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Abstract 

Diabetes mellitus is a chronic metabolic disorder characterized by persistent hyperglycaemia 

due to inadequate insulin secretion (β-cell dysfunction) and/or impaired insulin action (insulin 

resistance). While T1D is caused by autoimmune destruction of islet β-cells, islet -cell 

dysfunction often with progressive decline in β-cell mass contributes to pathogenesis of T2D. 

Recent evidence of clinical convergence of T1D and T2D phenotypes in a proportion of people 

with diabetes suggests possible shared non-immune islet susceptibility factors. 

The T1D-resistant O-NODk mouse sub-strain (created from the T1D-prone NOD mice through 

replacement of the Idd1-H2g7 with Idd-H2k) develops impaired glucose tolerance, 

hyperinsulinaemia and T2D when fed a high fat (HF) diet. Through routine colony refreshment, 

our laboratory developed another sub-strain of NODk mice, the RF-NODk mice, which are 

resistant to HF diet-induced T2D. Since both O-NODk and RF-NODk mice colonies were 

maintained in the same animal facility under similar environmental conditions, we hypothesised 

that T2D predisposition in the O-NODk mice is of genetic origin. Thus, the aim of this project 

was to characterize the phenotype and genotype of both NODk mice sub-strains to determine 

the genetic factor(s) causing T2D susceptibility in O-NODk mice. 

A long-term study (from 4-24 weeks of age) in these two mice sub-strains fed normal chow 

(NC) or HF diet monitored body weight, blood glucose and plasma insulin fortnightly and 

pancreatic histological alterations were evaluated at the end of the study. Assessments of β-cell 

function were performed in vivo and in vitro through intraperitoneal glucose tolerance tests 

(ipGTT) and isolated islet static insulin secretion, respectively. A cross-breeding study was 

designed to determine the allelic frequency and segregation of the diabetes susceptibility 

genetic factor(s) in the O-NODk mice. Whole genome sequencing (WGS) and RNA sequencing 
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(RNA-seq) were performed to identify genetic variants in the exome and transcriptomic profiles 

of these two mice sub-strains, respectively. 

HF-fed O-NODk mice developed accelerated weight gain, impaired glucose tolerance, severe 

hyperinsulinaemia and T2D, whereas RF-NODk mice maintained normoglycaemia. Pancreas 

histological analysis revealed increased exocrine pancreas fat infiltration, mildly increased peri-

ductal inflammation, and a similar mild peri-islet inflammation compared to RF-NODk mice. 

Reduced β-cell mass was observed in diabetic HF-fed O-NODk mice. In vitro studies revealed 

that pancreatic islets of HF-fed O-NODk mice secreted more insulin in response to glucose and 

fatty acids, and the insulin secretagogue IBMX. Cross-breeding studies showed that the 

diabetes trait in the O-NODk mice segregated as a simple Mendelian homozygous recessive 

trait. WGS identified 6 candidate genes with single nucleotide polymorphisms (Atp13a3, 

Kcnh7, Gpr125, Ncor1, Myh4 and Olfr954) and over 1200 insertions and deletions in O-NODk 

mice only. RNA-seq highlighted the up-regulation of Sdc2, Suclg2 and Cbr3 genes, and down-

regulation of Pcp4 in O-NODk mice. 

In conclusion, the phenotype of the diabetes-prone HF-fed O-NODk compared to diabetes 

resistant HF-fed RF-NODk mice, includes accelerated weight gain, severe hyperinsulinaemia, 

enhanced in-vitro insulin secretion, dysfunctional in-vivo insulin secretion and late loss of -

cell mass. Genetic studies suggest Mendelian homozygous recessive inheritance. Several 

candidate genes have been elucidated which warrant further validation and mechanistic studies. 
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1. Introduction 

The history of diabetes dates back to 1500 BC where Egyptian manuscripts described it as a 

disease of excessive urination (Lakhtakia, 2013). Araetus of Cappodocia coined the term 

“diabetes” (Greek: to pass through) to describe this disorder in 81-133 AD, while the term 

“mellitus” (Latin: sweet like honey) was coined by John Rollo in 1798, post-observation of the 

sweet taste of urine of people with diabetes (Lakhtakia, 2013). However, its experimental 

characterization began in 1889 when von Mering and Minkowski discovered that the removal 

of the pancreas in dogs led to diabetes (von Mering and Minkowski, 1890). Later, Banting, Best 

and Collip established insulin deficiency as the cause of diabetes in 1921 (Banting et al., 1922).  

Diabetes mellitus is defined as a complex disease encompassing multiple metabolic disorders 

associated with disturbances in glucose homeostasis. The hallmark characteristic of diabetes 

mellitus is hyperglycaemia caused by defects in insulin secretion and/or insulin action on 

peripheral tissues (insulin resistance), leading to altered fuel metabolism (American Diabetes, 

2011). Initial symptoms of diabetes mellitus include polyuria, polydipsia and polyphagia. 

Inability to maintain blood glucose levels at normal physiological range, leads to spilling of 

glucose into the urine (glycosuria), stimulating excretion of extra water in urine by the kidney 

for osmoregulation (Ahloulay et al., 1999). The consequent loss of water and calories through 

polyuria creates excessive thirst and weight loss, leading to increased hunger (Hernandez and 

Briese, 1972).  

Hyperglycaemia also reduces vasodilator nitric oxide levels in blood vessels, thereby causing 

hypertension and promoting vasoconstriction (Hoshiyama et al., 2003). This restricts blood 

flow to peripheral tissues and can cause long-term complications and even organ failure. 

Diabetes-induced blood flow restriction to the brain and heart can potentially cause strokes and 

heart attacks, respectively (Aziz et al., 2019, Einarson et al., 2018). Similarly, it can also cause 
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retinopathy (Jackson et al., 2012), nephropathy and peripheral neuropathy, which can progress 

to blindness, chronic kidney disease, foot ulcers and limb amputation, respectively (Juster-

Switlyk and Smith, 2016, Jackson et al., 2012, Schrier et al., 2002). Diabetes also affects the 

immune cells, causing slower wound healing and increasing susceptibility to bacterial and 

fungal infections (Muller et al., 2005, Geerlings and Hoepelman, 1999). 

The current criteria for the diagnosis of diabetes is based on the 8 hours fasting plasma glucose 

(FPG) levels, or the 2-hours plasma glucose levels obtained after a 75 gram oral glucose 

tolerance test (OGTT), or a glycated haemoglobulin (HbA1C) test, which indicates glycaemic 

trends over 2 months (Table 1) (World Health Organization, 2019, International Diabetes 

Federation, 2017, Bunn et al., 1976). Individuals diagnosed with prediabetes have impaired 

fasting blood glucose levels or impaired glucose tolerance, and are at risk to develop diabetes. 

These criteria are used to diagnose the two major types of diabetes mellitus: Type 1 diabetes 

(T1D) and Type 2 diabetes (T2D). 

 

Table 1: Criteria for diagnosis of diabetes and pre-diabetes as per the International Diabetes 

Federation and World Health Organization guidelines. 

 

Diagnostic tests Diabetes Prediabetes 

8 hours fasted plasma glucose ≥ 7 mmol 6.1 – 6.9 mmol 

OGTT 2 hours plasma glucose ≥ 11.1 mmol 7.8- 11.0 mmol 

HbA1c ≥ 6.5% 5.7- 6.4% 

 

1.1 Type 1 diabetes (T1D) 
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T1D, formerly known as insulin-dependent diabetes mellitus, is a chronic autoimmune disorder 

caused by the immune destruction of insulin-secreting pancreatic β-cells, resulting in absolute 

insulin deficiency and subsequent dependence on exogenous insulin (Atkinson et al., 2014). 

T1D accounts for 5-10% of all diabetes mellitus cases, and is commonly diagnosed in children 

and adolescents (American Diabetes, 2011), with 1.1 million adolescents below 20 years of age 

diagnosed globally (International Diabetes Federation, 2019). However, diagnosis of T1D at an 

older age has also been documented (Thunander et al., 2008). Its incidence is globally variable, 

with Finland and Sardinia displaying the highest incidence, while countries like China, India 

and Venezuela having the lowest incidence (Karvonen et al., 2000). This suggests that variation 

in T1D incidence may be attributed not only to inherited genetic predisposition factors, but may 

also be influenced by environmental risk factors. Experimental studies have suggested that viral 

infections, vitamin D deficiency and exposure to gluten or cow’s milk during infancy and 

childhood may trigger T1D, although the latter is still under investigation (Knip et al., 2010, 

Stene et al., 2010). Nonetheless, genetics plays a major role in T1D risk. 

T1D is a heritable polygenic disorder with multiple genes associated with disease development, 

the most important being the human leukocyte antigen (HLA) region on chromosome 6 

(IDDM1 locus), particularly HLA Class II, which provides around 50% of the genetic 

susceptibility (Noble et al., 2010, Erlich et al., 2008). T1D has strong familial clustering, 40% 

of which is attributed to allelic variations in the HLA Class II alleles DR3, DR4 and DQ8 

regions (Concannon et al., 2005). However, various non-HLA regions have also been 

associated with T1D risk such as the insulin (INS) and cytotoxic T-lymphocyte associated 

protein 4 (CTLA4) genes (Concannon et al., 2009). Nevertheless, most loci with linkages to 

T1D are involved with immune response (Nyaga et al., 2018).  
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T1D pathogenesis is accompanied by antibody and T-cell immune responses to antigens in the 

β-cells, with T-cell mediated effects being most important (Figure 1). Although the triggering 

mechanisms have not yet been established, autoantibodies against pancreatic islet antigens such 

as insulin, glutamic acid decarboxylase (GAD), zinc transport 8 or insulinoma associated 

antigen 2 have been identified in association with T1D (Kimpimaki et al., 2001, Steck et al., 

2011, Rewers and Ludvigsson, 2016, von Herrath et al., 2007). Activation of naïve CD4+ T-

cells resident in secondary lymphoid organs leads to differentiation into effector helper T-cells 

(Th1 or Th2) under the expression of transcription factors T-bet and GATA3, and secretion of 

pro-inflammatory cytokines (Kanhere et al., 2012). Concurrently, activation of CD8+ T-cells 

and subsequent differentiation into Th cells can also cause β-cell apoptosis (Trivedi et al., 2016, 

Dudek et al., 2006). Furthermore, both T-cells stimulate B-cell production, activating islet-

resident M1 macrophages and causing insulitis and β-cell destruction, leading to loss of insulin 

secretory action (Arif et al., 2004). Deletion of T-cells, T-bet or B-cells in mice, all led to T1D-

resistance and abrogation of insulitis (Mora et al., 1999, Zhang et al., 2019, Noorchashm et al., 

1997, Esensten et al., 2009). 
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Figure 1: Schematic representation of the pathophysiology of autoimmune Type 1 diabetes (T1D). 

T1D can be caused by environmental factors such as gluten and cow’s milk exposure during infancy 

and enteroviral infections, and genetic factors like HLA alleles (A). These factors can trigger β-cell 

apoptosis, leading to release of β-cell antigens (eg insulin) (B). Insulin induces APC, promoting 

activation of naïve T-cells in lymph nodes into mature T-cells (C). T-bet and GATA3 promote 

differentiation of T-cells into effector T-cells (D), which migrate into the islets (E) and secrete pro-

inflammatory cytokines, further aggravating apoptosis and insulitis (F). T-cells also induce mature B-

cells to produce autoantibodies which exacerbate inflammation in the pancreas (G). HLA: Human 

leukocyte antigen, APC: Antigen presenting cells, T-bet: T box transcription factor, GATA3: GATA 

binding protein 3, TNF-α: Tumor necrosis factor- alpha, IFN-γ: Interferon- gamma, INS: Insulin. 

[Adapted from (Lazo-de-la-Vega-Monroy and Fernandez-Mejia, 2011)]. 
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1.2 Type 2 diabetes (T2D) 

T2D, formerly known as non-insulin dependent or adult-onset diabetes mellitus, accounts for 

over 90% of all diabetic cases (Bruno et al., 2005). Globally, there are around 463 million adults 

(20-79 years of age) living with diabetes, of which 75% of the cases occur in low and middle-

income countries, with China and India as the epicenters for this growing health epidemic 

(International Diabetes Federation, 2019, Shaw et al., 2010). The number of individuals with 

diabetes is still rising and it is estimated that by 2045, there will be 700 million people living 

with diabetes worldwide (Williams et al., 2020). The prevalence of T2D also varies between 

ethnicities and race. According to the Center for Disease Control and Prevention (CDC) in the 

USA, Native Indian/Alaskan Natives have the highest prevalence of T2D (15.1%), followed by 

African (12.7%), Hispanic (12.1%) and Asian (8.0%) Americans with Caucasian-Americans 

having the lowest prevalence (7.4%). Pacific Nations also show high diabetes prevalence, with 

over 30% prevalence in American Samoa and 25% in the Polynesian and Micronesian islands 

(NCD Risk Factor Collaboration, 2016).  

 

   1.2.1 Diabetes in Australia 

Australia has the 7th highest prevalence of diabetes mellitus in the world, with over 1.2 million 

diabetic adults above 20 years of age (5.6% of the population) (International Diabetes 

Federation, 2019). Indigenous Australians are 3 times more likely to develop T2D than non-

indigenous Australians (Minges et al., 2011). Additionally, the annual health cost burden for 

T2D and its associated complications was estimated to be $14.6 billion in 2013 (Lee et al., 

2013). The escalating diabetes prevalence and related economic costs highlight the imperative 

need to expand our knowledge about T2D aetiology, and to implement better healthcare policies 

to counteract the impact of this growing diabetes epidemic. 
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   1.2.2 Aetiology of T2D 

T2D is a heterogeneous multifactorial disorder, resulting from the pathogenic interaction of 

environmental and genetic risk factors. 

      1.2.2.1 Environmental risk factors for T2D 

Obesity is identified as a primary risk factor for the development of T2D, since 90% of 

individuals with T2D are either obese or overweight (World Health Organization, 2017). 

Several environmental factors such as an unhealthy energy-dense diets and physical inactivity 

due to sedentary lifestyles, are associated with the development of obesity and increased risk 

of T2D (Bellou et al., 2018).  

A strong association between T2D and consumption of soft drinks containing high fructose 

corn syrup and red meat has been reported by many studies (Nseir et al., 2010, Panagiotakos et 

al., 2005, Neuenschwander et al., 2019). Similarly, increased saturated fat intake have been 

linked to obesity and T2D (Thanopoulou et al., 2003, van Dam et al., 2002). In contrast, the 

Mediterranean diet which is rich in polyunsaturated fats and is a good source of macronutrients, 

was found to be inversely correlated to T2D (Naja et al., 2012, Beigrezaei et al., 2019, Salas-

Salvadó et al., 2015). Therefore, changes towards a healthy dietary pattern (i.e. consumption of 

diets low in added sugars, high in fiber and low in saturated fat content) can have a beneficial 

effect in reducing T2D risk and weight loss. 

Additionally, adoption of healthy eating associated with regular physical activity have been 

shown to reduce or delay the risk and incidence of T2D in individuals at risk (Hemmingsen et 

al., 2017). An hour of sedentary TV watching was found to increase T2D risk by 3.4% 

(Rockette-Wagner et al., 2015). Re-allocation of even 30 mins of sedentary time to light-

intensity physical activity improved insulin sensitivity by 5%, while assigning that time for 
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moderate to vigorous intensity physical exercise caused a 15% change in homeostatic model 

assessment of insulin resistance (HOMA-IR) (Yates et al., 2015). Collectively, these studies 

allude to the impact of diet and physical activity on the risk of T2D, and how targeted 

interactions of these two factors can have a positive influence to reduce T2D susceptibility. 

 

      1.2.2.2 Genetic risk factors for T2D 

Although T2D development is heavily influenced by lifestyle factors, genetic susceptibility also 

plays a role in the pathogenesis of the disease. Population studies have shown that offspring of 

one diabetic parent had a 3.5-fold higher risk, and offspring of both parents with T2D had a 6-

fold higher risk of developing T2D, compared to offspring with no diabetic parents (Meigs et 

al., 2000). Offspring with maternal diabetic history were observed to have higher T2D risk and 

higher birth weight, compared to a paternal diabetic history (Meigs et al., 2000, Lauenborg et 

al., 2011). Another study of nearly 35,000 twin pairs from various countries in Europe and 

Australia, reported a lower T2D discordance rate of 5.1% among monozygotic twins compared 

to same-sex dizygotic twins (8%), with heritability estimated at 72% (Willemsen et al., 2015). 

While these studies show the heritability of T2D from parent to offspring, no dominant locus 

for T2D susceptibility has been identified. Therefore, T2D is recognized as a polygenic disorder 

associated with small gene effects of variants of multiple genetic loci, instead of a large single 

gene effect. 

One of the earliest methods of studying the polygenic nature of T2D involved the analysis of 

candidate genes with known functions and association with T2D. These studies identified 

various single nucleotide polymorphisms (SNPs), including the peroxisome proliferator-

activated receptor-γ (PPARγ) Pro12Ala polymorphism, which was associated with reduced 

T2D risk in Caucasians, but not in South Indian or Iranian population (Altshuler et al., 2000, 
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Radha et al., 2006, Mirzaei et al., 2009). Additionally, studies on Turkish and UK populations 

linked variants in ATP-binding cassette transporter sub family C member 8 (ABCC8) and 

potassium inwardly rectifying channel subfamily J member 11 (KCNJ11) to increased T2D risk 

(Gloyn et al., 2003, Gonen et al., 2012). Other studies have also reported polymorphisms that 

confer  T2D risk in fatty acid binding protein (FABP) 2 and 6, hepatic nucleotide factor 1 

(HNF1) homeobox, cyclin dependent kinase inhibitor 2B (CDKN2B) and solute carrier family 

30 member 8 (SLC30A8) genes (Fisher et al., 2007, Nikitin et al., 2017, Daimon et al., 2003). 

Another approach used to study the genetics of T2D includes linkage analysis, a technique that 

searches for genetic markers that are inherited together due to their close proximity to each 

other on the same chromosome. The use of this technique resulted in the discovery of various 

prospective variants associated with T2D risk on the loci of chromosomes 4, 10, 14 and 16 

(Guan et al., 2008). However, this technique could only link few genes to T2D pathogenesis, 

such as calpain-10 (CAPN10), adiponectin and transcription factor 7-like 2 (TCF7L2) (Nam et 

al., 2018, Cropano et al., 2017). 

The arrival of genome-wide association studies (GWAS) in the 2000s prompted a great 

breakthrough in the study of the genetic determinants of diabetes due to its capacity to rapidly 

scan the entire genome to find SNPs that commonly occur in individuals with T2D, without any 

prior hypothesis or knowledge of gene function. A recent meta-analysis of GWAS involving 

over 60,000 T2D cases and 0.5 million controls combined from 3 GWAS sets in Europe 

(DIAGRAM, GERA and UKB), identified 139 variants already known to be associated with 

T2D, of which 16 were linked to insulin secretion and 25 to insulin sensitivity (Xue et al., 2018). 

Additionally, this study also led to the discovery of another 39 novel variants that had not been 

associated with T2D. Overall, the most significant T2D susceptibility-associated locus reported 

was the previously known rs7903146 of the TCF7L2 gene, which is a transcription factor 
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involved in the wingless-related integration site (Wnt) signaling pathway (Xue et al., 2018). 

GWAS was also performed in different populations such as the Northern Han Chinese, 

Moroccan and Tunisian and the sub-Saharan population, which identified even more novel 

variants associated with T2D risk such as the rs17106184 allele of the Fas-associated factor 1 

(FAF1) gene and zinc finger RANBP2-type containing 3 (ZRANB3) gene, which were not 

reported in the European GWAS gene sets (Cauchi et al., 2012, Rao et al., 2016, Adeyemo et 

al., 2019). This highlighted the need to perform trans-ethnic GWAS across different ancestries 

to identify more alleles associated with T2D risk (Mahajan et al., 2014). 

Furthermore, with the technological advancements in gene engineering and the lower costs of 

high throughput sequencing, many novel loci formerly unknown to be associated with T2D are 

being discovered through whole genome and exome sequencing. This brings further insights 

into the pathogenesis of T2D and potential for prospective novel therapies. The mechanisms by 

which these novel genes contribute to the pathophysiology of T2D can be further investigated 

through genetic manipulation of rodent models to generate knockout or transgenic mice for 

candidate genes. 

Therefore, for better understanding of the pathophysiological alterations that occur in T2D and 

their association to common genomic variants, it is first necessary to understand the normal 

metabolic physiology involved in the maintenance of glucose homeostasis. 
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1.3 Pancreas architecture and β-cell biology 

The pancreas is a complex organ located in the upper abdominal area below the stomach. 

Anatomically, it can be divided in 3 parts: the widest section is called the head which lies within 

the C-curve of the duodenum, the middle body extends laterally overlying the abdominal aorta, 

followed by the narrow tail extending towards the spleen (Longnecker, 2014) (Figure 2A). In 

mice, these three sections are known as the duodenal, gastric and splenic lobes, and are not as 

distinct due to their distribution around the proximal small intestine (Dolenšek et al., 2015). 

The pancreas is a dual-functioning organ with both exocrine and endocrine features. The 

exocrine pancreas corresponds to 98% of the total pancreatic tissue, and is composed of grape-

like clusters of exocrine cells called acini and duct cells (Takahashi, 1984). These acinar cells 

secrete digestive enzymes (trypsin, amylase and lipase) and electrolytes through the pancreatic 

duct into the duodenum, to aid digestion (Husain and Thrower, 2009). In contrast, the endocrine 

component populates only 2% of the entire pancreatic mass, and constitutes small clusters of 

endocrine cells called islets of Langerhans (Figure 2A) (Haist, 1971).  

Although islet number differs between species (between 1-15 million in humans and 1000-5000 

in mice), the average islet size is relatively similar among mammals (100-200 µm in diameter) 

(Saito et al., 1978, Bock et al., 2005, Kim et al., 2009a, Pfeifer et al., 2015). Human and rodent 

studies have both shown that pancreatic islet area and size increase with maturation, but then 

decline with aging, without change in total islet number (Kehm et al., 2018, Mizukami et al., 

2014). This could be due to a decline in the proliferative and regenerative capacity of the islets 

with age (Kehm et al., 2018).  
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Figure 2: Anatomic representation of pancreas and its endocrine component. The pancreas is made 

up of mostly exocrine tissue embedded with small clusters of endocrine cells, called the islets of 

Langerhans (A). Islets are made up on five cell types: α-cells, β-cells, δ-cells, γ-cells and ε-cells. In mice 

islets, insulin-secreting β-cells are mainly found in the islet core, surrounded by a mantle of non- β-cells 

(B). In human islets, β-cells are usually distributed throughout the islet without an evident organization 

(C). [Adapted from (MacDonald and Rorsman, 2006)]. 
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The endocrine portion of the pancreas is formed by the pancreatic islets, which are composed 

of five different cell types: insulin producing beta cells (β-cells), glucagon producing alpha cells 

(α-cells), somatostatin producing delta cells (δ-cells), pancreatic polypeptide (PP) producing 

gamma cells (γ-cells) and ghrelin producing epsilon cells (ε-cells).  

The spatial distribution of these endocrine cells in the islets differ between rodents and humans. 

In rodents, the β-cells are located at the core of the islets and surrounded by a mantle of α-cells, 

δ-cells and γ-cells (Dybala and Hara, 2019, Brissova et al., 2005, Pfeifer et al., 2015) (Figure 

2B). In human islets, β-cells are mostly equally distributed and interspersed between α-cells 

and δ-cells, while the γ-cells and ε-cells are mostly located on the periphery of the islets 

(Cabrera et al., 2006, Brissova et al., 2005) (Figure 2C). However, some studies have observed 

that human islets can also have other patterns of endocrine cell distribution, such as the rodent 

core-mantle β-cells distribution, as well as a clustered or dispersed configuration (Bosco et al., 

2010, Dybala and Hara, 2019).  

These different endocrine cell distribution patterns are designed to ensure cell to cell 

communication through extracellular spaces and gap junctions, (Cabrera et al., 2006). 

Furthermore, the pancreatic islets are highly vascularized, constituting around 8% of the total 

islet volume, thereby allowing modulation of the blood flow and cellular interactions between 

the endocrine cells (Henderson and Moss, 1985). Together, the intra-islet micro-capillary 

network and spatial arrangement of the endocrine cells influence and regulate the hormonal 

secretion of each other and maintain whole body glucose homeostasis. 

  



15 
 

   1.3.1 Islet β-cell hormones 

The β-cells are the most abundant endocrine cells of the islets, comprising 50-70% of total 

endocrine cells in humans and 60-80% in mice (Brissova et al., 2005, Cabrera et al., 2006) 

(Figure 2C). The most important role of the β-cell is to maintain glucose homeostasis by 

producing and releasing insulin into circulation, which stimulates uptake of circulating blood 

glucose into its target tissues, including skeletal muscles, adipose tissue and liver. The 

mechanisms involved in these processes will be discussed in detail in the following sections. 

Amylin, also known as islet amyloid polypeptide (IAPP), is a 37 residue peptide protein that is 

co-secreted with insulin, in an insulin: amylin ratio of 100:1 by human β-cells (Cooper et al., 

1987, Westermark et al., 1986). Amylin plays a role in preventing hyperglycaemia by inhibiting 

glucagon secretion, promoting satiety and slowing gastric emptying (Gedulin et al., 2006, Mack 

et al., 2007). Islet amyloid deposits of amylin were found to be present on the β-cells of over 

95% of T2D patients and was associated with loss of β-cell mass in humans (Westermark et al., 

1986, Bedrood et al., 2012). Although amylin is associated with T2D in humans, monkeys and 

cats, the same is not observed in mice and rats, since rodent amylin lacks the proline amino acid 

residue necessary for the formation of fibrils (de Koning et al., 1993, Yano et al., 1981, 

Betsholtz et al., 1989, Chiu et al., 2013). Therefore, transgenic mice specifically expressing the 

human form of amylin in the β-cells of obese diabetic mouse models are used to study the 

pathophysiology of amylin in human diabetes. These studies suggest that high fat (HF) diet-

induced obesity is partly responsible for both amylin and insulin mal-processing, leading to 

amyloid deposits on β-cells (Hull et al., 2003). 
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   1.3.2 Islet α-cell hormone 

The α-cells make up 20-40% of the total cell number in humans and 10-20% in mice (Cabrera 

et al., 2006, Brissova et al., 2005). These cells secrete glucagon, a 29 amino acid peptide, 

derived from proglucagon via proteolytic cleavage by the enzyme prohormone convertase 2 

(PC2) (Rouille et al., 1994, Furuta et al., 2001). Glucagon is normally secreted in response to 

hypoglycaemia. It maintains glucose homeostasis by stimulating glycogenolysis and 

gluconeogenesis in the liver, leading to increased blood glucose levels (Ikezawa et al., 2003, 

Shah et al., 2000).  

 

   1.3.3 Islet δ, γ and ε-cells and their hormones 

Together, δ-cells and γ-cells make up less than 10% of endocrine cells in human islets and less 

than 5% in mice (Cabrera et al., 2006, Brissova et al., 2005). The δ-cells produce somatostatin 

which acts as a paracrine regulator of β-cells and α-cells, inhibiting the secretion of insulin and 

glucagon, respectively (Vergari et al., 2019, Briant et al., 2018). Pancreatic polypeptide (PP) is 

released by the γ-cells in response to food ingestion, particularly after ingestion of a protein-

rich meal (Koska et al., 2004). Following meal consumption, PP is secreted to slow down 

digestion and prevent the post-prandial increase in circulating glucose levels, by inhibiting the 

release of pancreatic digestive enzymes and stimulating insulin secretion (Asakawa et al., 

2003b, Liu et al., 2008, Rabiee et al., 2011). Finally, ε-cells comprise of less than 1% of total 

islet cells. It secretes ghrelin, the “hunger hormone”, which regulates energy expenditure by 

promoting food intake and fat deposition (Cabrera et al., 2006, Asakawa et al., 2003a, Druce et 

al., 2005).  
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1.4 Insulin biogenesis  

Insulin is considered one of the most important hormones of the body and is encoded by the 

INS gene, located on chromosome 11. The INS gene is almost exclusively expressed in the 

pancreatic β-cells, although it is also found in low levels in the brain, particularly in the 

hypothalamus (Hrytsenko et al., 2007). While most animals including humans have only one 

copy of the INS gene, rodents have two non-allelic insulin genes (INS1 and INS2), which differ 

in the number of introns and chromosomal locations (Soares et al., 1985). 

The INS gene is regulated by a complex network of key transcriptional factors, such as paired 

box (Pax) 4 and 6, pancreatic and duodenal homeobox-1 (Pdx1), neurogenic differentiation-1 

(NeuroD1) and V-maf musculoaponeurotic fibrosarcoma oncogene homolog A (MafA). These 

transcription factors act upon the highly conserved 340 bp insulin promoter region, that lies 

immediately upstream of the transcription initiation start site (Wang et al., 2001, Kataoka et al., 

2002, Sharma et al., 1999) (Figure 3A). Insulin biosynthesis is a complex event that comprises 

the formation of various intermediate molecules, in response to increased circulating blood 

glucose levels (Ozawa et al., 2014) (Figure 3). 

Insulin mRNA translates into a 110 amino acid long single chain inactive precursor called 

preproinsulin, which is composed of a hydrophobic N-terminal signal peptide, followed by the 

insulin B chain, C-peptide and insulin A-chain (Dodson and Steiner, 1998) (Figure 3B). 

Although preproinsulin synthesis initiates in the cytosol, its signal peptide directs it across the 

rough endoplasmic reticulum (ER) membrane into the lumen, by cytosolic ribonucleoprotein 

signal recognition particles (SRP) (Okun and Shields, 1992). Upon entering the ER, a signal 

peptidase proteolytically cleaves the signal peptide and SRP from preproinsulin, which 

undergoes post-translational processing to yield proinsulin. The proinsulin then folds to align 

the carboxy-terminal A chain and the amino-terminal B chain, which are linked by the 
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connecting peptide (C-peptide), and forms three disulphide bonds (Huang and Arvan, 1995) 

(Figure 3C).  

Properly folded proinsulin is cleaved in the ER by specific peptidases such as prohormone 

convertases (PCs) PC1/3 and PC2, which produces equimolar molecules of C-peptide and 

insulin (Ozawa et al., 2014) (Figure 3D). The active insulin and C-peptide molecules are then 

packaged together into dense clustered secretory granules by the Golgi complex and are 

subsequently stored in the cytoplasm. Inside the granules, the insulin molecule can also be 

stored in the form of insoluble hexamers, which are co-crystallized with two zinc ions in the 

center. While these zinc ions are necessary for crystallization of hexameric insulin, its absence 

does not affect insulin processing or secretion (Nicolson et al., 2009, Lemaire et al., 2009). 

Finally, upon stimulation for secretion, the contents of the secretory granules are released into 

circulation by exocytosis through the portal system.  
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Figure 3: Schematic representation of insulin synthesis by rodent pancreatic β-cells. Proximal area 

of INS1 promoter region with transcription factors and insulin gene (A). Insulin mRNA translates into 

a precursor molecule preproinsulin, made up of hydrophobic N-terminal signal sequence, B-chain, C-

peptide chain and A-chain on the C-terminal. In the ER, signal peptidases cleaves the signal sequence 

to form proinsulin (B). Proinsulin folds to align the A-chain and the B-chain, forming three disulphide 

bonds (C). In the Golgi apparatus, prohormone convertases 1/3 and 2 cleaves proinsulin into insulin and 

C-peptide, which is then packaged into secretory vesicles and stored in the cytoplasm (D). A1-4, C1-2, 

E1: cis-regulatory elements, Pax: Paired box, Pdx: Pancreatic and duodenal homeobox, Neuro-D1: 

Neurogenic differentiation-1, MafA: V-maf musculoaponeurotic fibrosarcoma oncogene homolog A. 

[Adapted from (Melloul et al., 2002, Kaufman, 2011)]. 
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1.5 Insulin Secretion 

Islet β-cells continually monitor and respond to elevated blood glucose and nutrient levels by 

secreting insulin to maintain glucose homeostasis. Insulin secretion is a dynamic process 

modulated by a complex and multifactorial network of factors of metabolic, neuronal and 

hormonal origin. It is a biphasic process which involves the release of two distinct populations 

of insulin granules present in the cytoplasm of the β-cells- the readily releasable pool (RRP) 

and the reserve pool (RP) (Grodsky, 1972). These different pools of insulin granules are 

released in a pulsatile biphasic process (1st and 2nd phase), when glucose levels in circulation 

are elevated (>3 mM) (Curry et al., 1968, Porte and Pupo, 1969). The RRP constitutes 0.3 to 

0.7% of the total reserve of insulin granules that are already primed to the plasma membrane. 

These granules are rapidly released during the 1st phase of insulin secretion, upon an increase 

of intracellular calcium concentration, lasting no longer than 5-10 mins. Once the RRP is 

depleted, the 2nd sustained and prolonged phase initiates where insulin granules from the RP 

are released (Noda et al., 1996). During this phase, the RRP is replenished with insulin granules 

from the RP, allowing the β-cells to synthesize, process and release more insulin (Noda et al., 

1996). This phase is maintained until normoglycaemia is restored. 

 

   1.5.1 Glucose stimulated insulin secretion (GSIS) 

Glucose is regarded as the primary stimuli for insulin secretion, while other nutrients such as 

free fatty acids (FFA) and amino acids (particularly arginine and leucine), incretin hormones 

(glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP)), 

and neurotransmitters (acetylcholine) are considered as potentiators (Rorsman and Ashcroft, 

2018, Nauck et al., 1986, Molina et al., 2014). However, glucose needs to be metabolized by 

the β-cell to generate triggering and amplifying signals to stimulate insulin secretion. It is 
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understood that the readily releasable pool of insulin is promptly released through the KATP 

dependent pathway, whereas the more sustainable insulin exocytosis observed during the 

second phase is obtained through synergetic interaction between the KATP dependent and KATP 

independent pathway. 

 

      1.5.1.1 Triggering pathway of insulin secretion  

The K+
ATP dependent pathway, also known as the classical pathway, is widely accepted as the 

main pathway for GSIS (Figure 4). After ingestion of a carbohydrate-containing meal, the 

elevation in circulating blood glucose levels leads to an increased influx of glucose into the β-

cell through specific glucose transporters (GLUT1 in humans and GLUT2 in rodents) 

(McCulloch et al., 2011). 

Glucose is then phosphorylated by glucokinase, the first enzyme in the glycolytic pathway, 

which produces glucose-6-phosphate. Glycolysis leads to the production of metabolic substrate 

pyruvate, which is oxidized through the Krebs cycle by the mitochondria, to generate energy in 

the form of adenosine triphosphate (ATP) (Rorsman and Trube, 1985, Ashcroft et al., 1984). 

The sequential increase in the cytoplasmic ATP:ADP ratio leads to the closure of the ATP-

sensitive K+ (K+
ATP) channels, inhibiting the efflux of K+ ions and consequently promoting the 

depolarization of the plasma membrane (Puljung et al., 2019). This process results in the 

opening of voltage-gated Ca2+ channels and extracellular Ca2+ influx, which triggers the release 

of RRP insulin granules (Klec et al., 2019, Ashcroft and Rorsman, 1989).  
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Figure 4: Schematic representation of the K+
ATP channel-dependent triggering pathway leading to 

β-cell insulin secretion. Glucose enters the β-cell through GLUT2 and undergoes glycolysis to generate 

pyruvate, which is oxidized through the Krebs cycle to generate ATP. The subsequent increase in ATP: 

ADP ratio leads to closure of K+
ATP channels and depolarization of the plasma membrane, which leads 

to the opening of Ca2+ channels and Ca2+ influx. The increase in intracellular Ca2+ promotes immediate 

exocytosis of the readily releasable insulin pool granules (1st phase insulin secretion). GLUT: glucose 

transporter, G-6-Phosphate: Glucose-6-phosphate, OA: oxaloacetate, INS: Insulin granules. 
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      1.5.1.2 Amplifying pathway of insulin secretion  

While the K+
ATP dependent pathway triggers the initiation of insulin release by the β-cells (also 

known as 1st phase), it does not explain the prolonged and sustained insulin release that occurs 

around 15 minutes after the initial glucose stimulation. Therefore, additional metabolic signals 

which are independent of the K+
ATP channels are required to maintain insulin secretion elicited 

by glucose. The presence of an amplifying pathway was further supported through studies 

performed in K+
ATP channel knockout mice and by in vitro experiments conducted using 

isolated islets exposed to depolarizing concentrations of K+ ions or the K+
ATP channel opener 

diazoxide (Gembal et al., 1992, Komatsu et al., 1999, Shiota et al., 2002). These studies 

proposed an interplay of both pathways in insulin secretion, where the K+
ATP dependent 

pathway initiates the 1st phase of insulin release, while the K+
ATP independent pathway acts in 

synergy with the first pathway to amplify the insulin secretory response to Ca2+ ions.  

However, the K+
ATP independent pathway is complex and not yet fully understood. Based on 

the high levels of pyruvate carboxylase expression in the β-cell, an anaplerotic enzyme, several 

studies have proposed that metabolic coupling factors (MCFs) generated from anaplerosis (i.e. 

Malonyl-CoA, NADH/NAD+, succinate, glutamate, fatty acyl-CoAs) could be involved in 

amplification pathways (Liu et al., 2002, Fransson et al., 2006, Prentki et al., 2013, Brun et al., 

1996, Ivarsson et al., 2005, Maechler and Wollheim, 1999). Prentki et al have also shown that 

increased accumulation of Krebs cycle intermediates results in elevated levels of mitochondrial 

citrate, which is subsequently transported to the cytosol, where it is converted into malonyl-

CoA through the enzymatic action of citrate-lyase and acetyl-CoA carboxylase (Roduit et al., 

2004).  

Augmented levels of malonyl-CoA in the cytoplasm inhibits carnitine palmitoyl transferase 1 

(CPT1), a mitochondrial enzyme responsible for the translocation of long chain acyl-coenzyme 
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A (LC-CoA) into the mitochondria for fatty acid oxidation (Herrero et al., 2005, Roduit et al., 

2004). CPT1 inhibition leads to increased accumulation of cytosolic LC-CoA, which together 

with glycerol-3-phosphate (Gly3P) derived from glycolysis, are re-esterified into complex 

glycerolipids that could be indirectly or directly potentiating insulin secretion (El-Azzouny et 

al., 2014, Evliyaoğlu et al., 2018) (Figure 5).  

Additionally, Prentki et al have also described the existence of a cycle in the β-cells where these 

glycerolipids are constantly formed and broken-down by lipase enzymes, therefore producing 

different molecules that can potentiate GSIS (Nolan et al., 2006b). Even though there are still 

ongoing studies investigating the functions and effects of these glycerolipids, emerging 

evidence of the impact of inhibition of the glycerolipid-FFA cycle on insulin secretion and its 

association with insulin-resistant obesity, proposes a more important role of this cycle in FFA-

augmented GSIS (Prentki et al., 2020, Mugabo et al., 2017, Mugabo et al., 2016). 
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Figure 5: Glycerolipid-FFA cycling in fatty acid-augmented glucose stimulated insulin secretion 

in pancreatic β-cells. In the β-cells, glucose enters through GLUT2 and either undergoes glycolysis to 

generate pyruvate which enters the Krebs cycle to increase ATP:ADP ratio. This leads to closure of 

K+
ATP channels and opening of Ca2+ channels and Ca2+ influx, leading to triggering pathway of insulin 

secretion. Malonyl-CoA inhibits CPT1, which redirects LC-CoA away from fatty acid oxidation, and 

towards esterification processes with glycerol-3-phosphate to form neutral lipids like PL, DAG and TG. 

These are broken down by lipases to generate signals which amplify GSIS. Exogenous FFA can also 

enter the β-cell and augment GSIS through the glycerolipid-FFA cycle. GLUT: Glucose transporter, PL: 

Phospholipid, DAG: Diacylglycerol, TG: Triacylglycerol, FFAIC: Intracellular Free fatty acids, GL: 

Glycerolipid, LC-CoA: Long chain-Coenzyme A, FA: Fatty acids. 
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   1.5.2 Incretin hormones and cAMP-mediated insulin secretion 

The incretin effect is defined as an important physiological amplifier of insulin secretion 

following oral ingestion of glucose, and is responsible for up to 70% of the insulin response to 

the glucose load (Nauck et al., 1986). The two most important incretin hormones that play a 

major role in postprandial regulation of insulin secretion are GLP-1 and GIP (Drucker, 2013). 

GLP-1 is secreted by the enteroendocrine L-cells throughout the small and large intestine, 

whereas GIP is secreted by the endocrine K-cells of the intestinal epithelium of the duodenum 

and jejunum (Holst, 2019). Both hormones act through distinct G-protein receptors (GPR) 

which are highly expressed on β-cell surfaces, and lead to the formation of cyclic adenosine 

monophosphate (cAMP) (Dou et al., 2015).  

Incretin-induced insulin secretion occurs through cAMP signaling, which is regulated by the 

action of two enzymes: adenylyl cyclase (AC) and cyclic nucleotide phosphodiesterase (PDE) 

(Figure 6). AC catalyzes the conversion of ATP to cAMP and increases insulin secretion, 

whereas PDE is responsible for its degradation (Dou et al., 2015, Tengholm and Gylfe, 2017). 

The importance of cAMP as a GSIS regulator was demonstrated in in vitro studies through its 

modulation using forskolin (an AC stimulator) and 3-isobutylmethylxanthine (IBMX) (a PDE 

inhibitor) (Komatsu et al., 2002). 

The activity of cAMP is mediated through the stimulation of downstream pathways coupled to 

two enzymes, protein kinase A (PKA) and exchange protein directly activated by cAMP (Epac). 

PKA regulates the spatial local compartmentalization of cAMP signaling, promoting cAMP-

mediated enhancement of Ca2+ signaling and subsequent amplification of GSIS (Kaihara et al., 

2013, Light et al., 2002). On the other hand, Epac mediates the potentiating effects of cAMP 

on 1st phase of insulin exocytosis, by recruiting insulin granules to the plasma membrane 
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through activation of Ras-like guanosine triphosphatase Rap1 (Ozaki et al., 2000, Shibasaki et 

al., 2004, Takahashi et al., 2015).  

cAMP alone is a poor inducer of insulin secretion, and requires glucose-stimulated elevation in 

Ca2+ concentrations to amplify insulin release (Hellman et al., 1974). Even sub-stimulatory 

glucose levels have been found to increase cAMP concentrations in β-cells, which oscillates in 

synchrony with Ca2+ in periods of 2-10 minutes to generate the pulsatile insulin secretion 

(Dyachok et al., 2008). Therefore, cAMP-mediated GSIS is another important pathway that can 

by-pass the K+
ATP channel to amplify insulin secretion. 
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Figure 6: cAMP signaling and the incretin-mediated insulin secretion in pancreatic β-cells. 1) 

cAMP signaling is triggered by incretins GLP-1 and GIP, which increase cAMP concentrations in the 

β-cells. AC catalyzes the conversion of ATP to cAMP, while PDE causes cAMP degradation. 2) cAMP 

binds to protein kinase A and promotes Ca2+ signaling and subsequent amplification of GSIS. 3) Epac2 

recruits insulin granules to the plasma membrane to potentiate insulin exocytosis. GLUT: Glucose 

transporter, cAMP: Cyclic adenosine monophosphate, AC: adenylyl cyclase, PDE: Phosphodiesterase, 

Epac: Exchange protein directly activated by cAMP, Rap1: Ras-related protein 1, GPR: Gα-protein 

coupled receptor, GLP-1: Glucagon-like peptide-1, GIP: Glucose-dependent insulinotropic polypeptide. 
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1.6 Insulin action on key peripheral target tissues   

The primary metabolic effects of insulin are to induce glucose uptake in peripheral tissues such 

as skeletal muscle, heart and adipose tissues and to suppress hepatic glucose production via 

inducing phosphorylation of the intracellular domain of insulin receptor that initiates an 

intracellular signaling cascade (Figure 7). Overall insulin has anabolic effects on carbohydrate, 

protein and lipid metabolism. 

Glucose uptake into and release from hepatocytes is primarily mediated by GLUT2 which is 

insulin independent (Thorens et al., 1990). During periods of starvation, hepatocytes undergo 

gluconeogenesis in the absence of insulin and convert stored glycogen into glucose via 

glycogenolysis, which rapidly effluxes through GLUT2. However in the post-prandial stage, 

insulin inhibits gluconeogenesis and glycogenolysis in the liver and promotes glycogen 

synthesis, such that the passage of glucose via GLUT2 is into hepatocytes (Wang et al., 2019). 

Insulin also promotes hepatic de novo lipogenesis from carbohydrate catabolism. Furthermore, 

the synthetized fatty acids are esterified into triacylglycerides (TG) and exported out of the liver 

as very low density lipoproteins (VLDL) (Olofsson et al., 2000). 

Insulin has a similar effect on carbohydrate metabolism in the skeletal muscles. It increases 

glucose uptake into myocytes by translocating GLUT4 from intracellular vesicles to the plasma 

membrane and promotes glycogen synthesis and glycolysis (Vogt et al., 2000, Keildson et al., 

2014). Glucose uptake by the skeletal muscles accounts for around 80% of whole body glucose 

clearance (Thiebaud et al., 1982). During fasting or states of high energy demand such as 

exercise, skeletal muscles serve as the main site for oxidation of fatty acids from adipose tissue 

and intramuscular triglyceride (IMTG), which serve as the primary fuel source (van Loon et al., 

2003). However, in the postprandial state, muscle energy metabolism shifts to primarily glucose 
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oxidation, and consequently, fatty acids are instead stored as IMTG (Kelley and Mandarino, 

2000).  

The adipose tissue accounts for around 20% of whole body glucose clearance (Favaretto et al., 

2014). Insulin promotes uptake and storage of fatty acids in adipocytes following activation of 

their hydrolysis of TG in chylomicrons and VLDL by lipoprotein lipase. Fatty acid transport 

into adipocytes is via fatty acid binding proteins (FABP) and fatty acid translocase CD36 

(Vroegrijk et al., 2013). Glucose uptake and the glycolytic pathway provide glycerol-3-

phosphate as the backbone for fatty acid esterification into TG, which is stored in the form of 

cytosolic lipid droplets (Puri et al., 2007, Nye et al., 2008). Conversely, insulin suppresses TG 

hydrolysis, thereby reducing FFA and glycerol efflux into circulation (Meijssen et al., 2001). 

Therefore, disturbance in the balance of glucose homeostasis can lead to metabolic disorders 

such as metabolic syndrome (MetS) and T2D, underlining to the importance of understanding 

the mechanisms and effects of insulin signaling on peripheral tissues. 
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Figure 7: Insulin action on peripheral tissues. Insulin binds to its receptor on the hepatocytes, 

myocytes and adipocytes, sending a signaling cascade to promote glycogen synthesis and lipogenesis in 

the liver, glycogen and glucose uptake in the skeletal muscles, and glucose uptake/storage and 

lipogenesis in the adipose tissues. 
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1.7 Pathophysiology of T2D  

T2D is a complex metabolic disorder characterized by elevated glucose levels in circulation, 

caused by a combination of genetic susceptibility and an unhealthy lifestyle. The main factors 

involved in the pathogenesis of T2D are insulin resistance (IR) in the peripheral tissues and 

liver and islet β-cell dysfunction, leading to impaired insulin secretion and/or action.  

 

   1.7.1 Insulin resistance 

Insulin resistance is the metabolic condition where normal concentrations of insulin produced 

by the β-cells fails to elicit optimal physiological responses, resulting in impaired uptake of 

glucose by target tissues such as adipose tissue, skeletal muscle and reduced suppression of 

hepatic glucose production. The impaired insulin action is attributed to a number of 

mechanisms, including inability of insulin to bind to its receptor due to receptor down 

regulation, a compromised insulin receptor signaling pathway or a combination of these defects. 

IR in the adipose tissue leads to decreased lipid storage and impaired inhibition of lipolysis, 

such that it is associated with increased glycerol and FFA in serum (Salgin et al., 2012, 

Mahendran et al., 2013). Hepatic IR is characterized by impaired suppression of hepatic 

gluconeogenesis, (Iozzo et al., 2003, Kotronen et al., 2008, Jornayvaz et al., 2011). Thus, IR 

can contribute to reduced glucose uptake by the adipose tissues and skeletal muscles and 

increased hepatic glucose production, contributing to hyperglycaemia if it cannot be 

compensated by increased insulin secretion (Li et al., 2000a). However, there is no consensus 

on which peripheral organ is the primary tissue developing IR. While some studies show IR in 

the skeletal muscles as the primary defect, others propose liver as the first tissue to develop IR 

(Petersen et al., 2007, Pearson et al., 2016b, Kraegen et al., 1991). Nonetheless, it was reported 
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that once one tissue becomes insulin resistant, the subsequent chronic increases in circulating 

glucose and FFA affects the other tissues in a knock-on effect (Pearson et al., 2016b).  

Alternately, hyperinsulinaemia has been implicated by some as the cause for IR by 

downregulation of its receptors, leading to reduced glucose uptake and alterations in the insulin 

receptor tyrosine kinase domain (Catalano et al., 2014). The subsequent hyperglycaemia creates 

a greater demand for β-cell insulin secretion to compensate for the impaired insulin action. This 

forms a vicious cycle, further contributing to IR and eventually islet -cell apoptosis 

(Rachdaoui et al., 2019). Nolan and Prentki have subsequently proposed that peripheral IR may 

be an adaptive response developed by the peripheral tissues to protect themselves against the 

detrimental effects of excessive fuel and increased demand for energy storage (Nolan and 

Prentki, 2019). The possible change in the interpretation of insulin resistance as a protective 

response, rather than a T2D causative factor, can provide new insights into the mechanisms 

involved in the pathogenesis of T2D, as well as novel therapeutic targets. 

 

   1.7.2 β-cell dysfunction 

Numerous studies have established that β-cell dysfunction is the primary requisite determinant 

for the development of hyperglycaemia and subsequent onset of T2D (Lyssenko et al., 2005, 

Godsland et al., 2004, Fukushima et al., 2004, Weyer et al., 1999). Additionally, genetic studies 

on glycaemic traits have also corroborated with this view, as the majority of genes associated 

with T2D risk have been identified in genes affecting β-cell mass and function, instead of IR 

(Dupuis et al., 2010). This outlook is also supported by the findings that most obese individuals 

do not develop T2D, instead they maintain glucose homeostasis by promoting an adaptive 

increase in insulin secretion and β-cell mass in response to IR, also known as β-cell 

compensation (Succurro et al., 2008). Development of T2D will occur only in individuals that 
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are unable to sustain this compensatory response for a long period (Echouffo-Tcheugui et al., 

2019).  

This adaptive process has been segregated into five distinct stages based on changes in β-cell 

mass, phenotype and function (Weir and Bonner-Weir, 2004) (Figure 8). The first stage is 

characterized by increased insulin secretion by the β-cells to maintain glucose homeostasis, 

evoked by increased β-cell mass and function (Jetton et al., 2005). This stage is associated with 

increased expression of insulin and β-cell proliferation genes such as PDX1 (Srinivasan et al., 

2002, Ahlkvist et al., 2013, van Citters et al., 2002, Jetton et al., 2005). Additionally, the insulin 

secretory function of the β-cells are also enhanced by upregulation of GLUT2 and the K+
ATP 

dependent and independent pathways of insulin secretion (Reimer and Ahrén, 2002, Liu et al., 

2005).  

The second stage is of stable β-cell adaptation where fasting blood glucose levels rise to 5-6.5 

mmol/l, and β-cells are no longer compensating to maintain glucose homeostasis. This stage is 

characterized by the loss of 1st phase of insulin secretion, whereas the 2nd phase is still partially 

preserved (Kanat et al., 2011). There is an initial loss of β-cell mass and consequent reduction 

in GSIS. Altered gene and protein expression of key β-cell genes and transcription factors lead 

to β-cell dedifferentiation (Cinti et al., 2016).  

The third stage is a short transient period of unstable early decompensation. Clinically, this 

stage is not very pronounced, but is observed when normoglycaemic patients suddenly present 

with fasting glucose level up to 16 mmol/l with or without any symptoms (Weir and Bonner-

Weir, 2004). External factors such as changes in calorie intake, exercise and/or oral medications 

can prolong stage 2 for years, reverse stage 3 back to 2, or progress to stage 4 (Florez et al., 

2012, Knowler et al., 2002).  
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The fourth stable decompensation stage occurs when the glucose rises to levels of frank 

diabetes: 16-20 mmol/l. This stage is characterized by severe β-cell dedifferentiation with a 

50% loss of β-cell mass (Butler et al., 2003). For T2D patients, this stage may last a lifetime 

since there is enough insulin to not progress to ketoacidosis, which occurs in stage 5. A stress 

response of increased antioxidant and anti-apoptotic genes such as glutathione peroxidase, is 

also activated to protect the β-cells (Laybutt et al., 2002). Of note, this stage is relatively shorter 

for T1D and some rare forms of T2D, characterized by a quick transition to the severe 

decompensation stage 5 of profound β-cell failure and development of ketoacidosis (Duca et 

al., 2019, Sjoholm, 2019). The final stage results in complete reliance on exogenous insulin for 

survival. 
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Figure 8: The five stages of β-cell dysfunction culminating in diabetes mellitus. In stage 1, β-cell 

compensation occurs, failure of which leads to stage 2. Factors such as diet, exercise, oral medications 

and insulin can affect progression to and from the 3rd stage. In the 4th stage, there is considerable loss of 

β-cell mass and identity. The 5th stage ends in β-cell failure and ketoacidosis. Numbers in the left are the 

fasting blood glucose levels in mmol/l. Figure adapted from (Weir and Bonner-Weir, 2004). 
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   1.7.3 Mechanisms involved in β-cell dysfunction 

β-cell failure occurs when the balance between proliferative and apoptotic signaling is lost and 

compensation fails due to cell exhaustion. There are several hypotheses proposed for the 

development of β-cell dysfunction and failure including metabolic stressors such as 

hyperglycaemia, hyperlipidaemia or both, as well as pathophysiological stress responses such 

as oxidative stress, ER stress, islet inflammation and amyloidosis.  

 

      1.7.3.1 Glucotoxicity 

The term glucotoxicity was used for the first time by Unger and Grundy to describe the effects 

of chronic exposure of β-cells to supra-physiological glucose concentrations (Unger and 

Grundy, 1985). This leads to irreversible detrimental changes in β-cell function, particularly 

insulin synthesis and secretion, eventually promoting cell death (Solomon et al., 2012, Khaldi 

et al., 2004, Unger and Grundy, 1985). 

Glucotoxicity is associated with progressive loss of β-cell identity known as dedifferentiation, 

due to reduced expression of genes and transcription factors associated with β-cell function 

such as INS, PDX1 and NeuroD1, and ion channels (Henquin et al., 2015, Poitout et al., 1996, 

Olson et al., 1993, Hall et al., 2018, Laybutt et al., 2002). It is also accompanied by increased 

expression of genes that are not usually expressed in β-cells such as lactate dehydrogenase-A, 

uncoupling protein 2 (UCP2) and glucose-6-phosphatase, in addition to genes associated with 

stress, inflammation and apoptosis (Laybutt et al., 2002, Ebrahimi et al., 2020). Induction of 

apoptosis was also observed in cultured human and mice islets exposed to high glucose 

concentrations (Federici et al., 2001, McKenzie et al., 2010). 

      1.7.3.2 Lipotoxicity 



38 
 

Under physiological conditions, FFAs act as a major fuel source for skeletal muscles and liver, 

and acute exposure to high FFA concentrations can stimulate insulin secretion (Cen et al., 2016, 

Gravena et al., 2002). However, chronic exposure to high levels of FFA, also known as 

lipotoxicity, can be detrimental to β-cell function. This effect will depend not only on the 

duration and concentration of FA exposure, but also on the type of FA species and their chain 

length. Prolonged exposure of islet β-cells to saturated non-esterified fatty acids (NEFA) such 

as palmitate induces apoptosis, whereas unsaturated NEFA such as oleate protects the β-cells 

from lipotoxicity (Tuo et al., 2012, Maedler et al., 2003). Several studies have shown that 

prolonged culture of islets in lipotoxic conditions increases islet TG content, impairs insulin 

synthesis and GSIS, along with reduced glucose utilization and oxidation (Lupi et al., 2002, 

Patanè et al., 2000).  

Lipotoxicity can also prevent the nuclear translocation of PDX1 and reduce MafA expression, 

thereby decreasing insulin transcription and inhibiting insulin promoter activity (Hagman et al., 

2005). It can increase the expression of genes associated with fatty acid metabolism, oxidative 

stress and ER stress, leading to β-cell apoptosis, while down-regulating genes related to β-cell 

differentiation, glycolysis and pyruvate metabolism (Cnop et al., 2014, Hall et al., 2014, Laybutt 

et al., 2007, Lupi et al., 2002).  

 

      1.7.3.3 Glucolipotoxicity 

The term “glucolipotoxicity” postulates that glucose and FFA alone cannot induce significant 

β-cell toxicity, as individually they can be detoxified by the β-cells. However, in combination 

at high concentrations for prolonged periods of time, they become synergistic in inducing 

deleterious cellular effects (Prentki et al., 2002, Roche et al., 1998). Chronic exposure of β-cells 

to both elevated glucose and FFA leads to the accumulation of LC-CoA and other lipid 
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metabolites that can impair GSIS and insulin signaling, and promote apoptosis (Véret et al., 

2011, Yu et al., 2002, Qu et al., 1999, Briaud et al., 2001). Long-term exposure to glucolipotoxic 

conditions causes downregulation of key β-cell genes such as insulin and NeuroD1 

(Jacqueminet et al., 2000, Briaud et al., 2001, Kim et al., 2009b). Furthermore, glucolipotoxicity 

can also induce oxidative stress through mammalian target of rapamycin complex 1(mTORC1), 

by activating the jun N-terminal kinase (JNK) pathway. This results in reduced insulin gene 

expression by translocation of PDX1 from the nucleus to the cytoplasm (Tang et al., 2018, 

Bachar et al., 2009).  

 

      1.7.3.4 Oxidative stress 

Pancreatic β-cells are highly metabolically active due to their role as glucose sensors and 

corresponding insulin synthesis. However, this increased glycolytic flux leads to higher demand 

for glucose metabolism in the mitochondria, which is one of the major sites for the production 

of reactive oxygen species (ROS) (Cadenas and Davies, 2000). Since the β-cells display the 

lowest levels of anti-oxidant enzymes among metabolic tissues, they are highly vulnerable to 

oxidative stress (Miki et al., 2018, Lenzen et al., 1996). 

ROS can bind to DNA to create structural variations that can alter gene transcription (Cadet et 

al., 2017). It can also interact with proteins to inactivate and/or degrade them, consequently 

disrupting associated signaling pathways (Thomas et al., 2009). Noticeably, in diabetic human 

islets, oxidative stress-related DNA damage and increased ROS formation results in impaired 

GSIS and reduced β-cell mass (Sakuraba et al., 2002, Del Guerra et al., 2005). Additionally, 

anti-oxidant islet treatment improves GSIS and glucose homeostasis, and reduces β-cell 

apoptosis (Lee et al., 2011).  
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Oxidative stress can also be induced by pro-inflammatory cytokines (Gurgul et al., 2004). 

Human and rodent islets exposed to glucotoxic or lipotoxic conditions, secretes pro-

inflammatory cytokine IL-1β, which increases the activation of inducible nitrogen synthase 

(iNOS) and free radical nitric oxide (NO) (Böni-Schnetzler et al., 2008, Sakai et al., 2003, 

Arafat et al., 2007, Maedler et al., 2002). This disrupts the mitochondrial electron transfer chain 

and ATP synthesis (Michalska et al., 2010). Additionally, pro-inflammatory cytokines can also 

activate ER stress through reactive nitrogen species (RNS) synthesis, which depletes ER Ca2+ 

levels and triggers β-cell apoptosis through the JNK pathway (Wang et al., 2009, Tong et al., 

2015). 

 

      1.7.3.5 Endoplasmic reticulum stress 

The endoplasmic reticulum (ER) is responsible for the folding and processing of insulin from 

preproinsulin precursors in the β-cells. Under physiological conditions, molecular chaperones 

of the ER bind to newly formed proteins, to initiate proper folding and promote identification 

of misfolded proteins for degradation (Ghiasi et al., 2019). Therefore, ER homeostasis is 

regulated by the chaperones and degradation pathways, where a unique equilibrium between 

the cellular protein demand and the ER protein folding capacity is maintained.  

In β-cells, fluctuations in glucose levels can trigger up to a 20-fold increase in demand for 

insulin biosynthesis and secretion (Westerlund and Bergsten, 2001). This heavy requirement of 

proinsulin synthesis in the ER can cause an unfolded protein response (UPR) or ER stress 

response (Scheuner et al., 2005). The UPR is an intracellular signaling pathway that senses ER 

stress by the action of three ER stress sensors: protein kinase RNA-like ER kinase (PERK), 

activating transcription factor-6 (ATF6) and inositol-requiring ER to nucleus signal kinase-1-

alpha (IRE1α). PERK prevents entry of nascent protein into the ER, thus redirecting resources 
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to proper folding of existing proteins in the ER (Gao et al., 2012, Sowers et al., 2018, Gupta et 

al., 2010). ATF6 increases chaperone genes expression to improve protein folding capacity (Li 

et al., 2000b, Martindale et al., 2006). IRE1α induces cytoplasmic translocation of 

misfolded/unfolded proteins for proteasome degradation (Han et al., 2013, Uemura et al., 2009, 

Calfon et al., 2002). If all these responses fail to compensate for the ER stress, PERK and IRE1α 

can switch from adaptive mechanisms to self-destruction, therefore initiating programmed cell 

death (Li et al., 2019, Demay et al., 2014). 

Even in a healthy state, β-cells have higher UPR activity than other cells due to the fluctuating 

demands for insulin with changing glucose levels, leading to misfolding in 20% of proinsulin 

(Iwawaki et al., 2004, Wang et al., 2011). In T2D, the increased demand for constant β-cell 

compensation in response to IR leads to higher amounts of misfolded or unfolded proinsulin, 

activating UPR and resulting in apoptosis. Chronic β-cell exposure to glucotoxicity led to 

increased expression of ER stress markers and activation of IRE1α signaling, promoting 

apoptosis (Marchetti et al., 2007, Lipson et al., 2006, Lipson et al., 2008). Lipotoxicity causes 

ER stress in β-cells through various mechanisms, such as inhibition of ER-to-Golgi trafficking 

of proteins, leading to protein accumulation and depletion of Ca2+ levels in the ER. This 

consequently leads to impaired ER-signaling and induction of apoptosis (Cunha et al., 2008, 

Cnop et al., 2007, Preston et al., 2009, Karaskov et al., 2006, Oyadomari et al., 2002).  

In T2D, both oxidative stress and ER stress are interconnected, creating a vicious cycle of cell 

damage leading to β-cell apoptosis (Wang and Sevier, 2016). Proper folding of proinsulin in 

the ER accounts for 25% of the total cellular ROS production and protein misfolding during 

ER stress leads to further increase in ROS formation, thus promoting oxidative stress (Haynes 

et al., 2004, Inaba et al., 2010, Tu and Weissman, 2004). Other factors such as pro-inflammatory 

cytokines, amylin accumulation and hypoxia are also associated with the induction of ER stress-
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mediated apoptosis in β-cells, but will not be further discussed in this thesis (Demine et al., 

2020, Huang et al., 2007, Zheng et al., 2012). 

 

      1.7.3.6 Inflammation 

Inflammation is associated with both glucotoxicity and lipotoxicity in the pathogenesis of T2D. 

Increased expression of the pro-inflammatory cytokine IL-1β was reported in the β-cells of T2D 

patients, while in vitro experiments on isolated non-diabetic human islets exposed to high 

glucose concentrations led to elevated IL-1β production and release, causing β-cell dysfunction 

(Maedler et al., 2002, Böni-Schnetzler et al., 2008). Hyperglycaemia activates the NOD-, LRR- 

and pyrin domain-containing-3 (NLRP3) inflammasome, which further stimulates IL-1β 

maturation and secretion, subsequently stimulating the production of other pro-inflammatory 

cytokines such as TNF-α, monocyte chemoattractant protein 1 (MCP-1) and IL-6 (Minn et al., 

2005, Filhoulaud et al., 2019, Maedler et al., 2002). These pro-inflammatory cytokines promote 

β-cell dedifferentiation through the downregulation of transcription factor forkhead box protein 

O1 (FOXO1) in both human and mice islets (Nordmann et al., 2017). Likewise, FFA can also 

induce the expression of IL-1β in islets (Böni-Schnetzler et al., 2009). It can up-regulate the 

expression of pro-inflammatory genes, either directly via binding and activation of toll-like 

receptors (TLR), or indirectly through phosphorylation of the serine residues of insulin receptor 

substrate 1 (IRS-1) through the JNK pathway (Shi et al., 2006, Hage Hassan et al., 2016).  

Furthermore, increased production and release of cytokines IL-6, IL-8 and macrophage 

inflammatory protein-1α (MIP-1α) in response to chronic hyperglycaemia, have been 

associated with promotion of increased migration of monocytes and neutrophils to islets (Ehses 

et al., 2007). Moreover, immuno-histochemical studies conducted on islets from T2D patients, 

HF-fed C57BL/6 mice and other rodent models of diabetes such as the GK rat and db/db mice, 
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observed an increase in macrophage numbers, which shifted from an anti-inflammatory M2 to 

a pro-inflammatory M1-phenotype (Ehses et al., 2007, Cucak et al., 2014). The increased 

inflammatory response contributes to the development of fibrosis in islets, leading to reduced 

β-cell mass and function (Homo-Delarche et al., 2006). 

 

1.8 Mouse models of diabetes 

The laboratory mouse (Mus musculus) plays a central role in the study of biochemical and 

pathophysiological features of human diseases and its complications. It is evolutionarily more 

closely related to humans than any other model organisms besides primates, while also being 

cheap and convenient to maintain in research institutions due to its small size. Despite their 

biological similarity, mice have two insulin genes (Ins 1 and Ins2), unlike humans with only 

one insulin gene. Murine Ins1 is expressed predominantly in the pancreatic β-cells, whereas 

Ins2 is expressed in both the β-cells and thymus (Wentworth et al., 1986). The structure of the 

islets including localization of β-cells also varies between mice and humans, as previously 

discussed in section 1.3. Furthermore, human islets were observed to be resistant to toxins and 

cytotoxic agents that were detrimental to mice islets (Tyrberg et al., 2001, Eizirik et al., 1994), 

and the human β-cell transcriptome was found to be dissimilar to mice and rat β-cell 

transcriptome (Benner et al., 2014). However, mice are still increasingly used for islet 

experiments in diabetes studies, since human islets can only be obtained post-mortem, which 

are difficult to acquire. Therefore, many islets studies continue to be performed on mice islets 

and findings are later validated in humans. 

Publication of the mouse genome sequence, together with advances in precise genetic 

manipulating techniques like CRISPR/Cas9, has further propelled the use of mice models to 

study the mechanistic functions of candidate genes in the pathophysiology of diabetes 
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(Waterston et al., 2002). Numerous mouse models were generated to study T2D, ranging from 

monogenic obese mice that develop diabetes such as Lep ob/ob mice with leptin deficiency and 

the Lepr db/db mice with leptin receptor deficiency (Skowronski et al., 2017, Do et al., 2016); as 

well as polygenic diabetes in the C57BL/6J diet-induced obesity (DIO) mice and New Zealand 

Obese (NZO) mice (Evans et al., 2014, Schwenk et al., 2015).  

 

   1.8.1 Non-obese diabetic (NOD) mouse 

The non-obese diabetic (NOD) mouse is the most widely used model for the study of 

autoimmune T1D (Pearson et al., 2016a). The development of the NOD mice colony initiated 

with the identification of a female mouse in the inbred cataract Shionogi mouse (CTS) colony, 

that exhibited polyuria, glycosuria and weight loss, and died of ketoacidosis without producing 

any offspring (Makino et al., 1980). The NOD mouse colony was established many years later, 

through selective breeding of mice positive for urine glucose. At the 20th generation, the 

presence of intra- and peri-islet lymphocyte infiltration was described for the first time in the 

pancreas of these mice, with an incidence of around 80% in females and 20% in males by 30 

weeks of age (Makino et al., 1980). With successful colony establishment, this NOD colony 

(also known as NOD/Shi) was subsequently distributed to other countries for research purposes, 

including South Korea, USA and Australia. The colony in USA was first established in the 

University of California at Los Angeles (UCLA), which was further expanded by Prof Linda 

Wicker, creating the NOD/MrkTac colony from TACONIC Biosciences. These mice had a 

diabetes incidence of 60% in females at 12 weeks of age and 40% in males at 24 weeks of age.  

Another widely used NOD sub-strain outside Japan is the NOD/ShiLtJ (formerly NOD/LtJ) 

mice from Jackson Laboratories in USA, which has a diabetes incidence of 90% in females and 

54% in males by 30 weeks of age. The differences in diabetes occurrence between the NOD 
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colonies distributed around the world led to the recognition that environmental factors such as 

diet, animal husbandry and gut microbiota play a role on the incidence of diabetes development. 

Further mechanistic explanation was provided by Simecek et al, reporting that continuous 

inbreeding over 10 generations of NOD mice leads to genetic divergence, therefore promoting 

significant differences in the diabetic phenotype among the sub-strains, compared to the 

original NOD/Shi colony (Simecek et al., 2015). 

Similar to human T1D, autoimmune diabetes in the NOD mice was associated with insulitis 

and autoantibodies directed against pancreatic islet antigens (Carrero et al., 2013). 

Chronological development of islet autoimmunity in NOD mice and its transcriptional signature 

was further reported by Carrero et al and was divided into three phases (Carrero et al., 2013). 

The initial alteration described was the presence of infiltrating myeloid cells, even in developing 

islets at 4 weeks of age, and Type I interferon (IFN) signature from 4-6 weeks of age. This was 

followed by T-cell activation between 8-12 weeks of age, which was also marked by leukocyte 

islet infiltration and unsynchronized spreading of insulitis in the pancreas. At the last stage of 

the disease, a distinct NF-κB signature was observed along with β-cell destruction and loss of 

β-cell mass and circulating insulin levels (Carrero et al., 2013).  

Further studies also revealed that development of T1D in the NOD mice is regulated by multiple 

genetic polymorphisms, with the strongest genetic determinant found in major 

histocompatibility complex (MHC) regions. The MHC class II molecules DQ8 and DQ2 in 

humans, and murine homologue molecule I-Ag7 on the H2g7 (insulin dependent diabetes loci 1: 

Idd1) MHC haplotype, located on chromosome 17 of the NOD mice, were strongly associated 

with T1D susceptibility (Ikegami et al., 1995, Concannon et al., 2005). A substitution of 

proline-aspartic acid (amino acid positions 56 and 57) by histidine-serine in the I-Ag7 β chain 

led to binding of the peptides to a negatively charged carboxy terminal, therefore altering the 
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β-cell peptides presented to CD4+ T-cells, and subsequently triggering the autoimmune attack 

(Reich et al., 1994, Bhatnagar et al., 2001). These results highlight the role of the H2g7 haplotype 

on the Idd1 locus of NOD mice in the development of autoimmunity, and also suggests potential 

areas for therapeutic intervention. 

 

   1.8.2 Congenic NOD sub-strain: O-NODk mice 

The NOD.BR-H2k mice (abbreviated as the original O-NODk) is a congenic sub-strain of the 

NOD mice, in which the potent T1D-susceptibility locus, Idd1-H2g7 locus of the MHC Class 

II, has been replaced by the T1D-resistant Idd1-H2k locus. Therefore, the O-NODk mouse is 

protected from developing autoimmune diabetes.  

This sub-strain was developed in 1993 by Podolin and colleagues, by outcrossing NOD/MrkTac 

mice from Taconic Farm (Germantown, NY) to the B10.BR/SgSnJ (abbreviated as B10.Br) 

mice strain from the Jackson Laboratories (Bar Harbor, ME) (Podolin et al., 1993) (Figure 9). 

The progeny was repeatedly backcrossed to the NOD/MrkTac strain, and future breeders for 

this congenic strain were selected based on their heterozygosity at the MHC, after detection of 

class I and II MHC products. After backcrossing the progeny 5 times to the NOD/MrkTac mice, 

N6 male and female H2k MHC heterozygotes were inter-crossed, and H2k MHC homozygotes 

progeny were inbred (brother-sister mating) in order to fix the H2k MHC haplotype of the 

B10.Br strain on the NOD background (Figure 9). Histological examination of pancreatic 

sections of these mice revealed the presence of peri-vascular and peri-ductal lymphocytic 

infiltration that developed spontaneously by 7-10 months of age, however, without the 

development of insulitis or autoimmune T1D (Podolin et al., 1993).  
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A colony of this NODk sub-strain developed by Podolin et al was maintained by Prof Linda 

Wicker at Merck Laboratories. Later, breeding pairs were passed on to Prof Chris Goodnow at 

Stanford, USA in 1995 and maintained by brother-sister mating, before the colony was re-

established at the Hugh Ennor Building (HEB) at the Australian National University (ANU) in 

Canberra, Australia. This NODk sub-strain was used for various immunological studies for over 

10 generations and introduced into the Nolan laboratory 10 years ago, henceforth abbreviated 

as the original O-NODk mice colony. 
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Figure 9: Creation of the T1D-resistant O-NODk mice colony. NOD/MrkTac mice were outcrossed 

with B10.BR mice which are congenic for the H2k haplotype. Offspring that were heterozygous for the 

H2k haplotype were backcrossed five times to the NOD/MrkTac mice. In the N6 offspring, the potent 

T1D-susceptibility locus, Idd1-H2g7 locus of the MHC Class II of the NOD/MrkTac mice had been 

replaced by the T1D-resistant Idd1-H2k locus of the B10.Br mice. The offspring were then intercrossed 

(brother-sister mating) to generate the NOD.BR-H2k/Wicker mice which were T1D-resistant. This 

colony was re-established at the Australian National University (ANU) in Canberra and nicknamed as 

the original or O-NODk mice colony.   
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   1.8.3 Transgenic mice for β-cell dysfunction: NODk.insHEL mice 

A previous study conducted in the Nolan laboratory using the O-NODk mice showed that 

overexpression of the hen egg lysozyme (HEL) protein under the insulin promoter in these mice 

leads to the development of non-immune mediated diabetes, therefore indicating the presence 

of β-cell fragility (Dooley et al., 2016). This study gave rise to the hypothesis that environmental 

factors such as nutrient stress could also be inducing a similar dysfunction in the β-cells. 

Subsequent results obtained from the Nolan group (data unpublished) showed that male O-

NODk mice (not expressing HEL) subjected to 16 weeks of HF diet, develop obesity, glucose 

intolerance, hyperinsulinemia and T2D.  

A comparative longitudinal HF-feeding study between the O-NODk mice and C57BL/10 mice 

carrying the same H2k haplotype (B10k) have also suggested that the hyper-responsiveness of 

O-NODk β-cells to nutrient excess, may be rendering them vulnerable to β-cell injury, while 

the low responsiveness of the B10k β-cells may have a protective function against loss of β-cell 

mass (data unpublished). These observations further supported the premise that non-immune 

islet susceptibility factors may be contributing to the pathogenesis of both T1D and T2D. 

However, during the course of this study, refreshment of the O-NODk mice colony was 

conducted which led to interesting observations. 

 

   1.8.4 Refreshment of the O-NODk mice colony: RF-NODk mice 

Mice colony refreshment was performed by outcrossing the O-NODk mice with NOD/ShiLtJ 

mice, sourced from the Animal Resource Centre in Perth, Australia (Figure 10). The progeny 

of these breeder mice was genotyped at each step to ensure that they carried the H2k haplotype, 

and were backcrossed twice to the NOD/ShiLtJ mice. N2 male and female offspring carrying 

the H2k haplotype were then inter-crossed (brother-sister mating) two times to generate the new 
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refreshed mice colony, henceforth referred to as RF-NODk mice. Subsequent phenotypic 

characterization of these RF-NODk mice was conducted to confirm the presence of the diabetic 

phenotype. Remarkably, it was observed that the new colony of RF-NODk mice had lower 

weight gain than the O-NODk mice, and were unexpectedly resistant to the development of diet-

induced T2D. Therefore, through this process, our laboratory obtained two different NODk sub-

strains: the O-NODk mice (diabetes-prone) and the RF-NODk mice (diabetes-resistant).  
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Figure 10: Creation of the HF-diet induced T2D-resistant RF-NODk mice colony. O-NODk mice 

were outcrossed with NOD/ShiLtJ mice from the Animal Resource Centre in Perth, Australia. Offspring 

that were heterozygous for the H2k haplotype were backcrossed two time to the NOD/ShiLtJ mice. The 

N2 offspring were inter-crossed (brother-sister mating) to create the refreshed or RF-NODk mice colony. 
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1.9 Rationale and aims of the study  

Since both O-NODk and RF-NODk mice were maintained in the same facility and under 

identical environmental conditions (i.e. temperature, air quality, HF diet composition and 

housing) during the entire study period, the diabetic phenotype disparities observed between 

the two sub-strains of mice are possibly genetic in origin.  

Therefore, we hypothesized that O-NODk mice have a very strong diabetes susceptibility factor 

within its genome, which is not present in the RF-NODk mice. This genetic factor could be 

increasing the vulnerability of β-cells to nutrient-induced injury and failure. 

 

The overall aim of this thesis was to determine the factors causing diabetes susceptibility in 

the O-NODk mice when stressed by HF diet.  

 

The two specific aims of the study were:  

1. To characterize in detail the metabolic phenotype of the diabetes prone O-NODk mice 

compared to the diabetes resistant RF-NODk mice. 

A long-term study of 24 weeks was designed for phenotypic characterization of both 

mice sub-strains when challenged by HF-feeding. Determination of in vivo β-cell 

function, blood chemistry and histological analysis of the pancreas was also conducted 

in O-NODk and RF-NODk mice, after prolonged HF-feeding. Furthermore, in vitro β-

cell function tests were performed on isolated islets in order to ascertain differences in 

GSIS, in the presence of fatty acids and IBMX, which could be associated with the 

diabetes phenotype in the O-NODk mice. 
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2. To determine the genetic cause of diabetes susceptibility in the O-NODk mice that is 

absent in the RF-NODk mice. 

Selective cross-breeding of the two mice sub-strains was performed to establish the 

inheritance of the genetic factor causing the diabetes phenotype in O-NODk mice. 

Additionally, whole genome sequencing and islet RNA sequencing was conducted in 

the O-NODk and RF-NODk mice, to define the role of potential candidate genes in the 

development of diabetes in the HF-fed O-NODk mice. 
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Chapter 2 

Materials and Methods 
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This chapter describes the research design of the study including animal sources and housing, 

experimental set up and procedures, reagents and kits used for data collection and statistical 

analysis. 

2.1 Materials 

Table 2: List of reagents used in this study 

Reagent Cat # Manufacturer Location 

Absolute ethanol 214 Univar, Ajax Fine 

Chem 

NSW, Australia 

Anti-insulin antibody ML1013-K Millipore-Linco Billerica, USA 

Bovine serum albumin (RIA 

grade) 

A7888 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Bovine serum albumin (BSA) 

Heat shock fraction V, pH7 

A7906 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Bovine serum albumin (BSA) 

Fatty acid free 

A6003 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Calcium Chloride (CaCl2) C7902 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

3,3’-Diaminobenzidine 

(DAB) 

D4293 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

DNase I (Grade II from 

bovine pancreas) 

10104159001 Roche IN, USA 

Ethylenediaminotetracetic 

acid (EDTA) 

E9884 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

5% Fetal bovine serum (FBS) 10082-147 Gibco, Life 

Technologies Corp 

NY, USA 

Glucose G8270 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Glutamine G3126 Sigma Aldrich, 

Merck 

Darmstadt, Germany 
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Glycerol G7793 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Free glycerol reagent F6428 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Goat anti-guinea pig 

immunoglobulin G 

GAGP.2.0-

50mL 

Monash Institute VIC, Australia 

Guinea pig anti-rat insulin 

serum 

ML1013K Abacus, Millipore MA, USA 

Guinea pig serum NGPS.5mL Monash Institute VIC, Australia 

Hanks Balanced Salt Solution 

(HBSS) 

14065-056 Gibco, Invitrogen NY, USA 

Harris Haematoxylin solution HHX2.5L POCD, Artarmon NSW, Australia 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid 

(HEPES) 

H4034 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Histopaque 1077 10771 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Histopaque 1119 11191 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Hydrogen peroxide (H2O2) 23620.292 VWR Chemicals France 

125I- labelled insulin MP9011 Abacus, Millipore MA, USA 

Purified human insulin I-9278 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Ketamine Ilium 

Ketamine 

Troy laboratories NSW, Australia 

Liberase 05-401-020-

001 

Roche IN, USA 

Magnesium Chloride (MgCl2) M9272 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Magnesium Sulphate 

(MgSO4.7H2O) 

230391 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Medite 41-4012-00 Pertex Germany 
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2-mercaptoethanol M6250 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Milli-Q water G8270 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

10% neutral buffered 

formalin 

ANBFB Biostain VIC, Australia 

Penicillin/streptomycin 15140-122 Invitrogen NY, USA 

Phosphate buffer solution 

(PBS) 

09-8912-100 Astral Scientific NSW, Australia 

Polyethylene glycol (PEG) 89510 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Polygonal Guinea–pig anti-

insulin 

A0564 Dako Glostrup, Denmark 

Polygonal rabbit anti- guinea 

pig horseradish peroxidase 

P0141 Dako Glostrup, Denmark 

Potassium Chloride (KCl) P5405 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Potassium Hydroxide (KOH) P5958 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

RNaseZap AM9780 Thermofisher 

Scientific 

MA, USA 

Roswell Park Memorial 

Institute (RPMI) medium 

11879-020 Thermofisher 

Scientific 

MA, USA 

Sodium bicarbonate 

(NaHCO3) 

S3817 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Sodium Chloride (NaCl) S5886 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Sodium dodecyl sulfate 

(SDS) 

L6026 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Sodium oleate S1120 Nu-Chek-Prep MN, USA 

Sodium palmitate S1109 Nu-Chek-Prep MN, USA 

Sodium phosphate 

(NaH2PO4) 

S5011 Sigma Aldrich, 

Merck 

Darmstadt, Germany 
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Sodium pyruvate P2256 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Thimerosal T5125 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

TG reagent T2449 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

Tris AM9856 Thermofisher 

Scientific 

MA, USA 

Xylazine Ilium 

Xylazine 

Troy laboratories NSW, Australia 

Xylene 534056 Sigma Aldrich, 

Merck 

Darmstadt, Germany 

 

 

2.2 Mice breeding and maintenance  

NOD.BR-H2k/ Wicker.ANU mice, abbreviated as the original NODk or O-NODk mice for this 

project, were obtained from Prof. Christopher Goodnow’s laboratory at the John Curtin School 

of Medical Research (JCSMR) at the Australian National University (ANU). The refreshed-

NODk mice (RF-NODk mice) were created by crossing female O-NODk mice with male 

NOD.Shi/LtJ mice (as previously described in Chapter 1).  

All mice were housed at The Canberra Hospital (TCH) and Hugh Ennor building (HEB) at 

ANU, where they were bred and maintained under specific pathogen-free conditions in an 

artificial 12-hour light/dark cycle. Mice were kept in individually ventilated cages (IVCs) with 

a maximum of 5 mice per cage, in a temperature controlled room of 21-24oC with 40-60% 

humidity. Cages were provided with standard laboratory normal chow (NC) diet (59.8% 

carbohydrate, 20.0% protein and 5.4% fat by weight; energy content 12MJ/g) supplied by 

Gordon’s Specialty Stockfeed (NSW, Australia) and autoclaved tap water.  
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O-NODk and RF-NODk mice were placed on continuous mating to produce litters, which were 

weaned at 3 weeks of age on a NC diet. According to the experimental design of each study, 

male O-NODk and RF-NODk mice were randomly distributed (at 4 to 8 weeks of age), into two 

diet groups- NC diet (5.4% fat), or a HF diet (41% carbohydrate, 22.6% protein, 23% fat by 

weight; energy content 20MJ/kg; SF03-020) supplied by Specialty Feeds (Glen Forrest, 

Western Australia), until the end of the study period. The HF diet used in this study is an 

atherogenic diet with a lower fat content and 0.19% cholesterol than commonly used in rodent 

studies (40-60%) (Speakman, 2019). However, this diet is physiologically similar to human 

diet, and is associated with the development of T2D and NAFLD as previously described (Liang 

et al., 2018, Farrell et al., 2014). 

All animal procedures were approved by the ANU Animal Ethics Committee under the 

protocols A2014/14 and A2017/26. All animals received care in compliance with the guidelines 

prescribed by this committee and the National Health and Medical Research Council, 

Australian Code for the Care and Use of Animals for Scientific Purposes (NHMRC, 2013). 

 

2.3 Phenotypic characterization of the mice models  

   2.3.1 Mice physiological studies 

      2.3.1.1 Fortnightly body weight and blood glucose monitoring 

Body weight was recorded every fortnight using an electronic balance (Fx-200i, A&D 

Company Ltd, South Korea), between 9-10AM. At the same time, non-fasting blood glucose 

levels were also assessed in conscious mice. Blood glucose was measured using a glucometer 

(StatStrip Xpress™, Nova Biomedical, Flintshire, UK), through analysis of 5 µL of blood 
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collected from a small incision made in the lateral tail vein of restrained mouse, according to 

manufacturer’s recommendations.  

 

      2.3.1.2 Glucose tolerance testing 

Mice were subjected to an intraperitoneal glucose tolerance test (ipGTT) for identification of 

glucose intolerance. O-NODk and RF-NODk mice were fasted for 4 (8AM -12PM) or 6 hours 

(8AM -2PM), according to experimental design. Body weights were measured to calculate the 

glucose injection dose (1 g glucose/kg body weight) of 12.5% glucose solution. Fasting blood 

was collected from a small incision at the lateral tail vein into microtubes containing 10 µL of 

0.5M EDTA for plasma separation.  

Blood glucose (5 µL) was determined at time 0, and 5, 15, 30, 60, 90 and 120 minutes post 

glucose injection. Additional blood collection (60 µL) at 15 and 90 minutes was also performed 

for measurement of plasma insulin. At the end of the experiment, all mice were returned to their 

specific cages. The plasma samples collected were stored in a -80oC freezer for insulin 

radioimmunoassay measurements. The respective area under the curve (AUC) for glucose (time 

0-120 minutes) was calculated using the trapezoid method. 

 

   2.3.2 Euthanasia and tissue harvesting 

      2.3.2.1 Anaesthesia and cardiac blood sampling 

At the end of the experimental period, a final non-fasting tail blood collection was withdrawn 

from conscious mice into EDTA-rinsed microtubes containing 10 µL of 0.5M EDTA solution. 

After centrifugation (6000 rpm, 15 minutes, 4oC), plasma samples obtained were transferred to 
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a new set of tubes and stored in a -80oC freezer for further blood chemistry analysis. Mice were 

subsequently anaesthetized with a mixed solution of ketamine (20 mg/mL) and xylazine (100 

mg/mL), prepared in saline solution (ratio 1:1:8, v:v:v, respectively), administered intra-

peritoneally (10 µL per gram body weight). After loss of pedal sensitivity, cardiac blood sample 

was collected through cardiac puncture and was immediately transferred into a 4 mL BD 

Vacutainer (Cat#366164, BD UK, Plymouth, UK), and kept on ice until later centrifugation 

(6000 rpm, 15 minutes, 4oC). Plasma collected from these samples were then stored in a -80oC 

freezer for further analysis.  

 

      2.3.2.2 Tissue collection   

Following cervical dislocation of the mice, the abdominal cavity was cut through and opened 

widely. The pancreas was carefully dissected from the small and large intestines, and from its 

attachments to the duodenum and spleen. All visible fat and lymph nodes were removed under 

a dissecting microscope (Stemi 1000, Carl Zeiss, Germany). Other tissues including liver, 

gastrocnemius muscle (right leg) and adipose tissue (subcutaneous, epididymal and brown 

adipose tissue) were also dissected. All tissues were weighed on an electronic scale (FX-200i, 

A&D company Ltd, South Korea). 

Whole pancreas and a small portion of the liver were fixed in 10% neutral buffered formalin 

solution for 18hours, washed in 70% ethanol and later transported to the ACT Pathology 

department at TCH for paraffin embedding. The remaining parts of the liver (bigger lobe) were 

cut into small sections and snap-frozen in 7 mL screw cap tubes. Epididymal and subcutaneous 

fat pads obtained from the right side of the mouse, brown adipose tissue (BAT) dissected from 

the dorsal adipose tissue, behind the neck of the mouse, and gastrocnemius muscle from the 

right leg of the mouse were also snap-frozen in 7 mL screw cap tubes and stored in a -80oC 

freezer for future analyses.  
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   2.3.3 Plasma chemistry analysis 

      2.3.3.1 Quantification of plasma insulin by radioimmunoassay (RIA) 

Quantification of tail plasma insulin levels was determined by radioimmunoassay (RIA). This 

protocol involves the incubation of a fixed concentration of radio-labelled tracer antigen (125I- 

labelled insulin) with a known amount of anti-insulin antibody, so that there is limited antigen 

binding sites on the antibody. Therefore, when plasma sample containing unknown amounts of 

unlabeled insulin is added, it generates a competition between labelled and unlabeled insulin 

for binding sites of the antibody. Thus, an increased concentration of unlabeled antigen 

decreases the ratio of antibody-bound tracer to free tracer and vice versa. Once the free tracer 

is separated from this system by centrifugation, the remaining fraction containing antibody-

bound tracer can be quantified and used for indirect determination of insulin concentration in 

test samples. 

Briefly, a standard curve was generated using purified human insulin diluted in bovine serum 

albumin (BSA)-sodium phosphate buffer (see Appendix for preparation) at concentrations of 

0, 0.0625, 0.125, 0.25, 0.5, 1, 2, 4, 8 and 16 ng/mL. 50 µL of standards and plasma samples 

previously diluted in BSA-sodium phosphate buffer, were distributed into polypropylene tubes 

(Cat# Z376795, Sigma Aldrich, Merck, Darmstadt, Germany) in duplicates. Addition of 50 µL 

of 125I insulin tracer (re-suspended in 35 mL of BSA-Sodium Phosphate buffer) at <0.143 

µCi/mL and 50 µL of diluted guinea pig anti-rat insulin serum to these tubes was followed by 

overnight incubation at 4oC. Four duplicate tubes containing 50 µL of tracer alone were 

prepared without the addition of guinea pig anti-rat insulin serum to determine the total count 

and non-specific binding, respectively, required for data analysis.  

On the next day, 500 µL of secondary antibody mixture consisting of 335 µL of polyethylene 

glycol (PEG)- sodium phosphate buffer (see Appendix for preparation), 85 µL BSA-sodium 
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phosphate buffer, 40 µL of (1:5 diluted in PEG-sodium phosphate buffer) goat anti-guinea pig 

immunoglobulin G and 40 µL of (0.057 mg/mL diluted in PEG-sodium phosphate buffer) 

guinea pig serum were added to all tubes (except total count tubes) and incubated for 2 hours 

at 4oC. All tubes, except total count tubes, were centrifuged at 2500 rpm for 15 minutes at 4oC, 

and then inverted to discard the supernatant to remove any unbound tracer, thus separating the 

antibody-bound tracer from the free tracer. The quantity of unlabeled antigen (plasma insulin) 

was determined indirectly by measuring the radioactivity of the retained pellets by counting it 

at 1 minute/tube using the γ-counter (2480 Automatic gamma counter, WIZARD2®, Perkin 

Elmer, MA, USA).   

 

      2.3.3.2 Quantification of plasma proinsulin 

The proinsulin ELISA kit, (Cat# 8-PINMS-E01, Alpco, NH, USA) was used to measure plasma 

proinsulin levels from non-fasting tail blood collected at time of harvesting, according to 

manufacturer’s instructions. This kit is based on a sandwich type immunoassay. The intra-assay 

percentage coefficient of variation (CV%) varied from 4-6.9% and the inter-assay CV% was 

between 6-9.7%, with respective acceptable range as per the provided Certificate of analysis. 

In brief, lyophilized high and low controls and standards were reconstituted in deionized water 

according to the Certificate of Analysis provided by the kit, to create a standard curve at 

concentrations of 0, 4, 15, 100 and 300 pM proinsulin. 10 μL of standards, controls and mouse 

plasma samples were added to the antibody-coated 96 well plate followed by addition of 100 

μL of a peroxidase conjugated anti-proinsulin antibody. The plate was then incubated for 2 

hours at room temperature with constant shaking at 720 rpm on a micro-plate shaker. After 

washing the plate (6x) with wash buffer provided by the kit, the plate was incubated at room 

temperature for 30 minutes with shaking at 720 rpm with 100 μL of 3,3',5,5'-
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Tetramethylbenzidine (TMB) substrate. 100 μL of stop solution was then added to stop the 

reaction between the TMB and peroxidase, giving it a colorimetric end point.  

The absorbance of the plate was measured at both 450 nm and 620 nm using the 

Spectrophotometer (Multitaskin Ascent, 354 Thermo Labsystems, Finland). Absorbance values 

at 620 nm was subtracted from the absorbance values obtained at 450 nm to remove background 

absorbance. After correction for blanks, a standard curve was plotted with the average 

measurements of each standard sample against its known concentration. An XY graph was 

created based on the resulting values and the equation generated was used to determine the 

proinsulin concentration of the unknown samples.  

 

      2.3.3.3 Quantification of plasma C-peptide  

Quantitative determination of tail plasma C-peptide levels obtained at harvesting was 

performed with a sandwich type immunoassay, using a commercial ELISA kit (Cat #80-

CPTMS-E01, Alpco, NH, USA) according to manufacturer’s instructions. The intra-assay 

CV% varied from 2.87-4.5% and the inter-assay CV% was between 6.6-8.7%, with respective 

acceptable results range described in the Certificate of analysis provided by the manufacturer. 

In brief, lyophilized standards provided by the kit were reconstituted in deionized Milli-Q water 

according to the Certificate of Analysis provided by the kit, to generate a standard curve 

containing 0, 60, 250, 750, 1500 and 3000 pM of C-peptide. Lyophilized low and high controls 

were also provided by the manufacturer. 10 µL of standards, controls and plasma samples were 

distributed in duplicates wells of a 96-well microplate provided by the kit. 100 µL of peroxidase 

conjugated anti-C-peptide antibody previously prepared, was added in each well. The plate was 

then incubated at room temperature for 2 hours with constant shaking at 720 rpm on a micro-

plate reader (Multitaskin Ascent, 354 Thermo Labsystems, Finland). After washing the plate 
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(3x) with wash buffer provided by the kit, the bound conjugate was detected by its reaction with 

100 µL of TMB substrate. After 10 minutes of incubation at room temperature with constant 

shaking at 720 rpm, a colorimetric pigment developed. This reaction was then stopped by 

addition of 100 µL of stop solution, giving it a colorimetric end point.  

The absorbance was then measured at 450 nm using the Spectrophotometer (Multitaskin 

Ascent, 354 Thermo Labsystems, Finland). After background subtraction, a standard curve was 

plotted for average 450 nm measurements of each standard against its known concentration to 

generate an XY graph. The equation obtained based on this graph was then used for 

determination of the C-peptide concentration of each unknown sample.  

 

      2.3.3.4 Quantification of plasma Triacylglyceride (TG)  

Plasma TG levels were measured from non-fasting plasma collected from tail blood at the time 

of harvesting using a Triglyceride Determination kit (Cat# 432-40201, Wako, Osaka, Japan) 

according to manufacturer’s instructions. This TG colorimetric kit measures the glycerol 

released from enzymatic hydrolysis of TG into FFA and glycerol by lipoprotein lipase. A 

standard curve containing 0, 1.5, 3, 6, 9, 12, 15 and 18 µg/µL of glycerol was produced. 10 µL 

of samples, standards and blank were distributed in duplicates in a 96-well microplate (IWAKI, 

Cat# 3860-96, Osaka, Japan). 150 µL of freshly prepared Working Reagent A was added to per 

well and the microplate was incubated at 37oC for 10 minutes. The plate was allowed to cool at 

room temperature for 5 minutes and its absorbance was read at 600 nm using the FLUOstar 

optima spectrophotometer (Serial # 413-2046, BMG Labtech, NC, USA). The absorbance 

values of the blanks at 600 nm was subtracted from each well and a standard curve was plotted 

using the measurements of the standards at 600 nm against their known concentrations. The 

concentration of TG for each unknown sample was determined based on this standard curve. 
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      2.3.3.5 Quantification of plasma non-esterified fatty acids (NEFA)  

Circulating plasma NEFA levels were measured using the Wako NEFA C kit (Cat# 279-75401, 

Wako Chemicals, Osaka, Japan) as per manufacturer’s instructions, in non-fasting tail blood 

plasma collected at the time of harvest. During NEFA measurement, acyl-CoA synthase 

converts circulating NEFA into acetyl-CoA, AMP and pyrophosphoric acid in the presence of 

coenzyme A and ATP. Addition of acyl-CoA oxidase then oxidizes the acetyl-CoA produced, 

and generates hydrogen peroxide. This allows oxidative condensation of 3-methy-N-ethyl-N (β-

hydroxyethyl)-aniline with 4-aminoantipyrine into a purple colored colorimetric end-product, 

which is measured at 540 nm.  

In brief, 1 mmol/L of the standard solution provided by the kit was used to create standard 

concentrations of 0, 0.125, 0.25, 0.5, 1, 2 and 3 mmol/L. 2.5 µL of the standards and plasma 

samples were pipetted in duplicates into a 96-well plates (Cat#167008, Nunc, Thermo Fischer 

Scientific, Roskilde, Denmark). 50 µL of Reagent A (prepared by combining 1 bottle of color 

A with 10 mL of solvent A) was added to each well and incubated at 37oC for 10 minutes. 

Afterwards, 100 µL of Reagent B (prepared by mixing 1 bottle of color B with 20 mL of solvent 

B) was added to each well and incubated at 37oC for further 10 minutes. The plate was then 

allowed to cool for 5 minutes at room temperature.  

Absorbance was read at 540 nm using the FluoStar Optima Spectrophotometer (Serial #413-

2046, BMG Labtech, NC, USA). Absorbance at 540 nm was corrected by subtracting the 

absorbance values obtained in the blank wells. A standard curve was plotted using the 

measurements of the standards against their known concentrations, and NEFA concentration of 

the unknown samples were determined according to this standard curve. 
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   2.3.4 Quantification of hepatic triacylglyceride (TG) content 

Hepatic TG content was determined by measurement of the glycerol released from TG 

hydrolysis, promoted by lipoprotein lipase action. 

Briefly, 500 µL of 0.5 M KOH prepared in ethanol (see appendix for preparation) was added 

to 40-50 mg of liver tissue and homogenized for 10 seconds in a 2 mL microtube (Cat# 34127-

3317, Edwards Instruments Co, USA) using a tissue homogenizer (Tissue Tearor, Model 

985370, 5000 to 32,000 rpm speed, BioSpec products Inc., OK, USA). This was followed by 

incubation in a 70oC water bath (Ratek shaking water bath, VIC, Australia) for 20 minutes, 

followed by cooling at room temperature (20-25oC) for 10 minutes. 1 mL of 0.15 M MgSO4 

solution (see Appendix for preparation) was added to each sample to solubilize the lipids. A 

blank sample containing 500 µL of 0.5 M KOH and 1 mL of 0.15 M MgSO4 was also prepared.  

All samples were briefly vortexed (Ratek Vortex mixer, VIC, Australia) and centrifuged at 4750 

rpm (Rotor# SX4750, Allegra®X- 15R centrifuge, Beckman Coulter, CA, USA) for 5 minutes 

at 4oC. The supernatant was then transferred into a new set of 2 mL microtubes (Cat# 34127-

3317, Edwards Instruments Co, USA). A Triglyceride Determination kit (Cat# TR0100, Sigma 

Aldrich, Merck, Darmstadt, Germany) was used to measure TG according to manufacturer’s 

instructions. A standard curve of 0, 0.052, 0.104, 0.156, 0.208 and 0.26 g/L of glycerol was 

generated. 10 µL of samples, standards and blank were distributed in duplicates in a 96-well 

microplate (IWAKI, Cat# 3860-96, Osaka, Japan). 160 µL of freshly prepared free glycerol 

Reagent A) was added per well and incubated at room temperature for 15 minutes. 40 µL of 

TG Reagent B was then added per well, and followed by another incubation at room 

temperature for another 15 minutes. The microplate was then measured for its absorbance at 

540 nm using the FLUOstar optima spectrophotometer (BMG Labtech microplate reader, VIC, 

Australia). 
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A standard curve was constructed using the absorbance values obtained against the known 

values of the glycerol standards. Absorbance values corresponding to the blanks were 

subtracted from all samples and an XY scatter graph was created to determine trendline and 

trendline regression. Glycerol values were calculated based on the linear regression equation 

generated. Glycerol values were normalized to their corresponding liver tissue weights to obtain 

total glycerol mg/g tissue, which was then converted to total triacylglycerides by multiplying 

by the factor value of 9.62, which is the ratio between triolein (MW= 885) and glycerol (MW= 

92) molecular weights. 

 

   2.3.5 Histological analysis of the pancreas 

      2.3.5.1 Haematoxylin and eosin (H&E) staining and scoring 

Paraffin embedded pancreas were sectioned into 4 µm thick sections and stained with 

haematoxylin & eosin (H&E) by the ACT Pathology department at TCH, according to their 

standard laboratory protocol. H&E stained slides were then scanned using an Axio Scan.Z1 

slide scanner (Carl Zeiss) at 20x magnification or analyzed under microscope. Histological 

analysis of blinded sections was also performed by an experienced pathologist Prof Jane 

Dahlstrom using predetermined rating scales. One section each was scored for islet 

morphology, presence of exocrine pancreas and islet inflammation, pancreatic fat deposition 

and islet endocrine cell apoptosis were evaluated as detailed in the scoring sheet (Appendix-

Table 1). 

 

      2.3.5.2 Insulin Immunohistochemistry (IHC) 

Pancreatic paraffin blocks were cut into 3 non-consecutive sections of 4 μm thickness at 

distance of 100 μm apart, by ACT Pathology department at TCH. The slides were de-
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paraffinised through two washes in xylene solvent and rehydrated in graded ethanol solutions 

(100, 90 and 70%). The slides were then washed in cold water and immersed in PBS to prevent 

drying of the slides. In order to reduce background or unspecific staining, slides were blocked 

in 5% fetal bovine serum/PBS solution for 15 minutes. The slides were then incubated for 1 

hour with a primary antibody: (polygonal guinea-pig anti-insulin) (diluted 1:100 in 5% 

FBS/PBS solution) in a humidified incubation chamber at room temperature.  

Unbound primary antibody was removed by washing twice in PBS. Endogenous peroxidase 

was blocked by 20 minutes incubation with 3% H2O2-PBS. Following another wash (2x) in 

PBS, the slides were stained with a secondary antibody (polygonal rabbit anti-guinea pig 

horseradish peroxidase) (diluted 1:40 in 5% FBS/PBS solution) for 45 minutes in a humidified 

incubation chamber at room temperature. Unbound secondary antibody was washed out with 

PBS (2 minutes, 2x) and slides were stained with 450 μL of DAB (see Appendix for 

preparation) for exactly 2 minutes for colour development. The horseradish peroxidase in the 

secondary antibody binds with DAB as a substrate and oxidizes it, producing a brown color. 

Excess DAB was washed off with PBS (2 minutes, 2x) and tap water (1 minute). 

The slides were counterstained with Harris Haemotoxylin solution for 2 minutes and rinsed 

under running water. They were then immersed in 1% sodium bicarbonate solution for 15 

seconds and again washed under tap water. Finally, the slides were dehydrated in graded ethanol 

solutions (70, 90 and 100%), and incubated in xylene solvent through two washes (2 minutes 

each). The slides were then cover-slipped using a small amount of Medite. 

 

      2.3.5.3 Measurement of -cell mass 

Insulin immune-stained sections were scanned using Axio Scan.Z1 at 20x magnification. 

Digital images obtained were converted to jpeg format and analyzed on the ImageJ 1.48v 
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software (Wayne Rasband, National Institute of Health, USA). Any remaining fat tissue and 

lymph node present in the scanned image was removed using the erase tool. Images were 

subsequently converted to RGB stack and threshold values adjusted accordingly for 

identification of exocrine tissue area (0-247) or insulin-stained area (0-165). The scale was 

calibrated for 0.9133 pixels/µm2. Total islet area and corresponding β-cell area was individually 

demarcated and analyzed for each pancreatic section using the drawing and ROI manager tool. 

The % of β-cell area/ pancreas and β-cell mass were determined in all the 3 levels according to 

the following equations: 

% β-cell area per pancreas = (Total islet area/ total pancreas area) x 100 

β-cell mass= (Fractional β-cell area) x (pancreas weight (mg) 

 

      2.3.5.4 Islet size distribution 

Based on their size, all islets in a single level of the pancreas section were distributed into the 

following groups: small islets (<499, 500- 2999 and 3000- 8999 µm2); medium islets (9000- 

14,999 and 15,000- 20,999 µm2) and large islets (21,000- 49,999 and > 50,000 µm2). 

 

   2.3.6 Islet β-cell function assessment in vitro  

      2.3.6.1 Pancreatic islet isolation 

Pancreatic islets were isolated by enzymatic digestion of the pancreas followed by density 

gradient purification. Following euthanization by cervical dislocation, the abdominal cavity of 

the mouse was widely opened. The common bile duct was located and the ampulla of Vater 

was clamped to prevent leakage of enzymatic solution into the gut lumen. Excess fat was 

removed from around the hepato-pancreatic duct with forceps.  
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A 2 mL enzymatic solution containing HBSS, HEPES, liberase enzyme and DNAse I (refer to 

Appendix for preparation) was injected into the proximal end of the common bile duct towards 

the duodenum, using a 30G ½ needle (0.3 x 13 mm, Cat# 304000, BD precision glide™ needle, 

NJ, USA) and 3 mL syringe (Cat# 302113, BD Biosciences, NJ, USA).  The injection of the 

enzymatic solution promoted subsequent distention of the pancreas, which was then carefully 

dissected and placed in a Nunclon delta tube (Cat# Z688657, Sigma Aldrich, Merck, Darmstadt, 

Germany) and kept on ice until digestion.  

Digestion was performed in a 37oC water bath over 16 minutes incubation. Subsequently, the 

tubes were shaken vigorously by hand for 30 seconds to facilitate digestion. Digestion was 

stopped by addition of cold HBSS solution (preparation in Appendix) containing 1% BSA-

fraction V. The digested tissue was then transferred to a 50 mL centrifuge tube and its volume 

completed up to 30 mL with HBSS-1% BSA solution, and centrifuged at 1,400 rpm for 3 

minutes at 11oC. The supernatant was decanted into a waste container, pellet was resuspended 

in 15 mL of HBSS-1% BSA solution, and then filtered through a double layer of gauze (Cat# 

CGS10NS, BSN Medical, VIC, Australia) into a new 50 mL tube to remove any undigested 

tissue. The tissue suspension was centrifuged again at 1,400 rpm for 3 minutes at 11oC and 

supernatant was discarded.  

In order to prepare the Histopaque density gradient for islet purification, pellet was 

homogenized in 5 mL of Histopaque 1119 by gentle vortexing. The tube was then tilted at a 45o 

angle and 3 mL of Histopaque 1077, followed by 3 mL of HBSS-1% BSA solution was slowly 

stratified along the walls of the tube. The gradient was then centrifuged at 2,100 rpm for 20 

minutes at 11oC without braking. Islets contained in the interface were aspirated using a glass 

Pasteur pipette (Cat# 63A53, Chase Scientific Glass Inc, NY, USA), previously rinsed in 5% 

BSA-KRBH solution and eluted into a new 50 mL tube. Recovered islets were washed twice 

in 30 mL HBSS-1% BSA solution. Pelleted islets were finally resuspended in 10 mL of HBSS-



72 
 

1% BSA solution and transferred into a new sterile petri dish (Cat# 351029, Falcon Corning, 

NY, USA). Using a 10 µL micropipette, islets were hand-picked under a stereomicroscope 

(Stemi 1000 microscope, Carl Zeiss, Germany) and transferred into a new dish with 10 mL of 

HBSS-1% BSA solution. 

 

      2.3.6.2 Static insulin secretion 

Freshly isolated islets were transferred into a new petri dish containing 10 mL of RPMI-1640 

medium complete (see Appendix for media preparation) supplemented by 11 mM glucose and 

incubated overnight at 37oC with 5% CO2. On the next day, batches of 8 uniformly sized islets 

were distributed inside filters placed in 24-well microplates (Cat# 3820-024, Iwaki, Japan) and 

incubated for 2 hours at 37oC with 5% CO2, in the presence of 1 mL/well RPMI complete 

supplemented by 3 mM glucose to reduce their metabolism. Islets were then washed in a KRBH 

washing buffer (see Appendix for preparation). Thereafter, the islets were pre-incubated in 1 

mL/well of KRBH solution containing 3 mM glucose and 0.5% BSA (Cat# A7888) for 40 

minutes at 37oC with 5% CO2.  

Following pre-incubation, the islets were washed in KRBH wash buffer and incubated in 1.2 

mL/well of KRBH solution supplemented with 3 mM glucose and 1 mL/well of KRBH solution 

with 16 mM glucose, both in the presence and absence of a 0.25 mM fatty acid (palmitate: 

oleate, 1:1, v:v) mix for 45 mins at 37oC with 5% CO2 (refer to Appendix for preparation).  

After 5 minutes of incubation, 200 µL of incubation solution from wells with 3 mM glucose 

was collected in 1.5 mL microtubes for measurement of background insulin secretion. After 45 

minutes, plates were immediately placed on ice to stop insulin secretion. Incubation solution 

from all wells were transferred to 1.5 mL microtubes and stored at -20oC for further 

quantification of secreted insulin. Islets from respective filters were washed in KRBH solution 
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and transferred to 7 mL vials (Cat# 58.536, Sarstedt, Germany) containing 1 mL of 75% ethanol 

acidified with 1.5% hydrochloric acid and stored in a -20oC freezer. Islet intracellular content 

was released by sonication (10 times) using an ultrasonic homogenizer at power output 20 and 

pulser 40 (Omni Ruptor 250, Omni International Inc., GA, USA), which was later quantified 

using an insulin ultrasensitive kit (Cat# 62IN2PEH, Cisbio Bioassays, Codolet, France). 

A similar procedure was carried out for measurements of insulin secretion in response to IBMX. 

Therefore, after new batches of isolated islets were cultured in an incubation solution of KRBH 

solution supplemented by 3 mM or 16 mM glucose, both in the presence or absence of 0.1 M 

IBMX.  

 

      2.3.6.3 Islet protein content  

Following islet isolation and overnight recovery, batches of 60 islets of homogenous sizes were 

hand-picked under a stereomicroscope and transferred into a 1.5 mL tube. Islets were washed 

twice in 1 mL of sterile cold PBS with centrifugation at 1400 rpm for 3 minutes at 4oC. After 

removal of supernatant, 50 µL of protein lysis buffer (see Appendix for preparation) was added 

to the pellet. Samples were sonicated (10 times) using an ultrasonic homogenizer at power 

output 20 and pulser 40 (Omni Ruptor 250, Omni International Inc., GA, USA). Islet protein 

content was measured using a commercial protein assay kit (Cat # 23227, Pierce BCA protein 

assay kit, Thermoscientific, MA, USA) as per manufacturer’s instructions.  

Briefly, a 10 mg/mL standard stock solution was made using BSA fraction V in protein lysis 

buffer. This solution was serially diluted in the same buffer to generate a standard curve of 

concentrations 0, 0.0625, 0.125, 0.25, 0.5, 1 and 2 mg/mL BSA. 10 µL of standards and samples 

were added to a 96 well plate in duplicates, followed by addition of 200 µL of working reagent 

(reagent A + reagent B). The plate was incubated at 37oC for 30 minutes. Plate was then cooled 
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to room temperature for 5 minutes and any bubbles formed in the wells were removed prior to 

absorbance reading at 540 nm using a plate reader (Multitaskin Ascent 354, Thermo 

Labsystems, Finland). Background absorbance value was subtracted from all wells and a 

standard curve was generated to determine the protein concentration of the samples. 

 

      2.3.6.4 Homogeneous time resolved fluorescence (HTRF) insulin assay 

Secreted insulin and islet intracellular content obtained in the static GSIS experiments were 

measured using the insulin ultrasensitive kit (Cat# 62IN2PEH, Cisbio Bioassays, Codolet, 

France) as per manufacturer’s instructions. The limit of detection (LoD) for the kit was 0.005 

ng/mL and CV% ranged from 0.2% to 3.4% for the standard curve.  

The principle of this kit is based on homogeneous time resolved fluorescence (HTRF) 

technology, whereby insulin is detected in a sandwich type assay made of a donor monoclonal 

antibody Europium Cryptate and an acceptor antibody (XL665). These two antibodies bind to 

insulin and excitation of Europium Cryptate with a light source generates Fluorescence 

Resonance Energy Transfer (FRET) towards XL665, which causes its fluorescence that can be 

later measured by a spectrophotometer at 665 nm wavelength. Therefore, the sample can be 

measured by analyzing the signal intensity, which is directly proportional to the number of 

insulin-antibody complexes formed in the samples. 

In brief, anti-insulin-Europium Cryptate antibody and anti-insulin-XL665 antibody were both 

reconstituted in 2.5 mL of deionized Milli-Q water and mixed to generate a 20x stock solution. 

Insulin standard provided by the kit was also reconstituted in Milli Q water as per instructions 

on the vial to obtain a 500 ng/mL stock solution. The 20x stock solution of the antibodies were 

further diluted 20x in detection buffer provided by the kit to obtain working antibody solution. 

To create standards at concentrations 8, 3.2, 1.28, 0.51, 0.20, 0.08 and 0.03 ng/mL, serial 
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dilutions of the stock 500 ng/mL insulin standard was prepared in GSIS pre-incubation solution. 

Samples were also diluted in GSIS pre-incubation solution to normalize insulin signals for all 

groups.  

10 µL of standards and diluted samples were distributed in triplicates into wells of a white flat-

bottomed 384-well plate (Cat# M3561, Sigma Aldrich, Merck, Darmstadt, Germany), followed 

by addition of 5 µL each of working antibody solutions of Europium Cryptate and XL665. The 

plate was then sealed with a MicroAmp optical adhesion film (Cat# 4311971, Applied 

Biosystems, CA, USA) and incubated overnight (16 hours) at room temperature. After this 

period, the plate sealer was carefully removed and the FRET signal produced was read using 

the Infinite M1000Pro spectrophotometer (Serial #1307001801, Tecan, Mannedorf, 

Switzerland) in two different excitation:emission settings (317:665 nm and 317:620 nm). The 

ratio of both signal readings (respectively) were then applied to the standard curve equation to 

obtain insulin values for each sample.  

 

 

2.4 Genetic characterization of the mice models  

   2.4.1 Whole genome sequencing 

      2.4.1.1 DNA extraction and quality assessment 

Liver samples obtained from a previous study conducted in our laboratory using HF-fed O-

NODk and RF-NODk mice (12 and 16 weeks of age, respectively) were used for DNA extraction 

(n=2/ group). DNA extraction was carried out by the Genomics Research team at the Australian 

Phenomics Facility and the Biomolecular Resource Facility (BRF) at ANU using the Qiagen 

QIAsymphony DSP DNA Mini Kit (Cat #937236, Qiagen, Venlo, Netherlands) and automated 



76 
 

QIAsymphony instrument (Cat # 9001297, Qiagen, Venlo, Netherlands), as per manufacturer’s 

instructions. The quality and quantity of the purified genomic DNA was determined by the ratio 

of its absorbance at 260 nm and 280 nm using a spectrophotometer (Nanodrop One, Thermo 

Fischer Scientific, MA, USA). 

 

      2.4.1.2 Bioinformatics analysis of whole genome sequencing 

DNA samples obtained from the 4 mice were send to Macrogen Inc. in South Korea for whole 

genome sequencing, which created libraries using the TruSeq DNA PCR-free kit (Cat# 

20015962, Illumina, CA, USA) and performed sequencing using the IlluminaTM HiSeq X Ten 

sequencing platform (Illumina, CA, USA) using 150 bp paired-end reads. Sequenced data was 

demultiplexed and converted to FASTQ files using the Illumina bcl2fastq software. The raw 

data were subsequently send to the BRF at ANU for bioinformatics analysis, which was 

performed by Dr. Vicky Cho from the ANU Genome Informatics group and Dr. Matt Field 

from James Cook University. 

 

 2.4.1.2.1 Alignment and Quality control 

Quality of raw sequencing reads of whole genome sequence were checked with FastQC and 

were analyzed using a variant detection bioinformatics pipeline previously described elsewhere 

(Andrews et al., 2012). The output reads were aligned to a reference C57BL/6J mouse genome 

using the Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009), generating sorted BAM 

alignment files of using SAMtools (Li et al., 2009).  

PCR duplications and  sequence reads of low quality were identified and removed using the 

Picard (MarkDuplicates) software (Broad Institute, MA, USA) (Ebbert et al., 2016). The 

genome analysis tool kit (GATK) (version 4.0.5.2, Broad Institute, MA, USA) pipeline was 
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used for variant calling for each sample individually at first, and then jointly to increase 

genotyping accuracy, to detect single nucleotide variants (SNVs) as well as small insertions and 

deletions (indels) (McKenna et al., 2010). Large structural variants were called using Manta 

(Illumina, CA, USA, available under open source GPLv3 license) (Chen et al., 2016). 

 

 2.4.1.2.2 Mouse line specific variants and Loss of Heterozygosity regions 

To identify variants specific to mouse lines, the 2 O-NODk samples were considered as the 

“diseased/ tumour” samples and were compared to the 2 RF-NODk samples which were 

considered as the “normal” samples. SNVs and small indels were called using MuTect2 

(Benjamin et al., 2019) and structural variants using Manta (Chen et al., 2016). Loss of 

heterozygosity (LOH) variants were called using GATK tools (version 4.0.5.2, Broad Institute, 

MA, USA). 

 

 2.4.1.2.3 Annotation and Filtering  

All variants were annotated with gene information and filtered with dbSNP, which is the largest 

public domain database for SNPs (Sherry et al., 2001). Sorts Intolerant from Tolerant (SIFT) 

(Ng and Henikoff, 2001) was used to predict the likelihood of an amino acid substitution in the 

protein being damaging to protein function. SIFT score generates a score that ranges from 0-1 

with values between 0.0 and 0.05 representing variants that are considered deleterious, whereas 

values between 0.05 and 1.0 predicts variants that are benign (i.e. well tolerated) and therefore 

do not result in a deleterious phenotype. SIFT scores obtained for SNVs detected in this study 

were used to estimate its potential damage (Ng and Henikoff, 2003). Of note, SIFT scores 

cannot be used to predict damaging phenotypes for indels or structural variants. Finally, SNVs 

were analyzed based on their homozygosity/heterozygosity. Final selection of possible SNPs 
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involved in T2D predisposition in the O-NODk mice was based on their gene expression in islet 

β-cells and their described gene function in the β-cell. 

 

   2.4.2 RNA sequencing 

      2.4.2.1 Islet RNA isolation  

After enzymatic digestion of the pancreas and islet separation via Histopaque gradient, hand-

picked islets from NC and HF-fed O-NODk and RF-NODk mice were transferred into 1.5 mL 

microtubes, and washed twice in 1 mL of sterile cold PBS by centrifugation at 1400 rpm for 5 

minutes at 4oC. Supernatant was removed and 350 µL of RLT lysis buffer (provided in the 

RNeasy mini kit, Cat #74106, Qiagen, Venlo, Netherlands) supplemented with 1% 

mercaptoethanol, was added to the islets. Samples were homogenized by up and down pipetting 

and were then stored in a -80oC freezer until future RNA extraction.  

Prior to RNA extraction, all equipment and work space were wiped with RNaseZap to remove 

RNase contamination. RNA samples lysates were pipetted directly onto a QIAshredder spin 

column (Cat #79656, Qiagen, Venlo, Netherlands) placed inside a 2 mL collection tube and 

centrifuged for 2 minutes at maximum speed (13,400 rpm). The spin column was discarded and 

350 µL of 70% ethanol was added to the homogenized lysates in the collection tube. After 

homogenization, the samples were transferred into an RNeasy mini spin column (RNeasy Mini 

Kit, Cat #74106, Qiagen, Venlo, Netherlands) loaded on a 2 mL collection tube and centrifuged 

for 15 seconds at 13,400 rpm. The flow-through in the collection tube was discarded and 350 

µL of RW1 buffer (provided by the kit) was added to the spin column, which was centrifuged 

for 15 seconds at 13,400 rpm. The flow-through in the collection tube was discarded again. 

In order to allow on column DNA digestion during the RNA purification protocol, 80 µL of 

incubation mix (1:8 dilution of DNAse I in buffer RDD from the RNase-Free DNase sets, Cat 
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#79254, Qiagen, Venlo, Netherlands) was added directly onto the RNeasy column silica gel 

membrane, followed by incubation at room temperature for 15 minutes. A subsequent wash 

was performed by addition of 350 µL of buffer RW1 and centrifugation for 15 seconds at 13,400 

rpm. The RNeasy spin column was then transferred onto a new 2 mL collection tube and washed 

twice with 500 µL of buffer RPE (provided by the kit) followed by centrifugation for 15 seconds 

at 13,400 rpm. The RNeasy spin column was then transferred onto a new 2 mL collection tube 

and centrifuged for 2 minutes at 13,400 rpm with open lids to remove any RPE residues. 

RNA samples were eluted from the spin column through addition of 20 µL of RNase-free water 

directly onto the silica-gel membrane of the spin column, and centrifuged for 1 minute at 13,400 

rpm. The RNA obtained was stored in a -80oC freezer for further analysis.  

 

      2.4.2.2 RNA quantification  

The eluted RNA was assessed for concentration and integrity/quality via the analysis of RNA 

integrity number (RIN) using the Agilent 2100 Bioanalyzer (Cat #G2938B, Agilent, 

Waldbronn, Germany) and the Agilent RNA 6000 Nano kit (Cat #5067-1511m Agilent, 

Waldbronn, Germany). RNA samples were denatured in a gradient thermal cycler (PC 960G, 

Corbett Research, Mortlake, Australia) at 70oC for 2 minutes, and kept on ice until RIN 

analysis. 

Briefly, 550 µL of RNA gel matrix was pipetted into a spin filter (provided by the kit) and 

centrifuged at 4000 rpm for 10 minutes at room temperature. 65 µL of the filtered gel was 

aliquoted into a 0.5 mL RNase-free micro-centrifuge tube. RNA 6000 Nano dye concentrate 

was equilibrated to room temperature for 30 minutes and vortexed for 10 seconds. 1 µL of the 

Nano dye was added to the 65 µL pre-prepared gel, followed by vortexing and centrifugation 

at 12,000 rpm for 10 minutes at room temperature.  
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An Agilent RNA 6000 Nano chip, which contains 16 interconnected micro-channels, was 

placed on the chip priming station to separate the RNA fragments by electrophoresis according 

to their size. 9 µL of the gel-dye mix was added to all micro-channels of the Nano chip. 5 µL 

of RNA marker and 1 µL of Nano ladder was added to their respective micro-channels. 1 µL 

of the denatured RNA samples were added to the sample wells. The chip was vortexed for 1 

minute at 2400 rpm and then run on the Agilent 2100 Bioanalyzer instrument. Only samples 

displaying RIN values greater than 8.0 were used for RNA Sequencing (RNA-seq). 

 

      2.4.2.3 RNA sequencing (RNA-seq)  

RNA-seq was performed by Dr Maxim Nekrasov at the Australian Cancer Research Foundation 

(ACRF) BRF at JCSMR, ANU. The libraries were prepared using the Illumina TruSeq Stranded 

mRNA library kit (Cat# 20020594, Illumina, CA, USA) as per manufacturer’s instructions. The 

libraries were sequenced using the Illumina NextSeq 500 system using a high output flow cell 

at 150 bp paired-end reads, which can generate up to 800 million paired reads per sample on 

high output.  

 

      2.4.2.4 Bioinformatics analysis of RNA sequencing  

 2.4.2.4.1 Reading alignment and Quality control assessment 

Bioinformatics analysis for the RNA-seq data was performed by Dr. Zhi-Ping Feng and Mr 

Cameron Jack at the ANU Bioinformatics Consultancy (ABC). Sequence quality was checked 

on the raw reads with FASTQC. The libraries were then mapped against the reference 

C57BL/6J mouse genome (GRCm38.95) using Hisat2 (Kim et al., 2019), sorted and 

summarized with samtools (v1.8) (Li et al., 2009) and then quantified based on Ensembl 

genome annotation, considering SNPs and annotation of transcripts 
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(http://ftp.ensembl.org/pub/release-95/gtf/mus_musculus/mus_musculus.GRCm38.95.gtf.gz). 

Reference assembly of the transcriptome was conducted using StringTie (Pertea et al., 2016), 

transcript counts were generated using ballgown and the FPKM (Fragment Per Kilo-base Per 

Million) count matrix was converted to raw count matrix based on Monocle2 (Qiu et al., 2017). 

The quality of raw count matrix was evaluated with some diagnostic figures, such as principal 

component analysis (PCA), multidimensional scaling (MDS), density or box plots and heat map 

to observe the intra- and inter-group variability. The PCA plot is similar to MDS that show a 2-

dimensional projection of distances between samples to reflect the total variation of the data set 

and depicts clustering among samples of each group, allowing identification of outliers. The 

outliers and the noise level were determined.  

Although highly variable samples increase noise in the sequencing data, removing them from 

the analysis altogether would reduce the power of the study. Therefore, a more appropriate 

approach would be to reduce the weight of the observations from these samples. This can be 

achieved by considering how heterogeneous these samples are at both sample and observational 

levels (Liu et al., 2015). A log-linear variance model can be fitted at the sample level to include 

common sample-specific or group-specific parameters shared between genes. At the 

observational level, “voom” can be used to obtain weights from the mean-variance relationship 

of the log-counts-per-million (Law et al., 2014). Finally, both sample and observational level 

weights can be combined to achieve a differential expression analysis with more power and less 

false discoveries (Liu et al., 2015). Therefore sample weights were calculated using this 

methodology from the open source “limma package” (Law et al., 2016). All the quality checks 

and diagnostic analyses were performed in R using the camera R package. 

 

 

http://ftp.ensembl.org/pub/release-95/gtf/mus_musculus/mus_musculus.GRCm38.95.gtf.gz
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 2.4.2.4.2 De-noise and normalization  

Lowly expressed genes were filtered out to reduce the noise of RNA-seq or to reduce the 

severity of correction for false discovery rates (FDR) and to improve the power of detection 

(Risso et al., 2011). The filtered gene count matrix of 16058 genes and 16 samples was 

transformed to normal distribution using voom (Law et al., 2014) with sample quality 

adjustment and normalized with trimmed mean of M values (TMM) method to prevent skewing 

by highly expressed genes (Robinson and Oshlack, 2010). This allows correct ranking of gene 

expression levels, inter- and intra-sample group comparisons, and increases the robustness of 

detection of differential expressed genes (DEGs). The voom transformed object was then fitted 

to a linear model with moderated t-statistic with empirical Bayes method. The p-values were 

calculated according to the Benjamin-Hockberg (BH) FDR method to adjust for multiple 

hypothesis testing. All these analysis were provided in the limma package, interactive views 

were generated with Glimma (Law et al., 2016, Su et al., 2017) and the gene expression were 

visualized in Interactive Genomics Viewer (IGV) (Robinson et al., 2020). 

 

 2.4.2.4.3 Identification of differentially expressed genes (DEGs)  

DEGs were defined by pair-wise comparison between two groups using the limma-voom tool 

(Ritchie et al., 2015). This tool tested the null hypothesis stating that a specific gene is equally 

expressed in both groups of mice. Therefore, if a significant difference in gene expression is 

detected, the hypothesis is rejected and the specific gene is deemed as a DEG. Subsequently, a 

comprehensive list of genes with corresponding significant p-values, adjusted p-values (a.k.a. 

q-values) using the BH methods to control for FDR and log fold change (log FC) for each gene 

is generated for further analysis (Law et al., 2014). Genes with an adjusted p-value (q<0.05) 

were considered as differentially expressed genes. Pair-wise comparisons were conducted 
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between the O-NODk and RF-NODk mice groups, which were fed on chow and HF diet. 

Following this analysis, heat maps were generated using ClustVis in order to visualize 

clustering of multi-variate data (Metsalu and Vilo, 2015). Pathway analysis was conducted on 

gene sets using the Molecular signatures database (MSigDB) Hallmark gene sets (Liberzon et 

al., 2015). 

 

2.5 Statistical analysis  

Statistical analysis in this thesis was performed using GraphPad PRISM software version 9 (San 

Diego, CA, USA). Results obtained were expressed as means ± standard error of the mean 

(SEM). Unpaired Student’s t-test was performed for comparison of the means between 2 

groups. Two-way analysis of variance (ANOVA) was used for multiple comparisons, followed 

by Bonferroni post hoc testing. Differences between groups were considered significant when 

p values were < 0.05. Chi-square analysis was performed during the histological analysis of the 

pancreas to determine the significance of the number of affected mice to the unaffected mice. 

Statistical package of the social sciences (SPSS) was used for curve analysis during the 

longitudinal experiments to measure body weight and non-fasting blood glucose, as well as the 

glucose excursion during ipGTT. Analysis for the GSIS experiments in Chapter 4 was 

conducted on repeated measures using three-way ANOVA with Tukey post-hoc testing. 

Power calculations were performed to determine how much study power was anticipated to be 

achieved with the mice numbers used for each study. For the long term study described in 

Chapter 3, twelve mice per group provides 90% power to detect an increase in blood glucose 

levels from 7 mM to 20 mM with α=5%. Twelve mice per group provides 90% power to detect 

56% increase of insulin secretion with α-5% in the in vitro GSIS study in Chapter 4.   
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Chapter 3 

Results 

Long-term phenotypic characterization 

of O-NODk and RF-NODk mice 
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3.1 Introduction 

An individual’s metabolic tissue responses to over-nutrition determine whether an unfavourable 

metabolic phenotype will install or not. Consumption of diets rich in saturated fat causes insulin 

resistance in muscle, liver and adipose tissue, which leads to enhanced β-cell secretory response 

(β-cell compensation) in order to maintain normoglycaemia. However, several studies showed 

that T2D only develops in individuals unable to sustain β-cell compensation for longer periods, 

therefore, highlighting the importance of β-cell dysfunction in diabetes progression and 

development (Sakuraba et al., 2002, Butler et al., 2003). 

β-cell function can be assessed in vivo by glucose tolerance tests, which are extensively used as 

a clinical tool to predict increased risk and provide diagnosis for T2D (Beer et al., 1990, 

Jaruratanasirikul et al., 2016). Furthermore, impaired insulin biosynthesis and/or abnormal 

insulin processing are also associated with β-cell dysfunction, with T2D individuals displaying 

elevated levels of proinsulin in circulation (Kim et al., 2000, Pfützner and Forst, 2011, 

Nakamura et al., 2020). Studies conducted in mice also showed that abnormally elevated blood 

glucose levels result in augmented proinsulin biosynthesis and its premature release, prior to 

proper post-translational modifications (Alarcón et al., 1995). Finally, failure of β-cells to 

dynamically adapt to increased insulin demand during excess fuel surfeit is linked to reduced 

β-cell mass and increased apoptosis (Sakuraba et al., 2002, Butler et al., 2003). 

This chapter, therefore, investigates the pathophysiological mechanisms involved in T2D 

development in two mice sub-strains, the T2D-prone O-NODk and the T2D-resistant RF-NODk 

mice. We aimed to examine the long-term effects of HF feeding on: i) diabetes incidence, ii) 

pancreatic islet β-cell function in vivo and β-cell mass, iii) pancreatic, including islet, 

inflammation and fat deposition, iv) adipose tissue distribution and, v) hepatic fat deposition. 
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3.2 Experimental design 

Age-matched male O-NODk and RF-NODk mice were weaned at 3 weeks of age onto a standard 

rodent normal chow (NC) diet. At 4 weeks of age, experimental mice were randomly allocated 

to either NC or HF diet for 20 weeks (n=12 mice/ group, distributed into 3 different cohorts), 

which is detailed in Figure 11. As described in Chapter 2, fortnightly body weight and non-

fasting tail blood glucose levels were monitored until the end of the study. At 13 and 23 weeks 

of age, mice were subjected to intraperitoneal glucose tolerance tests (ipGTT, 1g glucose/kg 

body weight) after 4 hours of fasting. At the end of the study period or after blood glucose 

readings of ≥20 mM (18 to 24 weeks of age), tail blood was collected for blood chemistry 

analysis and insulin-sensitive tissues were dissected and weighed, and hepatic TG content was 

quantified. Finally, the pancreas was excised and processed for histological analysis (detailed 

description of protocol in Chapter 2).  
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Figure 11: Experimental design of the long-term study for phenotypic characterization of O-NODk 

and RF-NODk mice. Male O-NODk and RF-NODk mice placed on either NC or HF diet at 4 weeks of 

age for 20 weeks. Body weight and non-fasting blood glucose were monitored fortnightly. Mice were 

subjected to ipGTT (1g/kg body weight) at 13 and 23 weeks of age after 4 hours of fasting. At euthanasia, 

when mice were 24 weeks of age or after two consecutive blood glucose readings above 20 mM, non-

fasting tail blood and various tissues were collected for further analysis. NC: Normal chow, HF: High 

fat, ipGTT: Intraperitoneal glucose tolerance test, NEFA: Non-esterified fatty acids, TG: 

Triacylglyceride. 
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3.3 Results 

   3.3.1 Fortnightly body weight  

At 4 weeks of age, both O-NODk and RF-NODk mice had similar body weights, but on both 

NC and HF diets the O-NODk mice had higher body weight growth curves compared to their 

respective NC and HF diet-fed RF-NODk mice (Figure 12A). 

HF-feeding was associated with increased body weight gain in both mice sub-strains. At 8 

weeks of age, both O-NODk and RF-NODk mice displayed significant increases in absolute 

body weight compared to their chow-fed controls (34.5 ± 0.5 vs 29.4 ± 0.5 g, O-NODk mice HF 

vs NC, respectively, p<0.0001) (29.9 ± 0.9 vs 26.1 ± 0.4 g, RF-NODk mice HF vs NC, 

respectively, p<0.01) (Figure 12A). The O-NODk mice were significantly heavier on a HF diet 

compared to the RF-NODk mice from 8 weeks of age onwards (34.5 ± 0.5 vs 29.9 ± 0.9 g, 

respectively, p<0.001) with maximum weight observed at 20 weeks of age (49.2 ± 0.7 vs 41.9 

± 1.0 g, HF-fed O-NODk vs RF-NODk mice, respectively, p<0.001) (Figure 12A). 

Similar observations were made when body weight gain was analyzed (Figure 12B). The 

decline in the body weight gain of the HF-fed O-NODk mice observed from 20 weeks of age 

onwards resulted from the ethical culling of the heavier mice that had developed extreme 

hyperglycaemia at 18 weeks of age. 

Together, these results show differential weight gain between O-NODk and RF-NODk mice, 

with O-NODk mice being more predisposed to weight gain than RF-NODk mice, irrespective 

of the diet. 
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Figure 12: Time-course responses of body weight and weight gain in the O-NODk and RF-NODk 

mice submitted to dietary intervention. Fortnightly assessment of body weight (A) and weight gain 

(B) in male O-NODk and RF-NODk mice placed on either NC or HF diet from 4 to 24 weeks of age. 

Data are means ± SEM for 12 mice per group until 16 weeks of age. Numbers in brackets depict the 

number of surviving HF-fed O-NODk mice during the experimental period. Two-way ANOVA with 

Bonferroni post-hoc test; +p<0.05, ++p<0.01, +++p<0.001, NC-fed O-NODk  vs NC-fed RF-NODk; 

$$$p<0.001, $$$$p<0.0001, O-NODk-NC vs HF; #p<0.05, ##p<0.01, ###p<0.001, ####p<0.0001, RF-NODk 

NC vs HF; *p<0.05, ***p<0.001, ****p<0.0001, HF-fed O-NODk vs HF-fed RF-NODk.  
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   3.3.2 Non-fasting blood glucose time-course and survival curve 

Non-fasting (9-10 AM) tail blood glucose levels were measured fortnightly from weaning until 

the end of the study (24 weeks of age). 

On a NC diet, both O-NODk and RF-NODk mice maintained normoglycaemia throughout the 

study (Figure 13A). Long-term HF-feeding increased blood glucose levels (BGL) of only 2 RF-

NODk mice. The first mouse gradually developed increased blood glucose levels after 10 weeks 

of HF-feeding, and had to be ethically culled at 20 weeks of age due to the development of 

overt diabetes (BGL= 26.4 mM). The second mouse remained until the end of the study, since 

it developed hyperglycaemia only at 20 weeks of age (BGL=15.5 mM), but did not reach the 

cut off level of 20 mM in the following weeks. 

On the other hand, HF-fed O-NODk mice displayed progressive elevation in blood glucose 

levels, clearly evident at 16 weeks of age compared to NC-fed O-NODk mice (13.2 ± 1.4 mM 

vs 6.6 ± 0.2, respectively, p<0.001) and to its HF-fed RF-NODk mice counterpart (13.2 ± 1.4 

vs 7.9 ± 0.9 mM, respectively, p<0.001). The incidence of overt diabetes, leading to ethical 

culling of mice before the end of the study, was also higher in these mice (5 out of 12 mice) 

compared to HF-fed RF-NODk mice (1 out of 12 mice) (chi-squared, p<0.01). Therefore, while 

HF-fed RF-NODk mice only had a 16.6% incidence of hyperglycaemia, 75% of HF-fed O-

NODk mice developed hyperglycaemia (defined as 9AM non-fasting BGL 12 mM) by 24 

weeks of age (log rank (Mantel-Cox) test, p=0.042) (Figure 13B). 

Taken together, these results show that O-NODk mice develop progressive hyperglycaemia 

when subjected to HF-feeding, while RF-NODk mice mostly maintain normoglycaemia. 
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Figure 13: Fortnightly non-fasting blood glucose and survival curve of O-NODk and RF-NODk 

mice submitted to diet intervention. 9AM non-fasting blood glucose levels obtained from mice 

subjected to NC or HF diet from 4 until 24 weeks of age (A). Numbers in brackets in Figure 13A depict 

the number of surviving HF-fed O-NODk and RF-NODk mice during the experimental period. Survival 

curve showing the % of mice without diabetes (< 12 mM) at the end of the study (B). Numbers in 

brackets in Figure 13B depict the number of HF-fed mice that develop diabetes (≥ 12 mM) during the 

experimental period. Data are means ± SEM for 12 mice per group until 16 weeks of age. Statistical 

significance in blood glucose time-course was evaluated by Two-way ANOVA with Bonferroni post 

hoc test; $$$p<0.001, O-NODk NC vs HF; ###p<0.001, RF-NODk NC vs HF; **p<0.01, ***p<0.001, HF-

fed O-NODk vs HF-fed RF-NODk. Survival curve was analyzed by log rank (Mantel-Cox) test and 

Gehan-Breslow-Wilcoxon test. 
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   3.3.3 Glucose tolerance tests (GTT) 

Both O-NODk and RF-NODk mice were submitted to ipGTT at 13 and 23 weeks of age, in order 

to determine possible differences in blood glucose regulation and insulin secretion under NC 

and HF diet-stressed conditions.  

At 13 weeks of age, both sub-strains of mice fed on a NC diet had similar levels of fasting blood 

glucose and plasma insulin at time 0’ min. On the other hand, HF-fed mice had higher fasting 

blood glucose, compared to their NC-fed control mice (8.0 ± 0.4 vs 5.8 ± 0.2 mM, HF-fed O-

NODk vs NC-fed O-NODk mice) (7.5 ± 0.3 vs 5.6 ± 0.2 mM, HF-fed RF-NODk vs NC-fed RF-

NODk) (Figure 14A). HF-feeding also increased insulinaemia in both sub-strains. Remarkably, 

HF-fed O-NODk mice had three times higher insulin levels that their RF-NODk mice 

counterparts (4.5 ± 2.0 vs 1.5 ± 0.4 ng/mL, respectively, p<0.001) (Figure 14B). The ratio 

between fasting insulin and glucose levels at time 0’ min was significantly higher in the HF-

fed O-NODk compared to NC-fed O-NODk mice (0.51 ± 0.18 vs 0.12 ± 0.02 ng/µmol, 

respectively, p<0.01). The HF-fed O-NODk mice also had a higher fasting insulin and glucose 

ratio compared to their HF-fed RF-NODk counterparts (0.51 ± 0.18 vs 0.19 ± 0.05 ng/µmol, 

respectively, p<0.05). 

During the ipGTT conducted at this age, both NC-fed mice groups exhibited similar and 

excellent glucose tolerance (Figure 14A), despite no significant elevations in plasma insulin 

levels (Figure 14B). HF-feeding led to increased glucose excursions consistent with HF-diet 

induced glucose intolerance in both sub-strains of mice, however O-NODk mice exhibited more 

severe glucose intolerance (p<0.001). Similar observations were also made when the respective 

areas under the curves (AUC) were calculated (1552 ± 98 vs 1171 ± 107, HF-fed O-NODk vs 

HF-fed RF-NODk mice, respectively, p<0.01) (Figure 14C). Interestingly, a post-glucose load 

rise in insulinaemia was not observed in either of the HF-fed mice sub-strains (Figure 14B). 
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Nonetheless, AUCinsulin (0-90 mins) was higher in HF-fed mice compared to NC controls 

(p<0.0001), which was attributed to higher baseline insulin levels (Figure 14D). However, 

when the change in insulin levels were calculated for the 1st 15 mins (∆0-15 min), an apparent 

lack of glucose-stimulated insulin secretion was observed in all groups of mice (Figure 14F). 

Finally, the HOMA-IR, which can be an indicator of insulin resistance, was found to be 

increased in the HF-fed mice of both sub-strains compared to the NC-fed mice (45.5 ± 23.7 vs 

4.7 ± 1.1, HF-fed O-NODk vs NC-fed O-NODk mice, respectively, p<0.01) (12.9 ± 4.4 vs 3.6 ± 

1.2, HF-fed RF-NODk vs NC-fed RF-NODk mice, respectively, p<0.05) (Figure 14E). This 

suggests that HF-feeding may have caused insulin resistance in these mice. However, since 

there was no significant sub-strain differences between the O-NODk and RF-NODk mice on 

either NC or HF diet, it is unlikely to be associated with the diabetes phenotype observed in the 

O-NODk mouse model. 
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Figure 14: Intraperitoneal glucose tolerance test (ipGTT) performed in O-NODk and RF-NODk 

mice at 13 weeks of age. Blood glucose (A) and plasma insulin excursion (B), along with corresponding 

area under the curve (C and D, respectively), HOMA-IR (E) and change in insulin levels from 0 to 15 

min (F) and were assessed during the ipGTT. Data are means ± SEM for 12 mice per group. Statistical 

significance was analyzed by SPSS and Two-way ANOVA followed by Bonferroni post-hoc test for 

glucose and insulin excursion and One-way ANOVA for AUC; *p<0.05, **p<0.01, ***p<0.001. 
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At 23 weeks of age, surviving mice from each group were subjected to another ipGTT. HF-

feeding resulted in increased fasting glucose in both sub-strains of mice compared to their 

respective NC-fed control groups (Figure 15A). The increase in glycaemia however was 

significantly greater in HF-fed O-NODk mice compared to HF-fed RF-NODk mice (11.3 ± 1.4 

vs 7.8 ± 0.9 mM, respectively, p<0.05) (Figure 15A). The HF-fed O-NODk and RF-NODk mice 

were hyperinsulinaemic compared to the respective NC-fed mice. HF-fed O-NODk mice had 

higher fasting insulin levels compared to HF-fed RF-NODk mice (8.1 ± 2.0 vs 3.8 ± 0.8 ng/mL, 

respectively, p<0.001) (Figure 15B). 

Even at this age, all NC-fed mice maintained excellent glucose tolerance. On the other hand, 

long-term HF-feeding led to the development of severely impaired glucose tolerance in both 

mice groups, worse in the O-NODk mice sub strain (ANOVA, strain effect p<0.01; diet effect 

p<0.0001) (Figure 15A). As a result, AUCglucose was significantly higher in the HF-fed O-NODk 

mice compared to HF-fed RF-NODk mice (2294 ± 248 vs 1517 ± 236, respectively, p<0.01) 

(Figure 15C). At this age, HF-fed O-NODk mice were also unable to induce an increase in 

plasma insulin concentration in response to the intraperitoneal glucose load during the test 

(Figure 15B). Although AUCinsulin was higher in HF-fed mice of both groups (p<0.0001), there 

was no significant sub-strain difference (p=0.369) (Figure 15D). Interestingly, during the 1st 15 

mins of the GTT, only the HF-fed O-NODk mice displayed reduced insulin levels in response 

to the glucose load compared to the rest of the groups (p<0.01) (Figure 15F).  

Finally, the HOMA-IR index was similar to the observations made at 13 weeks of age, where 

both HF-fed mice displayed higher HOMA-IR compared to the NC-fed mice (Figure 15E). 

However, HF-fed O-NODk mice had a significantly higher HOMA-IR index compared to the 

HF-fed RF-NODk mice (116.9 ± 44.3 vs 36.1 ± 10.8, respectively, p<0.01). This suggests that 

at 23 weeks of age, the HF-fed O-NODk mice may have a higher degree of insulin resistance 

compared to the HF-fed RF-NODk mice. 
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Accumulative evidence suggests that when subjected to HF-feeding, O-NODk mice develop 

impaired glucose tolerance at 13 weeks of age, which further aggravates by 23 weeks of age. 

Despite having higher fasting plasma insulin levels, these mice are unable to secrete more 

insulin in response to the ip glucose load during the GTT, suggesting β-cell dysfunction. 
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Figure 15: Intraperitoneal glucose tolerance test (ipGTT) performed in surviving O-NODk and 

RF-NODk mice at 23 weeks of age. Blood glucose (A) and plasma insulin excursion (B), along with 

corresponding area under the curve (C and D, respectively), HOMA-IR (E) and change in insulin levels 

from 0 to 15 min (F) and were assessed during the ipGTT. Data are means ± SEM for 7-12 mice per 

group. Statistical significance was analyzed by SPSS and Two-way ANOVA followed by Bonferroni 

post-hoc test for glucose and insulin excursion and One-way ANOVA for AUC; *p<0.05, **p<0.01, 

***p<0.001. 
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   3.3.4 Blood chemistry profiles at end point 

3.3.4.1 Blood glucose and plasma insulin ratios  

At the end of the study (18-24 weeks of age), non-fasting blood glucose and plasma insulin 

levels were measured from tail blood of O-NODk and RF-NODk mice. Subsequently, the ratio 

between non-fasting circulating insulin and glucose levels were assessed as an indirect 

determinant for the presence of insulin resistance in these mice.  

NC-fed mice from both sub-strains remained normoglycaemic at the end of the study. On the 

other hand, non-fasting blood glucose levels were significantly increased in the HF-fed O-

NODk mice compared to the NC-fed O-NODk mice (16.8 ± 1.9 vs 6.3 ± 0.2 mM, respectively, 

p<0.001) as well as the HF-fed RF-NODk mice, which remained mostly normoglycaemic (16.8 

± 1.9 vs 9.1 ± 1.6 mM, respectively, p<0.001) (Figure 16A). 

Compared to NC-fed control mice, plasma insulin levels in response to HF-feeding were 

increased in both sub-strains of  mice (3.5 ± 0.8 vs 32.6 ± 5.4 ng/mL, NC-fed vs HF-fed O-

NODk mice, p<0.001; 1.8 ± 0.2 vs 17.9 ± 5.7 ng/mL, NC-fed vs HF-fed RF-NODk mice, 

p<0.05) (Figure 16B). Insulinaemia was also significantly higher in the HF-fed O-NODk mice 

compared to HF-fed RF-NODk mice (32.6 ± 5.4 vs 17.9 ± 5.7 ng/mL, p<0.05). 

The ratio between non-fasting plasma insulin and blood glucose levels was increased with HF-

feeding in both mice sub-strains (Figure 16C). Interestingly, although there was no difference 

between the two HF-fed mice groups, among the NC-fed mice, there was a subtle increase in 

the ratio in the O-NODk mice compared to the NC-fed RF-NODk mice (0.52 ± 0.11 vs 0.27 ± 

0.03 ng/µmol, respectively, p<0.05). This highlights the presence of insulin hypersecretion and 

insulin resistance in the O-NODk mice, which may even be present under NC-fed condition, 

compared to the RF-NODk mice. 
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Figure 16: Non-fasting blood glucose and plasma insulin and their insulin: glucose ratio of O-

NODk and RF-NODk mice at the end of the diet intervention study. 9AM non-fasting blood glucose 

(A), plasma insulin (B) and the ratio between insulin and glucose (C) was analyzed from tail blood 

collected from O-NODk and RF-NODk mice at the end of the study (18-24 weeks of age). Data are 

means ± SEM for 10-12 mice per group. Two-way ANOVA with Bonferroni post-hoc test; *p<0.05, 

**p<0.01, ***p<0.001. 
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3.3.4.2 Plasma insulin and its derivatives  

In order to maintain normoglycaemia in conditions of excessive nutrients, pancreatic β-cells 

are required to increase insulin production while maintaining coordination of insulin gene 

transcriptional and post-translational modifications, to generate functional insulin hormone. 

Therefore, at the end of the study (18-24 weeks of age), the non-fasting circulating levels of 

insulin and c-peptide, as well as proinsulin from which both are derived, were quantified in tail 

plasma samples obtained from non-fasted O-NODk and RF-NODk mice (Figure 17). 

As previously described, insulinaemia was significantly increased with HF-feeding in both sub-

strains of mice, which was more evident in the HF-fed O-NODk mice compared to HF-fed RF-

NODk mice (Figure 17A). No differences in proinsulin levels were observed between NC-fed 

O-NODk and RF-NODk mice (Figure 17B). However, long-term HF-feeding led to increased 

plasma proinsulin levels, more evident in HF-fed O-NODk mice compared to the HF-fed RF-

NODk mice (3.7 ± 0.6 vs 1.6 ± 0.6 ng/mL, respectively, p<0.01). Circulating c-peptide levels 

were also similar within the NC-fed mice of both sub-strains and increased with HF-feeding 

(Figure 17C). However, similar to the findings with plasma proinsulin and insulin levels, c-

peptide levels were higher in HF-fed O-NODk mice compared to HF-fed RF-NODk mice (17.4 

± 3.1 vs 9.9 ± 3.4 ng/mL, respectively, p<0.05).  

The ratio between proinsulin and insulin did not differ among any of the mice groups (Figure 

17D) indicating normal insulin processing. The ratio between proinsulin and c-peptide was 

similar between the two mice sub-strains on NC diet (Figure 17E). Although HF-feeding did 

not alter proinsulin: c-peptide ratio in any sub-strain, a significant difference was noted in HF-

fed O-NODk mice when compared to the HF-fed RF-NODk mice. Finally, the ratio between 

insulin and c-peptide was observed to be equally elevated (2x) in both sub-strains of mice 
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subjected to long-term HF-feeding in comparison to their respective NC-fed controls (Figure 

17F), suggesting possible insulin clearance defects in both sub-strains.  

Collectively, these results clearly demonstrate that by the end of the study, both O-NODk and 

RF-NODk mice developed hyperinsulinaemia in response to nutrient stress caused by HF-

feeding, which was more evident in the O-NODk sub-strain. The increased circulating insulin 

levels observed in these mice was accompanied by higher proinsulin and c-peptide levels in 

circulation and no differences in proinsulin: insulin ratio between the groups, therefore 

suggesting normal insulin processing. HF-fed mice of both sub-strains also displayed higher 

insulin: c-peptide ratio, suggestive of similar delayed insulin clearance. 
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Figure 17: Analysis of insulin processing in O-NODk and RF-NODk mice submitted to prolonged 

dietary intervention. Non-fasting tail blood plasma was used to measure insulin (A), proinsulin (B), 

and C-peptide (C) of NC and HF-fed O-NODk and RF-NODk mice at the time of harvest (18 to 24 weeks 

of age). The ratios between proinsulin and insulin (D), proinsulin and c-peptide (E) and insulin and c-

peptide (F) were also assessed. Data are means ± SEM for 10-12 mice per group. Two-way ANOVA 

with Bonferroni post-hoc test; *p<0.05, **p<0.01, ***p<0.001. 
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3.3.4.3 Plasma NEFA and TG 

Obesity and insulin resistance lead to augmented NEFA in the circulation due to the inability 

of insulin to suppress adipose tissue lipolysis (Almandoz et al., 2013, Meijssen et al., 2001). 

Additionally, insulin resistance also leads to over-production of TG-rich hepatic VLDLs and 

promotes delayed VLDL clearance, therefore causing hyperlipidaemia and increased risk of 

cardiovascular diseases in T2D patients (Adiels et al., 2008). Hence, based on the previous 

observations of increased body weight gain and diabetes in the HF-fed O-NODk mice, non-

fasting plasma NEFA and TG levels were assessed in both mice groups at the end of the study 

(18-24 weeks of age). 

Both sub-strains of mice had low levels of circulating NEFA with NC diet intake (~ 0.7 

mmol/L) (Figure 18A). However, 20 weeks of HF-feeding promoted equal elevations in NEFA 

levels in the O-NODk and RF-NODk mice, compared to their respective NC-fed controls 

(~42%, p<0.001 vs respective controls).  

Likewise, plasma TG levels were also similar between the NC-fed O-NODk and RF-NODk 

mice (3.8 ± 0.4 vs 4.7 ± 0.4 mmol/l, respectively, p>0.05) (Figure 18B). However, HF-feeding 

increased plasma TG levels in the O-NODk mice by 41% and by 51% in the RF-NODk mice. 

Similar to NEFA, at the end of the study, both HF-fed O-NODk and RF-NODk mice displayed 

comparable levels of plasma TG (6.5 ± 0.6 vs 7.1 ± 0.6 mmol/l, respectively, p>0.05). 

Together, these results show that HF-feeding caused a significant but similar increase in 

circulating NEFA and TG levels in both O-NODk and RF-NODk mice compared to the NC-fed 

counterparts. 
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Figure 18: Plasma NEFA and TG levels in O-NODk and RF-NODk mice at the end of the 

intervention period. Non-fasting tail blood plasma was used to measure non-esterified fatty acids 

(NEFA) (A) and triglycerides (TG) (B) of NC and HF-fed O-NODk and RF-NODk mice at the end of 

the study (18 to 24 weeks of age). Data are means ± SEM for n=9-12 mice per group. Two-way ANOVA 

with Bonferroni post-hoc test; **p<0.01, ***p<0.001. 

  



105 
 

   3.3.5 Adipose tissue expansion 

HF-feeding is strongly associated with diet-induced obesity, insulin resistance and T2D (Black 

et al., 2013). Additionally, lack of adipose tissue expansion to safely accommodate excess 

nutrients in subcutaneous tissue has been implicated in the pathogenesis of non-alcoholic fatty 

liver disease (NAFLD), non-alcoholic steatohepatitis (NASH) and T2D (Jun et al., 2008, 

Scherer, 2019). Therefore, after 20 weeks of dietary intervention, fat pad depots were assessed 

in the O-NODk and RF-NODk mice. WAT tissue weights (subcutaneous and epididymal) and 

brown adipose tissue (BAT) are presented as absolute tissue weights (in grams) and as % of 

body weight in Figure 19.  

Subcutaneous fat depots were increased in the O-NODk mice compared to the RF-NODk mice, 

even on a NC diet (0.358 ± 0.027 vs 0.224 ± 0.015 g, respectively, p<0.05) (Figure 19A). 

Prolonged HF-feeding (~20 weeks) led to approximately two times increase in the absolute 

weight of subcutaneous fat in both sub-strains of mice. HF-fed O-NODk mice displayed higher 

subcutaneous tissue weight compared to HF-fed RF-NODk mice (1.037 ± 0.028 vs 0.890 ± 

0.064 g, respectively, p<0.05). When the tissue weights were normalized to the mice body 

weight, greater subcutaneous fat depots were still evident in NC-fed O-NODk compared to NC-

fed RF-NODk mice, but the difference between HF-fed O-NODk and HF-fed RF-NODk mice 

was no longer evident (Figure 19B).  

Epididymal WAT weights of NC-fed O-NODk mice were higher than the NC-fed RF-NODk 

mice (0.577 ± 0.038 vs 0.305 ± 0.021 g, respectively, p<0.01) (Figure 19C). The HF diet 

intervention led to a 67% increase in the epididymal fat of O-NODk mice, whereas in the RF-

NODk mice, it was significantly higher with 245% increase in tissue weight. However, when 

both HF-fed mice sub-strains were compared to each other, their absolute epididymal adipose 

tissue weights at the end of the study were similar. When the epididymal tissue weights were 
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normalized to the mice body weight, greater epididymal depots were still evident in NC-fed O-

NODk compared to NC-fed RF-NODk mice. Furthermore, the greater epididymal tissue 

expansion in response to HF-feeding in the HF-fed RF-NODk compared to HF-fed O-NODk 

was evident (2.5 ± 0.1 vs 2.0 ± 0.1, respectively, p<0.01) (Figure 19D). 

Finally, BAT weight was higher in NC-fed O-NODk compared to NC-fed RF-NODk mice 

(0.120 ± 0.005 vs 0.086 ± 0.004 g, respectively, p<0.01) (Figure 19E). Both mice sub-strains 

challenged by long-term HF-feeding developed increased BAT depots, with higher BAT weight 

observed in the O-NODk mice compared to RF-NODk mice (0.196 ± 0.006 vs 0.170 ± 0.012 g, 

respectively, p<0.05). However, this difference in BAT was not observed when the absolute 

tissue weights were normalized to % of body weight (Figure 19F).  

Collectively, these adipose tissue data shows that the O-NODk sub-strain of mice has higher fat 

deposition on NC diet compared to the RF-NODk mice. Both sub-strains have marked 

accumulation in size of the three fat depots with HF feeding, but expansion within the 

epididymal depot is greater in the RF-NODk sub-strain.  

  



107 
 

0.0

0.5

1.0

1.5

***
*****

E
p

id
id

y
m

a
l 
W

A
T

 (
g

)

C

0.0

0.5

1.0

1.5

2.0

2.5

3.0

D

***

***
*** ***

E
p

id
id

y
m

a
l 
W

A
T

(%
 b

o
d

y
 w

e
ig

h
t)

0.0

0.5

1.0

1.5

A

*
*

***
***

S
u

b
c
u

ta
n

o
u

e
s
 W

A
T

 (
g

)
O-NODk NC

O-NODk HF
RF-NODk NC

RF-NODk HF

0.0

0.5

1.0

1.5

2.0

2.5

3.0

B

*
***

***

S
u

b
c
u

ta
n

e
a
o

u
s
 W

A
T

(%
 b

o
d

y
 w

e
ig

h
t)

0.00

0.05

0.10

0.15

0.20

0.25

E

**
*

***
***

B
ro

w
n

 a
d

ip
o

s
e

 t
is

s
u

e
 (

g
)

0.0

0.1

0.2

0.3

0.4

0.5

F

*
**

***

B
ro

w
n

 a
d

ip
o

s
e
 t

is
s
u

e

(%
 b

o
d

y
 w

e
ig

h
t)

Figure 19: White and brown adipose tissue weights (WAT and BAT) in O-NODk and RF-NODk 

mice at the end of the study. Subcutaneous and epididymal WAT and BAT are presented as absolute 

weights (A, C, E) and as % of body weight (B, D, F) in O-NODk and RF-NODk mice at 18-24 weeks of 

age. Data are means ± SEM for n=12 mice per group. Two-way ANOVA with Bonferroni post-hoc test; 

*p<0.05, **p<0.01, ***p<0.001. 
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   3.3.6 Ectopic lipid deposition in liver 

Lack of safe storage of nutrient excess in subcutaneous adipose tissue can lead to ectopic fat 

deposition into visceral adipose tissue depots as well as into non-adipose tissues, such as the 

liver, muscle and pancreas (Goossens, 2017). Therefore, at the end of the dietary intervention, 

liver tissues from O-NODk and RF-NODk mice were excised and used for lipid storage 

assessment. 

Both sub-strains of NC-fed mice had similar liver weights and in both, HF-feeding led to a liver 

weight increase (Figure 20A). However, liver weight was significantly higher in the HF-fed O-

NODk compared to HF-fed RF-NODk mice (3.4 ± 0.1 vs 2.2 ± 0.1 g, respectively, p<0.001). 

On normalization of absolute liver tissue weights to their corresponding body weights, only 

HF-fed O-NODk mice displayed significant hepatomegaly (Figure 20B). 

Hepatic TG levels were similarly low in both NC-fed mice sub-strains (Figure 20C). However, 

long-term HF diet intervention led to a significant increase in hepatic TG accumulation in both 

mice sub-strains. Notably, HF-fed O-NODk mice displayed higher hepatic TG content per gram 

of liver tissue than HF-fed RF-NODk mice (158.6 ± 14.5 vs 106.0 ± 16.2 mg/g, respectively, 

p<0.01) (Figure 20C).  

Together, these results show that although HF-feeding leads to increased liver weights due to 

hepatic TG accumulation in both mice sub-strains, only the O-NODk mice develop 

hepatomegaly, which was concomitant with increased hepatic TG content.  
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Figure 20: Effect of prolonged HF-feeding on liver weight and hepatic fat accumulation in O-

NODk and RF-NODk mice. Liver tissue presented as absolute weight (A), normalized by % of body 

weight (B) and corresponding hepatic triacylglyceride (TG) accumulation (C) in O-NODk and RF-

NODk mice at the end of the study at 18-24 weeks of age. Data are means ± SEM for n=12 mice per 

group. Two-way ANOVA with Bonferroni post-hoc test; **p<0.01, ***p<0.001. 
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   3.3.7 Gastrocnemius muscle mass 

Reductions in muscle mass (sarcopenia) have been associated with obesity, impaired insulin 

sensitivity and T2D (Srikanthan et al., 2010, Atlantis et al., 2009, Lee et al., 2017, Srikanthan 

and Karlamangla, 2011). Hence, muscle mass was assessed in gastrocnemius muscle of O-

NODk and RF-NODk mice at the end of the study (18-24 weeks of age). The right gastrocnemius 

muscle weights of all mice groups are presented as absolute tissue weights (Figure 21). 

There was no difference in gastrocnemius muscle in terms of absolute weight among both O-

NODk and RF-NODk mice sub-strains, on either NC or HF diet (Figure 21A). However, when 

normalized to body weight, 23 and 18% reduction in muscle weight was observed in both HF-

fed O-NODk and RF-NODk mice compared to their NC-fed controls, respectively (Figure 21B). 

Muscle weight was also lower in the HF-fed O-NODk mice than the RF-NODk mice 

counterparts. This was in line with current literature showing reduction in muscle mass with 

increased obesity. 
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Figure 21: Gastrocnemius muscle mass in O-NODk and RF-NODk mice at the end of the study. 

Gastrocnemius muscle weight presented as absolute weight (A) and normalized by % of body weight 

(B) in O-NODk and RF-NODk mice at the end of the study at 18-24 weeks of age. Data are means ± 

SEM for n=12 mice per group. Two-way ANOVA with Bonferroni post-hoc test; *p<0.05, **p<0.01, 

***p<0.001. 
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   3.3.8 Pancreatic tissue weight and histological analysis 

Obesity can promote alterations in the endocrine pancreas, including increased number of 

pancreatic islets and islet hypertrophy (enlargement) and augmented β-cell mass (Bock et al., 

2003, Roat et al., 2014). Additionally, prolonged exposure to a nutrient excess environment 

can also lead to ectopic fat deposition in the pancreas, if the adipose storage capacity is 

exceeded. The appearance of fat depots in pancreas has been associated with β-cell dysfunction, 

although it is not necessarily the cause. Similarly, infiltration of macrophages in the islets can 

cause inflammation, consequently leading to β-cell dysfunction (Böni-Schnetzler et al., 2008, 

Maedler et al., 2002). Hence, pancreatic histological analysis and comparative islet 

morphometry could provide critical information regarding development of T2D in HF-fed O-

NODk mice and protection in RF-NODk mice. 

 

 3.3.8.1 Pancreas tissue weight 

Pancreas tissue was dissected from both O-NODk and RF-NODk mice at the end of the study 

(18-24 weeks of age) and weighed. The absolute pancreas tissue weight was similar among all 

mice groups and no diet or sub-strain effect on the pancreas weight was observed (Figure 22A). 

However, when normalized to body weight, a 30% reduction in pancreas weight was observed 

in both HF-fed mice compared to their chow controls (Figure 22B).  

 

 3.3.8.2 Pancreas islet morphology 

Blinded microscopic analysis of H&E stained pancreatic sections revealed that both O-NODk 

and RF-NODk mice fed on a NC diet have regular round and oval-shaped islet morphology, 

whereas both mice groups subjected to prolonged HF-feeding presented more enlarged and 

complex shaped islets (Figure 23).  
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Figure 22: Pancreatic tissue weights of NC and HF-fed O-NODk and RF-NODk mice at end point. 

Pancreas weight presented as absolute weight (A) and normalized by % of body weight (B) in O-NODk 

and RF-NODk mice at the end of the study at 18-24 weeks of age. There was no differences in absolute 

pancreas weight between O-NODk and RF-NODk mice on both NC and HF diet, but a 30% reduction 

was observed when tissue weight was normalized to body weight. Data are means ± SEM for n=12 mice 

per group. Two-way ANOVA with Bonferroni post-hoc test; *p<0.05, ***p<0.001. 

 

Figure 23: Representative images of H&E stained pancreatic sections depicting enlarged complex 

shaped islet morphology of O-NODk and RF-NODk mice. Normal islets were represented by regular 

round and oval-shaped morphology in NC-fed mice (A), while larger complex shaped islets (B) were 

observed in HF-fed mice of both sub-strains of mice. Scale bar is 50µm, 20x magnification.  
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   3.3.8.3 Fat accumulation in the pancreas 

During tissue fixation in formalin for preparation of H&E slides, the lipids from adipocytes 

present in the pancreas section are dissolved, leaving the area occupied by these fat cells empty. 

This allows indirect evaluation of fat accumulation within the pancreatic sections by 

determination of these “empty” fat cells. Pancreatic fat deposition was evaluated in one single 

section of the entire pancreas that was H&E stained and scanned using slide scanner, as per the 

protocol detailed in Chapter 2.3.5.1. Since the entire pancreas was scanned, all areas of the 

pancreas including the head, tail and body were included in the analysis. 

Representative images of the fat deposits in O-NODk and RF-NODk mice are shown in Figure 

24 and scored according to a pre-determined criteria for the number of fat deposits (see 

Appendix Table 1). In general, both groups of mice fed on a NC diet displayed infrequent fat 

deposits within the pancreas (Table 3). On the other hand, HF-feeding led to a higher percentage 

of mice with greater number of pancreatic fat deposits compared to NC-fed mice (chi-square, 

p<0.001). This HF diet effect was particularly evident in the O-NODk mice, which had 8 out of 

12 mice that presented with moderate amount of fat deposits, while HF-fed RF-NODk mice only 

had 2 mice with similar amount of fat accumulation (chi-square, p<0.05). A Pearson’s 

correlation coefficient test was performed on the glucose levels of the mice and the severity of 

the pancreas fat accumulation, which showed a positive correlation between the two parameters 

(r=0.6096, p<0.0001). 

Together, these results show that HF-feeding was associated with increased fat infiltration in 

the pancreas. However, O-NODk mice developed a greater degree of pancreatic fat 

accumulation compared to the RF-NODk mice which was directly related to glucose 

concentrations, suggesting that pancreas fat is associated with the diabetes phenotype of these 

mice. However, conclusions about causality are not possible. 
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Table 3: Summary of H&E-stained pancreas sections scored for the presence of fat deposits in 

pancreatic sections of NC or HF-fed O-NODk and RF-NODk mice (18-24 weeks of age) 

 

Mice groups 

Degree of pancreatic fat deposition 

Total mice 

Infrequent Mild Moderate Severe 

O-NODk- NC 8 4 0 0 12 

O-NODk-HF 1 3 8 0 12 

RF-NODk-NC 11 1 0 0 12 

RF-NODk-HF 6 4 2 0 12 

Results are presented as number of mice in each group with respective degrees of fat deposits from one 

pancreatic section. 
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Figure 24: Representative images of H&E-stained pancreas sections illustrating fat deposits in O-

NODk and RF-NODk mice at the end of study. Most NC-fed mice (A-B) showed minimal fat deposits 

(infrequent fat infiltration), whereas HF-feeding led to increased fat deposition in both mice groups, 

with noticeable higher number in the O-NODk mice (moderate fat infiltration) compared to the RF-

NODk mice (mild fat infiltration) (C-D). Scale bar is 200µm, 20x magnification. Yellow arrows point 

towards areas of fat deposition. 
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   3.3.8.4 Pancreatic inflammation 

Although the NODk mice have the MHC H2k locus of the B10 mice which protects them from 

autoimmune diabetes, the presence of insulitis was evaluated in all pancreatic sections to 

eliminate the possibility of an immune attack being responsible for β-cell death and diabetes 

development in the O-NODk mice. 

Histological examination showed no evidence of islet insulitis among any of the mice groups 

studied. However, a small percentage of mice presented chronic peri-ductal (<10%) and peri-

islet (<5%) inflammation, which was detected at low levels in both O-NODk and RF-NODk 

mice (Figure 25 and Table 4).  

Among the NC-fed mice group, only 3 out of 12 O-NODk mice and 6 out of 12 RF-NODk mice, 

presented with mild peri-ductal inflammation. Contrastingly, HF-feeding caused an increase in 

chronic peri-ductal inflammation in both sub-strains of mice (11 out of 12 mice for each sub-

strain, chi-square, p<0.001). HF-fed O-NODk mice group had a higher number of mice that 

presented with moderate peri-ductal inflammation, affecting a greater percentage of ducts, 

compared to RF-NODk mice. Out of the 11 HF-fed O-NODk mice with chronic peri-ductal 

inflammation, 7 mice had inflammation affecting less than 10% of its ducts, 3 mice had 10-

50% of ducts with inflammation, and only 1 mouse had more than 50% of its ducts affected by 

chronic inflammation (Table 4). On the other hand, among the 11 affected HF-fed RF-NODk 

mice, most of them had less than 10% of the ducts affected by chronic inflammation. The one 

HF-fed RF-NODk mouse that developed a high degree of duct inflammation (>50%) was the 

mouse that also developed overt diabetes. Nonetheless, no sub-strain effect was observed in the 

degree of chronic peri-ductal inflammation between O-NODk and RF-NODk mice (chi-square, 

not significant).  
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Peri-islet inflammation was absent in all NC-fed mice, and was observed in only 3 HF-fed mice 

of each sub-strain, affecting less than 5% of the total number of islets present in the section 

(Table 4). 

Collectively, these results show the absence of invasive insulitis in both O-NODk and RF-NODk 

mice. Chronic peri-ductal inflammation, mostly of mild degree, was observed in both sub-

strains of mice, which increased with HF-feeding, but did not differ between the mice sub-

strains. Chronic peri-islet inflammation was seen in a small number of mice in both sub-strains, 

with <5% off islets being affected when present.  
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Figure 25: Representative images of H&E stained pancreas sections showing chronic peri-ductal 

and peri-islet inflammation in O-NODk and RF-NODk mice. Normal islet with no inflammation (A), 

peri-ductal (B) and peri-islet (C) chronic inflammation in the pancreas. Scale bar is 50µm, 20x 

magnification. White arrows point towards the region of peri-ductal inflammation, while yellow arrows 

point towards the region of peri-islet inflammation. 
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Table 4: Summary of H&E-stained pancreas sections scored for degree of chronic peri-ductal and 

peri-islet inflammation in NC and HF-fed O-NODk and RF-NODk mice (18-24 weeks of age) 

Mice groups 

Incidence of peri-ductal inflammation 
Incidence of peri-islet 

inflammation 

Number of 

affected 

mice 

% of ducts affected Number of 

affected 

mice 

% of islets 

affected (average 

of 3 mice) < 10% 10-50% >50% 

O-NODk NC 3/12 3 0 0 0 - 

O-NODk HF 11/12 7 3 1 3 3.5% 

RF-NODk NC 6/12 6 0 0 0 - 

RF-NODk HF 11/12 9 1 1 3 5% 

Results are presented as number of mice in each group with respective degrees of chronic inflammation 

from one pancreatic section. The incidence of peri-islet inflammation over the total number of islets 

was obtained for each of the 3 mice affected. 
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   3.3.8.5 Islet cell apoptosis 

The H&E stained pancreas sections were also preliminarily screened for the presence of 

apoptosis in the islet cells, which was identified by the presence of cells with a dense nucleus 

with fragmented chromatin and dark eosinophilic cytoplasm (Figure 26). 

On the NC diet, O-NODk mice displayed no islet cell apoptosis, whereas only 1 RF-NODk 

mouse presented with evidence of apoptosis in 2.5% of the total islets on its pancreas section 

(Table 5). On the other hand, when stressed by prolonged HF-feeding, more mice developed 

islet cell apoptosis in both sub-strains (chi-square, p<0.001). This was further exacerbated in 

the O-NODk mice, where 10 out of 12 mice showed evidence of apoptosis in approximately 5% 

of the total number of islets, compared to only 3 out of 12 HF-fed RF-NODk mice with apoptosis 

present in an average of 6% of the total islets (chi-square, p<0.01). 

Interestingly, all mice displaying apoptotic pancreatic islet cells are the ones that developed 

hyperglycaemia after prolonged HF diet exposure. This may suggest an increase in islet 

apoptosis with the development of T2D. However, in order to confirm the presence of apoptosis 

specifically in the β-cells, further quantification through dual immunohistochemistry for insulin 

(β-cell marker) and activated caspase-3 (apoptosis marker) is required.  
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Figure 26: Representative image of H&E stained pancreas sections showing islet cell apoptosis in 

HF-fed O-NODk mice. Scale bar is 20µm, 20x magnification. Yellow arrows point towards cells with 

dense nucleus and dark pink eosinophilic cytoplasm. 

 

Table 5: Summary of H&E-stained pancreas sections scored for the presence of islet cell apoptosis 

in chow and HF-fed O-NODk and RF-NODk mice (18-24 weeks of age) 

Mice groups 

Incidence of apoptosis 

Number of mice affected 
% of total islets with 

apoptosis in affected mice  

O-NODk NC 0/12 - 

O-NODk HF 10/12 5.1 % 

RF-NODk NC 1/12 2.5% 

RF-NODk HF 3/12 6.2% 

 

Results are presented as number of mice in each group with evidence of islet cell apoptosis from one 

pancreatic section, and the % of total islets with evidence of apoptosis in the affected mice (n=12 mice 

per group). 
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   3.3.9 Assessment of insulin immuno-stained areas in pancreatic sections 

Pancreatic sections from NC-fed and HF-fed O-NODk and RF-NODk mice were immuno-

stained for insulin and used for determination of islet morphometry, β-cell area and β-cell mass. 

Due to the development of severe hyperglycaemia in some HF-fed mice, the results were also 

stratified according to their non-fasting blood glucose levels at the time of harvesting. 

 

 3.3.9.1 Islet number and size 

The number and size of islets were blindly assessed from a single level of insulin immune-

stained pancreas sections for all mice groups (Figure 27). Both O-NODk and RF-NODk mice 

fed on a NC or HF diet displayed similar islet numbers per pancreas section, regardless of their 

diet (Figure 28A). However, when the total islet numbers were expressed per mm2 of pancreas, 

a significant increase in islet number was observed in both HF-fed O-NODk and HF-fed RF-

NODk mice compared to their NC controls (87.6 ± 4.8 vs 71.4 ± 4.9, HF-fed vs NC-fed O-

NODk mice, respectively, p<0.05) (99.1 ± 5.6 vs 77.0 ± 4.9, HF-fed vs NC-fed RF-NODk mice, 

respectively, p<0.05) (Figure 28B). Nonetheless, there was no sub-strain difference in islet 

numbers expressed per pancreas section or per mm2 of pancreas. 

These islets were then distributed according to their average size into different groups (Figure 

29). Islets smaller than 9000 µm2 can be identified as “small” islets, islets sized between 9000 

and 21,000 µm2 considered as “medium”, and islets larger than 21,000 µm2 as “large” islets. 

Small islets constituted around 75% in number of the total islets in both O-NODk and RF-NODk 

mice irrespective of diet, compared to the medium and large islets. The highest islet frequency 

distribution was observed within the 500-2999 µm2 group for both mice sub-strains. Among 

the small islet groups, there was no significant alteration in size distribution between the NC 

controls. Among the HF-fed mice groups, O-NODk mice had a lower number of very small 
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islets (<499 µm2) compared to HF-diet RF-NODk mice (14 ± 2 vs 25 ± 3 islets per pancreas, 

respectively, p<0.01) (Figure 29). 

In the medium sized islet groups, NC-fed O-NODk mice had a significantly reduced number of 

islets in the 15,000-20,999 um2 range compared to NC-fed RF-NODk mice (p<0.05). On the 

other hand, HF-feeding in the O-NODk mice led to more islets in the 9000-14,999 um2 size 

range compared to its NC control (p<0.05). Nonetheless, there were no sub-strain differences 

in medium-sized islet distribution between the HF-fed O-NODk and HF-fed RF-NODk mice. 

Finally, the NC-fed O-NODk and RF-NODk mice had similar distribution of large islets. A diet 

effect was observed in which HF-fed O-NODk mice displayed higher frequency of bigger islets 

compared to NC-fed O-NODk mice (p<0.05). However, no significant difference in islet size 

and numbers were observed between the HF-fed O-NODk and HF-fed RF-NODk mice (Figure 

29).  

Together, these results show that although HF-feeding led to an increase in overall islet number 

per mm2 of pancreas in both O-NODk and RF-NODk mice, its effect on islet size was more 

evident in O-NODk mice with a shift evident from small islets to large islets. The only clear 

difference between sub-strains was a lower number of the smallest islets in HF-fed O-NODk 

compared to HF-fed RF-NODk mice (Figure 29).  
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Figure 27: Representative images of islets immuno-stained for insulin in pancreatic sections of 

NC and HF-fed O-NODk and RF-NODk mice at the end of the long term study (18 to 24 weeks of 

age). Islets of mice on NC diet (A and D) and HF diet (B and E) were stained for insulin (brown). Box 

C represents the islets of HF-fed O-NODk mice that developed hyperglycaemia (> 12 mM non-fasting 

blood glucose levels), displaying less intense insulin staining than the rest of the groups. Similarly, in 

box F, the islet of the single HF-fed RF-NODk mouse that developed T2D shows a similar reduction in 

islet insulin staining as the diabetic O-NODk mice in box C. Scale bar is 50µm, 20x magnification. 
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Figure 28: Total number of islets present in insulin IHC-stained pancreatic sections of NC and 

HF-fed O-NODk and RF-NODk mice at the end of the long term study (18 to 24 weeks of age).  No 

significant difference in average islet number per pancreas section was observed among any of the 

groups (A). However, when islet numbers were normalized by pancreatic section area (mm2), HF-fed 

mice of both sub-strains showed significantly higher number of islets compared to chow controls (B). 

Data are means ± SEM for n=8 mice per group from an average of 3 pancreatic sections. Two-way 

ANOVA with Bonferroni post-hoc test. *p<0.05. 
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Figure 29: Relative frequency distribution of the size of islets in pancreatic sections of NC and 

HF-fed O-NODk and RF-NODk mice at the end of the long-term study (18 to 24 weeks of age). 

Islets with sizes below 9,000 um2 were designated as small islets, 9,000- 20,999 um2 as medium-sized 

islets and above 21,000 um2 as large islets. There was no significant difference in islet size distribution 

between the two sub-strains fed on a HF diet. Data are means ± SEM for n=8 mice per group from an 

average of 3 pancreatic sections. Two-way ANOVA with Bonferroni post-hoc test. *p<0.05, **p<0.01. 
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 3.3.9.2 Islet β-cell area  

β-cell area was expressed per islet as well as per the total area of the pancreas (Figure 30A and 

C). The results were also further stratified according to the fed-state blood glucose levels 

(Figure 30B and D).  

The % of β-cell area per islet area was similar between both mice groups fed on a NC diet 

(Figure 30A). In response to prolonged HF-feeding, only O-NODk mice had significantly lower 

β-cell area compared to its NC control (74.5 ± 1.1 vs 60.2 ± 4.1%, respectively, p<0.05). 

However, when the islet β-cell area was stratified based on the mice blood glucose levels, it 

was observed that hyperglycaemic HF-fed O-NODk mice (BGL ≥ 12 mM) had a significant 

reduction compared to the rest of the HF-fed O-NODk mice group (56.0 ± 3.7 vs 72.9 ± 6.5 %, 

respectively, p<0.05) (Figure 30B). A similar decrease was also observed in the single diabetic 

HF-fed RF-NODk mouse compared to the rest of the normoglycaemic HF-fed RF-NODk mice 

group (49.5 ± 0 vs 65.4 ± 4.5 %, respectively). 

The % β-cell area occupied in the total area of the pancreas section (Figure 30C), was similar 

among the mice groups, except the HF-fed RF-NODk mice which showed a significant increase 

compared to its NC control (0.9 ± 0.1 vs 0.6 ± 0.1 %, respectively, p<0.05). Upon stratification 

based on blood glucose levels, HF-fed mice of both groups with glucose levels below 12 mM, 

displayed greater β-cell area than the NC-fed mice (1.2 ± 0.2 vs 0.7 ± 0.1 %, HF-fed vs NC-fed 

O-NODk mice, respectively, p<0.01) (0.9 ± 0.1 vs 0.6 ± 0.1 %, HF-fed vs NC-fed RF-NODk 

mice, respectively, p<0.01) (Figure 30D). However, % β-cell area per pancreas was 

significantly reduced in the hyperglycaemic HF-fed mice of both O-NODk and RF-NODk mice, 

compared to the rest of the sub-strains respective HF-fed group. 

  



129 
 

0

20

40

60

80

100

O-NODk NC
O-NODk HF

RF-NODk NC
RF-NODk HF

*

%


-c
e

ll
 a

re
a
/i
s

le
t

A

0

20

40

60

80

100

O-NODk NC

O-NODk HF <12mM

O-NODk HF >12mM

RF-NODk NC

RF-NODk HF <12mM

RF-NODk HF >12mM

%


-c
e

ll
 a

re
a
/i
s

le
t

B

0.0

0.5

1.0

1.5

2.0

%


-c
e

ll
 a

re
a

/p
a

n
c

re
a

s

C

*

0.0

0.5

1.0

1.5

2.0

%


-c
e

ll
 a

re
a

/p
a

n
c

re
a

s

D

**

**

 

Figure 30: β-cell area of NC and HF-fed O-NODk and RF-NODk mice at the end of the long term 

study (18 to 24 weeks of age). The % β-cell area per islet area (A) and per pancreas section (C). Results 

obtained for HF-fed O-NODk mice group were also stratified according to blood glucose levels (≥ or < 

12 mM at fed state) (B and D). HF-fed mice with elevated blood glucose levels presented a reduction 

in the % β-cell area per islet and per pancreas section compared to HF-fed mice without elevated 

glucose. Data are means ± SEM for n=8 mice per group from an average of 3 pancreatic sections. HF 

O-NODk mice with glucose <12 mM (n=2 mice) and ≥12 mM (n=6 mice), HF RF-NODk mice with 

glucose (< 12mM (n=7 mice) and ≥12 mM (n=1 mouse). Two-way ANOVA with Bonferroni post-hoc 

test. *p<0.05, **p<0.01. 
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 3.3.9.3 β-cell mass 

Initial islet β-cell mass assessment of the NC-fed mice revealed that O-NODk mice had 

increased pancreatic β-cell mass compared to NC-fed RF-NODk mice (2.3 ± 0.3 vs 1.7 ± 0.1, 

respectively, p<0.05, n=8 mice/ group) (Figure 31A). On the contrary, while the HF diet 

intervention did not cause significant changes in the O-NODk mice, it led to increased β-cell 

mass in the RF-NODk mice compared to its NC-fed RF-NODk mice (2.6 ± 0.5 vs 1.7 ± 0.1 mg, 

respectively, p<0.05). Despite this, no significant differences were observed in the β-cell mass 

of HF-fed O-NODk and HF-fed RF-NODk mice. 

However, when the β-cell mass of the HF-fed mice groups were stratified based on their 

glycaemic levels, discernible differences were observed between the groups (Figure 31B). In 

the HF-fed O-NODk mice with elevated blood glucose levels (≥ 12 mM), there was a noticeable 

decrease in β-cell mass compared to the non-diabetic mice (1.2 ± 0.3 vs 3.8 ± 1.0 mg, 

respectively, p<0.001), which was also reduced when compared to control NC-fed O-NODk 

mice (1.2 ± 0.3 vs 2.2 ± 0.3 mg, respectively, p<0.01). Similarly, the single diabetic HF-fed 

RF-NODk mouse also displayed approximately a 50% reduction in its β-cell mass compared to 

the rest of its normoglycaemic group. 

The difference in islet β-cell mass after stratification based on blood glucose levels suggests 

the presence of β-cell compensation in mice with increased β-cell mass and blood glucose < 12 

mM, whereas mice with overt diabetes (BGL ≥ 12 mM) have β-cell decompensation in 

association with loss of -cell mass. Loss of -cell mass with hyperglycaemia was evident in 

both sub-strains of mice, but occurred with much greater frequency in the more diabetes-prone 

O-NODk mice (6 of 8 HF-fed O-NODk  mice compared to 1 of 8 HF-fed RF-NODk mice) (chi-

square, p<0.05).  
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Figure 31: β-cell mass in NC and HF-fed O-NODk and RF-NODk mice at the end of the long-term 

study (18 to 24 weeks of age). Results are shown as β-cell mass per mice group (A) or stratified based 

on non-fasting blood glucose levels (≥ or < 12 mM) (B). HF-fed mice with elevated blood glucose levels 

presented a significant reduction in β-cell mass. Data are means ± SEM for n=8 mice per group from 

an average of 3 pancreatic sections. HF O-NODk mice with glucose <12 mM (n=2 mice) and ≥12 mM 

(n=6 mice), HF RF-NODk mice with glucose (< 12mM (n=7 mice) and ≥12 mM (n=1 mouse). Two-

way ANOVA with Bonferroni post-hoc test. *p<0.05. 
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3.4 Discussion 

Although the O-NODk and RF-NODk mice both have similar genetic backgrounds, originating 

from the same NOD mouse strain, albeit with divergent ancestries, their phenotypes were 

observed to be variable with regards to diabetes penetrance. Prolonged exposure to HF-feeding 

revealed that O-NODk mice is more predisposed to weight gain than the RF-NODk mice. Since 

all O-NODk mice develop obesity when fed on a HF diet and show no evidence of resistance to 

diet-induced obesity (DiO), this makes them a great model for HF diet studies. Increased energy 

intake and/or reduced expenditure could be possible factors contributing to weight gain in the 

O-NODk mice. Additionally, several studies have found that rodents overconsume HF diet due 

to its higher palatability (Licholai et al., 2018, van de Giessen et al., 2012). Hence, possible 

differences in palatability sensing between the O-NODk and RF-NODk mice could also be 

playing a role in diet consumption. Therefore, proper measurements of energy expenditure, 

physical activity and food intake, using specialized metabolic cages that causes minimum levels 

of stress to the mice, are required to address these points (Kalliokoski et al., 2013). 

In this study, we also observed that when O-NODk mice were stressed by HF diet, they develop 

obesity-related T2D. These findings suggest that O-NODk mice may carry inherent genetic 

variants that increase the predisposition of pancreatic β-cells to failure in conditions of nutrient-

related stress. The development of hyperglycaemia in the 2 HF-fed RF-NODk mice expands the 

possibility that RF-NODk mice may also be susceptible to the development of diabetes, albeit 

at a slower frequency, possibly after 24 weeks of age. However, it is also likely that these 2 RF-

NODk mice may have retained parts of the genetic material that manifests diabetes 

susceptibility in the O-NODk mice. During the colony refreshment of the O-NODk mice (Figure 

10), the progeny was only back-crossed two times to the NOD/ShiLtJ mice (as described in 

Chapter 1), which means that the RF-NODk mice still carry 12.5% of genetic material from O-
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NODk mice. Therefore, these 2 RF-NODk mice may provide essential information for future 

genetic analysis. 

Hyperglycaemic and euglycaemic-hyperinsulinaemic clamps are the gold standard for studying 

β-cell function and peripheral insulin sensitivity, but it is expensive and requires highly 

specialized techniques (Uwaifo et al., 2002, Shah et al., 2016). However, due to its simplicity 

and low costs, GTT are routinely conducted as a first screening test to predict the development 

of T2D. At 13 weeks of age, ipGTT revealed the development of impaired glucose tolerance 

(IGT) in the HF-fed O-NODk mice in the presence of elevated fasting insulin levels. 

Additionally, it was also observed that the glucose load was unable to trigger a rise in insulin 

levels, suggesting the presence of β-cell dysfunction in these mice. In human studies, a stepwise 

decline in 1st phase insulin secretion has been described in obese youth transitioning from 

normal glucose tolerance to IGT and T2D, while defects in 2nd phase insulin secretion was 

specifically observed with T2D (Weiss et al., 2005). Although the RF-NODk mice were also 

non-responsive independent of diet, it was more evident in the HF-fed O-NODk mice. 

Therefore, HF-fed O-NODk mice may already have defects in their 1st phase insulin secretion 

response. However, in order to confirm reduced insulin secretion in these mice in vivo, 

hyperglycaemic clamp studies will be required. Nonetheless, β-cell function and insulin release 

can be determined in vitro in isolated islets through GSIS tests, which were performed in the 

mice and are described in Chapter 4. 

In this study, a subtle increase in plasma insulin levels were observed in the O-NODk mice 

compared to the RF-NODk mice, even on a NC diet, which was further exacerbated with HF-

feeding in both O-NODk and RF-NODk mice at both fed and fasting states. This phenotype was 

stronger in the O-NODk mice compared to RF-NODk mice, highlighting the possibility of 

inherent insulin hypersecretion in the O-NODk mice and increased β-cell responsiveness to 

excessive nutrients. Prolonged exposure to HF diet resulted in marked hyperinsulinaemia in O-
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NODk mice compared to RF-NODk mice. However, plasma insulin levels in this study were 

measured by radioimmunoassay (RIA), using anti-insulin primary antibody that has 40% cross-

reactivity with proinsulin. Unfortunately, this type of measurement can over-estimate insulin 

levels (Stickle et al., 1999, Hanley et al., 2002). Therefore, separate assays specifically for 

proinsulin and c-peptide were used to assess insulin derivatives. 

Our results showed that circulating proinsulin and c-peptide levels were increased in response 

to HF-feeding, principally in the O-NODk mice, therefore reflecting possible augmented β-cell 

function in these mice in comparison to RF-NODk mice. The ratio between insulin and c-peptide 

was elevated in both O-NODk and RF-NODk mice with HF-feeding. This may imply a possible 

defect in hepatic insulin clearance in these mice, resulting in increased insulin in circulation. 

Reduced hepatic insulin clearance has been associated with reduced insulin sensitivity and 

decline in β-cell function (Galderisi et al., 2019). However, since both O-NODk and RF-NODk 

mice displayed similar reduction in insulin clearance, this defect seems to be a secondary event 

and not the main cause promoting T2D development. Further experiments specifically designed 

to measure insulin clearance by the liver are required. 

Acute elevation of circulating NEFA levels in normoglycaemic subjects and non-diabetic 

subjects predisposed to T2D have been associated with reduced insulin clearance and 

development of hyperinsulinaemia, whereas prolonged exposure was linked to impaired insulin 

secretion due to lipotoxic effects on the β-cell (Balent et al., 2002, Kashyap et al., 2003). 

Similarly, high plasma TG levels are characteristic of diabetes dyslipidaemia and an abnormal 

lipid profile, and can highlight high risk of cardiovascular diseases in T2D patients (Hermans 

and Valensi, 2018). In this study, HF-feeding induced similar increases in circulating NEFA 

and TG levels in both O-NODk and RF-NODk mice, evidencing the presence of dyslipidaemia 

and dysregulated adipose tissue lipolysis, developed as a consequence of adipose insulin 

resistance (Kim et al., 2017, Howe et al., 2011).  
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The adipose tissue profile of the O-NODk and RF-NODk mice showed that long-term HF-

feeding led to a similar increase in subcutaneous fat depots in proportion to the body weights 

of both mice sub-strains. However, HF diet-induced increase in the epididymal fat tissue per % 

of mice body weight was almost 3 times higher in the HF-fed RF-NODk mice compared to the 

O-NODk mice. Despite the increased weight gain, HF-fed O-NODk mice did not substantially 

increase their epididymal fat pads as the RF-NODk mice. Although epididymal fat is technically 

visceral fat, it may not behave the same as intraabdominal visceral fat. The latter is more 

susceptible to the development of crown-like structures around dead cells, in comparison to 

subcutaneous fat (Murano et al., 2008). Epididymal morphometric analysis is required to 

determine whether the adipocytes of the HF-fed O-NODk mice are atrophied and if they are 

surrounded by obesity-associated inflammatory cells, which could suggest WAT dysfunction. 

This could explain the lesser expansion of this fat depot in HF-fed O-NODk mice in comparison 

with HF-fed RF-NODk mice (Weisberg et al., 2003). On the contrary, BAT expansion could 

be reflective of increased activity, thus resulting in increased energy dissipation and protection 

against diet-induced obesity and T2D (Wang et al., 2015, Hamann et al., 1996). In this study, 

BAT weights were equally increased with HF-feeding in both O-NODk and RF-NODk mice. 

Therefore, BAT is unlikely to play a primary role in the development of diabetes in the O-

NODk mice. 

Excessive nutrient intake in obesity has been associated with reduced adipocyte insulin 

sensitivity, leading to the inability of adipocytes to store more NEFA, causing lipid spill-over 

to other non-adipose tissues (Almandoz et al., 2013). Since the HF-fed O-NODk mice had 

higher body weight than the RF-NODk mice, but a disproportionately lower increase in 

epididymal fat depots, this suggests that excess fat in these mice may instead be directed 

ectopically towards other peripheral tissues such as liver and muscles. While no difference in 

gastrocnemius muscle weight was observed among any of the mice groups, interestingly, O-
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NODk mice developed significant hepatomegaly after long-term HF diet consumption. This 

increase was concomitant with a greater increase in hepatic TG content in HF-fed O-NODk 

mice, indicative of liver steatosis. The steatotic phenotype of the O-NODk mice could be due 

to increased uptake of saturated fats from the HF diet or resulting from reduced FFA uptake by 

the adipose tissue due to adipose tissue dysfunction. It could also be associated with anomalies 

in the liver such as increased de novo lipogenesis and/or impaired FFA clearance, since hepatic 

de novo lipogenesis is exacerbated by hyperglycaemia and insulin resistance in NAFLD (Smith 

et al., 2020, Crescenzo et al., 2013). Since hepatic TG accumulation is inversely correlated to 

hepatic insulin sensitivity and insulin clearance, it could potentially be contributing to the 

metabolic phenotype observed in the HF-fed O-NODk mice (Kotronen et al., 2007, Fabbrini et 

al., 2009, Najjar and Perdomo, 2019).  

Although an increase in pancreas size has been described with obesity in subjects, careful 

interpretation of these results needs to be exercised since these observations were derived from 

human studies using imaging techniques such as computed tomography (CT) scans (Saisho et 

al., 2007). Furthermore, pancreas tissue weights resulting from human autopsy reports are also 

not precise due to the difficulty in separation of the tissue from its surrounding tissues and 

duodenal walls (Yagihashi, 2017). Thus, it can be argued that the pancreas tissue weights 

observed in our study cannot be directly compared to clinical reports. Interestingly, in our 

study, prolonged HF-feeding did not lead to major alterations in pancreas weight in both sub-

strains, which was similar to observations made on C57BL/6J mice subjected to a similar length 

of HF diet intervention (He et al., 2020). 

Increasing incidences of pancreatic steatosis have been described in humans and in rodent 

models of T2D, defined as non-alcoholic fatty pancreas disease (NAFPD) (Lee et al., 2009, 

Sepe et al., 2011, Mathur et al., 2007). However, there is still disparity in current literature 

about the link between pancreatic fat and T2D. While some studies report no relation between 
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the two (Yamazaki et al., 2016, Saisho et al., 2007), others have found a positive association 

between pancreatic steatosis and T2D (Lim et al., 2014, Bi et al., 2019). In rodents, increased 

pancreatic fat accumulation was associated with HF diet-induced obesity and T2D (Quiclet et 

al., 2019). In this study, higher incidence of fat deposition was observed in the pancreas of most 

obese mice. Notably, a diet-strain interaction was observed with higher number of fat deposits 

observed in HF-fed O-NODk mice compared to RF-NODk mice. There was a positive 

correlation between glycaemic levels and severity of pancreatic fat accumulation, suggesting a 

possible association between T2D and pancreatic steatosis in these mice. Therefore, prolonged 

HF-feeding and ectopic fat accumulation in the pancreas, could be associated with β-cell 

dysfunction and potentially the diabetes phenotype of the O-NODk mice. Causality between 

the two, however, is not possible from this study. 

Although the NOD mice develop spontaneous insulitis on a NC diet (Alonso et al., 2015), no 

evidence of acute insulitis was observed in any of the mice groups studied herein, regardless of 

their diet or sub-strain background. This is consistent with the protective effects of the MHC 

H2k haplotype in the NODk mice. Instead, chronic inflammation in the peri-ductal region was 

observed in both O-NODk and RF-NODk mice fed on NC or HF diet, in varying degrees. While 

mice fed on a NC diet displayed minimal peri-ductal inflammation, HF-feeding was associated 

with greater severity of inflammation in O-NODk mice, although the number of ducts affected 

were mostly less than 10% of total ducts. However, since the chronic inflammation was only 

present in the peri-ductal and peri-islet region of the pancreas, and did not infiltrate the islets, 

it is unlikely to be a causal factor for the development of T2D in the O-NODk mice. 

Several morphometric studies conducted in rodent models of obesity-induced T2D have 

reported an association between obesity and large islets displaying abnormal morphology 

(Janssen et al., 2001, Roat et al., 2014). In our study, visual inspection of H&E stained pancreas 
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sections provided qualitative evidence of the presence of large complex-shaped islets in the 

HF-fed mice, while insulin immune-stained pancreas sections allowed quantitative 

measurement of islet number and size.  

A significant difference in total islet number was not expected since islet neogenesis occurs 

mostly during fetal development (Levetan, 2010, Bock et al., 2003, Kehm et al., 2018). 

Interestingly, in this study, when the total islet numbers were normalized to the area of the 

pancreas section, an increase in islet number was observed in both HF-fed mice, suggesting a 

potential role of HF-feeding with islet neogenesis. The size distribution of the islets showed 

that small islets made up approximately 75% of the total islet numbers. Deng et al reported an 

association between smaller islets and T2D, while a disproportionate loss of large islets was 

observed in T2D patients (Deng et al., 2004, Kilimnik et al., 2011). Contrarily, in this study, 

the number of small islets was similar between the diabetic and normoglycaemic mice. 

Additionally, while HF-feeding did not affect the islet size of the RF-NODk mice, implying no 

islet expansion, there was an increase in the number of large islets in the O-NODk mice in 

response to HF diet. Expansion in islet size is well-documented in rodent models fed on a HF-

diet (Gupta et al., 2017, Roat et al., 2014). Further experiments are required to test for the 

expression of proliferation marker Ki67, in order to determine an association between islet size 

and the diabetes phenotype in the HF-fed O-NODk mice. However, since no major differences 

in the frequency of large islets was observed with HF-feeding between O-NODk and RF-NODk 

mice, this is unlikely to influence the metabolic phenotype observed among the two mice sub-

strains. 

Butler et al have reported almost 50% increase in β-cell mass in obese subjects compared to 

lean controls, while other studies have also positively correlated β-cell mass to body mass index 

(BMI) (Butler et al., 2003, Yoon et al., 2003). Similar increases in β-cell mass was observed in 
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mice models with obesity (Hull et al., 2005, Sone and Kagawa, 2005, Wang and Brubaker, 

2002). Furthermore, during the pathogenesis of T2D, the β-cell compensation phase is normally 

associated with higher β-cell mass due to increase in β-cell neogenesis, which is followed by 

progressive loss of β-cell mass with T2D (Butler et al., 2003, Yoneda et al., 2013). In 

accordance with current literature, HF-feeding was associated with increased β-cell mass in 

both O-NODk and RF-NODk mice with normoglycaemia. This suggests that these mice may 

possibly be undergoing β-cell compensation in response to increased insulin resistance and HF 

diet-induced obesity. Likewise, a decline in β-cell mass was observed in HF-fed O-NODk mice 

with glucose levels over 12 mM and the single diabetic HF-fed RF-NODk mouse, indicative of 

the onset of β-cell decompensation and loss of -cells in these mice. 

β-cell apoptosis has been associated with decreased β-cell mass in T2D (Butler et al., 2003, 

Sakuraba et al., 2002). A three-fold increase in apoptotic cell death was reported in obese 

diabetic patients compared to lean controls, while other studies have also shown the effect of 

hyperglycaemia and lipotoxicity on apoptotic β-cell death (Federici et al., 2001, Shimabukuro 

et al., 1998, Butler et al., 2003). Although there was no evidence of islet apoptosis in the control 

NC-fed mice, our preliminary results from H&E-stained pancreatic sections showed the 

presence of a small percentage of apoptotic cells in the islets of diabetic HF-fed O-NODk and 

RF-NODk mice. While this suggests a possible association between islet apoptosis and 

development of hyperglycaemia, a more refined technique to confirm the existence of β-cell 

apoptosis in these islets, such as dual immunohistochemistry for insulin and activated caspase-

3, are required. 

In summary, when challenged by prolonged HF-feeding, O-NODk mice present a varied 

phenotype of obesity, diabetes and hyperinsulinemia. At 13 weeks of age, these mice develop 

IGT which is accompanied by loss of 1st phase insulin secretion and inability to induce an 

appropriate insulin response to glucose. After 18 weeks of HF-feeding, they also develop 
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hepatic steatosis-induced hepatomegaly and have a higher degree of pancreatic fat 

accumulation. HF-fed O-NODk mice with non-fasting blood glucose below 12 mM are still in 

the compensation phase with enlarged islets and increased β-cell mass. On the other hand, mice 

that had developed overt diabetes have significantly reduced β-cell mass, possibly due to 

apoptosis, without any evidence of classic insulitis. Therefore, further in vitro β-cell function 

tests are required to determine whether any other alterations in the insulin secretory function of 

the β-cells could be playing a role in the development of the diabetes phenotype of the O-NODk 

mice. 
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Chapter 4 

Results 

In vitro assessment of β-cell function in  

O-NODk and RF-NODk mice 
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4.1 Introduction 

Insulin resistance and -cell dysfunction are the hallmark characteristics of T2D, leading to 

persistent hyperglycaemia. Therefore, regulation of the insulin secretory function of pancreatic 

-cells is vital for maintaining glucose homeostasis. Although glucose is known as the main 

insulin secretion stimulator, GSIS by the β-cells is also modulated by other factors such as fatty 

acids, amino acids, neuronal stimulus and hormones (Rorsman and Ashcroft, 2018). In 

particular, fatty acids are known to play a role in amplification pathways of insulin secretion, 

which is an important process observed during compensatory insulin secretion, established in 

response to obesity-associated insulin resistance. Previous studies have shown that fatty acids 

can induce a marked increase in insulin secretion, particularly in high glucose concentrations 

(Gravena et al., 2002, Nolan et al., 2006a). 

In the previous chapter, long-term HF-feeding led to the development of impaired glucose 

tolerance and hyperinsulinaemia in the O-NODk mice, followed by the development of T2D. 

The in vivo studies showed that at 13 weeks of age, HF-fed O-NODk mice were glucose 

intolerant in association with marked fasting hyperinsulinaemia and a complete lack of insulin 

secretion in response to a glucose load during ipGTT, suggestive of islet -cell dysfunction. 

On the other hand, HF-fed RF-NODk mice were much less glucose intolerant, with lesser 

abnormalities in insulinaemia. Therefore, these results suggest the islet -cells of O-NODk mice 

in response to chronic HF-feeding, over-secrete insulin in the basal state and develop impaired 

nutrient-induced insulin secretion. Worsening glycaemic control in HF-fed O-NODk mice is 

then associated with β-cell apoptosis, loss of -cell mass and the development of a severe T2D 

phenotype. Thus, in this chapter, pancreatic islets from both groups of mice (O-NODk and RF-

NODk) submitted to 4 weeks of diet intervention were isolated for in vitro GSIS experiments. 

The duration of the diet exposure (4 weeks) selected for these experiments was based on 
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previous observations showing that mice from both groups were still normoglycaemic during 

this period, therefore allowing evaluation of islet β-cell function prior to the onset of significant 

hyperglycaemia and its well-known islet glucotoxic effects. 

The GSIS experiments, as well as assessing glucose as the only secretagogue, also investigated 

the effects of acute exposure of pancreatic islets to a mix of fatty acids (palmitate and oleate), 

which are the most common physiological dietary fatty acids. Additionally, we also evaluated 

the effects of the glucose-dependent insulin secretagogue IBMX, which increases intracellular 

cAMP levels and potentiates GSIS in a dose-dependent manner (Komatsu et al., 2002). Finally, 

in order to account for the varied islet sizes with different insulin secretory capacity in the 

endocrine pancreas, normalization parameters such as total islet protein content and total 

insulin content (TIC) were used as reliable correction factors for insulin secretion during the 

GSIS experiments (Henquin, 2019). 

Therefore, the aim of this chapter was to (i) evaluate whether these two sub-strains of NODk 

mice display differential insulin secretory responses to nutrient stimulus and (ii) whether these 

responses would be influencing their phenotype. 

 

4.2 Experimental design 

Age-matched male O-NODk and RF-NODk mice were randomly distributed into NC or HF diet 

groups for feeding from 4-8 weeks of age (Figure 32). Body weight and non-fasting blood 

glucose levels were monitored fortnightly until the end of the study. Prior to euthanasia, tail 

blood was collected for plasma insulin analysis. Islet isolation was performed following 

enzymatic digestion of the mouse pancreas, as described in Chapter 2. Following overnight 

incubation, batches of 8 size-matched islets were submitted to static insulin secretion in the 
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presence of low (3 mM) and high (16 mM) glucose, either in the absence or presence of 0.25 

mM fatty acids (palmitate: oleate mix, 1:1), or 0.1 mM IBMX (detailed in Chapter 2). Secreted 

insulin and respective islet insulin contents were measured at the end of the incubation period. 

Islet protein content was also quantified from islets collected prior to GSIS. This study was 

performed in 8 week old mice fed on HF diet for 4 weeks, since islet β-cells at this age should 

not be affected by apoptosis yet. If GSIS was performed at a later age, the islets would have 

been depleted of insulin due to the high insulin secretion demand and too fragile to be isolated 

for in vitro studies. 

 

 

 

Figure 32: Experimental design of the in vitro study to assess β-cell function in the islets of male 

O-NODk and RF-NODk mice undergoing diet intervention from 4 to 8 weeks of age. Mice were 

placed on NC or HF diet from 4 to 8 weeks of age and pancreatic islets were isolated at the end of the 

study period for in vitro static insulin secretion. 
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4.3 Results 

   4.3.1 Body weight, non-fasting glucose and plasma insulin 

At 8 weeks of age, O-NODk and RF-NODk mice on a NC diet showed no difference in body 

weight (Figure 33A). However, on a HF diet, O-NODk mice were heavier when compared to 

its NC control (30.9 ± 0.7 vs 27.2 ± 0.4 g, HF-fed O-NODk vs NC-fed O-NODk, respectively, 

p<0.001) and its HF-fed RF-NODk mice counterpart (30.9 ± 0.7 vs 26.5 ± 0.3 g, HF-fed O-

NODk vs HF-fed RF-NODk mice, respectively, p<0.001). 

All groups of mice were normoglycaemic when fed on a NC diet, but when stressed by HF-

feeding, both mice sub-strains developed fed-state mild hyperglycaemia compared to their NC-

fed controls (O-NODk, 7.6 ± 0.1 vs 6.4 ± 0.2 mM, HF vs NC, p<0.001; RF-NODk, 7.3 ± 0.2 vs 

6.3 ± 0.1 mM, HF vs NC, p<0.001) (Figure 33B). Nonetheless, neither of the HF-fed mice sub-

strains had developed diabetes by 8 weeks of age. 

Fed-state plasma insulin levels were similar between the NC-fed control O-NODk and RF-

NODk mice (Figure 33C). However, after 4 weeks of HF-feeding, the plasma insulin levels in 

the O-NODk mice were elevated compared to the RF-NODk mice (5.4 ± 1.1 vs 2.7 ± 0.3 ng/mL, 

respectively, p<0.01). 

Taken together, these results show that after 4 weeks of HF-feeding, O-NODk mice were 

heavier and more hyperinsulinaemic than the RF-NODk mice. Both sub-strains, however, had 

developed a similar degree of fed-state mild hyperglycaemia. Thus at this age, we were able to 

perform in vitro assessment of β-cell function in islets that were not yet stressed by more than 

mild hyperglycaemia. 
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Figure 33: O-NODk and RF-NODk mice responses to 4 weeks of HF diet intervention. Male O-

NODk and RF-NODk mice were fed on NC or HF diet from 4 to 8 weeks of age. At the end of the dietary 

period, HF-fed O-NODk mice were heavier than RF-NODk mice counterparts and NC-fed controls (A). 

Both groups of HF-fed mice developed mild elevation in fed-state blood glucose (B), which was 

accompanied by development of significant hyperinsulinaemia in the O-NODk mice (C). Data are means 

± SEM for 12 mice per group. Two-way ANOVA with Bonferroni post-hoc test, *p<0.05, **p<0.01, 

***p<0.001. 
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   4.3.2 Total islet protein content  

The presence of pancreatic islet heterogeneity in terms of size, cellular composition and 

architecture demonstrates the importance of normalization of GSIS during functional islet 

studies, since small islets secrete relatively more insulin due to higher proportion of β-cells 

(Dybala and Hara, 2019, Farhat et al., 2013). Hence, in order to correct for any possible effect 

of variable islet size on insulin secretion, normalization parameters like total islet protein 

content are used. In this study, no differences in islet protein content were observed between 

the O-NODk and RF-NODk mice, on either NC (0.326 ± 0.03 vs 0.393 ± 0.06 µg/islet, 

respectively, p>0.05) or HF diet (0.389 ± 0.06 vs 0.352 ± 0.03 µg/islet, respectively, p>0.05) 

(Figure 34A). However, it is to be noted that islet protein content is not β-cell specific and will 

include protein from other endocrine cell types in the islet.  

 

   4.3.3 Total islet insulin content (TIC) 

Another parameter frequently used for normalization of insulin secretion is total islet insulin 

content (TIC), which provides information about whole islet insulin content, irrespective of β-

cell function or defects in insulin secretion. Therefore, after static insulin secretion, all islets 

from different mice groups and conditions were recovered and sonicated in acid ethanol and 

insulin measurement for determination of TIC. As shown in Figure 34B, no difference in TIC 

was observed between the O-NODk and RF-NODk mice, on both NC (40.902 ± 1.15 vs 40.956 

± 2.21 ng/islet, respectively, p>0.05) or HF diet (42.738 ± 1.61 vs 40.259 ± 1.55 ng/islet, 

respectively, p>0.05). Finally, TIC normalized by total islet protein content to standardize for 

any differences in islet size, was similar across all groups (p>0.05) (Figure 34C). Together, 

these results suggest that 4 weeks of HF-feeding does not induce any significant alterations in 

islet protein or insulin content. 



148 
 

0.0

0.1

0.2

0.3

0.4

0.5

A
P

ro
te

in
 c

o
n

te
n

t

(u
g

/i
s
le

t)

O-NODk NC

O-NODk HF

RF-NODk NC

RF-NODk HF

0

10

20

30

40

50

B

T
o

ta
l 
is

le
t 

in
s
u

li
n

 c
o

n
te

n
t

(n
g

/i
s
le

t)

0

50

100

150

200

C
T

IC
/P

ro
te

in

(n
g

/u
g

)

 

Figure 34: Islet protein and total islet insulin contents in O-NODk and RF-NODk mice following 4 

weeks of dietary intervention. Groups of 60 islets of equal sizes were used for protein quantification 

(A). Islets used for static insulin secretion (8 islets/well) were sonicated in acid ethanol for total insulin 

content (TIC) assessment (B). TIC was also normalized by islet protein content (C). No significant 

difference in islet protein content or TIC was observed between any mice groups. Data are means ± 

SEM for 8-10 mice/group. Two-way ANOVA, non-significant. 
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   4.3.4 GSIS in the presence and absence of fatty acids 

Static islet insulin secretion assays were used to evaluate the β-cell function of the two sub-

strains of mice fed on NC and HF diet for 4 weeks, in response to low and high glucose 

concentrations, in the presence or absence of fatty acids. As expected, incubation of islets in 16 

mM compared to 3 mM glucose robustly stimulated insulin secretion from 2.4-2.9 fold 

depending on mice sub-strain and diet, but on average 2.7 fold (p<0.0001) (Figure 35). Insulin 

secretion in the presence of a mix of fatty acids (1:1 palmitate and oleate) increased insulin 

secretion from 1.3-1.6 fold depending on sub-strain and diet, but on average by 1.4 fold at 3 

mM glucose (p<0.0001) and from 1.2-1.3 fold, but on average 1.3 fold at 16 mM glucose 

(p<0.0001) (Figure 35).  

In the absence of fatty acids, expressed per islet, insulin secretion at 3 mM glucose was not 

different between groups, irrespective of sub-strain or diet. Insulin secretion in the presence of 

16 mM glucose, however, was increased in islets of both HF-fed NODk mice strains compared 

to their islets of their respective NC-fed counterparts (Figure 35A). Of note is a higher insulin 

secretion in response to 16 mM glucose in islets of HF-fed O-NODk mice compared to islets of 

HF-fed RF-NODk mice (Figure 35A). 

In the presence of fatty acids, expressed per islet, insulin secretion at 3 mM glucose was again 

not different between groups, irrespective of sub-strain or diet. Similar to in the absence of fatty 

acids, insulin secretion at 16 mM glucose in the presence of fatty acids was increased in islets 

of HF-fed O-NODk and HF-fed RF-NODk mice compared to their NC-fed counterparts (Figure 

35B). A sub-strain difference was again seen, with higher secretion in HF-fed O-NODk mice 

compared to HF-fed RF-NODk mice when islets were incubated in 16 mM glucose and fatty 

acids (Figure 35B) 
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The pattern of results was similar, whether secretion was expressed per islet (Figure 35A&B), 

as a percentage of TIC (Figure 35C&D), or per islet protein (Figure 35E&F). However, the 

finding of a sub-strain difference was less apparent when the results were expressed per TIC or 

per protein.  

Collectively, these results suggest that, when subjected to HF-feeding, O-NODk mice display 

increased β-cell responsiveness to both high glucose alone and high glucose in combination 

with fatty acids. 
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Figure 35: Glucose stimulated insulin secretion (GSIS) in the presence or absence of fatty acids, 

in O-NODk and RF-NODk mice after 4 weeks of HF-feeding. GSIS was assessed in isolated islets of 

both mice sub-strains, which were incubated with low and high glucose levels in the presence or absence 

of fatty acids (palmitate:oleate 1:1 mix). Insulin secretion (IS) is expressed as ng insulin/islet/45 min 

(A&B), IS normalized to percentage of total insulin content (TIC) /45 min (C&D) and IS normalized to 

islet protein/45 min (E&F). Data are means ± SEM for 7-11 mice/group. Repeated measures three-way 

ANOVA with Tukey post-hoc testing; *p<0.05, **p<0.01, ***p<0.001. 
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   4.3.5 Effect of secretagogue IBMX on GSIS 

Static GSIS was also examined in the presence of IBMX (0.1 mM), a phosphodiesterase 

inhibitor that elevates intracellular cAMP levels in the β-cells (Zhang and Tzanakakis, 2017). 

As expected, IBMX in the secretion incubation media led to an increase in insulin secretion 

from 1.6-1.7 fold depending on sub-strain and diet, but on average by 1.7 fold at 3 mM glucose 

(p<0.0001) and by 1.4 fold irrespective of sub-strain and diet at 16 mM glucose (p<0.0001) 

(Figure 36).  

In the absence of IBMX, expressed per islet, insulin secretion at low glucose was again not 

different between groups, irrespective of sub-strain or diet (Figure 36A). Insulin secretion in 

the presence of 16 mM glucose, but in the absence of IBMX, was increased in both HF-fed 

NODk mice strains compared to their respective NC-fed counterparts (Figure 36A). Insulin 

secretion in response to 16 mM glucose in the absence of IBMX in HF-fed O-NODk mice 

compared to HF-fed RF-NODk mice was again found to be higher, consistent with a sub-strain 

difference (Figure 36A). These results are consistent with those of Figure 35A in which glucose 

was the only secretagogue. 

In the presence of IBMX, expressed per islet, insulin secretion at 3 mM glucose was not 

different between groups, irrespective of sub-strain or diet. Insulin secretion at 16 mM glucose 

in the presence of IBMX was increased in islets of HF-fed O-NODk and HF-fed RF-NODk 

mice compared to their NC-fed counterparts (Figure 36B). A sub-strain difference of islet 

insulin secretion in response to 16 mM glucose plus IBMX was observed, with higher secretion 

in HF-fed O-NODk mice compared to HF-fed RF-NODk mice (Figure 36B). 

The pattern of results was similar, whether secretion was expressed per islet (Figure 36A&B), 

as a percentage of TIC (Figure 36C&D), or per islet protein (Figure 36E&F). While the 

secretion at 16 mM glucose in the absence and presence of IBMX was statistically higher in 
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HF-fed O-NODk mice compared to HF-fed RF-NODk mice when secretion was expressed 

according to islets (Figure 36A&B) and TIC (Figure 36c&D), the difference was only 

significantly different in the presence of IBMX when the results were expressed per islet protein 

(Figure 6E&F). 

Together, these results suggest that through PDE inhibition, IBMX has a significantly greater 

effect in elevating insulin secretion in the HF-fed O-NODk mice compared to the RF-NODk 

mice. 
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Figure 36: Glucose stimulated insulin secretion (GSIS) in the presence or absence of IBMX in O-

NODk and RF-NODk mice. GSIS was assessed in isolated islets of O-NODk and RF-NODk mice and 

incubated at basal and high glucose in the presence or absence of 0.1 mM IBMX. Insulin secretion (IS) 

is expressed as ng insulin/islet/45 min (A&B), IS normalized to percentage of total insulin content (TIC) 

/45 min (C&D) and IS normalized to islet protein/45 min (E&F). Data are means ± SEM for 9 

mice/group. Repeated measures three-way ANOVA with Tukey post-hoc testing; *p<0.05, **p<0.01, 

***p<0.001. 



155 
 

4.4 Discussion 

Several studies have suggested that insulin hyper-secretory responses to nutrient stimulus can 

cause β-cell metabolic acceleration and cellular stress, which in turn leads to dysfunction and 

cell death (Rumala et al., 2020, Corkey, 2012, Cen et al., 2016). The results presented in this 

chapter evaluated the in vitro secretory responses of islet β-cells from O-NODk and RF-NODk 

mice, and revealed that HF-fed O-NODk mice have an increased insulin responsiveness to 

glucose when compared to RF-NODk mice, which may be making them more vulnerable to 

cellular stress and consequently more predisposed to T2D development. 

At 8 weeks of age, O-NODk mice were heavier and more hyperinsulinaemic after 4 weeks of 

HF-feeding compared to RF-NODk counterparts. Similarly, their blood glucose levels were 

mildly elevated (~ 17% higher) in response to HF feeding, but none of them developed a more 

than mild degree of hyperglycaemia prior to the experiments. No alterations in either islet 

protein or TIC were observed between the groups, thereby excluding islet degranulation as a 

possible factor promoting the development of hyperglycaemia in the HF-fed mice. 

Static incubation of isolated islets in the presence of low glucose levels showed no difference 

in basal insulin secretion rates between O-NODk and RF-NODk mice on either diet. In 

accordance with GSIS studies reported in current literature (Weksler-Zangen et al., 2008, 

Rebelato et al., 2018), high glucose concentrations stimulated insulin secretion in both groups 

of mice. Interestingly, a more significant glucose potentiation in insulin secretion was observed 

in islets from O-NODk mice, and principally in those submitted to HF-feeding. The difference 

in the insulin response of the two mice sub-strains to glucose stimulation is not unexpected. 

Various studies performed using diet induced obese C57BL/6 mice sub-strains have reported 

within-strain variability in GSIS (Hull et al., 2017, Attané et al., 2016). The most interesting 

fact in our results is that the in vitro islet insulin response to glucose does not fully translate to 
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the in vivo insulin responses observed during the ipGTT in Chapter 3, where HF-fed O-NODk 

mice, although hyperinsulinaemic prior to glucose stimulation, did not increase their insulin 

secretion in response to the glucose load. Therefore, it is possible that compared to the 

controlled in vitro conditions of this experiment, islets within a whole body environment may 

respond differently to glucose stimulation due to various interactions between other tissues and 

circulating metabolites and other substances that could be inhibiting nutrient-stimulated insulin 

secretion in vivo. Some possible ways to alter the culture medium conditions of the in vitro 

GSIS experiments to mimic in vivo conditions could be to culture the islets in serum from a 

donor mouse, or high FFA/glucose to mimic a glucolipotoxic environment, instead of resting 

the islets overnight in a culture medium with 11 mM glucose. However, this would require 

different serum mediums for each mice group since the in vivo conditions of chow-fed mice 

would be different from the HF-fed mice. 

In this same GSIS experiment, the effect of fatty acids on insulin secretion was also studied, 

since one of the ways fatty acids can potentiate GSIS is by depending on Ca2+ oscillations to 

stimulate insulin exocytosis (Gerst et al., 2019). Additionally, long chain fatty acids also 

activate free fatty acid receptor 1 (FFAR1, also known as GPR40) on the β-cells, which 

enhances Ca2+ release from the ER through activation of inositol 1,4,5-triphosphate (IP3) 

receptors, stromal interaction molecule 1 (STIM1) and Ca2+ channel Orai1 (Usui et al., 2019). 

Thus GPR40 activation leads to potentiation of GSIS in response to fatty acids, whereas 

deletion of GPR40 impairs in vivo GSIS (Alquier et al., 2009, Kebede et al., 2008). 

At both basal (3 mM) and elevated (16 mM) glucose, fatty acids augmented insulin secretion 

by respectively 40% and 30%. Once again, this augmentation in GSIS was most notably 

significant in the HF-fed O-NODk mice. Comparable observations were made by Gravena et 

al when acute stimulation of islets from human and rats with fatty acids led to a glucose dose-
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dependent insulin response, with low response at 3 mM glucose and highest insulin secretion 

at 16 mM (Gravena et al., 2002). These findings also parallel observations made in the 

C57BL/6NJ and C57BL/6NN mice sub-strains, in which it has been speculated that the findings 

relate to genetic differences arising from mutations in genes such as Rptor, a key regulator of 

mTORC1 signaling (Attané et al., 2016). Hence the difference in islet β-cell function between 

the O-NODk and RF-NODk mice, which is more pronounced in HF diet induced obese 

conditions, could be attributed to genetic mutations in genes associated with insulin 

responsiveness such as glucose signaling, mitochondrial function, NADPH/NADP+ ratio 

and/or membrane polarization. 

Currently, there is no consensus about the best way to present GSIS results. Furthermore, a 

study also showed no correlation of GSIS to normalization parameters, and suggested that GSIS 

performed on a small number of similar sized islets does not require normalization, and that 

raw GSIS was sufficient for interpretation (Slepchenko et al., 2019). Therefore, since raw 

insulin secretion prior to normalization and after normalization by TIC, presented similar results 

for the HF-fed O-NODk mice with the same trend corrected for protein, it appears that these 

mice are more predisposed to increased β-cell responsiveness to a nutrient stimulus compared 

to RF-NODk mice.  

Additionally, the difference in insulin responses of the two mice sub-strains when stimulated 

by IBMX was investigated. Although Ca2+ is the key activating signal for insulin exocytosis, 

cAMP has a key KATP channel-independent amplifying role for insulin secretion in the β-cells 

(Tengholm, 2012). Since IBMX can increase intracellular cAMP levels, it is a known 

pharmacological glucose-dependent insulin secretagogue (Zhang and Tzanakakis, 2017). At 

basal glucose conditions, incubation with IBMX led to increased insulin secretion of about 

70%. This augmentation by IBMX was of the order of 40% when islets were stimulated by 
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higher glucose concentrations. Although there was an increase in GSIS with HF-feeding in both 

mice sub-strains, it was significantly higher in the O-NODk mice compared to RF-NODk mice. 

This inter-sub-strain difference in insulin response was stronger compared to stimulation of 

islets with fatty acids, and was observed when GSIS was normalized by islet number, TIC and 

islet protein content. This shows that the β-cells of HF-fed O-NODk mice were significantly 

more insulin responsive to non-fuel stimulus such as IBMX, in the presence of high glucose. 

Amplification of insulin secretion by incretin hormones such as GLP-1 also occurs through a 

similar pathway, by increasing cAMP levels in β-cells (Drucker, 2013, Drucker et al., 1987). 

GLP-1 secretion increases post-meal and accounts for almost 70% of the insulin response to 

glucose load (Drucker, 2013). The islets of HF-fed O-NODk mice are significantly more insulin 

responsive to IBMX-induced increased cAMP levels at high glucose concentrations. Thus, it 

can be speculated that in a whole body setting, post-prandial GLP-1-induced increase in cAMP 

in β-cells with high blood glucose levels could lead to the hyperinsulinaemia observed in HF-

fed O-NODk mice. Nonetheless, further studies are required to investigate the effect of GLP-1 

stimulation on insulin secretion of both mice strains, and to measure GLP-1 release in response 

to a glucose bolus and mixed meals to confirm this premise. 

There are several possible reasons for the improved performance of the islets during the in vitro 

GSIS experiments compared to the in vivo ipGTT experiments. Firstly, the age difference of 

the mice and the differential period of HF feeding in each experiment could be playing a role 

in the improved performance in the in vitro experiments, as the mice were young and the islets 

less stressed by the HF diet due to the shorter period of exposure. At this age (8 weeks), the 

islets were not affected by hyperglycaemia or apoptosis. On the other hand, 13 week old mice 

were chosen for ipGTT since the mice were not yet diabetic at that age.  
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Another reason for higher insulin secretion from the islets could be due to the protocol used, 

where isolated islets were rested overnight in culture medium containing 11 mM of glucose, 

before GSIS experiments began. This could have allowed the islets to better recover after 

isolation, and therefore having a better performance (Alarcon et al., 2016). Unfortunately, the 

overnight recovery was essential to GSIS experiments as trial experiments performed at the 

same day of the islet isolation and after only 2 hours of recovery period did not result in 

successful insulin secretion. Unfortunately, the conditions used in our study did not fully mimic 

the in vivo conditions, which could also be affecting the results, as many factors present in the 

mouse circulation were absent during the overnight incubation. Alternatively, overnight 

recovery of the isolated islets in medium with heat-inactivated serum from a donor mouse 

submitted to similar dietary environment or overnight culture in medium containing high FFA 

and high glucose concentrations to mimic a glucolipotoxic environment, would perhaps be 

more appropriate for GSIS evaluation.  

In summary, in vitro assessment of insulin secretion using isolated islets indicate that the insulin 

secretion responsiveness of HF-fed O-NODk mice is greater compared to RF-NODk mice, when 

stimulated by nutrient excess such as high glucose and fatty acids, as well as IBMX. This 

suggests that O-NODk mice could be more vulnerable to nutrient-induced β-cell stress and 

thereby increased T2D risk, through mechanisms related to increased -cell work. 

Hyperinsulinaemia in these mice could also be inducing obesity and consequently peripheral 

insulin resistance as a protective mechanism, further aggravating the syndrome, and creating a 

vicious cycle resulting in T2D. Therefore, the higher insulin secretion responsiveness of the O-

NODk mice compared to RF-NODk mice could be attributed to genetic differences with 

functional consequences associated with β-cell function. The genetic factors that could be 

influencing the metabolic phenotype observed in the mice sub-strains will be further 

investigated in the following chapters.  
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Chapter 5 

Results 

Inheritance of the diabetes phenotype: 

Crossbreeding experiments 
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5.1 Introduction 

Rodent models have been routinely used in the identification and characterization of novel 

genes and signaling pathways involved in the development of human diseases through selective 

breeding strategies. Also known as artificial selection, this process allows selection of naturally 

occurring polymorphisms or traits of interest at each generation, to produce distinct mouse lines 

that are homozygous for desired traits. This traditional form of genetic manipulation has been 

crucial for diabetes research. Several rodent models of T2D, presenting pathophysiological 

alterations similar to those observed in human disease, have been generated over the years 

(Goto et al., 1988, Attie et al., 2017, Nagao et al., 2012).  

Selective breeding can also adopt a phenotype-driven forward genetics approach, to determine 

changes in allele frequency, which segregate at the loci and affect the phenotype of interest 

(Swallow and Garland, 2005). In a forward genetics study, mutagenic agents are normally used 

to generate random mutations in the mice, which are subsequently screened for specific disease 

phenotype. In this study, the diabetes phenotype observed in the O-NODk mice, is hypothesized 

to result from a genetic mutation. Based on this, a selective breeding study was designed where 

O-NODk and RF-NODk mice were cross-bred to create different mouse lines. The aim of this 

study was to determine the allelic frequency of the diabetes phenotype in the O-NODk mice, 

and identify possible segregation, according to Mendelian laws of inheritance. 

Genetic heterogeneity in the same population is known to cause a spectrum of disease severity, 

based on the pattern of inheritance of the affected gene (McClellan and King, 2010). Hence, 

according to Mendelian laws of segregation, the F1 offspring generated from crossing O-NODk 

and RF-NODk mice, would inherit one copy of allele from each parent (van Dijk and Ellis, 

2016). Punnett squares were also used for each test cross as a valuable tool to predict the 

genotype of the offspring, and to determine the expected Mendelian ratio according to parental 
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alleles. Correlation between the expected genotype ratios with the observed incidence of 

diabetes phenotype, helped us to ascertain whether the diabetic phenotype in the O-NODk mice 

is caused by a homozygous or heterozygous allele, and whether it is a dominant or recessive 

trait. 

 

5.2 Experimental design 

   5.2.1 Cross-breeding to generate F1 mice 

Six breeding cages were set up to generate F1 offspring, with 3 cages containing male O-NODk 

mice cross-bred with female RF-NODk mice, and another 3 cages with female O-NODk mice 

with male  RF-NODk mice. 

The F1 progeny obtained were weaned at 3 weeks of age on a NC diet. At 4 weeks of age, 38 

male F1 mice were selected as experimental mice and placed on either NC diet (n=8) or HF 

diet (n=30), with fortnightly body weight and non-fasting blood glucose levels measurements 

until the end of the study at 24 weeks of age (Figure 37). At the end of the study, non-fasting 

tail blood was collected for blood glucose and plasma insulin analysis. Female F1 mice were 

maintained on a NC diet as breeders for the next generation. 

The ratio of F1 male mice that develop T2D and mice that remain normoglycaemic, when 

subjected to long-term HF-feeding, was used to determine whether the diabetes susceptibility 

factor in the O-NODk mice was homozygous/ heterozygous and dominant/ recessive, based on 

predictive Punnett squares. 
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Figure 37: Experimental design of selective breeding to generate F1 mice by cross-breeding O-

NODk and RF-NODk mice. O-NODk and RF-NODk breeding pairs were set up to generate F1 mice. A 

cohort of male F1 mice were placed on either NC or HF diet from 4 to 24 weeks of age. Fortnightly 

body weight and non-fasting blood glucose levels were measured at 9AM. At the end of the study, mice 

were euthanized and tail blood was collected for measurement of plasma insulin.  
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   5.2.2 Back-crossing to generate F2, O-N1F1 and RF-N1F1 mice 

In parallel to the phenotypic characterization of the F1 male mice, 3 additional breeding 

strategies were initiated when mice were sexually mature, to supplement the results observed 

in the F1 mice (Figure 38).  

i. Male and Female F1 mice were inter-crossed to generate F2 progeny 

ii. Female F1 mice was back-crossed to male O-NODk mice to generate O-N1F1 progeny 

iii. Female F1 mice was back-crossed to male RF-NODk mice to generate RF-N1F1 progeny 

The offspring generated from each breeding method was maintained as a separate mice line. 

At 3 weeks of age, F2, O-N1F1 and RF-N1F1 progenies were weaned on a NC diet. At 6 weeks 

of age, male F2 (n=28), O-N1F1 (n=33) and RF-N1F1 (n=30) mice were placed on HF diet 

until 24 weeks of age. As described in the previous section, phenotypic characterization 

including body weight and non-fasting blood glucose were performed fortnightly, with plasma 

insulin assessment at the end of the study. Mice that presented with two consecutive non-fasting 

blood glucose readings above 20 mM were considered to be too sick to continue with the study 

and were ethically culled. 

Mice displaying non-fasting blood glucose levels ≥ 12 mM at the time of harvesting were 

considered to be diabetic. The ratio of male F2, O-N1F1 and RF-N1F1 mice displaying T2D 

phenotype at 24 weeks of age, was used to determine the mode of inheritance of the genetic 

factor causing diabetes susceptibility in the O-NODk mice, based on predictive Punnett squares. 
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Figure 38: Breeding strategy used for the creation of F2, O-N1F1 and RF-N1F1 mice lines. Firstly, 

O-NODk and RF-NODk mice were crossed to generate F1 progeny. Male and female F1 mice were then 

inter-crossed to generate F2 mice (green box). Female F1 mice were back-crossed with male O-NODk 

mice to create O-N1F1 mice (red box); and finally, female F1 mice were back-crossed with male RF-

NODk mice to produce RF-N1F1 mice (blue box). All offspring generated were weaned on a NC diet. 

At 6 weeks of age, male F2 (28), O-N1F1 (33) and RF-N1F1 (30) mice were subjected to a HF diet 

intervention program, with fortnightly body weight and non-fasting blood glucose monitoring. At the 

end of the study (24 weeks of age), tail blood was collected for measurement of plasma insulin.  
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5.3 Results 

   5.3.1 Phenotypic characterization of male F1 mice 

At 4 weeks of age, all F1 mice displayed similar body weight (Figure 39A). However, with 

continuous nutrient excess provided by the HF diet, F1 mice started to exhibit progressive 

increase in body weight, compared to their NC-fed controls, significantly noticeable from 10 

weeks of age (34.0 ± 0.5 vs 29.4 ± 0.5 g, respectively, p<0.001) (Figure 41A). 

Despite this increased weight gain, most HF-fed F1 mice maintained normoglycaemia until the 

end of the study, similar to values observed in the NC-fed control mice (Figure 39B). At 16 

weeks of age, 2 out of 30 mice developed hyperglycaemia with non-fasting blood glucose levels 

above 12 mM. This promoted a significant elevation in the average blood glucose levels of the 

HF-fed group compared to NC-fed controls (7.8 ± 0.5 vs 6.1 ± 0.2 mM, F1 HF-fed  vs NC-fed 

mice, respectively, p<0.05). Interestingly, their blood glucose levels reduced over time, and by 

24 weeks of age, did not differ from their NC-fed counterparts. Therefore, at the end of the 

study, 0 out of 30 HF-fed F1 mice displayed blood glucose levels above 12 mM. 

At 24 weeks of age, long-term HF-feeding was observed to have caused 10 times higher plasma 

insulin levels in the F1 mice than the NC-fed mice (30.2 ± 5.9 vs 3.4 ± 1.0 ng/mL, F1 HF-fed  

vs NC-fed mice, respectively, p<0.001) (Figure 39C). The ratio between insulin and glucose 

was also significantly increased in the HF-fed F1 mice, compared to the NC-fed controls 

(Figure 39D). This HF diet-induced hyperinsulinaemia in the F1 mice without the development 

of hyperglycaemia suggests the development of insulin hypersecretion and/or delayed insulin 

clearance and insulin resistance. 

Taken together, these longitudinal observations show that although the F1 mice (which are 

genetically 50% O-NODk mice and 50% RF-NODk mice) gained more body weight on a HF 
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diet, they did not display a T2D phenotype similar to the O-NODk mice. However, their insulin 

secretion profile is comparable to the HF-fed O-NODk mice (in Chapter 3). This suggests that, 

when subjected to prolonged HF diet intervention, the phenotype of the F1 mice is intermediate 

to the HF-fed O-NODk and RF-NODk mice. 

 

Comparison of predicted and observed genotype and phenotype ratio 

Based on Mendelian laws, if the allele causing T2D in the O-NODk mice is homozygous and 

the RF-NODk mice also carries a homozygous allele, all the F1 progeny would have the same 

phenotype (Figure 40A). However, if the RF-NODk mice has a heterozygous allele, then only 

50% of the F1 mice would be diabetic, while the other half would be normoglycaemic (Figure 

40B). On the other hand, if the diabetes susceptibility allele in the O-NODk mice is 

heterozygous, then the F1 mice generated by crossing O-NODk and RF-NODk mice would be 

50% diabetic and 50% non-diabetic (Figure 40C).  

Additionally, the selective breeding results would also permit us to predict if development of 

T2D in the O-NODk mice is caused by a dominant or recessive allele. Therefore, if all F1 mice 

placed on a HF diet develop T2D, then the allele would be classified as dominant (Figure 40D), 

whereas if all of them were normoglycaemic, then O-NODk mice carries a recessive allele 

(Figure 40E). Therefore, since overall 0/30 F1 male progeny developed diabetes, it implies that 

the diabetes susceptibility factor in the O-NODk mice is caused by a homozygous and recessive 

allele. 
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Figure 39: Time-course responses and end point blood chemistry of F1 offspring to dietary 

intervention. Fortnightly body weight (A) and non-fasting blood glucose levels (B) were measured in 

male F1 mice placed on either NC or HF diet from 4 to 24 weeks of age. Plasma insulin (C) levels were 

measured at the end of the study, and the ratio between insulin and glucose (D) at end point was 

assessed. Data are means ± SEM for NC (n=8) and HF (n=30) mice per group. Two-way ANOVA with 

Bonferroni post-hoc test, and Students T-test; *p<0.05, **p<0.01, ***p<0.001, F1 NC vs HF. 
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Figure 40: Punnett squares showing genotype prediction of F1 progeny generated by crossing O-

NODk and RF-NODk mice. Based on Mendelian laws of segregation, the phenotype of the F1 progeny 

informs the likely Mendelian inheritance pattern. If the phenotype of the F1 progeny is the same for all 

mice (100% diabetic or 0% diabetic), the O-NODk must be homozygous for the diabetes-linked allele 

(A, D, E). If the F1 progeny are 100% diabetic, this will be due to the presence of a homozygous 

dominant diabetes-linked allele in the O-NODk mice (D). If the F1 progeny are 0% diabetic, this will be 

due to the presence of a homozygous recessive diabetes-linked allele in the O-NODk mice (E). If the 

phenotype of the F1 progeny are 50% diabetic, this will be due to either the O-NODk mice being 

homozygous for a recessive diabetes-linked allele and the RF-NODk mice being heterozygous for this 

allele, or the O-NODk being heterozygous for a dominant diabetes-linked allele (C). 
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   5.3.2 Phenotypic characterization of male F2, O-N1F1 and RF-N1F1 mice 

When challenged by a HF diet, F2, O-N1F1 and RF-N1F1 mice displayed similar progressive 

growth curves for body weight gain (Figure 41A). Non-fasting blood glucose levels begin to 

increase in the HF-fed O-N1F1 mice at 12 weeks of age, compared to the F2 mice (8.8 ± 0.5 vs 

7.0 ± 0.2 mM, respectively, p<0.05) and RF-N1F1 mice (8.8 ± 0.5 vs 7.0 ± 0.1 mM, 

respectively, p<0.05) (Figure 41B). At this same age, 1 O-N1F1 mouse developed frank 

diabetes (two consecutive BGL readings >20 mM). With the progression of time, 4 more mice 

within this group had to be euthanized for the same reasons, before the end of the study. 

The survival curve in Figure 41C shows the % of surviving mice without diabetes (non-fasting 

BGL < 12 mM), and the different time points when mice began to develop diabetes. The T2D 

diabetes phenotype in the O-N1F1 mice begin to appear from as early as 12 weeks of age, 

whereas the two RF-N1F1 mice developed diabetes towards the end of the study. Overall, F2 

mice had a survival rate of 82% mice without the T2D phenotype, whereas the % survival of 

non-diabetic mice was 45% and 93% in the O-N1F1 and RF-N1F1 mice, respectively. Finally, 

all groups of mice were severely hyperinsulinaemic, but the O-N1F1 mice had the highest 

concentration (44.0 ± 6.3 ng/mL) compared to RF-N1F1 mice (23.5 ± 4.7 ng/mL) and F2 mice 

(26.5 ± 5.1 ng/mL) (p<0.05) (Figure 41D).  

Collectively, these results show that despite similar body weight gain, a higher proportion 

(around 55%) of O-N1F1 mice develop diabetes (BGL ≥ 12 mM), accompanied by 

hyperinsulinaemia, which is a similar phenotype as the HF-fed O-NODk mice (in Chapter 3). 

On the other hand, most of the HF-fed RF-N1F1 mice maintain normoglycaemia with normal 

insulin secretion. HF-fed F2 mice had a higher proportion of hyperglycaemic mice than the RF-

N1F1 mice (18% vs 7%, respectively), although their insulin levels were comparable to RF-

N1F1 mice. 
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Comparison of predicted and observed genotype and phenotype ratio 

By the end of the study, 5 out of 28 F2 mice and 18 out of 33 O-N1F1 mice had developed 

T2D. On the other hand, only 2 out of 30 RF-N1F1 mice developed diabetes. Based on 

Mendelian laws of segregation and the finding that 0% of the F1 mice developed diabetes which 

was suggestive of homozygous recessive inheritance of the diabetes genetic factor, predictive 

Punnett squares were created to determine the genotype and diabetes phenotype of the F2, O-

N1F1 and RF-N1F1 mice.  

It was expected that the F2 progeny would have a genotype ratio of AA: Aa: aa (1: 2: 1). 

Therefore, 25% of the F2 mice would be expected to have a genotype of “aa” and develop T2D 

when challenged by long-term HF-feeding. Fortnightly blood glucose measurements showed 

that 18% (5 out of 28 mice) of HF-fed F2 mice developed diabetes. 

Similarly, a cross between F1 and O-NODk mice would generate an O-N1F1 progeny with an 

expected genotype ratio of Aa: aa (ratio 1:1), which would result in 50% of the O-N1F1 mice 

having an “aa” genotype and a diabetes phenotype. Long-term phenotyping of these mice 

resulted in the presence of T2D in 18 out of 33 O-N1F1 mice, further corresponding to 55% 

diabetes incidence. 

Finally, back-crossing F1 mice with RF-NODk mice would result in an RF-N1F1 progeny with 

a genotype AA: Aa (ratio 1: 1), and consequently zero diabetes incidence, since none of the 

mice would be expected to have an “aa” genotype. Interestingly, 2 out of 30 RF-N1F1 mice, 

corresponding to 6% of the total number, unexpectedly developed diabetes when subjected to 

a prolonged HF diet program.  

Together, these data reinforce the results obtained in the F1 mice study, where it was established 

that the diabetes phenotype in the O-NODk mice is caused by a homozygous and recessive 

allele.  
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Figure 41: Longitudinal monitoring of body weight gain, non-fasting blood glucose levels, survival 

curve and end point plasma insulin levels in F2, O-N1F1 and RF-N1F1 mice challenged by HF 

diet. Fortnightly body weight gain (A), non-fasting blood glucose levels (B) and survival curve of mice 

without diabetes (C) were measured in male F2, O-N1F1 and RF-N1F1 mice placed on HF diet from 6 

to 24 weeks of age. Mice that presented 2 consecutive BGL readings above 20 mM were ethically 

culled. The numbers in brackets in (B) denote the number of surviving mice at each time point, whereas 

numbers in brackets in the survival curve (C) are the number of mice that developed diabetes (blood 

glucose levels ≥ 12 mM) at different time points during the study. Plasma insulin levels were also 

measured at the time of harvest (D). Data are means ± SEM for 28 (F2), 33 (O-N1F1) and 30 (RF-

N1F1) mice per group. Two-way ANOVA with Bonferroni post-hoc test; #p<0.05, ###p<0.001, HF-fed 

F2 vs O-N1F1;*p<0.05, **p<0.01, ***p<0.001, HF-fed O-N1F1 vs RF-N1F1. 
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5.4 Discussion 

In this study, a test cross was performed between O-NODk and RF-NODk mice to generate F1 

progeny, which were then placed under nutrient stress conditions (HF diet) for 20 weeks. The 

ratio of F1 mice that developed diabetes was correlated to the predicted genotype ratio. 

However, none of the F1 male mice developed diabetes, therefore, suggesting that the diabetes 

susceptibility factor/ trait in the O-NODk mice is caused by a homozygous and recessive allele. 

Phenotypic characterization of the F1 mice during the long-term diet intervention showed that 

these mice had an intermediate phenotype, with a normoglycaemic profile similar to HF-fed 

RF-NODk mice, but similar hyperinsulinaemia as HF-fed O-NODk mice. Since the F1 mice are 

expected to possess one allele each from its O-NODk and RF-NODk parents, it further shows 

that the diabetes phenotype is associated with homozygous alleles, whereas the heterozygosity 

in the F1 mice allele (Aa) could be playing a protective role by maintaining normoglycaemia. 

The generation of F2, O-N1F1 and RF-N1F1 mice lines, and further phenotypic 

characterization to determine the ratio of mice that developed diabetes when challenged by HF 

diet, supported the observations made in the F1 mice. It was established that the segregation of 

the diabetes susceptibility factor in the O-NODk mice followed Mendelian patterns of 

inheritance. Furthermore, it was observed to be a homozygous recessive trait.  

Traditionally, human genetics has been classified as either rare monogenic traits or polygenic 

complex traits (Schork et al., 2009). Diseases such as T2D demonstrate complex traits, since 

its phenotype does not follow simple Mendelian inheritance laws. Instead, it arises from 

multiple traits affected by an interplay between genetic and environmental factors. Other 

disorders, such as cystic fibrosis for example, results from mutations in a single gene, the cystic 

fibrosis transmembrane conductance regulator (CFTR) (Dechecchi et al., 2018). However, 

recent studies have shown that despite the perceived different allelic architectures of diseases 
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with complex and rare traits, these two groups are not as dichotomous as previously believed, 

but instead are inter-connected (Blair et al., 2013). Furthermore, it has been reported that even 

complex diseases have a unique Mendelian disease allelic architecture that allows identification 

of illness based on its associated Mendelian loci (Blair et al., 2013). Therefore, the identification 

of particular traits involved in T2D development may be possible through associated Mendelian 

loci, if Mendelian patterns of inheritance are followed. 

Results obtained from selective breeding of the two different sub-strains of NODk mice suggests 

that the diabetes trait in the O-NODk mice is segregated as a simple Mendelian homozygous 

recessive trait. This pattern of inheritance is very similar to cystic fibrosis, which is a Mendelian 

monogenic disorder with an autosomal recessive pattern, caused by inheritance of two copies 

of the mutated CFTR gene (Dechecchi et al., 2018). Furthermore, even though diabetes is 

considered a complex trait, rare familial monogenic forms such as maturity onset diabetes of 

the young (MODY) also exist, which has an autosomal dominant inheritance (Barrio et al., 

2002). Therefore, it is possible that a homozygous recessive inheritance is causing increased 

diabetes susceptibility in the O-NODk mice, which is noticeable when these mice are challenged 

by a HF diet for prolonged time periods.   

Interestingly, when F1 mice were back-crossed to RF-NODk mice and the male RF-N1F1 

progeny were subjected to long-term HF-feeding, 2 RF-N1F1 mice developed diabetes. This 

was unexpected since the Punnett square predicted that none of the RF-N1F1 offspring would 

have a genotype that could lead to a diabetes phenotype. The development of diabetes in these 

2 mice was similar to the development of hyperglycaemia in the 2 HF-fed RF-NODk mice in 

the long-term phenotyping study in Chapter 3. This further strengthens the hypothesis that since 

only 2 back-crosses were performed during generation of the RF-NODk mice colony (detailed 

in Chapter 1), the RF-NODk mice still have 12.5% genetic similarity to the O-NODk mice. 

Hence, some of the RF-NODk mice may have inherited the diabetes susceptibility factor of the 
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O-NODk mice within that 12.5%, which could be causing these unexpected development of 

diabetes in the mice. Therefore, analysis of the genotype of these mice will further strengthen 

the validity of candidate genes discovered through further genetic studies in the following 

chapters.  
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Chapter 6 

Results 

Genetic variants associated with 

diabetes susceptibility in O-NODk mice 
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6.1 Introduction 

T2D is caused by a combination of environmental and genetic factors, as observed in 

monozygotic twin studies and the family history of T2D patients (Meigs et al., 2000, Willemsen 

et al., 2015). Rodent studies have also shown the strong effect of the genetic background of 

different mice strains on the insulin secretory response of the β-cells (Mitok et al., 2018). 

Heritable β-cell phenotypes, characterized by altered insulin secretory responses to different 

nutrient stimulus and differing T2D risk, have specific genetic architectures (Keller et al., 

2019). Since many islet function genes are conserved between mice and humans, genome 

analysis of mouse models with diabetes can identify candidate genes that could be associated 

with the pathogenesis of diabetes in humans as well (Keller et al., 2018). 

Genome wide association studies (GWAS) have identified over 143 genetic loci associated with 

T2D and glycaemic traits (Xue et al., 2018). However, GWAS has certain limitations as it does 

not account for environmental interactions, and either excludes or poorly covers variants with 

a minor allele frequency below 5% (Anderson et al., 2008). In contrast, next generation 

sequencing (NGS) techniques which have enabled whole genome sequencing (WGS), allows 

the identification of de novo variants from different population sets and structural variants that 

are overlooked with GWAS. Furthermore, the development of NGS and its increased 

affordability and availability has led to a surge in the use of WGS to rapidly sequence DNA, to 

determine genetic variants in both laboratory and clinical studies (Foley et al., 2015). Hence 

WGS has become an increasingly popular genome analysis method to identify novel gene 

variants. 

Various bioinformatics pipelines are used to analyze WGS data. The Genome Analysis Toolkit 

(GATK) from the Broad Institute is considered the gold standard for identification of genetic 

variants from sequencing platforms. It provides various tools to map the sample sequence to a 
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reference genome, perform quality control and high confidence variant calling for SNPs and 

small structural variants (insertions and deletions) (Van der Auwera et al., 2013). GATK also 

allows exclusion of variants commonly found in healthy mice genomes, and variants that lead 

to amino acid substitution, therefore enabling selection of only predictive disease-causing 

variants. Amino acid substitution(s) can also affect protein function and lead to a range of 

phenotypes, classified as benign to deleterious, which is determined by a SIFT score (Ng and 

Henikoff, 2003). Thus, the use of GATK allows the discovery of gene sequence differences 

including SNPs, indels and structural variants. By using GATK to identify these gene sequence 

changes in T2D mouse models, one can discover novel gene variants in diabetic mice, which 

could be linked to T2D in humans also. 

Phenotyping characterization studies in the previous chapters have established a clear T2D 

phenotype in the O-NODk mice, when challenged by long-term HF-feeding, which was not 

present in the RF-NODk mice. Since both groups were subjected to similar environmental 

conditions, it was hypothesized that a genetic variant in the O-NODk mice could be contributing 

to increased T2D susceptibility compared to RF-NODk mice.  

The aim of this study was to examine the genome of phenotyped diabetes-prone HF-fed O-

NODk and diabetes-resistant RF-NODk mice, to uncover genetic variants in O-NODk mice 

compared to RF-NODk mice, which may underlie the development of T2D in the O-NODk 

mice. This approach may lead to the discovery of novel genes that have not been associated 

with diabetes previously, as well as provide insights into the pathogenesis of T2D that could 

inform the development of novel therapies. 
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6.2 Experimental design 

DNA was extracted from HF-fed O-NODk and RF-NODk mice (n=2/group) and sent to 

Macrogen Inc. for WGS (as described in Chapter 2). Bioinformatics analysis was performed on 

the genomic sequences of the samples, using the C57BL/6J mouse genome as a reference. SNVs 

and structural variants (insertions and deletions) were called using the GATK pipeline. Variants 

were called using Manta, and annotated with dbSNP. A multi-step filtering criteria was further 

applied to select SNVs that were non-synonymous (led to change in amino acid sequence), 

novel (not usually present in the mouse genome) and were predicted to result in a deleterious 

phenotype (based on their SIFT score) (Figure 42). 

This strategy was used to generate a list of rare and deleterious variants that were predicted to 

be involved in pathogenic conditions. This was further shortlisted to select only homozygous 

SNVs, based on the results of the Selective breeding study in Chapter 5. A list of candidate 

genes was obtained and the expression and function of these genes were assessed to determine 

their potential role in the development of T2D. A list of homozygous insertions and deletions 

was also generated for further pathway analysis using ENRICHR software. 

  



180 
 

 

Figure 42: Workflow and filter strategy for identification of structural variants and SNVs that 

could be predisposing O-NODk mice to diabetes. DNA samples from hyperglycaemic HF-fed O-

NODk and normoglycaemic RF-NODk mice (n=2/group) were sequenced and the libraries obtained were 

aligned to a reference C57BL/6J genome. Structural variants and single nucleotide variant (SNV) 

present only in the O-NODk mice were called with GATK, and annotated with dbSNP. A multi-step 

filtering was performed to generate SNVs that were non-synonymous, novel and were predicted to cause 

a deleterious phenotype based on their SIFT score. Final candidate gene selection was based on 

homozygosity. 
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6.3 Results 

WGS was conducted on liver DNA samples of O-NODk and RF-NODk mice, submitted to HF-

feeding for 8 and 12 weeks, respectively. As observed in Table 6, body weights and glycaemic 

levels of HF-fed O-NODk mice were higher than HF-fed RF-NODk mice at the time of DNA 

extraction. These mice were selected for WGS as being diabetes-prone (O-NODk) and diabetes-

resistant (RF-NODk) mice. 

 

   6.3.1 Sequence alignment and Variant calling 

WGS generated DNA libraries for each of the 4 mice, using the Illumina HiSeq XTen 

sequencing platform. The whole genome sequence was aligned to a reference C57BL/6J mouse 

genome, which after quality control and variant calling using GATK and Manta, generated a 

list of genetic variants present only in the O-NODk mice, but not in the RF-NODk mice. Of 

these, 6660 annotated variants were identified, including SNVs and 3950 structural variants 

(1405 insertions and 2545 deletions). Between the two HF-fed O-NODk mice, an 80% overlap 

of SNPs in their whole genome sequence was observed, whereas 72% overlap of SNPs was 

obtained between the two HF-fed RF-NODk mice.” 

 

6.3.2 Annotation and Filtering for SNVs 

Initially, a total number of 1,048,575 SNVs were obtained, which were annotated with dbSNP 

to acquire their gene names and predicted genotype based on SIFT scores (Table 7). This led to 

identification of 286,978 variants, from which 31,475 variants present only in the genome of 

the O-NODk mice that were selected for further analysis. Following gene annotation, the 2710 

SNVs obtained underwent a multi-step filtering system. Firstly, only SNVs that were non-
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synonymous (i.e. led to a change in amino acid sequence) were selected to obtain 133 SNVs. 

Secondly, 117 SNVs that were novel/rare and not commonly observed in the mouse genome 

were chosen. Thirdly, 38 SNVs were selected that were predicted to have a damaging phenotype 

based on their SIFT score (0 to 0.05).  

The final selection criteria applied was based on the results obtained in the Selective breeding 

study, which established that the diabetes susceptibility factor in the HF-fed O-NODk mice is 

likely to be caused by a homozygous recessive allele. Therefore, only homozygous SNVs were 

selected, which resulted in a list of 6 candidate genes that could be associated with the diabetes 

phenotype in the O-NODk mice, namely ATPase type 13A3 (Atp13a3), G protein-coupled 

receptor 125 (Gpr125), potassium voltage-gated channel, subfamily H (eag-related), member 7 

(Kcnh7), myosin heavy polypeptide 4, skeletal muscle (Myh4), nuclear receptor co-repressor 1 

(Ncor1) and olfactory receptor 954 (Olfr954) (Table 8).  

The Atp13a3 gene was selected based on a SNP present on mouse chromosome 16, which led 

to an amino acid change from tryptophan (W) to cysteine (C). The gene ontology (GO) terms 

associate this gene with a protein with ATPase activity that transports cations across 

membranes. The Gpr125 gene codes for a member of the large family of adhesion G-protein 

coupled receptors that have roles in cell surface transmembrane receptor signaling. A non-

synonymous amino acid change was found in the Kcnh7 gene on chromosome 2, which is 

associated with potassium ion transmembrane transport and regulation of membrane potential. 

Chromosome 11 was found to have two different SNPs. The first SNP was present on the Myh4 

gene which codes for myosin heavy chain 4 which is integral to skeletal muscle contraction, 

while the second SNP was on the Ncor1 gene. The GO terms associated with the Ncor1 gene 

reveal its role in regulation of gene transcription and various pathways such as 

phosphatidylinositol-3-kinase signaling, cholesterol homeostasis, lipid transport and glycolysis, 

and its role as an immunometabolic regulator (Geiger et al., 2020). Finally, an amino acid 
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substitution was identified in the Olfr954 gene which is associated with olfactory receptor 

activity and sensory perception of smell. 

Notably, the SIFT score for Ncor1 gene was not available, and the SIFT score for Olfr954 gene 

was deleterious, but with low confidence. Therefore, it is possible that these SNPs may not lead 

to a damaging phenotype, and could be a tolerated SNP, hence requires cautious interpretation. 

 

Table 6: Sample body weight and non-fasting blood glucose data of HF-fed male O-NODk and RF-

NODk mice selected for whole genome sequencing. 

# Strain Diet Age Body weight 

(g) 

Non-fasting blood 

glucose (mM) 

1 O-NODk HF 12 weeks 43.3 12 

2 O-NODk HF 12 weeks 44.1 19 

3 RF-NODk HF 16 weeks 39.6 7 

4 RF-NODk HF 16 weeks 37.4 7 

 

 

Table 7: List of candidate genes with single nucleotide variants (SNVs) present in the genome of 

only HF-fed O-NODk mice, predicted to have a deleterious phenotype 

Criteria All variants 

Total passed variants 1,048,575 

Annotated with dbSNP 286,978 

Variants in O-NODk only 6660 

Single nucleotide variants (SNVs) 2710 

Non-synonymous SNVs 133 

Non-synonymous + Novel SNVs 117 

Non-synonymous + Novel + Damaging SNVs 38 

Non-synonymous + Novel + Damaging + Homozygous SNVs 6 
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 Table 8: List of candidate genes with SNPs present in the genome of HF-fed O-NODk mice that could be associated with the diabetes phenotype.  

Chrm: Chromosome; Ref: Reference, Var: Variant.

Gene Description Chrm Co-ordinate Ref 

base 

Var 

base 

Amino 

acid 

change 

SIFT 

category 

SIFT 

score 

Associated GO terms 

Atp13a3 ATPase type 

13A3 

16 30362642 C A W->C Deleterious 0 ATPase activity; integral to membrane; metal 

ion binding; cation transport; ATP binding 

Gpr125 G-protein-

coupled 

receptor 125 

5 49960675 C T R->Q Deleterious 0 Transmembrane, neuropeptide, cell surface 

and G-protein coupled receptor signaling 

activity; external side of plasma membrane 

Kcnh7 Potassium 

voltage-gated 

channel, 

subfamily H 

member 7 

2 62736032 A G S->P Deleterious 0.01 Potassium ion transmembrane transport; 

signal transduction; integral to plasma 

membrane; regulation of transcription and 

membrane potential; circadian rhythm 

Myh4 Myosin heavy 

chain 4 

11 67252228 C A A->D Deleterious 0.01 Calmodulin and nucleotide binding; 

myofibril; actin binding; focal adhesion 

Ncor1 Nuclear 

receptor co-

repressor 1 

11 62321179 C T A->T N/A N/A Α-β regulatory T cell differentiation; negative 

regulation of PI-3K signaling; positive 

regulation of histone deacetylation; 

cholesterol homeostasis; regulation of lipid 

transport and glycolysis 

Olfr954 Olfactory 

receptor 954 

9 39462157 G A S->N Deleterious 

low 

confidence 

0.03 Integral to membrane; olfactory receptor 

activity; sensory perception of smell 
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6.3.3 Structural variants 

Structural variants (i.e. insertions and deletions) were obtained when called through GATK and 

Manta. In total, 3950 structural variants were identified, of which 1405 were insertions and 

2545 were deletions. Based on the results obtained in Chapter 5 that predicts predisposition to 

T2D in this mouse model is caused by a homozygous allele, a new filter was applied to select 

only homozygous insertions and deletions. This new filter generated a list of 621 insertions and 

651 deletions. Of those, the great majority of insertions were observed to occur in chromosomes 

4 and 5 (Figure 43A), whereas deletions were more frequently observed in chromosome 9 

(Figure 43B). Notably, chromosomes 20, 21 and 22 did not display any insertions or deletions. 

To gain mechanistic insights into any cumulative functions of the genes list manifesting these 

insertions and deletions, further analysis using the web-based Enrichr tool was performed for 

pathway enrichment identification. The top 10 pathways that were identified to be enriched 

with genes containing insertions, included pathways associated with insulin secretion, as well 

as pancreatic exocrine secretion, oxytocin signaling, glutamatergic synapses, cardiac adrenergic 

signaling, cardiomyopathies, axon guidance, gap junctions and purine metabolism (Table 9). 

Pathway enrichment analysis of the genes containing deletions were associated with 

neuronal/brain pathways including the nicotine addiction, endocannabinoid signaling, 

glutamatergic excitatory synapses, axon guidance and depression (Table 10).  

While certain of the enrichment pathways may be implicated in β-cell function, it is still 

possible that a particular insertion or deletion not identified through the pathway enrichment 

analysis, could be associated with the diabetes phenotype in the HF-fed O-NODk mice. Manual 

curation of the 621 insertions and 651 deletions could assist in identification of candidate 

structural variants for further analysis. 
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Figure 43: Chromosomal distribution of filtered homozygous insertions (red) and deletions 

(green) present in the genome of the HF-fed O-NODk mice. The triangles represent the number of 

homozygous structural variants in each chromosome of the O-NODk mice. Chromosome 4 and 5 has 

the highest number of insertions (46 and 45, respectively), while chromosome 9 has the most deletions 

(61). 
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Table 9: Enriched pathway analysis of filtered homozygous insertions present in the genome of 

the HF-fed O-NODk mice. 

# Pathway term Adjusted 

p-value 

Genes 

1 Oxytocin signaling 

pathway 

0.004 Camk2b; Ryr2; Cacna2d3; Cacna2d2; Prkca; 

Adcy1; Ppp3cc; Gnaq; CD38; Ppp1r12b; Plcb1; 

CACNG3; MAP2K5; KCNJ3 

2 Arrhythmogenic right 

ventricular 

cardiomyopathy 

0.006 Ryr2; Tcf7l2; Sgcd; Itgb4; Itga2; Cacna2d3; 

Cacna2d2; Cacng3; Slc8a1 

 

3 Glutamatergic synapse 0.007 Grin3a; Ppp3cc; Gnaq; Grm8; Cacna1a; Prkca; 

Grik1; Dlgap1; Adcy1; Plcb1; Shank2; Kcnj3 

4 Adrenergic signaling in 

cardiomyocytes 

0.012 Camk2b; Ryr2; Ppp2r5e; Gnaq; Cacna2d3; 

Cacna2d2; Prkca; Adcy1; Ppp2r3a; Plcb1; Cacng3; 

Slc8a1 

5 Pancreatic exocrine 

secretion 

0.013 Ryr2; Pla2g12a; Gnaq; Kcnma1; Sctr; CD38; 

Prkca; Adcy1; Plcb1; Cftr 

6 Dilated cardiomyopathy 

(DCM) 

0.013 Ryr2; Sgcd; Itgb4; Itga2; Cacna2d3; Cacna2d2; 

Adcy1; Cacng3; Slc8a1 

7 Gap junction 0.015 Gnaq; Lpar1; Prkca; Grb2; Htr2a; Adcy1; Plcb1; 

Prkg1; Map2k5 

8 Purine metabolism 0.016 Gucy2c; Pde11a; Pde4d; Pde2a; Pde3b; Pde3a; 

Pde6b; Hprt; Adcy1; Ak7; Gucy2f 

9 Axon guidance 0.017 Sema5a; Epha5; Camk2b; Epha6; Arhgef12; Prkca; 

Sema4f; Unc5d; Rgma; Ppp3cc; Slit3; Ephb2; Epha3 

10 Insulin secretion 0.028 Camk2b; Ryr2; Gnaq; Kcnma1; Prkca; Kcnn2; 

Adcy1; Plcb1 

Homozygous insertions present in the genome of the O-NODk mice were chosen to generate a list of 

621 insertions. Pathway analysis was conducted on the genes with these insertions using web-based 

Enrichr tool to generate a list of top 10 enriched pathways with adjusted p-value <0.05.  
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Table 10: Enriched pathway analysis of filtered homozygous deletions present in the genome of 

the HF-fed O-NODk mice. 

# Pathway term Adjusted 

p-value 

Genes 

1 Nicotine addiction 0.000001 Gabrb3; Gsbrr3; Gabra2; Gabrb2; Gabra1; 

Gabrb1; Grin3a; Gabra6; Cacna1a; Gria3; Gabrg2 

2 Retrograde 

endocannabinoid 

signaling 

0.0008 Gabrb3; Gabra2; Gabrb2; Gabra1; Gabrb1; 

Gabra6; Cacna1a; Cacna1d; Gabrg2; Adcy5; 

Gabrr3; Ndufs6; Plcb1; Gria3; Kcnj3 

3 Axon guidance 0.0013 Epha5; Ntng1; Trpc5; Epha6; Arhgef12; Dcc; 

Ptpn11; Unc5d; Efna5; Robo1; Ablimi; Plcg2; Pak7; 

Slit1; Slit3; Ephb1 

4 Glutamatergic synapse 0.0363 Grin3a; Pla2g4e; Slc1a1; Cacna1a; Cacna1d; 

Slc1a6; Plcb1; Gria3; Adcy5; Kcnj3 

5 Long-term depression 0.0404 Gucy1a2; Pla2g4e; Cacna1a; Plcb1; Prkg1; Crhr1; 

Gria3 

Pathways analysis was conducted on the 651 homozygous deletions identified in the O-NODk mice 

genome using Enrichr software, to generate a list of enriched pathways. Significant cut-off criteria 

adjusted p< 0.05. 
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6.4 Discussion 

The whole genome sequence of diabetes-prone O-NODk and diabetes-resistant RF-NODk mice 

were mapped to a reference C57BL/6J mouse genome, to determine genetic variants present in 

the O-NODk mice that could be associated with its diabetes phenotype. Annotation and multi-

step filtering of the variants generated a list of 6 candidate genes with SNPs leading to a 

substitution in amino acid, predicted to result in a deleterious phenotype. The 6 candidate genes 

were Atp13a3, Gpr125, Kcnh7, Myh4, Ncor1 and Olfr954.  

ATPase is a large superfamily of enzymes that couple ATP hydrolysis with transmembrane 

cation transport by creating an ion gradient. P-type ATPase is the largest member of the ATPase 

family, with a distinct simple architecture of only one catalytic subunit, transporting various 

ions and phospholipids across the lipid bilayer membrane (Kühlbrandt, 2004, Palmgren and 

Nissen, 2011). Its 5 subtypes are based on the type of ions they transport, such as the gastric 

H+/K+ ion transport pump (Vagin et al., 2002). ATP13A3 is a P-type 5B ATPase, which is a 

more recent, and hence least characterized class, with unknown substrate specificity, but is 

assumed to be a probable cation transporter as well (Sørensen et al., 2010, Axelsen and 

Palmgren, 1998). These ATPases are found on both internal membrane systems and plasma 

membranes (Sørensen et al., 2010). 

Atp13a3 has been linked to aging and tumour suppression due to its increased expression in 

senescent parenchymal kidney cells (Habtemichael and Kovacs, 2002). It has also been 

proposed as a biomarker for difluoromethylornithine-based therapies in pancreatic cancer, due 

to its role in polyamine transport (Madan et al., 2016). While there is not much research 

conducted on Atp13a3, most studies have shown a strong association with pulmonary arterial 

hypertension (PAH). Gene knockdown in mice and in human pulmonary arterial endothelial 

cells led to the development of PAH, disruption of polyamine homeostasis and apoptosis (Gräf 
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et al., 2018, Legchenko et al., 2020, Liu et al., 2019). Although Atp13a3 is expressed in all 

tissues, including the pancreas, currently there is no literature associating this gene with 

diabetes or any glycaemic traits (Schultheis et al., 2004). However, its role as a transmembrane 

cation transporter with unknown substrate specificity suggests that it could possibly play a role 

in the regulation of insulin secretion in the β-cells, similar to the ATP-sensitive K+ channel and 

the voltage-dependent Ca2+ channel, which are also P-type ATPase channels. 

The second candidate gene obtained from this study was Gpr125, which is also known as 

adhesion G protein-coupled receptor A3 (Adgra3). It is a member of the G protein coupled 

receptor (GPCR) family of integral membrane proteins. GPCRs are embedded in the plasma 

membrane and interact with specialized G-proteins to bind nucleosides GTP and GDP 

(Rosenbaum et al., 2009). In the presence of extracellular signal molecules, GPCRs trigger the 

activation of associated G-proteins and other membrane proteins (Rosenbaum et al., 2009).  

There are 5 main subtypes of GPCRs based on their structure, and Gpr125 is a member of the 

adhesion GPCR subtype (Fredriksson et al., 2003). Gpr125 is an orphan receptor which is not 

yet fully characterized, but is known to be a cell surface receptor involved in transmembrane 

signaling receptor activity. Initially, Gpr125 was studied for its role in Wnt/planar cell polarity 

(PCP) signaling, suggesting a possible role in controlling islet β-cell proliferation (Li et al., 

2013). Gpr125 was further associated with cancer, presenting a tumour suppressing function in 

colorectal cancer, but had oncogenic abilities in myeloid sarcoma (Wu et al., 2018, Fu et al., 

2013). It has also been linked to autosomal recessive retinitis pigmentosa (Fahim et al., 1993). 

Although there is not much literature associating Gpr125 and T2D, one RNA-seq study 

observed that HbA1c levels in patients with T2D were associated with reduced Gpr125 gene 

expression in blood at 2 years follow up (Slieker et al., 2018). Therefore, the role of Gpr125 in 

cell surface receptor signaling pathways and its association with HbA1c could suggest a possible 

link to the diabetes phenotype observed in the O-NODk mice.  
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Kcnh7, the third candidate gene with a predicted deleterious SNP is also known as Eag-related 

protein 3 (ERG-3). It is part of the ether-a-go-go (EAG) superfamily of voltage gated K+ 

channels which can modulate the excitability of neurons. There are 3 sub-types based on their 

sequence and functions: Eag (Kv10) with 2 members, Erg (Kv11) with 3 members and Elk 

(Kv12) with 3 members (Kazmierczak et al., 2013). Most of these are expressed and associated 

with the nervous system. ERG-1 (Kv11.1) has been well characterized due to its role in 

regulation of the action potential repolarization in the heart (Lees-Miller et al., 2003). ERG-2 

(Kv11.2, Kcnh6) has been associated with regulation of insulin secretion and glucose 

homeostasis. Kcnh6 knockout led to increased intracellular calcium ions and hyperinsulinaemia 

in the short-term, and loss of β-cell mass and ER stress in the long-term (Yang et al., 2018). 

ERG-3 (Kcnh7) channels are expressed mainly in the brain, particularly in the cerebral cortex 

and olfactory bulb. Due to its role as a voltage-gated channel, mutations in this gene have been 

associated with seizures and auditory brain stem neurons (Hardman and Forsythe, 2009, Xiao 

et al., 2018). A potential role in the development of bipolar spectrum disorder has also been 

described for this gene (Strauss et al., 2014). 

Although Kcnh6 has shown strong association with the development of diabetes, Kcnh7 has not 

yet been linked to T2D. However, Kcnh7 transcripts were expressed in islets and INS-1 cells, 

along with Kcnh6 (Mühlbauer et al., 2007). Therefore, the similar sequence homology and 

transcript expression of Kcnh6 and Kcnh7 could suggest that Kcnh7 may have a yet 

undetermined potential role in the pathogenesis of T2D. 

One of the 6 candidate genes is Myh4, which encodes for myosin heavy chain. Myosin is a 

motor protein that is actin binding and essential in muscle contraction (Schiaffino et al., 2015). 

Myh4 mutations are associated with myosinopathies (Lindqvist et al., 2013). A mutation in this 

gene led to the development of skeletal muscle myofibrillar degeneration, with homozygotes 

developing hind limb paralysis within 2 weeks of birth (Kurapati et al., 2012). Although not 
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expressed in islets, Myh4 was found to be upregulated in the skeletal muscles of T2D patients 

(Møller et al., 2017). However, there were no other studies reporting any further associations 

of Myh4 and diabetes or glycaemic traits. Therefore, although the SIFT score for the SNP 

mutation in this gene predicted a deleterious phenotype, it is unlikely to be related to the 

development of diabetes in the O-NODk mice in this study. 

The SIFT score for the 5th candidate gene Ncor1, was unavailable, therefore its phenotype could 

not be predicted as deleterious or benign. It is a transcriptional co-regulator linked with 

regulation of various pathways associated with insulin signaling and T2D such as PI3K 

signaling, cholesterol homeostasis and lipid transport (Furuya et al., 2007, Astapova et al., 2014, 

Ou-Yang et al., 2018). Targeted mutation of Ncor1 in muscles increased muscle mass and 

mitochondrial activity, leading to enhanced exercise endurance in mice (Yamamoto et al., 

2011). On the other hand, adipocyte-specific knockout of Ncor1 led to increased obesity, but 

the mice had improved glucose tolerance and insulin sensitivity in peripheral tissues, and did 

not develop diabetes (Li et al., 2011). In the fasting state, Ncor1 prevents hepatic lipid synthesis, 

whereas in the fed state, insulin phosphorylates Ncor1, inducing inhibition of PPARα 

transactivation in the liver. Ncor1- PPARα is then degraded by autophagy, thus regulating 

ketogenesis (Saito et al., 2019). Therefore, while loss of autophagy causes increased Ncor1 

accumulation and defective lipid oxidation, liver-specific Ncor1 knockout increases hepatic 

lipogenesis and oxidative metabolism (Jo et al., 2015, Saito et al., 2019). 

Although Ncor1 is known to be expressed in the pancreas, there is currently no research 

conducted on the role of Ncor1 in the pancreas or islet, nor any pancreatic islet-specific Ncor1 

knockout mice studies. However, Ncor1 knockout studies in the peripheral tissues and their 

association with diabetes suggest a potential role for this gene in the pathogenesis of diabetes. 
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Finally, the 6th candidate gene Olfr954 is a member of the olfactory receptor (OLFR) family, 

which are GPCRs required for detection of odours (Shum et al., 2015). It is not expressed in 

the pancreas and current literature suggests that Olfr954 has no known relationship with 

diabetes or glycaemic traits. Hence, this gene is unlikely to be causative of the T2D phenotype 

of the O-NODk mice when challenged by a HF diet.  

Therefore, among the 6 candidate genes selected from the list of single nucleotide variants, 

Atp13a3, Gpr125, Kcnh7 and Ncor1 present more promising associations with the diabetes 

phenotype in the O-NODk mice. However, since the WGS was only conducted on 2 mice per 

group, further Sanger sequencing for SNP validation in a greater number of mice is required. 

A list of homozygous insertions and deletions present in the genome of HF-fed O-NODk mice 

was generated and pathway analysis was conducted using the Enrichr tool to highlight clusters 

of functionally linked genes among this list. The list of genes with insertions showed 

enrichment in pathways associated with pancreatic exocrine function and insulin secretion, 

where insertions were observed in the following genes: Camk2b, Ryr2, Ppp2r5e, Gnaq, 

Cacna2d3, Cacna2d2, Prkca, Adcy1, Ppp2r3a, Plcb1, Cacng3, Slc8a1, Kcnma1 and Kcnn2. 

Validation of the presence of these insertions in the genomes of more O-NODk and RF-NODk 

mice is required in order to shortlist candidate genes associated with the diabetes phenotype in 

the O-NODk mice. Pathway analysis of genes with deletions did not present with pathways 

known to be associated with T2D. Therefore, further analysis and manual curation of the 

insertions and deletions is required in order to avoid overlooking any strong potential candidate 

genes. 

It is also to be noted that certain regions of the genome may not have been completely and 

accurately aligned, since the reference mouse genome used was the C57BL/6J mouse, which is 

different from the NOD mouse genome. Strain-specific differences were observed when the 
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C57BL/6J mice genome was aligned to 16 widely used inbred mouse strains, including 

NOD/ShiLtJ, leading to gaps in the sequence (Lilue et al., 2018). However, since the full NOD 

reference genome library is not available, the well-characterized C57BL/6J mouse genome had 

to be used as a reference. 

Finally, due to the small sample size used in this study, further analysis of the transcriptome in 

more mice would provide insights into the biological effects of these variants and supplement 

the observations made through WGS of the O-NODk and RF-NODk mice. 
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Chapter 7 

Results 

Transcriptomic alterations in the 

O-NODk and RF-NODk mice 
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7.1 Introduction 

High throughput whole transcriptome sequencing (RNA-seq) has been widely used for 

transcriptome profiling of specific tissues and cell types in an unbiased fashion, allowing 

identification and quantification of differentially expressed genes (DEGs) (Kratz and Carninci, 

2014). Through transcriptome assembly and alignment of the RNA sequencing reads to a 

reference genome, it can also be used for identification of novel transcripts, alternative spliced 

isoforms, single nucleotide polymorphisms (SNPs) and indels (insertions and deletions). This 

technique also allows interpretation of the functional aspects of the genome and identification 

of biological pathways affected by changes in the genetic sequence. RNA-seq has been used 

for the identification of dysregulated genes and discovery of novel biomarkers associated with 

risk prediction for T2D (Christodoulou et al., 2019, Wu et al., 2017). 

In the whole genome sequencing results described in chapter 6, SNPs in 6 candidate genes and 

over 500 indels (i.e. deletions, fusions and insertions) were observed in the genome of O-NODk 

mice, compared to RF-NODk mice. Therefore, the RNA-seq analysis was performed to 

investigate the whole transcriptome of the two NODk mice sub-strains in response to either NC 

or HF diet and provide further insights about exon areas that were of interest but did not map 

cleanly to the genome reference. 

The aims of this chapter were: i) to conduct RNA-seq in islets of O-NODk and RF-NODk mice 

fed on either chow or HF diet, for identification of differential transcriptomic responses to diet 

stress between the two mice sub-strains that could be predisposing to T2D and ii) to provide 

additional sequencing information to resolve areas of the exon that were not clearly mapped in 

the whole genome sequencing, described in the previous chapter. Overall, it was expected that 

this approach would lead to the identification of genetic alterations that are translated into 
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functional modifications associated with T2D predisposition in the O-NODk mice and 

protection in the RF-NODk mice. 

 

7.2 Experimental design  

Age-matched male O-NODk and RF-NODk mice were placed on either normal chow (NC) or 

HF diet from 4 until 14 weeks of age (n=8/group). At the end of the study period, pancreatic 

islets were isolated for RNA extraction and subsequent sequencing using 150 bp paired end 

reads (n=4/group) was performed, as detailed in Chapter 2. Due to the costs involved in RNA 

sequencing, only 4 out of 8 mice were randomly selected across all groups to perform 

sequencing. The rest of the 4 mice islets were reserved for validation of gene expression in 

future studies. Transcriptome assembly was approached by alignment of the RNA sequencing 

reads to the reference genome (C57BL/6J) to construct transcripts, as depicted in Figure 44. In 

addition, de novo assembly to detect overlapping reads and creating a whole transcript is 

planned as future work (Figure 44). Details of RNA sequencing and bioinformatics analysis are 

described in Chapter 2. 
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Figure 44: RNA sequencing data analysis workflow of the islet transcriptome of O-NODk and RF-

NODk mice. Pancreatic islets were isolated from O-NODk and RF-NODk mice fed on chow or HF diet 

from 4-14 weeks of age, and used for RNA isolation. Following RNA quantification and quality 

determination, RNA sequencing was performed (n=4 per group). In this study, reads were mapped to a 

reference C57BL/6J mouse genome and gene expression levels were determined (workflow A). Pair-

wise comparisons were conducted to screen for differentially expressed genes (DEGs) with voom-limma 

software and heat maps were generated using ClustVis. Sequences that did not align to the reference 

genome were assigned for de novo assembly (workflow B), in future studies. 

 



 

199 
 

7.3 Results 

   7.3.1 Mice sample data 

In order to uncover genome-wide transcriptional changes associated with islet dysfunction prior 

to diabetes development, RNA-seq analysis was performed in islets isolated from O-NODk and 

RF-NODk mice, fed either NC or HF diet from 4-14 weeks of age. As previously observed, O-

NODk mice on both diets displayed a progressive increase in body weight compared to RF-

NODk mice, and by 14 weeks of age, HF-fed O-NODk mice were significantly heavier than 

HF-fed RF-NODk mice (42.0 ± 1.0 vs 35.9 ± 1.5 g, respectively at 14 weeks of age, p<0.05) 

(Table 11). The 10 weeks of HF-feeding did not result in development of moderate to severe 

hyperglycaemia in any mice, although two HF-fed O-NODk mice had mildly elevated blood 

glucose levels (7.7 mM and 8.7 mM) compared to other mice in this same group (5.9 mM and 

7.0 mM) and the HF-fed RF-NODk group (5.9-7.0 mM) (Table 11). 

 

Table 11: Body weight and non-fasting blood glucose levels of O-NODk and RF-NODk mice 

subjected to either NC or HF diet for 10 weeks, at the end of the study. 
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   7.3.2 Read alignment accuracy 

RNA-seq performed using the TruSeq Stranded mRNA by Illumina (150 bp paired end reads), 

yielded libraries with an average size of 23 million raw reads (Table 12). Of those, 45% of the 

reads (10.35 million) that aligned concordantly to both sides of the paired end reads of the 

C57BL/6J reference mice genome, were subjected to transcript assembly, using StringTie. The 

rest of the reads that either mapped to only one side of the paired end reads or did not map, 

which reflect inconsistencies between the NODk mice and the reference genome, were extracted 

for future analysis by de novo transcriptome analysis, as these reads may be useful for detection 

of big indels and/or structural rearrangements that could be associated with functional changes 

leading to T2D. Of note, due to the challenges imposed by the de novo assembly, including 

complexity and time-consumption, this study will focus only on the analysis of paired end reads 

with 100% concordance to the related reference genome. 
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Table 12: Summary of reads alignment concordance to the reference C57BL/6J mouse genome 

using Hisat2, following RNA-seq 
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   7.3.3 Quality control (variabilities and outliers) 

The characteristics of the RNA sequencing data generated in this study for the 16 different mice 

samples were visualized using multidimensional scaling analysis (MDS) plots based on gene 

expression data matrices (Figure 45A). Theoretically, samples with different gene expression 

profiles are expected to cluster in different areas of the plot. Interestingly, in this study, a clear 

cluster separation between O-NODk and RF-NODk mice sub-strains on both diets was not 

observed, as 12 of the 16 mice, irrespective of strain or diet clustered reasonably close together. 

Thus, for the most part, biological variations in mRNA expression within islets of the sub-

strains is minimal, with little effect of diet. This could be due to the fact that both sub-strains of 

mice belong to the same NOD mouse strain. 

Interestingly, the MDS plot analysis showed that two samples (i.e. #7 and 8) were clearly 

separated from the others. Of note, these samples were obtained from the two HF-fed O-NODk 

mice that had mildly elevated blood glucose levels. These results could be due to a glucose 

effect on the clustering of the samples which was seen with HF-feeding of the O-NODk mice 

only. 

Additionally, the MDS plot showed that sample #1, obtained from a NC-fed O-NODk mouse, 

was also located apart from the other samples. In fact, the total number of reads and mappability 

obtained for this specific sample was reduced compared to the other sample libraries, thus 

indicating poor quality sequencing. Hence, this sample was classified as an outlier and 

conferred a lower sample weight in the subsequent adjustment steps to prevent skewing and 

misinterpretation of the RNA sequencing results (Figure 45B). Sample #9 a chow-fed RF-

NODk mouse was also a possible outlier that was assigned a lower sample weight, although less 

so than for Sample #1. Finally, following quality control adjustments, 12,279 genes were 

identified and used for further analysis of differential gene expression. 
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As described in Table 12, only 4.5 million reads was obtained for sample # 3 compared to the 

rest of the samples analyzed. Therefore, it could be treated as an outlier and removed from the 

analysis or assigned a lower sample weight and be kept in the study. However, library size is 

only one of the many elements that are used to estimate sample quality and the quality of the 

reads of this sample was high enough to not be regarded as an outlier. 
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Figure 45: Multidimensional scaling analysis (MDS) plot of RNA-seq data and specific weight 

adjustment according to quality of the sequenced reads. MDS plot showing intra and inter-group 

sample variability and outliers. Each circle represents the islet sample from a single mouse with the 

colours representing mice groups (Dot colors, pink: O-NODk-NC (#1-4), red: O-NODk-HF (#5-8), light 

blue: RF-NODk-NC (#9-12), dark blue: RF-NODk-HF (#13-16), n=4/group). Sample #1 is identified as 

an outlier (black box), while samples #7 and #8 were observed to cluster separately from the other two 

mice of its group (red box) (A). Sample–specific weights graph depicting biological/technical outlier 

(red arrow) and possible outlier samples that were conferred a lower weight adjustment compared to the 

other samples to prevent skewing of results (B). 
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   7.3.4 Differential expression analysis of O-NODk and RF-NODk mice 

After pooling the data for both sub-strains, a three way differential gene expression analysis 

was performed, as summarized in Table 13. The approach used was a direct comparison 

between the two mice sub-strains (O-NODk and RF-NODk). 

The 1st analysis was conducted regardless of diet (n=8 mice/ group), using adjusted p-value < 

0.05 for significance (Padj < 0.05); the gold standard for selection of differentially expressed 

genes (DEGs) of statistical significance. This analysis identified only 17 DEGS out of 12,278 

genes, which includes one down-regulated gene and 16 up-regulated genes in the O-NODk mice 

compared to RF-NODk mice. Further comparisons investigating the diet effect also generated 

a very small number of DEGs, including 6 up-regulated DEGs for the NC-fed mice and 48 

DEGs (1 down- and 47 up-regulated) for the HF diet-comparison (Table 13). 

 

Table 13: Number of differentially expressed genes (DEGs) obtained with pair-wise comparisons 

of O-NODk mice vs RF-NODk mice, irrespective of diet (analysis #1), for mice on chow diet only 

(analysis #2), and for mice on HF diet only (analysis #3), with a selection criteria of P adj. < 0.05. 
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Subsequent pair-wise comparisons were made using a selection criteria of p< 0.05 instead of 

Padj < 0.05, which was applied to all 3 analyses to generate a list with the top 20 genes 

putatively differentially expressed between the O-NODk and RF-NODk mice. For the first 

analysis (i.e., sub-strain comparison independent of dietary effect), Purkinje cell protein 4 

(Pcp4), which has been linked to the calmodulin dependent kinase signaling pathway and 

regulation of neuronal differentiation (Mouton-Liger et al., 2011), was found to be down-

regulated in the O-NODk mice (Table 14). The top 3 of the 19 up-regulated DEGs in the O-

NODk mice include Syndecan 2 (Sdc2); which encodes for an integral membrane protein 

associated with cell adhesion and signaling, Succinate-CoA ligase GDP-forming subunit beta 

(Suclg2); linked to the tricarboxylic acid cycle and Carbonyl reductase 3 (Cbr3), a NADPH-

dependent cytosolic enzyme involved in prostaglandin pathway and oxidative stress (Ebert et 

al., 2010, Choi et al., 2009). 

Additionally, hierarchical clustering of the top 50 expressed genes (p< 0.05) between the two 

mice sub-strains was arranged as a heat map to allow visualization of inter-sample variations 

in gene expression for both O-NODk and RF-NODk mice (Figure 46). Even among the top 50 

expressed genes, 94% of the genes were up-regulated in the O-NODk mice, compared to the 

RF-NODk mice. Of note, this heat map also illustrated the different transcriptome profile 

observed within the HF-fed O-NODk mice samples with the two mice that had mildly higher 

glycaemia, the 7th and 8th from the left-hand side, therefore indicating intra-group variation. 

Additionally, the first sample noted in this figure (left to right, NC-fed O-NODk), previously 

reported as a biological/technical outlier in Figure 45, was also observed to cluster differently 

and away from the rest of the O-NODk samples. 
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Table 14: Top 20 differentially expressed genes (p< 0.05) obtained through comparison between 

the O-NODk and the RF-NODk mice, independent of diet (n=8/ group). Altered genes classified as 

down-regulated (blue) and up-regulated (red) were ranked according to their respective p values. 
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Figure 46: Visualization of gene clusters among O-NODk and RF-NODk mice. A heat map of the 

top 50 expressed genes (p< 0.05) showed that only 3 genes were down-regulated, whereas 47 others 

were up-regulated in the O-NODk mice compared to the RF-NODk mice. 
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   7.3.5 Sub-strain effect on transcriptome of O-NODk and RF-NODk mice 

A second set of pair-wise comparison was conducted between the NC-fed O-NODk and RF-

NODk mice (n=4/group) to identify innate differences in the transcriptome of the two mice sub-

strains, without the adjunct effects of HF-feeding. 

As previously mentioned, this comparison only produced 6 DEGs (q< 0.05), which were all up-

regulated in the NC-fed O-NODk mice compared to the NC-fed RF-NODk mice. The 6 DEGs 

identified included Sdc2, Suclg2, DNA-directed RNA polymerase II subunit RPB4 (Polr2d) 

responsible for encoding RNA Polymerase II, radial spoke head protein 3 homolog B (Rsph3b) 

which encodes a protein kinase A anchoring protein, metal regulatory transcription factor 1 

(Mtf1) responsible for heavy metal homeostasis and FYVE and coiled-coil domain autophagy 

adaptor 1 (Fyco1) which is responsible for transport of autophagic vesicles (Jivan et al., 2009, 

Egli et al., 2003, Pankiv et al., 2010). Using a similar criteria of p< 0.05 as described in 7.3.4, 

a list containing the top 20 expressed genes with putative differential expression between the 

two mice sub-strains was obtained (Table 15). Only 2 out of the 20 genes were down-regulated 

in the NC-fed O-NODk mice compared to the NC-fed RF-NODk mice, which includes Pcp4 

and the decidual protein induced by progesterone autophagy regulator (Depp1), while the 

remaining 18 genes were up-regulated. Notably, most of these genes have a log2 fold change < 

1, suggesting low inter-sub-strain transcriptomic differences between O-NODk and RF-NODk 

mice.  

The heat map illustrating the hierarchical clustering of the top 50 expressed genes (p< 0.05) 

between the NC-fed mice sub-strains also showed that 47 out of the 50 genes were up-regulated 

in the NC-fed O-NODk mice compared to the NC-fed RF-NODk mice (Figure 47). Overall, NC-

fed O-NODk mice do not have stark differences in gene expression when compared to the RF-

NODk mice. 
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Table 15: Top 20 expressed genes (p<0.05) in NC-fed O-NODk mice vs RF-NODk mice (n=4/ 

group). Altered genes classified as down-regulated (blue) and up-regulated (red) were ranked 

according to their respective p values. 
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Figure 47: Heat map of the top 50 expressed genes (p< 0.05) with altered expression in NC-fed O-

NODk and RF-NODk mice. 3 out of the top 50 genes (Pink1, Pcp4 and Depp1) were down-regulated 

in the NC-fed O-NODk mice compared to RF-NODk mice, while the other genes were up-regulated. 
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   7.3.6 HF-diet effect on transcriptome of O-NODk and RF-NODk mice 

In the third pair-wise comparison, the transcriptome of HF-fed O-NODk mice was compared 

with HF-fed RF-NODk mice (n=4 mice/ group) to determine the effects of nutritional excess, 

on their gene expression.  

A strict selection criteria of Padj < 0.05 identified only 48 DEGs, of which only Pcp4 was down-

regulated in the HF-fed O-NODk mice, while the rest were up-regulated (Table 13). The top 20 

DEGs in this pair-wise comparison also included some previously identified genes, including 

Sdc2, Suclg2 and Cbr3 (Table 16). HF-fed O-NODk mice also showed up-regulation in genes 

that were not differentially expressed in the NC-fed mice, such as interferon alpha inducible 

protein 27 (Ifi27) which is involved in apoptotic signaling pathways, P2X purinoreceptor 4 

(P2rx4) associated with Ca2+ ion channel activity and guanylate cyclase 2 (Gucy2c) which is a 

transmembrane receptor involved in the regulation of intracellular cyclic guanosine 

monophosphate (cGMP) and KCl-induced insulin secretion (Wang et al., 2018, Egan and 

Khakh, 2004, Steinbrecher, 2014, Valentino et al., 2011, Kobayashi et al., 2016).  

The heat map of the top 50 ranking expressed genes with p<0.05 in this pair-wise comparison 

between HF-fed mice showed great inter-group variation in the HF-fed O-NODk mice group, 

where 2 samples clearly clustered separately from the rest of the group (Figure 48). These two 

samples had a very different gene expression profile, including 38 up-regulated genes out of 

the top 50 having a higher log fold change in their expression compared to the rest of the group. 

The differential expression pattern observed in these 2 HF-fed O-NODk mice could be due to 

differences in blood glucose levels and may not be related to inherent difference in the 

transcriptional pattern between the two sub-strains. Therefore, to better explore this possibility 

and also to prevent any confounding effects of glycaemia on gene expression profiles, the HF-

fed O-NODk mice group was further stratified based on their blood glucose levels.  
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Table 16: Top 20 expressed genes (p<0.05) in HF-fed O-NODk mice vs RF-NODk mice (n=4/ 

group). Altered genes classified as down-regulated (blue) and up-regulated (red) were ranked 

according to their respective p values. 
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Figure 48: Heat map of the top 50 expressed genes (p< 0.05) with altered expression in HF-fed O-

NODk and RF-NODk mice. 3 out of the top 50 genes (Pink1, Pcp4 and Depp1) were down-regulated 

in the NC-fed O-NODk mice compared to the RF-NODk mice (A), whereas only 1 gene Pcp4 was down-

regulated in the HF-fed O-NODk mice compared to the RF-NODk mice (B). 
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Pair-wise comparisons were conducted between the two HF-fed O-NODk mice with lower 

glycaemia (n=2) and HF-fed RF-NODk mice (n=4). This comparison identified 161 DEGs with 

Padj < 0.05, of which 49 were down-regulated and 112 were up-regulated in HF-fed O-NODk 

mice. There was up-regulation of previously observed genes in the HF-fed O-NODk mice such 

as Sdc2, Suclg2 and Cbr3. Additionally, increased expression was also observed in ribosomal 

Protein S6 Kinase A2 (Rps6ka2), a protein serine/threonine kinase that regulates diverse 

cellular processes such as cellular growth, motility, survival and proliferation, PILR alpha 

associated neural protein (Pianp) which is a ligand for paired immunoglobulin-like type 2 

receptor alpha (PILRA) involved in immune regulation and increased risk of Alzheimer’s 

disease, and apoptosis associated tyrosine kinase (Aatk) in the HF-fed O-NODk mice, was also 

observed (Table 17) (Rathore et al., 2018).(Slattery et al., 2011, Milosevic et al., 2013) 

On the other hand, genes involved in regulation of cell proliferation and apoptosis such as 

serine/threonine-protein phosphatase 4 regulatory subunit 3B (Ppp4r3b) and Cullin 4B (Cul4b) 

were down-regulated in HF-fed O-NODk mice. The heat map in Figure 49 also illustrates the 

clear difference in transcriptome of the HF-fed O-NODk mice which clustered differently than 

the HF-fed RF-NODk mice. Overall, HF-feeding led to a higher proportion of down-regulated 

genes (16 out of the top 50 genes) in HF-fed O-NODk mice compared to HF-fed RF-NODk 

mice. 
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Table 17: Top 20 differentially expressed genes in HF-fed O-NODk mice with lower glycaemia vs 

RF-NODk mice (n=2 vs 4/ group, respectively). Altered genes classified as down-regulated (blue) 

and up-regulated (red) were ranked according to their respective p values. 
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Figure 49: Heat map of the top 50 DEGs in HF-fed O-NODk and RF-NODk mice. Transcriptome of 

the HF-fed O-NODk mice with lower glycaemia (HF1) was compared to HF-fed RF-NODk mice to 

exclude the effects of hyperglycaemia on gene expression. 16 genes were down-regulated in the HF-fed 

O-NODk mice compared to the HF-fed RF-NODk mice with similar glucose levels. 
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Finally, the transcriptome of the two HF-fed O-NODk mice with mildly elevated glycaemia was 

compared to the HF-fed RF-NODk mice (n=4 mice/ group). 

With a selection criteria of P adj < 0.05, 5052 DEGs were identified, of which 231 genes were 

down-regulated and 4822 genes were up-regulated in the HF-fed O-NODk mice with mildly 

elevated glycaemia. Among the top 20 DEGs reported, once again, Pcp4 was found to be down-

regulated and Sdc2 and Suclg2 were up-regulated in the HF-fed O-NODk mice compared to 

RF-NODk mice. Other genes, such as matrix Gla protein (Mgp) and death associated protein 

like 1 (Dapl1), which are associated with inhibition of soft tissue calcification and epithelial 

differentiation and apoptosis, respectively, were also found to be highly expressed in the 

subgroup of HF-fed O-NODk mice (Table 18) (O’Young et al., 2011, Grassmann et al., 2015). 

Many of these genes had log fold expression change >1, which was also illustrated in the heat 

map showing close hierarchical clustering within the two mice groups (Figure 50). 

  



 

219 
 

Table 18: Top 20 differentially expressed genes (p<0.05) in HF-fed O-NODk mice with mildly 

elevated glycaemia vs RF-NODk mice (n=2 vs 4/ group). Altered genes classified as down-regulated 

(blue) and up-regulated (red) were ranked according to their respective p values. 
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Figure 50: Heat map of the top 50 DEGs in HF-fed O-NODk mice with mildly elevated glycaemia 

and RF-NODk mice.  Gene expression of the 2 HF-fed O-NODk mice with higher glycaemia was 

compared to HF-fed RF-NODk mice, which showed that only Pcp4 was down-regulated in the O-NODk 

mice while the rest of the 49 genes were up-regulated. 
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   7.3.7 Expression of genes associated with β-cell function  

In addition to previous comparisons, the expression of hallmark genes associated with β-cell 

development and function, including hormones and transcription factors, lipid metabolism, 

oxidative stress, ER stress and inflammation were also evaluated between the two mice sub-

strains, and illustrated as a heat map in Figure 51. 

Similar to previous observations, inter-group variation among O-NODk mice was observed with 

no significant differences in gene expression among any of the mice groups. Interestingly, in 

the two HF-fed O-NODk mice with mild elevation in glucose, there was down-regulation of 

genes associated with β-cell function such as MafA, Nkx6.1, solute carrier family 2 member 2 

(Slc2a2)/ Glut2 and GLP-1 receptor (Glp1r) (p<0.0001) and NeuroD1 and secretagogin (Scgn) 

(p<0.01) compared to all the other mice samples. These mice also had higher expression of p21 

(p<0.001) and p53 (p<0.01), which are increased during dysregulated β-cell replication and 

activated by glucotoxicity (Tornovsky-Babeay et al., 2014). 

Similarly, there was no marked clustering of the expression of islet β-cell hormones insulin 

(Ins) 1 and 2 among any of the groups. The expression of Iapp was up-regulated only in the 

HF-fed O-NODk mice (p<0.05). Of note, the expression of other islet hormones were also 

evaluated and only glucagon (data not shown) was down-regulated in all HF-fed mice from 

both sub-strains compared to the NC-fed mice. 

The hierarchical clustering of the expression of genes associated with lipid metabolism showed 

upregulation of uncoupling protein 2 (Ucp2), adipose triglyceride lipase (Atgl) and hormone-

sensitive lipase (Hsl) in the HF-fed O-NODk mice compared to the HF-fed RF-NODk mice, 

suggesting increased islet lipolysis (p<0.05). The two O-NODk mice with higher blood glucose 

levels had elevated expression of peroxisome proliferator-activated receptor gamma (Pparg) 
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and reduced expression of carnitine palmitoyltransferase 1 (Cpt1) compared to the rest of the 

mice (p<0.05). 

There was similar expression of genes associated with oxidative stress, ER stress and 

inflammation among the NC-fed mice. However, remarkably the two HF-fed O-NODk mice 

with mildly elevated glycaemia displayed marked up-regulation in oxidative stress catalase, 

tribbles homolog 3 (Trib3), heme oxygenase 1 (Ho-1) and forkhead box protein O1 (Foxo1). 

Likewise, ER stress related genes C/EBP homologous protein (CHOP) and binding 

immunoglobulin protein (Bip), and inflammation genes CD68 and IL-22 were also up-regulated 

in these mice (p<0.001). Notably, the expression of IL-22 was increased in all HF-fed O-NODk 

mice compared to the HF-fed RF-NODk mice, suggesting the presence of an inflammatory 

environment in these mice. 

Overall, there was no significant difference in the expression of genes associated with β-cell 

function and development between the two mice sub-strains. Up-regulation of genes involved 

in lipid metabolism such as Ucp2, Atgl and Hsl was observed in the HF-fed O-NODk mice 

compared to HF-fed RF-NODk mice. Interestingly, HF-feeding and increased glycaemia in the 

two HF-fed O-NODk mice was associated with down-regulation of transcription factors and 

genes involved in β-cell function and upregulation of cellular stress-related genes (oxidative 

and ER) and inflammation. This suggests that even with a mild elevation in blood glucose levels 

in response to HF-feeding, the O-NODk mice develop oxidative and ER stress along with 

elevation of some inflammatory markers. 
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Figure 51: Heat map representing the expression of hallmark genes associated with β-cell function 

in O-NODk and RF-NODk mice. The log fold change in expression of genes associated with β-cell 

development and function including hormones and transcription factors, lipid metabolism, oxidative 

stress, ER stress and inflammation of the two mice sub-strains on NC and HF diet was visualized. There 

was no significant intra- or inter-group clustering of gene expression among both mice sub-strains on 

either diet. Of note, the two HF-fed O-NODk mice with mildly elevated blood glucose levels showed 

up-regulation of genes related to oxidative stress, ER stress and inflammation. 
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   7.3.8 Pathway analysis of O-NODk and RF-NODk mice transcriptome  

Pathway enrichment analysis of RNA-seq gene sets is useful to gain mechanistic insights into 

the association of DEGs with any biological process or molecular function in a more 

interpretable format. In order to successfully perform pathway analysis, a minimum of 100 

DEGs is required for pathway analysis packages such as DAVID, Enrichr and KEGG. 

Unfortunately, in our study, the 3 pair-wise comparisons performed for O-NODk and RF-NODk 

mice only generated a very limited number of DEGs (Padj < 0.05). Therefore, a different 

approach was applied consisting of a gene ranking system, where high inter-gene correlations 

(either positive or negative) were detected using the Camera R package (Wu and Smyth, 2012). 

This pathway analysis concept assumes that genes that are differentially expressed will move 

in the same direction (upregulation or downregulation) as other biologically related genes. 

Therefore, all the genes obtained from the RNA-seq were input into the linear model fitting 

object, and enriched pathways were subsequently obtained using the Hallmark database 

according to their correlation. 

In the pair-wise comparison between NC-fed O-NODk mice and RF-NODk mice, the pathways 

with up-regulated enriched gene sets in the NC-fed O-NODk mice were related to pancreas β-

cells, protein secretion, unfolded protein response and PI3k Akt mTOR signaling, whereas 

reactive oxygen species (ROS) pathway was down-regulated (Figure 52A). This suggests that 

the O-NODk mice may have higher functioning β-cells compared to the RF-NODk mice, as 

previously highlighted (Figure 51). The pathway analysis also suggests that unfolded protein 

response genes are highly expressed in the O-NODk mice and genes related to ROS formation 

are reduced. Although these results are interesting, caution is required in its interpretation since 

the p-values related to these pathways were not significant (p >0.05). Therefore, the role of 

protein unfolding/ misfolding and ROS cannot be completely ruled out as an intrinsic 

characteristic of the O-NODk mice and requires further validation. 
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Similarly, when pathway analysis of expressed genes obtained from the pair-wise comparison 

of HF-fed O-NODk and RF-NODk mice was performed, enrichment of the pancreas β-cells 

genes, Hedgehog signaling, protein secretion and cholesterol homeostasis gene sets were found 

to be significantly upregulated in the HF-fed O-NODk mice (Figure 52B). There was also 

significant downregulation of genes associated with the epithelial mesenchymal transition 

pathway in the O-NODk mice. 
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Figure 52: Enriched pathways associated with the pair-wise comparisons of O-NODk and RF-

NODk mice. Pathway analysis was conducted on the genes obtained from the pair-wise comparisons of 

NC-fed O-NODk and RF-NODk mice (A) and HF-fed O-NODk and RF-NODk mice (B) to identify up-

regulated (red) and down-regulated (blue) pathways in the O-NODk mice. 
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   7.3.9 Candidate genes from whole genome sequencing study 

The whole genome sequencing study in Chapter 6 identified 6 candidate genes with SNPs 

(Atp13a3, Gpr125, Ncor1, Kcnh7, Myh4 and Olfr954) that could be associated with the diabetes 

phenotype in the HF-fed O-NODk mice. Since these genes could also result in altered 

transcriptional profiles in pancreatic islet, its expression was verified in the RNA-seq results. 

Atp13a3, Gpr125 and Ncor1 genes were expressed in both sub-strains of mice, but only 

Atp13a3 was found at high levels in both NC and HF-fed O-NODk mice compared to respective 

RF-NODk mice, whereas no changes in gene expression of Gpr125 and Ncor1 were observed 

between the mice sub-strains (Figure 53).  

The Interactive genomics viewer (IGV) confirmed that the expression of Kcnh7 was variable 

and expressed at very low levels in both mice sub-strains in either of the diets, whereas Myh4 

and Olfr954 were not detected in the islet transcript (Figure 54). 

Nonetheless, since these results are only based on the gene expression obtained during RNA-

seq analysis performed with 4 mice per group, further validation by qPCR with increased 

number of samples is required. 
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Figure 53: Expression of candidate genes obtained from the whole genome sequencing study in 

the RNA-seq sample data. While there was higher expression of Atp13a3 in O-NODk mice on both 

NC and HF diet compared to respective RF-NODk mice counterparts, there was no difference in the 

expression of Gpr125 and Ncor1 among the mice groups. Data are means ± SEM for 4 mice per group. 

Two-way ANOVA with Bonferroni post-hoc test, *p<0.05. 
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Figure 54: Visualization of the expression of candidate genes in the islet transcriptome of O-NODk and RF-NODk mice, fed on NC and HF diet on 

interactive genomics viewer (IGV). The expression of Kcnh7 was variable between the two mice groups, while Myh4 and Olfr954 were not expressed in the 

islets of both mice sub-strains. 
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7.4 Discussion 

In this chapter, the transcriptome of pancreatic islets from 2 different mice sub-strains, the O-

NODk (diabetes-prone) and RF-NODk (diabetes-resistant) mice fed on NC and HF diet, was 

evaluated to provide additional information to the whole genome sequencing results described 

in chapter 6, in an attempt to identify SNPs involved in the development of T2D.  

This strategy yielded libraries with over 23 million raw reads, of which only around 45% 

aligned concordantly exactly one time to the reference transcriptome. The low mapping 

percentage obtained was almost certainly due to difference between NOD and reference 

(C57BL/6J) genomes, in addition to the transcriptome of the NODk mice being a mix of two 

different mouse strains (NOD/MrkTacfBR (NOD) and B10.BR/SgSnJ), as well as the presence 

of pseudogenes and paralogous genes. Thus, only 10.35 million concordantly aligned reads 

obtained per sample were used for determination of differential expression of genes between 

the different mice groups, which is lower in numbers compared to similar studies performed by 

others (Fadista et al., 2014, Bonnycastle et al., 2019). The rest of the unmapped reads was set 

aside to undergo de novo transcript assembly, for detection of overlaps between reads to obtain 

the full NODk specific mouse transcripts. However, de novo transcriptomics is a very computer-

intensive and time-consuming technique, which unfortunately was not possible to be fully 

addressed during this study period. Therefore, this chapter limits its analysis to transcriptomes 

that perfectly aligned to the reference mouse. Thus, the workflow proposed in this chapter 

aimed to provide further support to the findings obtained from the WGS experiments (chapter 

6), plus identification of altered genes and pathways associated with diabetes. 

The first approach assessed transcriptome differences between O-NODk and RF- NODk mice 

independent of diet, whereas the 2nd and 3rd analysis investigated the dietary effects. 

Interestingly, all these 3 different analyses resulted in the identification of 4 differentially 
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expressed genes, including Pcp4 (down-regulated), Sdc2, Suclg2 and Cbr3 (up-regulated) in 

the O-NODk mice. 

Pcp4 also known as brain-specific polypeptide 19 (Pep19), encodes a calmodulin calcium 

binding protein, which has a protective role in the central nervous system against cellular 

degeneration and apoptosis. Reduced expression levels of this molecule in the brain have been 

associated with Alzheimer’s disease, Huntington’s disease, and alcoholism (Kanazawa et al., 

2008, Harashima et al., 2011). Pcp4 modulates the binding of Ca2+ to calmodulin (CaM), 

activating the Ca2+/CaM-dependent kinase II (CaMKII) pathway which stimulates insulin 

secretion from β-cells (Norling et al., 1994, Wang and Putkey, 2016). Inhibition of this pathway 

reduces GSIS and Ca2+ influx into islet β-cells (Dadi et al., 2014). Furthermore, Pcp4 has an 

anti-apoptotic role since it protects cortical neurons from Ca2+ overload, and also sensitizes 

HeLa cells ATP-dependent Ca2+ efflux, increasing the frequency of Ca2+ oscillations (Wang et 

al., 2013, Kanazawa et al., 2008). Some studies have even proposed Pcp4 and Pcp4-like protein 

1 (Pcp4l1), the closest related protein to Pcp4, as possible candidate genes with a possible 

protective role against T2D and β-cell failure (Kluth et al., 2015, Stancill et al., 2017). 

Reduced Pcp4 expression, as observed in the O-NODk mice, would seem to favour reduced 

rather than increased GSIS based on its known interactions with CaMKII. However, if it has 

anti-apoptotic effects, or like Pcp4-like protein 1, protects against -cell failure, its lower 

expression in O-NODk mice may be involved in the propensity of this sub-strain to develop 

diabetes. Thus, when Pcp4 is down-regulated as is seen in the O-NODk mouse islets, it is 

possible that this predisposes the -cells to apoptosis under conditions of nutrient-induced cell 

stress.  

Sdc2 is the gene that encodes for the protein syndecan 2, also known as cell surface-associated 

heparan sulfate proteoglycan 1 (HSPG1), a member of a transmembrane proteoglycan family 
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to which chondroitin sulfate or heparan sulfate chains are attached. In vertebrates, 4 different 

genes encode for syndecans and its corresponding proteins (SDC1, SDC2, SDC3 and SDC4) 

(Chakravarti and Adams, 2006). It is associated with cell adhesion, motility and signaling (Choi 

et al., 2009). Many studies have highlighted the involvement of heparan sulfate and Sdc1 in 

islet β-cell survival and its importance as an early marker for diabetes nephropathy and T1D 

(Svennevig et al., 2006, Simeonovic et al., 2018, Ziolkowski et al., 2012). Reductions in SDC4 

within endothelial cells and impaired angiogenesis have been shown in diabetic mice and 

human umbilical vein endothelial cells cultured in high glucose conditions (Li et al., 2016a). 

SDC2 has been associated with amyloid plaque formation in the brain in Alzheimer’s disease 

(van Horssen et al., 2001). Since accumulation of islet amyloid has been reported in human 

T2D (Haataja et al., 2008), and Iapp expression was increased in the HF-fed O-NODk mice, it 

is possible that increased SCD2 could be interacting with IAPP to alter extracellular matrix 

protein accumulation to cause islet damage in these mice. Against this possibility, islet amyloid 

accumulation is a clinical feature found only in human T2D and rodent Iapp is non-

amyloidogenic (Höppener et al., 2008). It is unclear, therefore, how increased Sdc2 expression 

could be associated with the pathogenesis of diabetes in the O-NODk mice and this deserve 

further investigation. 

The other significantly up-regulated gene in the O-NODk mice was Suclg2, which encodes the 

GTP-specific beta subunit of succinyl-CoA synthase, a mitochondrial enzyme involved in the 

reversible formation of succinyl-CoA and succinate in the Krebs cycle (Kacso et al., 2016). 

Succinyl-CoA formation generates the energy-rich nucleotide GTP, which is further used for 

ATP synthesis. Thus, increased expression of Suclg2 could be indicative of increased succinyl-

CoA synthase activity and be associated with elevated ATP synthesis and augmented insulin 

secretion at all times in the O-NODk mice. This could lead to increased demand for insulin 

synthesis causing ER stress and possible cell death, principally in conditions involving nutrient 
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excess. In fact, a genetic mapping study conducted in European and African-American 

populations have identified Suclg2 as a neighbouring gene to a T2D susceptibility locus (Lau 

et al., 2017). Therefore, assessments of islet ATP production and succinyl-CoA synthase 

activity are essential to confirm the possible link of Suclg2 to T2D. 

Another gene linked to diabetes that was found up-regulated in the O-NODk mice is Cbr3, a 

NADPH-dependent cytosolic enzyme that has high sequence similarity with T1D gene-

associated Cbr1 (Bergholdt et al., 2005). Interestingly, Cbr3 and Cbr1 are adjoining genes that 

are believed to replace each other in particular biological functions (Bergholdt et al., 2007). 

Rashid et al have shown that knock down of Cbr1 in pancreatic cell lines by siRNA causes 

lipid deposition, increases ROS production and cellular death, and reduces insulin secretion 

when the cells are stimulated with LXR/FXR agonist, therefore highlighting the importance of 

Cbr1 in lipid detoxification (Rashid et al., 2010). Additionally, SNPs in Cbr3 are associated 

with increased risk of T2D and insulin resistance, possibly due to enhanced adipogenesis and a 

consequent effect on insulin sensitivity (Chang et al., 2012). Furthermore, Cbr3 expression was 

found to be regulated by nuclear factor-erythroid 2 related factor 2 (Nrf2) which is associated 

with the cellular response to oxidative stress (Rashid et al., 2010, Ebert et al., 2010). Thus, due 

to its similarity to Cbr1, interchangeable function and highest tissue expression in the pancreas, 

it is possible that Cbr3 could be linked to T2D development (Miura et al., 2008).  

When comparing differences in hallmark β-cell genes between the two mice sub-strains, Foxo1 

and Neurog3 were found to be up-regulated in the O-NODk mice compared to the RF-NODk 

mice. Interestingly, transgenic mice over-expressing Foxo1 develop the same features observed 

in the HF-fed O-NODk mice, including obesity, development of glucose intolerance, insulin 

resistance, loss of β-cell mass and diabetes (Kikuchi et al., 2012, Kim et al., 2012). Although 

overexpression of Foxo1 is associated with reduced Pdx-1 and NeuroD1 expression, in our 
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mouse model, these genes were down-regulated only in the two HF-fed O-NODk mice with 

higher blood glucose levels. In these same mice, we also observed upregulation of genes 

associated with oxidative and ER stress, suggesting that the enhanced insulin processing 

demand imposed by HF-feeding could be causing cellular stress and consequent β-cell death in 

these mice. There was also reduced expression of several -cell development and function 

genes in the two mildly hyperglycaemic HF-fed O-NODk mice (MafA, Neurod1, Nkx6.1, Scgn, 

Slc2a2 and Glp1r) suggesting some dedifferentiation of -cells in this mice. Although this 

proposition is supported by the observation of increased islet cell apoptosis in HF-fed O-NODk 

mice during the histological analyses (described in Chapter 3), further validation of stress and 

apoptosis-related genes, as well as -cell development and function genes, in a larger sample 

size is required. 

Lastly, of some interest is Scgn which was downregulated in the two 2 HF-fed O-NODk mice 

with higher glycaemia. Scgn encodes for secretagogin, a sensor calcium-binding protein. Its 

expression is modulated by insulin and glucose (Maj et al., 2012). It acts as a Ca2+ sensor and 

increases insulin secretion by interacting with the actin cytoskeleton in the plasma membrane 

and with synaptosome-associated protein 25 (SNAP-25), which is part of the soluble N-

ethylmaleimide sensitive factor attachment protein receptor (SNARE) complex responsible for 

insulin exocytosis from the β-cells (Rogstam et al., 2007, Yang et al., 2016). Furthermore, it is 

also associated with β-cell differentiation since it inactivates the 26S proteasome thereby 

preventing Pdx-1 degradation (Malenczyk et al., 2018). Recently, reduced Scgn expression has 

been linked to increased ER-stress and apoptosis in the Min6 -cell line (Wu et al., 2020). Due 

to the negative correlation of its expression in islets with T2D, it has been identified as a 

biomarker and therapeutic target for diabetes (Malenczyk et al., 2017). 



 

 235 
 

It is also important to note that since the HF-fed O-NODk mice group was further stratified due 

to the increased glucose levels in 2 mice, pair-wise comparison between the HF-fed mice was 

conducted in 2 mice from the O-NODk group. Furthermore, the transcriptome of the two HF-

fed O-NODk mice with lower blood glucose was also compared to the two HF-fed O-NODk 

mice with higher blood glucose levels. Although a large number of differentially expressed 

genes were identified, due to the small sample size of n=2, definite conclusions of 

transcriptomic alterations with statistical significance cannot be drawn from this analysis. 

Ideally, another islet RNA-seq study will be required to increase the number of samples 

obtained from mice with similar glycaemic levels to reinforce the observations made in this 

study. Increase the sample size for HF-fed O-NODk mice with higher blood glucose levels also 

would allow identification of transcripts associated with hyperglycaemia, which could then be 

excluded from the list of candidate genes. It may also be worthwhile to perform single cell 

RNA-seq by isolating β-cells to determine specific cells transcriptome profiles of the different 

endocrine islet cells (Segerstolpe et al., 2016, Dorrell et al., 2011).  

In summary, transcriptome analysis of the islets of O-NODk and RF-NODk mice suggest that 

the O-NODk mice may have inherent up-regulation of genes associated with Ca2+/CaMKII 

pathway, heparan sulfate chains, Krebs cycle and Ca2+ sensing in the β-cells, which could lead 

to increase ER stress and apoptosis, and consequently T2D. Additionally, the 2 HF-fed O-NODk 

mice with higher glucose levels also had reduced expression of some key islet -cell 

development and function genes and increased expression of oxidative and ER stress-related 

genes and pro-inflammatory markers, which could either be causative of the higher glucose 

levels in these mice or be a consequence of it.   
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Conclusion 
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8.1 Final discussion  

T2D is a chronic metabolic disorder characterized by persistent hyperglycaemia due to 

inadequate insulin secretion (β-cell dysfunction) and/or impaired insulin action (insulin 

resistance). Although β-cell dysfunction is recognized as an early feature of T2D, increasing 

evidence from genetic studies suggest that it is a pre-requisite and more likely a determinant of 

T2D than insulin resistance (Dupuis et al., 2010, Lyssenko et al., 2005). Whilst there are several 

proposed mechanisms involved in the development of impaired β-cell function such as 

gluco/lipo-toxicity, oxidative and ER stress and inflammation, the exact triggering factor(s) 

causing β-cell dysfunction and T2D is still unknown.  

The T1D-resistant O-NODk mouse sub-strain (created from the T1D-prone NOD mice through 

replacement of the Idd1-H2g7 with Idd-H2k) develops T2D when fed a HF diet, which makes 

this sub-strain an excellent mouse model to study non-immune susceptibility factors associated 

with the pathogenesis of both T1D and T2D. Through routine colony refreshment, our lab 

developed another sub-strain of NODk mice, the RF-NODk mice, which are resistant to HF diet-

induced T2D. Since both O-NODk and RF-NODk mice colonies have been maintained in the 

same animal facility under similar environmental conditions, it is believed that T2D 

predisposition in the O-NODk mice is genetic in its origin. Therefore, these two NODk mice 

sub-strains, with different metabolic phenotypes provide a great opportunity to explore the 

genetic factors involved in T2D development and potentially uncover novel mutations in genes 

that have not yet been associated with T2D. Based on this, the aim of this thesis was to 

characterize the phenotype and genotype of these two mice sub-strains, in order to determine 

the genetic factor(s) responsible for the development of T2D in the HF-fed O-NODk mice. 

A long-term study (from 4-24 weeks of age) was designed to monitor physiological changes in 

these two mice sub-strains in response to diet challenge (Chapter 3). This study revealed that 
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O-NODk mice have accelerated body weight gain on both NC and HF diets compared to RF-

NODk mice. Prolonged HF-feeding also leads to the development of impaired glucose 

tolerance, which is accompanied by a complete lack of 1st phase insulin response, thus 

suggesting β-cell dysfunction. The great majority of HF-fed O-NODk mice develop progressive 

hyperglycaemia and ultimately diabetes. Most interestingly, the development of diabetes in the 

O-NODk mice is accompanied by markedly elevated levels of plasma insulin. 

As reported in several mouse models of obesity-induced T2D, increased weight gain in response 

to HF diet could be mainly attributed to an increased storage of nutrients in fat depots possibly 

resulting from imbalance between food intake and energy expenditure (Della Vedova et al., 

2016). Additionally, this excessive fat accumulation could be potentially leading to ectopic fat 

spill-over in other tissues such as liver, skeletal muscle and pancreas, and be associated with 

development of insulin resistance and β-cell dysfunction (Almandoz et al., 2013). 

Unfortunately, due to a lack of equipment in our institution, body mass composition (lean and 

fat mass), food intake and energy expenditure were not assessed in this study. However, fat 

depots weights (SAT and VAT), as well as plasma TG and FFA, revealed that both mice sub-

strains had similar responses to HF diet and presented positive energy storage. Of note, an 

increase in relative liver weight and augmented hepatic TG deposition was observed in the HF-

fed O-NODk mice only, corroborating the presence of ectopic lipid deposition and possible 

hepatic insulin resistance. 

The development of global insulin resistance in the HF-fed O-NODk mice was confirmed based 

on the increased HOMA-IR, which is a highly used index for determination of insulin resistance 

in human studies. As HOMA-IR has not been completely validated for use in mice, proper 

investigation of in vivo insulin sensitivity through the use of the gold standard 

hyperinsulinaemic-euglycaemic clamps, will be required.  
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Strikingly, O-NODk mice developed marked hyperinsulinaemia compared to RF-NODk mice in 

response to NC or HF diets, which was observed in both fasting and fed states and during 

ipGTT. Islet β-cell function assessed in vitro by static insulin secretion assays showed that O-

NODk mice challenged by chronic HF-feeding secrete more insulin than RF-NODk mice when 

stimulated by glucose and fatty acids. Similar observations were also made when islets were 

stimulated by glucose and the insulin secretagogue IBMX, therefore indicating that the O-

NODk mice may have an inherent predisposition to insulin hypersecretion. This observation 

was further supported by the higher plasma proinsulin and c-peptide levels observed in the HF-

fed O-NODk mice compared to the HF-fed RF-NODk mice. 

Since HF-fed O-NODk mice were observed to have higher insulin processing than the HF-fed 

RF-NODk mice, but similar delayed insulin clearance, it is plausible to believe that the increased 

insulin response of the O-NODk mice could be driving their predisposition to diabetes. 

Interestingly, while the in vitro study confirms an increased insulin responsiveness of the β-

cells of HF-fed O-NODk mice to nutrient excess, this effect was not observed during the ipGTT. 

This suggests that there may be other factors outside the β-cell that may be inhibiting in vivo 

glucose-stimulated insulin secretion. 

As described by others, exposure to HF diet resulted in increased β-cell mass in HF-fed RF-

NODk mice, whereas no changes were observed in the HF-fed O-NODk mice. However, after 

stratification based on glycaemic levels showed that non-diabetic mice had increased β-cell 

mass, whereas HF-fed O-NODk mice with T2D (non-fasting glucose ≥ 12 mM) had reduced β-

cell mass. Evidence of apoptosis was also observed in the islets of HF-fed O-NODk mice, 

suggesting the presence of T2D-associated β-cell death, as reported in literature (Butler et al., 

2003, Federici et al., 2001). However, this needs to be verified with further dual 

immunohistochemistry for insulin and activated caspase-3. 
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In parallel to phenotypic characterization, we also conducted genotypic characterization of both 

O-NODk and RF-NODk mice. Selective breeding studies revealed that the allele(s) responsible 

for diabetes susceptibility in the O-NODk mice follow Mendelian laws of inheritance and it is 

possibly caused by an allele that is homozygous recessive. 

This information was subsequently used as a selection criterion for whole genome sequencing 

analysis. After alignment of DNA libraries to a reference mouse genome, SNPs, insertions, and 

deletions present in the O-NODk mice but absent in the RF-NODk mice were selected. Using 

various filters such as SIFT score, homozygosity, novel/ rare SNPs and non-synonymous 

change, 6 candidate genes with SNPs in the O-NODk mice were obtained, of which Atp13a3, 

Kcnh7, Gpr125, and Ncor1 were predicted to be the strongest candidates. Although the function 

of Atp13a3 is not well-characterized compared to the rest of the ATPase family, it is assumed 

to play a role as a transmembrane cation transporter (Axelsen and Palmgren, 1998). However, 

due to its expression in the pancreas and its unknown substrate specificity, it could potentially 

function as a modulator of insulin secretion in the β-cells in a similar manner as the other 

ATPase channels (ATP-sensitive K+ and voltage-dependent Ca2+ channel). Additionally, the 

second candidate gene Kcnh7 is a part of the voltage-gated K+ channel, which has high sequence 

similarity and transcript expression to Kcnh6 (Mühlbauer et al., 2007). Kcnh6 is associated with 

regulation of intracellular Ca2+ and GSIS, as well as loss of β-cell mass and ER stress in the 

islets (Yang et al., 2018). Therefore, Kcnh7 may also have a prospective role in modulation of 

insulin secretion in the β-cells. 

The 3rd candidate gene Gpr125 is also incompletely characterized and proposed to function as 

a cell surface receptor for transmembrane receptor signaling. Interestingly, reduced Gpr125 

expression was associated with increased HbA1c levels in patients with T2D post 2 years follow 

up (Slieker et al., 2018). This proffers a yet undetermined link of this gene to the pathogenesis 

of T2D. Finally, the co-transcriptional regulator Ncor1 gene has been associated with insulin 
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signaling and T2D through regulation of various signaling pathways (Furuya et al., 2007, 

Astapova et al., 2014, Ou-Yang et al., 2018). Targeted knockout of Ncor1 in the liver, adipose 

tissue and skeletal muscles establish its role in the development of peripheral tissue insulin 

resistance and T2D (Li et al., 2011, Yamamoto et al., 2011, Saito et al., 2019). Although there 

is no current research describing its function in the β-cells, there is still likelihood of its relation 

to the pathogenesis of T2D. 

Apart from the SNPs detected in these candidate genes, over 1200 homozygous insertions and 

deletions were also observed in the O-NODk mice. Gene insertions were enriched in pathway 

gene sets associated with pancreatic exocrine function and insulin secretion, while genes with 

deletions did not show known links to T2D pathogenesis. It is highly possible that the genetic 

factor(s) associated with diabetes could be one of these structural variants, particularly among 

the homozygous insertions. However, the bioinformatics analyses of these insertions and 

deletions are outside the scope of this study and will be further investigated in future studies. 

Furthermore, there is also a possibility that the HF diet could be aggravating T2D in the O-

NODk mice due to epigenetic modifications such as DNA methylation or histone 

acetylation/deacetylation. Recent studies have shown that epigenetic modulations 

dysregulating signalling pathways are associated with T2D pathogenesis and related 

complications (Khullar et al., 2017, Xu et al., 2017, Li et al., 2016b). Thus, such modifications 

could result in gene expression alterations, mostly modulated through the action of 

transcriptional corepressors and coactivators (Mottis et al., 2013). Of interest, the corepressor 

Ncor1, which is required for the activity of histone deacetylase 3 (HDAC3) (You et al., 2013) 

was one of the candidate genes identified during the whole genome sequencing study in Chapter 

6. One strategy to remove any effects of HF diet on the epigenome and analyse the effects of 

only the genetic factors, would be to perform the WGS in chow-fed mice from both O-NODk 

and RF-NODk colonies. Comparison of their genome sequences may be able to determine 



 

 242 
 

inherent genetic mutations or polymorphisms that could be contributing to the HF diet induced 

T2D observed in the O-NODk mice, without the confounding effects of epigenetic 

modifications. However, since the genetic alteration is not fully penetrant as observed in the 

long term study in Chapter 3, it would be difficult to identify which mice would develop 

hyperglycaemia when stressed with HF diet, if they were only studied in normal chow diet 

conditions 

Finally, RNA sequencing analysis of the O-NODk and RF-NODk mice for transcriptomic 

profiling revealed high genome similarity between the two mice sub-strains, and consequently 

a reduced number of differentially expressed genes were identified in pair-wise comparisons. 

Despite this issue, 4 differentially expressed genes were identified in this study, including Pcp4, 

Sdc2, Suclg2 and Cbr3. Through intense literature review, Pcp4 and Suclg2 gene were selected 

as strong candidate genes that could be playing a role in the β-cell insulin hyper-responsiveness 

observed in the O-NODk mice. As mentioned in chapter 7, Suclg2 encodes the GTP-specific 

beta subunit of succinyl-CoA synthase, a mitochondrial enzyme involved in the reversible 

conversion of succinyl-CoA and succinate in the Krebs cycle. If confirmed that O-NODk mice 

have augmented succinyl-CoA synthase activity, this would lead to increased production of 

GTP and subsequently ATP. Increased ATP/ADP ratio would promote closure of KATP-

dependent channels and opening of the voltage dependent calcium channels leading to increased 

influx of intracellular Ca2+, resulting in increased insulin secretion. However, if O-NODk mice 

also have reduced levels of Pcp4, a calmodulin-calcium binding molecule with protective 

function against high Ca2+ levels, this would result in over-activation of the Ca2+-calmodulin 

pathway and consequent augmented insulin release. Such alterations would not be a problem 

when the O-NODk mice is fed NC diet, however, when on HF diet it would lead to further 

requirement for insulin processing, therefore imposing a greater level of stress to the ER, 

resulting in β-cell apoptosis if not resolved by the UPR-response. This hypothesis is further 
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supported by high expression of genes related to oxidative and ER-stress observed in the HF-

fed O-NODk mice, but it needs to be considered with caution, as further experiments (another 

RNA-seq and further validation by qPCR) with increased sample size is required. Additionally, 

the role of the other genes need further investigation. 
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8.2 Limitations of the study 

Increased weight gain was observed with HF-feeding in the O-NODk mice compared to the HF-

fed RF-NODk mice. This could be attributed to an imbalance in the energy flux (energy intake 

and expenditure) in these mice. Thus, differences in food intake, physical activity and energy 

expenditure between the two mice sub-strain could be contributing to weight gain, as described 

in other studies (Bachmanov et al., 2002). Attempts were made to assess food intake by 

measuring food consumption in normal ventilated cages over a 72 hour period, every fortnight. 

Unfortunately, food consumption could not be measured accurately since the HF diet pellets 

have a soft consistency and were prone to crumbling.  

Finally, the RNA-seq study was performed in 4 groups of mice (n=4 mice/ group), in both O-

NODk and RF-NODk mice fed on NC and HF diet. The selection of the samples for this study 

was completely unbiased and not based on blood glucose levels since all mice were not diabetic 

at the harvesting time. Unexpectedly, the results obtained from this analysis clearly showed 

different clustering in two HF-fed O-NODk mice which also presented different transcriptomic 

profiles compared to the rest of the group. These results were assumed to be resulting from their 

slightly higher blood glucose levels compared to the other samples in this group. The altered 

transcriptomic profile were consistent with these two mice having altered lipid metabolism, 

increased oxidative and ER stress and some -cell dedifferentiation. This inter-group disparity 

in the transcriptomic profile suggests that there may be a sub-group within the O-NODk mice 

group, in which the genes are expressed differentially, leading to faster and more severe 

susceptibility to T2D. This was also observed in the long-term study (described in chapter 3), 

where 5 out of 12 HF-fed O-NODk mice had to be culled prior to the end of the experimental 

period due to development of overt diabetes (BGL > 20mM). 
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Another rationale for the differential hierarchical clustering of the two HF-fed O-NODk mice 

could be a consequence of the higher circulating blood glucose levels in these mice since 

glucose can affect the expression of multiple genes involved in insulin secretion (Schuit et al., 

2002). Therefore, sample stratification based on blood glucose levels was performed to avoid 

the confounding effects of higher glycaemia on gene expression profile, which caused a 

reduction in the sample numbers available for analysis (2 normoglycaemic HF-fed O-NODk 

mice to the 4 HF-fed RF-NODk mice). This reduced the statistical power and the strength of the 

results.  

However, this could also potentially allow identification of alterations in the transcriptome 

associated with hyperglycaemia. The results obtained in the RNA-seq analysis revealed 

particularly interesting results that a small increase in blood glucose levels in the two HF-fed 

O-NODk mice led to a significant change in the transcriptomic landscape of the islets. Similar 

to our observations, various studies have observed that even a mild elevation in glucose levels 

can change the expression of genes and transcription factors associated with β-cell function and 

identity, including Pdx1, Nkx6-1, Foxo1, insulin gene enhancer protein (Isl), Pax6 and 

regulatory factor X6 (Rfx6)  (Ebrahimi et al., 2020, Ottosson-Laakso et al., 2017). Therefore, 

this mouse model could be used to identify genes that are altered during prediabetes, which 

could then be targeted to delay the development of diabetes. 

In order to avoid the effects of hyperglycaemia on the transcriptomic landscape of the mice, 

RNA-seq could be performed at an earlier age. This would also allow us to observe differences 

in gene expression that occurs independent of the environment, which are not associated with 

a comorbidity under normal conditions, but could potentially lead to a comorbidity when β-cell 

compensation is required under stressed conditions (such as HF diet). However, there is also 

the possibility that at an earlier age, HF diet may not have stressed the islets for long enough to 

cause any alterations in gene expression. Therefore, the transcriptome of the HF-fed and NC-
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fed mice may be similar at that early point. Additionally, the required qPCR validation of results 

have not yet been performed, which limits the complete interpretation of the results. Therefore, 

qPCR experiments with increased number of samples are required to increase the strength of 

the RNA-seq data. Another limitation in the RNA-seq analyses is the low level of alignment 

concordance (~45%) to the C57BL/6J library. Further analysis using a more complex de novo 

analysis pipeline is required which is beyond the scope of this thesis. 

Finally, a recurrent limitation of this study was the low sample size of the experimental mice. 

Power calculations for the long term study (Chapter 3), in vitro GSIS study (Chapter 4) and the 

selective breeding study (Chapter 5) mice numbers used showed that the studies had achieved 

90% power with a statistical significance of p<0.05. However, for the whole genome 

sequencing study (Chapter 6), at least a sample size of 6 mice per group would have 

significantly improved the accuracy and reliability of the study. Similarly, for the RNA-seq 

study, islets were isolated from 8 mice per group. However, due to financial constraints, only 4 

mice per group were analysed for RNA-seq. Sequencing the transcriptome of all 8 mice in each 

experimental group would have increased the power of the differentially expressed genes 

obtained from this study and would have allowed improved comparison of the transcriptome of 

the HF-fed and chow-fed mice. Alternative strategies to increase the power of the genetic 

findings (i.e. WGS and RNA-seq) would include performing Sanger sequencing and later qPCR 

validation in more samples to strengthen the observations  
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8.3 Conclusion 

In conclusion, when challenged by HF diet, O-NODk mice develop obesity, T2D and 

hyperinsulinaemia. These mice are more susceptible to increased insulin production and 

secretion compared to the RF-NODk mice. Defective insulin clearance may also be contributing 

to the high circulating insulin levels in the HF-fed O-NODk mice, although it is unlikely to be 

the cause of the diabetes phenotype. In vitro, islets of the HF-fed O-NODk mice are very insulin 

responsive to fuel (glucose and fatty acids) and non-fuel (IBMX) stimuli, whereas in vivo 

insulin secretion does not seem to be modulated by glucose as late ipGTT shows a lack of 1st 

phase insulin secretion. Therefore, the O-NODk mice may be predisposed to increased β-cell 

function, which is further augmented with chronic HF-feeding. This could be leading to the 

development of β-cell dysfunction and loss of β-cell mass, ultimately causing cell death.  

The whole genome and RNA-seq studies show alterations in the gene sequence and 

transcription of certain genes that are associated with calcium binding and signaling. Thus, the 

postulated homozygous recessive genetic factor(s) causing diabetes susceptibility in the O-

NODk mice may be associated with high calcium ion influx and increased signaling across the 

plasma membranes of the β-cells, leading to insulin hypersecretion. Furthermore, since T2D is 

a polygenic disorder, mutations in more than one gene could be responsible for diabetes 

susceptibility in the O-NODk mice. Nonetheless, further analysis of the sequencing data and 

confirmation of gene expression of candidate genes would provide strength and more insights 

into the mechanisms by which O-NODk mice are predisposed to developing diabetes when 

subjected to HF diet. 
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8.4 Future directions 

Although extensive phenotypic and genotypic characterization of O-NODk and RF-NODk mice 

has been conducted in this thesis, further experiments are still required for validation of 

observations made in this study. 

During the histological analysis of the pancreas sections of both O-NODk and RF-NODk mice, 

evidence of islet cell apoptosis was observed in some islets of HF-fed O-NODk mice. However, 

since the tissue was not double stained for insulin and activated caspase-3, it is impossible to 

ascertain that HF-feeding is leading to β-cell death in the O-NODk mice. Therefore, quantitative 

assessment of islet β-cell apoptosis needs to be conducted in pancreatic sections through dual 

immunohistochemistry for insulin and activated caspase-3 for precise assessment of β-cell 

apoptosis.  

Analysis of the whole genome of the O-NODk and RF-NODk mice generated 4 strong candidate 

genes Atp13a3, Gpr125, Kcnh7 and Ncor1 with SNPs leading to a deleterious phenotype 

following an amino acid change. Since the whole genome sequencing study was only conducted 

on 2 mice per group, Sanger sequencing will be required for confirmation of SNPs in these 

candidate genes in more mice. Additionally, it will also be particularly interesting to evaluate 

if any of these SNPs are present in the single anomalous diabetic HF-fed RF-NODk mouse 

identified in the long-term phenotyping study described in Chapter 3. Further analysis and 

validation of the insertions, deletions and gene translocations identified during WGS will also 

be required to generate another list of more candidate genes that could be associated with the 

diabetes phenotype in the HF-fed O-NODk mice.  

RNA-seq analysis showed differential expression of genes such as Sdc2, Sucgl2, Cbr3 and Pcp4 

in the O-NODk mice compared to the RF-NODk mice. This needs to be further validated in 

more mice (n=8 mice per group) through qPCR to increase the strength of the data. As 
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previously mentioned, only an average of 45% of all RNA-Seq reads mapped concordantly to 

the reference genome. Therefore, the unmapped reads will need to be manually overlapped 

through de novo transcript assembly using Trinity software. This will provide a more complete 

transcriptomic profile of the O-NODk and RF-NODk mice, which will be useful for additional 

identification of DEGs and enriched pathways that could be involved in the predisposition of 

T2D. 

Further analysis and validation of the whole genome sequencing and RNA-seq data allow 

determination of the genetic factor(s) associated with the development of diabetes in the HF-

fed O-NODk mice. The role of this selected genetic mutation in the pathogenesis of diabetes 

will be further examined by creating a CRISPR/Cas9 mouse model with the same genetic 

mutation in the RF-NODk mice. Development of diabetes in the CRISPR/Cas9 RF-NODk mice 

will confirm this mutation as the primary cause of diabetes in the O-NODk mice. The generated 

mouse model will also allow further investigation of the mechanisms involved in T2D 

pathogenesis, particularly if it is a novel mutation in a gene not yet associated with diabetes. 

Identification of the genetic factor(s) causing the diabetes phenotype in the HF-fed O-NODk 

mice may not only be relevant to the pathogenesis of human T2D, but could also be related to 

non-immune islet β-cell susceptibility factors in T1D. This would allow novel therapeutic 

targets to preserve and protect functional islet β-cells, and consequently prevent or treat T2D. 

Furthermore, it could also unlock novel preventative and therapeutic strategies for T2D. 

In this study, the hyper-responsiveness of NODk islet β-cells to metabolic excess make them 

vulnerable to β-cell injury. Similarly to the  O-NODk mouse model, Indigenous and Torres 

Strait Islander people in Australia also have higher rates of obesity, extreme insulin resistance 

and have higher circulating insulin levels from very early on, with increased prevalence of T2D 

in youth (Valery et al., 2009, Titmuss et al., 2019, Burrow and Ride, 2016). Hospitalization and 
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mortality rates associated with T2D are also quite high in this population group compared to 

non-indigenous Australians (Australian Institute of Health and Welfare, 2015). Therefore, by 

studying the mechanisms of diabetes development in the O-NODk mice and the associated 

genetic factors, we could potently find candidate genes that could be predisposing these 

individuals to T2D. This would allow the development of targeted gene therapy for treatment 

of diabetes and its comorbidities, and even delay disease progression if identified earlier. 
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Appendix 

 

Solutions: 

Preparation of solutions mentioned in Chapter 2 (Materials and Methods) are shown below. 

 

 

Sodium Phosphate Buffer 

 0.025 M Ethylenediaminotetra acetic acid (EDTA) 

 0.05 M Sodium phosphate monobasic 

 0.01% Thimerosal 

The pH was adjusted to 7.5 with NaOH (10N), solution was topped up with Milli-Q water and 

sterile-filtered using 0.22 µm filter (Millipore Corporation, MA, USA) and stored at 4oC.  

 

BSA-Sodium Phosphate Buffer- 1 L solution 

 10 g of BSA- RIA grade 

 1000 mL of Sodium phosphate buffer 

The solution was wrapped in aluminum foil and stored at 4oC. 

 

PEG- Sodium Phosphate Buffer- 1 L solution 

 30 g of PEG 8000 

 1000 mL of phosphate buffer 

The solution was wrapped in aluminum foil and stored at 4oC. 

 

KOH (Potassium Hydroxide)  

 0.5 M KOH  

The solution was topped up with 95% ethanol. 
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MgSO4 (Magnesium Sulphate) 

 0.15 M MgSO4.7H20 

The solution was topped up with Milli-Q water. 

 

3,3’- Diaminobenzidine (DAB) solution 

 1 set of 2 DAB tablets 

 10 mL deionized Milli Q water 

 

HEPES (1M)- 1 L solution 

 238.4 g of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

 0.1 g of Thimerosal (0.01%) 

 1000 mL of Milli-Q water 

The pH of the solution was adjusted to 7.4, filtered using 0.22 µm filter and stored at 4oC. 

 

Enzymatic pancreas inflation solution  

 10x Hanks Balanced Salt Solution (HBSS)  

 20 mM HEPES, pH 7.4 

 0.1 mg/mL liberase 

 0.0067 mg/mL of DNase I 

 

HBSS-1% BSA Wash buffer solution- 1 L solution 

 100 mL HBSS 10x  

 20 mL HEPES 1M, pH 7.4  

 0.2 g BSA-fraction V 

The solution was topped up with Milli-Q water and stored at 4oC. 
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Roswell Park Memorial Institute (RPMI) Complete medium 

 10% FBS  

 1%  HEPES 100x  

 1% Sodium pyruvate  

 1% Glutamine 100x  

 1% Antibiotics (penicillin/streptomycin) 

The solution was topped up with RPMI-1640 medium and stored at 4oC. 

 

Glutamine 100X (MW= 146.14)  

 205 mM L-glutamine. 

 Warm RPMI 1640 

The solution was filtered using 0.22 µm filter and stored at -20oC. 

 

HEPES 100X (1M) (MW=238.3)  

 1M HEPES 

 RPMI 1640 medium 

The pH of the solution was adjusted to 7.3, filtered using 0.22 µm filter and stored at 4oC. 

 

Na-Pyruvate 100X (MW=110.04)  

 0.01 M Sodium pyruvate  

 RPMI 1640 medium 

The solution was filtered using 0.22 µm filter and stored at -20oC. 

 

5x Krebs Ringer Bicarbonate Buffer (KRB)  

 675 mM Sodium Chloride (NaCl) 

 18 mM Potassium Chloride (KCl) 

 2.5 mM Sodium phosphate (NaH2PO4) 

 2.5 mM Magnesium Chloride (MgCl2) 

 7.5 mM Calcium Chloride (CaCl2) 
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KRB + HEPES (KRBH) solution- 1 L solution 

 200 mL of 5x Krebs Ringer Buffer (KRB) 

 20 mL of NaHCO3 50x  

 10 mL of HEPES 1M pH 7.4 

The pH of the solution was adjusted to 7.4, topped up with Milli-Q water and incubated at 37oC 

with 5% CO2 for 1 hour.  

 

KRBH wash buffer- 1 L solution 

 1L of KRBH solution 

 3 mM of 1M glucose  

 0.07% of BSA- Heat shock fraction (A7888)  

 

KRBH-5% BSA fatty acid free solution-1 L solution 

 1 L of KRBH solution  

 5% BSA fatty acid free 

The solution was filtered using 0.22 µm filter and stored overnight at 4oC. 

 

4 mM Palmitate solution 

 200 mg of Sodium palmitate 

 30 mL of KRBH solution supplemented by 5% BSA Fatty acid free 

Nitrogen gas was added to the solution and sealed for overnight (16 hours) incubation at 37oC 

on a rocker/shaker. On the following day, the solution was sterile-filtered through a 0.22 µm 

filter and stored at -20oC for future use. 
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4 mM Oleate solution 

 40 mg of Sodium oleate 

 20 mL of KRBH solution supplemented by 5% BSA Fatty acid free 

After addition of Nitrogen gas, the solution was sealed and incubated overnight on a 

rocker/shaker at 37oC. On the next day, the solution was sterile-filtered and stored at -20oC. 

 

Islet Protein lysis buffer 

 50 mM Tris pH 8.0 (1M) 

 100 mM EDTA 

 0.5% Sodium dodecyl sulfate (SDS) 

The solution was topped up with Milli-Q water. 
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Appendix Table 1: Scoring criteria for H&E-stained pancreas sections 

Scoring parameter Scores 

Pancreas fat 0= none 

1: infrequent 

2= mild (some) 

3= moderate  

4=severe  

Acute inflammation 0= none 

1: minimal 

2= mild  

3= moderate 

4=severe 

Chronic inflammation 0= none 

1: minimal 

2= mild  

3= moderate 

4=severe 

Main location of inflammation 1= lobule 

2= peri-ductal 

3= peri-islet 

4= lobule + peri-duct 

5= peri-duct + peri-islet 

6= all 

Ducts affected by inflammation 1= <10% 

2= 10-50% 

3= >50% 

Islet cell apoptosis 0= absent 

1= present 

 

 

 



 

 292 
 

 

 

Figure 55: Representative images of scoring for fat infiltration in the pancreas of O-NODk and 

RF-NODk mice, fed on NC and HF diet. Pancreas section were cut and stained with H&E. Qualitative 

analysis was performed to determine the severity of pancreatic fat infiltration, with sections scored as 

minimal to infrequent with very few adipocytes (A), mild (B) and moderate (C). There were no samples 

with severe fat infiltration.  

 


