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ABSTRACT

Energy homeostasis is regulated by the balance between food intake and energy
expenditure, which is partly controlled by the crtal& between central and peripheral hormonal
signals. Phoenixin (PNX) ia recently discovered pleiotropic neuropeptide with isoforms of 14
(PNX-14) and 20 (PNX20) amino acids being functionally active among mwestebrates. It is
well known as a potent reproductive peptide in vertebrates regulating through hypothalamo
pituitary-gonadal axis (HPG). Apart from that, it has been identified to be involved in food intake
during the light phase when injected intracerebroventricularly (ICV) in rats. In addition to this,
plasma levels of PNX also increased after food intake inglatsying that it might have possible
roles in energy homeostasis due to its involvement in energy utilizing processes including food
intake and reproductiohhypothesized thahegut is a source and site of action of PNX and PNX
has metabolic effects imice. In this study,| focused ondeterminingwhether peripheral
administratiomof PNX-20 regulates energy balantemale C57/BL6J micd.foundthe presence
of PNX and its putative receptor, sufsemserved receptor expressed in brain (SREB3) in the gut
of male C57/BL6J mice and MGNB (mouse stomach endocrine) and SI'gnousentestinal
enteroendocrine) cell lines using immunohisto/cytochemistry and imaging. In MGRRX-20
significantly upregulated ghrelin (10 nM) and GOAT mRNA (1000 nM) at 6 h valsereSTC1,
it significantly suppressed CCK (100 nM) at 2 Intraperitoneal (IP) administration (50 ug/kg
body weightPNX-20) upregulatedight phase food intake at 6 but had no other metabolic
effects. Similarly, in continuous subcutaneous infusion for 7 dagil not find any metabolic
effect of PNX20. While my results indicate that PNXO is a selective regulator of gut metabolic

hormonesit did not support my hypothesis that PN is a metabolic peptide in mice.
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1. INTRODUCTION

The metabolism of macronutrients (carbohydrate, protein and fat) includes the summation
of all catabolic and anabolic processes. In an organisnmétabolic process starts with food
intake (mechanically by mastication and chemically through enzyfoksyved by a series of
physiological and biochemical processes, and eventually results in the production of energy in the
form of ATP. Metabolic flexidity is dependent on the fuel selection and utilization by an
individual at the cellular and whole organismal le@bbott et al., 1988; Smith et al., 2018)
Proper metabolic flexibility is considered te bn adaptive response towards the maintenance of
energy balancgCarstens et al., 2013 nergy balance refers to the difference between net energy
intake in the form of carbohydrate, fat and protein, and energy expen(iillret al., 2012)
Energy expenditure occurs through physical activity, resting metabolic rate (which refers to the
energy used to maintain basal metam or resting body functionsgnd through the thermic
effect (energy needed to absorb and metabolize the {obll)et al., 2012) Positive energy
balance is developed when the energy intake exceeds energy expenditure, whereas when the
energy expenditure exceeds energy intake, itsléadchegative energy balan@elfort-DeAguiar
and Seo, 2018; Hill et al., 2012)nfortunately, a shift in this energy balamemcausemetabolic
diseases. For example, when there is excessive energy intake, it results in an indsedsge in
weight, and ultimately in obesity. Obesity can lead to type 2 diabetes mellitus (T2Dih is
characterized binsulin resistancénability of insulin toact on its receptors tmaintain glucose
homeostasisven when adequatencentrations of ingin is availablein circulatior). T2DM can
be associated witHifferent secondarpathophysiologieincluding coronary artery diseassnd
could eventually cause mortali{ielfort-DeAguiar and Seo, 2018; Bjérntorp, 1997; Hill et al.,
2012) According to the International Diabetes Federation (IDF), in 2019, around 488 million
adults(20 to @ years) were living with diabetes and it is expected that, by 2045, the number of
older people (within the age group of 65 to 99 years) living with diabetgsise to 272.6 million
(Sinclair et al., 2020)In 2019, IDF estimated worwide diabetegelated health expendituce#
approximately760 hllion USD with majority of expenditureeing inthe 5679 age group and it
is predicted to reach USD 845 billion by 20@&illiams et al., 202Q)Additionally, it has been



identified that these expenditures in 2019 in the IDF Regions of Nortiriéaand Caribbean
(NAC), Western Pacific (WP), and Europe (EUR) collectively account for 85.2% of the global
total. According to the report of 2019, 2.8 million people (within 20 to 79 age group) in Canada
are suffering from diabetgtDF, 2019) The rate of obesity had increased in Canada to 28.1 % in
2015 from 6.1 % in 1985 with higher rates than the national average in Saskatchewan, Manitoba,
and Nova ScotigAnvari et al., 2018) This worldwide drastic condition makes it absolutely
necessary to maintain proper balann energy consumption and expenditure. Keeping these
severities of obesity in mind, it is important to acknowledge that multiple redundant factors
including hormones play a significant role in regulating energy baléviegtin et al., 2019;
Schneider et al., 2002Hormones are chemical messengers that are known to elicit cellular
responses, and can be structurally classified into amino acid derivativesjdipidtives and
peptide hormone@ameson, 2015Many of these recently discovered short polypeptides qualified

as bioactive peptides with prominent effeict energy balanc@osgerau and Hoffmann, 2015)
Overall, it shows that energy consumption and expenditure are tightly maintained by, hunger
satiety, and physical activitwith hormones playpg an integral role in these processes. Therefore,
researchers are trying to find better therapeutic solutions using such bioactive peptides, which

regulates energy balance.

1.1. Central Regulators of Energy Balance

Within the brain, the hypothalamus is onele tnost prominent central regulators of whole
body energy homeostagi§imper and Briining, 2017Hypothalamus consists of several groups
of neurons, which include the arcuate nucleus (ARC), paraventricular nucleus of hypothalamus
(PVH), ventromedial nucleus of hypothalamus (VMHporsomedial nucleus of hypothalamus
(DMH or DMN) and the lateral hypothalamic areas (LHA)mper and Briining, 2017Among
these, the leaky bloedrain barrier of the median eminence helps ARC to develop a coordinated
feedback loop by integrating the peripheral and central signals, thereby making it critical for the
regulation of food intake and energy bala(idgers and Olson, 2012; Timper and Briining, 2017)
In the ARC, neuropeptide Y (NPY) and agergtiated protein (AgRP) neuroninction
antagonistically to the proopiomelanocortin (POM@&Nd cocaine amphetamine regulated
transcript (CART)neurons to help in the regulation of energy balance. Other neuronal groups are



also involved in energy balance, as destruction of PVH and \f&8Hlted in overeating and
obesity (Leibowitz et al., 1981; Shimizu et al., 198&hereas destruction of DMH and I2H
resulted in a lean phenotype in rgBellinger and Bernardis, 2002; Milam et al., 1980)
NPY/AgRP and POMC neurons extend and receive projections to and from other neuronal groups,
thusmaintaining a coordinated role of the central nervous system (CNS) in energy balance. Among
peripheral tissues, the gastrointestinal tract (Gl tract) is mainly considered as the largest endocrine
organ in mammaléCummings and Overduin, 2007; Monteiro and Batterham, 2017; Wabitsch,
2017) This is because it includes the endocrine organs including stomach, and both small and
large intestines that pduceimportantmetabolic hormones. The peptides that stimulate feeding

are known as orexigens, and those that suppress are anorexigens. The hypothalamus acts as a tissue
source, and a site of action of several orexigenic and anorexigenic neuropeptides and hormones
and tleir receptors. The major neuropeptides of the hypothalamus that has a role in energy balance
include orexigens, NPY and AgRP, and the anorexigen, P@é{gardt et al., 2009; Koch et al.,

2015; Paeger et al., 2017; Timper and Bruning, 2dh7asting healthy individuals, the activation

of NPY/AgRP, facilitated by ghrelin, inhibits POMC throudhetrelease of neurotransmitter,
gamma aminobutyric acidGABA) and stimulates food intakén contrast in fasted obese
individuals, this activation of NPY/AgRP by ghrelgmimpaired In addition, drelin actsthrough

thePVN to increase adipositfimperand Brining, 2017)in a postprandial (posimeal) state, in

healthy individuals, glucose and fatty acid sensing as well as peripheral hormones including insulin
from the pancreas and leptin from the adipose tissue can activate POMC neurons, and inhibit
NPY/AgRP neurons. However, in dietduced obese individuals, excessive saturated fatty acids
that crosghe blood brain barrier (BBB) results in central insulin and leptin resis{aratslity of

insulin and leptin to bind to their respective receptorthebrain) leading to hyperphagy and
obesity(Timper and Briining, 2017Thehypothalamuslso receives inputs froadditionalshort
termhormonakignals (e.g. cholecystokinin; CCK, glucagon like pepfid&LP-1) andlong-term
hormonalsignals (e.g. leptin, insulin) that monitor energy st¢@asmmings and Overduin, 2007;
Monteiro and Batterham, 2017; Wabitsch, 20THus, brain serves dise central coordinator of
hormonal inputs from the periphery to regulate energy intake and eimen&iome of hese
peripheralsignalsare discussed belowAlmost all of the studiediscussed heresgardingthe
regulation of energy balanegereperformedin laboratoryanimals.Wild animals are mostly not

used as taming them or recording their metalmdrameters ithe wildarevery difficult (Elliott,



2016) Therefore, the reference to metabolism within this thesis will be exclusively based on

laboratory animals, mainly rodents.



1.2. Peripheral Regulators of Energy Balance

The main peripheral sources of metabolic hormones are the pancreas, adipose tissue and
the gut. Gastrointestinal hormones inehglghrelin, CCK, GIP, GLR1 andpeptide tyrosine
tyrosine (PYY) play a very important role in the regulation of energy balance, lejticenssing
the BBB to act on the hypothalamus, or by sending signals through vagal afferent neurons
(Monteiro and Batterham, 201 Below, | will expand on selected gastrointestinal hormones that

arestudied in my thesis research.

1.2.1. Ghrelin

The term 0ghr anlthe ®PdtanoleBE ugri onpaetaend worrod |, 6ghreo
and was identified first from the rat stomach using in situ hybridization and immunohistochemistry
(Kojima et al., 1999)Ghrelin has beengtovered as an endogenous ligand binding to the growth
hormone secretagogue receptor la (6#%), a Gprotein coupled receptor and thus stimulating
the release of growth hormone from pituitéidate et al., 2000; Kojima et al., 199%he firstN-
terminal 10 amino acids areghly conserved among human, rat, mouse, bovine, ovine, porcine
and canine ghrelin sequences with a unique, octanoylated third serine (&sthate, 2013;
Kojima et al., 1999)The 117 amino acid long preproghrelin in fammand rat gives rise to two
forms, active ghrelin and d&aln14-ghrelin from prohormongAlamri et al., 2016; Date et al.,
2000; Kojima et al., 1999; Kojima and Kangawa, 2006has been identified tharohormone
convertase 1/3RC1/3 is responsible for generatingZB amino acid long ghrelin from 94 amino
acid proghrelin in the stomach using mice modg@hu et al., 2006)Deletion and comp#on
analysis detected thathe rat ghrelin promoter has highest activity in human stomach
adenocarcinoma cells (AGS cells) and African green monkey kidney fibroblast cells7)COS
whereaghehuman ghrelin promoter has shown highest activity in AGS eeldl rat pituitary GH
3 cells(Wei et al., 2005)Ghrelin is released from the X/#ke cells in gastric antrum and fundus

of the stomach and is found in the small intestine waells in the pancreg®ate et al., 2000;

5



Delporte, 2013; Kojima and Kangawa, 2008Y-PCR andimmunohistochemical studies detected
the presence of ghrelin mMRNA and ghrdlke immunoreactivity inthe ARC (Date et al., 2000;
Delporte, 2013; Kojima et al., 1999; Kojima and Kangawa, 20B6jelin is converted into active
form, acyl ghrelin by ghrelil©-acyl transferase (GOAT) byaoctanoylation(Alamri et al., 2016;
Mohan and Unniappan, 2013This acylated ghrelin is considerd¢ke acive form, and is
responsible for almost all of the physiological functions where ghrelin is implicated. It binds to
GHSR in the ARC and activaseNPY-AgRP neurons to increase food intalébizaid and
Hougland, 2020; Delporte, 2013)n obese people, ghrelin level is decreasetheplasma,
whereas fasting increases ghrelin in circulationhuman, suggesting its role as an orexigen
(Alamri et al., 2016; Andrews, 2019 mong different orexigenic peptides, ghrelin is the amig
derived primarily from the stomach or periphery and is released in a pulsatile rf2alpanrte,
2013; Weietal., 2005) Ghr el i n a ct sa nddceilbeotthelendociina pabceeashio U
increasethe glucagon release and inhiltiie insulin seretion, but during insulin resistance in
obesity, the level of plasma ghrelin falls, thus showing its ralledglucose homeostadidlamri

et al., 2016)Intracerebroventricular (brain/central) injection dirglin can reverse the effects of
leptin induced decrease in food intag@hintani et al., 2001)0nce or twice per day subcutaneous
administration of 2.4 pumol/kghrelinin male mice as well alemale dwarf rats increased body
weight, body fat mass and respiratory quotient (RQ), resulting in adiposity in r¢@iectep et

al., 2000) Single ICV dose of 1.2 nmol/kg and 12 nmol /kg of ghrelin for 7 days using osmotic
pumps, increased food intake, RQ, body fat without causing any effecteogyegxpenditure,
which shows that ghrelin can act centrally to produce similar effect of creating positive energy
balance, when injected peripheralljschop et al., 2000 entral orexigenic response of ghrelin
became more significant when it was adntaned at a dose of 30 or 300 pmol into the
hypothalamic ARC and PVN, the prominent energy regulators in the hypothalémers et al.,
2001) ThePlasma ghrelin levels increase during fasting and decréasdéamd intake in rodents

as well as human beings, thus adding further evidence for its orexigenic p(émeityws, 2019)



1.2.2. Cholecystokinin (CCK)

CCK was discovered in 1928 by crassculation experiment in dogs, as a hormone that
can excite and contract gall bladddvy, 1929) CCK-33 was first identified in the porcine
intestine ad has the sequence of Lyda-Pro-SerGly-Arg-Val-SerMet-lle-Lys-Asn-Leu-GIn-
SerLeu-Asp-Pro-SerHis-Arg-lle-SerAsp-Arg-Asp-Tyr(SG)-Met-Gly-Trp-Met-Asp-Phe NH>
(Mutt and Jorpes, 1968The 115 aa long preproCCK in human, rat and porcine arise from the
highly homologous CCK gene, which exists in various biologically active forms including CCK
8, CCK-58, CCK-39, CCK-33 (Deschenes et al., 1984; Mutt and Jorpes, 1968; Takahashi et al.,
1985) Human CCK gene is located in chromosome 3p#dr(Yoosuke et al., 1986)Rat and
guineapig brain showed the presence of highest @R&immunoreactivity in the hypothalamus,
duodenum, jejunum and ileufDockray, 2012; Larsson and Rehfeld, 1979; Vanderhaeghen,
1981) CCK is mainly secreted from thecélls in the dodenum or proximal jejunurfDockray,

2012; Svendsen et al., 201%Wwo receptors for CCK have been identified, CEkr CCK-1, and
CCK-B or CCK-2 (Noble et al., 2000; Wank et al., 199Xorthern blot analysis detected the
presence of CCKA in rat pancreas, rat pancreatic acinar carcinoma cell line, AIR48d guinea

pig gall bladder, whereas CCE was detected in the rat cortex, subcortex and ARd2ll line
(Wank et al., 1992)Autoradiography in a male Cynomolgus monketedi&d the presence of
CCK-A in theDMN, supraoptic nucleusSON) and PVN of the hypothalamlill et al., 1990)

This suggests that the C&Kreceptor is likely located in the brain areas that are involvéein
energy balance. Apart from being a gall bladder contraction factor, CCK acts astashadtiety
signal, and inhibits gastric emptyif@nika et al., 1981; Dockray, 2012; Gibbs et al., 19€0K
decrease the expression of MCH and increagbe expression of an anorexigen, CAROe
Lartigue et al., 2010)CCK-8, when injected intraperitoneally, not only activaties CART-ir
neurons in the PVN but also it increases the anorexigenic effect of ICV adnediSt&rand 0.1

pngs/ mice of CART (64102) when ceadministered with IP administered 0.4 and 4 pg/kg €CK

8, in a dose dependent man(idaletinské et al., 2008In another study, it was shown that CCK

A, leptin receptor and CART colocalizes in the rat nodose ganglia (NG) and a combined dose of
0.1 nm of CCK8 and 0.1 nm leptin significantly increased the release of CART in the NG neuron



cell culture, suggestg its role as a neurotransmitter in causing safidgidsinger et al., 2012)

In fasted male rats, 40 U/kgprcine CCK when injected intraperitoneally, showed stesrh
satiety effect for 30 mingGibbs et al., 1997)This shoriterm satiety effect was also seen in pigs,
when injectedntraperitoneally i) at 40 IDU/kg and was significant for the first 10 m{Asiika

et al., 1981) Thus, CCK is well known as a shoerm satiety signal due tcsiprominent satigt

effects in different species.

1.2.3. Glucosedependent Insulinotropic Polypeptide (GIP)

GIP was first isolated as a 43 amino acid gastric inhibitory peptide from porcine small
intestine with a sequence diyr-Ala-Glu-Gly-Thr-Phelle-SerAsp-Tyr-Sekrlle-Ala-Met-Asp-
Lys-lle-Arg-GIn-GIn-Asp-PheVal-Asn-Trp-Leu-Leu-Ala-GIn-GIn-Lys-Gly-Lys-Lys-SerAsp-
Trp-Lys-His-Asntlle-Thr-GIn (Takeda et al., 1987; Brown and Dryburgh, 1971)e to its ability
to improve glucose tolerance by stimulatthginsulin secretion in dogs and humagingsas well
as from isolated rat pancreas, it became known as the gldepsadent insulinotropic
polypeptide(Dupre et al., 1973; Pederson et al., 1975; Pederson and Brown, TBZ@&)2 amino
acid mature GIP is processed from 153 and 144 amino acid preproGIP in humans and rats,
respectively(Takeda et al., 1987; Tseng et al., 1998ing PC1/3 null mice as well as cell lines
including the a-tepdeaveds dnd GH(rét ituitasy eeriviéd) and\tT-20
(mouse pituitary) cellst became evidenhat, PC1/3 is esaéal for processing GIP from proGIP
in the intestine and tolocalizeswith GIP in the small intestin@Jgleholdt et al., 2006)Rat and
human GIP are 95% conserved and share greater than 9G&olgy with bovine and porcine
GIPs(Tseng et al., 1993]t is believed that proGIP is cleaved differentially in the intestine and
t he p analseyaPCl/TandRe, respectively resulting in GiR; in the small intestine
and a truncated €@&rmind peptide in the pancregdJgleholdt et al., 2006)GIP is mainly
synthesized and secreted from the duodenal K d®lisrtensen et al.,, 2003)RNA-blot
hybridization detected the presence of GIP mRNAhe rat small intestine, mainly ithe
duodenum and jejunumndin the submandibular salivary glaiffiseng et al., 1993Reverse
transcription PCR detected GIP mRNAtheenteroendocrine cell line, STCand intheisolated
mouse pancreatic isle{$-ujita et al., 2010) In addition to that, in the same study, double
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immunostaining showed that GIP colocalizes whigg | u ¢ a g o n -cgisargheatddlt iuenanU

and mouse pancreaGIP immunoreactive cells also colocalize vitie GLP-1 immunoreactive

cells, and this docalization wasbundantn the mid jejunum to mid ileunyut no colocalization

was foundn the duodenuniMortensen et al., 2003J his colocalizationsuggestpossiblemealt
responsive secretion of both peptidiesn the intestineand amautocrine/paracrine or endocrine
action of GIPand GLR1 to regulate posheal glucose and energy homeostaGiPR was
identified as the receptor for GIP through radioligamtlimg studies irtheh a ms tcadl tumdy

cells and high affinity binding analysisther at p a ncells(Malettiietcal., b984; Usdin et

al., 1993) RT-PCR and in situ hybridization detedt the presence of GIPR mRNA in the
duodenum, proximal small intestine, stomach, fat, adrenal, pituitary and various regions in the
brain (Usdin et al., 1993)GIP increases insulin secretion after food intakemondotesnsulin
biosynthesis by stimulatg pancreatic beta cell proliferation and preventing their apoptosis
(Baggio and Drucker, 2007)n type 2 diabetes patients, the insulinotropic effects of GIP are
reduced Gasbjerg et al., 201851PR deficiency helps in preventing high fat diet (HFD) induced
weight gain(Gasbjerg et al., 2018; Joo et al., 201i)dietinduced obese mice, along with GIP
MRNA levels, the number of Kells increased significantly in the terminal ilebee et al.,
2019) It has also been found that, in Zucker diabetic fatty rats, in hyperglycemia, GIPR gets
downregulated and that reverses followiingnormalization of glucose leveRiteau et al., 2007)

One GIPR antagonist, GIA(@0)NH2 was found to reduce GlRduced insulin response during
hyperglycemia as well as prevent adipose tissuedbllow without any side effec{€asbjerg et

al., 2018) GIP is a therapeutiatget for diabetes and obesity.

1.2.4. Glucagon like Peptidel (GLP-1)

GLP-1 is processed from a 160 amino acid proglucagon in rat and Hitasamich et al.,
1984; @rskov et al., 1987osttranslational processing of preproglucagoth@PC2 dominant
c e | kcells) givgs rise to glucagon, glicentin related pancreatic peptide (GRPP), intervening
peptde 1 (IP1) and major proglucagon fragment that is composed of1GIFR1 and GLP2
(Mdller et al., 2019; Tucker et al., 199&)n the contrary, ithe PC1/3 dominant cells (intestinal
L-cells), proglucagon gets converted to GLFGLP-2, oxyntomodulin (glucagon + IP1), IP2 and
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glicentin (GRPP+ glucagon+ IP{)Muller et al., 2019; Tucker etl., 1996) Due to cell specific
posttranslational processing, GLP is the most predominant form in the intestinatdlls
compared tahep a n ¢ r eald(Druckerkt al., 1986; Miiller et al., 2019; Tucker et al., 1996)
Initially, by chromatographic analysis of cell extracts, two forms of Glrere identified from
therat preproglucagon gene, GI1P(1-37) and noramidated GLPL (7-37) and amidated GL-P

(7-36) (Mojsovs et al.,, 1905)Amino acid sequences of GiPare highly conserved among
mammals(Orskov et al., 1989)GLP-1 was found to colocalize witthe GIP cells in the small
intestine of humarbpeings, pigs and ratfMortensen et al.2003; drskov et al., 1987The G

protein coupled receptor for GLPis GLR1R (Thorens, 1992)Northern blot analysis detected
GLP-1R in the stomach, lungs and a rat insulinoma cell line, whereas in situ hybridization in
another study detected its presence in the PVN, ARCDAAN of rat hypothalamus, indicating

the possible target sites of GIIRShughrue et al., 1996; Thorens, 199)is shows that GLR

can act centrally as well as peripherally to maintain energy balancel Ga® a hatfife of 2 min

as it is degraded very easily after secretion by dipeptidyl peptidase 44)Détl that is why
peripheral vagal activation most likely regulates the food intake than CNS or peripherally derived
GLP-1( Mei er, 2012; Sando Central admrgstrabod AslwellsdtsePVN, 2015
infusion of GLR1 (7-36) reducd food and water intake in ra(McMahon and Wellman, 1998;
TangChristensen et al., 19968howing the possibility that the anorexigenic effect of @Léan

be mediated througihe PVN. Intravenous administration in human resulted in a-degendent
inhibition of food intakgGutzwiller et al., 1999)GLP-1 (7-37) exhibitedinsulinotropic effect in

the presence of glucogklojsov et al., 1987)In healthy male subjects, GLP(7-36) was able to
increase energy expendituae well as respiratory exchange ratio (REs value indicateshe

fuel sourceRER higher than 0.7 indicates utilization of carbohydaatthe energy sourncshalev

et al., 1997) In type 2 diabetes patients, GIIP(7-36) increased fasting insulin andp@ptide
concentrations and decreased plasma hyperglycemia, thus stating its possibility of using as a

therapeutic potentigNauck et al., 1993)
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1.2.5. Peptide Tyrosine Tyrosine (PYY)

PYY was first isolated as a 36 amino acid peptide from the porcine intéBttemoto,
1982) PYY has high sequence homology to NPY &t and human PYY was mapped to
chromosome 17921 (Hort et al., 1995)It has a complete amino acid sequence ofHigrAla-
Lys-Pro-Glu-Ala-Pro-Gly-Glu-Asp-Ala-SerPro-Glu-Glu-Leu-SerArg-Tyr-Tyr-Ala-SerLeu-
Arg-His-Tyr-Leu-Asn-LeuVal-Thr-Arg-GIn-Arg-Tyr-NH2 (Tatemoto, 1982)PYY is secreted
from the L-cells of ileum, colon and rectu@®vendsen et al., 2019} belongs to the family of
NPY and pancreatic polypeptilearhammar, 1996Vascular and luminal stimulation resulted in
the secretion of PYY fronthe rat distal small intestine. It was shown that, GLRnd PYY
colocalize inthe distal small intestingSvendsen et al., 2013¥YY was found to be ecreted
with GLP-1 (Mortensen et al., 2003; Svendsen et al., 20R&dioimmunoassayR(A) and
immunofluorescence in rats, pigs, guinea pigs, cats and humans detected the presence of prominent
PYY cells in the ileum, colon and rectusompared tdhe upper intestindEkblad and Sundler,
2002; Lundberg et al., 1982PYY immunoreactive fibres were found in the stomach (fisnd
antrum) and intestine of cat, rat and (@g@ttcher et al., 1993; Ekblad and Sundler, 20@3)inds
to Y2 receptors expressed in NPY neurons and send satiety signals by vagal nerves to the brain,
which in turn blocks the NPY neurons and activite® OMC neurong¢Holzer et al., 2012PYY
binds with high affinity to all Yreceptors of this family, but PYY {36) has high affinity for Y2R
and Y5R(McGowan and Bloom, 2004PYY (3-36) is formed from PYY (436) due taheaction
of DPP IV but the concentratios$ both these forms vary based on the energy state of the body.
That is, inthe fasted state, PYY (B6) is maximum, whereas PYY -@) increases after food
intake and reaches the plateau at 90 (Batterham and Bloom, 2003; Santos Medeiros and
Turner, 1994)PYY (3-36) is the anorectic form in circulation that binds to Y2R after meal and
reduces food intake in rodents and hum@aiterham et al., 2002; Batterham and Bloom, 2003;
McGowan and Bloom, 2004Posage and mode of administration are important for maintaining
the anorectieffects of PYY. Central administration of PYY in the lateral ventriciéagd 4"

ventricles, PVN or hippocampus of male and female rats increased food(iHtgan, 2002)In
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contrast, centfaadministration of PYY(336) in the ARC as well as peripheral administration in
fasted rats, inhibited food intake but failed to inhibit food intake in iR mice, confirming its
anorexigenic role through Y2R the ARC (Batterham et al., 20024 90 min intravenous infusion

of PYY(3-36) decreased 2dour cumulative food intake as well as decreased fasting ghrelin levels
in both lean and obese individugBatterham and Bloom, 2003; Small and Bloom, 200%)Y

(3-36) thus qualifies as a prominent peripheral energy regulator whose effects are mediated

centrally as well as ppherally.

1.3. Phoenixin- The Peptide of Interest

The peptide of focus in my research is phoenixin, an emerging modulator of physiological

processes.

1.3.1. Structure

Phoenixin (PNX) is a novel peptide that has been identified using a bioinformatics algorithm
(Lyu et al., 2018; Yosten et al., 2013mall integral membrane protein 20 (SMIM20) peptide or
C4orf52 (chromosome 4pen reading frame 52) or mitochondrial translation regulation assembly
intermediate of cytochroneoxidase (MITRAC?7) is the precursor peptide for PNX and is encoded
by the smim20 gene located tihe chromosome 4Dennerlein et al., 2015; Lyu et al., 2018;
Mcllwraith and Belsham, 2018Jhis peptide undergoes pdsinslational Germinal amidation
at a glycine residue to form phoenixid (PNX14) or phoenixir20 (PNX-20) (Lyu et al., 2018;
Mcllwraith and Belsham, 2018; Yosten et al., 20B3)X-14, which is identical in vertebrates has
a sequence of ami no aci ds -2DyvNaERIGILYkexiavEDd P F o ,
peptide with a sequence as$LyuetaRPONDEDMEQIOPBGL KV WS
Yosten et al., 2013)PNX is highly conserved among vertebrates including human, rodents,
bovine, chicken and zebrafish, but only in position 20 isoleucine (I) in human is replaced by valine
(V) in rodents from position 20 to 45 but C teraii4 amino acids are identical in both of these
isoforms(Lyu et al., 2018; Yosten et al., 201&-protein coupled receptor 173 (GPR173), also

known as super conserved receptor expressed in brain (SREB3) is considered to be the putative
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receptor for thipeptide(Lyu et al, 2018; Mcllwraith and Belsham, 2018; Treen et al., 20[6)
Norway lobster lephrops norvegicusy 70 aa long putative phoenixin neuropeptide has been
identified without the signal peptide, but potential cleavage sites to produce mature peptdes, PN
14 and PNX20 (Nguyen et al., 2018)The mature peptides have substantial sequence similarity
among vertebrates and invertebratdguyen et al., 2018)The phoenixin sequence afish,
spottedscat (Scatophagus argigs 56.72% and 53.73% identical that of human and mice
respectively(Wang et al., 2018)T'his sequence contains a transmembrane helix region, DUF4538
regionanda N-terminal domain of DNA Ehelicasg(Wang et al., 2018)The potential cleavage
sites in the spotted scat phoenixin sequence agldbsylation site (ASN43), casein kinase |l
phosphorylation site (CK245), -Myristoylation sites (MYRISTYL12, MRISTYL46) and
microbodies @erminal targeting signal (MICROBODIESB)Vang et al., 2018)

1.3.2. Distribution

Immunohistochemical studies by Enzyhivked Immuno Assay (EIA) and RGPCR
showed that PNX is expressed in tissues including the hypothalamus, heart, kidney, thymus,
cerebrum, duodenum, jejunum, ileum, and pancreas of both male and fem@hauratsal, 2018;
Mcllwraith and Belsham, 2018; Yosten et al., 2018he highest levels of PNX4-like
immunoreactivity in rats have been detected in the hypothalamus, duodenum, jejunum, and ileum
respectively(Prinz et al., 2017)Within the hypothalamus, PNX is expressed in the cells of PVN,
supraoptic nucleus (SO), dorsal hypothals (DH), VMH, ARC, and the supraoptic
retrochasmatic 8 nucleus (SOfPrinz et al., 2017; Yosten et al., 2018Yithin the brainstem,
substantia nigra reticulate (SNR), Edind®estphal nucleus (EW), NTS, and the dorsal motor
nucleus of vagus nerve showBdIX immunoreactivityPrinz et al., 2017; Yosten et al., 2013)
Using RT-PCR in spotted scat, PNX expression in females has been found to be abundant in the
hypothalamus, pituitary, ovary and heart, compared to the liver and other tissues; and in males,
hypothalamus, testis and heart showed stronger expression compared to othgiiasgex al.,

2018)
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1.3.3. Functions

Reproduction

To regulate reproduction, the hypothalamus releases GnRH, which stimulates the secretion
of LH and FSH from the pituitary gland, which in turn stimulates the release of gonadal steroid
hormonegYosten et al., 2013PNX through its action on GRPE/3, hadeen found to stimulate
the release of GNnRH by controlling the expression of GnRH receptor n{Ri¢an et al., 2016;
Yosten et al., 2013)n zebrafish, IP of RX-20 upregulated the expression of genes regulating
reproduction in the hypothalamus (GnRH, $fisptin), gonads (LH, FSH) indicating its
reproductive effects througthe hypothalamepituitary-gonadal (HPG) axigRajeswari and
Unniappan, 2020)The reproductie effects of PNX in mammals are gender specific as the
introduction of PNX with GnRH enhanced LH releas¢hiafemale pituitary cells, but not ithe
male pituitary cellfYosten et al., 20135iRNA based knockdown of endogenous PNX delayed
theestrouscycle by 2.3 days in female rats and reduced GnRH receptor mRNA expression in the
anterior pituitary(Yosten et al., 2013)ICV administration of 3 nmol PN:RO in female rats
significantly increasetheplasma LH level¢Stein et al., 2016)Knockdown of GPR173 (putative
receptor of PNX) resulted thereduced PNX induced GnRiediated LH release theanterior
pituitary cultures Endogenous GPR173 knockdown delayed the appearance of the nexs estr
cycle (Stein etal., 2016) Intracerebroventricular injection &#NX-14 (25 nmol) resulted in a
significant increase ithe plasma GnRH after 5 min in the anterior hypothalamic area (AHA), but
decreased after 30 min in male m{dang et al., 2015Yogether, these results indicate tRatX
regulates reproductive hormones and processes, likely througgttidge throughthe GPR173.In
women with polycystic ovarian syndrome (PCOS), there has been a significqaatsein PNX
14 and LH concentrations in the serum, which mgglggest aole for PNX in PCOS, but further
studies are needed to confithre involvement of PNX in PCO@Jllah et al., 2017)All PNX-
related effects in reproduction are more predominatitafemales, which might imply that PNX

is an important ngroductive hormone in females.
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Food Intake

There are a limited number of reports available on the roles of PNX on food. il@ake
administration of PNXL4 increased food intake in male rats during light phase at 1.7 nmol
concentratior(Schalla et al., 2017)his study showed no effect in food intake in dark phase or
during IP administration (dark phase or light phase). Thisipeps ceexpressed with nesfatih
in the rat hypothalamic ARC, VMH and PVN, which are known as energy balance regulating areas
of the brain( Paszjet al., 2015}t is also shown experimentally, that after food intake, the plasma
concentration of PNX increases compared to theppaadial levels in ratfRocca et al., 2018)

The site of action ofPNX in regulating food remains unknowl is unclear whether PNX acts
centrally (by crossing the blood brain barriesy peripherally (throughhe vagus nerve) and
whether it acts in an autocrine or paracrine manner. GPR173 is expressweel similar
hypothalamic food intake regulating areas of the b¢&irhalla and Stengel, 2018; Stein et al.,
2016) In spotted scat, fasting for 2 days and 7 days resulted in a significant incréasBNX
expression profiles while there was a decrease in its expression after re(@éainpet al., 2018)
IP injection of PNX20 suppressethe food intake in male and female zebrafish, and stewrh
fasting resulted in the downregulation of SMIM20 mRNA espren(Rajeswari et al., 2020)
PNX-14 and PNX20 stimulated growth hormone releasing hormone rece@stRHR) and
growth hormoneGH) expression in pituitary and growth hormone recep&R) expression in
liver bothin vitro andin vivo in spotted scafWang et al., 2018)Iit shows that apart from food
intake, PNX can stimulate growth throutire hypothalamuspituitary-liver axis orby directly

acting on thdiver.

1.3.4. Mechanism of Action

The mechanism of action of PNX, an orphan ligand, remains unclear. GPR173 is a putative
receptor of PNX, which is expressed in the ARC, PVN and VMH of(&dkalla and Stengel,
2018; Stein et al., 2016§5PR173 is highly conserved among spe(isliwraith and Belsham,

2018) In humans, it is expressed in the hypothalamus, pituitary and g@dadis/raith and
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Belsham, 2018)GPR173 was discovered as a receptor that hasapBa subunit coupled to it.

This subunit stimulates the adenylate cyclase aradlfiactivates the cCAMP dependent pathway.

In the presence of PNXO, the phosphorylation of CAMP response element binding protein
(CREB) increases, suggesting an activation of the cAMP/PKA pathway. Phosphokinase A (PKA),
in the presence of PNX was fourtddgroduce changes in kisspeptin, and GhRH mRNA expression
(Mcllwraith and Belsham, 2018pverall, it appears that GPR173 and a GRRliated mode of

action for PNX-20 exists in mammals.

1.4. Rationale

According to the existing literature, ICV injection (but not intraperitoneal administration)
of PNX-14 increases food intake ad libitumfed male rats during light pha¢8challa et al.,
2017) This contradicts the study that found a suppressive roleNd-Z0 on food intake in
zebrafish (Rajeswari et al., 2020). It was also found that the serum phoenixin concentration
increases pogirandially in chowfed rats(Rocca et al., 2018)While the early studies suggest a
potential role for PNX20 on food intakevhen administered centrally, there is no information on
whether PNX20 affects aspects (in addition to feeding) iofvivo energy balance when
administered centrally or peripherally. In addition, whether PX0)Xaffects important metabolic
hormones remaimnknown. My thesis research focused to address this paucity of information
aboutPNX-20 andaimed to determine its possible effects on whole body energy homeostasis and
gut hormones in mice, or mouse gut célst is weltknown source of major metaboliotmones
andthedigestion of majority of nutrients tagplacein this tissu€Cummings and Overduin, 2007,
Monteiro and Batterham, 2017; Wabitsch, 20IMgal (or components of a meal, especially
macronutrients) plays a major role in regulating tbkease of several glucoregulatory and
metabolic hormones from the gut. Therefore, | chose stomach and intestine as the gut regions to
focus on in my study due to its importance in nutrient digestion and absorption, as well as the

secretion of gut hormones
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1.5. Hypotheses

1. Mouse gut is a source and site of action of PNX
2. PNX-20 stimulates food intake, regulates whole body energy homeostasis and influences

gut-derived metabolic hormonés vivoin mice.
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1.6. Objectives

1. Detect the possible expression of PNX and its putative receptor, SREB3 expression in the
gut tissues and cells of mice.

2. Determine whether PN:0O affects the synthesis (at the mRNA level) of metabolic
hormones in the gut cells of migevitro, andin vivoin mice.

3. Understand the role of peripheral acute (intraperitoneal) or chronicc(gabeous)

administration of PNX20 on whole body energy homeostasis.

2. MATERIALS AND METHODS

2.1. Animals

For thein vivo study, 45 weels old C57BL/6J male mice were purchased from Charles
River Laboratories Inc. (Sak@@onstant, Quebec, Canada). Mice were housed individuatihgin
polycarbonate cages with bedding in a 12 h light (0700+£1900 h):12 h dark (1900+0700) cycle
under controlledamperature (225°C) and humidity. Mice haald libitumaccess tmormal chow
(Purina Mills, St. Louis, Missouri) and tap water, and were randomized by body weight. The
procedures and protocols usedimnvivo studies were in adherence to the guidelines of the
Canadian Council for Animal Care, and were approved by the University of Saskatchewan Animal
Review Ethics Boar@Protocol Number 20120033).

2.2. Cell Culture

Mouse stomach ghrelinoma (MGNJ cells (a dt from Dr. Hiroshi lwakura, Kyoto
University Medical School, JapaMohan et al., 2014yvere isolated fronthe gastric ghrelin
tumors in transgenic mice that expressed the ghrelin promoter linked to Simian virus 40 (SV 40)

Tag antiger(lwakura et al., 2010)This novel ghrelin producing cell line retained three important
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properties ofendogenous form afhrelin producing gastric cell§hese include the ability to
synthesizaghrelin in substantial amounisocess the precursor by prohormone convertase 1/3 to
make the mature peptide, and to acytgteelin to make it the active form through the actions of
ghrelin Gacyl transferas@wakura et al., 2010)These characteristics are important for making
bioactive ghrelin The cells were cultured inthe Dul beccods Modi fied Eag
(DMEM) (Gibco; REF#1199865) that was supplemented with 10% fetal bovine serum (Gibco;
REF#A3160701) and 1% penicillin (100 U/mL) and streptomycin (100 mg/mL) (Gibco;
REF#15140122) at 37°C in 10 % CO Intestinal secretin tumor cell STG1 (intestinal
enteroendocrine tumor cell lipgvas obtainedrom Dr. Timothy Kieffer University of British
Columbia, Vancouver, Canada. STCcells were isolated from the tumors developed in the
intestine of double transgenic mice, expressing a hybrid gene construct linked to rat insulin
promoter (RIPYMc Carthy et al., 2015)These transgenic mice were developgdbreeding mice
carrying RIPTag2, whicthad insulin promoter liked to SV40 early region that encodes the
oncogene, large Tag mice expressing RIP2PySTI, where RIP was linked to polyoma small T
antigen genéHanahan et al., 1991; Rindi et al., 199@)tially, STC1 cells were recognized as
CCK producing cells, representative of native intestir@lls, but they were later confirmed to
secrete other intestinal metabolic hormones, including PYY -GaRl GIP(Geraedts et al., 2009;
Kieffer et al., 1995; Santedernandez et al., 2018 heywere cultured irthe DMEM (ATCC®
#30-2002) with 10% fetal bovine serum, 2 mMglutamine at 37°C in 5 % GOAt 80%
confluency, MGN31 and STECL cells were seeded in a-2#ll plate and studies were performed
when cells reached 890% confluency. Each siy was repeated @& 3 times(to obtain a total of

12 wells)and the data from a total of n = 12 wells were pooled to obtain the final data presented

here.

2.3. Immunohisto/cytochemistry and Imaging

For immunocytochemistry, MGN3 and STEL cells were cultured in Bunc E- Lab
T e k Ehamber Slide System (Nalge Nunc International, Rochester, NY) and were allowed to
reach 50% confluency. Cells were then fixed using 100% cold methanol solutioii®ombs
Fixed cells were washed with 1X phosphate buffehoteFlo solution (PBSPF for 5 mins) and
then permeabilized using 0.3% Tritdh(BioShop, Burlington, Ontario, Canada) in 1X PBS for 5
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minsat room temperature. Following this, slides were incubateélderantibodyblocking buffer
(ABB- Protein Block, 3% bovine serum albumin, 0.05% Tr¥rlX PBS) for 5 mins. Cells were
then incubated with primary antibodies, which included rabbit poly-RNX Ab (Phoenix
Pharmaceuticals, Burlingame, CA, United S$ate500 dilution) and rabbit poly asf8REB3 Ab

- N-terminal (Abcam, Cambridge, UK, 1:200 dilution) for 24 hr at 4°C. The following day, slides
were washed using PBBveen (2x5 mins), PBEF (1x5 mins), PB&BB (1x5 mins) and were
incubated with secondaantibody (Alexa Fluor 647 Dnk pAb, #ab150075, 1:500 dilution) for 1
hr at 37° C. After 1 h incubation, cells were consecutively washed with- TRBSn (3x5 mins),
PBSPF (1x5 mins), deD-PF (3x1 min) and dkD (2x1 min) and then mounted with Vectashield
mounting medium containingd Ngiadnidino2-phenylindole (DAPI) (Vector Laboratories,
Burlington, Ontario, Canada) to view using Nikon Eclifisenverted fluorescence microscope
(Nikon, Mississauga, Ontario, Canada). Images were taken using NikeéilDMC camera
(Nikon). For immunohistochemistry, paraffin endloed tissue blocks of stomach and duodenum,
jejunum and ileum wersectionedo 4 micrors. These sections were deparaffinized with xylene
(100% xylene; 2x5 minsyehydrated in graded ethanol series (2x2 mins in 100% ethanol, 1x2
mins in each of 95% ethalh@0% and 50% ethanol) and were transferred to distilled water for 10
mins. Antigen retrieval was performed for SREB3 antibody using 1 nM EDTA (pH = 8) to unmask
the epitopes. The slides were washed with PBESPBSTX and PBSABB (10 mins each) and
werethen incubated with primary antibodies (rabbit poly-&itiX Ab, 1:250 dilution; rabbit poly
ant-rSREB3 Abi N terminal,1:500 dilution) at 4°C for overnig(24 hours) On the following

day, the sections were again washed with PBSPBSTX and PBSABB (10 mins each) and
were then incubated with secondary antibodies (Alexa Fluor 647 Dnk pAb, # ab150075, 1:1000
dilution). Negative control (witlonly secondary antibodyyas performed. After mounting the
slides with Vectashield medium containing DAPI dye, sheescontaining thgrocessedissue
sectionswere observed under the Nikon EclipBeinverted fluorescence microscope (Nikon,
Canada)for cells exhibiting immunoreactivity for the peptides targeted using the primary
antibodies and images were captdréy camera (Nikon D®il MC camera, ON, Canada) to

check the presence of immunoreactivity.
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2.4. Reverse Transcriptase PCRT-PCR) and Quantitative Reallime PCR (qPCR)

On the day of the study, MGNBand STECL1 culturedcells (around 885 % confluency)
as describedbovewere treated for 2 and 6 hours respectively with human synthetic phe20ixin
amide (AlaGly-lle-Val-GIn-Glu-Asp-Val-GIn-Pro-Pro-Gly-Leuw-Lys-Val-Trp-SerAsp-Pro-Phe
NHz; Phoenix Pharmaceuticals, Catatb§7903) at different doses (0, 1, 10, 100 and 1000 nM).
The purity of the peptide was hythe hasufactarer conf |
Total RNA was extracted using RiboZdf RNA Extraction Reagent (VWR, Catalog # N580
200ML). RNA purity was validatedusing the absorption ratio [OD 260 (nm)/280 (nm)] in
NanoDrop 2000c (Thermo, Vantaa, FinlandDNAs werethens y nt hesi zed wusi ng
reverse transcription supermix (BiRad, Catalog #17088419llowing theinstructionsprovided
by the mantacturer in the kit Table 1) with PCR conditions for 30 mins [priming: 25°C (5 min),
reverse transcription: 46°C (20 min) and RT inactivation: 95°C (1 min), hold at 4°C}. Non
templatecontrol (without RNA), no Reverse Transcriptase control (without R) reegative
control (only with wateryolutionswere made along with the cDNA and their purity was checked
through melting curve ithe gPCR results. gPCR was performed on ghrelin, goat, CCK, GIP,
GLP-1 and PYY mRNAs which were normalized to two hokeseping genes, GAPDH and
RPL19 according tthe Pfaffl method(Hellemans et al., 2008; Pfaffl, 2007; Vandesompele et al.,
2002) The qPCR cycle involved polymerase activation [95°C/2 min]; denaturation [95°C/5 sec];
and annealing/extension [X°C/ ZEec]. Primersat different annealing temperatures were
confirmedfunctional by performing temperature gradient stuiesbserving the melting curve,
and G value The gPCR was performed according to the conditions and primerassiticiated
annealing temperatusgatedin Tables 2 and 3respectively. GenBank Acceésa numbers are
provided under the forward primer sequenced able 3. Amplification and detection of the
MRNASs made in triplicates in each experimental group for relative mMRNA expression using the
Sensi FASTE -ReXYYR 2xNRio-Rad, Canada, Catald¢BlO-98050,) on a CFX
Co n n e c t-EmeRERidetection system (BRad).
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Table 1: Reaction components for cDNA synthesis

Component Volume (ul)
Millipore Water 20- [(1000 ng/ul)/ng of RNA + 6]
RNA (1000 ng/pl)/ng oRNA

i Scri ptE reverse tr|6

Total reaction volume 20

Table 2: Reaction components for gPCR

Component Volume (ul)

Sensi FASTE-R&KXWER No 5

Primer mix (Forward + Reverse) 0.5
Millipore Water 3.5
cDNA 1

Total reaction volume 10

22



Table 3: A list of primers usedin this study

GA (NM_145435.1)

Gene Pri me3d6) 56 Annealing
(Mous Temperatu
e) re (°C)

Forward primer & GenBank Reverse Primer
Accession numbers
GAPD | GACATCAAGAAGGTGGT | ATACCAGGAAATGAGCTTGAC 60
H G (XM_017321385) AAA
RPL19 | GACCAAGGAAGCACGAA | AACAAGAGGGCAACAGACAA 60
AGC (XM_006532610)
Ghrelin| TCCAAGAAGCCACCAGCT | ACAGCTTGATGCCAACATCG 60
AA (NM_001286404.1)
GOAT | CTGCCAACTGTGCTGTTC| TGGCTAGGTGAGATGAAGGG 60
TT (EU721729.1)
CCK | TTTCCTGCCCGCATTTGA | AATCCATCCAGCCCATGTAGT 56.2
AC (NM_001284508) C
GIP | ACAAAGAGGCACAGGAG | AGCCAAGCAAGCTAAGGTCA 56.2
AGC (NM_008119.2)
GLP-1 | AATCTTGCCACCAGGGAC | AGTGACTGGCACGAGATGTT 58
TT (AF276754.1)
PYY | TTCAGGCCAGAAGGTTTG | ACACCGAGATATGAAGTGCCC 60.6
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2.5.  Whole body energy homeostasis using the Comprehensive Laboratory Animal
Monitoring System (CLAMS)

2.5.1. Acute effectsof PNX-20through intraperitoneal injection - pilot study using 5 pg/kg
and 50 pg/kgbody weight PNX-20

In order to find amoptimal dose of PNX20, a pilot study was conductedth two different
doses (5 pg/kg and 50 pg/kepdy weightPNX-20) in two independent experimentsrst, the 5
pg/kg body weightPNX-20 was tested as described beldieight matched mice with body
weight ~20 gfor both control and treatment group&re acclimatized in the Comprehensive
Laboratory Animal Monitoring System (CLAMS; Columbus Instruments, Ohio) for 2 days before
the start of thdirst experimentBefore thestart of dark phase (between 6:37 &4 pm) mice
(n = 6 pergroup) were weighed andjected intraperitoneally with eithé&r pg/kgbody weight
PNX-20 in 200 microliters of salinfireatment groupor 200 microliters of sterile saline (0.9%
sodium chloridecontrol group using a 1 mL syringevith a27-guage needle (Bectdbickinson,
Ontario, Canadajfter the injection, mice were returned to metabolic cages within the CLAMS.
They were monitored oveight for 24 hourausingthe CLAMS and data wereecordedby the
system at a regular interval of every 9 mi@alibration ofthe CLAMS gas sensors and balances
were done according to manufacturer's guidelines, before monitoring the metabolic parameters.
Each individual polycarbonate cage in the CLAMS uses an -opeunit calorimeter for
determination of oxygen consumption (YOCQ. production (VCQ), respiratory exchange ratio
(RER), heat, food and water intake, gptaysicalactivity (horizontal, vertical and ambulatory
movements). Energy expenditure (EE) was determined by multiplying calorific value (CV) with
VO2 (EE = CV * VO2) and CV by using the following equation: CV = (3.815 + 1.232) *RER
(Gonzalezt al., 2011; Olsen et al., 2017; Pastore et al., 2017)

Following the CLAMS monitoring for 24 hours, mice were moved to regular holding cages
and held there for 3 days. After thpsriod thesemice were used for a second experiment where
| testedthe intraperitoneal injectiorof 50 pg/kg body weightPNX-20. The intraperitoneal

injection, CLAMS monitoringparametersind the number of mice per group were the same.
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2.5.2. Chronic subcutaneous infusion of PNX20 using 50 pg/kgbody weight PNX-20

The mice from thesecond intraperitoneal injecticgxperimentwere moved to regular
holding cages andllowed a9-day wash out period beforacclimdion in CLAMS cage for 2
days Mice (n = 6pergroup) were implanted with mikasmotic pumps (ALZET 1007D 7 day
infusion; ALZET Osmotic Pumps, CA, USAQ deliver eithetong-term subcutaneous infusion of
PNX-20 or sterile saline (0.9% NaCl). The pumps were first filled with 50 pgddy weight
PNX-20 (calcul ated as per the flow rate and f il
instructions) or sterile saline in the fill volume recommended byriieufacturerand primed at
37° C forapproximately3 hours to reach the optimal functibm@mperature of the pumps. The
dose of 50 pg/kdpody weightwas used as it was found to have effect on food intake ipilibte
study.Prior toimplantation, weight matched (~24 g) mice were anesthetized using 3% isoflurane
in oxygen and shaved in the salavicular area wherasmall incision was mad&®smotic mint
pumps were implanted using a pair of sterile forceps, in a small subcutaneous pouch made by the
needledriver. Following implantation, wounds were immediately sealed using wound clips
(VWR, Carada) and antiseptic (diluted iodine solution) was appti¢de areaising cotton swabs.
Mice were allowed to recover from anesthesia in the CLAMS cages. For automated monitoring of
feeding and other metabolic parameters, CLAMS calibrated aoutlinedin the above pilot
study The mice were continuously monitored for 7 days (both dark and light phases) for food

intake, water intake, RER, EE, physical activity and all other metabolic parameters.

2.6. Tissue processing and quantification of metabolic geneshia stomach and duodenum

of mice from the chronic study

On the seventh day of the chronic study, mice weatbhanizedy cervical dislocation and
tissues were collecteahdthen frozerat-80° Cuntil analysis Tissues were homogenized using
the Retsch MM400 Mixer Mill (Retsch, Germany). Total RNA extraction and cDNA synthesis
were performed adescribed previouslygPCR was performed using the same conditions and

primers describedboveto investigate the chronieffects of 50 pg/kdody weightPNX-20 on
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ghrelin mRNA expression in the stomach, and CCK, GIP,-Glaad PYY mRNA expression in
the duodenum.

2.7. Statistical Analysis

OneWay ANOVA foll owed by TukeyOds nmnalyzei pl e
gPCR resutkbetween one control and multiple treatment grolmpthein vitro study, the different
concentrations of PN;20 as well as the control group were independent variables and the change
in MRNA expression was the dependent variaBlé. u d etestw@as usedor comparing the
metabolic parameters of the treatment group against the control igrtugtwo intraperitoneal
injection studiesand the chronic infusion study In addition,two-way ANOVA followed by
Bonferroni 6s mu lwasugeticecontpareghpcamulats/efood inteke for 7 days
in treatment and control grosin the chronic studyn thein vivostudy, the treatment and control
groups were independent variables and the changes in different metabolic parameters between two
growps were dependent variabl®rmality has been checked with Shapikilk test. In thein
vivost udy, si nce A n dapossibiity of existende ofetype 1t elrar (regectionsof
null hypothesis when null hypothesis holds triep M S Pv8r§ida 26 (IBM., USA) and Graph
Pad Prism version 5 (Graph Pad Inc., USA) were used for all analyses and graphs were generated
using Graph Pad Prism version 5 (Graph Pad Inc., USA).

3. RESULTS

3.1. PNX and SREB3ike immunoreactivity is present in the stomach attte small
intestine of male C57/BL6J mice

PNX (Figure 1. A-C) and SREB3Kigure 1. E-G) immunoreactive cells were found to be
abundant in the stomach glandular mucosa of male wild type C57/BL6J mice. In the small
intestinal sections of same mice, firesence of PNXHigure 2. A-C, Figure 3. A-C, Figure 4.

A-C) and SREBdike (Figure 2. E-G, Figure 3. E-G, Figure 4. E-G) immunoreactivity was
relatively more abundant in the mucosa of duoderfeigufe 2. A-H), and relatively less number

of immunopositivecells were found in the jejunurkiure 3. A-H) and ileum Figure 4. A-H).

26



In the small intestine, the immunoreactivity was primarily detected in the villi epithelium, and the
immunoreactive cells were interspersed between other epithelial cells lieihglen. Negative

controls with only secondary antibodsere used to identify the specificity of primary antibody.
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Figure 1. PNX and SREB3Ilike immunoreactivity was detected inthe stomach of male
C57/BL6J mice. Figure shows representativenhunofluorescence micrographs of stomach
sections of male mice showing nuclei using DAPI stain (Biud); PNX-like immunoreactivity
(Red B, C) with a single immunoreactive cell inserted (indicated by an arrow); SHREB3
immunoreactivity (RedF, G) with a single immunoreactive cell inserted (indicated by an arrow)
and negative controlsD( H) with only secondary antibodyshowing absence of any

immunoreactivity The merged images have a scale bar of 100 um with insets of 25 um.
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Figure 2. PNX and SREB3Ilike immunoreactivity was found in the duodenum of male
C57/BL6J mice. Figure shows representativemmunofluorescence micrographs of duodenum
sections of male mice showing nuclei using DAPI stain (Biyd&e); PNX-like immunoreactivity
(Red B, C) with a single immunoreactive cell inserted (indicated by an arrow); SHRES3
immunoreactivity (RedF, G) with a single immunoreactive cell inserted (indicated by an arrow)
and negative controlsD( H) with only secondary antibodyshowing absenceof any

immunoreactivity The merged images have a scale bar of 100 um with insets of 25 um.
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Figure 3. PNX and SREB3like immunoreactivity was detectedin the jejunum of male
C57/BL6J mice. Figure shows representativenmunofluorescence micrographs of jejunum
sections of male mice showing nuclei using DAPI stain (Biyd&e); PNX-like immunoreactivity
(Red B, C) with a single immunoreactive cell inserted (indicated by an arrow); SHRES3
immunoreactivity (RedF, G) with a single immunoreactive cell inserted (indicated by an arrow)
and negative controlsD( H) with only secondary antibodyshowing absence of any

immunoreactivity The merged images have a scale bar of 100 um with insets of 25 um.
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Figure 4. PNX and SREB3like immunoreactivity was detectedin the ileum of male
C57/BL6J mice.Figure shows representativamunofluorescence micrographs of ileum sections
of male mice showing nuclei using DAPI stéiBiue- A, E); PNX-like immunoreactivity (RedB,

C) with a single immunoreactive cell inserted (indicated by an arrow); SHRES3
immunoreactivity (RedF, G) with a single immunoreactive cell inserted (indicated by an arrow)
and negative controlsD( H) with only secondary antibodyshowing absence of any

immunoreactivity The merged images have a scale bar of 100 um with insets of 25 um.
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3.2.  PNX and SREB3ike immunoreactivity is present in the stomach endocrine (MGN3
and theintestinal enteroendocrine (ST€E1) cell lines

In the stomach endocrine cells, MGI3Figure 5. A-H), prominent PNX Eigure 5. A-
C) and SREB3Kigure 5. E-G) immunoreactive cells were detected whereas, inrtestinal
enteroendocrine cell line, STC(Figure 6. A-H), only PNX-like immunoreactivity Figure 6. A-

C) was found. Negative controls were performed witly secondary antibody.
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Figure 5. PNX and SREBS3Ilike immunoreactivity was detectedin MGN3-1 cells. Figure
shows representativenmunofluorescence micrographs of MGlllZells showing nuclei using
DAPI stain (Blue A, E); PNX-like immunoreactivity (RedB, C) with a single immunoreactive
cell inserted (indicated by an arrow); SREB& immunoreactivity (RedF, G) with a single
immunoreactive cell inserted (indicated by an arrow) and negative coriixold)(with only

secondary antibodyhaving no immunoreactivityrhe merged images have a scale bar of 100 pm

with insets of 25 um
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