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ARTICLE INFO ABSTRACT
Available online 14 April 2022 Obesity and obesity-related diseases, such as diabetes mellitus and dyslipidemia, are worldwide pandemics; there-

fore, studies have been conducted energetically to elucidate the mechanism of obesity and develop anti-obesity
drugs. Robust progress in the peptide chemistry and molecular biology has identified many peptides that regulate ap-
petite and energy metabolism over the past dozen years. Several drugs, such as analogs or receptor agonists of ano-
Editor: SJ. Enna rectic peptides, have been developed. Overall, peptide-related drugs have powerful anti-obesity effects with fewer
adverse effects than previous anti-obesity drugs. Liraglutide, a glucagon-like peptide-1 receptor agonist, was first

g?;‘;vgdg used as an antidiabetic drug, and then high-dose liraglutide was used as an anti-obesity drug. Several candidates
Appetite have been developed to explore their anti-obesity effects. Additionally, hybrid peptides consisting of two or more pep-
Peptide tide sequences with strong anorectic effects have been designed. Here, we review peptides that are important for
Hypothalamus feeding regulation in terms of their mechanisms of action, interactions, and clinical application as anti-obesity drugs.
Anti-obesity drug © 2022 Published by Elsevier Inc.
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1. Introduction

The year 2021 is the 100th anniversary of the discovery of insulin.
Over the past century, many peptides have been identified, and ad-
vances in genetic modification technology and peptide chemistry have
facilitated the elucidation of their physiological activities and mecha-
nisms of action. Various peptides have been investigated as potential
treatment targets. To date, approximately 80 peptides have been used
practically. More than 150 peptides are being applied clinically, and
400-600 peptides have been preclinically studied (Muttenthaler, King,
Adams, & Alewood, 2021). In addition to peptide formulations for injec-
tion, oral and nasal formulations have been developed.

In recent years, obesity and associated metabolic diseases, such as
diabetes mellitus (DM), dyslipidemia, and hypertension, have become
prevalent worldwide and represent a major social problem. To address
this challenge, anti-obesity drugs have been developed and clinically
used. To develop safer and more effective anti-obesity drugs, intensive ef-
forts have been made to elucidate the mechanisms that regulate food in-
take and energy metabolism. Although the basic feeding regulatory
mechanism is similar in humans and wild animals, humans have a
higher-order system called the hedonic feeding regulatory mechanism,
which is more active in obese people (Rossi & Stuber, 2018). Appetite is
mainly regulated by the hypothalamus and brainstem in the central
nervous system, which forms a network to express many appetite-
enhancing or appetite-suppressing substances. The appetite-enhancing
substances produced in peripheral tissues include ghrelin from the
stomach and asprosin from adipocytes (Duerrschmid et al., 2017). In
contrast, most other substances produced in peripheral tissues are
appetite-suppressing substances, such as leptin from adipose tissues and
glucagon-like peptide-1 (GLP-1) from the small intestine. The hypothala-
mus receives homeostatic regulatory signals from peripheral tissues and
hedonic regulatory signals from the upper central nervous system,
including the limbic system (Hope, Tan, & Bloom, 2018). These sig-
nals are integrated to determine feeding behavior. Additionally, in-
flammation associated with obesity, intestinal microflora, synaptic
plasticity, body temperature, and circadian rhythms affects appetite
regulation (Browning, Verheijden, & Boeckxstaens, 2017; Torres-
Fuentes, Schellekens, Dinan, & Cryan, 2017).

To develop anti-obesity drugs, it is important to understand the reg-
ulatory mechanism for feeding, apply it, and discover the modes of ac-
tion associated with as few adverse drug reactions as possible. We
selected eleven peptides whose effects and underlying mechanisms to
regulate feeding have been elucidated substantially and clinical poten-
tials have been demonstrated or expected to be done in the near future.
This review describes these eleven important peptides that participate
in appetite and body weight regulation.

2. Ghrelin

Ghrelin is a 28-amino acid peptide that was identified in 1999 as an
endogenous ligand for the growth hormone secretagogue receptor
(GHS-R) (Kojima et al., 1999). Ghrelin is mainly produced in the gastric
endocrine cells. Ghrelin-producing cells account for 20-25% of endo-
crine cells in the gastric corpus and are the second most common cell
type after enterochromaffin-like cells. Ghrelin mRNA has also been de-
tected by RT-PCR in a wide range of peripheral organs and the brain
(Date et al., 2000; Gnanapavan et al., 2002; Korbonits et al., 2001). In
ghrelin, the third amino acid, serine, is esterized with n-octanoic acid.
The acylated form of ghrelin is defined as ghrelin. Des-acyl ghrelin is a
major molecular form that lacks fatty acid modifications and accounts
for approximately 80-90% of the ghrelin moiety in the blood. Ghrelin
has been identified in many mammals, birds, amphibians, and fish and
has an acylation at the third amino acid, serine or threonine. Ghrelin ac-
ylation is mediated by ghrelin O-acyltransferase (GOAT), a lipid acyl
transferase expressed on the membranes of ghrelin-producing cells
(Gutierrez et al., 2008; Yang, Brown, Liang, Grishin, & Goldstein,
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2008). GHS-R is expressed in various peripheral organs and widespread
regions of the brain (Laviano, Molfino, Rianda, & Rossi Fanelli, 2012).

Ghrelin secreted from the stomach binds to the ghrelin receptor
which is produced in the vagal ganglion cell body and axially
transported to the end of the afferent fiber in the stomach (Date et al.,
2002; Sakata et al., 2003). Ghrelin suppresses the electrical activity of
the vagal afferent nerve. This electrical signal is transmitted to the soli-
tary tract nucleus (NTS) of the medulla oblongata and subsequently re-
layed to the arcuate nucleus of the hypothalamus via noradrenergic
neurons (Date et al., 2006). Ghrelin signaling activates neuropeptide Y/
agouti-related protein neurons and inhibits pro-opiomelanocortin
(POMC) neurons, eventually stimulating homeostatic feeding (Nakazato
et al,, 2001). Another possibility of ghrelin to act in the brain is that
ghrelin, at least in part, can cross the blood-brain barrier to increase
food intake (Uriarte et al., 2019) Functional magnetic resonance imaging
tests have revealed the activation of regions involved in the reward sys-
tem (amygdala, orbitofrontal cortex, substantia nigra, caudate nucleus,
and hippocampus) after ghrelin administration in humans; thus, ghrelin
may also enhance hedonic feeding through the limbic system (Malik,
McGlone, Bedrossian, & Dagher, 2008).

In addition to its growth hormone secretion and orexigenic activi-
ties, ghrelin has multifaceted roles, such as promoting gastric juice se-
cretion and gastrointestinal peristalsis, decreasing blood pressure,
increasing cardiac output, and affecting metabolism, immunity, respira-
tory organs, learning, memory, fat accumulation, depression, and sleep
(Kaiya, Miyazato, & Kangawa, 2011; Kaiya, Miyazato, Kangawa, Peter,
& Unniappan, 2008; Nakazato et al., 2001; Takaya et al., 2000; Tschop,
Smiley, & Heiman, 2000; Wren et al.,, 2001). Basal plasma ghrelin levels
are negatively correlated with body mass index (BMI). Because ghrelin
increases food intake, ghrelin production (gastric ghrelin mRNA) is de-
creased in obesity by negative feedback. Blood ghrelin levels are high
during fasting and rapidly decrease after meals (Shiiya et al., 2002;
Ueno, Shiiya, Mizuta, Mondal, & Nakazato, 2007). Although the number
of ghrelin-producing cells was comparable for obese individuals and
healthy controls, the mRNA expression of ghrelin and GOAT was in-
creased in obese patients (Castorina et al., 2021). Des-acyl ghrelin has
been reported to enhance feeding, inhibit cell death in cultured myocar-
dial cells, promote fat production in the bone marrow, inhibit glycerol
release in peritesticular adipocytes, and inhibit cell proliferation in pros-
tate cancer cells (Toshinai et al., 2006). Des-acyl ghrelin does not bind to
GHS-R; however, its receptor or target molecule has yet to be identified.

Ghrelin has been investigated in clinical studies of cardiac failure,
chronic obstructive pulmonary disease, functional dyspepsia, and
post-surgical status of gastrointestinal disease, anorexia nervosa, and
diabetic polyneuropathy. Ghrelin administration to patients with ca-
chexia associated with chronic obstructive pulmonary disease, cardiac
failure, or cancer improved the quality of life by increasing food con-
sumption and improving respiratory function and exercise tolerance
(Garcia, Friend, & Allen, 2013). Ghrelin administration in patients with
chronic lower respiratory tract infections exhibited a wide range of ef-
fects, including anti-inflammatory effects, such as the reduction in spu-
tum volume and levels of neutrophils, interleukin-8, and tumor necrosis
factor-ov in the sputum, prolongation of the 6 min walk distance, and in-
crease in food consumption and body weight (Kodama, Ashitani,
Matsumoto, Kangawa, & Nakazato, 2008). The ghrelin receptor agonists
RM-131 and TZP-102 to diabetic patients complicated with diabetic
gastroparesis improved gastric emptying (Shin et al., 2013). Blood
ghrelin levels decreased to approximately one-third of preoperative
levels in patients who underwent gastrectomy. Ghrelin administration
effectively increased energy intake, appetite, and body weight in pa-
tients who underwent gastrectomy (Takiguchi et al., 2016). In 2021,
the ghrelin receptor agonist anamorelin (orally administered at
100 mg once a day) was launched to treat cancer-related cachexia in
Japan. Anamorelin administration to patients with stage 3 and 4 non-
small cell lung cancer for 12 weeks increased body weight 1.46 kg and
2.14 kg compared to placebo in two clinical trials. There were no
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differences in handgrip strength between anamorelin and placebo in
both trials (Temel et al., 2016). Several ghrelin receptor antagonists
have been shown to reduce food consumption and body weight in
obese mice (Asakawa et al., 2003; Maletinska et al., 2011), however,
these antagonists have not been clinically applied as anti-obesity
drugs in humans.

3. Liver-expressed antimicrobial peptide 2 (LEAP2)

LEAP2, a 40-amino acid peptide, was first identified in 2003 as an an-
timicrobial peptide predominantly expressed in the liver (Krause et al.,
2003). LEAP2 is highly conserved in mammals. In 2018, LEAP2 was dem-
onstrated to be an endogenous antagonist of GHS-R (Ge et al., 2018).
LEAP2 has two disulfide bonds and is a cationic peptide, often recog-
nized in antimicrobial peptides. Although ghrelin activates GHS-R at a
50% effective concentration (EC50) of 7.1 nM, LEAP2 inhibits ghrelin-
induced GHS-R activation at an IC50 of 6.0 nM (Ge et al., 2018). The
N-terminal region of LEAP2 is essential for GHS-R binding (Wang
et al., 2019). In particular, a longer segment containing at least 1-12
N-terminal residues, but not the 1-8 N-terminal sequence, was re-
ported to have increased binding potency and efficacy to GHS-R
(M'Kadmi et al., 2019). LEAP2 is primarily expressed in the liver and
small intestine. In humans and mice, serum LEAP2 levels are positively
correlated with BMI contrary to ghrelin, and blood glucose levels. Be-
cause plasma ghrelin level does not change after LEAP2 administration,
increased serum LEAP2 in obesity unlikely reduces ghrelin production
directly. Serum LEAP2 levels markedly decreased while fasting and in-
creased after meals (Mani et al., 2019). In humans, LEAP2 expression
in the small intestine markedly increased after Roux-en-Y gastric bypass
(RYGB) (Hagemann et al,, 2021). These changes in blood levels are op-
posite to those observed for ghrelin. Fasting plasma levels and postpran-
dial plasma levels of LEAP2 decreased 2 years after RYGB and 12-18
months after sleeve gastrectomy, respectively (Mani et al., 2019). Two
years after RYGB LEAP2 levels in the cerebrospinal fluid were elevated
in patients with bacterial meningitis (Sakai et al., 2021).

LEAP2 canceled the effects of ghrelin in vivo, including growth hor-
mone secretion, feeding, blood glucose elevation, and body temperature
reduction (Ge et al.,, 2018; Islam et al.,, 2020). However, LEAP2 did not
affect des-acyl ghrelin-induced body temperature reduction (Islam
et al.,, 2020). LEAP2 did not affect GHS-R knockout (KO) mice. The
N-terminal region of LEAP2 promoted insulin secretion from human
pancreatic islets, whereas its administration to healthy individuals did
not change blood glucose levels (Hagemann et al., 2021). LEAP2 has
not been reported as an anti-obesity drug.

Overweight or obese children aged 3-12 years had equivalent
plasma ghrelin levels but lower plasma levels of des-acyl ghrelin and
LEAP2 than normal weight children. Serum LEAP2 levels were nega-
tively correlated with BMI z-scores (calculated considering sex and
age) (Fittipaldi et al., 2020). Conversely, a study of 171 children aged
3-17 years reported no difference in serum LEAP2 levels between
obese and non-obese children. In obese and non-obese children,
serum LEAP2 levels were higher in girls than boys. Among girls, those
who had undergone menarche had higher serum LEAP2 levels than
those who had not. LEAP2 levels in girls were positively correlated
with insulin and triglyceride levels but negatively correlated with
ghrelin levels. In boys, LEAP2 levels were positively correlated with lep-
tin levels (Barja-Fernandez et al., 2021). In growing children, LEAP2 may
affect body weight and sex and other hormones.

4. POMC and a-melanocyte-stimulating hormone (o-MSH)

POMC is a 241-amino acid polypeptide. It is highly expressed in the
hypothalamic arcuate nucleus and is a precursor of the adrenocortico-
tropic hormone (ACTH) and o-MSH, and the latter consists of the first
13 amino acids of ACTH (Nakanishi et al., 1979). a-MSH acts on
melanocortin receptors (MC1R, MC3R, MC4R, and MC5R). MC4R is
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expressed in the brain and involved in the regulation of feeding. MC4R
KO mice exhibit obesity, overeating, and hyperinsulinemia (Fan,
Boston, Kesterson, Hruby, & Cone, 1997; Tallam, Stec, Willis, da Silva,
& Hall, 2005).

Leptin acts on leptin receptors expressed on POMC neurons to in-
crease o-MSH production. a-MSH binds to MC4R in the paraventricular
nucleus (PVN) to reduce food intake, causing weight loss (Baldini &
Phelan, 2019). MC4R agonists have been investigated as potential
anti-obesity drugs. Early generation MC4R agonists faced problems dur-
ing clinical application because of adverse events, such as increased
pulse rate and blood pressure. Continuous subcutaneous administration
of setmelanotide, an MC4R agonist, for 3 day to 12 obese individuals in-
creased resting energy expenditure by 111 kcal/day and lowered the
non-exercise respiratory quotient (Chen et al., 2015).

Overeating-related obesity, together with POMC mutations, has been
reported to cause ACTH deficiency, red hair, and pale skin in early child-
hood (Krude et al., 1998). Therefore, setmelanotide is expected to be ef-
fective in treating obesity associated with overeating. Setmelanotide
administration to 8 of 10 POMC-deficient patients and 5 of 11 leptin-
deficient patients caused a weight loss of 10% or more of their original
body weights after 1 year of treatment. No severe adverse events were
observed (Clement et al., 2020). A study of the MC4R gene in 452,300 in-
dividuals identified 12 nonsense/frameshift variants and 49 missense
variants. Individuals carrying gain-of-function variants of the MC4R
gene had a lower BMI prevalence of obesity and incidence of type 2
DM (T2DM) and coronary artery disease (Lotta et al., 2019).

Lipocalin 2, a 25 kDa glycoprotein was originally identified as an ad-
ipocytokine secreted by adipocytes. It caused insulin resistance and had
elevated blood levels in multiple rodent models of obesity (Yan et al.,
2007). Lipocalin 2 is at least 10 times more highly expressed in osteo-
blasts than in adipocytes, and it regulates food intake via MC4R.
Lipocalin 2 could cross the blood-brain barrier and bind to MC4R in
the paraventricular and ventromedial neurons in the hypothalamus to
inhibit food intake. Intraperitoneal administration of lipocalin 2 once
daily for 16 weeks in wild-type mice and db/db mice reduced food
consumption and body weight (Mosialou et al., 2017). Lipocalin 2
expression was markedly upregulated in mice with pancreatic cancer,
thereby reducing food consumption. In lipocalin 2 KO mice and
mice pretreated with MC4R antagonists, pancreatic cancer-induced
cachexia-anorexia was inhibited (Olson et al., 2021). Lipocalin 2 is ex-
pected to be further investigated as a new target for treating obesity
and cancer-induced cachexia.

5. Glucagon

Glucagon is a 29-amino acid peptide produced by the pancreatic
a-cells. Glucagon is encoded by the proglucagon gene, which also en-
codes GLP-1, GLP-2, oxyntomodulin, and glicentin. The glucagon recep-
tor, a G protein-coupled receptor (GPCR), is mainly expressed in the
liver, adipose tissue, and muscles (Dunphy, Taylor, & Fuller, 1998;
Svoboda, Tastenoy, Vertongen, & Robberecht, 1994). In pancreatic islets,
the glucagon receptor is expressed in the majority of p-cells and some
a- and 6-cells. Glucagon secretion is promoted by hypoglycemia, epi-
nephrine, amino acids (especially arginine and alanine), acetylcholine,
cyclic adenosine monophosphate, and glucose-dependent insulinotro-
pic polypeptide (GIP), and suppressed by glucose, free fatty acids, ke-
tone bodies, somatostatin, insulin, and GLP-1 (Briant, Salehi, Vergari,
Zhang, & Rorsman, 2016). Glucagon promotes gluconeogenesis and in-
hibits glycolysis in the liver. Glucagon also promotes the secretion of in-
sulin, growth hormone, and epinephrine, inhibits gastrointestinal
movement, and increases the glomerular filtration rate and lipolysis in
adipose tissue (Haedersdal, Lund, Knop, & Vilsboll, 2018). The glucagon
tolerance test is used to evaluate insulin secretion capacity by measur-
ing the serum levels of C-peptide during fasting and 6 min after intrave-
nous administration of 1 mg glucagon (Scheen, Castillo, & Lefebvre,
1996).
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A sandwich ELISA developed several years ago has shown that
plasma glucagon levels in healthy subjects decreased after an oral glu-
cose tolerance test, whereas they increased after a mixed meal tolerance
test (Miyachi et al,, 2017). Plasma glucagon levels after fasting were sig-
nificantly higher in patients with T2DM (approximately 35 pg/mL) than
in healthy subjects (approximately 20 pg/mL) (Ichikawa et al.,, 2019).

Intramuscular or subcutaneous glucagon administration has been
used to restore blood glucose levels during hypoglycemia. Additionally,
easy-to-use nasal formulations of glucagon have recently been used in
clinical practice (Sherr et al., 2016). A meta-analysis showed that the ef-
fect of nasal administration of glucagon on hypoglycemia was compara-
ble to that of intramuscular or subcutaneous injection (Pontiroli &
Tagliabue, 2020).

The mechanisms by which glucagon inhibits food intake and reduces
body weight have been extensively investigated. Glucagon bound to the
glucagon receptor in the liver transmits an anorectic signal to the
brainstem via vagus afferent nerves (Geary, Le Sauter, & Noh, 1993; Le
Sauter, Noh, & Geary, 1991). These signals are then relayed to the hypo-
thalamic arcuate nucleus (Weatherford & Ritter, 1988). When glucagon
receptor-KO mice were fed a normal chow diet, they exhibited
hyperglucagonemia, hypoglycemia, and pancreatic a-cell hyperplasia,
whereas their body weights were comparable to those of wild-type
mice. Conversely, the KO mice fed a high-fat diet (HFD) exhibited
lower food consumption, lower weight gain, and better glucose toler-
ance than wild-type mice (Conarello et al., 2007; Gelling et al., 2003).
Obese Zucker rats carrying the mutated leptin receptor gene exhibited
suppressed glucagon secretion. When glucagon was administered
to these rats, food consumption remained unchanged, but body weight
decreased markedly (Chan et al., 1984). These findings suggest that glu-
cagon reduces body weight by mechanisms dependent on and indepen-
dent of food intake. Glucagon crosses the blood-brain barrier (Inokuchi,
Oomura, Shimizu, & Yamamoto, 1986) and binds to glucagon receptor
in the hypothalamus (Hoosein & Gurd, 1984). Central administered glu-
cagon reduced food intake via protein kinase A/Ca™-calmodulin-depen-
dent protein kinase kinase 3/AMP-activated protein kinase dependent
pathways in the arcuate nucleus and inhibited hepatic glucose produc-
tion (Mighiu et al.,, 2013; Quinones et al., 2015). In diet induced obese
animals, anorectic action and hepatic glucose production inhibition of
central glucagon were decreased. Hypothalamic glucagon resistance
seems to be related to hyperglycemia and hyperphagia in diabetes and
obesity (Mighiu et al., 2013; Quinones et al., 2015).

Glucagon was reported to increase energy expenditure in rodents and
humans through several mechanisms (Chan et al.,, 1984; Davidson, Salter,
& Best, 1957; Nair, 1987). Glucagon enhances energy expenditure and lo-
comotor activity via fibroblast growth factor 21 (Habegger et al., 2013).
Glucagon also increases the number of brown adipocytes and thermogen-
esis (Billington, Briggs, Link, & Levine, 1991; Doi & Kuroshima, 1982)
which is mediated, at least partially, by fibroblast growth factor 21
(Beaudry et al., 2019; Kinoshita et al., 2014). However, glucagon-
induced energy expenditure is independent of brown adipocytes in
humans (Salem et al., 2016).

Dual agonists of the GLP-1 and glucagon receptors are promising for
treating obesity and DM. Weekly administration of PEGylated dual ago-
nists to diet-induced obese (DIO) mice reduced body fat, food consump-
tion, and body weight and improved glucose tolerance (Fig. 1A) (Day
et al., 2009). As described later (see the Leptin section), the weight-
reducing effect of leptin is attenuated by obesity. However, a combina-
tion of one of the above dual agonists and leptin exerted a greater reduc-
tion in food consumption and body weight (Clemmensen et al., 2014).
The clinical effects of three types of dual agonists of the GLP-1 and glu-
cagon receptors have been reported. Patients with T2DM who were ad-
ministered the first dual agonist, SAR425899, for 26 weeks exhibited
decreased body weight and hemoglobin A1c (HbAlc) levels (Table 1).
SAR425899 improved some indices of p-cell function assessment
(Schiavon et al., 2021). In an in vitro assay, cotadutide (MEDIO382) acti-
vated the GLP-1 and glucagon receptors at a ratio of 5:1 (Henderson
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et al.,, 2016). Administration of cotadutide for 54 weeks to obese pa-
tients with T2DM decreased HbA1c levels and body weight and im-
proved the serum lipid profiles, liver function, nonalcoholic fatty liver
disease fibrosis score, and fibrosis-4 index (Nahra et al., 2021)
(Table 1). Cotadutide further reduced inflammation and hepatic fibrosis
compared with the GLP-1 receptor agonist liraglutide in a mouse model
of nonalcoholic steatohepatitis (Boland et al., 2020). Overweight Chi-
nese adults given a weekly subcutaneous formula LY3305677, a dual ag-
onist of GLP-1 and glucagon receptors, for 12 weeks exhibited a weight
loss of 3.4-5.4 kg (Ji et al,, 2021).

A triagonist of GLP-1, GIP, and glucagon receptors reduced food con-
sumption and body weight in DIO mice (Fig. 1B). Food consumption
was comparable between the triagonist and co-agonist of GLP-1 and
GIP receptors, whereas triagonist administration reduced body weight
more than the co-agonist. The triagonist also improved insulin resis-
tance, glucose tolerance, and hepatic fat levels, and increased energy ex-
penditure in DIO mice (Finan et al., 2015). Another triagonist
SAR441255 reduced body weight in DIO mice more effectively than
GLP-1 receptor/glucagon receptor dual agonist. It also reduced post-
prandial plasma glucose levels in healthy humans (Bossart et al.,
2022). Further studies are expected to be conducted on hybrid peptides
to determine the optimal combination of anorectic peptides, such as
GLP-1, GIP, glucagon, leptin, and other peptides, and the optimal combi-
nation balance between peptide titers to boost beneficial effects and re-
duce adverse events.

6. GLP-1

GLP-1 is a 30-amino acid peptide secreted by L-cells in the lower in-
testinal tract. GLP-1 is rapidly inactivated by dipeptidyl peptidase-4
(DPP-4) in the blood and vascular walls. The effects of GLP-1 include
glucose-dependent enhancement of insulin secretion, suppression of
glucagon secretion, inhibition of gastric emptying, promotion of glyco-
gen synthase activity in the liver, and protection and proliferation of
pancreatic B-cells (Holst, 2007). Additionally, GLP-1-derived signals
reach the nodose ganglion via the vagus afferent nerve and activates
neurons in the NTS of the medulla oblongata (Krieger, 2020;
Nakabayashi, Nishizawa, Nakagawa, Takeda, & Niijima, 1996). GLP-1
then acts on the hypothalamus to inhibit food intake, preventing weight
gain (Gutzwiller et al., 1999). GLP-1 is also expressed in the NTS of the
medulla oblongata, from which nerve fibers extend into various sites
in the brain, especially the hypothalamic arcuate and paraventricular
nuclei (Katsurada & Yada, 2016). The GLP-1 receptor is co-expressed
with ghrelin receptors in nodosa ganglion neurons (Zhang, Sakoda, &
Nakazato, 2020). Moreover, the GLP-1 receptor is widely expressed in
peripheral organs, such as the pancreatic islets, heart, kidneys, and gas-
trointestinal tract, and the central nervous system (Holst, 2007). Both
central and peripheral GLP-1 administration suppressed food intake.
When a balloon distended the stomach of rats, GLP-1-containing nerves
in the NTS were activated, and food consumption decreased. However,
pre-administration of a GLP-1 receptor antagonist into the fourth cere-
bral ventricle attenuated GLP-1-induced food intake reduction. GLP-1
receptors in the NTS perceive mechanical distension stimulation of the
stomach to inhibit food intake (Hayes, Bradley, & Grill, 2009). GLP-1
produced in the gastrointestinal tract inhibits peristalsis of the stomach
via the vagus nerve, increases the contractility of the pylorus, and in-
hibits gastric emptying. GLP-1 produced in the NTS inhibits gastric emp-
tying and enhances colonic motility.

In 1992, exendin-4 (exenatide) was identified as a full agonist of the
GLP-1 receptor (Eng, Kleinman, Singh, Singh, & Raufman, 1992;
Raufman, Singh, Singh, & Eng, 1992). Because exendin-4 escapes cleav-
age by DPP-4, it was launched as an antidiabetic drug in the United
States in 2005. Liraglutide is another GLP-1 analog that substitutes ly-
sine at position 34 of human GLP-1 with arginine and connects lysine-
26 with N-palmitoylglutamic acid. This modification enhances binding
affinity for blood albumin, which inhibits cleavage by DPP-4, thereby
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Fig. 1. Structure of glucagon receptor/GLP-1 receptor co-agonist, glucagon receptor/GLP-1 receptor/GIP-receptor triagonist, and GIP receptor/GLP-1 receptor co-agonist. These figures are
cited from (Tschop et al., 2016).

(A) Amino acid sequence of glucagon receptor/GLP-1 receptor co-agonist (Day et al., 2009). Residues derived from GLP-1 or exendin-4 are red; glucagon residues are green; residues
shared between GLP-1 and glucagon are yellow; and unique residues are orange. Aib, aminoisobutyric acid. Additional chemical engineering, including an i, i+4 side-chain
macrocyclization from residues Glu'® to Lys®® and a 40 kDa polyethylene glycol (PEG) moiety at Cys**, is also represented with chemical structures.

(B) Amino acid sequence of glucagon receptor/GLP-1 receptor/GIP receptor triagonist (Finan et al., 2015). Residues derived from GLP-1 or exendin-4 are red, residues derived from GIP are
blue, residues derived from glucagon are green, residues shared between GLP-1 and GIP are purple, residues shared between GLP-1 and glucagon are yellow, residues shared among all
three native hormones are gray, and unique residues are orange. Aib, aminoisobutyric acid; 'yE, gamma-glutamic acid. A 16-carbon acyl chain (palmitoyl; 16:0) covalently attached via a y-
carboxylate spacer to the side-chain amine of Lys'” is represented by its chemical structure.

(C) Amino acid sequence of the acylated version of the GIP receptor/GLP-1 receptor co-agonist (Finan et al., 2013). Residues derived from GLP-1 or exendin-4 are red, those derived from
GIP are blue, those shared between GLP-1 and GIP are purple, and unique residues are orange. Aib, aminoisobutyric acid. A 16-carbon acyl chain (palmitoyl; 16:0) covalently attached to the

side-chain amine of Lys* is represented by its chemical structure.

extending the duration of its activity. In the United States, liraglutide 3.0
mg/day was launched as an anti-obesity drug. In a double-blind com-
parative study in which non-diabetic obese patients were treated with
liraglutide at 3.0 mg/day for 56 weeks, the percentage of patients with
a weight loss of 10% or more was 33.1%; this was significantly higher
than the 10.6% observed in the placebo group (Pi-Sunyer et al., 2015)
(Table 1).

The nasal formulation of human GLP-1 increased insulin secretion,
inhibited glucagon secretion, and increased 1,5-anhydroglucitol in pa-
tients with T2DM (Ueno et al., 2014). Oral semaglutide was approved
by the United States in 2019. This drug was developed into an oral for-
mulation with an oral absorption enhancer, salcaprozate sodium (so-
dium N-[8-(2-hydroxybenzoyl) amino| caprylate). The drug is orally
administered with a small amount of water (< 120 mL) at least
30 min before breakfast. Administration of 7 mg/day of oral semaglutide
to Japanese patients with T2DM for 26 weeks resulted in decreased
HbA1c levels by 1.0-1.2% and body weight by 1.0-2.7%. A dose of 14
mg/day resulted in decreased HbAlc levels by 1.4-1.7% and body

weight by 3.7-4.7% (Araki et al., 2021). In a double-blind study in
which oral semaglutide was administered for a median duration of
15.9 months to patients with T2DM at high risk of cardiovascular events,
cardiovascular mortality was significantly lower in the oral semaglutide
group, with a hazard ratio of 0.49 (Husain et al., 2019) (Table 1). Oral
formulations of other peptides could allow for the treatment of diabetes
and the progression of obesity.

7.GIP

GIP is a 42-amino acid peptide and one of the incretin hormone.
DPP-4 also inactivates GIP by cleaving the second alanine from the
N-terminus. GIP is primarily secreted from K cells in the ileum; it is
also produced in the mandibular salivary glands, stomach, and brain.
In humans, plasma GIP levels are low under fasting conditions and in-
crease five-fold or more after food intake in a meal-size-dependent
manner (Morgan, Morris, & Marks, 1978; Ueno et al., 2018). GIP is se-
creted more after fat intake than carbohydrate intake (Baggio &
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Table 1
Clinical trials for peptide agonists
Drugs Subjects n Age  Duration of Period HbA1c (%) Body weight (kg) Reference
DM (years) Basal A Basal A
Placebo 7 83  -12° 89.7 -23%
SAR 0.12~0.2 mg Overweight to obese T2DM 46 56.1 26 weeks 8.1 -19% 929 -32% (Schiavon et al., 2021)
Liraglutide 1.8 mg 17 8.0 -14% 103.9 -59%
Placebo 112 573 7.6 8.2 -0.45 98.1 -09
Cotadutide 100 pg . 100 57.6 75 81 -103" 99.0 -32"
Cotadutide 200 pg Ove”"(’s\;ﬁli’ttetg ‘f_bge;;)TZDM 256 573 77 54weeks 82  -1.16" 98.1 31" (Nahra et al, 2021)
Cotadutide 300 pg 256 56.3 7.6 8.1 -1.19”° 1008  -44"*
Liraglutide 1.8 mg 110 555 7.6 8.1 117" 102.1 297
Placebo L o ore 1,244 450 - 5.6 -0.06 106.2 -238 )
Liraglutide 3.0 mg Obesity without DM (white 85%) 2487 452 B 56 weeks 56 03" 106.2 84" (Pi-Sunyer et al., 2015)
Placebo T2DM 1,592  66.0 15.1 159 8.2 -03 90.8 -0.8 (Husain et al, 2019)
Oral semaglutide (white 72%, Asian 20%) 1,591  66.0 14.7 months 8.2 -1.0" 91.0 -42" v
Placebo . 36 54.6 7.6 8.2 -0.2 89.9 -1.1
NNC 0verwe5\?};$ %’ﬁs)e T2DM 37 547 85 12weeks 84  -14" 918 26" (Frias et al, 2017)
Liraglutide 1.8 mg : 35 552 7.8 8.4 -15" 90.9 -22
Insulin glargine 1,000 63.8 10.7 8.5 -14 90.2 1.9
Tirzepatide 5 mg Overweight to obese T2DM 329 629 9.8 8.5 227 90.3 -7a7
Tirzepatide 10 mg (white 82%) 328 637 106 R2weeks oo o4t 906 g5t (DelPratoetal,2021)
Tirzepatide !> mg 338 637 10.4 8.5 267 90.0 -11.77

SAR; SAR425899
T2DM; type 2 diabetes mellitus
NNC; NNC0090-2746

* P<0.05 vs placebo

8 P<0.05 vs pre-treatment

# P<0.05 vs liraglutide

T P<0.05 vs insulin glargine

Drucker, 2007). The GIP receptor is a GPCR widely expressed in pancre-
atic a and p-cells, the gastrointestinal tract, and the brain (Usdin,
Mezey, Button, Brownstein, & Bonner, 1993).

GIP enhances glucose-dependent insulin secretion (Dupre, Ross,
Watson, & Brown, 1973) and stimulates glucagon secretion at
euglycemia in healthy human (Meier et al., 2003). GIP does not inhibit
gastric emptying unlike GLP-1 (Meier et al., 2004). GIP also plays a
role in bone remodeling and fat accumulation (Beck & Max, 1986;
Nauck & Meier, 2018). GIP activates lipoprotein lipase (Kim, Nian, &
McIntosh, 2007, 2010) and promotes the uptake of fatty acids and glu-
cose (Beck & Max, 1986; Hauner, Glatting, Kaminska, & Pfeiffer, 1988).
It promotes fat synthesis in cultured adipocytes (Hauner et al., 1988).
In humans, GIP increases blood flow and triglyceride uptake in adipose
tissues (Asmar et al, 2017). In T2DM, GLP-1-induced glucose-
dependent insulin secretion is preserved, but GIP-induced glucose-
dependent insulin secretion is attenuated (Meier et al., 2001; Nauck
et al,, 1993; Vilsboll, Krarup, Madsbad, & Holst, 2002).

GIP has been reported to increase body weight in many investiga-
tions. GIP receptor antagonists, vaccination with GIP, monoclonal anti-
bodies against GIP receptors, and GIP receptor-KO mice resulted in
less weight gain than their respective control groups, especially in
HFD (Boylan, Glazebrook, Tatalovic, & Wolfe, 2015; Fulurija et al.,
2008; McClean et al., 2007; Miyawaki et al., 2002). Patients carrying
loss-of-function mutations in the GIP or GIP receptor genes are unlikely
to gain body weight (Turcot et al., 2018). Co-administration of GLP-1
and GIP attenuated the anorexigenic effect of GLP-1 in obese individuals
(Bergmann et al., 2019). GIP addition to patients given chronic liraglu-
tide treatment worsened postprandial plasma glucagon, serum lipid,
and plasma glucose levels (Bergmann et al., 2020). Based on these re-
sults, GIP alone has not been used as a therapeutic drug for T2DM.

However, the effects of GIP on body weight remain controversial.
Overexpression of GIP in HFD-induced obese mice resulted in weight
loss and decreased blood glucose levels (Kim et al., 2012). When the

GIP analog ZP4165 was administered to HFD-induced obese mice,
their body weights remained unchanged, whereas co-administration
of the GIP analog with liraglutide significantly reduced body weights
and food intake compared with the mice given liraglutide alone
(Norregaard et al., 2018). Although both GIP receptor agonists and an-
tagonists have been reported to cause weight loss as mentioned
above, their mechanisms are gradually elucidated. Chronic GIP receptor
agonism using a long-acting-GIP receptor agonist desensitizes GIP re-
ceptor activity and functions like a GIP receptor antagonist in adipocytes
and adipose tissue (Killion et al., 2020).

GIP receptors in the brain could inhibit food intake. In the brain, GIP
receptors are expressed in the arcuate, dorsomedial, and paraventricu-
lar nuclei of the hypothalamus in both humans and mice. Activation of
GIP receptors in the hypothalamus inhibits food intake, which is not ad-
ditive to concomitant GLP-1 receptor activation (Adriaenssens et al.,
2019). GIP receptor deficiency in the brain of HFD-fed mice resulted in
less body weight gain and better glucose tolerance. Additionally, central
administration of fatty acyl-GIP to HFD-fed mice reduced body weight
compared to control and liraglutide-treated mice. Peripheral adminis-
tration of fatty acyl-GIP to HFD-fed mice also reduced body weights
(Zhang, Delessa et al., 2021).

Some hybrid compounds of GLP-1 and GIP have been used in basic
and clinical studies. Co-agonists of GLP-1 and GIP receptors reduced
blood glucose levels and body fat mass in obese animals more than se-
lective GLP-1 receptor agonists (Finan et al., 2013). GIP receptor antag-
onist antibodies conjugated to GLP-1 receptor agonist reduced body
weight and improved glucose and fat metabolism in obese mice and
monkeys (Lu et al., 2021). The administration of NNC0090-2746, a
dual agonist of GLP-1 and GIP receptors, to patients with T2DM reduced
HbA1c levels and body weight (Frias et al., 2017) (Table 1). Chronic ad-
ministration of tirzepatide (LY3298176) (Fig. 1C), a once-weekly for-
mulation of dual GLP-1 and GIP receptor agonist, to mice significantly
reduced HbA1c levels and body weights compared with GLP-1 receptor
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agonists (Coskun et al., 2018). Treatment with tirzepatide delayed gas-
tric emptying, similar to GLP-1 receptor agonists (Urva et al.,, 2020). A
52-week administration of tirzepatide to patients with T2DM reduced
HbA1lc levels and body weights in a dose-dependent manner (Del
Prato et al., 2021) (Table 1).

8. Neuromedin U (NMU)

NMU is a 23-25-amino acid neuropeptide (Fig. 2), which was first
isolated from the spinal cord of pigs in 1985, and later from other spe-
cies (Minamino, Kangawa, Honzawa, & Matsuo, 1988; Minamino,
Kangawa, & Matsuo, 1985). It was named based on its powerful contrac-
tile activity in the rat uterine muscle. NMU is widely expressed in
the central nervous system and peripheral tissues and has emerged as
a new player in regulating appetite control, stress response, energy me-
tabolism, inflammation, and glucose homeostasis (Fig. 3) (Malendowicz
& Rucinski, 2021; Mitchell, Maguire, & Davenport, 2009; Nakazato et al,
2000; Peier et al., 2011; Teranishi & Hanada, 2021). NMU has two cog-
nate GPCRs, NMU receptor 1 (NMUR1) and NMUR2 (Mitchell et al.,
2009). NMUR1 is predominantly distributed in peripheral tissues,
particularly in the gastrointestinal tract, lungs, immune system, and
pancreas, whereas NMUR2 is abundant in the hypothalamus, hippo-
campus, and spinal cord. NMU and NMUR2 are primarily produced in
the arcuate and paraventricular nuclei in the hypothalamus (Teranishi
& Hanada, 2021).

Intracerebroventricular (ICV) administration of NMU in rats and
mice reduced food intake and body weight and increased energy expen-
diture and thermogenesis (Hanada et al., 2003; Howard et al., 2000;
Ivanov, Lawrence, Stanley, & Luckman, 2002; Kojima et al., 2000;
Nakazato et al., 2000; Niimi, Murao, & Taminato, 2001). Direct microin-
jection of NMU into the rat PVN reduced food intake and increased loco-
motor activity (Novak, Zhang, & Levine, 2006; Wren et al., 2002). NMU-
overexpressing transgenic mice are leaner and hypophagic (Kowalski
et al, 2005), whereas Nmu KO mice exhibit obesity, reduced locomotor
activity, energy expenditure, hyperinsulinemia, and hyperlipidemia
(Hanada et al., 2004). Intriguingly, knockdown of Nmur2 in the PVN of
rats fed an HFD increased food intake and body weight gain (Benzon
et al., 2014). ICV administration of NMUR?2 agonist EUK2010 reduced
body weights in rodents (Fang, Zhang, Li, Dong, & Hu, 2006).

NMU also has peripheral actions that regulate feeding behavior and
energy homeostasis. Subcutaneous acute or chronic administration of
NMU to mice reduced food intake, lowered body weight, and increased
core body temperature, metabolic rate, and plasma levels of the anorec-
tic peptides GLP-1 and peptide YY. These effects were abolished in
Nmur1 KO mice, suggesting the involvement of the NMUR1 signaling
pathway in the peripheral control of energy balance (Peier et al.,
2011). An increasing interest in the role of NMU concerns the regulation
of pancreatic p-cell function and maintenance (Fig. 4). NMU and
NMUR1 mRNA have been identified in the pancreatic islets of humans

Human (36) FLFHYSKTQKLGKSNVVSSVVHPLLQLVPHLHERRM

Rat(36) ----———-—-—-———- N-——mmmmmm oo - Q------ NURP36
Mouse (36) - - - ————————— ||| e ([

PreproNMU (Human) KR ﬁ KR GRR
SIGNAL PEPTIDE NURP NMU

1 34 104

139 142 @ 166 174

Human (25) FRVDEEFQSPFASQSRGYFLFRPRN
Rat (23) YKVNEYQGPVAP-G-F------- NMU
Mouse (23) FKAEYQSPSVGQ-K-Y-------

Fig. 2. Amino acid sequences of preproNMU. Data in the schematic structure are from Pro-
tein Knowledgebase (UniProtKB) P48645. Hyphens in rat and mouse sequences indicate
the same amino acids as humans. Numbers in parentheses represent the total number
of amino acids. NURP33 is a peptide that lacks the C-terminal RRM from NURP36. K, lysine;
R, arginine; G, glycine.
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and rodents and B-cell-derived MIN6-K8 cells (Kaczmarek et al., 2006;
Rucinski et al., 2007; Zhang et al., 2017). NMU and NMUR1 agonist 6a
suppressed glucose-stimulated insulin secretion (GSIS) (Alfa et al.,
2015; Kaczmarek et al., 2006; Kaczmarek et al., 2009; Zhang et al.,
2017). In contrast, Nmu knockdown in MIN6-K8 cells elevated GSIS.
These results suggest that NMU directly acts on [ cells through
NMURT1 in an autocrine or paracrine manner (Zhang et al., 2017).
NMU produced in the proximal intestine suppressed GSIS in a human
islet perfusion assay (Alfa et al., 2015). However, another study using
isolated perfused rat pancreas and small intestine failed to detect the
insulinostatic effect of NMU administered into blood vessels (Kuhre
et al,, 2019). The discrepancy of the effects of NMU on insulin secretion
could be caused by different administration routes (ICV, subcutaneous
or intravenous), animal condition (mouse or rat, the strain used, obese
or not), or experimental protocol (NMU dose or administration dura-
tion). A recent study added a new role of NMU on (3-cell maintenance
(Fig. 4) (Zhang et al., 2020). NMU induced mitochondrial dysfunction
by impairing mitochondrial biogenesis, respiration, and mitochondrial
Ca%™ uptake in B-cells, causing endoplasmic reticulum (ER) stress. In
contrast, Nmu knockdown in 3-cells increased the number of insulin
granules and improved mitochondrial biogenesis and function.
NMURT1 in 3-cells is coupled to Gy, and Goy, to reduce intracellular
Ca®* influx and cyclic adenosine monophosphate levels. NMU was up-
regulated in both islets of db/db mice and palmitate-treated [3-cells.
Under diabetic conditions, upregulation of NMU could suppress insulin
secretion by inducing mitochondrial dysfunction and ER stress, contrib-
uting to subsequent p-cell dysfunction (Zhang et al., 2021).

Two NMU mutations are associated with the onset of human obesity.
One was located in the signal peptide of preproNMU (NMU Ala19Glu) in
middle-aged Caucasians, which was expected to reduce NMU export.
The other is NMU Arg165Trp, found in a Czech family, which causes
hypertriglyceridemia and childhood-onset obesity (Hainerova et al.,
2006).

New NMU analogs with longer half-lives have been developed to
treat obesity, such as polyethylene glycol-, human serum albumin-,
and palmitate-conjugated NMU (Dalboge et al., 2015; Ingallinella
et al,, 2012; Neuner et al,, 2014). However, these NMU analogs are not
NMUR1- or NMUR2-selective, and their effectiveness is too weak to
treat obesity. Therefore, PEGylated NMU-8 (Inooka et al., 2017), a
PEGylated NMUR2-selective agonist (Kanematsu-Yamaki et al., 2017),
alkylated NMU-8, and an alkylated NMURT1-selective agonist were syn-
thesized (Nagai et al.,, 2018). Only the NMUR2-selective agonist exhib-
ited greater efficacy in reducing body weight and food intake and
relatively fewer adverse effects in DIO mice. More recently, intranasal
administration of NMUR2-selective agonists (CPN-116 and CPN-221)
reduced body weight and food intake in mice (Takayama et al., 2020;
Tanaka et al., 2020).

PreproNMU produces another peptide, NMU precursor-related pep-
tide (NURP) (Mori et al., 2017). The authors deduced the NURP struc-
ture based on dibasic amino acid bonds in preproNMU (Fig. 2). NURPs
consist of two peptides containing 33 and 36 residues (designated
NURP33 and NURP36, respectively). NURP immunoreactivity was abun-
dant in the pituitary gland and small intestine and detected in the brain
of rats (Mori et al., 2017). ICV administration of NURP33 to mice in-
creased their metabolic rate and caused a short-term (~4 h) increase
in feeding (Bechtold, Ivanov, & Luckman, 2009). ICV administration of
both NURP33 and NURP36 to rats exerted NMU-like sympathetic
nerve effects, including increased locomotor activity, energy expendi-
ture, heart rate, and thermogenesis, but NURP33 did not reduce food in-
take (Ensho et al., 2017). NURP increased prolactin release from the
pituitary gland by activating dopaminergic neurons in the hypothala-
mus (Mori et al., 2017; Nakahara et al., 2020). Neither NURP33 nor
NURP36 activated the two NMU receptors, and NURP did not reduce
food intake (Ensho et al.,, 2017; Nakahara et al., 2020). Further studies
are needed to identify the cognate receptor for NURP and functional in-
teractions between NMU and NURP.
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Fig. 3. NMU in energy homeostasis. NMU acts centrally via NMUR?2 to increase energy expenditure and locomotor activity, and to decrease homeostatic feeding behavior. NMU also acts
peripherally via NMURT1 to decrease gastric emptying, food intake and to suppress insulin secretion. ARC, the arcuate nucleus; DMH, the dorsomedial hypothalamic nucleus; PVN, the para-

ventricular nucleus; VMH, the ventromedial hypothalamus.

9. Neurotensin (NT)

NT is a 13-amino acid peptide secreted from the jejunum and ileum
after food intake (Goedert & Emson, 1983). It is also produced in the en-
torhinal cortex, hippocampus, hypothalamus, and ventral tegmental
area (VTA) of the brain (Satoh & Matsumura, 1990; Uhl, Goodman, &
Snyder, 1979). NT has three cognate receptors (NTR1-3) (Vincent,
Mazella, & Kitabgi, 1999). NT stimulates fat absorption from the intes-
tine and is involved in regulating blood pressure, secretions of
corticotropin-releasing hormone and adrenocorticotropic hormone,
sleep and wakefulness, and body temperature (Bissette, Nemeroff,
Loosen, Prange Jr., & Lipton, 1976; Fitzpatrick et al., 2012; Li et al,,
2016; Rioux et al., 1981; Rowe, Viau, Meaney, & Quirion, 1995). Blood
pro-NT levels are associated with the incidence of obesity, T2DM, dys-
lipidemia, cardiovascular disease, breast cancer, chronic kidney disease,
nonalcoholic fatty liver disease, and overall morality caused by cardio-
vascular issues (Barchetta et al., 2018; Januzzi Jr. et al., 2016;
Melander et al., 2012). In longitudinal studies conducted in the United
States, Germany, and Sweden, blood levels of NT and pro-NT were pos-
itively correlated with the development of insulin resistance, obesity,
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Fig. 4. Schematic illustration of NMU’s roles in [3-cell dysfunction. NMU acts directly on
{3-cells through NMURT1 coupled with Gatiz,0. NMU causes mitochondrial dysfunction
and induces ER stress. Decreased intracellular ATP and Ca®* levels hamper GSIS to cause
B-cell dysfunction, which may lead to further pathological development of type 2
diabetes. ER, endoplasmic reticulum; GSIS, glucose-stimulated insulin secretion; IP3R2,
inositol triphosphate receptor 2; OCR, oxygen consumption rate; ROS, reactive oxygen
species, RyR2, ryanodine receptor 2; SERCA3, sarco/endoplasmic reticulum Ca®*-ATPase
type 3; AWm, mitochondrial membrane potential.

metabolic syndrome, and all causes of mortality in patients with chronic
kidney disease (Li et al., 2016; Nicoli et al., 2021; Tonjes et al., 2020).

Direct injection of NT into mouse and rat brains reduced food con-
sumption (de Beaurepaire & Suaudeau, 1988; Hawkins, Barkemeyer, &
Tulley, 1986). NTR1 KO mice exhibited increased food consumption
and weight gain (Kim, Leckstrom, & Mizuno, 2008; Opland et al.,
2013). Sleeve gastrectomy in NTR1 KO mice was less effective in the re-
duction of food consumption, and especially fat intake and body fat
mass (Ratner et al., 2021). Lateral hypothalamic area (LHA) NT KO
mice showed increased body fat mass and decreased locomotor activity,
energy expenditure, water intake, and orexin expression in the LHA
(Brown et al., 2018). Administration of clozapin-N-oxide, a chemoge-
netic inhibitor of NT neurons, to LHA reduced NT expression and the an-
orectic effect of leptin (Brown et al., 2018). Furthermore, the VTA
contains dopaminergic neurons that express NTR1. NT increased dopa-
mine release, thereby reducing food consumption and increasing loco-
motor activity (Perez-Bonilla et al.,, 2021; Vadnie et al., 2014)

Peripheral administration of NT activates the brainstem, hypothala-
mus, and area postrema. After vagotomy, the inhibitory effect of the pe-
ripheral administration of NT on food intake remained, but the duration
of the effect was shorter (Ratner et al,, 2016). Thus, NT appears to inhibit
food intake via both the vagus nerve and bloodstream. The half-life of
NT in rodents is 30 sec (Aronin, Carraway, Ferris, Hammer, & Leeman,
1982). Intraperitoneal administration of long-acting pegylated NT to
mice increased POMC mRNA expression in the hypothalamus. Although
native NT inhibited food intake for up to 1 h after administration,
pegylated NT reduced food intake 10 h after administration (Ratner
et al., 2016). The subcutaneous administration of pegylated NT to
high-fat and high-sucrose DIO mice reduced food consumption, body
weight, and body fat mass. Pegylated NT failed to affect food intake or
body weight in MC4R KO mice (Ratner et al., 2019). These findings re-
vealed the importance of the melanocortin system on the inhibitory ef-
fect of NT on food intake.

NT, secreted from lymphatic endothelial cells in adipose tissues, ac-
tivated extracellular signal-regulated kinase via NTR2 in brown adipo-
cytes, and attenuated thermogenesis by reducing the expression of
thermogenesis-related genes (Li et al., 2021). Low temperatures and
norepinephrine from sympathetic nerves reduced the expression and
secretion of NT. Overexpression of NT rendered mice intolerant to cold
temperatures. In contrast, NT and NTR2 KO mice were tolerant to cold
temperatures. Suppression of NTR2 expression in obese mice enhanced
energy expenditure, increased expression of thermogenic genes, and
slowed body temperature reduction after cold stimulation. Although
food consumption remained unchanged, these mice exhibited less
weight gain, decreased body fat mass, and improved glucose tolerance
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and insulin resistance (Li et al., 2021). Thus, NTR2 antagonists could be
potential candidates for anti-obesity drugs.

Although NTR1 agonists or NT reduced food consumption, they were
unsuitable for anti-obesity drugs because of dangerous blood pressure
and body temperature reduction (Fantegrossi, Ko, Woods, & Richelson,
2005; Feifel, Goldenberg, Melendez, & Shilling, 2010). The clinical appli-
cation of NT agonists and antagonists has been attempted to treat
schizophrenia and Parkinson’s disease (Boules, Shaw, Fredrickson, &
Richelson, 2007; Meltzer, Arvanitis, Bauer, Rein, and Meta-Trial Study,
G, 2004; Mesnage et al., 2004). Activation of NTR1 alone in the VTA re-
duced body weight and food consumption, especially palatable food in-
take, but did not change blood pressure or body temperature (Perez-
Bonilla et al., 2021).

10. Amylin

Amylin is a 37-amino acid peptide secreted from pancreatic 3-cells
with insulin (Cooper et al., 1987; Westermark et al., 1987). Amylin
was originally identified in islet amyloid, the most characteristic feature
of T2DM pathology (Opie, 1901). Amylin and insulin are secreted in a
molar ratio of 20:1 upon stimulation with glucose (Mitsukawa et al.,
1990; Nakazato et al., 1990). Therefore, amylin secretion is reduced in
type 1 DM (T1DM). The functional receptors for amylin are complexes
of the calcitonin receptor (CTR) and receptor activity-modifying protein
(RAMP) 1, 2, or 3. Among these complexes, the CTR/RAMP1 and CTR/
RAMP3 complexes are considered the major receptors of amylin based
on their binding capacity (Muff, Buhlmann, Fischer, & Born, 1999).

Amylin reduces blood glucose levels by suppressing glucagon secre-
tion (Galderisi et al., 2018). Amylin has been reported to reduce insulin
secretion; however, this is controversial (Mather et al., 2002; O'Brien,
Westermark, & Johnson, 1990; Ohsawa, Kanatsuka, Yamaguchi,
Makino, & Yoshida, 1989). Amylin inhibits food intake and gastric emp-
tying by stimulating the satiety center, and inhibits insulin-induced glu-
cose uptake by isolated myocytes (Westermark, 2011). In T2DM,
amyloid, an amylin aggregate, is detected in pancreatic B-cells, and in-
creased amyloid levels lead to cell death (Fernandez, 2014). Amylin is
also expressed in the lateral area, arcuate nucleus, and medial preoptic
area of the hypothalamus. Although amylin expression was markedly
reduced in ob/ob mice, leptin supplementation restored this reduction.
Amylin and leptin caused similar electrophysiological changes in cells
expressing leptin receptors in the LHA. After pretreatment with amylin
antagonists, no changes were induced by the administration of leptin.
Additionally, intraventricular injection of amylin antagonists rapidly re-
duced the inhibitory effect of leptin on food intake. These findings re-
vealed that the expression of amylin in the hypothalamus is regulated
by leptin, and that amylin and leptin act on hypothalamic neurons ex-
pressing leptin receptors in a concerted manner to regulate food intake
(Li, Kelly, Heiman, Greengard, & Friedman, 2015). Co-administration of
amylin and leptin resulted in greater weight loss than administration of
amylin alone (Roth et al., 2008). In contrast, when leptin was adminis-
tered in combination with peptide YY5_3¢ or a GLP-1 receptor agonist,
weight loss was comparable to that observed after administration of
leptin alone. Pretreatment with amylin before leptin administration
partially restored the transduction of leptin signaling (phosphorylated
signal transducer and activator of transcription immunoreactivity) in
the hypothalamic ventromedial nucleus and hindbrain area postrema
(Roth et al,, 2008).

The functions of amylin have also been demonstrated in clinical
studies. Pramlintide, which lacks amyloidogenicity based on the rat
amylin sequence, is used as an injectable drug to treat TIDM and
T2DM. Administration of pramlintide to obese patients without DM
for 6 weeks significantly reduced body weight (-2.1 kg versus +0.1
kg) and 24 h energy intake (-680 kcal/day versus —191 kcal/day) com-
pared with placebo effects (Smith et al., 2007). In a meta-analysis
of double-blind studies on the treatment of T1IDM with insulin
alone or in combination with pramlintide, body weight, HbAlc level,
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postprandial blood glucose level, and insulin dose administered were
lower in patients receiving combination therapy with insulin and
pramlintide (Qiao et al., 2017). Obese subjects without DM were di-
vided into three groups to receive pramlintide, metreleptin, a recombi-
nant human leptin analog, or both. At 20 weeks after treatment, body
weight was lower in the combination therapy group than in the other
two groups. A significant difference in weight loss started at 4 weeks
and continued to increase at 20 weeks (Ravussin et al., 2009)
(Table 2). Pramlintide also reduced HbA1c levels by 0.33% and body
weight by 2.57 kg compared to placebo in obese T2DM patients
(Singh-Franco, Perez, & Harrington, 2011). Pramlintide is administered
three times daily because of its short half-life in the blood. An amylin an-
alog with a longer duration of action, cagrilintide, has been developed
(Kruse et al,, 2021). In a recent clinical study with obese subjects with-
out DM, subjects received a subcutaneous injection of liraglutide 3.0 mg
or cagrilintide at 0.3, 0.6, 1.2, 2.4, or 4.5 mg weekly for 26 weeks. Sub-
jects treated with all doses of cagrilintide lost more body weight than
placebo, and maximum dose lost more body weight than liraglutide
3.0 mg (Lau et al., 2021) (Table 2).

11. Leptin

Leptin is a 146-amino acid peptide mainly secreted by adipocytes. In
humans, plasma leptin concentrations in non-obese subjects, obese sub-
jects, and subjects with leptin gene abnormalities are approximately 20,
100, and 300-700 ng/mL, respectively. The leptin receptor is a class I cy-
tokine receptor family member and has six isoforms in three classes
(long, short, and secretory) (Zhou & Rui, 2013). Leptin receptors are
expressed in many tissues and cells in the central and peripheral ner-
vous systems (Lee et al., 2002; Papathanassoglou et al., 2006; Seufert,
2004), especially in the arcuate nucleus of the hypothalamus, ventro-
medial hypothalamus, dorsomedial hypothalamus, PVN, and LHA
(Funahashi, Yada, Suzuki, & Shioda, 2003). Leptin receptors are also dis-
tributed in peripheral tissues and organs, including islet 3-cells, epithe-
lial cells of the intestine, vascular endothelial cells, and the adrenal
cortex (Margetic, Gazzola, Pegg, & Hill, 2002). Leptin receptors are sin-
gle membrane-spanning receptors with multiple isoforms that result
from alternative splicing (Lee et al., 1996; Tartaglia et al,, 1995). The in-
tracellular domain of leptin receptors binds to Janus kinase 2, a non-
receptor protein tyrosine kinase. When leptin binds to the leptin recep-
tor, Janus kinase 2 is activated via autophosphorylation and phosphory-
lates specific tyrosine residues in the intracellular domain of the leptin
receptor (Tartaglia, 1997). Then, transmitters, such as signal transduc-
ers and activators of transcription 3, are recruited to these tyrosine res-
idues and activated by phosphorylation of its tyrosine residues.
Subsequently, the transmitters are transferred into the nucleus to regu-
late transcription and transmit signals for the inhibition of food intake
and other functions (Bates et al., 2003).

Leptin inhibits food intake by acting on the hypothalamus and pro-
moting energy expenditure by enhancing sympathetic nervous activity,
causing weight loss. Leptin also regulates the secretion of pituitary hor-
mones, such as luteinizing hormone, follicle-stimulating hormone, pro-
lactin, and growth hormone. In peripheral tissues, leptin also affects
energy homeostasis, insulin action, lipid metabolism, and the immune
system (Carlton, Demas, & French, 2012; Dardeno et al., 2010; Moon
et al,, 2013). Although administration of leptin results in weight loss in
normal mice and leptin gene KO ob/ob mice with marked obesity
(Halaas et al., 1995; Pelleymounter et al., 1995), most obese humans
have higher blood leptin levels than normal-weight humans, and thus,
are leptin-resistant (Horn, Geldszus, Potter, von Zur Muhlen, &
Brabant, 1996). There have also been cases of people with mutated lep-
tin genes who exhibited hyperphagia and marked obesity since child-
hood (Montague et al.,, 1997).

Lipodystrophy is a congenital or acquired disease characterized by
atrophy or the absence of adipose tissue in the entire body or specific
areas. Although the causes include specific genes, subcutaneous
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Table 2
Clinical trials for amylin analogues
Drugs Subjects n Age Period Body weight (kg) Reference
Basal A
Metreleptin Overweight to obese without T2DM 27 40.5 20 weeks 93.8 -74 (Ravussin et al., 2009)
Pramlintide 56 383 91.7 -79
Pramlintide + metreleptin 56 385 93.9 -115"°
Placebo Overweight to obese without T2DM 101 514 26 weeks 106.2 -33 (Lau et al.,, 2021)
Cagrilintide 0.3 mg 101 53.5 109.8 —-6.4%
Cagrilintide 0.6 mg 100 53.2 106.2 -71%
Cagrilintide 1.2 mg 102 52.1 104.4 -9.7%
Cagrilintide 2.4 mg 102 52.7 106.8 -103*
Cagrilintide 4.5 mg 101 51.5 111.0 -115%7
Liraglutide 3.0 mg 99 514 107.8 -96%

T2DM; type 2 diabetes mellitus
* P<0.05 vs metreleptin
# P<0.05 vs placebo
T P<0.05 vs liraglutide

panniculitis, juvenile rheumatoid arthritis, and human immunodefi-
ciency virus infection, approximately half of the cases are idiopathic
(Araujo-Vilar & Santini, 2019). Lipodystrophy is frequently complicated
by insulin-resistant DM, hypertriglyceridemia, and fatty liver, among
other conditions, and hypoleptinemia is considered responsible for
these complications. Metreleptin has been used in Japan since 2013
(Chou & Perry, 2013). Administration of metreleptin to patients with
lipodystrophy has been reported to reduce HbAlc levels and improve
hypertriglyceridemia, fatty liver disease, and amenorrhea (Araujo-
Vilar & Santini, 2019; Oral et al., 2002).

Leptin has been investigated in clinical studies to treat DM and obe-
sity. In a study including eight adult patients with TIDM (BMI: 23.8 +
1.4) in the United States, metreleptin was subcutaneously injected
twice a day for 20 weeks at 0.08 mg/kg/day for men and 0.04 mg/kg/day
for women. Although HbA1c levels remained unchanged, body weight
decreased by 4.7 kg, and insulin doses were reduced by 15.0%

Leptin

(Vasandani, Clark, Adams-Huet, Quittner, & Garg, 2017). In a double-
blind study conducted in the United States, obese patients with T2DM
(BMI: 32.7 £+ 0.5) were treated with metreleptin (subcutaneously
injected at 10 mg twice a day) or placebo for 16 weeks. Although
changes in body weight were comparable between the two groups,
anti-leptin antibody titers increased over time in the metreleptin
group (Moon et al., 2011). In another double-blind study, obese individ-
uals without DM (BMI: 27.5-38.0) received metreleptin (subcutane-
ously injected at 5 mg twice a day) or a placebo combined with
dietetic therapy of -500 kcal/day for 6 months. Body weight decreased
in both groups and did not differ (Shetty et al., 2011). When lower ab-
dominal adipose tissue, femoral muscle, and peripheral blood mononu-
clear cells were used to examine changes after administration of
metreleptin to humans, signal transducer and activator of transcription
3, AMP-activated protein kinase, ERK1/2, Akt, mammalian target of rap-
amycin, nuclear factor-kB, and/or I-x B kinase o/ were activated.

e
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Neurotensin
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Fig. 5. The gross summary of feeding regulatory effects of eleven peptides. Organs which mainly produce these peptides are shown here. Gray and white inboxes represent anorectic and
orexigenic peptides, respectively. The solid and dotted lines indicate stimulatory and inhibitory signals, respectively. Amylin reduces appetite via area postrema and ventral tegmental area,
but not the vagus nerve. GIP is in dotted gray inbox because its effects on food intake remain controversial. AgRP, agouti-related protein; NPY, neuropeptide Y; NTS, solitary tract nucleus.
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However, no difference in the extent of changes was observed between
men and women or between individuals with and without obesity
(Moon et al., 2015). Thus, metreleptin monotherapy appears to be less
effective for weight loss in obese individuals. However, as mentioned
above, metreleptin has been reported to be more effective when used
in combination with other drugs.

12. Concluding remarks and future directions

A general overview of eleven substances important for feeding reg-
ulation was provided regarding their mechanisms of action, interac-
tions, and clinical application as anti-obesity drugs (Fig. 5). Novel
feeding regulatory substances are constantly being identified. Although
drugs targeting a single peptide can be expected to reduce body weight
to some extent, there are still many unknown factors such as adverse
events and long-term effects. In recent years, drugs targeting two or
more feeding regulatory substances have been developed to reduce ad-
verse events and increase the potency of weight reduction. New feeding
regulatory substances and their receptors continue to be discovered,
and their characteristics have yet to be elucidated.

Author’s contributions

HU and WZ collected the related literature and wrote the manu-
script. MN participated in the design of the review and revised the man-
uscript. All authors have read and approved the final manuscript.

Declaration of Competing Interest
The authors declare that there are no conflicts of interest.
Acknowledgments

This study was supported by grants from Suzuken memorial founda-
tion and Japan Foundation for Aging and Health to W. Zhang.

References

Adriaenssens, A. E., Biggs, E. K., Darwish, T., Tadross, J., Sukthankar, T., Girish, M,, ...
Reimann, F. (2019). Glucose-dependent insulinotropic polypeptide receptor-
expressing cells in the hypothalamus regulate food intake. Cell Metabolism 30,
987-996.

Alfa, R. W,, Park, S,, Skelly, K. R., Poffenberger, G., Jain, N., Gu, X,, ... Kim, S. K. (2015). Sup-
pression of insulin production and secretion by a decretin hormone. Cell Metabolism
21, 323-334.

Araki, E., Terauchi, Y., Watada, H., Deenadayalan, S., Christiansen, E., Horio, H., &
Kadowaki, T. (2021). Efficacy and safety of oral semaglutide in Japanese patients
with type 2 diabetes: A post hoc subgroup analysis of the PIONEER 1, 3, 4 and 8 trials.
Diabetes, Obesity & Metabolism 23, 2785-2794.

Araujo-Vilar, D., & Santini, F. (2019). Diagnosis and treatment of lipodystrophy: A step-
by-step approach. Journal of Endocrinological Investigation 42, 61-73.

Aronin, N., Carraway, R. E., Ferris, C. F., Hammer, R. A, & Leeman, S. E. (1982). The stability
and metabolism of intravenously administered neurotensin in the rat. Peptides 3,
637-642.

Asakawa, A, Inui, A., Kaga, T., Katsuura, G., Fujimiya, M., Fujino, M. A,, & Kasuga, M. (2003).
Antagonism of ghrelin receptor reduces food intake and body weight gain in mice.
Gut 52, 947-952.

Asmar, M., Asmar, A,, Simonsen, L., Gasbjerg, L. S., Sparre-Ulrich, A. H., Rosenkilde, M. M., ...
Bulow, J. (2017). The gluco- and liporegulatory and vasodilatory effects of glucose-
dependent insulinotropic polypeptide (GIP) are abolished by an antagonist of the
human GIP receptor. Diabetes 66, 2363-2371.

Baggio, L. L., & Drucker, D. ]. (2007). Biology of incretins: GLP-1 and GIP. Gastroenterology
132, 2131-2157.

Baldini, G., & Phelan, K. D. (2019). The melanocortin pathway and control of appetite-
progress and therapeutic implications. Journal of Endocrinology 241, R1-R33.

Barchetta, I, Cimini, F. A., Leonetti, F., Capoccia, D., Di Cristofano, C,, Silecchia, G., ... Cavallo,
M. G. (2018). Increased plasma proneurotensin levels identify NAFLD in adults with
and without type 2 diabetes. Journal of Clinical Endocrinology and Metabolism 103,
2253-2260.

Barja-Fernandez, S., Lugilde, ., Castelao, C., Vazquez-Cobela, R., Seoane, L. M., Dieguez, C.,
.. Tovar, S. (2021). Circulating LEAP-2 is associated with puberty in girls. International
Journal of Obesity 45, 502-514.

Bates, S. H., Stearns, W. H., Dundon, T. A, Schubert, M., Tso, A. W., Wang, Y., ... Myers, M. G.,
Jr. (2003). STAT3 signalling is required for leptin regulation of energy balance but not
reproduction. Nature 421, 856-859.

11

Pharmacology & Therapeutics 239 (2022) 108187

Beaudry, J. L., Kaur, K. D., Varin, E. M., Baggio, L. L., Cao, X., Mulvihill, E. E., ... Drucker, D. J.
(2019). The brown adipose tissue glucagon receptor is functional but not essential for
control of energy homeostasis in mice. Molecular Metabolism 22, 37-48.

de Beaurepaire, R., & Suaudeau, C. (1988). Anorectic effect of calcitonin, neurotensin and
bombesin infused in the area of the rostral part of the nucleus of the tractus solitarius
in the rat. Peptides 9, 729-733.

Bechtold, D. A., Ivanov, T. R., & Luckman, S. M. (2009). Appetite-modifying actions of pro-
neuromedin U-derived peptides. American Journal of Physiology. Endocrinology and
Metabolism 297, E545-E551.

Beck, B., & Max, ]. P. (1986). Direct metabolic effects of gastric inhibitory polypeptide
(GIP): Dissociation at physiological levels of effects on insulin-stimulated fatty acid
and glucose incorporation in rat adipose tissue. Diabetologia 29, 68.

Benzon, C. R,, Johnson, S. B., McCue, D. L, Li, D., Green, T. A., & Hommel, ]. D. (2014).
Neuromedin U receptor 2 knockdown in the paraventricular nucleus modifies behav-
ioral responses to obesogenic high-fat food and leads to increased body weight.
Neuroscience 258, 270-279.

Bergmann, N. C,, Gasbjerg, L. S., Heimburger, S. M., Krogh, L. S. L., Dela, F., Hartmann, B,, ...
Knop, F. K. (2020). No acute effects of exogenous glucose-dependent insulinotropic
polypeptide on energy intake, appetite, or energy expenditure when added to treat-
ment with a long-acting glucagon-like peptide 1 receptor agonist in men with type 2
diabetes. Diabetes Care 43, 588-596.

Bergmann, N. C,, Lund, A, Gasbjerg, L. S., Meessen, E. C. E., Andersen, M. M., Bergmann, S.,
... Knop, F. K. (2019). Effects of combined GIP and GLP-1 infusion on energy intake,
appetite and energy expenditure in overweight/obese individuals: A randomised,
crossover study. Diabetologia 62, 665-675.

Billington, C.]., Briggs, ]. E., Link, ]. G., & Levine, A. S. (1991). Glucagon in physiological con-
centrations stimulates brown fat thermogenesis in vivo. American Journal of Physiol-
ogy 261, R501-R507.

Bissette, G., Nemeroff, C. B, Loosen, P. T., Prange, A. ]., Jr., & Lipton, M. A. (1976). Hypother-
mia and intolerance to cold induced by intracisternal administration of the hypotha-
lamic peptide neurotensin. Nature 262, 607-609.

Boland, M. L., Laker, R. C,, Mather, K., Nawrocki, A., Oldham, S., Boland, B. B,, ... Rhodes, C. .
(2020). Resolution of NASH and hepatic fibrosis by the GLP-1R/GcgR dual-agonist
Cotadutide via modulating mitochondrial function and lipogenesis. Nature
Metabolism 2, 413-431.

Bossart, M., Wagner, M., Elvert, R., Evers, A., Hubschle, T., Kloeckener, T., ... Konkar, A.
(2022). Effects on weight loss and glycemic control with SAR441255, a potent
unimolecular peptide GLP-1/GIP/GCG receptor triagonist. Cell Metabolism 34, 59-74.

Boules, M., Shaw, A., Fredrickson, P., & Richelson, E. (2007). Neurotensin agonists: Poten-
tial in the treatment of schizophrenia. CNS Drugs 21, 13-23.

Boylan, M. O., Glazebrook, P. A, Tatalovic, M., & Wolfe, M. M. (2015). Gastric inhibitory
polypeptide immunoneutralization attenuates development of obesity in mice.
American Journal of Physiology. Endocrinology and Metabolism 309, E1008-E1018.

Briant, L, Salehi, A,, Vergari, E.,, Zhang, Q., & Rorsman, P. (2016). Glucagon secretion from
pancreatic alpha-cells. Upsala Journal of Medical Sciences 121, 113-119.

Brown, J., Sagante, A., Mayer, T., Wright, A., Bugescu, R., Fuller, P. M., & Leinninger, G.
(2018). Lateral hypothalamic area neurotensin neurons are required for control of
orexin neurons and energy balance. Endocrinology 159, 3158-3176.

Browning, K. N,, Verheijden, S., & Boeckxstaens, G. E. (2017). The vagus nerve in appetite
regulation, mood, and intestinal inflammation. Gastroenterology 152, 730-744.

Carlton, E. D., Demas, G. E., & French, S. S. (2012). Leptin, a neuroendocrine mediator of
immune responses, inflammation, and sickness behaviors. Hormones and Behavior
62, 272-279.

Castorina, S., Barresi, V., Luca, T., Privitera, G., De Geronimo, V., Lezoche, G., ... Cinti, S.
(2021). Gastric ghrelin cells in obese patients are hyperactive. International Journal
of Obesity 45, 184-194.

Chan, E. K., Mackey, M. A,, Snover, D. C,, Schneider, P. D., Rucker, R. D, Jr., Allen, C. E,, &
Buchwald, H. (1984). Suppression of weight gain by glucagon in obese Zucker rats.
Experimental and Molecular Pathology 40, 320-327.

Chen, K. Y., Muniyappa, R., Abel, B. S., Mullins, K. P., Staker, P., Brychta, R. J., ... Skarulis, M.
C. (2015). RM-493, a melanocortin-4 receptor (MC4R) agonist, increases resting en-
ergy expenditure in obese individuals. Journal of Clinical Endocrinology and
Metabolism 100, 1639-1645.

Chou, K, & Perry, C. M. (2013). Metreleptin: First global approval. Drugs 73, 989-997.

Clement, K., van den Akker, E., Argente, J., Bahm, A., Chung, W. K., Connors, H., ..
Investigators, L. P. T. (2020). Efficacy and safety of setmelanotide, an MC4R agonist,
in individuals with severe obesity due to LEPR or POMC deficiency: Single-arm,
open-label, multicentre, phase 3 trials. The Lancet Diabetes and Endocrinology 8,
960-970.

Clemmensen, C., Chabenne, J., Finan, B, Sullivan, L., Fischer, K., Kuchler, D, ... Muller, T. D.
(2014). GLP-1/glucagon coagonism restores leptin responsiveness in obese mice
chronically maintained on an obesogenic diet. Diabetes 63, 1422-1427.

Conarello, S. L, Jiang, G., My, ], Li, Z,, Woods, ]., Zycband, E., ... Zhang, B. B. (2007). Gluca-
gon receptor knockout mice are resistant to diet-induced obesity and streptozotocin-
mediated beta cell loss and hyperglycaemia. Diabetologia 50, 142-150.

Cooper, G. ., Willis, A. C,, Clark, A, Turner, R. C,, Sim, R. B., & Reid, K. B. (1987). Purification
and characterization of a peptide from amyloid-rich pancreases of type 2 diabetic pa-
tients. Proceedings of the National Academy of Sciences of the United States of America
84, 8628-8632.

Coskun, T, Sloop, K. W., Loghin, C,, Alsina-Fernandez, ], Urva, S., Bokvist, K. B,, ... Haupt, A.
(2018). LY3298176, a novel dual GIP and GLP-1 receptor agonist for the treatment of
type 2 diabetes mellitus: From discovery to clinical proof of concept. Molecular
Metabolism 18, 3-14.

Dalboge, L. S., Pedersen, S. L., van Witteloostuijn, S. B., Rasmussen, ]. E., Rigbolt, K. T.,
Jensen, K. J., ... Jelsing, J. (2015). Synthesis and evaluation of novel lipidated


http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0010
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0010
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0010
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0020
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0020
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0030
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0030
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0035
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0035
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0035
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0045
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0045
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0060
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0060
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0065
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0065
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0070
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0070
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0070
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0095
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0095
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0095
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0100
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0100
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0100
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0110
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0110
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0110
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0115
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0115
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0120
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0120
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0125
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0125
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0125
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0130
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0130
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0135
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0135
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0140
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0140
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0145
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0145
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0145
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0150
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0150
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0155
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0155
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0165
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0180
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0180
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0180
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0195

H. Ueno, W. Zhang and M. Nakazato

neuromedin U analogs with increased stability and effects on food intake. Journal of
Peptide Science 21, 85-94.

Dardeno, T. A,, Chou, S. H., Moon, H. S., Chamberland, J. P., Fiorenza, C. G., & Mantzoros, C.
S. (2010). Leptin in human physiology and therapeutics. Frontiers in Neuroendocrinology
31,377-393.

Date, Y., Kojima, M., Hosoda, H., Sawaguchi, A., Mondal, M. S., Suganuma, T., ... Nakazato,
M. (2000). Ghrelin, a novel growth hormone-releasing acylated peptide, is synthe-
sized in a distinct endocrine cell type in the gastrointestinal tracts of rats and humans.
Endocrinology 141, 4255-4261.

Date, Y., Murakami, N., Toshinai, K., Matsukura, S., Niijima, A., Matsuo, H., ... Nakazato, M.
(2002). The role of the gastric afferent vagal nerve in ghrelin-induced feeding and
growth hormone secretion in rats. Gastroenterology 123, 1120-1128.

Date, Y., Shimbara, T., Koda, S., Toshinai, K., Ida, T., Murakami, N., ... Nakazato, M. (2006).
Peripheral ghrelin transmits orexigenic signals through the noradrenergic pathway
from the hindbrain to the hypothalamus. Cell Metabolism 4, 323-331.

Davidson, I. W., Salter, J. M., & Best, C. H. (1957). Calorigenic action of glucagon. Nature
180, 1124.

Day, ]. W., Ottaway, N., Patterson, J. T., Gelfanov, V., Smiley, D., Gidda, J., ... Tschop, M. H.
(2009). A new glucagon and GLP-1 co-agonist eliminates obesity in rodents. Nature
Chemical Biology 5, 749-757.

Del Prato, S., Kahn, S. E., Pavo, I, Weerakkody, G. ], Yang, Z., Doupis, J., ... Investigators, S.-.
(2021). Tirzepatide versus insulin glargine in type 2 diabetes and increased cardio-
vascular risk (SURPASS-4): A randomised, open-label, parallel-group, multicentre,
phase 3 trial. Lancet 398, 1811-1824.

Doi, K., & Kuroshima, A. (1982). Modified metabolic responsiveness to glucagon in cold-
acclimated and heat-acclimated rats. Life Sciences 30, 785-791.

Duerrschmid, C., He, Y., Wang, C,, Li, C., Bournat, J. C,, Romere, C, ... Chopra, A. R. (2017).
Asprosin is a centrally acting orexigenic hormone. Nature Medicine 23, 1444-1453.

Dunphy, J. L, Taylor, R. G., & Fuller, P. J. (1998). Tissue distribution of rat glucagon receptor
and GLP-1 receptor gene expression. Molecular and Cellular Endocrinology 141,
179-186.

Dupre, ], Ross, S. A,, Watson, D., & Brown, J. C. (1973). Stimulation of insulin secretion by
gastric inhibitory polypeptide in man. Journal of Clinical Endocrinology and Metabolism
37, 826-828.

Eng, J., Kleinman, W. A,, Singh, L., Singh, G., & Raufman, J. P. (1992). Isolation and charac-
terization of exendin-4, an exendin-3 analogue, from Heloderma suspectum venom.
Further evidence for an exendin receptor on dispersed acini from guinea pig pan-
creas. Journal of Biological Chemistry 267, 7402-7405.

Ensho, T., Maruyama, K., Mori, K., Miyazato, M., Kangawa, K., Nakahara, K., & Murakami, N.
(2017). Neuromedin U precursor-related peptide (NURP) exerts neuromedin U-like
sympathetic nerve action in the rat. Biochemical and Biophysical Research
Communications 492, 412-418.

Fan, W., Boston, B. A., Kesterson, R. A., Hruby, V. ], & Cone, R. D. (1997). Role of
melanocortinergic neurons in feeding and the agouti obesity syndrome. Nature 385,
165-168.

Fang, L., Zhang, M, Li, C,, Dong, S., & Hu, Y. (2006). Chemical genetic analysis reveals the
effects of NMU2R on the expression of peptide hormones. Neuroscience Letters 404,
148-153.

Fantegrossi, W. E., Ko, M. C,, Woods, J. H., & Richelson, E. (2005). Antinociceptive, hypo-
thermic, hypotensive, and reinforcing effects of a novel neurotensin receptor agonist,
NT69L, in rhesus monkeys. Pharmacology, Biochemistry and Behavior 80, 341-349.

Feifel, D., Goldenberg, J., Melendez, G., & Shilling, P. D. (2010). The acute and subchronic
effects of a brain-penetrating, neurotensin-1 receptor agonist on feeding, body
weight and temperature. Neuropharmacology 58, 195-198.

Fernandez, M. S. (2014). Human IAPP amyloidogenic properties and pancreatic beta-cell
death. Cell Calcium 56, 416-427.

Finan, B, Ma, T., Ottaway, N., Muller, T. D., Habegger, K. M., Heppner, K. M., ... Tschop, M. H.
(2013). Unimolecular dual incretins maximize metabolic benefits in rodents, mon-
keys, and humans. Science Translational Medicine 5 Article 209ra151.

Finan, B., Yang, B., Ottaway, N., Smiley, D. L., Ma, T., Clemmensen, C., ... Tschop, M. H.
(2015). A rationally designed monomeric peptide triagonist corrects obesity and di-
abetes in rodents. Nature Medicine 21, 27-36.

Fittipaldi, A. S., Hernandez, ]., Castrogiovanni, D., Lufrano, D., De Francesco, P. N., Garrido,
V., ... Perello, M. (2020). Plasma levels of ghrelin, des-acyl ghrelin and LEAP2 in chil-
dren with obesity: Correlation with age and insulin resistance. European Journal of En-
docrinology of the European Federation of Endocrine Societies 182, 165-175.

Fitzpatrick, K., Winrow, C. ], Gotter, A. L., Millstein, J., Arbuzova, ], Brunner, J., ... Turek, F.
W. (2012). Altered sleep and affect in the neurotensin receptor 1 knockout mouse.
Sleep 35, 949-956.

Frias, J. P., Bastyr, E. ]., 3rd, Vignati, L., Tschop, M. H., Schmitt, C., Owen, K., ... DiMarchi, R. D.
(2017). The sustained effects of a dual GIP/GLP-1 receptor agonist, NNC0090-2746, in
patients with type 2 diabetes. Cell Metabolism 26, 343-352.

Fulurija, A, Lutz, T. A, Sladko, K., Osto, M., Wielinga, P. Y., Bachmann, M. F., & Saudan, P.
(2008). Vaccination against GIP for the treatment of obesity. PLoS One 3 Article
e3163.

Funahashi, H., Yada, T., Suzuki, R., & Shioda, S. (2003). Distribution, function, and proper-
ties of leptin receptors in the brain. International Review of Cytology 224, 1-27.

Galderisi, A., Sherr, J., VanName, M., Carria, L., Zgorski, M., Tichy, E., ... Tamborlane, W.
(2018). Pramlintide but not liraglutide suppresses meal-stimulated glucagon re-
sponses in type 1 diabetes. Journal of Clinical Endocrinology and Metabolism 103,
1088-1094.

Garcia, . M, Friend, J., & Allen, S. (2013). Therapeutic potential of anamorelin, a novel, oral
ghrelin mimetic, in patients with cancer-related cachexia: A multicenter, random-
ized, double-blind, crossover, pilot study. Supportive Care in Cancer 21, 129-137.

12

Pharmacology & Therapeutics 239 (2022) 108187

Ge, X,, Yang, H., Bednarek, M. A., Galon-Tilleman, H., Chen, P., Chen, M., ... Kaplan, D. D.
(2018). LEAP2 is an endogenous antagonist of the ghrelin receptor. Cell Metabolism
27, 461-469.

Geary, N,, Le Sauter, ]., & Noh, U. (1993). Glucagon acts in the liver to control spontaneous
meal size in rats. American Journal of Physiology 264, R116-R122.

Gelling, R. W., Du, X. Q., Dichmann, D. S., Romer, ]., Huang, H., Cui, L, ... Charron, M. J.
(2003). Lower blood glucose, hyperglucagonemia, and pancreatic alpha cell hyper-
plasia in glucagon receptor knockout mice. Proceedings of the National Academy of
Sciences of the United States of America 100, 1438-1443.

Gnanapavan, S., Kola, B., Bustin, S. A., Morris, D. G., McGee, P., Fairclough, P., ... Korbonits,
M. (2002). The tissue distribution of the mRNA of ghrelin and subtypes of its receptor,
GHS-R, in humans. Journal of Clinical Endocrinology and Metabolism 87, 2988-2991.

Goedert, M., & Emson, P. C. (1983). The regional distribution of neurotensin-like immuno-
reactivity in central and peripheral tissues of the cat. Brain Research 272, 291-297.

Gutierrez, J. A, Solenberg, P. ], Perkins, D. R., Willency, J. A., Knierman, M. D., Jin, Z, ... Hale,
J. E. (2008). Ghrelin octanoylation mediated by an orphan lipid transferase.
Proceedings of the National Academy of Sciences of the United States of America 105,
6320-6325.

Gutzwiller, J. P., Drewe, J., Goke, B., Schmidt, H., Rohrer, B., Lareida, ., & Beglinger, C.
(1999). Glucagon-like peptide-1 promotes satiety and reduces food intake in patients
with diabetes mellitus type 2. American Journal of Physiology 276, R1541-R1544.

Habegger, K. M., Stemmer, K., Cheng, C., Muller, T. D., Heppner, K. M., Ottaway, N., ...
Tschop, M. H. (2013). Fibroblast growth factor 21 mediates specific glucagon actions.
Diabetes 62, 1453-1463.

Haedersdal, S., Lund, A., Knop, F. K., & Vilsboll, T. (2018). The role of glucagon in the path-
ophysiology and treatment of type 2 diabetes. Mayo Clinic Proceedings 93, 217-239.

Hagemann, C. A, Zhang, C., Hansen, H. H,, Jorsal, T., Rigbolt, K. T. G., Madsen, M. R,, ... Knop,
F. K. (2021). Identification and metabolic profiling of a novel human gut-derived
LEAP2 fragment. Journal of Clinical Endocrinology and Metabolism 106, e966-e981.

Hainerova, I, Torekov, S. S., Ek, J., Finkova, M., Borch-Johnsen, K., Jorgensen, T., ... Pedersen,
0. (2006). Association between neuromedin U gene variants and overweight and
obesity. Journal of Clinical Endocrinology and Metabolism 91, 5057-5063.

Halaas, J. L, Gajiwala, K. S., Maffei, M., Cohen, S. L., Chait, B. T., Rabinowitz, D., ... Friedman,
J. M. (1995). Weight-reducing effects of the plasma protein encoded by the obese
gene. Science 269, 543-546.

Hanada, R, Teranishi, H., Pearson, J. T., Kurokawa, M., Hosoda, H., Fukushima, N., ... Kojima,
M. (2004). Neuromedin U has a novel anorexigenic effect independent of the leptin
signaling pathway. Nature Medicine 10, 1067-1073.

Hanada, T., Date, Y., Shimbara, T., Sakihara, S., Murakami, N., Hayashi, Y., ... Nakazato, M.
(2003). Central actions of neuromedin U via corticotropin-releasing hormone.
Biochemical and Biophysical Research Communications 311, 954-958.

Hauner, H., Glatting, G., Kaminska, D., & Pfeiffer, E. F. (1988). Effects of gastric inhibitory
polypeptide on glucose and lipid metabolism of isolated rat adipocytes. Annals of
Nutrition and Metabolism 32, 282-288.

Hawkins, M. F., Barkemeyer, C. A., & Tulley, R. T. (1986). Synergistic effects of dopamine
agonists and centrally administered neurotensin on feeding. Pharmacology,
Biochemistry and Behavior 24, 1195-1201.

Hayes, M. R,, Bradley, L., & Grill, H. J. (2009). Endogenous hindbrain glucagon-like
peptide-1 receptor activation contributes to the control of food intake by mediating
gastric satiation signaling. Endocrinology 150, 2654-2659.

Henderson, S.]., Konkar, A, Hornigold, D. C,, Trevaskis, J. L., Jackson, R, Fritsch Fredin, M., ...
Coghlan, M. P. (2016). Robust anti-obesity and metabolic effects of a dual GLP-1/
glucagon receptor peptide agonist in rodents and non-human primates. Diabetes,
Obesity & Metabolism 18, 1176-1190.

Holst, J. J. (2007). The physiology of glucagon-like peptide 1. Physiological Reviews 87,
1409-1439.

Hoosein, N. M., & Gurd, R. S. (1984). Identification of glucagon receptors in rat brain.
Proceedings of the National Academy of Sciences of the United States of America 81,
4368-4372.

Hope, D.C.D., Tan, T. M. M., & Bloom, S. R. (2018). No guts, no loss: Toward the ideal treat-
ment for obesity in the twenty-first century. Frontiers in Endocrinology 9, 442.

Horn, R, Geldszus, R., Potter, E., von Zur Muhlen, A,, & Brabant, G. (1996). Radioimmuno-
assay for the detection of leptin in human serum. Experimental and Clinical
Endocrinology and Diabetes 104, 454-458.

Howard, A. D., Wang, R., Pong, S. S., Mellin, T. N., Strack, A., Guan, X. M, ... Liu, Q. (2000).
Identification of receptors for neuromedin U and its role in feeding. Nature 406,
70-74.

Husain, M., Birkenfeld, A. L., Donsmark, M., Dungan, K, Eliaschewitz, F. G., Franco, D.R,, ...
Investigators, P. (2019). Oral semaglutide and cardiovascular outcomes in patients
with type 2 diabetes. New England Journal of Medicine 381, 841-851.

Ichikawa, R., Takano, K., Fujimoto, K., Motomiya, T., Kobayashi, M., Kitamura, T., & Shichiri,
M. (2019). Basal glucagon hypersecretion and response to oral glucose load in predi-
abetes and mild type 2 diabetes. Endocrine Journal 66, 663-675.

Ingallinella, P., Peier, A. M., Pocai, A., Marco, A. D., Desai, K., Zytko, K., ... Pessi, A. (2012).
PEGylation of Neuromedin U yields a promising candidate for the treatment of obe-
sity and diabetes. Bioorganic and Medicinal Chemistry 20, 4751-4759.

Inokuchi, A., Oomura, Y., Shimizu, N., & Yamamoto, T. (1986). Central action of glucagon
in rat hypothalamus. American Journal of Physiology 250, R120-R126.

Inooka, H., Sakamoto, K., Shinohara, T., Masuda, Y., Terada, M., Kumano, S., ... Ohtaki, T.
(2017). A PEGylated analog of short-length Neuromedin U with potent anorectic
and anti-obesity effects. Bioorganic and Medicinal Chemistry 25, 2307-2312.

Islam, M. N., Mita, Y., Maruyama, K., Tanida, R., Zhang, W., Sakoda, H., & Nakazato, M.
(2020). Liver-expressed antimicrobial peptide 2 antagonizes the effect of ghrelin in
rodents. Journal of Endocrinology 244, 13-23.


http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0195
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0195
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0200
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0200
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0205
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0205
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0205
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0210
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0210
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0220
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0220
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0225
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0225
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0235
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0235
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0240
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0245
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0245
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0245
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0260
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0260
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0260
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0265
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0265
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0265
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0270
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0270
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0270
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0275
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0275
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0275
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0280
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0280
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0280
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0285
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0285
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0290
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0290
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0295
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0295
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0300
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0300
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0300
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0305
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0305
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0310
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0310
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0315
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0315
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0320
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0320
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0325
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0325
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0325
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0330
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0330
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0330
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0335
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0335
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0340
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0340
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0345
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0345
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0345
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0350
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0350
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0355
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0355
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0360
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0360
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0360
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0365
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0365
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0370
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0370
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0375
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0375
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0380
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0380
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0385
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0385
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0390
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0390
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0395
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0395
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0400
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0400
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0405
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0405
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0405
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0410
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0410
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0410
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0415
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0415
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0415
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0420
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0420
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0420
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0425
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0425
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0430
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0430
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0430
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0435
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0435
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0440
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0440
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0440
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0445
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0445
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0450
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0450
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0455
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0455
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0460
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0460
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0465
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0465
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0470
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0470
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0475
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0475

H. Ueno, W. Zhang and M. Nakazato

Ivanov, T. R,, Lawrence, C. B., Stanley, P. J., & Luckman, S. M. (2002). Evaluation of
neuromedin U actions in energy homeostasis and pituitary function. Endocrinology
143, 3813-3821.

Januzzi, . L, Jr., Lyass, A, Liu, Y., Gaggin, H., Trebnick, A., Maisel, A.S., ... Vasan, R. S. (2016).
Circulating proneurotensin concentrations and cardiovascular disease events in the
community: The Framingham heart study. Arteriosclerosis, Thrombosis, and Vascular
Biology 36, 1692-1697.

Ji, L, Jiang, H., An, P., Deng, H., Liu, M., Li, L., ... Qian, L. (2021). IBI362 (LY3305677), a
weekly-dose GLP-1 and glucagon receptor dual agonist, in Chinese adults with over-
weight or obesity: A randomised, placebo-controlled, multiple ascending dose phase
1b study. EClinicalMedicine 39 Article 101088.

Kaczmarek, P., Malendowicz, L. K., Fabis, M., Ziolkowska, A., Pruszynska-Oszmalek, E.,
Sassek, M., ... Nowak, K. W. (2009). Does somatostatin confer insulinostatic effects
of neuromedin u in the rat pancreas? Pancreas 38, 208-212.

Kaczmarek, P., Malendowicz, L. K. Pruszynska-Oszmalek, E., Wojciechowicz, T.,
Szczepankiewicz, D., Szkudelski, T., & Nowak, K. W. (2006). Neuromedin U receptor
1 expression in the rat endocrine pancreas and evidence suggesting neuromedin U
suppressive effect on insulin secretion from isolated rat pancreatic islets.
International Journal of Molecular Medicine 18, 951-955.

Kaiya, H., Miyazato, M., & Kangawa, K. (2011). Recent advances in the phylogenetic study
of ghrelin. Peptides 32, 2155-2174.

Kaiya, H., Miyazato, M., Kangawa, K., Peter, R. E., & Unniappan, S. (2008). Ghrelin: A mul-
tifunctional hormone in non-mammalian vertebrates. Comparative Biochemistry and
Physiology. Part A: Molecular and Integrative Physiology 149, 109-128.

Kanematsu-Yamaki, Y., Nishizawa, N., Kaisho, T., Nagai, H., Mochida, T., Asakawa, T., ...
Asami, T. (2017). Potent body weight-lowering effect of a neuromedin U receptor
2-selective PEGylated peptide. Journal of Medicinal Chemistry 60, 6089-6097.

Katsurada, K., & Yada, T. (2016). Neural effects of gut- and brain-derived glucagon-like
peptide-1 and its receptor agonist. Journal of Diabetes Investigation 7, 64-69.

Killion, E. A., Chen, M., Falsey, ]. R, Sivits, G., Hager, T., Atangan, L., ... Lloyd, D. J. (2020).
Chronic glucose-dependent insulinotropic polypeptide receptor (GIPR) agonism de-
sensitizes adipocyte GIPR activity mimicking functional GIPR antagonism. Nature
Communications 11, 4981.

Kim, E. R,, Leckstrom, A., & Mizuno, T. M. (2008). Impaired anorectic effect of leptin in
neurotensin receptor 1-deficient mice. Behavioural Brain Research 194, 66-71.

Kim, S. J., Nian, C, Karunakaran, S., Clee, S. M., Isales, C. M., & McIntosh, C. H. (2012). GIP-
overexpressing mice demonstrate reduced diet-induced obesity and steatosis, and
improved glucose homeostasis. PLoS One 7 Article e40156.

Kim, S. ], Nian, C., & McIntosh, C. H. (2007). Activation of lipoprotein lipase by glucose-
dependent insulinotropic polypeptide in adipocytes. A role for a protein kinase B,
LKB1, and AMP-activated protein kinase cascade. Journal of Biological Chemistry 282,
8557-8567.

Kim, S. J,, Nian, C,, & McIntosh, C. H. (2010). GIP increases human adipocyte LPL expres-
sion through CREB and TORC2-mediated trans-activation of the LPL gene. Journal of
Lipid Research 51, 3145-3157.

Kinoshita, K., Ozaki, N., Takagi, Y., Murata, Y., Oshida, Y., & Hayashi, Y. (2014). Glucagon is
essential for adaptive thermogenesis in brown adipose tissue. Endocrinology 155,
3484-3492.

Kodama, T., Ashitani, J., Matsumoto, N., Kangawa, K., & Nakazato, M. (2008). Ghrelin treat-
ment suppresses neutrophil-dominant inflammation in airways of patients with
chronic respiratory infection. Pulmonary Pharmacology & Therapeutics 21, 774-779.

Kojima, M., Haruno, R., Nakazato, M., Date, Y., Murakami, N., Hanada, R, ... Kangawa, K.
(2000). Purification and identification of neuromedin U as an endogenous ligand
for an orphan receptor GPR66 (FM3). Biochemical and Biophysical Research
Communications 276, 435-438.

Kojima, M., Hosoda, H., Date, Y., Nakazato, M., Matsuo, H., & Kangawa, K. (1999). Ghrelin
is a growth-hormone-releasing acylated peptide from stomach. Nature 402, 656-660.

Korbonits, M., Bustin, S. A., Kojima, M., Jordan, S., Adams, E. F,, Lowe, D. G., ... Grossman, A.
B. (2001). The expression of the growth hormone secretagogue receptor ligand
ghrelin in normal and abnormal human pituitary and other neuroendocrine tumors.
Journal of Clinical Endocrinology and Metabolism 86, 881-887.

Kowalski, T. ]., Spar, B. D., Markowitz, L., Maguire, M., Golovko, A, Yang, S., ... Gustafson, E.
L. (2005). Transgenic overexpression of neuromedin U promotes leanness and
hypophagia in mice. Journal of Endocrinology 185, 151-164.

Krause, A., Sillard, R., Kleemeier, B., Kluver, E., Maronde, E., Conejo-Garcia, J. R,, ...
Adermann, K. (2003). Isolation and biochemical characterization of LEAP-2, a novel
blood peptide expressed in the liver. Protein Science 12, 143-152.

Krieger, J. P. (2020). Intestinal glucagon-like peptide-1 effects on food intake: Physiolog-
ical relevance and emerging mechanisms. Peptides 131 Article 170342.

Krude, H., Biebermann, H., Luck, W., Horn, R., Brabant, G., & Gruters, A. (1998). Severe
early-onset obesity, adrenal insufficiency and red hair pigmentation caused by
POMC mutations in humans. Nature Genetics 19, 155-157.

Kruse, T., Hansen, J. L, Dahl, K., Schaffer, L., Sensfuss, U., Poulsen, C,, ... Raun, K. (2021). De-
velopment of cagrilintide, a long-acting amylin analogue. Journal of Medicinal
Chemistry 64, 11183-11194.

Kuhre, R. E., Christiansen, C. B., Ghiasi, S. M., Gabe, M. B. N., Skat-Rordam, P. A., Modvig, I.
M., ... Holst, J. J. (2019). Neuromedin U does not act as a decretin in rats. Cell
Metabolism 29, 719-726.

Lau, D. C. W., Erichsen, L., Francisco, A. M., Satylganova, A., le Roux, C. W., McGowan, B,, ...
Batterham, R. L. (2021). Once-weekly cagrilintide for weight management in people
with overweight and obesity: A multicentre, randomised, double-blind, placebo-
controlled and active-controlled, dose-finding phase 2 trial. Lancet 398, 2160-2172.

Laviano, A., Molfino, A,, Rianda, S., & Rossi Fanelli, F. (2012). The growth hormone secre-
tagogue receptor (Ghs-R). Current Pharmaceutical Design 18, 4749-4754.

13

Pharmacology & Therapeutics 239 (2022) 108187

Le Sauter, J., Noh, U,, & Geary, N. (1991). Hepatic portal infusion of glucagon antibodies
increases spontaneous meal size in rats. American Journal of Physiology 261,
R162-R165.

Lee, G. H., Proenca, R, Montez, . M., Carroll, K. M., Darvishzadeh, J. G., Lee, ]. I, & Friedman,
J. M. (1996). Abnormal splicing of the leptin receptor in diabetic mice. Nature 379,
632-635.

Lee, Y., Yu, X,, Gonzales, F., Mangelsdorf, D. ], Wang, M. Y., Richardson, C, ... Unger, R. H.
(2002). PPAR alpha is necessary for the lipopenic action of hyperleptinemia on
white adipose and liver tissue. Proceedings of the National Academy of Sciences of the
United States of America 99, 11848-11853.

Li, J., Li, E., Czepielewski, R. S., Chi, ], Guo, X, Han, Y. H.,, ... Rosen, E. D. (2021). Neurotensin
is an anti-thermogenic peptide produced by lymphatic endothelial cells. Cell
Metabolism 33, 1449-1465.

Li,]., Song, ], Zaytseva, Y. Y., Liu, Y., Rychahou, P., Jiang, K., ... Evers, B. M. (2016). An oblig-
atory role for neurotensin in high-fat-diet-induced obesity. Nature 533, 411-415.

Li, Z., Kelly, L., Heiman, M., Greengard, P., & Friedman, J. M. (2015). Hypothalamic amylin
acts in concert with leptin to regulate food intake. Cell Metabolism 22, 1059-1067.

Lotta, L. A,, Mokrosinski, ]., Mendes de Oliveira, E., Li, C,, Sharp, S.]., Luan, ], ... Farooqj, . S.
(2019). Human gain-of-function MC4R variants show signaling bias and protect
against obesity. Cell 177, 597-607.

Ly, S. C, Chen, M., Atangan, L., Killion, E. A., Komorowski, R., Cheng, Y., ... Veniant, M. M.
(2021). GIPR antagonist antibodies conjugated to GLP-1 peptide are bispecific mole-
cules that decrease weight in obese mice and monkeys. Cell Reports Medicine 2 Article
100263.

Malendowicz, L. K., & Rucinski, M. (2021). Neuromedins NMU and NMS: An updated
overview of their functions. Frontiers in Endocrinology 12 Article 713961.

Maletinska, L., Matyskova, R., Maixnerova, J., Sykora, D., Pychova, M., Spolcova, A, ...
Zelezna, B. (2011). The Peptidic GHS-R antagonist [D-Lys(3)]GHRP-6 markedly im-
proves adiposity and related metabolic abnormalities in a mouse model of postmen-
opausal obesity. Molecular and Cellular Endocrinology 343, 55-62.

Malik, S., McGlone, F., Bedrossian, D., & Dagher, A. (2008). Ghrelin modulates brain activ-
ity in areas that control appetitive behavior. Cell Metabolism 7, 400-409.

Mani, B. K., Puzziferri, N., He, Z., Rodriguez, J. A., Osborne-Lawrence, S., Metzger, N. P., ...
Zigman, J. M. (2019). LEAP2 changes with body mass and food intake in humans
and mice. Journal of Clinical Investigation 129, 3909-3923.

Margetic, S., Gazzola, C,, Pegg, G. G., & Hill, R. A. (2002). Leptin: A review of its peripheral
actions and interactions. International Journal of Obesity and Related Metabolic
Disorders 26, 1407-1433.

Mather, K. J., Paradisi, G., Leaming, R., Hook, G., Steinberg, H. O., Fineberg, N., ... Baron, A. D.
(2002). Role of amylin in insulin secretion and action in humans: Antagonist studies
across the spectrum of insulin sensitivity. Diabetes/Metabolism Research and Reviews
18, 118-126.

McClean, P. L., Irwin, N., Cassidy, R. S., Holst, . J., Gault, V. A, & Flatt, P. R. (2007). GIP re-
ceptor antagonism reverses obesity, insulin resistance, and associated metabolic dis-
turbances induced in mice by prolonged consumption of high-fat diet. American
Journal of Physiology. Endocrinology and Metabolism 293, E1746-E1755.

Meier, J. ], Gallwitz, B., Siepmann, N., Holst, J. J., Deacon, C. F.,, Schmidt, W. E., & Nauck, M.
A. (2003). Gastric inhibitory polypeptide (GIP) dose-dependently stimulates gluca-
gon secretion in healthy human subjects at euglycaemia. Diabetologia 46, 798-801.

Medier, J. ]., Goetze, O., Anstipp, J., Hagemann, D., Holst, ]. J., Schmidt, W. E., ... Nauck, M. A.
(2004). Gastric inhibitory polypeptide does not inhibit gastric emptying in humans.
American Journal of Physiology. Endocrinology and Metabolism 286, E621-E625.

Meier, ]. J., Hucking, K., Holst, J. J., Deacon, C. F., Schmiegel, W. H., & Nauck, M. A. (2001).
Reduced insulinotropic effect of gastric inhibitory polypeptide in first-degree rela-
tives of patients with type 2 diabetes. Diabetes 50, 2497-2504.

Melander, O., Maisel, A. S., Almgren, P., Manjer, J., Belting, M., Hedblad, B., ... Orho-
Melander, M. (2012). Plasma proneurotensin and incidence of diabetes, cardiovascu-
lar disease, breast cancer, and mortality. JAMA 308, 1469-1475.

Meltzer, H. Y., Arvanitis, L., Bauer, D., Rein, W., & Meta-Trial Study, G (2004). Placebo-
controlled evaluation of four novel compounds for the treatment of schizophrenia
and schizoaffective disorder. American Journal of Psychiatry 161, 975-984.

Mesnage, V., Houeto, J. L., Bonnet, A. M., Clavier, L, Arnulf, I, Cattelin, F., ... Agid, Y. (2004).
Neurokinin B, neurotensin, and cannabinoid receptor antagonists and Parkinson dis-
ease. Clinical Neuropharmacology 27, 108-110.

Mighiu, P. 1, Yue, J. T., Fillipi, B. M., Abraham, M. A., Chari, M, Lam, C. K, ... Lam, T. K. (2013).
Hypothalamic glucagon signaling inhibits hepatic glucose production. Nature
Medicine 19, 766-772.

Minamino, N., Kangawa, K., Honzawa, M., & Matsuo, H. (1988). Isolation and structural
determination of rat neuromedin U. Biochemical and Biophysical Research
Communications 156, 355-360.

Minamino, N., Kangawa, K., & Matsuo, H. (1985). Neuromedin U-8 and U-25: Novel
uterus stimulating and hypertensive peptides identified in porcine spinal cord.
Biochemical and Biophysical Research Communications 130, 1078-1085.

Mitchell, J. D., Maguire, J. J., & Davenport, A. P. (2009). Emerging pharmacology and phys-
iology of neuromedin U and the structurally related peptide neuromedin S. British
Journal of Pharmacology 158, 87-103.

Mitsukawa, T., Takemura, J., Asai, J., Nakazato, M., Kangawa, K., Matsuo, H., & Matsukura, S.
(1990). Islet amyloid polypeptide response to glucose, insulin, and somatostatin an-
alogue administration. Diabetes 39, 639-642.

Miyachi, A., Kobayashi, M., Mieno, E., Goto, M., Furusawa, K., Inagaki, T., & Kitamura, T.
(2017). Accurate analytical method for human plasma glucagon levels using liquid
chromatography-high resolution mass spectrometry: Comparison with commercially
available immunoassays. Analytical and Bioanalytical Chemistry 409, 5911-5918.

Miyawaki, K., Yamada, Y., Ban, N,, Ihara, Y., Tsukiyama, K., Zhou, H., ... Seino, Y. (2002). In-
hibition of gastric inhibitory polypeptide signaling prevents obesity. Nature Medicine
8, 738-742.


http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0480
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0480
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0480
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0485
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0485
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0485
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0490
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0490
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0490
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0490
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0495
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0495
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0500
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0500
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0500
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0500
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0505
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0505
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0510
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0510
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0510
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0515
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0515
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0520
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0520
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0525
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0525
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0525
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0530
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0530
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0535
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0535
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0535
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0540
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0540
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0540
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0540
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0545
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0545
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0545
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0550
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0550
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0550
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0555
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0555
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0555
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0560
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0560
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0560
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0565
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0565
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0570
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0570
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0570
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0575
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0575
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0580
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0580
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0585
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0585
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0590
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0590
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0590
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0595
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0595
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0595
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0600
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0600
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0605
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0605
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0605
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0610
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0610
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0615
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0615
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0615
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0620
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0620
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0625
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0625
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0625
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0630
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0630
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0630
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0635
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0635
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0640
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0640
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0645
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0645
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0650
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0650
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0650
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0655
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0655
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0660
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0660
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0660
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0665
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0665
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0670
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0670
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0675
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0675
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0675
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0680
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0680
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0680
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0685
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0685
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0685
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0685
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0690
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0690
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0695
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0695
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0700
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0700
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0705
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0705
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0710
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0710
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0710
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0715
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0715
http://refhub.elsevier.com/S0163-7258(22)00081-X/optRMZX6hvS0j
http://refhub.elsevier.com/S0163-7258(22)00081-X/optRMZX6hvS0j
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0720
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0720
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0720
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0725
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0725
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0725
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0730
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0730
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0730
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0735
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0735
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0740
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0740
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0740
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0745
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0745
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0745

H. Ueno, W. Zhang and M. Nakazato

M’Kadmi, C., Cabral, A, Barrile, F., Giribaldi, J., Cantel, S., Damian, M, ... Fehrentz, J. A.
(2019). N-terminal liver-expressed antimicrobial peptide 2 (LEAP2) region exhibits
inverse agonist activity toward the ghrelin receptor. Journal of Medicinal Chemistry
62, 965-973.

Montague, C. T., Farooqi, I. S., Whitehead, J. P., Soos, M. A, Rau, H., Wareham, N. J., ...
O'Rahilly, S. (1997). Congenital leptin deficiency is associated with severe early-
onset obesity in humans. Nature 387, 903-908.

Moon, H. S., Dalamaga, M., Kim, S. Y., Polyzos, S. A., Hamnvik, O. P., Magkos, F., ...
Mantzoros, C. S. (2013). Leptin’s role in lipodystrophic and nonlipodystrophic
insulin-resistant and diabetic individuals. Endocrine Reviews 34, 377-412.

Moon, H. S., Huh, ]. Y., Dincer, F., Schneider, B. E., Hasselgren, P. O., & Mantzoros, C. S.
(2015). Identification and saturable nature of signaling pathways induced by
metreleptin in humans: Comparative evaluation of in vivo, ex vivo, and in vitro ad-
ministration. Diabetes 64, 828-839.

Moon, H. S., Matarese, G., Brennan, A. M., Chamberland, ]. P., Liu, X., Fiorenza, C. G,, ...
Mantzoros, C. S. (2011). Efficacy of metreleptin in obese patients with type 2 diabe-
tes: Cellular and molecular pathways underlying leptin tolerance. Diabetes 60,
1647-1656.

Morgan, L. M., Morris, B. A,, & Marks, V. (1978). Radioimmunoassay of gastric inhibitory
polypeptide. Annals of Clinical Biochemistry 15, 172-177.

Mori, K, Ida, T., Fudetani, M., Mori, M., Kaiya, H., Hino, J., ... Kangawa, K. (2017). Identifi-
cation of neuromedin U precursor-related peptide and its possible role in the regula-
tion of prolactin release. Scientific Reports 7 Article 10468.

Mosialou, I, Shikhel, S., Liu, J. M., Maurizi, A., Luo, N., He, Z., ... Kousteni, S. (2017). MC4R-
dependent suppression of appetite by bone-derived lipocalin 2. Nature 543, 385-390.

Muff, R., Buhlmann, N., Fischer, J. A, & Born, W. (1999). An amylin receptor is revealed fol-
lowing co-transfection of a calcitonin receptor with receptor activity modifying
proteins-1 or -3. Endocrinology 140, 2924-2927.

Muttenthaler, M., King, G. F., Adams, D. J., & Alewood, P. F. (2021). Trends in peptide drug
discovery. Nature Reviews. Drug Discovery 20, 309-325.

Nagai, H., Kaisho, T., Yokoyama, K., Asakawa, T., Fujita, H., Matsumiya, K, ... Takekawa, S.
(2018). Differential effects of selective agonists of neuromedin U1 and U2 receptors
in obese and diabetic mice. British Journal of Pharmacology 175, 359-373.

Nahra, R,, Wang, T., Gadde, K. M., Oscarsson, J., Stumvoll, M., Jermutus, L., ... Ambery, P.
(2021). Effects of cotadutide on metabolic and hepatic parameters in adults with
overweight or obesity and type 2 diabetes: A 54-week randomized phase 2b study.
Diabetes Care 44, 1433-1442.

Nair, K. S. (1987). Hyperglucagonemia increases resting metabolic rate in man during in-
sulin deficiency. Journal of Clinical Endocrinology and Metabolism 64, 896-901.

Nakabayashi, H., Nishizawa, M., Nakagawa, A., Takeda, R., & Niijima, A. (1996). Vagal
hepatopancreatic reflex effect evoked by intraportal appearance of tGLP-1.
American Journal of Physiology 271, ES08-E813.

Nakahara, K., Maruyama, K., Ensho, T., Mori, K., Miyazato, M., Kangawa, K., ... Murakami, N.
(2020). Neuromedin U suppresses prolactin secretion via dopamine neurons of the
arcuate nucleus. Biochemical and Biophysical Research Communications 521, 521-526.

Nakanishi, S., Inoue, A., Kita, T., Nakamura, M., Chang, A. C., Cohen, S. N., & Numa, S.
(1979). Nucleotide sequence of cloned cDNA for bovine corticotropin-beta-
lipotropin precursor. Nature 278, 423-427.

Nakazato, M., Hanada, R., Murakami, N., Date, Y., Mondal, M. S., Kojima, M., ... Matsukura,
S. (2000). Central effects of neuromedin U in the regulation of energy homeostasis.
Biochemical and Biophysical Research Communications 277, 191-194.

Nakazato, M., Miyazato, M., Asai, ]., Mitsukawa, T., Kangawa, K., Matsuo, H., & Matsukura,
S. (1990). Islet amyloid polypeptide, a novel pancreatic peptide, is a circulating hor-
mone secreted under glucose stimulation. Biochemical and Biophysical Research
Communications 169, 713-718.

Nakazato, M., Murakami, N., Date, Y., Kojima, M., Matsuo, H., Kangawa, K., & Matsukura, S.
(2001). A role for ghrelin in the central regulation of feeding. Nature 409, 194-198.

Nauck, M. A, Heimesaat, M. M., Orskov, C.,, Holst, J. ., Ebert, R., & Creutzfeldt, W. (1993).
Preserved incretin activity of glucagon-like peptide 1 [7-36 amide] but not of syn-
thetic human gastric inhibitory polypeptide in patients with type-2 diabetes mellitus.
Journal of Clinical Investigation 91, 301-307.

Nauck, M. A., & Meier, J. J. (2018). Incretin hormones: Their role in health and disease.
Diabetes, Obesity & Metabolism 20, 5-21.

Neuner, P., Peier, A. M., Talamo, F., Ingallinella, P., Lahm, A,, Barbato, G., ... Pessi, A. (2014).
Development of a neuromedin U-human serum albumin conjugate as a long-acting
candidate for the treatment of obesity and diabetes. Comparison with the PEGylated
peptide. Journal of Peptide Science 20, 7-19.

Nicoli, C. D,, Carson, A. P., Plante, T. B, Long, D. L., McClure, L. A,, Schulte, ]., & Cushman, M.
(2021). Pro-neurotensin/neuromedin N and risk of incident metabolic syndrome and
diabetes mellitus in the REGARDS cohort. Journal of Clinical Endocrinology and
Metabolism 106, e3483-e3494.

Niimi, M., Murao, K., & Taminato, T. (2001). Central administration of neuromedin U acti-
vates neurons in ventrobasal hypothalamus and brainstem. Endocrine 16, 201-206.

Norregaard, P. K., Deryabina, M. A., Tofteng Shelton, P., Fog, ]. U., Daugaard, J. R., Eriksson,
P. O,, ... Jessen, L. (2018). A novel GIP analogue, ZP4165, enhances glucagon-like
peptide-1-induced body weight loss and improves glycaemic control in rodents.
Diabetes, Obesity & Metabolism 20, 60-68.

Novak, C. M,, Zhang, M., & Levine, J. A. (2006). Neuromedin U in the paraventricular and
arcuate hypothalamic nuclei increases non-exercise activity thermogenesis. Journal of
Neuroendocrinology 18, 594-601.

O'Brien, T. D., Westermark, P., & Johnson, K. H. (1990). Islet amyloid polypeptide (IAPP)
does not inhibit glucose-stimulated insulin secretion from isolated perfused rat pan-
creas. Biochemical and Biophysical Research Communications 170, 1223-1228.

Ohsawa, H., Kanatsuka, A., Yamaguchi, T., Makino, H., & Yoshida, S. (1989). Islet amyloid
polypeptide inhibits glucose-stimulated insulin secretion from isolated rat pancreatic
islets. Biochemical and Biophysical Research Communications 160, 961-967.

14

Pharmacology & Therapeutics 239 (2022) 108187

Olson, B, Zhu, X,, Norgard, M. A, Levasseur, P. R, Butler, J. T., Buenafe, A., ... Marks, D. L.
(2021). Lipocalin 2 mediates appetite suppression during pancreatic cancer cachexia.
Nature Communications 12 Article 2057.

Opie, E. L. (1901). The relation oe diabetes mellitus to lesions of the pancreas. Hyaline de-
generation of the islands oe Langerhans. Journal of Experimental Medicine 5, 527-540.

Opland, D., Sutton, A., Woodworth, H., Brown, J., Bugescu, R., Garcia, A, ... Leinninger, G.
(2013). Loss of neurotensin receptor-1 disrupts the control of the mesolimbic dopa-
mine system by leptin and promotes hedonic feeding and obesity. Molecular
Metabolism 2, 423-434.

Oral, E. A, Simha, V., Ruiz, E., Andewelt, A., Premkumar, A., Snell, P,, ... Garg, A. (2002).
Leptin-replacement therapy for lipodystrophy. New England Journal of Medicine 346,
570-578.

Papathanassoglou, E., EI-Haschimi, K., Li, X. C., Matarese, G., Strom, T., & Mantzoros, C.
(2006). Leptin receptor expression and signaling in lymphocytes: Kinetics during
lymphocyte activation, role in lymphocyte survival, and response to high fat diet in
mice. Journal of Immunology 176, 7745-7752.

Peier, A. M., Desai, K., Hubert, ]., Du, X,, Yang, L., Qian, Y., .. Marsh, D. J. (2011). Effects of
peripherally administered neuromedin U on energy and glucose homeostasis.
Endocrinology 152, 2644-2654.

Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Hecht, R., Winters, D., Boone, T., & Collins,
F. (1995). Effects of the obese gene product on body weight regulation in ob/ob mice.
Science 269, 540-543.

Perez-Bonilla, P., Santiago-Colon, K., Matasovsky, J., Ramirez-Virella, J., Khan, R., Garver, H.,
... Leinninger, G. M. (2021). Activation of ventral tegmental area neurotensin
receptor-1 neurons promotes weight loss. Neuropharmacology 195, Article 108639.

Pi-Sunyer, X., Astrup, A., Fujioka, K., Greenway, F., Halpern, A., Krempf, M, ... Prediabetes,
N. N. S. G. (2015). A randomized, controlled trial of 3.0 mg of liraglutide in weight
management. New England Journal of Medicine 373, 11-22.

Pontiroli, A. E., & Tagliabue, E. (2020). Intranasal versus injectable glucagon for hypogly-
cemia in type 1 diabetes: Systematic review and meta-analysis. Acta Diabetologica 57,
743-749.

Qiao, Y. C, Ling, W., Pan, Y. H., Chen, Y. L, Zhou, D., Huang, Y. M., ... Zhao, H. L. (2017). Ef-
ficacy and safety of pramlintide injection adjunct to insulin therapy in patients with
type 1 diabetes mellitus: A systematic review and meta-analysis. Oncotarget 8,
66504-66515.

Quinones, M., Al-Massadi, O., Gallego, R., Ferno, J., Dieguez, C., Lopez, M., & Nogueiras, R.
(2015). Hypothalamic CaMKKbeta mediates glucagon anorectic effect and its diet-
induced resistance. Molecular Metabolism 4, 961-970.

Ratner, C,, He, Z., Grunddal, K. V., Skov, L. J., Hartmann, B., Zhang, F,, ... Holst, B. (2019).
Long-acting neurotensin synergizes with liraglutide to reverse obesity through a
melanocortin-dependent pathway. Diabetes 68, 1329-1340.

Ratner, C,, Shin, J. H.,, Dwibedi, C., Tremaroli, V., Bjerregaard, A., Hartmann, B,, ... Holst, B.
(2021). Anorexia and fat aversion induced by vertical sleeve gastrectomy is attenu-
ated in neurotensin receptor 1-deficient mice. Endocrinology 162 Article bqab130.

Ratner, C,, Skov, L. ]., Raida, Z., Bachler, T., Bellmann-Sickert, K., Le Foll, C,, ... Holst, B.
(2016). Effects of peripheral neurotensin on appetite regulation and its role in gastric
bypass surgery. Endocrinology 157, 3482-3492.

Raufman, J. P., Singh, L., Singh, G., & Eng, ]. (1992). Truncated glucagon-like peptide-1 in-
teracts with exendin receptors on dispersed acini from guinea pig pancreas. Identifi-
cation of a mammalian analogue of the reptilian peptide exendin-4. Journal of
Biological Chemistry 267, 21432-21437.

Ravussin, E., Smith, S. R,, Mitchell, J. A,, Shringarpure, R., Shan, K., Maier, H., ... Weyer, C.
(2009). Enhanced weight loss with pramlintide/metreleptin: An integrated neuro-
hormonal approach to obesity pharmacotherapy. Obesity 17, 1736-1743.

Rioux, F., Quirion, R., St-Pierre, S., Regoli, D., Jolicoeur, F. B., Belanger, F., & Barbeau, A.
(1981). The hypotensive effect of centrally administered neurotensin in rats.
European Journal of Pharmacology 69, 241-247.

Rossi, M. A, & Stuber, G. D. (2018). Overlapping brain circuits for homeostatic and he-
donic feeding. Cell Metabolism 27, 42-56.

Roth, ]. D., Roland, B. L., Cole, R. L., Trevaskis, J. L., Weyer, C., Koda, ]. E., ... Baron, A. D.
(2008). Leptin responsiveness restored by amylin agonism in diet-induced obesity:
Evidence from nonclinical and clinical studies. Proceedings of the National Academy
of Sciences of the United States of America 105, 7257-7262.

Rowe, W., Viau, V., Meaney, M. J., & Quirion, R. (1995). Stimulation of CRH-mediated
ACTH secretion by central administration of neurotensin: Evidence for the participa-
tion of the paraventricular nucleus. Journal of Neuroendocrinology 7, 109-117.

Rucinski, M., Ziolkowska, A., Neri, G., Trejter, M., Zemleduch, T., Tyczewska, M., ...
Malendowicz, L. K. (2007). Expression of neuromedins S and U and their receptors
in the hypothalamus and endocrine glands of the rat. International Journal of
Molecular Medicine 20, 255-259.

Sakai, K., Shiomi, K., Mochizuki, H., Islam, M. N., Nabekura, H., Tanida, R., ... Nakazato, M.
(2021). Human liver-expressed antimicrobial peptide 2 elevation in the cerebrospi-
nal fluid in bacterial meningitis. Brain and Behavior: A Cognitive Neuroscience Perspec-
tive 11 Article e02111.

Sakata, I., Yamazaki, M., Inoue, K., Hayashi, Y., Kangawa, K., & Sakai, T. (2003). Growth
hormone secretagogue receptor expression in the cells of the stomach-projected af-
ferent nerve in the rat nodose ganglion. Neuroscience Letters 342, 183-186.

Salem, V., Izzi-Engbeaya, C., Coello, C., Thomas, D. B., Chambers, E. S., Comninos, A. N, ...
Dhillo, W. S. (2016). Glucagon increases energy expenditure independently of
brown adipose tissue activation in humans. Diabetes, Obesity & Metabolism 18, 72-81.

Satoh, K., & Matsumura, H. (1990). Distribution of neurotensin-containing fibers in the
frontal cortex of the macaque monkey. Journal of Comparative Neurology 298,
215-223.

Scheen, A.]., Castillo, M. ], & Lefebvre, P. J. (1996 ). Assessment of residual insulin secretion
in diabetic patients using the intravenous glucagon stimulatory test: Methodological
aspects and clinical applications. Diabetes & Metabolism 22, 397-406.


http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0750
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0750
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0750
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0755
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0755
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0760
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0760
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0765
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0765
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0765
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0770
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0770
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0770
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0775
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0775
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0780
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0780
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0780
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0785
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0785
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0790
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0790
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0790
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0795
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0795
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0800
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0800
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0805
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0805
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0805
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0810
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0810
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0815
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0815
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0815
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0820
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0820
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0825
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0825
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0830
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0830
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0835
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0835
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0835
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0840
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0845
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0845
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0845
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0850
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0850
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0855
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0855
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0855
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0860
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0860
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0860
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0865
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0865
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0870
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0870
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0870
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0875
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0875
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0875
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0880
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0880
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0880
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0885
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0885
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0885
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0890
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0890
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0895
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0895
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0900
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0900
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0900
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0905
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0905
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0910
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0910
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0910
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0915
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0915
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0915
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0920
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0920
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0925
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0925
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0930
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0930
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0935
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0935
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0935
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0940
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0940
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0940
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0940
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0945
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0945
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0950
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0950
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0955
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0955
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0960
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0960
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0965
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0965
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0965
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0965
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0970
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0970
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0975
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0975
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0980
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0980
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0985
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0985
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0985
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0990
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0990
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0990
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0995
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0995
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf0995
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1000
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1000
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1000
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1005
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1010
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1010
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1015
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1020
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1020
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1020

H. Ueno, W. Zhang and M. Nakazato

Schiavon, M., Visentin, R., Gobel, B., Riz, M., Cobelli, C., Klabunde, T., & Dalla Man, C.
(2021). Improved postprandial glucose metabolism in type 2 diabetes by the dual
glucagon-like peptide-1/glucagon receptor agonist SAR425899 in comparison with li-
raglutide. Diabetes, Obesity & Metabolism 23, 1795-1805.

Seufert, J. (2004). Leptin effects on pancreatic beta-cell gene expression and function.
Diabetes 53, S152-5158.

Sherr, J. L, Ruedy, K. ], Foster, N. C, Piche, C. A, Dulude, H., Rickels, M. R., ... Investigators, T.
D. E. L. G. (2016). Glucagon nasal powder: A promising alternative to intramuscular
glucagon in youth with type 1 diabetes. Diabetes Care 39, 555-562.

Shetty, G. K., Matarese, G., Magkos, F., Moon, H. S,, Liu, X,, Brennan, A. M.,, ... Mantzoros, C.
S. (2011). Leptin administration to overweight and obese subjects for 6 months in-
creases free leptin concentrations but does not alter circulating hormones of the thy-
roid and IGF axes during weight loss induced by a mild hypocaloric diet. European
Journal of Endocrinology of the European Federation of Endocrine Societies 165,
249-254.

Shiiya, T., Nakazato, M., Mizuta, M., Date, Y., Mondal, M. S., Tanaka, M., ... Matsukura, S.
(2002). Plasma ghrelin levels in lean and obese humans and the effect of glucose
on ghrelin secretion. Journal of Clinical Endocrinology and Metabolism 87, 240-244.

Shin, A., Camilleri, M., Busciglio, ., Burton, D., Stoner, E., Noonan, P., ... Zinsmeister, A. R.
(2013). Randomized controlled phase Ib study of ghrelin agonist, RM-131, in type 2
diabetic women with delayed gastric emptying: Pharmacokinetics and pharmacody-
namics. Diabetes Care 36, 41-48.

Singh-Franco, D., Perez, A., & Harrington, C. (2011). The effect of pramlintide acetate on
glycemic control and weight in patients with type 2 diabetes mellitus and in obese
patients without diabetes: A systematic review and meta-analysis. Diabetes, Obesity
& Metabolism 13, 169-180.

Smith, S. R, Blundell, J. E., Burns, C., Ellero, C., Schroeder, B. E., Kesty, N. C., ... Weyer, C.
(2007). Pramlintide treatment reduces 24-h caloric intake and meal sizes and im-
proves control of eating in obese subjects: A 6-wk translational research study.
American Journal of Physiology. Endocrinology and Metabolism 293, E620-E627.

Svoboda, M., Tastenoy, M., Vertongen, P., & Robberecht, P. (1994). Relative quantitative
analysis of glucagon receptor mRNA in rat tissues. Molecular and Cellular
Endocrinology 105, 131-137.

Takaya, K., Ariyasu, H., Kanamoto, N., Iwakura, H., Yoshimoto, A., Harada, M., ... Nakao, K.
(2000). Ghrelin strongly stimulates growth hormone release in humans. Journal of
Clinical Endocrinology and Metabolism 85, 4908-4911.

Takayama, K., Mori, K., Tanaka, A., Sasaki, Y., Sohma, Y., Taguchi, A., ... Hayashi, Y. (2020). A
chemically stable peptide agonist to neuromedin U receptor type 2. Bioorganic and
Medicinal Chemistry 28 Article 115454.

Takiguchi, S., Miyazaki, Y., Takahashi, T., Kurokawa, Y., Yamasaki, M., Nakajima, K., ... Doki,
Y. (2016). Impact of synthetic ghrelin administration for patients with severe body
weight reduction more than 1 year after gastrectomy: A phase II clinical trial.
Surgery Today 46, 379-385.

Tallam, L. S., Stec, D. E., Willis, M. A, da Silva, A. A., & Hall, J. E. (2005). Melanocortin-4
receptor-deficient mice are not hypertensive or salt-sensitive despite obesity, hyper-
insulinemia, and hyperleptinemia. Hypertension 46, 326-332.

Tanaka, A., Takayama, K., Furubayashi, T., Mori, K., Takemura, Y., Amano, M., ... Yamamoto,
A. (2020). Transnasal delivery of the peptide agonist specific to neuromedin-U recep-
tor 2 to the brain for the treatment of obesity. Molecular Pharmaceutics 17, 32-39.

Tartaglia, L. A. (1997). The leptin receptor. Journal of Biological Chemistry 272, 6093-6096.

Tartaglia, L. A., Dembski, M., Weng, X., Deng, N., Culpepper, ]., Devos, R, ... Tepper, R. L.
(1995). Identification and expression cloning of a leptin receptor, OB-R. Cell 83,
1263-1271.

Temel, ]. S., Abernethy, A. P., Currow, D. C, Friend, J., Duus, E. M,, Yan, Y., & Fearon, K. C.
(2016). Anamorelin in patients with non-small-cell lung cancer and cachexia
(ROMANA 1 and ROMANA 2): Results from two randomised, double-blind, phase 3
trials. Lancet Oncology 17, 519-531.

Teranishi, H., & Hanada, R. (2021). Neuromedin U, a key molecule in metabolic disorders.
International Journal of Molecular Sciences 22 Article 4238.

Tonjes, A., Hoffmann, A., Kralisch, S., Qureshi, A. R., Kloting, N., Scholz, M., ... Ebert, T.
(2020). Pro-neurotensin depends on renal function and is related to all-cause mortal-
ity in chronic kidney disease. European Journal of Endocrinology of the European Feder-
ation of Endocrine Societies 183, 233-244.

Torres-Fuentes, C., Schellekens, H., Dinan, T. G., & Cryan, J. F. (2017). The microbiota-gut-
brain axis in obesity. The Lancet Gastroenterology & Hepatology 2, 747-756.

Toshinai, K., Yamaguchi, H., Sun, Y., Smith, R. G., Yamanaka, A., Sakurai, T., ... Nakazato, M.
(2006). Des-acyl ghrelin induces food intake by a mechanism independent of the
growth hormone secretagogue receptor. Endocrinology 147, 2306-2314.

Tschop, M., Smiley, D. L., & Heiman, M. L. (2000). Ghrelin induces adiposity in rodents.
Nature 407, 908-913.

Tschop, M. H,, Finan, B., Clemmensen, C., Gelfanov, V., Perez-Tilve, D., Muller, T. D., &
DiMarchi, R. D. (2016). Unimolecular polypharmacy for treatment of diabetes and
obesity. Cell Metabolism 24, 51-62.

Turcot, V., Lu, Y., Highland, H. M., Schurmann, C,, Justice, A. E., Fine, R. S, ... Loos, R. . F.
(2018). Protein-altering variants associated with body mass index implicate

15

Pharmacology & Therapeutics 239 (2022) 108187

pathways that control energy intake and expenditure in obesity. Nature Genetics 50,
26-41.

Ueno, H., Mizuta, M., Shiiya, T., Tsuchimochi, W., Noma, K., Nakashima, N., ... Nakazato, M.
(2014). Exploratory trial of intranasal administration of glucagon-like peptide-1 in
Japanese patients with type 2 diabetes. Diabetes Care 37, 2024-2027.

Ueno, H., Nakazato, H., Ebihara, E., Noma, K., Kawano, T., Nagamine, K., ... Nakazato, M.
(2018). Effects of ipragliflozin on postprandial glucose metabolism and gut peptides
in type 2 diabetes: A pilot study. Diabetes Therapy 9, 403-411.

Ueno, H., Shiiya, T., Mizuta, M., Mondal, S. M., & Nakazato, M. (2007). Plasma ghrelin con-
centrations in different clinical stages of diabetic complications and glycemic control
in Japanese diabetics. Endocrine Journal 54, 895-902.

Uhl, G. R, Goodman, R. R,, & Snyder, S. H. (1979). Neurotensin-containing cell bodies, fi-
bers and nerve terminals in the brain stem of the rat: Immunohistochemical map-
ping. Brain Research 167, 77-91.

Uriarte, M., De Francesco, P. N., Fernandez, G., Cabral, A., Castrogiovanni, D., Lalonde, T., ...
Perello, M. (2019). Evidence Supporting a Role for the Blood-Cerebrospinal Fluid Bar-
rier Transporting Circulating Ghrelin into the Brain. Molecular Neurobiology 56,
4120-4134.

Urva, S., Coskun, T., Loghin, C., Cui, X., Beebe, E., O'Farrell, L., ... Haupt, A. (2020). The novel
dual glucose-dependent insulinotropic polypeptide and glucagon-like peptide-1
(GLP-1) receptor agonist tirzepatide transiently delays gastric emptying similarly to
selective long-acting GLP-1 receptor agonists. Diabetes, Obesity & Metabolism 22,
1886-1891.

Usdin, T. B., Mezey, E., Button, D. C., Brownstein, M. ], & Bonner, T. I. (1993). Gastric inhib-
itory polypeptide receptor, a member of the secretin-vasoactive intestinal peptide re-
ceptor family, is widely distributed in peripheral organs and the brain. Endocrinology
133, 2861-2870.

Vadnie, C. A,, Hinton, D. J,, Choi, S., Choi, Y., Ruby, C. L, Oliveros, A,, ... Choi, D. S. (2014).
Activation of neurotensin receptor type 1 attenuates locomotor activity.
Neuropharmacology 85, 482-492.

Vasandani, C., Clark, G. O., Adams-Huet, B., Quittner, C., & Garg, A. (2017). Efficacy and
safety of metreleptin therapy in patients with type 1 diabetes: A pilot study.
Diabetes Care 40, 694-697.

Vilsboll, T., Krarup, T., Madsbad, S., & Holst, J. J. (2002). Defective amplification of the late
phase insulin response to glucose by GIP in obese Type II diabetic patients.
Diabetologia 45, 1111-1119.

Vincent, ]. P., Mazella, J., & Kitabgi, P. (1999). Neurotensin and neurotensin receptors.
Trends in Pharmacological Sciences 20, 302-309.

Wang, J. H,, Li, H. Z., Shao, X. X,, Nie, W. H,, Liu, Y. L, Xu, Z. G., & Guo, Z. Y. (2019). Identi-
fying the binding mechanism of LEAP2 to receptor GHSR1a. The FEBS Journal 286,
1332-1345.

Weatherford, S. C,, & Ritter, S. (1988). Lesion of vagal afferent terminals impairs glucagon-
induced suppression of food intake. Physiology and Behavior 43, 645-650.

Westermark, P. (2011). Amyloid in the islets of Langerhans: Thoughts and some historical
aspects. Upsala Journal of Medical Sciences 116, 81-89.

Westermark, P., Wernstedt, C., Wilander, E., Hayden, D. W., O'Brien, T. D., & Johnson, K. H.
(1987). Amyloid fibrils in human insulinoma and islets of Langerhans of the diabetic
cat are derived from a neuropeptide-like protein also present in normal islet cells.
Proceedings of the National Academy of Sciences of the United States of America 84,
3881-3885.

Wren, A. M., Small, C. ]., Abbott, C. R, Dhillo, W. S,, Seal, L. ], Cohen, M. A, ... Bloom, S. R.
(2001). Ghrelin causes hyperphagia and obesity in rats. Diabetes 50, 2540-2547.
Wren, A. M., Small, C.]., Abbott, C. R, Jethwa, P. H., Kennedy, A. R., Murphy, K. G., ... Bloom,

S. R. (2002). Hypothalamic actions of neuromedin U. Endocrinology 143, 4227-4234.

Yan, Q. W., Yang, Q., Mody, N., Graham, T. E., Hsy, C. H,, Xu, Z,, ... Rosen, E. D. (2007). The
adipokine lipocalin 2 is regulated by obesity and promotes insulin resistance. Diabetes
56, 2533-2540.

Yang, J., Brown, M. S,, Liang, G., Grishin, N. V., & Goldstein, J. L. (2008). Identification of the
acyltransferase that octanoylates ghrelin, an appetite-stimulating peptide hormone.
Cell 132, 387-396.

Zhang, Q., Delessa, C. T., Augustin, R., Bakhti, M., Collden, G., Drucker, D. J., ... Muller, T. D.
(2021). The glucose-dependent insulinotropic polypeptide (GIP) regulates body
weight and food intake via CNS-GIPR signaling. Cell Metabolism 33, 833-844.

Zhang, W., Sakoda, H., Miura, A., Shimizu, K., Mori, K., Miyazato, M., ... Nakazato, M.
(2017). Neuromedin U suppresses glucose-stimulated insulin secretion in pancreatic
beta cells. Biochemical and Biophysical Research Communications 493, 677-683.

Zhang, W., Sakoda, H., & Nakazato, M. (2020). Neuromedin U suppresses insulin secretion
by triggering mitochondrial dysfunction and endoplasmic reticulum stress in pancre-
atic beta-cells. FASEB Journal 34, 133-147.

Zhang, W., Sakoda, H., Nakazato, Y., Islam, M. N., Pattou, F., Kerr-Conte, J., & Nakazato, M.
(2021). Neuromedin U uses Galphai2 and Galphao to suppress glucose-stimulated
Ca2+ signaling and insulin secretion in pancreatic beta cells. PLoS One 16 Article
e0250232.

Zhou, Y., & Rui, L. (2013). Leptin signaling and leptin resistance. Frontiers of Medicine 7,
207-222.


http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1025
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1030
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1030
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1035
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1035
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1040
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1045
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1045
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1050
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1055
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1060
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1060
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1060
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1065
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1065
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1065
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1070
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1070
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1075
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1080
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1085
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1090
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1095
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1100
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1100
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1105
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1110
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1110
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1115
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1115
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1115
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1120
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1120
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1125
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1125
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1130
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1130
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1135
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1135
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1140
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1140
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1140
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1145
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1145
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1150
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1150
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1155
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1155
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1155
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1160
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1165
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1165
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1165
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1170
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1175
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1180
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1180
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1185
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1190
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1195
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1195
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1200
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1200
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1200
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1205
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1205
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1210
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1210
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1215
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1220
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1225
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1230
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1235
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1235
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1235
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1240
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1240
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1245
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1245
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1250
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1255
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1260
http://refhub.elsevier.com/S0163-7258(22)00081-X/rf1260

