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SUMMARY 

This thesis focuses on the role of the nine-amino acid neuropeptide, oxytocin 

(C*YIQNC*PLG-NH2) in endocrine pancreatic function and the development of novel 

oxytocin-based peptides for the treatment of diabetes. Oxytocin possessed 

insulinotropic properties and an ability to lower blood glucose and suppress appetite 

in mice. Arginine vasopressin, the anti-diuretic hormone, differs from oxytocin in two 

amino acids at positions 3 and 8 (C*YFQNC*PRG-NH2). It possessed similar 

glucoregulatory properties as oxytocin. Both peptides have a very short circulating 

half-life and undergo in vitro degradation in plasma. The major work in this thesis 

focuses on the design of peptide analogues which are enzyme resistant with bioactivity 

suitable for the treatment of diabetes. These modifications were implemented at 

positions 1(Cys), 2(Tyr), 7(Pro), by replacing the amino acid with either a modified 

version of the amino acid (Ac-Cys or D-Cys) or a similar structured amino acid. 

Oxytocin was also modified to incorporate amino acids from vasopressin at positions 

3 (Ile/ Phe) and 8 (Leu/Arg). Overall, 20 such analogues were designed and 

functionally characterized both in vitro and in vivo. In vitro degradation experiments 

performed with the analogues revealed their increased stability when incubated in 

plasma. Incubation of rodent and human beta cell lines with these analogues resulted 

in a dose-dependent glucose stimulated insulin secretion. Administration of these 

analogues after a glucose challenge to mice prevented a rise in blood glucose and 

increased plasma insulin concentrations. The prolonged effect of these analogues 2h 

or 4h after administration, against a glucose challenge, confirmed their enhanced 

stability in the circulation. Three functionally superior analogues – 2N (Ac-

C*YIQNC*PLG-NH2), D7R ((D-C)YIQNCYLG-NH2) and Ac8RO (Ac-C*YIQNC*PRG-

NH2) were studied for their long term effects by twice daily adminsitration for 28 days 

in high fat fed mice. The analogues showed strong anti-hyperglycaemic insulin-

releasing activity, enhanced insulin sensitivity with increased HDL-cholesterol and 

bone density comparable to exendin-4. The effect of Ac8RO, a hybrid peptide of 

oxytocin and vasopressin, and liraglutide in transgenic mice provided evidence of 

possible transdifferentiation of alpha and ductal cells into beta cells under conditions 

of induced stress. This research emphasizes the role of oxytocin as a template for the 

design of highly stable and efficient analogues that pave the path for novel peptide-

based anti-diabetic therapy. 
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1.1 DIABETES 

Diabetes Mellitus is a group of metabolic disorders characterised by hyperglycaemia. 

This hyperglycaemia could be a result of insulin deficiency or compromised insulin 

sensitivity. Chronic effects of hyperglycaemia go beyond the pancreas and affect other 

important organs of the body including eyes, kidneys, nerves, heart and blood vessels. 

Initially diabetes mellitus was classified as two major types, however recent additions 

have been made (WHO, 2009). Classification of diabetes mellitus (DM) is made into 

four major groups as follows (American Diabetes Association, 2018).  

1.1.1 General categories of diabetes: 

1. Type 1 diabetes mainly caused by the autoimmune destruction of pancreatic beta 

cells leading to insulin deficiency 

2. Type 2 diabetes resulting from progressive loss of beta cell function due to 

exhaustion and insulin resistance  

3. Gestational diabetes mellitus (GDM) is diabetes detected usually in the second or 

third trimester of pregnancy 

4. Other types of diabetes: These forms of diabetes are based on different causes and 

include monogenic diabetes syndrome– neonatal diabetes and maturity onset diabetes 

of the young (MODY), exocrine pancreas associated disorders such as pancreatitis and 

cystic fibrosis. These also include drug or chemical based diabetes for example based 

on use of glucocorticoids in the treatment of HIV/AIDS or organ transplant (Gulliford 

et al. 2006).  

Although, DM has been studied for many years, it remains one of the most 

complicated disorders affecting about 425 million people in the world rising to more 

than 629 million people in 2045 (International Diabetes Foundation, 2017).   

Type 1 DM is a form of immune mediated diabetes resulting from cellular mediated 

autoimmune destruction of beta cells in the pancreas (Atkinson et al. 2014). The rate 

of beta cell destruction is quite variable in different cases; rapid in some and slow in 

others. Patients with T1DM gradually build up their hyperglycaemia and end up with 

little or no insulin secretion as detected by vanishingly low levels of the C-peptide 
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(Sosenko et al. 2010). Autoimmune destruction of beta cells has multiple 

predispositions including environmental factors that lead to the development of 

T1DM. These patients are also prone to other related autoimmune disorders such as 

Grave’s disease, Hashimoto’s thyroiditis, Addison’s disease, Vitiligo, celiac sprue and 

pernicious anaemia among others (American Diabetes Association, 2010). Idiopathic 

diabetes is a form of type 1 diabetes with no known cause. Patients with this form of 

diabetes have permanent insulinopenia and considerable ketoacidosis. Insulin 

replacement therapy is used for the treatment of T1DM patients.  

T2DM is characterized by the combination of a defect in both insulin secretion and 

insulin action. A progressive beta cell dysfunction leads to higher plasma glucose 

levels causing hyperglycaemia. The insensitivity to insulin pushes the beta cells to 

their maximum efforts to synthesize and secrete insulin leading to beta cell exhaustion 

and potentially death. The insensitivity is also the result of insulin resistance where 

higher levels of insulin are incapable of being detected by the peripheral tissues to 

initiate glucose uptake. Glucose uptake by skeletal muscles and inhibition of glucose 

production from the liver is defective due to insulin insensitivity (Flier et al. 1992). 

The endogenous hepatic glucose production is responsible for most of the glucose in 

plasma and only about 20% is accounted for by glucose breakdown in the muscles 

(Scheen 2004). Insulin resistance also affects alpha cells in preventing the inhibition 

of glucagon release thus contributing to the increasing glucose levels (Franklin et al. 

2005; Bansal & Wang, 2008). Thus, T2DM patients have accelerated glucose 

production leading to increased fasting glucose levels. Around 352 million people are 

at a risk of developing T2DM (International Diabetes Federation, 2017). These people 

also suffer from associated symptoms such as cardiovascular diseases, renal disorders, 

retinopathy and neuropathy. 

Obesity is another factor linked to this form of T2DM, which makes it one of the 

prevalent epidemics in the world (Kahn et al. 2006). Circulating hormones, cytokines 

and fatty acids in the adipocyte control insulin action. Obesity is caused 

physiologically by enlarged adipocytes caused by an increase in triglycerides seen in 

visceral and subcutaneous adipose storage. These become resistant to insulin 

suppressed lipolysis causing increased circulating levels of NEFA – non-esterified 
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fatty acids and glycerol.  Increased fat storage also affects other tissues such as the 

skeletal muscles with increased intramyocellular lipids.  

Different organ systems play a role in the pathophysiology of T2DM. Disruption in 

communication between the endocrine pancreas, liver, skeletal muscle, adipose tissue, 

gut and the nervous system leads to alterations in glucose homeostasis and onset of 

T2DM. Studies for the development of suitable treatment options for T2DM highlight 

the need for agents with good glycaemic control to prevent the development or 

worsening of diabetic based complications.  

 

1.2 PANCREAS: STRUCTURE AND FUNCTION 

Pancreas is the main organ involved in the regulation of blood glucose levels. 

Knowledge of the anatomy and physiology of the pancreas is essential to understand 

pancreatic disorders. The pancreas is typically elongated and can be divided into four 

different parts- the head, neck, body and tail. The head is surrounded by the duodenum 

while the neck is near the superior mesenteric vessels (Van Hoe & Claikens, 1999). 

The body lies behind the posterior of the stomach while the tail leans into the hilum 

of the spleen (Van Hoe & Claikens, 1999). An important part of the pancreatic system 

is the pancreatic duct that originates in the tail of the gland and runs across the entire 

organ. The duct also connects to the bile ducts. This union is referred to as the 

hepatopancreatic ampulla (Prasanna et al. 2015).  

The endocrine component of the pancreas secretes atleast five different gluco-

regulatory hormones including glucagon from alpha cells, insulin from beta cells, 

somatostatin from delta cells, pancreatic polypeptide from PP cells and ghrelin from 

epsilon cells (Henry et al. 2019). These cells are collectively called islets of 

Langerhans (Langerhans 1869). The typical diameter ranges from about 50 to 500 µm. 

Medium sized islets ranging from 100-200 µm contribute to most of pancreatic bulk 

found in the body and tail. About 1 million islets are found in the pancreas of a human, 

however it only accounts for 1 to 2% of the pancreatic mass (Buchwald et al. 2009). 

The exocrine part on the other hand secretes pancreatic juices that consists of a variety 

of enzymes including chymotrypsinogen, trypsinogen, lipase, elastase, 

carboxypeptidases, amylase, phospholipase A, DNAse and RNAse along with water 
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and bicarbonate ions. The pancreatic ducts are responsible for excreting these juices 

into the duodenum (Wallig & Sullivan, 2017).  

Insulin is synthesized as a pre-prohormone from beta cells. The removal of the signal 

peptide on its entry to the endoplasmic reticulum ends up in producing the prohormone 

with 3 domains- an amino terminal B- chain, a carboxy-terminal A chain and a 

connecting C peptide. Endopeptidases recognize the C – peptide and excise it to 

produce the mature form of insulin: A chain – 22 amino acids long with internal 

disulphide bridge is linked through two disulphide linkages to B chain 30 amino acids 

long (Mayer & Zhang, 2007). This C – peptide is released in equal amounts to the 

insulin secreted and hence is used as a biomarker in diabetes to differentiate between 

endogenous and exogenous insulin (Jones & Hattersley, 2013). Insulin is released in 

response to high blood glucose levels and initiates glucose uptake and storage in other 

organs such as in the skeletal muscle fibres, liver and fat cells. Skeletal muscle also 

synthesizes proteins using the circulating amino acids in blood under the influence of 

insulin. While the liver inhibits glycogenolysis under the influence of insulin, the fat 

cells are signalled to increase glucose uptake and synthesize fat. Insulin interacts with 

the insulin receptor activating downstream phosphorylating pathways resulting in 

increased glucose storage and decreased hepatic glucose release.  

Pancreatic beta cells also secrete amylin (islet amyloid polypeptide (IAPP)) along with 

insulin (Hay et al. 2015). Amylin has a 50% structural resemblance to calcitonin and 

thus it has calcitonin like effects in calcium metabolism and osteoclast activity (Rink 

et al. 1993). Amylin is stored with insulin in the beta cells. This peptide is responsible 

for slowing gastric emptying and suppression of post-prandial glucagon secretion 

along with suppression of appetite. Deficiency of amylin is characterized by the 

inhibition of gastric emptying and a reduction in digestive secretions. This deficiency 

is found in type 1 and relatively in type 2 diabetes (Kruger et al. 1999).  

Low glucose levels or hypoglycaemia increases secretion of glucagon and increases 

gluconeogenesis to increase blood glucose levels. It also stimulates protein breakdown 

in muscles and thus glucagon is known as the catabolic hormone. Glucagon is also 

responsible for glycogenolysis in the liver. This increase in hepatic glucose production 

also results in ketone body formation. Somatostatin secreted by both the pancreas and 
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the gut is increased with diabetes (Ozougwu 2013). This hormone inhibits secretion 

of the growth hormone and insulin and glucagon (Furman 2011). 

  

1.2.1 INSULIN SECRETION: GPCR MEDIATED SIGNALLING 

Insulin is the major hormone discussed while evaluating glucose homeostasis. A range 

of factors contribute to the secretion of insulin from pancreatic beta cells. Pancreatic 

beta cells sense changes in blood glucose levels and respond by increasing insulin 

secretion. This glucose-stimulated insulin response is found to be greater than when 

elicited by other stimuli. The glucose transporter 2 (GLUT 2 or GLUT1 in humans) is 

the only glucose sensing receptor that is constitutively expressed in the beta cells 

(Thorens et al. 2014). GLUT4, on the other hand, is primarily expressed in fat and 

muscle cells for insulin-dependent glucose uptake (Huang & Czech, 2007). GLUT2 is 

surprisingly insulin–independent and ensures maximum glucose influx into the beta 

cells.  

Glucose is rapidly phosphorylated by the enzyme glucokinase once inside the cells. 

Glucokinase has a lower affinity for glucose than hexokinase and is not inhibited by 

its metabolic product, allowing this enzyme to function as a glucose sensor. These 

steps follow repeated phosphorylation and activation of enzymes for glucose 

degradation, a process known as glycolysis. The final product of glycolysis is 

pyruvate, which is oxidised through the TCA – tricarboxylic acid cycle by 

mitochondria in the beta cells generating ATP. Amino acids also act as stimulators for 

insulin release e.g. alanine, although combinations of amino acids such as leucine and 

glutamine have also been found to function well in stimulating an insulin response. 

Amino acids of dietary origin can also induce insulin secretion via the release of 

incretin hormones gastric inhibitory polypeptide (GIP) and glucagon-like peptide -1 

(GLP-1). 

Specific G protein-coupled receptors exist on pancreatic beta cells which trigger 

insulin secretion by increasing insulin exocytosis. This is caused mainly by elevation 

of cytosolic Ca2+ levels that readily activate the exocytotic machinery culminating in 

the release of insulin-containing granules (Winzell and Ahren 2007). PLCβ and Gαq 

protein together fine tune insulin secretion. Following an increase in glucose levels, 
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glucose is transported through the glucose transporter 2 (GLUT2) receptor in the 

pancreatic beta cells. This results in an increase in the ATP/ADP ratio causing closure 

of the ATP/K+ channels (Han et al. 2018). The resulting inhibition of the efflux from 

K+ in the cells causes depolarization of the plasma membrane and the opening of the 

L-type voltage-dependent Ca2+ channels (L-VDCC) (Hwang et al. 2018). This results 

in increased influx of extracellular Ca2+ and triggering of Ca2+ related signalling that 

results in glucose-sensitive insulin secretion. These responses have been depicted in 

Figure 1.1. Insulin is also secreted in response to neuronal/hormonal ligands, insulin 

vesicles (autocrine/paracrine),  or neuronal transmitters in pancreatic beta cells.  A 

significant concentration of insulin produced by beta cells stimulates the cells further 

to secrete more insulin, known as autocrine signalling. Paracrine signalling is on the 

other hand, the stimulation of beta cells by a secondary signal conveyed by the 

inhibition of insulin caused prevention of glucagon secretion. 

Other GPCRs are involved in insulin secretion through heterotrimeric G protein 

dissociation that triggers intracellular signalling. Gαs and Gαi along with adenylyl 

cyclase are responsible for contributing to this signalling (Wu et al. 2015). Activation 

of Gαs proteins activates adenylyl cyclase (AC) and insulin secretion. AC, in turn, 

converts ATP to 3’-5’cAMP, which in turn activates protein kinase A (PKA) that 

further stimulates insulin secretion (Renström et al. 1997; Wu et al. 2015). Activation 

of the Gαi subunit inhibits the above described process of insulin secretion. The Gαq 

proteins can be activated by lipid-based PLCβ signalling that triggers the release of 

membrane bound phosphatidyl inositides (PIs) resulting in increased Ca2+ 

mobilization.  

Other signals responsible for triggering or potentiating insulin secretion include major 

hormones such as cholecystokinin (CCK) and other chemical signals such as 

acetylcholine, serotonin and even free fatty acids (Blad et al. 2012). There are many 

other hormones secreted from different parts of the body that contribute to this control. 

The alimentary tract contributes to glycaemic control most efficiently by secreting 

important hormones including GLP-1, GIP, peptide YY (PYY), oxyntomodulin, 

gastrin, secretin, ghrelin, and obestatin (Bailey 2018). Each of these hormones serve a 

specific function in improving the effectiveness of insulin and the other pancreatic 

hormones. For example, GLP-1, GIP and oxyntomodulin increase glucose-responsive 
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insulin secretion while cholecystokinin is thought to be majorly associated with 

suppressing appetite (Dockray 2009). CCK stimulates insulin, seen strongly via 

activation of phospholipase C (PLC) (Paulssen et al. 2000). These peptides have been 

investigated for either anti-diabetic or anti-obesity potential or both.  

GLP-1 is one of the main incretin hormones and is derived as a transcription product 

of the proglucagon gene. It is secreted from the L-cells located in the small intestine. 

These L cells are capable of sensing increases in glucose levels either directly or 

indirectly via paracrine or neuronal loops (Jones et al. 2018). Several GPCRs on the 

L cells are also responsible for sensing fat or fat metabolites (Kieffer & Habener, 

1999). Fat itself can be responsible for stimulating insulin release through increased 

Ca2+ mobilization as seen in adipocytes of rodents with insulin resistance (McCarty 

2006). Phenylalanine is one amino acid that is coupled to GLP-1 release with allosteric 

changes in the calcium sensing receptor (Alamshah et al. 2017).  

 

 

Figure 1.1: Structure of the pancreas and communication through the PLCβ signalling 

pathways. This image also emphasizes the contribution of the autonomous nervous 

system in pancreatic innervation (Adapted from Hang et al. 2018).  
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1.3 EXISTING THERAPIES FOR DIABETES MELLITUS (DM) 

The lack of insulin response to high circulating glucose levels by beta cells and or loss 

of beta cell mass leaves insulin supplements as the only treatment option for the 

treatment of T1DM. Although this is true, current research is progressing greatly in 

the search for other centric approaches such as replacement or regeneration of beta 

cells using drugs and islet transplantation among others.  

T2DM, on the contrary, is caused by genetic predisposal and lifestyle problems. 

Naturally, the first option for a patient with T2DM starting treatment is to make 

lifestyle changes including dietary changes to combat hyperglycaemia. Exercise and 

physical activity are add-ons to be included in the treatment regime as depicted in 

Figure 1.2. Other targeted agents and drugs are currently used in therapy. They are 

discussed as follows:  

 

 

Figure 1.2: Image representative treatment options available currently for type 2 

diabetes mellitus T2DM (Bailey 2018). 
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1.3.1 Insulin  

Insulin is the hormone replacement therapy potentially used to treat all kinds of 

diabetes. There are two types of insulin – postprandial and basal insulin. Insulin 

preparations are not able to mimic endogenous insulin and there are continuous efforts 

in developing insulin analogues. Some insulin analogues include short acting aspart, 

lispro, glulisine and long acting determir, U -100 glargine, degludec and U-300 

glargine (Khoo, 2016). Insulin and its analogues act rapidly and have a shorter duration 

of action. Native insulin only lasts for about 4-8h after subcutaneous injection. Ultra-

short acting insulin are aspart, lispr and gluilisine and can be injected just before a 

meal to avoid an immediate rise in glucose levels after food intake.  There are long-

acting analogues of insulin that are sufficiently potent to enable one dose per day. 

Long-acting insulin analogues include glargine and determir and there are ultra-long-

acting ones such as degludec and glargine U-300 (Gerich 2002; Garber et al. 2012). 

The structure of human insulin and glargine are basically the same except for a 

replacement of glycine at position A21 with asparagine and addition of two arginine 

in the B chain of the molecule (Heinemann et al. 2000). This change in structure is 

responsible for the change in pH and delayed absorption thus extending the action. 

The effect of glargine lasts for about 24h (Marín-Peñalver et al. 2016). Determir was 

also developed in a similar fashion by replacing threonine and acylating lysine with a 

14-carbon fatty acid chain to facilitate albumin binding and prolonged action 

(Castellanos 2005).  Weight gain and hypoglycaemia are some common symptoms 

seen with the prandial short-acting insulin rather than the long-term analogues.  

 

1.3.2 Improvements in insulin therapy 

Continuous research in the field of diabetes and therapeutics has progressed over the 

years. Recent advances have also been made in improving the therapeutic action of 

insulin itself by modifying the structure and finding better analogues or even changing 

the mode of transport and delivery into the system. A faster-acting analogue of insulin: 

FIasp is a formulation that incorporated nicotinamide to increase absorption along 

with arginine to improve its stability (Pasquot & Sheen, 2018). Various other 

modulations have been made such as PEGylation and fatty acid chain add-ons to 

enable its binding to albumin and increasing its life in plasma. A study describes 
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administration of microspheres containing PEGylated human insulin (Cahn et al. 

2015). Heat sensitive PEG-based delivery systems to deliver insulin based on 

chitosan-zinc-insulin last over a month after subcutaneous administration (Oak & 

Singh, 2012).  

Improvements in targeted drug delivery to allow peripheral tissues such as liver to 

sense insulin and stimulate glucose uptake have also been made. Other modes of 

delivery have been used including oral and incorporation of nanoparticles and 

liposomes to increase targeted delivery. Pumps and implants have been designed based 

on sensors that automatically detect the increased blood glucose in circulation and 

release a bolus of insulin. These exist as patch pumps that can be attached to the skin. 

A recent invention includes an implant of optogenetically created insulin-secreting 

cells that are activated by light emitting diodes and can be activated using a 

smartphone (Shao et al. 2017).  

 

1.3.3 Metformin 

The first line of drug treatment after the diagnosis of T2DM is metformin (Inzzuchi et 

al. 2012; WHO 2015). Metformin works at least in part through activating the mucosal 

AMP-activated protein kinase (AMPK) and changing the gut microbiota to maintain 

the integrity of the intestinal barrier (Zhou et al. 2001; Pernicova & Korbonits 2014). 

Metformin was found to accumulate in the intestine more than plasma and other tissues 

in humans (Bailey et al. 2008). Metformin uses this mechanism in adipocytes to 

decrease lipopolysaccharides in the liver and in circulation (Marín-Peñalver et al. 

2016). It is capable of inhibiting gluconeogenesis in the liver through four different 

mechanisms a) by activating the hepatic AMPK through liver kinase B2; b) inhibition 

of glucagon-induced cAMP production by blocking AC; c) high concentrations of 

glucose inhibit enzymes in the mitochondrial electron transport chain reducing the 

ATP levels and increasing AMP/ATP ratio and d) suppressing gluconeogenesis 

process from lactate (An & He, 2016). 

Although metformin is the first line of treatment, it does create certain side effects 

mostly associated with the gastrointestinal tract including nausea, diarrhoea and 

reduction in intestinal absorption of vitamin B12 (Marín-Peñalver et al. 2016). It is thus 

recommended to ingest metformin with food. Lactic acidosis is also an associated side 
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effect, although this is a rare side effect, it does present itself with fatal symptoms 

(Salpeter et al. 2006). Metformin is excreted from the kidneys unchanged and is not 

recommended to patients with chronic kidney diseases due to the risk of lactic 

acidosis. This presents a problem in cases with diabetic nephropathy.  

 

1.3.4 Sulfonylureas and meglitinides 

These are two different classes of oral drugs that stimulate pancreatic beta cells to 

release insulin. After metformin, sulfonylureas are the second line of therapeutic drugs 

for patients with T2DM. They are also used as a comparative to check the efficiency 

and safety of other hypoglycaemic drugs. Meglitinides have a similar mechanism of 

action although they have more rapid absorption and stimulus to insulin secretion. 

Meglitinides, however, require more frequent dosing compared to sulfonylureas 

(Gerich et al. 2005). The mechanism of both these drugs involves the ATP sensitive 

potassium channels (KATP channels) located on the beta cell membrane (Bryan et al. 

2005). The drugs result in the closure of these K-ATP channels causing depolarization 

of the beta cells. This leads to the entry of Ca2+ through the opening of voltage-gated 

Ca2+ channels and finally exocytosis of insulin. Although the binding site for the drugs 

is different, they both increase cytoplasmic Ca2+ level and hence insulin secretion 

(Gribble & Reimann, 2003).  

Sulfonylureas can be divided into two different classes of drugs – first and second-

generation agents. The first-generation sulfonylurea tolbutamide is widely available 

for daily administration. Glyburide, glipizide, gliclazide and glimepiride are second-

generation sulfonylureas (Inzucchi et al. 2012). There are discrepancies within the 

second-generation drugs with respect to different properties of dosage, absorption, 

metabolism and duration of action which makes them less potent than the new 

generation agents. Studies do suggest a possibility of increased mortality in T2DM 

patients using tolbutamide and glyburide (Zeller et al. 2010). Meglitinides are grouped 

into two: Repaglinide and nateglinide. While repaglinide belongs to the meglitinides 

family and is different from the sulfonylureas, nateglinide is a derivative of 

phenylalanine (Tankova et al. 2003; Rosenstock et al. 2004; Califf et al. 2008). Both 

drugs are responsible for less hypoglycaemia and reduced weight gain (Guardado-
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Mendoza et al. 2013). They do though have a short half-life but have different receptor 

binding sites that make their absorption faster and more rapid in response.  

Although sulfonylureas and meglitinides show potent anti-hyperglycaemic effects 

they do present with side effects including hypoglycaemia, weight gain and loss of 

efficacy. These drugs lose their efficiency over time and lead to islet dysfunction and 

beta cell failure resulting in poorer glycaemic control (Kahn et al. 2006). Adverse 

effects in the form of hypoglycaemia are worse and can be life-threatening. 

Sulfonylureas have also been associated with increased cardiovascular risk (Turner 

1998). Again, like metformin, these drugs increase the risk of hypoglycaemia in 

patients with chronic kidney disease and hence cannot be prescribed (Schernthaner et 

al. 2014). This risk is also known in the case of patients with liver disease and should 

be avoided. Sulfonylureas have many drug to drug interactions that can be a significant 

disadvantage in prescription with combination of drugs (Culy & Jarvis, 2001).  

 

1.3.5 Alpha –glucosidase inhibitors 

Alpha glucosidase inhibitors target alpha glucosidase in the brush border of the small 

intestines thus delaying digestion of carbohydrates and absorption of glucose. They 

produce a reversible inhibition of the membrane bound alpha – glucoside hydrolase 

enzymes. These drugs are especially for patients with dietary inclusion of 

carbohydrate rich food. These inhibitors target postprandial hyperglycaemia and are 

also known to lower HbA1c levels. Currently available drugs include acarbose, 

miglitol and voglibose (Wycherley et al. 2010). Acarbose reduces the risk of 

cardiovascular disease (Chiasson et al. 2003). It slows the progression of diabetes in 

patients with glucose intolerance. These drugs reduce the postprandial triglycerides 

with little or no effect on fasting triglyceride levels or LDL and HDL levels (Van de 

Laar et al. 2005; Bonnet & Scheen, 2017). These drugs do not stimulate insulin release 

or affect body weight (McIntosh et al. 2012).  

Colonic starch fermentation is a common gastrointestinal side effect. These lead to 

diarrhoea, abdominal pain and flatulence (Rosak & Mertes, 2012). The main reason 

for discontinuation of these drugs is reduced compliance. These inhibitors cannot be 

prescribed to patients with serum creatinine level higher than 2 mg/dl (Khoo, 2016). 
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Since creatinine is an important control liver enzyme it results in asymptomatic 

elevation of liver enzymes (Chiasson et al. 2003).  

1.3.6 Thiazolidinediones (TZDs) 

Rosiglitazone and pioglitazone are two sets of drugs commonly used for the treatment 

of T2DM. They work through increasing insulin sensitivity on peripheral tissues such 

as muscle, adipose tissue and liver, thereby increasing glucose uptake and reducing 

the production of glucose. These drugs improve blood glucose levels while improving 

beta cell function like metformin.  

Pancreatic beta cells express the peroxisome proliferator –activated receptors (PPARs) 

that these drugs bind to. They also bind to these receptors expressed on immune cells 

such as macrophages, adipose tissue, vascular endothelium and the nervous system. A 

study shows elevated PPARγ in the skeletal muscle of obese and diabetic patients 

(Park et al. 1997). This elevation also contributes to increased weight gain by 

stimulated feeding (Ryan et al. 2011). This is mainly due to the activation of the 

PPARγ in the adipose tissue stimulating differentiation and proliferation of 

preadipocytes into fat cells. While Rosiglitazone is PPARγ specific, pioglitazone also 

cross reacts with PPARα, found in the skeletal muscle, blood vessels, heart and liver 

(Smith, 2001). Hence, both drugs result in different effects on lipids. These drugs are 

also known to increase adiponectin levels and inhibit the production of inflammatory 

cytokines (Yu et al. 2002; Stumvoll et al. 2005).  

PPARγ is highly expressed in the nephrons particularly in the collecting tubules, 

potentially introducing the danger of disturbing the fluid retention and excretion 

balance. It is known that they activate sodium reabsorption causing fluid retention 

leading to heart failure (Guan et al. 2005). Rosiglitazone is known to increase LDL-

cholesterol levels causing weight gain while pioglitazone keeps them constant during 

treatment. Although there is some difference in their effects on triglycerides, both do 

increase the HDL levels (Goldberg et al. 2005). These drugs are not prescribed to 

patients with a history of either heart problems or low bone mass due to the risk of 

heart failure and fractures. Rosiglitazone has been taken off the market due to its 

increased risk of cardiovascular disorder, while pioglitazone is still in the market, it 
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still needs to be prescribed with great caution, since the drugs are known to increase 

body weight in patients.  

 

1.3.7 Dipeptidyl peptidase-4 (DPP4) inhibitors 

DPP4 (> 70 substrates) is an enzyme responsible for the cleavage and inactivation of 

many hormones including the two important incretin hormones – GLP-1 and GIP 

secreted by the intestinal L or K cells. GLP-1 and GIP increase insulin secretion in 

response to glucose and limit glucagon secretion (Seino et al. 2010). The rationale 

behind this treatment is to inhibit DPP4 to preserve the function of these incretin 

hormones. The half-life of the two incretin hormones is only about 1 to 2 min, thus a 

combination of enzyme inhibition by about 85% and increasing the stability of 

endogenous GLP-1 results in an incremented glycaemic control (Nauk et al. 2009). 

These drugs also help improve islet function and glucose tolerance in T2DM (Marín-

Peñalver et al. 2016). They can either be given as monotherapy to patients in 

combination with restricted diet and exercise. They can also be prescribed in 

combination with other drugs such as metformin, TZDs or insulin. Some of the 

existing DPP4 inhibitors include Sitagliptin, Vildagiptin, Saxagliptin, Linagliptin and 

Alogliptin.  

The risk of hepatic dysfunction and the continuous monitoring of liver enzymes for 

the first stage of treatment has been advised with vildagliptin and alogliptin. There is 

no strong evidence of pancreatitis with these drugs although a sign of abdominal pain 

suggests strong discontinuation (Singh et al. 2013). Other side effects reported include 

respiratory tract infection, nasopharyngitis and headache (Gooßen et al. 2012). 

Sitagliptin has been associated with a risk of gastrointestinal side effects (Aschner et 

al. 2006). Hypersensitivity and dermatitis have also been reported in certain cases. 

Again, as mentioned for other treatment options, the dosage of these drugs needs to be 

strictly regulated especially for patients with chronic kidney disease.  

 

1.3.8 GLP-1 receptor agonists 

Naturally following the course of medication of DPP4 inhibitors, it is evident that 

GLP-1 is an important incretin hormone that responds positively to elevated plasma 
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glucose levels by stimulating insulin release. GLP-1 is secreted from the intestinal L 

– cells in response to food intake (Holst 2007). It is responsible for almost 50% of the 

insulin secreted after oral glucose ingestion. This stimulation of insulin secretion is 

glucose dependent. Studies have shown GLP-1 receptor agonists also delay gastric 

emptying and reduce appetite by modulating the brain appetite signals (Green & Flatt, 

2007; Tahrani et al. 2011). They also tend to reduce hepatic glucose production by 

inhibiting glucagon secretion (Tahrani et al. 2011). These effects confirm their anti-

diabetic potential and relative freedom from the risk of hypoglycaemia. Currently, 

long-acting peptides such as exenatide and liraglutide are on the market in the form of 

subcutaneous injection for the treatment of T2DM. Other forms of these drugs exist 

such as Albiglutide, Dulaglutide, Lixisenatide and modification of exenatide: 

exenatide LAR.  

Common side effects of these agonists include vomiting, nausea and diarrhoea. Acute 

pancreatitis is a potential side effect. Studies in rodents have implicated the risk of C–

cell hyperplasia in the thyroid, although this has not been proved in humans (Knudson 

et al. 2010). Risk of increased heart rate has also been reported with exenatide 

(Yamamato et al. 2002).  

 

1.3.9 Sodium-glucose transporter 2 (SGLT2) inhibitors 

Kidney also plays a very important part in glucose homeostasis. It is responsible for 

regulating gluconeogenesis and glucose reabsorption from urine (Gerich 2010). 

T2DM increases the renal glucose threshold. These drugs work by increasing the 

quantity of glucose excreted in the urine, preventing reabsorption of glucose and this 

results in lowered blood glucose independent of insulin, thereby preventing any risk 

of hypoglycaemia (Nauck 2014; Wilding 2014). An increase in glucose excretion with 

Na+ also relieves the heart and reduces blood pressure (Weir 2016). This also causes 

a reduction in body weight. Although these effects are particularly attractive, special 

care needs to be taken to monitor kidney function continuously (Mende 2017). 

Dapagliflozin, canagliflozin and empagliflozin are three drugs currently administered 

under the SGLT2 group. Recent studies also implicate the advantage of these drugs in 

decreasing the number of cardiovascular deaths and heart failure among T2DM 

affected patients (Zinman et al. 2015).  
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SGLT2 may cause genital and urinary tract infections in some patients hence must be 

used with caution (Johnsson et al. 2013). Hypotension is also another side effect 

especially in the elderly with volume depletion (Mende 2017). Each of the existing 

therapies do have their own advantages and disadvantages. The continuous monitoring 

of these therapeutics and the limitations of their administration and action is of 

concern. Research is expanding to look for better options that have a wider reach and 

a grass root elimination of diabetes. From combinatorial therapy to smart therapy, 

there is considerable progress in this field that needs further contribution (Olokoba et 

al. 2012). 

 

1.4 AUTONOMIC NERVOUS SYSTEM CONTROL OF THE PANCREAS 

Glucose sensing occurs through different pathways including glucose-dependent 

regulation of enzymes such as inhibition of hepatic glycogen phosphorylase, or 

through activation of transcription factors and glucose receptor-mediated processes. 

Pancreatic homeostasis and the association of diabetes is always linked to 

hyperglycaemia and dearth of insulin, however, the process of secretion of pancreatic 

hormones is part of a complex circuit that involves the autonomic nervous system 

(ANS). Earlier the glucose status of the brain was thought to be insulin independent 

majorly due to the blood-brain barrier (Park and Johnson, 1995). Insulin was not 

expected to cross the barrier and hence the central nervous system. Further research 

later showed the contradictory. Studies with the administration of exogenous insulin 

has shown some insulin to enter through the blood-brain barrier. The brain was also 

not expected to sense insulin and stimulate glucose uptake (Hoyer 1990). Insulin 

receptors are ,however, found to be expressed in the CNS (van der Heide et al. 2006). 

They have been found in the hippocampus, cerebral cortex, cerebellum, choroid 

plexus, olfactory bulbs and even the arcuate nucleus of the hypothalamus (Baskin et 

al. 1983; Marks & Eastman 1990; Marks et al. 1990).  

The pancreatic islets are innervated by the parasympathetic nerves originating from 

the pancreatic ganglia (Rodriguez-Diaz et al. 2004). This ganglion is innervated in 

turn by the preganglionic parasympathetic nerves from the dorsal motor vagal nucleus. 

The autonomic control of the pancreas is through these parasympathetic nerves that 

can control insulin and glucagon secretion. Insulin was found to be a key regulator in 
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giving negative feedback to prevent hyperglycaemia. It was found to signal in case of 

adiposity to reduce food intake and increase energy expenditure. Other pancreatic 

hormones such as pancreatic polypeptide (PP), somatostatin, amylin and glucagon also 

reduced food intake on central administration. 

The knowledge of pancreatic innervation and structural link to the nervous system 

exposed the wider functionality and control of the pancreas. The administration of 

alpha-adrenergic stimulation (Porte & Williams, 1966) showed inhibition of insulin 

release while the beta-adrenergic showed stimulation of insulin secretion (Porte, 1965; 

Ahren 2000). This indicated a sympathetic control of insulin secretion. Acetylcholine 

mediated stimulation of insulin suggested a parasympathetic pathway for insulin 

release (Doliba et al. 2010; Thorens 2010). On the other hand, administration of 

epinephrine inhibited cholinergic stimulation of insulin, indicating both a 

parasympathetic and sympathetic mode of control (Campfield et al. 1986; Kalsbeek et 

al. 2004). Exogenous administration of insulin in the central spinal fluid (CSF) was 

found to in turn stimulate pancreatic insulin secretion through various brain circuits. 

Insulin was providing a reflex response through the vagally mediated parasympathetic 

innervation of the pancreas (Kaneto et al. 1975; N’Guyen et al. 1994). Thus an 

administered bolus of insulin significantly reduced blood glucose in plasma as well as 

the CSF. Similarly, administration of glucose also led to a rise in insulin secretion 

confirming the glucose sensing efficiency of the CNS (Guillod-Maximin et al. 2004).  

Different studies have contributed to the complete picture of how insulin is delivered 

in the CNS. One study suggests the insulin receptor-mediated pathway in the brain 

capillary endothelial cells (Baura et al. 1993). Insulin is seen to be exported from the 

plasma to the CSF by the interstitial fluid and hence the brain, following the 3-

compartment model (Banks, 2004; Liu et al. 2012).  Although this area of research is 

still being explored, the function of central insulin is important to understand. 

Considering the role of pancreatic insulin in combatting hyperglycaemia, it is always 

associated as an after-meal response. Autonomic role of insulin is seen mainly in 

cephalic responses involved in the stimulation of insulin before meal – time (Begg & 

Woods, 2013; Veedfald et al. 2015).  

This insulin secretion is in response to a neural signal and not intake of glucose-rich 

food. The blockage of this cephalic response in animals results in the development of 
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diabetes. A small amount of insulin is released before the actual meal hence allowing 

the individual to have a high caloric diet preventing hyperglycaemia (Woods et al. 

1991; Teff 2011). Before any meal, thus there is a series of events leading to the 

preparation for the glucose rush and immediate stabilization (Woods & Ramsay, 

2011). This response is linked to the release of other hormones including pancreatic 

hormones such as PP (Teff 2010), amylin, glucagon (Woods et al. 2006) and 

gastrointestinal hormones including ghrelin (Hsu et al. 2016), cholecystokinin, 

secretin (Konturek et al. 2003) and GLP-1 (Veedfald et al. 2015). The combination of 

all these events through innervation of the pancreas by the central nervous system are 

involved in the control of food intake and energy expenditure.  

Glucose sensing cells in the CNS are also able to sense a fall in blood glucose levels 

or hypoglycaemia (Thorens 2011). They act through the sympathetic and 

parasympathetic pathway as seen with insulin and control glucagon secretion as well, 

as mentioned above. Studies also predict the control of alpha and beta cell number by 

the CNS in monitoring the glucose levels (Kiba 2004). Some studies also indicate the 

perturbation of neurohormonal influences on islet hormones and metabolism of 

glucose to be a contributing factor to the development of diabetes. The disturbances 

in islet innervation by the autonomous nervous system can lead to the development of 

insulin resistance and type 2 diabetes, hence exploring treatment options through the 

study of neuropeptides is promising.  

 

1.5 UNEXPLORED HORMONES OF THE ANS AFFECTING PANCREATIC 

HOMEOSTASIS 

Pancreatic islets innervated by the sympathetic and parasympathetic neurons express 

different hormones (Thorens 2010). Sympathetic neurons express norepinephrine and 

neuropeptide Y (NPY) along with another hormone called galanin.  The 

parasympathetic neurons are known to express acetylcholine along with other 

hormones such as vasoactive intestinal peptide (VIP), gastrin releasing peptide (GRP) 

and the pituitary specific adenylate cyclase activating polypeptide (PACAP) (Fillipson 

et al. 2001; Winzell & Ahren 2017). The receptors for these hormones are expressed 

on the beta and alpha cells enabling them to bind and influence pancreatic secretions. 
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The differences in the expression of the adrenergic receptors on alpha and beta cells 

lead to specific norepinephrine-controlled insulin or glucagon secretion (Ahren 2000). 

Research has shown the control of insulin secretion is dependent on the expression of 

receptors of these neuropeptides such as NPY, PACAP and VIP. The contribution of 

these peptides on maintaining glycaemic control along with influencing weight gain 

and energy expenditure has been considered (Ahren 2000; Kaga et al. 2001; Green et 

al. 2006; da Silva et al. 2018).  

Cholecystokinin is one such peptide which has created a niche in effects on appetite 

(Dockray 2009). Others are adrenomedullin (2 and 5) (Otsubo et al. 2009), apelin 

(Reaux et al. 2001), corticotropin releasing factor, kisspeptin, GLP-1, nesfastin-1, 

neuromedin U, prolactin releasing hormone (PrRP), secretin and thyrotropin – 

releasing hormone. These neuropeptides have found important links to the pancreas. 

There are other hormones produced in different parts of the nervous system that are 

yet to be explored in terms of effects on pancreatic homeostasis. One of the most 

interesting neuropeptides seen to influence pancreatic homeostasis and glycaemic 

control is oxytocin. The above-mentioned neuropeptides are found to stimulate 

oxytocin release or activate oxytocin neurons, thus directing some importance to the 

study of oxytocin (Hashimoto et al. 2012).  

 

1.5.1 Oxytocin (OXT or OT) 

A neuropeptide that is less explored and has abundant beneficial effects in the body is 

oxytocin. The first observation of oxytocin was in the posterior pituitary where it was 

found to cause uterine contractions in a pregnant cat (Dale 1906). Since then studies 

have pinned oxytocin as the hormone of birth.  It was one of the first peptide hormones 

to be sequenced and synthesized by Vincent du Vigneaud in 1953. There were 

considerable findings leading to the development of oxytocin as an administrative 

drug for inducing labour in women in hospital. Synthetic oxytocin (Pitocin/Syntocin) 

is prescribed in hospitals for induction of labour (Hayes & Weinstein, 2008).  

Oxytocin is a short nine amino acid neuropeptide synthesised in the magnocellular 

neurons of the hypothalamus and released into circulation by the posterior pituitary 

(Sofroniew 1983; Gimpl et al. 2001). Oxytocin is synthesized along with neurophysin 
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I, a 93-95 residue that is rich in disulphide protein (Elphick 2010). This attachment to 

the actual peptide ensures proper storage, packaging and targeting (Elphick 2010). 

Oxytocin and neurophysin I are prepared in a 1:1 ratio and stored at the axonal 

terminals until secreted by exocytosis. Oxytocin acts at one receptor belonging to the 

GPCR family which is expressed in most parts of the body (Gimpl et al. 2001).  

Following on from early studies, oxytocin acquired fame in the field of reproduction 

and roles before and after childbirth.  Oxytocin also prevents hypoxia during childbirth 

(Khazipov et al. 2008). This oxytocin triggers the let-down reflex for milk ejection 

after childbirth (Nishimori et al. 1996). Oxytocin was then assessed for its role in the 

brain. The hormone was found to influence social bonding and behaviour (Neumann 

2009; Viero et al. 2010). It was found to be an important ingredient for happiness and 

building trust among individuals. Studies also showed the role of oxytocin in memory, 

learning and feedback (Kosfeld et al. 2005). It also has effects on combatting stress 

and controlling depression (Neumann 2008). Surprisingly, oxytocin has a positive 

effect on wound healing (Vitalo et al. 2009).  

As research developed and expanded, different roles of oxytocin have been recognized 

in the body. Many more beneficial effects were unveiled. Its effect on bone mass is 

highly promising (Amri & Pisani, 2016). It has been shown to contribute to anabolism 

by stimulating differentiation of osteoblasts and formation of osteoclasts. A study 

confirms these effects by providing evidence of reversal of osteoporosis (Beranger et 

al. 2015). This neurohormone is also seen as a differentiation factor, growth factor and 

regulating cell proliferation especially in cancer (Cassoni et al. 1994). It was found to 

have a dual effect on these cancer cells depending on the tissue type (Cassoni et al. 

2001; 2006). Cardioprotective effects of oxytocin have been analysed and confirmed 

via the NO signalling system. It is seen to stimulate atrial neuropeptide release and 

decrease blood pressure (Gutkowska et al. 2014).  

Apart from the various positive effects of oxytocin that have been mentioned. 

Oxytocin also seems to have a role in the pancreatic islet cells. Administration of 

oxytocin has shown reduced blood glucose levels in animals and humans alike 

(Klement et al. 2017). Earlier studies in 1996 had pointed to the role of peripheral 

oxytocin in glucagon release while the central oxytocin in contributing to insulin 

release (Bjorkstrand et al. 1996). Recent studies have related the role of oxytocin and 
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its receptors to diabetes. The expression of oxytocin and its receptors in the pancreas 

have indicated its possible importance in glucose homeostasis. Oxytocin has also 

shown great coordination with leptin signalling in fat and lipid metabolism (Amri et 

al. 2015). The pattern of oxytocin and oxytocin receptor expression in obesity and 

diabetes has been suggested for diagnosis of the disorders.  

 

1.6 PEPTIDE BASED DIABETIC THERAPY: OXYTOCIN 

The idea of using peptide-based options comes from the concern of using drugs that 

have limited bioefficiency and/or with possible side effects. Most of the dosage of 

drug administered is eliminated by the liver and kidneys, thus reducing the quantity 

reaching the target site. A higher dosage is thus required to counteract this problem. 

The existing options for the treatment of diabetes seem to be centric and less 

wholesome especially while considering the treatment of diabetes associated 

symptoms such as nephropathy, neuropathy among others. Treatment with certain 

drugs also present with side effects that cause more harm (Bonnet & Scheen, 2017). 

The manufacture of chemical drugs possibly also include industrial processes that 

produce environmentally harmful waste. Hence synthesizing natural-based targeted 

treatment options for diabetes might be a better strategy for handling this disorder. 

Finding specific targeting natural agents for the treatment of diabetes has many 

advantages: 

1. Peptides can target their receptors at specific target tissues making them 

highly specific. This makes them highly selective and efficient by limiting 

the range of their activity.  

2. Compared to other agents, peptides are smaller in size and can initiate 

receptor internalization through membranes into tissues and target sites. 

3. Therapeutic peptides especially those derived from natural sources are 

usually less immunogenic compared to other available options.  

4. They tend to have more activity in a smaller dose than other drugs that need 

to be administered in larger doses. 

5. Degradation of peptides in the system is easily overcome by technological 

advances (Sato et al. 2006; Werle & Bernkop-Schnürch 2006). When 
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peptides degrade they release amino acids that are not harmful in small 

amounts to the biological system. Considering the recent advances in drug 

delivery systems where the degradation of a therapeutic molecule is desired 

after its course of action, delaying the degradation of a therapeutic peptide in 

the system seems s better option. Thus, fewer peptides accumulate in the 

tissues.  

6. Naturally existing peptides usually work through their receptors with positive 

feedback. Thus, if a smaller dose of a peptide is introduced, it would increase 

its receptor expression to accommodate the effects of the small dose making 

it highly sensitive. This follows the smaller dose of therapeutic peptides to be 

more advantageous, then harmful.  

7. Synthetic peptides are less expensive to produce than many other therapeutic 

options available in the market.  

8. Alternate routes of administration allow exploration of the best possible 

routes to exploit the therapeutic properties of the peptide.  

9. Therapeutic peptides also contribute to the ecosystem by being 

biodegradable.  

 

The idea of designing anti-diabetic therapeutic peptides from naturally existing 

hormones and exploring their functions in the biological system is important 

considering the rising occurrences of diabetes. Patients with impaired liver and kidney 

function, commonly seen in diabetes, are unable to receive the same care and drugs 

due to the mentioned side effects seen on kidney and liver. Designing suitable 

analogues of peptides increase their therapeutic value by accommodating the above 

points making them ideal for treating diabetes. Oxytocin has potential as a glucose-

lowering hormone. It has also shown other beneficial effects in the heart, bone, liver 

and adipose tissue apart from the pancreas. However, there has been no considerable 

advancement in designing therapies based on this neuropeptide for the potential 

treatment of diabetes and obesity. Hence, the prospect of utilizing a hormone with 

multi-dimensional effects to design drugs for diabetes and obesity is exciting.   
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1.7 AIMS OF THE THESIS 

The main aims of this thesis were to explore the role of oxytocin and to design long-

acting analogues with the view of assessing their credibility as anti-diabetic 

therapeutics in animal models of diabetes.  

Main aims and objectives include the following: 

1. To examine the existence of oxytocin and its GqPCR receptor in the pancreas 

and identify its role in insulinotropic anti-hyperglycaemic activity in vitro in 

rodent and human pancreatic beta cells and in vivo mice. 

 

2. A very similar molecule to oxytocin is the anti-diuretic hormone – vasopressin. 

To confirm the existence of vasopressin receptors in islets especially 

pancreatic beta cells. To explore the function of vasopressin in glucose-

dependent in vitro insulin and glucagon secretion and in vivo effects in mice. 

 

3. To design and characterize the biological activity of long-acting stable 

analogues of oxytocin for better glycaemic control. To confirm their stability 

and assess the insulinotropic activity and effect on the appetite of these 

analogues. To also examine the receptors involved in their downstream 

signalling of insulin secretion from pancreatic beta cells.  

 

4. To evaluate the antidiabetic insulinotropic activity of oxytocin-vasopressin 

hybrid based peptides and to confirm their stability in plasma. To also assess 

stimulation of insulin release from beta cells. To ascertain the receptors 

involved in insulin release utilized by the analogues in pancreatic beta cells. 

 

5. To evaluate the effects of 28 days twice daily administration of exendin -4 and 

three selected oxytocin analogues- analogue 2N, D7R and Ac8RO (oxytocin-

vasopressin hybrid peptide) on glucose tolerance and insulin sensitivity along 

with changes in fat, cholesterol levels and bone density in high fat fed mice. 
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6. To evaluate beta cell destruction and islet cell transdifferentiation following 12 

days twice daily treatment with liraglutide and hybrid peptide Ac8RO in 

transgenic Ins1CRE/+: ROSA26-eYFP mice treated with streptozotocin or 

hydrocortisone as models of type 1 and type 2 diabetes respectively.  
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Chapter 2 

General Materials and Methods 
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2.1 PEPTIDES 

Oxytocin was obtained from Genescript Ltd. All analogues used from Chapter 5 and 

Chapter 6 were obtained from Synpeptide Ltd., Shanghai, China. The peptides were 

obtained with 95% purity. 

 

2.1.1 Reagents 

HPLC grade acetonitrile, sequencing grade trifluoroacetic acid (TFA), HPLC grade 

ethanol and α-cyano-4-hydroxycinnamic acid were purchased from Sigma Aldrich 

(Poole, Dorset, UK).  Purified water (18.2 MΩ-cm purity) used in these experiments 

was obtained from an Elga PURELAB Ultra system (Elga, Celbridge, Ireland).  

2.1.2 Reverse phase high-performance liquid chromatography (RP-HPLC) 

Peptides were confirmed for their purity using RP – HPLC on column C18 Vydac – 

spectra series P200 chromatography. The column was equilibrated using 0.1% 

trifluoroacetic acid (TFA). Peptides were made up to a concentration of 1 mg/ml, 100 

µL of which was used to make up to 1ml of solution with 0.1% TFA/water solution. 

The RP- HPLC was carried out using an auto-sampler. 120µL of the peptide solutions 

(100 µg) was aliquoted into glass vials for subsequent spectral analysis. The eluting 

solvent used was acetonitrile 70% with 0.05% TFA (solvent B) and the set flow rate 

was 1 ml/min. The concentration of eluting solvent was increased using linear 

gradients from 0 to 15% acetonitrile over 15 min followed by 15 to 60% over 20 min 

and 80 to 100% over 5 min. The absorbance was measured at a wavelength of 214 nm. 

A software called the thermo electro Chrome Quest was utilized for data collection 

and further analysis. The peptide fractions thus collected were further analysed using 

MALDI – ToF.  

2.1.3 Matrix-assisted laser desorption/ionization – time of flight MALDI – TOF 

This method was used to confirm the molecular weights of the peptides obtained 

and/or purified by RP-HPLC. The molecular masses were determined using the 

Voyager – DE biospectrometry workstation (Perspective Biosystems, Framingham, 

MA, USA). Briefly, matrix solution was prepared using 10mg/ml of α – cyano – 4- 
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hydroxycinnamic acid in acetonitrile/ethanol (1:1) or (50:50) of water: acetonitrile. 

1.5ul of the peptide was mixed with an equal volume of the matrix solution. This 

mixture was then placed on a designated number space on a stainless steel plate that 

is read by the Voyager after it has dried at RT. The mass/charge ratio against relative 

peak intensity is measured. Experimental masses could be later compared with the 

theoretical masses of the peptides. The Voyager DE PRO (Applied Biosystems, 

Forster City, USA) was used in the reflection mode with delayed extraction with an 

accelerating voltage of 20kV of the ion source. The accuracy level of the instrument 

was maintained at ±0.02%.  

2.1.4 Assessment of plasma degradation of peptides 

Plasma was obtained from overnight fasted C57BL/6 mice. 10ul of peptide (1mg/ml) 

was incubated with 10ul of plasma in the presence of 390 ul triethanolamine - HCl 

(TEA, 50mmol/L, pH 7.8). The incubation was carried out at 37oC for 0h and 4h (or 

8 h). The reaction was stopped by the addition of 50 ul of trifluoroacetic acid 

(TFA/H2O, 10% v/v) (Green et al. 2003). The degradation products were separated 

using RP-HPLC (Section 2.1.2).  

2.2 CELL CULTURE 

2.2.1 Materials 

Tissue culture media: RPMI 1640 for BRIN-BD11 cells, 1.1B4 cells and isolated mice 

islets. DMEM 4.5g/L media for alpha TC1.9 cells. The culture media were made up 

using foetal bovine serum (FBS), penicillin and streptomycin. Other common 

materials required for cell culture included Hanks Buffered Saline Solution (HBSS), 

trypsin/EDTA. All the above chemicals were obtained from Gibco Life Technologies 

Ltd. (Paisley, Strathclyde, UK). Trypan blue was obtained from Sigma Aldrich (Poole, 

Dorset, UK).  

 

2.2.2 Culture of rat pancreatic clonal beta cell line, BRIN – BD11  

Electrofusion of New England Deaconess Hospital (NEDH) rat pancreatic islet cells 

and immortal rat insulinoma RINm5F cells led to the creation of the clonal BRIN – 
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BD11 cells (McClenaghan et al. 1996). These cells were cultured in the RPMI – 1640 

media with 10% added (FBS) fetal bovine serum and 1% (v/v) antibiotics – penicillin 

(100U/ml) and streptomycin (0.1mg/L) mixture.  The cells were cultured in a 75cm2 

sterile tissue culture flask (Greiner – bione, UK) maintained at 37oC and 5% CO2 in 

an LEEC incubator.  

 

2.2.3 Cryopreservation 

The cells were cryopreserved in 2 ml cryovials (1 X 106 cells /vial) in separate freezing 

media. This freezing media consisted of 10% DMSO, 10% RPMI – 1640 and 80% 

FBS. The cells were frozen gradually at -20oC for 4h and -70oC overnight before 

transferring it into -196oC in liquid nitrogen.  

 

2.2.4 Culturing from cryostorage 

The cryovials were taken out from liquid nitrogen and thawed before transferring the 

cells that were thawed into 15 ml centrifuge tubes. 10 ml of pre-warmed RPMI – 1640 

media was added slowly to the cells. The slow addition of the warm media, helped to 

prevent any cell rupture due to osmotic shock, resulting from the temperature 

difference between the cells and the media. The cells then were centrifuged at 900 rpm 

for 5 min (Universal 320, Hettich Zentifugen, Germany). The supernatant obtained 

after centrifugation was discarded and the cells were resuspended in 15 ml of pre – 

warmed RPMI – 1640 media. The step was basically done to remove any traces of 

DMSO from the cells added as part of the freezing media. The resuspended cells were 

transferred into a 75cm2 sterile tissue culture flask and stored at 37oC and 5% CO2, 

95% air in an LEEC incubator. The cells were stored until they achieved 70-80% 

confluent, after which they were split into separate flasks for future use.  

 

2.2.5 Sub-culturing 

When the monolayer of cells in the flask reached a confluence of 70-80%, the cells 

were subcultured in to new flasks. The flask was washed with 10ml HANK’s balanced 

salt solution. The cells were then detached from the flask using 3ml trypsin (0.25% 

(w/v) 1mM EDTA). The flask was incubated with trypsin at 37oC for 5 min. The 
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detached cells were resuspended in pre warmed RPMI – 1640 media. The cells were 

resuspended and centrifuged at 900 rpm for 5 min. The cells are then resuspended in 

20- 30 ml of prewarmed RPMI – 1640 media, depending on the confluency of cells 

and requirement. 100 ul of the cell suspension was added with 100 ul trypan blue in 

an Eppendorf. 100 ul of the mixture was pipetted onto a NEUBAUER 

haemocytometer. The viable cells (unstained and bright) were counted with the help 

of a cell counter. Cell clusters are considered as one single cell.  

2.2.6 Maintenance 

1ml of the cell culture was pipetted back into the tissue culture flask with 25 ml of 

prewarmed RPMI – 1640 media. The cells were maintained in an incubator at 37oC 

with 5% CO2, until further use. The cells used in all the experiments performed in this 

thesis were between passages of 14 to 40.  

2.2.7 Culture of human pancreatic beta cell line, 1.1B4 

1.1B4 cell line is a human pancreatic insulin secreting cell line that was generated by 

the electrofusion of isolated human pancreatic beta cells and human PANC-1, 

immortal epithelial cell line (McCluskey et al. 2011). The cell line was cryopreserved 

as per the procedure described earlier. The freezing media contained 10% DMSO, 

10% RPMI – 1640 medium and 80% foetal bovine serum. The cells were taken out of 

cryostorage and cultured until the number of cells were suitable for experimentation. 

The culturing of these cells followed the same procedure as mentioned for BRIN – 

BD11 cells.  

2.2.8 Culture of alpha TC 1.9 cells 

The alpha TC 1.9 cells are glucagon secreting cell line that was generated from an 

adenoma in transgenic mice that expressed SV40 large T antigen controlled under rat 

preproglucagon promoter. The cell line expressed insulin, preproinsulin mRNA and 

glucagon. Alpha TC1 was used to produce a clone alpha TC 1 clone 9 that had no 

expression of insulin or preproinsulin but only glucagon. The media used to freeze 

these cells down in liquid nitrogen, contained 10% DMSO, 10% Dulbecco’s Modified 
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Eagle Medium (DMEM) and 80% Fetal Bovine Serum (FBS).  The maintenance and 

sub-culturing of these cell lines was similar to that explained previously for BRIN – 

BD11 cells, except for these DMEM media is used. Dulbecco’s modified eagle media 

(DMEM) consisted of 25 mM glucose along with 10% (v/v) fetal bovine serum (FBS) 

and 1% antibiotics (v/v; penicillin and streptomycin).  

2.3 INSULIN SECRETION/ RELEASE FROM BRIN – BD11 CELLS 

2.3.1 Materials 

Materials required for acute insulin release studies included trypan blue, bovine 

insulin, bovine serum albumin (fraction V), thimerosal, iodogen (1,3,4,6-tetrachloro-

3α,6α-diphenylglycouril), dextran T-70 and activated charcoal, these were all acquired 

from Sigma Aldrich (Poole, Dorset, UK). Materials to prepare radioimmunoassay 

reagents included disodium hydrogen orthophosphate (Na2HPO4) and sodium 

dihydrogen orthophosphate dihydrate (NaH2PO4.2H2O) which were purchased from 

VWR international Ltd. (Leicestershire, UK). Radiolabelled sodium iodide (Na125I) 

was obtained from Perkin Elmer (UK). Rat insulin standard was purchased from Novo 

industria (Copenhagen, Denmark). Dichloromethane (DCM) was purchased from 

Rathburn (Scotland, UK). Water was purified using Elga PURELAB ultra system 

(Celbridge, Ireland).  

2.3.2 Seeding of clonal BRIN – BD11 cells 

The cells were split from tissue culture flasks as mentioned earlier for sub-culturing 

using 3 ml of 1% trypsin. 100 µL of the cell suspension was mixed with an equal 

volume of trypan blue in an eppendorf. The resuspended cells were counted after 

trypan blue staining using a Neubauer haemocytometer. Viable cells (unstained and 

bright) were counted (clusters of cells were counted as one). The amount of cell 

suspension to be added to each well while seeding was calculated. Roughly, 150,000 

cells were seeded per well in 24 well plates (NUNC, ROSKILDE, Denmark). The cells 

were resuspended in 1 ml per well of pre-warmed RPMI – 1640 media and left 

overnight to attach in an incubator at 37oC with 5% CO2 to form monolayers.  
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2.3.3 Acute insulin release in the presence of peptides  

To assess the insulin secretory effects of peptides, beta cells (rodent BRIN-BD11 or 

human 1.1B4) were seeded as described previously into 24 – well plates and incubated 

overnight. The cultured cells were pre incubated for 40 min in 1ml of Kreb’s ringer 

bicarbonate buffer (KRBB). This buffer consists of 115mmol/L NaCl, 4.7mmol/L 

KCl, 1.2mmol/L MgSO4, 1.28mmol/L CaCl2, 1.2mmol/L KH2PO4, 20mM HEPES, 

25mM NaHCO3, 0.1% BSA, pH 7.4. The pre-incubation buffer consists of 1.1mM 

glucose in addition to the above. After pre-incubation, the supernatant was decanted 

and 1 ml test solutions were added.  These test solutions were also made in KRBB 

with glucose and test agents added as appropriate. For example, the effects were 

checked at both normal glucose – 5.6mM and high glucose 16.7mM concentrations. 

In that case, the cells were incubated for 20 min at 37oC in an atmosphere of 5% CO2 

in air, in solutions containing the suitable glucose concentration. After incubation 1ml 

supernatant was collected and aliquoted into tubes in duplicates (200µL each) and 

stored at -20oC until radioimmunoassay.  

To assess the total cellular insulin content, 1 ml of acid ethanol was added to each well 

and left overnight at 4oC. The solution from each well was dispensed with the aid of a 

pipette and collected into 1.5 ml eppendorfs and centrifuged at 1200 rpm for 5 min to 

remove cell debris. The supernatant was collected and stored at -20 oC for 

radioimmunoassay.  

 

2.3.4 Acute insulin release in the presence of modulators 

There are different modulators of insulin release from BRIN – BD11 cells. Some of 

these include verapamil, diazoxide, IBMX and potassium chloride (KCl). These 

modulators were used to study the mechanism of action of peptides that had insulin 

releasing activity. The methodology of an acute test has been described previously in 

Section 2.5.3. In this case, cells were incubated in KRBB with 5.6mM glucose along 

with either verapamil (50 μM), diazoxide (300 μM), IBMX (200 μM) or KCl (30mM) 

either alone or in combination with peptides.  

 

 



33 
 

2.4 INSULIN RELEASE FROM ISOLATED MOUSE ISLETS 

 

2.4.1 Isolation of mouse islets 

To assess the effect of peptides on insulin release from pancreatic islets, adult mice 

were culled and dissected to isolate the pancreas. They were culled by cervical 

dislocation and the peritoneal cavity was opened up to expose the spleen. In brief, each 

pancreas was removed placed on ice cold HBSS solution. Stock islet isolation Hank’s 

Balanced Salt Solution (HBSS) was used to digest and wash the islets from the isolated 

pancreas. HBSS was prepared using 8g/L NaCl, 0.4g/L KCl, 0.14g/L CaCl2, 0.1g/L, 

0.1 g/l MgCl2.7H2O, 0.1 g/l MgCl2.6H2O, 0.06 g/l Na2HPO4.H2O, 0.06 g/l KH2PO4, 1 

g/l glucose, 0.02 g/l phenol red, 0.35 g/l NaHCO3 in distilled water. The isolated 

pancreas was digested using collagenase digestion (Gunawardana et al. 2004; Lynch 

et al. 2014). Collagenase was weighed out as per requirement – 1.4mg/ml collagenase. 

5ml of collagenase solution, made with stock HBSS, was required for each pancreas. 

Pancreas was cut into smaller bits using sterilized scissors in collagenase solution and 

placed in a shaking water bath for about 8 – 12 min at 37oC. The tubes were removed 

and vigorously shaken to dissociate islets and remove the exocrine tissues. The tubes 

were filled with ice cold wash buffer and mixed. Wash buffer was used to purify islets 

from the pancreas and was prepared fresh during digestion, by adding 0.1/5 bovine 

serum albumin to the stock HBSS.  

This was centrifuged at 1200 rpm for 2 min. The supernatant was discarded, and the 

tubes were refilled with the ice-cold wash buffer. This washing procedure was 

repeated 4 times to ensure purity of islets obtained. The remaining solution was 

filtered, and the filtrate was centrifuged at 1200 rpm for 2 min. The pellet obtained 

contained the islets which was resuspended in pre-warmed RPMI – 1640 media 

consisting of 10% FBS and 1% antibiotic mixture. This solution of islets was 

transferred to 90 mm Petri plates. The plates were placed in a LEEC incubator for 2 

days before use (Laboratory technical engineering, Nottingham, UK) at 37°C and 5% 

CO2. 
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2.4.2 Acute insulin release from isolated mouse islets 

The insulin release from the isolated islets incubated under different conditions was 

determined. After 2 days of culturing the islets, petri plates were taken out and islets 

were hand picked up under the microscope. Around 20 islets per 1.5 ml Eppendorf 

tube. These tubes were centrifuged at 1200 rpm for 5 min to remove the excess media. 

Islets were then pre incubated in 500 µl of KRBB (115 mmol/l NaCl, 4.7 mmol/l KCl, 

1.2 mmol/l MgSO4, 1.28 mmol/l CaCl2, 1.2 mmol/l KH2PO4, 25 mmol/l HEPES and 

8.4% NaHCO3, containing 0.5% (w/v) BSA, pH 7.4) supplemented with 1.4mM 

glucose. Incubations were performed for 1 h at 37oC. The tubes were centrifuged at 

1200 rpm for 5 min and the supernatant was decanted. 500 µl of KRBB, supplemented 

with 16.7 mM glucose, along with a range of peptides (10-8 and 10-6 M) was added to 

the tubes. The tubes were again incubated for 1 h, after which they were centrifuged 

(Pathak et al. 2015). The supernatant was collected in the form of 200 µl aliquots and 

transferred directly into tubes, which were stored at -20oC for measurement of insulin 

by radioimmunoassay (Section 2.5).  

2.4.3 Total islet insulin content 

The islets were incubated with acid ethanol for the extraction of total islet insulin 

content. Briefly, after the insulin release from test solutions was collected, 500 µl of 

ice cold acid ethanol solution (1.5% HCl, 75% ethanol and 23.5% H2O) was added to 

the islets.  They were incubated overnight at 4oC. The tubes were then centrifuged and 

the supernatant was collected and stored at -20 oC. For measurement of total insulin 

content by radio immunoassay 30 µl of the acid ethanol extraction was diluted with 

170 µl of working RIA buffer (sodium phosphate consisting of 0.5% BSA).  

 

2.5 MEASUREMENT OF INSULIN 

2.5.1 Iodination of bovine insulin 

Bovine insulin was iodinated as per a set protocol in the Diabetes Research Group. 

Before the start of the iodination procedure, the HPLC was prepped by washing the 

column as mentioned earlier in Section 2.1.2. Iodogen solution was prepared at a 
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concentration of 100 μg/ml in dichloromethane using the iodogen (1, 3, 4, 6-

tetrachloro-3α, 6α-diphenylglycoluril). 100 μl of the iodogen solution was aliquoted 

out in to clear bottom eppendorf and left overnight in a fume hood for evaporation. A 

uniform coating of the iodogen was found the next day. This coating acted as a catalyst 

for the iodination of bovine insulin. 1 mg of bovine insulin was dissolved in 10mmol/l 

HCl. A diluted solution was prepared by dilution it to 125 μg/ml (1:8 dilution) in 500 

mM phosphate buffer (pH 7.4). 20 μl of bovine insulin along with 5 μl of sodium 

iodide (Na125I 100 mCi/ml or 74MBq/20 μl) stock, Perkin Elmer, Cambridge, UK) 

was added to the iodogen coated tube. This reaction tube was placed in ice for 15 min 

and flicked or gently agitated every 3 – 4 min. The reaction was transferred to a fresh 

eppendorf. The reaction tube was washed with 500 μl of 50 mM sodium phosphate 

buffer and added to the fresh tube.  

The iodinated bovine insulin was separated from cold or unlabelled insulin using RP 

– HPLC on a Vydac C- 8 (250 x 4.6 mm) analytical column at a flow rate of 1.0 ml/min 

with 0.12% (v/v) TFA/water. The concentration of acetonitrile in the eluting solvent 

was increased from 0% to 56% over 60 min and to 70% in 5 min. 1 ml fractions were 

collected by an automatic fraction collector (Frac-100, LKB) every minute, during the 

67 min run. 5 μl of each of the fraction collected was aliquoted into LP3 tubes and the 

counts per min was measured using a gamma counter (Perkin Elmer Wallac Wizard 

1470 Automatic Gamma Counter) as seen in Figure 2.1. The fractions that had higher 

counts were selected and double diluted with 1 ml of 40 mM sodium phosphate buffer 

(pH 7.4) containing 1 g/100 ml BSA and 0.02 g/100 ml thimerosal. Binding tests were 

done to assess the binding efficiency of the selected fractions with antibody in 

dilutions of 1:25,000-1:45,000. Fractions that had similar binding affinities were 

pooled together and stored at 4ºC until use.  

2.5.2 Modified dextran - coated charcoal radioimmunoassay (RIA) 

Dextran coated charcoal method of radioimmunoassay was used to measure the 

amount of insulin release from cells and islets (Flatt et al. 1982). This was done using 

the guinea pig anti – porcine antibody rat insulin standard and 125I-labelled bovine 

insulin. Basic solution of 40 mmol/l disodium hydrogen orthophosphate (containing 

0.3% (w/v) sodium chloride and 0.02% (w/v) thimerosal) and an acidic solution of 40 
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mmol/l sodium dihydrogen orthophosphate were used to prepare the stock RIA buffer 

with a pH of 7.4. This buffer was stored in the fridge at 4°C until use.  

Working RIA buffer was prepared by the addition of BSA to the stock RIA buffer. 

This was done by dissolving 0.5% (w/v) bovine serum albumin into the stock RIA 

buffer, just before use. The samples were aliquoted into LP3 tubes in duplicates of 200 

μl. Insulin standards were prepared with a concentration range of 0.039 to 20 ng/ml. 

This was prepared by serial dilution of a rat insulin standard 40 ng/tube (100 μl) with 

working RIA buffer. Insulin antibody (Guinea pig anti-porcine antibody: IAS-P2) was 

diluted from frozen aliquoted stock in working RIA buffer to get 35-40% binding. 

This was already determined by the binding test for the fraction of iodination.100 µl 

of diluted antibody was added to the samples and the standards. Control tubes were 

used for non-specific binding (NSB) and had only 300 μl assay buffer. Tubes for total 

counts of the labelled insulin was also set up along with the standards. 100 µl of diluted 

tracer (iodinated insulin fraction) was added to all the tubes and incubated for 48 h at 

4oC. After 48 h, activated charcoal solution prepared by addition of 5% charcoal to 

dextran T-70 in stock RIA buffer at a dilution of 1:5. This was used to separate the 

bound and unbound 125I-labelled insulin. 1 ml of activated charcoal solution was added 

to all the tubes except the ones for total counts of the tracer. The tubes were left to sit 

for 20 min after which they were centrifuged at 2500 rpm for 20 min in a Sorvall 

centrifuge. The supernatant was poured off and the tubes were run through the gamma 

counter (Perkin Elmer Wallac Wizard 1470 Automatic Gamma Counter) to assess the 

radioactivity of the unbound (free) 125I-labelled insulin that remained absorbed in the 

pellet. The counts that were bound to the antibody was inversely proportional to the 

amount of insulin present in the samples.  

 

2.6 Glucagon secretion from alpha TC1.9 cells 

Alpha-TC1.9 cells were used to assess in vitro glucagon secretory activity. General 

culture conditions and characteristics of this cell line has been previously described. 

Cells were seeded (100,000/well) into 24-well plates (Nunc, Roskilde, Denmark) and 

allowed to attach overnight at 37°C, 5% CO2. After preincubation in assay KRB buffer 

at 25 mM glucose (1 h), cells were incubated for 2h with either a positive control 

arginine (10 mM), or peptides (each at 10-6 M), at 5.6 mM glucose. After the 
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incubation period, supernatant was removed and stored at -20°C until determination 

of glucagon concentrations by a commercially available chemiluminescent ELISA kit 

(EZGLU-30K; Millipore, Watford, UK). 

2.7 Assessment of changes in membrane potential 

The mechanism of action of the peptides on cells in terms of insulin release was to be 

analysed. One such mechanism is through changes in membrane potential. This was 

analysed using a membrane potential kit (Molecular devices, USA). The assay works 

in detecting the movement in ion channels by adjusting the fluorescent signals as per 

changes in membrane potential. During membrane depolarization, the intensity of 

fluorescence increases whereas during repolarization it decreases. During 

depolarization, the fluorescent dye is carried along with the positively charged ions 

into the cells, while during repolarization they are transported out of the cells. BRIN 

– BD11 cells were seeded into 96 well plates as described in Section 2.3.2. They were 

allowed to attach overnight in media at 37 oC. The cells were incubated for 10 min in 

100 µl of KRBB with 5.6mM glucose, followed by incubation in 100 µl of the FLIPR 

membrane potential dye (reconstituted assay buffer) for 1 h at 37 oC. After 1 h, the 

fluorescent signals emitted was analysed using the FlexStation microplate reader. 

Excitation, emission and cut off wavelengths were adjusted to 530 nm, 565 nm and 

550 nm respectively. The interval time between each reading was set to 1.52 seconds 

(Miguel et al. 2004). Potassium chloride (KCl, 30 mM) was used a positive control, 

since KCl is a strong membrane depolarizing agent. Test solutions containing peptides 

were added to the wells after the start of data acquisition precisely 20 seconds after. 

This was at a rate of ~60 μl/sec. Peptides were used at a concentration of 10-6M.  

2.8 Measurement of intracellular calcium levels 

The changes in intracellular Ca2+ levels in BRIN – BD11 cells, in the presence of 

peptides was analysed using the FLIPR calcium assay kit (Molecular devices, USA). 

A Ca2+  sensitive dye in the assay migrates within the cells during incubation and binds 

to the Ca2+  reserves intracellularly. This binding then emits fluorescence that can be 

detected using the FlexStation microplate reader. Hence, intensity of fluorescence is 

directly proportional to the increase in intracellular Ca2+  levels. BRIN – BD11 cells 
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were seeded into clear bottom 96 well microplates and allowed to attach overnight in 

the incubator at 37 oC. Similar to the procedure for membrane potential, the cells were 

incubated in 100 μl of KRBB with the addition of 10mM NaHCO3 and 5.6mM glucose 

and 500 μM probenecid. After 10 min of incubation, the cells were incubated with 100 

μl of FLIPR calcium dye (reconstituted using assay buffer) as per protocol given for 1 

h at 37 oC. The experiment was be performed under dark conditions and the plate was 

be kept covered with aluminium foil since the dye is light sensitive. After 1 h, 

fluorescence was read on a FlexStation microplate reader (McDonald et al. 1987; 

Miguel et al. 2004). Excitation, emission and cut-off wavelengths were set to 485 nm, 

525 nm and 515 nm respectively. The interval time between each reading was set to 

1.52 seconds. Alanine (10 mM) was used a positive control, since KCl is a strong 

membrane depolarizing agent. Test solutions containing peptides were added to the 

wells after the start of data acquisition precisely 20s after at a rate of ~62 μl/sec. 

Alanine (10 mM) was used as the positive control. Peptides were used at a 

concentration of 10-6M. 

2.9 Measurement of second messenger cAMP 

BRIN – BD11 cells were seeded at 200,000 cells per well in to 96 well plates (Nunc, 

Fisher Scientific, Loughborough, UK). They were washed with HBSS before 

incubation with peptides 10-6M and 200 μ mol/l of IBMX for 20 min at 37oC. After 

incubation, the media was removed and cells were lysed before measurement of the 

second messenger cAMP using the Parameter cAMP assay kit (R&D Systems, 

Abingdon, UK) (Green et al. 2004; Lynch et al. 2014).  

2.10 RNA extraction from cells and tissues 

RNA was isolated from cells and tissues using TRI reagent (TRIZOL; SIGMA, UK). 

The procedure was followed according to the protocol provided along with the 

chemical. Briefly, cells were seeded into 6 well plates (Nunc) and left to grow 

overnight at 37oC. The cells were washed the next day with HBSS and media removed. 

They were treated with 500 µL/well of ice cold TRI reagent and left to incubate for 

10-15 min. It was passed several times through the pipette tip and mixed thoroughly 

to form a homogenous lysate. This was transferred into labelled eppendorfs. The 
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eppendorfs were centrifuged at 12,000 x g for 10 min at 2-8oC to remove any insoluble 

material. 200 µL of chloroform per ml of TRI reagent was added for phase separation 

to ensure complete dissociation of nucleoprotein complexes. This was vigorously 

shaken for 15 sec and left to sit at room temperature for 10 min. The tubes were then 

centrifuged at 12,000 x g for 15 min at 2-8oC. After centrifugation, the clear 

supernatant was transferred to a fresh nuclease free tube and 500 µL of 2-propanol 

was added per ml of TRI reagent. The tubes were mixed and incubated at room 

temperature for 5-10 min. They were then centrifuged at 12,000 x g for 10 min. The 

supernatant was discarded, and the RNA pellet was washed with 75% ethanol thrice. 

The pellet was left to air dry for 5 – 10 min while making sure the pellet doesn’t 

completely dry out. 20 – 25 µL of nuclease free water was added to the pellet to 

dissolve the RNA and mixed. This was heat shocked in a water bath at about 50-60 

oC. The purity and concentration of the RNA sample thus obtained was check using a 

nanophotometer - nanodrop. Similar procedure was followed for tissues except the 

tissues were homogenized using a VWR VDI 12handheld homogenizer in TRI reagent 

about 1 ml for 50-100 mg of tissue. The samples were stored at -20 oC or at -80 oC for 

long term storage.  

2.10.1 RNA to cDNA conversion 

The mRNA sample that was obtained from cells or tissue were converted into cDNA 

for Polymerase chain reaction to check the expression of various genes. 1 -5 µg of 

mRNA (each separate sample) was converted to cDNA using the enzyme superscript 

II reverse transcriptase. Briefly, a PCR reaction was run with the extracted RNA, oligo 

DT and dNTPs. Further, after a 2 min heated reaction, the enzyme was added for the 

conversion for 50 min and the resulting cDNA was kept at 4oC (Thermocycler, Bio-

Rad, UK). 

2.10.2 Real Time Polymerase Chain Reaction (RT-PCR)  

The reaction mixture for RT – PCR was prepared by making a master mix for each 

gene depending on the number of reactions. Each reaction master mix contained 9 ml 

SYBR green (Roche), 1 µL each of the forward primer and reverse primer of the gene, 

6 µL of nuclease free water. This 17 µL was prepared for one reaction. After adding 
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this master mix to the PCR wells in the PCR strips (Eppendorf), 1 µL of cDNA was 

added. The PCR run was started after centrifugation of the strips on plates. The 

amplification conditions were starting duration at 95oC for 5 min, final denaturation 

at 95oC for 30 s. The annealing condition was set to 58oC for 30 s and extension at 

72oC for 30 s. Every PCR set up included melting curve analysis with the temperature 

range set from 60oC to 90oC. PCR was run on the MiniOpticon two colour real time 

OCR detection system. The results were analysed by the ΔΔCt method and the mRNA 

obtained for all genes were normalized with the housekeeping gene β - actin. 

2.11 Immunocytochemistry 

BRIN-BD11 / Alpha TC1 clone 9 cells were grown as described previously and seeded 

on cover slips in 12 well plates. The cover slips were first sterilized using 100% 

ethanol before placing into the wells. The media was discarded and the cells were 

washed with PBS and fixed with 4% paraformaldehyde for 20 min at room 

temperature. The cells were permeabilized using sodium citrate for 20 min at 92oC in 

a water bath. The plate was left out in sodium citrate after for 20 min with the lid off.  

The cells were blocked in 2% BSA solution for 1h before adding primary antibody. 

This was left at 37oC for 2h. The cells were washed with PBS thrice before adding the 

secondary antibody. This was incubated for 45 min. The cells were washed again and 

incubated in DAPI for 15 min. The wash step was repeated and the cover slips with 

the stained cells were mounted upside down onto poly lysine coated slides. Apoptosis 

in cells was analysed by staining with TUNEL reagent using the fluorescein in situ 

cell death detection kit (Roche diagnostics, Germany). Proliferation was analysed by 

staining with the rabbit anti – Ki67 antibody for 1 h at room temperature. The slides 

were viewed under the FITC filter using the fluorescent microscope (Olympus system 

microscope, model BX51) and photographed using the camera adapter system (DP70 

digital camera system). 
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2.12 ANIMAL MODELS 

All animal experiments mentioned in this work were according to the U.K. Animals 

scientific procedure Act 1986.  Different animal models were used in this work that 

included models of obesity, diabetes and insulin resistance, for in vivo studies. All 

animals were individually caged after quarantine in an air conditioned room (22±2oC). 

A 12h light and dark cycle was maintained with free access to water. Standard lab 

chow (10%fat, 30% protein, 60% carbohydrate; percentage of total energy 12.99KJ/g; 

Trow Nutrition, Cheshire, UK). All animals were kept in the Behavioural and 

Biomedical Research Unit (BBRU) at Ulster University. 

2.12.1 NIH Swiss mice 

These mice were obtained from Envigo, Huntingdon, UK as males aged between 6 to 

8 weeks. They were maintained under normal conditions as mentioned in section 2.12. 

These mice were used for performing feeding studies with peptides of interest. 

2.12.2 High fat fed TO mice 

These mice models of obesity related type 2 diabetes were used to assess new 

treatment methods (Winzell & Ahren, 2004). High fat diet (45% fat, 20% protein and 

35% carbohydrate; % of total energy 26.15 KJ/g; special diet– service, Essex) was fed 

for a minimum of three months (O’Harte et al. 2016; ENVIGO UK). The 45% fat 

accounts for 23% saturated, 32% trans, 30% monounsaturated (cis) and 12% 

polyunsaturated (cis). Progressive weight gain, hyperglycaemia and hyperinsulinemia 

were observed before starting with the study. They were grouped according to non - 

fasting blood glucose and weight.  

2.12.3 Genetically modified animals – Transgenic animals 

To assess the trans-differentiation between alpha and beta cells, under induced diabetic 

conditions, the Cre – lox system was utilized to create transgenic mouse models that 

were bred in house in the BBRU, Ulster University.   
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2.12.3.1 InsCRE; Rosa 26 - eYFP mice 

InsCRE mice (Jackson Laboratory) were bred with the Rosa26-eYFP mice to obtain 

transgenic populations that had beta cell expressing the enhanced yellow fluorescent 

protein (eYFP). These were sustained normally as mentioned in Section 2.13.  

2.12.3.1.1 Streptozotocin treated 

Multiple low dose streptozotocin (STZ: 50 mg/kg, body weight, i.p.) was used to cause 

beta cell dysfunction in the male transgenic animals aged 12-14 weeks (Moller et al. 

1994; Mckillop at al, 2016; Khan et al. 2016). Streptozotocin was made up to dose 

using a sodium citrate buffer (pH 4.5). Mice were fasted for 4h before each 

streptozotocin injection. Sodium citrate buffer was freshly prepared on the day of the 

injection. Blood glucose was monitored, and animals showed progressive 

hyperglycemia (lean: 8.3 ± 0.4; STZ: 24.1 ± 1.2 mmol/L; ***P <0.001), although there 

is a phase around day 4-5 of the injections where the dying beta cells release remaining 

insulin and the blood glucose dips down. Body weight loss was observed with 

streptozotocin injections (lean: 25.6 ± 0.6 g; STZ: 23.7 ± 0.5 g; **P < 0.01). 

2.12.3.1.2 Hydrocortisone treated 

Hydrocortisone (HC: 70 mg/kg, body weight, i.p.) was given to animals in multiple 

doses for 10 days (Vasu et al. 2014; Khan et al. 2016). Hydrocortisone was used to 

induce type 2 diabetes - like symptoms wherein insulin resistance develops after 

treatment. Body weight loss was observed with hydrocortisone injections (lean: 25.6 

± 0.6 g; HC: 22.3 ± 0.7 g; **P < 0.01). Blood glucose was monitored although there 

is no significant difference observed between the lean and hydrocortisone treated 

(lean: 8.3 ± 0.4; HC: 7 ± 0.7 mmol/L). 

2.13 Acute effects of peptides on glucose tolerance 

Normal male C57BL/6 mice or high fat fed TO mice were subjected to an acute 

glucose tolerance test. In this, overnight fasted mice were administered 

intraperitoneally glucose alone (18 mmol.kg, body weight) or a combination of 

glucose and peptide (25 nmol/kg, body weight). Blood samples were collected, and 
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blood glucose was checked at various time points (0, 15, 30 and 60 min). Plasma 

insulin was analysed using radioimmunoassay. 

2.14 Duration of peptide activity on glucose tolerance 

The duration of peptide action was assessed by a delayed glucose tolerance test, 

wherein overnight fasted male mice aged 12 -14 weeks were intraperitoneally injected 

with either saline (0.9% (w/v) NaCl) or in combination with peptides (25 nmol/kg, 

body weight) at 2 or 4h prior to administration of the glucose load (18 mmol/kg, body 

weight). Blood samples were collected at different time points (0, 15, 30 and 60 min). 

Blood glucose and plasma insulin levels were measured as described before. 

2.15 Acute feeding studies 

Male NIH Swiss mice aged 14-16 weeks were trained to eat only for a period of 3 h 

during the day. These mice were used for acute food intake studies. These mice were 

fasted overnight for up to 18 h. Mice were allowed free access to food pellets (standard 

laboratory chow) that were weighed before the study. The mice were given food only 

after the intraperitoneal administration of either saline alone (0.9% (w/v), body 

weight) or in combination with peptides (25 nmol/kg, body weight). Cumulative food 

intake was measured at 0, 30, 60, 90, 120, 150 and 180 min after peptide 

administration.  

2.16 Biochemical analysis 

The blood samples were collected from the cut tip of tail vein of conscious mice into 

fluoride and heparin coated micro – centrifuge tubes (Sarstedt, Numbrecht, Germany). 

The collected samples were centrifuged at 13000 rpm for 5 min at 4oC using the 

Beckman centrifuge (Beckman instruments, Galway, Ireland). Plasma was collected 

into fresh eppendorf tubes and stored at -20oC until further analysis.  Blood glucose 

was measured using the Ascencia contour glucose meter from Bayer, UK. Plasma 

insulin was measured by diluting 20 µL of plasma sample with 180 µL of working 

RIA buffer (1:10 dilution) and measured in duplicates by dextran coated charcoal 

separation-based radioimmunoassay as outlined previously. 
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 2.17 Evaluation of long term effects of peptide treatment 

Effects of long term administration of peptides and their analogues was studied using 

male TO mice aged 14-16 weeks fed with high fat diet for 3 months. Age, weight and 

blood glucose matched animals were administered twice daily with peptides of interest 

using intraperitoneal injections of saline (control) or purified peptide (dose of peptide 

mentioned in the concerned chapters) for 21 days. The animals were subjected to 

saline injections for 3 days prior to the start of the study. Blood was collected as 

described in Section 2.17. Body weight and food intake was monitored every other 

day along with collection of blood on 3, 7, 11, 13, 15, 17 and 21 days of the study, for 

blood glucose and plasma insulin measurements.  

 

2.18 Metabolic indices and other parameters  

2.18.1 24h glucose profile 

On day 20, a 24h blood glucose profile was done. The blood glucose was checked at 

different time points, while the injections were given twice daily as usual.  

2.18.2 Glucose tolerance test (GTT) 

High fat fed mice were fasted overnight towards the end of the study. They received 

an intraperitoneal injection (i.p. GTT) or an oral (OGTT) dose of glucose alone (18 

mmol/kg, body weight). Blood samples were collected, and blood glucose checked at 

various times of 0, 15, 30, 60, 90, 120 min. Plasma insulin was measured using 

radioimmunoassay.  

2.18.3 Insulin sensitivity 

Non-fasted high fat fed mice were exposed to an insulin sensitivity test. Mice were 

treated with either saline (0.9% (w/v) NaCl) or peptides for 21 days, were 

intraperitoneally administered bovine insulin (50 IU/kg, body weight). Blood glucose 

was then monitored over 60 min.  
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Insulin resistance (IR) was assessed in a different set of experiments using homeostatic 

model assessment (HOMA) (Mathews et al. 1985). High fat fed (45% fat, 20% protein 

and 35% carbohydrate; % of total energy 26.15 KJ/g; special diet– service, Essex) 

mice were fasted overnight. Fasting blood was collected as well as blood glucose was 

monitored. Plasma was collected from the blood and stored at -20oC until 

radioimmunoassay. HOMA-IR was calculated using the following formula: 

HOMA-IR = (fasting blood glucose x fasting plasma insulin)/22.5 

2.19 Body fat composition assessment by DXA scanning 

TO animals on high fat diet were administered peptides twice daily by intraperitoneal 

injections. The body fat compositions on these animals were analysed by dual – energy 

X-ray absorptiometry (DXA) PIXImus densitometer (GE Medical Systems, USA). 

This instrument was used to measure body fat, bone mineral density (BMD), bone 

mineral composition (BMC), lean content and bone area. The analysis of the data 

obtained from the densitometer was done using the Lunar Software version 2.0. The 

densitometer was calibrated using a phantom mouse supplied by the manufacturer 

every day before scanning subjects. Animals were sacrificed and weighed before 

scanning.  

2.20 Measurement of plasma lipid profile 

Plasma triglycerides, total cholesterol, HDL cholesterol were measured using Hitachi 

Automated Analyzer 912 (Boehringer Ingelheim, Mannheim, Germany) in NICHE 

department of Ulster University. LDL cholesterol was determined by the Friedwald 

equation: total equation – HDL – (triglycerides/5). 

2.21 Measurement of pancreatic insulin content 

At the end of the animal study, when the animals are culled, pancreas is isolated and 

divided longitudinally. One part of the pancreas is used for immunohistochemistry 

(Section 2.25) while the other is snap frozen for subsequent insulin content estimation 

(Vasu et al. 2014). Pancreas was weighed in a bijou tube and homogenized in TRIS 

buffer (pH 7.4) using a VWR VDI 12hand held homogenizer (VWR, UK). This was 
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done with intermediate breaks as excessive heating of the sample is not good. The 

homogenized products were centrifuged at 13000 rpm for 5 min. Supernatant was 

collected into fresh 15 ml centrifuge tubes. This was placed in the speed vac overnight 

for lyophilisation of the sample. The lyophilized sample was made up again with 200 

µl of acetonitrile and dissolved with 1.8 ml of TRIS buffer to make up 2 ml of the 

solution for analysis of insulin content. These were stored at -20oC until further 

analysis by radioimmunoassay (Section 2.5). 

For measurement of pancreatic insulin content in the extracts, 5 µl of the sample was 

diluted with 195 µl of working RIA buffer (1:40 dilution) and measured using the 

dextran coated charcoal separation method. To estimate the amount of insulin present, 

total protein content was measured by Bradford assay. Briefly, tissue extract 5 μl was 

added into a 96 well plate and 250 μl of Bradford reagent (Sigma Aldrich, Poole, 

Dorset, UK) was added. This was let to sit at room temperature for 15 min. Absorbance 

was read at 595 nm using a microplate reader (Molecular devices, Sunnyvale, USA). 

The amount of total protein was determined using a reference standard curve with 

varying concentrations of BSA standards (range from 0.13 – 2.0 mg/ml; Figure 2.2). 

2.22 Measurement of glucagon content 

Alpha TC 1.9 cells were cultured as described earlier and subjected to peptides for 2h. 

The supernatant was collected at the end of incubation and stored at -20oC until further 

analysis. Terminal blood from mice treated with saline or peptide was collected, and 

plasma was retrieved. Pancreas obtained from animals was prepared in TRIS buffer as 

a homogenate for hormone content as explained previously in section 2.22. Glucagon 

content was measured using glucagon chemiluminescent ELISA kit (EZGLU-30K, 

Millipore, MA, USA) according to manufacturer’s instruction. The amount of 

glucagon in the sample was estimated using reference curve of known glucagon 

standards (concentration ranging from 0.02 ng/ml–2 ng/ml, Figure 2.3). 
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2.23 Measurement of plasma amylase activity and alanine aminotransferase 

levels 

Terminal blood was collected at the end of the study and plasma was obtained after 

centrifugation as described in Section 2.16. Plasma amylase activity was measured 

using a colorimetric amylase assay kit (ab102523, Abcam, Cambridge, UK) according 

to the manufacturer’s protocol. Amylase activity was calculated using a nitrophenol 

standard curve with a range of 0 – 20 nmol, as seen in Figure 2.4.  

Alanine aminotransferases (ALT) enzyme was measured as a determinant of liver 

function using a manual colorimetric kit from Randox (AL146, Crumlin). The assay 

was performed according to the manufacturer’s protocol. ALT activity was measured 

using a pyruvate standard as seen in Figure 2.5.  

2.24 Immunohistochemistry 

The tissues isolated from study animals were fixed in 4% (w/v of phosphate buffered 

saline) paraformaldehyde for about 48 h. The tissues were processed and embedded in 

paraffin wax using an automated tissue processor (Leica TP1020, Leica Microsystems, 

Nussloch, Germany). The embedded tissues were sliced using a microtome (Shandon 

finesse 325, Thermo scientific, UK) into sections with around 5-10 μm thickness at 30 

section intervals.  

 

Tissue sections on the slides were first deparaffinised using histoclear or xylene for 20 

min (change every 10 min) before rehydration through a series of alcohol 

concentrations (100% for 10 min, 95% for 5 min, 80% for 5 min and water for 2-3 

min). Antigen retrieval was done on the slides using sodium citrate (10mM sodium 

citrate, 0.05% Tween 20, pH 6.0) for 20 min at 92 oC and left for 20 min at room 

temperature. The sections were then blocked with 3% BSA (Sigma Aldrich), then 

incubated with polyclonal guinea pig anti-glucagon antibody. The stock was already 

prepared at 1:100. Hence, the sections were treated with the anti- glucagon at 1:4 

(raised in house, Flatt, PCA 2/4) and monoclonal mouse anti – insulin (1:1000) 

(ab6995 Abcam, UK). This was left overnight for incubation at 4oC. The next day the 

sections were washed with PBS for 10 min (x 3) and incubated with the secondary 

antibodies for 45 min. The secondary antibodies used were Alexa Fluor 488 nm goat 
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anti – mouse IgG – 1:400 and Alexa Fluor 594 nm donkey anti – guinea pig IgG – 

1:400) at 37oC. The slides were washed thrice with PBS and incubated in DAPI (4, 6-

diamidino-2-phenylindole) for 10-15 min. The slides were rinsed again after 

incubation with DAPI and mounted using an aqueous mounting media (1:1 (v/v) 

Glycerol and PBS). The slides were viewed under the DAPI (350 nm), FITC (488 nm) 

and TRITC (594 nm) filters using a fluorescent microscope (Olympus system 

microscope, model BX51) and photographed using the DP70 digital camera adapter 

system. Islet parameters were analysed using a program called Cell^F image analysis 

software (Olympus Soft Imaging Solutions, GmbH) (Vasu et al. 2014). For TUNEL 

apoptosis analysis, tissue was stained with insulin or glucagon as mentioned before 

and on day 2 TUNEL staining was done using the fluorescein in situ cell death 

detection kit (Roche Diagnostics, Germany). Proliferation was, on the other hand, 

analysed using the rabbit anti – Ki67 antibody (1:200 dilution; ab 16667) along with 

insulin or glucagon. The slides were incubated with insulin or glucagon as usual, 

whereas Ki67 was left for 30 – 45 min at room temperature on the following day, 

before being washed and mounted for imaging.  

2.25 Statistical analysis 

The statistical analysis was performed using the GraphPad PRISM (Version 5). 

Results were expressed as mean ± SEM and data compared using one – way ANOVA 

followed by the Student – Newman – Keuls post – hoc test. In other appropriate 

instances unpaired t-test was used. Plasma insulin and blood glucose area under the 

curve (AUC) was calculated using the trapezoidal rule with baseline subtraction. 

Significance between groups was considered if P < 0.05. 
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Figure 2.1: HPLC separation of iodinated bovine insulin 
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Insulin was iodinated using a radioactive isotope of iodine (Na125I). RP- HPLC was 

used to separate iodinated 125I-bovine Insulin. Fractions were collected by an 

automated fraction collector every 1 min and radioactivity in 5μl was measured for 

each fraction on the gamma counter. Fractions between 20 to 26 min containing 

iodinated insulin were selected. 
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Figure 2.2: Bovine serum albumin standard for quantification of proteins using 

Bradford’s assay 
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A BSA standard curve was prepared over a concentration range of   0.13 – 2.0 mg/ml 

by serial dilution of a freshly prepared stock of 2 mg/ml. Interpolation of x-axis was 

used to determine protein concentrations of unknown samples. Absorbance was 

measured at 595 nm (Section 2.23). 
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Figure 2.3: Glucagon chemiluminescent ELISA standard curve 
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Standards were prepared from a given stock glucagon standard at 2 ng/ml using the 

provided assay buffer to obtain concentrations from 0.02 ng/ml to 2 ng/ml.  The assay 

plate was incubated with samples and a mixture of capture and detection glucagon 

antibody for 48h at 4oC. Enzyme (streptavidin – horseradish peroxidase conjugate) 

solution was added to this and incubated for 30 min after which the substrate 

(Peroxide/Luminol) solution was added. The luminescence was read after 1 min at 425 

nm.  
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Figure 2.4: Nitrophenol standard curve for determination of plasma amylase 

activity 
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A standard curve was prepared for nitrophenol concentration over a range of 0 to 20 

nmol from a stock of 2 mM nitrophenol. Absorbance was measured immediately after 

the addition of amylase enzyme at 405 nm.  
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Figure 2.5: Pyruvate based standard curve for the determination of alanine 

transaminase activity 
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A standard curve was prepared for pyruvate concentration over a range of 0 to 0.45 ml 

from stock pyruvate provided in the kit. Following the reactions, absorbance was 

measured five minutes after the addition of an excess of sodium hydroxide at 546 nm.  
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Figure 2.6: Representative image of (A) Lunar PIXImus Densitometer; (B) X-ray 

image of a high fat mouse 
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Chapter 3 

 

Oxytocin is present in islets and plays a role in beta-cell 

function and survival 
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3.1 SUMMARY 

Oxytocin is associated mainly with modulating reproductive function. However, 

studies suggest that oxytocin also plays a role in endocrine pancreatic function.  In the 

present study, islet expression of oxytocin and its related receptor was confirmed in 

mouse islets as well as cultured rodent and human beta-cells. Oxytocin significantly 

stimulated glucose-induced insulin secretion from isolated mouse islets. Similar 

insulinotropic actions were also observed in rodent BRIN BD11 and human 1.1B4 

beta-cells. Positive effects of oxytocin on insulin secretion were almost fully annulled 

by the oxytocin receptor antagonist, atosiban. In terms of mechanism of insulin 

secretory action, oxytocin had no effect on beta-cell membrane potential or cAMP 

generation but did augment intracellular calcium concentrations. In vivo 

administration of oxytocin to mice significantly reduced overall blood glucose levels 

and increased plasma insulin concentrations in response to a glucose challenge. 

Oxytocin also had a modest, but significant, appetite suppressive effect. As expected, 

streptozotocin diabetic mice had marked loss of beta-cell area accompanied by 

increases in alpha-cell area, whilst hydrocortisone treatment increased beta-cell and 

overall islet areas. Both mouse models of diabetes presented with dramatically 

decreased percentage islet oxytocin co-localisation with insulin and increased co-

localisation of oxytocin. More detailed studies in cultured beta-cell lines revealed 

direct positive effects of oxytocin on beta-cell proliferation and protection against 

apoptosis. Together, these data highlight a potentially important role of islet-derived 

oxytocin and related receptor signalling pathways on the modulation of beta-cell 

function and survival. 
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3.2 INTRODUCTION 

Oxytocin is an amino-acid peptide hormone of 9 residues in length, secreted from the 

posterior pituitary and principally believed to regulate reproductive function (Viero et 

al. 2010). Such well-characterised biological actions include stimulation of uterine 

contractions during labour, promotion of lactation and mother-to-infant bonding 

(Zingg et al. 2003). These effects are mediated by interaction of oxytocin with its 

specific G-protein-coupled receptor (GPCR), which belongs to the rhodopsin-type 

(class I) group of GPCRs (Vrachnis et al. 2011). Further to this, more recent research 

indicates a potential role for oxytocin in the control of energy balance and metabolism 

(Zhang et al. 2013). Thus, oxytocin decreases food intake in animals and humans (Ott 

et al. 2013; Morton et al. 2014), as well as increasing energy expenditure (Blevins et 

al. 2015). In addition, oxytocin has previously been suggested to modulate insulin and 

glucagon secretion from isolated rodent pancreatic islets (Gao et al. 1991), and 

recently to augment pancreatic beta-cell responsiveness in humans (Klement et al. 

2017). In contrast, others have reported a reduction in insulin concentrations in 

humans (Lawson et al. 2015), and impaired glycaemic control in mice (Altirriba et al. 

2014), following oxytocin administration.  

 Although there is some discrepancy with regards the biological effects of 

oxytocin on the endocrine pancreas, oxytocin receptors have been demonstrated on 

pancreatic islets (Suzuki et al. 2013). However, the significance of this together with 

the possible presence and influence of locally produced islet-derived oxytocin on 

pancreatic function is yet to be assessed. Thus, topical and exciting studies are 

beginning to highlight the physiological importance of non-classical islet-derived 

peptide hormones in pancreatic endocrine cell function and survival. Such peptides 

include glucagon-like peptide-1 (GLP-1), glucagon-like peptide-2 (GLP-2), glucose-

dependent insulinotropic polypeptide (GIP), Peptide YY (PYY,) ghrelin, neuropeptide 

Y and xenin (Fujita et al. 2010; Iwakura et al. 2011; Moffett et al. 2013; Vasu et al. 

2014; Wierup et al. 2014; Khan et al. 2017a; Khan et al. 2017b; Khan et al. 2017c). It 

is postulated that the impact of many of these non-classical islet peptides is more 

apparent under situations of pancreatic stress, such as encountered in diabetes (Vasu 

et al. 2014). Consistent with this, high fat fed diabetic mice with genetic knockout 

(KO) of oxytocin receptors present with significantly impaired insulin secretion in 

response to a glucose challenge (Watanabe et al. 2016). This was associated with 
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reduced GLUT2 expression and impairment of pancreatic beta-cell MAPK/ERK-

CREB signalling (Watanabe et al. 2016). Together, these various observations would 

imply a direct role for oxytocin receptor signalling in beta cell function and survival. 

In the present study, we have evaluated the presence of oxytocin and its related 

receptor in murine islets, as well as oxytocin receptor expression in cultured rodent 

and human beta-cells. In addition, in vitro and in vivo effects of oxytocin on islet cell 

function were assessed, along with potential mechanisms of action and the impact of 

oxytocin on glucose tolerance and feeding in mice. Modifications in islet cell oxytocin 

localisation were also determined in diabetic mice following streptozotocin and 

hydrocortisone treatment. Finally, effects of oxytocin on beta-cell proliferation and 

apoptosis were studied in cultured rodent and human beta-cells. Our data support the 

concept that oxytocin plays an important role in the modulation of pancreatic beta-cell 

survival and function. 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

Full details of material and methods are documented in Chapter 2. Brief details 

presented below. 

3.3.2 Gene expression of oxytocin and its related GPCR  

To determine gene expression of oxytocin and its related receptor, mRNA was 

extracted from BRIN BD11 and 1.1B4 beta-cells, as well as isolated mouse islets (NIH 

Swiss mouse, 12-14 week-old, Envigo Ltd., UK) as described previously (Section 

2.10). Briefly, mRNA (1-3 µg) was converted to cDNA and amplified with specific 

forward and reverse primers. Data obtained was analysed using ΔΔCt method and 

normalised to Actb/ACTB expression. 
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3.3.3 In vitro studies 

Evaluation of the actions of oxytocin on beta-cells were assessed in vitro using both 

rat BRIN BD11 and human 1.1B4 clonal beta-cells (Section 2.3.3) as well as isolated 

mouse pancreatic islets (Section 2.4.3). For islet studies, islets were isolated from 

C57BL/6 mice by standard collagenase digestion.  

3.3.4 Secretion of insulin and mechanism of action 

BRIN BD11 and 1.1B4 cells were incubated (20 min; 37°C) in the presence of 5.6 or 

16.7 mmol/L glucose, as appropriate, with test peptides (10-10 – 10-6 M). Insulin 

secretion was analysed as previously mentioned by radioimmunoassay (Section 2.5). 

In addition, insulin secretion from pancreatic islets in response to oxytocin (10-10 – 10-

6 M) at 16.7 mM glucose was determined with a 60 min test incubation period. To 

confirm a direct oxytocin receptor mediated effect on insulin secretion, BRIN BD11 

cells were incubated at 16.7 mM glucose with oxytocin (10-8 and 10-6 M) alone, or in 

combination the oxytocin receptor antagonist, atosiban (10-6 M; Sigma-Aldrich), and 

insulin secretion determined. To determine potential mechanisms of action, membrane 

potential (Section 2.7) and intracellular Ca2+ (Section 2.8) were assessed following 

treatment with oxytocin (10-6 M) in BRIN BD11 cells at 5.6 mM. Furthermore, effects 

of oxytocin (10-6 M) on intracellular cAMP generation (20 min, n=6) was assessed in 

BRIN BD11 cells as mentioned in Section 2.9. Oxytocin was used at a concentration 

of 10-8 and 10-6 M based on the insulin profile we obtained to check for significant 

antagonism with atosiban. Since, these experiments were carried out in in vitro 

conditions, a higher concentration of the peptide was used. 

3.3.5 in vitro glucagon secretion 

Alpha-TC1.9 cells were used to assess in vitro glucagon secretory activity of oxytocin. 

General culture conditions were described previously in Section 2.2.8 and acute 

insulin release studies with these cells were explained in Section 2.6. Glucagon 

secreted was analysed using an ELISA kit as described in Section 2.22.  
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3.3.6 In vitro beta-cell proliferation and cellular stress  

The effects of oxytocin on rodent BRIN BD11 and human 1.1B4 beta-cell proliferation 

was assessed. Cells were seeded in the presence of oxytocin (10-6 M), and compared 

to both no peptide addition and the positive control GLP-1 (10-6 M) for 18h (Section 

2.3.2). Briefly, after processing the cells, slides were incubated with rabbit anti-Ki-67 

primary antibody, and subsequently with Alexa Fluor® 594 secondary antibody. 

Proliferation frequency was determined in a blinded fashion and expressed as % of 

total cells analysed. Approximately 150 cells per replicate were analysed. For analysis 

of the ability of oxytocin to protect against either cytokine- or streptozotocin-induced 

DNA damage, BRIN BD11 and 1.1B4 cells were seeded as described in Section 2.3.2. 

Cells were then exposed to cytokines (IL-1β 100U/ml, IFN-γ 20 U/ml, TNF-α 200 

U/ml) or streptozotocin (5 mM) in the presence or absence of oxytocin (10-6 M) for 

2hours, with GLP-1 (10-6 M) as a positive control. Cells were harvested, and the Comet 

or TUNEL was performed (Section 2.11).  

3.3.7 Animals 

Animal studies were conducted using adult male C57BL/6 or NIH Swiss mice (12-14 

weeks of age, Envigo Ltd, UK), as appropriate (Section 2.12). 

3.3.8 Acute in vivo glucose homeostatic, insulin secretory and appetite 

suppressive effects 

Plasma glucose and insulin responses were evaluated after intraperitoneal (i.p.) 

injection of glucose alone (18 mmol/kg body weight) or in combination with oxytocin 

(25 nmol/kg body weight) in overnight (18 h) fasted NIH Swiss mice (Section 2.13). 

In a second series of experiments, 18 h fasted NIH mice were used to assess the effects 

of oxytocin on food intake. Mice received an i.p. injection of saline alone (0.9 % (w/v) 

NaCl) or in combination with oxytocin (25 nmol/kg body weight) and food intake 

measured at 30 min intervals for 180 min (Section 2.15). 
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3.3.9 Oxytocin islet localisation in streptozotocin and hydrocortisone treated 

diabetic mice 

Insulin-deficient and insulin-resistant diabetes were induced in C57BL/6 mice by 

multiple low dose streptozotocin (50 mg/kg body weight, i.p.) (Section 2.12.3.1.1) or 

daily hydrocortisone injections (70 mg/kg body weight, i.p.), as described previously 

(Section 2.12.3.1.2). After 10 days, pancreatic tissue was excised and fixed in 4% 

paraformaldehyde (PFA) for 48 h at 4°C. This tissue was processed and incubated 

with antibodies listed in (Table 3.1) and stained with nuclear DAPI staining (Section 

2.24). Approximately 100 islets were analysed per group. All parameters were 

determined using the ‘closed polygon’ tool in Olympus CellF analysis software.  

3.3.10 Biochemical analysis  

Blood samples were collected from the cut tip on the tail vein of conscious mice at the 

time points indicated in figure 3.8 A, C. Blood glucose was measured directly and 

plasma insulin concentration assayed by radioimmunoassay (Section 2.5 and Section 

2.16). 

3.3.11 Statistical analysis 

Statistical analyses were performed using GraphPad PRISM software (Version 5.0). 

Values are expressed as mean ± S.E.M. Comparative analyses between groups were 

carried out using a One-way ANOVA with Bonferroni post hoc test or Student’s 

unpaired t-test, as appropriate. The difference between groups was considered 

significant if P<0.05. 

3.4 RESULTS 

3.4.1 Gene expression of oxytocin and its related receptor  

Clear co-localisation of oxytocin with insulin was observed in murine islet beta-cells 

(Figure 3.1A). Alpha-cells had significantly lower levels of oxytocin 

immunoreactivity (Figure 3.1B). In addition, expression of the oxytocin gene in 

murine islets was similar to somatostatin and increased (P<0.001) compared to 
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pancreatic polypeptide mRNA levels (Figure 3.2 A,B). We next compared expression 

of the oxytocin receptor in murine islets and cultured beta-cells to relative expression 

of the well characterised beta-cell glucose-dependent insulinotropic polypeptide 

receptor, or GIPR (Figure 3.2C-E). In this regard, the expression of oxytocin receptor 

was markedly (P<0.05 to P<0.001, respectively) elevated in isolated mouse islets and 

rodent BRIN BD11 beta-cells (Figure 3.2C, D). In human 1.1B4 beta-cells, relative 

expression of the oxytocin and GIP receptors was similar (Figure 3.2E).  

 

3.4.2 In vitro insulin and glucagon release  

In rodent BRIN BD11 cells, KCl (30 mM), alanine (10 mM) and GLP-1 (10-6 and 10-

8 M) significantly (P<0.05 to P<0.001) augmented insulin release at both 5.6 and 16.7 

mM glucose (Figure 3.3A,B). Similarly, alanine (10 mM) and GLP-1 (10-6 M) 

significantly (P<0.001) increased insulin secretion from human 1.1B4 beta-cells at 

16.7 mM glucose (Figure 3.4A). Oxytocin dose-dependently stimulated insulin release 

at both 5.6 (10-9 - 10-6 M; P<0.001) and 16.7 (10-8 - 10-6 M; P<0.05 to P<0.001) mM 

glucose from BRIN BD11 beta-cells (Figure 3.3 A,B). In addition, oxytocin (10-8 and 

10-6 M) had comparable and significant (P<0.001) insulinotropic actions in human 

1.1B4 beta-cells at 16.7 mM glucose (Figure 3.4A). In mouse islets, oxytocin (10-6 M) 

significantly stimulated (P<0.05) glucose-induced insulin release (Figure 3.4B), in 

harmony with findings from cultured beta-cells (Figure 3.3 B and 3.4A). The oxytocin 

receptor antagonist, atosiban (10-6 M), significantly (P<0.001) impaired the insulin 

releasing action of 10-6 M oxytocin, and completely reversed the insulinotropic effects 

of 10-8 M oxytocin in BRIN BD11 beta-cells (Figure 3.5). In addition to this, oxytocin 

and GLP-1 (10-6 M) had no effect on glucagon secretion from alpha-TC1.9 cells at 5.6 

mM glucose, whereas 10 mM arginine evoked significant (P < 0.001) glucagon release 

from these cells (Figure 3.8B). 

3.4.3 Effects of oxytocin on membrane potential, intracellular Ca2+ and cAMP 

generation in rodent BRIN BD11 beta-cells 

KCl (30 mM) and alanine (10 mM) significantly (P<0.001) increased BRIN BD11 

beta-cell membrane potential and (Ca2+)i, respectively, at 5.6 mM glucose (Figure 3.6, 
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3.7). Oxytocin (10-6 M) had no measurable effect on beta-cell membrane potential 

(Figure 3.6), but did marginally increase (P<0.01) overall (Ca2+)i, with a clear initial 

spike in (Ca2+)i that quickly returned to basal levels by about 100 secs (Figure 3.7). In 

addition to this, oxytocin had no significant effect on levels of the beta-cell 

intracellular second messenger, cAMP, whereas GLP-1 significantly (P<0.001) 

augmented cAMP concentrations (Figure 3.8A). Interestingly, oxytocin appeared to 

reverse the positive effect of IBMX (P<0.05) on cAMP generation (Figure 3.8A). 

3.4.4 Effects of oxytocin on glucose tolerance and food intake in mice  

Administration of 25 nmol/kg oxytocin in combination with glucose to mice had 

significant (P<0.05) glucose lowering actions both in terms of individual (P<0.05 to 

P<0.01) and overall (P<0.05) blood glucose levels, when compared to glucose alone 

controls (Figure 3.9A, B). Corresponding individual glucose-induced insulin 

concentrations were elevated at all time points, albeit non-significantly in oxytocin 

treated mice (Figure 3.9C). However, overall 0-90 min AUC values for plasma insulin 

were significantly (P<0.05) increased in oxytocin mice compared to controls (Figure 

3.9D). In terms of feeding behaviour, oxytocin did not affect food intake at the initial 

observation points in overnight fasted mice, but did significantly (P<0.01) reduce food 

intake by 180 min post-injection, when compared to saline controls (Figure 3.10).  

3.4.5 Effects of streptozotocin and hydrocortisone induced insulin-deficiency and 

insulin-resistance on islet oxytocin immunoreactivity  

In agreement with previous studies, streptozotocin treatment significantly reduced 

(P<0.001) and hydrocortisone increased (P<0.05) beta-cell area (Figure 3.12A), with 

streptozotocin also expanding (P<0.01) alpha-cell area compared to saline control 

mice (Figure 3.12B). As would be expected, overall islet area was significantly 

(P<0.01) increased by hydrocortisone treatment (Figure 3.12C). Interestingly, both 

interventions significantly decreased (P<0.001) the percentage islet cell co-

immunoreactivity of oxytocin with insulin (Figure 3. 12D), while also increasing 

(P<0.001) islet cell co-localisation of oxytocin with glucagon (Figure 3. 12E). In terms 

of islet areas of immunoreactivity, oxytocin was significantly (P<0.001) more 

distinguishable in insulin containing beta-cells, than alpha cells, in normal mice 

(Figure 3. 12F). Induction of insulin deficiency or insulin resistance markedly (P<0.01 
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and P<0.05, respectively) decreased the area of islet oxytocin co-localisation with 

insulin (Figure 3. 12F). In contrast, the area of oxytocin immunoreactivity with 

glucagon was significantly (P<0.01) increased in both streptozotocin and 

hydrocortisone diabetic mice (Figure 3. 12F). Interestingly, streptozotocin resulted in 

substantially (P<0.001) enhanced islet area of oxytocin and glucagon co-expression as 

compared to oxytocin/insulin area of co-expression, in complete contrast to normal 

and hydrocortisone treated mice (Figure 3. 12F). Representative images of pancreatic 

islets double stained for insulin/glucagon, insulin/oxytocin or glucagon/oxytocin from 

each mouse model are shown in Figure 3.11. 

3.4.6 Effects of oxytocin on BRIN BD11 and 1.1B4 beta-cell proliferation 

As expected, GLP-1 (10-6 M) enhanced (P<0.001) proliferative frequency in cultured 

rodent BRIN BD11 and human 1.1B4 beta-cells (Figure 3.13C, D). Similarly, 

oxytocin (10-6 M) also significantly (P<0.01) increased proliferation in both rodent 

and human beta-cells, similar to GLP-1 (Figure 3.13C, D). Representative images of 

Ki-67 stained BRIN BD11 and 1.1B4 beta-cells under each culture condition are 

shown in Figure 3.13A, B.  

3.4.7 Protective effects of oxytocin on beta-cell damage in BRIN BD11 and 1.1B4 

beta-cells  

Hydrogen peroxide (positive control) and streptozotocin (5 mM) significantly 

(P<0.001) decreased BRIN BD11 and 1.1B4 beta-cell viability (Figure 3.14A,C). 

Oxytocin (10-6 M) had significant protective effects (P<0.001) against streptozotocin-

induced reductions of cell viability in both BRIN BD11 and 1.1B4 beta-cells (Figure 

3. 14A,C). Indeed, the detrimental effect of streptozotocin in BRIN BD11 cells was 

fully reversed by oxytocin (Figure 3.14A). Streptozotocin also increased (P<0.001) % 

tail DNA in rodent and human beta-cells, with oxytocin fully reversing this negative 

effect (Figure 3.14B,D). Interestingly, oxytocin reduced (P<0.001) % tail DNA to 

below control culture levels when co-incubated with streptozotocin in human 1.1B4 

beta-cells (Figure 3.14D). Furthermore, oxytocin also had beneficial effects in 

protecting against (P<0.001) cytokine-induced beta-cell apoptosis in both rodent and 

human beta-cells (Figure 3.15A,B). The benefits of oxytocin in this regard were 
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comparable, or even enhanced, when compared to GLP-1, with apoptosis reduced to 

below control culture levels in oxytocin treated beta-cells (Figure 3.15A,B). 

 

3.5 DISCUSSION 

Pronounced immunoreactivity of oxytocin and its related receptor in the endocrine 

pancreas, as shown here and suggested previously (McDonald et al. 1987; Amisten et 

al. 2013), indicates a potential role for this hormone in the regulation of islet function. 

Indeed, our quantification of oxytocin receptor expression in mouse islets, which 

corresponded well with previous reports (Gimpl et al. 2001), revealed significantly 

elevated levels compared to the classic islet GIPR (Lyssenko et al. 2011). Whilst 

rodent BRIN BD11 beta-cells also expressed similarly high levels of the oxytocin 

receptor, human 1.1B4 beta-cells had comparable expression of both oxytocin and GIP 

receptors. Despite these slight differences, the clear presence of oxytocin receptor 

mRNA on both cell lines, supports their applicability for further assessing the effects 

of oxytocin on beta-cell function.  

In agreement with this, oxytocin evoked similar basal and glucose-stimulated insulin 

secretory responses from isolated mouse islets as well as cultured BRIN BD11 and 

1.1B4 beta-cells, as evidenced in the perfused rat pancreas (Bobbioni-Harsch et al. 

1995). Oxytocin also induced prominent insulin release in mice following conjoint 

administration with glucose, resulting in improved glucose tolerance. Interestingly, 

infusion of pharmacological levels of oxytocin has been associated with increased 

glucose uptake in dogs (Altszuler et al. 1981), which may also be a contributing factor 

to the improved glycaemic levels observed here. Oxytocin is known to play a role in 

glucagon, somatostatin and ghrelin secretion from islets, suggesting complex 

interactions with regards to modulation of beta-cell function (Gao et al. 1991; Iwakura 

et al. 2011). Despite this, the ability of oxytocin to augment insulin secretion from 

beta-cells was almost fully reversed by the oxytocin receptor antagonist, atosiban, 

indicating important direct receptor-dependent effects. In firm agreement, disruption 

of CD38 signalling, a transmembrane glycoprotein believed to regulate oxytocin 

secretion (Higashida et al. 2012), is linked to impaired insulin secretion from human 

islets (Antonelli et al. 2002). We therefore next investigated the cellular mechanisms 

of action of oxytocin on the modulation of insulin secretion from BRIN BD11 beta-
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cells. Oxytocin had no impact on cAMP generation or beta-cell membrane potential, 

but did induce a significant, albeit transient, spike effect on (Ca2+)i. A similar effect of 

oxytocin on (Ca2+)i has been observed in uterine myometrium cells (Sanborn et al. 

1998), and further investigation into the importance of oxytocin-induced calcium 

currents within pancreatic beta-cells is warranted. 

Oxytocin receptor-deficient mice have a tendency towards obesity (Takayanagi et al. 

2008), and 8 weeks intranasal administration of oxytocin reduces body weight in 

humans (Zhang et al. 2013), pointing towards a potentially important effect of 

oxytocin in energy homeostasis. In accordance with this, oxytocin administration to 

mice in the current study had a modest impact on suppressing appetite. Interestingly, 

the inhibitory effect of oxytocin on food intake is noted to be more prominent in obese 

than normal-weight men (Thienel et al. 2016), indicating that more pronounced effects 

may occur in a mouse model of obesity. It is perhaps noteworthy that adipose oxytocin 

receptor expression is believed to be differentially regulated in obesity (Gajdosechova 

et al. 2014), and effects of oxytocin on feeding behaviour have been linked to 

alterations in secretion of the adipokine leptin (Chaves et al. 2013). In addition, a link 

between the satiety effects of cholecystokinin and oxytocin action has also been 

described (Verbalis et al. 1986), implying complex effects on energy turnover 

pathways that are renowned for high levels of plasticity (Lenard et al. 2008). 

Interestingly, oxytocin-secreting neurons in the hypothalamus are known to function 

as glucose and metabolic sensors (Song et al. 2014). In addition, both peripheral 

administration of oxytocin and secretion of insulin can independently stimulate central 

oxytocin release (Cai et al. 2013; Song et al. 2014). As such, there is some uncertainty 

related to the impact of both central and peripherally mediated actions of oxytocin in 

its overall regulation of glucose homeostasis (Björkstrand et al. 1996). Local islet cell 

release of oxytocin, together with activation of beta-cell receptors to augment insulin 

secretion, as evidenced in the current study, will directly influence centrally mediated 

actions of oxytocin. In addition, given that oxytocin has a prominent function within 

the female reproductive system (Viero et al. 2010), it could be possible that its effects 

on glycaemic control and metabolism exhibit sex related differences, which was not 

assessed in the current study. 

Although a role for oxytocin in energy regulation and glucose homeostasis is evident, 

the possible impact of oxytocin in diabetes pathophysiology has not been 
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comprehensively studied. Moreover, the observation of decreased circulating oxytocin 

concentrations in type 2 diabetic patients would indicate an important influence of 

oxytocin in this disease state (Qian et al. 2014). In agreement, following treatment of 

mice with streptozotocin or hydrocortisone and development of diabetes, pancreatic 

oxytocin expression changed in the present study from strong co-localisation with 

beta-cells, to a more pronounced co-expression with alpha-cells. Interestingly, it is 

suggested that beta-cells can act as progenitors for alpha-cells, particularly under 

situations of beta-cell stress such as diabetes (Migliorini et al. 2014). Also, 

immunoreactivity of the oxytocin receptor is believed to be much stronger in alpha-

cells than beta-cells (Gimpl et al. 2001), indicating potential important autocrine 

effects of islet-derived oxytocin in diabetes. However, assessing the impact of both 

streptozotocin and hydrocortisone, as well as related diabetes, on pancreatic oxytocin 

receptor expression, as well as islet cell lineage tracing experiments, would help to 

establish this concept. Nonetheless, it is interesting that despite the prominent increase 

of beta-cell area in hydrocortisone mice, the actual area of co-localisation of oxytocin 

with insulin was deceased, and that with glucagon increased, when compared to 

control mice. A similar, but much more pronounced effect was observed in 

streptozotocin mice that could simply be linked to the more severe form of diabetes 

induced by this intervention. Together, these observations imply key adaptive 

functions for oxytocin in situations of both insulin deficiency and resistance. 

Since the progression of diabetes is linked to beta-cell exhaustion and ultimate demise 

(Mandrup-Poulsen T, 2001), we next assessed proliferative and anti-apoptotic effects 

of oxytocin in beta-cells. Remarkably, oxytocin significantly augmented both rodent 

and human beta-cell proliferation. In agreement, oxytocin receptor activation is 

recognised as a potent cellular proliferation factor for human trophoblast and dermal 

endothelial cells (Cassoni et al. 2001, 2006). Furthermore, oxytocin is proposed to act 

as a priming factor for the survival and proliferation of mesenchymal stem cells under 

diabetic conditions (Klement et al. 2017). Although proliferation of pancreatic beta-

cells is potentially beneficial, beta-cell loss in diabetes is strongly linked to increased 

apoptosis (Mandrup-Poulsen T. 2001). In this regard, we demonstrated that oxytocin 

protected both BRIN BD11 and 1.1B4 beta-cells from streptozotocin-induced DNA 

damage. Furthermore, beta-cell apoptosis in response to cytokine insult was 

completely abolished by oxytocin, to a similar or superior degree as observed with 
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GLP-1 (Thiriet  et al. 2005). These beneficial beta-cell effects are in close agreement 

with a recent study utilising islets from oxytocin receptor KO mice, that revealed 

diminished beta-cell survival in the face of cytotoxic stresses including cytokines and 

palmitate (Watanabe et al. 2016). Mechanistically, deficiency of the oxytocin receptor 

in mice impaired MAPK/ERK-CREB signalling, exacerbated endoplasmic reticulum 

stress and ultimately increased beta-cell apoptosis in response to stress (Watanabe et 

al. 2016). It is likely that similar mechanisms are also involved in relation to our beta-

cell protective observations with oxytocin, but further studies would be required to 

confirm this. In addition to these direct beta-cell benefits, oxytocin is also thought to 

exert prominent anti-inflammatory and cardioprotective effects (Gutkowska  et al. 

2014). Indeed, oxytocin has been shown to prevent abnormal cardiac structural 

remodelling in genetically diabetic db/db mice (Plante et al. 2015). In addition, 

oxytocin has a well-characterised positive effect on bone, with recent evidence 

pointing towards a strong association between diabetes and increased bone fragility 

(Mabilleau et al. 2017).  

In conclusion, the current observations provide convincing evidence that oxytocin 

plays an important role in directly regulating pancreatic beta-cell function and 

survival. The oxytocin would appear not to be derived from the pituitary gland as in 

labour and suckling, but directly from the islets themselves. Benefits of oxytocin on 

beta-cells, together with altered expression in diabetes, suggest that oxytocin receptor 

signalling plays an important role in both beta cell and islet function.  
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Table 3.1 Target, host and source of primary and secondary antibodies employed 

for immunofluorescent studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target Host Dilution Source 

Insulin (primary) Mouse 1:500 Abcam, ab6995 

Glucagon (primary) Guinea pig 1:200 Raised in-house PCA2/4 

Oxytocin (primary) Rabbit 1:200 Abcam, ab2078 

Ki-67 (primary) Rabbit 1:200 Abcam, ab15580 

IgG (secondary) Goat 1:400 Alexa Flour 594, Invitrogen, UK 

IgG (secondary) Goat 1:400 Alexa Flour 488, Invitrogen, UK 
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Figure 3.1: Representative images showing oxytocin protein expression in mouse 

islets co-localised with (A) insulin and (B) glucagon 
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Figure 3.2: Oxytocin protein quantification in comparison to (A) somatostatin 

and (B) PP in islets and oxytocin receptor mRNA expression in (C) isolated 

C57BL/6 mouse islets, (D) rodent BRIN BD11 and (F) and human 1.1B4 beta-

cells 
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mRNA expression was compared against expression of the classic beta-cell GPCR, 

GIPR. Values are mean ± SEM (n=5). *P<0.05, ***P<0.001 compared to (D) PP or (F, 

G) GIPR expression. All mRNA expression was normalised to Actb/ACTB 

expression. 
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Figure 3.3: Effects of oxytocin on insulin release from rodent BRIN BD11 beta-

cells at (A) 5.6mM and (B) 16.7mM glucose 
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Cells were incubated (20 mins) with 5.6 or 16.7 mM glucose, as appropriate, and the 

effects of test peptides (10-12 – 10-6 M) on insulin secretion determined. Values are 

mean ± SEM (n=8). * P<0.05, ** P<0.01, *** P<0.001 compared to respective glucose 

control. ΔΔΔ P<0.001 compared to oxytocin alone at the same concentration.  
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Figure 3.4: Effects of oxytocin on insulin release from (A) human 1.1B4 beta-cells 

and (B) isolated mouse islets 
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(A) 1.1B4 beta-cells or (B) isolated mouse islets were incubated (A 20 mins; B 60 

mins) with either 5.6 or 16.7 mM glucose, as appropriate, and the effects of test 

peptides (10-12 – 10-6 M) on insulin secretion determined. Values are mean ± SEM (A 

n=8; B n=4). * P<0.05, ** P<0.01, *** P<0.001 compared to respective glucose control. 

ΔΔΔ P<0.001 compared to oxytocin alone at the same concentration.  
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Figure 3.5: Effects of the oxytocin receptor antagonist, atosiban, on oxytocin 

induced insulin release from BRIN BD11 cells at 5.6 mM glucose.  
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Rodent BRIN-BD11 cells were incubated with oxytocin alone (10-8 – 10-6 M) or with 

oxytocin receptor antagonist, atosiban (10-6 M). * P<0.05, ** P<0.01, *** P<0.001 

compared to respective glucose control. ΔΔΔ P<0.001 compared to oxytocin alone at 

the same concentration.  
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Figure 3.6: Effect of oxytocin on membrane potential in rodent BRIN BD11 beta-

cells 
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Cells were incubated with 5.6 mM glucose in the presence of oxytocin (10-6 M) and 

membrane potential assessed over a 5 minute period, with KCl (30 mM) as positive 

control. (B) Area under curve data also shown. * P<0.05, ** P<0.01, *** P<0.001 

compared to respective glucose control. ΔΔΔ P<0.001 compared to respective positive 

control. 
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Figure 3.7: Effect of oxytocin on intracellular calcium in rodent BRIN BD11 beta-

cells 
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Cells were incubated with 5.6 mM glucose in the presence of oxytocin (10-6 M) and 

intracellular calcium assessed over a 5 minute period, with Alanine (10 mM) as 

positive control. (B) Area under curve data also shown. * P<0.05, ** P<0.01, *** 

P<0.001 compared to respective glucose control. ΔΔΔ P<0.001 compared to respective 

positive control. 

 

 



77 
 

Figure 3.8: Effects of oxytocin and (A) cAMP generation in rodent BRIN BD11 

beta-cells and on (B) glucagon secretion in Alpha TC 1.9 cells 
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(A) BRIN BD11 cells were incubated (20 min) with GLP-1 or oxytocin (both at 10-6 

M) in the presence of IBMX (200 µM), as appropriate, and intracellular cAMP 

measured by ELISA. (B) Alpha TC1.9 cells were incubated (1 h) with GLP-1 or 

oxytocin (10-6M) and glucagon secretion was measured using a chemiluminescent 

ELISA. Values are mean ± SEM (n=6). *P<0.05, **P<0.01, ***P<0.001 compared to 

5.6 mM glucose. 
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Figure 3.9: Acute effects of oxytocin on (A, B) blood glucose and (C, D) plasma 

insulin as a response to glucose challenge in overnight fasted mice 
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Blood glucose and plasma insulin levels were assessed immediately before and after 

intraperitoneal administration of oxytocin (25 nmol/kg bw) together with glucose (18 

mmol/kg bw) in overnight fasted mice.  Blood glucose and plasma insulin have been 

depicted as a (A, C) line graph and as (B, D) area under the curve. Values are mean ± 

SEM (n=6). *P<0.05, **P<0.01 compared to respective control. 
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Figure 3.10: Effect of oxytocin on food intake in overnight TO fasted mice 
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Cumulative food intake was assessed after intraperitoneal administration of saline 

vehicle (0.9% NaCl) or oxytocin (25 nmol/kg bw) in overnight fasted mice. Values 

are mean ± SEM (n=6). *P<0.05, **P<0.01 compared to respective control. 
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Figure 3.11: Representative images on effects of streptozotocin and 

hydrocortisone treatment on co-localisation of oxytocin with insulin and 

glucagon in mouse islets 

 

 

 

 

Representative islet images showing islets double stained for insulin (green) and 

glucagon (red), insulin (green) and oxytocin (red) as well as glucagon (red) and 

oxytocin (green) in islets of control, streptozotocin and hydrocortisone treated mice 

are shown. 
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Figure 3.12: Effects of streptozotocin and hydrocortisone treatment on (A) beta 

cell area, (B) alpha cell area and (C) islet area as well as on co-localisation of 

oxytocin with insulin (D) and glucagon (E) in mouse islets  
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(A) Beta- (B) alpha- and (C) total islet-area in C57BL/6 mice following daily 

injections of streptozotocin (50 mg/kg bw) or hydrocortisone (70 mg/kg bw) for 5 or 

10 days respectively, with all assessments conducted on day 10. (D-F) Quantification 

of percentage co-localisation of oxytocin with (D) insulin and (E) glucagon, as well 

as (F) actual islet area of co-localisation in control, streptozotocin and hydrocortisone 

treated mice. Values are mean ± SEM (n=6 mice). *P<0.05, **P<0.01, ***P<0.001 

compared to control mice. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared to respective 

beta-cell area of co-localisation. 
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Figure 3.13: Effect of oxytocin in proliferation of (A, C) rodent BRIN-BD11 cells 

and (B, D) human 1.1B4 cells 
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(C, D) Proliferation frequency was assessed in (C) BRIN BD11 and (D) 1.1B4 beta-

cells cultured with either GLP-1 (positive control) or oxytocin (both at 10-6 M) for 16 

h. (A, B) Representative images showing proliferating beta-cells under each culture 

condition. Arrows indicate proliferating cells. Values are mean ± SEM (n=4). 

***P<0.001 compared to control cultures. 
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Figure 3.14: Protective effects of oxytocin from (A, B, D, E) streptozotocin- and 

(C, F) cytokine-induced cellular stress in rodent BRIN BD11 and human 1.1B4 

cells  

 

0

50

100

150

***

***

***

Control

H2O2 (1 mM)

STZ (5 mM)

STZ + Oxytocin







C
e

ll
 v

ia
b

il
it

y
 (

%
 o

f 
c
o

n
tr

o
l)

0

2

4

6

8

Control (RPMI-1640)

STZ (5 mM)

STZ (5 mM) + oxytocin (10
-6

M)

***

%
 T

a
il
 D

N
A

0

50

100

150
Control

H2O2 (1 mM)

STZ (5 mM)

STZ + Oxytocin


***

***



***

C
e

ll
 v

ia
b

il
it

y
 (

%
 o

f 
c
o

n
tr

o
l)

0

5

10

15

20

Control (RPMI-1640)

STZ (5 mM)

***

STZ (5 mM) + oxytocin (10
-6

 M)

**

%
 T

a
il
 D

N
A

(A) (B)

(C) (D)

 

(A, C) Cell viability and (B,D) % tail DNA were assessed in response to 2h exposure 

to streptozotocin (5 mM) with or without co-culture with oxytocin (10-6 M) in (A, B) 

BRIN BD11 and (C, D) 1.1B4 beta-cells. GLP-1 (10-6 M) and hydrogen peroxide (1 

mM) were used as positive controls where appropriate. Values are mean ± SEM (n=4). 

*P<0.05, **P<0.01, ***P<0.001 compared to control cultures. ΔΔΔP<0.001 compared to 

streptozotocin alone. 
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Figure 3.15: Protective effects of oxytocin from cytokine-induced cellular stress 

in rodent BRIN BD11 and human 1.1B4 cells  
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TUNEL positive apoptotic cells were assessed in response to 2h exposure to a cytokine 

cocktail (IL-1β 100U/ml, IFN-γ 20 U/ml, TNF-α 200 U/ml) with or without co-culture 

with oxytocin or GLP-1 (both at 10-6 M) in (A) BRIN BD11 and (B) 1.1B4 beta-cells. 

Values are mean ± SEM (n=4). *P<0.05, **P<0.01, ***P<0.001 compared to control 

cultures. ΔΔΔP<0.001 compared to cytokine cocktail. 
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Chapter 4 

Vasopressin receptors in islets enhance glucose tolerance, 

pancreatic beta-cell secretory function, proliferation and 

survival 
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4.1 SUMMARY 

Arginine vasopressin (AVP), a peptide secreted from the posterior pituitary, is chiefly 

regarded as a hormone involved in the regulation of body fluid balance and osmolality. 

However, recent evidence has revealed that posterior pituitary hormones can exert 

important actions on endocrine pancreatic function. In the present study, the presence 

of vasopressin receptors, namely Avpr1a (V1a), Avpr1b (V1b) and Avpr2 (V2) was 

demonstrated in murine islets as well as rodent BRIN BD11 and human 1.1B4 beta-

cells. Further to this, vasopressin was shown to induce significant concentration-

dependent (10-12 – 10-6 M) increases of insulin release from both rodent and human 

beta-cells, as well as mouse islets. Insulinotropic actions of vasopressin were 

completely annulled by specific V1a or V1b receptor antagonists, and partially 

abolished by an oxytocin receptor antagonist. In addition, beta-cell insulin secretory 

actions of vasopressin were augmented by both IBMX (200 µM) and KCl (30 mM) 

and linked to significantly increased cAMP production and [Ca2+]i. Vasopressin 

substantially increased proliferation of rodent and human beta-cells. Moreover, 

vasopressin fully protected against cytokine-induced beta-cell apoptosis. Vasopressin 

had no effect on glucagon secretion. Immunohistochemical examination of beta- and 

alpha-cells revealed co-expression of vasopressin with glucagon, and particularly 

insulin. Finally, administration of vasopressin in combination with glucose to mice 

significantly reduced blood glucose, which was associated with increased plasma 

insulin. These data indicate that vasopressin possesses novel and potentially important 

effects on pancreatic endocrine function. Understanding disturbances in islet 

vasopressin receptor signalling could reveal insight into the beta-cell defects 

associated with diabetes. 
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4.2 INTRODUCTION 

Arginine vasopressin (AVP, also known as antidiuretic hormone (ADH)) is a 9 amino 

acid neuropeptide secreted by the posterior pituitary that is known to regulate fluid 

balance and cardiovascular function (Renaud 2007; Koshimizu et al. 2012). The 

biological effects of vasopressin are mediated through modulation of three separate 

G-protein coupled receptors (GPCRs), namely Avpr1a (V1a), Avpr1b (V1b) and 

Avpr2 (V2) (Busnelli et al. 2013). While the V1a and V1b receptors are selectively 

linked to Gq/11 G-proteins, the V2 receptor is preferentially coupled to a Gs G-protein 

(Schöneberg et al. 1998). However, as well as controlling body fluid homeostasis and 

related actions, vasopressin has been suggested to be involved in the secretion of 

endocrine pancreatic hormones and overall metabolic control (Gao and Henquin 1993; 

Fujiwara et al. 2007). Indeed, it is now widely accepted that numerous hormones, 

beyond classical insulin, glucagon, somatostatin and pancreatic polypeptide, are 

involved in the physiological regulation of pancreatic islet cell function (Khan et al. 

2016; Khan et al. 2017; Khan et al. 2017; Poher et al. 2018). Further credence to this 

concept, and a possible endocrine role for vasopressin, is provided through recent 

observations with the related posterior pituitary peptide oxytocin, revealing local 

secretion and important pancreatic beta-cell actions of this hormone (Mohan et al. 

2018). In addition, co-expression of the insulinotropic incretin hormone glucagon-like 

peptide-1 (GLP-1), oxytocin and vasopressin has been evidenced (Zueco et al. 1999), 

again implying potentially important metabolic effects of vasopressin. 

 Studies using selective vasopressin receptor antagonists and mice genetically 

lacking either V1a or V1b receptors have suggested V1b receptors are important for 

vasopressin mediated islet effects (Oshikawa et al. 2004). In agreement, plasma 

insulin and glucagon levels are lower in V1b receptor knockout mice when compared 

to wildtype controls (Fujiwara et al. 2007). However, these V1b receptor knockout 

mice present with improved insulin sensitivity, implying possible adaptive responses 

in the face of lifelong decreased vasopressin action (Fujiwara et al. 2007). 

Nonetheless, positive effects of vasopressin on insulin secretion are absent in mice 

lacking V1b receptors (Fujiwara et al. 2007). However, the mechanisms underlying 

these islet and beta-cell effects are unclear, and the question whether local production 

of vasopressin is biologically significant, has not been assessed. As such, 

concentrations of vasopressin have been suggested to be significantly elevated in the 
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pancreas of humans and rats (221 ± 69 pg/100 mg of pancreatic tissue), compared with 

the circulation (< 4 pg/ml) (Amico et al. 1988).  

Therefore, in the current study, we have explored the presence of vasopressin 

and its receptors in rodent and human beta-cells as well as murine pancreatic islets. In 

vitro and in vivo effects of vasopressin on insulin release were also investigated, along 

with putative mechanisms of action. In addition, the impact of vasopressin on glucose 

homeostasis and insulin secretion was determined in normal lean mice. Finally, effects 

of vasopressin on beta-cell proliferation and protection against apoptosis were 

examined. The results promote the emerging concept that vasopressin possesses 

important endocrine actions linked to modulation of pancreatic beta-cell function and 

survival.  

4.3 MATERIALS AND METHODS 

4.3.1 Reagents 

All material and methods obtained for this study have been described in Chapter 2.  

4.3.2 Gene expression  

Expression of vasopressin receptors was determined by extracting mRNA from 

pancreatic BRIN BD11 cells, 1.1B4 cells and isolated murine pancreatic islets 

(C57BL/6, 12-14 weeks old, Envigo Ltd.UK) (Section 2.10). Briefly, the extracted 

mRNA (1-3 µg) was converted into cDNA and amplified with specific forward and 

reverse primers. Data obtained was analysed using ΔΔCt method and normalised to 

Actb/ACTB expression. 

4.3.3 Immunocyto/histochemistry 

Alpha-TC1.9 cells and in-house derived BRIN BD11 beta-cells were seeded on to 

chamber slides. Cells were prepared and incubated with appropriate primary antibodies, 

followed by suitable secondary antibodies (Table 4.1) as described previously in Section 

2.11. In addition, pancreatic tissue was excised from C57BL/6 mice (12-14 weeks old, 

Envigo Ltd.UK) and fixed in 4% paraformaldehyde (PFA) for 48 h at 4°C. Slides with 

tissue sections were processed before performing antigen retrieval (citrate buffer, pH 
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6.0, 94°C for 20 min). Sections were incubated overnight at 4°C with appropriate 

primary antibody (Table 4.1) as mentioned in Section 2.24. The slides were then 

incubated with appropriate secondary antibodies (Alexa Fluor® 594 for red and Alexa 

Fluor® 488 for green; Table 4.1) and stained with nuclear DAPI staining. All staining 

procedures and image analysis were carried out in a blinded manner. Approximately 100 

islets were analysed per group.  

4.3.4 In vitro insulin secretion studies 

Clonal pancreatic rodent BRIN BD11 and human 1.1B4 beta-cells were used to assess 

the insulin secretory activity of vasopressin (Section 2.3.3). Cells were cultured as per 

procedures described in Section 2.2.2 and 2.2.7 respectively. Cells were seeded for the 

acute insulin secretory test as described in Section 2.3.2. In addition, insulin secretory 

effectiveness of vasopressin was examined in murine islets (C57BL/6, 12-14 weeks 

old, Envigo Ltd.UK) isolated using standard collagenase methods as described in 

Section 2.4. Insulin content was also assessed with isolated islets treated with 

vasopressin (Section 2.4.3) and insulin concentration was analysed using 

radioimmunoassay (Section 2.5). To assess the potential mechanism of vasopressin 

(10-6 M) insulinotropic action, secretion studies were performed with BRIN BD11 

cells in the presence of known modulators of insulin release, including IBMX (200 

µM), diazoxide (300 µM), verapamil (50 µM) and KCl (30 mM) (Section 2.3.5).  

In addition, effects of vasopressin (10-6 M) on membrane potential (Section 2.7) and 

intracellular [Ca2+]i (Section 2.8) were also studied in BRIN BD11 cells at 5.6 mM 

glucose as previously described. Furthermore, to confirm vasopressin receptor 

modulation, BRIN BD11 cells were incubated with vasopressin alone (10-6 M) alone 

or in combination with either the oxytocin receptor antagonist, L-371,257 (10-6 M; 

Tocris), V1a receptor antagonist SR-49059 (10-6 M; Sigma-Aldrich), V1b receptor 

antagonist Nelivaptan (10-6 M; Axon Medchem) or the V2 receptor antagonist 

Tolvaptan (10-6 M; Sigma-Aldrich) and insulin secretion assessed as above. Finally, 

intracellular cAMP production (20 min, n=4) in the presence of IBMX (200 µM) and 

vasopressin or GLP-1 (both at 10-6 M) was examined in BRIN BD11 cells using a 

Parameter cAMP assay (R&D Systems, Abingdon, UK), as previously described in 

Section 2.9. 
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 4.3.5 In vitro glucagon secretion studies 

Alpha-TC1.9 cells were used to assess in vitro glucagon secretory activity of 

vasopressin. General culture conditions were described previously in Section 2.2.8 and 

acute insulin release studies with these cells were explained in Section 2.6. Glucagon 

secreted was analysed using an ELISA kit as described in Section 2.22.  

4.3.6 In vitro beta-cell proliferation and cellular stress studies 

The effect of vasopressin on beta-cell proliferation and protection against apoptosis was 

studied in clonal BRIN BD11 and 1.1B4 cells. Cells were seeded in the presence of 

vasopressin (10-6 M), with GLP-1 (10-6 M) and culture media alone as positive and 

negative controls, respectively for 18h (Section 2.3.2). Slides were incubated with rabbit 

anti-Ki67 primary antibody followed by Alexa Fluor® 594 secondary antibody (Section 

2.11). Proliferation frequency was expressed as % total cells analysed. To assess the 

protective effect vasopressin on cytokine-induced DNA damage in BRIN BD11 and 

1.1B4 cells, cells were seeded as above and then exposed to a cytokine cocktail (IL-1β 

100 U/ml, IFN-γ 20 U/ml, TNF-α 200 U/ml), in the presence and or absence of test 

peptides (10-6 M), for 2hours. A TUNEL assay (Roche Diagnostics Ltd, UK) was used 

to quantify the level of beta-cell apoptosis, as described previously (Vasu et al. 2014; 

Berchtold et al. 2016). 

 4.3.7 In vivo studies  

Studies were carried out in adult male NIH Swiss mice (12-14 weeks of age, Envigo 

Ltd, UK) (Section 2.12). For acute in vivo glucose homeostatic and insulin secretory 

response studies, blood glucose and plasma insulin were analysed immediately before 

and after intraperitoneal injection of either glucose alone (18 mmol/kg bw) or in 

combination with GLP-1 or vasopressin (both at 25 nmol/kg bw) in 18 h fasted mice 

(Section 2.13). Blood glucose (Section 2.16) and plasma insulin was assessed using 

radioimmunoassay (Section 2.5).  
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4.3.8 Statistical analysis 

Statistical analyses were performed using GraphPad PRISM software (Version 5.0). 

Values are expressed as mean ± S.E.M. Comparative analyses between groups were 

carried out using a One-way ANOVA with Bonferroni post hoc test or Student’s 

unpaired t-test, as appropriate. Difference between groups was considered significant if 

P < 0.05. 

4.4 RESULTS 

4.4.1 Gene expression of vasopressin, GLP-1 and GIP receptors 

In BRIN-BD11 cells, expression of all vasopressin receptors, namely V1a, V1b and 

V2, was apparent but at significantly (P < 0.01 to P < 0.001) lower levels than Glp1r 

expression (Figure 4.1A). However, Gipr mRNA levels were similar to Avpr1a and 

Avpr2 in BRIN BD11 cells, with Avpr1a expression being significantly higher (P < 

0.01) than Gipr (Figure 4.1A). In 1.1B4 cells, expression levels of Avpr1b were 

elevated (P < 0.01), Avpr1a reduced (P < 0.01) and Avpr2 unchanged, when comparted 

to Glp1r (Figure 4.1B). All vasopressin receptors were expressed at lower intensity (P 

< 0.05 to P < 0.001) than Gipr in 1.1B4 beta-cells (Figure 4.1B). In isolated mouse 

islets, mRNA expression of Avpr1a and Avpr2 was higher (P < 0.05 to P < 0.001) 

when compared to both Glp1r and Gipr expression, with Avpr2 expressed at similar 

levels as both the incretin receptors (Figure 4.1C).  

4.4.2 Immunocyto/histochemistry 

Vasopressin was clearly evident in BRIN-BD11 cells and co-localised with 

approximately 50% of insulin staining in these cells (Figure 4.2A,C). Vasopressin was 

also observable in alpha-TC1.9 cells, but less than 10% of the alpha-cells exhibited 

co-localisation of vasopressin and glucagon (Figure 4.2B,C). In murine islets, 

immunohistochemical vasopressin staining with either insulin or glucagon revealed 

no evidence of vasopressin within islet cells, and more vasopressin present in 

perivascular locations (Figure 4.2D). 
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4.4.3 In vitro insulin and glucagon release as well as beta-cell mechanistic studies 

Murine islets demonstrated clear glucose-dependent insulinotropic properties (Figure 

4.3A). Notably, neither vasopressin nor GLP-1 induced insulin secretion from islets at 

glucose concentrations of 1.4 mM (Figure 4.3A). However, both vasopressin and 

GLP-1 (10-6 M) stimulated significant (P < 0.01 to P < 0.001) insulin secretion from 

murine islets at 5.6 and 16.7 mM glucose when compared to respective glucose alone 

controls (Figure 4.3A). In addition to this, vasopressin stimulated (P < 0.05 to P < 

0.001) insulin release in a concentration-dependent (10-12 – 10-6 M) manner in both 

BRIN BD11 and 1.1B4 beta-cell lines, with similar or enhanced efficacy as GLP-1 at 

10-6 M (Figure 4.3B-4.4A). The V1a and V1b receptor antagonists, SR-40959 and 

nelivaptan (both at 10-6 M) respectively, completely annulled (P < 0.001) the insulin 

secretory actions of vasopressin in BRIN BD11 cells (Figure 4.4B). Furthermore, L-

371,257, the oxytocin receptor antagonist, also partially abolished vasopressin-

induced insulin secretion, whereas V2 receptor blockade had no impact on vasopressin 

mediated insulinotropic actions (Figure 4.4B). Interestingly, vasopressin-induced (10-

6 M) insulin secretion was significantly (P < 0.05 and P<0.01, respectively) augmented 

in the presence of IBMX and KCl, but inhibited (P<0.05) in the presence of verapamil 

and diazoxide (Figure 4.5A). Notably, an almost identical insulin release pattern was 

observed following incubation of GLP-1 with these beta-cell secretory modulators 

(Figure 4.5A). In addition to this, vasopressin and GLP-1 (10-6 M) had no effect on 

glucagon secretion from alpha-TC1.9 cells at 5.6 mM glucose, whereas 10 mM 

arginine evoked significant (P < 0.001) glucagon release from these cells (Figure 

4.5B). In terms of beta-cell membrane potential and [Ca2+]i, vasopressin (10-6 M) had 

no impact on membrane potential, but it did transiently increase (P < 0.01) [Ca2+]i 

when compared to 5.6 mM glucose control (Figure 4.6A-D). Furthermore, both 

vasopressin and GLP-1 significantly (P<0.001) augmented cAMP production in BRIN 

BD11 cells, albeit GLP-1 had increased (P < 0.01) efficacy than vasopressin (Figure 

4.6E). 
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4.4.4 Beta-cell proliferation and protection against apoptosis 

Vasopressin (10-6 M) significantly (P<0.001) augmented BRIN BD11 and 1.1B4 cell 

proliferation, to a similar, or even elevated manner, when compared to the same 

concentration of GLP-1 (Figure 4.7A, B). In terms of protecting against cytokine-

induced apoptosis in BRIN BD11 and 1.1B4 cells, vasopressin was similar, or indeed 

more effective, than GLP-1 (Figure 4.7C, D). As such, TUNEL positive staining was 

significantly (P<0.05) reduced by vasopressin, but not GLP-1, when compared to 

media control (Figure 4.7C, D). Figure 5E & F depict representative images of BRIN 

BD11 and 1.1B4 beta-cells stained for Ki-67 and TUNEL under each treatment 

condition.  

4.4.5 Acute in vivo glucose homeostatic and insulin secretory effects 

Both vasopressin and GLP-1 significantly reduced (P < 0.001) individual and 0-60 

min overall AUC glucose values when injected conjointly with glucose in mice 

(Figure 4.8A,B). Corresponding individual and overall plasma insulin concentrations 

were significantly elevated (P<0.05) by GLP-1 (Figure 4.8C,D). Interestingly, 

vasopressin did not induce any obvious elevation of overall insulin secretory activity, 

despite reduced glucose levels compared to the glucose controls (Figure 4.8A-D).  

4.5 DISCUSSION  

The relatively abundant expression of all vasopressin receptor subtypes in murine 

islets, as well as a rodent and human beta-cell lines, clearly implies a modulatory role 

for vasopressin in pancreatic islet function. Indeed, quantification of V1b receptor 

expression in islets revealed significantly elevated levels compared to both the classic 

islet incretin receptors Glp-1r and Gipr (Seino et al. 2010; Vasu et al. 2015). These 

observations correspond well with the earlier suggestion that the V1b receptor is 

expressed in pancreatic islets (Lee et al. 1995). Although there were slight differences 

in the vasopressin receptor expression profile in rodent BRIN BD11 and human 1.1B4 

beta-cells, when compared to mouse islets, the clear presence of each receptor subtype 

highlights applicability of these cellular models to further investigate the beta-cell 

effects of vasopressin.   
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Previous work has raised the possibility of a role for V1b receptors in 

vasopressin-induced insulin release (Lee et al. 1995). Our studies with 

pharmacological receptor antagonists, would agree with this, but also suggest an 

important impact of both oxytocin and V1a receptors in vasopressin-induced insulin 

secretion (Koshimizu et al. 2012). Thus, vasopressin stimulated insulin release from 

rodent and human beta-cells, as well as murine islets, with the effect completely 

annulled by co-administration V1a or V1b receptor antagonists, and partially inhibited 

by oxytocin receptor blockade. These findings also further corroborate the suitability 

of the selected in vitro models to study vasopressin beta-cell effects, although 

diminished glucose-responsiveness of cellular models needs to be acknowledged 

(Green et al. 2018). Interestingly, insulinoptropic effects of vasopressin were evident 

at both basal and elevated glucose concentrations (Gao and Henquin 1993). Thus, it 

has been proposed that vasopressin induces insulin secretion only in the presence of 

high glucose concentrations, whereas glucagon release is augmented at lower glucose 

levels (Abu-Basha et al. 2002). However, in the current study we were unable to 

evidence significant inhibitory effects of vasopressin on glucagon secretion from 

alpha-TC1.9 cells, albeit at physiological glucose levels. Still, a similar dual insulin 

and glucagon secreting scenario, dependent solely on ambient glucose levels, has been 

reported for the well characterised insulinotropic incretin hormone, glucose-dependent 

insulinotropic polypeptide (Christensen et al. 2011). Such an effect was also observed 

following a glucose challenge in mice, resulting in improved glucose homeostasis by 

vasopressin. It is also notable that, higher concentrations of vasopressin have been 

reported to be required to stimulate insulin, rather than glucagon, secretion (Nakamura 

et al. 2017) and this corresponds well with the relatively large 25 nmol/kg dose of 

vasopressin employed here. 

Although we have reported clear augmentation of insulin secretion by 

vasopressin in rodent and human beta cells, as well as in vivo and ex vivo in mice, 

elevations of blood glucose have been reported following chronic vasopressin infusion 

in rats (Taveau et al. 2017). Whilst it is possible that this could be linked to putative 

elevated glucagon secretion by vasopressin (Fujiwara et al.  2007), our observations 

in alpha-TC1.9 cells along with the proposed glucose-dependent nature of 

vasopressin-induced glucagon secretion would suggest that this is unlikely (Abu-

Basha et al. 2002). Since vasopressin is thought to play a role in somatostatin secretion 

(Folny et al. 2003), as well as potentiating corticotropin-releasing hormone induced 
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insulin release (O'Carroll et al. 2008), a complex mode of action for vasopressin on 

pancreatic islets is very apparent. Given this, we considered it prudent to investigate 

the molecular mechanism of action of vasopressin-induced insulin release. 

Interestingly, vasopressin provoked a remarkably similar insulin secretory profile as 

GLP-1 in the presence of known modulators of beta-cell function, including IBMX, 

KCl, diazoxide and verapamil (Wollheim et al. 1978; Seigel et al. 1980; Shen et al. 

2001). In addition, similar to GLP-1, vasopressin increased cAMP concentrations in 

BRIN BD11 cells. Vasopressin had no impact on beta-cell membrane potential, but 

did induce a transient increase effect of [Ca2+]i, which has also been observed with 

oxytocin (Mohan et al. 2018). Together, this would imply a more distal, GLP-1 like, 

effect of vasopressin on insulin secretion, and further investigation into this is 

warranted. 

Epidemiological studies reveal that altered plasma vasopressin concentrations 

represent a risk factor for type 2 diabetes (Saleem et al. 2009; Enhörning et al. 2011; 

Abbasi et al. 2012). In view of these observations, we next assessed the impact of 

vasopressin on beta-cell growth and survival, with a view to deciphering a possible 

link to development of diabetes, given that the human disease is associated with beta-

cell loss (Stumvoll et al. 2010). Strikingly, vasopressin induced proliferation and 

prevented cytokine-induced apoptosis of both rodent and human beta-cells, in a similar 

fashion to GLP-1 (Seino et al. 2010). In agreement with this, a proliferative effect of 

vasopressin on rat intestinal epithelial cells as well as glomerular mesangial cells and 

vascular smooth muscle has previously been demonstrated (Ghosh et al. 2001; Mavani 

et al. 2015). A similar beta-cell protective phenomenon has also recently been reported 

for oxytocin (Mohan et al. 2018), implying important pancreatic effects of both 

posterior pituitary hormones. The reduction in cell death with vasopressin certainly 

indicates the interaction of this peptide on the apoptotic signalling pathways initiated 

by the cytokines. The prospect of vasopressin influencing the NFκB pathway is 

intriguing.    

These positive vasopressin beta-cell effects are consistent with a high 

percentage of BRIN BD11 beta-cells displaying co-localisation of vasopressin and 

insulin. However, further immunohistochemical examination of murine islets revealed 

that pancreatic vasopressin expression is largely confined to perivascular tissue, as 

previously observed (Méchaly et al. 1999). Thus, further investigation into the impact 

of local islet cell secretion and action of vasopressin is required, especially since 
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pancreatic vasopressin concentrations are known to be elevated (Amico et al. 1988). 

Such paracrine actions of vasopressin are likely to greatly augment the effects of 

vasopressin released from the posterior pituitary and delivered to the beta-cells via 

islet vasculature. It would also be interesting to relate the presence and role of 

aquaporins in islets with the action of this peptide considering the primary function of 

vasopressin in the biological system. The possible role of vasopressin in the protection 

of cell hydration or cell volume needs to be explored.   

 In conclusion, this study reveals a novel and potentially important role of 

vasopressin in the regulation of pancreatic islet function. Similar to another posterior 

pituitary hormone oxytocin (Mohan et al. 2018), vasopressin receptors are highly 

abundant in islets where they mediate important positive actions on insulin secretion as 

well as beta-cell growth and survival. This raises the possibility that disturbances in the 

modulation of islet vasopressin receptor signalling might contribute to beta-cell defects 

in diabetes. 

 

 

Table 4.1: Target, host, dilution and source of primary and secondary 

antibodies 

 

 

 

 

 

 

 

Target Host Dilution Source 

Insulin (primary) Mouse 1:500 Abcam, ab6995 

Glucagon (primary) Guinea pig 1:200 Raised in-house, PCA2/4 

vasopressin (primary) Rabbit 1:200 Abcam, ab68669 

Ki-67 (primary) Rabbit 1:200 Abcam, ab15580 

IgG (secondary) Goat 1:400 Alexa Flour 594, Invitrogen, UK 

IgG (secondary) Goat 1:400 Alexa Flour 488, Invitrogen, UK 
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Figure 4.1: Expression of vasopressin receptors, Avpr1a, Avpr1b and Avpr2, in 

rodent and human beta-cells and in isolated mouse islets. 

 

0.0

0.1

0.2

0.3

0.4

Avpr1a

Avpr1b

Avpr2

Glp1r

**

*** ***

Genes

Gipr

g
e

n
e

/A
c
tb

 m
R

N
A

 e
xp

re
s
s
io

n

(A
rb

ri
tr

a
ry

 u
n
its

)

0.00

0.05

0.10

0.15

0.20

0.25
Avpr1a

Avpr1b

Avpr2

Glp1r

**

**

Gipr





 

Genes

g
e

n
e

/A
c
tb

 m
R

N
A

 e
xp

re
s
s
io

n

(A
rb

ri
tr

a
ry

 u
n
its

)

0.0

0.1

0.2

0.3

0.4

0.5

Avpr1a

Avpr1b

Avpr2

Glp1r

*

**

Genes

Gipr




g
e

n
e

/A
c
tb

 m
R

N
A

 e
xp

re
s
s
io

n

(A
rb

ri
tr

a
ry

 u
n
its

)

A B

C

 

 

Vasopressin receptors mRNA expression in (A) rodent BRIN-BD11 cells, (B) human 

1.1B4 cells and (C) C57BL/6 mouse islets. mRNA expression was compared against 

the mRNA expression of Glp1r and Gipr. Values are mean ± SEM (n=5). *P < 0.05, 

**P < 0.01 and ***P < 0.001 compared to Glp1r. ΔP < 0.05, ΔΔP < 0.01 and ΔΔΔP < 

0.001 compared to Gipr. All mRNA expression was normalized to Actb/ACTB 

expression.  
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Figure 4.2: Co-localisation of vasopressin with either insulin or glucagon in 

rodent BRIN BD11 and alpha-TC1.9 cells as well as mouse islets 
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Representation images of (A) BRIN-BD11 cells stained for vasopressin and insulin 

and (B) alpha-TC1.9 cells stained for vasopressin and glucagon. Nuclei are indicated 

by DAPI staining. (C) Quantification of cells displaying co-localisation of expression 

for vasopressin and insulin or vasopressin and glucagon, as appropriate; seen in Figure 

(A) and (B). (D) Image of NIH Swiss mouse islet stained for vasopressin and insulin 

or glucagon, arrows indicate vasopressin staining. Values are mean ± SEM (n=3). ***P 

< 0.001 compared to vasopressin co-localisation with glucagon. 
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Figure 4.3: Effect of vasopressin on insulin release from (A) isolated murine islets 

and (B) rodent BRIN-BD11 pancreatic beta cells 
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(A) Islets were incubated (60 mins) in either 1.4, 5.6 or 16.7mM glucose, as 

appropriate, with vasopressin or related peptides (10-6 M), and insulin secretion 

assessed. (B) Cells were incubated (A, B: 20 mins) in 16.7 mM glucose as 

appropriate and vasopressin peptide was incubated at 10-12-10-6M. Values are a 

mean ± SEM (n=8), *P<0.05, **P<0.01 and ***P<0.001 compared to respective 

glucose control. ∆∆∆P<0.001 compared to respective conditions at 1.4 mM glucose. 
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Figure 4.4: Effect of vasopressin on insulin release (A) from human 1.1B4 

pancreatic beta cells and (B) in the presence of specific receptor antagonists from 

BRIN-BD11 cells  
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(A) Cells were incubated (A, B: 20 mins) in 16.7 mM glucose as appropriate and 

vasopressin peptide was incubated at 10-12-10-6M. Values are a mean ± SEM (n=8), 

*P<0.05, **P<0.01 and ***P<0.001 compared to respective glucose control. (B) Effects 

of specific V1a (SR-49059), V1b (nelivaptan), V2 (tolvaptan) and oxytocin (L-

371,255) receptor antagonists (each at 10-6 M) on vasopressin-induced (10-7M) insulin 

secretion form BRIN-BD11 cells at 16.7 mM glucose. Values are a mean ± SEM 

(n=8). *P < 0.05, **P < 0.01 and ***P < 0.001 compared to respective glucose control. 

ΔP < 0.05, ΔΔP < 0.01, ΔΔΔP < 0.001 compared to respective peptide control. 
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Figure 4.5: Effect of vasopressin on (A) insulin release in the presence of known 

modulators of insulin release and (B) glucagon release from alpha TC1.9 cells 
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(A) Effects of known modulators of insulin secretion, namely IBMX (200 µM), 

diazoxide (300 µM), verapamil (50 µM) and KCl (30 mM), on vasopressin-induced 

(10-6 M) insulinotropic actions in BRIN BD11 cells at 5.6 mM glucose, with GLP-1 

(10-6 M) as a direct comparison.  (B) Cells were incubated for 2h in 5.6 mM glucose 

with arginine (10 mM), vasopressin or GLP-1 (both at 10-6 M), and glucagon secretion 

assessed using ELISA. Values are a mean ± SEM (n=4). **P < 0.05, **P < 0.01 and 

***P < 0.001 compared to respective glucose control. (A) ΔP < 0.05, ΔΔΔP < 0.001 

compared to same incubation conditions at 1.4 mM glucose; +++ P < 0.05 compared to 

same incubation conditions at 5.6 mM glucose alone. (B) ΔΔΔP < 0.001 compared to 

arginine. 
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Figure 4.6: Effect of vasopressin on (A, C) membrane potential and (B, D) 

intracellular calcium and (E) cAMP production in rodent BRIN-BD11 pancreatic 

beta cells 
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Cells were incubated with 5.6 mM glucose in the presence of vasopressin (10-6 M) and 

(A) membrane potential or (B) [Ca2+]i assessed over a 5 minute period, with KCl (30 

mM) or alanine (10 mM) as positive controls, respectively. (C, D) Area under curve 

data are also shown. (E) BRIN-BD11 cells were incubated with IBMX (200 µM) alone 

and in combination with vasopressin or GLP-1 (both at 10-6 M) for 20 min at 5.6 mM 

glucose and intracellular cAMP concentrations measured using ELISA. Values are a 

mean ± SEM (n=6) *P < 0.05, ***P < 0.001 compared to respective glucose control. 

ΔΔP < 0.01 compared to GLP-1. 
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Figure 4.7: Effect of vasopressin on (A, B) proliferation and (C, D) protection from cytokine induced stress in rodent BRIN-

BD11 and human 1.1B4 cells 

 

(A,B) Proliferation in the presence of vasopressin and GLP-1 (both at 10-6 M) was assessed in (A) BRIN-BD11 and (B) 1.1B4 beta-cells. 

(C,D) TUNEL positive apoptotic cells were assessed following 2h exposure to a cytokine cocktail (IL-1β 100Uml-1, IFN-γ 20 Uml-1, TNF-

α 200 Uml-1) with or without co-culture in the presence of vasopressin or GLP-1 (both at 10-6 M) in (C) BRIN BD11 and (D) 1.1B4 beta-

cells. (E,F) Representative images showing Ki-67 and TUNEL stained cells under each culture condition. The arrows point towards the 

proliferating or apoptotic cells, as appropriate. Values are mean ± SEM (n=4). *P < 0.05, **P < 0.01, ***P < 0.001 compared to control 

cultures. ΔΔΔP < 0.001 compared to cytokine cocktail. 
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Figure 4.8: Acute effects of vasopressin on (A, C) blood glucose and (B, D) 

plasma insulin as a response to glucose challenge in overnight fasted mice 
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(A) Blood glucose and (C) plasma insulin levels were assessed before and after 

intraperitoneal administration of glucose (18 mmolkg-1, bw) alone or in combination 

with vasopressin or GLP-1 (both at 25 nmolkg-1, bw) in overnight fasted mice. (B, 

D) Respective 0-60 min area under the curve data for (B) blood glucose and (D) 

plasma insulin. Values are mean ± SEM (n=6). *P < 0.05, **P < 0.01, ***P < 0.001 

compared to glucose control.   
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Chapter 5 

 

Design of oxytocin analogues and functional 

characterization based on in vitro and in vivo effects on 

blood glucose and insulin release 
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5.1 SUMMARY 

Oxytocin is involved in insulin release but has a very short half-life when administered 

intravenously. In the present study, stable and more potent analogues of oxytocin were 

designed. Modifications included the removal of the disulphide bridge between 

cysteine residues at positions 1 and 6. Analogues of oxytocin were also designed by 

replacing amino acid residues at position 1 and 2 to prevent recognition by degrading 

enzymes. The replacement was done by either the dextrorotatory form of the amino 

acid indicated by D-C or D-Y or by the addition of a chemical group such as 

acetylation (Ac). Oxytocin was also modified at positions 7 and 8 to include similarly 

structured amino acids to increase its stability in circulation. Preliminary 

characterization of analogues studied plasma stability, insulin release from rodent and 

human pancreatic beta cells as well as effects on in vivo glucose tolerance. All the 

analogues had better stability in plasma than oxytocin except analogues 4 

(C*YIQNC*FLG) and 7 (C*YIQNC*YLG). The analogues also showed a dose-dependent 

glucose-sensitive insulin release in both rodent BRIN-BD11 and human 1.1B4 

pancreatic beta cells (P<0.01 to P<0.001). All analogues showed efficient glucose 

lowering effects in mice over 60 min (P<0.05 to P<0.001). This effect was also 

evaluated over 2h (P<0.05 to P<0.01) and 4h (P<0.05) to establish in vivo stability. 

Analogues 2 (Ac-C*YIQNC*PLG) and 7 (C*YIQNC*YLG) were further modified to 

incorporate changes that proved beneficial from initial studies, either by incorporating 

the C-terminal amidation or substituting cysteine at position 1 with D-C respectively. 

Certain analogues also retained anorexigenic effects of oxytocin by significantly 

suppressing appetite in overnight fasted mice (P<0.05 to P<0.001). The modifications 

to oxytocin resulted in changes in receptor specificity which was confirmed using 

specific receptor antagonists of oxytocin, vasopressin V1a, V1b and V2 receptors. 

These studies demonstrate that we were able to design stable competent analogues for 

further research into the treatment options for type 2 diabetes.   
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5.2 INTRODUCTION 

Oxytocin is a short neuropeptide consisting of 9 amino acids as depicted in Figure 5.1, 

with a disulphide bond between cysteine residues at position 1 and 6. Oxytocin is 

degraded by a set of enzymes called oxytocinases. Certain pathological disorders are 

known to affect the activity of circulating oxytocinase and levels are greatest in the 

final stages of childbirth. The enzyme has an equal capability of degrading oxytocin, 

lysine vasopressin and L-cystine-di-β-naphthylamide. Oxytocinase seems to be the 

only enzyme that can cleave an N terminal situated half-cystinyl disulphide bonds, 

generally known as cysteine aminopeptidases (Sjöholm 1969).  

Oxytocinases belong to a family of enzymes that includes insulin-regulated 

aminopeptidase (IRAP, EC 3.4.11.3), which is a membrane bound zinc-dependent 

aminopeptidase found in many tissues including heart, brain and fat. IRAP and 

aminopeptidase – N are structurally similar and share substrate specificity. IRAP, 

however, has a broad specificity for pH and substrate range with what seems to be a 

preference to cysteine rich peptides such as oxytocin, vasopressin and somatostatin 

(Nikolaou, A et al. 2014). Apart from aminopeptidases or IRAP, there is a family of 

peptidase-based enzymes that fall under the umbrella of a family of oxytocinase. The 

human endoplasmic reticulum aminopeptidases (ERAP) 1 and 2 are proteins that were 

initially identified as homologs of the human placental leucine aminopeptidase/IRAP 

(Hattori A et al. 2013). The rate of degradation of oxytocin depends on the activity of 

the enzymes and the presence of inactivators or inhibitors.  Circulating oxytocin is 

also taken up and metabolized in the liver, kidneys and possibly other organ tissues. 

A possible mechanism associated with this is binding between oxytocin and blood 

proteins such as albumin (Sjöholm et al. 1969).  

The foetus produces a large number of bioactive peptides such as angiotensin II, 

vasopressin (AVP), oxytocin (OT), that are found to be highly vasoactive and 

uterotonic (Chard et al. 1972; Oosterbaan et al. 1989). The involvement of foetal 

oxytocin during delivery has been suggested and obviously, oxytocin has become a 

normal means of inducing labour in hospitals. It has been shown that oxytocin and 

vasopressin were present in the human umbilical arterial and venous plasma during 

delivery (Chard et al. 1972). Actions of oxytocin are receptor-mediated involving 

binding to the OT/vasopressin receptor (Oosterbaan et al. 1989). It is also interesting 
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to note that oxytocin activates the translocation of oxytocinase in the human umbilical 

vascular endothelial cells coupled with the oxytocin receptor (Nakamura et al. 2000). 

The degradation of oxytocin is the primary determinant of circulating half-life and 

bioactivity. Oxytocin has a ring structure with the cysteine at position 1 and tyrosine 

at position 2 as depicted in Figure 5.1. This ring structure at the N – terminus is 

important for the uterotonic activity (Mizutani et al. 2011). Out of the three proteases 

identified in the degradation of oxytocin, P-LAP degrades the ring structure of 

oxytocin as well as hydrolyzes the remaining bonds one by one from the amino 

terminal. This degradation of oxytocin and other peptides by P-LAP is necessary to 

maintain the homeostasis in both the foetus and the mother (Mizutani 1992; Mizutani 

et al. 2011).  

Oxytocin like many other small peptide hormones lose their action due to degradation. 

The long acting peptides and protein drugs obviously have a better advantage over 

ones with a shorter half-life. However, these peptides can be modified resulting in 

longer plasma half-life. An example of a modification would be to replace the L 

analogue of amino acids with D amino acids such as in the case of somatostatin. The 

resulting analogue of somatostatin called octreotide had a plasma half-life of 1.5h 

compared to a few minutes of somatostatin (Harris, 1994). Another approach would 

be to add on a polymeric group to the peptide to prevent recognition by the degrading 

enzymes or the tissue. A PEG (240K) conjugate of the interferon α- 2b showed a 330-

fold prolonged plasma life compared to the native protein (Song et al. 2002; Ziegler 

et al. 1984; Kekow et al. 1988).  

Additionally, poly (ethylene glycol) (PEG) or adding a fatty acid to link it to albumin 

exhibits a lot of beneficial properties that are of relevance for pharmaceutical 

applications such as high mobility in solution, higher water solubility, lack of toxicity, 

immunogenicity and ready clearance from the body (Delgado et al. 1992; Harris et al. 

1997; Collins et al. 2016). Cyclization is another method to prolong half-life better 

still to use enzyme inhibitors. Of course, although these modifications provide better 

stability and prolong the half-life, the effectiveness of such modifications on the 

functionality of the drug needs to be evaluated. The release of an N-terminal amino 

acid, Cys -/-Xaa- which is involved in the disulphide bond especially in oxytocin and 

vasopressin specifically determines the activity of aminopeptidases localized in the 
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lysosomes, mitochondria, nucleus soluble (Lampelo et al. 1979), and membrane 

(Matsumoto et al. 2000). There are naturally existing as well as synthetically designed 

analogues of oxytocin (Sawyer and Manning, 1973; Veiro et al. 2010). However, few 

have been studied as a potential treatment for obesity and diabetes (Manning et al. 

2012).  

In the present study, we have designed various enzyme -resistant analogues of 

oxytocin, based on known degradation patterns. The sites of degradation have been 

modified with either the dextrorotatory form of the amino acid or replacement with 

another similarly structured amino acid as explained in Table 5.1. These modifications 

have been made keeping in mind the receptor interaction with amino acids at positions 

7 and 8 of the peptide. These analogues were assessed for their stability and insulin 

releasing properties in both rodent BRIN-BD11 and human 1.1B4 cells as well as in 

vivo. The protracted effect of the analogues was also assessed with a glucose challenge 

in mice over different periods of time along with changes in appetite. Receptor 

interactions were examined in rodent BRIN-BD11 beta cells, using specific receptor 

antagonists for oxytocin and the three vasopressin receptors. Selected analogues that 

showed an overall positive response, were compared with their reduced counterparts 

(with no disulphide linkage) for the same properties. Overall, these analogues 

exhibited good anti-diabetic potential in vitro and in vivo, suggesting possible 

therapeutic utility. 

5.3 MATERIALS AND METHODS 

All general material and methods utilized in this Chapter have been described in 

Chapter 2. Brief details are furnished below. 

5.3.1 Peptides and other test agents 

Analogues were designed based on previous literature by replacing amino acids at the 

site of degradation as indicated in Table 5.1. The peptides were obtained from 

Synpeptide co. Ltd. in a lyophilized form with 95% purity. The peptides were analysed 

for confirmation before use using HPLC (Section 2.1.2) and MALDI-ToF (Section 

2.1.3). Specific receptor antagonists for oxytocin receptor (L-351,257), V1a receptor 
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(SR-49059), V1b receptor (Nelivaptan; SR -149415) and V2 receptor (Tolvaptan) 

were utilized in this Chapter. L-351,257 was obtained from TOCRIS R&D systems. 

SR-49059 and Tolvaptan were purchased from SIGMA, UK. Nelivaptan or SR – 

149415 was obtained from Axon Medchem, Netherlands.  

 

5.3.2 Assessment of stability in plasma 

The stability of the peptides was tested against enzymatic degradation using murine 

plasma as described previously (Section 2.1.4). Briefly, 10 µl of the peptides were 

incubated with 5 µl plasma in the presence of triethanolamine (TEA) for 4h. The 

reaction was stopped using 10% trifluoroacetic (TFA) solution. The reaction in the 

case of samples at 0h was terminated by adding TFA before the peptide.  

 

5.3.3 Acute effects of peptides on insulin release from pancreatic beta cells 

Pancreatic beta cells including rodent BRIN-BD11 cells and human 1.1B4 cells were 

used to assess the in vitro insulin secretory effect of the peptides as described 

previously in (Section 2.3). The peptide stocks were made at 1 mg/ml for the acute 

tests. In the first set of experiments, BRIN-BD11 cells were incubated for 20 min, with 

different concentrations of the test peptides (10-12 M - 10-6 M) at both normal 

glycaemic condition of 5.6 mM and hyperglycaemic condition of 16.7 mM. In the 

second set of experiments, the peptides were similarly tested in human 1.1B4 cells. 

The supernatant/assay buffer was collected after test incubations and aliquoted (200 

µl) for radioimmunoassay to measure insulin released. Another set of experiments 

were performed to decipher the specific peptide - receptor interaction. BRIN-BD11 

cells were incubated with specific receptor antagonists for oxytocin (L-351,257), V1a 

receptor (SR-49059), V1b receptor (Nelivaptan) and V2 receptor (Tolvaptan) alone or 

in combination with the analogues for 20 min. As the other experiments, the 

supernatant was collected at the end of the incubation and analysed for insulin release 

using radioimmunoassay (Section 2.5.2).  
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5.3.4 Animals 

C57BL/6 and SWISS TO mice were used for performing acute and delayed glucose 

tolerance tests to assess the strength and delayed effect of the peptides. They were also 

used for feeding studies to assess the effect of the peptides on appetite. All animals 

were maintained as described previously in (Section 2.12).  

5.3.5 In vivo effects of peptides in lean mice 

Blood glucose was measured prior to and after i.p. administration of glucose (18 

mmol/kg) alone or in combination with the test peptides (25 nmol/kg) in overnight 

(18h) fasted mice, as described previously in Section 2.13. In another set of 

experiments, saline (0.9% w/v NaCl) or test peptides (25 nmol/kg) were injected 2h 

or 4h before a load of glucose (18 mmol/kg) in overnight fasted mice. Blood glucose 

was measured at various time points of 0, 15, 30 and 60 min intervals.  

The effect of the test peptides on cumulative food intake was measured in overnight 

fasted (18 h) lean mice after they had been given an i.p. injection of saline or test 

peptides (25 nmol/kg, body weight or 75 nmol/kg, body weight).  

5.3.6 Biochemical Analysis  

The tail of conscious mice was cut at the tip of the tail vein and blood collected into a 

chilled fluoride/heparin microfuge tubes (Sarstedt, Germany). Blood was collected at 

different time points for each animal as indicated in the Figures. The microfuge tubes 

were centrifuged, and plasma obtained was stored at -20oC until further analysis. 

Plasma insulin was analysed using radioimmunoassay as described in (Section 2.5.2). 

5.3.7 Statistical analysis 

Graphpad PRISM (Version 5) was used to perform statistical analysis. Results are 

expressed as means ± SEM. Data were compared using unpaired Student t-test where 

appropriate. Repeated measure and grouped analysis were done using ANOVA 

followed by the Student – Newman-Keuls post – hoc test. The area under the curve 
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was analysed using the trapezoidal rule with baseline subtraction. Data were 

considered to be significant in comparison if P<0.05.  

5.4 RESULTS 

5.4.1 Peptide characterization  

The analogue structures and purity utilized in this Chapter were confirmed using RP-

HPLC wherein sharp and well resolved peaks were obtained. The molecular weights 

were found to be close to the theoretical masses provided, using MALDI-TOF. Table 

5.1 lists the various analogues used. 

5.4.2 Stability of oxytocin analogues in plasma from overnight fasted mice 

The percentage degradation of the peptides was analysed based on the reduction in the 

peak height between 0h and 4h as indicated in Table 5.2.  Oxytocin was degraded to 

about 65% in plasma (Figure 5.2A), while its reduced form showed a similar pattern 

of degradation (Figure 5.2B). Analogue 1 showed no degradation over 4h while it was 

degraded by about 2% over 8 h indicating more stability due to the change in the 

cysteine group at the N terminal (Figure 5.3). Analogue 2 with an acetylated cysteine 

residue at the N terminal showed a reduced degradation with the signal amide at the C 

terminal end (3.3% vs 14.5%; Figure 5.4 A&B). This degradation was completely 

reduced in analogue 2R without the disulphide bond (Figure 5.4C).  Analogue 3 was 

also effective in resisting a substantial degradation (5.5%; Figure 5.5A) over 4h. On 

the other hand, analogues 4 (74%; Figure 5.5B), 5 (56%; Figure 5.6A), 6 (46%; Figure 

5.6B) and 7 (77%; Figure 5.7A) still showed significant plasma degradation. It was 

interesting to see a pattern wherein the modification of analogue 7 to accommodate 

the D-form of cysteine at the N terminal reduced plasma degradation by 23% (Figure 

5.7B). The reduced form of D7, analogue D7R further reduced the degradation by 28% 

(Figure 5.7C). As depicted in Table 5.2, the analogues were ranked in descending 

order of stability when compared to oxytocin. Analogue 1 and 2R proved to have better 

stability than others. 
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5.4.3 In vitro effects of oxytocin analogues on insulin release in BRIN-BD11 cells 

The effect of the analogues on insulin release was determined in acute insulin release 

tests using BRIN-BD11 cells. As detailed in Table 5.3 and Figure 5.8-5.17, all 

analogues of oxytocin were efficient in stimulating insulin release in a dose-dependent 

manner at both basal glucose of 5.6mM and a high glucose concentration of 16.7 mM 

(P<0.05 to P<0.001). Oxytocin analogues specifically, 1 (P<0.001; Figure 5.9A), 2N 

(P<0.01) and 2R (P<0.001) (Figure 5.10B) showed significant insulin release at a 

concentration of 10-12M at 16.7mM glucose. Other analogues also stimulated insulin 

release from these cells, but at higher concentrations in a dose-dependent manner as 

described in Table 5.3 (Figure 5.8-5.17).  

The analogues have been ranked in the Table 5.3 according to their EC50, threshold 

concentration and maximum effect of insulin released (in 20 min). Analogue D7 

(45.2nM; 0.109nM) and D7R (24.4nM; 9.3nM) were on par with each other with a 

noteworthy change in EC50 values across two different glucose concentrations; 5.6mM 

and 16.7mM respectively (Figure 5.16). The ranking was followed by the other 

analogues as depicted in the Table. Oxytocin was ranked 6.  

5.4.4 In vitro effects of oxytocin analogues on insulin release in 1.1B4 cells   

In a similar experiment to BRIN-BD11 cells, as described in the Section 5.4.3, 

1.1B4human beta cells were exposed to the peptide treatments for 20 min and the 

resulting insulin secretion was assessed using radioimmunoassay. Table 5.4 (Figure 

5.8-5.17), summarizes the effect of these peptides as EC50 values and the maximum 

effect at both normal (5.6 mM) and hyperglycaemic conditions (16.7mM). All 

analogues showed a good dose-dependent insulinotropic response. Based on this 

response, they were ranked in the Table 5.4 considering EC50, threshold concentration 

and maximum effect. Oxytocin was ranked 5 with an EC50 value of 0.15 at both 

5.6mM and 16.7mM glucose, although it did show a significant increase in insulin 

release at a lower concentration (10-11M; P<0.001) at 16.7 mM glucose. Analogues 7 

(Figure 5.17) and D7R (Figure 5.17) showed a significant response, in that order, 

compared to other analogues. Analogue 5 (Figure 5.14B), D7 (Figure 5.17) and 3 

(Figure 5.12B) followed the ranking with their noteworthy EC50 and maximum effect. 

Reduced form of oxytocin was found to be worse than oxytocin without the disulphide 
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bond and the C terminal amide group, in stimulating a glucose-dependent insulin 

response (Figure 5.9B; Rank 12).  

5.4.5 in vivo effects of oxytocin analogues on glucose tolerance in mice 

Oxytocin had a significant (P<0.001) blood glucose lowering effect in glucose 

tolerance tests conducted using overnight fasted mice (Figure 5.18A&B). However, 

2h after the administration of oxytocin, its anti-hyperglycaemic action starts to weaken 

with no decrease in blood glucose seen after a subsequent glucose challenge (Figure 

5.18-5.19 C&D). The reduced form of oxytocin shows a similar pattern to oxytocin 

(Figure 5.20) wherein it lost its capacity to reduce blood glucose 2h after its 

administration. The analogues were assessed in a similar fashion for their glucose 

lowering capacity over 60 min as well as after 2-4h . The delayed effect was checked 

over 2h and if a significant reduction in blood glucose was still evident, their effect 

over 4h was checked. As can be seen from Table 5.5, Analogues 1 (Figure 5.21), 3 

(Figure 5.28), 4 (Figure 5.29), 5 (Figure 5.30) and 6 (Figure 5.31) lost activity over 2h 

similar to oxytocin with only a slight reduction in blood glucose over the first 1h 

(P<0.05). However, analogues 2 (Figure 5.22-5.23A&B), 2N (Figure 5.22-5.23C&D), 

D7 (Figure 5.32-5.33 C&D) and D7R (Figure 5.32–5.33E&F) significantly reduced 

blood glucose (P<0.01) over the first 60 min. They did also continue to have a 

substantial effect on blood glucose over 2h (P<0.05 to P<0.01; Figure 5.24-5.25A-D, 

Figure 5.34-5.35C-F). It was interesting to see that analogues 2R (Figure 5.24-5.25E, 

F) and 7 (Figure 5.34A, B) only showed their glucose reducing effect significantly 

after 2h (P<0.05 to P<0.01). This effect however, the effect diminished over 4h. 

Interestingly, analogue 2N (Figure 5.26-5.27C, D) and D7R (Figure 5.36-5.37E, F) 

were the only two analogues to sustain the effect 4h after administration (P<0.05). 

These analogues effective at 2h and 4h also elicited a significant insulin release against 

glucose challenge which was responsible for lowering the blood glucose levels in mice 

as indicated in Table 5.5.  
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5.4.6 Effects of oxytocin analogues on feeding in mice 

Table 5.5 summarizes the effect of the oxytocin analogues on the appetite of overnight 

fasted mice, trained to eat only for 180 min during the day. It was interesting to see 

that there was a significant observable difference in the food intake of the animals 

when administered saline or oxytocin peptides. As previously shown, oxytocin 

administered at 25 nmol/kg significantly decreased food intake (P<0.01; Chapter 3: 

Figure 3.9; Table 5.5), while at 75 nmol/kg, inhibitory effect on feeding was more 

pronounced (P<0.001; Figure 5.38A). The reduced form of oxytocin did not have any 

effect on food intake (Figure 5.38B). While analogues 2 (Figure 5.40A), 2N (Figure 

5.41A) and 2R (Figure 5.42A) did not show any effect, however, these peptides did 

significantly reduce food intake at a dose of 75 nmol/kg (P<0.05 to P<0.001; Figure 

5.40 -5.42B). There was no noteworthy change in feeding with analogues 1 (Figure 

5.39), 3 (Figure 5.43A), 4 (Figure 5.43B), 5 (Figure 5.44A) or 6 (Figure 5.44B). 

Analogues 7 (Figure 5.45A) and D7R (Figure 5.45C) showed a significant reduction 

in food intake (P<0.05), this was significantly increased with D7 (P<0.001; Figure 

5.45B) over 180 min.  

 

5.4.7 Specific receptor interaction of oxytocin analogues with oxytocin and 

vasopressin receptors 

As mentioned earlier, oxytocin and vasopressin receptors exhibited crosstalk because 

of their similarity in structure. Since vasopressin has three different receptors, it was 

important to decipher the specific receptor interaction of the analogues with these 

receptors. Specific receptor antagonists were used to check the inhibition of insulin 

release in the presence of peptide analogues of oxytocin. Table 5.6 summarizes the 

ability of four different receptor antagonists to inhibit insulin release induced by 

oxytocin and its analogues. Oxytocin was significantly inhibited by L-351,257, the 

oxytocin receptor antagonist and by the V1b specific receptor antagonist (P<0.001; 

Figure 5.46A), indicating the involvement of the two receptors in rodent beta cells. 

Reduced oxytocin seemed to work through the oxytocin and V1b receptors as well 

(P<0.05; P<0.01; Figure 5.46B). Analogue 1 (Figure 5.47A) retained the receptor 

interaction as observed with oxytocin. Analogue 2N (Figure 5.48A) and analogue 7 

(Figure 5.51A) seemed to work through only the oxytocin receptor, while analogue 5 
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(Figure 5.50A) worked through V1a, V2 as well as the oxytocin receptor. Analogues 

2 (Figure 5.47B) and 6 (Figure 5.55B) did not show any significant inhibition with the 

antagonists hence, the interaction could not be deciphered. Analogue 2R showed 

significant reduction in insulin release with the V1aR antagonist (P<0.01; Figure 

5.48B). Analogue 3 (P<0.05; Figure 5.49A) and 4 (P<0.01, Figure 5.49B) showed a 

moderate inhibition in insulin release with V1bR antagonist. It was interesting to note 

that analogue D7 (Figure 5.51B) seemed to work through all three receptors – oxytocin 

(P<0.05 to P<0.001), V1a (P<0.001) and V1b (P<0.01 to P<0.001, while analogue 

D7R only worked through the V1b receptor (P<0.01; Figure 5.52).  

5.5 DISCUSSION 

Oxytocin, a 9 amino acid neuropeptide secreted by the anterior pituitary, has been 

extensively studied as a reproductive hormone as well as in the context of social 

behaviour (Striepens et al. 2011; Yamasue et al. 2012). It is also considered as a 

hormone involved in the feelings of love and sexual satisfaction (Zingg & Laporte 

2003). Recently, oxytocin has been found to have cardioprotective effects as well as 

beneficial action in preventing osteoporosis (Bartke et al. 2015; Jankowski et al. 

2016). Our previous study has demonstrated roles of oxytocin in the promotion of beta 

cell function (Chapter 3). Although oxytocin is widely appreciated to exert various 

beneficial effects, its half-life is very short. Ironically for a peptide that passes from 

the brain to the rest of the body via circulation, it only survives for 1-6 min (Robinson 

and Jones 1983; Veening and Olivier 2013). We have shown that oxytocin was 

degraded by 65% when incubated in vitro in plasma for 4h. Also 2h after 

administration of oxytocin in vivo, its blood glucose lowering capability was totally 

lost. In this study, we have designed stable analogues of oxytocin by replacing amino 

acids at positions 1, 2, 7 and 8 with either their D forms or their acetylated forms or 

substitution by a different amino acid with structural similarity (Werle & Bernkop-

Schnürch, 2006). These analogues showed better stability in plasma than the native 

form. The reduced form of oxytocin without both the amide group as well as the 

disulphide bridge showed similar properties in terms of degradation and in vitro 

insulin release.  
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Analogue 2 was modified to include the C terminal amide making analogue 2N. 

Analogue 2N was modified to 2R with the removal of the disulphide linkage. 

Similarly, analogue 7 was modified at position 1 cysteine residue to dextrorotatory 

cysteine to produce analogue D7 and with added C terminal amidation plus reduction 

of disulphide linkage to D7R. There was a decrease in degradation with the amidated 

analogues with further stability seen with the reduced amidated analogues.  The idea 

behind designing new analogues for oxytocin was to modify the peptide to prolong its 

half-life and retain its properties including receptor interaction. All the analogues 

elicited dose-dependent insulin responses under normal and hyperglycemic 

conditions. The ranking in the case of BRIN-BD11 cells and 1.1 B4 cells was done 

based on maximum effect at hyperglycaemic conditions (Gao and Henquin 1993). 

There was a similar pattern in insulin release with both the rodent and human beta cell 

lines, however, there were certain differences. Reduced oxytocin was ranked 9 

compared to oxytocin at 6 in BRIN-BD11 cells while in 1.1B4 cells, both were ranked 

at 5 and 12 respectively. Analogue D7 and D7R stimulated a better insulin response 

in human cells than with BRIN-BD11 cells. Evident from the results, peptides and 

their analogues with reduced disulphide bond exhibited similar abilities of insulin 

release in both rodent and human beta cells. This is contrary to previous research that 

has shown the importance of amidation for full biological activity in oxytocin and the 

degradation of the peptide (Glass et al. 1969; Merkler 1994). Oxytocin and its 

analogues also elicited a significant insulin and glucose lowering response to glucose 

challenge in mice that was retained over 2 to 4h in some instances (Klement et al. 

2017). These experiments indicated the in vivo stability and action of analogues.  

These effects and rankings were used to select peptides that were glucose sensitive as 

well as capable of delivering a significant insulin response at minimum concentrations. 

Modifications in the different peptide analogues were also assessed based on these 

rankings to establish critical properties such as glucose tolerance and inhibition of 

feeding. Oxytocin is known for effects on appetite and obesity (Morton et al. 2012; 

Seelke et al. 2018). Our studies with oxytocin have shown similar effects in mice 

(Chapter 3). Oxytocin significantly reduced food intake in a dose-dependent manner 

as seen with administration of 25 nmol/kg and 75 nmol/kg. In contrast, only a few 

analogues such as 2 and 7 with their modified versions had a potent effect on feeding.   
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The expression of oxytocin and vasopressin receptors has already been studied in the 

pancreas (chapter 3-4). We expect crosstalk between oxytocin and vasopressin 

receptor binding because of their structural similarity.  Specifically, the involvement 

of the oxytocin and V1b receptors in insulin release has been established (Lee at al. 

1995; Altirriba et al. 2014). We have observed that the oxytocin and V1b receptor 

antagonists significantly inhibited oxytocin stimulated insulin release from rodent beta 

cells suggesting the involvement of the two receptors. It was thus imperative to check 

the receptor interaction for the analogues to know their specificity. Reduced oxytocin 

worked through the same receptors as oxytocin although the antagonistic effects were 

certainly reduced suggesting a possible decrease in ligand-receptor interactions in the 

absence of the disulphide linkage. We have found most analogues functioning through 

at least two receptors in the rodent pancreatic beta cells except analogues 3, 4 and D7R 

which appeared to function through the V1b receptor.  

Again, oxytocin is known to be a pulsatile hormone and there are concerns for chronic 

receptor simulation. However, referring to the expression and downregulation or 

internalization of the oxytocin receptors during suitable periods such as in the case of 

pregnancy gives the notion of sensitivity. This implies a contact cycle of changes in 

receptor expression according to the environment especially glucose, insulin or 

glucagon hormone level changes in the pancreas as supported by our results in Chapter 

3. 

In this study, we have designed and functionally characterized different analogues of 

oxytocin that have better stability and exert glucose sensitive, dose-dependent insulin 

responses both in vitro and in vivo. These peptide analogues may provide experimental 

templates for the incorporation of suitable modifications that contribute better 

functional properties.  Overall, we were able to select two best analogues namely 2N 

and D7R for further long–term evaluation in animal models of diabetes.  
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Table 5.1: Structure of oxytocin analogues designed and characterized in this 

Chapter 

 

 

 

 

 

Modifications have been denoted in bold and underlined. 

 

 

 

 

Peptide/Analogue Sequence Characteristics 
Theoretical 

mass (Da) 

Observed 

mass (Da) 

Oxytocin C*YIQNC*PLG -NH2 
disulphide 

bridge C1-C6 
1008.2 1008.71 

Reduced Oxytocin CYIQNCPLG 
No disulphide 

bridge 
1010.2 1011.41 

1 (D-C)*YIQNC*PLG 
disulphide 

bridge C1-C6 
1008.2 1009.02 

2 Ac-C*YIQNC*PLG 
disulphide 

bridge C1-C6 

 

1050.2 

 

1051.21 

2N 
Ac-C*YIQNC*PLG-

NH2 

disulphide 

bridge C1-C6 
1049.3 1050.6 

2R Ac-CYIQNCPLG-NH2 
No disulphide 

bond 
1051.3 1053.7 

3 C*(D-Y)IQNC*PLG 
disulphide 

bridge C1-C6 
1008.2 1009.61 

4 C*YIQNC*FLG 
disulphide 

bridge C1-C6 
1058.3 1059.04 

5 C*YIQNC*PIG 
disulphide 

bridge C1-C6 
1008.2 1009.90 

6 C*YIQNC*WLG 
disulphide 

bridge C1-C6 
1097.3 1099.08 

7 C*YIQNC*YLG 
disulphide 

bridge C1-C6 
1074.3 1075.7 

D7 
(D-C)*YIQNC*YLG – 

NH2 

disulphide 

bridge C1-C6 
1073.3 1074.8 

D7R 
(D-C)YIQNCYLG – 

NH2 

No disulphide 

bridge 
1075.3 1077.4 
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Table 5.2: In vitro degradation of oxytocin analogues in plasma 

 

 

 

 

Values are mean ± SEM (n = 3), * indicates disulphide linkage between cysteine residues 

at position 1 and 6. 

 

 

 

 

 

 

 

Peptide Sequence Retention time (min) 
%Degradation 

at 4h  
Ranking 

  0h 4h   

Oxytocin  C*YIQNC*PLG-NH2 19.1 19.2 65.2 10 

Reduced 

Oxytocin 
CYIQNCPLG (no NH2, no 

ds) 

18.1 

17.5 

18.1 

17.5 
65.5 11 

1 (D-C)*YIQNC*PLG 20.5 20.5 
0 

1.5 (8h) 
1 

2 Ac-C*YIQNC*PLG 21.2 21.2 
14.5 

23.7 (8h) 
5 

2N Ac-C*YIQNC*PLG-NH2 21.2 24.3 3.3 3 

2R Ac-CYIQNCPLG-NH2 24.3 24.3 0 2 

3 C*(D-Y)IQNC*PLG 20.1 20.2 
5.5 

13.7 (8h) 
4 

4 C*YIQNC*FLG 22.7 22.6 74.1 12 

5 C*YIQNC*PIG 18.9 18.8 56 9 

6 C*YIQNC*WLG 23.1 23.1 46.1 7 

7 C*YIQNC*YLG 20.6 20.6 76.5 13 

D7 (D-C)*YIQNC*YLG-NH2 24.1 24.1 53.1 8 

D7R (D-C)YIQNCYLG-NH2 23.9 23.8 24.8 6 
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Table 5.3: Summary of acute insulin release in the presence of analogues of 

oxytocin in rodent BRIN-BD11 cells 

 

 

 

Reduced indicates absence of the disulphide bridge between the cysteine amino acid 

residues at positions 1 and 6; this has been indicated as R in the analogues. Values are 

the mean ± SEM (n = 8). *P <0.05, **P <0.01, ***P <0.001 compared to glucose 

alone.  

 

Peptide EC50 (nM) 
Threshold 

concentration (M) 

Maximum effect 

(ng/106/20min) 

Rankin

g 

 5.6mM 16.7mM 5.6mM 16.7mM 5.6mM 16.7mM  

Oxytocin 14.1 12.1 10-10 * 10-9 * 2.8 ± 0.2 3.7 ± 0.1 6 

Reduced 

Oxytocin 
5.4 20.5 10-12 *** 10-11 * 1.6  ± 0.1 2.  ± 0.1 

9 

1 43 18.7 10-12 *** 10-11 * 2.6  ± 0.2 2.3  ± 0.2 5 

2 4 48 10-12 *** 
10-12 

*** 
1.6 ± 0.1 1.9 ± 0.1 

8 

2N 8.7 12 10-12 *** 10-12 ** 2.4 ± 0.1 2.8 ± 0.2  1 

2R 35.6 18.6 10-12 *** 
10-12 

*** 
2.3 ± 0.1  2.3 ± 0.1 

4 

3 2.9 2.2 10-11 * 
10-10 

*** 
2.2  ± 0.1 2.6  ± 0.1 

3 

4 0.2 47 10-11 ** 10-9 * 2.5  ± 0.1 2.7  ± 0.1 7 

5 155 13 10-10 *** 10-10 * 2 1.5  ± 0.1 13 

6 0.1 150 10-10 *** 10-10 * 1.6  1.9  ± 0.1 11 

7 0.6 1.5 10-12 *** 10-12 ** 1.7  ± 0.1 2.01  ± 0.1 2 

D7 45.2 0.1 10-6 *** 10-8 * 2.5 ± 0.4 2.9 ± 0.2 10 

D7R 24.4 9.3 10-6 ** 10-8 * 2.2 ± 0.4 2.8 ± 0.2 12 
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Table 5.4: Summary of acute insulin release in the presence of analogues of 

oxytocin in human 1.1B4 cells 

 

 

 

Reduced indicates absence of the disulphide bridge between the cysteine 

amino acid residues at positions 1 and 6; this has been indicated as R in the analogues. 

Values are the mean ± SEM (n = 8). *P <0.05, **P <0.01, ***P <0.001 compared to 

glucose alone. 

 

 

 

Table 5.5: Summary of in vivo effects of oxytocin and its analogues in mice 

Peptide EC50 (nM) 
Threshold 

concentration (M) 

Maximum effect 

(ng/106/20min) 
Ranking 

 
5.6m

M 
16.7mM 5.6mM 16.7mM 5.6mM 16.7mM  

Oxytocin 0.2 0.2 10-8 ** 10-11*** 0.1 ± 0.003 0.2 ± 0.006 5 

Reduced 

Oxytocin 
13.8 5.7 10-6 ** 10-12 * 0.1 ± 0.007 0.2 ± 0.01 12 

1 17 15.8 10-12 ** None 0.12 ± 0.018 0.1 ± 0.004 9 

2 4 15.3 10-12 ** 10-6 ** 0.1 ± 0.006 0.1 ± 0.006 11 

2N 0.3 5 10-12 ** 10-6 * 0.4 ± 0.03 0.5 ± 0.06 3 

2R 33.8 19.7 10-12 ** None 0.5 ± 0.02 0.4 ± 0.02 4 

3 6.2 0.04 10-10 ** 
10-10 

*** 
0.1 ± 0.01 0.12 ± 0.01 6 

4 0.1 0.1 10-10 * 10-12 ** 0.1 ± 0.01 0.1 ± 0.003 13 

5 3.2 0.1 10-6 ** 10-12 ** 0.1 ± 0.01 0.1 ± 0.006 8 

6 11.8 10.2 None 
10-12 

*** 
0.07 ± 0.02 0.1 ± 0.007 10 

7 4.8 0.4 None 10-12 ** 0.2 ± 0.01 0.2 ± 0.02 1 

D7 13.5 13.6 10-8 *** 10-10 * 0.2 ± 0.01 0.4 ± 0.02 7 

D7R 7.8 0.1 10-12 * 10-12 ** 0.2 ± 0.02 0.3 ± 0.02 2 
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Peptide/ 

Analogues 

 

Acute GTT 

AUC 

Blood glucose 

mmol/min 

(insulin in 

ng/ml) 

2h delayed 

GTT AUC 

Blood glucose 

mmol/min 

(insulin in 

ng/ml) 

4h delayed 

GTT AUC 

Blood glucose 

mmol/min 

 (insulin in 

ng/ml) 

Reduction 

in Appetite 

(over 180 

min) 

Glucose/Saline 1192 ± 40.5 1288 ± 82.24 1129 ± 64  

GLP-1/ 

Exendin-4 

588 ± 31.75 

*** 

407.9 ± 70.8 

*** 

561.5 ± 54 

*** 
 

Reduced 

Oxytocin 
570 ± 35 ** 562 ± 30 - ns 

1 
588 ± 40.6 

* 
585 ± 11 - ns 

2 
934 ± 51 ** 

(347 ± 13 **) 

953 ± 31 ** 

(351 ± 13 **) 

1047 ± 76  

(273 ± 13 ***) 

ns 
(75 nmol/kg 

*) 

2N 
903 ± 71 ** 

(329 ± 19 *) 

872 ± 69 ** 

(356 ± 14 **) 

855 ± 73  * 

(319 ± 8 ***) 

ns 
(75 nmol/kg 

***) 

2R 
1214 ± 69 

(361 ± 26 *) 

901 ± 45 ** 

(359 ± 15 **) 

1103 ± 82  

(357 ± 10 ***) 

ns 
(75 nmol/kg 

**) 

3 651 ± 30  * 589 ± 27 - ns 

4 730 ± 34  634 ± 24 - ns 

5 
590 ± 26 

* 
589 ± 25 - ns 

6 652 ± 4 * 727 ± 26 - ns 

7 
1077 ± 19 

(356 ± 7 ***)  

970 ± 25 * 

(351 ± 24 *) 

1162 ± 70 

(321 ± 4 ***)  
* 

D7 
956 ± 41 ** 

(347 ± 11 **) 

966 ± 22 * 

(360 ± 11 ***) 

1082 ± 48 

(365 ± 27 ***)  
*** 

D7R 
960 ± 32 ** 

(354 ± 9 ***) 

886 ± 26 * 

(367 ± 10 ***) 

980 ± 34 * 

(379 ± 13 ***) 
* 

 

Results are the mean ± SEM (n = 6/8). *P <0.05, **P <0.01, ***P <0.001 compared 

to glucose (or saline) alone. ns indicates non-significant effects on food intake. 

 

Table 5.6: Acute effects of oxytocin and its analogues on insulin secretion from 

BRIN-BD11 cells in the presence of specific receptor antagonists  
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Results are the mean ± SEM (n = 8). *P <0.05, **P <0.01, ***P <0.001 compared to 

peptide alone. 

 

 

 

 

 

 

 

 

Peptide 

(10-7M) 

 

Inhibited peptide-stimulated insulin secretion 

 

 

Oxytocin 

receptor 

antagonist 

L- 351,257 

(10-6M) 

Vasopressin V1a 

receptor antagonist 

SR-49059 (10-6M) 

Vasopressin V1b 

receptor antagonist 

Nelivaptan (10-6M) 

Vasopressin V2 

receptor 

antagonist  

Tolvaptan (10-6M) 

Oxytocin ↓↓↓ - ↓↓↓ - 

Reduced 

Oxytocin 
↓ - ↓↓ - 

1 ↓↓ - ↓↓↓ - 

2 - - - - 

2N ↓↓↓ - - - 

2R - ↓↓ - - 

3 - - ↓ - 

4 - - ↓↓ - 

5 ↓↓↓ ↓↓↓ - ↓ 

6 - - - - 

7 ↓↓ - - - 

D7 ↓↓↓ ↓↓↓ ↓↓ - 

D7R - - ↓↓ - 
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Figure 5.1: Sites of cleavage of oxytocin by different enzymes (Sjöholm 1969; 

Mitchell et al. 1997). 
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Figure 5.2: HPLC profiles of degradation of (A) oxytocin and (B) reduced 

oxytocin after incubation for 0h and 4h with mouse plasma 

(A) 

      

 

               (B) 

  

 

 

Representative HPLC profiles obtained after incubation of reduced oxytocin with 

mouse plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 

column using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 

min and from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide 

is indicated. 
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Figure 5.3: HPLC profiles of degradation of analogue 1 after incubation for 0h 

and 4h with mouse plasma 

 

 

Representative HPLC profiles obtained after incubation of analogue 1 with mouse 

plasma for 0, 4 and 8h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 5.4: HPLC profiles of degradation of (A) analogue 2, (B) analogue 2N and 

(C) analogue 2R after incubation for 0h and 4h with mouse plasma 

(A) 

 

(B) 

   

(C) 

    

Representative HPLC profiles obtained after incubation of analogue 2, 2N and 2R with 

mouse plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 

column using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 

min and from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide 

is indicated. 
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Figure 5.5: HPLC profiles of degradation of (A) Analogue 3 and (B) analogue 4 

after incubation for 0h and 4h with mouse plasma 

 

(A) 
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Representative HPLC profiles obtained after incubation of analogue 4 with mouse 

plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 5.6: HPLC profiles of degradation of (A) Analogue 5 and (B) analogue 6 

after incubation for 0h and 4h with mouse plasma 
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Representative HPLC profiles obtained after incubation of analogue 5 with mouse 

plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 5.7: HPLC profiles of degradation of (A) analogue 7, (B) analogue D7 and 

(C) analogue D7R after incubation for 0h and 4h with mouse plasma 

(A) 

    

(B) 

      

(C) 

       

Representative HPLC profiles obtained after incubation of analogue 7 with mouse 

plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 5.8: Dose dependent effect on insulin release of reduced oxytocin in (A) 

rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.9: Dose dependent effect on insulin release of oxytocin analogue 1 in (A) 

rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.10: Dose dependent effect of oxytocin analogues 2, 2N, and 2R on insulin 

release from BRIN-BD11 cells in the presence of (A) 5.6 mM and (B) 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.11: Dose dependent effect of oxytocin analogues 2, 2N, and 2R on insulin 

release from 1.1B4 cells in the presence of (A) 5.6 mM and (B) 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.12: Dose dependent effect on insulin release of oxytocin analogue 3 in 

(A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.13: Dose dependent effect on insulin release of oxytocin analogue 4 in 

(A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.14: Dose dependent effect on insulin release of oxytocin analogue 5 in 

(A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.15: Dose dependent effect on insulin release of oxytocin analogue 6 in 

(A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.16: Dose dependent effect of oxytocin analogues 7, D7, and D7R on 

insulin release from BRIN-BD11 cells in the presence of (A) 5.6 mM and (B) 16.7 

mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. *P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). Δ 

P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 5.17: Dose dependent effect of oxytocin analogues 7, D7, and D7R on 

insulin release from 1.1B4 cells in the presence of (A) 5.6 mM and (B) 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. *P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 



142 
 

Figure 5.18: Effect of oxytocin on (A, B) blood glucose and (C, D) plasma insulin 

levels in overnight fasted mice after glucose challenge 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Plasma was collected at the specific time 

points and analysed for insulin concentration using radioimmunoassay. Values are 

Mean ± SEM for 6 mice. *P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose 

alone. 
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Figure 5.19: 2h Delayed effect of oxytocin on (A, B) blood glucose and (C, D) 

plasma insulin levels in overnight fasted mice after glucose challenge   
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h (or 2h) before a glucose challenge. Plasma was collected prior to and after 

intraperitoneal administration of glucose (18 mmol/kg body weight, control) in 

overnight fasted mice. The collected plasma was then analysed to measure insulin 

using radioimmunoassay.  Values are Mean ± SEM for 6 mice. *P < 0.05, **P < 0.01 

and *** P < 0.001 compared to glucose (or saline) alone. 
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Figure 5.20: Effect of reduced oxytocin on blood glucose levels immediately after 

(A, B) administration and (C, D) 2h delayed effect of peptide in overnight fasted 

mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 5.21: Effect of Analogue 1 on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of peptide in overnight fasted mice 

 

 

(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 and ** P<0.01 compared to glucose 

alone. 
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Figure 5.22: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on blood glucose 

levels immediately after administration in overnight fasted mice 
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Blood glucose was measured prior to and after intraperitoneal administration of 

glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight) in overnight fasted mice. Values are Mean ± SEM 

for 6 mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose alone. 
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Figure 5.23: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on plasma 

insulin levels immediately after administration in overnight fasted mice 
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Plasma was collected prior to and after intraperitoneal administration of glucose alone 

(18 mmol/kg body weight, control) or in combination with peptide analogue (25 

nmol/kg body weight) in overnight fasted mice. The collected plasma was then 

analysed to measure insulin using radioimmunoassay. Values are Mean ± SEM for 6 

mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose alone. 
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Figure 5.24: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on blood glucose 

levels 2h after administration in overnight fasted mice 

 

 

0 20 40 60

0

10

20

30
Analogue 2 (25 nmol/kg)

Saline
Exendin - 4 (25 nmol/kg)

***
*** ***

*

Time (min)

B
lo

o
d

 g
lu

c
o

s
e

(m
m

o
l/L

)

0

500

1000

1500

Saline

Exendin - 4 (25 nmol/kg)

Analogue 2 (25 nmol/kg)

***

**

B
lo

o
d

 g
lu

c
o

s
e

(m
m

o
l/L

.m
in

)

0 20 40 60

0

10

20

30

Saline

Analogue 2N (25 nmol/kg)

Exendin - 4 (25 nmol/kg)

***
*** ***

**
***

Time (min)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

m
o

l/L
)

0

500

1000

1500

Saline

Exendin - 4 (25 nmol/kg)

Analogue 2N (25nmol/kg)

***

**

B
lo

o
d
 g

lu
c
o
s
e

(m
m

o
l/L

.m
in

)

0 20 40 60

0

10

20

30

Saline

Analogue 2R (25 nmol/kg)
Exendin - 4 (25 nmol/kg)

***
*** ***

**

Time (min)

B
lo

o
d

 g
lu

c
o

s
e

 (
m

m
o

l/L
)

0

500

1000

1500

Saline

Exendin - 4 (25 nmol/kg)
Analogue 2R (25 nmol/kg)

***

**

B
lo

o
d

 g
lu

c
o

s
e

(m
m

o
l/L

.m
in

)

(A) (B)

(C) (D)

(E) (F)

 

Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 5.25: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on plasma 

insulin levels 2h after administration in overnight fasted mice 
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 5.26: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on blood glucose 

levels 4h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 5.27: Effects of analogue (A, B) 2, (C, D) 2N and (E, F) 2R on plasma 

insulin levels 4h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 5.28: Effect of Analogue 3 on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of peptide in overnight fasted mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 5.29: Effect of Analogue 4 on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of peptide in overnight fasted mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 5.30: Effect of Analogue 5 on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of peptide in overnight fasted mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 5.31: Effect of Analogue 6 on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of peptide in overnight fasted mice  
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 5.32: Effects of analogue (A, B) 7, (C, D) D7 and (E, F) D7R on blood 

glucose levels immediately after administration in overnight fasted mice  
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Blood glucose was measured prior to and after intraperitoneal administration of 

glucose alone (18 mmol/kg body weight, control) or in combination with hybrid 

peptide analogues (25 nmol/kg body weight) in overnight fasted mice. Values are 

Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose 

alone. 
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Figure 5.33: Effects of analogue (A, B) 7, (C, D) D7 and (E, F) D7R on plasma 

insulin levels immediately after administration in overnight fasted mice  
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Plasma was collected prior to and after intraperitoneal administration of glucose alone 

(18 mmol/kg body weight, control) or in combination with hybrid peptide analogues 

(25 nmol/kg body weight) in overnight fasted mice. The collected plasma was then 

analysed to measure insulin using radioimmunoassay. Values are Mean ± SEM for 6 

mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose alone. 
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Figure 5.34: Effects of analogue (A, B) 7, (C, D) D7 and (E, F) D7R on blood 

glucose levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 5.35: Effects of analogue (A, B) 7, (C, D) D7 and (E, F) D7R on plasma 

insulin levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 5.36: Effects of analogues (A, B) 7, (C, D) D7 and (E, F) D7R on blood 

glucose levels 4h after administration in overnight fasted mice 
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 5.37: Effects of analogues (A, B) 7, (C, D) D7 and (E, F) D7R on plasma 

insulin levels 4h after administration in overnight fasted mice 
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 5.38: Effect on food intake over 180 min after the administration of (A) 

oxytocin and (B) reduced oxytocin in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 5.39: Effects on food intake over 180 min after the administration of 

analogue 1 in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 5.40: Effects on food intake over 180 min after the administration of (A) 

25 nmol/kg and (B) 75 nmol/kg analogue 2 in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 or 75 nmol/kg, body weight) in overnight (18 h) fasted mice. Values 

represent means ± SEM (n=8).  
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Figure 5.41: Effects on food intake over 180 min after the administration of (A) 

25 nmol/kg and (B) 75 nmol/kg analogue 2N in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 or 75 nmol/kg, body weight) in overnight (18 h) fasted mice. Values 

represent means ± SEM (n=8).  
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Figure 5.42: Effects on food intake over 180 min after the administration of (A) 

25 nmol/kg and (B) 75 nmol/kg analogue 2R in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 or 75 nmol/kg, body weight) in overnight (18 h) fasted mice. Values 

represent means ± SEM (n=8).  

 

 



167 
 

Figure 5.43: Effects on food intake over 180 min after the administration of 

oxytocin analogue (A) 3 and (B) 4 in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 5.44: Effects on food intake over 180 min after the administration of 

oxytocin analogue (A) 5 and (B) 6 in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 5.45: Effects on food intake over 180 min after the administration of 

oxytocin analogue (A) 7, (B) D7 and (C) D7R in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 5.46: Effect of (A) oxytocin and (B) reduced oxytocin (RO) on insulin 

release in the presence of specific receptor antagonists in BRIN-BD11 cells at 

16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 5.47: Effect of (A) analogue 1 and (B) analogue 2 on insulin release in the 

presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  



172 
 

Figure 5.48: Effect of (A) analogue 2N and (B) analogue 2R on insulin release in 

the presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM 

glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 5.49: Effect of (A) analogue 3 and (B) analogue 4 on insulin release in the 

presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 5.50: Effect of (A) analogue 5 and (B) analogue 6 on insulin release in the 

presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 5.51: Effect of (A) analogue 7 and (B) analogue D7 on insulin release in 

the presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM 

glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 5.52: Effect of analogue D7R on insulin release in the presence of specific 

receptor antagonists in BRIN-BD11 cells at 16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Chapter 6 

 

Design and characterization of oxytocin and vasopressin 

hybrid analogues based on in vitro and in vivo effects on 

blood glucose and insulin release 
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6.1 SUMMARY 

Vasopressin has been mainly linked to anti-diuretic activities, although recent interest 

has grown concerning a possible role in insulin secretion and pathology of T2DM. 

Vasopressin (C*YFQNC*PRG-NH2) and oxytocin (C*YIQNC*PLG-NH2) have similar 

structures and both peptides have a very short circulating half-life due to enzymatic 

degradation. In this study, we describe and characterize hybrid analogues of oxytocin 

and vasopressin.  The analogues were designed by incorporating vasopressin specific 

amino acids at position 3 and 8 in oxytocin to create two different sets of hybrid 

analogues. Each of the analogues were compared to their reduced form without the 

disulphide bond between cysteine residues at position 1 and 6. Vasopressin was also 

compared to its reduced form without the disulphide bond and the C terminal amide. 

In addition, a set of analogues were modified to replace cysteine at position 1 with an 

acetylated cysteine residue. The hybrid and acetylated analogues showed enhanced 

stability compared to native oxytocin or vasopressin exhibiting greater resistance to in 

vitro enzymatic degradation.  All analogues also exhibited a significant dose 

dependent insulin release under both normal and hyperglycaemic conditions 

(P<0.001) from both rat and human pancreatic beta cells. In mice, the hybrid analogues 

efficiently reduced the glycaemic excursion after a glucose challenge (P<0.05 to 

P<0.001) and increased plasma insulin (P<0.05 to P<0.001). This effect persisted 4h 

after administration of the acetylated analogues. The modified peptides inhibited food 

intake as seen with oxytocin and vasopressin (P<0.001). Compared with other 

analogues, the acetylated peptides showed reduced acute in vivo effects, but they were 

still highly active in maintaining the response over a longer period. The analogues 

appeared to work through a different set of oxytocin and vasopressin receptors when 

investigated with specific receptor antagonists.  In this study, the positive benefits of 

oxytocin and vasopressin have been combined to derive intelligent peptide analogues 

that have improved stability as well as eliciting better glycaemic control. The results 

obtained suggest the possible development of these peptides for the treatment of 

T2DM. 

 

 

 



179 
 

6.2 INTRODUCTION 

Arginine vasopressin (AVP) has been extensively studied as an anti-diuretic 

hormone. It is a 9-amino acid peptide secreted by the posterior pituitary gland that has 

multiple effects in the biological system. Vasopressin binds to 3 different receptors 

(V1aR, V1bR, and V2R). V1aR is widely expressed, while V1bR is selectively 

encountered in the pituitary gland and pancreas. V2R on the other hand is found in the 

renal collecting ducts (Folny et al. 2003; de Keyser et al. 1994). Although mostly 

associated with the kidneys, vasopressin had also been shown to affect liver 

glycogenolysis through the V1aR (Keppens et al. 1979; Howl et al. 1991; Enhorning 

et al. 2011). Interestingly, since oxytocin and vasopressin have similar structures there 

is cross reactivity with the receptors and thus, vasopressin also triggers actions through 

the oxytocin receptor (Zingg et al. 2003). Chapter 4 describes a specific effect of 

vasopressin in stimulating dose dependent insulin release from rodent and human beta 

cells. Vasopressin also showed an increased proliferation of pancreatic beta cells as 

well protection against stress induced cell death. Administration of vasopressin in 

mice showed better glycaemic control and significant inhibition of food intake 

indicating a possible role for the peptide in the pancreas and hence in diabetes. The 

mechanistic studies performed in Chapter 4 also indicated the mobilization of 

intracellular calcium as well as increase in cAMP levels in beta cells to be possible 

pathways for insulin release.  

The native vasopressin hormone circulates at minimal concentrations (about 4-

5pg/ml) in the blood. This low concentration of vasopressin can be attributed to fine 

balance between secretion and degradation of the hormone by enzymes and /or 

clearance by the liver and kidneys. Vasopressinase was a term used earlier to denote 

the enzymes in the placenta and serum during pregnancy capable of degrading 

vasopressin and preventing its interaction with its receptors (Gordge et al. 1995). It 

has been established that vasopressin is degraded in a similar way to oxytocin, wherein 

aminopeptidases and other enzymes act at the N-terminal cysteine as well as at the 

proline and arginine dipeptide bond (Mizutani et al. 1995). Vasopressin is also 

extensively degraded in the intestinal barrier that consists of a large number of 

enzymes especially in the ileum as tested by Fjellestad-Paulsen (1995). The mean 

metabolic clearance rate of radiolabelled vasopressin was found to be 4.1 ml/min/kg 
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and the mean plasma half-life was about 24.1 min (Baumann et al. 1976; Borowik et 

al. 2015).  

Many different analogues of vasopressin have been designed over the years to provide 

better diuretic and pressor properties or for improved and selective receptor binding. 

The receptor binding properties of vasopressin were exploited knowing that it 

consisted of a basic amino acid at position 8 that defines its structure and function 

(Manning et al. 1987; Guillon et al. 2006). Different kinds of modifications have been 

used to limit this degradation and prolong the half-life of the peptide in circulation 

(Manning et al. 1987; Werle et al. 2006; Arnesen 2011). In the current study, we have 

designed analogues by incorporating vasopressin specific phenylalanine at position 3 

(3FO) and arginine at position 8 (8RO) in oxytocin (Table 6.1). Each of these 

analogues were compared with their counter parts that did not have the disulphide 

linkage. Further analogue 8RO was modified at the N -terminal by adding an 

acetylated cysteine to prolong its half-life in circulation (Ac8RO).  

In the current study we hypothesize that combining structural features of oxytocin and 

vasopressin would provide novel molecules with improved anti-diabetic properties. In 

light of the instability of vasopressin, we have taken into consideration the various 

sites of cleavage in the design of novel hybrid analogues. The stability of the resulting 

analogues was tested in mouse plasma and their insulin releasing properties were 

investigated using rodent and human pancreatic beta cell lines. In vivo blood glucose 

lowering and appetite suppressing properties were examined in mice. We have also 

looked into the probable receptors that mediate the effects of these analogues. 

Surprisingly the analogues showed a magnified insulin release profile when compared 

to the two native peptides. Increased stability of the hybrid peptides ensured prolonged 

glycaemic control which was observed in mice.  

Thus, the hybrid peptides designed in this Chapter by incorporating vasopressin into 

oxytocin improved characteristic properties of the peptides compared to their native 

forms. This chapter draws a picture towards better peptide based anti-diabetic 

treatment options that could be used to design therapeutic regimes after further 

scrutiny.  
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6.3. MATERIALS AND METHODS 

All materials and methods have been described in detail in Chapter 2. Experiments 

specific to this Chapter have been described in brief below.  

6.3.1 Peptides and other test agents 

The peptides were all obtained from Synpeptide Co. Ltd. in a lyophilized form with 

95% purity (Table 6.1). The peptides were analysed use using HPLC (Section 2.1.2) 

and MALDI-TOF (Section 2.1.3). Specific receptor antagonists for oxytocin receptor 

(L-351,257), V1a receptor (SR-49059), V1b receptor (Nelivaptan; SR -149415) and 

V2 receptor (Tolvaptan) were purchased. L-351,257 was obtained from TOCRIS 

R&D systems. SR-49059 and Tolvaptan were purchased from SIGMA, UK. 

Nelivaptan or SR – 149415 was obtained from Axon Medchem, Netherlands.  

6.3.2 Assessment of stability in plasma  

The stability of the peptides was tested against enzymatic degradation using murine 

plasma as described previously (Section 2.1.4). Briefly, 10ul of peptide (1 mg/ml) was 

incubated with 10ul of mouse plasma in the presence of triethanolamine-HCl at 37oC 

for 0h or 4h. This reaction was stopped by adding trifluoroacetic acid. The degraded 

products were analysed using RP-HPLC.  

6.3.3 Acute effects of peptides on insulin release from pancreatic beta cells 

Pancreatic beta cells including rodent BRIN-BD11 cells and human 1.1B4 cells were 

used to assess the in vitro insulin secretory effect of the peptides as described 

previously in (Section 2.3). In the first set of experiments, BRIN-BD11 cells were 

incubated for 20 min, with different concentrations of the test peptides (10-12 M - 10-6 

M) at both normal glycaemic condition of 5.6 mM and hyperglycaemic condition of 

16.7 mM. In a similar set of experiments, the peptides were tested using human 1.1B4 

cells. Experiments were also performed to decipher the specific receptor interaction 

with the peptides. BRIN-BD11 cells were incubated with specific receptor antagonists 

for oxytocin (L-351,257), V1a receptor (SR-49059), V1b receptor (Nelivaptan) and 
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V2 receptor (Tolvaptan) alone or in combination with the analogues and insulin 

release was monitored (Section 2.5.2).  

6.3.4 Animals 

Male C57BL/6 and TO mice aged about 12 -14 weeks were used for performing acute 

and delayed glucose tolerance tests to assess the strength and stability of the peptides. 

The animals were also used to perform food intake studies to examine the effects of 

peptides on appetite. All animals were maintained as described previously in (Section 

2.12). 

6.3.5 In vivo effects of peptides in lean mice 

Blood glucose was measured prior to and after i.p. administration of glucose (18 

mmol/kg) alone or in combination with the test peptides (25 nmol/kg) in overnight 

(18h) fasted mice, as described previously in Section 2.13. In another set of 

experiments, saline (0.9% w/v NaCl) or test peptides (25 nmol/kg) were injected 2h 

or 4h before a glucose load (18 mmol/kg) in overnight fasted mice. Blood glucose was 

measured at various time points of 0, 15, 30 and 60 min intervals.  

The effect of the test peptides on cumulative food intake was measured in overnight 

fasted (18 h) lean male SWISS or TO mice aged 14 – 16 weeks after they had been 

intraperitoneally administered saline or test peptides (25 nmol/kg, body weight) as 

described in Section 2.15.  

6.3.6 Biochemical Analysis  

Blood was collected at different time points from the tip of the tail of conscious mice 

into a chilled fluoride/heparin microfuge tubes (Sarstedt, Germany). After 

centrifugation, plasma was stored at -20oC until analysis of insulin by 

radioimmunoassay (Section 2.5.2). 
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6.3.7 Statistical analysis 

Graphpad PRISM (Version 5) was used to perform statistical analysis. Results are 

expressed as means ± SEM. Data were compared using unpaired Student t – test where 

appropriate. Repeated measure and grouped analysis were done using ANOVA 

followed by the student – Newman-Keuls post – hoc test. Area under the curve were 

analysed using the trapedoidal rule with baseline subtraction. Data were considered to 

be significant in comparison if P<0.05.  

6.4 RESULTS 

6.4.1 Peptide characterization  

The analogues utilized in this Chapter (Table 6.1) were confirmed using RP-HPLC 

resulting in sharp and well resolved peaks were obtained. The molecular weights were 

found to be close to the theoretical masses provided, using MALDI-TOF.  

6.4.2 Stability of vasopressin and oxytocin analogues in plasma from overnight 

fasted mice  

The stability of native vasopressin and the analogues was checked in plasma over a 

period of 4h (Table 6.2). Vasopressin was degraded almost completely (100%; Figure 

6.2A) over the 4h incubation, while the reduced form of vasopressin (without the 

disulphide bond) was degraded only by about 65% (Figure 6.2B). A similar 

degradation rate was seen for 3 phenylalanine oxytocin (3FO) (67%; Figure 6.3A) 

while the reduced form of 3FO was metabolized to a higher extent (88%; Figure 6.3B). 

The replacement of the amino acid at position 8 with arginine (8RO) resulted in a 

clearance of this degradation although the result was quite similar to that of the 

reduced form of vasopressin (Figure 6.4A). 8 arginine oxytocin (8RO) and the reduced 

form (8ROR) were degraded by approximately 68% (Figure 6.4A) and 64% (Figure 

6.4B) respectively. 8 arginine oxytocin was further acetylated to increase stability 

which indeed resulted in a significant decrease in percentage degradation. Thus, 

Ac8RO (Figure 6.5A) was only degraded by about 3% while its reduced counterpart 

(Figure 6.5B) was not degraded at all over 4h of incubation.  
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6.4.3 In vitro effects of vasopressin and oxytocin hybrid analogues on insulin 

release in BRIN-BD11 cells  

The effect of vasopressin analogues on insulin release from rodent pancreatic beta cell 

was examined. As detailed in Table 6.3, vasopressin and oxytocin -based hybrid 

peptides were found to significantly stimulate insulin release from BRIN-BD11 cells 

in a concentration dependent manner. We considered the EC50 values for insulin 

release at both normal (5.6 mM) as well as hyperglycaemic conditions (16.7 mM). We 

have also considered the maximum output of insulin over the 20 min incubation 

period. A ranking has been given to the analogues according to the lowest EC50 values 

at 16.7mM along with a high maximum effect as seen in Table 6.3. Vasopressin 

showed a high maximum output at 1 µM (P<0.05 at 10-12M). Analogue 3FOR (Figure 

6.7B) was found to be better than the others with lowest EC50 value at 16.7mM. This 

peptide exhibited a significant insulin response at 10-10M (P<0.001). As seen in 

(Figure 6.10A), analogue 8ROR gave a high response at 1 µM, but the the EC50 value 

at 16.7 mM was higher than 3FOR, hence it had been ranked 4. Likewise, other 

analogues were ranked according to their insulinotropic effects in BRIN-BD11 cells 

at both glucose concentrations.  

6.4.4 In vitro effects of vasopressin and oxytocin hybrid analogues on insulin 

release in 1.1B4 cells 

Table 6.4 depicts the effect of the analogues on insulin release from human pancreatic 

beta cells. The peptides have again been ranked based on EC50, threshold 

concentration and maximum insulin response at two different glucose concentrations. 

Vasopressin showed a strong maximum effect at 1 µM and the EC50 values were 

increased at hyperglycaemic conditions. As is evident, analogue Ac8RO showed a low 

EC50 of 0.125 and was capable of stimulating a significant insulin response at 1 µM 

(Figure 6.11B). As seen in (Figure 6.9B), analogue 8RO showed good insulin release 

at 16.7mM glucose with an EC50 of 0.098. The other analogues showed a significant 

dose dependent response however they did not match up to Ac8RO which showed 

noteworthy response to high glucose at 10-12 M (P<0.001).  
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6.4.5 In vivo effects of vasopressin and oxytocin hybrid analogues on glucose 

tolerance in mice 

Administration of glucose load resulted in an increase in blood glucose that was 

reduced over a 60 min by co-administration of vasopressin and oxytocin hybrid 

peptides. Blood glucose and plasma insulin data summarized in Table 6.5. Vasopressin 

was highly efficient (P<0.001; Figure 6.13A) in reducing the blood glucose response. 

However, 2h after peptide administration it was not able to combat a glucose challenge 

effectively (P<0.05; Figure 6.13B). Plasma insulin responses were also reduced 

considerably 2h after administration of vasopressin (Figure 6.14C, D). Similarly, the 

reduced form of vasopressin (Figure 6.15A, B), 3FO (Figure 6.16A, B) and 3FOR 

(Figure 6.16C, D) reduced blood glucose over 60 min (P<0.05). Analogues 8RO 

(Figure 6.18A, B), 8ROR (P<0.001; Figure 6.18C, D), Ac8RO (Figure 6.22A, B), 

Ac8ROR (6.22C, D) showed a highly significant reduction (P<0.01) in blood glucose 

levels compared to glucose alone with significantly increased (P<0.05 to P<0.001) in 

plasma insulin levels. Analogue 8ROR continued to increase plasma insulin levels 2h 

after its administration (P<0.05; Figure 6.21C, D). But, there was no corresponding 

significant reduction in blood glucose, Ac8ROR showed a notable reduction in blood 

glucose 2h after its administration (P<0.05; Figure 6.24C, D), indicating its stability. 

Ac8RO and Ac8ROR did not show any significant reduction in blood glucose after 

4h, although they did continue to stimulate insulin release (P<0.001; Figure 6.26-

6.27).  

6.4.6 Effects of vasopressin and oxytocin hybrid analogues on feeding in mice 

Food intake was monitored over 180 min in overnight fasted mice after administration 

of vasopressin peptides (25 nmol/kg, body weight) (Table 6.5). Vasopressin 

significantly reduced food intake over 180 min (P<0.001; Figure 6.28A). The reduced 

form of vasopressin also significantly reduced appetite in mice (P<0.01; Figure 

6.28B), although the effect was less than observed with vasopressin. Reduced feeding 

was also seen with analogues 8RO (Figure 6.30A) and 8ROR (Figure 6.30B). 

Although, analogue Ac8RO (Figure 6.31A) did not show a significant reduction in 

food intake, Ac8ROR significantly decreased food intake over 180 min (P<0.01; 
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Figure 6.31B). Surprisingly peptides 3FO (Figure 6.28A) and 3FOR (Figure 6.29B) 

both had a tendency to increase food intake compared to saline controls.  

6.4.7 Specific receptor interaction of vasopressin and oxytocin hybrid peptides 

with oxytocin and vasopressin receptors 

BRIN-BD11 cells were incubated for 20 min with the combination of peptides and 

specific receptor antagonists for oxytocin and vasopressin receptors.  The effects of 

the antagonists on the ability of the analogues to stimulate insulin release has been 

summarized in Table 6.6. The level of significance of inhibition is indicated compared 

to insulin release in the presence of the peptide alone. It was found that vasopressin 

(Figure 6.32A) and analogue 8ROR (Figure 6.34B) worked through 3 different 

receptors – oxytocin (P<0.001; P<0.001), V1a (P<0.001; P<0.05) and V1b (P<0.001; 

P<0.05) respectively. While the reduced form of vasopressin showed a similar pattern, 

the effect was less indicating a possible loss of function due to the absence of the 

disulphide linkage (Figure 6.32B). Analogue 3FO (Figure 6.33A) appeared to act 

through all the four receptors Otr (P<0.01), V1a (P<0.001), V1b (P<0.001) and V2 

(P<0.001).  Both 3FOR (Figure 6.33B) and Ac8ROR (Figure 6.35B) appeared to act 

through both the oxytocin (P<0.05; P<0.01) and V1b receptor (P<0.01; P<0.05). 

Analogues 8RO (Figure 6.34A) and Ac8RO (Figure 6.35A) showed a similar response 

with significant inhibition if insulin release in the presence of V1a (P<0.001; both) 

and V1b (P<0.05; P<0.01) receptor antagonists.  

6.5 DISCUSSION 

Early studies have examined effects of both oxytocin and vasopressin on beta cell 

insulin secretion (Lee et al. 1995; Taveau et al. 2017). They have shown that insulin 

releasing potency of vasopressin is greater than that of oxytocin in RINm5F rat beta 

cells (Lee et al. 1995). The present research has attempted to study the effects of 

vasopressin in greater detail. As seen in Chapter 4, we have studied the effects of 

vasopressin on glucose tolerance and appetite along with a possible mechanism of 

action in pancreatic beta cells. Several studies have suggested that the effects are 

mediated by the activation of vasopressin 1b (V1b) receptors (Sayuri et al. 2004). Our 

studies show the major involvement of V1a, V1b and the oxytocin receptors in 
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vasopressin – induced insulin release from rodent beta cells. Vasopressin has also been 

shown to induce a paradoxical dose-dependent increase in glycaemia when injected in 

mice (Taveau et al. 2017). The study also suggested an increase of circulating 

vasopressin could be linked to hyperglycaemia through the involvement of V1a 

receptors (Taveau et al. 2017).  

In the present study, we have exploited the insulinotropic potentials of oxytocin and 

vasopressin in the design and synthesis of hybrid peptides. We have also addressed 

stability issues and increased half-life by incorporating structural changes that make 

these hybrid analogues stable for a longer time. Vasopressin has a very short half-life 

in the circulation as can be seen by the present results with about 99.9% of the peptide 

being degraded within 4h of in vitro incubations. In contrast, each of the specifically 

designed analogues showed enzymatic resistance and decreased degradation over 4h. 

It was also important to establish the role of the C-terminal amide group and the 

disulphide bridge in susceptibility to degradation; hence native vasopressin was 

compared to the reduced form of vasopressin. The analogues were also compared to 

their reduced forms without the disulphide bridge. Vasopressin showed a high level of 

degradation, but this was significantly reduced when the disulphide bridge was 

removed, or a C terminal amide group was added. Further, acetylation of the cysteine 

(Ac8RO and Ac8ROR) greatly reduced the level of degradation of the hybrid peptides 

8RO and 8ROR.  

All analogues showed a significant stimulation of insulin release consistent with those 

observed with native vasopressin. However, Gao et al. mentioned that vasopressin 

might not be an initiator of insulin release but might only be amplifying the glucose 

induced insulin release in beta cells (1990). In our studies, increasing the glucose 

concentration from 5.6mM to 16.7mM increased maximal insulin release for both 

BRIN-BD11 and 1.1B4 cells. All analogues were effective in stimulating insulin 

release potential from these two pancreatic beta cell lines. Incorporating vasopressin 

specific amino acids at position 3 (3FO) and 8 (8RO) in oxytocin increased the 

maximum effect of the insulin release seen with the native peptide. Analogue 8RO 

and its reduced form (8ROR) showed a better insulin release profile than 3FO or the 

reduced form 3FOR in human beta cells. Further modification of 8RO to incorporate 
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acetylation at the N-terminal cysteine reduced the insulin response in rodent beta cells 

but maintained it in human beta cells.  

Consistent with demonstrated insulin releasing activity and a role in glucose 

homeostasis, in vitro studies have also shown that vasopressin stimulated triglyceride 

and glucose synthesis in rat hepatocytes (Pollard et al. 1984; Borowik et al. 2015). 

Another study showed, administration of vasopressin into the paraventricular neurons 

led to hyperglycaemia (Kalsbeek et al. 2004) and microinjections into the nucleus 

tractus solitaris (NTS) led to a significant increase in plasma glucose levels in Wistar 

rats (Adachi et al. 1995). Other studies by Abu-Basha et al. showed that vasopressin 

induced glucose-dependent insulin and glucagon secretion by a direct action on beta 

and alpha cells (2002; Fujiwara et al. 2007). Other authors also proposed that alpha 

cells are more sensitive to vasopressin than beta cells (Abu-Basha et al. 2002). The 

intelligence shown by vasopressin in balancing insulin and glucagon release in a 

glucose sensitive manner is hoped to be preserved or even enhanced in these hybrid 

peptides.  

In our in vivo studies with mice, all hybrid peptides showed significant anti-

hyperglycaemic activity after administered together with a glucose load. The stability 

of the analogues was also studied through delayed glucose tolerance tests. The effect 

of vasopressin itself, was lost after 2h, but the analogues sustained glucose reducing 

effects for up to 4h. This was probably due to their prolonged half -life in circulation 

compared to the native peptide. Analogues 8RO and 8ROR improved glucose 

tolerance more than analogues 3FO and 3FOR. The glucose lowering effect was 

further enhanced by acetylation as seen with analogues Ac8RO and Ac8ROR. 

Interestingly, the C-terminal fragment of vasopressin pro-hormone copeptin, has been 

linked with diabetes mellitus development, metabolic syndrome and nephropathy 

(Enhörning et al. 2011; 2013).  Studies with knockout mice have also emphasized the 

positive role of V1a and V1b receptors in diabetes. In addition, vasopressin has been 

shown to play an important role in the development of glucose intolerance in obese 

rats and V1aR antagonist treatment improved this glucose intolerance (Taveau et al. 

2015).  

Various studies have established that both oxytocin and vasopressin have a role in 

suppressing appetite (Racotta et al. 1995; Chaves et al. 2013; Ott et al. 2013; Pei et 
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al. 2014; Lawson et al. 2015; Nakamura et al. 2017). Our results have shown that 

vasopressin and its analogues induced a significant decrease in food intake over 180 

min. Hence, some of the hybrid analogues retain the appetite suppressing effects of 

oxytocin and vasopressin. It was interesting to note a difference in the case of oxytocin 

modified in position 3 with phenylalanine from vasopressin. Administration of 3FO 

and 3FOR in mice increased their appetite, while other analogues showed a distinct 

reduction in food intake. Ac8RO and Ac8ROR did not preserve the significant effects 

of reducing food intake that were observed with 8RO and 8ROR.  

Insulin is known as an appetite-regulating signal in the hypothalamus, expression of 

the insulin receptor in the magnocellular neurons might be involved in the 

manipulation of appetite following oxytocin (Song et al. 2014). It has thus been found 

that activation of the vasopressinergic neurons in the PVN stimulated the vasopressin 

receptors resulting in acute reduction of food intake (Borowik et al. 2015). Insulin 

activation of PI3K has also been shown to increase glucose kinase – mediated ATP 

production resulting in the closure of the potassium ATP channels and opening of the 

voltage gated Ca2+ channels resulting in the stimulation of oxytocin and vasopressin 

release (Song et al. 2014). Hence, the oxytocin and vasopressin neurons could act as 

metabolic sensors to control appetite.  

It appears that only the V1a and V1b vasopressin receptors are involved in glucose 

homeostasis (Folny et al. 2003; Koshimizu et al. 2012). V2 receptor is not expressed 

to any significant extent in the pancreas and seems to be restricted to a role in diuresis 

in the kidney (Koshimizu et al. 2012). Around 25% of the amino acid sequences in 

human OTR, V1aR, V1bR, and V2R are the same (Gimpl and Fahrenholz 2001). It 

was thus important for us to establish ligand-receptor interactions with vasopressin 

and our analogues. We studied receptor interaction using rat beta cells and by 

monitoring insulin secretion. Individual analogues appeared to work through different 

combinations of receptors. We observed a lower receptor sensitivity with the reduced 

form of vasopressin when compared to the native form. This might explain the weak 

insulin response in pancreatic beta cells. Interestingly, 3FO operates through all 4 

kinds of receptors while 3FOR only appeared to act through OTR and V1bR. 8RO and 

Ac8RO showed similar receptor interactions with V1aR and V1bR. An interesting 

observation from these experiments was the clear involvement of the V1bR in insulin 
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release triggered by all analogues. The difference in activity between the analogues 

and their reduced counterparts suggest a detrimental change in receptor binding when 

there is no disulphide bridge between cysteine residues at position 1 and 6. 

The observed receptor modulations could reflect the importance of the amino acid 

placed at position 8 that is involved in receptor binding in the designed analogues 

when compared to the native vasopressin or oxytocin (Wesley et al. 2002; Zingg & 

Laporte 2003). Through various binding and antagonistic studies, it has been 

determined that the side chain in position 8 of vasopressin interacts with a non-

conserved receptor residue located in the first extracellular loop. This is responsible 

for the selectivity of the ligand receptor interaction (Hibert et al. 1999). The disulphide 

bridge on the other hand is responsible for the cyclic structure with a possible 

involvement in receptor interaction as indicated in earlier research (Fong et al. 1960; 

Cort et al. 1975).  

In conclusion, this Chapter has focused on combining the various beneficial anti-

diabetic characteristics of vasopressin and oxytocin. Vasopressin/oxytocin-based 

hybrid peptides were designed consisting of different amino acid residues at position 

3 and 8 or an acetylated N-terminal cysteine. We established the enhanced stability of 

the hybrid analogues compared to vasopressin and assessed the in vitro insulin 

releasing and in vivo glucose lowering and anorexigenic properties. The results 

illustrate the potential of these peptides for possible therapy of type 2 diabetes. 
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 Table 6.1: Hybrid peptide analogues designed by combining the structures of 

oxytocin and vasopressin  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

**- disulphide linkage 

 

 

 

 

 

 

Peptide Sequence Characteristics 
Theoretical 

mass (Da) 

Observed 

mass (Da) 

Oxytocin C*YIQNC*PLG-NH2 

disulphide 

bridge (ds) C1-

C6 

1008.9 1008.71 

Vasopressin 
C*YFQNC*PRG-

NH2 

disulphide 

bridge (ds) C1-

C6 
1084.26 1084.3 

RV 

Reduced 

Vasopressin 

CYFQNCPRG 
No disulphide 

bridge 
1086.26 1084.3 

3FO 

3 

phenylalanine 

oxytocin 

C*YFQNC*PLG-

NH2 
disulphide 

bridge C1-C6 
1041.24 1041.1 

3FOR 

Reduced 

3 

phenylalanine 

oxytocin 

CYFQNCPLG -NH2 
No disulphide 

bridge 
1043.24 1041.2 

8RO 

8 arginine 

oxytocin 

C*YIQNC*PRG-NH2 
disulphide 

bridge C1-C6 
1050.25 1050.3 

8ROR 

Reduced 8 

arginine 

oxytocin 

CYIQNCPRG-NH2 
No disulphide 

bridge 
1052.25 1052.3 

Ac8RO 
Ac-C*YIQNC*PRG-

NH2 
disulphide 

bridge C1-C6 
1092.28 1093.5 

Ac8ROR 
Ac-CYIQNCPRG-

NH2 

No disulphide 

bridge 
1094.28 1095.7 
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Table 6.2: In vitro degradation of vasopressin and oxytocin-based hybrid peptide 

in plasma  

 

 

**- disulphide linkage 

Values are mean ± SEM (n = 3), * indicates disulphide linkage between cysteine residues 

at position 1 and 6. 

 

 

 

 

 

 

 

 

 

 

Peptide/ 

Analogues 
Sequence Retention time 

%  

Degradation 

at 4h 

Ranking 

  0h 4h   

Vasopressin C*YFQNC*PRG-NH2 24.2 24.2 100 8 

Reduced 

Vasopressin 
CYFQNCPRG  15.8 15.8 65 4 

3FO C*YFQNC*PLG-NH2 20.4 20.4 67 5 

3FOR CYFQNCPLG -NH2 20.4 20.4 88 7 

8RO C*YIQNC*PRG-NH2 15.8 15.8 68 6 

8ROR CYIQNCPRG-NH2  15.8 15.8 64  3 

Ac8RO 
Ac-C*YIQNC*PRG-

NH2 
17.5 17.5 3 2 

Ac8ROR Ac-CYIQNCPRG-NH2 17.8 17.5 0 1 



193 
 

Table 6.3: Summary of acute insulin release in the presence of vasopressin and 

hybrid peptides in rodent BRIN-BD11 cells 

 

 

 

Values are mean ± SEM (n = 8). * P < 0.05, **P < 0.01 and *** P < 0.001 compared 

to insulin release in the absence of peptides. 

 

 

 

 

 

 

 

 

 

Peptide/ 

Analogues 
EC50 (nM) 

Threshold 

concentration 

(M) 

Maximum effect 

(ng/106/20min) 

Ranking 

 
5.6m

M 
16.7mM 5.6mM 16.7mM 5.6mM 16.7mM 

 

Vasopressin 9.6 4.9 
10-12 

*** 
10-12 * 5.8  ± 0.3 6.1  ± 0.3 6 

Reduced 

Vasopressin 
42 91 

10-12 

*** 

10-12 

***  
6.1 ± 0.3 9.1 ± 0.5 5 

3FO 0.23 9.9 
10-12 

*** 
10-10 ** 6.7 ± 0.6 7.8 ± 0.7 3 

3FOR 0.35 0.13 
10-12 

** 

10-10 

*** 
6.3 ± 0.2 7.1 ± 0.2 1 

8RO 0.05 0.28 
10-12 

*** 

10-12 

*** 
5.2  ± 0.2 6.4  ± 0.4 2 

8ROR 5.5 0.27 
10-12 

*** 
10-12 ** 5.1  ± 0.3 7.1  ± 0.5 4 

Ac8RO 38.3 3.89 
10-10 

** 

10-12 

*** 
3.4 ± 0.3 3.8 ± 0.2 7 

Ac8ROR 17.7 20.8 
10-12 

** 
10-12 * 3.2 ± 0.3 3.6 ± 0.2 8 
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Table 6.4: Summary of acute insulin release in the presence of vasopressin and 

hybrid peptides in human 1.1B4 cells 

 

 

 

 

Values are mean ± SEM (n = 8). * P < 0.05, **P < 0.01 and *** P < 0.001 compared 

to insulin release in the absence of peptides. 

 

 

 

 

 

 

 

 

Peptide/ 

Analogues 
EC50 (nM) 

Threshold 

concentration (M) 

Maximum effect 

(ng/106/20min) 

Ranking 

 5.6mM 16.7mM 5.6mM 16.7mM 5.6mM 16.7mM  

Vasopressin 18.84 23.94 10-12 * 10-10 * 0.2 ± 0.01 0.3 ± 0.03 4 

Reduced 

Vasopressin 
26.47 25.43 10-10 * 10-10 * 0.2 ± 0.03 0.3 ± 0.03 6 

3FO 29.61 11.09 10-8 * 10-8 *** 
0.05 ± 

0.004 
0.2 ± 0.02 8 

3FOR 21.77 42.28 10-10 * 10-10 * 
0.06 ± 

0.01 

0.08 ± 

0.01 
7 

8RO 0.08 0.098 
10-12 

*** 
10-12 * 0.2 ± 0.02 0.3 ± 0.03 1 

8ROR 25.62 20.82 10-10 ** 10-8 ** 
0.15 ± 

0.02 
0.2 ± 0.02 5 

Ac8RO 0.13 0.125 
10-12 

*** 
10-12 *** 0.1 ± 0.01 

0.16 ± 

0.01 
2 

Ac8ROR 0.086 10.75 
10-12 

*** 
10-10 *** 

0.1 ± 

0.005 
0.2 ± 0.02 3 
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Table 6.5: Effects of vasopressin and hybrid peptides on glucose tolerance in mice  

 

Peptide/ 

Analogues 

 

Acute GTT 

AUC 

Blood 

glucose 

mmol/min 

(insulin in 

ng/ml) 

2h delayed 

GTT AUC 

Blood 

glucose 

mmol/min 

(insulin in 

ng/ml) 

4h delayed 

GTT AUC 

Blood 

glucose 

mmol/min 

 (insulin in 

ng/ml) 

Reduction in 

Appetite 

(over 180 

min) 

Glucose/Saline 1192 ± 40.5 1288 ± 82.24 1129 ± 64  

GLP-1/ 

Exendin-4 

588 ± 31.75 

*** 

407.9 ± 70.8 

*** 

561.5 ± 54 

*** 
 

Vasopressin 
676.2 ± 40.85 

*** 

880 ± 61 * 

(348 ± 27) 
- *** 

Reduced 

Vasopressin 

724.8 ± 23.07  

* 
575.3 ± 43.56  - ** 

3FO 
613.6 ± 31.31  

* 
631.5 ± 56.01  - 

ns 

Increases 

appetite 

3FOR 
605.6 ± 41.70 

* 
732.6 ± 44.33  - 

ns  

Increases 

appetite 

8RO 
894 ± 71 ** 

(346 ± 15 *) 

1163 ± 37 

(314 ± 15)  
- *** 

8ROR 
818 ± 26 *** 

(323 ± 6 **) 

1167 ± 68 

(319 ± 12 *) 
- *** 

Ac8RO 
992.4 ± 36 **  

(341 ± 6 ***) 

1112 ± 16 

(390 ± 22 

***) 

1076 ± 62 

(320 ± 11 

***) 

ns 

Ac8ROR 
951 ± 16 ** 

(353 ± 13 **) 

1040 ± 32 * 

(365 ± 11 

***) 

976 ± 87 

(331 ± 6 ***)  
** 

 

Values are mean ± SEM (n = 6). * P < 0.05, **P < 0.01 and *** P < 0.001 compared 

to glucose (or saline) alone (without peptide). 
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Table 6.6: Acute effects of vasopressin and hybrid peptides on insulin secretion 

in the presence of specific receptor antagonists in BRIN-BD11 cells  

 

Values are mean ± SEM (n = 8). ↓P<0.05, ↓↓P<0.01, ↓↓↓P<0.001 compared to peptide 

alone. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to peptide alone. 

 

 

 

 

 

 

 

 

 

 

 

Peptide 

(10-7M) 

 

Inhibited peptide-stimulated insulin secretion 

 

 

Oxytocin 

receptor 

antagonist 

L- 351,257 

(10-6M) 

 

Vasopressin V1a 

receptor 

antagonist SR-

49059 (10-6M) 

Vasopressin 

V1b receptor 

antagonist 

Nelivaptan (10-

6M) 

Vasopressin 

V2 receptor 

antagonist  

Tolvaptan (10-

6M) 

Vasopressin ↓↓↓ ↓↓↓ ↓↓↓ - 

Reduced 

Vasopressin 
↓ ↓ ↓ - 

3FO ↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

3FOR ↓ - ↓↓ - 

8RO - ↓↓↓ ↓ - 

8ROR ↓↓↓ ↓ ↓ - 

Ac8RO - ↓↓↓ ↓↓ - 

Ac8ROR ↓↓ - ↓ - 
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Figure 6.1: Structure of vasopressin and sites of degradation by aminopeptidases 

 

 

 

 

 

 

 

 

 

 

The arrows indicate the sites of degradation at the N-terminal cysteine residue and the 

dipeptide bond between proline and arginine. The linkage between cysteine at position 

1 and 6 represents the disulphide bond. 
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Figure 6.2: HPLC profiles of degradation of (A) vasopressin and (B) reduced 

vasopressin after incubation for 0h and 4h with mouse plasma  

 

(A) 

 

   

 

(B) 

 

 

 

Representative HPLC profiles obtained after incubation of oxytocin with lean mouse 

plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 6.3: HPLC profiles of degradation of (A) 3 phenylalanine oxytocin (3FO) 

and (B) Reduced 3 phenylalanine oxytocin (3FOR) after incubation for 0h and 

4h with mouse plasma  

 

(A) 

 

 

(B) 

  

 

 

Representative HPLC profiles obtained after incubation of analogues with lean mouse 

plasma for 0 and 4h. Peptide incubations were separated with a Vydac C-18 column 

using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% over 20 min and 

from 80% to 100% acetonitrile over 5 min. Peak corresponding to the peptide is 

indicated. 
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Figure 6.4: HPLC profiles of degradation of (A) 8 arginine oxytocin (8RO) and 

(B) reduced 8 arginine oxytocin (8ROR) after incubation for 0h and 4h with 

mouse plasma  

(A) 

 

(B) 

   

 

Representative HPLC profiles obtained after incubation of analogue 8RO and 8ROR 

with lean mouse plasma for 0 and 4h. Peptide incubations were separated with a Vydac 

C-18 column using linear gradients from 0 to 15% acetonitrile over 15 min, to 60% 

over 20 min and from 80% to 100% acetonitrile over 5 min. Peak corresponding to the 

peptide is indicated. 
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Figure 6.5: HPLC profiles of degradation of (A) Acetylated 8 arginine oxytocin 

(Ac8RO) and (B) reduced Acetylated 8 arginine oxytocin (Ac8ROR) after 

incubation for 0h and 4h with mouse plasma  

 

(A) 

 

   

 

(B) 

 

   

 

Representative HPLC profiles obtained after incubation of analogue Ac8RO and 

Ac8ROR with lean mouse plasma for 0 and 4h. Peptide incubations were separated 

with a Vydac C-18 column using linear gradients from 0 to 15% acetonitrile over 15 

min, to 60% over 20 min and from 80% to 100% acetonitrile over 5 min. Peak 

corresponding to the peptide is indicated. 
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Figure 6.6: Dose dependent effect on insulin release of reduced vasopressin in (A) 

rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 mM 

glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.7: Dose dependent effect on insulin release of (A) 3 phenylalanine 

oxytocin (3FO) and (B) Reduced 3 phenylalanine oxytocin (3FOR) in rodent 

BRIN-BD 11 at 5.6 mM and 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.8: Dose dependent effect on insulin release of (A) 3 phenylalanine 

oxytocin (3FO) and (B) reduced 3 phenylalanine oxytocin (3FOR) in human 

1.1B4 cells at 5.6 mM and 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.9: Dose dependent effect on insulin release of 8 arginine oxytocin (8RO) 

in (A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 5.6 mM and 16.7 

mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.10: Dose dependent effect on insulin release of reduced 8 arginine 

oxytocin (8ROR) in (A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 

5.6 mM and 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.11: Dose dependent effect on insulin release of Acetylated 8 arginine 

oxytocin (Ac8RO) in (A) rodent BRIN-BD 11 cells and (B) human 1.1B4 cells at 

5.6 mM and 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05 and ΔΔ P < 0.01 compared to the respective peptide concentration at 5.6 

mM. 
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Figure 6.12: Dose dependent effect on insulin release of reduced Acetylated 8 

arginine oxytocin (Ac8ROR) in (A) rodent BRIN-BD 11 cells and (B) human 

1.1B4 cells at 5.6 mM and 16.7 mM glucose 
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Cells were incubated (20 min) with a range of concentrations (10-12 to 10-6M) of test 

peptides in the presence of 5.6 and 16.7 mM glucose, and insulin was measured using 

radioimmunoassay. Results are the mean ± SEM (n = 8) for insulin secretion. * P < 

0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone (5.6 mM or 16.7 mM). 

Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to the respective peptide 

concentration at 5.6 mM. 
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Figure 6.13: Effect of vasopressin on blood glucose levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of the peptide in overnight fasted 

mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 and ** P<0.01 compared to glucose 

alone. 
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Figure 6.14: Effect of vasopressin on plasma insulin levels immediately after (A, 

B) administration and (C, D) 2h delayed effect of the peptide in overnight fasted 

mice  
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Plasma was collected prior to and after intraperitoneal administration of glucose alone 

(18 mmol/kg body weight, control) or in combination with hybrid peptide analogues 

(25 nmol/kg body weight) in overnight fasted mice. The collected plasma was then 

analysed to measure insulin using radioimmunoassay. Values are Mean ± SEM for 6 

mice. ** P < 0.01 and *** P < 0.001 compared to glucose alone. 
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Figure 6.15: Effect of reduced vasopressin on blood glucose immediately after (A, 

B) administration and (C, D) 2h delayed effect of the peptide in overnight fasted 

mice 
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(A, B) Blood glucose was measured prior to and after intraperitoneal administration 

of glucose alone (18 mmol/kg body weight, control) or in combination with peptide 

analogue (25 nmol/kg body weight). (C, D) Saline (0.9%, NaCl) alone or in 

combination with peptide (25 nmol/kg) was injected 2h before a glucose challenge. 

Values are Mean ± SEM for 6 mice. * P < 0.05 compared to glucose (or saline) alone. 
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Figure 6.16: Effects of analogue (A, B) 3FO and (C, D) 3FOR on blood glucose 

levels immediately after administration in overnight fasted mice 
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Blood glucose was measured prior to and after intraperitoneal administration of 

glucose alone (18 mmol/kg body weight, control) or in combination with hybrid 

peptide analogues (25 nmol/kg body weight) in overnight fasted mice. Values are 

Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose 

alone. 
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Figure 6.17: Effects of analogue (A, B) 3FO and (C, D) 3FOR on blood glucose 

levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 6.18: Effects of analogue (A, B) 8RO and (C, D) 8ROR on blood glucose 

levels immediately after administration in overnight fasted mice  
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Blood glucose was measured prior to and after intraperitoneal administration of 

glucose alone (18 mmol/kg body weight, control) or in combination with hybrid 

peptide analogues (25 nmol/kg body weight) in overnight fasted mice. Values are 

Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose 

alone. 
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Figure 6.19: Effects of analogue (A, B) 8RO and (C, D) 8ROR on plasma insulin 

levels immediately after administration in overnight fasted mice  
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Plasma was collected prior to and after intraperitoneal administration of glucose alone 

(18 mmol/kg body weight, control) or in combination with hybrid peptide analogues 

(25 nmol/kg body weight) in overnight fasted mice. The collected plasma was then 

analysed to measure insulin using radioimmunoassay. Values are Mean ± SEM for 6 

mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose alone. 
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Figure 6.20: Effects of analogue (A, B) 8RO and (C, D) 8ROR on blood glucose 

levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 6.21: Effects of analogue (A, B) 8RO and (C, D) 8ROR on plasma insulin 

levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 6.22: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on blood 

glucose levels immediately after administration in overnight fasted mice  
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Blood glucose was measured prior to and after intraperitoneal administration of 

glucose alone (18 mmol/kg body weight, control) or in combination with hybrid 

peptide analogues (25 nmol/kg body weight) in overnight fasted mice. Values are 

Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose 

alone. 
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Figure 6.23: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on plasma 

insulin levels immediately after administration in overnight fasted mice  
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Plasma was collected prior to and after intraperitoneal administration of glucose alone 

(18 mmol/kg body weight, control) or in combination with hybrid peptide analogues 

(25 nmol/kg body weight) in overnight fasted mice. The collected plasma was then 

analysed to measure insulin using radioimmunoassay. Values are Mean ± SEM for 6 

mice. * P < 0.05, ** P < 0.01, *** P < 0.001 compared to glucose alone. 
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Figure 6.24: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on blood 

glucose levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 

 



221 
 

Figure 6.25: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on plasma 

insulin levels 2h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

2h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 6.26: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on blood 

glucose levels 4h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Blood glucose was measured prior to and after 

intraperitoneal administration of glucose.  Values are Mean ± SEM for 6 mice. * P < 

0.05, ** P <0.01 and *** P<0.001 compared to saline alone. 
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Figure 6.27: Effects of analogue (A, B) Ac8RO and (C, D) Ac8ROR on plasma 

insulin levels 4h after administration in overnight fasted mice  
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Saline (0.9%, NaCl) alone or in combination with peptide (25 nmol/kg) was injected 

4h before a glucose challenge. Plasma was collected prior to and after intraperitoneal 

administration of glucose. The collected plasma was then analysed to measure insulin 

using radioimmunoassay. Values are Mean ± SEM for 6 mice. * P < 0.05, ** P < 0.01, 

*** P < 0.001 compared to saline alone. 
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Figure 6.28: Effect on food intake over 180 min after the administration of (A) 

vasopressin and (B) reduced vasopressin in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 6.29: Effect on food intake over 180 min after the administration of (A) 3 

phenylalanine oxytocin (3FO) and (B) Reduced 3 phenylalanine oxytocin (3FOR) 

in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 6.30: Effect on food intake over 180 min after the administration of (A) 8 

arginine oxytocin (8RO) and (B) Reduced 8 arginine oxytocin (8ROR) in 

overnight fasted mice 

 

(A) 

 

30 60 90 120 150 180
0

1

2

3

4
Saline

8RO (25 nmol/kg)

*** ***
***

*** ***
***

Time (min)

F
o

o
d

 I
n
ta

ke
 (

g
)

 

(B) 

30 60 90 120 150 180
0

1

2

3

4
Saline

***
***

***
***

***
***

8ROR (25 nmol/kg)

Time (min)

F
o

o
d

 I
n
ta

ke
 (

g
)

 

 

 

Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 6.31: Effect on food intake over 180 min after the administration of (A) 

acetylated 8 arginine oxytocin (Ac8RO) and (B) reduced Acetylated 8 arginine 

oxytocin (Ac8ROR) in overnight fasted mice 
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Cumulative food intake was measured prior to (t=0) and 30, 60, 90, 120, 150, 180 min 

after i.p. injection of saline vehicle (0.9% w/v NaCl) alone or in combination with the 

analogue (25 nmol/kg, body weight) in overnight (18 h) fasted mice. Values represent 

means ± SEM (n=8).  
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Figure 6.32: Effect of (A) vasopressin and (B) reduced vasopressin on insulin 

release in the presence of specific receptor antagonists in BRIN-BD11 cells at 

16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 6.33: Effect of (A) 3 phenylalanine oxytocin (3FO) and (B) reduced 3 

phenylalanine oxytocin (3FOR) on insulin release in the presence of specific 

receptor antagonists in BRIN-BD11 cells at 16.7mM glucose 
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 6.34: Effect of (A) 8 arginine oxytocin (8RO) and (B) reduced 8 arginine 

oxytocin (8ROR) on insulin release in the presence of specific receptor 

antagonists in BRIN-BD11 cells at 16.7mM glucose                         
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone.  
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Figure 6.35: Effect of (A) acetylated 8 arginine oxytocin (Ac8RO) and (B) 

reduced acetylated 8 arginine oxytocin (Ac8ROR) on insulin release in the 

presence of specific receptor antagonists in BRIN-BD11 cells at 16.7mM glucose
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Cells were incubated (20 min) with test peptides (10-7M) alone or in combination with 

receptor antagonists, at 16.7 mM glucose. Results are the mean ± SEM (n = 8) for 

insulin secretion. * P < 0.05, **P < 0.01 and *** P < 0.001 compared to glucose alone 

(16.7 mM). Δ P < 0.05, ΔΔ P < 0.01 and ΔΔΔ P < 0.001 compared to peptide alone. 
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7.1 SUMMARY 

The antidiabetic potential and beneficial metabolic effects of novel oxytocin and 

vasopressin analogues have been studied in high fat fed (HFF) mice. Administration 

of analogues 2N (Ac-C*YIQNC*PLG-NH2), D7R ((D-C)YIQNCYLG-NH2) and Ac8RO 

(Ac-CYIQNCPRG-NH2) twice daily for 28 days reduced body weight, cumulative 

energy intake and non–fasting blood glucose concentrations. The peptides also 

significantly reduced circulating insulin (P<0.05 to P<0.01) and improved glucose 

tolerance and insulin responses to both intraperitoneally and particularly orally 

administered glucose. The analogues significantly enhanced insulin sensitivity 

(P<0.05) and reduced the HOMA index for insulin resistance. Pancreatic insulin and 

glucagon content were decreased by the peptides. This was accompanied with a 

reduction in both islet area and beta cell mass with the analogues 2N and D7R. A 

modest increase in percentage beta cell area and reduced beta cell apoptosis was also 

observed. The peptides decreased the percentage body fat (P<0.05 to P<0.01) as well 

as plasma triglycerides, cholesterol and LDL-cholesterol. HDL-cholesterol (P<0.05 to 

P<0.001) and bone mineral density or content were increased. There were no 

significant differences in insulin release from pancreatic islets isolated from peptide 

treated and saline treated HFF mice. Treatment with the peptides also increased 

expression of oxytocin mRNA and decreased vasopressin mRNA expression in the 

isolated islets (P<0.05 to P<0.01). Observations found with the analogues were 

comparable to exendin-4. Overall, analogue D7R was superior in its actions compared 

to the other two analogues. These results emphasize the potential of stable analogues 

of oxytocin for the treatment of type 2 diabetes.  
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7.2 INTRODUCTION  

Diabetes Mellitus is a chronic disorder characterized by two main aetiologies– 

Type 1 with autoimmune beta cell dysfunction and Type 2 diabetes with defects in 

both the secretion and action (Maraschin et al. 2010). There have been many attempts 

at developing different models of diabetes that are able to incorporate the pathogenesis 

of human diabetes mellitus. The autoimmune destruction of pancreatic beta cells is 

mimicked in various animal models of type 1 diabetes (King et al. 2012; Atkinson et 

al. 2014). These vary from chemical induction of beta cells using streptozotocin to the 

use of breeding colonies of rodents that develop genetically – induced autoimmune 

diabetes (King et al. 2012).  

Type 2 diabetes, on the other hand, is mainly associated with insulin resistance leading 

to beta cell stress and eventual demise (Stumvoll et al. 2010). The inability of the beta 

cell to compensate for this insulin insufficiency is replicated in genetically inherited 

and experimentally induced animal models of type 2 diabetes (King et al. 2012). 

Dietary induced - obesity is closely linked to type 2 diabetes and hence most of the 

current animal models are obese (Lutz & Woods 2012). High fat feeding is a good 

method to develop such an animal model of type 2 diabetes (Winzell & Ahren, 2004). 

Alternatively, obesity and related diabetes can be induced by mutations such as ob/ob, 

db/db, and fa/fa affecting the leptin system.  

High fat feeding leads to obesity, hyperinsulinaemia, insulin resistance and ultimately 

altered glucose homeostasis (Winzell & Ahren, 2004; Lynch et al. 2014; Pathak et al. 

2015). In this approach, the normal maintenance diet provided to the animals is 

exchanged for the high calorific food that derives about 58% of its energy from fat, in 

contrast to normal chow would have only an approximate 11% fat content. Winzell 

and Ahren (2004) also found that mice on the high fat diet weighed more than mice 

on a normal diet within a week. The weight gain leading to obesity is caused by an 

imbalance between increased energy intake and energy expenditure.  

Leptin modulates oxytocin levels activating oxytocin neurons in the hypothalamic 

paraventricular nucleus (Amri et al. 2015). This link between leptin, oxytocin and 

diabetes supports the proposal in this thesis that oxytocin may be useful in the 

treatment of disorders of glucose tolerance. Furthermore, earlier studies suggested that 
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peripheral oxytocin treatment decreased body weight, due to a decrease in fat mass, 

overcoming leptin deficiency or resistance (Amri et al. 2015).  Morton et al. (2012) 

demonstrated in rats that the peripheral administration of oxytocin reduced food intake 

and body weight in a dose-dependent fashion. This was found to be similar in both 

high fat and low-fat fed rats. The effect was similar in leptin-deficient KO-Letsky 

(fak/fak) rats resulting in almost normal body weights (Morton et al. 2012). Hence, 

these studies suggest that oxytocin evades leptin resistance and induces weight loss in 

DIO animals through neuronal activation (Morton et al. 2012). Chronic administration 

of oxytocin in high-fat diet induced obese rats resulted in a dose dependent decrease 

in body weight gain, an increase of adipose tissue lipolysis and an increase of fatty 

acid beta oxidation. The animals also showed improved glucose tolerance and insulin 

resistance. Thus, oxytocin might have a direct role in adipose tissue metabolism 

(Deblon et al. 2011).  

Research described in Chapters 3 and 4 of this thesis support the potential of analogues 

of oxytocin/vasopressin for the treatment of diabetes. Oxytocin and vasopressin 

showed positive results in in vitro and in vivo experiments as insulin secreting and 

blood glucose lowering agents along with appetite reducing properties. Although both 

peptides were effective, they have a very short circulating half-life as shown by our in 

vitro degradation studies using plasma. Chapter 5 described the design and 

characterization of oxytocin analogues derived from modifications in the oxytocin 

peptide. These modifications were made specific to sites recognized by degrading 

enzymes. Chapter 6 on the other hand concentrated on the design of hybrid peptides 

by replacing amino acids in oxytocin with vasopressin specific amino acid residues at 

positions 3 and 8.  The analogues designed were characterized and compared for their 

in vitro stability in plasma and insulinotropic properties in beta cell lines. The ability 

of these analogues to counter a glucose challenge in mice was observed along with 

their effects on feeding. These novel analogues were assessed and ranked according 

to their potential to elicit insulin secretion from both rodent and human beta cells. 3 of 

the analogues (2N, D7R and Ac8RO; Table 7.1) showed interesting properties with 

increased in vitro stability and better or similar insulin response as the native peptides. 

They also showed better glucose tolerance and reduction in feeding similar to the 

native peptides.  
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Hence, in the present Chapter, we hypothesize that more stable forms of oxytocin as 

well as a hybrid form of oxytocin and vasopressin, combine the antidiabetic actions of 

oxytocin and vasopressin. Through this study, we have examined the effects of twice-

daily administration of analogues 2N, D7R and the hybrid peptide Ac8RO in high-fat 

fed mice for 28 days. Exendin-4 was used as a positive control in this study. We have 

investigated the effects of these peptides on glucose tolerance along with insulin 

sensitivity and other factors including effects on body fat and bone density in high-fat 

fed mice.  

7.3 MATERIALS AND METHODS 

The general material and methods used in this Chapter have been described in Chapter 

2. Further brief details are given below. 

7.3.1 Peptides 

All peptides for the long-term high- fat fed mice study (Table 7.1) were acquired from 

Synpeptide Co. Ltd. (Shanghai). They were obtained as a lyophilized powder with a 

purity of 95%. Peptides were characterized by HPLC and MALDI – ToF MS as 

discussed in chapter 2 (Section 2.1.2-2.1.3). Oxytocin and vasopressin are made up of 

9 amino acids differing at positions 3 and 8. Analogue 2N has been designed by 

replacing the N – terminal cysteine in oxytocin with an acetylated form of the amino 

acid. Analogue D7R was designed by replacing cysteine at position 1 of oxytocin with 

a dextrorotatory form as well as changing amino acid at position 8 with a tyrosine 

residue. Hybrid peptide Ac8RO was designed by replacing the amino acid at position 

8 in oxytocin with arginine specific to vasopressin along with an acetylated cysteine 

at position 1.  

7.3.2 Insulin release from isolated mouse pancreatic islets 

As explained in Section 2.4, isolated pancreatic islets from mice were pre-incubated 

in 1.1 mM KRB buffer for 1 h. After 1h, the eppendorfs were centrifuged and the 

supernatant was decanted without dislodging the pellet containing the islets. The islets 

were then incubated with the peptides at both 10-8M and 10-6M for 1 h at 37oC. At the 
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end of incubation, the tubes were centrifuged, and supernatant collected for analysing 

insulin release. After removal of the supernatant, islets were left overnight in acid 

ethanol solution to obtain insulin content (Section 2.4.3). Insulin concentration was 

assayed as percentage of insulin content using radioimmunoassay (Section 2.5.2).  

7.3.3 Animals 

Long term studies were performed on high fat fed TO mice with the three chosen 

analogues 2N, D7R and Ac8RO (Envigo, 12-14 weeks, male). Each group in the study 

consisted of 7 to 8 individually caged mice as described previously in Section 2.12.  

They were fed high-fat diet for 120 days before starting the study. The blood glucose 

and body weight of the animals was monitored every day for the 120 days to assess 

the development of diabetes. The animals were subjected to glucose tolerance tests to 

determine the stage of onset of diabetes. The blood glucose and body weight 

measurements were used to group the animals.  

7.3.4 Experimental design 

TO mice were caged individually and started high-fat food as soon as they were 

received. Long term assessment was done by twice daily injections of the peptides 

(10.00 and 17.00h). This dose regime was decided based on the stability and longevity 

of the peptides studied in Chapters 3 and 4. Peptides were made up in saline vehicle 

(0.9% (w/v), NaCl). Peptides including exendin – 4; analogue 2N; analogue D7R and 

analogue Ac8RO were all injected for a period of 28 days. The animals were grouped 

into 5 different groups of study with the following treatments: Saline (control), 

exendin-4 (positive control), analogue 2N, D7R and Ac8RO.  

7.3.5 Metabolic parameters 

Body weight, cumulative food and fluid intake, non – fasting blood glucose and 

plasma insulin concentrations were monitored before 7 days to the start of the study 

and during the study at an interval of 3 - 4 days. On day 20, a non- fasted 24h blood 

glucose profile was conducted. To assess the effects of the long term administration 

of the peptides, intraperitoneal and oral glucose (18 mmol/kg) tolerance tests were 
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performed on day 22 and 25 respectively as mentioned in Section 2.18.2. On day 27, 

the high-fat fed mice were subjected to an insulin sensitivity test as mentioned in 

Section 2.18.3. All test solutions were administered with a final volume of 5 ml/kg 

body weight. Terminal analysis included DEXA scanning of the animals before their 

dissection. DEXA scanning was used to analyse bone mineral density, bone mineral 

content and percentage body fat. Pancreatic tissue was extracted for pancreatic insulin 

and glucagon content (Section 2.21 – 2.22). At the end of the study, the animals were 

culled, and pancreas was removed, and the islets were cultured. These islets were used 

to perform an acute insulin release test in the presence of known modulators of insulin 

such as alanine (10 mM), KCl (30 mM), arginine (10 mM), as well as peptides such 

as GLP-1, GIP, oxytocin, and the treatment peptide as described in Section. These 

islets were also used to check the expression of genes for hormones and receptors 

using RT-PCR (Section 2.10.2).  

7.3.6 Biochemical Analysis 

Blood was collected from the cut tip of the tail vein of conscious mice into chilled 

fluoride/heparin microfuge tubes (Sarstedt, Germany). This was done at different time 

points as indicated in the Figures. Plasma was collected from the collected blood by 

centrifugation and stored for further analysis. Plasma insulin analysed using 

radioimmunoassay. Plasma glucagon was analysed using chemiluminescent glucagon 

ELISA.  Terminal plasma was also used to analyse levels of triglycerides, cholesterol, 

HDL and LDL (Section 2.20). Amylase activity and alanine aminotransferase activity 

was measured using individual kits as described in Section 2.23.  

7.3.7 Statistical analysis 

GraphPad PRISM (Version 5) was used to perform statistical analysis. Results are 

expressed as means ± SEM. Data were compared using unpaired Student t-test where 

appropriate. Repeated measure and grouped analysis was done using ANOVA 

followed by the student – Newman-Keuls post – hoc test. Area under the curve was 

analysed using the trapezoidal rule with baseline subtraction. Data were considered to 

be significant in comparison if P<0.05.  
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7.4 RESULTS 

7.4.1 Peptide purity and characterization 

Peptide purity was confirmed using RP- HPLC to obtain a sharp resolved peak at the 

retention times mentioned in the tabular column. The experimental molecular masses 

of the peptides were found to be close to the theoretical masses as established by the 

MALDI-TOF MS (Chapters 5 and 6).  

7.4.2 Acute effects of analogues on insulin release from isolated pancreatic islets 

from male and female mice 

Pancreatic islets were isolated from both male and female C57Bl/6 mice and exposed 

to different treatments for 1 h. The resulting insulin release was analysed. Insulin 

secretion was significantly increased by exendin-4 from islets of both males and 

females. There was a significant dose dependent insulin release with the peptide 

treatments at both 10-8M and 10-6M (P<0.05 to P<0.001; Figure 7.1). There was an 

increase in insulin release between isolated pancreatic islets from male and female 

mice when treated with the different peptides (Table 7.2, Figure 7.1). 

7.4.3 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on metabolic indices in high-fat fed mice 

The results are indicated for the first 21 days since various tolerance tests were done 

after, however peptides were continued to be administered for 28 days. All high-fat 

fed mice expressed significantly increased body weight compared to mice on normal 

diet (6 ± 1g vs lean 2 ± 0.4g; P <0.01). Twice daily administration of the analogues 

showed a significant decrease in body weight compared to saline-treated animals 

(P<0.05 to P<0.001) as seen in Figure 7.2. The body weight change was significant 

with analogue Ac8RO (P<0.001) compared to the others (P<0.05 to P<0.01).  There 

was also a decrease in cumulative energy intake from day 16 onwards (P<0.05 to 

P<0.01; Figure 7.3A) with the administration of the analogues when compared to 

saline-treated animals. There was no significant change in fluid intake, although a 

noteworthy increase was seen with analogue Ac8RO (P<0.01) compared to the other 

peptides on days 19 (P<0.05) and 22 (P<0.01) (Figure 7.3B). In contrast, there was a 
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sustained decrease in non-fasting blood glucose levels in all treatment groups (P<0.05 

to P<0.01), along with decreased plasma insulin concentrations (P<0.05 to P<0.01; 

Figure 7.4). This was in agreement with the 24h non- fasting blood glucose profile 

where, all peptides were successful in maintaining a lower blood glucose compared to 

the saline-treated controls (P<0.05 to P<0.01; Figure 7.8). All treatment groups also 

showed significantly (P<0.01) decreased non – fasting insulin concentrations 

compared to the saline controls from day 3, besides analogue 2N. There was no 

significant change in plasma glucagon levels with exendin-4 and analogues 2N and 

D7R, although there was a significant decrease with analogue Ac8RO (40%; P<0.05) 

compared to saline-treated control. 

7.4.4 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on glucose tolerance and insulin releasing capability in high fat fed mice 

Administration of oxytocin analogues or exendin-4 on day 23, significantly improved 

glucose tolerance compared to the high-fat saline controls (Figure 7.5-7.6). 

Correspondingly plasma insulin levels were significantly (P<0.05) higher 30 min after 

glucose challenge. Overall plasma insulin AUC levels were also significantly 

increased in the treatment groups after intraperitoneal  (P<0.05 to P<0.01; Figure 7.5) 

or oral glucose challenge (Figure 7.6). Incretin effect was calculated based on overall 

blood glucose and plasma insulin response to intraperitoneal and oral glucose 

challenges. There was no significant difference in the incretin effect with respect to 

the blood glucose levels compared to saline treatment (Figure 7.7A). As shown in 

Figure 7.7B, plasma insulin levels, on the other hand, showed a significant incretin 

effect with exendin-4 (P<0.001); analogue 2N and D7R (P<0.01).  

7.4.5 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on insulin sensitivity and pancreatic hormone content in high-fat fed mice 

As seen in Figure 7.9, blood glucose levels were significantly reduced (P<0.05) soon 

after an exogenous insulin challenge. This reduction was sharp from 0 to 30 min after 

which it became steady until 60 min. A similar pattern was seen with exendin-4 

(P<0.01) and each of the analogue treatments (P<0.05). HOMA analysis indicated a 

significant reduction in insulin resistance with the treatment groups (P<0.05 to 
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P<0.001; Figure 7.9C). Exendin-4 showed a reduction in HOMA-IR values by 53%, 

while analogues 2N, D7R and Ac8RO showed about 30%, 46% and 47% respectively.  

The pancreatic insulin content was decreased significantly with cell treatment 

groups P<0.05 to P<0.01; Figure 7.10B), except analogue 2N. Overall pancreatic 

glucagon content in mice treated with exendin-4 (57%), analogues 2N (54%) and D7R 

(54%) was significantly reduced compared to control (P<0.05 to P<0.01). With 

analogue Ac8RO the pancreatic glucagon content was comparable to saline control 

(Figure 7.10C). Figure 7.10D shows the significantly increased ratio of glucagon to 

insulin content by Ac8RO in the pancreas (P<0.001).  

7.4.6 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on circulating lipids in high-fat fed mice  

There was a significant decrease (P<0.01) in plasma triglycerides levels with 

analogues D7R and Ac8RO as seen in Figure 7.11A. All treatment groups also 

efficiently lowered total cholesterol levels compared to the saline-treated animals 

(P<0.05; 20-26%; 7.11B). Increased levels of LDL-cholesterol is unhealthy, but the 

oxytocin analogues lowered LDL-cholesterol levels significantly (P<0.05 to P<0.01; 

Figure 7.11D) in contrast good HDL-cholesterol levels were significantly increased 

(P<0.05 to P<0.001; Figure 7.11C). As seen in the Figure 7.11D, treatment with 

exendin-4 did not induce any noteworthy changes in LDL-cholesterol levels, although 

it did significantly (20%; P<0.01) increase HDL-cholesterol levels compared to saline 

treated HFF mice. 

7.4.7 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on bone mineral density, bone mineral content and body fat in high fat fed mice 

There was a considerable increase in bone mineral density with the oxytocin analogues 

as depicted in the Figure 7.12. There was a particularly prominent increase with 

exendin-4 (7%) and analogue 2N (8.5%, P<0.01) compared to the other two analogues 

(P<0.05; Figure 7.13A). Bone mineral content was significantly increased (P<0.05) 

with all treatment groups compared to saline treated mice (Figure 7.13B). There was 

no noteworthy change in the lean body mass (Figure 7.14A), while there was a 
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significant decrease in body fat with all peptide analogues including exendin-4 

(P<0.01; Figure7.14B -7.14C).  

7.4.8 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on amylase and alanine aminotransferase activity 

Elevated plasma amylase levels indicate signs of pancreatitis. Treatment with exendin-

4 and the analogues seemed to increase amylase activity significantly (P<0.01 to 

P<0.001; Figure 7.15A) compared to saline treated animals. On the other hand, alanine 

aminotransferase, an enzyme used to estimate liver health was significantly reduced 

by exendin-4, analogue Ac8RO and analogue D7R (P<0.01 to P<0.001; Figure 7.15B). 

Surprisingly, analogue 2N showed increased alanine aminotransferase activity which 

was comparable to saline treated animals.  

7.4.9 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on insulin release from pancreatic islets 

Pancreatic islets were isolated from animals treated for 28 days with either exendin-4 

or the analogues and in vitro insulin release was determined. As seen in Figure 7.16, 

there was no significant change in insulin release at 16.7mM or with alanine (10 mM) 

from peptide treated islets compared to saline treated controls. There was a significant 

increase (P<0.05) in insulin secretory response to KCl (30 mM) in exendin-4 treated 

animals. Interestingly, there was a significant increase in insulin release in the 

presence of GLP-1 (10-6M), GIP (10-6M) and exendin-4 (10-6M) with exendin-4 

treated animals. Similarly, there was an increase in insulin release following treatment 

with analogue 2N (10-6M) (P<0.05; Figure 7.16B). Analogue D7R treated islets also 

showed a significant increase in insulin release in the presence of GLP-1 (10-6M), 

oxytocin (10-6M) and analogue D7R (10-6M) (P<0.05) (Figure 7.17A). There were no 

significant differences in insulin release with Ac8RO treated islets when compared to 

saline controls under any condition (Figure 7.17B).  
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7.4.10 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on the expression of hormones and receptors  

As seen in Figure 7.18, gene expression for various hormones and receptors was 

measured using RT-PCR. There was a significant decrease in insulin mRNA 

expression of insulin with exendin-4 treated islets (P<0.05; Figure 7.18A). This was 

not observed with the other peptides. Another interesting observation was the increase 

of oxytocin mRNA in exendin-4 and analogue treated pancreatic islets. There was also 

a significant decrease in vasopressin mRNA expression with exendin-4 treated islets. 

Interestingly, the expression of the oxytocin receptor decreased significantly (P<0.05) 

with analogue D7R and exendin-4 with no difference in other groups. There was a 

considerable increase in V1a receptor expression with analogue 2N (P<0.01) and a 

corresponding decrease with exendin-4 (P<0.01). There were no significant 

differences in expression of other genes such as glucagon, GIP, V2 receptor, GLP-1R 

and GIPR (Figure 7.18B).  

7.4.11 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on islet morphology in high-fat fed mice 

High fat fed mice exhibited an increased islet area as seen in Figure 7.20A. Islet area 

was greatly reduced with exendin-4 (33%, P<0.05), analogues 2N (35%, P<0.05), 

D7R (43%, P<0.01) and Ac8RO (53%, P<0.001). Beta cell area was significantly 

decreased compared to saline with exendin-4, D7R and Ac8RO (P<0.05 to P<0.001; 

Figure 7.20B) supported by the decrease in percentage beta cell area (7.21A). There 

was a significant decrease in alpha cell population with analogue 2N (P<0.01) and 

D7R (P<0.05; Figure 7.20C). Similarly, there were no significant changes in the 

percentage alpha cell area with the treatments except for analogue 2N that induced a 

substantial decrease (P<0.05; Figure 7.21B). Beta to alpha cell ratio was increased 

significantly with analogue 2N (P<0.05; Figure 7.20D) compared to saline treated 

controls while it was decreased significantly with the other treatments (P<0.05 to 

P<0.001).  The number of islets per mm2 pancreas was found comparable to saline 

treated controls, although analogue D7R did show a significant decrease (P<0.05; 

Figure 7.22A-7.22B).  
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7.4.12 Effects of twice daily administration of exendin-4 and oxytocin analogues 

on proliferation and apoptosis in high-fat fed mice 

Representative images (Figure 7.23-24) show a significant reduction in proliferating 

beta and alpha cells with all the treatments compared to saline controls (P<0.05 to 

P<0.001; Figure 7.25). The decrease in alpha cell proliferation was not as significant 

with analogue Ac8RO (P<0.05) when compared to the other analogues (P<0.01 to 

P<0.001; Figure 7.25B). As can be seen in Figures 7.26A and 7.27A, there was also a 

significant reduction in apoptotic beta cells with the peptides except for analogue 2N 

(P<0.01 to P<0.001). The percentage of islets with apoptotic alpha cells increased with 

the treatments (P<0.05 to P<0.01; Figure 7.28B) except in the case of Ac8RO.  

7.5 DISCUSSION 

Oxytocin is involved in a crucial set of neuropsychiatric activities such as memory, 

learning, sexual behaviour and social behaviour (Donaldson et al. 2008; Blevins et al. 

2013; Cai et al. 2013; Castro et al. 2013; Gil et al. 2013; Sarnyai et al. 2014). 

Interestingly, oxytocin has also been suggested to be involved in metabolism and 

obesity. Chapter 3 of this thesis examined the positive effects of oxytocin in lowering 

blood glucose and increasing insulin release. The peptide also showed increased beta 

cell proliferation and afforded protection from stress-induced beta cell death. 

Similarly, Vasopressin has been explored in biological systems as an anti-diuretic 

hormone. However, interestingly it also appears to be linked to diabetes and obesity. 

Our experiments involving vasopressin in Chapter 4 have shown promising results of 

the peptide as an anti-diabetic hormone. Oxytocin and vasopressin, therefore, appear 

to exhibit excellent potential for the treatment of diabetes and obesity by suppression 

of appetite and lowering blood glucose.  

The biological effects by these two neuropeptides were however shown to be short-

lived due to enzymatic degradation in circulation and clearance by liver and kidneys 

(Fjellestad-Paulsen et al. 1995). Results from Chapter 5 and 6 reveal promising new 

oxytocin analogues and vasopressin-based hybrid peptides that exhibit better plasma 

stability than the native peptide. Specific modifications made to oxytocin led to better 

insulin secretion in rodent and human beta cells. These analogues also showed 
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considerable suppression of appetite similar to oxytocin indicating a possible role for 

the treatment of obesity.  

On the basis of the results presented in previous Chapters, we were able to select the 

three best analogues 2N, D7R and Ac8RO, in terms of plasma stability, in vitro insulin 

release, in vivo glucose tolerance as well appetite suppression. In this Chapter, we have 

examined the metabolic effects of two stable analogues of oxytocin (2N and D7R) and 

one vasopressin-based hybrid peptide (Ac8RO), in combatting the effects of diet-

induced T2DM. Hence, we monitored the effect of twice daily administration of the 

three peptides along with a positive control exendin-4 for various parameters through 

the study.  

Over the 28 days of study, we observed a sustained improvement in glycaemic control 

in all the peptide treated groups when compared to the HFF saline treated controls. 

Non-fasting blood glucose was reduced along with a decrease in plasma insulin 

concentration. There was a significant reduction in body weight seen in conjunction 

with a significant reduction in appetite over the period of the study. This is consistent 

with previous studies where both oxytocin and vasopressin have reduced food intake 

in mice and other animals (Meyer et al. 1989; Deblon et al. 2011; Chaves et al. 2013; 

Blevins et al. 2014; Lawson et al. 2015; Seelke et al. 2018). Oxytocin or oxytocin 

receptor deficiency in mice has been shown to result in late-onset obesity with a 

decrease in energy consumption (Takayanagi et al. 2008).  It was also observed that 

the administration of exendin-4 reduced the fluid intake while treatment with the 

analogues seemed to increase fluid intake. Analogue Ac8RO showed a more 

significant increase in water intake possibly due to its vasopressin heritage. A recent 

study showed that low water intake in people with T2DM acutely impaired blood 

glucose response during an oral glucose tolerance (Johnson et al. 2017). Thus, an 

improvement in the fluid intake shown by the administration of the peptides was seen 

to be beneficial. 

Administration of the analogues also improved many of other metabolic factors 

compared to saline treated HFF mice. An intraperitoneal and oral glucose challenge 

showed a significant decrease in blood glucose in the peptide treated animals with a 

consistent increase in plasma insulin concentration (Klement et al. 2017). Ac8RO 

showed better glucose lowering effects than exendin-4. Assessment of the incretin 
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effect showed a significant change in plasma insulin levels. There were other benefits 

of these analogues as well, such as an increase in beneficial HDL levels with a 

significant reduction in LDL-cholesterol, cholesterol and triglycerides (Gimpl et al. 

2002). Exendin-4 surprisingly showed high LDL-cholesterol levels although it did 

increase HDL-cholesterol levels. These results correlate with previous studies that 

have explored the effects of oxytocin and vasopressin in increasing lipid and adipose 

tissue metabolism (Altirriba et al. 2014; Nakamura et al. 2017).  

It was also found that treatment with these analogues and exendin-4 increased the bone 

mineral density and bone mineral content in these HFF animals. This was supported 

by previous studies wherein oxytocin has been known to control the fine balance 

between adipocyte and osteoblast (Zhang et al. 2013; Amri et al. 2015). Hence, it has 

been suggested that oxytocin could be used as a novel diagnostic marker for bone 

related diseases (Amri et al. 2016). Previous studies also suggest a decrease in the 

circulating levels of oxytocin and increased copeptin levels to be markers of T2DM 

(Enhörning et al. 2013; Qian et al. 2014). We have found that our treatments 

significantly increased expression of oxytocin and decreased the expression of 

vasopressin, compared to saline treated animals suggesting an improvement in the 

glucose metabolism.  

Our results also showed no receptor desensitization with the peptide treatments. This 

was in accordance with the higher insulin sensitivity and lower HOMA ratios for 

insulin resistance with the peptide treatments (Deblon et al. 2011). Like exendin-4, 

the analogues had a tendency to increase amylase. Studies have earlier reported the 

increase in amylase activity due to possible pancreatitis, as a result of treatment with 

GLP-1 mimetics (Mondragon et al. 2014). Alanine aminotransferase activity was low 

with the peptide treatments compared to saline, except in the case of analogue 2N 

which needs to be confirmed. Low alanine aminotransaminase enzyme indicates no 

harmful effects on the liver (Kim et al. 2008). The observation with analogue 2N could 

be related to a previous study where administration of oxytocin in ob/ob mice 

worsened the basal glycaemia and glucose tolerance, due to the stimulation of hepatic 

gluconeogenesis (Altirriba et al. 2014).   

From Chapter 6 we know that analogue Ac8RO worked through the V1a and V1b 

receptors. It is thus possible that sustained activation of the V1a receptors led to the 
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increased pancreatic glucagon content (Nakamura et al. 2017). Administration of 

exendin-4 and D7R decreased pancreatic insulin content effectively, with a significant 

decrease in glucagon, counteracting the effect of the high-fat feeding (Lutz & Woods, 

2012). This was supported by a decreased beta and alpha cell area plus reduced beta 

cell death and proliferation. At the same time, alpha cell death was significantly 

increased and proliferation was decreased explaining the decrease in alpha cell mass. 

These results probably can be understood better with recent reports by Tersey et al. 

(2018), where the loss of beta cell mass or increase beta cell death apoptosis or 

dedifferentiation was found to drive the progression of type 2 diabetes from obesity.  

It was interesting to note three different patterns of action with the analogues. 

Analogue 2N increased beta cell area while reduced alpha cell area. Analogue D7R 

decreased both beta and alpha cell area, while analogue Ac8RO reduced beta cell area, 

increased alpha cell area and alpha cell proliferation in the islets of Ac8RO treated 

mice. This change in turnover of beta and alpha cells led to significant suppression of 

islet area. Plasma glucagon levels were reduced with analogue D7R and Ac8RO, 

although not significantly with exendin-4 and analogue 2N. Regarding the effects of 

analogue 2N, it probably improved blood glucose control by increasing insulin 

sensitivity. Analogue D7R significantly reduced insulin and glucagon secretion. 

Analogue Ac8RO, on the other hand, decreased pancreatic insulin content and 

increased pancreatic glucagon content. 

This study hence describes the capabilities of longer acting analogues of oxytocin and 

vasopressin based hybrid peptides for the treatment of T2DM. The analogues have 

shown a clear improvement by lowering blood glucose and increasing insulin 

sensitivity in beta cells as well as reducing the overall cholesterol and fat content in 

high fat fed animals. The actions of the analogues were as effective as exendin-4. Thus, 

this work provides insights into newer prototypes for peptide-based strategies for the 

treatment of T2DM.  
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Table 7.1: Structure of selected analogues of oxytocin and vasopressin based – 

hybrid peptide 

** - disulphide linkage 

 

Table 7.2: Insulin release by the peptides from male and female isolated mice 

pancreatic islets  

 

 

Isolated pancreatic mouse islets were incubated with the peptide at 16.7 mM glucose 

for 1h. The supernatant was collected and analysed for insulin using 

radioimmunoassay. Values are Mean ± SEM (n=4). * P< 0.01, ** P<0.05 and *** 

P<0.001 compared to 16.7 mM glucose alone. 

 

Group 
Agent of 

administration 

Structure Molecular weight 

(g/mol) 

1 Oxytocin C*YIQNC*PLG-NH2 1008.9 

2 Vasopressin C*YFQNC*PRG-NH2 1084.26 

3 Analogue 2N Ac-C*YIQNC*PLG-NH2 1049.26 

4 Analogue D7R (D-C)YIQNCYLG-NH2 1075.28 

5 Analogue Ac8RO Ac-C*YIQNC*PRG-NH2 1092.28 

Conditions 
10-8M (%total insulin 

content) 
10-6M (%total insulin content) 

 Male Female Male Female 

Control  

(no peptide) 
2.9 ± 0.5 4.2 ± 0.4 2.9 ± 0.5 4.2 ± 0.4 

Exendin-4   6.9 ± 0.8 ***  11.9 ± 2.6*** 

Oxytocin 
5.4 ± 0.3 

*** 
8.4 ± 1.9 * 8.5 ± 0.7 *** 9.4 ± 1.3 *** 

2N 6 ± 1.4 6.5 ± 0.9 * 7.7 ± 1.2 * 9.9 ± 1.8 ** 

D7R 4.6 ± 0.4 * 8.1 ± 1.8 * 8.3 ± 0.9*** 11.7 ± 1.6 *** 

Ac8RO 
6.5 ± 0.5 

*** 
9.7 ± 1.2 *** 12.3 ± 1.9 ** 15 ± 2.4 *** 
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Figure 7.1: Effect of oxytocin analogues and exendin-4 on insulin release from 

(A) male and (B) female isolated mice pancreatic islets 
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Isolated pancreatic mouse islets were incubated with the peptide at 16.7 mM glucose 

for 1 h. The supernatant was collected and analysed for insulin using 

radioimmunoassay. Values are Mean ± SEM (n=4). * P< 0.01, ** P<0.05 and *** 

P<0.001 compared to 16.7 mM glucose alone. Δ P< 0.01, ΔΔ P<0.05 and ΔΔΔ 

P<0.001 compared to insulin release at 10-8M. 
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Figure 7.2: Long-term effects of oxytocin analogues and exendin-4 on (A) body 

weight and (B) weight loss in high fat fed mice 

 (A) 

0 5 10 15 20 25
40

45

50

55

60

High - fat fed control (saline)

High - fat fed (Exendin - 4 treated)

High - fat fed (Analogue 2N treated)

* *

High - fat fed (Analogue D7R treated)

High - fat fed (Analogue Ac8RO treated)

Days

B
o

d
y 

w
e

ig
h
t 
(g

)

 

(B) 

-5

0

5

10

High - fat fed control (saline)
High - fat fed (Exendin - 4 treated)

High - fat fed (Analogue 2N treated)

**

*

High - fat fed (Analogue D7R treated)

High - fat fed (Analogue Ac8RO treated)

*****C
h
a
n
g

e
 in

 b
o

d
y 

w
e

ig
h
t 
(g

)

 

 

High fat fed mice were administered peptides (25nmol/kg, i.p.) twice daily. The 

metabolic indices – body weight was measured throughout the study. Values are Mean 

± SEM (n=8). * P< 0.05, ** P< 0.01 and *** P< 0.001 compared to high- fat fed 

control. 
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Figure 7.3: Long-term effects of oxytocin analogues and exendin-4 on (A) 

cumulative energy intake and (B) fluid intake in high fat fed mice 
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High fat fed mice were administered peptides (25nmol/kg, i.p.) twice daily. The 

metabolic indices – energy and fluid intake were measured throughout the study. 

Values are Mean ± SEM (n=8). * P< 0.05, ** P< 0.01 and *** P< 0.001 compared to 

high- fat fed control.  
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Figure 7.4: Long-term effects of oxytocin analogues and exendin-4 on (A, B) 

blood glucose, (C, D) plasma insulin and (E) glucagon as line graph and area 

under the curve in high fat fed mice 
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High fat fed mice were administered peptides (25 nmol/kg, i.p.) twice daily. Blood 

glucose was measured on alternate days throughout the study. Plasma was collected 

on alternate days throughout the study and analysed. Values are Mean ± SEM (n=8). 

* P< 0.05 and ** P< 0.01 compared to high- fat fed saline control. 
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Figure 7.5: Long-term effects of oxytocin analogues and exendin-4 on (A, B) 

blood glucose and (C, D) plasma insulin following intraperitoneal glucose 

administration in high fat fed mice  
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Blood glucose was measured prior to and after intraperitoneal or oral administration 

of glucose alone (18 mmol/kg body weight, control) in mice fed with high-fat diet. 

The mice were fasted overnight the previous day of the glucose tolerance test. Plasma 

was collected prior to and after intraperitoneal administration of glucose alone (18 

mmol/kg body weight, control) in mice fed with high-fat diet. The collected plasma 

was then analysed to measure insulin using radioimmunoassay. Values are Mean ± 

SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 compared to saline control.  
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Figure 7.6: Long-term effects of oxytocin analogues and exendin-4 on (A, B) 

blood glucose and (C, D) plasma insulin following oral glucose administration to 

high fat fed mice  
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Blood glucose was measured prior to and after oral administration of glucose alone 

(18 mmol/kg body weight, control) in mice fed with high-fat diet. The mice were 

fasted overnight the previous day of the glucose tolerance test. Plasma was collected 

prior to and after oral administration of glucose alone (18 mmol/kg body weight, 

control) in mice fed with high-fat diet. The collected plasma was then analysed to 

measure insulin using radioimmunoassay. Values are Mean ± SEM for 8 mice. ** P< 

0.01 and *** P< 0.001 compared to saline control.  
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Figure 7.7: Long-term effects of oxytocin analogues and exendin-4 on incretin 

effect following glucose administration to high fat fed mice fed  
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Blood glucose and plasma insulin were measured prior to and after intraperitoneal / 

oral administration of glucose alone (18 mmol/kg body weight, control) in mice fed 

with high-fat diet. The data was analysed to decipher the incretin effect. Values are 

Mean ± SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 compared to saline 

control. 
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Figure 7.8: 24h effect of twice-daily administration of oxytocin analogues and 

exendin-4  on blood glucose  
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. Their 

blood glucose was checked over a 24h period. Values are Mean ± SEM for 8 mice. * 

P < 0.05, ** P < 0.01 and ***P < 0.001 compared to high- fat fed control. The blood 

glucose measurements were taken at 6pm before the injection, after the injection, 

10pm, following day 10am, 3pm, and 6pm. 
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Figure 7.9: Long-term effects of oxytocin hybrid analogues and exendin-4 on 

insulin sensitivity expressed as (A, B) blood glucose concentrations and (C) 

HOMA-IR  
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Blood glucose was measured prior to and after intraperitoneal administration of insulin 

(25 IU/kg body weight in mice fed with high-fat diet. Blood was collected for HOMA-

IR. Values are Mean ± SEM for 6 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 

compared to saline control. 
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Figure 7.10: Long term effects of twice-daily administration of oxytocin 

analogues and exendin-4 on (A) pancreatic weight (B) pancreatic insulin content, 

(C) pancreatic glucagon content and (D) pancreatic glucagon to insulin content 

ratio in high fat fed mice  
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. 

Pancreatic tissue was collected at the end of the study for hormone content. Values are 

Mean ± SEM for 4 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 compared to high- 

fat fed control. 
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Figure 7.11: Effects of twice-daily administration of oxytocin analogues and 

exendin-4 on (A) triglycerides, (B) total cholesterol, (C) HDL-cholesterol and (D) 

LDL-cholesterol in high fat fed mice 
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High fat fed mice were administered peptides (25 nmol/kg, i.p.) twice daily. The 

plasma was collected at the end of the study and measured for the above-mentioned 

components. Values are Mean ± SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 

0.001 compared to high- fat fed control. 
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Figure 7.12: Representative DXA scan of a high-fat fed mice (A) saline treated, 

(B) exendin – 4 treated (C) analogue treated 
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Figure 7.13: Effects of twice-daily administration of oxytocin analogues and 

exendin-4 on (A) bone mineral density, (B) bone mineral content and (C) bone 

area in high fat fed mice  
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High fat fed mice were administered peptides (25 nmol/kg, i.p.) twice daily. DXA 

analysis was done on the X-ray images collected at the end of the study and measured 

for the above mentioned components. Values are Mean ± SEM for 8 mice. * P< 0.05 

and ** P< 0.01 compared to high- fat fed control. 
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Figure 7.14: Effects of twice-daily administration of oxytocin analogues and 

exendin-4 on (A) lean body mass, (B) body fat and (C) total body fat in high fat 

fed mice  
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High fat fed mice were administered peptides at 25nmol/kg, i.p. twice daily. DXA 

analysis was done on the X-ray images collected at the end of the study and measured 

for the above-mentioned components. Values are Mean ± SEM for 8 mice. * P< 0.05 

and ** P< 0.01 compared to high- fat fed control. 
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Figure 7.15: Effect of twice-daily administration of oxytocin analogues and 

exendin-4 on (A) amylase activity and (B) alanine aminotransferase activity on 

high fat fed mice 
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. Plasma 

was collected at the end of the study and analysed for amylase and alanine 

aminotransaminase activity. Values are Mean ± SEM for 8 mice. ** P< 0.01 and *** 

P< 0.001 compared to high- fat fed control. 
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Figure 7.16: Effects of twice-daily administration of (A) exendin-4 and (B) 

analogue 2N on insulin release from isolated islets from mice fed on a high-fat 

diet 
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At the end of the study, pancreatic islets were isolated and cultured from the HFF 

treated animal groups. The islets were incubated with the conditions at 16.7 mM 

glucose for 1 h. The supernatant was collected and analysed for insulin using 

radioimmunoassay. Values are Mean ± SEM (n=4). * P< 0.05, ** P<0.01 and *** 

P<0.001 compared to 16.7 mM glucose alone. Δ P<0.05, ΔΔ P<0.01 and ΔΔΔ P<0.001 

compared to saline treated.  
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Figure 7.17: Effects of twice-daily administration of (A) analogue D7R and (B) 

analogue Ac8RO on insulin release from isolated islets from high fat fed mice  
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At the end of the study, pancreatic islets were isolated and cultured from the HFF 

treated animal groups. The islets were incubated with the conditions at 16.7 mM 

glucose for 1 h. The supernatant was collected and analysed for insulin using 

radioimmunoassay. Values are Mean ± SEM (n=4). * P< 0.05, ** P<0.01 and *** 

P<0.001 compared to 16.7 mM glucose alone. Δ P<0.05, ΔΔ P<0.01 and ΔΔΔ P<0.001 

compared to saline treated.  
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Figure 7.18: Long term effects of twice-daily administration of oxytocin 

analogues and exendin-4 on expression of different genes (A) hormones and (B) 

receptors in pancreatic islets isolated from high fat fed mice  
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High fat fed mice were administered peptides at 25nmol/kg, i.p. twice daily. Values 

are Mean ± SEM for n=3. * P< 0.05 and ** P< 0.01 compared to high- fat fed control. 
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Figure 7.19: Representative islets showing insulin (red) and glucagon (green) immunoreactivity from (A) saline treated, (B) 

Exendin – 4 treated, (C) Analogue 2N treated, (D) Analogue D7R treated and (E) Analogue Ac8RO treated mice 
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Figure 7.20: Effects of twice-daily administration of oxytocin analogues and 

exendin-4 on (A) islet area, (B) beta cell area, (C) alpha cell area and (D) beta: 

alpha cell area ratio in high fat fed mice  
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. 

Pancreatic tissue was collected and stained for insulin and glucagon. The islets were 

analysed. Values are Mean ± SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 

compared to high- fat fed control. 
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Figure 7.21: Long term effects of twice-daily administration of oxytocin 

analogues and exendin-4 on (A) beta cell area % and (B) alpha cell area % in 

high fat fed mice  
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. 

Pancreatic tissue was collected and stained for insulin and glucagon. The islets were 

analysed. Values are Mean ± SEM for 8 mice. * P< 0.05 compared to high- fat fed 

control. 
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Figure 7.22: Long term effects of twice-daily administration of oxytocin 

analogues and exendin-4 on (A) number of islets and (B) islet size distribution in 

high fat fed mice  
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High fat fed mice were administered peptides at 25 nmol/kg, i.p. twice daily. 

Pancreatic tissue was collected and stained for insulin and glucagon. The islets were 

analysed. Values are Mean ± SEM for 8 mice. * P< 0.05 compared to high- fat fed 

control. 
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Figure 7.23: Representative islets showing Ki67 (red) and glucagon (green) immunoreactivity from, (A) high-fat fed control, (B) 

Exendin – 4 treated, (C) analogue 2N, (D) analogue D7R and (E) analogue Ac8RO treated mice 
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Figure 7.24: Representative islets showing Ki67 (red) and glucagon (green) immunoreactivity from (A) high-fat fed control, (B) 

Exendin – 4 treated, (C) analogue 2N, (D) analogue D7R and (E) analogue Ac8RO treated mice 
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Figure 7.25: Long term effects of twice-daily administration of oxytocin 

analogues on (A) beta cell and (B) alpha cell proliferation in high fat fed mice  
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High fat fed mice were administered peptides at 25nmol/kg, i.p. twice daily. Pancreatic 

tissue was collected and stained for Ki67 (proliferation) and glucagon. The islets were 

analysed. Values are Mean ± SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 

compared to high- fat fed control. 
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Figure 7.26: Representative islets showing insulin (red) and TUNEL (green) immunoreactivity from (A) high-fat fed control, (B) 

Exendin – 4 treated, (C) analogue 2N treated, (D) analogue D7R treated and (E) analogue Ac8RO treated mice 
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Figure 7.27: Representative islets showing glucagon (red) and TUNEL (green) immunoreactivity from (A) high-fat fed control, 

(B) Exendin – 4 treated, (C) analogue 2N treated, (D) analogue D7R treated and (E) analogue Ac8RO treated mice 
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Figure 7.28: Long term effects of twice-daily administration of oxytocin 

analogues on (A) beta cell and (B) alpha cell apoptosis in high fat fed mice  
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High fat fed mice were administered peptides at 25nmol/kg, i.p. twice daily. Pancreatic 

tissue was collected and stained for TUNEL (apoptosis) and insulin. The islets were 

analysed. Values are Mean ± SEM for 8 mice. * P< 0.05, ** P< 0.01 and *** P< 0.001 

compared to high- fat fed control. 
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Chapter 8 

Protective effects of liraglutide and analogue Ac8RO 

against induced beta cell dysfunction in transgenic 

Ins1CRE/+;ROSA26 - eYFP mice with diabetes 
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8.1 SUMMARY 

Recent lineage tracing studies have enlightened the intricacies of cellular identity in 

the islets of Langerhans during times of metabolic stress and diabetes. The importance 

of maintenance of beta cell mass led to evaluation of transdifferentiation between beta 

and alpha cells using the Cre-Lox recombinase system. We evaluated the potential 

protective effects of liraglutide and analogue Ac8RO (Ac-C*YIQNC*PRG-NH2) 

against streptozotocin and hydrocortisone induced beta cell dysfunction in transgenic 

Ins1CRE/+;ROSA26 - eYFP mice. Liraglutide or Ac8RO were administered twice daily 

for a period of 12 days alongside low dose streptozotocin or hydrocortisone injection 

for 5 or 7 days respectively. Liraglutide and analogue Ac8RO both combated the 

diabetic phenotype. The peptides successfully increased plasma (P<0.05 to P<0.01) 

and pancreatic insulin (P<0.001) while reducing glucagon levels (P<0.05) when 

compared to streptozotocin treatment alone. They also combated the increase in 

plasma insulin levels induced by hydrocortisone. Although liraglutide did not change 

pancreatic insulin levels, an increase was observed in hydrocortisone mice treated with 

analogue Ac8RO (P<0.01). Immunohistochemical staining revealed positive effects 

of both peptides on islet structure including increases in islet and beta cell area 

(P<0.01) in streptozotocin treated mice and reductions (P<0.05 to P<0.01) after 

hydrocortisone treatment. In both models of diabetes, liraglutide and Ac8RO 

decreased the percentage of islets with GFP positive beta cells expressing glucagon 

(P<0.01 to P<0.001) or lacking insulin (P<0.05). The peptides also increased the 

expression of insulin in GFP negative non-beta cells (P<0.01). Evaluation with ductal 

cell markers showed possible transdifferentiation for the compensation of beta cell 

damage and death. This study demonstrates the ability of liraglutide and Ac8RO to 

prevent dedifferentiation or death of beta cells and motivating alpha cells and other 

endocrine cells such as the ductal cells to express insulin.  
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8.2 INTRODUCTION  

Chronic hyperglycaemia in diabetes is associated with alterations in beta and alpha 

cell function (Unger, 1985; Shah et al. 2000; Cryer, 2002). Pancreatic beta cells sense 

the rise in glycaemia and secrete insulin, to maintain glucose homeostasis (Thorens, 

2013; Thorens et al. 2015). The amount of insulin secreted depends on the population 

of beta cells and their capacity, all of which undergo continuous changes to 

compensate for the development of insulin resistance. This adaptation is important in 

maintaining homeostasis, leading to diabetic hyperglycemia if ineffective.  

There are different stages involved in the progression of diabetes as suggested by Weir 

and Bonner-Weir (2004), wherein they elaborate on the five steps of changes in beta 

cell mass, function and phenotype. Stage 1 is known as compensation where the 

decreasing beta cell mass is compensated by an increase in insulin secretion (Polonsky 

et al. 1988; Butler et al. 2003; Weir et al. 2001). Stage 2 involves a rise in blood 

glucose levels, an attempt to adapt to the loss of beta cell mass (Weir & Bonner – Weir 

2004). This is also the stage where beta cell dedifferentiation starts (Laybutt et al. 

2002). Blood glucose levels continue to rise in stage 3 leading to severe diabetes. Stage 

4 is associated with significant beta cell dedifferentiation (Laybutt et al. 2003; Jonas 

et al. 1999). The final stage 5 represents severe decomposition and reduction in beta 

cell mass leading to ketosis (Weir & Bonner – Weir 2004).  

Many treatment strategies focus on the enhancement of natural mechanisms of beta 

cell adaptation that might help in diabetes. Understanding this adaptation of beta cells 

is important for the appreciation of the pathophysiology of diabetes. Beta cell plasticity 

is, therefore, a central theme of research (Thorens, 2013, 2015). Genetically modified 

animals are used extensively to study the involvement of specific genes including 

knock-in/out specific genes or overexpression of genes selectively in beta cells 

(Moller, 1994; Patti et al. 1996; Leiter, 2002; Kulkarni et al. 2003).  Recent 

recombinant technologies have also provided the possibility to inactivate genes of 

interest in a tissue in a time-dependent manner (Magnuson et al. 2013). The utilization 

of the Cre recombinase enzyme has become a popular method to produce such 

genetically modified animals. The DNA sequence to be deleted is usually flanked by 

tandemly oriented 34 nucleotides long lox sequences. These lox sites are recognized 

by the Cre recombinases that eliminate the sequence between the two lox sites. This 
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is basically a modification of target DNA sequences with the lox sites which is done 

by homologous recombination in embryonic stem cells. This homologous 

recombination generates mice that contain the lox sites on both sides of the DNA 

sequence of interest. These mice are then crossed with mice that express Cre 

recombinase under a tissue-specific promoter resulting in a deletion only in the 

specific tissue. Transgenic expression of the Cre gene is specific to the desired target 

tissue (Indra et al. 1999).  

An important application of this method is the study of beta cell plasticity. A genetic 

deletion in beta cell could be induced using the rat Ins2 gene (Hanahan, 1985; Herrera, 

2000), the mouse promoter Ins1 (Wicksteed et al. 2010) or the human insulin gene 

(Hamilton et al. 2003). However, the Ins2 genes are present in the embryonic cells and 

in the adult brain as well as the pancreas hence it is not tissue specific (Deltour et al. 

1993; Devaskar et al. 2003). Ins1, on the other hand, is selectively expressed by beta 

cells. Ins1 promoter drives Cre reported expression only in the beta cells. Of course, 

this expression has been confirmed in beta cells at birth and absence in the brain.  Also, 

an important aspect of the Ins1Cre mouse model is the similarity with control animals 

in terms of glucose homeostasis and body weight.  

The ROSA26EYFP mice are the reporter mice that code for the enhanced yellow 

fluorescent protein. They consist of the LoxP – STOP – LoxP – EYFP in locus 

ROSA26. The Ins1Cre mice express Cre recombinases specifically in the beta cells in 

the pancreatic islets as shown in Figure 8.1 (Thorens et al. 2015). When these two 

mice are crossbred, the Cre recombinase recognizes the LoxP site and excise the STOP 

code to express the EYFP gene in the beta cells. Cell lineage tracing of beta cells can, 

therefore, be achieved using fluorescence (GFP) imaging.  

Another example is the utilization of the Cre-oestrogen receptor fusion protein 

(CreERT2), where Cre is fused to a modified form of the ligand-binding domains of 

the human oestrogen receptor and can be activated in a time-dependent manner by 

tamoxifen. This is an example of time controlled genetic recombination. Instead of 

Ins1Cre, in this case, it is Ins1CreERT2 with a specific promoter that expresses the enzyme 

(Indra et al. 1999). Recent experiences in creating transgenic animal models for the 

study of diabetes have also indicated a suitable model for studying the plasticity of 

beta and alpha cells (Thorens, 2013; Migliorini et al. 2014).  
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Combining such transgenic mouse models with the induction of chemically induced 

diabetes using streptozotocin or hydrocortisone could give us an insight into the 

function of the beta cells with respect to transdifferentiation mechanisms. Consistent 

with this approach, we tested whether our analogue Ac8RO and the established anti-

diabetic drug liraglutide were able to prevent dedifferentiation of beta cells to 

compensate for the induced beta cell loss in diabetes.  

8.3 MATERIALS AND METHODS 

General material and methods utilized in this Chapter have been described in Chapter 

2. Brief details are furnished below. 

8.3.1 Peptides 

Liraglutide and analogue Ac8RO (Ac-C*YIQNC*PRG-NH2) were acquired from 

Synpeptide Co. Ltd. (Shanghai). They were obtained in lyophilized powder form with 

a purity of 95%. Peptides were characterized by HPLC and MALDI – ToF as discussed 

in Chapter 2 (Sections 2.1.2, 2.1.3).  

8.3.2 Animals 

Ins1CRE/+ mice and ROSA26 - eYFP were inbred in our BBRU facility at Ulster 

University to produce transgenic Ins1CRE/+;ROSA26 - eYFP  offspring.  These 

offspring were genotyped to confirm their transgenic characterization. The females 

were taken back into the breeding colony while the male offspring were used for 

research. Groups of male Ins1CRE/+;ROSA26 - eYFP mice were used for studies at 12 

weeks of age. All animals were maintained as described previously in Section 2.12. 

The Ins1CRE/+;ROSA26 - eYFP mice were used for two different studies, 

streptozotocin and hydrocortisone based type 1 and type 2 diabetes respectively.  

8.3.3 Experimental design 

The timeline and design of the studies are depicted in Tables 8.1-8.2 and Figures 8.2-

8.3. Animals were housed in individual cages with free access to food and water. They 
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were grouped according to body weight and blood glucose. The baseline parameters 

were checked on Day -3 of the study for comparison. Liraglutide and analogue Ac8RO 

were dosed twice a day at 25 nmol/kg body weight concentration (09:30 and 17:00h) 

throughout the study. Streptozotocin (50mg/kg, body weight) was administered from 

day 3 to day 7 and blood glucose was monitored for the next 5 days. Hydrocortisone 

(70mg/kg, body weight) was administered from day 3 to 12 of the study until the 

animals were culled. Body weight, cumulative food and fluid intake were monitored 

daily. Non-fasting blood glucose was monitored every other day as well as fasting 

glucose at the end of the study. Plasma insulin was also analysed using 

radioimmunoassay (Section 2.5.2). At the end of the study, animals were culled and 

the pancreas excised. The isolated pancreas was divided into two similar halves, one 

was stored away in liquid nitrogen while the other was put into cassettes for histology 

tissue processing. The pancreas in liquid nitrogen was utilized for deciphering 

pancreatic hormone content. Frozen pancreatic tissue was weighed and homogenized 

for the analysis of pancreatic insulin and glucagon content as described in Sections 

2.21-2.22.  

8.3.4 Biochemical Analysis 

Blood glucose was measured using Ascencia contour glucose meter and both insulin 

and glucagon were measured using radioimmunoassay (Section 2.5) and ELISA 

(Section 2.22) respectively.  

8.3.5 Immunohistochemistry 

Pancreatic tissues isolated from animals were fixed in paraformaldehyde overnight 

and processed to form blocks for further tissue sectioning and staining as detailed in 

Section 2.24. Briefly, the blocks were sectioned onto slides and these slides were 

stained for the following using specific antibodies: insulin, glucagon and GFP (beta 

cell tracker). The pancreatic islets were also stained with TUNEL or Ki67, in 

combination with either insulin or glucagon, to assess apoptosis and proliferation 

respectively of both beta and alpha cells. A grading system was used to analyse the 

results, in which grade 1 was given for a true condition and grade 0 for a false 

condition, for example, an islet showing TUNEL positive insulin secreting cells was 
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given 1 otherwise 0. The same grading system was used to analyse the trans-

differentiation with GFP and proliferation with Ki67 staining.  

8.3.6 Statistical analysis 

GraphPad PRISM (Version 5) was used to perform statistical analysis. Results are 

expressed as means ± SEM. Data were compared using unpaired Student t-test where 

appropriate. Repeated measure and grouped analysis were done using ANOVA 

followed by the Student – Newman-Keuls post – hoc test. The area under the curve 

was analysed using the trapezoidal rule with baseline subtraction. Data were 

considered to be significant in comparison if P<0.05.  

8.4 RESULTS 

8.4.1 Peptide purity and characterization 

The purity of the peptides was confirmed by RP-HPLC and the molecular weight of 

the peptides was confirmed using MALDI – TOF.  

8.4.2 Effects of administration of liraglutide and analogue Ac8RO on metabolic 

indices in Ins1CRE/+;Rosa26 – eYFP mice 

8.4.2.1 Streptozotocin treated mice 

Streptozotocin treatment significantly reduced body weight (-1.1 ± 0.3 g vs 0.2 ± 0.2 

g; P<0.01; Figure 8.4A,C). Streptozotocin also significantly reduced cumulative 

energy intake (P<0.05; Figure 8.5A) starting from day 7. Administration of analogue 

Ac8RO (-2.2 ± 0.2g; P<0.01; Figure 8.4C) and liraglutide (-1.7 ± 0.5g ; P<0.001) both 

significantly reduced body weight in streptozotocin treated mice. Liraglutide reduced 

food intake from day 6 (P<0.001; Figure 8.5A) along with a significant increase in 

fluid intake (P<0.001; Figure 8.5B). Analogue Ac8RO induced a significant (P<0.05) 

reduction in energy intake from day 8 along with a significant increase in fluid intake, 

(P<0.01) on day 12 (Figure 8.5).  
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8.4.2.2 Hydrocortisone treated mice 

Hydrocortisone alone (-2.7 ± 0.8 g) or in combination with liraglutide (-1.8 ± 0.5 g) 

or analogue Ac8RO (-1.5 ± 0.4 g) significantly reduced body weight (P<0.01; Figure 

8.4B, D) compared to saline treated controls (0.2 ± 0.2 g). Hydrocortisone (P<0.05) 

and the two peptides (P<0.001) significantly increased cumulative energy intake on 

day 12 compared to saline controls (Figure 8.6A). Hydrocortisone and analogue 

Ac8RO significantly increased fluid intake from days 9 to 12 (P<0.01 to P<0.001). 

Although treatment with liraglutide did not induce changes in fluid intake compared 

to saline controls, fluid intake was reduced compared to hydrocortisone alone (P<0.05 

to P<0.001; Figure 8.6B). 

8.4.3 Effects of administration of liraglutide and analogue Ac8RO on blood 

glucose, plasma insulin and glucagon in Ins1CRE/+;Rosa26 – eYFP mice 

8.4.3.1 Streptozotocin treated mice 

Streptozotocin treated animals showed a gradual increase in blood glucose. The area 

under the curve was significantly higher than saline (176 ± 5 mmol/L.min vs 130 ± 

1.5 mmol/L.min; P<0.001; Figure 8.7C). A similar pattern was seen for the treatment 

peptides. Liraglutide (P<0.001) and analogue Ac8RO (P<0.05) efficiently lowered 

blood glucose by 34% and 7% respectively (Figure 8.7A,C). Non–fasting and fasting 

plasma insulin were not significantly different to saline. As seen in Figure 8.8A & C, 

streptozotocin controls exhibited reduced non-fasting and fasting plasma insulin 

levels. There were no significant differences in plasma glucagon levels between the 

groups (Figure 8.8E).  

8.4.3.2 Hydrocortisone treated mice 

Blood glucose was reduced significantly with hydrocortisone alone (112 ± 2.4 

mmol/L.min vs saline treated 130 ± 1.5 mmol/L.min; P<0.001) and in combination 

with liraglutide (110 ± 3.3 mmol/L.min; P<0.001) and analogue Ac8RO (119 ± 4.4 

mmol/L.min ; P<0.05) as depicted in Figure 8.7B, D. Treatment with hydrocortisone 

increased plasma insulin levels in both non – fasting as well as fasting mice (Figure 

8.8B, D). Liraglutide reduced fasted plasma insulin (P<0.05; Figure 8.8D) compared 
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to hydrocortisone alone. There was no significant difference in plasma glucagon levels 

between the treatments (Figure 8.8F).  

8.4.4 Effects of administration of liraglutide and analogue Ac8RO on pancreatic 

weight and hormone content in Ins1CRE/+;Rosa26 – eYFP mice  

8.4.4.1 Streptozotocin treated mice 

As seen in Figure 8.9, with similar pancreatic weights, there was a significant decrease 

in pancreatic insulin content in streptozotocin treated animals compared to saline 

controls (P<0.001; Figure 8.9C). Significant increase in pancreatic insulin was 

observed with liraglutide (P<0.001) and analogue Ac8RO (P<0.05) compared to 

streptozotocin alone. Pancreatic glucagon was increased by streptozotocin treatment. 

Liraglutide and Ac8RO countered the rise in pancreatic glucagon when compared to 

streptozotocin alone (P<0.05; Figure 8.9E). 

8.4.4.2 Hydrocortisone treated mice 

Pancreatic insulin content was increased significantly (P<0.001) in all groups by 

hydrocortisone compared to saline (Figure 8.9D). A substantial increase was observed 

with analogue Ac8RO (73.6 ± 4 ng/mg; P<0.01) when compared to hydrocortisone 

alone (62.2 ± 3 ng/mg). However, there were no significant differences in pancreatic 

glucagon content between the treatment groups (Figure 8.9F).  

8.4.5 Effects of administration of liraglutide and analogue Ac8RO on pancreatic 

islet parameters in Ins1CRE/+;Rosa26 – eYFP mice  

8.4.5.1 Streptozotocin treated mice 

There was a significant reduction in islet area with streptozotocin treatment when 

compared to saline controls (4481 ± 356 µm2 vs 9670 ± 1181 µm2; P<0.001; Figure 

8.11A). Liraglutide (5881 ± 1050 µm2; P<0.05) or analogue Ac8RO (6210 ± 769 µm2; 

P<0.05) significantly countered the reduction in islet area after streptozotocin. Beta 

cell area was greatly reduced by streptozotocin (P<0.001; Figure 8.11-12C). 

Liraglutide and Ac8RO notably increased beta cell area (P<0.01; Figure 8.11-12C) in 



286 
 

streptozotocin treated mice. An increased alpha cell area in streptozotocin mice 

(P<0.01) was significantly decreased by liraglutide and Ac8RO (P<0.001 and P<0.05 

respectively; Figure 8.12-13A). The ratio of beta to alpha cell area was significantly 

increased by liraglutide (P<0.001) and analogue Ac8RO (P<0.05) when compared to 

streptozotocin alone (Figure 8.13C). Liraglutide (P<0.05) and Ac8RO (P<0.001) also  

significantly increased the number of pancreatic islets compared to streptozotocin 

(Figure 8.14A, C).  Representative images can be seen in Figure 8.10 (A-D).  

8.4.5.2 Hydrocortisone treated mice 

Hydrocortisone treatment increased islet area compared to saline controls (10710 ± 

1317 µm2 vs 5652 ± 667 µm2; P<0.01; Figure 8.11B). Liraglutide (7538 ± 671 µm2; 

P<0.05) and Ac8RO (7075 ± 601 µm2; P<0.01) significantly decreased the islet area 

(Figure 8.11B). Insulin positive beta cell area was increased significantly by 

hydrocortisone compared to saline controls (7609 ± 1001 µm2 vs 3984 ± 429 µm2; 

P<0.01). Liraglutide (4948 ± 485 µm2; P<0.05) and analogue Ac8RO (5246 ± 490 

µm2; P<0.05) decreased the expanded beta cell area induced by hydrocortisone (Figure 

8.11-12D). Alpha cell area was increased with hydrocortisone (P<0.01; Figure 8.12B). 

Analogue Ac8RO decreased the extent of this effect (P<0.05; Figure 8.12-13B). Beta 

to alpha cell ratio was increased significantly with Ac8RO treatment compared to 

saline (P<0.01; Figure 8.13D).  The enhancement in the number of islets with 

hydrocortisone treatment (P<0.05 compared to saline) was significantly countered by 

liraglutide (P<0.05) and analogue Ac8RO (P<0.01) (Figure 8.14B, D). Representative 

images can be seen in Figure 8.10 (A, E-G).  

8.4.6 Effects of administration of liraglutide and analogue Ac8RO on 

transdifferentiation in islets from Ins1CRE/+;Rosa26 – eYFP mice  

8.4.6.1 Streptozotocin treated mice 

Representative images for GFP and insulin colocalization are shown in Figure 8.15(A-

D). Administration of liraglutide (60%; P<0.01) and analogue Ac8RO (44%) 

increased percentage of islets expressing insulin positive non-beta cells (Insulin +ve, 

GFP –ve) compared to streptozotocin alone (34%) or saline treated groups (27%) 
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(Figure 8.16A). The peptides (46% and 52%) also successfully (P<0.05) decreased the 

percentage of islets expressing beta cells without insulin (GFP +ve, Insulin -ve), as 

seen with streptozotocin alone (78%, P<0.001 compared to saline) (Figure 8.16C). 

Liraglutide administration significantly decreased (P<0.01) the percentage of islets 

with beta cells expressing glucagon (Glucagon +ve, GFP +ve) compared to 

streptozotocin alone (Figure 8.18A). Representative images for the coexpression of 

GFP and glucagon are presented in Figure 8.17 A-D.  

8.4.6.2 Hydrocortisone treated mice 

A significant change was observed with liraglutide (63%; P<0.05; P<0.01) and 

analogue Ac8RO (68%; P<0.01; P<0.001) where a large percentage of islets expressed 

insulin secreting non-beta cells (Insulin +ve, GFP -ve) compared to saline (39%) and 

hydrocortisone (39%) respectively (Figure 8.15 A, E-G; 8.16B). Liraglutide (33%; 

P<0.05) and Ac8RO (30%; P<0.05) also decreased the percentage of islets expressing 

beta cells with no insulin (Insulin -ve, GFP +ve) compared to hydrocortisone alone 

(46%; Figure 8.16D).  Liraglutide (25%; P<0.001) and analogue Ac8RO (31%; 

P<0.001) significantly decreased the percentage of islets expressing glucagon 

containing beta cells (Glucagon +ve, GFP +ve) compared to hydrocortisone (73%; 

Figure 8.18B). Representative images for GFP and glucagon colocalization are shown 

in Figure 8.17(A, E-G).  

8.4.7 Effects of administration of liraglutide and analogue Ac8RO on 

proliferation and apoptosis in pancreatic islets from Ins1CRE/+;Rosa26 – eYFP 

mice  

8.4.7.1 Streptozotocin treated mice 

Analogue Ac8RO (63%; P<0.01) significantly increased the percentage of islets with 

Ki67 positive insulin expressing cells compared to streptozotocin alone (35%; P<0.05; 

Figure 8.21A). Ac8RO (7%; P<0.05) also significantly decreased the percentage of 

proliferating glucagon positive cells compared to streptozotocin alone (21%; Figure 

8.21C). Representative images of islets expressing proliferating cells are shown in 

Figure 8.19-20 A-D). Liraglutide (37%; P<0.01) and Ac8RO (43%; P<0.05) decreased 
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the percentage of islets expressing apoptotic insulin secreting cells compared to 

streptozotocin alone (68%; Figure 8.24A). Correspondingly, there was a considerable 

increase in apoptotic glucagon secreting cells with liraglutide (23%; P<0.05) and 

Ac8RO (27%; P<0.05) (Figure 8.23A-D and 8.24C) compared to streptozotocin alone 

(17%). Representative images have been presented in Figure 8.22-23 A-D.  

8.4.7.2 Hydrocortisone treated mice 

Ac8RO (29%; P<0.05) significantly reduced the percentage of islets with proliferating 

insulin expressing cells compared to hydrocortisone (55%; Figure 8.21B). Liraglutide 

(58%; P<0.05) and Ac8RO (47%) significantly increased the numbers of proliferating 

glucagon secreting cells compared to hydrocortisone (30%) (Figure 8.21D). 

Representative images for proliferating insulin and glucagon positive cells are 

depicted in Figures 8.19 -20 A, E-G. Liraglutide (56 %; P<0.001) significantly 

increased the percentage of islets expressing apoptotic insulin positive cells compare 

to hydrocortisone (29%) (Figure 8.24B). There were no noteworthy differences in 

apoptosis of glucagon positive cells between the treatment groups depicted in Figure 

8.23A, E-G and Figure 8.24D.  

8.4.8 Effects of administration of liraglutide and analogue Ac8RO on ductal cell 

transdifferentiation in Ins1CRE/+;Rosa26 – eYFP transgenic mice 

8.4.8.1 Streptozotocin treated mice 

Liraglutide (70%; P<0.001) and analogue Ac8RO (52%; P<0.01) significantly 

increased  CK19 and insulin colocalization in islets compared to streptozotocin alone 

(19%; Figure 8.26A). This was found to be comparable to saline treated controls 

(67%). Liraglutide (14%, P<0.05) and Ac8RO (17%, P<0.05; Figure 8.26C) 

significantly increased insulin secreting ductal cells when compared to streptozotocin 

(5%). Increased colocalization was observed in budding ductal cells that were 

progressing towards the islets as seen in the representative images (Figure 8.25A-D). 

There were no significant differences in the expression of the CK19 ductal cell marker 

in beta cells with the peptide treatments (Figure 8.28A). A significant increase was 

observed in ductal cells expressing GFP with liraglutide (63%; P<0.01) compared to 
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streptozotocin (21%) (Figure 8.28C).  Representative images are seen in Figure 8.27A-

D.  

8.4.8.2 Hydrocortisone treated mice 

Liraglutide (63%: P<0.05) administration decreased the percentage of islets with cells 

expressing CK19 and insulin compared to hydrocortisone alone (79%) (Figure 8.26B). 

Analogue Ac8RO induced a significant decrease in ductal cells expressing insulin  

(P<0.05) compared to saline (Figure 8.26D). While there was no significant difference 

in the expression of CK19 in beta cells (Figure 8.28B), it was increased in ductal cells 

expressing GFP with liraglutide (37%; P<0.01) and analogue Ac8RO (33%; P<0.05) 

compared to hydrocortisone alone (18%) (Figure 8.28D). Representative images for 

the ductal cells and islets have been depicted in Figure 8.25-27A, E-G.  

8.5 DISCUSSION 

Type 1 diabetes is due to autoimmune beta cell destruction, while in type 2 diabetes, 

there is at least initially increased beta cell expansion and hyperinsulinemia (Shapiro 

et al. 2000; Butler et al. 2003, Rahier et al. 2008). Indeed, when considering the fate 

of beta cells in diabetes, there seem to be five stages of adaptation to high blood 

glucose levels (Weir et al. 2004). Recent research has dwelled on lineage tracing to 

explore a phase between functional depletion of beta cells and their eventual demise 

(Talchai et al. 2013). This has revealed a stage of beta cell de-differentiation that 

outweighs endocrine cell death (Talchai et al. 2013). We have studied this period of 

differentiation using Ins1CRE/+;Rosa26 – eYFP transgenic mice (Thorens et al. 2013), 

to evaluate the potential protective effects of the analogue Ac8RO and GLP-1 agonist 

liraglutide against streptozotocin induced type 1 or hydrocortisone induced type 2 

diabetes. 

Administration of analogue Ac8RO and liraglutide significantly decreased the body 

weight of mice and reduced food intake compared with streptozotocin treated mice. 

Oxytocin and vasopressin are both known for their ability to suppress appetite as 

observed with Ac8RO in mice (Meyer et al. 1989; Song et al. 2014; Blevins et al. 

2015; Seelke et al. 2018).  Ac8RO and liraglutide prevented the streptozotocin-

induced rise of blood glucose and insulin deficiency. This was associated with an 
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increase in pancreatic insulin levels along with a marked increase in beta cell mass. 

Ac8RO and liraglutide treatment also clearly countered streptozotocin-induced beta 

cell destruction. The increase in beta cell mass with analogue Ac8RO and liraglutide 

was supported by evidence of an increased number of insulin positive proliferating 

cells in the pancreatic islets. 

Immunohistochemical analysis indicated an increase in insulin expression in non-beta 

cells suggesting transdifferentiation to beta cells with Ac8RO and liraglutide 

treatments to compensate for the low insulin levels and reduced beta cell mass 

(Bregenholt et al. 2005). Streptozotocin prevented transdifferentiation and enhanced 

proliferating alpha cells, resulting in adaptive alpha cell hyperplasia. Studies have 

found beta cell de-differentiation to be enhanced with increasing blood glucose 

(Laybutt et al. 2003; Wang et al. 2014; Tersey et al. 2018).  Beta cell de-differentiation 

is considered to be a sign of regression to a progenitor-like stage observed in the case 

of streptozotocin possibly to evade cell death (Talchai et al. 2012; Wang et al. 2014). 

This was consistent with the decrease in pancreatic insulin levels and an increase in 

glucagon levels with streptozotocin (Vasu et al. 2014; Khan et al. 2017). 

Previous research suggests the role of alpha cells as progenitors for beta cells (Sangan 

et al. 2010; Hebener et al. 2012). This concept explains the pathway wherein injured 

beta cells activate alpha cells in adult islets promoting beta cell regeneration. Beta cell 

injury results in the release of stromal cell derived factor 1 that results in de-

differentiation of alpha cells to pro – alpha cells that start expressing GLP-1 and its 

receptor and hence express Pax4 (Wideman et al. 2006; Brun et al. 2008). This pro-

alpha cell under competent conditions transdifferentiates into beta cells expressing 

Pdx1, MafA, Pax4, Nkx2.2 and insulin (Thorens et al. 2015). We assume that this 

transdifferentiation needs an impetus that is initiated by liraglutide and Ac8RO. This 

action adds to the validity of the peptides in exploiting transdifferentiation as a 

mechanism for the treatment of T1DM and T2DM.  

Liraglutide and analogue Ac8RO prevented a significant body weight loss observed 

with hydrocortisone. Consistently, there was also an increase in energy intake 

observed with the peptides. Administration of analogue Ac8RO significantly 

increased pancreatic insulin levels compared to hydrocortisone along with an increase 

in glucagon content. Hydrocortisone administration alone significantly enhanced beta 
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cell mass resulting in an increased pancreatic insulin content with no significant 

changes to glucagon content (Bailey et al. 1982). Administration of liraglutide and 

Ac8RO in mice, decreased islet cell area along with a reduction in beta and alpha cell 

area. There was an increased transdifferentiation of non-beta cells expressing insulin 

under the influence of liraglutide and Ac8RO. At the same time, there was also a 

significant reduction in exhausted beta cells that no longer had the capacity to express 

insulin. As observed liraglutide increased apoptosis of insulin positive cells suggesting 

the reversal of beta cell expansion seen with hydrocortisone. Interestingly, there have 

been reports of de-differentiation of mature insulin-producing beta cells to a naïve 

state leading to beta cell failure in type 2 diabetes (Talchai et al. 2012).  

A de-differentiated true beta cell is positive for certain genes such as Chg A+/Neurog3 

high/ L-Myc+/ Oct4+ and can result in cells with no capability of insulin release 

(Ferannini et al. 2010; Talchai et al. 2013). The percentage of islets expressing such 

cells was increased in conditions of stress including streptozotocin and hydrocortisone  

in this study. This indicates the maintenance of beta cell markers but the loss of insulin 

production. At the same time there was increased glucagon expression by GFP 

positive beta cells with streptozotocin and hydrocortisone. De-differentiated beta cells 

are capable of producing other pancreatic hormones such as glucagon observed in this 

study following streptozotocin and hydrocortisone treatment. Glucagon thus produced 

can become a motivation to re-differentiate (Hang and Stein, 2011; Talchai et al. 

2013). Peptides derived from the glucagon gene are suggested to be necessary for 

alpha cell transdifferentiating in to beta cells (Ye et al. 2015; Lee et al. 2018). In both 

models of diabetes, healthy beta cells exhibited colocalization of GFP and insulin in 

the pancreatic islets.  

The ductal epithelium contributes to the pancreatic ductal lineages of other endocrine 

cells called neogenesis in the postnatal life (Bonner-Weir et al. 2010). Our results 

suggest the possible role of ductal cells as progenitors for islet beta cells under 

metabolic stress (Engle et al. 2008). Immunohistochemical analysis showed the 

expression of ductal cell marker CK19 along with insulin in islet beta cells from mice 

treated with liraglutide and Ac8RO. We observed increased budding of ductal cells 

towards islets expressing insulin and GFP, in mice treated with liraglutide and Ac8RO 

suggesting a strong involvement of ductal cells in replenishing beta cell mass (Meier 

et al. 2006; Butler et al. 2010). Ductal cell has been suggested to be heterogenous in 
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nature, however there have been contradictory studies to the differentiation of ductal 

cells into endocrine cells  (Kopp et al. 2011; Reinert et al. 2012).  

In conclusion, Ac8RO and liraglutide exhibited protective effects against 

streptozotocin and hydrocortisone induced type 1 and type 2 diabetes. Lineage tracing 

studies provided evidence for involvement of possible transdifferentiation of other 

endocrine and ductal cells into beta cells. Ac8RO and liraglutide drive the pro-alpha 

or dedifferentiated beta cells and a percentage of ductal cells to differentiate into beta 

cells in type 1 and type 2 diabetes.  
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Table 8.1:  Experimental design for Ins1CRE/+;ROSA26 - eYFP streptozotocin 

study 

 

 

 

 

 

 

 

 

 

Table 8.2:  Experimental design for Ins1CRE/+;ROSA26 - eYFP hydrocortisone 

study 

 

 

 

 

 

 

 

Group Agent of administration Dosage 

1 Saline 0.9% NaCl 

2 Streptozotocin 50 mg/kg/ body weight 

3 
Streptozotocin 

+ Liraglutide 

50 mg/kg/ body weight 

+ 25 nmol/kg/ body weight 

4 
Streptozotocin 

+ Analogue Ac8RO 

50 mg/kg/ body weight 

+ 25 nmol/kg/ body weight 

Group Agent of administration Dosage 

1 Saline 0.9% NaCl 

2 Hydrocortisone (HC) 70 mg/kg/ body weight 

3 Hydrocortisone + Liraglutide 
70 mg/kg/ body weight 

+ 25 nmol/kg/ body weight 

4 Hydrocortisone + Analogue Ac8RO 
70 mg/kg/ body weight 

+ 25 nmol/kg/ body weight 
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Figure 8.1: PCR gel image representing specificity of recombination in the 

pancreas and not in the other organs – liver or the brain (hypothalamus, cortex, 

cerebellum) (Thorens et al. 2015).  
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Figure 8.2: Timeline for Ins1CRE/+;ROSA26 - eYFP streptozotocin study 

 

 

 

 

 

Figure 8.3: Timeline for Ins1CRE/+;ROSA26 - eYFP hydrocortisone study 
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Figure 8.4: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) body weight and (C, D) body weight change in transgenic 

Ins1CRE/+;Rosa26 - eYFP mice  
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Values are a mean ± SEM of n=6 mice/treatment. Body weight was monitored 

regularly throughout the study. Statistics were analysed on PRISM 5 by a two-way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all 

groups.  Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 

compared to saline and Δ P<0.05 compared to streptozotocin or hydrocortisone. Solid 

and dashed line represent days of peptide and streptozotocin or hydrocortisone 

administration respectively.  
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Figure 8.5: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A) cumulative energy intake and (B) fluid intake in streptozotocin 

treated transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice/treatment. Food intake and fluid intake was 

monitored regularly throughout the study. Statistics were analysed on PRISM 5 by a 

two way ANOVA RM using a Bonferroni posthoc test. Comparisons were made 

between all groups.  Changes were deemed significant when * P<0.05, **P<0.01, 

***P<0.001 compared to saline and Δ P<0.05, ΔΔΔ P<0.001 compared to 

streptozotocin. 
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Figure 8.6: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A) cumulative energy intake and (B) fluid intake in hydrocortisone 

treated transgenic InsCRE;Rosa 26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice/treatment. Food intake and fluid intake was 

monitored regularly throughout the study. Statistics were analysed on PRISM 5 by a 

two way ANOVA RM using a Bonferroni posthoc test. Comparisons were made 

between all groups.  Changes were deemed significant when * P<0.05, **P<0.01, 

***P<0.001 compared to saline and Δ P<0.05, ΔΔ P<0.01, ΔΔΔ P<0.001 compared 

to hydrocortisone.  
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Figure 8.7: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on blood glucose in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice/treatment. Blood glucose was monitored 

regularly throughout the study on every alternate day. Statistics were analysed on 

PRISM 5 by a two way ANOVA RM using a Bonferroni posthoc test. Comparisons 

were made between all groups.  Changes were deemed significant when * P<0.05, 

**P<0.01, ***P<0.001 compared to saline and ΔΔΔ P<0.001 compared to 

streptozotocin or hydrocortisone. Solid and dashed line represent days of peptide and 

streptozotocin or hydrocortisone administration respectively. 
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Figure 8.8: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) non fasted, (C, D) fasted plasma insulin and (E, F) plasma 

glucagon in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice/treatment. Plasma was collected and analysed 

using radioimmunoassay. Fasted plasma was collected from mice fasted overnight. 

Statistics were analysed on PRISM 5 by a two-way ANOVA RM using a Bonferroni 

posthoc test. Comparisons were made between all groups.  Changes were deemed 

significant when Δ P<0.05, ΔΔP<0.01 compared to streptozotocin or hydrocortisone. 
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Figure 8.9: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) pancreatic weight, pancreatic (C, D) insulin and (E, F) glucagon 

content in (transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=3 mice/treatment. Statistics were analysed on PRISM 

5 by a two way ANOVA RM using a Bonferroni posthoc test. Comparisons were made 

between all groups.  Changes were deemed significant when ***P<0.001 compared 

to saline and ΔΔ P<0.01, ΔΔΔ P<0.001  compared to streptozotocin or hydrocortisone.  
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Figure 8.10: Representative islets showing insulin (green) and glucagon (red) immunoreactivity from, (A) saline, (B) 

streptozotocin, (C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + 

liraglutide  and (G) hydrocortisone + Ac8RO  treated mice 

                         Saline                                                                                              Streptozotocin                                                             

                     (A)                                                   (B)                                                 (C)                                            (D)                                               

             

                                                                                               Hydrocortisone 

                                                             (E)                                          (F)                                          (G) 
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Figure 8.11: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) islet area and (C, D) insulin positive beta cell area in transgenic 

Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two 

way ANOVA RM using a Bonferroni posthoc test. Comparisons were made between 

all groups.  Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 

compared to saline and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to 

streptozotocin or hydrocortisone. 

 

 



304 
 

Figure 8.12: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) glucagon positive alpha cell area and (C, D) % insulin positive 

beta cell area in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two 

way ANOVA RM using a Bonferroni posthoc test. Comparisons were made between 

all groups.  Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 

compared to saline and ΔP<0.05 and ΔΔΔP<0.001 compared to streptozotocin or 

hydrocortisone. 
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Figure 8.13: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) % glucagon positive cell area and (C, D) beta to alpha cell area 

ratio in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all groups.  

Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 compared to 

saline and ΔP<0.05 and ΔΔΔP<0.001 compared to streptozotocin or hydrocortisone. 
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Figure 8.14: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) number of islets and (C, D) islet size distribution in transgenic 

Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all groups.  

Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 compared to 

saline and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to streptozotocin or 

hydrocortisone. 
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Figure 8.15: Representative islets showing insulin (red) and GFP (green) immunoreactivity from, (A) saline, (B) streptozotocin, 

(C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + liraglutide  and 

(G) hydrocortisone + Ac8RO  treated mice  

                         Saline                                                                                              Streptozotocin                                                             

                     (A)                                                   (B)                                                 (C)                                            (D)                                               

       

                                                                                                Hydrocortisone 

                                                          (E)                                                (F)                                                 (G) 
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Figure 8.16: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) Insulin +ve, GFP –ve cells and (C, D) insulin –ve, GFP +ve in 

transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all groups.  

Changes were deemed significant when * P<0.05, **P<0.01, ***P<0.001 compared to 

saline and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to streptozotocin or 

hydrocortisone. 
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Figure 8.17: Representative islets showing glucagon (red) and GFP (green) immunoreactivity from, (A) saline, (B) streptozotocin, 

(C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + liraglutide  and 

(G) hydrocortisone + Ac8RO  treated mice  

                         Saline                                                                                              Streptozotocin                                                             

                     (A)                                                   (B)                                                 (C)                                            (D)                                               

    

                                                                                                Hydrocortisone 

                                                          (E)                                                (F)                                                 (G) 
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Figure 8.18:  Effects of twice daily administration of liraglutide and analogue 

Ac8ROon insulin –ve, glucagon +ve, GFP +ve cells in transgenic Ins1CRE/+;Rosa26 

- eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all groups.  

Changes were deemed significant when * P<0.05 and ***P<0.001 compared to saline and 

ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to streptozotocin or hydrocortisone. 
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Figure 8.19: Representative islets showing Ki67 (red) and insulin (green) immunoreactivity from, (A) saline, (B) streptozotocin, 

(C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + liraglutide  and 

(G) hydrocortisone + Ac8RO  treated mice  

                         Saline                                                                                              Streptozotocin                                                             

                     (A)                                                   (B)                                                 (C)                                            (D)                                               

       

                                                                                                Hydrocortisone 

                                                          (E)                                                (F)                                                 (G) 
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Figure 8.20: Representative islets showing Ki67 (red) and glucagon (green) immunoreactivity from, (A) saline, (B) streptozotocin, 

(C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + liraglutide  and 

(G) hydrocortisone + Ac8RO  treated mice  

                         Saline                                                                                              Streptozotocin                                                             

                                   (A)                                               (B)                                                 (C)                                            (D)                                               

    

                                                                                                Hydrocortisone 

                                                          (E)                                                (F)                                                 (G)             
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Figure 8.21:  Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) insulin positive cell and (C, D) glucagon positive cell 

proliferation in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Values are a mean ± SEM of n=6 mice. Statistics were analysed on PRISM 5 by a two way 

ANOVA RM using a Bonferroni posthoc test. Comparisons were made between all groups.  

Changes were deemed significant when * P<0.05 and ***P<0.001 compared to saline and 

ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to streptozotocin or hydrocortisone. 
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Figure 8.22: Representative islets showing insulin (red) and TUNEL (green) immunoreactivity from, (A) saline, (B) streptozotocin, 

(C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + liraglutide  and 

(G) hydrocortisone + Ac8RO  treated mice  

                       Saline                                                                                              Streptozotocin                                                             

                         (A)                                                   (B)                                                 (C)                                              (D)                                               

       

                                                                                                  Hydrocortisone 

                                                          (E)                                                (F)                                                 (G)                                                  
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Figure 8.23: Representative islets showing glucagon (red) and TUNEL (green) immunoreactivity from, (A) saline, (B) 

streptozotocin, (C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + 

liraglutide  and (G) hydrocortisone + Ac8RO  treated mice  

                           Saline                                                                                              Streptozotocin                                                             

                              (A)                                                   (B)                                                 (C)                                               (D)                         

    

                                                                                                       Hydrocortisone 

                                                          (E)                                                (F)                                                 (G)                                                  

      



316 
 

Figure 8.24: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on (A, B) insulin positive cell and (C, D) glucagon positive cell apoptosis 

in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Pancreatic tissue was stained for insulin/glucagon along with TUNEL (in situ cell death 

fluorescence). Co-localization was analysed between TUNEL and insulin/glucagon in 

pancreatic islets in a blinded fashion. Values are a mean ± SEM of n=6 mice. Statistics 

were analysed on PRISM 5 by a two way ANOVA RM using a Bonferroni posthoc test. 

Comparisons were made between all groups.  Changes were deemed significant when * 

P<0.05, ***P<0.001 compared to saline and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 

compared to streptozotocin or hydrocortisone. 
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Figure 8.25: Representative images showing islets and ductal cells, stained for insulin (red) and CK19 (green) in, (A) saline, (B) 

streptozotocin, (C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone + 

liraglutide  and (G) hydrocortisone + Ac8RO  treated mice  

                           Saline                                                                                              Streptozotocin                                                             

                              (A)                                                (B)                                                (C)                                               (D)                         

       

                                                                                                  Hydrocortisone 

                                                        (E)                                                (F)                                                 (G)                                                  
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Figure 8.26: Effects of twice daily administration of liraglutide and analogue Ac8RO 

on ductal cell trans-differentiation in transgenic Ins1CRE/+;Rosa26 - eYFP mice 
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Pancreatic tissue was stained for CK19 (ductal cell marker) and insulin. Co-localization 

was analysed between CK19 and insulin in pancreatic islets and ductal cells in a blinded 

fashion. Values are a mean ± SEM of n=6 mice. Comparisons were made between all 

groups.  Changes were deemed significant when * P<0.05, ***P<0.001 compared to saline 

and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 compared to streptozotocin or hydrocortisone. 
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Figure 8.27: Representative images showing islets and ductal cells, stained for GFP (red) and CK19 (green) in, (A) saline, (B) 

streptozotocin, (C) streptozotocin + liraglutide and (D) streptozotocin + Ac8RO treated, (E) hydrocortisone, (F) hydrocortisone 

+ liraglutide  and (G) hydrocortisone + Ac8RO  treated mice  

                           Saline                                                                                              Streptozotocin                                                             

                              (A)                                                   (B)                                                 (C)                                               (D)                         

    

                                                                                                 Hydrocortisone 

                                                        (E)                                                (F)                                                 (G)                                                  
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Figure 8.28: Effects of twice daily administration of liraglutide and analogue 

Ac8RO on ductal cell trans-differentiation in transgenic Ins1CRE/+;Rosa26 - eYFP 

mice 
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Pancreatic tissue was stained for CK19 (ductal cell marker) and GFP (beta cell 

tracker). Co-localization was analysed between CK19 and insulin in pancreatic islets 

and ductal cells in a blinded fashion. Values are a mean ± SEM of n=6 mice. 

Comparisons were made between all groups.  Changes were deemed significant when 

* P<0.05, **P<0.01 compared to saline and ΔP<0.05, ΔΔ P<0.01 and ΔΔΔP<0.001 

compared to streptozotocin or hydrocortisone. 
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9.1 Diabetes Mellitus – the growing epidemic 

Diabetes is an ancient metabolic disorder that has progressively grown in numbers and 

complications over the years (King et al. 1998; Zimmet et al. 2001). The two main 

types of diabetes, type 1 and type 2 have been under investigation by various 

researchers but they continue to exert a heavy burden on individuals and society. 

(Pozzilli et al. 2001; American Diabetes Association, 2010; Stumvoll et al. 2010). The 

increasing number of incidences and cost of support presents a concern.  Aetiology 

and progression of diabetes vary in individuals, depending on genetics and lifestyle 

(Styblo & Douillet 2015). A more varied but targeted treatment strategy is required 

for accommodating the needs of the individual diabetic patient. There is, thus, a 

requirement for designing effective multi-targeted strategies that combat the 

symptoms along with the treatment of diabetes and which caters to the wide range of 

patients affected by the disorder.  

9.2 Peptide targets for treatment 

The current treatments include lifestyle modifications, treatment of obesity, oral 

hypoglycaemic agents and insulin sensitizers.  Patients with T1DM and poorly 

controlled T2DM use insulin therapy. Insulin itself has been modified to improve its 

bio-efficiency and delivery (Khaksa et al. 2000; Pardakhty et al. 2011; Akbarian et al. 

2018). Despite the existence of several different drug classes, there is still a lack of 

options that can prevent associated complications or reverse the disorder. The potential 

risk of hypoglycaemia is also another consideration when discussing potential drugs. 

Peptides generally offer a spectrum of targets with highly selective and specific actions 

and hence can be considered as potential effective strategies for treatment of diabetes. 

Peptides can also be easily modified to accommodate pharmacokinetic and 

pharmacodynamic properties (Bailey 2018). They also present other advantages 

including small size and less expensive chemical synthesis methods (Vlieghe et al. 

2010; Craik et al. 2013).  

Bioactive peptides most importantly present a combination of beneficial properties 

including anti-diabetic, anti-microbial and anti-inflammatory activity among others 

(Kim et al. 2010; Irwin & Flatt, 2015). Several peptides including incretin hormones 
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increase insulin concentrations and insulin sensitivity to control blood glucose levels 

(Seino et al. 2010; Irwin & Flatt, 2015). Neuropeptides have been considered recently 

to play an important role in signalling under diabetic conditions (Enhörning et al. 

2011; Qian et al. 2014; Akour et al. 2017). The interest in such neuropeptides has thus 

risen in recent times to explore their relationship with the pancreas especially during 

the progression of diabetes.  

This thesis concentrated on two important neuropeptides, oxytocin and vasopressin. 

The Chapters focus on their role in the endocrine pancreas and the development of 

stable analogues with anti-diabetic properties. Transdifferentiation of beta cells has 

also been studied in mice receiving a modified hybrid peptide of oxytocin and 

vasopressin compared with liraglutide to understand effects at the single cell level. 

Overall, this thesis illustrates a new treatment strategy using a novel class of drugs that 

are capable of multi-targeting and being harnessed for future anti-diabetic drug 

development. 

9.3 Oxytocin – an outlook in the pancreas for the treatment of diabetes 

Oxytocin is a cyclic 9 amino acid neuropeptide that is best known for its role in 

inducing labour and ejection of breast milk (Veiro et al. 2010). As a neuropeptide, 

oxytocin has gained much popularity in the field of anxiety and social behaviour 

(Neumann 2008; 2015). Apart from this, it has other beneficial effects on the body 

(Szylberg et al. 2013). Previous studies have sparked an interest in exploring the anti-

diabetic properties of the peptide. Hence, Chapter 3 explored the presence of this 

peptide in the islets and investigated its role in the regulation of beta cell function.  

Oxytocin receptors were demonstrated in rodent and human beta cells as well as mouse 

pancreatic islets. A previous study suggested the existence of oxytocin receptors in 

both islet alpha and beta cells (Suzuki et al. 2013). We found a significant 

colocalization of oxytocin with insulin in beta cells suggesting a prominent role when 

compared to alpha cells. The hormone exhibited good insulinotropic activity in rat and 

human cell lines as well as islets suggesting a role in the regulation of beta cells. 

Studies have shown that oxytocin is also capable of stimulating glucagon possibly 

avoiding the risk of hypoglycaemia (Klement et al. 2017).  
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Oxytocin induced an increase of intracellular Ca2+ in beta cells. This accords with 

previous studies showing activation of the vagal cholinergic neurons that innervate 

beta cells via the phosphoinositide turnover and activation of protein kinase C that can 

be explained by the elevation of Ca2+(Gao et al. 1991; Björkstrand et al. 1996). This 

results from the opening of voltage-dependent Ca2+ channels leading to the fusion of 

insulin containing granules along with the release of insulin into the blood (Yang et 

al. 2014). The insulin releasing properties of oxytocin were also demonstrated in mice 

together with an anorexic action which illustrates clear potential in the treatment of 

obesity-linked diabetes.  

Oxytocin has been linked to positive effects in the body similar to GLP-1 (Reed & 

Kanamarlapudi 2018). Previous studies have shown the co-expression of GLP-1 

receptor with oxytocin and vasopressin mRNA in neurons of rat hypothalamus (Zueco 

et al. 1999). Studies have also shown the contribution of GLP-1 to the anorexic effects 

of centrally administered oxytocin (Rinaman & Rothe 2002). Oxytocin deficient and 

oxytocin receptor deficient mice were seen to present an impaired thermogenic 

response to cold challenge (Chaves et al. 2013). Oxytocin delivered as a hormone has 

cardioprotective effects as well as positive effects on osteoporosis (Jankowski et al. 

2016; Elabd & Sabry 2015). Such a combination of beneficial effects serves to 

encourage research into harnessing the properties for the treatment of diabetes.  

9.4. Vasopressin, like oxytocin, possesses insulinotropic properties  

Arginine Vasopressin (AVP) principally known as the anti-diuretic hormone has a 

very similar structure to oxytocin (Thibonnier et al. 1998). Although this hormone is 

widely studied for its role in the kidney in terms of water reabsorption, it has other 

effects in the body including but not limited to hepatic glycolysis, gluconeogenesis, 

and oxidation of free fatty acids (Hems &Whitton 1973). It works with corticotropin-

releasing hormone (CRH) to stimulate adrenocorticotropin hormone (ACTH) 

secretion (Antoni 1993). Previous research has indicated the possible involvement of 

vasopressin in insulin release and glucagon secretion (Abu-Basha et al. 2002). Thus, 

we more fully examined the role of vasopressin in the beta cells.  

Chapter 4 highlights the effects of vasopressin on insulin and glucagon secretion. The 

receptors of vasopressin were expressed in the beta cells. This is consistent with 
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another study showing V1b receptors in the islets through immunohistochemical 

staining (Folny et al. 2003). Vasopressin stimulated insulin secretion both in vitro and 

in vivo. The stimulatory effect was inhibited with specific modulators such as 

diazoxide and verapamil in a similar fashion to GLP-1 signifying a similar mechanism 

of action. cAMP levels were also found to be elevated in beta cells treated with 

vasopressin. The inhibition of vasopressin-induced insulin by oxytocin receptor 

antagonists, V1a and V1b receptor antagonists suggested their involvement in 

downstream signalling leading to insulin release. This is in partial accordance with a 

study that suggested the control of glycaemia by vasopressin to be mediated mainly 

through interaction with V1a receptors (Taveau et al. 2017). This study also suggested 

a paradoxical increase in glucose levels in response to exogenous vasopressin. 

However, we observed a decrease in blood glycaemia with the administration of 

vasopressin along with elevated insulin release. There were also minimal effects of 

vasopressin on glucagon secretion from alpha cells in the presence of vasopressin at 

physiological glucose levels. Apart from influencing the release of insulin and 

glucagon, vasopressin also significantly suppressed appetite in mice suggesting a 

potential use in the treatment of obesity.  

9.5 Design and characterization of stable oxytocin analogues and vasopressin-

based hybrid analogues 

Oxytocin and vasopressin were shown to possess potential anti-diabetic properties in 

Chapters 3-4. However, both these peptides are rapidly degraded in circulation which 

limits their therapeutic potential (Tsujimoto & Hattori 2005). Furthermore, diabetic 

and obese models exhibit an increased oxytocinase activity in liver and adipose tissue 

suggesting an even greater rate of peptide degradation in therapeutically relevant 

conditions (Gajdosechova et al. 2014; Yuan et al. 2016). Previous attempts have been 

made to synthesize suitable analogues for these peptides, however, they have been met 

with limited outcomes (Berde et al. 1957; Manning et al. 2012).  

Chapters 5 and 6 describe the design and characterization of stable analogues of 

oxytocin and development of hybrid peptides with vasopressin. The rationale behind 

creating analogues was to modify the amino acids at positions that were identified as 

being involved in the degradation by oxytocinase. The amino acids at positions 
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recognized by the enzymes were replaced with either a similarly structured amino acid 

or a D – form of the amino acid (Melchionna et al. 2016). Chapter 5 discusses the 

results obtained with the family of analogues derived specifically from modifying 

oxytocin while Chapter 6 concentrates on hybrid peptides derived out of both oxytocin 

and vasopressin. The efficiency of oxytocin and vasopressin in sensing the changes in 

blood glucose and responding by an increase in either insulin or glucagon secretion 

was hoped to be achieved through the creation of hybrid peptides.  

These analogues were scrutinized for various anti-diabetic properties in vitro (both 

rodent and human beta cells) and in vivo. All analogues showed promising results with 

significant dose-dependent stimulation in insulin release. They also showed good 

ability to improve glucose tolerance and increase insulin secretion in vivo. Most 

importantly, their stability was compared to oxytocin both using in vitro plasma 

degradation studies and in vivo experiments with delayed glucose tolerance tests. Most 

peptides also showed a reduction in food intake suggesting the inheritance of anorexic 

properties from the parent peptides.  

The analogues were also studied for their interactions with the various receptors for 

oxytocin and vasopressin using selective receptor antagonists. This experiment was 

performed to establish which receptors were involved, noting that a cross-talk between 

oxytocin and vasopressin receptors are known (Song et al. 2017). Insulin secretion 

was found to be stunted in conditions where the analogue was not able to bind to 

oxytocin and vasopressin receptors due to the antagonism by the specific antagonist. 

It was interesting to see that slight modifications completely changed the specific 

receptor interaction for insulin release in rodent beta cells. Further to assessing these 

properties, the analogues were ranked under each category for further examination in 

mice models of diabetes.  

9.6 Effect of oxytocin hybrid peptides on insulin sensitivity, bone density and 

cholesterol in high fat fed mice for the treatment of T2DM 

 The three best functioning analogues of oxytocin – 2N (Ac-C*YIQNC*PLG-NH2), D7R 

((D-C)YIQNCYLG-NH2) and the hybrid peptide Ac8RO ((Ac-C)*YIQNC*PRG-NH2), 

were selected for further examination in a high fat fed model of T2DM to compare the 
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previous results observed with oxytocin (Winzell & Ahre 2004). The results of this 

study are highlighted in Chapter 7. Various parameters were used to assess the efficacy 

of the analogues compared to the well-established GLP-1 mimetic exendin-4. 

Exendin-4 and the 3 analogues showed a significant reduction in body weight of the 

high fat fed mice associated with reduced food intake. This was in accordance with 

the previously observed effects of oxytocin (Ding et al. 2018). The acute and chronic 

decrease in body weight was observed in DIO mice with increased oxytocin signalling 

(Morton et al. 2012). 

All analogues consistently decreased hyperglycaemia after a glucose challenge and 

increased insulin sensitivity as indicated by the lowered HOMA-IR. The three 

analogues were found to work in different ways, analogue 2N worked through 

decreasing alpha cell area with no significant change in beta cell area while 

maintaining the increased pancreatic insulin levels. Analogue D7R, on the other hand, 

reduced both the beta and alpha cell area with a reduction in pancreatic insulin content. 

Analogue Ac8RO, the hybrid peptide, significantly reduced beta cells area and thus 

the insulin content while increasing alpha cell area and glucagon content. 

Immunohistochemical analysis of the pancreatic tissue revealed a decrease in beta and 

alpha cell proliferation was observed along with a decrease in beta cell apoptosis and 

an increase in alpha cell apoptosis. This corresponded with the changes in beta and 

alpha cell area.  

Specifically, the analogues were found very promising in reducing LDL- cholesterol 

and triglycerides. They also increased HDL-cholesterol levels. The activation of the 

oxytocin receptor in adipocytes activated lipolysis and fatty acid beta-oxidation 

supporting our observations (Deblon et al. 2011). Serum oxytocin levels were also 

negatively correlated with triglycerides, LDL-cholesterol and cholesterol as indicated 

by the effect of these analogues on oxytocin mRNA expression (Qian et al. 2014). 

Oxytocin receptor itself has been found to be overexpressed in the adipocytes of obese 

patients. Oxytocin was also found to decrease fat mass but not lean muscle mass in 

obese animals supporting our findings with the analogues (Altirriba et al. 2014). The 

analogues used in this Chapter significantly reduced body fat as previously seen with 

oxytocin. It would be interesting to relate to the efficiency of oxytocin in the reduction 

of body weight and treatment of obesity in leptin-resistant mice (Alwahsh et al. 2017; 
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Amitani et al. 2013). The analogues of oxytocin were consistent in increasing bone 

mineral content possibly also indicating their potential in the treatment of osteoporosis 

(Amri & Pisani 2016). Further immunohistochemical analysis confirmed the results 

establishing the reduction in both beta and alpha cell proliferation and apoptosis.  

 The significant reduction in transaminase activity seen with the analogues (except 

2N) suggests a positive outlook for the treatment of diabetes without any liver toxicity. 

The increase in oxytocin and decrease in vasopressin mRNA expression strongly 

suggests a role of these peptides in the treatment of obesity-linked diabetes (Enhörning 

et al. 2013; Qian et al. 2014; Yuan et al. 2016). A study also shows high fat feeding 

to affect the intracellular signalling pathways in hypothalamic target neurons while 

also changing neuropeptide expression (Lutz & Wood, 2012). The findings from 

Chapter 7 show promising anti-diabetic effects of oxytocin hybrid peptides that can 

restore insulin sensitivity and reduce lipid and fat content efficiently. Hence, the 

results confirm their credibility as a new class of drugs for the treatment of obesity-

linked T2DM.  

9.7 Transdifferentiation between beta and alpha cells in diabetes 

Current studies are focussing on transdifferentiation between beta and alpha cells to 

evade cell death (Thorens 2013). Interesting data provide evidence of beta cell 

transformation either from alpha cells or from pancreatic progenitor cells (Habener & 

Stanojevic 2012; Kim et al. 2016). The evidence of beta cell dedifferentiation as a late 

feature of obesity and dysglycaemia, where beta cell death is usually acknowledged 

as the first sign of diabetes, presents concern over mechanisms of treatments (Tersey 

et al. 2018). Chapter 8 evaluates the protective effects of liraglutide, a well-known 

peptide and hybrid analogue Ac8RO on beta cell death, against streptozotocin and 

hydrocortisone induced diabetes in mice. eYFP tagged beta cells in these transgenic 

mice helped to understand the cellular basis of transdifferentiation mechanisms of beta 

cells (Thorens et al. 2015).  

Administration of liraglutide was able to counter the streptozotocin-induced increase 

in blood glucose supporting its use as a treatment for diabetes. The increase in 

pancreatic insulin suggested the important effect of the liraglutide and Ac8RO in 
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reversing the loss of beta cells and lack of insulin in streptozotocin treated mice. 

Immunohistochemical studies supported the hypothesis of the reversal of beta cell 

damage and death. Although the peptides decreased beta cell area in hydrocortisone 

treated mice and hence islet area, no significant difference was observed with 

pancreatic hormone content in the case of liraglutide. Peptides increased the number 

of islets in streptozotocin treated mice and decreased the number of islets preventing 

the effects of hydrocortisone treatment, supporting the results contributing to their 

potential as anti-diabetic treatments. 

Most importantly, tracking beta cells using GFP revealed major transdifferentiation 

mechanism involved with the peptides. The increase in alpha cell area in 

streptozotocin and hydrocortisone could be explained by the transdifferentiation of 

beta cells to alpha cells to evade cell death (Spijker et al. 2013). This 

transdifferentiation was prevented by liraglutide and analogue Ac8RO in this study as 

confirmed with immunohistochemical analysis, by increasing the transdifferentiation 

of alpha to beta cells by these peptides. This change can be explained with the increase 

in beta cell proliferation and reduction in beta cell apoptosis.   

The significance of alpha to beta cell transdifferentiation is supported by the results in 

Chapter 8. This follows a recent article that confirms the role of GLP-1 in increasing 

alpha to beta transdifferentiation (Lee et al. 2018). The increase in ductal cell 

transdifferentiation to beta cells with the treatments also suggests a combinatorial 

effort in restoring the beta cell population (Engle et al. 2008; Tritschler et al. 2017). 

Analysis of the expression of the Foxo1 gene has provided an insight into changes 

during the progression of diabetes. Foxo1 was found to translocate from cytoplasm to 

the nucleus as a remediation of cellular stress response (Kitamura 2013). It has been 

stated earlier that dedifferentiation precedes endocrine beta cell death and this possibly 

is the main stage of possible reversal using treatments (Butler et al. 2007; Ferrannini 

2010). Thus, we have revealed an interesting protective effect of analogue Ac8RO and 

liraglutide focussing on the transdifferentiation mechanisms in T1DM and T2DM 

mice models.  

There are of course limitations to this work, where translation to therapeutic use would 

need further examine of the off target effects of the analogues. The beneficial 

properties of oxytocin are hoped to be conserved in the analogues as seen in Chapter 
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7 but would definitely need to be scrutinized especially based on the effects in the 

brain. Another caution to use these analogues therapeutically would be the 

distinguishing effects they might have between males and females. This has been 

discussed as part of future work.  

9.8 FUTURE WORK 

The current study has highlighted the potential of oxytocin analogues in the treatment 

of obesity and diabetes particularly due to their insulin releasing and anorexigenic 

effects. However, a more complete profile of the effects of this peptide is missing. We 

know from previous research as depicted in the Figure 9.1, that oxytocin exerts various 

beneficial effects in different organ systems. It is still a puzzle to discover that these 

actions may play a role in maintaining homeostasis in diabetes. Most particularly 

further studies need to be carried out to confirm the anti-diabetic potential of these 

peptides in humans. Oxytocin has been known to show sex-based effects as in the case 

of the treatment of osteoporosis as seen in Figure 9.2. Hence, it would be useful to 

look for differences in anti-diabetic effects between male and female subjects. 

Oxytocin is important in the reproductive system wherein, it is mostly associated with 

the myometrial cells and labour. However, this thesis opens up new avenues to explore 

these peptide treatments in gestational diabetes. Oxytocin has been researched mainly 

in the nervous system in relation to effects on behaviour and memory. The association 

of oxytocin and GLP-1 neurons leads a path to studying changes in signalling involved 

in the brain during diabetes. Oxytocin being a neuropeptide may play an overall role 

of control in the body that needs to be discovered. We have provided good evidence 

to the anti-diabetic potential of our peptides but their effects if any on the brain needs 

to be explored. The last study on the transdifferentiation of alpha to beta cells brings 

in the perspective other pancreatic cells both endocrine and exocrine, helping to 

replace beta cells in diabetes. Studies to ascertain the role of ductal cells and other 

exocrine cells in transdifferentiating to beta cells during diabetes needs to be further 

investigated. The signalling pathways involved with these hybrids in improving 

insulin sensitivity and reducing glucose levels is still unclear. Although these peptides 

are based on oxytocin, they need to be analysed for other oxytocin related properties 

such as effects across the various organ systems.  
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9.9 CONCLUDING REMARKS 

In conclusion, this thesis has established the role of oxytocin as a neuropeptide and 

non-classical islet peptide with insulin releasing and anti-diabetic properties. The 

design of oxytocin-based analogues with resistance to enzymatic degradation led to 

the discovery of a future class of drugs capable of integrating the varied positive 

effects of oxytocin. Each of the three lead analogues retained the insulin secretory, 

glucose lowering properties along with suppression of appetite. The effects of 2N, 

D7R and Ac8RO were highlighted in combatting T2DM in high fat fed mice. Studies 

with transgenic mice suggested a possible beta cell transdifferentiation mechanism of 

treatment underlying actions of Ac8RO. These data provide a new path for the design 

of multi-targeted drugs that are able to combat both diabetes and its associated 

symptoms. Hopefully, this work will lead to these peptides being taken forward from 

a bench to bedside treatment as new effective treatment options for T2DM.  
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Figure 9.1: Summary of multi-targeted effects of oxytocin in the human system 
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Figure 9.2: Effects of oxytocin in males and females 
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