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Abstract The melanocortin-4 receptor (MC4R) is a key regulator of energy balance and a potential

target for weight management. Early drug discovery endeavors were hindered by incomplete understand-

ing of its signal transduction mechanisms and broad activation of Gs pathways. Recent advances indicate

that MC4R elicits multiple intracellular responses, with Gq/11 signaling in the paraventricular nucleus

(PVN) neurons playing a central role in appetite suppression. High-resolution cryo-electron microscopy

structures of MC4R, such as the setmelanotide—MC4R—Gq complex reported here, provide valuable in-

sights into ligand binding, receptor activation, and biased signaling, thereby enabling the design of more

selective agonists with improved safety profiles. Combination therapies targeting MC4R alongside

glucagon-like peptide-1 mimetics and other agents regulating metabolic pathways have shown promise

to enhance weight loss. MC4R modulators are also implicated in treating other disorders, including mel-

anocortin signaling dysfunction. These progresses call for renewed efforts in developing the next-

generation MC4R-based therapies against metabolic diseases.
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1. Introduction

Obesity pharmacotherapy has entered a transformative era with

the advent of glucagon-like peptide-1 (GLP-1) receptor agonists

(GLP-1RAs), including liraglutide and semaglutide, and more

recently dual and triple incretin-based agents such as tirzepatide

and retatrutide1-4. These drugs produce substantial and durable

weight loss by enhancing satiety, delaying gastric emptying, and

improving glycemic control5. Despite their unprecedented effi-

cacy, limitations remain, including gastrointestinal intolerance,

interindividual variability, weight-loss plateaus, reductions in lean

mass accompanying rapid weight loss, and significant weight

regain after treatment discontinuation6-8. These residual chal-

lenges have catalyzed efforts to identify complementary thera-

peutic targets and to develop rational combination strategies

capable of enhancing durability and metabolic precision. In this

context, renewed attention has focused on central regulators of

energy balance, particularly the melanocortin-4 receptor (MC4R),

a class A rhodopsin-like G protein-coupled receptor (GPCR),

which occupies a central position in the neuroendocrine control of

energy balance, nutrient sensing, and feeding behavior9-13. Since

its cloning in 1993, MC4R has been established as a key molec-

ular node through which hypothalamic circuits integrate hor-

monal, nutritional, and neuronal signals to coordinate food intake,

thermogenesis, glucose metabolism, sympathetic outflow, cardio-

vascular function, and linear growth14-18. Among the five mela-

nocortin receptor subtypes, MC4R is intimately linked to body

weight regulation, with loss-of-function (LoF) mutations repre-

senting the most common monogenic cause of early-onset obesity

in humans19-22. Conversely, rare gain-of-function (GoF) variants

confer resistance to obesity and improved metabolic profiles23,24.

These clinical observations highlight MC4R not only as a

fundamental biological regulator of energy homeostasis but also

as a highly attractive therapeutic target.

Physiologically, MC4R function is embedded within the mela-

nocortin system: a hierarchical, evolutionarily conserved network

defined by the antagonistic actions of proopiomelanocortin

(POMC)-derived melanocyte-stimulating hormones (MSHs), which

act as endogenous agonists, and agouti-related peptide (AgRP),

which functions both as an antagonist and an inverse agonist

(Fig. 1)25-27. The anatomical architecture of this system is domi-

nated by two interoceptive neuronal populations within the arcuate

nucleus of the hypothalamus (ARC): POMC neurons that suppress

feeding and promote negative energy balance, and AgRP/NPY/

GABA neurons that stimulate feeding and conserve energy28.

These first-order neurons project to second-order MC4R-expressing

neurons located in key hypothalamic and extra-hypothalamic

nuclei, including the paraventricular nucleus (PVN), lateral hypo-

thalamus, bed nucleus of the stria terminalis, and brainstem regu-

latory centers29. Through these distributed circuits, MC4R works as

an integrative switch that translates peripheral metabolic cues, such

as leptin, insulin, ghrelin, GLP-1, and gastrointestinal satiety signals

into coherent behavioral and autonomic responses30,31.

For more than two decades, MC4R signaling was predominantly

understood through the classical GPCR “lock-and-key” paradigm,

in which activation by endogenous ligands was thought to primarily

couple the receptor to Gs proteins, stimulate cyclic 3′,5′-adenosine

monophosphate (cAMP) production, and activate protein kinase A

(PKA)32. The severe cardiovascular side-effects observed in pre-

clinical and clinical studies of early MC4R agonists, including

melanotan II (MTII), tetrahydroisoquinoline (THIQ), and other

peptide and small-molecule compounds, underscored the

limitations of this one-pathway interpretation22,33-37. Subsequent

advances in molecular pharmacology, structural biology, and single-

cell neurocircuit dissection have unveiled a far more nuanced

signaling landscape11,38-40. MC4R is now recognized as a proto-

typical example of GPCR-biased signaling. This refers to the ability

of distinct ligands to selectively stabilize receptor conformations

that favor specific intracellular signaling pathways, including those

mediated by Gs, Gq/11, Gi, and ß-arrestins, as well as G protein-

independent modulation of ion channels such as the potassium in-

ward rectifier channel 7.1 (Kir7.1)41,42.

A paradigm-shifting aspect of this complexity is the realization

that food intake is preferentially regulated by a naturally occurring

Gq/11-biased MC4R signaling axis, largely confined to PVN

MC4R-expressing neurons. Genetic ablation of Gq/11 in PVN

neurons results in severe hyperphagic obesity without impairing

energy expenditure, whereas Gs deficiency affects thermogenesis

and metabolic rate but leaves feeding behavior intact43,44. These

findings, along with further demonstrations that endogenous

antagonist/inverse agonist AgRP could bias MC4R signaling to-

ward Gi pathways, reshaped the conceptual framework for

developing MC4R-targeted weight loss agents45-47.

The landscape of MC4R structural biology has undergone

transformative progress in recent years due to breakthroughs in

cryo-electron microscopy (cryo-EM), enabling high-resolution

visualization of MC4R in complex with diverse agonists, antag-

onists, and G proteins (Table 138,48-53). These structures reveal

unique three-dimensional features, including an unusually hy-

drated ligand-binding pocket, distinct ionic interactions critical for

receptor activation, and conformational signatures that discrimi-

nate Gs-coupled states from Gq-biased states. We have newly

determined the cryo-EM structure of the setmelanoti-

de—MC4R—Gq complex at a global resolution of 3.11 Å, which

fills a major gap in this field by defining, at atomic detail, the

molecular determinants that enable Gq-biased signaling and

dissociate appetite suppression from cardiovascular stimulation.

The development and recent U.S. Food and Drug Administra-

tion (FDA) approval of the Gq-biased MC4R agonist setmelanotide

has clinically validated the concept that selective engagement of

MC4R signaling pathways can achieve potent appetite suppression

with minimized adverse cardiovascular effects54,55. This

Figure 1 Endogenous ligands of MCRs. (A) Schematic represen-

tation of the processing of the precursor POMC into melanocortins.

CLIP: corticotropin-like intermediate lobe peptide. (B) Amino acid

sequences of endogenous ligands for MCRs.
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breakthrough accelerated a new era of rational design for biased

agonists, allosteric modulators, and structure-guided pharmaco-

therapeutics targeting MC4R for rare monogenic obesity disorders

and potentially for broader metabolic indications.

In this perspective, we synthesize historical, mechanistic,

structural, pharmacological, and translational perspectives on

MC4R, with a specific emphasis on biased signaling as a unified

principle that explains receptor pleiotropy and informs next-

generation drug discovery. We begin by outlining the historical

trajectory of MC4R research and the evolution of pharmacological

understanding, followed by a detailed examination of canonical

and noncanonical signaling cascades mediated by MC4R. We then

conduct an in-depth exploration of structural breakthroughs,

including that of newly achieved. Finally, we discuss clinical

translation and future directions for leveraging biased signaling to

discover safer and more effective therapeutics.

2. Historical path

The discovery and scientific evolution of MC4R reflect a broader

trajectory of modern neuroendocrinology and GPCR pharma-

cology. Long before MC4R was molecularly identified, the con-

ceptual foundations of the melanocortin pathway were shaped by

early observations that pituitary extracts influenced pigmentation,

feeding behavior, and metabolic processes56. With the identifica-

tion of α-MSH as a POMC-derived peptide in the 1970s57, it

became clear that melanocortins exerted wide-ranging central

effects. Yet, the molecular mediators of these actions remained

unknown until the early 1990s. The cloning of the five melano-

cortin receptors (MC1R—MC5R) opened a new era, with MC4R

cloned in 1993, rapidly emerging as the central regulator of energy

balance in the brain18,58-60.

Early functional studies established MC4R as a critical node in

homeostatic feeding regulation. The receptor is highly expressed

in the hypothalamic nuclei central to appetite and autonomic

control, particularly PVN. Genetic analyses soon revealed that

mice lacking MC4R exhibit severe hyperphagia, early-onset

obesity, increased linear growth, impaired autonomic output, and

altered glucose homeostasis61. Human genetic studies subse-

quently showed that heterozygous LoF MC4R mutations are the

most common monogenic cause of severe childhood obesity,

firmly positioning MC4R as an essential effector of melanocorti-

nergic tone and a high-value therapeutic target62,63.

These discoveries catalyzed the first major wave of MC4R

drug development beginning in the late 1990s. Pharmaceutical

interest surged as MC4R agonists such as MTII demonstrated

potent anorectic effects in rodent models64,65. Drug discovery

efforts focused on peptide derivatives, cyclic analogues, and

small-molecule agonists, including THIQ, LY2112688, MC4-NN-

0453, bremelanotide derivatives, and other early entities33,66. The

prevailing pharmacological paradigm held that MC4R signaling

operated almost exclusively through the Gs—cAMP—PKA axis.

Thus, ligand optimization centered on cAMP readouts, with the

assumption that maximal Gs stimulation would yield optimal

appetite suppression.

However, the clinical development of these early compounds

uncovered major limitations. Many agonists caused marked car-

diovascular side-effects, nausea, and sexual arousal, which over-

shadowed their anorectic potential35. In many cases, these adverse

events were observed even at doses insufficient for meaningful

weight loss. Meanwhile, an emerging body of evidence showed

Table 1 Summary of the resolved MC4R structures

PDB ID Complex Receptor

conformation

Ligand Resolution

(Å)

Method Ca2+

dependence

Year Ref.

6W25 SHU9119—MC4R Inactive SHU9119: Non-

selective peptide

antagonist

2.8 X-ray Yes 2020 52

7PIV/7F54 Afamelanotide—MC4R—Gs Active Afamelanotide: Non-

selective cyclic

peptide agonist

2.9/3.0 Cryo-EM Yes 2021 51/50

7PIU/7AUE Setmelanotide—MC4R—Gs Active Setmelanotide:

Partially Gq-biased

peptide agonist

2.6/3.0 Cryo-EM Yes 2021 51/38

7F53 α-MSH—MC4R—Gs Active α-MSH: Non-

selective peptide

agonist

3.0 Cryo-EM Yes 2021 50

7F55 Bremelanotide—MC4R—Gs Active Bremelanotide: Non-

selective peptide

agonist

3.1 Cryo-EM Yes 2021 50

7F58 THIQ—MC4R—Gs Active THIQ: Selective

small-molecule

agonist

3.1 Cryo-EM Yes 2021 50

8WKY PG-934—MC4R Inactive PG-934: Partially

selective peptide

antagonist

2.9 X-ray Yes 2024 48

8WKZ SBL-MC-31—MC4R Inactive SBL-MC-31:

Selective peptide

antagonist

3.3 X-ray Yes 2024 48

8QJ2 pN162—MC4R—Gs Active pN162: Selective

nanobody agonist

3.4 Cryo-EM No 2024 49

9K3K Unliganded MC4R—Gs Intermediate None 3.1 Cryo-EM No 2025 53
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that some human obesity-associated MC4R variants retained

normal cAMP signaling, challenging the assumption that Gs

activation alone governed metabolic outcomes. This divergence

between molecular pharmacology and clinical phenotype high-

lights a fundamental knowledge gap: the MC4R signaling land-

scape is far more complex than the original “one receptor—one

pathway” model implied.

The setbacks led to prolonged stagnation in MC4R research

throughout the 2000s and early 2010s. Without structural tem-

plates for rational design and without tools to interrogate biased

signaling, many MC4R programs were deprioritized or termi-

nated67. The field entered a state of uncertainty, as drug developers

questioned whether it was possible to dissociate MC4R-mediated

appetite suppression from undesirable autonomic and cardiovas-

cular outcomes.

The renaissance of MC4R research in the late 2010s was

driven by a confluence of conceptual, structural, and translational

advances. A major turning point was the recognition that MC4R

engages multiple intracellular pathways, including Gs, Gq/11, Gi/o,

ß-arrestins, and ion-channel-coupled mechanisms68,69. Crucially,

genetic studies showed that appetite suppression is mediated

predominantly through Gq/11 signaling within PVN MC4R neu-

rons, whereas Gs signaling primarily drives energy expenditure

and cardiovascular responses. This clarified why early Gs-biased

agonists produced significant side-effects while failing to achieve

adequate weight reduction. The idea that biased agonism, not

simply receptor selectivity, determines therapeutic success

fundamentally reframed MC4R drug discovery.

In the meantime, the global obesity therapeutic landscape un-

derwent a profound transformation due to the unprecedented

success of GLP-1RAs, including liraglutide, semaglutide, and

later dual and triple incretin mimetics such as tirzepatide and

retatrutide1,3,70,71. These agents demonstrated remarkable clinical

efficacy and quickly expanded the anti-obesity market to an un-

precedented scale. This rapid growth created renewed demand for

complementary mechanisms capable of enhancing or extending

the weight-loss effects of incretin-based therapies. MC4R emerged

as one of the most compelling targets because melanocortinergic

appetite suppression acts at a downstream and mechanistically

distinct node from GLP-1R signaling72-74. GLP-1RAs influence

satiety, gastric motility, glycemic control, and reward circuitry,

whereas MC4R directly controls homeostatic feeding circuits and

energy allocation75. Importantly, both preclinical and emerging

clinical evidence demonstrate that co-activation of GLP-1R and

MC4R produces additive, even synergistic, weight-loss effects74.

These findings position MC4R as a rational partner pathway for

next-generation combination therapies designed to sustain or

deepen weight reduction, especially in patients who have reached

plateau efficacy following GLP-1RA treatment.

In parallel, transformative cryo-EM studies enabled the

determination of high-resolution MC4R structures bound to

endogenous peptides, synthetic agonists, antagonists, and hetero-

trimeric Gs proteins. These structures revealed key determinants of

ligand specificity, ionic activation switches, and conformational

signatures associated with Gs- versus Gq-biased states38,48-52.

Finally, the FDA approval of setmelanotide validated MC4R as

a therapeutically viable and pharmacologically tractable target. Its

potent anorectic efficacy, strong safety profile, and intrinsic Gq-

biased signaling redefined expectations in the field, directly

countering the skepticism stemming from earlier drug develop-

ment failures. The success of setmelanotide catalyzed renewed

industrial investment into MC4R agonists, biased ligands,

allosteric modulators, and combination therapeutics, favorably

establishing MC4R as an essential component of a new era in

weight management.

Together, the historical arc of MC4R research—from early

discovery, to rapid rise and subsequent stagnation, and finally to

its current resurgence—illustrates the transformative power of

mechanistic insight, structural understanding, and market-driven

translational need. MC4R has re-emerged as a cornerstone not

only in energy balance regulation but also in designing multi-

pathway therapeutic strategies to combat obesity.

3. Signaling pathway

MC4R exhibits an unusually diverse signaling repertoire coordi-

nating multiple intracellular pathways to regulate energy balance,

glucose metabolism, sympathetic function, blood pressure, and

neurobehavioral states20,36,42,76-79. Although MC4R was origi-

nally characterized as a canonical Gs-coupled receptor, it is now

evident that its physiological effects arise from a far more intricate

network of downstream signals, including Gq/11-, Gi/o- and ß-

arrestin-mediated processes, as well as direct modulation by ion

channels such as Kir7.168,69,80,81. The interplay of these pathways

and the capacity of individual ligands to selectively engage them

provide a mechanistic explanation for the varied metabolic and

cardiovascular outcomes associated with MC4R activation. Un-

derstanding this multi-dimensional signaling architecture is

essential for interpreting historical findings and for guiding the

development of next-generation MC4R therapeutics.

Early studies assumed that MC4R-mediated appetite suppres-

sion and metabolic improvements predominantly originated from

Gs activation and cAMP accumulation82,83. Indeed, Gs signaling

plays an important role in enhancing sympathetic output, stimu-

lating brown adipose tissue thermogenesis, and increasing whole-

body energy expenditure10. This canonical pathway has been

rigorously validated through complementary experimental ap-

proaches. For instance, selective activation of Gs signaling in

MC4R neurons using the chemogenetic Gs-coupled designer re-

ceptor exclusively activated by designer drugs (Gs-DREADD)

system significantly reduced food intake and increased energy

expenditure, as evidenced by elevated oxygen consumption and

fatty acid oxidation84. These gain-of-function findings are

corroborated by loss-of-function studies: MC4R-specific Gs

knockout mice (MC4R− GsKO) exhibit hyperphagia, reduced

energy expenditure, impaired thermogenesis, and blunted

anorectic responses to melanotan-II, collectively establishing Gs

signaling as a central mediator of MC4R metabolic actions44.

Activation of Gαs stimulates adenylyl cyclase (AC), thereby

elevating cAMP, and PKA, which in turn regulate transcriptional

activities via cAMP response element-binding protein (CREB)

and orchestrate diverse metabolic pathways, including energy and

lipid metabolism85,86 (Fig. 2). However, this canonical pathway

also underlies many of the adverse cardiovascular effects observed

with MC4R agonists. In vitro and in vivo studies have shown that

non-selective agonists that strongly activate Gs typically induce

increases in blood pressure, heart rate, and sympathetic tone,

rendering them unsuitable for long-term metabolic therapy44,87,88.

Recent investigations have extended this understanding by

revealing MC4R expression beyond classical hypothalamic cir-

cuits to peripheral autonomic sensors. In spontaneously hyper-

tensive rats (SHR), MC4R is functionally expressed in carotid

body arterial chemoreceptors, where melanocortin agonists

Renewed efforts in developing MC4R modulators. 5019



activate these cells to potentiate both resting and chemoreflex-

evoked sympathetic activity89. This finding implicates MC4R

signaling in arterial chemosensation as a previously unrecognized

contributor to sympathetic overactivity in cardiometabolic disease,

highlighting the need for pathway-selective therapeutics that

preserve metabolic benefits while minimizing cardiovascular off-

target effects. Importantly, subsequent genetic studies demon-

strated that the anorectic effects traditionally attributed to Gs

signaling are not solely dependent on Gs itself. MC4R is highly

expressed in PVN13,39. Mice with Gs deficiency in PVN showed

no significant changes in food intake, energy expenditure, or body

length, and exhibited no primary defects in glucose metabolism90.

In contrast, PVN-specific loss of Gq/11, which stimulates phos-

pholipase C (PLC), results in severe hyperphagic obesity44. These

findings prompted a reassessment of which pathways are truly

responsible for physiological actions of MC4R.

A pivotal shift occurred when researchers identified Gq/11

signaling as the principal mediator of appetite suppression down-

stream of MC4R. Conditional deletion of Gq/11 in PVN neurons

produced profound hyperphagia and obesity, exhibiting the MC4R

knockout phenotype44. This discovery revealed that MC4R-driven

regulation of feeding depends critically on PLC activation,

inositol trisphosphate-mediated calcium mobilization, and down-

stream protein kinase C (PKC) signaling91. Furthermore, mice

carrying a human obesity-associated MC4R mutation (F511.39L,

superscripts refer to Ballesteros—Weinstein numbering92) that

selectively disrupts Gq/11 signaling, but preserves Gs function, dis-

played marked hyperphagia and obesity, confirming to a large

extent that PLC—IP3—Ca2+—NFAT signaling is responsible for

MC4R-regulated feeding43. These events shape neuronal excit-

ability and synaptic integration in hypothalamic circuits controlling

hunger and satiety. Mediators of the Gq cascade depolarize MC4R-

expressing neurons and potentiate excitatory output to downstream

satiety centers. In contrast to the cardiovascular liabilities associated

with Gs activation, Gq engagement produces potent anorectic re-

sponses without marked sympathetic stimulation. This dissociation

explains why ligands such as setmelanotide, with Gq bias and

reduced Gs efficacy, achieve robust weight loss while maintaining a

favorable cardiovascular safety profile55,93,94.

In parallel with the discovery of Gq signaling, scientists un-

covered the roles of Gi signaling pathways in MC4R functionality

(Fig. 2). AgRP, long viewed solely as a competitive antagonist, also

operates as an inverse agonist that decreases basal Gs activity and

can bias the receptor toward Gi coupling95-100. Activation of Gi

leads to inhibition of AC, suppression of cAMP production, and

hyperpolarization of neurons within the melanocortin circuitry.

These changes promote feeding behavior and favor anabolic

metabolic states, supporting the function of AgRP as a potent

Figure 2 Most important signaling pathways mediated by MC4R. MC4R activation through the Gs pathway enhances AC activity, elevates

intracellular cAMP levels, and promotes the nuclear translocation of CREB, thereby modulating downstream gene transcription. Gi provides an

opposing influence by dampening AC signaling. Engagement of the Gq/PLC pathway induces intracellular Ca2+ release. ß-arrestin facilitates the

internalization of activated MC4R. The inward-rectifier potassium channel Kir7.1 closes in response to α-MSH and opens in the presence of AgRP,

providing a G-protein-independent regulatory mechanism. ERK1/2, extracellular signal-regulated kinases 1 and 2; DAG, diacylglycerol; IP3, inositol

1,4,5-trisphosphate; NFAT, nuclear factor of activated T cells; NPY, neuropeptide Y. This figure was created by https://www.biorender.com/.
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orexigenic signal during fasting. The ability of MC4R to engage Gi

adds an additional layer of bidirectional regulation in the melano-

cortin system, further illustrating how ligand structure and confor-

mation dictate divergent physiological outputs.

Beyond heterotrimeric G proteins, MC4R also activates G

protein—independent pathways mediated by ß-arrestins101

(Fig. 2). Traditionally associated with receptor desensitization and

internalization, ß-arrestins are now recognized as scaffolds for

alternative signaling cascades. A large-scale genomic analysis of

approximately 500,000 individuals from the UK Biobank revealed

that a subset of human gain-of-function MC4R variants exhibit

biased signaling toward ß-arrestin recruitment 23. Notably, this ß-

arrestin-biased signaling profile was associated with lower BMI

and reduced risk of obesity, type 2 diabetes, and coronary artery

disease, suggesting that ß-arrestin pathway engagement may

confer cardiometabolic protection independent of canonical G

protein activation. Complementary genetic studies in mice rein-

force this concept: selective deletion of ß-arrestin 2 in MC4R-

expressing neurons (MC4R-ß-arr2-KO) resulted in increased

food intake, adiposity, and insulin resistance, while targeted re-

expression of ß-arrestin 2 in the paraventricular nucleus restored

normal anorectic responses102. Although the precise molecular

mechanisms linking ß-arrestin signaling to energy balance remain

incompletely characterized, emerging evidence suggests that ß-

arrestin may modulate MC4R subcellular trafficking, particularly

its dynamic localization within primary cilia―specialized

signaling organelles where receptor availability directly influences

neuronal responsiveness to melanocortin peptides103. Neverthe-

less, the downstream effectors and signaling nodes through which

ß-arrestin exerts its metabolic effects warrant further investigation.

One of the most distinctive features of MC4R signaling is its

regulation of Kir7.181,104 (Fig. 2). In PVN neurons, α-MSH acti-

vates MC4R to engage a G protein-independent coupling with

Kir7.1, whose closure depolarizes the membrane and increases

neuronal firing81. Conversely, AgRP enhances Kir7.1-mediated K+

efflux, producing hyperpolarization and decreased neuronal activity.

This complementary action of a key ion channel provides an

elegant, G protein-independent mechanism by which endogenous

melanocortin peptides exert opposing physiological effects82,105.

The physiological relevance of this pathway is substantiated by

in vivo genetic models: mice with targeted Kir7.1 deletion specif-

ically in MC4R-expressing cells exhibit resistance to MC4R

agonist-induced PVN neuron depolarization, blunted anorectic re-

sponses, late-onset obesity, accelerated linear growth, and glucose

intolerance80. These phenotypes indicate that Kir7.1 contributes to a

distinct subset of MC4R’s physiological functions, operating in

parallel with G protein cascades as a fast-acting modulatory system

that enables rapid and precise control of neuronal output. Despite

the established functional interaction between MC4R and Kir7.1,

fundamental mechanistic questions remain unresolved. It is

currently unknown whether this coupling is direct or mediated by

intermediary proteins such as ß-arrestins or other scaffolding mol-

ecules, and the molecular and structural basis underlying MC4R-

mediated Kir7.1 modulation awaits definitive characteriza-

tion68,106-108. Obviously, such a multidimensional framework po-

sitions MC4R as an integrative node coordinating homeostatic

feeding, autonomic output, and metabolic regulation. Ligand-

specific stabilization of receptor conformations determines the

preferential activation of Gs, Gq/11, Gi/o, or ß-arrestin-related path-

ways, each producing a unique physiological signature. Synthetic

agonists thus differ not only in receptor affinity and potency but

also in their ability to engage specific routes of these pathways. This

conceptual shift from a single canonical pathway to a multifunc-

tional signaling system has been essential for understanding the

divergent outcomes of early MC4R drug discovery programs and

for guiding the development of selective biased agonists capable of

dissociating therapeutic effects from adverse responses. α-MSH, for

example, activates both Gs and Gq moderately, producing a

balanced anorectic effect with physiological sympathetic activation.

Setmelanotide, by contrast, preferentially stabilizes conformations

that favor Gq coupling while engaging Gs
109. This bias causes

potent satiety without cardiovascular stimulation. AgRP stabilizes

inverse conformations of the receptor, suppressing Gs activity and

biasing toward Gi/o
110. Small-molecule agonists developed in

earlier clinical programs often favored Gs activation, explaining

their limited tolerability and failure to produce sustained patient

benefits36. The ability to direct signaling bias through ligand

structure has therefore changed the focus of MC4R pharmacology

from “activation versus inhibition” to “which pathway is activated,

and to what degree”. Compared with the well-characterized G

protein pathways, the molecular architecture underlying ß-arrestin-

and Kir7.1-mediated signaling remains relatively underexplored

and supported by more limited evidence. Although genetic and

electrophysiological studies in mice clearly implicate ß-arrestin 2

and Kir7.1 in specific MC4R functions, the precise downstream

signaling cascades, intermediary proteins, and structural de-

terminants governing these non-canonical pathways have yet to be

defined. Elucidating how these distinct signaling modalities are

integrated into the broader MC4R signaling network―and how

they can be selectively modulated by biased ligands―represents an

important frontier for developing next-generation therapeutics with

improved efficacy and safety profiles. In summary, MC4R is a

paradigmatic example of a GPCR whose physiological functions

arise from a rich and highly tunable signaling landscape. The re-

ceptor integrates multiple G protein pathways, ion channel modu-

lation, and arrestin dynamics, and each signaling branch contributes

uniquely to metabolic regulation. Ligand-specific conformational

selection fundamentally determines which pathways dominate, and

this mechanistic principle has emerged as the central framework for

interpreting both historical clinical data and contemporary thera-

peutic development. This integrated view sets the stage for in-depth

exploration of the structural basis of MC4R signaling.

4. Structural characteristics

Structural studies on MC4R progressed rapidly in the past few

years, informing us of the molecular details governing ligand

recognition, receptor activation, and signal transduction (Table 1).

We now understand how endogenous peptides, synthetic analogs,

and small molecules differentially activate the receptor displaying

unique architectural features and diverse ligand-induced confor-

mational states.

A foundational breakthrough occurred with the determination of

the first MC4R crystal structure bound to antagonist SHU9119 at 2.8 Å

resolution (PDB: 6W25)52. This milestone defined several unusual

characteristics of MC4R that distinguish it from canonical class A

GPCRs. Chief among these is an essential Ca2+ positioned within the

orthosteric pocket, coordinated by residues E1002.60, D1223.25, and

D1263.29. Functional analyses demonstrated that extracellular Ca2+

dramatically enhances α-MSH affinity and potency, establishing a rare

cofactor-dependent activation mechanism among GPCRs. Additional

structural features include an exceptionally short extracellular loop 2

(ECL2), the absence of a conserved ECL2− transmembrane helix 3
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(TM3) disulfide bridge, and an enlarged extracellular vestibule

capable of accommodating bulky melanocortin peptides. Notably, the

crystallized receptor construct retained the ability to modulate Kir7.1

potassium channel independent of heterotrimeric G proteins, con-

firming the presence of noncanonical signaling mechanisms. Inter-

estingly, for the entire MCR family with high sequence similarity,

SHU9119 acts as an antagonist for MC4R but an agonist for MC1R.

Structural analysis of the SHU9119-bound MC1R− Gs complex re-

veals that the bulky aromatic side-chain of D-Nal in SHU9119 pushes

the side-chain of L1333.36 of MC4R downward. As a result, it moved

in front of W2586.48, eliminating the capacity for TM6 outward

movement. This X3.36− W6.48 molecular switch phenomenon has also

been verified in MC3R and MC5R, demonstrating its conservation

across the MCR family111.

Subsequent active-state cryo-EM structures expanded the

spectrum of ligand-bound conformations. Multiple complexes

with α-MSH, afamelanotide, bremelanotide and setmelanotide

showed a shared peptide-binding mode characterized by a

U-shaped conformation inserted deeply into the orthosteric

pocket, supported by extensive contacts involving conserved

H− F− R− W motifs. These structures present hallmark features of

GPCR activation such as outward movement of TM6, rearrange-

ment of the C6.47− W6.48− X6.49− P6.50 toggle switch, and stabili-

zation of the N7.49− P7.50− X7.51− X7.52− Y7.53 motif. Collectively,

these structures illuminate the general principles governing MC4R

engagement of Gs and the resulting cAMP signaling.

Parallel efforts to characterize alternative ligand classes pro-

vided further mechanistic diversity. The structure of MC4R bound

to the full agonist nanobody pN162 revealed that non-peptidic

orthosteric ligands can occupy the same aromatic pocket normally

engaged by peptide residues Phe or (D)Phe without relying on Ca2+

coordination49. Despite lacking the conserved H− X− R− W motif,

the CDR3 loop of pN162 inserts deeply into the orthosteric pocket

and mimics key interactions essential for receptor activation, while

reproducing the core TM5/TM6 rearrangements observed in

peptide-bound active states. These findings demonstrate the struc-

tural flexibility of MC4R in accommodating chemically diverse

agonists while preserving a unified activation mechanism.

Structural investigation of small-molecule agonists added

another dimension to receptor pharmacology. Structures of MC4R

with chemically distinct small molecules demonstrated multiple

hydrophobic subpockets within the orthosteric cavity, each capable

of influencing ligand selectivity and signaling properties. A partic-

ularly informative example involves the classical small-molecule

agonist THIQ. Unlike peptide ligands, THIQ inserts deeply into the

hydrophobic core of the MC4R orthosteric pocket, forming extensive

van der Waals interactions with MC4R-specific residues50 such as

I1293.32, F2015.47, and I2516.51. These residues differ substantially

from those found in homologous melanocortin receptors, thereby

enabling THIQ to achieve high subtype selectivity. The tricyclic

scaffold of THIQ is geometrically complementary to a hydrophobic

subpocket unique to MC4R, stabilizing the outward position of TM6

and promoting a Gs-coupled active conformation. These structural

observations explain both the potency and MC4R selectivity of

THIQ and highlight how small molecules can exploit subtype-

specific microenvironments for targeted receptor modulation.

Together, these diverse structures, spanning inactive, peptide-

bound, nanobody-bound, and small-molecule-bound states, offer

an increasingly unified view of MC4R conformational dynamics.

Comparative analyses across these structures clarified how

chemically distinct ligands stabilize different receptor states,

modulate Ca2+ coordination, control access to hydrophobic

subpockets, and shape the intracellular geometry for G-protein

engagement. Despite these advances, a critical gap persisted:

how MC4R engages Gq/11, the principal pathway mediating

appetite suppression. Until recently, all available active-state

structures featured Gs coupling, leaving the molecular signature

of Gq-biased activation unresolved.

Multiple studies indicated that activating the MC4R-Gq pathway

maintains negative energy balance without increasing cardiovascular

risks68 (Fig. 3A). The partially Gq-biased mechanism of setmela-

notide has been suggested but remains to be structurally validated

and elucidated. To fill this gap, we determined the cryo-EM structure

of the setmelanotide—MC4R—Gq complex at 3.11 Å resolution,

applying local refinement to enhance the density of TMs, yielding a

final composed map for modeling (Fig. 3, Supporting Information

Fig. S1 and Table S1). To stabilize the protein, we employed the

NanoBiT tethering method to construct the complex as described

previously111, and an engineered Gαq chimera based on the mini-

Gαs/q71 scaffold112,113 (Supporting Information Fig. S2). The com-

plex was efficiently assembled on the membrane by co-expressing

MC4R with Gαq, Gß1, and Gγ2 subunits.

Structural comparison showed that the receptor portions of the

setmelanotide—MC4R—Gq complex exhibit overall conforma-

tional similarity to those in the setmelanotide—MC4R—Gs (PDB:

7PIU)51 and α-MSH—MC4R—Gs (PDB: 7F53)50 complexes with

Cα root mean square deviation (RMSD) values of 0.57 Å and

0.58 Å, respectively (Fig. 4). The ligand poses in the three com-

plexes are similar and display a U-shaped structure inserted into

the orthosteric pocket of the receptor (Fig. 4A).

The most notable difference lies in the binding pose of the first

residue, R3 (superscript indicates the peptide position number based

on α-MSH) of setmelanotide, which forms a strong hydrogen bond

with N108ECL1 in the setmelanotide—MC4R—Gq structure, whereas

in the setmelanotide—MC4R—Gs complex it instead engages

D1223.25 (Fig. 4B). In the α-MSH—MC4R—Gs structure, the

spatially equivalent position is M4, which inserts into a hydrophobic

pocket formed by V1032.63, I1042.64, and D1223.25. The positive

charge of R3 in setmelanotide (spatially equivalent to M4 in α-

MSH) prevents its insertion into the hydrophobic pocket of MC4R,

instead prompting its shift toward a more polar environment and

interactions with N108ECL1 or D1223.25 of MC4R (Fig. 4C).

Accordingly, retaining a positively charged non-natural amino acid

with optimized side-chain lengths may help to obtain lead com-

pounds with stronger Gq signaling bias.

Despite the overall similarity in receptor architecture, the G

protein regions of the setmelanotide—MC4R—Gq and

setmelanotide—MC4R—Gs complexes show pronounced confor-

mational divergence, as indicated by a Cα RMSD of 0.92 Å,

underscoring a unique binding mode for Gq (Fig. 4A). Structural

analysis revealed that the residues on Gα5 in the setmelanoti-

de—MC4R—Gq complex undergo significant rearrangements of

the polar network compared to the setmelanotide—MC4R—Gs

complex. Specifically, the polar residue Q370Gα5 in Gαs forms a

strong hydrogen bond with H2225.68, whereas the corresponding

hydrophobic residue L351Gα5 in Gαq, owing to its hydrophobic

side-chain, is unable to support this interaction (Fig. 4D). Instead,

H2225.68 in the Gαq-bound MC4R undergoes a 2.5 Å displace-

ment relative to its position in the Gαs-bound receptor (quantified

by the shift in the N atom of its imidazolyl moiety), thereby

enabling the formation of a new hydrogen bond with Q352Gα5 of

Gαq (Fig. 4D). Meanwhile, at the equivalent position in Gαs, the

longer side-chain of the basic residue R371Gα5 forms a stable

hydrogen bond with Y346Gα of the ß6 sheet, as well as a π—cation
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interaction with Y344Gα of the ß6—α4 loop (Fig. 4D). Further-

more, to compensate for the reduced interaction between Gα5 and

the ß6 sheet in Gαq, D348Gα5 in Gαq engages Y327Gα of the ß6

sheet, whereas the corresponding residue D367Gα5 in Gαs instead

forms a hydrogen bond with R2255.71 on TM5 of MC4R (Fig. 4D).

These rearrangements within the hydrogen-bonding network

diminish the interaction between Gαq and TM5 relative to Gαs,

resulting in a 1.9 Å outward displacement of TM5 (Fig. 4A).

Additionally, we observed that H158ICL2 of MC4R interacts with

H373Gα5 of Gαs through a water-mediated hydrogen-bonding

network. In Gαq, however, the corresponding residue is N354Gα5,

a shorter and less polar side-chain that lacks associated water

density and therefore does not support such an interaction

(Fig. 4E). This indicates that allosteric ligands designed to bind at

the MC4R—Gα interface and selectively stabilize Gαq-favored

interactions, while destabilizing those supporting Gαs engage-

ment, could represent a viable strategy to enhance Gαq bias. This

concept is supported by prior reports of GPCR allosteric modu-

lators that tune G protein selectivity and downstream signaling

bias by targeting the receptor—G protein interface114-117.

Clearly, these differences in the binding modes of setmelano-

tide—MC4R complexes with distinct G proteins disclose the

structural features that characterize the interactions of Gαq and

Gαs with MC4R. As the first structural visualization of MC4R

bound to Gq, setmelanotide—MC4R—Gq complex establishes

essential molecular principles for understanding G-protein selec-

tivity and biased agonism. This structure completes the current

spectrum of MC4R conformational states and enables detailed

comparison across Gs, Gq-specific coupling modes.

As structural and functional studies continue to advance, the

mechanistic basis of biased MC4R signaling has become increas-

ingly clear. High-resolution cryo-EM structures exhibit distinct

conformational rearrangements of the transmembrane helices,

intracellular loops, and G protein-binding interfaces that correspond

to Gs- versus Gq-biased receptor states. These structural signatures

not only elucidate the molecular determinants of ligand bias but also

provide actionable templates for rational drug design. The ability to

precisely target anorectic Gq pathways while avoiding Gs-associ-

ated cardiovascular activation represents a major conceptual and

therapeutic breakthrough, one that underlies the success of drug

candidates such as setmelanotide and guides the development of

next-generation MC4R agonists and allosteric modulators.

5. Clinical translation

The translation of MC4R biology into clinical practice has fol-

lowed a long and non-linear trajectory, marked by early optimism,

Figure 3 Cryo-EM structure of setmelanotide-bound MC4R in complex with Gq. (A) Schematic representation of the activation of different Gα

pathways through MC4R, leading to distinct effects. (B) Schematic representation of the G protein bias of α-MSH and setmelanotide. (C) Amino

acid sequences of α-MSH and setmelanotide. Residues are colored according to sequence conservation between α-MSH and setmelanotide. (D)

Cryo-EM density map and cartoon representation of the setmelanotide—MC4R—Gq complex. Setmelanotide is shown in orange red, MC4R in

forest green, calcium ion in yellow, Gαq in purple, Gß in salmon, and Gγ in olive drab.
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subsequent stagnation, and a resurgence driven by mechanistic

and structural breakthroughs. The classical understanding of

MC4R as a regulator of appetite and energy expenditure provided

an attractive rationale for targeting the receptor12,21,22,118. How-

ever, the limitations of early drug candidates, most notably their

cardiovascular liabilities and broad-spectrum agonist effects,

exposed the danger of relying on incomplete mechanistic frame-

works119-121. The eventual success of setmelanotide, more than

two decades after MC4R was first linked to monogenic obesity,

reflects the integration of genetic, physiological, structural, and

pharmacological insights into a coherent therapeutic strategy. This

section examines the clinical implications of MC4R signaling, the

Figure 4 Analysis of setmelanotide binding and G protein coupling with MC4R. (A) Structural comparison of setmelanotide-bound

MC4R—Gs, MC4R—Gq, and α-MSH-bound MC4R—Gs complexes. The notable structural differences in the orthosteric pocket and Gα

conformation are highlighted in enlarged views. (B) Key amino acid position differences of ligands in the orthosteric pocket between setme-

lanotide—MC4R—Gq and MC4R—Gs complex. (C) Surrounding environment of R3 and M4 in setmelanotide—MC4R—Gq and α-

MSH—MC4R—Gs. The results are shown with coloring on the molecular surface, ranging from dark cyan (most hydrophilic) to white to dark

goldenrod (most lipophilic). Structural overlay comparison of setmelanotide-bound MC4R—Gq and α-MSH-bound MC4R—Gs showing the

conformational differences between Gα5 and TM5 (D), as well as ICL2 (E). The key hydrogen bonds are shown as black dashed lines.
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development of therapeutic candidates, and the prospects for

expanding MC4R-targeted therapies to broader metabolic condi-

tions, with representative ligands targeting MC4R summarized in

Table 236,48,49,55,56,114,122-141.

Physiologically, the half-life of endogenous α-MSH is only a

few minutes, which is relatively short142. Consequently, the initial

goal of melanocortin drug development was to enhance peptide

stability and achieve selectivity for specific MCR subtypes. The

main strategy involved modifying the amino acid sequence of

endogenous melanocortin peptides based on their primary struc-

tures57. A commonly used and relatively successful modification

was to take the 13 amino acid α-MSH peptide as the template

(sequence: Ac-S1-Y2-S3-M4-E5-H6-F7-R8-W9-G10-K11-P12-V13-

NH2), replace the fourth residue methionine with the more hy-

drophobic non-natural amino acid norleucine (Nle), and convert

the seventh residue L-phenylalanine to the D-isomer, yielding

[Nle4-D-Phe7]-MSH (also known as NDP-MSH/melanotan I/afa-

melanotide; sequence: Ac-S1-Y2-S3-Nle4-E5-H6-(D)F7-R8-W9-

G10-K11-P12-V13-NH2). These modifications increased ligand

stability while maintaining a potency comparable to α-MSH.

Melanotan I acts as an agonist at all MCR subtypes except MC2R

with nano- to sub-nanomolar potency. In 2014, melanotan I was

approved in Europe for the treatment of erythropoietic proto-

porphyria in adults123,124,143. A similar strategy was applied to γ-

MSH, in which the eighth tryptophan residue was converted to the

D-isomer, generating D-Trp8-γ-MSH. These two peptide ligands,

built on amino acid substitutions, have long been used as research

tools in the melanocortin system and are still widely employed

today144,145. Subsequent work on melanotan I led to cyclization

and sequence truncation, resulting in the synthesis of the eight-

membered cyclic peptide melanotan II (sequence: Ac-Nle-c[D1-

H2-(D)F3-R4-W5-K6]-NH2). Melanotan II is a non-selective MCR

agonist with nano- to sub-nanomolar potency across MCR sub-

types134. Since its discovery, melanotan II has been used as a

probe both in vitro and in vivo, and intracerebroventricular

administration of melanotan II has been shown to suppress food

intake in mice146. Interestingly, when D-Phe in melanotan II is

replaced by 3-(2-naphthyl)-D-alanine (D-Nal(2′)), the resulting

Table 2 Representative ligands targeting MC4R: pharmacological characteristics and therapeutic development status

Ligand Type Signaling bias Therapeutic indication Stage Ref.

Acthar Gel

(ACTH preparation)

Peptide mixture Non-selective MCR agonist Infantile spasms, multiple

sclerosis exacerbations,

rheumatoid arthritis, lupus,

nephrotic syndrome (primarily

via MC2R activation)

Approved 56,114

ACTH (1—24) Peptide Non-selective MCR agonist Diagnosis of adrenal

insufficiency; inflammatory

diseases (mainly via MC2R

activation)

Approved 122

Afamelanotide Peptide Non-selective MCR agonist Erythropoietic protoporphyria

(via MC1R activation)

Approved 123,124

Bremelanotide Peptide Non-selective MCR agonist Hypoactive sexual desire disorder

(via MC4R activation)

Approved 125,126

Setmelanotide Cyclic peptide Gq-biased non-selective MCR

agonist

Monogenic obesity Approved 55

MK-0493 Small molecule Partial selective MC4R agonist Obesity Phase II 127

Bivamelagon (LB54640) Small molecule MC4R agonist Hypothalamic obesity Phase II 128

LY2112688 Cyclic peptide Non-selective MCR agonist Obesity Phase I 36

MC4-NN-0453 Cyclic peptide Non-selective MCR agonist Obesity Phase I 129

AZD2820 Cyclic peptide Non-selective MCR agonist Obesity Phase I 130

RM-718 Peptide MC4R agonist MC4R pathway impairment Phase I 131

PF-07258669 Small molecule MC4R antagonist Obesity and metabolic disorders Phase I 132

TCMCB-07 Cyclic peptide MC3R/MC4R antagonist Cachexia and weight loss

disorders

Phase I 133

Melanotan II Cyclic peptide Non-selective MCR agonist Obesity and metabolic disorders Preclinical 134

RO27-3225 Peptide Selective MC4R agonist Appetite regulation and

neuroinflammation

Preclinical 135

PF-00446687 Small molecule Selective MC4R agonist Appetite regulation and sexual

dysfunction

Preclinical 136

pN162 Nanobody MC3R/MC4R agonist Appetite regulation Preclinical 49

THIQ Small molecule Selective MC4R agonist Obesity Preclinical 137

SHU9119 Cyclic peptide MC3R/MC4R antagonist; partial

agonist at MC1R/MC5R

Cancer cachexia Preclinical 138

PG-901 Cyclic peptide MC3R/MC4R antagonist; full

agonist at MC1R/MC5R

Cachexia and appetite disorders Preclinical 139

PG-934 Cyclic peptide MC3R/MC4R antagonist Cancer cachexia Preclinical 48

SBL-MC-31 Cyclic peptide Selective MC4R antagonist Cancer cachexia Preclinical 48

Ipsen 5i Small molecule MC4R inverse agonist with

MAPK pathway agonism

Rescue of trafficking-defective

MC4R mutants

Preclinical 140

KAF2039-7 Cyclic peptide MC4R inverse agonist Potential therapy for cachexia,

anorexia, and growth disorders

Preclinical 141
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peptide, SHU9119, partially retains agonist activity at MC1R and

MC5R but antagonizes MC3R and MC4R138. As the first peptide

ligand with strong antagonistic activity at both MC3R and MC4R,

SHU9119 was shown to markedly increase food intake when

administered intracerebroventricularly in mice147. Building on

SHU9119, the first highly selective full agonist for MC5R, PG-

901 (sequence: Ac-Nle-c[D1-P2-D3-F4-R5-W6-K7]-NH2), was

developed; this peptide retains antagonistic activity at MC3R and

MC4R139.

AgRP is an inverse agonist of MC4R, and drug development

efforts targeting AgRP have mainly focused on the treatment of

negative energy balance conditions such as anorexia, cachexia,

and growth failure in children. For example, a patient with

cachexia was reported to carry an A67T mutation in AgRP148.

Structural studies have shown that the key “RFF” motif respon-

sible for AgRP activity is located within an exposed ß-hairpin

loop149. A macrocyclic octapeptide scaffold derived from AgRP,

c[P1-R2-F3-F4-N5-A6-Nle7-(D)P8], can markedly increase food

intake in mice and reduces MC4R-mediated cAMP production

below basal levels141.

Several MCR-targeted drugs derived from amino acid-

modified peptide ligands have already reached the market.

Acthar Gel was the first melanocortin-based drug approved for use

in humans, entering the market in the early 1950s, roughly 40

years before the discovery of MCRs56,58. Acthar Gel, also known

as repository corticotropin injection (RCI), is prepared from

porcine pituitary extracts and therefore contains not only ACTH as

the main component but also other pituitary peptides, although

detailed information regarding these additional peptides and their

potential actions has not been disclosed. Currently, Acthar Gel is

approved for 19 different indications, including infantile spasms,

acute exacerbations of multiple sclerosis, rheumatoid arthritis,

systemic lupus erythematosus, serum sickness, sarcoidosis, and

nephrotic syndrome, among others150. In addition, ACTH(1—24)

has been approved following clinical trials for the diagnosis of

adrenal insufficiency and the treatment of inflammatory dis-

eases122. However, adrenal side-effects mediated by MC2R acti-

vation limit the long-term use of ACTH. The development of

novel ACTH-based agents that lack adrenal adverse events may

represent an ideal strategy.

In 2014, afamelanotide was approved for marketing. This drug

induces the production of eumelanin in the skin, thereby

increasing tolerance to sunlight and artificial light and preventing

the characteristic phototoxic reactions experienced by patients

with erythropoietic protoporphyria (EPP)151. Moreover, studies

have shown that afamelanotide, through activation of MC1R, can

modulate DNA damage-repair mechanisms and thus may hold

considerable potential for the prevention of skin cancers and other

disorders associated with defective DNA repair152,153. Bremela-

notide, a deaminated derivative of melanotan II that may represent

a metabolite of melanotan II in humans, was approved in 2019.

Multiple studies have indicated that its therapeutic effect in

enhancing sexual desire in women with hypoactive sexual desire

disorder is primarily mediated via MC4R activation125,126.

The development of drugs targeting neuronal MC4R for the

treatment of obesity has long been a major focus within this re-

ceptor family. Several oral small molecules and injectable peptide

agonists have been clinically evaluated for obesity treatment,

including the oral small-molecule MK-0493 (Merck)127, bivame-

lagon (Rhythm Pharmaceuticals)128, PF-07258669 (Pfizer)132 and

the peptide agonists LY2112688 (Eli Lilly)36, MC4-NN-0453

(Novo)129, RM-718 (Rhythm Pharmaceuticals)131, AZD2820

(AstraZeneca)130, and setmelanotide (Rhythm Pharmaceuticals)55.

However, despite demonstrating preclinical efficacy in obesity

models, most MC4R agonist candidates developed as potential

anti-obesity therapies have ultimately failed due to insufficient

clinical efficacy and significant adverse effects. To date, setme-

lanotide is the only agent in this class that has successfully

reached the market. Setmelanotide is a cyclic octapeptide with

high potency at the two neuronal MCRs (EC50 � 0.032 nmol/L at

MC4R and 0.69 nmol/L at MC3R)154. In 2020, setmelanotide

received FDA approval for the treatment of obesity caused by LoF

variants in the genes encoding proopiomelanocortin (POMC ), the

leptin receptor (LEPR), or proprotein convertase subtilisin/kexin

type 1 (PCSK1)54. In addition, compared with other MC4R ago-

nists evaluated clinically, setmelanotide does not induce cardio-

vascular adverse events118,155. The relative safety of setmelanotide

may stem from its strong efficacy in engaging Gq-dependent

signaling156. MC4R-mediated Gq signaling has been shown to

reduce food intake without affecting cardiovascular parameters44.

Thus, MC4R-biased ligands that selectively activate Gq signaling

may represent superior candidate drugs for the treatment of

obesity.

At present, all five marketed MCR-targeted drugs function as

non-selective agonists across MCR subtypes. While they exert

therapeutic effects via one subtype, concomitant activation of

other subtypes may lead to a range of adverse effects. For

instance, although setmelanotide exerts anti-obesity effects

through MC4R activation, approximately 50% of treated patients

develop skin hyperpigmentation and darkening due to activation

of MC1R in melanocytes157. This highlights the distinct physio-

logical roles of different MCRs: MC1R primarily regulates skin

pigmentation, MC2R mediates adrenal steroidogenesis, and

MC5R is largely involved in peripheral processes like lipid

metabolism and exocrine gland secretion, making them less

directly aligned with the central appetite and energy-expenditure

control mediated by MC4R. In contrast, MC3R participates in

hypothalamic circuits regulating nutrient partitioning, metabolic

efficiency, and circadian feeding rhythms, suggesting a potential

complementary role with MC4R in energy homeostasis. Preclin-

ical studies indicate that co-activation of MC3R and MC4R may

produce greater metabolic benefits than selective MC4R activation

alone. However, robust clinical evidence for this strategy remains

limited, and the physiological consequences of MC3R activation

are not fully understood. Therefore, the development of subtype-

selective agents has remained a key objective in drug discovery

targeting MC4R.

MC4R has received particular attention from the pharmaceu-

tical industry because of its critical role in obesity. In 2002, the

first selective small-molecule MC4R agonist with nanomolar po-

tency, THIQ, was reported137. THIQ is a tetrahydroisoquinoline-

based ligand and was the first small-molecule agonist with high

affinity (IC50 � 1.2 nmol/L) and potency (EC50 � 2.1 nmol/L) at

MC4R137. Structure—activity relationship studies demonstrated

that THIQ competes with NDP-MSH for binding to MC4R,

indicating that it occupies the orthosteric site, while at the same

time displaying a unique pharmacophore158. Because MC4R ag-

onists reduce food intake in rodents, small-molecule MC4R ago-

nists were considered potential therapeutics for weight loss.

However, THIQ, despite its selectivity for MC4R, still produced

adverse effects commonly observed with activation of other MCR

subtypes, including hypertension, tachycardia, skin darkening, and

increased sexual arousal159-161. To mitigate such side-effects,

MC3R, which is also expressed in the central nervous system and
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involved in the regulation of food intake and energy expenditure,

has emerged as an attractive alternative target147.

Ipsen 5i, a representative member of the aminobenzimidazole

series developed by Roubert and colleagues at Ipsen, exhibits an

affinity of 2 nmol/L for human MC4R140. Ipsen 5i is a high-affinity

inverse agonist at MC4R and competes with NDP-MSH for re-

ceptor binding, but it shows much lower affinity for MC3R

(Ki � 400 nmol/L)162. Although Ipsen 5i reduces basal signaling

through the classical Gs—cAMP pathway, it retains agonist activity

on the mitogen-activated protein kinase (MAPK) pathway163. LoF

mutations in MC4R cause severe early-onset obesity in humans,

and functional studies have shown that most of these mutants are

nonfunctional because they are retained intracellularly and fail to

traffic to the plasma membrane. One study demonstrated that Ipsen

5i can rescue the trafficking and signaling of the majority (73%) of

intracellularly retained MC4R mutants164.

MK-0493 is a piperazinyl urea-based small-molecule com-

pound. It is an effective, orally active, and selective partial agonist

of MC4R. In preclinical animal models, oral administration of

MK-0493 produced robust weight-reducing effects, indicating that

the compound can reach hypothalamic target sites, and it did not

induce side-effects such as increased erectile responses165. How-

ever, in a clinical study, although fixed doses of MK-0493 induced

modest weight loss compared with controls during the first 12

weeks, no statistically significant additional weight loss was

observed between weeks 12 and 18127. Taken together, these

findings suggest that MK-0493 is unlikely to be a viable candidate

for the development of anti-obesity therapies.

Increasing attention is now focused on whether MC4R agonists

may benefit individuals with polygenic or common forms of obesity,

a far larger patient population. A growing body of evidence indicates

that even partial impairment of the melanocortin pathway, arising

from polygenic susceptibility, obesogenic environments, or neuro-

endocrine dysregulation, may render individuals more responsive to

therapies that selectively enhance MC4R activity109. Early explor-

atory studies suggest that some patients with heterozygous MC4R

variants or with functional impairments in upstream POMC path-

ways may show meaningful weight loss on setmelanotide, though

results vary27,166,167. Larger clinical trials are underway to clarify

the extent to which MC4R agonism can benefit broader populations

beyond monogenic obesity syndromes.

A particularly promising direction involves combination thera-

pies. The success of GLP-1R agonists and dual/triple incretin ag-

onists has ignited interest in combining agents that target distinct

aspects of energy balance168. Mechanistic studies support a func-

tional interplay between GLP-1 and melanocortin signaling at

multiple levels. GLP-1R is expressed in arcuate POMC neurons,

where GLP-1 or exendin-4 directly depolarizes these neurons and

increases firing rate―an effect blocked by GLP-1R antagonism169.

This activation promotes α-MSH release and subsequent engage-

ment of MC4R-expressing neurons in the PVN, establishing a

circuit-level mechanism by which GLP-1 signaling recruits the

melanocortin system to suppress food intake169. Consistent with

this, the anorectic and weight-loss effects of liraglutide are atten-

uated by central administration of the MC3/4R antagonist

SHU9119 and enhanced by the agonist MTII170. This crosstalk

extends beyond central circuits. MC4R expressed on enter-

oendocrine L cells directly stimulates GLP-1 and peptide YY

(PYY) secretion upon activation; acute melanocortin peptide

administration increases circulating GLP-1 levels in mice, an effect

confirmed as MC4R-dependent in ex vivo intestinal

preparations171,172.

Preclinical and early clinical studies indicate that co-activating

GLP-1R and MC4R produces additive or synergistic metabolic

benefits74,173. In diet-induced obese rodents, combination therapy

with liraglutide and setmelanotide induced greater anorexia and

metabolic improvement than either monotherapy31. A more recent

approach engineered a monomeric dual GLP-1R/MC4R agonist

(KCEM1) based on exendin-4 and α-MSH; daily administration in

obese rats achieved body weight reductions comparable to sem-

aglutide and tirzepatide, with superior glycemic control74. Clini-

cally, patients previously treated with GLP-1R agonists or

tirzepatide showed enhanced responses to subsequent bremela-

notide treatment, and early-stage trials are evaluating whether

MC4R activation can extend incretin-based weight loss

(ClinicalTrials.gov identifier: NCT06565611)173. These observa-

tions position MC4R as a rational target for combination regi-

mens, particularly for patients experiencing efficacy plateaus with

GLP-1RAs. Actually, MC4R integrates multiple neuroendocrine

signals, thereby governing energy homeostasis. MC4R activation

enhances leptin signaling in LEPR-deficient obesity174 and in-

teracts with 5-hydroxytryptamine receptor 2C (5-HT2CR), which

regulates POMC neuronal activity, to modulate food intake175.

Co-activation of MC3R and MC4R has also been proposed to

improve metabolic regulation, given MC3R’s role in nutrient

partitioning versus MC4R’s direct effects on appetite and energy

expenditure. However, while preclinical studies―including non-

human primate data―suggest potential benefits, robust clinical

evidence for MC3R/MC4R dual agonism remains elusive. None-

theless, structure-guided MC4R agonists with improved selectivity

and reduced off-target activity may prove suitable for chronic co-

administration with incretin analogues. There is also emerging

evidence implicating MC4R in neuropsychiatric conditions such

as addictive behavior, stress resilience, and mood regulation,

though the translational potential in these domains remains to be

fully explored.

Beyond obesity, MC4R signaling influences multiple physio-

logical aspects with potential therapeutic relevance. The receptor

modulates autonomic tone176,177, glucose metabolism13, inflam-

mation17, reward circuits178, and neuroendocrine axes179. Pre-

clinical studies show that MC4R activation can improve hepatic

insulin sensitivity, increase GLP-1 secretion from enteroendocrine

L cells, and reduce steatosis in metabolic disease models171. These

findings suggest the possibility of MC4R agonists in managing

type 2 diabetes, metabolic dysfunction-associated steatotic liver

disease (MASLD), or metabolic dysfunction-associated obesity

without the cardiovascular risks typical of past agents.

6. Future directions

The rapid advances in MC4R biology, structural elucidation, and

pathway-selective pharmacology have transformed the receptor

from a once-challenging and clinically uncertain target into an

important node in contemporary anti-obesity therapeutics. Look-

ing ahead, several emerging research directions are poised to

shape the next generation of MC4R-based therapies. These di-

rections span fundamental mechanistic investigations, structure-

enabled ligand design, combination therapies that integrate MC4R

with other metabolic pathways, and translational strategies aimed

at expanding therapeutic indications beyond monogenic obesity.

One important direction for future research is the design of

MC4R ligands that combine both selectivity and biased signaling,

in order to reduce the side-effects caused by broad activation of
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MCRs and Gs signaling pathways. Such agonists could mimic or

improve the naturally occurring biased signaling patterns observed

in vivo. Although recent studies have demonstrated the therapeutic

advantages of Gq/11-selective or Gq-biased agonism for appetite

suppression, the complete catalog of MC4R’s intracellular effec-

tors is still evolving. Ion-channel modulation, ß-arrestin scaf-

folding, and noncanonical intracellular partners are likely involved

in cell-type-specific MC4R functions, but these mechanisms

remain insufficiently characterized. Understanding how these

mechanisms interact within different neuronal populations, such

as PVN MC4R neurons versus autonomic circuits, will be key to

designing ligands with tailored signaling profiles and improved

safety margins.

Emerging therapeutic strategies will not only focus on selective

MC4R activation but also embrace combinational approaches that

integrate MC4R signaling with other metabolic pathways. The rise

of GLP-1R agonists has transformed the global obesity treatment

landscape and highlighted the potential for multi-pathway therapies

that achieve deeper, more durable, and more physiologically

aligned weight loss effects. MC4R agonists complement GLP-1 and

glucose-dependent insulinotropic polypeptide (GIP) signaling at

both the neurocircuit and molecular levels, offering opportunities

for additive or synergistic effects on appetite regulation, metabolic

efficiency, and glycemic control74. In the future, combination

therapies targeting MC4R alongside incretin receptors, amylin re-

ceptors, or even peripheral metabolic targets could constitute a new

generation of anti-obesity regimens capable of surpassing the effi-

cacy plateau seen with monotherapies.

Beyond obesity, MC4R-targeted therapies may find applications

in disorders characterized by dysregulated melanocortin signaling

or impaired appetite control. These include hypothalamic obesity

following craniopharyngioma or CNS injury180, syndromic hyper-

phagia55,181, cancer cachexia182, lipodystrophy-associated meta-

bolic dysfunction183, and conditions involving impaired

sympathetic output or autonomic imbalance87,184. Because MC4R

influences a wide range of processes, such as glucose tolerance,

linear growth, reproductive function, and autonomic regulation,

careful mapping of its cell-type-specific functions could open new

therapeutic domains beyond traditional metabolic diseases.

Mechanistically, numerous questions remain to be addressed.

MC4R can undergo both homodimerization and heterodimeriza-

tion with other MCR subtypes, and the number, types, and modes

of G protein coupling associated with these dimeric complexes

remain to be fully elucidated185,186. Melanocortin 2 receptor

accessory protein 2 (MRAP2) is known to modulate MC4R ac-

tivity, and dysfunction of MRAP2 can lead to obesity phenotypes

resembling those caused by MC4R gene defects; however, the

precise molecular mechanisms underlying this modulation are still

unclear187-192. In addition, MC4R can interact with Kir7.1 in a G

protein-independent manner, modulating neuronal excitation or

inhibition by altering the transmembrane K+ gradient. The

structural and functional basis of this interaction, as well as the

druggability of this noncanonical signaling axis, remain important

areas for future investigation.

In summary, future research will build on the conceptual and

structural foundations established over the past decade, moving

toward a new era in which MC4R is targeted with pathway

selectivity, structural precision, and combinational strategy. As

obesity becomes one of the most pressing global health challenges

and as incretin-based treatment reshapes the therapeutic land-

scape, MC4R-targeted approaches will be increasingly important

for expanding therapy options, improving clinical outcomes, and

unlocking a broader spectrum of metabolic benefits. The conver-

gence of structural biology, biased pharmacology, and combina-

tional therapeutics positions MC4R at the forefront of next-

generation anti-obesity drug development.
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Tschöp MH, Scherer PE. Transforming obesity: the advancement of

multi-receptor drugs. Cell 2024;187:3829—53.

169. Secher A, Jelsing J, Baquero AF, Hecksher-Sørensen J, Cowley MA,

Dalbøge LS, et al. The arcuate nucleus mediates GLP-1 receptor

agonist liraglutide-dependent weight loss. J Clin Investig 2014;124:

4473—88.

170. Fortin SM, Chen J, Hayes MR. Hindbrain melanocortin 3/4 receptors

modulate the food intake and body weight suppressive effects of

the GLP-1 receptor agonist, liraglutide. Physiol Behav 2020;220:

112870.

171. Panaro BL, Tough IR, Engelstoft MS, Matthews RT, Digby GJ,

Moller CL, et al. The melanocortin-4 receptor is expressed in

enteroendocrine L cells and regulates the release of peptide YY and

glucagon-like peptide 1 in vivo. Cell Metab 2014;20:1018—29.

172. Sun EW, Iepsen EW, Pezos N, Lumsden AL, Martin AM, Schober G,

et al. A gut-intrinsic melanocortin signaling complex augments

L-cell secretion in humans. Gastroenterology 2021;161:536-47.e2.

173. A Phase 2 study evaluating the co-administration of bremelanotide

with tirzepatide for the treatment of obesity (BMT-801). Identifier:

NCT06565611. Available from: https://clinicaltrials.gov/study/

NCT06565611.

174. Ayers KL, Glicksberg BS, Garfield AS, Longerich S, White JA,

Yang P, et al. Melanocortin 4 receptor pathway dysfunction in

obesity: patient stratification aimed at MC4R agonist treatment. J

Clin Endocrinol Metab 2018;103:2601—12.

175. He Y, Brouwers B, Liu H, Liu H, Lawler K, Mendes de Oliveira E,

et al. Human loss-of-function variants in the serotonin 2C receptor

associated with obesity and maladaptive behavior. Nat Med 2022;28:

2537—46.
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