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ABSTRACT

Background: Over the past 20 years, insights from human and mouse genetics have illuminated the central role of the brain leptin-melanocortin
pathway in controlling mammalian food intake, with genetic disruption resulting in extreme obesity, and more subtle polymorphic variations
influencing the population distribution of body weight. At the end of 2020, the U.S. Food and Drug Administration (FDA) approved setmelanotide, a
melanocortin 4 receptor agonist, for use in individuals with severe obesity due to either pro-opiomelanocortin (POMC), proprotein convertase
subtilisin/kexin type 1 (PCSK1), or leptin receptor (LEPR) deficiency.
Scope of review: Herein, we chart the melanocortin pathway’s history, explore its pharmacology, genetics, and physiology, and describe how a
neuropeptidergic circuit became an important druggable obesity target.
Major conclusions: Unravelling the genetics of the subset of severe obesity has revealed the importance of the melanocortin pathway in
appetitive control; coupling this with studying the molecular pharmacology of compounds that bind melanocortin receptors has brought a new
obesity drug to the market. This process provides a drug discovery template for complex disorders, which for setmelanotide took 25 years to
transform from a single gene into an approved drug.
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1. INTRODUCTION

Obesity is associated with comorbidities such as type 2 diabetes,
cardiovascular disease, and certain cancers and is arguably the
greatest public health threat of the twenty-first century. While its
increasing prevalence worldwide has clearly been driven by our
changing lifestyle, a powerful genetic component underlies the large
variations in body weight within this modern environment. Twin and
adoption studies have revealed the heritability of the body mass index
(BMI; weight in kg/height in m2) to be between 40% and 70% [1,2].
Over the past two decades, studies of human and mouse genetics have
uncovered a number of circuits within the brain that play a central role
in modulating mammalian appetitive behaviour and metabolism. The
best characterised is the hypothalamic leptin-melanocortin signalling
1MRC Metabolic Diseases Unit, University of Cambridge Metabolic Research Laboratorie
de Paris, BFA, UMR 8251, CNRS, Paris, France 3Department of Medicinal Chemistry an
USA 55455 4Metabolism, Diabetes, and Obesity Programme, Monash Biomedicine Disc
Australia 5Faculty of Veterinary and Agricultural Sciences, University of Melbourne,
Department, Pitié-Salpêtrière Hospital, Paris, France, Sorbonne Université, INSERM,
France 7Rhythm Pharmaceuticals, Boston, MA, USA 02116 8Department of Translatio
University, the Netherlands 9Institute of Neuroscience and Physiology, Sahlgrenska Ac

*Corresponding author. Medical Research Council (MRC) Metabolic Diseases Unit, Univ
Box 289, Addenbrooke’s Hospital, Cambridge CB2 0QQ, UK.

E-mails: gshy2@cam.ac.uk (G.S.H. Yeo), klctnn@gmail.com (D.H.M. Chao), ams2
erics063@umn.edu (M.D. Ericson), Stephanie.Simonds@monash.edu (S.E. Simonds
clarke@unimelb.edu.au (I. Clarke), ssharma@rhythmtx.com (S. Sharma), karine.clem
umn.edu (C. Haskell-Luevano), lex@riffitnow.com (L. Van Der Ploeg), R.A.H.Adan@um

Received February 7, 2021 � Revision received February 28, 2021 � Accepted March

https://doi.org/10.1016/j.molmet.2021.101206

MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
www.molecularmetabolism.com
pathway, genetic disruption of which causes the majority of monogenic
severe obesity disorders in both mice and humans.
The melanocortin system refers to a set of hormonal and neuro-
peptidergic pathways that are comprised of three main components:
pro-peptide proopiomelanocortin (POMC), which is post-translationally
processed by prohormone convertases into a number of biologically
active moieties, including a-melanocyte stimulating hormone (MSH),
b-MSH, g-MSH, and adrenocorticotrophin (ACTH) [3], the eponymous
melanocortin peptides; the five G protein-coupled melanocortin re-
ceptors, MC1R-MC5R, that mediate their actions [4]; and endogenous
antagonists of those receptors, agouti and agouti-related protein
(AgRP). The system is responsible for a dizzying array of functions,
from melanogenesis and adrenal development, to energy homeostasis
and sexual behaviour. We focus on the melanocortin pathway’s role in
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regulating food intake and body weight in particular. At the end of
2020, the U.S. the Food and Drug Administration (FDA) approved the
MC4R agonist setmelanotide for chronic weight management in adult
and paediatric obesity patients due to POMC, proprotein convertase
subtilisin/kexin type 1 (PCSK1), or leptin receptor (LEPR) deficiency [5].
We chart the pathway’s history, explore its pharmacology, genetics,
and physiology, and describe how a neuropeptidergic circuit became
an important druggable obesity target.

2. HISTORY AND CLONING OF MELANOCORTIN RECEPTORS

The effects of ACTH and MSH on the adrenal gland and pigmentation,
respectively, were well known before direct effects of melanocortin
peptides on the brain were described in the 1950s [6]. In the late
1970s, the discovery of melanocortin peptide immunoreactivity in the
rat brain, coupled with cloning the POMC gene and the subsequent
demonstration that it was expressed in the hypothalamus in the early
1980s indicated the existence of a brain melanocortin system [7]. The
arcuate nucleus of the hypothalamus (ARC) and the nucleus of the
tractus solitarius (NTS) are the main sites of POMC expression in the
brain. However, it took until the late 1980s before binding sites for
melanocortins could be demonstrated in the brain [8]. By that time,
various effects were described of MSH and ACTH fragments on rodent
behaviours [9], but the prominent effects of melanocortins on feeding
and body weight regulation remained unknown. There were only a
handful of studies describing the effect on feeding [10].
In 1992, receptors for the two “original” melanocortin peptides, a-
MSH and ACTH, were cloned [11]. MSH was so named because of the
peptide’s ability to stimulate the synthesis of melanin by melanocytes,
and its receptor, initially called MSH-R, was cloned from a melanoma
sample known to be able to bind high levels of MSH. Given that a-MSH
represents the first 13 amino acids of ACTH, literally being a part of the
longer 39 amino acid peptide, it is unsurprising that their receptors
share a great deal of sequence homology, which was how the ACTH-R
was cloned. Similar methods leveraging sequence homology were
then used to clone three additional melanocortin receptors, two of
which were expressed primarily in the brain and the other in peripheral
tissues. Their eventual names reflected the order in which they were
cloned, with MSH-R and ACTH-R being renamed MC1R and MC2R,
respectively; the two brain receptors followed as MC3R [12,13] and
MC4R [12] and finally the peripheral MC5R was cloned [14].

3. THE LINK BETWEEN THE MELANOCORTIN PATHWAY AND
ENERGY BALANCE

POMC is expressed in hair follicles, the skin, pituitary cells, and
neurons in the hypothalamus and brain stem [3]. The precursor peptide
of POMC is cleaved by peptidases including PCSK1, proprotein con-
vertase subtilisin/kexin type 2 (PCSK2), carboxypeptidase E (CPE),
peptidyl-a-amidating monooxygenase (PAM), N-acetyltransferase (N-
AT), and prolyl carboxypeptidase into different products in different cell
populations, yielding, for example, ACTH in the pituitary corticotrophs
vs a- and b-MSH in neurons localised to the arcuate nucleus (ARC) of
the hypothalamus. Within the pituitary, POMC is expressed in excitable
cells that produce ACTH and cells in the intermediate lobe that express
a-MSH [3]. While agonists stimulate the production of cyclic adenosine
monophosphate (cAMP) and recruitment of b-arrestin, they regulate a
variety of physiological effects [4]. These include skin and hair
pigmentation (MC1R), steroidogenesis (MC2R), appetite, satiety, en-
ergy homeostasis (MC3R/MC4R), and exocrine gland function (MC5R)
in mice.
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The linking of the melanocortin system to the regulation of body weight
came with the study of a bright yellow mouse with severe obesity.
Because the coat colour of animals is easily observed, pigmentation
genetics became popular, including the hunt for genetic loci affecting
coat colour. One of the classical genetic loci that influenced coat colour
and pigmentation in several mammalian species was the extension
locus, which encoded MC1R [15]. Yet another was the agouti locus,
shown to be upstream of extension or MC1R. Agouti is normally
expressed in the skin and acts as an antagonist on MC1R [16],
blocking the production of darker melanin and producing lighter
phaeomelanin, which in mice is a yellow-orange colour. Agouti mice
have a mutation within the promotor that results in constitutive and
ectopic production of the agouti peptide [17,18]. However, in addition
to altered pigmentation, because agouti, which is normally expressed
only in the skin, when ectopically expressed in the brain also antag-
onises MC4R [16,19], the mice are also hyperphagic and severely
obese. The demonstration that Agouti also acts as an antagonist for the
MC4R was a hallmark finding that launched the awareness that the
melanocortin system plays a role in body weight regulation [16]. Based
on its homology to agouti, agouti-related protein (AgRP) was cloned
and shown to be expressed in the hypothalamus as natural antagonists
of MC3R and MC4R [20], but not MC1R. Thus, transgenically over-
expressing AgRP in mice resulted in hyperphagia and obesity, but not
the characteristic coat colouration seen in agouti mice. We now know
that a key physiological role of MC4R neurons within the para-
ventricular nucleus of the hypothalamus (PVN) is sensing the balance
of orexigenic AgRP and anorexigenic melanocortin signals and to
regulate feeding behaviour and energy expenditure [21] (Figure 1).

4. POMC NEURONS: KEY REGULATORS OF ENERGY
EXPENDITURE AND SATIETY

Within the ARC, POMC neurons are found adjacent to the medium
eminence/tubero-infundibular zone at the base of the third ventricle,
just above the pituitary stalk. Most of these neurons co-express
cocaine- and amphetamine-related transcript (CART) peptide and
project widely throughout the brain [22]. In the brainstem, NTS POMC
neurons are thought to respond to, among other signals, gut-secreted
cholecystokinin (CCK) [23] and adipocyte-derived leptin [24].
Over the past 20 years, the role of ARC POMC neurons in energy
homeostasis, particularly in response to the adipocyte-derived hor-
mone leptin, has been extensively studied [22]. Various peptide
products of the POMC precursor have different receptors, so one needs
to be cautious about fully ascribing POMC neuron actions with a
discrete peptide receptor. Nevertheless, melanocortin peptides acting
through central MC4R have a clear role in regulating appetite, energy
expenditure, and body weight [22]. Because much of the initial char-
acterisation of POMC peptides was performed in rodents that crucially
lack cleavage sites to produce b-MSH, a-MSH was thought to be the
key effector with respect to energy homeostasis. However, genetic
evidence from humans [25] and dogs [26] point to b-MSH having at
least as important a role as a-MSH, particularly in signalling through
MC4R. Additionally, melanocortin peptides have been shown to
regulate glucose homeostasis [27], erectile function [28], and car-
diovascular tone [29], and peripherally to regulate skin and coat col-
ouration, inflammation, skeletal muscle glucose uptake, and gut
function [4].
POMC neurons are central mediators of endocrine signals. A significant
proportion of ARC POMC neurons are activated by leptin expressing
both STAT-3 and the immediate early gene c-fos. They are also
activated by increasing blood glucose [30] by GLP-1R agonists [31]
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Schematic illustrating POMC (red) and AgRP (blue) neuronal projections from the arcuate nucleus of the hypothalamus (ARH) to the lateral hypothalamus (LH), par-
aventricular nucleus of the hypothalamus (PVH), central nucleus of the amygdala (CEA), bed nucleus of the stria terminalis (BST), lateral parabrachial nucleus (LPB), reticular
formation (RET), dorsal motor nucleus of the vagus (DMV), area postrema (AP), and nucleus of the solitary tract (NTS). POMC and AgRP neurons arise in the ARH adjacent to the
median eminence (ME) and project widely. POMC neurons in the NTS have a more restricted set of projections. Both sets of neurons appear able to receive neural and endocrine
signals from the body.
and inhibited by ghrelin [32]. It remains unclear if POMC neurons are
activated by PYY3-36 [33,34]. POMC neurons are implicated in several
models of cachexia [35,36]. It is unclear what the effect of insulin is on
these neurons [37,38,39]. In general, POMC neurons are more active
in post-nutritional repletion states than in fasting states [40].
Endocrine factors that activate POMC neurons cause anorexia and
weight loss. These effects are mimicked by local application of a-MSH
and are diminished in mice that lack MC4R [41], while food intake is
supressed in mice lacking MC3R [42]. This shows that a-MSH sig-
nalling through the MC4R axis is at least partly responsible for some of
these endocrine effects. In general, anorectic actions of melanocortin
signalling at MC4R are considered to occur through neurons in the PVN
[43,44,45], but neurons in other areas as the amygdala, DMH, and
MPO [46] also contribute to the effects of melanocortins on appetite
[44,45,47,48,49]. MC4R expressed on sympathetic preganglionic
cholinergic neurons mediate actions on energy expenditure and
glucose homeostasis by increasing sympathetic nervous system ac-
tivity [50]. Sympathetic activation also mediates the effects of some
melanocortins on heart rate and blood pressure, although the site of
these receptors or their precise identity (MC3R vs MC4R) has not been
determined [28]. Lateral hypothalamic MC3R-expressing neurons also
modulate locomotor and energy expenditure activity [51].
Our understanding of the central melanocortin system has increased
but the precise neural mechanisms by which it regulates appetite and
energy expenditure are incompletely understood. The POMC system
remains an intriguing drug target because of its importance in main-
taining energy homeostasis and its capacity to influence several
physiological processes.

5. AGRP NEURONS: AN INTEGRATED CONTROLLER OF
FEEDING AND BEYOND

Soon after the discovery of AgRP, it was clear that while its over-
expression resulted in hyperphagia and obesity, deleting the gene in
mice did not result in a reduced body weight phenotype. It was not until
four groups independently ablated the neurons expressing AgRP in
adult mice, leading to an acute reduction in food intake to the point of
starvation, that the necessity of those neurons to sustain feeding
MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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became clear [52,53,54]. Further experiments showed that chemo-
genetic and optogenetic stimulation of AgRP neurons increased food
intake, demonstrating that AgRP neurons are also sufficient to engage
feeding behaviour [55,56]. The fast-acting neurotransmitter GABA,
which is co-released by AgRP neurons [57], was identified as a critical
component of the rapid effects following AgRP neuron stimulation on
food intake. Intriguingly, starvation induced by AgRP neuron ablation
could not be rescued by chronic antagonism of MC3R and MC4R,
whereas delivery of the GABA mimetic bretazenil to the parabrachial
nucleus (PBN), where AgRP neurons densely project, could restore
feeding and preserve body weight [55,58,59]. These results suggest
that some behavioural and metabolic responses initiated by AgRP
neuron activation might be independent of AgRP’s role as an antag-
onist at melanocortin receptors. It was later shown that chemogenetic
and optogenetic stimulation of AgRP neuron cell bodies or specific
post-synaptic projections triggered a rapid feeding response that relies
on GABA and NPY release, while AgRP release promoted a delayed and
prolonged feeding response [60,61]. These results indicate that the
kinetics of neuropeptide and other neurotransmitter release are
paramount to both acute behavioural responses triggered by AgRP
neurons and the neuromodulatory effect they promote at post-synaptic
targets.
Since the original studies mapping the diversity of AgRP neuron pro-
jections to hypothalamic and extrahypothalamic regions [62], tracing
methods combined with direct stimulation subsets of AgRP axons at
post-synaptic targets have allowed the unravelling of redundant and
parallel neural circuits through which AgRP neurons control food
intake, metabolism, and cognitive-related responses. These ap-
proaches made possible the ability to functionally distinguish the cir-
cuits through which AgRP neuronal activity promotes or maintains food
intake. As we previously discussed, acute loss of GABAergic input from
AgRP neurons to the PBN appears to be the primary mechanism by
which AgRP neuron ablation leads to starvation [58,59].
While direct stimulation of ARC AgRP neuronal / PBN projections
failed to increase feeding [63], genetic or pharmacological inhibition of
the PBN prevents the starvation that results from ablation of all AgRP
neurons [58]. In the PBN, calcitonin gene-related peptide (CGRP)-
expressing neurons, a critical integrative population of viscero-
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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sensitive excitatory inputs from cholecystokinin (CCK)-expressing
neurons in the NTS and catecholaminergic dopamine b-hydroxylase
(Dbh)-expressing neurons in the raphe nucleus [64], were identified as
a primary relay for ARC AgRP neuronal / PBN connections. Addi-
tionally, activation of PBN CGRP neurons projecting to the central
nucleus of the amygdala (CeA) suppresses feeding [65], with activation
of PBN-induced meal termination [66] sufficient to mimic conditioned
taste aversions caused by malaise or nausea [67]. Moreover, it was
shown that inhibition of CGRP neurons through direct stimulation of
fibres projecting from AgRP neurons onto PBN CGRP neurons (ARCAgRP

/ PBNCGRP) resulted in increased feeding, even with exposure to
anorectic signals LiCl, amylin, or CCK, but not when exposed to the
inflammatory-related lipopolysaccharide signal (LPS). This study
underscored a role of the ARCAgRP / PBNCGRP network in gating
feeding response during homeostatic needs [68].
Conversely, for the PBN, direct stimulation of ARC AgRP projections to
the periaqueductal grey area (PAG) or CeA failed to promote feeding,
while [60] a positive response was observed after stimulation of AgRP
neuron projections to the paraventricular thalamus (ARC AgRP / PVT),
the anterior division of the bed nucleus of the stria terminalis (ARCAgRP

/ aBNST), the lateral hypothalamus (ARCAgRP / LH) [60] or the PVN
(ARCAgRP / PVN). In fact, functional circuit mapping has identified a
critical role of ARC AgRP neuron synapsing onto PVN oxytocin-
producing neurons (ARCAgRP / PVNOXT) for a rapid feeding
response evoked by both GABA and NPY release [61,63], while inhi-
bition of PVN MC4R-bearing neurons also demonstrated to be instru-
mental for AgRP neuron-mediated feeding through PVNMC4R / LPBN
circuits [44]. Deletion and re-expression of MC4R restricted to the PVN
allowed the glutamatergic nature of PVNMC4R neurons [45] and
prodynorphin-expressing PVN neurons (PVNPDYN) as two independent
and additive circuits mediating anorexia through direct projection onto
the PBN to be uncovered [45]. ARC / PVN projections from gluta-
matergic neurons expressing the OXY receptor, but independent from
AGRP or POMC neurons, were discovered to promote a rapid anorectic
response on a scale comparable to the rapid orexigenic response
achieved through AgRP neuron chemo/optogenetic activation [48].
To further add to the overall complexity of hunger-activated circuits,
transcriptomic studies and functional tracing revealed the diversity
among AgRP neurons based on projection sites and specific receptor
equipment for circulating metabolic signals [60,63,69]. Hence, an
ARCAgRP / PBNCGRP / CeA circuit appears to be critical to prevent
various aspects of food avoidance or aversion, ARCAgRP/ aBNST, PVN,
LH, and PVT seem rather engaged in the positive regulation of feeding.
Aside from their ability to integrate circulating signals of hunger and
satiety, in vivo recording of calcium-based fluorescence in AgRP
neurons, used as proxy of neuronal activity, revealed that AgRP neu-
rons can also rapidly process food-related cues and interoceptive
signals. The increase in AgRP neuronal activity induced by food
deprivation is rapidly dampened by the sensory detection of food, even
before calories are ingested [70,71,72], while stimulation of intestinal
mechanosensory information routed by the vagal nerve can durably
inhibit AgRP neuron activity [73,74,75,76]. Hence, AgRP neurons
critically influence a broad array of behavioural and physiological re-
sponses that, beyond the strict consummatory sequence, ensures the
optimisation of strategies (prediction, caloric evaluation, sensory, and
interoceptive signals) for foraging food and conserving body weight.
This includes the role of AgRP neurons in non-consummatory
behaviour involved in decision-making when balancing the need for
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food and the risk associated with food retrieval. Thus, the AgRP
neuronal network functions as a core hub integrating the constellation
of responses required for the adaptive response to food availability.

6. GENETICS OF THE MELANOCORTIN SYSTEM

The discovery that mutation of the leptin gene explained the phenotype
of the obese/obese mouse in 1994 [77] heralded the modern era of
genetic and mechanistic obesity studies, making clear that regulating
food intake, and hence body weight, went beyond simply “will-power.”
In 1997 came the report of two young cousins with severe early onset
obesity harbouring leptin mutations [78], and in 1998, that of three
sisters with similar obesity with mutations in their leptin receptors [79],
confirming that this system was relevant across mammalian species.
We now know that the role of leptin, which is secreted by adipocytes
into the circulation in proportion to fat mass [80], is to inform the brain
of long-term energy stores and turn on the starvation response when
levels drop beyond a certain threshold, pointing to a role of leptin in
controlling the neuroendocrine system during starvation [81]. Crucially,
the melanocortin pathway is one of the key effector mechanisms of
leptin signalling in the brain, certainly in terms of appetite regulation.
The first direct genetic evidence of the melanocortin pathway in energy
homeostasis came in 1997 from the targeted disruption of MC4R in
mice [82], which resulted in hyperphagia, severe obesity and hyper-
insulinaemia. Over the next few years, torrents of genetic findings were
reported, in both humans and mice, that delineated most of the central
melanocortin pathway’s key components. As previously mentioned,
generating melanocortin peptides from POMC depends on a series of
enzymes. The first step is affected by proconvertase 1 (PC1), followed
by proconvertase 2 (PC2) and carboxypeptidase E (CPE). The same
year, loss-of-function mutations in the PCSK1 gene that encodes PC1
were identified in human cases of early onset obesity [83]. In 1998
came the identification of mutations in both POMC [84] and MC4R
[85,86] that were linked to severe human obesity. In 2000, the deletion
of a single allele of Sim-1, a gene encoding a transcription factor
necessary for the normal development of the PVN produce obesity in
mice [87] and later in humans [88].
The one component of the central melanocortin pathway that when
disrupted does not clearly cause severe obesity is MC3R. Mc3r �/�
mice have a complicated phenotype, showing changes in body
composition with increased fat mass but reduced lean mass compared
to wild-type littermates despite being “hypophagic” and maintaining
normal metabolic rates [42,89]. However, mice lacking both MC3R and
MC4R become significantly heavier than Mc4r�/� mice [42], indi-
cating that they serve non-redundant roles in regulating energy ho-
meostasis. No human MC3R mutations to date have been conclusively
linked to severe obesity, even if multiple smaller studies have reported
possible associations of MC3R variations with increased body weight
[90,91,92,93], although nowhere near the effect size of that seen with
mutations in MC4R. Taking into account all of the available evidence,
MC3R is less likely to be related to food intake and more likely to
revolve around nutrient partitioning. MC3R may thus serve a critical
role in ensuring the delicate balance between energy expenditure and
fat storage in the body [94].
The shared phenotype seen in monogenic non-syndromic obesity in-
cludes severe early onset obesity (before 5 years of age) with major
hyperphagia. Depending on the gene involved, patients can often be
affected by a number of endocrine abnormalities that include
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hypogonadism, growth hormone deficiency, hypothyroidism (for LEP
and LEPR), and corticotropic insufficiency (for POMC). A review re-
ported that across 88 patients with LEPR mutations, 100% had early
onset obesity (<5 years), 96% had hyperphagia, and 34% had one or
more pituitary hormone deficiencies [95]. In POMC variants, patients
display modifications in hair colour, adrenal dysfunction, and obesity
related to the absence of POMC-derived ligands for the melanocortin
receptors MC1R (aMSH), MC2R (ACTH), and MC4R (a and b MSH).
Since the proconvertase 1 (PC1) (encoded by PCSK1) enzyme is
involved in processing POMC, insulin, and proglucagon, some patients
also exhibit post-prandial hypoglycaemia and adrenal insufficiency
[84].
This list was recently extended with the discovery of variants in genes
that either regulate or are proposed to regulate the melanocortin
system. They include the MC4R regulator melanocortin receptor
accessory protein 2 (MRAP2) [96,97], adenylate cyclase 3 (ADCY3)
[98,99], and steroid coreceptor activator-1 (SRC-1) [100]. Other vari-
ants in genes acting on leptin/melanocortin signalling were reported
including brain-derived neurotrophic factor (BDNF) [101] and its re-
ceptor neurotrophic tyrosine kinase, receptor type 2 (NTRK2) [102], or
SH2B adaptor protein 1 (SH2B1) [103].
Hundreds of MC4R variants have been identified, leading to many
functional alterations that are sometimes inconsistent across subtypes
[104]. Heterozygous variants in MC4R are the most common and
frequently result in obesity with variable severity occurring at a later
age than in homozygous variant carriers. MC4R variants are found in
approximately 2%e5% of childhood and adult obesity [105] depending
on the population background and in up to 1% of the general popu-
lation with a BMI > 30 [106]. It cannot be excluded that due to
underdiagnoses, the frequency could increase to 30% in some pop-
ulations such as those with a high level of consanguinity [107].
Additionally, while most MC4R functional variants caused a reduction
in activity, a subset actually result in a gain of function (GoF), and these
GoF MC4R variants are associated with a lower risk of obesity and its
cardiometabolic complications in the general population [108]. Of note,
the degree to which a mutant receptor is dysfunctional as measured by
in vitro cAMP accumulation assays can actually predict the amount of
food eaten by the patient carrying that particular mutation at a test
meal [109]. All of this implies that MC4R, and hence the melanocortin
pathway more broadly, does not act in a binary on/off fashion, but is a
“tuneable” system.
As it turns out, the rheostatic nature of the melanocortin pathway in
regulating feeding behaviour is highly conserved, with naturally
occurring mutations in the pathway identified in a wide range of
different species depending on their selection pressure. For example,
studies in Labrador retrievers, which are known to be more food
motivated than other dog breeds, have found that anywhere from 20 to
25% carry a 14bp deletion in POMC that disrupts the b-MSH and b-
endorphin-coding sequences and is associated with greater food
motivation and increased body weight [26]. Certain pig breeds have
also been shown to carry MC4R missense mutations that are asso-
ciated with fatness, growth, and food intake traits [110]. MC4R mu-
tations have even contributed to the adaption and survival of blind
Mexican cavefish to nutrient-poor conditions found in underwater
caves [111].
Crucially, it is increasingly recognised that monogenic and polygenic
forms of obesity are not discrete entities but instead are on a spectrum
sharing at least some common biology, with the melanocortin pathway
MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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being a prime exemplar. As genome-wide association studies have
continued to discover more obesity-associated loci, an increasing
number of these loci harbour genes that sit within the pathway,
including MC4R [112,113], POMC [114], PCSK1 [115], SH2B1
[116,117], and BDNF [116] among others. Thus, while genetic
disruption of the pathway results in severe obesity, subtle variations in
or near these same genes in the pathway influence where one might
sit in the population distribution of BMI [118].

7. MELANOCORTIN LIGANDS

We summarise efforts to explore potential therapeutic applications for
treating obesity resulting from efforts to target the melanocortin
pathway. At the core of the pathway are the five G-protein coupled
receptors through which melanocortin peptides signal to affect their
diverse functions. Soon after their cloning, they were immediately
attractive “druggable” targets, and attempts to create more potent,
selective, and stable compounds resulted in the discovery of many
high-affinity ligands with differing specificities for the five receptors.
The toolbox of melanocortin ligands (Figure 2) include the endogenous
peptide agonists (ACTH, a-MSH, ß-MSH, and g2-MSH) and naturally
occurring antagonists (agouti and AgRP) as well as classic synthetic
peptides (MTII, SHU9119, and Ac-His-DPhe-Arg-Trp-NH2), clinically
approved melanocortin ligands (a-NDP-MSH/afamelanotide and bre-
melanotide), and setmelanotide, the FDA-approved agonist currently
undergoing further clinical trials. While melanocortin receptors have
been reported to signal through many different pathways, we focus on
ligands’ effects on intracellular cAMP levels, as this was the signal
transduction pathway that discovery of most ligands was based upon.
Tables 1 and 2 list reported binding and functional activities, respec-
tively, of these melanocortin ligands in cloned murine and human
MC1R, MC3R, MC4R, and MC5R. These are not exhaustive lists, but
are meant to illustrate the reported data. Since MC2R only interacts
with ACTH [119], MC2R is not further discussed. The pharmacology of
b-MSH, ACTH, and agouti is further separated based upon the
sequence used in the reported assays.

8. STRUCTURE-ACTIVITY RELATIONSHIPS OF ENDOGENOUS
LIGANDS

While melanocortin peptides are initially generated through cleavage
by prohormone convertases, the final processing amidation and
acetylation steps are crucial for their conversion into biologically active
moieties. The amidation process of peptides/hormones is not limited to
the processing of POMC so, as with proconvertase enzymes, this
cannot be regarded as being specific to POMC, and any associations
with a biological phenomenon are pleiotropic. However, acetylation is
relatively more specific to POMC processing. Acetylation is a common
modification of intracellular soluble proteins but is not common for
secreted peptides. Thus, acetylation of a-MSH represents a special
case in which the peptide’s activity can be modified [120,121]. The N-
terminus of a-MSH is acetylated by adding N- or NeO-acetyl groups,
with the non-acetylated form termed des-acetyl-a-MSH (des-a-MSH),
and acetylated forms, being mature forms of the peptide, are termed
a-MSH. This may be either mono-acetylated to form N-acetyl-a-MSH
or di-acetylated (N,O-diacetyl-a-MSH) (Figure 2). Acetylation of a-MSH
is hypothesised to enhance activity through increased biological sta-
bility. When the role of a-MSH as a brain peptide was recognised 40
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Figure 2: Structures of the synthetic and endogenous human melanocortin ligands. The commonly hypothesised active sequences are highlighted in blue (endogenous agonists
and synthetic ligands) and red (endogenous antagonists).

Review
years ago, it was reported that it was more effective than its deace-
tylated form [122]. It was suggested that the difference in potency
could be because a-MSH is more resistant to degradation than the
deacetylated form.
Endogenous peptides share the tetrapeptide sequence His-Phe-Arg-
Trp (Figure 2, highlighted in blue). When the N-terminal of this tetra-
peptide is acetylated and the C-terminal is carboxyamidated, we obtain
a minimal sequence with binding and functional activity using classic
frog and lizard skin bioassays [123,124]. The full length of ACTH is 39
amino acids long, although ACTH(1e24) is hypothesised to be the
functional domain [125]. ACTH is the only known endogenous peptide
for MC2R, making it the only ligand that can stimulate all five MCRs
[119]. The first 13 residues of the N-terminal domain of ACTH are
cleaved and modified through N-terminal acetylation and C-terminal
carboxyamidation to produce a-MSH [122,126]. In MC1R, MC3R,
MC4R, and MC5R, a-MSH potencies range from nanomolar to sub-
nanomolar (Table 2). Unlike a-MSH, the b-MSH terminals are un-
modified. The binding affinities of b-MSH follow the general trend of
MC1R > MC3R � MC4R > MC5R, with nanomolar to sub-nanomolar
binding affinity at MC1R (Table 1). Three different forms of g-MSH
6 MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. T
have been described: g3-MSH (N-glycosylated 23 amino acid N-ter-
minal), g2-MSH (first 12 amino acids of g3-MSH), and g1-MSH (first 11
amino acids of g3-MSH with a carboxyamidated C-terminal) [127,128].
Although g2-MSH is selective for hMC3R over hMC4R and hMC5R
[129,130], g2-MSH is not selective for mMC3R over mMC5R [131]
(Table 2).
Distinctive to the melanocortin receptors compared to other G
protein-coupled receptors is the presence of two endogenous
antagonist peptides, agouti and AgRP. Agouti and AgRP contain a
tripeptide Arg-Phe-Phe sequence postulated to be important for
binding and functional activity located in their C-terminal domains
[20,132,133]. Agouti and AgRP possess five C-terminal disulphide
bonds, creating a similar cysteine knot conformation [20,133,134].
While in humans both are synthesised as 132 amino acid precursors,
the active form of agouti is agouti [23e50], [51e70], [71e100],
[101e132] and AgRP is the shorter AgRP (87-132) [135e137]. AgRP
is centrally expressed in the arcuate nucleus (partially overlapping
with the location of POMC neurons) and active at MC3R and MC4R
with nanomolar potencies, with a more variable response at the
MC5R depending on the sample’s purity, experimental conditions,
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1 e Binding affinities of melanocortin ligands in cloned murine and human melanocortin receptors.

Peptide Murine receptors (nM)a Human receptors (nM)

MC1R MC3R MC4R MC5R MC1R MC3R MC4R MC5R

a-MSH 3.68 [165] 6.67(r) [166]
9.4(r) [167]
30.2 [168]
52(r) [169]

9.17(r) [167]
61.2(r) [166]

62.5 [170]
w80 [171]

0.0334 [172]
0.092 [173]
0.230 [174]
0.321 [175]
1.5 [176]
3.9 [177]
5.97 [178]

15.5 [175]
19 [177]
20.7 [172]
21.2 [166]
31.5 [174]
46 [176]
50.04 [178]

19 [177]
26 [176]
38.7 [178]
41.4 [175]
522 [166]
641 [179]
900 [174]

120 [177]
150 [176]
332 [175]
557 [178]
928 [180]
7160 [174]
8240 [172]

b-MSHb 34.6(r) [166] 27.2(r) [166] 0.449 [173]
0.864 [175]
1.17 [172]

13.4 [172]
15.1 [166]
23.2 [175]

19.9 [175]
76 [179]
387 [166]

306 [175]
1750 [180]
14,400 [172]

b-MSH(5e22) 19.4 [168] 212 [170] 2.29 [181] 39.46 [181] 22.74 [181] 301.5 [181]
b-MSH(1e22) 0.89 [182] 10.64 [182] 8.18 [182] 76.90 [182]
g2-MSH 6.7 [168]

44(r) [169]
1270 [170] 11.2 [172]

20.8 [175]
17.7 [172]
57.2 [175]
72 [183]

770 [183]
6250 [175]
100,000 [179]

2500 [183]
3250 [175]
>100,000 [172]

ACTH(1e24) 8.15(r) [166] 35.6(r) [166] 32.8 [166] 755 [166]
ACTH(1e39) 21.1 [168] 236 [170]

w300 [171]
0.170 [173]
2.50 [172]

86.9 [172] 693 [179] 929 [180]
17,000 [172]

Setmelanotide 2.7(r) [185] 5.5 [184],e

3.9 [175,185]
10 [175,185]
18 [184],e

2.1 [175,185]
5.0 [184],e

430 [175,185]
1910 [184],e

Bremelanotide 3.4 [184],e 72.07 [186]
220 [184],e

10 [187]
19.25 [186]
29 [184],e

166.8 [186],e

190 [184]

MTII 0.22 [188]c 1.85 [188]c

4.77(r) [167]
67.8(r) [166]

1.74(r) [167]
6.22(r) [166]
0.50 [188,189]c

28.4 [188]c 0.20 [184],e

0.268 [175]
0.36 [177]
0.686 [174]
6.4 [176]

1.6 [190]
3.1 [177]
20 [184],e

34.1 [174]
24.0 [175]
52.6 [166]
53 [176]

0.07 [190]
0.18 [177]
0.25 [176]
1.5 [184],e

2.66 [175]
6.60 [174]
39.7 [166]

0.89 [190]
1.2 [177]
17 [176]
23 [184],e

23.1 [175]
46.1 [174]

Ac-His-DPhe-Arg-Trp-NH2 388 [191] 60%@100
mM [191]

214 [191] 615 [178] >10 mM [178] 1153 [178] >10 mM [178]

NDP-MSH 0.29 [188]
0.79 [165]
0.31 [191]

0.479(r) [166]
1.19(r) [167]
1.4 [168]
1.45 [188]
4.18 [191]
10(r) [169]

0.417(r) [166]
0.88 [188,189]
1.09 [191]
3.14(r) [167]

1.1 [170]
27.6 [188]

0.023 [173]
0.0231 [172]
0.046 [176]
0.109 [175,192]
0.39 [193]
0.51 [178]

0.224 [172]
0.319 [166]
0.469 [174]
0.680 [175]
0.78 [176,193]
1.17 [178]
2.9 [183]

0.30 [176]
0.620 [175]
1.16 [178]
1.6 [193]
1.96 [166]
2.16 [179]
2.93 [174]
3.3 [183]

0.27 [193]
0.48 [176]
0.86 [178]
0.89 [183]
0.891 [175]
2.39 [172]
5.18 [180]
5.50 [174]

SHU9119 0.879(r) [167]
1.68(r) [166]

0.238(r) [167]
0.38 [189]c

0.583(r) [166]

0.62 [177]
0.714 [170]

0.23 [177,194]
1.20 [174]
1.65 [166]

0.06 [194]
0.07 [177]
0.360 [174]
0.689 [166]

0.065 [177]
0.09 [194]
1.12 [174]

Agoutid 2.6(B16F10) [195] 190 [195] 54 [195] 1200 [195] 23 [195] 112 [196]
140 [195]

12 [196]
70 [195]

>1000 [195]

AgoutiYY 15.3 [197] 14.1 [197] 1.8 [197]
AGRP 2.8 [198]c 0.66 [189]c

3.0 [198]c
None [199]c 1.1 [200]

4.5 [201]
11.2 [199]c

0.5 [200]
3.5 [201]
9.0 [199]c

24.7 [202]c

25.6 [199]c

>40 [200]

a Values labelled with a (r) represent data from cloned rat receptors. Unlabelled numbers represent mouse receptors.
b Affinity b-MSH values were split depending on the sequence used. If a sequence was not provided in the paper, values are listed in the b-MSH row.
c The radiolabels [125I]MTII, [125I]SHU9119, and [125I]AGRP were used at their respective ligands as indicated in place of [125I]NDP-MSH.
d A mouse cell line natively expressing the MC1R was used.
e Values shown are IC50 values converted from pKi and pIC50 values reported in the source publication.
and concentrations assayed (Table 1) [16,20,138,139]. While agouti
was first described as an antagonist at MC1R, it also interacts with
MC3R and MC4R with nanomolar potencies and with micromolar
affinity at MC5R (Table 1) [132,140,141e144]. AgRP also acts as an
inverse agonist at MC4R [132,140e144]. MC4R displays constitutive
receptor activity, meaning that in the absence of an endogenous
MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. This is an open a
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agonist, it signals and affects, for instance, the gating of ion channels
[145], which is inhibited by AgRP. In POMC-null mice, administration
of AgRP has long-lasting effects on energy balance and increases
food intake, confirming its role in the absence of an agonist [146].
Besides being an inverse agonist, AgRP also acts as a biased agonist
that activates the MAPK signalling pathway [147].
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Table 2 e Functional pharmacology of the melanocortin ligands in cloned murine and human melanocortin receptors.

Peptide Murine receptorsa Human receptors

MC1R MC3R MC4R MC5R MC1R MC3R MC4R MC5R

EC50 (nM) EC50 (nM) pA2 EC50 (nM) pA2 EC50 (nM) EC50 (nM) pA2 EC50 (nM) pA2 EC50 (nM) pA2 EC50 (nM) pA2
a-MSH 0.039 [203]

0.15 [191]
0.23 [189]
0.55 [204]
0.70 [205]

0.73 [189]
0.76 [191]
0.79 [204]
1.21 [168]
2.10 [205]
3.8(r) [169]

2.6 [205]
3.07 [189]
4.0 [191]
5.37 [204]
18(r) [206]

0.41 [189]
0.44 [204]
0.58(r) [207]
0.59 [191]
1.07 [170]
2.00 [205]

0.0022 [203]
0.091 [157]
1.01 [175]

0.669 [157]
w1 [12]
1.04 [175]
16.7 [208]

0.210 [157]
0.88 [202]
1.34 [209]
1.5 [210]
2.56 [181]
4.69 [175]
9.2 [208]

0.807 [157]
10.5 [175]
35.3 [208]
57 [211]

b-MSHb 12(r) [207] 4.24 [175] 1.59 [175] 6.62 [175] 23.7 [175]
209 [211]

b-MSH(5e22) 1.1 [168] 6.5 [170] 9.33 [181]
b-MSH(1e22) 0.21 [203] 3.8(r) [169] 0.013 [203] w10 [12] 0.24 [202]

0.30 [209]
3.24 [181]

g2-MSH >100 [203]
680 [205]
1090 [191]

0.64 [168]
3.8(r) [169]
34.6 [191]
38 [205]

420 [205]
869 [191]

35.1 [191]
42 [205]
42.9 [170]

0.082 [203]
3.05 [175]
300 [212]

0.487 [175]
5.9 [183]
700 [212]

93.7 [175]
>100 [210]
107 [209]
170 [202]
260 [183]
710 [212]

490 [183]
500 [175]
550 [212]
2700 [205]

ACTH(1e24) 0.46(r) [207] 0.86 [202]
1.63 [209]

30 [211]

ACTH(1e39) 0.37 [203] 3.3 [168]
3.8(r) [169]

24(r) [206] 6.02 [170]
6.2(r) [207]

0.0083 [203] w1 [12] 0.68 [210]

Setmelanotide 0.28(r) [185] 0.26 [184],d

5.8 [175,185]
0.69 [184],d

5.3 [175,185]
30.9 [208]

<0.032 [184],d

0.27 [175,185]
1.7(L) [184],c,d

5.7 [208]

109.7 [208]
1600 [175,185]

Bremelanotide 0.095 [184],d 2.4 [184],d 0.25 [184],d

4.1(L) [184],c,d

MTII 0.020 [204]
0.037 [213]
0.06 [214]

0.011 [213]
0.16 [204]
0.18 [214]

0.083 [213]
0.087 [204]
0.15 [214]

0.14 [214]
0.16 [204]
0.17 [213]

<0.032 [184],d

0.199 [175]
0.30 [215]

0.204 [184],d

0.512 [175]
0.75 [216]
1.3 [215]
33.9 [208]

0.011 [209]
0.017 [202]
<0.032 [184],d

0.0542 [175]
0.19 [216]
0.35(L) [184],c,d

2.9 [215]
8.6 [208]

2.8 [216]
3.3 [215]
5.33 [175]
33.9 [208]

Ac-His-DPhe-
Arg-Trp-NH2

14.1 [191]
25.6 [189]

55.5 [191]
195 [189]

10.2 [189]
13.7 [191]

3.46 [189]
9.8 [191]

4.3 [217]
228 [178]

7.1 [217] 0.57 [209]
0.72 [202]
548 [217]
793 [178]

3.9 [217]

NDP-MSH 0.0015 [203]
0.030
[218,219]
0.038 [204]
0.04 [214]
0.21 [218]
1.0 [205]

0.09 [205]
0.098 [204]
0.10 [189]
0.19 [218]
0.23 [214]
0.24 [191]
0.43 [168]
1.6(r) [169]

0.10 [205]
0.21 [204]
0.32 [189]
0.41 [220]
0.46 [191]
0.47 [214]

0.050 [170]
0.071 [204]
0.086 [189]
0.18 [220,221]
0.22 [205]
0.31 [191]
1.0(r) [207]

0.0016 [203]
0.023 [157]
0.462 [175]

0.109 [175]
0.132 [157]
0.24 [183]
6.8 [208]

0.011 [210]
0.017 [157]
0.022 [202]
0.023 [209]
0.0752 [175]
0.20 [183]
0.4 [208]

0.23 [183]
0.253 [175]
0.53 [205]
1.1 [208]
1.8 [211]

SHU9119 0.64 [213]
0.98 [214]

Partial
agonist [214]

8.8 [214]
9.5 [213]

9.3 [214]
10.4 [213]

Partial
agonist [214]
2.31 [213]

0.036 [157]
1.5 [215]

Partial
agonist [157]

8.3 [157]
8.7 [216]

9.1 [216]
9.3 [157]

0.25 [216]
0.434 [157]
1.2 [215]

Agouti 9.3 [222] 8.2 [222] 9.9 [222] 8.9 [222]
AgoutiYY 8.4 [197] 8.6 [197] 9.3 [197]
AGRP (87e132) >100,000 [204] 8.7 [220]

8.9 [204]
8.7 [220]
9.4 [204]

>100,000 [204] 8.4 [199] 8.20 [202]
8.6 [199]
8.76 [209]

a Values labelled with a (r) represent data from cloned rat receptors. Unlabelled numbers represent mouse receptors.
b Potency EC50 b-MSH values were split depending on the sequence used. If a sequence was not provided in the paper, values are listed in the b-MSH row.
c Values labelled with a (L) were reported using a low receptor expression.
d Values shown were converted from pEC50 values reported in the source publication.
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9. SYNTHETIC LIGANDS

Synthetic ligands for MCRs have been discovered from structuree
activity relationship studies of endogenous melanocortin ligands. The
conversion of Met(4) into norleucine or Nle(4) and Phe(7) to DPhe(7) in
a-MSH results in the peptide [Nle4,DPhe7]a-MSH (Figure 2), also
known as NDP-MSH, melanotan I (MTI), and afamelanotide (approved
to treat erythropoietic protoporphyria) [148]. First reported in 1980
[149], NDP-MSH has nanomolar to sub-nanomolar potencies in MC1R,
8 MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. T
MC3R, MC4R, and MC5R (Table 2). The tetrapeptide Ac-His-DPhe-Arg-
Trp-NH2 is the minimum NDP-MSH sequence that maintains nano-
molar agonist potency in mouse MC1R, MC3R, MC4R, and MC5R [150]
(Table 2). Melanotan II (MTII) maintains Nle and DPhe substitutions of
NDP-MSH, but cycles through a lactam bridge between substituted
Glu(5) to Asp(5) and Gly(10) to Lys(10) of NDP-MSH and truncations of
residues 1e3 and 11e13 (NDP-MSH numbering; Figure 2) [151,152].
MTII is a non-selective melanocortin agonist with nanomolar to sub-
nanomolar potencies [151,152] (Table 2). Bremelanotide (PT-141) is
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 3 e MC4R agonists studied in human clinical studies for various indications.

MC4R agonist, sponsor Molecule type Indication Route of
administration

Clinical efficacy Dose administered Side effects Current status Reference

Melanotan II,
University of Arizona

7-amino acid cyclic
peptide

Male erectile
dysfunction

Subcutaneous Human efficacy
demonstrated

0.25 mg/kg, bolus Increased cardiovascular (CV)
activity, nausea, and vomiting

Development discontinued [223]

Bremelanotide (PT141),
Palatin Inc

7-amino acid cyclic
peptide

Male erectile
dysfunction (MED) and
pre-menopausal
hypoactivity sexual
desire disorder (HSDD)

Subcutaneous Efficacious in both
indications

HSDD: 175 mg, bolus MED: Increased CV activity,
nausea, and vomiting
HSAD: Therapeutic index
established against
cardiovascular side effects

Marketed for HSDD (trade
name Vyleesi)

[224,231]

PF-00446687,
Pfizer Inc

Small molecule MED and post-
menopausal HSDD

Oral Efficacious in both
indications

MED: 200 mg
HSDD: 200 mg

Not disclosed Unknown [225]

MK-0493,
Merck

Small molecule Obesity Oral No efficacy observed 200e1000 mg None; well tolerated Development discontinued [226]

LY2112688,
Eli Lilly

8-amino acid cyclic
peptide

Obesity Subcutaneous infusion No efficacy observed 0.5, 0.15, 0.45, and
1 mg infused over
24 h
0.15, 0.45, 1, and
2 mg/day for 7 days

Increased CV and erectile
activity

Development discontinued [227]

MC4-NN-0453,
Novo Nordisk

12 amino acid peptide
with a modified lipid
chain

Obesity Subcutaneous Lack of weight loss Single dose study: 0.3
e15 mg/kg
Multi-dose study: 0.75
e30 mg/kg

Skin tanning and sexual arousal
disturbances

Development discontinued [228]

AZD2820a,
AstraZeneca

Undisclosed Obesity Subcutaneous Undisclosed Undisclosed Serious adverse events related
to allergic reactions

Development discontinued [232]

Setmelanotide,
Rhythm Pharmaceuticals

8-amino acid cyclic
peptide

Genetic obesity Subcutaneous Efficacy established in
completed phase II
and phase III studies

1e3 mg bolus per day No increase in CV activity.
Selected common side effects
can include hyperpigmentation,
nausea/vomiting, penile
erection, and injection site
reactions

Currently under evaluation for
treating obesity-associated
MC4R pathway deficiencies

[5,229,230,233,234]

a Partial agonist in MC4R.
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a cyclic lactam that differs from MTII by one functional group (a C-
terminal carboxylic acid vs carboxamide) reported to possess similar
agonist potency compared to MTII (Table 2) and is approved for treating
hypoactive sexual desire disorder [153,154]. While it is well known
that MC4R agonists acting centrally can trigger sexual arousal
behaviour in males and females, the details of pathway mechanisms
mediating this response still remain largely unknown [155,156]. Within
the MTII scaffold, substituting DPhe(7) with D-20-naphthylalanine or
DNal(20)(7) results in SHU9119 [157] (Figure 2). SHU9119 is a nano-
molar to sub-nanomolar agonist in MC1R and MC5R with antagonist
activity in MC3R and MC4R [157] (Table 2). SHU9119 also possesses
partial agonist efficacy in MC3R. In 2020, the 2.8 Å crystal structure of
hMC4R bound to the SHU9119 cyclic peptide antagonist was reported
[158], revealing the importance of the Caþ2 ion for melanocortin
receptor function as initially observed in the 1980s [159].

10. TARGETING THE MELANOCORTIN SYSTEM AS AN OBESITY
THERAPY

For over 20 years, oral small molecules and injectable peptide agonists
of MC4R have been clinically evaluated for treating obesity (oral small
molecule MK-0493 (Merck) and peptide agonists LY2112688 (Eli Lilly),
MC4-NN-0453 (Novo Nordisk), AZD2820 (AstraZeneca), and setme-
lanotide (Rhythm Pharmaceuticals)). Most of these compounds pro-
duced to develop therapeutics for treating obesity failed in the clinic
despite preclinical efficacy. Table 3 provides a list of these compounds
along with the dose ranges explored in clinical studies and the
observed side effects. Failure of most of these MC4R agonist drug
candidates has been variably ascribed to the: i) lack of human efficacy,
ii) significant cardiovascular adverse side effects, iii) occurrences of
nausea and vomiting, and iv) stimulation of sexual arousal.
The exception to this to date has been a cyclic octapeptide setmela-
notide, which received FDA approval in 2020 for treating obesity
caused by genetic defects in POMC, LEPR, or PCSK1. Setmelanotide
did not elicit undesirable cardiovascular effects [5,104,160,161,162].
Minor adverse effects that were well tolerated are listed in Table 3
Interestingly, an older study demonstrated that in obese controls not
known to have these mutations, setmelanotide showed initial evidence
of moderate weight loss over a 28-day treatment period (0.99 kg/wk;
P¼< 0.0001). In this study, weight loss in subjects with heterozygous
MC4R deficiency leading to only one remaining wild-type MC4R allele
as the target of setmelanotide tended to have significant weight loss
(0.6 kg/wk; P ¼ 0.09) [104]. The efficacy of setmelanotide was more
pronounced in subjects with biallelic POMC and LEPR deficiency
obesity, with 80% of POMC-deficient subjects and 45% of LEPR-
deficient subjects losing >10% of their weight in approximately one
year. This weight loss was also accompanied by a significant decrease
in hunger scores (�27.1%, P ¼ 0.0005 in POMC deficiency
and �43.7%, P ¼< 0.0001 in LERP deficiency) [5]. Based on these
evaluations, it has become clear that potency at MC4R associated with
clinical anti-obesity benefits can be attained by peptide ligands as
exemplified by setmelanotide and that nano-molar plasma concen-
trations suffice to elicit clinical benefits (setmelanotide EC50 at MC4R is
w0.3 nM). One of the possible reasons setmelanotide may differ from
other clinically tested MC4R agonists is that its activated MC4R signal
transduction pathway differs from a-MSH. GoF MC4R variants that
were associated with significantly lower BMI, for instance, exhibit a
signalling bias toward b-arrestin recruitment and increased mitogen-
activated protein kinase pathway activation [108]. Setmelanotide also
potently induces PLC-b activation through MC4R, likely via Gaq acti-
vation. In the PLC assay (through the NFAT reporter gene) that captures
10 MOLECULAR METABOLISM 48 (2021) 101206 � 2021 The Authors. Published by Elsevier GmbH. T
this pathway’s activity, 100 nM of AgRP could not antagonise
setmelanotide-stimulated PLC activation while stimulation by a-MSH
was antagonised. MC4R displays biased agonism, whereby setmela-
notide also potently activates the PLC pathway. Determining NFAT
signalling after MC4R stimulation revealed an approximately 100-fold
higher efficacy of setmelanotide compared with the endogenous
agonist. These insights may help advance the ability to target the
MC4R pathway and continue to develop next-generation MC4R ago-
nists for treating obesity.
Regarding treatingmore common types of obesity, Wilding et al. recently
described the therapeutic benefits of a once-weekly injection of the GLP-
1R agonist semaglutide to treat general obesity [163]. Interestingly, in
rodent experiments, the GLP-1R agonist liraglutide and setmelanotide
were shown to have additive effects on glycaemic control, weight loss,
and cholesterol metabolism, indicating their independent metabolic ef-
fects [164]. Clinical studies also demonstrated the potential to activate
the MC4R pathway for weight loss in the general obese population,
although more clinical research is needed [104].

11. CONCLUDING REMARKS

The discovery of MC4R drugs to treat obesity exemplifies how today’s
molecular neuroscience and circuit neurophysiology contributes to the
development of circuit-targeted pharmaceuticals. The MC4R agonist
setmelanotide received FDA approval in 2020 for treating subjects with
specific genetic defects upstream of MC4R, resulting in obesity.
Unravelling the genetics of a disorder, dissecting the precise role of
genes in a physiological process, and studying the molecular phar-
macology of drug targets brought a new drug to the market for a
complex disorder. This drug discovery process is one of the first ex-
amples of a new era in finding drugs for complex disorders such as
brain diseases, which in the case of setmelanotide took 25 years to go
from identifying critical genes associated with clinical symptoms to an
approved drug.
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