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Abstract
Melanocortin hormone system plays a key role in maintaining the homeostasis of our body via their neuro-immune-endocrine 
activities and regulates a diverse array of physiological functions, including melanogenesis, inflammation, immunomodula-
tion, adrenocortical steroidogenesis, hemodynamics, natriuresis, energy homeostasis, sexual function, and exocrine secretion. 
The pathobiologic actions of all melanocortins are conveyed by melanocortin receptors. As the last melanocortin receptor 
to be cloned and characterized, melanocortin receptor 5 (MC5R) is widely expressed in both central nervous system and a 
number of peripheral organ systems in man. However, the exact effect of the MC5R mediated melanocortinergic signaling 
remains largely uncertain. Owing to the recent advances in developing highly selective peptidomimetic agonists and antago-
nists of MC5R and also to studies in MC5R knockout animals, our understanding of MC5R pathobiology has been greatly 
expanded and strengthened. Evidence suggests that MC5R plays a key role in governing immune reaction and inflammatory 
response, and is pivotal for the regulation of sexual behavior, thermoregulation, and exocrine secretion, like sebogenesis, 
lacrimal secretion and release of sex pheromones. As such, recent translational efforts have focused on developing novel 
sebum-suppressive therapies for seborrhoea and acne vulgaris based on antagonizing MC5R. Conversely, selective MC5R 
agonists have demonstrated promising beneficial effects in immune-mediated diseases, metabolic endocrinopathies and 
other disease conditions, such as glomerular diseases and dry eyes, skin and mouth. Thus, MC5R-mediated signaling is 
essential for health. Therapeutic targeting of MC5R represents a promising and pragmatic therapeutic strategy for diverse 
diseases. This review article delineates the biophysiology of MC5R-mediated biophysiology of the melanocortin hormone 
system, discusses the existing data on MC5R-targeted therapy in experimental disease models, and envisages the translational 
potential for treating human diseases.
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Introduction

The melanocortins are a family of neuropeptide hormones. 
As a key part of the neuroimmunoendocrine axis, the 
melanocortin system plays a pivotal role in a number of 

homeostatic processes and physiological functions, includ-
ing melanogenesis, inflammation, immunomodulation, 
adrenocortical steroidogenesis, hemodynamics, natriuresis, 
energy homeostasis, sexual function, and exocrine secre-
tion [1–8]. All melanocortin neuropeptides are derived from 
the preprohormone proopiomelanocortin (POMC) that is 
mainly synthesized by the anterior pituitary gland and post-
translationally cleaved into different peptides in response 
to stress [9, 10]. The biological functions of melanocortins 
are dictated by the melanocortin receptors (MCRs) that 
are bound. To date, five types of melanocortin receptors 
(MC1R–MC5R) have been identified with distinct distribu-
tions in different tissues [11–13]. MCRs belong to the family 
of guanine nucleotide-protein coupled receptors (GPCRs) 
and are composed of an intracellular carboxylic domain, 
seven transmembrane helices connected by intracellular and 
extracellular loops, and an extracellular amino terminus [14, 
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15]. The last MCR to be characterized was MC5R, which 
is widely expressed  in a number of organ systems in mam-
mals [16, 17]. MC5R has been implicated in the regulation 
of exocrine gland secretion [4, 18–20], immune regulation 
[21], muscle fatty acid oxidation [22] and glucose uptake 
[23], adipocyte lipolysis and re-esterification [24]. Since the 
discovery of rodent and human MC5R gene in 1994 [25] 
and 1995 [26], it has been almost 30 years and the number 
of MC5R-related publications per year has increased expo-
nentially (Fig. 1). However, much remains unknown about 
its biological function and signaling mechanism. Here, we 
delineate the current understandings of the biophysiology 
and molecular biology of MC5R with a focus on its role 
in health and disease as well as its implication as a novel 
therapeutic target for treating human diseases.

Molecular biology of MC5R gene

As one of the smallest known GPCRs, human MC5R con-
sists of 325 amino acids that are encoded by the intronless 
MC5R gene located on chromosome 18p11.21 in human 
genome [27]. Being a typical class A GPCR, MC5R is fea-
tured by short amino- and carboxyl-terminal ends, seven-
helical transmembrane (TM) segments, a very small second 
extracellular loop (loop 4) and intracellular loops con-
necting the TM helices (Fig. 2) [28]. The 3-dimensional 
structure model reveals 7 α-helical TM domains and a 
ligand-binding pocket of human MC5R (Fig. 3), consist-
ing of an ionic pocket formed by amino acids Asp115 and 
Asp119 in TM3, as well as an aromatic binding pocket con-
stituted by Phe195 in TM5 and Phe254 in TM6. MC5R pro-
tein seems to be highly conserved across various species, 

including human, rat, mouse, chicken, fish, etc. (Table 1 and 
Fig. 2). Indeed, the PhyloP basewise conservation analysis 
based on Multiz alignment of 46 vertebrate species measures 
evolutionary conservation and demonstrates that the PhyloP 
score for MC5R gene is 3.51 ± 3.39, signifying that MC5R is 
highly conserved and its evolution is much slower than neu-
tral drift [29]. Moreover, MC5R gene is rich of CpG islands, 
where the DNA region has a high frequency of a cytosine 
nucleotide followed by a guanine nucleotide in the linear 
sequence of bases along its 5′ to 3′ direction. Importantly, 
DNA methylation involving covalent modification of cyto-
sine nucleotides at the C5 position in CpG dinucleotides is a 
key mechanism for epigenetic gene regulation, implying that 
MC5R gene expression is subjected to considerable influ-
ence by epigenetic regulations. As a primitive vertebrate, 
zebrafish (Danio rerio) carries two copies of MC5R gene that 
encode the MC5R with 69.8% amino acid homology to the 
human ortholog [30]. The developed degeneration comple-
mentation (DDC) model predicts that the usual mechanism 
of duplicate gene preservation is the partitioning of ancestral 
functions rather than the evolution of new functions. The 
remarkable conservation of amino acid sequence of MC5R 
throughout more than 400 million years of vertebrate evo-
lution entails a critical role of MC5R required for normal 
physiological function [27].  

Distribution of MC5R in mammalian organs

In mammals, MC5R has been demonstrated to express in a 
multitude of organ systems, including the adrenal glands, fat 
cells, liver, lung, lymph nodes, bone marrow, thymus, mam-
mary glands, testis, ovary, pituitary glands, uterus, esopha-
gus, stomach, duodenum, skin, and skeletal muscle [2, 7, 13, 
18, 21]. In particular, abundant MC5R expression has been 
detected in exocrine glands like preputial glands, lacrimal 
glands, pancreas, testis, prostate, and in the terminally differ-
entiated lipid-laden sebocytes in sebaceous glands [22, 31]. 
In addition, MC5R is also evidently expressed by immune 
competent cells like B and T lymphocytes, denoting a poten-
tial role in immunomodulation [32]. Moreover, there is also 
evidence suggesting limited distribution of MC5R in the 
central nervous system, where MC5R expression was probed 
in the hypothalamus, cortex, cerebellum, hippocampus, sub-
stantia nigra aside from the pituitary [33, 34]. More recently, 
there is a growing body of evidence suggesting the expres-
sion of MC5R in the kidney. In renal glomeruli, MC5R has 
been reported to be expressed in glomerular visceral epithe-
lial cells or podocytes [35], while in renal tubulointerstitium, 
MC5R expression was detected in interstitial cells [36]. The 
pattern of MC5R expression enables the MC5R-specific 
melanocortinergic signaling to be conveyed to selective cell 
types in target organ systems.

Fig. 1  Number of PubMed citations for the term melanocortin 5 
receptor or MC5R from 1994 to 2019. MC5R was described for the 
first time in 1994 (garnet red bar), when molecular cloning of mouse 
and rat MC5R genes were completed and reported. Afterwards, 
molecular cloning of human MC5R gene was published in 1995



3833Melanocortin 5 receptor signaling pathway in health and disease  

1 3

Signaling mechanism of MC5R

The MC5R shares 40 ~ 60% amino acid similarity with other 
melanocortin receptors [37]. However, it remains to be deline-
ated which domain of the MCRs specifies their unique signal-
ing activities and biological functions. Furthermore, how the 
MC5R signaling is different from other MCRs has been barely 
studied, though it is well known that the biological function 
of MC5R is completely distinct from other MCRs (Fig. 4). 
Similar to other MCRs, MC5R is a typical GPCR and able 
to activate an associated guanine nucleotide-binding protein 
by exchanging its bound GDP for a GTP [38]. The resultant 
dissociation of guanine nucleotide-binding protein subunits 
will further activate downstream intracellular signaling pro-
teins, including adenylyl cyclase and phospholipase C, thus 
triggering the cAMP-PKA signaling pathway [39]. In turn, 
the cAMP-PKA pathway is able to trigger the downstream 
signaling cascades, including the lipolysis pathway that 
involves repression of acetyl-CoA carboxylase, and activa-
tion of hormone-sensitive lipase (HSL), perilipin and adipose 
triglyceride lipase (ATGL) [24], as well as the cAMP response 
element binding protein (CREB) pathway that plays a pivotal 

role in balancing the pro- and anti-inflammatory response [40, 
41]. In addition, cellular signal transduction pathways other 
than cAMP-PKA may also be involved in MC5R signaling. 
Indeed, Rodrigues et al. reported that neither cAMP nor PKA 
was required for α-melanocyte stimulating hormone (α-MSH)-
induced ERK1/2 activation in HEK293 cells overexpressing 
green fluorescent protein-tagged MC5R [42]. Instead, α-MSH-
induced ERK1/2 activation was successfully abolished by 
wortmannin and LY294002, selective inhibitors of the phos-
phatidylinositol 3-kinase (PI3K), suggesting that MC5R may 
activate ERK1/2 through a PI3K-dependent signaling mecha-
nism [42]. Subsequent to ERK1/2 activation, MC5R has been 
reported to suppress fatty acid re-esterification [24], mediate 
cellular proliferation/differentiation and induce the expression 
of immediate early genes implicated in immune responses, 
like c-fos [42]. Furthermore, it is also tempting to speculate 
that the same MC5R may trigger different cell signal trans-
duction pathways when bound to different agonistic melano-
cortins or when activated in different cell types, resulting in 
different cellular effects and biological functions. In support 
of this notion, in murine Ba/F3 pro-B lymphocytes and IM-9 
human B-lymphoblasts that express MC5R, α-MSH uniquely 

Fig. 2  MC5R, a guanine nucleotide-binding protein coupled receptor, 
is highly conserved in various organisms. Multiple sequence align-
ment constructed with COBALT for MC5R in various species. Noni-
dentical residues to the human MC5R are marked with white boxes. 
Fully conserved residues are marked with black boxes. Residues with 

strongly similar properties are marked with pink boxes, and those 
with weakly similar properties are marked with blue boxes. Diverse 
domains of MC5R are indicated, including transmembrane (TM) 
domains, intracellular (IC) domains, extracellular (EC) domains, and 
N and C-terminal domains
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stimulated Janus kinase 2 (JAK2) and signal transducers and 
activators of transcription 1 (STAT1) tyrosine phosphoryla-
tion and thereby regulated B lymphocyte function [43]. In 
contrast, in erythroid cells, MC5R signaling promoted acto-
myosin contractility via the PI3K/Akt/MLC2 pathway and 
induced cell enucleation [44]. However, in cardiac myocytes, 
the MC5R activated PI3K reduced the GLUT1/GLUT4 ratios 
and resulted in an attenuated cellular hypertrophy [45].

MC5R agonists and antagonists

A number of natural and synthetic ligands of MC5R have 
been characterized or developed with varying agonizing or 
antagonizing activities. The naturally occurring endogenous 

MC5R agonists, termed melanocortins, are a group of struc-
turally related peptides and derive from the same precur-
sor peptide, POMC, which is biosynthesized in the anterior 
pituitary gland in response to stress signals transmitted from 
the hypothalamus [2, 10, 14]. Post-translational modification 
of POMC by proteolytic cleavage generates many bioactive 
peptides, including adrenocorticotropic hormone (ACTH), 
α-MSH, β-MSH, γ-MSH, β-lipotropic hormone (β-LPH), 
and β-endorphin. Among these neuropeptides, ACTH, α-
MSH, β-MSH, and γ-MSH are categorized into the family of 
melanocortins due to their melanotropic activities [10]. All 
of the melanocortins share a conserved common tetrapeptide 
sequence, namely His-Phe-Arg-Trp, which is the minimal 
sequence required for selectivity and stimulation of the cog-
nate MCRs. In addition, α-MSH, β-MSH and ACTH share a 

Fig. 3  Protein 3-dimensional 
structure modeling of human 
MC5R. The full-length 
3-dimensional protein structure 
of human MC5R was gener-
ated by I-TASSER server, 
a hierarchical protocol for 
automated protein structure 
modeling. (A-C) Front, side and 
top views of the 3- dimensional 
model of MC5R, highlighting 
the 7 α-helical transmembrane 
domains and the ligand-binding 
pocket. (D) Bottom view of 
a 3-dimensional model of a 
proposed molecule with high 
confidence score of prediction 
docking inside the ligand-bind-
ing pocket of MC5R

Table 1  Protein sequence and 
homology analysis by BLAST 
for MC5R in various organisms

Species Accession Max score Total score Query 
cover (%)

E value (%) Identity

Homo sapiens NP_005904.1 664 664 100 0.0 100
Rattus norvegicus NP_037314.1 545 545 99 0.0 81.48
Mus musculus NP_038624.2 535 535 98 0.0 81.82
Gallus gallus NP_001026186.1 530 530 99 0.0 78.09
Danio rerio NP_775386.1 471 471 93 1e-172 76.24
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heptapeptide sequence, i.e., Met-Glu-His-Phe-Arg-Trp-Gly, 
which is presumably crucial for the melanogenic effects 
[6]. MC5R has the most sequence homology to MC4R and 
the least homology to MC2R. Besides, MC5R is similar to 

MC1R and MC4R in its ability to respond to almost all mel-
anocortins, except γ-MSH [30, 37]. The order of potency 
of the natural melanocortins in activating MC5R is α-
MSH > ACTH = β-MSH >  > γ-MSH [14, 46]. Because the 
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Fig. 4  Schematic of MC5R signaling pathways. As a typical G-pro-
tein coupled receptor with the seven membrane-spanning domain 
structure, MC5R is activated after binding to synthetic peptidomi-
metic agonists or to naturally occurring ligands like ACTH and 
α,β,γ-MSH with the order of potency in activating MC5R being α-
MSH > ACTH = β-MSH >  > γ-MSH. Following activation, MC5R 
couples to diverse G proteins and thereby triggers a variety of sign-
aling pathways, including JAK2/STAT1 pathway, cAMP/PKA/CREB 
pathway and PI3K/ERK1/2/MSK1/c-fos pathway, which are likely 
implicated in the immunoregulatory function of MC5R. The MC5R 
signaling may activate the ERK1/2 pathway via either the transient 
PI3K/c-Raf/MEK1/2 cascade or the sustained βarr1/2/c-Raf/MEK1/2 
cascade, possibly resulting in cellular proliferation and differentiation. 
In addition, MC5R signaling may induce lipolysis via the cAMP/
PKA/ACC-HSL-PLIN1-ATGL pathway and suppress fatty acid re-
esterification by the ERK1/2/PEPCK pathway, leading to a possible 

beneficial effect on metabolic endocrinopathies. Furthermore, the 
MC5R activated PI3K may trigger the Akt/MLC2 signaling and pro-
mote actomyosin contractility, which is likely involved in erythroid 
enucleation or improvement of cytoskeletal integrity in glomerular 
podocytes. Alternatively, MC5R may reduce the GLUT1/GLUT4 
ratios via PI3K pathway and thereby attenuate cellular hypertrophy 
in cells like cardiac myocytes. ACC  acetyl-CoA carboxylase; ATGL 
adipose triglyceride lipase; βarr β-arrestin; CREB cAMP response 
element binding protein; ERK extracellular signal-regulated kinase; 
GLUT glucose transporter; HSL hormone-sensitive lipase; JAK Janus 
kinase; MEK MAPK/ERK kinase; MLC myosin light chain; MSK 
mitogen- and stress-activated protein kinase; PEPCK phosphoe-
nolpyruvate carboxykinase; PI3K phosphatidylinositol 3-kinase; PKA 
protein kinase A; PLIN perilipin; RSK ribosomal S6 kinase; STAT  
signal transducers and activators of transcription
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half-life time of natural melanocortin peptides is very short 
in vivo, it is impossible to utilize these peptides as investiga-
tional new drugs to conduct pre-clinical/clinical studies and 
examine the biological effects of MCRs. Moreover, it is tech-
nically challenging to prepare large amounts of highly puri-
fied natural melanocortins. To overcome these drawbacks 
of natural MC5R agonists, more and more synthetic MC5R 
agonists with varying MC5R specificity are being developed 
based on molecular and structural modification of α-MSH 
[47, 48]. One of the most useful compounds that emerged 
from the early research was NDP-α-MSH (Melanotan-I). 
Base on the amino acid sequence of α-MSH, substituting 
Phe-7 with D-Phe and Met-4 with Nle, respectively, resulted 
in NDP-MSH, which was found to have high affinity for all 
non-steroidogenic MCRs, including MC5R. Indeed, NDP-
MSH is a potent agonist of MC5R and other MCRs includ-
ing MC1R, MC3R and MC4R. Although the sequence of 
NDP-MSH peptide is not particularly selective for MC5R, 
there is evidence that its selectivity for MC5R may still be 
higher than that for MC1R, MC3R and MC4R [49]. Similar 
to NDP-MSH, Melanotan II is another derivative of α-MSH 
and is also a pan-agonist of MCRs. It appears to be meta-
bolically stable and possesses considerable agonistic activity 
on MC5R [50]. SHU9119 and HS014 are partial agonists 
of both MC1R and MC5R, while they antagonize MC3R 
and MC4R [48]. RO27-4680, a novel selective MC4R ago-
nist, was later found to also have an agonistic activity on 
MC5R [12]. The first highly selective agonist of MC5R, 
Ac-Nle-c[Asp-Pro-DNal(2)-Arg-Trp]-Lys-NH2 or PG-901 
was invented in 2002 and exhibited almost 40 times higher 
activity on MC5R than the super-agonistic compound 
MT-II [11]. PG-911, another selective agonist of MC5R 
developed at the same time, is less potent than PG-901 in 
activating MC5R [51]. More recently, another oligopeptide 
[H-Tyr-Val-Nle-Gly-His-DNal(2′)-Arg-DPhe-Asp-Arg-Phe-
Gly-NH2] was described as a selective agonist of MC5R 
[52]. Besides, N-terminal modification of the tetrapeptide 
His-D-Phe-Arg-Trp-NH2 with an aromatic group resulted 
in 3,3,3-triphenylpropionyl-His-D-Phe-Arg-Trp-NH2 with 
a 100-fold selective agonistic activity on MC5R [7, 53]. 
So far, most of these agonists have been safely applied in 
in vitro and in vivo research studies [14], paving the way for 
translating these novel MC5R agonists into future clinical 
trials.

Distinct from other endocrine hormone systems, the 
melanocortin hormone system is equipped with a natu-
rally occurring antagonizing mechanism, represented by 
the agouti signaling protein (ASIP) in man and the agouti-
related peptide (AgRP) in rodents. ASIP is the only naturally 
occurring antagonistic peptide in human body that binds 
to MC5R and mitigates the agonistic activity of all known 
melanocortins with varying efficacy [11]. It is also a potent 
antagonist of human MC1R, MC4R and a relatively weak 

antagonist of MC2R and MC3R. In mice, AgRP antagonizes 
MC1R and MC4R and to a lesser extent MC3R, but has no 
effect on MC5R. Other synthetic selective antagonists of 
MC5R include PG14N, PG17N, PG20N and JNJ-10229570 
[54]. To better define the role of MC5R in pathophysiology 
and also to develop novel therapeutic modalities targeting 
MC5R, it is imperative to develop synthetic agonists and 
antagonists of MC5R with improved specificity.

MC5R in health

Although MC5R is expressed extensively in peripheral 
organs and tissues [19, 55]. The MC5R-mediated physio-
logical functions are not fully understood. Gene expression 
profiling indicates that MC5R mRNA is expressed at high 
levels in exocrine glands, such as lacrimal and harderian 
glands [1]. In addition, MC5R has also been reported to 
express abundantly in skeletal muscles and in skin tissues, 
particularly in sebaceous glands [56]. The high expression 
levels of MC5R in exocrine glands suggest that MC5R may 
play an important role in the secretion of exocrine glands. 
Deletion of the MC5R gene in mice results in nearly total 
loss of NDP-MSH binding sites in the skeletal muscles and 
in the harderian, lachrymal and preputial glands, entailing 
that MC5R represents the predominant MCR in these tis-
sues [7, 22].

To date, the most robust evidence in support of the 
key role of MC5R signaling in physiology and health was 
derived from genetic ablation of MC5R. MC5R knockout 
mice exhibit a severe dysfunction of exocrine secretion, 
affecting hair follicle-associated sebaceous, harderian, 
lachrymal and preputial glands and resulting in reduced 
hair lipid content, defects in water repulsion, and reduced 
coat insulation against cold environments that leads to an 
impaired thermoregulatory function [20, 57]. These pheno-
types suggest that MC5R plays a key role in the regulation 
of sebaceous lipid production, water repulsion, and thermal 
regulation, and that MC5R is centrally involved in sebo-
genesis [58]. Sebogenesis is a process of producing sebum-
specific lipids within the sebaceous gland, which produces 
sebum, a lipid mixture of squalene, wax esters, triglycerides, 
cholesterol esters, and free fatty acids [59, 60]. After its pro-
duction, sebum is released from sebocytes by a holocrine 
secretion into the infundibulum and hair canal. Then, it is 
delivered to the hair and skin surface for protective coating 
and moisturization. Excessive sebum production is one of 
the major factors in the pathogenesis of acne [61, 62]. MC5R 
has been associated with sebocyte differentiation and sebum 
production [63]. In support of this contention, production 
of sebaceous lipids is down-regulated in MC5R knockout 
mice. In contrast, α-MSH acts as a sebotropic hormone in 
rodents. In addition, MC5R is physiologically expressed in 
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the acinar cells of the lacrimal gland [4] and this expres-
sion is repressed in experimental dry eye in rats induced by 
preganglionic parasympathetic denervation of the lacrimal 
gland [64]. Furthermore, MC5R may have a direct, trophic 
role in maintaining lacrimal function and secretion as the 
MC5R-deficient rat develops alacrimia [64].

Farnesenes are male pheromones that induce estrus and 
regulate sexual behavior in female mice, but are aversive 
olfactory signals that discourage territorial urine marking 
in male mice. The preputial gland is the only known source 
of farnesenes in the urine of male mice. MC5R-deficiency 
appears to produce a physiological defect similar to pre-
putialectomy [20]. Mice lacking MC5R exhibit a decreased 
sensitivity to the stimulatory effects of systemic melanocor-
tin injections on aggressive behavior [57]. The levels of sex 
pheromones, α- and β-farnesene as well as sesquiterpenes 
and ethyl nonanoate secreted from preputial glands and urine 
by MC5R-deficient mice were lower than those by wide-type 
littermates [20].

More recent data revealed that MC5R is basally expressed 
in kidney glomeruli and interstitium under homeostatic 
conditions. Ablation of MC5R exacerbated proteinuria and 
glomerular injury in murine models of focal and segmental 
glomerulosclerosis [65]. In addition, up-regulation of MC5R 
in the rat adrenal cortex was observed as a consequence of 
chronic stress [66]. There is a possibility that MC5R func-
tion seems to be associated with stress response. Other 
plausible functions of MC5R are associated with the anti-
inflammatory effect, regulation of aldosterone secretion and 
involvement in adipose metabolism [67].

The wide expression of MC5R in many tissues through-
out the body suggests that the role of MC5R in physiology 
is by no means only limited to the above. Unfortunately, this 
field has been less studied. More in-depth studies are war-
ranted to harness the MC5R knockout mice to elucidate the 
role of MC5R in the homeostasis of diverse organ systems, 
like the kidney, heart, liver, etc. [2].

Therapeutic targeting of MC5R in disease

A growing body of evidence indicates that MC5R contrib-
utes to the differentiation and regulation of sebaceous lipid 
regulation. In consistency, ablation of the neurointermedi-
ate lobe of the pituitary (the major source of circulating 
α-MSH), caused a decrease in sebaceous lipid production 
[68]. In addition, POMC-deficient mice were found to have 
a similar lipid-related phenotype as observed in MC5R-defi-
cient mice. It has been reported that expression of MC5R 
was seen only in lipid-laden differentiated mature sebocytes, 
but not in the basal cells of the sebaceous gland, entailing the 
association of this receptor with sebaceous differentiation 
[63]. Moreover, sebocyte differentiation could be enhanced 

by melanocortins or by cholera toxin, a selective activator 
of the adenylate cyclase-cAMP pathway that is downstream 
of MC5R signaling [57, 69]. Sebaceous disorders, such as 
acne vulgaris and seborrheic dermatitis, are characterized 
by increased sebum production. The current treatments 
for acne, including isotretinoin and androgen modulators, 
directly affect sebaceous gland differentiation, but have 
serious undesired side effects. Therefore, there is biological 
and clinical plausibility to target MC5R for the treatment 
of diverse sebaceous disorders. In fact, it has been postu-
lated that MC5R antagonists may be utilized as potential 
sebum-suppressive agents and contribute to the treatment 
of seborrhoea and acne vulgaris, which involve dysfunc-
tion of sebaceous glands. Conversely, MC5R agonists may 
alleviate conditions of dry eyes, skin and mouth [2]. Further 
investigations on the physiological function of MC5R and 
selective antagonists/agonists of MC5R would pave the way 
for developing novel therapeutic modalities.

In addition, multiple lines of evidence suggest that mel-
anocortins contribute to immune modulation. The expression 
of MC5R is evident in a number of immune cells, including 
T and B lymphocytes, mast cells, antigen presenting cells 
and others. It is postulated that MC5R may play a key role 
in the regulation of immune response. In support of this 
view, pollen allergy is associated with an increased expres-
sion of MC5R but not MC1R in the trachea in a murine 
model of pollen allergy, concomitant with an increased level 
of α-MSH and ACTH in plasma [12]. The same study also 
demonstrated that sneezing and IgA production were sup-
pressed by α-MSH antibody treatment in murine models of 
pollen allergy, but they remained unchanged after MC1R 
antagonist (agouti) treatment. These findings indicated that 
sneezing due to pollen allergy is likely associated with an 
increased MC5R activity in the trachea.

More recent research suggested a beneficial role of 
MC5R activation in experimental autoimmune uveo-
retinitis (EAU), a model of human autoimmune uveitis 
induced in mice by immunization with the retinal anti-
gen interphotoreceptor retinoid-binding protein (IRBP) 
[21]. Taylor et al. demonstrated that MC5R is involved 
in the protection of retina against the inflammatory dam-
age of autoimmune uveoretinitis and in the induction of 
ocular autoantigen-responsive CD4 + Treg cells in the post 
EAU spleen [21]. In consistency, MC5R knockout mice 
with EAU sustained greater damage to their retinal struc-
tures, and did not generate regulatory immunity to ocular 
autoantigen in their spleens [70]. These findings suggest 
that there is not only a localized role of MC5R in the pro-
tection of retina against inflammatory damage, but also a 
systemic role of  MC5R in the establishment of periph-
eral tolerance to ocular autoantigens following ocular 
autoimmune disease. Similarly, Lee et al. also noted that 
antigen presenting cells promoted or selectively activated 
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IRBP-specific FoxP3 + TGF-β + CD25 + CD4 + Treg cells 
in the spleen of mice recovered from EAU in an MC5R 
dependent mode [70, 71].

In addition to immune regulation, additional evidence 
suggests that MC5R is also involved in the protection 
against metabolic organ injuries, like high-glucose induced 
cardiomyocyte hypertrophy and diabetic retinopathy [45, 
51]. In cultured cardiac H9c2 cells exposed to high glucose, 
both the highly selective MC5R peptidomimetic agonist 
PG-901 and α-MSH abrogated the impaired cell survival and 
reduced the total protein per cell, denoting a pro-survival 
and anti-hypertrophic effect. Moreover, in a model of strep-
tozotocin (STZ)-induced diabetic retinopathy in mice, intra-
vitreal injections of PG-901 conferred significant protection 
of retina, evidenced by regular course and caliber of retinal 
vessels without microvascular changes or vessel leakage. 
In contrast, intravitreal injections of PG20N, an antagonist 
of MC5R, augmented the lesions of diabetic retinopathy 
in STZ-injured mice [51]. The glycemic levels were not 
altered, suggesting that a direct protective effect of MC5R 
on retinal parenchymal cells may contribute. More recent 
data also revealed a direct protective effect of other MC5R 
peptidomimetic agonists on kidney podocytes and thereby 
prominently ameliorated glomerular damage in experimental 
glomerulopathy [65].

Future perspectives

MC5R is widely expressed in a number of organs and tis-
sues, but the exact pathobiology of MC5R remains elusive. 
The highly conserved amino acid sequence of MC5R among 
various species implies the critical role of MC5R in biophys-
iology over evolution in the past 400 million years. Analysis 
of the MC5R knockout mouse is the first step to elucidate 
the function of MC5R. Converging evidence suggests that 
MC5R is involved in inflammatory response, sebogenesis, 
farnesene signaling, exocrine secretion, regulation of sex-
ual behavior, immunoregulation, and other physiological 
functions. With the development of highly selective pepti-
domimetic agonists and antagonists of MC5R, it is feasible 
that MC5R may serve as an actionable therapeutic target 
for treating acne, autoimmune uveitis, diabetic retinopathy, 
allergy, autoimmune diseases and kidney diseases. Future 
work will continue to focus on developing potent agonists 
and antagonists of MC5R with minimal off-target activities 
and negligible adverse effects, which will not only improve 
our understanding of the pathophysiology of MC5R but 
also advance the clinical translatability of MC5R-targeted 
therapy. Hopefully these efforts will help shed further light 
on the nature of MC5R-mediated melanocortin hormone 
system.
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