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Abstract 

Obesity, defined as a body mass index greater than 30kg/m
2
, has reached the scale of a 

pandemic. The increasing prevalence of obesity, and its associated morbidity and mortality, 

together with limited treatment options, underscores an urgent need for effective therapeutic 

interventions. Gut hormones have been identified as integral factors in the regulation of 

appetite. One such gut hormone is Peptide YY (PYY), a postprandial satiety hormone that 

communicates nutritional status to the central nervous system. PYY is processed to generate 

the principle circulating form PYY3-36, which acts on Y2 receptors in the brainstem and 

hypothalamus to reduce appetite. Chronic intravenous infusion of PYY3-36 induces weight 

loss in rodents and acute intravenous infusion to obese humans reduces food intake. 

Furthermore, obese humans have been reported to display a blunted postprandial rise in 

PYY3-36, suggesting PYY3-36 is a potential anti-obesity drug target. However, exogenous 

PYY3-36 is rapidly cleared and has a short circulating half-life. Additionally, at 

supraphysiological levels PYY3-36 can produce nausea in humans. The administration of 

long-acting PYY3-36 analogues to the obese may overcome these limitations. This thesis 

investigates the design and development of PYY3-36 analogues, and their potential in the 

treatment of obesity. I have investigated modifications to different domains within the 

primary structure of PYY3-36 in order to elucidate Y2R affinity, susceptibility to proteolytic 

degradation and biological activity. I demonstrated that a combination of substitutions in 

different domains can create a long acting analogue. I have examined sites at which PYY3-36 

is susceptible to degradation by specific proteases and identified that inhibition of meprin 

metalloendopeptidases can prolong the plasma longevity and anorectic actions of PYY3-36.  

I also found that substitution of a section of the α-helix of PYY3-36 with a conserved α-

helical epitope creates a long-acting analogue, that is more efficacious than PYY3-36 in 

chronically reducing food intake and body weight in a diet-induced obese rodent model. 

Finally, in investigating a slow-release delivery system for PYY3-36 analogues, I have shown 

that substituting His residues into the α-helix-substituted analogue promotes chelation with 

Zn in vitro, and facilitates a slow-release pharmacokinetic profile in vivo, that may 

circumvent the side effects associated with administering high levels of PYY3-36. 
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1.1 Introduction 

 

1.1.1 Obesity 

 

Obesity is now at the scale of a pandemic in the modern developed world (World Health 

Organization, 2006). Obesity (Body mass index >30kg/m
2
) is associated with an increased 

risk of developing a range of debilitating conditions including type II diabetes, hypertension, 

stroke, cardiovascular disease, osteoarthritis, gallbladder disease and a number of cancers 

(Kopelman, 2000; Calle et al., 1999). This presents a substantial economic and societal 

burden. Worldwide, there are 300 million obese humans, and prospects suggest that more 

than half of the world‟s population will be overweight or obese by 2015 (World Health 

Organization, 2006). Lifestyle changes to reduce energy intake and increase energy output 

can promote weight loss, but there is resistance to broad adoption by many populations and 

promotion of such lifestyle changes has had little impact on the rising levels of obesity 

(Rennie and Jebb, 2005). Thus there is an urgent requirement for the scientific community to 

elucidate the physiology of appetite and energy homeostasis, in order to facilitate the 

development of antiobesity therapies. Such therapies would ideally be able to restore appetite 

control and prevent co-morbidities through the use of the body‟s own satiety infrastructure, 

rather than by acting on the ubiquitous neurotransmitter systems that previous anti-obesity 

drugs acted upon. In recent years a number of scientific advances in our understanding of the 

regulation of appetite and energy expenditure have been made. Identifying physiological drug 

targets and conducting physiological and pharmacological investigations will aid the design 

and development of effective therapeutic interventions for obesity. 

 

1.1.2 Cause and origin of obesity 
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Interestingly, despite short-term mismatches in energy balance, humans have historically 

been able to equalize energy intake with energy output resulting in minimal change in body 

weight over a period that spans many meals. This „thrifty‟ genetic constitution resulted in the 

ability to store calories as fat during periods of abundance, and is thought to have been 

fuelled by famine and favoured by natural selection (Prentice, 2005). Such a genotype has 

become detrimental in the modern „obesogenic‟ environment, as this is characterized by 

readily available, high-fat food sources and a reduced requirement for energy expenditure. 

This in turn may lead to dysregulation of modulators controlling energy balance and in the 

development of obesity, especially amongst genetically susceptible individuals (Bloom et al., 

2008). Obesity results from a state of positive energy balance, in which energy intake exceeds 

energy expenditure (Berridge, 2004). Maintenance of an overweight phenotype is associated 

with compensatory changes in energy expenditure and feeding, which counteracts the 

maintenance of a body weight that is different from the usual weight (Leibel et al., 1995). 

This suggests that obesity is characterized by defence of an elevated body weight, or 

metabolic „set-point‟ (Morton et al., 2006) 

 

1.2 The Physiology of Appetite and Metabolism 

 

1.2.1 Appetite control centres: overview 

 

Energy homeostasis is controlled by the CNS, which monitors metabolic status using a 

number of neural and humoral signalling mechanisms. Peripheral signals originating from 

adipose tissue and the gut encode information regarding adiposity and acute energy status 

respectively. This input is received by the brainstem, often via the vagal nerve, and the 

hypothalamus in the forebrain, and is interpreted in order to allow homeostatic regulation of 

food intake and energy expenditure. The brainstem and hypothalamus relay to and receive 

information from the limbic system and midbrain, which mediate emotion, memory and 

hedonic reward. Interaction of these homeostatic pathways with higher centres allows an 

organism to adapt to food source availability and location in an unpredictable environment, 

ultimately determining survival (Morton et al., 2006). Energy homeostasis appears to be 

governed by three broad signalling mechanisms: neurotransmitters signalling within feeding 

centres of the central nervous system (CNS), hormonal signals secreted in proportion to body 

fat and satiety signals released postprandially from the gastrointestinal (GI) tract (Woods et 



24 

 

al., 2004). The work presented in this thesis focuses on utilising the latter signalling 

mechanism as a potential therapeutic target for obesity.  

 

 

 

1.2.1.1 Hypothalamic regulation of energy balance 

 

The hypothalamus is an evolutionarily ancient structure found in the forebrain, above the 

brainstem and pituitary gland and below the thalamus, occupying the ventral portion of the 

diencephalon and interfacing with both sides of the third ventricle (Swanson et al., 1987; 

Simerley and Paxinos, 1998). Its structure, which is highly evolutionarily conserved, is 

complex, with a number of interconnected nuclei containing neuronal populations that can 

have opposing or synergistic functions. It is a key homeostatic regulator of functions that are 

necessary for survival, including thermal regulation, circadian rhythms, osmotic balance, 

sexual behaviour and energy metabolism. The hypothalamus is divided into nuclei that 

contain distinct neuronal cell types and perform specific functions, and will be discussed in 

further detail in section 1.2.2.  

 

Within the arcuate nucleus (ARC) of the hypothalamus, termed the infundibular nucleus in 

man, there exist two populations of neurones that exert opposing effects on appetite. The 

anorexigenic neuronal population express the anorectic transcripts proopio-melanocortin 

(POMC) and cocaine- and amphetamine-regulated transcript (CART), while the orexigenic 

population express the orexigenic neuropeptides neuropeptide Y (NPY) and agouti-related 

peptide (AgRP) (Broberger et al., 1998a; Broberger et al., 1998b; Elias et al., 1998).  The 

close proximity of the hypothalamus to the pituitary gland allows it to act as a direct link 

between the nervous and endocrine systems. Factors secreted from the hypothalamus act on 

the anterior pituitary, which is regulated by hypothalamic releasing factors released from the 

median eminence and transported to the pituitary in the hyophyseal portal circulation, 

allowing the release of hormones from endocrine cells into the systemic circulation. For 

instance corticotrophin-releasing-hormone (CRH) is released from the hypothalamus and 

stimulates adrenocorticotrophic hormone (ACTH) release from the anterior pituitary, which 

mediates the stress response and can modulate food intake (Tsigos and Chrousos, 2002). The 

posterior pituitary is neuronal in origin and is composed of the neural fibres and terminals of 
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magnocellular neurones originating in the supraoptic and paraventricular nuclei of the 

hypothalamus. Hormones including oxytocin and vasopressin are synthesised in cell bodies 

of the hypothalamus and transported to the posterior pituitary for release into the general 

circulation (Kombian et al., 2002).  

 

1.2.1.2 Extra-hypothalamic regulation of energy balance 

 

1.2.1.2.1 The brainstem 

 

 

The hypothalamus has connections with other brain regions implicated in the control of 

appetite and energy homeostasis, including the brainstem. The brainstem receives peripheral 

stimuli from the gastrointestinal tract regarding energy availability and food ingestion, thus 

providing a neuroanatomical link between the gut and CNS. The afferent vagal nerve, which 

is a conduit through which mechanoreceptors and chemoreceptors in the gastrointestinal tract 

can signal to the brainstem, has cell bodies in the nodose ganglia and projects to the dorsal 

vagal complex (DVC) in the brainstem. The DVC contains key areas involved in appetite 

regulation: the nucleus tractus solitarius (NTS) and the area postrema (AP), which interface 

with the hypothalamus (Schwartz, 2000; Abbott et al., 2005a). A number of gastrointestinal 

(GI) hormones signal to the hypothalamus via vagal-brainstem circuitry, and vagal afferent 

fibres are also stimulated by gastric distension, nutrient composition, pH and osmolarity, 

resulting in subsequent neuronal activation within the NTS (Schwartz, 2006). The NTS also 

contains receptors for the adiposity hormone, leptin, and leptin administration into the NTS 

reduces food intake (Morton et al., 2006). POMC and NPY neuronal populations within the 

brainstem extend to the hypothalamus and other brain areas (Ter Horst et al., 1989; Mountjoy 

et al., 1994). Interestingly, decerebrate rats, in which connections between the brain stem and 

forebrain are surgically severed, are able to compensate for changes in the composition of 

individual meals offered to them, but when challenged with a reduction in meal number are 

unable to adjust their meal size (Grill and Smith, 1988). These data suggest that the brainstem 

does not just act as a conduit to the hypothalamus, but itself plays a role in homeostatic, 

short-term adjustments in individual meal consumption. The hypothalamus, in contrast, is 

thought to control longer term changes in energy homeostasis (Morton et al., 2006). 
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1.2.1.2.2 Brain areas involved in the hedonic aspects of appetite 

 

Eating is a rewarding experience and the reward value of food is modulated by energy status. 

Fasted rats display increased hedonic reactivity to food compared to satiated rats,  while 

reward value is reduced after central injection of appetite-modulating hormones, such as 

leptin (Berridge, 1991). Thus energy restriction is thought to increase the sensitivity of 

reward-related circuits (Morton et al., 2006). Taste stimuli also interact with brain areas 

controlling reward and emotion, which is thought to influence appetite. Oral taste receptor 

cells transmit information regarding taste via afferent sensory fibres to the NTS. The NTS 

relays this information to the parabrachial nucleus in the hindbrain, the ventral tegmental area 

(VTA) in the midbrain, and multiple sites in the forebrain, including the nucleus accumbens 

(NAc), striatum, thalamus and cerebral cortex (Schwartz, 2006; Norgren and Leonard, 1973; 

Norgren, 1976). Hedonic responses to food intake involve dopamine release from neurones 

projecting from the VTA to the NAc, striatum and cortex. The lateral hypothalamus, a 

hypothalamic nucleus that is thought to partly regulate orexigenic behaviour, receives 

projections from the VTA and NAc, and contains neurones that have a potent orexigenic 

effect upon stimulation. These neurones are under tonic inhibition that is relieved by the 

activation of reward pathways (Kelley et al., 2005; Schwartz, 2006; Morton et al., 2006). 

Single neurone recordings from non-human primates demonstrates that orbitofrontal cortex 

neurones, which receive projections from the VTA and NAc, will only respond to taste or 

olfactory stimuli if the primate is hungry. Functional magnetic resonance imaging in humans 

has demonstrated that taste neurones in the orbitofrontal cortex respond to taste stimuli in a 

„hunger dependent‟ manner. Neuronal activity observed in the orbitofrontal cortex in 

response to a liquid food stimulus has been found to correlate with the decrease in subjective 

pleasantness of food as it is eaten to satiety. This demonstrates that neurones that respond to 

the rewarding value of food ingestion in the orbitofrontal cortex are regulated by satiety-

related inputs (Kringelbach et al., 2003).  

 

1.2.2 The hypothalamus 

 

The hypothalamus is an evolutionarily conserved structure within the brain which controls 

energy homeostasis (see fig. 1.1 & 1.2). It surrounds the 3
rd

 ventricle and lies above the 

pituitary (Simerley and Paxinos, 1998). Specific hypothalamic nuclei were first implicated in 
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appetite regulation in the 1940s, when Hetherington and Ranson lesioned discrete 

hypothalamic nuclei in rodents. They found that surgical transection of the ventromedial 

nucleus, arcuate nucleus, paraventricular nucleus and dorsomedial nucleus disrupted daily 

food intake, enhancing appetite (Hetherington and Ranson, 1983; Brobeck, 1946). 

Conversely, it was discovered that destruction of the lateral hypothalamic area in rodents 

resulted in the cessation of feeding, leading to starvation and death (Anand and Brobeck, 

1951). These studies suggested a „dual-centre‟ model, whereby distinct feeding and satiety 

centres within the hypothalamus govern appetite. Over the years, this has been expanded 

using more refined techniques. We now know that feeding is regulated by a complex array of 

CNS circuits. 

 

 

B

 
 

Figure 1.1. Schematic diagram showing hypothalamic nuclei in the rodent brain, which are 

involved in energy homeostasis in mammals. ARC - Arcuate nucleus, PVN - paraventricular 

nucleus; VMH - ventromedial hypothalamus; DMN - dorsomedial hypothalamus; LH - lateral 

hypothalamic area; OC - optic chiasm. Adapted from  (Neary et al., 2004). 

 

1.2.2.1 The arcuate nucleus 

 

The ARC is thought to contain neurones responsible for mediating food intake. Situated at 

the base of the hypothalamus next to the floor of the third ventricle, the ARC contains a 

number of neuronal cell bodies that together form an „arc‟ or bow shape (Schwartz et al., 

2000).  The ARC has an incomplete blood-brain barrier and is thus thought to be able to 

directly respond to circulating peripheral signals such as leptin, ghrelin and insulin (Migrenne 

et al., 2006; Kalra et al., 1999). 
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The ARC contains anorectic and orexigenic neurones which synthesize effector molecules 

that translate peripheral signals into a neuronal response. There are two major populations of 

appetite-regulating neurones in the ARC which have opposing effects on food intake. Within 

the ventromedial ARC, there is an orexigenic (appetite-stimulating) neuronal population that 

expresses neuropeptide Y (NPY), which has high affinity for Y1 and Y5 receptors located on 

POMC neurones, which express the NPY Y1 receptor and are inhibited by NPY. NPY-

expressing neurones co-express agouti-related peptide (AgRP), which is an antagonist at 

MC3/MC4 receptors on second order neurons regulating food intake in the PVN and LHA 

(Mountjoy et al., 1994; Roselli-Rehfuss et al., 1993; Bagnol et al., 1999). A neuronal subset 

adjacent to, but distinct from, the NPY/AgRP neurones express POMC, which is post-

translationally processed to generate peptides, including alpha-melanocyte-stimulating 

hormone (αMSH) (Schwartz, 2006). These POMC neurones co-express cocaine- and 

amphetamine-related transcript (CART). Both neuronal populations express leptin receptors, 

which implies that leptin is able to modulate neurones that regulate both anorexigenic and 

orexigenic output (Cheung et al., 1997; Baskin et al., 1999). NPY/AgRP neurones are 

inhibited by peripheral satiety signals, such as leptin, insulin and PYY, and stimulated by the 

peripheral orexigenic hormone ghrelin. Inhibition of NPY/AgRP neurones allows the 

activation POMC neurones, which are under tonic inhibition from NPY/AgRP neurones 

(Baskin et al., 1999; Cowley et al., 2001; Cowley et al., 2003). The putative model for 

appetite regulation by the ARC is that satiety and adiposity-related peripheral signals are 

sensed by POMC/CART and NPY/AgRP neurones, allowing both anorectic and orexigenic 

output (see fig. 1.4). This information is then transmitted to second order neurones in other 

hypothalamic areas, including the PVN, VMH and LH, as well as higher order centres, to 

facilitate homeostatic control of energy balance (Lenard and Berthoud, 2008; Kalra et al., 

1999).  

 

1.2.2.1.1 Regulation of neuronal populations within the arcuate nucleus by 
neurotransmitters 

 

ARC neurones do not only project to regions outside of the ARC. They also signal within the 

ARC to regulate neurones. The inhibitory neurotransmitter GABA is released from NPY 

neurones in the ARC (Horvath et al., 1999). GABA-ergic nerve terminals form synaptic 

contacts with POMC cell bodies, on which GABAA receptors are found (Meister, 2007; 
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Ovesjo et al., 2001).  Electron microscopy has shown co-localisation of NPY and GABA in 

synaptic termini that associate with POMC neurones. NPY increases the frequency of 

GABA-mediated inhibitory post-synaptic potentials in ARC POMC neurones, suggesting 

there is tonic GABA inhibitory input onto POMC neurones from NPY/AgRP neurones 

(Cowley et al., 2001). This may represent a fail-safe mechanism to ensure food intake 

behaviour is possible in the absence of NPY release or „hunger‟ per se. In support of this, 

mice lacking the GABAA transporter in NPY/AgRP neurones in the ARC have a lean 

phenotype (Tong et al., 2008). The autoinhibitory NPY Y2R is expressed on both NPY and 

POMC neurones, and it is therefore possible that locally released NPY may inhibit both NPY 

neurones and POMC neurones, allowing auto-regulation of NPYergic activity and the 

inhibition of anorectic POMC neurones (Broberger et al., 1997). As both NPY and POMC 

neurones express the MC3R, a short feedback loop may exist between these neurones. An 

MC3R agonist has been shown to increase GABA-mediated inhibitory postsynaptic 

potentials in POMC neurones. This suggests that the expression of MC3R by POMC 

neurones may allow autoreceptor regulation of POMC neuronal activity in response to α-

MSH release, thus providing an extra control mechanism for the effects of anorectic 

hormones, such as leptin, on POMC neurones (Cowley et al., 2001). 

 

1.2.2.2 The paraventricular nucleus 

 

The PVN is adjacent to the superior side of the 3
rd

 ventricle in the anterior hypothalamus. It is 

highly vascularised, and PVN neurones project to regions including the posterior pituitary 

and median eminence. The PVN contains well-characterised magnocellular and parvocellular 

neurosecretory neurones, which play a role in a variety of behaviours. The PVN sends 

parvocellular neuronal projections to the median eminence, from where peptides are released 

into the hypothalamo-pituitary portal system and travel to the anterior pituitary where they 

regulate the release of pituitary hormones into the general circulation.  

 

The PVN is an important area for integrating and relaying signals mediating energy 

homeostasis, and is innervated by axons projecting from the ARC NPY/AgRP and 

POMC/CART neurones, from NPY neurones in the brainstem and from orexin neurones of 

the LH, which release the corresponding neuropeptides at terminals within the PVN (Baker 

and Herkenham, 1995; Sawchenko et al., 1985). Microinjection into the PVN of major 
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orexigenic peptides increases food intake, and in situ hybridisation studies have revealed the 

presence of orexigenic receptors, including the Y1R and the Y5R within this nucleus (Gerald 

et al., 1996; Parker and Herzog, 1999; Trivedi et al., 1998).  NPY release increases in the 

PVN in response to fasting, but not in other areas of the hypothalamus, suggesting it is one of 

the major sites of physiological NPY release that relates to food intake (Kalra, 1991). ARC 

NPY/AgRP and POMC/CART neurones project extensively to second order CRH and 

Thyrotrophin-releasing hormone (TRH) neurones in the PVN (Bai et al., 1985; Schwartz, 

2001). Αlpha-MSH reduces food intake, and NPY increases food intake, when injected 

directly into the PVN (Kim et al., 2000a; Stanley and Leibowitz, 1985). As injection of CRH 

or TRH directly into the PVN decreases food intake; these neurones may be stimulated by 

POMC/CART neurones and/or inhibited by NPY/AgRP neurones (Krahn et al., 1988; Vogel 

et al., 1979). Destruction of the PVN causes hyperphagia and body weight gain, suggesting 

that the overall tone in the PVN is anorectic (Leibowitz et al., 1981) However, this phenotype 

may be due to the lack of anorectic POMC/CART neuronal input from the ARC. 

 

1.2.2.3 The ventromedial hypothalamus 

 

The VMH is located directly above the ARC. Anand and Brobeck discovered that lesions to 

the VMH resulted in hyperphagia and obesity.  The VMH was suggested to be a centre for 

satiety and to control the hypothalamic „set point‟ for body weight homeostasis (Brobeck, 

1946). The size of the VMH and its neural activity (measured by glucose turnover) is reduced 

in obesity-prone rats compared to normal rats. This is not the case for the ARC (Levin and 

Sullivan, 1989; Levin, 1995). Although most peptides involved in the regulation of food 

intake have not been detected in the VMH, this region does contain receptors for appetite-

regulating peptides, including NPY, galanin and leptin (Schick et al., 1993; Stanley et al., 

1985; Satoh et al., 1997a). Microinjection of the orexigenic peptides NPY and galanin into 

the VMH increase food intake. Interestingly, diet-induced obese mice display increased 

levels of NPY mRNA in the VMH (Guan et al., 1998). Leptin microinjection into the VMH 

reduces food intake and rats with VMH lesions are unable to respond to leptin (Satoh et al., 

1997b). There are POMC projections to the VMH, and the VMH expresses MC3 and MC4 

receptors. Alpha-MSH inhibits glutamatergic neurones in the VMH (King, 2006; Fu and van 

den Pol, 2008). Furthermore, the VMH expresses the anorectic peptide, brain-derived-

neurotrophic factor (BDNF), a neurotrophin important in neuronal plasticity and development 
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as well as energy homeostasis. BDNF expression in the VMH declines during fasting in 

rodents, an effect prevented by ICV administration of an MC4R agonist (Castren et al., 1995; 

Xu et al., 2003). BDNF neurones in the VMH may therefore be a downstream mediator of the 

effects of α-MSH on energy balance. The VMH is also suggested to be a glucose monitoring 

centre (Borg et al., 1994; King, 2006).  

 

1.2.2.4 The dorsomedial nucleus 

 

The DMN is located immediately dorsal to the VMH. Lesioning of the DMN results in 

hypophagia, hypodipsia and growth retardation in rodents. Like the PVN, the DMN is 

responsive to most orexigenic peptides, including NPY, ghrelin, galanin and the orexins 

(Kalra et al., 1999). The DMN is innervated by NPY efferents from the ARC and also 

extends projections to other hypothalamic nuclei involved in food intake, including the PVN 

(Bai et al., 1985). The DMN contains CCK cell bodies and CCK-A receptors, and rats with 

lesions in the DMN show an attenuated response to the effects of peripheral CCK-8 

(Bellinger and Bernardis, 1984). Microinjection of CCK-8 into the DMN results in a potent 

reduction in feeding, and down-regulates NPY gene expression (Chen et al., 2008). Rats 

lacking CCK receptors are obese and hyperphagic and exhibit an increase in NPY expression 

in the DMN (Bellinger and Bernardis, 2002). A role for CCK in regulating NPY levels in the 

DMN has therefore been postulated. Recently, adenoassociated-virus (AAV) was used to 

overexpress NPY in the rat DMN, resulting in an increase in food intake and body weight, 

and an exacerbation of diet-induced obesity (Yang, 2009). Furthermore, mice fed on a high 

fat diet show an increase in c-fos, which is an early gene and marker of neuronal activation, 

expression in the DMN and rats with lesions in the DMN do not become as obese as sham-

operated rats when fed a high fat diet (Bellinger and Bernardis, 2002). This suggests that the 

DMN may play a physiological role in body weight regulation.  

 

1.2.2.5 The lateral hypothalamus 

 

The LH is more vaguely defined than hypothalamic nuclei, and is laterally adjacent to the 

PVN, VMH and DMN. It comprises a large, diffuse neuronal population that contains a 

number of melanin concentrating hormone (MCH) and orexin neurones. Lesions of the LH in 

the rat result in aphagia, adipsia and a reduction in body weight, while electrical stimulation 
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of the LH causes hyperphagia. These findings led to the „dual centre‟ hypothesis that the LH 

is a „hunger centre‟, interacting closely with the „satiety centre‟ in the VMH (Steinbaum, 

1965; Brobeck, 1946). However, the LH is heavily innervated by serotinergic and 

catecholaminergic circuitry, and is involved in a wide variety of behaviours that can affect 

feeding, including circadian rhythms and spontaneous movement (Bernardis and Bellinger, 

1996). The LH receives direct input from the ARC and is innervated by extensive NPY, 

AgRP and α-MSH containing nerve terminals that are in contact with orexigenic MCH and 

orexin neurones (Broberger et al., 1998a)  

 

 

 

Figure 1.2. Three dimensional view of the right hemisphere of the rodent hypothalamus.  3V: third 

ventricle; AHA: anterior hypothalamic area; ARC: arcuate nucleus; AV3V: anteroventral area of third 

ventricle; CI: capsula interna; DP: dorsal parvocellular subnucleus of paraventricular nucleus (PVN); 

DMN: dorsomedial nucleus; F: fornix; LHA: lateral hypothalamic area; LM: lateral magnocellular 

subnucleus of paraventricular nucleus; LPOA: lateral preoptic area; ME: median eminence; MP: 

medial parvocellular PVN; MPO: medial preoptic area; OT: optic tract; Pe: periventricular nucleus; 

SCh: suprachiasmatic nucleus also (SCN); SON: supraoptic nucleus; SI: substantia inomminata; ST: 
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subthalamic nucleus; VMH: ventromedial hypothalamus; VP: ventral parvocellular subnucleus of 

paraventricular nucleus (Berthoud, 2002).  

 

 

 

 

1.2.3 Hypothalamic neuropeptides regulating appetite control 

 

1.2.3.1 The melanocortin system 

 

Melanocortins are products of the POMC gene and the POMC precursor polypeptide. The 

four melanocortins are ACTH, α-MSH, β-MSH and γ-MSH, which mediate their effects 

through five G-protein-coupled receptors (GPCR) classified MC1R- MC5R. The opioid 

receptor ligand, β-endorphin, is another class of peptide encoded by the POMC gene (see fig. 

1.3). The POMC gene is expressed in the pituitary, where it is processed to produce ACTH, 

which is released into the general circulation to act on MC2R in the adrenal gland to regulate 

glucocorticoid production. POMC is also expressed in the skin and hair follicle, where 

melanocortins act in a paracrine manner to regulate pigment production through the MC1R. 

The MC5R is also expressed in the periphery, where it appears to regulate secretions from 

exocrine glands (Cone, 2005). In the brain, POMC is expressed in neurones within the ARC 

of the hypothalamus and the NTS in the brainstem. Melanocortins then act as agonists at 

downstream sites expressing the MC3R and MC4R. As previously described, POMC is co-

expressed with CART in most POMC-positive neurones in the rostro-caudal ARC (see 

section 1.2.2.1) (Jacobowitz and O'Donohue, 1978; Haskell-Luevano et al., 1999; Williams, 

2005). AgRP is another neuropeptide that is a component of the melanocortin system. AgRP 

acts as an endogenous antagonist at the MC3R and MC4R, which will be further discussed 

later in this section (Ollmann et al., 1997). 
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Proopiomelanocortin

N-terminal peptide JP ACTH β-LPH

16k peptide

γ-MSH

ACTH (1-39) β-LPH (1-91)

α-MSH   
(1-13)

CLIP
(18-39)

γ-LPH
(1-58)

β-Endorphin
(18-39)

 

Figure 1.3. A schematic diagram showing the POMC precursor molecule and major cleavage 

products. The peptide products derived from the POMC precursor molecule by proteolytic cleavage. 

ACTH – adrenocorticotophic hormone; CLIP – corticotrophin-like intermediate lobe peptide; JP – 

joining protein; LPH – lipotrophin; MSH – melanocyte-stimulating hormone. Adapted from 

(Wardlaw, 2001). 

 

Melanocortins are involved in mediating the effects of metabolic signals upon food intake 

and energy expenditure. ICV administration of α-MSH reduces food intake (Poggioli et al., 

1986). Alpha-MSH also stimulates the release of TRH from hypothalamic explants and 

increases plasma TSH levels. These effects on the HPT axis may account for the stimulatory 

effects of α-MSH in rodents on energy expenditure (Pierroz et al., 2002; Kim et al., 2000b). 

POMC levels in the ARC are sensitive to energy status; fasting reduces levels of POMC 

mRNA in the ARC. In contrast, the administration of leptin increases levels of POMC mRNA 

(Mizuno et al., 1998; Schwartz et al., 2000). Genetic defects in the POMC gene result in 

early-onset obesity, adrenal insufficiency and red hair pigmentation in humans (Krude et al., 

1998) This phenotype has been recapitulated in rodent models. POMC knockout mice display 

obesity, hyperphagia, altered pigmentation, adrenal insufficiency, and, interestingly, a 

decrease in metabolic rate (Coll and Loraine Tung, 2009). 

 

The MC3R and MC4R are expressed predominantly in brain regions implicated in energy 

homeostasis (Mountjoy et al., 1994). MC3R or MC4R agonists reduce food intake, increase 

oxygen consumption and decrease respiratory quotient in rodents (Fan et al., 1997; Hwa et 
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al., 2001). ICV administration of MC3R/MC4R antagonists increases food intake in rodents 

and MC4R knockout mice are obese, hyperinsulaemic and hyperphagic (Huszar et al., 1997). 

These data suggest a role for the melanocortin receptors in tonic regulation of feeding and 

energy expenditure. A frameshift mutation in the MC4R locus was the first heritable mutation 

discovered to cause obesity in humans (Yeo et al., 1998). A number of MC4R mutations have 

subsequently been recognised as heritable causes of morbid obesity in humans (Vaisse et al., 

2000). The role of the MC3R in obesity is less well-defined, as the high-affinity MC3R 

agonist γ-MSH has not been reported to affect food intake when administered ICV (Abbott et 

al., 2000). However, MC3R knockout mice exhibit increased fat mass and an increase in the 

ratio of weight gain to food intake, though they are not hyperphagic (Chen et al., 2000). 

These data suggest that the MC3R does play a role in energy homeostasis. Further 

experiments are required to characterise this role. 

 

 

AgRP is a 40 amino acid neuropeptide, which acts as a functional antagonist of melanocortin 

signalling by binding the MC3R and MC4R (Ollmann et al., 1997). In mice, AgRP 

overexpression under the β-actin promoter, which allows ubiquitous overexpression, results 

in an obese phenotype similar to that of MC4R knockout mice (Graham et al., 1997; Huszar 

et al., 1997). Furthermore, ICV administration of AgRP at picomolar doses results in 

hyperphagia that lasts over 24h (Hagan et al., 2000). This is initially mediated by functional 

antagonism of the MC3R and MC4R, as ICV administration of AgRP blocks the anorectic 

effect of a MC3R/MC4R agonist administered simultaneously. However, when AgRP is 

administered 24h prior to an MC3/MC4R agonist, it does not block the anorectic effect of a 

MC3R/MC4R agonist, suggesting that the orexigenic effect of AgRP is maintained by an a 

mechanism other than ameliorating melanocortin signalling at later time points (Hagan et al., 

2000). AgRP is found primarily in the ARC, where 95% of AGRP-immunoreactive neurones 

co-express NPY. These AgRP/NPY neurones project to other hypothalamic nuclei important 

in the regulation of appetite, including the PVN and DMN (Broberger et al., 1998b).  AgRP 

expression is dependent on nutritional state, as AgRP levels increase 18-fold following a 48h 

fast in mice, whereas POMC levels exhibit only a moderate change, falling 25% after a 96 

hour fast (Hahn et al., 1998; Brady et al., 1990). This suggests that the hypothalamus 

responds to a negative energy state by increasing the AgRP expression, allowing the down-

regulation of anorectic melanocortin tone by increasing antagonistic activity at the 
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melanocortin receptors. Conversely, a state of positive energy balance results in a reduction 

in AgRP expression, allowing an increase in anorectic melanocortin tone (see fig. 1.4).  

 

1.2.3.2 CART 

 

Cocaine- and amphetamine- regulated transcript (CART) is a transcript that is so named 

because its expression in the brain (Douglass et al., 1995) was found to be upregulated by 

acute administration of cocaine or amphetamine (Douglass and Daoud, 1996). Alternative 

splicing of the transcript, followed by removal of a propeptide signal sequence gives rise to a 

number of peptides, including CART (55-102), which is the putative active CART peptide 

(Kristensen et al., 1998). CART mRNA is found in the ARC (where it is co-expressed with 

POMC mRNA), PVN, SON and rostral VMH. CART is thought to play a role in addictive 

and reward related behaviours; it has a variety of effects on dopaminergic systems in the 

brain and is increased in the nucleus accumbens of cocaine users (Murphy, 2005). Though a 

receptor has not yet been identified, the finding that CART activates neurones in nuclei 

related to appetite, the ARC, PVN and DMN, suggests that CART receptors are expressed in 

these sites (Vrang et al., 1999b). In the PVN, CART is co-localised with TRH and with the 

orexigenic peptide galanin, while in the LH and DMN CART is co-localised with the 

orexigenic peptide MCH (Vrang et al., 1999a; Broberger, 1999). ICV administration of 

CART (55-102) reduces dark phase and fasting-induced feeding in rodents (Kristensen et al., 

1998; Kalra et al., 1999). ICV administration of a CART antiserum to rats increased feeding, 

suggesting a physiological role for CART in appetite regulation (Kristensen et al., 1998). 

Furthermore, CART mRNA was found to be downregulated in the ARC of obese animal 

models and upregulated after peripheral administration of leptin to obese mice (Lambert et 

al., 1998). However, CART has been reported to have an orexigenic effect when 

administered into discrete hypothalamic nuclei, including the ARC and VMH (Abbott et al., 

2001). These data suggest that CART may play a role in transmitting information between 

both anorectic and orexigenic appetite circuits in the hypothalamus. Further studies are 

required to elucidate the role of CART in energy homeostasis. 
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1.2.3.3 CRH 

 

CRH-expressing neurones are localized in the PVN (Dallman et al., 1993). CRH is a 41 

amino acid peptide, and is the main hypothalamic hormone stimulating the production of 

ACTH from the pituitary, which in turn stimulates glucocorticoid release from the adrenal 

gland. Glucocorticoids are the major peripheral hormones mediating the stress response in 

mammals. CRH also signals with the CNS. CRH mediates its effects via the GPCRs CRH1 

and CRH2, which are expressed throughout the brain (Wong et al., 1994). 

Intracerebroventricular administration of CRH reduces dark-phase and fasting induced 

feeding in rats, an effect that is thought to be mediated via the CRH-1 and CRH-2 receptors 

in the PVN (Morley and Levine, 1982; Kalra et al., 1999). Peripheral administration of CRH 

increases energy expenditure and fat oxidation in humans (Smith et al., 2001). A CRH 

antagonist has also been shown to prevent stress-induced anorexia using a tail pinch stress 

paradigm (Heinrichs et al., 1992). Recently, ICV administration of BDNF has been found to 

increase CRH expression in the PVN and that the effect of ICV BDNF on feeding is CRHR-2 

dependent, suggesting CRH may regulate anorectic BDNF signalling in the PVN (Toriya et 

al., 2010). However, the role of CRH in physiological appetite regulation is controversial 

(Kalra et al., 1999).      

 

1.2.3.4 NPY 

 

NPY is a 36 amino acid member of the PP-fold family of peptides that includes the gut 

hormone PYY and the pancreatic hormone, pancreatic polypeptide (PP) (Tatemoto et al., 

1982). The PP-fold family will be discussed in further detail in section 1.2.6.1. There are 5 

distinct types of receptor in mammals that bind the PP-fold peptides, denoted Y1R-Y5R. 

However, although the Y3R has been designated an NPY-preferring subtype after 

pharmacological studies using a variety of different tissues, it has not been cloned despite 

several attempts. The existence of the Y3R is thus a source of contention due to the 

possibility that the Y3R pharmacological profile represents a mix of those of the cloned 

receptors (Berglund et al., 2003).   

 

Each Y receptor has a unique distribution pattern and function according to the nature and 

location of its ligand and the affinity with which it binds. All known PP-fold peptide 

receptors are found in neuronal cells of the peripheral and central nervous systems, as well as 
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non-neuronal tissues, and are able to bind two out of the three PP-fold ligands (Berglund et 

al., 2003). The Y receptor/PP-fold family system is unique in that it provides an example of a 

multireceptor/multiligand system in which three full-length peptides share four receptors for 

which they have different affinities. At endogenous levels these peptides may share functions 

or at least modulate those of each other. In short, NPY and PYY have high affinity for Y1R, 

Y2R and Y5R, while PP has high affinity for Y4R (Lindner et al., 2008). Y1R and Y4R 

require the entire N terminus of their ligands for binding, while Y5R is able to bind peptides 

that lack the first amino acid and Y2R is able to bind much shorter ligands (NPY13-36) or 

analogues with central deletions (Lindner et al., 2008). However the C-terminal region has 

been found to be essential for Y receptor binding for all natural ligands (Merten et al., 2007). 

A number of acidic residues, including Asp
6.59

 located in the extracellular loops of the Y 

receptors have been proposed to form electrostatic interactions with basic residues in the 

ligand, allowing binding of the ligand to its Y receptor.  The effects of NPY on energy 

homeostasis are thought to be mediated by the Y1R and Y5R (see fig. 1.4).  

 

NPY is abundant in the peripheral and central nervous systems, where it has a variety of 

established and putative functions (Chronwall and Zukowska, 2004). In the hypothalamus 

NPY-containing cell bodies are found primarily in the ARC and DMN, and dense fibre 

networks are found in other areas of the hypothalamus, including the PVN (Pelletier, 1990). 

The AgRP/NPY co-expressing neurones in the ARC are the best characterised NPY-

expressing neuronal population (Hahn et al., 1998). NPY neurones from the ARC innervate 

the PVN, DMN and LH, as NPY neurone destruction prevents the formation of NPY-

immunoreactive fibres innervating these areas (Bai et al., 1985). Y1R and Y5R mRNA is 

found in the supraoptic nucleus (SON) and the ARC, where Y1R is prominent in the lateral 

POMC neurone-containing portion (Parker and Herzog, 1999). Pre-treatment of rats with a 

Y1R antagonist or leptin prevents the effect of NPY on feeding and prevents the expression 

of c-fos in the DMN and the magnocellular region of the PVN, showing these areas are 

activated in response to centrally-administered NPY, and are possible targets for 

physiological NPY signalling (Yokosuka et al., 1998). NPY is a potent orexigen. ICV 

administration or microinjections of NPY into hypothalamic nuclei including the PVN, LH 

and VMH stimulates appetite. Chronic ICV administration of NPY causes obesity in rodents 

(Clark et al., 1984; Stanley et al., 1985; Zarjevski et al., 1993). Evidence also suggests that 

NPY plays a role in modulating energy expenditure. Intra-PVN administration of NPY causes 

changes in markers of thermogenesis and lipogenesis, including a decrease in uncoupling 
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protein-1 (UCP-1) in brown adipose tissue (BAT) and an increase in lipoprotein lipase 

activity in white adipose tissue (WAT) (Billington et al., 1994). This suggests NPY may 

promote a reduction in energy expenditure and the deposition of fat during a state of negative 

energy balance. There is also evidence for a physiological role of NPY in the regulation of 

appetite and energy expenditure. In rodents, NPY immunoreactivity exhibits diurnal 

variation, with the highest NPY concentration in the ARC and PVN evident at the onset of 

the dark phase, the natural feeding period for nocturnal animals (Jhanwar-Uniyal et al., 

1990).  NPY immunoreactivity in the PVN is increased following a fast.  Blockade of 

endogenous NPY signalling by ICV administration of an NPY-antibody attenuates fasting-

induced feeding by 30% in rats (Lambert et al., 1993; Calza et al., 1989). Unexpectedly, NPY 

knockout mice display normal feeding behaviour and body weight, and display normal 

fasting-induced hyperphagic behaviour (Erickson et al., 1996). A variety of explanations have 

been offered for this counter-intuitive finding. The most likely appears to be that 

developmental compensation allows alternative orexigenic circuits to fulfil the role of NPY 

when it is absent (Chronwall and Zukowska, 2004). Post natal ablation of NPY/AgRP 

neurones results in starvation, whereas neonatal ablation has no effect on feeding behaviour. 

These authors proposed developmental compensatory mechanisms in NPY/AgRP-lacking 

neonates allowed normal feeding regulation (Luquet et al., 2005). The adaptive ability of 

hypothalamic neuronal circuits regulating behaviours critical for species survival, such as 

feeding, for instance through neuronal and synaptic plasticity, may underlie the lack of 

phenotype of neonatal NPY and NPY/AgRP knockout mice.     

 

1.2.3.5 Orexin A & B 

 

Orexin A (33 amino acids) and Orexin B (28 amino acids), also known as hypocretins 1 and 2 

respectively, were discovered by two groups concomitantly (De et al., 1998; Sakurai et al., 

1998). The orexins are synthesized in neurones of the dorsal and lateral hypothalamus that 

innervate brain areas involved in appetite regulation, including the ARC, PVN and brainstem 

(De et al., 1998; Sakurai et al., 1998). Orexin A and B stimulate food intake when 

administered centrally, and prepro-orexin mRNA, which encodes both neuropeptides, is 

upregulated in fasted animals. The orexins mediate their effects via the G-protein coupled 

orexin 1 receptor (OX1R) and orexin 2 receptor (OX2R). Orexin A has a ten-fold greater 

binding affinity for OX1R over OX2R, whereas both orexin A and B bind with similar 
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affinity to OX2R. Though both OX1R and OX2R are expressed widely in the brain, including 

in the hypothalamus, the receptors do have distinct expression patterns: OX1R is found 

primarily in the locus coerulus, while OX2R is found in the tuberomamilliary nucleus and 

other regions associated with wakefulness (Trivedi et al., 1998; Marcus et al., 2001). Orexin 

A stimulates food intake more potently than orexin B, which may be due to activation of both 

OX1R and OX2R (Sakurai et al., 1998). Microinjection of orexin A into the PVN and LH, 

the sites of OX2R immunoreactivity, also stimulates feeding. Orexin efferents from the LH 

make direct synaptic contact with NPY/leptin receptor co-expressing neurones in the ARC, 

suggesting that orexin neurones may mediate appetite through a direct excitatory effect at 

leptin-regulated NPY neurones in the ARC (Horvath et al., 1999). In support of this, orexin-

induced feeding is suppressed by pre-treatment with Y1R or Y5R antagonist administered 

ICV in rodents (Dube et al., 2000; Yamanaka et al., 2000). Interestingly, orexin neurones 

have recently been found to be sensitive to a variety of peripheral metabolic cues. Orexin 

neurones in the LH are activated by hypoglycaemia via the vagal-brainstem-hypothalamic 

pathway, and the hypothalami of hypoglycaemic rats exhibit a ten-fold increase in orexin B 

immunoreactivity (Cai et al., 2001). Orexin also appears to be involved with ghrelin-induced 

actions, since pre-treatment of rodents with anti-orexin antibodies prevents the orexigenic 

effects of ghrelin (Toshinai et al., 2003).  

 

The data supporting a role for orexin in energy homeostasis must be interpreted with caution, 

since orexins are highly involved in promoting wakefulness. Analysis of post-mortem brains 

from patients with the sleep disorder narcolepsy has revealed low levels of central orexin, and 

a reduced number of orexin neurones in the hypothalamus (Thannickal et al., 2000). A well-

characterised canine model of narcolepsy, which is very similar to human narcolepsy, is also 

associated with a loss of orexin neurones and orexin in cerebrospinal fluid (Ripley et al., 

2001). Dogs with familial narcolepsy have a mutation in the OX2R gene, but normal orexin 

levels (Lin et al., 1999). Mice with ablated orexin neurones exhibit a narcolepsy-like 

phenotype, as well as late-onset obesity despite hypophagia, which suggests a role for orexin 

in the link between energy balance and wakefulness (Hara et al., 2001). It has been proposed 

that orexin neurones may promote wakefulness during periods of negative energy balance 

(Tsujino and Sakurai, 2009).  
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1.2.3.6 MCH 

 

MCH is synthesized in the LH in a population of neurones which projects to a number of 

other hypothalamic areas involved in appetite regulation. MCH is so named because it was 

originally discovered as a pituitary peptide with a pigment aggregation property in the salmon 

form (Kawauchi et al., 1983). In mammals, MCH is a 17 amino acid peptide that retains the 

conserved ring structure seen in salmon (Vaughan et al., 1989). MCH binds to the receptors 

MCHR1 and MCHR2, which are both GPCRs. MCH-R1 mRNA is found in the brain regions 

to which MCH-immunoreactive neurones project, and in the hypothalamus is most highly 

expressed in the DMN, VMH, PVN and ARC (Kokkotou et al., 2001). MCHR2 has 38% 

sequence identity to MCHR1 and is not found in rodents. For this reason studying the 

MCHR2 has proven more difficult and less is known regarding the role of MCHR2 in 

mediating the effects of MCH in other species such as humans (Nahon, 2006). ICV 

administration of MCH stimulates food intake in rodents. A putative physiological role for 

MCH in the regulation of energy balance is supported by the finding that MCH mRNA is 

upregulated by fasting in rodents and MCH knockout mice have reduced body weight due to 

hypophagia and increased metabolic rate (Qu et al., 1996; Shimada et al., 1998). Chronic oral 

administration of an MCH1 receptor antagonist reduces body weight and increases energy 

expenditure in diet-induced obese mice (Nahon, 2006; Ito et al., 2009; Ito et al., 2010). 

MCH1 receptors may therefore be useful pharmacological targets for obesity, though the role 

of MCH in other physiological factors, including reproduction, mood, growth and water 

intake, may lead to side effects (Rivera, 2008). 

 

1.2.3.7 Opioids 

 

Most mammals will eat beyond their metabolic requirements when given access to highly 

palatable foods. There are thought to be in-built systems identifying the rewarding nature of 

certain foods beyond their nutritional content. The rewarding aspects of food consumption 

are commonly associated with the hedonic aspects of addiction. Opioids are thought to be key 

mediators of palatability and the hedonic aspects of feeding, as well as reward (Kelley et al., 

2002).  There are three endogenous, biologically active opioids in the hypothalamus. β-

endorphin is a 31 amino acid peptide encoded by the POMC gene, dynorphin A is an 8 amino 

acid peptide encoded by the prodynorphin (PDYN) gene and the enkephalins, in the form of 
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either Met-or Leu-enkephalin, are 5 amino acid peptides encoded by the proenkephalin 

(PENK) gene. The POMC, PDYN and PENK genes share a similar overall structure, and their 

respective propeptides have conserved cysteines in the N-terminal region and an opioid „core‟ 

region consisting of a Tyr/Phe-Gly-Gly-Phe motif. Endogenous opioids bind the mu, delta 

and kappa opioid receptors (Sundstrom et al., 2010; Kalra et al., 1999).  

 

 β-endorphin is expressed in the ARC and brainstem, and activates the mu receptor to 

increase food intake. Central administration of β-endorphin increases food intake in rodents 

(Kalra et al., 1999). Enkephalin and dynorphin-producing neurones are more widely 

distributed in the hypothalamus, and are thought to mediate their orexigenic effects via the 

delta and kappa receptor subtypes. Opioids may have a physiological role in food ingestion 

mediating both metabolic need and palatability. NPY neurones make synaptic contact with β-

endorphin dendrites and ICV NPY increases β-endorphin release in the PVN (Horvath et al., 

1999). Furthermore, the non-specific opioid receptor antagonist naloxone attenuates feeding 

in response to NPY administered into the PVN. Naloxone was found to reduce NPY-induced 

neuronal activation in the brainstem and medulla, but not in the hypothalamus. In contrast, 

naloxone increased neuronal activation following palatable food intake. These data suggest 

that opioid receptors in the brainstem may play a role in post-ingestive feedback in the 

brainstem and PVN, and in mediating palatable food intake (Glass et al., 1999).   

Unexpectedly, β-endorphin null mice that retain normal melanocortin signalling are 

hyperphagic and obese, which was unexpected in light of the orexigenic effect of β-endorphin 

(Appleyard et al., 2003). The physiological importance of opioid signalling in energy 

homeostasis is still unknown, but it is widely accepted that their receptors are involved in 

mediating the reward-based aspects of appetite.  

 

1.2.3.8 Galanin 

 

Galanin is a 29 amino acid, C-terminal amidated peptide originally discovered in the intestine 

(Tatemoto et al., 1983). Galanin activates three GPCRs: GALR1 and GALR2, which have 

similar affinity for galanin, and GALR3, which has a lower affinity for galanin compared to 

GALR1 and GALR2. These three receptors exhibit distinct but overlapping expression 

throughout the periphery and the CNS, including the hypothalamus (Lang et al., 2007). 

Populations of galanin-producing neurones exist within the ARC, DMN and PVN, and 
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innervate most areas of the hypothalamus. Administration of galanin into the PVN, LH and 

VMH increases food intake in satiated animals, though to a lesser extent than NPY (Schick et 

al., 1993). Galanin neurones make direct contact with NPY neurones in the ARC and in the 

PVN, which suggests some cross-talk between these neurones. Opioids appear to mediate 

part of the effect of galanin on feeding, as pre-treatment with naloxone attenuates the 

orexigenic effect of galanin, and galanin synapses are also found in close proximity to NPY 

neurones in the ARC.  Total hypothalamic galanin levels do not change in response to fasting 

and changes in leptin, suggesting that galanin may not be a physiological orexigen during 

periods of negative energy balance (Kalra and Horvath, 1998). Chronic ICV infusion of 

galanin does not increase food intake and body weight gain (Smith et al., 1994). Whether 

galanin plays a physiologically significant role in energy balance and appetite remains to be 

determined (Leibowitz, 2005). 

 

1.2.3.9 Endocannabinoids 

 

The endocannabinoids are lipids derived from arachidonic acid that are synthesized 

enzymically from precursors in cell membranes. Anandamide and 2- arachidonoylglycerol 

(2-AG) are the two most widely studied endocannabinoids, and are ligands for the 

cannabinoid receptors CB1R and CB2R, GPCRs that share 44% sequence identity. CB1R is 

found ubiquitously, but is most highly expressed in the brain and spinal cord, while CB2R is 

expressed in the periphery, most highly in immune and adipose cells (Onaivi, 2009). 

However, a second CB2R isoform has recently been identified in the brain (Liu et al., 2009). 

The study of endocannabinoids has revealed a system which may interlink hedonistic and 

homeostatic aspects of appetite within the brain and periphery. 

 

Anandamide and 2-AG act on CB1 receptors in the CNS to increase food intake. CB1 

receptor blockade results in hypophagia and weight loss, and CB1 receptor null mice exhibit 

a reduction in fasting-induced feeding. Administration of 2-AG into the nucleus accumbens 

shell, an area that processes the rewarding/addictive value of food, potently increases food 

intake, an effect attenuated by administration of a CB1R antagonist (Kirkham et al., 2002).  

Anandamide and 2-AG levels increase in the limbic forebrain and 2-AG levels increase in the 

hypothalamus in response to fasting. These results suggest endocannabinoids physiologically 

regulate the response to fasting in the limbic system, which contains areas that process 
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emotion and reward, as well as in the hypothalamus. Therefore, the endocannabinoids may 

mediate appetite motivation. Defective leptin signalling results in elevated hypothalamic 

levels of endocannabinoids in rodent models, and acute leptin treatment reduces elevated 

levels of cannabinoids in ob/ob mice (Di, V et al., 2001). This suggests there is tonic 

activation of CB-1 receptors by endocannabinoids in a leptin-dependent manner. 

Endocannabinoid levels in plasma and adipose tissue are elevated in diet-induced obese 

rodents and obese humans, and a CB1R knockout mouse is resistant to diet-induced obesity 

(De Kloet and Woods, 2009). A CB-1 receptor antagonist, rimonabant, has been used to treat 

obesity in humans. Rimonabant has now been withdrawn from the market due to an increase 

in the incidence of mood-related disorders (Christensen et al., 2007). The psychiatric side 

effects associated with CB-1 receptor antagonism are likely to be due to the widespread 

expression of CB-1 receptors in the brain and their involvement in a number of cognitive and 

reward systems (De Kloet and Woods, 2009).     
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Figure 1.4. Illustrative representation of putative model for regulation of appetite by the 

arcuate nucleus. The functionally opposing Neuropeptide Y (NPY)/Agouti-related peptide 

(AGRP) and proopio-melanocortin (POMC)/Cocaine-and-amphetamine-related transcript 

(CART) neurones within the ARC form a regulated network due to interconnecting fibres. 

Both sets of neurones project to the paraventricular nucleus (PVN) and lateral hypothalamic 

area (LHA), which are sites of second-order neurones involved in the regulation of food 

intake. Circulating factors such as the hormones leptin and insulin inhibit NPY/AgRP and 

stimulate POMC/CART neurones via the leptin receptor (Lepr) and insulin receptor 

respectively. Leptin is able to suppress orexigenic NPY/AgRP neuronal activity and stimulate 

anorectic POMC/CART neuronal activity via the Lepr. Ghrelin is secreted from the stomach 

and is able to stimulate NPY/AgRP neurones via the ghrelin receptor (Ghsr). Y1r: Y1 

receptor, Mc3r: melanocortin 3 receptor, Mc4r: melanocortin 4 receptor. Adapted from  

(Barsh and Schwartz, 2002). 
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1.2.4 Peripheral adiposity signals 

 

Over 50 years ago Kennedy introduced an “adiposity negative-feedback” model for energy 

homeostasis. This model suggests that the brain detects changes in body fat mass through 

circulating signals from the periphery. The brain is then able to implement homeostatic 

measures to adjust energy input/output to achieve the long term stability of fat stores 

observed in most humans (Kennedy, 1953).  

 

The criteria for a putative negative feedback signal include; 1) the signal must circulate at 

levels proportional to body fat content and must enter the brain, 2) the signal must promote 

weight loss by acting upon neuronal circuits involved in energy balance and 3) inhibition of 

the these neuronal actions must result in hyperphagia and increased body weight. Many 

nutrients (e.g. free fatty acids, glucose), cytokines (e.g. IL-6, TNF-α) and hormones (e.g. 

glucocorticoids) fulfil several of these criteria, but currently only insulin and leptin fulfil all 

of them (Morton et al., 2006). 

 

1.2.4.1 Leptin 

 

Leptin is a 167 amino acid protein synthesized primarily in adipoctyes. Leptin binds six 

receptors (Ob Ra-Ob Rf), which are widely expressed. The long form of the leptin receptor, 

Obese Receptor B (ObRb), has an extended intracellular domain that is necessary for leptin‟s 

effects on appetite. Ob-Rb belongs to the gp 130 family of cytokine receptors. ObRb is 

coupled to the JAK-STAT signal transduction pathway (Margetic et al., 2002), activation of 

which in leptin-responsive neurones results in the inhibition of the release of orexigenic 

peptides, such as NPY, MCH and AgRP, and stimulation the release of anorexigenic factors, 

including α-MSH, CART and CRH (Schwartz et al., 2000; Morton et al., 2006). 

 

In the 1970s, Coleman reported mutations in the ob and db genes that caused obesity and 

diabetes. Coleman expanded on Kennedy‟s hypothesis by performing parabiosis experiments. 

Parabiosis of the ob/ob mouse to a WT mouse rescued diabetes in the ob/ob mouse. However, 

parabiosis of the db/db mouse with a WT mouse did not rescue the obesity and diabetes 

observed (Coleman and Hummel, 1969; Coleman, 1973). These results suggested the ob gene 

codes for a putative factor regulating energy homeostasis.  It was not until 1994 that the ob 

gene was cloned, allowing the discovery that a mutation in the ob gene resulted in absence of 
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its protein product (later named leptin), resulting in the ob/ob phenotype (Zhang et al., 1994). 

The ob protein was then shown to be undetectable in ob/ob mice and high in db/db mice. 

Chronic administration of leptin to ob/ob mice reduced body weight, food intake, circulating 

glucose and insulin, and restored metabolic parameters and energy expenditure to wildtype 

levels (Pelleymounter et al., 1995). An inactivating mutation in ObRb explains the leptin-

resistant phenotype of the db/db mouse (Chen et al., 1996). 

 

In the ARC, ObRb is expressed primarily on NPY and POMC neurones (Cheung et al., 

1997). ObRb mRNA is increased in NPY/AgRP neurones during fasting and leptin inhibits 

NPY mRNA expression in the ARC and NPY neurones in vitro, suggesting leptin inhibits 

NPY/AgRP neurones (see fig. 1.4) to produce its anorectic effect (Spanswick et al., 1997; 

Kalra et al., 1999).  Leptin is most effective at reducing food intake when administered into 

the ARC, but the VMH and LH are also responsive (Satoh et al., 1997a). In line with this, 

restoration of leptin signalling exclusively in the ARC attenuates, but does not prevent, 

hyperphagia and obesity in ObRb-null rats (Schwartz et al., 1996). Leptin activates POMC 

neurones in the ARC and increases the expression of POMC and CART mRNA, suggesting 

differential regulation of NPY/AgRP and POMC/CART neurones in the ARC (Cowley et al., 

2001; Kristensen et al., 1998). When leptin levels are reduced during fasting, the HPA axis is 

activated, whilst the reproductive and thyroid axes, as well as the immune system, are 

suppressed, indicating leptin can regulate a number of physiological systems (Ahima et al., 

1996; Lord et al., 1998). 

 

Humans with inactivating mutations in the ob gene exhibit congenital obesity, which is 

responsive to leptin treatment (Farooqi et al., 1999). However, the majority of obese humans 

have high circulating leptin and are resistant to the anorectic effects of leptin as observed in 

ob/ob mice (Considine et al., 1996). Furthermore, while peripheral or ICV administration of 

leptin reduces food intake in lean animals, these anorectic effects are attenuated in obese 

rodents (Cusin et al., 1996; Halaas et al., 1995). The prevalence towards leptin resistance in 

the obese may reflect the fact that inability to store fat when food is easily accessible is 

evolutionarily disadvantageous in the long term. 
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1.2.4.2 Insulin 

 

Insulin is a 51 amino acid peptide secreted in proportion to adiposity by pancreatic β cells. In 

addition to its role in glucose homeostasis, insulin also affects fat metabolism and regulates 

the release of fat stores from the liver (Bhathena, 2006). Insulin binds to the insulin receptor, 

a ubiquitous tyrosine kinase transmembrane receptor, resulting in an intracellular cascade 

allowing influx of glucose, through recruitment of the Glut-4 transporter. Obesity is 

characterized by hyperinsulinaemia, insulin resistance and hyperglycaemia, all features of the 

metabolic syndrome and type II diabetes. Insulin receptors are widely expressed in the CNS. 

In the hypothalamus, they are most highly expressed in the ARC (Havrankova et al., 1978; 

Werther G.A. et al., 1987). Studies suggest that central insulin signalling plays a key role in 

regulating energy homeostasis. Insulin enters the brain in proportion to its circulating levels, 

and central administration of insulin to rodents reduces food intake and body weight (Baura 

et al., 1993; Woods et al., 2004).  In support of a physiological role for insulin in energy 

balance, chronic central infusion of insulin antibodies increases food intake and body weight 

in rats (McGowan et al., 1992). Mice deficient in neuronal insulin receptors develop obesity 

and impaired fertility, suggesting that insulin physiologically regulates energy homeostasis 

and reproduction via central pathways (Bruning et al., 2000).  

 

Together this evidence suggests that leptin and insulin may both act as signals of body fat 

stores and modulate energy balance through cross-talk at the level of the ARC.  

 

 

1.2.5 Hormones secreted from the GI-tract regulating energy balance 

 

The gastrointestinal (GI) tract is the largest endocrine organ in mammals, and releases over 

20 peptide hormones that regulate endocrine processes. Most of these hormones are released 

in response to gut nutrient load, and are able to modulate the digestive process, by acting on 

tissues including smooth muscle, paracrine glands and the peripheral nervous system. 

Concomitantly, these hormones signal a change in metabolic status, which in turn influences 

physiological and behavioural adaptation (Fried et al., 1988). Acute feelings of hunger and 

satiety are thought to be mediated by changes in circulating gut hormones. The primary sites 

upon which these hormones are thought to act in mediating appetite are the vagus nerve, 

brainstem and hypothalamus (Murphy, 2006).   
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1.2.5.1 Pancreatic polypeptide 

 

A PYY gene duplication event is thought to have given rise to the gene coding for PP, a 36 

amino acid peptide structurally similar to NPY and PYY, which is also a member of the PP-

fold family (Hort et al., 1995). PP has a high affinity for the Y4R, which is widely expressed 

peripherally and centrally. In the brain it is expressed in the brainstem and in hypothalamic 

nuclei involved in appetite regulation, including the PVN, DMN, VMH and ARC (Parker and 

Herzog, 1999; Small et al., 1997). In contrast to other Y receptors, the Y4R is the least 

conserved receptor; there is only 75% identity between the human and rat sequences 

(Larhammar, 1996).  PP is secreted in proportion to the calorific content of food. Levels of 

circulating PP remain elevated for up to 6 hours postprandially (Adrian et al., 1976). Central 

and peripheral administration of PP dose-dependently reduces food intake in rodents 

(Asakawa et al., 1999). Peripheral administration in normal-weight humans has also been 

shown to reduce appetite but the effect of PP in obese humans has yet to be reported 

(Batterham et al., 2003b; Jesudason et al., 2007). Transgenic mice overexpressing PP exhibit 

reduced food intake and body weight (Ueno et al., 1999). The reduction in food intake by PP 

is abolished by vagotomy in rodents, suggesting PP acts via the vagal-brainstem-

hypothalamic route to mediate food intake. Peripheral administration of PP reduces 

hypothalamic NPY expression and orexin expression in the LH, and increases POMC 

expression in the ARC and BDNF expression in the VMH (Asakawa, 2003; Sainsbury et al., 

2010). Peripheral administration of PP activates early gene expression in POMC neurones in 

the ARC, and has no effect in mice lacking hypothalamic MC4R, which supports a role for 

the melanocortin system in mediating the effects of PP on appetite (Lin et al., 2009). PP 

administration also increases energy expenditure; increasing oxygen consumption and the 

discharge of sympathetic efferent nerves innervating the adrenal gland and BAT (Asakawa, 

2003). As the vagus has been shown to be essential for its effects, PP is hypothesized to have 

an indirect effect on the hypothalamus to reduce food intake. At present the physiological 

role of PP in appetite remains unknown.   
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1.2.5.2 The preproglucagon derived peptide hormones 

 

The endocrine L-cells in the GI tract are responsible for the release of a number of gut 

hormones. The L-cells release a large precursor protein known as preproglucagon. Post-

translational processing of preproglucagon results in a number of biologically-active 

peptides, including glucagon, GLP-1 and glucagon-like peptide 2 (GLP-2) and 

oxyntomodulin (OXM). Of these, GLP-1 and OXM play a role in appetite, and are discussed 

in detail below. 

 

1.2.5.2.1 GLP-1 

 

 

GLP-1 is secreted from intestinal L cells in two major forms: GLP-11-37 and GLP-11-36 amide. 

Further processing of these forms results in GLP-17-37 and GLP-17-36amide; the latter is the 

major circulating form, and will be referred to as GLP-1 from now on. GLP-1 is a powerful 

incretin that at physiological concentrations stimulates biosynthesis and secretion of insulin 

(Gutniak et al., 1992). The serine protease DPP-iv inactivates GLP-1 (Mentlein, 1999). Both 

GLP-17-37 and GLP-17-36amide are equally potent in activating the GLP-1 receptor, which is 

widely expressed throughout the periphery and in the hypothalamus, where it is found in the 

PVN and ARC (Bullock et al., 1996; Thorens and Waeber, 1993; Shughrue et al., 1996). 

Peripheral administration of GLP-1 increases c-fos expression in the PVN, NTS and area 

postrema, but not in GLP-1R knockout mice, suggesting that the actions of GLP-1 are 

mediated by central GLP-1R in these sites (Baggio et al., 2004). GLP-1 is also synthesized 

within the CNS, and is found in neurones in the area postrema and the NTS. These neurones 

send projections to the DMN and PVN (Larsen et al., 1997). Central and peripheral 

administration of GLP-1 reduces food intake in rodents (Tang-Christensen et al., 2001; 

Turton et al., 1996). The saliva of the Gila monster lizard, Heloderma suspectum, contains a 

peptide known as exendin-4, which is a potent agonist at the GLP-1 receptor. Exendin9-39, a 

truncated form of this peptide, acts as a competitive antagonist at the same receptor. Central 

administration of exendin9-39 for 3 days increased food intake in satiated rats, suggesting 

that GLP-1 plays a physiological role in appetite regulation (Tang-Christensen et al., 2001; 

Turton et al., 1996).  Peripheral GLP-1 administration in humans dose-dependently reduces 

food intake (Verdich et al., 2001). However, mice with targeted disruptions in the GLP-1R 

display no abnormalities in feeding behaviour or body weight but are hyperglycaemic, which 
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suggests that the primary endogenous role of GLP-1 is in mediating glycaemia in response to 

food ingestion (Scrocchi et al., 1996).  Even if peripheral GLP-1 is not a physiological 

appetite regulator, evidence from clinical trials of exendin-4 in patients with diabetes 

suggests the GLP-1 system may be a useful pharmacological target for weight loss (Kendall 

et al., 2005). 

 

1.2.5.2.2 Oxyntomodulin 

 

 

Like PYY and GLP-1, OXM is released postprandially from L cells of the distal GI tract, in 

levels proportional to calorific content of a meal. Central or peripheral administration of 

OXM reduces food intake in rodents. OXM appears to signal through the GLP-1 receptor. 

OXM is ineffective in GLP-1 receptor null mice, and its anorectic effect is blocked by the 

GLP-1R antagonist exendin9-39 (Dakin et al., 2001). Like GLP-1, peripheral OXM increases 

c-fos expression in the NTS, area postrema and PVN (Baggio et al., 2004). Intra-ARC 

injection of OXM reduced food intake in rats. However, the anorectic effect of peripherally-

administered OXM, but not GLP-1, is blocked by prior administration of exendin9-39 into 

the ARC. Furthermore, OXM has a 50-fold lower affinity for the GLP-1 receptor, but appears 

to reduce food intake with similar potency (Dakin et al., 2001). This suggests OXM and 

GLP-1 may mediate their pharmacological effects on food intake via different pathways. 

Further studies are required to determine whether OXM mediates its anorectic effects 

exclusively via the GLP-1R.  

 

OXM may also stimulate energy expenditure. Chronic central administration of OXM results 

in reduced weight gain in rats compared to pair-fed controls, and chronic peripheral 

administration of OXM to humans over 4 days significantly increased activity-related energy 

expenditure, assessed by continuous electronic movement monitoring (Dakin et al., 2002). In 

addition chronic administration of OXM to obese humans results in weight loss, which is 

promising regarding the utility of the GLP-1 system as an anti-obesity therapeutic target 

(Wynne et al., 2005; Wynne et al., 2006). 
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1.2.5.3 Cholecystokinin 

 

Cholecystokinin (CCK) is a peptide hormone secreted by K cells in the duodenum, jejunum 

and proximal ileum, as well as by specialised neurones in the myenteric plexus and brain 

(Larsson and Rehfeld, 1978; Moran and Schwartz, 1994). CCK is released from the small 

intestine in response to the ingestion of protein and fat. CCK is present in multiple bioactive 

forms, which are all derived from the precursor preprocholecystokinin (Moran and Schwartz, 

1994). CCK exerts its actions via binding to the G-protein coupled receptors, CCK1 and 

CCK2. CCK1 receptors are found throughout the brain, notably in the NTS, DMN and AP as 

well as in the pancreas and on vagal efferents. CCK2 receptors are also distributed 

throughout the brain, the afferent vagus nerve and the stomach (Moran, 2000; Moran and 

Kinzig, 2004). Both CCK1 and CCK2 receptors mediate the peripheral functions of CCK, 

including stimulation of pancreatic enzyme secretions and gallbladder contraction (Moran, 

2000). Central and peripheral administration of CCK-8 (the predominant form of CCK in the 

brain) reduces food intake in rats and was the first gut hormone to be shown to influence food 

intake (Moran and Kinzig, 2004). Peripheral CCK is thought to signal via the vagal nerve to 

the brainstem, as vagotomised rats do not respond to peripherally-administered CCK 

(Crawley et al., 1984). CCK1 receptor antagonists increase food intake in rodents and 

humans, and the Otsuka Long-Evans Tokushima Fatty rat, which lacks the CCK-1 receptor, 

is hyperphagic and obese, and exhibits increased NPY mRNA in the DMN. This suggests that 

CCK plays a physiological role in energy homeostasis (Bi and Moran, 2002). However, 

prolonged administration of CCK does not affect food intake, due to a compensatory increase 

in meal number, despite a decrease in meal size (Crawley and Beinfeld, 1983). The 

administration of long-acting CCK analogues does not cause weight loss in obese and 

normal-weight humans (Jordan et al., 2008). Therefore, although CCK is a physiological 

signal regulating meal size, it is probably not useful as a treatment for obesity. 

 

1.2.5.4 Ghrelin 

 

Ghrelin is a 28 amino acid peptide agonist of the growth hormone secretagogue receptor 

(GHSR), produced by the oxcyntic cells of the stomach (Kojima et al., 1999). Ghrelin was 

named for its potent effect in stimulating growth hormone secretion (Kojima et al., 1999). 

Fasting increases circulating ghrelin levels, which are reduced upon food intake (Cummings 
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et al., 2001).  In obese individuals circulating ghrelin is low, but increases to a normal level 

following weight loss. Further, the postprandial reduction in circulating ghrelin is poorly 

regulated in the obese, which may be a contributing factor towards difficulty in weight loss 

implementation (Cummings et al., 2002). Ghrelin is currently the only endogenous orexigenic 

signal known to originate from the GI tract. Peripheral and central administration of ghrelin 

potently induces feeding in rodents, and chronic administration to rats causes hyperphagia 

and obesity. Peripheral administration of ghrelin to humans also increases food intake (Wren 

et al., 2001a). Peripherally, ghrelin is thought to mediate glucose homeostasis; reducing 

glucose sensitivity by inhibiting insulin production and secretion in the pancreatic β cell (Sun 

et al., 2006; Sun et al., 2007). The ARC was found to be the most sensitive to the orexigenic 

effects of ghrelin compared to other hypothalamic nuclei (Wren et al., 2001b). Blockade of 

the endogenous action of ghrelin by central infusion of ghrelin antibodies results in a 

decrease in fasting-induced refeeding,  suggesting that ghrelin is a physiological orexigenic 

signal from the periphery to the brain (Nakazato et al., 2001). 

 

Transgenic rats with attenuated GHSR signalling in catecholaminergic neurones in the ARC 

have a hypophagic, lean phenotype and are unresponsive to the orexigenic effects of growth 

hormone secretagogues. This suggests that ARC GHSR-ghrelin signalling may mediate the 

orexigenic and adipogenic effects of ghrelin (Shuto et al., 2002). Further, central 

administration of ghrelin increases the expression of hypothalamic AgRP and GHSR is 

expressed on NPY/AgRP neurones (Kamegai et al., 2000; Gnanapavan et al., 2002). 

Peripheral administration of ghrelin increases c-fos expression in the ARC AgRP/NPY 

neurones (Wang et al., 2002). The orexigenic effect of peripheral ghrelin administration is 

completely abolished in mice lacking NPY and AgRP (Chen et al., 2004). These data suggest 

that NPY/AgRP neurones mediate the orexigenic effect of ghrelin. An indirect mechanism of 

action of ghrelin via the vagal-brainstem-hypothalamic pathway has also been postulated as 

vagotomy abolishes the orexigenic effect of peripheral ghrelin administration (Date et al., 

2002). The absence of a lean phenotype of global ghrelin knockout mice and GHSR deficient 

mice is surprising. However, young ghrelin knockout mice exposed to a high fat diet gained 

less weight than wildtype littermates. Furthermore, ablation of GHSR specifically in the ARC 

results in a lean hypophagic phenotype, suggesting that ghrelin does play a role in regulating 

food intake (Kirchner et al., 2010).  
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Figure 1.5. Summary of the mechanisms of action of the key hormones involved in energy 

homeostasis. PYY3-36, GLP-1 and OXM can directly stimulate anorectic pathways in the 

hypothalamus and indirectly via the vagal-brainstem afferents. CCK is thought to affect anorectic 

appetite pathways via the NTS in the brainstem, while ghrelin acts via the vagus and signals directly 

to the hypothalamus to stimulate food intake. Adapted from (Wynne et al., 2005). CCK- 

cholecystokinin, GLP-1- glucagon-like peptide 1, NTS- nucleus tractus solitaries, OXM- 

oxyntomodulin, PYY- peptide YY. 
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1.2.5.5 Peptide YY 

 

PYY was isolated from the porcine intestine in 1980 (Tatemoto, 1982). PYY is a 36 amino 

acid peptide hormone postprandially secreted from L cells of the gastrointestinal tract in 

proportion to food intake. PYY belongs to the PP-fold family, which also includes NPY and 

PP (see fig. 1.6 for amino acid sequences). Peptides of the PP-fold family act on the Y 

receptors, which are a part of the GPCR superfamily (see section 1.2.3.4). The human NPY 

gene is localised on chromosome 7p15.1, while human PYY and PP genes are located on 

chromosome 17q21.1  (Conlon, 2002).  C-terminal amidation of these proteins is required for 

biological activity. The PP-fold peptide family is characterised in solution by a classic „U‟ 

shaped structure, which is formed by a polyproline helix between residues 1-8 and an α-helix 

at residues 15-32. These two helices are connected by a β-turn. The conformation of this 

structure determines the selectivity of these peptides for the Y receptors (Conlon, 2002). 

 

The Y2R is a 381 amino acid protein found predominantly in the brain and in the peripheral 

nervous system. Antagonist and knockout studies have implicated Y2R in delayed gastric 

emptying, bone formation, angiogenesis, vasoconstriction and behavioural effects such as 

memory enhancement, circadian rhythms, analgesia, anorexia and anxiety (Berglund et al., 

2003; Parker and Balasubramaniam, 2008; Lindner et al., 2008) . All Y receptors are coupled 

to the G inhibitory protein (Gi). Activation of the Y receptors thus results in inhibition of 

intracellular adenylate cyclase activity and therefore cAMP accumulation. Activation of the 

Y2R also reduces the peak amplitude of calcium currents via selective N-type calcium 

channels (Wiley et al., 1993; Toth et al., 1993).  The Y2R is thought to be located 

presynaptically in the CNS, acting as an autoreceptor which prevents further neurotransmitter 

release. In situ hybridization in the rat brain has revealed Y2R mRNA in the hippocampus, 

hypothalamus, amygdala and brainstem, whilst in the periphery Y2R is found in sympathetic, 

parasympathetic and sensory neurones of the peripheral nervous system (Gustafson et al., 

1997). Brainstem regions that express the Y2R include the nucleus of the solitary tract and 

the lateral reticular nucleus; areas which relay information between the hypothalamus and 

spinal cord. In the hypothalamus, Y2R is found in the ARC, preoptic nucleus (PON) and 

dorsomedial nucleus (DMN). More than 80% of arcuate NPY neurones co-express the Y2R 

(Broberger et al., 1997; Wolak et al., 2003; Gustafson et al., 1997). Y2R is confined to the 

medial portion of the ARC, which contain the NPY neurones while Y1R is prominent only in 
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the lateral, POMC neurone-containing portion (Parker and Herzog, 1999). In the human 

brain, the Y2R predominates over other Y receptor subtypes, and is additionally found in the 

dentate gyrus and cerebral cortex (Caberlotto et al., 1998). Furthermore, the Y2R is the only 

Y receptor expressed in the lateral septum, an area involved in the integration of efferent and 

afferent neuronal signalling within the limbic system, and which may be an important 

downstream effector in the homeostatic regulation of appetite.  

 

1.2.5.5.1 The distribution of PYY and PYY3-36 

 

PYY and PYY3-36 can be detected by radioimmunoassay in human plasma, with PYY3-36 

forming the majority of circulating PYY in the fed state (Grandt et al., 1992). Unlike NPY, 

which is only found in neurones, PP and PYY are found mostly within the endocrine cells of 

the pancreas and gastrointestinal tract respectively. In mammals, PYY is found in the ileum, 

colon and in the rectum (Ekblad and Sundler, 2002). During endocrine cell differentiation, 

PYY appears to be the earliest hormone released by colonic endocrine cells. This highlights a 

speculative role for PYY in the development of the gastrointestinal tract (Upchurch et al., 

1996). PYY is also found in the CNS, where it is expressed in the medulla oblongata, nucleus 

reticularis, dorsal medulla, NTS, hypothalamus, pons and spinal cord, and in the enteric 

neurones of the gastric mucosa (Ekblad and Sundler, 2002; Pieribone et al., 1992). 
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residue position 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

DPP-IV

cleavage N-terminus Mid-section C-terminus

PYY Tyr Pro Ile Lys Pro Glu Ala Pro Gly Glu Asp Ala Ser Pro Glu Glu Leu Asn Arg Tyr Tyr Ala Ser Leu Arg His Tyr Leu Asn Leu Val Thr Arg Gln Arg Tyr

PP Ala Pro Leu Glu Pro Val Tyr Pro Gly Asp Asn Ala Thr Pro Glu Gln Met Ala Gln Tyr Ala Ala Asp Leu Arg Arg Tyr Ile Asn Met Leu Thr Arg Pro Arg Tyr

NPY Tyr Pro Ser Lys Pro Asp Asn Pro Gly Glu Asp Ala Pro Ala Glu Asp Met Ala Arg Tyr Tyr Ser Ala Leu Arg His Tyr Ile Asn Leu Ile Thr Arg Gln Arg Tyr

 

 

 

 

 
 

 

 

 

 

 

 

Figure 1.6. The human amino acid sequences of the members of the PP-fold family. Amino acids on PYY cleaved by dipeptidyl-

peptidase-iv (DPP-iv) to generate PYY3-36 are shaded in grey.  The N terminus is shaded in red, the mid-section is shaded in blue and the C 

terminus is shaded in green for the PYY sequence. PYY- peptide YY, PP- pancreatic polypeptide, NPY- neuropeptide Y. 
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1.2.5.5.2 The release of PYY 

 

Circulating levels of PYY increase after the ingestion of a meal. Endogenous PYY plasma 

levels peak in proportion to food intake 1-2 hours after a meal, and remain at a plateau level 

for around 6 hours (Adrian et al., 1985). The amount of PYY secreted by L-cells has been 

shown to rise in proportion to an increased ratio of fat intake to carbohydrate and protein 

intake in a meal (Greeley, Jr. et al., 1989; Lin and Chey, 2003). The L cells of the colon and 

ileum are thought to be the main source of circulating PYY (Greeley, Jr. et al., 1989; 

Adrian et al., 1987; Ekblad and Sundler, 2002). Unlike other gut hormones, PYY release is 

not affected by gastric distension (Pedersen-Bjergaard et al., 1996). Ileocoloctomy has been 

found to abolish the release of PYY in response to the administration of a fatty acid into the 

duodenum, and basal PYY levels are low in patients who have undergone colonic resection 

and ileostomy. Triggers for PYY release include the intraluminal presence of certain 

markers of ingestions of a meal, such as glucose, lipids, short-chain fatty acids, amino 

acids, gastric acid and bile acids. L-cells are thus thought to monitor intake of substances 

into the small bowel and colon and to release PYY in response to the presence of these 

markers (Onaga et al., 2002; Ballantyne, 2006).  

 

Evidence suggests that the majority of circulating PYY is released from the distal small 

intestine and/or large intestine. However, since a meal given intraduodenally increases 

circulating PYY before nutrients are able to reach the L cells of the distal gastrointestinal 

tract, a neural and/or hormonal response has been proposed to underlie its immediate 

release. The vagus nerve complex may mediate this putative neural regulation, while 

regulatory gut peptides such as vasoactive intestinal peptide (VIP), CCK, gastrin and GLP-

1 have been suggested as humoral mediators of release (Greeley, Jr. et al., 1989; 

Ballantyne, 2006; Naslund et al., 1999; McGowan and Bloom, 2004). A considerable 

number of gastrointestinal diseases associated with appetite loss are characterized by 

elevated PYY levels, which may indicate a protective role for this peptide in reducing  food 

intake during diseased states (Liu et al., 1996).  
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Obese patients have been reported to exhibit significantly lower levels of PYY compared to 

people with a normal body mass index (BMI), though this has not been the case in other 

studies (Batterham et al., 2003a). However, another group found that PYY plasma levels 

were similar between normal-weight and obese patients using the same assay. Significantly, 

in this study obese patients did show blunted postprandial PYY3-36 plasma levels (Stock et 

al., 2005). Interestingly post-prandial PYY levels are elevated in obese patients that have 

undergone Roux-en-Y gastric bypass surgery (Le Roux et al., 2006a). It has been proposed 

that abnormal delivery of undigested fats to the small bowel, common in Roux-en-Y and 

gastrointestinal disease, may be responsible for the increase in PYY, thus providing 

heightened anorectic signalling during diseased states, when this may provide a selective 

advantage in promoting survival (Korner et al., 2005; Vincent and Le Roux, 2008). 

 

1.2.5.5.3 The in vivo effects and mechanism of action of PYY 

 

 

Since the 1980s, endogenous PYY has been known to play a fundamental role in gastric 

motility and secretion (Pappas et al., 1985). PYY is a mediator of the „ileal brake‟, which 

involves the slowing of gastric emptying in response to nutrients in the distal small 

intestine (Spiller et al., 1988). PYY also inhibits glucose-induced insulin secretion, gastric 

and pancreatic secretion, reduces gallbladder emptying, enhances vasoconstriction in the GI 

tract and pancreas, and augments salt and water absorption in the colon (Adrian et al., 1985; 

Bottcher et al., 1989). At supra-physiological doses, PYY3-36 was recently found to inhibit 

the diarrhoea induced by prostaglandin-E2 through the reduction of intestinal fluid 

secretion and colonic transit (Moriya et al., 2010). PYY3-36 has been shown to acutely 

reduce food intake when administered peripherally at physiological concentrations in both 

normal and obese rodents (Chelikani et al., 2006a; Batterham et al., 2002; Chelikani et al., 

2005). Initially, other laboratories were unable to reproduce these results (Tschop et al., 

2004). Subsequently, the effects of PYY3-36 on food intake have been shown to be 

susceptible to stress; careful acclimatisation of animals to the injection and handling 

procedure is necessary before feeding studies are performed (Halatchev et al., 2004; 

Chaudhri et al., 2008; Abbott et al., 2006).  
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Chronic peripheral administration of PYY3-36 has been shown to reduce food intake and 

body weight gain or adiposity in normal-weight and obese rodents (Chelikani et al., 2007; 

Batterham et al., 2002; Abbott et al., 2005b). However, PYY3-36 has not produced a 

chronic anorectic effect in all studies using different administration and dosing regimens. 

Intravenous (iv) infusion has proven the most reproducible method for PYY3-36 

administration (Chelikani et al., 2006a; Scott et al., 2005). iv administration of PYY3-36 

significantly reduced 24h caloric intake in normal-weight and obese humans (Batterham et 

al., 2003a). Supraphysiological doses of PYY3-36 produce conditioned taste aversion in 

rats and nausea in humans (Chelikani et al., 2006b; Le Roux et al., 2008). PYY null mice 

exhibit hyperphagia and increased adiposity, which is reversed by treatment with PYY3-36 

(Batterham et al., 2002). Interestingly, PYY is potently and dose-dependently orexigenic 

when administered centrally into the 3
rd

, 4
th

 or lateral ventricles, the PVN or the 

hippocampus. This effect is thought to be due to PYY activating Y1R and Y5R, as it is 

abolished in Y1R and Y5R knockout mice. The most potent orexigenic effect is observed 

after administration into the 4
th
 ventricle suggesting that the hindbrain may be important 

(Morley et al., 1985; Corp et al., 1990; Hagan, 2002; Batterham et al., 2002). In 

physiological terms it seems unlikely that postprandial concentrations of PYY released 

from L-cells would diffuse to activate central Y1/Y5 receptors, though there is recent 

evidence that central neurones may synthesize PYY (Morimoto et al., 2008). PYY3-36 

from the periphery accesses the ARC, which is thought to be incompletely isolated from the 

general circulation by the blood brain barrier (Migrenne et al., 2006; Peruzzo et al., 2000). 

The striking contrast between central and peripheral administration highlights the intricate 

and sensitive nature of the PP-fold family multi-receptor/multi-ligand system. 

 

 PYY3-36 has been found to be a potent agonist of Y2R in pharmacological studies (Grandt 

et al., 1992).  Evidence suggests that the Y2R is responsible for the anorectic effects of 

PYY3-36 as Y2R antagonists attenuate the effects of PYY3-36 on food intake, and Y2R-

null mice are insensitive to peripheral PYY3-36 administration (Batterham et al., 2002; 

Abbott et al., 2005a). Y2R is thought to be a presynaptic autoinhibitory receptor and is 

expressed on most NPY-positive neurones in the ventromedial ARC (Broberger et al., 
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1997). However it is not expressed on POMC neurones in the ventrolateral ARC, which 

express postsynaptic Y1R in close apposition to NPY terminals (Colmers et al., 1991; 

Broberger et al., 1997). Administration of PYY3-36 into the ARC potently and dose-

dependently reduces food intake during the dark phase and during re-feeding of fasted 

rodents. Furthermore, administration of a Y2R antagonist into the ARC prevented the 

effects of exogenous PYY3-36 on food intake in rats and increased food intake in satiated 

rats, implying that endogenous PYY3-36 regulates food intake (Batterham et al., 2002; 

Abbott et al., 2005b). The specificity of this effect is supported by the fact that the Y2R 

antagonist has no effect when administered into the PVN, which is thought to be less 

accessible to circulating peptides (Batterham et al., 2002). The brainstem and ARC exhibit 

an increase in c-fos immunoreactivity after peripheral administration of PYY3-36 at 

physiological doses, whereas other sites involved in energy homeostasis, namely the 

anterior hypothalamus, the DMN, the LH, the PVN, the VMH and the central nucleus of 

the amygdala, did not exhibit an increase in c-fos immunoreactivity after PYY3-36 

administration (Blevins et al., 2008).  

Whether the effect of PYY3-36 on Y2R-expressing neurones in the ARC is directly and/or 

indirectly mediated is unknown. The ARC is relatively permeable; and the circulation and 

transportation of PYY3-36 across the blood brain barrier via a non-saturable mechanism 

has been discovered. A direct action of PYY3-36 on the ARC has therefore been postulated 

(Peruzzo et al., 2000; Nonaka et al., 2003). iv infusion of PYY3-36 to rats increases c-fos in 

the NTS and AP in the hindbrain, which may transmit anorectic signals to the ARC. The 

NTS and AP are directly innervated by vagal sensory neurones from the gut, which express 

Y2R and are stimulated by PYY3-36 (see fig. 1.7) (Koda et al., 2005). Meal related satiety 

signals may therefore be transmitted via the vagal neurones to increase activity within 

neurone populations of the NTS and AP, which project to the hypothalamus. Since the Y2R 

is expressed in the NTS and AP, PYY3-36 may also directly activate these neurone 

populations. Furthermore, it is unclear whether neuronal activation in the ARC precedes or 

follows the activation of the NTS. The ARC is linked to the NTS via descending pathways, 

and the NTS is linked to the ARC via an ascending noradrenergic pathway, through which 

for example, the orexigenic gastric hormone ghrelin has been suggested to exert its effects 

(Blevins et al., 2008; Date et al., 2006). Some studies have shown abrogation of the effects 
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of PYY3-36 in rodents following vagotomy, whereas others failed to demonstrate any 

differences in feeding after PYY3-36 administration to vagotomised or capsaicin-treated 

animals (Koda et al., 2005; Abbott et al., 2005a; Talsania, 2005; Halatchev and Cone, 

2005). The ablation of the vagal-brainstem-hypothalamic pathway may have an indirect 

effect on the ability of the ARC to respond to circulating hormones. These results suggest 

that the effects of PYY3-36 may be mediated in part via vagal afferents (see fig. 1.7). 

Recently, other areas of the brain involved in hedonic aspects of feeding behaviour have 

been suggested to play a role in mediating the effects of PYY on appetite. Functional 

magnetic resonance imaging carried out in humans during infusions of postprandial levels 

of PYY3-36 revealed changes in neural activity in the hypothalamus as well as in the 

orbitofrontal cortex, which is involved in hedonic behaviour. During PYY3-36 infusion, 

mimicking the fed state, the amount of neural activity in the orbitofrontal cortex was 

correlated with the amount of food eaten during a subsequent buffet meal. The amount of 

neural activity in the hypothalamus during the control infusion was correlated with the 

amount of food eaten during the subsequent meal (Batterham et al., 2007). This indicates a 

potential role for PYY3-36 in the hedonic control of appetite. PYY3-36 may inhibit NPY 

neurones and/or excite POMC neurones in the ARC (Batterham et al., 2002). In a study 

investigating the time-course of the effects of PYY3-36 on POMC and NPY expression, 

ARC POMC expression was elevated by 6- and 2.4-fold at 6h and 24h after PYY3-36 

administration respectively, whereas NPY mRNA levels were suppressed 2.3 fold at 6h but 

were not significantly altered at 24h (Challis et al., 2003).  Electrophysiological studies 

show contrasting results. One study found that PYY3-36 exerts a robust inhibitory effect on 

both NPY cells and POMC cells identified by selective GFP expression in transgenic mice, 

contradicting previous findings in which PYY3-36 was found to stimulate POMC neurones 

and inhibit NPY neurones (Challis et al., 2003; Koda et al., 2005; Batterham et al., 2002). 

Y2R-selective agonists have been found to reduce the release of NPY from hypothalamic 

explants in vitro, while a Y2R antagonist increases NPY release (King et al., 2000). Since 

POMC neurones primarily express Y1R, in vitro electrophysiological inhibition by PYY3-

36 may be mediated by this receptor. However, this may not reflect the mechanism through 

which endogenous PYY3-36 acts in the brain.  
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GAD, the neuronal GABA marker, is also co-localized with NPY in the ARC. These 

GABA-ergic nerve terminals form synaptic contacts with POMC cell bodies, on which 

GABAA receptors are found (Meister, 2007; Ovesjo et al., 2001). Thus it is feasible that 

PYY3-36 may attenuate release of the inhibitory neurotransmitter GABA from presynaptic 

NPY-terminals onto neighbouring POMC neurones, resulting in their disinhibition. In 

support of this hypothesis, PYY3-36 has been shown to inhibit GABA transmission 

through mechanisms including the reduction of glutamatergic excitatory synaptic input to 

GABA neurones (Acuna-Goycolea et al., 2005; Acuna-Goycolea and van den Pol, 2005). 

The anorectic effect of PYY3-36 is still evident in MC4R knockout mice and POMC 

knockout mice (Marsh et al., 1999; Challis et al., 2004; Halatchev et al., 2004), suggesting 

that any stimulatory effect of PYY3-36 on POMC neurones is not critical for its anorectic 

effects.  

 

In summary, the evidence indicates three, possibly redundant mechanisms through which 

PYY3-36 may exert an anorexigenic effect within the hypothalamus: 1) Y2R-mediated 

inhibition of NPY neurones, 2) Y2R-mediated GABA disinhibition of POMC and 3) input 

into ARC neuronal populations from vagal-brainstem afferents (see fig. 1.7). Overall, this 

evidence highlights a putative physiological role for PYY3-36 in the control of satiety 

through activation of the Y2R on NPY neurones in the ARC.  
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Figure 1.7. Illustrative representation of putative model for mechanism of action of PYY. 

NPY/AgRP neurons and POMC neurons signal to the PVN and other hypothalamic nuclei to 

increase or decrease appetite respectively. PYY3-36 may cause meal termination by direct action 

involving presynaptic inhibition of NPY neurones, which reduces orexigenic NPY and AgRP 

tone, and/or via disinhibition of POMC neurones. PYY3-36 may also have an indirect effect on 

food intake via the vagal-brainstem pathway, which projects to the ARC. ARC- arcuate nucleus, 

AgRP- Agouti-related peptide, DPP-iv-dipeptidyl peptidase iv, NPY- neuropeptide Y, POMC- 

proopio-melanocortin,  PVN- paraventricular nucleus, PYY- peptide YY, Y2R- Y2 receptor.  
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1.3 Design and development of PYY3-36 anti-obesity therapies 

 

1.3.1 Current licensed obesity treatments 

 

The development of effective pharmacotherapies for obesity is receiving urgent attention 

due to side effects associated with current treatments. A modest weight loss (<5kg/year) in 

obese patients has been found to improve a variety of parameters, including insulin 

sensitivity, glycaemic control, dyslipidaemia and hypertension (Goldstein, 1992; Van Gaal 

et al., 1997). Drugs that can be used to treat obesity are normally classified into three 

groups: drugs that elicit hypophagia by acting on homeostatic appetite systems or hedonic 

reward systems, drugs that interfere with fat absorption and drugs that increase energy 

expenditure and thermogenesis. Sibutramine reduces food intake by blocking presynaptic 

serotonin and norepinephrine reuptake in the central and peripheral nervous systems. The 

hypophagic effect is thought to result from differential regulation of POMC and 

NPY/AgRP neurones in the ARC via 5-HT occupancy of the 5-HT2C on POMC neurones 

and 5-HT1B receptors on NPY/AgRP neurones (Heisler et al., 2006). Sibutramine treatment 

results in a modest reduction in body weight, and is also associated with modest increases 

in heart rate and blood pressure due to peripheral sympathetic effects(Nisoli and Carruba, 

2000).  Sibutramine is no longer licensed for management of obesity, as it was associated 

with cardiovascular side effects, as well as headache, dry mouth, insomnia and 

constipation. Rimonabant is now a previously licensed obesity drug, which reduced food 

intake by acting on the endocannabinoid system, affecting hedonic reward pathways. 

Rimonabant was developed to reverse the overactive endocannabinoid system seen in 

obesity by antagonising CB-1 receptors. Rimonabant was removed from the market due to 

adverse psychological effects, likely due to effects on reward-associated behaviours 

(Bloom et al., 2008; Heal et al., 2009). The only FDA-approved longterm anti-obesity drug 

is orlistat, which works by interfering with fat absorption. Orlistat inhibits gastrointestinal 

lipases that hydrolyze triglycerides into free fatty acids in the intestine, resulting in the 

failure to absorb around 30% of energy ingested as fat. This results in a modest reduction in 

body weight but also provokes a number of unpleasant side effects, including diarrhoea, 
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bloating, abdominal pain, dyspepsia and deficiencies in fat-soluble vitamins (Li and 

Cheung, 2009).  

 

As discussed, treatment options for obesity are currently limited due to unwanted side 

effects by their actions on central neurotransmitter systems or limited efficacy. Drugs that 

elicit hypophagia by affecting homeostatic appetite systems might be expected to be 

associated with nausea, which is the most extreme manifestation of satiety, and those that 

affect hedonic reward systems to reduce the hedonic value of pleasurable experiences, 

which may result in adverse mood-related disorders (Bloom et al., 2008). Drugs that act to 

reduce nutrient absorbance might be expected to cause gastrointestinal problems and 

vitamin deficiencies (McCarthy, 2000). It is therefore desirable to develop treatments that 

act in accord with the body‟s own satiety infrastructure, which lower body weight to a level 

that reduces morbidity and mortality. As mentioned above, bariatric surgery is currently the 

most effective, permanent treatment for obesity, though it is associated with considerable 

cost and is therefore not viable for the obese population as a whole. Previous surgical 

strategies included reducing stomach volume or reducing absorption by jejunoileal 

anastomosis. Gastric banding and Roux-En-Y gastric bypass (RYGB) are the two most 

commonly performed surgeries. RYBG combines the restrictive effects of gastric banding 

(which reduces the volume of the stomach) with diversion of nutrients away from the 

gastric fundus and proximal small bowel through the construction of a small pouch to 

which the jejunum is attached. RYGB is associated with greater weight loss than gastric 

banding, which may be explained by altered patterns of secretion of PYY, OXM and GLP-

1 (Field et al., 2009). Several studies have found sustained and increased circulating PYY 

after gastric bypass surgery in humans and in rodent models, which may explain the 

maintained weight loss observed (Pournaras et al., 2010). Blockade of endogenous PYY by 

administering a PYY antibody increases food intake in rodents that have undergone 

bariatric surgery, and post-bariatric surgery weight gain correlates with lower plasma PYY 

levels, suggesting that PYY plays a role in reducing food intake and weight gain post-

surgery (Le Roux et al., 2006a; Neary and Batterham, 2009b; Meguid et al., 2008). These 

observations have encouraged research into gut hormones as potential new targets for 

obesity pharmacotherapy. The development of a gut hormone therapy may allow a less-
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invasive, more cost-effective and more physiological alternative to bariatric surgery, orlistat 

and sibutramine.  

  

1.3.2 Use of PYY3-36 as a potential antiobesity therapy 

 

A change in lifestyle to reduce energy intake and increase energy expenditure is 

theoretically the most ideal treatment for obesity, but has proven unsuccessful to tackle the 

obesity crisis. Current licensed obesity therapies such as orlistat, which acts in the gut to 

prevent fat absorption, and previously-licensed obesity therapies including sibutramine and 

rimonabant, which act in the CNS to impair appetite, cause only modest weight loss and are 

associated with side effects. The only effective long-term obesity treatment is gut bypass 

surgery, which is expensive and incurs significant risk of surgical or post-surgical 

morbidity and mortality. Rather than acting on ubiquitous neurotransmitter systems, the 

development of an anti-obesity therapy should ideally work with the body‟s own satiety 

infrastructure to reduce body weight (Cottrell et. al. 2007).  

 

Understanding the role of gut hormones, in particular PYY, in appetite regulation may aid 

the development of antiobesity therapies which act on endogenous systems to restore body 

weight regulation. Obese patients have been reported to have low basal and postprandial 

circulating levels of PYY3-36, but still retain sensitivity to the anorexigenic effects of 

exogenous PYY3-36 (Batterham et al., 2003a). This finding is promising in terms of the 

utilisation of PYY as a therapeutic agent, as it implies that the obese are not resistant to 

PYY3-36, as they are to leptin and insulin. Simple replacement of the peptide in vivo 

presents a challenge as PYY is rapidly metabolised in the circulation and 

supraphysiological doses are thus required to maintain effects on food intake. Physiological 

doses of PYY3-36 result in a reduction in calorie intake in humans, but higher doses of 

PYY3-36 have been reported to produce transient nausea in humans (Le Roux et al., 2008; 

Degen et al., 2005). Furthermore, recent studies have found that rodents given acute PYY3-

36 injections show an increase in food intake after treatment with PYY3-36 is ceased 

(Parkinson et al., 2008). This „overswing response‟ may indicate a compensatory 

homeostatic drive to increase food intake after chronic PYY-induced anorexia 
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(Reidelberger et al., 2008; Parkinson et al., 2008). PYY3-36 reduces food intake for 2-4 

hours after an iv infusion and has a plasma half-life of only 8 min in rats (Lluis et al., 

1989). The chronic effects of PYY3-36 on food intake and body weight are dependent on 

route of administration and dosage pattern. Chronic subcutaneous administration of PYY3-

36 via osmotic minipump has been found to reduce food intake in rodents but only for the 

first 3-4 days of administration.  An hour long intravenous infusion every other hour for ten 

days produced a 20% reduction in food intake, a 7% reduction in body weight and a 35% 

reduction in adiposity in rats (Chelikani et al., 2005). This suggests that the efficacy of 

PYY3-36 is extremely sensitive to route and pattern of administration. If PYY3-36 

analogues are to be used in the treatment of obesity they will need to counteract escape and 

overswing effects while allowing a sensible route of administration and dosage pattern to 

humans, e.g. daily subcutaneous administration. PYY analogues that last longer in the 

circulation and at the site of injection due to protease-resistance, which exhibit a more 

potent interaction with the Y2 receptor, and which show better penetration may have a 

more durable anorectic effect, allowing for the development of a practical delivery system 

for human pharmacotherapy.   

 

1.3.3 Structural design of PYY analogues 

 

Determination of the functional and structural properties of PYY3-36 may provide further 

insight into its mechanism of action. Furthermore, for gut peptides with potential 

therapeutic applications, clinical utility is often limited by their short duration of action and 

the consequent need for repeated administration. Repeated administration or utilising 

supraphysiological dosage regimes often leads to tachyphylaxis and side effects 

respectively (Reidelberger et al., 2008). Rational modifications of the peptide sequence or 

its secondary structure may enhance the bioactivity and/or the half-life of the peptide, 

allowing less frequent, lower doses to be used (Druce et al., 2009).  As a pharmacological 

drug candidate, native PYY3-36 is rapidly cleared from the circulation, with a reported 

half-life of 8 min in the rat, 13 min in the mouse, 19 min in the rabbit and >30min in the pig 

(Nonaka et al., 2003; Sileno, 2005; Ito, 2006; Lluis et al., 1989) . In humans, PYY levels 

return to baseline around 30 min after a steady state infusion (Sloth et al., 2007b). PYY3-36 
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therefore has limited therapeutic efficacy, which makes metabolically stable and long-

acting PYY3-36 analogues highly desirable. Attachment of polyethylene glycol polymers 

to PYY3-36 creates PEGylated PYY3-36 analogues. These analogues have prolonged half-

lives of up to 24h because of their increased hydrodynamic size and reduced renal 

clearance. However the receptor potency of these analogues is sacrificed due to PEGylation 

and the in vivo efficacy of these analogues is only moderately better than that of PYY3-36 

(Ortiz et. al. 2007, Lumb et. al. 2007, Shechter et.al. 2005). Design and development of 

long-acting analogues that exhibit increased Y2 receptor selectivity is therefore required.  

 

1.3.3.1 Design of PYY analogues based on receptor efficacy and peripheral clearance 

 

Design of effective and long-lasting PYY analogues must take into account two important 

factors: a) the affinity of PYY analogues for the Y2 receptor and b) the resistance of PYY 

analogues to degradation in the circulation (and in the subcutaneous space if administration 

is to be via the subcutaneous route). Rational amino acid substitutions can enhance the 

binding affinity of a peptide for its receptor. This is dependent on the 3D structure of the 

peptide, which allows it to fit inside and interact with the active site of the receptor. 

Binding affinity is most commonly measured using receptor binding assays, which have 

been used for other gut hormone analogue development programmes (Druce et al., 2009; 

Liu et al., 2010). In practice gut hormone analogue development has normally relied on 

finding a balance between good receptor efficacy and longevity in vivo, through protease 

resistance and/or resistance to kidney filtration. In order to make rational amino acid 

substitutions it is necessary to determine the amino acids in native PYY3-36 that are 

susceptible to degradation. This may aid the development of long-acting analogues. In 

addition, determining the enzymes responsible for breaking down PYY3-36 in vivo may 

give rise to the utility of specific enzyme inhibitors in the treatment of obesity. Finally, 

other peptide analogue development programmes have focussed on modifying the delivery 

solution in which the peptide is administered, in order to encourage precipitation of 

peptides at physiological pH, and therefore a subcutaneous depot of peptide that allows 

slow steady release into the circulation (Brange and Langkjaer, 1997; Owens, 2002).  
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1.4 Overview 

 

The work contained in this thesis aims to elucidate the structure-function relationship of 

PYY at the Y2R in order to design and develop more potent and longer-acting analogues of 

PYY3-36. The first chapter establishes the effects of modifications to the amino and 

carboxy termini of PYY on susceptibility to proteolysis, binding affinity at the Y2R and in 

vivo efficacy. As this „screening‟ approach did not identify long-acting PYY3-36 

analogues, the second chapter investigates the physiological degradation profile of PYY3-

36. This aimed to elucidate amino acid sites at which substitution may prevent endogenous 

degradation and prolong the in vivo efficacy of native peptide. The final chapter focuses on 

modification of the secondary structure of PYY3-36 and on combining these long-acting 

analogues with a slow-release delivery solution that allows prolonged efficacy in animals 

and humans.  

 

Hypothesis and aims 

 

I hypothesized that the studies described in the following chapters would help to elucidate 

the structure activity relationship of PYY3-36, the way in which PYY3-36 is metabolized 

and degraded and, by altering the primary and/or secondary structure of PYY3-36, would 

create a longer acting analogue. I also hypothesized that the use of a slow-release delivery 

system for long-acting analogues may be efficacious in the chronic administration of 

PYY3-36 analogues to rodent models of diet-induced obesity. My studies aimed to 

determine whether: 

 

 rational changes to the PYY primary sequence increase resistance to proteolytic 

degradation, binding affinity at the Y2R and efficacy in reducing food intake in vivo 

 the use of kidney brush border-induced degradation as a tool in the analysis of 

amino acid sites that confer resistance to degradation facilitates the development of 

analogues with a longer action in vivo and which retain potency at the Y2R receptor 
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 knowledge of the physiological enzymatic degradation of PYY3-36 facilitates 

design of longer acting analogues and/or the use of an enzyme inhibitor/PYY3-36 

co-administration regime  

 substitution of the α-helix of PYY3-36 will prolong its bioactivity  

 use of a metal ion precipitation system allows slow release from subcutaneous 

depots and prolong the biological effects of PYY3-36 
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2 Chapter Two: Alterations to the 

primary sequence of PYY3-36 in 

elucidating structure/activity and for 

the design of long acting analogues 
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2.1 Introduction and aims 

 

As described in the previous chapter, evidence suggests that increasing circulating PYY3-

36 levels may be beneficial in the obese. Obese patients remain sensitive to the anorectic 

effects of PYY3-36 (Batterham et al., 2003a), and bariatric surgery, currently the only 

effective therapeutic strategy for obesity, may mediate its effects partly through raised 

levels of PYY (Korner et al., 2005; Le Roux et al., 2006a). Due to the costs and associated 

complications of bariatric surgery, a logical therapeutic approach would be to mimic the 

changes in endogenous gut hormones that occur after bariatric surgery. Knowledge of the 

structure/activity relationships of the PYY3-36 molecule, particularly those involving its 

interaction with the Y2R, through which PYY3-36 exerts its anorectic effect, and the 

regions of PYY3-36 susceptible to proteolytic cleavage, may allow rational modifications 

to be made to the molecule in order to develop a potent and/or  long-acting PYY3-36 

analogue.  

 

Understanding the structure-activity relationship (SAR) between a peptide and its receptor 

or receptors is a major focus of drug design. Nearly half of all drugs currently in clinical 

use act on GPCRs (Christopoulos, 2002). Characterizing the functional groups and 

structural properties of the peptide ligand responsible for a specific biological activity is 

important in understanding the mechanism of action of the peptide and the way in which its 

receptor mediates its bioactivity. For peptides with potential therapeutic applications, such 

as PYY3-36, clinical use is often limited by short duration of action and the need for 

repeated administration or higher doses to obtain the required biological effect (Le Roux et 

al., 2008). This provides impetus to create analogues that are longer acting because of their 

increased resistance to proteolytic degradation, but which retain or have improved Y2R 

affinity. This should lead to a more sustained and therapeutically useful biological effect. 

Knowledge regarding the structural features of PYY susceptible to proteolytic cleavage and 

which participate directly or indirectly in Y2R binding is thus helpful when making rational 

modifications to the amino acid sequence of PYY in order to design an analogue with 
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clinical utility. Information regarding the secondary and tertiary/3D structure may assist in 

predicting the conformational outcomes of changes to the primary structure. 

2.1.1 Use of analogues to investigate peptide properties and structure activity 

relations 

 

In order for a ligand to interact with and bind its receptor it must contain a specific 

combination of amino acids that presents the correct steric, electrostatic and hydrophobic 

complement. This set of features is known as the pharmacophore, which was first defined 

by Paul Ehrlich as „a molecular framework that carried the essential features responsible for 

a drug‟s pharmacokinetic activity‟ and is now defined as „an ensemble of steric and 

electronic features that is necessary to ensure the optimal supramolecular interactions with 

a specific biological target and to trigger (or block) its biological response‟ (Wermuth C.G 

et al., 1998). Peptide analogues can have a variety of altered characteristics compared to the 

natural ligand, such as receptor selectivity and affinity, intracellular signal transduction or 

physiological response, susceptibility to proteolytic degradation and bioavailability. All of 

these characteristics can be modified by the ability of the molecule to cross barrier 

membranes, which allow access of peripherally administered substances to different 

compartments in the body (Hruby, 2002).    

 

A number of strategies have been employed in the rational development of peptide 

analogues. Structure affinity/activity studies can be used to elucidate the essential and non-

essential components of the ligand. Sequential truncation from the N- or C- terminal of the 

analogue can be used to determine the minimal structural requirements for receptor binding 

and bioactivity. A classic method to define residues that are involved in the ligand-receptor 

interaction is the use of amino acid scans. This involves sequential substitution of each 

residue in the ligand with a small, uncharged amino acid such as Ala (see appendix I for 

full list of amino acids and abbreviations), which has minimal effects on the secondary 

structure of the peptide. This technique can be used to investigate the importance of direct 

interactions of specific ligand side chains with the receptor (Lindner et al., 2008). Similarly, 

scanning with D-amino acids provides information about the orientation and the steric 
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requirements of amino acids in the ligand. For example, D-amino acids can stabilize β-

turn/hairpin secondary structure, so the finding that a D-amino acid substitution confers an 

increase in receptor affinity and bioactivity may suggest that a β-turn conformation is 

important for the SAR of PYY3-36. It is also useful to modify the chiral, hydrophobic, 

hydrophilic and acid/base properties of key amino acids, in order to obtain further insight 

into the requirements of the binding pocket of the receptor. Once the structural elements in 

the peptide that are responsible for receptor affinity and bioactivity have been established it 

is then possible to determine the three-dimensional relationships of these pharmacophore 

properties using techniques such as nuclear magnetic resonance (NMR) and X-ray 

crystallography to predict 3D peptide structure and circular dichroism to predict helicity 

and folding. One drawback to three-dimensional modelling is that peptides do not hold a 

well-defined structure in aqueous solution and therefore artificial simulation of a peptide‟s 

tertiary structure may not reflect its endogenous conformations (Hruby, 2002).  

 

In essence, knowledge of the SAR between a peptide and its receptor acts as a framework 

to facilitate the design of analogues that retain or show improved receptor binding affinity 

and a sustained or improved biological effect.  It may then be possible to further modify the 

peptide to include structural features that enhance resistance to proteolytic degradation and 

increase the half-life of the peptide in the circulation and/or improve blood brain barrier 

permeability.   

 

2.1.2 Structural properties of PYY and PYY3-36 

 

2.1.2.1 PYY as part of a complex multireceptor/multiligand system 

 

The PP-fold/Y receptor system is an example of a complex multireceptor/multiligand 

system, and comprises three ligands that bind four receptors with varying affinity and 

selectivity. NPY and PYY bind the Y1, Y2 and Y5 receptors, whereas PP preferentially 

binds the Y4R but is still able to bind the Y5R with high affinity. N-terminal Tyr-Pro 

degradation of PYY by the enzyme dipeptidyl peptidase-iv (DPP-iv) reduces its ability to 
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bind the Y1, Y4 and Y5 subtypes, transforming it into a specific Y2 receptor agonist. 

Position 34 is crucial for Y2R recognition, as position 34-subsitituted analogues do not 

bind Y2R but do bind Y1R. A change in tertiary conformation of Pro
34

-PYY has been 

shown by nuclear magnetic resonance (NMR), which may explain the inability of this 

molecule to bind the Y2R (Keire et al., 2002).  Y1R, Y4R and Y5R require both the C and 

N-terminal of their ligands for activation whereas Y2R receptor activation only requires an 

intact C terminus. Since ligands for Y2R mainly interact with the C-terminus, ligands 

shortened at the N-terminal will readily bind the Y2R. Y1R, Y2R and Y5R are highly 

conserved between species. For example, the mouse and human Y2R coding sequences are 

94% homologous and the transmembrane region sequences are 98% homologous 

(Larhammar, 1996). This evolutionary conservation may reflect the physiological 

importance of these receptors in the homeostatic regulation of energy homeostasis.  

 

2.1.2.2 The three-dimensional structure of PYY and PYY3-36 

 

The crystal structure of avian PP was first described using X-ray analysis in the 1980s, 

leading to computational modelling of potential structures of mammalian PP, NPY and 

PYY (Glover et al., 1984). Further studies using circular dichroism and nuclear magnetic 

resonance (NMR) consistently found evidence for a folded structure, known as the „PP-

fold‟, characterized by a polyproline-like N-terminal (Pro2-Pro5-Pro8), which is folded 

back onto a long amphipathic α-helix at residues 15-30 and stabilized by hydrophobic 

contacts with Leu17, Tyr20, Leu24 and Tyr27 and a dipole moment (see fig. 2.1) 

(Bjornholm et al., 1993). The polyproline helix and α-helix are connected by a β turn, 

brought about by Gly9, which is highly conserved in the PP-fold peptide family and 

between species. The C-terminal hexapeptide of PYY is required for receptor recognition, 

and is also highly conserved (Nygaard et al., 2006). The PP-fold may function to protect the 

molecule from proteolytic degradation, which is in accord with studies showing that 

proteolytic cleavage at the N-terminal can be enhanced by removing residues from the C 

terminus (Schwartz et al., 1990). Although the overall homology between peptides of the 

PP-fold family varies considerably, the conserved residues are thought to be important in 
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stabilization of PP-fold and the C-terminal. The conserved residues in the PP-fold family of 

peptides include Pro2, Pro5, Pro8, Gly9, Tyr20 and Tyr 27, which are important in 

maintaining the PP-fold, and Val31, Thr32, Arg33, Gln34, Arg35 and Tyr36, which are 

located in the C-terminal and are important for receptor binding (Nygaard et al., 2006; 

Conlon, 2002; Ahn et al., 2009). 

 

 

 

An amphipathic α-helix is thought to anchor or „dock‟ the ligand onto the membrane where 

it can then be recognised by its receptor in a particular 3D conformation (Moroder et al., 

1993). This concept has been supported by studies showing that PYY undergoes a 

conformational change upon binding to dodecylphosphocholine micelles, which are used as 

a membrane mimetic in NMR studies. Interestingly, it has been shown that members of the 

PP-fold family with similar binding profiles display similar conformations when micelle-

bound, in particular the orientation of the C-terminal segment. In its micelle-bound state, 

the N-terminal and mid-section of PYY are released from the folded form and the 

hydrophobic residues within the α-helix interact with the hydrophobic interior of the 

membrane (see fig. 2.2) (Lerch et al., 2004).  

Figure 2.1. Conserved ‘PP-fold’ structure of PYY. The interacting hydrophobic amino acid 

residues, including prolines (red), tyrosines (green) and leucines (yellow) in the hydrophobic core of 

human PYY influence the PP-fold structure. Figure adapted from (Nygaard et al., 2006). 
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Figure 2.2. Structure of PYY as determined by NMR (left) and as representative conformers 

showing the N and C termini (right) A) in solution and B) bound to micelle membrane 

mimetics. This model proposes that PP-fold hormones are docked to the membrane by hydrophobic 

interactions and destabilization of the PP-fold, allowing diffusion along the membrane in order to 

undergo receptor recognition. In both PYY and NPY, the residues Arg33 and Arg35, which are 

involved in receptor binding, are similarly positioned when bound to the membrane mimetic, and 

the residue Tyr36, which is essential for receptor binding, is positioned within the water-membrane 

interface. Adapted from (Lerch et al., 2004). 

 

In solution, PYY, PYY3-36 and the specific Y1R agonist PYY-Pro34 have clearly different 

conformations, showing that minor changes in primary structure can have large 

conformational repercussions and consequently major effects on receptor specificity. 

Whether PYY is recognised by the Y receptors in the conformation it adopts in solution or 

after docking to membranes is a source of contention. Some authors argue that the less 

well-defined, micelle-bound form is essential for receptor-recognition and therefore 
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predicts affinity (Lerch et al., 2004). Others argue that the amphipathic nature of the 

peptide allows accumulation of ligand at the membrane surface, making receptor binding 

more likely to occur, but that the peptide will re-adopt the PP-fold form for receptor 

recognition, particularly of the Y1R, which requires both the N and C terminus for 

recognition (Nygaard et al., 2006). The Y2R only requires the ligand C terminus for 

binding and has a higher affinity for PYY3-36 over PYY. PYY3-36 has a destabilized PP-

fold in solution, possibly due to the lack of interaction between Pro2-Tyr27 that occurs in 

the more stable, well-defined form PYY (see fig. 2.3). Therefore, it is possible that PYY3-

36 and/or PYY exhibit the „micelle bound‟ form upon Y2R binding, and adopt the PP-fold 

form for Y1R binding (see fig. 2.4). Authors have also speculated that destabilization of the 

PP-fold may render the peptide more susceptible to proteolytic degradation, resulting in 

increased susceptibility of PYY3-36 to proteolytic attack (Nygaard et al., 2006).  

Clarification of the pharmacological importance of the 3D structure of PP-fold peptides in 

conferring Y receptor recognition and selectivity may aid the design of PYY analogues 

stabilized in a state favoured by the receptor.  

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.3. Image showing 3D solution structures of A) PYY and B) PYY3-36 showing a 

stable and destabilized PP-fold respectively. Taken from the MMDB database (Wang, 2007). 

Adapted from (Nygaard et al., 2006). 
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Figure 2.4. Structure of human PYY and PYY3-36 as determined by NMR, and putative 

models for PYY and PYY3-36 binding conformations at the A) Y1 and B) Y2 receptors. This 

model proposes that the classical PP-fold solution structure of PYY is necessary to bind to the Y1 

receptor but not the Y2 receptor. This is supported by the indication that PYY3-36 has a 

destabilized PP-fold, low affinity for the Y1R and increased affinity for the Y2R compared to PYY. 

In PYY, the conserved residues Pro2, Pro5 and Pro8 interact with the conserved hydrophobic 

residues Leu17, Tyr20, Leu24 and Tyr27, forming the PP-fold. This structure is proposed to be 

destabilized due to the loss of the Pro2-Tyr27 interaction following the removal of Tyr-Pro by DPP-

iv to form PYY3-36, thus increasing the affinity for the Y2R. Adapted from (Nygaard et al., 2006).   

 

2.1.2.3  The role of the N-terminal of PYY and PYY3-36 in receptor affinity and 

proteolytic degradation 

 

PYY has been reported to be susceptible to cleavage at its N-terminal by DPP-iv and 

Aminopeptidase P, which cleave the N-terminal Tyr-Pro or Tyr respectively. The actions of 

these enzymes are thought to be most prevalent in the gut, as these cleavage products were 

evident after incubation of PYY with jejunal brush border membranes and were prevented 

by pre-incubation with the relevant inhibitor (Medeiros and Turner, 1994). Removal of Tyr-

Pro from the N-terminal of PYY by DDP-iv appears to be the most physiologically relevant 



81 

 

finding, as PYY3-36 is the predominant circulating form of PYY. This cleavage also 

reduces the ability of the peptide to bind the Y1, Y4 and Y5 subtypes, transforming it into a 

selective Y2 receptor agonist (Cabrele and Beck-Sickinger, 2000; DeCarr et al., 2007). The 

N-terminal (residues 1-12) of PYY is therefore important in generating Y2 receptor 

selectivity. Recently, it has also been suggested that the N-terminal binds to extracellular Y 

receptor sections, anchoring the ligand as it enters the binding pocket of the receptor. Since 

ligands for Y2R mainly interact with the C-terminal, ligands truncated at the N-terminal, 

including PYY3-36 and PYY13-36, are able to bind the Y2R. Shorter fragments, including 

PYY18-36, PYY22-36, PYY25-36 and centrally truncated [Ahx5-24]NPY also exhibit 

selective binding for the Y2R over the Y1R and Y5R (Cabrele and Beck-Sickinger, 2000). 

Further truncation of PYY beyond Arg25 results in a significant loss of affinity at the Y2R 

(DeCarr et al., 2007).  This indicates that only part of the α-helix and C-terminal of PYY is 

essential to bind to the Y2R. While truncation of N-terminal residues from PYY3-36 

creates Y2R-selective agonists, it also leads to attenuated affinity for the Y2R (Lindner et 

al., 2008). In support of the importance of the N-terminal in binding affinity, an Ala scan of 

NPY indicated that Pro5 plays an important role in Y2R binding, as [Ala5]NPY and 

[Ala8]NPY exhibited the largest decrease in affinity at the Y2R. The Ala scan also 

indicated that residues within the proline helix at the N-terminal of NPY interact with 

hydrophobic side chains in the C-terminal regions. Interactions between Pro5:Tyr27 and 

Pro8:Tyr20 are thought to be essential in stabilizing secondary structure and allowing 

optimal Y2 receptor-binding affinity. As these residues are conserved between NPY and 

PYY, these findings are also likely to apply to the PYY sequence.   

 

Several N-terminally modified PYY analogues have been described. N-terminal truncated 

forms of PYY, such as PYY13-36, have reduced receptor binding affinity and bioactivity 

compared to PYY, and it has thus been suggested that residues 1-12 stabilize the peptide. 

This is supported by study of the tertiary structure of PYY, which suggests the N-terminal 

contributes to the amphiphilicity of the peptide and binding to the extracellular domains of 

the receptor (Zou et al., 2009). A PYY analogue in which the native Ala residues were 

replaced with the charged residues Glu and Lys, (Glu3 Lys7[PYY]),  was designed to 

increase the amphiphilicity of the polyproline helix and thus stabilise the secondary 
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structure of PYY.  This analogue showed increased in vitro bioactivity in the rat vas 

deferens assay compared to PYY, and a 10-fold greater increase compared to PYY13-36, 

suggesting that modifications to the N-terminal of PYY can influence its bioactivity 

(Minakata and Iwashita, 1990).  

 

2.1.2.4 The role of the midsection of PYY and PYY3-36 in receptor affinity and 

proteolytic degradation 

 

As discussed, 3D analysis has suggested that the amphiphilic nature of the α-helix, 

(residues 17-31) appears to stabilize the tertiary structure of PP fold peptides, which may 

contribute towards Y receptor affinity and selectivity. Circular dichroism studies comparing 

the helicity of Ala-substituted analogues of NPY have revealed considerable correlation 

between helicity and receptor binding, underlining the importance of the α-helix in receptor 

binding. As the members of the PP-fold peptide family show almost identical tertiary 

structure when membrane-bound, Zerbe and colleagues hypothesized that the ligands are 

recognized in their membrane-associated form, resulting in receptor binding following 

diffusion along the membrane. The amphipathic α-helix has been proposed to direct 

peptides to the membrane-water interface and to act as an anchor in guiding the C-terminal, 

which is flexible in solution, into the correct conformation for receptor binding (Zerbe et 

al., 2006). An Ala scan of PYY3-36 revealed that Ala substitutions in the α-helix at 

positions 20, 25 and 27-29, which are required for hydrophobic interactions in forming the 

PP-fold, reduces bioactivity (Ahn et al., 2009). The importance of the α-helical region of 

NPY in receptor binding is also demonstrated by large decreases in the affinity to the Y1R, 

Y2R and Y5Rs when the 19-23 amino acid segment of the NPY α-helix is exchanged for 

the PP 19-23 segment (Lerch et al., 2005).  
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2.1.2.5 The role of the carboxy terminal of PYY and PYY3-36 in receptor affinity and 

proteolytic degradation 

 

There is considerable evidence that the C-terminal of PYY is essential for Y2R binding and 

bioactivity. The acidic residue Asp at position 6.59 within the Y2R is thought to interact 

ionically with the Arg33 residue at the C terminus.  Furthermore, all Ala substitutions 

within the C-terminal hexapeptide (residues 31-36) of either PYY3-36 or NPY lead to a 

reduction or loss of binding affinity and bioactivity in vivo (Beck-Sickinger et al., 1994; 

Ahn et al., 2009). In particular, Arg35 and Tyr36 play crucial roles in the recognition of 

PYY by the Y2R, as individual Ala substitutions result in >1000-fold decreases in affinity. 

Interestingly, substitution of Gln for Pro at position 34 transforms PYY into a specific Y1R 

agonist. Substitution of the Tyr36 by other aromatic residues such as Phe does not alter 

binding (Lindner et al., 2008). The C terminus fragment of NPY is unable to bind the Y2R, 

and requires the α-helical mid-section of NPY for successful binding, suggesting that this 

region may stabilise the C terminus in its interaction with the Y2R (Fuhlendorff et al., 

1990). Little information is available on the amino acids in the primary sequence of PYY 

and PYY3-36 that are susceptible to proteolytic cleavage in vivo. Studies testing the effect 

of kidney brush border (KBB) membranes on PYY in vitro have suggested that position 29-

30 may be cleaved by the Zn metalloendopeptidase neprilysin EC34.11 (NEP). 

Substitutions at position 30 may therefore prolong the bioactivity of PYY3-36. However, it 

is unknown whether the proteolytic effects of NEP also occur  in vivo (Medeiros and 

Turner, 1994).  

 

2.1.2.6 Peptide modifications to enhance longevity in vivo 

 

There are a number of peptide modifications that have been used to prolong the half-life of 

peptides in therapeutic drug development. Longer chains are less susceptible to proteolytic 

degradation than shorter chains. However, using complex amino acids with bulky side 

chains may alter secondary structure and thus affect ligand-receptor interaction and 
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bioactivity. Small neutral amino acids, such as Ala, Gly and Pro, are more useful in the 

elongatation of peptides, as they are less likely to impact on secondary structure. 

 

There is also evidence that the addition of acyl chains can prolong the half-life of peptides 

in vivo (Peters, Jr., 1985). Acylation of peptides promotes binding to albumin, a large 

67kDa extracellular protein abundant in plasma and the subcutaneous space, where 

exogenous peptides are likely to be delivered. Albumin has eight fatty-acid binding sites 

and is known to bind reversibly to endogenous non-esterified fatty acids, as well as to 

several pharmacological agents. In humans, the normal loading of albumin is about 1 mole 

of fatty acid: 1 mole albumin, which leaves a surplus of binding sites available to bind 

acylated peptide (Peters, Jr., 1985). Binding of peptides to albumin may protect the N-

terminal from proteolytic cleavage and renal filtration. This approach has been successfully 

applied to insulin and proglucagon-derived peptides. For example, the fatty acid acylated 

GLP-1 analogue liraglutide has a longer plasma half-life than native GLP-1 and potently 

reduces glycaemic excursions in diabetic patients (Madsen et al., 2007). Another study 

found that acylation at the α-amino group of N-terminally-truncated PYY analogue 

PYY24-36 markedly improved Y2R affinity, while maintaining Y2R selectivity over Y1R 

and Y5R (Potter et al., 1994). As steric conformation of this analogue remained consistent 

with the published structure of the C-terminal of PYY, it was suggested that acylation of 

this analogue stabilised the molecule and thus altered preference for the Y2R. 

 

Other methods of reducing susceptibility to degradation include conjugation to biotin or 

polyethylene glycol (PEG)-ylation, which also reduce proteolysis and kidney filtration 

(Peleg-Shulman et al., 2004; Shechter et al., 2005). However, despite increasing the half-

life of a peptide, biotinylation and PEGylation can interfere with the steric conformation 

and surface availability of the residues of small peptides, resulting in reduced receptor 

binding affinity and low bioactivity of the peptide in vivo. Conventional PEGylation of 

PYY3-36, which results in a stable PEGylated PYY3-36, has been found to abolish the 

anorectic effect of PYY3-36. This can be overcome by introducing PEG chains via a 

chemical bond that allows the release of peptide in its active conformation at a steady and 

reliable rate in vivo. For this, a slow, consistent and homogenous rate of hydrolysis under 
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physiological conditions is crucial to permit the desired pharmacokinetic profile of the 

peptide (Peleg-Shulman et al., 2004). Reversible PEGylation of PYY3-36 using (2-sulfo)-

9-fluorenylmethoxycarbonyl (FMS)-PEG moieties, allows the release of PYY3-36 from 

PEG in just this manner, resulting in a consistent concentration of circulating peptide, and a 

substantial increase in half-life and bioactivity of PYY3-36 (Shechter et al., 2005).  

 

2.2 Aim of studies 

 

 To investigate the contribution of the different domains of PYY3-36 to its 

bioactivity and susceptibility to degradation. 

 To examine the effect of rational changes to individual domains of PYY3-36 on 

receptor binding affinity and its effect on food intake. 

 To use modifications to prolong the half-life of PYY3-36 to generate analogues 

with potential therapeutic application 

 

 

2.3 Materials and Methods 

 

2.3.1.1 Peptides 

 

PYY1-36 and PYY3-36 were purchased from Bachem Ltd. Analogues were synthesized by 

Advanced Biotechnology Services, Imperial College London (London, UK) and Biomol 

International LP (Exeter, UK). Peptides were synthesised and purified using the approach 

described below.  
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2.3.1.2 Peptide Synthesis 

 

Peptides were synthesized on resins derivatised with one of a number of cleavable linkers, 

using an Fmoc/t-butyl-based solid-phase synthesis strategy (Wellings and Atherton, 1997). 

Temporary Nα-amino group protection was afforded by the Fmoc-group, with t-butyl 

ethers being utilised for the protection of Tyr, Ser and Glu residues. His and Lys side chains 

were protected as their Nτ and Nε-tertbutyooxycarbonyl (Boc) derivatives respectively, 

cysteine as its S-trityl derivative, and arginine guanidine moiety as its Pbf derivative. 

Where Nε-acylation of Lys was required, orthogonal protection was afforded by the 

incorporation of 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)3-methyl-butyl Lys 

(Lys(ivDde)), which was deprotected on solid phase using 2% hydrazine in DMF.  

 

2.3.1.3 Peptide cleavage 

 

Upon completion of synthesis peptides were cleaved from solid support, with removal of 

side chain protecting groups, by treatment with aqueous trifluoroacetic acid (TFA) (95%) 

containing triisobutylsilane (TIS) (5%) as a scavenger. TFA and scavengers were removed 

by evaporation and trituration. 

 

2.3.1.4 Purification of peptides and quality control 

 

Peptides were purified by reverse phase preparative high performance liquid 

chromatography (HPLC) followed by lyophilisation. The purified product was 

subsequently analysed by reverse-phase HPLC and matrix-assisted laser-desorption time-

of-flight mass spectrometry (MALDI-ToF MS).  
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2.3.2 Peptide design: investigating the importance of specific regions of PYY3-

36 in receptor binding and bioactivity 

 

2.3.2.1 PYY3-36 analogues with C-terminal substitutions 

 

The C terminus hexapeptide section of PYY3-36 is essential for binding the Y2R 

(Larhammar, 1996; Lindner et al., 2008). Amino acids at key positions in this sequence are 

highly conserved across species, and therefore are believed important for biological 

function (Conlon, 2002). Analogues with substitutions at positions 31, 33 and 36 were 

designed in order to determine the importance of these particular amino acids in Y2R 

binding and subsequent bioactivity and whether these alterations may enhance bioactivity 

(refer to fig. 1.6 for PYY sequence). Previously, Ala-scanning at position 30 showed that 

Ala substitution had only a minor detrimental effect on the anorectic effect of PYY3-36, 

suggesting this residue is not critical for its bioactivity and is therefore a candidate for 

substitution in drug design. Furthermore, previous work showed that substituting Leu30 

with the hydrophobic residue Trp increased the affinity of PYY22-36 at the Y2R. 

Hydrophobic residues at position 30 may therefore be important for receptor affinity 

(Balasubramaniam et al., 2000). Analogues were designed with both hydrophobic and 

positively charged, hydrophilic amino acid substitutions at position 30 and were screened 

for Y2R binding affinity and susceptibility to proteolytic degradation in vitro, and ability to 

inhibit food intake in vivo. 

 

2.3.2.2 PYY3-36 analogues with mid-section substitutions 

 

Previous Ala-scanning at position 19 or 23 showed that Ala substitutions at these sites had 

little effect on the anorectic effect of PYY3-36. In addition, neither Arg19 or Ser23 are 

well-conserved, suggesting these residues are not critical for the bioactivity of PYY3-36 

and may therefore be candidates for substitution in drug design (Ahn et al., 2009). The mid-

section, which contains the α-helix of PYY3-36, is not essential for binding, but is involved 

in promoting stability of the peptide and of the C-terminal binding portion of PYY3-36 
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(Zerbe et al., 2006).  In order to alter the charge within the midsection and putatively 

promote stability, peptides were synthesized with a positively charged Lys or His instead of 

a positively charged Arg at position 19. Previous work showed that Ser23 is important in 

the bioactivity of PYY22-36 in the intestine (Balasubramaniam et al., 2000). An analogue 

was therefore synthesized with Ala instead of Ser at position 23 to test whether Ser23 is 

important for Y2R binding and ability to inhibit food intake. A peptide was also 

synthesized with a Glu substitution at position 23 in order to determine whether altering the 

charge at this site alters the bioactivity of PYY3-36.   

 

2.3.2.3 PYY3-36 analogues with N-terminal substitutions 

 

PYY1-36 and PYY3-36 are the endogenous circulating forms of PYY (Grandt et al., 1993), 

while PYY2-36 has not been reported to be a circulating form of PYY. I hypothesised that 

that addition of an amino acid residue at the N-terminal would protect the peptide from 

proteases that are able to cleave PYY1-36 and PYY3-36 endogenously. The addition of an 

amino acid at the N-terminal of PYY3-36 may also alter its helicity and 3D conformation, 

since significant differences have been shown between the structures of PYY1-36 and 

PYY3-36 (Nygaard et al., 2006). PYY3-36 was therefore synthesized with an N-terminal 

Pro, the amino acid that occurs at position 2 in the endogenous PYY1-36 sequence and is 

the first residue that forms part of the N-terminal proline helix of PYY (Nygaard et al., 

2006). Another PYY3-36 analogue was synthesized with an N-terminal Cys addition, in 

order to determine whether a mildly hydrophobic amino acid at this position protects the 

molecule against proteolytic attack while having minimal effects on structure/activity at the 

Y2R. The effects of these analogues on Y2R affinity, susceptibility to proteolytic 

degradation and ability to inhibit food intake was then assessed. Previous Ala-scan work 

revealed that substitution of Lys for Ala at position 4 resulted in an analogue with greater 

bioactivity than PYY3-36, which decreased food intake by 36% relative to saline (Ahn et 

al. 2009). This was unexpected, as Lys4 is highly conserved between species. Therefore, 

two further amino acid substitutions at this site were explored: one similar to the native Lys 

and one with the opposite charge moiety. His was substituted for Lys at this position in 
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order to determine whether a slight change in amino acid side chain may protect the 

molecule from proteolytic attack whilst retaining binding affinity (Conlon, 2002). PYY3-36 

Glu4 was also synthesized in order to determine whether a negatively charged amino acid 

at position 4 affects the stability of the peptide and therefore its bioactivity. Ala-scan 

experiments also showed that substitution of Ala for Glu at position 6 had little effect on 

the bioactivity of PYY3-36. Considering that Glu6 is very well conserved across species, 

the fact that substituting it for Ala had little effect was surprising and suggested that 

position 6 may be a potential candidate for drug design.  In order to investigate this, three 

different substitutions were made at position 6, including a positively charged Lys, a 

neutral/polar Ser and a hydrophobic/aromatic Val.  

 

2.3.2.4 PYY3-36 analogues with substitutions intended to promote longevity 

 

Addition of an acyl side chain to a peptide can increase its binding to plasma proteins and 

thus reduce its breakdown by peptidases and impede metabolic clearance by the kidney 

(Knudsen et al., 2000). Analogues of PYY3-36 were produced with a lauroyl acyl side 

chain, which is an 18 carbon fatty acid chain, attached to a Lys at position 12. An acyl side 

chain require a Lys for attachment, and a location separate from the α-helix and C-terminal, 

and on the β-turn, was used in an attempt to minimise effects on secondary structure and 

prevent interference in receptor binding (Knudsen et al., 2000). An analogue containing the 

Lys12 substitution in an unacylated form was also synthesized and tested in order to 

separate out the effects of the addition of the lauroyl acyl group from the effects of Lys12. 

Stereochemical changes are often introduced into peptides in an effort to reduce the 

conformational fit of the substrate into the active sites of peptidases, and have been utilised 

in GLP-1 analogue design (Hinke et al., 2002). A PYY3-36 analogue with a stereochemical 

change at Ile3 (PYY3-36 D-allo-Ile3) was designed and has been previously reported 

(Parkinson et al., 2008). An enantiomer of D-allo-Ile, D-Ile was substituted for Ile3 in order 

to investigate the effects of stereochemical reorientation of side
 
chains at position 3 on 

proteolytic degradation at the N-terminal. In the same vein, analogues with a D-isomer of 

Pro at the N-terminal were designed (see fig. 2.5 for structures of stereoisomers). Following 
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D-Proline

L-Proline

D-isoleucine

L-isoleucine

D-allo-isoleucine

on from these results, the most effective „longevity‟ substitutions were combined with 

simple substitutions, including Ser6, in a single analogue, in order to determine whether the 

effects on bioactivity are summative.  

 

 

 

 

 

 

 

 

 

2.3.2.5 PYY3-36 analogues with combined substitutions 

 

The results of the studies described above demonstrated the effects of altering the structure 

of PYY3-36 in specific regions of the peptide. The rationale behind these modifications 

was to establish the importance of certain regions in Y2R binding and susceptibility to 

proteolytic degradation, and to determine whether these alterations can reduce clearance in 

Figure 2.5. Chemical structure of stereoisomers of proline (blue box) and isoleucine (green 

box) used in PYY3-36 analogue design. D-amino acids are mirror images (optical isomers) of L 

amino acids. L amino acids are synthesized in the ribosome during protein translation, while D-

amino acids are the result of post-translational processing (adapted from Sigma website: 

www.sigmaaldrich.com). 
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vivo, thus prolonging activity, and/or increase Y2 receptor binding affinity. The endpoint 

for all of these studies was the effect of the changes on the anorexigenic activity of 

peripherally administered PYY3-36. Different combinations of these simple substitutions 

were then generated in order to design single analogues with improved receptor binding 

and/or reduced susceptibility to proteolytic degradation.  

 

2.3.3 Production of hY2R overexpressing cell line 

 

2.3.3.1 Production of competent bacteria 

 

To allow entry of DNA-containing plasmids into gram negative bacteria, they are 

transformed to become competent to take up DNA.  This is achieved by incubating the 

bacteria with cations (Hanahan, 1983). 

 

Materials 

LB (appendix II) 

Tetracycline (Sigma) 10 mg/ml in absolute ethanol 

TFB I (appendix II) 

TFB II (appendix II) 

XL1-Blue E.coli (Stratagene Ltd.) 

 

Method 

One hundred millilitres of LB supplemented with 5µg/ml tetracycline (LBtet) was 

inoculated with a colony of XL1-Blue and incubated overnight, with vigorous shaking, at 

37
o
C.  One millilitre of this culture was inoculated into 100ml of fresh LBtet (prewarmed to 

37
o
C) and incubated at 37

o
C, with vigorous shaking, until the bacteria were in log phase 

growth (OD550 = 0.4-0.5).  The bacteria were recovered by centrifugation at 800g for 

15min.  The bacteria were resuspended in 40ml ice cold TFBI and incubated on ice for 

10min.  The bacteria were recovered as above and resuspended in 4ml TFBII and incubated 
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on ice for 15min.  Following incubation 50µl aliquots of cell suspension were frozen in a 

dry ice/ethanol bath and stored at -70
o
C. 

 

2.3.3.2 Electrophoresis of DNA fragments 

 

Additional steps to promote efficient transformation of the bacteria are required.  

Incubating the bacteria on ice facilitates attachment of the plasmid to the bacterial cell 

membrane, while the heat shock step facilitates transport of the plasmid containing the 

antibiotic resistance genes into the bacteria.  The subsequent incubation allows expression 

of the ampicillin resistance gene before exposure to the antibiotic. 

 

Materials 

LB (appendix II) 

LB agar plates (appendix II) 

Competent bacteria 

pCMV6-XL5-Y2 receptor (Origene; Appendix III)  

 

Method 

A 50µl aliquot of frozen competent bacteria was thawed on ice, 10ng of plasmid added and 

the mixture incubated on ice for 20min.  The reaction was then incubated at 42
o
C for 2min 

followed by incubation on ice for 2min.  Two hundred microlitres of LB was then added 

and the reaction incubated at 37
o
C for 30 min.  Simultaneously, agar plates (supplemented 

with ampicillin) were dried and the transformed bacteria added to the plate.  The bacteria 

were spread over the surface of the agar, the plates inverted and incubated at 37
o
C 

overnight. 

 

2.3.3.3 Small scale preparation of plasmid 

 

Initially, plasmids were isolated on a small scale culture to allow several clones to be 

analysed simultaneously (Sambrook and Russell, 2001).  To isolate plasmids from bacteria 
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it is necessary to disrupt the cell wall to release the plasmid and at the same time remove 

contaminating proteins, genomic DNA and RNA.  The method used involves disruption of 

the cell wall by treatment with alkaline SDS followed by precipitation of bacterial debris 

with sodium acetate.  This step also removes most of the genomic DNA, since in bacteria 

this is anchored to the cell wall.  The RNA is removed at a later stage by either treatment 

with RNase A or alkali. 

 

Materials 

LB  

SDS (appendix II) 

3M Sodium acetate pH 4.6 (appendix II) 

Phenol/chloroform/isoamyl alcohol (25:24:1 dilution) (VWR International) 

GTE (appendix II) 

 25mM Tris-HCl pH 8.0  

 10mM EDTA  

 50mM Glucose  

Isopropanol 

0.3M sodium chloride (appendix II) 

Absolute ethanol 

 

Method 

Two millilitres LB supplemented with 0.05mg/ml ampicillin (LB (amp)) were inoculated 

with a single bacteria colony and incubated overnight at 37
o
C with vigorous shaking.  One 

and a half millilitres of the culture were centrifuged for two min at 12300g to pellet the 

bacteria.  The supernatant was discarded and the pellet resuspended in 100µl GTE.  Two 

hundred microlitres alkaline SDS was added and the sample incubated on ice for 5min 

followed by the addition of 150µl 3M sodium acetate and a further incubation on ice for 

5min.  The precipitated bacterial debris was removed by centrifugation for 5min at 12300g 

at room temperature and 350µl supernatant was transferred to a clean tube.  An equal 

volume of phenol/chloroform/isoamyl alcohol was added and the sample mixed.  The 

phases were separated by centrifugation for 3min at 12300g and the aqueous phase 
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transferred to a fresh tube.  The DNA was precipitated by the addition of 0.6 volumes of 

isopropanol and incubated at room temperature for 10min.  DNA was dissolved in 100µl 

0.3M sodium chloride, 250µl ice cold absolute ethanol added, and the solution incubated at 

-20
o
C for at least 1 h.  The DNA was recovered by centrifugation at 12300g at room 

temperature and dissolved in 10µl GDW. 

 

2.3.3.4 Restriction endonuclease digestion of plasmid DNA 

 

In order to select which clones contained the correct plasmid, DNA was digested with 

restriction endonuclease enzymes analysed by gel electrophoresis.  Clones containing the 

correct size inserts were chosen for large scale preparation. 

 

Materials 

Plasmid DNA 

Restriction endonucleases: EcoR I and Xho I (New England Biolabs) 

10x Restriction buffer (as supplied) 

10x BSA (Sigma) 

 

Method 

In separate reactions, the products of small scale preparation of plasmid were diluted in 

autoclaved GDW, BSA and restriction buffer, to give a final concentration of 1x BSA and 

1x restriction buffer.  Restriction endonucleases were added to five times excess and the 

volume of enzyme added was kept below 10% of the final volume.  The reaction was 

incubated for a minimum of 1 h at 37
o
C. 

 

2.3.3.5 Electrophoresis of DNA fragments 

 

After restriction digestion, the DNA was size fractionated by electrophoresis on an agarose 

gel to confirm whether an insert was present. 
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Materials 

Agarose, type II-A medium EEO (Sigma) 

50x TAE (appendix II) 

 2 M Tris-Acetate pH 8.5 

 0.5 M EDTA pH 8.0 

Ethidium bromide (10mg/ml) (Sigma) 

DNA marker (1KB ladder, Invitrogen) 

Gel loading buffer (appendix II) 

 

Method  

A 0.7% (w/v) agarose gel was prepared by dissolving the agarose in 1x TAE using a 

microwave oven.  The gel was cooled to 45
o
C and ethidium bromide added to a final 

concentration of 0.5µg/ml.  Three microlitres of loading buffer were added to 10µl of 

restriction enzyme digest. One microlitre of DNA marker was added to 9µl GDW and 

treated the same way.  The samples were loaded onto the gel and electrophoresed at 

1.5V/cm.  The DNA was visualised by illumination with UV light (300 nm). 

 

2.3.3.6 Large scale plasmid purification 

 

This method is used to produce the plasmid on a larger scale, and is followed by a caesium 

chloride gradient to further purify the plasmid. 

 

Materials 

LB 

MP1 (appendix II) 

 25mM Tris-HCl pH 8.0 

 10mM EDTA 
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 15% Sucrose 

 0.3M Sodium chloride 

Lysozyme (Sigma) 

SDS (appendix II) 

3M Potassium acetate pH 4.6 (appendix II) 

DNase free RNase A (Sigma) 

Phenol/chloroform/isoamyl alcohol (25:24:1 dilution) 

1x TE (appendix II) 

 

Method 

Following small scale preparation of the plasmid the size of the insert was confirmed by 

restriction digest as described.  A large scale preparation of the plasmid was carried out 

prior to purification using a caesium chloride gradient.  A small quantity of bacteria 

containing the plasmid with the correct size was inoculated into 500ml LB(amp) and 

incubated at 37
o
C overnight with vigorous shaking.  The bacteria were recovered by 

centrifugation for 8min at 3000g (HS-4 rota in RC-5B super speed centrifuge, Du Pont) at 

4
o
C.  The pellet was resuspended in 25ml MP1 supplemented with 2mg/ml of lysozyme 

and the samples incubated at room temperature for 5min.  Fifty millilitres of alkaline SDS 

were added, the sample mixed until clear and incubated on ice for 5min.  Then 37.5ml of 

3M potassium acetate were added, the samples mixed and the bacterial debris removed by 

centrifugation for 15min 9000g (HS-4 rota in RC-5B super speed centrifuge) at 4
o
C.  The 

supernatant was transferred to a clean tube and 0.6 volumes of isopropanol added and 

samples incubated on ice for 15min.  As before the DNA was recovered by centrifugation 

(9000g, 4
o
C).  The pellet was dissolved in 10ml 1xTE, RNase A added to a concentration 

of 0.1mg/ml and the reaction incubated at 37
o
C for 30min.  Addition of an equal volume of 

phenol/chloroform/isoamyl alcohol was used to terminate the reaction. The solution was 

then mixed and phases separated by centrifugation for 20min at 10000g and 4
o
C.  The 

aqueous phase was transferred to a new microtube and 0.1 volumes 2M sodium acetate, pH 

5.2 and one volume isopropanol added, and the reaction incubated at -20
o
C for at least 1h. 
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2.3.3.7 Caesium chloride gradient purification 

 

This technique was used to purify large quantities of plasmid.  The purification method 

depends on the decrease in density of nucleic acids when they bind ethidium bromide.  

Ethidium bromide binds by intercalation into the DNA, causing the DNA helix to partially 

unwind.  Binding occurs to a higher degree in linear genomic DNA or nicked plasmid DNA 

than the closed circular supercoiled plasmid DNA, so the different states of DNA form 

separate bands in the caesium gradient. 

 

Materials 

TES (appendix II) 

 50 mM Tris-HCl, pH 8.0 

 50 mM Sodium chloride 

 5 mM EDTA 

Caesium chloride (Sigma) 

Ethidium bromide (10mg/ml) 

Isopropanol, caesium chloride saturated (appendix II) 

1x TE (appendix II) 

Mineral oil 

 

Method 

The DNA obtained from section 2.3.3.6 was recovered by centrifugation for 20 min at 

24000g (HB4 rotor in RC5B super speed centrifuge, Du Pont) and 4
o
C and dissolved in 

7.85ml TES.  Eight grams of caesium chloride were dissolved in the DNA solution, 150µl 

ethidium bromide added and the solution mixed.  The sample was loaded into  a 

polyallomer tube (Ultracrimp, Du Pont), overlaid with mineral oil, the tube sealed and 

centrifuged for 16h at 20
o
C and 185500g (A1256 rotor, OTD-55B centrifuge, Du Pont).  

After centrifugation, the DNA bands were visualised by UV illumination and the band 

containing the closed circular DNA removed using a 20G needle and a 2ml syringe.  The 

ethidium bromide was removed from the plasmid by repeated extraction with an equal 

volume of caesium chloride saturated isopropanolol, until both phases were colourless.  The 
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DNA was precipitated by addition of two volumes of GDW and six volumes of room 

temperature absolute ethanol.  The DNA was recovered by centrifugation for 15min at 

room temperature and 24000g, the supernatant removed and the pellet dissolved in 0.4ml 

GDW.  The DNA was ethanol precipitated, recovered by centrifugation for 10min at 

12300g, dissolved in 1ml GDW and quantified spectrophotometrically. 

 

2.3.3.8 Quantification of DNA by spectrophotometer 

 

The DNA was diluted 1:100 in GDW and 1ml placed into a quartz cuvette.  The absorbance 

was read at 260 and 280nm, to check for contamination of DNA by RNA and protein 

(UV0160 spectrophotometer, Kyoto, Japan).  DNA samples with an optical density of 1.8-

2.0 (optical density = 260 nm/280 nm) were considered clean enough for further use. The 

concentration of DNA was calculated using the following formula: concentration (µg/ml) = 

(A260 x dilution factor x 50)/1000. 

 

2.3.4 Cell Culture 

 

2.3.4.1 Maintenance of cells 

 

Materials 

HEK 293T cells (LGC Promochem) 

Dulbecco‟s modified medium (DMEM) without sodium pyruvate containing 4.5g/l Glucose 

(Invitrogen) 

Foetal bovine serum (FBS) (Invitrogen) 

100x Antibiotic (Invitrogen) 

 100IU/ml Penicillin 

 100 µg/ml Streptomycin 

Non-enzyme cell dissociation buffer (Sigma) 
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Method 

HEK 293T cells were cultured in DMEM supplemented with 10% FBS and 1% antibiotic.  

Medium was changed every 2-3 days and the cells sub-cultured when 80-90% confluent 

using a non-enzymatic cell dissociation buffer.  Briefly, the medium was aspirated from the 

flask and 2ml/50 cm
2
 flask surface area of room temperature cell dissociation buffer added.  

Cells were incubated at room temperature until they detached from the flask.  Five 

millilitres of fresh medium was then added to the flask and the cells recovered by 

centrifugation for 5min at 100g.  The cells were resuspended in fresh medium and 

transferred to a new flask at a dilution of 1:5. 

 

2.3.4.2 Cell passage 

 

Once cells had reached 80-90% confluence, DMEM media was removed using a 10ml 

pipette, 10ml of cell-dissociation buffer (0.5M EDTA, pH8.0; Invitrogen) added and the 

flask incubated at room temperature for 15min. Cells were agitated to dislodge them from 

the bottom of the flask, and 5ml of the cell suspension was removed and added to a new 

flask containing 35ml media. This process was repeated using the remaining 5ml cell 

suspension. DMEM media was removed and replaced with fresh media 24h after passage. 

 

2.3.4.3 Transfection of cells with the Y2R DNA construct  

2.3.4.3.1 Polyethylenimine-mediated gene transfer 

 

In order to create a readily available source of the human Y2R, the plasmid containing the 

DNA construct for this receptor was transfected into HEK 293T cells.  PEI is a cationic 

polymer in which every third atom is an amine nitrogen residue.  In the presence of 5% 

glucose, PEI and DNA interact to form stable complexes which are taken up by pinocytosis 

across the cellular plasma membrane. 
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Materials 

0.1M 25kD PEI (Aldrich Chemical Company; appendix II) 

sterile water 

10% Glucose  

Plasmid DNA 

Geneticin (Invitrogen,UK) 

 

Method 

Twenty four h prior to transfection, cells were sub-cultured and plated at a density of 20000 

cells/60 mm plate (Invitrogen) in standard media. Transfections were carried out when the 

cells were 70% confluent. 

 

PEI/DNA complexes were made with PEI (average MW ~ 25000) according to the method 

of Abdallah et al (Abdallah et al., 1996). A 0.1M stock solution of 25kD PEI pH 7.0 was 

prepared and filtered through a 0.2µm filter prior to use.  The plasmid DNA was prepared 

such that each plate was transfected with 6µg DNA in 5% (w/v) glucose (the 10% glucose 

solution was also filtered through a 0.2µm filter).  The cells were co-transfected with 

pCMV6-XL5-Y2 receptor and pcDNA3.1+ (plasmid containing geneticin resistance gene; 

Invitrogen) and 9 nitrogen equivalents of PEI.  The amount of PEI required was calculated 

according to the ratio of PEI amine nitrogen equivalents to DNA phosphate where 1µm of 

0.1M PEI = 100nmol amine nitrogen and 10µg DNA = 30nmol DNA phosphate.  Thus for 

9 nitrogen equivalents 45µg DNA (135nmol DNA phosphate) requires 810nmol amine 

nitrogen i.e. 8.1µl of 0.1M PEI. 

 

Four plates were transfected with each receptor plasmid, and pcDNA3.1, and two plates 

with receptor plasmid only (controls).  PEI solution was slowly added to the DNA solution 

and glucose, vortexed for 30 seconds and allowed to stand at room temperature for 10min 

before use.  The PEI/DNA/glucose mix was added slowly to the cells and incubated for 3h 

at 37
o
C, after which the media was removed and replaced with standard media (DMEM 

supplemented with 10% FBS and 1% antibiotic and cells maintained as described in 

2.3.9.1).  Forty eight hours later, media was supplemented with 800µg/ml geneticin, and the 
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media replaced every 48h and re-supplemented with fresh geneticin until all control cells 

were killed (observed as displaced cells).  Remaining cells from each plate were then 

transferred to T-10 flask (1 plate to 1 flask), and maintained as previously described. 

 

2.3.5 Receptor binding studies 

 

2.3.5.1 Preparation of Y2R-expressing membranes 

 

In order to investigate the affinity of PYY3-36 analogues for the hY2R, membranes were 

prepared from cultured hY2-expressing cells. Cell media was removed and cells were 

removed from approximately 30 T 175cm2 flasks by scraping in ice-cold 0.02M phosphate 

buffered saline (PBS). Cells were centrifuged for 5min at 800rpm (Sigma Laboratory 

centrifuges 3, K18, rotor No. 19777-H). Cell pellets were then homogenized for 15 sec at 

3000rpm (Beckman J2-21 Rotor) in ice cold homogenization buffer (1mM HEPES buffer 

pH 7.4 containing 10µg/ml soybean trypsin inhibitor (Sigma), 0.5µg/ml pepstatin (Sigma), 

0.5µg/ml antipain (Sigma), 0.5µg/ml leupeptin, 0.1mg/ml benzamidine (Sigma) and 1ml 

100KIU/ml aprotinin (Sigma) at 4°C (Beckman J2-21, rotor JS-13.1)). The pellet was 

resuspended in 50mM HEPES buffer pH 7.4 containing 10µg/ml soybean trypsin inhibitor 

(Sigma), 0.5µg/ml pepstatin (Sigma), 0.5µg/ml antipain (Sigma), 0.5µg/ml leupeptin, 

0.1mg/ml benzamidine (Sigma) and 1ml 100KIU/ml aprotinin (Sigma) using a motorised 

homogeniser (IKA, Germany), for 2 min. The mixture was then centrifuged as before 

except at 2800rpm in order to remove nuclei and cell debris (Beckman J2-21 Rotor), and 

the resulting supernatant transferred to the ultracentrifuge (Sorvall Ltd, Stevenage, UK) and 

spun at 38000rpm at 4ºC for 1 h. The resulting membrane-containing pellet was 

resuspended in approximately 15-20ml 50mM HEPES buffer using a hand-held Teflon 

homogeniser (Jencons) and stored at -70°C in 100µl aliquots.  
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2.3.5.2 Biuret assay 

 

The membrane was then tested in order to determine protein concentration. A standard 

curve was made up using 10mg/ml bovine serum albumin (Sigma), which was used to 

construct a standard curve (0, 1, 2, 3, 4 and 5mg of protein/500µl) with dH20. Membrane 

was assayed at 20µl and 200µl and volumes were adjusted to 500µl with dH20. Three 

millilitres of biuret reagent was then added to all tubes. Tubes were incubated at room 

temperature for 30 min, after which the absorbance at 540nm was measured in a 

spectrophotometer (UV-160, Shimadzu) with a zero reference using the 0mg protein 

standard. The absorbance values of the sample of membrane were converted to mg protein 

by linear regression analysis.  

 

2.3.5.3 Y2 Receptor binding assay 

 

The receptor binding assay was optimised for pH, temperature, incubation time and buffer. 

Iodinated PYY1-36 was used as the competitive ligand as it is known to bind with high 

affinity to hY2R and is easily iodinated (Grandt et al., 1992). All tubes were assayed in 

triplicate except for those containing the highest and lowest concentrations of PYY3-36 

analogue, which were assayed in duplicate. Cell membranes (10ng protein) from a CHO 

hY2R-overexpressing cell line were used for these assays as described in section 1.3.5.1. 

Cell membrane was incubated for 90 min at room temperature in siliconized polypropylene 

tubes (Sigma) with 
125

I-PYY1-36 (500Bq:100pM) in binding buffer (2mM MgCl2, 6.5mM 

CaCl2, 20mM HEPES pH 7.4, 1% BSA (MP Biomedicals), 0.25%Tween20 (Sigma), 4mM 

phenylmethanesulphonylfluoride (PMSF) (Sigma), 0.5mM diprotin A (Sigma), 0.5mM 

phosphoramidon (Sigma)) in a final assay volume of 0.5ml. The Y2R-
125

I-PYY1-36-

unlabelled peptide (analogue or PYY3-36) complex was separated from free tracer by 

centrifugation at 15600g (Sigma Laboratory Centrifuges 3, K18) for 3 min. The supernatant 

was removed and discarded and the pellet resuspended and washed with 0.5ml binding 

buffer and a re-centrifugation step at 15600g (as above) in order to recover the pellet after 

the wash. The supernatant was again removed and the resulting pellets counted in a γ 

counter (model NE1600, Thermo Electron Corporation) for 240 seconds. Specific binding 
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was calculated as the difference between the amount of 
125

I-PYY1-36 peptide bound in the 

absence and presence of a specific concentration of unlabelled peptide which was then used 

to calculate the % specific binding at different concentrations of peptide. IC50 values (the 

concentration at which 50% of receptors are bound) were calculated using Graphpad Prism 

version 5.00 for Windows (GraphPad Software, San Diego, California). 

 

2.3.6 Degradation assay using KBB membrane  

 

2.3.6.1 Preparation of rat KBB membranes 

 

Rat KBB membranes were prepared by the method of homogenisation and differential 

centrifugation (Booth and Kenny, 1974). Rats were killed by decapitation and kidneys 

dissected and snap frozen in liquid nitrogen and stored at -70°C. To prepare the 

membranes, kidneys were placed in cold 0.5M sucrose and the renal cortices dissected out 

and weighed. The cortices were finely sliced and minced, and then gently homogenised at a 

ratio of 1g tissue to 6ml 0.5M sucrose using a 15ml hand-homogeniser (Jencons). Tissue 

was then further homogenized using three strokes of a motorized 15ml homogenizer with a 

Teflon pestle at 1000rpm. Following this, 1M MgCl2 was added to a final concentration of 

10mM in the homogenate, and the homogenate incubated for 15 min in the ice bath to 

ensure aggregation of other subcellular structures by bivalent metal ions. The suspension 

was then centrifuged at 3000 rpm (Beckman J2-21, rotor JS-13.1) for 20min at 4°C, the 

supernatant resuspended and then centrifuged at 10000 rpm (Beckman J2-21, rotor JS-13.1) 

for 12 min at 4°C. The supernatant was discarded and the pellet resuspended in 100µl of 

300mM mannitol in 12mM Tris-Cl (pH7.4), with 10mM MgCl2. This was then centrifuged 

at 3700 rpm at 4°C (Sigma Laboratory Centrifuge 3 K18). The supernatant was 

resuspended and centrifuged for 12min at 10000rpm at 4°C. The pellet was then 

resuspended in 10ml of 300mM mannitol in 12mM HEPES (pH7.4) and the Biuret assay 

used to determine protein concentration (see section 2.3.5.2).  
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2.3.6.2 PYY3-36/PYY3-36 analogue degradation assay using KBB 

 

PYY3-36 (2nmol) was incubated with or without 12.5µg, 25µg or 50µg, KBB in digest 

buffer (300mM mannitol in 12mM HEPES, pH7.4) at 37°C in a total volume of 140µl. For 

the inhibitor studies, 100nmol phosphoramidon or actinonin was included in the digests, 

either with or without peptide. The reaction was terminated at 5, 15, 30 or 60 min time-

points by the addition of 10µl 30% trifluoroacetic acid (TFA). Samples were then 

centrifuged at 12500xg for 5 min at room temperature in order to separate enzyme from 

peptide solution. A dose response experiment using different concentrations of KBB was 

carried out in order to determine a concentration at which 1) >50% of peptide was degraded 

and 2) break down products could be visualized. This concentration was used in the 

remainder of peptide/KBB incubations. Incubation samples were then analysed by HPLC. 

 

2.3.6.3 High Performance Liquid Chromatography 

 

Incubation samples were then analysed by HPLC (Jasco HPLC system: solvent delivery 

system PU-2080 plus, autosampler AS-2057 plus, degasser DG2080-53, dynamic mixer 

2080-32, UV detector uv-2075) using a Gemini C18 (5µm particles, 250mm x 4.6 mm) 

column. Samples (100µl of supernatant from the terminated incubation) were injected onto 

the C18 column and eluted using a linear ACN/water gradient running from 15-60% ACN 

over 35 min. As the retention time for actinonin was similar to that of PYY3-36, a 

shallower gradient of 20-35% ACN was used for the actinonin experiments to avoid co-

elution of these compounds.  The eluted peptides and peptide fragments were detected 

spectrophotometrically at a wavelength of 214nm. Percentage degradation of peptide was 

calculated by comparing area under the peak (AUP) on HPLC chromatograms of 

incubations with and without enzyme (Graphpad Prism version 5.00 for Windows, 

GraphPad Software, San Diego, California). 
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2.3.7 In vivo studies 

 

2.3.7.1 Animals 

 

All animal procedures undertaken were approved by the British Home Office under the UK 

Animal (Scientific Procedures) Act 1986 (Project Licence 70/5516). Adult male C57/BL6 

mice (Harlan, UK) weighing 20-25g or adult male Wistar rats (Charles River, UK) 

weighing 250-300g were maintained in individual cages under controlled temperature (21-

23°C) and lights (12:12 h light:dark cycle, lights on at 0700h). Animals had ad libitum 

access to water and RM1 diet (Special Diet Services). To minimise stress animals were 

regularly handled and acclimatised to subcutaneous (sc) injections according to the exact 

protocol on the experimental study day. 

 

2.3.7.2 Acute PYY3-36 or PYY3-36 analogue feeding studies in mice 

 

Studies were carried out during the early light phase (0900h). Mice were overnight-fasted 

in order to reduce circulating levels of endogenous PYY (Adrian et al., 1985). Mice were 

randomly divided into treatment groups with the same average body weight and 

administered a sc injection of either saline, PYY3-36 (50nmol/kg) or PYY3-36 analogue 

(50nmol/kg). Peptides were dissolved in a maximum volume of 100µl saline. Body weight 

was recorded before injection. Mice were returned to their cages after injection with access 

to a pre-weighed amount of food. Food was then weighed at 1, 2, 4, 8 and 24h intervals 

post-injection and the body weight recorded at 24h post-injection. Subcutaneous 

administration of 50nmol/kg PYY3-36 resulted in a significant or a trend towards a 

reduction in food intake for the first 2 h post-injection in most analogue studies compared 

to saline-treated controls.  The food intake of animals injected with PYY3-36 and PYY3-36 

analogues at 1 h, 2 h, 4 h and 8 h intervals was compared to the food intake of those 

injected with saline and analysed for significance. The p values were then compared 
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between PYY3-36 and PYY3-36 analogues. Analogues that resulted in a more prolonged 

anorexigenic effect than PYY3-36 were considered long acting. 

 

2.3.8 Statistics 

 

All data are presented as means ± SEM.  For the PYY3-36 dose response study, food intake 

data was analyzed using one-way ANOVA with Dunnet‟s post hoc test (GraphPad Prism 

version 5.00 for Windows; GraphPad Software, San Diego, California). For PYY3-36 

analogue studies, food intake data was compared using one-way ANOVA with Tukey‟s 

post hoc multiple comparison test (GraphPad Prism version 5.00 for Windows; GraphPad 

Software, San Diego, California). In all cases, p<0.05 was considered to be statistically 

significant. The large-scale nature of the analogue studies made it unfeasible to administer 

all analogues in the same study. Taking this into account, PYY3-36 analogues were 

compared using p values derived from comparison of PYY3-36 analogue vs saline control 

and vs PYY3-36 control from the study day on which the analogue was tested. For clarity, 

in an additional set of figures, the effect of PYY3-36 analogues representing alterations to 

specific regions of PYY3-36 on food intake are displayed in the same figure by expressing 

the data as a percentage of the saline control from the particular study day on which the 

analogue was tested. In these figures, saline and PYY3-36 control values are shown as the 

mean of the values for all study days for that category. These figures are intended to aid 

qualitative interpretation of the results, and statistical analyses were not carried out on these 

data. 
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2.4 Results 

 

2.4.1 Investigations into the role of the C terminus of PYY3-36 in structure 

activity relations at the Y2R and in its in vivo bioactivity  

 

Substitutions at various residue positions (see table 2.1) within the C terminus of PYY3-36 

were carried out in order to investigate a) the structural importance of these amino acids in 

binding the Y2R and b) whether alterations at this site could alter the peptide‟s 

susceptibility to proteolytic degradation and c) whether these alterations have effects on in 

vivo bioactivity of PYY3-36  (Fauchere JL and Thurieau, 1992).  

2.4.1.1 Effect of substitutions at position 30 of PYY3-36 on affinity at the Y2R and 

resistance to proteolytic degradation 

 

Replacing Leu30 with a positively charged Lys or Arg residue increased the affinity of the 

peptide for the Y2R by approximately 1.5-fold compared to PYY3-36. Substitution of His 

or Ile at position 30 reduced the affinity for the Y2R by 2-fold compared to PYY3-36. 

Substituting Leu30 with the hydrophobic residues Phe or Val worsened the binding affinity 

at the Y2R by 3-fold (see fig. 2.6 for binding curves and table 2.1 for IC50 values). PYY3-

36 and PYY3-36 analogues were incubated with KBB membranes to investigate 

susceptibility to proteolytic degradation. Degradation of PYY3-36 was increased by 63 

±6% and 17 ±14% when Leu30 was substituted for Lys or Phe respectively. All other 

substitutions at position 30 resulted in a decrease in degradation of PYY3-36; by 30 ±3% 

for His30, 1 ±4% for Arg30, 13 ±2% for Ile30 and 8 ±12% for Val30 (see table 2.1: 

degradation shown as mean percentage of PYY3-36 degradation). 
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 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36 0.17 0.002 100 0 

PYY3-36 Lys 30 0.13 0.02 163 6 

PYY3-36 His 30 0.31 0.05 70 3 

PYY3-36 Arg 30 0.10 0.005 99 4 

PYY3-36 Ile 30 0.30 0.02 87 2 

PYY3-36 Phe 30 0.56 0.11 117 14 

PYY3-36 Val 30 0.61 0.04 92 12 

Table 2.1. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at positions 30 within the binding hexapeptide of the C terminus. A 

receptor binding assay measuring analogue binding at the Y2R was used to determine the IC50 of each 

analogue. The mean IC50 of PYY3-36 derived from assays carried out on the same day is shown for 

comparison. For the degradation studies, PYY3-36 or analogue (2nmol) was incubated with KBB (50µg) over 

30 min at 37ºC and the parent peptide and peptide fragments separated by HPLC. The percentage degradation 

of analogues was calculated by comparing AUC of parent peptide peaks and corrected to the percentage 

degradation of the control PYY3-36 incubation carried out on the same day. 
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Figure 2.6. Representative displacement binding curves for C-terminal-hexapeptide substituted 

analogues at the Y2 receptor A) PYY3-36 Lys30 (mean IC50: 0.13nM), B) PYY3-36 His30 (mean IC50: 

0.31nM), C) PYY3-36 Arg30 (mean IC50: 0.1nM), D) PYY3-36 Ile30 (mean IC50: 0.3nM), E: PYY3-36 

Phe30 (mean IC50:0.56nM) and F) PYY3-36 Val30 (mean IC50:0.61). A control PYY3-36 binding assay 

carried out at the same time is shown as a reference on each binding affinity plot. Assays were carried out in 

triplicate and the IC50 is derived from a minimum of 3 assays. Increasing concentrations of PYY3-36 

analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-expressing membrane. 

Specific binding was calculated as the difference between the amount of 125-I PYY1-36 bound with and 

without unlabelled competing peptide. 
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2.4.1.2 Effect of PYY3-36 on food intake in mice (dose finding study) 

 

The effect of sc administration of PYY3-36 in C57/BL6 mice was examined to establish the 

dose required to produce a robust reduction in food intake (n=8-9 /group) (see fig. 2.7). 

Administration of PYY3-36 sc at all doses tested significantly reduced cumulative food 

intake for the first four hours post-injection when compared to saline controls. A significant 

reduction in food intake was observed over 8h following administration of 60nmol/kg, 

200nmol/kg and 600nmol/kg PYY3-36 when compared to saline controls. At 8-24h post-

injection PYY3-36 resulted in a dose-dependent trend towards an increase in food intake, a 

finding that has been previously defined as an „overswing‟ response to the acute anorectic 

effect of PYY3-36 (Fauchere JL and Thurieau, 1992). 
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Figure 2.7. The effect of subcutaneous administration of 20, 60, 200 or 600nmol/kg PYY3-36 (n=8-

9) on food intake in fasted mice. Results are means ± SEM. **p<0.01, ***p<0.001 vs saline (one-way 

ANOVA with Dunnett‟s post-hoc adjustment). 
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2.4.1.3 Effect of substitutions at position 30 of PYY3-36 on food intake 

 

All position 30-substituted analogues significantly reduced food intake 0-1h post-injection. 

At 1-2h post-injection, analogues substituted with Ile at position 30 had no significant 

effect on food intake compared to saline or PYY3-36 controls. Analogues substituted with 

His, Arg, Phe or Val reduced food intake to a similar extent as PYY3-36 at the same time 

points (see table 2.2). At the 2-4h interval, PYY3-36 Lys30 significantly reduced food 

intake whereas PYY3-36 had no effect on food intake at this time point. By the 4-8 h 

interval, no position 30 substituted analogues were more effective than PYY3-36 in 

reducing food intake (see table 2.2). All position-30 substituted analogues significantly 

reduced cumulative food intake up to 8h post-injection when compared to saline controls. 

However, mice treated with PYY3-36 Val30 ate significantly more than mice treated with 

PYY3-36 over 8h. PYY3-36 Val30 had no effect on food intake by 24h post-injection as 

opposed to PYY3-36, which resulted in a significant reduction in cumulative food intake 

over 24h compared to saline controls. Examining the percentage reduction in food intake 

for position 30 substituted analogues suggested that a Lys30 substitution most effectively 

reduced food intake compared to other position 30-substituted analogues. This is likely due 

to the fact that PYY3-36 Lys30 was the only analogue able to significantly inhibit food 

intake at the 2-4h interval and/or that it resulted in less of an overswing response at 4-8h 

post-injection compared to the other analogues tested (see fig. 2.8). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

PYY3-36 *** ↓ * ↓ - - *** ↓ *** ↓ - 

Lys30 *** ↓ * ↓ * ↓ - *** ↓ *** ↓ - 

        

PYY3-36 *** ↓ *** ↓ - - *** ↓ *** ↓ - 

His30 *** ↓ *** ↓ - - *** ↓ *** ↓ - 

        

PYY3-36 *** ↓ *** ↓ - - *** ↓ **  ↓ - 

Arg30 *** ↓ *** ↓ - - *** ↓ ***↓ - 

        

PYY3-36 *** ↓ - - - *** ↓ ** ↓ - 

Ile30 **   ↓ - - - **   ↓ ** ↓ - 

        

PYY3-36 *** ↓ ***↓ - - *** ↓ ** ↓ * ↓ 

Phe30 *** ↓ ***↓ - - ***↓ $$ ↑ *   ↓ * ↓ 

        

PYY3-36 ***↓ ***↓ - - ***↓ ***↓ ** ↓ 

Val30 ***↓ ***↓ - - ***↓   $$↑ **  ↓ $$$↑ - 

Table 2.2. Statistical significance of the effects on food intake of PYY3-36 controls or position 30-

substituted PYY3-36 analogue derived from food intake data from each study day. All food intake(g) 

data for each study group was compared to saline controls and food intake data for PYY3-36 analogues 

compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s post-hoc 

adjustment ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $$ p<0.01, $$$ p<0.001 vs PYY3-36). Arrows 

pointing downwards or upwards indicate a reduction or increase in food intake respectively compared to 

saline or PYY3-36. 
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Figure 2.8. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of position 30-substituted PYY3-36 analogues. All peptides were administered at 

a dose of 50nmol/kg.  Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study 

days for the purpose of clarity, n=7-12. 

 

2.4.1.4 Effect of substitutions within the C-terminal hexapeptide of PYY3-36 on Y2R 

binding and resistance to proteolytic degradation 

 

Substituting Gln34 with Asn was detrimental to Y2R binding. Substituting Val 31 with Lys 

had little effect on the Y2R binding, while substituting Tyr36 with Phe resulted in a slight 

increase in Y2R binding affinity (see fig. 2.9 for binding curves and table 2.3 for IC50 

values). PYY3-36 and PYY3-36 analogues were incubated with KBB to investigate 

susceptibility to proteolytic degradation. Degradation of PYY3-36 was decreased by 5 ±1% 

when Val31 was substituted for Lys, by 31 ±6% when Gln34 was substituted for Asn and 

by 36 ±2 % when Tyr36 was substituted for Phe (see table 2.3: degradation of analogues 

shown as mean percentage of PYY3-36 degradation). 
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 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.17 0.01 100 0 

Lys 31 0.19 0.005 95 1 

Asn 34 0.64 0.14 69 6 

Phe 36 0.13 0.002 64 2 

Table 2.3. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at positions 31, 34 or 36 within the binding hexapeptide of the C terminus. 

A receptor binding assay measuring analogue binding at the Y2R was used to determine the IC50 of each 

analogue. The mean IC50 of PYY3-36 derived from assays carried out on the same day is shown for 

comparison. For the degradation studies, PYY3-36 or analogue (2nmol) was incubated with KBB (50µg) over 

30 min at 37ºC and the parent peptide and peptide fragments separated by HPLC. The percentage degradation 

of analogues was calculated by comparing AUC of parent peptide peaks and corrected to the percentage 

degradation of the control PYY3-36 incubation carried out on the same day. 
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Figure 2.9. Representative displacement binding curves for C-terminal-hexapeptide substituted 

analogues at the Y2 receptor A) PYY3-36 Lys31 (mean IC50: 0.19nM), B) PYY3-36 Asn34 (mean 

IC50: 0.64nM) and C) PYY3-36 Phe36 (mean IC50: 0.13nM). A control PYY3-36 binding assay carried 

out at the same time is shown as a reference on each binding affinity plot. Assays were carried out in 

triplicate and the IC50 is derived from a minimum of 3 assays. Increasing concentrations of PYY3-36 

analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-expressing membrane. 

Specific binding was calculated as the difference between the amount of 125-I PYY1-36 bound with and 

without unlabelled competing peptide. 
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2.4.1.4.1 Effect of substitutions within the C-terminal hexapeptide of PYY3-36 on food 

intake 

 

PYY3-36 Lys 31 significantly reduced food intake at 0-1h post-injection compared to 

saline and to a similar extent to PYY3-36 controls (see table 2.4). However, PYY3-36 

Lys31 was less effective in reducing food intake at 1-2h compared to PYY3-36 controls. 

PYY3-36 Asn34 had no effect on food intake at any time point post-injection when 

compared to saline controls, and was less effective in reducing 0-1h food intake and 

cumulative food intake over 8h compared to PYY3-36 controls. PYY3-36 Phe36 

significantly reduced 0-1h and 1-2h food intake compared to saline controls and to a similar 

extent as PYY3-36 controls (see table 2.4). PYY3-36 Phe36 significantly reduced 

cumulative food intake over 4h and 8h compared to saline. Comparison of p values 

between these two groups suggested that PYY3-36 Phe36 was less effective than PYY3-36 

at reducing cumulative food intake. Examining the percentage reduction in food intake for 

analogues with substitutions at positions 31, 34 and 36 suggested that all substitutions 

tested were detrimental to the bioactivity of PYY3-36 when compared to PYY3-36 controls 

(see fig. 2.10). 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

PYY3-36 *** ↓ *** ↓ - - *** ↓ *** ↓ - 

Lys31 *** ↓ $     ↑ - - $$   ↑ $$   ↑ - 

        

PYY3-36 *** ↓ - - - *** ↓ *** ↓ - 

Asn34 $ ↑ - - - $$   ↑ $$   ↑ - 

        

PYY3-36 ** ↓ * ↓ - - *** ↓ **  ↓ - 

Phe36 *   ↓ * ↓ - - *     ↓ *    ↓ - 

        

Table 2.4. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with substitutions in the binding hexapeptide derived from food intake data for each study 

day. Food intake(g) data for each study group was compared to saline controls and food intake data for 

PYY3-36 analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with 

Tukey‟s post-hoc test (*p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05, $$ p<0.01 vs PYY3-36). Arrows 

pointing downwards or upwards indicate a reduction or increase in food intake respectively compared to 

saline or PYY3-36.   
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Figure 2.10. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with C-terminal hexapeptide substitutions. All peptides 

were administered at a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an 

average of all study days for the purpose of clarity, n=7-12. 

 

2.4.2 Investigations into the role of the mid-section of PYY3-36 in structure 

activity relations at the Y2R and in vivo bioactivity  

 

Substitutions at various residue positions (see tables 2.5 and 2.7) within the mid-section of 

PYY3-36 were carried out in order to investigate a) the structural importance of these 

amino acids in binding the Y2R and b) whether alterations at this site could alter the 

peptide‟s susceptibility to proteolytic degradation and c) whether these alterations have 

effects on in vivo bioactivity of PYY3-36  (Fauchere JL and Thurieau, 1992).  
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2.4.2.1 Effect of substitutions at position 19 of PYY3-36 on receptor binding at the Y2R 

and susceptibility to proteolytic degradation 

 

Replacing Arg19 with a positively charged Lys increased the affinity of the peptide for the 

Y2R compared to PYY3-36. Substitution of His at position 19 had no effect on affinity for 

the Y2R compared to PYY3-36 (see fig. 2.11 for binding curves and table 2.5 for IC50 

values). Degradation of PYY3-36 was decreased by 32 ±0.2% and by 8 ±4% when Arg19 

was substituted for Lys or His respectively (see table 2.5: degradation of analogues shown 

as percentage of PYY3-36 degradation). 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.17 0.007 100 0 

Lys 19 0.12 0.01 68 0.2 

His 19 0.18 0.01 92 4 

Table 2.5. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at position 19 within the mid-section. PYY3-36 or analogue (2nmol) was 

incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by 

HPLC. For the degradation studies, the percentage degradation of analogues was calculated by comparing 

AUC of parent peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation 

run at the same time. A receptor binding assay measuring analogue binding at the Y2R was used to determine 

the IC50 of each analogue vs PYY3-36. 
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Figure 2.11. Representative displacement binding curves for position 19 substituted analogues at the 

Y2 receptor A) PYY3-36 Lys19 (mean IC50: 0.12nM) and B) PYY3-36 His19 (mean IC50: 0.18nM). A 

control PYY3-36 binding assay carried out at the same time is shown as a reference on each binding affinity 

plot. Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 assays. Increasing 

concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY and human 

Y2R-expressing membrane. Specific binding was calculated as the difference between the amount of 125-I 

PYY1-36 bound with and without unlabelled competing peptide. 

 

 

2.4.2.2 Effect of substitutions at position 19 of PYY3-36 on food intake 

 

PYY3-36 Lys 19 significantly reduced food intake at 0-1h post-injection and cumulative 

food intake over 8h compared to saline and to a similar extent as PYY3-36 controls at the 

same time point (see table 2.6). However, over 24h, PYY3-36 significantly reduced food 

intake compared to saline, whereas PYY3-36 Lys19 had no effect on food intake compared 

to saline and resulted in significantly higher food intake than PYY3-. PYY3-36 His19 

significantly reduced food intake at 0-1h compared to saline, but to less of an extent than 

PYY3-36 at this time point (see table 2.6). PYY3-36 His19 was significantly less effective 

than PYY3-36 controls at reducing cumulative food intake over 8h. 

 

Examining the percentage reduction in food intake for analogues with substitutions at 

position 19 suggested that all substitutions were detrimental to the bioactivity of PYY3-36 
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when compared to PYY3-36 controls and that animals treated with PYY3-36 Asn34 

exhibited a slight increase in % food intake compared to saline controls (see fig. 2.12). 

 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 *↓ - *↓ - ***↓ *↓ **↓ 

Lys19 *↓ - - - ***↓ *↓ $↑ 

        

PYY3-36 ***↓ **↓ - - ***↓ ***↓ - 

His19 *↓ - - - **↓ $↑ - 

        

Table 2.6. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with substitutions at position 19 derived from food intake data for each study day. Food 

intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05 vs PYY3-36). Arrows pointing downwards 

or upwards indicate a reduction or increase in food intake respectively compared to saline or PYY3-36.      
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Figure 2.12. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of position 19-substituted PYY3-36 analogues. All peptides were administered at 

a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study 

days for the purpose of clarity, n=7-12 
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2.4.2.3 Effect of substitutions at position 23 of PYY3-36 on receptor binding and 

susceptibility to proteolytic degradation 

 

Replacing Ser23 with Ala increased the affinity for the Y2R compared to PYY3-36 by 

approximately 1.5 fold, while substitution of Ser23 with a negatively charged Glu had no 

effect on the affinity of the peptide for the Y2R compared to PYY3-36 (see fig. 2.13 for 

binding curves and table 2.7 for IC50 values). PYY3-36 and PYY3-36 analogues were 

incubated with KBB to investigate susceptibility to proteolytic degradation. Degradation of 

PYY3-36 was increased by 21 ±4% and decreased by 49 ±9% when Ser23 was substituted 

for Ala or Glu respectively (see table 2.7: degradation of analogues shown as percentage of 

PYY3-36 degradation). 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.19 0.01 100 0 

Ala 23 0.12 0.01 121 4 

Glu 23 0.21 0.03 51 7 

Table 2.7. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at position 23 in the mid-section. PYY3-36 or analogue (2nmol) was 

incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by 

HPLC. For the degradation studies, the percentage degradation of analogues was calculated by comparing 

AUC of parent peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation 

run at the same time. A receptor binding assay measuring analogue binding at the Y2R was used to determine 

the IC50 of each analogue vs PYY3-36. 
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Figure 2.13. Representative displacement binding curves for position 23 substituted analogues at the Y2 

receptor A) PYY3-36 Ala23 (mean IC50: 0.12nM) and B) PYY3-36 Glu23 (mean IC50: 0.21nM). A 

control PYY3-36 binding assay carried out at the same time is shown as a reference on each binding affinity 

plot. Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 assays. Increasing 

concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-

expressing membrane. Specific binding was calculated as the difference between the amount of 125-I PYY1-36 

bound with and without unlabelled competing peptide. 

2.4.2.4 Effect of substitutions at position 23 of PYY3-36 on food intake 

 

PYY3-36 Ala23 significantly reduced food intake at 0-1h and 2-4h intervals post-injection 

to a similar extent as PYY3-36 (see table 2.8). PYY3-36 Ala23 significantly reduced 

cumulative food intake over 24h compared to saline, and to a similar extent as PYY3-36 

compared to saline at the same time point. PYY3-36 Glu23 significantly reduced food 

intake at 0-1h, 1-2h and 2-4h intervals and on cumulative food intake over 8h post-injection 

compared to saline, and to a similar extent as PYY3-36 (see table2.8).  

 

Examining the percentage reduction in food intake for analogues with substitutions at 

position 23 suggests that Glu23 slightly decreased % food intake compared to PYY3-36 

controls, whereas an Ala23 substitution had no effect on the bioactivity of PYY3-36 when 

compared to PYY3-36 controls (see fig. 2.14). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ *↓ ***↓ - ***↓ ***↓ ***↓ 

Ala23 ***↓ - ***↓ - ***↓ ***↓ ***↓ 

        

PYY3-36 ***↓ **↓ *↓ - ***↓ ***↓ - 

Glu23 ***↓ **↓ **↓ - ***↓ ***↓ - 

        

Table 2.8. Statistical significance for PYY3-36 controls or PYY3-36 analogues with substitutions at 

position 23 derived from food intake data for each study day. Food intake(g) data for each study group 

was compared to saline controls and food intake data for PYY3-36 analogues compared to saline controls and 

PYY3-36 and analysed using one-way ANOVA with Tukey‟s post-hoc test (*p<0.05, **p<0.01, ***p<0.001 

vs saline). Arrows pointing downwards or upwards indicate a reduction or increase in food intake respectively 

compared to saline or PYY3-36.      
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Figure 2.14. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of position 23-substituted PYY3-36 analogues. All peptides were administered at 

a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study 

days for the purpose of clarity, n=7-12. 
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2.4.3 Investigations into the role of the N-terminal of PYY3-36 in structure 

activity relations at the Y2R and in vivo bioactivity  

 

Substitutions at various residue positions (see table 2.9) within the mid-section of PYY3-36 

were carried out in order to investigate a) the structural importance of these amino acids in 

binding Y2R and b) whether alterations at this site could alter the peptide‟s susceptibility to 

proteolytic degradation and c) whether these alterations have effects on in vivo bioactivity 

of PYY3-36 (Fauchere JL and Thurieau, 1992).  

 

2.4.3.1 Effect of substitutions at position 4 of PYY3-36 on receptor binding and 

susceptibility to proteolytic degradation 

Replacing Lys4 with a positively charged His reduced the affinity of PYY3-36 at the Y2R 

by 3-fold, while substitution of a negatively charged Glu resulted in a 9-fold decrease in 

affinity at the Y2R (see fig 2.15 for binding curves and table 2.9 for IC50 values). 

Degradation of PYY3-36 was decreased by 7 ±13% and by 20 ±10% when Lys4 was 

substituted for His or Glu respectively (see table 2.9: degradation of analogues shown as 

percentage of PYY3-36 degradation). 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.19 0.03 100 3 

PYY3-36 His 4 0.51 0.06 93 13 

PYY3-36 Glu 4 0.9 0.06 80 10 

Table 2.9. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 analogues 

with substitutions at position 4 in the N-terminal. PYY3-36 or analogue (2nmol) was incubated with KBB 

(50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by HPLC. For the 

degradation studies, the percentage degradation of analogues was calculated by comparing AUC of parent 

peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation run at the same 

time. A receptor binding assay measuring analogue binding at the Y2R was used to determine the IC50 of 

each analogue vs PYY3-36. 
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Figure 2.15. Representative displacement binding curves for position 4-substituted analogues at the Y2 

receptor A) PYY3-36 His4 (mean IC50: 0.51nM) and B) PYY3-36 Glu4 (mean IC50: 0.90nM). A control 

PYY3-36 binding assay carried out at the same time is shown as a reference on each binding affinity plot. 

Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 assays. Increasing 

concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-

expressing membrane. Specific binding was calculated as the difference between the amount of 125-I PYY1-36 

bound with and without unlabelled competing peptide. 

 

2.4.3.2 Effect of substitutions at position 4 of PYY3-36 on food intake 

 

PYY3-36 His4 significantly reduced food intake at 0-1h and 1-2h intervals post-injection 

compared to saline and to a similar extent as PYY3-36. PYY3-36 significantly reduced 

food intake at the 2-4h interval, and significantly increased food intake at the 4-8h interval 

compared to saline controls. In contrast, PYY3-36 His4 had no significant effect on food 

intake at both the 2-4h and 4-8h intervals (see table 2.10). PYY3-36 His4 significantly 

decreased cumulative food intake over 4h compared to saline, but this was significantly 

higher than PYY3-36 controls at the same time point. Furthermore, PYY3-36 His4 had no 

effect on food intake over 8h, whereas PYY3-36 significantly decreased food intake 

compared to saline. PYY3-36 Glu4 significantly reduced food intake compared to saline 

but was significantly less effective at reducing food intake compared to PYY3-36 at the 0-

1h interval. PYY3-36 Glu4 resulted in a significant reduction in cumulative food intake 

over 8h, but this was to less of an extent than PYY3-36 controls (see table 2.10). 

Examining the percentage reduction in food intake suggested that substitution of either a 
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His or Glu for Lys4 were detrimental to the bioactivity of PYY3-36 when compared to 

PYY3-36 controls (see fig. 2.16). 

 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ *↓ **↓ * ↑ ***↓ ***↓ - 

His 4 ***↓ *↓ - - *** ↓$$↑ - - 

        

PYY3-36 *** ↓ - - - ***↓ **↓ - 

Glu 4 *↓ $↑ - - - **  ↓  *  ↓  - 

        

Table 2.10. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with substitutions at position 4 derived from food intake data for each study day. Food 

intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test (*p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05 vs PYY3-36). Arrows pointing downwards 

or upwards indicate a reduction or increase in food intake respectively compared to saline or PYY3-36.     
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Figure 2.16. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of position 4-substituted PYY3-36 analogues. All peptides were administered at 

a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study 

days for the purpose of clarity, n=7-12. 
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2.4.3.3 Effect of substitutions at position 6 of PYY3-36 on receptor binding at the Y2R 

and susceptibility to proteolytic degradation 

 

Replacing Glu6 with a polar Ser, a hydrophobic Val or a positively charged Lys increased 

the affinity of PYY3-36 at the Y2R by approximately 1-fold (see fig 2.17 for binding 

curves and table 2.11 for IC50 values). Degradation of PYY3-36 was increased by 17 ±2% 

and decreased by 21 ±11% and 18  ±5% when Glu6 was substituted for Ser, Val or Lys 

respectively (see table 2.11: degradation of analogues shown as percentage of PYY3-36 

degradation). 

 

 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36 0.17 0.01 100 0 

Ser 6 0.12 0.003 117 2 

Val 6 0.12 0.02 79 11 

Lys 6 0.11 0.06 82 5 

Table 2.11. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at position 6 in the N-terminal. PYY3-36 or analogue (2nmol) was incubated 

with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by HPLC. For 

the degradation studies, the percentage degradation of analogues was calculated by comparing AUC of parent 

peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation run at the same 

time. A receptor binding assay measuring analogue binding at the Y2R was used to determine the IC50 of 

each analogue vs PYY3-36. 
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Figure 2.17. Representative displacement binding curves for position 6-substituted analogues at the Y2 

receptor A) PYY3-36 Ser6 (mean IC50: 0.12nM), B) PYY3-36 Val6 (mean IC50: 0.12nM) and C) 

PYY3-36 Lys6 (mean IC50:0.11nM). A control PYY3-36 binding assay carried out at the same time is 

shown as a reference on each binding affinity plot. Assays were carried out in triplicate and the IC50 is 

derived from a minimum of 3 assays. Increasing concentrations of PYY3-36 analogue were incubated with a 

fixed concentration of 125-I PYY and human Y2R-expressing membrane. Specific binding was calculated as 

the difference between the amount of 125-I PYY1-36 bound with and without unlabelled competing peptide. 

 

2.4.3.4 Effect of substitutions at position 6 of PYY3-36 on food intake 

 

PYY3-36 Ser6 significantly reduced food intake compared to saline at the 0-1h and1-2h 

interval compared to saline controls, and to a similar extent as PYY3-36 controls. PYY3-36 

Ser6 significantly increased food intake compared to PYY3-36 controls at the 2-4h interval. 

At the 4-8h interval, PYY3-36 Ser6 significantly decreased food intake compared to PYY3-

36, which resulted in significantly higher food intake compared to saline at this time point. 
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PYY3-36 Ser6 significantly reduced cumulative food intake over 4h compared to saline and 

resulted in significantly higher food intake compared to PYY3-36, but had no effect on 

food intake by 8h. PYY3-36 Val6 significantly reduced food intake at 0-1h post-injection 

compared to saline controls, and to a similar extent as PYY3-36 controls, but failed to 

reduce food intake at 2-4h post-injection as observed for PYY3-36 controls (see table 2.12). 

PYY3-36 Val6 significantly reduced cumulative food intake over 4h compared to saline, 

and to a similar extent as PYY3-36 controls, but failed to reduce 8h cumulative food intake 

as observed for PYY3-36 controls. PYY3-36 Lys6 significantly reduced food intake 0-1h 

post-injection compared to saline controls to a similar extent as PYY3-36, and resulted in 

significantly higher food intake at the 2-4h interval compared to PYY3-36 controls (see 

table 2.12). PYY3-36 Lys6 significantly reduced cumulative food intake over 8h, but to a 

less of an extent than PYY3-36.nExamining the percentage reduction in food intake 

suggested that substitution of Glu6 for either a polar Ser, a positively charged Lys or a 

hydrophobic Val was detrimental to the bioactivity of PYY3-36 when compared to PYY3-

36 controls (see fig. 2.18). 

 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ ***↓ - **↑ ***↓ *↓ - 

Ser6 ***↓ ***↓ $ ↑ $$  ↓ *↓$  ↑ - - 

        

PYY3-36 ***↓ - *↓ - ***↓ **↓ - 

Val 6 ***↓ - - - ***↓ - - 

        

PYY3-36 ***↓ - - - ***↓ **↓ - 

Lys6 ***↓ - $ ↑ - **↓ *↓ - 

        

Table 2.12.Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with substitutions at position 6 derived from food intake data for each study day. Food 

intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05, $$ p<0.01 vs PYY3-36). Arrows pointing 

downwards or upwards indicate a reduction or increase in food intake respectively compared to saline or 

PYY3-36.      
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2.4.4 Effect of modifications to improve longevity on receptor binding, 

degradation and in vivo bioactivity 

 

2.4.4.1 Effect of the addition of a Cys or Pro tail at the N-terminal of PYY3-36 on 

receptor binding at the Y2R and susceptibility to proteolytic degradation 

 

The addition of Cys or the stereoisomer D-Pro to the N-terminal of PYY3-36   decreased 

the affinity for the Y2R by approximately 2-fold compared to PYY3-36, while the addition 

of Pro to the N-terminal of PYY3-36 did not affect the affinity of the peptide for the Y2R 

compared to PYY3-36 (see fig. 2.19 for binding curves and table 2.13 for IC50 values). 

Degradation of PYY3-36 was decreased by 53 ±2% and 50 ±13% when Cys or Pro 

respectively was added to the N-terminal, and increased by 29 ±6% when D-Pro was added 

Figure 2.18. Cumulative food intake (expressed as percentage of saline controls on each study day) following 

administration of position 6-substituted PYY3-36 analogue. All peptides were administered at a dose of 

50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study days for the 

purpose of clarity, n=7-12. 
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to the N-terminal (see table 2.13: degradation of analogues shown as percentage of PYY3-

36 degradation). 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.17 0.008 100 0 

N-Cys 0.42 0.04 47 2 

N-Pro 0.15 0.05 50 13 

N-D-Pro 0.43 0.04 129 6 

Table 2.13. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with the addition of Cys, Pro or D-Pro at the N-terminal. PYY3-36 or analogue (2nmol) was 

incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by 

HPLC. For the degradation studies, the percentage degradation of analogues was calculated by comparing 

AUC of parent peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation 

run at the same time. A receptor binding assay measuring analogue binding at the Y2R was used to determine 

the IC50 of each analogue vs PYY3-36. 
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Figure 2.19. Representative displacement binding curves for analogues with the addition of a Cys, 

Pro or D-Pro at the N-terminal at the Y2 receptor A) PYY3-36 N-Cys (mean IC50: 0.42nM), B) 

PYY3-36 N-Pro (mean IC50: 0.15nM) and C) PYY3-36 N-DPro (mean IC50: 0.43nM). A control 

PYY3-36 binding assay carried out at the same time is shown as a reference on each binding affinity 

plot. Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 assays. 

Increasing concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY 

and human Y2R-expressing membrane. Specific binding was calculated as the difference between the 

amount of 125-I PYY1-36 bound with and without unlabelled competing peptide. 
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2.4.4.2 Effect of the addition of a Cys, Pro or D-Pro tail at the N-terminal of PYY3-36 

on food intake 

 

N-Cys PYY3-36 significantly reduced food intake at 0-1h and 1-2h post-injection 

compared to saline controls and to a similar extent as PYY3-36 controls (see table 2.14). At 

the 2-4h interval, N-Cys PYY3-36 significantly reduced food intake compared to saline and 

PYY3-36 controls, whereas PYY3-36 had no significant effect on food intake. Both N-Cys 

PYY3-36 and PYY3-36 controls significantly reduced food intake to a similar extent over 

24h compared to saline (see table 2.14). N-Pro-PYY3-36 significantly reduced food intake 

at 0-1h post-injection compared to saline controls and to the same extent as PYY3-36 (see 

table 2.14). At the 2-4h interval, N-Pro-PYY3-36 significantly reduced food intake 

compared to saline and PYY3-36 controls, whereas PYY3-36 had no effect on food intake. 

N-Pro PYY3-36 significantly reduced cumulative food intake over 8h compared to saline 

and PYY3-36 controls and over 24h compared to saline. N-D-Pro-PYY3-36 significantly 

reduced food intake 0-1h post-injection compared to saline controls and to a similar extent 

as PYY3-36 at the same time point (see table 2.14). At the 2-4h interval, N-DPro-PYY3-36 

significantly reduced food intake compared to saline and PYY3-36 controls, while at the 4-

8h interval N-D-Pro PYY3-36 resulted in significantly higher food intake compared to 

saline. N-Pro PYY3-36 significantly reduced cumulative food intake over 24h compared to 

saline, but to less of an extent than PYY3-36. Examining the percentage reduction in food 

intake suggested that the addition of Pro at the N-terminal of PYY3-36 is more effective 

than addition of Cys at the N-terminal of PYY3-36 in reducing food intake (see fig. 2.20).  
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ *↓ - - ***↓ ***↓ ***↓ 

N-Cys *↓ **↓ **↓   $↓ - ***↓ ***↓ ***↓ 

        

PYY3-36 *** ↓ - - - ***↓ **↓ - 

N-Pro *** ↓ - ***↓ $↓ - ***↓ $↓ ***↓ $↓ **↓ 

        

PYY3-36 ***↓ ***↓ - - ***↓ ***↓ **↓ 

N-D-Pro ***↓ - *↓ *↑ ***↓ **↓ *↓ 
        

Table 2.14. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with amino acid additions at the N-terminal of PYY3-36 derived from food intake data for 

each study day. Food intake(g) data for each study group was compared to saline controls and food intake 

data for PYY3-36 analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA 

with Tukey‟s post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05 vs PYY3-36). Arrows 

pointing downwards or upwards indicate a reduction or increase in food intake respectively compared to 

saline or PYY3-36. 
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Figure 2.20. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with N-terminal addition of Pro, D-Pro or Cys. All 

peptides were administered at a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are 

shown as an average of all study days for the purpose of clarity, n=7-12. 
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2.4.4.2.1 Effect of stereochemical changes at Ile-3 of PYY3-36 on receptor binding and 

susceptibility to proteolytic degradation 

 

Substitution of Ile3 for the stereoisomers D-Ile or D-allo-Ile increased the affinity of the 

peptide for the Y2R by approximately 1-fold compared to PYY3-36 (see fig. 2.21 for 

binding curves and table 2.15 for IC50 values). Degradation of PYY3-36 was increased by 

8 ±18% and decreased by 9 ±3%, when Ile3 was substituted for its stereoisomers D-Ile or 

D-allo-Ile respectively (see table 2.15: degradation of analogues shown as percentage of 

PYY3-36 degradation). 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.15 0.01 100 0 

D-Ile 3 0.12 0.02 108 18 

D-allo-Ile 3 0.11 0.02 91 3 

Table 2.15. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with substitutions at position 3 in the N-terminal. PYY3-36 or analogue (2nmol) was incubated 

with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated by HPLC. For 

the degradation studies, the percentage degradation of analogues was calculated by comparing AUC of parent 

peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation run at the same 

time. A receptor binding assay measuring analogue binding at the Y2R was used to determine the IC50 of 

each analogue vs PYY3-36. 
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Figure 2.21. Representative displacement binding curves for analogues with a stereoisomer of Ile at 

position 3  at the Y2 receptor A) PYY3-36 D-Ile3 (mean IC50: 0.12nM), B) PYY3-36 D-allo-Ile3 (mean 

IC50: 0.11nM). A control PYY3-36 binding assay carried out at the same time is shown as a reference on 

each binding affinity plot. Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 

assays. Increasing concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I 

PYY and human Y2R-expressing membrane. Specific binding was calculated as the difference between the 

amount of 125-I PYY1-36 bound with and without unlabelled competing peptide. 

 

2.4.4.2.2 Effect of stereochemical changes at Ile3 of PYY3-36 on food intake 

 

PYY3-36 D-Ile3 significantly reduced food intake 0-1h and 1-2h post-injection compared 

to saline controls and to a similar extent as PYY3-36 controls (see table 2.16). PYY3-36 D-

Ile3 significantly reduced food intake over 8h but had no significant effect on food intake 

over 24h compared to saline controls and in contrast to PYY3-36, which significantly 

reduced food intake over 24h. PYY3-36 D-allo-Ile3 significantly reduced food intake 0-1h 

and 1-2h post-injection compared to saline controls and to a similar extent to PYY3-36 (see 

table 2.16). PYY3-36 D-allo-Ile3 significantly reduced cumulative food intake over 24h 

compared to saline controls and to a similar extent as PYY3-36. Examining the percentage 

reduction in food intake analysis suggested that substituting Ile3 for the stereoisomer D-

allo-Ile3 is more effective than D-Ile3 PYY3-36 or PYY3-36 in reducing food intake (see 

fig. 2.22). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ **↓ - - ***↓ ***↓ *↓ 

D-Ile ***↓ **↓ - - ***↓ **↓ - 

        

PYY3-36 *** ↓ *** ↓ - - ***↓ ***↓ *↓ 

D-allo-Ile3 *** ↓ *** ↓ - - ***↓ ***↓  **↓ 

        

Table 2.16. Statistical significance of the effects on food intake of  PYY3-36 controls or PYY3-36 

analogues with a stereoisomer of Ile at position 3 derived from food intake data for each study day. 

Food intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline). Arrows pointing downwards or upwards indicate a 

reduction or increase in food intake respectively compared to saline or PYY3-36.     
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Figure 2.22. Cumulative food intake (expressed as percentage of saline controls on each study 

day) following administration of PYY3-36 analogues with a stereoisomer at position 3. All 

peptides were administered at a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle 

are shown as an average of all study days for the purpose of clarity, n=7-12. 
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2.4.5 Effect of combining longevity modifications with simple amino acid 

substitutions upon food intake 

 

2.4.5.1.1 Effect of the addition of a fatty acid to the charged group of Lys-substituted 

PYY3-36 on receptor binding 

 

Substitution of Ala12 for Lys12 had no significant effect on the affinity of PYY3-36 for the 

Y2R, while substitution of Lys12-lauroyl decreased the affinity of the peptide for the Y2R 

by 9-fold compared to PYY3-36 (see fig. 2.23 for binding curves and table 2.17 for IC50 

values). Degradation of PYY3-36 was increased by 24 ±2% and decreased by 99 ±0.9% 

when Ala12 was substituted for Lys or Lys-lauroyl respectively (see table 2.17: degradation 

of analogues shown as percentage of PYY3-36 degradation). 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36 0.17 0.003 100 0 

Lys 12 0.19 0.01 124 2 

Lys 12-Lauroyl 1.6 0.3 1 0.9 

Table 2.17. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with different substitutions at positions 12 in the N-terminal. PYY3-36 or analogue (2nmol) 

was incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments separated 

by HPLC. For the degradation studies, the percentage degradation of analogues was calculated by comparing 

AUC of parent peptide peaks and corrected to the percentage degradation of the control PYY3-36 incubation 

run at the same time. A receptor binding assay measuring analogue binding at the Y2R was used to determine 

the IC50 of each analogue vs PYY3-36. 
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Figure 2.23. Representative displacement binding curves  for PYY3-36 analogues with a substitution of 

Lys at Ala12 or the addition of a 12 carbon fatty acid (lauroyl) to Lys12 at the Y2 receptor A) PYY3-36 

Lys12 (mean IC50: 0.19nM), B) PYY3-36 Lys12-Lauroyl (mean IC50: 1.6nM). A control PYY3-36 

binding assay carried out at the same time is shown as a reference on each binding affinity plot. Assays were 

carried out in triplicate and the IC50 is derived from a minimum of 3 assays. Increasing concentrations of 

PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-expressing 

membrane. Specific binding was calculated as the difference between the amount of 125-I PYY1-36 bound 

with and without unlabelled competing peptide. 

 

 

2.4.5.1.2 Effect of the addition of a fatty acid to PYY3-36 Lys12 on food intake 

 

PYY3-36 Lys12 significantly reduced food intake 0-1h post-injection, but had no effect on 

food intake at any later interval and had no significant effect on cumulative food intake. In 

contrast, PYY3-36 significantly reduced food intake at 0-1h, 1-2h and 2-4h post-injection 

as well as cumulative food intake over 8h. PYY3-36 Lys12-Lauroyl significantly reduced 

food intake 0-1h post-injection compared to saline controls, 1-2h post-injection compared 

to saline and 2-4h post-injection compared to saline and PYY3-36 controls. PYY3-36 

Lys12-Lauroyl significantly reduced cumulative food intake over 8h post-injection 

compared to saline controls and to a similar extent as PYY3-36. Examining the percentage 

reduction in food intake analysis suggested that substitution of Ala12 with Lys has a 
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detrimental effect upon PYY3-36 bioactivity, while the addition of a lauroyl fatty acid to 

Lys12 results in an analogue that has similar bioactivity to PYY3-36 (see fig. 2.24). 

 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 **↓ *↓ *↓ - **↓ *↓ - 

Lys12 *↓ - - - - - - 

        

PYY3-36 *** ↓ - - - ***↓ **↓ - 

Lys12-Laur **↓$↑ * ↓ **↓$↓ - ***↓ **↓  - 

        

Table 2.18.  Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with a stereoisomer of Ile at position 23 derived from food intake data for each study day. 

Food intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline). Arrows pointing downwards or upwards indicate a 

reduction or increase in food intake respectively compared to saline or PYY3-36. 
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Figure 2.24. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with a Lys only or acylated Lys at position 12. All 

peptides were administered at a dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are 

shown as an average of all study days for the purpose of clarity, n=7-12. 
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2.4.5.2 Effect of combining acylation at Lys 12 and stereochemical modifications at the 

N-terminal in a single analogue 

 

2.4.5.2.1 Effect of combining acylation at Lys 12 and stereochemical modifications at the 

N-terminal on receptor binding and susceptibility to proteolytic degradation 

 

Combining D-allo-Ile3 with Lys12 has minimal effect on the affinity of PYY3-36 for the 

Y2R, while adding a lauroyl to Lys12 of PYY3-36 D-allo-Ile3 Lys12 decreased affinity for 

the Y2R by 13 fold compared to PYY3-36 and PYY3-36 D-allo-Ile3 Lys12 (see fig. 2.25 

for binding curves and table 2.17 for IC50 values). Degradation of PYY3-36 was decreased 

by 62 ±0.3% when Ile3 and Ala12 were substituted for D-allo-Ile and Lys respectively and 

99 ±0.5% when Ile3 and Ala12 were substituted for D-allo-Ile and Lys-lauroyl respectively 

(see table 2.17: degradation of analogues shown as percentage of PYY3-36 degradation).  

 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36 0.18 0.03 100 0 

D-allo-Ile 3 Lys 12 0.16 0.01 38 0.3 

D-allo-Ile 3 Lys 12-lauroyl 2.4 0.4 1.5 0.5 

Table 2.19. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with combined substitutions at positions 3 and/or 12 within the N-terminal. PYY3-36 or 

analogue (2nmol) was incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide 

fragments separated by HPLC. For the degradation studies, the percentage degradation of analogues was 

calculated by comparing AUC of parent peptide peaks and corrected to the percentage degradation of the 

control PYY3-36 incubation run at the same time. A receptor binding assay measuring analogue binding at 

the Y2R was used to determine the IC50 of each analogue vs PYY3-36. 
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Figure 2.25.  Representative displacement binding curves for PYY3-36 analogues with a substitution of 

Ile3 for D-allo-Ile and Ala12 for Lys with the addition of lauroyl to Lys12 at the Y2 receptor. A) PYY3-

36 D-allo-Ile3 Lys12 (mean IC50: 0.16nM), B) PYY3-36 D-allo-Ile3 Lys12-Lauroyl (mean IC50: 2.4nM). A 

control PYY3-36 binding assay carried out at the same time is shown as a reference on each binding affinity 

plot. Assays were carried out in triplicate and the IC50 is derived from a minimum of 3 assays. Increasing 

concentrations of PYY3-36 analogue were incubated with a fixed concentration of 125-I PYY and human Y2R-

expressing membrane. Specific binding was calculated as the difference between the amount of 125-I PYY1-36 

bound with and without unlabelled competing peptide. 

 

 

2.4.5.2.2 Effect of combining acylation at Lys 12 and stereochemical modifications at the 

N-terminal on food intake 

 

PYY3-36 D-allo-Ile3 Lys12 significantly reduced intake at 0-1h post-injection compared to 

saline and PYY3-36 controls, and at 1-2h post-injection compared to saline controls. 

PYY3-36 D-allo-Ile3 Lys12 resulted in significantly higher food intake at 4-8h post-

injection (see table 2.18). PYY3-36 D-allo-Ile3 Lys12 significantly decreased cumulative 

food intake over 4h compared to saline, but resulted in significantly higher food intake 

compared to PYY3-36 over 4h and 8h. PYY3-36 D-allo-Ile3 Lys12-Lauroyl significantly 

reduced food intake compared to saline controls, but resulted in significantly higher food 

intake compared to PYY3-36 controls at 0-1h post-injection, and significantly decreased 

food intake 2-4h post-injection compared to saline and PYY3-36 controls (see table 2.18), 

whereas PYY3-36 had no significant effect in food intake at 2-4h post-injection. PYY3-36 
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D-allo-Ile3 Lys12-Lauroyl significantly reduced cumulative food intake over 8h compared 

to saline controls, and to a higher extent than PYY3-36. Examining the percentage 

reduction in food intake suggested that combining D-allo-Ile at position3 with Lys12-

Lauroyl at position 6 is more effective than combining D-allo-Ile3 with Lys at position 12 

in enhancing the bioactivity of PYY3-36 (see fig. 2.26).  

 

 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        

PYY3-36 ***↓ **↓ - - ***↓ ***↓ **↓ 

D-allo-Ile3-Lys12 ***↓$↓ **↓ - ***↑ ***↓$↑ $↑ - 

        

PYY3-36 ***↓ *↓ - - ***↓ **↓ - 

D-allo-Ile3 Lys12-Lauroyl **↓$$↑ - ***↓$$$↓ - ***↓ ***↓ - 

        

Table 2.20. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with a stereochemical substitutions at position 3 with either an amino acid substitution at 

position 6 or 12 and/or the addition of an acyl group derived from food intake data for each study day. 

Food intake(g) data for each study group was compared to saline controls and food intake data for PYY3-36 

analogues compared to saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s 

post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05,$$p<0.01, $$$ p<0.001 vs PYY3-36). 

Arrows pointing downwards or upwards indicate a reduction or increase in food intake respectively compared 

to saline or PYY3-36.   
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Figure 2.26. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with combined stereochemical and acyl group 

substitutions at position 3, 6 and 12. All peptides were administered at a dose of 50nmol/kg. Results are 

means ± SEM. PYY3-36 and vehicle are shown as an average of all study days for the purpose of clarity, 

n=7-12. 

2.4.6 The effects of combining amino acid changes within the entire PYY 

sequence on receptor binding, susceptibility to degradation and in vivo 

bioactivity 

 

2.4.6.1 Investigations into combining changes at positions 19, 23 and 30, with and 

without the addition of a proline tail 

 

2.4.6.1.1 Effect on receptor binding and susceptibility to proteolytic degradation 

 

All combinations of substitutions in the analogues investigated resulted in increased 

binding affinity at the Y2R compared to PYY3-36. Combining all substitutions into a 

single analogue, to create N-Pro Lys19 Ala23 Lys30 increased Y2R binding affinity by 

approximately 2 fold (see table 2.19 for IC50 values). Degradation of PYY3-36 was 
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decreased by 24 ±3% when Ser23 and Leu30 were substituted for Ala and Lys respectively, 

21 ±0.5 % when Arg19 and Ser23 were substituted for Lys and Ala respectively, 11 ±2 % 

when Arg19 and Leu30 were both substituted for Lys, 10 ±6 % when Arg19 and Leu30 

were both substituted for Lys and Pro was added to the N-terminal and by 26 ±0.6% when 

Arg19, Ser23 and Leu30 were substituted for Lys, Ala and Lys respectively and with the 

addition of Pro at the N-terminal (see table 2.19: degradation of analogues shown as 

percentage of PYY3-36 degradation). 

 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.17 0.006 100 0 

Ala23 Lys30 0.13 0.02 76 3 

Lys19 Ala23 0.15 0.01 79 0.5 

Lys19 Lys30 0.11 0.006 89 2 

 N-Pro Lys19 Lys30 0.13 0.005 90 6 

N-Pro Lys19 Ala23 Lys30 0.08 0.005 74 0.6 

Table 2.21. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with combined substitutions at positions 19, 23 and/or 30 of PYY3-36. PYY3-36 or analogue 

(2nmol) was incubated with KBB (50µg) over 30 min at 37ºC and the parent peptide and peptide fragments 

separated by HPLC. For the degradation studies, the percentage degradation of analogues was calculated by 

comparing AUC of parent peptide peaks and corrected to the percentage degradation of the control PYY3-36 

incubation run at the same time. A receptor binding assay measuring analogue binding at the Y2R was used to 

determine the IC50 of each analogue vs PYY3-36. 

 

2.4.6.1.1 Effect of combined substitutions at positions 19, 23 and 30 on food intake 

 

All analogues significantly reduced food intake 0-1h post-injection compared to saline (see 

table 2.20). PYY3-36 Ala23 Lys30 significantly reduced food intake 2-4h post-injection 

compared to saline, whereas PYY3-36 had no significant effect on food intake at this time 
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point. PYY3-36 Ala23 Lys30 also significantly reduced food intake 4-8h post-injection 

compared to PYY3-36. PYY3-36 Ala23 Lys30 significantly reduced cumulative food 

intake over 8h compared to saline and PYY3-36 controls. PYY3-36 Lys19 Ala23 

significantly reduced food intake 1-2h and 2-4h post-injection compared to saline controls, 

and to a similar extent as PYY3-36 (see table 2.20). PYY3-36 Lys19 Ala23 also 

significantly reduced food intake at 4-8h compared to PYY3-36 controls. PYY3-36 Lys19 

Ala23 significantly reduced cumulative food intake over 8h compared to saline and to a 

similar extent as PYY3-36 controls (see table 2.20). PYY3-36 Lys19 Lys 30 significantly 

reduced food intake 2-4h post-injection compared to saline controls (see table 2.20). PYY3-

36 Lys19 Lys30 also significantly reduced cumulative food intake over 24h compared to 

saline controls, whereas PYY3-36 did not significantly reduce cumulative food intake over 

24h. PYY3-36 N-Pro Lys19 Lys30 significantly reduced food intake 1-2h and 2-4h post-

injection compared to saline controls. PYY3-36 N-Pro Lys19 Lys30 significantly reduced 

cumulative food intake over 8h compared to saline and PYY3-36 controls, and over 24h 

compared to saline controls. PYY3-36 N-Pro Lys19 Ala23 Lys30 significantly reduced 

food intake at 1-2h post-injection compared to saline and PYY3-36 controls; 2-4h post-

injection compared to saline and PYY3-36 controls and at 4-8h post-injection compared to 

PYY3-36 controls (see table 2.20). PYY3-36 N-Pro Lys19 Ala23 Lys30 significantly 

reduced cumulative food intake over 8h compared to saline and PYY3-36 controls, and 

over 24h compared to saline controls. Examining the percentage reduction in food intake 

data suggested that all analogues tested were more effective than PYY3-36 in reducing 

cumulative food intake compared to saline controls. The combination of Lys19 Lys30 was 

more effective than the combination of Ala23 Lys30 or Lys19 Ala23 in reducing food 

intake. Lys 19 Lys30 and N-ProLys19 Ala23 Lys30 appeared to be most effective in 

reducing percentage food intake compared to PYY-36 controls over 8 or 24h (see fig 2.27). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 

        PYY3-36 **↓ - - **↑ *↓ - - 

Ala23 Lys30 ***↓ $$↓ - **↓ $$$↓ ***↓$↓ ***↓$$$↓ - 

        
PYY3-36 ***↓ *↓ ***↓ - ***↓ ***↓ - 

Lys 19 Ala23 ***↓ *↓ ***↓ $↓ ***↓ ***↓ - 

        
PYY3-36 ***↓ - - - ***↓ ***↓ - 

Lys19 Lys30 ***↓$↓ - *↓ - ***↓ ***↓ **↓ 

   -- ---    
PYY3-36 **↓ **↓ - - ***↓ **↓ - 

N-Pro Lys19 Lys30 ***↓ $↓ *↓ **↓ - ***↓$$↓ ***↓$$↓ *↓ 

        
PYY3-36 ***↓ ***↓ **↓ - ***↓ ***↓ - 

N-Pro Lys19 Ala23 Lys30 ***↓ ***↓ ***↓$↓ $↓ ***↓$$↓ ***↓$$↓ **↓ 

        

Table 2.22.  Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with combined substitutions at positions 19, 23 and 30 and with or with or without the 

addition of an N-terminal Pro derived from food intake data for each study day. Food intake(g) data for 

each study group was compared to saline controls and food intake data for PYY3-36 analogues compared to 

saline controls and PYY3-36 and analysed using one-way ANOVA with Tukey‟s post-hoc test ( *p<0.05, 

**p<0.01, ***p<0.001 vs saline; $p<0.05, $$ p<0.01 vs PYY3-36). Arrows pointing downwards or upwards 

indicate a reduction or increase in food intake respectively compared to saline or PYY3-36.      
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Figure 2.27.  Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with combined substitutions at positions 19, 23 and 30 

and with or with or without the addition of an N-terminal Pro. All peptides were administered at a low 

dose of 50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study 

days for the purpose of clarity, n=7-12. 
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2.4.6.2 Investigations into combining substitutions at positions 6, 23 and 30 and the 

addition of Pro at the N-terminal 

 

2.4.6.2.1 Effect of combining substitutions at position 6, 23 and 30 with the addition of 

an N-terminal Pro on receptor binding and susceptibility to proteolytic degradation 

 

All combinations of substitutions in the analogues investigated resulted in a similar or an 

increased binding affinity at the Y2R compared to PYY3-36 apart from PYY3-36 Ser6 

Glu23 Lys30, which decreased Y2R affinity by approximately 1.5 fold compared to PYY3-

36. Combining substitutions at position 6, 23 and 30 into a single analogue with the 

addition of Pro to create N-Pro Val6 Ala23 Lys30 or N-Pro Ser6 Ala23 Lys30 increased 

Y2R affinity by approximately 2 fold (see table 2.21 for IC50 values). Degradation of 

PYY3-36 was decreased by 20 ±3% when Ser23 and Leu30 were substituted for Glu and 

Lys respectively, by 34 ±3%  when Glu6 Ser23 Leu30 were substituted with Ser, Glu and 

Lys respectively by 23 ±1 % when Glu6, Ser23 and Leu30 were substituted for Ser, Ala 

and Lys respectively, by 23 ±9% when Glu6, Ser23 and Leu30 were substituted for Ser, 

Ala and Lys respectively with the addition of Pro at the N-terminal, by 32  ±1% when 

Glu6, Ser23 and Leu30 were substituted for Val, Ala and Lys respectively with the addition 

of Pro at the N-terminal and by 65  ±3% when Glu6, Ser23 and Leu30 were substituted for 

Lys, Ala and Lys respectively with the addition of Pro at the N-terminal (see table 2.21: 

degradation of analogues shown as percentage of PYY3-36 degradation). 
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 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36  0.17 0.004 100 0 

Glu23 Lys30 0.17 0.02 80 3 

Ser6 Glu23 Lys30 0.25 0.005 66 3 

Ser6 Ala23 Lys30 0.08 0.007 77 1 

N-Pro Ser6 Ala23 Lys30 0.07 0.01 77 9 

N-Pro Val6 Ala23 Lys30 0.05 0.01 68 1 

N-Pro Lys6 Ala23 Lys30 0.13 0.04 35 3 

Table 2.23. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with combined substitutions at positions 6, 23 and 30 and with or without the addition of an 

N-terminal Pro. PYY3-36 or analogue (2nmol) was incubated with KBB (50µg) over 30 min at 37ºC and the 

parent peptide and peptide fragments separated by HPLC. For the degradation studies, the percentage 

degradation of analogues was calculated by comparing AUC of parent peptide peaks and corrected to the 

percentage degradation of the control PYY3-36 incubation run at the same time. A receptor binding assay 

measuring analogue binding at the Y2R was used to determine the IC50 of each analogue vs PYY3-36. 

2.4.6.2.2 Effect of combining substitutions at position 6, 23 and 30 with the addition of 

an N-terminal Pro on food intake 

 

All analogues tested significantly reduced food intake 0-1h post-injection to the same or to 

a higher extent as PYY3-36. PYY3-36 Glu23 Lys30 significantly reduced food intake 2-4h 

post-injection compared to saline and PYY3-36 controls and at 4-8h post-injection 

compared to PYY3-36 controls (see table 2.22). PYY3-36 Glu23 Lys30 significantly 

reduced cumulative food intake over 8h compared to saline and PYY3-36 controls and over 

24h compared to saline controls. PYY3-36 Ser6 Glu23 Lys30 significantly reduced 

cumulative food intake over 8h compared to saline and to a similar extent as PYY3-36 

controls (see table 2.22). PYY3-36 Ser6 Ala23 Lys30 significantly reduced food intake 1-

2h post-injection compared to saline controls, but had no effect on food intake at 2-4h post-

injection, whereas PYY3-36 significantly reduced food intake at this time point (see table 

2.22). PYY3-36 Ser6 Ala23 Lys30 significantly reduced cumulative food intake over 8h 
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compared to saline and to a similar extent as PYY3-36 controls and over 24h compared to 

saline controls. PYY3-36 N-Pro Ser6 Ala23 Lys30 significantly reduced food intake 1-2h 

and 2-4h compared to saline controls and at 4-8h compared to PYY3-36 controls (see table 

2.22). PYY3-36 N-Pro Ser6 Ala23 Lys30 significantly reduced cumulative food intake over 

8h and 24h compared to saline and PYY3-36 controls. PYY3-36 Val6 Ala23 Lys30 

significantly reduced food intake 2-4h post-injection compared to saline controls, whereas 

PYY3-36 had no effect on food intake at the time-point (see table 2.22). PYY3-36 N-Pro 

Val6 Ala23 Lys30 significantly reduced cumulative food intake over 8h compared to saline 

and PYY3-36 controls. PYY3-36 N-Pro Lys6 Ala23 Lys30 significantly reduced food 

intake 1-2h and 2-4h post-injection compared to saline controls and to a similar extent as 

PYY3-36 (see table 2.22). PYY3-36 N-Pro Lys6 Ala23 Lys30 significantly reduced 

cumulative food intake over 8h compared to saline and PYY3-36 controls and over 24h 

compared to saline controls. Examining the percentage reduction in food intake suggests 

that all analogues tested were more effective than PYY3-36 in reducing cumulative food 

intake compared to saline controls up until 8h post-injection. PYY3-36 N-Pro Ser6 Ala23 

Lys30 appeared to be most effective in reducing percentage food intake over 8h, with no 

major differences between groups by 24h (see fig. 2.28). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 
        
PYY3-36 ***↓ *↓ **↓ - ***↓ ***↓ - 

Glu23 Lys30 ***↓ *↓ ***↓ $↓ ***↓$$$↓ ***↓$$$↓ *↓ 

        
PYY3-36 ***↓ - - - **↓ **↓ - 

Ser6 Glu23 Lys30 ***↓$↓ - - - ***↓ **↓ - 

        
PYY3-36 ***↓ **↓ *↓ - ***↓ ***↓ - 

Ser6 Ala23 Lys30 ***↓$$↓ **↓ - - ***↓ ***↓ *↓ 

        
PYY3-36 ***↓ **↓ **↓ - ***↓ **↓ - 

N-Pro Ser6 Ala23 Lys30 ***↓ $↓ **↓ ***↓ $$↓ ***↓$↓ ***↓$$$↓ ***↓$$$↓ 

        
PYY3-36 ***↓ - - - **↓ - - 

N-Pro Val6 Ala23 Lys30 ***↓ - **↓ - ***↓$$↓ ***↓$↓ - 

        
PYY3-36 ***↓ **↓ ***↓ *↑ ***↓ ***↓ **↓ 

N-Pro Lys6 Ala23 Lys30 ***↓ **↓ ***↓ - ***↓$↓ ***↓$↓ ***↓ 

        

Table 2.24. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with substitutions at positions 6, 23 and 30 and with or without the addition of an N-terminal 

Pro derived from food intake data for each study day. Food intake(g) data for each study group was 

compared to saline controls and food intake data for PYY3-36 analogues compared to saline controls and 

PYY3-36 and analysed using one-way ANOVA with Tukey‟s post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 

vs saline; $p<0.05, $$ p<0.01, $$$p<0.001 vs PYY3-36). Arrows pointing downwards or upwards indicate a 

reduction or increase in food intake respectively compared to saline or PYY3-36.    
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Figure 2.28. Cumulative food intake (expressed as percentage of saline controls on each study day) 

following administration of PYY3-36 analogues with combined substitutions at positions 6, 23 and 30 

and with or with or without the addition of an N-terminal Pro. All peptides were administered at a dose of 

50nmol/kg. Results are means ± SEM. PYY3-36 and vehicle are shown as an average of all study days for the 

purpose of clarity, n=7-12. 

 

2.4.6.3 Investigations into combining substitutions at positions 23 and 30 with the 

addition of Pro at the N-terminal 

 

2.4.6.3.1 Effect of combining substitutions at positions 23 and 30 with or without the 

addition of Pro on receptor binding and susceptibility to proteolytic degradation 

 

All combinations of substitutions in the analogues investigated increased Y2R affinity 

compared to PYY3-36 apart from PYY3-36 N-Pro Glu23, which decreased Y2R affinity by 

approximately 1.5 fold. PYY3-36 N-Pro Ala23 increased Y2R affinity by approximately 2-

fold. Combining substitutions at position 23 and 30 into a single analogue with the addition 

of Pro, in PYY3-36 N-Pro Ala23 Arg30 or N-Pro Ala23 His30, increased Y2R affinity by 

approximately 1 fold, and PYY3-36 N-Pro-Ala23 Lys30, increased Y2R affinity by 

approximately 6 fold (see table 2.23 for IC50 values). Degradation of PYY3-36 was 
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decreased by 53 ±2% when Ser23 was substituted for Glu23 with the addition of Pro at the 

N-terminal, by 82 ±6 % when Ser23 was substituted for Ala with the addition of Pro at the 

N-terminal, by 16 ±4 % when Ser23 and Leu30 were substituted for Ala and Arg 

respectively with the addition of Pro at the N-terminal and by 53 ±1% when Ser23 and 

Leu30 were substituted for Ala and Lys respectively with the addition of Pro at the N-

terminal. Degradation of PYY3-36 was increased by 1 ±2% when Ser23 and Leu30 were 

substituted for Ala and His respectively, with the addition of Pro at the N-terminal (see 

table 2.23: degradation of analogues shown as percentage of PYY3-36 degradation). 

 

 IC50 at Y2 receptor % of PYY3-36 degradation  

Peptide/analogue Mean (nM) SEM Mean SEM 

PYY3-36 0.17 0.003 100 0 

N-Pro Glu23 0.25 0.03 47 2 

N-Pro Ala23 0.08 0.005 18 6 

N-Pro Ala23 Arg30 0.11 0.023 83 4 

N-Pro Ala23 His30 0.14 0.018 102 1 

N-Pro Ala23 Lys30 0.03 0.009 47 1 

      
Table 2.25. Summary of Y2R binding affinity and resistance to proteolytic degradation of PYY3-36 

analogues with combined substitutions at positions 6, 23 and 30 and with or without the addition of an 

N-terminal Pro. PYY3-36 or analogue (2nmol) was incubated with KBB (50µg) over 30 min at 37ºC and the 

parent peptide and peptide fragments separated by HPLC. For the degradation studies, the percentage 

degradation of analogues was calculated by comparing AUC of parent peptide peaks and corrected to the 

percentage degradation of the control PYY3-36 incubation run at the same time. A receptor binding assay 

measuring analogue binding at the Y2R was used to determine the IC50 of each analogue vs PYY3-36. 

 

2.4.6.3.2 Effect of combining substitutions at positions 23 and 30 with or without the 

addition of Pro on food intake 

 

All analogues significantly reduced food intake 0-1h post-injection (see table 2.24). PYY3-

36 N-Pro Glu23 significantly reduced food intake 1-2h post-injection compared to saline 
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and to a similar extent as PYY3-36 controls (see table 2.24). PYY3-36 N-Pro Glu23 

significantly reduced cumulative food intake over 24h compared to saline controls and to a 

similar extent as PYY3-36 controls. PYY3-36 N-Pro Ala23 significantly reduced food 

intake 2-4h post-injection compared to saline and PYY3-36 controls. PYY3-36 N-Pro 

Ala23 significantly reduced cumulative food intake over 8h compared to saline and PYY3-

36 controls and over 24h compared to saline controls. PYY3-36 N-Pro Ala23 Arg30 

significantly reduced food intake 2-4h post-injection compared to saline and PYY3-36 

controls and at 4-8h compared to PYY3-36 controls PYY3-36 N-Pro Ala23 Arg30 

significantly reduced cumulative food intake over 8h compared to saline and PYY3-36 

controls but had no effect on 24h food intake, as observed for PYY3-36 controls. PYY3-36 

N-Pro Ala23 His30 significantly reduced intake 2-4h post-injection compared to saline and 

PYY3-36 and at 4-8h compared to PYY3-36 controls. PYY3-36 N-Pro Ala23 His30 

significantly reduced cumulative food intake over 8h compared to saline and PYY3-36 

controls but had no effect on 24h food intake, as observed for PYY3-36 controls. PYY3-36 

N-Pro Ala23 Lys30 significantly reduced food intake 1-2h and 2-4h post-injection 

compared to saline and PYY3-36 and 4-8h compared to PYY3-36 controls. PYY3-36 N-

Pro Ala23 Lys30 significantly reduced cumulative food intake over 8h and 24h compared 

to saline and PYY3-36. Examining the percentage reduction in food intake suggests that all 

analogues tested were more effective than PYY3-36 in reducing cumulative food intake 

compared to saline controls. PYY3-36 N-Pro Ala23 Lys30 appeared to be most effective in 

reducing percentage food intake over 8h and PYY3-36 N-Pro Ala23 most effective in 

reducing % food intake over 24h (see fig. 2.29). 
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 0-1h 1-2h 2-4h 4-8h 0-4h 0-8h 0-24h 

Group P 
        
PYY3-36 ***↓ ***↓ - - ***↓ **↓ *↓ 

N-Pro Glu23 ***↓ **↓ - - ***↓ ***↓ **↓ 

        
PYY3-36 ***↓ - - - ***↓ **↓ *↓ 

N-Pro Ala23 **↓ - **↓$$$↓ *↓ ***↓$$↓ ***↓$$↓ **↓ 

        
PYY3-36 ***↓ - - - ***↓ *↓ - 

N-Pro Ala23 Arg30 ***↓ - ***↓ $↓ $↓ ***↓$↓ ***↓$$$↓ - 

        
PYY3-36 ***↓ - - - ***↓ *↓ - 

N-Pro Ala23 His30 ***↓ $↓ - ***↓ $↓ $↓ ***↓$$↓ ***↓$$$↓ - 

        
PYY3-36 ***↓ *↓ - - ***↓ ***↓ - 

N-Pro Ala23 Lys30 ***↓ **↓ ***↓$↓ $$↓ ***↓$$↓ ***↓$$$↓ ***↓$$↓ 

        

Table 2.26. Statistical significance of the effects on food intake of PYY3-36 controls or PYY3-36 

analogues with combined substitutions at position 23 and 30 with or without the addition of Pro derived 

from food intake data for each study day. Food intake(g) data for each study group was compared to saline 

controls and food intake data for PYY3-36 analogues compared to saline controls and PYY3-36 and analysed 

using one-way ANOVA with Tukey‟s post-hoc test ( *p<0.05, **p<0.01, ***p<0.001 vs saline; $p<0.05, $$ 

p<0.01 vs PYY3-36). Arrows pointing downwards or upwards indicate a reduction or increase in food intake 

respectively compared to saline or PYY3-36.      
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Figure 2.29. Cumulative food intake (expressed as percentage of saline controls on each study day) following 

administration of PYY3-36 analogues with combined substitutions at positions 6, 23 and 30 and with or with 

or without the addition of an N-terminal Pro. All peptides were administered at a dose of 50nmol/kg. Results 

are means ± SEM. PYY3-36 and vehicle are shown as an average of all study days for the purpose of clarity, 

n=7-12. 
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2.5 Discussion 

 

The first set of studies described in this chapter aimed to investigate the effects of changes 

to different sections of the PYY3-36 molecule in order to demonstrate elements that are 

important for receptor binding and sites susceptible to degradation, shedding light on the 

structure/function relationships of PYY3-36 in vitro and in vivo. Obese humans exhibit a 

reduction in food intake after iv infusions of PYY3-36 at doses that mimic postprandial 

levels (Batterham et al., 2003a; Le Roux et al., 2008). PYY3-36 is therefore a potential 

anti-obesity treatment. However, the therapeutic window of PYY3-36 is extremely narrow: 

high doses induce nausea, while low doses have no effect on food intake in humans 

(Halatchev and Cone, 2005; Le Roux et al., 2008; Reidelberger et al., 2008). A PYY3-36 

administration regime is likely to require a long-acting analogue of native peptide in order 

to retain potency while circumventing side effects associated with higher doses, such as 

nausea. This would ideally involve subcutaneous injection, in order to avoid the costs and 

inconvenience associated with continuous iv delivery. A successful example of such an 

administration protocol for a peptide hormone is the GLP-1 analogue liraglutide, which has 

an Arg34 substitution and a palmitoyl fatty acid addition at Lys26 and is administered by 

daily subcutaneous injection. The alterations to the peptide structure facilitate binding to 

circulating albumin, self-oligomerization and resistance to DPP-iv-mediated degradation. 

The resulting increased half-life and 24h blood glucose control means that liraglutide can 

be delivered once daily via the subcutaneous route (Barnett, 2009; Montanya and Sesti, 

2009; Lovshin and Drucker, 2009). Therefore, analogues of PYY3-36 may have improved 

biological properties compared to the native peptide, including greater potency and longer 

duration of action, and a greater therapeutic potential in the treatment of obesity.  

 

Peptides generally have limited clinical utility due to rapid clearance and/or degradation in 

the circulation. Therefore, analogues need to be designed that circumvent this problem. The 

goal in analogue design is to prolong or enhance the activity of a peptide at its receptor, and 

requires an interdisciplinary approach, in which the use of conformational modifications 

must be weighed against peptide stability, receptor affinity and/or selectivity, membrane 

permeability, elimination from the circulation, and physiological aspects relating to the 
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subjects receiving the analogue (eg. normal-weight or obese, etc) (Witt et al., 2001; Egleton 

and Davis, 1997; Fauchere JL and Thurieau, 1992; Deacon and Holst, 2006). This goal can 

be achieved by: 

1) Reducing degradation: endogenous peptides are rapidly degraded by proteolytic 

enzymes, according to the body compartment to which the analogue is 

administered. 

2) Reducing elimination: peptides are normally eliminated via renal and hepatic routes, 

according to their size and lipophilicity. 

3) Increasing selectivity/affinity for the receptor: peptides can be altered to enhance 

their ability to recognize and interact with receptors 

4) Increasing bioavailability: peptides acting on receptors expressed in the CNS must 

transverse the blood-brain barrier. This process is affected by size, flexibility, 

conformation and biochemical properties and sequence structure of the amino acids 

of a peptide.  

5) Increasing the time at binding sites within the receptor compartment: efflux 

mechanisms can affect the „on-time‟ between a peptide and its receptor. 

 

The common methodology in the design of gut hormone analogues, has been used for  

GLP-1 and OXM analogues, involves reducing degradation (1) and clearance (2) and 

increasing selectivity and/or affinity for the receptor (3) (Druce et al., 2009; Green et al., 

2004; Lee et al., 2006). The methodologies 1) and 3) are used in the experiments described 

in this chapter to elucidate the importance of certain regions of PYY3-36 in the 

structure/function relations at the Y2R and develop PYY3-36 analogues for use as an 

obesity treatment. 

 

Importantly, I did not alter any conserved positions known to be important in maintaining 

the PP-fold structure of PYY3-36, which constitutes a polyproline-like N-terminal (Pro5-

Pro8), folded back onto an amphipathic α-helix that is stabilized by hydrophobic contacts 

with Leu17, Tyr20 and Leu24. This was to be consistent with my aim to explore the role of 

specific positions within different regions of the peptide, and minimise the confounding 

effects of severely altering the ability of the peptide to fold in solution. However, NMR 
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structure analysis would be required to confirm that substitutions at the sites I altered did 

not markedly affect tertiary structure. Since a number of the amino acid residues I used 

were charged or hydrophobic, it is likely that the overall amphiphilicity of the peptide is 

affected in some analogues. The amphiphilicity of the peptide influences its lipophilicity 

and ability to interact with the membrane. Since PYY3-36 exhibits higher Y2R affinity 

than PYY and a less stable tertiary structure that is thought more conducive to binding the 

C-terminal-requiring Y2R, it seems possible that PYY3-36 adopts its membrane-bound 

conformation upon Y2R binding (Nygaard et al., 2006; Lerch et al., 2004; Keire et al., 

2000). Therefore, it is possible that the substitutions that alter amphiphilicity may stabilise 

the conformation of PYY3-36 required for Y2R binding. Carrying out tertiary/3D structure 

analysis will be beneficial in determining mechanism of action of analogues that show 

potential as anti-obesity therapies, but was not feasible in these preliminary 

structure/activity studies.  

 

Though the C terminus hexapeptide is required for binding, an intact mid-section and N-

terminal is thought to stabilise the conformation of the peptide in the state required for 

binding, since N-terminally truncated analogues have poor affinity, but high selectivity at 

the Y2R. Furthermore, the PP-fold-forming amino acid sites in the polyproline and α 

helices likely function to protect the binding portion of the molecule from proteolytic 

cleavage (Nygaard et al., 2006). Therefore alterations at sites in the N-terminal, mid-

section, and at position 30 (which is at the C terminus but is not involved in binding the 

Y2R), may enhance or reduce binding affinity and resistance to proteolytic degradation. 

The activity of each peptide in vivo was often, but not always, related to the effect of the 

modification on both Y2 receptor affinity and resistance to proteolytic degradation by KBB 

membranes. Use of a cell line that over expresses the Y2R is a commonly used approach to 

test binding affinity for PYY3-36 (Pedersen et al., 2009; Pedersen et al., 2010b). A number 

of ubiquitous endopeptidases known to be important in the degradation of regulatory 

hormones are concentrated in the KBB, which is as a widely used tool to study proteolytic 

degradation of hormones (Medeiros and Turner, 1994; Pankow et al., 2007). Therefore 

these parameters were investigated in the design of PYY3-36 analogues.  
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The first set of experiments explored the effects of alterations to the amino acid sequence of 

PYY3-36 within the C terminus, mid-section and N-terminal of the peptide. Though 

position 30 is not essential for binding and bioactivity, it is adjacent to the 6 highly 

conserved amino acids within the C terminus binding hexapeptide, which are crucial for 

Y2R recognition and binding. Leu30 is also the last residue within the amphipathic α-helix. 

Previous studies have reported significant correlation between Y2R affinity and helicity, 

which has led to the hypothesis that the α-helix stabilizes the interaction between Y2R and 

the C terminus, which is normally flexible in solution (Zerbe et al., 2006; Lerch et al., 

2004; Ahn et al., 2009). Replacing Leu with the hydrophobic residue Trp at position 30 on 

PYY22-36 increases its affinity at the Y2R (Balasubramaniam et al., 2000). In my studies, 

substituting Leu30 with a hydrophobic Phe, Val or Ile (an isomer of Leu), worsened Y2R 

binding affinity, and had a less potent effect on food intake than PYY3-36. In contrast, 

replacing Leu30 with the positively charged amino acids Lys or Arg improved Y2R 

affinity. The Lys30 substitution improved bioactivity in vivo, significantly reducing food 

intake at the 2-4h interval compared to saline, and thus having a more prolonged effect than 

other position 30-substituted analogues. This was surprising, considering a Lys at position 

30 renders PYY3-36 around 60% more susceptible to degradation in vitro. The specific 

properties of the charged side chain of Lys may impart changes to the amphiphilicity of this 

analogue that improve Y2R affinity and/or activity. In contrast, His worsened Y2R binding 

affinity but did not alter bioactivity compared to PYY3-36. Here the maintained effect on 

food intake may be explained by reduced proteolytic degradation in vivo, since in vitro a 

His30 substitution reduces degradation by 30%. The imidazole side chain of His may 

abolish the beneficial effects of other positively charged side chains at this position. My 

data provides impetus to further investigate whether a positive charge at position 30 

stabilizes the interaction of the C terminus at the Y2R, perhaps by studying changes in 

receptor activity, by measuring its effects on cAMP, and assessing the 3D structure of these 

analogues in solution and whilst membrane bound using nuclear magnetic resonance 

imaging.  

 

Within the binding hexapeptide, substitution of Val31 for Lys did not alter Y2R affinity or 

resistance to proteolytic degradation, but significantly worsened bioactivity compared to 



160 

 

PYY3-36. Substitution of Gln34 for Asn had a detrimental effect on binding and prevented 

degradation of PYY3-36 by around 30%. The fact that Asn34 reduced bioactivity in vivo 

may be explained by an almost 4-fold reduction in Y2R affinity. Since PYY Pro34 also 

binds to the Y1R, another possible explanation is that PYY3-36 Asn34 activates the 

orexigenic Y1R (Keire et al., 2000). In Y2R agonist design, precaution must be taken to 

prevent increases in affinity for the Y1R and Y5R, since the activation of these receptors 

elicits orexigenic effects which may negate any anorectic activity resulting from Y2R 

activation. Indeed, one focus of PYY analogue development has been the design of Y2R 

selective analogues, which have very low affinity for the Y1R and Y5R but retain affinity 

at the Y2R (Pedersen et al., 2010b). However, attempting to selectively reduce the affinity 

for the Y1R and Y5R is difficult and can compromise Y2R affinity, reducing potency in 

vivo. Although PYY3-36 is only orexigenic when administered ICV, peripherally-

administered PYY3-36 analogues that are selective for Y1R and/or Y5R may activate these 

receptors in the ARC, resulting in orexigenic effects. Substituting Tyr36 with an aromatic 

Phe slightly increased Y2R affinity, which is in agreement with a previous study in which 

modifications at Tyr36 were well tolerated (Pedersen et al., 2009). Though the Phe36 

substitution did not alter binding affinity and prevented degradation by around 30%, it was 

slightly less effective than PYY3-36 in reducing food intake, though this difference did not 

reach statistical significance. These results are consistent with Ala scan studies, which 

found that any individual substitution at positions 31-36 had a detrimental effect on PYY3-

36 bioactivity, highlighting the importance of the C terminus hexapeptide in PYY3-36 

bioactivity (Ahn et al., 2009).  

 

In situations where PYY3-36 analogues show maintained Y2R affinity, but poor 

bioactivity, the analogue may be acting as an antagonist or inverse agonist, which can only 

be determined by analysis of the intracellular signalling pathways mediated by Y2R upon 

analogue binding. To further investigate this, a sensitive, whole cell assay would be 

required to measure the EC50 of PYY3-36 analogues for decreasing cAMP, since the Y2R 

is negatively coupled to adenylate cyclase via Gi (Toth et al., 1993). This would require 

prior stimulation of adenylate cyclase using a compound such as forskolin. Another 

possibility for discrepancies between Y2R affinity and in vivo bioactivity is that there are 
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differences between Y2R expressed in vivo and Y2R expressed on solubilised cell 

membranes, as the in vitro preparation may lack the physiological intracellular machinery 

that would be present in neurones expressing Y2R and mediating the effects of PYY3-36 

analogues in vivo. There may also be differences in affinity of analogues for the human 

Y2R and murine Y2R; the human Y2R was used in the binding affinity studies due to the 

relevance of analogues in treating human obesity. However, this discrepancy is unlikely, as 

the human and mouse Y2 receptors are 94% homologous (Rose et al., 1995; Nakamura et 

al., 1996). Lack of correlation between bioactivity and resistance to proteolytic degradation 

may be due to a number of factors that were previously outlined in this discussion, 

including bioavailability to Y2 receptors located on the vagus, brainstem and/or 

hypothalamus.  

 

The mid-section of PYY3-36 contains the amphipathic α-helix (residues 15-30), which may 

play a role in guiding the C terminus to the membrane/water interface, a concept that has 

previously been exploited in PYY3-36 analogue design (Pedersen et al., 2010a). Therefore, 

substitutions using charged amino acids were made to determine whether altering the 

charge ratio may be beneficial for Y2R binding and PYY3-36 bioactivity. Replacing Arg19 

with His or Lys had no effect or resulted in a minor increase in Y2R affinity respectively. 

Lys19 increased the resistance of PYY3-36 to proteolytic degradation by around 20%, 

while Arg19 had little effect. The fact that Lys19 significantly worsened the bioactivity of 

PYY3-36 was surprising considering this substitution slightly increased Y2R affinity and 

resistance to degradation. His19 significantly reduced bioactivity compared to PYY3-36, 

which may be due to the fact that this analogue was more susceptible to degradation than 

PYY3-36. Considering that substitution of position 19 using very similar amino acids had a 

detrimental effect on bioactivity without affecting Y2R affinity, and that it is conserved 

amongst vertebrates, this position may play a role in PYY3-36 bioactivity, that is dependent 

on other factors such as metabolic clearance or bioavailability.   

 

Ser23 is important in the antisecretory effects of PYY3-36 in the intestine 

(Balasubramaniam et al., 2000). This residue is not well-conserved, and occurs as Ala in 

the chicken and various amphibian species, and Asp in the python (Conlon, 2002). 
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Replacing a polar Ser at position 23 with a simple, aliphatic Ala increased Y2R affinity and 

slightly decreased resistance to proteolytic degradation compared to PYY-36. The 

bioactivity of PYY3-36 Ala23 was unaltered compared to PYY3-36, which is in agreement 

with previous PYY3-36 Ala scanning experiments (Ahn et al., 2009). A Glu substitution at 

position 23 was also made, to investigate whether the addition of a negatively charged side 

chain, which is likely to affect the amphiphilicity of the peptide, would improve Y2R 

affinity and/or resistance to proteolytic degradation. Replacing Ser23 with a negatively 

charged Glu maintained Y2R affinity and reduced degradation by around 50%. This 

analogue was more effective than PYY3-36 in reducing food intake acutely, though this 

difference did not reach statistical significance. This data implies that position 23 is a 

potential candidate for further screening in PYY3-36 drug design. 

 

Substituting a positively charged Lys4 for a positively charged His had a considerable 

detrimental impact on Y2R affinity, which may be due to the imidazole ring present in the 

side chain of His that is not present in Lys. Altering the charge at position 4 by substituting 

Lys for Glu was even more detrimental to Y2R affinity, suggesting that this highly 

conserved site is important in the structure/activity relationship at the Y2R. Considering 

that both substitutions had little effect on degradation, the significant loss of bioactivity 

compared to PYY3-36 is probably due to the loss of Y2R binding affinity. Since a neutral 

Ala substitution at this position has previously been shown to result in a substantial 

increase in bioactivity (Ahn et al., 2009), it is likely that the detrimental impact on receptor 

binding after His or Glu substitution at position 4 is due to altering the charge of the 

peptide; it is more likely to impact on the shape of the peptide and its dipole moment, 

which is thought to be helix-stabilizing in PYY (Nygaard et al., 2006).  

 

All substitutions for Glu6, including an aliphatic Val, a neutral, polar Ser and a positively 

charged Lys improved Y2R binding affinity, suggesting that this position is a potential 

candidate for drug design. A Ser at position 6 maintained the acute effect of PYY3-36 upon 

food intake, but was significantly less effective than PYY3-36 at later time points. Here, the 

detrimental effect may be explained by an increase in proteolytic degradation in vivo, as 

Ser6 increased in vitro degradation by around 17%. Similar to Ser6, both Lys6 and Val6 
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maintained the acute effect of PYY3-36 on food intake, but were less effective than PYY3-

36 at later time points, while these substitutions only slightly increased proteolytic 

resistance in vitro. These data suggest that these substitutions improve Y2R affinity, but 

may be more useful combined with other substitutions that prolong or maintain the effect of 

PYY3-36 at later time points.  

 

The addition of Pro to the N-terminal of PYY3-36 enhanced Y2R affinity; whereas D-Pro 

did not. Furthermore, N-Pro markedly reduced proteolytic degradation of PYY3-36 by 

around 50%, while D-Pro increased the susceptibility of PYY3-36 to degradation by around 

30%. In line with these results, an N-Pro substitution significantly enhanced the effect of 

PYY3-36 upon cumulative food intake over 8 hours post-injection, suggesting both 

receptor binding and resistance to degradation were improved in vivo. Furthermore, a D-Pro 

substitution was less effective than PYY3-36 in its bioactivity, though this difference did 

not reach statistical significance. These results suggest that steric conformation is an 

important factor that can have a large effect on the structure-activity relationships of PYY3-

36 analogues. In PYY1-36, Pro2 interacts with Tyr27, a bond which plays a role in 

maintaining stable conformation in solution (Glover et al., 1984). NMR analysis showed 

that the PP-fold in PYY3-36 is less well-defined compared to PYY1-36, which may mean 

that PYY3-36 is more susceptible to degradation. D-Pro may be unable to interact with 

Tyr27 due to steric hindrance, while interaction of N-Pro with Tyr27 may stabilise the 3D 

structure, reducing flexibility in solution and thereby preventing degradation (Nygaard et 

al., 2006; Schwartz et al., 1990). The enzyme DPP-iv is able to cleave peptides when Pro is 

at position 2 in PYY, resulting in PYY3-36. However, DPP-iv is only able to cleave Pro 

when it is the first amino acid on the amino side of the scissile bond (P1 position), and in 

this analogue Pro is on the carboxy side of the scissile bond (P1‟ position; see 

www.merops.sanger.ac.uk). Enzymes that normally encounter and cleave PYY or PYY3-36 

may therefore be unable to cleave PYY2-36 (Grandt et al., 1992). Furthermore, since PYY 

and PYY3-36 have highly different 3D conformations, PYY2-36 may have an equally 

different tertiary structure, which may shield the remaining sequence from proteolytic 

attack. Therefore, an N-terminal Pro may prove useful in PYY3-36 drug design. The 

addition of Cys at the N-terminal had a detrimental effect upon Y2R affinity, but prevented 

http://www.merops.sanger.ac.uk/
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proteolytic degradation to a similar degree as substitution of Pro at this site. Interestingly, 

the addition of Cys at the N-terminal was less effective than PYY3-36 at reducing food 

intake acutely, but at later intervals (between 2-4 h post-injection) was significantly more 

effective than PYY3-36. This suggests that in some cases enhanced Y2R affinity may be 

important for acute effects on food intake, but that chronic bioactivity cannot be maintained 

to the same extent as PYY3-36 if the peptide is more susceptible to proteolytic degradation.  

 

Substituting Ile3 for its stereoisomers D-Ile or D-allo-Ile slightly improved binding, and 

had little effect on resistance to proteolytic degradation. Interestingly, D-allo-Ile3 was more 

potent in reducing food intake over 24h compared to saline, though this difference did not 

reach statistical significance compared to PYY3-36. In contrast, D-Ile3 was less effective in 

reducing food intake over 8h compared to PYY3-36, though again, this difference did not 

reach statistical significance. As neither binding nor resistance to proteolytic degradation 

could account for these differences in bioactivity it is likely that position 3 may be 

structurally important in another factor influencing bioactivity, such as differential Y 

receptor selectivity. This would need to be further explored by testing the binding affinity 

of these analogues at the Y1R and Y5R receptors.   

 

The next set of experiments aimed to evaluate the effects of modifications that can improve 

longevity in peptide analogues on PYY3-36 bioactivity. Some of these modifications can 

improve the half-life of a peptide by reducing kidney filtration and/or proteolytic 

degradation (Markussen et al., 1996; Knudsen et al., 2000). Lauroyl, an 8 carbon fatty acid, 

was attached at position 12, a region on the β turn; after the proline helix and before the α-

helix, to minimise the risk of altering the 3D PP-fold structure or the „micelle-bound‟ 

structure. As hoped, the „control‟ analogue, which only contained the Lys substitution (for 

attachment to lauroyl), did not alter Y2R affinity. Substitution of Ala12 for Lys12-lauroyl 

had a detrimental effect on Y2R affinity, reducing it by almost 10 fold, but prevented KBB-

induced degradation of PYY3-36 by 99%. Though fatty acid moieties are useful in 

increasing peptide half-life by promoting binding to plasma proteins and increasing 

lipophilicity (thus allowing penetration of the peptide through cell membranes), they often 

reduce pharmacological activity at the receptor (Muranishi et al., 1991; Knudsen et al., 
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2000). The Lys12 substitution alone had a detrimental effect on PYY3-36 bioactivity, 

though this did not reach statistical significance compared to PYY3-36. Interestingly, 

Lys12Lauroyl had a detrimental effect on bioactivity in the first hour post-injection 

compared to PYY3-36, but at later time points significantly improved bioactivity compared 

to PYY3-36, though its effect on cumulative food intake was not significantly different to 

PYY3-36. This data warrants further investigation into using acylated Lys substitutions to 

prolong PYY3-36 bioactivity, for instance by acylating the naturally-occurring lysines in 

native PYY3-36 to prevent any interference associated with alterations of other positions, 

as has been successfully accomplished in liraglutide (Degn et al., 2004).  

 

Combining D-allo-Ile 3 with Lys12 maintained Y2R affinity, which may suggest that the 

individual substitutions conferred a summative improvement in Y2R affinity. PYY3-36 D-

allo-Ile3 Lys12 exhibited a substantial reduction in degradation, by around 60%, which was 

surprising considering neither substitution on its own had an appreciable effect on 

degradation. On this basis, D-allo-Ile3 was combined with Lys12-Laur. Surprisingly, the 

control analogue, PYY3-36 D-allo-Ile3 Lys12, was initially more effective than PYY3-36, 

but was significantly less bioactive than PYY3-36 between 4-8h and cumulatively over 8h 

post-injection, which may be due to the detrimental effects of Lys12 outweighing the 

beneficial effects of D-allo-Ile3 on bioactivity. Similar to the Lys12Laur analogue, the D-

allo-Ile3 Lys12Lauroyl combination proved to be significantly less effective than PYY3-36 

at acutely reducing food intake, but by the 2-4h interval was significantly more potent than 

PYY3-36. The acute effect is likely due to reduced Y2R affinity, reflected in a reduction in 

receptor „on-time‟ when peptide concentrations are at their peak, while the late effect may 

be due to reduced proteolytic degradation, since in vitro KBB-induced degradation was 

prevented by nearly 100%. The Lys-Laur substitution may also allow binding of PYY3-36 

to plasma proteins, such as albumin, thereby reducing renal filtration. This data suggests 

that combining a Lys-fatty acid conjugate substitution with a D-allo-Ile3 stereoisomeric 

substitution in a single analogue is beneficial in prolonging the effect of PYY3-36 on food 

intake. 
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The next set of experiments aimed to evaluate whether combining substitutions within 

different regions of PYY3-36 in a single analogue might be summative in improving 

PYY3-36 bioactivity. The analogues are grouped into different categories for clarity, 

though because of the large number of analogues and the limited animal numbers, they 

could not all be tested within the same feeding study. I found that the effect of single 

substitutions on Y2R affinity, resistance to proteolytic degradation and food intake did not 

necessarily predict these effects when combined. In the first set of experiments, I 

investigated the effects of combining substitutions at positions 19 and 23 in the N-terminal 

with position 30 in the C terminus, along with the addition of Pro to the N-terminus. All 

combined analogues improved Y2R affinity, with combined N-Pro Lys19 Ala23 Lys30 

substitutions increasing Y2R binding affinity by around 2 fold. The addition of N-Pro to the 

N-terminal of Lys19 Lys30 did not enhance resistance to proteolytic degradation, which 

was unexpected considering the addition of Pro to the N-terminal of PYY3-36 reduced 

degradation by 50%. However, this may be due to unfavourable structural effects of Lys19 

Lys30 substitutions on PYY3-36, as this analogue also exhibited an increase in degradation 

compared to its individual substitutions. Despite this, combined Lys19 Lys30 substitutions 

significantly reduced cumulative 24h food intake compared to saline, whereas PYY3-36 did 

not. The N-Pro Lys19 Lys30 combination was equally effective in reducing food intake 

over 24h. All combined substitutions investigated were significantly more effective than 

PYY3-36 in reducing food intake, though only three analogues, PYY3-36 Lys19 Lys30, 

PYY3-36 N-Pro Lys19 Lys30 and PYY3-36 N-Pro Lys19 Ala23 Lys30, significantly 

reduced food intake over 24h. Out of these analogues, N-Pro Lys19 Ala23 Lys30 appeared 

to be most effective in reducing food intake, as it was the only analogue that significantly 

reduced food intake compared to PYY3-36 at 2-4h and 4-8h post-injection, and potently 

reduced food intake over 24h compared to saline, though the 24h food intake was not 

significantly different to PYY3-36. This improvement appears to be due to the addition of 

an Ala23 substitution, which is in line with the slight, non-significant improvement in 

bioactivity following the individual Ala23 substitution and previous work showing that 

position 23 is important in the Y2R-mediated anti-secretory activity of PYY3-36 

(Balasubramaniam et al., 2000; Moriya et al., 2010). 
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The next set of analogues were designed in order to investigate the effects of combining 

substitutions at positions 6, 23 and 30 with or without the addition of Pro at the N-terminal. 

The improved affinity of all but one of the peptides, and the improved bioactivity of all the 

peptides implies that amino acids within the N-terminal, mid section and C terminus play a 

role in Y2R affinity and bioactivity. However, there were no significant correlations 

between resistance to proteolytic degradation and the degree of enhanced bioactivity, 

though all analogues showed improved resistance to proteolytic degradation by KBB.  

 

Combining Glu at position 23 with Lys at position 30 was significantly more effective than 

PYY3-36 in reducing food intake at 4-8h, and significantly reduced cumulative food intake 

over 24h. This shows that Glu at position 23 is more effective in increasing PYY3-36 

bioactivity than Ala at position 23 when combined with Lys30.  However, the addition of 

Ser at position 6 to the combined Glu23 Lys30 substitutions did not significantly improve 

PYY3-36 bioactivity, which may be due to the slight decrease in Y2R affinity. Combining 

the Ser6 substitution with Ala23 and Lys30 improved Y2R affinity by 2 fold and reduced 

24h food intake, whereas PYY3-36 did not, suggesting that Ala at position 23 is more 

beneficial than Glu when combined with Ser6 and Lys30. Interestingly, the addition of Pro 

at the N-terminal to create PYY3-36 N-Pro Ser6 Ala23 Lys30 significantly reduced food 

intake at 4-8h and cumulative food intake over 24h compared to PYY3-36, and is therefore 

the only analogue thus far to exhibit a significantly improved 24h food intake profile 

compared to both saline and PYY3-36. Although this analogue exhibited a 2-fold increase 

in Y2R affinity and around a 20% reduction in degradation, these initial properties were 

also observed for PYY3-36 Ser6 Ala23 Lys30, suggesting that they are not solely 

responsible for the improved bioactivity. The effect of the Pro tail may improve resistance 

to degradation of PYY3-36 by circulating proteases that are not expressed in KBB, or may 

alter the bioavailability of the analogue at central Y2 receptors. Peptides with individual 

Ser6, Ala23 or Lys30 substitutions substantially increased the susceptibility of PYY3-36 to 

proteolytic degradation. However, combining these substitutions reduces proteolytic 

degradation, suggesting that other factors, such as secondary and 3D structure, influence a 

peptide‟s susceptibility to KBB proteases. Interestingly, combining the substitutions N-Pro 

Lys6 Ala23 Lys30 reduced KBB-mediated degradation of PYY3-36 by 65%, and though 
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this peptide was more effective than PYY3-36 in reducing cumulative food intake over 8 

hours, it had no significant effect on 24h food intake.  

 

The next set of experiments evaluated the effects of combining substitutions at positions 23 

and 30 with the addition of Pro at the N-terminal. Combining N-Pro with Glu at position 23 

had the most detrimental effect on Y2R affinity out of all analogues with combined 

substitutions, which is reflected in the fact that N-Pro Glu23 did not significantly improve 

bioactivity compared to PYY3-36. However, substituting an Ala instead of a Glu at 

position 23 in the same analogue improved Y2R affinity and resulted in an analogue 

significantly more effective than PYY3-36 in reducing cumulative food intake over 8 

hours, and was the only analogue to significantly inhibit food intake at 4-8h compared to 

saline. The prolonged effect on food intake may be explained by the fact that combining N-

Pro and Ala23 substitutions reduced KBB-mediated degradation by around 80%. As 

substituting a hydrophobic Leu for a positively charged amino acid at position 30 appeared 

to be beneficial, Lys, His or Arg were then combined into the N-Pro Ala 23-substituted 

analogue. All three analogues, PYY3-36 N-Pro Ala23 Lys/His/Arg30 exhibited an 

enhanced Y2R affinity. PYY3-36 N-Pro Ala23 Lys30 was most effective in reducing food 

intake, as it significantly reduced 24h food intake to a level similar to the analogue PYY3-

36 N-Pro Ser6 Ala23 Lys30. However, this may suggest that Ser6 does not play a role in 

enhancing the bioactivity of this analogue. Combining N-Pro, Ala23 and Lys30 

substitutions reduced the IC50 at the Y2R to 0.03nM and improved resistance to KBB-

mediated degradation by 50%, whereas the same analogue with either His or Arg at 

position 30 had small effects on these parameters. The KBB has therefore served as a useful 

tool in detecting which analogues may be more resistant to physiological degradation. 

However, due to the multitude of other factors that play a role in determining the 

bioactivity of a peptide, the in vitro Y2R affinity and resistance to proteolytic degradation 

does not always predict the longevity or potency of the peptides in vivo.  

 

In conclusion, individual positions have been shown to be important in the bioactivity of 

PYY3-36 in vivo. These included positions 3 and 4 in the N-terminal, position 19 in the 

mid-section, and positions 31 and 34 in the C terminus. These investigations helped 
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elucidate several sites that had potential in drug design that exhibited an unaltered or 

improved Y2R affinity and/or bioactivity in vivo. A combination of several substitutions in 

different domains of PYY3-36 were subsequently discovered which significantly increase 

the longevity of the anorectic effect of PYY from 2 hours to between 4 and 8 hours. Two 

analogues with changes in the N-terminal and α-helix of PYY3-36, PYY3-36 N-Pro Ser6 

Ala23 Lys30 and PYY3-36 N-Pro Ala23 Lys30, , showed a significantly more potent effect 

between 4 and 8 hours and over 24 hours post-administration compared to PYY3-36. These 

substitutions also allow a more potent interaction with the human Y2 receptor, which 

implies that they may be beneficial in the development of PYY3-36 analogues for use in 

the treatment of human obesity. Furthermore, the substitution of an acylated Lys residue 

into position 12 has been shown to almost completely reduce the susceptibility of PYY3-36 

to degradation by enzymes of the kidney brush border, and significantly prolong the effect 

of PYY3-36 on food intake. This demonstrates that acylation of PYY3-36 can prolong its 

bioactivity, as observed in other peptide analogue programs, such as for liraglutide. My 

work has also shown that steric alterations at position 3 can also be utilised to enhance the 

Y2R affinity and potency of PYY3-36. As these studies have indicated that proteolytic 

degradation can be an important determinant in bioactivity, the design of further long-

acting analogues may require study of the physiological degradation profile of native 

PYY3-36. Knowledge regarding the cleavage sites of specific KBB proteases, together with 

the knowledge gleaned regarding the domains and amino acid sites at which substitutions 

can be made that enhance the affinity of PYY3-36 at the Y2R, may enhance the design of 

PYY3-36 analogues. 
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3 Chapter Three: Investigating the 

metabolic clearance and degradation 

of PYY3-36 as a tool in developing a 

long-lasting PYY3-36 therapy 
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3.1 Introduction 

 

There is debate as to whether PYY plays a role in the pathogenesis of obesity. The first 

report on PYY plasma levels in the obese suggested that obesity is a PYY-deficient state, as 

patients exhibit a blunted postprandial response and decreased basal levels (Batterham et 

al., 2003a). However, another group using the same assay as used in the Batterham et al 

study found that fasting PYY plasma levels were similar between normal-weight and obese 

volunteers levels, and another group has since reported that fasting PYY concentrations are 

not correlated with BMI (Kim et al., 2005). Significantly, Stock et al did report that obese 

patients showed blunted postprandial PYY plasma levels (Stock et al., 2005) and Le Roux 

and colleagues subsequently confirmed a reduced postprandial response in obese patients 

(Le Roux et al., 2006b).  Guo and colleagues reported a positive correlation between 

postprandial release of PYY and changes in ratings of satiety after a meal. In another 

prospective study, the authors found that peak PYY concentrations were negatively 

associated with adiposity markers and body weight change and positively associated with 

postprandial satiety ratings (Guo et al., 2006). In rodent studies, mice exposed to a high fat 

diet became obese and exhibited a reduction in circulating PYY. Furthermore, the 

phenotype of PYY knock-out mice, which display hyperphagia and increased adiposity, 

was reversed by exogenous replacement with PYY (Batterham et al., 2006). Taken 

together, these results suggest that a blunted postprandial rise in PYY3-36 may be 

associated with obesity, but that the ability of obese individuals to respond to PYY is not 

homogenous. 

 

Obese patients retain sensitivity to the anorectic effects of PYY3-36, which is in contrast to 

the resistance seen in the obese to leptin administration (Zelissen et al., 2005; Schwartz et 

al., 2000). Thus PYY3-36 may be useful as an anti-obesity therapeutic (Batterham et al., 

2003a). However, simple replacement of PYY3-36 to the obese presents a challenge as the 

peptide is rapidly metabolised in the circulation, and moderately high levels have 
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unpleasant side effects, and chronic administration can lead to tachyphylaxis (Adrian et al., 

1986). Exogenous PYY undergoes rapid enzymatic clearance resulting in a short half-life 

of around 8 min during an iv infusion in rats (Lluis et al., 1989). Administration of PYY3-

36 at supraphysiological levels induces conditioned taste aversion in rodents and nausea in 

humans (Halatchev and Cone, 2005; Le Roux et al., 2008; Reidelberger et al., 2008). 

Dosing strategy and route of administration is critical to ensuring sustained chronic effects 

of PYY3-36, (Reidelberger et.al. 2008). The development of long-acting PYY3-36 

analogues should therefore aim to develop peptides which have an extended half-life, but 

which do not result in the activation of nausea pathways or result in tachyphylaxis. 

 

Investigating the physiological metabolic degradation profile of PYY3-36 will suggest the 

enzymes able to cleave PYY3-36 and the sites at which this degradation occurs.  

Characterization of the amino acid sites susceptible to proteolysis may aid design of long-

acting PYY3-36 analogues, by determining amino acid changes that may reduce the 

susceptibility of the molecule to breakdown.  Alternatively, the use of specific enzyme 

inhibitors may prolong the biological effect of endogenous PYY3-36.  These approaches 

have been successfully utilised in the therapeutic development of drugs based upon the 

incretin hormone GLP-1. GLP-1 is subject to N-terminal degradation by the enzyme 

dipeptidyl peptidase-iv (DPP-iv). Exendin-4 is a DPP-iv resistant analogue of GLP-1 that 

has a longer half-life than native peptide and an improved insulinotropic effect. Exendin-4 

is now a licensed treatment for type II diabetes, which improves glycaemic control and 

reduces body weight (Bloom et al., 2008). Furthermore, DPP-iv inhibitors have 

insulinotropic effects and are useful anti-diabetic drugs in their own right (Deacon and 

Holst, 2006). However, the mechanisms by which PYY3-36 is physiologically degraded 

are currently poorly characterized (Neary and Batterham, 2009a). 

 

Meprin B, DPP-iv and neprilysin (NEP) are widely expressed on epithelial cell surfaces, 

and are highly concentrated in the brush border of the kidney. Meprin B and NEP have 

previously been found to degrade PYY (Medeiros and Turner, 1994; Bertenshaw et al., 

2001).  Elevated levels of PYY and a number of other gut-derived peptides have been 

found in chronic renal failure patients, presumably due to a reduction in the degradation 
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and/or filtration of circulating peptide (Hegbrant et al., 1991). Cell surface enzymes are of 

interest as they initiate peptide hydrolysis at the extracellular face of the plasma membrane, 

where circulating endogenous regulatory peptides, as well as exogenously administered 

peptides are most likely to exist in vivo (Fauchere JL and Thurieau, 1992).  

 

NEP is a widely-expressed plasma membrane of the M13 family of Zn metallopeptidases, 

which is involved in the inactivation of a number of regulatory peptidase (Erdos and 

Skidgel, 1989). NEP is most highly expressed in the brush border of the kidney cortex, and 

is also expressed in intestinal enterocytes, endothelial cells (though only at a low 

concentration on vascular endothelial cells), fibroblasts and neutrophils, and is known to 

regulate a large number of signalling peptides both peripherally and in the brain as a 

synaptic ectoenzyme (Erdos and Skidgel, 1989; Turner et al., 2001). Recently the gene for 

human NEP-2 was cloned from a human foetal-brain library, and the predicted protein was 

found to be 54% identical to human NEP (Bonvouloir et al., 2001). Unlike NEP, which is 

abundantly expressed in the kidney and brain, NEP-2 is expressed widely in distinct 

neuronal populations of the CNS and most highly in the testis (Turner et al., 2001). NEP 

has broad specificity and cleaves on the N-terminal side of hydrophobic amino acid, with a 

preference for leucine, followed by phenylalanine (denoted L>F) (see fig. 3.1). Medeiros 

and Turner found that NEP cleaved PYY at residues Asp29 and Leu30 of the PYY3-36 α-

helix, generating the inactive metabolites PYY3-29 and PYY31-36 (Medeiros and Turner, 

1994). As the C-terminal of PP-fold family peptides is essential for Y receptor binding, 

NEP was proposed to inactivate PYY, though this has not been proven, suggesting that 

NEP, and perhaps related enzymes, may be important in the physiological degradation of 

PYY3-36. PYY3-36 analogues with NEP-resistant substitutions may demonstrate an 

increased functional half-life in vivo. 

 

DPP-iv is a protease that has a small active site that preferentially cleaves following the two 

amino acid sequences Xaa-Pro or Xaa-Ala, where Xaa stands for any amino acid. 

Elucidation of its crystal structure revealed that only amino acids with small side chains are 

able to fit into the active site of DPP-iv, which restricts possible amino acids in the P1 

position to proline, alanine or glycine (Rasmussen et al., 2003). DPP-iv is primarily 
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expressed in the brush borders and microvilli of the kidney cortex, intestinal enterocytes, 

hepatocytes in the liver and epithelial cells in the pancreas. DPP-iv is also located on 

endothelial cells of blood vessel walls and is found as a soluble enzyme in blood plasma 

(Mentlein, 1999). Endogenously released PYY is therefore likely to encounter DPP-iv upon 

its release from L cells of the gastrointestinal tract.  

 

The meprins are Zn metalloendopeptidases of the astacin family. Meprin A is a heterodimer 

of meprin α and β subunits, while meprin B is a homodimer of meprin β subunits. The 

meprin α subunit is secreted from the membrane, while meprin β is membrane bound and 

has a cleavage domain which allows the enzyme to be secreted (see fig. 3.2) (Becker et al., 

2003). Meprin A has been found to preferentially cleave peptides with small and aromatic 

residues in position P1‟ (S>F>A>T>M>Y>G) and with Pro at position P2‟. Meprin B is 

thought to prefer acidic residues at P1‟ (D>E) (see fig. 3.3). A previous study found that 

PYY is a substrate for meprin B, but not meprin A, which implicates the β subunit in PYY 

degradation. Incubating PYY (100µM) with meprin B (2nM) was found to result in 32% 

degradation of PYY as demonstrated by quantitative HPLC analysis. The authors proposed 

the cleavage site of Meprin B to be Asp10-Glu11 after MALDI-TOF analysis of the 

breakdown products (Bertenshaw et al., 2001). The cleavage sites for NEP and meprins on 

PYY appear to be downstream of position 3. However, the effects of these enzymes on 

PYY3-36, the more selective Y2R agonist, have not been investigated. 

 

NEP and Meprin B are expressed ubiquitously, but are particularly highly expressed in the 

kidney brush border (KBB) of the proximal convoluted tubule (Sterchi et al., 2008; Erdos 

and Skidgel, 1989). The meprins constitute 5% of total protein in the KBB, second only to 

actin in quantity (Bond et.al. 2005). The KBB contains a number of microvillar peptidases 

thought to be responsible for degradation of peptides within the glomerular filtrate in the 

proximal tubule (Carone et al., 1984). Chronic renal failure patients exhibit high levels of 

PYY, which suggests that the kidney may be an important site for clearing and/or 

degrading PYY (Hegbrant et al., 1991).These patients also have reduced appetite, though 

the mechanism behind this cachexia has not been identified. In addition, membranes of 

KBB have previously been utilised as a tool to study peptide degradation as they possess 
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peptidolytic activity reflective of enzymes expressed throughout the periphery (Medeiros 

and Turner, 1994; Yamaguchi et al., 1994). 

 

This work is aimed at the design and discovery of PYY analogues that display potent 

binding and activation at the Y2R and are resistant to degradation by circulating and 

membrane-bound peptidases. Substitutions of amino acids on key sites of the PYY 

molecule will alter the 3D structure of the protein thereby altering its efficacy at the Y2 

receptor and its susceptibility to proteolytic degradation and/or renal clearance. 

 

3.2 Aim of studies 

 

1) To clarify whether the kidney is a major anatomical site for PYY3-36 

filtration/inactivation by measuring plasma levels after exogenous administration of PYY3-

36 to nephrectomised and sham-operated rats. 

 

2) To determine the role of the metalloendopeptidases NEP and meprin B in the 

physiological clearance of PYY3-36 and the amino acid sites at which PYY3-36 is 

susceptible to hydrolysis by these enzymes in vitro and in vivo. 

 

3) To ascertain whether the cleavage sites of these enzymes may be utilised as targets 

for analogue development and to investigate whether use of specific enzyme inhibitors, 

such as neprilysin and actinonin, prolongs the bioactivity of PYY3-36.  
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Amino acid P4 P3 P2 P1 P1' P2' P3' P4'

Gly 4 3 3 7 0 4 4 3

Pro 2 1 1 1 0 0 1 1

Ala 2 2 4 4 2 1 4 2

Val 3 1 0 1 2 2 2 1

Leu 1 2 2 3 10 5 4 2

Ile 0 0 1 0 2 1 0 1

Met 0 1 2 1 1 2 0 1

Phe 2 2 3 3 12 4 0 2

Tyr 0 2 1 2 3 2 2 0

Trp 1 2 1 1 3 0 0 1

Ser 1 2 4 1 1 2 2 2

Thr 0 0 0 0 0 1 1 1

Cys 0 1 0 1 0 0 2 0

Asn 1 2 2 0 0 1 0 1

Gln 2 2 3 1 0 1 0 1

Asp 2 0 1 1 0 2 1 0

Glu 2 2 1 1 0 1 1 2

Lys 2 2 2 2 0 0 2 2

Arg 4 5 3 4 0 2 2 2

His 0 0 1 2 0 0 0 0  

Figure 3.1. NEP specificity matrix using the nomenclature for the interaction of proteases with their 

substrates as designated by Schecter and Berger (taken from Merops database: 

www.merops.sanger.ac.uk). Residues on the amino side of the scissile bond are numbered P1 through P4 

counting outward while residues on the carboxy side are numbered P1‟ through P4‟ counting outward. 

Numbers are arbitrary units and represent relative preference for certain residues, with higher numbers 

representing higher preference. NEP is thought to cleave when hydrophobic amino acids Arg and Met are in 

P1‟ (Rawlings, 1999). 

 

Figure 3.2.  Dimeric structure of meprin A and B. Meprin A is a heterodimer of meprin α and β 

subunits, and meprin B exists as a homodimer of meprin β subunits. The meprin α subunit is secreted 

from the membrane, while meprin β is membrane bound and has a cleavage domain which allows the enzyme 

to be secreted. Taken from: (Sterchi et al., 2008). 

http://www.merops.sanger.ac.uk/
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Amino acid P4 P3 P2 P1 P1' P2' P3' P4'

Gly 1 2 2 1 3 3 1 2

Pro 1 4 2 1 0 1 1 1

Ala 2 0 2 1 1 2 2 2

Val 1 1 2 0 0 0 1 1

Leu 3 3 1 3 2 1 1 0

Ile 0 0 0 0 0 0 2 0

Met 3 1 0 3 0 1 0 0

Phe 0 1 0 1 1 3 1 2

Tyr 1 1 2 2 1 2 0 1

Trp 1 1 3 0 0 0 0 1

Ser 1 2 1 2 0 1 3 2

Thr 1 0 1 0 1 1 2 1

Cys 0 0 0 0 0 0 0 0

Asn 2 1 1 0 0 1 1 0

Gln 0 1 2 1 0 1 0 1

Asp 1 0 0 1 10 0 1 2

Glu 0 1 3 6 4 7 3 2

Lys 0 1 0 0 0 0 0 1

Arg 2 1 1 2 1 0 3 2

His 1 2 2 1 0 0 1 2  

Figure 3.3. Meprin-β specificity matrix using the nomenclature for the interaction of proteases with 

their substrates designed by Schecter and Berger. Residues on the amino side of the scissile bond are 

numbered P1 through P4 counting outward while residues on the carboxy side are numbered P1‟ through P4‟ 

counting outward. Numbers are arbitrary units and represent relative preference for certain residues, with 

higher numbers representing higher preference. Meprin-β is thought to cleave when negatively charged amino 

acids Asp and Glu are in P1‟, Pro in P2‟ and Glu in P1 (adapted from the Merops database: 

www.merops.sanger.ac.uk) (Rawlings, 1999).

http://www.merops.sanger.ac.uk/
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3.3 Materials and Methods 

 

3.3.1 Materials 

 

 

PYY3-36 was purchased from Bachem Ltd (UK). Human recombinant meprin β (EC 

3.4.24.18) was a gift from Dr Christoph Becker-Pauly of Munster University (Becker-Pauly 

et al., 2007). Human recombinant NEP (EC3.4.24.11) was purchased from R&D Systems. 

Phosphoramidon and actinonin were purchased from Sigma-Aldrich (UK).  

 

3.3.2 Purified protease degradation studies 

 

PYY3-36 (2nmol) was incubated with or without 200ng recombinant human NEP or 200ng 

recombinant human meprin β subunit in digest buffer (50mM Tris-HCL, 50mM NaCl 

pH7.5) at 37°C in a total volume of 140µl (Druce et al., 2009). For the inhibitor studies, 

10nmol phosphoramidon or actinonin was included in the digests, either with peptide and 

enzyme or with peptide only as a control step. The reaction was terminated at the stated 

time-point by adding 10µl 30% trifluoroacetic acid (TFA). Samples were then centrifuged 

at 12500xg for 5 min at room temperature.  

 

3.3.3 Quantitative HPLC 

 

Incubation samples were then analysed by reverse phase HPLC (Jasco HPLC system: 

solvent delivery system PU-2080 plus, autosampler AS-2057 plus, degasser DG2080-53, 

dynamic mixer 2080-32, UV detector uv-2075) using a Gemini C18 (Phenomenex, 

Macclesfield UK; 5µm particles, 250mm x 4.6 mm) column. Sample (100µl of supernatant 

from the terminated incubation) was eluted from the C18 column using a linear acetonitrile 

(AcN)/water gradient. A gradient of 15-60% AcN over 35 min was used for most 

experiments. Under these conditions PYY3-36 eluted at 20 min. For the inhibitor studies, 

inhibitors in digest buffer were run through the HPLC in order to determine their retention 
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times. As the retention time for actinonin was similar to that of PYY3-36, a shallower 

gradient of 20-35% AcN was used for the actinonin experiments to avoid co-elution of 

these compounds. Under these conditions PYY3-36 eluted at 30 min.  The eluted peptide 

and peptide fragments were detected spectrophotometrically at a wavelength of 214nm. 

Percentage degradation of peptide was calculated by comparing area under the curve 

(AUC) on HPLC chromatograms of incubations with and without enzyme or membrane 

(Graphpad version 5.00 for Windows, GraphPad Software, San Diego, California). 

 

3.3.4 MALDI-ToF Mass Spectrometry  

 

Selected samples were also analysed using matrix assisted laser desorption / ionisation-time 

of flight (MALDI-TOF) mass spectrometry. Samples were dissolved using 100µl Solution 

A (60% AcN/40% water/0.1%TFA). The matrix (10mg/ml alpha-cyano-4-hydrocinnanic 

acid in Solution A) was applied to the sample plate (0.5µL) followed immediately by the 

sample (0.5µL) and the plate air dried. The mass spectrometer (Shimadzu Axima-CFR) was 

set to positive linear mode. Data was acquired for samples after near point calibration using 

a mixture of five peptides across the mass range 1,000-6,000. Peptide fragments resulting 

from the cleavage of PYY3-36 were identified (taking into account the monoisoptic mass 

allowance) using the program FindPept (http://www.expasy.ch/tools/findpept.html).  

 

3.3.5 KBB degradation studies 

 

3.3.5.1 PYY3-36 degradation assay using KBB 

 

For the preparation of KBB membranes and protein concentration assay see Chapter 2, 

section 2.3.5.2 and 2.3.6.1. PYY3-36 (2nmol) was incubated with or without 2.5mg/ml, 

1.25mg/ml or 0.625mg/ml KBB in digest buffer (300mM mannitol in 12mM HEPES, 

pH7.4) at 37°C in a maximal volume of 140µl. For the inhibitor studies, 100nmol 

phosphoramidon or actinonin was included in the digests, either with or without peptide. 

The reaction was terminated at 5, 15, 30 or 60 min time-points by the addition of 10µl 30% 

http://www.expasy.ch/tools/findpept.html
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trifluoroacetic acid (TFA). Samples were then centrifuged at 12500xg for 5 min at room 

temperature in order to separate membrane from peptide solution. KBB was found to have 

a potent dose and time dependent effect on PYY3-36 breakdown. The KBB incubation 

protocol was therefore optimised to a concentration and incubation time that reliably 

resulted in >50% degradation of PYY3-36, so that both parent peptide and peptide 

fragments could be observed on the chromatogram. A dose response experiment over a 

fixed incubation time of 30 min using increasing concentrations of KBB (0.625, 1.25 and 

2.5mg/ml) was carried out in order to determine a concentration at which 1) >50% of 

peptide was degraded and 2) break down products could be detected. Subsequently, a 

concentration of 1.25mg/ml was used in the remainder of peptide/KBB incubations. 

Incubation samples were then analysed by HPLC and MALDI-ToF mass spectrometry as 

previously described. 

 

3.3.6 In vivo studies 

 

3.3.6.1 Animals 

 

All animal procedures undertaken were approved by the British Home Office under the UK 

Animal (Scientific Procedures) Act 1986 (Project Licence 70/5516).Adult male C57/BL6 

mice (Harlan, UK) weighing 20-25g were maintained in individual cages under controlled 

temperature (21-23°C) and lights (12:12 hour light:dark cycle, lights on at 0700h). Animals 

had ad libitum access to water and normal chow RM1 diet (Special Diet Services). To 

minimise stress animals were regularly handled and acclimatised with two subcutaneous 

(sc) and intraperitoneal (ip) injections. All feeding studies were carried out during the early 

light phase (0800h-1000h). Mice were overnight fasted before each study morning 1) in 

order to reduce endogenous PYY and PYY3-36 and 2) because anorectic effects are more 

easily detected in the fasted state.  
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3.3.6.2 PYY3-36 pharmacokinetics study in nephrectomised rats 

 

Rats were randomized according to body weight and divided into 3 groups: unilateral 

nephrectomy, bilateral nephrectomy and sham. On study day rats were anaesthetized with 

67mg/kg hypnorm (1:30 ratio of fentanyl: fluanisone; Vetapharma) mixed with 3mg/kg 

hypnovel (midazolam; Pfizer) given ip. Prior to the first incision rats were administered 

0.5mg of hypnovel sc and placed in dorsal recumbence on a heated surgical table at 37°C. 

A midline abdominal incision was made to expose the viscera. The abdominal contents 

were displaced and a single suture was tied in a double knot around either one or both renal 

pedicles to allow unilateral or bilateral nephrectomy respectively. The displaced abdominal 

contents were then restored and wound clips used to close the skin. A 2 cm ventral incision 

was made in the skin about 1 cm from the midline, starting from the pectoralis muscle and 

extending 2 cm toward the head. The jugular vein, which is directly beneath the 

subcutaneous tissue, was exposed by blunt dissection using fine point curved forceps and 

haemostats (Fine Science Tools, Heidelberg, Germany) to hold the skin. Using surgical 

sutures (VICRYL PLUS, Ethicon, USA) a ligature was placed with the aid of the fine point 

curved forceps around the exposed part of the jugular vein towards the head. This served to 

occlude blood flow from the head, minimising blood loss after the vein is nicked to insert 

cannula. A loose ligature is also placed near the distal end of the exposed vein. A small 

nick was then made in the vein between the 2 ligatures using spring style micro-scissors 

(Fine Science Tools, Germany). A bevelled cannula was then inserted through the nick, 

extending about 0.5 cm into the vein, and the loose ligature was then tied firmly around the 

cannulated vein.  The cannula used was a polyethylene tubing (inner diameter: 0.40 mm, 

outer diameter: 0.80 mm; Smiths Medical International, UK) attached to a needle and a 1 

ml syringe pre-filled with a 5% heparin saline solution to inhibit blood coagulation. PYY3-

36 (100nmol/kg) was then injected iv into the penile vein. A 300µl blood sample from the 

jugular vein was then taken to represent time 0. Blood sampling from the jugular vein was 

then carried out at 2, 5, 10, 15, 30 and 60 min post injection and collected into eppendorfs 

containing aprotinin (Trasylol, Bayer, Germany) to inhibit blood protease action and blood 
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coagulation. After each sample was taken the vein was flushed with 100µl of the heparin 

saline solution. After the final time point, rats were killed using an overdose of sodium 

pentobarbitone (Merial Animal Health Ltd, UK). Plasma was separated from whole blood 

by centrifugation at 6000rpm for 10 min, and stored at -20°C until use. 

 

 

3.3.6.2.1 PYY3-36 radioimmunoassay  

 

An established in-house PYY radioimmunoassay was used to detect PYY3-36 

immunoreactivity (IR) in plasma samples from various time points (Adrian et al., 1985). 

This technique relies upon competition between a radiolabelled antigen and an unlabelled 

antigen for antibody binding sites. A fixed amount of 
125

I-labelled PYY3-36 antigen and a 

fixed amount of antibody is added to the sample (see Appendix iv). The ratio of bound to 

unbound radiolabelled antigen provides a measure of the quantity of unlabelled antigen 

present in the sample. The unbound antigens are separated from the antigen:antibody 

complex and the amount of label is measured using a gamma counter. Separation of bound 

and unbound antigen was carried out using a secondary antibody binding method. The 

secondary antibody binds the primary antibody, creating a secondary antibody: primary 

antibody: antigen complex. Centrifugation then allows separation of the smaller unbound 

antigen into the supernatant, while the bound secondary antibody is located in the pellet. A 

standard curve is constructed using known amounts of labelled peptide. In this way, it is 

possible to quantify the absolute values of unlabelled peptide in each sample. The PYY3-36 

assay was performed in 0.06M phosphate buffer (see appendix II) containing 1% BSA. 

Samples and standards were assayed in duplicate in a total volume of 700µl. 
125

-I-Labelled 

PYY3-36 was prepared by the iodogen method and purified by HPLC. 
125

-I-Labelled 

PYY3-36 was prepared at 200 counts per 10 seconds per 100µl and 100µl was added to 

each tube. The assay measured the biologically active components, both the full-length 

PYY1–36 and the fragment PYY3–36. The antiserum, Y21, was produced in a rabbit 

against synthetic porcine PYY (Bachem) coupled to BSA glutaraldehyde and used at a final 

dilution of 1:50,000. Similar to all current PYY assays, the antibody cross-reacts fully with 
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PYY1–36 and PYY3–36 but not with PP, NPY, or any other gastrointestinal hormone. The 

samples were incubated for 3 days at 4°C before separation of free and antibody-bound 

label by sheep antirabbit antibody. Two hundred microliters of unextracted plasma were 

assayed, whereas 200 µl of PYY-free colloid fluid, Hemacel, was added to standards and 

other reference tubes to negate any effects of nonspecific assay interference. The assay 

detected changes of 2 pmol/liter, with intra- and interassay coefficients of variation of 5.8 

and 9.8%, respectively. 

 

3.3.6.2.2 Creatinine ELISA 

 

Creatinine was measured as it is a known marker of kidney failure. The 60 min time point 

plasma samples were assayed for creatinine using a commercially-available creatinine 

ELISA (Abbott Diagnostics UK) and was performed by Hammermsith Hospital Clinical 

Chemistry service. 

 

3.3.6.3 Phosphoramidon/PYY3-36 co-administration feeding study in mice 

 

Mice were divided into four treatment groups and administered a sc injection (maximum 

volume 100µl) of either: saline, phosphoramidon (10mg/kg), PYY3-36 (50nmol/kg) or 

PYY3-36 (50nmol/kg) & phosphoramidon (10mg/kg) (n=10; see table 3.1). The dose of 

phosphoramidon used was based on a previous study, in which NEP was inhibited over 4 

hours using this dose (Day et al., 2005). Food intake was measured at 1, 2, 3, 4 and 8 hour 

intervals post-injection. 

 

3.3.6.4 Actinonin/PYY3-36 co-administration feeding study in mice 

 

The study was carried out as described above. Mice were randomly divided into six 

treatment groups and administered an intraperitoneal injection followed by a subcutaneous 

injection 15 min later (maximum volume 100µl) of: vehicle (20% ethanol 80% saline) & 
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saline, actinonin (20mg/kg) & saline, actinonin (40mg/kg) & saline, vehicle & PYY3-36 

(50nmol/kg),  actinonin (20nmg/kg) & PYY3-36 (50nmol/kg) and actinonin (40mg/kg) & 

PYY3-36 (50nmol/kg)  (n=7-10; see table 3.1). A dose of 20mg/kg actinonin was used due 

to its ability to inhibit meprin activity over 4h, and this dose was increased in order to 

investigate whether the effects of actinonin were dose-responsive (Carmago et al., 2002). 

Based on our finding that PYY3-36 alone did not reduce food intake at the 4-8h interval, 

food intake was measured at 1, 2, 3, 4 and 6 hour intervals post-injection so that any 

anorectic effect between 4 and 6 h post-injection could be detected. 

 

Treatment Group Subcutaneous treatment 

 (50µl injection vol) 

Intraperitoneal treatment 

(50µl injection vol) 

1 saline vehicle  

2 PYY3-36 (50nmol/kg) vehicle 

3 PYY3-36 (50nmol/kg) actinonin (20mg/kg) 

4 PYY3-36 (50nmol/kg) actinonin (40mg/kg) 

5 saline actinonin (20mg/kg) 

6 saline actinonin (40mg/kg) 

Table 3.1.  Summary of each treatment group, designated 1-6, for studies described in sections 

1.3.6.3 and 1.3.6.4. 

3.3.6.5 Actinonin/PYY3-36 plasma levels study in mice  

 

This study was carried out in order to assess whether actinonin has the ability to enhance 

pharmacological levels of exogenously-administered PYY3-36. Mice fasted for 4h prior to 

the study were randomly divided into four treatment groups and administered an 

intraperitoneal injection followed by a subcutaneous injection 15 min later (maximum 

volume 100µl) of: vehicle (20% ethanol 80% saline) & saline, actinonin (20mg/kg) & 

saline, vehicle (20% ethanol 80% saline) & PYY3-36 (50nmol/kg) and actinonin 

(20nmg/kg)  & PYY3-36 (50nmol/kg) (n=8-13: all groups except actinonin only: n=2-5). 

Time zero was recorded from the second injection and mice were killed by CO2 

asphyxiation at 0, 30, 60, 90 and 120 min post-injection.  Blood was immediately removed 
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via cardiac puncture using heparinised syringes and placed in eppendorfs containing 20µl 

protease inhibitor (aprotinin) on ice. Plasma was then separated, stored and assayed for 

PYY3-36 as described in section 1.3.3.2. 

 

3.3.7 Statistics 

 

All data are presented as means ± SEM.  The interval food intake data and plasma levels 

study data was analyzed using one-way ANOVA with Tukey‟s post hoc test (GraphPad 

Prism version 5.00 for Windows; GraphPad Software, San Diego, California). Cumulative 

food intake data was compared using the generalized estimating equation with the Mann-

Whitney U adjustment (Stata 9, StataCorp LP, College Station, TX). In all cases, p<0.05 

was considered to be statistically significant. 
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3.4 Results 

 

3.4.1 The effect of nephrectomy in rats on PYY3-36 pharmacokinetics 

 

This study was carried out in order to analyse the contribution of the kidney to the removal 

of exogenously-administered PYY3-36 from the circulation. As discussed, PYY has a short 

half-life in mammals. It was therefore assumed that PYY3-36 would be cleared in a similar 

manner, and so plasma sampling was carried out at 0, 2, 5, 10, 15, 30 and 60 min post-

injection of PYY3-36 (100nmol) (n=5-6 per group). Time zero was recorded at 10 min 

post-nephrectomy surgery. At 0 min post administration of PYY3-36 (and 10 min post-

surgery), there were no differences in plasma PYY3-36 immunoreactivity (IR) between 

sham-operated controls and those that underwent unilateral (UNx) or bilateral (BNx). After 

2, 5, 10 and 15 min there were no significant differences between groups. At 30 min post 

administration BNx animals had significantly higher PYY3-36 plasma levels (see fig. 3.4 

and 3.5). At 60 min post administration there were no significant differences between 

groups. The half-disappearance rate for PYY3-36 in sham rats was 25.9 min, which 

increased to 30.6 min and 45.4 min with the loss of function of one (UNx) or both (BNx) 

kidneys respectively (see table 3.2).  Loss of kidney function was confirmed by assaying 

the plasma samples for creatinine, which is a by-product of muscle metabolism and 

accumulates in kidney failure. As expected creatinine levels were increased in rats that had 

undergone both unilateral and bilateral nephrectomy, though for the UNx group this did not 

reach statistical significance (see table 3.3).  
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Figure 3.4. Effect of unilateral or bilateral nephrectomy on PYY plasma levels in rats at 2 min, 5 min, 

10 min, 15min, 30min and 60min post-injection. Results are means ± SEM. ***p < 0.001 vs. sham 

(ANOVA with post-hoc Dunnett‟s adjustment), n = 6. 
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Figure 3.5. Effect of unilateral or bilateral nephrectomy on PYY3-36 plasma levels in rats at 2 min, 5 

min, 10 min, 15min, 30min and 60min post-injection. Results are means ± SEM (n=6). ***p< 0.001 vs. 

sham (ANOVA with post-hoc Dunnett‟s adjustment), n = 6. 
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Half-disappearance rate of PYY3-36  

Group: 

Sham 

Time (min): 

25.9 ± 2.9  

UNx 30.6 ± 5.8  

BNx 45.4 ± 0.75  

Table 3.2.  Half-disappearance rate For PYY3-36 in sham, UNx and BNx rats (mean ±SEM, n=5-6) 

calculated using equation k=In2/t1/2. Rats administered 100nmol/kg PYY3-36 iv 

 

Creatinine levels 

Group: 

Sham 

Plasma concentration ( mol/L): 

46 ± 2.1  

UNx 56.4 ± 3.4  

BNx 64.8** ± 3.3 

Table 3.3. Creatinine levels in sham, UNx and BNx rats at 60 min (mean ±SEM, n=5-6). **p < 

0.01 vs. sham (ANOVA with post-hoc Dunnett‟s adjustment), n = 6. 

  

3.4.2 Effect of the Zn metalloendopeptidases NEP and meprin  β on PYY3-36  

 

3.4.2.1 Dose-response effect of NEP and meprin β on PYY3-36 

 

Following incubation of PYY3-36 with 200ng NEP over 60 min, HPLC analysis revealed 

14 ±3 % degradation (n=6). Due to the unexpected low potency of the effect of NEP on 

PYY3-36, gonadotrophin-releasing hormone (GnRH), a known substrate for NEP, was then 

utilised as a positive control in an experiment testing the effect of NEP on PYY3-36. 
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Following incubation of GnRH or PYY3-36 with 200ng NEP, HPLC analysis revealed 

60% degradation of GnRH and 9% degradation of PYY3-36 (see fig. 3.6). A further control 

experiment was carried out in which the effect of NEP on pancreatic polypeptide (PP), a 

member of the PP-fold family closely related to PYY3-36, was investigated. Following 

incubation of 2nmol PP or PYY3-36 with 200ng NEP, HPLC analysis revealed 40% 

degradation of PP and 13% degradation of PYY3-36 (see fig. 3.7). A dose response 

experiment in which PYY3-36 was incubated with 200ng, 400ng and 800ng NEP over 60 

min resulted in 5 ±1%, 24 ±6% and 25 ±0.2% degradation of PYY3-36 respectively (n=3). 

As a 60 min incubation with meprin β at the same concentration resulted in 100% 

degradation of PYY3-36, a shorter incubation of 30 min was carried out. Following 

incubation of PYY3-36 with 200ng meprin β over 30 min, HPLC analysis revealed 57 ± 

4% degradation of parent peptide (n=5). A dose-response experiment in which PYY3-36 

was incubated with 200ng, 400ng and 800ng meprin β over 30 min resulted in 43 ±9%, 53 

±12% and 74 ±8% degradation of PYY3-36 respectively (n=3). A summary of the dose 

response study results is shown in table 3.4. 
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Figure 3.6. Representative reverse-phase HPLC absorption profile following in vitro digestion of: A) 

2nmol GnRH with 200ng NEP for 60 min at 37°C PYY3-36 and B) 2nmol PYY3-36 with 200ng NEP for 

60 min at 37°C. Digests were analysed by HPLC on a 15-60% water/acetonitrile (AcN) gradient over 35 min. 

Peptide fragments were detected by spectrophotometry at a wavelength of 214nm. 

A 

B 
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Figure 3.7. Representative reverse-phase HPLC absorption profile following in vitro digestion 

of 2nmol PP or PYY3-36 with 200ng NEP for 60 min at 37°C. Digests were analysed by HPLC 

on a 15-60% water/acetonitrile gradient over 35 min. Peptide fragments were detected by 

spectrophotometry at a wavelength of 214nm. 

 

3.4.2.2 Time-dependent effect of NEP and meprin β on PYY3-36 

 

Incubation of PYY3-36 with 200ng NEP resulted in 12 ±2%, 40 ±3% and 50 ±10% 

degradation following a 60, 120 or 240 min incubation respectively (n=3, see fig. 3.8 for 

representative example). Incubation of PYY3-36 with 200ng meprin β over 5, 15 or 30 min 

resulted in 39 ±5%, 41 ±6% and 52 ±10% degradation respectively (n=3; see fig. 3.9 for 

representative example). A summary of time-course study results is shown in table 3.4.  
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Figure 3.8. Representative reverse-phase HPLC absorption profile following in vitro digestion of PYY3-

36 with 200ng NEP over 60 min, 120 min and 240 min at 37°C. Digests were analysed by HPLC on a 15-

60% water/acetonitrile gradient over 35 min. Peptide fragments were detected by spectrophotometry at a 

wavelength of 214nm. 
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Figure 3.9. Representative reverse-phase HPLC absorption profile following in vitro digestion of PYY3-

36 with 200ng meprin β over 5, 15, 30 and 60 min at 37°C. Digests were analysed by HPLC on a 20-35% 

water/acetonitrile gradient over 35 min. Peptide fragments were detected by spectrophotometry at a 

wavelength of 214nm. 
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Enzyme Mean effect (n=5-6) Dose Response study Time-course study 

 Dose 

Incubation 

time % degradation Dose % degradation Incubation time % degradation 

 

NEP 

 

200ng 

 

60 

 

14 ± 3 

 

200ng 

400ng 

800ng 

 

 

 

 

 

5 ± 1 

24 ± 6 

25 ± 0.2 

 

60 

120 

240 

 

12 ± 2 

40 ± 3 

50 ± 10 

 

Meprin β 

 

200ng 

 

30 

 

53 ± 5 

 

200ng 

400ng 

800ng 

 

43 ± 9 

53 ± 13 

74 ± 8 

 

5 

15 

 30 

 

39 ± 5 

41 ± 6 

52 ± 10 

        

Table 3.4. Summary of mean percentage degradation after PYY3-36 (2nmol) was incubated with NEP 

(200ng; n=6) or meprin β (200ng; n=7), and after increasing doses or incubation times (dose used: 

200ng meprin β/NEP) (n=2-3). Percentage degradation is shown as means ± SEM.  Digests were analysed 

by HPLC on a 20-35% water/AcN gradient over 35 min and percentage degradation calculated using AUC. 

 

3.4.3 Effect of KBB membranes on PYY3-36 

 

KBB was found to have a potent dose and time dependent effect on PYY3-36 breakdown 

(see fig. 3.10). The KBB incubation protocol was therefore optimised to a concentration 

and incubation time that reliably resulted in >50% degradation of PYY3-36, so that both 

parent peptide and peptide fragments could be observed on the chromatogram. A dose 

response experiment over a fixed incubation time of 30 min using increasing concentrations 

of KBB (0.625, 1.25 and 2.5mg/ml) was carried out in order to determine a concentration at 

which 1) >50% of peptide was degraded and 2) break down products could be detected. 

Subsequently, a concentration of 1.25mg/ml was used in the remainder of peptide/KBB 

incubations. Incubation samples were then analysed by HPLC as previously described. 
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Figure 3.10.  Representative reverse-phase HPLC absorption profile following in vitro digestion of 

2nmol PYY3-36 with A) 0.62mg/ml, 1.25mg/ml and 2.50mg/ml KBB for 30 min at 37°C and B) 

.25mg/ml KBB for 5 min, 15 min and 30 min at 37°C. Digests were analysed by HPLC on a 15-60% 

water/acetonitrile gradient over 35 min. Peptide fragments were detected by spectrophotometry at a 

wavelength of 214nm. 

B 

A 
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3.4.4 Characterisation of PYY3-36 peptide fragments  

 

3.4.4.1 NEP and meprin β-induced peptide fragments 

 

After incubation of PYY3-36 with NEP, MALDI-ToF mass spectrometry was utilised to 

determine the mass of peptide fragments derived from NEP. Putative sequences for peptide 

fragments were calculated according to the sequence of PYY3-36. Short incubations were 

utilised in order to determine the first cleavage that occurs upon exposure of the peptide to 

the enzyme. After a 30 min incubation with NEP, the major peak detected was PYY3-36, 

which is consistent with the HPLC findings. In addition, a peptide fragment with a MW of 

2529 was detected.  However, the 2529 fragment did not match a MW that was in accord 

with the sequence of PYY3-36 and was therefore considered an impurity.  Furthermore, 

this fragment was not observed after PYY3-36 incubation with KBB, in which NEP is 

highly expressed (Turner et al., 2001). A number of PYY3-36 fragments were observed 

after incubation of PYY3-36 with meprin β, and appeared in a time-dependent manner. A 5 

min incubation with meprin β resulted in molecules with molecular weights corresponding 

to PYY11-36, while 15 and 30 min incubations both resulted in molecules with molecular 

weights corresponding to PYY11-36, PYY12-36 and PYY13-36. These fragments 

suggested the presence of meprin β-cleavage sites at Glu10-Asp11, Asp11-Ala12 and 

Ala12-Ser13. 

 

3.4.4.2 KBB-induced peptide fragments 

 

A time-course of KBB-induced PYY3-36 degradation was analysed by MALDI-TOF to 

determine whether the same peptide fragments generated by incubation with meprin β or 

NEP are evident following incubation of PYY3-36 with KBB. Both 5 and 15 min 

incubations of PYY3-36 with KBB resulted in molecules with molecular weights 

corresponding to PYY11-36 and PYY15-36; while a 30 min incubation resulted in PYY11-
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36, PYY15-36 and PYY13-36. This was consistent with the cleavage sites Glu10-Asp11 

and Ala12-Ser13 as suggested by incubation with meprin β, though a putative cleavage site 

at Pro14-Glu15 was also observed (see table 3.5 & fig. 3.11). 

 

 

Table 3.5. MW of peptide fragments following incubation of PYY3-36 (2nmol) with KBB (1.25mg/ml), 

meprin β (200ng) over 5, 15 or 30 min. Samples were analyzed by MALDI-TOF mass spectrometry. 

Putative sequences for peptide fragments were calculated according to the sequence of PYY3-36. Putative 

cleavage sites consistent for both meprin β and KBB are shown in bold. 

Enzyme/ 

membrane 

Incubation 

time (min) 

MALDI-

ToF MW 
Putative sequence of peptide products 

   Sequence MW Cleavage site(s) 

 

Meprin β 

 

5 

 

3228 

 

Asp11-Tyr36 

 

3228 

 

Glu10-Asp11 

 

15 

 

3228 

3113 

3043 

 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

 

3228 

3113 

3042 

 

Glu10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

 

30 

 

3228 

3113 

3043 

 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

 

3228 

3113 

3042 

 

Glu10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

 

KBB 

 

5 

       

3228 

2858 

 

Asp11-Tyr36 

Glu15-Tyr36 

     

3228 

2858 

     

Glu10-Asp11 

Pro14-Glu15 

 

15 

 

3228 

2858 

 

Asp11-Tyr36 

Glu15-Tyr36 

 

3228 

2858 

 

Glu10-Asp11 

Pro14-Glu15 

 

30 

 

3228 

3043 

2858 

 

Asp11-Tyr36 

Ser13-Tyr36 

Glu15-Tyr36 

 

3228 

3042 

2858 

 

Glu10-Asp11 

Ala12-Ser13 

Pro14-Glu15 



197 

 

 

3.4.5 Characterisation of a PYY3-36 analogue with an Asp substitution 

 

A PYY3-36 analogue was designed with an Asp at position 10 in order to investigate 

whether an extra putative cleavage site for meprin-β would increase the susceptibility of 

PYY3-36 to breakdown by meprin β.  

 

3.4.5.1 Meprin β-induced peptide fragments 

 

A 5 min incubation of PYY3-36 Asp10 with meprin β resulted in molecules with molecular 

weights corresponding to PYY10-36, PYY11-36, PYY12-36 and PYY13-36; a 15 min 

incubation resulted in molecules with molecular weights corresponding to PYY10-36, 

PYY11-36, PYY12-36, PYY13-36 and PYY15-36 and a 30 min incubation resulted in 

molecules with molecular weights corresponding to PYY10-36, PYY11-36, PYY12-36 and 

PYY13-36 (see table 3.5). Incubation of PYY3-36 Asp10 resulted in peptide fragments that 

were not found after meprin β was incubated with PYY3-36. These included molecules 

with molecular weights corresponding to PYY10-36 and PYY15-36. Furthermore, 

molecules with molecular weights corresponding to PYY12-36 and PYY13-36 appeared at 

5 min when PYY3-36 Asp10 was the substrate for meprin β; whereas these were only 

detected at 15 min when PYY3-36 was the substrate for meprin β (see table 3.6 & fig. 

3.11).  

 

3.4.5.2 KBB-induced peptide fragments 

 

A 5 min incubation of PYY3-36 Asp10 with KBB resulted in molecules with molecular 

weights corresponding to PYY10-36, PYY11-36, PYY12-36, PYY13-36 and PYY15-36; 

while a 15 and 30 min incubation resulted in molecules with molecular weights 

corresponding to PYY10-36, PYY11-36, PYY12-36, PYY13-36 (see table 3.5). These 

peptide fragments are consistent with all meprin β-induced cleavage sites on PYY3-36 

Asp10 at Gly9-Asp10, Asp10-Asp11, Asp11-Ala12, Ala12-Ser13 and Pro14-Glu15, though 
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the corresponding peptide fragments appeared at different times during incubation with 

meprin β (see table 3.6 & fig. 3.11). Incubation of PYY3-36 Asp10 resulted in peptide 

fragments that were not found after KBB was incubated with PYY3-36. These included 

molecules with molecular weights corresponding to PYY10-36 and PYY12-36. 

Furthermore, molecules with molecular weights corresponding to PYY11-36 and PYY13-

36 appeared at 5 min when PYY3-36 Asp10 was the substrate for meprin β, whereas this 

only found after 15 min and 30 min respectively when PYY3-36 was the substrate for 

meprin β (see table 3.6 & fig. 3.11). 
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Table 3.6. MW of peptide fragments after PYY3-36-Asp10 (2nmol) was incubated with KBB 

(1.25mg/ml), meprin β (200ng) or NEP (200ng) over 5, 15 or 30 min. Samples were analysed by MALDI-

TOF mass spectrometry. Putative sequences for peptide fragments were calculated according to the sequence 

of PYY3-36. Putative cleavage sites consistent for both meprin β and KBB are shown in bold. 

Enzyme/ 

membrane 

Incubation 

time (min) 

MALDI-

ToF MW 
Putative sequence of peptide products 

   Sequence MW Cleavage site(s) 

 

Meprin β 
5 

3345 

3229 

3114 

3044 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

3346 

3229 

3113 

3042 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

15 

3345 

3229 

3114 

3044 

2860 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

Glu15-Tyr36 

3346 

3229 

3113 

3042 

2858 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

Pro14-Glu15 

30 

3345 

3229 

3114 

3044 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

3346 

3229 

3113 

3042 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

 

KBB 
 

5 

3345 

3229 

3114 

3044 

2860 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

Glu15-Tyr36 

  3346 

  3229 

3113 

3042 

2858 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

Pro14-Glu15 

 

15 

3345 

3229 

3114 

3044 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

  3346 

  3229 

3113 

3042 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 

30 

3345 

3229 

3114 

3044 

Asp10-Tyr36 

Asp11-Tyr36 

Ala12-Tyr36 

Ser13-Tyr36 

  3346 

  3229 

3113 

3042 

Gly9-Asp10 

Asp10-Asp11 

Asp11-Ala12 

Ala12-Ser13 
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Figure 3.11. Schematic showing cleavage sites for meprin β and KBB on A) PYY3-36 and B) PYY3-36 Asp10. Blue lines indicate cleavage sites 

found during PYY3-36 breakdown, while red lines indicate cleavage sites when an Asp substitution is made at position 10. 
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3.4.6 Effect of NEP and meprin β inhibition on PYY3-36 degradation in vitro 

 

3.4.6.1 Effect of NEP and meprin β inhibition on KBB-induced PYY3-36 degradation  

 

Subsequently the effect of the NEP inhibitor phosphoramidon on PYY3-36 degradation by 

KBB membranes was tested. KBB membranes express NEP at high concentrations, and 

were used as in situ model for meprin β activity (Sterchi et al., 2008). The NEP inhibitor 

phosphoramidon (10nmol) prevented NEP-induced degradation of PYY3-36 by 95 ±5% 

and the accumulation of peptide fragments in vitro (n=2, see fig 3.12). Pre-treatment with 

phosphoramidon (100nmol) prevented KBB-induced PYY3-36 degradation by 

approximately 36 ±13% (n=2, see fig. 3.13). In this experiment, a second peak was 

observed corresponding to phosphoramidon. Since this peak was observed in a control run 

in which phosphoramidon was incubated with KBB (but not PYY3-36) at the same doses, it 

is likely that phosphoramidon itself is hydrolysed by KBB. The effect of the meprin β 

inhibitor actinonin on PYY3-36 degradation by KBB membrane was investigated. The 

meprin inhibitor actinonin prevented meprin β-induced degradation of PYY3-36 by 96 ±2% 

degradation in vitro (n=3; see fig. 3.14) and the subsequent accumulation of PYY11-36, 

PYY12-36 and PYY13-36 as determined by mass spectrometry. Pre-treatment with 

actinonin (100nmol) prevented KBB-induced PYY3-36 degradation by approximately 

100% (n=3, see table 3.7). We also investigated whether the inhibition of meprin B within 

KBB prevents the accumulation of the peptide fragments observed using mass 

spectrometry. Incubation of actinonin (100nmol) with KBB and PYY3-36 over 15 min 

prevented cleavage at Glu10-Asp11 and the subsequent appearance of PYY11-36, but did 

not prevent the appearance of PYY15-36. However, as MALDI-ToF is not a quantitative 

technique, this result did not confirm that inhibition of meprin β-induced degradation 

results in a reduction in the amount of a specific peptide fragment. 
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Figure 3.12. Representative reverse-phase HPLC absorption profile following in vitro digestion of 

2nmol PYY3-36 with 200ng NEP or 200ng NEP & 10nmol phosphoramidon for 30 min at 37°C. 200ng 

NEP only and 10nmol phosphoramidon alone were run as controls. Digests were analysed by HPLC on a 15-

60% water/acetonitrile gradient over 35 min. Peptide fragments were detected by spectrophotometry at a 

wavelength of 214nm. 
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Figure 3.13. Representative reverse-phase HPLC absorption profile following in vitro digestion of 

2nmol PYY3-36 with 1.25mg/ml KBB or 1.25mg/ml KBB & 100nmol phosphoramidon for 30 min at 

37°C. 1.25mg/ml KBB only and 100nmol phosphoramidon alone were run as controls. Digests were analysed 

by HPLC on a 15-60% water/acetonitrile gradient over 35 min. Peptide fragments were detected by 

spectrophotometry at a wavelength of 214nm. 
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Figure 3.14. Representative reverse-phase HPLC absorption profile following in vitro digestion of 

2nmol PYY3-36 with 200ng meprin β or 200ng meprin β & 10nmol actinonin for 30 min at 37°C. 

200ng meprin β only and 10nmol actinonin only were run as controls. Digests were analysed by HPLC 

on a 20-35% water/acetonitrile gradient over 35 min (5-40 min). Peptide fragments were detected by 

spectrophotometry at a wavelength of 214nm. 
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Figure 3.15. Representative reverse-phase HPLC absorption profile following in vitro digestion of 

2nmol PYY3-36 with 1.25mg/ml KBB or 1.25mg/ml KBB with 50/100nmol actinonin for 30 min at 

37°C. 1.25mg/ml KBB only, 50nmol and 100nmol actinonin only were run as controls. Digests were analysed 

by HPLC on a 20-35% water/acetonitrile gradient over 35 min (5-40 min). Peptide fragments were detected 

by spectrophotometry at a wavelength of 214nm. 
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3.4.7 Effect of NEP and meprin β inhibition on PYY3-36 bioactivity 

3.4.7.1 Effect of phosphoramidon on PYY3-36 bioactivity in vivo 

 

In order to determine the role of NEP in the clearance and subsequent bioactivity of PYY3-

36 in vivo phosphoramidon (20mg/kg) was subcutaneously co-administered with PYY3-36 

(50nmol/kg) to fasted mice and the effect on food intake measured at 1h, 2h, 3h, 4h and 8h 

(n=10, see fig. 3.16). PYY3-36 significantly reduced food intake at 0-1h and 1-2h post-

injection. PYY3-36 did not alter food intake significantly at any other time point observed. 

PYY3-36 co-administered with phosphoramidon significantly reduced food intake 0-1h, 1-

2h, 2-3h and 2-4h post-injection. At 4-8h there were no significant differences between 

groups. Phosphoramidon alone significantly reduced food intake at 1-2h post-injection (see 

fig. 3.16).  
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Figure 3.16.  Effect of phosphoramidon (20mg/kg; sc) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and phosphoramidon alone (20mg/kg, sc) on food intake at 0-1h, 1-2h, 

2-3h, 4-8h and 8-24h post-injection. Results are means ± SEM. ***p < 0.001 vs. saline, **p < 0.01 vs. 

saline, *p < 0.05 vs. saline (ANOVA with post-hoc Tukey‟s multiple comparison adjustment), n = 10. 
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PYY3-36 significantly reduced cumulative food intake over 8h post-administration. PYY3-

36 co-administered with phosphoramidon significantly reduced cumulative food intake 

over 8h post-administration. Phosphoramidon significantly reduced cumulative food intake 

over 2 h post-administration [0-2 h food intake (g) 1 ±0.07 (saline), 0.8 ±0.06 

(phosphoramidon) (p<0.05 vs saline), data not shown]. 
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Figure 3.17.  Effect of phosphoramidon (20mg/kg; ip) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and phosphoramidon (20mg/kg; ip) alone on cumulative food intake 

over 8h. Results are means ± SEM. **p<0.01 PYY3-36 & phosphoramidon vs saline, ***p<0.001 PYY3-36 

and PYY3-36 & phosphoramidon vs. saline (General Estimating equation (GEE) using Mann-Whitney U test 

for equal variances), n = 10. 
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Figure 3.18.  Effect of phosphoramidon (20mg/kg; ip) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and phosphoramidon (20mg/kg; ip) alone on cumulative food intake 

over 8h. Results are means ± SEM. **p<0.01 PYY3-36 or PYY3-36 & phosphoramidon vs saline (GEE 

using Mann-Whitney U test for equal variances), n = 10. 

 

3.4.7.2 Effect of actinonin on PYY3-36 plasma levels in vivo 

 

The effect of actinonin on PYY3-36 plasma levels was tested in mice that were fasted for 

four hours prior to the study. At 0, 20, 60 and 90 min post-administration, 50nmol/kg 

actinonin had no effect on PYY3-36 IR, with basal circulating levels (<100pmol/L) found 

at all time points observed (see fig. 3.19). At 0 min, actinonin administered with PYY3-36 

resulted in a trend towards an increase in PYY3-36 IR compared to controls administered 

PYY3-36 only. At 20 and 60 min, mice administered actinonin with PYY3-36 had 

significantly higher circulating levels of PYY3-36 IR. At 90 min post-administration there 

were no significant differences between PYY3-36 and PYY3-36 & actinonin treatment 

groups. 
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Figure 3.19. Effect of actinonin (20mg/kg, ip) on plasma PYY1-36/PYY3-36 IR at 20, 60 and 90 min 

after PYY3-36 injection (100nmol/kg, sc) in mice. Actinonin (20mg/kg) administered as a control. Results 

are means ± SEM. **p < 0.001 vs PYY3-36 (ANOVA with post-hoc Dunnett‟s adjustment), n = 8-12. 

 

3.4.7.3 Effect of actinonin on PYY3-36 induced bioactivity in vivo 

 

To determine the role of meprin β in the clearance and subsequent bioactivity of PYY3-36 

in vivo, actinonin (20mg/kg or 40mg/kg) was subcutaneously co-administered with PYY3-

36 (50nmol/kg) to fasted mice and the effect on food intake measured at 1h, 2h, 3h, 4h and 

6h post-injection (n=8-12, see fig. 3.20).  PYY3-36 significantly reduced food intake at 0-

1h and 1-2 h post-injection. PYY3-36 co-administered with 20mg/kg actinonin 

significantly reduced food intake at 0-1h, 1-2h and 2-4h post-injection. PYY3-36 

administered with 40mg/kg actinonin significantly reduced food intake at 0-1h, 1-2h, 2-3h 

and 2-4h post-injection. There were no significant differences between groups at 4-6h post-

injection. 
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Figure 3.20. Effect of actinonin (20 or 40mg/kg; ip) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and actinonin (20 or 40mg/kg; ip) on food intake at A: 0-1h, B: 1-2h, C: 

2-4h, and D: 4-6h post-injection. Results are means ± SEM. *p < 0.05 vs. saline, **p < 0.01 vs. saline, ***p 

< 0.001 vs. saline (ANOVA with post-hoc Tukey‟s multiple comparison adjustment), n =10. 

PYY3-36 administered alone and PYY3-36 administered with actinonin at both doses 

significantly reduced cumulative food intake over 6h compared to saline. Interestingly, 

PYY3-36 administered with 40mg/kg actinonin significantly reduced food intake compared 

to PYY3-36 administered alone. Actinonin administered at 20mg/kg or 40mg/kg had no 

effect on food intake at any interval, but significantly reduced cumulative 0-6h food intake  

(see fig. 3.21 & 3.22).  
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Figure 3.21.  Effect of actinonin (20 or 40mg/kg; ip) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and actinonin (20 or 40mg/kg; ip) alone on cumulative food intake over 

6h. Results are means ± SEM. *p<0.05 40mg/kg actinonin vs saline, **p<0.01 20mg/kg actinonin vs saline, 

***p<0.001 PYY3-36, PYY3-36 & 20mg/kg actinonin, PYY3-36 & 40mg/kg actinonin vs saline, #p<0.05 

PYY3-36 & 40mg/kg actinonin vs PYY3-36 (GEE with Mann-Whitney U test for equal variances), n = 10. 
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Figure 3.22. Effect of actinonin (20 or 40mg/kg; ip) co-administered with PYY3-36 (50nmol/kg; sc), 

PYY3-36 alone (50nmol/kg; sc) and actinonin (20 or 40mg/kg; ip) alone on cumulative food intake over 

6h. Results are means ± SEM. *p<0.05 40mg/kg actinonin vs saline, **p<0.01 20mg/kg actinonin vs saline, 

***p<0.001 vs saline, #p<0.05 vs PYY3-36 (GEE with Mann-Whitney U test for equal variances), n = 10. 

 

3.5 Discussion 

 

PYY3-36 is thought to be a key hormone in the regulation of satiety, and its role in appetite 

and obesity has been widely studied (Batterham et al., 2002; Chaudhri et al., 2008; 

Boggiano et al., 2005; Small and Bloom, 2005; Chandarana and Batterham, 2008). These 

studies aimed to exploit its anorectic effects through the development of long-acting 

protease-resistant PYY analogues and/or the use of specific enzyme inhibitors to prolong 

the half-disappearance time of native PYY3-36. In order to develop this strategy it is first 

necessary to understand the biological mechanisms of the inactivation and processing of 

PYY3-36. Identifying the enzymes which catalyse the physiological breakdown of PYY3-

36 will aid the future development of analogues resistant to these peptidases. The kidney is 

thought to be a major proteolytic centre for other regulatory peptides such as atrial 

natriuretic peptides and endothelins (Medeiros and Turner, 1994). Study of the kidney is 

also relevant to PYY analogue development since subcutaneously administered peptide is 

likely to bypass hepatic „first pass‟ metabolism and will therefore be subject to renal 

metabolism (Fauchere JL and Thurieau, 1992). Zn metalloendopeptidases that degrade 

regulatory peptides, such as NEP and the meprins are concentrated on the KBB within the 

proximal convoluted tubule. These enzymes are thought to allow sequestration of amino 
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acids from the glomerular filtrate and also the inactivation of peptides before reabsorption 

(Carone et al., 1984). As these enzymes are mostly ubiquitously expressed plasma 

membrane peptidases, but are concentrated in microvilli within the glomerular tubule, the 

kidney brush border membrane is a useful model to study protease degradation for drug 

development (Fauchere JL and Thurieau, 1992).  Therefore knowledge of the renal 

enzymes important in the inactivation of PYY3-36 might help to identify specific cleavage 

sites which can then be altered allowing development of protease-resistant analogues.  This 

work aimed to study the effects of cell-surface metalloendopeptidases expressed in the 

KBB on PYY3-36 breakdown.  

 

Rat models of acute unilateral and bilateral kidney failure, which exhibited the expected 

rise in creatinine levels (a marker of kidney failure), showed a reduction in the removal of 

intact PYY3-36 from the circulation. PYY/PYY3-36 radioimmunoassay revealed a 

significant increase in plasma PYY3-36 IR at 30 min post-injection of PYY3-36. The 

radioimmunoassay used detects both PYY and PYY3-36. In order to ensure that the 

quantification of PYY3-36 was not confounded by differences in endogenous circulating 

PYY, the animals were fasted prior to the study, which reduces circulating PYY3-36 

(Adrian et al., 1985). Since a bolus dose of PYY3-36 was given iv, it is extremely likely 

that PYY3-36 is the form of PYY-immunoreactivity detected by the radioimmunoassay in 

these plasma samples. Bilateral nephrectomy resulted in a significant percentage increase in 

PYY3-36 plasma levels at 15 and 30 min post-injection. However, by 60 min, PYY3-36 

levels were reduced in bilaterally-nephrectomised rats to levels observed in sham-operated 

rats. This suggests that the kidney is not the sole anatomical site for PYY3-36 removal. As 

a relatively small peptide, PYY3-36 is likely to be subject to glomerular filtration and 

processing by peptidases within the brush borders of the proximal tubule for sequestration 

of amino acids (Carone et al., 1984). It is likely that iv-administered peptide is also subject 

to degradation by ubiquitous plasma membrane peptidases expressed in subcutaneous 

tissue, and in the epithelial cells of the blood vessel walls (Fauchere JL and Thurieau, 

1992). 
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To study this further, I investigated the effects of purified plasma membrane Zn 

metalloendopeptidases previously implicated as potential candidates in PYY degradation. 

NEP was not as effective at degrading PYY3-36 as it was for the positive controls GnRH 

and PP, suggesting it may not be a key player in degradation of intact PYY3-36. Increasing 

the dose of NEP resulted in slight, but not marked increases in the degradation of PYY3-36, 

with 2-fold and 4-fold increases in enzyme concentration only resulting in a less than 10% 

increase in degradation. NEP appeared to be more effective in degrading PYY3-36 after 

longer incubation times. A time-course of NEP incubation with PYY3-36 revealed a 

marked increase in degradation between 2 and 4 hours, as at 2 hours NEP resulted in 15% 

degradation of PYY3-36 whereas at 4 hours 62% degradation was observed. After 4 hours 

a concomitant increase in the number of peaks that eluted at earlier time points could also 

be observed, suggesting an increase in the number of breakdown products. My findings 

contrast with those of Medeiros & Turner, who found a similar concentration of NEP 

resulted in an almost complete (88%) hydrolysis of PYY1-36 in two hours. This may be 

explained by differences in the enzyme; my studies used a commercially-available 

recombinant human NEP and those of Medeiros & Turner used NEP isolated from pig 

cortices (Medeiros and Turner, 1994). Additionally, PYY1-36 and PYY3-36 exhibit 

markedly different 3D conformations, and the tertiary structure of PYY1-36 may be more 

prone to NEP-induced catabolism, though this remains to be investigated.  

 

In order to clarify the validity of these findings, the role of NEP in PYY3-36 degradation in 

situ and in vivo was investigated using the specific NEP inhibitor, phosphoramidon 

(Ki=2nM) (Bertenshaw et al., 2001). The fact that phosphoramidon partially prevents 

degradation of PYY3-36 by KBB membrane suggested a potential physiological role for 

NEP in the degradation of PYY3-36. However, mass-spectrometry analysis did not reveal 

any viable peptide fragments after incubation with NEP, which provided a similar result to 

incubation of PYY3-36 with NEP incubation, ie. only very few breakdown products could 

be detected. Phosphoramidon partially prevented degradation of PYY3-36 by KBB 

membranes, which led me to investigate whether phosphoramidon is able to prolong the 

anorectic effect of PYY3-36 in vivo. Both PYY3-36 and PYY3-36/phosphoramidon-treated 

groups exhibited a reduction in food intake over 8 hours. Interestingly, mice co-
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administered phosphoramidon with PYY3-36 ate significantly less in the 2-3 hour and 2-4 

hour intervals post-injection compared to saline-treated mice, while mice treated with 

PYY3-36 did not exhibit a reduction in food intake at these intervals. However, animals 

treated with phosphoramidon alone also exhibited a reduction in food intake, though only 

during the 2
nd

 hour post injection. During the refeeding period, phosphoramidon may 

prevent the degradation of other endogenous anorectic gut hormones such as GLP-1 

(Plamboeck et al., 2005) or PP (Minnion et. al., unpublished findings). Taken together, 

these results suggest that NEP does not readily breakdown PYY3-36 in vitro, yet 

inactivation of NEP slightly prolongs the effect of PYY3-36 on food intake. Considering 

the fact that NEP has a predominantly time-dependent effect on PYY3-36 in vitro and 

minimal effects on PYY3-36 degradation in vivo, it is possible that NEP may be important 

in sequential cleavage of bioactive fragments of PYY3-36. In accord with a role for NEP in 

such sequential cleavage reactions, a recent study showed that NEP will only cleave the 

natriuretic hormone, B-type natriuretic peptide (BNP) after it has been metabolised by 

meprin A (Pankow et al., 2007).  

 

Unlike NEP, human recombinant meprin β has a potent dose- and time-dependent effect on 

PYY3-36. A previous study suggested that meprin B cleaves PYY at Glu10-Asp11 

(Bertenshaw et al., 2001). Since meprin B is a homologue of meprin β subunits, it is likely 

that these subunits would behave identically in vivo. I undertook further investigations 

using different time points, which revealed that PYY3-36 is susceptible to meprin β 

cleavage at a number of sites. The first site at which meprin β cleaves PYY3-36 was Glu10-

Asp11, followed by Asp11-Ala12 and Ala12-Ser13. This is consistent with the specificity 

of the active site of meprin B, which prefers acidic amino acids in positions near and 

adjacent to its cleavage site (Bertenshaw et al., 2001).  Peptide fragments found after 

incubation of KBB with PYY3-36 were consistent with those found after incubation with 

meprin β, but not with the breakdown product found after incubation with NEP. PYY11-36 

and PYY13-36 were the common products for all time points observed, while PYY13-36 

was found at the 30 min incubation time point. An analogue with an Asp substitution at 

position 10 was used to determine whether the introduction of another Asp would increase 

the number of meprin β specific cleavage sites on PYY3-36, since Asp is highly preferred 
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by the active site of meprin β (Bertenshaw et al., 2001).  Furthermore, since Glu is the 

native amino acid at position 10, it could be assumed that an Asp substitution would not 

severely alter the tertiary structure of PYY3-36, and therefore its general ability to interact 

with an enzyme. Meprin β cleaved PYY3-36 Asp10 at Gly9-Asp10 which was also 

observed after incubation of PYY3-36 Asp10 with KBB. All peptide fragments found after 

meprin β incubation were also found after KBB incubation, suggesting that endogenous 

meprin β behaves similarly to recombinant meprin β in vitro. Meprin β also cleaves PYY3-

36 Asp10 at the sites on which it cleaves PYY3-36, but the associated peptide fragments, 

PYY12-36 and PYY13-36 were observed more readily, suggesting that Asp is also 

beneficial for the steric requirements of meprin β at positions upstream and downstream of 

the P1‟ position. This data supports further investigation into whether substitution of 

negatively charged amino acids at key sites within PYY3-36 may protect against meprin β-

induced degradation.  

 

The meprin β inhibitor actinonin (Ki 1.7µM) completely prevented PYY3-36 degradation 

by KBB in vitro, which implies that inhibition of this enzyme within KBB membranes 

prevents the ability of KBB to breakdown PYY3-36. This data is unsurprising considering 

that meprin expression in the kidney brush borders is second only to actin in abundance 

(Sterchi et al., 2008). The degradation of PYY3-36 by KBB can therefore be viewed as a 

model for meprin β-induced degradation. These findings are in contrast to the fact that 

phosphoramidon only resulted in partial prevention of PYY3-36 degradation by KBB and 

are in line with the results of the dose-response and time course studies, which showed that 

meprin β was more effective in degrading PYY3-36 in vitro. The inhibition of meprin α by 

actinonin is unlikely to play a role in KBB-induced degradation of PYY3-36 as the enzyme 

meprin A, a homooligomer of meprin α subunits, has not been reported to cleave PYY in 

vitro (Bertenshaw et al., 2001). In vivo, meprin α is secreted as a homooligomer but is also 

found as a heterooligomer in association with meprin β in the plasma membrane of the 

apical brush border of the renal epithelium. The role of meprin α heterooligomers in PYY3-

36 degradation remains to be fully clarified, and it is feasible that meprin α/β heter-

oligomers could also account for KBB-induced degradation of PYY3-36. Until analogues 

of actinonin that are able to differentially target α and β subunits are developed, this 
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objective remains unfeasible (Kruse et al., 2004). Nevertheless, since the use of actinonin in 

characterizing the role of meprins in vivo is recognized by other laboratories and actinonin 

does not inhibit any known enzymes able to cleave PYY3-36, the role of meprin β in 

PYY3-36 degradation was further investigated (Sterchi et al., 2008).  

 

The fact that KBB-mediated PYY3-36 degradation is highly sensitive to the actions of 

actinonin prompted further investigation into the role of meprin β in the in vivo bioactivity 

of PYY3-36. The effect of actinonin on PYY3-36 plasma levels was investigated in order 

to determine whether meprin β may play a role in PYY3-36 degradation in vivo. Mice 

administered actinonin with PYY3-36 had significantly higher plasma PYY levels at 20 

and 60 min compared to mice administered PYY3-36 alone. Since dual administration of 

actinonin and PYY3-36 resulted in an increase in PYY-like immunoreactivity in mice, we 

hypothesized that meprin β inhibition could prolong the effect of PYY3-36 on food intake. 

Subsequently, we found that dual actinonin/PYY3-36 administration prolonged the 

anorectic effect of PYY3-36 between 2-4 hours post-injection, as PYY3-36 alone was no 

longer effective at reducing food intake after 2 hours and actinonin administered alone had 

no effect on feeding at this time point. Interestingly, mice treated with PYY3-36 and 

40mg/kg actinonin showed a significant reduction in cumulative food intake over 6 hours 

compared to mice administered PYY3-36 only, which suggests that actinonin may have 

potential in alleviating the degradation of PYY3-36 and enhancing its bioactivity. 

Actinonin administered on its own resulted in a trend towards a reduction in food intake at 

the later time point (4-6h) and a significant decrease in cumulative food intake over 6 h 

compared to saline, which may reflect the elevation of endogenous postprandial anorectic 

gut hormones by actinonin, which would peak shortly after refeeding. The fact that 

actinonin allows PYY3-36 levels to remain elevated for longer may explain the dual effect 

of actinonin and PYY3-36 on food intake.  However, the effect of actinonin on re-feeding 

induced release of PYY3-36, as well as other anorectic gut hormones, including GLP-1, 

OXM and PP, needs to be further investigated to determine whether actinonin may be 

useful in manipulating circulating levels of gut hormones.  
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Taken together, these findings support a potential role for meprin β in the degradation of 

PYY3-36, and provide impetus for further investigation into using meprin inhibitors as a 

therapeutic intervention to prolong the half-life of PYY3-36 and/or designing meprin-

resistant PYY3-36 analogues. 
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4 Chapter Four: Development of 

PYY3-36 analogues: modifications to 

3D structure and use of a metal ion 

delivery system to promote slow 

release 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



218 

 

4.1 Introduction 

 

4.1.1 Evidence for therapeutic potential of PYY3-36 

 

As discussed in Chapter 2, mimicking the chronic elevation of circulating PYY achieved by 

bariatric surgery is a potential therapeutic approach for obesity (Korner et al., 2005; Le 

Roux et al., 2006a). A number of studies in humans have explored the therapeutic potential 

of PYY3-36 administration in reducing appetite, and have drawn a number of conclusions. 

Batterham and co-workers reported that iv infusion of PYY3-36 in normal-weight human 

volunteers reduced caloric intake by 36% during a buffet meal presented 2 hours post-

infusion, compared to saline-infused volunteers. Food diaries indicated that PYY3-36 

significantly reduced cumulative food intake by 33% compared to saline controls over 24h 

post-infusion (Batterham et al., 2002). The dose used in this study, 0.8pmol/kg/min over 90 

min (eg. 5040pmol in total for a 70kg man), resulted in plasma levels of around 43.5pmol/L 

over 30 min post-infusion, which is similar to the postprandial PYY3-36 levels of 

approximately 50pmol/L as reported by Grandt et al (Grandt et al., 1992). These results 

therefore suggested that physiological levels of PYY3-36 achieved during an infusion can 

inhibit cumulative food intake over 24h. However, PYY3-36 is quickly degraded when 

administered iv, with plasma levels returning to basal after 30 min post-infusion to humans. 

This is in line with the reported half-life of PYY3-36, which is 11 min in the dog and 8 min 

in the rat (Lluis et al., 1989; Pappas et al., 1985).  A study by Le Roux and co-workers 

examining the effects of a 90 min infusion of graded doses of PYY3-36 (0.2, 0.4, 0.5, 0.6, 

0.7 and 0.8 pmol/kg/min), found a significant correlation between dose and plasma levels 

of PYY3-36, and a dose-dependent reduction in caloric intake in normal weight subjects 

(Le Roux et al., 2006b). A similar study was carried out in normal weight volunteers, 

assessing the effects of 0.2, 0.4 and 0.8pmol/kg/min infused over 120 min on appetite and 

food intake. This study suggested that the low dose produced plasma levels (approximately 

50pmol/L) within the physiological range and had little effect on food intake, but the higher 

doses resulted in increased, pharmacological plasma levels (around 136pmol/L for the 

0.8pmol/kg/min dose) of PYY3-36, which is in contrast to what was previously reported in 

the two previous studies. The authors found that 0.8pmol/kg/min PYY3-36 resulted in a 
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32% reduction in caloric intake. However, this dose also resulted in an increase in adverse 

events, including abdominal discomfort, nausea and vomiting (Degen et al., 2005). 

Similarly, Le Roux and co-workers showed that iv infusion of PYY3-36 (1pmol/kg/min 

over 90 min), which resulted in supraphysiological plasma concentrations of PYY3-36 (up 

to 140pmol/L), resulted in nausea in 5 out of 6 normal-weight subjects, without any further 

reduction in caloric intake over that observed using lower doses (Le Roux et al., 2008). In 

agreement with the other PYY3-36 human infusion studies, Sloth and colleagues found that 

a 0.2 pmol/kg/min infusion of PYY3-36 had no effect on food intake and no adverse effects 

in normal weight and obese volunteers. A dose of 0.8 pmol/kg/min PYY3-36 resulted in 

peak plasma levels of around 160pmol/L and significantly reduced caloric intake by around 

19% compared to controls. However, this infusion also resulted in adverse effects including 

nausea and abdominal discomfort, though these were not reported when the test meal was 

received. The similar doses of PYY3-36 appear to result in variable plasma levels achieved 

by different laboratories, which may be due to differences in study protocol, subjects or 

plasma hormone assays. However, the fact that both studies achieving higher plasma levels 

of PYY3-36 report adverse effects in their volunteers suggests that supraphysiological 

PYY3-36 plasma levels should be avoided in the development of PYY3-36 as a therapeutic 

agent (Sloth et al., 2007b).  

 

Batterham and co-workers were first to report that PYY significantly reduced food intake in 

obese subjects. They found that a dose of 2nmol/kg mean surface area reduced food intake 

by around 30% after a 90min infusion (which produced plasma levels of around 57pmol/L) 

and significantly reduced 24h cumulative food intake  (Batterham et al., 2003a). Whether 

PYY circulates at lower levels in the obese, and whether obese patients exhibit a blunted 

postprandial rise in PYY is controversial. A summary of observed fasting and postprandial 

PYY plasma levels in the lean and obese is summarised in table 4.1.  Interestingly, in obese 

male volunteers, graded doses of PYY3-36 (25-100pmol/kg lean body mass) injected daily 

via the subcutaneous route over 5 days significantly decreased satiety and hunger scores 

without causing nausea, but did not significantly reduce food intake. The protocol followed 

in this study, which was to gradually increase the dose of PYY3-36 over 5 days, may 

promote tolerance to PYY3-36 (Sloth et al., 2007a). It is also possible that the doses used in 
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this study were insufficiently high to elicit a significant reduction in food intake. Merck 

Research Laboratories investigated the effects of intranasal administered PYY3-36 to obese 

patients 3 times daily over 12 weeks, at doses of 200µg or 600µg dose, achieving maximal 

plasma levels of around 43pmol/L and 106pmol/L respectively. Although the low dose 

group exhibited a mean weight loss of around 2kg over 12 weeks, 29.5% and 9.1% of the 

patients reported at least one episode of nausea and vomiting respectively, while 70% of the 

patients in the 600µg group discontinued the study due to adverse effects (Gantz et al., 

2007). In general, low doses of PYY3-36 do not cause nausea or substantially inhibit food 

intake, whereas doses producing higher levels of PYY3-36 inhibit food intake and result in 

acute adverse effects. Therefore, although PYY3-36 is promising in terms of its ability to 

reduce appetite in obese humans, it is evident that its therapeutic window is extremely 

narrow, and is likely to be sensitive to a variety of factors. 

 

 

I therefore hypothesized that developing an analogue with a more long-lasting effect on 

food intake, and that could be administered in a way that would allow slower, more 

sustained release, may prevent the side effects associated with PYY3-36 administration. 

Developing an analogue in such a way may allow lower doses to be used that circumvent 

the nausea threshold, but still achieve a pharmacological effect at Y2R. Activation of 

biological pathways that elicit nausea may decline when PYY3-36 is administered 

chronically, particularly if its appearance in the circulation is slow and sustained. For 

example, in a 20 week drug trial, although sc administration of the GLP-1 analogue 

liraglutide resulted in nausea, 80% of nausea events occurred in the first 4 weeks of the 

study, and declined over the remaining 16 weeks. This behavioural tolerance to nausea may 

be aided by the stable, steady levels of circulating liraglutide achieved due to its markedly 

increased half-life of about 13h (compared to the 1-2 min half-life of GLP-1) (Astrup et al., 

2009).  

 

 

 

 



221 

 

 

 

Author & Publication 

date 

PYY (pmol/L) plasma levels 

Obese Lean Bariatric surgery 

Fasted 

Post-

prandial Fasted 

Post-

prandial Fasted 

Post-

prandial 

(Batterham et al., 

2003a) 10.2 ±0.7 14.4 ±1.2 16.9 ±0.8 23.5 ±0.9 - - 

(Le Roux et al., 2006b) 7.1 ±1.3 - 9.3 ± 0.6 - - - 

(Pfluger et al., 2007) 10.8 ±0.9 - 12.9 ±1.1 - - - 

(Le Roux et al., 2006a) 13.8 ±7.1 16 ±8.1 15.4 ±8.3 23.7 ±9.5 18.5 ±5.2 40.4 ±7.8 

Table 4.1. Summary PYY3-36 levels (pmol/L) in either fasted (12h overnight fast) or postprandial (30 

min after a buffet meal for Batterham et al 2003., and 90 min after a 420 calorie meal for Le Roux et al. 

2006) obese and lean patients, and in obese patients that had undergone Roux-En-Y gastric banding 

(RYGB) surgery 6-36 months before the study. Data is included from four separate studies. Only data from 

studies which quoted values for plasma levels are included. Conversion from metric units (pg/ml) to Systeme 

International units (pmol/L) was performed using the conversion factor 0.25 for PYY. 

4.1.2 Development of a PYY3-36 analogue with an altered α-helix 

 

The α-helix is the most common motif in protein secondary structures and is involved in the 

folding and stability of peptide/protein structures, and thus bioactivity. For example, the α-

helical C-terminal region of GLP-1 binds and activates GLP-1R (Adelhorst et al., 1994; 

Runge et al., 2007). Exendin-4, a hormone found in the saliva of the Gila monster binds 

and activates GLP1-R with higher affinity and potency respectively. The central region of 
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exendin-4 (residues 11-27), which shares four identical residues with GLP-1, adopts an α-

helical secondary structure which is important in the enhanced GLP1-R bioactivity of 

exendin-4 (Goke et al., 1993; Runge et al., 2008; Runge et al., 2007). Interestingly, these α-

helical regions in exendin-4 and GLP-1 share homology with an α-helical region in 

latrotoxin (LT), which is a protein isolated from the venom of the black widow spider, 

Latrodectus tredecimguttatus. LT is a toxin that causes spontaneous discharge of 

neurotransmitters from motor and sensory neurones, resulting in latrodectism, which 

involves neuromuscular pain and cardiovascular symptoms in humans following 

Latrodectus spider bites (Ushkaryov, 2002). LT also has „GLP-1-like‟ effects on the 

endocrine system, which include increasing intracellular calcium (Ca
2+

i), and initiating 

insulin exocytosis (Holz and Habener, 1998; Davletov et al., 1998; Lang et al., 1998).   

Residues 970-981 of LT, which are found in the hypothesized GLP-1R binding domain, 

share considerable homology with residues 17-28 of the α-helical region of Exendin-4 

(Holz and Habener, 1998). This region of LT is also found in the latroinsectoxin (LIT) 

protein, which is another protein derived from Latrodectus, but which is able to stimulate 

neurotransmitter release at insect neuromuscular junctions (Holz et al., 2000). A chimeric 

GLP-1 peptide, in which residues 17-28 were substituted with the α-helical region of 

residues 970-981 of LT, maintained the ability of endogenous GLP-1 to stimulate an 

increase in intracellular Ca
2+

 concentration and insulin secretion from human β-cells and 

insulinoma cells. This suggests that the homologous α-helical epitopes within Exendin-4, 

GLP-1 and LT are important in their bioactivity, possible through the stabilising effects of 

this α-helical region. Subsequently, I chose to investigate whether substitution of residues 

16-23 of the α-helix of PYY3-36 with a combination of residues from LT (970-981) and 

LIT (952-962), to create the analogue PYY3-36-αLT, would affect the bioactivity of 

PYY3-36 in vivo. The affinity of PYY3-36αLT at the Y2R, the effects on food intake and 

the clearance of this peptide were therefore examined. 

 

4.1.3 Use of a metal ion delivery system in developing a slow-release 

administration regime for PYY3-36 analogues 

 

PYY3-36 is soluble at neutral physiological pH (around pH7), which is the pH found in the 

subcutaneous space and blood, both potential sites for PYY3-36 and PYY3-36 analogue 
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administration. The isoelectric point of a peptide is the pH at which the peptide has no net 

charge and, as a result, is more likely to precipitate out of solution. Altering the solubility 

of a peptide by modifying its isoelectric point, for instance through increasing the number 

of charged residues in its amino acid sequence, can allow the peptide to precipitate in vivo. 

This precipitation out of solution may increase the duration of action of the peptide, by 

increasing the time it takes for a peptide to fully dissolve and enter the circulation. For 

instance, a peptide administered sc may exhibit slow, sustained release into the circulation 

if it has an isoelectric point near physiological pH, due to the formation of a subcutaneous 

depot of precipitated peptide. This method has been used in the development of the long-

acting insulin analogue glargine, which has two positively charged Arg amino acids 

introduced to the β chain causing a shift in the isoelectric point from 5.4 to 6.7. This results 

in precipitation at the site of injection, and a steady, sustained, „peakless‟ release of insulin 

glargine in humans (Lepore et al., 2000). 

 

 

Another method that utilizes a similar concept is the administration of the peptide in 

combination with a metal salt solution. Zin (Zn) salts are most commonly used and are able 

to prolong the duration of bioactivity of several peptides (HOMAN et al., 1954; Gietz et al., 

2000; Brange and Langkjaer, 1997). Zn ions are able to bind to charged His residues to 

form a Zn-peptide precipitate complex. Zn, and the other transition metals, copper and 

nickel have also been shown to complex with luteinizing hormone-releasing hormone 

(LHRH) at physiological pH mainly by binding to its His residue (Bal et al., 1989; Gerega 

et al., 1988).  Zn has been used in the development of a number of pharmaceutical insulin 

formulations. Interestingly, Zn may play a physiological role in insulin storage. Within β-

cells of the pancreas, the insulin precursor molecule, proinsulin, readily dimerizes. These 

proinsulin dimers form hexamers through interactions between peptide His residues and Zn 

(see fig. 4.1). Proinsulin hexamers undergo proteolysis, resulting in insulin hexamers, 

which exhibit crystallisation and reduced solubility. This Zn-insulin hexamerization is a 

well-known insulin storage mechanism (Brange, 1994; Ashcroft and Ashcroft, 1992). 

Hexameric insulin suspensions are used for diabetes treatment. These formulations are 

administered sc, and, due to the decreased solubility at physiological pH, are longer acting 
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and are absorbed more slowly than native insulin (Brange and Langkjaer, 1997; Owens, 

2002). In the presence of excess Zn at physiological pH, insulin hexamers can also form 

complex rhombohedral crystal structures that further reduce insulin solubility, and which 

have been used in the formulation of long-acting insulin treatments (Brange and Langkjaer, 

1997; Owens et al., 2001). On these grounds, I investigated whether administering PYY3-

36 or PYY3-36 analogues substituted with His with Zn enhances their ability to precipitate 

at physiological pH, and whether this reduces the clearance of these peptides in vivo, 

prolonging their bioactivity.  

 

 

Figure 4.1. Computer generated image of the insulin hexamer. Three insulin dimers are hexamerized 

through interactions between His residues of insulin peptides and Zn ions (Dunn, 2005). 

 

4.2 Hypotheses & Aims  

 

I hypothesized that substitution of part of the α-helical domain of PYY3-36 with the αLT 

sequence would enhance the bioactivity of PYY3-36, as the literature suggested that 

stabilizing the α-helix and 3D conformation of PYY3-36 may be beneficial in analogue 

design. Following from these results, I hypothesized that the addition of Pro would prolong 
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the bioactivity of PYY3-36-αLT, due to the enhanced resistance to proteolytic degradation 

and enhanced bioactivity of PYY3-36 N-Pro (see Ch. 2). I subsequently hypothesized that 

the substitution of His residues in PYY3-36-αLT at sites implicated by my previous PYY3-

36 analogue structure/affinity studies would enhance the precipitation of PYY3-36 and 

reduce its clearance from the circulation.  

 

Finally, I hypothesized that the chronic administration of PYY3-36 analogues with Zn to a 

diet-induced obese mouse model would reduce body weight gain without causing tolerance, 

due to a slow-release, steady state pharmacokinetic profile.   

 

Therefore my aims were to investigate the effects of:  

 

 α-LT-substituted PYY3-36 analogues on acute food intake 

 

 α-LT substitutions on the Y2R affinity and pharmacokinetics of PYY3-36  

 

  Zn on the solubility of PYY3-36 analogues at physiological pH 

 

 His-substitutions on the  ability of Zn to modulate that solubility and clearance of 

PYY3-36 analogues  

 

 chronic administration of PYY3-36 analogues with Zn on food intake and body 

weight gain in a diet-induced obese mouse model 

 

 

 

 

 

 

 

 

 

 

 

 



226 

 

 

4.3 Methods 

 

4.3.1 Peptides 

 

 

PYY1-36 and PYY3-36 were purchased from Bachem Ltd (St Helen‟s, UK). Other 

peptides were purchased from Bachem Ltd (UK) or Biomol International LP (Exeter, UK). 

Peptides were synthesized, cleaved and purified as previously described (see Ch. 2, section 

2.3.1.1-4).  

 

4.3.2 PYY3-36 analogue design 

 

 

A common feature of design for all PYY3-36 analogues investigated in this chapter is the 

substitution of an epitope homologous to LTX (970-981), LIT (952-962) and Ex4 (17-28) 

alpha helices at residues 16-23 of PYY3-36. PYY3-36-αLT was therefore the framework 

for the design of the other two analogues investigated (see fig. 4.2). The addition of Pro at 

the N terminus of PYY3-36-αLT, creating PYY3-36-NPro-αLT was carried out due to the 

enhanced bioactivity of PYY3-36-NPro observed in previous studies described in chapter 2 

(see section 2.4.4). The substitution of His at various sites in PYY3-36-αLT was carried out 

at positions in the N terminus, mid-section and C terminus, in order to maximise the 

putative interaction between His and Zn. The selection of amino acid residues for His 

substitution was also carried out according to previous studies described in chapter 2. 

Although His did not improve bioactivity at these positions, analogues substituted with His 

or other positively charged amino acids retained the ability to bind the Y2R and reduce 

food intake. The primary sequences of the analogues investigated are shown in fig 4.2.  
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Peptide Amino acids

Exendin 4 17-28 - E A V R L F I E W L K N -

αLT 970-981 - E I V K Y F V G T L G N -

αLIT 952-962 - E I V K Y F I E K L - N -

Polyproline helix β-turn α-helix Binding hexapeptide

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

PYY3-36 I K P E A P G E D A S P E E L N R Y Y A S L R H Y L N L V T R Q R Y

PYY3-36-αLT I K P E 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

PYY3-36-NPro-αLT P I K P E 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

PYY3-36-NPro-αLT-4H P I H P H A P G E D A S P E E I V H Y F I E L R H Y L N H V T R Q R Y

 

Figure 4.2.  Homologous amino acid sequences of Ex4, αLTX and αLIT are shown with residues that are either identical or conserved in bold. The amino 

acid sequences of PYY3-36 and the analogues designed are shown, with pink shading for the residues substituted with the αLT/LIT sequences, and red 

shading for the residues substituted with His residues. See Appendix I for amino acid codes. 
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4.3.3 PYY3-36 receptor binding assays 

 

The procedure for the preparation of the human Y2R plasmid, Y2R transfection into 

cells, production of Y2R-expressing cell membrane preparation and the human Y2R 

binding assay was described in chapter 2 and is identical to the procedures used for the 

mouse Y2R. The mouse Y2R plasmid was a kind gift from Professor Herbert Herzog 

(University of New South Wales, Australia). The method for the mouse Y2R binding 

assay did not differ from the human Y2R binding assay (see Ch.2, section 2.3.5.3).  

 

 

4.3.4 Animals 

 

Male C57BL/6 mice weighing 20 - 25 g (Charles River, Kent, UK) were used for 

feeding and behavioural studies. Animals were maintained in individual cages under 

controlled temperature (21-23°C) and lights (12:12 h light:dark cycle, lights on at 

0700h). Animals had ad libitum access to water and RM1 diet (Special Diet Services). 

To minimise stress animals were regularly handled and acclimatised to subcutaneous 

(sc) injections. Diet induced obese (DIO) mice weighing 33-40 g were used for the 

chronic feeding studies. This phenotype was generated by allowing C57/BL6 mice ad 

libitum access to high fat diet (energy content: 60% kCal fat, 20% kCal protein, 20% 

kCal carbohydrate; Research Diets Inc., NJ, USA) for 18 weeks prior to the start of the 

study. The mice remained on this diet throughout the chronic studies (Liu 2010). Male 

Wistar rats weighing 150 - 200 g (Charles River) were used for pharmacokinetic 

studies.  These animals were and allowed a minimum acclimatisation period of 72 hours 

before terminal studies. All animal procedures undertaken were approved by the British 

Home Office under the UK Animal (Scientific Procedures) Act 1986 (Project Licence 

70/6402).  
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4.3.5 Acute PYY3-36 analogue feeding studies in mice 

 

Acute feeding studies in mice were carried out as previously described (see Ch.2, 

section 3.4.4). For studies investigating higher doses of PYY3-36 or PYY3-36 

analogues on food intake, food was weighed at 48h post-injection, in addition to being 

weighed at 1h, 2h, 4h, 8h and 24h intervals.  

 

For the low dose PYY3-36-αLT study, mice were administered 20/50nmol/kg PYY3-

36-αLT, saline or 50nmol/kg PYY3-36 (sc, n = 10-12 per group). For the high dose 

PYY3-36-αLT study, mice were administered saline, 500/1000/10000nmol/kg PYY3-

36-αLT or 500/1000nmol/kg PYY3-36 (n=10-12/group). For the study investigating the 

effects of the addition of N-Pro to PYY3-36-α-LT on food intake, mice were 

administered 1000nmol/kg PYY3-36-α-LT or 1000nmol/kg PYY3-36-α-LT.  For the 

study investigating the effects of the addition of His residues to PYY3-36-NPro-α-LT, 

mice were administered 1000nmol/kg PYY3-36-α-LT, 1000nmol/kg PYY3-36-NPro-α-

LT or 1000nmol/kg PYY3-36-NPro-α-LT-4H. 

 

 

4.3.6 Acute PYY3-36-αLT behavioural study in mice 

 

In line with the procedures for acute feeding studies, mice were overnight fasted. In the 

early light phase mice were administered saline, 500nmol/kg PYY3-36-αLT or 

127mg/kg LiCl (sc). LiCl was used as a positive control due to its ability to induce an 

aversive behavioural response (Yamamoto et. al. 1992). Behavioural patterns were 

monitored for 2h immediately after injection by observers blinded to the treatments. 

Behaviour was classified into 6 categories: 

 

1. Feeding (including drinking) 

2. Locomotion (including rearing, climbing and burrowing) 

3. Grooming 

4. Resting 

5. Head Down (animal in an abnormal posture: hunched appearance, with 

piloerection 
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6. Pica (consuming a substance without nutritional value, such as faeces or 

bedding) 

 

Each animal was observed for 12 seconds, every 5 minutes. Each 12 second period was 

subdivided into three four second periods, in which the behaviour of each mouse was 

recorded. In this way, each animal had a total of 36 behaviours recorded per hour. This 

method of behavioural analysis is a modified version of a well characterized method 

established by Fray and co-workers (Fray et al., 1980; Wren et al., 2002). 

 

 

4.3.7 PYY3-36, PYY3-36-αLT and PYY3-36-NPro-αLT pharmacokinetic 

studies in rats 

 

4.3.7.1 Effect of αLT and NPro-αLT modifications on PYY3-36 pharmacokinetics in 

the anaesthetized and conscious rat 

 

This study was carried out in order to assess the effects of α-LT and NPro-αLT 

modifications to PYY3-36 on the clearance of PYY3-36 in vivo. There are a number of 

methods to take plasma samples for pharmacokinetics studies. Serial sampling from the 

jugular vein allows plasma samples to be easily withdrawn at multiple time points and 

the observation of a pharmacokinetic profile for each animal over a period of time, 

unlike terminal blood sampling studies. As PYY has been reported to have a short half-

life of around 8 min in the rat (Lluis et al., 1989), serial sampling was utilised to assess 

plasma levels of PYY3-36 and PYY3-36 analogues at time points over 1h immediately 

after injection  (Waynforth and Fleckmell, 1992). In order to measure plasma levels of 

PYY3-36 and PYY3-36 analogues at later time points post-injection, blood samples 

were collected from conscious animals at 30min and 60min post-injection (in order to 

assess whether the results from the two different methods utilised for collecting bloods 

were comparable), and also at 2h, 6h and 24h post-injection. In the pharmacokinetic 

analyses subsequently carried out, Tmax is the time for the exogenously administered 

peptide to reach its maximum plasma concentration, while Cmax is its maximum 

plasma concentration (Graphpad Prism version 5.00 for Windows, GraphPad Software, 

San Diego, California). Percentage relative bioavailability is a measure of the amount 

reaching the circulation of two different formulations of a drug. This was calculated for 
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peptide administered sc either with or without Zn using the equation: Relative 

bioavailability = AUC of peptide with Zn/AUC of peptide without Zn * 100 (Hoag and 

Hussain, 2001).     

 

4.3.7.1.1 Serial Sampling from the jugular vein of anaesthetized rats injected with 
PYY3-36-αLT or PYY3-36-NPro-αLT  

 

Rats were randomized according to body weight and divided into treatment groups 

(100nmol/kg PYY3-36, PYY3-36-αLT or PYY3-36-NPro-αLT; n=4-6/group). On study 

day rats were anaesthetized with 67mg/kg hypnorm (1:30 ratio of fentanyl:fluanisone; 

Vetapharma) mixed with 3mg/kg hypnovel (midazolam; Pfizer) given intraperitoneally 

(ip). The isolation and cannulation of the jugular vein as was described in chapter 3 

(section 1.3.6.2). Rats were then injected with 100nmol/kg (sc, final volume 50µl) 

PYY3-36, PYY3-36-αLT or PYY3-36-NPro-αLT. Blood sampling from the jugular 

vein was then carried out at 0min, 5min, 10min, 15min, 30min, 45min and 60 min post 

injection and collected into eppendorfs containing aprotinin (Trasylol, Bayer, Germany) 

to inhibit blood protease action and blood coagulation. After the final time point, rats 

were killed using an overdose of sodium pentobarbitone (Merial Animal Health Ltd, 

UK). Plasma was separated from whole blood by centrifugation (3-18K centrifuge, rotor 

12348; Sigma, UK) at 6000rpm for 10min, and stored at -20°C until use. 

 

4.3.7.1.2 Blood collection from conscious rats injected with PYY3-36-αLT or PYY3-36-

NPro-αLT  

 

Rats were randomized according to body weight and divided into treatment and time 

point groups (100nmol/kg PYY3-36, PYY3-36-αLT or PYY3-36-NPro-αLT; n=4-

6/time point/group). At time 0, rats were injected with 100nmol/kg PYY3-36, PYY3-

36-αLT or PYY3-36-NPro-αLT. Rats were then decapitated at 30min or 60min, and at 

1h, 2h, 6h or 24h post-injection. The early (30min or 60min) time points were taken in 

order to compare the two methods utilised for taking plasma and to compare plasma 

levels of PYY3-36 between conscious and anaesthetized rats. Trunk blood was 

collected into eppendorfs containing aprotinin (Trasylol; Bayer, Germany) to inhibit 

blood protease action and blood coagulation. Plasma was separated from whole blood 
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by centrifugation (3-18K centrifuge, rotor 12348; Sigma, UK) at 6000rpm for 10min, 

and stored at -20°C until analysis by RIA. 

4.3.8 Investigations into the substitution of His residues in PYY3-36 NPro 

αLT in the development of a Zn delivery system 

 

4.3.8.1 Investigation into the solubility of PYY3-36, PYY3-36-αLT, PYY3-36-NPro-

αLT and PYY3-36-NPro-αLT-4H when in a Zn solution 

 

 

PYY3-36, PYY3-36-αLT, PYY3-36-NPro-αLT and PYY3-36-NPro-αLT-4H were 

investigated for the ability to precipitate in vitro when in Zn solution at physiological 

pH (pH 7.4). ZnCl2
+
 (Sigma, UK; referred to as Zn in this thesis) is the commercially-

available anhydrous form of Zn that was purchased and used in all studies.  

 

Peptides (10mg/ml) were dissolved in saline or in a saline solution containing a molar 

ratio of 2:1 Zn:peptide at pH 4.5 (final volume 1 ml). Bovine serum albumin (BSA, 

Sigma, UK) (0.5%) was added and the pH was increased to 7.4 by the addition of 0.2M 

NaOH. At this pH some peptides precipitated. The precipitate was then centrifuged for 

2min at 8000 rpm. The supernatant was removed and stored at -20°C to measure for the 

concentration of dissolved peptide. The pellet was resuspended in 1ml saline (pH 7.4) 

and either a) stored at -20°C if little or no peptide initially precipitated or b) incubated 

on a shaking tray at 37°C for 1h if substantial precipitate was observed. After the wash, 

any remaining precipitate was centrifuged as before, the supernatant removed and stored 

and the pellet resuspended in saline (pH 7.4). This process was repeated up to five times 

or until no precipitate was seen following centrifugation. The pellet from the fifth (or 

final) wash was dissolved in 1ml saline at (pH 4.5). All samples were stored at -20°C 

until analysis by RIA. 

 

4.3.8.2 Effect of Zn and the introduction of His residues in PYY3-36 NPro-αLT-4H 

on pharmacokinetics in the conscious rat 

 

The pharmacokinetics studies described in section 4.1.4.8 showed that anaesthetics may 

be associated with an increase in peptide plasma levels at 30min and 60min post-
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administration compared to peptide plasma levels from conscious rats. This may be due 

to decreased clearance or degradation of peptide, since anaesthetics reduce perfusion of 

blood to tissues and reduce renal glomerular filtration (Burchardi and Kaczmarczyk, 

1994).  Therefore, for this subsequent study, blood was taken from conscious rats only 

via the decapitation method as previously described. Rats were administered 

300nmol/kg PYY3-36-αLT, PYY3-36-NPro-αLT or 2P-PYYα-H4 (final volume 20 

µl~10mg/ml as used in the solubility studies) at a final molar concentration of 1:1 

Zn:peptide. A lower ratio of Zn:peptide was used because the solubility studies implied 

full precipitation at 2:1 Zn:peptide, even after five 1h washes. It is necessary for the 

peptide to deprecipitate to cause its biological effects, and therefore a lower Zn 

concentration was used in the hope that a favourable amount of precipitation could be 

attained, translating to a slow increase in circulating peptide levels.  Saline at a pH of 

4.5 was used as a vehicle to ensure initial peptide solubility. Rats (n=4-6/time-

point/group) were decapitated at 15min and 30min and 1h, 2h, 4h, 8h and 24h post-

injection. Trunk blood was collected into lithium-heparin tubes containing aprotinin and 

stored on ice immediately after collection. Plasma was separated from whole blood by 

centrifugation at 6000rpm for 10min, and stored at -20°C until analysis by RIA. 

 

4.3.9 Radioimmunoassays for PYY3-36 and PYY3-36 analogues 

 

 

Plasma PYY-like immunoreactivity was measured using a specific and sensitive RIA, 

as described in Chapter 3 (section 3.3.6.2.1 and appendix iv). The PYY3-36 analogues 

had the following cross-reactivity with the Y21 antibody: PYY3-36-áLT and PYY3-36-

NPro-áLT: 20-25% and PYY3-36-NPro-áLT-4H: 11%. As a specific antibody was not 

yet raised in the time that these assays were carried out concentrations of peptide 

analogues were increased within the standard curve, in order to allow detection of the 

respective peptides in accord with their respective cross reactivity with Y21. A standard 

concentration of 1pmol/ml was used for PYY3-36, 5pmol/ml was used for PYY3-36-

áLT and PYY3-36-NPro-áLT and 10pmol/ml was used for PYY3-36-NPro-áLT-4H. 

The intra- and inter-assay coefficients of variation were 6% and 10% respectively.  All 

analogue assays were incubated for 3 days at 4ºC before separation of free and 

antibody-bound label by secondary antibody (sheep anti-rabbit antibody).  
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4.3.10 Assessment of the chronic effects of PYY3-36 analogues administered 

with Zn to diet-induced obese mice 

 

Male C57BL/6 DIO mice (33-40g) were randomised according to body weight into 

treatment groups of 8 mice, each with an equal average body weight. Mice were 

administered saline with 2.4mM Zn (pH 4.5) or 300nmol/kg PYY3-36, PYY3-36-áLT, 

PYY3-36-NPro-áLT or PYY3-36-NPro-áLT at a 1:1 Zn:peptide molar ratio (pH4.5; sc). 

One hour post-injection mice were given a pre-weighed amount of high fat diet. During 

the early light phase (07:00h) of the following day, food was weighed and removed. 

Therefore, mice had access to high fat diet during the dark phase from 17:00h until 

07:00h and were fasted during the light phase from 07:00h until 17:00h over 48 days. 

This protocol was followed so that the Zn:peptide solution is given time to precipitate 

during the 1h between injections and re-feeding, allowing release during the dark phase, 

in which rodents are most active. Acute food intake was measured at 0-4h post-injection 

on day 1 and around half-way through the study (day 26), in order to investigate 

whether the mice develop tolerance to the effects of PYY3-36 or PYY3-36 analogues 

administered with Zn over time. Food intake was also measured at 4-8h post-injection 

in order to investigate whether PYY3-36 or PYY3-36 analogues administered with Zn 

have a delayed effect on food intake. 

  

4.3.11 Measurement of total body fat in animals treated with PYY3-36-αLT 

using whole body proton magnetic resonance spectroscopy (
1
H-MRS) 

 

Whole body 
1
H-MRS spectroscopy for analysis of body composition was carried out on 

mice after they had been administered saline or PYY3-36-αLT over 49 days (see section 

1.3.10). Animals were anaesthetised with a 2-4% isofluorane-oxygen mix maintained 

throughout the scan via a face-mask, and were scanned on a 4.7T Unity Inova MR 

Scanner (Varian Inc, CA, USA) using a Quad 72 linear whole body coil. Temperature 

and respiration was monitored throughout the scan using monitoring equipment (SA 

Instruments Inc, NY, USA) and animals were maintained at room temperature. 1H MR 

spectroscopy was performed using a single pulse sequence with a repetition time (TR) 
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of 10 seconds, a pulse angle of 450, four averages and a spectral width of 20 000 Hz. 

The spectra were analyzed using MestReC software (Santiago de Compostela, Spain). 

An exponential line broadening was applied, prior to phasing and baseline correction 

and peak integration of the water (reference at 4.7ppm) and lipid (reference at 1.2 ppm) 

were obtained. The whole body percentage adiposity was calculated using the following 

equation: %adiposity = 100x lipid integral/(lipid integral + water integral + (0.38xwater 

integral)). This equation takes into account the ratio of water to lean mass in the body of 

0.38 (Mystkowski et al., 2000).  

 

4.3.12 Statistics 

 

Acute food intake expressed as mean ± standard error of the mean (SEM) was analysed 

by one way ANOVA using post-hoc Tukey‟s multiple comparison adjustment to 

determine the p value for significant differences in food intake between PYY3-36-

treated groups, PYY3-36 analogue-treated groups and saline. As the data from the 

behavioural study exhibited abnormal distribution it was analysed using Kruskal-Wallis 

one-way ANOVA on ranks (Systat 11, San Jose, CA, USA). Cumulative data from the 

chronic feeding studies was analysed using the generalized estimating equation and the 

Mann-Whitney U test (Systat 11, San Jose, CA, USA). Plasma levels of PYY3-36-

NPro-αLT-4H  expressed as mean ± SEM from the pharmacokinetic study in which 

PYY3-36-NPro-αLT-4H was administered with or without Zn was analysed using an 

unpaired Students t-test. In all cases, p<0.05 was considered to be statistically 

significant. 
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4.4 Results 

 

4.4.1 Investigations into substituting αLT into the α-helix (residues 16-23) 

of PYY3-36 or NPro-PYY3-36 

 

4.4.1.1 Effect of PYY3-36-NPro-αLT on food intake in mice 

 

4.4.1.1.1 Effect of PYY3-36-αLT at low doses on food intake  

 

PYY3-36 and both doses of PYY3-36-αLT significantly reduced food intake at 0-1h 

and 1-2 h post-injection (p <0.01 vs saline). PYY3-36-αLT (50nmol/kg) resulted in a 

more potent reduction in food intake than PYY3-36 (50nmol/kg), though this effect did 

not reach statistical significance compared to PYY3-36 (50nmol/kg) at 2-4h post-

injection, while the lower dose of PYY3-36-αLT (20nmol/kg) had no effect on food 

intake by 2-4h.  PYY3-36-αLT (50nmol/kg) significantly increased food intake at 8-24h 

compared to saline controls.  There were no significant differences between groups at 

any other time point observed (see fig. 4.3).  
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Figure 4.3. Effect of PYY3-36 (50nmol/kg; sc) and PYY3-36-αLT (20nmol/kg / 50nmol/kg; sc) on 

food intake at 0-1h, 1-2h, 2-4h, 4-8h and 8-24h post-injection, and on cumulative food intake over 

24h. Results are means ± SEM. *p<0.05, ***p<0.001vs. saline (ANOVA with post-hoc Tukey‟s multiple 

comparison adjustment), n = 8-10. 
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4.4.1.1.2 Effect of PYY3-36-αLT at supraphysiological doses on food intake  

 

The dose response effect of PYY3-36 and PYY3-36-αLT on food intake was then 

investigated. All doses of PYY3-36 and PYY3-36-αLT significantly reduced food 

intake at 0-1h, 1-2 h and 2-4h post-injection compared to saline. Animals administered 

PYY3-36-αLT at all doses ate significantly less than animals administered the high dose 

of PYY3-36 (10,000nmol/kg) at 0-1h post-injection (see fig. 4.4).  Animals 

administered the high dose of PYY3-36 (10,000nmol/kg) or all doses of PYY3-36-αLT 

(500/ 1000/ 5000/ 10,000nmol/kg) ate significantly less than animals administered the 

lower dose of PYY3-36 (500nmol/kg) at 2-4h and 4-8h post-injection (see fig 4.4). 

PYY3-36 (10,000nmol/kg) and all doses of PYY3-36-αLT significantly reduced food 

intake at 4-8h post-injection, while PYY3-36 (500nmol/kg) had no effect on food intake 

compared to saline controls (500nmol/kg PYY3-36: p>0.05 vs saline; 500 /1000 /5000 

/10,000nmol/kg PYY3-36-αLT: p<0.001 vs saline). PYY3-36(10,000nmol/kg) and 

PYY3-36-αLT (500 /1000 /5000 /10,000nmol/kg) significantly reduced food intake at 

8-24h compared to saline controls (10,000nmol/kg PYY3-36: p<0.05 vs saline; 500 

/1000 /500 /10,000 nmol/kg PYY3-36-αLT: p<0.001 vs saline). Animals administered 

all doses of PYY3-36-αLT (500 /1000/ 5000/ 10,000nmol/kg) ate significantly less than 

animals administered PYY3-36 (500nmol/kg).  Animals administered PYY3-36-αLT 

(1000 /5000/10,000nmol/kg) ate significantly less than animals treated with PYY3-36 

(10,000nmol/kg) at 8-24h in a dose-dependent manner (see fig. 4.5). At 24-48h, only 

the two highest doses of PYY3-36-αLT (5000nmol/kg/ 10,000nmol/kg) significantly 

reduced food intake compared to saline controls, PYY3-36 (500nmol/kg) and PYY3-36 

(10,000nmol/kg). PYY3-36 (10,000nmol/kg) significantly reduced cumulative food 

intake over 24h and 48h compared to saline controls, whereas PYY3-36 (500nmol/kg) 

did not. All doses of PYY3-36-αLT significantly and dose-dependently reduced 

cumulative food intake over 24h and 48h compared to saline controls and PYY3-36 

(500nmol/kg). Over 48h, the three highest doses of PYY3-36-αLT 

(1000/5000/10,000nmol/kg) significantly reduced cumulative food intake compared to 

the highest dose of PYY3-36 (10,000nmol/kg) (see fig 4.5). Although PYY3-36 

(10,000nmol/kg) significantly reduced cumulative food intake over 48h, animals treated 

with PYY3-36 (10,000nmol/kg) ate more than animals administered the lowest dose of 

PYY3-36-αLT. 
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Figure 4.4. Dose response effect of PYY3-36 (500nmol/kg or 10,000nmol/kg; sc) and PYY3-36-αLT 

(500, 1000, 5000 or 10000nmol/kg; sc) on food intake at 0-1h, 1-2h, 2-4h and 4-8h post-injection. 

Results are means ± SEM. **p<0.01, ***p<0.001 vs. saline, ###p<0.001 vs. PYY3-36 (500nmol/kg); 

$p<0.05 vs. PYY3-36 (10,000nmol/kg) (ANOVA with post-hoc Tukey‟s multiple comparison 

adjustment), n = 8-10. 
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Figure 4.5. Dose response effect of PYY3-36(500nmol/kg or 10,000nmol/kg; sc) and PYY3-36-αLT 

(500, 1000, 5000 or 10000nmol/kg; sc) on food intake at 8-24h, 0-24h, 24-48h and 0-48h post-

injection. Results are means ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. saline; ###p<0.001 vs. PYY3-

36 (500nmol/kg); $p<0.05, $$$p<0.001 vs. PYY3-36 (10,000nmol/kg) (ANOVA with post-hoc Tukey‟s 

multiple comparison adjustment), n = 8-10. 
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4.4.1.2 Effect of PYY3-36-NPro-αLT on behaviour in mice 

 

 

To determine whether the potent effect on feeding may be due to nausea, the 

behavioural effects of PYY3-36-αLT (500nmol/kg) were assessed. LiCl (127mg/kg, ip) 

was used as a positive control, as it is a known aversive stimulus, producing internal 

malaise (Yamamoto et al., 1992). PYY3-36-αLT significantly decreased feeding 

behaviour at 0-1h and 1-2h post-injection compared to saline controls (0-1h feeding 

saline vs. PYY3-36-αLT: p<0.05; 1-2h food intake: saline vs. PYY3-36-αLT: p<0.01; 

see table 4.2). PYY3-36-αLT significantly increased grooming at 0-1h post-injection 

compared to saline controls, but had no affect on grooming by 1-2h post-injection (0-1h 

grooming: saline vs. PYY3-36-αLT: p<0.01; see table 4.2). LiCl (127mg/kg) 

significantly reduced food intake and increased head down behaviour at 0-1h post-

injection compared to saline controls, but had no effect on any behaviour by 1-2h post-

injection (0-1h feeding: saline vs. LiCl: p<0.01; 0-1h head down: saline vs. LiCl: p<0.0; 

see table 4.2). PYY3-36-αLT had no effect on head down behaviour at any time point 

studied. A pie-chart depicting the proportion of behaviours observed in each time period 

is also shown in fig. 4.6.  
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 Feeding Locomotion Grooming Resting Head Down Pica 

A) 0-1h       

Saline 22 [19-24] 4.5 [3.8-6.2] 1 [1-2] 1 [0-1.5] 0 [0-0] 0 [0-0] 

LiCl 12.5 [6.8-18.8]** 2 [1-3] 0.5 [0-2] 2 [1-3.75] 9 [7:14.2]** 0 [0-0] 

PYY3-36-αLT 13 [11.5-16.5]* 8 [5.5-11] 4 [3-7.5]** 1 [0-2] 0 [0-0] 0 [0-0] 

B) 1-2h       

Saline 5.5 [0.75-0.95] 1.5 [0-4.25] 1.5 [0-4.5] 19 [12.8-22.5] 0 [0-0] 0 [0-0] 

LiCl 12 [4-12] 4 [3-6] 4 [2-6] 12 [7-18] 0 [0-0] 0 [0-0] 

PYY3-36-αLT 0 [0-0]** 0 [0-5] 1 [0-6] 25 [21.5-30] 0 [0-0] 0 [0-0] 

Table 4.2. Table showing median frequency and inter-quartile range (in square brackets) of each of the predefined behaviours observed over 0-1h and 1-2h 

post-injection of saline, LiCl (127mg/kg) or PYY3-36-αLT (500nmol/kg). Each mouse was observed for 12 sec every 5 min during each 1h time period. This 12 sec 

period was further divided into three 4 sec periods, and the behaviour of each mouse was recorded in each section of the time period. Each mouse had a total of 36 

behaviours recorded per h.   *p<0.05, **p<0.01 vs. saline (Kruskal-Wallis One-Way Analysis of Variance), n = 8-10 per treatment, per behaviour.  
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Figure 4.6. Pie charts depicting the proportion of observations of each of the predefined behaviours a) 0-1h and b) 1-2h post-injection of saline, LiCl 

(127mg/kg) or PYY3-36-αLT (500nmol/kg). Results are shown as percentage of total behaviours observed over the 1h time period stated (n=8-10 per treatment, per 

behaviour).  
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4.4.1.3 Effect of PYY3-36-αLT on affinity at the human and mouse Y2R 

 

A Y2R binding assay was used to investigate whether increased receptor affinity may 

account for the observed increase in bioactivity of PYY3-36-α-LT. Substitution of 

residues 16-23 of PYY3-36 with α-LT resulted in a 2-fold lower affinity for the 

human Y2R (PYY3-36 IC50: 0.17 ±0.03nM, PYY3-36-αLT IC50: 0.34 ±0.03nM (see 

fig. 4.7a). In order to investigate whether this lower Y2R affinity observed for PYY3-

36-α-LT is specific to the human Y2R, a mouse Y2R binding assay was also carried 

out.  PYY3-36 α-LT also had a 2-fold lower affinity for the mouse Y2R (PYY3-36 

IC50: 0.16 ±0.03nM, PYY3-36-αLT IC50: 0.34 ±0.05nM (see fig. 4.7b). 
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Figure 4.7. Binding affinity curves comparing PYY3-36 and PYY3-36-αLT binding at the A) 

human or B) mouse Y2R. The curves are means ±SEM of 3-4 assays. Increasing concentrations of 

PYY3-36 or PYY3-36-αLT were incubated with a fixed concentration of 125-I PYY and Y2R-

expressing membrane. Specific binding was calculated as the difference between the amount of 125I-

PYY bound with and without unlabelled competing peptide. 
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4.4.1.4 Effect of PYY3-36-NPro-αLT on Y2R affinity 

 

The remaining binding studies were performed using the human and mouse Y2R, but 

only data for the human Y2R is shown, as there was little or no difference between 

binding of PYY3-36 analogues to the mouse and human Y2R. The addition of Pro to 

the N terminus of PYY3-36 slightly increased Y2R affinity (PYY3-36 IC50: 0.17 

±0.009nM, PYY3-36-NPro IC50: 0.15 ±0.05nM (mean from 3 assays; see fig. 4.8a). 

The addition of Pro to the N terminus of PYY3-36-αLT reduced Y2R affinity by 2.6 

fold (PYY3-36 IC50: 0.16 ±0.01nM, PYY3-36-NPro-αLT IC50: 0.42 ±0.12nM (see 

fig. 4.8b). 
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Figure 4.8. Binding affinity curves comparing a) PYY3-36 and PYY3-36-NPro binding and b) 

PYY3-36 and PYY3-36-NPro-αLT binding at the human Y2R. The curves are shown as means of 

3-4 assays. Increasing concentrations of PYY3-36 or PYY3-36-NPro-αLT were incubated with a fixed 

concentration of 125I-PYY and human Y2R-expressing membrane. Specific binding was calculated as 

the difference between the amount of 125-I PYY bound with and without unlabelled competing peptide. 
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4.4.1.5 Comparison of the effect of PYY3-36-αLT and PYY3-36-NPro-αLT on 

food intake 

 

As the effect of the addition of Pro at the N-terminus of PYY3-36 significantly 

prolongs the effect of PYY3-36 on food intake (see Chapter 2; section 2.4.4), the 

effect of PYY3-36-αLT on food intake was then compared that of PYY3-36-NPro-

αLT. A dose of 1000nmol/kg was used as it was the lowest dose of PYY3-36-αLT 

that significantly reduced food intake over 0-48 compared to saline and compared to a 

10x higher dose of PYY3-36 (10,000nmol/kg, see section 1.4.1.1.2). PYY3-36-αLT 

and PYY3-36-NPro-αLT significantly reduced food intake over 0-1h, 1-2h, 2-4h, 4-8h 

and 8-24h post-injection and cumulative food intake over 24h compared to saline 

controls and to a similar level of potency, apart from 0-1h post-injection, when 

animals administered PYY3-36-αLT ate significantly less than animals administered 

PYY3-36-NPro (see fig. 4.9). By 24-48h post-injection PYY3-36-αLT had no 

significant effect on food intake, while PYY3-36-NPro-αLT significantly reduced 

food intake compared to saline controls, though this effect was not statistically 

different from that of PYY3-36-αLT (see fig. 4.9). Over 48h, both PYY3-36-αLT and 

PYY3-36-NPro-αLT significantly reduced cumulative food intake compared to saline 

controls (see fig. 4.9). 
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Figure 4.9. Effect of 1000nmol/kg (sc) of  PYY3-36-NPro-αLT and PYY3-36-αLT on food intake 

at 0-1h, 1-2h, 2-4h, 4-8h, 8-24h, 24-48h post-injection, and on cumulative food intake over 0-24h 

and 0-48h post-injection. Results are means ± SEM. *p<0.05, ***p<0.001 vs. saline; $$p<0.01 vs. 

PYY3-36-NPro-αLT (1000nmol/kg) (ANOVA with post-hoc Tukey‟s multiple comparison 

adjustment), n = 7-10. 

4.4.1.6 Effect of αLT and NPro-αLT modifications on PYY3-36 pharmacokinetics 

in the anaesthetized and conscious rat 

 

The plasma levels of PYY3-36 and PYY3-36 analogues following sc injection were 

then investigated in anaesthetized fasted male rats. In the anaesthetized rat, the 

maximum plasma concentrations (Cmax) following subcutaneous administration of 

PYY3-36(100nmol/kg), PYY3-36-αLT (100nmol/kg) or PYY3-36-NPro-αLT 

(100nmol/kg) PYY3-36 were 5806 ±1119pmol/L (Tmax: 15min), 3744 ±615pmol/L 

(Tmax: 10min) and 8263 ±1490pmol/L (Tmax: 30min) respectively (n=4-6 per group, 

see fig. 4.10a). In order to measure plasma levels of PYY3-36 and PYY3-36 

analogues at later time points post-injection, blood samples were collected from 

conscious animals at 30min, 60min, 2h, 6h and 24h post-injection (n=4-6 per group, 

see fig. 4.10b). As these peptides were assayed using different concentrations of 

standard, due to different cross-reactivity with the Y21 PYY antibody, statistical 

analysis was not carried out, and these plasma concentration/time curves serve only to 
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compare the Cmax and Tmax of the peptides, and the time at which the peptide 

plasma levels return to baseline.  
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Figure 4.10. Plasma concentration/time curves of PYY3-36 (grey), PYY3-36-αLT (blue) and 

PYY3-36-NPro-αLT (purple) following administration of a 100nmol/kg dose of PYY3-36 or 

analogue. Plasma was collected from a) anaesthetized rats via the jugular vein or b) conscious rats 

from trunk blood after decapitation. Results are means ± SEM.  
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4.4.2 Investigations into the substitution of His residues in PYY3-36 NPro 

αLT in the development of a Zn delivery system 

 

4.4.2.1 Effect of α-LT or NPro-αLT substitutions and Zn on peptide solubility at 

physiological pH  

 

PYY3-36 and PYY3-36 analogues were investigated for their ability to precipitate in 

a solution containing Zn at physiological pH (i.e. the pH encountered by peptides 

upon entering the subcutaneous space). These studies were done in order to assess 

whether it is possible for PYY3-36 analogues to form a subcutaneous bolus through 

chelating with Zn ions, allowing slow release into the circulation.  Around 92% of 

total PYY3-36 (10mg/ml) initially dissolved in a saline solution (pH 4.5) remained in 

solution when the pH was increased to 7.4, with approximately 8% precipitation. 

Washes were not carried out for PYY3-36 due to the low precipitation observed (see 

fig.4.11a). However, of PYY3-36 dissolved in a saline/Zn solution (2:1 Zn:peptide 

ratio; pH 4.5), only 6% of total PYY3-36 remained in solution when the pH was 

increased to 7.4. Over the next five washes (pH7.5), 66% of total PYY3-36 dissolved, 

leaving 28% of total PYY3-36 in the final precipitate (see fig 4.11b).  

 

Approximately 67% of PYY3-36-αLT initially dissolved in saline remained in 

solution when the pH was increased to 7.4. After the first wash another 15% of 

PYY3-36-αLT dissolved, leaving 18% of total PYY3-36-αLT in the final precipitate 

(see fig. 4.11c). When PYY3-36-αLT was dissolved in a saline/Zn solution (2:1 

Zn:peptide ratio; pH4.5), 6% of total PYY3-36-αLT remained in solution. Over the 

following 5 washes 24% of total PYY3-36-αLT dissolved, leaving 70% in the final 

precipitate (see fig. 4.11d). 

 

Around 82% of PYY3-36-N-Pro-αLT initially dissolved in saline remained in 

solution when the pH was increased to 7.5, leaving 18% of total PYY3-36-αLT in the 

precipitate (see fig.4.11e). In contrast, when PYY3-36-NPro-αLT was dissolved in 

saline/Zn (2:1 Zn:peptide ratio; pH4.5), no PYY3-36-NPro-αLT remained in solution, 

with 100% precipitating. Over the following 5 washes 12% of the total peptide 

dissolved, leaving 88% in the final precipitate (see fig 4.11f).   
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Figure 4.11. Graphs showing the amount of PYY3-36 or PYY3-36 analogue that dissolves into 

solution and the amount that precipitates out of solution at physiological pH. Percentage peptide 

(all 10mg/ml; a&b: PYY3-36, b&c: PYY3-36-αLT, d&e: PYY3-36-NPro-αLT) initially dissolved 

(Initial D) in a solution of saline at pH 7.4, dissolved following 1h incubations in a solution of saline at 

pH7.4 at 37ºC  (washes) and in the final precipitate (Final P) is shown. The solutions contained either 

peptide only or peptide with Zn at a molar ratio of 2(Zn):1(peptide) in a final volume of 1ml. Washes 

took place only if a precipitate was observed when the solution was brought to pH 7.4. Y axis is 

displayed as a logarithmic scale.  
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4.4.2.2 Effect of substituting 4 His residues into PYY3-36-NPro-αLT, creating PYY3-

36-NPro-αLT-4H, on peptide solubility at physiological pH  

 

Almost none of the total PYY3-36-NPro-αLT-4H (10mg/ml) initially dissolved in a 

saline solution (pH 4.5) remained in solution when the pH was increased to 7.4, with 

around 99.8% precipitating. During each of the following 5 washes, around 5-12% of 

total PYY3-36-NPro-αLT-4H dissolved, leaving over 72% in the final precipitate (see 

fig. 4.12a).  

 

No PYY3-36-NPro-αLT-4H dissolved in a saline/Zn solution (2:1 Zn:peptide ratio; 

pH 4.5) could be detected in solution when the pH was increased to 7.4. The 

following 5 washes (pH7.5) had no effect on peptide solubility, as no PYY3-36-NPro-

αLT-4H could be detected in the supernatant of each wash. Subsequently, 100% of 

total PYY3-36-NPro-αLT-4H remained in the final precipitate (see fig 4.12b). 
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Figure 4.12. Graphs showing the amount of PYY3-36-NPro-αLT-4H that dissolves into solution 

and the amount that precipitates out of solution at physiological pH. Percentage PYY3-36-NPro-

αLT-4H (10mg/ml) initially dissolved (Initial D) in saline at pH 7.4, dissolved following 1h 

incubations in saline at pH7.4 at 37ºC (washes) and in the final precipitate (Final P) is shown. The 

solutions contained either a) PYY3-36-NPro-αLT-4H only or b) PYY3-36-NPro-αLT-4H with Zn at a 

molar ratio of 2(Zn):1(peptide) in a final volume of 1ml. Y axis is displayed as a logarithmic scale.  
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4.4.2.3 Effect of Zn and the introduction of His residues in PYY3-36 NPro-αLT-

4H on pharmacokinetics in the conscious rat 

 

 

The plasma levels of PYY3-36-NPro-αLT-4H with or without Zn following sc 

injection were then investigated in male rats by collecting plasma from trunk blood 

following decapitation. Administration of PYY3-36-NPro–αLT-5H (300nmol/kg, sc) 

without Zn resulted in a Cmax of 8750 ±689, and a Tmax of 15min. Plasma levels of 

PYY3-36-NPro–αLT-5H administered without Zn were significantly higher than 

those following administration of PYY3-36-NPro–αLT-5H with Zn at 15min and 

45min (see fig 4.13). Administration of PYY3-36-NPro –αLT-5H (300nmol/kg, sc) 

with Zn (1:1 peptide/Zn ratio) resulted in a Cmax of 4950 ±686, and a Tmax of 24h. 

Plasma levels of PYY3-36-NPro–αLT-5H administered with 1:1 Zn were 

significantly higher than those following administration of PYY3-36-NPro–αLT-5H 

without Zn at 24h (see fig 4.13). The areas under the curve for PYY3-36-NPro–αLT-

5H and PYY3-36-NPro–αLT-5H with 1:1 Zn were 2,246000 and 4,188000 

pmol/L/min respectively. The relative bioavailability of PYY3-36-NPro–αLT-5H 

with 1:1 Zn was 186% of that for PYY3-36-NPro–αLT-5H without Zn. As the 

standard concentration in the standard curve of the PYY3-36-NPro-áLT-4H assay was 

increased ten-fold to allow for the fact that PYY3-36-NPro-áLT-4H only has 11% 

cross-reactivity with the PYY antibody used in this assay, the baseline level of PYY3-

36 is not a true representation of endogenous PYY3-36 levels (>50pmol/L) (Grandt et 

al., 1994). Since the purpose of these assays was to compare pharmacokinetics with 

and without Zn, rather than to detect small changes in endogenous peptide, the 

reduced cross-reactivity of Y21 with PYY3-36-NPro-áLT-4H is unlikely to 

significantly affect the reliability of these results. 
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Figure 4.13. Plasma concentration/time curves of PYY3-36-NPro-αLT-4H (light green) and 

PYY3-36-NPro-αLT-4H with Zn (dark green) following subcutaneous administration of a 

300nmol/kg dose of PYY3-36-NPro-αLT-4H in saline solution (pH4.5) or in a saline/Zn solution 

containing a molar ratio of 1:1 Zn:peptide (pH 4.5). Plasma was collected from rat trunk blood after 

decapitation at 15min, 30min, 60min, 2h, 4h, 8h and 24h post-administration, and at 0 min, 8h and 24h 

from rats that were injected with saline/Zn solution only, in order to measure basal PYY3-36. Results 

are means ± SEM. *p<0.05, ***p<0.001 vs PYY3-36-NPro-αLT-4H with Zn; *p<0.05 vs PYY3-36-

NPro-αLT-4H (Unpaired students t-test; n=3-4). 

 

4.4.2.4 Comparison of effect of PYY3-36-αLT , PYY3-36 NPro-αLT and PYY3-36 

NPro-4H-αLT,  on acute food intake in mice 

 

PYY3-36-αLT, PYY3-36-NPro-αLT and PYY3-36-NPro-αLT-4H significantly 

reduced food intake over 0-1h, 1-2h, 2-4h and 4-8h post-injection compared to saline 

controls and to a similar level of potency, apart from 0-1h post-injection, when 

animals administered PYY3-36-αLT or PYY3-36-NPro-αLT-4H ate significantly less 

than animals administered PYY3-36-NPro-αLT (see fig. 4.14).  

 

At 8-24h post-injection, PYY3-36-αLT and PYY3-36- NPro-αLT significantly 

reduced food intake to a similar extent compared to saline and PYY3-36- NPro-4H-

αLT (p<0.001 vs. saline; p<0.001 vs. PYY3-36- NPro-4H-αLT), which had no effect 
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on food intake compared to saline. By 24-48h none of the analogues tested  reduced 

food intake compared to saline, though PYY3-36-αLT and PYY3-36-NPro-αLT 

significantly reduced food intake compared to PYY3-36- NPro-4H-αLT (see fig. 

4.15). Over 48h, both PYY3-36-αLT and PYY3-36-NPro-αLT significantly reduced 

cumulative food intake to a similar extent compared to saline controls and compared 

to PYY3-36- NPro-4H-αLT, while PYY3-36-NPro-αLT-4H significantly reduced 

food intake compared to saline (see fig. 4.15). 
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Figure 4.14. Effect of 1000nmol/kg (sc) of  PYY3-36-αLT, PYY3-36-NPro-αLT and PYY3-36-

NPro-αLT-4H on food intake at 0-1h, 1-2h, 2-4h and 4-8h post-injection. Results are means ± 

SEM. **p<0.01 vs. saline, ***p<0.001; $p<0.05, $$p<0.01 vs. PYY3-36-NPro-αLT (1000nmol/kg) 

(ANOVA with post-hoc Tukey‟s multiple comparison adjustment), n = 8-11. 
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Figure 4.15. Effect of 1000nmol/kg (sc) of PYY3-36-αLT, PYY3-36-NPro-αLT and PYY3-36-

NPro-αLT-4H on food intake at 8-24h and 24-48h post-injection, and on cumulative food intake 

over 24 and 48h. Results are means ± SEM. *p<0.05, ***p<0.001 vs. saline; $p<0.05, $$p<0.001, 

$$$p<0.001 vs. PYY3-36-NPro-αLT-4H (1000nmol/kg) (ANOVA with post-hoc Tukey‟s multiple 

comparison adjustment), n = 8-11. 

 

4.4.2.5 Effect of PYY3-36 NPro-4H-αLT on Y2R affinity 

 
Four His substitutions at positions 4, 6, 19 and 30, which are positions that were previously 

investigated in Ch. 2, were made in the analogue PYY3-36-NPro-αLT, creating PYY3-36-

NPro-αLT-4H. PYY3-36-NPro-αLT-4H had approximately 4.6 fold reduced Y2R affinity 

compared to PYY3-36 (PYY3-36 IC50: 0.16 ±0.03, PYY3-36-NPro-αLT-4H IC50: 0.79 

±0.12 (mean from 3 assays; see fig. 4.16). 
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Figure 4.16. Binding affinity curves comparing PYY3-36 and PYY3-36-NPro-αLT-4H binding at 

the human Y2R. The curves are shown as means of 3-4 individual experiments. Increasing 

concentrations of PYY3-36 or PYY3-36-NPro-αLT-4H were incubated with a fixed concentration of
 

125I PYY and human Y2R-expressing membrane. Specific binding was calculated as the difference 

between the amount of 125I PYY bound with and without unlabelled competing peptide. 

 

 

4.4.3 Assessment of the use of a Zn delivery system to prolong the chronic 

bioactivity of PYY3-36 analogues in vivo 

 

As Zn appears to promote precipitation of PYY3-36-αLT, PYY3-36-NPro-αLT and 

PYY3-36-NPro-αLT-4H at physiological pH in vitro, and appears to promote a slow 

release profile when co-administered with PYY3-36-NPro-αLT-4H in vivo, the 

chronic effects of the co-administration of Zn with PYY3-36, PYY3-36-αLT, PYY3-

36-NPro-αLT or PYY3-36-NPro-αLT-4H in vivo were investigated.  

 

Mice were randomized according to body weight so that each group had an equal 

starting average body weight. Each group was administered 300nmol/kg PYY3-36, 

PYY3-36-αLT, PYY3-36-NPro-αLT or PYY3-36-NPro-αLT-4H in a 1:1 Zn:peptide 

ratio (pH4.5) via the sc route at 07:00h daily, for a period of 49 days (7 weeks). 

PYY3-36 administered with Zn had no effect on cumulative food intake or body 

weight over the duration of the study (see fig.4.17, 4.18 & 4.19).  

 

PYY3-36-αLT administered with Zn significantly reduced cumulative food intake and 

body weight gain over the 49 day study period compared to vehicle and PYY3-36 

controls (see fig. 4.17). By the 49
th
 day, mice administered vehicle or PYY3-36 with 
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Zn weighed 103.6 ±1.4% or 100.8 ±2.1 % of their initial average body weights 

respectively, while mice administered PYY3-36-αLT with Zn weighed 89 ±1.1% of 

their initial average body weight (see fig.4.19). PYY3-36-NPro-αLT administered 

with Zn significantly reduced cumulative food intake throughout the 49 day study 

period compared to saline controls, though from day 18 onwards this effect was less 

potent than it was until day 17 compared to vehicle controls (see fig. 4.17). PYY3-36-

NPro-αLT also significantly reduced cumulative food intake compared to PYY3-36 

controls, though only up until day 8 (see fig. 4.17). PYY3-36-NPro-αLT administered 

with Zn significantly reduced body weight gain throughout the 49 day study period, 

though between day 8 and day 31 this effect was less potent compared to saline than 

its initial (1-7 day) and late (31-49 day) effect (see fig. 4.18). PYY3-36-NPro-αLT 

also significantly reduced body weight gain compared to PYY3-36 controls, from 

days 1-9 and days 31-46 (see fig. 4.18).  By the 49
th

 day, mice administered vehicle or 

PYY3-36 with Zn weighed 103.6 ±1.4% or 100.8 ±2.1 % of their initial average body 

weights respectively, while mice administered PYY3-36-NPro-αLT with Zn weighed 

88.1 ±1.2% of their initial average body weight (see fig.4.19). PYY3-36-NPro-αLT-

4H administered with Zn significantly reduced cumulative food intake throughout the 

49 day study period, though from day 11 onwards this was at a reduced magnitude 

compared to its initial effect (day 1-10). PYY3-36-NPro-αLT-4H also significantly 

reduced cumulative food intake compared to PYY3-36 controls, though only up until 

day 5 (see fig. 4.17). PYY3-36-NPro-αLT-4H administered with Zn significantly 

reduced body weight gain throughout the 49 day study period, though between day 11 

and day 32 this was effect was less potent than for its initial (day 1-10) and late (day 

32-49) effect compared to vehicle controls (see fig. 4.18). PYY3-36-NPro-αLT-4H 

also significantly reduced body weight gain compared to PYY3-36 controls, though 

only up until day 6 (see fig. 4.18). By the 49
th

 day, mice administered vehicle or 

PYY3-36 with Zn weighed 103.6 ±1.4% or 100.8 ±2.1 % of their initial average body 

weights respectively, while mice administered PYY3-36-NPro-αLT with Zn weighed 

94.4 ±1.6% of their initial average body weight (see fig.4.19).  
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Figure 4.17. Effect of daily administration of 300nmol/kg of PYY3-36, PYY3-36-αLT, PYY3-36-

NPro-αLT and PYY3-36-NPro-αLT-4H (sc, all with Zn) on food intake over 49 days. Results are 

means ± SEM. **p<0.01, *p<0.05 vs. saline; $$p<0.01, $p<0.05 vs. PYY3-36 (PYY3-36 vs PYY3-

36GEE with Mann-Whitney U test), n =6-8. 
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Figure 4.18. Effect of daily administration of 300nmol/kg of PYY3-36, PYY3-36-αLT, PYY3-36-

NPro-αLT and PYY3-36-NPro-αLT-4H (sc, all with Zn) on body weight change (g) over 49 days. 

Results are means ± SEM. **p<0.01, *p<0.05 vs. saline; $$p<0.01, $p<0.05 vs. PYY3-36 (GEE with 

Mann-Whitney U test), n =6-8. 
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Figure 4.19. Effect of daily administration of 300nmol/kg of PYY3-36, PYY3-36-αLT, PYY3-36-

NPro-αLT and PYY3-36-NPro-αLT-4H (sc, all with Zn) on percentage change from initial body 

weight over 49 days (n =6-8). 

The acute food intake over 4h post-injection of all groups was measured on day 1 and 

day 26 at 0-4h post-injection, (16:00h-20:00h) and on day 26 at 4-8h post-injection 

(20:00h-00:00h). PYY3-36 significantly reduced food intake compared to vehicle 

controls over 0-4h post-injection on day 1 and day 26 of the study. PYY3-36-αLT 

significantly reduced food intake on day 1 of the study, but resulted in a non-

significant reduction in food intake on day 26. This lack of statistical significance may 

be due to the fact that the vehicle group at around 10% less on day 1 than on day 26 at 

0-4h post-injection. Animals administered PYY3-36-NPro-αLT and PYY3-36-NPro-

αLT-4H ate significantly more than animals administered PYY3-36 at 0-4h post-

injection on both day 1 and day 26 (see fig. 4.20a & b]. Food intake was measured at 

4-8h post-injection on day 26. PYY3-36 and PYY3-36-αLT had no effect on food 

intake at 4-8h, whereas PYY3-36-NPro-αLT and PYY3-36-NPro-αLT-4H 

significantly reduced food intake compared to vehicle and PYY3-36 controls (see fig. 

4.20c). 
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Figure 4.20. Effect of daily administration of 300nmol/kg of PYY3-36, PYY3-36-αLT, PYY3-36-

NPro-αLT and PYY3-36-NPro-αLT-4H (sc, all with Zn) on acute food intake over 4h post-

injection on day 1 (a) and over 0-4h (b) and 4-8h (c) post-injection on day 26. Animals had access 

to high fat diet from 1h post-injection. Results are means ± SEM. *p<0.05, **p<0.01, ***p<0.001 vs. 

saline; $p<0.05, $$$p<0.001 vs. PYY3-36 (one-way ANOVA using Tukey‟s post-hoc adjustment), n 

=6-8. 
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4.4.3.1 Effect of chronic administration of PYY3-36-αLT on total body fat content 

 

 

As measured by 1H MR spectroscopy, the percentage adiposity of mice administered 

PYY3-36-αLT with Zn over 49 days was 24.4 ±1.7% (n=6) of total body fat, which 

was significantly lower than that of animals administered vehicle over 49 days, which 

was 37.2 ±3.2 % (n=8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.21.  Effect of daily administration of 300nmol/kg PYY3-36-αLT with Zn (sc) or saline 

with Zn (sc) over 49 days on adiposity. Data are means ± SEM. *p<0.05 vs. vehicle (students paired 

two-tailed t-test).  
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4.5 Discussion 

 

The studies described in this chapter aimed to create a longer acting PYY3-36 

analogue by modifying the two and three dimensional structure of PYY3-36, by 

modifying the solution in which the analogue is administered and by modifying the 

charged amino acids of PYY3-36 to optimise it for administering in the delivery 

solution. PYY3-36-αLT was designed by substituting part of the α-helix, which in PP-

fold peptides is important for receptor affinity and peptide stability, with a conserved 

α-helical motif derived from the venom of Latrodectus spiders and used in the long-

acting GLP-1 analogue Exendin-4 (Fuhlendorff et al., 1990; Holz and Habener, 1998; 

Runge et al., 2008). The following studies investigated the mechanistic basis for the 

improved bioactivity observed for this analogue, and whether the addition of Pro at 

the N-terminus improves bioactivity and pharmacokinetic profile further, as 

previously observed for PYY3-36 in Chapter 2.  The final studies aimed to utilize Zn 

ions in developing a delivery system for PYY3-36 or PYY3-36 analogues that 

prolongs the circulating time of PYY3-36 through enhancing the ability of peptides to 

form a subcutaneous depot. This may allow the administration of lower doses of 

PYY3-36 or PYY3-36 analogues in order to avoid side effects such as nausea or 

abdominal discomfort associated with high iv doses of PYY3-36 in humans. I also 

hypothesized that the substitution of His residues at sites characterised in my 

structure/affinity studies described in chapter 2 would create a more favourable, 

„peakless‟ pharmacokinetic profile when administered with Zn, due to chelation 

between Zn and His ions. I hypothesized that the subcutaneous depot formed by such 

an analogue might translate into an effect on food intake that is less potent than other 

PYY3-36 analogues, but is sufficient to drive a sustained reduction in body weight 

due to its slow release profile. In this chapter, the anorectic properties, receptor 

binding affinity, behavioural effects, solubility and plasma clearance of PYY3-36-

αLT were investigated. Studies investigating the effects of N-Pro and His 

modifications to the PYY3-36-αLT sequence on solubility, pharmacokinetics and 

chronic food intake were also carried out. 
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4.5.1 The effect of substituting the LT/LIT/Exendin-4 conserved region into the 

α-helical region (residues 16-23) of PYY3-36 

 

At low doses of 20 and 50 nmol/kg, PYY3-36-αLT did not have a strikingly improved 

bioactivity compared to PYY3-36. PYY3-36-αLT at 50nmol/kg had a more potent 

effect on food intake than PYY3-36 (50nmol/kg) at 2-4h compared to saline. 

Furthermore, the fact that the „overswing‟ response appeared to be greater at 8-24h for 

PYY3-36-αLT may reflect that this peptide was initially more potent than PYY3-36, 

resulting in a greater homeostatic drive to eat once the effects of low dose PYY3-36-

αLT had worn off (Parkinson et al., 2008). The acute anorectic effects of PYY3-36-

αLT were also tested at higher doses (500, 1000, 5000 and 10,000nmol/kg). The 

lowest PYY3-36 dose (500nmol/kg) reduced food intake until the 2-4h interval, but 

did not significantly reduce cumulative food intake over 24h. In contrast, the same 

PYY3-36-αLT dose (500nmol/kg) significantly reduced food intake up to the 8-24h 

interval and reduced cumulative food intake over 48h post-injection. These animals 

ate significantly less than animals administered PYY3-36 (500nmol/kg) at these time 

points. PYY3-36-αLT dose dependently reduced food intake over 48h compared to 

saline and PYY3-36 controls. Interestingly, animals administered PYY3-36-αLT 

(1000nmol/kg) ate significantly less than animals treated with a ten-fold higher dose 

of PYY3-36 at the 8-24h interval and over 48h post-injection. This suggests that the 

αLT substitution at positions 16-23 markedly improves the long term bioactivity of 

PYY3-36. In order to investigate whether the more potent and longer-lasting effect of 

PYY3-36-αLT was due to activating pathways that produce aversion, the effects of 

PYY3-36-αLT on behaviour were examined. LiCl, an emetic agent that causes 

anorexia after peripheral administration in rodents by increasing behavioural aversion 

to food, was used as a positive control (McCann et al., 1989; Nachman and Ashe, 

1973). In rodents, LiCl produces a learned aversion to palatable substances, such as 

sucrose solution (15%), when administered at the same time (Eckel and Ossenkopp, 

1996; Nachman and Ashe, 1973; Ossenkopp and Eckel, 1995). PYY3-36-αLT at 

500nmol/kg significantly decreased feeding and increased grooming behaviour 

compared to saline controls. Excess grooming has been hypothesized to occur during 

the induction of a stress response in rodents, suggesting that PYY3-36-αLT may 

activate stress circuits in the brain, though this requires further investigation 

(Rodriguez Echandia et al., 1983; Kametani, 1988).  However, injection of PYY3-36-
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αLT may also cause skin irritation at the injection site, which would explain its acute 

effect on grooming. Between 1-2h post-injection PYY3-36-αLT had no effects on 

grooming behaviour, but still reduced food intake compared to saline controls. This 

suggests that the anorectic effects of PYY3-36-αLT are independent of any stress 

response induced by PYY3-36-αLT. LiCl significantly reduced food intake with more 

potency than PYY3-36 in the first hour post-injection, and increased head-down 

behaviour, which is characterised by an abnormal, hunched posture and pilo-erection. 

Importantly head-down behaviour was not observed in mice administered PYY3-36-

αLT. It is possible that PYY3-36-αLT shifts the rodent behavioural satiety sequence 

(BSS), shortening the period in which feeding occurs and advancing grooming and 

resting periods usually observed following feeding (Halford et al., 1998).  It has been 

hypothesized that agents that induce illness disrupt the BSS, and that natural satiety 

factors shift the BSS, without disrupting it (Scott et al., 2005; Antin et al., 1975). An 

iv injection of PYY3-36 after an overnight fast has been shown to shift the rodent 

behavioural satiety sequence to the left, shortening feeding time and therefore 

reducing the latency to resting behaviour. PYY3-36 did not result in aversive effects 

in this study, and its effects on behaviour were inhibited by pre-treatment with a Y2R 

antagonist, indicating that the effect of PYY3-36 on behaviour is specific to the Y2R 

(Scott et al., 2005). This study is in line with my results, as out of the total behaviours 

observed PYY3-36-αLT reduced the proportion of feeding in the first and second 

hours post-injection, and increased the percentage of resting by 10% compared to 

saline in the 2
nd

 hour post-injection. LiCl appeared to have a disruptive effect on the 

BSS, as it increased head-down behaviour and reduced feeding in the 1
st 

h, while in 

the 2
nd 

h resting was approximately 27% lower than observed for saline-treated 

animals, and feeding behaviours returned to the levels observed for saline controls. 

These data suggest that the anorectic effects of PYY3-36-αLT in mice at this dose are 

not due to illness, but due to a shifted BSS. Further experiments testing the length of 

time spent feeding and the latency to rest for PYY3-36-αLT compared to PYY3-36 

would be useful in clarifying any differences in potency of behavioural effects 

between PYY3-36 and PYY3-35-αLT.  

 

PYY3-36-αLT was not any more susceptible to degradation by KBB membranes (see 

ch. 2) or the metalloproteases meprin β or NEP (see ch.3) in vitro compared to PYY3-

36 (data not shown). This is in agreement with the fact that the cleavage sites of KBB 
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or meprin β on PYY3-36 were not altered in the sequence of PYY3-36-αLT. The fact 

that the affinity of PYY3-36-αLT is reduced by around 2-fold is unexpected 

considering the enhanced bioactivity of this analogue, and that most analogues with 

enhanced bioactivity investigated previously in this thesis exhibit either a maintained 

or increased Y2R binding affinity compared to PYY3-36. Further work investigating 

the intracellular response to PYY3-36-αLT using cAMP Y2R activity assays is 

required to validate this finding. Furthermore, binding studies using Y1R and Y5R 

overexpressing cell lines may help to identify whether PYY3-36-αLT is a more 

selective Y2R agonist, and cAMP assays using Y1R/Y5R overexpressing cells may 

clarify whether PYY3-36-αLT acts as an antagonist at either of these receptors, which 

might explain the increased longevity of this analogue in reducing food intake 

compared to PYY3-36 (Kanatani et al. 1996). As Y receptors that have effects on 

food intake are expressed in the brain, the ability of PYY3-36-αLT to cross the blood-

brain-barrier may influence its bioactivity. PYY3-36 is thought to crosses the blood-

brain-barrier by non-saturable transmembrane diffusion (Nonaka et al., 2003). The 

structure or charge of PYY3-36-αLT may enhance its ability to diffuse across the 

blood-brain barrier compared to PYY3-36, which might explain the enhanced 

bioactivity of  PYY3-36-αLT (Banks, 2009). This could be examined by comparing 

the percentage difference in radiolabelled PYY3-36-αLT and PYY3-36 in the brain 

following peripheral administration.  

 

4.5.2 The effect of the addition of N-Pro to PYY3-36-αLT 

 

The addition of N-Pro to PYY3-36-αLT slightly reduced the binding affinity of 

PYY3-36-αLT. Previous studies showed that PYY3-36 N-Pro exhibits a more 

prolonged anorectic effect compared to PYY3-36 (see chapter 2). In full length PYY, 

the Pro residue at position 2 forms hydrophobic interactions with the conserved Tyr 

residue at position 27, which confers a more stable and well-defined conformation in 

solution when compared to PYY3-36 (Glover et al., 1984; Nygaard et al., 2006). 

Although the PP-fold is still observed in PYY3-36, it is less well-defined than in 

PYY1-36, which may render PYY3-36 more unstable and susceptible to proteolytic 

degradation (Nygaard et al., 2006). This is in agreement with my studies showing that 

PYY3-36 N-Pro is less susceptible to degradation by KBB when compared to PYY3-
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36 (see chapter 2). PYY3-36-NPro-αLT (1000nmol/kg) had a significantly less potent 

effect on food intake compared to PYY3-36-αLT (1000nmol/kg) in the first hour, but 

exhibited a more prolonged anorectic effect, significantly reducing food intake at 8-

24h post-injection compared to saline controls, when PYY3-36-αLT had no effect. 

This is in agreement with the hypothesis that the addition of Pro at the N-terminal of 

PYY3-36 and PYY3-36 analogues prolongs the bioactivity of PYY3-36 in vivo, 

possibly due to a reduction in proteolytic degradation. 

 

I next investigated whether the α-LT and/or N-Pro-αLT modifications increase the 

longevity of circulating PYY3-36 after administration to rats. Two methods were used 

for blood sampling. The first study carried out utilized a method involving serial 

sampling from the jugular vein of anaesthetized rats, a technique which allows 

withdrawal of blood from the same animal over consecutive time points. In the second 

study, plasma was acquired from trunk blood of rats decapitated at later time points 

post-injection, but including 30 and 60 min time points, in order to compare the 

plasma levels achieved using the two different techniques. Interestingly, PYY3-36-

αLT (100nmol/kg) reached peak concentrations 5 min earlier than PYY3-36. Analysis 

of plasma levels from trunk blood of decapitated rats at later time points revealed that 

PYY3-36-αLT (100nmol/kg) plasma levels remained elevated compared to baseline at 

2h, 6h and 24h post-injection, whereas PYY3-36 levels returned to baseline levels by 

2h post-injection. PYY3-36-NPro-αLT reached its Cmax 15 min later than PYY3-36.  

Like PYY3-36-αLT, PYY3-36-NPro-αLT (100nmol/kg) plasma levels remained 

elevated compared to baseline at 2h, 6h and 24h post-injection. This suggests that 

PYY3-36-αLT and PYY3-36-NPro-αLT may be less prone to clearance or proteolytic 

degradation than PYY3-36 in vivo, which may explain the more potent and prolonged 

effect of PYY3-36-αLT and PYY3-36-NPro-αLT on food intake.  

 

I also investigated possible methods to increase the duration of action of the PYY3-36 

and PYY3-36 analogues in vivo. A longer plasma half-life is a favourable property of 

a peptide drug as it increases the time between each injection, improving the 

practicality of the drug administration regimen. Pharmaceutical insulin formulations 

have been developed with altered pharmacodynamic properties. Several insulin 

formulations consist of Zn solutions and result in the formation of an insulin-Zn 

precipitate complex at neutral pH. This allows a slow sustained release of insulin 



265 

 

when sc administered (Brange and Langkjaer, 1997; Owens et al., 2001). The GLP-1 

analogue, BMS-686117, forms a poorly water soluble adduct when added to a Zn 

solution. A 1.5:1 Zn/BMS-686117 suspension has a lower Cmax and a greatly extended 

duration of release, with peptide detectable in plasma over 24h from time of injection 

following sc administration in dogs when compared to the administration of BMS-

686117 without Zn(II), which lasts up to 8h post-injection (Qian et al., 2009).  

 

The ability of PYY3-36, PYY3-36-αLT and PYY3-36-NPro-αLT to precipitate at 

physiological pH (the pH encountered after administration in vivo) was examined in 

vitro. This was tested either in a saline solution or in a saline solution with Zn. All 

four peptides completely dissolved in a saline solution at a concentration of 10 mg/ml 

at pH 7.4. In the presence of Zn at a molar concentration of 2:1 Zn: peptide, a minor 

percentage of PYY3-36 precipitated out of solution. Interestingly, a much larger 

percentage of peptide precipitated out of solution for both PYY3-36-αLT and PYY3-

36-NPro-αLT in the presence of Zn, and after a 5 hour wash in pH7.4 saline, about 

10-30% of the original peptide concentration still remained in precipitate form. This 

suggests that the PYY3-36 analogues with the altered α-helical regions have a greater 

tendency to form a Zn-peptide complex than PYY3-36 and are more likely to form a 

precipitate when injected into subcutaneous tissue, which is at neutral pH. The fact 

that plasma levels of PYY3-36-αLT and PYY3-36-NPro-αLT took longer to return to 

baseline than PYY3-36 may suggest that these peptides may have a small natural 

tendency to precipitate in the subcutaneous tissue. Therefore, the effect of the addition 

of His residues to PYY3-36-NPro-αLT was investigated, in the hope that the 

precipitation profile might be even further improved by the ability of Zn to interact 

with His residues (Brange and Langkjaer, 1997; Owens et al., 2001). His residues 

were substituted at positions 4, 6, 19 and 30, since in the structure/affinity studies 

described in chapter 2, although His did not improve bioactivity at these positions, 

analogues substituted with His or other positively charged amino acids retained the 

ability to bind the Y2R and reduce food intake. PYY3-36 also has a naturally 

occurring His residue at position 26. PYY3-36-NPro-αLT-4H (10mg/ml) had 

precipitated in vitro when in a saline solution at pH 7.4 without Zn, probably due to 

the fact that the increase in the number of His residues altered the charge and 

isoelectric point of this peptide. After five 1 hour incubations at 37°C, over 72% of 

the original peptide remained in precipitate form. When in a saline solution at a 2:1 
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Zn ratio, PYY3-36-NPro-αLT-4H completely precipitated and no peptide was 

detected in solution after the 5 washes, leaving 100% in the final precipitate. These 

results prompted further investigation into the effects of Zn on the pharmacokinetic 

profile of PYY3-36-NPro-αLT-4H in vivo. A similar concentration as used in vitro 

was used to administer PYY3-36-NPro-αLT-4H in vivo (10mg/ml in solution ~ 

300nmol/kg in 20µl). When administered without Zn, a peak in PYY3-36-NPro-αLT-

4H levels was detected at 15min, followed by a gradual decrease in peptide levels 

until 24h post-administration, when peptide levels dropped to around PYY3-36 basal 

levels. Interestingly, the opposite effect was observed when PYY3-36-NPro-αLT-4H 

was co-administered with a 1:1 Zn/peptide molar ratio. A lower molar concentration 

of Zn was used as the precipitation studies indicated that all PYY3-36-NPro-αLT-4H 

remained precipitated even after 5 washes, and this is not entirely favorable in vivo, as 

some peptide needs to dissolve in order to observe an anorectic effect. Peptide plasma 

levels slowly and gradually increased, until significantly higher levels were observed 

at 24h compared to basal and PYY3-36-NPro-αLT-4H without Zn peptide levels. This 

suggests that the increased proportion of charged His residues promote interaction 

between PYY3-36-NPro-αLT-4H and Zn in the sc depot, allowing slow release into 

the circulation. The effect of PYY3-36-NPro-αLT-4H on food intake was then 

compared to PYY3-36-αLT and PYY3-36-NPro-αLT in order to determine whether 

the increase in charge brought about by the His residues had a detrimental effect on 

bioactivity. PYY3-36-NPro-αLT-4H (1000nmol/kg) only reduced food intake up until 

4-8h post-injection, whereas the other analogues were effective for significantly 

longer than PYY3-36-NPro-αLT-4H, reducing food intake up until 8-24h compared to 

saline and PYY3-36-NPro-αLT-4H and 24-48h compared to PYY3-36-NPro-αLT-4H. 

This reduction in potency of PYY3-36-NPro-αLT-4H may be attributable to the fact 

that its Y2R affinity was reduced by 4.6 fold compared to PYY3-36. I hypothesized 

that the improved pharmacokinetic profile after PYY3-36-NPro-αLT-4H 

administration with Zn may prevent a reduced bioactivity associated with decreased 

Y2R affinity. I therefore decided to investigate the effects of all three analogues 

administered with Zn on chronic food intake and body weight in a mouse model of 

diet-induced obesity.  
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4.5.3 The effect of chronic administration of PYY3-36-αLT, PYY3-36-NPro-

αLT and PYY3-36-NPro-αLT-4H  

 

The male DIO C57BL/6 model was used for the mouse chronic study. When ad lib 

fed on a high fat diet this strain of mice is highly susceptible to developing obesity, 

showing a marked increase in body weight gain and adiposity compared to other 

much more obesity resistant strains such as the A/J mouse (Surwit et al., 1995). In 

addition to the obese phenotype, the DIO C57BL/6 mouse model develops other 

disease phenotypes commonly associated with human obesity, including insulin 

resistance, glucose intolerance, dyslipidaemia, leptin resistance and hypertension, 

making this phenotypical strain a suitable model for assessing novel anti-obesity 

therapies (Parekh et al., 1998; Winzell and Ahren, 2004).    

 

PYY3-36 did not significantly reduce food intake or body weight over the 49 day 

study period; although towards the end of the study a trend towards a reduction in 

body weight was observed. This may be due to the acclimatization of the saline group 

to the study procedure with time, resulting in this group gaining weight towards the 

end of the study.  The reduced potency for the PYY3-36 group may be due to a 

compensatory increase in food intake between the daily injections or changes in 

circulating levels of other neuroendocrine signals or the expression levels of their 

receptors. Parkinson and co-workers have demonstrated that PYY3-36 administered 

ip during the early light phase to ad lib fed mice acutely decreases food intake, but 

increases food intake during the dark phase (Parkinson et al., 2008).   

 

PYY3-36-αLT administered daily with Zn significantly reduced food intake over the 

49 day study period, an effect which did not appear to wane with time when compared 

to saline. This analogue also significantly reduced body weight gain over the entire 

study period compared to saline and PYY3-36. This resulted in a reduction of about 

10% body weight compared to PYY3-36 and saline and a significant reduction in the 

percentage of body fat compared to saline by the end of the study. In contrast, the 

animals administered PYY3-36-NPro-αLT exhibited a less potent effect on food 

intake during the study compared to the effect that was observed for PYY3-36-αLT. 

However, by the end of the study these mice exhibited a similar % weight loss to mice 

treated with PYY3-36-αLT. 
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PYY3-36-NPro-αLT-4H has a lower affinity to the Y2R and a less potent anorectic 

effect compared to PYY3-36-αLT. Daily administration of PYY3-36-NPro-αLT-4H 

at a 1:1 Zn/peptide molar ratio may mimic peptide release from an osmotic minipump 

in that a continuous low release of peptide from a sc depot leads to a slow, but gradual 

increase in peptide plasma levels over 24 hours. Continuous sc administration of 

PYY3-36 using osmotic minipumps produces anorectic effects that are effective for 

only 3-4 days in lean and obese mice and rats (Pittner et al., 2004; Tschop et al., 

2004) while intermittent infusion of PYY3-36 over a 21 day study period produces a 

sustained reduction in daily food intake and reduces body weight gain and fat 

deposition (Chelikani et al., 2006a). In a seven day chronic PYY3-36 osmotic 

minipump infusion study, a reduction in plasma leptin levels was observed after the 

first day of infusion, which may contribute to a greater drive to eat  (Unniappan and 

Kieffer, 2008). In fact, the continuous administration of several other anorexigenic 

peptides including CCK and GLP-1 also results in transient anorectic effects which 

are not sustained longer than a few days (Al-Barazanji et al., 2000; Arnelo et al., 

1996; Crawley and Beinfeld, 1983; Donahey et al., 1998; Lukaszewski and 

Praissman, 1988). PYY3-36, as well as CCK and GLP-1, all bind to GPCRs and 

excess exposure of agonists to GPCRs often results in receptor downregulation and 

tolerance (Grady et al., 1997; Eison and Mullins, 1996; Barnes, Jr., 1996). In order to 

investigate whether PYY3-36 analogues that more readily form a sc depot in vitro 

may result in tolerance and escape due to a similar plasma release profile as observed 

for chronic PYY3-36 administration by osmotic minipumps, acute feeding was 

monitored at the beginning and after 26 days of the chronic feeding study. 

Interestingly, over 0-4h following injection on both day 1 and day 26, PYY3-36 and 

PYY3-36-αLT significantly reduced food intake, PYY-36-NPro-αLT and PYY3-36-

NPro-αLT-4H had no effect on food intake compared to vehicle controls. The 

maintained acute effect of PYY3-36 after 26 days suggests that the lack of effect on 

chronic food intake and body weight is not due to acute receptor downregulation, but 

may be due to a compensatory increase in feeding at later time points post-injection. 

The fact that PYY3-36-αLT reduced food intake with a similar potency to PYY3-36 

suggests that its enhanced potency may be due to a lack of compensatory orexigenic 

drive, though this requires further investigation. Results from the in vitro precipitation 

studies suggested that PYY3-36-NPro-αLT and PYY3-36-NPro-αLT-4H have a 
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natural tendency to precipitate at physiological pH in contrast to PYY-36 and PYY3-

36-αLT, which did not. Furthermore, the ability of these two analogues to precipitate 

was enhanced in the presence of Zn, with 100% of peptide initially precipitating at 

physiological pH, which suggested that these analogues were likely to form a sc slow-

release depot in vivo. Therefore, the lack of effect of these analogues on acute 0-4h 

food intake, and their delayed anorectic effect occurring over 4-8h post-injection were 

expected. The fact that chronic treatment of a diet-induced obese mouse model with 

PYY3-36-NPro-αLT-4H did not result in reduced body weight gain may be due to a 

high amount of precipitation in the presence of Zn, coupled with its reduced Y2R 

affinity. Altering the ratio of Zn to peptide may therefore improve the chronic 

bioactivity of this analogue. Current ongoing studies in dogs have shown that a single 

dose of PYY3-36-NPro-αLT-4H can achieve sustained, steadily rising plasma levels 

over a week without inducing nausea, in contrast to PYY3-36, which results in a sharp 

rise in plasma concentrations associated with vomiting, that is then followed by a 

return to basal plasma levels by 24h. Whether or not this „slow-release‟ profile is 

sufficient to achieve weight loss is currently under investigation in our laboratory.    

 

In conclusion, the work described in this chapter shows that substitution of positions 

16-23 of the α-helix of PYY3-36 with the conserved epitope αLT enhances the 

bioactivity and plasma longevity of PYY3-36 without inducing behavioural aversion, 

and despite a reduced Y2R affinity. As found in previous studies described in this 

thesis, the addition of N-Pro to PYY3-36-αLT did not alter Y2R affinity, but 

enhanced the longevity of PYY3-36-αLT after acute administration, though this was 

less effective than PYY3-36-αLT in reducing body weight gain during chronic 

administration. Finally, a Zn precipitation method was developed that significantly 

enhanced the precipitation of PYY3-36, PYY3-36-αLT and most notably, PYY3-36-

NPro-αLT at physiological pH. An analogue based on the structure of PYY3-36-

NPro-αLT, PYY3-36-NPro-αLT-4H, was found to completely precipitate at 

physiological pH in the presence of Zn, and remain insoluble over five hour long 

washes at physiological pH in vitro, and plasma levels remaining elevated by 24h 

post-injection in vivo, suggesting a slow-release profile. Further investigations are 

required to elucidate the position and number of histidines in the PYY3-36-αLT 

sequence required to give a suitable pharmacokinetic profile when co-administered 

with Zn while minimally attenuating the anorectic effects. However, due to the 
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markedly increased duration of anorectic action and the enhanced plasma longevity of 

the PYY3-36-αLT-based analogues, these peptides may provide a framework for the 

design of further PYY3-36 analogues for the development of anti-obesity therapeutic. 
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5 Chapter 5: Final Discussion 
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The increasing prevalence of obesity is due to interplay between current 

environmental factors (such as cheap, calorie-dense food sources and the reduced 

requirement for physical exercise) and genetic factors that predispose to weight gain 

(Weinsier et al., 1998; Bloom et al., 2008).  Understanding appetite regulatory 

systems may facilitate the design and development of novel anti-obesity therapies. 

Targeting endogenous gut hormones for their use in such therapies may be more 

promising than previously investigated appetite suppressing agents, such as 

rimonabant and sibutramine, which have ubiquitously-expressed receptors that 

regulate multi-functional neurotransmitter systems. Such drugs often have a multitude 

of side effects; both rimonabant and sibutramine have been withdrawn from the 

market because of their side effect profile (Bloom et al., 2008; Heal et al., 2009; 

Kulkarni, 2008; Kulkarni, 2010). The most effective treatment for obesity is bariatric 

surgery, but it is impractical to apply to the general obese population due to its cost 

and risk of mortality. Recent research has suggested that increased circulating PYY 

contributes to the reduced appetite and body weight gain observed after bariatric 

surgery, suggesting mimicking the post-bariatric state by peripherally administering 

PYY to the obese may be a logical, less costly therapeutic approach (Korner et al., 

2005; Le Roux et al., 2006a). However, the exogenous administration of gut 

hormones to promote weight loss in the obese has its own challenges. One major 

disadvantage is that gut hormones are extremely short-lived in the circulation, which 

limits their efficacy and ease of administration. The development of long-acting 

analogues of gut hormones is therefore an approach used by an increasing number of 

labs. GLP-1, for example, was used as the basis of the development of liraglutide, 

which is now used as a once-daily drug to treat diabetes type II (Croom and 

McCormack, 2009). Another disadvantage to using PYY and PYY3-36 as drugs is 

that the therapeutic window for dosage appears narrow, with supraphysiological 

plasma levels resulting in nausea and/or vomiting, and low plasma levels resulting in 

poor efficacy (Degen et al., 2005; Le Roux et al., 2008; Sloth et al., 2007b; Gantz et 

al., 2007).  

 

My studies are divided into three sections. In the first section, I aimed to investigate 

the effects of altering different domains of the primary sequence of PYY3-36 to shed 

light on its structure-activity relationships, and to attempt to create more potent and/or 

longer acting analogues. In the second section I aimed to investigate how the native 



273 

 

peptide, PYY3-36, is cleared and degraded in the circulation, for the purpose of 

rational analogue design and/or the use of an enzyme inhibitor therapy to prolong the 

half-life of the native peptide. In the third section I aimed to alter the secondary 

structure of PYY3-36 by substituting part of its α-helix. As this analogue had a more 

sustained anorectic effect than PYY3-36, it was then used as a framework to design 

further analogues implementing the findings of the structure activity studies of PYY3-

36 described in the first section. In the third section, I also aimed to investigate 

altering the delivery solution for PYY3-36 analogues using a Zn precipitation system 

to allow analogues to form a subcutaneous, slow-release depot, in order to render 

them longer-acting and less likely to induce side effects when administered 

chronically to rodent models of obesity. 

 

5.1 Final Conclusions and Future Prospects 

 

5.1.1 Structure activity relationships and design of long-acting analogues 

 

PYY3-36 has been shown to reduce food intake in both rodents and humans. This 

effect is preserved in obese humans, making PYY3-36 an attractive target in the 

development of long-acting analogues for the treatment of obesity. A series of studies 

were carried out to investigate whether alterations to PYY3-36 would provide insight 

into the sites important for receptor binding and susceptibility to proteolytic 

degradation. In line with the known importance of the C terminus binding 

hexapeptide, substitution of residues here markedly reduced the bioactivity of PYY3-

36 (Ahn et al., 2009). Interestingly, only PYY3-36 Asn34 exhibited markedly reduced 

Y2R affinity. The worsened bioactivity but retained Y2R affinity observed for 

substitution of Val31 and Tyr36 suggests that their substitution with Lys and Phe 

respectively may reduce Y2R selectivity rather than affinity(Lindner et al., 2008). The 

binding hexapeptide is therefore an unlikely candidate domain for amino acid 

substitution for drug design. As the helicity of PYY3-36 is known to correlate with 

Y2R affinity, and residues in the α-helix adjacent to the binding hexapeptide may 

guide the C terminus to the membrane water interface, position 30 was investigated as 

a potential site for drug design (Zerbe et al., 2006). Unexpectedly, the substitution of 
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Leu30 with other hydrophobic amino acids was detrimental to Y2R affinity and 

bioactivity, while substitution with positively charged amino acids improved 

bioactivity, warranting further investigation into position 30 as a potential target for 

PYY3-36 analogue design. In the α-helix of PYY3-36, replacing Arg19 with Lys or 

Ser23 with Ala had little effect on PYY3-36 bioactivity and Y2R affinity, suggesting 

that these sites have minor involvement in the structure activity relationships of 

PYY3-36, and are candidates for alteration to aid drug design. Residues within the N 

terminus may bind to the extracellular domains of the Y receptors, and may also be 

important in determining the amphiphilicity and 3D folding of the molecule, 

protecting the mid-section and C terminus from proteolytic attack (Nygaard et al., 

2006). The importance of the N terminus in Y2R affinity has been demonstrated by 

studies showing that truncated analogues bind the Y2R with high selectivity over the 

Y1R and Y5R, but with poor affinity (DeCarr et al., 2007).  

 

Generally, substitutions that increased or maintained Y2R affinity, but that also 

increased susceptibility to proteolytic degradation resulted in an initial improvement, 

but a delayed reduction, in bioactivity. This suggests that Y2R binding affinity is 

important for the acute effects of PYY3-36 upon food intake, but that at later time 

points, increased susceptibility to degradation may reduce bioactivity of these 

analogues compared to PYY3-36. Within the N terminus, Lys4 appears to be critical 

to maintain Y2R affinity, while substitutions at Glu6 were able to enhance Y2R 

affinity. Interestingly, adding Pro to the N terminus of PYY3-36 vastly reduced the 

susceptibility of the molecule to proteolytic degradation and maintained Y2R affinity, 

an effect that appeared to be dependent on steric conformation. This suggests that the 

N terminus is important in Y2R affinity, possibly due to alteration of the 3D structure 

of PYY3-36, as Pro2 and Tyr27 interact in PYY, stabilising its conformation 

(Nygaard et al., 2006; Schwartz et al., 1990; Glover et al., 1984). Furthermore, N-Pro 

was the only simple modification able to significantly improve the effect of PYY3-36 

on bioactivity at later time points. The fact that when added to the N terminus of 

PYY3-36, Cys reduced proteolytic degradation to a similar degree as Pro, but was 

detrimental to Y2R affinity, suggests that elongating the N terminus can prevent it 

from proteolytic attack, but that specific residues must be used to maintain Y2R 

affinity. In summary, all domains of PYY3-36 appear to be important to Y2R affinity 

and/or the anorectic effects of PYY3-36. Although there was a weaker correlation 
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between susceptibility to proteolytic degradation and the anorectic effects of PYY3-

36, there were clear cases in which resistance to in vitro proteolytic degradation could 

explain enhanced in vivo bioactivity. In general, the effect of single substitutions on 

Y2R affinity, resistance to proteolytic degradation and food intake did not necessarily 

predict these effects when combined. For example, all combined analogues tested had 

improved Y2R affinity. Using a systematic approach, a combination of several 

substitutions in different domains of PYY3-36 were subsequently discovered which 

significantly increase the longevity of the anorectic effect of PYY from 2 hours to 

between 4 and 8 hours. Two analogues with changes to the N-terminal and α-helix of 

PYY3-36, PYY3-36 N-Pro Ala23 Lys30 and PYY3-36 N-Pro Ser6 Ala23 Lys30, 

showed a significantly more potent effect over 24 hours post-administration compared 

to PYY3-36. These substitutions also increased affinity for the human Y2 receptor, 

which implies that they may be beneficial in the development of PYY3-36 analogues 

for use in the treatment of human obesity.  

 

Additional modifications to PYY3-36 were investigated for their ability to improve 

the longevity of the molecule, in particular the addition of an acyl side chain. Previous 

work has indicated that intermittent, twice-daily peripheral administration of PYY3-

36 can reduce food intake and adiposity in rodents (Chelikani et al., 2006a). However, 

such frequent administration to humans is impractical and costly. Such regimens may 

be circumvented by a long-acting analogue of PYY3-36 that requires less frequent 

administration. The addition of an acyl group to the N terminus of PYY3-36 

completely prevents proteolytic degradation in vitro. This translated to a detrimental 

effect on acute bioactivity, perhaps due to reduced Y2R affinity, but significantly 

enhanced bioactivity at later time points, consistent with reduced in vitro proteolytic 

degradation. Combining the Lys12-lauroyl substitution with a steric change at 

position 3 also enhanced PYY3-36 bioactivity. This data warrants further 

investigation into using acylated Lys substitutions to prolong PYY3-36 bioactivity. 

Careful positioning of the acyl group, and/or combining acyl group additions with 

substitutions known to enhance Y2R affinity is a feasible aim for future 

investigations. Acylation of the naturally-occurring lysines in native GLP-1 to 

generate a longer acting peptide has been successfully accomplished for liraglutide 

(Degn et al., 2004). Apart from receptor binding and susceptibility to degradation, 

there are a number of parameters that can be investigated in structure activity 
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relationships, such as Y2R selectivity compared to Y1R and Y5R, bioavailability of 

the peptide to the receptors expressed in the CNS, and efflux mechanisms affecting 

the „on-time‟ of a peptide at its receptor. Therefore, future work may aim to 

investigate these parameters in investigating structure activity relationships where the 

altered bioactivity of an analogue is not explained by changes in receptor affinity or 

susceptibility to proteolytic degradation.  

 

5.1.2 Insight into the metabolic clearance and degradation of PYY3-36 

for design of analogues resistant to specific proteases and/or the use 

of protease inhibitor therapies 

 

A series of studies were carried out to investigate whether the kidney is an important 

site for PYY3-36 clearance, as observed for other gut hormones such as OXM 

(Kervran et al., 1990). As chronic renal failure patients exhibit high levels of PYY 

and are cachectic, the kidney was hypothesized to be an important anatomical site for 

the inactivation of PYY (Hegbrant et al., 1991). The results suggested that the kidney 

is initially important for removal of PYY3-36 from the circulation, but it is not the 

sole location where this occurs. Further studies aimed to examine whether the 

metalloendoproteases NEP and meprin B, which are known to cleave PYY1-36, are 

important in the breakdown of PYY3-36. Meprin-β potently degrades PYY3-36, 

acting at a number of acidic sites in the N terminus.  Cleavage of the N terminus of 

PYY3-36 may be important in allowing further sequential proteolysis by other 

enzymes, or may enhance kidney filtration. Inhibition of meprin β in vivo allows 

PYY3-36 levels to remain elevated for longer and prolongs the effect of PYY3-36 on 

food intake by 2 hours. The effect of actinonin on physiological levels of PYY3-36, as 

well as other anorectic gut hormones, including GLP-1, OXM and PP, needs to be 

further investigated to determine whether actinonin may be useful in manipulating 

circulating levels of PYY, PYY3-36 and other gut hormones. NEP did not degrade 

PYY3-36 as potently as it did positive controls, or compared to its previously reported 

potency in degrading PYY1-36 (Medeiros and Turner, 1994). As PYY1-36 and 

PYY3-36 exhibit markedly different 3D conformations, the tertiary structure of 

PYY1-36 may be more prone to NEP-induced catabolism, though this remains to be 

investigated. Inactivation of NEP in vivo slightly prolongs the anorectic effect of 

PYY3-36. A recent study showed that NEP will only cleave the natriuretic hormone, 
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B-type natriuretic peptide (BNP) after it has been metabolised by meprin A (Pankow 

et al., 2007). Further work is required to investigate whether NEP may be important in 

sequential cleavage of bioactive fragments of PYY3-36, for example those produced 

after meprin B-induced hydrolysis. Taken together, these findings support a potential 

role for meprin β in the degradation of PYY3-36, and provide impetus for further 

investigation into using meprin inhibitors and/or designing meprin-resistant PYY3-36 

analogues to prolong the anorectic effects of PYY3-36. 

 

5.1.3 Use of αLT substitution to modify the 3D structure of PYY3-36 and 

Zn-precipitation systems to allow a slow release pharmacokinetic 

profile 

 

These studies investigated whether modifying the two and three dimensional structure 

of PYY3-36 by substituting part of its α-helix with an epitope conserved between 

Lactrodectus venom, Exendin-4 and GLP-1 would enhance the potency and/or 

longevity of PYY-36 (Fuhlendorff et al., 1990; Holz and Habener, 1998; Runge et al., 

2008). Although this substitution slightly reduces Y2R affinity, PYY3-36-αLT results 

in a more sustained anorectic effect than PYY3-36, lasting up to 24h longer than 

PYY3-36 at the same dose. The effects of PYY3-36-αLT could not be attributed to 

behavioural aversion. Investigating the affinity of PYY3-36-αLT at the Y1R and Y5R 

will identify whether PYY3-36-αLT is a more selective Y2R agonist, and cAMP 

assays using Y1R/Y5R overexpressing cells may clarify whether PYY3-36-αLT acts 

as an antagonist at either of these receptors, which might explain the increased 

longevity of this analogue in reducing food intake compared to PYY3-36 (Kanatani et 

al. 1996). Indeed, there has been interest from pharmaceutical companies in the use of 

Y1R and Y5R antagonists as anti-obesity therapies (Parker et al., 2002). The 

putatively increased ability of PYY3-36-αLT to diffuse across the blood-brain barrier 

compared to PYY3-36, might also explain the enhanced bioactivity of  PYY3-36-αLT 

(Banks, 2009).  

 

Pro was added to the N terminus of PYY3-36-αLT as this substitution prolonged the 

anorectic effect of PYY3-36 in the analogue PYY3-36-NPro. Pro2 is conserved 

within members of the PP-fold family and has been shown by X-ray crystallography 

to form hydrophobic bonds with the conserved tyrosine residue at position 27, 
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stabilising the molecule (Glover et al., 1984; Nygaard et al., 2006). The analogue 

PYY3-36-NPro-αLT exhibited a slightly prolonged anorectic effect compared to 

PYY3-36-αLT. Interestingly, the plasma levels of PYY3-36-αLT and PYY3-36-

NPro-αLT remain elevated for longer than PYY3-36, which may explain the 

prolonged bioactivity of these analogues.  

 

A common side effect of the exogenous administration of gut peptides, including 

PYY3-36 (Le Roux et al., 2008), CCK (Greenough et al., 1998), OXM (Wynne et al., 

2005) and GLP-1 (Naslund et al., 2004), is the induction of nausea at 

supraphysiological plasma concentrations. Nausea has also been reported following 

the administration of the stable GLP-1 analogues liraglutide (Astrup et al., 2009) and 

exenatide (Kolterman et al., 2003). However, by dose titration of exenatide (Fineman 

et al., 2004) and continued use of liraglutide (Astrup et al., 2009) the incidence of 

nausea in human volunteers was almost completely abated. This may not be possible 

for PYY3-36, as it has an extremely narrow therapeutic window. In order to 

circumvent the side effects such as nausea and gastrointestinal discomfort associated 

with supraphysiological doses of PYY3-36; I investigated the use of Zn in allowing 

slow-release and increased duration of action of PYY3-36 and PYY3-36 analogues in 

vivo. Such an approach has been previously described for insulin/Zn formulations, 

which result in the formation of an insulin-Zn precipitate complex at physiological 

pH, allowing the slow sustained release of insulin (Brange and Langkjaer, 1997; 

Owens et al., 2001). A similar use of Zn has also been described for  a GLP-1 

analogue, which prolongs its half-life and bioactivity (Qian et al., 2009).  

 

PYY3-36-αLT and to PYY3-36-NPro-αLT are less soluble than PYY3-36 when 

combined with Zn at physiological pH. This suggests these substitutions may promote 

formation of a Zn-peptide complex and may thus be more likely to form a precipitate 

upon subcutaneous injection. This is in line with the finding that plasma levels of 

PYY3-36-αLT and PYY3-36-NPro-αLT took longer to return to baseline than PYY3-

36 following subcutaneous injection. The effect of the addition of His residues to 

PYY3-36-NPro-αLT was therefore, investigated, in the hope that the precipitation 

profile might be further improved by the ability of Zn to interact with His residues 

(Brange and Langkjaer, 1997; Owens et al., 2001). His substitutions in PYY3-36-

NPro-αLT-4H worsened Y2R affinity and bioactivity in vivo, but enhanced the ability 
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of the peptide to precipitate at physiological pH when administered with Zn in vitro. 

When administered in vivo, the analogue had an improved slow release 

pharmacokinetic profile, similar to that observed for the release of gut hormones 

through chronic osmotic minipumps. When chronically administered with Zn in vivo, 

PYY3-36-αLT and PYY3-36-NPro-αLT were equally effective in reducing body 

weight- by around 10% in a rodent model of diet-induced obesity compared to PYY3-

36, which did not significantly reduce food intake or body weight. In contrast, PYY3-

36-NPro-αLT-4H did not inhibit body weight gain, which may be due to a high 

amount of precipitation in the presence of Zn, coupled with its reduced Y2R affinity. 

Altering the ratio of Zn: peptide or the position of His residues may therefore improve 

the chronic bioactivity of this analogue.  The fact that mice were still acutely sensitive 

to the effects of PYY3-36-NPro-αLT-4H after around 1 month of daily injections 

suggest that the receptor desensitization and/or tolerance previously hypothesized to 

be associated with continuous administration of PYY and other gut hormones in 

osmotic minipumps, may not occur when following this administration regimen 

(Pittner et al., 2004; Donahey et al., 1998; Lukaszewski and Praissman, 1988; 

Crawley and Beinfeld, 1983; Tschop et al., 2004). Further work is warranted in 

species in which side effects are more evident, such as the dog or the human, in order 

to compare the effects of slow-release administration regimes and the effects of long-

acting analogues such as PYY3-36-αLT and PYY3-36-NPro-αLT in their utility as 

potential anti-obesity therapies.   

 

The narrow therapeutic window for PYY3-36 and the related obstacles in developing 

efficacious, yet tolerable treatments makes its use impractical to tackle the current 

obesity crisis. However, due to the markedly increased duration of anorectic action 

and the enhanced plasma longevity of the PYY3-36-αLT-based analogues, these 

peptides may provide a framework for the design of further PYY3-36 analogues for 

the development of anti-obesity therapeutics. 

 

 

 

 

 

 

 

 



280 

 

References 

 

Abbott,C.R., Monteiro,M., Small,C.J., Sajedi,A., Smith,K.L., Parkinson,J.R., 

Ghatei,M.A., and Bloom,S.R. (2005a). The inhibitory effects of peripheral 

administration of peptide YY(3-36) and glucagon-like peptide-1 on food intake are 

attenuated by ablation of the vagal-brainstem-hypothalamic pathway. Brain Res. 

1044, 127-131. 

Abbott,C.R., Rossi,M., Kim,M., AlAhmed,S.H., Taylor,G.M., Ghatei,M.A., 

Smith,D.M., and Bloom,S.R. (2000). Investigation of the melanocyte stimulating 

hormones on food intake. Lack Of evidence to support a role for the melanocortin-3-

receptor. Brain Res. 869, 203-210. 

Abbott,C.R., Rossi,M., Wren,A.M., Murphy,K.G., Kennedy,A.R., Stanley,S.A., 

Zollner,A.N., Morgan,D.G., Morgan,I., Ghatei,M.A., Small,C.J., and Bloom,S.R. 

(2001). Evidence of an orexigenic role for cocaine- and amphetamine-regulated 

transcript after administration into discrete hypothalamic nuclei. Endocrinology 142, 

3457-3463. 

Abbott,C.R., Small,C.J., Kennedy,A.R., Neary,N.M., Sajedi,A., Ghatei,M.A., and 

Bloom,S.R. (2005b). Blockade of the neuropeptide Y Y2 receptor with the specific 

antagonist BIIE0246 attenuates the effect of endogenous and exogenous peptide 

YY(3-36) on food intake. Brain Res. 1043, 139-144. 

Abbott,C.R., Small,C.J., Sajedi,A., Smith,K.L., Parkinson,J.R., Broadhead,L.L., 

Ghatei,M.A., and Bloom,S.R. (2006). The importance of acclimatisation and 

habituation to experimental conditions when investigating the anorectic effects of 

gastrointestinal hormones in the rat. Int. J Obes (Lond) 30, 288-292. 

Abdallah,B., Hassan,A., Benoist,C., Goula,D., Behr,J.P., and Demeneix,B.A. (1996). 

A powerful nonviral vector for in vivo gene transfer into the adult mammalian brain: 

polyethylenimine. Hum. Gene Ther. 7, 1947-1954. 

Acuna-Goycolea,C., Tamamaki,N., Yanagawa,Y., Obata,K., and van den Pol,A.N. 

(2005). Mechanisms of neuropeptide Y, peptide YY, and pancreatic polypeptide 

inhibition of identified green fluorescent protein-expressing GABA neurons in the 

hypothalamic neuroendocrine arcuate nucleus. J. Neurosci. 25, 7406-7419. 

Acuna-Goycolea,C. and van den Pol,A.N. (2005). Peptide YY(3-36) inhibits both 

anorexigenic proopiomelanocortin and orexigenic neuropeptide Y neurons: 

implications for hypothalamic regulation of energy homeostasis. J. Neurosci. 25, 

10510-10519. 

Adelhorst,K., Hedegaard,B.B., Knudsen,L.B., and Kirk,O. (1994). Structure-activity 

studies of glucagon-like peptide-1. J. Biol. Chem. 269, 6275-6278. 

Adrian,T.E., Bloom,S.R., Bryant,M.G., Polak,J.M., Heitz,P.H., and Barnes,A.J. 

(1976). Distribution and release of human pancreatic polypeptide. Gut 17, 940-944. 



281 

 

Adrian,T.E., Ferri,G.L., Bacarese-Hamilton,A.J., Fuessl,H.S., Polak,J.M., and 

Bloom,S.R. (1985). Human distribution and release of a putative new gut hormone, 

peptide YY. Gastroenterology 89, 1070-1077. 

Adrian,T.E., Sagor,G.R., Savage,A.P., Bacarese-Hamilton,A.J., Hall,G.M., and 

Bloom,S.R. (1986). Peptide YY kinetics and effects on blood pressure and circulating 

pancreatic and gastrointestinal hormones and metabolites in man. J Clin. Endocrinol. 

Metab 63, 803-807. 

Adrian,T.E., Savage,A.P., Fuessl,H.S., Wolfe,K., Besterman,H.S., and Bloom,S.R. 

(1987). Release of peptide YY (PYY) after resection of small bowel, colon, or 

pancreas in man. Surgery 101, 715-719. 

Ahima,R.S., Prabakaran,D., Mantzoros,C., Qu,D., Lowell,B., Maratos-Flier,E., and 

Flier,J.S. (1996). Role of leptin in the neuroendocrine response to fasting. Nature 382, 

250-252. 

Ahn,J.S., Nazarbaghi,R., D'Souza,L.J., Ghosh,S., Jodka,C.M., Lwin,A.N., and 

Levy,O.E. (2009). Synthesis & biological evaluation of PYY(3-36) analogs 

substituted with alanine. Adv. Exp. Med. Biol. 611, 515-516. 

Al-Barazanji,K.A., Arch,J.R., Buckingham,R.E., and Tadayyon,M. (2000). Central 

exendin-4 infusion reduces body weight without altering plasma leptin in (fa/fa) 

Zucker rats. Obes Res 8, 317-323. 

Anand,BK. and Brobeck,J. (1951). Hypothalamic control of food intake in rats and 

cats. Yale J. Biol. Med. 24, 123-140. 

Antin,J., Gibbs,J., Holt,J., Young,R.C., and Smith,G.P. (1975). Cholecystokinin 

elicits the complete behavioral sequence of satiety in rats. J. Comp Physiol Psychol. 

89, 784-790. 

Appleyard,S.M., Hayward,M., Young,J.I., Butler,A.A., Cone,R.D., Rubinstein,M., 

and Low,M.J. (2003). A role for the endogenous opioid beta-endorphin in energy 

homeostasis. Endocrinology 144, 1753-1760. 

Arnelo,U., Permert,J., Adrian,T.E., Larsson,J., Westermark,P., and Reidelberger,R.D. 

(1996). Chronic infusion of islet amyloid polypeptide causes anorexia in rats. Am J 

Physiol 271, R1654-R1659. 

Asakawa,A. (2003). Characterization of the effects of pancreatic polypeptide in the 

regulation of energy balance. Gastroenterology 124, 1325. 

Asakawa,A., Inui,A., Ueno,N., Fujimiya,M., Fujino,M.A., and Kasuga,M. (1999). 

Mouse pancreatic polypeptide modulates food intake, while not influencing anxiety in 

mice. Peptides 20, 1445-1448. 

Ashcroft,F.M. and Ashcroft,S.J.H. (1992). Insulin: Molecular Biology to Pathology. 

(New York: Oxford University Press). 

Astrup,A., Rossner,S., Van,G.L., Rissanen,A., Niskanen,L., Al,H.M., Madsen,J., 

Rasmussen,M.F., and Lean,M.E. (2009). Effects of liraglutide in the treatment of 



282 

 

obesity: a randomised, double-blind, placebo-controlled study. Lancet 374, 1606-

1616. 

Baggio,L.L., Huang,Q., Brown,T.J., and Drucker,D.J. (2004). Oxyntomodulin and 

glucagon-like peptide-1 differentially regulate murine food intake and energy 

expenditure. Gastroenterology 127, 546-558. 

Bagnol,D., Lu,X.Y., Kaelin,C.B., Day,H.E., Ollmann,M., Gantz,I., Akil,H., 

Barsh,G.S., and Watson,S.J. (1999). Anatomy of an endogenous antagonist: 

relationship between Agouti-related protein and proopiomelanocortin in brain. J. 

Neurosci. 19, RC26. 

Bai,F.L., Yamano,M., Shiotani,Y., Emson,P.C., Smith,A.D., Powell,J.F., and 

Tohyama,M. (1985). An arcuato-paraventricular and -dorsomedial hypothalamic 

neuropeptide Y-containing system which lacks noradrenaline in the rat. Brain Res. 

331, 172-175. 

Baker,R.A. and Herkenham,M. (1995). Arcuate nucleus neurons that project to the 

hypothalamic paraventricular nucleus: neuropeptidergic identity and consequences of 

adrenalectomy on mRNA levels in the rat. J. Comp Neurol. 358, 518-530. 

Balasubramaniam,A., Tao,Z., Zhai,W., Stein,M., Sheriff,S., Chance,W.T., 

Fischer,J.E., Eden,P.E., Taylor,J.E., Liu,C.D., McFadden,D.W., Voisin,T., Roze,C., 

and Laburthe,M. (2000). Structure-activity studies including a Psi(CH(2)-NH) scan of 

peptide YY (PYY) active site, PYY(22-36), for interaction with rat intestinal PYY 

receptors: development of analogues with potent in vivo activity in the intestine. J. 

Med. Chem. 43, 3420-3427. 

Ballantyne,G.H. (2006). Peptide YY(1-36) and peptide YY(3-36): Part I. Distribution, 

release and actions. Obes. Surg. 16, 651-658. 

Banks,W.A. (2009). Characteristics of compounds that cross the blood-brain barrier. 

BMC. Neurol. 9 Suppl 1, S3. 

Barnes,E.M., Jr. (1996). Use-dependent regulation of GABAA receptors. Int. Rev 

Neurobiol. 39, 53-76. 

Barnett,A.H. (2009). New treatments in type 2 diabetes: a focus on the incretin-based 

therapies. Clin. Endocrinol. (Oxf) 70, 343-353. 

Barsh,G.S. and Schwartz,M.W. (2002). Genetic approaches to studying energy 

balance: perception and integration. Nat. Rev. Genet. 3, 589-600. 

Baskin,D.G., Breininger,J.F., and Schwartz,M.W. (1999). Leptin receptor mRNA 

identifies a subpopulation of neuropeptide Y neurons activated by fasting in rat 

hypothalamus. Diabetes 48, 828-833. 

Batterham,R.L., Cohen,M.A., Ellis,S.M., Le Roux,C.W., Withers,D.J., Frost,G.S., 

Ghatei,M.A., and Bloom,S.R. (2003a). Inhibition of food intake in obese subjects by 

peptide YY3-36. N. Engl. J. Med. 349, 941-948. 



283 

 

Batterham,R.L., Cowley,M.A., Small,C.J., Herzog,H., Cohen,M.A., Dakin,C.L., 

Wren,A.M., Brynes,A.E., Low,M.J., Ghatei,M.A., Cone,R.D., and Bloom,S.R. 

(2002). Gut hormone PYY(3-36) physiologically inhibits food intake. Nature 418, 

650-654. 

Batterham,R.L., ffytche,D.H., Rosenthal,J.M., Zelaya,F.O., Barker,G.J., Withers,D.J., 

and Williams,S.C. (2007). PYY modulation of cortical and hypothalamic brain areas 

predicts feeding behaviour in humans. Nature 450, 106-109. 

Batterham,R.L., Heffron,H., Kapoor,S., Chivers,J.E., Chandarana,K., Herzog,H., Le 

Roux,C.W., Thomas,E.L., Bell,J.D., and Withers,D.J. (2006). Critical role for peptide 

YY in protein-mediated satiation and body-weight regulation. Cell Metab 4, 223-233. 

Batterham,R.L., Le Roux,C.W., Cohen,M.A., Park,A.J., Ellis,S.M., Patterson,M., 

Frost,G.S., Ghatei,M.A., and Bloom,S.R. (2003b). Pancreatic polypeptide reduces 

appetite and food intake in humans. J. Clin. Endocrinol. Metab 88, 3989-3992. 

Baura,G.D., Foster,D.M., Porte,D., Jr., Kahn,S.E., Bergman,R.N., Cobelli,C., and 

Schwartz,M.W. (1993). Saturable transport of insulin from plasma into the central 

nervous system of dogs in vivo. A mechanism for regulated insulin delivery to the 

brain. J. Clin. Invest 92, 1824-1830. 

Beck-Sickinger,A.G., Wieland,H.A., Wittneben,H., Willim,K.D., Rudolf,K., and 

Jung,G. (1994). Complete L-alanine scan of neuropeptide Y reveals ligands binding to 

Y1 and Y2 receptors with distinguished conformations. Eur. J. Biochem. 225, 947-

958. 

Becker,C., Kruse,M.N., Slotty,K.A., Kohler,D., Harris,J.R., Rosmann,S., Sterchi,E.E., 

and Stocker,W. (2003). Differences in the activation mechanism between the alpha 

and beta subunits of human meprin. Biol. Chem. 384, 825-831. 

Becker-Pauly,C., Howel,M., Walker,T., Vlad,A., Aufenvenne,K., Oji,V., Lottaz,D., 

Sterchi,E.E., Debela,M., Magdolen,V., Traupe,H., and Stocker,W. (2007). The alpha 

and beta subunits of the metalloprotease meprin are expressed in separate layers of 

human epidermis, revealing different functions in keratinocyte proliferation and 

differentiation. J. Invest Dermatol. 127, 1115-1125. 

Bellinger,L.L. and Bernardis,L.L. (1984). Suppression of feeding by cholecystokinin 

but not bombesin is attenuated in dorsomedial hypothalamic nuclei lesioned rats. 

Peptides 5, 547-552. 

Bellinger,L.L. and Bernardis,L.L. (2002). The dorsomedial hypothalamic nucleus and 

its role in ingestive behavior and body weight regulation: lessons learned from 

lesioning studies. Physiol Behav. 76, 431-442. 

Berglund,M.M., Hipskind,P.A., and Gehlert,D.R. (2003). Recent developments in our 

understanding of the physiological role of PP-fold peptide receptor subtypes. Exp. 

Biol. Med. (Maywood. ) 228, 217-244. 

Bernardis,L.L. and Bellinger,L.L. (1996). The lateral hypothalamic area revisited: 

ingestive behavior. Neurosci. Biobehav. Rev. 20, 189-287. 



284 

 

Berridge,K.C. (1991). Modulation of taste affect by hunger, caloric satiety, and 

sensory-specific satiety in the rat. Appetite 16, 103-120. 

Berridge,K.C. (2004). Motivation concepts in behavioral neuroscience. Physiol 

Behav. 81, 179-209. 

Bertenshaw,G.P., Turk,B.E., Hubbard,S.J., Matters,G.L., Bylander,J.E., 

Crisman,J.M., Cantley,L.C., and Bond,J.S. (2001). Marked differences between 

metalloproteases meprin A and B in substrate and peptide bond specificity. J. Biol. 

Chem. 276, 13248-13255. 

Berthoud,H.R. (2002). Multiple neural systems controlling food intake and body 

weight. Neurosci. Biobehav. Rev. 26, 393-428. 

Bhathena,S.J. (2006). Relationship between fatty acids and the endocrine and 

neuroendocrine system. Nutr. Neurosci. 9, 1-10. 

Bi,S. and Moran,T.H. (2002). Actions of CCK in the controls of food intake and body 

weight: lessons from the CCK-A receptor deficient OLETF rat. Neuropeptides 36, 

171-181. 

Billington,C.J., Briggs,J.E., Harker,S., Grace,M., and Levine,A.S. (1994). 

Neuropeptide Y in hypothalamic paraventricular nucleus: a center coordinating 

energy metabolism. Am. J. Physiol 266, R1765-R1770. 

Bjornholm,B., Jorgensen,F.S., and Schwartz,T.W. (1993). Conservation of a helix-

stabilizing dipole moment in the PP-fold family of regulatory peptides. Biochemistry 

32, 2954-2959. 

Blevins,J.E., Chelikani,P.K., Haver,A.C., and Reidelberger,R.D. (2008). PYY(3-36) 

induces Fos in the arcuate nucleus and in both catecholaminergic and non-

catecholaminergic neurons in the nucleus tractus solitarius of rats. Peptides 29, 112-

119. 

Bloom,S.R., Kuhajda,F.P., Laher,I., Pi-Sunyer,X., Ronnett,G.V., Tan,T.M., and 

Weigle,D.S. (2008). The obesity epidemic: pharmacological challenges. Mol. Interv. 

8, 82-98. 

Boggiano,M.M., Chandler,P.C., Oswald,K.D., Rodgers,R.J., Blundell,J.E., Ishii,Y., 

Beattie,A.H., Holch,P., Allison,D.B., Schindler,M., Arndt,K., Rudolf,K., Mark,M., 

Schoelch,C., Joost,H.G., Klaus,S., Thone-Reineke,C., Benoit,S.C., Seeley,R.J., Beck-

Sickinger,A.G., Koglin,N., Raun,K., Madsen,K., Wulff,B.S., Stidsen,C.E., 

Birringer,M., Kreuzer,O.J., Deng,X.Y., Whitcomb,D.C., Halem,H., Taylor,J., 

Dong,J., Datta,R., Culler,M., Ortmann,S., Castaneda,T.R., and Tschop,M. (2005). 

PYY3-36 as an anti-obesity drug target. Obes. Rev. 6, 307-322. 

Bonvouloir,N., Lemieux,N., Crine,P., Boileau,G., and DesGroseillers,L. (2001). 

Molecular cloning, tissue distribution, and chromosomal localization of MMEL2, a 

gene coding for a novel human member of the neutral endopeptidase-24.11 family. 

DNA Cell Biol. 20, 493-498. 



285 

 

Booth,A.G. and Kenny,A.J. (1974). A rapid method for the preparation of microvilli 

from rabbit kidney. Biochem. J. 142, 575-581. 

Borg,W.P., During,M.J., Sherwin,R.S., Borg,M.A., Brines,M.L., and Shulman,G.I. 

(1994). Ventromedial hypothalamic lesions in rats suppress counterregulatory 

responses to hypoglycemia. J. Clin. Invest 93, 1677-1682. 

Bottcher,G., Ahren,B., Lundquist,I., and Sundler,F. (1989). Peptide YY: 

intrapancreatic localization and effects on insulin and glucagon secretion in the 

mouse. Pancreas 4, 282-288. 

Brady,L.S., Smith,M.A., Gold,P.W., and Herkenham,M. (1990). Altered expression 

of hypothalamic neuropeptide mRNAs in food-restricted and food-deprived rats. 

Neuroendocrinology 52, 441-447. 

Brange, J. Stability of Insulin. Studies on the physical and chemical stability of insulin 

in paheraceutical formulation.  27-6-1994.  Novo Research Institute. Royal Danish 

School of Pharmacy.  

Ref Type: Thesis/Dissertation 

Brange,J. and Langkjaer,L. (1997). Insulin formulation and delivery. Pharm. 

Biotechnol. 10, 343-409. 

Brobeck,J.R. (1946). Mechanism of the Development of Obesity in Animals with 

Hypothalamic Lesions. Physiol Rev. 26, 541. 

Broberger,C. (1999). Hypothalamic cocaine- and amphetamine-regulated transcript 

(CART) neurons: histochemical relationship to thyrotropin-releasing hormone, 

melanin-concentrating hormone, orexin/hypocretin and neuropeptide Y. Brain Res. 

848, 101-113. 

Broberger,C., De,L.L., Sutcliffe,J.G., and Hokfelt,T. (1998a). Hypocretin/orexin- and 

melanin-concentrating hormone-expressing cells form distinct populations in the 

rodent lateral hypothalamus: relationship to the neuropeptide Y and agouti gene-

related protein systems. J. Comp Neurol. 402, 460-474. 

Broberger,C., Johansen,J., Johansson,C., Schalling,M., and Hokfelt,T. (1998b). The 

neuropeptide Y/agouti gene-related protein (AGRP) brain circuitry in normal, 

anorectic, and monosodium glutamate-treated mice. Proc. Natl. Acad. Sci. U. S. A 95, 

15043-15048. 

Broberger,C., Landry,M., Wong,H., Walsh,J.N., and Hokfelt,T. (1997). Subtypes Y1 

and Y2 of the neuropeptide Y receptor are respectively expressed in pro-

opiomelanocortin- and neuropeptide-Y-containing neurons of the rat hypothalamic 

arcuate nucleus. Neuroendocrinology 66, 393-408. 

Bruning,J.C., Gautam,D., Burks,D.J., Gillette,J., Schubert,M., Orban,P.C., Klein,R., 

Krone,W., Muller-Wieland,D., and Kahn,C.R. (2000). Role of brain insulin receptor 

in control of body weight and reproduction. Science 289, 2122-2125. 



286 

 

Bullock,B.P., Heller,R.S., and Habener,J.F. (1996). Tissue distribution of messenger 

ribonucleic acid encoding the rat glucagon-like peptide-1 receptor. Endocrinology 

137, 2968-2978. 

Burchardi,H. and Kaczmarczyk,G. (1994). The effect of anaesthesia on renal function. 

Eur. J. Anaesthesiol. 11, 163-168. 

Caberlotto,L., Fuxe,K., Rimland,J.M., Sedvall,G., and Hurd,Y.L. (1998). Regional 

distribution of neuropeptide Y Y2 receptor messenger RNA in the human post 

mortem brain. Neuroscience 86, 167-178. 

Cabrele,C. and Beck-Sickinger,A.G. (2000). Molecular characterization of the ligand-

receptor interaction of the neuropeptide Y family. J. Pept. Sci. 6, 97-122. 

Cai,X.J., Evans,M.L., Lister,C.A., Leslie,R.A., Arch,J.R., Wilson,S., and Williams,G. 

(2001). Hypoglycemia activates orexin neurons and selectively increases 

hypothalamic orexin-B levels: responses inhibited by feeding and possibly mediated 

by the nucleus of the solitary tract. Diabetes 50, 105-112. 

Calle,E.E., Thun,M.J., Petrelli,J.M., Rodriguez,C., and Heath,C.W., Jr. (1999). Body-

mass index and mortality in a prospective cohort of U.S. adults. N. Engl. J Med. 341, 

1097-1105. 

Calza,L., Giardino,L., Battistini,N., Zanni,M., Galetti,S., Protopapa,F., and 

Velardo,A. (1989). Increase of neuropeptide Y-like immunoreactivity in the 

paraventricular nucleus of fasting rats. Neurosci. Lett. 104, 99-104. 

Carmago,S., Shah,S.V., and Walker,P.D. (2002). Meprin, a brush-border enzyme, 

plays an important role in hypoxic/ischemic acute renal tubular injury in rats. Kidney 

Int. 61, 959-966. 

Carone,F.A., Peterson,D.R., and Flouret,G. (1984). Proximal tubular hydrolysis and 

transport of small peptides. Contrib. Nephrol. 42, 1-9. 

Castren,E., Thoenen,H., and Lindholm,D. (1995). Brain-derived neurotrophic factor 

messenger RNA is expressed in the septum, hypothalamus and in adrenergic brain 

stem nuclei of adult rat brain and is increased by osmotic stimulation in the 

paraventricular nucleus. Neuroscience 64, 71-80. 

Challis,B.G., Coll,A.P., Yeo,G.S., Pinnock,S.B., Dickson,S.L., Thresher,R.R., 

Dixon,J., Zahn,D., Rochford,J.J., White,A., Oliver,R.L., Millington,G., Aparicio,S.A., 

Colledge,W.H., Russ,A.P., Carlton,M.B., and O'Rahilly,S. (2004). Mice lacking pro-

opiomelanocortin are sensitive to high-fat feeding but respond normally to the acute 

anorectic effects of peptide-YY(3-36). Proc. Natl. Acad. Sci. U. S. A 101, 4695-4700. 

Challis,B.G., Pinnock,S.B., Coll,A.P., Carter,R.N., Dickson,S.L., and O'Rahilly,S. 

(2003). Acute effects of PYY3-36 on food intake and hypothalamic neuropeptide 

expression in the mouse. Biochem. Biophys. Res. Commun. 311, 915-919. 

Chandarana,K. and Batterham,R. (2008). Peptide YY. Curr. Opin. Endocrinol. 

Diabetes Obes. 15, 65-72. 



287 

 

Chaudhri,O.B., Wynne,K., and Bloom,S.R. (2008). Can gut hormones control appetite 

and prevent obesity? Diabetes Care 31 Suppl 2, S284-S289. 

Chelikani,P.K., Haver,A.C., Reeve,J.R., Jr., Keire,D.A., and Reidelberger,R.D. 

(2006a). Daily, intermittent intravenous infusion of peptide YY(3-36) reduces daily 

food intake and adiposity in rats. Am. J. Physiol Regul. Integr. Comp Physiol 290, 

R298-R305. 

Chelikani,P.K., Haver,A.C., and Reidelberger,R.D. (2005). Intravenous infusion of 

peptide YY(3-36) potently inhibits food intake in rats. Endocrinology 146, 879-888. 

Chelikani,P.K., Haver,A.C., and Reidelberger,R.D. (2006b). Dose-dependent effects 

of peptide YY(3-36) on conditioned taste aversion in rats. Peptides 27, 3193-3201. 

Chelikani,P.K., Haver,A.C., and Reidelberger,R.D. (2007). Intermittent 

intraperitoneal infusion of peptide YY(3-36) reduces daily food intake and adiposity 

in obese rats. Am. J. Physiol Regul. Integr. Comp Physiol 293, R39-R46. 

Chen,A.S., Marsh,D.J., Trumbauer,M.E., Frazier,E.G., Guan,X.M., Yu,H., 

Rosenblum,C.I., Vongs,A., Feng,Y., Cao,L., Metzger,J.M., Strack,A.M., 

Camacho,R.E., Mellin,T.N., Nunes,C.N., Min,W., Fisher,J., Gopal-Truter,S., 

MacIntyre,D.E., Chen,H.Y., and Van der Ploeg,L.H. (2000). Inactivation of the 

mouse melanocortin-3 receptor results in increased fat mass and reduced lean body 

mass. Nat. Genet. 26, 97-102. 

Chen,H., Charlat,O., Tartaglia,L.A., Woolf,E.A., Weng,X., Ellis,S.J., Lakey,N.D., 

Culpepper,J., Moore,K.J., Breitbart,R.E., Duyk,G.M., Tepper,R.I., and 

Morgenstern,J.P. (1996). Evidence that the diabetes gene encodes the leptin receptor: 

identification of a mutation in the leptin receptor gene in db/db mice. Cell 84, 491-

495. 

Chen,H.Y., Trumbauer,M.E., Chen,A.S., Weingarth,D.T., Adams,J.R., Frazier,E.G., 

Shen,Z., Marsh,D.J., Feighner,S.D., Guan,X.M., Ye,Z., Nargund,R.P., Smith,R.G., 

Van der Ploeg,L.H., Howard,A.D., MacNeil,D.J., and Qian,S. (2004). Orexigenic 

action of peripheral ghrelin is mediated by neuropeptide Y and agouti-related protein. 

Endocrinology 145, 2607-2612. 

Chen,J., Scott,K.A., Zhao,Z., Moran,T.H., and Bi,S. (2008). Characterization of the 

feeding inhibition and neural activation produced by dorsomedial hypothalamic 

cholecystokinin administration. Neuroscience 152, 178-188. 

Cheung,C.C., Clifton,D.K., and Steiner,R.A. (1997). Proopiomelanocortin neurons 

are direct targets for leptin in the hypothalamus. Endocrinology 138, 4489-4492. 

Christensen,R., Kristensen,P.K., Bartels,E.M., Bliddal,H., and Astrup,A.V. (2007). [A 

meta-analysis of the efficacy and safety of the anti-obesity agent Rimonabant]. 

Ugeskr. Laeger 169, 4360-4363. 

Christopoulos,A. (2002). G protein-coupled receptor allosterism and complexing. 

Pharmacological reviews 54, 323. 



288 

 

Chronwall,B.M. and Zukowska,Z. (2004). Neuropeptide Y, ubiquitous and elusive. 

Peptides 25, 359-363. 

Clark,J.T., Kalra,P.S., Crowley,W.R., and Kalra,S.P. (1984). Neuropeptide Y and 

human pancreatic polypeptide stimulate feeding behavior in rats. Endocrinology 115, 

427-429. 

Coleman,D.L. (1973). Effects of parabiosis of obese with diabetes and normal mice. 

Diabetologia 9, 294. 

Coleman,D.L. and Hummel,K.P. (1969). Effects of parabiosis of normal with 

genetically diabetic mice. Am. J. Physiol 217, 1298-1304. 

Coll,A.P. and Loraine Tung,Y.C. (2009). Pro-opiomelanocortin (POMC)-derived 

peptides and the regulation of energy homeostasis. Mol. Cell Endocrinol. 300, 147-

151. 

Colmers,W.F., Klapstein,G.J., Fournier,A., St-Pierre,S., and Treherne,K.A. (1991). 

Presynaptic inhibition by neuropeptide Y in rat hippocampal slice in vitro is mediated 

by a Y2 receptor. Br. J. Pharmacol. 102, 41-44. 

Cone,R.D. (2005). Anatomy and regulation of the central melanocortin system. Nat. 

Neurosci. 8, 571-578. 

Conlon,J.M. (2002). The origin and evolution of peptide YY (PYY) and pancreatic 

polypeptide (PP). Peptides 23, 269-278. 

Considine,R.V., Sinha,M.K., Heiman,M.L., Kriauciunas,A., Stephens,T.W., 

Nyce,M.R., Ohannesian,J.P., Marco,C.C., McKee,L.J., Bauer,T.L., and . (1996). 

Serum immunoreactive-leptin concentrations in normal-weight and obese humans. N. 

Engl. J. Med. 334, 292-295. 

Corp,E.S., Melville,L.D., Greenberg,D., Gibbs,J., and Smith,G.P. (1990). Effect of 

fourth ventricular neuropeptide Y and peptide YY on ingestive and other behaviors. 

Am. J. Physiol 259, R317-R323. 

Cowley,M.A., Smart,J.L., Rubinstein,M., Cerdan,M.G., Diano,S., Horvath,T.L., 

Cone,R.D., and Low,M.J. (2001). Leptin activates anorexigenic POMC neurons 

through a neural network in the arcuate nucleus. Nature 411, 480-484. 

Cowley,M.A., Smith,R.G., Diano,S., Tschop,M., Pronchuk,N., Grove,K.L., 

Strasburger,C.J., Bidlingmaier,M., Esterman,M., Heiman,M.L., Garcia-Segura,L.M., 

Nillni,E.A., Mendez,P., Low,M.J., Sotonyi,P., Friedman,J.M., Liu,H., Pinto,S., 

Colmers,W.F., Cone,R.D., and Horvath,T.L. (2003). The distribution and mechanism 

of action of ghrelin in the CNS demonstrates a novel hypothalamic circuit regulating 

energy homeostasis. Neuron 37, 649-661. 

Crawley,J.N. and Beinfeld,M.C. (1983). Rapid development of tolerance to the 

behavioural actions of cholecystokinin. Nature 302, 703-706. 



289 

 

Crawley,J.N., Kiss,J.Z., and Mezey,E. (1984). Bilateral midbrain transections block 

the behavioral effects of cholecystokinin on feeding and exploration in rats. Brain 

Res. 322, 316-321. 

Croom,K.F. and McCormack,P.L. (2009). Liraglutide: a review of its use in type 2 

diabetes mellitus. Drugs 69, 1985-2004. 

Cummings,D.E., Purnell,J.Q., Frayo,R.S., Schmidova,K., Wisse,B.E., and 

Weigle,D.S. (2001). A preprandial rise in plasma ghrelin levels suggests a role in 

meal initiation in humans. Diabetes 50, 1714-1719. 

Cummings,D.E., Weigle,D.S., Frayo,R.S., Breen,P.A., Ma,M.K., Dellinger,E.P., and 

Purnell,J.Q. (2002). Plasma ghrelin levels after diet-induced weight loss or gastric 

bypass surgery. N. Engl. J. Med. 346, 1623-1630. 

Cusin,I., Rohner-Jeanrenaud,F., Stricker-Krongrad,A., and Jeanrenaud,B. (1996). The 

weight-reducing effect of an intracerebroventricular bolus injection of leptin in 

genetically obese fa/fa rats. Reduced sensitivity compared with lean animals. Diabetes 

45, 1446-1450. 

Dakin,C.L., Gunn,I., Small,C.J., Edwards,C.M., Hay,D.L., Smith,D.M., Ghatei,M.A., 

and Bloom,S.R. (2001). Oxyntomodulin inhibits food intake in the rat. Endocrinology 

142, 4244-4250. 

Dakin,C.L., Small,C.J., Park,A.J., Seth,A., Ghatei,M.A., and Bloom,S.R. (2002). 

Repeated ICV administration of oxyntomodulin causes a greater reduction in body 

weight gain than in pair-fed rats. Am. J. Physiol Endocrinol. Metab 283, E1173-

E1177. 

Dallman,M.F., Strack,A.M., Akana,S.F., Bradbury,M.J., Hanson,E.S., Scribner,K.A., 

and Smith,M. (1993). Feast and famine: critical role of glucocorticoids with insulin in 

daily energy flow. Front Neuroendocrinol. 14, 303-347. 

Date,Y., Murakami,N., Toshinai,K., Matsukura,S., Niijima,A., Matsuo,H., 

Kangawa,K., and Nakazato,M. (2002). The role of the gastric afferent vagal nerve in 

ghrelin-induced feeding and growth hormone secretion in rats. Gastroenterology 123, 

1120-1128. 

Date,Y., Shimbara,T., Koda,S., Toshinai,K., Ida,T., Murakami,N., Miyazato,M., 

Kokame,K., Ishizuka,Y., Ishida,Y., Kageyama,H., Shioda,S., Kangawa,K., and 

Nakazato,M. (2006). Peripheral ghrelin transmits orexigenic signals through the 

noradrenergic pathway from the hindbrain to the hypothalamus. Cell Metab 4, 323-

331. 

Davletov,B.A., Meunier,F.A., Ashton,A.C., Matsushita,H., Hirst,W.D., 

Lelianova,V.G., Wilkin,G.P., Dolly,J.O., and Ushkaryov,Y.A. (1998). Vesicle 

exocytosis stimulated by alpha-latrotoxin is mediated by latrophilin and requires both 

external and stored Ca2+. EMBO J. 17, 3909-3920. 

Day,A.L., Wick,E., Jordan,T.H., Jaffray,C.E., Bunnett,N.W., Grady,E.F., and 

Kirkwood,K.S. (2005). Neutral endopeptidase determines the severity of pancreatitis-

associated lung injury. J. Surg. Res. 128, 21-27. 



290 

 

De Kloet,A.D. and Woods,S.C. (2009). Minireview: Endocannabinoids and their 

receptors as targets for obesity therapy. Endocrinology 150, 2531-2536. 

De,L.L., Kilduff,T.S., Peyron,C., Gao,X., Foye,P.E., Danielson,P.E., Fukuhara,C., 

Battenberg,E.L., Gautvik,V.T., Bartlett,F.S., Frankel,W.N., van den Pol,A.N., 

Bloom,F.E., Gautvik,K.M., and Sutcliffe,J.G. (1998). The hypocretins: hypothalamus-

specific peptides with neuroexcitatory activity. Proc. Natl. Acad. Sci. U. S. A 95, 322-

327. 

Deacon,C.F. and Holst,J.J. (2006). Dipeptidyl peptidase IV inhibitors: a promising 

new therapeutic approach for the management of type 2 diabetes. Int. J. Biochem. 

Cell Biol. 38, 831-844. 

DeCarr,L.B., Buckholz,T.M., Coish,P.D., Fathi,Z., Fisk,S.E., Mays,M.R., 

O'Connor,S.J., and Lumb,K.J. (2007). Identification of selective neuropeptide Y2 

peptide agonists. Bioorg. Med. Chem. Lett. 17, 538-541. 

Degen,L., Oesch,S., Casanova,M., Graf,S., Ketterer,S., Drewe,J., and Beglinger,C. 

(2005). Effect of peptide YY3-36 on food intake in humans. Gastroenterology 129, 

1430-1436. 

Degn,K.B., Juhl,C.B., Sturis,J., Jakobsen,G., Brock,B., Chandramouli,V., Rungby,J., 

Landau,B.R., and Schmitz,O. (2004). One week's treatment with the long-acting 

glucagon-like peptide 1 derivative liraglutide (NN2211) markedly improves 24-h 

glycemia and alpha- and beta-cell function and reduces endogenous glucose release in 

patients with type 2 diabetes. Diabetes 53, 1187-1194. 

Di,M., V, Goparaju,S.K., Wang,L., Liu,J., Batkai,S., Jarai,Z., Fezza,F., Miura,G.I., 

Palmiter,R.D., Sugiura,T., and Kunos,G. (2001). Leptin-regulated endocannabinoids 

are involved in maintaining food intake. Nature 410, 822-825. 

Donahey,J.C., van,D.G., Woods,S.C., and Seeley,R.J. (1998). Intraventricular GLP-1 

reduces short- but not long-term food intake or body weight in lean and obese rats. 

Brain Res 779, 75-83. 

Douglass,J. and Daoud,S. (1996). Characterization of the human cDNA and genomic 

DNA encoding CART: a cocaine- and amphetamine-regulated transcript. Gene 169, 

241-245. 

Douglass,J., McKinzie,A.A., and Couceyro,P. (1995). PCR differential display 

identifies a rat brain mRNA that is transcriptionally regulated by cocaine and 

amphetamine. J. Neurosci. 15, 2471-2481. 

Druce,M.R., Minnion,J.S., Field,B.C., Patel,S.R., Shillito,J.C., Tilby,M., Beale,K.E., 

Murphy,K.G., Ghatei,M.A., and Bloom,S.R. (2009). Investigation of structure-

activity relationships of Oxyntomodulin (Oxm) using Oxm analogs. Endocrinology 

150, 1712-1722. 

Dube,M.G., Horvath,T.L., Kalra,P.S., and Kalra,S.P. (2000). Evidence of NPY Y5 

receptor involvement in food intake elicited by orexin A in sated rats. Peptides 21, 

1557-1560. 



291 

 

Dunn,M.F. (2005). Zinc-ligand interactions modulate assembly and stability of the 

insulin hexamer -- a review. Biometals 18, 295-303. 

Eckel,L.A. and Ossenkopp,K.P. (1996). Area postrema mediates the formation of 

rapid, conditioned palatability shifts in lithium-treated rats. Behav. Neurosci. 110, 

202-212. 

Egleton,R.D. and Davis,T.P. (1997). Bioavailability and transport of peptides and 

peptide drugs into the brain. Peptides 18, 1431-1439. 

Eison,A.S. and Mullins,U.L. (1996). Regulation of central 5-HT2A receptors: a 

review of in vivo studies. Behav. Brain Res 73, 177-181. 

Ekblad,E. and Sundler,F. (2002). Distribution of pancreatic polypeptide and peptide 

YY. Peptides 23, 251-261. 

Elias,C.F., Lee,C., Kelly,J., Aschkenasi,C., Ahima,R.S., Couceyro,P.R., Kuhar,M.J., 

Saper,C.B., and Elmquist,J.K. (1998). Leptin activates hypothalamic CART neurons 

projecting to the spinal cord. Neuron 21, 1375-1385. 

Erdos,E.G. and Skidgel,R.A. (1989). Neutral endopeptidase 24.11 (enkephalinase) 

and related regulators of peptide hormones. FASEB J. 3, 145-151. 

Erickson,J.C., Clegg,K.E., and Palmiter,R.D. (1996). Sensitivity to leptin and 

susceptibility to seizures of mice lacking neuropeptide Y. Nature 381, 415-421. 

Fan,W., Boston,B.A., Kesterson,R.A., Hruby,V.J., and Cone,R.D. (1997). Role of 

melanocortinergic neurons in feeding and the agouti obesity syndrome. Nature 385, 

165-168. 

Farooqi,I.S., Jebb,S.A., Langmack,G., Lawrence,E., Cheetham,C.H., Prentice,A.M., 

Hughes,I.A., McCamish,M.A., and O'Rahilly,S. (1999). Effects of recombinant leptin 

therapy in a child with congenital leptin deficiency. N. Engl. J. Med. 341, 879-884. 

Fauchere JL and Thurieau, C. Evaluation of the stability of peptides and 

pseudopeptides as a tool in peptide drug design. Advances in drug research 23. 1992.   

 

Field,B.C., Chaudhri,O.B., and Bloom,S.R. (2009). Obesity treatment: novel 

peripheral targets. Br. J. Clin. Pharmacol. 68, 830-843. 

Fineman,M.S., Shen,L.Z., Taylor,K., Kim,D.D., and Baron,A.D. (2004). 

Effectiveness of progressive dose-escalation of exenatide (exendin-4) in reducing 

dose-limiting side effects in subjects with type 2 diabetes. Diabetes Metab Res. Rev. 

20, 411-417. 

Fray,P.J., Sahakian,B.J., Robbins,T.W., Koob,G.F., and Iversen,S.D. (1980). An 

observational method for quantifying the behavioural effects of dopamine agonists: 

contrasting effects of d-amphetamine and apomorphine. Psychopharmacology (Berl) 

69, 253-259. 

Fried,M., Mayer,E.A., Jansen,J.B., Lamers,C.B., Taylor,I.L., Bloom,S.R., and 

Meyer,J.H. (1988). Temporal relationships of cholecystokinin release, 



292 

 

pancreatobiliary secretion, and gastric emptying of a mixed meal. Gastroenterology 

95, 1344-1350. 

Fu,L.Y. and van den Pol,A.N. (2008). Agouti-related peptide and MC3/4 receptor 

agonists both inhibit excitatory hypothalamic ventromedial nucleus neurons. J. 

Neurosci. 28, 5433-5449. 

Fuhlendorff,J., Johansen,N.L., Melberg,S.G., Thogersen,H., and Schwartz,T.W. 

(1990). The antiparallel pancreatic polypeptide fold in the binding of neuropeptide Y 

to Y1 and Y2 receptors. J. Biol. Chem. 265, 11706-11712. 

Gantz,I., Erondu,N., Mallick,M., Musser,B., Krishna,R., Tanaka,W.K., Snyder,K., 

Stevens,C., Stroh,M.A., Zhu,H., Wagner,J.A., MacNeil,D.J., Heymsfield,S.B., and 

Amatruda,J.M. (2007). Efficacy and safety of intranasal peptide YY3-36 for weight 

reduction in obese adults. J. Clin. Endocrinol. Metab 92, 1754-1757. 

Gerald,C., Walker,M.W., Criscione,L., Gustafson,E.L., Batzl-Hartmann,C., 

Smith,K.E., Vaysse,P., Durkin,M.M., Laz,T.M., Linemeyer,D.L., Schaffhauser,A.O., 

Whitebread,S., Hofbauer,K.G., Taber,R.I., Branchek,T.A., and Weinshank,R.L. 

(1996). A receptor subtype involved in neuropeptide-Y-induced food intake. Nature 

382, 168-171. 

Gietz,U., Arvinte,T., Haner,M., Aebi,U., and Merkle,H.P. (2000). Formulation of 

sustained release aqueous Zn-hirudin suspensions. Eur J Pharm. Sci. 11, 33-41. 

Glass,M.J., Billington,C.J., and Levine,A.S. (1999). Opioids and food intake: 

distributed functional neural pathways? Neuropeptides 33, 360-368. 

Glover,I.D., Barlow,D.J., Pitts,J.E., Wood,S.P., Tickle,I.J., Blundell,T.L., 

Tatemoto,K., Kimmel,J.R., Wollmer,A., Strassburger,W., and Zhang,Y. (1984). 

Conformational studies on the pancreatic polypeptide hormone family. Eur. J. 

Biochem. 142, 379-385. 

Gnanapavan,S., Kola,B., Bustin,S.A., Morris,D.G., McGee,P., Fairclough,P., 

Bhattacharya,S., Carpenter,R., Grossman,A.B., and Korbonits,M. (2002). The tissue 

distribution of the mRNA of ghrelin and subtypes of its receptor, GHS-R, in humans. 

J. Clin. Endocrinol. Metab 87, 2988. 

Goke,R., Fehmann,H.C., Linn,T., Schmidt,H., Krause,M., Eng,J., and Goke,B. 

(1993). Exendin-4 is a high potency agonist and truncated exendin-(9-39)-amide an 

antagonist at the glucagon-like peptide 1-(7-36)-amide receptor of insulin-secreting 

beta-cells. J. Biol. Chem. 268, 19650-19655. 

Goldstein,D.J. (1992). Beneficial health effects of modest weight loss. Int. J. Obes. 

Relat Metab Disord. 16, 397-415. 

Grady,E.F., Bohm,S.K., and Bunnett,N.W. (1997). Turning off the signal: 

mechanisms that attenuate signaling by G protein-coupled receptors. Am J Physiol 

273, G586-G601. 

Graham,M., Shutter,J.R., Sarmiento,U., Sarosi,I., and Stark,K.L. (1997). 

Overexpression of Agrt leads to obesity in transgenic mice. Nat. Genet. 17, 273-274. 



293 

 

Grandt,D., Dahms,P., Schimiczek,M., Eysselein,V.E., Reeve,J.R., Jr., and Mentlein,R. 

(1993). Proteolytic processing by dipeptidyl aminopeptidase IV generates receptor 

selectivity for peptide YY (PYY). Med. Klin. (Munich) 88, 143-145. 

Grandt,D., Schimiczek,M., Beglinger,C., Layer,P., Goebell,H., Eysselein,V.E., and 

Reeve,J.R., Jr. (1994). Two molecular forms of peptide YY (PYY) are abundant in 

human blood: characterization of a radioimmunoassay recognizing PYY 1-36 and 

PYY 3-36. Regul. Pept. 51, 151-159. 

Grandt,D., Teyssen,S., Schimiczek,M., Reeve,J.R., Jr., Feth,F., Rascher,W., 

Hirche,H., Singer,M.V., Layer,P., Goebell,H., and . (1992). Novel generation of 

hormone receptor specificity by amino terminal processing of peptide YY. Biochem. 

Biophys. Res. Commun. 186, 1299-1306. 

Greeley,G.H., Jr., Hashimoto,T., Izukura,M., Gomez,G., Jeng,J., Hill,F.L., Lluis,F., 

and Thompson,J.C. (1989). A comparison of intraduodenally and intracolonically 

administered nutrients on the release of peptide-YY in the dog. Endocrinology 125, 

1761-1765. 

Green,B.D., Mooney,M.H., Gault,V.A., Irwin,N., Bailey,C.J., Harriott,P., Greer,B., 

O'Harte,F.P., and Flatt,P.R. (2004). N-terminal His(7)-modification of glucagon-like 

peptide-1(7-36) amide generates dipeptidyl peptidase IV-stable analogues with potent 

antihyperglycaemic activity. J. Endocrinol. 180, 379-388. 

Greenough,A., Cole,G., Lewis,J., Lockton,A., and Blundell,J. (1998). Untangling the 

effects of hunger, anxiety, and nausea on energy intake during intravenous 

cholecystokinin octapeptide (CCK-8) infusion. Physiol Behav. 65, 303-310. 

Grill,H.J. and Smith,G.P. (1988). Cholecystokinin decreases sucrose intake in chronic 

decerebrate rats. Am. J. Physiol 254, R853-R856. 

Guan,X.M., Yu,H., and Van der Ploeg,L.H. (1998). Evidence of altered hypothalamic 

pro-opiomelanocortin/ neuropeptide Y mRNA expression in tubby mice. Brain Res. 

Mol. Brain Res. 59, 273-279. 

Guo,Y., Ma,L., Enriori,P.J., Koska,J., Franks,P.W., Brookshire,T., Cowley,M.A., 

Salbe,A.D., Delparigi,A., and Tataranni,P.A. (2006). Physiological evidence for the 

involvement of peptide YY in the regulation of energy homeostasis in humans. 

Obesity. (Silver. Spring) 14, 1562-1570. 

Gustafson,E.L., Smith,K.E., Durkin,M.M., Walker,M.W., Gerald,C., Weinshank,R., 

and Branchek,T.A. (1997). Distribution of the neuropeptide Y Y2 receptor mRNA in 

rat central nervous system. Brain Res. Mol. Brain Res. 46, 223-235. 

Gutniak,M., Orskov,C., Holst,J.J., Ahren,B., and Efendic,S. (1992). Antidiabetogenic 

effect of glucagon-like peptide-1 (7-36)amide in normal subjects and patients with 

diabetes mellitus. N. Engl. J. Med. 326, 1316-1322. 

Hagan,M.M. (2002). Peptide YY: a key mediator of orexigenic behavior. Peptides 23, 

377-382. 



294 

 

Hagan,M.M., Rushing,P.A., Pritchard,L.M., Schwartz,M.W., Strack,A.M., Van der 

Ploeg,L.H., Woods,S.C., and Seeley,R.J. (2000). Long-term orexigenic effects of 

AgRP-(83---132) involve mechanisms other than melanocortin receptor blockade. 

Am. J. Physiol Regul. Integr. Comp Physiol 279, R47-R52. 

Hahn,T.M., Breininger,J.F., Baskin,D.G., and Schwartz,M.W. (1998). Coexpression 

of Agrp and NPY in fasting-activated hypothalamic neurons. Nat. Neurosci. 1, 271-

272. 

Halaas,J.L., Gajiwala,K.S., Maffei,M., Cohen,S.L., Chait,B.T., Rabinowitz,D., 

Lallone,R.L., Burley,S.K., and Friedman,J.M. (1995). Weight-reducing effects of the 

plasma protein encoded by the obese gene. Science 269, 543-546. 

Halatchev,I.G. and Cone,R.D. (2005). Peripheral administration of PYY(3-36) 

produces conditioned taste aversion in mice. Cell Metab 1, 159-168. 

Halatchev,I.G., Ellacott,K.L., Fan,W., and Cone,R.D. (2004). Peptide YY3-36 

inhibits food intake in mice through a melanocortin-4 receptor-independent 

mechanism. Endocrinology 145, 2585-2590. 

Halford,J.C., Wanninayake,S.C., and Blundell,J.E. (1998). Behavioral satiety 

sequence (BSS) for the diagnosis of drug action on food intake. Pharmacol. Biochem. 

Behav. 61, 159-168. 

Hanahan,D. (1983). Studies on transformation of Escherichia coli with plasmids. J. 

Mol. Biol. 166, 557-580. 

Hara,J., Beuckmann,C.T., Nambu,T., Willie,J.T., Chemelli,R.M., Sinton,C.M., 

Sugiyama,F., Yagami,K., Goto,K., Yanagisawa,M., and Sakurai,T. (2001). Genetic 

ablation of orexin neurons in mice results in narcolepsy, hypophagia, and obesity. 

Neuron 30, 345-354. 

Haskell-Luevano,C., Chen,P., Li,C., Chang,K., Smith,M.S., Cameron,J.L., and 

Cone,R.D. (1999). Characterization of the neuroanatomical distribution of agouti-

related protein immunoreactivity in the rhesus monkey and the rat. Endocrinology 

140, 1408-1415. 

Havrankova,J., Roth,J., and Brownstein,M. (1978). Insulin receptors are widely 

distributed in the central nervous system of the rat. Nature 272, 827-829. 

Heal,D.J., Gosden,J., and Smith,S.L. (2009). Regulatory challenges for new drugs to 

treat obesity and comorbid metabolic disorders. Br. J. Clin. Pharmacol. 68, 861-874. 

Hegbrant,J., Thysell,H., and Ekman,R. (1991). Plasma levels of gastrointestinal 

regulatory peptides in patients receiving maintenance hemodialysis. Scand. J 

Gastroenterol. 26, 599-604. 

Heinrichs,S.C., Cole,B.J., Pich,E.M., Menzaghi,F., Koob,G.F., and Hauger,R.L. 

(1992). Endogenous corticotropin-releasing factor modulates feeding induced by 

neuropeptide Y or a tail-pinch stressor. Peptides 13, 879-884. 



295 

 

Heisler,L.K., Jobst,E.E., Sutton,G.M., Zhou,L., Borok,E., Thornton-Jones,Z., 

Liu,H.Y., Zigman,J.M., Balthasar,N., Kishi,T., Lee,C.E., Aschkenasi,C.J., 

Zhang,C.Y., Yu,J., Boss,O., Mountjoy,K.G., Clifton,P.G., Lowell,B.B., 

Friedman,J.M., Horvath,T., Butler,A.A., Elmquist,J.K., and Cowley,M.A. (2006). 

Serotonin reciprocally regulates melanocortin neurons to modulate food intake. 

Neuron 51, 239-249. 

Hetherington,A.W. and Ranson,S.W. (1983). Nutrition Classics. The Anatomical 

Record, Volume 78, 1940: Hypothalamic lesions and adiposity in the rat. Nutr. Rev 

41, 124-127. 

Hinke,S.A., Gelling,R.W., Pederson,R.A., Manhart,S., Nian,C., Demuth,H.U., and 

McIntosh,C.H. (2002). Dipeptidyl peptidase IV-resistant [D-Ala(2)]glucose-

dependent insulinotropic polypeptide (GIP) improves glucose tolerance in normal and 

obese diabetic rats. Diabetes 51, 652-661. 

Hoag,S.W. and Hussain,A.S. (2001). The impact of formulation on bioavailability: 

summary of workshop discussion. J. Nutr. 131, 1389S-1391S. 

Holz,G.G. and Habener,J.F. (1998). Black widow spider alpha-latrotoxin: a 

presynaptic neurotoxin that shares structural homology with the glucagon-like 

peptide-1 family of insulin secretagogic hormones. Comp Biochem. Physiol B 

Biochem. Mol. Biol. 121, 177-184. 

Holz,G.G., Leech,C.A., and Habener,J.F. (2000). Insulinotropic toxins as molecular 

probes for analysis of glucagon-likepeptide-1 receptor-mediated signal transduction in 

pancreatic beta-cells. Biochimie 82, 915-926. 

Homan,J.D., Neutelings,J.P., Overbeek,G.A., Booij,C.J., and Van,D.E.R. (1954). 

Corticotrophin zinc phosphate and hydroxide; long-acting aqueous preparations. 

Lancet 266, 541-543. 

Hort,Y., Baker,E., Sutherland,G.R., Shine,J., and Herzog,H. (1995). Gene duplication 

of the human peptide YY gene (PYY) generated the pancreatic polypeptide gene 

(PPY) on chromosome 17q21.1. Genomics 26, 77-83. 

Horvath,T.L., Diano,S., and van den Pol,A.N. (1999). Synaptic interaction between 

hypocretin (orexin) and neuropeptide Y cells in the rodent and primate hypothalamus: 

a novel circuit implicated in metabolic and endocrine regulations. J. Neurosci. 19, 

1072-1087. 

Hruby,V.J. (2002). Designing peptide receptor agonists and antagonists. Nature 

Reviews. Drug Discovery 1, 847. 

Huszar,D., Lynch,C.A., Fairchild-Huntress,V., Dunmore,J.H., Fang,Q., 

Berkemeier,L.R., Gu,W., Kesterson,R.A., Boston,B.A., Cone,R.D., Smith,F.J., 

Campfield,L.A., Burn,P., and Lee,F. (1997). Targeted disruption of the melanocortin-

4 receptor results in obesity in mice. Cell 88, 131-141. 

Hwa,J.J., Ghibaudi,L., Gao,J., and Parker,E.M. (2001). Central melanocortin system 

modulates energy intake and expenditure of obese and lean Zucker rats. Am. J. 

Physiol Regul. Integr. Comp Physiol 281, R444-R451. 



296 

 

Ito,M., Ishihara,A., Gomori,A., Egashira,S., Matsushita,H., Mashiko,S., Ito,J., Ito,M., 

Nakase,K., Haga,Y., Iwaasa,H., Suzuki,T., Ohtake,N., Moriya,M., Sato,N., 

MacNeil,D.J., Takenaga,N., Tokita,S., and Kanatani,A. (2009). Melanin-

concentrating hormone 1-receptor antagonist suppresses body weight gain correlated 

with high receptor occupancy levels in diet-induced obesity mice. Eur. J. Pharmacol. 

624, 77-83. 

Ito,M., Ishihara,A., Gomori,A., Matsushita,H., Ito,M., Metzger,J.M., Marsh,D.J., 

Haga,Y., Iwaasa,H., Tokita,S., Takenaga,N., Sato,N., MacNeil,D.J., Moriya,M., and 

Kanatani,A. (2010). Mechanism of the anti-obesity effects induced by a novel 

melanin-concentrating hormone 1-receptor antagonist in mice. Br. J. Pharmacol. 159, 

374-383. 

Ito,T. (2006). Effects of peripheral administration of PYY3-36 on feed intake and 

plasma acyl-ghrelin levels in pigs. The Journal of endocrinology 191, 113. 

Jacobowitz,D.M. and O'Donohue,T.L. (1978). alpha-Melanocyte stimulating 

hormone: immunohistochemical identification and mapping in neurons of rat brain. 

Proc. Natl. Acad. Sci. U. S. A 75, 6300-6304. 

Jesudason,D.R., Monteiro,M.P., McGowan,B.M., Neary,N.M., Park,A.J., 

Philippou,E., Small,C.J., Frost,G.S., Ghatei,M.A., and Bloom,S.R. (2007). Low-dose 

pancreatic polypeptide inhibits food intake in man. Br. J. Nutr. 97, 426-429. 

Jhanwar-Uniyal,M., Beck,B., Burlet,C., and Leibowitz,S.F. (1990). Diurnal rhythm of 

neuropeptide Y-like immunoreactivity in the suprachiasmatic, arcuate and 

paraventricular nuclei and other hypothalamic sites. Brain Res. 536, 331-334. 

Jordan,J., Greenway,F.L., Leiter,L.A., Li,Z., Jacobson,P., Murphy,K., Hill,J., Kler,L., 

and Aftring,R.P. (2008). Stimulation of cholecystokinin-A receptors with GI181771X 

does not cause weight loss in overweight or obese patients. Clin. Pharmacol. Ther. 83, 

281-287. 

Kalra,S.P. (1991). Neuropeptide Y secretion increases in the paraventricular nucleus 

in association with increased appetite for food. Proceedings of the National Academy 

of Sciences of the United States of America 88, 10931. 

Kalra,S.P., Dube,M.G., Pu,S., Xu,B., Horvath,T.L., and Kalra,P.S. (1999). Interacting 

appetite-regulating pathways in the hypothalamic regulation of body weight. Endocr. 

Rev. 20, 68-100. 

Kalra,S.P. and Horvath,T.L. (1998). Neuroendocrine interactions between galanin, 

opioids, and neuropeptide Y in the control of reproduction and appetite. Ann. N. Y. 

Acad. Sci. 863, 236-240. 

Kamegai,J., Tamura,H., Shimizu,T., Ishii,S., Sugihara,H., and Wakabayashi,I. (2000). 

Central effect of ghrelin, an endogenous growth hormone secretagogue, on 

hypothalamic peptide gene expression. Endocrinology 141, 4797-4800. 

Kametani,H. (1988). Analysis of age-related changes in stress-induced grooming in 

the rat. Differential behavioral profile of adaptation to stress. Ann. N. Y. Acad. Sci. 

525, 101-113. 



297 

 

Kawauchi,H., Kawazoe,I., Tsubokawa,M., Kishida,M., and Baker,B.I. (1983). 

Characterization of melanin-concentrating hormone in chum salmon pituitaries. 

Nature 305, 321-323. 

Keire,D.A., Bowers,C.W., Solomon,T.E., and Reeve,J.R., Jr. (2002). Structure and 

receptor binding of PYY analogs. Peptides 23, 305-321. 

Keire,D.A., Mannon,P., Kobayashi,M., Walsh,J.H., Solomon,T.E., and Reeve,J.R., Jr. 

(2000). Primary structures of PYY, [Pro(34)]PYY, and PYY-(3-36) confer different 

conformations and receptor selectivity. Am. J. Physiol Gastrointest. Liver Physiol 

279, G126-G131. 

Kelley,A.E., Bakshi,V.P., Haber,S.N., Steininger,T.L., Will,M.J., and Zhang,M. 

(2002). Opioid modulation of taste hedonics within the ventral striatum. Physiol 

Behav. 76, 365-377. 

Kelley,A.E., Baldo,B.A., Pratt,W.E., and Will,M.J. (2005). Corticostriatal-

hypothalamic circuitry and food motivation: integration of energy, action and reward. 

Physiol Behav. 86, 773-795. 

Kendall,D.M., Riddle,M.C., Rosenstock,J., Zhuang,D., Kim,D.D., Fineman,M.S., and 

Baron,A.D. (2005). Effects of exenatide (exendin-4) on glycemic control over 30 

weeks in patients with type 2 diabetes treated with metformin and a sulfonylurea. 

Diabetes Care 28, 1083-1091. 

Kennedy,G. (1953). The role of depot fat in the hypothalamic control of food intake 

in the rat. Proceedings of the Royal Society of London Biological Science 140, 579 

592. 

Kervran,A., Dubrasquet,M., Blache,P., Martinez,J., and Bataille,D. (1990). Metabolic 

clearance rates of oxyntomodulin and glucagon in the rat: contribution of the kidney. 

Regul. Pept. 31, 41-52. 

Kim,B.J., Carlson,O.D., Jang,H.J., Elahi,D., Berry,C., and Egan,J.M. (2005). Peptide 

YY is secreted after oral glucose administration in a gender-specific manner. J. Clin. 

Endocrinol. Metab 90, 6665-6671. 

Kim,M.S., Rossi,M., Abusnana,S., Sunter,D., Morgan,D.G., Small,C.J., 

Edwards,C.M., Heath,M.M., Stanley,S.A., Seal,L.J., Bhatti,J.R., Smith,D.M., 

Ghatei,M.A., and Bloom,S.R. (2000a). Hypothalamic localization of the feeding 

effect of agouti-related peptide and alpha-melanocyte-stimulating hormone. Diabetes 

49, 177-182. 

Kim,M.S., Small,C.J., Stanley,S.A., Morgan,D.G., Seal,L.J., Kong,W.M., 

Edwards,C.M., Abusnana,S., Sunter,D., Ghatei,M.A., and Bloom,S.R. (2000b). The 

central melanocortin system affects the hypothalamo-pituitary thyroid axis and may 

mediate the effect of leptin. J. Clin. Invest 105, 1005-1011. 

King,B.M. (2006). The rise, fall, and resurrection of the ventromedial hypothalamus 

in the regulation of feeding behavior and body weight. Physiology & behavior 87, 

221. 



298 

 

King,P.J., Williams,G., Doods,H., and Widdowson,P.S. (2000). Effect of a selective 

neuropeptide Y Y(2) receptor antagonist, BIIE0246 on neuropeptide Y release. Eur. J. 

Pharmacol. 396, R1-R3. 

Kirchner,H., Tong,J., Tschop,M.H., and Pfluger,P.T. (2010). Ghrelin and PYY in the 

regulation of energy balance and metabolism: lessons from mouse mutants. Am. J. 

Physiol Endocrinol. Metab 298, E909-E919. 

Kirkham,T.C., Williams,C.M., Fezza,F., and Di,M., V (2002). Endocannabinoid 

levels in rat limbic forebrain and hypothalamus in relation to fasting, feeding and 

satiation: stimulation of eating by 2-arachidonoyl glycerol. Br. J. Pharmacol. 136, 

550-557. 

Knudsen,L.B., Nielsen,P.F., Huusfeldt,P.O., Johansen,N.L., Madsen,K., 

Pedersen,F.Z., Thogersen,H., Wilken,M., and Agerso,H. (2000). Potent derivatives of 

glucagon-like peptide-1 with pharmacokinetic properties suitable for once daily 

administration. J Med. Chem 43, 1664-1669. 

Koda,S., Date,Y., Murakami,N., Shimbara,T., Hanada,T., Toshinai,K., Niijima,A., 

Furuya,M., Inomata,N., Osuye,K., and Nakazato,M. (2005). The role of the vagal 

nerve in peripheral PYY3-36-induced feeding reduction in rats. Endocrinology 146, 

2369-2375. 

Kojima,M., Hosoda,H., Date,Y., Nakazato,M., Matsuo,H., and Kangawa,K. (1999). 

Ghrelin is a growth-hormone-releasing acylated peptide from stomach. Nature 402, 

656-660. 

Kokkotou,E.G., Tritos,N.A., Mastaitis,J.W., Slieker,L., and Maratos-Flier,E. (2001). 

Melanin-concentrating hormone receptor is a target of leptin action in the mouse 

brain. Endocrinology 142, 680-686. 

Kolterman,O.G., Buse,J.B., Fineman,M.S., Gaines,E., Heintz,S., Bicsak,T.A., 

Taylor,K., Kim,D., Aisporna,M., Wang,Y., and Baron,A.D. (2003). Synthetic 

exendin-4 (exenatide) significantly reduces postprandial and fasting plasma glucose in 

subjects with type 2 diabetes. J. Clin. Endocrinol. Metab 88, 3082-3089. 

Kombian,S.B., Hirasawa,M., Mouginot,D., and Pittman,Q.J. (2002). Modulation of 

synaptic transmission by oxytocin and vasopressin in the supraoptic nucleus. Prog. 

Brain Res. 139, 235-246. 

Kopelman,P.G. (2000). Obesity as a medical problem. Nature 404, 635-643. 

Korner,J., Bessler,M., Cirilo,L.J., Conwell,I.M., Daud,A., Restuccia,N.L., and 

Wardlaw,S.L. (2005). Effects of Roux-en-Y gastric bypass surgery on fasting and 

postprandial concentrations of plasma ghrelin, peptide YY, and insulin. J. Clin. 

Endocrinol. Metab 90, 359-365. 

Krahn,D.D., Gosnell,B.A., Levine,A.S., and Morley,J.E. (1988). Behavioral effects of 

corticotropin-releasing factor: localization and characterization of central effects. 

Brain Res. 443, 63-69. 



299 

 

Kringelbach,M.L., O'Doherty,J., Rolls,E.T., and Andrews,C. (2003). Activation of the 

human orbitofrontal cortex to a liquid food stimulus is correlated with its subjective 

pleasantness. Cereb. Cortex 13, 1064-1071. 

Kristensen,P., Judge,M.E., Thim,L., Ribel,U., Christjansen,K.N., Wulff,B.S., 

Clausen,J.T., Jensen,P.B., Madsen,O.D., Vrang,N., Larsen,P.J., and Hastrup,S. 

(1998). Hypothalamic CART is a new anorectic peptide regulated by leptin. Nature 

393, 72-76. 

Krude,H., Biebermann,H., Luck,W., Horn,R., Brabant,G., and Gruters,A. (1998). 

Severe early-onset obesity, adrenal insufficiency and red hair pigmentation caused by 

POMC mutations in humans. Nat. Genet. 19, 155-157. 

Kruse,M.N., Becker,C., Lottaz,D., Kohler,D., Yiallouros,I., Krell,H.W., Sterchi,E.E., 

and Stocker,W. (2004). Human meprin alpha and beta homo-oligomers: cleavage of 

basement membrane proteins and sensitivity to metalloprotease inhibitors. Biochem. 

J. 378, 383-389. 

Kulkarni, U. Rimonabant withdrawal 23 October 2008. www.ObesityPortal.org.A 

comprehensive resource for front-line healthcare professionals . 24-10-2008.  

Ref Type: Electronic Citation 

Kulkarni, U. Sibutramine Suspension in Europe. www.ObesityPortal.org.A 

comprehensive resource for front-line healthcare professionals . 23-1-2010.  

Ref Type: Electronic Citation 

Lambert,P.D., Couceyro,P.R., McGirr,K.M., ll Vechia,S.E., Smith,Y., and Kuhar,M.J. 

(1998). CART peptides in the central control of feeding and interactions with 

neuropeptide Y. Synapse 29, 293-298. 

Lambert,P.D., Wilding,J.P., al-Dokhayel,A.A., Bohuon,C., Comoy,E., Gilbey,S.G., 

and Bloom,S.R. (1993). A role for neuropeptide-Y, dynorphin, and noradrenaline in 

the central control of food intake after food deprivation. Endocrinology 133, 29-32. 

Lang,J., Ushkaryov,Y., Grasso,A., and Wollheim,C.B. (1998). Ca2+-independent 

insulin exocytosis induced by alpha-latrotoxin requires latrophilin, a G protein-

coupled receptor. EMBO J. 17, 648-657. 

Lang,R., Gundlach,A.L., and Kofler,B. (2007). The galanin peptide family: receptor 

pharmacology, pleiotropic biological actions, and implications in health and disease. 

Pharmacol. Ther. 115, 177-207. 

Larhammar,D. (1996). Structural diversity of receptors for neuropeptide Y, peptide 

YY and pancreatic polypeptide. Regul. Pept. 65, 165-174. 

Larsen,P.J., Tang-Christensen,M., Holst,J.J., and Orskov,C. (1997). Distribution of 

glucagon-like peptide-1 and other preproglucagon-derived peptides in the rat 

hypothalamus and brainstem. Neuroscience 77, 257-270. 

Larsson,L.I. and Rehfeld,J.F. (1978). Distribution of gastrin and CCK cells in the rat 

gastrointestinal tract. Evidence for the occurrence of three distinct cell types storing 

COOH-terminal gastrin immunoreactivity. Histochemistry 58, 23-31. 



300 

 

Le Roux,C.W., Aylwin,S.J., Batterham,R.L., Borg,C.M., Coyle,F., Prasad,V., 

Shurey,S., Ghatei,M.A., Patel,A.G., and Bloom,S.R. (2006a). Gut hormone profiles 

following bariatric surgery favor an anorectic state, facilitate weight loss, and improve 

metabolic parameters. Ann. Surg. 243, 108-114. 

Le Roux,C.W., Batterham,R.L., Aylwin,S.J., Patterson,M., Borg,C.M., Wynne,K.J., 

Kent,A., Vincent,R.P., Gardiner,J., Ghatei,M.A., and Bloom,S.R. (2006b). Attenuated 

peptide YY release in obese subjects is associated with reduced satiety. 

Endocrinology 147, 3-8. 

Le Roux,C.W., Borg,C.M., Murphy,K.G., Vincent,R.P., Ghatei,M.A., and 

Bloom,S.R. (2008). Supraphysiological doses of intravenous PYY3-36 cause nausea, 

but no additional reduction in food intake. Ann. Clin. Biochem. 45, 93-95. 

Lee,S., Youn,Y.S., Lee,S.H., Byun,Y., and Lee,K.C. (2006). PEGylated glucagon-like 

peptide-1 displays preserved effects on insulin release in isolated pancreatic islets and 

improved biological activity in db/db mice. Diabetologia 49, 1608-1611. 

Leibel,R.L., Rosenbaum,M., and Hirsch,J. (1995). Changes in energy expenditure 

resulting from altered body weight. N. Engl. J. Med. 332, 621-628. 

Leibowitz,S.F. (2005). Regulation and effects of hypothalamic galanin: relation to 

dietary fat, alcohol ingestion, circulating lipids and energy homeostasis. 

Neuropeptides 39, 327. 

Leibowitz,S.F., Hammer,N.J., and Chang,K. (1981). Hypothalamic paraventricular 

nucleus lesions produce overeating and obesity in the rat. Physiol Behav. 27, 1031-

1040. 

Lenard,N.R. and Berthoud,H.R. (2008). Central and peripheral regulation of food 

intake and physical activity: pathways and genes. Obesity. (Silver. Spring) 16 Suppl 3, 

S11-S22. 

Lepore,M., Pampanelli,S., Fanelli,C., Porcellati,F., Bartocci,L., Di,V.A., Cordoni,C., 

Costa,E., Brunetti,P., and Bolli,G.B. (2000). Pharmacokinetics and 

pharmacodynamics of subcutaneous injection of long-acting human insulin analog 

glargine, NPH insulin, and ultralente human insulin and continuous subcutaneous 

infusion of insulin lispro. Diabetes 49, 2142-2148. 

Lerch,M., Kamimori,H., Folkers,G., Aguilar,M.I., Beck-Sickinger,A.G., and Zerbe,O. 

(2005). Strongly altered receptor binding properties in PP and NPY chimeras are 

accompanied by changes in structure and membrane binding. Biochemistry 44, 9255-

9264. 

Lerch,M., Mayrhofer,M., and Zerbe,O. (2004). Structural similarities of micelle-

bound peptide YY (PYY) and neuropeptide Y (NPY) are related to their affinity 

profiles at the Y receptors. J. Mol. Biol. 339, 1153-1168. 

Levin,B.E. (1995). Reduced norepinephrine turnover in organs and brains of obesity-

prone rats. American journal of physiology. regulatory, integrative and comparative 

physiology 268, 389. 



301 

 

Levin,B.E. and Sullivan,A.C. (1989). Differences in saccharin-induced cerebral 

glucose utilization between obesity-prone and -resistant rats. Brain Res. 488, 221-232. 

Li,M. and Cheung,B.M. (2009). Pharmacotherapy for obesity. Br. J. Clin. Pharmacol. 

68, 804-810. 

Lin,H.C. and Chey,W.Y. (2003). Cholecystokinin and peptide YY are released by fat 

in either proximal or distal small intestine in dogs. Regul Pept. 114, 131-135. 

Lin,L., Faraco,J., Li,R., Kadotani,H., Rogers,W., Lin,X., Qiu,X., de Jong,P.J., 

Nishino,S., and Mignot,E. (1999). The sleep disorder canine narcolepsy is caused by a 

mutation in the hypocretin (orexin) receptor 2 gene. Cell 98, 365-376. 

Lin,S., Shi,Y.C., Yulyaningsih,E., Aljanova,A., Zhang,L., Macia,L., Nguyen,A.D., 

Lin,E.J., During,M.J., Herzog,H., and Sainsbury,A. (2009). Critical role of arcuate Y4 

receptors and the melanocortin system in pancreatic polypeptide-induced reduction in 

food intake in mice. PLoS. One. 4, e8488. 

Lindner,D., Stichel,J., and Beck-Sickinger,A.G. (2008). Molecular recognition of the 

NPY hormone family by their receptors. Nutrition 24, 907-917. 

Liu,C.D., Aloia,T., Adrian,T.E., Newton,T.R., Bilchik,A.J., Zinner,M.J., 

Ashley,S.W., and McFadden,D.W. (1996). Peptide YY: a potential proabsorptive 

hormone for the treatment of malabsorptive disorders. Am. Surg. 62, 232-236. 

Liu,Q.R., Pan,C.H., Hishimoto,A., Li,C.Y., Xi,Z.X., Llorente-Berzal,A., 

Viveros,M.P., Ishiguro,H., Arinami,T., Onaivi,E.S., and Uhl,G.R. (2009). Species 

differences in cannabinoid receptor 2 (CNR2 gene): identification of novel human and 

rodent CB2 isoforms, differential tissue expression and regulation by cannabinoid 

receptor ligands. Genes Brain Behav. 8, 519-530. 

Liu,Y.L., Ford,H.E., Druce,M.R., Minnion,J.S., Field,B.C., Shillito,J.C., Baxter,J., 

Murphy,K.G., Ghatei,M.A., and Bloom,S.R. (2010). Subcutaneous oxyntomodulin 

analogue administration reduces body weight in lean and obese rodents. Int. J. Obes. 

(Lond). 

Lluis,F., Fujimura,M., Gomez,G., Salva,J.A., Greeley,G.H., Jr., and Thompson,J.C. 

(1989). Cellular localization, half-life, and secretion of peptide YY. Rev. Esp. Fisiol. 

45, 377-384. 

Lord,G.M., Matarese,G., Howard,J.K., Baker,R.J., Bloom,S.R., and Lechler,R.I. 

(1998). Leptin modulates the T-cell immune response and reverses starvation-induced 

immunosuppression. Nature 394, 897-901. 

Lovshin,J.A. and Drucker,D.J. (2009). Incretin-based therapies for type 2 diabetes 

mellitus. Nat. Rev. Endocrinol. 5, 262-269. 

Lukaszewski,L. and Praissman,M. (1988). Effect of continuous infusions of CCK-8 

on food intake and body and pancreatic weights in rats. Am J Physiol 254, R17-R22. 



302 

 

Luquet,S., Perez,F.A., Hnasko,T.S., and Palmiter,R.D. (2005). NPY/AgRP neurons 

are essential for feeding in adult mice but can be ablated in neonates. Science 310, 

683-685. 

Madsen,K., Knudsen,L.B., Agersoe,H., Nielsen,P.F., Thogersen,H., Wilken,M., and 

Johansen,N.L. (2007). Structure-activity and protraction relationship of long-acting 

glucagon-like peptide-1 derivatives: importance of fatty acid length, polarity, and 

bulkiness. J. Med. Chem. 50, 6126-6132. 

Marcus,J.N., Aschkenasi,C.J., Lee,C.E., Chemelli,R.M., Saper,C.B., Yanagisawa,M., 

and Elmquist,J.K. (2001). Differential expression of orexin receptors 1 and 2 in the rat 

brain. J. Comp Neurol. 435, 6-25. 

Margetic,S., Gazzola,C., Pegg,G.G., and Hill,R.A. (2002). Leptin: a review of its 

peripheral actions and interactions. Int. J. Obes. Relat Metab Disord. 26, 1407-1433. 

Markussen,J., Havelund,S., Kurtzhals,P., Andersen,A.S., Halstrom,J., Hasselager,E., 

Larsen,U.D., Ribel,U., Schaffer,L., Vad,K., and Jonassen,I. (1996). Soluble, fatty acid 

acylated insulins bind to albumin and show protracted action in pigs. Diabetologia 39, 

281-288. 

Marsh,D.J., Hollopeter,G., Huszar,D., Laufer,R., Yagaloff,K.A., Fisher,S.L., Burn,P., 

and Palmiter,R.D. (1999). Response of melanocortin-4 receptor-deficient mice to 

anorectic and orexigenic peptides. Nat. Genet. 21, 119-122. 

McCann,M.J., Verbalis,J.G., and Stricker,E.M. (1989). LiCl and CCK inhibit gastric 

emptying and feeding and stimulate OT secretion in rats. Am. J. Physiol 256, R463-

R468. 

McCarthy,W.J. (2000). Orlistat and weight loss. Am. J. Clin. Nutr. 71, 846-847. 

McGowan,B.M. and Bloom,S.R. (2004). Peptide YY and appetite control. Curr. Opin. 

Pharmacol. 4, 583-588. 

McGowan,M.K., Andrews,K.M., and Grossman,S.P. (1992). Chronic 

intrahypothalamic infusions of insulin or insulin antibodies alter body weight and 

food intake in the rat. Physiol Behav. 51, 753-766. 

Medeiros,M.D. and Turner,A.J. (1994). Processing and metabolism of peptide-YY: 

pivotal roles of dipeptidylpeptidase-IV, aminopeptidase-P, and endopeptidase-24.11. 

Endocrinology 134, 2088-2094. 

Meguid,M.M., Glade,M.J., and Middleton,F.A. (2008). Weight regain after Roux-en-

Y: a significant 20% complication related to PYY. Nutrition 24, 832-842. 

Meister,B. (2007). Neurotransmitters in key neurons of the hypothalamus that 

regulate feeding behavior and body weight. Physiol Behav. 92, 263-271. 

Mentlein,R. (1999). Dipeptidyl-peptidase IV (CD26)--role in the inactivation of 

regulatory peptides. Regul. Pept. 85, 9-24. 



303 

 

Merten,N., Lindner,D., Rabe,N., Rompler,H., Morl,K., Schoneberg,T., and Beck-

Sickinger,A.G. (2007). Receptor subtype-specific docking of Asp6.59 with C-

terminal arginine residues in Y receptor ligands. J. Biol. Chem. 282, 7543-7551. 

Migrenne,S., Marsollier,N., Cruciani-Guglielmacci,C., and Magnan,C. (2006). 

Importance of the gut-brain axis in the control of glucose homeostasis. Curr. Opin. 

Pharmacol. 6, 592-597. 

Minakata,H. and Iwashita,T. (1990). Synthesis of analogues of peptide YY with 

modified N-terminal regions: relationships of amphiphilic secondary structures and 

activity in rat vas deferens. Biopolymers 29, 61-67. 

Mizuno,T.M., Kleopoulos,S.P., Bergen,H.T., Roberts,J.L., Priest,C.A., and 

Mobbs,C.V. (1998). Hypothalamic pro-opiomelanocortin mRNA is reduced by 

fasting and [corrected] in ob/ob and db/db mice, but is stimulated by leptin. Diabetes 

47, 294-297. 

Montanya,E. and Sesti,G. (2009). A review of efficacy and safety data regarding the 

use of liraglutide, a once-daily human glucagon-like peptide 1 analogue, in the 

treatment of type 2 diabetes mellitus. Clin. Ther. 31, 2472-2488. 

Moran,T.H. (2000). Cholecystokinin and satiety: current perspectives. Nutrition 16, 

858-865. 

Moran,T.H. and Kinzig,K.P. (2004). Gastrointestinal satiety signals II. 

Cholecystokinin. Am. J. Physiol Gastrointest. Liver Physiol 286, G183-G188. 

Moran,T.H. and Schwartz,G.J. (1994). Neurobiology of cholecystokinin. Crit Rev. 

Neurobiol. 9, 1-28. 

Morimoto,R., Satoh,F., Murakami,O., Totsune,K., Saruta,M., Suzuki,T., Sasano,H., 

Ito,S., and Takahashi,K. (2008). Expression of peptide YY in human brain and 

pituitary tissues. Nutrition 24, 878-884. 

Moriya,R., Shirakura,T., Hirose,H., Kanno,T., Suzuki,J., and Kanatani,A. (2010). 

NPY Y2 receptor agonist PYY(3-36) inhibits diarrhea by reducing intestinal fluid 

secretion and slowing colonic transit in mice. Peptides 31, 671-675. 

Morley,J.E. and Levine,A.S. (1982). Corticotrophin releasing factor, grooming and 

ingestive behavior. Life Sci. 31, 1459-1464. 

Morley,J.E., Levine,A.S., Grace,M., and Kneip,J. (1985). Peptide YY (PYY), a potent 

orexigenic agent. Brain Res. 341, 200-203. 

Moroder,L., Romano,R., Guba,W., Mierke,D.F., Kessler,H., Delporte,C., Winand,J., 

and Christophe,J. (1993). New evidence for a membrane-bound pathway in hormone 

receptor binding. Biochemistry 32, 13551-13559. 

Morton,G.J., Cummings,D.E., Baskin,D.G., Barsh,G.S., and Schwartz,M.W. (2006). 

Central nervous system control of food intake and body weight. Nature 443, 289-295. 



304 

 

Mountjoy,K.G., Mortrud,M.T., Low,M.J., Simerly,R.B., and Cone,R.D. (1994). 

Localization of the melanocortin-4 receptor (MC4-R) in neuroendocrine and 

autonomic control circuits in the brain. Mol. Endocrinol. 8, 1298-1308. 

Muranishi,S., Sakai,A., Yamada,K., Murakami,M., Takada,K., and Kiso,Y. (1991). 

Lipophilic peptides: synthesis of lauroyl thyrotropin-releasing hormone and its 

biological activity. Pharm. Res. 8, 649-652. 

Murphy,K.G. (2005). Dissecting the role of cocaine- and amphetamine-regulated 

transcript (CART) in the control of appetite. Brief. Funct. Genomic. Proteomic. 4, 95-

111. 

Murphy,K.G. (2006). Gut hormones and the regulation of energy homeostasis. Nature 

444, 854. 

Mystkowski,P., Shankland,E., Schreyer,S.A., LeBoeuf,R.C., Schwartz,R.S., 

Cummings,D.E., Kushmerick,M., and Schwartz,M.W. (2000). Validation of whole-

body magnetic resonance spectroscopy as a tool to assess murine body composition. 

Int. J. Obes. Relat Metab Disord. 24, 719-724. 

Nachman,M. and Ashe,J.H. (1973). Learned taste aversions in rats as a function of 

dosage, concentration, and route of administration of LiCl. Physiol Behav. 10, 73-78. 

Nahon,J.L. (2006). The melanocortins and melanin-concentrating hormone in the 

central regulation of feeding behavior and energy homeostasis. Comptes rendus. 

Biologies 329, 623. 

Nakamura,M., Aoki,Y., and Hirano,D. (1996). Cloning and functional expression of a 

cDNA encoding a mouse type 2 neuropeptide Y receptor. Biochim. Biophys. Acta 

1284, 134-137. 

Nakazato,M., Murakami,N., Date,Y., Kojima,M., Matsuo,H., Kangawa,K., and 

Matsukura,S. (2001). A role for ghrelin in the central regulation of feeding. Nature 

409, 194-198. 

Naslund,E., Bogefors,J., Skogar,S., Gryback,P., Jacobsson,H., Holst,J.J., and 

Hellstrom,P.M. (1999). GLP-1 slows solid gastric emptying and inhibits insulin, 

glucagon, and PYY release in humans. Am. J. Physiol 277, R910-R916. 

Naslund,E., King,N., Mansten,S., Adner,N., Holst,J.J., Gutniak,M., and 

Hellstrom,P.M. (2004). Prandial subcutaneous injections of glucagon-like peptide-1 

cause weight loss in obese human subjects. Br. J. Nutr. 91, 439-446. 

Neary,M.T. and Batterham,R.L. (2009a). Gut hormones: Implications for the 

treatment of obesity. Pharmacol Ther. 124, 44-56 

Neary,M.T. and Batterham,R.L. (2009b). Peptide YY: food for thought. Physiol 

Behav. 97, 616-619. 

Neary,N.M., Goldstone,A.P., and Bloom,S.R. (2004). Appetite regulation: from the 

gut to the hypothalamus. Clin. Endocrinol. (Oxf) 60, 153-160. 



305 

 

Nisoli,E. and Carruba,M.O. (2000). An assessment of the safety and efficacy of 

sibutramine, an anti-obesity drug with a novel mechanism of action. Obes. Rev. 1, 

127-139. 

Nonaka,N., Shioda,S., Niehoff,M.L., and Banks,W.A. (2003). Characterization of 

blood-brain barrier permeability to PYY3-36 in the mouse. J. Pharmacol. Exp. Ther. 

306, 948-953. 

Norgren,R. (1976). Taste pathways to hypothalamus and amygdala. J. Comp Neurol. 

166, 17-30. 

Norgren,R. and Leonard,C.M. (1973). Ascending central gustatory pathways. J. Comp 

Neurol. 150, 217-237. 

Nygaard,R., Nielbo,S., Schwartz,T.W., and Poulsen,F.M. (2006). The PP-fold 

solution structure of human polypeptide YY and human PYY3-36 as determined by 

NMR. Biochemistry 45, 8350-8357. 

Ollmann,M.M., Wilson,B.D., Yang,Y.K., Kerns,J.A., Chen,Y., Gantz,I., and 

Barsh,G.S. (1997). Antagonism of central melanocortin receptors in vitro and in vivo 

by agouti-related protein. Science 278, 135-138. 

Onaga,T., Zabielski,R., and Kato,S. (2002). Multiple regulation of peptide YY 

secretion in the digestive tract. Peptides 23, 279-290. 

Onaivi,E.S. (2009). Cannabinoid receptors in brain: pharmacogenetics, 

neuropharmacology, neurotoxicology, and potential therapeutic applications. Int. Rev. 

Neurobiol. 88, 335-369. 

Ossenkopp,K.P. and Eckel,L.A. (1995). Toxin-induced conditioned changes in taste 

reactivity and the role of the chemosensitive area postrema. Neurosci. Biobehav. Rev. 

19, 99-108. 

Ovesjo,M.L., Gamstedt,M., Collin,M., and Meister,B. (2001). GABAergic nature of 

hypothalamic leptin target neurones in the ventromedial arcuate nucleus. J. 

Neuroendocrinol. 13, 505-516. 

Owens,D.R. (2002). New horizons--alternative routes for insulin therapy. Nat Rev 

Drug Discov. 1, 529-540. 

Owens,D.R., Zinman,B., and Bolli,G.B. (2001). Insulins today and beyond. Lancet 

358, 739-746. 

Owji,A.A., Smith,D.M., Coppock,H.A., Morgan,D.G., Bhogal,R., Ghatei,M.A., and 

Bloom,S.R. (1995). An abundant and specific binding site for the novel vasodilator 

adrenomedullin in the rat. Endocrinology 136, 2127-2134. 

Pankow,K., Wang,Y., Gembardt,F., Krause,E., Sun,X., Krause,G., Schultheiss,H.P., 

Siems,W.E., and Walther,T. (2007). Successive action of meprin A and neprilysin 

catabolizes B-type natriuretic peptide. Circ Res. 101, 875-882. 



306 

 

Pappas,T.N., Debas,H.T., and Taylor,I.L. (1985). Peptide YY: metabolism and effect 

on pancreatic secretion in dogs. Gastroenterology 89, 1387-1392. 

Parekh,P.I., Petro,A.E., Tiller,J.M., Feinglos,M.N., and Surwit,R.S. (1998). Reversal 

of diet-induced obesity and diabetes in C57BL/6J mice. Metabolism 47, 1089-1096. 

Parker,E., Van,H.M., and Stamford,A. (2002). Neuropeptide Y receptors as targets for 

anti-obesity drug development: perspective and current status. Eur. J. Pharmacol. 440, 

173-187. 

Parker,R.M. and Herzog,H. (1999). Regional distribution of Y-receptor subtype 

mRNAs in rat brain. Eur. J. Neurosci. 11, 1431-1448. 

Parker,S.L. and Balasubramaniam,A. (2008). Neuropeptide Y Y2 receptor in health 

and disease. Br. J. Pharmacol. 153, 420-431. 

Parkinson,J.R., Dhillo,W.S., Small,C.J., Chaudhri,O.B., Bewick,G.A., Pritchard,I., 

Moore,S., Ghatei,M.A., and Bloom,S.R. (2008). PYY3-36 injection in mice produces 

an acute anorexigenic effect followed by a delayed orexigenic effect not observed 

with other anorexigenic gut hormones. Am. J. Physiol Endocrinol. Metab 294, E698-

E708. 

Pedersen,S.L., Holst,B., Vrang,N., and Jensen,K.J. (2009). Modifying the conserved 

C-terminal tyrosine of the peptide hormone PYY3-36 to improve Y2 receptor 

selectivity. J. Pept. Sci. 15, 753-759. 

Pedersen,S.L., Sasikumar,P.G., Vrang,N., and Jensen,K.J. (2010a). Peptide 

architecture: adding an alpha-helix to the PYY lysine side chain provides nanomolar 

binding and body-weight-lowering effects. ChemMedChem. 5, 545-551. 

Pedersen,S.L., Steentoft,C., Vrang,N., and Jensen,K.J. (2010b). Glyco-scan: varying 

glycosylation in the sequence of the peptide hormone PYY3-36 and its effect on 

receptor selectivity. Chembiochem. 11, 366-374. 

Pedersen-Bjergaard,U., Host,U., Kelbaek,H., Schifter,S., Rehfeld,J.F., Faber,J., and 

Christensen,N.J. (1996). Influence of meal composition on postprandial peripheral 

plasma concentrations of vasoactive peptides in man. Scand. J Clin Lab Invest 56, 

497-503. 

Peleg-Shulman,T., Tsubery,H., Mironchik,M., Fridkin,M., Schreiber,G., and 

Shechter,Y. (2004). Reversible PEGylation: a novel technology to release native 

interferon alpha2 over a prolonged time period. J. Med. Chem. 47, 4897-4904. 

Pelletier,G. (1990). Ultrastructural localization of neuropeptide Y in the 

hypothalamus. Annals of the New York Academy of Sciences 611, 232-246. 

Pelleymounter,M.A., Cullen,M.J., Baker,M.B., Hecht,R., Winters,D., Boone,T., and 

Collins,F. (1995). Effects of the obese gene product on body weight regulation in 

ob/ob mice. Science 269, 540-543. 



307 

 

Peruzzo,B., Pastor,F.E., Blazquez,J.L., Schobitz,K., Pelaez,B., Amat,P., and 

Rodriguez,E.M. (2000). A second look at the barriers of the medial basal 

hypothalamus. Exp. Brain Res. 132, 10-26. 

Peters,T., Jr. (1985). Serum albumin. Adv. Protein Chem. 37, 161-245. 

Pfluger,P.T., Kampe,J., Castaneda,T.R., Vahl,T., D'Alessio,D.A., Kruthaupt,T., 

Benoit,S.C., Cuntz,U., Rochlitz,H.J., Moehlig,M., Pfeiffer,A.F., Koebnick,C., 

Weickert,M.O., Otto,B., Spranger,J., and Tschop,M.H. (2007). Effect of human body 

weight changes on circulating levels of peptide YY and peptide YY3-36. J. Clin. 

Endocrinol. Metab 92, 583-588. 

Pieribone,V.A., Brodin,L., Friberg,K., Dahlstrand,J., Soderberg,C., Larhammar,D., 

and Hokfelt,T. (1992). Differential expression of mRNAs for neuropeptide Y-related 

peptides in rat nervous tissues: possible evolutionary conservation. J Neurosci. 12, 

3361-3371. 

Pierroz,D.D., Ziotopoulou,M., Ungsunan,L., Moschos,S., Flier,J.S., and 

Mantzoros,C.S. (2002). Effects of acute and chronic administration of the 

melanocortin agonist MTII in mice with diet-induced obesity. Diabetes 51, 1337-

1345. 

Pittner,R.A., Moore,C.X., Bhavsar,S.P., Gedulin,B.R., Smith,P.A., Jodka,C.M., 

Parkes,D.G., Paterniti,J.R., Srivastava,V.P., and Young,A.A. (2004). Effects of 

PYY[3-36] in rodent models of diabetes and obesity. Int. J Obes Relat Metab Disord. 

28, 963-971. 

Plamboeck,A., Holst,J.J., Carr,R.D., and Deacon,C.F. (2005). Neutral endopeptidase 

24.11 and dipeptidyl peptidase IV are both mediators of the degradation of glucagon-

like peptide 1 in the anaesthetised pig. Diabetologia 48, 1882-1890. 

Poggioli,R., Vergoni,A.V., and Bertolini,A. (1986). ACTH-(1-24) and alpha-MSH 

antagonize feeding behavior stimulated by kappa opiate agonists. Peptides 7, 843-848. 

Potter,E.K., Barden,J.A., McCloskey,M.J., Selbie,L.A., Tseng,A., Herzog,H., and 

Shine,J. (1994). A novel neuropeptide Y analog, N-acetyl [Leu28,Leu31]neuropeptide 

Y-(24-36), with functional specificity for the presynaptic (Y2) receptor. Eur. J. 

Pharmacol. 267, 253-262. 

Pournaras,D.J., Osborne,A., Hawkins,S.C., Mahon,D., Ghatei,M.A., Bloom,S.R., 

Welbourn,R., and Le Roux,C.W. (2010). The gut hormone response following Roux-

en-Y gastric bypass: cross-sectional and prospective study. Obes. Surg. 20, 56-60. 

Prentice,A.M. (2005). Early influences on human energy regulation: thrifty genotypes 

and thrifty phenotypes. Physiol Behav. 86, 640-645. 

Qian,F., Ni,N., Burton,L.S., Wang,Y.F., Desikan,S., Hussain,M., and Smith,R.L. 

(2009). Sustained release subcutaneous delivery of BMS-686117, a GLP-1 receptor 

peptide agonist, via a zinc adduct. Int. J. Pharm. 374, 46-52. 

Qu,D., Ludwig,D.S., Gammeltoft,S., Piper,M., Pelleymounter,M.A., Cullen,M.J., 

Mathes,W.F., Przypek,R., Kanarek,R., and Maratos-Flier,E. (1996). A role for 



308 

 

melanin-concentrating hormone in the central regulation of feeding behaviour. Nature 

380, 243-247. 

Rasmussen,H.B., Branner,S., Wiberg,F.C., and Wagtmann,N. (2003). Crystal 

structure of human dipeptidyl peptidase IV/CD26 in complex with a substrate analog. 

Nat. Struct. Biol. 10, 19-25. 

Rawlings,N.D. (1999). MEROPS: the peptidase database. Nucleic Acids Research 27, 

325. 

Reidelberger,R.D., Haver,A.C., Chelikani,P.K., and Buescher,J.L. (2008). Effects of 

different intermittent peptide YY (3-36) dosing strategies on food intake, body 

weight, and adiposity in diet-induced obese rats. Am. J. Physiol Regul. Integr. Comp 

Physiol 295, R449-R458. 

Rennie,K.L. and Jebb,S.A. (2005). Prevalence of obesity in Great Britain. Obes. Rev. 

6, 11-12. 

Ripley,B., Fujiki,N., Okura,M., Mignot,E., and Nishino,S. (2001). Hypocretin levels 

in sporadic and familial cases of canine narcolepsy. Neurobiol. Dis. 8, 525-534. 

Rivera,G. (2008). Melanin-concentrating hormone receptor 1 antagonists: a new 

perspective for the pharmacologic treatment of obesity. Current Medicinal Chemistry 

15, 1025. 

Rodriguez-Echandia,E.L., Broitman,S.T., and Foscolo,M.R. (1983). Effect of 

serotonergic and catecholaminergic antagonists on mild-stress-induced excessive 

grooming in the rat. Behav. Neurosci. 97, 1022-1024. 

Rose,P.M., Fernandes,P., Lynch,J.S., Frazier,S.T., Fisher,S.M., Kodukula,K., 

Kienzle,B., and Seethala,R. (1995). Cloning and functional expression of a cDNA 

encoding a human type 2 neuropeptide Y receptor. J. Biol. Chem. 270, 29038. 

Roselli-Rehfuss,L., Mountjoy,K.G., Robbins,L.S., Mortrud,M.T., Low,M.J., 

Tatro,J.B., Entwistle,M.L., Simerly,R.B., and Cone,R.D. (1993). Identification of a 

receptor for gamma melanotropin and other proopiomelanocortin peptides in the 

hypothalamus and limbic system. Proc. Natl. Acad. Sci. U. S. A 90, 8856-8860. 

Runge,S., Schimmer,S., Oschmann,J., Schiodt,C.B., Knudsen,S.M., Jeppesen,C.B., 

Madsen,K., Lau,J., Thogersen,H., and Rudolph,R. (2007). Differential structural 

properties of GLP-1 and exendin-4 determine their relative affinity for the GLP-1 

receptor N-terminal extracellular domain. Biochemistry 46, 5830-5840. 

Runge,S., Thogersen,H., Madsen,K., Lau,J., and Rudolph,R. (2008). Crystal structure 

of the ligand-bound glucagon-like peptide-1 receptor extracellular domain. J Biol. 

Chem. 283, 11340-11347. 

Sainsbury,A., Shi,Y.C., Zhang,L., Aljanova,A., Lin,Z., Nguyen,A.D., Herzog,H., and 

Lin,S. (2010). Y4 receptors and pancreatic polypeptide regulate food intake via 

hypothalamic orexin and brain-derived neurotropic factor dependent pathways. 

Neuropeptides 44, 261-268. 



309 

 

Sakurai,T., Amemiya,A., Ishii,M., Matsuzaki,I., Chemelli,R.M., Tanaka,H., 

Williams,S.C., Richardson,J.A., Kozlowski,G.P., Wilson,S., Arch,J.R., 

Buckingham,R.E., Haynes,A.C., Carr,S.A., Annan,R.S., McNulty,D.E., Liu,W.S., 

Terrett,J.A., Elshourbagy,N.A., Bergsma,D.J., and Yanagisawa,M. (1998). Orexins 

and orexin receptors: a family of hypothalamic neuropeptides and G protein-coupled 

receptors that regulate feeding behavior. Cell 92, 573-585. 

Sambrook,J. and Russell,D. (2001). Molecular cloning: a laboratory manual. 

Satoh,N., Ogawa,Y., Katsuura,G., Hayase,M., Tsuji,T., Imagawa,K., Yoshimasa,Y., 

Nishi,S., Hosoda,K., and Nakao,K. (1997a). The arcuate nucleus as a primary site of 

satiety effect of leptin in rats. Neurosci. Lett. 224, 149-152. 

Satoh,N., Ogawa,Y., Katsuura,G., Tsuji,T., Masuzaki,H., Hiraoka,J., Okazaki,T., 

Tamaki,M., Hayase,M., Yoshimasa,Y., Nishi,S., Hosoda,K., and Nakao,K. (1997b). 

Pathophysiological significance of the obese gene product, leptin, in ventromedial 

hypothalamus (VMH)-lesioned rats: evidence for loss of its satiety effect in VMH-

lesioned rats. Endocrinology 138, 947-954. 

Sawchenko,P.E., Swanson,L.W., Grzanna,R., Howe,P.R., Bloom,S.R., and Polak,J.M. 

(1985). Colocalization of neuropeptide Y immunoreactivity in brainstem 

catecholaminergic neurons that project to the paraventricular nucleus of the 

hypothalamus. J. Comp Neurol. 241, 138-153. 

Schick,R.R., Samsami,S., Zimmermann,J.P., Eberl,T., Endres,C., Schusdziarra,V., 

and Classen,M. (1993). Effect of galanin on food intake in rats: involvement of lateral 

and ventromedial hypothalamic sites. Am. J. Physiol 264, R355-R361. 

Schwartz,G.J. (2000). The role of gastrointestinal vagal afferents in the control of 

food intake: current prospects. Nutrition 16, 866-873. 

Schwartz,M.W. (2001). Brain pathways controlling food intake and body weight. 

Exp. Biol. Med. (Maywood. ) 226, 978-981. 

Schwartz,M.W. (2006). Central nervous system regulation of food intake. Obesity. 

(Silver. Spring) 14 Suppl 1, 1S-8S. 

Schwartz,M.W., Seeley,R.J., Campfield,L.A., Burn,P., and Baskin,D.G. (1996). 

Identification of targets of leptin action in rat hypothalamus. J. Clin. Invest 98, 1101-

1106. 

Schwartz,M.W., Woods,S.C., Porte,D., Jr., Seeley,R.J., and Baskin,D.G. (2000). 

Central nervous system control of food intake. Nature 404, 661-671. 

Schwartz,T.W., Fuhlendorff,J., Kjems,L.L., Kristensen,M.S., Vervelde,M., 

O'Hare,M., Krstenansky,J.L., and Bjornholm,B. (1990). Signal epitopes in the three-

dimensional structure of neuropeptide Y. Interaction with Y1, Y2, and pancreatic 

polypeptide receptors. Ann. N. Y. Acad. Sci. 611, 35-47. 

Scott,V., Kimura,N., Stark,J.A., and Luckman,S.M. (2005). Intravenous peptide YY3-

36 and Y2 receptor antagonism in the rat: effects on feeding behaviour. J. 

Neuroendocrinol. 17, 452-457. 



310 

 

Scrocchi,L.A., Brown,T.J., MaClusky,N., Brubaker,P.L., Auerbach,A.B., Joyner,A.L., 

and Drucker,D.J. (1996). Glucose intolerance but normal satiety in mice with a null 

mutation in the glucagon-like peptide 1 receptor gene. Nat. Med. 2, 1254-1258. 

Shechter,Y., Tsubery,H., Mironchik,M., Rubinstein,M., and Fridkin,M. (2005). 

Reversible PEGylation of peptide YY3-36 prolongs its inhibition of food intake in 

mice. FEBS Lett. 579, 2439-2444. 

Shimada,M., Tritos,N.A., Lowell,B.B., Flier,J.S., and Maratos-Flier,E. (1998). Mice 

lacking melanin-concentrating hormone are hypophagic and lean. Nature 396, 670-

674. 

Shughrue,P.J., Lane,M.V., and Merchenthaler,I. (1996). Glucagon-like peptide-1 

receptor (GLP1-R) mRNA in the rat hypothalamus. Endocrinology 137, 5159-5162. 

Shuto,Y., Shibasaki,T., Otagiri,A., Kuriyama,H., Ohata,H., Tamura,H., Kamegai,J., 

Sugihara,H., Oikawa,S., and Wakabayashi,I. (2002). Hypothalamic growth hormone 

secretagogue receptor regulates growth hormone secretion, feeding, and adiposity. J. 

Clin. Invest 109, 1429-1436. 

Sileno,A.P. (2005). Lower mean weight after 14 days intravenous administration 

peptide YY3-36 (PYY-336) in rabbits. International Journal of Obesity 30, 68. 

Simerley, R. and Paxinos, M. Anatomical substrates of hypothalamic integration in 

the rat nervous system, (Cambridge: Academic Press).  353-377. 1998.  

 

Sloth,B., Davidsen,L., Holst,J.J., Flint,A., and Astrup,A. (2007a). Effect of 

subcutaneous injections of PYY1-36 and PYY3-36 on appetite, ad libitum energy 

intake, and plasma free fatty acid concentration in obese males. Am. J. Physiol 

Endocrinol. Metab 293, E604-E609. 

Sloth,B., Holst,J.J., Flint,A., Gregersen,N.T., and Astrup,A. (2007b). Effects of 

PYY1-36 and PYY3-36 on appetite, energy intake, energy expenditure, glucose and 

fat metabolism in obese and lean subjects. Am J Physiol Endocrinol. Metab 292, 

E1062-E1068. 

Small,C.J. and Bloom,S.R. (2005). The therapeutic potential of gut hormone peptide 

YY3-36 in the treatment of obesity. Expert. Opin. Investig. Drugs 14, 647-653. 

Small,C.J., Morgan,D.G., Meeran,K., Heath,M.M., Gunn,I., Edwards,C.M., 

Gardiner,J., Taylor,G.M., Hurley,J.D., Rossi,M., Goldstone,A.P., O'Shea,D., 

Smith,D.M., Ghatei,M.A., and Bloom,S.R. (1997). Peptide analogue studies of the 

hypothalamic neuropeptide Y receptor mediating pituitary adrenocorticotrophic 

hormone release. Proc. Natl. Acad. Sci. U. S. A 94, 11686-11691. 

Smith,B.K., York,D.A., and Bray,G.A. (1994). Chronic cerebroventricular galanin 

does not induce sustained hyperphagia or obesity. Peptides 15, 1267-1272. 

Smith,S.R., de,J.L., Pellymounter,M., Nguyen,T., Harris,R., York,D., Redmann,S., 

Rood,J., and Bray,G.A. (2001). Peripheral administration of human corticotropin-



311 

 

releasing hormone: a novel method to increase energy expenditure and fat oxidation 

in man. J. Clin. Endocrinol. Metab 86, 1991-1998. 

Spanswick,D., Smith,M.A., Groppi,V.E., Logan,S.D., and Ashford,M.L. (1997). 

Leptin inhibits hypothalamic neurons by activation of ATP-sensitive potassium 

channels. Nature 390, 521-525. 

Spiller,R.C., Trotman,I.F., Adrian,T.E., Bloom,S.R., Misiewicz,J.J., and Silk,D.B. 

(1988). Further characterisation of the 'ileal brake' reflex in man--effect of ileal 

infusion of partial digests of fat, protein, and starch on jejunal motility and release of 

neurotensin, enteroglucagon, and peptide YY. Gut 29, 1042-1051. 

Stanley,B.G., Chin,A.S., and Leibowitz,S.F. (1985). Feeding and drinking elicited by 

central injection of neuropeptide Y: evidence for a hypothalamic site(s) of action. 

Brain Res. Bull. 14, 521-524. 

Stanley,B.G. and Leibowitz,S.F. (1985). Neuropeptide Y injected in the 

paraventricular hypothalamus: a powerful stimulant of feeding behavior. Proc. Natl. 

Acad. Sci. U. S. A 82, 3940-3943. 

Steinbaum,E.A. (1965). Obesity from eating elicited by daily stimulation of 

hypothalamus. American journal of physiology 208, 1. 

Sterchi,E.E., Stocker,W., and Bond,J.S. (2008). Meprins, membrane-bound and 

secreted astacin metalloproteinases. Mol. Aspects Med. 29, 309-328. 

Stock,S., Leichner,P., Wong,A.C., Ghatei,M.A., Kieffer,T.J., Bloom,S.R., and 

Chanoine,J.P. (2005). Ghrelin, peptide YY, glucose-dependent insulinotropic 

polypeptide, and hunger responses to a mixed meal in anorexic, obese, and control 

female adolescents. J. Clin. Endocrinol. Metab 90, 2161-2168. 

Sun,Y., Asnicar,M., Saha,P.K., Chan,L., and Smith,R.G. (2006). Ablation of ghrelin 

improves the diabetic but not obese phenotype of ob/ob mice. Cell Metab 3, 379-386. 

Sun,Y., Asnicar,M., and Smith,R.G. (2007). Central and peripheral roles of ghrelin on 

glucose homeostasis. Neuroendocrinology 86, 215-228. 

Sundstrom,G., Dreborg,S., and Larhammar,D. (2010). Concomitant duplications of 

opioid peptide and receptor genes before the origin of jawed vertebrates. PLoS. One. 

5, e10512. 

Surwit,R.S., Feinglos,M.N., Rodin,J., Sutherland,A., Petro,A.E., Opara,E.C., 

Kuhn,C.M., and Rebuffe-Scrive,M. (1995). Differential effects of fat and sucrose on 

the development of obesity and diabetes in C57BL/6J and A/J mice. Metabolism 44, 

645-651. 

Swanson,L., Bjorklund,A., and Hokfelt,T. (1987). The hypothalamus. In Handbook of 

Chemical Neuroanatomy, (Amsterdam: Elsilever), pp. 1-124. 

Talsania,T. (2005). Peripheral exendin-4 and peptide YY3-36 synergistically reduce 

food intake through different mechanisms in mice. Endocrinology 146, 3748. 



312 

 

Tang-Christensen,M., Vrang,N., and Larsen,P.J. (2001). Glucagon-like peptide 

containing pathways in the regulation of feeding behaviour. Int. J. Obes. Relat Metab 

Disord. 25 Suppl 5, S42-S47. 

Tatemoto,K. (1982). Isolation and characterization of peptide YY (PYY), a candidate 

gut hormone that inhibits pancreatic exocrine secretion. Proc. Natl. Acad. Sci. U. S. A 

79, 2514-2518. 

Tatemoto,K., Carlquist,M., and Mutt,V. (1982). Neuropeptide Y--a novel brain 

peptide with structural similarities to peptide YY and pancreatic polypeptide. Nature 

296, 659-660. 

Tatemoto,K., Rokaeus,A., Jornvall,H., McDonald,T.J., and Mutt,V. (1983). Galanin - 

a novel biologically active peptide from porcine intestine. FEBS Lett. 164, 124-128. 

Ter Horst,G.J., de,B.P., Luiten,P.G., and van Willigen,J.D. (1989). Ascending 

projections from the solitary tract nucleus to the hypothalamus. A Phaseolus vulgaris 

lectin tracing study in the rat. Neuroscience 31, 785-797. 

Thannickal,T.C., Moore,R.Y., Nienhuis,R., Ramanathan,L., Gulyani,S., Aldrich,M., 

Cornford,M., and Siegel,J.M. (2000). Reduced number of hypocretin neurons in 

human narcolepsy. Neuron 27, 469-474. 

Thorens,B. and Waeber,G. (1993). Glucagon-like peptide-I and the control of insulin 

secretion in the normal state and in NIDDM. Diabetes 42, 1219-1225. 

Tong,Q., Ye,C.P., Jones,J.E., Elmquist,J.K., and Lowell,B.B. (2008). Synaptic release 

of GABA by AgRP neurons is required for normal regulation of energy balance. Nat. 

Neurosci. 11, 998-1000. 

Toriya,M., Maekawa,F., Maejima,Y., Onaka,T., Fujiwara,K., Nakagawa,T., 

Nakata,M., and Yada,T. (2010). Long-term infusion of brain-derived neurotrophic 

factor reduces food intake and body weight via a corticotropin-releasing hormone 

pathway in the paraventricular nucleus of the hypothalamus. J. Neuroendocrinol. 

Toshinai,K., Date,Y., Murakami,N., Shimada,M., Mondal,M.S., Shimbara,T., 

Guan,J.L., Wang,Q.P., Funahashi,H., Sakurai,T., Shioda,S., Matsukura,S., 

Kangawa,K., and Nakazato,M. (2003). Ghrelin-induced food intake is mediated via 

the orexin pathway. Endocrinology 144, 1506-1512. 

Toth,P.T., Bindokas,V.P., Bleakman,D., Colmers,W.F., and Miller,R.J. (1993). 

Mechanism of presynaptic inhibition by neuropeptide Y at sympathetic nerve 

terminals. Nature 364, 635-639. 

Trivedi,P., Yu,H., MacNeil,D.J., Van der Ploeg,L.H., and Guan,X.M. (1998). 

Distribution of orexin receptor mRNA in the rat brain. FEBS Lett. 438, 71-75. 

Tschop,M., Castaneda,T.R., Joost,H.G., Thone-Reineke,C., Ortmann,S., Klaus,S., 

Hagan,M.M., Chandler,P.C., Oswald,K.D., Benoit,S.C., Seeley,R.J., Kinzig,K.P., 

Moran,T.H., Beck-Sickinger,A.G., Koglin,N., Rodgers,R.J., Blundell,J.E., Ishii,Y., 

Beattie,A.H., Holch,P., Allison,D.B., Raun,K., Madsen,K., Wulff,B.S., Stidsen,C.E., 

Birringer,M., Kreuzer,O.J., Schindler,M., Arndt,K., Rudolf,K., Mark,M., Deng,X.Y., 



313 

 

Whitcomb,D.C., Halem,H., Taylor,J., Dong,J., Datta,R., Culler,M., Craney,S., 

Flora,D., Smiley,D., and Heiman,M.L. (2004). Physiology: does gut hormone PYY3-

36 decrease food intake in rodents? Nature 430, 1. 

Tsigos,C. and Chrousos,G.P. (2002). Hypothalamic-pituitary-adrenal axis, 

neuroendocrine factors and stress. J. Psychosom. Res. 53, 865-871. 

Tsujino,N. and Sakurai,T. (2009). Orexin/hypocretin: a neuropeptide at the interface 

of sleep, energy homeostasis, and reward system. Pharmacol. Rev. 61, 162-176. 

Turner,A.J., Isaac,R.E., and Coates,D. (2001). The neprilysin (NEP) family of zinc 

metalloendopeptidases: genomics and function. Bioessays 23, 261-269. 

Turton,M.D., O'Shea,D., Gunn,I., Beak,S.A., Edwards,C.M., Meeran,K., Choi,S.J., 

Taylor,G.M., Heath,M.M., Lambert,P.D., Wilding,J.P., Smith,D.M., Ghatei,M.A., 

Herbert,J., and Bloom,S.R. (1996). A role for glucagon-like peptide-1 in the central 

regulation of feeding. Nature 379, 69-72. 

Ueno,N., Inui,A., Iwamoto,M., Kaga,T., Asakawa,A., Okita,M., Fujimiya,M., 

Nakajima,Y., Ohmoto,Y., Ohnaka,M., Nakaya,Y., Miyazaki,J.I., and Kasuga,M. 

(1999). Decreased food intake and body weight in pancreatic polypeptide-

overexpressing mice. Gastroenterology 117, 1427-1432. 

Unniappan,S. and Kieffer,T.J. (2008). Leptin extends the anorectic effects of chronic 

PYY(3-36) administration in ad libitum-fed rats. Am J Physiol Regul Integr Comp 

Physiol 295, R51-R58. 

Upchurch,B.H., Fung,B.P., Rindi,G., Ronco,A., and Leiter,A.B. (1996). Peptide YY 

expression is an early event in colonic endocrine cell differentiation: evidence from 

normal and transgenic mice. Development 122, 1157-1163. 

Ushkaryov,Y. (2002). Alpha-latrotoxin: from structure to some functions. Toxicon 40, 

1-5. 

Vaisse,C., Clement,K., Durand,E., Hercberg,S., Guy-Grand,B., and Froguel,P. (2000). 

Melanocortin-4 receptor mutations are a frequent and heterogeneous cause of morbid 

obesity. J. Clin. Invest 106, 253-262. 

Van Gaal,L.F., Wauters,M.A., and De Leeuw,I.H. (1997). The beneficial effects of 

modest weight loss on cardiovascular risk factors. Int. J. Obes. Relat Metab Disord. 

21 Suppl 1, S5-S9. 

Vaughan,J.M., Fischer,W.H., Hoeger,C., Rivier,J., and Vale,W. (1989). 

Characterization of melanin-concentrating hormone from rat hypothalamus. 

Endocrinology 125, 1660-1665. 

Verdich,C., Flint,A., Gutzwiller,J.P., Naslund,E., Beglinger,C., Hellstrom,P.M., 

Long,S.J., Morgan,L.M., Holst,J.J., and Astrup,A. (2001). A meta-analysis of the 

effect of glucagon-like peptide-1 (7-36) amide on ad libitum energy intake in humans. 

J. Clin. Endocrinol. Metab 86, 4382-4389. 



314 

 

Vincent,R.P. and Le Roux,C.W. (2008). The satiety hormone peptide YY as a 

regulator of appetite. J. Clin. Pathol. 61, 548-552. 

Vogel,R.A., Cooper,B.R., Barlow,T.S., Prange,A.J., Jr., Mueller,R.A., and 

Breese,G.R. (1979). Effects of thyrotropin-releasing hormone on locomotor activity, 

operant performance and ingestive behavior. J. Pharmacol. Exp. Ther. 208, 161-168. 

Vrang,N., Larsen,P.J., Clausen,J.T., and Kristensen,P. (1999a). Neurochemical 

characterization of hypothalamic cocaine- amphetamine-regulated transcript neurons. 

J. Neurosci. 19, RC5. 

Vrang,N., Tang-Christensen,M., Larsen,P.J., and Kristensen,P. (1999b). Recombinant 

CART peptide induces c-Fos expression in central areas involved in control of 

feeding behaviour. Brain Res. 818, 499-509. 

Wang,L., Saint-Pierre,D.H., and Tache,Y. (2002). Peripheral ghrelin selectively 

increases Fos expression in neuropeptide Y - synthesizing neurons in mouse 

hypothalamic arcuate nucleus. Neurosci. Lett. 325, 47-51. 

Wang,Y., Addess,K.J., Chen,J., Geer,L.Y., He,J., He,S., Lu,S., Madej,T., Marchler-

Bauer,A., Thiessen,P.A., Zhang,N., and Bryant,S.H. (2007). MMDB: annotating 

protein sequences with Entrez's 3D-structure database. Nucleic Acids Res. 35, D298-

D300. 

Wardlaw,S.L. (2001). Clinical review 127: obesity as a neuroendocrine disease: 

lessons to be learned from proopiomelanocortin and melanocortin receptor mutations 

in mice and men. The Journal of clinical endocrinology and metabolism 86, 1442. 

Waynforth,H.B. and Fleckmell,P.A. (1992). Experimental and Surgical Technique in 

the Rat. Academic Press, Harcourt Brace Jovanovich Publishers). 

Weinsier,R.L., Hunter,G.R., Heini,A.F., Goran,M.I., and Sell,S.M. (1998). The 

etiology of obesity: relative contribution of metabolic factors, diet, and physical 

activity. Am. J. Med. 105, 145-150. 

Wellings,D.A. and Atherton,E. (1997). Standard Fmoc protocols. Methods Enzymol. 

289, 44-67. 

Wermuth C.G, Ganellin, C. R., Lindberg, P., and Mitscher, L. A. (1998). Glossary of 

terms used in medicinal chemistry. Pure Appl.Chem. 385-395.  

 

Werther G.A., Hogg,A., Oldfield,B.J., McKinley,M.J., Figdor,R., Allen,A.M., and 

Mendelsohn,F.A. (1987). Localization and characterization of insulin receptors in rat 

brain and pituitary gland using in vitro autoradiography and computerized 

densitometry. Endocrinology 121, 1562-1570. 

Wiley,J.W., Gross,R.A., and MacDonald,R.L. (1993). Agonists for neuropeptide Y 

receptor subtypes NPY-1 and NPY-2 have opposite actions on rat nodose neuron 

calcium currents. J. Neurophysiol. 70, 324-330. 

Williams,D.L. (2005). The melanocortin system as a central integrator of direct and 

indirect controls of food intake. Am J Physiol Regul Integr Comp Physiol. 289, R2-3. 



315 

 

Winzell,M.S. and Ahren,B. (2004). The high-fat diet-fed mouse: a model for studying 

mechanisms and treatment of impaired glucose tolerance and type 2 diabetes. 

Diabetes 53 Suppl 3, S215-S219. 

Witt,K.A., Gillespie,T.J., Huber,J.D., Egleton,R.D., and Davis,T.P. (2001). Peptide 

drug modifications to enhance bioavailability and blood-brain barrier permeability. 

Peptides 22, 2329-2343. 

Wolak,M.L., DeJoseph,M.R., Cator,A.D., Mokashi,A.S., Brownfield,M.S., and 

Urban,J.H. (2003). Comparative distribution of neuropeptide Y Y1 and Y5 receptors 

in the rat brain by using immunohistochemistry. J. Comp Neurol. 464, 285-311. 

Wong,M.L., Licinio,J., Pasternak,K.I., and Gold,P.W. (1994). Localization of 

corticotropin-releasing hormone (CRH) receptor mRNA in adult rat brain by in situ 

hybridization histochemistry. Endocrinology 135, 2275-2278. 

Woods,S.C., Benoit,S.C., Clegg,D.J., and Seeley,R.J. (2004). Clinical endocrinology 

and metabolism. Regulation of energy homeostasis by peripheral signals. Best. Pract. 

Res. Clin. Endocrinol. Metab 18, 497-515. 

World Health Organization. Obesity:preventing and managing to global epidemic. 

Report of a WHO consultation. World Health Organ Tech.Rep.Ser. 894, 1-253. 2006.  

Ref Type: Generic 

Wren,A.M., Seal,L.J., Cohen,M.A., Brynes,A.E., Frost,G.S., Murphy,K.G., 

Dhillo,W.S., Ghatei,M.A., and Bloom,S.R. (2001a). Ghrelin enhances appetite and 

increases food intake in humans. J. Clin. Endocrinol. Metab 86, 5992-5995. 

Wren,A.M., Small,C.J., Abbott,C.R., Dhillo,W.S., Seal,L.J., Cohen,M.A., 

Batterham,R.L., Taheri,S., Stanley,S.A., Ghatei,M.A., and Bloom,S.R. (2001b). 

Ghrelin causes hyperphagia and obesity in rats. Diabetes 50, 2540-2547. 

Wren,A.M., Small,C.J., Abbott,C.R., Jethwa,P.H., Kennedy,A.R., Murphy,K.G., 

Stanley,S.A., Zollner,A.N., Ghatei,M.A., and Bloom,S.R. (2002). Hypothalamic 

actions of neuromedin U. Endocrinology 143, 4227-4234. 

Wynne,K., Park,A.J., Small,C.J., Meeran,K., Ghatei,M.A., Frost,G.S., and 

Bloom,S.R. (2006). Oxyntomodulin increases energy expenditure in addition to 

decreasing energy intake in overweight and obese humans: a randomised controlled 

trial. Int. J. Obes. (Lond) 30, 1729-1736. 

Wynne,K., Park,A.J., Small,C.J., Patterson,M., Ellis,S.M., Murphy,K.G., Wren,A.M., 

Frost,G.S., Meeran,K., Ghatei,M.A., and Bloom,S.R. (2005). Subcutaneous 

oxyntomodulin reduces body weight in overweight and obese subjects: a double-

blind, randomized, controlled trial. Diabetes 54, 2390-2395. 

Xu,B., Goulding,E.H., Zang,K., Cepoi,D., Cone,R.D., Jones,K.R., Tecott,L.H., and 

Reichardt,L.F. (2003). Brain-derived neurotrophic factor regulates energy balance 

downstream of melanocortin-4 receptor. Nat. Neurosci. 6, 736-742. 



316 

 

Yamaguchi,T., Fukase,M., Kido,H., Sugimoto,T., Katunuma,N., and Chihara,K. 

(1994). Meprin is predominantly involved in parathyroid hormone degradation by the 

microvillar membranes of rat kidney. Life Sci. 54, 381-386. 

Yamamoto,T., Shimura,T., Sako,N., Azuma,S., Bai,W.Z., and Wakisaka,S. (1992). C-

fos expression in the rat brain after intraperitoneal injection of lithium chloride. 

Neuroreport 3, 1049-1052. 

Yamanaka,A., Kunii,K., Nambu,T., Tsujino,N., Sakai,A., Matsuzaki,I., Miwa,Y., 

Goto,K., and Sakurai,T. (2000). Orexin-induced food intake involves neuropeptide Y 

pathway. Brain Res. 859, 404-409. 

Yang,L. (2009). Role of dorsomedial hypothalamic neuropeptide Y in modulating 

food intake and energy balance. The journal of neuroscience 29, 179. 

Yeo,G.S., Farooqi,I.S., Aminian,S., Halsall,D.J., Stanhope,R.G., and O'Rahilly,S. 

(1998). A frameshift mutation in MC4R associated with dominantly inherited human 

obesity. Nat. Genet. 20, 111-112. 

Yokosuka,M., Xu,B., Pu,S., Kalra,P.S., and Kalra,S.P. (1998). Neural substrates for 

leptin and neuropeptide Y (NPY) interaction: hypothalamic sites associated with 

inhibition of NPY-induced food intake. Physiol Behav. 64, 331-338. 

Zarjevski,N., Cusin,I., Vettor,R., Rohner-Jeanrenaud,F., and Jeanrenaud,B. (1993). 

Chronic intracerebroventricular neuropeptide-Y administration to normal rats mimics 

hormonal and metabolic changes of obesity. Endocrinology 133, 1753-1758. 

Zelissen,P.M., Stenlof,K., Lean,M.E., Fogteloo,J., Keulen,E.T., Wilding,J., Finer,N., 

Rossner,S., Lawrence,E., Fletcher,C., and McCamish,M. (2005). Effect of three 

treatment schedules of recombinant methionyl human leptin on body weight in obese 

adults: a randomized, placebo-controlled trial. Diabetes Obes. Metab 7, 755-761. 

Zerbe,O., Neumoin,A., Mares,J., Walser,R., Walser,R., and Zou,C. (2006). 

Recognition of neurohormones of the NPY family by their receptors. J. Recept. 

Signal. Transduct. Res. 26, 487-504. 

Zhang,Y., Proenca,R., Maffei,M., Barone,M., Leopold,L., and Friedman,J.M. (1994). 

Positional cloning of the mouse obese gene and its human homologue. Nature 372, 

425-432. 

Zou,C., Kumaran,S., Walser,R., and Zerbe,O. (2009). Properties of the N-terminal 

domains from Y receptors probed by NMR spectroscopy. J. Pept. Sci. 15, 184-191. 

 

 

 

 

 

 

 

 

 



317 

 

 

 

 

 

6 Appendices 

 

 

6.1 Appendix I: Amino Acids 

 

Amino Acid   Codes 

    Three letter  Single letter 

 

Glycine   Gly   G 

Proline    Pro   P 

Alanine   Ala   A 

Valine    Val   V 

Leucine   Leu   L 

Isoleucine   Ile   I 

Methionine   Met   M 

Cysteine   Cys   C 

Phenylalanine   Phe   F 

Tyrosine   Tyr   Y 

Tryptophan   Trp   W 

Histidine   His   H 

Lysine    Lys   K 

Arginine   Arg   R 

Glutamine   Gln   Q 

Asparagine   Asn   N 

Glutamic Acid   Glu   E 

Aspartic Acid   Asp   D 

Serine    Ser   S 

Threonine   Thr   T 
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6.2 Appendix II: Solutions used in Thesis 

 

 

2M calcium chloride: 

Dissolve 5.88g of CaCl2.2H2O in 20ml GDW and sterilise by passing through a 

0.22μm filter.  Store in 1ml aliquots at -20°C. 

 

0.5M ethylenediaminetetra-acetic acid (EDTA): 

Dissolve 186.1g C10H14H2O8Na2.2H2O in 800ml GDW and adjust to pH 8.0 with 

1M NaOH.  Make up to 1L with GDW. 

 

GTE 

Mix 2.5 ml 1M Tris-HCl, pH9.0, 2ml 0.5M EDTA and 5ml 18% glucose in GDW to a 

final volume of 100ml. Sterilise by passing through a 0.2µm filter. 

 

Gel loading buffer 

Mix 25% (v/v) glycerol, 0.1% (v/v) orange G, 25mM EDTA. 

 

Isopropanol, Caesium Chloride saturated 

Vigorously mix 100g CsCl2, 100mlGDW and 1L Isopropanol and leave to settle. 

 

LB 

Mix 10g sodium chloride, 10g tryptone and 5g yeast extract in GDW. Adjust pH to 

7.5 with NaOH. Sterilise using an autoclave. 

 

LB agar 

Add 7g agar to 500ml LB, and then autoclave. 

 

MPI: 

Mix 30g sucrose, 4ml 0.5M EDTA and 5ml 1M Tris-HCL. Make up to 200ml with 

GDW. 
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0.1M 25kD PEI pH7 

Dissolve 450mg PEI in 80ml GDW. Adjust to pH 7 with HCl. Make up to 100ml with 

water and filter solution. 

 

3M potassium acetate: 

dissolve 294.4g CH3COOK in 500ml GDW, add 115ml glacial acetic acid and GDW 

up to 1L. 

10mg/ml RNase A: 

dissolve 100mg RNase A in 10ml 10mM Tris-HCl, pH 7.5/15mM NaCl and boil for 

15 mins.  Allow to cool and distribute in to 1ml aliquots. 

 

2M sodium acetate, pH 5.2: 

dissolve 164.1g CH3COONa in 800ml GDW, adjust to pH 5.2 with glacial acetic acid 

and make up to 1L with GDW. 

 

3M sodium acetate pH 4.6: 

Dissolve 246.1g CH3COONa in 800ml GDW, adjust to pH 4.6 with glacial acetic 

acid and make up to 1L with GDW. 

 

5M sodium chloride: 

Dissolve 292.2g NaCl in 1L GDW. 

 

 

20% sodium dodecyl sulphate (SDS): 

Add 200g SDS to 800ml GDW, heat to 60°C while stirring.  Allow to cool and make 

up to 1L with GDW. 

 

10M sodium hydroxide: 

Dissolve 400g of NaOH in 500ml GDW.  Once dissolved, top up to 1L with GDW. 

 

15% sucrose solution 

Dissolve 150g sucrose in 1L GDW 
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50x TAE: 

Dissolve 242g Tris in 843ml GDW and mix in 57ml glacial acetic acid and 100ml 

0.5M C10H14H2O8Na2.2H2O. 

 

100x TE: 

Dissolve 121.1g Tris and 3.7g C10H14H2O8Na2.2H2O in 800ml GDW and adjust 

pH 7.5 with hydrochloric acid.  Make up to 1L. 

 

1M Tris-HCl, pH 7.5: 

Dissolve 121.1g Tris in 800ml GDW and adjust to pH 7.5 with HCl.  Make up to 1L. 

 

2M Tris-HCl, pH 8.0: 

Dissolve 121.1g Tris in 450ml GDW and adjust to pH 8.0 with HCl.  Make up to 

500ml. 

 

TES 

Mix 25ml 1M Tris-HCL pH 8, 5ml 5M NaCl and 5ml C10H14H2O8NA2.2H2O. 

Make up to 500ml with GDW. 

 

6.3 Appendix III: Vectors 

 

Y2R: Human cDNA clone (origene cDNA sequence generated by RT-PCR) 

ATGGGTCCAATAGGTGCAGAGGCTGATGAGAACCAGACAGTGGAAGAAA

TGAAGGTGGAACAATACGGGCCACAAACAACTCCTAGAGGTGAACTGGT

CCCTGACCCTGAGCCAGAGCTTATAGATAGTACCAAGCTGATTGAGGTAC

AAGTTGTTCTCATATTGGCCTACTGCTCCATCATCTTGCTTGGGGTAATTG

GCAACTCCTTGGTGATCCATGTGGTGATCAAATTCAAGAGCATGCGCACA

GTAACCAACTTTTTCATTGCCAATCTGGCTGTGGCAGATCTTTTGGTGAAC

ACTCTGTGTCTACCGTTCACTCTTACCTATACCTTAATGGGGGAGTGGAAA

ATGGGTCCTGTCCTGTGCCACCTGGTGCCCTATGCCCAGGGCCTGGCAGTA

CAAGTATCCACAATCACCTTGACAGTAATTGCCCTGGACCGGCACAGGTG

CATCGTCTACCACCTAGAGAGCAAGATCTCCAAGCGAATCAGCTTCCTGA

TTATTGGCTTGGCCTGGGGCATCAGTGCCCTGCTGGCAAGTCCCCTGGCCA

TCTTCCGGGAGTATTCGCTGATTGAGATCATCCCGGACTTTGAGATTGTGG

CCTGTACTGAAAAGTGGCCTGGCGAGGAGAAGAGCATCTATGGCACTGTC

TATAGTCTTTCTTCCTTGTTGATCTTGTATGTTTTGCCTCTGGGCATTATAT
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CATTTTCCTACACTCGCATTTGGAGTAAATTGAAGAACCATGTCAGTCCTG

GAGCTGCAAATGACCACTACCATCAGCGAAGGCAAAAAACCACCAAAAT

GCTGGTGTGTGTGGTGGTGGTGTTTGCGGTCAGCTGGCTGCCTCTCCATGC

CTTCCAGCTTGCCGTTGACATTGACAGCCAGGTCCTGGACCTGAAGGAGT

ACAAACTCATCTTCACAGTGTTCCACATCATCGCCATGTGCTCCACTTTTG

CCAATCCCCTTCTCTATGGCTGGATGAACAGCAACTACAGAAAGGCTTTC

CTCTCGGCCTTCCGCTGTGAGCAGCGGTTGGATGCCATTCACTCTGAGGTG

TCCGTGACATTCAAGGCTAAAAAGAACCTGGAGGTCAGAAAGAACAGTG

GCCCCAATGACTCTTTCACAGAGGCTACCAAT 

GTCTAA 

 

Structure of CMV6-XL5 vector (taken from Origene website: www.origene .com) 

 

An additional neomycin resistance gene (providing geneticin resistance) not shown in 

this diagram 

 

 
 

 

 

 

 

 

 

6.4 Appendix iv: Radioimmunoassay 

 

General Principles:  

 

RIA is a technique that allows the detection and measurement of biological substances 

at very low concentrations from tissue or plasma samples. This method relies on the 

competition between radioactively-labelled and unlabelled antigen for a specific 

number of antibody binding sites. A fixed amount of antibody and 
125

I labelled 

antigen are added to the unlabelled antigen (samples or standard) and the reaction is 

allowed to reach to equilibrium by incubation for a least 72 hours at 4°C. Samples 

with higher concentrations of antigen will result in less binding between the antibody 
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and labelled antigen. The antibody-bound antigen is then separated from the free 

antigen either by addition of dextran-coated charcoal (which binds free antigen in the 

charcoal pellet) or by complexing the primary antibody with a secondary antibody 

(free antigen remains in the supernatant) and then centrifuged to form the pellets. The 

supernatant and pellet are separated and the radioactivity in the bound and free 

components is measured in a ã-counter and the data used to construct a standard 

curve. By reference to the standard curve, the concentration of unknown samples can 

be calculated. 

 

Preparation of 
125-

I-PYY Tracer 

All tracers were made in house by Prof M. Ghatei (Dept. of Investigative Medicine, 

Imperial College London). Peptides were  iodinated using the iodogen method (Owji 

et al., 1995) and purified by HPLC using a C18 column (Waters, Milford, CT, USA). 

In brief, the iodogen method adds a 
125

I molecule onto a tyrosine residue in an 

oxidative reaction. Iodogen reagent (1,3,4,6,-tetrachloro-3α,6α-diphenylglycoluril; 

Pierce Chemical Co., Rockford, IL, USA) is reacted with Na
125

I to oxidise the 
125

I to 

the reactive iodine state, which subsequently incorporates into available tyrosine 

residues. The iodogen method requires the reaction (peptide in 0.2 M phosphate 

buffer (see appendix II), 37 MBq Na
125

I, 23 nmol iodogen reagent) to be incubated 

at 22°C before the reaction products are purified by reverse-phase HPLC using a 

NovaPak C18 column (Millipore, Milford, MA, USA). The column was equilibrated 

for 10 minutes with 15% (v/v) acetonitrile (AcN) solution in water containing 0.05% 

(v/v) trifluoroacetic acid (TFA), at a flow rate of 1 ml/min. The concentration of 

AcN was then gradually increased to 20-45% over the following 80 minutes and 

maintained at the final concentration of 45% for the next 10 minutes. Fractions were 

collected every 1.5 minutes into tubes containing 1 ml 20 mM HEPES, pH 11.0 (to 

neutralise the acidity of the collected fractions) and 0.3% (v/v) bovine serum 

albumin (BSA) (ICN Biochemicals Inc, Costa Mesa, CA, USA). The fractions were 

tested in an RIA and used at 1500 cpm/tube. 
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PYY3-36 antibody and PYY3-36 analogue antibodies 

 

Plasma PYY1-36 and PYY3-36 were measured using a specific and sensitive RIA.  

The assay was performed using 0.06 M phosphate buffer with 0.3% BSA at a total 

volume of 700ìl per tube and a sample volume of 1–100ìl. The antiserum (Y21) was 

raised in rabbits against synthetic porcine PYY1-36 (Bachem Ltd. U.K), coupled to 

BSA, and used at a final dilution of 1:50,000. The Y21 antibody is specific for the C-

terminal of PYY and reacts fully with human PYY1-36 and PYY3-36 and does not 

cross-react with PP, NPY or other known gut hormones. The PYY3-36 analogues had 

the following cross-reactivity with the Y21 antibody: PYY3-36-áLT and PYY3-36-

NPro-áLT: 20-25% and PYY3-36-NPro-áLT-4H: 11%. Standard concentrations for 

the analogue RIAs were increased in order to allow the detection the respective 

peptides. A Standard concentration of 1pmol/ml was used for PYY3-36, 5pmol/ml 

was used for PYY-áLT and PYY3-36-NPro-áLT and 10pmol/ml was used for PYY3-

36-NPro-áLT-4H. The assays were incubated for 3 days at 4ºC before separation of 

free and antibody-bound label by secondary antibody (sheep anti-rabbit antibody). 

The intra- and inter-assay coefficients of variation were 6% and 10% respectively. 

 

PYY3-36/ PYY3-36 analogue assays were performed using 0.06M phosphate buffer 

and a standard curve was made for each assay using a solution of unlabelled antigen 

at a known concentration and made up to varying concentrations in the assay by 

adding in duplicate at volumes of 1, 2, 3, 5, 10, 20, 30, 50 and 100 µl to the assay 

buffer. All samples were assayed in duplicate. To measure for assay drift in 

antibody-antigen equilibrium, tubes with no sample („zero‟ tubes) were placed at 

regular intervals throughout the assay and standard curves were performed at the 

beginning and end of each assay. Similar binding should be observed in the zero 

tubes and in both standard curves. The general structure of the RIA is outlined in the 

table below. 
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Tubes Content Description 

1-2 NSB No antibody is added to these tubes, allows to test  for 

     non-specific binding (NSB) 

3-4 1/2 x Half the amount of labelled antigen is added, allows to assess 

    the integrity of the 125I labeled antigen 

5-6 2 x Double the amount of labeled antigen is added, allows to asses 

    the integrity of the 125I labeled antigen 

   

A large change in binding between 1/2 x, 2 x tubes and zero tubes 

suggest dissociation of 125I from labeled antigen 

     

7-10 Zero Allows assessment of assay drift 

11-12 Standard 1             

13-14 Standard 2        

15-16 Standard 3        

17-18 Standard 4        

19-20 Standard 5        

21-22 Standard 6        

23-24 Standard 7        

23-26 Standard 8        

27-28 Standard 9        

29-30 Standard 10             

31-32 Zero Duplicate zeros were placed approximately every 50 tubes 

33- Samples             

Final 2  Excess Excess antibody added to assess immunological integrity of antibody 

Table outlining the general structure of an RIA and tubes important for the assessment of performance 

of assay. 

 

After incubation of RIAs for 72 hours at 4°C, free and bound peptides were separated 

using either charcoal adsorption or secondary antibody separation. For charcoal 

adsorption, the free fraction was separated using 4 mg charcoal/tube suspended in 

0.06 M phosphate buffer with gelatin (Sigma-Aldrich) which was added immediately 

before centrifuging at 1500g, 4°C for 20 minutes. For secondary antibody separation, 

100µl sheep anti-rabbit solid phase secondary antibody (Pharmacia Diagnostics, 

Uppsala, Sweden) was added to the samples and allowed to incubate for at least one 

hour. Immediately prior to centrifugation, 500ìl 0.01% Triton-X-100 solution was 

added to each tube. The samples were then immediately centrifuged at 1500g, 4°C for 

20 minutes. Bound and free label were separated and both the pellet and the 

supernatant counted for 180 seconds in a γ counter (model NE1600, Thermo Electro 

Corporation, Reading, Berks, UK). Peptide concentrations in the samples were 

calculated using a non-linear plot (RIA Software, Thermo Electron Corporation) and 

results calculated in terms of the standard.  
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