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Abstract 

Type 2 diabetes (T2D) is an autoinflammatory disease and metabolic disorder 

characterised by high blood glucose levels, failure/reduction of insulin secretion by 

the pancreas, and insulin resistance. The International Diabetes Foundation 

reported in 2019 that 9.3% (463 million) of the adult population were living with 

diabetes, half of which were undiagnosed. T2D is also strongly linked to obesity, 

which is the single most highly modifiable risk factor for T2D.  

Isolated CD-1 mice islets, INS-1 rat pancreatic β-cells and skeletal muscle 

C2C12 mouse myotubes were hereby used as cellular models for T2D. The effects 

of glucolipotoxic (GLT) metabolic stress were investigated by incubating these cells 

in medium supplemented with chronically elevated glucose and high free fatty acid 

concentrations that mimic the extracellular environment typically found in patients 

with poorly controlled T2D. In addition, molecules potentially able to counter these 

effects were investigated by incubating cells in either: control medium ± 10 mM L-

carnosine (or β-alanine); control medium ± 100 µM carnosine analogues; GLT 

medium ± 10 mM L-carnosine (or β-alanine); GLT medium ± 100 µM carnosine 

analogues.  

The effects of glucolipotoxicity were assessed through transcriptomic 

analysis utilising microarray data and Illumina-HiSeq gene expression data in 

combination with non-biased ranked pathway analysis 

using MetacoreTM technology. The results generated from these methods were 

validated using RT-qPCR and Western blotting. Functional assays were performed 

to determine cell viability, reactive species scavenging, 3-nitrotyrosine (3-NT) level, 

4-hydroxynonenal (4-HNE) level and Seahorse Mito Stress assay utilised to 

determine the impact of GLT and potential therapeutic agents on mitochondrial 

function. 
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Using the above methodologies, hepatocyte nuclear factor 4 alpha (HNF4α) was 

shown to be a transcription factor that is a central regulator of protein trafficking 

through control of expression of multiple Rab genes and syntaxin 17. Furthermore, 

HNF4α was shown to be sensitive to GLT metabolic stress, and targeted HNF4α 

knocked down inhibited insulin secretion. HNF1α expression was reduced when 

HNF4α was downregulated, suggesting an association between the two 

transcription factors. Cell adhesion pathways were also shown to be strongly 

downregulated by GLT, and targeted knocked down of the extracellular matrix 

genes encoding matrix metallopeptidase 14 (MMP14), CD44 molecule (CD44) and 

Erb-B2 receptor tyrosine kinase 4 (ErbB4) expression inhibited insulin secretion.  

Carnosine is a physiological histidine-containing dipeptide that has recently 

been shown to help reduce glycated haemoglobin 1ac (HbA1c) levels in patients 

with T2D, although the mechanism of action associated with this reduction is poorly 

understood. Data presented herein show that carnosine, its analogues, and the 

constituent amino acid, β-alanine, effectively scavenge radical species generated 

by GLT. GLT was also shown to decrease maximal respiration and reduce 

mitochondria’s ability to generate ATP. However, this decrease was effectively 

reversed by the supplementation of carnosine and β-alanine to GLT 

media. Carnosine and carnosine mimetics also consequently increased insulin 

secretion that was hitherto inhibited by GLT. Importantly, carnosine analogues, M8 

and E3, significantly reduced the formation of 3-NT and 4-HNE adducts in both in 

vitro and in vivo experiments and were shown to counter obesity and T2D in a 10-

week animal study. This therefore indicates a potential role for these molecules as 

novel therapeutic agents in the treatment and/or prevention of metabolic diseases. 
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1.1 Introduction 

In 2021, International Diabetes Federation (IDF) has reported that 537 million adults 

aged 20-79 living are with diabetes and this is expected rise to 643 million and 783 

million by 2030 and 2045, respectively (IDF, 2021). Notably, the global proportion 

and number of adults who are living with diabetes is estimated to be 24 million in 

Africa (over 1 in 2 adults are undiagnosed), 61 million in Europe (over 1 in 3 adults 

are undiagnosed), 73 million in Middle-East and North Africa (1 in 3 adults are 

undiagnosed), 51 million  in North America and Caribbean (1 in 4 adults are 

undiagnosed), 32 million in South and Central America (1 in 3 adults are 

undiagnosed), 90 million in South-East Asia (over 1 in 2 adults are undiagnosed) 

and 206 million in Western Pacific (over 1 in 2 adults are undiagnosed) (IDF, 2021). 

Diabetes is responsible for 6.7 million deaths (1 every 5 seconds) in 2021. Over the 

last 15 years, USD966 billion dollars was the reported health expenditure in diabetes 

(IDF, 2021). The National Health Service (NHS) spent £10 billion a year on diabetes 

which is 10% of its entire budget (www.diabetes.org.uk).  

World Health Organisation (WHO) has reported that diabetes has entered 

the top 10 leading causes of death globally with a significant increase of 70% deaths 

since 2000 with 80% deaths amongst male (WHO, 2020).  

Diabetes mellitus is characterised by a high level of sugar in the blood in the 

absence of treatment resulting from defects in insulin secretion, insulin action or 

both. Around 90% of people with diabetes is classified as type 2 diabetes mellitus 

(T2DM), and 8% is type 1 diabetes mellitus (T1DM), and around 2% is the rare type 

of diabetes (www.diabetes.org.uk/diabetes-the-basics/differences-between-type-1-

and-type-2-diabetes). Being overweight and physically inactive are the main 

contributing factors in T2DM. Complications of diabetes include neuropathy, 

retinopathy and nephropathy, and people with poorly controlled diabetes are at high 

risk of diseases in the heart, eyes (cataract), in the peripheral arterial and 
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cerebrovascular disease, and erectile dysfunction (Amanat et al., 2020; Kobayashi 

and Zochodne, 2018; Kouidrat et al., 2017; Saini et al., 2021; Taylor et al., 2021).  

Many clinical studies conducted in the human population have shown 

elevated levels of inflammatory factors, including acute-phase proteins, sialic acid, 

proinflammatory cytokines and chemokines in patients with T2DM (Bae et al., 2021; 

Donath et al., 2019; Hu et al., 2018). Elevated levels of these circulating 

proinflammatory mediators are considered hallmarks of chronic inflammation 

(Robbins et al., 2014). This has been shown to be a key feature in metabolic disease 

including T2DM (Donath and Shoelson, 2011; Hotamisligil, 2010). T2DM is also the 

leading cause of kidney failure, nontraumatic lower-limb amputation, and blindness 

in adults (American Diabetes Association, 2013). 

Studies have shown that more than 80% of patients with T2DM are obese 

(Donath and Shoelson, 2011; Xu, 2013), with the increased abdominal visceral 

adipose tissue being associated with both cytokine release and insulin resistance 

(Osborn and Olefsky, 2012). Moreover, the onset of T2DM typically follows the 

induction of insulin resistance (Monti et al., 2012; White et al., 2021). Insulin 

resistance happens when cells in the muscle, liver and fat are not responding to 

insulin and do not take up glucose from the blood. As a result, the pancreas makes 

more insulin to help glucose enter the cell. This is the common feature of T2DM and 

progress due to β-cell dysfunction (Lencioni et al., 2008). Studies have shown that 

long-chain saturated (palmitate, stearate) and monounsaturated (oleic) free fatty 

acids (FFAs) are highly active as proinflammatory factors to many cell types, while 

short-chain FFAs by contrast do not induce inflammation (Lee et al., 2004; Nguyen 

et al., 2007; Senn, 2006; Shi et al., 2006; Song et al., 2006). These FFAs and 

proinflammatory cytokines have also been demonstrated to impair insulin signalling 

(Sarmiento-Ortega et al., 2021; Wenzl et al., 2021). Insulin resistance reduces 

glucose uptake to skeletal and adipose tissues, as well as liver. This causes 
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pancreatic β-cells to secrete more insulin to compensate, but over time the 

sustained burden caused by chronic elevated blood sugar levels results in 

decreased β-cell function. This in turn results in a failure to sustain insulin demand 

and the onset of T2DM (Osborn and Olefsky, 2012).  

Obesity is a strong modifier of diabetes risk. Obesity accounted for a huge 

proportion of epidemic of type 2 diabetes mellitus in Asia. It has been shown to affect 

an increasing number of young adult with type 2 diabetes (Pan et al., 2021; Zeng et 

al., 2021). The range of diabetic subgroups will become even more wide-ranging in 

the future with improved classification of patients with diabetes. 

Whilst the detrimental effects of long-term exposure to high fat, high sugar 

diets are clear, the associated mechanisms of diabetogenesis remain poorly defined. 

Previous data from the Turner group has shown that over 3,000 pancreatic genes 

have 2-fold or greater change in expression that results from exposure to a high 

sugar and high fat glucolipotoxic (GLT) environment representative of that 

experienced by patients with poorly controlled type 2 diabetes (Bagnati et al., 2016). 

The challenge now is to understand which of these changes drive β-cell dysfunction 

and the decreased insulin secretion that results from a high sugar, high fat diet. 

 

1.2 Pancreas 

The pancreas is an organ of the digestive and endocrine systems of the human 

body. It has an endocrine function (glucose homeostasis) and exocrine function 

(nutrient digestion)  (Paniccia and Schulick, 2017) (see Figure 1.1). The exocrine 

gland is the central part of the organ which is responsible in secreting digestive 

enzymes via the ductal system into the duodenum whilst endocrine gland function 

in producing glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide 

(Collombat et al., 2010). The pancreas is involved in glucose homeostasis; i.e., 

when the blood glucose level is low, it secretes glucagon to compensate for the 
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needed glucose, and when blood glucose level high, it secretes insulin, the hormone 

capable of lowering blood glucose concentration (Rorsman et al., 2018).  

 

Figure 1.1 Pancreas and islets of Langerhans. Islets of Langerhans are clusters of cells 

in the pancreas. These groups of cells are responsible for the generation and release of 

hormones essential in regulating glucose levels. Figure created using Biorender. 

 

1.3 Islets of Langerhans 

Islets of Langerhans (see Figure 1.1), discovered by Paul Langerhans in 1869, are 

mixed random islands of endocrine cells found in the pancreas (Da Silva Xavier, 

2018) and insulin producing-cells are abundantly present in it (Baetens et al., 1979). 

Islets of Langerhans are predominantly scattered in the body and tail regions rather 

than in the head of the pancreas  (Baetens et al., 1979; Rorsman and Ashcroft, 

2018). Insulin is released in response to elevated levels of nutrients (Lizcano and 

Alessi, 2002), i.e., glucose, fatty acids and amino acids, by the β-cells. 
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The pancreatic islet of Langerhans consists of five types of cells, i.e., 

glucagon-producing α-cells, insulin-releasing β-cells, somatostatin-containing δ-

cells, pancreatic polypeptide-secreting cells, and Ghrelin-positive and other islet cell 

types. 

 

1.3.1 α-cells 

Glucagon is a counter hormone to insulin, and is released by the α-cells into the 

bloodstream when the blood glucose level is low (Svendsen et al., 2018). The 

interactive regulation of glucagon and insulin secretion is considered a central 

mechanism for regulating blood glucose. This mechanistic response is to prevent 

the occurrence of hypoglycaemia, low blood glucose level, and getting back into 

euglycemia, normal blood glucose level (Cryer, 2012; Gerich, 1988). Under normal 

conditions, an elevated blood glucose level causes a secretion of insulin from the β-

cells which subsequently signals a decrease of glucagon secretion by the α-cells 

following ingestion of food (Cryer, 2012). Alpha-cells are essential in the regulation 

of glucose release from the liver (Unger, 2010) and abnormal α-cells function 

contributes to the development of type 2 diabetes which results from excessive 

production of glucagon (hyperglucagonemia) and consequently, expressing high 

level of blood sugar (hyperglycaemia) (Kahn, 2003; Kazda et al., 2017; Knop et al., 

2007; Unger and Orci, 1975). 

 

1.3.2 β-cells 

Approximately 70-80% of the islet of Langerhans is composed of β-cells (Baetens 

et al., 1979). β-cells have a polygonal shape with an average diameter size of 13-

18 µm (Göpel et al., 1999). Each has approximately 10,000 secretory granules 

(Olofsson et al., 2002) which contain up to 8-9 fg insulin (1.6-1.8 amol insulin) 

corresponding to approximately circa 100 mM (Huang et al., 1995; Rorsman and 
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Renström, 2003). Insulin is packed in the secretory granules as Zn2-insulin6 complex 

in a crystalline form (Svendsen et al., 2018). 

 

Figure 2.2 Structure of zinc2-insulin6 complex. Molecular structure of insulin hexamer. 

One of the zinc ions can be seen in the centre whilst the other lies below the plane. Figure 

was drawn using Pymol. 

 

The critical role of the β-cell is attributed to acting as a glucose sensor by secreting 

insulin into the bloodstream in response to an elevated glucose concentration. This 

process was done metabolically by inducing changes in electrical activity, thereby 

building up the cytoplasmic Ca2+ concentration and initiating Ca2+-dependent 

exocytosis of insulin-containing secretory granules (Rorsman and Ashcroft, 2018). 

Type 2 diabetes is characterised by chronic hyperglycaemia caused by impaired 

insulin secretion and action of insulin (Rorsman and Ashcroft, 2018). Approximately 

48-56 days (rat) is the lifespan of mature beta-cells, and the pre-existing beta-cells 
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supplant them through the differentiation and proliferation of new β-cells derived 

from the pancreatic ducts (Stoffers et al., 2000). 

Incretin hormones are synthesised in the gut (Nauck and Meier, 2018) and 

have the ability to enhance insulin secretion (Irwin and Flatt, 2013). The two most 

important incretin hormones are glucose-dependent insulinotropic polypeptide (GIP) 

and glucagon-like peptide-1 (GLP-1) (Fehmann et al., 1995; Holst and Orskov, 

2004; Holst, 1999). Enteric hormones such as cholecystokinin (CCK)  (Irwin and 

Flatt, 2013; O'Harte et al., 1998) and oxyntomodulin (OXM)  (Irwin and Flatt, 2013) 

have been found also to stimulate insulin secretion. These gut hormones are used 

in the treatment for obesity-diabetes (Irwin and Flatt, 2013).  CCK has been found 

to increase β-cell survival by directly reducing the cytokine-induced and 

endoplasmic reticulum-induced cell death (Lavine et al., 2010). 

In pancreatic β-cells, glucose metabolism is tightly controlled by the activity 

of glucokinase (Bonner et al., 2015; Doliba et al., 2012) and glucose transporters 

(GLUT 1 and GLUT 2 in humans, and GLUT2 in mice) (Heimberg et al., 1995; 

McCulloch et al., 2011) because the only substrate for glucokinase is D-glucose. 

Glucokinase is only functional at high glucose levels because it has a low binding 

affinity towards glucose (She et al., 2022). 

 

1.3.3 δ-cells 

Somatostatin (see Figure 1.3) secreting cells (δ-cells) comprise 10% of the islet of 

Langerhans. Delta-cells are also observed to be present in the stomach and 

pancreas (Arimura et al., 1975), hypothalamus (Luft et al., 1978), central nervous 

system, peripheral neurons (Hökfelt et al., 1975), and the gastrointestinal tract 

(Hökfelt et al., 1975). 
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Figure 3.3 Structure of somatostatin. 

 

Somatostatin acts as a negative regulator of insulin, glucagon, and pancreatic 

polypeptide secretion (Ensinck et al., 1989; Hauge-Evans et al., 2009; Kailey et al., 

2012), and is also involved in Ca2+ signalling (Berts et al., 1996; Braun et al., 2009; 

Zhang et al., 2007). Somatostatin was also found to inhibit epinephrine  (Kailey et 

al., 2012; Lacey et al., 1990), ghrelin (Wierup et al., 2014), galanin (Renström et al., 

1996), and leptin (Seufert et al., 1999). Somatostatin acts as an inhibitory hormone 

in the release of pituitary hormones and modulator of nervous functions as its role 

as a direct depressant on neural activity and decreases motor activity (Luft et al., 

1978). Aside from being an important component of islet architecture and 

intercellular communication (Brereton et al., 2015), δ-cells are electrically excitable 

(Kanno et al., 2002). δ-cells have been reported to transdifferentiate into β-cells 

(Chera et al., 2014), although this remains the subject of controversy, as some 

studies do not support transdifferentiation of δ-cells to β-cells as a viable means to 

replenish β-cell mass (Da Silva Xavier, 2018). 
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1.3.4 Pancreatic polypeptide cell 

Pancreatic polypeptide (PP) cells comprise 1-2% of the islet of Langerhans (Clark 

et al., 1988; Stefan et al., 1982; Sundler et al., 1977). Glucose stimulates the 

secretion of PP from PP-containing cells, and this has been shown to an inhibitor of 

glucagon (Aragón et al., 2015). It was also observed that PP could be stimulated by 

10 mM arginine, but not glucagon (Weir et al., 1979).  

 

1.3.5 Ghrelin-positive and other islet cell types 

Ghrelin, serotonin (enterochromaffin cells), gastrin (G-cells) and small granules of 

unknown content (P/D1-cells) were also found to be present in the islet of 

Langerhans (Alumets et al., 1978; Bordi et al., 1986; Capella et al., 1978; Rindi et 

al., 2002; Rindi et al., 2002; Solcia et al., 1987; Wierup et al., 2002; Wierup et al., 

2007; Wierup et al., 2014). Unfortunately, there are no further studies found yet on 

the function of the other cells except for ghrelin-positive cells. It was observed that 

ghrelin concentration increased during fasting (Dornonville de la Cour et al., 2001; 

Toshinai et al., 2001; Tschöp et al., 2000) and it was shown to have an insulin 

secretion inhibitory effect in humans and rodents (Broglio et al., 2001; Broglio et al., 

2003; Colombo et al., 2003; Egido et al., 2002; Reimer et al., 2003; Wierup and 

Sundler, 2004). Hence, ghrelin has an inversely proportional relationship with insulin 

(Dezaki et al., 2008; Korbonits et al., 2004), i.e., as plasma insulin concentration 

increases, plasma ghrelin concentration decreases. Studies have also shown that 

ghrelin was able to regulate the release of glucagon, somatostatin, and pancreatic 

polypeptide (Arosio et al., 2003; Egido et al., 2002; Olofsson et al., 2002). 

 

1.4 Insulin and its structure 

The β-cells synthesise insulin in the endocrine pancreas. It is a polypeptide hormone 

wherein its active form is composed of A- and B-chains (see Figure 1.4). Two 
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interchain disulphide bonds link the two chains. However, the A-chain has an 

intrachain disulphide bond. Impaired folding of proinsulin can cause the 

development of endoplasmic reticulum stress, β-cell apoptosis, and diabetes 

mellitus (Weiss et al., 2000). 

Insulin chains A and B are secondary in structure. Chain A has two α-helical 

segments that are nearly antiparallel. These two helices are connected by non-

canonical turn which brings into proximity the N-chain and C-chain termini. N-chain 

terminus is the start of the protein or polypeptide, and this refers to the free amino 

group at the end of the polypeptide whilst C-chain terminus is the end of the protein 

or polypeptide, and this refers to the free carboxyl group at the end of the 

polypeptide. On the other hand, the B-chain has a central α-helix flanked by 

disulphide bonds and β-turns (Weiss et al., 2000).  

The process of insulin biosynthesis starts with the translation of the 110 

amino acids containing polypeptide known as preproinsulin (which contains the N-

terminal signal peptide), followed by the B chain, then the C-peptide (the connecting 

peptide) and the C-terminal A chain. When they are translocated into the 

endoplasmic reticulum, the N-terminal signal peptide is detached, transforming 

preproinsulin into proinsulin. Disulfide bonds between the B and A chains are formed 

as well. Proinsulin left the endoplasmic reticulum and moved through the Golgi 

complex to the trans-Golgi network, sorted by the membrane-enclosed organelles 

known as secretory granules. After this event, proinsulin is converted into mature 

insulin by cleavage of the C-peptide. This mature insulin, consisting of A and B 

chains only, is stored in the secretory granules, which will be fused with the plasma 

membrane to release insulin or are intracellularly degraded by autophagy or direct 

delivery of lysosomes (see Figure 1.4).   
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Figure 4.4 Cleavage of proinsulin to insulin. Insulin, a hormone with 51-residue, is 

secreted by β-cells in the islets of Langerhans. Insulin is composed of A- and B-chains, 

containing 21 and 30 residues, respectively, connected by two disulfide bonds. A-chain has 

an intrachain disulfide bond. C-chain is the linker between A-chain and B-chain of proinsulin 

and considered as inert byproduct of insulin synthesis. Preproinsulin (1) is transformed into 

a proinsulin (2) by proteolytic action and proinsulin is converted to insulin (3) by pancreatic 

beta-cells. Figure created using Biorender. 

 

1.4.1 Insulin synthesis, secretion, and action 

Pancreatic β-cells secretes insulin into the bloodstream in response to the high 

levels of nutrients, i.e., carbohydrates, fatty acids, and amino acids, circulating in 

the blood. Insulin stimulates the uptake of these nutrients, which in turn triggers the 

elevation of enzyme activity involved in glycogen, lipid and protein synthesis and 

storage in the liver, adipose tissue, and muscle, respectively. Whilst this is 
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happening, insulin inhibits enzymes involve in catalyse degradation and release of 

these nutrients back into the blood circulation (Saltiel and Kahn, 2001) (see Figure 

1.5). 

 

Figure 5.5 Regulation of metabolism by insulin. Insulin does promotes the synthesis and 

storage of lipids, carbohydrates, and proteins, whilst suppressing their degradation and 

release into the circulation. Permission to use the image granted by Saltiel and Kahn (2001). 

 

Glucose enters the β-cell via a facilitative glucose transporter, GLUT2 which is 

widely distributed in the liver, kidney, serosal surface of intestinal mucosa cells and 

pancreatic β-cell (Naseri et al., 2021; Wang et al., 2021). As the glucose enters the 

cell, it is enzymatically phosphorylated by glucokinase and converted into glucose-

6-phosphate. This substrate is then metabolised through glycolysis, tricarboxylic 

acid cycle, and oxidative phosphorylation (Morrissey et al., 2021; Zhang et al., 2021). 

This series of metabolic reactions results in an increase in ATP levels within the β-

cell, thereby increasing the ATP/ADP ratio which triggers the channel closing of 

ATP-dependent K+ channels. With this, the membrane undergoes depolarisation 

and this activates Lc-type Ca2+ channels, thereby allowing Ca2+ to enter the β-cell 

and thereby significantly increasing intracellular [Ca2+] in the area around the Ca2+ 
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channel (Backes et al., 2021). This effect stimulates the fusion of insulin-containing 

granules with the plasma membrane and results in the secretion of insulin 

(Lieberman and Peet, 2018). Lc-type Ca2+ channel is a C class calcium channel 

which play a role in synapses and secretory cells. As an example, it was found that 

in retinal bipolar cells, Ca2+ entry through the Lc channels triggers ultrafast 

exocytosis, whilst in pancreatic beta-cells it was observed that evoked secretion is 

highly sensitive to Ca2+ (Wiser et al, 1999).  

The insulin receptor, a member of the tyrosine kinase family of receptors, is 

a dimer with each half containing an α- and β-subunit. Insulin binds to α-subunits, 

and when this happens, the β-subunits cross the plasma membrane and protrude 

into the cytosol, autophosphorylate each other, and activate the insulin receptor 

(Lawrence, 2021). The autophosphorylated receptor binds the insulin receptor 

substrate (IRS) at multiple sites, i.e., Shc and Cbl, and form a binding site for 

proteins with SH2 domains such as Grb2, phospholipase Cγ(PLCγ), PI 3-kinase, 

and downstream PtdIns(3,4,5)P3-dependent protein kinases, ras and the MAP 

kinase cascade, and Cbl/CAP and the activation of TC10 (Meijles et al., 2021). 

These pathways involved would act in a coordinated fashion in regulating of enzyme 

activation and inactivation, vesicle trafficking, gene expression, and protein 

synthesis. These processes would result in the regulation of lipid, protein and 

glucose metabolism (see Figure 1.6)  (Saltiel and Kahn, 2001). 
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Figure 6.6 Signal transduction in insulin action. Insulin receptors undergo 

autophosphorylation and catalyse the phosphorylation on the cellular proteins of the IRS 

family, Shc and Cbl. On phosphorylation of specific tyrosine residues, these proteins 

interact with the signalling molecules through their SH2 domains and result in the activation 

of PI(3)K, PtdIns(3,4,5)P3-dependent protein kinases, Cbl/CAP and TC10, and ras and the 

MAP kinase cascade. Permission to use the image granted by Saltiel and Kahn (2001). 

 

1.4.2 Insulin signalling pathway 

All animals have an unpredictable pattern of feeding and starvation that develops 

between meals. This caused significant stress to the animals. However, humans 

have the ability to store nutrients which can be used during periods of fasting. Insulin 

is the driving force that controls this process by responding to elevated levels of 

nutrients such as glucose in the bloodstream. 

Adipose tissue, skeletal muscle, and liver are the primary tissues responsive 

to insulin in the body (Fuchs et al., 2021). The binding of insulin to its receptor 

stimulate the transport of nutrients (glucose, fatty acids, and amino acids) from the 

bloodstream into the tissues. This event consequently converts the nutrients to 
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stored macromolecules (proteins, glycogen, and lipids) (James et al., 2021; 

Takahashi et al., 2021). Dysregulation of the uptake and storage of nutrients reliably 

following feeding results in diabetes. 

 

1.5 Diabetes 

Diabetes is a chronic metabolic disorder of hyperglycaemia and insulin resistance 

in the absence of treatment. It is traditionally classified as one of two main types 

(although there are other forms), namely type 1 diabetes mellitus (the pancreas 

cannot produce insulin as result of autoimmune attack) and type 2 diabetes mellitus 

(the pancreas is unable to release sufficient insulin to cope with the demand 

imposed by insulin resistance and obesity) (Arneth et al., 2019). Diabetes in each 

case is defined by abnormalities in pancreatic β-cell function that lead to either β-

cell stress, dysregulation, or loss. With this, treatments could be targeted to 

mediated pathways of hyperglycaemia in a specific patient.  

Reclassification of types of diabetes was revisited by WHO in 2019 (see 

Table 1.1) for the new classification of diabetes with reasons provided as follows: 

1. The phenotypes of type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus 

(T2DM) are becoming less distinguishable with high obesity frequency at a very 

young age. Increasing reported cases of T1DM in adulthood and T2DM in young 

people.  

2. Developments in molecular genetics have aided doctors and clinicians in 

identifying subtypes of diabetes. This leads to important suggestions for choice 

of treatment in some cases.  

3. Growing understanding of pathophysiology has resulted in a trend towards 

evolving personalised therapies and precise medication. Unlike the previous 

classification, “hybrid types of diabetes” and “unclassified diabetes” were added 
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as the new types of diabetes. This inclusion would provide practical guidance to 

clinicians for assigning a type of diabetes to individuals at the time of diagnosis. 

 

Table 1.1 Classification of diabetes. 

Types of diabetes Brief description Change from 

previous 

classification 

Type 1 diabetes β-cell destruction (mostly 

immune- mediated) and 

absolute insulin deficiency; 

onset most common in 

childhood and early 

adulthood 

Type 1 sub-classes 

removed 

 

Type 2 diabetes Most common type, various 

degrees of β-cell dysfunction 

and insulin resistance; 

commonly associated with 

overweight and obesity 

Type 2 sub-classes 

removed 

 

Hybrid forms of 

diabetes 

 New type of 

diabetes 

Slowly evolving, 

immune-mediated 

diabetes of adults 

Similar to slowly evolving type 

1 in adults but more often has 

features of the metabolic 

syndrome, a single GAD 

autoantibody and retains 

greater β-cell function 

Nomenclature 

changed – previously 

referred to as latent 

autoimmune diabetes 

of adults (LADA) 

Ketosis-prone type 2 

diabetes 

Presents with ketosis and 

insulin deficiency but later 

does not require insulin; 

common episodes of ketosis, 

not immune-mediated 

 

 

 

No change 
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Other specific types   

Monogenic diabetes 

-Monogenic defects of 

β-cell function 

 

 

 

-Monogenic defects in 

insulin action 

Caused by specific gene 

mutations, has several clinical 

manifestations requiring 

different treatment, some 

occurring in the neonatal 

period, others by early 

adulthood 

Caused by specific gene 

mutations; has features of 

severe insulin resistance 

without obesity; diabetes 

develops when β-cells do not 

compensate for insulin 

resistance 

Updated 

nomenclature for 

specific genetic 

defects 

 

Disease of exocrine 

pancreas 

Various conditions that affect 

the pancreas can result in 

hyperglycaemia (trauma, 

tumor, inflammation, etc.) 

No change 

Endocrine disorders Occurs in diseases with 

excess secretion of hormones 

that are insulin antagonists 

No change 

Drug- or chemical-

induced 

Some medicines and 

chemicals impair insulin 

secretion or action, some can 

destroy β-cells 

No change 

Infection-related 

diabetes 

Some viruses have been 

associated with direct β-cell 

destruction 

No change 

Uncommon specific 

forms of immune-

mediated diabetes 

 

Associated with rare immune-

mediated diseases 

No change 
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Other genetic 

syndromes sometimes 

associated with 

diabetes 

Many genetic disorders and 

chromosomal abnormalities 

increase the risk of diabetes 

No change 

Unclassified diabetes Used to describe diabetes 

that does not clearly fit into 

other categories. This 

category should be used 

temporarily when there is not 

a clear diagnostic category 

especially close to the time of 

diagnosis 

New types of 

diabetes 

Hyperglycaemia first 

detected during 

pregnancy 

  

Diabetes mellitus in 

pregnancy 

Type 1 or type 2 diabetes first 

diagnosed during pregnancy 

No change 

Gestational diabetes 

mellitus 

Hyperglycaemia below 

diagnostic thresholds for 

diabetes in pregnancy 

Defined by 2013 

diagnostic criteria 

Adapted from https://www.who.int/publications/i/item/classification-of-diabetes-mellitus 

 

1.5.1 Symptoms of diabetes 

Typical clinical manifestations of diabetic patients are thirst, polyuria, weight loss, 

genital yeast infection, blurring of vision or even blindness in the absence of effective 

treatment. However, these symptoms may develop slowly in type 2 diabetes mellitus 

and therefore can often initially go unnoticed, depending on the progression of 

hyperglycaemia to pathological and functional changes that may be present for a 

long time before a diagnosis is made.  

In 2011, a report in consultation with World Health Organisation, four 

diagnostic tests and its measurement for diabetes were recommended such as 

fasting plasma glucose values of ≥ 7.0 mmol/L (126 mg/dL), 2-hour post-load 

https://www.who.int/publications/i/item/classification-of-diabetes-mellitus
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plasma glucose after a 75 g oral glucose tolerance test (OGTT) values of  ≥ 11.1 

mmol/L (200 mg/dL), random blood glucose ≥ 11.1 mmol/L (200 mg/ dL) in the 

presence of signs and symptoms of diabetes, and glycated haemoglobin (HbA1c) ≥ 

6.5% (48 mmol/mol) (Jensen et al., 2021; Kaur et al., 2020; Owora, 2018). 

 

1.5.2 Drugs used to combat diabetes 

Insulin resistance and impaired β-cell function are the major causes of type 2 

diabetes. Currently, here are the list of drugs available used to treat diabetes. 

 

1.5.2.1 Glucagon-like peptide-1 

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

(GLP-1) are incretin hormones secreted from the intestine after food ingestion  

(Mathiesen et al., 2019). They may potentiate roundly to 70% of the postprandial 

insulin response in healthy individuals (Puddu et al., 2013). It has been found that 

one of the most important pathophysiological changes observed in type 2 diabetes 

is the disorder of GLP-1 secretion (Puddu et al., 2013).  

There were studies on GLP-1 receptor agonists or dipeptidyl peptidase-4 

(DPP4) inhibitors (the enzyme responsible for GLP-1 inactivation) as focus on the 

treatment of diabetes (Perfetti et al., 2000; Pospisilik et al., 2003; Tourrel et al., 2002; 

Wang and Brubaker, 2002). It has shown that GLP-1 receptor agonists helped in 

improve glucose tolerance and preserving islet β-cell mass by facilitating the 

proliferation of islet endocrine cells and decrease of cellular apoptosis (Farilla et al., 

2002), and GLP-1 increases insulin biosynthesis (Pospisilik et al., 2003). Yagihashi 

and coworkers observed that long-period DPP4 inhibitor vildagliptin's effects on islet 

morphology improved insulin secretion and glucose tolerance. They suppressed 

hyperglucagonemia by elevating the plasma active glucagon-like peptide-1 

concentration (Inaba et al., 2012). Long-term DPP4 inhibition resulted in increased 
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GLUT-2 expression and insulin secretion, and there was an observed protection 

from islet size increase in insulin resistance (Stoffers et al., 2000). The binding of 

GLP-1 to its receptor GLP-1R bring about its biological action. GLP-1R is a specific 

seven-transmembrane receptor guanine nucleotide-binding protein coupled 

receptor (GPCR) (Puddu et al., 2013).  

In the pancreas, GLP-1 has been shown to amplify glucose-induced insulin 

secretion via cAMP release and associated signalling pathways, help to improve 

pancreatic β-cell regeneration, proliferation, and reduction of apoptosis, and also be 

involved in the inhibition of glucagon secretion from pancreatic α-cells, thus, 

restoring glucose homeostasis (Brubaker and Drucker, 2004). 

Glucagon-like peptide 1 (GLP-1) is released by cells in the small intestine 

after eating, and GLP-1 is found to be commonly low in patients with diabetes 

(Gadsby, 2007).  Dipeptidyl peptidase four (DPP-4) is present in various tissues 

including the immune system, and has the ability to degrade GLP-1 (Richter et al., 

2008). Sitagliptin and vildagliptin are classified as DPP-4 inhibitors that are able to 

increase the half-life of endogenous GLP-1. However, they have been found to 

cause hypoglycaemia when administered (Richter et al., 2008) and have also been 

reported to increase nasopharyngitis, urinary tract infection and upper respiratory 

infection (Gadsby, 2007). The primary concern of these drugs is also their long-term 

effect on the immune system (Gadsby, 2007; Richter et al., 2008).  

 

1.5.2.2 Metformin  

Biguanides are oral glucose-lowering agents used to treat non-insulin-dependent 

diabetes mellitus (NIDDM). Metformin (see Figure 1.7) and phenformin were 

introduced in 1957 for NIDDM treatment, however, phenformin causes lactic 

acidosis hence was withdrawn from the market (Bailey, 1992) whereas metformin 
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does not demonstrate the same risk with appropriate prescription (Sulkin et al., 

1997).             

 

 

Figure 7.7 Chemical structure of metformin.  

 

Metformin is an antidiabetic drug most commonly used to treat type 2 diabetes 

(Nathan et al., 2009), either as a monotherapy or in combination with a sulfonylurea 

(Bailey, 1992). Insulin resistance is often treated with metformin (Cho and Kieffer, 

2011). Metformin is an anti-hyperglycaemic drug that does not cause clinical 

hypoglycaemia. It is also able to combat hypertriglyceridemia and does not facilitate 

weight gain. In addition it has been proposed to exert a vasoprotective property 

(Bailey, 1992). 

The anti-hyperglycaemic potential of metformin (Kirpichnikov et al., 2002) is 

attributed to the glucose and fatty acids uptake within the muscle and fat tissues 

mediated by the 5'-adenosine monophosphate-activated protein kinase (AMPK) (EC 

2.7.11.31), a major cellular regulator of lipid and glucose metabolism (Zhou et al., 

2001) and subsequently inhibited complex 1 of the electron transport chain (El-Mir 

et al., 2000; Owen et al., 2000). 

Metformin was found to restore insulin secretory pattern when rat pancreatic 

islet was exposed to high glucose or high fatty acids (Patanè et al., 2000). It has 

also been shown that metformin was able to increase insulin content, insulin release, 

and reduced apoptosis (Marchetti et al., 2004). It has also been shown that 

metformin interferes with vitamin B12 absorption but is not associated with anaemia 

(Bailey et al., 1996). Metformin is also found not to be bound to plasma proteins 
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hence it is not readily metabolised or excreted rapidly by the kidney (Bailey, 1992) 

by organic cation transporters (Puddu et al., 2013). 

 

 1.5.2.3 Thiazolidinediones 

Glitazones (see Figure 1.8) commonly known as thiazolidinediones are insulin-

sensitising drugs used in the treatment for type 2 diabetes mellitus, and its 

hypoglycaemic effect is exerted by activating the PPARγ (Kersten et al., 2000; 

Spiegelman, 1998). Troglitazone, rosiglitazone and pioglitazone were approved for 

use in poorly controlled type 2 diabetic (Kersten et al., 2000). Amongst these PPARγ 

ligands rosiglitazone has the highest affinity to the PPAR followed by troglitazone 

and pioglitazone (Kersten et al., 2000).  

By activating PPARγ by glitazone ligands in effect protects pancreatic beta-

cells from cell apoptosis (Zeender et al., 2004) by preventing nuclear factor-κB (NF-

κB) activation (Ao et al., 2010; Liu et al., 2016; Saitoh et al., 2008). 

 

             

 

 

Figure 8.8 Chemical structures of known glitazones. 

 

Studies have found that glitazones not only improve insulin sensitivity and insulin 

secretion (Diani et al., 2004; Miyazaki and DeFronzo, 2008), but also prevent β-cell 

mass loss and morphological damage in the islet (Ishida et al., 2004; Kawasaki et 
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al., 2005; Zeender et al., 2004) and maintain islet function (Campbell and Mariz, 

2007; Kawasaki et al., 2005). However, studies published in 2007 show that diabetic 

patients treated with glitazones gain weight and have increased risk of heart failure 

(Home et al., 2007; Singh et al., 2007), and an increase in risk for myocardial 

infarction (Nissen and Wolski, 2007; Singh et al., 2007). 

 

1.5.2.4 Sulfonylureas 

Sulfonylureas stimulate insulin release from the β-cell (Nathan et al., 2009) in 

response to glucose and non-glucose secretagogue such as amino acids (Sola et 

al., 2015) and appear to have similar efficacy as metformin (DeFronzo and 

Goodman, 1995) but can significantly improve glycemic control when in combination 

with metformin (Derosa et al., 2010; Derosa et al., 2011; Hirst et al., 2013; Nestler, 

2008). First generation sulfonylureas such as chlorpropamide and glibenclamide 

(see Figure 1.9) were found to cause side effects such as hypoglycaemia and 

cardiovascular risk (Sola et al., 2015) in comparison to second-generation 

sulfonylureas such as gliclazide, glimepiride, and glipizide (see Figure 1.9) (Gangji 

et al., 2007; Holstein et al., 2001) which were equally effective in lowering blood 

glucose level  (Sola et al., 2015). However, newer prolonged-release preparations 

of sulfonylureas are safer for reducing the risk of hypoglycaemia (Sola et al., 2015). 

Sulfonylureas can however cause weight gain (Nathan et al., 2009).  
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Figure 9.9 Chemical structures of sulfonylureas. 

 

1.5.2.5 Glinides 

Glinides (see Figure 1.10) have a shorter circulating half-life than sulfonylureas and 

bind to a different site within the sulfonylurea receptor (Malaisse, 2003). The two 

most common glinides are repaglinide and nateglinide. Between the two, repaglinide 

is more effective in decreasing HbA1c level. It has been reported that repaglinide is 

comparatively effective to metformin and sulfonylureas with or without combination 

therapy (Gerich et al., 2005; Rosenstock et al., 2004). HbA1C - glycated haemoglobin, 

which reflects the blood sugar levels over ~3 month period, and which should be at 

a level less than 7% as recommended by the American Diabetes Association 

(American Diabetes Association, 2002; DeWitt and Hirsch, 2003). Patients taking 

glinides have been found to be less at risk of undesirable hypoglycaemia, but 

similarly have risk in gaining weight in using sulfonylureas (Damsbo et al., 1999; 

Gerich et al., 2005). 
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Figure 10.10 Chemical structures of common glinides.  

 

1.5.2.6 α-Glucosidase inhibitors 

Alpha-glucosidase inhibitors (see Figure 1.11), miglitol, voglibose, and acarbose, 

are widely used drugs for treatment of type 2 diabetes (Moelands et al., 2018; van 

de Laar et al., 2005; Yin et al., 2014). These α-glucosidase inhibitors have been 

proved in reversing impaired glucose tolerance to normal glucose tolerance. 

However, acarbose has shown an additional potential to reduce inflammation and 

disabling carotid plaques (Derosa et al., 2012). Alpha-glucosidase inhibitors delay 

the rate of digestion of carbohydrates in the small intestine and hence lowering 

postprandial glucose concentration and insulin levels without causing 

hypoglycaemia (Kumar et al., 2011; Nathan et al., 2009; van de Laar et al., 2005). 

However, its efficacy in lowering blood glucose concentration is less compared to 

metformin and sulfonylureas (van de Laar et al., 2005). Common adverse effects in 

using α-glucosidase inhibitors are increased flatulence, and gastrointestinal 

symptoms (Chiasson et al., 2003; van de Laar et al., 2005) and they should not be 

used with patients having inflammatory bowel disease, colonic ulceration, and 

partial or predisposed to intestinal obstruction (Derosa and Maffioli, 2012). 
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Figure 11.11 Chemical structures of known α-glucosidase inhibitors. 

 

1.5.2.7 Insulin 

Since its discovery in 1921, insulin is the most essential compound used to combat 

diabetes mellitus and since then various insulin formulation has been developed 

(Greco et al., 1995). Insulin therapy is the treatment with the most clinical experience 

and most effective in lowering blood glucose (Puddu et al., 2013). It has been 

reported that insulin therapy may preserve β-cell function, enhance lipid metabolism 

and improve patients’ long-term survival with myocardial infarction (Juneja et al., 

2001; Linn et al., 1996; Malmberg, 1997; Rivellese et al., 2000).  

In type 1 diabetes mellitus, lifelong administration of insulin is required with 

its goal to avoid acute complications and prevent long-term microvascular and 

macrovascular complications (Malik and Taplin, 2014).  Type 1 diabetes mellitus 

patients have been observed to require multiple injections to attain a desirable 

HbA1C - glycated haemoglobin (American Diabetes Association, 2002; DeWitt and 

Hirsch, 2003).  

Administration of insulin to type 2 diabetes mellitus patients has been 

reported to compensate for decreased endogenous insulin secretion and increase 
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glucose uptake (Cheng et al., 2021; Koivisto, 1993; Sędzikowska and Szablewski, 

2021). Insulin therapy for type 2 diabetic patients is administered when their HbA1C 

level reaches 10.4% in the United States of America (Abdelgani et al., 2021; 

Hayward et al., 1997; McVean and Miller, 2021) and when there is a 50% β-cell 

function decline following diagnosis (UKPDS, 1998). 

The main concerns of insulin therapy are weight gain, hyperinsulinemia, 

hypoglycemia, and possibly sodium and fluid retention. Hypoglycemia is the most 

common adverse effect of insulin therapy (Pérez et al., 2020; Perkins et al., 2021; 

Tamborlane and Amiel, 1992) along with weight gain, hyperinsulinemia, and sodium 

and fluid retention (Calcaterra et al., 2021; Koivisto, 1993; Petersen and Shulman, 

2018; Stenvers et al., 2019).  

 

1.5.2.8 Sodium-glucose co-transporter inhibitors  

Sodium-glucose co-transporter 1 (SGLT1) and sodium-glucose co-transporter 2 

(SGLT2) are essential mediators of epithelial glucose transport. SGLT1 is 

responsible primarily for the glucose uptake in the intestine. SGLT2 is responsible 

for the reabsorption of glucose in the tubular system of the kidney, and whilst doing 

this, SGLT1 act on the reabsorption of the excess filtered glucose (Rieg and Vallon, 

2018). It was observed that mutation of the SGLT1 gene could cause difficulty in 

absorbing glucose and galactose. Mutation in the SGLT2 gene is linked with glucose 

in the urine, termed glucosuria (Rieg and Vallon, 2018).  

Phlorizin, a glucoside, was found to have the potential efficacy in 

competitively inhibiting the action of SGLT1 and SGLT2; however, its use was 

stopped due to intestinal side effects and a short life (Mehta et al., 2020; Rieg and 

Vallon, 2018; Wang et al., 2019). 

Sodium-glucose co-transporter-2 inhibitors (SGLT2i) are used in individuals 

with type 2 diabetes to reduce the sugar that the kidney absorbs with additional 
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benefits of blood pressure reduction and loss of weight (Brown et al., 2021; Cowie 

and Fisher, 2020). SGLT2i are found to be most effective when used for glucose 

lowering if the estimated glomerular filtration rate is more than 60 mL per minute per 

73m2 at initiation to avoid diabetic ketoacidosis (Brown et al., 2021). SGLT2i can 

prevent and treat heart failure (Brown et al., 2021; Neuen et al., 2019; Vallon and 

Verma, 2021). SGLT2i are inhibitors of renal glucose reabsorption resulting in 

substantial presence of sugars in the urine (glycosuria). Brands such as Forxiga ®, 

Jardiance ®, Steglatro ® and Invokana ® are recommended for patients with type 2 

diabetes (www.diabetes.org.uk). 

 

1.5.2.9 Statins 

Statins are often prescribed to patients with diabetes because of the risk of 

heart diseases such as stroke and heart attack (www.diabetes.org.uk). Statins 

inhibit the conversion of 3-hydroxy-3-methylglutaryl coenzyme A (HMGC) to 

mevalonate by HMGC reductase. This step is crucial in the synthesis of cholesterol.  

By doing so, statins have been found to have a strong potential to lower the levels 

of lipids, thus reducing cardiovascular risk and mortality rate. The effects of statins 

have been shown to reach beyond their potential to lower cholesterol levels. As 

statins affect the mevalonate pathway, it has also influenced the inflammatory 

response, endothelial function, and coagulation (Pinal-Fernandez et al., 2018). 

However, there are recently reported studies that long-term use of statins is linked 

to the development of diabetes mellitus, which elevates the risk of cardiovascular 

diseases (Abbasi et al., 2021; Barter et al., 2018; Guber et al., 2021; Kamran et al., 

2018; Wallemacq, 2019; Yandrapalli et al., 2019).  

 

http://www.diabetes.org.uk/
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1.6 Carnosine 

Over time, injectable and oral medications often become less beneficial, and there 

are limited options to treat type 2 diabetes. Hence, there is an urgent need to find 

new drugs that could be synthesised and used to combat diabetogenesis and find 

novel treatment strategies. The promising effectiveness of carnosine in lowering 

fasting plasma glucose has been reported (de Courten et al., 2015), and there is an 

absence of literature working on the action of carnosine in the pancreas. 

Carnosine (β-alanyl-L-histidine) (see Figure 1.12), a histidine-containing 

dipeptide, is an abundant nonprotein nitrogen-containing compound of meat 

discovered by V.S. Gulewitch, a Russian chemist, in 1900 in Liebig’s meat extract 

(Gulewitsch and Amiradžibi, 1900).  

 

Figure 12.12 Carnosine structure. 

 

It is a structurally bioactive compound synthesised by carnosine synthase, EC 

6.3.2.11, from β-alanine, and L-histidine and it is present in mammalian tissues 

(Unno et al., 2008). A large amount of carnosine can be found in skeletal muscle 

and it can also be present in brain regions, body fluids and other tissues. However, 

the concentration is 10- to 1000- fold lower than in muscle tissue (Boldyrev, A. A., 

2012; Boldyrev et al., 2013). Only two tissues, skeletal muscle and olfactory bulb, 

contain carnosine in the millimolar range in mammals.  

A methylated form of carnosine was found and identified in goose and 

chicken muscle (anserine), snake muscle (ophidine), and whale muscle (balenine)  
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(Boldyrev et al., 2013). Mostly, mammals have both carnosine and one of the 

methylated forms in their skeletal muscle. Variable high concentrations of carnosine 

and anserine are found in vertebrate skeletal muscle and brain tissue, whilst in 

marine mammals and reptilian species, balenine is more common (Kwiatkowski et 

al., 2018). 

Carnosine has a pKa value of 6.72, which is relatively close to physiological 

pH and more so than that of free L-histidine which has a pKa value of 6.0. The pH 

buffering capacity of carnosine is attributed to the presence of the imidazole ring of 

L-histidine. Amide bond formation of L-histidine with a nonproteinogenic amino acid 

(a β-amino acid) makes the peptide bond relatively difficult for dipeptidases to 

hydrolyse. However, the opposite result can be seen if L-histidine is bound to a 

proteinogenic amino acid (Boldyrev et al., 2013).  

 

 

Figure 13.13 Synthesis and hydrolysis of carnosine. β-alanine and L-histidine are the 

components in synthesising carnosine. 

 

Carnosine inhibits the formation of advanced lipoxidation and glycation end products 

(ALEs/AGEs). Indeed, Anderson et al. (2018) observed that when L-carnosine was 

supplemented to experimental mice it does reduce the metabolic effects of a high-

fat diet, including the reduction of 4-HNE levels. L-carnosine has also been used as 

a lubricant component for eye drops, and clinicians observed their effectiveness and 

advantage for patients with oxidation-linked ocular disease (Babizhayev et al., 

2009).  
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Carnosine is susceptible to hydrolysis by carnosinase. The hydrolytic enzyme 

carnosinase exists in two different forms, serum carnosinase (CN1 or CNDP1 or 

CNDP dipeptidase 1) and tissue carnosinase, a cytosolic nonspecific dipeptidase 

(CN2 or CNDP2 or CNDP dipeptidase 2) (Otani et al., 2005; Teufel et al., 2003). It 

was identified by Hanson and Smith from porcine kidney in 1949. Crystallographic 

data shows the presence of two domains in the molecular structure, domain A has 

a catalytic and metallic binding activity and domain B provides for the homodimer 

formation (Unno et al., 2008). 

Building from this information, it is possible to design novel carnosine 

derivatives that are resistant to this enzymatic hydrolysis through computational 

chemistry and chemical synthesis. Consequently, these carnosine derivatives are 

intended to have an improved therapeutic potential (Bellia et al., 2014). Carnosine 

derivatives stability against degradation has already been published in some works 

(Bellia et al., 2014; Vistoli et al., 2009). 

 

Figure 14.14 Structure-activity of carnosine. β-alanine regulates L-histidine metabolic 

fate. The imidazole ring essential for its antioxidant, metal-ion chelation and pH buffering 

effect. Carnosine inhibits AGEs and ALEs formation and function in calcium regulation.  

 

Supplementation of carnosine close to the physiological concentration found in 

skeletal muscle (20-50mM) has the potential to increase viability of cells. This could 

be attributed to a decrease in DNA methylation or reduction of telomere fragments 

of chromosomes (Holliday and McFarland, 2000). Potential in healing wounds by 
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administration of carnosine (100 mg/kg injected daily) to wounded mice has also 

been observed. These researchers also noticed an increase in growth factors and 

cytokine genes involved in wound healing (Ansurudeen et al., 2012).  

Daily supplementation of 6mg/kg body weight of carnosine to obese type 2 

diabetes patients has been shown to result in a moderate reduction in both glucose 

and HbA1c levels. It has also been observed that oxidative stress and serum 

hydroperoxide levels are significantly reduced in patients with type 2 diabetes 

(Karkabounas et al., 2018). 

 

1.6.1 L-histidine 

L-histidine is an amino acid containing an imidazole ring that attributes its chemical 

properties such as proton buffering capacity, chelation of metals, and antioxidant 

properties. In diet, L-histidine has been reported as a requirement for maintaining 

body weight, and its dietary deficiency causes anaemia, hypoproteinaemia, and loss 

of weight (Fuller et al., 1947).   

Owing to the proton buffering capacity of histidine, it has been used as a 

component in solutions used for organ preservation in transplant surgery and 

myocardial protection (Edelman et al., 2013). Chinese women with metabolic 

syndrome were given histidine as a supplement and shown to improve insulin 

sensitivity and loss of body fat (DiNicolantonio et al., 2018).  

The ROS scavenging activity of L-carnosine is attributed to the imidazole ring 

of L-histidine which has been shown to inhibit peroxynitrite-induced tyrosine nitration 

(Fontana et al., 2002) whilst β-alanine has shown to be ineffective as an antioxidant 

itself (Decker et al., 2000). 
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1.6.2 β-alanine 

β-alanine is a non-proteogenic amino acid endogenously produced in the liver 

(Trexler et al., 2015). Humans obtain β-alanine from eating poultry and meat. 

Studies have shown that β-alanine is the rate-limiting reactant in the biosynthesis of 

L-carnosine (Dunnett and Harris, 1999; Harris et al., 2006). β-alanine has a high 

Michaelis constant (KM) for carnosine synthase and is thus rapidly converted to 

carnosine  (Ng and Marshall, 1978; Skaper et al., 1973), whereas L-histidine has a 

lower Km for carnosine synthase (Horinishi et al., 1978). Muscle carnosine 

concentration has been shown to significantly increase by supplementation of β-

alanine for 4- and 10-weeks by 64% (Harris et al., 2006) and 80% (Hill et al., 2007), 

respectively. However, stopping of β-alanine supplementation has been seen to 

decrease muscle carnosine concentration by 2-4% on average per week (Baguet et 

al., 2010). It was also shown that the carnosine concentration is lower in women 

than men regardless of the baseline levels, and carnosine gradually decreases as 

age increases (Everaert et al., 2011).  

In sprint-trained athletes, oral β-alanine supplementation has been shown to 

increase muscle carnosine and significantly attenuate muscle fatigue (Derave et al., 

2007). In addition, β-alanine supplementation had a significant overall ergogenic 

effect on exercise (Saunders et al., 2017) by increasing intracellular buffering 

capacity during exercise (Sale et al., 2010).  

 

1.7 Glucolipotoxicity 

Unger et al. introduced the idea of glucotoxicity and lipotoxicity (Unger and Grundy, 

1985; Unger, 1995). They have reported that even a mild hyperglycaemia can 

reduce the insulin secretory function of pancreatic β-cell and excess levels of fatty 

acids can be harmful to β-cells. Elimination of hyperglycaemia and hyperlipidaemia 
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can halt the development of metabolic deterioration (Gryczyńska et al., 2021; Solis-

Herrera et al., 2000; Triposkiadis et al., 2021; Unger and Grundy, 1985). 

Prolonged exposure to high glucose, and increased fatty acids have been 

reported to deleteriously affect pancreatic β-cell function and mass, thus impairing 

insulin secretion (Chueire and Muscelli, 2021; Poitout, 2008), to inhibit insulin gene 

expression (da Silva Rosa et al., 2021; Hagman et al., 2005; Kelpe et al., 2003; 

Tremblay et al., 2021), proinsulin biosynthesis (Fontés et al., 2010), and induce β-

cell death (Lupi et al., 2002; Maestre et al., 2003; Shimabukuro et al., 1998). 

Glucotoxicity and lipotoxicity have interrelated common mechanisms of action 

(Prentki et al., 2002). Hyperglycaemia is a prerequisite for lipotoxicity to ensue  

(Briaud et al., 2001; Briaud et al., 2002; El-Assaad et al., 2003; Harmon et al., 2001; 

Jacqueminet et al., 2000) and hence, glucolipotoxicity is the applicable term used 

to describe deleterious effects of lipids on β-cell function (Poitout and Robertson, 

2008). 

When glucose concentration is low and normal, carnitine-palmitoyl 

transferase-1 (CPT-1) transports fatty acids into the mitochondria for fatty acid β-

oxidation breaking down into energy. However, in the presence of high glucose and 

high fatty acids, intracellular metabolism of glucose forms citrate and malonyl-CoA 

in the cytosol.  Effectively malonyl-CoA inhibits the enzymatic action of CPT-1 which 

in turn regulates fatty acid β-oxidation and accumulation of long-chain acyl-CoA 

esters in the cytosol (Prentki, and Corkey, 1996). This is primarily because fatty acid 

synthase activity in β-cell was observed to be lower than that of acetyl-CoA 

carboxylase (Brun et al., 1996). The accumulation of long-chain acyl-CoA esters in 

cytosol adversely affects β-cell function by lowering insulin gene expression and 

impairs glucose-induced insulin secretion (Poitout and Robertson, 2002). It is also 

shown to activate the esterification pathway leading to the cytosolic accumulation of 

ceramide, diglycerides, phosphatidic acid, phospholipids and triglycerides (Poitout 
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et al., 2010). In INS-1 cells, exposure to high glucose suppressed fatty acid β-

oxidation, leading to coordinated induction of glycolytic and lipogenic genes and 

altered lipid partitioning (Roche et al., 1998). 

It was observed that an acute elevation of free fatty acids can enhance insulin 

secretion (Carpentier et al., 1999); however, prolonged exposure to free fatty acids 

causes deterioration of β-cell function (Paolisso et al., 1995). Free fatty acid 

elevation significantly inhibits the stimulatory effect of hyperglycaemia on β-cell 

function when lipids are co-infused with glucose (Leung et al., 2004). 

 

1.8 Radical species 

Free radicals have been reported in chemistry since the 20th century  (Gomberg, 

1900) and investigations of critical biological processes discovered that free radicals 

occur as reaction intermediates (Commoner et al., 1954). Free radicals are very 

reactive chemical species containing unpaired electrons (Kehrer and Klotz, 2015). 

They are continuously produced in cells as normal by-products during metabolism 

(Kehrer and Klotz, 2015; Valko et al., 2007). In living systems, free radical species 

in low amounts can serve as a molecular signal activating stress responses that are 

significantly beneficial to organisms. A high concentration of radical species can 

however cause oxidative damage and tissue dysfunction (Di Meo et al., 2016). In 

cells, radical species can oxidise biomolecules and cause cell death and tissue 

injury. However, cells have developed defence mechanisms to limit the radical 

species’ deleterious effects, including enzymes capable of decomposing peroxides. 

Chemical compounds with the ability to scavenge free radicals can also be 

introduced into the cell to sequester free radical species (Cheeseman and Slater, 

1993). 
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1.8.1 Radical oxygen species 

Radical oxygen species (ROS) are a set of derived oxygen molecules such as 

oxygen radicals (superoxide, hydroxyl, peroxyl, and alkoxyl radicals) and nonradical 

species but classified as oxidising agents (hypochlorous acid, ozone, and hydrogen 

peroxide) (Bedard and Krause, 2007). Amongst the oxygen radicals, hydroxyl 

radicals are considered the most toxic because of their ability to pass readily through 

membrane barriers and into the nucleus where they can interact strongly with DNA 

to cause mutations (Robertson et al., 2003).  

ROS are produced during cellular metabolic processes or may be introduced 

via toxic extracellular mediators (Puddu et al., 2013). Also, ROS are by-products of 

cellular metabolism, primarily in the mitochondria (Thannickal and Fanburg, 2000). 

ROS are generated from a series of reactions which usually starts with superoxide 

which is catalysed by superoxide dismutase to form hydrogen peroxide, or 

superoxide reacts with nitric oxide and forms peroxynitrite (Bedard and Krause, 

2007). In addition, ROS can interact with biomolecules such as proteins, lipids, 

carbohydrates and nucleic acids (Bedard and Krause, 2007; Thannickal and 

Fanburg, 2000) and crucially irreversibly alter the function of the target molecule 

(Puddu et al., 2013).  

In the β-cell, elevated levels of ROS have been reported to effectively 

contribute to β-cell dysfunction (Evans et al., 2003; Robertson et al., 2003), thereby 

contributing to the pathogenesis of many human diseases (Thannickal and Fanburg, 

2000), including type 2 diabetes (Rovira-Llopis et al., 2017a). Primarily this major 

problem is due to the relatively low production and activity of enzymes involved in 

the antioxidant defence system including superoxide dismutase, catalase, and 

glutathione peroxidase (Robertson et al., 2003; Tiedge et al., 1997). Hence, β-cells 

are strongly affected by oxidative stress (Olofsson et al., 2007). 
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Superoxide anion, an unstable molecule and very reactive, is converted to a less 

reactive molecule hydrogen peroxide (H2O2) by superoxide dismutase, then H2O2 is 

converted into water and oxygen by H2O2 inactivating enzymes such as catalase 

and glutathione peroxidases (Rhee et al., 2005). Amongst the different redox 

couples in the cell, the glutathione disulphide-glutathione couple is the most 

abundant and serves as an essential indicator of the redox environment (Schafer 

and Buettner, 2001). As such, the reduced form of glutathione (GSH) is considered 

as crucial defence against ROS (Liu et al., 2022; Muri and Kopf, 2021; Numazawa 

et al., 2008). Hence, changes in the GSH/GSSG half-reduction potential could be 

an indicator to understand the redox biochemistry of the cell under oxidative stress 

(Park, 2021; Schafer and Buettner, 2001; Zitka et al., 2012).  

 

1.8.1.1 Sources of radical oxygen species 

Mitochondria, membrane-bound organelles and powerhouses of the cell, are the 

primary source of reactive oxygen species (ROS)  (Xiao et al., 2017) and represents 

the central regulatory node for ROS synthesis (Hauck et al., 2019). It has been 

shown that excess mitochondrial ROS causes mitochondrial dysfunction leading to 

type 2 diabetes, non-alcoholic fatty liver disease, heart failure (Hauck et al., 2019) 

and induced cardiac inflammation via mitochondrial DNA damage pathway (Yao et 

al., 2015). Respiratory chain complexes are the major source of ROS produced in 

the mitochondria (Yang and Lian, 2020). However, ROS can also be produced as a 

by-product that occurs in peroxisomes, cytochrome P-450, and other cellular 

elements (Balaban et al., 2005; Gonzalez, 2005; Harrison, 2004; Pritchard et al., 

2001; Schrader and Fahimi, 2004; Thannickal and Fanburg, 2000).  

Oxidative stress occurs when the antioxidant system is disturbed by the 

overproduction of oxidative radical species (Rani et al., 2016) and ROS (Betteridge, 

2000) potentially leading to cell and tissue damage (Sies, 2015). Oxidative 
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degradation of lipids, lipid peroxidation, occurs when ROS attacks polyunsaturated 

fatty acids (PUFA) in the mitochondrial membrane. This reaction will lead to 

production of reactive lipids such as 4-hydroxynonenal and subsequently 

compromise mitochondrial function (Xiao et al., 2017). 

Reactive oxygen species produced in excess could damage lipids, nucleic 

acids, and proteins. These effects on the cellular biomolecules could lead to several 

cellular functions, including genetic mutations, reduction of energy metabolism, 

altered cellular transport mechanisms, inflammation, immune activation, cell cycle 

control, impaired cell signalling, and reduced biological activity (Rani et al., 2016). 

Nutritional stress caused by a high-sugar and high-fat diet could lead to oxidative 

stress and consequently elevate protein carbonylation and lipid peroxidation 

products, reducing glutathione (GSH) levels and antioxidant system (Rani et al., 

2016).  

 

 

Figure 15.15 Generation of reactive oxygen species in the mitochondria. Significant 

factors in reactive oxygen species generation are the respiratory chain complexes. Figure 

created using Biorender. 
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Cellular reactive oxygen species are mostly generated in the mitochondria (Di Meo 

et al., 2016; Yang and Lian, 2020) and NADPH oxidases (Dan Dunn et al., 2015). 

Mitochondrial ROS have been shown to integrate in signalling pathways such as 

regulating the immune responses and autophagy (Dan Dunn et al., 2015). NADPH 

oxidase is an enzyme which primarily transports electrons across the plasma 

membrane and functions to produce superoxide and other downstream ROS 

(Bedard and Krause, 2007). NADPH and NADH participation in the respiratory chain 

and cellular metabolism contributes to ROS generation in cells (Yang and Lian, 

2020).  

NADH-ubiquinone oxidoreductase (complex I) is composed of flavin 

mononucleotide, Fe-S cluster ubisemiquinone, and NAD (Zorov et al., 2014). 

Complex I is considered as the major source of mitochondrial ROS. In normal 

condition, complex I generates a small amount of ROS to effect oxidative damage. 

Most of the ROS developed in this complex is from complex II through the 

tricarboxylic acid cycle (TCA) (Bhardwaj et al., 2021; De Grandis et al., 2021; Vranas 

et al., 2021). Mutation of the gene encoding NADH dehydrogenase subunit 6 caused 

a deficiency in respiratory complex I NADH (reduced form of nicotinamide adenine 

dinucleotide) dehydrogenase subunit 6 (ND6). These mutations produced a 

deficiency in respiratory complex I activity linked to the generation of overproduction 

of reactive oxygen species (Ishikawa et al., 2008). 

Succinate dehydrogenase (SDH) (complex II) is composed of hydrophilic 

proteins (SDHA and SDHB) and hydrophobic proteins (SDHC and SDHD). The 

hydrophobic proteins bind to ubiquinone. Complex II has a crucial role in the TCA 

cycle and respiratory chain. Accumulation of TCA intermediate succinate is a 

metabolic signature of ischaemia-reperfusion (Chouchani et al., 2014). During 

reperfusion, accumulated succinate is reoxidised by SDH thereby increasing ROS 
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generation from an overproduction of fumarate and malate/aspartate shuttle 

(Chouchani et al., 2014; Yang and Lian, 2020). 

Ubiquinol-cytochrome c oxidoreductase (complex III) is encoded by 

ubiquinol-cytochrome c reductase core protein 1 gene (UQCRC1) and received 

equivalents from complexes I and II. The reducing equivalents are then progressed 

with ubiquinol and generate semiquinone for proton transfer. Src homologous-

collagen homologue adaptor protein (p66SHC) produced mitochondrial ROS as 

apoptosis signal via cytochrome c oxidation in the mitochondrial electron transfer 

chain (Yang and Lian, 2020).  

 

 

Figure 16.16 Cellular sources of radical oxygen species. Several sites for ROS 

generation have been identified localised in the cytosol, in the peroxisomes, on the plasma 

membrane, on membranes of mitochondria, and on membranes of endoplasmic reticulum.  

Soluble cell components and organelles were shown to be involved in the generation of 

radical species. Figure adapted from Di Meo et al (2016) and Venditti et al (2015).  

 

In adipose biology, crucially ROS have a positive role as they can inactivate the 

tensin homolog protein as well as the dual-specificity of lipid and protein 
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phosphatase in enabling the action of insulin (Kwon et al., 2004). It was found also 

that ROS could oxidised UCP1, a component of thermogenesis and which is 

involved in the production of beige fat cells (Chouchani et al., 2016).  

The endoplasmic reticulum is a membrane-bound organelle that is involved 

primarily in lipid and protein biosynthesis (Thannickal and Fanburg, 2000). 

Endoplasmic reticular oxidoreductin 1 (ERO1) oxidase is a protein disulfide oxidase 

of the endoplasmic reticulum that transfers electrons from the reduced protein 

disulfide isomerase to O2 and produces H2O2 as a consequence of protein folding 

and secretion (Zito, 2015). Aside from the importance of ERO1 in the endoplasmic 

reticulum oxidative stress, it may be a significant source of intracellular ROS along 

with mitochondrion or xanthine dehydrogenase system.  

Catecholamines, flavins, hydroquinones, and thiols have been shown to 

participate in redox reactions and contributed to the production of intracellular 

reactive oxygen species (Freeman and Crapo, 1982). 

Hypoxanthine is oxidised to xanthine by xanthine oxidase. Then, xanthine is 

reduced to uric acid by xanthine dehydrogenase. This oxidoreduction process 

involve in the production of ROS by generating superoxide and hydrogen peroxide 

(Furuhashi et al., 2020). This process utilises NAD+ as oxidising substrate (McCord 

et al., 1985). 

The superoxide produced within mitochondria via autooxidation of electron 

carriers is converted into hydrogen peroxide through superoxide dismutase. 

Hydrogen peroxide reacts with ferrous ion, which produces hydroxyl radicals is 

known as the Fenton reaction (see Figure 1.17). 
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Figure 17.17 Fenton reaction.  

 

Peroxisomes are involved in the synthesising bile acids, cholesterol, dolichol, 

plasmalogens, and β-oxidation of fatty acid. Peroxisomes are also implicated in 

amino acid metabolism, synthesis of lipidic compounds, glyoxylate metabolism, and 

generation of reactive oxygen species (Singh, 1997). During the activity of the 

enzymes involved in these reactions, ROS are generated (Antonenkov et al., 2010). 

Peroxisomes contain xanthine oxidase (Angermüller et al., 1987), which 

produces superoxide and inducible nitric oxide synthase (Stolz et al., 2002), which 

generates nitric oxide. Peroxisomes are thereby a potential source of damaging 

reactive oxygen and nitrogen species. 

 

1.8.2 Reactive nitrogen species 

Like ROS, reactive nitrogen species (RNS) are by-products of cellular metabolism 

and ionising radiation usually involved in the release of hydroxyl radical, hydrogen 

peroxide, and superoxide anion radical (Kurutas, 2016). Examples of nitrogen 

species are nitric oxide, nitrogen dioxide, and peroxynitrite. 

Nitric oxide (NO) is shown to be vital in regulating cellular function and as the 

mediator of cellular damage (Pacher et al., 2007). Nitric oxide contains an unpaired 

electron which makes it a radical and is produced during the metabolism of arginine 

to citrulline by nitric oxide synthase (Kurutas, 2016). Protein kinase C (ε isoform) is 

activated by nitric oxide and this activation stimulates a specific family of tyrosine 

kinases to induce apoptosis (Castrillo et al., 2001). 

In an aqueous and lipid environment, NO is soluble and diffuses rapidly 

through the cytoplasm and plasma membrane. In an extracellular environment NO 
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reacts with oxygen and water to produced nitrate and nitrite anions (Kurutas, 2016). 

Oxyhaemoglobin reacts with NO to form methaemoglobin and nitrate (Helms and 

Kim-Shapiro, 2013). This process regulates NO synthesis from reacting with oxygen 

to produced nitrogen dioxide significantly. But, simultaneous synthesis of NO and 

superoxide anion radicals transforms the biological action of NO in generating a 

more damaging and reactive species, peroxynitrite (Pacher et al., 2007). 

Nitrogen dioxide is classified as an indoor and outdoor air pollutant from 

cigarette smoke, car emission, gas stoves heaters to name a few (Persinger et al., 

2002). Exposure to nitrogen dioxide can trigger inflammation, cell injury, and 

pulmonary edema  (Moldéus, 1993) and increase thiobarbituric acid reactive 

substance (TBARS), a marker of lipid oxidation in the lungs (Sagai et al., 1984). 

Peroxynitrite is produced from the reaction of superoxide anion and nitric oxide (see 

Figure 1.18) (Blough and Zafiriou, 2002).  

 

 

Figure 18.18 Formation of peroxynitrite.  

 

Peroxynitrite exceeds significantly the effectiveness of the Fenton reaction and 

Haber-Weiss reaction in producing hydroxyl radicals (Beckman et al., 1990) and 

peroxynitrite has also been reported to generate nitrogen dioxide, an oxidant 

thought only produced from cigarette smoke and pollution from the air (Pacher et 

al., 2007). Peroxynitrite reacts with tyrosine, tryptophan and lipids to form 

nitrotyrosine, nitrotryptophan, and nitrated lipids, respectively, which are considered 

as biological markers in vivo (see Figure 1.19). 
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Figure 19.19 Formation of 3-nitrotyrosine. Nitration at the ortho position of the OH group 

of tyrosine is the preferred site of reaction to form 3-nitrotyrosine.  

 

Peroxynitrite generated by the immune cells has been shown to kill endocytosed 

bacteria (Pacher et al., 2007). The formation of nitrotyrosine is a biological marker 

of inflammation and nitrosative stress (Pacher et al., 2007). A significant increase of 

inducible NO synthase (iNOS)-derived peroxynitrite formation in type 1 and type 2 

diabetic platelets has been shown to damage human platelets (Tannous et al., 1999). 

However, inhibition of the excess production of iNOS and peroxynitrite prevents the 

development of diabetes (Mabley et al., 2004; Suarez-Pinzon et al., 1997; Suarez-

Pinzon et al., 2001; Szabó et al., 2002). 

 

1.8.3 Dual role of ROS and RNS 

The mechanism of type 2 diabetes is not fully understood and elucidated; however, 

studies show that ROS andRNS, collectively known as RONS, play a role not only 

in insulin resistance but also in the β-cell dysfunction, thereby progressing the 

development of type 2 diabetes (Ahmad et al., 2017; Singh et al., 2009; Wang, X. 

and Hai, 2011). 

At low concentration, RONS plays a significant role in signalling pathways as 

regulatory mediators. However, when the level of RONS is moderate or high, they 

cause deleterious effects in living organisms by inactivating important cellular 

molecules (Di Meo et al., 2016). For example, at low concentration, nitric oxide is 
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identified as a signalling molecule in blood vessel modulation and at high 

concentration, nitric oxide can mediate cellular toxicity damaging metabolic 

enzymes and nitric oxide can also generate peroxynitrite from the reaction with 

superoxide (Zapol, 2019). 

In pancreatic β-cells, ROS plays a crucial role in the normal insulin 

transduction (Puddu et al., 2013) and ROS generation has been shown to occur due 

to glucose stimulation (Bindokas et al., 2003; Tanaka et al., 2002). Leloup et al. have 

shown that transient mitochondrial ROS production is associated with glucose-

induced insulin secretion (Leloup et al., 2009).  

The hydroxyl radical is a very toxic radical species as it quickly passes the cell 

membrane, enters the nucleus, and interacts with DNA to cause mutation 

(Robertson et al., 2003).  The cyclic guanosine monophosphate (cGMP) pathway is 

implicated in the pathogenesis of malaria, fibrosis, neurodegeneration, and 

inflammation (Friebe et al., 2020). Hydroxyl radical is generated from the reaction 

of superoxide and hydrogen peroxide. Formation of hydroxyl radical activates 

guanylate cyclase. Hydroxyl radical was found to stimulate cGMP production (Mittal 

and Murad, 1977).Through this mechanism, cGMP is formed and allowed the 

physiological regulation of guanylate cyclase during an altered redox and formation 

of free radical in tissues in response to hormones (Mittal and Murad, 1977). 

ROS have been shown to regulate protein phosphorylation, transcription 

factors and ion channels at normal physiological processes, and it is shown to be 

implicated in thyroid hormone production and crosslinking of the extracellular matrix 

(Brieger et al., 2012). ROS have also been shown to regulate apoptosis, growth, 

and other signalling cascades and even contributed to the regulation of blood 

pressure, immune function, and cognitive function (Brieger et al., 2012). 

Nitric oxide has a broad spectrum of signalling functions associated in 

physiological and pathophysiological processes (Bogdan, 2001). Nitric oxide plays 
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a role as a signalling molecule in blood vessel modulation (Ignarro et al., 1987) and 

is a potent mediator in cellular toxicity damaging metabolic enzymes such as 

increasing mtDNA content, MitoTracker fluorescence (an indicator of mitochondrial 

membrane potential), expression of cytochrome c oxidase subunit IV of the 

mitochondrial respiratory chain, cytochrome c, and mitochondrial mass (Lee-Huang 

et al., 2021). The effects of the stimulated by NO were brought about by guanosine 

3′,5′-monophosphate-dependent increased expression of peroxisome proliferator-

activated receptor γ coactivator 1α, nuclear respiratory factor 1, and mitochondrial 

transcription factor A. All of these are crucial mediators of gene expression for 

mitochondrial biogenesis (Knott and Bossy-Wetzel, 2010). The cytotoxicity 

attributed to nitric oxide is due to peroxynitrite generated from the reaction of nitric 

oxide and superoxide anion radical (Pacher et al., 2007). Nitric oxide and its 

derivatives and reactive oxygen intermediates are species which are toxic to the 

immune system and shown to control tumours and intracellular microbes in vivo  

(Bogdan et al., 2000). 

Nitric oxide synthases (NOS) converts L-arginine and oxygen to nitric oxide 

and L-citrulline. This conversion requires flavin mononucleotide (FMN), reduced 

nicotinamide adenine dinucleotide (NADPH), tetrahydrobiopterin (BH4), flavin 

adenine dinucleotide (FAD), and thiol as cosubstrates or cofactors (Hanusch et al., 

2022; Picciano and Crane, 2019). There are three isoforms of NOS, and all of them 

bind to calmodulin and contain a haem group (Förstermann and Sessa, 2012). 

Haem is crucial for the interdomain transfer of electrons from the flavin to the haem 

of the opposite monomer (Abu-Soud and Stuehr, 1993).  Neuronal NOS, known as 

nNOS/NOS I, are expressed in central and peripheral neurons which could involved 

in controlling blood pressure, and smooth muscle relaxation vasodilation via 

peripheral nitrergic nerves. Residual nNOS is needed for the action of 

phosphodiesterase-5 inhibitors. 
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Inducible NOS, known as iNOS/NOS II, is expressed in response to cytokines and 

contributes to inflammatory disease pathophysiology. iNOS is regulated at the 

transcriptional and post-transcriptional level, which involves signal transduction 

pathways and molecules (Bogdan et al., 2000). Endothelial NOS, known as 

eNOS/NOS III, is expressed in endothelial cells that function to dilate blood vessels, 

control blood pressure and have vasoprotective and anti-atherosclerotic effects 

(Förstermann and Sessa, 2012). NOS isolated from neuronal and endothelial cells 

are calmodulin-dependent. Due to the differences in the calmodulin-binding domain, 

neuronal NO synthase and endothelial NO synthase require elevated Ca2+ for their 

catalytic activity whilst inducible NO synthase has a high affinity to calmodulin 

without Ca2+. 

 

1.9 Oxidative stress 

Elevated oxidative stress indicates the progressive development of diabetes and its 

complications (Maritim et al., 2003). Oxidative stress is described as the imbalance 

of ROS production and antioxidant defences (Betteridge, 2000) in favour of the ROS 

(Sies, 1997). Possible mechanisms in the development of oxidative stress are 

activation of transcription factors, protein kinase C and formation of advanced 

glycated end products (AGEs) (Maritim et al., 2003). Under oxidative stress, AGEs 

activate NF-κB (Mohamed et al., 1999), which enhances the production of nitric 

oxide (Maritim et al., 2003) and, as a consequence, causes islet β-cell damage. 

Oxidative stress has been shown to decrease the level of reduced glutathione 

(Cheng and González, 1986), thus impairing glucose homeostasis in vivo (Pitocco 

et al., 2010) and cause depletion of NADPH levels (Cheng and González, 1986; 

Gonzalez et al., 1986). 

Hyperglycaemia and hyperlipidaemia are conditions that can induce 

oxidative stress. Hyperlipidaemia can only occur at a high glucose level, and 
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hyperglycaemia is a pre-requisite for its effect (El-Assaad et al., 2003; Harmon et 

al., 2001). Thus, glucolipotoxicity is the better term used to describe the impact of 

lipotoxicity between lipids and β-cell functions (Pitocco et al., 2010).   

ROS and RNS were identified as factors in various pathologies such as 

hypertension, ischemia and reperfusion injury, neurodegenerative diseases 

(Parkinson’s disease and Alzheimer’s disease), ageing, rheumatoid arthritis, cancer, 

cardiovascular disease, atherosclerosis, and diabetes mellitus (Valko et al., 2007). 

 

1.10 Nitrosative stress 

Stamler and co-workers defined nitrosative stress as dysregulation of nitric oxide 

and nitric-oxide derivatives of radical nitrogen species (Hausladen and Stamler, 

1999). Like oxidative stress, nitrosative stress accounts for the chemical 

modification of proteins through crucial amino acids reacting with RNS which 

consequently causes irreversible loss or reversible regulation of protein function 

(Klatt and Lamas, 2000). This occurs when the antioxidant defence system cannot 

neutralise the excess nitrating oxidants produced during inflammatory processes 

(Valko et al., 2007). 

 

1.11 Aims and objectives 

The harmful effects of long-term exposure to excess nutrients (high glucose and 

high fat) are evident in various studies; however, diabetogenesis mechanisms 

remain poorly established. Previous data from the Turner group has shown that over 

3,000 pancreatic genes have 2-fold or more significant change in gene expression 

that results from exposure to a high sugar and high fat glucolipotoxic (GLT) 

environment representative of that experienced by patients with poorly controlled 

type 2 diabetes. The challenge now is to understand which of these genes drives β-
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cell dysfunction and the decreased insulin secretion that results from high sugar and 

high-fat diet. 

Generally, this study has the following objectives, and the specific objectives of 

each study is stated in each chapter. 

1. To identify whether glucolipotoxicity affects HNF4α expression and whether this 

effect is involved in the inhibition of insulin secretion using INS-1 cell. 

2. To evaluate the effect of glucolipotoxicity on the extracellular matrix remodelling 

and cell adhesion pathways using INS-1 cells. 

3. To assess the effects of carnosine and its analogues on radical species 

generation and insulin secretion inhibition by glucolipotoxicity using INS-1 cells.  

4. To determine the effects of L-carnosine and β-alanine on mitochondrial 

bioenergetics using INS-1 cells and C2C12 myotubes. 
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Chapter 2 

Materials and Methodology 
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2.1 Reagents and buffer solutions 

All reagents were purchased from Sigma-Aldrich, Haverhill, UK and plasticwares 

were purchased from ThermoFisher, UK and VWR, UK unless otherwise stated. 

 

Table 2.1 Media and buffer solutions used in the entire study. 

Name Components 

Roswell Park Memorial Institute-

1640 complete medium (RPMI-

1640 complete medium) 

RPMI-1640 (Cat. No. R6504-10X1L) 

containing 11 mM of D-glucose (C6H12O6), 

26 mM sodium bicarbonate (NaHCO3), 10 

mM 4-(2-hydroxyethyl)piperazine-1-

ethanesulfonic acid (C8H18N2O4S, 

HEPES), 50 µM β-mercaptoethanol 

(HSCH2CH2OH), 1% v/v sodium pyruvate 

(C3H3O3Na) (Gibco by Life Technologies, 

Cat. No. 11360-070), 1% v/v 

penicillin/streptomycin (Gibco by Life 

Technologies, Cat. No. 15140-122), 10% 

v/v heat inactivated fetal bovine serum 

(Gibco by Life Technologies, Cat. No. 

16140-071) 

Glucolipotoxic medium (GLT 

media) 

RPMI-1640 complete medium 

supplemented with 17 mM D-glucose 

(C6H12O6), 200 µM oleic acid 

(CH3(CH2)7CHCH(CH2)7COONa), 200 µM 

palmitic acid (CH3(CH2)14COOH), 2% 

bovine serum albumin (BSA) (Cat. No. 

A7030-500G) 

RPMI-1640 medium + L-

carnosine 

RPMI-1640 medium supplemented with 10 

mM L-carnosine 

RPMI-1640 medium + β-alanine RPMI-1640 medium supplemented with 10 

mM β-Alanine 

L-carnosine + GLT GLT medium supplemented with 10 mM L-

carnosine 
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β-alanine + GLT GLT medium supplemented with 10 mM β-

alanine 

100 mM oleic acid stock solution   0.0304 g sodium oleate 

(CH3(CH2)7CHCH(CH2)7COONa), 0.5 mL 

ethanol (CH3CH2OH), 0.5 mL distilled H2O 

100 mM palmitic acid stock 

solution 

0.0255 g palmitic acid (CH3(CH2)14COOH), 

1 mL ethanol (CH3CH2OH) 

RadioImmunoPrecipitation Assay 

buffer (RIPA buffer) 

150 mM sodium chloride, NaCl, 0.1% 

Triton X-100, 0.5% sodium deoxycholate, 

C24H39NaO4, 0.1% sodium dodecyl 

sulphate (SDS), 50 mM Tris-base, pH 8.0, 

protease inhibitor (Roche Applied Science, 

Cat. No. 11697498001) 

Protein loading buffer 950 µL 4X Laemmli buffer (Bio-rad, Cat. 

No. 1610747), 50 µL β-mercaptoethanol 

(HSCH2CH2OH) 

Lower buffer 1.5 M Tris-base (NH2C(CH2OH)3), pH 8.8 

Upper buffer 0.5 M Tris-base (NH2C(CH2OH)3), pH 6.8 

Running buffer 250 mM Tris-base (NH2C(CH2OH)3), 1.92 

M glycine, 35 mM SDS, pH 8.3 

Transfer buffer 60% 5X Trans Blot Turbo transfer solution 

(Bio-rad, Cat. No. 10026938), 20% distilled 

H2O, 20% ethanol 

Phosphate buffered saline (PBS) 

10X 

137 mM sodium chloride (NaCl), 2.7 mM 

potassium chloride (KCl), 10 mM sodium 

phosphate dibasic (Na2HPO4), 2 mM 

potassium phosphate monobasic (KH2PO4) 

Tris-buffered saline (TBST) 10X 1.5 M sodium chloride (NaCl), 0.5M Tris-

base (NH2C(CH2OH)3), 1.0% Tween-20, 

pH 7.6 

TAE buffer 10X 400 mM Tris-acetate,10 mM 

ethylenediamine tetra-acetic acid (EDTA), 

pH 8.2 
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Krebs-Ringer buffer solution  125 mM NaCl, 1.2 mM KH2PO4, 5 mM KCl, 

2 mM MgSO4, 1.67 mM D-glucose, 0.1% 

w/v bovine serum albumin (BSA), 25 mM 

HEPES, pH 7.4 

Secretagogue cocktail 1 mM Tolbutamide, 10 mM Leucine, 10 

mM Glutamine, 1 mM 3-isobutyl-1-

methylxanthine (IBMX), 1 µM phorbol 12-

myristate 13-acetate (PMA) and 10 mM D-

glucose 

 

2.2 Cell culture 

Two experimental cellular models of type 2 diabetes have been established in the 

Turner group using immortalised cells. This enables individual variables to be 

manipulated in isolation and cells subjected to various experimental conditions, 

reflecting either T2D disease pathophysiology or to test the therapeutic potential of 

potential new drugs. For this research, rat insulinoma cell line INS-1 and mouse 

skeletal muscle C2C12 cells were used in the entire study. The initial passage 

number of these cell lines stored from the nitrogen tank were noted and these cells 

were split up to twenty (20) passage only.  

 

2.2.1 INS-1 cells 

INS-1 pancreatic β-cell line is an insulin secreting cell line derived from a 

transplantable rat insulinoma by x-ray irradiation. This cell line can synthesise 

proinsulin I and II (Asfari et al., 1992). Morphological features shown by native β-

cells are also displayed by this cell line. This cell is dependent on β-mercaptoethanol 

for its growth and survival, as removal of the thiol compound from the medium was 

shown to cause a 15-fold drop in the total cellular glutathione levels (Asfari et al., 

1992). One of the possible explanations for this was the activation of cystine uptake, 

which has been shown to lead to an increased level of glutathione (Ishii et al., 1987; 
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Pruett et al., 1989). INS-1 cells have also been shown to retain differentiated 

characteristics for insulin biosynthesis, and storage is about 30-40 times higher than 

other transplantable rat insulinoma such as RINm5F and other rat insulinoma 

derived cell lines (Carrington et al., 1986; Clark et al., 1990).  

 

2.2.2 C2C12 cells 

C2C12 cells are immortalised cell line generated by Blau, Chiu, and Webster in 1983. 

C2C12 cells grow and proliferate as undifferentiated myoblasts in high serum and 

differentiate into myotubes in low serum conditions. These are robust cells that have 

been used by multiple groups to successfully investigate glucose metabolism, 

insulin resistance, reactive nitrogen and oxygen species and glucose transporters, 

both at molecular and cellular levels (Abdelmoez et al., 2020; Chen, L. et al., 2019; 

Sanvee et al., 2019; Shen et al., 2019; Wong et al., 2020). The immortal C2C12 

cells were originally derived from the thigh muscle of a 2-month-old female C3H 

mouse donor 70 hours after a crush injury (Brenner et al., 2021; Diokmetzidou et al., 

2016).  

 

2.3 Cell culture, propagation, and passaging 

INS-1 rat pancreatic β-cells were cultured in Roswell Park Memorial Institute (RPMI-

1640) medium containing 11 mM D-glucose then supplemented with 26 mM sodium 

bicarbonate, 10 mM HEPES, 50 µM β-mercaptoethanol and the pH was adjusted to 

7.4. The medium was then supplemented with 10% v/v fetal bovine serum, 1% v/v 

sodium pyruvate (100 nM, Cat. No. 11360070) and 1% v/v penicillin streptomycin 

(10,000 U/mL, Cat. No. 15140122). INS-1 cells were then plated in a Nunc™ cell 

culture polystyrene T75 flask and incubated at 37 oC in an environment of 95% 

air/5% CO2  (Bagnati et al., 2016; Cripps et al., 2017; Marshall et al., 2007). 
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Mercaptoethanol is a potent reducing agent supplemented in cell culture media to 

reduce toxic levels of oxygen radicals (Castillo-Martín et al., 2014). 

When 80-85% confluence of cells was achieved, cells were passaged by 

aspirating the medium and washing the cells with 5 mL sterile of Dulbecco’s 

phosphate buffered saline (DPBS) solution. INS-1 cells were then incubated with 5 

mL of 0.05% Trysin-EDTA (1X) to detach the INS-1 cells at 37 oC for 3 minutes. 

INS-1 cells were harvested by gently pipetting back and forth with 5 mL of complete 

RPMI-1640 medium. Cell pellets were collected through centrifugation at 200 x g for 

5 minutes at room temperature. Harvested cells were re-suspended with 5 mL of 

complete RPMI-1640 medium and re-plated and grown in polystyrene T75 flask or 

6-well plates  (Bagnati et al., 2016; Cripps et al., 2017; Marshall et al., 2007). 

 

2.4 Preparation of glucolipotoxic media 

To mimic conditions typically experienced by a diabetic patient with poorly controlled 

type 2 diabetes in vitro, INS-1 rat pancreatic β-cells were incubated with 

glucolipotoxic (GLT) media. To prepare the GLT medium, RPMI-1640 media was 

supplemented with an additional 17 mM glucose (28 mM final concentration), 

followed by 2% fatty acid free bovine serum albumin (BSA), and 200 µM oleic acid, 

and 200 µM palmitic acid conjugated to the BSA by incubating at 37 oC for at least 

1 hour. The medium was filtered using a 0.2 µM Millipore PES membrane filter. 

 

2.5 Cell counting 

INS-1 rat pancreatic β-cells were incubated in complete RPMI-1640 medium in a 

Nunc™ cell culture polystyrene T75 flask to 70-80% confluency, then passaged by 

aspirating the medium and washing the cells with 5 mL of sterile Dulbecco’s 

phosphate buffered saline (DPBS) solution. Cells were then incubated with 5 mL of 

0.05% Trysin-EDTA (1X) to detach the cells at 37 oC for 3 minutes. Cells were 
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harvested by gently pipetting back and forth with 5 mL of complete RPMI-1640 

medium. Cell pellets were collected through centrifugation at 200 x g for 5 minutes 

at room temperature. Harvested cells were re-suspended with 5 mL of complete 

RPMI-1640 medium and re-plated and grown in T75 flask or 6-well plates . 

To seed the required number of cells on the plate, correct counting is a must, 

and this was done manually using a haemocytometer. A 10 µL of cell suspension 

was loaded into a Neubauer chamber and to identify the living cells from the necrotic 

cells, 10 µL of 0.2% Trypan Blue was added to it and mixed thoroughly. Ten (10) µL 

of the mixture was then loaded into a Neubauer chamber then cells were counted 

from the four squares (see Equation 1 and Figure 2.1) and the cell concentration 

calculated using the formula below: 

 

 Concentration = (Number of cells x 10,000)/(Number of squares x dilution factor) 

 

Equation 2.1 Formula in calculating the cells concentration using haemocytometer.  
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Figure 2.1 Neubauer chamber of the haemocytometer. The live and dead cells found in 

the labelled squares were counted in a north-west clockwise direction.  

 

 2.6 Cell plate seeding and cell culture lysate extraction 

The number of initially seeded cells on a nunclon delta 6- or 12-well polystyrene 

plate were 50,000- and 25,000 INS-1 cells per well, respectively. These cells were 

then incubated for 5 days whilst changing the medium on the 3rd day. 

INS-1 cells plated in 6-well plates were treated with RPMI-1640 medium, or 

RPMI-GLT medium, and incubated for 5 days whilst changing the required medium 

solution, respectively, on the 3rd day of treatment. After 5 days of incubation, INS-1 

cells were washed twice with cold DPBS and lysed in 150 µL cold 

RadioImmunoPrecipitation Assay (RIPA) buffer with protease inhibitor (Roche 

Applied Science, Basel, Switzerland). Sterile scrapers were used to detach cells 

from each well. Lysates were collected in pre-cooled 2 mL microcentrifuge tubes 

and vortex-mixed for 3 minutes and centrifuged at 20,000 x g for 20 minutes at 4 oC. 
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The supernatants containing the total cellular protein were transferred into pre-

cooled 2 mL sterile microcentrifuge tubes and stored at -80 oC for future use and 

analysis. 

 

2.7 Determination of total protein concentration in lysates 

Biochemical analysis of protein depends on the accurate determination of protein 

concentration in order to subsequently be able to normalise data (Bainor et al., 2011; 

Olson et al., 2007). Bicinchoninic acid assay (BCA) sodium salt, introduced by Smith 

et al (1985), is a water-soluble compound which gives an intense purple colour when 

reacts with cuprous ion in basic solution (Smith et al., 1985). Nowadays, it is a 

popular colorimetric method for quantification of total proteins and used to determine 

the exact amount of total protein for the exact loading in sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE) gels. In this assay, amide bonds 

in proteins reduces cupric ion (Cu2+) to cuprous ion (Cu+) resulting to a faint blue-

violet colour reaction. Then cuprous ion is chelated by two molecules of BCA sodium 

salt to form an intense, purple-coloured BCA-Copper complex that highly absorbs 

at a wavelength of 562 nm. Its absorbance increases as the total protein 

concentration in sample increases.  

In this project, the PierceTM BCA Protein Assay Kit (Thermo Scientific, 

Loughborough, UK) was used to determine the total cellular protein of the cells 

exposed to various experimental conditions. Bovine serum albumin is included in 

the kit to establish the standard calibration curve for total protein quantification. The 

preparation of the working solution and sample were done using the protocol in the 

kit. 

To conduct the assay, 10 µL of protein lysates and BSA standard calibrators 

were pipetted into the nunclon polystyrene 96-well plate and added with 200 µL 

working solution (50:1 v/v reagent A:reagent B). The plate was then incubated at 
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37 °C for 30 minutes and absorbance was read at 562 nm (Infinite M Plex by Tecan, 

Reading, UK). Corrected absorbance of the BSA standard calibrator against its 

respective concentration was plotted. Using the linear equation from the standard 

curve, the unknown total protein concentration of each lysates was determined and 

the required loading volume (30 µg) for SDS-PAGE was calculated. 

Using the linear equation from the standard curve, the total cellular protein 

concentration of each lysate was determined, in order to calculate the required 

loading volume of 30 µg per well for SDS-PAGE. 

 

2.8 Cryo-conservation and recovery of frozen cells 

Following passaging of INS-1 cells (detailed above) cells were harvested by gently 

pipetting back and forth with 5 mL of RPMI-1640 medium. Cell pellets were collected 

through centrifugation at 200 x g for 5 minutes at room temperature. Harvested cells 

were resuspended with 5 mL of Synth-a-Freeze medium (Life Technologies, UK) 

and transferred into equally into 5 cryovials. Synth-a-Freeze medium is a liquid 

cryopreservation medium containing 10% v/v dimethylsulfoxide (DMSO) that 

promotes high cell viability and recovery after thawing. INS-1 cells in cryovials with 

synth-a-freeze medium were labelled, then placed into a Mr. Frosty freezing 

container for a slow cooling rate of -1 °C per minute and stored in a -80 °C freezer 

for 24 hours before being transferred to a liquid nitrogen container for long-term 

storage. 

To recover frozen INS-1 cells stored in a liquid nitrogen, a cryovial was 

defrosted and the cell solution carefully added into a 15 mL polystyrene conical tube 

containing 5 mL of RPMI-1640 medium. The mixture was then centrifuged at 200 x 

g for 5 minutes, then the supernatant decanted. The pellet was washed twice with 

RPMI-1640 media before it was resuspended with 5 mL of RPMI-1640 medium and 
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seeded into a polystyrene T75 flask containing 15 mL RPMI-1640 medium. INS-1 

cells were incubated at 37 °C in a 95% air/5% CO2 environment condition. 

 

2.9 Mycoplasma assessment and decontamination 

INS-1 rat pancreatic β-cell culture medium was periodically tested for potential 

mycoplasma infection. To do this, EZ-PCR mycoplasma test kit (Biological 

Industries, CT, USA, Cat. No. 20-700-20) was used. 1 mL of cell growth medium 

was taken and centrifuged at 200 x g for 5 minutes to settle any cells or debris in 

the medium. The supernatant was carefully transferred into a 2 mL sterile 

polypropylene centrifuge tube and further centrifuged at 20,000 x g for 10 minutes 

in order to precipitate mycoplasma. Supernatant was discarded, then 50 µL of buffer 

solution was added to the pellet and the tube heated at 95 °C for 3 minutes.  

  The mixture underwent a simple PCR (see Table 2.2 and Table 2.3 for PCR 

set-up and cycling conditions) to amplify the amount of mycoplasma present.  

 

Table 2.2 PCR reaction set-up using EZ-PCR mycoplasma kit.  

Reagents Volume per reaction, µL 

H20 35 

Reaction mix 10 

Test sample 5 

 

Table 2.3 Cycling conditions set by EZ-PCR mycoplasma kit. 

Phase Temperature, oC Time Number of cycles 

Initial denaturation 94 30 s - 

Denaturation 94 30 s  

35 Annealing 60 120 s 

Extension 72 60 s 

Final Extension 72 5 min - 
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After the sample underwent PCR, 2% agarose dissolved in 1X tris-acetate-EDTA 

(TAE) buffer was made and added with 5 µL of SYBR® Safe DNA gel stain (10,000X 

in DMSO) (Thermo Fisher, MA, USA, Cat. No. S33102). It was then solidified in the 

gel cassette. Into each PCR samples, 2 µL of 10X DNA loading buffer (Thermo 

Fisher, MA, USA, Cat. No. 10816015) was added. DNA electrophoresis was 

conducted by loading 20 µL of each sample into the wells along with the positive 

control and 100 bp DNA ladder (Cleaver Scientific, UK, CSL-MDNA-100BP) and 

was run at 70 V for 45 minutes. After running the electrophoresis, the entire agarose 

gel (see Figure 2.2) was visualised using GeneSnap software.  

 

 

Figure 2.2 Mycoplasma detection test by PCR. PCR reaction was performed on the 

supernatant of INS-1 rat pancreatic β-cells cultured in RPMI-1640 medium for 5 days. None 

of my cells (first three columns after the ladder) were infected by mycoplasma relative to 

control, showing no band at 270 bp. The cells on the fourth column came from a student in 

a different lab, and these were shown to be contaminated by mycoplasma.   
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2.10 Mice strain, islet extraction and digestion 

In this study, male CD-1 mice (Charles River, UK) were used. Mice were maintained 

in a 12-hour light/12-hour dark cycle and fed a standard rodent diet. The mice were 

sacrificed after 10 weeks by overdose of sedative and the pancreas excised. The 

pancreas was digested by directly injecting of ice-cold 1mg/ml collagenase P 

(Roche Applied Science, Switzerland) and 0.15 mg/ml DNAse 1 (Roche Applied 

Science, Switzerland) diluted in RPMI-1640 into the pancreatic duct. Upon 

pancreatic inflation, it was excised and cut into small pieces by surgical scissors and 

placed in ice cold RPMI. Samples were sealed with parafilm and incubated at 37°C 

for 7 minutes under static conditions followed by forceful shaking every minute post 

incubation until suitable pancreatic tissue digestion. Digested tissue was allowed to 

settle before supernatant removal and transfer to black bottomed container. Islets 

were picked by hand using a light microscope and p200 pipette, then cultured in a 

flask containing RPMI 1640 and incubated at 37°C in a 95% air/5% CO2 atmosphere. 

All animal procedures were undertaken by Dr. Sophie Sayers at King’s College 

London and this was approved by King’s College London Ethics Committee. 

Protocols were carried out in accordance with the UK Home Office Animals 

(Scientific Procedures) Act 1986. 

 

2.11 Cell functional analyses 

2.11.1 Cell viability 

Calcein AM or calcein acetoxymethyl ester was used to assess the cellular health 

of INS-1 rat pancreatic β-cells exposed to various experimental conditions. Calcein 

AM, a cell permanent dye, is a non-fluorescent cell-permeable dye that is converted 

to a green-fluorescent calcein after acetoxymethyl ester hydrolysis by intracellular 

esterases. The measured intensity of calcein is directly proportional to the activity 

of cellular esterases which is also proportional to cell viability.  
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In this experiment, INS-1 rat pancreatic β-cells were incubated in polystyrene 

nunclon delta 12-well plate for 5 days in RPMI-1640 medium ± 10 mM L-carnosine 

or RPMI-1640 medium ± 100 µM carnosine analogues or GLT medium (RPMI-1640 

medium supplemented with 17 mM D-glucose, 200 µM oleic acid and 200 µM 

palmitic acid) ± 10 mM L-carnosine or GLT medium ± 100 µM carnosine analogues. 

After the incubation period, the media was aspirated, and cells were washed thrice 

with Krebs-Ringer buffer solution (KRBS). A final concentration of 5 μM calcein AM 

was added to make 1 mL Krebs-Ringer buffer solution. This was loaded into each 

well for 1 hour before washing again thrice with Krebs-Ringer buffer solution. After 

washing, 1 mL of Krebs-Ringer buffer solution was loaded to each well. Cell viability 

was measured via fluorescence using excitation and emission at 490 nm and 520 

nm, respectively, with cell viability expressed as the percentage change ± S.E.M. in 

comparison to control.  

 

2.11.2 Radical species detection 

Oxidative stress could be a result of low levels of antioxidants or high production of 

reactive oxygen and nitrogen species (RONS) (Myhre et al., 2003). The generation 

of high levels of intracellular oxidant levels could result in damaging biological 

molecules and activation of signalling pathways (Myhre et al., 2003). 2’,7’-

Dichlorofluorescin diacetate (DCFH-DA) or 2’,7’-dichlorodihydrofluorescin diacetate 

(DCFH2-DA), a non-fluorescent cell-permeable probe that diffuses easily across the 

plasma membrane. Cellular esterases cleave the acetate moiety to form a more 

hydrophilic 2’,7’-dichlorodihydrofluorescein (DCFH2) which is retained in the cytosol. 

DCFH2 is then oxidised to 2’,7’-dichlorofluorescein (DCF) which can be measured 

spectrofluorometrically. Detection of intracellular oxidative stress using DCFH-DA is 

limited to in vitro (Reiniers et al., 2017). DCFH-DA can also be used to measure 
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radical species not limited to the reactive oxygen species, including some nitrogen 

species (Kalyanaraman et al., 2012). 

In this experiment, INS-1 rat pancreatic β-cells were incubated in polystyrene 

nunclon delta 12-well plate for 5 days in RPMI-1640 medium ± 10 mM L-carnosine 

or RPMI-1640 medium ± 100 µM carnosine analogues or GLT medium (RPMI-1640 

medium supplemented with 17 mM D-glucose, 200 µM oleic acid and 200 µM 

palmitic acid) ± 10 mM L-carnosine or GLT medium ± 100 µM carnosine analogues. 

After the incubation period, the medium was aspirated, and cells were washed thrice 

with Krebs-Ringer buffer solution. A final concentration of 20 μM DCFH-DA was 

added to make a 1 mL Krebs-Ringer buffer solution. It was loaded into each well for 

1 hour before washing again thrice with Krebs-Ringer buffer solution. After washing, 

1 mL of Krebs-Ringer buffer solution was loaded to each well. Detection of radical 

species was measured via fluorescence using excitation and emission at 495 nm 

and 530 nm, respectively, with radical species detection, expressed as a percentage 

change in comparison to control. 

 

2.11.3 Insulin secretion assay 

In this experiment, INS-1 rat pancreatic β-cells were incubated in polystyrene 

nunclon delta 12-well plate for 5 days in RPMI-1640 medium ± 10 mM L-carnosine 

or RPMI-1640 medium ± 100 µM carnosine analogues or GLT medium (RPMI-1640 

medium supplemented with 17 mM D-glucose, 200 µM oleic acid and 200 µM 

palmitic acid) ± 10 mM L-carnosine or GLT medium ± 100 µM carnosine analogues. 

After the incubation period, the medium was aspirated, and INS-1 cells were washed 

thrice with 0.5 mL Krebs-Ringer buffer solution. Subsequently, the cells were 

incubated for 3 hours with 1mL Krebs-Ringer buffer solution ± insulin secretagogue 

cocktail (10 mM glutamine, 1 mM tolbutamide, 1 μM phorbol 12-myristate 13-acetate, 

10 mM leucine, 1 mM 3-isobutyl-1-methylxanthine, and 10 mM D-glucose). After 3 
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hours of incubation period, the supernatant was collected, and pipetted in a labelled 

2 mL tube, then centrifuged at 1000 x g for 2 minutes to remove cell debris. The 

insulin concentration of each supernatant was analysed following the procedures 

set by Mercodia High Range Rat Insulin ELISA as follows: A 1:10 dilution of the 

supernatant: Krebs-Ringer buffer solution was made. 10 µL of the samples, control 

and calibrators was pipetted into the precoated wells respectively and into it, 50 µL 

of enzyme conjugate (dilution of 1:10 of enzyme conjugate:enzyme buffer) was 

pipetted. The plate was then covered with aluminium foil and was shaken at 900 

rpm at room temperature for 2 hours. After the incubation period, the reaction 

mixture was discarded. The wells were then washed 5 times with 1X wash buffer 

and tapping it against a tissue between washings. Then, 200 µL TMB was pipetted 

into each well. The plate was covered with aluminium foil then incubated for 15 

minutes at room temperature. After the incubation period, 50 µL of stop solution was 

pipetted into each well. The plate was shaken briefly for 5 seconds to ensure mixing 

and was read at 450 nm.  

The total cellular protein content of each respective wells was determined 

and assayed with bicinchoninic acid protein assay, which was used to normalise the 

data of the insulin secretion assay experiment. 

 

2.11.4 3-Nitrotyrosine assay 

Reactive-nitrogen species (RNS) such as peroxynitrite (ONOO-) reacts with tyrosine 

to form 3-nitrotyrosine. Peroxynitrite is a product by the reaction of nitric oxide (•NO) 

and superoxide (O2
-•), and nitryl chloride (NO2Cl) and •NO2  (Tsikas and Duncan, 

2014). Formation of 3-nitrotyrosine provides an evidence of production of RNS 

(Halliwell, 1997). 

In this experiment, CD-1 mice were fed with high fat diet ± 100 µM carnosine 

analogues. After feeding, the plasma was extracted and the plasma samples were 
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prepared following the protocol in the ELISA kit (Fine test, Wuhan Fine Biotech Co., 

Ltd.) as follow: plasma was added with heparin as anticoagulant and the samples 

were centrifuge for 5 minutes at 200 x g at 4 oC. The supernatant was collected and 

assayed immediately. The total protein concentration of the supernatant was 

determined using BCA protein assay (PierceTM BCA Protein Assay Kit, 

ThermoFisher Scientific, UK).  

To carry out the assay, the plate was washed twice with washing buffer 

before adding the 50 µL standard, sample and blank into each well. Into each well, 

50 µL of biotin-labelled antibody were added and was gently tapped to ensure 

uniformity of the mixture before incubating for 45 minutes at 37 oC. After the 

incubation period, the solution mixture was aspirated, and the plate was washed 

with washing buffer thrice. A volume of 100 µL of SABC working solution was added 

into each well and incubate for 30 minutes at 37 oC. The solution mixture was 

aspirated, and the plate was washed for 5 times with washing buffer. Into the plate, 

90 µL of TMB substrate solution were added and the plate was incubated for 20 

minutes at 37 oC. After this, 50 µL of stop solution were added and the plate was 

immediately read at 450 nm.    

 

2.11.5 4-Hydroxynonenal assay 

In this experiment, CD-1 mice were fed with high fat diet ± 100 µM carnosine 

analogues. After feeding, the plasma was extracted and the plasma samples were 

prepared following the protocol in the ELISA kit (Fine test, Wuhan Fine Biotech Co., 

Ltd.) as follows: plasma was mixed with heparin as anticoagulant and the samples 

were centrifuge for 5 minutes at 200 x g at 4 oC. The supernatant was collected and 

assayed immediately. The total protein concentration of the supernatant was 

determined using BCA protein assay (PierceTM BCA Protein Assay Kit, 

ThermoFisher Scientific, UK).  
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To carry out the assay, the plate was washed twice with washing buffer before 

adding the 50 µL standard, sample and blank into each well. Into each well, 50 µL 

of biotin-labelled antibody were added and was gently tapped to ensure uniformity 

of the mixture before incubating for 45 minutes at 37 oC. After the incubation period, 

the solution mixture was aspirated, and the plate was washed with washing buffer 

thrice. A 100 µL volume of SABC working solution was added into each well and 

incubate for 30 minutes at 37 oC. The solution mixture was aspirated, and the plate 

was washed for 5 times with washing buffer. Into the plate, 90 µL of TMB substrate 

solution were added and the plate was incubated for 20 minutes at 37 oC. After this, 

50 µL of stop solution were added and the plate was immediately read at 450 nm.    

 

2.11.6 Seahorse mitochondrial function assay 

The Agilent Seahorse XF Cell Mito Stress Test measures key parameters of 

mitochondrial function by directly measuring the oxygen consumption rate (OCR) of 

cells on the Seahorse XFe24 Extracellular Flux Analyzers (Agilent Technologies, 

Milton Keynes, UK). It is a plate-based live cell assay that allows the monitoring of 

OCR in real time. The assay uses the built-in injection ports on XF sensor cartridges 

to add modulators of respiration into each cell well during the assay to reveal the 

key parameters of mitochondrial function. The modulators included in this assay kit 

are oligomycin, carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), 

rotenone, and antimycin.  

INS-1 rat pancreatic β-cells were plated at a density of 100,000 cells/well in 

polystyrene nunclon delta 6-well plate and initially treated for 3 days in complete 

RPMI-1640 medium ± 10 mM L-carnosine or GLT medium ± 10 mM L-carnosine, 

and incubated at 37 oC in 95% air/5% CO2 atmosphere. On the third day, 5,000 cells 

of the treated INS-1 cells were seeded into the Seahorse XF24 cell culture 

microplate and further exposed to same treatment for 2 days.  
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C2C12 myoblasts were seeded at a density of 10,000 cells/well in growth medium 

[DMEM with 10% foetal bovine serum and 1% penstrep glutamine (100X, Cat. No. 

10378016)] in Seahorse XF24 cell culture microplate and cultured at 37 oC in 95% 

air/5% CO2 atmosphere. In the next day, cells were differentiated with DMEM 

supplemented with 5% horse serum instead of FBS. After two days, multinucleated 

myotubes were treated with control differentiation medium ± 10 mM L-carnosine or 

GLT medium ± 10 mM L-carnosine for 5 days with a medium change on the third 

day. 

One day prior to the assay, the Seahorse XFe24 sensor cartridge was 

hydrated by pipetting 1 mL of Seahorse XF calibrant into each well. This was 

incubated at 37 oC in a humidified non-CO2 incubator overnight. The Seahorse 

XFe24 Analyzer was warmed up at 37 oC overnight or for a minimum of 5 hours 

prior to use. 

On the day of the assay, spent medium was aspirated, and C2C12 myotubes 

and INS-1 cells washed twice with 0.5 mL Seahorse XF DMEM and Seahorse XF 

RPMI-1640 media (both supplemented with 1 mM pyruvate, 2 mM L-glutamine, and 

10 mM D-glucose), respectively, initially warmed at 37 °C prior to use. After washing, 

0.5 mL assay medium was pipetted into the C2C12 myotubes and INS-1 cells, and 

the microplates were incubated in a non-CO2 incubator for 45 minutes to 1 hour 

before the assay. Seahorse XF calibrant in the hydrated sensor cartridges was 

replaced with fresh 1 mL Seahorse XF Calibrant warmed at 37 °C. From the stock 

solution of 100 µM oligomycin, 100 µM carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP), and 50 µM Rot/AA, a working solution of 1.5 µM 

oligomycin (first injected to inhibit ATP synthase and determines the ATP cellular 

production), 2.0 µM FCCP (second injected to collapse proton gradient and disrupts 

the mitochondrial membrane potential and used to measure spare respiratory 

capacity), and 0.5 µM Rot/AA (third and last injected to collapse mitochondrial 
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respiration to measure non-mitochondrial respiration driven by processes outside 

the mitochondria) (see Table 2.4 for preparation) were loaded respectively into the 

injection ports (A, B, and C) (see Figure 2.3) of the sensor cartridge. Into the 

warmed Seahorse XFe24 Analyzer, loaded sensor cartridge was placed in the 

instrument tray for O2 and pH calibration. When the calibration step was completed, 

the utility plate was replaced by the microplate containing C2C12 myotubes or INS-

1 cells. Then following the protocol set in the Wave program, the mito stress test 

was conducted. When the assay ended, the data were given and expressed as 

mean ± S.E.M. 

 

Table 2.4 Working compound preparation.  

Compound Final well, 

µM 

Stock 

solution 

volume, µL 

Medium 

volume, µL 

Volume 

added to the 

port, µL 

Oligomycin, 

Port A  

 

1.5 

 

450 

 

2,550 

 

56 

FCCP,  

Port B 

 

2.0 

 

600 

 

2,400 

 

62 

Rot/AA,  

Port C 

 

0.5 

 

300 

 

2,700 
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Figure 2.3 Location and labelling of sensor cartridge ports. Oligomycin was pippeted 

into port A, FCCP into port B and Rot/AA into port C.   
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Figure 2.4 Seahorse XF cell mito stress key parameters and kinetic profile. Shows the 

injection sequence such that oligomycin is injected first followed by FCCP and lastly, Rot/AA.  

 

The effects of the modulators on the electron transport chain is specifically depicted 

in Figure 2.5. Oligomycin is first injected into the assay, causing a reduction of the 

electron flow in the electron transport chain. Oligomycin inhibits ATP synthase at 

this stage (complex V). Carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone 

(FCCP) is the second modulator that is injected. It is an uncoupling agent causing 

a collapse of the proton gradient and disrupts the mitochondrial membrane potential. 

Thereby causing an uninhibited flow of electrons in the electron transport chain 

resulting in a maximum oxygen consumption rate at complex IV. Rotenone and 

antimycin A inhibits complex I and complex III, respectively. This inhibition causes 

shutting down of the mitochondrial respiration, and by doing so, nonmitochondrial 

respiration driven by the processes, i.e., glycolysis, outside of the mitochondria can 

be assessed.  
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Figure 2.5 Seahorse XF cell mito stress modulators target of action in electron 

transport chain complexes. Oligomycin inhibits complex V, rotenone inhibits complex I, 

antimycin A inhibits complex III and FCCP shuttle protons across inner membrane. 

 

 

Table 2.5 Summary of the effects of the modulators in mitochondrial 

respiration. 

Modulators Electron transport 

chain target 

Effect of oxygen 

consumption rate 

Oligomycin ATP synthase  

(complex V) 

Decrease 

FCCP Inner mitochondrial 

membrane 

Increase 

Rotenone/Antimycin A Complex I and  

complex III, respectively 

Decrease 

 

Basal respiration-Oxygen consumption used to meet cellular ATP demand 

resulting from mitochondrial proton leak. Shows energetic demand of the cell under 

baseline conditions. 

ATP production-The decrease in oxygen consumption rate upon injection of the 

ATP synthase inhibitor oligomycin represents the portion of basal respiration that 
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was being used to drive ATP production. Shows ATP produced by the mitochondria 

that contributes to meeting the energetic needs of the cell. 

Proton leak-Remaining basal respiration not coupled to ATP production. Proton 

leak can be a sign of mitochondrial damage or can be used as a mechanism to 

regulate the mitochondrial ATP production. 

Maximal respiration-The maximal oxygen consumption rate attained by adding the 

uncoupler FCCP. FCCP mimics a physiological “energy demand” by stimulating the 

respiratory chain to operate at maximum capacity, which causes rapid oxidation of 

substrates (sugars, fats, and amino acids) to meet this metabolic challenge. Shows 

the maximum rate of respiration that the cell can achieve. 

Spare respiratory capacity-This measurement indicates the capability of the cell 

to respond to an energetic demand as well as how closely the cell is to respiring to 

its theoretical maximum. The cell's ability to respond to demand can be an indicator 

of cell fitness or flexibility. 

Non-mitochondrial oxygen consumption-Oxygen consumption that persists due 

to a subset of cellular enzymes that continue to consume oxygen after the addition 

of rotenone and antimycin A. This is important to get an accurate measure of 

mitochondrial respiration. 
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Based on the Seahorse kinetic profile (see Figure 2.4), key parameters were 

calculated as follows. 

 

Table 2.6 Seahorse XF cell mito stress key parameters and how it is calculated. 

Parameter Equation 

Non-mitochondrial 

oxygen consumption 

Minimum rate measurement after rotenone / antimycin 

A injection 

Basal respiration (Last rate measurement before first injection) – (Non-

mitochondrial respiration rate) 

Maximal respiration (Maximum rate measurement after FCCP injection) – 

(Non-mitochondrial respiration rate) 

H+ (proton) leak (Minimum rate measurement after oligomycin injection) 

– (Non-mitochondrial respiration rate) 

ATP production (Last measurement after before oligomycin injection) – 

(Minimum rate measurement after oligomycin injection) 

Spare respiratory 

capacity 

(Maximal respiration) – (Basal respiration) 

 

 

2.12 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis 

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis is widely used in 

biomedical research and other life sciences disciplines as a protein separation 

technique (Rath et al., 2009). To make sure proper protein separation, SDS is mixed 

with protein samples to denature the three-dimensional structure formed to 

interactions of noncovalent bonds. This SDS-protein interaction also allows the 

entity to acquire a net negative charge. Then protein in its primary structure will 

polymerise with acrylamide monomers. By applying an electric field, proteins will 

move into a single direction and the resolving gel leads to separation of proteins 

based on their molecular weight (Saraswathy and Ramalingam, 2011). 
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Various gel percentages were made during the entire duration of the study to 

separate the protein of interest from the total cellular proteins. To do this, a simple 

rule was followed to detect the protein of interest: for low molecular weight proteins, 

use high percentage of resolving gel and for high molecular weight proteins, use low 

percentage of resolving gel. Resolving and stacking gels were made according to 

the recipes supplied by Bio-Rad (www.bio-rad.com/webroot/web/pdf/lsr/literature/ 

Bulletin_6040.pdf) as follows: 

 

Table 2.7 Recipes for preparation of stacking and resolving gels. 

Compounds Stacking gel Resolving gel 

4% 7.5% 10% 12% 

30% acrylamide/bis 1.98 mL 3.75 mL 5.0 mL 6.0 mL 

0.5 M Tris-HCl, pH 

6.8 

3.78 mL - - - 

1.5 M Tris-HCl, pH 

8.8 

- 3.75 mL 3.75 mL 3.75 mL 

10% SDS 150 µL 150 µL 150 µL 150 µL 

Distilled water 9 mL 7.28 mL 6.02 mL 5.03 mL 

TEMED 15 µL 7.5 µL 7.5 µL 7.5 µL 

10% APS 75 µL 75 µL 75 µL 75 µL 

Total volume 15 mL 15 mL 15 mL 15 mL 

 

Prior to pouring the resolving gel, a glass cassette sandwich was assembled using 

1.0 mm spacer, gel thickness. Resolving gel mixture was poured into the glass plate 

leaving 1 cm from the top of the plate and immediately 70% ethanol (CH3CH2OH) 

was spread on top of the resolving gel to make the gel linear. This set-up was left 

for around 30-45 minutes to let the polymerisation reaction occur and to make the 

gel solidify. After polymerisation, ethanol was removed and the top part of the gel 

was 4-5 times washed with distilled water to eliminate the alcohol residue. After this, 

stacking gel mixture was poured on top of the resolving gel and a ten teeth comb 

http://www.bio-rad.com/webroot/web/pdf/lsr/literature/%20Bulletin_6040.pdf
http://www.bio-rad.com/webroot/web/pdf/lsr/literature/%20Bulletin_6040.pdf
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with 50 µL volume capacity was quickly inserted in place. This was allowed to 

polymerise again for 30 minutes. After the top gel was polymerised, the comb was 

removed and the gel placed in an electrophoretic tank and 1X running buffer was 

pouredinto the tank. Prior to loading of protein samples into each well, 30 µg of 

protein was added with 4X Laemmli loading buffer (950 µL denaturing buffer with 50 

µL β-mercaptoethanol) and heated at 95 oC for 5 minutes. Mercaptoethanol is added 

to reduce the disulfide linkages in solubilising proteins, and it also reduces excess 

oxidative polymerisation of catalysts. This denatured protein samples were then 

loaded, along with one lane of the reference protein ladder (Cat. No. ab116028, 

Abcam, Cambridge, UK). The gel was run initially at 60 V for 10-15 minutes to allow 

samples to stack before changing its voltage to 90 V for 120 minutes or continued 

until the dye reached near the bottom of the glass plate.  

After running the proteins in the gel, the separated proteins were transferred 

to a 0.45 µm nitrocellulose membrane using the Bio-Rad Trans-Blot TurboTM 

machine using a semi-dry transfer pre-programmed protocol such as 10-, 7- and 5-

minutes for high-, mixed- and low-molecular weight proteins, respectively. The gel 

was placed on top of the pre-soaked nitrocellulose membrane in transfer buffer (Bio-

Rad, UK) then it was sandwiched with stacks of six pre-soaked filter papers in 

transfer buffer on top and bottom. Air bubbles was removed by rolling the sandwich 

with a gel roller. Nitrocellulose membrane was soaked with Ponceau S solution for 

a minute to check if proteins were successfully transferred onto the membrane (see 

Figure 2.6) The membrane was then washed initially with distilled water and 

subsequently with 1X Tris-buffered saline, containing 0.1% v/v Tween 20 (TBST) 

until proteins bands were not visible anymore. 
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Figure 2.6 Nitrocellulose membrane with transferred proteins. Proteins were separated 

in 7.5% SDS-PAGE gel and transferred to 0.45 µm nitrocellulose membrane using Trans-

blot TurboTM in a setting of mixed molecular weights; 25 volts for 7 minutes. 

 

2.12.1 Immunoblotting 

Western blotting or immunoblotting involves electrophoretic separation of proteins 

by SDS-PAGE and transfer to nitrocellulose membrane or polyvinylidene difluoride 

(PVDF). This is followed by staining with Ponceau S solution to check if the proteins 

successfully bound onto the membrane. The membrane is then incubated in 5% 

skimmed milk to block the non-specific binding sites and then incubated in primary 

antibody of the target protein and then with secondary antibody with 

chemiluminescent detection.  Immunoblotting techniques use antibodies to identify 

specific target proteins, distinguishing them from other unrelated proteins in the 

same sample.  

With the proteins transferred into the nitrocellulose membrane, the 

membrane was blocked with 5% w/v milk powder in TBST for 1 hour and incubated 

with specific primary antibody (diluted in 5% w/v milk with TBST) overnight at 4 oC 

on a benchmark tube roller. After incubation, the nitrocellulose membrane was 
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washed with TBST thrice and incubated with appropriate blotting-grade horseradish 

peroxidase secondary antibody conjugate (anti-mouse, -goat or -rabbit IgG) (diluted 

in 5% m/v milk with TBST) for 1 hour at room temperature. The nitrocellulose 

membrane was washed thrice with TBST and the band signals were viewed using 

G:BOX Chemi XX6 and XX9 gel doc systems using enhanced chemiluminescence 

(ECL) (Cat. No. RPN2209, GE Healthcare, UK) as antibody binding detection 

system. 

 

Table 2.8 Primary and secondary antibodies used in immunoblotting. 

Type Antibody Source Supplier 

 

 

 

 

Primary 

GAPDH Rb Bio-Rad Laboratories, Ltd., UK 

β-Actin Mouse Bio-Rad Laboratories, Ltd., UK 

iNOS Mouse Bio-Rad Laboratories, Ltd., UK 

HNF4α Mouse Santa Cruz Biotechnology, Inc., UK 

HNF1α Mouse Santa Cruz Biotechnology, Inc., UK 

MMP14 Mouse Santa Cruz Biotechnology, Inc., UK 

ErbB4 Mouse Santa Cruz Biotechnology, Inc., UK 

CD44 Mouse Santa Cruz Biotechnology, Inc., UK 

Secondary, 

HRP conjugate 

Mouse IgG Goat Bio-Rad Laboratories, Ltd., UK 

Rabbit IgG Goat Bio-Rad Laboratories, Ltd., UK 

Note: Manufacturer’s recommended dilution was followed. 

 

2.12.2 Signal band densitometry 

After immunoblotting, the band signals of the protein of interest were quantified 

using ImageJ software which was downloaded at https://imagej.nih.gov/ij/. This free 

downloadable imaging software from the National Institute of Health has been used 

for scientific image analysis (Schneider et al., 2012). ImageJ was developed by 

Wayne S. Rasband in 1997 (Rueden et al., 2017) and since then has been useful 

to research particularly in life sciences (Arena et al., 2017). Western blot 
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housekeeping genes such as β-actin and GAPDH were used to normalise the band 

intensity obtained from the protein of interest. 

 

2.13 Small interfering RNA transfection 

To transiently knocked down cellular protein, small interference RNA (siRNA) 

technology from Dharmacon (Dharmacon, GE Healthcare, Colorado USA) were 

purchased and Lipofectamine RNAiMAX (ThermoFisher, Massachussetts, USA) 

was used as transfection reagent. Into a 6-well plate, 200,000 INS-1 cells were 

seeded and on the next day they were transfected for 24 hours prior to being 

exposed to growth medium and GLT. To prepare the siRNA-transfection reagent 

complex, 2 µL of siRNA (20 µM) were diluted in 48 µL of serum-free Optimem 

medium and mixed gently. In a separate Eppendorf tube, 3 µL of the transfection 

reagent were diluted with 47 µL of serum-free Optimem medium and mixed gently. 

The mixtures were incubated for 20 minutes before mixing them, and then incubated 

for 10 minutes at room temperature. The spent medium was discarded and replaced 

with 900 µL RPMI-1640 medium without antibiotic and 100 µL transfection solution 

was pipetted into each well. After 24 hours, the spent medium was removed and the 

cells were washed twice with DPBS before exposing to RPMI-1640 medium or GLT 

medium for 3 days. After the incubation period, INS-1 cells were lysed and analysed 

by qPCR to validate the knocked down. 

 

2.14 Real-time reverse transcription polymerase chain reaction 

For quantification of mRNA expression, the method of choice selected was real-time 

reverse transcription polymerase chain reaction (RT-qPCR) (Nolan et al., 2006), as 

it is accurate, sensitive and fast in measuring gene expression (Derveaux et al., 

2010). In real-time PCR, the amount of DNA is measured after each cycle via 
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fluorescent dyes that yield increasing fluorescent signal in direct proportion to the 

number of PCR product molecules, amplicons, generated. 

To perform RT-qPCR, there are three steps that need to be undertaken: 

a. the reverse transcriptase dependent conversion of RNA into cDNA 

b. the amplification of cDNA using PCR 

c. the detection and quantification of amplification products in real time 

 

2.14.1 Primer design 

To undertake RT-qPCR, primer design is an essential parameter to which one 

needs to pay attention. To accomplish this, a combination of design tools available 

online were used, including National Center for Biotechnology Information (NCBI) 

and Integrated DNA Technologies. To design the primers for the gene of interest 

the NCBI gene search engine (https://www.ncbi.nlm.nih.gov/gene) was used to 

obtain the specific mRNA of the species of interest (rat, mouse, human and etc.). 

Then, the mRNA sequence was loaded into the Primer Quest Tool 

(https://eu.idtdna.com/site/account/login?returnurl=%2FPrimerquest%2FHome%2

FIndex) and from this primers pairs were obtained. These primers were then 

processed using NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-

blast/) to check the specificity of the primers obtained from primer quest tool and 

also noting that these primers will not amplify any other unwanted transcripts. PCR 

primers with 17-25 nucleotides in length, G + C content between 40-55%, and a 

melting point temperature between 57-62 °C were chosen to obtain a 100-140 bp 

amplicon. The designed primers were then purchased from Sigma-Aldrich in 

desalted form with a concentration of 100 µM upon dissolution with water. 

 

 

 

https://www.ncbi.nlm.nih.gov/gene
https://eu.idtdna.com/site/account/login?returnurl=%2FPrimerquest%2FHome%2FIndex
https://eu.idtdna.com/site/account/login?returnurl=%2FPrimerquest%2FHome%2FIndex
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Table 2.9 Primers used in the entire study. 

Species Target gene Sequence forward 

(5’-3’) 

Sequence reverse 

(5’-3’) 

Rat ErbB4 AGTGGTCTGTCATTGC

TTATCC 

TGCTGTTGTCCGTGAT

GTAG 

Syntaxin 17 TGACCAGATCCACAAC

CATTG 

AAGTCCGCTTCTAAGG

TTTCC 

CD44 GCCTGGTACGGAGTCA

AATAC 

TCATCAATGCCTGATC

CAGAAA 

MMP14 GGTGTGTGTCCAACCC

TATTT 

GGATGGAAGAGAAGCA

GATGAC 

MMP15 CTAGACTGCCCATGTT

CTCTTT 

GACCTCTGGTACCCTA

GTATGT 

MMP16 GGACCAACAGACCGAG

ATAAAG 

ACCAATACAAGGAGGC

CATAAG 

GAPDH CATCTCCCTCACAATTC

CATCC 

GAGGGTGCAGCGAAC

TTTAT 

Mouse ErbB4 GTGAGCTTGGCTAGAG

TGTTAG 

GAAGGAAGACCACCAG

AGAAAG 

Syntaxin 17 GGTGCAGAATTTGGGA

CAAG 

CATTCGCTTCAAAAGG

ACCAG 

CD44 CAGTCACAGACCTACC

CAATTC 

GTGTGTTCTATACTCG

CCCTTC 

MMP14 CAGGAGTGGGCACATC

TTATT 

CAATTCCTACCCTTGC

CTTCT 

MMP15 CACCCACCTGGATTGG

ATTT 

GAGGGAAGATTCTGGA

GGTAAAG 

MMP16 GGACCAACAGACCGAG

ATAAAG 

ACCAATACAAGGAGGC

ATAAGG 

HNF1α ACACCCATGAAGACAC

AGAAG 

TCTTAGTTGGCAGCTC

ATCG 

HNF4α CCCTGGAGTTTGAAAA

TGTGC 

AGGCTGTTGGATGAAT

TGAGG 

Rab1b GAACCCCGAATATGAC

TACCTG 

CGAATCTTGAAATCCA

CACCG 
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2.14.2 Primer validation 

Upon the arrival of the lyophilised primers from Sigma-Aldrich Taq-polymerase 

master mix (Qiagen, Hilden, Germany, Cat. No. 201203) was prepared containing 

both forward and reverse primers and the sample cDNA.  This mix was put into the 

thermocycler (see Tables 2.10 and 2.11 for reaction set up and amplification 

conditions, respectively) and PCR conducted to check for single product 

amplification. PCR products were then electrophoresed in a 2% agarose gel at 70 

V for 30 minutes. The gel was then visualized using GeneSnap software (Syngene, 

Bangalore, India). 

 

Table 2.10 Master mix in qPCR. 

Components Volume 

Taq PCR Master Mix 10 µL 

Forward primer, 10 µM 0.8 µL 

Reverse primer, 10 µM 0.8 µL 

cDNA sample, 25 ng 0.33 µL (25 ng) 

RNAse and DNAse free water 8.07 µL 

Total volume 20 µL 

 

Rab2a ACAGACAAGAGGTTTC

AGCC 

GTGTGATAGAACGAAA

GGACTCC 

Rab4b CAGAAGTGGAAAGGAG

CTGAG 

TCACCAGGAATTTGAA

GAGGAAG 

Rab10 AGGGAACAAGTGTGAC

ATGG 

TCAGCTAATGTGAGGA

ACGC 

 

CD40 CTGTGAGGATAAGAAC

TTGGAGG 

AGAGAAACACCCCGAA

AATGG 

GAPDH CTTTGTCAAGCTCATTT

CCTGG 

TCTTGCTCAGTGTCCT

TGC 
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Table 2.11 PCR cycling conditions for reverse transcription. 

Step Temperature, oC Time, seconds Cycles 

Initial denaturation 94 180 1 

Denaturation 94 45  

35 Annealing 61.5 45 

Extension 72 30 

Final extension 72 600 1 

 

2.14.3 RNA extraction 

In this experiment, INS-1 rat pancreatic β-cells were incubated in polystyrene 

nunclon delta 6-well plate for 5 days in RPMI-1640 medium or GLT medium 

(complete RPMI-1640 medium supplemented with 17 mM D-glucose, 200 µM oleic 

acid and 200 µM palmitic acid). After the incubation period, the medium was 

aspirated, and INS-1 cells washed with DPBS and incubated using 0.5 mL of 0.05% 

Trypsin-EDTA (1X) for a minute then added with 1.0 mL of RPMI-1640 medium to 

inactivate the trypsin. The mixture was then transferred into a 2.0 mL DNAse/RNAse 

free polypropylene tube and centrifuged at 300 x g for 5 minutes. The supernatant 

was discarded, and the pellet was washed thrice with DPBS before resuspending 

with 1 mL of DPBS and centrifuged at 300 x g for 5 minutes. This was done to ensure 

that no growth medium was left in the tube, for if so it would inhibit lysis and cause 

dilution of the lysate - which could then affect the binding condition of RNA to the 

RNeasy membrane. 

After centrifugation, the supernatant was discarded and protocols in 

RNeasy® Micro Kit (Qiagen, Hilden, Germany, Catalogue No.74004) followed to 

isolate total RNA from treated INS-1 cells (<500,000 cells). To the pelleted cells, 

350 µL of RLT buffer (10 µL β-mercaptoethanol per 1 mL RLT buffer) were added 

then the mixture was vortex-mixed for a minute to ensure homogenisation and 

efficient lysis.  To the homogenised lysate, 350 µL of 70% ethanol (CH3CH2OH) 

were added and pipetted back and forth to ensure homogenisation of the lysate and 
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this also promotes selective binding of RNA to the RNeasy membrane. The 

homogenised lysate was transferred into a RNeasy® Mini spin column placed inside 

a 2 mL collection tube and centrifuged for 15 seconds at 1600 x g. The flow through 

was discarded. The next step was to ensure there was no presence of genomic 

DNA contaminant from the RNA solution by adding 80 µL DNase solution (10 µL 

DNase I in 70 µL RDD buffer) (Qiagen, Hilden, Germany, Cat. No. 79254). This was 

added dropwise directly into RNeasy® Mini spin column membrane and incubated 

at room temperature for 15 minutes. After the incubation period, 700 µL of RW1 

buffer were added into the RNeasy® Mini spin column membrane to wash the 

membrane-bound RNA. Then, RNeasy® Mini spin column was centrifuged at 1600 

x g for 15 seconds and discarded the collection tube containing the flow through. 

The RNeasy® Mini spin column was put into in a new 2 mL collection tube and 500 

µL RPE buffer (4 volumes of ethanol were added to the RPE buffer concentrate to 

obtain a working solution) were pipetted into the column membrane to remove 

traces of salts left in the column due to buffers used and was centrifuged at 8000 x 

g for 15 seconds and discarded the flow through. Another 500 µL RPE buffer were 

pipetted into the column membrane and this time it was centrifuged at 1600 x g for 

2 minutes and discarded the collection tube with flow through. The RNeasy® Mini 

spin column was put into a new collection tube and centrifuged at 22,000 x g for a 

minute to ensure removal of RPE buffer or any residual flow-through in the 

membrane. The RNeasy® Mini spin column was put into a new 1.5 mL collection 

tube and 20 µL of DNAse/RNAse free water pipetted into the centre of the 

membrane and the RNeasy® Mini spin column centrifuged at 1600 x g for a minute 

to elute the RNA. The RNA sample then underwent quantification and quality 

assessment and stored at -80 ºC until used for analysis. 
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2.14.4 RNA quality assessment and quantification 

RNA is a thermodynamically stable molecule and can easily be degraded due to 

poor handling or enzymatic degradation due to an abundance of RNase in the 

sample. RNA molecules transfer information encoded in the genome to generate 

various proteins. Hence, determining the quality of RNA sample is a crucial step 

prior to performing RT-qPCR, microarray analysis, next generation sequencing 

(NGS), and RNA blotting (Auer et al., 2003). RNA quality can be assessed by using 

a 2100 Bioanalyzer Instrument (Agilent Technologies, Inc, USA). RNA molecules 

are stained with intercalating dye, then electrophoretically separated using a 

microfabricated chips and detected using laser-induced fluorescence detection 

(Schroeder et al., 2006). The Bioanalyzer software then generates an 

electropherogram, gel-like image, from which the ratio of the 18S to 28S ribosomal 

subunits can be determined.  These parameters are used in assessing RNA quality. 

Aside from these parameters, RNA concentration is also provided at a concentration 

of ng/µL. 

  

 

Figure 2.7 RNA integrity number. RIN scores provides integrity of RNA samples. A. RNA 

samples from fully intact RNA (RIN 10) to strongly degraded RNA (RIN 3) (Adapted from 

Agilent Technologies) B. Representative electropherogram of a good quality of RNA sample 

(RIN 9.9). 

 

Agilent RNA 6000 Nano Kit (Agilent Technologies, Inc, USA) was used to analyse 

RNA samples. Microfluidic chips were preloaded with gel and fluorescent dye then 
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1 µL of RNA sample and reference ladder was pipetted into the wells. This chip was 

vortex-mixed for 10 minutes then loaded to the Agilent 2100 Bioanalyzer Instrument 

and run using Agilent Bioanalyser software.  Traditionally, RIN score of 2.0 and 

higher is considered of high quality (Schroeder et al., 2006), however, in this 

experiment, RNA samples with RIN score of 8 and above were only considered for 

further analysis. 

 

2.14.5 cDNA synthesis 

The quantified and quality assessed total RNA sample was reverse transcribed to a 

single-stranded complementary DNA using High Capacity cDNA Reverse 

Transcription kit (Cat. No. 4368814, Thermo Fisher, MA, USA). 1.5 µg of total RNA 

were pipetted in each well of 200 µL PCR plate and added to and equal of a pre-

mixed 2X reverse transcription master mix (see Table 2.12 for the components) 

then pipetted down and up to mix, before sealing the plate. The PCR tube was briefly 

centrifuged to spin down all the components and to eliminate air bubbles. The PCR 

tube was then placed in a programmed PCR thermal cycler for single-stranded 

transcription (see Table 2.13 for the cycling conditions). 

 

Table 2.12 Reverse transcription cDNA master mix.  

Components Volume 

Reverse transcription buffer 2 µL 

dNTPs 0.8 µL 

Random primers 2 µL 

Reverse transcription reverse 1 µL 

RNA sample (1.0 µg) 

RNAse and DNAse free water Variable 

Total volume 20 µL 
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Table 2.13 PCR cycling conditions for cDNA reverse transcription.   

Step Temperature, oC Time, minutes 

Primer annealing 25 10 

DNA polymerisation 37 120 

Enzyme deactivation 85 5 

Maintenance 4 15 

 

2.14.6 QuantiNova SBYR green PCR 

Real-time reverse transcription polymerase chain reaction is a good, useful and fast 

screening method in detecting gene expression in real-time. SYBR® Green I dye is 

a fluorescent DNA-binding dye that binds to the minor groove of any double-

stranded DNA. Excitation of DNA-bound SYBR® Green dye produces a much 

stronger fluorescent signal compared to unbound dye. During the amplification step 

(40 cycles long), a fluorescent dye binds to the DNA molecules and fluorescence 

values are recorded for each cycle. The fluorescence signal is directly proportional 

to the DNA concentration over a broad range, and the point at which fluorescence 

is first detected as statistically significant above the background is called the cycle 

threshold or CT value. The higher the initial amount of sample DNA, the sooner the 

accumulated product is detected and therefore the lower the CT value. The 

QuantiNova SYBR Green PCR Kit has been developed for use in a two-step cycling 

protocol, with a denaturation step at 95 ºC, and a combined annealing/extension 

step at 60 ºC. This protocol will also work for primers with a Tm well below 60 ºC. 

Within 2 minutes of raising the temperature to 95 °C, QuantiNova Antibody and 

QuantiNova Guard are denatured and QuantiNova DNA Polymerase is activated, 

enabling PCR amplification. 

In this experiment, INS-1 rat pancreatic β-cells were incubated for 72 hours 

in RPMI-1640 medium ± GLT. After incubation, INS-1 cells were lysed, and total 

RNA was extracted. RNA quality was assessed using Agilent RNA 6000 Nano Kit 
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(Agilent Technologies, Inc, California, USA) or it can be quickly assessed and 

quantified using NanoDropTM One/OneC Microvolume UV-Vis Spectrophotometer 

(Thermo Fisher, Loughborough, UK). After RNA quality was evaluated, it underwent 

reverse-transcription to single-stranded cDNA using a cDNA synthesis kit (Cat. No. 

4368814, ThermoFisher, MA, USA), then RT-qPCR performed using specific 

primers. On each batch of experiment, a negative internal control composed of 

master mix with no cDNA was included to examine any sign of contamination on the 

reagents used. A housekeeping gene, GAPDH, was used as reference gene in 

normalising gene expression of the gene of interest.   

To perform the experiment, the protocol from QuantiNova SYBR® Green 

PCR kit (Qiagen, Hilden, Germany, Cat. No. 208054) was followed. A reaction 

mixture was prepared according to Table 2.14 and was pipetted into each well of 

the 96-well PCR plate. This was then placed into the Applied Biosystems™ 

QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems, UK) and run 

according to the cycling programme set in Table 2.15.    

Table 2.14 Master mix in RT-qPCR.  

Components Volume 

2X SYBR green mix 10 µL (1X) 

Forward primer 1 µL (0.7 µM) 

Reverse primer 1 µL (0.7 µM) 

cDNA sample 0.33 µL (100ng) 

QN ROX reference dye 2 µL (1X) 

RNAse and DNAse free water variable 

Total volume 20 µL 

Legend: *1:200 dilution for low-ROX dye cyclers (i.e., Applied Biosystems ViiA7 Real-Time 

PCR Systems). 
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Table 2.15 Cycling conditions for qPCR. 

Temperature, oC Time Step Number of cycles 

95 2 minutes Initial activation  

95 5 seconds Denaturation  

40 60 19 seconds Combined 

annealing/extension 

4 ∞   

 

2.14.7 RT-qPCR data analysis 

To analyse the generated data from the RT-qPCR, ΔΔCt method was employed 

(Livak and Schmittgen, 2001; Rao et al., 2013). This comparative quantification 

technique compares the results of the experimental samples with a calibrator, 

untreated sample and a normaliser, housekeeping gene. With this ΔΔCt method, 

the Ct values for the target gene in both the test sample and calibrator sample were 

adjusted in relation to a normaliser gene Ct from the same two samples. The 

resulting ΔΔCt value was incorporated to determine the fold difference in expression. 

The fold change relative to the calibrator sample was calculated as follows: 

1. ΔCt = Ct target gene – Ct reference gene (normalization to housekeeping gene, 

GAPDH, to minimize sample to sample variation). 

2. ΔΔCt = ΔCt sample (treated) - ΔCt calibrator (untreated).  

3. Fold difference, 2-ΔΔCt = gene fold change of treated sample relative to the 

calibrator sample. 

 

2.15 RNA sequencing 

2.15.1 DNase treatment 

RNA samples were treated with DNA-free DNA removal kit (Life Technologies, 

Loughborough, UK) to remove any presence of contaminant genomic DNA. To do 

this, 0.1 volume of 10X DNAse buffer was pippeted into RNA samples and samples 
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incubated at 37 0C for 10 minutes with gentle agitation. After the incubation period, 

0.1 volume of DNAse activation agent was pippeted in the sample and incubated at 

room temperature for 2 minutes with agitation. The mixture was centrifuged at 200 

x g for 90 seconds and RNA samples transferred to Eppendorf tubes. 

 

2.15.2 Library preparation 

Known high quality RNA (RIN score >8) was sent to the Sarah Lamble laboratory in 

Oxford for subsequent library preparation and sequencing using Illumina mRNA seq 

sample preparation kit (Illumina, San Diego, USA). Initially, samples were ribo-

depleted, removing the majority of rRNA and allowing increased sensitivity and 

analysis power of transcriptomes and less abundant sequences. The process of 

ribo-depletion was conducted using a rRNA depletion kit (Cat. No. K155003, 

ThermoFisher, Leicester, UK) where rRNA was captured by complimentary 

oligonucleotides that are coupled to paramagnetic beads, after which the bound 

rRNA was precipitated and removed from the reaction. Using magnetic beads is 

considered the most efficient way to get high quality RNA (Zhao et al., 2018). 

The library was then generated with the fragmentation of small pieces of 

mRNA using cations under increased temperatures, before reverse transcription 

with random primers and resultant cDNA strand synthesis. Double strand cDNA was 

synthesised by removing the RNA template and synthesising a replacement cDNA 

strand. The fragments were then ‘end-repaired’ by blunting the overhanging 

sequence ends using T4 DNA polymerase and Klenow DNA polymerase (Scamrov 

and Beabealashvilli, 1988; Yang, Yanling and LiCata, 2018). The 3’ to 5’ 

exonuclease activity of the added enzymes removes the 3’ end overhand, whilst the 

polymerase activity fills in the 5’ overhang. The fragments were then prepared for 

ligation to adapters that have a T base overhang at their 3’ end by adenylation at 

the 3’ end (A base added to 3’ end) through the Klenow antibody polymerase activity.  
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Adapters were subsequently ligated to the DNA fragments. Fragments were size 

selected (~200bp) and purified on a gel for downstream enrichment before 

amplification via PCR with primers that target the adapters. The resultant library was 

validated, and quality control assured using Agilent Bioanalyser method described 

previously, before sequencing. 

 

Figure 2.8 RNAseq library preparation. RNA is purified by removing rRNA and 

fragmented into small pieces. Double stranded cDNA is synthesised via reverse 

transcription before the ends are repaired and adenylated. Adapters are ligated, and 

samples are size selected and purified before quality check, amplification and resultant 

library sequencing. Figures adapted from EpiGentek and Agilent websites. 

 

2.15.3 Sequencing 

The aforementioned library was used to perform paired end sequencing over one 

lane of a flow cell on Illumina-HiSeq 2000 instrument in Oxford Genomics Centre, 

Oxford, United Kingdom. This technology depends on random fragmented genomic 

DNA attachment to an optically transparent planar surface. The attached DNA is 

extended and amplified to produce an ultra-high-density sequencing flow cell, 

containing hundreds of millions of DNA clusters, each consisting of roughly 1000 
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copies of each template. The templates were sequenced using a four-colour DNA 

sequencing by synthesis technology used reversible terminators with removable 

fluorescent dyes.   

 

2.15.4 Data analysis 

The raw RNAseq data was analysed by Dr. Rob Lowe at the Blizard Institute, Barts 

and The London School of Medicine and Dentistry. The output sequencing data 

(compressed FASTQ files) from the Illumina machine run were aligned to an 

annotated reference genome using Top Hat v 2.0.9: http://tophat.cbcb.umd.edu. 

Reads that were aligned to exons, genes and splice junctions were counted using 

a reference genome ‘rn4’ extracted from UCSC (http://genome.ucsc.edu/ 

goldenPath/credits.html#rat_credits). Using the HTseq-count programme 

(http://wwwhuber.embl.de/users/anders/HTSeq/doc/count.html), data was visualis-

ed and interpreted, calculating gene and transcript expression, and then citing 

variations in expression between samples and conditions. Using the programme 

DEseq (http://www.bioconductor.org/packages/devel/bioc/html/DEseq.html) 

samples were normalised to correct in-sample distributional differences. Statistical 

significance of gene expression fold changes was then calculated by comparing 

read counts from experimental samples to that of corresponding control samples 

with p values adjusted using the Bonferroni formula. To conduct a Bonferroni 

correction, the critical p value is divided by the number of comparisons being made 

simultaneously on a single data set. To conduct a Bonferroni correction, divide the 

critical p value by the number of comparisons being made. 

 

2.15.5 Network analysis 

To identify enriched pathways and functions between differentiated expressed 

genes, data were analysed by Dr. Tania A. Jones (Blizard Institute, Barts and The 

http://genome.ucsc.edu/%20goldenPath/credits.html#rat_credits
http://genome.ucsc.edu/%20goldenPath/credits.html#rat_credits
http://www.bioconductor.org/packages/devel/bioc/html/DEseq.html
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London School of Medicine and Dentistry, UK). Data was loaded into pathway 

analysis programmes: PANTHER (http://www.pantherdb.org/) and MetacoreTM, 

version 6.34 from Thomson Reuters (http://thomsonreuters.com/metacore/) which 

identify enriched networks, pathways, molecular functions, biological processes, 

cellular components, protein classes and diseases associated with the resultant list 

of differentially expressed genes. Enrichment is calculated with statistical values for 

genes within a specific pathway and considered significant if more genes of a given 

pathway are listed than would be expected by chance, based on the complete 

number of genes associated with that pathway. Bespoke enriched networks were 

created indicating directionality and expression change of genes within that pathway. 

 

2.16 Screening of potential carnosinase inhibitors and carnosine mimetics 

Carnosine has been found to be hydrolysed by the enzymatic action of carnosinase 

and to overcome this hydrolysis reaction, one of the proposed strategies is to design 

slowly-hydrolysable carnosine analogues. In collaboration with Dr. Christopher 

Garner and his team from NTU Department of Chemistry and Forensics, the 

MayBridge library (https://www.maybridge.com) containing over 53,000 diverse 

compounds was prepared in (https://www.eyesopen.com/omega) for virtual 

screening (https://www.eyesopen.com/rocs). ROCS was used in order to identify 

compounds with similar structure, shape and conformation to that of carnosine, and 

determine those compounds least likely to be effectively hydrolysable by 

carnosinase. From more than 53,000 screened compounds, and using Tanimoto 

scoring function, only the top 50 hits were selected to undergo further analysis by 

docking to the binding site of carnosinase. To do this, their ability to efficiently and 

effectively dock into the active site of the carnosinase was evaluated using the 

programme GOLD https://www.ccdc.cam.ac.uk/solutions/csddiscovery/component 

s/gold/. Bestatin, a nonspecific competitve inhibitor of carnosinase, was used as an 

https://www.maybridge.com/
https://www.eyesopen.com/omega
https://www.eyesopen.com/rocs
https://www.ccdc.cam.ac.uk/solutions/csddiscovery/component%20s/gold/
https://www.ccdc.cam.ac.uk/solutions/csddiscovery/component%20s/gold/
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internal control to identify any error in the method. From the results, 14 potential 

carnosinase inhibitors were purchased. These compounds were then dissolved in 

ethanol and diluted with sterile KREBS-Ringer buffer solution to a final concentration 

of 100 µM. In this thesis, only 5 (M4, M8, M14, M21, M28) were evaluated for actions 

on insulin secretion assay and radical species scavenging, as the other compounds 

were found to be toxic in C2C12 myotubes in experiments conducted by a colleague 

in the lab.   

For carnosine mimetics, these are carnosine ester derivatives synthesised 

by Dr. Christopher Garner and his team. These compounds have a similar function 

and activity to that of carnosine, whilst being designed to be slowly-hydrolysable by 

carnosinase enzymes. 

 

2.17 Statistical analyses 

GraphPad Prism 8 (GraphPad Software) was used as a statistical software tool. T-

test, One-way ANOVA and Tukey’s test (post-hoc test) were conducted. Unpaired 

t-test was used when comparing means of two independent groups to determine the 

significant difference between groups. One-way analysis of variance (ANOVA) was 

conducted in comparing two or more groups defined by one factor. An ANOVA test 

can tell if the overall results are significant but would not tell exactly which of the 

groups are different. In order to do this, a post-hoc Tukey test based on the 

studentised range distribution, was implemented to determine which specific group 

means were different from each other. A p-value was calculated from a statistical 

test and p values less than 0.05 are considered as significant. Data were presented 

as mean ± S.E.M. Statistical significance was defined as *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001.   
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3.1 Introduction 

Mutations in the human genes encoding hepatocyte nuclear factor 1alpha (HNF1α) 

and hepatocyte nuclear factor 4alpha (HNF4α) have the potential to cause 

pancreatic β-cell dysfunction, particularly impairing insulin secretion, and 

consequently cause diabetes mellitus and maturity onset diabetes of the young 

(MODY) (Boj et al., 2001; Hansen et al., 2002). MODY is often misdiagnosed as 

either type 1 diabetes or type 2 diabetes (Pihoker et al., 2013; Thanabalasingham 

et al., 2012; Thirumalai et al., 2013) as the diagnosis of diabetes relied on blood 

glucose level in a timed sample collection and also based on clinical criteria such as 

body mass index, and the age of the onset of diabetes (McDonald and Ellard, 2013). 

However, MODY does not fit with the classic clinical diagnosis of diabetes and now 

it is known that MODY result from autosomal dominant mutations in a single gene 

(Miedzybrodzka et al., 1999).  Laboratory based assessment on the serum C-

peptide, and islet autoantibodies can be a good way to know and differentiate MODY 

from type 1 and type 2 diabetes (Ellard et al., 2008; Owen et al., 2009). MODY 

accounts for 3.6% of diabetes cases in individuals diagnosed younger than 30 years 

in the United Kingdom (Shields et al., 2017) and 1-6% in all diabetic cases in Asia 

(Yang et al., 2020). Protein misfolding, defective transcriptional regulation, 

dysfunctional ion channels, impaired signal transduction and/or abnormal metabolic 

enzymes are the possible mechanisms implicated in the development of MODY 

(Nkonge et al., 2020). 

Hepatocyte nuclear factor 4α (HNF4α) is a member of the nuclear receptor 

superfamily (Vető et al., 2017). HNF4 is an orphan member of the nuclear receptor 

superfamily with a zinc finger DNA binding domain and a putative ligand binding 

domain (Sladek et al., 1990). It functions as a transcription factor (Sladek et al., 

1990) in kidney, intestine, liver and pancreatic islets  (Ihara et al., 2005) and binding 

sites for HNF4 have been found in the regulatory regions of many genes (Nkonge 
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et al., 2020) including the gene for the transcription factor HNF1α (Sladek, 1994). It 

has a major role in hepatic development and is considered a master gene regulator 

(Odom et al., 2004) in differentiated hepatocytes (Vető et al., 2017). HNF4α also 

controls genes with important roles in amino acid metabolism, bile acid synthesis, 

and inflammation (Vető et al., 2017). However, genes of lipid and glucose 

metabolism transporters such as glucose transporter protein type 1, glucose 

transporter type 4 and fatty acid synthase (Kadota et al., 2016), and transcription 

factors are among the most important targets of the HNF4α protein (Stoffel and 

Duncan, 1997).  

HNF4α has two promoter sites (P1 and P2) and nine splice variants. P2 

promoter is located 46 kb upstream of P1 promoter and whilst P2 promoter is active 

in pancreatic β-cells and hepatocytes, P1 promoter is active in hepatocytes (Boj et 

al., 2001; Hansen et al., 2002; Thomas et al., 2001). HNF4α is considered as an 

important positive regulator of HNF1α (Guo and Lu, 2019; Santangelo et al., 2011) 

and its expression has shown to be dependent on HNF1α in mouse pancreatic islets 

and exocrine cells (Hansen et al., 2002). This interaction is through binding of 

HNF1α to P2 promoter site located 45.6 kb upstream from HNF4α P1 promoter site 

(Hansen et al., 2002). Like HNF4α, HNF1α is also expressed in liver, pancreas, 

kidney, and intestine (Cereghini, 1996; Jang, 2020; Ott et al., 1991). HNF1α is a 

dimeric homeodomain containing transcription factor (Ott et al., 1991) that was 

found to regulate the expression of insulin, glucose transporter 1, glucose 

transporter 2, and sodium-dependent glucose co-transporter 2 (Haliyur et al., 2019; 

Valkovicova et al., 2019).  

Autosomal dominant mutations of human HNF1α gene (also known as 

MODY3) cause β-cell dysfunction due to progressive development of 

hyperglycaemia during childhood, and decreased insulin secretion (Yamagata et al., 

1996). Patients with HNF1α-MODY3 are at high risks of developing diabetes 
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primarily due to reduced insulin secretion at a younger age before 25 (Valkovicova 

et al., 2019; Yamagata et al., 1996) . Given its role in MODY, I therefore decided to 

investigate potential links to T2D, and in particular β-cell dysfunction resulting from 

exposure of INS-1 rat pancreatic β-cells to glucolipotoxicity. 

 

3.2 Results 

3.2.1 Effects of GLT on HNF4α and HNF1α 

Islets of patients with type 2 diabetes have been shown to have significantly 

downregulated HNF4α expression (Gunton et al., 2005). However, the mechanism 

by which this occurs remains poorly defined. To investigate this, INS-1 rat pancreatic 

β-cells were exposed to GLT medium for 3 days, RNA extracted and isolated, then 

comparative transcriptomic analysis performed using Affymetrix microarrays. 

Utilising MetaCoreTM technology, a non-biased software analysis platform from 

Clarivate Analytics, HNF4α was shown to be the central regulator, depicted in 

Figure 3.1, of multiple protein trafficking genes, including Syntaxin 17 and several 

Ras-associated binding (Rab) proteins (Rab1b, Rab2a, Rab4b and Rab10) which 

are associated with secretory pathway protein trafficking. 
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Figure 3.1 HNF4α MetacoreTM pathway map. Non-biased interaction analysis identified 

genes affected by glucolipotoxicity (GLT). HNF4α is shown as the central hub and interacted 

with other genes. Blue circles indicate statistically significant downregulated gene 

expression and the arrows between hubs demonstrate the direction of association. Map 

generated by Dr. Tania A. Jones (Queen Mary, University of London).  

  

As shown in the MetaCoreTM map (Figure 3.1), HNF4α is the central regulator of 

multiple trafficking genes, including Syntaxin 17 and Rab proteins. As transformed 

β-cell lines are not always fully representative of primary β-cell biology however, it 

is important to determine whether these findings are indicative of whole animal 

physiology. With this and in collaboration with Dr. Paul W. Caton and Dr. Sophie 

Sayers from King’s College London, pancreatic islet cells from CD-1 mice were 

isolated and cultured in RPMI-1640 medium or RPMI-1640 medium supplemented 

with 17 mM D-glucose, 200 μM oleic acid and 200 μM palmitic acid. Cells were lysed, 

then RNA was extracted and reverse transcribed, and RT-qPCR performed using 

primers specific for the target genes. 
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Figure 3.2 qPCR validation of HNF4α pathway genes. Pancreas was surgically removed 

from mice and islets isolated, then cultured for 72h in RPMI-1640 medium or RPMI-1640 

medium supplemented with 17 mM D-glucose, 200 μM oleic acid and 200 μM palmitic acid. 

Cells were then lysed, RNA extracted and cDNA synthesised, and RT-qPCR performed 

using primers specific for the target genes. Data are presented as ΔΔCt values expressed 

as fold change relative to cells grown in control medium. Data shown is the mean ± S.E.M. 

of three independent experiments. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 

 

HNF4α mRNA expression level (shown in Figure 3.2) was significantly 

downregulated in mouse pancreatic islets following exposure to GLT medium, to 

0.45 ± 0.01 (55.00% reduction, p=0.0009) relative to control. Similarly, HNF1α 

mRNA expression was also significantly downregulated to 0.45 ± 0.01 (55.00% 

reduction, p<0.0001) compared to control. It was also observed that mRNA 

expression of Rab genes was also significantly decreased, such that Rab1b, Rab2a, 
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Rab4b and Rab10 were downregulated to 0.46 ± 0.13 (54.00% reduction, p=0.0072), 

0.49 ± 0.12 (51.00% reduction, p=0.0064), 0.58 ± 0.14 (42.00% reduction, 

p=0.0220), 0.43 ± 0.12 (57.00% reduction, p=0.0040) fold expression relative to 

control. Syntaxin 17 was also significantly downregulated to 0.41 ± 0.09 (p=0.0014) 

expression relative to control.  

GLT has previously been shown to upregulate CD40 expression by the 

Turner Group  (Bagnati et al., 2016). As such, this was therefore used as a positive 

control to verify that downregulation of other genes is not a non-specific artefact of 

GLT incubation. CD40 was confirmed to be significantly upregulated upon exposure 

to GLT to 1.50 ± 0.22 (p=0.0440).  

As mRNA level does not always equate to protein expression level, I next  

incubated INS-1 cells for 5 days in RPMI-1640 medium or RPMI-1640 medium 

supplemented with 17 mM D-glucose, 200 μM oleic acid, and 200 μM palmitic acid.  

After the 5-day incubation period, INS-1 cells were lysed with RIPA buffer solution 

and total cellular protein was separated using 10% polyacrylamide gel in sodium 

dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). The separated 

proteins were then transferred onto a nitrocellulose membrane and blocked with 5% 

milk powder for an hour at room temperature. The membrane was then incubated 

overnight in a roller at 4 oC with anti-HNF4α primary antibody (1:1000 dilution). As 

shown in Figure 3.3, HNF4α protein expression level was significantly 

downregulated to 0.76 ± 0.08 (p=0.0475) upon exposure to GLT compared to control. 
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Figure 3.3 HNF4 protein expression level exposed in glucolipotoxicity. INS-1 rat 

pancreatic β-cells were cultured for 5 days in complete RPMI-1640 medium or RPMI-1640 

medium supplemented with 17 mM D-glucose, and 200 μM oleic acid, 200 μM palmitic acid. 

After the incubation period, INS-1 cells were lysed with RIPA buffer and protein was 

separated using 10% polyacrylamide gel. The separated proteins were then transferred 

onto a nitrocellulose membrane and blocked with 5% milk powder for an hour. The 

membrane was then incubated overnight at 4 oC with HNF4α antibody (1:1000 dilution). 

Western blots are representative of 3 independent experiments and densitometric analysis 

was carried out using imageJ software. Bands were normalised using GAPDH as loading 

control. T-test was conducted for the analysis of the data. *p<0.05 
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The result of HNF1α mRNA expression was also validated with HNF1α protein 

expression level. To do this, INS-1 cells were incubated for 5 days in RPMI-1640 

medium ± GLT. After the incubation period, INS-1 cells were lysed with RIPA buffer 

solution, total cellular protein was separated in a 10% polyacrylamide gel then 

transferred onto a nitrocellulose membrane and immunoblotted against HNF1α 

antibody (1:1000 dilution) for overnight at 4 0C. 
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Figure 3.4 HNF1α protein level exposed in glucolipotoxicity. INS-1 rat pancreatic β-

cells were cultured for 5 days in complete RPMI-1640 or RPMI-1640 supplemented in 17 

mM D-glucose, 200 μM oleic acid, and 200 μM palmitic acid. After the incubation period, 

INS-1 cells were lysed with RIPA buffer solution and total cellular protein was separated 

using 10% polyacrylamide gel. The gel was then transferred onto a nitrocellulose membrane 

and blocked with 5% milk powder for an hour. The membrane was then incubated overnight 

at 4 oC with HNF4α antibody (1:1000 dilution). Western blots are representative of 3 

independent experiments and densitometric analysis was carried out using imageJ software. 

Bands were normalised using GAPDH as loading control. T-test was conducted for the 

analysis of the data. *p<0.05. 
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The results shown above indicate that the protein expression level of HNF1α was 

significantly downregulated to 0.36 ± 0.12 (64% reduction, p=0.0342) expression 

relative to control following exposure to GLT medium. 

To determine whether Rab protein dysregulation was driven by the reduced 

expression of HNF4α, HNF4α was knocked down by 24h siRNA incubation 

(Dharmacon, UK), and INS-1 cells subsequently exposed to glucolipotoxic medium 

for 3 days. RNA was then extracted and reverse transcribed, and RT-qPCR 

performed using Rab-specific primers.  

 

 

Figure 3.5 Effect of HNF4α knocked down on Rab gene expression. INS-1 rat 

pancreatic β-cells were transfected ± HNF4α ssRNA or siRNA for 24h, then incubated ± 

GLT for 72h. Cells were then lysed, RNA was extracted, reverse transcribed (cDNA 

synthesis) and RT-qPCR performed using primers specific for the target Rab genes. 

*p<0.05, **p<0.01, ***p<0.001. Dr. Katie Hanna performed this experiment. 

 

Depicted in Figure 3.5 is the effect of HNF4α knocked down on Rab gene 

expression. It was shown that HNF4α knocked down for siRNA has an efficiency of 

35.38-84.8% relative to the untreated control. Results show that Rab1b was 
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significantly downregulated by 67.00% relative to control ssRNA (p=0.0087) and 

was significantly downregulated by 63.00% relative to the untreated control 

(p=0.0076). Furthermore, in GLT treated cells it was shown that Rab1b was 

significantly decreased by 47.77% relative to GLT ssRNA treated (p=0.0065) and 

was significantly downregulated by 45.32% relative to INS-1 cell under normal GLT 

condition (p=0.0053).  Rab1b was also significantly decreased by 64.97% in GLT 

relative to control (p=0.0034). 

Rab2a was significantly decreased by 86.16% in control relative to control 

ssRNA (p=0.0003) and was shown to be significantly decreased by 84.80% 

compared to control (p=0.000006). Rab2a was significantly decreased by 85.73% 

compared to GLT ssRNA (p=0.0264) and was shown to significantly decreased by 

87.50% relative to normal GLT (p=0.0040). It was also observed that Rab2a gene 

expression was significantly decreased by 71.90% (p=0.00007) upon exposure to a 

GLT medium for 5 days.  

Rab4b was significantly decreased by 68.89% in control relative to ssRNA 

control (p=0.00028) and was shown to significantly decreased by 71.18% compared 

to control (p=0.000068). Rab4b was significantly decreased by 88.55% compared 

to GLT ssRNA (p=0.000043) and was shown to significantly decreased by 88.63% 

relative to normal GLT (p=0.00012). It was also observed that Rab4b gene 

expression was decreased by 12.94% (p=0.0690) upon exposure to a GLT medium 

relative to control, albeit this was not statistically significant. 

Rab10 was significantly decreased by 32.66% in control cells relative to 

control ssRNA (p=0.0490) and was shown to be significantly decreased by 73.58% 

compared to control (p=0.0410). Rab10 was significantly decreased by 64.39% 

compared to GLT ssRNA (p=0.0487) and was shown to significantly decreased by 

64.39% relative to normal GLT (p=0.00012). 
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Rab proteins function as key regulators in membrane trafficking and are involved in 

transport, docking, fusion of lipid bilayer and the insulin secretory vesicle fusion 

process  (Xiong et al., 2017). With this in mind, the impact of the dysregulation of 

HNF4α on insulin secretion was investigated. To do this, HNF4α was knocked down 

using siRNA (Dharmacon, UK) for 24h, and INS-1 cells subsequently exposed to 

glucolipotoxic medium for 3 days. After the incubation period, INS-1 cells were 

washed twice with Krebs-Ringer buffer solution (KRBS). The cells were then 

incubated with KRBS ± secretagogue cocktail (1 mM tolbutamide, 10 mM leucine, 

10 mM glutamine, 1 mM 3-isobutyl-1-methylxanthine (IBMX), 1 µM phorbol 12-

myristate 13-acetate (PMA) and 10 mM D-glucose). Insulin secretion was measured 

using Mercodia High Range Rat Insulin ELISA (Uppsala, Sweden). 
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Figure 3.6 Effect of HNF4α knocked down on insulin secretion. INS-1 rat pancreatic β-

cells were transiently transfected ± HNF4α ssRNA or siRNA for 24h. Cells were then 

incubated ± GLT for 72h, prior to secretagogue incubation for 1h [(unstimulated) blue, 

(stimulated) red]. Insulin secretion was determined using ELISA kit. The data shown are the 

mean ± S.E.M of three independent experiments. *p<0.05, **p<0.01. Dr. Katie Hanna 

performed the knocked down assay and Dr. Michael Cripps conducted the insulin secretion 

assay experiment. 
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Upon treatment of INS-1 cells with control siRNA, insulin secretion was shown to 

have a significant reduction to 3.19 ± 0.71 ng/µg (33.82% reduction) relative to 

control ssRNA (4.82 ± 0.85 ng/µg) (depicted in Figure 3.6). GLT ssRNA was 

significantly decreased to 1.58 ± 0.03 ng/µg (67.22% reduction, p=0.0035) relative 

to control ssRNA and it was significantly decreased further to 1.05 ± 0.25 ng/µg 

(78.22% reduction, p=0.0011) upon treatment with GLT siRNA relative to control 

ssRNA. Furthermore, GLT ssRNA was significantly decreased to 1.58 ± 0.03 ng/µg 

relative to GLT siRNA (1.05 ± 0.03 ng/µg, 33.54% reduction, p=0.0259). 

In summary, HNF4α is the central regulator of multiple protein trafficking 

genes associated with the secretory pathway. In MetacoreTM map, HNF4α 

expression was significantly downregulated upon exposure to GLT along with 

Syntaxin 17 and Rab proteins (Rab1b, Rab2a, Rab4b and Rab10). This observation 

was validated in RT-qPCR in CD-1 mice pancreatic islet cells and similar results 

were observed. Furthermore, immunoblotting showed that HNF4α and HNF1α 

protein expression level were both significantly downregulated. It was also shown 

that Rabs gene expression levels were significantly decreased, and insulin secretion 

was inhibited following HNF4α knocked down.  

 

3.3 Discussion 

In this study, the MetacoreTM network analysis showed that HNF4α was significantly 

downregulated by GLT and this result was validated in western blotting which 

confirmed a downregulation of the protein expression using INS-1 cells exposed to 

GLT. This result suggests that HNF4α might be involved in maintaining normal 

glucose homeostasis. To further investigate this, HNF4α was transiently knocked 

down and an insulin secretion assay was conducted. It was determined that 

reduction (35.38-84.8%) of HNF4α resulted in the inhibition of the insulin secretion. 

This reduction of insulin secretion was further enhanced in the presence of GLT, 
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suggesting that GLT disrupted HNF4α expression during the onset of type 2 

diabetes. 

HNF1α regulates expression of pancreatic genes encoding insulin, GLUT2 

(Pontoglio et al., 2000), L-pyruvate kinase, aldolase B, 3-hydroxy-3-methylglutaryl 

coenzyme A reductase and mitochondrial 2-oxoglutarate dehydrogenase E1 

(OGDH) and the functions of the gene products are crucial for metabolism and 

secretion of insulin from pancreatic β-cells (Ryffel, 2001). These genes also contain 

HNF1 binding sites in their promoter or enhancer regions (Ryffel, 2001). Similarly, 

HNF4α was shown to regulate expression of insulin, GLUT2, L-pyruvate kinase, and 

aldolase B, genes that are involved in glucose transport and glycolysis (Wang et al., 

2000). In addition, HNF4α also regulates expression of 2-oxoglutarate 

dehydrogenase (OGDH) E1 subunit and mitochondrial uncoupling protein-2 (UCP2) 

in pancreatic cells (Ryffel, 2001). OGDH constitutes the rate-limiting enzyme in the 

mitochondrial Krebs cycle, and UCP2 uncouples respiration from oxidative 

phosphorylation and inhibits the efficiency of ATP synthesis  (Shih et al., 2001). 

UCP2 belongs to a family of mitochondrial transporter proteins that may uncouple 

the transport of protons across the inner mitochondrial membrane from the electron 

transport chain and the synthesis of ATP from ADP, hence generating heat rather 

than energy (Jia et al., 2009). In the presence of an active UCP2, the proton motive 

force used to primarily fuel the synthesis of ATP is dissipated as proton leak and 

this means that less energy can be used for ATP production (Nagy et al., 2004). 

This UCP2-induced decrease in the ATP:ADP ratio was shown to reduce glucose-

stimulated insulin secretion (Brand and Esteves, 2005; Nagy et al., 2004). This 

suggests a possible reason for having a decreased insulin secretion when HNF4α 

was transiently knocked down and this reduction of HNF4α was determined using 

insulin secretion assay (see Figure 3.6). 
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It was reported that HNF4α acts upstream of HNF1α which shown to have a critical 

role in hepatocyte gene expression. In pancreas, HNF1α stimulates the activation 

of HNF4α gene transcription via P2 promoter site which in turn activates HNF1α 

transcription (Ellard et al., 2006). Hence, HNF4α is required for HNF1α expression 

in pancreatic β-cells (Li et al., 2000). The loss of HNF4α function in the liver has 

been found to dysregulate glucose homeostasis in HNF4α-MODY1 patients as they 

were observed to have a decrease in insulin secretion (Li et al., 2000) and 

dysregulated triglyceride metabolism (Lehto et al., 1999) as well. Therefore, the loss 

or reduction of HNF4α and HNF1α expression and function could lead to 

dysregulation of pancreatic β-cell function resulting in increased glucose.  

Also shown in the MetacoreTM network was the association of HNF4α with 

the Rab proteins. It was illustrated that downregulation of HNF4α did affect the 

expression of Rab proteins. i.e., their expression was downregulated as well. To 

determine if HNF4α expression downregulation affected Rab proteins, HNF4α was 

transiently knocked down for 24 hours and exposed to GLT for 3 days. In the result, 

it was shown that reduction of HNF4α resulted in the downregulation of Rab proteins. 

This result suggests that HNF4α plays a crucial role in the expression of the Rab 

proteins.  

Rab proteins are family of small guanosine triphosphatases (Du and Novick, 

2001; Seto et al., 2014; Yap and Winckler, 2009) with molecular weight of 23-28 

kDa (Goldenring et al., 2001). Rab proteins found to regulate protein transport along 

the endocytic, exocytic and recycling pathways in all cell types (McCaffrey and 

Lindsay, 2013; Yap and Winckler, 2009). Rab proteins are seen to be involved in 

vesicle docking as soluble N-ethylmaleimide sensitive fusion protein attachment 

receptors (SNARE) pairing regulators (Novick and Zerial, 1997) and have also been 

shown to play a role in membrane fusion at a target compartment, vesicle budding 

and formation of transport vesicles, and interactions with the cytoskeleton (Li and 

https://www.sciencedirect.com/topics/neuroscience/gtpase
https://www.sciencedirect.com/topics/neuroscience/transport-proteins
https://www.sciencedirect.com/topics/neuroscience/fusion-protein
https://www.sciencedirect.com/topics/neuroscience/membrane-fusion
https://www.sciencedirect.com/topics/neuroscience/cytoskeleton
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Marlin, 2015; Yap and Winckler, 2009). Hence, Rab proteins have crucial roles as 

regulators in cell development and differentiation, and signal transduction. 

In this study, Rab proteins (Rab1b, Rab2a, Rab4b and Rab10) were 

significantly downregulated after INS-1 cells were exposed to GLT medium. Also, 

when HNF4α was transiently knocked down, Rab1b, Rab2a, Rab4b and Rab10 

were subsequently downregulated as well. This downregulation observed is the 

same as depicted in the MetacoreTM pathway analysis. This result suggests that 

HNF4α regulates Rabs gene expression and consequently affects insulin secretion. 

Wu and his colleagues reported that Rab1a overexpression was critical to insulin 

secretion and insulin content by interacting with golgin-84. This interaction is crucial 

in maintaining the Golgi ribbon structure for the conversion of proinsulin to insulin 

(Liu et al., 2016).  

It was reported that the Rab family is involved in the regulation insulin 

maturation in pancreatic β-cells (Dodson and Steiner, 1998). Studies reported the 

association of Rab family proteins with insulin containing secretory granules and 

involvement in the regulation of their exocytosis. For example, overexpression of 

Rab27a enhanced insulin secretion (Yi et al., 2002), Rab11 is implicated in insulin 

granule exocytosis (Sugawara et al., 2009), Rab37 decreased expression 

contributed to impaired exocytosis of insulin in β-cells illustrated in pre-diabetic and 

diabetic conditions (Ljubicic et al., 2013),  and Rab3 was implicated in the exocytosis 

of insulin (Cazares et al., 2014). 

Reports show that Rab proteins are localised and target distinct membrane 

compartment. Rab1 is a transport vesicle intermediate isolation membrane and 

autophagosome and Rab2 is associated as transport vesicle intermediate between 

compartments of endoplasmic reticulum and Golgi  (Chavrier et al., 1990; Tisdale 

and Balch, 1996). It was also found that Rab4 is involved in recycling endosome, 

and Rab10 to GLUT4 storage vesicle (Li and Marlin, 2015). It was seen that Rab2a, 
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localise to the endoplasmic reticulum-Golgi intermediate compartment, regulates 

vesicular transport of proinsulin from the Large Ubiquitinated protein-associated 

ERGIC (endoplasmic reticulum-Golgi intermediate compartment) to Golgi and it is 

considered as essential for glucose stimulated insulin secretion (GSIS) under high 

glucose exposure (Sugawara et al., 2014). Inactivation of Rab2a under exposure to 

high sugar was implicated to high production of radical oxygen species in the 

endoplasmic reticulum. And it is known that glucose essentially induces proinsulin 

biosynthesis in the endoplasmic reticulum (Sugawara et al., 2014) in which in turn 

caused oxidative stress on pancreatic β-cells. It was also observed that loss of GSIS 

in insulinoma cells has reduced intracellular Ca2+ ion level, high production of 

reactive oxygen species, and lowered mitochondrial membrane potential (Hu et al., 

2019). 

Studies show that Rab proteins expression and activity varies for example 

Rab25 was observed to overexpress in ovarian cancer and breast cancer (Cheng 

et al., 2004) whilst it was seen to downregulate in colon cancer (Nam et al., 2010). 

It was shown also that Rab5 and Rab7 overexpression increased the production 

and accumulation of amyloid β-peptide in the brain and this event is considered as 

a hallmark of Alzheimer’s disease (Ginsberg et al., 2010).  

Glucose transporter 4 (GLUT4) is known to facilitate the transport of blood 

glucose into the muscle and adipose tissue (Huang and Czech, 2007). However, 

study revealed that GLUT4 is also present in mouse, rat, and human endocrine 

pancreas (Bähr et al., 2012). In pancreatic β-cells, high glucose level increased 

GLUT4 expression and this increased GLUT4 level is reduced by an increase of 

insulin expression (Bähr et al., 2012). It was reported that abnormal trafficking of 

GLUT4 was observed in individuals with type 2 diabetes (Corbeel and Freson, 2008) 

and insulin signal transduction activates Rab10 which consequently triggers the 

stimulation of the translocation of GLUT4 intracellular vesicles to the plasma 
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membrane and muscle cells for glucose uptake and metabolism. This suggests that 

dysregulation in membrane trafficking would lead to insulin resistance (Garvey et al., 

1998). Rab10 is localised on transferrin receptor negative structures containing 

GLUT4 and inhibition of Rab10 expression could lead to dysregulation of GLUT4 

translocation process whilst its activation could deliver GLUT4 to the cell periphery  

(Chen and Lippincott-Schwartz, 2013). Rab4 was also found to be involved in 

GLUT4 biosynthesis (Corbeel and Freson, 2008) and shown that Rab4a and Rab4b 

recycled GLUT4 through the endosomal system (Chen et al., 2012). Rab2A was 

shown to be present in GLUT4 vesicles and to be implicated in GLUT4 translocation 

(Mîinea et al., 2005). 

SNARE proteins are crucially involved machinery of membrane fusion both 

in the secretory pathway and endocytic pathway (Yoon and Munson, 2018). SNARE 

mediated exocytic pathway was implicated in insulin signalling for glucose 

transporter trafficking (Yoon and Munson, 2018). It has been reported that 

stimulation of insulin release is controlled by the amount of SNARE proteins (Oh et 

al., 2014). It was reported in one study that islets of individuals with type 2 diabetes 

had a low expression level of Syntaxin 4, however, when it was replenished 

improvement of β-cell function through increased insulin secretion (Oh et al., 2014; 

Oh et al., 2018). This enrichment could be possibly achieved through gene therapy 

or transcriptional upregulation (Oh et al., 2014). In this study, Syntaxin 17, an 

autophagic SNARE protein (Arora et al., 2021; Itakura and Mizushima, 2013), had 

its gene expression significantly downregulated upon exposure to high sugar and 

high fat diet. This result suggests that syntaxin 17 was affected by GLT in INS-1 β-

cells and possibly affects insulin secretion.  Based on the literature available, this is 

the first observation of the association of HNF4α and syntaxin17, which were both 

shown to be downregulated. Hence, in future study, it would be of interest to check 
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the effect of HNF4α knocked down on syntaxin17 expression, and possibly to 

knocked down syntaxin17 and assess its effect on insulin secretion.  

 

3.4 Conclusion 

In conclusion, non-biased MetaCore™ network analysis identified HNF4α to be the 

central regulator of multiple genes involved in protein trafficking and HNF4α, HNF1α 

Syntaxin 17 and Rab genes (Rab1b, Rab2a, Rab4b and Rab10) mRNA expression 

were downregulated using primary islets exposed to high glucose and high fat diet. 

Rab proteins which were found to be downstream of HNF4α and involved in the 

secretion pathway were downregulated following HNF4α knocked down and 

suggest that HNF4α regulates Rab proteins involved in insulin gene expression. 

These results indicate that HNF4α has a key role in maintaining normal glucose 

homeostasis. 
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Chapter 4 

Extracellular Matrix Proteins and Cytoskeletal Remodelling 
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4.1 Introduction 

The extracellular matrix (ECM) is a non-cellular three-dimensional macromolecular 

network composed of collagens, proteoglycans/glycosaminoglycans, elastin, 

fibronectin, laminins, and several other glycoproteins (Theocharis et al., 2016). The 

ECM interacts with cells to regulate diverse functions such as proliferation, migration 

and differentiation (Bonnans et al., 2014) and is considered to be vital for 

maintaining normal homeostasis (Theocharis et al., 2016), and disease progression 

(Ford and Rajagopalan, 2018). The ECM has been shown to have roles in structural 

and biochemical support, and control of molecular signalling and tissue repair in 

various organs, including the pancreas (Llacua et al., 2018). Dysregulation of ECM 

composition, structure, stiffness and abundance can lead to fibrosis and invasive 

cancer (Bonnans et al., 2014). Further impairment in pancreatic function can be 

detected by alterations in pancreatic ECM proteins following the development of 

diabetes (Law et al., 2012). ECM acts through specific combinations of integrin α/β-

heterodimers on islet cells and has been shown to affect β-cell survival, function and 

insulin production. Some ECM components induce release of growth factors to 

facilitate tissue repair (Llacua et al., 2018).  

Matrix metalloproteinases (MMPs), known as matrixins (Visse and Nagase, 

2003), are a family of calcium-dependent and zinc-containing endopeptidases that 

are  categorised as collagenases (MMP1, MMP8, MMP13), gelatinases (MMP2, 

MMP9), stromelysin (MMP3, MMP10, MMP11), matrilysin (MMP7, MMP26), 

membrane-type MMPs (MT-MMPs) (MMP14, MMP15, MMP16, MMP17, MMP24, 

MMP25), and elastase (MMP12)  (Nagase et al., 2006; Thrailkill et al., 2009). MMPs 

were discovered in 1962 during a study of collagen remodelling (Gross and Lapiere, 

1962) and have been shown to be the main enzymes involved in ECM breakdown 

and turnover (Bonnans et al., 2014; Mittal et al., 2016). MMPs have common 

functional domains in their structure, including hemopexin-like domain, pro-peptide 
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domain, catalytic domain, and signal peptide domain (Bonnans et al., 2014; Tallant 

et al., 2010). Most MMPs are secreted as zymogens and activated in the 

extracellular space. MMP activation primarily occurs via proteolytic cleavage or 

oxidation of the thiol entity (Bonnans et al., 2014). Under normal conditions, MMP 

activities are regulated at the transcription level, activation of its zymogens, 

interaction with specific ECM components, and inhibition by endogenous inhibitors 

(Visse and Nagase, 2003). However, MMP activities have been shown to increase 

during repair or remodelling processes as well as in diseased or inflamed tissue. 

MMPs are produced either as soluble or cell membrane-anchored proteinases and 

cleave ECM components with wide substrate specificities (Bonnans et al., 2014).  

Membrane-type matrix metalloproteinase (MT-MMPs) are composed of type 

I transmembrane proteins (MMP14, MMP15, MMP16, and MMP24) and 

glycosylphosphatidylinositol (GPI) anchored proteins (MMP17 and MMP25). MT-

MMPs can degrade ECM molecules and are capable of activating proMMP2 apart 

from MMP17. MMP14 has been shown to hydrolyse collagens I, II, III and IV 

(Holmbeck et al., 1999). MMP14 is crucial in connective tissue metabolism primarily 

in the development and maintenance of the hard tissues of the skeleton (Holmbeck 

et al., 1999) and are also shown to have a vital role in the formation of new blood 

vessels (Pepper, 2001).  

MMPs have been linked to inflammatory diseases (Butler and Overall, 2009; 

Dufour, 2015; Hu et al., 2007) and their proteolytic function extends not only to ECM 

components but also to cytokines, chemokines and cell surface receptors (Cauwe 

and Opdenakker, 2010; Dean et al., 2008; Dufour et al., 2018; Marchant et al., 2014; 

Starr et al., 2012).  

It was reported that high blood sugar concentration can either directly or indirectly 

increase MMPs via oxidative stress or advanced glycation products (Chung et al., 

2006) whilst low enzymatic activity of MMPs was presented in a study of diabetic 
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nephropathy (Han et al., 2006; Inada et al., 2005). In addition, diabetic foot ulcers 

have been identified to be caused by upregulated levels of MMPs, which could lead 

to excessive matrix breakdown and increased risk of nonhealing foot ulceration in 

diabetic patients (Wall et al., 2003). 

CD44, a facultative proteoglycan (Yu et al., 2002), is a cell surface adhesion 

molecule involved in cell-cell and cell-matrix interactions (Naor et al., 1997), as well 

as in tumour migration, survival and invasion processes (Senbanjo and Chellaiah, 

2017; Yu et al., 2002). CD44 is a receptor for hyaluronic acid, collagens, osteopontin, 

and MMPs, and has been identified as a marker for stem cells of several types  

(Senbanjo and Chellaiah, 2017).  

When epidermal growth factor (EGF) interacts with the ErbB family of 

receptors, this binding influences a network of signalling pathways from cell division 

to death, and motility to adhesion (Sliwkowski and Yarden, 2001). Erb-b2 receptor 

tyrosine kinase 4 (ErbB4/HER4) is part of the tyrosine protein kinase family and 

belongs to the EGF receptor subfamily along with ErbB1/HER1), ErbB2/Neu/HER2, 

and ErbB3/HER3  (Olayioye et al., 2000; Roskoski, 2019; Wang, Zhixiang, 2017). 

EGF receptors are composed of a glycosylated extracellular domain, a single 

hydrophobic transmembrane segment, and an intracellular portion with a juxta 

membrane segment, a protein kinase domain, and a carboxyterminal tail (Roskoski, 

2014). The ErbB proteins function as homo and heterodimers. Dimerisation 

promotes tyrosine kinase activity and initiates autophosphorylation of specific 

tyrosine residues within the cytoplasmic domain. The resulting phosphorylated 

residues are the docking sites for signalling molecules implicated in the regulation 

of intracellular signalling cascades. Eventually this can cause downstream effects 

on gene expression which can determine the biological response to receptor 

activation  (Olayioye et al., 2000). 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/protein-kinase
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/heterodimer
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The role of MMPs in development of complications of type 2 diabetes (DM) is not 

fully understood and hence, this study aimed to assess whether glucolipotoxic (GLT) 

exposure of INS-1 pancreatic β-cells influences gene dysregulation in extracellular 

matrix proteins, and cytoskeletal remodelling specifically on MMP-14, MMP-15, 

MMP16, CD44 and ErbB4.  

 

4.2 Results 

From Turner research group microarray data, and subsequent confirmation analysis 

using Illumina-HiSeq gene expression data, transcripts showing significant changes 

in INS-1 rat pancreatic β-cells exposed to GLT were examined. Table 4.1 shows 

the rank of the pathway maps with number of genes significantly dysregulated by 

exposure to high glucose and high fat diet. It was shown in the table that cell 

adhesion-ECM remodelling (p=2.365 x 10-9),  cell adhesion-cell matrix 

glycoconjugates (p=2.815 x 10-9) and cell adhesion-integrin inside-out signalling in 

neutrophils (p=7.989 x 10-6), ranked as 2nd, 3rd and 8th, respectively, are major 

pathways which were significantly dysregulated on gene expression by exposing 

INS-1 cells to GLT treatment for 3 days.  

 

 

 

 

 

 

 

 

 

 

 

 

 

http://portal.genego.com/cgi/imagemap.cgi?id=7063
http://portal.genego.com/cgi/imagemap.cgi?id=7063
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Table 4.1 Pathway map enrichment analysis report of RNAseq data.  

Number Maps 

Total 

gene 

number 

p Value 

Minimum 

false 

detection 

limit 

 

1 

Immune response T cell 

co-signalling receptors, 

schema 

 

55 

 

9.980 x 10-12 

 

8.184 x 109 

 

2 

Cell adhesion_ECM 

remodeling 

 

53 

 

2.365 x 10-9 

 

7.695 x 107 

 

3 

Cell adhesion_Cell-

matrix glycoconjugates 

 

38 

 

2.815 x 10-9 

 

7.695 x 107 

 

4 

Protein folding and 

maturation_Bradykinin / 

Kallidin maturation 

 

32 

 

1.478 x 10-7 

 

3.030 x 105 

 

5 

Rheumatoid arthritis 

(general schema) 

 

50 

 

1.620 x 10-6 

 

2.657 x 104 

 

6 

Blood coagulation_Blood 

coagulation 

 

39 

 

2.137 x 10-6 

 

2.920 x 104 

 

7 

Role of cell adhesion in 

vaso-occlusion in Sickle 

cell disease 

 

43 

 

7.313 x 10-6 

 

8.188 x 104 

 

8 

Cell adhesion_Integrin 

inside-out signalling in 

neutrophils 

 

77 

 

7.989 x 10-6 

 

8.188 x 104 

 

9 

Development_Neural 

stem cell lineage 

commitment (schema) 

 

38 

 

9.976 x 10-6 

 

9.089 x 104 

 

10 

Development_BMP7 in 

brown adipocyte 

differentiation 

 

39 

 

7.563 x 10-5 

 

6.202 x 103 

 

 

http://portal.genego.com/cgi/imagemap.cgi?id=6833
http://portal.genego.com/cgi/imagemap.cgi?id=6833
http://portal.genego.com/cgi/imagemap.cgi?id=6833
http://portal.genego.com/cgi/imagemap.cgi?id=717
http://portal.genego.com/cgi/imagemap.cgi?id=717
http://portal.genego.com/cgi/imagemap.cgi?id=741
http://portal.genego.com/cgi/imagemap.cgi?id=741
http://portal.genego.com/cgi/imagemap.cgi?id=2659
http://portal.genego.com/cgi/imagemap.cgi?id=2659
http://portal.genego.com/cgi/imagemap.cgi?id=2659
http://portal.genego.com/cgi/imagemap.cgi?id=7083
http://portal.genego.com/cgi/imagemap.cgi?id=7083
http://portal.genego.com/cgi/imagemap.cgi?id=3104
http://portal.genego.com/cgi/imagemap.cgi?id=3104
http://portal.genego.com/cgi/imagemap.cgi?id=6686
http://portal.genego.com/cgi/imagemap.cgi?id=6686
http://portal.genego.com/cgi/imagemap.cgi?id=6686
http://portal.genego.com/cgi/imagemap.cgi?id=7063
http://portal.genego.com/cgi/imagemap.cgi?id=7063
http://portal.genego.com/cgi/imagemap.cgi?id=7063
http://portal.genego.com/cgi/imagemap.cgi?id=4523
http://portal.genego.com/cgi/imagemap.cgi?id=4523
http://portal.genego.com/cgi/imagemap.cgi?id=4523
http://portal.genego.com/cgi/imagemap.cgi?id=3287
http://portal.genego.com/cgi/imagemap.cgi?id=3287
http://portal.genego.com/cgi/imagemap.cgi?id=3287
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From the data depicted in Table 4.1, MetaCoreTM, a non-biased integrated 

knowledge database, was used to provide interaction data for the dysregulated 

genes. Matrix metalloproteins (MMPs) [MMP14, MMP15 and MMP16], CD44 (cell 

surface glycoprotein), and ErbB4 (receptor tyrosine-protein kinase) were shown to 

be significantly downregulated following INS-1 rat pancreatic β-cells exposure to 

GLT conditions for 3 days. These proteins are also amenable to study at the protein 

level, as they are in the β-cell membrane surface. 
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Figure 4.1 Extracellular matrix remodelling/actin cytoskeleton MetaCoreTM map. (A) 

Thermometer icons next to individual genes indicate the significant extent of fold change. 

Blue bars represent downregulation by glucolipotoxicity and red bars represent upregulation 

by glucolipotoxicity in INS-1 rat pancreatic β-cells cultured in RPMI-1640 medium or GLT 

medium for 72 hours. (B) Legend used in the illustration in (A). The map was generated as 

part of a collaboration with Dr. Tania A. Jones (Queen Mary, University of London, UK). 

(A) 

 

(B) 
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Depicted in Figure 4.1, MetaCoreTM network map generation shows that matrix 

metalloproteins (MMP14, MMP15 and MMP16), CD44 and ErbB4 were 

downregulated (encircled in yellow in Figure 4.1) affecting the extracellular matrix 

remodelling, actin cytoskeleton and ErbB signalling pathways. It can also be seen 

that metalloproteinase inhibitor 3 (TIMP3), collagen I, collagen II, collagen III and 

collagen IV were downregulated upon exposure to high sugar and high fat diet. 

However, dysregulation of collagen family and TIMP family will not be included in 

the study.  

 

 

Figure 4.2 Illumina HiSeq RNA expression data for ECM membrane proteins 

dysregulated by GLT. INS-1 cells were cultured for 72h in RPMI-1640 medium or GLT 

medium. RNA was extracted, and quality was assessed before Illumina HiSeq sequencing, 

and analysis was undertaken. Data are expressed as mean RNA read counts ± S.E.M. per 

condition of MMP15, MMP16, MMP14, CD44 and ErbB4, from 3 independent RNAseq 

analyses per condition. **p<0.01. 

 



125 

As shown in Figure 4.2, exposure of INS-1 cells for 3 days to GLT significantly 

downregulated the RNA read counts by 98.1 ± 1.9% (p=9.55 x 10-9) in MMP14, 37.2 

± 1.3% (p=0.001) in MMP15, 38.3 ± 13.2% (p=4.67 x 10-6) in MMP16, 99.1 ± 0.9% 

(p=7.89 x 10-13) in CD44, and 98.1 ± 0.9% (p=8.68 x10-10) in ErbB4 relative to control. 

These results were similar to what is shown in the MetacoreTM map. 

In order to validate what was observed in the RNAseq data analysis shown 

in Figure 4.2, INS-1 cells were exposed for 3 days in RPMI-1640 medium or GLT 

medium (RPMI-1640 medium supplemented with 17 mM D-glucose, 200 μM oleic 

acid and 200 μM palmitic acid). After the incubation period, RNA was extracted then 

underwent cDNA synthesis, RT-qPCR run and analysis (Figure 4.3). 

 

Figure 4.3 qPCR expression of the extracellular matrix mRNAs using INS-1 cells. INS-

1 rat cells were incubated for 72 hours in RPMI-1640 or RPMI-1640 supplemented with 17 

mM D-glucose, 200 μM oleic acid and 200 μM palmitic acid. Cells were then trypsinised, 

lysed, RNA extracted, then subjected to cDNA synthesis via reverse transcription and RT-

qPCR performed using primers specific for the target genes. Data represent changes in 

mRNA expression compared to control using ΔΔCt values expressed as a fold change 

compared to cells grown in RPMI-1640. Control in blue and GLT in red. Data shown are 

from three independent experiments. *p<0.05, **p<0.01, ***p<0.001. 
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Extracellular matrix remodelling/actin cytoskeleton pathway analysis of 

transcriptomic data showed that matrix metalloproteins (MMP14, MMP15 and 

MMP16), CD44 and ErbB4 were downregulated, and qPCR validation data 

confirmed that these genes were significantly downregulated following exposure of 

INS-1 cells to glucolipotoxicity for 3 days. MMP14, MMP15, MMP16, CD44 and 

ErbB4 were observed to decrease significantly to 0.38 ± 0.08 (p=0.0001), 0.47 ± 

0.12 (p=0.0016), 0.68 ± 0.16 (p=0.0333), 0.42 ± 0.12 (0.0015), and 0.33 ± 0.10 

(p=0.0003) in fold change relative to control. 

The qPCR data generated here were further validated, and in collaboration 

with Dr. Paul W. Caton and Dr. Sophie Sayers from King’s College London, 

pancreatic islet cells from CD-1 mice were exposed to similar experimental 

conditions for 3 days, after which RNA was extracted and sent to NTU for further 

analysis. The integrity of RNA samples was assessed prior to analysis, with a RIN 

score of 8 or more required for further analysis. RNA samples were then reverse 

transcribed (cDNA synthesis) and subjected to RT-qPCR using specific primers (see 

Table 2.9 for the list of primers used).  
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Figure 4.4 qPCR expression of the extracellular matrix mRNAs using CD-1 mice 

pancreatic islet cells. Pancreas was surgically removed from mice, islets isolated, then 

cultured for 72h in RPMI-1640 medium or RPMI-1640 medium supplemented with 17 mM 

D-glucose, 200 μM oleic acid and 200 μM palmitic acid. Cells were then trypsinised, lysed, 

RNA extracted, cDNA synthesis carried out via reverse transcription and qPCR performed 

using primers specific for the target genes. Data are shown as changes in mRNA expression 

compared to control using ΔΔCt values expressed as a fold change relative to control. 

Control is in blue colour and GLT is in red colour. Data shown are of three independent 

experiments. *p<0.05, **p<0.01, ****p<0.0001. 

 

Results shown in Figure 4.4 depicted that MMP14, MMP15, MMP16, CD44, and 

ErbB4 were significantly downregulated after exposure to high sugar and high fat 

diet. MMP14, MMP15, MMP16, CD44 and ErbB4 were observed to decrease 

significantly to 0.09 ± 0.06 (p<0.0001), 0.57 ± 0.19 (p=0.0317), 0.16 ± 0.03 

(p<0.0001), 0.69 ± 0.11 (p=0.0185), and 0.29 ± 0.19 (p=0.0030) in fold change 

relative to control. CD40 has previously been shown to be overexpressed in INS-1 

cells, mouse islets, and human islets exposed to metabolic stress  (Bagnati et al., 

2016). CD40 was therefore used as a positive control, and shown to significantly 

increase to 2.04 ± 0.09 (p<0.0001) relative to control.  
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4.3 Effect of glucolipotoxicity on MMP14, CD44 and ErbB4 protein expression 

Initial results from RNAseq and mRNA expression both from rat and mouse models 

has shown GLT to downregulate the expression of MMPs, CD44 and ErbB4. 

However, mRNA expression level does not always equate to protein expression, so 

the amount of protein expression was also investigated. Only the protein expression 

of MMP14, CD44 and ErbB4 were determined as they are the most downregulated 

in RNAseq and mRNA expression. To observe the effects of GLT medium on protein 

expression level of MMP14, CD44 and ErbB4, INS-1 cells were exposed for 5 days 

to RPMI-1640 medium ± GLT. After the incubation period, INS-1 cells were lysed 

with RIPA (radioimmunoprecipitation assay) buffer solution and protein was 

separated using 10% resolving polyacrylamide gel. The separated total cellular 

protein was then transferred onto a nitrocellulose membrane and blocked with 5% 

milk powder for an hour at room temperature. After which, the membrane was then 

incubated overnight in a roller at 4 oC against respective primary antibodies.  
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Figure 4.5 Protein expression of MMP14 exposed to GLT. INS-1 cells were incubated ± 

GLT for 5 days then lysed using RIPA buffer solution. Total cellular proteins were quantified 

using BCA protein assay and loaded to 10% polyacrylamide gel and separated through 

SDS-PAGE. Separated proteins were transferred onto a nitrocellulose membrane and 

immunoblotted against MMP14 specific antibody. Data were normalised to GAPDH and 

expressed as fold change compared to the control. Data shown are expressed as mean ± 

S.E.M. of three independent experiments. T-test was conducted for the analysis of the 

data.*p=0.05. 
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MMP14 is a member of proteins of the matrix metalloproteinase family which are 

involved in normal physiological processes such as embryonic development, 

reproduction, and tissue remodelling. Also, they are involved in disease processes 

of arthritis and metastasis. As shown in Figure 4.6, MMP14 protein expression level 

was significantly downregulated when exposed to GLT to 0.41 ± 0.21 (p=0.0478) 

fold relative to control. 
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Figure 4.6 Protein expression of CD44 exposed to GLT. INS-1 cells were incubated ± 

GLT for 5 days prior to lysing using RIPA buffer solution. Total cellular proteins were 

quantified using BCA assay and loaded to 10% polyacrylamide and separated through 

SDS-PAGE. Separated proteins were transferred onto a nitrocellulose membrane and 

immunoblotted against CD44 specific antibody. Data was normalised to GAPDH and 

expressed as fold change compared to the control. Data shown is expressed as mean ± 

S.E.M. of three independent experiments. T-test was conducted for the analysis of the data. 

*p=0.05 
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Protein expression of CD44 was also evaluated. CD44 is a cell-surface receptor that 

plays a crucial role in cell-cell interactions, cytoplasmic spreading, and cell adhesion, 

invasion, and migration. Shown in Figure 4.6, CD44 protein expression was 

significantly downregulated when exposed to GLT to 0.40 ± 0.17 (p=0.0383) fold 

relative to control. CD44 expression was also downregulated upon exposure to GLT 

as shown in the MetacoreTM. 
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Figure 4.7 Protein expression of ErbB4 exposed to GLT. INS-1 cells were incubated ± 

GLT for 5 days prior to lysing using RIPA buffer solution. Total cellular proteins were 

quantified using BCA assay and loaded to 10% polyacrylamide and separated through 

SDS-PAGE. Separated proteins were transferred onto a nitrocellulose membrane and 

immunoblotted against ErbB4 specific antibody. Data were normalised to GAPDH and 

expressed as fold change compared to the untreated control. Data shown are expressed 

as mean ± S.E.M. of three independent experiments. T-test was conducted for the 

analysis of the data. *p<0.05 

 

ErbB4 has an essential role as cell surface receptor for neuregulins and EGF family 

members. It is also involved in cell proliferation, differentiation, migration and 
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apoptosis. Figure 4.7 shown that ErbB4 was significantly downregulated when 

exposed to GLT by 0.53 ± 0.11 (p=0.0460) fold change compared to control. 

 

4.3 Effect of MMP14, CD44 and ErbB4 knocked down on insulin 

secretion 

Using siRNA (24 hr) knocked down in INS-1 cells, the expression of MMP14, CD44 

and ErbB4 was reduced prior to treatment with control (RPMI-1640) or GLT media 

for 5 days. After the incubation period, INS-1 cells were trypsinised, lysed, RNA 

extracted, cDNA synthesis done via reverse transcription, and RT-qPCR performed 

using primers of the target genes. 
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Figure 4.8 Transient knocked down of MMP14. MMP14 was transiently knocked down 

using siRNA for 24 hours in INS-1 cells, and after incubation, it was exposed to RPMI-1640 

± GLT for 5 days whilst changing the medium on the third day. After the incubation period, 

INS-1 cells were trypsinised, lysed, RNA extracted, cDNA synthesis carried out via reverse 

transcription, and RT-qPCR performed using MMP14 primers. The data shown are from 

three independent experiments. Statistical analyses were carried out by one-way ANOVA 

followed by Tukey’s multiple comparisons test as post hoc test (*p<0.05, ****p<0.0001). 

 

As shown in Figure 4.8, MMP14 mRNA expression was significantly decreased 

when exposed to GLT (0.43 ± 0.05, 57% reduction relative to control untreated, 

p<0.0001). Using siRNA (24 hour) knocked down in INS-1 cells, the expression of 

MMP14 was significantly reduced to 0.57 ± 0.04 (43% reduction relative to control 
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untreated). This reduction was decreased further to 0.35 ± 0.01 when the cells were 

treated with GLT but the reduction was not significantly different with each other. 

 

 

Figure 4.9 Transient knocked down of CD44. CD44 was transiently knocked down using 

siRNA for 24 hours in INS-1 cells, and after incubation, it was exposed to RPMI-1640 ± GLT 

for 5 days changing the medium on the third day. After the incubation period, INS-1 cells 

were trypsinised, lysed, RNA extracted, cDNA synthesis carried out via reverse transcription, 

and RT-qPCR performed using CD44 primers. The data shown are from three independent 

experiments. Statistical analyses were carried out by one-way ANOVA followed by Tukey’s 

multiple comparisons test as post hoc test (***p<0.001, ****p<0.0001). 

 

As shown in Figure 4.9, CD44 mRNA expression was significantly decreased when 
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the expression of CD44 was significantly reduced to 0.17 ± 0.11 (83% reduction 

relative to control untreated). This reduction was decreased further to 0.12 ± 0.01 

when the cells were treated with GLT but the reduction was not significantly different 

with each other. 

 

 

Figure 4.10 Transient knocked down of ErbB4. ErbB4 was transiently knocked down 

using siRNA for 24 hours in INS-1 cells, and after incubation, it was exposed to RPMI-1640 

± GLT for 5 days changing the media on the third day. After the incubation period, INS-1 

cells were trypsinised, lysed, RNA extracted, cDNA synthesis carried out via reverse 

transcription, and RT-qPCR performed using ErbB4 primers. The data shown are from three 

independent experiments. Statistical analyses were carried out by one-way ANOVA 

followed by Tukey’s multiple comparisons test as post hoc test (*p<0.05, **p<0.01). 
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As shown in Figure 4.10, ErbB4 mRNA expression was significantly decreased 

when exposed to GLT (0.68 ± 0.09, 32% reduction relative to control untreated, 

p<0.0003). Using siRNA (24 hour) knocked down in INS-1 cells, the expression of 

ErbB4 was significantly reduced to 0.47 ± 0.17 (53% reduction relative to control 

untreated). This reduction was decreased further to 0.38 ± 0.07 when the cells were 

treated with GLT but the reduction was not significantly different with each other. 

To determine the effect of the knocked down of the target genes on insulin 

secretion, High Range Rat Insulin ELISA (Uppsala, Sweden) was conducted.  
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Figure 4.11 Effect of MMP14 knocked down on insulin secretion. MMP14 was 

transiently knocked down using siRNA for 24 hours in INS-1 cells, and after incubation, it 

was exposed to RPMI-1640 ± GLT for 5 days changing the medium on the third day. High 

Range Rat Insulin ELISA determined insulin secretion following incubation ± secretagogue 

cocktail for 3 hours. Unstimulated is in blue and stimulated is in red with data normalised to 

total cellular protein. The data shown are from three independent experiments. Statistical 

analyses were carried out by one-way ANOVA followed by Tukey’s multiple comparisons 

test as post hoc test (*p<0.05, ****p<0.0001 on GLT stimulated). 
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relative to control untreated (5.21 ± 0.21 ng/µg). Using siRNA (24 hour) knocked 

down in INS-1 cells, the insulin secretion of MMP14 control siRNA was significantly 

reduced to 2.37 ± 0.20 ng/µg (p<0.0001) relative to control untreated. This reduction 

of insulin secretion in control siRNA was significantly reduced further to 1.44 ± 0.08 

ng/µg (GLT siRNA, p=0.0398) when treated with GLT. Then using siRNA (24 hour) 

knocked down in INS-1 cells, the insulin secretion of GLT siRNA was reduced to 

1.44 ± 0.08 ng/µg relative to GLT treated INS-1 cells (2.23 ± 0.11 ng/µg). However, 

this reduction was found to be not significantly different with each other. 
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Figure 4.12 Effect of CD44 knocked down on insulin secretion. CD44 was transiently 

knocked down using siRNA for 24 hours in INS-1 cells, and after incubation, it was exposed 

to RPMI-1640 ± GLT for 5 days changing the medium on the third day. High Range Rat 

Insulin ELISA determined insulin secretion following incubation ± secretagogue cocktail for 

3 hours. Unstimulated is in blue and stimulated is in red with data normalised to total cellular 

protein. The data shown are from three independent experiments. Statistical analyses were 

carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc 

test (*p<0.05, ****p<0.0001 on GLT stimulated). 
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As shown in Figure 4.12, treatment of INS-1 cells with GLT reduced the insulin 

secretion significantly decreased to 3.58 ± 0.30 ng/µg (48.86% reduction, p<0.0001) 

relative to control untreated (7.00 ± 0.32 ng/µg). Using siRNA (24 hour) knocked 

down in INS-1 cells, the insulin secretion of CD44 control siRNA was significantly 

reduced to 2.99 ± 0.30 ng/µg (p<0.0001) relative to control untreated. This reduction 

of insulin secretion in control siRNA was significantly reduced further to 1.80 ± 0.09 

ng/µg (GLT siRNA, p<0.0001) when treated with GLT. Then using siRNA (24 hour) 

knocked down in INS-1 cells, the insulin secretion of GLT siRNA was significantly 

reduced to 1.80 ± 0.09 ng/µg (p=0.0140) relative to GLT treated INS-1 cells (3.58 ± 

0.30 ng/µg).  
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Figure 4.13 Effect of ErbB4 knocked down on insulin secretion. ErbB4 was transiently 

knocked down using siRNA for 24 hours in INS-1 cells, and after incubation, it was exposed 

to RPMI-1640 ± GLT for 5 days changing the medium on the third day. High Range Rat 

Insulin ELISA determined insulin secretion following incubation ± secretagogue cocktail for 

3 hours. Unstimulated is in blue and stimulated is in red with data normalised to total cellular 

protein. The data shown are from three independent experiments. Statistical analyses were 

carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc 

test (**p<0.01, ****p<0.0001 on GLT stimulated). 
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As shown in Figure 4.13, treatment of INS-1 cells with GLT reduced the insulin 

secretion significantly decreased to 2.37 ± 0.20 ng/µg (65.50% reduction, p<0.0001) 

relative to control untreated (6.87 ± 0.03 ng/µg). Using siRNA (24 hour) knocked 

down in INS-1 cells, the insulin secretion of ErbB4 control siRNA was significantly 

reduced to 2.97 ± 0.26 ng/µg (p<0.0001) relative to control untreated. This reduction 

of insulin secretion in control siRNA was significantly reduced further to 1.23 ± 0.12 

ng/µg (GLT siRNA, p<0.0001) when treated with GLT. Then using siRNA (24 hour) 

knocked down in INS-1 cells, the insulin secretion of GLT siRNA was reduced to 

1.23 ± 0.12 ng/µg relative to GLT treated INS-1 cells (2.37 ± 0.20 ng/µg). However, 

these reductions were found to be not significantly different from each other. 

In summary, all gene expression of target genes in control ssRNA is relatively 

the same as the control. However, when INS-1 cells were treated with siRNA, the 

gene expression of all target genes was reduced. In the case of gene expression of 

the target genes exposed in GLT, it was shown that all of them had reduced 

expression relative to the control. However, gene expression of target genes 

exposed to GLT ssRNA are relatively the same as GLT, but it was depicted that the 

gene expression of target genes exposed to GLT siRNA was reduced relative to 

GLT ssRNA. 

In terms of insulin secretion, it was illustrated in the insulin secretion assay 

experiment that knocked down of the target genes and reduction of their gene 

expression affects insulin secretion by decreasing it release relative to the control 

and GLT. 

The effect of GLT on insulin secretion is further discussed in Chapter 6. It is 

also discussed in that chapter the effect of GLT in the production of radical species. 
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4.4 Discussion 

When INS-1 rat pancreatic β-cells were incubated with media supplemented with 

high glucose and high fatty acid, RNA was extracted for next generation sequencing 

and it was shown that pathways involved in cell adhesion were significantly 

downregulated. It was shown also that matrix metalloproteinases (MMPs) [MMP14, 

MMP15 and MMP16], CD44 and ErbB4 were significantly downregulated as 

presented in the MetaCoreTM network map. These results were then validated in 

RT-qPCR and western blotting. Exposing INS-1 cells and CD-1 mouse pancreatic 

islets with GLT media resulted in downregulation of mRNA expression of genes 

involved in extracellular matrix remodelling and the actin cytoskeleton, specifically 

MMP14, MMP15 and MMP16, CD44 and ErbB4. It was also observed that protein 

expression of MMP14, CD44 and ErbB4 was also significantly downregulated, 

consistent with the results shown in RNAseq data analysis and mRNA expression 

analysis. 

Degradation of ECM is crucial in the release of growth factor and hormones, 

and matrix metalloproteinases are involved in the degradation mechanism. However, 

biological action of MMPs is strictly regulated from gene transcription, translation, 

pro-enzyme activation and inhibition by metalloproteinases inhibitors (TIMPs). 

TIMPs regulate MMPs activity and thereby preventing excessive matrix degradation 

(Galliera et al., 2015). MMPs are zinc-dependent enzymes and peptide hydrolases 

(Tallant et al., 2010) secreted by cells or bound to the cell membrane of cells such 

as fibroblasts, vascular smooth muscle (VSM), and leukocytes (Cui et al., 2017). 

Although MMPs can cause ECM protein degradation of collagen and elastin, they 

have found to be implicated in endothelial cell function as well as VSM cell migration, 

proliferation, Ca2+ signalling, and contraction (Cabral-Pacheco et al., 2020; Raffetto 

and Khalil, 2008; Wang et al., 2018).   
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MMPs have been shown to have roles in various physiological processes 

(morphogenesis, wound repair, embryogenesis, and angiogenesis) and 

pathological conditions (fibrotic disorders, myocardial infarction, and cancer) 

(Amălinei et al., 2010; Cui et al., 2017). Studies have also shown that MMPs were 

involved in tissue repair after acute injury (García-Irigoyen et al., 2015), and 

implicated in the disassembly of intercellular junctions and the degradation of ECM, 

thus lessening the physical constraint to cell movement (Mauris et al., 2014) . MMPs 

were shown to be implicated in ischemic stroke pathophysiology and clinical 

outcome, however, this might be influenced by ethnic background (Chang et al., 

2016). In addition, MMPs have been shown to have a crucial role in viral infection, 

inflammation and remodelling of the airway, specifically in respiratory syncytial virus 

(RSV) which is an important pathogen of bronchiolitis, asthma, and severe lower 

respiratory tract disease in infants and young children (Hirakawa et al., 2013).  

Increase levels of MMPs are biomarkers indicative of diabetic nephropathy, 

diabetic retinopathy, diabetic chronic wound healing inability and diabetic 

cardiovascular risk (Galliera et al., 2015; Santos et al., 2013; Van Geest et al., 2013). 

Activation of cytosolic MMP9 and MMP2, and their increased level in the 

mitochondria can damage them, leading to a vicious production of reactive oxygen 

species  (Santos et al., 2013). By contrast, decreased activity of MMPs expressed 

in nephrons can lead to abnormal ECM deposition which is a hallmark of diabetic 

nephropathy (Han et al., 2006; Inada et al., 2005; McLennan et al., 2002).  A study 

conducted by Lewinski and colleagues in 2011 has shown that MMP2 and MMP9 

have a lower level in patients with type 2 diabetes (Lewandowski et al., 2011) and 

there were studies reporting that MMP14 expression level in diabetes was 

downregulated  (Boucher et al., 2006; Dolan et al., 2003; Lenz et al., 2000; 

McLennan et al., 2002; Portik-Dobos et al., 2002). Relative to our results, these 
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studies have shown to be in similar results we have MMPs (MMP14, MMP15 and 

MMP16) were downregulated upon exposure to high sugar and high fat diet.   

Within the islet, β-cells contact the extracellular matrix (ECM), which is 

deposited primarily by intra-islet endothelial cells, and this significant interaction has 

been shown to modulate cell proliferation and survival (Townsend and Gannon, 

2019). Cell-to-cell interactions via gap junctional communication and connexon 

hemichannels are involved in the pathogenesis of diabetes. Gap junctions are highly 

specialized transmembrane structures that are formed by connexon hemichannels, 

which are further assembled from proteins called “connexins”  (Wright et al., 2012). 

In the islet, gap junctions composed of connexin36 provide electrical and metabolic 

coupling between β-cells, which regulates electrical activity and insulin secretion 

(Farnsworth and Benninger, 2014). Under high glucose, gap junctions facilitate the 

coordination of electrical activity across the islet which leads to synchronized 

release of insulin from individual β-cells  (Farnsworth and Benninger, 2014) and β-

cells with uncoupled connexin junctions show poor insulin gene expression and 

secretion in response to glucose compared to coupled β-cells (Meda et al., 1990). 

As shown in the MetacoreTM map network (illustrated in Figure 4.1), collagen 

family (collagen I, collagen II, collagen III and collagen IV) were all downregulated 

upon exposure to high sugar and high fat medium. Hence, this can cause 

dysregulated coordination of electrical activity between ECM and gap junctions in 

response to glucolipotoxicity and would likely to contribute to the failure of β-cell 

function such as insulin secretion observed in type 2 diabetes. Studies showed that 

the ECM is important for islet health in vivo and ex vivo; however, understanding of 

the interactions between ECM and islet cells is not yet clear (Townsend and Gannon, 

2019). 

Results shown here indicate that CD44 was downregulated upon exposure 

of cells to high sugar and high fat. The CD44 transmembrane glycoprotein family 
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participates in signal transduction processes by establishing specific 

transmembrane complexes and organising signalling cascades through the actin 

cytoskeleton (Ponta et al., 2003). CD44 and its associated partner proteins monitor 

changes in the extracellular matrix that influence cell growth, survival, and 

differentiation (Ponta et al., 2003). The actin cytoskeleton is also a highly dynamic 

structure that is remodelled in response to a variety of signals (Tomas et al., 2006). 

Its particular main role in pancreatic β-cells is to control glucose homeostasis in 

which insulin-containing granules undergo regulated exocytosis in response to 

extrinsic stimuli (such as glucose) that lead to an elevation in cytosolic calcium  

(Ashcroft et al., 1994; Easom, 2000). 

ErbB4/HER4 is a member of the protein-tyrosine kinase family including 

epidermal growth factor receptors (EGFR) (Roskoski, 2014). EGFR provides 

information on the relationship between receptor overexpression and oncogenesis 

(Thompson and Gill, 1985). As the ErbB family are protein-tyrosine kinases, they 

act as dimers or higher oligomers (Roskoski, 2014). It was shown in genetic studies 

that ErbB4, type 2 diabetes and obesity are linked together (Böger and Sedor, 2012; 

Locke et al., 2015; López-Soldado et al., 2016; Maeda et al., 2013; Wang et al., 

2014) . From data presented here, ErbB4 was shown to be downregulated in the 

MetaCoreTM map network and this decreased expression was also observed upon 

qPCR and western blot analysis of cells exposed to high sugar and high fat 

conditions. ErbB receptors can be activated by binding to their ligands. ErbB4 can 

be activated by heparin-binding EGF (HB-EGF), epiregulin, betacellulin, and 

neuroregulins (Nrg) 1-4. These ligands have a crucial role in glucose transport, 

browning of the adipocytes, glucose homeostasis, energy expenditure, prevention 

of high fat diet induced obesity, and improvement of insulin sensitivity (Christian, 

2015; Ma et al., 2016; Yan et al., 2017). Nrg4 has been shown to be highly 

expressed in adipose tissue and was enhanced in brown fat, and during brown 
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adipocyte (Blüher, 2019; Gavaldà-Navarro et al., 2022; Wang et al., 2014). However, 

Nrg4 expression was shown to decrease in rodent and human obesity (Wang et al., 

2014). In addition, ErbB deletion mice were shown to develop obesity, dyslipidemia, 

hyperglycemia, and insulin resistance (Wang et al., 2014). With this, ErbB4 may 

therefore have a crucial wider role in glucose homeostasis.  

 

4.5 Conclusion 

This work has shown that extracellular matrices are sensitive to nutrient stress, and 

specifically that the genes MMP14, MMP15, MMP16, CD44 and ErbB4 were 

dysregulated by glucolipotoxicity, and this may play a crucial role in the 

dysregulation of insulin secretion observed in type 2 diabetes.  
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Chapter 5 

L-carnosine and β-alanine: Their Impact on Mitochondrial Bioenergetics 
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5.1 Introduction 

Mitochondria are a subcompartment of the cell-bound by a double membrane, the 

outer membrane and inner membrane which comprise intermembrane space and 

matrix compartments (Nunnari and Suomalainen, 2012). Mitochondria are 

commonly known as the powerhouse of the cell. Mitochondria house various 

metabolic pathways, including the Krebs cycle, fatty acid β-oxidation, urea cycle and 

oxidative phosphorylation, which enable them to generate ATP to sustain cellular 

function (Manoli et al., 2007). Mitochondria also play a role in intracellular signalling 

and apoptosis, intermediate metabolism, and metabolism of lipids, steroids, amino 

acids and nucleotides (Chinnery and Schon, 2003).  

Mitochondria are involved in many cellular pathways and processes such as 

apoptosis, cell signalling involving production and regulation of ROS, stimulation of 

Ca2+ could increase ATP production by altering the activity of calcium-sensitive 

mitochondrial matrix enzymes, bioenergetic pathways during the oxidation of 

glucose, and β-oxidation of fatty acids (Herst et al., 2017).  In addition, mitochondria 

are associated with many cellular functions (Figure 5.1a).   
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Figure 5.1 Mitochondrial structure and its function. Figure adapted from Giacomello et 

al (2020). 

 

As shown in Figure 5.1b, the mitochondrial matrix is comprises two membranes: 

the outer mitochondrial membrane (OMM) and the inner mitochondrial membrane 

(IMM). Krebs cycle, protein biosynthesis, and mitochondrial DNA replication occur 

in the mitochondrial matrix, which is enclosed by IMM. The OMM acts as a diffusion 

barrier and facilitates signal transduction in and out of the mitochondria. The IMM is 

composed of an inner boundary membrane (IBM) and mitochondrial cristae. The 

IBM hosts many channel transporters that shuttle ions, ADP, ATP, and metabolites 

between the matric and cytoplasm.  

On the other hand, the site where oxidative phosphorylation, iron-sulphur 

cluster biogenesis and mitochondrial DNA maintenance occur, is in mitochondrial 

cristae. In Figure 5.1c, the OMM interacts with other organelles that regulate 

mitochondrial function such as the endoplasmic reticulum (ER), lysosomes and 

endosomes, peroxisomes, plasma membrane, and melanosomes. Released by the 
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mitochondria, mitochondrial derived vesicles (MDVs) can communicate with 

lysosomes and peroxisomes, whilst mitochondrial-derived compartments (MDCs) 

can remove misfolded proteins from the mitochondrial membranes. Mitochondrial 

fusion favours increased ATP production and exchange of matrix content whilst 

mitochondrial fission favours increased production of ROS and removal of 

superfluous mitochondria by mitophagy (Figure 5.1d) (Giacomello et al., 2020). 

Mitochondrial dysfunction can inhibit mitochondrial metabolism and block 

insulin secretion (Rocha et al., 2020). Mitochondrial function under normal 

conditions and type 2 diabetes is shown in Figure 5.2.  
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Figure 5.2 β-cell function under euglycemia and hyperglycaemia. (A) In pancreatic β-

cell under normal conditions, the glucose is metabolised in glycolysis and generating ATP. 

As a consequence, the ATP/ADP ratio is high, and potassium (K+) channels are closed. The 

plasma membrane is depolarised favouring Ca2+ influx into the cell, triggering the release of 

endoplasmic reticulum-synthesised insulin. (B) In type 2 diabetes, ATP synthesis is 

weakened and can open ATP-sensitive potassium channels. The plasma membrane is 

hyperpolarised and blocks the calcium ion influx into the cell, thereby inhibiting insulin 

secretion. Figure adapted from Rocha et al (2020). 

 

Most of the ATP is produced in the mitochondria (Lee and Wei, 2000) via 

mitochondrial oxidative phosphorylation system (OXPHOS) (Nunnari and 

Suomalainen, 2012). Electron carriers (NADH and FADH2) produced from glucose 

and fatty acid β-oxidation are transferred through mitochondrial respiratory chain 
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complexes I-IV (Manoli et al., 2007). Protons are generated and pumped out from 

complexes I, III, and IV into the intermembrane space, which produces an 

electrochemical gradient to drive the phosphorylation of ADP to ATP via rotary 

turbine-like ATP synthase machine (complex V), hence the production of ATP 

(Okuno et al., 2011; Stock et al., 1999). 

Since mitochondria use more than 80-90% of the cell’s oxygen (Manoli et al., 

2007; Paradies et al., 2010), it is the primary source of cellular ROS aside from 

NAPDH oxidases (Dan Dunn et al., 2015). Mitochondrial activity generated ROS 

includes superoxide anions, hydrogen peroxide and hydroxyl radicals. In addition, 

monoamine oxidase present in the mitochondrial outer membrane catalyses the 

biogenic amines to undergo oxidative deamination to generate in excess hydrogen 

peroxide, which contributes to the steady-state concentration of ROS both in the 

cytosol and mitochondrial matrix (Cadenas and Davies, 2000). 

Mitochondrial ROS are involved in regulating immune responses and 

autophagy (Dan Dunn et al., 2015). However, when mitochondrial ROS are 

produced in excess this can result in lipid peroxidation, OXPHOS dysfunction, and 

mitochondrial DNA damage. To some extent, oxidative stress ensues, which can 

cause cellular damage, carcinogenesis and mutagenesis (Manoli et al., 2007; Wei 

and Lee, 2002). This problem mainly arises due to the low production and activity 

of enzymes involved in the antioxidant defence system including superoxide 

dismutase, catalase, and glutathione peroxidase (Robertson et al., 2003; Tiedge et 

al., 1997), which scavenge excess ROS. 

The primary function of mitochondria is the production of ATP for cell survival. 

In addition, mitochondria generate and detoxify reactive oxygen species implicated 

in cytoplasmic and mitochondrial matrix calcium regulation, synthesis and 

catabolism of metabolites, and apoptosis. However, irregularity of these functions 

can be classified as mitochondrial dysfunction (Brand and Nicholls, 2011). 
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Mitochondrial dysfunction can be assessed by measuring the rate of ATP production, 

coupling efficiency, spare respiratory capacity, proton leak and maximum 

respiratory rate (Brand and Nicholls, 2011). 

This part of the study aimed to evaluate whether L-carnosine and β-alanine 

could affect the production of reactive oxygen species generated by GLT and 

whether exposure to L-carnosine and β-alanine influences mitochondrial 

bioenergetics by measuring the oxygen consumption rate using Seahorse Mito 

Stress assay. Specifically, the purpose of this study was to determine the effect of 

GLT on basal respiration, ATP production, proton leak, maximal respiration, spare 

respiratory capacity, and non-mitochondrial oxygen respiration and to determine 

whether supplementation of medium with L-carnosine and β-alanine could inhibit 

GLT effects. 

  

5.2 Results 

Before assessing the effects of L-carnosine and β-alanine to the effects of 

glucolipotoxicity to the mitochondrial bioenergetics, the effects of L-carnosine and 

β-alanine on the cell viability, and radical species scavenging were evaluated using 

INS-1 cells and C2C12 myotubes. These functional assays were conducted as type 

2 diabetes is characterised by excess generation of reactive oxygen species, low 

ATP level and mitochondrial dysfunction (Rovira-Llopis et al., 2017). 

 

5.2.1 Effects of L-carnosine and β-alanine in INS-1 cells and C2C12 myotubes 

viability 

The effects of supplementation of L-carnosine and β-alanine to the growth medium 

of INS-1 cells and differentiation medium of C2C12 myotubes were assessed using 

the calcein-AM assay. In this experiment, INS-1 rat pancreatic β-cells or C2C12 

myotubes were incubated in polystyrene nunclon delta 12-well plate for 5 days in 
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complete growth medium (INS-1 cells) or DMEM supplemented with 5% v/v horse 

serum and 1% v/v penstrep with L-glutamine (for C2C12 myotubes) ± 10 mM L-

carnosine (or 10 mM β-alanine) or GLT medium ± 10 mM L-carnosine (or 10 mM β-

alanine). After the 5-day incubation period, cell viability using calcein-AM protocol 

was measured. The treated INS-1 cells and C2C12 myotubes were visualised using 

Olympus CKX53 model microscope at 20x objective before and after the treatment 

of calcein-AM solution. 
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Figure 5.3 Effect of experimental conditions on INS-1 rat pancreatic β-cell 

morphology. INS-1 cells were incubated for 5 days in complete RPMI-1640 medium ± 10 

mM L-carnosine (or β-alanine) or GLT medium ± 10 mM L-carnosine (or β-alanine). Images 

were taken using Olympus CKX53 model microscope with camera using a 20x objective. 

 

As depicted in Figure 5.3, INS-1 cells were exposed to the experimental conditions 

(carnosine, β-alanine, GLT + carnosine and GLT + β-alanine) and show no 

observable change in cell morphology relative to control. It was observed that the 

treatment conditions did not reduce cell adherence onto the surface of the plate. 

Cells also appeared to have few or no circular/rounded shapes in all conditions 
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except in GLT condition in which few rounded shape cells were seen. Increased cell 

death was not significant, and there were few floating cells observed in the plate. 

As depicted in Figure 5.4, C2C12 myotubes were exposed to the 

experimental conditions (GLT, carnosine, β-alanine, GLT + carnosine and GLT + β-

alanine) and show no observable change in cell morphology relative to control. It 

was observed that the treatment conditions did not reduce cell adherence onto the 

surface of the plate. C2C12 myotubes appeared to be in tubular form. There were 

no or few floating cells observed in the plate. 
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Figure 5.4 Effect of experimental conditions on skeletal C2C12 myotubes 

morphology. C2C12 myotubes were incubated for 5 days in DMEM ± 10 mM L-carnosine 

(or β-alanine) or DMEM ± 10 mM L-carnosine (or β-alanine). Images were taken using 

Olympus CKX53 model microscope with camera using a 20x objective. 

 

Functional analysis on INS-1 cells and C2C12 myotubes viability was performed 

using the calcein-AM assay. As depicted in Figure 5.5 (INS-1 cells) and Figures 

5.6, and 5.7 (C2C12 myotubes), INS-1 cells and C2C12 myotubes treated with 

various experimental conditions, i.e., growth medium ± L-carnosine or β-alanine and 

GLT ± L-carnosine or β-alanine, shown little or no significant change in cell viability 

relative to control. This result demonstrated that supplementation of 10 mM L-
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carnosine or 10 mM β-alanine does not affect the cell morphology of the cell model 

used in this experiment. 

 

 

Figure 5.5 Effect of β-alanine on INS-1 rat pancreatic β-cell viability. INS-1 cells were 

incubated for 5 days in RPMI-1640 medium ± 10 mM β-alanine or GLT medium ± 10 mM 

β-alanine. After 1 hour incubation with 5 μM solution of calcein-AM, fluorescence intensity 

was measured using excitation and emission at 490 nm and 520 nm. W is in blue colour 

and stimulated is in red colour with data normalised to total cellular protein. Cell viability is 

expressed as percentages of control values ± S.E.M. in comparison to control from three 

independent experiments. 
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Figure 5.6 Effect of L-carnosine on C2C12 myotubes viability. C2C12 myotubes were 

incubated for 5 days in DMEM supplemented with 5% v/v horse serum and 1% v/v penstrep 

with glutamine ± 10 mM L-carnosine or GLT medium ± 10 mM L-carnosine. After 1 hour 

incubation with 5 μM solution of calcein-AM, fluorescence intensity was measured using 

excitation and emission at 490 nm and 520 nm. Cell viability is expressed as percentages 

of control values ± S.E.M. in comparison to control from three independent experiments. 
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Figure 5.7 Effect of β-alanine on C2C12 myotubes viability. C2C12 myotubes were 

incubated for 5 days in DMEM supplemented with 5% v/v horse serum and 1% v/v penstrep 

with glutamine ± 10 mM β-alanine or GLT medium ± 10 mM β-alanine. After 1 hour 

incubation with 5 μM solution of calcein-AM, fluorescence intensity was measured using 

excitation and emission at 490 nm and 520 nm. Cell viability is expressed as percentages 

of control values ± S.E.M. in comparison to control from three independent experiments. 

 

5.2.2 Scavenging potential of L-carnosine and β-alanine using INS-1 and 

C2C12 myotubes 

To determine the level of radical species produced, INS-1 cells and C2C12 

myotubes were incubated for 5 days in growth medium (INS-1 cells) or 

differentiation medium (C2C12 myotubes) ± 10 mM L-carnosine (or β-alanine) or 

GLT ± 10 mM L-carnosine (or β-alanine). DCFDA (20 µM) was added in Krebs-

Ringer buffer solution for 1h, and reactive species formation was detected via 

fluorescence with excitation (495 nm) and emission (530 nm). 
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Figure 5.8 Effect of GLT and β-alanine on radical species production using INS-1 cells. 

INS-1 cells were incubated for 5 days in RPMI-1640 medium ± 10 mM β-alanine or GLT ± 

10 mM β-alanine. DCFDA was added in Krebs-Ringer buffer solution for 1 hour, and 

reactive species production was detected via fluorescence with excitation (495 nm) and 

emission (530 nm). Reactive species are expressed as percentages of control values ± 

S.E.M. and data presented are from 3 independent experiments. Statistical analyses were 

carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc 

test (*p<0.05, ****p<0.0001 relative to control; ###p<0.001, ####p<0.0001 relative to GLT; 

^p<0.05 relative to β-alanine). 

 

Figure 5.8 shows the amount of production of reactive species generated in each 

condition. Exposure of INS-1 cells to GLT resulted in an increase in radical species 

of 69.33 ± 6.74% (p<0.0001) relative to control. The increase of radical species 

generation in β-alanine (96.33 ± 3.71, p<0.0001) was significantly lower than GLT.   

It was also observed that reactive species production in the presence of β-alanine 
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(96.33 ± 3.71) was lower but not significantly different relative to control. The 

increase of the radical species production in β-alanine + GLT (126.33 ± 4.81, 

p=0.0145) was significantly different to control. On the other hand, β-alanine + GLT 

(126.33 ± 4.81, p=0.0007) was significantly lower than GLT (169.33 ± 6.74). It was 

also observed that the increase of radical species in β-alanine + GLT (126.33 ± 4.81, 

p=0.0069) to β-alanine was significantly different. This indicates the effectiveness 

of β-alanine supplementation in reactive species scavenging in the INS-1 model. 
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Figure 5.9 Effect of GLT and carnosine on radical species production using C2C12 

myotubes. C2C12 myotubes were incubated for 5 days in DMEM supplemented with 5% 

v/v horse serum and 1% v/v penstrep with glutamine ± 10 mM L-carnosine or GLT ± 10 mM 

L-carnosine. DCFDA was added in Krebs-Ringer buffer solution for 1 hour, and reactive 

species production was detected via fluorescence with excitation (495 nm) and emission 

(530 nm). Reactive species are expressed as percentages of control values ± S.E.M. and 

data presented was from 3 independent experiments. Statistical analyses were carried out 

by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc test 

(****p<0.0001 relative to control; ###p<0.001, ####p<0.0001 relative to GLT; ^p<0.05 relative 

to L-carnosine). 

 

 

Figure 5.9 shows the amount of production of reactive species generated by 

exposing C2C12 myotubes to various experimental conditions. Exposure of C2C12 

myotubes to GLT resulted in an increase in radical species of 64 ± 6.66% (p<0.0001) 

relative to control. It was also observed that reactive species production in the 
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presence of L-carnosine (84.33 ± 7.45%) was lower but not significantly different 

relative to control. Similarly, L-carnosine + GLT (116 ± 2.31%, p=0.0008) was 

significantly lower than the GLT (164 ± 6.66%). It was also observed that the 

increase of radical species in L-carnosine + GLT (116 ± 2.31%, p=0.0102) to L-

carnosine was significantly different. This indicates the effectiveness of L-carnosine 

supplementation in scavenging reactive species in the C2C12 myotubes model. 
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Figure 5.10 Effect of GLT and β-alanine on radical species production using C2C12 

myotubes. C2C12 myotubes were incubated for 5 days in DMEM supplemented with 5% 

v/v horse serum and 1% v/v penstrep with glutamine ± 10 mM β-alanine or GLT ± 10 mM 

β-alanine. DCFDA was added in Krebs-Ringer buffer solution for 1 hour, and reactive 

species production was detected via fluorescence with excitation (495 nm) and emission 

(530 nm). Reactive species are expressed as percentages of control values ± S.E.M. and 

data presented was from 3 independent experiments. Statistical analyses were carried out 

by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc test 

(***p<0.001, ****p<0.0001 relative to control; ##p<0.01, ####p<0.0001 relative to GLT; 

^^p<0.01 relative to β-alanine). 

 

Figure 5.10 shows the exposure of C2C12 myotubes to GLT resulted in an increase 

in radical species of 64 ± 6.66% (p<0.0001) relative to control. However, the radical 

species generation in GLT (164 ± 6.66%, p<0.0001) was significantly higher than β-

alanine (104 ± 2.08%). The increase of radical species generation in β-alanine + 

GLT (35 ± 2.89%, p=0.0008) was significantly higher than control. On the other 
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hand, β-alanine + GLT (135 ± 2.89%, p=0.0028) was significantly lower than the 

GLT (164 ± 6.66%). It was also observed that the radical species production in β-

alanine + GLT (35 ± 2.89%, p=0.0018) is significantly higher than β-alanine. This 

indicates the effectiveness of β-alanine supplementation in scavenging reactive 

species in the C2C12 myotubes model. 

 

5.2.3 Effects of L-carnosine on the mitochondrial function exposed to 

glucolipotoxic condition 

The Agilent Seahorse XFp Cell Mito Stress Test was used to assess the 

mitochondrial function of INS-1 cells and C2C12 myotubes exposed to high glucose 

and high fatty acid diet for 5 days. This measurement is directly involved by 

measuring the oxygen consumption rate of the cells in real-time via Seahorse XFp 

Extracellular Flux Analyser. 

The assay used built-in injection ports where chemical modulators such as 

oligomycin, carbonyl cyanide-4 (trifluoromethoxy)phenylhydrazone (FCCP), and 

rotenone and antimycin are added in sequence into cell wells during the assay to 

reveal the key parameters of mitochondrial function.  

Exposure of pancreatic β-cell to high glucose and high fatty acid has 

previously been shown to cause β-cell failure (Barlow and Affourtit, 2013). To 

determine whether L-carnosine has an effect on the damaging impact of GLT on 

mitochondrial function, the oxygen consumption rate (OCR) was measured using 

Agilent Seahorse XF analyser. The results shown that there was a reduction of the 

key parameters of the mitochondrial respiration as illustrated in Figure 5.11 for INS-

1 cells in GLT. 

 

 

 



170 

(A) 

0 25 50 75 100 125
0

20

40

60

80

Time (minutes)

O
x
y
g

e
n

 c
o

n
s
u

m
p

ti
o

n
 r

a
te

 (
p

m
o

l/
m

in
/μ

g
) Control

GLT

L-carnosine

L-carnosine + GLT

 
(B) 

B
asal r

espira
tio

n

A
TP p

ro
ductio

n

M
axim

al r
espira

tio
n

Pro
to

n le
ak

Spare
 re

spira
to

ry
 c

apacity

N
on-m

ito
chondria

l o
xygen re

spira
tio

n

0

20

40

60

80

O
x
yg

e
n

 c
o

n
s
u

m
p

ti
o

n
 r

a
te

 (
p

m
o

l/
m

in
/μ

g
)

Control

GLT

L-carnosine + GLT

L-carnosine

✱

✱

✱✱

✱

✱✱

✱✱

✱

✱

✱✱

✱

✱

✱

✱✱

✱✱

✱

✱✱

✱

Figure 5.11 Effect of metabolic stress and carnosine on mitochondrial respiration of 

INS-1cells. (A) Independent traces of various experimental conditions. (B) Individual key 

parameters of mitochondrial respiration of INS-1 cells exposed to GLT and L-

carnosine. INS-1 cells were treated with control medium, glucolipotoxic (GLT) media, L-

carnosine, or GLT supplemented L-carnosine for 5 days, changing the medium on the third 

day. OCR was measured using a Seahorse XFe24 Analyser. Each data point represents a 

mean normalised OCR measurement from 3 independent experiments. Statistical analyses 

were carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post 

hoc test (*p<0.05, **p<0.01). 
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The individual summary of each key parameter in mitochondrial respiration for INS-

1 cells was presented in Figure 5.11 and was discussed as follows: 

For basal respiration, GLT was shown to significantly decrease the basal 

OCR to 9.67 ± 3.33 pmol/min/µg (p=0.0140, 57.48% reduction) relative to control 

(22.74 ± 3.70 pmol/min/µg). However, this reduction in basal respiration was 

increased significantly to 27.01 ± 5.80 pmol/min/µg (p=0.0259, 64.20% increase) 

upon supplementation of L-carnosine to GLT. Carnosine supplementation of control 

medium increased basal respiration to 26.55 ± 5.17 pmol/min/µg but no significant 

difference was observed. 

For ATP-linked respiration, GLT was shown to significantly decrease the ATP 

production to 5.41 ± 1.87 pmol/min/µg (p=0.0099, 63.12% reduction) relative to 

control (14.67 ± 2.72 pmol/min/µg). However, this reduction in ATP production was 

increased significantly to 16.23 ± 3.77 pmol/min/µg (p=0.0289, 66.67% increase) 

upon supplementation of L-carnosine to GLT. Carnosine supplementation of control 

medium increased ATP production to 16.35 ± 3.41 pmol/min/µg but no significant 

difference was observed. 

For maximal respiration, GLT was shown to significantly decrease the 

maximal OCR to 11.51 ± 3.86 pmol/min/µg (p=0.0091, 70.42% reduction) relative to 

control (38.91 ± 8.76 pmol/min/µg). However, this reduction in maximal respiration 

was increased significantly to 41.92 ± 8.74 pmol/min/µg (p=0.0085, 72.54% 

increase relative to GLT) upon supplementation of L-carnosine of GLT. Carnosine 

supplementation of control medium increased maximal respiration to 47.99 ± 10.51 

pmol/min/µg. 

For proton leak, GLT was shown to decrease the proton leak-linked 

respiration OCR to 4.26 ± 1.51 pmol/min/µg (47.41% reduction) relative to control 

(8.10 ± 1.47 pmol/min/µg). However, this was increased significantly to 10.78 ± 2.06 

pmol/min/µg (p=0.0237, 60.48% increase) upon supplementation of L-carnosine to 
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GLT. Carnosine supplementation of control medium increased proton leak to 10.17 

± 1.89 pmol/min/µg. 

For spare respiratory capacity, GLT was shown to significantly decreased the 

reserve respiratory capacity OCR to 1.82 ± 1.59 pmol/min/µg (p=0.0284, 88.74% 

reduction) relative to control (16.17 ± 5.82 pmol/min/µg). However, spare respiratory 

capacity was increased significantly to 14.92 ± 3.34 pmol/min/µg (p=0.0036, 87.80% 

increase) upon supplementation of L-carnosine to GLT. Carnosine supplementation 

of control medium increased spare respiratory capacity to 21.44 ± 5.96 pmol/min/µg. 

GLT was shown to significantly decrease the non-mitochondrial respiration 

OCR to 3.63 ± 0.72 pmol/min/µg (p=0.0160, 67.00% reduction) relative to control 

(11.00 ± 2.70 pmol/min/µg). However, this level of non-mitochondrial respiration was 

increased significantly to 10.37 ± 2.10 pmol/min/µg (p=0.0131, 65.00% increase) 

upon supplementation of L-carnosine of GLT. Carnosine supplementation of control 

medium increased non-mitochondrial respiration to 7.08 ± 1.45 pmol/min/µg. 

To assess whether L-carnosine affects the damaging impact of GLT on 

mitochondrial function in skeletal muscle, the oxygen consumption rate (OCR) was 

measured using an Agilent Seahorse XF analyser. The results shown a reduction 

of the key parameters of the mitochondrial respiration, as illustrated in Figure 5.12 

for C2C12 myotubes in GLT.  
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Figure 5.12 Effect of metabolic stress and carnosine on mitochondrial respiration of 

C2C12 myotubes. (A) Independent traces of various experimental conditions. (B) 

Individual key parameters of mitochondrial respiration of C2C12 myotubes exposed to GLT 

and L-carnosine. C2C12 myotubes were treated with control medium, glucolipotoxic (GLT) 

medium, L-carnosine, or GLT supplemented L-carnosine for 5 days, changing the medium 

on the third day. OCR was measured using a Seahorse XFe24 Analyser. Each data point 

represents a mean normalised OCR measurement from 3 independent 

experiments. Statistical analyses were carried out by one-way ANOVA followed by Tukey’s 

multiple comparisons test as post hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).   
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The individual summary of each key parameter in mitochondrial respiration for 

C2C12 myotubes was presented in Figure 5.12  and was discussed as follows:  

For basal respiration, GLT was shown to significantly decrease the basal 

OCR to 1.86 ± 0.62 pmol/min/µg (p=0.0002, 67.48% reduction) relative to control 

(5.72 ± 0.61 pmol/min/µg). However, this level of basal respiration was increased 

significantly to 5.83 ± 0.58 pmol/min/µg (p=0.0006, 68.10% increase relative to GLT) 

upon supplementation of L-carnosine of GLT. Carnosine supplementation to control 

medium increased basal respiration to 6.38 ± 0.76 pmol/min/µg. 

For ATP-linked respiration, GLT was shown to significantly decrease the ATP 

production to 1.98 ± 0.33 pmol/min/µg (p=0.0021, 59.01% reduction) relative to 

control (4.83 ± 0.47 pmol/min/µg). However, this level of in ATP production was 

increased significantly to 5.39 ± 0.60 pmol/min/µg (p=0.0002, 63.27% increase 

relative to GLT) upon supplementation of L-carnosine of GLT. Carnosine 

supplementation to control medium increased ATP production to 5.48 ± 0.62 

pmol/min/µg. 

For maximal respiration, GLT was shown to significantly decrease the 

maximal OCR to 22.43 ± 3.99 pmol/min/µg (p=0.0039, 41.13% reduction) relative to 

control (38.10 ± 2.86 pmol/min/µg). However, this reduction in maximal respiration 

was increased significantly to 42.97 ± 2.58 pmol/min/µg (p=0.0004, 47.80% 

increase relative to GLT) upon supplementation of L-carnosine of GLT. Carnosine 

supplementation to control medium increased maximal respiration to 40.96 ± 2.11 

pmol/min/µg. 

For proton leak, GLT was shown to decrease the proton leak-linked 

respiration OCR to 0.55 ± 0.19 pmol/min/µg (38.00% reduction) relative to control 

(0.89 ± 0.19 pmol/min/µg). Supplementation of L-carnosine to GLT gave an OCR of 

0.55 ± 0.19 pmol/min/µg whilst carnosine supplementation of control medium 

resulted in a proton leak of 0.91 ± 0.21 pmol/min/µg. 
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For spare respiratory capacity, GLT was shown to significantly decrease the reserve 

respiratory capacity OCR to 20.57 ± 3.95 pmol/min/µg (p=0.0257, 36.47% 

reduction) relative to control (32.38 ± 3.01 pmol/min/µg). However, this level of spare 

respiratory capacity was increased significantly to 37.14 ± 2.17 pmol/min/µg 

(p=0.0088, 44.61% increase relative to GLT) upon supplementation of L-carnosine 

of GLT. Carnosine supplementation of control medium increased spare respiratory 

capacity to 31.43 ± 3.17 pmol/min/µg. 

For non-mitochondrial oxygen respiration, GLT was shown to significantly 

decrease the non-mitochondrial respiration OCR to 2.69 ± 0.32 pmol/min/µg 

(p=0.0489, 28.46% reduction) relative to control (3.76 ± 0.32 pmol/min/µg). 

However, this level of non-mitochondrial respiration was increased significantly to 

4.37 ± 0.24 pmol/min/µg (p=0.0005, 38.44% increase relative to GLT) upon 

supplementation of L-carnosine of GLT. Carnosine supplementation to control 

medium increased non-mitochondrial respiration to 4.15 ± 0.22 pmol/min/µg. 

In summary, GLT was shown to reduce all the key parameters in 

mitochondrial respiration, i.e., basal respiration, ATP production, maximal 

respiration, proton leak, reserve respiratory capacity and non-mitochondrial oxygen 

respiration. However, this reduction was shown to either be prevented or else 

significantly enhanced upon supplementation of GLT medium with L-carnosine both 

INS-1 and C2C12 myotube cell models. 
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5.2.4 Effects of β-alanine on the mitochondrial function exposed to 

glucolipotoxic condition 

To assess whether β-alanine affects the damaging impact of GLT on mitochondrial 

function, the oxygen consumption rate (OCR) was measured using Agilent 

Seahorse XF analyser. The results shown that there was a reduction in the key 

parameters of mitochondrial respiration as illustrated in Figure 5.13 for INS-1 cells 

in GLT. 
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Figure 5.13 Effect of metabolic stress and β-alanine on mitochondrial respiration of 

INS-1cells. (A) Independent traces of various experimental conditions. (B) Individual key 

parameters of mitochondrial respiration of INS-1 cells exposed to GLT and β-alanine. INS-

1 cells were treated with control medium, glucolipotoxic (GLT) medium, β-alanine, or GLT 

supplemented β-alanine for 5 days, changing the medium on the third day. OCR was 

measured using a Seahorse XFe24 Analyser. Each data point represents a mean 

normalised OCR measurement from 3 independent experiments. Statistical analyses were 

carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc 

test (*p<0.05, **p<0.01, ***p<0.001).   
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The individual summary of each key parameter in mitochondrial respiration for INS-

1 cells was presented in Figure 5.13 and was discussed as follows: 

For basal respiration, GLT was shown to significantly decrease the basal OCR to 

11.47 ± 3.28 pmol/min/µg (p=0.0155, 54.44% reduction) relative to control (25.18 ± 

4.07 pmol/min/µg). However, this level of basal respiration was increased 

significantly to 27.76 ± 4.86 pmol/min/µg (p=0.0103, 58.68% increase relative to 

GLT) upon supplementation of β-alanine of GLT. β-alanine supplementation of 

control media increased basal respiration to 39.57 ± 6.23 pmol/min/µg. 

For ATP-linked respiration, GLT was shown to significantly decrease the ATP 

production to 7.08 ± 2.09 pmol/min/µg (p=0.0247, 57.53% reduction) relative to 

control (16.67 ± 3.38 pmol/min/µg). However, this level of ATP production was 

increased significantly to 18.62 ± 3.70 pmol/min/µg (p=0.0113, 61.98% increase 

relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control media increased ATP production to 27.46 ± 4.61 

pmol/min/µg. 

For maximal respiration, GLT was shown to significantly decrease the 

maximal OCR to 18.63 ± 4.80 pmol/min/µg (p=0.0193, 61.15% reduction) relative to 

control (47.95 ± 10.57 pmol/min/µg). However, this reduction in maximal respiration 

was increased significantly to 45.56 ± 9.05 pmol/min/µg (p=0.0136, 59.11% 

increase relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control media increased maximal respiration to 80.35 ± 15.06 

pmol/min/µg. 

For proton leak, GLT was shown to significantly decrease the proton leak-

linked respiration OCR to 4.38 ± 1.28 pmol/min/µg (p=0.0434, 41.99% reduction) 

relative to control (7.55 ± 0.99 pmol/min/µg). However, this reduction in proton leak 

was increased significantly to 9.13 ± 1.21 pmol/min/µg (p=0.0139, 52.03% increase 

relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 
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supplementation of control media increased proton leak to 12.10 ± 1.70 

pmol/min/µg. 

For spare respiratory capacity, GLT was shown to significantly decrease the 

reserve respiratory capacity OCR to 7.17 ± 1.62 pmol/min/µg (p=0.0444, 68.51% 

reduction) relative to control (22.77 ± 7.13 pmol/min/µg). However, this reduction in 

spare respiratory capacity was increased significantly to 17.80 ± 4.43 pmol/min/µg 

(p=0.0299, 59.72% increase) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control media increased the spare respiratory capacity to 40.78 

± 10.21 pmol/min/µg. 

For non-mitochondrial oxygen respiration, GLT was shown to significantly 

decrease the non-mitochondrial respiration OCR to 4.85 ± 0.99 pmol/min/µg 

(p=0.0467, 49.43% reduction) relative to control (9.59 ± 2.51 pmol/min/µg). 

However, this reduction in non-mitochondrial respiration was increased significantly 

to 10.26 ± 1.78 pmol/min/µg (p=0.0131, 52.73% increase relative to GLT) upon 

supplementation of β-alanine of GLT. β-alanine supplementation of control media 

increased non-mitochondrial respiration to 12.69 ± 2.11 pmol/min/µg. 
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Figure 5.14 Effect of metabolic stress and β-alanine on mitochondrial respiration of 

C2C12 myotubes. (A) Independent traces of various experimental conditions. (B) 

Individual key parameters of mitochondrial respiration of C2C12 myotubes exposed to GLT 

and β-alanine. C2C12 myotubes were treated with control medium, glucolipotoxic (GLT) 

medium, β-alanine, or GLT supplemented β-alanine for 5 days, changing the medium on 

the third day. OCR was measured using a Seahorse XFe24 Analyser. Each data point 

represents a mean normalised OCR measurement from 3 independent 

experiments. Statistical analyses were carried out by one-way ANOVA followed by Tukey’s 

multiple comparisons test as post hoc test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).   
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The individual summary of each key parameter in mitochondrial respiration for 

C2C12 myotubes was presented in Figure 5.14 and was discussed as follows: 

For basal respiration, GLT was shown to significantly decrease the basal 

OCR to 2.93 ± 0.39 pmol/min/µg (p=0.0402, 40.81% reduction) relative to control 

(4.95 ± 1.01 pmol/min/µg). However, this reduction in basal respiration was 

increased significantly to 5.55 ± 0.94 pmol/min/µg (p=0.0480, 47.21% increase 

relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control medium increased basal respiration to 5.13 ± 0.82 

pmol/min/µg. 

For ATP-linked respiration, GLT was shown to significantly decrease the ATP 

production to 2.48 ± 0.46 pmol/min/µg (p=0.0276, 45.49% reduction) relative to 

control (4.55 ± 0.89 pmol/min/µg). However, this reduction in ATP production was 

increased significantly to 4.75 ± 0.93 pmol/min/µg (p=0.0437, 47.79% increase 

relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control medium increased ATP production to 4.57 ± 0.84 

pmol/min/µg. 

For maximal respiration, GLT was shown to significantly decrease the 

maximal OCR to 17.73 ± 2.90 pmol/min/µg (p=0.0004, 53.71% reduction) relative to 

control (38.30 ± 3.59 pmol/min/µg). However, this reduction in maximal respiration 

was increased significantly to 32.78 ± 3.72 pmol/min/µg (p=0.0035, 45.91% 

increase relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control medium increased maximal respiration to 38.75 ± 2.72 

pmol/min/µg. 

For proton leak, GLT was shown to slightly increase the proton leak-linked 

respiration OCR to 0.44 ± 0.12 pmol/min/µg relative to control (0.40 ± 0.22 

pmol/min/µg) but no significant difference was observed. However, the proton leak 

shown in GLT was increased to 0.80 ± 0.10 pmol/min/µg (p=0.0374, 45.00% 
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increase relative to GLT) upon supplementation of β-alanine of GLT. β-alanine 

supplementation of control medium increased proton leak to 0.55 ± 0.11 

pmol/min/µg. 

For spare respiratory capacity, GLT was shown to significantly decrease the 

reserve respiratory capacity OCR to 14.80 ± 2.98 pmol/min/µg (p=0.0006, 55.62% 

reduction) relative to control (33.35 ± 3.18 pmol/min/µg). However, this reduction in 

spare respiratory capacity was increased significantly to 27.23 ± 3.63 pmol/min/µg 

(p=0.0175, 45.65% increase relative to GLT) upon supplementation of β-alanine of 

GLT. β-alanine supplementation of control medium increased spare respiratory 

capacity to 33.62 ± 2.24 pmol/min/µg. 

For non-mitochondrial oxygen respiration, GLT was shown to significantly 

decrease the non-mitochondrial respiration OCR to 2.74 ± 0.38 pmol/min/µg 

(p=0.0056, 32.68% reduction) relative to control (4.07 ± 0.17 pmol/min/µg). 

However, this reduction in non-mitochondrial respiration was increased significantly 

to 3.78 ± 0.34 pmol/min/µg (p=0.0290, 27.51% increase relative to GLT) upon 

supplementation of β-alanine of GLT. β-alanine supplementation of control medium 

have showed no significant difference on non-mitochondrial respiration relative to 

control. 

In summary, GLT has been shown to reduce all the key parameters in the 

mitochondrial respiration, i.e., basal respiration, ATP production, maximal 

respiration, proton leak, reserve respiratory capacity and non-mitochondrial oxygen 

respiration. However, this reduction was shown to either be prevented or else 

significantly enhanced upon supplementation of medium with β-alanine in both INS-

1 and C2C12 myotube cell models. 
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5.3 Discussion 

Mitochondria are double membrane-bound cell organelles. Through mitochondrial 

oxidative phosphorylation system (OXPHOS), they generate ATP to supply the 

energy demand of tissues and organs (Manoli et al., 2007). Mitochondria are 

considered as powerhouses of the cell as they produced ATP required for the 

normal functions of the cells (Giacomello et al., 2020). 

To assess the effects of the L-carnosine and β-alanine supplementation on 

INS-1 cells and C2C12 myotube viability, calcein-AM assay was conducted. As 

shown in the results (see Figures 5.5-5.7), addition of 10 mM L-carnosine and 10 

mM β-alanine to the growth and differentiation media for INS-1 and C2C12 

myotubes, respectively, did not affect the health and morphology of the cells. This 

result indicates that the conditions used in the experiment were not cytotoxic to the 

cells. 

The level of reactive species generated by GLT was evaluated using DCFDA 

assay (see Chapter 2 and 6 for more details); it was found that exposure of INS-1 

cells and C2C12 myotubes to GLT conditions increased the level of reactive species 

generated compared to the control. However, when added to the medium L-

carnosine and β-alanine were able to scavenge ROS and significantly 

prevent/reverse the effects of GLT by decreasing the amount of reactive species 

generated relative to the control condition of each cell model. This means that 

supplementation of medium with L-carnosine and β-alanine can help in 

sequestering the excess amount of reactive species generated and prevent its 

associated toxic effects. 

Reactive oxygen species have shown to increase as a result of exposure to 

high glucose (glucotoxicity) (Tanaka et al., 2002), and high glucose and high fatty 

acids (GLT) (Barlow and Affourtit, 2013) in β-cell lines and isolated islets. Under 

normal conditions, the metabolism of glucose and fatty acids generates oxidants. 
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ROS formed during glucose metabolism in the mitochondrial OXPHOS has been 

shown to trigger the generation of superoxide anion radical (da-Silva et al., 2004; 

Nishikawa et al., 2000; Sakai et al., 2003). However, when there is an 

overproduction of reactive oxygen species this will lead to oxidative stress and 

cause oxidation damage to proteins, lipids and DNA  (St-Pierre et al., 2002; Turrens, 

2003) and consequently mitochondrial dysfunction (Brand and Nicholls, 2011).  

Glucolipotoxicity has been shown to produce superoxide anion and NO 

species which react to form peroxynitrite which subsequently forms 3-nitrotyrosine 

(3-NT) adducts, a biomarker of cell damage and inflammation (Cripps et al., 2017). 

Also, glucolipotoxicity has been shown to form 4-hydroxynonenal (4-HNE), a 

product of lipid peroxidation (Cripps et al., 2017). 3-NT and 4-HNE adducts are 

inducers of oxidative stress and cause oxidative damage to recipient protein or lipids 

(Chen and Niki, 2006). L-carnosine supplementation to GLT medium has been 

shown to significantly reduce the production of 3-NT and 4-HNE adducts (Cripps et 

al., 2017). The formation of these adducts causes oxidative stress and affects the 

electron transport chain activity as shown in the mitochondrial respiration results 

presented here. 

Defects in the skeletal muscle causing insulin resistance and inhibition of 

glucose-stimulated insulin secretion by pancreatic β-cells are prominent 

characteristics of type 2 diabetes which is caused by mitochondrial dysfunction 

(Gonzalez-Franquesa and Patti, 2017; Lowell and Shulman, 2005). Mitochondrial 

dysfunction with increased lipid peroxidation product has been reported in the 

skeletal muscle of insulin-resistant individuals with type 2 diabetes (Kelley et al., 

2002) and it has been shown to have decreased muscle oxidative capacity, level of 

nuclear gene expression involved in oxidative metabolism and mitochondrial 

electron transport chain activity (Ritov et al., 2010). Mitochondria are multifunctional 

organelles that have a fundamental role in cellular energy metabolism (McLean et 
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al., 2014; Wada and Nakatsuka, 2016) and regulation of cell death as a second 

primary function (Ott et al., 2007). Mitochondria can undergo mitochondrial fusion 

and fission, mitophagy, and mitochondrial biogenesis (Rovira-Llopis et al., 2017). 

Mitochondria process the production of ATP via oxidative phosphorylation. This ATP 

synthesis is commonly assessed through the indirect determination of the amount 

of mitochondrial oxygen consumption or respiration. The changes observed in the 

respiratory kinetics in response to specific nutrients/substrates are commonly an 

indication of alterations in oxidative phosphorylation (Perry et al., 2013).  

In type 2 diabetes, it has been shown that there is an excess generation of 

reactive oxygen species, plus decreased ATP production and mitochondrial 

dysfunction (Rovira-Llopis et al., 2017). Mitochondrial dysfunction has been 

reported to play a vital role in the mechanism of type 2 diabetes (Kowluru, 2019; 

Pinti et al., 2019). Mitochondrial dysfunction is not only observed in type 2 diabetes 

(Nicholls and Ferguson, 2013) but also in various pathologies such as aging 

(Terzioglu and Larsson, 2007), cancer (Hsu et al., 2016; Księżakowska-Łakoma et 

al., 2014) and neurodegenerative diseases (Cho et al., 2010; Nicholls and Ferguson, 

2013) including Alzheimer’s disease, Parkinson’s disease and Huntington’s disease. 

Mitochondrial dysfunction in skeletal muscles has been shown to be involved in the 

pathogenesis of type 2 diabetes (Bonnard et al., 2008). Rieusset and colleague 

conducted a study on the effects of high sucrose and high fat diet in mouse muscle 

mitochondria and it was shown that an increase in ROS production has a negative 

effect on mitochondrial biogenesis, structure and function (Bonnard et al., 2008). 

This excess generation of ROS was seen to be involved in mitochondrial alteration; 

however, they also reported that supplementation with antioxidant compound 

reverses the effects of ROS and restored mitochondrial integrity (Bonnard et al., 

2008). ROS-induced mitochondrial dysfunction can lead to oxidative stress which in 

turn causes alteration to lipid metabolism, increased production of intracellular lipid 
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content, and lipid-dependent insulin resistance in muscle cells (Fridlyand and 

Philipson, 2006).   

It has been reported that skeletal muscle myotubes exposed to high glucose 

or high fatty acid induced-ROS generation show mitochondrial damage (Bonnard et 

al., 2008). The high-glucose and high-fatty acid induced-ROS production has been 

shown to cause oxidative stress (Furukawa et al., 2004; Nishikawa et al., 2000). 

However, it was reported that in the absence of high fatty acid, high glucose was 

not effective enough to elevate ROS production and trigger mitochondrial 

dysfunction (Bonnard et al., 2008). However, it was shown that decreasing or 

normalising the amount of mitochondrial ROS generated could inhibit advanced 

glycation end-product formation and activation of protein kinase C, build-up of 

sorbitol and activation of NFκB (Nishikawa et al., 2000).   

This study has shown that GLT has generated an excess amount of ROS 

and reactive nitrogen species (RNS) (see Chapter 6). This GLT effect was 

prevented by the addition of L-carnosine or β-alanine to the cell culture medium. To 

determine the effects of GLT on mitochondrial function, the Seahorse mito stress 

assay was conducted. In this assay, parameters such as basal respiration, ATP 

production, maximal respiration, proton leak, reserve respiratory capacity and non-

mitochondrial oxygen respiration were evaluated.  

To summarise the results in the mito stress assay, INS-1 cells and C2C12 

myotubes exposed for five days in GLT condition significantly decreased their 

mitochondrial oxygen consumption respiration (OCR) level in all parameters relative 

to control. However, supplementing their media with L-carnosine or β-alanine 

prevented this observation by increasing the level of OCR that would otherwise have 

been inhibited by GLT both in INS-1 cells and C2C12 myotubes.  

Basal oxygen consumption is reflective of transport of calcium and other ions 

across the inner membrane (Duchen, 1992). Mitochondrial dysfunction in type 2 
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diabetes alters calcium ion transport. This dysregulation of the calcium ion 

homeostasis is involved in the pathogenesis of type 2 diabetes and insulin sensitivity 

(Wang et al., 2017). 

For ATP-linked respiration, it was found that there was a decrease of ATP 

production upon exposing INS-1 cells and C2C12 myotubes to GLT. This decrease 

in ATP-linked oxygen respiration indicates a reduction ATP synthesis (Divakaruni et 

al., 2014). ATP synthase is a mitochondrial enzyme complex that utilises ADP to 

form ATP. A study conducted by Köhnke et al. showed that chronic exposure of INS-

1 cells to a high concentration of palmitic acid and oleic acid in addition to high 

glucose, resulted in a significant reduction of ATP synthase β-subunit protein 

expression (Köhnke et al., 2007). They also found that this reduction was associated 

with decreasing intracellular ATP content and insulin secretion (Köhnke et al., 2007). 

The decrease of insulin secretion due to exposure to GLT has also been reported 

in our group (Cripps et al., 2017). However, this GLT insulin secretion inhibitiory 

effect was reversed by the addition of L-carnosine to the media of INS-1 cells and 

primary mouse islets  (Cripps et al., 2017), data similar to that shown in my results 

for INS-1 cells (see Chapter 6). This study shows that supplementation with either 

L-carnosine and β-alanine can significantly reverse the ATP-linked oxygen 

respiration inhibition by GLT. 

Proton leak-associated respiration indicates either mitochondrial damage 

(Dranka et al., 2011) or normal physiological response (Divakaruni and Brand, 

2011). It has been shown that GLT significantly reduced the proton leak and 

indicated mitochondrial damage, and this was reversed significantly upon medium 

supplementation with L-carnosine and β-alanine. Spare respiratory capacity has 

also been investigated here, and this parameter displays a response to an increase 

in ATP demand under stressful conditions. Cells exposed to GLT were shown to 
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have a significantly lowered reserve capacity and maximal oxygen respiration 

compared to control, indicating that GLT can drive mitochondrial dysfunction.    

A study by Lim and colleagues reported that when β-cells were exposed to 

high glucose and GLT, there was a significant increase of the mitochondrial electron 

transport chain complex subunits expression levels, β-cell apoptosis, intracellular 

lipid accumulation, oxidative stress, endoplasmic reticulum stress, nuclear NF-κB, 

sterol regulatory element binding protein 1c (SREBP1c) and lipogenic enzymes (Lim 

et al., 2011). In contrast, there was a significant decrease in citrate synthase activity, 

glucose-stimulated insulin secretion and intracellular ATP production (Lim et al., 

2011). On the other hand, fatty acid β-oxidation has been shown to facilitate the 

generation of mitochondrial reactive oxygen species (Seifert et al., 2010; St-Pierre 

et al., 2002; Tahara et al., 2009) and cause endothelial dysfunction during 

hypoglycaemia (Kajihara et al., 2017), and kidney damage in diabetes (Rosca et al., 

2012). But it was also reported that reactive oxygen species generated by free fatty 

acids originate from peroxisomes instead of from fatty acid β-oxidation (Elsner et al., 

2011). 

Ashcroft and colleagues have used islets of diabetic βV59M mice exposed to 

hyperglycaemia and found that multiple genes and proteins implicated in glycolysis 

and gluconeogenesis pathway were upregulated. In contrast to this upregulation, 

downregulation of genes and proteins involved in oxidative phosphorylation was 

seen (Haythorne et al., 2019). These results were also shown when INS-1 β-cells 

were exposed to high glucose and exhibited a similar significant reduction of 

mitochondrial metabolism and production of ATP (Haythorne et al., 2019).  

Chronic exposure of β-cells with the combination of high glucose and high 

fatty acids inhibits glucose-stimulated insulin secretion, and lowering the amount of 

free fatty acid has been shown to lower insulin resistance and hyperinsulinemia 

(Carpentier et al., 1999; Zhou and Grill, 1994). It was also observed that reducing 
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the plasma free fatty acid improved the oral glucose tolerance of obese type 2 

diabetes patients (Santomauro et al., 1999).  

Studies have shown that in addition to β-cell dysfunction resulting from 

exposure to free fatty acids (Cnop et al., 2001; Lupi et al., 2002), it was also 

observed that a combination of free fatty acids with glucose amplifies the induction 

of apoptosis (El-Assaad et al., 2003). It has been seen that GLT drives mitochondrial 

dysfunction by altering mitochondrial fusion and fission in favour of the loss of the 

ability to undergo fusion. It was also observed that ATP production decreased and 

suppressed autophagic turnover (Las et al., 2011), chronic exposure of cells with 

GLT has been shown to reduce mitochondrial potential and thereby reducing ATP 

production (El-Assaad et al., 2010; Wikstrom et al., 2007), and oxygen consumption 

rate decreased (Barlow and Affourtit, 2013).  

The radical scavenging effect of β-alanine supplementation presented here 

can be associated with its utilisation by carnosine synthase to form carnosine. 

Thereby, β-alanine supplementation has been able to promote the sequestering 

reactive species and reverse the adverse effects of GLT on the production of radical 

species and consequently improve mitochondrial function.  

 

5.4 Conclusion 

This study has shown that addition of L-carnosine or β-alanine into the media of 

INS-1 cells and C2C12 myotubes is effective in scavenging reactive species. Also, 

supplementation with these compounds at 10 mM concentration does not affect the 

health of both cell models. The effect of GLT on mitochondrial function has been 

shown to decrease all critical parameters such as basal respiration, maximal 

respiration, proton leak, spare respiration capacity, non-mitochondrial oxygen 

consumption and ATP production which is indicative of mitochondrial dysfunction. 

However, the reduction of all critical parameters in assessing mitochondrial function 
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were reversed upon medium supplementation with L-carnosine or β-alanine. This 

suggests that the effectiveness of L-carnosine and β-alanine to prevent 

mitochondrial dysfunction mediated by GLT is likely due to the ability of these 

compounds to effectively sequester radical species and thus, result in the protection 

of mitochondrial function. 
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Chapter 6 

Carnosine, Carnosine Inhibitors and Carnosine Mimetics 
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6.1 Introduction 

Carnosine (β‐alanyl‐L‐histidine) is a natural dipeptide present in mammalian tissues 

(de Courten et al., 2015; Unno et al., 2008). It was discovered by V.S. Gulewitch, a 

Russian chemist, in 1900 in Liebig’s meat extract (Gulewitsch and Amiradžibi, 1900) 

as an abundant non-protein nitrogen-containing compound of meat. It is a 

structurally bioactive compound synthesised by carnosine synthase, EC 6.3.2.11, 

from β-alanine and L-histidine (Usui et al., 2013). 

Carnosine can be found in skeletal muscle where its amount is higher than 

other tissues  (Sale et al., 2013), and it can also be present in brain regions and 

body fluids. However, carnosine concentration here was 10- to 1000- fold lower than 

in muscle tissue  (Boldyrev et al., 2013). Only skeletal muscle and olfactory bulb in 

mammals have a carnosine concentration as high as the millimolar range (Boldyrev 

et al., 2013). 

A methylated form of carnosine was found and identified in goose and 

chicken muscles (anserine), snake muscle (ophidine) and whale muscle (balenine)  

(Boldyrev et al., 2013). Amongst the mammals, only humans have carnosine and 

the rest mostly have both carnosine and one of the methylated carnosine. Variable 

high concentrations of carnosine and anserine in vertebrates were found in skeletal 

muscle and brain tissue, whilst in marine mammals and reptilian species, balenine 

was in significant amount  (Kwiatkowski et al., 2018). In Homo sapiens, carnosine 

concentration ranges from 12-60 mmol/kg·dm3 in the vastus lateralis muscle (Sale 

et al., 2013). 

A recent study found that carnosine is considered a scavenger of radical 

oxygen and nitrogen species (RONS) (Cripps et al., 2017) such as hydroxyl radicals  

(Tamba and Torreggiani, 1999), peroxy radicals  (Kohen et al., 1991), superoxide 

radicals (Pavlov et al., 1993), and protects against peroxynitrite-induced tyrosine 

nitration  (Fontana et al., 2002), and hypochlorite  (Hipkiss et al., 1995). Carnosine 
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was found to prevent the formation of advanced lipoxidation end-products (ALEs) 

and advanced glycoxidation end-products (AGEs)  (Boldyrev et al., 2013). 

Carnosine has potential neuroprotective and neurotransmitter functions in the brain 

(Teufel et al., 2003). 

With all the beneficial effects presented here of the endogenous and 

supplemented carnosine, it was observed to be rapidly hydrolysed in the serum by 

CN1 and in the intracellular environment by CN2  (Teufel et al., 2003). Human serum 

carnosinase (CNDP1; CN1) and human tissue carnosinase (also known as cytosolic 

nonspecific dipeptidase; CNDP2; CN2) are carnosine degrading enzymes and have 

been identified in human  (Teufel et al., 2003) and mouse  (Otani et al., 2005).  

There are two main strategies proposed to overcome the problem of the 

hydrolysis of carnosine by carnosinase (Bellia et al., 2014) 

1. β-alanine supplementation 

Carnosine is synthesised in skeletal muscle from the amino acids β-alanine and L-

histidine. β-alanine was reported to be the rate-limiting factor in the synthesis of 

carnosine  (Artioli et al., 2010; Blancquaert et al., 2017; Harris et al., 2006b) as L-

histidine has enough supply in the body (Dunnett and Harris, 1999). β-alanine 

supplementation is shown to increase muscle carnosine (Artioli et al., 2010; Harris 

et al., 2006; Saunders et al., 2017). Although L-histidine is not the rate-limiting step 

in the synthesis of carnosine, its amount decreases upon constant supplementation 

of β-alanine (Blancquaert et al., 2017), but this might not always be the case as it 

has also been shown that 4 weeks of supplementation of β-alanine did not lead to 

a reduction of muscle L-histidine content both in men and women (Varanoske et al., 

2017).  
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2. Carnosine derivatisation   

The principal objective of carnosine derivatization was to make a non-hydrolysable 

carnosine analogue. This work was conducted in collaboration with Dr. Christopher 

Garner, a medicinal chemist in the Department of Chemistry and Forensics, NTU, 

in order to screen potential chemical compounds that act as carnosinase inhibitors 

and carnosine mimetics. He used ROCS molecular docking software to identify 

compounds from the Maybridge library of 53,000 small drug candidates in order to 

identify those with good fit to the catalytic cleft of both carnosinase enzymes, and 

which met the criterion of having a molecule with relatively small size and containing 

5- or 6-membered aromatic rings linked to an alkyl group to the rest of the molecule. 

These aromatic rings can be benzene, pyridine, furan, azol, or imidazole. 

Calcein AM or calcein acetoxymethyl ester is a cell-permeant dye that can 

determine cell viability. It is a hydrophobic compound that quickly permeates in 

plasma membranes of viable cells.  

 

Figure 6.1 Hydrolysis of calcein AM dye to fluorescent calcein by intracellular 

esterases. 
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Glucolipotoxicity is a combination of the words glucotoxicity and lipotoxicity (Poitout 

and Robertson, 2008). Under physiological conditions, glucose and fatty acids are 

crucial to normal β-cell function. However, when an elevated concentration of 

glucose and fatty acid either enter or are synthesised within tissues, this can 

damage it, leading to various disorders including type 2 diabetes (Poitout and 

Robertson, 2008; Prentki et al., 2002). Prentki et al. suggested that high glucose 

alone or high fatty acids alone should not have a deleterious effect on the cell since 

when glucose concentration is high, it will be oxidised. When the free fatty acids are 

elevated, they will be oxidised instead of glucose (Prentki et al., 2002). When both 

nutrients levels are high however, it will cause detrimental effects on β-cell function 

(Poitout and Robertson, 2002) because long-chain acyl-CoA ester level derived 

from fatty acids is high and will not undergo oxidation due to malonyl-CoA derived 

from glucose also being high. Malonyl-CoA regulates lipid partitioning by inhibiting 

the enzymatic action of carnitine palmitoyltransferase-1, a regulating enzyme in 

mitochondrial fatty acid β-oxidation. This action causes elevation of long-chain acyl-

CoA esters in the cytoplasm, which directly or indirectly form ceramide that leads to 

insulin resistance, dysregulated glucose-stimulated insulin secretion, and apoptosis 

(Kraegen et al., 2001; Poitout and Robertson, 2002; Prentki et al., 2002). 

Other potential effects of glucolipotoxicity on β-cell function include oxidative 

stress, nitrative stress, and endoplasmic reticulum stress (Weir, 2020). Oxidative 

stress is caused by the imbalance of the free radical species and antioxidant system 

initiating insulin secretion reduction (Yaribeygi et al., 2020). Oxidative stress could 

result from low antioxidants or high production of reactive oxygen and nitrogen 

species (RONS). On the other hand, the endoplasmic reticulum stress is the build-

up of misfolded proteins caused by protein overload and/or variation in the 

endoplasmic reticulum environment that compromises the efficiency of protein 

folding (Biden et al., 2014). The generation of high intracellular oxidant levels is able 
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to damage biological molecules and activate numerous signalling pathways (Myhre 

et al., 2003).  

It has been reported that there is a positive correlation in various 

pathophysiologies such as Alzheimer’s disease, cardiovascular disease, 

neuroinflammation, and type 2 diabetes with increased oxidative stress and 

elevation of reactive oxygen species level (Hauck et al., 2019). 

 

 

Figure 6.2 Mechanism of action of DCFH-DA in the live cell. 

 

In this study, I screened carnosine analogues with docking scores suggestive of 

function as carnosinase inhibitors, and carnosine mimetics were also evaluated for 

their efficacy in reversing the production of reactive species, and thereby their ability 

to prevent the inhibition of stimulated insulin secretion that is driven by 

glucolipotoxicity. For this purpose, I used INS-1 rat pancreatic β-cells as a cell 

model. 
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6.2 Results 

6.2.1 Effects of L-carnosine on glucolipotoxic free radicals and insulin 

secretion  

To assess the cellular health of INS-1 rat pancreatic β-cells exposed to various 

experimental conditions, cell viability was first determined. Calcein AM Cell Viability 

Assay is considered more robust than tetrazolium salts or AlamarBlue® Dye, as the 

cells can be stained and quantified in less than 2 hours (Chen et al., 2017; Miron et 

al., 2021). 

The treated INS-1 cells were visualised using an Olympus CKX53 model 

microscope at 20x objective before and after the treatment with calcein-AM solution. 

As depicted in Figure 6.3, INS-1 cells were exposed to the experimental 

conditions (GLT, carnosine, and GLT + carnosine) and show no observable change 

in cell morphology relative to control. It was observed that the treatment conditions 

did not reduce cell adherence onto the surface of the flask. Cells also appeared to 

have few or no circular/rounded shapes in all conditions. Increased cell death was 

not significant, and there were few floating cells observed in the flasks. 
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Figure 6.3 Effect of experimental conditions on INS-1 rat pancreatic β-cell 

morphology. INS-1 cells were incubated for 5 days in complete RPMI-1640 medium ± 10 

mM L-carnosine or GLT medium ± 10 mM L-carnosine. Images were taken using an 

Olympus CKX53 model microscope with camera in a 20x objective. 

 

Functional analysis on INS-1 cell viability was performed using the calcein-

AM assay. As depicted in Figure 6.4, INS-1 cells treated with various experimental 

conditions show little or no significant change in viability relative to control, with only 

a slight change in cell viability following carnosine supplementation found to be 

significant. 
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Figure 6.4 Effect of experimental conditions on INS-1 rat pancreatic β-cell viability. 

INS-1 cells were incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or GLT 

medium ± 10 mM L-carnosine. After 1 hour incubation with 5 μM solution of calcein-AM, 

fluorescence intensity was measured using excitation and emission at 490 nm and 520 nm. 

Cell viability is expressed as percentages of control values ± S.E.M. in comparison to control 

(=100%) from three independent experiments with two replicates each trial. Statistical 

analyses were carried out by one-way ANOVA followed by Tukey’s multiple comparisons 

test as post hoc test (**p<0.01). 

 

This data show that INS-1 cells treated with GLT had a relative fluorescence of 

105.30 ± 3.76% (p=0.2915) relative to control, and GLT supplemented with L-

carnosine resulted in 106.30 ± 1.86% (p=0.0762) relative fluorescence. However, 

INS-1 rat pancreatic β-cell treated with L-carnosine gave a statistically significant 

increase in relative fluorescence to 108.7 ± 0.6667% (p=0.0059) compared to 

control. This result suggests that L-carnosine treated cells may have enhanced cell 

health, albeit there were few floating cells seen under microscope visualisation in 

any condition. 
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Glucolipotoxicity has been shown to cause radical species generation, whilst L-

carnosine has been seen to potentially sequester carbonyl compounds (Aldini et al., 

2005). With this in mind, L-carnosine's potential effect to scavenge radical species 

generated by GLT was evaluated as shown. Reactive oxygen species (ROS) and 

reactive nitrogen species (RNS), collectively known as (RONS), are the building 

blocks for radical carbonyl species (RCS) generation in pancreatic β-cells (Cripps 

et al., 2017). To determine the level of radical species produced, INS-1 cells were 

incubated for 5 days in complete RPMI-1640 medium ± 10 mM L-carnosine or GLT 

(complete RPMI-1640 medium supplemented with 17 mM D-glucose, 200 μM oleic 

acid, and 200 μM palmitic acid) ± 10 mM L-carnosine. DCFDA (20 µM) was added 

in Krebs-Ringer buffer solution for 1 hour, and reactive species formation was 

detected via fluorescence with excitation (495 nm) and emission (530 nm). 
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Figure 6.5 Effect of GLT and carnosine on radical species production. INS-1 cells were 

incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or GLT ± 10 mM L-

carnosine. DCFDA was added in Krebs-Ringer buffer solution for 1 hour, and reactive 

species production was detected via fluorescence with excitation (495 nm) and emission 

(530 nm). Reactive species are expressed as percentages of control values ± S.E.M. and 

data presented was from 3 independent experiments with two replicates each trial. 

Statistical analyses were carried out by one-way ANOVA followed by Tukey’s multiple 

comparisons test as post hoc test (*p<0.05, **p<0.01 relative to control; ##p<0.01 relative to 

GLT). 

 

Figure 6.5 shows the amount of production of radical oxygen species generated in 

each condition. Exposure of INS-1 cells to GLT resulted in an increase in radical 

species of 62.03± 11.69 % (p=0.0061) relative to control. It was also observed that 

ROS production in the presence of L-carnosine (51.40 ± 19.20, p=0.0307) was 

significantly lower relative to control, and similarly L-carnosine + GLT (73.13 ± 12.34, 

p=0.0064) ROS production was significantly lower than the GLT (162.03 ± 11.69%). 
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This indicates the effectiveness of L-carnosine in scavenging ROS in the INS-1 

model. 

To confirm GLT can also generate RNS in INS-1 cells, iNOS protein 

expression was determined to validate its effect. To do this, INS-1 cells were 

incubated for 5 days in RPMI-1640 medium ± GLT. Results show that iNOS was 

upregulated upon exposure of INS-1 cells with GLT. It was observed to have a highly 

significant change of approximately 10-fold relative to the control (see Figure 6.6). 

 

Figure 6.6 iNOs protein expression level. INS-1 cells were incubated for 5 days in RPMI-

1640 medium ± GLT. Total cellular protein was separated using 7.5% polyacrylamide gel, 

transferred to a nitrocellulose membrane, and detected using an anti-iNOS primary antibody 

(1:1000 dilution). Statistical analysis was carried out by t-test (***p<0.001) 
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L-carnosine has been shown to have the ability to scavenge radical nitrogen species 

(RNS)  (Hipkiss, 2009). With this, we sought to evaluate the effectiveness of L-

carnosine to lower the production of RNS by exposing INS-1 cells for 5 days in 

RPMI-1640 medium ± 10 mM L-carnosine or GLT ± 10 mM L-carnosine. Total 

cellular protein was extracted and separated by SDS-PAGE. The separated protein 

was then transferred onto nitrocellulose membrane and immunoblotted with 

antibody against inducible nitric oxide synthase (iNOS). 

 

Figure 6.7 Effect of L-carnosine on iNOS protein expression level. INS-1 cells were 

incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or GLT ± 10 mM L-

carnosine. Total cellular protein was separated using 10% polyacrylamide gel, transferred 

to a nitrocellulose membrane, and detected using an anti-iNOS primary antibody. n=1. 

 

As shown in the result, iNOS protein expression was upregulated in GLT relative to 

control, and this was effect was reversed by supplementation of L-carnosine to GLT. 

This observation is similar to that reported previously (Cripps et al., 2017). 

Given the potential scavenging effect of L-carnosine against radical species, 

I next sought to determine its effects on β-cell function, and in particular insulin 

secretion. Therefore, INS-1 cells were incubated for 5 days in RPMI-1640 medium 

± 10 mM L-carnosine or GLT ± 10 mM L-carnosine. After the incubation period, INS-
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1 cells were washed twice with Krebs-Ringer buffer solution (KRBS). INS-1 cells 

were then incubated with KRBS ± secretagogue cocktail for 3 hours. Insulin 

secretion was measured using Mercodia High Range Rat Insulin ELISA (Sweden).  

 

 

Figure 6.8 Effect of carnosine on insulin secretion to glucolipotoxic treated INS-1 rat 

pancreatic β-cells. INS-1 cells were incubated for 5 days in complete RPMI-1640 medium 

± 10 mM L-carnosine or GLT (RPMI-1640 medium supplemented with 17 mM D-glucose, 

200 μM oleic acid and 200 μM palmitic acid) ± 10 mM L-carnosine. High Range Rat Insulin 

ELISA determined insulin secretion following incubation ± secretagogue cocktail for 3 hours. 

Unstimulated is in blue colour and stimulated is in red colour with data normalised to total 

cellular protein. The data shown are of three independent experiments. Statistical analyses 

were carried out by one-way ANOVA followed by Tukey’s multiple comparisons test as post 

hoc test. ****p<0.0001 compared to GLT stimulated sample. 

 

Glucolipotoxicity is shown to decrease insulin secretion significantly in 

secretagogue-stimulated insulin secretion to 1.17 ± 0.07 ng/µg compared to control 
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(3.97 ± 0.46 ng/µg, p<0.0001). This result indicates that GLT was able to inhibit 

insulin secretion. On the other hand, I have observed that INS-1 cells exposed to L-

carnosine (3.47± 0.29 ng/µg) and L-carnosine + GLT (3.53 ± 0.29 ng/µg) were 

stimulating insulin secretion significantly, which is relatively similar to the control. 

This result indicates that L-carnosine enhances insulin secretion and can overturn 

the inhibitory effect of high glucose and high-fat on insulin secretion. Results 

presented here were congruent with the published results of Turner Group in 2017 

(Cripps et al., 2017). 

 

6.2.2 Carnosinase inhibitors as potential scavengers of reactive species and 

their effect on insulin secretion 

As shown, L-carnosine, is able to scavenge radical species and reverse the 

inhibitory effect of GLT on insulin secretion. However, it was reported by Pavlin et 

al. that the enzyme carnosinase could rapidly hydrolyse it into its amino acid 

components, L-histidine and β-alanine (Pavlin et al., 2016). This might affect its 

aforementioned beneficial properties. However, Bellia et al. (2014) proposed a 

strategy to combat carnosinase’s hydrolytic activity by derivatising L-carnosine 

structure into a carnosinase resistant compound. Putative carnosinase inhibitors 

screened using pharmacophore modelling strategies conducted by Dr. Garner’s 

group in the Department of Chemistry and Forensics, NTU were therefore utilised 

to test this hypothesis. Carnosinase inhibitors were screened to fit into the active 

site perfectly and considered to have a relatively weak bonding interaction of the 

enzyme carnosinase. This interaction would result in a conformational change of the 

enzyme’s active site and the substrate’s weak interaction. 

There were 50 compounds screened as potential carnosinase inhibitors. Out 

of the 50 compounds, 14 compounds passed the rapidly overlay for chemical 

structures test. This is a test used to measure the shape similarity of the molecules 
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(Hawkins et al., 2007; Rush et al., 2005). Only the top 5 compounds were used in 

this study as initial screening using C2C12 myotubes by a colleague in the lab 

shown that the other compounds were toxic. The potential carnosinase inhibitors 

were evaluated on their effect on cell viability, radical species production, and insulin 

secretion. 



207 

 

Figure 6.9 Morphological effect of carnosinase inhibitors to INS-1 rat pancreatic β-

cells. INS-1 cells were incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine 

or RPMI-1640 medium ± 100 µM carnosinase inhibitors or GLT medium ± 10 mM L-

carnosine or GLT media ± 100 µM carnosinase inhibitors. Images were taken using an 

Olympus CKX53 model microscope with a camera in a 10x objective. 
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INS-1 cells were incubated for 5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-

1640 ± 100 µM carnosinase inhibitors or GLT medium ± 10 mM L-carnosine or GLT 

medium ± 100 µM carnosinase inhibitors. INS-1 cells were shown to be not affected 

by the presence of the carnosinase inhibitors as their cellular shape was not round 

or circular. Few floating cells were observed, but this effect was not significantly 

different from the control (Figure 6.9). However, it was shown that amongst the 

Maybridge compound treatments, M8 supplemented to GLT resulted in a slight 

increase in calcein-AM fluorescence (102.67 ± 0.33 %) that was statistically 

significantly compared to control (p=0.0153) (shown in Figure 6.10).  
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Figure 6.10 Effect of carnosinase inhibitors on INS-1 rat pancreatic β-cell health. INS-

1 cells were incubated for 5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-1640 ± 100 

µM carnosinase inhibitors or GLT medium ± 10 mM carnosine or GLT medium ± 100 µM 

carnosinase inhibitors. Cell viability is expressed as percentage change ± S.E.M. in 

comparison to control from 3 independent experiments. Statistical analyses were carried 

out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc test. 

p<0.05*, p<0.01** relative to control. 

 

Carnosinase inhibitor potential to effectively inhibit carnosinase’s hydrolytic action, 

could, in turn, result in an increase in endogenous carnosine levels, thereby 

enhancing the potential to effectively scavenge radical species without being 

hydrolysed, and was therefore evaluated along with β-cell insulin secretion. 

To measure reactive species, INS-1 cells were incubated for 5 days in RPMI-

1640 ± 10 mM L-carnosine or RPMI-1640 ± 100 µM carnosinase inhibitors or GLT 

medium ± 10 mM L-carnosine or GLT media ± 100 µM carnosinase inhibitors 

(Figure 6.11). All the Maybridge compounds tested reduced reactive species levels. 
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However, with the exception of M8, this was not statistically significant from control 

(p>0.05). M8 + GLT by contrast significantly decreased reactive species levels to 

61.67 ± 29.28 % (p= 0.0335) of control, whereas GLT without carnosine increased 

the level to 162.00 ± 11.72 %. Thus, M8 is potentially an effective inhibitor of 

carnosinase and, thereby may increase endogenous carnosine levels sufficiently to 

scavenge ROS. 
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Figure 6.11 Effect of carnosinase inhibitors on GLT ROS production. INS-1 cells were 

incubated for 5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-1640 ± 100 µM 

carnosinase inhibitors or GLT medium ± 10 mM L-carnosine or GLT medium ± 100 µM 

carnosinase inhibitors. Twenty (20) μM DCFDA was loaded in Krebs-Ringer buffer solution 

for 1h and reactive species detected via fluorescence with excitation and emission of 495 

nm and 530 nm, respectively. Reactive species are expressed as percentages of control 

values ± S.E.M. in comparison to control from 3 independent experiments. *p<0.05, 

**p<0.01 relative to control; ##p<0.01 relative to GLT. 

 

Radical species production is a hallmark of type 2 diabetes. Thus, Maybridge 

carnosinase inhibitors’ effect on insulin secretion was evaluated based on the result 

that it has the potential to decrease the ROS generated by GLT. INS-1 cells were 

incubated for 5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-1640 ± 100 µM 

carnosinase inhibitors or GLT medium ± 10 mM L-carnosine or GLT medium ± 100 

µM carnosinase inhibitors. After the incubation period, INS-1 cells were washed 

twice with KRBS and incubated for 2 hours with KRBS ± secretagogue cocktail. 

Maybridge carnosinase inhibitors, in general, shown a slight increase in 

insulin secretion relative to GLT (Figure 6.12); however, they did not manifest a 

significant positive effect on reversing the insulin secretion inhibited by GLT upon 

its supplementation to GLT.  

 



212 

 

Figure 6.12 Effect of carnosinase inhibitors on insulin secretion to glucolipotoxic 

treated INS-1 rat pancreatic β-cells. INS-1 cells were incubated for 5 days in RPMI-1640 

medium ± 10 mM L-carnosine or RPMI-1640 ± 100 µM carnosinase inhibitors or GLT 

medium ± 10 mM L-carnosine or GLT medium ± 100 µM carnosinase inhibitors. Insulin 

secretion was determined using Mercodia High Range Rat Insulin ELISA following 

incubation ± secretagogue cocktail for 3 hours.  Unstimulated is in blue colour and 

stimulated is in red colour with data normalised to total cellular protein. The data shown are 

from three independent experiments. **p<0.0001 compared to GLT stimulated sample. 

 

6.2.3 Carnosine mimetics as a potential scavenger of reactive species and 

their effect on insulin secretion 

Another strategy that we proposed in battling the hydrolytic activity of carnosinase 

was to synthesise slowly-hydrolysable carnosine mimetics. These compounds were 

designed and synthesised to have the same biological function and action exhibited 

by L-carnosine. Through collaboration with Dr. Garner’s research group in the 

Department of Chemistry and Forensics, three carnosine mimetics (E1, E2, and E3) 
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were synthesised. The names of these compounds remain confidential due to 

pending IP and patent consideration. 

To determine the potential beneficial effects of carnosine mimetics, cell 

viability and functional assays were conducted. To evaluate the effect of carnosine 

mimetics on cell viability, INS-1 cells were incubated for 5 days in RPMI-1640 

medium ± 10 mM L-carnosine or RPMI-1640 ± 10 mM carnosine mimetics or GLT 

medium ± 10 mM carnosine or GLT medium ± 10 mM carnosine mimetics. After the 

incubation period, cell morphology was evaluated under a microscope using a 10x 

objective (Figure 6.13). INS-1 cells were observed not to be in a rounded or circular 

shape. There were a few floating cells seen not adhering onto the flask’s surface, 

but this does not affect the cells’ total cell viability (see Figure 6.14).  
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Figure 6.13 INS-1 cells treated with carnosine mimetics. INS-1 cells were incubated for 

5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-1640 ± 100 µM carnosine mimetics or 

GLT medium ± 10mM L-carnosine or GLT medium ± 100 µM carnosine mimetics. Images 

were taken using an Olympus CKX53 model microscope with a camera using a 10x 

objective. 
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Figure 6.14 Effect of carnosine esters on INS-1 rat pancreatic β-cell health. INS-1 cells 

were incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or RPMI-1640 ± 100 

µM carnosine mimetics or GLT medium ± 10 mM L-carnosine or GLT medium ± 100 µM 

carnosine mimetics. Cell viability is expressed as percentages of control values ± S.E.M. in 

comparison to control from 3 independent experiments. Statistical analyses were carried 

out by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc test. 

p<0.01** relative to control. 

 

Depicted in Figure 6.14, for the most part, INS-1 cells treated with carnosine 

mimetics show that reactive species levels were non-significantly different relative 

to control (p>0.05). However, E2 did decrease the reactive species level to 77.33 ± 

6.89% compared to control (p=0.0302). 
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Figure 6.15 Effect of carnosine mimetics on GLT ROS production. INS-1 cells were 

incubated for 5 days in RPMI-1640 ± 10 mM L-carnosine or RPMI-1640 medium ± 100 µM 

carnosine mimetics or GLT medium ± 10 mM L-carnosine or GLT medium ± 100 µM 

carnosine mimetics. Twenty (20) μM DCFDA was loaded in Krebs-Ringer buffer for 1h, and 

reactive species production was detected via fluorescence with excitation and emission of 

495nm and 530nm, respectively. Reactive species are expressed as percentages of control 

values ± S.E.M. in comparison to control from 3 independent experiments. *p<0.05, 

**p<0.01 relative to control; #p<0.05, ##p<0.01 relative to GLT. 

 

Glucolipotoxicity is shown to increase reactive species to 162.00 ± 11.72 % the level 

of control cells (p=0.0339). The supplementation of carnosine mimetics lowered this 

level, E1 (148.00 ± 51.54 %, p=0.4500) and E2 (111.00 ± 28.75, p=0.7388), 

although the results exhibited by these carnosine mimetics were shown not to be 

significantly different to GLT. By contrast, E3 supplementation of GLT medium did 
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significantly lowered reactive species to 123.33 ± 7.26 % (p=0.0486) compared with 

reactive species levels generated by GLT (162.00 ± 11.72 %). 

Even with the significant decrease of ROS level generated by E3 

supplementation to GLT (123.33 ± 7.26 %), it was still shown that its ROS production 

remained significantly higher compared to control. This result indicates that E3 can 

scavenge radical species but is not as effective as L-carnosine’s scavenging activity 

in these cells. 

To compare the capacity of carnosine mimetics to L-carnosine in stimulating 

insulin secretion against GLT insulin secretion inhibition, INS-1 cells were incubated 

for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or RPMI-1640 medium ± 

100 µM carnosine mimetics or GLT medium ± 10 mM L-carnosine or GLT medium 

± 100 µM carnosine mimetics. 
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Figure 6.16 Effect of carnosine on insulin secretion to glucolipotoxic treated INS-1 

rat pancreatic β-cells. INS-1 cells were incubated for 5 days in RPMI-1640 medium ± 10 

mM L-carnosine or RPMI-1640 medium ± 100 µM carnosine mimetics or GLT medium ± 10 

mM L-carnosine or GLT medium ± 100 µM carnosine mimetics. Mercodia High Range Rat 

Insulin ELISA determined insulin secretion following incubation ± secretagogue cocktail for 

3 hours. Unstimulated is in blue colour and stimulated is in red colour with data normalised 

to total cellular protein. The data shown are from three independent experiments. **p<0.01 

relative to control; ##p<0.01, ###p<0.001 relative to GLT. 

 

After the 5-day incubation period, amongst the carnosine mimetics, only E2 has 

been observed to have a significant increase (7.50 ± 0.46 ng/µg, p=0.0057) in insulin 

secretion relative to control. And the other two mimetics, E1 (3.90 ± 0.47 ng/µg ) 

and E3 (3.83 ± 0.43 ng/µg), were found to be similar to the control in increasing 
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insulin secretion. Whilst GLT decreased insulin secretion significantly compared to 

control (3.5 ± 0.50 ng/µg, p=0.0039), this was reversed by supplementation with 

carnosine mimetics. It was shown that the addition of carnosine mimetics to GLT 

was able to reverse GLT’s insulin secretion inhibition effect. E1 + GLT (4.57 ± 0.38 

ng/µg, p=0.0010), E2 + GLT (5.10 ± 0.47 ng/µg, p=0.0012), and E3 + GLT (2.67 ± 

0.27 ng/µg, p=0.0055) increased significantly the stimulated insulin secretion level 

inhibited by GLT. This indicates that these synthesised non-hydrolysable carnosine 

mimetics could exhibit potential to increase the stimulated insulin secretion inhibited 

by GLT.   

 

6.2.4 Effect of carnosinase inhibitor and carnosine mimetic on 4-

hydroxynonenal level 

4-hydroxynonenal (4-HNE) is a biomarker for oxidative stress caused by forming a 

covalent bond to proteins, DNA, and phospholipids containing amino moiety (Zhong 

and Yin, 2015). Amongst the carnosinase inhibitors and carnosine mimetics, M8 and 

E3 were chosen as the top potential drug candidate molecules based on their 

efficacy to lower radical species in both INS-1 cells and C2C12 myotubes, and 

crucially in terms of the functional impact that they had in stimulating glucose uptake 

into C2C12 myotubes (unpublished data by Dr. Charlie A. Lavilla, Jr, a fellow PhD 

student in the Turner group). 

In collaboration with Dr. Paul W. Caton and Dr. Sophie Sayers from King’s 

College London, control and high fat-fed CD-1 mice had their drinking water 

supplemented with or without M8 (100 μM) and E3 (100 μM) for 10 weeks (with local 

Ethics Board approval). The animals had their weight checked weekly, and at the 

conclusion of the study they also underwent a glucose tolerance test. M8 was found 

to be effective at reducing weight gain in the high fat-fed mice, whilst E3 significantly 

enhanced glucose tolerance in these animals (Lavilla et al, unpublished data). Blood 
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samples were then taken, frozen, and shipped to NTU for analysis of systemic 

reactive species scavenging effectiveness. This was determined by measuring 4-

HNE and 3-NT levels (see next section) following ELISA kit manufacturer’s protocols 

(Mercodia, Uppsala, Sweden). 
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Figure 6.17 Effect of M8 and E3 on 4-hydroxynonenal production. The plasma was 

added with heparin as anticoagulant and the samples were centrifuged for 5 minutes at 

1,000 x g at 4 oC. The supernatant was collected and assayed immediately following 

manufacturer’s 4-HNE ELISA kit protocol (Fine test, Wuhan Fine Biotech Co., Ltd.). The 

data shown are from three independent experiments. The total protein concentration of the 

supernatant was determined using BCA protein assay. Statistical analyses were carried out 

by one-way ANOVA followed by Tukey’s multiple comparisons test as post hoc test. *p<0.05 

compared to a high-fat diet. 

 

High-fat diet (HFD) was shown to significantly increase the 4-HNE level to 1403.80 

± 132.85 pg/mg (p=0.0109) relative to control (528.06 ± 200.17 pg/mg). However, 

the 4-HNE level was significantly reduced upon supplementation of drinking water 

with E3 to 1063.74 ± 19.33 pg/mg (p=0.0322). This represents a 24.22% decrease 

in 4-HNE level. M8 supplementation to drinking water of HFD mice had a similar 
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effect on 4-HNE level, which was decreased to 975.61 ± 48.56 pg/mg (p=0.0194). 

This represents a 30.50% decrease in the total 4-HNE level. 

 

6.2.5  Effect of carnosinase inhibitor and carnosine mimetic on 3-nitrotyrosine 

level 

3-Nitrotyrosine is considered as a classical biomarker of nitro-oxidative stress 

formed due to nitration of protein-bound (S-glutathiolation and S-oxidation of 

cysteine) and tyrosine residues by reactive peroxynitrite or peroxonitrite (ONOO-) 

ions (Daiber et al., 2021; Pirro et al., 2007; Teixeira et al., 2016a).  
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Figure 6.18 Effect of M8 and E3 on 3-nitrotyrosine production. The plasma was added 

with heparin as anticoagulant and the samples were centrifuged for 5 minutes at 1,000 x g 

at 4 oC. The supernatant was collected and assayed immediately following manufacturer’s 

3-NT ELISA kit protocol (Fine test, Wuhan Fine Biotech Co., Ltd.). The data shown are from 

three independent experiments. The total protein concentration of the supernatant was 

determined using BCA protein assay. Statistical analyses were carried out by one-way 

ANOVA followed by Tukey’s multiple comparisons test as post hoc test. **p<0.05 compared 

to a high-fat diet. 
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High-fat diet (HFD) was shown to significantly increase the 3-NT level to 97.97 ± 

6.75 pg/mg (p=0.0132) relative to control (63.23 ± 7.53 pg/mg). However, this 

increase was significantly reduced upon drinking water supplementation with E3 to 

58.95 ± 7.92 pg/mg (p=0.0100). This represents a 39.83% reduction in total 3-NT 

species level, and importantly complete protection against the HFD-associated 

increase in 3-NT from control level. M8 supplementation also reduced 3-NT level, 

and this was decreased to 74.03 ± 1.75 pg/mg (p=0.0132). This represents a 

24.44% reduction in total 3-NT species level, and a 68.92% reduction in the HFD-

associated increase in 3-NT from control. 

 

6.3 Discussion 

Cell viability is very useful in evaluating compounds for their cytotoxicity. By this, cell 

viability assay can be used to determine the effects of compounds on cell health 

and to optimise cell culture and experimental conditions. As shown in the results, 

experimental conditions under investigation (GLT, L-carnosine, and L-carnosine + 

GLT) did not have a negative effect on INS-1 cell health over the duration of these 

experiments. Similar results were observed for INS-1 cells when exposed to 

carnosinase inhibitors ± GLT and carnosine mimetics ± GLT. 

This study has shown that GLT generated a significant amount of reactive 

oxygen and nitrogen species (RONS). 2’,7’-Dichlorofluorescin diacetate (DCFH-DA) 

or 2’,7’-dichlorodihydrofluorescin diacetate (DCFH2-DA), a non-fluorescent cell-

permeable probe that diffuses easily on the plasma membrane, was used to detect 

intracellular oxidative stress (Reiniers et al., 2017). Although DCFH-DA is commonly 

used to measure reactive oxygen species  (Eruslanov and Kusmartsev, 2010), it 

can also detect some nitrogen species (Kalyanaraman et al., 2012). Importantly, 

enzymes such as glutathione peroxidase, catalase, thioredoxin, and superoxide 

dismutase that can detoxify and remove RONS (Evans et al., 2003; Newsholme et 
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al., 2016; Tiedge et al., 1997) are found in relatively low abundance in pancreatic β-

cells, thereby allowing accumulation of RONS (Tiedge et al., 1997).  

The introduction of antioxidants can be used to strategically minimised the 

harmful excess production of RONS by GLT. Carnosine and its related histidine-

containing dipeptides (homocarnosine, balenine, and anserine) effectively reduce 

reactive and cytotoxic carbonyl species by forming adducts (Aldini et al., 2005; 

Vistoli et al., 2009) through carnosinylation, resulting in their deactivation and 

removal of damaged proteins (Brownson and Hipkiss, 2000). These carnosinylated 

proteins were suggested to have the following fates: first, they stay within the cell as 

lipofuscin (age-pigment) as observed predominantly in nerve, brain, and muscle. 

Second, they can be degraded by the proteasomal or lysosomal systems. Lastly, 

they can be eliminated by exocytosis, possibly be endocytosed by scavenging 

receptors, and destroyed by the lysosomal system (Hipkiss et al., 2001). Hence, 

carnosine helps in protecting biomolecules from oxidative stress (Prokopieva et al., 

2016). Boldyrev reported that L-carnosine was able to inhibit the formation of 

advanced glycoxidation end-products (AGEs) and advanced lipoxidation end 

products (ALEs), of which both are involved in the ageing process (Boldyrev, 2012). 

My data shows that L-carnosine effectively lowers the level of radical oxygen and 

nitrogen species (RONS) generated by glucolipotoxicity, consistent with previously 

reported carnosine action as an effective scavenger of intracellular RONS, the 

building blocks of reactive carbonyl species (RCS) in pancreatic β-cell (Cripps et al., 

2017).  

At physiological pH, amino and carboxyl groups of β-alanine in L-carnosine 

is in zwitterionic form and can sequester protons; however, L-carnosine owes its 

buffering activity to its imidazole ring (Tamba and Torreggiani, 1999). It was reported 

that L-carnosine tautomers are formed at pH 7 and 9. At pH 7, the positively charged 

and neutral forms of imidazole ring exist, i.e., tautomer 1 and 2 are present. At pH 
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7 also enables to react with protons efficiently as L-carnosine pKa value is close to 

7.0 (Tamba and Torreggiani, 1999). However, tautomer 1 is predominantly present 

at this slight alkaline condition (pH 9) as tautomer 2 is energetically less stable 

compared to tautomer 1 (Figure 6.19). Looking at the imidazole ring of L-carnosine, 

C2 and C4 are the preferred sites for OH radical addition as both are negatively 

charged. 

 

 

Figure 6.19 Tautomeric forms of L-carnosine. Tautomer I is predominantly present at 

slightly alkaline conditions at pH 7 and 9.  

 

Several studies have presented the antioxidant activity of L-carnosine in scavenging 

radical oxygen species (Decker et al., 2000; Fontana et al., 2002; Klebanov et al., 

1997; Kohen et al., 1988; Pavlov et al., 1993; Tamba and Torreggiani, 1999; Zhou 

et al., 1998) and the mechanism in sequestering this radical oxygen species can be 

illustrated in the reaction below. 

 

 

Figure 6.20 Reaction mechanism of L-carnosine towards hydroxyl radicals.  
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In this reaction, OH radical prefers to attack the C2 site and form a stable 

intermediate radical (Figure 6.20), which disables it from reacting with other 

biomolecules and, therefore, less reactive than OH radical. The transient 

intermediate is obtained by the elimination of water through a based-catalysed 

reaction. Hence, the scavenging effect of L-carnosine towards ROS can be 

illustrated by this mechanism. 

Inducible nitric oxide synthase (iNOS) is a Ca2+-independent enzyme that 

generates nitric oxide from L-arginine conversion to citrulline (Aktan, 2004; Lechner 

et al., 2005; Vannini et al., 2015). Diabetic islets displayed impaired insulin and 

glucagon responses to glucose, disturbed cAMP generation, and high inducible 

nitric oxide synthase (iNOS) mRNA and protein expression (Muhammed et al., 

2012). Inducible nitric oxide synthase (iNOS) is considered to contribute to oxidative 

stress/nitrative stress and plays a central role in altering glucose metabolism during 

inflammation (Anavi and Tirosh, 2020). Expression of iNOS results in nitric oxide 

and peroxynitrite species production, which can form 3-nitrotyrosine from protein 

tyrosyl residues (Anavi and Tirosh, 2020). In this study, iNOS protein expression 

was significantly upregulated upon exposing INS-1 cells with high glucose and high 

fatty acid diet. However, this was shown to be downregulated by the addition of L-

carnosine. This indicates that L-carnosine was able to scavenge RNS. 

Insulin is the principal peptide hormone secreted by the β-cells of Langerhans' 

pancreatic islets (Wilcox, 2005). It is responsible for controlling glucose metabolism 

by facilitating cellular glucose uptake and regulating carbohydrates, lipid, and 

protein (Muoio and Newgard, 2008). Its principal function is to control the uptake 

and utilisation of glucose in peripheral tissues via the glucose transporter (Leto and 

Saltiel, 2012). As mentioned, glucolipotoxicity was reported to impair glucose-

stimulated insulin secretion (Kraegen et al., 2001; Poitout and Robertson, 2002). My 

data shows that glucolipotoxicity significantly inhibited stimulated insulin secretion, 
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but that this could be reversed upon L-carnosine supplementation. This indicates 

that L-carnosine scavenging of RONS could normalise β-cell function and enhance 

insulin secretion. 

Carnosinase is an enzyme that is able to hydrolyse carnosine (Boldyrev, 

2012; Peters et al., 2018; Sauerhöfer et al., 2007). Quantification and identification 

of carnosinase was conducted by Michael J. Cripps, PhD, a colleague in the Turner 

group, and he identified through immunoblotting that carnosinase is present in INS-

1 cells. Hence, this presence of carnosinase could affect the full biological action of 

carnosine. Having this premise, one option to combat the hydrolytic action of 

carnosinase is to increase the carnosine supplement concentration, but this seems 

impractical. It was observed that a higher concentration (100- and 500 mM) of L-

carnosine has a deleterious effect on INS-1 cell morphology, as seen in the 

preliminary results (n=3) that a higher concentration of L-carnosine killed INS-1 cells 

(results not shown in the thesis). Another strategy found was to screen potential 

carnosinase inhibitors and carnosine mimetics. Our results found that M8, a putative 

carnosinase inhibitor, lowered ROS generated by GLT significantly. Although M8 

was shown to reverse the stimulated insulin secretion inhibited by GLT slightly, it 

was shown not to be a statistically significant effect. With carnosine mimetics (E1, 

E2, and E3), it was found that these compounds were not only able to decrease 

ROS generated by GLT, but were also able to significantly reverse the inhibition of 

stimulated insulin secretion caused by GLT. This result indicates a potentially 

effective strategy to combat the hydrolytic activity of carnosinase and offer a RONS 

scavenging potential, which consequently increases insulin secretion in β-cells. 

However, more tests are needed to conduct to fully understand the action of these 

compounds and to know if they are better than L-carnosine. 

Results presented here also shown that M8 and E3 were able to significantly 

reduce the 3-NT and 4-HNE adduct formation generated in the plasma of CD-1 mice 
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fed a high-fat diet. The possible explanation for this effect is the potential scavenging 

activity of these compounds. This effect is likely a consequence of the same reaction 

mechanism of L-carnosine shown in Figure 6.20, and the quenching effect of L-

carnosine shown in Figure 6.21.   

 

 

 

Figure 6.21 Proposed reaction mechanism of L-carnosine with 4-HNE.  

 

The amino group of L-carnosine reacts with the ketone moiety of HNE to form a 

reversible α,β-unsaturated imine (2a), which will subsequently undergo a ring 

closure through intramolecular Michael addition reaction (3a). Hydration 

of 3a hydrolysed the imine group (4a), and this is followed by cyclisation reaction 

leading to the formation of a hemiacetal derivative (5a) (Aldini et al., 2002; Aldini et 

al., 2005; Boldyrev et al., 2013; Fotouhi et al., 2018). 

4-Hydroxynonenal (4-HNE), one of the major products of lipid peroxidation, 

can interact with DNA and cause a genotoxic effect even at a micromolar 

concentration (Eckl et al., 1993). This reactivity of 4-HNE is due to the interaction of 

the double bond, aldehyde group, and hydroxyl group, which are near to each other 

(Witz, 1989). During elevated ROS and oxidative stress, 4-HNE is highly generated, 

and this can react with DNA, proteins, and membrane lipids and could potentially 
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cause mitochondrial dysfunction (Xiao et al., 2017). 4-HNE, an oxidative stress 

marker, was observed to be elevated in human patients with diabetic retinopathy 

(Oruc et al., 2020), in diabetic rat kidneys (Liu et al., 2016), and in type 2 diabetic 

patients with nephropathy (Calabrese et al., 2007). Jaganjac et al. determined an 

elevated amount of 4-HNE adducts in the blood of obese men with type 2 diabetes 

(Jaganjac et al., 2017). 

3-Nitrotyrosine (3-NT) results from the interaction of free L-tyrosine and RNS 

such as nitric oxide, peroxynitrite, peroxynitrous acid, and nitrogen dioxide radicals 

(Seeley et al., 2014). This can result in a post-translational modification of proteins 

which could eventually lead to various physiological and pathological conditions 

(Teixeira et al., 2016), including oxidative stress, inflammation, neurodegenerative 

and cardiovascular conditions (Surmeli et al., 2010). It was also observed that 

peroxynitrite interaction with proteins could lead to systemic lupus (Ahsan, 2013; 

Pan et al., 2020; Shah et al., 2014). 

3-NT level in plasma was observed to be higher in patients with coronary 

artery diseases (Pourfarzam et al., 2013; Shishehbor et al., 2003), and shown to 

accumulate during atherogenesis (Upmacis, 2008) and seen to be predominant in 

atherosclerotic blood vessels (Sucu et al., 2003). 3-NT levels in diabetic patients (de 

Bandeira et al., 2013; Jialal et al., 2012), nephropathic diabetic patients 

(Thuraisingham et al., 2000), and diabetic patients with microvascular complications 

and inflammation  (Devaraj et al., 2007) were observed to be high. The 3-NT level 

was determined to be high in animal models with rheumatoid arthritis and 

osteoarthritis (Nemirovskiy et al., 2009). 

In this study, it was observed that supplementation of M8 and E3 to the 

drinking water of high-fat mice significantly reduced 4-HNE and 3-NT formation. This 

result indicates that these compounds can potentially reduce oxidative stress by 
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effectively scavenging RONS, which is considered one of the mechanisms involved 

in the progression of type 2 diabetes and insulin resistance. 

 

6.4 Conclusion 

L-carnosine was shown to effectively sequester reactive oxygen and nitrogen 

species (RONS) generated by glucolipotoxicity. L-carnosine was also shown to 

reverse the inhibitory action of GLT on stimulated insulin secretion. Screened 

carnosinase inhibitors were not observed to scavenge ROS significantly and did not 

show a reversal effect of the stimulated insulin-secretion inhibitory effect of GLT. 

However, carnosine mimetics (E1, E2, and E3) were shown to sequester ROS, and 

E3 was seen to have a high efficacy significantly in decreasing ROS. All carnosine 

mimetics have been shown to efficiently reverse the stimulated insulin secretion 

inhibitory effect of GLT, thus enhancing insulin secretion with a high effect even at 

a relatively low concentration of 100 µM. Carnosine inhibitor, M8, and carnosine 

mimetic, E3 were shown to reduce significantly the generated 4-HNE and 3-NT 

adducts in plasma of mice fed a high-fat diet. With these results, L-carnosine, M8, 

and E3 are compounds that could potentially be used to combat complications of 

type 2 diabetes and enhance insulin secretion. 
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Chapter 7 

General Discussion, Summary, and Conclusion 
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7.1 General discussion and summary 

Diabetes is a primary cause of kidney failure, stroke, lower limb amputation and 

blindness if not prevented and treated. Obesity is the main modifiable risk factor, 

with studies confirming that up to 90% of patients with T2D are overweight or obese, 

and that obese people are at the highest risk of developing T2D (Wilding, 2014). 

Intensive lifestyle interventions are, however, resource-intensive and difficult to 

sustain. Alternatively, it is feasible that by manipulating molecules and pathways 

central to the induction of diabetogenesis, we might offer an improved clinical 

prognosis to millions of patients who have diabetes. 

  Visceral adipose tissue (VAT) is also thought to be linked to the 

pathophysiology of type 2 diabetes. There are many differences between visceral 

adipose tissue and subcutaneous adipose tissue. VAT is found mainly in the 

abdomen area, namely the mesentery and omentum, and it drains directly through 

the portal circulation to the liver. It is known that VAT contains more inflammatory 

and immune cells, and it is more metabolically active. In addition, VAT can generate 

more free fatty acids (Ibrahim, 2010) and amplify the underlining pathophysiology of 

T2D. In addition to being known as a metabolic disorder, type 2 diabetes is also now 

thought of as an inflammatory disease (Turner et al., 2014). 

The initial failure of β-cell can be attributed to the following processes: 

oxidative stress, endoplasmic reticulum stress, mitochondrial dysfunction and 

glucolipotoxicity (Prentki et al., 2006). When hyperglycaemia has developed, β-cell 

function failure is increased by the addition of amyloid deposition, O-linked 

glycosylation and islet inflammation, which all affect loss of β-cell mass by inducing 

apoptosis (Prentki and Nolan, 2006). Furthermore, Butler et al. also reported that β-

cell volume decreases in obese and lean patients with T2D (Butler et al., 2003). 

To understand the molecular basis underpinning diabetogenesis, and to identify 

potential novel drug targets, this doctoral project focused on the combined and 
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damaging effect of elevated glucose and increased free fatty acid levels. This 

combination is termed glucolipotoxicity (GLT). T2D is characterised by elevated 

blood sugar levels resulting from insulin deficiency, insulin resistance and β-cell 

mass reduction. Pancreatic β-cells are the primary cell-type used in this project, as 

they produce and secrete insulin in response to increased blood sugar levels and 

are therefore affected in the onset of T2D.  The glucolipotoxic environment has 

been created in the INS-1 β-cell line model by supplementing RPMI-1640 media 

with D-glucose, sodium oleate and palmitic acid (Marshall et al., 2007). 

This study was divided into four chapters that investigated the impact of high-

glucose and high-fatty acid diet on INS-1 rat pancreatic β-cell, mice primary islet cell 

and skeletal muscle C2C12 myotubes. In addition, L-carnosine and β-alanine on the 

production of radical species generated by glucolipotoxicity have also been 

determined and its effects on the mitochondrial function were conducted.   

In chapter 3, the effects of GLT on HNF4α expression was evaluated. Using 

transcriptomic analysis and MetacoreTM technology, it was determined that HNF4α 

is the central regulator of various multiple protein trafficking genes such as syntaxin 

17 and Rab genes (Rab1b, Rab2a, Rab4b and Rab10) that are implicated in the 

secretory trafficking pathway in pancreatic b-cells. Furthermore, it was also shown 

that the downregulation of HNF4α, Rab genes, and syntaxin 17 was driven by GLT 

metabolic stress. expression HNF1α was also shown to be transcriptionally 

activated by HNF4α (Sel et al., 1996). This result shows that HNF4α affects HNF1α 

expression, and this result is in congruent with the idea that HNF1α is 

transcriptionally activated by HNF4α (Sel et al., 1996). 

In chapter 4, the effects of GLT on extracellular matrix proteins was determined, and 

cytoskeletal remodelling was suggested to be linked to MMP-14, MMP-15, MMP16, 

CD44 and ErbB4 expression. Matrix metalloproteinases (MMPs) are zinc-

dependent extracellular matrix endopeptidases (Cui et al., 2017) that have 
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previously been suggested to be involved in the development of complications of 

type 2 diabetes  (Abreu et al., 2016). From both  previous microarray data from the 

Turner group, and  current Illumina-HiSeq gene expression data, it was shown that 

cell adhesion-ECM remodelling, cell adhesion-cell matrix glycoconjugates and cell 

adhesion-integrin inside-out signalling in neutrophils were significantly 

downregulated when INS-1 cells were exposed to GLT. When MMP14, CD44 and 

ErbB4 were knocked down and gene expression reduced, it was shown that this 

reduced insulin secretion. This result suggests that MMP14, CD44 and ErbB4 play 

a vital role in the regulation of insulin secretion observed in type 2 diabetes. 

In chapter 5, the effect of GLT on mitochondrial function was investigated. β-

cell dysfunction is a characteristic of type 2 diabetes that is linked to the action of 

high glucose and high fatty acid diet (GLT) through mechanisms such as islet 

inflammation, endoplasmic reticulum stress, oxidative stress and mitochondrial 

dysfunction (van Raalte and Diamant, 2011). Mitochondria generate approximately 

90% of cellular reactive oxygen species (ROS) (Dan Dunn et al., 2015; Rocha et al., 

2016). The imbalance between increased mitochondrial reactive oxygen species 

production and decreased antioxidant defence activity results in oxidative stress, 

thereby damaging cellular components such as lipids, proteins and DNA (Xiao et al., 

2017).  

Previous studies have reported that high glucose, and high fatty acids 

significantly increase mitochondrial reactive oxygen species (Seifert et al., 2010; St-

Pierre et al., 2002; Tahara et al., 2009) and consequently increase mitochondrial 

electron transport chain complex subunits expression levels, β-cell apoptosis, 

intracellular lipid accumulation, oxidative stress, endoplasmic reticulum stress, and 

nuclear NF-κB (Lim et al., 2011). GLT has also been shown to affect mitochondrial 

function by altering mitochondrial fusion and fission in favour of the loss of its ability 

to undergo fusion (Las et al., 2011). Furthermore, it has also been shown that ATP 

http://portal.genego.com/cgi/imagemap.cgi?id=7063
http://portal.genego.com/cgi/imagemap.cgi?id=7063
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production decreases (Haythorne et al., 2019; Köhnke et al., 2007; Las et al., 2011; 

Lim et al., 2011) autophagy is suppressed (Las et al., 2011), the mitochondrial 

membrane altered (Wikstrom et al., 2007), and oxygen consumption rate decreased 

(Barlow and Affourtit, 2013). I therefore sought to determine whether carnosine and 

β-alanine might be able to counter these damaging effects of GLT on mitochondrial 

function Supplementation of carnosine or β-alanine to GLT media significantly 

protected cells against GLT-mediated mitochondrial dysfunction. This reversal 

effect of carnosine and β-alanine to the deleterious effect of GLT is likely associated 

with the ability of carnosine to sequester the excess mitochondrial radical species 

generated by the introduction of GLT. β-alanine alone (Boldyrev, 2012) cannot 

sequester radical species however, but instead is thought to react with intracellular 

histidine to form carnosine. 

In chapter 6, carnosine was shown to be an effective scavenger of HNE, α- 

and β-unsaturated aldehydes associated with lipid peroxidation and oxidative stress 

(Guiotto et al., 2005). However, presence of carnosinase enzymes in both sera and 

intracellular environments cause the hydrolysis of carnosine into its amino acid 

components (Sauerhöfer et al., 2007). Hence, in collaboration with Dr. Garner and 

his team from NTU Department of Chemistry and Forensics, potential carnosine 

inhibitors and carnosine mimetics (which are slowly-hydrolysable by carnosinase) 

were generated. GLT generates significant amounts of radical oxygen and nitrogen 

species (RONS), and has also been shown to inhibit secretagogue-stimulated 

insulin secretion. However, this effect of GLT was prevented by the supplementation 

of carnosine, which weas shown to sequester excess generated RONS. This 

reversal effect of carnosine was also mirrored by carnosine mimetics (E1, E2 and 

E3) at 2 orders of magnitude lower concentration. Furthermore, M8 and E3, 

significantly reduced 3-NT and 4-HNE adduct formation in plasma of CD-1 mice fed 

with high-fat diet. The reversal effect of carnosine and its analogues on RONS 
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generation and inhibition of insulin secretion of GLT suggests that these compounds 

could potentially be used in the future treatment of type 2 diabetes and insulin 

resistance.  

In summary, GLT has been shown to drive dysregulation of gene expression, 

as well as to generate significant amounts of radical species that eventually drive 

oxidative stress, nitrosative stress, and mitochondrial dysfunction, events which 

consequently inhibit stimulated insulin secretion. However, the presence of 

carnosine, its analogues, or β-alanine can reverse many of the damaging effects of 

GLT effectively, thereby making these molecules attractive candidates for 

therapeutic development. 
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8.1 Histone acetylation  

In a parallel transcriptomic study (currently unpublished) conducted in the Turner 

research group, it was shown that glucolipotoxicity alters metabolic pathways by 

significantly downregulating IDH2, SC4MOL, FASN and insulin gene expression in 

INS-1 cells. IDH2 catalyses the reversible oxidative decarboxylation of isocitrate 

to α-ketoglutarate in mitochondria and reduction of NADP+ to NADPH (Molenaar 

et al., 2018). Sterol-C4-methyl oxidase like (SC4MOL) is involved in catalysing the 

demethylation of C4-methysterols in the cholesterol biosynthesis pathway 

(Sukhanova et al., 2013). Fatty acid synthase (FASN) is involved in fatty acid 

synthesis from acetyl-CoA and NADPH (Kuhajda, 2006). 

Glucolipotoxicity was also shown to increase intracellular acetyl CoA levels, 

and this then led to histone H3 and H4 acetylation. Histone acetylation is one of the 

epigenetic mechanisms involved in diabetes (Li et al., 2016). Histone acetylation 

plays a role in regulating gene expression based on external factors (Lee and Grant, 

2019). 

In collaboration with Dr. Paul W. Caton and Dr. Sophie Sayers from King’s 

College London, I sought to determine whether these findings from INS-1 cell-line 

experiments could be replicated in primary cells. In brief, pancreatic islet cells from 

CD-1 mice were isolated and cultured ex vivo in RPMI-1640 media, or RPMI-1640 

media supplemented with 17 mM D-glucose, 200 μM oleic acid and 200 μM palmitic 

acid. Cells were lysed, then RNA extracted and reverse transcribed, and RT-qPCR 

performed using primers specific for the target genes. 



238 

 

Figure 8.1 qPCR validation of genes involved in TCA, fatty acid and cholesterol 

synthesis. The pancreas was surgically removed from mice and islets were isolated, then 

cultured for 72h in RPMI-1640 medium or RPMI-1640 medium supplemented with 17 mM 

D-glucose, 200 μM oleic acid, and 200 μM palmitic acid. Cells were then lysed, RNA 

extracted, and cDNA synthesised, and RT-qPCR was performed using primers specific for 

the target genes. Data represented as ΔΔCt values expressed as a fold change compared 

to cells grown in control medium. Data shown is the mean ± S.E.M. of three independent 

experiments. *p<0.05, **p<0.01, ***p<0.001. 

 

As shown in Figure 8.1, IDH2, SC4MOL, FASN and insulin mRNA expression levels 

were significantly reduced to 0.27 ± 0.06 (p=0.0002), 0.54 ± 0.13 (p=0.0217), 0.42 

± 0.08 (p=0.0017), and 0.40 ± 0.09 (p=0.0024), respectively, relative to control 

pancreatic islets. This downregulation of gene expression closely resembles the 

data generated using INS-1 cells, and thereby validates the gene expression data 

generated using INS-1 cells.   

Decreased IDH2 expression results in a decrease of NAPDH generation and 

inhibition of insulin secretion. I therefore sought to determine whether reversing the 
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effect of GLT on IDH2 expression by overexpressing IDH2 mRNA could reverse this 

deleterious action of GLT on pancreatic b-cells. This part of the study was conducted 

in collaboration with Dr. Sergio L. Colombo at NTU.    
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Figure 8.2 Effect of glucolipotoxicity inhibited insulin secretion to IDH2 

overexpressed INS-1 cells. INS-1 rat pancreatic β-cells were incubated for 5 days in 

complete RPMI-1640 or RPMI-1640 control supplemented with 27 mM glucose, 200 μM 

oleic acid and 200 μM palmitic acid or RPMI-1640 control supplemented with 27 mM 

glucose, 200 μM oleic acid, 200 μM palmitic acid and 10mM carnosine. Insulin secretion 

was determined by High Range Rat Insulin ELISA following incubation ± secretagogue 

cocktail for 2h [(-) blue, (+) red] with data normalised to total cellular protein content. 

 

Results show that IDH2 overexpressing INS-1 rat pancreatic β-cells secrete more 

insulin than control cells. Furthermore, IDH2 overexpressing INS-1 rat pancreatic β-
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cells exposed to GLT did partially recover their secretory capacity. This data is 

however currently based on n=1, and further repeats are necessary to confirm these 

findings. 

 

8.2 Olfactory receptor agonist ligands its implication to 

glucolipotoxicity inhibition of insulin secretion 

G protein-coupled receptors (GPCRs) are the main target in drug development 

programs. They are primarily involved in cell communication and are encoded by 

the largest family in our genome (Alexander et al., 2019; Kobilka, 2007; Møller et al., 

2017). Olfactory receptors (ORs), identified by Buck and Axel in 1991 (Buck and 

Axel, 1991) are GPCRs that mediate olfactory chemoreception  (Leem et al., 2018) 

and are able to elevate intracellular cAMP (Dalesio et al., 2018). Olfactory receptors 

are not only expressed in olfactory sensory neurons but also in many tissues 

including skin, lung, intestine, testis, and blood (Maßberg and Hatt, 2018). Olfactory 

receptors have been seen to function in cell-cell recognition, migration, proliferation, 

the apoptotic cycle, exocytosis, and pathfinding processes (Maßberg and Hatt, 

2018) however largely of their functions are not yet fully known  (Leem et al., 2018). 

Vertebrate olfactory receptors are composed of four different families of G 

protein-coupled receptors (Mombaerts, 2004):  

1. Olfactory receptor family: approximately1000 functional members in some 

mammalian species is the largest amongst the families (Zhang et al., 2004). 

2. Trace amine-associated receptors with <20 members (Liberles and Buck, 

2006); 

3. V1R vomeronasal receptors with approximately with 150 members (Pfister and 

Rodriguez, 2005; Zhang et al., 2004); 

4. V2R vomeronasal receptors with approximately 60 members (Yang et al., 2005).  
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C family of GPCRs contains 22 members including V2R vomeronasal 

receptors (Pin et al., 2003), calcium-sensing receptor (CaS), eight metabotropic 

glutamate (mGlu1-8) receptors, GABA-B receptors (GABAB1 and GABAB2), and taste 

receptors (T1R1-T1R3) (Fredriksson et al., 2003). 

In 2008, Triballeau et al identified V2R-like receptor, called receptor 5.24, 

from goldfish olfactory epithelium was activated by 20 natural amino acids 

(Triballeau et al., 2008). Amongst the amino acids, receptor 5.24 has a higher affinity 

towards lysine and arginine, classified as basic amino acids. Because of the diverse 

function of receptor 5.24 as an odourant receptor, it enables the olfactory system to 

detect various odourants based on ligand selectivity. Using the virtual high-

throughput screening (vHTS), Triballeau et al 2008 was able to identify novel 

compounds, amongst are L-glutamic acid-у-p-nitroanilide, L-canavanine and LL-

diaminopimelic acid, for exploring the C class of GPCR and examine the olfactory 

function in vivo (Triballeau et al., 2008). 

In this study, I sought to determine whether olfactory receptors are 

dysregulated by exposure to glucolipotoxicity, and whether olfactory receptor 

agonist ligands, L-glutamic acid-у-p-nitroanilide, L-canavanine and LL-

diaminopimelic acid affect the glucolipotoxic inhibition of insulin secretion. Utilising 

existing Illumina HiSeq data within the Turner group, where INS-1 rat pancreatic ß-

cells were incubated in complete RPMI-1640 media (control) and GLT for 72hrs, all 

olfactory receptor RNA read counts were measured in both experimental conditions. 

It was observed that 734 out of 1199 olfactory receptors were significantly 

downregulated upon exposure to glucolipotoxicity. Only the top 20 olfactory 

receptors with a p-value <0.001 were considered (unpublished data in Turner group).  

Cell functional analyses, i.e., cell viability and insulin secretion assay, were 

conducted to olfactory receptor (OLRs) agonists. On cell morphology, results show 

that there was no observable change in cell morphology and cells do not show non-
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adherence onto the plate and assume a rounded shape. Increased cell death is not 

significant as their only a few floating cells observe. Cell viability was conducted to 

assess the cells’ metabolic activity which reflects the number of viable cells in the 

treatment.  

 

Figure 8.3 Effect of OLRs on INS-1 rat pancreatic β-cell health. INS-1 cells were 

incubated for 5 days in RPMI-1640 medium ± 10 mM L-carnosine or RPMI-1640 ± 100 µM 

OLRs or GLT medium ± 10 mM L-carnosine or GLT medium ± 100 µM OLRs. Cell viability 

is expressed as percentage change ± S.E.M. in comparison to control from 3 independent 

experiments. p<0.05*, p<0.01** relative to control. 
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Figure 8.4 Effect of OLRs on insulin secretion to glucolipotoxic treated INS-1 rat 

pancreatic β-cells. INS-1 cells were incubated for 5 days in RPMI-1640 medium ± 10 mM 

L-carnosine or RPMI-1640 media ± 100 µM OLRs or GLT medium ± 10 mM L-carnosine or 

GLT medium ± 100 µM OLRs. Mercodia High Range Rat Insulin ELISA determined insulin 

secretion following incubation ± secretagogue cocktail for 3 hours. Unstimulated is in blue 

colour and stimulated is in red colour with data normalised to total cellular protein. The data 

shown are from three independent experiments. *p<0.05, **p<0.01 relative to control; 

##p<0.01, ###p<0.001, ####p<0.0001 relative to GLT. 

 

After the 5-day incubation period, it was shown that L-canavanine, L,L-2,6-

Diaminopimelic acid, and L-glutamic acid γ-(4-nitroanilide) significantly increased 

insulin secretion to 6.27 ± 0.72 ng/µg (p=0.0272), 10.33 ± 2.66 ng/µg (p=0.0389), 

and 7.77 ± 1.07 ng/µg (p=0.0157), respectively, relative to control (3.97 ± 0.46 
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ng/µg). It can be shown also in the results that GLT effectively inhibited insulin 

secretion, but this inhibition could be reversed by addition of OLR agonists. 

Specifically, L-canavanine + GLT, L,L-2,6-Diaminopimelic acid + GLT, and L-

glutamic acid γ-(4-nitroanilide) + GLT significantly increased secretagogue-

stimulated insulin secretion to 4.43 ± 0.18 ng/µg (p=0.0001), 5.90 ± 0.76 ng/µg 

(p=0.0035), and 7.70 ± 0.59 ng/µg (p=0.0004), respectively, relative to GLT (1.17 ± 

0.07 ng/µg). This result suggests that OLRs ligand agonist are able to significantly 

enhance insulin secretion. 

As one of the four members of the GPCR family, it was found TAARs are 

mainly expressed in olfactory epithelium except for TAAR1 (Christian and Berry, 

2018; Johnson et al., 2012; Liberles and Buck, 2006). However, other TAARs, 

except TAAR1, are classified as olfactory TAARs (Liberles and Buck, 2006). This 

data complements a previous report that that GPCR exposed to trace amines such 

as p-tyramine, β-phenethylamine, tryptamine, and octopamine were able to 

increase the production of cAMP (Bunzow et al., 2001). More specifically, a 

colleague in the Turner group found that TAARs 1-4, were activated by the 

physiological TAAR ligands isopentylamine, 2-phenylethylamine, p-tyramine, and 

agmatine. This resulted in significantly increased intracellular cAMP and 

significantly enhanced insulin secretion.  

With most of the TAARs functioning as olfactory TAARs, olfactory receptor 

agonist ligands, L-glutamic acid-у-p-nitroanilide, L-canavanine and LL-

diaminopimelic acid were screened for their potential to augment insulin secretion. 

Results show that olfactory receptor agonist ligands were able to stimulate insulin 

secretion at the control level, and that these ligands also were able to reverse the 

glucolipotoxic inhibition to insulin secretion. As olfactory TAARs are coupled to 

olfactory G protein, Golf activation by adenylate cyclase III, they can increase 

intracellular cAMP levels and hence amplify insulin secretion (Phang et al., 1984). 
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It has been previously reported in Turner’s group that glucolipotoxicity (GLT) 

effectively inhibits stimulated insulin secretion using INS-1 rat pancreatic β-cells. It 

has also been established in Turner’s lab that carnosine has a great potential to 

reverse the harmful effects of GLT, i.e., carnosine was able to reverse glucolipotoxic 

inhibition of insulin secretion (Cripps et al., 2017) and also the results shown in 

Chapter 6 of this thesis. Unpublished data in Turner group found that GLT 

downregulated olfactory receptor RNA expression. This was assessed by exposing 

INS-1 cells to a 5 day in GLT and then RNA was extracted and conducted Illumina 

HiSeq sequencing. TAARs, except for TAAR1, have been shown to couple to 

olfactory G protein (Golf) (Ebrahimi and Chess, 1998). Activated Golf then dissociates 

from Gβγ and then activates adenylate cyclase III, resulting in an increase in 

intracellular cAMP (Ebrahimi and Chess, 1998). With this, the binding of the OLRs 

ligands to the olfactory receptor activates adenylate cyclase III, thereby increasing 

cAMP and consequently increase insulin secretion triggered by the elevation of Ca2+ 

in INS-1 cells. The data presented here thus demonstrates that OLR agonists are 

effective agents to enhance insulin secretion. As such they could potentially form 

another class of therapeutic agent that could be developed to enhance insulin 

secretion and treat T2D. This hypothesis forms the basis for future studies in the 

Turner group.  
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Figure A1. HNF1α. Control (1st lane, 3rd lane, 5th lane and 7th lane) and GLT (2nd lane, 4th 

lane, 6th lane and 8th lane)  
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Figure A2. HNF4α. Control (1st lane and 3rd lane) and GLT (2nd lane, and 4th lane) 
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Figure A3. MMP14. Control (1st lane, 3rd lane, 5th lane and 7th lane) and GLT (2nd lane, 4th 

lane, 6th lane and 8th lane) 

 

 

Figure A4. CD44. Control (1st lane, 3rd lane, 5th lane and 7th lane) and GLT (2nd lane, 4th 

lane, 6th lane and 8th lane) 
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Figure A5. ErbB4. Control (1st lane, 3rd lane, 5th lane and 7th lane) and GLT (2nd lane, 4th 

lane, 6th lane and 8th lane) 
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Figure A6. iNOS. Control (1st and 6th lane), GLT (2nd and 7th lane), carnosine (3rd and 8th 

lane) and GLT + carnosine (4th and 9th lane) 


