with relation to the ablation of these genes.  

Taken together, the upregulation of Srebp1c, the upregulation of Acc1 and the trend for increase in 

Chrebp-total in WT LFD group compared to Rcan1-/-, this trend is further mirrored in the expression of 

Fas and Acc2 genes, suggesting that an increase in overall lipogenesis occurred in adipocytes of WT 

mice on a LFD. Caution needs to be taken when considering overall lipogenesis in these mice as the 

liver is also a major contributor to overall lipogenesis and there are differences in lipogenesis where the 

liver and adipose tissue are measured in obesity (Diraison et al., 2002). 

5.4.6 Leptin expression increased in WT mice on a HFD 

Leptin has many roles in the body and is a marker of adipogenesis. Leptin send signals to the 

hypothalamus to increase sympathetic tone supressing adipocyte proliferation and therefore modulates 

the size of WAT depots to keep adipocyte homeostasis. Leptin acts to suppress lipogenesis and fatty 

acid oxidation and induces lipolysis (Siegrist-Kaiser et al., 1997, Jiang et al., 2009). The phenotype of 

Rcan1-/- on a HFD is lean, indicating that other pathways could be involved. For example, an increase 

in resting energy expenditure in skeletal muscles (Rotter et al., 2018) could have a larger overall effect 

on the Rcan1-/- mice to cause this lean phenotype, however more investigation is needed. In the present 

study, the aim was to investigate other possible pathways that could be affected. It is more likely that 

adipogenesis in Rcan1-/- mice is reduced as the histological sections of gWAT from Rcan1-/- on a HFD 

were smaller than WT (Rotter et al., 2018). In WT mice, leptin expression is increased when on a HFD 

(Frederich et al., 1995), therefore our data showing the significant increase in leptin mRNA in WT mice 

on a HFD diet is consistent with literature. This is because obesity is associated with increased 

circulating levels of leptin (Considine et al., 1996, Ahren and Scheurink, 1998). The overproduction of 

leptin in obesity, could result in leptin resistance due to the overproduction of leptin from adipocytes 

(Koch et al., 2014). In a leptin-deficient insulin-sensitive mice model (Lepob/ob), mice fed a HFD could 
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induce leptin resistance (Koch et al., 2014). Therefore, it is important to investigate leptin gene 

expression and production. Conversely, the lack of an obesogenic phenotype in Rcan1-/- resulted in a 

decrease in plasma leptin levels in Rcan1-/- on a HFD compared to Rcan1-/- on normal chow (Rotter et 

al., 2018). A similar decrease in leptin was found in Nfatc2-/-  and Nfatc4-/- mice on either LFD or HFD 

compared to WT (Yang et al., 2006a). Mechanisms for the decrease in Leptin levels need to be further 

investigated. Leptin levels should correlate to proportion of fat cells in proportion to body fat stores 

(Hwang et al., 1997). However, serum leptin levels were lower in Rcan1-/- compared to WT mice on a 

HFD (Rotter et al., 2018), the increase in leptin gene expression in the current results may be a 

compensatory response in adipocytes to the low leptin production. It is essential to perform functional 

studies to understand the underlying mechanisms for the results shown.  

Even though no Cebp-α gene expression changes were observed across all diet groups and between 

Rcan1-/- and WT mice, the family of C/EBP are key transcriptional regulators for induction of the 

adipogenic genes during differentiation (Lin and Lane, 1994). In particular, C/EBPα and PPARγ2 are 

essential in the regulation of expression of adipocyte genes required for function and maturation of 

adipocytes (Freytag et al., 1994, Shao and Lazar, 1997). C/EBPβ and δ induces and activates C/EBPα 

and PPARγ2 and there are C/EBPβ binding sites on the PPARγ2 promoter that later induces 

downstream expression of adipogenic genes. C/EBPβ and δ binds both the C/EBPα and PPARγ2 

promoter regions during the post-differentiation period (Salma et al., 2006). The ectopic expression of 

C/EBPα can activate differentiation of fibroblast cells into mature adipocytes (Freytag et al., 1994) 

therefore it is a good marker of adipogenesis. The results for Cebp-α  are inconsistent with the increase 

in Pparg in WT compared to Rcan1-/- on a HFD (Rotter et al., 2018). The binding of C/EBP proteins 

happens quickly after the activation of C/EBP protein levels (Salma et al., 2006), however, the 

expression of adipogenic genes may not correlate with C/EBP protein activity during adipogenesis. 

PPARg, C/EBPa and SREBP-1c are transcriptional activators that upregulate adiponectin gene 

expression during adipogenesis (Kim et al., 2006a). The Srebp1c data was not similar to expression of 

Cebp-α or Pparg (Figure 5.1). This suggest that NFAT has other downstream effects in the adipogenesis 

pathway and Cebp-α, Srebp1c and Pparg should increase in WT mice on a HFD and Pparg showed an 

increase in the recent publication (Rotter et al., 2018). The present data could suggest that the storage 

of fat was of higher priority than adipogenesis and diet changes played a role in these animals. 

Furthermore, NF-kB and C/EBP trigger genes associated with early inflammation (Yang et al., 2006b). 

However, unlike the inflammatory gene markers Mcp1, F480, Tnfα and Tnfβ that showed significant 

increase in expression in WT on a HFD compared to Rcan1-/- on a HFD (Rotter et al., 2018), Cebp-α 

gene expression in Rcan1-/- on a HFD showed a trend to increase compared to WT on the same diet.  

Overall, these findings suggest that Rcan1-/- enhances lipolysis, inhibit lipid storage and expression of 

lipogenic genes in adipose tissue, which may contribute to the development of dyslipidemia and insulin 
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resistance associated with diet changes. Furthermore, other factors could be involved in causing the 

lean phenotype in Rcan1-/- on a HFD. The limitations and future directions for this study are discussed 

further in sections 7.3 and 7.4 of this thesis. 
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Chapter 6. FACTORS THAT MAY IMPACT RCAN1 
EXPRESSION IN THE ADIPOCYTE CELL LINE 
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6.1 Introduction 

The Regulator of Calcineurin 1 (RCAN1), a gene located on human chromosome 21, is present as two 

splice variants, RCAN1.1 and RCAN1.4, in mammalian tissue such as the brain, pancreas, heart and 

skeletal muscle (Fuentes et al., 1997). In non-pathological states, protein expression of RCAN1.1 is 

higher than RCAN1.4 protein in these tissues (Crawford et al., 1997). RCAN1 is an endogenous 

inhibitor of calcineurin and both isoforms have a putative calcineurin-binding motif on exon 7 

(Rothermel et al., 2000) enough to bind to calcineurin alone and inhibit calcineurin (Chan et al., 2005). 

Calcineurin itself controls transcription of RCAN1.4 but not RCAN1.1 owing to the NFAT initiation 

sites upstream of exon 4 (Yang et al., 2000). The expression of RCAN1 at transcriptional and 

translational level can be induced by multiple stress-related stimuli (Crawford et al., 1997) and is 

associated with pathology. The chronic overexpression of RCAN1 (weeks to years) appears with 

evident pathology in chronic conditions such as DS and AD (Fuentes et al., 2000, Ermak et al., 2001, 

Harris et al., 2007, Peiris and Keating, 2017). RCAN1ox mice had b-cell dysfunction linked to T2D 

where high glucose, increase in oxidative stress (Prentki et al., 2013), increased expression of RCAN1.1 

transcripts in pancreatic β-cells (Lin et al., 2003, Peiris et al., 2012) were linked to mitochondrial 

dysfunction and hypoinsulemia in T2D in patients (Peiris et al., 2016). Increased RCAN1.1 expression 

is also linked to dysfunction in neuronal mitochondrial function (Chang and Min, 2005), dysfunction 

in adrenal chromaffin cell’s ability to secrete catecholamines (Keating et al., 2008), negatively affects 

cardiac cell proliferation (Rothermel et al., 2001) and tumour growth (Baek et al., 2009). While, the 

short-term (acute) induction of RCAN1.1 (hours to days) caused by stress stimuli such as calcium and 

oxidative stress, can be protective against additional cellular damage such as calcineurin-dependent 

apoptosis depending on cell type (Ermak et al., 2001, Ermak et al., 2002, Wu and Song, 2013). This is 

essential as pro-survival genes in multiple cell types are affected via the Calcineurin/NFAT pathway 

(Peiris and Keating, 2017).  

Stress-induced expression of RCAN1 can occur at varying degrees, depending on type of cell. For 

example, RCAN1 expression is induced by calcium where calcium ionophore causes a strong 

upregulation of RCAN1 RNA (Leahy et al., 1999), while the intracellular calcium chelator, acetomethyl 

bis(aminophenoxy)ethane N, N’-tetraacetic acid (BAPTA-AM) inhibited oxidative stress-induced 

Rcan1 RNA expression in fibroblast derived from hamster ovary cells (Crawford et al., 1997). To widen 

our scope in factors that might induce Rcan1 expression in adipocytes, these studies can be replicated 

in adipocytes, therefore, calcium ionomycin was incubated with 3T3-L1 cells in the present study. 

Previously mentioned in section 1.5.1.4, oxidative stress can result from the downregulation of 

antioxidants and the increased exposure to oxidants such as ROS and ER stress (Riemer et al., 2009). 

Similar to a mice model of T2D, RCAN1ox b-cells had small mitochondrial size and ROS production 

was greater in hyperglycaemic conditions (Peiris et al., 2012). Moreover, H2O2 was used to induce 
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oxidative stress through the upregulation of ROS in RCAN1ox neurons decreasing cell viability with 

increasing concentration of H2O2 (Peiris et al., 2014). Therefore, to extend our understanding of whether 

H2O2 would also upregulate Rcan1 expression in adipocytes, we incubated the 3T3-L1 cells with H2O2. 

Forskolin, a pharmacological compound, causes an increase in cyclic adenosine monophosphate 

(cAMP) levels through activation of  adenylate cyclase (AC)  (Alasbahi and Melzig, 2012) (Figure 6.1), 

increasing RCAN1 expression via the increase in cyclic adenosine 3′,5′-monophosphate (cAMP) 

and protein kinase A (PKA) in PC12 cell models (Kim et al., 2012). cAMP activates PKA that binds to 

cAMP response element binding protein (CREB) which interacts with RCAN1 and has a functional 

cAMP response binding element (CRE) (Lee et al., 2015). PKA has the ability to induce RCAN1 

expression (Kim et al., 2012). Additionally, inhibition of calcineurin by RCAN1 is enhanced in the 

presence of forskolin (Seo et al., 2009). cAMP/PKA signalling positively modulates lipolysis in WAT 

as PKA phosphorylates PLIN1(Miyoshi et al., 2007), HSL (Krintel et al., 2008) and ATGL (Pagnon et 

al., 2012). cAMP/PKA also inhibits leptin expression and secretion (Szkudelski et al., 2005, Maeda and 

Horiuchi, 2009). Adiponectin expression is upregulated by activation of PKA (Otani et al., 2015) and 

CREB signalling in adipocytes (Kim et al., 2010). In the brains of DS patients, the overexpression of 

RCAN1 resulted in an upregulated phosphorylation of CREB gene and protein expression, a 

transcription factor in the cAMP/PKA pathway that depended on the inhibition of calcineurin activity 

(Kim and Seo, 2011). The increase in RCAN1, increased CREB activity that protected against H2O2 

toxicity (Kim et al., 2013). Similarly, CREB phosphorylation is upregulated in response to the 

calcineurin inhibitors, FK506 and cyclosporine A (Kim and Seo, 2011). Conversely, the absence of 

RCAN1 resulted in inhibition of CREB phosphorylation despite exposure to forskolin (Kim and Seo, 

2011). Moreover, a HFD-induced obesity upregulated the phosphorylation of CREB (Altarejos and 

Montminy, 2011). As the adipose tissue is implicated in obesity, therefore, to extend our knowledge on 

factors that could upregulate Rcan1, in the present study, we incubated 3T3-L1 cells with forskolin.  

Conversely, an inhibitor of adenyl cyclase (AC) was used. There are two distinct pools of adenylyl 

cyclases (Zippin et al., 2003) that produces cAMP, namely G-protein -regulated transmembrane 

adenylyl cylcases (tmACs) and bicarbonate-and calcium-regulated soluble adenylyl cyclase (sAC), both 

widely expressed in mammalian cells (Kamenetsky et al., 2006, Chen et al., 2013). In the present study, 

we use KH7 (2-(1H-benzimidazol-2-ylthio)-2-[(5-bromo-2 

hydroxyphenyl)methylene]hydrazide,propanoic acid), a selective inhibitor of sAC, an enzyme that 

reduces cAMP activity (Hess et al., 2005, Bitterman et al., 2013) (Figure 6.1). The actions of KH7 

usually results in inhibition of ATP production in the mitochondria and inhibit cAMP production 

(Jakobsen et al., 2018). KH7, is an inhibitor of the form of AC that lacks a transmembrane (i.e. sAC), 

exhibits inhibitory concentration (IC50) values of 3-10µM towards sAC, is key in physiological 

processes such as insulin release and energy metabolism (Zippin et al., 2013, Jakobsen et al., 2018) and 
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is not responsive to forskolin or to G-proteins (Forte et al., 1983). To our knowledge no published 

literature surrounds the effect of the KH7 and the expression of RCAN1, therefore in the present study, 

we hypothesise that the inhibition of sAC by KH7 will downregulate cAMP and impact Rcan1 

expression.   

Figure 6.1 cAMP/PKA signalling pathway. Figure modified from (Ikuta et al., 2013). When adenylate 

cyclase (AC), an enzyme in the cell membrane, is activated this results in cAMP formation. cAMP 

exerts multiple actions by binding to the regulatory subunits of PKA, resulting in the release of catalytic 

subunits that move into the nucleus. In the nucleus, PKA phosphorylates CREB that binds to 

transcription factors causing gene transcription. In this pathway, forskolin, is an activator of AC and 

KH7 is an example of an inhibitor of AC (Sassone-Corsi, 2012).  

Recently WAT is found to have an important role in modulating whole-body metabolism through 

release of leptin and adiponectin previously mentioned in section 1.4.3. Adipokines are signalling 

molecules that affects insulin sensitivity and appetite regulation (Yadav et al., 2013). Leptin, produced 

in adipocytes, is a 16kDa protein encoded by the ob gene mutation that results in the obese phenotype 

in mice (Zhang et al., 1994). Leptin sends energy-storage signals from the adipose tissue to the central 

nervous system in a range of physiological functions such as to reduce food-intake, satiety, energy 

expenditure, blood pressure and impacts glucose and lipid metabolism (Makki et al., 2013). The janus 

kinase 2-signal transducer and activator of transcription 3 (JAK2-STAT3) pathway causes and increase 
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in energy expenditure, satiety and reduction in body weight (Fruhbeck et al., 2001). Leptin expression 

is impacted by the amount of stored fat, as there is more ob mRNA and serum leptin in obese humans 

and animals. Therefore, the size of adipocyte impacts leptin synthesis dependent on fat stores. In 

humans, leptin levels correlate positively with insulin levels. Additionally, leptin is increased in 

adipocytes treated with glucocorticoids. Cytokines such as TNF-a can stimulate leptin synthesis 

(Ahima and Flier, 2000). Recently, WT mice on a HFD significantly increased circulating leptin levels, 

compared to Rcan1-/-, consistent with their increased body fat mass (Rotter et al., 2018). In the islets of 

the leptin receptor deficient T2D mouse model, db/db, a significant increase RCAN1.1 and RCAN1.4 

protein was observed (Peiris et al., 2016), indicating that hyperglycaemia causes an increase in RCAN1 

expression. Adiponectin, a 30KDa plasma protein, is an anti-inflammatory protein secreted by the 

adipocyte (Yadav et al., 2013). Mice overexpressing adiponectin are not glucose intolerant or have 

dyslipidaemia despite being on a HFD. WAT specific secretion of adiponectin is found to rescue the 

diabetic leptin-deficient ob/ob mouse (Ouchi et al., 2011). In this present study, we hypothesise that 

3T3-L1 adipocytes exposed to leptin and adiponectin would result in an upregulation of Rcan1 

expression. 

Serotonin (5-hydroxytryptamine, 5-HT), a bioamine originating from tryptophan, is synthesized by 

neurons in the brain and enterochromaffin cells in the gut. The blood brain barrier separates these two 

pools. The rate-limiting enzymes tryptophan hydroxylase 1 (Tph1) in the periphery and tryptophan 

hydroxylase 2 (Tph2) in the brain controls the biosynthesis of serotonin. 5-HT has many roles (Wyler 

et al., 2017) such as the decrease thermogenesis in BAT thereby promoting obesity, regulating whole 

body metabolism and weight gain (Crane et al., 2015), promoting gluconeogenesis in the liver, 

contributing to increased hepatic glucose production (Sumara et al., 2012), acting to increase insulin 

secretion in pancreatic β-cells (Kim et al., 2015). In adipocytes, gut-derived serotonin signals through 

the HTR2B receptor to induce lipolysis by upregulating phosphorylation and action of HSL (Sumara et 

al., 2012). Therefore, we seek to investigate the effects of 5-HT on the expression of RCAN1 in 

adipocytes. Moreover, isoproterenol was used as a positive control in culture studies of Htr2b 

adipocyte-specific knockout and induced the release of FFAs and glycerol in both WT and Htr2b 

adipose tissue-specific knockouts (Sumara et al., 2012). Isoproterenol is a pan beta adrenergic receptor 

agonist that induces lipolysis. In the recent publication, isoproterenol induced stimulated lipolysis in 

the sWAT, gWAT and BAT of Rcan1-/- and WT. Stimulated lipolysis was significantly decreased in 

Rcan1-/- mice sWAT compared to WT (Rotter et al., 2018). Recent studies show that isoproterenol 

induces thermogenesis in mature 3T3-L1 adipocytes (Miller et al., 2015), reduces leptin expression in 

adipose tissue of obese humans (Ricci and Fried, 1999) and rats (Ricci et al., 2005). In the present study, 

we hypothesise that isoproterenol will upregulate Rcan1 expression in 3T3-L1 adipocytes. 
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Obesity and T2D are characterized by chronic, low-grade inflammation (Donath and Shoelson, 2011, 

Gregor and Hotamisligil, 2011) marked by increased circulating cytokines (TNFα and IL-6). TNF-α 

induces lipolysis in adipocytes could lead to hyperlipidemia and peripheral insulin resistance in obesity 

(Uysal et al., 1997, Cawthorn and Sethi, 2008, Chen et al., 2009). The incubation of 3T3-L1 cells with 

these cytokines would likely upregulate Rcan1 expression as WT mice on a HFD increased the 

expression of these cytokines (Rotter et al., 2018). Therefore, the aim of this study is to identify whether 

any of these pathways discussed above, including stress-stimuli and pharmacological activators and 

inhibitors of cAMP, induces the expression of Rcan1 in adipocytes. The adipose tissue has been greatly 

studied in obesity and T2D, however, limited study has been conducted on RCAN1’s role in adipocytes. 

We hypothesized that an increase in RCAN1 expression of either isoforms will result from acute 

exposure to these factors. This could be protective for adipocyte cells as suggested by Wu and Song 

(Wu and Song, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 6: Results 

129 

6.2 Materials and methods 

As a pilot study, the 3T3-L1 cell line was incubated for 24 hours with compounds that may increase 

Rcan1 expression. Hydrogen peroxide was made at the concentrations of 10µM and 50µM (Peiris et 

al., 2014). All other concentrations were derived from physiological range in human plasma (Table 

6.1). The methods for RT-PCR can be found in Chapter 2. The melt curves and quantitation graphs 

generated for each of these gene targets can be found in Appendix B.3. 

Table 6.1 Compounds used for incubating the 3T3-L1 cell line 

Compounds Supplier Solvent Final 
Concentration References 

Calcium 
ionomycin Thermofisher DMSO 2 µM 

(Neal and Clipstone, 2002, 
Pramme-Steinwachs et al., 
2017) 

Hydrogen 
peroxide 

Sigma- 
Aldrich Water 

10µM and 

50 µM 
(Peiris et al., 2014) 

Leptin Sigma- 
Aldrich 

20mM 
Tris/HCl 20ng/ml (Ostlund et al., 1996, 

Askari et al., 2010) 

Adiponectin Sigma- 
Aldrich 

PBS with 
0.1% BSA 10 µg/ml (Ahl et al., 2015, Jiang et 

al., 2016) 

Serotonin Sigma- 
Aldrich Ethanol 10 µM (Li et al., 2013, Tsubai et 

al., 2017) 

Interleukin 6 
(IL-6) 

Sigma- 
Aldrich Water 20ng/ml (Rotter et al., 2003, Hahn 

et al., 2014) 

TNF-alpha 
(TNF-α) 

Sigma- 
Aldrich Water 20ng/ml 

(Rotter et al., 2003, Jang et 
al., 2011, Wang et al., 
2013) 

Isoproterenol Sigma- 
Aldrich Ethanol 10 µM (Brasaemle et al., 2000a) 

Forskolin Sigma- 
Aldrich DMSO 10 µM (Cliff and Frizzell, 1990, 

Zhou et al., 2011) 

Adenylyl 
cyclase 
inhibitor 
(KH7) 

Sigma- 
Aldrich DMSO 100 µM (Bitterman et al., 2013) 
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Differences in RCAN1 isoform expression exist in response to stress. For example, the expression of 

RCAN1.4 protein was induced with exposure to oxidative stress in primary mouse neuronal cell while 

RCAN1.1 expression was not changed (Crawford et al., 1997). Therefore, in this present study, we 

investigate the effects of exposing adipocytes to various factors and quantify the expression increase or 

decrease of both RCAN1 isoforms. The primer sequence used are sequences used in our lab previously 

and also in recent lab publications (Table 6.2). In the Appendix, melt curves and quantitation graphs 

are shown to demonstrate the quality of the data obtained in this thesis using these primer sequences 

(Appendix B.3). 

Table 6.2 Gene sequence for RT-PCR 

Gene Forward sequence Reverse sequence Length Reference 

Rcan1.1 ATGGAGGAGGTGGA
TCTGC 

TTTATCCGGACACG
TTTGAAG 170 (Peiris et al., 2016) 

Rcan1.4 CTGATTGCTTGTGTG
GCAAA 

GCAGATAAGGGGTT
GCTGAA 155 (Peiris et al., 2016) 

β-actin GGGGCAAGAGAGGT
ATCCTGACC 

CCCTGGATGCTACG
TACATGGC 237 (Rotter et al., 2018) 

6.2.1 Statistical analysis 

Results are given as mean ± SEM. All data were normalised to the β-actin housekeeper. The mean 

normalised expression was obtained from the raw take-off values entered into the Qgene software. 

Statistical significance was assessed by unpaired, parametric and two-tailed T-test using the Prism 

Graph pad software (Prism 8).  
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6.3 Results 

6.3.1 Rcan1.1 expression was decreased by IL-6 and increased by KH7 and Serotonin 

The 3T3-L1 cells were incubated with compounds that could increase RCAN1 expression for 24 hours. 

The Rcan1.1 and Rcan1.4 gene expression were measured using quantitative real-time PCR (qPCR). 

There were significant increases in Rcan1.1 expression in response to KH7 and serotonin. A significant 

decrease was observed in Rcan1.1 in cells treated with IL-6 (P<0.05) (Figure 6.2).  

Figure 6.2 Transcript levels for Rcan1.1 after 3T3-L1 cells were incubated for 24 hours with 

various treatments normalised to β-actin housekeeper (n=4-8). Unpaired T-test, two-tailed and 

parametric. Asterisks (*) indicate significance P<0.05. Graph showing fold change ±SEM. The dotted 

line indicates control.  
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6.3.2 Increase in Rcan1.4 expression in adipocytes incubated with Forskolin 

The 3T3-L1 cells treated with forskolin increased Rcan1.4 expression significantly after 24 hours. 

Forskolin significantly increased Rcan1.4 gene expression (P£0.0001). While Ca2+ ionomycin (p=0.05), 

KH7 (p=0.05) and TNF-α (p=0.05) were also increased (Figure 6.3).  

Figure 6.3 Transcript levels for Rcan1.4 after 3T3-L1 incubation incubated for 24 hours with 

various treatments normalised to β-actin housekeeper (n=4-8). Unpaired T-test, two-tailed and 

parametric. Asterisks (****) indicate significance P£0.0001. Graph showing fold change ± SEM. 

Dotted line indicates control.  
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6.4 Discussion 

In the present study, the aim was to investigate factors that could increase or decrease Rcan1 gene 

expression in 3T3-L1 cells. In particular, isoforms of RCAN1, namely Rcan1.1 and Rcan1.4 gene 

expression were quantified after the 3T3-L1 cells were acutely (24 hours) incubated with factors listed 

in the Table 6.1 that were previously linked to an increase in RCAN1 expression in other tissues or is 

involved in metabolism. In chronic metabolic conditions such as T2D, RCAN1 expression was 

chronically upregulated in β-cells of T2D patients and mice (Peiris et al., 2016). However, in neurons, 

acute induction of RCAN1 by stress-stimuli such as Ca2+ and oxidative stress protected against cellular 

damage (Ermak et al., 2001, Ermak et al., 2002) due to the stress-inducible factors having a role in 

mediating apoptosis in a calcineurin-dependent manner (See and Loeffler, 2001, Shou et al., 2004). 

Currently, no study has been undertaken to stimulate the upregulation of Rcan1 genes in an acute setting 

in adipocytes. Therefore, in this chapter we aim to investigate such factors involved in upregulating or 

downregulating Rcan1 expression and hypothesise that Rcan1.1 and Rcan1.4 would increase gene 

expression after 24 hours of incubation with these factors.  

6.4.1 Serotonin upregulates Rcan1.1 expression in adipocytes 

The current study showed that an increase in gene expression of Rcan1.1 in cells treated with serotonin 

(5-hydroxytryptamine, 5-HT) compared to control. This is not unexpected as adipocytes have serotonin 

receptors expressed and functions to modulate serotonin availability through synthesis and reuptake 

(Stunes et al., 2011). In obese humans, increased serotonin is produced and released (Young et al., 

2018). Additionally, 5-HT is required for adipocyte differentiation and 5-HT2A or C receptor 

antagonists blocks adipogenesis (Kinoshita et al., 2010). Moreover, in diabetic patients, the use of 

HTR2A antagonists resulted in increased in serum adiponectin (Nomura et al., 2005). The perturbation 

of Tph1 gene in 3T3-L1 preadipocytes decreased adipogenesis (Kinoshita et al., 2010) and 5-HT 

upregulated lipid storage in human and mouse adipocytes (Gres et al., 2013). Amongst the 14 known 

5-HT receptors, the HTR2B is the most highly expressed, especially during fasting, in mouse adipocytes

(Berger et al., 2009). Sumara et al.(2012) showed that treatment of epididymal and subcutaneous fat

pad and isolated adipocytes from epigonadal region with serotonin dose-dependently increased glycerol

and FFAs by activating HSL and inducing lipolysis by increasing cAMP or phosphorylating perilipin

(Sumara et al., 2012). Furthermore, gut-derived serotonin induced lipolysis through the HTR2B in fat-

specific Htr2b KO mice (Sumara et al., 2012). In 3T3-L1 adipocytes that hypertrophied in white adipose

tissue from db/db mice had increased expression of HTR2A. The increase in HTR2A expression also

resulted in a decrease in adiponectin expression in adipocytes (Uchida-Kitajima et al., 2008). In mature

3T3-L1 cells, the use of HTR2A agonist resulted in increased levels of lipogenesis-associated genes,

thereby increasing lipid accumulation. Conversely, HTR2A antagonist (Ketanserin) had the opposite

effect, decreasing lipid accumulation (Oh et al., 2015). From the evidence, serotonin has a role in
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adipocyte functions; increase lipogenesis via the HTR2A receptor and increases lipolysis via the 

HTR2B receptor in the white adipose tissue. Moreover, pyridine, a molecule that activates myocyte 

hypertrophy, functions as a selective serotonin receptor agonist known as 5-HT2A/2B, acting to cause 

hypertrophy in cardiac myocytes by increasing RCAN1 expression through calcineurin signalling 

pathway (Bush et al., 2004). Therefore, there are links between RCAN1 and serotonin where increase 

in serotonin, increased RCAN1 expression. Our current results further links RCAN1 expression to 

serotonin. Therefore, RCAN1 can activate the serotonin receptor and plays a role in the adipocyte. 

Further investigation of the increase in RCAN1.1 post-serotonin incubation is required to understand 

the impact of upregulating serotonin in adipocytes, the downstream implications on RCAN1’s enhanced 

inhibition of calcineurin and the possible decrease in subsequent NFAT translocation. Follow up 

experiments can include incubation of serotonin with WAT explants from RCAN1ox and Rcan1-/- mice, 

to understand the interaction of RCAN1 and impact of serotonin on the adipose tissue.  

6.4.2 IL-6 treated cells decreased Rcan1.1 mRNA expression in adipocytes 

IL-6 is a major pro-inflammatory cytokine produced by the adipose tissue. Circulating levels of IL-6 is 

increased in obesity and T2D (Mohamed-Ali et al., 1997, Kado et al., 1999, Sindhu et al., 2015) and 

the release of IL-6 in the plasma is linked to insulin resistance (Burhans et al., 2018). This suggests 

importance of understanding if cytokines such as IL-6 could induce Rcan1 expression in adipocytes. 

Majority of the studies involving IL-6 measured cytokine gene expression rather than exogenous 

introduction of cytokine. There are links between RCAN1 and inflammation as RCAN1 is involved in 

determining CD36 expression that is implicated in aortic vessels during atherosclerosis inflammatory 

disease. Rcan1-/- mice had reduced CD36 expression in aortic arches while in CD36 -/- mice, cAMP was 

increased, basal lipolysis and insulin sensitivity were elevated and mice had HFD-induced obesity 

(Vroegrijk et al., 2013). Therefore, inflammatory cytokines and RCAN1 could also impact adipocyte 

function. RCAN1.4 is primarily transcribed when stress stimuli activate the calcineurin-NFAT pathway 

(Crawford et al., 1997), however, it is unknown if increased levels of cytokines directly or indirectly 

impact calcineurin activation. The 3T3-L1 adipocytes incubated with IL-6 had disrupted insulin 

signalling as insulin receptor 1 (IRS-1) gene and protein expression were reduced (Rotter et al., 2003), 

therefore suggesting that IL-6 has a role in glucose metabolism. Interestingly, differentiated human 

adipocytes exposed to 10nmol/L of IL-6 for 24 hours caused a reduction in glycerol-3-phosphate 

dehydrogenase (GPDH) activity (a marker of adipocyte differentiation) and increased both basal and 

stimulated lipolysis (Path et al., 2001). Similarly, IL-6 induced downregulation of lipoprotein lipase 

activity in mouse explants and 3T3-L1 adipocytes (Greenberg et al., 1992, Berg et al., 1994). We expect 

that adipocytes incubated with IL-6 would increase Rcan1.1 expression in adipocytes in vitro, however, 

our current results showed a decrease in Rcan1.1 expression, suggesting that exposure to exogenous 

IL-6 significantly downregulated Rcan1.1 in adipocytes and NFAT-dependent interactions could be 

implicated downstream due to reduced inhibitory effects of RCAN1 on calcineurin. The current 
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experiment is novel and more investigation needs to be conducted to explain the mechanisms behind 

the downregulation Rcan1.1 with IL-6 exposure in adipocytes and the role of RCAN1 in inflammation 

in adipocytes.  

6.4.3 KH7 upregulates Rcan1.1 and Rcan1.4 expression in adipocytes 

KH7 is an inhibitor of soluble adenylate cyclase (sAC), an enzyme that converts ATP to cAMP, 

therefore acting to inhibit cAMP production (Jakobsen et al., 2018). sAC is distributed in subcellular 

compartments of the cell such as mitochondria and nuclei where cAMP is present (Zippin et al., 2003). 

By using an inhibitor of PKA, we are able to investigate the effects of the presence and absence of sAC 

in adipocytes. The increase in RCAN1 expression after induction of the CREB pathway resulted in the 

glucocorticoid-induced apoptosis in leukemic lymphoid cells. Calcineurin has anti-apoptotic effects of 

glucocorticoids, therefore, the upregulation of RCAN1 could prevent calcineurin action via the 

cAMP/PKA/CREB pathway (Nagao et al., 2012). Calcineurin also has roles in lipid homeostasis via 

the cAMP/PKA signalling pathway. The CnAβ-/- mice are hyperlipidemic partly due to increase lipolysis 

in adipose tissue mediated by β-adrenergic G-protein-coupled receptor (GPCR) signalling pathways 

and has age-dependent insulin resistance (Suk et al., 2013). To determine the indirect regulation of 

calcineurin on PKA activation in CnAβ-/- mice, mouse embryonic fibroblast (MEFs) isolated from 

CnAβ+/+ mice were treated with CsA to inhibit calcineurin and mimic CnAβ-/- MEFs. The presence of 

IBMX, that inhibits cAMP, had similar phosphorylation PKA substrate levels compared to control and 

CsA-treated MEFs. This was a similar potentiation of phosphorylation of PKA substrates found in 3T3-

L1 mature adipocytes upon CsA treatment. Therefore, the inhibition of calcineurin by CsA, similar to 

CnAβ-/-, resulted in an adipose-specific sustained and elevated cAMP/PKA activation, as well as, cAMP 

accumulation, resulting in hyperlipidemia (Suk et al., 2013). KH7 is highly effective in inhibiting sAC. 

The use of KH7 should downregulate cAMP production as the reduction in cAMP, decrease PKA and 

decrease expression Rcan1.1 (Kim et al., 2012). The present results show an increase in Rcan1.1 gene 

expression and Rcan1.4 mRNA expression (p=0.05) with the use of KH7 which suggest a likely 

decrease in calcineurin activity, increased lipolysis, increase in cAMP production and increase CREB 

binding to RCAN1, despite the inhibition of sAC in the cAMP/PKA pathway. Therefore, inhibition of 

the sAC by KH7 upregulated Rcan1.1 and Rcan1.4 expression in adipocytes. It is highly unlikely that 

KH7 was ineffective in inhibiting sAC as other studies were successful in using KH7 as an inhibitor 

(Tresguerres et al., 2011, Kikuchi et al., 2017, Schirmer et al., 2018, Parker et al., 2019). Other factors 

could be involved to inducing the cAMP and PKA signalling pathway. As the sAC is activated by Ca2+ 

and manganese ions (Mn2+) (Braun and Dods, 1975, Litvin et al., 2003) and is responsive to intracellular 

bicarbonate and ATP levels (Rahman et al., 2013, Zippin et al., 2013). ATP levels in the current 

experiment could be measured using an ATP quantitation kit (Sigma Aldrich) following manufacturer’s 

instructions to measure ATP levels normalised against total protein content (Peiris et al., 2016). If ATP 

content increases, it is may be indicative of decreased cAMP/PKA/CREB activity. It is possible that 
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cAMP was produced by the other pool of adenyl cyclase, tmAC, that was not inhibited in this 

experiment. tmAC are regulated by G-proteins and hormonal stimulation (e.g. isoproterenol) in the 

study of increased lipolysis in adipose tissue (Suk et al., 2013). Ideally, blocking both tmAC and sAC 

using inhibitors would have fully inhibited AC and indirectly inhibit cAMP production reducing 

cAMP/PKA/CREB signalling. Several other inhibitors of cAMP can be tested on 3T3-L1 cell lines (Ho 

et al., 2012) to validate our data. Furthermore, transcription factors CREB and HSL, substrates of PKA, 

could be tested in the current experiment for phosphorylation status using phospho-specific antibodies 

(Suk et al., 2013) in adipocyte explants to determine PKA phosphorylation status. A chromatin 

immunoprecipitation (ChIP) assay, a technique used to probe protein-DNA interactions within the 

chromatin of the cell, can be performed to confirm if the increased expression of Rcan1 mRNA in 

response to activation of sAC correlated with the physical binding of CREB to the RCAN1 promoter 

in in vivo experiments (Lee et al., 2015) to identify if RCAN1 expression was increased by the 

cAMP/PKA pathway. To understand the underlying cellular mechanism, protein expression of CREB 

can be analysed using a Western blot. Overall, the functional implications of indirectly inhibiting cAMP 

on RCAN1 expression in adipocytes needs to be further explored.  

6.4.4 Forskolin increased Rcan1.4 expression in adipocytes 

Increased RCAN1 protein is linked to pathology such as DS, AD and T2D. Current literature found that 

RCAN1, overexpressed in DS brains, activated the cAMP pathway, increasing the phosphorylation of 

CREB and cAMP response element-mediated gene transcription. The upregulated phosphorylation of 

CREB and CREB gene expression via the cAMP pathway depended on the inhibition of calcineurin 

activity (Kim and Seo, 2011). CREB phosphorylation is upregulated in response to the calcineurin 

inhibitors FK506 and cyclosporine A (Kim and Seo, 2011), suggesting that inhibition of calcineurin led 

to increased CREB phosphorylation. In PC12 cells stably overexpressing either an empty vector or HA-

tagged RCAN1 neuronal cells were treated with forskolin and cell extracts were immunoblotted with 

anti-phospho-CREB and anti-CREB antibodies.  Forskolin is a pharmacological compound that causes 

an increase in cyclic adenosine monophosphate (cAMP) levels through activation of  adenylate cyclase 

(AC) (Alasbahi and Melzig, 2012). The expression of CnA resulted in reversed CREB activation in 

cells overexpressing RCAN1. The phosphorylation of CREB in these cells overexpressing RCAN1, 

regardless of the presence of forskolin were suppressed by the presence of CnA. The forskolin-induced 

CRE-reporter activity was analysed showing that co-expression of CnA with RCAN1 caused a 

suppression of RCAN1 and upregulated CRE-luciferase activity in response to forskolin. Kim and Seo 

concluded that this was due to the inhibition of RCAN1 on calcineurin contribute to increased 

phosphorylation of CREB. Furthermore, siRNA knockdown of calcineurin showed that RCAN1 was 

unable to increase phosphorylation of CREB using forskolin (Kim and Seo, 2011). In a study using 

PC12 cells, inhibition of PKA and siRNA knock down of PKA catalytic subunit decreased RCAN1 

expression (Kim et al., 2012). Therefore, PKA is important to the regulation of RCAN1 function and 
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phosphorylation status in vitro and in vivo where increased PKA phosphorylation of RCAN1 increased 

RCAN1 inhibitory action towards calcineurin (Kim et al., 2012). Furthermore, increase in RCAN1 led 

to the increase in CREB activity and protected against H2O2 toxicity (Kim et al., 2013). Calcineurin 

also has an influence on downstream transcription activity in cells related to metabolism by activating 

CREB-regulated transcription co-activators (CRTCs) (Altarejos and Montminy, 2011), important to 

metabolic responses in different tissues and their polymorphisms (Choong et al., 2013, Quteineh et al., 

2017) and variants (Song et al., 2010, Ou et al., 2014) are linked with the adipose tissue and metabolism. 

Therefore, downstream CREB targets influence metabolism and adipocyte biology which could be 

activated with cAMP using forskolin. In the present experiment, the increase in Rcan1.4 by forskolin 

is expected. This suggest that cAMP/CREB production was increased through RCAN1 inhibition of 

calcineurin that is enhanced in the presence of forskolin (Seo et al., 2009, Kim and Seo, 2011). This is 

similar to adipocytes in the hamster where forskolin can stimulate cAMP activity and lipolysis 

(Schimmel, 1984). In rats, high concentrations of forskolin increases cAMP in adipocytes via the 

activation of adenylate cyclase and induce lipolysis (Litosch et al., 1982). An increase in lipolysis could 

indicate reduced lipid storage (lipogenesis), therefore there could be a reduction in lipids within these 

adipocytes. The Oil Red-O assay can be used to determine lipid storage of these cells post-forskolin 

treatment. The effects of increased Rcan1.4 on adipocyte functionality needs to be further investigated 

to understand the functional mechanisms and implications of upregulated Rcan1.4 in the adipocytes 

through this pathway and its possible link to obesity and T2D.  

6.4.5 Ca2+ ionomycin and TNF-α treated adipocytes resulted in increased Rcan1.4 gene 
expression 

The Ca2+ ionomycin (p=0.05) and TNF-α (p=0.05) treated adipocytes upregulated Rcan1.4 gene 

expression. Calcium ionophores are stress agents (Crawford et al., 1997, Leahy and Crawford, 2000) 

that act to mobilize Ca2+ in cells. Ca2+ activates CnA dephosphorylating NFAT and upregulating 

RCAN1.4 expression in a feedback loop (Hogan et al., 2003). Moreover, Ca2+ ionophore reduced 

adipogenesis in fibroblast 3T3-L1 cells. In the presence of Cyclosporin A and FK506, inhibitors specific 

for calcineurin, resulted in greater adipogenesis of 3T3-L1 cells into mature adipocytes (Neal and 

Clipstone, 2002). This suggests that calcineurin plays a role in adipogenesis and the increase in Rcan1.4 

expression would result in reduced adipogenesis in immature adipocytes through the calcineurin-NFAT 

pathway. Furthermore, Rotter et al. showed that siRNA knockdown of both isoforms of RCAN1 

resulted in reduced lipid storage (Rotter et al., 2018) (Figure 1.26), suggesting that calcium could 

activate calcineurin and drive NFAT-dependent increase in Rcan1.4 expression observed in this 

experiment. The elevated Ca2+ entry and increased ROS resulted in the induction of RCAN1 in β-cells 

that caused dysfunction in mitochondria decreasing respiratory rates and ATP levels (Peiris et al., 2016). 

Therefore, there is support for the increased expression of Rcan1.4 with the use of exogenous Ca2+ 

entering the adipocytes causing this intracellular Ca2+ effects at transcriptional level.  
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There is evidence for an increase in Rcan1.4 after TNF-α exposure, similar to our data. The upregulation 

of Rcan1.4 expression post-TNF-α incubation in adipocytes were induced during inflammation 

(Crabtree and Olson, 2002). Furthermore, TNF-α upregulation can induce expression of Rcan1.4 in 

neuronal cells in stroke models (Cho et al., 2008). Mouse mesangial cells were stimulated with TNF-α 

that were causatively associated with diabetic nephropathy. In this experiment, TNF-α significantly 

increased Rcan1.4 mRNA by 3-fold over control (Jang et al., 2011). RCAN1 expression was induced 

in endothelial cells in the calcineurin-NFAT pathway when treated with TNF-α and Ca2+ chelator (Yao 

and Duh, 2004). The upregulation of Rcan1.4 mRNA expression after TNF-α exogenous treatment, 

could be indicative of possible inflammation occurring as in the case of obesity. However, cells treated 

with IL-6 resulted in no change in Rcan1.4 mRNA expression. A Western blot analysis of RCAN1.4 

expression is required to confirm this. As RCAN1.4 is an endogenous inhibitor of CaN, it is also 

important to test if these factors affect the Calcineurin-NFAT pathway, an upregulation of RCAN1.4 

protein would cause a downregulation of NFAT translocation into the nucleus thereby downregulating 

downstream effects of NFAT within the nucleus.  

It is important to first understand factors that could upregulate or downregulate RCAN1 expression in 

the short-term (hours) in adipocytes as this would extend our understanding of factors which can induce 

RCAN1 expression that might play a role in adipocyte biology. This can be further followed up with 

investigation of these factors in the longer-term (days) that might cause an upregulation of RCAN1 for 

prolong periods, such as those observed in T2D (Peiris et al., 2016), allowing us to understand the 

impact of upregulating RCAN1 in adipose tissue. Overall, there were significant increases in gene 

expression of Rcan1.1 after treatment with KH7 and serotonin. Rcan1.1 expression decreased with IL-

6 treatment. Forskolin significantly increased Rcan1.4 expression in adipocytes. This indicate a true 

understanding of physiological implications of these proteins within the adipocytes. Other factors such 

as VEGF (Abe and Sato, 2001) and transforming growth factor-β1 (TGF-β1) (Mann et al., 2004) are 

known to upregulate expression of RCAN1 and can be tested on adipocytes. Moreover, other time 

points by hours and by days could be tested to observe both acute and chronic gene expression changes 

of Rcan1.1 and Rcan1.4, validated with protein analysis of RCAN1 isoform expression. The limitations 

and future directions for this study are discussed in further sections 7.3 and 7.4 of this thesis.  
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7.1 Summary of results 

The main aims of this project were to determine the effective minimum concentration of IRCA drugs 

in reducing fat storage in the 3T3-L1 adipocyte cell line and on proliferation and apoptosis of the β-

TC6 cell line. This project also aimed to determine the expression of lipolysis-, lipogenesis- and 

adipogenesis- related genes in epididymal white adipose tissue (eWAT) from Rcan1-/- mice and WT 

mice on a low-fat diet (LFD) and a high fat diet (HFD). Additionally, this project investigated factors 

that may regulate Rcan1 gene expression in 3T3-L1 cells. Further investigation is required to investigate 

the overarching hypothesis that the inhibition of calcineurin through RCAN1, causes the dysfunction 

of both β-cells and the adipose tissue in obesity and T2D.  

The aim of determining the effective minimum concentration of IRCA drugs in reducing fat storage in 

the 3T3-L1 adipocyte cell line was partially met. There was an increase in lipid storage instead of a 

reduction and this could indicate that the IRCA drugs could have off-target effects not specific to 

RCAN1-calcineruin interaction. Molecular pathways and mechanisms of off-target effects are yet to be 

elucidated. Furthermore, we were successful in determining the effective minimum concentration of 

IRCA drugs on proliferation and apoptosis of the β-TC6 cell line. There were no changes at 

transcriptional level of genes associated with apoptosis and proliferation, however, protein analysis is 

required to determine post-translational expression changes that could affect function, upregulating or 

downregulating apoptosis and proliferation in β-cells. The significant increase in proliferation of 

IRCA1-treated β-cells is a positive finding for future experiments.  

We were successful in determining the expression of lipolysis-, lipogenesis- and adipogenesis- related 

genes in eWAT from Rcan1-/- mice and WT mice on a LFD and a HFD. Lipolysis-related gene, Plin1 

and Hsl were decreased in Rcan1-/- mice compared to WT on a LFD. The Atgl gene expression increased 

in Rcan1-/- mice compared to WT on a HFD. Additionally, the master regulator of lipogenesis, Srebp1c, 

decreased gene expression in Rcan1-/- mice compared to WT mice on a LFD. Similarly, another major 

regulator of lipogenesis, Chrebp, showed decreased gene expression in WT mice compared to Rcan1-/- 

on HFD. No gene expression changes were observed in the alpha and beta isoforms of Chrebp. 

Downstream of the lipogenic pathway, Acc1 had decreased gene expression in Rcan1-/- compared to 

WT. With reference to the lipogenesis pathway (Figure 1.6), despite the availability of Fas, Acc1 and 

Acc2 genes present upstream of the lipogenic pathway there was a significant decrease in Acl gene 

expression in WT mice. Should protein expression be similar to the gene expression, this suggests 

reduced ACL could result in reduced citrate converted to acetyl-CoA cycled downstream in the 

lipogenic pathway. Increase in Acl expression in Rcan1-/- mice on a HFD was observed compared to 

WT and groups on a LFD and further experiments are required to validate protein expression. For 

adipogenesis related gene, leptin gene expression was increased in Rcan1-/- mice on a HFD compared 

to WT and Rcan1-/- on a LFD. This could point to compensatory mechanisms as serum leptin levels 
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were decreased in Rcan1-/- mice (Rotter et al., 2018). These novel pieces of data add to our 

understanding of the anti-obesogenic phenotype seen in our Rcan1-/- mice in the lab’s most recent 

publication (Rotter et al., 2018).  

In our final experiment, we met our aim of investigating factors that may upregulate Rcan1 expression 

in 3T3-L1 cells. I found that serotonin and KH7 and serotonin increased Rcan1.1 (p<0.05) gene 

expression while IL-6 decreased Rcan1.1 (p<0.05) gene expression in adipocytes. Forskolin increased 

Rcan1.4 (p<0.0001) gene expression. It was also found that Ca2+ ionomycin (p=0.05) and TNF-α 

(p=0.05) increased Rcan1.4 expression. This provides a broad overview of factors that could upregulate 

Rcan1.1 and Rcan1.4 gene expression changes in adipocytes.  

7.2 Implications of this study 

The results of this study are novel and extend our understanding of the role of RCAN1 in regulating 

adipocyte biology as well as the effects of the novel suite of drugs used to inhibit RCAN1-calcineurin 

interaction in the adipose tissue and pancreatic β-cells. Type 2 diabetes (T2D) linked to obesity, is a 

major problem in Australia and the world (Diabetes Australia, 2015). Obesity is defined as the 

expansion of adipocyte mass and functionally dysregulated in persons who have obesity-induced 

diabetes (Bouret et al., 2015). Currently no cure is found to effectively cure T2D. The commonly used 

treatment interventions for management of T2D do not directly target the improvement in β-cell 

function. The inhibition of RCAN1 could be therapeutic and enable greater proliferation in β-cells. To 

enable normal β-cell function, the balance between apoptosis and proliferation is necessary. My 

findings in the use of IRCA drugs presents an exciting opportunity for use of this drug as a therapeutic 

intervention. In this thesis, I found that IRCA1 at optimal concentrations can cause significant 

proliferation in β-cells. This has implications for the use of drugs in T1D patients who undergo islet 

transplant and faces immune disruption of existing pools of pancreatic β-cells. With regards to T2D, 

the ability to proliferate functional β-cells could outnumber dysfunctional pools of β-cells and provide 

sufficient insulin production to combat diabetes.  

RCAN1, recently linked to T2D, plays a role in non-shivering thermogenesis. It was a particularly 

interesting finding that Rcan1-/- mice on a HFD did not gain weight (Rotter et al., 2018) and this 

provided the basis for exciting new research to try to understand mechanisms in the adipose tissue 

biology and function that could be affected by diet changes and Rcan1-/- changes. My findings of 

expression changes in genes associated with lipolysis, lipogenesis and adipogenesis helps us better 

appreciate the complexity of the role of RCAN1 in adipose tissue function. Furthermore, the study 

involving factors that could induce expression of either RCAN1 isoforms in adipocytes is important in 

furthering our understanding and scope of various pathways that these factors are implicated in.  
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7.3 Limitations of this study 

In Chapter 3, the limitations to this study include the fact that in vitro culture of adipocytes may not 

mimic the biological processes in adipocytes in vivo as it does not consider neuroendocrine effects 

(Sjostrand and Eriksson, 2009) such as sympathetic and parasympathetic (Kreier et al., 2002) regulation 

of lipid metabolism in the adipose tissue. Therefore in vitro data must be followed up with in vivo 

experiments and possibly compare IRCA drug effects with those seen in Rcan1-/- mice. The experiments 

with IRCA drugs performed, highlights its novelty, as these drugs have not been tested in a physiology 

system and the experiments carried out in this thesis pioneers the use of these compounds on cells. This 

presents a limitation as there is no data available to make comparisons to for the effective dose range 

used for in vivo or in vitro experiments. Furthermore, the images of the adipocyte-containing lipid 

droplets stained with Oil Red-O were not of a quality high enough to further quantify lipid droplet size 

by measuring lipid droplet number and diameter by hand. This presents a limitation in the experiment 

analysis. With quality images, systems such as LipiD-QuantT could be applied to measure size and 

distribution of lipid droplets (Varinli et al., 2015). LipiD-QuantT is automated for image analysis and 

can quantify lipid droplet accumulation in live cells on a per cell basis, using phase contrast microscopy. 

This is an automated, non-invasive live cell imaging tool that does not require fixation would enable 

further use of these cells instead of an end point Oil Red-O assay (Varinli et al., 2015). The use of this 

tool could also account for possible loss of lipids that detach during the Oil Red-O washing procedures. 

Even though the same protocol was used, small variations exist between experiments and there is 

reliance on statistical analysis to account for such variations. Alternatively, lipid storage can be 

measured using 14C incorporation of glucose (measures lipogenesis) and palmitate into lipids combined 

with a scintillation counting to quantify lipid content (Pereira et al., 2013). 

In Chapter 5, genes associated with one pathway in adipocyte metabolism could be implicate in other 

pathways. For example, SREBP-1c is known as a major transcriptional regulator of lipogenesis, 

however, it is also implicated in adipogenesis (Letexier et al., 2003). ChREBP-a transcription factor 

associated with DNL, also modulates the PPARγ adipogenic master regulator, therefore ChREBP 

expression can affect PPARγ activity and downstream adipogenic-gene expression during adipogenesis 

(Witte et al., 2015). Overall, the genes studied in this thesis, could be implicated in more than one 

pathway, giving rise to complexity in the interpretation of gene or protein expression in relation to 

function. Measurement of actual enzyme activity is necessary to test the enzymatic activity of these 

targets, similar to the study by Letexier et al. (Letexier et al., 2003), with the aims of investigating the 

different metabolic pathways more thoroughly. Furthermore, the level of lipases present does not 

always parallel lipase activity due to posttranslational regulation of ATGL and HSL (Zechner et al., 

2012). The products generated by the various enzymes should be measured, indicative of enzyme 

activity and allows for a better understanding of true effects of these enzymes in impacting de novo 

lipogenesis. For example, hepatocytes that had ACC1 suppressed, had a 50% decrease in malonyl-CoA 
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content in tissues (Savage et al., 2006). Once we gain a better understanding of metabolic processes in 

the adipose tissue, we can determine the overall effect of these adipocyte metabolic processes. For 

example, if overall lipolysis is increased and lipid storage decreased, this could explain increased 

circulating FFAs and VLDL involved in contributing to insulin resistance in WT mice on a HFD.   

Furthermore, the eWAT used in Chapter 5 is derived from mice where RCAN1 is completely ablated 

in cells that normally expresses RCAN1. Therefore, it is important to note that interpretation of this 

work cannot be restricted to the effects of RCAN1 directly on adipose tissue even though tissue explants 

from the globally knocked out RCAN1 mice has been used in experiments in this thesis. Indirect effects 

may have occurred that were not specific to adipose tissue but due to changes in the body can exist in 

vivo in the adipose tissue of Rcan1-/- mice. Therefore, interpretation of gene expression, even though 

restricted to adipose tissue explants, needs to be taken into consideration as Rcan1 is knocked out 

completely from these mice. It would be ideal to have adipose-specific tissue knock-down of RCAN1 

to ensure a more targeted approach.  

Additionally, gene expression changes may not always correlate with protein expression due to 

translational efficacy (Maier et al., 2009, Vogel and Marcotte, 2012, Koussounadis et al., 2015, Edfors 

et al., 2016). Therefore, protein expression using Western blots or proteomics analysis needs to be 

undertaken to validate the gene expression changes observed in proliferation and apoptosis genes of b-

TC6 drug-treated cells, the lipolysis, lipogenesis and adipogenesis-related gene expression changes, the 

expression changes in the study involving 3T3-L1 and expression changes of Rcan1.1 or Rcan1.4 

inducted by certain factors. Initially, an 18S housekeeper gene was used, however, the particular 

sequence of 18S used presented technical difficulties. The use of the b-actin housekeeper gene was 

chosen for all experiments in this thesis. In future experiments, other sequences of the 18S  housekeeper 

gene can be used in addition to the b-actin housekeeping gene to ensure double validation of results.  

All primer sequences were checked for primer specificity using the primer-BLAST software that 

indicated that the primers used in this thesis were specific for their target. According to the melt curves 

in the Appendix, Ccnd2(1) gene (Appendix B.1) and Chrebp-β (Appendix B.2), in Chapter 4 and 

Chapter 5 respectively, were extremely lowly expressed resulting in large variations in the melt curves 

and quantitation graphs. The Rcan1.1 (Appendix B.3) primers used in Chapter 6 had two peaks in the 

melt curve. The melt curves should only have a single peak as this would indicate a single distinct 

species. When multiple peaks are present, this indicates the presence of contamination or off-target 

amplification products (Varga and James, 2006). It is more likely that there are off-target amplification 

products present as the no template control did not indicate contamination. Therefore, caution needs to 

be taken when analysing and interpreting the results from the use of these primers. The products from 

the current Rcan1.1 primers can be tested on a agarose gel to identify the presence of a single band. The 

RT-PCR products can also be sequenced. Alternatively, new primer sequences can be used in a repeat 
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experiment in the future. Additionally, primer amplification efficiency needs to be calculated for all 

genes analysed in this thesis using serial dilutions. The primer is deemed to be efficient at 90-100% and 

is specific for its target (Thornton and Basu, 2011). Low primer efficiency could be indicative of poor 

primer design, non-optimal reagents or reaction conditions. This could affect complete strand 

separation, reduce amplification efficiency, therefore, affecting experiment results (Bustin and Huggett, 

2017). Reaction conditions and primer concentrations can be adjusted to improve its efficacy for future 

experiments and interpretation of expression changes needs to be validated with protein analysis.  

7.4 Future directions 

In Chapter 3, the nuclear localisation of NFAT in adipocytes under the influence of IRCA drugs can be 

measured to better understand the calcineurin-NFAT pathway. Quantifying the amount of NFAT in the 

nucleus would provide a better indication of the effects of these drugs in causing NFAT translation in 

this pathway. Also, these drugs could be tested on an alternative cell line such as the myoblast cells. In 

a recent publication, the activity of the Sln-Luc construct using the Luciferase assay measured Sln-Luc 

activity alone or as a combination of Sln-Luc, active CnA and RCAN1 in myoblast cells. The myoblast 

cells showed a significant additive effect on the activity of Sln-Luc reporter when active CnA was 

present (Rotter et al., 2018). With the use of IRCA drugs we would expect that the RCAN1 transfected 

group would increase back to the same level as the activated CnA and Sln-Luc group. This would 

indicate that the IRCA drugs share inhibitory effects similar to those of the calcineurin inhibitors CsA 

and FK506, without affecting calcineurin activity itself, therefore this would be proof of concept that 

the IRCA drugs target the RCAN1-calcineurin interaction that affects pathways downstream of 

calcineurin. Alternatively, we could measure calcineurin activity using commercially avaliable assays 

such as those from abcam and enzolifesicence (Jin et al., 2017) in IRCA-drug treated b-cells derived 

from RCAN1ox mice. We hypothesize that the drugs should increase calcineurin activity and return to 

normal levels, given that calcineurin activity is reduced in RCAN1ox cells (Peiris et al., 2012).

Furthermore, the potency and half-life of the IRCA drugs used in Chapter 3 and Chapter 4 can be further 

investigated. This is especially important if further experiments are to progress to whole animal level 

as it would enable understanding of the frequency and dosage of drugs required in animal studies. 

It has been well established that RCAN1 is an endogenous inhibitor of calcineurin and acts to inhibit 

the calcineurin-RCAN1 interaction. The role of calcineurin in RCAN1-dependent changes in β-cell 

function could be analysed. The current experiment where the use of IRCA1 increased proliferation of 

b-cells, is limited as it only provides an estimate for the increased rate of proliferation by estimating

increase in electrical impedance in the xCELLigence system as b-cell number increases. The increased

rate of proliferation has not been validated for b-cell function. Functional tests are required to

understand if these fast growing b-cells are functionally able to produce insulin. This is important as b-
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cells are the main source of endogenous insulin in the body that enables glucose homeostasis to be 

maintained. Furthermore, flow cytometry analysis of the effects of IRCA1 treatment on b-TC6 can be 

undertaken by staining these b-cells with Ki67 proliferation marker to quantify proliferation of these 

cells. Immunofluorescent imaging analysis can indicate cell morphology, size and number of these β-

cells. Moreover, insulin co-labelled cells could also be analysed to determine β-cells that secrete insulin. 

Functional test could include the Seahorse XF24 Flux analyser that measures mitochondrial respiration, 

an assay that measures mitochondrial activity, measurement of total ATP content using a luciferase 

assay and measurements of the mitochondrial membrane potential using the TMRM staining can be 

used to better understand the effect of IRCA drugs on b-TC6 cells. Furthermore, glucose- and succinate-

induced insulin secretion can be measured using an ELISA to understand the ability of these fast 

proliferating IRCA1-treated b-TC6 to secrete insulin. These assays have been previously used in this 

lab and work involving these techniques have been published in recent years (Peiris et al., 2012, Peiris 

et al., 2016).  

To follow up, results from β-cell line experiments can be verified using islets from RCAN1ox and Rcan1-

/- mice. In the presence of low or high glucose, islets derived from WT and Rcan1-/- mice can be stained 

with Ki67 and insulin to indicate proliferation in these islets. To understand the effects of IRCA drugs 

on the RCAN1-calcineurin pathway, NFAT localisation can be analysed in either Rcan1-/- islets or in b-

TC6 cell line, incubated in high glucose in the absence or presence of IRCA compounds. NFAT 

localization can be quantified using immunohistochemistry (Heit et al., 2006a). As these experiments 

are done at cell level or isolated islet explants, to further investigate the effectiveness of the drug and 

for the development of these drugs for  therapeutic use, these drugs need to be tested at whole organism 

level and functional studies done in whole animal level will be important. Recently, the overexpression 

of RCAN1 in β-cells resulted in multiple changes to β-cell function (Peiris et al., 2012, Peiris et al., 

2016), likewise, studies can be expanded to adipocyte function and biology, involving the use of 

RCAN1-/- mice in future experiments, thereby allow for the broadening of our understanding of the 

significance of RCAN1 expression on adipocyte function.  

In the study relating to the gene expression of lipolytic-, lipogenic- and adipogenic- related genes in 

eWAT of Rcan1-/-and WT mice on a LFD and HFD, a few further considerations can be made. Other 

mechanisms could be involved, driving the lean phenotype observed in the Rcan1-/-mice on HFD. For 

example, aldosterone could be reduced in these mice. The ablation of Cgi-58 in adipocytes resulted in 

the blockage of insulin-stimulated suppression of lipolysis (Stockli et al., 2019). The inhibition of the 

aldosterone synthase mRNA (CYP11B2) in 3T3-L1 cells reduced the expression of essential 

transcriptional factors associated with adipogenesis (Briones et al., 2012). In the study by Briones et al. 

(2012), calcineurin and NFAT inhibitors inhibited Ang II-induced aldosterone secretion by adipocytes, 

calcineurin inhibitors rescued Ang II reduction of NFATc4 phosphorylation and Ang II type I receptor 
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antagonist (candesartan) inhibited Ang II stimulated NFAT nuclear translocation (Briones et al., 2012). 

This suggests that aldosterone production has effects on adipocyte differentiation and could affect the 

calcineurin-NFAT pathway as calcineurin controls Ang II-mediated aldosterone synthase that enables 

adipocytes to synthesize aldosterone (Briones et al., 2012). Future experiments can investigate this to 

help us understand possible mechanisms occurring when RCAN1 is knocked out in mice and investigate 

therapeutic benefits of reducing RCAN1 pharmacologically in humans in the treatment of obesity.  

The results from this project have extended our knowledge of the role of RCAN1 in adipocytes. 

Mentioned in the previous section regarding limitations of experiments, protein expression, enzyme 

activity and functional test are required in future experiments to provide understanding of possible 

mechanisms underlying the lean phenotype seen in Rcan1-/- mice. Method of measuring HSL enzyme 

activity can also be measured on fat-free infranatant with the use of diolein analogues as described 

previously (Ray et al., 2009). Additionally, we could measure monoglyceride lipase (MGL) mRNA and 

protein expression as this enzyme is involved in the final step of lipolysis, converting monoglyceride 

to fatty acids and glycerol (Fredrikson et al., 1986) which was not measured in the present study. 

Furthermore, it might be worthwhile measuring lipolysis rates in eWAT directly as there seems to be 

differences in rates of lipolysis depending on WAT depot seen in Rcan1-/- mice (Rotter et al., 2018). 

Fatty acid accumulation had regional variations in eWAT where proximal eWAT had 70% less de novo 

lipogenesis than distal eWAT (Caesar et al., 2010). This highlights the complexity of studying gene 

expression changes within a single fat depot. In our current experiment, we used the whole eWAT fat 

explant for qPCR analysis. Taking the study by Caesar et al. into account (Caesar et al., 2010), we could 

potentially select a specific region on the fat depot of interest and conduct future investigation on gene 

expression changes. Additionally, there is value in classifying adipocytes according to size and relating 

it to mRNA expression of lipolysis gene expression. Higher Hsl and Atgl gene expression were linked 

to larger adipocyte size and increased basal lipolysis (Wueest et al., 2009). With data specific to gene 

and protein expression changes linked to adipocyte morphology and function, we are able to better 

understand the phenotypic changes of Rcan1-/-mice and the anti-HFD-induced obesity phenotype 

observed in the recent publication (Rotter et al., 2018).  

A further study into the mechanisms by which serotonin and KH7 upregulates Rcan1.1 gene expression 

in adipocytes and mechanisms by which IL-6 downregulates Rcan1.1 gene expression could be 

investigated. The factors that increased Rcan1.1 and Rcan1.4 expression in the 3T3-L1 cell line can be 

tested on the b-TC6 cell line to understand expression changes in pancreatic β-cells as well as other 

metabolic organs such as skeletal muscles and the liver. Rcan1.1 can be upregulated by glucocorticoids 

and vascular endothelial growth factor (VEGF) (Hirakawa et al., 2009) and downregulated by the Notch 

signaling pathway, therefore, in future experiments these factors can used to investigate expression 

changes in Rcan1 in both adipocytes and b-cells. The use of KH7 specifically inhibited soluble adenylyl 
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cyclase, therefore, the use of the inhibitor specific of transmembrane adenylyl cyclase, such as 2′,5′

-dideoxyadenosine, could be used in future experiments to understand the impact of inhibiting the two 

main types of adenylyl cyclase that  produces cAMP (Bitterman et al., 2013). The quantity of cAMP 

can also be measured which builds up in the cell when phosphodiesterase inhibitors are used, thereby 

reflecting the amount of cAMP converted by the adenylyl cyclase from ATP (Bitterman et al., 2013).  

The mitochondria are the primary source of reactive oxygen species (ROS), driver of ATP production, 

regulates intracellular Ca2+ homeostasis and apoptosis in cells (Youle and van der Bliek, 2012). 

Measures of mitochondria dysfunction in WAT should be quantified as WAT is an important metabolic 

organ and not many studies have investigated this, as explained in section 1.5.1.5, which could play a 

role in insulin resistance, obesity and T2D. Mitophagy, a type of autophagic disposal of selected 

damaged mitochondria, could be measured in both adipocytes and b-cells (Klionsky et al., 2016). In 

mammalian cells, Parkin, an E3 ubiquitin ligase, causes selective degradation of dysfunctional 

mitochondria via autophagy, specifically via mitophagy (Narendra et al., 2008). Cells could be treated 

with the mitochondrial uncoupler carbonyl cynide m-chrlorophenylhydrazone (CCCP) for an hour to 

induce mitochondrial fragmentation to investigate whether mitochondrial depolarization causes Parkin 

accumulation in the mitochondria. The control group could include cells treated with media containing 

DMSO. These cells can be stained for Parkin and the mitochondria can be stained for cytochrome c 

using immunohistochemistry (Narendra et al., 2008). Mitophagy requires targeted labelling of the 

mitochondria and recruitment into individual membranes. In yeast, autophagy related 32 protein 

(Atg32) binds to the isolated membrane, while in the brain, damaged mitochondria result in an increased 

PTEN-induced putative kinase protein 1 (PINK1) and parkin that ubiquitylates the mitochondrial 

proteins causing signalling engulfment by isolated membranes that undergoes lysosomal degradation 

(Youle and Narendra, 2011). Other autophagy receptor proteins involved in mitophagy has been 

reviewed by (Pickles et al., 2018). Recently, it was shown that mitophagy is involved in Parkin-

dependent beiging of adipocytes (Lu et al., 2018, Taylor and Gottlieb, 2017). Another study investigated 

that β-cells and adipocyte mitochondria health were maintained independent of parkin in diet-related 

obesity (Corsa et al., 2019), however, another study showed that pancreatic β-cells had parkin-mediated 

mitophagy (Hoshino and Matoba, 2018). In a human study, an upregulation of mitophagy slowed T2D 

progression by prolonging health of functioning β-cells (Bhansali et al., 2017). A study by Li et al. 

(2020) involves the overexpression of islet-specific RCAN1 mice fed a high-fat diet that induced a pre-

diabetic phenotype in these mice. These mice had RCAN1 islet-specific overexpression and were GFP-

tagged. The colocalization of LC3-GFP was quantified using a lysosome-specific LysoTracker which 

provided an indication that overexpressing RCAN1 resulted in the impairment of autophagosome-

lysosome fusion. Therefore, there are links associated with overexpression of RCAN1 and b-cell 

mitophagy implicated is in T2D (Li et al., 2020).The limitation of measuring mitophagy is that it is not 
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a static process (Klionsky et al., 2016) and finding methods that best measure mitophagy in cells would 

further our understand of the role of RCAN1 in both β-cell and adipocyte function.  

7.5 Concluding remarks 

The results of this study indicate that RCAN1 has a role in adipocyte biology and highlight other 

possible roles of RCAN1 in the adipose tissue-specific functional changes. The previous links made 

between RCAN1 and diabetes and the link between RCAN1 and thermogenesis can now be extended 

to the study of RCAN1 in the adipose tissue as well as other metabolic organs. Mice that have a 

deficiency in RCAN1 compared to WT on both high and low-fat diets had a multitude of effects on 

lipolysis, lipogenesis and adipogenesis gene expression changes. These changes highlight the role of 

RCAN1 in adipocyte function and in response to dietary changes. Mechanisms of the effects of RCAN1 

on these pathways require further investigation through functional tests. The current lack of 

pharmacological agents targeting improved β-cell number in the treatment of both Type 1 and Type 2 

diabetes render urgent need to find a cure for diabetes. The increased proliferation rate with the use 

IRCA1 drug on β-cell presents a unique opportunity for the potential use this drug to combat T2D. The 

results in this thesis presents a novel pharmaceutical therapeutic, IRCA drugs, that target RCAN1 

implicated in the regulation of adipocyte metabolism and β-cell growth, where both tissues are of vital 

importance to the regulation of obesity and T2D. 
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Appendix A. Validating IRCA drug results 

The results in section 3.3 were reconfirmed with drugs that were made by me compared to preliminary 

results (Figure 1.28).  

Appendix A-1. Comparison of drugs used in main experiments and drugs used in preliminary 

experiments (n=4). (A) My MTT assay with 1xki drugs compared to (B) drugs used for preliminary 

results 1xki drugs. (C) My Oil Red-O assay with 1xki drugs compared to (D) 1xki drugs used for 

preliminary results. Asterisks show where one-way ANOVA with Dunnett post-hoc test indicate 

difference (One-way ANOVA with Dunnett post-hoc analysis, *p<0.05, **** p<0.0001).  
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Appendix B.  Sample melt curves and quantitation curves for qPCR gene 

targets 

Appendix B.1. Markers of proliferation and apoptosis genes used in Chapter 4 

Appendix B-1. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Bim and blue: Ccnd1 of IRCA drugs at the minimum 

effective concentration on β-TC6 cell line.  
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Appendix B-2. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Bax and blue: Ccnd2(2) of IRCA drugs at the minimum 

effective concentration on β-TC6 cell line. 
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Appendix B-3. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Puma and blue: Ccnd2(1) of IRCA drugs at the minimum 

effective concentration on β-TC6 cell line. 
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Appendix B-4. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Caspase3 of IRCA drugs at the minimum effective 

concentration on β-TC6 cell line. 
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Appendix B-5. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Caspase 8, blue: Caspase 9 of IRCA drugs at the minimum 

effective concentration on β-TC6 cell line. 
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Appendix B.2. Gene targets for lipolysis, lipogenesis and adipogenesis genes 

Appendix B-6. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Plin1, blue: Atgl of eWAT of RCAN1 WT and Rcan1-/- on 

a HFD 
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Appendix B-7. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Cgi-58, blue: G0s2 of eWAT of RCAN1 WT and Rcan1-/-

on a HFD 
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Appendix B-8. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Hsl, blue: Srebp1-total of eWAT of RCAN1 WT and Rcan1-

/- on a LFD 
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Appendix B-9. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Srebp1c, blue: Srebp1a of eWAT of RCAN1 WT and Rcan1-

/- on a HFD 
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Appendix B-10. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Chrebp-total, blue: Chrebp-α of eWAT of RCAN1 WT and 

Rcan1-/- on a HFD 
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Appendix B-11. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Chrebp-β, blue: Acc1 of eWAT of RCAN1 WT and Rcan1-

/- on a HFD 
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Appendix B-12. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Acc2, blue: Acl of eWAT of RCAN1 WT and Rcan1-/- on a 

LFD 
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Appendix B-13. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Fas, blue: Cebp-α of eWAT of RCAN1 WT and Rcan1-/- on 

a LFD 
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Appendix B-14. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: leptin of eWAT of RCAN1 WT and Rcan1-/- on a HFD 
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Appendix B.3. Adipocyte expression of Rcan1.1 and Rcan1.4 after incubation with 

various factors 

Appendix B-15. (A) Melt curve and (B) quantitation curve showing orange: no template control, 

green: β-actin housekeeper gene, red: Rcan1.1, Blue: Rcan1.4 on 3T3-L1 developed adipocytes.  
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Appendix C. Sample image of gel 

Appendix C-1. Sample of gel electrophoresis. On the left shows the 1Kb Plus DNA ladder in 3% 

agarose gel (Invitrogen, Australia). A volume of 5µl of the prepared ladder (200ng/ul) was mixed with 

2µl of the 6x loading dye (Sigma). After loading samples, the 3% agarose gel was run at 80V for 45 

minutes. The gel was imaged using Image LabTM Software (Bio-Rad) under ultra-violet light utilising 

the Gel Doc EZ imager (Bio-Rad) at the exposure time of 0.5 seconds. Lane 1 to 15 contain the products 

of the housekeeper β-actin when RT-PCR was conducted on β-TC6 cell line that had no treatment (237 

bp PCR product).  
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