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Summary  

PYY has long been accepted to play a role in energy regulation, with administration of the 

N-terminally-cleaved PYY(3-36) being demonstrated to reduce food intake in several 

species, via NPY2R interactions. Ablation of PYY expressing cells was shown to lead to 

loss of pancreatic insulin, resulting in hyperglycaemia, which was rescued by 

administration of intact PYY(1-36); highlighting the importance of NPY1R interactions. 

Additionally, raised PYY levels following Roux-en-Y gastric bypass indicate T2DM 

remission post-surgery may be mediated by PYY, suggesting PYY-based therapies may 

restore pancreatic islet function.   

             The present study aimed to develop NPY1R-specific analogues, resistant to DPP-

4-mediated, N-terminal cleavage, retaining NPY1R agonism. Initially, (P3L31P34)PYY(1-

36) and PYY(1-36)(Lys12PAL) were developed. While intelligent design produced an N-

terminally stable peptide in (P3L31P34)PYY(1-36), both analogues underperformed against 

human PYY(1-36) when tested in in vitro systems of insulin release and beta-cell survival.  

Thus, a different approach was taken, and PYY peptides previously sequenced in 

phylogenetically-ancient fish were synthesised and tested in a series of in vitro and acute 

in vivo scenarios. While all piscine PYY peptides were resistant to DPP-4, they also 

maintained positive pancreatic functions on beta-cell rest and survival which were similar 

to, or superior than that of, human PYY(1-36), with these effects confirmed to be mediated 

primarily by the NPY1R via the use of NPYR-KO cell-lines.  Following promising in 

vitro and acute in vivo data, sturgeon and sea lamprey PYY(1-36) peptides were taken into 

a chronic in vivo setting. Intraperitoneal administration of sea lamprey PYY(1-36) was 

able to significantly improve the condition of STZ-induced diabetic mice decreasing fluid 

intake, non-fasting glucose and glucagon. Glucose tolerance, insulin sensitivity, 

pancreatic insulin and glucagon content were also significantly improved. Metabolic 

benefits were linked to positive changes in pancreatic islet morphology, as a result of 

augmented proliferation and decreased apoptosis of beta-cells. Thus, sea lamprey PYY(1-

36) was highlighted as a promising therapeutic lead.  

             Recently, another important truncation of PYY peptides was discovered, 

involving inactivation of PYY(3-36) via the removal of a C-terminal dipeptide. The 

present data confirmed that this truncation not only ameliorates effects on appetite, but 

also ablates the positive effects of PYY(1-36) at pancreatic NPY1Rs. Importantly, sea 

lamprey and human PYY(1-36) share remarkable sequence homology at these C-terminal 

residues and are thus, equally susceptible to this inactivation. Therefore, C-terminally 
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resistant analogues, NPY1R agonist (D-Arg35)-sea lamprey, and the NPY1/2R dual-

agonist [Iso3](D-Arg35)-Sea lamprey were developed. Both were resistant to C-terminal 

degradation, whilst also retaining functionality at target receptors. Additionally, while (D-

Arg35)-sea lamprey was able to delay the progression of STZ-induced diabetes compared 

to the unaltered peptide and [Iso3](D-Arg35)-sea lamprey was able to elicit clinically 

significant reductions in body weight in HFF mice, the end-points for both studies proved 

that there was not much difference between the C-terminally stabilised and unaltered 

forms.  

            When taken together, these studies reveal new lessons in the development of PYY 

analogues, which may ultimately benefit the development of a PYY-based therapy for the 

treatment of obesity-diabetes.  
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General Introduction  
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1.1. Impact of Diabetes and Obesity  

Healthcare systems across the globe are currently under immense pressure due to 

ageing populations paired with the complex comorbidities that arise as a result. 

Additionally, a faster pace of life has led to the populous living unhealthier life-styles 

which directly influence the prevalence of a number of diseases. These factors are 

increasing the demand on already overstretched healthcare services. Indeed, both the 

availability and quality of services received is under threat as a result of overstretched 

budgets, affected by growing austerity, and the stranglehold of ‘Big Pharma’ which is 

affecting both innovation and development as well as the availability of newer 

therapies as treatment options for patients.  

 Indeed, both diabetes and obesity have a major role to play in the economic 

strain currently placed on healthcare systems, particularly in low and middle income 

countries. Specifically in the United Kingdom (UK), the NHS has been reported to 

spend £10 billion annually, which accounts for approximately 10% of the total NHS 

budget (according the most recent figures from Diabetes UK). Importantly, 80% of 

the cost of diabetes is attributed to treating complications of diabetes. Therefore, it 

points to the fact that better initial control of the condition could massively reduce the 

economic burden of the condition by circumventing the likelihood of these 

complications occurring.  

 The financial burden of obesity is somewhat harder to nail down, as it is a risk 

factor for so many conditions, and is indeed heavily intertwined with diabetes. As 

such, estimates of the economic costs of obesity vary widely. That said, the influential 

‘Foresight Report’ published by the Government Office for Science estimated that 

NHS costs attributed to elevated BMI (overweight and obesity) were £4.2 billion in 
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2007 [Butland et al. 2007]. This was forecast to rise to £6.3 billion in 2015, £8.3 billion 

in 2025 and £9.7 billion in 2050. Thus, whenever you couple the economic impact of 

the two conditions as a whole, their impact on the NHS and other global healthcare 

systems is clear. It also highlights the importance of innovation in the treatment of 

these conditions, which could yield significant economic benefits through improved 

disease management.  

 

1.1.1. Prevalence and aetiology of diabetes mellitus  

According to the latest figures from Diabetes UK, there are currently 4.8 million 

diabetics currently living in the UK. Diabetes mellitus is a metabolic syndrome 

characterised by chronic hyperglycaemia due to relative insulin deficiency, insulin 

resistance or a combination of the two [Kumar and Clark 2012; Van Belle et al. 2011]. 

It is usually an irreversible condition, which can see patients enjoy a reasonably 

normal lifestyle with sufficient glycaemic control.  

The condition is associated with potentially severe complications, with the 

likelihood of these occurring increasing with both prolonged disease exposure and 

poor glycaemic control. The associated complications ultimately lead to a reduction 

in life expectancy coupled with a significant burden placed on global health services, 

due to the high cost of treatment. The complications are classified as micro or 

macrovascular, with microvascular complications increasing the risk of diabetic 

retinopathy and nephropathy, and macrovascular increasing the risk of developing 

heart disease and stroke [Kumar and Clark 2012].  

 Diabetes is classified as being either Type 1 (T1D) or Type 2 (T2D); with 

Type 1 being insulin-dependent and Type 2 being non-insulin-dependent, although as 
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the disease progresses Type 2 patients can also end up requiring insulin therapy. Other 

less prevalent forms include gestational diabetes and steroid-induced diabetes. 

Type 1 Diabetes is an autoimmune disorder, in which the host immune system 

obliterates the insulin-producing beta-cells of the pancreas; eventually resulting in the 

total loss of insulin production [Van Belle et al. 2011]. Presentation typically occurs 

around the time of puberty, although autoantibodies for pancreatic islet cells have been 

shown to be present in circulation many years before clinical onset in sufferers [Kumar 

and Clark 2012]. Given the typical period of onset, T1D may be considered a disease 

of the young (hence why it is often referred to as juvenile-onset diabetes). However, 

it can rarely occur later in life and is termed “latent autoimmune diabetes of adults” 

(LADA) [Kumar and Clark 2012].  

According to the International Diabetes Federation (IDF), there are currently 

425 million adults worldwide living with diabetes. Of this figure, approximately 90% 

of these cases are Type 2, indicating the significance of this classification on global 

healthcare [National diabetes audit. 2017-18]. Clinically, the condition shares a deal 

of overlap with T1D (with the acute presenting symptoms of both often being polyuria, 

excessive thirst and unexplained weight loss of); however, the two forms are 

considered to be opposite ends of a spectrum, as a result of distinct differences in the 

aetiology of the two.   

The reasoning behind the consideration of the two as opposites relates to 

insulin production and function. In T1D, there is absolute insulin deficiency, whereas, 

in T2D patients retain their ability to produce insulin and, although insulin can bind 

normally to its target receptor; intracellular signalling is disrupted, resulting in “insulin 

resistance”. Insulin resistance is coupled with a reduction in insulin secretion, resulting 
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from decreased beta-cell mass. In fact, T2D patients usually only possess around 50% 

of their original beta-cell mass upon diagnosis of the condition [Kumar and Clark 

2012]. This depleted beta-cell mass is also working at an abnormally high rate, in an 

effort to meet the host insulin demands. This ultimately leads to a further decline in 

beta-cell function, through abnormalities brought about through exhaustion of the cell 

machinery. This results in further beta-cell loss and can see T2D patients ending up 

on insulin therapy, in more extreme cases [Cerf 2013; Holt et al. 2010].  

T2D can be considered to be a disease of lifestyle, with global trends in 

malnutrition (either through necessity or by choice depending on socio-economic 

standing) being a major factor influencing the increasing prevalence. Additionally, an 

overall ageing population is further contributing to increasing global prevalence, as 

the risk of developing the condition increases with age. While this trend had seen the 

condition considered a condition of the old, recent statistics have shown an emerging 

shift in the demographic of sufferers; with an exponential rise in cases in adults under 

40 years old in the last decade, as well as worrying increases in child sufferers 

(particularly those in the 12-18 years old age-bracket), indicating the increasingly 

powerful effects of malnutrition on global healthcare.  

 

1.1.2. Prevalence and aetiology of obesity  

 The rising prevalence of T2D is being mirrored by rises in the levels of obesity 

worldwide. Obesity is most commonly defined in terms of Body Mass Index (BMI) 

with the World Health Organization (WHO) and the National Institutes of health 

(NIH); having defined an individual as being overweight if they have a BMI between 

25.0 and 29.9 kg/m2, and obese if they have a BMI greater than 30.0 kg/m2.  
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Put simply, obesity results from an energy intake that is greater than the energy 

expenditure of an individual, leading to the storage of the excess energy as fat. In 

reality, the condition is much more complex involving a plethora of interactions 

between sources such as the environment, genetic predisposition and human behaviour 

patterns [Nguyen and El-Serag 2010]. To elaborate on this, the relative availability 

and price of food affects consumption [Holsten 2009] (with food of poorer nutritional 

value often being more affordable than more nutritious, fresh produce), and the 

quality, along with accessibility, of local parks affecting the level of physical activity 

within a community [Kipke et al. 2007]. There is also widely accepted evidence for a 

hereditary component for the disease, involving variance in genes coding for 

hormones involved in metabolism, or for their receptors, such as leptin (termed a 

“hunger hormone”) [Farooqi and O’Rahilly 2006]. Additionally, an individual’s social 

circumstances are thought to greatly influence their attitude towards both diet and 

exercise [Nguyen and El-Serag 2010]. 

Similar to diabetes, obesity is a major risk factor for several diseases and, 

therefore, the condition usually exists alongside other co-morbidities. Examples of 

such co-morbidities are pancreatic and prostate cancer, cardiovascular disease, 

gallbladder disease and osteoarthritis [Guh et al. 2009]. Obesity is also a major risk 

factor in the development of diabetes. In fact, a 2010 study demonstrated that of the 

20 conditions they studied with an attributable link to obesity, T2D had the strongest 

association with obesity (as demonstrated by the Population Attributable Factor value 

of 50%, with the next nearest condition, endometrial cancer in women, having a value 

of 33.4%) [Anis et al. 2010]. Thus it is clear to see the complex relationship that exists 

between the two conditions; with obesity not only being a major causative factor in 
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T2D, but there also being a degree of overlap between the comorbidities associated 

with the two conditions.  

Levels of obesity globally are at an all-time high, with no signs of slowing. In 

fact, since 1980, the global age-standardised prevalence of obesity has nearly doubled 

from 6.4% in 1980 to 12.0% in 2008, with half of this increase occurring between the 

years 2000 and 2008 [Befort et al. 2012]. Again, mirroring T2D, obesity increasingly 

affects children as well as adults, with complications associated with the condition 

occurring at ever decreasing ages.  

 

1.1.3. Pancreatic physiology and architecture  

The pancreas is an abdominal organ located deep in the retroperitoneum. It is a gland 

of dual functionality and is thus termed as being “heterocrine” due to the fact it carries 

out both exocrine and endocrine functions. In short, the exocrine function of the 

pancreas involves the production of important digestive enzymes [Pandiri 2014]. 

These enzymes include trypsin and chymotrypsin to digest proteins; amylase for the 

digestion of carbohydrates; and lipase to break down fats, all of which are present in 

the pancreatic juices released into the duodenum, following food ingestion. The 

functional unit of the exocrine pancreas includes the acinar cells, which are specialised 

in enzyme synthesis, storage and secretion [Pandol 2010].  

 While the majority of the pancreas is made up of the exocrine tissue, ~85% of 

the total mass; this thesis, like much of the referenced diabetes research, is primarily 

concerned with the endocrine organs and their functions (Figure 1.1). The endocrine 

functions of the pancreas involves the production of important regulatory hormones, 

in particular the glucoregulatory hormones glucagon and insulin [Frohman 1969]. The 
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endocrine functions are performed by the unique cluster of cells, discovered by Paul 

Langerhans in 1869 [Sakula 1988], termed the Islets of Langerhans (Figure 1.1). 

Approximately one million of these pancreatic islets are spread throughout the 

exocrine tissue [Göke 2005]. Each islet is comprised of several cell-types, including 

insulin-producing beta-cells, glucagon-producing alpha-cells, somatostatin-producing 

δ-cells, ghrelin-producing ε-cells and pancreatic polypeptide producing PP-cells 

[Steiner et al. 2010].  

 

 

 

 

 

 

Figure 1.1. An overview of the exocrine and endocrine cells and functions of the 

pancreas – [Macias 2016]. 

 

Human islets have a unique architecture allowing all endocrine cells to be 

adjacent to blood vessels enabling heterologous contact between beta- and alpha-cells 

but also permitting homologous contact between beta-cells [Bosco et al. 2010]. While 

the arrangement of cells appears almost random in nature, islet cells have been shown 

to be organized into trilaminar epithelial plates, folded with different degrees of 

complexity and bordered by vessels on both sides. In epithelial plates, most beta-cells 

are located in a central position but frequently show cytoplasmic extensions between 

outlying non–beta-cells, influencing the chaotic appearance of human islets [Bosco et 
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al. 2010; Figure 1.2]. Interestingly, the composition of islets varies between species. 

For example, the islet structure in rodents has been shown to possess a strong, central 

mantle of beta-cells, surrounded by a halo of alpha-cells, which encapsulate the islet 

[Steiner et al. 2010; Figure 1.2].  

 

Figure 1.2. Multi-species comparison of islet structure and composition - Islets from 

various species presented as a phylogenetic tree. Representative islets are pseudo-

coloured models of actual islets based on IHC images composed of alpha-cells (red), 

beta-cells (green) and δ-cells (blue) [Steiner et al. 2010].  

 

1.1.3.1. beta-cells – Insulin production and release  

 The pancreatic beta-cell is by far the most intensively studied of all the islet cell types, 

which is hardly surprising, given their role in insulin production. Insulin is synthesised 

via the proteolytic processing of preproinsulin to proinsulin [Fu et al. 2013]. This 
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processing takes place initially in the rough endoplasmic reticulum [Ocri et al. 1986], 

after which proinsulin is transported to the golgi apparatus, packaged into secretory 

granules containing carboxypeptidase E, PC1/3 and PC2. These enzymes act in unison 

to generate both the 51 amino acid, A and B polypeptide, insulin molecule and the 31 

amino acid connecting proinsulin C-peptide [Goodge and Hutton 2000]. Insulin stored 

in beta-cells is packed into densely clustered granules consisting of insoluble 

crystalline hexameric insulin, arranged as three sets of dimers [De Meyts 2004]. C-

peptide is also contained within these mature secretion granules, and the two peptides 

are co-secreted in equimolar quantities, along with a smaller quantity of proinsulin 

[Hou et al. 2009].  

 The main factor influencing biosynthesis and secretion of insulin is blood 

glucose. Beta-cells respond to both the absolute glucose concentration and to the rate 

of change of blood glucose. Additionally, other physiological stimuli can trigger 

insulin release including amino acids (particularly alanine, arginine and leucine), fatty 

acids and incretins such as Glucagon-like peptide-1 (GLP-1) and Gastric inhibitory 

polypeptide (GIP) [Rang et al. 2007]. The action of glucose or these secretagogues on 

beta-cells ultimately results in the fusion of a small number of mature secretory 

granules with the cell membrane, resulting in exocytosis of insulin [Rorsman and 

Renström 2003]. In glucose stimulated insulin secretion (GSIS), glucose is transported 

into the beta-cell via the GLUT-2 membrane transporter in rodents and GLUT-1 in 

humans, following which it is subsequently metabolised by the rate-limiting enzyme 

glucokinase which is followed by glycolysis [Ashcroft 2005] which  increases ATP 

concentrations (or ATP/ADP ratio), resultant closure of ATP-sensitive K+ (KATP) 

channels, depolarization of the beta-cell membrane, and opening of the voltage-
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dependent Ca2+ channels (VDCCs), allowing Ca2+ influx [Ashcroft 2005] which 

triggers insulin secretion [Gilon et al. 1993; Seino et al. 2011].  

 Incretin-mediated insulin release occurs upon target receptor activation, after 

which adenylyl cyclase is activated and cAMP generated, leading, in turn, to cAMP-

dependent activation of second messenger pathways, such as the protein kinase-A 

(PKA) [Fehmann et al. 1995] and Epac pathways [Holz 2004] leading to membrane 

depolarisation, elevated intracellular calcium and exocytosis of insulin [Holst et al. 

2009; Tengholm 2012; Tengholm and Gylfe 2017].  

 Insulin is the main hormone controlling intermediary metabolism, affecting 

liver, fat and muscle tissues. It influences glucose metabolism in most tissues, 

particularly the liver where it inhibits glycogenolysis and gluconeogenesis, whilst 

stimulating glycogen synthesis [Fu et al 2013; Figure 1.3]. Glucose uptake, in turn, 

promotes efficient metabolism of carbohydrate, protein and lipids [Dimitriadis et al. 

2011]. To expand, following exocytosis, insulin binds to the alpha subunit of the 

insulin receptor and subsequently activates the tyrosine kinase phosphorylation 

activity of its beta subunit [Pessin and Saltiel 2000]. This results in activation of two 

insulin dependent pathways, the phosphatidylinositol 3 (PI-3)–kinase–dependent 

pathway, necessary for GLUT-4 translocation [Backer et al. 1992], and the CAP/Cbl 

complex proto-oncoprotein pathway [Ribon and Saltiel 1997].   

 

1.1.3.2. Beta-cell dysfunction and destruction in type 2 diabetes  

Type 1 Diabetes Mellitus (T1DM) is characterised by absolute insulin deficiency as a 

result of autoimmune destruction of pancreatic beta-cells. Type 2 Diabetes Mellitus 

(T2DM) is a more prolonged and progressive condition in which both a resistance to 
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endogenous insulin and impaired secretion are present [Kharroubi and Darwish 2015]. 

The aetiology of T2DM is multifactorial. Pancreatic beta-cells are plastic in nature, 

and adapt to initial changes in the early stages of T2DM. This can include the 

increasing of beta-cell mass, involving neogenesis [Xu et al. 1999], proliferation and 

conversion of alpha to beta-cells [Chakravarthy et al. 2017]. While these adaptions to 

impaired insulin secretion and insulin resistance can initially compensate for cellular 

changes; eventually beta-cell burnout will occur, leading to cellular stress and 

apoptosis [Donath et al. 2005]. This ultimately leads to a decline in endogenous insulin 

secretion and action in T2DM patients, which allows circulating blood glucose to go 

unchecked. This results in chronic exposure of beta-cells to elevated glucose levels, 

with the cell death incurred being termed glucotoxicity.  



13 
 

Figure 1.3. An overview of multifactorial insulin release from beta-cells and its effects 

on peripheral tissues – Modified from [De la Vega-Monroy and Fernandez-Mejia 

2011].  

  

Glucotoxicity is often accompanied by chronic exposure of beta-cells to free-

fatty acids (FFA) and lipids, which is termed lipotoxicity. The two work in tandem to 

cause beta-cell dysfunction via induction of mitochondrial stress, endoplasmic 

reticulum stress, oxidative stress and recruitment of pro-inflammatory of cytokines 

[Donath et al. 2005]. Subsequent suppression of several genes such as insulin promoter 
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gene, glucokinase gene, pancreatic and duodenal homeobox-1 (PDX1) occurs, leading 

to impaired insulin synthesis and secretion [Fu et al. 2013]. Oxidative stress leads to 

the generation of reactive oxygen species (ROS) [Kaneto et al. 1999], which are 

degraded by anti-oxidant enzymes contained within the beta-cells. These enzymes 

eventually become exhausted, allowing the ROS to induce apoptosis via activation of 

JNK and NF-κbeta pathways [Robertson et al. 2003]. Accumulation of ROS further 

results in mitochondrial stress via activation of the mitochondrial inner membrane 

protein uncoupling protein 2 (UCP2) resulting in perturbed ATP production and 

defective insulin secretion [Lowell and Shulman 2005]. Lipotoxicity is then reported 

to be responsible for insulin resistance; a result of the desensitising of glucose recipient 

tissues to the effects of insulin. This occurs because obesity is a state of low-grade 

inflammation, causing the infiltration of macrophages into adipose tissue [Cerf 2013]. 

 

1.2. Current Antidiabetic Therapies   

The overall treatment goal for diabetes involves the normalisation of plasma glucose, 

which should prevent the occurrence of diabetic complications. This is a careful 

balancing act in T1DM, via the tailoring of insulin doses to maintain normoglycaemia, 

whilst preventing the occurrence of hypoglycaemic episodes. The management of 

T2DM is a, somewhat, more dynamic affair, involving numerous classes of oral and 

injectable antidiabetic agents, combined with important lifestyle interventions such as 

diet control and increased exercise.  
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1.2.1. Insulin therapy  

Insulin therapy is totally unavoidable in T1DM, although is a very common endpoint 

in the treatment of T2DM also, after the failure of other agents to maintain 

normoglycaemia. Three types of insulin are available in the UK: human insulin, 

human insulin analogues, and the now less frequently used animal insulins (porcine) 

[National Institute of Clinical Excellence 2019].  Insulin preparations can be broadly 

categorised into three groups based on their time-action profiles [National Institute of 

Clinical Excellence 2019]. Short-acting insulins have a short duration and a relatively 

rapid onset of action, to replicate the insulin normally produced by the body in 

response to glucose absorbed from a meal. These are available as soluble insulin 

(human, bovine or porcine), and the rapid-acting insulin analogues (insulin aspart, 

insulin glulisine and insulin lispro). Intermediate-acting insulins (isophane insulin) 

have an intermediate duration of action, designed to mimic the effect of endogenous 

basal insulin. When given by subcutaneous injection, they have an onset of action of 

approximately 1–2 hours, a maximal effect at 3–12 hours, and a duration of action of 

11–24 hours. Finally, long-acting insulins (protamine zinc insulin, insulin zinc 

suspension, insulin detemir, insulin glargine, insulin degludec) mimic endogenous 

basal insulin secretion, but their duration of action may last up to 36 hours. They 

achieve a steady-state level after 2–4 days to produce a constant level of insulin.  

 

1.2.2. Oral antidiabetic drugs  

Oral drugs are used in the management of T2DM and are prescribed when a patient 

fails to respond to at least three months on a restrictive diet, limiting calorie and 

carbohydrate intake, while concurrently increasing physical activity [Krentz and 
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Bailey 2005, Marín-Peñalver et al. 2016]. Commencement of oral hypoglycaemic 

agents should be a strategy to augment the effects of diet and exercise, rather than the 

replacement of these lifestyle factors.  

 

1.2.2.1. Sulphonylureas  

These drugs work by augmenting insulin secretion and thus are only effective when at 

least some endogenous pancreatic insulin secretion is present. Several of these drugs 

are currently prescribed, with the choice being dictated by side-effect profiles, the 

duration of action and the patient’s age and renal function [Dwyer 2015]. For example, 

glibenclamide, a long-acting sulphonylurea, should be avoided in elderly patients due 

to a greater risk of hypoglycaemia. Instead, shorter-acting sulphonylureas such as 

gliclazide or tolbutamide are preferred [BNF 78. 2019].  

 

1.2.2.2 Biguanides  

Metformin is the only available drug in this class. It is the preferred choice of 

antidiabetic in overweight patients, following lifestyle interventions. Metformin 

works by decreasing gluconeogenesis and increases peripheral utilisation of glucose 

[BNF 78. 2019]. Like sulphonylureas, it requires residual insulin production to be 

present. The drug is relatively inexpensive and recently a number of additional benefits 

have been uncovered, to further support its use, such as a having a cardioprotective 

effect [Tseng 2019].  
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1.2.2.3. Other oral antidiabetic agents  

Further examples of other more classic oral antidiabetic medications include acarbose, 

which is an inhibitor of intestinal alpha glucosidases. It lowers blood glucose by 

delaying the absorption and digestion of starch and sucrose. Nateglinide and 

repaglinide are administered shortly after meals to stimulate insulin release and both 

have a rapid onset of action but short half-lives. Finally, the thiazolidinedione, 

pioglitazone, reduces blood glucose via the reduction of peripheral insulin resistance 

[Desouza and Shivaswamy 2010]. Notably, these medications are all only considered 

following the failure of metformin or sulphonylureas [BNF 78. 2019].  

 

1.2.2.4. More recent innovations  

More recent innovations has seen the development of agents which look beyond the 

immediate release of insulin, instead aiming to affect glycaemic control via more 

auxiliary mechanisms. The DPP-4 inhibitors sitagliptin, saxagliptin and vildagliptin 

are an extremely successful example, being widely prescribed since the approval of 

sitagliptin in 2006 [Gallwitz 2007]. They work by simply inhibiting the ability of the 

enzyme to metabolise incretin hormones, like GLP-1 and GIP, thus prolonging the in 

vivo action of these endogenous peptides in stimulating insulin secretion and inhibiting 

glucagon secretion [Gallwitz 2007].  

 Additionally, rather than drugs which prevent the breakdown of incretin 

hormones, direct, enzyme-resistant, GLP-1 analogues have been developed. The first 

of these, exenatide, was approved in 2005 [Goldenburg 2012]. This is a synthetic 

version of exendin-4, a peptide present in the saliva of the ‘Gila Monster’ lizard. The 

peptide agonises mammalian GLP-1 receptors to increase insulin secretion, decrease 
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glucagon secretion and delay gastric emptying [Holst 2007] and is more stable than 

the endogenous peptide. Initially, was required to be injected twice daily, although 

since then, once daily liraglutide and a once weekly exenatide preparation [Drucker et 

al. 2008].  

 Most recently, sodium-glucose cotransporter-2 (SGLT2) inhibitors are the 

newest class of oral anti-hyperglycaemic agents that have been approved for the 

treatment of diabetes mellitus, with canagliflozin first being approved in 2013 [Hsia 

et al. 2017]. They work by inhibiting SGLT2 in the proximal convoluted tubule, to 

prevent reabsorption of glucose and facilitate its excretion in urine. As glucose is 

excreted, plasma levels fall leading to an improvement in all glycaemic condition 

[Kalra 2014].  

 

1.3. Gut Hormones  

An array of gut-derived hormones have now been studied in the development of novel 

therapeutics for the treatment of T2DM and obesity, with studies looking beyond 

solely the obvious incretin effects. A number of these will be summarised in turn 

throughout this section.  

 

1.3.1. GLP-1  

1.3.1.1. Structure, release and metabolism  

Glucagon-like-peptide-1 (GLP-1) is a gut-derived, incretin hormone released by the 

neuroendocrine L-cells, located in the colon and distal ileum. GLP-1 is a 29-residue, 

C-terminally amidated peptide, generated via the cleavage of proglucagon within the 
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L-cells [Tan and Bloom 2013]. This cleavage is performed by the prohormone 

convertase PC1/3, which has been shown to be localised within the L-cells [Baggio 

and Drucker 2007]. The L-cell is an open-type intestinal epithelial endocrine cell, 

which is in direct contact with the luminal contents. Thus, GLP-1 secretion from these 

cells is influenced by the composition of each meal ingested; in particular, meals that 

are rich in fat and carbohydrate are known to be the primary physiological stimulus 

for GLP-1 secretion [Baggio and Drucker 2007]. Additionally, GLP-1 secretion can 

be triggered, not only by a mixed nutrient load, but also via individual nutrients. For 

example, oral administration of glucose alone has been shown to stimulate GLP-1 

secretion in humans, as well as several other species, such as mice [Unger et al. 1968]. 

 Multiple forms of GLP-1 are secreted in vivo, including the inactive forms 

GLP-1(1-36)-NH2 and GLP-1(1-37). The biologically active forms of the peptide, 

produced via the action of PC1/3, are GLP-1(7-36)-NH2 and GLP-1(7-37), and while 

equipotent in terms of their incretin effects [Orskov et al. 1993], are not equally present 

in circulation, with GLP-1(7-36)-NH2 being the predominant form of the peptide in 

circulation. The C-terminal amidation is thought to be partly responsible for the 

enhanced plasma stability, as is the case for many similar hormones [Baggio and 

Drucker 2007]. 

 While GLP-1(7-36)-NH2 may have greater stability in circulation, it is still 

subject to rapid degradation by the ubiquitous proteolytic enzyme DPP-4, meaning it 

has a short half-life [Baggio and Drucker 2007; Holst 2004a; Tan and Bloom 2013]. 

DPP-4 is a serine protease which targets either an alanine or a proline residue at 

position two, closest to the amino terminus (N-terminal), in order to cleave a dipeptide; 

this cleavage generally renders the peptide less or totally inactive. GLP-1 contains an 

alanine residue at position two of its sequence, which is targeted by DPP-4, leading to 
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the generation of the inactive metabolite GLP-1(9-36)-NH2 [Baggio and Drucker 

2007; Holst 2004a].  

 GLP-1 secretion is biphasic in fashion, with an early phase occurring 10-15 

minutes after ingestion of nutrients and a second, more prolonged, phase occurring 30-

60 minutes after ingestion [Baggio and Drucker 2007]. Therefore, given the distal 

location of the L-cells, it is unlikely that direct nutrient contact with the cells can be 

the sole mechanism initiating GLP-1 secretion. Thus, the autonomic nervous system, 

in particular the vagus nerve (which innervates a significant portion of the GI tract), is 

thought to play a role in this early phase of release, with nutrient content being more 

important to the second phase of release.  

 

1.3.1.2. Mechanism of action 

GLP-1 binds to its own receptor, termed the GLP-1 receptor (GLP-1R), which is a 

family B, or secretin-like, G-protein coupled receptor (GPCR) [Cordomí et al. 2016]. 

A structurally identical GLP-1R has been identified in various tissues in both humans 

and rodents, for example: pancreatic tissue (alpha, beta and delta-cells of the islets), 

stomach, and intestine, as well CNS regions such as the hypothalamus and brainstem 

[Baggio and Drucker 2007]. The wide distribution of its target receptors throughout 

the body means the hormone exerts an array of effects, upon various tissues.  

 The binding of GLP-1 to its target-receptor on the beta-cell surface leads to the 

activation of several intracellular transduction pathways. The binding of GLP-1 

increases insulin secretion, mainly via stimulation of intracellular cyclic adenosine 

monophosphate (cAMP) mediated events [Holst 2019; Irwin and Flatt 2015]. cAMP 

mediates its stimulatory effect via two mechanisms: protein-kinase-A (PKA) 
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dependent phosphorylation and PKA-independent activation of Epac2 (an exchange 

protein directly activated by cAMP). Both pathways contribute to direct inhibition of 

KATP channels, which leads to membrane depolarisation and an increase in 

intracellular Ca2+ levels. Increased mitochondrial ATP synthesis brings about further 

membrane depolarisation, which leads to closure of the voltage dependent K+ 

channels, further delaying membrane repolarisation. Exocytosis of insulin from 

storage granules occurs due to these changes in intracellular Ca2+ and ATP [Baggio 

and Drucker 2007].  

 GLP-1 is also able to influence beta-cell mass through promotion of beta-cell 

proliferation, islet cell neogenesis and inhibition of beta-cell apoptosis [Holst 2019; 

Irwin and Flatt 2015]. These effects are partly related to GLP-1’s ability to influence 

insulin secretion from beta-cells, as GLP-1 has the ability to promote glucose-induced 

biosynthesis of insulin, resulting in replenishment of insulin stores within the beta-

cells and reducing cell exhaustion [Baggio and Drucker 2007]. Beyond this, activation 

of Pancreas duodenum meobox 1 (Pdx-1), a transcription factor essential for 

pancreatic development and beta-cell function, (activated downstream from GLP-1-

R) is thought to be a shared influence in these three processes, which determine beta-

cell mass. The reasoning behind this is that administration of the GLP-1 analogue 

exendin-4, has been shown to have no effect on GSIS, proliferation or inhibition of 

apoptosis in beta-cell specific Pdx-1 knockout mice [Li et al. 2005]. That said, Pdx-1 

activation is unlikely to be the only intracellular mechanism at play. This is 

demonstrated by the enhanced beta-cell injury and apoptosis exhibited by GLP-1-R 

knockout mice, indicating that factors further upstream from Pdx-1 are also playing a 

role [Drucker 2015].  
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 GLP-1 mimetics have been shown to have further application in the treatment 

of T2D due to their ability to bring about positive effects on the GI tract, again 

indicating the wide distribution of GLP-1-R in various tissues. Examples of such 

effects include: inhibition of gastric acid secretion and delaying of gastric emptying, 

which helps reduce post-prandial spiking of blood glucose by slowing the transit of 

nutrients from the stomach to the small intestine and influences satiety [Baggio and 

Drucker 2007]. Additionally, agonism of GLP-1-R within hypothalamic CNS centres, 

where ingestive behaviour is dictated, is thought to play a role in the satiety [Drucker 

2015]. These effects on satiety result in reduced appetite, with resultant weight loss; 

an important effect in overweight or obese T2DM patients.  

 

1.3.1.2. Development of GLP-1-based therapeutics 

As previously alluded to Section 1.2.2.4. GLP-1 analogues have already exhibited 

significant success in the management of T2DM [Holst 2004b]. As such, they 

highlight the potential in the development of further gut-hormone derived 

therapeutics. Additionally, it is increasingly felt that both the weight loss and 

glycaemic control achieved with these agents have not been as promising as had 

previously been hoped (particularly when compared with those achieved with bariatric 

surgery) [Irwin and Flatt 2013]. This is particularly important when considering that 

the National Institute for Health and Care Excellence (NICE), who provide up to date 

evidence-based prescribing recommendations, currently state that treatment with these 

agents should only be continued if a reduction of HbA1C of at least 1% coupled with a 

weight loss of at least 3% can be achieved within six months of treatment initiation.  
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The use of currently available GLP-1 analogues has somewhat been marred by 

reports of pancreatitis and pancreatic cancer associated with their use [Irwin and Flatt 

2015; Tan and Bloom 2013]. Indeed, they are still considered “Black Triangle” drugs 

by the British National Formulary. All drugs with this annotation are monitored more 

closely than those without it, as it is an indicator of the importance of reporting all 

adverse effects encountered through use of a drug. As a result of these reports, all 

patients being initiated on a GLP-1 analogue are required to be counselled on 

recognising the signs and symptoms of pancreatitis, and the actions to be taken, should 

these occur. 

 

1.3.2. Other gut hormones  

While this body of work is primarily concerned with the study and application of PYY-

based therapies, which have obvious parallels with those based on GLP-1, it is 

important to note that there are currently a number of other gut-derived peptides being 

studied for their translational benefits in T2DM.  

 

1.3.2.1. Cholecystokinin  

Cholecystokinin (CCK) is released post-prandially by the endocrine I-cells, located in 

the small intestine [Field et al. 2008]. Bioactive CCK is derived from pro-CCK, a 

protein consisting of 95 amino acid residues. Cleavage of pro-CCK by amino 

peptidases produces an array of cleavage products. Of these products, the largest with 

biological activity is CCK-83, whereas the shortest is CCK-8. There are four other 

bioactive cleavage products between CCK-83 and CCK-8, namely: CCK-58, -39, -33 

and -22. The bioactive forms all share a minimal epitope, consisting of a seven-
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residue-long sequence (Y-(SO3-)MGWMDF-NH2), which is critical for receptor 

binding [Field et al. 2008; Rehfeld et al. 2001]. The predominant circulating form of 

the peptide is CCK-33, as demonstrated by the study by Rehfeld et al. 2001.  Despite 

this fact, research surrounding the therapeutic applicability of CCK has largely 

focused on CCK-8 [Rehfeld et al. 2001]. This is likely a result of the higher cost 

associated with the production of larger peptides, compared to those with reduced size.  

 Like GLP-1, CCK too binds to its own class of receptors, although these are 

family A, or rhodopsin-like, GPCRs of which there are two kinds. These are termed 

the CCK-1 and CCK-2 receptors [Cordomí et al. 2016]. Binding to CCK-1-R requires 

the heptapeptide epitope (given above) of the agonist to be O-sulphated, whereas the 

CCK-2-R does not discriminate between sulphated and non-sulphated forms of the 

peptide [Rehfeld et al. 2001]. CCK-1 receptors are present on gastric mucosa and vagal 

afferent neurons, whereas CCK-2 receptors are mainly confined to the GI tract and the 

brain [Irwin and Flatt 2015]. 

 Of the two forms of CKK receptor, CCK-1-R has been most extensively 

studied, in terms of a therapeutic drug target. The CCK-1 receptors, which are present 

on the gastric mucosa and vagal afferent neurons, play a role in regulation of energy 

balance, through stimulation of short-term satiety [Irwin and Flatt 2013,2015]. 

Resultant satiety is both accompanied and influenced by the stimulation of gallbladder 

secretion and pancreatic digestive juices, as well as the slowing of gut motility. Thus, 

CCK-1 agonism has significant therapeutic potential in the development of 

medications to tackle obesity, particularly when considering that CCK-8 has been 

shown to retain its ability to reduce food intake in obese humans [Pi-Sunyer et al. 

1982].  
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 While the peptide clearly shows promise in the development of a medication 

to bring about weight-loss in obesity, attempts to bring a viable product to clinic have 

been, to date, unsuccessful. This is, in part, because while administration of CCK is 

able to reduce the amount of food consumed at one single meal; study of repeated 

administration in rats showed that they compensated for the reduced intake at one 

particular meal by increasing the frequency of their meals [West et al. 1984].  

Additionally, studies involving continuous IP infusion of CCK have demonstrated the 

development of tolerance to the peptide in subjects, thus diminishing the therapeutic 

effect [Irwin and Flatt 2009].  

 CCK is also able to exert an insulin-releasing effect through binding with CCK 

receptors on the pancreatic beta-cell surface, with the effect being similar (although 

not equivalent) to that of GLP-1. Like GLP-1, CCK not only stimulates insulin 

secretion, but also acts to both promote growth and prevent programmed cell-death, 

resulting in increased beta-cell mass [Irwin and Flatt 2015]. Therefore, it is clear to 

see CCK has a potential role to play in not only management of obesity, but also in 

the treatment of T2DM. However, as is often the case with the use of peptides in drug-

development, CCK requires modification in order to render it therapeutically viable. 

This is because the native, bioactive, forms are rapidly degraded by aminopeptidases 

in the plasma, with this degradation eradicating biological activity.  

 Despite its rapid degradation profile in vivo, there have been recent successes 

in the development of a therapeutically viable, enzymatically stable CCK analogue for 

the treatment of obesity and diabetes; with the analogue also overcoming problems 

associated with previous studies in CCK, such as the development of tolerance. The 

analogue, produced by [Irwin et al. 2012] is an N-terminally modified CCK-8 

derivative termed: (pGlu-Gln)-CCK-8 [Irwin et al. 2012]. The modification rendered 
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the peptide much more stable, with a half-life of 22-34 minutes; compared to a half-

life of 2-4 minutes in the native, unmodified form. Chronic in vivo studies 

demonstrated that daily administration of the analogue was able to bring about 

sustained weight loss and improve both glucose tolerance and insulin resistance in 

mice, thus demonstrating the therapeutic applicability of the analogue. Subsequent to 

this, a mini-PEGylated derivative of the analogue was produced, namely: (pGlu-Gln)-

CCK-8[mPEG] [Irwin et al. 2013]. The study was able to demonstrate no loss of 

efficacy upon PEGylation, with total or partial loss of pharmacological activity often 

being a consequence of PEGylation of pharmaceuticals. The significance of this is that 

it would likely allow once daily administration of the CCK analogue in humans, with 

PEGylation preventing clearance by the kidneys, and in turn, prolonging the 

circulation-time of the peptide [Irwin and Flatt 2015].  

 Despite such innovations, a CCK based therapeutic has not yet been approved. 

While administration in humans has demonstrated an unfavourable side-effect profile, 

with nausea and abdominal cramping being reported [Smith 1984], these effects are 

said to be transient and dose-dependent.  

 

1.3.2.2. Glucose dependent insulinotropic peptide  

Glucose-dependent insulinotropic polypeptide (GIP or gastric inhibitory polypeptide) 

is a 42-amino-acid peptide hormone secreted from intestinal K-cells of the duodenum 

and proximal jejunum [Buchan et al. 1978]. GIP is released into the circulation in 

response to ingestion of glucose or fats and works together with GLP-1 to induce the 

‘incretin-effect’ in enhancing glucose stimulated insulin secretion [Pederson et al. 

1975]. Full-length GIP(1-42) is synthesised from its 153 amino acid precursor 
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(ProGIP) by PC1/3 [Ugleholdt et al. 2006], while prohormone convertase PC2 is 

responsible for the processing of ProGIP into its C-terminally truncated isoform, 

GIP(1-30), in the intestine and pancreatic alpha cells [Fujita et al. 2010a,b]. In a similar 

vein to GLP-1 and PYY(1-36), GIP is subject to rapid degradation by DPP-4, which 

cleaves Tyr1-Ala2 of the peptide, resulting in the truncated metabolite GIP(3-42) 

[Mentlein et al. 1993]; this eliminates insulinotropic activity.  

 The binding of GIP to its specific GPCR on beta-cells enhances GSIS by 

activating cAMP signal transduction pathways [Ding and Gromada 1997]. In addition 

to established insulinotropic actions, GIP has been shown to possess other direct 

beneficial effects on the beta-cells including stimulation of growth, differentiation, 

proliferation and survival in vitro [Ehses et al. 2002; Trumper et al. 2002]. 

Additionally, recent evidence indicates that GIP plays an important dual role in 

increasing bone formation and inhibiting resorption and, therefore, represents an 

attractive therapeutic avenue for osteoporosis treatment [Irwin et al. 2010]. The 

peptide consists of three bioactive domains; the N-terminal domain – GIP(1-14), the 

mid domain – GIP(19-30) and the C-terminal domain GIP(31-42) [Hinke et al. 2001]. 

The first two domains are responsible for the insulin-releasing incretin effect, whereas 

the third domain inhibits gastric secretions. GIP(1-14) is the more potent of the two 

insulinotropic regions, due to elicitation of superior cAMP production [Alana et al. 

2004; Hinke et al. 2001]. Thus, given the similar effects of GIP to that of GLP-1 GIP 

agonists represent another possible avenue for the development of treatments of 

T2DM. Furthermore, their potential effects on bone mass and density may lead to GIP 

treatments being a better treatment option for T2DM patients with pre-existing or 

greater risk of osteoporosis; such as post-menopausal women.  
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1.3.2.3. Oxyntomodulin   

Like PYY and GLP-1, oxyntomodulin (OXM) is produced in and released from 

intestinal L-cells in response to food intake [Wren and Bloom 2007; Figure 1.5]. It is 

a 37 amino acid peptide via processing of the preproglucagon precursor by 

prohormone convertase 1/3 [Holst 1997]. Unlike the aforementioned gut hormones, 

an OXM receptor has not been identified; rather the biological actions of OXM are 

attributed to binding and activation of both GLP-1 and glucagon receptors [Karra and 

Batterham 2010]. In vitro and in vivo rodent studies suggest that OXM induces 

catabolic effects that favour weight loss via glucagon receptor agonism and 

subsequent improved metabolic control, while glucose homeostasis and insulin 

resistance are improved through activation of GLP-1 receptors [Pocai 2012]. The 

similarity with PYY and GLP-1 continues with the fact that DPP-4 also rapidly 

degrades OXM to render it inactive [Druce et al. 2009]. OXM analogues would, 

therefore, be required to be N-terminally stable in order to be therapeutically viable. 

That said, novel OXM analogues have been developed, employing specific N-terminal 

position 2 modifications which are stable and show particular promise for the 

treatment of diabetes [Lynch et al. 2014], and also highlight the potential to employ 

such modification to other DPP-4 susceptible peptides.  

 

1.3.3. Bariatric surgery  

Bariatric surgery is an umbrella term, encapsulating a range of surgical procedures, of 

varying severity, employed to encourage weight-loss in overweight and obese patients. 

There are a number of different kinds including: gastric banding, gastric bypass, 
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gastrectomy, intra-gastric ballooning and biliopancreatic diversion [Elder and Wolfe 

2007].  

 

1.3.3.1. Roux-en-Y gastric bypass  

 Roux-en-Y gastric bypass (RYGB) involves the creation of a small pouch at the top 

of the stomach, which is connected to the small intestine, thus bypassing the rest of 

the stomach [Elder and Wolfe 2007]. While originally considered as a weight-loss 

surgery for obese patients, which has seen great clinical success; RYGB is now 

regarded as the gold standard for treatment of obesity-diabetes, with ~88% diabetes 

remission, increased weight loss and superior metabolic control being achieved in 

patients than conventional pharmacological treatments [Cohen et al. 2012; Schauer et 

al. 2003].  

 While the reduced calorie intake and nutrient malabsorption are a result of the 

structural reorganisation of the stomach, more recent understanding of hormonal 

changes, post-surgery, have highlighted that this is not the sole beneficial factor [Elder 

and Wolfe 2007]. As such, the enhanced diabetic control post-bariatric surgery is 

independent of weight loss, with enhanced glycaemic control [Mingrone et al. 2015], 

improved insulin sensitivity [Campos et al. 2010], augmented beta-cell function 

[Guidone et al. 2006], restored first phase insulin secretion [Salinari et al. 2009] and 

decreased truncal fat deposition [Kashyap et al. 2013] all reported, with these effects 

initiating in as little as a few days post-surgery. Altered secretion and action of gut 

hormones such as PYY, GLP-1, OXM and ghrelin post- surgery are now thought to 

be responsible for the remission of T2DM [Holst 2013; Meek et al. 2016], with 

improved pancreatic islet function and sensitivity resulting in normal glucose 
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regulation of glucagon and insulin secretion and normalising islet morphology. 

Interestingly, culture of isolated islets with serum from RYGB animals mimicked 

these effects, with reversal of the effect being shown following neutralization of PYY 

but persisting in the presence of a GLP-1 receptor antagonist, highlighting the 

importance of PYY to the process [Ramracheya et al. 2016].  

 

1.3.3.2. Applicability of surgery  

Generally, surgery is reserved for patients with a BMI of 40 or more, or a BMI between 

35 and 40 and a serious condition that might improve with weight loss, including 

T2DM. Additionally, surgery carries its own risks, particularly with overweight 

patients, and post-surgical complications such as blood clots, nutrient deficiency, 

wound infection or seepage of gut contents into the stomach which can also result in 

serious infection [Elder and Wolfe 2007]. Thus, development of gut-peptide based 

therapies, capable of mimicking the hormonal changes post-surgery are an exciting 

prospect in the treatment of T2DM, as they are likely to be safer and more widely 

available than bariatric surgery.  
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1.3.4. PYY  

As is evident from the title of this PhD thesis, Peptide Tyrosine-Tyrosine (PYY) is 

integral to this body of work. Thus, the following section will briefly provide a 

background to the peptide.  

  

1.3.4.1. Discovery and evolution of PYY  

Peptide YY (PYY) is a polypeptide hormone consisting of 36 amino acid residues, 

first discovered in 1982, following isolation from porcine upper-intestinal tissue 

[Tatemoto 1982]. Upon discovery of PYY, it was postulated that it belonged to the 

same family of peptides as Pancreatic Polypeptide (PP), given the high degree of 

amino acid sequence homology between the peptides [Tatemoto 1982].  This was later 

confirmed, and collectively these peptides were initially termed the ‘PP family’, 

comprising of PYY, PP and the related Neuropeptide Y (NPY) peptide hormone 

[Conlon et al. 1992]. Despite being characterised most recently, NPY is actually the 

more ancient in terms of evolutionary standing [Conlon 2002]. As a result, the family 

is now more commonly referred to as the ‘NPY family’ of peptides.  

 It is thought that the peptides comprising this family arose via successive 

duplications of a shared ancestral gene [Conlon 1995]. If one assumes the  rate  of 

mutation  of  each  NPY  family  peptide  is  identical,  the greater sequence homology 

of PYY and NPY suggests that the gene encoding an ancestral peptide underwent 

subsequent duplication to produce genes encoding PP and a hybrid NPY/PYY  

molecule [Conlon 2002]. A later duplication was then responsible for producing 

separate genes encoding for the individual peptides that we now recognise. NPY is 

one of the most conserved peptides during evolution and no gnathostome (jawed) 
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species possesses more than five amino acid variations from the ancestral gnathostome 

sequence. PYY is more variable, particularly in mammals which have nine variations 

from the gnathostome ancestor. PP may be the most rapidly evolving neuroendocrine 

peptide among tetrapods with only 50% homology observed between mammals, birds, 

and amphibians [Larhammer 1995]. With regards to PYY, the structure has been more 

strongly conserved in fish than tetrapods, with the suggestion that the more rapid rate 

of evolution of tetrapod PYY is a consequence of the gene duplication that generated 

the PPY gene, a precursor to the duplication event that produced separate PYY and PP 

genes, that has thereby relieved the PYY gene of some conservative selective pressure 

[Conlon 2002].  

 

1.3.4.2. Structure, release, metabolism and function of PYY  

 The NPY family of peptides exhibit a significant degree of amino acid sequence 

homology [Tatemoto 1982]. Firstly, PYY, PP and NPY all consist of 36 amino acid 

polypeptides, with a number of conserved residues throughout each peptide sequence 

[Conlon 2002]. These include Pro2, Pro5, Pro8, Gly9, Tyr20, Leu24, Thr32, Arg35 and 

Tyr36 [Conlon 2002; Germain et al. 2013; Söll et al. 2001]. The three peptides also 

contain similar tertiary structures, namely the left-handed polyproline-like helix 

(formed from residues 2-8), the α-helix (formed from residues 14-32) and the beta-

turn, which bridges the gap between the polyproline-like and α-helices [Germain et al. 

2013]. Together, these structures form a characteristic hairpin bend, termed the ‘PP-

fold’; an important structural conformation that is pivotal for the physiological 

function of the NPY family of peptides [Germain et al. 2013]. The fold between these 

two helices is strengthened by non-covalent interactions between a number of the 
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conserved residues, in particular Pro2, Pro5, Pro8, Tyr20, Leu24 and Tyr27, resulting in 

formation of a highly hydrophobic core [Germain et al. 2013; Hegefeld et al. 2011; 

Keire et al. 2002; Pedersen et al. 2012; Söll et al. 2001; Walther et al. 2011]. The N-

terminal polyproline-like helix has been shown to be more dynamic than the, more 

rigid, C-terminal α-helix, indicating that the C-terminal residues are crucial for 

maintaining the structural integrity of molecule [Germain et al. 2013; Hegefeld et al. 

2011]. These structural characteristics are of utmost importance for receptor 

specificity of PYY, PP and NPY [Söll et al. 2001]. Furthermore, the PP-fold is subject 

to conformational changes through variations in pH, temperature and peptide 

concentrations, further affecting affinity and selectivity of target receptor binding 

[Pedersen et al. 2012].  

PYY is mainly produced in the neuroendocrine L-cells of the distal gut, thus 

sharing a common site of synthesis with GLP-1 [Spreckley 2015]. However, a discrete 

population of brain neurons within the medulla are also known to express and secrete 

PYY [Breen et al. 1998]. Moreover, a more recent study has revealed PYY expression 

in pancreatic alpha-, PP- and delta-cells [Khan et al. 2016]. Given this, it is 

conceivable that local production of PYY is responsible for effects within each tissue, 

however this needs to be confirmed. However, generally, PYY is thought to be 

released postprandially from the gut, in response to ingestion of food [Persaud and 

Bewick 2014; Tan and Bloom 2013].  

Interestingly, it has been demonstrated that endogenous circulating PYY levels 

are lower in obese, than in normal, individuals indicating a possible 

pathophysiological role for PYY in obesity [Karra et al. 2009]. Following secretion, 

PYY is efficiently and rapidly degraded at the N-terminal by the ubiquitous enzyme 

dipeptidyl peptidase-4 (DPP-4), through removal of the dipeptide, Tyr1-Pro2 [Michel 
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et al. 2008]. Thus, PYY not only shares a site of synthesis with GLP-1, but also the 

enzyme that degrades the peptides at the N-termini [Baggio and Drucker 2007]. 

Interestingly, the 36 amino acid native PYY peptide is not the predominant PYY form 

present in the circulation, with PYY(3-36) being more abundant [Tan and Bloom 

2013]. Whether this is also true within individual tissue regions remains to be clarified, 

which could impact upon specific PYY receptor-substrate interactions. In addition to 

this, a recent study has documented the C-terminal metabolism of PYY(3-36) to 

PYY(3-34) in humans, although the physiological impact of this N- and C-terminally 

truncated PYY metabolite remains uncertain [Toräng et al. 2016, Figure 1.4]. The 

biological action profile of PYY essentially includes inhibition of upper GI motility, 

mucosal fluid and electrolyte secretion as well as colonic transit, which together 

promote satiety [Batterham et al. 2002; Pittner et al. 2004; Wu et al. 2013]. 

PYY is also believed to regulate energy intake centrally, acting on a set of 

medullary brainstem regions, collectively referred to as the dorsal vagal complex 

(DVC), resulting in reduced gut motility via the induction of an ‘ileal brake’ 

mechanism [Chen and Rogers 1995]. It has recently been revealed that the 

circumventricular organs (CVOs), namely the area postrema (AP) and subfornical 

organ (SFO), are fundamental to this [Chen and Rogers 1995]. These brain structures 

are not fully protected by the blood-brain-barrier (BBB), and PYY molecules modified 

to inhibit BBB crossing are still capable of exerting centrally mediated effects on 

inhibiting appetite via these sites [Baraboi et al. 2010]. Furthermore, an important role 

for PYY in pancreatic beta-cell survival and function has also recently been revealed 

[Khan et al. 2016; Sam et al. 2012; Table 1.1]. However, the biological actions of PYY 

are fully dependent upon which receptor subtype is activated.  
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1.3.4.3. NPY-receptors  

The NPY family of peptides exert their biological effects through binding with a class 

of G-protein-coupled receptors (GPCRs), specifically rhodopsin-like GPCRs, termed 

the NPY-receptors (NPYRs) [Walther et al. 2011, Figure 1.5]. Within this class of 

GPCRs, PYY is known to bind three receptor subtypes, namely NPY1R, NPY2R and 

NPY5R [Keire et al. 2002; Hegefeld et al. 2011; Walther et al. 2011]. However, it is 

important to note that other NPYRs have been characterised, including the NPY4R 

which shows a high affinity for PP, and the NPY6R receptor that has been shown to 

be functional in mice and rabbits, but not in humans [Walther et al. 2011]. The NPY 

receptors are interesting, in that they show low overall sequence identity, with 

differing affinity for endogenous ligands from the NPY family [Walther et al. 2011]. 

These differences in affinity have allowed for identification and classification of each 

receptor subtype.  

While receptor affinities of the NPY family ligands may differ [Walther et al. 

2011; Table 1.1], the resultant intracellular signalling pathways following receptor 

activation are similar [Michel et al. 1998]. Inhibition of adenylyl cyclase, and 

consequent reduction in synthesis of cyclic adenosine monophosphate (cAMP), has 

been demonstrated in almost every NPY receptor-expressing cell type investigated 

[Nieuwenhuizen 1994]. Additional signalling responses have also been identified in 

certain cell types, such as the inhibition of Ca2+ channels as well as the activation 

and/or inhibition of K+ channels [Michel et al. 1998]. A further similarity of the NPYR 

subtypes includes the requirement of an amidated Tyr36 residue at the C-terminus of 

all peptide agonists, which has been shown to be important for both recognition and 

subsequent agonist binding [Walther et al. 2011].  
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1.3.4.3.1. NPY1R  

The NPY1R receptor subtype consists of 384 amino acids and is chiefly expressed in 

the central nervous system (CNS) within the cerebral cortex, thalamus and the 

amygdala, but is also expressed peripherally in adipose tissue, throughout the 

intestines, the colon, vascular smooth muscle cells and in pancreatic islets of 

Langerhans [Cox 2007; Khan et al. 2016; Sam et al. 2012; Wu et al. 2013]. The 

receptor is encoded by the Npy1r gene, which has been located on human chromosome 

4q(31.3–32) [Cox 2007], and activation has been shown to modulate vasoconstriction, 

sedation, colonic epithelium growth regulation, pancreatic beta-cell proliferation and 

induction of feeding [Batterham et al. 2002; Khan et al. 2016; Persaud and Bewick 

2014; Wu et al. 2013; Table 1.1; Figure 1.5]. The NPY1R displays high affinity for 

both native PYY and NPY, but affinity dramatically decreases through N-terminal 

truncation of the peptides by DPP-4 [Wu et al. 2013; Table 1.1]. Thus, NPYR 

specificity of PYY and NPY dramatically alters dependent upon whether or not the N-

terminus of the peptide remains intact.  

 

1.3.4.3.2. NPY2R  

The NPY2 -receptor consists of 381 amino acids, and is encoded by the Npy2r gene 

(located on chromosome 4q(32.1) [Walther et al. 2011]. This NPY receptor subtype is 

expressed in brain tissues (particularly the hippocampus), sympathetic and 

parasympathetic nerve fibres, stomach, intestines and blood vessels [Walther et al. 

2011]. The biological consequences of activation of the NPY2R includes suppression 

of neurotransmitter release, gastric anti-secretory effects, enhanced memory retention, 

suppression of carbohydrate intake, inhibition of vasoconstriction, small intestine 
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motility and neuronal apoptosis [Persaud and Bewick 2014; Wu et al. 2013; Table 1.1, 

Figure 1.5]. Like the NPY1R, PYY and NPY bind with high affinity to this subtype 

[Walther et al. 2011; Wu et al. 2013; Figure 1.5]. However, NPY2Rs also possess high 

affinity for the DPP-4 N-terminally truncated forms of both PYY and NPY, namely 

PYY(3-36) and NPY(3-36) [Table 1.1], and the receptor is thought to be intrinsically 

involved in the regulation of energy balance by PYY [Wu et al. 2013].  

 

1.3.4.3.3. NPY5R  

The NPY5R receptor is encoded by the Npy5r gene and is expressed in two isoforms, 

one being 10 amino acids shorter than the other, although both receptor isoforms 

display a similar pharmacological profile upon activation [Walther et al. 2011]. The 

NPY5R is primarily located in the brain [Wu et al. 2013], but there is a suggestion that 

the receptor is also present in peripheral tissues. As such, NPY5R has been evidenced 

in human pancreatic islets, although identification of the receptor subtype in animal 

islets is still missing [Khan et al. 2016; Persaud and Bewick 2014; Wu et al. 2013]. 

This receptor is also believed to function in conjunction with the NPY1R to stimulate 

appetite, acting as a positive modulator of feeding after the initial response elicited 

through activation of the NPY1R [Inui 1999; Table 1.1; Figure 1.5]. The NPY5R 

displays relatively high affinity for both PYY and NPY, but much lower affinity 

towards the N-terminally truncated versions of these peptides [Wu et al. 2013; Table 

1.1]. Notably, PP also binds to this receptor with relatively good affinity [Walther et 

al. 2011; Wu et al. 2013; Table 1.1], although PP is principally known to interact with 

NPY4R [Zou et al. 2008].  
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Table 1.1. A summary of endogenous agonists and biological effects Y-receptor 

subtypes  

 

1.3.5. PYY pharmacotherapy 

1.3.5.1. PYY as an anti-obesity medication  

In 2002, Batterham and colleagues revealed that intraperitoneal injection of PYY(3-

36) in rodents significantly inhibited food intake [Batterham et al. 2002; Table 1.1]. 

This appetite suppressive action was also confirmed in humans, where PYY 

administration was shown to induce a reduction in caloric intake over a 24-hour period 

[Batterham et al. 2002]. Moreover, the satiating effects of peripherally administered 

PYY(3-36) were later observed in obese human subjects, indicating no incidence of 

resistance to the biological actions of this peptide in obesity [Batterham et al. 2003]. 

These initial findings have now been fully corroborated in rodents [Koegler et al. 
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2005], monkeys [Koegler et al. 2005] and humans [Sloth et al. 2007]. Despite the 

obvious potential for the treatment of obesity, PYY(3-36)-based therapies have not yet 

made it to clinic. This could be due to a number of factors including a short biological 

half-life of PYY(3-36) of less than 4 hours [Sloth et al. 2007]. Additionally, adverse 

effects have been observed in humans following administration of PYY(3-36) such as 

nausea, sweating and abdominal discomfort, which may be influential for its related 

appetite suppressive actions [Ortiz et al. 2007]. Indeed, interactions of PYY in the AP 

region of the brain, known to house the vomiting centre [Baraboi et al. 2010], would 

strengthen this viewpoint. However, adverse effects of PYY do appear to be dose-

dependent in nature and linked solely to activation of NPY2Rs [Reidelberger et al. 

2008; Table 1], thus reduced PYY doses in combination with modulation of other 

hormone receptors involved with energy balance, such as GLP-1 [Barrera et al. 2011], 

could be of key therapeutic interest. Moreover, there has been a recent upsurge in focus 

on the generation of novel hybrid peptides that can modulate multiple regulatory 

peptide hormone receptor pathways [Chepurny et al. 2018; Gault et al. 2011; Irwin et 

al. 2015], and PYY based therapies could have a significant role to play here.  

 

1.3.5.2. PYY as an anti-diabetes medication  

The above noted potential therapeutic role for PYY(3-36) in obesity would have 

obvious translational benefits for the large majority of type 2 diabetic patients, where 

obesity is a major co-morbidity [Khaodhiar et al. 1999]. However, whilst PYY is 

primarily a gut hormone, it has also been evidenced within the pancreas [Persaud and 

Bewick 2014]. Indeed, during development the earliest distinguishable pancreatic 

islets in utero have been shown to express PYY [Mulder et al. 1998], indicating a 
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potentially important role for PYY in islet development and function. It has been 

demonstrated that PYY inhibits glucose-stimulated insulin secretion (GSIS) from 

isolated mouse islets [Khan et al. 2016; Morgan et al. 1998; Sam et al. 2012], 

potentially inducing beta-cell rest. As such, numerous benefits of beta-cell rest 

inducing agents have previously been noted in diabetes [Brown and Rother 2008]. 

Indeed, selective knock-out of PYY expressing cells in mice results in 

hyperglycaemia, which was shown to be primarily the result of increased beta-cell 

destruction rather than decreased secretory function [Sam et al. 2012]. Since PYY is 

not expressed in insulin-producing beta-cells [Khan et al. 2016], this observed beta-

cell depletion likely occurs as a consequence of ablation of PYY-expressing islet 

subpopulations of islet alpha-, delta- and PP-cells [Khan et al. 2016], leading to a loss 

of local trophic factors required for beta-cell maintenance and survival. Interestingly, 

NPY1R activation partially rescued the loss of pancreatic insulin content resulting 

from PYY cell ablation, predominantly by prevention of beta-cell apoptosis [Sam et 

al. 2012]. However, previous studies utilising specific NPY1R-knockout in mice 

revealed occurrence of overt hyperinsulinaemia and increased pancreatic insulin 

stores, leading to the onset of obesity [Burcelin et al. 2001]. This would indicate some 

degree of plasticity in the pancreatic actions of PYY. 

In relation to this, more recent work has indicated a role for NPY2R activation 

by PYY in the modulation of beta-cell function and maintenance [Khan et al. 2016]. 

Thus, presence of the NPY2R was demonstrated in isolated mouse islets as well as 

immortalised rodent and human beta-cell lines, albeit at lower levels than NPY1R and 

NPY4Rs [Khan et al. 2016]. Despite this, PYY(3-36), the specific NPY2R agonist 

[Keire et al. 2000], was shown to elicit similar insulinostatic effects as native PYY 

[Khan et al. 2016]. Additionally, both native PYY and PYY(3-36) were demonstrated 
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to induce comparable improvements in beta-cell growth and survival [Khan et al. 

2016]. In agreement with previous work [Baraboi et al. 2010], beta-cell benefits of 

PYY peptides were believed to be closely linked to prevention of apoptosis [Khan et 

al. 2016], via altered expression of the apoptotic factor Nfkb-1 [Eizirik and Mandrup-

Poulsen 2001]. Additionally, it has previously been shown that NPYR activation 

increases activity of the anti-apoptotic gene, protein kinase C epsilon (PKCε) [Mannon 

2002]. The effects of PYY on development of insulin-resistant and insulin-deficient 

diabetes has also been studied in mice. Intriguingly, streptozotocin-induced insulin 

deficiency decreased PYY expression in PP and delta cells, whereas hydrocortisone-

induced insulin resistance increased PYY expression within alpha-cells [Khan et al. 

2016]. Given that alpha-cells are now believed to act as possible progenitors for new 

beta-cells [Thorel et al. 2010], it is tempting to suggest a pivotal role for PYY in this 

regard.  

Indeed, the idea of a PYY-based therapy for beta-cell replenishment and 

diabetes is further strengthened through knowledge that the remission of type 2 

diabetes following certain types of bariatric surgery [Falkén et al. 2011; Pournaras et 

al. 2010], is linked to enhanced PYY secretion with resulting benefits to restore 

pancreatic islet survival and function [Ramracheya et al. 2016]. Indeed, immuno-

neutralisation of PYY reversed many of the notable pancreatic benefits induced by 

bariatric surgery, implicating PYY as a major contributing factor [Ramracheya et al. 

2016]. Moreover, several other independent studies have also highlighted the 

important involvement of PYY in the enhanced control of diabetes following bariatric 

surgeries [Hansen et al. 2013; Shankar et al. 2017, Svane et al. 2016]. This reinforces 

the idea that drugs capable of augmenting PYY release or action may help to restore 
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pancreatic islet function in diabetes, similar to that seen with bariatric surgery 

[Ramracheya et al. 2016]. 

Overall, it appears that interaction of PYY with its related NPYRs is of 

particular importance for maintenance of pancreatic beta-cell function and survival 

[Khan et al. 2016; Khan et al. 2017; Persaud and Bewick 2014; Sam et al. 2012]. In 

this regard, if NPYRs are fundamental for this action, it is important to consider that 

activation of this receptor subtype requires PYY ligands that have an intact N-terminus 

[Keire et al. 2002; Michel et al. 2008; Table 1]. However, with the exception of X-

PYY, a reported long acting NPY1/NPY2R co-agonist [Sam et al. 2012; Figure 1.4], 

a promising long-acting, N-terminally enzymatic resistant, NPY1R specific PYY 

candidate analogue has not been identified at present. As such, X-PYY was reported 

to ameliorate the hyperglycaemia induced by streptozotocin injection and subsequent 

beta-cell loss in mice, as well as increasing pancreatic beta-cell number and insulin 

stores following chemical ablation of PYY-expressing cells [Sam et al. 2012]. 

Looking ahead, it would appear that selective PYY NPY1R agonists could offer real 

hope as antidiabetic agents, through potential restoration of beta-cell loss that is a 

recognised key pathophysiological characteristic in both major forms of diabetes in 

humans [Matveyenko and Butler 2008]. Alternatively, concurrent administration of a 

PYY(1-36) based compound, alongside a DPP-4 inhibitor, should also encourage 

NPY1R specificity and represents another interesting therapeutic option for diabetes, 

especially since DPP-4 inhibitors are already clinically approved [Dicker 2011]. 

However, the impact of activation of hypothalamic NPY1R and stimulation of appetite 

would also need to be considered in this regard [Table 1.1]. Taken together, this 

represents a potentially exciting research channel that merits further exploration. 
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Figure 1.4. A. A basic representation of the linear amino acid sequences of PYY, NPY 

and PP, with single-letter amino acid abbreviations and the number of the residue in 

the sequence provided below each. Residues conserved between all three members of 

the NPY Family are shaded in blue.  

Figure 1.4. B. A basic representation of the linear amino acid sequences of PYY and 

two of its metabolites, PYY(3-36) and PYY(3-34). Cleaved residues, compared to full-

length PYY(1-36), are represented by red-shaded squares.   

Figure 1.4. C. Linear sequence of the long-acting NPY1/NPY2R PYY analogue X-

PYY. Amino-acid substitutions from the native PYY(1-36) peptide are demonstrated 

by shaded squares
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1.4. Aims of the Thesis  

The primary aim of this thesis was to develop stable PYY(1-36) analogues, capable of 

bringing about positive effects in T2DM through important interactions at pancreatic 

NPY1Rs to elicit beneficial effects of PYY on beta-cell rest, function and survival. 

Specifically, the main aims and objectives are:  

1. Synthesise and characterise a range of novel PYY analogues, with confirmation of 

peptide purity and identity by High Performance Liquid Chromatography with Mass 

Spectrometry.  

2. Assess the in vitro enzymatic stability, utilising extracted plasma, purified enzymes 

and enzyme inhibitors and assess the importance of enzymatic stability to peptide 

function. Assessment of functionality will be via study of in vitro insulin secretion, 

proliferation and apoptosis of novel peptides in insulin-producing rodent BRIN-BD11 

and human 1.1B4 beta-cells.  

3. Identify the important receptor interactions involved in mediating in vitro effects by 

developing and utilising CRISPR-generated NPYR KO cell-lines.  

4. Assess the acute in vivo actions of novel PYY peptides on appetite and glucose 

tolerance.  

5. Assess the ability of novel PYY peptides to improve glycaemic control and islet 

morphology, via actions at NPY1 and NPY2R’s, in STZ-induced diabetic and high-

fat fed obesity-induced diabetic mice, over a chronic treatment period.  
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Chapter 2.  

Materials and Methods 
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2.1. Materials 

Distilled water was produced by a Milli-Q water purification system (Millipore, 

Millford, MA, USA). Chemicals and reagents were sourced as follows: 

Abcam (Cambridge, UK):  

Mouse monoclonal antibody to insulin, rabbit monoclonal antibody to glucagon, goat 

polyclonal antibody to GFP, rabbit polyclonal antibody to Ki-67, rabbit polyclonal 

antibody to NPY1R and rabbit polyclonal antibody to NPY2R.  

BDH Chemicals Ltd. (Poole, UK):  

Acetic acid (glacial), calcium chloride (CaCl2.6H2O), dichloromethane (CH2Cl2), di-

sodium hydrogen orthophosphate (Na2HPO4), ethanol, D-glucose, hydrochloric acid 

(HCl), magnesium sulphate (MgSO4.7H2O), paraformaldehyde (PFA), potassium 

dihydrogen orthophosphate (KH2PO4), sodium bicarbonate (NaHCO3), sodium 

chloride (NaCl), triethanolamine (TEA) (C6H15NO3), tri-sodium citrate 

(C6H5Na3O7.2H2O) and sodium dihydrogen orthophosphate (NaH2PO4).  

Gibco Life Technologies Ltd. (Paisley, UK):  

Antibiotics (100 U/ml penicillin and 0.1g/L streptomycin), foetal bovine serum (FBS), 

Hanks buffered saline solution (HBSS 10x stock), N-2-hydroxyethylpiperazine-N-2-

ethane sulfonic acid (HEPES) (1 M), L-Glutamine (200 mM), Roswell Park Memorial 

Institute (RPMI) 1640 medium and trypsin/EDTA (10x stock).  

Invitrogen (Paisley, UK):  

Alexa Fluor 594 goat anti-mouse IgG (H+L), Alexa Fluor 488 goat anti-mouse IgG 

(H+L), Alexa Fluor 350 goat anti-mouse IgG (H+L), Alexa Fluor 594 goat anti-

guinea-pig IgG (H+L), Alexa Fluor 488 goat anti-guinea-pig IgG (H+L), Alexa Fluor 
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594 goat ant-rabbit IgG (H+L), Alexa Fluor 488 goat anti-rabbit IgG (H+L), Alexa 

Fluor 488 donkey anti-goat IgG (H+L), custom primers (see Table 2.1.),  Oligo(dT)12-

18 primer, Prestained benchmark protein ladder kit, superscript II reverse transcriptase 

RNase H kit,100 mM dNTP set, 100bp DNA ladder, SYBR® Safe DNA gel stain and 

xylene.  

Millipore (Watford, UK):  

Glucagon ELISA kit (EZGLU-30K) 

Oxoid (Basingstoke, UK):  

Phosphate buffered saline (PBS) tablets  

Perkin Elmer (Cambridge, UK):  

Sodium iodide – 125I (74 Mbq/20 μl stock)  

Promega (Southampton, England, UK):  

Wizard® SV Gel and PCR Clean-Up 

Promocell (Heidelberg, Germany): 

 

Recombinant human interleukin – 1beta, recombinant human interferon – γ and 

recombinant human tumour necrosis factor – α.  

Roche diagnostics (Sussex, UK):  

LightCycler® 480 SYBR Green I Master, In Situ Cell Death Detection Kit, 

Fluorescein (TUNEL assay).  

Sigma-Aldrich Chemical Company Ltd. (Poole, UK):  

Acetonitrile, angiotensin I human acetate salt hydrate ≥90%, angiotensin converting 

enzyme (ACE) human recombinant, ≥10 U/mg, expressed in HEK 293 cells, bovine 

insulin (crystalline), bovine serum albumin (essentially fatty acid free, endotoxin free), 
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charcoal (activated/untreated), dextran T-70, 4’,6-diamidino-2-phenylindole (DAPI), 

diethyl pyrocarbonate (DEPC), dimethyl sulphoxide (DMSO), C,N-diphenyl-N’-4,5-

dimethyl thiazol 2 yl tetrazolium bromide (MTT), ethylene diaminetetraacetic acid 

(EDTA), glycerol, hydrogen peroxide (H2O2; 30% w/w), N-2-hydroxyethylpeprazine-

N’-2-ethane=sulphonic acid (HEPES), isopropanol, 2-mercaptoethanol, mouse C-

reactive protein (CRP) ELISA kit, palmitic acid sodium salt, potassium chloride 

(KCl), sodium hydroxide (NaOH), standard agarose, streptozotocin, 1,3,4,6-

tetrachloro-3α,6α-diphenylglycouril (iodogen), thimerosol, Triton X-100, trizma base, 

trizma hydrochloride, trypan blue solution (0.4%) and tween-20.  

 

2.2. Methods  

2.2.1. Peptide Purity and Stability Assessment  

 

2.2.1.1. Peptide synthesis 

All peptides were supplied by EZBiolab Inc. (New Jersey, USA) or Synpeptide Ltd. 

(Shanghai, China) in excess of 95% purity and characterised in-house by HPLC with 

MALDI-TOF, as described previously [Pathak et al. 2015]. HPLC separation 

employed specific elution gradients, modified for each peptide.  

 

2.2.1.2. Peptide confirmation using Reverse Phase High Performance Liquid 

Chromatography (RP-HPLC)  

The purity of all test peptides was confirmed using RP-HPLC on a Spectra Series P200 

chromatography system attached to Spectra Series UV100 detector. Peptides were 

dissolved in distilled water at a concentration of 1 mg/ml. Peptide solution (50 μl) was 

double-diluted using 50 μl of 0.1% (v/v TFA/water) and injected into RP-HPLC 
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column for subsequent spectra analysis. The eluting solvent used was 70% 

acetonitrile. Separation was achieved with a Kinetex C-18 analytical column (150 x 

4.60 mm, Phenomenex, Chesire, UK) equilibrated with 0.1% (v/v) TFA/water at a 

flow rate of 1 ml/min. Absorbance was measured at 214 nm, to detect peptide bonds. 

HPLC peaks for each peptide were analysed using Thermo Electron ChromQuest data 

collection software (Version 3). Purified fractions were collected and subsequently 

applied to MALDI-TOF MS (Section 2.2.1.3).  

 

2.2.1.3. Confirmation of molecular mass by matrix-assisted laser desorption 

ionisation time of flight mass spectrometry (MALDI-TOF MS)  

Peptide molecular mass was confirmed using Voyager-DE Biospectrometry 

Workstation (PerSeptive Biosystems, Farmingham, MA, USA). Matrix solution 

comprised 10 mg/ml α-cyano-4-hydroxycinnamic acid in acetonitrile/ethanol (1/1). 

1.5 μl of peptide samples were mixed with 1.5 μl of matrix solution and applied to one 

well of a 100-well stainless steel plate and allowed to dry at room temperature. Mass 

spectra were recorded aa mass-to-charge (m/z) ratio against relative peak intensity. 

Experimental masses obtained for each peptide were compared to theoretical masses 

using established tables [Gault et al. 2003a]. 

 

2.2.2 In vitro Studies 

 

2.2.2.1. In vitro peptide degradation  

Test peptides (50 µg) were incubated at 37oC on a plate-shaker in 50 mM 

triethanolamine/HCl (pH 7.8) with 5 µl of pure dipeptidyl peptidase-4 enzyme (0.01 

U/µl, Sigma Aldrich) for 0 and 8 hours, 5 µl of pure angiotensin converting enzyme 
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(0.01 U/µl, Sigma Aldrich) for 0 and 4 hours or 10 µl fasted murine plasma for 0 and 

4 hours. Reactions were terminated, as appropriate, via addition of 10 µl of 10% (v/v) 

trifluoroacetic acid/water. In a similar experimental protocol, peptides (50 µg) were 

incubated in murine plasma in the presence of the ACE inhibitor captopril (1 mM) or 

the DPP-4 inhibitor sitagliptin (0.5 mM). Reaction mixes were separated by RP-HPLC 

using a (250 x 4.6 mm) Phenomenex C-18 analytical column with absorbance 

monitored at 214 nm using a Thermoquest, SpectraSystem UV2000 detector. Defined 

HPLC peaks were collected and identified via MALDI-TOF MS on a PerSeptive 

Biosystems Voyager-DE Biospectrometer (Hertfordshire, UK).  

 

2.2.2.2. Tissue culture 

All cell lines used were cryopreserved at Ulster University, Coleraine in liquid 

nitrogen. All cryopreserved cell lines were stored (at a density of 1×106 cells per vial) 

in 2 ml cryogenic vials (Greiner bio-one, UK) in freezing medium containing 10% 

DMSO, 10% RPMI-1640 medium and 80% foetal bovine serum. Contents were frozen 

gradually at -20 °C for 4 h, -70 °C overnight before transfer to cryopreservation store. 

Thawed cells were suspended in 10 ml of warmed tissue culture media and centrifuged 

at 900rpm for 5 minutes. The resulting pellet was resuspended and the cell suspension 

was transferred to a 75 cm2 sterile tissue culture flask (Nalge Nunc International, NY, 

USA) and 10 ml of pre-warmed RPMI-1640 medium was added, prior to incubation, 

and stored in an LEEC incubator (Laboratory Technical Engineering, Nottingham, 

UK) at 37°C supplied with 5% CO2 and 95% air. Cells were cultured in aseptic 

conditions.  

                 BRIN-BDII cells were previously established by electrofusion of New 

England Deaconess Hospital rat pancreatic islet cells and RINm5F cells, originally 
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derived from the NEDH rat insulinoma [Gadzar et al. 1980]. The characteristics of this 

cell line, including glucose-sensitivity and insulin secretory function, have been 

described in detail previously [McClenaghan et al. 1996]. The human pancreatic beta-

cell line, 1.1B4 was generated by electrofusion of freshly isolated human pancreatic 

beta-cells and PANC-1, an immortal epithelial cell line (ECACC, Passage 60, UK) by 

the Diabetes Research Group, University of Ulster, Coleraine [McCluskey et al. 2011]. 

Both BRIN-BD11 and 1.1B4 cells were cultured in RPMI-1640 (11.1 mM glucose) 

supplemented with 10% FBS, 1% penicillin-streptomycin (5000 IU/l). The rat-derived 

INS-1 832/13 clonal cell line was cultured in RPMI-1640 (11.1mM glucose) 

supplemented with 10% FBS, 1% penicillin-streptomycin (5000 IU/l), 200 μM 2-

mercaptoethanol and 1mM sodium pyruvate [Shi et al. 2011]. INS-1 832/13 cells 

contain a high insulin content, are glucose responsive and maintain these beta-cell 

characteristics over 116 passages [Asfari et al. 1992; Merglen et al. 2004]. NPY1R 

KO and NPY2R KO INS-1 832/13 cells were cultured and maintained in an identical 

manner to the wild-type cells. Development and characterisation of the KO cells is 

discussed in Section 2.2.3.  

                 For routine subculturing, the cell monolayer was washed with 10 ml of pre-

warmed Hanks’ balanced salt solution (HBSS). When adequately washed, to remove 

any remaining FBS, cells were rinsed with 3 ml of warmed trypsin (0.25% (w/v) 

containing 1 mM EDTA). The flask was then incubated at 37 °C for 5 min to detach 

cells. Detachment was confirmed via observation of the flask under a light microscope. 

Detached cells were resuspended in 10 ml of warmed culture medium to inactivate 

trypsin, after which the cell suspension transferred into a 25 ml universal tube and 

centrifuged at 1000 rpm for 5 min. Supernatant was discarded and the cell pellet was 

suspended in warm culture medium to form a single cell suspension via addition of 
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fresh media and 100 μl of this suspension was counted using a Neubauer 

haemocytometer (Scientific Supplies Co., UK). Once counted cells were seeded at a 

specified density for experiments or returned to the culture flasks. For maintenance in 

culture, 1 ml of cell suspension was added to the flask and topped with 25 ml of 

warmed RPMI – 1640 medium containing 11.1 mM glucose and grown at 37 °C until 

the flask was 95 % confluent. Cells used in experiments were between passages 16 

and 40.  

 

2.2.2.3. Assessment of cell viability   

Cells were harvested using warm trypsin or cell dissociation buffer after washing with 

HBSS. Cells were suspended in culture medium and centrifuged at 900 rpm for 5 min 

and the pellet suspended in 10 ml of culture medium. Double dilution was carried out 

via addition of 100 μl of cell suspension to 100 μl of trypan blue and cells were counted 

using Neubauer haemocytometer. Viable cells (unstained and bright) were counted 

(cell clusters were counted as one). The concentration of cell suspension was 

calculated using the formula, concentration in million cells/ml = cell count / 200. An 

appropriate, experiment-specific, cell density was then calculated for seeding.   

 

2.2.2.4. Acute insulin release studies 

BRIN-BD11 cells were seeded in 24 well plates at a density of 1.5×105 cells per well. 

Cells were allowed to attach overnight at 37 °C and culture medium was replaced with 

1 ml of Krebs-Ringer bicarbonate (KRB) buffer (115 mM NaCl, 4.7 mM KCl, 1.2 mM 

MgSO4.7H2O, 1.28 mM CaCl2.2H2O, 1.2 mM KH2PO4, 20 mM HEPES and 25 mM 

NaHCO3) containing BSA (1 mg/ml), D-glucose (1.1 mM). Cells were pre-incubated 

for 40 min at 37 °C to rest cell machinery, priming for insulin release. The buffer was 
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aspirated, then replaced with 1 ml of test solutions (KRBB containing either 5.6 or 

16.7 mM glucose with test peptides (10-12 – 10-6 M)) and incubated for 20 min at 37 

°C. Test solution (950 μl) was then removed, aliquoted into LP3 tubes and stored at -

20 °C for measurement of insulin by radioimmunoassay. In a second series of 

experiments, insulin secretory effects of PYY(1-36) peptides were determined 

following incubation in the presence of alanine (10 mM) [Lafferty et al. 2019a].  

 

2.2.2.5. Immunocytochemistry  

Fluorescent immunocytochemistry was carried out on cell monolayers to assess 

proliferation and apoptosis. Cells were seeded onto sterilised, clear-glass coverslips 

(16 mm diameter) and placed in 12-well plates (Falcon Ltd) at a density of 40,000 

cells per well and cultured for 18 h in test culture. Media control, GLP-1 (10-8 and 10-

6 M) and a human cytokine cocktail mix (IL-1beta (100 U/mL), IFNγ (20 U/mL), 

TNFα (200 U/mL) were employed as controls, as appropriate. Following culture, 

media or media/peptide mix was aspirated from the wells and cells were washed with 

PBS before fixation by immersion in 4% paraformaldehyde for 30 minutes. Heat 

mediated antigen retrieval was carried by addition of 1ml sodium citrate buffer and 

incubation for 20 minutes at 95°C followed by a further 20 minutes at room 

temperature to cool. BSA blocking was then carried out by addition of 1ml 3% BSA 

solution and incubation at room temperature for 45 minutes. For proliferation, primary 

Ki-67 antibody was then made up to the manufacturer’s guidelines (Table 2.1) and 

200 μl added per well and allowed to incubate overnight at 4°C. The next day, cells 

were washed twice with PBS to remove excess antibody. Fluorescently labelled 

secondary antibody (Table 2.1) was diluted 1/300 and added, 200 μl/well, and allowed 

to incubate at 37°C for 45 minutes. In the case of apoptosis, TUNEL reaction mix was 
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made up, according to manufacturer guidelines, and incubated at 37°C for 1 hour. 

Cells were washed twice with PBS before addition and incubation with DAPI for a 

further 15 minutes at 37°C. A final two washes with PBS was then carried out before 

careful removal of the cover slips onto polysine coated slides. Cells could then be 

imaged and photographed using a fluorescent microscope (Olympus system 

microscope, model BX51) fitted with FITC (488 nm) and TRITC (594 nm) filters with 

CellF software. Immunocytochemistry was quantified by counting expression of 

proteins of interest within the cells from >5 frames, with each frame containing >150 

cells using ImageJ software.  

 

2.2.2.6. mRNA extraction and conversion to cDNA  

mRNA was extracted from cultured cells using the trizol method as follows. Cultured 

cells were first washed in HBSS before 10 minutes incubation with 1 ml TRI reagent 

(Sigma-Aldrich,). After mixing, the lysed cell solution was transferred to a 1.5 ml 

Eppendorf and centrifuged at 12,000 G for 10 minutes at 4°C. The resulting 

supernatant was transferred to a fresh Eppendorf, leaving behind the insoluble 

material. 200μl of chloroform was then added to the cell lysate and mixed thoroughly 

before centrifuging at 12,000 G for 15 minutes at 4°C. Of the three distinct layers 

produced, the upper aqueous layer of RNA was extracted and mixed with 500μl 

isopropanol and centrifuged at 14,000 G for 20 minutes at 4°C in order to precipitate 

the RNA. The RNA precipitate was washed thrice in 75% ethanol before finally being 

solubilised in 20 μl RNA-free water. To determine the concentration and purity of 

RNA a 1 μl sample was tested on a NanoDrop ND-1000 UV/Vis spectrophotometer. 

All mRNA samples were stored at -70°C, however only samples showing an 

OD260/OD280 ratio >1.8 were considered pure and used for cDNA conversion.  
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cDNA (1-3 μg) was generated by reverse transcription of mRNA as follows. OligoDT 

was added to RNA samples and heated to 70°C within a thermocycler to denature the 

secondary structure of RNA and allow annealing. A mastermix of first strand buffer, 

dNTPs, DTT and superscript reverse transcriptase was then added and left to incubate 

in the thermocycler at 42°C for 1 hour. Following this time the mixture was then 

heated to 70°C to inactivate the transcriptase enzyme. The concentration of cDNA was 

confirmed using a NanoDrop ND-1000 UV/Vis spectrophotometer. cDNA samples 

were stored at -20°C until required.  

 

2.2.2.7. Real time reverse transcription polymerase chain reaction (Real time RT-

PCR)  

An 18 μl PCR reaction mix was established comprised of 9 μl SYBR green, 6 μl RNA-

free water, 1 μl primers (forward and reverse) and 1 μl previously generated cDNA. 

A negative template control for each primer and a housekeeping β-actin positive 

control was run with each PCR. Reactions were conducted in 8-well low tube strips 

with clear low flat caps (BioRad). SYBR green amplification parameters were set at 

95oC for denaturation, 58oC for primer annealing and 72oC for elongation for a total 

of 40 cycles, followed with melting curve analysis, with temperature range set at 60oC 

to 90oC. Values were analysed using the Livak method and normalised to β-actin 

expression.   
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2.2.3. Development of NPYR KO INS-1 832/13 cells  

2.2.3.1 Materials 

The BbsI restriction enzyme was purchased from New England Biolabs (MA, USA). 

Lipofectamine 3000 was purchased from Thermofisher Scientific (MA, USA) and 

QuickExtract DNA extraction solution was obtained from Cambio (Cambridge, UK). 

Plasmid pSpCas9(BB)-2A-GFP (PX458) was a gift from Feng Zhang (Broad Institute, 

MIT; Addgene plasmid #48138, http://n2t.net/addgene:48138). Plasmid pU6-

(BbsI)_CBh-Cas9-T2A-mCherry was a gift from Ralf Kuehn (Broad Institute, MIT; 

Addgene plasmid # 64324, http://n2t.net/addgene:64324).  

 

2.2.3.2 Constructs 

Two guide sgRNA specific to either Npy1r or Npy2r were designed to mediate a 

genomic deletion encompassing respective start codons. Guide sequences were cloned 

into the plasmids following a published protocol by [Ran et al. 2013]. Briefly, both 

Streptococcus pyogenes Cas9 vectors were digested with BbsI. For Npy1r, the 

following oligos, 5′-CACCGACTGTTAGGGTTCTTCGAAA-3′ and 5′-

ACTTTCGAAGAACCCTAACAGTC-3′ (Life Technologies, UK) were annealed 

and ligated into pSpCas9(BB)-2A-GFP, whilst 5′-

CACCGTGGGGCTGTGATTATTCTTG-3′ and 5′-

AAACCAAGAATAATCACAGCCCCAC-3′ (Life Technologies, UK) were 

annealed and ligated into pU6-(BbsI)_CBh-Cas9-T2A-mCherry. For Npy2r, the 

following oligos, 5′-CACCGTGCAGGCCAAATTGGAACTG-3′ and 5′- 

AAACCAGTTCCAATTTGGCCTGCAC-3′ (Life Technologies, UK) were annealed 

and ligated into pSpCas9(BB)-2A-GFP, whilst 5′- 

CACCGTCGGGGCCCACCACTCCTAG-3′ and 5′- 
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AAACCTAGGAGTGGTGGGCCCCGAC-3′ (Life Technologies, UK) were 

annealed and ligated into pU6-(BbsI)_CBh-Cas9-T2A-mCherry. 

 

2.2.3.3. Construct transfection and FACS sorting 

Separate populations of wild type insulin secreting INS 832/13 cells were transfected 

with Npy1r and Npy2r targeting plasmids co-expressing Cas9, sgRNA, GFP and 

mCherry using Lipofectamine 3000, following manufacturers recommended 

protocols. Post-transfection (72 h), cells were detached with trypsin/EDTA and re-

suspended in sterile PBS. Flow cytometry was employed to detect and FACS sort the 

cells expressing GFP and mCherry. Cells emitting the top 1% of both GFP and 

mCherry expression were isolated into single cell populations in a 96-well plate and 

allowed to expand under normal culture conditions for 2 weeks to form colonies.  

 

2.2.3.4. Sequencing and determination of NPY1R and NPY2R knockout  

Upon clonal expansion, gDNA was extracted using QuickExtract DNA extraction 

solution. The targeted region of individual samples were then subjected to PCR 

amplification using the following primers for Npy1r (5′- 

TGGTACTGACTGTGGGATCTT -3′, 5′- CACCCTCTTGGGTTGATGATTAG -3′) 

(Figures 2.2. and 2.2.1) and Npy2r (5′-GAGGAGCTCAGCCTAAACTAAA-3′ 5′-

CCGGGTGTAGGAGAAAGATATG-3′) (Figures 2.3. and 2.3.1). PCR products 

were separated by DNA gel electrophoresis and visualised for a homozygous deletion 

mediated by the CRISPR/Cas9 constructs.  PCR products were then gel purified and 

sequenced (Department of Biochemistry, University of Cambridge) using the forward 

PCR amplification primer. 
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2.2.3.5. Gene expression analysis by qPCR  

mRNA was extracted from wild type and NPY1R and NPY2R knockout cells via the 

Trizol method (Section 2.2.2.6.). Isolated mRNA (3µg) was converted to cDNA using 

SuperScript II Reserve Transcriptase (Life Technologies, UK). SYBR green 

amplification parameters were set at 95oC for denaturation, 58oC for primer annealing 

and 72oC for elongation for a total of 40 cycles, followed with melting curve analysis, 

with temperature range set at 60oC to 90oC. A list of utilised primers are provided in 

Table 2.3. Values were analysed using the Livak method and normalised to β-actin 

expression.  

 

2.2.3.6. Characterisation of the cell line  

In addition to sequencing and expression data, the functionality of each cell line was 

assessed via acute insulin secretion (Section 2.2.2.4) and proliferation (Section 

2.2.2.5) following incubation with GLP-1 as a control and either PYY(1-36) or 

NPY2R-specific PYY(3-36) to assess receptor interactions, or lack thereof (Table 

2.2).  

 

2.2.4. Quantification of Insulin 

 

2.2.4.1. Iodination of insulin  

To quantify insulin levels in cell and plasma samples an in-house radioimmunoassay 

was carried out using iodinated insulin. Our in-house protocol for iodinating insulin 

involves: evaporation, using a steady stream of air, of 20 μl iodogen (1,3,4,6-

tetrachloro-3α, 6α-diphenylcoluril) dissolved in dichloromethane (2 mg/ml). Bovine 

insulin was made up by dissolving 1 mg in 10 mM HCl before being diluted in sodium 
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phosphate buffer to 125 μg/ml. Bovine insulin (20 μl) solution was transferred to the 

coated iodogen tubes before addition of  5μl Na125I (74 MBq/20 μl). This solution was 

allowed to mix on ice for 15 minutes. After this time, the solution was transferred to a 

fresh Eppendorf tube containing 500 μl sodium phosphate buffer (50 mM). Reverse 

phase high performance liquid chromatography (LKB, Bromma, Sweden) was carried 

out to separate the reaction mixture. Solvent A (0.12% (v/v) trifluoroacetic acid (TFA) 

in water) and solvent B (0.1% (v/v) TFA in 70% acetonitrile dissolved in 30% (v/v) 

water) made up the mobile phase of the reaction. The 4.6 x 250 mm Vydar C-8 

analytical reverse HPLC column (Hesperia, Ca, USA) was first washed with solvent 

A. The reaction mixture was then added and the concentration of solvent B raised in 

the following stages: 0% - 40% duration 10 minutes, 40% - 80% duration 40 minutes, 

80% - 100% duration 10 minutes. Eluent was collected (1 mL) each minute over the 

60 minute period. From these 60 fractions, 5 μl from each was analysed for 

radioactivity on the gamma counter (1261 Multigamma counter LKB Wallac, Finland) 

and those with a suitable binding affinity were kept at 4°C (Figure 2.1).  

 

2.2.4.2. Insulin radioimmunoassay (RIA)  

Insulin release was determined by dextran-coated charcoal radioimmunoassay 

characterised by Flatt and Bailey (1981). Stock RIA buffer was prepared consisting of 

40 mM sodium phosphate buffer, 0.3% (w/v) sodium chloride, 0.02% (w/v) 

thimerosal. 40 mM sodium dihydrogen orthophosphate base was then added to adjust 

the pH of the final stock to pH 7. A working RIA buffer was then used by dissolving 

bovine serum albumin (BSA) (0.5 g/100 ml) in stock RIA buffer. Rat insulin standards 

were serial diluted in working RIA buffer from 20 ng/ml to 0.039 ng/ml in triplicate 

LP3 tubes. Unknown samples were used in duplicates and contained 200 μl of sample, 
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100 μl guinea pig anti-porcine insulin antiserum (IAS PID, 1:30,000-1:45,0000 

dilution) and 100 μl of labelled I125 insulin (~10,000 counts per minute (CPM) per 100 

μl in working RIA buffer). To allow equilibrium, between labelled and unlabelled 

insulin, samples were kept at 4˚C for 48 hours. To prepare stock dextran coated 

charcoal (DCC) solution, 5 g dextran T70 and 50 g charcoal was dissolved in 1 litre 

stock RIA buffer and kept at 4°C until required. A 1:4 dilution of this stock DCC with 

stock RIA buffer was used to generate working DCC with 1 ml added to every standard 

and sample tube except for total counts and allowed to incubate at 4°C for 20 minutes. 

The tubes were then centrifuged for 20 minutes at 4°C at 2500 rpm (Model J-6B 

centrifuge, Beckmann instruments Inc, UK). Following decantation of the resulting 

supernatant, the remaining charcoal pellet was assessed for radioactivity in the gamma 

counter (1261 Multigamma counter, LKB Wallac, Finland). The spline curve-fitting 

algorithm was used to determine the concentration of insulin in unknown samples. 

 

2.2.5. Animal Models 

In vivo studies in this thesis were carried out using several animal models of obesity 

and diabetes. All animal experiments were conducted according to U.K. Animals 

(Scientific Procedures) Act 1986.  

 

2.2.5.1 Swiss mice  

Swiss mice (male, 6-8 weeks) were obtained from Envigo, Huntingdon, UK. All 

animals were age matched and housed individually in an air-conditioned room (22 ± 

2 °C) with 12 h light and 12 h dark cycle at Ulster University’s Behavioural and 

Biomedical Research Unit (BBRU). Animals had free access to drinking water and 

standard laboratory chow (10% fat, 30% protein, 60% carbohydrate; percentage of 



62 
 

total energy 12.99 KJ/g; Trouw Nutrition, Cheshire, UK). These mice were used to 

conduct acute animal studies and also used as model of normal glycaemia in chronic 

studies.  

 

2.2.5.2. STZ mice  

An animal model of T2DM exhibiting beta-cell dysfunction via administration of 

multiple low dose streptozotocin (STZ) injections has been previously described 

[Leiter 2002]. All animals received three days pre-treatment with either saline, or test 

peptide (25  nmol/kg bw) before diabetes was induced by a low dose streptozotocin 

(STZ) injection (4 h fast, 50 mg/kg bw, i.p., in sodium citrate buffer, pH 4.5) for 5 

consecutive days.  

 

2.2.5.3. GluCre-ROSA26eYFP mice  

GluCre/+-Rosa26-eYFP mice were kindly donated by Reimann and Colleagues at the 

University of Cambridge [Srinivas et al. 2001; Figure 2.4]. Selective Cre 

recombination of floxed eYFP gene within beta-cells tags them with a fluorescent 

marker from birth allowing for lineage tracing experiments. In this model, expression 

of Cre recombinase is under glucagon promoter control, thus made specific to alpha-

cells within the pancreas. When Cre recombinase is expressed, this results in excision 

50 of the loxP sequences that are flanking both sides of a stop codon. Since the stop 

codon is aligned in front of the EYFP sequence, when glucagon is expressed, EYFP 

would be concomitantly expressed. This strategy permits alpha-cells to be instantly 

visualized under a fluorescence microscope. Genotyping was carried out, once 3-4 

weeks old, to confirm the genotype of the offspring. Following confirmation of 

phenotype and recruitment into study mice were also administered tamoxifen (32 
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mg/kg bw, i.p.) five days prior to baseline measurements to induce expression of the 

yellow fluorescent protein. Mice then received an identical multiple low-dose STZ 

regimen to that discussed in Section 2.2.5.2.  

 

2.2.5.3.1. Genotyping  

To confirm genotype of transgenic mice genotyping was carried out. Mice were lightly 

anaesthetised under isoflurane before excision of 1mm section of ear tissue which was 

then kept in RNA-free water (39 μl). To digest the tissue and extract DNA, 10 μl 5X 

Bioline PCR buffer and 1.3 μl Proteinase K (20 mg/ml) were added to make a 50 μl 

reaction mix. Samples were run in the thermocycler to induce heat-activated 

proteinase K enzyme action first for 40 minutes at 60°C, followed by 10 minutes at 

95°C to terminate enzyme activity. PCR was then used to amplify the inserted genes 

of interest (GluCre and eYFP). A 25 μl reaction mix was concocted using 18 μl RNA-

free water, 2.5 μl 5X Bioline PCR buffer, 0.2 μl primer pair mix (50 μM), 1.25 μl 

DMSO, 0.1 μl Bioline Taq Polymerase and 3 μl of Proteinase K reaction mix. PCR 

amplification was carried out on the thermocycler under the following settings: 1. 

Initial denaturation 94°C, 3 minutes, 2. Final denaturation 94°C 1 minute, 3. 

Annealing 58°C, 4. Extension 72°C, 1 minutes, 5. Repeat steps for 35 cycles. The PCR 

product was then run on a 1% agarose gel to visualise expression of transgenes to 

determine mice genotype. 250 ml 50X Tris Acetate-EDTA (TAE) buffer for 

electrophoresis was made up consisting of 60.5 g TRIS base, 14.275 ml glacial acetic 

acid, 4.65 g disodium EDTA and 250 ml water. Ultrapure agarose (Invitrogen, UK) 

was dissolved in 1X TAE buffer (1% w/v) by heating. Upon cooling SYBR Safe DNA 

dye (Invitrogen, UK) was added (1 μl/10 ml) before casting into moulds and combs 

added to create wells. Once solidified gel was placed in an electrophoresis tank and 
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immersed in 1X TAE buffer. To identify loaded wells PCR reaction products were 

mixed with orange G dye (2 mg/ml, dissolved in 30% glycerol) (Sigma-Aldrich, UK) 

before loading into wells. To identify bands 5 μl of 100 bp ladder (Invitrogen, UK) 

was all loaded into one well. The current was set to 100V and the electrophoresis 

allowed to run for 25 minutes whereby DNA had separated by size and traversed the 

gel. Gels were then read on the G-box imaging machine where visualisation of 

GluCre/+ (759 bp) and eYFP (442 bp) bands were a positive confirmation of genotype. 

Amplification and visualisation of housekeeping beta-catenin (220 bp) was used as a 

positive control. 

 

2.2.5.4. High fat fed mice  

High fat fed mice are a model of early T2DM and are extensively used to conduct 

studies involving development of new treatment methods [Winzell and Ahrén, 2004]. 

Sub-chronic animal studies were carried out using Swiss mice previously fed a high-

fat diet (45% fat, 20% protein, and 35% carbohydrate; percentage of total energy 26.15 

kJ/g; Special Diet Services, Essex, U.K.) for a minimum of 3 months. All animals 

were age matched and housed individually in an air-conditioned room (22 ± 2 °C) with 

12 h light and 12 h dark cycle at Ulster University’s BBRU. Animals had free access 

to drinking water and food. High fat fed mice displayed progressive body weight gain, 

as demonstrated in Chapter 7. Prior to starting long term treatment regimen, mice were 

grouped according to body weight and non-fasting blood glucose.  
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2.2.6. Acute Animal Studies 

2.2.6.1. Acute effects of peptides on glucose tolerance 

Glucose and insulin were measured in 18 h fasted lean mice before and after 

intraperitoneal injection of glucose alone (18 mmol/kg body weight) or in combination 

with test peptides (25 nmol/kg bw). All test solutions were administered in a final 

volume of 5 ml/kg body weight. Blood samples were collected at various time points 

(0, 15, 30, 60, 90 and 105 min) and glucose and insulin levels measured as stated in 

Section 2.2.7.  

 

2.2.6.2 Acute food intake studies  

Acute food intake studies were carried out in 18 hour fasted lean mice. Mice were 

allowed free access to pre-weighed food pellet (standard laboratory chow) after 

intraperitoneal injection of saline alone (0.9% (w/v) NaCl) or in combination with test 

peptides (25 nmol/kg bw). Cumulative food intake (g) was measured at 0, 15, 30, 60, 

90, 120, 150 and 180 min after peptide administration.  

 

2.2.7. Biochemical Analyses 

Blood samples were collected from cut tip of tail vein of conscious mice and stored in 

chilled fluoride micro-centrifuge tubes (Sarstedt, Numbrecht, Germany). Blood 

samples were then centrifuged using Beckman centrifuge (Beckman Instruments, 

Galway, Ireland) at 12000 rpm for 10 min at 4 °C. Plasma was carefully aliquoted in 

fresh Eppendorf tubes and stored at -20oC for further biochemical analysis. Blood 

glucose was measured using an Ascencia Contour glucose meter (Bayer, Newbury, 

UK). For measurement of plasma insulin, 20 μl of test sample was diluted with 180 μl 
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of working RIA buffer (1:10 dilution) and measured in duplicates by RIA (Section 

2.2.4.2).  

 

2.2.8. Chronic Animal Studies  

Three different models were used in sub-chronic assessment of peptides – Multiple 

low-dose STZ mice, GluCre-ROSA26eYFP/STZ mice and HFF mice. Mice were 

grouped and maintained as detailed in Section 2.2.5.  

 

2.2.8.1. Monitoring the effects of long term peptide administration  

Groups of mice received twice daily intraperitoneal injections (at 09:00 and 17:00 h) 

of saline alone (0.9% (w/v) NaCl) or in combination with peptides (25 nmol/kg) for 

duration of test period. Before the start of treatment regimen, all animals were given 

twice daily injections of saline alone at 09:00 and 17:00 h for 3 or 6 days to acclimatise 

mice to handling and injection stress. Cumulative food or energy intake, fluid intake, 

body weight and non-fasting blood glucose and plasma insulin levels were monitored 

every 3-4 days from day -3 onwards. Plasma glucose and insulin were measured as 

described in Section 2.2.7.  

 

2.2.8.2. Glucose tolerance test  

Fasted (18 h) mice received glucose alone (18 mmol/kg bw). Blood samples were 

collected at various time points (0, 15, 30, 60 and 90 and 120 min). Blood glucose and 

plasma insulin were measured as described in Section 2.2.7.  
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2.2.8.3. Insulin sensitivity  

Insulin sensitivity was performed in non-fasted mice. Blood glucose was measured 

prior to (t=0) and 15, 30, 60 and 120 min after i.p. administration of bovine insulin (25 

U/kg body weight). Blood samples were collected from 18 h fasted mice and glucose 

and insulin values were measured as mentioned in Section 2.2.7.  

 

2.2.8.4. Measurement of pancreatic insulin content  

At the end of chronic studies, pancreatic tissue was excised, divided longitudinally 

immediately snap frozen for subsequent extraction of insulin as described previously 

[Vasu et al. 2014]. Pancreata were homogenized in extraction buffer (20 mmol/l Tris 

HCl, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l EGTA and 0.5% Triton X 100, 

0.1% protease inhibitor, pH 7.5) using a VWR VDI 12 handheld homogenizer (VWR, 

UK). Homogenised products were centrifuged at 13000 rpm for 5 min. Supernatant 

was collected in fresh Eppendorf tubes and stored at -20oC until needed. For 

measurement of insulin content of extracts, 20 μl of test sample was diluted with 180 

μl of working RIA buffer (1:10 dilution) and measured using RIA (Section 2.5.4). 

Total protein content was measured by Bradford assay. Tissue extract (5 μl) was 

aliquoted into 96-well plate and 250 μl of Bradford reagent was added. The plate was 

incubated at room temperature for 15 min. Absorbance was read at 595 nm using a 

microplate reader (Molecular Devices, Sunnyvale, USA). The amount of protein in 

extract was estimated using reference curve of BSA standards (concentration ranging 

from 0.024 – 12.5 mg/ml, Figure 2.5).  

 

2.2.8.5. Measurement of plasma and pancreatic glucagon content 

Terminal blood from mice was collected and plasma retrieved as described in Section 
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2.2.7., while glucagon was extracted from excised pancreas in the same manner as 

insulin described in Section 2.2.8.4. Plasma and pancreatic glucagon content was 

measured using glucagon chemiluminescent ELISA kit (EZGLU-30K, Millipore, MA, 

USA) according to manufacturer’s instruction. The amount of glucagon was estimated 

using reference curve of known glucagon standards (concentration ranging from 0.02 

ng/ml–2 ng/ml, Figure 2.6). For pancreatic content, values were correlated to total 

protein content as measured by Bradford assay (Figure 2.5).  

 

2.2.8.6. Measurement of plasma C-Reactive Protein (CRP) content 

Terminal blood from mice was collected and plasma retrieved as described in Section 

2.2.7. Plasma CRP content was measured using mouse C-reactive protein (CRP) 

ELISA kit (RAB1121, Sigma Aldrich) according to manufacturer’s instruction. The 

amount of glucagon was estimated using reference curve of known CRP standards 

(0.164 ng/ml-40 ng/ml) (Figure 2.7).  

 

2.2.8.7. Measurement of plasma lipid profile 

Total cholesterol, HDL cholesterol, and plasma triglycerides were measured using 

Hitachi Automated Analyzer 912 (Boehringer Ingelheim, Mannheim, Germany) in 

University of Ulster’s NICHE department. LDL cholesterol was determined by 

Friedwald equation: Total Cholesterol - HDL - (Triglycerides / 5).  

 

2.2.8.8. Immunohistochemistry (fluorescence immunoreactivity)  

Immunoreactive staining for insulin, glucagon, GFP and Ki-67 was assessed, first by 

dewaxing slides by immersion in xylene for 20 minutes. Following this, sections were 

rehydrated in decreasing concentrations of ethanol (100-50%) before carrying out 
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heat-mediated antigen retrieval, to break down PFA cross-links so antibody can later 

bind, in sodium citrate buffer (10 mM sodium citrate, pH 6.0) for 20 minutes at 95°C. 

Slides were then given 20 minutes to cool before addition of 3% bovine serum albumin 

(BSA) blocking solution (3% w/v in phosphate buffered saline), to block non-specific 

antibody binding, for 45 minutes at room temperature. Sections were then incubated 

overnight at 4°C with primary antibodies listed in Table 2.1. The next day, excess 

antibody was removed by rinsing slides three times in PBS for 5 minutes each. Slides 

were then incubated with the relevant fluorophore conjugated secondary antibodies 

(Table 2.1) for 45 minutes at 37°C. Excess antibody was then removed by washing 

slides thrice in PBS for 5 minutes each. Slides were then incubated with nuclear stain 

DAPI dihydrochloride (300 nM in PBS) for 15 minutes at 37°C. A final set of rinsing 

in PBS was done to remove excess DAPI before mounting the slides using aqueous 

mounting medium (glycerol:PBS – 1:1) and cover slips. Resulting slides were viewed 

using a fluorescent microscope (Olympus system microscope, model BX51) fitted 

with the FITC, TRITC and DAPI filters. Islets were photographed under TRITC and 

FITC filters using the linked camera adapter system (DP70 digital camera system) on 

CellF software. To assess beta-cell apoptosis a TUNEL assay was carried out following 

manufacturer’s guidelines (In situ cell death kit, Fluorescein, Roche Diagnostics, UK). 

In brief, following immunostaining for insulin/glucagon, slides were incubated in 

TUNEL solution for 1 hour at 37°C before subsequent rinsing in PBS.  

 

2.2.9. Image Analysis  

Images were analysed using CellF imaging software to assess: islet area, beta-cell area, 

alpha cell area (expressed at μm2), percentage beta-cells and percentage alpha cells. 

For islet size distribution islets were defined as small, medium or large if they were 
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<10,000 μm2, 10,000-25,000 μm2 or >25,000 μm2 respectively. Islet architecture was 

defined by the proportion of islets displaying central alpha cells. To define alpha cell 

transdifferentiation, insulin/glucagon, GFP staining was assessed by calculating the 

percentage of the total number of GFP positive cells which are coexpressing either 

insulin or glucagon, where appropriate. Beta-cell and alpha cell apoptosis was 

quantified by counting the number of insulin positive or glucagon positive, TUNEL 

positive cells respectively. Similarly this was done to analyse proliferation in beta and 

alpha cells using Ki-67 co-stained with insulin or glucagon respectively. All counts 

were determined in a blinded manner with approximately 100 islets analysed per 

treatment group.  

 

2.2.10. Statistics  

Graphpad PRISM (version 5) software was used to analyse results with data presented 

as mean plus or minus standard error of the mean (SEM). Groups of data were 

compared and statistical analysis carried out using two-tailed unpaired Student’s t-

tests or one-way ANOVA, two-way ANOVA, with Bonferroni post-hoc test as 

specified. Results were deemed significant if P<0.05. 
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Table 2.1. Target, host and source of primary and secondary antibodies employed 

for immunoflourescent islet histology and immunocytochemistry studies 

 

 

 

 

 

 

 

 

Primary antibodies 

Target Host Dilution Source 

Insulin Mouse 1:500 Abcam, ab6995 

Glucagon Guinea pig 1:200 Raised in-house, PCA2/4 

Ki-67 Rabbit 1:400 Abcam, ab15580 

GFP Goat 1:400 Abcam, ab5450 

Secondary antibodies 

Target Host Reactivity Dilution 

Fluorescent dye and 

source 

IgG Goat Mouse 1:400 

Alexa Fluor® 594, 

Invitrogen, UK 

IgG Goat 

Guinea 

pig 1:400 

Alexa Fluor® 488, 

Invitrogen, UK 

IgG Goat Rabbit 1:400 

Alexa Fluor® 594, 

Invitrogen, UK 

IgG Goat Rabbit 1:400 

Alexa Fluor® 488, 

Invitrogen, UK 

IgG Donkey Goat 1:400 

Alexa Fluor® 488, 

Invitrogen, UK 
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Table 2.2. A summary of the characterisation of novel NPYR KO INS-1 832/13 

cell lines 

 

 

 

Cells shaded in orange indicate significant decreases, while cells shaded in green 

indicate significant increases. Unshaded cells containing a dash ( “-“ ) indicate no 

significance. *P<0.05, **P<0.01, ***P<0.001 compared to 16.7 mM glucose for 

GSIS, and RPMI media control for proliferation (top row for each). ΔP<0.05, 

ΔΔP<0.01, ΔΔΔP<0.01 compared to the corresponding value for the treatment in 

unaltered INS-1 832/13 WT cells (bottom row for each).  

 

 

 

 

 

INS-1 WT INS-1 NPY1R KO INS-1 NPY2R KO

*** ** *

- - -

N/A N/A N/A

N/A N/A N/A

*** ** ***

- - ΔΔΔ

** ** ***

- - ΔΔΔ

*** - ***

- ΔΔΔ -

*** * -

- - ΔΔΔ

N/A N/A N/A

N/A N/A N/A

* * *

- - -

* - **

- - Δ

* ** -

- - -

GLP-1 

PYY(1-36)

PYY(3-36)

Proliferation

5.6 mM

16.7 mM

16.7 mM + Alanine

GSIS

16.7 mM + GLP-1

16.7 mM + PYY(1-36)

16.7 mM + PYY(3-36)

Media



73 
 

Table 2.3.  A compendium of primers used over the course of the project 

 

Official 

Gene 

Symbol 

Common 

Name 
Species 

Primer sequence (5’-nt-3’) 

(Forward and reverse) 

Actb Actin, beta Rat 
Fwd: TGGAGCAAACATCCCCCAAA 

Rvs: TGCCGTGGATACTTGGAGTG 

Npy1r 

Neuropeptide 

Y Receptor 

Y1 

Rat 
Fwd: TGGTACTGACTGTGGGATCTT 

Rvs: CACCCTCTTGGGTTGATGATTAG 

Npy2r 

Neuropeptide 

Y Receptor 

Y2 

Rat 
Fwd: GAGGAGCTCAGCCTAAACTAAA 

Rvs: CCGGGTGTAGGAGAAAGATATG 

Npy4r 

Neuropeptide 

Y Receptor 

Y4 

Rat 
Fwd: TTGCCCTTCCTGGCCAATAG 

Rvs: CGCATGTAGCAGACCAGGAT 

Npy5r 

Neuropeptide 

Y Receptor 

Y5 

Rat 
Fwd: CAATACAGCTGCTGCTCGGA 

Rvs: AAATCGTCTACGCTGCCTCTG 

Ctnb1 
Catenin beta-

1 
Mouse 

Fwd: AAGGTAGAGTGATGAAAGTTGTT 

Rvs: CACCATGTCCTCTGTCTATTC 

Cre 
Cre 

Recombinase 
Mouse  

Fwd: GACAGGCAGGCCTTCTCTGAA 

Rvs: CTTCTCCACACCAGCTGTGGA 

GluCre 
Glucagon-Cre 

Recombinase 
Mouse 

Fwd: CCACCTTCTAGAATGTGCCTG 

Rvs: CATCTGCATGCAAAGCAATATAGC 

Gfp 

Green 

Fluorescent 

Protein 

Mouse 
Fwd: GACGTAAACGGCCACAAGTT 

Rvs: GGATCTTGAAGTTCGCCTTG 
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Figure 2.1. HPLC separation of iodinated bovine Insulin 

 

 

 

 

Reverse-phase HPLC was used to purify iodinated 125I-bovine Insulin. Fractions 

were collected by an automated fraction collector every 1 min and radioactivity in 

5μl was measured on gamma counter. Fractions between 20 to 26 min containing 

iodinated insulin were selected.  
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Figure 2.2. DNA sequencing trace of wild type and NPY1R knockout cells 

demonstrating an 183bp deletion of NPY1R comprising the start codon (circled). 

 

Wild Type 

AAATAAATGGAATAAGAGACAGCTGAAGATCTGATCCATTTCGAAGAACCCTAACAGTCCAT

TTGTCTAATCCATAACAACAAAACGTAAAAAATGAATTCAACTCTGTTCTCCAGGGTTGAAA

ATTACTCAGTTCACTATAATGTCTCAGAGAATTCTCCATTTCTGGCCTTTGAGAATGATGAC

TGCCACCTGCCCTTGGCTGTGATATTCACCTTAGCTCTTGCTTATGGGGCTGTGATTATTCT

TGGGGTCTCTGGAAACCTGGCATT 

 

NPY1R Knockout 

AAATAAATGGAATAAGAGACAGCTGAAGATCTGATCCATTTCGAAGAACCCTAACAGTCCAT

TTGTCTAATCCATAACAACAAAACGTAAAAAATGAATTCAACTCTGTTCTCCAGGGTTGAAA

ATTACTCAGTTCACTATAATGTCTCAGAGAATTCTCCATTTCTGGCCTTTGAGAATGATGAC

TGCCACCTGCCCTTGGCTGTGATATTCACCTTAGCTCTTGCTTATGGGGCTGTGATTATTCT

TGGGGTCTCTGGAAACCTGGCATT 

*Red = deleted 

 

 

Figure 2.2.1. qPCR demonstrating NPY1R gene expression in wild type and NPY1R 

knockout cells. Expression was normalised to beta-actin (n=6) Values are presented 

as mean ± SEM.  
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Figure 2.3. DNA sequencing trace of wild type and NPY2R knockout cells 

demonstrating an 83bp deletion of NPY2R comprising the start codon (circled). 

 

Wild Type 

CTTTTTTTAATGTCGTTTTCTGTTATAGATTCTTGTGCTATCTGCAGGCCAAATTGGAACTG

AGGTGAAGATGGGCCCATTAGGTGCAGAGGCAGATGAGAATCAAACTGTAGAAGTGAAAGTG

GAACTCTATGGGTCGGGGCCCACCACTCCTAGAGGTGAGTTGCCCCCTGATCCAGAGCCGGA

GCTCATAGACAGCACCAA 

 

NPY2R Knockout 

CTTTTTTTAATGTCGTTTTCTGTTATAGATTCTTGTGCTATCTGCAGGCCAAATTGGAACTG

AGGTGAAGATGGGCCCATTAGGTGCAGAGGCAGATGAGAATCAAACTGTAGAAGTGAAAGTG

GAACTCTATGGGTCGGGGCCCACCACTCCTAGAGGTGAGTTGCCCCCTGATCCAGAGCCGGA

GCTCATAGACAGCACCAA 

*Red = deleted 

 

 

 

Figure 2.3.1. qPCR demonstrating NPY2R gene expression in wild type and NPY2R 

knockout cells. Expression was normalised to beta-actin (n=6) Values are presented 

as mean ± SEM.  
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Figure 2.4. Glucre+/-;Rosa26-eYFP mice 

 

 

 

 

 

 

 

Generation of Glucre+/-;Rosa26-eYFP mice [Thorens et al. 2015]. Tissue specific cre-

lox mediated expression of eYFP within beta-cells due to selective knock in of Cre 

recombinase within Glu gene including PCR analysis confirming expression of Glucre 

and eYFP transgenes. 
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Figure 2.5. A typical of Bradford assay standard curve for protein analysis 

 

 

 

 

 

 

 

 

 

 

 

 

A BSA standard curve was prepared over a concentration range of 0.024 – 2 mg/ml 

by serial dilution of a frozen stock of BSA. Interpolation of x-axis was used to 

determine protein concentrations of unknown samples. Absorbance was measured at 

595 nm. Values are mean ± SEM, n=3.   
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Figure 2.6. A typical glucagon chemiluminescent ELISA standard curve 

 

 

 

 

 

 

 

 

 

A glucagon standard curve was prepared over a concentration range of 0.02 ng/ml – 2 

ng/ml by serial dilution of a stock glucagon standard (2 ng/ml). Interpolation of x-axis 

was used to determine glucagon concentrations of unknown samples. Relative light 

unit (RLU) was measured at 425 nm.  
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Figure 2.7. A typical CRP chemiluminescent ELISA standard curve 

 

 

 

 

 

 

 

 

 

 

 

 

A CRP standard curve was prepared over a concentration range of 0.164 ng/ml-40 

ng/ml by serial dilution of a stock CRP standard (40 ng/ml). Interpolation of x-axis 

was used to determine CRP concentrations of unknown samples. Absorbance was 

measured at 450 nm.
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Chapter 3.  

 

Effects of two novel PYY(1-36) analogues, (P3L31P34)PYY(1-

36) and PYY(1-36)(Lys12PAL), on pancreatic beta-cell 

function, growth and survival 
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3.1. Summary  

Recent studies have identified a beneficial role for Peptide YY (PYY) on pancreatic 

beta-cell function and survival. These effects are linked to activation of neuropeptide 

Y1 receptors (NPY1R’s) by PYY(1-36). However, PYY(1-36) is subject to rapid 

degradation by dipeptidyl peptidase-4 (DPP-4), resulting is loss of NPY1R activity. 

Therefore, the aim of the present study was to develop two enzymatically stable 

PYY(1-36) analogues, namely (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL), with 

further structural modifications to enhance NPY1R specificity. As expected, 

(P3L31P34)PYY(1-36) was fully resistant to DPP-4 mediated degradation in vitro, 

whereas PYY(1-36) and PYY(1-36)(Lys12PAL) were both liable to DPP-4 

breakdown. PYY(1-36) and (P3L31P34)PYY(1-36) induced significant reductions in 

glucose-stimulated insulin secretion (GSIS) from BRIN-BD11 cells, but only PYY(1-

36) diminished alanine-stimulated insulin secretion. In contrast, PYY(1-

36)(Lys12PAL) had no impact on GSIS or alanine-induced insulin release. All three 

PYY peptides significantly enhanced proliferation in BRIN-BD11 and 1.1B4 beta-cell 

lines, albeit only at the highest concentration examined, 10-6 M, for (P3L31P34)PYY(1-

36) and PYY(1-36)(Lys12PAL) in BRIN-BD11 cells. In terms of protection of beta-

cells against cytokine-induced apoptosis, PYY(1-36) induced clear protective effects. 

Both (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) offered some protection 

against apoptosis in BRIN-BD11 cells, but were significantly less efficacious than 

PYY(1-36). Similarly, in 1.1B4 cells, both PYY analogues (10-6 M) protected against 

cytokine-induced apoptosis, but (P3L31P34)PYY(1-36) was significantly less effective 

than PYY(1-36). All three PYY peptides had no impact on refeeding in overnight 

fasted mice. These data underline the beta-cell benefits of PYY(1-36) and highlight 
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the challenges of synthesising stable, bioactive, NPY1R-specific, PYY(1-36) 

analogues.  

 

3.2. Introduction  

The native form of Peptide Tyrosine Tyrosine (PYY) consists of 36 amino acids, 

however the dipeptidyl-peptidase-4 (DPP-4) degradation product, PYY(3-36), is 

believed to be the principal circulating PYY entity [Tan and Bloom 2013]. This N-

terminal enzymatic cleavage results in a major change in receptor specificity for PYY. 

As such, PYY(1-36) is an established agonist for each subtype of the target 

neuropeptide Y receptor (NPYR) family, namely NPY1R, NPY2R, NPYR4 and 

NPYR5 [Walther et al. 2011], while PYY(3-36) is a highly selective NPY2R agonist 

[Wu et al. 2013].  Indeed, much of the early work with PYY has focused 

predominantly on PYY(3-36) and its role in appetite regulation through activation of 

hypothalamic NPY2R’s [Batterham et al. 2003; Koegler et al. 2005; Pittner et al. 2004; 

Sloth et al. 2007]. However, PYY has also been shown to be expressed and synthesised 

in pancreatic islet cells [Khan et al. 2016], highlighting a role for the peptide in 

pancreatic endocrine function [Persaud and Bewick 2014].   

In this regard, recent studies have confirmed a positive effect of PYY on beta-

cell survival and overall function, linked to activation of NPY1R’s [Lafferty et al. 

2018a; Ramracheya et al. 2016]. Thus, PYY(1-36) has been shown to enhance the 

growth and survival of beta-cells [Khan et al. 2016], ultimately leading to enhanced 

glycaemic control [Guida et al. 2018]. In agreement with this, ablation of PYY 

expressing cells in mice results in beta-cell destruction and overt hyperglycaemia, 

which was partially rescued by NPY1R activation [Sam et al. 2012]. Furthermore, 
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streptozotocin-induced beta-cell loss and insulin deficiency have been shown to 

decrease islet PYY expression, whereas hydrocortisone-induced beta-cell expansion 

was linked to increased expression of islet PYY [Khan et al. 2016]. Taken together, it 

is clear that activation of islet NPY1R’s by PYY offers potential as a future treatment 

option for diabetes, as disease pathophysiology closely linked to loss of beta-cell mass 

and function [Matveyenko and Butler 2008].   

Therefore, the aim of the present study was to synthesise and characterise two 

PYY(1-36) analogues, using current structure/function knowledge to enhance 

enzymatic stability and specificity towards NPY1R. Initially Ile3 was substituted with 

Pro3, as this has been shown to confer DPP-4 resistance in related peptide hormones 

[Gault et al. 2002; Gault et al. 2007; Parker et al. 2007]. In addition, previous studies 

revealed that substitution of Gln34 for Pro34 in PYY(1-36) imparted increased NPY1R 

selectivity [Keire et al. 2000]. Moreover, replacing amino acids 31 of both PYY, and 

the structurally related neuropeptide Y (NPY) peptide, with leucine also inferred 

increased selectivity towards NPY1R [Dumont et al. 1995; Fuhlendorff et al. 1990; 

Gehlert et al. 1997]. Utilising this structure/function information, we generated the 

novel peptide, (P3L31P34)PYY(1-36). Further to this, acylation of numerous regulatory 

peptide hormones, including GIP, GLP-1, xenin and apelin, has been shown to yield 

complete enzymatic resistance and significantly protract circulating biological half-

life [Gault et al. 2015; Green et al. 2004; Kerr et al. 2009; Irwin et al. 2005a,b; Irwin 

et al. 2006a,b; O’Harte et al. 2017; O’Harte et al. 2018]. In agreement, PYY(3-36) 

acylated at Lys12 is an established stable and long-acting PYY(3-36) analogue, where 

Ala12 is substituted for Lys12 to facilitate acylation [Bloom 2006]. Thus, we also 

generated and tested PYY(1-36)(Lys12PAL) as a second potentially stable PYY-based 

NPY1R agonist.  
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Initially, DPP-4 stability of all peptides was assessed, followed by examination 

of peptide effects on in vitro insulin secretion. In addition, the impact of PYY(1-36) 

and related analogues on pancreatic beta-cell growth and protection against apoptosis, 

as well as food intake in mice, was studied. The results demonstrate the positive beta-

cell survival effects of PYY(1-36), suggesting possible antidiabetic utility for 

enzymatically stable and more potent PYY forms. However, although 

(P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) did confer some beta-cell benefits, 

their effectiveness was compromised when compared to the parent peptide.   

 

3.3. Materials and Methods  

 

3.3.1. Peptides  

All peptides, including GLP-1 positive control, were supplied as previously described 

in Section 2.1. Peptides were confirmed pure by RP-HPLC (Section 2.2.1.2) and 

subsequently characterized using MALDI-TOF MS (Section 2.2.1.3). 

 

3.3.2. PYY degradation by DPP-4  

The effects of incubation with recombinant DPP-4 on peptide stability were assessed 

as described previously in Section 2.2.2.1.  

 

3.3.3. In vitro insulin secretion  

The in vitro effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) 

on insulin secretion were determined using pancreatic clonal BRIN-BD11 beta-cells, 

as discussed in Section 2.2.2.4. Cells were maintained and seeded as discussed in 
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Sections 2.2.2.2 – 2.2.2.3 before GSIS was assessed following incubation KRBB 

supplemented with 5.6 or 16.7 mM glucose or 16.7 mM glucose in the presence of 10 

mM alanine (Section 2.2.2.4).  

 

3.3.4. Beta-cell proliferation and apoptosis  

To assess the effects of PYY(1-36) and related analogues (10-8 and 10-6 M) on beta-

cell proliferation and apoptosis, rodent BRIN-BD11 [McClenaghan et al. 1996] and 

human 1.1B4 [Green et al. 2018; McCluskey et al. 2011] beta-cells were seeded, 

stained and analysed as discussed in Section 2.2.2.5.  

 

3.3.5. Statistical analysis  

Statistical analyses were performed as discussed in Section 2.2.10.  

 

3.4. Results  

3.4.1. DPP-4 stability 

Incubation of PYY(1-36) with DPP-4 resulted in the generation of PYY(3-36) (Figure 

3.1A; Figure 3.2). Similarly, PYY(1-36)(Lys12PAL) was also N-terminally degraded 

by DPP-4 (Figure 3.1 B; Figure 3.2). In contrast, (P3L31P34)PYY(1-36) was completely 

resistant to DPP-4 degradation over the 8 h incubation period (Figure 3.1 C).  
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3.4.2. Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on 

insulin secretion from rodent BRIN-BD11 beta-cells 

PYY(1-36) significantly (P<0.05) inhibited insulin secretion from BRIN-BD11 cells 

at 5.6 mM glucose, albeit only at the highest concentration (10-6 M) examined (Figure 

3.3 A). Similarly, at 16.7 mM glucose PYY(1-36) also significantly (at 10-7 and 10-6 

M, P<0.01 to P<0.001; respectively) decreased the insulin secretory response (Figure 

3.3 A). (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) did not modulate insulin 

secretion at 5.6 mM glucose (Figure 3.3 A). However, at 16.7 mM glucose 

(P3L31P34)PYY(1-36) decreased (P<0.05) glucose-stimulated insulin secretion from 

BRIN-BD11 cells (Figure 3.3 B). When incubated at 16.7 mM glucose supplemented 

with 10 mM alanine, PYY(1-36), but not (P3L31P34)PYY(1-36) or PYY(1-

36)(Lys12PAL), reduced (P<0.01 to P<0.001) alanine-induced augmentations of 

insulin release (Figure 3.3 C).  

 

3.4.3. Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on 

beta-cell proliferation and protection against cytokine-induced apoptosis 

Both GLP-1 and PYY(1-36) (10-8 and 10-6 M) significantly (P<0.05 to P<0.001) 

increased BRIN-BD11 and 1.1B4 beta-cell proliferation when compared to control 

cultures (Figure 3.4 A,B). In addition, (P3L31P34)PYY(1-36) and PYY(1-

36)(Lys12PAL) also significantly increased (P<0.05 to P<0.01) proliferation of both 

beta-cell lines, but only at the highest concentration tested, 10-6 M, in BRIN-BD11 

cells (Figure 3.4.A,B). At 10-6 M PYY(1-36) induced significantly (P<0.05) increased 

beta-cell proliferation when compared to (P3L31P34)PYY(1-36) in BRIN-BD11 cells, 

and PYY(1-36)(Lys12PAL) in 1.1B4 cells, at the same concentration (Figure 3.4 A,B). 

Representative images of Ki-67 stained BRIN-BD11 and 1.1B4 beta-cells are shown 
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in Figures 3.5 and 3.6 respectively. In terms of protecting against cytokine-induced 

beta-cell apoptosis, all peptides at both concentrations examined (10-8 and 10-6 M), 

barring PYY(1-36)(Lys12PAL) at 10-8 M, significantly (P<0.05 to P<0.001) reduced 

apoptosis in BRIN-BD11 cells when compared to cytokine cocktail control (Figure 

3.7 A). However, PYY(1-36)(Lys12PAL) was significantly (P<0.05 to P<0.01) less 

efficacious in this regard than PYY(1-36), as was (P3L31P34)PYY(1-36) at 10-6 M 

(Figure 3.7 A). In 1.1B4 beta-cells, all peptides, except (P3L31P34)PYY(1-36) at 10-8 

M, decreased apoptosis to levels significantly (P<0.05 to P<0.001) lower than those 

of the cytokine cocktail treatment alone (Figure 3.7.B). (P3L31P34)PYY(1-36) was 

significantly (P<0.01) less effective at preventing apoptosis than PYY(1-36) in 1.1B4 

beta-cells (Figure 3.7 B). Representative images of TUNEL stained BRIN-BD11 and 

1.1B4 beta-cells under each culture condition are shown in Figures 3.8 and 3.9 

respectively. 

  

3.5. Discussion  

Since discovery of the satiety-inducing effects of the DPP-4 degradation product of 

PYY(1-36), namely PYY(3-36) [Batterham et al. 2002], most PYY based research has 

revolved around activation of hypothalamic NPY2R receptors by PYY(3-36) and 

possible anti-obesity effects [Bloom 2006; Tan and Bloom 2013]. However, more 

recent evidence reveals that the NPY1R is expressed on pancreatic islet cells and that 

PYY(1-36) is synthesised and secreted locally within islets, with postulated beneficial 

local actions [Khan et al. 2016; Persaud and Bewick 2014]. The present study has 

consequently aimed to synthesise and characterise PYY(1-36) peptide analogues with 

enhanced enzymatic stability and improved NPY1R selectivity, to fully harness PYY 

related pancreatic benefits. To date, the only report of a long-acting PYY analogue 
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with NPY1R activity is a dual NPY1/NPY2R agonist named X-PYY [Sam et al. 2012], 

which interestingly has deletion of the first two N-terminal amino acids that would be 

considered to diminish NPY1R mediated effects [Wu et al. 2013]. 

 (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) were designed based on 

current structure/function knowledge known to extend biological half-life and/or 

promote NPY1R selectivity of peptide based drugs [Bloom 2006; Gault et al. 2007; 

Keire et al. 2000; Pittner et al. 2004; Söll et al. 2001]. Following successful synthesis, 

the susceptibility of the PYY peptides to DPP-4 degradation was examined. In contrast 

to native PYY(1-36), which was efficiently degraded by DPP-4 to PYY(3-36), 

(P3L31P34)PYY(1-36) was completely resistant to DPP-4 mediated enzymatic 

degradation. This confirms that substitution of Ile3 in PYY(1-36) with a proline 

residue renders the peptide resistant to the actions of DPP-4, as documented for other 

regulatory peptide hormones [Gault et al. 2002]. Thus, unlike native PYY(1-36), 

(P3L31P34)PYY(1-36) does not undergo removal of the N-terminal Tyr1-Pro2 dipeptide, 

known to generate a more specific NPY2R agonist [Grandt et al. 1993; Wu et al. 2013] 

Indeed, the additional structural modifications at positions 31 and 34 in 

(P3L31P34)PYY(1-36) should render the peptide a stable, long-acting, NPY1R agonist 

[Gehlert et al. 1997; Keire et al. 2000]. Somewhat surprisingly, PYY(1-36)(Lys12PAL) 

was susceptible to DPP-4 degradation in the in vitro system, unlike related fatty acid 

derivatised regulatory peptide hormone analogues where acylation has been shown to 

mask the cleavage site for DPP-4 [Gault et al. 2015; Green et al. 2004; Kerr et al. 

2009; Irwin et al. 2005a,b; Irwin et al. 2006a,b; O’Harte et al. 2017; O’Harte et al. 

2018]. This difference could be related to the unique three dimensional structure of 

PYY, that includes an N-terminal left-handed polyproline-like helix, a typical mid-

chain α-helix and beta-turn that together give rise to the characteristic ‘PP-fold’ of the 
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NPY family of peptides [Germain et al. 2013]. In addition, the Lys12 for Ala12 amino 

acid substitution in PYY(1-36)(Lys12PAL) may also have an impact here. However, 

the overall effect of acylation and subsequent protein binding of PYY(1-

36)(Lys12PAL) in vivo, may lead to altered kinetics and reduced conversion to PYY(3-

36)(Lys12PAL), which would require more detailed study. 

 Although structural modification of PYY(1-36) may protect against DPP-4 

cleavage, and therefore be highly influential for biological half-life and receptor 

specificity[Keire et al. 2000; Söll et al. 2001; Wu et al. 2013] confirmation of 

preserved bioactivity is still of utmost importance. Consistent with earlier studies 

[Khan et al. 2016], PYY(1-36) inhibited both glucose- and alanine-induced insulin 

secretion. (P3L31P34)PYY(1-36) evoked essentially similar effects, albeit with a 

reduced magnitude. There were slight differences in efficacy between the two peptides 

in terms of inhibition of glucose- and alanine-induced insulin secretion, and this likely 

relates to the more distal non-metabolic effects of alanine on beta-cell induced insulin 

secretion. Thus, while the Pro3, Leu31 and Pro34 substitutions improved enzymatic 

stability, this may have resulted in an analogue with decreased biological potency. The 

presence of functionally important NPY2R receptors on BRIN-BD11 beta-cells [Khan 

et al. 2016], unlike primary human beta-cells [Walther et al. 2011], could also be a 

factor here, since the increased stability of (P3L31P34)PYY(1-36) will dramatically 

reduce NPY2R interactions. Despite this, these data do indicate that (P3L31P34)PYY(1-

36) retains affinity for NPY receptors and ability to activate related signal transduction 

pathways. Although further studies using CRISPR/Cas9 technology and specific 

NPY1R or NPY2R knockdown beta-cells would be required to confirm this, as 

specificity with commercially available NPYR inhibitors could be an issue. In 

addition, if a specific NPY1R receptor binding assay was available, it would also be 
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helpful in this regard. Interestingly, PYY(3-36)(Lys12PAL) was devoid of effects on 

the modulation of insulin secretion. This could be related to reduced levels of ‘free’ 

peptide due to greater albumin binding of the acylated analogue, as observed for other 

fatty acid derivatised peptides [Li et al. 2015]. To investigate these concepts further, 

we decided to examine the effects of all PYY peptides on proliferation and survival in 

both rodent BRIN-BD11 and human 1.1B4 beta-cell lines.  

 As expected, PYY(1-36) enhanced the growth and survival of both BRIN-

BD11 and 1.1B4 beta-cell lines [Khan et al. 2016], presumably through activation of 

Y1 receptors [Lafferty et al. 2018a; Persaud and Bewick 2014]. Importantly, both 

modified PYY analogues also displayed positive pancreatic beta-cell growth and 

survival characteristics. However, similar to insulin secretory studies, despite the 

postulated increased specificity of (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) 

towards NPY1R’s recognised as being critically important for PPY mediated beta-cell 

benefits [Persaud and Bewick 2014], neither analogue had superior effects than 

PYY(1-36). Indeed, both analogues were actually significantly less efficacious than 

the native peptide under many of the test conditions. Thus, generation of stable and 

bioactive, NPY1R specific, PYY peptide analogues appears to be particularly 

challenging, implying current structure/function knowledge for PYY requires more 

detailed investigation. Indeed, the notion that a compound can possess inhibitory 

actions on insulin secretion, while concomitantly impart beta-cell survival benefits, is 

interesting and now an accepted action for NPY1R activation by PYY(1-36) [Lafferty 

et al. 2018a]. Moreover, the suggestion that beta-cell rest improves beta-cell function 

per se, and therefore enduring glucose control, could also be a factor here [Hara et al. 

2016]. In this regard, a recent study has revealed that C-terminal integrity of PYY 

peptides is essential for preserved biological activity at the level of the beta-cell 
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[Lafferty et al. 2018b; Toräng et al. 2016] and this may need to be considered for both 

(P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL). 

 In conclusion, the present data reveal that rational amino acid substitution of 

PYY(1-36), but not simple acylation, leads to generation of an enzyme resistant 

PYY(1-36) analogue. However, the improved stability of (P3L31P34)PYY(1-36), or 

perceived enhanced circulating half-life of PYY(1-36)(Lys12PAL), was offset by 

overall reduced biological activity. Thus, further work is required to develop stable, 

NPY1R specific, PYY analogues to fully exploit the notable beneficial effects of 

PYY(1-36) on beta-cell growth and survival. 
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Table 3.1. PYY(1-36), (P3L31P34)PYY(1-36) and PYY(Lys12PAL) amino acid sequences and characterisation 

 

 

Peptide purity was confirmed using RP-HPLC on a Thermoquest, SpectraSystem UV2000 chromatography system using a Phenomenex C-18 analytical column with 

absorbance at 214 nm. Identity of peptides was confirmed using Voyager-DE BioSpectrometry MALDI-TOF MS (Figure 3.2) (PerSeptive BioSystems, Framingham, 

Massachusetts, USA), as described previously [Pathak et al. 2015]. 

Peptide name  Amino acid sequence 

 

Purity 

(%) 
Expected 

mass (Da) 

Calculated 

mass (Da) 

PYY(1-36) YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 

 

99.9 4309.8 4309.7 

(P3L31P34)PYY(1-36) YPPKPEAPGEDASPEELNRYYASLRHYLNLLTRPRY 
 

99.2 4277.9 4274.7 

PYY(1-36)(Lys12PAL ) YPIKPEAPGEDK(PAL)SPEELNRYYASLRHYLNLVTRQRY 

 
100 4606.4 4606.4 
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Figure 3.1. HPLC Separation of PYY(1-36) and its analogues following in vitro degradation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC profiles obtained following incubation of (A) PYY(1-36), (B) (P3L31P34)PYY(1-36) and (C) PYY(1-36)(Lys12PAL) with purified DPP-4. Peptides (50 µg; n=3) were incubated at 37oC with 5 µl 

DPP-4 enzyme (0.01 U/µl) in 50 mM triethanolamine-HCL. Reactions were stopped using 10% (v/v) trifluoroacetic acid/water and reaction mixes separated by HPLC. Peptide or peptide fragment mass 

was determined by MALDI-TOF (see Figure 3.2).  
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Figure 3.2. Representative MS traces for each identified PYY peptide or degradation product 

 

 

 

 

 

 

 

 

 

 

 

 

Peptide fragments were separated via HPLC. Peptide fragment mass was determined by MALDI-TOF, acquired in positive ionisation mode using CHCA as the matrix. 
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Figure 3.3. Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on insulin release from BRIN-BD11 beta-cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BRIN-BD11 cells were incubated with (A) 5.6, (B) 16.7 mM glucose or (C) 16.7 mM glucose supplemented with alanine (10 mM) and the effects of PYY 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 (A) 5.6,  (B) 16.7 mM glucose or (C) 16.7 mM glucose supplemented with alanine. 
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Figure 3.4. Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on in vitro beta-cell proliferation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on (A) rodent BRIN-BD11 and (B) human 1.1B4 beta-cell proliferation Cells were cultured (16 h) with PYY peptides or GLP-

1 (10-8 and 10-6 M) and proliferation assessed by Ki-67 staining. Values are mean ± SEM (n = 3). *P<0.05, **P<0.01, ***P<0.001 compared to control culture. ΔP<0.05 compared to PYY(1-36). 

Representative images for each treatment in BRIN-BD11 and 1.1B4 cells are provided in Figures 3.5 and 3.6 respectively.  
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Figure 3.5. Representative images for Ki-67 staining in BRIN-BD11 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative staining images for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), (P3L31P34)PYY and PYY(1-36)(Lys12PAL)), at 10-6 M concentration, are 

provided for testing in BRIN-BD11 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 3.6. Representative images for Ki-67 staining in 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

Representative staining images for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), (P3L31P34)PYY and PYY(1-36)(Lys12PAL)), at 10-6 M concentration, are 

provided for testing in 1.1B4 Cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 3.7. Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on in vitro beta-cell death 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) on protection against cytokine-induced apoptosis in (A) rodent BRIN-BD11 and (B) human 1.1B4 beta-cells. Cells were cultured 

(16 h) with PYY peptides or GLP-1 (10-8 and 10-6 M) in the presence of a cytokine cocktail and apoptosis detected using the TUNEL assay. Values are mean ± SEM (n = 3). *P<0.05, **P<0.01, 

***P<0.001 compared cytokine cocktail. ++P<0.01, +++P<0.001 compared RPMI media control. ΔP<0.05, ΔΔP<0.01 compared to PYY(1-36) at same concentration. Representative images for each 

treatment in BRIN-BD11 and 1.1B4 cells are provided in Figures 3.8 and 3.9 respectively.  
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Figure 3.8. Representative images for TUNEL staining in BRIN-BD11 cells 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for TUNEL staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), (P3L31P34)PYY and PYY(1-36)(Lys12PAL)), at 10-6M concentration, 

are provided for testing in BRIN-BD11 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 3.9. Representative images for TUNEL staining in 1.1B4 cells 

 

 

 

 

 

 

 

 

Representative images for TUNEL staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), (P3L31P34)PYY and PYY(1-36)(Lys12PAL)), at 10-6 M concentration, 

are provided for testing in 1.1B4 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Chapter 4. 

PYY(1-36) peptides from phylogenetically ancient fish 

targeting mammalian NPY1 receptors demonstrate potent 

effects on pancreatic beta-cell function, growth and survival 

and display significant therapeutic potential for diabetes 
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4.1. Summary 

Activation of neuropeptide Y1 receptors (NPY1R’s) by the peptide hormone, Peptide 

YY (PYY), evokes numerous benefits on pancreatic beta-cells. However, rapid N-

terminal enzymatic cleavage of PYY in the circulation dramatically diminishes 

NPY1R specificity. Therefore, in the current study naturally occurring, N-terminally 

stabilised, PYY(1-36) sequences from phylogenetically ancient fish, namely Amia 

calva (bowfin), Oncorhynchus mykiss (trout), Petromyzon marinus (sea lamprey) and 

Scaphirhynchus albus (sturgeon), were synthesised and both biological actions and 

antidiabetic therapeutic efficacy assessed. All fish PYY(1-36) peptides were resistant 

to DPP-4 degradation and inhibited glucose- and alanine-induced (P<0.05 to P<0.001) 

insulin secretion. In addition, PYY(1-36) peptides imparted significant (P<0.05 to 

P<0.001) beta-cell proliferative and anti-apoptotic benefits. Proliferative effects were 

almost entirely absent in beta-cells with CRISPR-Cas9 induced knockout of NPY1R. 

In contrast to human PYY(1-36), the piscine-derived peptides lacked appetite 

suppressive actions. Twice daily administration of sea lamprey PYY(1-36), the 

superior bioactive peptide, for 21-days significantly (P<0.05 to P<0.001) decreased 

fluid intake, non-fasting glucose and glucagon in streptozotocin (STZ)-induced 

diabetic mice. In addition, glucose tolerance, insulin sensitivity, pancreatic insulin and 

glucagon content were significantly improved. Metabolic benefits were linked to 

positive changes in pancreatic islet morphology, as a result of augmented (P<0.001) 

proliferation and decreased apoptosis of beta-cells. Sturgeon PYY(1-36) exerted 

similar but less impressive effects in STZ mice. In conclusion, the current observations 

reveal, for the first time, that PYY(1-36) peptide sequences from phylogenetically 

ancient fish replicate the pancreatic beta-cell benefits of human PYY(1-36) and 

possess clear potential for the treatment of type 2 diabetes.   
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4.2. Introduction  

Peptide Tyrosine Tyrosine (PYY), a gut-derived 36 amino acid residue peptide 

hormone, is released post-prandially from intestinal L-cells and imparts notable 

important effects on food intake and metabolism [Chen and Rogers 1995]. These 

biological actions are mediated through binding and interaction with neuropeptide Y 

receptors (NPYRs) [Walther et al. 2011].  PYY(1-36) is a full agonist for all human 

NPYR subtypes, namely NPY1, NPY2, NPY4 and NPY5 receptors [Keire et al. 2002, 

Walther et al. 2011]. However, rapidly after release in to the circulation, PYY(1-36) 

is degraded by the ubiquitous enzyme dipeptidyl peptidase-4 (DPP-4), to yield PYY(3-

36) [Michel et al. 2008]. This N-terminal degradation dramatically alters the biological 

activity of PYY, since PYY(3-36) is a NPY2R-selctive agonist, with negligible 

activity at other NPYRs [Wu et al. 2013]. Given knowledge of the appetite suppressive 

effects of hypothalamic NPY2R activation [Batterham et al. 2002], PYY(3-36) has 

been extensively studied as a potential anti-obesity drug [Koegler et al. 2005; Sloth et 

al. 2007; Rangwala et al. 2019]. Despite this, PYY(3-36) based drugs have yet to be 

exploited clinically, likely due to adverse gastrointestinal side-effects following 

administration in humans [Schmidt et al. 2014].  

 A more exciting area of PYY research in recent times relates to beneficial 

effects of PYY(1-36) at the level of the endocrine pancreas [Persaud and Bewick 

2014]. NPY1R’s are abundantly expressed on pancreatic beta-cells [Loh et al. 2018], 

with local islet synthesis and secretion of PYY(1-36) also noted [Khan et al. 2016; 

Ramracheya et al. 2016]. Indeed, there is a suggestion that the notable endocrine 

pancreatic benefits following Roux-en-Y gastric bypass surgery are prominently 

linked to altered PYY secretion and enhanced NPY1R activity [Guida et al. 2018]. As 

such, confirmed pancreatic effects of NPY1R activation include inhibition of glucose-
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stimulated insulin secretion (GSIS) to induce beta-cell rest, as well as promoting 

growth and survival of beta-cells [Khan et al. 2016; Lafferty et al. 2018a,b]. Since 

both major forms of diabetes mellitus, type 1 (T1DM) and type 2 (T2DM), are 

associated with beta-cell loss and/or dysfunction [Donath et al. 2005; Herold et al. 

2015], it follows that compounds mimicking the action of PYY(1-36) on pancreatic 

beta-cells could have distinct therapeutic usefulness. Consequently, N-terminally 

stabilised PYY(1-36) peptide analogues, resistant to DPP-4 degradation to maintain 

NPY1R activity, are of particular interest. Thus, Chapter 3 employed available 

PYY/NPY1R structure/function knowledge in an attempt to generate enzymatically 

stable, NPY1R specific, PYY(1-36) sequences [Lafferty et al. 2019a]. However, the 

bioactivity of these chemically engineered PYY(1-36) peptides was less impressive 

than anticipated [Lafferty et al. 2019a; Chapter 3]. Consequently, there is still an 

imperative need to develop stabilised PYY(1-36) peptides, with NPY1R specificity, 

as a possible new and effective class of antidiabetic therapeutics. 

 In this regard, the NPY family of peptides arose via successive duplications of 

an ancestral gene, to produce the distinct genes that encode for pancreatic polypeptide 

(PP), neuropeptide Y (NPY) and PYY [Conlon 2002]. Form evolutionary data, it has 

been established that the primary structure of PYY(1-36) is more strongly conserved 

in fish than in tetrapods [Conlon 2002]. Thus, the more rapid rate of evolution of 

tetrapod PYY(1-36) may have alleviated the PYY gene of some conservative selective 

pressure [Conlon 2002]. Therefore, PYY(1-36) sequences from phylogenetically 

ancient fish represent the most structurally ancient, highly conserved, PYY peptides 

in nature. For the present study, we sought to identify ancient fish PYY(1-36) 

sequences with inherent protection against DPP-4 activity, as naturally occurring 

NPY1R specific PYY molecules. Computational and structural analyses revealed 
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Amia calva (bowfin), Oncorhynchus mykiss (trout), Petromyzon marinus (sea 

lamprey) and Scaphirhynchus albus (sturgeon) PYY(1-36) as the most credible 

options in this regard. Initial studies examined enzymatic stability of the piscine 

PYY(1-36) sequences to purified DPP-4. In addition, effects on pancreatic beta-cell 

function, growth and survival were assessed, alongside NPY1R and NPY2R 

specificity. The impact of PYY(1-36) peptides on glucose homeostasis, insulin 

secretion and satiety were also investigated in vivo. Finally, we examined beneficial 

metabolic and pancreatic architectural related effects of twice-daily injection of the 

most promising piscine-derived PYY peptides in streptozotocin (STZ)-induced 

diabetic mice, with similar studies in STZ diabetic GluCre-ROSA26eYFP transgenic 

mice employed to investigate the impact of peptide treatment on islet alpha-cell 

lineage. The data reveal that PYY(1-36) peptide sequences from phylogenetically 

ancient fish are metabolically stable and recapitulate the pancreatic beta-cell benefits 

of human PYY(1-36), with unmistakable therapeutic potential for type 2 diabetes. 

 

4.3. Materials and Methods  

 

4.3.1. Peptides  

All peptides were supplied as previously described in Section 2.1. Peptides were 

confirmed pure by RP-HPLC (Section 2.2.1.2) and subsequently characterized using 

MALDI-TOF MS (Section 2.2.1.3) (Table 4.1). 

 

4.3.2. PYY degradation by DPP-4  

The effects of incubation with recombinant DPP-4 on peptide stability were assessed 

as described previously in Section 2.2.2.1.  
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4.3.3. In vitro insulin secretion  

The in vitro effects of human and piscine-derived PYY(1-36) peptides on insulin 

secretion were determined using pancreatic clonal BRIN-BD11 beta-cells, as 

discussed in Section 2.2.2.4. Cells were maintained and seeded as discussed in 

Sections 2.2.2.2 – 2.2.2.3 before GSIS was assessed following incubation KRBB 

supplemented with 5.6 or 16.7 mM glucose or 16.7 mM glucose in the presence of 10 

mM alanine (Section 2.2.2.4).  

 

4.3.4. Beta-cell proliferation and apoptosis  

To assess the effects of human and piscine-derived PYY(1-36) (10-8 and 10-6 M) on 

beta-cell proliferation and apoptosis, rodent BRIN-BD11 [McClenaghan et al. 1996] 

and human 1.1B4 [Green et al. 2018; McCluskey et al. 2011] beta-cells were seeded, 

stained and analysed as discussed in Section 2.2.2.5.  

 

4.3.5. Acute in vivo assessment  

Acute in vivo effects of peptide administration were carried out on lean NIH Swiss 

mice (Section 2.2.5.1), who were maintained as previously discussed. The acute 

effects on glucose tolerance, plasma insulin and re-feeding were performed as 

described in Sections 2.2.6.1 – 2.2.6.2.  

 

4.3.6. Chronic in vivo study  

Longer-term studies to assess antidiabetic efficacy of the therapeutic leads, Sturgeon 

and Sea Lamprey PYY(1-36), were conducted in male NIH Swiss TO mice (14 weeks 
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of age), with diabetes induced by intraperitoneal (i.p.) injection of STZ. Diabetes 

induction and maintenance of animals were carried out as discussed in Section 2.2.5.2. 

An additional chronic study was employed to assess the effects of Sea Lamprey 

PYY(1-36) administration on α to beta-cell transdifferentiation, which employed 

GluCre-ROSA26eYFP transgenic mice. Mice were maintained as discussed in Section 

2.2.5.3, while genotyping of the colony was carried out as described in Section 

2.2.5.3.1. All biochemical analyses were conducted at time points mentioned in 

Figures 4.10 - 4.11 and carried out as discussed in Section 2.2.7. 

 

4.3.7. Sub-chronic in vivo effects  

Following recruitment into respective studies, diabetic NIH (n=8) or GluCre-

ROSA26eYFP (n=6) mice received twice‐daily injections (09:00 and 17:00 h) of saline 

vehicle (0.9% (w/v) NaCl) or test peptides (each at 25  nmol/kg bw) for 21 or 12 days, 

respectively. Cumulative energy and fluid intake, body weight, circulating glucose and 

plasma insulin concentrations were assessed at regular intervals during both studies, 

as appropriate (Sections 2.2.8.1). At the end of the treatment period in NIH diabetic 

mice, glucose tolerance (18 mmol/kg bw; i.p.; 18 h-fasted mice) and insulin sensitivity 

(25 U/kg bovine insulin; i.p.; non-fasted mice) tests were performed. Terminal 

analyses included extraction of pancreatic tissue with appropriate processing for 

measurement of hormone content following acid/ethanol protein extraction or islet 

architecture, as described previously [Khan et al. 2017]. In addition, in sectioned 

pancreata of NIH mice, co-staining insulin (1:500; Abcam, ab6995) with glucagon 

(PCA2/4, 1:200; raised in-house) to assess islet architecture, insulin/glucagon with Ki-

67 (1:400; Abcam ab15580) or TUNEL reaction mixture (Roche Diagnostics Ltd, UK) 
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was used to assess beta-cell proliferation and apoptosis. In GluCre-ROSA26eYFP mice, 

co-staining GFP (Abcam, ab5450) with insulin (1:500; Abcam, ab6995) or glucagon 

(PCA2/4, 1:200; raised in-house) was also employed (Table 2.1). Following 

incubation with primary antibodies, appropriate secondary antibodies were employed, 

namely: Alexa Fluor® 594 goat anti-mouse IgG (1:400), Alexa Fluor® 488 goat anti-

guinea pig IgG (1:400), Alexa Fluor® 488 goat anti-rabbit IgG and Alexa Fluor® 488 

donkey anti-goat IgG (1:400) (Invitrogen, UK). Slides were viewed under a FITC (488 

nm) or TRITC filter (594 nm) using a fluorescent microscope (Olympus system 

microscope, model BX51) and photographed using a DP70 camera adapter system. 

Islet parameters were analysed using CellF image analysis software (Olympus Soft 

Imaging Solutions, GmbH) (Section 2.2.9).  

 

4.3.8. Statistical analysis  

Statistical analyses were performed as discussed in Section 2.2.10.  

 

4.4. Results  

4.4.1. In vitro DPP-4 stability  

As expected, incubation of human PYY(1-36) with DPP-4 for 8 h resulted in 

generation of the N-terminally cleaved product, PYY(3-36) (Table 4.1; Figure 4.1). 

Conversely, the phylogenetic PYY(1-36) analogues, namely bowfin, trout, sturgeon 

and sea lamprey, were completely resistant to DPP-4 mediated degradation over the 8 

h period (Table 4.1; Figure 4.1).  
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4.4.2. Effects of PYY(1-36) and phylogenetic analogues on insulin secretion from 

BRIN-BD11 beta-cells  

Human PYY(1-36), and all related piscine PYY(1-36) peptides, significantly (P<0.05 

to P<0.001) inhibited insulin secretion from BRIN-BD11 cells at 5.6 mM glucose at 

concentrations of 10-10 M and above (Figure 4.2 A). Interestingly, the PYY(1-36) 

sequences from phylogenetically ancient fish were more effective (P<0.05 to P<0.001) 

than human PYY(1-36) at 10-7 and 10-6 M (Figure 4.2 A). Indeed, sea lamprey PYY(1-

36) was significantly (P<0.05) more efficacious than human PYY(1-36) at 10-8 M 

(Figure 4.2 A). In a similar fashion, all PYY(1-36) peptides had insulinostatic actions 

at 16.7 mM glucose, although only at concentrations of 10-7 M and above for human 

PYY(1-36), whereas all piscine-derived peptides were effective at 10-11 M (Figure 4.2 

B). Further to this, when incubated in the presence of 10 mM alanine, all PYY(1-36) 

peptides (10-7 and 10-6 M), barring bowfin PYY(1-36) at 10-7 M, inhibited (P<0.05 – 

P<0.001) alanine-evoked elevations of insulin secretion (Figure 4.2 C).  

 

4.4.3. Effects of PYY(1-36) and its phylogenetic analogues on beta-cell 

proliferation and protection against cytokine-induced apoptosis  

Both human GLP-1 and PYY(1-36) (10-8 and 10-6 M) significantly (P<0.01 to 

P<0.001) augmented BRIN-BD11 and 1.1B4 beta-cell proliferation (Figure 4.3 A,B). 

The phylogenetic PYY(1-36) peptides also possessed similar significant (P<0.05 to 

P<0.001) beta-cell proliferative actions in both cell lines, with the exception of 10-8 M 

sturgeon PYY(1-36) in BRIN-BD11 cells and 10-8 M trout PYY(1-36) in 1.1B4 cells 

(Figure 4.3 A,B). In addition to this, beta-cell proliferative effects of all PYY(1-36) 

peptides were examined in INS-1 832/13 cells, with CRISPR-Cas9 induced NPY1R 

or NPY2R KO (Figure 4.3 C). As expected from observations in BRIN-BD11 and 
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1.1B4 cells, GLP-1 and all PYY(1-36) peptides (at either 10-6 or 10-8 M) effectively 

(P<0.05 to P<0.01) promoted beta-cell proliferation in INS-1 832/13 cells (Figure 4.3 

C). In NPY1R KO cells, all PYY(1-36) peptides were ineffective in terms of 

stimulating beta-cell growth, with the exception of trout PYY(1-36) at 10-6 M (Figure 

4.3 C). Interestingly, in NPY2R KO beta-cells, human PYY(1-36) induced superior 

(P<0.05 to P<0.001) proliferative effects than in wild type cells (Figure 4.3 C). All 

piscine PYY(1-36) peptides imparted beta-cell proliferative actions in NPY2R KO 

cells at concentrations of either 10-8 or 10-6 M (Figure 4.3 C). In terms of protection 

against cytokine-induced apoptosis, human GLP-1, PYY(1-36) and all phylogenetic 

PYY(1-36) peptides imparted significant (P<0.05 to P<0.001) protective effects in 

both BRIN-BD11 (Figure 4.3 D) and 1.1B4 (Figure 4.3 E) beta-cells. Representative 

staining images are provided in the figures for proliferation and apoptosis in BRIN-

BD11 and 1.1B4 cells (Figures 4.4. and 4.5. respectively) as well as proliferation in 

all INS-1 832/13 wild-type, NPY1R KO and NPY2R KO cell lines (Figures 4.6, 4.7 

and 4.8 respectively). 

 

4.4.4. Acute effects of PYY(1-36) and its phylogenetic analogues on food intake, 

glucose tolerance and insulin secretion in mice  

I.p. administration of 25 nmol/kg human PYY(1-36) to overnight fasted mice induced 

a significant reduction (P<0.05 to P<0.01) in food intake from 120 minutes onwards 

(Figure 4.9 A). Indeed, bowfin PYY(1-36) significantly (P<0.05 to P<0.01) increased 

food intake when compared to saline control mice at numerous time points (Figure 4.9 

A). Moreover, all phylogenetic PYY(1-36) peptides, barring sturgeon PYY(1-36), 

increased (P<0.05 to P<0.001) food intake when compared to human PYY(1-36) 

(Figure 4.9 A). None of the PYY(1-36) peptides had any effect on glucose homeostasis 
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or insulin secretion when administered in combination with glucose to mice (Figure 

4.9 B,C).  

 

4.4.5. Sub-chronic effects of sea lamprey and sturgeon PYY(1-36) on body weight, 

food and fluid intake as well as circulating glucose and insulin in STZ-induced 

diabetic mice  

Based on the above results, sea lamprey and sturgeon PYY(1-36) were selected to 

examine sub-chronic beneficial effects in STZ-induced diabetic mice. There was a 

progressive loss of body weight in all STZ diabetic mice over the 21-day treatment 

period (Figure 4.10 A). This body weight reduction was significantly (P<0.05) 

countered by sea lamprey or sturgeon PYY(1-36) (Figure 4.10 B). Cumulative food 

intake was increased (P<0.01 to P<0.001) in STZ mice on days 18 and 21, and in 

sturgeon PYY(1-36) mice (P<0.05) on day 21, when compared to lean controls (Figure 

4.10 C). Fluid intake was substantially (P<0.05 to P<0.001) increased in saline and 

sturgeon PYY(1-36) treated STZ mice, but significantly (P<0.05 to P<0.01) reduced 

in sea lamprey PYY(1-36) treated mice from day 9 onwards (Figure 4.10 D). As would 

be expected, circulating glucose levels steadily increased (P<0.01 to P<0.001) in 

control diabetic STZ mice, but were significantly (P<0.05 to P<0.001) decreased by 

sea lamprey PYY(1-36) from day 16 onwards (Figure 4.10 E). Corresponding non-

fasting plasma insulin concentrations were elevated (P<0.01 to P<0.001) in sea 

lamprey treated mice from day 13 when compared to diabetic control mice (Figure 

4.10 F). Similar observations on circulating insulin were made in mice treated with 

sturgeon PYY(1-36), with the exception of day 21, where insulin concentrations were 

similar to saline control levels (Figure 4.10 F). Circulating glucagon was significantly 

(P<0.01) reduced in sea lamprey and sturgeon PYY(1-36) treated STZ mice on day 
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21, with levels similar to those observed in lean control mice (Figure 4.10 G). CRP 

concentrations were not significantly different between groups of diabetic mice (all 

animals were between 3.5 ± 0.1 ng/ml and 3.6 ± 0.2 ng/ml).  

 

4.4.6. Sub-chronic effects of sea lamprey and sturgeon PYY(1-36) on glucose 

tolerance, peripheral insulin sensitivity and pancreatic insulin content in STZ-

induced diabetic mice  

During glucose tolerance tests on day 21, plasma glucose levels were significantly 

(P<0.05) reduced at 15, 30 and 90 min post‐injection in mice treated twice daily with 

sea lamprey PYY(1-36) when compared with STZ diabetic controls (Figure 4.11 A). 

Subsequent AUC analysis confirmed a significantly (P<0.01) reduced glycaemic 

excursion with sea lamprey PYY(1-36) (Figure 4.11 A). Sturgeon PYY(1-36) 

treatment had no impact on individual or overall glucose levels following a glucose 

challenge on day 21 (Figure 4.11 A). Corresponding glucose-induced plasma insulin 

concentrations were elevated (P<0.05) at 30 min post glucose injection in both sea 

lamprey and sturgeon PYY(1-36) treated mice when compared to STZ controls 

(Figure 4.11 B). However, only sea lamprey PYY(1-36) treatment increased (P<0.05) 

the net insulin secretory response compared to diabetic control mice, but this was still 

reduced (P<0.001) when compared to lean controls (Figure 4.11 B). The overall 

glucose-lowering action of exogenous insulin injection was significantly (P<0.05) 

enhanced in sea lamprey, but not sturgeon, PYY(1-36) treated mice when compared 

to STZ‐induced diabetic controls (Figure 4.11 C). Pancreatic insulin content was 

significantly elevated in both sea lamprey (P<0.001) and sturgeon (P<0.05) treated 

mice when compared to STZ diabetic controls (Figure 4.11 D). Corresponding 
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pancreatic glucagon content was elevated (P<0.001) in STZ mice, but significantly 

(P<0.001) reduced by sea lamprey PYY(1-36) treatment (Figure 4.11 E).   

 

4.4.7. Sub-chronic effects of sea lamprey and sturgeon PYY(1-36) on pancreatic 

morphology in STZ-induced diabetic mice  

Clear abnormalities of pancreatic morphology were evident in STZ diabetic mice 

including appearance of more centrally located glucagon-stained cells (Figure 4.12 A-

D). Quantification of this was confirmed in saline (P<0.001) and sturgeon PYY(1-36) 

(P<0.05) treated STZ mice, whereas sea lamprey PYY(1-36) mice had reduced 

(P<0.001) appearance of centrally located alpha-cells when compared to diabetic 

controls, and similar to lean control mice (Figure 4.12 E). Numbers of islets were also 

not significantly different in sea lamprey PYY(1-36) treated STZ and lean control 

mice, while saline and sturgeon PYY(1-36) mice had reduced (P<0.001) islet numbers 

(Figure 4.12 F).  Interestingly, overall islet area was decreased (P<0.01) in sea lamprey 

PYY(1-36) mice compared to lean controls (Figure 4.12 G), which could be related to 

decreased (P<0.001) percentage of alpha cell area in these mice when compared to 

STZ diabetic controls (Figure 4.12 I). Percentage beta-cell area was decreased 

(P<0.001) in all STZ mice compared to lean controls, but elevated (P<0.01) in sea 

lamprey PYY(1-36) mice when compared to STZ diabetic controls (Figure 4.12 I). In 

keeping with this, proliferating and apoptotic beta-cells were significantly (P<0.001) 

increased and decreased, respectively, in sea lamprey PYY(1-36) mice when 

compared to diabetic controls, and not significantly different from lean control mice 

(Figure 4.12 K,L). Sturgeon PYY(1-36) treatment had no effect on alpha- and beta-

cell area, or the number of proliferating or apoptotic beta-cells (Figure 4.12 J-K). 
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4.4.8. Sub-chronic effects of sea lamprey PYY(1-36) in STZ-induced diabetic 

GluCre-ROSA26eYFP mice 

STZ diabetic GluCre-ROSA26eYFP mice were utilised to further investigate positive 

pancreatic alterations induced by sea lamprey PYY(1-36) treatment. As such, 12-days 

twice daily treatment with sea lamprey PYY(1-36) resulted in significant reductions 

in non-fasted (P<0.01) and fasted (P<0.05) glucose levels compared to diabetic 

controls. Non-fasted and fasted glucose levels were 17.8 ± 1.5 and 13.3 ± 1.5 mmol/l 

in STZ diabetic mice and 11.7 ± 0.8  and 9.2 ± 0.8 mmol/l in sea lamprey PYY(1-36) 

treated mice. Corresponding non-fasted (P<0.001) and fasted (P<0.05) insulin 

concentrations were elevated by twice daily sea lamprey treatment (6.6 ± 0.2 and 6.6 

± 0.1 ng/ml in STZ diabetic mice and 7.8 ± 0.1 and 6.8 ± 0.1 ng/ml in sea lamprey 

PYY(1-36) treated mice). In terms of direct pancreatic effects, similar to studies in 

NIH Swiss TO diabetic mice (Figures 4.11 and 4.12), treatment with sea lamprey 

PYY(1-36) increased pancreatic insulin content (P<0.001), numbers of islets (P<0.05) 

and beta-cell area (P<0.01) as well as decreasing (P<0.05) the percentage of islets with 

centrally located glucagon staining (Figure 4.13 A-C,J-O). Furthermore, 

quantification of eYFP expression by immunofluorescence using anti-GFP antibodies 

revealed significantly (P<0.01 to P<0.001) increased co-expression of insulin with 

GFP, and decreased co-expression of glucagon with GFP, in sea lamprey PYY(1-36) 

mice when compared to diabetic and lean control mice (Figure 4.13 P,Q).  

 

4.5. Discussion  

The difficulties in developing an enzymatically stable, NPY1R specific, PYY(1-36) 

analogue based on current structure/function knowledge for PYY(1-36) have recently 

been highlighted [Lafferty et al. 2019a; Chapter 3]. In brief, a PYY(1-36) peptide 
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analogue adopting the key characteristics known to enhance NPY1R interaction, 

namely substitution of Val31 for Leu31 and Gln34 for Pro34 [Söll et al. 2001], exhibited 

noticeably diminished bioactivity at the level of the pancreatic beta-cell [Lafferty et 

al. 2019a; Chapter 3]. To date, the only other description of a stable PYY analogue 

with some reported NPY1R activity, named X-PYY [Sam et al. 2012], is based on the 

sequence of PYY(3-36) that is considered to be a highly specific NPY2R agonist [Wu 

et al. 2013].   

We have previously successfully exploited highly conserved amino acid 

sequences from phylogenetically ancient fish in the search for naturally occurring, 

enzymatically stabilised, peptide hormone receptor agonists; including glucagon and 

GLP-1 [Graham et al. 2018,2019; O'Harte et al. 2016a,b]. The primary structures of 

bowfin, sea lamprey, sturgeon and trout PYY(1-36) peptides are depicted in Table 

4.1., and compared to human PYY(1-36) and NPY, since these are established NPY1R 

agonists [Smith-White et al. 1998]. It is apparent that the entire C-terminal segment, 

from residues 23-36, of all fish PYY(1-36) peptide sequences is highly conserved 

between human PYY and NPY. This is of considerable importance given that the C-

terminus of the NPY family of peptides is fundamentally important for NPY1R 

binding [Beck-Sickinger et al. 1994]. Although all piscine PYY(1-36) peptides have 

insertion of an Ile residue at positions 28 and 31, which is different to human PYY(1-

36), such changes directly correspond to the human NPY sequence. More remarkably, 

Ile28 and Ile31 have been shown to be important for conservation of peptide helical 

structure and NPY1R interaction [Dyck and Losche 2006]. A similar Ala23 for Ser23 

substitution in the piscine sequences has also been noted to stabilise helical structure 

and enhance NPY1R binding capacity [Barden 1995; Potter et al. 1989; Potter et al. 

1994]. The Val24 for Leu24 substitution in sea lamprey PYY(1-36) represents removal 
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of a single methylene group, and likely to have minor implications on overall peptide 

conformation [Keire et al. 2000].  

Moreover, when peptide sequences are studied in more detail, for bowfin 

PYY(1-36) the only non-conserved residue when compared to the sequences of human 

NPY and PYY is Pro3. For trout PYY(1-36), in addition to the Pro3 change, there are 

also Lys19 for Arg19 and Thr22 for Ser22 substitutions, representing replacements with 

amino acids that possess the same charge or polarity, respectively. The additional 

amino acid substitutions within sea lamprey and sturgeon PYY(1-36) provide less 

obvious intimations to structure/function, perhaps barring the similar negative charge 

of Asp10 and Glu10 in sturgeon and human PYY, respectively. Further important 

structure/function knowledge relating to the NPY family of peptides concerns the 

characteristic ‘PP-fold’ conformation [Germain et al. 2013], responsible for bringing 

the N- and the C-terminal ends of the peptide in close contact to be recognised by the 

NPY1R [Nygaard et al. 2006]. This PP-fold is characterised by the poly-proline N-

terminal segment, Pro2-Pro5-Pro8, stabilised by a Pro residue situated either at position 

13 or 14 and folded back on a long amphipathic α-helix interacting with Tyr20 and 

Tyr27 [Nygaard et al. 2006]. Notably these residues are all conserved across the four 

piscine PYY(1-36) sequences. Taken together, the fundamental structural 

characteristics necessary for specific human NPY1R binding and activation are 

present within bowfin, sea lamprey, sturgeon and trout PYY(1-36) peptide sequences. 

In full agreement, the present study has demonstrated that PYY(1-36) peptides 

from these phylogenetically ancient fish possess similar bioactivity as human PYY(1-

36) in the current mammalian test systems. All PYY(1-36) peptides inhibited both 

glucose- and alanine-induced insulin secretion, whilst encouraging beta-cell growth 

and protecting against apoptosis [Khan et al. 2016; Lafferty et al. 2019a; Chapter 3]. 
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There were some slight differences in potency and efficacy, possibly indicating 

enhanced NPY1R specificity of the piscine-derived peptides. In relation to this, human 

PYY(1-36) is subject to DPP-4 mediated, N-terminal dipeptide cleavage, generating a 

PYY(3-36) metabolite with dramatically reduced NPY1R selectivity [Michel et al. 

2008]. It has already been established that substitution with a proline residue at 

position three in human PYY(1-36) renders the peptide resistant to DPP-4 [Lafferty et 

al. 2019a]. This is similar to observations with other DPP-4 liable peptide hormones, 

such as GIP and GLP-1 [Gault et al. 2003; Green et al. 2003]. All piscine PYY(1-36) 

sequences contain a naturally occurring Pro3 residue, and as expected, were 

enzymatically stable. To examine NPY1R specificity in more detail, beta-cell 

proliferative effects of the PYY(1-36) peptides were examined in INS-1 832/13 cells 

[Gamberucci et al. 1999], with either NPY1R or NPY2R KO. In NPY1R KO cells, all 

PYY(1-36) peptides were ineffective in terms of stimulating beta-cell growth, with the 

exception of trout PYY(1-36) at the highest concentration tested, whereas all PYY(1-

36) peptides displayed bioactivity in NPY2R KO cells. Therefore, the biological 

actions of trout PYY(1-36) may not be confined solely to interaction with NPY1R’s, 

unlike the other piscine peptides. Dual receptor activation properties of 

phylogenetically ancient fish peptides has been documented previously [Graham et al. 

2019; O'Harte et al. 2016a], and this could be of importance here.  

In keeping with preserved NPY1R activity of the fish derived peptides, 

appetite stimulatory effects of all peptides, barring sturgeon PYY(1-36), was observed 

when compared to human PYY(1-36). Metabolism of human PYY(1-36) to PYY(3-

36) in vivo results in appetite suppressive effects linked to NPY2R activation [Chen 

and Rogers 1995; Pittner et al. 2004], which would not occur with the piscine peptides. 

In agreement with limited acute insulinotropic or glucose homeostatic actions of 
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PYY(1-36) [Lafferty et al. 2019a], none of the peptides influenced glucose clearance 

or circulating plasma insulin when injected concurrently with glucose to mice. Based 

on these in vitro and in vivo studies, sturgeon and sea lamprey PYY(1-36) were 

selected to examine effects of sub-chronic twice daily administration in insulin-

deficient STZ-diabetic mice. As such, sturgeon, and especially sea lamprey, PYY(1-

36) partially corrected the characteristic weight loss, as well as increased water and 

food intake, in insulin-deficient STZ-diabetic mice [Irwin et al. 2015]. This was 

associated with improved glycaemic control, glucose tolerance, insulin sensitivity and 

importantly elevated plasma and pancreatic insulin concentrations with reduced 

plasma and pancreatic glucagon. Plasma CRP levels were unchanged indicating lack 

of adverse inflammatory responses to fish peptides.  

Consistent with metabolic benefits in STZ mice, beta-cell proliferation was 

enhanced and apoptosis decreased, by sea lamprey PYY(1-36) treatment. Thus, beta-

cell area was increased, despite a marginal reduction overall islet area. Such 

observations directly correlate with knowledge that the notable pancreatic benefits of 

RYGB surgery are strongly linked to NPY1R activation [Guida et al. 2018], alongside 

the recognised beta-cell pro-survival effects of PYY peptides [Lafferty et al. 2018a]. 

Moreover, selective KO of PYY expressing cells in mice results in hyperglycaemia, 

as a direct result of increased beta-cell destruction [Sam et al. 2012]. In addition, STZ-

induced insulin deficiency has been shown to decrease islet PYY expression [Khan et 

al. 2016]. Interestingly, the characteristic infiltration of glucagon positively stained 

central islet cells induced by STZ injection in mice [Li et al. 2000] was reversed by 

sea lamprey PYY(1-36) treatment. Indeed, apoptotic rate of pancreatic alpha-cells was 

decreased by sea lamprey PYY(1-36) and proliferation unchanged, yet alpha-cell area 

and pancreatic glucagon content declined, implying strong likelihood of lineage 
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transition of these cells. Given that PYY has an established role in early pancreatic 

islet cell development in utero [Mulder et al. 1998], positive effects of sea lamprey 

PYY(1-36) on pancreatic islet cell plasticity and lineage reprograming would seem 

credible, and the GFP/Insulin co-staining data in the GLUCre-ROSA26Eyfp mice would 

appear to support this theory; where sea lamprey PYY(1-36) treated animals possessed 

more beta-cells with GFP co-expression, indicating the transdifferentiation of alpha to 

beta-cells. That said, further study incorporating the inverse transgenic model, INSCre-

ROSA26Eyfp, would strengthen this hypothesis.  

 In conclusion, the present study has demonstrated that PYY(1-36) peptide 

sequences from phylogenetically ancient fish represent enzymatically stable, human 

NPY1R modulators. The highly beneficial beta-cell effects of chronic NPY1R 

activation [Lafferty et al. 2018b] was exemplified by sea lamprey PYY(1-36) 

treatment in STZ-induced insulin deficient mice, and importantly lacked any 

proinflammatory effects. Notable improvements in islet morphology and insulin 

secretion induced by sea lamprey PYY(1-36) represents the first credible evidence that 

stable peptide analogues acting at NPY1R can offer a novel and effective treatment 

option for diabetes. 
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Table 4.1. Amino acid sequences, expected and calculated masses as well as purity and DPP-4 stability for NPY and PYY(1-36) peptides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acids in bold text are conserved in human PYY(1-36). Amino acids in italic underlined text correspond to human NPY(1-36). Peptide masses were calculated 

using MALDI-TOF MS on a PerSeptive Biosystems Voyager-DE Biospectrometer. Peptide purity was assessed by HPLC and analysis of AUC data. For DPP-4 

degradation, peptides (50 µg) were incubated at 37oC in 50 mM triethanolamine/HCl with DPP-4 (0.05 U) for 0 and 8 hours. Defined HPLC peaks were collected and 

identified via MALDI-TOF MS on a PerSeptive Biosystems Voyager-DE Biospectrometer. ND, not determined. 

Peptide Amino Acid Sequence 
Sequence 

homology (%) 

Expected 

Mass (Da) 

Calculated 

Mass (Da) 

Peptide 

purity 

% DPP-4 

degradation 

at 8 h 

Human NPY(1-36) 
Y-P-S-K-P-D-N-P-G-E-D-A-P-A-E-D-M-A-R-

Y-Y-S-A-L-R-H-Y-I-N-L-I-R-Q-R-Y- NH2 
- 4271.7 ND ND ND 

Human PYY(1-36) 
Y-P-I-K-P-E-A-P-G-E-D-A-S-P-E-E-L-N-R-Y-

Y-A-S-L-R-H-Y-L-N-L-V-T-R-Q-R-Y- NH2 
- 4309.8 4309.7 96.8 72.5 

Bowfin PYY(1-36) 
Y-P-P-K-P-E-N-P-G-E-D-A-P-P-E-E-L-A-R-

Y-Y-S-A-L-R-H-Y-I-N-L-I-T-R-Q-R-Y - NH2 
77.8 4317.8 4317.5 98.3 0 

Trout PYY(1-36) 
Y-P-P-K-P-E-N-P-G-E-D-A-P-P-E-E-L-A-K-

Y-Y-T-A-L-R-H-Y-I-N-L-I-T-R-Q-R-Y - NH2 
75.0 4303.9 4303.6 95.9 0 

Sturgeon  

PYY(1-36)  

F-P-P-K-P-E-H-P-G-D-D-A-P-A-E-D-V-V-K-

Y-Y-T-A-L-R-H-Y-I-N-L-I-T-R-Q-R-Y- NH2 
61.1 4270.8 4270.4 96.2 0 

Sea Lamprey 

PYY(1-36)  

M-P-P-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-

Y-M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-R-Y- NH2 
61.1 4285.9 4284.2 98.5 0 
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Figure 4.1. Representative MS traces for each identified PYY degradation product 

Representative MS traces for each identified PYY degradation product, separated via HPLC. Peptide fragment 

mass was determined by MALDI-TOF, acquired in positive ionisation mode using CHCA as the matrix. 
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Figure 4.2. Effects of PYY(1-36) peptides on insulin release from rodent BRIN-BD11 beta-cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BRIN-BD11 cells were incubated with (A) 5.6, (B) 16.7 mM glucose or (C) 16.7 mM glucose supplemented with alanine (10 mM) and the effects of PYY 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. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared to (A) human PYY(1-36) or (C) 16.7 

mM glucose + 10 mM alanine. 
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Figure 4.3. Effects of PYY(1-36) peptides on in vitro beta-cell apoptosis and proliferation 

Effects of PYY(1-36) peptides on (A, D) rodent BRIN-BD11, (B, E) human 1.1B4 and (C) rodent INS-1 832/13 

as well as NPY1R KO or NPY2R KO INS-1 832/13 on beta-cell proliferation (A-C) and beta-cell apoptosis 

(D,E). Cells were cultured (16 h) with PYY peptides or GLP-1 (10-8 and 10-6 M) and proliferation assessed by 

Ki-67 staining (A-C). In the apoptosis experiments, the culture media was supplemented with a cytokine 

cocktail and cell-death was assessed via TUNEL assay (D,E). Values are mean ± SEM (n = 3). *P<0.05, 

**P<0.01, ***P<0.001 compared to RPMI media control (A-C) or compared to cytokine supplemented RPMI 

(D,E). ΔP<0.05 or ΔΔΔP<0.001 compared to unaltered INS-1 832/13 wild-type cells at each condition (C) or 

compared to unsupplemented RPMI. Representative images for each treatment are provided in Figures 4.4 – 

4.8. 
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Figure 4.4. Representative images for Ki-67 staining in BRIN-BD11 and 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of four species variants of PYY(1-36) (Bowfin, Sturgeon, Trout and Sea Lamprey) on proliferation at 10-6 M concentration, in BRIN-BD11 cells (A) and 

1.1B4 cells (B). All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  

A B 
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Figure 4.5. Representative images for TUNEL staining in BRIN-BD11 and 1.1B4 cells 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of four species variants of PYY(1-36) (Bowfin, Sturgeon, Trout and Sea Lamprey) on apoptosis at 10-6 M concentration, in BRIN-BD11 cells (A) and 

1.1B4 cells (B). All images shown are X10 magnification. Positively staining cells are indicated by white arrows. 

A B 
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Figure 4.6. Representative images for Ki-67 staining in INS-1 832/13 wild type cells 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media and GLP-1) as well as each utilised PYY peptide 

at 10-6 M concentration, are provided for testing in Wild Type, unaltered INS-1 832/13 cells. All images shown 

are X10 magnification. Positively staining cells are indicated by white arrows.  

Figure 4.7. Representative images for Ki-67 staining in INS-1 832/13 NPY1R KO cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media and GLP-1) as well as each utilised PYY peptide 

(including analogues) at 10-6 M concentration, are provided for testing in NPY1R KO INS-1 832/13 cells. All 

images shown are X10 magnification. Positively staining cells are indicated by white arrows. 
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Figure 4.8. Representative images for Ki-67 staining in INS-1 832/13 NPY2R KO cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media and GLP-1) as well as each utilised PYY peptide 

(including analogues) at 10-6 M concentration, are provided for testing in NPY2R KO INS-1 832/13 cells. All 

images shown are X10 magnification. Positively staining cells are indicated by white arrows. 
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Figure 4.9. Effects of PYY(1-36) peptides on food intake and glucose tolerance in 

overnight fasted mice 

Cumulative food intake was assessed after i.p. administration of saline vehicle (0.9% NaCl) or in combination 

with PYY(1-36) peptides (25 nmol/kg bw) (A). Blood glucose (C) and plasma insulin (C) levels were assessed 

immediately prior to, and at regular intervals subsequent to, i.p. injection of PYY(1-36) peptides (each at 25 

nmol/kg bw dose) in combination with glucose (18 mmol/kg bw). Respective areas under the curve are also 

shown (D&E). Values are mean ± SEM (n=6) (A-E). *P<0.05, **P<0.01 compared to saline control. ΔP<0.05, 
ΔΔP<0.01, ΔΔΔP<0.001 compared to human PYY(1-36) (A).  
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Figure 4.10. In vivo effects of chronic administration of PYY(1-36) peptides in STZ mice 

Effects of twice-daily administration of saline control or test peptide in combination with saline (Sturgeon 

PYY(1-36) and Sea Lamprey PYY(1-36) at 25 nmol/kg bw dose) on body weight (A), % body weight change 

(calculated from initial and terminal body weights) (B), cumulative food and fluid intake (C,D) and blood 

glucose and plasma insulin (E,F). Measurements were taken three days prior to and throughout the treatment 

period, at regular intervals. (A,E,F; treatment period demonstrated via the horizontal bar parallel to x-axis). 

Values are mean ± SEM (n=6). *P<0.05, **P<0.01 compared to STZ + saline control.  ΔP<0.05, ΔΔP<0.01, 
ΔΔΔP<0.001 compared to lean, saline-only control.  
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Figure 4.11. In vivo effects of chronic administration of PYY(1-36) peptides in STZ mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of twice-daily administration of saline control or test peptide in combination with saline (Sturgeon PYY(1-36) and Sea Lamprey PYY(1-36) at 25 nmol/kg bw dose) on terminal glucose tolerance 

(A) with associated plasma insulin is also provided (B). Respective areas under the curve are provided. Effects on insulin sensitivity, as demonstrated via percentage fall in blood glucose over 60 minutes 

are also shown (C). Insulin was administered at a 25 U/kg/bw dose in non-fasting mice. Experiment was performed following 21 days of treatment with test peptide. Effects on pancreatic insulin content 

of excised pancreas are shown (D). Insulin was measured via radioimmunoassay, while total protein was measured via colorimetric Bradford assay. Values are mean ± SEM (n=6). *P<0.05, **P<0.01, 

***P<0.001 compared to STZ + saline control. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared to lean, saline-only control. 
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Figure 4.12. Sub-chronic effects on pancreatic morphology following administration of PYY(1-36) peptides in STZ/NIH Swiss mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of twice-daily administration of saline control or test peptide in combination with saline (Sturgeon PYY(1-36) and Sea Lamprey PYY(1-36) at 25 nmol/kg bw dose) on pancreatic morphology 

and beta-cell survival. Variables were assessed using CellF image analysis software after 21 days of twice-daily i.p injections. Values are means ± SEM of 6–8 mice per group, with approximately 100 

islets being analysed per group (E-K). Representative images for each treatment group are also provided (A-D). *P<0.05, **P<0.01, ***P<0.001 compared to STZ + saline control. ΔP<0.05, ΔΔP<0.01, 
ΔΔΔP<0.001 compared to lean, saline-only control. 
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Figure 4.13. Sub-chronic effects on pancreatic morphology following administration of PYY(1-36) peptides in STZ/GLUCre-ROSA26Eyfp mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of twice-daily administration of saline control or test peptide in combination with saline (Sea Lamprey PYY(1-36) at 25 nmol/kg bw dose) on pancreatic insulin content, pancreatic morphology 

and islet plasticity in C-57 mice. Insulin was measured via radioimmunoassay, while total protein was measured via colorimetric Bradford assay (A). Variables were assessed using CellF image analysis 

software after 12 days of twice-daily i.p injections. Values are means ± SEM of 6–8 mice per group, with approximately 100 islets being analysed per group (B-H). *P<0.05, **P<0.01, ***P<0.001 

compared to STZ + saline control. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared to lean, saline-only control. 
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Chapter 5. 

Impact of C-terminal metabolism of PYY(1-36) and PYY(3-

36) on biological function, and potential enzymes involved 
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5.1. Summary 

The importance of dipeptidyl peptidase-4 mediated N-terminal metabolism of the 

enteroendocrine-derived hormone, Peptide YY (PYY), for receptor binding and 

subsequent biological action profile is well established. However, recent evidence 

suggests that an intact C-terminus is also essential for bioactivity of PYY peptides. As 

such, in the current study C-terminal degradation of the major recognised circulating 

forms of PYY, PYY(1-36) and PYY(3-36), was confirmed in murine plasma, resulting 

in production of PYY(1-34) and PYY(3-34). Interestingly, the angiotensin-

converting-enzyme (ACE) inhibitor, captopril, blocked formation of PYY(3-34) from 

PYY(3-36) in plasma, but did result in the appearance of PYY(3-35). In addition, we 

were able to evidence C-terminal truncation of PYY(1-35) and PYY(3-35) to PYY(1-

34) and PYY(3-34), respectively. As would be expected, PYY(1-36) and PYY(3-36) 

inhibited (P<0.05 - P<0.001) glucose, alanine, GLP-1 and CCK-8-stimulated insulin 

secretion from BRIN-BD11 beta-cells. In contrast, PYY(1-34), PYY(3-34), PYY(1-

35) and PYY(3-35) were devoid of insulinostatic effects. Both PYY(1-36) and PYY(3-

36), but not related metabolites, significantly (P<0.05 - P<0.001) enhanced 

proliferation of BRIN-BD11 and 1.1B4 beta-cells, and protected (P<0.01 - P<0.001) 

these cells against cytokine-induced apoptosis. As expected, PYY(3-36) induced clear 

(P<0.05 - P<0.01) appetite suppressive effects in mice, but this action was eliminated 

by C-terminal dipeptide truncation. Interestingly, captopril significantly (P<0.05) 

augmented the anorexigenic effects of PYY(3-36) in mice. PYY(1-36), PYY(3-36), 

PYY(1-34) and PYY(3-34) lacked effects on in vivo glucose tolerance or glucose-

induced insulin release. Taken together, these data highlight the importance of C-

terminal integrity of PYY peptides for their subsequent biological action profile, and 

suggest potential involvement of ACE in this C-terminal metabolism. 
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5.2. Introduction  

Peptide Tyrosine-Tyrosine (PYY), a member of the ‘NPY family’ of peptides, is a 36 

amino acid polypeptide primarily secreted from neuroendocrine L-cells of the distal 

gut [Spreckley 2015]. PYY has a well characterised bioactive profile relating to 

promotion of satiety and regulation of overall energy balance [Lafferty et al. 2018]. 

Thus, research on PYY to date has largely focused on the potential of PYY(3-36) as 

an anti-obesity medication, through anorexigenic effects mediated via hypothalamic 

Y2 receptor agonism [Pittner et al. 2004]. However, more recently the therapeutic 

potential of PYY beyond energy regulation has been highlighted [Persaud and Bewick 

2014]. As such, PYY has been shown to be expressed and synthesised in pancreatic 

alpha, PP and delta cells and to exert beta-cell protective actions through modulation 

of pancreatic NPY1 receptors (NPY1Rs), suggesting potential important antidiabetic 

effects [Khan et al. 2016, Lafferty et al. 2018a; Chapter 1]. 

PYY is believed to circulate in blood in two predominant molecular forms, 

PYY(1-36) and PYY(3-36) [Lafferty et al. 2018a]. PYY(1-36) is an established 

agonist for each subtype of the target Y-receptor family, including pancreatic NPY1Rs 

[Keire et al. 2002, Walther et al. 2011]. Whereas PYY(3-36), the dipeptidyl peptidase-

4 (DPP-4) degradation product of PYY(1-36), is a highly selective NPY2R agonist 

[Wu et al. 2013]. Further to this, more recent findings have highlighted the presence 

of C-terminally truncated metabolites of both PYY(1-36) and PYY(3-36) in humans 

[Toräng et al. 2016]. Indeed, there is a suggestion that PYY(3-34), rather than PYY(3-

36), may represent the principal circulating PYY peptide form [Olsen et al. 2015]. 

More significantly, PYY(3-34) has been shown to lack the key anorexic effects 

associated with PYY(3-36) [Toräng et al. 2016]. This highlights the importance of C-

terminal integrity of PPY(3-36) for subsequent effects on energy regulation. 
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 While an intact C-terminus is necessary for the satiety-inducing effects of 

PYY(3-36) [Toräng et al. 2016], there is no information relating to the importance of 

C-terminal integrity of NPY1R receptor modulating PYY peptides, such as PYY(1-

36). This is of particular interest given recent evidence of beneficial antidiabetic 

actions of pancreatic NPY1 receptor activation [Lafferty et al. 2018a; Chapter 1]. 

Thus, PYY(1-36) induces beta-cell rest [Lafferty et al. 2018a; Chapter 1], whilst also 

encouraging growth and preservation of beta-cell mass [Lafferty et al. 2018a; Chapter 

1]. Consequently, whether conversion of PYY(1-36) to PYY(1-34) adversely affects 

pancreatic function of this peptide needs to be addressed. In addition to this, the 

enzyme responsible for C-terminal truncation of PYY(1-36) and PYY(3-36) has not 

yet been identified.     

Therefore, in the present study we initially confirmed generation of PYY(1-

34), PYY(3-34) in murine plasma, and also investigated the impact of the angiotensin-

converting enzyme (ACE) inhibitor, captopril, on this process. Following this, further 

studies to determine the metabolic stability of PYY(1-35) and PYY(3-35) were also 

conducted. Effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) 

and PYY(3-35) on modulation of insulin section in vivo and in vitro was also 

considered. Furthermore, the ability of these PYY peptides to induce beta-cell 

proliferation and protect against apoptosis was assessed in rodent BRIN-BD11 and 

human 1.1B4 beta-cells. We also investigated effects of all PYY peptides on re-

feeding in overnight fasted mice, and the influence of co-administration of captopril 

on the recognised satiety actions of PYY(3-36). Finally, the impact of PYY(1-36), 

PYY(3-36), PYY(1-34) and PYY(3-34) on glucose homeostasis and insulin secretion 

was also examined. The results corroborate the importance of conservation of the C-
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terminus of PYY peptides for biological activity, and suggest some involvement of 

ACE in the C-terminal degradation of PYY. 

 

5.3. Materials and Methods  

 

5.3.1. Peptides  

All peptides were supplied as previously described in Section 2.1. Peptides were 

confirmed pure by RP-HPLC (Section 2.2.1.2) and subsequently characterized using 

MALDI-TOF MS (Section 2.2.1.3) (Table 5.1). 

 

5.3.2. PYY degradation by murine plasma  

The effects of incubation with extracted murine plasma on peptide stability were 

assessed as described previously in Section 2.2.2.1.  

 

5.3.3. In vitro insulin secretion  

The in vitro effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) 

and PYY(3-35) on insulin secretion were determined using pancreatic clonal BRIN-

BD11 beta-cells, as discussed in Section 2.2.2.4. Cells were maintained and seeded as 

discussed in Sections 2.2.2.2 – 2.2.2.3 before GSIS was assessed following incubation 

KRBB supplemented with 5.6 or 16.7 mM glucose or 16.7 mM glucose in the presence 

of 10 mM alanine (Section 2.2.2.4).  

 

5.3.4. Beta-cell proliferation and apoptosis  

To assess the effects of PYY(1-36) and related metabolites (10-8 and 10-6 M) on beta-

cell proliferation and apoptosis, rodent BRIN-BD11 [McClenaghan et al. 1996] and 
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human 1.1B4 [Green et al. 2018; McCluskey et al. 2011] beta-cells were seeded, 

stained and analysed as discussed in Section 2.2.2.5.  

 

5.3.5. Acute in vivo assessment  

Acute in vivo effects of peptide administration were carried out on lean NIH Swiss 

mice (Section 2.2.6.1), who were maintained as previously discussed. The acute 

effects on glucose tolerance, plasma insulin and re-feeding were performed as 

described in Sections 2.2.6.1 – 2.2.6.2.  

 

5.3.5. Statistical analysis  

Statistical analyses were performed as discussed in Section 2.2.10.  

 

5.4. Results  

5.4.1. Generation of PYY(1-34) and PYY(3-34) in murine plasma  

When PYY(1-36) and PYY(3-36) were incubated with murine plasma, the appearance 

of PYY(1-34) and PYY(3-34), respectively, was clearly evident (Figure 5.1 A,B; 

Table 5.1). The identity of all parent peptides and degradation fragments was 

confirmed by MS (Figure 5.2; Table 5.1). Interestingly, co-incubation of PYY(3-36) 

with captopril in murine plasma prevented formation of PYY(3-34), however PYY(3-

35) was generated in its place (Figure 5.1 C; Table 5.1). Furthermore, PYY(1-35) and 

PYY(3-35) were metabolised to PYY(1-34) and PYY(3-34), respectively, in the 

presence of murine plasma (Figure 5.1 D; Figure 5.2; Table 5.1) 
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5.4.2. Effects of PYY peptides on insulin secretion from rodent BRIN-BD11 

beta-cells 

At both 5.6 and 16.7 mM glucose, PYY(1-36) and PYY(3-36) significantly (P<0.01 

to P<0.001) inhibited insulin secretion at concentrations of 10-7 M and above (Figure 

5.3 A,B).  Neither PYY(1-34), PYY(3-34), PYY(1-35) nor PYY(3-35) modulated 

BRIN-BD11 beta-cell insulin release at either 5.6 or 16.7 mM glucose (Figure 5.3 

A,B). The insulinostatic effects of the PYY peptides were further tested in the presence 

of three known potent insulin secretagogue, alanine, at 16.7 mM glucose (Figure 5.3 

C). Both PYY(1-36) and PYY(3-36) inhibited (P<0.05 to P<0.001) alanine mediated 

elevations of insulin secretion (Figure 5.3 C). In harmony with observations on insulin 

secretory response glucose (Figure 5.3 A,B), the C-terminally truncated PYY 

metabolites, PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35), had no impact on 

the insulinotropic action of these this secretagogues (Figure 5.3 C). 

 

5.4.3. Effects of PYY peptides on beta-cell proliferation and apoptosis 

As expected, GLP-1 (10-8 and 10-6 M) significantly (P<0.01 to P<0.001) increased, 

and the cytokine cocktail decreased, BRIN-BD11 and 1.1B4 cell proliferation, when 

compared to control cultures (Figure 5.4 A,B). Similarly, both PYY(1-36) and PYY(3-

36) induced significant (P<0.051 to P<0.001) increases of proliferation in two beta-

cell lines (Figure 5.4 A,B). In contrast, PYY(1-34), PYY(3-34), PYY(1-35) and 

PYY(3-35) had no effect on BRIN-BD11 (Figure 5.4 A) or 1.1B4 beta-cell (Figure 

5.4 B) proliferation. Likewise, at concentrations of 10-8 and 10-6 M GLP-1, PYY(1-

36) and PYY(3-36) fully protected against cytokine induced beta-cell apoptosis, 

whereas PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) were ineffective in this 

regard (Figure 5.7 A,B). Representative images of Ki-67 (Figures 5.5 and 5.6) and 
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TUNEL (Figures 5.8. and 5.9) stained BRIN-BD11 and 1.1B4 cells under each culture 

condition are provided. 

 

5.4.4. Acute effects of PYY peptides on glucose tolerance, insulin secretion and 

food intake and in mice  

As expected, PYY(3-36) significantly (P <0.01) inhibited appetite in mice at a dose of 

25 nmol/kg (Figure 5.10 A). The other PYY peptides, PYY(1-36), PYY(1-34), 

PYY(3-34), PYY(1-35) and PYY(3-35) had no effect on refeeding (Figure 5.10 A). 

Interestingly, when mice were treated with PYY(3-36) in combination with captopril, 

the appetite suppressive effects of PYY(3-36) were enhanced at all observation points, 

and significantly (P<0.05) so at 45 mins post-injection (Figure 5.10 B). Administration 

of 25 nmol/kg of PYY(1-36), PYY(3-36), PYY(1-34) or PYY(3-34) in combination 

with glucose had no effect on individual or overall glucose levels in overnight fasted 

mice (Figure 5.11 A,B). In terms of corresponding glucose-stimulated insulin, PYY(1-

36) did induce a moderate (P<0.05) reduction of insulin concentrations at 15 min post-

injection when compared to glucose alone controls (Figure 5.11 C). However, all other 

observations on glucose-stimulated insulin secretion with PYY peptides were not 

significantly different from controls (Figure 5.11 C), with overall 0-105 min AUC 

values for insulin secretion similar in all groups of mice (Figure 5.11 D).  

 

 

5.5. Discussion  

The aim of the current study was to confirm the occurrence, and characterise the 

biological consequence, of C-terminal enzymatic truncation of both PYY(1-36) and 

PYY(3-36). As would be expected, DPP-4 mediated N-terminal degradation of 
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PYY(1-36) to PYY(3-36) as was evident in the current study [Dos Santos Medeiros 

and Turner 1994]. However, we also clearly observed generation of C-terminally 

truncated PYY metabolites, namely PYY(1-34) and PYY(3-34) [Olsen et al. 2016; 

Toräng et al. 2016]. It could be of interest to understand the succession of N- and C-

terminal truncation of PYY, and whether these enzymatic reactions occur 

independently, or subsequent, to each other. Whilst this could not be determined 

precisely, PYY(3-34) was not be identified within the reaction mix containing PYY(1-

36). This could suggest production of PYY(3-34) occurs subsequent to N-terminal 

degradation of PYY(1-36), rather than being generated via N-terminal cleavage of 

PYY(1-34), but further studies are required to confirm this hypothesis.  

 Further to this, identification of the enzyme(s) involved in the C-terminal 

truncation of PYY is of critical relevance. Since Neuropeptide-Y (NPY) is C-

terminally degraded by ACE [Wagner et al. 2015], and the C-terminal portions of PYY 

and NPY exhibit considerable homology [Conlon 2002, Germain 2013], as well as 

both peptides belonging to the same family [Lafferty et al. 2018a; Chapter 1], it would 

seem reasonable that ACE may also be responsible for C-terminal metabolism of PYY. 

It is important to note that others have suggested ACE is not involved in PYY 

enzymatic breakdown [Dos Santos Medeiros and Turner 1994]. However, this enzyme 

has previously been demonstrated to cleave dipeptides from the C-termini of related 

gut hormones CCK-8 and gastrin [Dubreuil et al. 1989], as well as NPY [Wagner et 

al. 2015]. Thus, in our hands, the ACE inhibitor captopril prevented C-terminal 

dipeptide cleavage of PYY(3-36). More interestingly, incubation of captopril with 

PYY(3-36) resulted in generation of PYY(3-35), presumably by a plasma 

carboxypeptidase-like enzyme. Importantly, this is the first observation of PYY(3-35) 

as a metabolite of PYY. In agreement with our observations, NPY(3-35) is a 
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recognised circulating metabolite on NPY [Abid et al. 2009; Khan et al. 2007]. We 

presume that the more rapid kinetics of ACE activity, as opposed to the potential 

carboxypeptidase that generates PYY(3-35), precludes generation of PYY(3-35) 

within our in vitro system. However, occurrence of PYY(3-35) could be of significant 

biological consequence for the large number of patients currently prescribed ACE 

inhibitor drugs for cardiovascular related disorders [Wright et al. 2018]. 

 It has been noted previously that PYY(3-34) lacks the satiety-inducing actions 

of PYY(3-36) [Olsen et al. 2016; Toräng et al. 2016], which our current data fully 

validates. This effect is presumably related to inability of PYY(3-34) to modulate 

hypothalamic NPY2Rs [Toräng et al. 2016]. However, in accord with our notion that 

ACE is involved in the C-terminal truncation of PYY, co-administration of PYY(3-

36) with captopril enhanced the appetite suppressive effects of PYY(3-36). This 

represents the first reported indication that inhibition of ACE activity may affect the 

biological action profile of PYY peptides. In full agreement, it has been shown that 

mice with genetic ablation of ACE present with increased energy expenditure and 

reduced fat mass [Jayasooriya et al. 2008], highlighting possible adaptive changes in 

metabolism as a result of lifelong ablation of ACE activity. In addition to this, ACE 

activity is suggested as a predictor of weight loss maintenance [Wang et al. 2012], 

further highlighting an important role of ACE in metabolic pathways related to energy 

balance, that PYY is well known to modulate [Lafferty et al. 2018a; Chapter 1].   

Whilst the negative impact of C-terminal dipeptide truncation of PYY(3-36) 

on appetite control has been highlighted here, and elsewhere [Olsen et al. 2016; Toräng 

et al. 2016], there is no information regarding the consequence of C-terminal 

truncation of PYY(1-36) to PYY(1-34), or the biological actions of PYY(1-35) and 

PYY(3-35). Thus, PYY(1-36) has recently been shown to exert important endocrine 
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pancreatic actions related to induction of beta-cell rest , as well as enhancing growth 

and survival of beta-cells [Khan et al. 2016], through activation of  NPY1Rs [Lafferty 

et al. 2018a; Chapter 1]. In addition, PYY is known to be synthesised and secreted 

locally within pancreatic islets, suggesting important locally mediated actions [Khan 

et al. 2016; Persaud and Bewick 2014].  

In agreement, insulinostatic actions of PYY(1-36), and also PYY(3-36), were 

observed in BRIN-BD11 cells. As such, although PYY(3-36) is a recognised NPY2R 

agonist [Lafferty et al. 2018a; Chapter 1], this N-terminally truncated PYY metabolite 

does bind to and activate NPY1Rs, albeit with weaker affinity than the parent peptide 

[Karra et al. 2009]. These observations also agree with previous studies in BRIN-

BD11 cells [Khan et al. 2016]. Furthermore, PYY(3-36), and especially PYY(1-36), 

inhibited alanine-, GLP-1- and CCK-8-stimulated insulin secretory activity, implying 

inhibition of downstream beta-cell signalling targets. Further to this, positive beta-cell 

actions of PYY(1-36) and PYY(3-36), in terms of stimulating beta-cell growth and 

protecting against apoptosis [Khan et al. 2016], were also confirmed. Crucially, the C-

terminally truncated PYY peptides, PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-

35), were completely devoid of these beneficial actions, indicating inability of these 

metabolites to modulate NPYR-mediated beta-cell signalling pathways. In agreement 

with previous findings [Khan et al. 2016], co-administration of glucose with PYY(1-

36) or PYY(3-36) failed to elicit any significant changes in overall circulating glucose 

or insulin concentrations, although there was a slight hint of insulinostatic actions with 

PYY(1-36). Given the observed lack of effect of PYY(1-34) and PYY(3-34) at the 

level of the beta-cell, it is unsurprising that these C-terminally truncated PYY peptides 

also had no impact on glucose homeostasis or insulin secretory activity in mice.  
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In conclusion, the present study has affirmed the important role of PYY 

peptides in the regulation of energy balance as well as growth and survival of 

pancreatic beta-cells [Lafferty et al. 2018a; Chapter 1]. Our data also highlight the 

negative impact of C-terminal truncation of PYY peptides on these biological 

functions. Moreover, this is the first report relating to the possible involvement of ACE 

in the metabolism of PYY, and the generation of PYY(3-35). Given that the 

therapeutic potential of PYY for both obesity and diabetes is under scrutiny [Lafferty 

et al. 2018a; Chapter 1], and the fact many such patients are potentially already taking, 

or would likely to be prescribed, an ACE inhibitor, the influence of C-terminal 

truncation of PYY on subsequent bioactivity requires further detailed consideration.  
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Table 5.1. PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) amino acid sequences and in-house characterisation 

 

Peptide purity was confirmed using RP-HPLC on a Thermoquest, SpectraSystem UV2000 chromatography system using a Phenomenex C-18 analytical column with absorbance 

at 214 nm. Identity of peptides was confirmed using Voyager-DE BioSpectrometry MALDI-TOF MS (PerSeptive BioSystems, Framingham, Massachusetts, USA), as described 

previously [Pathak et al. 2015].     

Peptide name  Amino acid sequence 
HPLC retention 

time (mins) 

 

Purity (%) Expected mass 

(Da) 

Calculated mass 

(Da) 

PYY(1-36) YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 21.73 

 

99.98 4309.81 4309.04 

PYY(3-36)      IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 21.48 
 

99.99 4049.52 4049.27 

PYY(1-34) YPIKPEAPGEDASPEELNRYYA SLRHYLNLVTRQ 20.02 
 

99.98 3991.43 3990.67 

PYY(1-34)      IKPEAPGEDASPEELNRYYASL RHYLNLVTRQ 19.47 

 

99.99 3731.14 3730.8 

PYY(1-35) YPIKPEAPGEDASPEELNRYYA SLRHYLNLVTRQR 26.38 
 

99.94 4147.98 4145.76 

PYY(3-35)      IKPEAPGEDASPEELNRYYASL RHYLNLVTRQR 25.54 

 
99.89 3887.66 3885.71 
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Figure 5.1. HPLC separation of PYY(1-36) and its peptide fragments following in vitro degradation  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC profiles obtained following murine plasma degradation of (A) PYY(1-36), (B) PYY(3-36), (C) PYY(3-36) in the presence of 1 mM captopril, (D) PYY(1-35) and (E) PYY(3-35). (A-C) Peptides 

(50 µg; n=3) were incubated at 37oC with (A,B,D,E) 10 µl fasted murine plasma alone and (C) plasma in the presence of captopril (1 mM). Reaction mixes were separated by HPLC and fragment mass 

determined by MALDI-TOF (see Figure 5.2).   
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Figure 5.2. Representative MS traces for each identified PYY degradation product 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Peptides and degradation mixes were separated via RP-HPLC. Peptide and fragment mass was determined by MALDI-TOF, acquired in positive ionisation mode using CHCA as the matrix. 
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Figure 5.3. Effects of PYY(1-36) and its metabolites on insulin release from BRIN-BD11 beta-cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) on insulin release from BRIN-BD11 beta-cells. (A, B) BRIN-BD11 cells were incubated with (A) 5.6 or (B) 

16.7 mM glucose and the effects of PYY peptides (10-12 – 10-6 M) determined. (C) Effects of PYY peptides (10-6 M and 10-8 M) on alanine (10 mM) induced insulin release were also determined. Values 

are mean ± SEM (n=8). *P<0.05, **P<0.01, ***P<0.001 compared to respective 5.6 mM or 16.7 mM glucose control (A-C). ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 compared to PYY(1-36) (A-C). σ P<0.05, 
σσ P<0.01, σσσP<0.001 compared to 16.7 mM glucose supplemented with alanine (C). 
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Figure 5.4. Effects of PYY(1-36) and its metabolites on in vitro beta-cell proliferation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) on (A) rodent BRIN-BD11 and (B) human 1.1B4 beta-cell proliferation. Cells were cultured (16 h) with PYY 

peptides or gold standard GLP-1 (10-8 and 10-6 M), with cytokine cocktail as negative control. Values are mean ± SEM (n = 3). *P<0.05, **P<0.01, ***P<0.001 compared to control culture. 

Representative images for each treatment are provided in Figures 5.5 and 5.6. 
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Figure 5.5. Representative images for Ki-67 staining in BRIN-BD11 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35)), at 

10-6 M concentration, are provided for testing in BRIN-BD11 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 5.6. Representative images for Ki-67 staining in 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35)), at 

10-6 M concentration, are provided for testing in 1.1B4 Cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 5.7. Effects of PYY(1-36) and its metabolites on in vitro beta-cell death 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) on protection against apoptosis in (A) rodent BRIN-BD11 and (B) human 1.1B4 beta-cells. Cells were cultured 

(16 h) with PYY peptides or gold standard GLP-1 (10-8 and 10-6 M) in the presence of a cytokine cocktail. Values are mean ± SEM (n = 3). *P<0.05, **P<0.01, ***P<0.001 compared cytokine cocktail. 
++P<0.01, +++P<0.001 compared RPMI media control. Representative images for each treatment are provided in Figures 5.8 and 5.9.  
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Figure 5.8. Representative images for TUNEL staining in BRIN-BD11 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for TUNEL staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-

35)), at 10-6 M concentration, are provided for testing in BRIN-BD11 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows. 

. 
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Figure 5.9. Representative images for TUNEL staining in 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for TUNEL staining for controls (media, cytokine cocktail and GLP-1) as well as each treatment (PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35)), 

at 10-6 M concentration, are provided for testing in 1.1B4 cells. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.
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Figure 5.10. Effects of PYY(1-36) and its metabolites on acute food intake 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Effects of PYY(1-36), PYY(3-36), PYY(1-34), PYY(3-34), PYY(1-35) and PYY(3-35) on food intake in overnight fasted mice. (A,B) Cumulative food intake was assessed after intraperitoneal 

administration of saline vehicle (0.9% NaCl) and (A) PYY peptides (25 nmol/kg bw) or (B) PYY(3-36) (25 nmol/kg) in the presence of captopril (50 mg/kg bw), in overnight fasted mice. Values are 

mean ± SEM (n=6). *P<0.05, **P<0.01 compared to vehicle treated controls. (A) ΔP<0.05, ΔΔP<0.01 compared to PYY(1-36), (B) ΔP<0.05 compared to PYY(3-36).  
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Figure 5.11. Effects of PYY(1-36) and its metabolites on acute glucose tolerance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Effects of PYY(1-36), PYY(3-36), PYY(1-34) and PYY(3-34) on glucose tolerance and insulin secretion in overnight fasted mice. (A) Blood glucose and (C) plasma insulin were assessed immediately 

prior to, and at regular intervals subsequent to, injection of glucose alone (18 mmol/kg bw) and in combination with test peptides (25 nmol/kg bw dose). (B,D) Respective 0-105 min area under the 

curve data also shown. Values are mean ± SEM (n=6). *P<0.05 compared to glucose alone control. 
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Chapter 6. 

Development and characterisation of a peptidergic N- and 

C-terminally stabilised mammalian NPY1R agonist which 

protects against diabetes induction  
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6.1. Summary 

PYY(1-36) peptides from phylogenetically ancient fish, such as sea lamprey, have 

previously been shown to function as specific neuropeptide Y1 receptors (NPY1Rs) 

and induce potent benefits on pancreatic beta-cell function, growth and survival. 

Although, sea lamprey PYY(1-36) is N-terminally protected against dipeptidyl 

peptidase-4 (DPP-4) breakdown, we reveal that the peptide is still subject to 

endopeptidase mediated C-terminal dipeptide degradation. Therefore, (D-Arg35)-sea 

lamprey PYY(1-36) was developed, and shown to be fully enzymatic resistant 

following incubation in murine plasma for up to 8 hours. In vitro bioassays confirmed 

that (D-Arg35)-sea lamprey PYY(1-36) possessed similar significant (P<0.05 to 

P<0.001) insulinostatic, as well as positive beta-cell proliferative and anti-apoptotic 

biological actions, as the parent peptide. Beta-cell effects were linked to activation of 

NPY1R’s for both PYY(1-36) peptides. Twice daily administration of sea lamprey 

PYY(1-36) or (D-Arg35)-sea lamprey PYY(1-36) delayed disease progression in STZ-

induced insulin deficient mice. As such, both treatment interventions induced a 

significant (P<0.05 to P<0.001) decrease in body weight, food and fluid intake as well 

as non-fasting glucose and glucagon concentrations. In addition, glucose tolerance, 

pancreatic insulin and glucagon content were significantly (P<0.05 to P<0.001) 

improved in all treated mice. However, (D-Arg35)-sea lamprey PYY(1-36) was 

significantly (P<0.01) more effective than sea lamprey PYY(1-36) in terms of 

stimulating glucose-induced insulin release. Both treatment also improved pancreatic 

islet morphology, linked to augmented (P<0.001) proliferation and decreased 

apoptosis of beta-cells. Interestingly, (D-Arg35)-sea lamprey PYY(1-36) also markedly 

decreased alpha-cell apoptosis. In conclusion, we present (D-Arg35)-sea lamprey 
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PYY(1-36) as a first-in-class N- and C-terminally stable PYY(1-36) peptide analogue, 

and highlight the therapeutic benefits of sustained activation of NPY1R’s in diabetes.  

 

6.2. Introduction  

The beneficial effects of sustained modulation of pancreatic beta-cell neuropeptide Y1 

receptors (NPY1Rs) by the 36 amino acid gut-derived peptide hormone, Peptide 

Tyrosine Tyrosine (PYY), are acknowledged [Lafferty et al. 2018a; 2019b; Chapters 

1,3,4,5]. As such, acute activation of beta-cell NPY1Rs was initially shown to 

encourage inhibition of glucose-stimulated insulin secretion (GSIS) and produce beta-

cell rest [Böttcher et al. 1989]. However, later studies revealed positive effects of more 

prolonged PYY(1-36)-induced NPY1R activation on growth, survival and overall 

secretory function of pancreatic beta-cells [Khan et al. 2016, Ramracheya et al. 2016], 

with obvious related benefits for the treatment of diabetes [Lafferty et al. 2018a]. 

However, the therapeutic efficacy of native PYY(1-36) is significantly hampered by 

rapid enzymatic degradation and loss of NPY1R specificity. In this regard, the 

ubiquitous enzyme dipeptidyl peptidase-4 (DPP-4) removes the N-terminal Tyr1-Ala2 

dipeptide from PYY(1-36) to yield PYY(3-36) [Michel et al. 2008], a degradation 

fragment with postulated anti-obesity actions [Batterham et al. 2002]. However, this 

DPP-4 mediated enzymatic reaction dramatically reduces the affinity of PYY for 

NPY1R’s [Wu et al. 2013], severely diminishing therapeutic applicability for diabetes.  

 To circumvent this issue, a number of PYY(1-36) peptide analogues with N-

terminally stability and postulated NPY1R specificity have recently been described 

[Lafferty et al. 2019a,b; Chapter 3,5]. At first, utilisation of available 

structure/function knowledge in the field of PYY/NPY1R led to the generation of 

PYY(1-36) molecules with logically introduced  amino acid substitutions or secondary 
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modifications, namely (P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL), respectively 

[Lafferty et al. 2019a; Chapter 3]. However, the biological effectiveness of these 

synthetic PYY(1-36) analogues was markedly reduced when compared to the parent 

peptide [Lafferty et al. 2019a; Chapter 3], dismissing antidiabetic utility. Following 

on from this, PYY(1-36) peptide sequences from phylogenetically ancient fish, with 

intrinsic DPP-4 resistance, were also investigated as potential specific NPY1R 

modulators [Lafferty et al. 2019b; Chapter 5]. As such, Amia calva (bowfin), 

Oncorhynchus mykiss (trout), Petromyzon marinus (sea lamprey) and Scaphirhynchus 

albus (sturgeon) effectively activated rodent and human pancreatic beta-cell NPY1Rs, 

and possessed pharmacodynamic profiles superior to native PYY(1-36) [Lafferty et 

al. 2019b; Chapter 4]. Sea lamprey PYY(1-36) proved to be the most efficacious  fish-

derived compound and induced notable improvements on pancreatic islet morphology 

and insulin secretion following sustained treatment in streptozotocin (STZ)-induced 

diabetic mice [Lafferty et al. 2019b; Chapter 4].  

Despite the clear antidiabetic benefits of N-terminally stabilised sea lamprey 

PYY(1-36), the importance of C-terminal stability for preserved bioactivity of PYY-

based peptides has also been documented of late [Lafferty et al. 2018b; Toräng et al. 

2016; Chapter 5]. Thus, C-terminal dipeptide cleavage of PYY(3-36), to yield PYY(3-

34), occurs naturally within the circulation and annuls the well-described anorexic 

effects of this PYY fragment-peptide [Toräng et al. 2016]. For PYY(1-36) a similar 

C-terminal degradation process occurs, rendering the peptide inactive at the level of 

the pancreatic beta-cell [Lafferty et al. 2018b; Chapter 5]. Notably, the C-terminal 

region of sea lamprey PYY(1-36) exhibits distinct amino acid sequence homology 

with native human PYY(1-36) [Lafferty et al. 2018b; Chapter 5]. Therefore, in the 

present study we initially demonstrated generation of sea lamprey PYY(1-34) in 



163 
 

murine plasma. Further studies examined the impact of substitution of L-Arg35 with its 

enantiomer D-Arg35 in sea lamprey PYY(1-36), to yield (D-Arg35)-sea lamprey 

PYY(1-36), on metabolic stability as well as in vitro pancreatic beta-cell function, 

growth and survival, alongside NPYR specificity. In addition, the impact twice daily 

treatment with (D-Arg35)-sea lamprey PYY(1-36), or the parent peptide, on metabolic 

control and pancreatic architecture was investigated in streptozotocin (STZ)-induced 

diabetic mice. Importantly, previous work confirms the benefits of sustained sea 

lamprey PYY(1-36) treatment in established STZ-induced diabetes [Lafferty et al. 

2019b; Chapter 4], with the current study investigating protective effects by initiating 

peptide treatment regimens prior to diabetes induction.  

 

6.3. Materials and Methods  

 

6.3.1. Peptides  

All peptides were supplied as previously described in Section 2.1. Peptides were 

confirmed pure by RP-HPLC (Section 2.2.1.2) and subsequently characterised using 

MALDI-TOF MS (Section 2.2.1.3) (Table 6.1). 

 

6.3.2. In vitro plasma degradation   

The effects of incubation with extracted murine plasma on peptide stability was 

assessed, as described previously in Section 2.2.2.1. Degradation mixtures were 

separated via RP-HPLC with MALDI-TOF as described in Section 2.2.1.2 – 2.2.1.3.   
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6.3.3. In vitro insulin secretion  

The in vitro effects of human, sea lamprey and (D-Arg35)-sea lamprey PYY(1-36) 

peptides on insulin secretion were determined using pancreatic clonal BRIN-BD11 

beta-cells, as discussed in Section 2.2.2.4. Cells were maintained and seeded as 

discussed in Sections 2.2.2.2 – 2.2.2.3 before GSIS was assessed following incubation 

KRBB supplemented with 5.6 or 16.7 mM glucose or 16.7 mM glucose in the presence 

of 10 mM alanine (Section 2.2.2.4).  

 

6.3.4. Beta-cell proliferation and apoptosis  

To assess the effects of sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-

36) (10-8 and 10-6 M) on beta-cell proliferation and apoptosis, rodent BRIN-BD11 

[McClenaghan et al. 1996] and human 1.1B4 [Green et al. 2018; McCluskey et al. 

2011] beta-cells were seeded, stained and analysed as discussed in Section 2.2.2.5.  

 

6.3.5. Chronic in vivo study  

Longer-term studies to assess antidiabetic efficacy of sea lamprey PYY(1-36) and (D-

Arg35)-sea lamprey PYY(1-36) peptides were conducted in male, NIH Swiss TO mice 

(14 weeks of age), with diabetes induced by intraperitoneal (i.p.) injection of STZ. 

Diabetes induction and maintenance of animals were carried out as discussed in 

Section 2.2.5.2. All biochemical analyses were conducted at time points mentioned in 

Figure 6.5, and carried out as discussed in Section 2.2.8.1 – 2.2.8.3. 
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6.3.6. Sub-chronic in vivo effects  

Following recruitment into the study, diabetic NIH (n=10) mice received twice‐daily 

injections (09:00 and 17:00 h) of saline vehicle (0.9% (w/v) NaCl) or test peptides 

(each at 25 nmol/kg bw) for 14 days. Cumulative energy and fluid intake, body weight, 

circulating glucose and plasma insulin concentrations were assessed at regular 

intervals as appropriate (Section 2.2.8.1). At the end of the treatment period in NIH 

diabetic mice, glucose tolerance (18 mmol/kg bw; i.p.; 18 h-fasted mice) tests were 

performed (Section 2.2.8.2). Terminal analyses included extraction of pancreatic 

tissue with appropriate processing for measurement of hormone content following 

acid/ethanol protein extraction (Sections 2.2.8.4 – 2.2.8.6) or islet architecture, as 

described previously [Khan et al. 2017]. In addition, in sectioned pancreata of NIH 

mice, co-staining insulin (1:500; Abcam, ab6995) with glucagon (PCA2/4, 1:200; 

raised in-house) to assess islet architecture, insulin/glucagon with Ki-67 (1:400; 

Abcam ab15580) or TUNEL reaction mixture (Roche Diagnostics Ltd, UK) was used 

to assess beta-cell proliferation and apoptosis (Table 2.1) (Section 2.2.8.8). Following 

incubation with primary antibodies, appropriate secondary antibodies were employed 

(Table 2.1) Slides were viewed and islet parameters were analysed using CellF image 

analysis software (Olympus Soft Imaging Solutions, GmbH) (Section 2.2.9.).   

 

6.3.7. Statistical analysis  

Statistical analyses were performed as discussed in Section 2.2.10.  
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6.4. Results  

6.4.1. In vitro murine plasma stability  

Incubation of human PYY(1-36) with murine plasma for 8 h resulted in generation of 

the N- and C-terminally truncated products PYY(3-36) and PYY(1-34) (Table 6.1; 

Figure 6.1; Figure 6.2). In the same experimental system, the only observable 

degradation product of sea lamprey PYY(1-36) was sea lamprey PYY(1-34) (Table 

6.1; Figure 6.1; Figure 6.2). However, (D-Arg35)-sea lamprey PYY(1-36) was 

completely resistant to enzymatic degradation over the 8 h period (Table 6.1; Figure 

6.1; Figure 6.2).  

 

6.4.2. Effects of PYY(1-36) peptides on insulin secretion from BRIN-BD11 beta-

cells  

All PYY peptides, namely human PYY(1-36), sea lamprey PYY(1-36) and (D-Arg35)-

sea lamprey PYY(1-36), significantly (P<0.05 to P<0.001) inhibited insulin secretion 

from BRIN-BD11 cells at both 5.6 and 16.7 mM glucose at concentrations (Figure 6.3 

A,B). At 5.6 mM glucose, sea lamprey PYY(1-36) was more effective (P<0.05 to 

P<0.001) that human PYY(1-36) at concentrations of 10-8 M and above (Figure 6.3 

A). In addition, all PYY(1-36) peptides (10-7 and 10-6 M) inhibited (P<0.01 to 

P<0.001) alanine-induced elevations of insulin release (Figure 6.3 C). However, only 

human PYY(1-36) and sea lamprey PYY(1-36) exerted inhibitory (P<0.05 to 

P<0.001) effects at concentrations below 10-7 M (Figure 6.3 C).  
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6.4.3. Effects of PYY(1-36) peptides on beta-cell proliferation and protection 

against cytokine-induced apoptosis  

All PYY(1-36) peptides (10-8 and 10-6 M) significantly (P<0.05 to P<0.001) 

augmented BRIN-BD11 and 1.1B4 beta-cell proliferation, to a similar, or greater, 

extent as observed with the positive control GLP-1 (Figure 6.4 A,B). In order to 

determine receptor interactions involved in these beta-cell proliferative actions, Npy1r 

and Npy2r KO INS1 832/13 cells were employed (Figure 6.4 C). As expected, all 

peptides (at either 10-6 or 10-8 M) effectively (P<0.05 to P<0.01) promoted beta-cell 

proliferation in INS-1 832/13 wild-type cells (Figure 6.4 C). Notably however, all 

PYY(1-36) peptides were ineffective in terms of stimulating proliferation in Npy1r 

KO INS1 832/13 cells, but did induce (P<0.05 to P<0.01) beta-cell growth in Npy2r 

KO cells (Figure 6.4 C). All test peptides, including GLP-1 positive control, imparted 

similar significant (P<0.05 to P<0.001) protective effects against cytokine-induced 

apoptosis in both BRIN-BD11 (Figure 6.4 D) and 1.1B4 (Figure 6.4 E) beta-cells. 

Representative images for Ki-67 and TUNEL staining in BRIN-BD11 and 1.1B4 cells 

are provided (Figures 6.5 and 6.6 respectively) as well as for Ki-67 staining in INS-1 

832/13 WT and NPYR KO cells (Figures 6.7). 

 

6.4.4. Sub-chronic effects of PYY(1-36) peptides on various metabolic parameters 

as well as pancreatic hormone content in STZ-induced diabetic mice  

Initiation of STZ injection on day 3 resulted in progressive (P<0.05 to P<0.01) weight 

loss during the observation period in saline treated mice, with this weight reducing 

effect annulled by twice daily sea lamprey PYY(1-36) or (D-Arg35)-sea lamprey 

PYY(1-36) injection (Figure 6.8 A). Accumulated food and fluid intake were elevated 

(P<0.05 to P<0.01) in STZ-diabetic mice on days 12 and 14 (Figure 6.8 B,C). Sea 



168 
 

lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) treatment significantly 

(P<0.05 to P<0.01) suppressed STZ-induced effects on food and fluid intake (Figure 

6.8 B,C), with food intake in these mice being similar to lean controls (Figure 6.8 B). 

Circulating blood glucose was substantially elevated (P<0.001) in STZ-diabetic mice 

from day 8 onwards when compared to lean controls (Figure 6.8 D). This rise in blood 

glucose was significantly (P<0.05 to P<0.01) reduced by both PYY(1-36) treatment 

regimens, and indeed non-fasting glucose levels in these mice were not significantly 

different from lean controls on day 14 (Figure 6.8 D). Corresponding insulin 

concentrations were dramatically decreased (P<0.001) in saline treated STZ-diabetic 

mice (Figure 6.8 E). Both sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-

36) slowed the progression of decreases in insulin concentrations, but levels were 

similar to STZ-diabetic control mice by day 14 (Figure 6.8 E). In terms of plasma 

glucagon concentrations, STZ-induced diabetes significantly (P<0.001) elevated this 

parameter on day 14, with both sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey 

PYY(1-36) fully reversing the effect (Figure 6.8 F). Indeed, twice-daily treatment with 

sea lamprey PYY(1-36) significantly (P<0.05) reduced circulating glucagon when 

compared to STZ-diabetic controls (Figure 6.8 F).  

During glucose tolerance tests at the end of the treatment period, plasma 

glucose levels were significantly (P<0.01 to P<0.01) elevated in STZ-diabetic mice 

when compared to lean controls (Figure 6.8 G). Sea lamprey PYY(1-36) treatment 

reduced glucose levels at 15, 30, 60 and 90 min post‐injection (Figure 6.8 G), with (D-

Arg35)-sea lamprey PYY(1-36) inducing a significant (P<0.05) reduction at 30 mins 

post-injection (Figure 6.8 G). Related AUC analysis confirmed an elevated (P<0.01) 

glycaemic excursion in saline treated STZ-diabetic mice, which was not apparent in 

either of the PYY(1-36) peptide treated groups (Figure 6.8 G). As expected, the 



169 
 

corresponding glucose-induced insulin secretory response in STZ-diabetic control 

mice animals was significantly (P<0.05 to P<0.001) reduced in terms of individual 

and overall values when compared to lean control mice (Figure 6.8 H). Both sea 

lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) also had a reduced (P<0.05 

to P<0.001) plasma insulin secretory response when compared to lean mice, but 

overall AUC values were significantly (P<0.01) greater in (D-Arg35)-sea lamprey 

PYY(1-36) mice when compared to diabetic controls (Figure 6.8 H). Assessment of 

both pancreatic insulin and glucagon content on day 14 revealed dramatically 

(P<0.001) decreased insulin and increased glucagon concentrations in STZ-diabetic 

mice (Figure 6.8 I,J). Both PYY(1-36) treatments almost fully reversed these 

detrimental effects (Figure 6.8 I,J), however sea lamprey PYY(1-36) treated mice still 

presenting with slightly (P<0.05) decreased pancreatic insulin concentrations 

compared to lean controls (Figure 6.8 I). 

 

6.4.5 Sub-chronic effects of PYY(1-36) peptides on pancreatic morphology in 

STZ-induced diabetic mice  

Histological analysis of pancreatic tissue highlighted the negative morphological 

consequences STZ injection, which appeared to be countered by twice-daily sea 

lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) treatment (Figure 6.9 A-

D). Indeed, quantification of pancreatic islet area revealed substantially (P<0.001) 

smaller islets in STZ-diabetic mice, which were significantly (P<0.001) enlarged in 

all PYY(1-36) peptide treated mice (Figure 6.9 E). In keeping with this, percentage 

beta-cell area percentage was significantly (P<0.001) lower in all STZ mice, but 

increased (P<0.001 and P<0.01; respectively) by sea lamprey PYY(1-36) and (D-

Arg35)-sea lamprey PYY(1-36) treatment (Figure 6.9 F). In addition, percentage alpha-
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cell area was elevated (P<0.001) in all STZ mice, but reduced by both treatment 

interventions (Figure 6.9 G). However, it should be noted that alpha- and beta-cell 

parameters in all PYY(1-36) peptide treated mice were still significantly different 

from lean controls (Figure 6.9 F,G). Despite this, alpha:beta-cell ratios were similar in 

both sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) treated STZ mice 

as compared to lean controls, and significantly (P<0.001) reduced when compared to 

STZ-diabetic controls (Figure 6.9 H). Furthermore, islets of saline treated STZ-

diabetic mice had significantly (P<0.001) more centrally-located alpha-cells, a 

phenomenon which was reversed by both PYY(1-36) peptide treatments (Figure 6.9 

I). Moreover, both sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) 

retuned islet numbers to lean control levels (Figure 6.9 J).  

To uncover the mechanisms behind islet morphological changes, alpha- and 

beta-cell proliferation and apoptosis frequency was examined (Figure 6.10). STZ-

diabetic mice exhibited significantly (P<0.001) decreased beta-cell proliferation and 

increased beta-cell apoptosis (Figure 6.10 A,B). Both treatment interventions 

significantly (P<0.001) increased beta-cell proliferation and returned beta-cell 

apoptosis rates to lean control levels (Figure 6.10 A,B). There was no change in alpha-

cell proliferation in any of the groups of mice (Figure 6.10 C), but alpha-cell apoptosis 

was significantly (P<0.001) elevated in STZ controls (Figure 6.10 D). Effects on 

alpha-cell apoptosis were fully or partially reversed by (D-Arg35)-sea lamprey PYY(1-

36) and sea lamprey PYY(1-36), respectively (Figure 6.10 D).  

 

6.5. Discussion  

Recent studies with sea lamprey PYY(1-36) confirm that this peptide, derived from a 

phylogenetically-ancient fish, represents an N-terminally stabilised mammalian 
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NPY1R activator, with notable beneficial beta-cell effects following chronic 

administration in STZ-induced insulin deficiency [Lafferty et al. 2019b; Chapter 4]. 

However, in the present study we reveal, for the first time, that sea lamprey PYY(1-

36) is susceptible to C-terminal dipeptide degradation. This is of particular importance 

given that C-terminal truncation of PYY(1-36) dramatically impairs NPY1R 

activation profile of the peptide [Lafferty et al. 2018b; Chapter 4]. 

 To circumvent this degradation of sea lamprey PYY(1-36), (D-Arg35)-sea 

lamprey PYY(1-36) was generated and characterised. In this regard, it is suggested 

that the Arg35 residue is the target for the, as yet unidentified, C-terminally directed 

endopeptidase that degrades PYY peptides [Olsen at al. 2016; Toräng et al. 2016]. 

Thus, although the angiotensin-converting-enzyme (ACE) inhibitor, captopril, blocks 

C-terminal dipeptide cleavage of PYY peptides [Lafferty et al. 2018b; Chapter 4], 

there is no direct evidence for ACE-mediated truncation of PYY(1-36) [Dos Santos 

Medeiros and Turner 1994]. Moreover, co-incubation of PYY(1-36) with captopril in 

plasma still leads to generation of the C-terminally truncated product PYY(1-35), 

which also lacks ability to modulate NPY1R function [Lafferty et al. 2018b; Chapter 

4]. Nevertheless, substitution of naturally occurring L- for D-isomers in specific amino 

acid residues targeted by enzymes within peptide hormones has been demonstrated as 

a relatively straightforward strategy to induce enzyme resistance, with minimal 

detrimental impact on receptor binding and overall bioactivity [Donnelly 2012; Feng 

and Xu 2016; Lynch et al. 2014b; Martin et al. 2013]. In full agreement, (D-Arg35)-sea 

lamprey PYY(1-36) was completely stable against plasma enzyme mediated 

degradation and possessed a comparable in vitro biological action profile as the parent 

peptide. As such, (D-Arg35)-sea lamprey PYY(1-36) had clear insulinostatic actions in 

BRIN-BD11 cells, and also promoted beta-cell growth and protection against 
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apoptosis [Lafferty et al. 2019b; Chapter 4], which were dependent on NPY1R 

activation.  

 Based on these observations, the ability of (D-Arg35)-sea lamprey PYY(1-36), 

or the parent peptide, to protect against STZ-induced insulin deficiency was examined. 

As observed previously with sustained NPY1R activation [Lafferty et al. 2019b; 

Chapter 4], twice-daily treatment with either of the PYY(1-36) peptides, partially or 

fully, protected from the characteristic weight loss, increased fluid and food intake, as 

well as elevated blood glucose levels, evoked by repeated low-dose STZ 

administration in mice. In keeping with this, pancreatic and plasma glucagon levels 

were noticeably decreased by both treatments, this being despite knowledge that PYY 

peptides do not directly modulate glucagon secretion [Guida et al. 2017]. Interestingly, 

although pancreatic insulin content was markedly elevated by both interventions, this 

did not translate to increased circulating insulin concentrations on day 14. However, 

there was a significant improvement of beta-cell secretory function in (D-Arg35)-sea 

lamprey PYY(1-36) treated mice, as evidenced following exogenous glucose injection 

at the end of the treatment period. In agreement, augmented NPY1R activation and 

has been linked to the well-established beta-cell secretory benefits following Roux-en 

Y gastric bypass (RYGB) surgery in humans [Ramracheya et al. 2016]. Moreover, 

circulating levels of PYY(1-36) are diminished in type 2 diabetic patients, who are 

recognised to present with impaired beta-cell secretory function [Viardot et al. 2008].  

Consistent with pancreatic islet benefits following (D-Arg35)-sea lamprey 

PYY(1-36) treatment, beta-cell proliferation was enhanced and apoptosis decreased in 

these mice, fully consistent with in vitro observations, albeit sea lamprey PYY(1-36) 

treatment also evoked essentially similar positive effects [Lafferty et al. 2019b; 

Chapter 4]. Thus, the previously documented pancreatic morphological benefits of 
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sustained administration of sea lamprey PYY(1-36) in established STZ-diabetic mice 

[Lafferty et al. 2019b; Chapter 4], were largely recapitulated in the current study by 

both PYY(1-36) peptide treatments. This included increased pancreatic islet numbers 

and beta-cell area, reduced alpha-cell area and glucagon positively stained central islet 

cells, as well as improved alpha:beta-cell ratios. Notably, increased centralised 

pancreatic alpha-cells represents a unique indicator of islet disturbance in rodents 

[Kim et al. 2009]. Such observations also correlate closely with knowledge that 

selective knockout of PYY expressing cells diminishes beta-cell area and moderates 

secretory function of these cells [Sam et al. 2012]. Furthermore, as noted previously, 

apoptotic rate of pancreatic alpha-cells was decreased by both sea lamprey PYY(1-36) 

treatment regimens, yet proliferation remained unchanged, with this effect being much 

more pronounced in (D-Arg35)-sea lamprey PYY(1-36) mice. This observation, 

coupled with the related impact on alpha-cell area and pancreatic glucagon content, 

could imply positive effects of sea lamprey PYY(1-36) peptides on pancreatic islet 

cell plasticity and lineage reprograming [Cigliola et al. 2016], but confirmation of this 

requires further detailed study.  

 Although, as noted above, some marginal benefits of (D-Arg35)-sea lamprey 

PYY(1-36) over the parent peptide were evident, it is somewhat surprising that C-

terminal enzymatic stability did not result in more discernible improvements in STZ-

diabetic mice, especially since in vitro bioactive profiles of the peptides are relatively 

similar. It is recognised that the C-terminus of the NPY family of peptides is 

fundamentally important for NPY1R binding [Beck-Sickinger et al. 1994]. In this 

respect, while Arg35 has been noted to be integral for NPY2R, less importance is 

associated with NPY1R binding [Beck-Sickinger et al. 1994], corroborating use of the 

Arg35 enantiomer to evoke enzyme resistance in sea lamprey PYY(1-36), with 
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postulated minimal impact on bioactivity. However, earlier studies do suggest that the 

guanidine moiety of Arg35 may be involved in NPY1R-binding to some extent 

[Jorgensen et al. 1990]. Thus, although exchanging the L- for the D-isomer of Arg35 in 

sea lamprey PYY(1-36) affords full C-terminal stability, there is a small possibility 

that this could impede efficient NPY1R binding, and further study would be required 

to confirm this. In addition, any impact of the D-Arg35 change on the characteristic 

‘PP-fold’ conformation of PYY peptides, responsible for peptide recognition by the 

NPY1R [Nygaard et al. 2006], would also need to be investigated. However, lack of 

clear distinction between the antidiabetic efficacy of the two sea lamprey PYY(1-36) 

treatment options could also simply be a consequence of the severity of diabetes 

induced by repeated low-dose STZ administration, and the need to activate 

complementary signalling pathways to adequately curtail the development of overt 

diabetes.  

 In conclusion, the present study has generated (D-Arg35)-sea lamprey PYY(1-

36) as a novel and fully functional NPY1R agonist with dual N- and C-terminal 

enzymatic stability. Benefits of (D-Arg35)-sea lamprey PYY(1-36) to prevent 

progression of STZ-induced insulin deficiency and diabetes were similar to the parent 

peptide, sea lamprey PYY(1-36). Thus, secondary modifications to extend the 

circulating half-life of (D-Arg35)-sea lamprey PYY(1-36), such as fatty acid derivation 

or PEGylation as successfully employed for related gut-derived hormones [Gault et 

al. 2008; Irwin et al. 2006b; Kerr et al. 2009; Martin et al. 2012], or concurrent 

modulation of related beta-cell signalling pathways, may be useful for realisation of 

the full antidiabetic potential of this treatment approach.  
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Table 6.1. Amino acid sequences, expected and calculated masses as well as purity and plasma stability for PYY(1-36) peptides 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acids in bold text are conserved in human PYY(1-36). Peptide masses were calculated using MALDI-TOF MS on a PerSeptive Biosystems Voyager-DE 

Biospectrometer. Peptide purity was assessed by HPLC and analysis of AUC data. For plasma degradation, peptides (50 µg) were incubated at 37oC in 50 mM 

triethanolamine/HCl with murine plasma (5 µL) for 0 and 8 hours. Defined HPLC peaks were collected and identified via MALDI-TOF MS on a PerSeptive Biosystems 

Voyager-DE Biospectrometer.    

Peptide Amino acid sequence 
Expected 

mass (Da) 

Calculated 

mass (Da) 

Peptide 

purity 

% Plasma 

degradation at 8 h 

Human PYY(1-36) 
Y-P-I-K-P-E-A-P-G-E-D-A-S-P-E-E-L-N-R-Y-Y-

A-S-L-R-H-Y-L-N-L-V-T-R-Q-R-Y- NH2 
4309.8 4309.7 96.8 83.8 

Sea Lamprey 

PYY(1-36)  

M-P-P-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-Y-

M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-R-Y- NH2 
4285.9 4284.2 98.5 47.4 

(D-Arg35)-Sea 

Lamprey PYY(1-36)  

M-P-P-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-Y-

M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-(D-R)-Y- NH2 
4285.9 4283.5 97.8 0 
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Figure 6.1. RP-HPLC Profiles obtained for PYY peptides and their fragments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC profiles obtained following incubation of (A) PYY(1-36), (B) sea lamprey PYY(1-36) and (C) (D-Arg35)-sea lamprey PYY(1-36) with non-fasted murine plasma. Peptides (50 µg; n=3) were 

incubated at 37oC with 5 µl plasma in 50 mM triethanolamine-HCL. Reactions were stopped using 10% (v/v) trifluoroacetic acid/water and reaction mixes separated by HPLC. Peptide or peptide 

fragment masses were determined by MALDI-TOF (Figure 6.2).    
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 Figure 6.2. MALDI-TOF profiles obtained for sea lamprey PYY peptides and their fragments  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

MALDI-TOF profiles obtained following incubation of PYY(1-36) and two sea lamprey peptides, namely: sea lamprey PYY(1-36) and (D-Arg35)sea lamprey PYY(1-36) with murine plasma. Peptides 

(50 µg; n=3) were incubated at 37oC with 5 µL of plasma in 50 mM triethanolamine-HCL. Reactions were stopped using 10% (v/v) trifluoroacetic acid/water and reaction mixes separated by HPLC. 

Peptide or peptide fragment (included) masses were determined by MALDI-TOF.  
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Figure 6.3. Effects of sea lamprey PYY(1-36) peptides on insulin release from rodent BRIN-BD11 beta-cells 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BRIN-BD11 cells were incubated with (A) 5.6, (B) 16.7 mM glucose or (C) 16.7 mM glucose supplemented with alanine (10 mM) and the effects of PYY(1-36) 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 (A,B) or (C) 16.7 mM glucose plus 10 mM alanine. ΔP<0.05, ΔΔP<0.01, 
ΔΔΔP<0.001 compared to (A) human PYY(1-36) or (C) 16.7 mM glucose. 
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Figure 6.4. Effects of PYY(1-36) peptides on in vitro beta-cell apoptosis and proliferation  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of sea lamprey PYY(1-36) peptides on (A-C) beta-cell proliferation and protection against cytokine-

induced apoptosis (D,E). (A) BRIN-BD11, (B) 1.1B4 and (C) INS-,1 as well as Npy1r or Npy2r KO INS-1 

832/13, beta-cells were cultured (16 h) with PYY peptides or GLP-1 (10-8 and 10-6 M) and proliferation 

assessed by Ki-67 staining. (D) BRIN-BD11 and (E) 1.1B4 beta-cells were cultured (16 h) with PYY peptides 

or GLP-1 (10-8 and 10-6 M) in the presence of a cytokine cocktail and apoptosis detected using the TUNEL 

assay. All values are mean ± SEM (n=3). (A-C) *P<0.05, **P<0.01, ***P<0.001 compared to RPMI media 

control, (A,B) ΔΔP<0.01 compared to PYY(1-36), ΔP<0.05, (C) ΔΔΔP<0.001 compared to unaltered INS-1 

832/13 wild-type cells at each condition. (D,E) *P<0.05, **P<0.01, ***P<0.001 compared to cytokine-

cocktail. ΔΔP<0.01, ΔΔΔP<0.001 compared to RPMI media control. Representative images for Ki-67 and 

TUNEL staining are provided (Figures 6.5 – 6.7). 
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Figure 6.5. Representative images for Ki-67 staining in BRIN-BD11 and 1.1B4 cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of sea lamprey and (D-Arg35)-sea lamprey PYY(1-36) peptides on proliferation at 10-6 M concentration, in BRIN-BD11 cells (A) and 1.1B4 cells (B). All 

images shown are X10 magnification. Positively staining cells are indicated by white arrows. 
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Figure 6.6. Representative images for TUNEL staining in BRIN-BD11 and 1.1B4 cells 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of sea lamprey and (D-Arg35)-sea lamprey PYY(1-36) peptides on apoptosis at 10-6 M concentration, in BRIN-BD11 cells (A) and 1.1B4 cells (B). All 

images shown are X10 magnification. Positively staining cells are indicated by white arrows. 
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Figure 6.7. Representative images for Ki-67 staining in INS-1 832/13 WT and NPYR KO cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

Representative images for Ki-67 staining for controls (media and GLP-1) as well as each utilised PYY peptide at 10-6 M concentration, are provided for testing in wild-type, NPY1R KO and NPY2R 

KO. All images shown are X10 magnification. Positively staining cells are indicated by white arrows.  
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Figure 6.8. In vivo effects of chronic administration of PYY(1-36) peptides in STZ mice 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) on various metabolic parameters as well as pancreatic insulin and glucagon content in STZ-induced diabetic mice. (A-E) 

Parameters were measured at regular intervals for 3 days before and 14 days during treatment with twice-daily injection of sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) (both peptides 

at 25 nmol/kg bw). As indicated in panels A, D and E, STZ administration was initiated on day 3. (F-J) Parameters were measured on day 21. (F) Plasma glucagon was measured using a commercially 

available ELISA kit. (G,I) Blood glucose and (H,J) plasma insulin were measured prior to and after i.p. administration of glucose alone (18 mmol/kg) at t = 0 min. (K,L) Pancreatic insulin and glucagon 

content was measured by RIA or ELISA, respectively, following acid-ethanol extraction. All values are expressed as mean ± SEM for 10 mice. *P<0.05, **P<0.01, ***P<0.001 compared with STZ 

diabetic control mice. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 compared with lean control mice. 
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Figure 6.9. Sub-chronic effects on pancreatic morphology following administration of PYY(1-36) peptides in STZ/NIH Swiss mice 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) on pancreatic morphology in STZ-induced diabetic mice. Parameters were measured at after 16 days treatment with twice-

daily injection of test peptides (both at 25 nmol/kg bw) in STZ-induced diabetic mice. (A-D) Representative images of islets showing insulin (red) and glucagon (green) immunoreactivity from each 

treatment group, (E) total islet area, percentage (F) beta- and (G) alpha-cell area, alpha/beta-cell ratio (H), (I) % centrally located alpha-cells as well as (J) numbers of islets/mm2. All values are expressed 

as mean ± SEM for 10 mice, with ~100-150 islets being analysed per group. *P<0.05, **P<0.01, ***P<0.001 compared with STZ diabetic control mice. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 compared 

with lean control mice. 
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Figure 6.10. Effects of sea lamprey PYY(1-36) and (D-Arg35)-sea lamprey PYY(1-36) on beta and alpha-cell survival in STZ-induced diabetic mice 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Specifically, beta-cell proliferation and apoptosis (A,C) and alpha-cell proliferation and apoptosis (B,D) are shown.  Parameters were measured at after 16 days treatment with twice-daily injection of 

test peptides (both at 25 nmol/kg bw) in STZ-induced diabetic mice. (E-H) Representative images are provided for each staining set. All values are expressed as mean ± SEM for 10 mice, with ~100-

150 islets being analysed per group. *P<0.05, **P<0.01, ***P<0.001 compared with STZ diabetic control mice. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 compared with lean control mice. 



186 
 

 

 

 

 

 

 

 

 

 

 

  

 

Chapter 7. 

Effects of two novel PYY(1-36) analogues, [Iso3]sea lamprey 

PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36), with 

NPY1R and NPY2R agonist properties on appetite 

suppression and pancreatic beta-cell survival  
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7.1. Summary  

The satiating effects of PYY(3-36) are well established, via actions at hypothalamic 

NPY2Rs, whilst the benefits of agonising pancreatic NPY1Rs for improved glycaemic 

control and beta-cell survival are also now accepted. The present study utilised the 

previously identified lead compound sea lamprey PYY(1-36), modified to impart 

DPP-4 susceptibility via inclusion of an Iso3 substitution and C-terminal stability with 

inclusion of a D-isomer at Arg35, generating [Iso3]sea lamprey PYY(1-36) and 

[Iso3](D-Arg35)sea lamprey PYY(1-36) peptides. As expected, both [Iso3]sea lamprey 

and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides were N-terminally degraded by 

DPP-IV, but only [Iso3](D-Arg35)sea lamprey PYY(1-36) was C-terminally stable. 

Modification did not affect bioactivity of either peptide, with both inhibiting glucose 

and alanine-induced (P<0.05 to P<0.001) insulin secretion in BRIN-BD11 cells. 

Furthermore, both sea lamprey peptides imparted similarly significant (P<0.05 to 

P<0.001) in vitro beta-cell proliferative and anti-apoptotic benefits. While these 

effects are primarily mediated via NPY1Rs, in vivo DPP-4 degradation leads to the 

production of PYY(3-36) metabolites capable of significant (P<0.01) appetite 

reduction. Twice daily administration of [Iso3]sea lamprey PYY(1-36) and [Iso3](D-

Arg35)sea lamprey PYY(1-36) in high-fat fed (HFF), obese, mice led to clinically 

significant reductions in body weight (≥5.0%), while also improving glycaemic 

control. Pancreatic morphology was positively altered; with average islet area, beta-

cell mass and penetration of central alpha cells all being returned to levels more in line 

with lean control animals. In summary, the present study has identified two novel 

analogues capable of eliciting both NPY1R and NPY2R mediated effects to improve 

obesity-diabetes. While [Iso3](D-Arg35)sea lamprey PYY(1-36) was resistant to 
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endopeptidase-facilitated inactivation by C-terminal dipeptide removal, [Iso3]sea 

lamprey PYY(1-36) marginally outperformed the C-terminally resistant peptide.  

 

7.2. Introduction  

Peptide Tyrosine Tyrosine (PYY), a 36 amino acid residue, gut-derived polypeptide, 

was first discovered in 1982 via isolation from upper-porcine tissue [Tatemoto 1982]. 

A member of the “NPY Family” of peptides, along with Pancreatic Polypeptide (PP) 

and Neuropeptide Y (NPY), [Conlon 2002, Conlon et al. 1992], PYY is primarily 

released postprandially from neuroendocrine L-cells of the distal gut [Spreckley 2015] 

in response to ingestion of food [Pearsaud and Bewick 2014; Tan and Bloom 2013]. 

Like the peptides, PP and NPY, PYY is subject to rapid N-terminal degradation by the 

ubiquitous enzyme dipeptidyl peptidase-4 (DPP-4), through removal of the N-terminal 

dipeptide, Tyr1-Pro2 [Michel et al. 2008]. Thus, PYY not only shares a site of synthesis 

with GLP-1, but also the enzyme that degrades the peptides at the N-terminus [Baggio 

and Drucker 2007].  

 The importance of N-terminal truncation of PYY lies in receptor binding. 

While full-length PYY(1-36) is an agonist for each of the identified target 

neuropeptide Y receptors (NPYRs), namely NPY1R, NPY2R, NPY4R and NPY5R 

[Walther et al. 2011], the N-terminally cleaved peptide, termed PYY(3-36), is highly 

specific for the NPY2R [Wu et al. 2013]. This has physiological consequences, as 

activation of hypothalamic NPY2Rs has been shown to lead to appetite suppression in 

a number of in vivo models [Batterham et al. 2003, Koegler et al. 2005, Pittner et al. 

2004, Sloth et al. 2006]. Effects have also been confirmed in humans, where PYY 

administration was shown to induce a reduction in caloric intake over 24 hours 

[Batterham et al. 2002]. Importantly, the satiating effect of peripherally administered 
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PYY(3-36) was later observed in obese human subjects, indicating no incidence of 

resistance to the biological actions of this peptide in obesity [Batterham et al. 2003].  

 The potential for PYY(3-36) therefore seems clear, but at present no lead 

PYY(3-36) molecule has been identified as a potential anti-obesity medication. 

Adverse effects upon administration in humans, which have been reported to include 

nausea, sweating and abdominal discomfort [Degen et al. 2005], could be to blame, 

with the effects thought to be attributable to interactions at NPY2Rs in the Area 

Postrema (AP) body of the medulla oblongata, which is known to house the vomiting 

centre [Baraboi et al. 2010]. Notably, the AP body is a circumventricular organ (CVO), 

meaning it is not protected by the blood-brain barrier (BBB) [Ganong 2000], which 

would permit exogenous PYY(3-36) to agonise such receptors. These effects are 

thought to be entirely dose dependent, however [Degen et al. 2005]. A more likely 

hindrance to the development of a promising lead PYY(3-36) molecule is the short 

half-life, which has been reported as under 4 hours [Ortiz et al. 2007]. Indeed, it has 

recently been demonstrated that PYY(3-36) is subject to C-terminal degradation, 

leading to the generation of the completely inactive metabolite PYY(3-34) [Toräng et 

al. 2016], with angiotensin-converting enzyme (ACE) being shown to play a possible 

role in this truncation [Lafferty et al. 2018b; Chapter 3]. Furthermore, it has now been 

suggested that PYY(3-34), rather than PYY(3-36) [Tan and Bloom 2013], is the most 

abundant form of the peptide present in circulation [Olsen et al. 2016].  

 The established presence of PYY within pancreatic islets [Khan et al. 2016, 

Pearsaud and Bewick 2014] and the ability of PYY(1-36), through actions at 

pancreatic NPY1Rs [Khan et al. 2016; Lafferty et al. 2018a; Sam et al. 2012], to inhibit 

glucose-stimulated insulin secretion (GSIS) from isolated mouse islets [Pearsaud and 

Bewick 2014; Sam et al. 2012] potentially inducing beneficial beta-cell rest [Brown 
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and Rother 2008], whilst also promoting beta-cell growth and survival through 

enhanced proliferation and reduced apoptosis, has seen research interest in PYY shift. 

Importantly, these effects are also reliant on an intact C-terminus [Lafferty et al. 

2018b; Chapter 5]. As such, a number of N-terminally resistant [Lafferty et al. 

2019a,b; Chapter 3] and C-terminally resistant [Chapter 6] PYY(1-36) analogues have 

been developed for the treatment of diabetes. The present study, therefore, aims to 

select two of these previously described analogues, namely: the N-terminally resistant 

sea lamprey PYY(1-36) [Lafferty et al. 2019b; Chapter 4] and the fully N and C 

terminally stable (D-Arg35)sea lamprey PYY(1-36) [Chapter 6] and create novel 

agonists, by invoking DPP-4 susceptibility to each. This was achieved by substituting 

the Pro3 residue in sea lamprey PYY(1-36) with Iso3, the residue present in human 

PYY(1-36), leaving the peptide liable to N-terminal truncation [Michel et al. 2008]. It 

is conceivable that these peptides could bring about positive NPY1R-mediated 

pancreatic effects in addition to weight loss via action at hypothalamic NPY2Rs 

following DPP-IV degradation, thus having obvious translational benefits for obesity-

diabetes.  

 

7.3. Materials and Methods  

 

7.3.1. Peptides  

All peptides were supplied as previously described in Section 2.1. Peptides were 

confirmed pure by RP-HPLC (Section 2.2.1.2) and subsequently characterized using 

MALDI-TOF MS (Section 2.2.1.3) (Table 7.1). 
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7.3.2. In vitro plasma degradation   

The effects of incubation with extracted murine plasma on peptide stability was 

assessed, as described previously in Section 2.2.2.1. Degradation mixtures were 

separated via RP-HPLC with MALDI-TOF as described in Section 2.2.1.2 – 2.2.1.3.   

 

7.3.3. In vitro insulin secretion  

The in vitro effects of [Iso3]sea lamprey and [Iso3](D-Arg35)sea lamprey PYY(1-36) 

peptides on insulin secretion were determined using pancreatic clonal BRIN-BD11 

beta-cells, as discussed in Section 2.2.2.4. Cells were maintained and seeded as 

discussed in Sections 2.2.2.2 – 2.2.2.3 before GSIS was assessed following incubation 

KRBB supplemented with 5.6 or 16.7 mM glucose or 16.7 mM glucose in the presence 

of 10 mM alanine (Section 2.2.2.4).  

 

7.3.4. Beta-cell proliferation and apoptosis  

To assess the effects of [Iso3]sea lamprey and [Iso3](D-Arg35)sea lamprey PYY(1-36) 

(10-8 and 10-6 M) on beta-cell proliferation and apoptosis, rodent BRIN-BD11 

[McClenaghan et al. 1996] and human 1.1B4 [Green et al. 2018; McCluskey et al. 

2011] beta-cells were seeded, stained and analysed as discussed in Section 2.2.2.5.  

 

7.3.5. Acute in vivo assessment  

Acute in vivo effects of peptide administration were carried out on lean NIH Swiss 

mice (Section 2.2.5.1), who were maintained as previously discussed. The acute 

effects on re-feeding were performed as described in Section 2.2.6.1.  
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7.3.6. Chronic in vivo study  

Longer-term studies to assess antidiabetic efficacy were conducted in male NIH Swiss 

mice receiving a high-fat diet (Section 2.2.5.4). Animals were maintained on a high 

fat diet (45% fat, 20% protein, 35% carbohydrate; percent of total energy 26.15 kJ/g; 

Dietex International Ltd., Witham, UK) from 8 weeks of age for approximately 12 

weeks to evoke dietary induced obesity-diabetes (DIO). An additional group of mice 

(n=10) were maintained on normal laboratory chow throughout (10% fat, 30% protein 

and 60% carbohydrate, Trouw Nutrition, UK). All biochemical analyses were 

conducted at time points mentioned in Figure 7.5 and carried out as discussed in 

Section 2.2.7. 

 

7.3.7. Sub-chronic in vivo effects  

Following recruitment into respective studies, diabetic NIH (n=10) mice received 

twice‐daily injections (09:00 and 17:00 h) of saline vehicle (0.9% (w/v) NaCl) or test 

peptides (each at 25 nmol/kg bw) for 21 days. Cumulative energy and fluid intake, 

body weight, circulating glucose and plasma insulin concentrations were assessed at 

regular intervals during both studies, as appropriate (Sections 2.2.8.1). At the end of 

the treatment period in NIH diabetic mice, glucose tolerance (18 mmol/kg bw; i.p.; 18 

h-fasted mice) tests were performed (Section 2.2.8.1). Terminal analyses included 

extraction of pancreatic tissue with appropriate processing for measurement of 

hormone content following acid/ethanol protein extraction (Section 2.2.8.4 and 

2.2.8.5) or islet architecture, as described previously [Khan et al. 2017]. Terminal 

plasma was utilised for obtaining a lipid profile from each animal (Section 2.2.8.7). In 

addition, in sectioned pancreata, co-staining insulin (1:500; Abcam, ab6995) with 
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glucagon (PCA2/4, 1:200; raised in-house) to assess islet architecture, 

insulin/glucagon with Ki-67 (1:400; Abcam ab15580) or TUNEL reaction mixture 

(Roche Diagnostics Ltd, UK) was used to assess beta-cell proliferation and apoptosis 

(Table 2.1.) (Section 2.2.8.8.). Following incubation with primary antibodies, 

appropriate secondary antibodies were employed as discussed in Section 2.8.8.8 and 

islet parameters were analysed using CellF image analysis software (Olympus Soft 

Imaging Solutions, GmbH) (Section 2.2.9).   

 

7.3.8. Statistical analysis  

Statistical analyses were performed as discussed in Section 2.2.10.   

 

7.4. Results  

7.4.1. In vitro murine plasma stability  

Incubation of both [Iso3] and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides with 

non-fasted murine plasma resulted in the generation of PYY(3-36) metabolites (Figure 

7.1; Figure 7.2; Table 7.1). The test system was not able to identify a PYY(1-34) 

metabolite, so an additional experiment was performed in which peptides were 

incubated in plasma in the presence of the DPP-4 inhibitor sitagliptin. In this instance, 

[Iso3](D-Arg35)sea lamprey PYY(1-36) remained intact over 4 hours (data not shown) 

whilst an [Iso3]sea lamprey PYY(1-34) metabolite was clearly demonstrated (Figure 

7.1 B; Figure 7.2).  
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7.4.2. Effects of PYY(1-36) and sea lamprey PYY(1-36) analogues on insulin 

secretion from BRIN-BD11 beta-cells  

Human PYY(1-36), sea lamprey PYY(1-36) and both sea lamprey analogues 

significantly (P<0.05 to P<0.001) inhibited insulin secretion from BRIN-BD11 cells 

at 5.6 mM glucose at concentrations of 10-8 M and above (Figure 7.3 A), with [Iso3](D-

Arg35)sea lamprey PYY(1-36) displaying significant reductions (P<0.01) at 10-11 M, 

thus were more potent than human PYY(1-36). All test PYY peptides tested elicited 

insulin secretory reductions of comparable significance (P<0.01 across the full 

concentration range) when tested at 16.7 mM glucose (Figure 7.3 B). Furthermore, 

when tested in the presence of 10 mM alanine, all PYY peptides inhibited insulin 

secretion at 10-9 M concentration and above (P<0.05 to P<0.001), with human PYY(1-

36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides demonstrating significant 

reductions (P<0.05) in GSIS at concentrations of 10-11 M and above (Figure 7.3 C).  

 

7.4.3. Effects of PYY(1-36) and sea lamprey PYY(1-36) analogues on beta-cell 

proliferation and protection against cytokine-induced apoptosis  

Expectedly, both human GLP-1(7-36) and PYY(1-36) (10-8 and 10-6 M) significantly 

(P<0.05 to P<0.01) augmented BRIN-BD11 and 1.1B4 beta-cell proliferation (Figure 

7.4 A,B). Unmodified sea lamprey PYY(1-36) also significantly (P<0.01 to P<0.001) 

augmented beta-cell proliferation in both cell lines (Figure 7.4 A,B). Importantly, both 

[Iso3] sea lamprey PYY analogues evoked (P<0.01 to P<0.001) comparable increases 

in proliferation (Figure 7.4 A,B). Notably, all sea lamprey PYY(1-36) peptides 

outperformed human GLP-1 and PYY in both cell lines, in terms of proliferation 

(Figure 7.4 A,B). In order to determine the important receptor interactions inducing 

the beta-cell proliferative effects for each PYY(1-36) peptide; they were examined in 
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INS-1 832/13 cells, with CRISPR-Cas9 induced NPY1R or NPY2R KO (Figure 7.4 

C). As expected, from observations in BRIN-BD11 and 1.1B4 cells, GLP-1 and all 

PYY(1-36) peptides (at either 10-6 or 10-8 M) effectively (P<0.05 to P<0.01) promoted 

beta-cell proliferation in INS-1 832/13 wild-type cells (Figure 7.4 C). While GLP-1 

brought about significant enhancements (P<0.05) in each NPYR KO cell-line at 10-

6M concentration, PYY(1-36), sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea 

lamprey PYY(1-36) peptides were ineffective in terms of stimulating beta-cell growth 

in NPY1R KO INS-1 832/13 cells. Interestingly, [Iso3]sea lamprey PYY(1-36) 

brought about a significant enhancement (P<0.05) in both NPY1R KO and NPY2R 

KO cells at 10-6 M, thus exhibiting effects similar to that of PYY(1-36) and PYY(3-

36) (Figure 7.4 C). Human GLP-1 and PYY(1-36), sea lamprey PYY(1-36) and both 

[Iso3] sea lamprey PYY analogues imparted significant (P<0.05 to P<0.001) protective 

effects against cytokine-induced apoptosis in BRIN-BD11 (Figure 7.4 D) and 1.1B4 

(Figure 7.4 E) beta-cells. Representative images for Ki-67 and TUNEL staining are 

provided (Figures 7.5 and 7.6), as are representative images for Ki-67 staining in all 

INS-1 832/13 cell lines (Figures 7.7 – 7.9). 

 

7.4.4. Acute effects of PYY(1-36) and sea lamprey PYY(1-36) analogues on acute 

food intake in mice  

As was expected, i.p. administration of 25 nmol/kg human PYY(3-36) to overnight 

fasted mice induced a significant reduction (P<0.05 to P<0.01) in food intake from 30 

through to 150 minutes (Figure 7.10). Interestingly, while not initially demonstrating 

any effect compared to control, both [Iso3] sea lamprey PYY analogues imparted a 

delayed effect on appetite suppression. The effect appeared earlier for [Iso3]sea 

lamprey PYY(1-36), showing significant reduction (P<0.05) from 60 minutes 



196 
 

onwards, whilst for [Iso3](D-Arg35)sea lamprey PYY(1-36) the effects only presented 

from 120 minutes onwards (Figure 7.10).  

 

7.4.5. Sub-chronic effects of [Iso3]sea lamprey and [Iso3](D-Arg35)sea lamprey 

PYY(1-36) analogues on body weight, energy and fluid intake, lipid profile and 

circulating glucose and insulin in high-fat fed mice  

All animals exhibited some degree of weight loss at the beginning of the treatment 

period, which levelled out for both lean and HFF-saline controls from day 12 onwards 

(Figure 7.11 A). As such, body weight of HFF-saline animals steadily increased from 

day 12 to the end of the study (Figure 7.11 A). Conversely, body weight in HFF 

animals receiving [Iso3]sea lamprey PYY(1-36) was significantly lower (P<0.05 to 

P<0.01) than HFF-saline controls from day 14 onwards and in [Iso3](D-Arg35)sea 

lamprey PYY(1-36)-HFF animals (P<0.05 to P<0.01) from day 18 onwards (Figure 

7.11 A). Additionally, [Iso3] and [Iso3](D-Arg35) sea lamprey PYY(1-36) peptide-

treated mice displayed significantly greater % body weight loss than both lean (P<0.05 

and P<0.01 respectively) and HFF-saline (P<0.01 and P<0.001 respectively) controls 

(Figure 7.11 B). Cumulative energy intake remained significantly higher in all HFF 

animals (P<0.001) over the entire study (Figure 7.11 C). Interestingly, cumulative 

fluid intake was significantly lower in [Iso3](D-Arg35)sea lamprey PYY(1-36)-HFF 

animals from day 7 onwards (P<0.05 to P<0.01) while significance (P<0.05) only 

appeared at day 21 for [Iso3]sea lamprey PYY(1-36)-HFF animals (Figure 7.11 D). 

Triglyceride levels were significantly reduced (P<0.05 and P<0.01), compared to 

HFF, in both [Iso3] and [Iso3](D-Arg35) sea lamprey PYY(1-36) peptide-treated 

animals (Figure 7.11 E). HDL and LDL remained significantly higher in all HFF 

animals (P<0.01- P<0.001), when compared to lean control (Figures 7.11 F,G). 
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LDL/HDL ratio was significantly higher than lean animals for HFF-saline (P<0.001), 

with a lesser increase demonstrated for [Iso3](D-Arg35)sea lamprey PYY(1-36) treated 

animals (P<0.05), while [Iso3]sea lamprey PYY(1-36) treated animals did not deviate 

from lean control (Figure 7.11 H). Blood glucose was not altered between groups of 

HFF mice over the course of the study, with the exception of [Iso3](D-Arg35)sea 

lamprey PYY(1-36) on day 14 (P<0.001) and [Iso3]sea lamprey PYY(1-36) on day 21 

only (P<0.001) (Figure 7.11 K). Circulating plasma insulin remained higher (P<0.05 

to P<0.01) than lean in control in all HFF groups across the majority of the study, 

although only HFF-saline animals remained significantly higher (P<0.05 and P<0.01) 

than lean controls on days 18 and 21 respectively (Figure 7.11 J).  

 

7.4.6. Sub-chronic effects of [Iso3]sea lamprey and [Iso3](D-Arg35)sea lamprey 

PYY(1-36) peptides on glucose tolerance, terminal glucagon levels pancreatic 

insulin and glucagon content in high-fat fed mice  

During glucose tolerance tests on day 22, plasma glucose levels were significantly 

(P<0.05 to P<0.001) reduced at 15 through to 120 min post‐injection in mice treated 

twice daily with [Iso3]sea lamprey, when compared to HFF controls (Figure 7.11 K), 

whereas a significant reduction (P<0.05) was only seen at 30 minutes for [Iso3](D-

Arg35)sea lamprey PYY (Figure 7.11 K). Blood glucose AUCs mirrored this, with only 

[Iso3](D-Arg35)sea lamprey PYY demonstrating significantly (P<0.001) lower AUC 

than HFF-saline (Figure 7.11 K, inset). Corresponding glucose-induced plasma insulin 

remained significantly (P<0.01 to P<0.001) raised in HFF-saline over the 120 minute 

observation period, with the exception of 60 minutes (Figure 7.11 L). Insulin was 

raised (P<0.01 to P<0.001) in [Iso3](D-Arg35)sea lamprey PYY treated animals over 

all time points, except 90 minutes (Figure 7.11 L).  [Iso3]sea lamprey PYY treated 
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animals were only significantly higher (P<0.05) than lean controls at 30 minutes and 

were significantly (P<0.01) lower than HFF-saline animals at 120 minutes (Figure 

7.11 L). No difference in glucose level reduction was seen between the groups of mice 

following injection of exogenous insulin. Intriguingly, [Iso3](D-Arg35)sea lamprey 

PYY(1-36) animals displayed heightened (P<0.001) terminal plasma glucagon (0.27 

± 0.03 ng/mL) levels compared to lean controls (0.14 ± 0.01 ng/mL). Pancreatic 

insulin and glucagon levels were elevated (P<0.001 and P<0.05 respectively) in HFF-

saline animals, when compared to lean controls (Figures 7.12 E,F). Pancreatic insulin 

and glucagon were both reduced (P<0.05) compared to HFF-saline (P<0.05) (Figures 

7.12 E,F). Only insulin was reduced (P<0.05) for [Iso3](D-Arg35)sea lamprey PYY(1-

36) (Figure 7.12 E).  

 

7.4.7. Sub-chronic effects of [Iso3]sea lamprey and [Iso3](D-Arg35)sea lamprey 

PYY(1-36) peptides on pancreatic morphology in high-fat fed mice 

Histological analysis indicated substantial morphological consequences to pancreatic 

islets in response to high-fat feeding (Figures 7.12.A-D). Specifically, the average islet 

area was significantly raised (P<0.001) in HFF-saline animals (Figure 7.12 G). Islet 

area was reduced (P<0.01 and P<0.05) in [Iso3] and [Iso3](D-Arg35)sea lamprey 

PYY(1-36) treated animals respectively (Figure 7.12 G). In agreement with the overall 

area, both average alpha- and beta-cell areas were raised (P<0.001) in HFF-saline 

animals (Figures 7.12 H,I). Conversely, both alpha and beta-cell areas were reduced 

(P<0.001 and P<0.05 respectively) in the treatment groups (Figures 7.12 H,I). These 

results were reflected in the alpha/beta-cell ratio, which was significantly (P<0.05) 

lower than HFF-saline in both treatment groups (Figure 7.12 J). Additionally, the 

number of centrally penetrating alpha-cells was significantly lower (P<0.05) than 
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HFF-saline in both treatment groups (Figure 7.12 K). While the number of islets per 

mm2 was not significantly altered (Figure 7.12 L), the size distribution of islets was 

changed (Figure 7.12 M). Specifically, HFF-saline animals possessed fewer (P<0.01) 

small islets than lean controls, whilst also presenting with significantly more 

(P<0.001) medium and large islets (Figure 7.12 M). [Iso3]sea lamprey PYY(1-36) 

treated animals possessed significantly fewer (P<0.05) large islets than HFF-saline, as 

did [Iso3](D-Arg35)sea lamprey PYY(1-36) treated animals who also possessed fewer 

smaller (P<0.05) and more large (P<0.05) islets than lean controls (Figure 7.12 M). 

 

 

7.5. Discussion  

Recent activity in the translation of PYY to a viable therapeutic agent has focused 

more on activation of pancreatic NPY1Rs [Lafferty et al. 2018a, Persaud and Bewick 

2014], whereas previous work concentrated on the development of NPY2R agonists 

[Nishizawa et al. 2017; Small and Bloom 2004]. That said, the recent developments 

in generation of enzymatically-resistant NPY1R analogues [Lafferty et al. 2019a,b; 

Chapters 3,4] can be useful in the development of NPY2R agonists. In particular, 

given the relatively recent findings that removal of a C-terminal dipeptide ameliorates 

the anorectic effects of PYY(3-36) [Toräng et al. 2016], previous successes in 

developing C-terminally stable NPY1R agonists [Lafferty et al. 2019b; Chapter 6] 

could be useful in the development of NPY2R agonists. As such, the current study 

aimed to build on such work to generate analogues of sea lamprey PYY that are 

susceptible to DPP-4 mediated N-terminal degradation. While the parent peptide 

would modulate all NPYRs, the degradation product would interact solely with 

NPY2Rs [Wu et al. 2013]. Thus, such a peptide would have the potential to facilitate 
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weight-loss through modulation of hypothalamic NPY2Rs [Batterham et al. 2002] and 

concurrently improve glycaemic control in obesity-diabetes through modulation of 

pancreatic NPY1Rs [Keire et al. 2000; Lafferty et al. 2018a; Persaud and Bewick 

2014].  

 While an NPY1/NPY2R dual-agonist has been previously described [Sam et 

al. 2012], the peptide, termed X-PYY, was based on PYY(3-36). An intact N-terminus 

has previously been shown to be of utmost importance for NPY1R agonism [Keire et 

al. 2002], while N-terminal removal renders the peptide NPY2R specific [Wu et al. 

2013].  Furthermore, X-PYY contains no C-terminal modifications, so is liable to 

inactivation via C-terminal cleavage [Lafferty et al. 2018b; Olsen et al. 2016; Toräng 

et al. 2016; Chapter 5]. Therefore, the present study has designed PYY(1-36) peptides, 

based on the structure of the phylogenetically-ancient analogue sea lamprey PYY(1-

36) [Lafferty et al. 2019b; Chapter 4], specifically, [Iso3]sea lamprey PYY(1-36) and 

[Iso3](D-Arg35)sea lamprey PYY(1-36), to generate a C-terminally stable, but N-

terminally liable, PYY peptides. 

 The substitution of Pro3 for Iso3 was employed in an attempt to render the 

peptide susceptible to the actions of DPP-4, thus generating a more NPY2R specific 

PYY(3-36) metabolite [Wu et al. 2013]. This was demonstrated by the in vitro plasma 

degradation data, clearly showing the generation of a PYY(3-36) metabolite for each 

analogue. Importantly, however, no PYY(1-34) or (3-34) metabolite was generated 

for [Iso3](D-Arg35)sea lamprey PYY(1-36), highlighting it as a promising prospect, 

thus agreeing with previous work to generate C-terminally stable NPY1R analogues 

[Chapter 6].  
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It was next pertinent to test the in vitro functionality of each PYY analogue. 

Importantly, both peptides were shown to be fully functional at pancreatic NPYRs, 

with both analogues inhibiting in vitro GSIS from rodent BRIN-BD11 cells in a similar 

manner to the human and parent sea lamprey PYY(1-36) peptides [Khan et al. 2016; 

Lafferty et al.2018b; Lafferty et al. 2019b; Chapters 3,4,6]. Additionally, the two 

analogues brought about comparable improvements to those of human PYY(1-36) 

[Khan et al. 2016] and unmodified sea lamprey PYY(1-36) [Lafferty et al. 2019b; 

Chapter 4] on beta-cell proliferation and reducing apoptosis in BRIN-BD11 and 1.1B4 

cells. While effects on GSIS and beta-cell survival are mediated primarily through the 

NPY1R [Lafferty et al 2018a; Persaud and Bewick 2014], the NPY2R has been 

demonstrated in isolated mouse islets as well as immortalised rodent and human beta-

cell lines, albeit at lower levels than NPY1 and NPY4 receptors [Khan et al. 2016], 

and PYY(3-36) has shown to affect GSIS and beta-cell survival, in a similar fashion 

PYY(1-36) [Khan et al. 2016; Lafferty et al 2018b; Chapter 5]. Therefore, in an 

attempt to clarify the receptor actions at play, an additional proliferation experiment 

was performed utilising rodent INS-1 832/13 with NPY1R or NPY2R KO [Lafferty et 

al. 2019b; Chapters 4,6]. The data revealed that NPY1R KO ameliorated the 

proliferative effects of human PYY(1-36), sea lamprey PYY(1-36) and [Iso3](D-

Arg35)sea lamprey PYY(1-36). Interestingly, like PYY(3-36), [Iso3]sea lamprey 

PYY(1-36) also brought about proliferation in NPY1R KO cells, highlighting its 

ability to activate NPY2Rs. Thus, [Iso3]sea lamprey PYY(1-36) may possess affinity 

for both the NPY1R and NPY2R.  

 The in vitro data is promising in showing that peptide modifications did not 

have negative consequences on bioactivity, this is somewhat expected given previous 

findings with modification of PYY peptides at Arg35 [Østergaard et al. 2018]. 
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Additionally, inclusion of Iso3 increases the level of sequence homology with the 

human peptide [Conlon 2002] (Table 7.1.), which should not hinder receptor 

modulation. It was next important to establish that NPYR activation was mirrored in 

in vivo scenarios, and whether important hypothalamic NPY2R interactions were 

apparent.   

 Initial in vivo studies assessed the acute effects on re-feeding following peptide 

administration in overnight fasted mice. PYY(3-36) brought about early reductions in 

food intake, as expected [Batterham et al. 2002; Batterham et al. 2003]. Interestingly, 

while both [Iso3] and [Iso3](D-Arg35) sea lamprey PYY(1-36) peptides also brought 

about reductions in food intake, these appeared at later timepoints than those of 

PYY(3-36). To expand, the effects of [Iso3]sea lamprey PYY(1-36) appeared at 60 

minutes, compared to 120 minutes with [Iso3](D-Arg35) sea lamprey PYY(1-36). This 

highlights that both peptides appear to require N-terminal dipeptide removal before 

eliciting an effect [Karra et al. 2009]. The in vitro degradation data indicates that this 

may be a slower process in the case of [Iso3](D-Arg35) sea lamprey PYY(1-36) than 

with human or [Iso3]sea lamprey PYY(1-36), with a lower percentage of degradation 

demonstrated for [Iso3](D-Arg35) sea lamprey PYY at the end of the 4 hour degradation 

period than these two peptides. 

 When taken into a chronic setting, the effects of the peptides differ somewhat 

from the acute effects. Whilst somewhat expected [Batterham et al. 2002; Batterham 

et al. 2003], administration of both sea lamprey analogue peptides brought about 

clinically significant reductions in weight loss from baseline (≥5.0%) [Donnelly et al. 

2009] in HFF animals. However, as no significant reduction in energy intake 

compared to HFF-saline could be shown, this cannot be solely related to appetite. 

Indeed, while it is widely accepted that NPY2R activation can lead to reductions in 
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body weight [Batterham et al. 2002; Batterham et al. 2003; Karra et al. 2009], the 

theories as to why remain a contentious issue. The present data may suggest that 

indirect mechanisms are at play, which could include enhanced GLP-1 secretion via 

peripheral NPY2R activation [Chandarana et al. 2013] or activation of anorectic 

proopiomelanocortin (POMC) expressing neurons in the arcuate nucleus [Murphy et 

al. 2006].  

In addition to changes in body weight, peptide administration also reduced 

terminal triglyceride levels and improved the LDL/HDL ratio. This is in line with 

previous findings, which have highlighted the ability of PYY to decrease LDL 

secretion and lower cholesterol uptake [Grenier et al. 2012]. Interestingly, these effects 

are thought to be mediated through the NPY1R, suggesting effects elicited by then 

undegraded, parent peptide. Improvements in glycaemic control were not as profound 

as those seen with regards to body weight, although the two may be related. That said, 

improvements in cumulative fluid intake, blood glucose and glucose tolerance are 

likely to be related in some way to pancreatic NPY1R activation [Khan et al. 2016; 

Lafferty et al. 2018a,b; Sam et al. 2012], with these effects being more pronounced 

for [Iso3] than [Iso3](D-Arg35)sea lamprey PYY(1-36). However, reductions in body 

weight are well known to induce similar metabolic benefits [Colman et al. 1995; 

Clamp et al. 2017]. Notably, while glycaemic control was improved in the treatment 

groups, overall islet area, beta-cell area and the number of large islets was reduced 

when compared to HFF animals. Islet expansion is known to occur in order to meet 

heightened insulin demands in obesity [Roat et al. 2014]. Administration of both 

peptides clearly brought about reduction in overall islet area, beta-cell mass and 

pancreatic insulin content, which are all likely related to decreased body mass, and has 

been previously demonstrated with chronic GLP-1 administration in obese animals 
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[Ando et al. 2017]. However, the lack of changes in the glucose-lowering effects of 

exogenously administered insulin do require further study in this regard. 

 In conclusion, the present study has generated two fully functional PYY 

analogues with clear translational application in the treatment of obesity-diabetes. It 

had been postulated that the improved plasma stability via C-terminal modification 

may impart increased benefits, but this did not appear to be the case. As such, [Iso3]sea 

lamprey PYY(1-36) induced marginally superior benefits on metabolism than 

[Iso3](D-Arg35) sea lamprey PYY(1-36). Future studies may wish to investigate 

modified PYY(3-36) peptides which may have more immediate effects on weight loss.  
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Table 7.1. Amino acid sequences, expected and calculated masses as well as purity and plasma stability for NPY and PYY(1-36) peptides 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino acids in bold text are conserved in human PYY(1-36). Amino acids in italic underlined text correspond to human NPY(1-36). Peptide masses were calculated using MALDI-TOF MS on a 

PerSeptive Biosystems Voyager-DE Biospectrometer. Peptide purity was assessed by HPLC and analysis of AUC data. For plasma degradation, peptides (50 µg) were incubated at 37oC in 50 mM 

triethanolamine/HCl with murine plasma (5 µL) for 0 and 4 hours. Defined HPLC peaks were collected and identified via MALDI-TOF MS on a PerSeptive Biosystems Voyager-DE Biospectrometer. 

ND, not determined. 

 

Peptide Amino acid sequence 

Sequence 

homology 

(%) 

Expected 

mass (Da) 

Calculated 

mass (Da) 

Peptide 

purity 

% Plasma 

degradation 

at 4 h 

Human NPY(1-36) 
Y-P-S-K-P-D-N-P-G-E-D-A-P-A-E-D-M-A-R-Y-

Y-S-A-L-R-H-Y-I-N-L-I-R-Q-R-Y- NH2 
- 4271.7 ND ND ND 

Human PYY(1-36) 
Y-P-I-K-P-E-A-P-G-E-D-A-S-P-E-E-L-N-R-Y-Y-

A-S-L-R-H-Y-L-N-L-V-T-R-Q-R-Y- NH2 
- 4309.8 4309.7 96.8 83.8 

Sea Lamprey 

PYY(1-36)  

M-P-P-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-Y-

M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-R-Y- NH2 
61.1 4285.9 4284.2 98.5 47.4 

[Iso3]Sea Lamprey 

PYY(1-36) 

M-P-I-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-Y-

M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-R-Y- NH2 
63.9 4301.9 4298.6 99.3 82.1 

[Iso3](D-Arg35)Sea 

Lamprey PYY(1-36)  

M-P-I-K-P-D-N-P-S-P-D-A-S-P-E-E-L-S-K-Y-

M-L-A-V-R-N-Y-I-N-L-I-T-R-Q-(d-R)-Y- NH2 
61.1 4301.9 4300.7 98.3 28.9 
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Table 7.1. RP-HPLC Profiles obtained for PYY peptides and their fragments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HPLC profiles obtained following incubation of (A) [Iso3]sea lamprey PYY(1-36) (B) [Iso3]sea lamprey PYY(1-36) in the presence of sitagliptin (5 µg) and (C) [Iso3](D-Arg35)sea lamprey PYY(1-36) 

with non-fasted murine plasma. Peptides (50 µg; n=3) were incubated at 37oC with 5 µl plasma in 50 mM triethanolamine-HCL. Reactions were stopped using 10% (v/v) trifluoroacetic acid/water and 

reaction mixes separated by HPLC. Peptide or peptide fragment masses were determined by MALDI-TOF (Figure 7.2). 



207 
 

Figure 7.2. MALDI-TOF profiles obtained for sea lamprey PYY peptides and their fragments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MALDI-TOF profiles obtained for pure peptide or following incubation of PYY(1-36) and two sea lamprey peptides, namely: [Iso3]sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) 

with murine plasma. Peptides (50 µg; n=3) were incubated at 37oC with 5 µL of plasma in 50 mM triethanolamine-HCL. Reactions were stopped using 10% (v/v) trifluoroacetic acid/water and reaction 

mixes separated by HPLC. Peptide or peptide fragment (included) masses were determined by MALDI-TOF.
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Figure 7.3. Effects of sea lamprey PYY(1-36) peptides on insulin release from rodent BRIN-BD11 beta-cells 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

BRIN-BD11 cells were incubated with (A) 5.6, (B) 16.7 mM glucose or (C) 16.7 mM glucose supplemented with alanine (10 mM) and the effects of PYY 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 (A,B) or (C) 16.7 mM glucose plus 10 mM alanine. ΔP<0.05, ΔΔP<0.01, ΔΔΔP<0.001 

compared to (A) human PYY(1-36) or (C) 16.7 mM glucose. 
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Figure 7.4. Effects of PYY(1-36) peptides on in vitro beta-cell apoptosis and proliferation  

Effects of sea lamprey PYY(1-36) peptides on (A-C) beta-cell proliferation and protection against cytokine-

induced apoptosis (D,E). (A) BRIN-BD11, (B) 1.1B4 and (C) INS-1 832/13 as well as Npy1r or Npy2r KO 

INS-1 832/13, beta-cells were cultured (16 h) with PYY peptides or GLP-1 (10-8 and 10-6 M) and proliferation 

assessed by Ki-67 staining. (D) BRIN-BD11 and (E) 1.1B4 beta-cells were cultured (16 h) with PYY peptides 

or GLP-1 (10-8 and 10-6 M) in the presence of a cytokine cocktail and apoptosis detected using the TUNEL 

assay. All values are mean ± SEM (n=3). (A-C) *P<0.05, **P<0.01, ***P<0.001 compared to RPMI media 

control. ΔP<0.05, ΔΔΔP<0.001 compared to unaltered INS-1 832/13 wild-type cells at each condition. (D,E) 

*P<0.05, **P<0.01, ***P<0.001 compared to cytokine-cocktail. ΔΔP<0.01, ΔΔΔP<0.001 compared to RPMI 

media control. Representative images for each set of staining are provided in Figures 7.5 – 7.9. 
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Figure 7.5. Representative images for Ki-67 staining in BRIN-BD11 and 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of [Iso3]sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides on proliferation at 10-6 M concentration, in BRIN-BD11 cells (A) and 

1.1B4 cells (B). All images shown are X10 magnification. Positively staining cells are indicated by white arrows. 

A B 
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Figure 7.6. Representative images for TUNEL staining in BRIN-BD11 and 1.1B4 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images showing the effects of [Iso3]sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides on apoptosis at 10-6 M concentration, in BRIN-BD11 cells (A) and 1.1B4 

cells (B). All images shown are X10 magnification. Positively staining cells are indicated by white arrows. 

A B 
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Figure 7.7. Ki-67 staining in INS-1 832/13 WT cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8. Ki-67 staining in INS-1 832/13 NPY1R KO cells 
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Figure 7.9. Ki-67 staining in INS-1 832/13 NPY2R KO cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Representative images for Ki-67 staining for controls (media and GLP-1) as well as each utilised PYY peptide 

at 10-6 M concentration, are provided for testing in wild-type (Figure 7.7), Npy1r KO (Figure 7.8) and Npy2r 

KO (Figure 7.9). All images shown are X10 magnification. Positively staining cells are indicated by white 

arrows. 
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Figure 7.10. Acute in vivo effects of peptide administration on food intake 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of sea lamprey PYY(1-36) peptides on food intake in overnight fasted mice. Cumulative food intake was assessed after i.p. administration of saline vehicle (0.9% NaCl) or in combination with 

test peptide (25 nmol/kg bw). All values are mean ± SEM (n=6). *P<0.05, **P<0.01 compared to saline control.
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Figure 7.11. In vivo effects of chronic administration of PYY(1-36) peptides in HFF mice 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of [Iso3]sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) administration on (A) body weight, (B) % body weight reduction, (C) cumulative energy and (D) fluid intake, 

terminal triglyceride (E), LDL (F) and HDL (G) levels, as well as LDL/HD ratio (H), non-fasting (I) blood glucose as well as plasma insulin (J), blood glucose and plasma insulin over 120 min terminal 

GTT (K,L) in HFF obese mice. Respective areas under the curve are provided where appropriate (K,L). (A,C,D,I,J) Parameters were measured at regular intervals for 3 days before and up to 21 days 

during treatment with twice-daily injection of test peptide (both peptides at 25 nmol/kg bw) in HFF, obese mice. Mice received twice daily injections (09:00 and 17:00 hours) of saline alone or in 

combination test peptide (25 nmol/kg bw). (B, E-H) Parameters were measured on day 28. All values are expressed as mean ± SEM for 10 mice. *P<0.05, **P<0.01, ***P<0.001 compared with HFF-

saline control mice. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 compared with lean control mice. 
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Figure 7.12. Sub-chronic effects on pancreatic morphology following administration of PYY(1-36) peptides in HFF/NIH Swiss mice 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Effects of [Iso3]sea lamprey PYY(1-36) and [Iso3](D-Arg35)sea lamprey PYY(1-36) peptides on pancreatic morphology in obesity-induced diabetic mice. Parameters were measured after 28 days 

treatment with twice-daily injection of test peptides (both at 25 nmol/kg bw). (A-D) Representative images of islets showing insulin (red) and glucagon (green) immunoreactivity from each treatment 

group. Pancreatic insulin (E) and glucagon (F) content was measured by RIA or ELISA, respectively, following acid-ethanol extraction. (G) total islet area, (H) alpha- and (I) beta-cell area, alpha/beta-

cell ratio (J), (K) % centrally located alpha-cells, (L) numbers of islets/mm2 as well as (M) islet size distribution. All values are expressed as mean ± SEM for 10 mice, with ~100-150 islets being 

analysed per group. *P<0.05, **P<0.01, ***P<0.001 compared with HFF-saline control mice. ΔP<0.05, ΔΔP<0.01 and ΔΔΔP<0.001 compared with lean control m
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Chapter 8. 

General Discussion  
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8.1. Introduction  

The potential of PYY-based therapies for obesity-diabetes, while seemingly clear for 

a number of years [Batterham et al. 2002, Persaud and Bewick 2014], has not yet 

heralded a promising therapeutic lead [Lafferty et al. 2018a]. Recent improvements as 

to the understanding of PYY metabolism, specifically inactivation via C-terminal 

inactivation [Olsen et al. 2016, Toräng et al. 2016], and the important NPYR 

interactions responsible for the beneficial effects of PYY [Sam et al. 2012] have seen 

research interests in the peptide for treatment of obesity-diabetes intensify over the 

last decade.  

 As such, the present body of work aimed to further understand the metabolism 

of PYY peptides and investigate the effects, if any, this metabolism has for pancreatic 

NPYR interactions. Further to this the thesis aimed to use these new lessons to design 

an array of NPYR specific analogues, with improved stability compared to the human 

peptide, in the hope of emulating the success which has been previously achieved with 

GLP-1 in the generation of stable analogues such as exenatide [Fehse et al. 2005] and 

liraglutide [Kielgast et al. 2011].  

 

8.2. Design and assessment of synthetic N-terminally stable PYY analogues: 

synthetic vs. natural 

As has been extensively discussed throughout this PhD thesis, there is a need for N-

terminally stable PYY(1-36) with the ability to fully exploit the NPY1R-mediated 

benefits on beta-cell survival. While a PYY analogues had been previously shown to 

have the ability to rescue insulin loss following selective ablation of PYY cells [Sam 

et al. 2012]; termed X-PYY, the analogue is a PYY(3-36) based peptide. As has well 
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been established, PYY(3-36) is an NPY2R selective agonist, with NPY1R activation 

requiring an intact N-terminus [Lafferty et al 2018a]. As such, Chapter 3 of this thesis 

[Lafferty et al. 2019] aimed to fill this void in the development of DPP-4 resistant 

NPY1R analogues.  

 The study utilised previously successful modifications in order to infer stability 

against DPP-4. These included the addition of a Pro3 in (P3L31P34)PYY(1-36), which 

contained two other substitutions which have previously been suggested to infer better 

NPY1R binding [Gehlert et al. 1997; Keire et al. 2000], and the incorporation of a 

fatty acid into the molecule [Green et al. 2004] in generation of PYY(1-

36)(Lys12PAL). Interestingly, when tested in an in vitro degradation setting with 

purified DPP-4, the addition of a fatty acid, while slowing the process, did not entirely 

prevent DPP-4 degradation, highlighting how strong a substrate PYY(1-36) is for the 

enzyme (Table 8.1). The addition of Pro3 did, however, infer full DPP-4 resistance, as 

seen previously [Gault et al. 2007]. While the study was the first to generate a DPP-4 

resistant PYY peptide, it was also important to assess the consequences, if any, these 

modifications had to the bioactivity of these peptides.  

 As such, a number of previously utilised in vitro assays used in the examination 

of PYY, including the effects on glucose stimulated insulin secretion (GSIS) from 

BRIN-BD11 cells, as well as the effects on promotion of proliferation (Ki-67 staining) 

and reduction of apoptosis (TUNEL staining) in BRIN-BD11 and 1.1B4 beta-cells 

(Table 8.1). Unfortunately, in almost every instance, neither analogue could emulate 

the insulinostatic, proliferative or anti-apoptotic effects of human PYY(1-36) on the 

cell lines, highlighting a compromise in receptor activation following modification. 

Thus, while the study was successful in highlighting an effective strategy to develop 

N-terminally stable PYY peptides, it demonstrated that bioactivity of the peptide is 
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extremely sensitive to modification. It is highly likely this apparent reduction in 

receptor activity is related to a change in the conformation of important PP-fold of the 

molecule [Germain et al. 2013], although it was concluded that further study, including 

the use of receptor knockout cell-lines would be required to confirm this.  

 While the results achieved with these synthetic, intelligently designed, 

peptides [Lafferty et al. 2019a; Chapter 3] were somewhat disappointing, due to the 

impaired bioactivity; lessons were still taken into Chapter 4 of this thesis, which 

utilised PYY peptides previously sequenced in phylogenetically ancient fish. Indeed, 

naturally occurring PYY has been sequenced in an array of species [Conlon 2002], 

with fish peptides being chosen as phylogenetically ancient fish represent the most 

structurally ancient, highly conserved, PYY peptides in nature. Importantly, the 

species chosen, namely: Amia calva (bowfin), Oncorhynchus mykiss (trout), 

Petromyzon marinus (sea lamprey) and Scaphirhynchus albus (sturgeon) PYY(1-36) 

all possessed a naturally occurring Pro3 residue, which has been previously highlighted 

as a solution to DPP-4 degradation [Lafferty et al. 2019b; Chapter 4]. Indeed, the 

HPLC/MALDI-TOF data confirmed that each peptide was fully resistant to DPP-4 

degradation as a result of the presence of a Pro3 residue.  

Further consultation of the structure of these peptides initially breeds concern, 

given the considerable variance from the human PYY(1-36) sequence. Another 

possible concern were the findings in Chapter 3, which demonstrated how sensitive 

the bioactivity of human PYY(1-36) is to modification. Thus, studies were needed to 

confirm that these peptides would also be functional at mammalian NPYRs. As with 

the synthetic analogues, this was initially assessed via the in vitro actions of each 

peptide. Unlike their synthetic analogue counterparts, however; each of the fish 

PYY(1-36) peptides demonstrated effects which were at least comparable, if not 
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superior, than the human peptide in all in vitro systems tested. Additionally, the 

important receptor interactions at play were investigated via the use of CRISPR-

mediated NPY1R and NPY2R INS-1 832/13 KO cells [Lafferty et al. 2019b; Chapter 

4]. A proliferation experiment was utilised to test each peptide in these cell lines, with 

the results demonstrating that positive effects on proliferation were lost for human, 

bowfin, trout, sturgeon and sea lamprey PYY(1-36) peptides, indicating that their 

actions are mediated primarily by action at pancreatic NPY1Rs.  

These ‘phylogenetic analogues’ thus represented promising, novel, NPY1R 

agonists and so were further studied in in vivo  scenarios. Initially tested in an acute 

setting, while glucose tolerance and insulin were expectedly unaffected [Khan et al. 

2016, Lafferty et al. 2018a], the results on food intake were more interesting (Table 

8.2.). PYY(1-36) actually slightly reduced food intake at the end of the 120 minute 

test, which is a likely consequence of generation of PYY(3-36) in vivo [Batterham et 

al. 2002] (Table 8.2). This did not occur with the fish PYYs, likely due to the stabilised 

N-termini. Additionally, bowfin PYY(1-36) actually induced feeding to a degree, 

which may suggest that the peptide is a preferential agonist at hypothalamic NPY1Rs 

[Kanatani et al. 1996]. To further the study, the two strongest candidates, sturgeon and 

sea lamprey PYYs, were taken into a chronic setting to test the ability to rescue STZ-

induced diabetic. While the benefits of sturgeon PYY(1-36) were less profound, sea 

lamprey PYY(1-36) was demonstrated to improve glycaemic control, glucose 

tolerance, insulin sensitivity and importantly elevated plasma and pancreatic insulin 

concentrations with reduced plasma and pancreatic glucagon (Table 8.3 A). In 

addition to these metabolic effects, beta-cell proliferation was enhanced and apoptosis 

decreased, by sea lamprey PYY(1-36) treatment. Thus, percentage beta-cell area was 

increased as a result. The candidacy for sea lamprey PYY(1-36) as a therapeutic lead 
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was further strengthened in an additional chronic in vivo  study utilising GluCre-

ROSA26eYFP mice highlights a role for the peptide in influencing alpha- to beta-cell 

transdifferentiation [Lee et al. 2018] (Table 8.3 B).  

Thus, Chapters 3 and 4 highlight that naturally occurring peptides can be an 

invaluable resource in rational drug design, given they can contain important amino 

acid variations and are already known to function at host receptors, and in some 

instances can surpass the effects demonstrated when synthetic peptides are 

intelligently designed. In particular, sea lamprey was identified as a strong lead 

candidate to carry on into additional studies (as demonstrated in Tables 8.2 -8.3 B). 

 

8.3. C-terminal degradation of PYY and its consequences to bioactivity  

While the overall aim of this PhD thesis was to generate novel PYY analogues for the 

treatment of obesity-diabetes, it was also pertinent to return to the human peptides and 

ensure that understanding of PYY metabolism, receptor interactions and consequences 

of enzyme-mediated degradation events to both bioactivity and receptor binding. 

Thus, Chapter 5 of this thesis investigated the enzyme responsible for C-terminal 

degradation of PYY(1-36) and PYY(3-36) and assessed how this affected the 

pancreatic actions of these peptides. 

 Indeed, while the effects of N-terminal, DPP-4-mediated, degradation were 

already well understood and established [Keire et al. 2002], leading to the generation 

of the NPY2R-specific metabolite PYY(3-36); until recently the consequences of C-

terminal metabolism had gone undiscovered. As such, just prior to the commencement 

of these studies, a PYY(3-34) C-terminally degraded metabolite was identified [Olsen 

et al. 2016, Toräng et al. 2016], a result of in vivo processing of PYY(3-36). 
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Importantly, this degradation event was shown to completely nullify the anorectic 

effects of PYY(3-36), thus indicating diminished, or complete lack of, NPY2R 

activation [Batterham et al. 2002, Keire at al. 2002]. The presence of a PYY(1-34) 

metabolite had not been established, nor had the effects at pancreatic NPYRs, and 

given the shift in the research of PYY towards direct pancreatic actions [Lafferty et al. 

2018a, Persaud and Bewick 2014], this was a point which warranted addressing.  

 Given the number of PYY metabolites in a degradation mix, and given the 

alignment of tyrosines in the molecule, due to the ‘PP-fold’ [Germain et al. 2013], 

PYY is rather difficult to iodinate [Grandt et al. 1994]. Therefore, HPLC separation 

paired with MALDI-TOF was utilised to establish the presence of each PYY 

metabolite. While the presence of a PYY(3-34) metabolite was confirmed, the 

presence of a C-terminally cleaved PYY(1-34) was also highlighted. Additionally, 

while a role for the enzyme had previously been demonstrated for NPY(1-36) [Dos 

Santos Medeiros and Turner, 1994], a peptide which shares considerable homology 

with PYY(1-36) [Conlon 2002], this study was able to establish a role for angiotensin 

converting-enzyme (ACE) in the metabolism of PYY. This was proved via the spiking 

of the degradation mix with the ACE-inhibitor captopril; leading to the generation of 

an additional PYY(3-35) metabolite. However, the direct effect of ACE to degrade 

PYY peptides was not investigated at this time, and may warrant further study.  

 The study also confirmed that each of these C-terminal metabolites, even those 

with a single C-terminal residue removed, were entirely inactive at pancreatic NPY1 

and NPY2Rs (Table 8.4). Additionally, the effects were confirmed in vivo, with no C-

terminal metabolite eliciting any effect on appetite. A final interesting finding was that 

the co-administration of captopril with PYY(3-36) brought about an increased 

reduction in the re-feeding in overnight-fasted mice. This highlights that were a C-
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terminally stable PYY molecule to be developed, it may have the ability to elicit 

superior effects to that of the human peptide. It is, however, important to also note that 

the administration of captopril may being having positive effects as a result of 

preventing ACE-mediated hydrolysis of other peptides such as CCK-8 or gastrin 

[Dubreuil et al. 1989]. Development and testing of a C-terminally stable PYY peptide 

may be sufficient to validate this theory, however.  

 

8.4. Modification of sea lamprey PYY(1-36) to generate NPY1R specific and PYY 

peptides liable to N-terminal degradation  

Given the results of Chapters 3 and 4, it became clear that, of all of the PYY peptides 

tested, sea lamprey PYY(1-36) had emerged as the most promising therapeutic lead in 

the development of a novel medication for the treatment of diabetes. Indeed, while the 

peptide was N-terminally resistant, resulting in generation of a potent pancreatic 

NPY1R agonist; lessons learned regarding C-terminal degradation [Lafferty et al. 

2018b; Chapter 5] of PYY pointed to the potential for improvement via modification 

of the peptide. Indeed, the C-terminal residues for all PYY(1-36) peptides are highly 

conserved across many species [Conlon 2002], including the piscine-derived peptides 

utilised in Chapter 4. Thus, the peptides are still subject to inactivation via C-terminal 

degradation [Olsen et al. 2016, Toräng et al. 2016]. Therefore, Chapters 6 and 7 of this 

thesis aimed to modify sea lamprey PYY(1-36), with the aim of stabilising the C-

terminus without sacrificing bioactivity.  

 Chapter 6 explored the possibility of generating a fully stable sea lamprey 

analogue by modifying the C-terminal of the already N-terminally stable sea lamprey 

PYY molecule. It was decided to use previously validated techniques in order to 
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achieve this. It was postulated that Arg35 was the targeted residue, therefore 

substitution of the naturally occurring L- for the D-isomer of the residue could infer 

stability, as has been demonstrated for peptides such as (D-Ala2)GIP [Hinke et al. 

2002] previously. The peptide was termed (D-Arg35)sea lamprey PYY.  

 Stability was again assessed via in vitro plasma degradation, which highlighted 

the newly developed analogue (D-Arg35)sea lamprey PYY to be fully resistant to 

serum enzymes, highlighting it as the first PYY peptide to display dual-terminal 

stability. Importantly, when tested against PYY(1-36) and unmodified sea lamprey 

PYY(1-36) the peptide functioned in a comparable manner in all in vitro systems 

tested. Additionally, when proliferation was tested in INS-1 832/13 NPY1R KO cells 

[Chapter 6], all positive effects were lost, highlighting it as both being fully stable, 

potentially long-acting, and a selective agonist for pancreatic NPY1Rs (Table 8.5).  

 Further in vivo testing was therefore warranted. As such, the unmodified sea 

lamprey and (D-Arg35)sea lamprey PYY peptides were administered to healthy mice 

3 days prior to, and every day after, the commencement of an STZ regimen, to examine 

the ability of the peptides to delay or prevent the occurrence of STZ-induced diabetes. 

Interestingly, (D-Arg35)sea lamprey PYY delayed the development of diabetes to a 

greater extent than its unmodified counterpart, which would seemingly mirror the 

improved effects of co-administration of captopril and PYY(3-36) seen in Chapter 5 

(Table 8.6). That said, the study endpoints, including improvements in % body weight 

loss, cumulative food and fluid intake, circulating plasma insulin and glucagon and 

pancreatic insulin and glucagon, for the two test peptides were remarkably similar 

(Table 8.6). Interestingly, while both peptides positively influenced beta-cell mass 

through promoting proliferation and reducing apoptosis in these cells, (D-Arg35)sea 
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lamprey PYY(1-36) also brought about a major reduction in the apoptosis of alpha-

cells, the mechanisms of which would warrant considerable further investigation.  

 Chapter 7 further explored the possibilities of sea lamprey PYY modification 

via the inclusion of an Iso3 into the molecule, producing [Iso3]sea lamprey and 

[Iso3](D-Arg35)sea lamprey PYY(1-36) peptides, with the latter being C-terminally 

stabilised. Thus, in a return of N-terminal sequence homology with the human peptide 

[Conlon 2002], the in vivo action of DPP-4 would be likely to generate a PYY(3-36) 

metabolite capable of modulating appetite suppression via action at hypothalamic 

NPY2Rs [Keire et al. 2002] while the unmodified parent peptide would be able to 

emulate the previously reported effects on pancreatic islets [Lafferty et al.  2018a].

 In vitro degradation data confirmed the presence of a PYY(3-36) metabolite 

for each peptide. Additionally, while [Iso3]sea lamprey PYY was shown to generate 

PYY(1-34) and PYY(3-34) analogue, [Iso3](D-Arg35)sea lamprey PYY was C-

terminally resistant, thus potentially producing a long-acting NPY2R agonist upon in 

vivo cleavage.  

 While in vitro testing highlighted that both analogues were fully functional 

(Table 8.7), the effects on these clonal beta-cell lines are likely to be primarily 

mediated via the action of the parent peptide at pancreatic NPY1Rs [Persaud and 

Bewick 2014; Sam et al. 2012]. Interestingly, when tested in NPYR KO cells [Iso3]sea 

lamprey, but not [Iso3](D-Arg35)sea lamprey PYY(1-36), was able to induced 

proliferation in WT, NPY1R and NPY2R KO cells, indicating that has activity at both 

NPY1 and NPY2Rs. This hypothesis was further strengthened by the acute in vivo 

data which, while demonstrating that both peptides were able to suppress appetite, the 

effects appeared at earlier timepoints for [Iso3]sea lamprey.  
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Intriguingly, when administered in a chronic in vivo setting to high-fat fed, 

obese, mice, while both peptides induced clinically significant (≥5.0%) [Donnelly et 

al. 2009] body weight reduction (Table 8.8), with greater reduction achieved with 

[Iso3]sea lamprey. Neither peptide brought about reductions in energy intake (Table 

8.8). This would indicate that other mechanisms, beyond solely appetite suppression, 

must be at play here. Indeed, this may provide a direction for future studies to take 

with these or other PYY analogue peptides. Additionally, the peptides also displayed 

relatively similar effects on islet morphology, pointing to NPY1R agonism.  

 Taken together, Chapters 6 and 7 have improved knowledge on the generation 

of long-acting NPY1 and NPY2R agonist peptides, with improved stability compared 

to the human peptide. The success of modifying the previously sequenced piscine-

derived peptides [Conlon 2002] represents an interesting, yet rational, strategy for 

drug design, and may be applicable to other peptides beyond PYY.  

 

8.5. Potential Scope for Future Work  

8.5.1. Further modification of analogues  

Chapters 3, 4, 6 and 7 of this body of work demonstrate clear progression in the 

development of stable, PYY-based, NPYR agonists. Whilst previous challenges 

involving N- [Lafferty et al. 2018a; Sam et al. 2012] and C-terminal [Olsen et al. 2016, 

Toräng et al. 2016] degradation. In particular, the endpoints for the C-terminally 

modified peptides were relatively similar to that of their unmodified counterparts 

(Tables 8.5. - 8.8.). A simple solution in this case may be to modify the doses, utilising 

increased doses of peptide, which may fully highlight the differences in effect. This is 

ground which needs to be tread on carefully, however, as not only do higher doses of 
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peptide increase treatment cost, side effects of PYY(3-36) have previously been shown 

to be entirely dose-dependent [Degen et al. 2005].   

 While further amino acid substitutions employed to sea lamprey PYY(1-36) 

and its analogues would likely be folly, the simple addition of a fatty acid to a lysine 

residue may help prolong the action of these peptides. This is due to the fact that simple 

amino acid substitutions do not reduce renal clearance, whereas incorporation of fatty 

acid chains to a peptide encourages albumin binding to reduce clearance [Zorzi et al. 

2017]. It should be noted that, as highlighted in Chapter 3, incorporation of a fatty acid 

into the analogue PYY(1-36)(Lys12PAL) somewhat hindered bioactivity. That said, an 

additional Lysine was added at position 12 of the sequence in order to ensure that the 

fatty acid would mask the DPP-4 binding site. However, in the case of sea lamprey 

PYY(1-36) and its analogues, they do not require such shielding, so the fatty acid can 

be attached to a pre-existing Lysine residue within the molecule, which may be less 

likely to hinder bioactivity. Functional analyses will be required to confirm this, 

however.  

 

8.5.2. Identification and utilisation of PYY pharmacophores   

Previous studies have identified the presence of a C-terminal pharmacophore, which 

determines NPY2R binding [Balasubramaniam et al. 1993]. These residues were 

determined as PYY(22-36), which again highlight the importance of C-terminal 

residues discussed in Chapter 5 [Olsen et al. 2016; Toräng et al. 2016]. This has 

allowed for the development of shortened, bioactive peptides such as PYY(24-36)-L31 

which was further modified via addition polyethylene glycol (PEG), in an attempt to 

improve in vivo efficacy [Mittapalli and Roberts 2014]. Shortened peptides are an 
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attractive prospect in drug development as a result of the considerable cost involved 

in the synthesis of bulky peptides.  

Indeed, the required presence of an intact N-terminus to ensure agonism of 

NPY1Rs [Lafferty et al. 2018a] may preclude the development of a shortened PYY 

peptide  for the treatment of diabetes. That said, the reported ability of the previously 

developed X-PYY [Sam et al. 2012], a PYY(3-36) analogue, to bring about NPY1R-

mediated rescue of insulin loss in mice following PYY ablation. This may indicate 

that there is still potential to develop shortened agonists for both NPY1 and NPY2R 

activation in the development of PYY-based therapies for obesity-diabetes.  

 

8.5.3. Incorporation of PYY into hybrid peptides 

As previously discussed, PYY is thought to play a major role in both the weight loss 

and improved glucose regulation following RYGB surgery [Ramracheya et al. 2016]. 

Taken, on its own, this clearly highlights the importance of the study of PYY in 

obesity-diabetes. However, it is important to note that there are a plethora of hormonal 

changes following surgery, which would indicate that success of the surgery has to be 

a multifactorial affair [Dimitriadis et al. 2017]. As such, both fasting and post-prandial 

levels of GLP-1, GLP-2, CCK and Oxyntomodulin have all been reported to rise 

following RYGB [Dimitriadis et al. 2017].  

 The development of hybrid-peptide agents, incorporating two or more gut 

hormones, thus represent an exciting prospect in the development of anti-diabetic 

agents, given they have the ability to mimic hormonal changes in bariatric surgery 

while not carrying the significant risks of the procedure. At the time of writing, 

published data is only available for one such peptide incorporating PYY [Chepurny et 
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al. 2018]. The peptide, termed EP45, is a 45 amino acid, chimeric peptide comprised 

of Exendin-4 combined with the C-terminal residues of the PYY molecule [Chepurny 

et al. 2018]. Interestingly, the study claims to have produced a dual agonist for GLP-1 

and NPY2 receptors, but it is important to note that as only the C-terminal portion of 

the PYY molecule is incorporated into the molecule, the peptide is likely to be an 

agonist for all NPYR subtypes [Keire et al. 2000].  

Hybridisation has also been successful employed for other gut hormones. For 

example, the novel (pGlu-Gln)-CCK-8/exendin-4 hybrid peptide was shown to bring 

about insulinotropic, glucose-lowering, and satiety actions via dual activation of GLP-

1 and CCK1 receptors [Irwin et al. 2015]. Additionally, hybrids have been created 

incorporating GLP-1 and xenin [Hasib et al. 2018] and GLP-1 and glucagon [Gault et 

al. 2013] thus, incorporation of a PYY peptide into such a molecule is an exciting 

prospect. Additionally, while dual NPY1/NPY2R agonists have been developed [Sam 

et al. 2012], incorporation of a potent NPY1R agonist, such as stabilised (D-Arg35)sea 

lamprey PYY(1-36), with an NPY2R-specific agonist, for example the shortened 

PYY(24-36)-L31 molecule, may represent an exciting direction for PYY-based 

therapies. Indeed, dual receptor agonism is also being studied for GLP-1 in the 

generation of the chimeric GLP-1/GLP-2 peptide ZP-GG-23 [Tschöp et al. 2016].  

 

8.6. Concluding remarks  

The studies comprising this thesis have furthered established knowledge on PYY and 

have fully cemented the deserving place of PYY(1-36) in diabetes research. Studies 

have corroborated previous findings that PYY peptides can elicit beneficial effects on 

pancreatic NPY1Rs [Khan et al. 2016] to influence beta-cell survival. Additionally, 
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these effects have been confirmed to be lost upon C-terminal cleavage, just as effects 

on satiety of PYY(3-36) have been confirmed to be lost [Olsen et al. 2016, Toräng et 

al. 2016], with a new role for angiotensin-converting enzyme in this process being 

uncovered. These lessons have led to the development and characterisation of several 

N-terminally stable, C-terminally stable and fully-stable PYY(1-36) peptides which 

have shown initial promise in the treatment models of diabetes and obesity-diabetes. 

Thus, understanding of developing PYY-based therapeutics has been improved, with 

lessons that can be carried into the future of diabetes research.  
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 Table 8.1. A summary of the in vitro investigation of two synthetic analogues; 

(P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL) 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to control culture, while ↓P<0.05, ↓↓P<0.01, 
↓↓↓P<0.001 indicate decreases. All are representative of the maximal effect achieved 

in each test-system. 

 

 

 

 

 

 

 

 

  PYY(1-36) 
(P3L31P34)PYY(1-

36) 

PYY(1-

36)(Lys12PAL) 

 DPP-4 

degradation 
71.4 0 55.8 

GSIS 

5.6 mM ↓ - - 

16.7 mM ↓↓↓ ↓ - 

16.7 mM + 

Alanine 10 
mM 

↓↓↓ - - 

Proliferation 

BRIN-BD11 ↑↑ ↑↑ ↑↑ 

1.1B4 ↑↑↑ ↑↑ ↑↑ 

Apoptosis 

BRIN-BD11 ↓↓↓ ↓↓ ↓↓↓ 

1.1B4 ↓↓↓ ↓ ↓↓↓ 
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Table 8.2. A summary of the in vitro and acute in vivo investigation of four phylogenetically-ancient PYY peptides 

 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, ↑↑↑P<0.001 represent increases compared to control culture, while 
↓P<0.05, ↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For acute in vivo data, comparisons are against saline control. All are representative of the 

maximal effect achieved in each test scenario. 

  PYY(1-36) Bowfin PYY Trout PYY Sturgeon PYY Sea Lamprey PYY 

  % DPP-4 deg 72.5 - - - - 

GSIS 

5.6 mM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM + alanine 10 
mM 

↓↓↓ ↓ ↓↓ ↓↓↓ ↓↓↓ 

Proliferation 

BRIN-BD11 ↑↑ ↑↑ ↑↑↑ ↑↑ ↑↑↑ 

1.1B4 ↑↑↑ ↑↑↑ ↑ ↑↑ ↑↑ 

INS-1 WT ↑ ↑ ↑ ↑↑ ↑ 

INS-1 NPY1R KO - - - - - 

INS-1 NPY2R KO ↑↑ ↑ ↑ ↑ ↑↑ 

Apoptosis 
BRIN-BD11 ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

1.1B4 ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

Acute in vivo 

Cumulative food intake  ↓ ↑↑ - - - 

Blood glucose - GTT - - - - - 

Plasma insulin - GTT - - - - - 
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Table 8.3 A. A summary of the chronic in vivo investigation of sturgeon and sea 

lamprey PYY-treated STZ-induced diabetic mice 

 

 STZ 
STZ + Sturgeon 

PYY 

STZ + Sea Lamprey 

PYY 

% BW change ↓ - - 

Food intake ↑↑↑ - - 

Fluid intake ↑↑↑ - ↓↓ 

Blood glucose ↑↑↑ ↓ ↓↓↓ 

Plasma insulin ↓↓ ↑↑ ↑↑↑ 

GTT BG AUC ↑↑↑ - ↓↓ 

GTT Ins AUC ↓↓↓ - ↑ 

Pancreatic insulin  ↓↓↓ ↑ ↑↑↑ 

Pancreatic 

glucagon  
↑↑↑ - ↓↓↓ 

Central α-cells ↑↑↑ ↓ ↓↓↓ 

Islets/mm2 ↓↓↓ ↓↓↓ ↑↑↑ 

Islet area - - - 

α-cell area  ↑↑↑ - ↓↓↓ 

β-cell area  ↓↓↓ - ↑↑ 

β-cell proliferation ↓↓↓ - ↑↑↑ 

α-cell proliferation - - - 

β-cell apoptosis ↑↑↑ - ↓↓↓ 

α-cell apoptosis ↑↑↑ - ↓ 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to appropriate control, while ↓P<0.05, 
↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For STZ, comparisons are made against the 

lean control, while for STZ + Sturgeon PYY and STZ + Sea Lamprey PYY 

comparisons are made against the STZ only group. All are indicative of maximal effect 

over the treatment period. 
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Table 8.3 B. A summary of the chronic in vivo investigation of sea lamprey PYY 

on alpha-cell transdifferentiation in STZ-induced, diabetic, GluCreROSA mice 

 

 STZ STZ + Sea Lamprey PYY 

Pancreatic insulin  ↓↓↓ ↑↑↑ 

Pancreatic glucagon  - - 

Central α-cells ↑ ↓ 

Islets/mm2 ↓↓↓ ↑ 

Islet area ↓↓↓ ↑↑↑ 

α-cell area  ↑ - 

β-cell area  ↓↓↓ - 

GFP/Insulin ↓↓↓ ↑↑ 

GFP/Glucagon - ↓↓↓ 

 

 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to appropriate control, while ↓P<0.05, 
↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For STZ, comparisons are made against the 

lean control, while for STZ + Sea Lamprey PYY comparisons are made against the 

STZ only group. All are indicative of maximal effect. 
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Table 8.4. A summary of the in vitro and acute in vivo investigation of PYY(1-36) and its metabolites 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, ↑↑↑P<0.001 represent increases compared to control culture, while 
↓P<0.05, ↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For acute in vivo data comparisons are against saline or captopril only control.  All are 

representative of the maximal effect achieved in each test-system. N/A – not applicable for PYY’s metabolites. ND – not determined for this 

particular dataset.  

  PYY(1-36) PYY(3-36) PYY(1-35) PYY(3-35) PYY(1-34) PYY(3-34) 

  % Plasma deg 49 36.4 N/A N/A N/A N/A 

GSIS 

5.6 mM ↓↓↓ ↓↓↓ - - - - 

16.7 mM ↓↓↓ ↓↓↓ - - - - 

16.7 mM + alanine 10 mM ↓↓↓ ↓↓↓ ↑↑↑ ↑↑ ↑↑↑ ↑↑↑ 

Proliferation 
BRIN-BD11 ↑↑ ↑↑↑ - - - - 

1.1B4 ↑↑↑ ↑↑↑ - - - - 

Apoptosis 
BRIN-BD11 ↓↓↓ ↓↓↓ - - - - 

1.1B4 ↓↓↓ ↓↓↓ - - - - 

Acute in vivo 

Cumulative food intake  - ↓↓ - - - - 

Cumulative food intake + captopril ND ↓ ND ND ND ND 

Blood glucose - GTT - - - - - - 

Plasma insulin - GTT - - - - - - 
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Table 8.5. A summary of the in vitro and acute in vivo investigation of sea lamprey 

PYY and its analogue (D-Arg35)sea lamprey PYY 

  PYY(1-36) 
Sea Lamprey 

PYY 
(D-Arg35)Sea 

Lamprey PYY 

  % Plasma deg 83.8 47.4 0 

GSIS 

5.6 mM ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM + Alanine 

10 mM 
↓↓↓ ↓↓↓ ↓↓↓ 

Proliferation 

BRIN-BD11 ↑ ↑↑↑ ↑↑↑ 

1.1B4 ↑↑ ↑↑↑ ↑↑↑ 

INS-1 WT ↑ ↑ ↑ 

INS-1 NPY1R KO - - - 

INS-1 NPY2R KO ↑↑↑ ↑↑ ↑↑ 

Apoptosis 

BRIN-BD11 ↓↓↓ ↓ ↓↓ 

1.1B4 ↓ ↓↓ ↓↓ 

Acute in 

vivo 

Cumulative food 

intake  
↓ ↑↑↑ - 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to control culture, while ↓P<0.05, ↓↓P<0.01, 
↓↓↓P<0.001 indicate decreases. For acute in vivo data, comparisons are against saline 

control only.  All are representative of the maximal effect achieved in each test-system.  
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Table 8.6. A summary of the chronic in vivo  investigation of sea lamprey PYY 

and its analogue (D-Arg35)sea lamprey PYY treatment in preventing STZ-

induced diabetes in mice  

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to appropriate control, while ↓P<0.05, 
↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For STZ, comparisons are made against the 

lean control, while for STZ + Sea Lamprey PYY and STZ + (D-Arg35)Sea Lamprey 

PYY comparisons are made against the STZ only group. All are indicative of maximal 

effect over the treatment period. 

 

 

 STZ 
STZ + Sea Lamprey 

PYY 

STZ + (D-Arg35)Sea Lamprey 

PYY 

% BW change ↑↑↑ ↓↓ ↓↓ 

Food intake ↑↑ ↓ ↓ 

Fluid intake ↑↑↑ ↑↑ ↑↑ 

Blood glucose 

AUC 
↑↑ ↓ ↓↓ 

Plasma insulin 
AUC 

↓↓↓ ↓↓ ↑↑↑ 

GTT BG AUC ↑↑ ↓ - 

GTT Ins AUC ↓↓↓ - ↑↑↑ 

Plasma glucagon ↑↑↑ ↓↓↓ ↓↓↓ 

Pancreatic insulin  ↓↓↓ ↑↑↑ ↑↑↑ 

Pancreatic 
glucagon  

↑↑↑ ↑ ↑↑ 

Islet area ↓↓↓ ↑↑↑ ↑↑↑ 

α-cell area  ↑↑↑ ↓↓↓ ↓↓ 

β-cell area  ↓↓↓ ↑↑↑ ↑↑ 

α/β ratio  ↑↑↑ ↓↓ ↓↓ 

Central α-cells ↑↑↑ ↓↓↓ ↓↓ 

Small islets ↑ - - 

Medium islets ↓↓↓ ↑↑ ↑↑↑ 

Large islets ↓↓↓ - - 

Islets/mm2 ↓↓ ↑↑↑ ↑↑ 

β-cell proliferation ↓↓↓ ↑↑↑ ↑↑↑ 

α-cell proliferation - - - 

β-cell apoptosis ↑↑↑ ↓↓↓ ↓↓↓ 

α-cell apoptosis ↑↑↑ ↓ ↓↓↓ 
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Table 8.7. A summary of the in vitro and acute in vivo  investigation of sea lamprey PYY and its analogues [Iso3]sea lamprey and [Iso3](D-

Arg35)sea lamprey PYY 

  PYY(1-36) Sea Lamprey PYY [Iso3]Sea Lamprey PYY [Iso3](D-Arg35)Sea Lamprey PYY 

  % Plasma deg 83.8 47.4 82.1 28.9 

GSIS 

5.6 mM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

16.7 mM + Alanine 10 mM ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ 

Proliferation 

BRIN-BD11 ↑ ↑↑↑ ↑↑↑ ↑↑ 

1.1B4 ↑↑ ↑↑↑ ↑↑↑ ↑↑ 

INS-1 WT ↑ ↑ ↑ ↑ 

INS-1 NPY1R KO - - ↑ - 

INS-1 NPY2R KO ↑↑↑ ↑↑ ↑ ↑ 

Apoptosis 

BRIN-BD11 ↓↓↓ ↓ ↓↓↓ ↓↓↓ 

1.1B4 ↓ ↓↓ ↓↓ ↓↓↓ 

Acute in vivo Cumulative food intake  ND ND ↓ ↓ 

 

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, ↑↑↑P<0.001 represent increases compared to control culture, while 
↓P<0.05, ↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For acute in vivo data, comparisons are against saline control only.  All are representative of the 

maximal effect achieved in each test-system. ND – not determined for this particular dataset.
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Table 8.8. A summary of the chronic in vivo  investigation of sea lamprey PYY 

and its analogue (D-Arg35)sea lamprey PYY treatment in preventing STZ-

induced diabetes in mice  

 

Cells containing a dash ( “-“ ) indicate no significant change. ↑P<0.05, ↑↑P<0.01, 
↑↑↑P<0.001 represent increases compared to appropriate control, while ↓P<0.05, 
↓↓P<0.01, ↓↓↓P<0.001 indicate decreases. For HFF, comparisons are made against the 

lean control, whilst for HFF + [Iso3]Sea Lamprey PYY and STZ + [Iso3](D-Arg35)Sea 

Lamprey PYY comparisons are made against the HFF only group. All are indicative 

of maximal effect over the treatment period.

 HFF 
HFF + [Iso3]Sea 

Lamprey PYY 

HFF + [Iso3](D-Arg35)Sea 

Lamprey PYY 

% BW change ↓↓↓ ↑↑ ↑ 

Energy intake ↑↑↑ - - 

Fluid intake - - - 

Triglycerides - ↓ ↓↓ 

HDL ↑↑↑ - - 

LDL ↑↑↑ - - 

LDL/HDL 

ratio 
↑↑↑ - - 

Blood glucose 

AUC 
↑ ↓ - 

Plasma 

insulin AUC 
↑↑↑ - - 

GTT BG 

AUC 
↑↑↑ ↓↓↓ - 

GTT Ins AUC ↑↑↑ - - 

Plasma 

glucagon 
↑ - - 

Pancreatic 
insulin  

↑↑↑ ↓ ↓ 

Pancreatic 

glucagon  
↑ ↓ - 

Islet area ↑↑↑ ↓↓ ↓ 

α-cell area  ↑↑↑ ↓↓↓ ↓↓↓ 

β-cell area  ↑↑↑ ↓ ↓ 

α/β ratio  - ↓   

Central α-

cells 
↑↑ ↓ ↓ 

Small islets ↓↓ - - 

Medium islets ↑↑↑ - - 

Large islets ↑↑↑ ↓ ↓ 

Islets/mm2 - - - 



241 
 

 

 

 

 

 

 

Chapter 9.  

References 

 

 

 

 

 

 

 

 

 



242 
 

Abid K, Rochat B, Lassahn PG, Stöcklin R, Michalet S, Brakch N, Aubert JF, Vatansever B, Tella P, 

De Meester I and Grouzmann E (2009) Kinetic study of neuropeptide Y (NPY) proteolysis in blood 

and identification of NPY3-35. A new peptide generated by plasma kallikrein. Journal of Biological 

Chemistry 284 24715–24724. 

Alana I, Hewage CM, Malthouse JPG, Parker JC, Gault VA and O'Harte FP (2004) NMR structure of 

the glucose-dependent insulinotropic polypeptide fragment, GIP (1–30) amide. Biochemical and 

Biophysical Research Communications 325 281-286.  

Ando H, Gotoh K, Fujiwara K, Anai M, Chiba S, Masaki T, Kakuma T and Shibata H (2017) Glucagon-

like peptide-1 reduces pancreatic beta-cell mass through hypothalamic neural pathways in high-fat diet-

induced obese rats. Scientific Reports 7 5571-5578. 

Anis AH, Zhang W, Bansback N, Guh DP, Amarsi Z and Birmingham CL (2010) Obesity and 

overweight in Canada: an updated cost-of-illness study. Obesity Reviews : An Official Journal of the 

International Association for the Study of Obesity 11(1) 31–40.  

Asfari M, Janjic D, Meda P, Li G, Halban PA and Wollheim CB (1992) Establishment of 2-

mercaptoethanol-dependent differentiated insulin-secreting cell lines. Endocrinology 130167–178. 

Ashcroft FM (2005) ATP-sensitive potassium channelopathies: Focus on insulin secretion. Journal of 

Clinical Investigation 115(8) 2047–2058.  

Backer JM, Myers MG,Jr, Shoelson SE, Chin DJ, Sun XJ, Miralpeix M, Hu P, Margolis B, Skolnik EY 

and Schlessinger J (1992) Phosphatidylinositol 3'-kinase is activated by association with IRS-1 during 

insulin stimulation. The European Molecular Biology Organization journal 11 3469-3479.  

Baggio LL and Drucker DJ (2007) Biology of incretins: GLP-1 and GIP. Gastroenterology 132(6) 

2131–1257.  

Balasubramaniam A, Cox HM, Voisin T, Laburthe M, Stein M and Fischer JE (1993) Structure-activity 

studies of peptide YY(22-36): N-alpha-Ac-[Phe27]PYY(22-36), a potent antisecretory peptide in rat 

jejunum. Peptides 14 1011–1016.  



243 
 

Baraboi ED, Michel C, Smith P, Thibaudeau K, Ferguson AV and Richard D (2010) Effects of albumin-

conjugated PYY on food intake: the respective roles of the circumventricular organs and vagus nerve. 

The European Journal of Neuroscience 32 826–39.  

Barden JA (1995) Structure of prejunctional receptor binding analog of human neuropeptide Y dimer 

ANA-NPY. Biochemical and Biophysical Research Communications 215 264–271. 

Barrera JG, Sandoval DA, D’Alessio DA and Seeley RJ (2011) GLP-1 and energy balance: An 

integrated model of short-term and long-term control. Nature Reviews: Endocrinology 7 507–516. 

Batterham RL, Cowley MA, Small CJ, Herzog H, Cohen MA, Dakin CL, Wren AM, Brynes AE, Low 

MJ, Ghatei MA, Cone RD and Bloom SR (2002) Gut hormone PYY3-36 physiologically inhibits food 

intake. Nature 418 650–654.  

Batterham RL, Cohen MA, Ellis SM, Le Roux CW, Withers DJ, Frost GS, Ghatei MA and Bloom SR 

(2003) Inhibition of Food Intake in Obese Subjects by Peptide YY 3-36. New England Journal of 

Medicine 349 941–948.  

Beck‐Sickinger AG, Weland HA, Wittneben H, Willim K ‐D, Rudolf K and Jung G (1994) Complete 

L‐Alanine scan of neuropeptide Y reveals ligands binding to Y1 and Y2 receptors with distinguished 

conformations. European Journal of Biochemistry 225 947–958. 

Befort CA, Nazir N and Perri MG (2012) Prevalence of obesity among adults from rural and urban 

areas of the United States: Findings from NHANES (2005-2008). Journal of Rural Health 28 392–397.  

Bloom SR (2006) Novel compounds and their effects on feeding behaviour. Patent Application Number 

WO2008003947A1. 

Bosco D, Armanet M, Morel P, Niclauss N, Sgroi A, Muller YD, Giovannoni L, Parnaud G and Berney 

T (2010) Unique arrangement of alpha- and beta-cells in human islets of Langerhans. Diabetes 59 1202-

1210.   

Bottcher G, Ahren B, Lundquist L and Sundler F (1989) Peptide YY: Intrapancreatic localization and 

effects on insulin and glucagon secretion in the mouse. Pancreas 4 282–288. 

Breen CM, Mannon PJ and Benjamin BA (1998) Peptide YY inhibits vasopressin-stimulated chloride 

secretion in inner medullary collecting duct cells. American Journal of Physiology 275 F452-F457.  



244 
 

Brown RJ and Rother KI (2008) Effects of beta-cell rest on beta-cell function: A review of clinical and 

preclinical data. Pediatric Diabetes 9 14–22.  

Buchan AM, Polak JM, Capella C, Solcia E and Pearse AG (1978) Electronimmunocytochemical 

evidence for the K cell localization of gastric inhibitory polypeptide (GIP) in man. Histochemistry 56 

37-44. 

Burcelin R, Brunner HR, Seydoux J, Thorensa B and Pedrazzini T (2001) Increased insulin 

concentrations and glucose storage in neuropeptide Y Y1 receptor-deficient mice. Peptides 22 421–

427. 

Butland B, Jebb S, Kopelman P and McPherson K (2007) Tackling obesities: Future choices-project 

report, 2nd edition, government office for science foresight tackling obesities: Future Choices-Project 

Report.  Available at: www.foresight.gov.uk (accessed 30/10/19).  

Chen CH and Rogers RC (1995) Central inhibitory action of peptide YY on gastric motility in rats. 

American Journal of Physiology 269 R787-R792.  

Cerf ME (2013) Beta-cell dysfunction and insulin resistance. Frontiers in Endocrinology 4 37-45.  

Chakravarthy H, Gu X, Enge M, Dai X, Wang Y, Damond N, Downie C, Liu K, Wang J, Xing Y, Chera 

S, Thorel F, Quake S, Oberholzer J, MacDonald PE, Herrera PL, Kim SK (2017) Converting adult 

pancreatic islet alpha cells into beta-cells by targeting both Dnmt1 and Arx. Cell Metabolism 25 622-

634.  

Chepurny O, Bonaccorso R, Leech C, Wöllert T, Langford G, Schwede F, Roth C, Doyle R and Holz 

G (2018) Chimeric peptide EP45 as a dual agonist at GLP-1 and NPY2R receptors. Scientific Reports 

8 3749.  

Cigliola V, Thorel F, Chera S and Herrera PL (2016) Stress-induced adaptive islet cell identity changes. 

Diabetes, Obesity and Metabolism 18 87–96.  

Clamp LD, Hume D.J, Lambert EV and Kroff J (2017) Enhanced insulin sensitivity in successful, long-

term weight loss maintainers compared with matched controls with no weight loss history Nutrition & 

Diabetes 7 e282. 



245 
 

Cohen RV, Pinheiro JC, Schiavon CA, Salles JE, Wajchenberg BL and Cummings DE (2012) Effects 

of gastric bypass surgery in patients with type 2 diabetes and only mild obesity. Diabetes Care 35 1420-

1428. 

Colman E, Katzel L Rogus E, Coon P, Muller D and Goldberg A (1995) Weight loss reduces abdominal 

fat and improves insulin action in middle-aged and older men with impaired glucose tolerance. 

Metabolism 44 1502-1508. 

Conlon, JM (1995) Peptide Tyrosine-Tyrosine (PYY): An Evolutionary Perspective. American 

Zoologist 35 466-473.  

Conlon JM (2002) The origin and evolution of peptide YY (PYY) and pancreatic polypeptide (PP). 

Peptides 23 269–278. 

Conlon JM, Chartrel N and Vaudry H (1992) Primary structure of frog PYY: Implications for the 

molecular evolution of the pancreatic polypeptide family. Peptides 13 145–149. 

Cordomí A, Fourmy D and Tikhonova IG (2016) Gut hormone GPCRs: structure, function, drug 

discovery. Current Opinion in Pharmacology 13 63–67.  

Cox HM (2007) Neuropeptide Y receptors; antisecretory control of intestinal epithelial function. 

Autonomic Neuroscience: Basic and Clinical 133 76–85.  

Degen L, Oesch S, Casanova M, Graf S, Ketterer S, Drewe J and Beglinger C (2005) Effect of peptide 

YY3-36 on food intake in humans. Gastroenterology 129 1430–1436. 

De la Vega-Monroy ML and Fernandez-Mejia (2011) Beta-cell function and failure in type 1 diabetes. 

Type 1 Diabetes - Pathogenesis, Genetics and Immunotherapy. Available at: 

(https://www.intechopen.com/books/type-1-diabetes-pathogenesis-genetics-and-immunotherapy/beta-

cell-function-and-failure-in-type-1-diabetes) (Accessed 30/10/19).  

De Meyts P (2004) Insulin and its receptor: Structure, function and evolution. BioEssays 26 1351–1362.  

Desouza CV and Shivaswamy V (2010) Pioglitazone in the treatment of type 2 diabetes: safety and 

efficacy review. Clinical Medicine Insights. Endocrinology and Diabetes 3 43–51.  

Diabetes UK (2018) Us, diabetes and a lot of facts and stats. Diabetes UK, 1–95. Available at: 

(https://www.diabetes.org.uk/resources) (Accessed 12/10/19)  



246 
 

Dicker D (2011) DPP-4 Inhibitors: Impact on glycemic control and cardiovascular risk factors. Diabetes 

Care 34 S276-S278.  

Ding WG and Gromada J (1997) Protein kinase A-dependent stimulation of exocytosis in mouse 

pancreatic beta-cells by glucose-dependent insulinotropic polypeptide. Diabetes 46 615-621.  

Dimitriadis GK, Randeva MS and Miras AD (2017) Potential hormone mechanisms of bariatric surgery. 

Current Obesity Reports 6 253–265. 

Donath MY, Ehses JA, Maedler K, Schumann DM, Ellingsgaard H, Eppler E and Reinecke M (2005) 

Mechanisms of beta-cell death in type 2 diabetes. Diabetes 54 S108-S113.  

Donnelly D (2012) The structure and function of the glucagon-like peptide-1 receptor and its ligands. 

British Journal of Pharmacology. 166 27–41.  

Donnelly JE, Blair SN, Jakicic JM, Manore MM, Rankin JW and Smith BK (2009) Appropriate 

physical activity intervention strategies for weight loss and prevention of weight regain for adults. 

Medicine and Science in Sports and Exercise 41 459–471. 

Dos Santos Medeiros M and Turner AJ (1994) Processing and metabolism of peptide-YY: Pivotal roles 

of dipeptidylpeptidase-iv, aminopeptidase-p, and endopeptidase-24.11. Endocrinology 134 2088–2094. 

Dimitriadis G, Mitrou P, Lambadiari V, Maratou E and Raptis SA (2011) Insulin effects in muscle and 

adipose tissue. Diabetes Research and Clinical Practice 93 S52-S59.  

Druce MR, Minnion JS, Field BCT, Patel SR, Shillito JC, Tilby M, Beale KEL, Murphy KG, Ghatei 

MA and Bloom SR (2009) Investigation of structure-activity relationships of oxyntomodulin (Oxm) 

using oxm analogs. Endocrinology 150 1712–1721. 

Drucker DJ (2015) Deciphering metabolic messages from the gut drives therapeutic innovation: the 

2014 Banting lecture. Diabetes 64 317–326. 

Drucker DJ, Buse JB, Taylor K, Kendall DM, Trautmann M, Zhuang D and Porter L (2008) Exenatide 

once weekly versus twice daily for the treatment of type 2 diabetes: a randomised, open-label, non-

inferiority study. The Lancet 372 1240–1250.  



247 
 

Dubreuil P, Fulcrand P, Rodriguez M, Fulcrand H, Laur J and Martinez J (1989) Novel activity of 

angiotensin-converting enzyme. Hydrolysis of cholecystokinin and gastrin analogues with release of 

the amidated C-terminal dipeptide. Biochemical Journal 262 125–130.  

Dumont Y, Fournier A, St-Pierre S and Quirion R (1995) Characterization of neuropeptide Y binding 

sites in rat brain membrane preparations using [125I][Leu31,Pro34]peptide YY and [125I]peptide YY3-36 

as selective Y1 and Y2 radioligands. The Journal of Pharmacology and Experimental Therapeutics 272 

673–680.  

Dyck M and Lösche M (2006) Interaction of the neurotransmitter, neuropeptide Y, with phospholipid 

membranes: Film balance and fluorescence microscopy studies. Journal of Physical Chemistry B. 

American Chemical Society 110 22143–22151.  

Dwyer M (2015) Time to be cautious about prescribing sulfonylureas? The British Journal of General 

Practice: The Journal of the Royal College of General Practitioners 65 93–94.  

Ehses JA, Pellech SL, Pederson RA and McIntosh CH (2002) Glucose-dependent insulinotropic 

polypeptide (GIP) activates the Raf-Mek 1/2-ERK 1/2 module via a cyclic AMP/PKA/Rap1-mediated 

pathway. Journal of Biological Chemistry 277 37088-37097. 

Eizirik DL and Mandrup-Poulsen T (2001) A choice of death - The signal-transduction of immune-

mediated beta-cell apoptosis. Diabetologia 44 2115–2133.  

Elder KA and Wolfe BM (2007) Bariatric surgery: A review of procedures and outcomes. 

Gastroenterology 132 2253–2271. 

Falkén Y, Hellström PM, Holst JJ and Näslund E (2011) Changes in glucose homeostasis after Roux-

en-Y gastric bypass surgery for obesity at day three, two months, and one year after surgery: Role of 

gut peptides. Journal of Clinical Endocrinology and Metabolism 96 2227–2235. 

Farooqi IS and O’Rahilly S (2006) Genetics of obesity in humans. Endocrine Reviews 7 710–718. 

Feng Z and Xu B (2016) Inspiration from the mirror: D-amino acid containing peptides in biomedical 

approaches. Biomolecular Concepts 7 179–187. 

Fehmann H, Goke R and Goke B (1995) Cell and molecular biology of the incretin hormones glucagon-

like peptide-I and glucose-dependent insulin releasing polypeptide. Endocrine Reviews 16 390-410.  



248 
 

Fehse F, Trautmann M, Holst JJ, Halseth AE, Nanayakkara N, Nielsen LL, Fineman MS, Kim DD and 

Nauck MA (2005) Exenatide augments first- and second-phase insulin secretion in response to 

intravenous glucose in subjects with type 2 diabetes. Journal of Clinical Endocrinology and Metabolism 

90 5991–5997. 

Field BCT, Wren AM, Cooke D and Bloom SR (2008) Gut hormones as potential new targets for 

appetite regulation and the treatment of obesity. Drugs 68 147–163.  

Flatt PR and Bailey CJ (1981) Abnormal plasma glucose and insulin responses in heterozygous lean 

(ob/+) mice. Diabetologia 20 573–577.  

Frohman L (1969) The endocrine function of the pancreas. Annual Review of Physiology 31 353-382. 

Fu Z, R Gilbert E and Liu D (2013) Regulation of insulin synthesis and secretion and pancreatic beta-

cell dysfunction in diabetes. Current Diabetes Reviews 9 25-53.  

Fuhlendorff J, Gether U, Aakerlund L, Langeland-Johansen N, Thogersen H, Melberg SG, Olsen UB, 

Thastrup O and Schwartz TW (1990) [Leu31,Pro34]Neuropeptide Y: A specific Y1 receptor agonist. 

Proceedings of the National Academy of Sciences of the United States of America 87 182–186. 

Fujita Y, Wideman RD, Asadi A, Yang GK, Baker R, Webber T, Zhang T, Wang R, Ao Z and Warnock 

GL (2010a) Glucose-dependent insulinotropic polypeptide is expressed in pancreatic islet alpha-cells 

and promotes insulin secretion. Gastroenterology 138 1966-1975.  

Fujita Y, Asadi A, Yang GK, Kwok YN and Kieffer TJ (2010b) Differential processing of pro-glucose-

dependent insulinotropic polypeptide in gut. American Journal of Physiology: Gastrointestinal and 

Liver Physiology 298 G608-G614. 

Gadzar AF, Chick WL, Oie HK, Sims HL, King DL, Weir GC and Lauris V (1980) Continuous, clonal, 

insulin- and somatostatin secreting cell lines established from a transplantable rat islet-cell tumor. 

Proceedings of the National Academy of Sciences of the USA 77 3519-3523.  

Gallwitz B (2007) Review of sitagliptin phosphate: a novel treatment for type 2 diabetes. Vascular 

Health and Risk Management 3 203–210.  



249 
 

Gamberucci A, Fulceri R, Pralong W, Bánhegyi G, Marcolongo P, Watkins SL and Benedetti A (1999) 

Caffeine releases a glucose-primed endoplasmic reticulum Ca2+ pool in the insulin secreting cell line 

INS-1 832/13. Federation of European Biochemical Society Letters 446 309–312.  

Ganong WF (2000) Circumventricular organs: Definition and role in the regulation of endocrine and 

autonomic function. Clinical and Experimental Pharmacology and Physiology 27 422–427. 

Gault VA, O’Harte FPM, Harriott P and Flatt PR (2002) Characterization of the cellular and metabolic 

effects of a novel enzyme-resistant antagonist of glucose-dependent insulinotropic polypeptide. 

Biochemical and Biophysical Research Communications 290 1420–1426.  

Gault VA, Irwin N, Harriott P, Flatt PR and O'Harte FPM (2003) DPP IV resistance and insulin 

releasing activity of a novel di-substituted analogue of glucose-dependent insulinotropic polypeptide, 

(ser(2)-asp(13))GIP. Cell Biology International 27 41-46.  

Gault VA, Hunter K, Irwin N, Greer B, Green BD, Harriott P, O’Harte FPM and Flatt PR (2007) 

Characterisation and glucoregulatory actions of a novel acylated form of the (Pro3)GIP receptor 

antagonist in type 2 diabetes. Biological Chemistry 388 173–179.  

Gault VA, Kerr BD, Irwin N and Flatt PR (2008) C-terminal mini-PEGylation of glucose-dependent 

insulinotropic polypeptide exhibits metabolic stability and improved glucose homeostasis in dietary-

induced diabetes. Biochemical Pharmacology 75 2325–2333. 

Gault VA, Kerr BD, Harriott P and Flatt PR (2011) Administration of an acylated GLP-1 and GIP 

preparation provides added beneficial glucose-lowering and insulinotropic actions over single incretins 

in mice with Type 2 diabetes and obesity. Clinical Science 121 107–117.  

Gault VA, Bhat VK, Irwin N and Flatt PR (2013) A novel glucagon-like peptide-1 (GLP-1)/Glucagon 

hybrid peptide with triple-acting agonist activity at glucose-dependent insulinotropic polypeptide, GLP-

1, and glucagon receptors and therapeutic potential in high fat-fed mice. Journal of Biological 

Chemistry 49 35581–35591.  

Gault VA, Martin CMA, Flatt PR, Parthsarathy V and Irwin N (2015) Xenin-25[Lys13PAL]: a novel 

long-acting acylated analogue of xenin-25 with promising antidiabetic potential. Acta Diabetologica 52 

461–471. 



250 
 

Gehlert DR, Schober DA, Gackenheimer SL, Beavers L, Gadski R, Lundell I and Larhammar D (1997) 

[125I]Leu31, Pro34-PYY is a high affinity radioligand for rat PP1/Y4 and Y1 receptors: evidence for 

heterogeneity in pancreatic polypeptide receptors. Peptides 18 397–401.  

Germain N, Minnion JS, Tan T, Shillito J, Gibbard C, Ghatei M and Bloom S (2013) Analogs of 

pancreatic polypeptide and peptide YY with a locked PP-fold structure are biologically active. Peptides 

39 6–10. 

Gilon P, Shepherd RM and Henquin JC (1993) Oscillations of secretion driven by oscillations of 

cytoplasmic Ca2+ as evidenced in single pancreatic islets. Journal of Biological Chemistry 268 22265–

22268. 

Göke B (2005) Diabetes mellitus and exocrine pancreatic function. Digestion 72 69-70.  

Goldenberg MM (2012) Pharmaceutical approval update. Pharmacy and Therapeutics: A Peer-

Reviewed Journal for Formulary Management 37 137–139. 

Goodge KA and Hutton JC (2000) Translational regulation of proinsulin biosynthesis and proinsulin 

conversion in the pancreatic beta-cell. Seminars in Cell and Developmental Biology 11 235–242.  

Graham GV, Conlon JM, Abdel-Wahab YH, Gault VA and Flatt PR (2018) Evaluation of the 

insulinotropic and glucose-lowering actions of zebrafish GIP in mammalian systems: Evidence for 

involvement of the GLP-1 receptor. Peptides 100 182–189.  

Graham GV, Conlon JM, Abdel-Wahab YH and Flatt PR (2019) Glucagon-like peptides-1 from 

phylogenetically ancient fish show potent anti-diabetic activities by acting as dual GLP1R and GCGR 

agonists. Molecular and Cellular Endocrinology 480 54–64. 

Grandt D, Dahms P, Schimiczek M, Eysselein VE, Reeve JR and Mentlein R (1993) Proteolytic 

processing by dipeptidyl aminopeptidase IV generates receptor selectivity for peptide YY (PYY). 

Medizinische Klinik (Munich, Germany: 1983) 88 143–145. 

Grandt D, Schimiczek M, Beglinger C, Layer P, Goebell H, Eysselein VE and Reeve JR (1994) Two 

molecular forms of Peptide YY (PYY) are abundant in human blood: characterization of a 

radioimmunoassay recognizing PYY 1-36 and PYY 3-36. Regulatory Peptides 51 151–159.  



251 
 

Green BD, Gault VA, Mooney MH, Irwin N, Bailey CJ, Harriott P, Greer B, Flatt PR and O’Harte FPM 

(2003) Novel dipeptidyl peptidase IV resistant analogues of glucagon-like peptide-1(7-36)amide have 

preserved biological activities in vitro conferring improved glucose-lowering action in vivo. Journal of 

Molecular Endocrinology 31 529–540. 

Green BD, Gault VA, Mooney MH, Irwin N, Harriott P, Greer B, Bailey CJ, O’Harte FPM and Flatt 

PR (2004) Degradation, receptor binding, insulin secreting and antihyperglycaemic actions of 

palmitate-derivatised native and Ala8-substituted GLP-1 analogues. Biological Chemistry 385 169–

177.  

Green AD, Vasu S and Flatt PR (2018) Cellular models for beta-cell function and diabetes gene therapy. 

Acta Physiologica 222 e13012.  

Grenier E, Garofalo C, Delvin E and Levy E (2012) Modulatory role of PYY in transport and 

metabolism of cholesterol in intestinal epithelial cells. Public Library of Science ONE 7 e40992. 

Guh DP, Zhang W, Bansback N, Amarsi Z, Birmingham CL and Anis AH (2009) The incidence of co-

morbidities related to obesity and overweight: a systematic review and meta-analysis. BioMed Central: 

Public Health 9 88.  

Guida C, McCulloch LJ, Godazgar M, Stephen SD, Baker C, Basco D, Dong J, Chen D, Clark A and 

Ramracheya RD (2018) Sitagliptin and Roux-en-Y gastric bypass modulate insulin secretion via 

regulation of intra-islet PYY. Diabetes, Obesity and Metabolism 20 571–581. 

Guidone C, Manco M, Valera-Mora E, Iaconelli A, Gniuli D, Mari A, Nanni G, Castagneto M, Calvani 

M and Mingrone G (2006) Mechanisms of recovery from type 2 diabetes after malabsorptive bariatric 

surgery. Diabetes 55 2025-2031. 

Hansen CF, Bueter M, Theis N, Lutz T, Paulsen S, Dalbøge LS, Vrang N and Jelsing J (2013) 

Hypertrophy dependent doubling of L-cells in roux-en-Y gastric bypass operated rats. Public Library 

of Science ONE 8 e65696.  

Hara M, Fowler JL, Bell GI and Philipson LH (2016) Resting beta-cells - A functional reserve? Diabetes 

and Metabolism 42 157–161. 



252 
 

Hasib A, Ng MT, Khan D, Gault VA, Flatt PR and Irwin N (2018) A novel GLP-1/xenin hybrid peptide 

improves glucose homeostasis, circulating lipids and restores GIP sensitivity in high fat fed mice. 

Peptides 100 202–211. 

Hegefeld WA, Kuczera K and Jas GS (2011) Structural dynamics of neuropeptide hPYY. Biopolymers 

95 487–502.  

Herold KC, Usmani-Brown S, Ghazi T, Lebastchi J, Beam CA, Bellin MD, Ledizet M, Sosenko JM, 

Krischer JP and Palmer JP (2015) beta-cell death and dysfunction during type 1 diabetes development 

in at-risk individuals. Journal of Clinical Investigation. American Society for Clinical Investigation 125 

1163–1173. 

Hinke SA, Manhart S, Pamir N, Demuth H, Gelling RW, Pederson RA and McIntosh CH (2001) 

Identification of a bioactive domain in the amino-terminus of glucose-dependent insulinotropic 

polypeptide (GIP). Biochimica et Biophysica Acta - Protein Structure and Molecular Enzymology 1547 

143-155.  

Holst JJ (1997) Enteroglucagon. Annual Review of Physiology 59 257–271. 

Holst JJ (2004a) On the physiology of GIP and GLP-1. Hormone and Metabolic Research 36 747–754. 

Holst JJ (2004b) Treatment of Type 2 diabetes mellitus with agonists of the GLP-1 receptor or DPP-IV 

inhibitors. Expert Opinion on Emerging Drugs 9 155–166. 

Holst JJ (2007) The physiology of glucagon-like peptide 1. Physiological Reviews 87 1409-1439. 

Holst JJ (2013) Enteroendocrine secretion of gut hormones in diabetes, obesity and after bariatric 

surgery. Current Opinion in Pharmacology 13 983-988.  

Holst JJ (2019). Long-acting glucagon-like peptide-1 receptor agonist-status. Annals of Translational 

Medicine 7 83.  

Holst JJ, Vilsbøll T and Deacon CF (2009) The incretin system and its role in type 2 diabetes mellitus. 

Molecular and Cellular Endocrinology 297 127–136. 

Holsten JE (2009) Obesity and the community food environment: A systematic review. Public Health: 

Nutrition 12 397–405.  



253 
 

Holt RIG, Cockram CS, Flyvbjerg A and Goldstein BJ (2010) Textbook of Diabetes 4. 

Hou JC, Min L and Pessin JE (2009) Insulin granule biogenesis, trafficking and exocytosis. Vitamins 

and Hormones 80 473–506. 

Holz GG (2004) Epac: A new cAMP-binding protein in support of glucagon-like peptide-1 

receptormediated signal transduction in the pancreatic beta-cell. Diabetes 53 5-13.  

Hsia DS, Grove O and Cefalu WT (2017) An update on sodium-glucose co-transporter-2 inhibitors for 

the treatment of diabetes mellitus. Current Opinion in Endocrinology, Diabetes and Obesity 24 73-79.  

International Diabetes Federation (2017) IDF Diabetes Atlas Brussels, Belgium: International Diabetes 

Federation 8.  

Inui A (1999) Neuropeptide Y feeding receptors: Are multiple subtypes involved? Trends in 

Pharmacological Sciences 20 43–46.  

Irwin N, Green BD, Gault VA, Greer B, Harriott P, Bailey CJ, Flatt PR and O’Harte FPM (2005a) 

Degradation, insulin secretion, and antihyperglycemic actions of two palmitate-derivitized N-terminal 

pyroglutamyl analogues of glucose-dependent insulinotropic polypeptide. Journal of Medicinal 

Chemistry 48 1244–1250. 

Irwin N, Green BD, Mooney MH, Greer B, Harriott P, Bailey CJ, Gault VA, O’Harte FPM and Flatt 

PR (2005b) A novel, long-acting agonist of glucose-dependent insulinotropic polypeptide suitable for 

once-daily administration in type 2 diabetes. Journal of Pharmacology and Experimental Therapeutics 

314 1187–1194. 

Irwin N, Clarke GC, Green BD, Greer B, Harriott P, Gault VA, O’Harte FPM and Flatt PR (2006a) 

Evaluation of the antidiabetic activity of DPP IV resistant N-terminally modified versus mid-chain 

acylated analogues of glucose-dependent insulinotropic polypeptide. Biochemical Pharmacology 72 

719–728.  

Irwin N, O’Harte FPM, Gault VA, Green BD, Greer B, Harriott P, Bailey CJ and Flatt PR (2006b) 

GIP(Lys 16 PAL) and GIP(Lys 37 PAL): Novel long-acting acylated analogues of glucose-dependent 

insulinotropic polypeptide with improved antidiabetic potential. Journal of Medicinal Chemistry 49 

1047–1054.  



254 
 

Irwin N, Gault V and Flatt PR (2010) Therapeutic potential of the original incretin hormone glucose-

dependent insulinotropic polypeptide: Diabetes, obesity, osteoporosis and Alzheimer’s disease? Expert 

Opinion on Investigational Drugs 19 1039–1048.  

Irwin N, Frizelle P, Montgomery IA, Moffett RC, O’Harte FPM and Flatt PR (2012) Beneficial effects 

of the novel cholecystokinin agonist (pGlu-Gln)-CCK-8 in mouse models of obesity/diabetes. 

Diabetologia 55 2747–2758.  

Irwin N, Frizelle P, O’Harte FPM and Flatt PR (2013) (pGlu-Gln)-CCK-8[mPEG]: a novel, long-acting, 

mini-PEGylated cholecystokinin (CCK) agonist that improves metabolic status in dietary-induced 

diabetes. Biochimica et Biophysica Acta 1830 4009–4016.  

Irwin N, Pathak V and Flatt PR (2015) A novel CCK-8/GLP-1 hybrid peptide exhibiting prominent 

insulinotropic, glucose-lowering, and satiety actions with significant therapeutic potential in high-fat-

fed mice. Diabetes 64 2996–3009.  

Irwin N and Flatt PR (2009) Evidence for beneficial effects of compromised gastric inhibitory 

polypeptide action in obesity-related diabetes and possible therapeutic implications. Diabetologia 52 

1724–1731. 

Irwin N and Flatt PR (2013) Enteroendocrine hormone mimetics for the treatment of obesity and 

diabetes. Current Opinion in Pharmacology 13 989–995. 

Jayasooriya AP, Mathai ML, Walker LL, Begg DP, Denton DA, Cameron-Smith D, Egan GF, 

McKinley MJ, Rodger PD, Sinclair AJ, Wark JD, Weisinger HS, Jois M and Weisinger RS (2008) Mice 

lacking angiotensin-converting enzyme have increased energy expenditure, with reduced fat mass and 

improved glucose clearance. Proceedings of the National Academy of Sciences of the United States of 

America 105 6531–6536.  

Jørgensen JC, Fuhlendorff J and Schwartz TW (1990) Structure-function studies on neuropeptide Y 

and pancreatic polypeptide - evidence for two PP-fold receptors in vas deferens. European Journal of 

Pharmacology 186 105–114. 

Joint Formulary Committee (2019) British National Formulary British Medical Journal Group and 

Pharmaceutical Press 78 427-435.  



255 
 

Kalra S (2014) Sodium Glucose Co-Transporter-2 (SGLT2) Inhibitors: A Review of Their Basic and 

Clinical Pharmacology. Diabetes Therapy: Research, Treatment and Education of Diabetes and 

Related Disorders 5 355–366.  

Kaneto H, Kajimoto Y, Miyagawa J, Matsuoka T, Fujitani Y, Umayahara Y, Hanafusa T, Matsuzawa 

Y, Yamasaki Y and Hori M (1999) Beneficial effects of antioxidants in diabetes. Diabetes 48 2398-

2406.  

Karra E and Batterham RL (2010) The role of gut hormones in the regulation of body weight and energy 

homeostasis. Molecular and Cellular Endocrinology 316 120–128. 

Karra E, Chandarana K and Batterham RL (2009) The role of peptide YY in appetite regulation and 

obesity. Journal of Physiology 587 19–25.  

Kashyap SR, Bhatt DL, Wolski K, Watanabe RM, Abdul-Ghani M, Abood B, Pothier CE, Brethauer S, 

Nissen S, Gupta M and Kirwan JP (2013) Metabolic effects of bariatric surgery in patients with 

moderate obesity and type 2 diabetes: Analysis of a randomized control trial comparing surgery with 

intensive medical treatment. Diabetes Care 36 2175-2182.  

Keire DA, Bowers CW, Solomon TE and Reeve JR (2002) Structure and receptor binding of PYY 

analogs. Peptides 23 305–321.  

Keire DA, Mannon P, Kobayashi M, Walsh JH, Solomon TE and Reeve JR (2000) Primary structures 

of PYY, [Pro34]PYY, and PYY-(3-36) confer different conformations and receptor selectivity. 

American Journal of Physiology - Gastrointestinal and Liver Physiology 279 42-51.  

Kerr BD, Irwin N, O’Harte FPM, Bailey CJ, Flatt PR and Gault VA (2009) Fatty acid derivatised 

analogues of glucose-dependent insulinotropic polypeptide with improved antihyperglycaemic and 

insulinotropic properties. Biochemical Pharmacology 78 1008–1016. 

Khaodhiar L, McCowen KC and Blackburn GL (1999) Obesity and its comorbid conditions. Clinical 

Cornerstone 2 17–31.  

Khan IU, Reppich R and Beck-Sickinger AG (2007) Identification of neuropeptide Y cleavage products 

in human blood to improve metabolic stability. Biopolymers - Peptide Science Section 88 182–189. 



256 
 

Khan D, Vasu S, Moffett RC, Irwin N and Flatt PR (2016) Islet distribution of Peptide YY and its 

regulatory role in primary mouse islets and immortalised rodent and human beta-cell function and 

survival. Molecular and Cellular Endocrinology 436 102–113.  

Khan D, Vasu S, Moffett RC, Irwin N and Flatt PR (2017) Influence of neuropeptide Y and pancreatic 

polypeptide on islet function and beta-cell survival. Biochimica et Biophysica Acta - General Subjects 

1861 749–758.  

Kharroubi AT and Darwish HM (2015) Diabetes mellitus: The epidemic of the century. World Journal 

of Diabetes 6 850–867.  

Kielgast U, Krarup T, Holst JJ and Madsbad S (2011) Four weeks of treatment with liraglutide reduces 

insulin dose without loss of glycemic control in type 1 diabetic patients with and without residual beta-

cell function. Diabetes Care 34 1463–1468.  

Kim A, Miller K, Jo J, Kilimnik G, Wojcik P and Hara M (2009) Islet architecture: A comparative 

study. Islets 1 129–136. 

Kipke MD, Iverson E, Moore D, Booker C, Ruelas V, Peters AL and Kaufman F (2007) Food and park 

environments: Neighbourhood-level risks for childhood obesity in East Los Angeles. Journal of 

Adolescent Health 40 325–333.  

Koegler FH, Enriori PJ, Billes SK, Takahashi DL, Martin MS, Clark RL, Evans AE, Grove KL, 

Cameron JL and Cowley MA (2005) Peptide YY(3-36) inhibits morning, but not evening, food intake 

and decreases body weight in rhesus macaques. Diabetes 54 3198–3204. 

Krentz AJ and Bailey CJ (2005) Oral antidiabetic agents: Current role in type 2 diabetes mellitus. Drugs 

65 385-411. 

Kumar and Clark (2012) Kumar and Clark’s Clinical Medicine, 8th Edition | Parveen Kumar, Michael 

Clark | ISBN 9780702044991. Saunders Ltd.  

Lafferty RA, Flatt PR and Irwin N (2018a) Emerging therapeutic potential for peptide YY for obesity-

diabetes. Peptides 100 269–274.  

Lafferty RA, Flatt PR and Irwin N (2018b) C-terminal degradation of PYY peptides in plasma abolishes 

effects on satiety and beta-cell function. Biochemical Pharmacology 158 95–102.  



257 
 

Lafferty RA, Gault VA, Flatt PR and Irwin N (2019a) Effects of 2 Novel PYY(1-36) Analogues, 

(P3L31P34)PYY(1-36) and PYY(1-36)(Lys12PAL), on Pancreatic Beta-Cell Function, Growth, and 

Survival. Clinical Medicine Insights: Endocrinology and Diabetes 12 1–8.  

Lafferty RA, Tanday N, McCloskey A, Bompada P, De Marinis Y, Flatt PR and Irwin N (2019) PYY(1‐

36) peptides from phylogenetically ancient fish targeting mammalian NPY1 receptors demonstrate 

potent effects on pancreatic beta‐cell function, growth and survival. Diabetes, Obesity and Metabolism. 

In press. 

Lee YS, Lee C, Choung JS, Jung HS and Jun HS (2018) Glucagon-like peptide 1 increases beta-cell 

regeneration by promoting α- to beta-cell transdifferentiation. Diabetes. 67 2601–2614. 

Leiter EH (1982) Multiple low-dose streptozotocin-induced hyperglycemia and insulitis in C57BL 

mice: influence of inbred background, sex, and thymus. Proceedings of the National Academy of 

Sciences of the United States of America 79 630–634.  

Li Z, Karlsson FA and Sandler S (2000) Islet loss and alpha cell expansion in type 1 diabetes induced 

by multiple low-dose streptozotocin administration in mice. Journal of Endocrinology 165 93–99. 

Li Y, Cao X, Li LX, Brubaker PL, Edlund H and Drucker DJ (2005) Beta-cell Pdx1 expression is 

essential for the glucoregulatory, proliferative, and cytoprotective actions of glucagon-like peptide-1. 

Diabetes 54 482–491.  

Li Y, Wang Y, Wei Q, Zheng X, Tang L, Kong D and Gong M (2015) Variant fatty acid-like molecules 

Conjugation, novel approaches for extending the stability of therapeutic peptides. Scientific Reports 5 

18039. 

Loh K, Shi YC, Bensellam M, Lee K, Laybutt DR and Herzog H (2018) Y1 receptor deficiency in beta-

cells leads to increased adiposity and impaired glucose metabolism. Scientific Reports 8 11835. 

Lowell BB and Shulman GI (2005) Mitochondrial dysfunction and type 2 diabetes. Science 307 384-

387.  

Lynch AM, Pathak N, Flatt YE, Gault VA, O’Harte FPM, Irwin N and Flatt PR (2014) Comparison of 

stability, cellular, glucose-lowering and appetite supressing effects of oxyntomodulin analogues 

modified at the N-terminus. European Journal of Pharmacology 743 69–78.  



258 
 

Lynch AM, Pathak N, Pathak V, O’Harte FPM, Flatt PR, Irwin N and Gault VA (2014b) A novel DPP 

IV-resistant C-terminally extended glucagon analogue exhibits weight-lowering and diabetes-

protective effects in high-fat-fed mice mediated through glucagon and GLP-1 receptor activation. 

Diabetologia 57(9) 1927–1936. 

Macias R (2016) The Endocrine Pancreas – Anatomy and Physiology. OpenStaxCollege 134–139.  

Mannon PJ (2002) Peptide YY as a growth factor for intestinal epithelium. Peptides 23(2) 383–388.  

Marín-Peñalver JJ Martín-Timón I Sevillano-Collantes C and Del Cañizo-Gómez FJ (2016) Update on 

the treatment of type 2 diabetes mellitus. World Journal of Diabetes 7 354–395.  

Martin I, Dohmen C, Mas-Moruno C, Troiber C, Kos P, Schaffert D, Lächelt U, Teixidó M, Günther 

M, Kessler H, Giralt E and Wagner E (2012) Solid-phase-assisted synthesis of targeting peptide-PEG-

oligo(ethane amino)amides for receptor-mediated gene delivery. Organic and Biomolecular Chemistry 

10 3258–3268. 

Martin CMA, Irwin N, Flatt PR and Gault VA (2013) A novel acylated form of (d-Ala2)GIP with 

improved antidiabetic potential, lacking effect on body fat stores. Biochimica et Biophysica Acta - 

General Subjects 1830 3407–3413. 

Matveyenko AV and Butler PC (2008) Relationship between beta-cell mass and diabetes onset. 

Diabetes, Obesity and Metabolism 10 23–31.  

McClenaghan NH, Barnett CR, Ah-Sing E, Abdel-Wahab YHA, O’Harte FPM, Yoon TW, Swanston-

Flatt SK and Flatt PR (1996) Characterization of a novel glucose-responsive insulin-secreting cell line, 

BRIN-BD11, produced by electrofusion. Diabetes 45 1132–1140. 

McCluskey JT, Hamid M, Guo-Parke H, McClenaghan NH, Gomis R and Flatt PR (2011) Development 

and functional characterization of insulin-releasing human pancreatic beta-cell lines produced by 

electrofusion. Journal of Biological Chemistry 286 21982–21992. 

Meek CL, Lewis HB, Reimann F, Gribble FM and Park AJ (2016) The effect of bariatric surgery on 

gastrointestinal and pancreatic peptide hormones. Peptides 77 28-37. 



259 
 

Mentlein R, Gallwitz B and Schmidt WE (1993) Dipeptidyl-peptidase IV hydrolyses gastric inhibitory 

polypeptide, glucagon-like peptide-1 (7-36)amide, peptide histadine methionine and is responsible for 

their degradation in human serum. European Journal of Biochemistry 214 829-835.  

Merglen A, Theander S, Rubi B, Chaffard G, Wollheim CB and Maechler P (2004) Glucose sensitivity 

and metabolism-secretion coupling studied during two-year continuous culture in INS-1 832/13E 

insulinoma cells. Endocrinology 145 667–678. 

Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H, Larhammar D, Quirion R, Schwartz T 

and Westfall T (1998) International union of pharmacology recommendations for the nomenclature of 

neuropeptide Y, peptide YY, and pancreatic polypeptide receptors. Pharmacological Reviews 50 143–

150.  

Michel MC, Fliers E and Van Noorden CJF (2008) Dipeptidyl peptidase IV inhibitors in diabetes: More 

than inhibition of glucagon-like peptide-1 metabolism? Naunyn-Schmiedeberg’s Archives of 

Pharmacology 377 205–207.  

Mingrone G, Panunzi S, De Gaetano A, Guidone C, Iaconelli A, Nanni G, Castagneto M, Bornstein S 

and Rubino F (2015) Bariatric–metabolic surgery versus conventional medical treatment in obese 

patients with type 2 diabetes: 5 year follow-up of an open-label, single-centre, randomised controlled 

trial. The Lancet 386 964-973. 

Mittapalli GK and Roberts E (2014) Ligands of the neuropeptide Y Y2 receptor. Bioorganic and 

Medicinal Chemistry Letters 24 430–441.  

Morgan DGA, Small CJ, Abusnana S, Turton M, Gunn I, Heath M, Rossi M, Goldstone AP, O’Shea 

D, Meeran K, Ghatei M, Smith DM and Bloom S (1998) The NPY Y1 receptor antagonist BIBP 3226 

blocks NPY induced feeding via a non-specific mechanism. Regulatory Peptides 76 377–382. 

Mulder H, Myrsén-Axcrona U, Gebre-Medhin S, Ekblad E and Sundler F (1998) Expression of non-

classical islet hormone-like peptides during the embryonic development of the pancreas. Microscopy 

Research and Technique 43 313–321. 



260 
 

National Institute of Clinical Excellence (NICE) Insulin | Treatment summary | BNF content published 

by NICE. Available at: (https://bnf.nice.org.uk/treatment-summary/insulin-2.html) (accessed 

03/11/19). 

Nieuwenhuizen AG, Karlsson S, Fridolf T and Ahrén B (1994) Mechanisms underlying the 

insulinostatic effect of peptide YY in mouse pancreatic islets. Diabetologia 37(9) 871–878.  

Nishizawa N, Niida A, Masuda Y, Kumano S, Yokoyama K, Hirabayashi H, Amano N, Ohtaki T, 

Asami T (2017) Antiobesity effect of a short-length peptide YY analogue after continuous 

administration in mice. ACS Medicinal Chemistry Letters 8 628-631.  

Nguyen DM and El-Serag HB (2010) The epidemiology of obesity. Gastroenterology clinics of North 

America 39(1) 1–7.  

NHS Digital (2018) National Diabetes Audit 2017-18 Full Report 1: Care Processes and Treatment 

Targets. Available at: (www.digital.nhs.uk) (accessed 30/10/19).  

Nygaard R, Nielbo S, Schwartz TW and Poulsen FM (2006) The PP-fold solution structure of human 

polypeptide YY and human PYY3-36 as determined by NMR. Biochemistry 45 8350–8357. 

O’Harte FPM, Ng MT, Lynch AM, Conlon JM and Flatt PR (2016a) Novel dual agonist peptide 

analogues derived from dogfish glucagon show promising in vitro insulin releasing actions and 

antihyperglycaemic activity in mice. Molecular and Cellular Endocrinology 431 133–144.  

O’Harte FPM, Ng MT, Lynch AM, Conlon JM and Flatt PR (2016b) Dogfish glucagon analogues 

counter hyperglycaemia and enhance both insulin secretion and action in diet-induced obese diabetic 

mice. Diabetes, Obesity and Metabolism 18 1013–1024.  

O’Harte FPM, Parthsarathy V, Hogg C and Flatt PR (2017) Acylated apelin-13 amide analogues exhibit 

enzyme resistance and prolonged insulin releasing, glucose lowering and anorexic properties. 

Biochemical Pharmacology 146 165–173. 

O’Harte FPM, Parthsarathy V, Hogg C and Flatt PR (2018) Long-term treatment with acylated 

analogues of apelin-13 amide ameliorates diabetes and improves lipid profile of high-fat fed mice. 

Public Library of Science ONE 13 e0202350. 



261 
 

Olsen J, Kofoed J, Ostergaard S, Wulff BS, Nielsen FS and Jorgensen R (2016) Metabolism of peptide 

YY 3-36 in Göttingen mini-pig and rhesus monkey. Peptides 78 59–67. 

Orci L, Ravazzola M, Amherdt M, Madsen O, Perrelet A, Vassalli JD and Anderson RGW (1986) 

Conversion of proinsulin to insulin occurs coordinately with acidification of maturing secretory 

vesicles. Journal of Cell Biology 103 2273–2281.  

Orskov C, Wettergren A and Holst JJ (1993) Biological effects and metabolic rates of glucagonlike 

peptide-1 7-36 amide and glucagonlike peptide-1 7-37 in healthy subjects are indistinguishable. 

Diabetes 42 658–661.  

Ortiz A, Milardo LF, DeCarr LB, Buckholz TM, Mays MR, Claus TH, Livingston JN, Mahle CD and 

Lumb KJ (2007) A novel long-acting selective neuropeptide Y2 receptor polyethylene glycol-

conjugated peptide agonist reduces food intake and body weight and improves glucose metabolism in 

rodents. The Journal of Pharmacology and Experimental Therapeutics 323 692–700.  

Østergaard S, Kofoed J, Paulsson JF, Madsen KG, Jorgensen R and Wulff BS (2018) Design of Y 2 

Receptor Selective and Proteolytically Stable PYY 3-36 Analogues. Journal of Medicinal Chemistry 

61 10519–10530. 

Pandol SJ (2010) The Exocrine Pancreas. Morgan and Claypool Life Sciences; Anatomy. Chapter 3. 

Pandiri AR (2014) Overview of exocrine pancreatic pathobiology. Toxicologic Pathology 42 207–216.  

Parker JC, Irwin N, Lavery KS, Green BD, O’Harte FPM, Gault VA and Flatt PR (2007) Metabolic 

effects of sub-chronic ablation of the incretin receptors by daily administration of (Pro3)GIP and 

exendin(9-39)amide in obese diabetic (ob/ob) mice. Biological Chemistry 388 221–226.  

Pathak V, Vasu S, Gault VA, Flatt PR and Irwin N (2015) Sequential induction of beta-cell rest and 

stimulation using stable GIP inhibitor and GLP-1 mimetic peptides improves metabolic control in 

C57BL/KsJ db/db mice. Diabetologia 58 2144–2153. 

Pedersen SL, Bhatia VK, Jurt S, Paulsson JF, Pedersen MH, Jorgensen R, Holst B, Stamou D, Vrang 

N, Zerbe O and Jensen KJ (2012) Improving membrane binding as a design strategy for amphipathic 

peptide hormones: 2-helix variants of PYY3-36. Journal of Peptide Science 18 579–587.  



262 
 

Pederson RA, Schubert HE and Brown JC (1975) Gastric inhibitory polypeptide. Its physiological 

release and insulinotropic action in the dog. Diabetes 24 1050-1056. 

Persaud SJ and Bewick GA (2014) Peptide YY: more than just an appetite regulator. Diabetologia 57 

1762–1769.  

Pessin JE and Saltiel AR (2000) Signalling pathways in insulin action: Molecular targets of insulin 

resistance. The Journal of Clinical Investigation 106 165-169.  

Pi-Sunyer X, Kissileff HR, Thornton J and Smith GP (1982) C-Terminal octapeptide of cholecystokinin 

decreases food intake in obese men. Physiology and Behaviour 29 627–630. 

Pittner RA, Moore CX, Bhavsar SP, Gedulin BR, Smith P a, Jodka CM, Parkes DG, Paterniti JR, 

Srivastava VP and Young AA (2004) Effects of PYY[3-36] in rodent models of diabetes and obesity. 

International Journal of Obesity and Related Metabolic Disorder: Journal of the International 

Association for the Study of Obesity 28 963–971.  

Pocai A (2012) Unravelling oxyntomodulin, GLP1’s enigmatic brother. Journal of Endocrinology 215 

335–346.  

Potter EK, Mitchell L, McCloskey MJD, Tseng A, Goodman AE, Shine J and McCloskey DI (1989) 

Pre- and postjunctional actions of neuropeptide Y and related peptides. Regulatory Peptides 25 167–

177.  

Potter EK, Barden JA, McCloskey MJD, Selbie LA, Tseng A, Herzog H and Shine J (1994) A novel 

neuropeptide Y analog, N-acetyl [Leu28, Leu31]neuropeptide Y-(24-36), with functional specificity 

for the presynaptic (Y2) receptor. European Journal of Pharmacology: Molecular Pharmacology 267 

253–262. 

Pournaras DJ, Osborne A, Hawkins SC, Vincent RP, Mahon D, Ewings P, Ghatei MA, Bloom SR, 

Welbourn R and le Roux CW (2010) Remission of type 2 diabetes after gastric bypass and banding: 

mechanisms and 2 year outcomes. Annals of Surgery 252 966–971.  

Quoix N, Cheng-Xue R, Guiot Y, Herrera PL, Henquin JC and Gilon P (2007) The GluCre-

ROSA26EYFP mouse: A new model for easy identification of living pancreatic alpha-cells. Federation 

of European Biochemical Societies Letters 581 4235–4240. 



263 
 

Ramracheya RD, McCulloch LJ, Clark A, Wiggins D, Johannessen H, Olsen MK, Cai X, Zhao CM, 

Chen D and Rorsman P (2016) PYY-Dependent Restoration of Impaired Insulin and Glucagon 

Secretion in Type 2 Diabetes following Roux-En-Y Gastric Bypass Surgery. Cell Reports 15 944–950.  

Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA and Zhang F (2013) Genome engineering using the 

CRISPR-Cas9 system. Nature Protocols. 8 2281-2308.  

Rangwala SM, D’Aquino K, Zhang YM, Bader L, Edwards W, Zheng S, Eckardt A, Lacombe A, Pick 

R, Moreno V, Kang L, Jian W, Arnoult E, Case M, Jenkinson C, Chi E, Swanson R V., Kievit P, Grove 

K, Macielag M, Erion MD, SinhaRoy R and Leonard JN (2019) A Long-Acting PYY 3–36 Analog 

Mediates Robust Anorectic Efficacy with Minimal Emesis in Nonhuman Primates. Cell Metabolism 29 

837-843. 

Rehfeld JF, Sun G, Christensen T and Hillingsø JG (2001) The predominant cholecystokinin in human 

plasma and intestine is cholecystokinin-33. Journal of Clinical Endocrinology and Metabolism 86 251–

258. 

Reidelberger RD, Haver AC, Chelikani PK and Buescher JL (2008) Effects of different intermittent 

peptide YY (3-36) dosing strategies on food intake, body weight, and adiposity in diet-induced obese 

rats. American Journal of Physiology - Regulatory Integrative and Comparative Physiology 295 R449-

R458. 

Roat R, Rao V, Doliba NM, Matschinsky FM, Tobias JW, Garcia E, Ahima RS and Imai Y (2014) 

Alterations of pancreatic islet structure, metabolism and gene expression in diet-induced obese 

C57BL/6J mice. Public Library of Science ONE 9 e86815. 

Robertson RP, Harmon J, Tran PO, Tanaka Y and Takahashi H (2003) Glucose toxicity in beta-cells: 

Type 2 diabetes, good radicals gone bad, and the glutathione connection. Diabetes 52 581-587. 

Rorsman P and Renström E (2003) Insulin granule dynamics in pancreatic beta-cells. Diabetologia 46 

1029–1045.  

Ribon V and Saltiel AR (1997) Insulin stimulates tyrosine phosphorylation of the proto-oncogene 

product of c-cbl in 3T3-L1 adipocytes. The Biochemical journal 324 839-845. 



264 
 

Sakula A (1988) Paul Langerhans (1847-1888): A centenary tribute. Journal of the Royal Society of 

Medicine 81 414–415.  

Salinari S, Bertuzzi A, Asnaghi S, Guidone C, Manco M and Mingrone G (2009) First-phase insulin 

secretion restoration and differential response to glucose load depending on the route of administration 

in type 2 diabetic subjects after bariatric surgery. Diabetes Care 32 375-380. 

Sam AH, Gunner DJ, King A, Persaud SJ, Brooks L, Hostomska K, Ford HE, Liu B, Ghatei MA, Bloom 

SR and Bewick GA (2012) Selective ablation of peptide YY cells in adult mice reveals their role in 

beta-cell survival. Gastroenterology 143 459–468.  

Schauer PR, Burguera B, Ikramuddin S, Cottam D, Gourash W, Hamad G, Eid GM, Mattar S, 

Ramanathan R, Barinas-Mitchel E, Rao RH, Kuller L, Kelley D, Saar MG, Meguid MA and Buchwald 

H (2003) Effect of laparoscopic roux-en Y gastric bypass on type 2 diabetes mellitus. Annals of Surgery 

238 467–485.  

Schmidt JB, Gregersen NT, Pedersen SD, Arentoft JL, Ritz C, Schwartz TW, Holst JJ, Astrup A and 

Sjödin A (2014) Effects of PYY3-36 and GLP-1 on energy intake, energy expenditure, and appetite in 

overweight men. American Journal of Physiology - Endocrinology and Metabolism 306 1248-1256. 

Seino S, Shibasaki T and Minami K (2011) Dynamics of insulin secretion and the clinical implications 

for obesity and diabetes. Journal of Clinical Investigation 121 2118–2125.  

Shankar SS, Mixson LA, Chakravarthy M, Chisholm R, Acton AJ, Jones R, Mattar SG, Miller DL, 

Petry L, Beals CR, Stoch SA, Kelley DE and Considine RV (2017) Metabolic improvements following 

Roux-en-Y surgery assessed by solid meal test in subjects with short duration type 2 diabetes. BioMed 

Central: Obesity 4 10.  

Shi J, McLamore ES, Jaroch D, Claussen JC, Mirmira RG, Rickus JL and Porterfield DM (2011) 

Oscillatory glucose flux in INS 1 pancreatic beta-cells: A self-referencing microbiosensor study. 

Analytical Biochemistry 411 185–193.  

Sloth B, Holst JJ, Flint A, Gregersen NT and Astrup A (2007) Effects of PYY1-36 and PYY3-36 on 

appetite, energy intake, energy expenditure, glucose and fat metabolism in obese and lean subjects. 

American Journal of Physiology, Endocrinology and Metabolism 292 E1062-E1068.  



265 
 

Small CJ and Bloom SR (2004) Gut hormones as peripheral anti-obesity targets. Current Drug Targets: 

CNS and Neurological Disorders 3 379-388.  

Smith GP (1984) The therapeutic potential of cholecystokinin. International Journal of Obesity 8 35-

38.  

Smith-White M, Moriarty MJ and Potter EK (1998) A comparison of actions of neuropeptide Y (NPY) 

agonists and antagonists at NPY Y1 and Y2 receptors in anaesthetized rats. Neuropeptides 32 109–118. 

Söll RM, Dinger MC, Lundell I, Larhammer D and Beck-Sickinger AG (2001) Novel analogues of 

neuropeptide Y with a preference for the Y1-receptor. European Journal of Biochemistry 268 2828–

2837.  

Spreckley E (2015) The L-cell in nutritional sensing and the regulation of appetite. Frontiers in 

Nutrition 2 23-28.  

Srinivas S, Watanabe T, Lin CS, William CM, Tanabe Y, Jessell TM and Costantini F (2001) Cre 

reporter strains produced by targeted insertion of EYFP and ECFP into the ROSA26 locus. BioMed 

Central: Developmental Biology 1 1–8. 

Steiner DJ, Kim A, Miller K, and Hara M (2010) Pancreatic islet plasticity: Interspecies comparison of 

islet architecture and composition. Islets 2 135–145.  

Svane MS, Jørgensen NB, Bojsen-Møller KN, Dirksen C, Nielsen S, Kristiansen VB, Toräng S, Wewer 

Albrechtsen NJ, Rehfeld JF, Hartmann B, Madsbad S and Holst JJ (2016) Peptide YY and glucagon-

like peptide-1 contribute to decreased food intake after Roux-en-Y gastric bypass surgery. International 

Journal of Obesity 40 1699–1706.  

Tan T and Bloom S (2013) Gut hormones as therapeutic agents in treatment of diabetes and obesity. 

Current Opinion in Pharmacology 13 996–1001.  

Tan CMJ, Green P, Tapoulal N, Lewandowski AJ, Leeson P and Herring N (2018) The role of 

neuropeptide Y in cardiovascular health and disease. Frontiers in Physiology 9 1281. 

Tatemoto K (1982) Isolation and characterization of peptide YY (PYY), a candidate gut hormone that 

inhibits pancreatic exocrine secretion. Proceedings of the National Academy of Sciences of the United 

States of America 79 2514–2518.  



266 
 

Tengholm A (2012) Cyclic AMP dynamics in the pancreatic b-cell. Upsala Journal of Medical Sciences 

117 355–369.  

Tengholm A and Gylfe E (2017) cAMP signalling in insulin and glucagon secretion. Diabetes, Obesity 

and Metabolism 19 42–53.  

Thorel F, Népote V, Avril I, Kohno K, Desgraz R, Chera S and Herrera PL (2010) Conversion of adult 

pancreatic alpha-cells to beta-cells after extreme beta-cell loss. Nature 464 1149–1154.  

Thorens B, Tarussio D, Maestro MA, Rovira M, Heikkilä E and Ferrer J (2015) Ins1 Cre knock-in mice 

for beta-cell-specific gene recombination. Diabetologia 58 558–565.  

Toräng S, Bojsen-Møller KN, Svane MS, Hartmann B, Rosenkilde MM, Madsbad S and Holst JJ (2016) 

In vivo  and in vitro degradation of peptide YY3–36 to inactive peptide YY3–34 in humans. American 

Journal of Physiology - Regulatory Integrative and Comparative Physiology 310 R866–R874.  

Trumper A, Trumper K and Horsch D (2002) Mechanisms of mitogenic and anti-apoptotic signaling 

by glucose-dependent insulinotropic polypeptide in beta (INS-1 832/13)-cells. Journal of 

Endocrinology 174 233-245.  

Tschöp MH, Finan B, Clemmensen C, Gelfanov V, Perez-Tilve D, Müller TD and DiMarchi RD (2016) 

Unimolecular polypharmacy for treatment of diabetes and obesity. Cell Metabolism 24 51–62. 

Tseng CH (2019) Metformin use is associated with a lower risk of hospitalization for heart failure in 

patients with type 2 diabetes mellitus: A retrospective cohort analysis. Journal of the American Heart 

Association 8 e011640.  

Ugleholdt R, Poulsen ML, Holst PJ, Irminger JC, Orskov C, Pedersen J, Rosenkilde MM, Zhu X, 

Steiner DF and Holst JJ (2006) Prohormone convertase 1/3 is essential for processing of the glucose 

dependent insulinotropic polypeptide precursor. The Journal of Biological Chemistry 281 11050-

11057. 

Unger RH, Ohneda A, Valverde I, Eisentraut AM and Exton J (1968) Characterization of the responses 

of circulating glucagon-like immunoreactivity to intraduodenal and intravenous administration of 

glucose. Journal of Clinical Investigation 47 48–65. 



267 
 

Van Belle TL, Coppieters KT and Von Herrath MG (2011) Type 1 diabetes: Aetiology, immunology, 

and therapeutic strategies. Physiological Reviews 91 79–118.  

Viardot A, Heilbronn LK, Herzog H, Gregersen S and Campbell LV (2008) Abnormal postprandial 

PYY response in insulin sensitive nondiabetic subjects with a strong family history of type 2 diabetes. 

International Journal of Obesity 32 943–948. 

Wagner L, Wolf R, Zeitschel U, Rossner S, Petersén Å, Leavitt BR, Kästner F, Rothermundt M, Gärtner 

UT, Gündel D, Schlenzig D, Frerker N, Schade J, Manhart S, Rahfeld JU, Demuth HU and Von Hörsten 

S (2015) Proteolytic degradation of neuropeptide y (NPY) from head to toe: Identification of novel 

NPY-cleaving peptidases and potential drug interactions in CNS and Periphery. Journal of 

Neurochemistry 135 1019–1037. 

Walther C, Mörl K and Beck-Sickinger AG (2011) Neuropeptide Y receptors: Ligand binding and 

trafficking suggest novel approaches in drug development. Journal of Peptide Science 17 233–246.  

Wang P, Holst C, Wodzig WKWH, Andersen MR, Astrup A, Van Baak MA, Larsen TM, Jebb SA, 

Kafatos A, Pfeiffer AFH, Martinez JA, Handjieva-Darlenska T, Kunesova M, Viguerie N, Langin D, 

Saris WHM and Mariman ECM (2012) Circulating ACE is a predictor of weight loss maintenance not 

only in overweight and obese women, but also in men. International Journal of Obesity 36 1545–1551. 

Winzell MS and Ahren B (2004) The high-fat diet-fed mouse - A model for studying mechanisms and 

treatment of impaired glucose tolerance and type 2 diabetes. Diabetes 53 S215-S219.  

Wren AM and Bloom SR (2007) Gut hormones and appetite control. Gastroenterology 132 2116–2130.  

Wright JM, Musini VM and Gill R (2018) First-line drugs for hypertension. Cochrane Database of 

Systematic Reviews 4 CD001841. 

Wu T, Rayner CK, Young RL and Horowitz M (2013) Gut motility and enteroendocrine secretion. 

Current Opinion in Pharmacology 13 928–934. 

Xu G, Stoffers DA, Habener JF and Bonner-Weir S (1999) Exendin-4 stimulates both beta-cell 

replication and neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in 

diabetic rats. Diabetes 48 2270 –2276.  



268 
 

Zorzi A, Middendorp SJ, Wilbs J, Deyle K and Heinis C (2017) Acylated heptapeptide binds albumin 

with high affinity and application as tag furnishes long-acting peptides. Nature Communications 8. 

16092. 

Zou C, Kumaran S, Markovic S, Walser R and Zerbe O (2008) Studies of the structure of the N-terminal 

domain from the Y4 receptor - A G protein-coupled receptor - And its interaction with hormones from 

the NPY family. European Journal of Chemical Biology: ChemBioChem 9 2276–2284. 

 

 


