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Summary

PYY has longbeen accepted to play a rolesimergy regulation, with administration of the
N-terminally-cleavedPYY(3-36) being demonstrated teeducefood intake in several
speciesvia NPY2R interactionsAblation of PYY expressing cells was shown to lead to
loss of pancreatic insulin, resulting ihyperglycaemia which was recued by
administration of intact PYY{B6); highlighting the importance of NPY1R interactions.
Additionally, raised PYYlevels following RouxenY gastric bypassndicate T2DM
remissionpostsurgerymay be mediated by PY,SuggestindPYY-based therapiemay
restae pancreatic islet function.

Thepresent study aimed to develop NP¥4&pecific analogues, resistantD&R
4-mediated, Neerminal cleavagegtainingNPY 1Ragonism Initially, (PPL3P*)PYY(1-
36) and PYY(336)(Lys?PAL) were developedVhile intelligent desigproducedan N-
terminally stable peptide {PL3P**)PYY(1-36), both analogues underperformed against
human PYY(136) when tested im vitro systems of isulin release and betzll survival.
Thus, a different approach was takeand PYY peptides previously sequenced in
phylogeneticallyancient fish were synthesised and tested in a seriasviifo and acute
in vivo scenariosWhile all piscine PYY peptides were resistantD® P-4, they also
maintained positive pancreafienctionson betacell rest and survival which wesémilar
to, or superior than that giuman PYY (136), with these effects confirmed to be mediated
primarily by the NPY1R via the use of NPYRO celtlines Following promisingn
vitro and acutén vivodata,sturgeonand seadmprey PYY(136) peptides were taken into
a chronicin vivo setting. Intraperitoneadministrationof sea amprey PYY(136) was
able tosignificantly improve the condition &TZ-induced diabetic mice decreasigd
intake, norfasting glucose and glucagorGlucose tolerance, insulin sensitivity,
pancreatic insulin and glucagon content walgo significantly improved. Metabolic
benefits were linked to positive changes in pancreatic islet morphology, as taofesul
augmented proliferation and decreased apoptosis etbétaThus,sea dmprey PYY (1

36) was highlighted as a promising therapeutic lead.

Recently, anther important truncatiorof PYY peptideswas discovered
involving inactivation ofPYY(3-36) via the removal of a @rminal dipeptide. The
present data confirmed that this truncation not only ameliorates effects on appetite, but
alsoablates the positive effects of PYY8B) at pancreatic NPY1Rsanportantly, sea
lamprey and human PYY{36) shareemarkablesequencéomology at thes€-terminal

residues and are thus, equally susceptible to this inactivation. Ther@fteeminally

Xil



resistant analogues, NPY1R agonistArg®)-sea lamprey and the NPY1/2R dual
agonist [Isd](D-Arg®®)-Sealampreywere developed. Both were resistant toe@ninal
degradation, whilst also retainifignctionality at target receptors. Additionally, whiiz
Arg®)-sea lampreyvas able to delay the progressiorSdiZ-induced diabetes compared
to the unalteregeptide and [Ist(D-Arg*®)-sea lampreywas able to elicitclinically
significant reductions ibody weightin HFF mice the endpoints for both studies proved
that there was not much difference between ther@inally stabilised and unaltered

forms.

When tiken together, these studies reveal lessons in the development of PYY
analogues, hich may ultimately benefit the development of a Rva&ed therapy for the

treatment of obesitdiabetes.
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Chapter 1.

General Introduction



1.1. Impact of Diabetesand 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 dife has led to the populous living unhealthier-&yles

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 o§ervices received is under threat as a result of overstretched
budgets, affected by growingaustet y, and t he Barmag!| whiod
affecting both innovation and development as well as the availability of newer

therapies as treatment apis 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 rgpdoot
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 dawit 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
OForesight Reportd publ i shed edigated thad¢ Go v e

NHS costs attributed to elevated BMI (overweight and obesity) were £4.2 billion in



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 theogaic 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 benefitsigiromproved

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
charaterised by chronic hyperglycaemia due to relative insulin deficiency, insulin
resistance or a combination of the two [KuraadClark 2012; Van Belle et al. 2011].

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

normal ifestyle 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 complicatigitimnately 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 increashng risk of diabetic
retinopathy and nephropathy, and macrovascular increasing the risk of developing

heart disease and stroke [KunaandClark 2012].

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

Type 1 beingnsulin-dependent and Type 2 being riosulindependent, although as



the disease progresses Type 2 patients can also end up requiring insulin Orapy

less prevalent formisiclude gestational diabetes and stefioduced diabetes

Type 1 Diabetes ian autoimmune disorder, in which the host immune system
obliterates the insuliproducingbetacells of the pancreas; eventually resulting in the
total loss of insulin productiofVan Belle et al. 2011]Presentation typically occurs
around the time of fherty, although autoantibodies for pancreatic islet cells have been
shown to be present in circulation many years before clinical onset in sufferers [Kumar
andClark 2012]. Given the typical period of onset, T1D may be considered a disease
of the young (hece why it is often referred to as juvendeset diabetes). However,
it can rarely occur |l ater i nbeltiefse oafn da diusl

(LADA) [Kumar andClark 2012].

According to the International Diabetes Federation (IDF), therewrently
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. 2a18]. Clinically, the conditiorshares 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 ddtenehe

aetiology of the two.

The reasoning behind the consideration of the two as opposites relates to
insulin production and functiarin T1D, there is absolute insulin deficiency, whereas,
in T2D patients retain their ability to produce insulin aafthough insulin can bind
normally to iIits target receptor; intracel

resistanceo. Il nsulin resistance is coupl €



from decreased betzell mass. In fact, T2 patients usually only possess around 50%
of their originalbetacell mass upon diagsis of the conditiofKumar andClark
2012] This depleted beteell mass is also working at an abnormally high rate, in an
effort to meet the host insulin demands. Tiitsmately leads to a further decline in
betacell function, through abnormalities brought about through exhaustion of the cell
machinery. This results in further betall loss and can see T2D patients ending up

on insulin therapy, in more extreme cafgésrf 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-scoi@omic
standing) being a major factor influencing the increasing prevalence. Additionally, an
overall ageingoopulation 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 thedemographic 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 128 years old agéracket), indicating the increasingly

powerful efects 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/fand obese if they have a BMI greater than 30.0 kg/m



Put simply, obesityesults 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 asénegironment, genetic predisposition andrauin behaviour
patterns [Nguyen anil-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 affoaflle than more nutritious, fresh produce), and the
guality, 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 thdisease, involving variance in genes coding for
hormones involved in metabolism, or for their receptors, such as leptin ¢texme
Ahunger hor morme@®ah[iFdryo 2@®i06gdgnd Addi tional
circumstances are thought to greatly uefhce their attitude towardsth diet and

exercise [Nguyen andl-Serag 2010].

Similar to diabetes, obesity is a major risk factor for several diseases and,
therefore, the condition usually exists alongside othemaodidities. Examples of
such cemorbidties 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 the 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%) [Aniset 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



T2D, but there also being a degree of overlap between the comorbidities associated

with the twoconditions.

Levels of obesity globally are at an-tithe high, with no signs of slowing. In
fact, sincel980, the global agstandardied prevalence of obesity has nearly doubled
from 6.4% in 1980 to 12.0% in 2008, with half of this increase occurritwelas 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 archécture

The pancreas is an abdominal organ located deep in the retroperitoneum. It is a gland
of dual functionality and is thus ter med
out both exocrine and endocrine functions. In short, the exocrineidnnat 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 aretpnesen

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 othe 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 func{iiggire 1.1) The endocrine
functions of the pancreasvolves the production of important regulatory hormones,

in particular the glucoregulatory hormones glucagon and indeighjman 196P The



endocrine functions are performed by the unique cluster of cells, discovered by Paul
Langerhans in 1869 [Sakula 8%, termed the Islets of Langerha(iSgure 1.1)
Approximately one million of these pancreatic islets are spread throughout the
exocrine tissue [Goke 2005]. Each islet is comprised of severdlypel, including
insulin-producingbetacells, glucagosproducingalphacells, somatostatiproducing
U-cells, ghrelinp r o d u ecélls gnd phncreatic polypeptide producing-deRs

[Steiner et al. 2010].

Splenic artery
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- Spleen

Pancreatic islets
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gall bladder)

Common bile duct

Duodenum of N / \ ; o
small intestine 1/ “ i
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Pancreatic duct :

%~ Exocrine acinus

Figure 1.1. An overview of the exocrine and endocrine cells and functions of the
pancrea$ [Macias2016].

Human islets have a unique architecture allowing all endocrine cells to be
adjacent to blood vessels enabling heterologous contact betetseandalphacells
but also permitting homologous contact betwieetacells [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 platedyetectils
are located in a central position but frequently show cytoplasmic extensions between

outlying non betacells, influencing the chaotic appearance of human islets [Bosco et



al. 2010 Figure 1.2 Interestingly, the composition of islets varies between sgeci
For example, the islet structure in rodents has been shown to possess a strong, central
mantle ofbetacells, surrounded by a halo alphacells, which encapsulate the islet

[Steiner et al. 201,CFigure 1.2

Cat

Fish i

Marsupial

Figure 1.2.Multi-species comparison @flet structure and compositierslets from

various species presented as a phylogenetic tree. Representative islets are pseudo
coloured models of actual islets based on IHC images composdghatells (red),

betac e | | s ( gaels élne) [Staer dt ali2010].

1.1.3.1.betacellsi Insulin production and release

The pancreatibetacell is by far the most intensively studied of all the islet cell types,
which is hardly surprising, given their role in insulin production. Insulgymghesised

via the proteolytic processing of preproinsulin to proinsuko et al. 201B This



processing takes place initially in the rough endoplasmic reticulum [Ocri et al. 1986],
after which proinsulin is transported to the golgi apparatus, packatpedecretory
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 connectgproinsulin Gpeptide [Goodge andutton 2000]. Inslin stored

in betacells 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 tdespept

are coesecreted in equimolar quantities, along with a smaller quantity of proinsulin

[Hou et al. 200p

The main factor influencing biosynthesis and secretion of insulin is blood
glucose Betacells 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 andncretins such as Glucagdike peptidel (GLP-1) and Gastric inhibitory
polypeptide (GIP) [Rang et al. 2007]. The action of glucose or these secretagogues on
betacells ultimately results in the fusion of a small humber of mature secretory
granules with he cell membrane, resulting in exocytosis of insulin [Rorsman and
Renstrom 2003]. In glucose stimulated insulin secretion (GSIS), glucose is transported
into thebetacell via the GLUF2 membrane transportar rodents and GLUAL in
humans, following whiclit is subsequently metabolised by the #iatgting enzyme
glucokinase which is followed by glycolydiashcroft 200% which increases ATP
concentrations (or ATP/ADP ratio), resultant closure of AERsitive K (Kartp)

channels, depolarization of tHeeta-cell membrane, and opening of the voltage
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dependent Cachannels (VDCCs), allowing Gainflux [Ashcroft 2005] which

triggers insulin secretion [Gitoet al. 1993Seino et al. 2011].

Incretinmediated insulin release occurs upon target receptolatotiy after
which adenylyl cyclase is activated and cAMP generated, leading, in turn, to-cAMP
dependent activation of second messenger pathways, such as the proteiAkinase
(PKA) [Fehmann et al1995] and Epac pathways [H&D04] leading to membrane
depolarisation, elevated intracellular calcium and exocytosis aflimgHolst et al.

2009;Tengholm2012; Tengholm anGylfe 2017].

Insulin is the main hormone controlling intermediary metabolism, affecting
liver, fat and muscle tissues. It influencghicose metabolism in most tissues,
particularly the liver where it inhibits glycogenolysis and gluconeogenesis, whilst
stimulating glycogen synthesisy et al 2013; Figure 1.3Glucose uptake, in turn,
promotes efficient metabolism of carbohydrate, @roand 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 keta subunit [Pessin and SaltZ€00]. Ths results in activation of two
insulin dependent pathways, the phosphatidylinositol 33fF{inasé dependent
pathway, necessary for GLIW translocation [Backer et al. 1992], and the CAP/Cbl

complex proteoncopraein pathway [Ribon and Salti&b97].

1.1.3.2. Betacell 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 pancreditacells. Type 2 Diabetes Mellitus

(T2DM) is a more pralnged and progressive condition in which both a resistance to
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endogenous insulin and impaired secretion are prashatrfoubi and Darwish 2015

The aetiology of T2DM is multifactorial. Pancreatic betls are plastic in nature,

and adapt to initial cheges in the early stages of T2DM. This can include the
increasing of betaell mass, involving neogenesis [Xu et al. 1999], proliferation and
conversion of alpha to betzells [Chakravarthy et al. 2017]. While these adaptions to
impaired insulin secretioand insulin resistance can initially compensate for cellular
changes; eventually betzll 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 inZDM patients, which allows circulating blood glucose to go
unchecked. This results in chronic exposure of-betis to elevated glucose levels,

with the cell death incurred being termed glucotoxicity.
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Glucotoxicity is often accompanied by chronic exposure of-bella to free
fatty acids (FFA) and lipids, which is termigotoxicity. The two work in tandem to
cause betaell dysfunction via induction of mitochondrial stress, endoplasmic

reticulum stress, oxidative stress and recruitment ofirflammatory of cytokines

[Donath et al. 2005]. Subsequent suppression of abgenes such as insulin promoter
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gene, glucokinase gene, pancreatic and duodenal homéqBiXX1) occurs, leading

to impaired insulin synthesis and secretion [Fu et al. 2013]. Oxidative stress leads to
the generation of reactive oxygen species (ROS) ¢karet al. 1999], which are
degraded by antixidant enzymes contained within the be&dls. These enzymes
eventually become exhausted, allowing the ROS to induce apoptosis via activation of
JNK and NFabetapathways [Robertson et al. 2003]. AccumulatadrROS 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 thenrtego

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 stategrabiav

inflammation, causing the infiltration of macrophages into adiposgeti€erf 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 TLDM, via the taring 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 virtiportant 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 ageotsnaintain
normoglycaemia. Three types of insulin are available in the UK: human insulin,
human insulin analogues, and the now less frequesty animal insulingprcing
[National Institute of Clinical Excellenc19. Insulin preparations can lxeoadly
categorised into three groups based on their-tist®n profiles National Institute of
Clinical Excellence2019. Shortacting insulins have a short duration and a relatively
rapid onset of action, to replicate the insulin normally produced éybtdy in
response to glucose absorbed from a meal. These are available as soluble insulin
(human, bovine or porcine), and the rapating insulin analogues (insulin aspart,
insulin glulisine and insulin lispro). Intermediateting insulins (isophane inkn)

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 12 hours, a maximal effect at B2 hours, and a duration of actiof

111 24 hours. Finally, longcting 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 steadytate level afteri2d 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 ldigting calorie and

carbohydrate intake, while concurrently ing®g physical activity [Krentz and
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Bailey 2005 Marin-Pefalveret al. 201§ Commencement of oral hypoglycaemic
agents should be a strategy to augment the effects of diet and exethesethan 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-sftkxt profiles, the
duration of action and tDwger2pld.tFor exanipleé,s age
glibenclamide, a longcting sulphonylurea, should be avoided in elderly patients due

to a greater risk of hypoglycaemia. Instead, shatting 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 andigestion 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 Hiaks. Finally, the thiazolidinedione,
pioglitazone, reduces blood glucosa the reduction of peripheral insulin resistance
[Desouza an@hivaswamy201(d. 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. ThBPR4 inhibitors sitagliptin, saxagliptin and vildagliptin

are an rtremely 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 @L&nd GIP, thus prolonging tle
vivoactionof these endogenous peptides in stimulating insulin secretion and inhibiting

glucagon secretiordallwitz 2007.

Additionally, rather than drugs which prevent the breakdown of incretin
hormones, direct, enzynresistant, GLPL analogues have been deysld. The first
of these, exenatide, was approved in 2005 [Goldenburg 2012]. This is a synthetic
version of exendi®, a peptide presentinthesalh of t he 6 Gi.Tha Monst

peptide agonises mammalian GlLReceptors to increase insulin secretidacrease
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glucagon secretion and delay gastric emptyidgl$t 2007 and is more stable than
the endogenous peptide. Initially, was required to be injected twice daily, although
since then, once dalily liraglutide and a once weekly exenatide preparatimk¢bDet

al. 2008].

Most recently, sdiumglucose cotransport& (SGLTZ2) inhibitors are the
newest class of oral arttiyperglycaemicagents that have been approved for the
treatment of diabetes mellitus, with canagliflozin first being approved in R4i8
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 gutderived 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

throughouthis section.

1.3.1. GLR1

1.3.1.1. Structure, release and metabolism

Glucagonlike-peptidel (GLP-1) is a gutderived, incretin hormone released by the
neuroendocrine {cells, located in the colon and distal ileum. GLIB a 29residue,

C-terminallyamidated peptide, generated via the cleavage of proglucagon within the
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L-cells [Tan andBloom 2013]. This cleavage is performed by the prohormone
convertase PC1/3, which has been shown to be decalWithin the Lcells [Baggio

and Drucker 2007] The L-cel is an opertype intestinal epithelial endocrine cell,
which is in direct contact with the luminal contents. Thus, Gld&cretion from these

cells is influenced by the composition of each meal ingested; in particular, meals that
are rich in fat and carlhydrate are known to be the primary physiological stimulus
for GLP-1 secretio [Baggio andDrucker 2007] Additionally, GLR1 secretion can

be triggered, not only by a mixed nutrient load, but also via individual nutrients. For
example, oral administratioof glucose alone has been shown to stimulate -GLP

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

Multiple forms of GLR1 are secretedh vivo, including the inactive forms
GLP-1(1-36)-NH2> and GLPR1(1-37). The hologically active forms of the peptide,
produced via the action of PC1/3, are GLF-36)NH2 and GLR1(7-37), and while
equipotent in terms of their incretin effects [Orskov et al. 1993], are not equally present
in circulation, with GLP1(7-36)-NH> being the predominant form of the peptide in
circulation. The &erminal amidation is thought to be partly responsible for the
enhanced plasma stability, as is the casenfany similar hormones [Baggio and

Drucker 2007].

While GLP-1(7-36)-NH> may have geater stability in circulation, it is still
subject to rapid degradation by the ubiquitous proteolytic enZyRie4, meaning it
has a short halife [Baggio and Drucker 200 Holst 2004; Tan andBloom 2013]
DPPR4 is a serine protease which targets agitn alanine or a proline residue at
position two, closest to the amino terminust@¥minal), in order to cleave a dipeptide;
this cleavage generally renders the peptide less or totally inactivel@hbRtains an
alanine residue at position two of iesgsience, which is targeted byPR-4, leading to
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the generation of the inactive metabolite GL{-36)}NH> [Baggio andDrucker

2007 Holst 2004.

GLP-1 secretion is biphasic in fashion, with an early phase occurririgh 10
minutes after ingestion of nugnts and a second, more prolonged, phase occurring 30
60 minutes after ingestion [Baggio amrucker 2007]. Therefore, given the distal
location of the Ecells, it is unlikely that direct nutrient contact with the cells can be
the sole mechanism initiatif@LP-1 secretion. Thus, the autonomic nervous system,
in particular the vagus nerve (which innervates a significant portion of the Gl tract), is
thought to play a role in this early phase of release, with nutrient content being more

important to the seconghase of release.

1.3.1.2. Mechanism of action

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

family B, or secretirlike, G-protein coupled receptor (GPCR) [Cordomi et al. 2016].

A structurally identical GLPLR has beementified in various tissues in both humans

and rodents,dr example: pancreatic tissue (alpbataand deltacells of theislets,
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 GLPL to its targereceptor on the beteell surface leads to the
activation of several intracellularansduction pathways. The binding of GILP
increases insulin secretion, mainly via stimulation of intracellular cyclic adenosine
monophosphatécAMP) mediated eventdHplst 2019;Irwin and Flatt 2015]. cAMP

mediates its stimulatory effect via two mecharssnproteinkinaseA (PKA)
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dependent phosphorylation and PAlependent 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 aeagecrin
intracellular C&" 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
storagegranules occurs due to these changes in intracellufiradd ATP [Baggio

andDrucker 2007].

GLP-1 is also able to influence betall mass through promotion of betall
proliferation, islet cell neogenesis and inhibitiohbetacell apoptosisHolst 2019;
Irwin andFlatt 2015]. These effects are partly relatedto@L®s abi |l ity to
insulin secretion from beteells, as GLPL has the ability to promote gluceseluced
biosynthesis of insulin, resulting in replenishment of insulin storesnntie beta
cells and rducing cell exhaustion [Baggio abatucker 2007]. Beyond this, activation
of Pancreas duodenum meobox 1 (R{Ix a transcription factor essential for
pancreatic development and begll function, (activated downstream from GILP
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 thelGirialogue
exendin4, has been shown to have no effect on GSIS, proliferation or inhibition of
apoptais in betacell specific PdxL knockout mice [Li et al. 2005T hat said, Pdx.
activation is unlikely to be the only intracellular mechanism at play. This is
demonstrated by the enhanced kel injury and apoptosis exhibited by GIIFR
knockout micejndicating that factors further upstream from Pdare 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 Gl tract, again
indicating the wide distribution of GL-B-R in various tissues. Examples of such
effects include: inhibition of gastric acid secretion and delaying of gastric emptying,
which helps reduce poegrandial spiking of blood glucose by slowing the transit of
nutrients from the stomach to the small intestamel influences satiety [Baggio and
Drucker 2007]. Additionally, agonism of GERR 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 GLPL-based therapeutics

As previouslyalluded toSection 1.2.2.4. GLR analogues have already exhibited
significant success in the management of T2[Wbist 2004b] As such, they
highlight the potential in the development of further -gotmone derived
therapeutics Additionally, it is increasingly felthat 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 achigtveldariatric
surgery) [Irwin and-latt 2013].This is particularly impoent when considering that

the National Institute for Health and Care Excellence (NICE), who provide up to date
evidencebased prescribing recommendations, currently state that treatment with these
agents should only be continued if a reduction of it 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 GEPanalogues has somewhat been marred by
reports of pancreatitis and pancreatic cancev@ated with theiuse [Irwin andFlatt
2015; Tanandl oom 2013]. I ndeed, they are stil]
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 ingme of reporting all
adverse effects encountered through use of a drug. As a result of these reports, all
patients being initiated on a GLP analogue are required to be counselled on
recognising the signs and symptoms of pancreatitis, and the actlmnsaten, should

these occur.

1.3.2 Other gut hormones

While this body of work is primarily concerned with the study and application ofPYY
based therapies, which have obvious parallels with those based oi,GiLi
important to note that there are currently a number of othedtegited peptides being

studed for their translational benefits in T2DM.

1.3.21. Cholecystokinin

Cholecystokinin (CCK) is released pgstandially by the endocrinedells, located in

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

protein congting of 95 amino acid residues. Cleavage of-@&K by amino
peptidases produces an array of cleavage products. Of these products, the largest with
biological activity is CCK83, whereas the shortest is C8KThere are four other
bioactive cleavage prodts between CC¥3 and CCK8, namely: CCK58, -39,-33

and -22. The bioactive forms all share a minimal epitope, consisting of a-seven
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residuelong sequence (SO:-)MGWMDF-NH2), which is critical for receptor
binding [Field et al. 2008; Rehfeld et al. 2Q00The predominant circulating form of
the peptide is CCK33, as demonstrated by the studyRshfeld et al. 2001. Despite
this fact, research surrounding the therapeutic applicability of CCK has largely
focused on CCK8 [Rehfeld et al. 2001]. This iskkly 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 rhodopsidike, GPCRs of which there are tvkinds. These are termed
the CCk1 and CCK2 receptors [Cordomi et al. 201Bjnding to CCk1-R requires
the heptapeptide epitope (given above) of the agonist @ fdphated, whereas the
CCK-2-R does not discriminate between sulphated andsotphatedforms of the
peptide [Rehfeld et al. 2001]. CEKreceptors are present on gastric mucosa and vagal
afferent neurons, whereas C&¢eceptors are mainly confined to taetract and the

brain [Irwin and FlatR015].

Of the two forms of CKK receptor, CGK-R has been most extensively
studied, in terms of a therapeutic drug target. The QCG&ceptors, which are present
on the gastric mucosa and vagal afferent neurons, play a role in regulation of energy
balance, through stimulatioof shortterm satiety [iwin and Flatt2013,2015]
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 potentil the development of
medications to tackle obesity, particularly when considering that-8Qids been
shown to retain its ability to reduce food intake in obese humarSuiier et al.

1982].
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While the peptide clearly shows promise in the developmeatmédication
to bring about weighloss 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;atuepeated
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 demonstrhged t
development of tolerance to the peptide in subjects, thus diminidtendperapeutic

effect [Irwin andFlatt 2009].

CCK is also able to exert an insulieleasingeffect through binding with CCK
receptors on the pancreatic betdl surface, with theffect being similar (although
not equivalent) to that of GLR. Like GLR1, CCK not only stimulates insulin
secretion, but also acts to both promote growth and prevent programmeddatéll
resulting in increased betall masgIrwin and Flatt2015]. 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 T2M. However, as is often the case with the use of peptides in drug
development, CCK requires modification in order to rend#rettapeutically 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 profite 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 aslévelopment of tolerance. The
analogue, produced bjjrwin et al. 2012]is an Nterminally modified CCK8
derivative termed: (pGhaIn)-CCK-8 [Irwin et al. 2012]. The modification rendered
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the peptide much more stable, with a Hed#f of 22-34 minutes; copared to a half

life of 2-4 minutes in the native, unmodified form. Chronit 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 miniPEGylated derivative of the analogue was produced, namely:-@l@)u
CCK-8[mPEG] [Irwin et al. 2013]. The study was able to demonstrate no loss of
efficacy ypon 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
PEGylaton preventing clearance by the kidneys, and in turn, prolonging the

circulation-time of the peptide [Irwin and Fla2015].

Despite such innovations, a CCK based therapeutic has not yet been approved.
While administration in humans has demonstrated &wvonrable sideffect profile,
with nausea and abdominal cramping being reported [Smith 1984], these effects are

said to be transient and dedependent.

1.3.22. Glucose dependent insulinotropic peptide

Glucosedependent insulinotropic polypeptide fbr gastric inhibitory polypeptide)

is a 42aminc-acid peptide hormone secreted from intestinaleis 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 warggether with GLPL to induce the

0i ncefeffemt 6 i n enhancing glucose stimul a

1975]. Fulllength GIP(342) is synthesised from its 153 amino acid precursor
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(ProGIP) by PC1/3 [Ugleholdt et al. 2006], while prohormaoavertase PC2 is
responsible for the processing of ProGIP into itsefninally truncated isoform,
GIP(1-30), in the intestine and pancreatic alpha cells [Fujita et al. 2010a,b]. In a similar
vein to GLR1 and PYY(136), GIP is subjdcto rapid degradatio by DPR4, which
cleaves TykAla? of the peptide, resulting in the truncated metabolite GH23

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

The binding of GIP to its specific GPCR detacells enhances GSIS by
activating cAMP gynal transduction patays [Ding and Gromadi097]. In addition
to established insulinotropic actions, GIP has been shown to possess other direct
beneficial effects orthe betacells includingstimulation of growth, differentiation,
proliferation and survial 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 agierosis treatment [Irwin et al. 2010]. The
peptide consists of three bioactive domains; theehinal domairi GIP(1-14), the
mid domaini GIP(19-30) and the @erminal domain GIP(3%2) [Hinke et al. 2001].
The first two domains are responsible for ittgulin-releasing incretin effect, whereas
the third domainrihibits gastric secretions. GIR{#) is the more potent of the two
insulinotropic regions, due to elicitation of superior cRNMroduction Alana et al.
2004 Hinke et al. 200[L Thus, given the similar effects of GIP to that of GLISIP
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 ateent option for T2DM patients with pexisting or

greater risk of osteoporosis; such as poshopausal women.
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1.3.23. Oxyntomodulin

Like PYY and GLP1, oxyntomodulin (OXM) is produced in and released from
intestinal L-cells in response to food ake[Wren andBloom 2007; Figure 1]51t 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 gio#& actions of OXM are
attributed to binding and activation of both GILRnd 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 receptorisagoand
subsequent improved metabolic control, while glucose homeostasis and insulin
resistance are improved through activation of @lLReceptors [Pocai 2012]. The
similarity with PYY and GLP1 continues with the fact thddPR4 also rapidly
degrades OXMo render it inactive [Druce et al. 2009]. OXM analogues would,
therefore, be required to betlrminally stable in order to be therapeutically viable.
That said, novel OXM analogues have been developed, employing spetgfimidal
position 2 modificatios 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 othddPP-4 susceptible peptides.

1.3.3 Bariatric surgery

Bariatric surgery is anmbrella term, encapsulating a range of surgical procedures, of
varying severity, employed to encourage weilpiss in overweight and obese patients.

There are a number of different kinds including: gastric banding, gastric bypass,
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gastrectomy, intrgastic ballooning and tiopancreatic diversion [Elder antfolfe

2007].

1.3.31. RouxenY gastric bypass

RouxenY 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 tbie rest
the stomach [Elder and/olfe 2007]. While originally considered as a weidpds
surgey for obese patients, which has seen great clinical success; RYGB is now
regarded as the gold standard for treatment of obésibetes, with ~88% diabetes
remission, increased weight loss and superior metabolic control being achieved in
patients than comentional 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, posturgery, have highlighted that this is not Hude beneficial factor [Elder
and Wolfe 2007]. As such, the enhanced diabetic control-pasatric surgery is
independent of weight loss, with enhanced glycaemic control [Mingrone et al. 2015],
improved insuh sensitivity [Campos et al. 2010], augmenteetacell 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 pestirgery. Altered secretion and action of gut
hormones such as PYY, GLR OXM and ghrelin postsurgery are now thought to
be responsible for the remission of T2DM [Holst 2013; Meek et al. 2016], with

improved pancreatic islefunction 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 effeeing shown following neutralization of PYY
but persisting in the presence of a GLReceptor antagonist, highlighting the

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

1.3.32. Applicability of surgery

Generally, surgery is reserved fatients 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 posturgical complications st as blood clots, nutrient deficiency,
wound infection or seepage of gut contents into the stomach which can also result in
serious infection [Elder anwvolfe 2007]. Thus, development of goeptide based
therapies, capable of mimicking the hormonal clesngostsurgery 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 Tyre$ym@sine (PYY) is
integal to this body of work. Thus, the following section will briefly provide a

background to the peptide.

1.3.41. Discovery and evolution of PYY

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

first discovered in 1982, fiowing isolation from porcine uppéntestinal 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 betwdengeptides [Tatemoto 1982]. This was later
confir med, and collectively these peptic
comprising of PYY, PP and the related Neuropeptide Y (NPY) peptide hormone
[Conlon et al. 1992]. Despite being characterised mexstntly, NPY is actually the

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

i's now more commonly referred to as the ¢

It is thought that the peptides comprising this family arose via ssigees
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 conserd 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 ancestBP 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 tetrapodgh 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 Rj¢évie of some conservative selective pressure

[Conlon 2002].

1.3.42. 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 NRlcansist of 36 amino acid
polypeptides, with a number of conserved residues throughout each peptide sequence
[Conlon 2002]. These includere?, Pre, Prd, Gly®, Tyr?%, Let?*, Thr¥?, Arg® and
Tyr3¢[Conlon 2002Germain et al. 2013; Soll et al. 2001]. The three peptides also
contain similar tertiary structures, namely the -leinded polyprolindike helix

(formed from residues-8 ) , -Helix ¢forniéd from residues 132) and thebeta

turn, which bridges the gdgetween the polyprolink i k e -helices [Gddmain et al.
2013]. Together, these structures -form a
fol do; an important structur al confor ma:
function of the NPY family opeptides [Germain et al. 2013]. The fold between these

two helices is strengthened by roovalent interactions between a number of the
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conserved residues, in particular Rre, Pré, Tyr?°, Lei’* and TyF’, resulting in
formation of a highly hydrophmc core [Germain et al. 201Btegefeld et al. 2011
Keire et al. 2002Pedersen et al. 201306l et al. 2001 Walther et al. 2011 The N
terminal polyprolinelike helix has been shown to be more dynamic than the, more
rigid, Ct e r mi-hel,| indiththg that the @erminal residues are crucial for
maintaining the structural integrity of molecule [Germain et al. 2blEgjefeld et al.
2017. These structural characteristics are of utmost importance for receptor
specificity of PYY, PP and NPY [Soll et &001]. Furthermore, the PBId 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 ithe neuroendocrine-tells of the distal gut, thus
sharing a common site of synthesis with GLFSpreckley 2015]. However, a discrete
population of brain neurons within the medulla are also known to express and secrete
PYY [Breen et al. 1998]. Moreoves,more recent study has revealed PYY expression
in pancreatic alpha PR and deltacells [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. Hoer generally, PYY is thought to be
released postprandially from the gut, in respaisangestion of food [Persaud and

Bewick 2014; Tan an8loom 2013].

Interestingly, it has been demonstrated that endogenous circulating PYY levels
are lower in obese, han 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 thet&minal by the ubiquitous enzyme
dipeptidyl peptidasé (DPR4), throughremoval of the dipeptide, T{Pro? [Michel
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et al. 2008]. Thus, PYY not only shares a site of synthesis with Gldat also the
enzyme that degrades the pdes at the MNermini [Baggio andDrucker 2007].
Interestingly, the 36 amino acid native PYY peptide is not the predominant PYY form
present in the circulation, with PY3{36) being more abundant [Tan aBtbom
2013]. Whether this is also true within individual tissue regions remairesdlabfied,
which could impact upon specific PYY recepBubstrate interactions. In addition to
this, a recent study has documented theer@inal metabolism of PYY(36) to
PYY(3-34) in humans, although the physiological impact of thigihl Gterminaly
truncated PYY metabolite remains uncertain [Torang et al. ,2Bigire 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 educed gut motility wvia the
mechaism [Chen andRogers 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 aRdgers 1995]. These brain structures
are not fully protected by the blodmtainbarrier (BBB), and PYY molecules modified
to inhibit BBB crossing are still capable of exerting centrally mediated effects on
inhibiting appetite via these sites [Baraboile10]. Furthermore, an important role
for PYY in pancreatic betaell survival and function has also recently been revealed
[Khan et al. 2016; Sam et al. 2012; Tahl#.IHowever, the biological actions of PYY

are fully dependent upon which receptobtspe is activated.
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1.3.43. NPY-receptors

The NPY family of peptides exert their biological effects through binding with a class
of G-proteincoupled receptors (GPCRs), specifically rhodofigimn GPCRs, termed

the NPY-receptors (NPYRs)Walther et al.2011, Figure 1.% Within this class of
GPCRs, PYY is known to bind three receptor subtypes, namely NPY1R, NPY2R and
NPY5R [Keire et al. 20021egefeld et al. 2011; Walther et al. 2D1However, it is
important to note that other NPYRs have been chaisetk 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 humahalfher et al. 201]1 The NPY
receptors are interesting, in that they show low overall seguétentity, with
differing affinity for endogenous ligands from the NPY family4dlther et al. 201]1
These differences in affinity have allowed for identification and classification of each

receptor subtype.

While receptor affinities of the NPY familyginds may differ\Valther et al.
2011 Table 11], 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 adenosingoptmsphate (CAMP), has
been demonstrated in almost every NPY recepxpressing cell type investigated
[Nieuwenhuizen 1994]. Additional signalling responses have also been identified in
certain cell types, such as the inhibition ofGzhannels as weks the activation
and/or inhibition of K channels [Michel et al. 1998]. A further similarity of the NPYR
subtypes includes the requirement of an amidateé’ Tesidue at the @erminus of
all peptide agonists, which has been shown to be important for both recognition and

subsequent agonist binding/alther et al. 201]1
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1.3.4.31. NPY1R

The NPY1R receptor subtype consists of 384 amino acids and is chiefgsseg 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
Langerhas [Cox 2007; Khan et al. 2016; Sam et al. 2012; Wu et al. 2013]. The
receptor is encoded by thpylrgene, which has been located on human chromosome
4q(31.3 32) [Cox 2007], and activation has been shown to modulate vasoconstriction,
sedation, colonic eghelium growth regulation, pancreatic betll proliferation and
induction of feeding [Batterham et al0@; Khan et al. 2016; Persaud @elwick

2014; Wu et al. 2013; Table11 Figure 1.5 The NPY1R displays high affinity for

both native PYY and NPYhut affinity dramatically decreases throughtéMminal
truncation of the peptides by DRP[Wu et al. 2013; Table.1]. Thus, NPYR
specificity of PYY and NPY dramatically alters dependent upon whether or not the N

terminus of the peptide remains intact.

1.3.43.2. NPY2R

The NPY2-receptor consists of 381 amino acids, and is encoded Bypy2r gene
(located on chromosome 4q(32.Wdlther et al. 201J1 This NPY receptor subtype is
expressed in brain tissues (particularly the hippocampus), sympatheadic an
parasympathetic nerve fibres, stomach, intestines and blood veAksibdr et al.
2017). The biological consequences of activation of the NPY2R includes suppression
of neurotransmitter release, gastric @a@cretory effects, enhanced memory retention,

suppression of carbohydrate intake, inhibition of vasoconstriction, small intestine
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motility and neuronal apoptosis [Persaud &aavick 2014; Wu et al. 2013; Tablell
Figure 1.%. Like the NPY1R, PYY and NPY bind with high affinity to this subtype
[Walther et al. 201MVu et al. 2013Figure 1.%. However, NPY2Rs also possess high
affinity for the DPP4 N-terminally truncatedorms of both PYY and NPY, namely
PYY(3-36) and NPY(336) [Table 11], and the receptor is thought to be intrinsically

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

1.3.43.3. NPY5R

The NPY5R receptor is encoded by tigy5rgene and is expressed in two isoforms,
one being 10 amino acids shorter than the other, although both receptor isoforms
display asimilar pharmacological profile upon activatiowdlther 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 hurman pancreatic islets, although identification of the receptor subtype in animal
islets is still missing [Khan et al. 2016; Persaundl Bewick 2014; Wu et al. 2013].
Thisreceptor is also believed to function in conjunction with the NPY 1R to stimulate
appeite, acting as a positive modulator of feeding after the initial response elicited
through activation of the NPY1R [Inui 1999; Tablel1Figure 1.5 The NPY5R
displays relatively high affinity for both PYY and NPY, but much lower affinity
towards the Nerminally 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; Tablel}, although PP is principally known to interact with

NPY4R [Zouet al. 2008].
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Table 11. A summary of endogenous agonists and biomigdfects ¥receptor

subtypes
Receptor Endogenous Physiological role | Potential adverse
Subtype ligand effects
PYY(1-36) Increased betaell Appetite
NPY1R NPY(1-36) mass stimulation
Betacell rest Acute reduction
Vasoconstriction in insulin
Sedation secretion
Colonic epithelium
growth
PYY(3-36) Appetite suppression Nausea
NPY2R NPY(3-36) Gastric antisecretory Sweating
PYY(1-36) effects Abdominal
NPY (1-36) Memory retention discomfort
Inhibition of Neuronal
vasoconstriction apoptosis
Inhibition of small
intestine motility
PYY(1-36) Regulation of NPY1R Appetite
NPY5R NPY (1-36) mediated effects stimulation
Pancreatic
polypeptide

1.3.5 PYY pharmacotherapy

1.3.51. PYY as an antiobesity medication

In 2002, Batterham and colleaguesealed that intraperitoneal injection of PYY(3

36) in rodents significantly inhibited food intake [Batterham et al. 2002; Tabje 1
This appetite suppressive action was also omefil in humans, where PYY
administration was shown to induce a reduction in caloric intake ovehaw4eriod
[Batterham et al. 2002]. Moreover, the satiating effects of peripherally administered
PYY(3-36) were later observed in obese human subjedgaiting 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], monkey$Koegler et al. 2005] and humafsloth et & 2007]. Despite the
obvious potential for the treatment of obesity, PY8&-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 2007].Additionally, adverse
effects have been observed in humans following administration of R3&)(8uch as
nausea, sweating and abdominal discomfort, which may be influential for its related
appetite suppressive actions [Ortiz et al. 20@idleed, iteractions 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 NPYH®esdglberger et al.
2008; Table 1], thus reduced PYY doses in combination with modulation of other
hormone receptors involved with energy balance, such asldBBrrera et al. 2011],
could be of key therapeutic interest. Moregvkere has been a recepisurge in focus

on the generation of novel hybrid peptides that can modulate multiple regulatory
peptide hormone receptor pathwa@hepurny et al. 2018; Gault et al. 201lryin et

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

1.3.52. PYY as an antidiabetes medication

The above noted potential therapeutic role for P¥363 in obesity would have

obvious translational benefits for theda majority of type 2 diabetic patients, where
obesity is a major conorbidity [Khaodhiar et al. 1999]. However, whilst PYY is
primarily a gut hormone, it has also been eviddneithin the pancreas [Persaud and
Bewick 2014]. Indeed, during development tharliest distinguishable pancreatic

isletsin 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 glucesemulated inslin secretion (GSIS) from
isolated mouse islets [Khan et al. 2016; Morgan et al. 1998; Sam et al. 2012],
potentially inducing betaell rest. As such, numerous benefits of kel rest
inducing agents have previoudhgen noted in diabetes [Brown aRather 2008].
Indeed, selective knoetut of PYY expressing cells in mice results in
hyperglycaemia, which was shown to be primarily the result of increaseddieta
destruction rather than decreased secretory function [Sam et al. 2012]. Since PYY is
not expessed in insuliiproducing betacells [Khan et al. 2016], this observed beta

cell depletion likely occurs as a consequence of ablation of-xfressing islet
subpopulations of islet alphadelta and PPcells [Khan et al. 2016], leading to a loss

of local trophic factors required for bet&ll maintenance and survival. Interestingly,
NPY1R activation partially rescued the loss of pancreatic insulin content resulting
from PYY cell ablation, predominantly by prevention of betdl apoptosis [Sam et

al. 2012]. However, previous studies utilising specific NPYRbckout 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 plagity 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 beteell function and maintenance [Khan et al. 2016].
Thus, presence of the NPY2R was demonstrated iatesImouse islets as well as
immortalised rodent and human bell lines, albeit at lower levels than NPYaRd
NPY4Rs [Khan et al. 2016]. Despite this, PYY38), the specific NPY2R agonist
[Keire et al. 2000], was shown to elicit similar insulinostatifects as native PYY

[Khan et al. 2016]. Additionally, both native PYY and PY¥38) were demonstrated
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to induce comparable improvements in be¢ll growth and survival [Khan et al.
2016]. In agreement with previous work [Baraboi et al. 2010],-beltdbenefits of

PYY peptides were believed to be closely linked to prevention of apoptosis [Khan et
al. 2016], via altered expression of the apoptotic faflb-1 [Eizirik and Mandrup
Poulsen 2001]. Additionally, it has previously been shown that NPYRasictiv
increases activityofthearipopt ot i ¢ gene, protein kinas
2002]. The effects of PYY on development of insulsistant and insukldeficient
diabetes has also been studied in mice. Intriguingly, streptozetatined isulin
deficiency decreased PYY expression in PP and delta cells, whereas hydrocortisone
induced insulin resistance increased PYY expression within -@ipllea[Khan et al.
2016]. Given that alpheells are now believed to act as possible progenitors f@r ne
betacells [Thorel et al. 2010], it is tempting to suggest a pivotal role for PYY in this

regard.

Indeed, the idea of a P¥Wased therapy for betzll 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, irnmuno
neutrali@tion 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 involvemendf PYY in the enhanced control of diabetes following bariatric
surgeries [Hansen et al. 2013; Shankar et al. 2Bdahe 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 fustion 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-bellafunction and survival
[Khan et & 2016; Khan et al2017; Persaud arBewick 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 intaotkus
[Keire et al. 2002; Michel et al. 2008; Table 1]. However, with the exceptionof X
PYY, a reported long acting NPY1/NPY2R-agonist [Sam et al. 201Eigure 1.4,

a promising loneacting, Nterminally enzymatic resistant, NPY1R specific PYY
candidate analogue $iaot been identified at present. As suckRXY was reported

to ameliorate the hyperglycaemia induced by streptozotocin injection and subsequent
betacell loss in mice, as well as increasing pancreatic-teftanumber and insulin
stores following chemidaablation of PYYexpressing 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 otcéktidss that is a
recognised key pathophysiologiaadiaracteristic in both major forms diabetes in
humans [Matveyenko arlutler 2008]. Alternatively, concurrent administration of a
PYY(1-36) based compound, alongside a BPmhibitor, should also encourage
NPY1R specificity and represents anotherrieséing therapeutic option for diabetes,
especially since DRR inhibitors are already clinically approved [Dicker 2011].
However, the impact of activation of hypothalamic NPY 1R and stimulation of appetite
would also need to be considered in this regarabld 11]. Taken together, this

represents a potentially exciting research channel that merits further exploration.
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1.4.A. PYY(1-36)

v/ pli[klp[Elalplc|E[D|A[s[PlE[E[LIN[R[Y|Y[A[s[L]R[H[Y[L|N[L]v][T[R]Q[R[Y|NH2
1/2(3/4|5|6/7|8|9]10/11|12|13|14/15|16|17|18|19|20|21|22|23|24(25|26|27|28|29|30|31|32|33(34]35[36
NPY(1-36)
v[P[s[k[PIDIN]PIG| E [D]ATP[A[E[D[M[ATR[Y[Y]S[A[LIR[H[Y ]I [N[L]I]T][R]Q[R]Y[NH2
1/12|3]4|5/6|7|8|9(10({11|12|13|14[15[16|17(18|19]20(21|22(23|24|25(26/27|28(29|30(31|32|33(34]35[36
PP

LIEIPVIYPIGID|N[A|T|P|E[QMA[Q|Y|A/AD|LIR|R|Y[I|[NIM|L|T|R|P|R|Y|NH2
4|5|6|7|8|9(10|11|12|13|14|1516(17|18[19(20|21|22|23|24|25|26|27(28|29|30|31|32|33|34|35|36

PYY(1-36)

I(K|IPI[EJA[P|IG|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
3|4(5|6/7|8|9|10]|11|12|13|14|15|16(17|18|19(20|21|22|23|24|2526|27|28|2930|31|32|33|34/35[36

P
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1.4.8

Y[p

12

PYY(3-36)
.IKPEAPGEDASPEELNRYYASLRHYLNLVTRQRYNHZ
1.4.C

3/4[516/7]8|9|10]11]12|13[14]15|16(17]18|19]20|21|22|23|24|2526|27|28|2930|31|32|33|34/35[36
PYY(3-34)

I(KIPIEJA[P|IG|E|D[A[S|P|E[E[L/N[R|Y|Y[A|S|L|RIH|Y|L|N|L|V|T|R|Q
3|4(5|6/7|8|9|10]11|12|13[14|15|16(17|18|19|20|21|22|23|24|2526|27|28|2930|31|32(33|34
X-PYY

I|k|PIE|A|P|G|E|D|A|S|P|E|E|I|V|K|Y|F[I|E|L|R|H[Y|L|N|L|V|T|R|Q|R|Y |NH2
1/2/3(4|5/6|7|8|9|10/11|12|13|14/15|16|17|18|19(20(21|22|23|24|25|26|27|28|29|30|31|32(33|34

Figure 1.4.A. A basic representation of the linear amino acid sequences of PYY, NPY
and PP, with singletter 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 areshaded in blue.

Figure 1.4.B. A basic representation of the linear amino acid sequences of PYY and
two of its metabolites, PYY(36) and PYY(334). Cleaved residues, compared to-full
length PYY(236), are represented by rsaded squares.

Figure 1.4.C. Linear sequence of the loragting NPY1/NPY2R PYY analogue-X
PYY. Amino-acid substitutions from the native PY¥86) peptide are demonstrated
by shaded sques
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Figure 1.5. A schematic overview of release of PY Y from enteroendocrine L-cells, in response to stimulation from various components of the diet. The full length peptide,
PYY(1-36), is degraded by DPP-IV at the N-terminus to cleave a dipeptide, forming PY Y(3-36). This renders the peptide selective for the NPY2R. Additionally, the
peptide is also targeted by other serine amino-peptidases to form PYY(3-34), via further cleavage of a dipeptide at the C-terminus. Cleavages are indicated by red X's.
Consequences of receptor activation by each agonist are provided below each receptor subtypes. Two other hormones released from the L-cell are additionally included,
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1.4. Aims of the Thesis

The primary an of this thesis was to develop stable KY-86) analogues, capable of
bringing about positive effects in T2DM through important interactions at pancreatic
NPY1Rs to elicit beneficial effects of PYY on betell 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 purityand identityby High Performance Liquid Chromatography with Mass

Spectrometry.

2. Assess then vitro enzymatic stability, utilisingxtracted plasma, purified enzymes
and enzyme inhibitors and assess the importance of enzymatic stability to peptide
function. Assessment of functionality will be via study iafvitro insulin secretia,
proliferation and apoptostd novel peptides in insuliproducing rodenBRIN-BD11

and human 1.1B4 betzlls.

3. Identify the important receptor interactiongolved in mediang in vitro effects by

developing and utilising CRISR&enerated NPYR KO celines.

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

tolerance.

5. Assess the ability of novel PYY peptides to improve glycaemic contdblsdet
morphology vi a acti ons ainSThuted diabetic addPhgh R6 s |,

fat fed obesityinduced 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 Mil) 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 glugagat
polyclonal antibody to GFRabbit polyclonal antibody to K&7, rabbit polyclonal

antibody to NPY1R and rabbit polyclonal antibody to NPY2R.

BDH Chemicals Ltd. (Poole, UK):

Acetic acid (glacial), calcium chloride (Ca@®H.0), dichloromethanéCH.Cl,), di-
sodium hydrogen orthophosphate §NRQOy), ethanol,p-glucose, hydrochloric acid
(HCI), magnesium sulphate (Mg$®@H:0), paraformaldehyde (PFA), potassium
dihydrogen orthophosphate (KPIQ:), sodium bicarbonate (NaHGY) sodium
chloride (NaCl), triethanolamine (TEA) (6HisNOs), tri-sodium citrate

(CsHsNagO7.2H0) and sodium dihydrogen orthophosphate (PR®I).

Gibco Life Technologies Ltd. (Paisley, UK):

Antibiotics (100U/ml penicillin and 0.1g/L streptomycin), foetal bovine serum (FBS),
Hanksbuffered saline solution (HBSS 10x stock)}2Mhydroxyethylpiperazind\-2-
ethane sulfonic acid (HEPES) (1 M}Glutamine (200 mM), Roswell Park Memorial

Institute (RPMI) 1640 medium and trypsin/EDTA (10x stock).

Invitrogen (Paisley, UK):

Alexa Fluor 594goat antimouse IgG (H+L), Alexa Fluor 488 goat antbuse IgG
(H+L), Alexa Fluor 350 goat anthouse IgG (H+L), Alexa Fluor 594 goat anti

guineapig 1gG (H+L), Alexa Fluor 488 goat aruineapig IgG (H+L), Alexa Fluor
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594 goat antabbit IgG (H+L), Alexa Fluor 488 goat antabbit 1IgG (H+L), Alexa

Fluor 488 donkey angoat IgG (H+L), custom primers (see Table 2.1.), Oligo{¢T)

1g primer, Prestained benchmark protein ladder kit, superscript Il reverse transcriptase
RNase H kit,100 mM dNTP set, 100bpNE ladder, SYBR® Safe DNA gel stain and

xylene.

Millipore (Watford, UK):

Glucagon ELISA kit (EZGLU30K)

Oxoid (Basingstoke, UK):

Phosphate buffered saline (PBS) tablets

Perkin Elmer (Cambridge, UK):

Sodium iodide **% (74Mbg/20e | st o c k)
Promega (Southampton, England, UK):

Wizard® SV Gel and PCR Cleddp

Promocell (Heidelberg, Germany):

Recombinant human interleukin 1betga recombinant human interferono and
recombinant human tumour necrosis faétaf .

Roche diagnostics (Sussex, UK):

LightCycler® 480 SYBR Green | Mastein Situ Cell Death Detection Kit,
Fluorescein (TUNEL assay).

SigmaAldrich Chemical Company Ltd. (Poole, UK):

Acetonitrile, angiotensin | h ucoravertina c et at
enzyme (ACE) human recombinant, 010 U/ mg
insulin (crystalline), bovine serum albumin (essentially fatty acid free, endotoxin free),
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charcoal (activated/untreated), dextrai@ D , -dindidinGé2-phenylindole DAPI),
diethyl pyrocarbonate (DEPC), dimethyl sulphoxide (DMSO), -@iphenyiN é4,5
dimethyl thiazol 2 yl tetrazolium bromide (MTT), ethylene diaminetetraacetic acid
(EDTA), glycerol, hydrogen peroxide ¢B>; 30% w/w), N2-hydroxyethylpeprazine

N é2-ethare=sulphonic acid (HEPES), isopropanoim2rcaptoethanol, mouse- C
reactive protein (CRP) ELISA kit, palmitic acid sodium salt, potassium chloride
(KCIl), sodium hydroxide (NaOH), standard agarose, streptozotocin, 1,3,4,6
tetrachlore3 U ,-dipkknylglycouriliodogen), thimerosol, Triton400, trizma base,

trizma hydrochloride, trypan blue solution (0.4%) and tw2en

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 characteriseouise by HPLC with
MALDI -TOF, as described previously [Pathak et al. 2015]. HPLC separation

employed specific etion 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 usingHRFLC on a Spectra Series P200
chromatography system atthed to Spectra Series UV100 detector. Peptides were
dissolved in distilled water at a camration of 1 mg/ml. &ptide solutior{5 0 ) veas$

doubledi l uted wusing 50 ¢l of 0O.1%-HPMT v TFA
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column for subsequent spectra anmlysThe eluting solvent used was 70%
acetonitrile. Separation was achieved with a Kineted8Gnalytical 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 214mhetect peptide bonds.
HPLC peks for each peptide were anagisusing Thermo Electron ChromQuest data
collection software (Version 3). Purified fractions were collected and subsequently

applied © MALDI-TOF MS (Section 2.2.1)3

2.2.1.3. Confirmation of molecular mass by matrixassisted laser desorption

ionisation time of flight mass spectrometry (MALDI-TOF MS)

Peptide molecular mass was confirmed using Voya&ger Biospectrometry
Workstation (PerSeptive Biosystems, Farmingham,, M/SA). Matrix solution

compr i sed -cyahod-mgrboxgrinnartdic acid in acetonitrile/ethanol (1/1).

1.5 ¢l of peptide samples were mixed witet
well of a 100well stainless steel plate and allowed to dryoatm temperature. Mass

spectra were recorded aa m&sEharge (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].

2.2.2In vitro Studies

2.2.21.In vitro peptide degradation
Test peptides (50 pg) were incubated afC37n a plateshaker in 50 mM
triethanolamine/HCI (pH 7.8) with pl of pure dipeptidyl peptidasé enzyme (0.01

U/ul, Sigma Aldrich) for 0 and 8 hours, 5 pl of pusagiotensin converting enzyme
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(0.01 U/pl, Sigma Aldrich) for 0 and 4 hours 10 ul fasted murine plasma for O and

4 hours. Reactions were terminated, as appropriate, via addition of 10 pl of 10% (v/v)
trifluoroacetic acid/water. In a similar experimenpabtocol, peptides (50 pg) were
incubated in murine plasma in the presence of the ACE inhibitor captopril (1 mM) or
theDPPR4inhibitor sitagliptin (0.5 mM). Reaction mixes were separated BYAREC

using a (250 x 4.6 mm) Phenomenex1& analytical columnwith absorbance
monitored at 214 nm using a Thermoquest, SpectraSystem UV2000 detector. Defined
HPLC peaks were collected and identified via MAEDDF MS on a PerSeptive

Biosystems VoyageDE Biospectrometer (Hertfordshire, UK).

2.2.22. Tissue culture

All cell lines used were cryopreserved at Ulster University, Coleraine in liquid
nitrogen. All cryopreserved cell lines were stored (at a density oflell8 per vial)

in 2 ml cryogenic vials (Greiner bione, UK) n freezing medium containing 10%
DMSO, 10% RPMI1640 medium and 80 foetal bovine serum. Contents were frozen
gradually at20 °C for 4 h-70 °C overnight before transfer to cryopreservation store.
Thawed cells were suspended imii0of warmed tissue culture media and centrifuged
at 900rpmfor 5 minutes. The resulting pellet was resuspended and the cell suspension
was transferred to a 75 éwsterile tissue culture flask (Nalge Nunc International, NY,
USA) and 10 ml of prevarmed RPM1640 medium was added, prior to incubation,
and stored iran 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 DeaconesHospital rat pancreatic islet cells and RINm5F cells, originally

51



derived from the NEDH rat sulinoma [Gadzar et al. 1980]he characteristics of this

cell line, including glucossensitivity and insulin secretory function, have been
described in detapreviously [McClenaghan et al. 1996]. The human pancrbat&

cell line, 1.1B4 was generated by electrofusion of freshly isolated human pancreatic
betacells and PANCL, an immortal epithelial cell line (ECACC, Passage 60, UK) by
the Diabetes Researchdsip, University of Ulster, Coleraine [McCluskey et al. 2011].
Both BRIN-BD11 and 1.1B4 cells were cultured in RR1B40 (11.1mM glucose)
supplemented with 10% FBS, 1% penicHtreptomycin (5000U/l). The ratderived

INS-1 832/13 clonal cell line wascultured in RPMI1640 (11.1mM glucose)
supplemented with 10% FBS, 1% penicHstreptomycin (500QU/l), 200 e M - 2
mercaptoethanol and 1mM sodium pyruvate [Shi et al. 20NH:-1 832/13cells
contain a high insulin content, are glucose responsive andaimthesebetacell
characteristics over 116 passages [Asfari et al. 1992; Merglen et al. 2004]. NPY1R
KO and NPY2R KANS-1 832/13cells were cultured and maintained in an identical
manner to the wildype cells. Development and characterisation of tledells is

discuwssed in Section 2.2.3

For routine subculturing, the cell monolayer was washed with 10 ml of pre
war med Hanksd®é balanced salt solution (HB
any remaining FBS, cells were rinsedtiwB ml of warmed trypsin (0.Z& (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 warmedreulbedium 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 suspews addition of
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fresh media andl100 ¢ | of t his suspension was cCo
haemocytometer (Scientific Supplies Co., UK). Once counted cells were seeded at a
specified density for experiments or returned to the culture flasks. For maireenanc

culture, 1 ml of cell suspension was added to the flask and topped with 25 ml of
warmed RPMIi 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.

2.2.23. 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 rpmmifor

and the pellet suspended in 10 ml of culture im@dDouble dilution was carried out

via additionofL 0 Oofeellsuspensiono 100 €| o fellswergecpuated b | u e
using Neubauer haemocytomet®iable cells (unstained and bright) were counted

(cell clusters were counted as ond@he concentration of cell suspension was
calculated using the formula, concentratiomillion cells/ml = cell count / 200. An

appropriate, experimetsipecific, cell density was then calculated for seeding.

2.2.24. Acute insulin release studies

BRIN-BD11 cells were seeded in 24 well plates at a density of 150€18 per well.

Cells were allowed to attach overnight at 37 °C and culture medium was replaced with
1 ml of KrebsRinger bicarbonate (KRB) buffer (115 mM NaCl, 4.7 mM KCI, 1.2 mM
MgSOi.7H20, 1.28mM CaCb.2H20, 1.2 mM KHPOs, 20 mM HEPES and 25 mM
NaHCQ) containing BSA (1 mg/ml), Bylucose (1.1 mM). Cells were pmecubated

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 niltest solutions (KRBBcontaining either 5.6 or
16.7 mM glucose with test peptides {20 10° M)) and incubated for 20 min at 37
°C. Testsolution(9 5 0) waslthen removed, aliquoted into LP3 tubes and stored at
20 °C for measurement of insulin by radioimmunoassaya second series of
experiments, insulin secretory effects of PY¥@) peptides were determined

following incubation in the presence of ailae (10 mM) Lafferty et al. 2018).

2.2.25. Immunocytochemistry

Fluorescent immunocytochemistry was carried out on cell monolayers to assess
proliferation and apoptosis. Cells were seeded onto sterilised;giéesar coverslips

(16 mm diameter) and qted in 12well plates (Falcon Ltd) at a density of 40,000

cells per well and cultured for 18 h in test culture. Media control,-GIF0® and 10

6 M) and a human cytokine cocktail mix (lbeta( 1 00 U/ mL) , Il FNo (¢
TNFU (200 U/ mL) were employed as contr o
media or media/peptide mix was aspirated from the wells and cells were washed with

PBS before fixation by immersion in 4% paraformaldehyde for 3Quta# 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
soluton and incubation at room temperature for 45 minuesproliferation, primary

Ki-67 antibody was then made up to the manaft ur er 6 s gui)arel i nes
200¢ | added per well and allowed to incub
were washd twice with PBS to remove excess antibody. Fluorescently ldbelle
secondary antibody (Table 2\as diluted 1/300 and added, 200 / we |l | , and al

to incubate at 37°C for 45 minutes. In the case of apoptosis, TUNEL reaction mix was
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made up, accordingp 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 coveslips onto polysine coated slides. Cells could then be
imaged and photographed using a fluorescent microscope (Olympus system
microscope, model BX51) fitted with FITC (48&) and TRITC (594m) filters with

CellF software. Immunocytochemistry was quaetifi by counting expression of
proteins of interest within the cells from >5 frames, with each frame containing >150

cells using ImageJ software.

2.2.26. mRNA extraction and conversion to cDNA

MRNA was extracted from cultured cells using the trizol me#@m follows. Cultured

cells were first washed in HBSS before 10 minutes incubation withTIRI reagent
(SigmaAldrich,). After mixing, the lysed cell solution was transferred to aml5

Eppendorf and centrifuged 2,000 G for 10 minutes at 4°C. The resulting
supernatant was transferred to a fresh Eppendorf, leaving behind the insoluble
material. 200¢l of chloroform was then ai
before centrifuging aL2,000G for 15 minutes at 4°COf the three distinct layers
produced, the wupper agueous | ayer o f RN
isopropanol and centrifuged &4,000G for 20 minutes at 4°C in order to precipitate

the RNA. The RNA precipitate was washed thrice in 75% etharfoidénally being

solubilised in 20e | RitdeAwater. To determine the concentration and purity of
RNAalel sampl e was t e s-10e0dJV/visspectrophatoneterr o p N
All mMRNA samples were stored a70°C, however only samples showing an

OD260/aD280 ratio >1.8 were considered pure and used for cDNA conversion.
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cDNA (1-3¢ ywas generated by reverse transcription of mMRNA as follows. OligoDT
was added to RNA samples and heated to 70°C within a thermocycler to denature the
secondary structure of BNand 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 inactivatecthranscriptase enzyme. The concentration of cCDNA was
confirmed using a NanoDrop NDOOO UV/Vis spectrophotometer. cDNA samples

were stored at20°C until required.

2.2.27. Real time reverse transcription polymerase chain reaction (Real time RT

PCR)

Anl1l8el PCR reaction mix wabt S¥YBREEYgr RINAd 60
free water, X | primers (forwaldpeaedioeskysggnan
A negative template control for each primer and a housekedpaujin positive

control was run with each PCR. Reactions were conductedviell3ow tube strips

with clear low flat caps (BioRad). SYBR green amplification parameters were set at

95°C for denaturation, 3& for primer annealing and % for elongation for a tal

of 40 cycles, followed with melting curve analysis, with temperature range séCat 60

to 9C°C. Values were analysed using the Livak method and normalisbehdtin

expression.
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2.2.3 Development of NPYR KOINS-1 832/13cells

2.2.31 Materials

The Bbsl restriction enzyme was purchased from New England Biolabs (MA, USA).
Lipofectamine 3000 was purchased from Thermofisher Scientific (MA, USW)
QuickExtract DNA extraction solutiowas obtained from Cambio (Cambridge, UK).
Plasmid pSpCas9(BBJA-GFP (PX458) was a gift from Feng Zhang (Broad Institute,
MIT; Addgene plasmid #48138http://n2t.net/addgene:48138 Plasmid pU6
(Bbsl)_CBRCas9T2A-mCherry was a gift from Ralf Kuehn (Broad Institute, MIT,;

Addgene plasmid # 64324itp://n2t.net/addgene:643R4

2.2.32 Constructs

Two guide sgRNA specific to eithédpylr or Npy2r were designed to mediate a
genomic deletion encompassing respective start codons. Guide sequences were cloned
into the plasmids following a published ppobl by [Ran et al. 2013Briefly, both
Streptococcus pyogend3as9 vectors were digested with Bbsl. Rdpylr, the

following -CACAGHGTSTTAGGENCTTCGAAA3 Nj  a n-d 5 Nj

ACTTTCGAAGAACCCTAACAGTC3 Nj (Life Technologies, L
and ligated into pSpCas9(BBRA-GF P, whi |-st
CACCGTGGGGCTGTGATTATTCTTG3 Nj and - 5 Nj

AAACCAAGAATAATCACAGCCCCAC-3 N;j (LI fe Technol ogi es
annealed and ligated into pYBbsl) CBRCas9T2A-mCherry. ForNpy2r, the

foll owing -CACOGHRCAGGCCAAAITGGAACTG3 Nj  a n-d 5 Nj
AAACCAGTTCCAATTTGGCCTGCAG3 N} (Life Technologies,
and ligated into pSpCas9(BRA-GF P, whi |-st

CACCGTCGGGGCCCACCACTCCTAG Nj and - 5 Nj

57



AAACCTAGGAGTGGTGGGCCCCGAG3 N;j (LI fe Technol ogi es

annealed and ligated into pYBbsl) _CBRCas9T2A-mCherry.

2.2.33. Construct transfection and FACS sorting

Separate populations of wild type insulin secreting INS 832/13 cells were transfected
with Npylr and Npy2r targeting plasmids cexpressing Cas9, sgRNA, GFP and
mCherry using Lipofectamine 3000, following manufacturers recommended
protocols. Postransfection (72 h), cells were detached with trypsin/EDTA ard re
suspended in sterile PBS. Flow cytometry was ewyga 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 invee8iplate and

allowed to expand under normal culture conditions for 2 weeksrm colonies.

2.2.34. Sequencing and determination dNPY1Rand NPY2Rknockout

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 Npylr (5-Nj
TGGTACTGACTGTGGGATCTT-3 Nj; CAGQGTCTTGGGTTGATGATTAG 3 Nj)
(Figures 2.2. and 2.2.19nd Npy2r (5-8BAGGAGCTCAGCCTAAACTAAA-3 Nf 5 Nj
CCGGGTGTAGGAGAAAGATATG3 NfFigures 2.3. and 2.3.1PCR products

were separated YNA 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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2.2.35. Gene expression analysis by qPCR

MRNA was extracted from wild type and NPY1R and NPY2R knockout celtheia
Trizol method (Section 2.2.2)61solated mRNA (3ug) was converted to cDNA using
SuperScript 1l Reserve Transcriptase (Life Technolggie&). SYBR green

amplification parameters were set at@3%or denaturation, 38 for primer annealing

and 72C for elongation for a total of 40 cycles, followed with melting curve analysis,

with temperature range set at’6to 90C. A list of utilised primers are provided in
Table 2.3.Values were analysed using the Livak method and normalisbéattin

expression.

2.2.36. Characterisation of the cell line

In addition to sequencing and expression data, the functionality ofcedidime was
assessed via acufesulin secretion (Section 2.2.2.4nd proliferation (Section
2.2.2.5 following incubation with GLPL as a control and either PY¥@b) or

NPY2R-specific PYY(336) to assess receptmteractions, or lack theredfrable

2.2).

2.2.4 Quantification of Insulin

2.2.41. lodination of insulin

To quantify insulin levels in cell and plasma samples ammse radioimmunoassay
was carried out using iodinated insulin. Owhmuse protocol for iodinating insulin
involves: evaporation, using a steady stream of air, ofe20 i odo gen
tetrachlore3 U , -diphidnylcoluril) dissolved in dichloromethane rfy/ml). Bovine

insulin was made up by dissolvingrig in 210mM HCI before being diluted in sodium
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phosphate buffer to2Zbe g / Bolvine insulin(20 € ) solution was transferred to the

coated iodogen tubes before additionsot | 12IN7#4MBqg/20e | ) . Thi s sol ut
allowed to mix on ice for 15 minutes. After this time, the solution was transferred to a

fresh Eppendorfube containing 508 | sodium phosi@hRetvtesse buf f e
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 BO(1% (v/v) TFA in 70% acetonitrile dissolved in 30% (v/v)

water) made up the mobile phase of the reaction. The 4.6 x2d0/ydar G8

analytical reverse HPLC column (Hesperia, Ca, USA) was first washed with solvent

A. The reaction mixture was then added &ne concentration of solvent B raised in

the following stages: 0%40% duration 10 minutes, 40980% duration 40 minutes,

80%- 100% duration 10 minute&luent was collecte@l mL) each minute over the

60 minute period. From these 60 fractions,ed9 romf 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 determinedy lmextrancoated 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. 40mM sodium dihydrogen orthophosphate bases then added to adjust

the pH of the final stock to pFA. A working RIA buffer was then used by dissolving
bovine serum albumin (BSA) (0g8100ml) in stock RIA buffer. Rat insulin standards
were serial diluted in working RIA buffer from 2@/ml to 0.9 ng/ml in triplicate

LP3 tubes. Unknown samples were used in duplicates and contained2000 f s a mp | ¢
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100 ¢ | g u i n e-porcipeiirgulinaamtisearum (IAS PID, 1:30,00845,0000
dilution)and 10& | o f  1®nulknl(~102000 counts per minu@PM) per 100

e | in working RIA buffer). To allow equi
I nsul in, samples were kept at 4eC for 4
charcoal (DCC) solution, § dextran T70 and 5§ charcoal was dissolved in iré

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 withl &dded to every standard

and sample tube except for total counts and allowed to incubate at 4°C fori28snin

The tubes were then centrifuged for 20 minutes at 4°C at B&500(Model J6B

centrifuge, Beckmann instruments Inc, UK). Following decantation of the resulting
supernatant, the remaining charcoal pellet was assessed for radioactivity in the gamma
cownter (1261 Multigamma counter, LKB Wallac, Finland). The spline ciittiag

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.

2.2.51 Swiss mice

Swiss mice (male, -8 weeks) were obtaineflom Envigo, Huntingdon, UK. All

animals were age matched and housed individually in atpadlitioned room (22 +

2 AC) with 12 h light and 12 h dark cyc
Biomedical Research Unit (BBRU). Animals had free acceskitdking water and

standard laboratory chow (10% fat, 30% protein, 60% carbohydrate; percentage of
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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 glycaehranic c

studies.

2.2.52.STZ mice

An animal model of T2DM exhibitindgetacell dysfunction via administration of

multiple low dose streptozotocir5T2) injections has been previously described

[Leiter 2002].All animals received three days preatmentwith either saline, or test
peptide (25 nmol / kg bw)a lowealdse streptozbtocanb et e s
(ST2 injection (4 h fast, 50 mg/kg bw, i.p., in sodium citrate buffer, pH 4.5) for 5

consecutive days.

2.2.53. GIuc"®-ROSA26"™ mice

Glut®*-Rosa26eYFP micewere kindly donated by Reimaramd Colleaguesat the
University of Cambridge Jrinivas et al. 2001 Figure 2.34. Selective Cre
recombination of floxed eYFP gene withiietacells tags them with a fluorescent
marker from birth allowig for lineage tracing experimenta 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 sequencésat 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 -@ipllmto be instantly
visualized under a fluorescemanicroscope. Genotyping was carried out, onee 3
weeks old, to confirm the genotype of the offsprik@llowing 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 maeements to induce expression of the
yellow fluorescent protein. Mice then received an identical multipledogeSTZ

regimen to thiadiscussed in Section 2.2.5.2.

2.2.53.1.Genotyping

To confirm genotype of transgenic mice genotyping was caotiedVlice were lightly
anaesthetised under isoflurane before excision of 1mm section of ear tissue which was

then kept in RNAfreewater 3¢ | ) . To digest the gtli sbsXue a
Bioline PCR buffer and 1.8 | Pr ot e img/mlswere Eddd(ta2ntake a 5@ |

reaction mix. Samples were run in the thermocycler to induce-auotisbted

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 insernesl ge

of interest Glu®®and eYFP). A 25 | reaction mix was RNAncoc
free water, 2.5 | 5X BiolineeglPCRr ibmerf epM)i,roelBi2x5 ( 5
DMSO, 0.1¢ | Bioline TagqelPodfy memratsei rmangde 3K r e
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 ruon a 1% agarose gel to visualise expression of transgenes to
determine mice genotype. 251 50X Tris AcetateEDTA (TAE) buffer for
electrophoresis was made up consisting of §OI'RIS base, 14.27%l glacial acetic

acid, 4.65g disodium EDTA and 25@nl 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 €11 /mil) @efore casting into moulds and combs

added to create wells. Once solidified gel was placexh 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 (@g/ml, dissolvd in 30% glycerol) (Sigma&ldrich, UK)

before loading into wells. To identify bands 5l o bp laddeO(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 thebGx imaging machine where vidigation of
GluCre/+ (75%p) and eYFP (44Bp) bands were a positive confirmation of genotype.
Amplification and visualisation of housekeepingtacatenin (22(bp) was used as a

positive control.

2.2.54. High fat fed mice

High fat fed mice are a modef 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%rbohydrate; 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 acc@mditioned room (22 + 2 °C) with

12 h light and 12 h dark cycle at UlsteriUm er si t yé6s BBRU. Ani mal
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 ffasting blood glucose.
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2.2.6 Acute Animal Studies

2.2.61. 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 wemht) 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 levelsumesas stated in

Section 2.2.7

2.2.62 Acute food intake studies

Acute food intake studies were carried out in 18 hour fasted lean mice. Mice were
allowed free access to preeighed food pellet (standard laboratory chow) after
intraperitoneal injection cgaline 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 wereollected from cut tip of tail vein of conscious mice and stored in
chilled fluoride micrecentrifuge tubes (Sarstedt, Numbrecht, Germany). Blood
samples were then centrifuged using Beckman centrifuge (Beckman Instruments,
Galway, Ireland) at 12000 rpm f&b min at 4 °C. Plasma was carefully aliquoted in
fresh Eppendorf tubes and stored-2(°C for further biochemical analysis. Blood
glucose was measured using an Ascencia Contour glucose meter (Bayer, Newbury,

UK) . For measuremenbfoteptasmmpil es wlasndil
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of working RIA buffer (1:10 dilution) and measured in dcgtes by RIA (Section

2.2.4.2.

2.2.8 Chronic Animal Studies

Three different models were used in stiivonic assessment of peptideMultiple
low-dose STZ mice, GIUC-ROSA26YF/STZ mice and HFF mice. Mice were

grouped and maintaideas detailed in Section 2.2.5.

2.2.81. Monitoring the effects of long term peptide administration

Groups of mice received twice daily intraperitoneal injections (at C&n001L7:00 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 ay$ 1t acclimatise

mice to handling and injection stress. Cumulative food or energy intake, fluid intake,
body weight and noifasting blood glucose and plasma insulin levels were monitored
every 34 days from day3 onwards. Plasma glucose and insulin weeasureds

described in Section 2.2.7.

2.2.82. 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 insuliwere measwd as described in Section 2.2.7

66



2.2.83. Insulin sensitivity

Insulin sensitivity was performed in ndasted 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 measd as mentioned in Section 2.2.7

2.2.84. Measurement of pancreatic insulin content

At the end of chronic studies, pancreatic tissue was exaibéaded 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

HCI, 150 mmol/l NaCl, 1 mmol/l EDTA, 1 mmol/l| EGTA and 0.5% ®ntX 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 stored2@iC until needed. For
measuremera f i nsulin content of extracts, 20
e | of working RIA buffer (1:10 dilution)
Tot al protein content was measured by Bl
aliquotedinto9ével | pl ate and 250 €Il of Bradford
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 usingeednce curve of BSA standards (concentration ranging

from 0.0247 12.5 mg/ml, Figure 2)5

2.2.85. 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 284. Plasma and pancreatic glucagon content was
measured using glucagon chemiluminescent ELISA kit (EZGDW, Millipore, MA,

USA) according to manufactu@rs i nstruction. The amount
using reference curve of known glucagon standards (concentration rangm@.@®
ng/mii 2 ng/ml, Figure 2.6 For pancreatic content, values were correlated to total

protein content as measured by BoadfassayFigure 2.5)

2.2.86. Measurement of plasma €Reactive Protein (CRP) content

Terminal blood from mice was collected and plasma retrieved as describediamSe

2.2.7 Plasma CRP content was measured usmugise Creactive protein (CRP)

ELISA kit (RAB1121, Sigma Aldrichaccording to manufacture
amount of glucagon was estimated using reference curve of known CRP standards

(0.164 ng/mi40 ng/ml)(Figure 2.7)

2.2.87. 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 Ul ster 6s NI CHE depart ment

Friedwald equationTotd Cholesterol HDL - (Triglycerides / 5).

2.2.88. Immunohistochemistry (fluorescence immunoreactivity)
Immunoreactive stainingf insulin, glucagon, GFP and4&i7 was assessed, first by
dewaxing slides by immersion in xylene for 20 minutes. Followligy sections were

rehydrated in decreasing concentrations of ethanol-$000) before carrying out
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heatmediated antigen retrieval, to break down PFA ciiogs so antibody can later

bind, in sodium citrate buffer (@M sodium citrate, pHb.0) for 20minutes 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 blockspegific
antibody binding, for 45 minutes at room temperature. Sections henericubated
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 seconddnydad

(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 (300M in PBS) for 15 minutes at 37°C. A final set of ringpi

in PBS was done to remove excess DAPI before mounting the slides using aqueous
mounting medium (glycerol:PBS1:1) and cover slips. Resulting slides were viewed
using a fluorescent microscope (Olympus system microscope, model BX51) fitted
with the FITG TRITC and DAPI filters. Islets were photographed under TRITC and
FITC filters using the linked camera adapter system (DRJital camera system) on

Cell software. To assesstacellapoptosis a TUNEL assay was carried out following
ma nuf act elines in ditacelideath dit, 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 weranalysed using Célimaging software to assess: islet atesiacell area,
alpha cell ar é,gperdemtagdpetacels srel grercantagecaipha cells.

For islet size distribution islets were defined as small, medium or large if they were
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<10,0@ ¢ A 10,00025,000s rhor>25,000e rArespectively. 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 appropriatBetacell and alpha cell apoptosis was
guantified by counting the number of insulin positive or glucagon positive, TUNEL
positive cells repectively. Similarly this was done to analyse proliferation in beta and
alpha cells using kb7 costained 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 usingttivd ed unpaitted St
tests or onavay ANOVA, twoway ANOVA, with Bonferroni posthoc test as

specified. Redts were deemed significant if B<05.
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Table 2.1. Target, host and source of primary and secondary antibodies employed

for immunoflourescentislet histology and immunocytochemistry studies

Primary antibodies
Target Host Dilution Source
Insulin Mouse 1:500 Abcam, ab6995
Glucagon| Guinea pig 1:200 Raised irhouse, PCA2/4
Ki-67 Rabbit 1:400 Abcam, ab15580
GFP Goat 1:400 Abcam, ab5450
Secondary antibodies
Fluorescent dye and
Target Host Reactivity | Dilution source
Alexa Fluor®594,
19G Goat Mouse 1:400 Invitrogen, UK
Guinea Alexa Fluor®488,
IgG Goat pig 1:400 Invitrogen, UK
Alexa Fluor® 594,
IgG Goat Rabbit 1:400 Invitrogen, UK
Alexa Fluor®488,
IgG Goat Rabbit 1:400 Invitrogen, UK
Alexa Fluor®488,
IgG Donkey Goat 1:400 Invitrogen, UK
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Table 2.2. A summary of the characterisation of novel NPYR KONS-1 832/13

cell lines
INS-1 WT INS-1 NPY1R KO INS-1 NPY2R KO
*%k% *% *
5.6 mM
16.7 mM N/A N/A N/A
N/A N/A N/A
*%% *% *k%
16.7 mM + Alanine
GSIS - _ PPD
*% *% *%k
16.7 mM + GLP-1
- - PPP
ok _ ok
16.7 mM + PYY/(1-36
- PPP -
*kk * -
16.7 mM + PYY(3-36
- - PPP
Media N/A N/A N/A
N/A N/A N/A
* * *
GLP-1
Proliferation _ _
* *%
PYY(1-36)
- : @
* ** -
PYY(3-36)

Cells shaded imrangeindicate significant decreases, while cells shadedrim

i ndicate significant i ncreas@s) Undhadtd
significance.*P<0.05, *P<001, ***P<0001 compared to 16.7 mM glucose for

GSIS, and RPMI media control for giferation (top row for each) ¥P<0.05,

PP<001, PPP<001 compared to the corresponding value for the treatment in

unalteredNS-1 832/13WT cells(bottom row for each)
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Table 2.3. A compendium of primers used over the course of the project

Official Pri mer s eng3ude)nc e
Gene CEIITER Species
Symbol| Name
y (Forward and reverse)
Acth Actin. beta Rat Fwd: TGGAGCAAACATCCCCCAAA
' Rvs: TGCCGTGGATACTTGGAGTG
Neuropeptide Fwd: TGGTACTGACTGTGGGATCTT
Npy1l YR R
Py \e(cleptor at Rvs: CACCCTCTTGGGTTGATGATTAG
Neuropeptide Fwd: GAGGAGCTCAGCCTAAACTAAA
Npy2r Y Receptor Rat
Py Vo Rvs: CCGGGTGTAGGAGAAAGATATG
Neuropeptide Fwd: TTGCCCTTCCTGGCCAATAG
Npvy4r Y Receptor Rat
Py A Rvs: CGCATGTAGCAGACCAGGAT
Neuropeptide Fwd: CAATACAGCTGCTGCTCGGA
Npy5r Y Receptor Rat
Py Ve Rvs: AAATCGTCTACGCTGCCTCTG
Catenin beta Fwd: AAGGTAGAGTGATGAAAGTTGTT
Ctnb1l Mouse
1 Rvs: CACCATGTCCTCTGTCTATTC
Cre Cre Mouse Fwd: GACAGGCAGGCCTTCTCTGAA
Recombinaseg Rvs: CTTCTCCACACCAGCTGTGGA
GluCre GlucagonCre Mouse Fwd: CCACCTTCTAGAATGTGCCTG
Recombinase Rvs: CATCTGCATGCAAAGCAATATAGC
Green Fwd: GACGTAAACGGCCACAAGTT
Gfp Fluorescent | Mouse
Protein Rvs: GGATCTTGAAGTTCGCCTTG
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Figure 2.1. HPLC separation of iodinated bovine Insulin
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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
TTGTAOAATCCATAACAACAAAACGTAAAABAATTCAACTCTGTTCTCCAGGGTTGAAA
ATTACTCAGTTCACTATAATGTCTCAGAGAATTCTCCATTTCTGGCCTTTGAGAATGATGAC
TGCCACCTGCCCTTGGCTGTGATATTCACCTTAGCTCTTGCTTATGGGGCTGTGATTATTCT
TGGGGTCTCTGGAAACCTGGCATT

NPY1R Knockout

AAATAAATGGAATAAGAGACAG AAGATCTGATCCATTTCGAAGAACCCTAACAGTCCAT
TTGTCTAATCCATAACAACAAA AAMRPFAATTCAACTCTGTTCTCCAGGGTTGAAA
ATTACTCAGTTCACTATAATGTCTCAGAGAATTCTCCATTTCTGGCCTTTGAGAATGATGAC
TGCCACCTGCCCTTGGCTGTGATATTCACCTTAGCTCTTGCTTATGGGGCTGTEATTATTC
TGGGGTAITGGAAACCTGGCATT

*Red = deleted

Figure 2.2.1.gPCR demonstrating NPY1R gene expression in wild type and NPY1R
knockout cells. Expression was normalised#ébaactin (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
AGGTGAAGTGGGCCCATTAGGTGCAGAGGCAGATGAGAATCAAACTGTAGAAGTGAAAGTG
GAACTCTATGGGTCGGGGCCCACCACTCCTAGAGGTGAGTTGCCCCCTGATCCAGAGCCGGA
GCTCATAGACAGCACCAA

NPYXR Knockout

CT TTTAATGTCGTTTTCTGTTATAGATTCTTGTGCTATCTGCAGGCCAAATTGGAA
A@AA@ GGGCCCATTAGGTGCAGAGGCAGATGAGAATCAAACTGTAGAAGTGAAAGTG
GAACTCTATGGGTCG@EBEACCACTCCTAGAGGTGAGTTGCCCCCTGATCCAGAGCCGGA
GCTCATAGACAGCACCAA

*Red = deleted

Figure 2.3.1.gPCR demonstrating NPY2R gene expression in wild type and NPY2R
knockout cells. Expressionas normalised tbetaactin (n=6) Values are presented

as mean = SEM.
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Figure 2.4.Gluc®*;Rosa26eYFP mice
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PCR Analysis confirms
Glu“":Rosa26-e YFP genotype

Generation oGlu“®*";Rosa26eYFPmice [Thorens et al. 2015Tissue specific cre
lox mediated expression efY FPwithin betacells due to selective knock in of Cre
recombinase withislu gene includind®CR analysis confirming expression@fu®

andeYFPtransgenes.
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Figure 2.5. A typical of Bradford assay standard curve for protein analysis

Bradford quantification of total protein
using BSA standard
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A BSA standard arve was prepared over a concentration range of 0.@g/ml
by serial dilution of a frozen stock of BSA. Interpolation eéxs was used to
determine protein concentrations of unknown samples. Absorbance was measured at

595 nm. Values are mea&SEM, n=3.
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Figure 2.6. A typical glucagon chemiluminescent ELISA standard curve

Glucagon ELISA standard curve
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A glucagon standard curve was prepared over a concentration range of 0.02 2g/ml
ng/ml by serial dilution of a stock glucagon standard (2 ng/ml). Interpolatiofaxisx
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
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A CRP standard curve was prepared over a concentration range of 0.164Gg/ml
ng/ml by serial dilution of a stock CRfandard (40 ng/ml). Interpolation ofaxis

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(236) analogues, (R_3'P34PYY(1-
36) and PYY(1-36)(Lys'?PAL), on pancreaic 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
betacell function and survival. These effects an&ed to activation of neuropeptide
Y1 receptors NPY1R0 s ) b y-36P MoYvévér, PYY(436) is subject to rapid
degradation by dipeptidyl peptidage(DPR4), resulting is loss dNPY1R activity.
Therefore, the aim of the present study was to developetmeymatically stable
PYY(1-36) analogues, namely¥PP*%)PYY(1-36) and PYY(136)(Lys-?PAL), with
further structural modifications to enhandePY1R specificity. As expected,
(PPL31P*%)PYY(1-36) was fully resistant to DP® mediated degradatioim vitro,
whereas PYY(436) and PYY(136)(Lys?PAL) were both liable to DRR
breakdown. PYY(436) and (PL3*'P*)PYY(1-36) induced significant reductions in
glucosestimulated insulin secretion (GSIS) frddRIN-BD11 cells, but only PYY(1
36) diminished alaninstimuated insulin secretion. In contrast, PYY(1
36)(Lyst?PAL) had no impact on GSIS or alaniimeluced insulin release. All three
PYY peptides significantly enhanced proliferatioBiRIN-BD11and 1.1B4 betaell
lines, albeit only at the highest concentratisamined, 18 M, for (PPL3P*)PYY(1-
36) and PYY(136)(Lys?PAL) in BRIN-BD11 cells. In terms of protection of beta
cells againstytokineinduced apoptosis, PYY{36) induced clear protective effects.
Both (PL3P*4)PYY(1-36) and PYY(136)(Lys?PAL) offered some protection
against apoptosis iBRIN-BD11 cells, but were significantly less efficacious than
PYY(1-36). Similarly, in 1.1B4 cells, both PYY analogues {1\) protected against
cytokineinduced apoptosis, but {P'P*)PYY(1-36) was sigificantly less effective
than PYY(236). All threePYY peptides had no impact on refeeding in overnight

fasted mice. These data underline the Joethbenefits of PYY(136) and highlight
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the challenges of synthesising stable, bioactiMRY1R-specific, PYY(1-36)

analogues.

3.2. Introduction

The native form of Peptide Tyrosine Tyrosine (PYY) consists of 36 amino acids,
however the dipeptidypeptidaset (DPR4) degradation product, PYY{36), is
believed to be the princ circulating PYY entity [Tarand 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, namélf°Y1R NPY2R NPYR4 and
NPYR5 [Walther et al. 2011], while PYY{36) is a highly selectivBlPY2R agonist

[Wu et al. 2013]. Indeed, much of the early work with PYY has focused
predominantly on PYY(386) andits role in appetite regulation througltivation of
hypothalamidNPY2R6 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

pancreat endocine function [Persaud ari8ewick 2014].

In this regard, recent studies have confirmed a positive effect of PYY on beta
cell survival and overall function, linked to activationdMPY1R6 s [ Laf ferty
2018a; Ramracheya et al. 2018hus, PYY(236) has been shown to enhance the
growth and survival of beteells [Khan et al. 2016], ultimately leading to enhanced
glycaemic control [Guida et al. 2018]. In agreement with thldation of PYY
expressing cells in mice results in betl destruction and overt hyperglycaemia,

which was partially rescued by NBR activation [Sam et al. 2012]. Furthermore,
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streptozotocirinduced betaell loss and insulin deficiency have been shown to
decrease islet PYY expression, whereas hydrocortiswheed betecell expansion

was linked to increased expression of islet PYY [Khan et al. 2016]. Taken together, it

is clear that activation of isSIMPY1IRO s by PYY offers potentia
option for diabetes, as disease pathophysiology cloisélyd to loss of betaell mass

and function [Matveyenko arf8lutler 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 andpecificity towardsNPY1R. Initially Ile® was substituted with
Prc®, as this has been shown to confer BPRsistance in related peptide hormones
[Gault et al. 2002; Gault et al. 2007; Parker et al. 2007]. In addirewjous studies
revealed that substitution @&in®*for Pra**in PYY(1-36) imparted increasedPY1R
selectivity [Keire et al. 2000]. Moreover, replacing amino acids 31 of both PYY, and
the structurally related neuropeptide Y (NPY) peptide, with leucise aiferred
increased selectivity towards NPY1R [Dumont et al. 1%#lendorff et al. 1990;
Gehlert et al. 1997]. Utilising this rsicture/function information, wegenerated the
novel peptide(P3L3'P*)PYY(1-36). Further to this, acylation of numeroagulatory
peptide hormones, including GIP, GIIR 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. 20805win
et al . 2006a, b; ObHarte et al .PYYZ3684) 7 ; O06 F
acylated at Ly¥ is an established stable and lemgting PYY(336) analogue, where
Ala'? is substituted for Ly< to facilitate acylation [Bloom 2006]. Thus, wadso
generated and tested PYY86)(Lys'?PAL) as a second potentially stable P¥¥sed

NPY1Ragonist.
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Initially, DPP-4 stability of all peptides was assessed, followed by examination
of peptide effects om vitro insulin secretion. In addition, the impact of PYY3®)
and related analogues on pancreatic-betbgrowth and protection against apoptosis,
as well as food intake in mice, was studied. The redehsonstrate the positive beta
cell survival effects ofPYY(1-36), suggesting possible antidiabetic utility for
enzymatically stable and more potent PYY forms. However, although
(PPL31P**)PYY(1-36) and PYY(136)(Lys'?PAL) did confer some beteell benefits,

their effectiveness was compromised when comparduktpdrent peptide.

3.3. Materials and Methods

3.3.1. Peptides
All peptides,including GLR1 positive contrglwere supplied as previously described
in Section 2.1. Peptides were confirmed pure byHER.C (Section 2.2.1.2) and

subsequentlgharacterized using MALBTOF MS (Section 2.2.1.3).

3.3.2. PYY degradation byDPP-4
The effects of incubation with recombinddPP-4 on peptide stability were assessed

as desdbed previously in Section 2.2

3.3.3.In vitro insulin secretion
Thein vitro effects ofPYY(1-36), (PL3P*4)PYY(1-36) and PYY(136)(Lys*?PAL)
on insulin secretion were determined using pancreatic clonal HRINL betacells,

as discussed in Section 2.22Cells were maintained and seddas discussed in
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Sections 2.2.2.2 2.2.23 before GSIS was assessed following incubation KRBB
supplemented with.6 or 16.7 mM glucose or 16.7 mM glucose in the presence of 10

mM alanine §ection 2.2.2).

3.3.4. Betacell proliferation and apoptosis

To assess the effects of PYY86) and related analogues (3&nd 16 M) on beta
cell proliferation and apoptosis, rodent BRBYD11[McClenaghan et al. 1996] and
human 1.1B4Green et al. 2018; McCluskey et al. 2011] betHls were seeded,

stained and analgd as discussed in Sectio2.2.5.

3.3.5. Statistical analysis

Statistical analyses were perfomngs discussed in Section 2.2.10

3.4. Results

3.4.1. DPP4 stability

Incubation of PYY(136) with DPP4 resulted in the genation of PYY(336) (Figure

3.1A; Figure 3.2. Similarly, PYY(1-36)(Lys'?PAL) was also Nerminally degraded
by DPR4 (Figure 3.1B; Figure 3.2. In contrast(P’L3!P*)PYY(1-36) was completely

resistant to DPH degradation over the 8 h incubation period (FigureC3.1
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3.4.2. Effects ofPYY(1-36), (PL3P*)PYY(1-36) and PYY(1-36)(Lys?PAL) on
insulin secretion from rodentBRIN-BD11 beta-cells

PYY(1-36) significantly P<Q05) inhibited insulin secretion froBRIN-BD11 cells
at 5.6 mM glucose, albeit only at the highest concentratiohNf)@xamined (Figure
3.3A). Similarly, at 16.7 mM glucose PYY{36) also significantly (at t0and 1¢®
M, P<001 toP<Q001; respectively) decreased the insskcretory response (Figure
3.3 A). (PLPYPYY(1-36) and PYY(136)(Lys'?PAL) did not modilate insulin
secreton at 5.6 mM glucose (Figure 3.3A). However, at 16.7 mM glucose
(PL3P*)PYY(1-36) decreasedPk0.05) glucosestimulated insulin secretion from
BRIN-BD11 cells (Figure 3.38). When incubated at 16.7 mM glucose supplemented
with 10 mM alanine, PYY(136), but not (BL3P*%)PYY(1-36) or PYY(%
36)(Lys*?PAL), reduced P<001 to P<0001) alanindnduced augmentatisnof

insulin release (Figure 3Q).

3.4.3. Effects of PYY(236), (FL3'P*)PYY(1-36) and PYY(1:36)(Lys*2PAL) on

beta-cell proliferation and protection against cytokine-induced apoptosis

Both GLR1 and PYY(336) (10% and 1C° M) significantly (P<Q.05 to P<0.001)

increasedBRIN-BD11 and 1.1B4 betaell proliferation when compareid control

cultures (Figure 3.4AB). In addition, (PL3P*)PYY(1-36) and PYY(1

36)(Lys!?PAL) also significantly increasedP€0.05 to P<Q01) proliferation of both
betacell lines, but only at the highest concentration tested,M,0in BRIN-BD11

cells (Figure 3.4A,B). At 10°M PYY(1-36) induced significantlyf<Q.05) increased
betacell proliferation when compared (B°L3P*%)PYY(1-36) in BRIN-BD11 cells,

and PYY(236)(Lys'?PAL) in 1.1B4 cells, at thsame concentration (Figure 3\B).

Representative images of-B¥ staineBRIN-BD11 andl.1B4betacells are shown
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in Figures 3.5and 3.6respectively In terms of protecting against cytokimeuced
betacell apoptosis, all peptides at both concentrations examinetlaiid 1 M),
barring PYY(236)(Lys'?PAL) at 10° M, significantly (P<0.05 toP<Q001) reduced
apoptosis iNBBRIN-BD11 cells when compared to cytimle cocktail control (Figure
3.7 A). However, PYY(:36)(Lys*?PAL) was significantly P<005 to P<Q01) less
efficacious in this regard than PYY.@6), as wagP’L3*'P*)PYY(1-36) at 16 M
(Figure 3.7A). In 1.1B4 betecells, all peptides, excep®L*'P*)PYY(1-36) at 16°
M, decreased apoptosis to levels significanBlyx@05 toP<0001) lower than those
of the cytokine codkil treatment alone (Figure 38). (PL3P*)PYY(1-36) was
significantly P<Q01) less effective at preventing apoptosis than PY3g)lin 1.1B4
betacells (Figure 3.B). Representative images of TUNEL stairiRIN-BD11 and
1.1B4 betacells under each culture condition are shownFigures3.8 and 3.9

respectively

3.5. Discussion

Since discovery of the satietyducing effects of the DRR degradation product of
PYY(1-36), namely PYY(336) [Batterham et al. 2002], most PYY based research has
revolved aroundactivation of hypothalamidNPY2R receptors by PYY(36) and
possible antbbesity effects [Bloom 2006; Tan ari@loom 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 withinsshetth postulated beneficial

local actons [Khan et al. 2016Persaudand Bewick 2014. The present study has
consequently aimed to synthesise and characterise P36j(freptide analogues with
enhanced enzynia stability and improved NPY1RBelectivity, b fully harness PYY

related pancreatic benefits. To date, the only report of adotigg PYY analogue
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with NPY 1R activity is a dual NPY1/NPY2R agonist name®XY [Sam et al. 2012],
which interestingly has deletion of the first twet&tminal amino acid&hat would be

considered to diminish NPY1R mediated effects [Wu et al. 2013].

(PL3P*HYPYY(1-36) and PYY(336)(Lys?PAL) were designed based on
current structure/function knowledge known to extend biologicalliialfand/or
promote NPY1R selectivity gbeptide based drug8lpom 2006 Gault et al. 2007,
Keire et al. 2000Pittner et al. 2004Sall et al. 2001]. Following successful synthesis,
the susceptibility of the PYY peptides to DREBlegradation was examined. In contrast
to native PYY(136), which was efficiently degraded by DRR to PYY(336),
(PPL*1P*%)PYY(1-36) was completely resistant to DP# mediated enzymatic
degradation. This confirms that substitution of lie PYY(1-36) with a proline
residue renders the peptide resistant to the acbbD®R4, as documented for other
regulatory peptide hormones [Gault et al. 2002]. Thus, unlike native R3&)1
(PL3P*)PYY(1-36) does notindergo removal of thedterminal Tyr-Pro dipeptide,
known to generata more specific NPY2R agonj&randt et al. 1993; Wu et al. 2013]
Indeed, the additional structural modifications at positions 31 and 34 in
(PL3P*PYY(1-36) should render the peptide a stable, {aoting, NPY1R agonist
[Gehlert et al. 1997; Keire et al. 2000]. Somewhat surpiigifRy'Y (1-36)(Lys*?PAL)
was susceptible to DPPdegradation in thim vitro system, unlike related fatty acid
derivatised regulatory peptide hormone analogues where acylation has been shown to
mask the cleavage site for DBHGault et al. 2015; Green el. 2004; Kerr et al.
20009, Il rwin et al. 2005a, b; Il rwin et al.
2018]. This difference could be related to the unique three dimensional structure of
PYY, that includes an Nerminal lefthanded polyprolindike helix, a typical mid

c h aihelixdddbetat ur n t hat toget her gifvoel ddd scef ttoh
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NPY family of peptides [Germain et al. 2013]. In addition, the'tfer Alal? amino
acid substitution ifPYY(1-36)(Lys*?PAL) may also have an impact here. However,
the overall effect of acylation and subsequent protein bindingPWl(1-
36)(Lys!?PAL) in vivo, may lead to altered kinetics and reduced conversigiy¥q(3-

36)(Lys!?PAL), which would require more detailed studly.

Although structural modification of PYY{36) may protect against DRP
cleavage, and therefore be highly influential for biological -hgf and receptor
specificity[Keire et al. 2000;S6ll et al. 2001; Wu et al. 20LZonfirmation of
preserved bioactivitys still of utmost importance. Consistent with earlier studies
[Khan et al. 2016], PYY(B6) inhibited both glucoseand alaninanduced insulin
secretion. (PPL3'P*)PYY(1-36) evoked essentially similar effects, albeit with a
reduced magnitude. There welight differences in efficacy between the two peptides
in terms ofinhibition of glucoseand alanineanduced insulin secretion, and this likely
relates to the more distal nometabolic effects of alanine detacell induced insulin
secretion.Thus, while the Prd, Leu*® andPrc®* substitutions improved enzymatic
stability, this may have resulted in an analogue with decreased biological potency. The
presence of functionally important NPY2R receptor88iN-BD11 betacells [Khan
et al. 2016], unlike pmary human betaells [Walther et al. 2011], could also be a
factor here, since the increased stability oiLfEP*4)PYY(1-36) will dramatically
reduce NPY2R interactions. Despite this, these data do indicate dh&3APY Y (1-

36) retains affinity foNPY receptors and ability to activate related signal transduction
pathways. Although further studiassing CRISPR/Cas9 technology aspecific
NPY1R or NPY2R knockdown betzlls would be required to confirm thiss
specificity with commercially availabl NPYR inhibitors could be an issum

addition, if a specific NPY1R receptor binding assay was available, it would also be
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helpful in this regardinterestingly, PYY(336)(Lys!?PAL) was devoid of effects on

the modul ation of insulin secretion. Thi
peptide due to greater albumin binding of the acylated analogue, as observed for other
fatty acid derivatised peptides [Li et al. 2015]. Teastigate these concepts further,

we decided to examine the effects of all PYY peptides on proliferation and survival in

both rodenBRIN-BD11 and human 1.1B4 begzll lines.

As expected, PYY(B6) enhanced the growth and survival of b8MRIN-
BD11and1.1B4 betecell lines [Khan et al. 2016], presumably through activation of
Y1 receptorgLafferty et al. 2018a; Persawahd Bewick 2014. Importantly, both
modified PYY analogues also displayed positive pancreatic-degtagrowth and
survival characterigts. However, similar to insulin secretory studies, despite the
postulated increased specificity off(B'P*4)PYY(1-36) and PYY(136)(Lys'?PAL)
towards NPY1RO0s recognised as bei-cely criti
benefits [Persaud andBewick 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, generastabtd and
bioactive, NPY1R specific, PYY pepig analogues appears to be particularly
challenging, implying current structure/function knowledge for PYY requires more
detailed investigationindeed, the notion that a compound can possess inhibitory
actions on insulin secretion, while concomitantly artfpetacell survival benefits, is
interesting and now an accepted action for NPY1R activation by P8 Lafferty
et al. 2018a]. Moreover, the suggestion thetiacell rest improvedetacell function
per se and therefore enduring glucose conteolild also be a factor here [Hara et al.
2016]. In this regard, a recent study has revealed @tdrminal integrity of PYY

peptides is essential for preserved biological activity at the level of thecdiéta
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[Lafferty et al. 2018bToréng et al. 2016&nd this may need to be considered for both

(PL3P*4)PYY(1-36) and PYY(136)(Lys'2PAL).

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 ofL®P*4)PYY(1-36), or
perceived enhanced circulating hEf€ of PYY(1-36)(Lys!?PAL), was offset by
overall reduced biological activity. Thufsirther work is required to develop stable,
NPY1R specific, PY analogues to fully exploit the notable beneficial effects of

PYY(1-36) on betacell growth and survival.
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Table 3.1.PYY(1-36), (PL3P*)PYY(1-36) and PYYLys!?PAL) amino acid sequences and characterisation

Peptide name Amino acid sequence P(l;/r(:;y E;Egitgg) Cr:nﬂglsjl?ées
PYY(1-36) YPIKPEAPGEDASPEELNRYYASLRHYLNLVTRQRY 99.9 4309.8 4309.7
(PPL¥*P*YPYY/(1-36) YPPKPEAPGEDASPEELNRYYASLRHYLNLLTRPRY 99.2 4277.9 4274.7
PYY(1-36)(Lys™?PAL) | YPIKPEAPGEDK(PAL)SPEELNRYYASLRHYLNLVTRQRY 100 4606.4 4606.4

Peptidepurity was confirmed usinBP-HPLC on a Thermoquest, SpectraSystem UV2000 chromatography system using a Pheneb8esreadyEical column with
absorbance at 214 nihdentity of peptides was confirmed using Voya{dt BioSpectrometry MALDITOF MS(Figure 3.2 (PerSeptive BioSystems, Framingham,

Massachusetts, USA), as described previously [Pathak et al. 2015].
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Figure 3.1.HPLC Separation of PYY{B6) and its analogsefollowing in vitro degradation

HPLC profiles obtained following incubation of (A) PYY.8B), (B) (PL3P*%PYY(1-36) and (C) PYY(436)(Lys"?PAL) with purified DPP4. Peptides (50 pg; n=3) were incubated &C3&ith 5 pl
DPR4 enzymg0.01 U/ul) in 50 mM triethanolaminElCL. Reactions were stopped usin@d 0v/v) trifluoroacetic acid/wateand reaction mixes separated by HPL(tRie or peptide fragment mass
was determined by MALDTOF (sed-igure 3.2.
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