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ABSTRACT

Xenin, a gastrointestinal peptides structurally similar to neurotensiwhich
functiors asa satiety factor via neurotensin recedqiNtsrl) The effect of the adipocyte
hormone leptinon metabolisms partially mediated througthe Ntsrl and interleukin 1
type | receptor (ILLRI) in the central nervous system (CNSJenin reduces food intake
when administered centrally and peripgr. However the metabolic action of xenin and
the mechanism of xenimduced anorexia remain to be elucidatedhypothesized that
prolonged xenin treatment reduces food intake and body weight and increases energy
expenditure. | also hypothesized thaxenin reducesfood intake by activating CNS
signaling pathways including Ntsrdnd IL-1RI and by interacting with leptin. To address
these hypotheses, examined(1) the effect of xenin treatment on food intake, energy
expenditure and body weight in laatype, Ntsrideficientand IL-1RI-deficient mice, (2)
the effect of xenin on hypothalamk®s and interleukinid (IL-1b) expression irwild-type
mice, and (3) the effect of emjection of xenin and leptin on food intaked body weight
in wild-type mice. Daily intraperitoneal (i.p.) olintracerebroventricular (i.c.v.xenin
treatmeni(6-10 days) significantly ratted body weight gain and adiposity with a transient
reduction in food intaken wild-type mice. Xenin treatment (i.p.) caused a significant
reduction in respiratory quotiemtithout changes in energy expenditur¥enin treatment
increased hormone sengd lipase (HSL) mRNA levels anteducedacylcoenzyme A:
diacylglycerol acyltransferas2 (DGAT2) mRNA levels in white adipose tissue. Xenin

(i.p.) increased the number élosimmunoreactive cells in the hypothalamus and the



brainstemand increasetlypothalamiclL-1 b mReNelds The anorectic effects of xenin

and leptin were abolished or attenuated in mice lacking Ntsr1-bRIL Co-administration

I.p. of xenin and leptin caused greater reductions in food intake and body weight compared
to leptin alor and xenin aloneThese data suggest that letegm xenin treatment reduces
body weight by reducing food intake and increasing fat oxidization. Xenin reduces food
intake by activating CNS signalling pathways involving Ntsrl and lhossibly through
theinteraction with leptin. These findings implicate xenin and its downstream mediators as

potential targets for antibesity drugs.
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|. Introduction

1. Obesity

1.1 Obesity epidemic

1.1.1.Definition of obesity

Obesity is a condition of abnormally increased body fat caused by inappropriate
weight gain. The Naitonal Institutes of Health (NIHusesbody mass indeXBMI) to
measure overweight and obesityits public report A person with aBMI of 25 to 29.9
kg/n? is considered to beverweight anda person witha BMI greater than 3®&g/n¥ is

considered obed&]. This definition has been widely usday health professiwals.

1.1.2.Diagnosis

There is asignificant positive correlation between BMI andtotal body fat
Although BMI has been widely usetd measure obesityt may notalwaysreflect body fat
mass and it requires cautiam some specific case$or examplealthough athletes have a
high BMI, it does not indicatéhatthey are overweightbecause their weigldg accounted
for by musclemass,not by fat mass Therefore,additional measurements have been used
to diagnose obesitylncreasedabdominal faimassis a high risk factoffor obesityrelated

disease such as type 2 diabeteand waist circumferencerovides useful estimates of



abdominal obesityMen with awaistcircumferenceyreatethan 10Zmandwomen witha
waist circumference greater th& cm are considered obeselTo obtain more accurate
diagnosis magnetic resonance imaging and computed tomography have beenTised.
advantage of the imaging technology is that it provide®nlgtthe amount of body fabut

also thedistributionof body fd [1].

1.1.3 Prevalence

According to the Statistics Caata, obesityprevalaceis high in Canadaegardless
of age, sex, ethnibackgroundand province[2]. In 2004 23.1% of adult Caadians aged
18 or older were obesand 36.1% were overweightThese statistal dataindicate that
nearly 60% of adultCanadians wereoverweight or obese. Obesity has increased
dramatically in prevalence during the p2st yeas. The prevalence of obégihasalso
increased irthe younger population.The rate of obesityhas substantially increasé&am
8.5% to 20.5% in the age group of-28 between 1978/79 and 2004Similarly, the
combined ate of overweight and obesity increased frad?o to 29% in children and
adolescents (327 year olds) during the same perioll.is important to note¢he rate of
obesity (excluding overweight)n this agegroup tripledfrom 3% to 9%during the same
period In comparison,he United States ifacing a more serioussituation than thain
Canada.In 19992002, 29.7% of US adults mtte criteria for obesity. According todata
published in 2007y the WHO European Region31.979.3% ofadult men and 278
77.8% of adultwomen are overweighh Europe[3]. Theinceased prevalence obesity

is alsoseen in many otheasontinents littps://apps.who.int/infobase/CountryProfiles.gspx



https://apps.who.int/infobase/CountryProfiles.aspx

As of 2000, the number of obese adults has increased to over 300 million in the world.

Thus,obesity isarapidly growinghealthproblemthroughout the world.

1.2.Causes of obesity

1.2.1.Environmental factors

There are multiple causes of obesifjirstly, environmental fact@rare involved in
the cause of obesityEating habits haveehangeddramatically ovethe past three decades
[4]. Inindustrialized societiesinlimited quantities of foods asasilyavailable. In the US,
energy availability per person increddsy 15% from 1970 to 1994Excessive dietary fat
has bem considered to be one of the major causes of obesitilability of dietaryfat
wasincreasd by 3% duringa similarperiod This correlates with an increased uséats,
such as butter, shortening and oils in baking and fried fandsan increasecbnsumption
of pizza and soft drirkk By contrastconsumption ovegetables and fruits was beldie
minimum amount recommended in tbeS. Federal dietary guidelinesAlong with eating
habit, lifestyle hasalso changed in industrialized societie®eople tend to live a more
sedentary lifestyl¢4]. These changes in eating habit and lifestyle caused an increase in
consumption ofhigh energy dese food and a decrease in physical activitghus

contributingto the increased prevalence of obesity and overweigple in the population



1.2.2.Genetic factors

Genetic factos are also involved in the cause of obesity. Obesity is particularly
prevalent in sore ethnic groups such as Africdmericars and Mexican Americas In
contrast,the Asian American group has lower obesity rate compared tbe general
population[1]. There are ateast 18obesityassociatedgenetic syndromes including
PradefWilli syndromeand BardeBiedl syndromd5]. Thesesyndrome<learly irdicate
that genetic factors play a rolearpredisposition to obesity. Family and twin studies have
demonstrated that genetic factors account foi7@% of inter-individual differences in

body weight6, 7].

Recent advances in mouse genetics identified many genes which are associated with
human obesity. Cloning of the leptin gendearly demonstrated that leptin deficiency
causes obesity in mid@]. It was soon discovered that leptin deficiency causes severe
obesity in human and leptin replacement ther@pg been proven to be effective in
reversing obesity in leptideficient obese patien{8-11]. A lossof-function mutation in
the leptin receptor gene also causes obesity in both rodents and [iBvid}. Central
melanocortin systens a egulatory system of energy homeostasis, in which melanocortin 4
receptorfMC4R) and its ligands are key modulatorsisla major target of leptin action and
the metabolic effect of leptins partially mediated by increasezignallingvia the MC4R
[16]. Mutations in MC4R have been identified in obese subj@@®2]. These findings
clearly indicatea monogenic cause of human obesity. Howgeengenital leptin and its
receptor deficiencies are very rare in husij@ 14]. To date, MC4R mutation is the most

common monogenic cause of human obesity, but it accounts for only 6% taf obese



subjectq23, 24] It is likely that human obesity is ngenerallya monogenic disorder and

that predisposition to obesity is influenced by multiple susceptibility genes.

As mentioned above, genetic variants known to influence body waiglrgely
restricted to mutatian in several genes that cause rare monogenic obesity in human.
However, it is unknown whether genetic variations are also relevant to the common form of
obesity and individual variation in body weight. Recentygenomewide association
study became a @werful tool to identify common genetic variants associated with any
given phenotype through the analysis of genetic variations across the human genome.
Through the search for sequence variants and their association to obesity, a strong
association betweeadiposity anaginglenucleotide polymorphismis the first intron of the
FTO (fat mass and obesigssociated) gene has been identifgsl 26] It was found that
common genetic variants near MC4R were similarly associated with increasefBMI
28]. A subsequent study confirméake association between common variants at FTO and
the MC4R loci and body weight and identifié&dadditional loci which are associated with
increased BMI[29]. Although the contribution o&nindividual variant toincreased body
weight is modest, individuals with more obesity predisposing alleles have higher BMI
compared to those with less of these allgR%30]. So far, independent variants with
small but replicable effects on body weight have bdentified inat leastl7 gene rgions
[31]. These finding support the polygenic nature iater-individual differences in body

weight and predisposition to obesity.



1.2.3.Geneenvironment interactions

Genetic factors modulate the impact of environrakefdactors on metabolisnm
each individual. In 1962, Neel proposb@n Thr i fty genotype theoryo
frequencyof obesity and type 2 diabetf32]. The core concept of this hypothesis is that
our bodies are adapted to store fat and conserve energy rather than wasting energy. In
ancient tims, people relied on farming, hunting, and fishing for food. €hpsople
experienced alternatingeriods of food surplus and food shortage. To survive through
these extremehange in food availability, thrifty genepromoted the storage obdy fat
when food were abundant so that they wouddrvive (due to increase body fat stores)
when food supplies werscarce Thus, these genes were beneficial for survival in those
days. However, once people adapted to the modern lifestyle, with ksisgbtactivity and
a constant supply of calories, these genes promoted continuous storage of excess amounts
of calories. Thus, thrifty genes are deleterious rather than beneficial in modern society,
causing overweight and obesity. It has been shownstisteptibility to higkfat diet
induced obesity is altered in many geneticalhgireered mouse modeknd different
mouse strains Genes whosabsence protect against hifgt dietinduced obesity might be
regarded as thriftgenes Furthermore, a lagyscale human study has demonstrated that
high-fat diets and low physical activity levels amplify the susceptibility to obesity in FTO
risk allele carrier§33]. These findings suggest that gearevironment interactions play a

role inthe predisposition to obesity.

In summary, although mousggneticshasrevealed numerous monogenic cause

obesity in mice, it is likely that human obesity is generally not a monogenic disorder.



Predisposition to obesity is influenced by multiple susceptibility genes aagéne

environment interaction.

1.3.0Obesity-related problems

Obesity is associated with numerous serious &ndnic diseases, including tye
diabetes coronary heart disease, cardiovascular disease, hypertension and some forms of
cancer. For example, theisk of diabetes increases-8id in the group witha BMI of 35
or greater compared to the group wahBMI of 21 or less[34]. Adipose tissue is
classically considered a passive fat storage organ. In addition to-sterfiag function, it
is now generally accepteddt adipose tissue is an active endocrine organ. Adipose tissue
produces and secretasnumber obioactive peptides known as adipolsneéAn increasing
number of studies suggest that inflammatory mechanisms are involved in the pathogenesis
of type 2 diaktes. The excessive accumulation of body fat causes changes in adipokine
secretion profile. For example, circulating levels of tumour necrosis falcto{ TUNF and
interleukin 6 (IL-6) are elevated in obese and insulin resistant halach animals. Thee
adipokines cause insulin resistance ibterfering with the insulin signalling pathway.
Specifically, these adipokines suppress gene transcription of insulin receptor substrate 1
(IRS1) and inhibittyrosine phosphorylation of IRS135, 36] Both TNFU an-8 | L
stimulate lipolysis and promote secretion of free fatty acids (FFAs) from adipose tissue to
the circulation[37]. Increased circulating-FA levels cause insulin sestance. FFAs
inhibit insulini induced suppression of gluconeogenesis and instilimulated peripheral
glucoseuptake[38, 39] High bloodFFA levels increase hepatic uptake axilzation of

FFA followed by increased acetyl CoA production, whigh turn promotes
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gluconeogenesis by increasing pyruvate carboxylase adidly FFAs increase secretion

of insulin which countexcts the stimulatory effect of FFA on hepatic glucose production
and prevents hepatic glucose overproduction. However, chronically increased FFA levels
impair insulin secretiompartly by actiating endoplasmic reticulurstress and promoting

p ancr ed bgomosifil]. Leptinis another adipokine whigblays a critical role in

the regulation of energy balance. Leptin also plays a role in the rnegutHt glucose
homeostasis and increases insulin sensitivity. Mutations in the leptin gene cause obesity
and insulin resistance, and leptin replacement therapy reverses these impairments in both
human and mice. However, leptin deficiency is rare in hupizesity. Paradoxically,
circulating leptin level is positively correlated with fat mass and high levels of leptin were
found in obese subjecf42]. This suggests that leptin resistanca common featwr of

human obesity. Although the precise mechanism to cause leptin resistance is not fully
understood, obesigssociated insulin resistance may be mediated by leptin resifA&hce

In contrast to the levels of the aferentioned adipokines, adiponectin levels are inversely
correlated with fat mass and adiponectin levels are reduced in obese subjects. Because
adiponectinincreasesinsulin sensitivity, an obesityassociated eduction in adiponectin

secretion may contribute to the development of insulin resisfdage

In addition tothe deleterious effecdf obesity onhealth the obesity epidemic
contributes to rising healthcarests The obesityrelatedcost was $99.2 billion in 1995
and direct medical experstor the obesityassociatedliseasesuch as hospital care, drug
and physician care expenditurgas $51.6 billiorin the U.S[1]. Therefore, it is extremely

important to find a cure for obesity atalfind ways to prevent obegit



1.4. Treatment of obesity

1.4.1. Pharmacological treatment

Because obesity is a significant risk factor for many chronic diseagen small
amounts ofweight loss has been shown to leeneficialin reversing theobesityrelated
impairments. Ovethepast yearsmany clinical trials have been perforntedievelopanti
obesitydrugsincluding fenfluramine, sibutramine, and rimonabadhfortunately, most of
these trials failed to demonstrate the effectiveness of the drugs without significant side
effeds. Thusonly alimited number of pharmacological treatmeatscurrently available

to obese patients

Orlistatis a selective gastrointestinal lipase inhibitdihis drug inhibits absorption
of dietary fat, andhereby prevents the deposition of digtéat in the adipose tissyé5].
Long-term treatment of orlistat caused a significantly greater wégkin oveweight and
obese individuals compared to the placebo gid@p. This compoundvasapproved by
the U.S. Food and Drug Admstration (FDA)and Health Canadan 1999 and 2002,

respectivelyfor obesity management.

There are many antibesity drugcandidatescurrently undergoing clinical trials.
Drugs fairgeting theserotonin (8hydroxytryptamine5-HT) system have a long history in
the treatment of obesity. Drugs such as fenfluramine compounds and sibutramine were
initially approved for clinical usg but they were eventually withdrawn from the market
due to adverse side effect®ecause specific subtypes oftbl' receptors are involved in
appetite suppression, lorcasemhich selectivelyactson the 53HT 2C receptors have been

developed. Clinical trials have shown promising weigltlucing effec of lorcaserin[47,



48]. Lorcaserin did not cause serious side effacta phase 2 tria[47]. Several gut
hormones haveden evaluatedh their potential as anbbesity drugs. Included among
theseis glucagordike peptide 1 (GLPL). GLP1 is an incretin peptide and lo@gting

GLP-1 receptor(GLP-1R) agonists are currently approved for the treatment of type 2
diabeteg49]. Clinical studies evaluated the efficaoly GLP-1R agonists to control not

only glycemia but also body weight. In these studies, patients taking these agonists showed
a significantly greater weight loss compared to placé®®|. Lastly, FDAapproved
tesamorelin, a growth hormone releasing factws been used for the treatment of
lipodystrophy inhuman immunodeficiency viru$i(V) patientssince 2010 Clinical trials
demonstrated that patients taking tesamorelin experienced greater reductions in abdominal
fat compared with patients administered placebo. It requires further assessment
determine whether tesamorelin can be used to reduce abdominal fat in obese patients. It is
hoped that theseandidatedrugs continueto show minimal side effects inulssequent

clinical trials and arapproved for the longerm treatment of obesity.

1.4.2. Lifestyle interventions

As described above, only 1 drug (orlistat) hhegnapproval for clinical usé the
long-term treatment of obesityHowever, he weightreducing effecbf orlistat ismodest
Thus, it is important to develapore effective teatmers. In addition to pharmacological
treatment, there are lifestyle intervention strategies to control body weight. Firstly, it has
been demonstrated that dietary therapy can reduce body weight. Dietary therapy includes
calorie restriction, lowfat diet, and carbohydratestricted dietall of which are beneficial

in reducing body weighf50]. In addition to the dietary fat content, types of dietary fat
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affed body weight. A higkfat diet with highly saturated fats causes obesity, while a high
fat diet with longchain r3 polyunsaturated fatty agds protective against digtduced
obesity[51, 52] Secondly, increasing physical activity évs beneficial in maintaining
body weightwithin a normal range Althoughthe efficacy of exercise therapy is not robust,
combnation therapy with diet produces a greater weight reduction than diet [&l®he
Lastly, behavioural therapy aims to change lifelong habits that promote weight gain to
healthyeating and activitypatterns One ofthe major problens of obesity therapy is that
most obese patients regain lost weight after completion of the weight loss progham.
amountsof weight regaied is related to higher caloric intake, fdsbd consumption, fat
intake and reduced physical activif4]. Exercise and behavioural therapiesd been

proven to be effective in maintaining weight loss after weight redu@mrb6}

1.4.3. Surgical therapy

Surgical therapy for obesity involves restingt caloric intake by physicallyeducing the
stomach volume, redirg absorption of nutrients by shortening the lengtktheffunctional
small intestine, or both.The surgical treatment not only reduces body weight but also
improves obesityelated metabolic abnormalities such as typdiabetes. This beneficial
change occurs with altering endocrine secretion prdliés Patiens with type 2 diabetes
after surgery increase insulin sensitivity with high level of GLRnd insulin and lower
glucagon[58]. It has beeralso suggested that the surgery increaB¥Y and decrease

ghrelin concentratigrcontributingto the weighteduction after surgerp9, 60]

To date, bariatrisurgery is the most effective treatment for obesitythtnSwedish

Obese Subjectsial, significantly greater weight losses (23% vs. 0.1% at 2 years and 16%
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vs. 0.16% at 10 years) were observed in obese individtradsinderwent baatric surgery
compared to those on conventional lifestyle therapy plus medicdéahs According to

the NIH criteria, only severely obese patients whose BMI is 40 or more are potential
canddates for surgery62]. Less severely obese patients (with BMI between 35 and 40)
with obesityassociated comorbidities are also considered for surgery. Thus, only a small
fraction of obese patients meet the NIHteria for bariatric surgery and the majority of
patients rely on lifestyle interventions and medications which are less effective compared to

surgical therapy.

In summary, currently lifestyle intervention is the only #par readily available to
mostobese patients. Pharmacologicatreatment is recommended for the management of
obese patients who are not responsive to lifestyle interventions alone. Currently, orlistat is
the only approved drug for the lotgrm treatment of obesity in North America. tidugh
bariatric surgery produces much greater weight loss compared to lifestyle interventions and
pharmacological treatment, application of this surgery is limited to a faetionof obese
patients who meet the criteria for surgery. Thus, additimeatment optiongparticularly

more effective and safe argbesity drugs, are clearly needed.

2. Regulation of energy homeostasis

Body weight is maintained within a normal range by maintaining a balance between
caloric intake and energy expenditufehe intake of energy in the form of food is periodic.

Similarly, levels of energy expenditure fluctuate throughout the day. Neither the amount of
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calories per meal nor meal frequency exactly matches the amount of body energy
requirement at a given timeThus, our body should have a regulatory system by which
storgge and mobilization of energy aesljusted to meet energy demands and to sustain
normal physiological functions. The central nervous system (CNS) plays a major role in
the regulation of energyhomeostasis by integrating peripheral signals which convey
information aboutthe energy status of the organism. These signals involve nutrients,
hormones, and afferent neural inputs from visceral organs. Thus, impaired CNS integration
of these periphelaignals causes abnormal energy balance, leading to obesity and-obesity

associated impairments.

2.1. CNS regulation of energy balance: Role of the hypothalamus

The hypothalamus is known as a KNS regulator of energy balance. In 1939,
Hetherington andRanson reported the observation that discrete electrolytic lesions in the
ventral region of the hypothalamus result in an increase in food intake and body weight
[63]. Several gbsequent studies demonstrated that lesions in the ventromedial nucleus
(VMN) and the ventromedial hypothalamic (VMH) area cause an increase in food intake
and adiposity[64, 65] Conwersely, electricalstimulation of the VMN results in the
termination of the feeding response to hunf@8]. It was demonstrated thdhe
electrolytic lesions in the lateral hypothalamic area (LHA), a region of the ventral
hypothalamus situated laterally to the VMMduce food intakg67]. Based on these
findings, VMN and LHA were defined as the Osatiet
respectively. In addition to the VMN and LHA, other hypothalaregions participate in

the regulation of energy balance. Included among these are the paraventricular nucleus
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(PVN) and dorsomedial nucleus (DMNp8, 69] A number of studies over the past 15
years have revealed the importance of éineuate nucleusARC) in the regulation of
energybalance. Similar to the VMN/VMH lesion, destruction of ARC causes hyperphagia
and obesity, suggesting that ARGalfunctions as a satiety cenff®, 71] The ARC lies

in close proximity tothe median eminence, which lacks a complete blwath barrier
(BBB), and thus it is thought to be uniquely placed to respond to circulating nsitxreht
hormonal signald72, 73] However other studies have demonstrated that there are
numerous tight junctions between endothelial cells in the ARC, indicating that the ARC is
protected by the BBB/4]. Thus, the existence tfe BBB in the ARC remains a matter of
continuing debate and the mechanism by which circulating substaaaeschanges in

ARC neuronal activity remains unclear.

In addition to the anatomical characterization of the hypothalamus, neurochemical
characteration of hypothalamic neurorssipportsthe importance of ARC neurons in the
regulation of food intake and energy expenditure. Two groups of neurons in the ARC
integrate signals of nutritional status and influence energy homeostasis. A subpopulation of
neurons in the medial ARC express the orexigenic neuropeptides neuropeptide Y (NPY)
and agoutrelated protein (AGRP)/5, 76] In contrast, another subpopulationngiurons
in the lateral ARC express the anorexigenic neuropeptides proopiomelanocortin (POMC)
and cocaine and amphetamigulated transcript (CARTY7, 78] Themetaboliceffects
of a-melanocyte stimulating hormona-MSH), a POMCderived peptideand AGRP are
mediated through melanocortin 3 and 4 receptors (MC3R and M{ZAR)30] Thus,

hypothalamic NPY/AGRP and POMC/CART neurons and CNS cells expressing MC3R
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and MC4R constitutethe CNS melanocortin system. Impairnte in melanocortin
signalling are associated with obesity both mice and human81]. These findings
support the hypothesis that CNS melanocortin signalling, and in particular ARC
POMC/CART and AGRP/NPYheurons play a pivotal role in the regulation of energy

balance(Fig. 1)
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Figure 1. Pathways by which anorexic gut hormones and leptin regulate energy
homeostasis.Anorexic gut hormones and leptin reach fiypothalamic ARC iad the NTS

of the brainstem and affect neuronal activity in these CNS regions. Gut hormones and
leptin also act on the vagus nerve and modify neuronal activity in the NTS. Anorexigenic
POMC/CART neurons and orexigenic NPY/AGRP neurons are 2 major suapopsi of

ARC neurons mediatintpe metabolic effec of leptin and gut hormones. Anorectic action

of Umelanocyte stimulating hormon&tfSH), POMGderived peptide and orexigenic
action of AGRP are mediated via MC3R/MC4R in the hypothalamus and other CNS
regions. POME and MC4Rexpressing neurons are also present in the brainstem and
mediate anorexic egtts of gut hormones. Metabolic effects of gut hormones and leptin are
mediated via a number of signalling molecules including STAT3, PI3K, MAPK, AMPK,
MTOR, and FoxO1l. Metabolic effect of leptin is also mediated via th&lfdil and Il
1b-IL-1RI pathwag. ARC: arcuate nucleus; NTS: nucleus bé tsolitary tract; POMC:
proopiomelanocortin; CART: cocaineand amphetamingegulated transcript; NPY:
neuropeptide Y; AGRP: agoutelated peptide; MC3R/MC4R: melanocortin 8nd 4
receptors; STAT3: signal trathscer and activator of transcription 3; PI3K:
phosphatidylinositol &inase; MAPK: mitogen activated protein kinase; AMPK: AMP
activated protein kinase; mTOR: mammalian target of rapamycin; FoxO1l: forkhead box
protein O1; NT: neurotensin; Ntsrl: neurotensceptor 1; IElb: interleukin b; IL-1RI:

interleukin 1 type 1 receptor.
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The hypothalamus regulates energy balance by integrating circulating hormonal and
nutrient signals. For example, CNS regulation of energy expenditure, food intake and
metabolismare under the control of the adiposity signals. In 1953 Kennedy postulated that
peripheral adipocyteelated humoral factors function as a negative feedback mechanism to
the hypothalamus to inhibit food intaj@?]. Such factors include insulin and leptin which
are secreted by pancreatic beta cells and adipose tissue, respectively, and function as an
adiposity signaby conveying signals to the brain for the regulation of energy homeostasis
[83, 84] Circulating levels of insulin and leptin are proportional to bodyj4at 85]

Insulin receptors antheil ongo or fAsignalling®LlepfRbsamm of t he
expressed in several hypothalamic nuclei including the ARSC 8688]. The dfects of

thee adiposity signals on food intake and metabolism paeially mediated through
hypothalamic melanocortin signallin@9, 90] In addition to these adipositygsials,
gastrointestinal hormones regulate energy balance partly thranghteration in the
activity of hypothalamic neuronf®1]. Furthermore, hypothalamic neurons, including
melanocortinergic neurons, also respond to nutrient signals such as glucose, lipids and
amino acids, and regulate energy balgf9@98]. These hormoesand nutients regulae

energy balance via a variety of intracellular signalling pathways in the hypothalamus.
These pathways includihe signal transducer and activator of transcription 3 (STAT3),
phosphatidylinositol &inase (PI13K), forkhead box protein O1 &al), AMP-activated
protein kinase (AMPK)mammalan target of rapamycin (mTORInd mitogen activated

protein kinase (MAPK)99-101] (Fig. 1)
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Collectively, hypothalamic neuronandin particularthe ARC melanocortinergic
neurons participate in the regulation ohergy balance partly by integrating hormonal and
nutrient signal s r ef | ec tTharefpre,tinhpairménts thyttiss met a

signalling pathway lead to metabolic impairments such as obesity and insulin resistance.

2.2. CNS regulation of energ balance: Role of the brainstem

The brainstem is also involved in the regulation of energy homeostasis. The dorsal
vagal complex (DVC) of the brainstem, madeadfiphe nucleus of the solitary tract (NTS),
the dorsal motor nucleusf the vagus (DMY and he area postrema (AP), receives vagal
afferent inputs from the gastrointestinal trfth2]. Cell bodes of these vagal afferent
fibres are located in the node ganglia. The brainstem contains major sympathetic
pathways to organs such as the adrenal gland, adipose tissue, skeletalanddoler and
thereby participates in the regulation of nutrient mobilizatiod metabolisnjl03]. The
hypothalamus regulates food intake and body weight in response ttetomgnetabolic
signals such as leptiand insulin, whereas the brainstem is predominantly linked to the
regulation of meal initiation and termination by responding to gsleom gastrointestinal
signals[104]. Receptors for gastrointestinal hormoiaes expressed on the vagus nerve,
therefore the brainsteman receive these hormonal signals via the vagal afferfafts,
106]. A unique featur®f the brainstem is that th&P is a circumventricular organ with an
incompleteBBB [107, 108] TheNTSis in close anatomical proximity to the AP, and thus
it is in an ideal position to respond to peripheral circulating signals. Leptin receptors are
expressed in the brainstem andteggc administration of leptin induces Fos expression, a

marker of neuronal activation, in the brainstem. Htita ventricular injection of leptin,
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which primarily accesses brainstem sites, reduces food ifid&. These findings
suggest that the brainstem regulates energy balancespgnahg to not only the short

term gastrointestinal signals but also the logrgn adiposity signal@Fig. 1).

There are extensive reciproaaural connections between the hypothalamus and
the brainstenand therefore the brainstem may regulate energy balance by interacting with
the hypothalamufl10-112]. POMC and MC4R are expressed in the braingtei, 114]

Fourth ventricle injection of the melanocortin receptor agow@stised an increase in
sympathetic outflowin rats. This response was greater in chronic decerebrate rats than in
control intact rat$115]. Furthermore, transgenic overexpression of POMC in the NTS, but
not in the hypothalamic ARC, attenuates obesity and insulin resistance -inddie¢d
obese rat§116]. These findings support the concept tihatintrinsic neural circuit within

the brainstem plays a role in the regulation of energy homeostasis andhé¢hat
hypothalamusrainstem connection is not necessarytfar regulation of energy balance
under certain conditions NTS receives dendritic cadts fromDMV neurons, making
transmission between NTS and DMYossible without communicating with the

hypothalamu$117-119].

In summary, the brainstem neuronal pathways regulate energy balance by
integrating gastrointestinal signals as well as the adiposity signal leptin via vagal afferents
and their direct actionrothe brainstem neurons. Despite extensive reciprocal neural

connections between the brainstem and the hypothalaanuosyral circuit within the
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brainstem is capable of regulating energy homeostasis without interplay between the two

brain areas.

2.3. Reglation of energy balance by leptin

As mentioned above, adiposity hormones convey signathebh o dy 6 s met abol
states to the brain and regulate energy balance. A number of adiposity hormones have been

reported to be involved in the regulation of endngyneostasis.

Leptin, a product of thebese(ob) gene, is produced and secreted by the adipose
tissue and its circulating level is proportional to the adipddiy 120, 121] Mice with a
mutation in theob gene lack functional leptin andare obese withthyperphagia and
hypometabolisni8]. Leptin reduce$ood intake, body weightind adiposity, and increases
energy expendituregnd leptin replacement reverses obesity in legificient mice[122-
124]. The effects of leptin are mediatéldrough itsspecific receptor, leptin receptor
(LepR). ThelLepRsare expressed both the CNSand peripheral tissuesThe LepRis a
member otheclass | cytokine receptdamily and at least 6 isofornigve been identified.
Unlike the other LepR isoforms, the long form LepRb contains a cytoplasmic domain that
includesmotifs for bindirg of intracellular signalling molecules, and therefaspRb is
crucial for the metabolic action of leptii2, 15] LepRbmediated leptin action is
mediatedoy the activation o65TAT3 andjanuskinase 2 (Jak2101]. Upon leptin binding,
the cytoplasmic tyrosine residue Tyr1138 of LepRb recruits amdpgbtorylates STAT3
proteins, which then dimerize and translocate to the nucleus and activate a ppEgpiém

of gene transcription. A knockout mouse that leaves the LepR intact but specifically
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disrupt the LepRISTAT3 signalare hyperphagic and obesengar to LepRbdeficient

db/db mice [125]. Leptin activates STAT3 in the hypothalamus, and nespetific
STAT3 knockout mice develop obesity recapitulating phenotypes of ldpticientob/ob

mice [126, 127] These findings suggethat hypothalamicLepRBSTAT3 signalling via
Tyr1138 is important for leptin regulation ehergy balance Tyr985 of LepRb recruits
SH2-containing tyrosine phosphata8gShp2) followed bythe activation of extracellular
signalregulated kinase (ERK)gmalling[128]. Leptin induces phosphorylation of ERK1/2

in the hypothalamus and pharmacologldakckade of hypothalamiERK1/2 reverses the
anorectic and weighteducing effects of leptin[99]. These findings suggest that
hypothalamic MAPK signalling islso a direct target of leptin arglays a key role in the
control of food intake and body weight by leptin. Growing evidence suggests that other
signalling pathways are also involved in the mediation of leptin action. These pathways

include PI3K, mTOR, ANPK, and FoxO1 signalling pathwaj@9-101] (Fig. 1)

LepRb is widely expressed in the CNS with high expression in the hypothalamus
including the VMN, ARC, DMN, PVN, and LHA[15, 87] Systemic or central
administraion of leptin induces Fos expression in these hypothalamic regions, suggesting
that a subset of hypothalamic neurons mediate leptin gdt&®) 130] Althoughthe CNS
melanocortin system is a major signalling pathway mediating the effégptin on energy
homeostasi§81], melanocortin signalling is not the only pathway mediating the metabolic
effect of leptin. It has been suggested that the metabolic effect of leptin is at least partly
mediated bythe neurotenm signallingpathway. The CNS neurotensin system plays a role

in the regulation of food intake and metabolisr@entral administration of neurotensin
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decreases food intak&31, 132] The effect of neurotensiom food intakes mediated by
neurotensin receptor {Ntsrl) which is widely expressed in the CNS including the
hypothalamug133-135]. Levels of neurotensin and neurotensin mRNA are decreased in
leptin-deficient ob/ob mice and i.c.v. administration of leptin stimulates expression of
neurotensin mMRNA in the hypothalam{36, 137] The anorectic effect of leptin is
blocked by a potent Ntsrl antagonist, SR 48@%8]. Leptinincreasephosphorylation of
ERK1/2 inthe hypothalamus vivo and neurotenssexpressing hypothalamic cell lines

vitro [99, 139] The anorexic effect of leptiis blocked by pharmacological inhibition of
ERK1/2 phosphorylation in mice[99]. These findings support the role of CNS
neurotensirNtsrl signalling in the mediation of leptin action and that the activation of

ERK1/2 is involved in this mechanis(fig. 1).

Cytokines are known to induce anorexia and interleukin 4ljlparticipates in the
regulation of energy homeostasis. Thellsystem is composed of two agonist ligands IL
la and IL-1b and an antagonist {lL receptor antagonist (HLRa), which exert their
biological activities through H1 receptor (IL1R). Ablation of I-1Ra in mice results ia
lean phenotype, while HL type | receptor (IL1RI)-deficient mice exhibitan obese
phenotype[140, 141] Central administration of Hlb reduces food intak§l42, 143]
Hypothalamic Il:1b mRNA expression is reduced in leptin recegteficientfa/farats and
leptin stimulates hypothalamic 41b mRNA expressioril144]. The anorectic effect of
leptin is abolished by ovaxpressing IL1Ra and by ablatioof IL-1RI, suggesting that
IL-1 signalling mediates the metabolic action of lepii#5, 146] Of particular interesis

thatneurotensirstimulates I:1 b e xop anetiseproduction in certain cell typdd47].
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Taken togethethese findings suggest tHaptin regulation of energy homeostasis involves
thehypothalamic neurotensii. -1 signalling pathwayFig. 1)

Althoughleptin replacement theragyas beerproven to be effective in reversing
obesity in leptindeficient obesanice andhumans[11, 123] it fails to reverse obesity in
obeserodents angatients not due to leptin deficiency. These olmsmals andgatients
have elevated levels of plasma leptience leptin resistancehich is possibly caused by
several different mechanisrifti01]. Impairments in the LepRb signalling have been found
in animal models of leptin resistand®1], suggesting that these impairmectsitribute to
the development of leptin resistance and that enhanced activity oflsigrddwnstream of

LepRb may be beneficial in reversing leptesistant obesity.

In summary, leptin regates energy balance throudlepR and activation of
downstream mediators includimgelanocortins, neurotensin, and1lin the hypothalamus.
Interaction between leptin and these downstream mediators is mediated by the activation of
a number of hypothalamisignalling pathways including STAT3, PI3K, MAPK, mTOR,
AMPK and FoxO1l. Specifically, neurotendAPK-IL-1 pathway mediates some
metabolic effe of leptin. Impairments in these signalling pathways result in obésity
turn, enhanced activity of thegmthways may serve as potential approach for the treatment

of obesity.

2.4. Regulation of energy balance by gastrointestinal hormones

In addition to the adiposity signals, gastrointestinal hormones patrticipate in the

regulation of energy balance. Gasttestinal peptides that are released into the circulation
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in response to nutrient ingestibave been implicated in the control of food intake by
limiting the size of individual meals as a satiety factor. Peptides such as cholecystokinin
(CCK), glucagonlike-peptide 1 (GLPL) and peptide YY (PYY) are in this category.
Plasma levels of these hormones are increased after a meal and administration of these
hormones suppresses food intake. In contrast, ghrelin functions as a hunger factor.
Circulating ghrén levels rise during fasting and fall after food intake, and administration

of ghrelin increases food intake. These hormones affect food intake by altering the activity
of key brain arem like the hypothalamus and thealmstem making their signalling

pathwaysanattractive target for obesity theraffig. 1).

2.4.1. CCK

CCK is a peptide hormone secreted from the intestinal | cells in response to specific
nutrients in the intestinfl48-150]. 1t is the first gastrointestinal hormone to gf®wn to
affect food intake[151]. CCK promotes feeding suppression by reducing sike of
individual meals. CCK exerts its biological effects through interaction with two subtypes
of CCK receptors, CCKL (CCK-A) receptor and CCR (CCK-B) receptor. The anorectic
effect of CCK is mediated via CCK receptor[152-154]. It has been suggested that
delayed gastric emptying contributes to the CiB#ucedfeeding suppressigi55]. CCK
increases the activitgf gastric vagal afferent fibseandvagotomyblocks CCK-induced
feeding suppression and delayed gastric empd&tg158]. Peripheral administration of
CCK increases -fos expression in the brainstefh59]. Thusthe feedingsuppressing
effect of CCK is primarily mediated by the activation of afferent vagusesennervating

the NTS of the brainstemAlthough CCK causes a mild taste aversion, it was suggested

25



that aversive effects of CCK do not mediate the effect of CCK on feddt@®162].
Effects of CCK are shottved and both repéed administration and continuous infusion of
CCK failed to cause sustained reductions in food intake and body J&&pt65] These
characteristics make it unlikely that the manipulation of CCK signalling is a promising

therapeutic strategy fahe treatment of obesity.

2.4.2. PYY

PYY is produced by and secreted from thedlls mainly on the distal intestine
Circulating levels of PYY are increased in response to food ingegtiB]. PYY335 is
generated by cleaving the first two amino acids from the-téHninal of the fullength
PYY by dipeptidyl peptidase IV. PYa;s is able to cross the blodatain barrier (BBB)
and preferentially binds to X'receptors which are ewgssed in the hypothalamic ARC
[167-169]. Although stress may interfere with the anorectic actioRYY 3 3 it has been
generally accepted th&YY336 reduces foodntake viathe Y2 receptor{170-173]. High
doses ofPYY335 cause conditioned taste aversion, whereas low doses of gYatiuce
food intake without aversive effedts74, 175] Systemic infusion of the low dose of PYY
delays gastric emptying rafg76]. Y2 receptorare also expressed in the NTS and nodose
ganglon of the vagus nerve, and vagotomy or transection of the brakuigtenthalamic
neuronal pathways abolished the feeebngpressing effect of PY¥%g [177-179] PYY
deficiency results in obesity and overexpression of PYY reduces the susceptibility-to high
fat dietinduced obesity in micgl80-182]. These data suggest tHaY Y3 36 participates in
the regulation of energy balance both by directly acting on hypothalamic neurons and by

activating the vagubrainstemhypothalamus pathway. In particular, the ldese of
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PYY3.36 reduces food intakegssibly by slowing gastric emptying without causing aversive
side effects. Phase Il clinical trials of nasal PYY treatment revealed that the treatment did
not meet the primary efficacy endpoint of weight loss and also the weidtting effect

of PYY treatment was no better than that of the active control, sibutramine treqlr@8t

Thus, it is not clear whether or not the P-Y2 receptorsignalling is an attractive drug

target for the treatment of obesity.

2.4.3. GLR1

GLP-1 is produced from the precursor preproglucagon and is secrethd lbycell
of the small intestinén response to nutrient ingesti¢tB4, 185] GLP-1 exerts its effect
through the GLP-1 receptor (GLPLR) expressed in both central and peripheral tissues
including the hypothalamyd86]. GLP-1 is a powerful incretin and clinical trials revealed
that exendind (Ex4), aGLP-1R agonist, treatment is effective in improving glycemic
control in type 2 diabetic patients. In addition to its effect on glucose homeostasi4, GLP
affects energy balancePeripheral administration of G- or GLR1R agonists reduces
food intake andody weight[187-189]. Centrally administered GLP also produces a
similar inhibitory effect on food intak|90-192] These two distinct effects of GLPare
mediated by specific brain regionsThe incretin action of GLPL is mediated by
hypothalamic ARC, whereas the anorectic effect of QLB mediated by hypothalamic
PVN [190, 193][191]. Nausea is the most frequently reported side effect of-GlaiRd
GLP-1 elicits a conditioned taste aversid®4, 195] However, it was suggested that low
doses of Ex4 reduce food intake without inducing malgiSé, 197] Systemic injection

of GLP-1 increases the expression eFas in both the hypothalamus and the brainstem.
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The anorectic effect of GLR is attenuated by vagotomy or albatiof the brainstem
hypothalamus pathways, suggesting that the brainglays a critical role in the mediation
of the anorectic action of GLP [177]. Furthermore, systemic infusion of GiIPdelays
gastric emptying rate and this effect is also attenuated in vagotomised giig&l499]
These data suggest that_P-1 regulates food intake partly by delayiggstric emptying
via the vagusrainstemhypothalamus pathway. Clinical studies demonstrated that
significantly greater weight loss was achieved by @lEPagonists compared to placebo
[49]. Thus, enhanced signalling through the &I is a promising strategy for the

treatment of obesity.

2.4.4.Ghrelin

To date, ghrelin is the onknown gastrointestinal hormone to increase food intake
Ghrelin was identified as an endogenous ligandtfier growth hormone secretagogue
receptor (GSKR) [200]. Ghrelin is producegredominantly irthe stomachandcirculating
ghrelin levels are increased by fasting and reduced after §208203]. Both central and
peripheral administration of ghrelin increases food intake in rod2@ts 205] Ghrelin
treatment also increases food intake in healthy human volunf2eés 207] Both
peripheral and central adnmtration of ghrah accelerate gastric emptying in rodents
[208-211]. Similarly, the gastric emptying rate was faster in lean human volunigbos
received i.v. ghrelin infusion compared to troh saline infusion[212]. Furthermore, a
recent study demonstrated that GBHantagonism lead to a reduction in food intake
without causing a conditioned taste avergRi8]. These findings support the concept that

ghrelin plays a role in meal initiation partly by stimulating gastric emptyiGGHR is
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expressed in the hypothalamus aingection of ghrelin increases-fos expression in
orexigenicNPY neurons and NPY mRNAxpression in the hypothalamic ARED4, 214]
Orexigenic action of ghrelin is abolished by ablation of the ARC and in mice labkihg
NPY and AGRP[215, 216] These studies provide evidence that ghreixerts its
orexigenicactionthrough the activation of hypothalamic orexigenic NR@RP neurons.
GSHR is also expressed on the vagus nerve and ghrelin administration increfases c
expression in the brainste[@04, 217, 218] Ghrelininduced feeding was abolished by
vagotomy or caudal brainstem lesid@68, 217, 219, 220] Ghrelin inhibits the activity of
the vagal nervg208]. There are two distinct populations of gastric distensiemsitive
neurons in thdVC of the branstem: gastric distensiegxcited neurons are activated by
ghrelin, whereas gastric distensimhibited neurons are suppressed by ghréifl].
Collectively, these findings suggest thghrelin is closely involved in the regulation of
gastrointestinal motility coupled with feeding behawviand that this regulation is largely
mediated via the vagal afferent3hus,the GSHR antagonist is a possible candidate f

the treatment of obesity.

2.4.5. Gastric emptying and feeding regulation

It has been well demonstrated that ingestion of food affects gastrointestinal motility
and gastric emptying one mechanism involved in the regulation of food infake, 223]
An increased gastritransit time limits the rate of absorption by reducing the rate of
nutrient delivery to the small intestine, leading to a prolonged s§#i2ty 225] The rate
of gastric emptying is accelerated in animal models of obesity, indicating that rapid gastric

emptying contributes to hyperphagia and increased body weight[2@26n) 227] As
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described above, a number of anorectic gastrointestinal peptides sG&Ka®YY and
GLP-1 slow gastric emptying91, 155, 176, 198] Conversely, exigenic ghrelin speeds
up gastric emptying208]. The effects of these gastrointestinal peptides on gastric
emptyingare mediated by the vagal afferent nerves. These data stiggagtanges in

gastric emptying rate contribute to gastrointestinal horroteced changes in food intake

(Fig. 1)

2.5. Interaction between leptin and gastrointestinal hormones

Gut hormoneinduced feeding suppression is sHoreéd and repeated or frequent
administration of gut hormones often leads to the development of tolerance to their effects
on metabolism. In contrash, profound effectof leptin on food intake and body weight
remainssignificant after repetitive administration of leptin. However, the efficacy of leptin
therapy in human obesity is primarily limited to extremely rare leptin deficient conditions
and is not #Hective in reversing a more common form of obesity, leptin resistant obesity.
Thus, there is a great need to establish improved therapy to overcome these limitations in

obesity treatment.

A number of gut hormones regulate food intake and body whbigimteracting with
leptin. Co-administration of low doses of CCK and leptin that had no effect on food intake
on its own caused a significant reduction in food intg8]. Similarly, a low dose of
leptin ineffective in reducing body weight when administered alone became effective when
combined with a dose of CCK that was subthreshold for weight redy22én 230] Pre
treatment witha low dose of leptin, which cant reduce food intake by itself, enhanced the

anorectic effect of GLHA agonists by increasing the duration of the anorectic §&84di.
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At low doses]eptin and GLPLR agonist injected together, but not separately, significantly
reducedfood intake and body weight in raf231, 232] Continuous infusion of PY¥3s

plus low dose leptin, which did not cause significant changeedd intake on its own,
prolonged the anorectic effect of P¥3[233]. Treatment with PY¥3g plus leptin caused
greater reductions in food intake and body weight compared withz RY&fone or leptin
alone in leptin resistant digtduced obese (DIO) raf234]. Similarly, ceinfusion of
amylin ard leptin produced greater reductions in food intake, body weight and adiposity
than predicted by the sum of the amylin alone and leptin alone treatments in DZ34&ts
More importantly, combined treatment with the amylin analog pramlintide and metreleptin,
a recombinant human leptin produced a significantly greater reduction in body weight
compared tothe treatment with pramlintide or metreleptin alone in overweight/obese
humang234]. These studies provide evidentatthe efficacy ofgut hormonego reduce

foodintake and body weigh$ enhanced in the presence of elevadtgatin.

Receptors for both gut hoones (e.g. CCHA receptorsGLP-1R, and Y?2receptoy
and leptin are expressed in the nodose ganglion agal afferent neurons are activated by
gut hormonesand leptin[105, 106, 156, 178, 23837]. Interegingly, almost all leptin
responsive gastric and duodenal vagal afferents are also sensitive to CQietapatment
with CCK enhances responsiveness of vagal afferents to [8B8fin238] Thus, it is likely

that the interaction between gut hormones and leptin occursagahafferentevel.

The CNS mediates effects of gut hormones and leptin on metabolism. Low dose of
leptin did not cause changes in Fos expression in the hypothalamic PVN in mice and rats.
When animals were treated with low doses of CCK and leptin together, the number of Fos

positive cells was further increased in the P\288, 239, 24Q] Levels of phosphorylated

31



STAT3 (pSTATS3) in the hypothalamic ARC were higher in rats that received both CCK
and leptin than in rats resving either CCK or leptin along241]. Similarly, co
adminstration of amylin and leptin increased phosphorylation of STAT3 in the ARC
without significant increases in pSTAT3 levels by amylin or leptin al@4®]. These
findings suggest that the interaction between gut hormones and |equmsoat the

hypothalamic level

In summary, gut brmones and leptin regulate energy balance thranghteraction
at both hypothalamus and vagal afferent levels. = Gut hormones may enhance
responsiveness to the anorectic and weigtiticing actions of leptin. Alternatively, leptin
may extend the duratioof the anorectic and weightducing actions of gut hormones.
These charactistics of gut hormondeptin interaction may serve as a therapeutic

application to overcome drug tolerance and leptin resistance in the treatment of obesity.

3. Xenin

Xenin isanother gut hormone which participates in the regulation of energy balance.
The effect of xenin on food intake wassti reported in 1998 and this initial finding was
replicated in a subsequent independent study in 7283, 244] However, no other
studies have been performed to determine its role in the regulation of metabolism at the

time when | started my graduate program in 2006.
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3.1.Discovery d xenin

Xenopsin is an octapeptide that was isolated from the skin of the Africarfroigw
Xenopus[245]. A tridecapeptideneurotensin wasriginally discovered and isolated from
bovine hypothalamic extracts around the same time and was subsequently found in
intestinal L cells[246-248]. There is a strong homology in-t€rminal amino acid

sequences between xenopsin and neurotensin (Fig. 2).
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Proxenin  M-L-T-K-F-E-T-K-S-A-R-V-K-G-L-S-F-H-P-K-R-P-W-|-L-T-S-

-L-H-N-G-V-I-Q-L-OH

Xenin-25  M-L-T-K-F-E-T-K-S-A-R-V-K-G-L-S-F-H-P-K-R-P-W-I-L-OH

Xenin-8 F-H-P-K-R-P-W-I-L-OH

Xenopsin E-G-K-R-P-W-I-L-OH

Neurotensin E-L-Y-E-N-K-P-R-R-P-Y-I-L-OH

Figure 2. Amino acid sequences of proxenin, xeni@5, xenin8, xenopsin and

neurotensin
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It was shown that xemsin and neurotensin are encoded by different genes and both
xenopsin and neurotenslike peptides are present in amphibian tis§2d9-251]. These
findings suggested the existence of the xenelisinpeptde in mammals. Through the
search for the mammalian counterpart of the amphibian xenopsiramifb acid peptide

was identified in human gastric mucosa and was named g5#th Xenin has since been
identified in various mammals (dog, pig, rat, guinea pig, rabbit and mofRey) 254]
Sequence and mass spectrophotometry analyses revealed identical sequences and molecular
weights for xenin in these speci@®3]. There is a high degree of homology iste@minal
amino acid sequences between xenin, xenopsin and neurotensin. In paigu@,
terminal amino eid sequences are identical between xenin and xendpgir2f. Several
smaller peptide fragments are released from thar@®o acid xenin, and the 6t€rminal
amino acid fragment is the minimal fragment which demonstrated a biological activity
similarto that of xeninThe Gterminal leucine is critical for the biological activity of xenin

[253, 255, 256]

In the presence of acidified pepsin, xenin is released &tange molecule that is
present ina neutralpH environmen{253]. The 35amino acid peptide extending xenin at
its C-terminus was identified. Treatmeat this peptidewith pepsin released xenin by
cleaving off 10 Germinal amino acidi257]. Thus, this peptide was named proxefiig(
2). Sequence alignment revealed that the amino acid sequences of xenin and proxenin are
identical to the Nlerminal amino acid residues of human coatomer protein complex subunit
alpha (COPA)257-259]. These findings suggest that xenin is likely to be released from

the precursors COPA and proxenin through endogenousimmeemediated cleavage.
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The @particproteasecathepsin Eis present in gastric mucosa at high concentratoul
cleaves neurotensin and xenopsin precur@f8, 261] Consensus sequesdexXXL and
VXXL arepresent at the @rminus of xenin and proxenin, respectively, gederatahe
conformation for the cleavage bgatbepsin 258, 261] Thus, it has been suggested that
cathepsin E plays a nmjrole in releasing bioactive xenin through the goetslational

cleavage of COPA.

3.2.Tissue distribution of xenin

Xenin was initially identified in human stomach, but it was also found in various
organs including small iestine, pancreas, liver,rg, heart, kidney, adrenal gland, testis,
ovary, prostate gland, skin and br§a62]. Xenin is produced by a subset of K cells in the
small intesting[254]. High levels (78104 pmol/g wet tissue) of xenin were found in
gastric mucosa both in human and §@%3]. Although xenin levels are also high in human
duodenal mucosa (84 pmol/g wet tissue), xenin levels are more than 100 times lower in
canine duodenal muco$a53]. Xenin is present at lower levels in other tissues in both
specieqg253]. Consistent with thevide distribution of xenin in the body, xenin precursor
COPA mRNA is ubiquitously expressgb3]. Xenin hasalsobeen identified in secretory
granules, suggesting that xenin is transported to the cell surface and secreted into the
circulation[254]. The pgasma concentration of xenin is-BO fmol/ml (3690 pg/ml) under
fasted conditios and increases to 9120 fmol/ml (276360 pg/ml) after a meal or sham
feeding in humanf252, 264] Precursors of xenin were ni¢tectedn plasma even after
pepsin treatmerf62]. The widespread distribution of COPA mRNA and xenin suggest

that xenin plays a wide variety of roles. Furthermore, these findings suggest that the

36



processing of large precursors to xenin may occur in a tgse@fic manner and st@uoh

and duodenum are the main sources of circulating xenin.

3.3.Role of xenin in the regulation of gastrointestinal motility

Because both xenopsin and neurotensin play a role in the regulation
gastrointestinal functiof245, 265269], several studies focused on the role of xenin in the
regulation of gastrointestinal function. It has been demonstrated that xenin induces
contraction of jejunum in guinea pig, dognd human, while it induces relaxation of rat
ileum and ginea pig colon[255, 270272]. Pharmacological studierevealed that the
effect of xenin on jejunum contraction is mediated via neural pathways involving
muscarinic, tachykinin, and purinergic receptf255]. Xenininduced ileum and colon
relaxations were due to the myokinetic action of xenin involv@e*-dependent*
channeld255, 271] Since xenin is structurally similar to neurotensin, it was hypothesized
that xenin binds and activatdse neurotensin receptoNtsr. Both xenirinduced jejunum
contraction and ileum/coh relaxation were attenuated dtsr antagonist, suggesting that
the effect of xenin on gastrointestinal motility is partly medidktedugh theNtsr[255, 256,

271]. Xenin also induces contraction of galldier and jejunum in conscious ddgs3].
Xenirrinduced gallbladder and jejunum contractiovere abolished by preeatment with
atropine but not by vamjomy, suggesting that the effect of xenin on the gastrointestinal
motility is mediated via cholinergic nerves and wiat vagal nerves. Furthermore, xenin
induced jejunum contraction was absent in cholecystectomized dogs, suggesting that
jejunum contragdbn is induced secondary to xeximduced contraction of gallbladder

which increases bile flow into the duodenUygv3]. The peak of plasma xenin level
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coincides with the occurrence of phase Il contractidi2]. Plasma xenin levels were
increased in response to sham feeding in humans, suggesting thetl&ied visual, taste,
olfactory and cognitive cues stimulate the secretion of xg&6d]. In summary, these
findings suggest that the increased secretion of xenin during the cephalic phase plays a role
in the regulation of gastrointestinal motility and that xenmiuced changes in

gastrointestinal motility involva Ntsr-mediated mechanism.

3.4.Role of xenin inthe regulation of exocrine function

Because both xenopsin and neurotensin were known to stimulate exocrine
pancreatic secretioj245, 265, 268]it was assumed that xenin affects exocrine pancreatic
secretion. Intravenous (i.v.) infusion of the fldhgth of xenin and a @erminally
truncated form of xenin, xeni® (Fig. 2 induced an increase in exocrine pancreatic
secretion in dogf252, 270, 274] The stimulatory effect of xenin on exocrinenpeeatic
secretion was greatly attenuated by isr antagonist SR4869274]. Although atropine
blocked the ability of neurotensin to stimulate exocrine pancreatic secretion, it failed to
block the effect of xenirf274-276]. Furthermore, xenin increases phosphorylation of
ERK1/2 in Pancl exocrine pancreatic celisjggesting that xenimduced exocrine
pancreatic secretion may be mediated by M&PK signalling pathway[277]. Xenin
increases plasma levels of vasoactive intestinal peptide (VIRhvign known to have a
stimulatory effect on exocrine pancreatic secretjgi0, 278] Thus, xenirinduced
exocrine pancreatic secretion may be secondary to the increased VIP secretion. These
findings suggest that xenin directly acts on pancreatic cells and stimulates exocrine

pancreatic secretion at leastthavia Ntsr, butnot via muscarinic receptors.
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3.5.Role of xenin in the regulation of endocrine function

It has been suggested that xenin plays a role in the regulation of endocrine function.
Plasma levis of pancreatic polypeptid&/IP, insulin and glcagon were elevated by i.v.
infusion of xenin in dogq4270]. Similar b these effects of the feléngh xenn on
pancreatic hormone secretion, xeflinncreases secretion of insulin and glucagon in
perfused rat pancreas, indicating that ancin@terminal amino acid sequence is essential
for the stimulatory effect of xenion insulin secretiof279]. Recently, two independent
groups reported the effect of xenin on insulin secretion. One group reported that
subcutaneous (s.c.) injection of xenin increasedmagvels of insulin and reduced blood
glucose levels during glucose tolerance st normal mice. Xenin increased insulin
secretion both at low (5.6 mM) and high (16.7mM) glucosarinnsulin-producing cell
line, BRIN-BD11 cells and there was an adidie effect of xenin and glucoskependent
insulinotropic polypeptide (GIP) on insulin secretion in these ¢286]. The other group
reported that although xenin alone did not affect glucose tolerance in normal mice, xeni
restored the insulinotropic effect of GIP in mouse models of type 2 diabetes. Xenin did not
alter insulin secretion from isolated mouse islatsl an an insulin-producing cell line,
MING, atboth low (2.5 mM) and high (7.5 mM) glucose in these cellse &ffect of xenin
on GIRinduced insulin secretion was attenuated by atropine, suggesting that muscarinic
receptors mediate the effect of xenin on insulin secr¢®én]. The discrepacies between
these two studies are possibly due to differences in experimental design, experimental
model, and dosage of xenin. Cotigely, it is likely that xeninplays a role in the

regulation of glucose homeostasis as an incretin and the insutimo&ition of xenin is at
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least partly mediated via muscarinic receptors amuhteraction wih other incretins such

as GIP.

3.6.Role of xenin in the regulation of energy balance

Anorectic gastrointestinal hormones are released after food ingestesmaPlevels
of xenin were elevated above geeding levels after a meal in humi@b2]. Postprandial
elevation of plasma xenin was observed withefatiched, carbohydratenriched, protein
enriched, and mixed foodR64]. These findingsled to the hypothesis that xenin
participates in the reguian of food intake as an endogenous satiety factor. In 1998, the
first paper reporting the effect of xenin on food intake was published. In this study,
intracerebroventricular (i.c.v.) administration of xenin reduced food intake in rats in-a dose
depenént mannef243]. A single i.c.v. injection of xenin at a dose of 15 ug caused a
significant 43% reduction of food intaka rats compared with control vehicle injection.
Consistent with the reduced food intakke administration of xenin reduced time spent
eatingin rats[243]. A similar feedingsuppressing effect of i.c.v. administrated xenin was
reported in a subsequent independent sfdd¢]. These data support the role of xenin in
the regulatio of food intake as aatietyfactor and that the feedirguppressing effect of
xenin may be mediated through the CNBhesefindings also suggest the possibility that
xenin plays a role in the regulation ofhwle body energy balaneet only by regulatio of
food intake but also by regulating metabolism. However, this possibildynba been
tested as of 2006 when | started my graduate program. Since then there have been
advances in research on xenin regulation of energy bal[@8d¢ Data reported since

2006 will be discussedhi thies diussi ono section.
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Il. Rationale

Despite a large amount of effort owle past years, many clinical tridlavefailed
to find safe ad effective antiobesity drugs and there is only one drug which is currently
approved for the lonterm treatment of obesity in North America. Currentifgstyle
intervention is the only therapy readily available to most of obese patiéithough
baiatric surgery produces much greater weight loss compared to lifestyle interventions and
pharmacological treatment, application of this surgery is limited to a small fraction of obese
patients who meet the criteria for surgeiyhus, additional treatmewiptions, in particular

more effective and safe argbesity drugs, are clearly needed.

The effect of xenin on food intake was first reported in 1998 and this initial finding
was replicated in a subsequent independent study in 2004. These initial fisulgygst
that xenin functions as an endogenous satiety factor and can be a cafutidetantr-
obesity drug. However, no other studies have been performed to determine its role in the
regulation of energy homeostasis. In order for xenin to becomera firtug candidate for
obesity treatment, it is important that the leglegnm treatment of xenin produces sustained
weight loss without developing the tolerance and aversive response to xenin. However,
effects of the longerm treatment with xenin on foodtake, body weight, and energy
expenditure have not been tested. No data are available on the mechanism by which xenin

reduces food intake. The present study aimed at determining these points.
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It has been demonstrated that several anorexigenic gut hespsach as CCK,
slow gastric emptyingsuggesting thathe gut hormonénduced feeding suppression is
partly due tadelayedgastric emptying.Therefore, it is reasonable to determine whether the
dose of xenin which causes feeding suppression also etheeate of gastric emptying in
the present study. Gut hormones exert the anorectic effect partly by activating specific
signalling pathways in the CNS including the hypothalamus and the brainstem. Xenin
reduces food intake when administered centrallgigesting that xenin action in the CNS
contributes to its anorectic effect. It has been shown that the effects of xenin on
gastrointestinal motility and exocrine pancreatic secretion are mediated via Ntsrl receptor
which also mediates feedisyippressig effect of neurotensinActivation of Ntsrl results
in increased MAPK and H1 signdlings, both of which are involved in the CNS circuit
regulating energy homeostasis. Therefore, it is re#se to address the hypothetiat
xenin reduces food intakey activating specific CNS signalling pathways in the present

study.

Most cases of human obesity are likely to be associated with insensitivity to leptin.
Therefore, there is a huge demand for a treatment protocol which can overcome leptin
resistance. Animal models of leptin resistant obesity strongly suggest a synergistic
interaction between leptin and gut hormgmesulting in decreased food intake and body
weight. Leptin enhances the efficacy of gut hormones in reducing food intake and body
weight by prolonging the action of gut hormonedhis extended effect is mediated by
increasing neural activity in a signllaling pathway of gut hormotiets. unknown whether

xenin regulates energy balance by interacting with leptin. As mentioned abovepeser
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that the metabolic effect of xenin is mediated via the CNS signalling pathway involving
Ntsrl, MAPK and I:1. CNS Ntsrl, MAPK, and H1 have been shown to mediate leptin
action on metabolism, suggesting that xenin and leptin convergecommon sigalling
pathway in the CNS. Therefore, it is reasonable to address the hypothesis that xenin and

leptin reduce food intake througtsynergistic interaction in the present study.

It is expected that the results of the present study will uaveile for xenin in the
regulation of energy homeostasis which has not previouslyideatified The lbngterm
effect of xenin on energy balance artnteraction between xenin and leptin are of interest
as they suggest a possible stratéagythe treatment oflifferent forms ofobesity including

leptin-resistant obesity.
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lll. Hypotheses

(1) Longterm treatmentwith xenin will reduce food intakeand body weightand will

increaseenergy expenditure

(2) The anorexiceffectof xeninwill be associatedvith delayed gastric emptyingbut will

notbeassociated with aversive responses.

(3) Xenin will activatehypothalamic MAPK and It1 signalling pathwayandthe anorexic

effect ofxeninwill be mediated througthe CNS Ntsrl-MAPK-IL -1 signaling pathway

(4) Xenin will reducefood intakeand body weighthrough a synergistic interaction with

leptin.
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I\V. Objectives

(1) To determinethe effects of long-term xenin treatmenton food intake, body weight

metabolic rate, and fat metabolismmice

(2) To deermine the effect of xenin on gastric emptying rate in mice.
(3) To determine if xenin causes taste aversion in mice.

(4) To determinghebrainareas which are activated kgninin mice

(5) To determine if xenin activates hypothalamic MAPK signallimgl ancreases Hlb

gene epression in mice.

(6) To determine the effect of Ntsdeficiency and IELRI-deficiency on xenifinduced

anorexia in mice.

(7) To determindhe effectof co-treatment with xenin and leptin on food intaked body

weightin mice.
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V. Materials and Methods

1. Materials

Information on chemicals, buffers, instruments and primers is listed in the following

tables (Table -b).
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Table 1. List of chemicals and companies

Chemical

Company

2,2,2tribromoethyl alcohol

Albumin, from bovine serum
Angiotensin I

Anti-c-Fos (Ab5) (4-17) Rabbit pAb
Anti-phosphep44/42 MAPK (Erk1/2)
Bupivacaine(Sensorcaine)
BuprenorphingTemgesic)

Calcium tloride dihydrate

Dental cement

D-glucose

Diaminobenzidine

Ethylene glycol, anhydrous

Free glycerol determinatioritk
Heparin

HEPES

Hydrogen peroxide solution, 30% (W/W)
Insulin ELISA kit

Isoflurane

Sigmd Aldrich, St. Louis, MO

Sigmd Aldrich, St. Louis, MO
SigmaAldrich, St. Louis, MO
Calbiochem, La Jolla, CA

Cell Signaling Technology, Danvers, M.
AstraZeneca Canada, Mississauga, ON
ScheringPlough Canad&irkland, QC
Sigmd Aldrich, St. Louis, MO

Stoelting, Kiel, WI

Fisher Scientifics, Fair Lawn, NJ
Sigmd Aldrich, St. Louis, MO

Sigmd Aldrich, St. Louis MO

Sigmd Aldrich, St. Louis, MO

Leo Laboratories Canada LTD, Ajax, O
Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO

LINCO Research, S€Charles, MO

Baxter corporation, Mississauga, ON
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Ketamine

Leptin

Leptin ELISA kit

Lithium chloride

Magnesium sulfatbeptahydrate
Neuromedin U

Neurotensin

Paraformaldehyde, prills
polyvinylpyrrolidone

Potassium laloride

Potassium phosphate monobasic
Power SYBR Green PCR Master Mix
Saccharin sodium salt hydrate
Sodium lcarbonate

Sucrose

SuperScript” I

Taqg Man Fast universal PCR Master
Mix (2X)

tertamyl alcohol

Triton X-100

Wyeth Animal Health, ON

Sigmd Aldrich, St. Louis, MO
LINCO Research, St. Charles, MO
Sigma Aldrich, St. Louis, MO

Fluka, Buchs, Switzerland

Phoenix Pharmaceuticals, Burlingame, C/

Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO

Sigma Aldrich, St. Louis, MO
SigmaAldrich, St. Louis, Mo

Sigma Aldrich, St. Louis, MO
Applied Biosystems, Foster City, CA
Sigma Aldrich, St. Louis, MO

Fisher Seentifics, Ottawa, ON
Sigma Aldrich, St. Louis, MO
Invitrogen, Carlsbad, CA

Applied Biosystems, Foster City, CA

Sigma Aldrich, St. Louis, MO

Fluka, Sgma Aldrich, St. Louis, MO
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TRIzol Invitrogen, Carlsbad, CA
RT?Profiler"PCR ArrayMouse obesity SABiosciences, Frederick, MD
Urocortin Phoenix Pharmaceuticals, Belmont, CA
Vectastain Elite ABC kit, rabbit IgG Vector Laboratories

Xenin AmericanPeptide Co., Sunnyvale, CA

Xylazine Bayer Healthcare, ON
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Table 2. List of buffers and ingredients

Buffer

Ingredient

Artificial cerebrospinal fluid

Avertin

Cryoprotectant

124 mM NacCl, 26 mM NaHC¢& 5 mM KClI,
1.2 mM KH,PGy, 1.3 mM MgSQ,

2.4 mM CaC}, 10 mM Dglucose

40% of 2,2,2tribromoethyl alcohol,

40% of tertamyl alcohol

30% of Sucrose, 1% of Polyvinylpwlidone,

30% of Ethylene glycol in 0.1M Phosphate buff
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Table 3. List of instruments and companies

Instrument Company

ABI 7500 thermal cycler Applied Biosystems, Foster City, CA
Glucometer ELITE XL, Bayer HealthCare, Mishawaka, IN
Metabolic cage system AccuSaninstrumentsColumbus, OH

Plate reader Bio-Rad Hercules, CA

Shandon Cryotome Thermo Scientific, Waltham, MA

Stereotaxic apgatus David Kopf Instrument Tujunga, CA

VersaMax Animal Activity System AccuSaninstrumentsColumbus, OH
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Table 4. List of primersused in reattime RCR analysis

Accession
Gene No. Primer  Sequence Exon
AGRP NM_007427 Forward 5-TGACTGCAATGTTGCTGAGTTGTG3' 3
Reverse 5-TTGAAGAAGCGGCAGTAGCACGT3' S)
b-actin X03672 Forward 5-CAGCTTCTTTGCAGCTCCTT3! 1
Reverse 5-TCACCCACATAGGAGTCCTT-3' 3
c-fos NM_010234 Forward 5-GACAGCCTTTCCTACTACCATTCGS3! 1
Reverse 5-GGACAGATCTGCGCAAAAGTG3' 2
Cyclophilin  X52803 Forward 5-AAGCATACAGGTCCTGGCATCT3! 4
Reverse 5.TGCCATCCAGCCATTCAGT3' 415
CPT1b NM-009948 Foward 5-GCCGCAAACTGGACCGTGAAGS' 8
Reverse 5-0TGCCTGGGATGCGTGTAGTGTT3 ¢ 9
DGAT2 NM_026384 Forward 5-TTCCGAGACTACTTTCCCATCCAG3' 4
Reverse 5-ACCAGCCAACGTAGCCAAATAGG3' 5
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HSL

IL-1b

PCG1#

POMC

UCP1

UCP3

u08188

NM_008361

NM_008904

NM_0088%

NM_009463

NM-009464

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

5-ATGAAGGACTCACCGCTGACTT3

5-CGGATGGCAGGTGTGAACT3

5-TTGACGGACCCCAAAAGATGS3'

5-TGCTGCTGCGAGATTTGAAGS3'

5-GCTGAGTCCTTTTGTTCTTGCA3'

5-GATCTGAAGGCGGACTTTGG3!

5-GCCCTCCTGCTTCAGACCTE3'

5-CTTCCGGGGGTTTTCAGTCAG'

5-GCTGAGTCCTTTTGTTCTTGCA3'

5-GATCTGAAGGCGGACTTTGG3!

5-CCATAGGCAGCAAAGGAACCAG3!

56GTGCCGGCCCCCAGGAACT3 6

1/2

2

2
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Table 5. List of primers in RT?Profiler ™PCR Array -Mouse obesity

UniGene GenBank Symbol  Description

Mm.3407 NM_009625 Adcyapl Adenylate cyclase activating polypeptide 1

Mm.44245 NM_007407 Adcyapl Adenylate cyclase activating polypeptide 1
rl receptor 1

Mm.3969 NM_009605 Adipoq Adiponectin, C1Q and collagen domain

containing

Mm.259976 NM_028320 Adiporl Adiponectin receptor 1

Mm.291826 NM_197985 Adipor2 Adiponectin receptor 2

Mm.347390 NM_009633 Adra2b  Adrenergic receptor, alpha 2b

Mm.46797 NM_007419 Adrbl Adrenergic receptor, beta 1

Mm.56995 NM_007427 Agrp Agouti related protein

Mm.4533 NM_007468 Apoa4d Apolipoprotein AV

Mm.119936 NM_009730 Atrn Attractin

Mm.1442  NM_007540 Bdnf Brain derivedheurotrophic factor

Mm.10687 NM_009766 Brs3 Bombesinlike receptor 3

Mm.19131 NM_009778 C3 Complement component 3

Mm.4361 NM_007587 Calca Calcitonin/calcitoniarelated polypeptide, alph
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Mm.4642

Mm.75498

Mm.2619

Mm.3521

Mm.21160

Mm.7992

Mm.425178

Mm.276736

Mm.31395

Mm.1892

Mm.54161

Mm.41970

Mm.4655

Mm.6219

Mm.45494

NM_007588

NM_013732

NM_031161

NM_009827

NM_025469

NM_007726

NM_016673

NM_007754

NM_013494

NM_007762

NM_010076

NM_010077

NM_010253

NM_008082

NM_008100

Calcr

Cartpt

Cck

Cckar

Clps

Cnrl

Cntfr

Cpd

Cpe

Crhrl

Drdla

Drd2

Gal

Galrl

Gceg

Calcitonin receptor

CART prepropeptide

Cholecystokinin

Cholecystokinin A receptor

Colipase, pancreatic

Cannabinoid receptor 1 (brain)

Ciliary neurotrophic factor receptor

Carboxypeptidase D

Carboxypeptidase E

Corticotropin releasing hormone receptor 1

Dopamine receptor D1A

Dopamine receptor 2

Galanin

Galanin receptor 1

Glucagon
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Mm.22329

Mm.343934

Mm.3986

Mm.379095

Mm.194721

Mm.390969

Mm.323523

Mm.20298

Mm.4687

Mm.10096

Mm.246595

Mm.333327

Mm.391323

Mm.415

Mm.15534

NM_008101

NM_008117

NM_010284

NM_021488

NM_177330

NM_021332

NM_145132

NM_1750P

NM_008177

NM_010410

NM_198959

NM_008285

NM_008312

NM_010491

NM_010554

Gcegr

Gh

Ghr

Ghrl

Ghsr

Glplr

Mchrl

Grp

Grpr

Hcrt

Hcrtrl

Hrhl

Htr2c

lapp

l1a

Glucagon receptor

Growth hormone

Growth hornone receptor

Ghrelin

Growth hormone secretagogue receptor

Glucagonlike peptide 1 receptor

Melanin-concentrating hormone receptor 1

Gastrin releasing peptide

Gastrin releasing peptide receptor

Hypocretin

Hypocretin (orexin) receptor 1

Histamine receptor H 1

5-hydroxytryptamine (serotonin) receptor 2C

Islet amyloid polypeptide

Interleukin 1 alpha
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Mm.222830

Mm.896

Mm.1019

Mm.2856

Mm.46269

Mm.4946

Mm.268003

Mm.277072

Mm.259282

Mm.57183

Mm.22246

Mm.425622

Mm.154879

Mm.389159

Mm.154796

NM_008361

NM_008362

NM_031168

NM_010559

NM_008386

NM_008387

NM_010568

NM_008493

NM_010704

NM_008561

NM_026523

NM_008703

NM_019515

NM_010341

NM_023456

l11b

1rl

116

ll6ra

Ins1

Ins2

Insr

Lep

Lepr

Mc3r

Nmb

Nmbr

Nmu

Nmurl

Npy

Interleukin 1 beta

Interleukin 1 receptor, type |

Interleukin 6

Interleukin 6 receptor, alpha

Insulin |

Insulin Il

Insulin receptor

Leptin

Leptin receptor

Melanocortin 3 receptor

Neuromedin B

Neuromedin B receptor

Neuromedin U

Neuromedin U receptor 1

Neuropeptide Y
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Mm.5112

Mm.129481

Mm.130054

Mm.64201

Mm.301712

Mm.7977

Mm.390248

Mm.425181

Mm.277996

Mm.212789

Mm.3020

Mm.259072

Mm.377241

Mm.277916

Mm.46248

NM_010934

NM_008173

NM_008745

NM_024435

NM_018766

NM_011011

XM_0010520
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NM_011014

NM_008895

NM_011144

NM_011146

NM_008904

NM_201615

NM_011201

NM_145435

Npylr

Nr3cl

Ntrk2

Nts

Ntsrl

Oprkl

Oprm1l

Oprsi

Pomcl

Ppara

Pparg

Ppargcla

Prlhr

Ptpnl

Pyy

Neuropeptide Y receptor Y1

Nuclear receptor subfamily 3, group C,
member 1

Neurotrophic tyrosine kinase, receptor, type
Neurotensin

Neurotensin receptor 1

Opioid receptor, kappa 1

Opioid receptor, mu 1

Opioid receptor, sigma 1
Pro-opiomelaocortinalpha

Peroxisome proliferator activated receptor

alpha

Peroxisome proliferator activated receptor
gamma

Peroxisome proliferative activated receptor,
gamma, coactivat 1 alpha

Prolactin releasing hormone receptor

Protein tyrosine phosphatase, rreceptor type
1

Peptide YY
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Mm.39884

Mm.157119

Mm.2453

Mm.308647

Mm.376100

Mm.1293

Mm.1363

Mm.377116

Mm.4177

Mm.290924

NM_019511

NM_019972
NM_009215
NM_009217
NM_009380
NM_013693
NM_009426
NM_021290

NM_009463

XM_984218

Ramp3

Sortl
Sst
Sstr2
Thrb
Tnf
Trh
Ucn

Ucpl

Zfpo1

Receptor (calcitonin) activity modiing
protein 3

Sortilin 1

Somatostatin

Somatostatin receptor 2
Thyroid hormone receptor beta
Tumor necrosis factor
Thyrotropin releasing hormone
Urocortin

Uncoupling protein 1
(mitochondrial, proton carrier)

Zinc finger protein 91
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2. Methods

2.1. Animals

Male C57BL/6 mice were obiteed from Charles River Laboratories (Montreal, QC,
Canada). Male interleukin 1 type receptor knockout mice (IL1RI”, C57BL/6J
background) and wildlype C57BL/6J mice were purchased from The Jackson Laboratories
(Bar Harbor, ME, US). In the neurotémseceptor 1 (Ntsrl) knockout mouse study, a pair
of Ntsr1” mice was purchased from The Jackson Laboratories. Homozjgse” mice
were produced by breeding homozygous male and feMtsel” mice in our animal
facility. Genotypes were confirmed by PCR using - pri mer
CCAAGCGGCTTCGGCCAGTAACGTIB 6 (forward primer to dete
5 €TCTAATGTGCCACAGCTCAGAGAGS 0 (forward pri mgpe t o de
al | el e )»>CAGCAACLCTGEACGTGAACACTGAG3 6 (common reverse
Only male miceaged at 84 weeks were used in the present study. Mice were individually
housed under a 12 tghtdark cycle (lights on at @® h) throughout the experiments. The
mice had free access to standard rodent chow pellets (Prolab RMH1300060%, and
26%of calories from fat, carbohydrate, and protein, respectidyston Purina) and water
throughout the experiment except during fasting. Water was supplied with free access
throughout the experiment except for the conditioned taste aversion test.odddpres
were performed in accordance with approval by The University of Manitoba Protocol

Management and Review Committee.
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2.2. Multiple intraperitoneal (i.p.) injection study

Male C57BL/6 mice were handled and injected i.ghvgialine once daily betwa
1730 h and 1®0 h for 6 days prior to the start of the experiment to acclimatize the mice to
the injection protocol. Food intake and body weight were measured every day during the
acclimatization period. Although i.p. injection caused reductionsad fotake and body
weight in some mice, food intake and body weight returned to thmjetion level by the
third day of the acclimatization period. Mice were divided into two experimental groups.
Control group received daily i.p. injections of salfoe 6 days. The othergroup of mice
received daily.p. injectionsof xenin (50 pug/g b.w.between 130h and 180 h for 6 days.

Food intake and body weight were measured just before the injection every day.

2.3. Multiple intracerebroventricular (i.c.v.) injection study

Male C57BL/6 mice were stereotaxically implanted with the chronic cannula in the
lateral ventricle as described below. After recovery from the surgery, mice received once
daily i.c.v. injections of artificial cerebrospinal fluid (aCSFable 2) for 3 days prior to
the experiment to acclimatize the mice to the i.c.v. injection protocol. The mreetinemn
divided into two groups.Control group received daily i.c.v. injections of aCSF and the
other group received daily i.c.wnjectiors of xenin (5 pg)for 10 days. The drugs were
injected in a volume of 1 pl to avodiffusion of the injected solution betweendh and
1800 h every day. After injection, the injection pipe remained in place for an additional 30
sec to minimize backfle of the drug. Food intake and body weight were measured just

before injection every day throught the experiment. At the end of the experiméhég
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mice were sacrificed by Cnarcosis followed by decapitation 16 h after the eleventh and

final injection. Blood and tissues (white and brown adipose tissues and skeletal muscle)

were collected, immediately frozen on dry ice and kept8ad e C unt i | used fo
analysis. Sera were separated and stored-&t0 e C unt i | assayed for
hormones.

2.4. Metabolic cage study

To determine the effect of xenin on energy expenditure, metabolic rates were
measured in xenitreated mice using indirect calorimetry (PhysioScan Metabolic System,
AccuXan Instruments Inc., Columbus, OH)Male C57BL/6 mice were&kept in the
metabolic cage and injected i.p.tvisaline once daily between3@h and 180 h for 7
days prior to the start of the experiment to familiarize the mice with the metabolic cage
system and the injection protocol. After the acclimatizatioropernice were divided into
two groups. Control mice received daily i.p. saline injections for 7 dayke othergroup
of mice received daily i.p. injections of xenin (50 ug/g b.w.) for 7 dape dose of xenin
reduced food intake and body weight in rplé i.p. injection study.Food intake and body
weight were measured daily throughout the experiment. Concentrations of oxygen and
carbon dioxide in the metabolic cage were continuously measured throughoutdhg 14
experiment (fday acclimatization perd and ?day treament period) except betweenQl?

h and 180h. These data were used to calculate oxygen consumptios),(p@duction of
carbon dioxide (VC@), heat production, and respiratory quotient (R@)etabolic cages
were opened and food weighhd body weight were measureddarages were cleaned

between 100 h and 180 h every day. l.pinjections were made between30h and 180
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h, and mice were immediately returned in the metabolic.cad@rizontal activity levels

were simultaneously measal by counting the number of interruptions that occurred in the
horizontal sensor using VersaMax Animal Activity System (AccuScan Instruments Inc.).
Metabolic cage and activity data were collected®- or 12min binsusing the IntegraME

software (Ver. I71, AccuScan Instruments Inc.). Houdwnd dailyaverages of Vg VCO,,

heat production, RQ and horizontal activity wéugher calculated and used for statistical

analyses. Averages of RQ during the dark cycle and light cycle were also calculated. At

the end of experiment, mice were sacrificed by, @®@rcosis followed by decapitation.

Blood and tissues (white adipose and brown adipose tissues) were collected, immediately
frozenondryiceandkepts&8 0 e C unt i | us e d Sdraovere sgRatéddancdh n al y s i

storedat8 0 e C until assayed for metabolites and h

2.5. Conditioned taste aversion test

To determine if xenin causes aversive effects, we performed conditioned taste
aversion tests. The protocol of conditioned taste aversion testmedsgied from
previously reported method$74, 282](Fig. 3. Male C57BL/6 mice were adapted to a
waterrestriction schedule, in which they recaivievo water bottles for 7 h (09315630 h)
per day for 2 weeks. Tal water intake for 30 min (093D000 h) from both bottles was
meaured. Under the wateestriction schedule, mice were highly motivated to drink water
during the first 30 min after presentation of water. Daily food intake and body weight were

stable after the 4th day tifetraining. On the day of conditioning, mieere given two
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l.p. Injection with
saline, LiCl, or

xenin
(0 A0 OO C X
.
- I I
Training Day (2 weeks) Conditioned Day (1 day) Test Day (1 day)

Figure 3. Treatment scheme of theconditioned taste aversion test.Mice were adapted

to a restricted water schedule. They received two water bottles for 3093 11000 h

and total water intake from botlotles was measured. Mice were allowegk access to
water for additional 6.% (1000 k1630 h)and then the water bottles were removed from
the cagefor overnight(1630 R0930 h) Mice were on theestricted water schedule for 2
weeks. On the day obaditioning, mice were given 2 bottles of 0.15% saccharin solution
during the 3@min drinking session. Mice received i.p. injection of saline, LiCl, or xenin at
the end of the drinking session. Mice were then given water foh 100 R1630 h)
followed by no access to watéor overnight. On the test day, mice were given both
saccharin solution and water for &in (0930 R1000 h) Waterand saccharin solution

intake during the 3@nin drinking sessiomwas measured.
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bottles containing Q5% saccharisolution at 0900 Imstead of water. Mice were injected

I.p. with xenin 60 ng/g b.w) or saline at the end of the -B@in saccharin drinkingeriod.

LiCI (0.3 mol/l,2% b.w., i.p.) was used as a positive control, because LiCl is known to be a
strong indicer of taste aversion. Mice were then given two bottles dérwfar the
remaining 6.5 h (106@630 h). On the next day, mice were given a choice of two bottles
containing either 0.15% saccharirolgion or water for 30 min (0930000 h).
Consumption bsaccharin solution and water was measured. Total fluid intake was the
sum of the water and saccharin solution. Health condition of the mice under the restricted
water regima was monitored by observiniipeir fur and skin condition, water aridod

intake, and body weightNo health problem including dehydration was observed.

2.6. Measurement of gastric emptying rate

Gastric emptying rate was determined by the method reported previ@8sly
Male C57BL/6 mice were fasted overnight by removing food from the cage before lights
out. Next moning preweighed pellets wergrovided to mice for 1 h frorA930 h to 1B0
h and %h food intake was measured. Mice received i.p. injection of saline or &hin
Mg/g b.w.) at the end of thelLrefeeding period. One group of mice received i.p. injection
of urocortin(3 nmol/mouse) as a positive control, because this dose of urocortin is known
to delay gastric emptying in mid226]. Mice did not have access to food after the
injection. Mice were sacrificed by exposing to €@ h postinjection. The stomach was
removed after ligation of both pylorus and cardiThe weight of stomach and the wet
content of the stomach were weighed. Gastric emptying rate was calculated by the

formula: Gastric emptying (%) = {{wet weight of food recovered from the stomach/wet
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weight of food intake)} x 100. The wet weight fdod intake was calculated by the
following formula: Wet weight of food intake = A x (B/C), A = dry weight of food intake,
B = average wet weight of gastric content aftdér feeding, C = average dry weight of food
intake after 1h feeding. B and C werestermined in control miceTo estimate gastric
distension before i.p. injection of drugs, food intake (g) during theeleding period was

normalized to stomach weight (g).

2.7. Hypothalamic gene expression study

To determine whether xenin activates tyfalamic neurons, we examine the effect
of xenin treatment on hypothalamic expression of the immediate earlycgeseas a
marker of cell activation. Male C57BL/6 mice were fasted overnight and injected i.p. with
saline or xenin%0 pg/g b.w.) at 100 h. Mice were killed by C@narcosis followed by
decapitation 3@nd 90min after the injection.Mice did not have access to food after the
injection. The brain was quickly removed and the hypothalamus was dissected out using
the lateral edges of the tiptract and the dorsal edge of the third ventricle as landmarks, as
defined by Paxinos and Frankl[@84]. The dissected tissues were immediately frozen on
dry ice, and storedaB 0 e C unt i | Ryadthalamicefosyn®&NAslevelswere
determined by redime PCR as described belowhe same hypothalamic RNA samples
were also used to identify possible downstream mediators of xenin action. -iXenoed

changes in hypothalamic gene expression were analyzed by PCR array as destoibed
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2.8. Hypothalamic and brainstem eFos expression study

Mice were acclimatized to handling atitei.p. injection protocol by receiving i.p.
saline injectiononce dailyfor 8 days prior to the experimenMice were fasted for 6 h
during the earlyight cycle and injected i.p. with saénor xenin (50 ug/g b.w.) at 09 h.
The mice were anesthetized with an i.p. injection of avertin (8 mg/g b.w.) 2-mjaugtion.
After opening the thoracic cavity, the heart was exposed and mice were tratigcardia
perfused with 23 ml of icecold 0.1M phosphate buffer containing 1 U/ml heparin
followed by 40 ml of 4% paraformaldehyde. Mice were decapitated, brains were removed
and brain blockwere prepared. The brain blocks were gostd in 4% paraformaldefie
solution for 5 h at room temperature. The brain blocks were then stored in 0.1M phosphate
buffer containing 10% sucrose at 4eC wunt.
on a cryostat and collected freating in cryoprotectant (Table 2hd stored at2 0 ¢ C
until performing immunohistochemistry. Sections were made throughout the hypothalamus
(from 0.10 to 2.80 mm caudal to bregma) and the brainstem (fromd@®00 mm caudal

to bregma]284].

2.9. Hypothalamic extracelldar-signalregulated kinases (ERK) expression study
Male C57BL/6 mice were handled and injected i.p. with saline once daily for 3 days
prior to the experiment téamiliarize the mice with the injection protocolMice were
fasted for 6 h (0630230 h) andinjected i.p. with saline or xenibQ pg/g b.w.) at 120 h.
Fifteen minutes later the mice were deeply anesthetized with i.p. injection of avertin (8

mg/g b.w.) and perfused transcardially with 4% paraformaldehydecarmhal brain
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sections (30nm) were prepared as described above. Cells positive for phosphorylated

ERK1/2 (pERK1/2) were visualized by immunohistochemistry as described below.

2.10. Xenin treatment in IL-1RI”" mice

To determine the effect of LRI deficiency on xen#induced feding suppression,
the effect of i.p. xenin administration on food irdakas compared between wilghe (IL-
1RI") and IL-1RI-deficient (IL-1RI") mice. Male I:1RI"" and IL-1RI" mice (both
C57BL/6J background) were fasted overnight and injecte@vitp.saline, xenin (7.5, 15 or
50 pg/g b.w.) or leptin (0.85 or 1.2 ggb.w.) between 1@ h and 100 h. Preweighed
food pellets were provided to the mice immediately after injection and cumulative food
intake was measured hourly up to 8 h after impacand 24 h after injection. Body weight

was measured immediately before and 24 h after injection.

2.11. Xenin treatmentin Ntsr1” mice

To determine the effect of Ntsrl deficiency on xeiniduced feeding suppression,
the effect of i.c.v. xenin admisiiration on food intake was compared betwedd-type
(Ntsr1) and Ntsrideficient NtsrI”) mice Male Ntsr1”* and NtsrI” mice (both
C57BL/6J background) were implanted with the i.c.v. cannula in the lateral ventricle as
described below. After oevery from the surgery, mice received once daily i.c.v. injection
of aCSF for 3 days to acclimatize the mice to the i.c.v. injection protocol. Mice were
scheduled to receive four injections at specific time points during the study. The mice were

fastedfor 16.5 h prior to each injection, and a resting interval-@D™ays was provided
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following the injections. For the first three injections, each mouse received an i.c.v.
injection of aCSF, xenin (0.33 nmol), and neurotensin (0.33 nmol) in a random éiole

the fourth and final injection, all mice were treated with neuromedin U (NMU, 3 nmol).
Drugs were injected in a total vohe of 1 pl over 30 s betweend®h and 100 h. Pre
weighed food pellets were provided to the mice immediately after injeethd cumulative

food intake was measured 1, 2, 3, 4, 8 and 24 h after injection. Body weight was measured

immediately before and 24 h after injection.

2.12. Leptin treatment inNtsr1” mice

To determine the effect of Ntsrl deficiency on leptiducedfeeding suppression,
the effect of i.c.v. leptin administration on food intake was compared betwiébitype
(Ntsr1”*) and Ntsrideficient (NtsrI”) mice Male NtsrI”* and NtsrI” mice (both
C57BL/6J background) were implanted with the i.c.v. camnnlthe lateral ventricle as
described below. Mice were fedl libitumand injected i.c.v. with leptin (5 pg) or aCSF
just before lights out. Preveighed foodpellets weregorovided to mice immediately after
injection. Cumulative food intake and body igle was measured 16 and 24 h after

injection.

2.13. Cainjection of xenin and leptin

Male C57BL/6 mice were fasted overnight and injected i.p. with either saline, xenin
(2.5 pg/g b.w.) alone, leptin (0.25 pg/g b.w.) alone, or xenin (2.5 pgig plus keptin
(0.25 pg/g b.w.) between 1000and 1100h. Preweighed foodpellets wereprovided to
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mice immediately after injection. Cumulative food intake was measure hourly up to 8 h

after injection.

In a separate studgd libitum fed male C57BL/6 mice wereandled and injected
i.p. with saline once daily between 0930 h and 1000 h for 3 days prior to the start of the
experiment to acclimatize the mice to the injection protocol. Food intake and body weight
were measured between 0900 h and 1000 h every daygtiout the acclimatization and
treatment periods. Mice were divided into four experimental groups: (1) saline, (2) xenin
(2.5 pg/g b.w.) alone, (3) leptin (0.25 pg/g b.w.) alone, and (4) xenin (2.5 pug/g b.w.) plus
leptin (0.25 pg/g b.w.). The drugs weargected i.p. twice a day for 2 days. The first and
third injections were made between 0930 h and 1000 h and the secondirdimdfiioal)
injections were made between 1730 h and 1800 h. Food intake and body weight were

measured 24 and 48 h after thwstfinjection.

2.14. Intracerebroventricular (i.c.v.) cannulation

Mice were anesthetized with i.p. injection of a mixture of ketamine (100 mg/kg
b.w.) and xylazine (10 mg/kg b.w.) or by exposure to isoflurane in an induction chamber.
After induction, thedelivery of isoflurane (41.25%) was maintained at a constant flow rate
(0.6 ml/min) throughout the surgery. The surgical site was sterilized with chlorhexidine
followed by 70% ethylalcohol. A topical anestheticupivacaine (1 mg/kg b.w.) was
applied o the skin before making an incision. After making a midline sagittal incision
about 1.5cm long slightly behind the eyes, the periosteal connective tissue was removed.

The bregma was identified as a reference point, and location of lateral ventricle was
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determined for implanting a cannula using stereotaxic coordinates. A stainless steel guide
cannula (o.d.: 0.64 mm, i.d.: 0.33 mm) was stereotaxically implanted into the lateral
ventricle with the following coordinates: 0.4 mm posterior to the bregmanfndateral

from the midline and 1.8 mm deep to the dura in accordance with the atlas of Fa&#jos

The cannula was fixed to the skull with dental cement and stainless steel screws. Mice
were returned to the hwe cage and were periodically monitored until they recovered from
the anesthesia. The mice received subcutaneous injection of buprenorphine (0.1 mg/kg
b.w.) 3 times per day for 3 days paesirgery. Localization of the cannula was verified by
assessing thking behaviar responses to the i.c.v. administration of angiotensin 11-(100
150 ng/pl). Drinking behaviour was observed for 10 min after the injection and the number
of licking the water bottle was counted. Only mice responding with a robust drinking

behaviour were used for the experiment.

2.15. RNA analysis

Total RNA was extracted from hypothalamus, brown adipose tissue, white adipose
tissue and skeletal muscle using TRIzol reagent. cDNA was synthesized using
SuperScript” 1l reverse transcriptasedim 5y of total RNA. Target gene expression
levels were measured by raamhe PCR using the ABI 7500 thermal cycler (Applied
Biosystems, Foster City, CA). Primers used in the present study were designed using the
Primer Express Software (Ver. 3.0, Applied8ystems). PCR reactions were run in a 25
pl reaction containing SYBRyreen (Tablel), primer mixture (final concentration: 0.2
mmol/L, Table 4 and 5 pl ofdiluted cDNA (1:30-1:100)f or 40 <cycl es at 94

60eC for 20 s anwerefaRalyzedCby thgppCt3 Omest. ho dausai ng A
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Fast System SDS software package (Ver. 1.3.1., Applied Biosystems) and mRNA levels
wer e n o r maaktin ore aycloghibin mMRNA levelg285]. All reactions were

performed in triplicates and the coefficient of variation was less than 2éadartriplicate.

2.16. PCR array

Hypothalamic RNA samples from the hypothalamifos mMRNA expression study
were used for PCR array study. For each group (saline and-txeaiad groups), 7
individual total RNA samples were pooled and used for PC&y amalysis to screen xenin
induced changes in obesitglated genes. Expression levels of 84 obemsociated genes
(Table 5) in the hypothalamus were compared between salidexenintreated groups by
using a commercial PCR array kiRT?ProfilerPCR ArrayMouse obesity, PAMM
017Q. Reaitime PCR was performed according to the manufacturer's instructions. Data
were analyzed using opCt -meatedgoup warecdlculated. d ¢ h a
Because the overall average standard deviation across the entire PCR arragyslés25
the PCR array analysis reliably detects greater thésid2changes in gene expression.
Therefore,a greater than-fld increase or a greater than 50% decrease in expression was
used as criteria for a meaningful change in gene expressibapresent PCR array study.
Because the PCR array analysis was performed by using pooled cDNA samples without
replication, intragroup variations might be large and might have outweighed-gnéemp
variations. Thereforesome genes were selected, which @paegulated in the result of the
PCR array and expressed in a hypothalamiy performed conventional reime PCR
using larger numbsrof individual unpooled cDNA samples (n = 7/group) to verify the

results othe PCR array analysis.
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2.17. Immunohisbchemistry (IHC)

Cryosections were washed in 1X PBS for 3 h at room temperaBeetions were
incubated with a polyclonal rabbit antros (Ab5, 1:20,000 dilution) om@ntrpERK1/2
specific antibody (polyclonal rabbit asgERK1/2, 1:200 dilution)n 1X PBS containing
0.3% Triton %100 overnight at room temperatur8ections were washed three times for 1
h in 1X PBS followed by a-h incubation with @iotinylated goat artiabbit IgG (Vector
Laboratories, 1:200 dilution) in 1X PBS containing 0.3% Treth00 at room temperature
for 1 h. The sections were then incubated with avdiroxidase complex (Elite ABC Kit,
rabbit IgG) at room temperature for 1 h. Immunoreactive cells were visualized. 1Wth3)

3 <@liaminobenzidinen 0.1 M Tris (pH 7.4) with0.0025% HO, at room temperature.
Sections were washed three times for 15 min in 1X RB&nted on slides followed by
drying overnight and dehydration and coverslipping with VectaMount Permanent Mounting

Medium (Vector Laboratories).

For the analysis dfiypothalhmic cFos expression, IHC waserformedevery fifth
tissue section throughout the antefpasterior length of the hypothalamus coverthg
paraventricular nucleus (PVN), the ventromedial nucleus (VMN), the arcuatieus
(ARC), the lateral hypthalamic area (LHA), the dorsomedial nucleus (DMN) and the
supraoptic nucleus (SON). For the analysis of brainstéimscexpression, 2 sections were
processed for IHC to cover the nucleus of the solitary tract (NTS), the area postrema (AP),
and dorsal mir nucleus of the vagus (DMV). One section was at 7.3 mm and the other

section was at 7.5 mm caudal to the bregma, respectively. For the analysis of hypothalamic
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pERK1/2immunoreactive cells, 8 sections per animal covering the ARC were processed

for immunohistochemistry.

2.18. Histological quantification

To perform histological analysis and quantification, sections were viewed at 4X
magnification under a microscope and images were captured using a Neurolucida image
analysis system (MicroBrightField olchesterVT). The same scanning parameters were
used for all images taken from sections involving comparisons between treatment groups.
Numbers of Fosmmunoreactive cells were counted in the PVN, VMN, ARC, LHA, DMN
and SON in2-6 sections per animal. ushbers of Fosmmunoreactive cells were counted
in the NTS, AP and DMV in 2 sections per animal. Cell count was performed, at least, 3
times per section in a blinded fashion. The sum ofifmsunoreactive cells on both sides
of the brain was calculated.The total number of Fegositive cells per animal was
calculated by adding the sum alf sections foreach brairregion, respectively, and used
for statistical analysis. Numbers of pERK1/2mmunoreactive cells in the ARC were
counted in 8 sections penienal and total number of pERKZLfbsitive cells was calculated

by the same methaak described above

2.19. Blood chemistry

Blood glucose levels were measured immediately after decapitation using a
glucometer(Table 3). For other assays, sera were sepdrfrom clotted blood by
centrifugation at 13,000 rpm for 10 min. The serum samples were frozen and stored at

74



80eC wuntil assay. Serum | evels of I nsul i n
method of enzymdinked immunosorbent assay (ELISA) using commercial kits, according

to the manuf arc The towest@etectiomlimit af thecassay Wasng/ml for

both insulin and leptin ELISA. Serum NEFA concentrations were determined by
colorimetric methods using commercial kits (Wako Chemicals, Richmond, VAI).

assays were run in duplicate.

2.20. Statistical analysis
Data were shown in mean £ SME For analysis of significant differences between
groups, data were initially analyzed by emay or tweway analysis of variance (ANOVA).
Comparisons between specific groups were per
Kramer test. Comparisonstbeve en t wo gr oups WweesteWhahtheme by S
data were not normallgistributed,a non-parametric KruskalWallis test ora Wilcoxon test

was used.Significant differences were consideredPifalues were < 0.05.
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V1. Results

1. Effects of daily i.p. or i.c.v. injections of xenin on food intakeand
body weight in mice

To determinghe long-term effecs of xenin on food intake and body weight, mice
were treated bylaily i.p. or i.c.v. injections of xenin for 6 days or 10 days, respectively.
Daily i.p. xenin treatmensignificantly reduced food intake compdréo control saline
treatment on day 1 and day 2 of theatment. The effect of xenin on food intake was no
longer significant afterday 3 (Fig. 4A). Therewas no significant differencen 6-day
cumulative food intake between the groups (saline: 23.4 + 0.8 g, xenin: 21.9 +F)5 g,
0. 15, S-test)d Eumuldtigdody weight change was significantly lower in xenin
treated group compateo the control group throughout the experinamperial except for
day 2 andb (Fig. 4B). Daily i.c.v. injections of xenin caused similar effects on food intake
and body weighin mice Although daily i.c.v. injections of xenin caused a trend of
reduction in food intake, the effect of xenin treatin@®n food intake did not reach
statistical significancenfain effect of treatment on food intake(1, 100) = 3.10P = 0.08
two-way ANOVA, Fig. BA). There waso difference in 1@ay cumulative food intake
between the groups (aCSF: 459+ 2.7 g, xefd8 £3.3gP= 0. 22, tt8st)uldent 6 s
contrast the i.c.v. xenin treatment significantly reduced cumulatigdybweight change

compard to the control group throughout the experimental period except foP dBig.
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5B). There waso differencein serum levels of insulin, leptin afdEFA between the

groups (Table 6
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Figure 4. Reductionsof food intake and body weight in mice injected i.p. with xenin.
Mice received daily i.p. injectionsf saline or xenir(50 pg/g b.w.)for 6 days Daily food
intake (A) and cumulative body weight change (B) were measured. Data are means + SEM

(n=638/group).*: P<0.05( vs. <control at staestp ti me poli
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Figure 5. Reduction of body weight in mice injected i.c.vwith xenin. Mice received
daily i.c.v. injections of aCSF or xenin &) for 10 days. Daily food intake (A) and
cumulative body weight change (B) were measured. Data are me3&dM (n = 5

7/group). *: P < 0.05(vs. control at same time point, Studemitest).
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Table 6. Effect of i.c.v. xenin reatment on blood levels of hormones an(

metabolite

aCSF0=45) Xenin(h=67) F
Serum insulin (ng/ml) 1.82+0.34 1.41+0.43 0.42
Serum leptin (ng/ml) 3.73+£0.88 3.21+£0.35 0.84
Serum NEFA (mEg/L) 0.57+£0.11 0.78+0.18 0.27

Values are meansSEM.

*Differences between groups were analyzed by Studeta.
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2. Effects of daily i.p. injection of xenin on energy expenditurén mice

To determine whether xeninduced reduction in body weight is assted with
increased energy expenditure, metabolic rates were measured in mice receiving daily i.p.
injection of xenin for 7 days. Consistent with the previous daily i.p. injection study,-xenin
treated mice maintained significantlywer body weight gai compared to control saline
treatedmice (Fig. 6A). Cumulativefood intake over a-day treatment period was not
statistically different between the grougsl{ine:30.0+ 1.1 g, xenin: 27.& 0.8g, P = 0.09
St ud e-tes). 6BZaily i.p. injection ofxenin significantly reducedepididymal fat pad
weight by 29% compared to control salitreatment Fig. 68). Xenin treatmentlid not
causeany significant changes in levels afrculating glucose,insulin, leptinand NEFA

(Table 7.

Two-way ANOVAs shaeved no significant main effect of xenin treatment\6@,
[F(1, 78) = 0.02P = 0.9(], VCO;, [F(1, 78) = 0.18 P = 0.68], and heat productioffF(1,
78) = 0.004 P = 0.95] (Fig. 7A-C). There washo difference inactivity levels between
control and xenisiregded mice F(1, 78) = 0.05P = 0.82, twoway ANOVA]. A large
reduction of the activity between day 0 and 1 in both groups would not affect theofesult
comparison of the levels between saline and xenin treated mice. Mice from botk group

presented simdlr activity levels during 7 days acclimation per(&dy. D).

To determine whether xenimduced reduction in body weight is associated with

alterations in substrate utilizatiorespiratory quotientRQ) was calculated in the same
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experiment.Xenin treament significantly reducedaily averageRQ during the first 2 days

of the treatmentampared to theontrol group Fig. 8A). Xeninrinduced reductions in RQ
were significant during the dark phaséhile RQ was not significantly different between
the groys during the light phasddatafrom day 2,Fig. 8). RQ during a 24h period
exhibited a diurnal fluctuation with higher levels during the dark cycle than during the light
cycle in control mice Fig. 88). RQ was increased by 474.0% during the dark cle
compared to the light cycle in contmoice Fig. 8C). In contrast, the nocturnal increase in

RQ was not observed throughout the treatment period in-teated miceKig. 8C).
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Figure 6. Reductions of body weight and fat pad weight in mice injected i.p. with
xenin. Mice received daily i.p. injections of saline or xenin (g b.w.) for 7 days.
Cumulative7-daybody weight change was measured (M)ice were sacrificed at the end
of the Zdaytreatment perio@nd epididymal fat pad was removed and weighgd [Bata

are means SEM (h = 11/group). *: Statistically signigant differences vs. salinejected

control group P < 0.05, Studei® t-test).
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Table 7. Effect of daily i.p. xenin treatment for 7 days on blood levels of hormones

and metabolites

Saline (n =16al1) Xenin (h =811) P
Blood glucose (mg/dl) 170.8+ 14.9 143.2+ 5.7 0.10
Serum insulin (ng/ml) 1.32+0.26 0.95+ 0.08 0.21
Serum leptin (ng/ml) 6.43+0.73 5.34+1.55 0.18
Serum NEFA (mEqg/L) 0.57+0.11 0.69+0.12 0.43

Values are meansSEM.

*Differences between groups were analyzed by Studeta.
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Figure 7. Effect of daily i.p. injection of xenin on energy expenditure in mice.Mice
received daily i.p. injections of saline or xenin (88/g b.w./day) ér 7 days. Oxygen
consumption (V@ A), carbon dioxide production (VGOB), heat production (C), and
horizontal activity (D) were continuously measured throughout the experanentvere
expressed as daily averagéQ, VCO, and heat production) or dailptal (horizontal
activity). Data are means SEM (n = 7-11/group). VO,, VCO,, and heat production data

on day 3 are not available due to mechanical problems associated with the metabolic cage

system.
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Figure 8. Reduction in respiratory quotient (RQ) in mice injected i.p. with xenin.
Mice received daily i.p. injections of saline or xenin (Gflg b.w./day) for 7 days. RQ was
continuously measured throughout the experiment and was expresisly aserage (A).
Hourly average of RQ on day 2 wre calculated (B). Shaded area in (B) represents the
dark phas€1800 R0600 h) Percentage changes in RQ during the dark cycle relative to
those during the light cycle weoalculated (C).Data are manst SEM (n = 7/group). *:

P < 0.05 **: P < 0.005 vs. salineinjected control group at same time point (Stu@dnt

test).
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3. Effects of daily i.p. injection of xenin on the expression of fat

metabolismrelated genes in mice

There was no significa difference in UCPINRNA levels in brown adipose tissue
(BAT) between the control group and xeitigated group Kig. 9A). Xenin treatment
significantly reducedDGAT2 mRNA levels in white adipose tissue (WAT) by 39%

compared to the control saline treatm ig. 9B).

88



>

125

100 T

~
i

(3]
o
|

UCP1 mRNA (% of control)

25—

0

Saline Xenin

S 125
c
S 100 Il
2 1
o S
§ 75—
=
& 50
£
N 25
=
<
o
) 0

Saline Xenin

Figure 9. Effects of daily i.p. injection of xenin on the expression of fat metabolism
related genes in mice Mice received daily i.p. injections of saline or xenin (g
b.w./day) for 7 days.Mice were sacrificed at the end of the experimedCP1 mRNA
levels in brown adipose tissue (A) aD€GAT2 mMRNA levels inwhite adipose tissueere
measured byeattime PCR and were normalized toactin mRNA levels. Values in
salinetreated mice were set to 100%ata are means SEM (h = 7-9/group). *:P < 0.05

(vs. salineinjected control grougStuden® t-test).
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4. Effects of daily i.c.v. injection of xenin on the expression of fat

metabolismrelated genes in mice

Daily i.c.v. injection of xenin significantlyncreased the expression level &L
MRNA in WAT by 55% compared tthe controlaCSFtreatment Fig. 104). DGAT2
MRNA levels in WAT were not significantly different between control and xtemted
mice Fig. 1). Daily i.c.v. injection of xenin did not cause significant changes in mMRNA

levels of UCP1 and PGClin BAT andUCP3 and CPT1b in skeletal musdiég. 10C-F).
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