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ABSTRAKT

Zvysujici se pocCet osob s nadvdhou a obezitou se v nasi spolecnosti stal zdvaznym
zdravotnim problémem. Obezita je Casto zplisobena nadmérnou hyperfagii, a proto je
dalezit¢ komplexné¢ rozumét regulaci pfijmu potravy, abychom mohli toto chronické
onemocnéni uspésné 1é¢it. Ghrelin, periferni peptidovy hormon zodpovédny za zvyseni
pfijmu potravy, ptimo ovliviiuje hypotalamus prostfednictvim GHSR (zkratka anglického
nazvu growth hormone secretagogue receptor). Nedavno bylo zjisténo, ze LEAP2 (zkratka
anglického nazvu liver expressed antimicrobial peptide 2) ptirozen¢ inhibuje konstitutivni
aktivitu GHSR jako inverzni agonista. Proto je LEAP2 potencidln¢ vyuzitelny kandidat

pro vyvoj antiobezitniho 1éCiva.

Tato diserta¢ni prace zkouma interakci mezi ghrelinem a LEAP2 v kontextu regulace
pfijmu potravy a obezity. Nejprve se zaméfuje na modifikovany zkradceny N-terminalni
peptid LEAP2(1-14) a jeho lipidizované analogy a zkouma jejich afinitu ke GHSR a jeho
aktivaci in vitro a in vivo. Vysledky ukazuji, ze palmitovany LEAP2(1-14) (palm-
LEAP2(1-14)) v porovnani s ostatnimi analogy vykazuje nejvyrazné&jsi afinitu ke GHSR,
pusobi jako inverzni agonista GHSR, sniZuje pifijem potravy, inhibuje uvolfiovani
rustového hormonu navozeného ghrelinem a vykazuje zvySenou stabilitu v potkani plasmé.

Tato zjisténi naznacuji, ze palm-LEAP2(1-14) by mohl byt slibnym Iékem proti obezit¢.

Studie dale zkouma vliv potravy s vysokym obsahem tukil na obezitu a rozvoj rezistence
vuci ghrelinu a LEAP2 u mysi. Vysledky ukazuji, Ze podavani vysokotukové diety snizuje
aktivni a celkovy ghrelin v plasmé&, zvySuje LEAP2 mRNA v jatrech a vede ke glukdzové
intoleranci. Pfechod na standardni dietu normalizuje expresi mRNA LEAP?2 v jatrech a
hladinu aktivniho ghrelinu, nikoli v8ak celkového ghrelinu v plasmé. Studie dale prokazuje
rezistenci vaci palm-LEAP2(1-14) vyvolanou vysokotukovou dietou a také rezistenci vici
stabilnimu GHSR agonistovi [Dpr’]Ghrelinu kterd je reverzibilni po pfechodu na

standardni dietu.

Nakonec byl hodnocen potencial palm-LEAP2(1-14) potlacit vliv vysokotukové diety na
narist télesné hmotnosti a normalizovat morfometrické a metabolické parametry spojené
s obezitou. Palm-LEAP2(1-14) mirn¢ snizil pfirGstek télesné hmotnosti vyvolany
podavanim vysokotukové diety a snizil hladinu leptinu v plasmé. Celkové vSak palm-
LEAP2(1-14) nebyl schopen potlait uCinek vysokotukové diety pravdépodobné v
duasledku rezistence k palm-LEAP2(1-14).



Tato zjisténi piispivaji k lepSimu pochopeni patofyziologie obezity a naznacuji nutnost
dal$iho zkoumani alternativnich strategii ke zlepSeni uc¢innosti 1é€by obezity zamétené na

drahy ghrelinu a LEAP2.
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ghrelin, LEAP2, palm-LEAP2(1-14), obezita, ghrelinova rezistence, inverzni agonismus



ABSTRACT

The increasing number of overweight and obese individuals has become a major health
issue in our society. The etiology of obesity often involves excessive hyperphagia,
highlighting the importance of comprehensive understanding the regulation of food intake
regulation in order to effectively treat this chronic condition. Ghrelin, a peripheral peptide
hormone responsible for increasing food intake, directly affects the hypothalamus through
the growth hormone secretagogue receptor (GHSR). Recently, it was found that liver
expressed antimicrobial peptide 2 (LEAP2) naturally counteracts the effects of the GHSR
as an inverse agonist. This makes LEAP2 a potential candidate for the development of anti-

obesity treatment.

This thesis explores the interaction between ghrelin and LEAP2 in the context of food
intake regulation and obesity. Firstly, it focuses on modified N-terminal peptide LEAP2(1-
14) and its lipidized analogs, examining their affinity to and activation of GHSR in vitro
and in vivo. The results demonstrate that palmitoylated LEAP2(1-14) (palm-LEAP2(1-14))
exhibits the most pronounced affinity for GHSR, acts as GHSR inverse agonist, reduces
food intake, inhibits growth hormone release, and shows increased stability in rat plasma.

These findings suggest that palm-LEAP2(1-14) holds promise as an anti-obesity treatment.

Furthermore, the study investigates the impact of a high-fat (HF) diet on obesity and the
development of ghrelin and LEAP2 resistance in mice. The results reveal that HF diet
feeding decreases active and total plasma ghrelin, increases liver LEAP2 mRNA
expression, and leads to glucose intolerance. The switch to a standard diet normalizes liver
LEAP2 mRNA expression and active ghrelin levels but not total ghrelin. Furthermore, the
study demonstrates resistance to palm-LEAP2(1-14) induced by the HF diet and also
resistance to GHSR stable agonist [Dpr®]Ghrelin, which is reversible upon switching to a

standard diet.

Lastly, the potential of palm-LEAP2(1-14) to counteract the effects of a HF diet on body
weight gain and normalize morphometric and metabolic parameters associated with
obesity was evaluated. Palm-LEAP2(1-14) slightly reduced the body weight gain induced
by HF diet feeding and decreased plasma leptin level. But overall, palm-LEAP2(1-14) was
not able to suppress the effect of HF diet due to palm-LEAP2(1-14) resistance.



These findings advance our comprehension of obesity pathophysiology and indicate the
necessity for additional investigation into alternative approaches to improve the efficiency

of anti-obesity treatments that target the ghrelin and LEAP2 pathways.

Key words:
LEAP2, ghrelin, palm-LEAP2, obesity, ghrelin resistance, inverse agonist
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1 Introduction

1.1  Obesity and its treatment

The increase in overweight and obese individuals is one of the most serious health
problems in our society. The prevalence of obesity has tripled worldwide since 1975
(Muller et al., 2022). Obesity is strongly associated with an increased risk of many health
problems such as type 2 diabetes, and hypertension (Fruh, 2017). Currently, the mostly
recommended approach to treat and manage obesity is to modify lifestyle by diet and
exercise (Wadden et al., 2012). However, not everyone is able to achieve significant weight
loss through lifestyle changes alone and therefore pharmaceutical treatment is

recommended in individuals, who are at risk of obesity comorbidities (Krentz et al., 2016).

In recent years, certain medications have been utilized to manage severe obesity.
Unfortunately, a majority of these drugs have been withdrawn from the market due to their
significant side effects, especially with regard to cardiovascular complications (Coulter et
al., 2018). European Medicines Agency (EMA) has approved only four anti-obesity drugs
for long-term use in Europe. Orlistat (brand name Alli) inhibits gastric and pancreatic
lipases, which leads to reduced absorption of triglycerides, but regrettably causes digestive
problems such as increased defecation, fecal urgency, and fatty stools (Tak and Lee, 2021).
Naltrexone/bupropion (brand name Mysimba) is combination of opioid and alcohol
addiction drug naltrexone and antidepressant bupropion that have together synergistic
anorexigenic effect. Its typical side effects include dizziness, headache, dry mouth and
digestive problems (Apovian et al., 2015). Liraglutide (brand name Saxenda) is a
glucagon-like peptide 1 (GLP-1) derivative, which after daily subcutaneous (SC) injections
induces postprandial satiety, decreases appetite and slows gastric emptying. Liraglutide
was first used for type 2 diabetes treatment and later in higher doses for treatment of
obesity. Similarly as previous drugs, liraglutide has also side effects such as nausea,
vomiting, diarrhea and constipation (Khera et al., 2016). Recently, another GLP-1
derivative semaglutide (brand name Wegovy) was approved as type 2 diabetes and chronic
obesity treatment. Semaglutide is SC injected only once a week, however, its
gastrointestinal side effects (typically nausea, diarrhea, vomiting, and constipation) are

very similar to liraglutide (Wilding et al., 2021).

Therefore, it is still important to work on the development of new anti-obesity treatments

with improved safety profiles and high efficacy. Since obesity is frequently caused by
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hyperphagia, there is a need to fully understand food intake regulation to treat this chronic

disease.

The only known peripherally released orexigenic peptide hormone is ghrelin. Ghrelin acts
directly in the hypothalamus through the growth hormone secretagogue receptor (GHSR)
(Kojima et al., 1999, Andrews, 2011). GHSR is known to be a constitutively active G-
protein-coupled receptor with intrinsic activity in a non-active state (Holst et al., 2004).
Therefore, attention has turned to the reducing the high constitutive activity of GHSR by
use of inverse agonists. Although several GHSR inverse agonists and antagonists have
been shown to function in vitro and in vivo, no drug that reduces body weight by targeting
GHSR has been developed yet (Schalla and Stengel, 2019). Recently, liver-expressed
antimicrobial peptide 2 (LEAP2) was identified as an endogenous inverse agonist of
GHSR (Ge et al., 2018), which makes it potential candidate for anti-obesity drug

development.

1.2 Growth hormone secretagogue receptor (GHSR)

1.2.1 GHSR history

GHSR is the only recognized ghrelin receptor (Mani and Zigman, 2017). The discovery of
GHSR is a typical example of reverse pharmacology because GHSR was identified earlier
than its ligand ghrelin (Nikolopoulos et al., 2010). Bowers et al. (Bowers et al., 1984b)
discovered that certain opioid peptide derivatives, which lacked opioid properties, had
weak growth hormone (GH)-releasing activity and were therefore named GH
secretagogues (GHS). The first GHS was derived from met-enkephalin (Tyr-Gly-Gly-Phe-
Met-COOH), with D-Trp instead Gly? and amide at the C-terminus. After the discovery of
ghrelin (Kojima et al., 1999), it was found that hydrophobic N-terminus is important for
GHSR activation, thus D-Trp was probably fundamental structure in GHS responsible for
its interaction with the GHSR (Kojima and Kangawa, 2005).

Although the GH-releasing activity of early GHSs was minimal and observed only in in
vitro studies, their discovery prompted synthesis of more potent peptide GHS analogs, such
as GH-releasing peptide 6 (GHRP-6) (Bowers et al., 1984a) or first non-peptide GHS
analog MK-0677 (Smith et al., 1993), which were able to induce GH release in rats,
monkeys, lambs, and calves, (Bowers et al., 1984a) and in dogs, respectively (Patchett et
al., 1995). Due to the potential for therapeutic targeting, there was an intense effort to

identify GHS receptor. That was eventually discovered in the pituitary and arcuate nucleus
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(ARC) of swine and humans in 1996 and named GHS receptor (GHSR) (Howard et al.,
1996).

Endogenous ligand of GHSR was discovered by Kojima et al. in 1999 (Kojima et al.,
1999). Surprisingly, it was discovered in the stomach, specifically in gastric entero-
endocrine cells, and not in the brain, where GHSR expression was detected. Ghrelin is a
28-amino acid peptide that has a fatty acid (n-octanoyl) side chain at its third serine residue,
which is unique among peptide hormones and essential for binding to the receptor. It was

named after the Proto-Indo-European word "ghre," which means "grow."

Almost twenty years later, another natural GHSR ligand LEAP2 was discovered (Ge et al.,
2018). It was initially known as an antimicrobial peptide (Krause et al., 2003), but it was
later found to have the ability to act as both an antagonist and an inverse agonist of GHSR

(M'Kadmi et al., 2019).

1.2.2 GHSR structure
GHSR belongs to G protein-coupled receptors. GHSR has seven a-helical domains that
span across the membrane, with its N- and C-terminal ends located on the extracellular and

intracellular sides, respectively.

Nucleotide sequence analysis revealed two types of GHSR cDNA derived from the same
gene. The human full-length type GHSR1a ¢cDNA encodes the 366 amino-acids protein
with all seven transmembrane domains (TM). Type 1b encodes a truncated protein of 289
amino acids with only five TM (Davenport et al., 2005). GHSR1b binds neither ghrelin
nor synthetic GHS. GHSR1a is considered to be the active form of GHSR (Li et al., 2016),
and therefore GHSR 1a is called GHSR nowadays.

The structure of GHSR shows the presence of two cavities that bind ghrelin (Figure 1).
Additionally, the receptor has a wide gap (crevasse) between TM6 and TM?7 that is rich in
hydrophobic amino acid residues, which probably recognize the octanoyl group of ghrelin
(Shiimura et al., 2020). Binding pocket of GHSR interacts with hydrophobic N-terminal
region of ghrelin which includes the octanoyl moiety and the residues Phe* and Leu’.
Binding of ghrelin to the receptor leads to the conformational change in ghrelin that
structures its central region and forms well-defined hydrophobic core. Octanoylation of
ghrelin is essential for forming its hydrophobic core and promotes access of ghrelin to the
receptor ligand-binding pocket (Ferre et al., 2019). GHSR also interacts with N-terminal
part of LEAP2 which includes hydrophobic residues Met!, Pro®, Phe*, and Trp® (Li et al.,
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2021, M'Kadmi et al., 2019). This interaction reduces GHSR intrinsic activation. Both
ghrelin and LEAP2 bind to the GHSR with similar affinity with Kp in a nM range
(M'Kadmi et al., 2019).

Figure 1: Structure of GHSR. Structure of human GHSR in complex with an antagonist molecule
compound 21. GHSR is shown in cartoon representation in orange and compound 21 is shown as
spheres and sticks with carbon atoms in yellow, oxygen in red, and nitrogen in blue. ECL —
extracellular loop, ICL — intracellular loop, TM — transmembrane domains (Shiimura et al., 2020).

1.2.3 GHSR expression

GHSR is expressed in both the central nervous system (CNS) and the periphery. It is
primarily found in neurons in the hypothalamus, hippocampus, dorsal and medial raphe
nuclei, substantia nigra pars compacta, lower brain stem regions, and autonomic
preganglionic neurons. Additionally, it is also present in vagal afferent (nodose ganglion)
neurons in the periphery (Zigman et al., 2006). Besides its higher expression in the CNS,
GHSR is also expressed in the peripheral organs including pancreas, spleen, adrenal

glands, thyroid glands, thymus, T cells, and myocardium (Gnanapavan et al., 2002).
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1.3  Ghrelin
1.3.1 Ghrelin history and function

Ghrelin is the only known peripherally released orexigenic peptide hormone that acts

directly in the hypothalamus and brainstem (Kojima et al., 1999).

In 2000, Tschdop et al. discovered that ghrelin positively regulates food intake, adiposity,
and body weight (Tschop et al., 2000). Afterwards, other central actions of ghrelin were
described (Figure 2), such as suppression of brown fat thermogenesis (Yasuda et al., 2003),
modulation of sleep (Szentirmai et al., 2006), and modulation of stress and anxiety (Lutter
et al., 2008). Ghrelin also plays a significant role in regulating various peripheral functions,
such as the regulation of glucose metabolism (Date et al., 2002b), stimulation of gut
motility and gastric acid secretion (Masuda et al., 2000), taste sensation (Cai et al., 2013),
anti-inflammatory properties (Hattori, 2009), protection against muscle atrophy (Porporato

et al., 2013), and improvement of cardiovascular function (Rizzo et al., 2013).
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Figure 2: Main central and peripheral effects of ghrelin

1.3.2 Ghrelin structure
Ghrelin consists of 28 amino acids, and it is unusual among peptidic hormones because its
Ser’ is n-octanoylated by non-stable ester bond (Figure 3). This modification is essential

for ghrelin biological activity (Sato et al., 2012). The octanoyl residue is post-
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translationally attached to the peptide by ghrelin O-acyl-transferase (GOAT). Ghrelin
without the acyl group (des-acyl ghrelin) is biologically inactive (Kojima et al., 1999).
Des-acyl ghrelin is also present in significant amounts in both blood and stomach, but des-

acyl ghrelin can neither bind to GHSR nor exhibit GH release (Sato et al., 2012).
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Figure 3: Ghrelin structure

Ghrelin is derived from its preprohormone called preproghrelin, a 117 amino-acid
precursor that is produced in gastric X/A-like endocrine cells (Stengel et al., 2010). A
signal peptide is cleaved from preproghrelin to form proghrelin (Taylor et al., 2012).
Proghrelin is octanoylated by GOAT and then cleaved into ghrelin and obestatin by
prohormone convertase 1/3 (PC1/3). Although it was believed that ghrelin and obestatin
were antagonistic and obestatin had opposing effect on food intake regulation and decrease
of body weight, jejunal motility, and food intake (Zhang et al., 2005, Lacquaniti et al.,
2011), other studies disapproved it (Bassil et al., 2007, Gourcerol et al., 2007).

Ghrelin is highly conserved among species including human, rat, mouse, rhesus monkey,
Mongolian gerbil, cow, pig, goat, sheep, and dog. Specifically, N-terminal peptide is
identical, thus it is assumed that this region is important for ghrelin activity (Sato et al.,

2012).

1.3.3 Ghrelin O-acyl-transferase (GOAT)

GOAT post-translationally attaches octanoyl residue of medium-chain fatty acid (MCFA)
to the side chain of Ser® at proghrelin. The unique post-translation modification occurs
before the peptide is processed by PC1/3, stored, and secreted. Although the origin of
MCFAs has not been determined, it was found that orally ingested MCFAs are directly
utilized for the acyl-modification of ghrelin (Sato et al., 2012).

GOAT was identified in 2008 (Yang et al., 2008) as a member of the membrane-bound O-
acyl transferase (MBOAT) family. MBOAT is a group of integral membrane proteins that

are localized within the membrane of the endoplasmic reticulum (Mohan et al., 2016).
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MBOAT family members have a critical role in lipid biosynthesis, sterol acylation, and

acyl modification of secreted proteins, including ghrelin (Khatib et al., 2015).

GOAT requires fatty acid substrates as high-energy fatty acid CoA thioesters and peptides
with the amino acid sequence GXSFX, where G corresponds to unblocked amino-terminal
glycine, X to any amino acid, S to serine, and F to phenylalanine. This amino acid motif
appears specific only for ghrelin and suggests that ghrelin is the only known peptide
substrate for GOAT (Muller et al., 2015).

GOAT structural domains are highly conserved among species. GOAT of zebrafish, rats,
and mice have even the capacity to acylate human ghrelin (Gutierrez et al., 2008). Ghrelin
and GOAT share a similar tissue distribution in both humans and mice. The highest
expression of GOAT occurs in pancreas and stomach in humans and stomach and intestine

in mice (Muller et al., 2015).

1.4 LEAP2

1.4.1 LEAP?2 history and function

In 2003, LEAP2 peptide was originally isolated from human blood (Krause et al., 2003).
LEAP2 was characterized as a liver specific peptide, which is released into blood, and
shows antimicrobial properties in vitro in micromolar concentration (Krause et al., 2003),
however, LEAP2 plasma concentration is in a nanomolar range (Mani et al., 2019). Later,
it was demonstrated that LEAP2 is expressed not only in the liver, but also in jejunum,
duodenum and ileum (Ge et al., 2018). A significant degree of conservation of LEAP2
amino acid sequence from fish to mammals suggests (Li et al., 2021) that LEAP2 may

have other essential physiological function than being only an antimicrobial peptide.

In 2018, Ge et al. tested the LEAP2 activation of 168 known human G-protein coupled
receptors in both agonist and antagonist modes. LEAP2 was able to fully inhibit GHSR
activation by ghrelin (Ge et al., 2018). Later, M'Kadmi proved that LEAP2 also acts as a
GHSR inverse agonist and inhibits high intrinsic activity of GHSR (M'Kadmi et al., 2019).

1.4.2 LEAP2 structure

LEAP?2 is a 40-residue cationic peptide (Figure 4) (Krause et al., 2003). In the organism,
the peptide is first synthesized as a 77-amino acid precursor that is subsequently processed
into the mature peptide consisting of 40 amino acids. NMR-based structure analysis
indicates that mature LEAP2 consists of an unstructured, hydrophobic N-terminal region

and a compact central region containing two disulfide bridges linked in an I-III, II-IV
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pattern (Henriques et al., 2010). The part of LEAP2 responsible for binding to GHSR is
located in the first 8 amino acids of the N-terminus, which contains hydrophobic amino
acids Met!, Pro’, Phe*, and Trp>. However, to achieve maximum potency and effectiveness

of the binding, a longer N-terminal sequence containing at least the first 12 amino acids is

necessary (M'Kadmi et al., 2019).
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Figure 4: Identical human and mouse LEAP2 structure

1.5 GHSR-ghrelin-LEAP?2 interplay

1.5.1 GHSR cell signaling

Naturally, GHSR is activated by its agonist ghrelin and inhibited by its inverse agonist and
antagonist LEAP2 (Ge et al., 2018). GHSR has a high constitutive activity independent of

ligand, which is nearly 50% of its maximal activation induced by ghrelin secretagogues

(Mani and Zigman, 2017).

GHSR is coupled with G protein (Figure 5), specifically Goq and Gai. Upon activation of
the GHSR-Gag-dependent signaling pathway, phospholipase C (PLC) is recruited to the
membrane. PLC catalyzes the enzymatic production of inositol-1,4,5-triphosphate (IP3)
and diacylglycerol (DAG). IP; is a second messenger, which initiates Ca* release from
the endoplasmic reticulum (ER). Ca** interacts with calmodulin (CaM) to activate CaM-
dependent protein kinases (CaMK), including CaMKII. CaMKII activation triggers a
cascade of signaling events, including the activation of the AMP-activated protein kinase
(AMPK) (Andrews, 2011, Ramirez et al., 2019). Both peripheral and central ghrelin
administration increased AMPK phosphorylation and activity in the rat hypothalamus
(Andersson et al., 2004). Many of the metabolic effects of ghrelin-induced GHSR
activation are linked to the presence of pAMPK (Abizaid and Hougland, 2020).

GHSR-Gai,-dependent signaling pathway activates phosphoinositide 3-kinase (PI3K) to
regulate the activation of protein kinase A (PKA), protein kinase C ¢ (PKCg), and

serine/threonine-specific protein kinase (AKT) (Ramirez et al., 2019).

G-protein—independent signaling occurs through the B-arrestin scaffolding protein to
activate extracellular signal-regulated kinase 1/2 (ERK1/2) and AKT (Ramirez et al.,
2019).
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Ghrelin signaling is very complex, as well as its biological functions. Thus, it is believed,
that certain signaling pathways are connected with particular functions. It was proposed,
that B-arrestin signaling is linked to intracellular lipid storage and mitogenic activity
(Santos-Zas et al., 2013), whereas the Gogq pathway is associated with GH release

(Osterstock et al., 2010) and orexigenic effects of ghrelin (Mende et al., 2018).
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Figure 5: Ghrelin and LEAP2 signaling at GHSR. Ghrelin and LEAP2 bind to GHSR. Ghrelin
is a GHSR agonist and activates various signaling pathways. The Goq activation leads to the
activation of phospholipase C (PLC), which leads to an increase in intracellular Ca*" levels from
the endoplasmic reticulum (ER). Ca?" activates several proteins including protein kinase C B
(PKCp), calcium calmodulin-dependent protein kinase I (CaMKII), and 5' AMP-activated protein
kinase (AMPK). The activation of Gai, produces the activation of phosphoinositide 3-kinase
(PI3K), which produces the activation of protein kinase C € (PKCe), protein kinase A (PKA), and
serine/threonine-specific protein kinase (AKT). In the B-arrestin—dependent pathway, the binding
of ghrelin ligand to GHSR activates extracellular signal-regulated kinase (ERK) and AKT that
ultimately leads to receptor internalization (Ramirez et al., 2019).

1.5.2 Ghrelin and LEAP2 in food intake regulation

The regulation of energy metabolism is a homeostatic system, with the brain acting as the
central coordinator. Body weight stays usually well balanced because the brain is informed
about the metabolic status of the individual through hormonal signals reflecting the

availability and demand for energy (Woods and D'Alessio, 2008).

22



ghrelin production J,
food intake |,
adiposity, body weight J,e LEAP2

GH praduction |,

hepatic glucose production J,

T food intake

) 1 adiposity, body weight
1 GH production

A 9 Thepatic glucose production

Figure 6:Action of ghrelin and LEAP2 in the organism. Ghrelin is synthesized in the stomach
and reaches the arcuate nucleus (ARC) via the bloodstream and is transported across the blood-
cerebrospinal fluid (CSF) barrier. Ghrelin also stimulates through its vagal afferents, and vagal
connection reaches the nucleus tractus solitarius (NTS) in the brainstem, which communicates
with the hypothalamus. In the hypothalamus, ghrelin activates orexigenic neurons agouti-related
peptide/neuropeptide 'Y (AgRP/NPY), which inhibit anorexigenic neurons pro-
opiomelanocortin/cocaine- and amphetamine-regulated transcript (POMC/CART). They are
connected to second-order neurons in the paraventricular nucleus (PVN) and the orexigenic
neurons in the lateral hypothalamic area (LHA). Liver-expressed antimicrobial peptide 2 (LEAP2)
is synthesized in the liver and acts as a counterbalance to ghrelin in organism. GH — growth
hormone.

Ghrelin enters the brain through the blood-cerebrospinal fluid (CSF) barrier formed by the
choroid plexus and the hypothalamic tanycytes (Uriarte et al., 2021). Ghrelin induced
stimulating of food intake occurs in the hypothalamic ARC (Figure 6), which is a part of
mediobasal hypothalamus, alongside the third ventricle. ARC contains two
neurochemically distinct sets of neurons involved in appetite regulation. The first neuron
group is orexigenic and expresses neuropeptide Y (NPY) and Agouti-related protein
(AgRP). Increasing NPY release or activation of these neurons leads to increased food
intake and decreased energy expenditure. The second neuron group is anorexigenic and
expresses cocaine- and amphetamine-regulated transcript (CART) and neuropeptide
precursor proopiomelanocortin (POMC), which is processed in hypothalamus into several
peptides, such as a-melanocyte-stimulating hormone (a-MSH) (Schwartz et al., 2000).
Unlike NPY/AgRP neurons, activation of POMC/CART neurons decreases food intake

and increases energy expenditure (Broberger, 2005).
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In the ARC, GHSR is expressed in more than 90% of all NPY/AgRP neurons, but it is
expressed in less than 8 % of POMC neurons. Consistent with the GHSR expression,
ghrelin induces feeding by stimulating NPY and AgRP neuronal activity. At the same
time, POMC neuronal activity is suppressed via inhibitory y-aminobutyric acid (GABA)
inputs from active NPY/AgRP neurons (Cowley et al., 2003). Chen et al. (2004) showed
that double NPY/AgRP knockout mice do not increase food intake in response to ghrelin
(Chen et al., 2004). Genetic ablation of AgRP in adulthood abolishes the orexigenic effect
of ghrelin (Luquet et al., 2007).

Additionally, ghrelin may increase food intake by acting on the vagus nerve. The ghrelin
receptors have been identified in the afferent neurons of the rat and human nodose
ganglion, which shows that the vagus nerve may transport ghrelin signals from the stomach
to the brain (Sakata et al., 2003). Ghrelin-induced eating is suppressed in rats when the
vagal afferent route is blocked either through vagotomy or by applying capsaicin, a specific
afferent neurotoxin (Date et al., 2002a). Thus, through the activation of GHSR on the vagal
afferent to the stomach, the signal from the vagal afferents may reach the nucleus tractus
solitarius (NTS), which communicates with the hypothalamus to increase appetite

(Delporte, 2013).

LEAP2 acts as both antagonist and inverse agonist of GHSR. LEAP2 antagonist activity
can inhibit the ghrelin-induced activation of NPY neurons. LEAP2 inhibitory effects are
specific for GHSR; LEAP2 does not inhibit NPY-induced food intake (Islam et al., 2020).
However, it is not known yet, how LEAP2 enters the brain and affects NPY neurons,
although Mani et al. described the inverse agonist action of LEAP2 at GHSR in
hypothalamus, which caused hyperpolarization of NPY neurons and prevented acyl-

ghrelin from activating them (Mani et al., 2019).

1.5.3 Ghrelin and LEAP2 in different states of metabolism

The plasma levels of ghrelin and LEAP2 display opposite patterns during fasting and
feeding/refeeding. In both humans and mice, plasma LEAP2 rises with higher levels of
body weight, body fat, blood sugar, food intake, serum triglycerides (TAG), visceral
adiposity, and intrahepatic lipid content (Mani et al., 2019). Plasma LEAP2 decreases after
a 24-hour fast and weight loss brought on by a vertical sleeve gastrectomy or a Roux-en-
Y gastric bypass (Mani et al., 2019). Ghrelin levels follow an inverse trajectory; thus, the
LEAP2-to-ghrelin ratio could be considered a marker of obesity (Mani et al., 2019).
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Ghrelin levels in mice with diet-induced obesity (DIO) do not rise when the animals fast
(Perreault et al., 2004). In contrast to lean individuals, obese human plasma ghrelin levels
do not decrease postprandially (English et al., 2002). Furthermore, peripherally injected
ghrelin has no effect after acute administration to agouti mice with adult-onset obesity
(Martin et al., 2004), or DIO mice (Perreault et al., 2004). Resistance to ghrelin is observed
also in DIO mice after its chronic administration (Gardiner et al., 2010). Ghrelin resistance
develops due to several reasons. AgRP/NPY neurons are ineffectively activated, which
reduces the orexigenic action of ghrelin in people with obesity (Briggs et al., 2010). It has
been demonstrated that feeding mice high-fat (HF) diet for 12 weeks causes a reduction in
plasma ghrelin, GHRL mRNA in the stomach, and GHSR mRNA in the hypothalamus,
which indicates the suppression of the ghrelin neuroendocrine axis. Ghrelin does not
increase food intake, NPY and AgRP mRNA expression, or NPY and AgRP peptide
secretion in DIO mice, regardless it is delivered peripherally or centrally. However, NPY
administered intracerebroventricularly (ICV) stimulates food intake in both DIO and lean
mice, demonstrating that obesity has no impact on downstream ghrelin signalling (Briggs

and Andrews, 2011).

A low-calorie diet helps obese people to lose weight and restores ghrelin sensitivity, but a
following increase of ghrelin plasma levels in the blood promotes weight gain after ending
the diet (Briggs et al., 2013). It was suggested that ghrelin resistance is a mechanism
created to maintain a greater body weight set point during periods of food availability,
maximizing energy reserves during periods of food scarcity (Zigman et al., 2016). This
could be the cause of limited efficacy of ghrelin antagonists in the treatment of obesity to

date (Vodnik et al., 2016).

Although ghrelin resistance occurs in obese individuals, targeting GHSR could still be a
way to develop an anti-obesity drug using LEAP2 analogs. LEAP2 analogs might be able
to stop rebound weight gain after switching to a low-calorie diet (Andrews, 2019). In less
severe states of obesity, LEAP2 does not show a compensatory effect, thus further
increasing LEAP2 may decrease food intake and body weight gain (Mani et al., 2019).
Additionally, people who have lost weight through lifestyle changes are vulnerable to
regaining it due to an increase in plasma ghrelin, so LEAP2 therapies may be helpful

(Gupta et al., 2021).
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1.6 GHSR system as a pharmacological target

1.6.1 GHSR agonists

The ghrelin system can be a valuable target for the development of treatment to fight
anorexia and cachexia. The orexigenic and lipogenic effect of ghrelin or its analogs could
enhance white adipose tissue mass under pathological conditions such as anorexia nervosa,

sarcopenia, and cancer-associated cachexia.

GHSR non-peptidic agonist Ibutamoren (MK-0677) (Figure 7A) was developed by Merck
in the USA (Patchett et al., 1995). Ibutamoren increased GH secretion and fat-free mass in
randomized clinical trial (Nass et al., 2008), however, the further development was

discontinued due to increased risk of heart failure in patients with hip fracture (Adunsky

etal., 2011).

A: Ibutamoren B: Anamorelin

CA

C: Macimorelin

5 _ NH
N ~F
H2N H/\H/
O -

Figure 7: Structures of GHSR non-peptidic agonists Ibutamoren (A) (Patchett et al., 1995),
Anamorelin (B) (Pietra et al., 2014), and Macimorelin (C) (Guerlavais et al., 2003)

Another GHSR non-peptidic agonist Anamorelin (Figure 7B) was developed by Helsinn
Therapeutics in New Jersey, USA. Anamorelin increased body weight and GH plasma
levels in rats (Pietra et al., 2014). Due to these promising effects, Anamorelin advanced to
Phase III clinical trials to assess its safety and effectiveness in patients with cachexia

induced by non-small cell lung carcinoma. The application for approval was rejected in
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2017 by EMA (Temel et al., 2016, Currow et al., 2017), however, it has been recently

approved for cancer cachexia treatment in Japan (Wakabayashi et al., 2021).

Macimorelin (JMV 1843) (Figure 7C) was developed by the team of J. Martinez (CNRS,
Montpellier, France) and clinical trial was performed by Aeterna Zentaris in Canada.
Macimorelin stimulated GH secretion in young dogs (Guerlavais et al., 2003) and in
healthy men (Piccoli et al., 2007). A single SC injection of Macimorelin increased food
intake in fed mice (Holubova et al., 2013). Macimorelin was approved by U.S. Food and
Drug Administration (FDA) in 2017 and EMA in 2019 as a method to diagnose GH
deficiency but has not been examined in repeated doses or the cancer cachexia setting

(Herodes et al., 2023).

1.6.2 GHSR antagonists

Compounds, that antagonize GHSR can be used for the development of anti-obesity

treatment.
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Figure 8: Structures of GHSR antagonists JMV 2810 (A), JMV 2844 (B) (Demange et al.,
2007); JMV 2959 (C) (Moulin et al., 2007), JMV 3002 (D) (Salome et al., 2009), and JMV
4208 (E) (Holubova et al., 2014).

GHS analog [D-Lys*]-GHRP-6 (His-D-Trp-D-Lys-Trp-D-Phe-Lys-NH>), derived from
GHSR agonist GHRP-6, acted as a weak partial antagonist and decreased food intake in

lean mice, in DIO mice and leptin-deficient ob/ob mice (Asakawa et al., 2003). Long-term
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administration of [D-Lys*]-GHRP-6 decreased GH secretion and body fat in mice. [D-
Lys*]-GHRP-6 decreased food intake in ovariectomized mice fed HF diet, a model of
postmenopausal obesity (Maletinska et al., 2011). However, side effects such as reduced
insulin in plasma and increased blood glucose led to insulin intolerance (Mosa et al., 2018),

thus excluding [D-Lys*]-GHRP-6 from suitable candidates for ghrelin signaling inhibition.

Other GHSR antagonists derived from met-enkephalin were synthesized with a 1,2,4-
triazole structure (Figure 8). SC injection of IMV2810 inhibited GHRP-6-induced food
intake (Demange et al., 2007). The most potent compounds JMV2844 (SC), IMV2959
(ICV, SC, intraperitoneal), and IMV3002 (ICV) reduced food intake in rats (Demange et
al., 2007, Moulin et al., 2007, Salome et al., 2009). IMV 4208 and 3002 (SC) decreased
food intake in both fasted lean mice and DIO mice (Holubova et al., 2014).
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Figure 9: Structures of GHSR antagonists YIL-781 (A), YIL-870 (B) (Esler et al., 2007),
Compound D (C) (Longo et al., 2011), Compound 26 (D) (Rudolph et al., 2007)

Other compounds that are promising GHSR antagonists are non-peptide small molecules,
YIL-781 and YIL-870 (Figure 9 A, B), which after oral administration decreased body
weight, food intake, and fat mass in DIO mice (Esler et al., 2007). Compound D (Figure 9
C) decreased food intake and compound B reduced body weight due to a reduction of white
adipose tissue with improved glucose disposal and insulin sensitivity in DIO mice (Longo
etal., 2011). Compound 26 (Figure 9 D) derived from piperidine-substituted quinazolinone
reduced food intake and body weight along with glucose-lowering effects in mice

(Rudolph et al., 2007).
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1.6.3 GHSR inverse agonists

Due to the reported high constitutive activity of the GHSR receptor (Holst et al., 2003),
GHSR inverse agonists might be superior candidates for anti-obesity therapeutics
compared to competitive antagonists. The first described inverse agonist of GHSR is [D-
Arg!, D-Phe’, D-Trp”-°, Leu'!]-substance P (SPa) (Table 1). Although substance P causes
pain, stress, and anxiety, its derivative SPa is considered to act as an inverse agonist of
GHSR with a low antagonist action (Holst et al., 2009). However, Maletinska et al.
(Maletinska et al., 2011) did not prove the inverse agonist effect of SPa at GHSR, which
might be caused by the non-selective activity of SPa, which binds not only to GHSR but
also to the neurokinin (Djanani et al., 2003) and bombesin (MacKinnon et al., 2001)

receptors.

Table 1: Sequences of Substance P and SPa

Compound Sequence
Substance P Arg-Pro-Lys-Pro-GIn-Gln-Phe-Phe-Gly-Leu-Met
SPa D-Arg-Pro-Lys-Pro-D-Phe-Gln-D-Trp-Phe-D-Trp-Leu-Leu-NH»

Compound 33 (Figure 10A), 2-alkylamino nicotinamide derivative, suppressed weight
gain in obese rats (Takahashi et al., 2015). Artificial small molecules GHSR-IA1 and
GHSR-IA2 reduced food intake in lean mice. Moreover, chronically administered GHSR-
IA2 reduced food intake and body weight in DIO mice (Abegg et al., 2017).

PF-5190457 (Figure 10B), a spiroazetidino-piperidine derivative, is the first GHSR inverse
agonist tested in clinical trials. It increased insulin secretion, decreased postprandial
glucose, and attenuated secretion of the GH in humans (Denney et al., 2017). Moreover,
PF-5190457 was well tolerated and safe in Phase I in healthy individuals (Denney et al.,
2017, Lee et al., 2020).
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Figure 10: Structures of GHSR inverse agonists Compound 33 (A) (Takahashi et al., 2015),
and PF-5190457 (B) (Denney et al., 2017)

1.6.3.1 LEAP?2 as a potential anti-obesity drug

The anorexigenic effect of LEAP2 was first described in 2018 (Ge et al., 2018) and it was
stated that LEAP2 SC administration attenuated fasting-induced food intake in rats and
mice (Mani et al., 2019, Lugilde et al., 2022). Similarly, LEAP2 was reported to inhibit
ghrelin-induced effects on food intake independent of diet in mice and rats (Ge et al., 2018,
Lugilde et al., 2022). Chronic ICV administration of LEAP2 was shown to centrally reduce
food intake in calorie-restricted mice (Islam et al., 2020). However, effect of long-term

peripheral administration of LEAP2 on food intake and body weight still needs to be tested.

The mechanism and potential therapeutic applications of LEAP2 have been well-
established, but further investigation is needed in preclinical studies. Hagemann et al. went
a step further in their new study, giving LEAP2 infusion or placebo to 20 healthy men
(Hagemann et al., 2022). Men who received the LEAP2 intravenous intervention had
reduced ad libitum food consumption and meal duration. There were no significant safety

issues found during this pilot observation.

1.7 Structure-activity study of ghrelin and LEAP2

Peptides are increasingly being recognized as potential therapeutics due to their beneficial
properties such as high affinity to natural receptors and low toxicity for the organism.
However, their low stability and short half-life present significant challenges (Goodwin et
al., 2012). To maximize their pharmacological potential, it is important to find effective
ways to modify peptides to make their syntheses feasible and preserve their biological

activity and increase their stability.
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1.7.1 Lipidization

Lipidization of peptides is a potential tool to increase stability and overcome the inability
to cross the blood-brain barrier (Zhang and Bulaj, 2012). Moreover, this modification is
approved by FDA, thus it is desirable to lipidize peptides to obtain optimal
pharmacokinetic and pharmacodynamic characteristics (Menacho-Melgar et al., 2019).
Different types of lipids can be used for lipidization, such as isoprenoids,
glycosylphosphatidylinositol, phosphatidylethanolamine, cholesterol, or diverse fatty
acids (Hanna et al., 2022).

The method that is commonly used in our laboratory is fatty acylation. Diverse fatty acids
are covalently attached to the peptide/protein. Short, medium, or long fatty acids can be
used, however, the most commonly used fatty acids are: octanoic acid (C8), myristic acid
(C14), palmitic acid (C16), and stearic acid (C18) (Maletinska et al., 2015). The properties
of lipidized peptides are influenced not only by the choice of fatty acid but also by the bond
that attaches fatty acid to protein. While the amide bond is strong and irreversible, ester
bonds formed by O-esterification and S-esterification, and disulfide bonds are reversible

and weak (Zhang and Bulaj, 2012).

1.7.2 LEAP2 analogs

Synthesis of natural LEAP2 is extremely difficult because of its two S-S bonds between
cysteines. However, the entire sequence of LEAP2 is not required for its effects.
Specifically, the N-terminal part is responsible for binding to the receptor and exerting its
activity. M'Kadmi et al. proved, that the N-terminal segment of LEAP2 acts as an inverse
agonist and competitive antagonist of GHSR in vitro (M'Kadmi et al., 2019). Moreover,
the N-terminal part of LEAP2 can effectively reduce ghrelin-induced food intake in mice.
For maximum potency and effectiveness, the N-terminal sequence containing at least the
region 1-12 is needed. The N-terminal sequence containing the region 1-14 has similar
potency and efficacy (Figure 11). N-terminal methionine residue is easily oxidized;

therefore, methionine can be substituted for norleucine to avoid oxidation.

LEAP2, ,Ne T P FWR GV S L R P —NH,
LEAP2,,Ne T P FWR GV SLRP I G-NH,

Figure 11: Structures of LEAP21.12and LEAP2;.14

31



1.7.3 Ghrelin stable analog [Dpr’]Ghrelin

The biological stability of ghrelin is highly limited, because of its ester bond in Ser*-O-
octanoyl, which is an easy target for hydrolysis (Holubova et al., 2018). Octanoyl-ghrelin
hydrolysis can be overcome by replacing Ser® with diaminopropionic acid (Dpr). Octanoic
acid, which is essential for the biological activity of the peptide, is anchored to the
[Dpr’]Ghrelin (Figure 12) chain by stable amid bond (Bednarek et al., 2000, Maletinska et
al., 2012).

GSbrFLSPEHQRVQQRKESKKPPAKLA QPR

N
=0

Figure 12: Structure of [Dpr’|Ghrelin
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2 AIMS OF THE THESIS

e Investigation of in vitro characteristics of LEAP2(1-14) and its lipidized analogs

compared to natural LEAP2.

LEAP?2 is a potent inverse agonist of GHSR. Its N-terminal LEAP2(1-14) analog was
modified with various fatty acids because N-terminal fragment LEAP2 is crucial for
LEAP?2 biological activity. The first aim of the thesis was to select the most stable and
bioavailable lipidized analog of LEAP2(1-14) by analyzing affinity and inverse agonist
and antagonist activity at GHSR overexpressed in U20S cell line.

e Study of LEAP2(1-14) analogs in short-term in vivo experiments.

The second aim was to study the ability of lipidized and non-lipidized LEAP2(1-14)
analog to suppress the orexigenic actions of high endogenous ghrelin in fasted mice as

well as of exogenous stable ghrelin analog [Dpr®*]Ghrelin in free-fed mice.

e Research of the long-term effect of high-fat diet on progress of obesity regarding
the development of ghrelin and LEAP2 resistance.

The third aim was to study the long-term effects of high-fat diet on the interplay of ghrelin

and LEAP2 in mice and the development of obesity and ghrelin and LEAP2 resistance.

e Observation of palm-LEAP2(1-14) ability to prevent development of HF diet-
induced obesity

The fourth aim was to find out if palm-LEAP2(1-14) has the potential to minimize the

effects of high-fat diet and normalize morphometric and metabolic parameters which are

associated with obesity.
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3 METHODS
3.1 Peptide synthesis

All peptide structures are shown in table 2.

Table 2: Overview of peptide sequences

Compound Structure

Ghrelin GSS(0-octanoyl)FLSPEHQKAQQRKESKKPPAKLQPR

[Dpr*]Ghrelin GS-Dpr-(N-octanoyl)FLSPEHQK AQQRKESKKPPAKLQPR

LEAP2 MTPFWRGVSLRPIGASCRDDSECITRLCRKRRCSLSVAQE
Disulfide bridges: C17-C28 & C23-C33

LEAP2(1-14) Nle-TPFWRGVSLRPIG-B-Ala-Lys-NH>

myr-LEAP2(1-14)  Nle-TPFWRGVSLRPIG- $-Ala-Lys(myr)-NH>
palm-LEAP2(1-14) Nle-TPFWRGVSLRPIG- -Ala-Lys(palm)-NH>
stear-LEAP2(1-14) Nle-TPFWRGVSLRPIG- -Ala-Lys(stear)-NH»

Myr: myristoyl, palm: palmitoyl, stear: stearoyl, Nle: norleucine.

LEAP-2(38-77) (#075-40) was purchased from Pheonix Pharmaceuticals (Burlingame, CA
USA).

3.1.1 Ghrelin and [Dpr3]Ghrelin synthesis

Ghrelin and its stable analog [Dpr’]Ghrelin (Table 2) were synthesized at the Institute of
Organic Chemistry and Biochemistry of the Czech Academy of Sciences (I0OCB, CAS,
Prague, Czech Republic) by the solid-phase synthesis according to previously described
protocol (Maixnerova et al., 2007) using the Fmoc strategy on an ABI 433 A synthesizer
(Applied Biosystems, Foster City, CA, USA). Lipidization with corresponding fatty acid
(myristic, palmitic, or stearic) was performed on the fully protected peptide before cleaving
the peptide from the resin as previously described (Maletinska et al., 2012). The process
of purifying and identifying the peptides was completed using liquid chromatography (LC)
in combination with mass spectrometry (MS). The peptides had a purity level of over 95%.

Peptide synthesis was performed by Miroslava Blechov4, MSc., Drug Discovery, IOCB.

Ghrelin was used in the in vitro experiments and [Dpr’]Ghrelin was used in the in vivo

experiments.

3.1.2 LEAP2(1-14) and lipidized LEAP2(1-14) analogs
We used a LEAP2 fragment containing the initial 14 residues of N-terminal LEAP2 and a
B-Ala-Lys-NH; linker (hereafter named LEAP2(1-14)) employed for the subsequent

lipidization with myristic, palmitic, and stearic acid (Table 2).
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LEAP2(1-14) and its lipidized analogs were synthesized at the Institut des Boimolécules
Max Mousseron, University of Montpellier (Montpellier, France) (IBMM) using solid-
phase peptide synthesis, starting with Agilent Amphisphere 40 RAM resin (0.36 mmol/g)
1100 mg resin, 0.4 mmol. The Fmoc chemistry and HATU/N,N-diisopropylethylamine
(DIEA) were used for coupling, along with piperidine/dimethylformamide (DMF) for
deprotection. Coupling steps were performed twice for 10 min. Subsequently, the Alloc
group of Lys!® was deprotected in dichloromethane (DCM) using Pd(PPhs)4 0.25 eq. and
PhSiH3 25 eq. twice for 30 min. The peptidyl resin was then washed, dried, and divided
into four parts. Three parts were lipidized by coupling them with the corresponding acids
using BOP reagent and DIEA, while the fourth part was directly deprotected. Final
deprotection was done using trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H.0O
mixture. The peptide was purified using Gilson PLC 2250 Preparative RP-HPLC system

with a preparative column in the gradient mode.

The LC/MS system used in the analysis consisted of an HPLC-ZQ (Waters) with an
electrospray ionization (ESI) source. The Phenomenex Kinetex column (C18, 100 A,
100%2.1 mm, 2.6 pm) was used in the analysis. The flow rate was set at 0.5 mL/min and a
gradient of 0-100% B over 5 min was used, with eluent A being water/0.1% HCOOH and
eluent B being acetonitrile/0.1% HCOOH. Positive-ion electrospray mass spectra were
acquired from 100 to 1500 m/z with a scan time of 0.2 s. For both the nebulizing and drying
gas, nitrogen was utilized. The peptides that were created had a purity level of over 95%.
Peptide synthesis was performed by the team of Sonia Cantel, PhD, and Jean-Alain
Fehrentz, PhD, IBMM.

3.1.3 Peptide iodination

Ghrelin was iodinated at His® with Na!®I (Izotop, Budapest, Hungary) using Iodo-Gen
(Pierce, Rockford, IL, USA) according to the previously described protocol (Maletinska et
al., 2012). The peptides' identity was confirmed by a MALDI-TOF Reflex IV mass
spectrometer (Bruker Daltonics, Billerica, MA, USA), and the '*’I-ghrelin's specific
activity was approximately 2000 Ci/mmol. After being evaporated and aliquoted, the
purified '>*I-ghrelin was kept at -20 °C and used in binding studies within a month. Peptide
iodination was performed by the team of Ing. Ale§ Marek, PhD at IOCB Prague.
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3.2 Invitro testing of LEAP2(1-14) analogs

3.2.1 Cell culture

T-REx™ Tango™ GHSR-bla U20S cells, which overexpress GHSR and have a
B-lactamase reporter gene controlled by an upstream activation site response element, were
provided by Thermo Fisher Scientific Inc. (Waltham, MA, USA). The cells were grown in
a humidified incubator at 37°C with 5% CO; in McCoy's 5SA medium, which was
supplemented with 10% dialyzed fetal bovine serum, 0.1 mM nonessential amino acids,
25 mM HEPES buffer (pH 7.3), 1 mM sodium pyruvate, 1% streptomycin/penicillin, 200
ug/mL zeocin, 50 pg/mL hygromycin, and 100 pg/mL geneticin based on the guidelines
provided by Thermo Fisher.

3.2.2 Competitive and saturation binding experiments

Competitive binding experiments were performed according to Motulsky and Neubig
(Motulsky and Neubig, 2002a). T-REx™ Tango™ GHSR-bla U20S cells were seeded in
24-well plates at a density of 20,000 cells/well. The cells were allowed to grow for 3 days.
Doxycycline was added 16 hours before the experiment at a final dosage of 1.25 ng/mL.
Competitive binding studies were conducted in 200 pl of binding buffer (50 mM Tris-Cl
pH 7.4, 118 mM NaCl, 5 mM MgCl,, 4.7 mM KCl, 0.1% BSA, and 2 g/L glucose), 25 ul
of 0.1 nM '®I-ghrelin, and peptide analogs at final concentrations from 1072 to 107> M.
Saturation experiments were conducted in the same buffer as competitive experiments with
increasing concentration of '*’I-ghrelin from 0.05 to 2.5 nM and non-labeled ghrelin at

concentration 107> M.

At both competitive and saturation experiments, cells were incubated for 60 minutes at
23°C and subsequently rinsed with wash buffer (20 mM Tris pH 7.4, 118 mM NaCl, 4.7
mM KCI, and 5 mM MgCly), once in case of competitive binding experiments, or three
times in case of saturation binding experiments, and lysed in 0.1 M NaOH. Radioactivity
was measured by a y-counter Wizard 1470 Automatic Gamma Counter (Perkin Elmer,
Waltham, MA, USA). The experiments were carried out in duplicate at least three times.
3.2.3 Beta-lactamase-dependent fluorescence resonance energy transfer (FRET)
assay

The agonist/inverse agonist and antagonist properties of peptides were observed using T-
REx™ Tango™ GHSR-bla U20S cells. The cells were seeded in 384-well plates at a
density of 10,000 cells/well in FreeStyle™ 293 Expression Medium supplemented with

doxycycline at the final concentration of either 1.25 ng/mL (agonist and antagonist assay
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mode) or 100 ng/mL (inverse agonist assay mode). The assay was performed according to
Thermo Fisher’s protocol and according to our previous study (Holubova et al., 2018).
Agonists and inverse agonists of GHSR were tested at the final concentration from 102
to 107> M of peptides. Antagonist assay mode was performed with LEAP2 analogs at the
final concentration from 1078 to 107 M and ghrelin at final concentrations ranging from
1072 to 107> M. The FlexStation 3 fluorescent plate reader (Molecular Devices, Sunnyvale,
CA, USA) was used to measure fluorescence at an excitation wavelength of 409 nm, and
emission wavelengths of 460 nm and 530 nm. The experiments were carried out in

duplicate at least three times.

3.2.4 Stability of selected LEAP2(1-14) analogs in rat plasma
The stability of selected LEAP2(1-14) analogs was measured at the University of
Chemistry and Technology by prof. RNDr. Dr. David Sykora.

To prepare stock solutions of LEAP2(1-14) and palm-LEAP2(1-14), the compounds were
dissolved in 0.1% HCOOH/H;O to a final concentration of 1 mg/mL. Blank rat plasma
was placed in 1.5 mL Protein LoBind Tubes (Eppendorf, USA), thermostated (Incubator
NB-T205, N-Biotek, Korea) at 37 °C, and spiked with 10 uL of appropriate peptide
solution. The samples were incubated for specified time intervals (0, 1, 2, 4, 8, and 24 h).
Endogenous proteins were precipitated with 400 puL of 0.1% HCOOH in acetonitrile/H>O
8/2 (v/v) solution. After centrifugation (5 min, 14,000xg, 4 °C, Micro Star R17, VWR,
Germany), the supernatant was transferred to 1.8 mL glass vials for LC/MS. The

experiments were performed in triplicates.

UltiMate 3000 (Thermo, USA) consisting of a DGP-3600SD pump, a WPS-3000SL
autosampler, and a TCC-3000SD column compartment was used to perform LC. LC eluate
was analyzed with a Q-TRAP 3200 mass spectrometer (AB Sciex, Canada). The LC/MS
method utilized a 2.1x50 mm XBridge Premier BEH C18 column (Waters, USA) with 2.5
um (VanGuard Fit) particles. Mobile phase A composed of 0.1% HCOOH in water, while
mobile phase B was made up of 0.1% HCOOH in acetonitrile. The gradient time profile
was as follows: 0-5 minutes - 100% A to 100% B, 5-7 minutes - 100% B, 7-7.2 minutes -
100% B to 100% A, and 7.2-12 minutes - 100% A. The flow rate was 0.200 mL/min, and
the column temperature was kept at 25°C, while the autosampler temperature was set at
15°C. The injection volume was 2 pL of the sample. The data was analyzed using the
software Analyst version 1.6 (AB Sciex). The peptides were analyzed using multiple

reaction monitoring with a turbo-V ion source equipped with electrospray ionization (ESI)
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probe in the positive mode. The ion spray voltage was set to 5500 V, curtain gas at 15 psig,

source temperature at 450 °C, ion source gas (1) at 50 psig, and ion source gas (2) at 60
psig.

3.3 Invivo experiments

3.3.1 Experimental animals

Male C57Bl/6J (for short-term experiments) or C57B1/6N (for long term experiments with
HF diet) mice (Charles River, Sulzfeld, Germany) were housed in the animal facility under
standard conditions at temperature of 23 = 2 °C and a daily cycle of 12 h light and dark
(light from 6:00 AM). Mice had free access to water and either standard (St) diet (ssniff
R/M-H cat. no. V1534; Spezialdidten GmbH, Soest, Germany), which contained 8% kcal
from fat, 21% kcal from protein, 71% kcal from carbohydrates or high fat (HF) diet, which
contained 60% kcal from fats, 13% kcal from proteins and 27% kcal from carbohydrates

(Maletinska et al., 2015).

All animal experiments followed the ethical guidelines of the EU (86/609/EU) for work
with animals, and the Act of the Czech Republic law 246/1992, and were approved by the
Committee for Experiments with Laboratory Animals of the CAS.

3.3.2 Short-term in vivo testing of LEAP2(1-14) analogs
3.3.2.1 Acute food intake after SC administration of LEAP2(1-14) analogs to
mice

12-week-old mice (n=5) were kept in individual cages and provided with St diet and water
ad libitum. The anorexigenic effect of LEAP2 analogs was tested in overnight fasted (17
h) mice. At 8:00 a.m. on the day of the experiment, mice were SC injected with 150 pl of
either saline, which was used as a control, or LEAP2 analog, which was dissolved in saline
to a final dose of 5 mg/kg of body weight. Mice were given pre-weighted pellets 30 minutes

after the peptide SC injection. Food intake was monitored every 30 min for at least 7 hours.

The ability of LEAP2 analogs to suppress the orexigenic effect of [Dpr*]Ghrelin was tested
in free-fed mice. At 8:00 a.m. on the day of the experiment, mice were SC injected with
150 pl of either saline or LEAP2 analog, which was dissolved in saline to a final dose of
5 mg/kg of body weight. 15 minutes after the first injection, mice were SC injected with
saline or [Dpr’]Ghrelin at a dose of 1 mg/kg of body weight. Mice were given pre-weighted

pellets 30 minutes after the first injection. Food intake was monitored every 30 min for at

38



least 7 hours. The mice had free access to water during the experiment. The results were

presented as the amount of food consumed in grams.

The data were calculated using GraphPad 8 Prism software. A 2-way analysis of variance
(ANOVA), followed by a Bonferroni post hoc test, was used as described in the figure
legends. The significance level of P<0.05 was considered to be statistically significant.

3.3.2.2 GH release after acute SC administration of [Dpr’]Ghrelin and selected

LEAP2(1-14) analogs to mice

8-week-old mice (n=5-8) were placed in individual cages and provided with St diet and
water ad libitum. Effect of LEAP2(1-14) and palm-LEAP2(1-14) on [Dpr’]Ghrelin-
induced GH release was tested. At 8:00 a.m. on the day of the experiment, mice were SC
injected with 200 pl of either saline or LEAP2 analog which was dissolved in saline to a
final dose of 10 mg/kg of body weight. 15 minutes after the first injection, mice were SC
injected with saline or [Dpr’]Ghrelin at a dose of 1 mg/kg of body weight. Mice were
sacrificed by decapitation 30 minutes after the beginning of the experiment. Blood was
collected in tubes with EDTA, plasma was separated and stored at -80°C until the next use.
The concentration of GH in plasma samples was measured using a kit for rat/mouse GH
enzyme-linked immunosorbent assay (ELISA) (cat. no. EZRMGH-45K; Merck-Millipore,
Burlington, Massachusetts, USA) according to the instructions provided by the

manufacturer.

The data were calculated using GraphPad 8 Prism software. A one-way ANOVA, followed
by a Bonferroni post hoc test, was used when appropriate as described in the tables and
figure legends. The significance level of P<(0.05 was considered to be statistically

significant.

3.3.3 Experimental designs of long-term in vivo experiments

3.3.3.1 Long-term in vivo study 1: Progress of obesity at HF diet feeding

The experimental design is presented in Figure 13. Mice were separated into 12 groups
(n=8) and housed in groups of four individuals per cage when they reached 8 weeks of age.
The mice's body weights were monitored every week, and they were sacrificed at various
time points, as shown in Figure 13. An oral glucose tolerance test (OGTT) was performed
on each group after a 6-hour fasting one week before sacrificing. On the day of sacrificing,
free-fed mice were anesthetized with pentobarbital. Blood from heart was collected in
tubes with EDTA and plasma was separated and stored at -20°C. Plasma for ELISA

detection of active and total ghrelin was pre-treated with Pefabloc® (Carl Roth, Karlsruhe,
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Germany) and acidified using HCl. Mice were then perfused with heparinized saline (at a

concentration of 20 U/ml) and dissected.

| Dissection of groups (n=8) at each time point ¥ |

| OGTT (n=8) at each time point ¥ |
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Figure 13: Experimental design of long-term in vivo study 1: 96 male C57BIl/6N mice were
separated into 12 groups. The first group was used as a control and sacrificed at the beginning of
the experiment. Every three weeks, one group of mice that were fed a standard (St) diet (groups 2-
6) and one group fed a high-fat (HF) diet (groups 7-11) were sacrificed until week 15. The last
group (group 12) was fed a HF diet for the first 9 weeks, then switched to a St diet for the following
6 weeks before being sacrificed at week 15. The white triangles indicate the week of the experiment
when the OGTT was performed. The black triangles indicate the week of the experiment when the
dissection was performed.

The liver, and epididymal white adipose tissue (¢eWAT) were weighted. Hypothalamus,
eWAT and part of liver were frozen in liquid nitrogen and stored at -80°C. One liver lobe
was fixed in 4% paraformaldehyde (PFA) for liver histology. Morphometric and
biochemical analyses, and mRNA analyses of tissues were performed. The results were
analyzed using two-way ANOVA with Bonferroni’s post hoc test or one-way ANOVA
with Tukey’s test or multiple #-tests with Bonferroni-Dunn’s method for multiple
comparisons as described in the figure legends. The significance level of P<0.05 was

considered to be statistically significant.

3.3.3.1.1 Oral glucose tolerance test

OGTT was performed at each experimental group one week before sacrificing. Blood
samples were collected from the tail vein of the animals after 6 hours of fasting, at 12:00
p.m. (designated as time point 0) to measure insulin, cholesterol, and TAG levels. After
this, the animals were perorally loaded with a glucose at a dose of 2 g/kg body weight.
Blood glucose levels were measured in whole blood at 15, 30, 60, 120, and 180 minutes

after the glucose gavage using a glucometer (LifeScan, Inc., Milpitas, CA, USA).
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3.3.3.2 Long-term in vivo study 2: Long-term effect of HF diet on development
of [Dpr’]Ghrelin and palm-LEAP2(1-14) resistance

The experimental design is presented in Figure 14. Mice were separated into 5 groups
(n=8) and housed in separate cages when they reached 8 weeks of age. The body weights
were monitored every week. Two groups were provided with a St diet, while three groups
were given a HF diet from the age of 8 weeks. To examine the impact of peripheral ghrelin
and palm-LEAP2(1-14) on feeding, the sensitivity to ghrelin and LEAP2 was evaluated in
mice that were allowed to feed freely at weeks 0, 2, 4, 8, 10, and 12 of the experiment. At
week 8, groups fed with HF diet were switched to a St diet.

The food intake experiment was performed similarly to part 3.3.2.1. At 8:00 a.m. on the
day of the experiment, mice were SC injected with 150 pl of either saline or palm-
LEAP2(1-14) analog, which was dissolved in saline to a final dose of 5 mg/kg of body
weight. 15 minutes after the first injection, mice were SC injected with saline or
[Dpr®]Ghrelin at a dose of 1 mg/kg of body weight. Mice were given pre-weighted pellets
30 minutes after beginning of the experiment. Food intake was monitored every 30 min
for at least 6 hours. The mice had free access to water during the experiment. The results
were presented as the amount of food consumed in grams. The results were analyzed using
two-way ANOVA with Bonferroni’s post hoc test or z-test as described in the figure

legends. The significance level of P<0.05 was considered to be statistically significant.
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Figure 14: Experimental design of long-term in vivo study 2: 40 male C57Bl/6N mice were
separated into 5 groups (n=8). Out of these, 2 groups were given a standard (St) diet, while the
remaining 3 groups were given a high-fat (HF) diet. In the 8th week of the experiment, groups fed
with HF diet were switched to a St diet. The amount of food consumed was recorded after the SC
administration of either a saline, palm-LEAP2(1-14), or [Dpr*]Ghrelin.



3.3.33 Long-term in vivo study 3: Ability of palm-LEAP to prevent
development of HF diet-induced obesity

The experimental design is presented in Figure 15. Mice were separated into 4 groups
(n=10) and housed in separate cages when they reached 8 weeks of age. The body weights
were monitored every week. One group was provided with a St diet, while three groups

were given a HF diet from the age of 8 weeks.
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Figure 15: Experimental design of long-term in vivo study 3: 40 male C57Bl/6N mice were
separated into 4 groups. Out of these, 1 group was given a standard (St) diet, while the remaining
3 groups were given a high-fat (HF) diet. Oral glucose tolerance test (OGTT) was performed at the
week 5 of the experiment. Mice were sacrificed at the week 6 of the experiment.

The mice’s body weights were monitored three times a week, and they were sacrificed at
the week 6 of the experiment. OGTT was performed on each group after a 6-hour fasting
one week before sacrificing. On the day of sacrificing, free-fed mice were anesthetized
with pentobarbital. Blood from heart was collected in tubes with EDTA and plasma was
separated and stored at -20°C. Plasma for ELISA detection of ghrelin was pre-treated with
Pefabloc® (Carl Roth, Karlsruhe, Germany) and acidified using HCl. Mice were then

perfused with heparinized saline (at a concentration of 20 U/ml) and dissected.

The liver and eWAT were weighted. Morphometric and biochemical analyses were
performed. The results were analyzed using one-way or two-way ANOVA with
Bonferroni’s post hoc test as described in the figure legends. The significance level of

P<0.05 was considered to be statistically significant.
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3.3.4 Methods used in long-term in vivo experiments

3.34.1 Biochemical parameters in plasma

Plasma from free-fed anesthetized mice was collected to measure leptin, total ghrelin,
active ghrelin (Millipore, St. Charles, MI, USA), and C-reactive protein (CRP) with mouse
ELISA kits (Thermo Fisher Scientific, Waltham, MA USA). Fasted plasma was used to
measure TAG and cholesterol using colorimetric assays (Erba Lachema, Brno, Czech
Republic) and insulin on the Sensitive Rat Insulin RIA kit (MilliporeSigma, Burlington,
MA, USA).

3.3.4.2 Oxidative stress in liver

Liver samples were homogenized using the Bullet Blender® tissue homogenizer (Next
Advance, Inc., Averill Park, NY, USA) in ice-cold lysis buffer (62.5 mM Tris-HCI buffer
with pH 6.8, 1% deoxycholate, 1% Triton X-100, 50mM NaF, ImM Na3;VO4 and complete
protease inhibitor (Roche Applied Science, Mannheim, Germany)). The lysates were
sonicated for a minute and centrifuged for 15 minutes at 13,500 x g at 4°C. The protein
concentration of the resulting lysates was measured by Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). Subsequently, the lysates were
diluted to a final concentration of 10 pg/uL with lysis buffer. H>O> concentration was
analyzed by the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (Thermo Fisher
Scientific, Waltham, MA USA) according to manufacturer’s protocol.

3.343 Hematoxylin and eosin staining of the liver

The right lobe of the liver was fixed in 4 % PFA overnight and embedded in paraffin
blocks. The livers were cut into 5 um thick slices (n=3) with the Leica ASP200S Tissue
Processor (Leica Biosystems, Buffalo Grove, IL, USA) and processed as previously
described (Prazienkova et al., 2021). After staining liver slices with hematoxylin and eosin,
the slices were covered with a DPX mounting medium (MilliporeSigma, Burlington, MA,
United States). Photomicrographs of the stained liver slices were taken with the Olympus
IX83 inverted microscope (Olympus Europa SE & Co. KG, Hamburg, Germany). Liver
staining was performed by Martina Kojecka, MSc. at IOCB Prague.

3344 Determination of mRNA expression

Samples of the hypothalamus and liver for mRNA determination were analyzed by
Miloslava Cechova at the Institute for Clinical and Experimental Medicine (IKEM) as
written previously (Maletinska et al., 2015).
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Samples were homogenized by MagNA Lyser Instrument with MagNA Lyser Green Beads
(Roche Diagnostics GmbH, Mannheim, Germany). The total RNA was extracted using
MagNA Pure Compact RNA Isolation (Tissue) kit (Roche Diagnostics GmbH, Mannheim,
Germany). The mRNA expression of the genes of interest was determined by the ABI
PRISM® 7500 instrument (Applied Biosystems, Foster City, CA, USA). Data were
normalized to the expression of the reference genes glyceraldehyde3-phosphate
dehydrogenase (GAPDH) or beta-2-microglobulin (B2m). Genes of interest in the
hypothalamus: AgRP — agouti-related peptide, CART — cocaine- and amphetamine-
regulated transcript, GHSR — growth hormone-secretagogue receptor, NPY — neuropeptide
Y, POMC — pro-opiomelanocortin. Gene of interest in the liver: LEAP2 — liver expressed

antimicrobial peptide 2.
3.1 Statistical analysis

The data are presented as mean £ SEM.

The competitive binding experiments were analyzed by GraphPad 8 Software according
to Motulsky (Motulsky and Neubig, 2002b). The dissociation constant (Kp) was obtained
from saturation experiments by GraphPad 8 Software (San Diego, CA, USA). Data in

figure are expressed as % of maximal total binding.

_ [ligand] X [receptor]

D =

[ligand — receptor]

The half-inhibitory concentration ICso was determined from the competitive binding
experiments by GraphPad 8 Software using a single binding site model and non-linear
regression. The value of the inhibition constant of the unlabeled ligand (K;) was calculated
using the Cheng and Prusoff equation (Cheng and Prusoff, 1973). Data in figure are
expressed as % of maximal ghrelin binding.

ICsg

radioligand]
Kq

Ki= [
1+

The beta-lactamase assay results were analyzed by non-linear regression as log agonist
versus response using GraphPad 8 software. The ECso values were established by
identifying the peptide concentration that produced 50% of the maximum response. Data

in figures are expressed as % of maximal ghrelin-induced GHSR stimulation.
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The data from in vivo experiments were analyzed using GraphPad Prism 8 software. Food
intake and GH release experiments were calculated with one-way ANOVA, followed by a
Bonferroni post hoc test as described in the table and figure legends. Long-term
experiments were evaluated by two-way ANOV A with Bonferroni’s post hoc test or one-
way ANOVA with Tukey’s test or multiple #-test with Bonferroni-Dunn’s method for
multiple comparisons as described in the figure legends. Outliers were identified by

Grubbs test. P<0.05 was considered statistically significant.
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4 Results

4.1 Invitro testing of LEAP2(1-14) analogs
The findings presented in chapter 4.1. were published in (Hola et al., 2022).

4.1.1 Binding affinities of LEAP2(1-14) analogs for GHSR

We designed a series of new N-terminal LEAP2 analogs to choose the most stable and
bioavailable inverse agonist of GHSR. The N-terminal section of LEAP2 is crucial for
receptor binding, according to M'Kadmi et al. (M'Kadmi et al., 2019). Thus, biologically
active LEAP2 analog with B-Ala-Lys linker, LEAP2(1-14), was used and lipidized with

different fatty acid residues (myristoyl, palmitoyl, or stearoyl) at its C-terminus.

We performed a saturation binding experiments on U20S cells overexpressing GHSR to
establish Kp values of '?’I-ghrelin. The Kp value = SEM obtained from the saturation

binding experiments was (0.38 = 0.2) nM (Figure 16A).

A -e Total binding B
-= Non-specific binding 2 420
1004 — Specific binding ° 'E -e- ghrelin
£ 100
2 2 = Dpr¥|Ghrelin
2 ‘s 807 —+ LEAP2
% 50 S 60- -+ LEAP2(1-14)
..:? .g 40 -~ myr-LEAP2(1-14)
° 3 —— palm-LEAP2(1-14)
X £ 204
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[radioligand] (nM) log[ligand] (M)

Figure 16: Saturation binding (A) and competitive binding (B) experiments. Data are
presented as the mean £ SEM. Data analyzed in Graph-Pad Software were performed in 3-5
independent experiments in duplicates.

In a competitive binding experiment (Table 3 and Figure 16B), ghrelin and LEAP2 analogs
competed with '%°I-ghrelin for binding to GHSR on U20S cells. The K; values for each
analog were calculated by Cheng and Prusoff equation (Cheng and Prusoff, 1973) using
ICso values obtained from competitive binding experiments (model of one binding site)
and the Kp value obtained from saturation binding experiments. Ghrelin and [Dpr*]Ghrelin
had a Kj in a nanomolar range as shown in Table 3. LEAP2 and its N-terminal analog
LEAP2(1-14) competed with '*’I-ghrelin for binding to GHSR with K; falling within the
10® M range. The affinity of LEAP2(1-14) for GHSR was increased by C-terminal

palmitoylation and myristoylation, while stearoylation decreased it.
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Table 3: Binding affinities and agonist and inverse agonist effect of ghrelin and LEAP2
analogs to GHSR.

Compound Competitive GHSR agonist GHSR inverse
binding assay K; potency ECso agonist potency
(nM) (nM) ECso (nM)
Ghrelin 3.35+0.35 3.10 £ 0.47 -
[Dpr’]Ghrelin 6.63 +0.42 528 +£0.63 -
LEAP2 29.97 +£1.59 - 46.46 + 5.38
LEAP2(1-14) 11.01 £0.96 - 152.54 £ 19.24
myr-LEAP2(1-14) 3.64 £0.39 - 4538 +7.41
palm-LEAP2(1-14) 1.91+£0.09 - 52.43+£7.95
stear-LEAP2(1-14) 53.62 + 7.88 - 51.11 +7.88

Data are presented as the mean + SEM. K values were calculated using the Cheng-Prusoff equation
(Cheng and Prusoff, 1973). Data analyzed in Graph-Pad Software were performed in 3-5
independent experiments in duplicates.

4.1.2 Inverse agonist and antagonist properties of LEAP2 analogs at GHSR

A T-REx™ Tango™ GHSR-bla U20S Cell-based Assay was used to detect the activation
of GHSR. Both ghrelin and [Dpr’]Ghrelin were strong GHSR agonists and activated
GHSR with ECsp at nanomolar levels (Table 3 and Figure 17A). On the other hand, natural
LEAP?2 and lipidized LEAP2(1-14) analogs showed a strong inverse agonist activity and
suppressed the constitutive activity of GHSR with ECso levels in the 10® M range. Non-
lipidized LEAP2(1-14) is a weaker GHSR inverse agonist with an ECso value about three
times higher than the lipidized analogs or natural LEAP2.

To observe the antagonist properties of all LEAP2 analogs, dose-response curves of ghrelin
in the absence or presence of increasing concentrations of LEAP2 analogs were prepared.
Figure 17B shows that increasing the natural LEAP2 concentration up to 1 uM resulted in
more than a ten-fold increase in the ECso of ghrelin. However, non-lipidized LEAP2(1-14)
exhibited lower antagonist activity than lipidized analogs as seen in Figure 17C.
Lipidization enhanced the antagonist activity of LEAP2(1-14) analogs. All lipidized
LEAP2(1-14) analogs (Figure 17D-F) showed an increase in the ECso of ghrelin by more

than a thousand times, upon increasing their concentration up to 1 uM.
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Figure 17: Inverse agonist and antagonist properties of LEAP2(1-14) analogs. Effect of
LEAP2 compounds on GHSR activation in inverse agonist mode assay (A). Effect of LEAP2
(B), LEAP2(1-14) (C), myr-LEAP2(1-14) (D), palm-LEAP2(1-14) (E) and stear-LEAP2(1-14)
(F) on GHSR activation in antagonist mode assay. The maximum ghrelin-induced GHSR
activation in U20S cells overexpressing GHSR was set as the standard value of 100%. Data are
presented as the mean + SEM. The experiments were performed in duplicates and repeated at least
three times and analyzed using non-linear regression.
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4.1.3 Stability of LEAP2(1-14) and palm-LEAP2(1-14) in rat plasma

The stability of LEAP2(1-14) analogs was tested by prof. RNDr. Dr. David Sykora (ICT,
Prague). As shown in Figure 18, palm-LEAP2(1-14) has significantly higher stability in
blood plasma compared to its non-lipidized analog. This means that palm-LEAP2(1-14)
remains active in rat plasma for an extended period of time, resulting in a prolonged effect,

which is highly desirable.

100
-~ LEAP2(1-14)

80 = palm-LEAP2(1-14)

0 T T T | |
0 5 10 15 20 25

Time (h)

% of initial amount of peptide

Figure 18: Stability of LEAP2(1-14) and palm-LEAP2(1-14) in rat plasma. Data are presented
as the mean + SEM. The experiments were performed in triplicates.

4.2 Short-term in vivo testing of LEAP2(1-14) analogs

4.2.1 Acute food intake in mice after SC administration of LEAP2(1-14) analogs
The anorexigenic effect of LEAP2(1-14) analogs was tested in overnight fasted mice
(Figure 19). The cumulative food intake was recorded for 7 hours after the SC
administration of LEAP2(1-14) analogs. Palm-LEAP2(1-14) significantly reduced the
cumulative food intake in fasted mice compared to control group, whereas non-lipidized
LEAP2(1-14) as well as myr-LEAP2(1-14) and stear-LEAP2(1-14) showed only a weak

anorexigenic effect.
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Figure 19: Acute food intake in fasted mice after SC administration of LEAP2(1-14) analogs.
All the lipidized and non-lipidized LEAP2(1-14) analogs were SC injected at a dose of 5 mg/kg to
overnight fasted mice and the food intake was monitored every 30 minutes for 7 hours. The data
were analyzed using 2-way ANOVA followed by Bonferroni post hoc test. The results are
expressed as means + SEM. The significance levels are *P<0.05; **P<0.01; ***P<0.001 palm-
LEAP2(1-14) vs saline-treated group, #P<0.05, ##P<0.01, ##P<0.001 LEAP2(1-14) vs saline-
treated group; TP<0.05, 11P<0.01, $11P<0.001 stear-LEAP2(1-14) vs saline-treated group (n=5).

The antagonistic effect of LEAP2(1-14) and its lipidized analogs on the orexigenic effects
of [Dpr’]Ghrelin was evaluated in free-fed mice (Figure 20A-D). All the peptides caused
a significant decrease in [Dpr®]Ghrelin-induced food intake. Moreover, palm-LEAP2(1-
14) completely suppressed the orexigenic action of [Dpr®]Ghrelin and reduced food intake

even below the food intake of saline-treated mice.
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Figure 20: Acute food intake in free-fed mice after SC administration of [Dpr®]Ghrelin and
LEAP2(1-14) analogs. Effect of LEAP2(1-14) (A), myr-LEAP2(1-14) (B), palm-LEAP2(1-14)
(C), and stear-LEAP2(1-14) (D). All the lipidized and non-lipidized LEAP2(1-14) analogs were
SC injected at a dose of 5 mg/kg, 15 minutes after the first injection, the mice were injected with
[Dpr’]Ghrelin at a dose of 1 mg/kg of body weight or saline. The food intake was monitored every
30 minutes for 7 hours. The data were analyzed using 2-way ANOVA followed by Bonferroni post
hoc test. The results are expressed as means = SEM. The significance levels are *P<0.05;
**P<(,01; ***P<0.001, LEAP2(1-14) analog vs [Dpr’]Ghrelin-treated group, #P<0.05, ##P<0.01,
###P<0.001 saline vs [Dpr’]Ghrelin-treated group (n=5).

4.2.2 Effect of LEAP2(1-14) and palm-LEAP2(1-14) on [Dpr’|Ghrelin-induced
GH release

The effect of LEAP2(1-14) and the most potent lipidized analog palm-LEAP2(1-14) on
GH release was tested in young 8-week-old mice (Figure 21). SC injection of neither
LEAP2(1-14) nor palm-LEAP2(1-14) affected the plasma level of GH. Since the level of
GH in plasma is naturally low, we tested the ability of LEAP2(1-14) analogs to inhibit GH
release induced by [Dpr®]Ghrelin. It was found that the palm-LEAP2(1-14) significantly
reduced the release of GH induced by [Dpr’]Ghrelin. However, this effect was not
observed when the non-lipidized form of LEAP2(1-14) was administered.
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Figure 21: Effect of LEAP2(1-14) and palm-LEAP2(1-14) on [Dpr’|Ghrelin-induced GH
release in 8-weeks-old mice. Mice were SC injected with 200 ul of saline or LEAP2 analog at a
dose of 10 mg/kg of body weight. 15 minutes after injection, mice were SC injected with saline or
[Dpr’]Ghrelin at a dose of 1 mg/kg of body weight. Blood was collected 30 minutes after beginning
of the experiment. The concentration of GH in plasma samples was measured using a commercially
available ELISA kit. The data were analyzed using 1-way ANOVA followed by Bonferroni post
hoc test. The results are expressed as means + SEM. The significance levels are *P<0.05;
*%P<(.01; ***P<0.001, compared to the saline + [Dpr’*]Ghrelin treated group (n=5).

4.3 Progress of obesity at HF diet feeding
The results obtained in this chapter are after major revision in Journal of Molecular

Endocrinology.

4.3.1 Long-term effect of HF diet on body weight and eWAT weight
The scheme of the experiment is shown in Figure 13. Starting from week 0 of the
experiment (age of mice 8 weeks), mice were given a HF diet. The mice's body weight was

monitored every week for the following 15 weeks.
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Figure 22: Effect of HF diet and switch of HF diet to St diet on body weight (A) and eWAT
weight (B) in mice. Mice were fed with St diet (St: group 1-6), HF diet (HF: group 7-11), or
switched from HF diet to ST diet at week 9 of the experiment (HF-St: group 12). Data are presented
as mean + SEM. Statistical analysis was conducted using 2-way ANOVA with Bonferroni's post
hoc test (A) and multiple t-tests with Bonferroni-Dunn's method for multiple comparisons (B).
Significance is *P<0.05, **P<0.01, ***P<0.001 HF vs St; #P<0.05, ##P<0.01, ###P<0.001 HF-St
vs St; TP<0.05, +1P<0.01, +11P<0.001 HF-St vs HF (n=8).

Feeding mice with a HF diet resulted in a continuous increase in both body weight and
eWAT weight (Figure 22) compared to a St diet. These differences became noticeable as
early as 3 weeks after beginning of the HF diet feeding. Significant decrease in body weight
was observed in mice that were switched to a St diet after 9 weeks on a HF diet already
after two weeks of St diet feeding and their final body weight was comparable to the control
group fed a St diet for 15 weeks. 6 weeks of St diet feeding after 9 weeks of HF diet feeding
did not result in the complete reduction of eWAT, however the eWAT weight was
significantly lower than in the group fed exclusively a HF diet for 15 weeks (Figure 22B).

4.3.2 Long-term effect of HF diet on glucose tolerance

Glucose tolerance was evaluated using the OGTT. Already after 3 weeks of consuming a
HF diet, plasma glucose levels increased significantly after glucose gavage (Figure 23).
Switching from HF diet feeding at week 9 to a St diet feeding decreased the glucose levels
to the level comparable to mice fed exclusively a St diet for 15 weeks. Moreover, already
at week 3 of the experiment, the fasted glucose was significantly increased in mice fed a
HF diet compared to those on St diet (Figure 24A); the glucose decreased to level of
exclusively St diet-fed mice after switch to St diet from HF diet at week 9. Area under the
curve (AUC) values of OGTT showed increased glucose intolerance of mice fed HF diet

compared to St diet fed mice from the 6™ week of HF diet feeding (Figure 24 B).
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Mice that were fed a HF diet for 9 weeks had notably higher fasted plasma insulin levels
(Figure 24 C) compared to those fed a St diet. There was no significant difference in plasma
insulin levels between the group that had been fed a 9-week HF diet and then switched to
a 6-week St diet and the group that had been fed exclusively a St diet for 15 weeks.
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Figure 23: Effect of HF diet and switch of HF diet to St diet on blood glucose levels after oral
glucose gavage, dose 2 g/kg of body weight. Mice were fed with St diet (St: group 1-6), HF diet
(HF: group 7-11), or switched from HF diet to ST diet at week 9 of the experiment (HF-St: group
12). OGTT at 0 weeks (A), 3 weeks (B), 6 weeks (C), 9 weeks (D), 12 weeks (E), and 15 weeks of
the experiment. Data are expressed as mean = SEM. Statistical analysis was conducted using 2-
way ANOVA with Bonferroni’s post hoc test. Significance is *P<0.05, **P<0.01, ***P<0.001 HF
vs St; $P<0.05, 11P<0.01, 111P<0.001 HF-St vs HF (n=8).
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Figure 24: Effect of HF diet and switch of HF diet to St diet on plasma levels of fasting glucose
(A), AUC of curves of blood glucose levels (B), and insulin plasma levels (C) after oral glucose
gavage (dose 2 g/kg). Mice were fed with St diet (St: group 1-6), HF diet (HF: group 7-11), or
switched from HF diet to ST diet at week 9 of the experiment (HF-St: group 12). Data are expressed
as mean + SEM. Statistical analysis was conducted using multiple t-test with Bonferroni-Dunn’s
method for multiple comparisons. Significance is *P<0.05, **P<0.01, ***P<0.001 HF vs St;
P<0.05, +1P<0.01, +11P<0.001 HF-St vs HF (n=8).

4.3.3 Long-term effect of HF diet on ghrelin and leptin levels in plasma and
LEAP2 mRNA in liver

The levels of leptin in the blood (Figure 25A) followed the level of eWAT; it increased in
HF diet fed groups and significantly decreased in mice switched to St diet at week 9 to the
level observed in mice fed St diet for all 15 weeks of experiment. Similarly to leptin,
LEAP2 mRNA (Figure 25B) expressed in the liver increased in mice fed HF diet and
decreased in the group that was given a HF diet for 9 weeks and then switched to a St diet

for 6 weeks.

Active (Figure 25C) and total ghrelin (Figure 25D) levels in plasma had the opposite trend

than leptin in plasma and LEAP2 mRNA in the liver. Mice that were given a HF diet had

lower levels of both active and total ghrelin compared to those that were given a St diet.
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Mice that were fed HF diet for 9 weeks and St diet for 6 weeks had higher active ghrelin
level than those fed HF diet; their active ghrelin was similar to the level found in the group
that was only given a St diet for 15 weeks. It is interesting that the mice that were given a
HF diet for 9 weeks and then switched to a St diet for 6 weeks had the same total ghrelin

levels as the mice that were only given the HF diet for 15 weeks.
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Figure 25: Effect of HF diet and switch of HF diet to St diet on the level of leptin in plasma
(A), LEAP2 mRNA in the liver (B), and active (C) and total (D) ghrelin in plasma. Mice were
fed with St diet (St: group 1-6), HF diet (HF: group 7-11), or switched from HF diet to ST diet at
week 9 of the experiment (HF-St: group 12). Data are presented as mean + SEM. Statistical analysis
was performed using the multiple #-test with Bonferroni-Dunn’s method for multiple comparisons.
Significance is *P<0.05, **P<0.01, ***P<0.001 HF vs St; #P<0.05, ##P<0.01, ###P<0.001 HF-
St vs St; $P<0.05, 11P<0.01, +11P<0.001 HF-St vs HF (n=8).

4.3.4 Long-term effect of HF diet on cholesterol, TAG and CRP plasma levels, liver
steatosis, and oxidative stress in the liver

At the end of the experiment, the levels of cholesterol, TAG, and CRP in the blood plasma,
were compared between groups fed St diet (group 6), HF diet (group 11), and HF diet
switched to St diet (group 12). After being on a HF diet for 15 weeks, there was a
significant increase in the level of cholesterol in the blood plasma (Figure 26A). After

switching the HF diet to St diet, the levels of cholesterol and as well as CRP (26C)
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decreased and became similar to the levels observed in mice that were only given a St diet
for 15 weeks. The level of TAG in the blood plasma (Figure 26B) tended to increase in the

group that was given HF diet for 15 weeks compared to the other groups.
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Figure 26: Effect of HF diet and switch of HF diet to St diet on cholesterol (A), TAG (B), and
CRP (C) in plasma at the end of the experiment. Mice were fed with St diet (St: group 6), HF
diet (HF: group 11), or switched from HF diet to ST diet at week 9 of the experiment (HF-St: group
12). Data are presented as mean + SEM. Statistical analysis was performed by 1-way ANOVA
with Tukey’s method for multiple comparisons. Significance is *P<0.05, **P<0.01, ***P<0.001
HF vs St; P<0.05, +1P<0.01, §11P<0.001 HF-St vs HF (n=8).

The level of oxidative stress in the liver was compared among groups 2-12. The
concentration of H2O2, which is a marker of oxidative stress, was found to be significantly
increased in the groups that were given a HF diet for either 9 or 15 weeks (Figure 27A).
When the mice switched the HF diet feeding to a St diet feeding, there was a tendency for
oxidative stress to decrease. 15 weeks of HF diet feeding resulted in reversible steatosis in
the liver (Figure 27C). When the mice were switched from the HF diet to a St diet, the
amount of visible lipid droplets in the liver decreased and became similar to the levels
observed in mice that were only given a St diet for 15 weeks. The liver weight (Figure
27B) showed a trend towards an increase in the group that was given HF diet for 15 weeks

compared to the other groups.
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Figure 27: Effect of HF diet and switch of HF diet to St diet on oxidative stress in the liver
(A), liver weight (B) and liver steatosis at the end of the experiment (C). Mice were fed with
St diet (St: group 1-6), HF diet (HF: group 7-11), or switched from HF diet to ST diet at week 9 of
the experiment (HF-St: group 12). Data are presented as mean + SEM. Statistical analysis was
performed by multiple t-test with Bonferroni-Dunn’s method for multiple comparisons (A) and 1-
way ANOVA with Tukey’s method for multiple comparisons. Significance is *P<0.05, **P<0.01,
*#%%P<(.001 [Dpr’]Ghrelin vs saline (n=8).

4.3.5 Long-term effect of HF diet on hypothalamic mRNA expression of
neuropeptides

mRNA expression of neuropeptides in the hypothalamus was compared among groups fed

St diet (group 6), HF diet (group 11), and HF diet switched to St diet (group 12) (Figure

28). AgRP, GHSR, and NPY mRNA levels did not change after HF diet feeding. The

expression of POMC and CART mRNA in the hypothalamus showed a trend towards an

increase in the group of mice that were fed HF diet for 15 weeks compared to the other

groups.
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Figure 28: Effect of HF diet and switch of HF diet to St diet on mRNA expression of AgRP,
CART, GHSR, NPY, and POMC in hypothalamus. Mice were fed with St diet (St: group 1-6),
HF diet (HF: group 7-11), or switched from HF diet to ST diet (HF-St: group 12) at week 9 of the
experiment. Data were normalized to B2M and presented as mean £ SEM. Statistical analysis was
performed by 1-way ANOVA with Bonferroni’s method for multiple comparisons (n=5). AgRP —
agouti-related peptide, CART — cocaine- and amphetamine-regulated transcript, GHSR — growth
hormone-secretagogue receptor, NPY — neuropeptide Y, POMC — pro-opiomelanocortin.

4.3.6 Long-term effect of HF diet on development of [Dpr®]ghrelin and palm-
LEAP2 resistance

To observe the development of LEAP2 resistance, mice were fed HF diet and SC injected
with either [Dpr’]Ghrelin or palm-LEAP2(1-14) (Figure 29 and 30). Mice fed a St diet
were used as the control group. The results in Figure 29 are expressed as cumulative food
intake during the entire experiment (360 minutes) and in Figure 30 as cumulative food
intake per 270 minutes. Just two weeks after being fed a HF diet, mice had already
developed a resistance to the acute effects of ghrelin, meaning that [Dpr®]Ghrelin was no
longer able to increase their food intake. Additionally, food intake had decreased below
the baseline level due to the administration of palm-LEAP2(1-14). After being fed a HF
diet for 4 weeks, the mice developed a resistance to the effects of palm-LEAP2(1-14),
which was no longer able to decrease their basal level of food intake. However, after
switching to a St diet for 4 weeks, their sensitivity to [Dpr’]Ghrelin had been restored,
while their sensitivity to palm-LEAP2(1-14) remained unchanged.
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Figure 29: Cumulative food intake after SC administration of palm-LEAP2(1-14) at a dose
of 5 mg/kg of body weight or [Dpr’|Ghrelin at a dose of 1 mg/kg of body weight to mice at
the beginning of experiment (A) and after feeding a HF diet for 2 (B), 4 (C), and 8 (D) weeks
followed by a St diet only for a further 2 (E) and 4 (F) weeks or exclusively St diet for 2 (G),
4 (H), 8 (I), 10 (J), and 12 (K). Data are presented as mean £ SEM. Statistical analysis was
performed by two-way ANOVA with Bonferroni’s post hoc test. Significance is *P<0.05,
*%kP<(),01, ***P<0.001 [Dpr’]Ghrelin vs saline; #P<0.05, ##P<0.01, ##P<0.001 palm-LEAP2(1-
14) vs saline (n=6-8).
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Figure 30: Cumulative food intake 270 minutes after SC [Dpr’|Ghrelin (1 mg/kg of body
weight) or palm-LEAP2(1-14) (5 mg/kg of body weight) administration in mice fed a HF diet
or a St diet for 0 (A), 2 (B), 4 (C), and 8 (D) weeks followed by a St diet only for a further 2
(E) and 4 (F) weeks. Data are presented as mean = SEM. Statistical analysis was performed by t-
test. Significance is ¥*P<0.05, **P<0.01, ***P<0.001 [Dpr*]Ghrelin vs saline; #P<0.05, ##P<0.01,
###P<0.001 palm-LEAP2(1-14) vs saline (n=6-8).
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4.4 Ability of palm-LEAP to prevent development of HF diet-induced
obesity

4.4.1 Effect of chronic palm-LEAP2(1-14) administration on body weight and
eWAT weight in mice fed HF diet

With the beginning of HF diet feeding, the intervention with LEAP2(1-14) or palm-
LEAP2(1-14) started. As shown in Figure 31, HF diet feeding resulted in a continuous
increase in both body weight and eWAT weight during the whole experiment compared
to a St diet fed mice. Non lipidized LEAP2(1-14) intervention did not have any effect on
body weight nor eWAT weight, however long-term administration of palm-LEAP2(1-14)
slightly reduced body weight gain induced by a HF diet (Figure 31A).
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Figure 31: Effect of SC administration of chronic LEAP2(1-14) (10 mg/kg of body weight)
and palm-LEAP2(1-14) (10 mg/kg of body weight) on body weight (A) and eWAT weight (B)
in mice fed with a HF diet. Data are presented as mean = SEM. Statistical analysis was conducted
using 2-way ANOVA with Bonferroni's post hoc test (A) and 1-way ANOVA with Bonferroni's
post hoc test for multiple comparisons. Significance is *P<0.05, **P<0.01, ***P<0.001 St diet +
saline vs HF diet + saline; #P<0.05, ##P<0.01, ###P<0.001 HF diet + palm-LEAP2(1-14) vs HF
diet + saline (n=10).

4.4.2 Effect of chronic palm-LEAP2(1-14) administration on the development of
glucose intolerance in mice fed HF diet

Glucose tolerance was evaluated through the OGTT. Compared to mice fed St diet, HF

diet fed mice showed increased plasma glucose levels after glucose gavage (Figure 32A),

as well as increased fasted glucose plasma levels (Figure 32C). OGTT results were

presented also as AUC values, where AUC curves tended to increase after the HF diet

feeding (Figure 32B). Mice that were fed a HF diet for six weeks had notably higher fasted

plasma insulin levels (Figure 32D) compared to those fed a St diet. However, nor
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LEAP2(1-14) neither palm-LEAP2(1-14) prevent increased glucose intolerance induced

by HF diet, increased fasted glucose plasma levels or increased levels of insulin.
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Figure 32: Effect of SC administration of chronic LEAP2(1-14) (10 mg/kg of body weight)
and palm-LEAP2(1-14) (10 mg/kg of body weight) on the development of glucose intolerance
after oral glucose gavage, dose 2 g/kg of body weight: levels of glucose after glucose gavage
(A), AUC of OGTT curves (B), plasma levels of fasting glucose (C), and insulin plasma levels
(D). Data are expressed as mean £ SEM. Statistical analysis was conducted using 2-way ANOVA
with Bonferroni’s post hoc test (A) and 1-way ANOVA with Bonferroni's post hoc test for multiple
comparisons (B-D). Significance is *P<0.05, **P<(.01, ***P<0.001 vs HF diet + Saline (n=10).

4.4.3 Effect of chronic palm-LEAP2(1-14) administration on ghrelin, LEAP2 and
leptin levels in plasma in mice fed HF diet

No differences were observed in either total or active ghrelin between groups fed the HF

or St diet nor after the LEAP2(1-14) analogs interventions (Figure 33 A, B). Six weeks of

HF diet induced an increase in leptin (Figure 33C) and LEAP2 (Figure 33D) levels in

plasma. LEAP2(1-14) interventions did not have any effect on plasma levels of leptin nor
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LEAP2. Long-term administration of palm-LEAP2 significantly decreased plasma leptin

in HF diet fed mice.
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Figure 33: Effect of SC administration of chronic LEAP2(1-14) (10 mg/kg of body weight)
and palm-LEAP2(1-14) (10 mg/kg of body weight) on the levels of active ghrelin (A), total
ghrelin (B), leptin (C), and LEAP2 (D) in plasma. Data are presented as mean + SEM. Statistical
analysis was performed using the 1-way ANOVA with Bonferroni's post hoc test for multiple
comparisons. Significance is *P<0.05, **P<(.01, ***P<0.001 vs HF diet + Saline (n=10).
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S DISCUSSION

Obesity is dangerous due to its association with an increased risk of chronic diseases, such
as type 2 diabetes, cardiovascular complications and metabolic dysfunction. Due to the
fact that obesity has reached epidemic proportions in recent decades, it is necessary to
develop an effective anti-obesity treatment. One promising approach in this field is the
utilization of modified endogenous compounds that regulate body weight and energy
balance. Ghrelin, that acts through its receptor GHSR, is the only known peripheral peptide
that increases food intake (Kojima et al., 1999). Antagonizing of GHSR could be a

promising way in anti-obesity research.

Because GHSR has a high constitutive activity (Holst et al., 2004), the research has shifted
towards the study of inverse agonists that can effectively reduce the baseline signaling of
GHSR. The LEAP2 peptide acts as ghrelin competitive antagonist, that suppresses ghrelin-
induced food intake and ghrelin-induced GH release (Ge et al., 2018), but also as GHSR
inverse agonist that inhibits the constitutive stimulation of basal food intake (M'Kadmi et

al., 2019).

The synthesis of LEAP2 is very complex, and therefore it is preferable to work with
analogs that are easier to synthesize, but at the same time have the similar affinity to and
activity at GHSR as the natural peptide. In a previous study (M'Kadmi et al., 2019), it was
demonstrated that N-terminal fragments of LEAP2 possess inverse agonist properties
against GHSR and reduce ghrelin-induced food intake. However, the stability of peptides
after peripheral administration is low and therefore, it is important to enhance peptide
stability by different strategies. Lipidization of peptides promotes their central action after
peripheral administration and increases their stability in the bloodstream by binding to
albumin. Thus, lipidized N-terminal analogs of LEAP2 might be good candidates for

possible obesity treatment.

In my PhD thesis, lipidized N-terminal LEAP2(1-14) analogs were used for in vitro and in

vivo studies in order to investigate the interplay between ghrelin and LEAP2 analogs.

5.1 Invitro testing of LEAP2(1-14) analogs

M'Kadmi recently proved that N-terminal sequence that contains at least the first 12 amino
acids is necessary for full GHSR binding and activation (M'Kadmi et al., 2019). We used
a peptide containing the initial 14 residues of N-terminal LEAP2 and a B-Ala-Lys-NH>
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linker (hereafter named LEAP2(1-14)) employed for the subsequent lipidization with

myristic, palmitic and stearic acid (Table 2).

We verified that truncation of LEAP2 to its N-terminal fragment LEAP2(1-14) does not
impair its ability to bind to GHSR compared to native LEAP2. We proved that the
lipidization did not impair ability of LEAP2(1-14) to bind to the overexpressed GHSR in
U20S cells. LEAP2(1-14) and its lipidized analogs displayed K; values in the 10°-10% M
range that were equivalent to those of natural LEAP2. The highest affinity for GHSR was
obtained with the palmitoylated analog. Both palm-LEAP2(1-14) and myr-LEAP2(1-14)
had higher affinity for GHSR than the non-lipidized analog. Stearoylation slightly reduced
the affinity for GHSR, in comparison with other lipidized analogs, however, the affinity

was comparable with natural LEAP2.

We tested the activity of LEAP2(1-14) and its lipidized analogs at GHSR using a B-
lactamase reporter gene response assay, which is designed to measure both inverse
agonism and antagonism. With an ECso of roughly 108-107 M, all tested LEAP2-derived
analogs reduced GHSR constitutive activity, which proves that they are all inverse agonists
of GHSR. This finding is consistent with the work of M'Kadmi et al. (M'Kadmi et al.,
2019), who disproved Ge’s claim that LEAP2 does not have inverse agonist activity (Ge
et al., 2018). To verify inverse agonism, M'Kadmi et al. (M'Kadmi et al., 2019) used
measurement of the basal level of inositol phosphate 1 (IP1), instead of B-arrestin
recruitment used by Ge et al. (Ge et al., 2018). B-arrestin recruitment at GHSR is low under
basal conditions and thus can lead to misleading results. The activity of LEAP2(1-14) on
the GHSR receptor was slightly lower than that of the natural LEAP2. However,
lipidization increased the inverse agonist activity of LEAP2(1-14) analogs at GHSR with
ECso comparable to that of natural LEAP2.

In antagonist assay, LEAP2 analogs were able to shift ghrelin-induced activation curves
without changing the maximal effect induced by ghrelin. This indicates that LEAP2 acts
as a competitive antagonist and shares a common ligand-binding pocket with ghrelin at
GHSR which is in accordance with M'Kadmi’s et al. and Wang’s et al. studies (M'Kadmi
et al., 2019, Wang et al., 2019), but contradicts the study of Ge et al. (Ge et al., 2018).
LEAP?2 dissociates slowly from GHSR (Wang et al., 2019), and therefore incubation times
might affect the equilibrium between ghrelin and LEAP2 during the experiment. Ge et al.
(Ge et al., 2018) used 30 min pre-incubation of GHSR overexpressing cells with LEAP2
followed 90- or 180-min incubation with agonist. When LEAP2 is pre-incubated with
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GHSRI1a, it stays attached to the receptor for a longer period of time and exhibits
noncompetitive antagonistic properties (Wang et al., 2019). Although we pre-incubated
GHSR-overexpressing cells with LEAP2 analogs, the subsequent incubation with ghrelin
lasted for 16 hours, so equilibrium could have been established. Similarly to the inverse
agonist assay, LEAP2(1-14) exhibited diminished antagonist activity in comparison to
natural LEAP2, but myr-LEAP2(1-14), palm-LEAP2(1-14), and stear-LEAP2(1-14)

demonstrated even higher levels of antagonist activity comparable to natural LEAP2.

Lipidization is commonly employed to extend the half-life of peptides (Kurtzhals et al.,
1995). Palm-LEAP2(1-14) showed the highest affinity to and highest inverse agonist and
antagonist activity at GHSR, and therefore it was used to compare stability of lipidized and
non-lipidized LEAP2(1-14) analog. Compared to LEAP2(1-14), palm-LEAP2(1-14) had
significantly higher stability.

Taken together, all lipidized LEAP2(1-14) analogs showed higher affinity for GHSR-
transfected U20S cells when compared to non-lipidized LEAP(1-14) and preserved ability
to inhibit GHSR constitutive activity comparable to natural LEAP2. Novel LEAP2 analog
palm-LEAP2(1-14) showed the best in vitro properties and high stability in rat plasma

among the tested analogs.

5.2 Short term in vivo testing of LEAP2(1-14) analogs

In order to examine the antagonistic properties of LEAP2(1-14) analogs in vivo, we

focused on inhibition of two well-known functions of ghrelin, food intake and GH release.

Ghrelin acts directly in the hypothalamus and stimulates orexigenic neuropeptides which
results in increased food intake (Cowley et al., 2003). The blood levels of ghrelin and
LEAP2 have opposite trend in fasting and feeding in mice and humans. Ghrelin levels are
higher and LEAP2 levels are lower in fasting individuals (Mani et al., 2019). We tested
the ability of LEAP2 analogs to suppress either the high level of endogenous ghrelin in
fasted mice or the peripherally administered ghrelin analog [Dpr’]Ghrelin in free fed mice
with low endogenous ghrelin levels. [Dpr’]Ghrelin is stable ghrelin analog with similar

affinity to and activity at GHSR used in our previous study (Maletinska et al., 2012).

From all of LEAP2(1-14) analogs, palm-LEAP2(1-14) had the highest anorexigenic
activity in fasted mice. Non-lipidized LEAP2(1-14) showed a slight reduction in food

intake, which was already proved in previous studies, where N-terminal LEAP2 analog
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decreased food intake in fasted mice similarly to natural LEAP2 (M'Kadmi et al., 2019,
Fernandez et al., 2022).

LEAP2(1-14) attenuated [Dpr’]Ghrelin-induced food intake in free-fed mice similarly as
described by M'Kadmi et al. (M'Kadmi et al., 2019). Palm-LEAP2(1-14) and stear-
LEAP2(1-14) completely attenuated [Dpr’]Ghrelin-induced food intake in free-fed mice.
Conversely, myr-LEAP2(1-14) exhibited relatively low potency in inhibiting
[Dpr®]Ghrelin-induced food intake similar to non-lipidized LEAP2(1-14) analog.

These findings suggest that palm-LEAP2(1-14) effectively inhibits the orexigenic function
of both endogenous ghrelin and exogenous [Dpr®]Ghrelin and it is the most potent of the
tested lipidized LEAP2(1-14) analogs. The anorexigenic effect of palm-LEAP2(1-14) is
similar to that of natural LEAP2 shown in the previous study (Ge et al., 2018).

Following these findings, we focused on palm-LEAP2(1-14) and non-lipidized LEAP2(1-
14) to investigate [Dpr’]Ghrelin-induced GH release in young mice. The stimulation of the
GHSR by ghrelin in pituitary cells was shown to trigger significant GH secretion (Kojima
et al., 1999) whereas natural LEAP2 was found to suppress ghrelin-induced GH secretion
in mice (Islam et al., 2020, Ge et al., 2018). We compared the ability of LEAP2(1-14) and
palm-LEAP2(1-14) to suppress the [Dpr’]Ghrelin-induced GH release in young mice.
While palm-LEAP2(1-14) suppressed [Dpr’]Ghrelin-induced GH release, LEAP2(1-14)
had no effect on it. The reduced ability of LEAP2(1-14) to inhibit [Dpr*]Ghrelin-induced
GH release could potentially be attributed to its lower stability or bioavailability in

organisms in comparison to palm-LEAP2(1-14).

In conclusion, novel LEAP2 analog palm-LEAP2(1-14) showed potent anorexigenic
effects, and a single SC injection fully inhibited [Dpr*]Ghrelin-induced food intake and
GH release (Figure 34).
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Figure 34: Scheme of in vitro and in vivo properties of ghrelin, LEAP2 and its novel analogs
LEAP2(1-14) and palm-LEAP2(1-14). LEAP2 and its analogs are inverse agonists of ghrelin
receptor GHSR. LEAP2 counteracts the effects of ghrelin and reduces food intake and ghrelin-
induced growth hormone (GH) release. LEAP(1-14) was able to suppress [Dpr’]Ghrelin-induced
food intake but did not affect [Dpr*]Ghrelin-induced GH release. Palm-LEAP2(1-14) was able to
suppress both [Dpr*]Ghrelin-induced food intake and [Dpr*]Ghrelin-induced GH release.

5.3 Progress of obesity at HF diet feeding

In order to be able to monitor the long-term effect of LEAP2 analogs on obese individuals,
we first wanted to examine the interplay between endogenous LEAP2 and ghrelin at
obesity progression. In obese individuals, sensitivity to ghrelin declines (Briggs et al.,
2010). After reduction of the body weight, ghrelin level and sensitivity to ghrelin are
increased and metabolic parameters are normalized (Briggs et al., 2013). However, it is
still not clear whether obesity affects sensitivity to LEAP2 or how long does it take for HF
diet feeding to induce LEAP2 resistance in DIO mice.

Previous research has demonstrated that obesity decreases ghrelin levels in blood.
(Cummings et al., 2001, Tschop et al., 2001). Briggs et al. proved that switching the HF

diet to the control diet after 12 weeks of HF diet feeding re-increased level of active ghrelin
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but did not normalize the total ghrelin level (Briggs et al., 2014). In our experiment, we
observed that already 3 weeks of HF diet resulted in decreased levels of active and total
ghrelin. After switching the HF diet for St diet at week 9, only active ghrelin levels were
restored, as in the previous research (Briggs et al., 2014). We believe that an increase in
active ghrelin — rather than total ghrelin — is considerably more significant for ghrelin

sensitivity.

LEAP2 has an opposite trend in obesity progression than ghrelin. The plasma LEAP2 is
elevated in obese mice and humans (Andrews, 2019) and so is liver LEAP2 mRNA
expression in liver in DIO mice (Holm et al., 2022). On the other hand, plasma LEAP2 is
decreased in diet-induced weight loss (Mani et al., 2019). After three weeks of consuming
HF diet, we observed a slight rise in liver LEAP2 mRNA levels in mice. LEAP2 mRNA
expression in liver significantly increased after nine weeks of HF diet feeding and it
decreased after switching from HF diet to a St diet to the level seen in animals fed a St diet

exclusively.

In agreement with numerous studies describing effect of HF diet feeding of mice and rats
(Enriori et al., 2007, Lin et al., 2000, Papathanassoglou et al., 2006, de Git et al., 2018,
Williams et al., 2014, Varghese et al., 2020), we observed progressive increase in body
weight, resulting from the consumption of a HF diet, increased adiposity accompanied by
elevated plasma leptin and cholesterol levels. We are the first who compared a time course
of plasma active and total ghrelin, together with LEAP2 mRNA expression in the livers of
mice fed a HF diet, a St diet, or HF diet switched back to St diet at week 9. Similarly, after
the switch to a St diet, there was a corresponding rise in active ghrelin levels, but not total
ghrelin, and a decrease in LEAP2 mRNA expression, accompanied by a restoration of body

weight, normalization of plasma cholesterol levels, and improved glucose tolerance.

Reynolds et al. demonstrated that feeding mice HF diet for 6 weeks resulted in glucose
intolerance that was overcome when the mice were switched to a St diet (Reynolds et al.,
2015). In our experiment, we observed the elevated glucose excursions at OGTT already
3 weeks after feeding HF diet; they were attenuated after switching to St diet. Insulin
plasma levels were significantly enhanced after 9 weeks of HF diet feeding but were not

enough to restore glucose tolerance to normal levels.

Obesity and metabolic syndrome are closely linked to chronic low-level inflammation,

which is characterised by increased circulating CRP and permanently increased oxidative
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stress (Monteiro and Azevedo, 2010, Brooks and Maklakov, 2010). Increased CRP
corresponds with increased levels of LEAP2 (Francisco et al., 2020) and decreased ghrelin
in plasma (Riedl et al., 2007, Peracchi et al., 2006). Moreover, decreased ghrelin correlates
with increased immunoglobulin production, which is frequently reported in individuals
with chronic liver disease (Okamatsu et al., 2009), and also with liver inflammation
(Machado et al., 2012). Increased active ghrelin and decreased LEAP2 liver production
was associated with a decrease in plasma CRP, as well as decreased oxidative stress and

steatosis in the liver after switching of HF diet to a St diet.

In this study, mRNA expression of the orexigenic neuropeptides AgRP and NPY did not
differ in either the St diet-fed group or the HF diet-fed group. Briggs et al. reported that
hypothalamic AgRP and NPY expression in free-fed mice is identical in HF- and control-
fed groups, which is consistent with our study. In fasting mice, however, mRNA
expression of AgRP and NPY was higher in the control diet-fed group than in the HF diet-
fed group (Briggs et al., 2011). In our work, mRNA expression of POMC and CART in
free fed mice tended to rise after the HF diet feeding, similarly to Kohsaka et al. (Kohsaka
et al., 2007).

In previous studies, it was shown that ghrelin resistance developed after 3-4 weeks of HF
diet feeding (Briggs et al., 2014, Naznin et al., 2015) and that both peripheral and central
administration of ghrelin to DIO mice did not induce food intake (Perreault et al., 2004,
Briggs et al., 2010, Gardiner et al., 2010). However, the ghrelin sensitivity could be
restored after the diet-induced weight loss (Briggs et al., 2013). To determine whether
obese mice would respond to palm-LEAP2(1-14) by reducing food intake, we acutely SC
administered palm-LEAP2(1-14) to mice fed a HF diet at several time points of HF diet
feeding. Our findings indicate that mice develop [Dpr’]Ghrelin resistance as early as after
2 weeks feeding a HF diet, while resistance to palm-LEAP2(1-14) develops after 4 weeks.
Unlike palm-LEAP2(1-14) resistance, [Dpr®]Ghrelin resistance was reversible and it was

restored 4 weeks after the switching HF diet to St diet.

Taken together, our findings indicate that switching the HF diet for St diet restores plasma
levels of active ghrelin to levels observed in mice exclusively fed a St diet as well as the
expression of LEAP2 mRNA in the liver. Furthermore, the switch to a St diet effectively
mitigates the adverse effects of HF diet consumption, such as increased body weight,

elevated leptin levels, glucose intolerance, and liver steatosis. Additionally, our study
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reveals that a HF diet not only induces reversible ghrelin resistance but also resistance to

palm-LEAP2(1-14) treatment.

5.4 Ability of palm-LEAP to prevent development of HF diet-induced
obesity

We confirmed the previously reported results (Mani et al., 2019), that in obesity, ghrelin
levels in plasma decrease and LEAP2 levels in plasma increase. Gupta et al. hypothesizes
(Gupta et al., 2021) that therapeutic interventions that raise plasma LEAP2 or further
reduce plasma ghrelin, would serve to limit the development of obesity and glucose
intolerance. However, we found out that already 4 weeks of HF diet feeding lead to reduced
sensitivity to palm-LEAP2(1-14), thus raising LEAP2 level might not have the desired

effect on suppressing the development of obesity.

Therefore, we decided to find out if the chronic administration of palm-LEAP2(1-14) can
suppress the effect of the HF diet on mouse metabolism before the onset of palm-LEAP2(1-
14) resistance. Palm-LEAP2(1-14) was SC administered to mice from the first day of HF
diet feeding. Its effect was compared with non-lipidized analog LEAP2(1-14).

The non-lipidized analog had no effect on the metabolomic and morphometric parameters
affected by the HF diet. Palm-LEAP2(1-14) tended to decrease body weight gain induced
by HF diet feeding, but the difference was mostly not significant. A significant difference
between the palm-LEAP2(1-14)-treated group and the control group was observed only in
plasma leptin levels, where leptin levels were reduced. Other parameters, such as active
and total ghrelin and LEAP2 in plasma did not change after chronic administration of palm-
LEAP2(1-14). Likewise, palm-LEAP2(1-14) did not affect glucose tolerance in OGTT

testing.

Cui et al. suggest 4 ways of developing ghrelin resistance that could also correspond to
LEAP?2 resistance: decreased circulating levels of ghrelin, impaired transport of ghrelin to
hypothalamic GHSR, reduced expression of GHSR and reduced expression of AgRP and
NPY (Cui et al., 2017). The use of other GHSR inverse agonists than LEAP2 and its
analogs could help to discover the mechanism of LEAP2 resistance. Small molecule GHSR
inverse agonist GHSRIA2 induced decrease in body weight and visceral fat in DIO mice
and also improved sensitivity to glucose in OGTT test (Abegg et al., 2017). This would
suggest that LEAP2 resistance occurs upstream of LEAP2 binding to the GHSR and is
related to either elevated plasma LEAP2 levels or impaired LEAP2 transport to the
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hypothalamic GHSR. Therefore, the administration of another LEAP2 analog would not

affect the metabolomic and morphometric parameters in DIO mice.

In conclusion, the use of GHSR inverse agonists for the treatment of obesity shows
promise; nevertheless, additional study is required to fully understand the mechanisms of
ghrelin and LEAP2 resistance and to investigate how to bypass ghrelin and LEAP2
resistance while still targeting GHSR.
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6 SUMMARY

There has been a global search for anti-obesity treatments that are both effective and safe,
for last decades. LEAP2, which suppress orexigenic effect of ghrelin by decreasing activity
of ghrelin receptor GHSR, may represent a promising target for pharmacotherapy in the
treatment of obesity and associated conditions. In this study, the interaction between
ghrelin and LEAP?2 in the regulation of food intake and obesity was explored. The research
focused on investigating the potential of modified N-terminal peptide LEAP2(1-14) and
its lipidized analogs as anti-obesity treatments, as well as examining the impact of a HF

diet on ghrelin and LEAP2 resistance.

A series of N-terminal LEAP2 analogs were designed and tested in vitro and in vivo, with
a particular focus on their binding affinity, activity at GHSR, and their effects on food
intake and GH release. In the in vitro testing of LEAP2(1-14) analogs, it was found that
lipidization did not impair the ability of the analogs to bind to the GHSR. The affinity for
GHSR was highest for the palmitoylated analog, followed by the myristoylated analog and
the non-lipidized analog. All tested analogs displayed inverse agonist activity, effectively
reducing GHSR constitutive activity. The lipidized analogs showed increased inverse
agonist activity compared to the non-lipidized analog, with palm-LEAP2(1-14) exhibiting
the highest activity. In antagonist assays, the LEAP2(1-14) analogs acted as competitive
antagonists as well as natural LEAP2. The lipidized analogs demonstrated higher levels of
antagonist activity than both the natural LEAP2 and LEAP2(1-14), with palm-LEAP2(1-
14) showing the highest affinity and activity. The stability of palm-LEAP2(1-14) was also
significantly higher than that of LEAP2(1-14).

In short-term in vivo testing, palm-LEAP2(1-14) exhibited potent anorexigenic effects,
effectively suppressing both endogenous ghrelin and exogenous [Dpr’]Ghrelin-induced
food intake in mice. It also suppressed [Dpr’]Ghrelin-induced GH release, while the non-
lipidized analog had no effect on GH release. These findings suggested that palm-
LEAP2(1-14) is a promising candidate for inhibiting the orexigenic function of ghrelin and

suppressing GH release.

Before long-term administration of LEAP2 to obese mice, the relationship between
endogenous ghrelin and LEAP2 in progressive obesity had to be monitored. It was
observed that HF diet feeding led to decreased plasmatic levels of active and total ghrelin,

while LEAP2 mRNA in liver increased. Switching from an HF diet to a St diet resulted in
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restored active ghrelin levels and decreased LEAP2 mRNA expression in liver,
accompanied by improvements in body weight, plasma cholesterol levels, and glucose

tolerance.

Due to the early onset of palm-LEAP2(1-14) resistance, the long-term effect of palm-
LEAP2(1-14) on obesity was monitored from the first day of feeding with the HF diet.
Palm-LEAP2(1-14) slightly reduced weight gain caused by the HF diet and decreased
plasma leptin levels. However, palm-LEAP2(1-14) was unable to fully counteract the
effects of the HF diet.

The results show that although palm-LEAP2(1-14) is an effective inverse agonist in both
in vitro and short-term in vivo experiments, it fails to suppress the metabolic and

morphometric changes induced by a HF diet in the long-term treatment of obesity.
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7 CONCLUSIONS

This study provides insights into the interaction between ghrelin and LEAP2 in the
regulation of food intake and obesity. Series of novel N-terminal LEAP2(1-14) analogs,
lipidized with different fatty acids was tested for its affinity to and activation of GHSR in

vitro and in vivo.

Palm-LEAP2(1-14) had the highest affinity for GHSR and acted as inverse agonist as well
as competitive antagonist of GHSR. /n vivo experiments proved that palm-LEAP2(1-14)
reduced food intake in both fasted mice with high endogenous ghrelin level and free fed
mice with exogenous [Dpr’]Ghrelin. Palm-LEAP2(1-14) inhibited [Dpr®]Ghrelin-induced
GH release and showed increased stability in rat plasma compared to non-lipidized
LEAP2(1-14). In order to study long-term effect of palm-LEAP2(1-14) in obese mice, we
studied HF diet-induced obesity and the development of ghrelin and LEAP2 resistance in
mice. HF diet feeding decreased plasma active and total ghrelin and increased liver LEAP?2
mRNA expression. The switch to a St diet normalized liver LEAP2 mRNA expression and
active ghrelin levels but not total ghrelin. Palm-LEAP2(1-14) and [Dpr’]Ghrelin resistance
developed after HF diet feeding, [Dpr’]Ghrelin sensitivity restored upon switching to a
standard diet. Effect of palm-LEAP2(1-14) on HF diet feeding since the first day of HF
diet feeding was studied. Palm-LEAP2(1-14) slightly reduced the body weight gain and
decreased plasma leptin level. However, palm-LEAP2(1-14) was not able to suppress the

effect of HF diet due to palm-LEAP2(1-14) resistance.

In conclusion, the findings contribute to the understanding of obesity and suggest that
modified N-terminal peptide LEAP2(1-14) and its lipidized analogs, particularly palm-
LEAP2(1-14) holds promise for anti-obesity treatment, but further investigations are
necessary to overcome the challenges of long-term treatment and resistance development.
Alternative approaches are needed to improve the effectiveness of anti-obesity therapies

that target the ghrelin and LEAP2 pathways.
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