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Abstract

Melanocortin 4 receptor (MC4R), the most important monogenetic cause of human metabolic disorders, has been of great interest to many

researchers in the field of energy homeostasis and public health. Because MC4R is a vital pharmaceutical target for maintaining controllable

appetite and body weight for professional athletes, previous studies have mainly focused on the central, rather than the peripheral, roles of

MC4R. Thus, the local expression of MC4R and its behavioral regulation remain unclear. In an attempt to shed light on different directions for

future studies of MC4R signaling, we review a series of recent and important studies exploring the peripheral functions of MC4R and the direct

physiological interaction between peripheral organs and central MC4R neurons in this article.
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1. Introduction

In the past 3 decades, increasing numbers of obese patients

live in the shadow of diabetes,1�3 depression,1,4�6 cancer7,8 and

cardiovascular disease.2,4 Melanocortin 4 receptor (MC4R), the

most famous monogenetic cause of human obesity,9 contributes

to more than 5% of all types of early-onset obesity reported in

childhood patients.10 In the face of a severe obesity epidemic and

obese patients with MC4R deficiency, it is urgent to understand

the physiological challenges that occur throughout the whole

body. Previous studies have found that MC4R mRNA is

expressed in several areas within the central nervous system

(CNS), including the brainstem, dorsal motor nucleus of the

vagus, nucleus tractus solitarius, and parabrachial nucleus.11�14

MC4R is co-expressed with the melanocortin receptor accessory

protein 2 , a known accessory protein in vivo,15�18 and is pharma-

cologically regulated by the unique endogenous agonist
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a-melanocyte-stimulating hormone (a-MSH)19 and other antago-

nists, such as agouti-related protein (AgRP),20,21 that control

energy expenditure and food intake. Recently, with the aid of

more advanced approaches, several new features of MC4R have

been explored and elucidated. One study found that Kir7.1, a

potassium channel, was specifically coupled to MC4R in the

hypothalamus.22 Recently, Yu et al.23 resolved the 3-dimensional

conformation of the cyclic peptide SHU9119-bound human

MC4R complex (a potent MC4R antagonist) by crystallization,

which revealed the functional participation of divalent calcium

for the ligand binding and pharmacological modulation of MC4R

signaling.

Due to the complicated nature of metabolic regulation and

neuronal networks, it seems that a point of saturation has now

been reached for the exploration of the functions of MC4R in

the CNS. However, MC4R expression outside of the brain

region has recently attracted much attention. Many encourag-

ing discoveries have emerged showing that peripheral MC4R

expression and communication greatly contribute to the energy

balance of the whole body. The pharmacology and physiology

of MC4R (e.g., its impact on the reproductive system) have
d direct central�local communications of melanocortin 4 receptor signaling.
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been thoroughly discussed in another review article.24 Instead,

in this paper we primarily focus on the crucial findings related

to MC4R signaling outside the CNS and its direct central regu-

lation by novel polypeptide ligands generated from peripheral

organs.

2. Exploration of the peripheral roles of MC4R signaling

2.1. MC4R in the enteroendocrine system

Previous studies on MC4R have mainly focused on the CNS

and its effects on appetite and feeding behaviors. Recently,

there has been evidence to suggest that MC4R is expressed in

and regulates the gastrointestinal system. Using a localization

experiment, researchers have revealed that MC4R expression

is highest in the dorsal motor nucleus of vagus,11 where pre-

ganglionic parasympathetic vagal efferent nerves regulate gas-

trointestinal function. MC4R positive cells in the nodose

ganglion of the nervi vagus also innervate the stomach and

duodenum to regulate postprandial functions.25 Gastric con-

tractions decrease when Melanotan II (MTII) and a-MSH are

delivered into the dorsal motor nucleus of vagus or solitary

tract.26 Gastric bypass surgery has verified that MC4R signal-

ing is required in order for sustained effects on weight loss and

physiological mechanisms of action to take place,27 yet it

seems to not be required for a short-term response.28 Further-

more, MC4R has also been found to be highly expressed in

gastric ghrelin-positive cells.29 Although they focus on the

CNS, these findings confirm the role of MC4R in regulating

the anabolic enteroendocrine system, suggesting that MC4R

expression in local digestive organs may directly affect gastric

cells.

In their pioneering work, Panaro et al.30 identified a previ-

ously unrecognized peripheral role for the MC4R cascade in

these gastric cells. This expanded research into MC4R began a

new era of inquiry that focused on the peripheral and localized

functions of MC4R and the physiological interactions associ-

ated with peripheral-central MC4R. Using gene expression

analysis29 and fluorescence-assisted cell sorting followed by

real-time polymerase chain reaction, they found that MC4R

mRNA was enriched in glucagon-like peptide 1 (GLP-1)

positive enteroendocrine cells nearly 430-fold compared to

no GLP-1 cells. 30 Using MC4R-Sapphire transgenic mice,

Liu et al.31 found that MC4R was co-expressed with GLP-1

and peptide YY (PYY) in L cells of the colon. To further

examine the potential function of MC4R in L cells, short-cir-

cuit current (SCC) changes, mostly induced by Cl� secretion,

were measured in the intestinal mucosae of MC4R+/+ or

MC4R�/� mice after stimulation by a-MSH on the apical or

basolateral sides of L cells. The results showed that basolateral

a-MSH administration could induce a sharp depolarization of

SCC in MC4R+/+ mice only, suggesting that MC4R in the

basolateral side of L cells regulated Cl� secretion. BIBO 3304

trifluoroacetate, a neuropeptide Y Y1 receptor antagonist, or

the replacement of glucose with mannitol, blocked a-MSH’s

action on MC4R in L cells, indicating that MC4R function

may be mediated by Neuropeptide Y Y1 receptor (Y1R) and

glucose signaling. Finally, they found a concentration-
dependent upregulation of PYY and GLP-1 only in the plasma

of MC4R+/+ mice after intraperitoneal (i.p.) administration of

LY2112688 and other MC4R agonists, which could be pre-

vented by co-injection of SHU9119. Thus, a novel role of

MC4R, independent from central melanocortin circuits, was

uncovered in peripheral energy metabolism.30�32

This work established a link among the gut microbiota,

energy metabolism and the endocrine regulation of satiety.

Additional studies on the Escherichia coli chaperone protein

caseinolytic protease B have suggested that an increase in cir-

culating GLP-1 and PYY can suppress food intake.33 Addi-

tionally, caseinolytic protease B may directly activate MC4R

expression in gut cells because it has antigen mimetic properties

related to a-MSH.34 However, because these studies have been

confined to a separate function independent of the gut or brain,

further analysis, such as tissue-specific knock-out of MC4R or

its related peptides, should be performed in order to elucidate

whether a causal relationship exists. Pharmacological interven-

tion may also be an effective biomedical approach for modulat-

ing the gut metabolic function against obesity and diabetes via

MC4R signaling in the enteroendocrine system (Fig. 1).
2.2. Lipocalin 2, a peripheral-derived novel MC4R agonist

Bone is traditionally defined as a unique multifunctional

organ essential to normal action triggered by muscle or to the

protection of internal tissues against physical injury.35 Bone

also plays an important role in controlling the homeostasis of

several minerals, including calcium and phosphate.36 Using

symmetric cellular analysis, it found that bone not only pos-

sessed hematopoietic properties but also secreted a variety of

hormones, making bone a crucial endocrine organ. One of these

hormones, osteocalcin, secreted by osteoblasts, is capable of

improving glucose homeostasis and insulin secretion in both

mice and humans.37,38 Another hormone, fibroblast growth fac-

tor 23, produced by osteoblasts and osteocytes, is able to main-

tain phosphorus metabolic homeostasis in the kidney. 39�41

Neutrophil gelatinase-associated lipocalin 2 (LCN2), a pre-

viously defined adipokine, is exclusively secreted by adipose

tissue and has been associated with obesity and insulin

resistance.42,43 Mosialou et al.44 screened osteoblast-secreted

molecules downstream of forkhead box O1 (FOXO1). Surpris-

ingly, they observed LCN2 as one of the most highly upregu-

lated secreting factors in FOXO1osb
−/− mice when compared

to the wild-type control group. When LCN2 was knocked out

in osteoblasts, the mouse model showed decreased glucose

tolerance, lower insulin concentration in serum (nearly 50%

less compared to normal) and increased fatty tissue and body

weight. Using osteoblast or adipocyte-specific LCN2 knock-

down mice, they found that the influence of osteoblast-derived

LCN2 was the most essential. Interestingly, LCN2 was able to

pass the blood�brain barrier and was observed in the brain-

stem, thalamus, and hypothalamus after i.p. administration.

Intracerebroventricular (i.c.v.) injection of LCN2, without

leakage to serum, inhibited appetite, suggesting that LCN2

was mainly functional in the CNS. LCN2 increased cyclic

adenosine monophosphate cAMP signaling in vitro rather



Fig. 1. Schematic illustration of the peripheral actions and direct central�local communications of melanocortin 4 receptor signaling. a-MSH = a-melanocyte-

stimulating hormones; cAMP = cyclic adenosine monophosphate; GLP-1 = glucagon-like peptide1; GLP1R = glucagon-like peptide-1 receptor; LCN2 = Lipocalin

2; MC4R =melanocortin 4 receptor; POMC = pro-opiomelanocortin; PYY = peptide YY; Y1R = Neuropeptide Y Y1 receptor; ROS = reactive oxygen species.
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than the mitogen activated protein kinase (MAPK) signaling or

the extracellular-signal-regulated kinase (ERK) 1/2 phosphor-

ylation and tyrosine kinase activation. Additionally, LCN2

showed concentration responsive to cAMP activation in

human embryonic kidneys 293T (HEK293T) cells transfected

with MC4R. The binding of LCN2 to MC4R was further con-

firmed by competitive binding assay. Through electrophysiol-

ogy analysis, the researchers found that LCN2 depolarized

Sim1 neurons in paraventricular hypothalamus rather than pro-

opiomelanocortin (POMC) or neuropeptide Y neurons. The

most interesting finding was that LCN2 suppressed the appetite

and body weight gain only in wild type mice and not in MC4R

knockout mice. Even in 5 obese human patients with MC4R

mutations, LCN2 levels were higher than in body mass index-

matched control individuals.44

Until now, LCN2 has been verified as a novel potent poly-

peptide agonist for MC4R. LCN2 performs its function
through activating MC4R in Neuropeptide Y Y1 receptor

(Y1R) neurons of the hypothalamus, suggesting that osteo-

blast-derived LCN2 could pass the blood�brain barrier and

directly bind and stimulate MC4R signaling in the brain. Lep-

tin (ob) is the first identified circulating hormone predomi-

nantly made by adipose cells, helping to regulate energy

balance by inhibiting hunger.45 Specifically, leptin acts on its

receptor in AgRP/POMC neurons, inhibiting AgRP and stimu-

lating a-MSH release, the 2 upstream endogenous ligands for

MC4R. No direct bridge between peripheral organs and hypo-

thalamic MC4R neurons was reported until Mosialou et al.’s

findings,44 which represented a new conceptual breakthrough,

in that MC4R neurons in the CNS could directly detect the sig-

nal from peripheral organs to control food intake, bypassing

the traditional neuronal regulation mediated by upstream

AgRP/a-MSH ligands. LCN2 functions as a messenger, link-

ing bone and the CNS for metabolic homeostasis of the whole
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body, and may be a key player for MC4R-associated linear

growth and final height reported in humans9,46 and mouse

models.47 Interestingly, mature LCN2, which is more than 150

amino acids long, has been identified as a novel polypeptide

agonist for both MC4R and MC3R. It remains unknown

whether LCN2 possesses the ability to activate other melano-

cortin receptors or G protein-coupled receptor, highlighting

the need for further research in this area.

Cornish et al.48 reported improved cell proliferation in pri-

mary osteoblasts/chondrocytes and stimulated osteoclastogen-

esis in bone marrow upon treatment with a-MSH.

Additionally, Dumont et al.49 found mRNA expression of

MC4R in developing rat limb buds, teeth and skull bone,

which suggests a potential function of MC4R in bone metabo-

lism. Thus far, the connection between bone MC4R and its

central/local ligands remains largely unclear. It would greatly

increase our knowledge of MC4R function if researchers

closely examined the dynamic regulation and expression of

MC4R in bone development.
2.3. MC4R in the cardiovascular system

For a long time, MC4R was defined as a pivotal factor in

appetite control. Tallam et al.50 found that MC4R�/� mice were

hyperleptinemic and hyperinsulinemic, but not hypertensive.

Greenfield et al.51 then showed that the prevalence of hyperten-

sion is lower in MC4R-haploinsufficient patients, who also pre-

sented with significantly lower blood pressure after

antihypertensive medical treatment. Greenfield et al.51 found

that heterozygous MC4R-deficient patients have stronger car-

diovascular stability than other obese patients with matched

body mass index, age and ancestry. However, the insulin-inde-

pendent increase in blood pressure via MC4R agonism has lim-

ited the clinical potential of MC4R agonists for obesity

treatment. Given the expression of MC4R in the cardiovascular

system and other syndromes caused by obesity, the cardiopro-

tective effects of MC4R deletion is challenged. Additional stud-

ies have shown that MC4R deficiency-induced obesity exhibits

characteristics of several types of cardiovascular-associated dis-

eases, such as hyperinsulinemia52 and hyperlipidemia.53

This feature was supported by recent creative work by

Litt et al.,54 suggesting that MC4R could protect the heart from

dilated cardiomyopathy via its own function rather than the

pathology caused by obesity. Using echocardiography detection

in MC4R�/�, MC4R+/�, and MC4R+/+ mice, a series of cardio-

myopathy symptoms, such as increased left ventricular diameter

and lower heart rate, was found in MC4R-deficient mice. Fur-

ther investigation using weight-matched, diet-induced obese

mice and MC4R�/� mice showed that these symptoms were

independent of genetic background or obesity caused by MC4R

deficiency and instead were caused by the loss of MC4R func-

tion. MC4R�/� mice exhibited slower heart rate, lower frac-

tional shortening and ejection fraction and larger increased left

ventricular diameter than the diet-induced obese control group.

Transmission electron microscopy of the myocardium revealed

mitochondrial dysfunction with mitochondrial pleomorphy and

cardiomyocyte dropout. In seeking a potential cause of this
dysfunction, study54 using a respirometry assay confirmed

higher O2 consumption without any increased adenosine tri-

phosphate content in cardiomyocytes after being treated with

adenosine diphosphate, L-Octanoylacanrtine and succinate, all

of which represented state III respiration.54 These phenotypes

indicated a likely hypertrophic cardiomyopathy instead of

dilated cardiomyopathy or right heart failure. Because reactive

oxidative species (ROS) induced by increased O2 consumption

may destroy mitochondria function, researchers tested ROS

content in cardiomyocytes from MC4R�/� mice. ROS detected

by 20,70-dichlorofluorescein diacetate oxidation assays and 4-

hydroxynonenal protein adduct induced by ROS indicated an

increasing level of the irreversible lipid-protein covalent bonds.

Bioinformatic approaches, such as gene set enrichment and

pathway ontology analysis, indicate that MC4R deficiency con-

tributes to several pathways involved in cardiac tissue function

and oxidative stress and may increase ROS accumulation and

heart failure.

The study above provides some important clues on the

peripheral roles of MC4R in the cardiovascular system and

extends investigations of myocardial developmental function

using heart-specific MC4R knockout mice. Since the last part

of the mechanical study in this work is inadequate, more stud-

ies on ROS function with MC4R deficiency should be

performed. Given that Mountjoy et al.55 indicated that MC4R

was observed in early onset of heart development in rats,

the developmental appearance of MC4R signaling may

contribute to the clinical applications for future treatment of

heart-associated disorders.
2.4. MC4R in limb regeneration

Recently, Zhang et al.56 performed a series of experiments

on limb regeneration regulated by the MC4R pathway, prima-

rily in the Xenopus model system. To investigate the mecha-

nism through which energy metabolism regulates limb

regeneration, one side of the hypothalamus of stage-53 tad-

poles were electronically destroyed. Amputated limbs failed to

form blastema and regenerate following this treatment. In-situ

hybridization and real-time polymerase chain reaction found

that the expression of agrp, pomc, and melanocortin receptors

were upregulated 3 days post-amputation. This interesting

study suggest the potential physiological roles of MC4R sig-

naling in the CNS and local organs, yet the regulating net-

works of MC4R-dependent regeneration still remain unknown.

Zhang et al.56 next employed MC4R-morpholino to inhibit

endogenous MC4R translation and induce whole-body overex-

pression of AgRP, driven by a heat-shock promoter. Inhibition

of MC4R signaling resulted in enhanced appetite, faster

growth rate, inhibited limb regeneration and failure of blas-

tema formation upon injury. All of these defects could be res-

cued by local transfection of POMC DNA. POMC

overexpression in Xenopus promoted blastema formation and

better limb regeneration, even though the regenerated limbs

were not morphologically perfect. Immunofluorescent results

showed increased Proliferating Cell Nuclear Antigen (PCNA)

expression and ERK 1/2 phosphorylation, indicating improved
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cellular proliferation and stimulated MC4R cascades. The same

phenomenon was also found in the digit tip regeneration of the

MC4R-deficient mouse models, which partly proved that this

mechanism was conserved in vertebrates. In the Xenopus and

murine model, regional MC4R and a-MSH were mostly

expressed in b3-tubulin-marked neurons, suggesting MC4R-

mediated regeneration might be neuron dependent. Further

pathway analysis confirmed cAMP-mediated signaling through

the upregulation of cAMP response element modulator and c-

fos and down-regulation of protein kinase inhibitor (PKI). Sea-

horse eahorse Extracellular Flux (XF) glycolysis and cell Mito

stress tests uncovered an advanced glycolytic response; mito-

chondrial adenosine triphosphate accumulation and massive

mitochondrial stress in MC4R-Morpholino (MO)- or AgRP-

overexpressed Xenopus tissues resulted. Based on these find-

ings, MC4R-associated ROS production was revealed as an

essential mechanism for body regeneration in multiple model

systems. Oxiselect ROS/RNS assays found that ROS content

decreased in MC4R-MO- and AgRP-overexpressed Xenopus

limbs, which could be rescued by the administration of POMC

DNA. Upregulation of ROS by Cyba DNA also improved

limb regeneration progress.56 Similar to Xu et al.’s57 results in

studies involving rat livers, Zhang et al.56 found that local

MC4R and POMC expression in the limb dramatically

increased upon injury. These results suggest that local expres-

sion of MC4R and its agonist POMC58 may play a vital role

in Xenopus and mouse limb regeneration and shed light on the

clinical applications of MC4R agonism in treatments involving

wound-associated rehabilitation. However, before commencing

any clinical trials, the roles of MC4R signaling in the regenera-

tion of limbs and other organs needs to be further explored in

other vertebrate model systems.
2.5. MC4R in other organs

In early 2003, Mountjoy et al.55 reported the expression of

MC4R mRNA in the cardiorespiratory, musculoskeletal, and

integumentary systems of rats. These researchers also showed

that MC4R mRNA expression was time dependent in the lungs

of E16-E20 fetuses, in the respiratory muscles of E14 fetuses

and in the tongue and occipital muscles of E15-E20 fetuses.

The eyes were also found to express MC4R.55 Fifteen years

later, Cai et al.59 showed that MC4R expression in retinal

microvessel endothelial cells could protect the early diabetic

retina upon stimulation with a-MSH. In 2007, Tanabe et al.60

observed MC4R expression in nerve-injured motor and sen-

sory neurons, suggesting that MC4R could be a key player in

peripheral nerve regeneration. Kobayashi et al.61 reported that

food deficiency in barfin flounder increased MC4R expression

levels in the liver. Later, Xu et al.57 suggested the potential

role of MC4R signaling in liver regeneration due to locally

upregulated expression of MC4R mRNA during rat liver

regeneration. In addition, MC4R has also been found in pan-

creatic tissues. For example, in a murine model, intrapancre-

atic ganglia neurons received projection fibers from MC4R-

expressing neurons in the dorsal motor nucleus of the vagus

nerves, modulating serum insulin levels independent of leptin
receptors.62,63 Researchers have also discovered that leptin

secretion is mediated via MC4R signaling in adipose tissue

because the administration of a-MSH could spur leptin release

in rat adipocytes, revealing a feedback loop in leptin-MSH

synergetic energy homeostasis.64 Furthermore, LY2112688, a

MC4R-selective agonist, may stimulate lipolysis in intact

white adipose tissue.65 MC4R is also expressed in the perios-

teum of mouse bone49 and in mesencephalic periaqueductal

gray innervating renal tissue.66 However, additional studies

need to be carried out to elucidate the physiological role of

MC4R expression in the above areas.
3. Summary

Since the first discovery of MC4R, researchers have identi-

fied the hypothalamus, which is part of the CNS, as its highest

expression site,19 and from then on, MC4R signaling and its

endogenous ligands have been closely studied as the combina-

tion of the central command for appetite and metabolic homeo-

stasis. This focus has gradually expanded in recent years. For

example, researchers have explored the physiological role of

MC4R in enteroendocrine L cells,30 the novel endogenous

agonists generated from bone marrow,44 the association

between MC4R and cardiovascular disorders54 and tissue

regeneration under the control of local MC4R expression.56

Additionally, recently published work has shown that LCN2

contributes to skeletal muscle regeneration by regulating the

extracellular matrix, implying an unknown connection

between LCN2 and the regeneration process in a MC4R-

dependent manner.67 Each of these studies has opened a new

window that elucidates additional roles that MC4R plays and

that establishes multiple exciting hypotheses that other scien-

tists could investigate. With new studies highlighting the role

of MC4R in heart growth54 and limb regeneration,56 many

puzzles remain regarding MC4R’s spatial and temporal

expression, area-specific distribution and regulating networks.

Moreover, researchers have shown that athletes are at a

high risk of eating disorders due to strict energy control and

psychological stress.68,69 Some professional athletes, espe-

cially those involved in weightlifting, boxing, judo, and artistic

gymnastics, require extra attention to manage their body

weight. As an ideal pharmaceutical G protein-coupled recep-

tor (GPCR) target to control appetite and food intake, modula-

tion of MC4R activities may benefit the treatment of

obesity,9,47 cachexia,70 senescence-induced weight loss,71

pediatric failure to thrive,72 anhedonia73,74 and obsessive-com-

pulsive disorders.75 However, small-molecule compounds that

directly (agonist or antagonist) or indirectly (allosteric mod-

ulator) act against MC4R signaling have not yet been success-

fully developed for clinical applications. A previous peptide

drug development failed at clinical trial during Phase 2 due to

side effects such as hypertension.9 In June 2019, the US Food

and Drug Administration approved bremelanotide (Brand

name: Vyleesi�), a potent MC4R agonist, to treat hypoactive

sexual desire disorder in premenopausal women. Setmelano-

tide, also known as RM493, a selective MC4R-specific agonist

developed by Rhythm Pharmaceuticals, is now in a Phase 3
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clinical trial.76 In August 2019, Rhythm Pharmaceuticals

announced positive topline results from pivotal Phase 3 clini-

cal trials evaluating Setmelanotide in POMC- and leptin recep-

tor-deficiency obesities. Both studies met primary and all key

secondary endpoints, with statistically significant and clini-

cally meaningful results in reductions of weight and hunger in

these patients. Setmelanotide may become the first drug

approved by the US Food and Drug Administration that is safe

for use in weight management through central MC4R signal-

ing. Moreover, with increased combinatorial understanding of

MC4R’s structure, physiology and pharmacology, drugs and

therapies to treat bulimia nervosa and anorexia nervosa by

repressing MC4R are likely to be developed in the near future.
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