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ABSTRACT 

 

 Energy homeostasis is regulated by the balance between food intake and energy 

expenditure, which is partly controlled by the cross-talk between central and peripheral hormonal 

signals. Phoenixin (PNX) is a recently discovered pleiotropic neuropeptide with isoforms of 14 

(PNX-14) and 20 (PNX-20) amino acids being functionally active among most vertebrates. 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 in rats, showing that it might have possible 

roles in energy homeostasis due to its involvement in energy utilizing processes including food 

intake and reproduction. I hypothesized that the gut is a source and site of action of PNX and PNX 

has metabolic effects in mice. In this study, I focused on determining whether peripheral 

administration of PNX-20 regulates energy balance in male C57/BL6J mice. I found the presence 

of PNX and its putative receptor, super-conserved receptor expressed in brain (SREB3) in the gut 

of male C57/BL6J mice and MGN3-1 (mouse stomach endocrine) and STC-1 (mouse intestinal 

enteroendocrine) cell lines using immunohisto/cytochemistry and imaging. In MGN3-1, PNX-20 

significantly upregulated ghrelin (10 nM) and GOAT mRNA (1000 nM) at 6 h whereas in STC-1, 

it significantly suppressed CCK (100 nM) at 2 h. Intraperitoneal (IP) administration (50 µg/kg 

body weight PNX-20) upregulated light phase food intake at 6 h, but had no other metabolic 

effects. Similarly, in continuous subcutaneous infusion for 7 days, I did not find any metabolic 

effect of PNX-20. While my results indicate that PNX-20 is a selective regulator of gut metabolic 

hormones, it did not support my hypothesis that PNX-20 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 organism, the metabolic process starts with food 

intake (mechanically by mastication and chemically through enzymes) followed by a series of 

physiological and biochemical processes, and eventually results in the production of energy in the 

form of ATP. Metabolic flexibility is dependent on the fuel selection and utilization by an 

individual at the cellular and whole organismal levels (Abbott et al., 1988; Smith et al., 2018). 

Proper metabolic flexibility is considered to be an adaptive response towards the maintenance of 

energy balance (Carstens et al., 2013). Energy balance refers to the difference between net energy 

intake in the form of carbohydrate, fat and protein, and energy expenditure (Hill et al., 2012). 

Energy expenditure occurs through physical activity, resting metabolic rate (which refers to the 

energy used to maintain basal metabolism or resting body functions), and through the thermic 

effect (energy needed to absorb and metabolize the food) (Hill et al., 2012). Positive energy 

balance is developed when the energy intake exceeds energy expenditure, whereas when the 

energy expenditure exceeds energy intake, it leads to negative energy balance (Belfort-DeAguiar 

and Seo, 2018; Hill et al., 2012). Unfortunately, a shift in this energy balance can cause metabolic 

diseases. For example, when there is excessive energy intake, it results in an increase in body 

weight, and ultimately in obesity. Obesity can lead to type 2 diabetes mellitus (T2DM), which is 

characterized by insulin resistance (inability of insulin to act on its receptors to maintain glucose 

homeostasis even when adequate concentrations of insulin is available in circulation). T2DM can 

be associated with different secondary pathophysiologies including coronary artery disease, and 

could eventually cause mortality (Belfort-DeAguiar and Seo, 2018; Björntorp, 1997; Hill et al., 

2012). According to the International Diabetes Federation (IDF), in 2019, around 488 million 

adults (20 to 99 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 diabetes may rise to 272.6 million 

(Sinclair et al., 2020). In 2019, IDF estimated world-wide diabetes-related health expenditure of 

approximately 760 billion USD with majority of expenditure being in the 50-79 age group and it 

is predicted to reach USD 845 billion by 2045 (Williams et al., 2020). Additionally, it has been 
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identified that these expenditures in 2019 in the IDF Regions of North America and 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 diabetes (IDF, 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 Scotia (Anvari et al., 2018). This worldwide drastic condition makes it absolutely 

necessary to maintain proper balance in 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 balance (Martin et al., 2019; 

Schneider et al., 2002). Hormones are chemical messengers that are known to elicit cellular 

responses, and can be structurally classified into amino acid derivatives, lipid derivatives and 

peptide hormones (Jameson, 2015). Many of these recently discovered short polypeptides qualified 

as bioactive peptides with prominent effects in energy balance (Fosgerau and Hoffmann, 2015). 

Overall, it shows that energy consumption and expenditure are tightly maintained by hunger, 

satiety, and physical activity, with hormones playing 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 one of the most prominent central regulators of whole 

body energy homeostasis (Timper and Brüning, 2017). Hypothalamus consists of several groups 

of neurons, which include the arcuate nucleus (ARC), paraventricular nucleus of hypothalamus 

(PVH), ventromedial nucleus of hypothalamus (VMH), dorsomedial nucleus of hypothalamus 

(DMH or DMN) and the lateral hypothalamic areas (LHA) (Timper and Brüning, 2017). Among 

these, the leaky blood-brain 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 balance (Myers and Olson, 2012; Timper and Brüning, 2017). 

In the ARC, neuropeptide Y (NPY) and agouti-related protein (AgRP) neurons function 

antagonistically to the proopiomelanocortin (POMC) and cocaine amphetamine regulated 

transcript (CART) neurons to help in the regulation of energy balance. Other neuronal groups are 
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also involved in energy balance, as destruction of PVH and VMH resulted in overeating and 

obesity (Leibowitz et al., 1981; Shimizu et al., 1987) whereas destruction of DMH and LHA 

resulted in a lean phenotype in rats (Bellinger and Bernardis, 2002; Milam et al., 1980). 

NPY/AgRP and POMC neurons extend and receive projections to and from other neuronal groups, 

thus maintaining a coordinated role of the central nervous system (CNS) in energy balance. Among 

peripheral tissues, the gastrointestinal tract (GI tract) is mainly considered as the largest endocrine 

organ in mammals (Cummings 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 produce important metabolic 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 their receptors. The major neuropeptides of the hypothalamus that has a role in energy balance 

include orexigens, NPY and AgRP, and the anorexigen, POMC (Belgardt et al., 2009; Koch et al., 

2015; Paeger et al., 2017; Timper and Brüning, 2017). In fasting healthy individuals, the activation 

of NPY/AgRP, facilitated by ghrelin, inhibits POMC through the release of neurotransmitter, 

gamma aminobutyric acid (GABA) and stimulates food intake. In contrast, in fasted obese 

individuals, this activation of NPY/AgRP by ghrelin is impaired. In addition, ghrelin acts through 

the PVN to increase adiposity (Timper and Brüning, 2017). In a post-prandial (post-meal) 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 diet-induced obese individuals, excessive saturated fatty acids 

that cross the blood brain barrier (BBB) results in central insulin and leptin resistance (inability of 

insulin and leptin to bind to their respective receptors in the brain), leading to hyperphagy and 

obesity (Timper and Brüning, 2017). The hypothalamus also receives inputs from additional short-

term hormonal signals (e.g. cholecystokinin; CCK, glucagon like peptide-1; GLP-1) and long-term 

hormonal signals (e.g. leptin, insulin) that monitor energy stores (Cummings and Overduin, 2007; 

Monteiro and Batterham, 2017; Wabitsch, 2017). Thus, brain serves as the central coordinator of 

hormonal inputs from the periphery to regulate energy intake and expenditure. Some of these 

peripheral signals are discussed below. Almost all of the studies discussed here regarding the 

regulation of energy balance were performed in laboratory animals. Wild animals are mostly not 

used as taming them or recording their metabolic parameters in the wild are very difficult (Elliott, 
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2016). Therefore, the reference to metabolism within this thesis will be exclusively based on 

laboratory animals, mainly rodents.  
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1.2. Peripheral Regulators of Energy Balance 

 

The main peripheral sources of metabolic hormones are the pancreas, adipose tissue and 

the gut. Gastrointestinal hormones including ghrelin, CCK, GIP, GLP-1 and peptide tyrosine 

tyrosine (PYY) play a very important role in the regulation of energy balance, either by crossing 

the BBB to act on the hypothalamus, or by sending signals through vagal afferent neurons 

(Monteiro and Batterham, 2017). Below, I will expand on selected gastrointestinal hormones that 

are studied in my thesis research. 

 

1.2.1. Ghrelin  

 

The term óghrelinô originated from the Proto-Indo-European word, óghreô meaning grow 

and was identified first from the rat stomach using in situ hybridization and immunohistochemistry 

(Kojima et al., 1999). Ghrelin has been discovered as an endogenous ligand binding to the growth 

hormone secretagogue receptor 1a (GHS-R1a), a G-protein coupled receptor and thus stimulating 

the release of growth hormone from pituitary (Date et al., 2000; Kojima et al., 1999). The first N-

terminal 10 amino acids are highly conserved among human, rat, mouse, bovine, ovine, porcine 

and canine ghrelin sequences with a unique, octanoylated third serine residue (Delporte, 2013; 

Kojima et al., 1999). The 117 amino acid long preproghrelin in human and rat gives rise to two 

forms, active ghrelin and des-Gln14-ghrelin from prohormone (Alamri et al., 2016; Date et al., 

2000; Kojima et al., 1999; Kojima and Kangawa, 2006). It has been identified that prohormone 

convertase 1/3 (PC1/3) is responsible for generating 1-28 amino acid long ghrelin from 94 amino 

acid proghrelin in the stomach using mice models (Zhu et al., 2006). Deletion and comparison 

analysis detected that the rat ghrelin promoter has highest activity in human stomach 

adenocarcinoma cells (AGS cells) and African green monkey kidney fibroblast cells (COS-7), 

whereas the human ghrelin promoter has shown highest activity in AGS cells and rat pituitary GH-

3 cells (Wei et al., 2005). Ghrelin is released from the X/A-like cells in gastric antrum and fundus 

of the stomach and is found in the small intestine and ὑ-cells in the pancreas (Date et al., 2000; 
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Delporte, 2013; Kojima and Kangawa, 2006). RT-PCR and immunohistochemical studies detected 

the presence of ghrelin mRNA and ghrelin-like immunoreactivity in the ARC (Date et al., 2000; 

Delporte, 2013; Kojima et al., 1999; Kojima and Kangawa, 2006). Ghrelin is converted into active 

form, acyl ghrelin by ghrelin O-acyl transferase (GOAT) by n-octanoylation (Alamri et al., 2016; 

Mohan and Unniappan, 2013). This acylated ghrelin is considered the active form, and is 

responsible for almost all of the physiological functions where ghrelin is implicated. It binds to 

GHS-R in the ARC and activates NPY-AgRP neurons to increase food intake (Abizaid and 

Hougland, 2020; Delporte, 2013). In obese people, ghrelin level is decreased in the plasma, 

whereas fasting increases ghrelin in circulation in human, suggesting its role as an orexigen 

(Alamri et al., 2016; Andrews, 2019). Among different orexigenic peptides, ghrelin is the only one 

derived primarily from the stomach or periphery and is released in a pulsatile manner (Delporte, 

2013; Wei et al., 2005). Ghrelin acts directly on both Ŭ- and ɓ-cells of the endocrine pancreas to 

increase the glucagon release and inhibit the insulin secretion, but during insulin resistance in 

obesity, the level of plasma ghrelin falls, thus showing its role in the glucose homeostasis (Alamri 

et al., 2016). Intracerebroventricular (brain/central) injection of ghrelin can reverse the effects of 

leptin induced decrease in food intake (Shintani et al., 2001). Once or twice per day subcutaneous 

administration of 2.4 µmol/kg ghrelin in male mice as well as female dwarf rats increased body 

weight, body fat mass and respiratory quotient (RQ), resulting in adiposity in rodents (Tschop 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 effect on energy expenditure, 

which shows that ghrelin can act centrally to produce similar effect of creating positive energy 

balance, when injected peripherally (Tschop et al., 2000). Central orexigenic response of ghrelin 

became more significant when it was administered at a dose of 30 or 300 pmol into the 

hypothalamic ARC and PVN, the prominent energy regulators in the hypothalamus (Wren et al., 

2001). The Plasma ghrelin levels increase during fasting and decrease after food intake in rodents 

as well as human beings, thus adding further evidence for its orexigenic property (Andrews, 2019). 
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1.2.2. Cholecystokinin (CCK) 

 

CCK was discovered in 1928 by cross-circulation experiment in dogs, as a hormone that 

can excite and contract gall bladder (Ivy, 1929). CCK-33 was first identified in the porcine 

intestine and has the sequence of Lys-Ala-Pro-Ser-Gly-Arg-Val-Ser-Met-Ile-Lys-Asn-Leu-Gln-

Ser-Leu-Asp-Pro-Ser-His-Arg-Ile-Ser-Asp-Arg-Asp-Tyr(S03)-Met-Gly-Trp-Met-Asp-Phe-NH2 

(Mutt and Jorpes, 1968). The 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 3pter-p21 (Yoosuke et al., 1986). Rat and 

guinea pig brain showed the presence of highest CCK-like immunoreactivity in the hypothalamus, 

duodenum, jejunum and ileum (Dockray, 2012; Larsson and Rehfeld, 1979; Vanderhaeghen, 

1981). CCK is mainly secreted from the I-cells in the duodenum or proximal jejunum (Dockray, 

2012; Svendsen et al., 2015). Two receptors for CCK have been identified, CCK-A or CCK-1, and 

CCK-B or CCK-2 (Noble et al., 2000; Wank et al., 1992). Northern blot analysis detected the 

presence of CCK-A in rat pancreas, rat pancreatic acinar carcinoma cell line, AR42-J, and guinea 

pig gall bladder, whereas CCK-B was detected in the rat cortex, subcortex and AR42-J cell line 

(Wank et al., 1992). Autoradiography in a male Cynomolgus monkey detected the presence of 

CCK-A in the DMN, supraoptic nucleus (SON) and PVN of the hypothalamus (Hill et al., 1990). 

This suggests that the CCK-A receptor is likely located in the brain areas that are involved in the 

energy balance. Apart from being a gall bladder contraction factor, CCK acts as a short-term satiety 

signal, and inhibits gastric emptying (Anika et al., 1981; Dockray, 2012; Gibbs et al., 1997). CCK 

decreases the expression of MCH and increases the expression of an anorexigen, CART (De 

Lartigue et al., 2010). CCK-8, when injected intraperitoneally, not only activates the CART-ir 

neurons in the PVN but also it increases the anorexigenic effect of ICV administered 0.5 and 0.1 

µgs/ mice of CART (61-102) when co-administered with IP administered 0.4 and 4 µg/kg CCK-

8, in a dose dependent manner (Maletínská et al., 2008). In 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 CCK-8 and 0.1 nm leptin significantly increased the release of CART in the NG neuron 
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cell culture, suggesting its role as a neurotransmitter in causing satiety (Heldsinger et al., 2012). 

In fasted male rats, 40 U/kg porcine CCK when injected intraperitoneally, showed short-term 

satiety effect for 30 mins (Gibbs et al., 1997). This short-term satiety effect was also seen in pigs, 

when injected intraperitoneally (IP) at 40 IDU/kg and was significant for the first 10 mins (Anika 

et al., 1981). Thus, CCK is well known as a short-term satiety signal due to its prominent satiety 

effects in different species. 

 

1.2.3. Glucose-dependent Insulinotropic Polypeptide (GIP) 

 

GIP was first isolated as a 43 amino acid gastric inhibitory peptide from porcine small 

intestine with a sequence of Tyr-Ala-Glu-Gly-Thr-Phe-Ile-Ser-Asp-Tyr-Ser-Ile-Ala-Met-Asp-

Lys-Ile-Arg-Gln-Gln-Asp-Phe-Val-Asn-Trp-Leu-Leu-Ala-Gln-Gln-Lys-Gly-Lys-Lys-Ser-Asp-

Trp-Lys-His-Asn-Ile-Thr-Gln (Takeda et al., 1987; Brown and Dryburgh, 1971). Due to its ability 

to improve glucose tolerance by stimulating the insulin secretion in dogs and human beings as well 

as from isolated rat pancreas, it became known as the glucose-dependent insulinotropic 

polypeptide (Dupre et al., 1973; Pederson et al., 1975; Pederson and Brown, 1976). The 42 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., 1993). Using PC1/3 null mice as well as cell lines 

including the alphaTC1.9 (mouse Ŭ-cell derived) and GH4 (rat pituitary derived) and AtT-20 

(mouse pituitary) cells, it became evident that, PC1/3 is essential for processing GIP from proGIP 

in the intestine and it colocalizes with GIP in the small intestine (Ugleholdt et al., 2006). Rat and 

human GIP are 95% conserved and share greater than 90% homology with bovine and porcine 

GIPs (Tseng et al., 1993). It is believed that proGIP is cleaved differentially in the intestine and 

the pancreatic Ŭ-cells by PC1/3 and PC-2, respectively resulting in GIP1-42 in the small intestine 

and a truncated C-terminal peptide in the pancreas (Ugleholdt et al., 2006). GIP is mainly 

synthesized and secreted from the duodenal K cells (Mortensen et al., 2003). RNA-blot 

hybridization detected the presence of GIP mRNA in the rat small intestine, mainly in the 

duodenum and jejunum and in the submandibular salivary gland (Tseng et al., 1993). Reverse 

transcription PCR detected GIP mRNA in the enteroendocrine cell line, STC-1 and in the isolated 

mouse pancreatic islets (Fujita et al., 2010). In addition to that, in the same study, double 
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immunostaining showed that GIP colocalizes with the glucagon positive Ŭ-cells in the adult human 

and mouse pancreas. GIP immunoreactive cells also colocalize with the GLP-1 immunoreactive 

cells, and this colocalization was abundant in the mid jejunum to mid ileum, but no colocalization 

was found in the duodenum (Mortensen et al., 2003). This colocalization suggests possible meal-

responsive secretion of both peptides from the intestine, and an autocrine/paracrine or endocrine 

action of GIP and GLP-1 to regulate post-meal glucose and energy homeostasis. GIPR was 

identified as the receptor for GIP through radioligand binding studies in the hamster ɓ-cell tumor 

cells and high affinity binding analysis in the rat pancreatic ɓ-cells (Maletti et al., 1984; Usdin et 

al., 1993). RT-PCR and in situ hybridization detected 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 intake and promotes insulin 

biosynthesis by stimulating pancreatic beta cell proliferation and preventing their apoptosis 

(Baggio and Drucker, 2007). In type 2 diabetes patients, the insulinotropic effects of GIP are 

reduced (Gasbjerg et al., 2018). GIPR deficiency helps in preventing high fat diet (HFD) induced 

weight gain (Gasbjerg et al., 2018; Joo et al., 2017). In diet-induced obese mice, along with GIP 

mRNA levels, the number of K-cells increased significantly in the terminal ileum (Lee et al., 

2019).  It has also been found that, in Zucker diabetic fatty rats, in hyperglycemia, GIPR gets 

downregulated and that reverses following the normalization of glucose levels (Piteau et al., 2007). 

One GIPR antagonist, GIP(3ï30)NH2 was found to reduce GIP-induced insulin response during 

hyperglycemia as well as prevent adipose tissue blood flow without any side effects (Gasbjerg et 

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

 

1.2.4. Glucagon like Peptide-1 (GLP-1) 

 

GLP-1 is processed from a 160 amino acid proglucagon in rat and human (Heinrich et al., 

1984; Ørskov et al., 1987). Post-translational processing of preproglucagon in the PC2 dominant 

cells (Ŭ-cells) gives rise to glucagon, glicentin related pancreatic peptide (GRPP), intervening 

peptide 1 (IP1) and major proglucagon fragment that is composed of GLP-1, IP-1 and GLP-2 

(Müller et al., 2019; Tucker et al., 1996). On the contrary, in the PC1/3 dominant cells (intestinal 

L-cells), proglucagon gets converted to GLP-1, GLP-2, oxyntomodulin (glucagon + IP1), IP2 and 
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glicentin (GRPP+ glucagon+ IP1) (Müller et al., 2019; Tucker et al., 1996). Due to cell specific 

post-translational processing, GLP-1 is the most predominant form in the intestinal L-cells 

compared to the pancreatic Ŭ-cells (Drucker et al., 1986; Müller et al., 2019; Tucker et al., 1996). 

Initially, by chromatographic analysis of cell extracts, two forms of GLP-1 were identified from 

the rat preproglucagon gene, GLP-1 (1-37) and non-amidated GLP-1 (7-37) and amidated GLP-1 

(7-36) (Mojsovs et al., 1905). Amino acid sequences of GLP-1 are highly conserved among 

mammals (Orskov et al., 1989). GLP-1 was found to colocalize with the GIP cells in the small 

intestine of human beings, pigs and rats (Mortensen et al., 2003; Ørskov et al., 1987). The G-

protein coupled receptor for GLP-1 is GLP-1R (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, ARC, and DMN of rat hypothalamus, indicating 

the possible target sites of GLP-1 (Shughrue et al., 1996; Thorens, 1992). This shows that GLP-1 

can act centrally as well as peripherally to maintain energy balance. GLP-1 has a half-life of 2 min 

as it is degraded very easily after secretion by dipeptidyl peptidase 4 (DPP-4) and that is why 

peripheral vagal activation most likely regulates the food intake than CNS or peripherally derived 

GLP-1 (Meier, 2012; Sandoval and DôAlessio, 2015). Central administration as well as the PVN 

infusion of GLP-1 (7-36) reduced food and water intake in rats (McMahon and Wellman, 1998; 

Tang-Christensen et al., 1996), showing the possibility that the anorexigenic effect of GLP-1 can 

be mediated through the PVN. Intravenous administration in human resulted in a dose-dependent 

inhibition of food intake (Gutzwiller et al., 1999). GLP-1 (7-37) exhibited insulinotropic effect in 

the presence of glucose (Mojsov et al., 1987). In healthy male subjects, GLP-1 (7-36) was able to 

increase energy expenditure as well as respiratory exchange ratio (RER, this value indicates the 

fuel source; RER higher than 0.7 indicates utilization of carbohydrate as the energy source) (Shalev 

et al., 1997). In type 2 diabetes patients, GLP-1 (7-36) increased fasting insulin and C-peptide 

concentrations and decreased plasma hyperglycemia, thus stating its possibility of using as a 

therapeutic potential (Nauck 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 intestine (Tatemoto, 

1982). PYY has high sequence homology to NPY and PP and human PYY was mapped to 

chromosome 17q21.1 (Hort et al., 1995). It has a complete amino acid sequence of Tyr-Pro-Ala-

Lys-Pro-Glu-Ala-Pro-Gly-Glu-Asp-Ala-Ser-Pro-Glu-Glu-Leu-Ser-Arg-Tyr-Tyr-Ala-Ser-Leu-

Arg-His-Tyr-Leu-Asn-Leu-Val-Thr-Arg-Gln-Arg-Tyr-NH2 (Tatemoto, 1982). PYY is secreted 

from the L-cells of ileum, colon and rectum (Svendsen et al., 2015). It belongs to the family of 

NPY and pancreatic polypeptide (Larhammar, 1996). Vascular and luminal stimulation resulted in 

the secretion of PYY from the rat distal small intestine. It was shown that, GLP-1 and PYY 

colocalize in the distal small intestine (Svendsen et al., 2015). PYY was found to be cosecreted 

with GLP-1 (Mortensen et al., 2003; Svendsen et al., 2015). Radioimmunoassay (RIA) and 

immunofluorescence in rats, pigs, guinea pigs, cats and humans detected the presence of prominent 

PYY cells in the ileum, colon and rectum compared to the upper intestine (Ekblad and Sundler, 

2002; Lundberg et al., 1982). PYY immunoreactive fibres were found in the stomach (fundus, 

antrum) and intestine of cat, rat and pig (Böttcher et al., 1993; Ekblad and Sundler, 2002). It binds 

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 activates the POMC neurons (Holzer et al., 2012). PYY 

binds with high affinity to all Y-receptors of this family, but PYY (3-36) has high affinity for Y2R 

and Y5R (McGowan and Bloom, 2004). PYY (3-36) is formed from PYY (1-36) due to the action 

of DPP IV but the concentrations of both these forms vary based on the energy state of the body. 

That is, in the fasted state, PYY (1-36) is maximum, whereas PYY (3-36) increases after food 

intake and reaches the plateau at 90 min (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 humans (Batterham et al., 2002; Batterham and Bloom, 2003; 

McGowan and Bloom, 2004). Dosage and mode of administration are important for maintaining 

the anorectic effects of PYY. Central administration of PYY in the lateral ventricle, 3rd and 4th 

ventricles, PVN or hippocampus of male and female rats increased food intake (Hagan, 2002). In 
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contrast, central administration of PYY(3-36) in the ARC as well as peripheral administration in 

fasted rats, inhibited food intake but failed to inhibit food intake in Y2R-null mice, confirming its 

anorexigenic role through Y2R in the ARC (Batterham et al., 2002). A 90 min intravenous infusion 

of PYY(3-36) decreased 24-hour cumulative food intake as well as decreased fasting ghrelin levels 

in both lean and obese individuals (Batterham and Bloom, 2003; Small and Bloom, 2005). PYY 

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

centrally as well as peripherally. 

 

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., 2013). Small integral membrane protein 20 (SMIM20) peptide or 

C4orf52 (chromosome 4; open reading frame 52) or mitochondrial translation regulation assembly 

intermediate of cytochrome c oxidase (MITRAC7) is the precursor peptide for PNX and is encoded 

by the smim20 gene located in the chromosome 4 (Dennerlein et al., 2015; Lyu et al., 2018; 

McIlwraith and Belsham, 2018). This peptide undergoes post-translational C-terminal amidation 

at a glycine residue to form phoenixin-14 (PNX-14) or phoenixin-20 (PNX-20) (Lyu et al., 2018; 

McIlwraith and Belsham, 2018; Yosten et al., 2013). PNX-14, which is identical in vertebrates has 

a sequence of amino acids óDVQPPGLKVWSDPFô, and PNX-20 is N-terminally extended 

peptide with a sequence as óAGIVQEDVQPPGLKVWSDPFô (Lyu et al., 2013; Lyu et al., 2018; 

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 terminal 14 amino acids are identical in both of these 

isoforms (Lyu et al., 2018; Yosten et al., 2013). G-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 this peptide (Lyu et al., 2018; McIlwraith and Belsham, 2018; Treen et al., 2016). In 

Norway lobster (Nephrops norvegicus), a 70 aa long putative phoenixin neuropeptide has been 

identified without the signal peptide, but potential cleavage sites to produce mature peptides, PNX-

14 and PNX-20 (Nguyen et al., 2018). The mature peptides have substantial sequence similarity 

among vertebrates and invertebrates (Nguyen et al., 2018). The phoenixin sequence in a fish, 

spotted scat (Scatophagus argus) is 56.72% and 53.73% identical to that of human and mice 

respectively (Wang et al., 2018). This sequence contains a transmembrane helix region, DUF4538 

region and a N-terminal domain of DNA B-helicase (Wang et al., 2018). The potential cleavage 

sites in the spotted scat phoenixin sequence are N-glycosylation site (ASN43), casein kinase II 

phosphorylation site (CK245), N-myristoylation sites (MYRISTYL12, MYRISTYL46) and 

microbodies C-terminal targeting signal (MICROBODIES5) (Wang et al., 2018). 

 

1.3.2. Distribution  

 

Immunohistochemical studies by Enzyme-linked Immuno Assay (EIA) and RT-qPCR 

showed that PNX is expressed in tissues including the hypothalamus, heart, kidney, thymus, 

cerebrum, duodenum, jejunum, ileum, and pancreas of both male and female rats (Lyu et al., 2018; 

McIlwraith and Belsham, 2018; Yosten et al., 2013). The highest levels of PNX-14-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 hypothalamus (DH), VMH, ARC, and the supraoptic 

retrochasmatic 8 nucleus (SOR) (Prinz et al., 2017; Yosten et al., 2013). Within the brainstem, 

substantia nigra reticulate (SNR), Edinger-Westphal nucleus (EW), NTS, and the dorsal motor 

nucleus of vagus nerve showed PNX immunoreactivity (Prinz 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 other tissues (Wang et 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 

hormones (Yosten et al., 2013). PNX through its action on GPR-173, has been found to stimulate 

the release of GnRH by controlling the expression of GnRH receptor mRNA (Treen et al., 2016; 

Yosten et al., 2013). In zebrafish, IP of PNX-20 upregulated the expression of genes regulating 

reproduction in the hypothalamus (GnRH, Kisspeptin), gonads (LH, FSH) indicating its 

reproductive effects through the hypothalamo-pituitary-gonadal (HPG) axis (Rajeswari and 

Unniappan, 2020). The reproductive effects of PNX in mammals are gender specific as the 

introduction of PNX with GnRH enhanced LH release in the female pituitary cells, but not in the 

male pituitary cells (Yosten et al., 2013). siRNA based knockdown of endogenous PNX delayed 

the estrous cycle 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 PNX-20 in female rats 

significantly increased the plasma LH levels (Stein et al., 2016). Knockdown of GPR173 (putative 

receptor of PNX) resulted in the reduced PNX induced GnRH-mediated LH release in the anterior 

pituitary cultures. Endogenous GPR173 knockdown delayed the appearance of the next estrous 

cycle (Stein et al., 2016). Intracerebroventricular injection of PNX-14 (25 nmol) resulted in a 

significant increase in the plasma GnRH after 5 min in the anterior hypothalamic area (AHA), but 

decreased after 30 min in male mice (Jiang et al., 2015). Together, these results indicate that PNX 

regulates reproductive hormones and processes, likely through its action through the GPR173. In 

women with polycystic ovarian syndrome (PCOS), there has been a significant increase in PNX-

14 and LH concentrations in the serum, which might suggest a role for PNX in PCOS, but further 

studies are needed to confirm the involvement of PNX in PCOS (Ullah et al., 2017). All PNX-

related effects in reproduction are more predominant in the females, which might imply that PNX 

is an important reproductive hormone in females.  
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Food Intake 

There are a limited number of reports available on the roles of PNX on food intake. ICV 

administration of PNX-14 increased food intake in male rats during light phase at 1.7 nmol 

concentration (Schalla et al., 2017). This study showed no effect in food intake in dark phase or 

during IP administration (dark phase or light phase). This peptide is co-expressed with nesfatin-1 

in the rat hypothalamic ARC, VMH and PVN, which are known as energy balance regulating areas 

of the brain (Pağasz et al., 2015). It is also shown experimentally, that after food intake, the plasma 

concentration of PNX increases compared to the pre-prandial levels in rats (Rocca et al., 2018). 

The site of action of PNX in regulating food remains unknown. It is unclear whether PNX acts 

centrally (by crossing the blood brain barrier) or peripherally (through the vagus nerve) and 

whether it acts in an autocrine or paracrine manner. GPR173 is expressed in the similar 

hypothalamic food intake regulating areas of the brain (Schalla and Stengel, 2018; Stein et al., 

2016). In spotted scat, fasting for 2 days and 7 days resulted in a significant increase in the PNX 

expression profiles while there was a decrease in its expression after refeeding (Wang et al., 2018). 

IP injection of PNX-20 suppressed the food intake in male and female zebrafish, and short-term 

fasting resulted in the downregulation of SMIM20 mRNA expression (Rajeswari et al., 2020). 

PNX-14 and PNX-20 stimulated growth hormone releasing hormone receptor (GHRHR) and 

growth hormone (GH) expression in pituitary and growth hormone receptor (GHR) expression in 

liver both in vitro and in vivo in spotted scat (Wang et al., 2018). It shows that apart from food 

intake, PNX can stimulate growth through the hypothalamus-pituitary-liver axis or by directly 

acting on the liver.  

 

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 rats (Schalla and Stengel, 

2018; Stein et al., 2016). GPR173 is highly conserved among species (McIlwraith and Belsham, 

2018). In humans, it is expressed in the hypothalamus, pituitary and gonads (McIlwraith and 
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Belsham, 2018). GPR173 was discovered as a receptor that has a GŬs alpha subunit coupled to it. 

This subunit stimulates the adenylate cyclase and finally activates the cAMP dependent pathway. 

In the presence of PNX-20, 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 found to produce changes in kisspeptin, and GnRH mRNA expression 

(McIlwraith and Belsham, 2018). Overall, it appears that GPR173 and a GPCR-mediated 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 in ad libitum fed male rats during light phase (Schalla et al., 

2017). This contradicts the study that found a suppressive role for PNX-20 on food intake in 

zebrafish (Rajeswari et al., 2020). It was also found that the serum phoenixin concentration 

increases post-prandially in chow-fed rats (Rocca et al., 2018). While the early studies suggest a 

potential role for PNX-20 on food intake when administered centrally, there is no information on 

whether PNX-20 affects aspects (in addition to feeding) of in vivo energy balance when 

administered centrally or peripherally. In addition, whether PNX-20 affects important metabolic 

hormones remain unknown. My thesis research focused to address this paucity of information 

about PNX-20 and aimed to determine its possible effects on whole body energy homeostasis and 

gut hormones in mice, or mouse gut cells. Gut is well-known source of major metabolic hormones 

and the digestion of majority of nutrients takes place in this tissue (Cummings and Overduin, 2007; 

Monteiro and Batterham, 2017; Wabitsch, 2017). Meal (or components of a meal, especially 

macronutrients) plays a major role in regulating the release of several glucoregulatory and 

metabolic hormones from the gut. Therefore, I 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 hormones in vivo in 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 PNX-20 affects the synthesis (at the mRNA level) of metabolic 

hormones in the gut cells of mice in vitro, and in vivo in mice.  

3. Understand the role of peripheral acute (intraperitoneal) or chronic (sub-cutaneous) 

administration of PNX-20 on whole body energy homeostasis.  

 

2. MATERIALS AND METHODS  

2.1. Animals 

 

For the in vivo study, 4-5 weeks old C57BL/6J male mice were purchased from Charles 

River Laboratories Inc. (Saint-Constant, Quebec, Canada). Mice were housed individually in the 

polycarbonate cages with bedding in a 12 h light (0700±1900 h):12 h dark (1900±0700) cycle 

under controlled temperature (22ï25°C) and humidity. Mice had ad libitum access to normal chow 

(Purina Mills, St. Louis, Missouri) and tap water, and were randomized by body weight. The 

procedures and protocols used in in vivo 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 Board (Protocol Number 20120033). 

2.2. Cell Culture  

     

Mouse stomach ghrelinoma (MGN3-1) cells (a gift from Dr. Hiroshi Iwakura, Kyoto 

University Medical School, Japan; Mohan et al., 2014) were isolated from the gastric ghrelin 

tumors in transgenic mice that expressed the ghrelin promoter linked to Simian virus 40 (SV 40) 

Tag antigen (Iwakura et al., 2010). This novel ghrelin producing cell line retained three important 
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properties of endogenous form of ghrelin producing gastric cells. These include the ability to 

synthesize ghrelin in substantial amounts, process the precursor by prohormone convertase 1/3 to 

make the mature peptide, and to acylate ghrelin to make it the active form through the actions of 

ghrelin O-acyl transferase (Iwakura et al., 2010). These characteristics are important for making 

bioactive ghrelin. The cells were cultured in the Dulbeccoôs Modified Eagles Medium 1X 

(DMEM) (Gibco; REF#11995-065) that was supplemented with 10% fetal bovine serum (Gibco; 

REF#A31607-01) and 1% penicillin (100 U/mL) and streptomycin (100 mg/mL) (Gibco; 

REF#15140-122) at 37°C in 10 % CO2. Intestinal secretin tumor cell, STC-1 (intestinal 

enteroendocrine tumor cell line) was obtained from Dr. Timothy Kieffer, University of British 

Columbia, Vancouver, Canada. STC-1 cells were isolated from the tumors developed in the 

intestine of double transgenic mice, expressing a hybrid gene construct linked to rat insulin 

promoter (RIP) (Mc Carthy et al., 2015). These transgenic mice were developed by breeding mice 

carrying RIPTag2, which had insulin promoter liked to SV40 early region that encodes the 

oncogene, large Tag in mice expressing RIP2PySTl, where RIP was linked to polyoma small T 

antigen gene (Hanahan et al., 1991; Rindi et al., 1990). Initially, STC-1 cells were recognized as 

CCK producing cells, representative of native intestinal I-cells, but they were later confirmed to 

secrete other intestinal metabolic hormones, including PYY, GLP-1 and GIP (Geraedts et al., 2009; 

Kieffer et al., 1995; Santos-Hernández et al., 2018). They were cultured in the DMEM (ATCC® 

#30-2002) with 10% fetal bovine serum, 2 mM L-glutamine at 37°C in 5 % CO2. At 80% 

confluency, MGN3-1 and STC-1 cells were seeded in a 24-well plate and studies were performed 

when cells reached 80ï90% confluency. Each study was repeated 2 or 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, MGN3-1 and STC-1 cells were cultured in a NuncÊ Lab-

TekÊ Chamber Slide System (Nalge Nunc International, Rochester, NY) and were allowed to 

reach 50% confluency. Cells were then fixed using 100% cold methanol solution for 5-10 mins. 

Fixed cells were washed with 1X phosphate buffer - Photo-Flo solution (PBS-PF for 5 mins) and 

then permeabilized using 0.3% Triton-X (BioShop, Burlington, Ontario, Canada) in 1X PBS for 5 
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mins at room temperature. Following this, slides were incubated in the antibody-blocking buffer 

(ABB- Protein Block, 3% bovine serum albumin, 0.05% Triton-X, 1X PBS) for 5 mins. Cells were 

then incubated with primary antibodies, which included rabbit poly anti-PNX Ab (Phoenix 

Pharmaceuticals, Burlingame, CA, United States, 1:500 dilution) and rabbit poly anti-SREB3 Ab 

- N-terminal (Abcam, Cambridge, UK, 1:200 dilution) for 24 hr at 4°C. The following day, slides 

were washed using PBS-Tween (2x5 mins), PBS-PF (1x5 mins), PBS-ABB (1x5 mins) and were 

incubated with secondary antibody (Alexa Fluor 647 Dnk pAb, #ab150075, 1:500 dilution) for 1 

hr at 37° C. After 1 h incubation, cells were consecutively washed with  PBS-Tween (3x5 mins), 

PBS-PF (1x5 mins), dH2O-PF (3x1 min) and dH2O (2x1 min) and then mounted with Vectashield 

mounting medium containing 4ǋ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, 

Burlington, Ontario, Canada) to view using Nikon Eclipse-Ti inverted fluorescence microscope 

(Nikon, Mississauga, Ontario, Canada). Images were taken using Nikon DS-Qil MC camera 

(Nikon). For immunohistochemistry, paraffin embedded tissue blocks of stomach and duodenum, 

jejunum and ileum were sectioned to 4 microns. These sections were deparaffinized with xylene 

(100% xylene; 2x5 mins), rehydrated in graded ethanol series (2x2 mins in 100% ethanol, 1x2 

mins in each of 95% ethanol, 70% 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 PBS-PF, PBS-TX and PBS-ABB (10 mins each) and 

were then incubated with primary antibodies (rabbit poly anti-PNX Ab, 1:250 dilution; rabbit poly 

anti-SREB3 Ab ï N terminal,1:500 dilution) at 4°C for overnight (24 hours). On the following 

day, the sections were again washed with PBS-PF, PBS-TX and PBS-ABB (10 mins each) and 

were then incubated with secondary antibodies (Alexa Fluor 647 Dnk pAb, # ab150075, 1:1000 

dilution). Negative control (with only secondary antibody) was performed. After mounting the 

slides with Vectashield medium containing DAPI dye, the slides containing the processed tissue 

sections were observed under the Nikon Eclipse-Ti inverted fluorescence microscope (Nikon, 

Canada) for cells exhibiting immunoreactivity for the peptides targeted using the primary 

antibodies, and images were captured by camera (Nikon DS-Qil MC camera, ON, Canada) to 

check the presence of immunoreactivity. 
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2.4. Reverse Transcriptase PCR (RT-PCR) and Quantitative Real-Time PCR (qPCR) 

 

On the day of the study, MGN3-1 and STC-1 cultured cells (around 80-85 % confluency)  

as described above were treated for 2 and 6 hours respectively with human synthetic phoenixin-20 

amide (Ala-Gly-Ile-Val-Gln-Glu-Asp-Val-Gln-Pro-Pro-Gly-Leu-Lys-Val-Trp-Ser-Asp-Pro-Phe-

NH2; Phoenix Pharmaceuticals, Catalog # 079-03) at different doses (0, 1, 10, 100 and 1000 nM). 

The purity of the peptide was Ó 95%, as confirmed using HPLC analysis by the manufacturer. 

Total RNA was extracted using RiboZol TM RNA Extraction Reagent (VWR, Catalog # N580-

200ML). RNA purity was validated using the absorption ratio [OD 260 (nm)/280 (nm)] in 

NanoDrop 2000c (Thermo, Vantaa, Finland). cDNAs were then synthesized using iScriptÊ 

reverse transcription supermix (Bio-Rad, Catalog #1708841) following the instructions provided 

by the manufacturer 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-

template control (without RNA), no Reverse Transcriptase control (without RT) and negative 

control (only with water) solutions were made along with the cDNA and their purity was checked 

through melting curve in the qPCR results. qPCR was performed on ghrelin, goat, CCK, GIP, 

GLP-1 and PYY mRNAs which were normalized to two house-keeping genes, GAPDH and 

RPL19 according to the 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/ 25 sec]. Primers at different annealing temperatures were 

confirmed functional by performing temperature gradient studies by observing the melting curve, 

and Cq value. The qPCR was performed according to the conditions and primers with associated 

annealing temperature stated in Tables 2 and 3, respectively. GenBank Accession numbers are 

provided under the forward primer sequences in Table 3. Amplification and detection of the 

mRNAs made in triplicates in each experimental group for relative mRNA expression using the 

SensiFASTÊ SYBR No-Rox Mix, 2x (Bio-Rad, Canada, Catalog #BIO-98050,) on a CFX-

ConnectÊ Real-Time PCR detection system (Bio-Rad).  
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Table 1:  Reaction components for cDNA synthesis 

Component Volume (µl) 

Millipore Water 20- [(1000 ng/µl)/ng of RNA + 6] 

RNA (1000 ng/µl)/ng of RNA 

iScriptÊ reverse transcription supermix 6 

Total reaction volume 20 

 

 

 

 

Table 2: Reaction components for qPCR 

Component Volume (µl) 

SensiFASTÊ SYBR No-Rox Mix 5 

Primer mix (Forward + Reverse) 0.5 

Millipore Water 3.5 

cDNA 1 

Total reaction volume 10 
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Table 3:  A list of primers used in this study

  Gene 

(Mous

e) 

Primer (5ô-3ô) Annealing 

Temperatu

re (°C) 

 Forward primer & GenBank 

Accession numbers 

Reverse Primer 

GAPD

H 

GACATCAAGAAGGTGGT

G (XM_017321385) 

ATACCAGGAAATGAGCTTGAC

AAA  

60 

RPL19 GACCAAGGAAGCACGAA

AGC (XM_006532610) 

AACAAGAGGGCAACAGACAA 60 

Ghrelin TCCAAGAAGCCACCAGCT

AA (NM_001286404.1) 

ACAGCTTGATGCCAACATCG 60 

GOAT CTGCCAACTGTGCTGTTC

TT (EU721729.1) 

TGGCTAGGTGAGATGAAGGG 60 

CCK TTTCCTGCCCGCATTTGA

AC (NM_001284508) 

AATCCATCCAGCCCATGTAGT

C 

56.2 

GIP ACAAAGAGGCACAGGAG

AGC (NM_008119.2) 

AGCCAAGCAAGCTAAGGTCA 56.2 

GLP-1 AATCTTGCCACCAGGGAC

TT (AF276754.1) 

AGTGACTGGCACGAGATGTT 58 

PYY TTCAGGCCAGAAGGTTTG

GA (NM_145435.1) 

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 effects of PNX-20 through intraperitoneal injection  - pilot study using 5 µg/kg 

and 50 µg/kg body weight PNX-20 

 

In order to find an optimal dose of PNX-20, a pilot study was conducted with two different 

doses (5 µg/kg and 50 µg/kg body weight PNX-20) in two independent experiments. First, the 5 

µg/kg body weight PNX-20 was tested as described below. Weight matched mice with body 

weight ~20 g for both control and treatment groups were acclimatized in the Comprehensive 

Laboratory Animal Monitoring System (CLAMS; Columbus Instruments, Ohio) for 2 days before 

the start of the first experiment. Before the start of dark phase (between 6:37 and 6:44 pm), mice 

(n = 6 per group) were weighed and injected intraperitoneally with either 5 µg/kg body weight 

PNX-20 in 200 microliters of saline (treatment group) or 200 microliters of sterile saline (0.9% 

sodium chloride, control group) using a 1 mL syringe with a 27-guage needle (Becton-Dickinson, 

Ontario, Canada). After the injection, mice were returned to metabolic cages within the CLAMS. 

They were monitored overnight for 24 hours using the CLAMS, and data were recorded by the 

system at a regular interval of every 9 mins. Calibration of the 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 open-circuit calorimeter for 

determination of oxygen consumption (VO2), CO2 production (VCO2), respiratory exchange ratio 

(RER), heat, food and water intake, and physical activity (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 

(Gonzalez et 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 this period, these mice were used for a second experiment where 

I tested the intraperitoneal injection of 50 µg/kg body weight PNX-20. The intraperitoneal 

injection, CLAMS monitoring parameters and the number of mice per group were the same.  
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2.5.2. Chronic subcutaneous infusion of PNX-20 using 50 µg/kg body weight PNX-20 

 

The mice from the second intraperitoneal injection experiment were moved to regular 

holding cages and allowed a 9-day wash out period before acclimation in CLAMS cages for 2 

days. Mice (n = 6 per group) were implanted with mini-osmotic pumps (ALZET 1007D ï 7 day 

infusion; ALZET Osmotic Pumps, CA, USA) to deliver either long-term subcutaneous infusion of 

PNX-20 or sterile saline (0.9% NaCl). The pumps were first filled with 50 µg/kg body weight 

PNX-20 (calculated as per the flow rate and fill volume of the pumps, following manufacturerôs 

instructions) or sterile saline in the fill volume recommended by the manufacturer, and primed at 

37° C for approximately 3 hours to reach the optimal functional temperature of the pumps. The 

dose of 50 µg/kg body weight was used as it was found to have effect on food intake in the pilot 

study. Prior to implantation, weight matched (~24 g) mice were anesthetized using 3% isoflurane 

in oxygen and shaved in the sub-clavicular area where a small incision was made. Osmotic mini-

pumps were implanted using a pair of sterile forceps, in a small subcutaneous pouch made by the 

needle-driver. Following implantation, wounds were immediately sealed using wound clips 

(VWR, Canada) and antiseptic (diluted iodine solution) was applied to the area using cotton swabs. 

Mice were allowed to recover from anesthesia in the CLAMS cages. For automated monitoring of 

feeding and other metabolic parameters, CLAMS was calibrated as outlined in 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 genes in the stomach and duodenum 

of mice from the chronic study 

 

On the seventh day of the chronic study, mice were euthanized by cervical dislocation and 

tissues were collected and then frozen at -80° C until analysis. Tissues were homogenized using 

the Retsch MM400 Mixer Mill (Retsch, Germany). Total RNA extraction and cDNA synthesis 

were performed as described previously. qPCR was performed using the same conditions and 

primers described above to investigate the chronic effects of 50 µg/kg body weight PNX-20 on 
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ghrelin mRNA expression in the stomach, and CCK, GIP, GLP-1 and PYY mRNA expression in 

the duodenum.  

2.7. Statistical Analysis 

 

One-Way ANOVA followed by Tukeyôs multiple comparison test was used to analyze 

qPCR results between one control and multiple treatment groups. In the in vitro study, the different 

concentrations of PNX-20 as well as the control group were independent variables and the change 

in mRNA expression was the dependent variable. Studentôs t-test was used for comparing the 

metabolic parameters of the treatment group against the control group in the two intraperitoneal 

injection studies, and the chronic infusion study. In addition, two-way ANOVA followed by 

Bonferroniôs multiple comparison test was used to compare the cumulative food intake for 7 days 

in treatment and control groups in the chronic study. In the in vivo study, the treatment and control 

groups were independent variables and the changes in different metabolic parameters between two 

groups were dependent variables. Normality has been checked with Shapiro-Wilk test. In the in 

vivo study, since ñnò was 4 and 6, there is a possibility of existence of type 1 error (rejection of 

null hypothesis when null hypothesis holds true). IBM SPSSÊ version 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 SREB3-like immunoreactivity is present in the stomach and the small 

intestine of male C57/BL6J mice 

 

PNX (Figure 1. A-C) and SREB3 (Figure 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, the presence of PNX (Figure 2. A-C, Figure 3. A-C, Figure 4. 

A-C) and SREB3-like (Figure 2. E-G, Figure 3. E-G, Figure 4. E-G) immunoreactivity was 

relatively more abundant in the mucosa of duodenum (Figure 2. A-H), and relatively less number 

of immunopositive cells were found in the jejunum (Figure 3. A-H) and ileum (Figure 4. A-H). 
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In the small intestine, the immunoreactivity was primarily detected in the villi epithelium, and the 

immunoreactive cells were interspersed between other epithelial cells lining the lumen. Negative 

controls with only secondary antibody were used to identify the specificity of primary antibody.  
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Figure 1. PNX and SREB3-like immunoreactivity was detected in the stomach of male 

C57/BL6J mice. Figure shows representative immunofluorescence micrographs of stomach 

sections of male mice showing nuclei using DAPI stain (Blue- A, E); PNX-like immunoreactivity 

(Red- B, C) with a single immunoreactive cell inserted (indicated by an arrow); SREB3-like 

immunoreactivity (Red- F, G) with a single immunoreactive cell inserted (indicated by an arrow) 

and negative controls (D, H) with only secondary antibody, showing absence of any 

immunoreactivity. The merged images have a scale bar of 100 µm with insets of 25 µm.  
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Figure 2. PNX and SREB3-like immunoreactivity was found in the duodenum of male 

C57/BL6J mice. Figure shows representative immunofluorescence micrographs of duodenum 

sections of male mice showing nuclei using DAPI stain (Blue- A, E); PNX-like immunoreactivity 

(Red- B, C) with a single immunoreactive cell inserted (indicated by an arrow); SREB3-like 

immunoreactivity (Red- F, G) with a single immunoreactive cell inserted (indicated by an arrow) 

and negative controls (D, H) with only secondary antibody, showing absence of any 

immunoreactivity. The merged images have a scale bar of 100 µm with insets of 25 µm. 

  

H 



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

NEGATIVE 

D 

NEGATIVE 

H 

DAPI 

A 

PNX 

B 

MERGED 

C 

DAPI 

E 

SREB3 

F 

MERGED 

G 

J
E
J
U
N
U
M

 



33 
 

 

Figure 3. PNX and SREB3-like immunoreactivity was detected in the jejunum of male 

C57/BL6J mice. Figure shows representative immunofluorescence micrographs of jejunum 

sections of male mice showing nuclei using DAPI stain (Blue- A, E); PNX-like immunoreactivity 

(Red- B, C) with a single immunoreactive cell inserted (indicated by an arrow); SREB3-like 

immunoreactivity (Red- F, G) with a single immunoreactive cell inserted (indicated by an arrow) 

and negative controls (D, H) with only secondary antibody, showing absence of any 

immunoreactivity. The merged images have a scale bar of 100 µm with insets of 25 µm. 

  



34 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

NEGATIVE 

D 

NEGATIVE 

H 

DAPI 

A 

PNX 

B 

MERGED 

C 

DAPI 

E 

SREB3 

F 

MERGED 

G 

I
L
E
U
M

 



35 
 

 

Figure 4. PNX and SREB3-like immunoreactivity was detected in the ileum of male 

C57/BL6J mice. Figure shows representative immunofluorescence micrographs of ileum sections 

of male mice showing nuclei using DAPI stain (Blue- A, E); PNX-like immunoreactivity (Red- B, 

C) with a single immunoreactive cell inserted (indicated by an arrow); SREB3-like 

immunoreactivity (Red- F, G) with a single immunoreactive cell inserted (indicated by an arrow) 

and negative controls (D, H) with only secondary antibody, showing absence of any 

immunoreactivity. The merged images have a scale bar of 100 µm with insets of 25 µm. 
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3.2. PNX and SREB3-like immunoreactivity is present in the stomach endocrine (MGN3-1) 

and the intestinal enteroendocrine (STC-1) cell lines 

 

In the stomach endocrine cells, MGN3-1 (Figure 5. A-H), prominent PNX (Figure 5. A-

C) and SREB3 (Figure 5. E-G) immunoreactive cells were detected whereas, in the intestinal 

enteroendocrine cell line, STC-1 (Figure 6. A-H), only PNX-like immunoreactivity (Figure 6. A-

C) was found. Negative controls were performed with only secondary antibody. 
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Figure 5. PNX and SREB3-like immunoreactivity was detected in MGN3-1 cells.  Figure 

shows representative immunofluorescence micrographs of MGN3-1 cells showing nuclei using 

DAPI stain (Blue- A, E); PNX-like immunoreactivity (Red- B, C) with a single immunoreactive 

cell inserted (indicated by an arrow); SREB3-like immunoreactivity (Red- F, G) with a single 

immunoreactive cell inserted (indicated by an arrow) and negative controls (D, H) with only 

secondary antibody, having no immunoreactivity. The merged images have a scale bar of 100 µm 

with insets of 25 µm. 
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