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Abstract: Diabetes mellitus (type I and II) is an advancing global health problem, concerningly
increasing in prevalence in most of the developed and developing world. Current therapies, such as
the subcutaneous injection of insulin, are invasive and require a close monitoring of blood glucose
levels to prevent hypo- or hyperglycaemia from occurring. Despite an inexorable search for a cure
since Banting and Best discovered and purified insulin in 1921, insulin remains a solitary insula,
still the gold standard for treatment of type I and late-stage type II diabetes mellitus. Apropos
of complications, diabetes causes a myriad of secondary maladies, ranging from diabetic kidney
disease, diabetic retinopathy and diabetic neuropathy to erectile dysfunction and peripheral vascular
disease. While scientists continue to interminably tinker with perfecting mechanical insulin pumps
or dampening the immune response to pancreatic beta cells, an important aspect of the aetiology
of diabetes should not be neglected, that of the metabolism. At its heart, diabetes can arguably be
considered a metabolic disease, and this review suggests a return to focusing on preventing and
treating diabetes by focussing on its metabolic causes. This narrative review summarises the potential
of a recent class of synthetic peptides, the melanocortins, to help prevent and treat the complications
of diabetes mellitus. The review summarises recent work showing the potential benefits of the
melanocortins in treating diabetic complications through various pathways.

Keywords: diabetes mellitus; melanocortins; obesity; metabolism; atherosclerosis; retinopathy;
nephropathy; neuropathy; POMC; α-MSH

1. Introduction

Approximately 537 million people suffer from diabetes (type I and II) around the
world, and approximately 6.7 million people died from diabetes and its complications in
2021 [1]. It is therefore pellucid that diabetes is one of the major health concerns of the 21st
century. Although the major two types of diabetes have different aetiologies, they both
have similar late-stage complications. These devastating complications include diabetic
kidney disease, diabetic retinopathy and cardiovascular disease.

This review brings attention to a class of recently developed synthetic peptide ana-
logues, the melanocortins, currently used in rare sunlight disorders, sexual dysfunction
treatment and obesity, that have so far been overlooked in terms of their potential to pre-
vent type II diabetes and treat the complications of both type I and type II diabetes. The
majority of this review focusses on the ability of melanocortins to influence the metabolism,
neurologically and peripherally, to ameliorate the obesity and insulin resistance often
seen in those prone to developing type II diabetes. Indeed, insulin resistance is often an
indication of an impending diagnosis of type II diabetes. Its inimical effects lead to a
vicious cycle of increased hunger and subsequent weight gain which, in turn, worsens the
insulin resistance and exhausts the ability of pancreatic beta cells to produce insulin. This
is especially relevant considering 541 million people around the world live with impaired
glucose tolerance [1]. Melanocortins have the ability to break this cycle and lead to the
prevention or amelioration of type II diabetes. The rest of the review focusses on the ability
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of melanocortins to act as anti-inflammatories to treat the complications of both type I and
type II diabetes.

2. Melanocortins and the POMC System

Melanocortins, a group of cleavage peptide products of pro-opiomelanocortin (POMC),
activate melanocortin receptors on the surface of a diverse range of cell types, leading to
different biological actions. They are so named because of their melanotropic activity, that
is, the ability of melanocortins to increase pigmentation in melanocytes in the skin and hair
follicles, increase concentrations of eumelanin and prevent an increase in photosensitive
pheomelanin [2]. Melanocortins are produced by POMC neurons in the pars intermedia of
the pituitary gland, the hypothalamic arcuate nucleus and the dorsal medullary nucleus of
the solitary tract. They can be distinguished by the presence of an invariant amino acid
sequence in each melanocortin peptide, His-Phe-Arg-Trp [3]. The melanocortins produced
in humans include alpha-melanocyte stimulating hormone (α-MSH), beta-melanocyte
stimulating hormone (β-MSH), gamma-melanocyte stimulating hormone (γ-MSH) and
adrenocorticotropic hormone (ACTH).

The POMC system is a neuroendocrine system involved in the regulation of appetite,
energy homeostasis, sexual behaviour, DNA repair, cognitive function, memory, neuronal
regeneration, pain, blood pressure, skin and hair pigmentation, inflammation and steroido-
genesis [4]. POMC, a 28.9 kDa precursor protein produced in the brain, anterior pituitary
gland, skin and other distal locations, is proteolytically cleaved into various peptide effector
molecules (termed melanocortins, corticotrophins and opioids; see Figure 1) by prohormone
convertases (PCs), which activate receptors known as the melanocortin, corticotrophin and
opioid receptors in order to affect a diverse range of physiological functions both centrally
and in the periphery (see Figure 2) [5].
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Figure 1: Processing of POMC by Prohormone Convertases (PCs) leading to the production 

of melanocortins and other neurohormones. The short length melanocortins most applicable to 
clinical use in the settings of diabetes and obesity are highlighted. ACTH: Adrenocorticotropic 

Hormone. CLIP: Corticotropin-like Intermediate [Lobe] Peptide.
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Figure 1. Processing of POMC by Prohormone Convertases (PCs) leading to the production of
melanocortins and other neurohormones. The short length melanocortins most applicable to clinical
use in the settings of diabetes and obesity are highlighted. ACTH: Adrenocorticotropic Hormone.
CLIP: Corticotropin-like Intermediate [Lobe] Peptide.
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The POMC gene, located on chromosome 2p23, contains three exons which produce
a protein consisting of three main segments: N-POMC at the amino terminus, adrenocor-
ticotropic hormone (ACTH) in the middle and beta-lipotropin hormone (β-LPH) at the
carboxyl terminus. β-LPH can be further cleaved into gamma-lipotropin (γ-LPH), beta-
melanocyte stimulating hormone (β-MSH) and beta-endorphin (β-END). Each segment
produces one form of MSH. Mutations in POMC have been shown to cause severe, early-
onset obesity, and all of the major melanocortins (ACTH, α-MSH, β-MSH and γ-MSH)
have been shown to ameliorate obesity in animal models [6–14]. Melanocortins activate a
group of five G-coupled protein receptors (termed melanocortin receptors, MCR) on the
cell surface leading to a signal transduction cascade in the cell.

3. Melanocortins Protect against Diabetes Caused by Obesity and Insulin Resistance
3.1. Melanocortins and the Control of Neural Energy Homeostasis

Perhaps the most obvious link between melanocortins and metabolism is their effect
on energy homeostasis via hunger reward pathways in the brain (see Figure 3). Appetite
and food intake is controlled in the arcuate nucleus of the hypothalamus by the compet-
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ing actions of pro-opiomelanocortin (POMC) and agouti-related peptide/neuropeptide
Y (AgRP/NPY) neurons [15]. Activation of POMC neurons leads to anorexigenic effects,
while activation of AgRP/NPY neurons leads to orexigenic effects. The way this system
functions after a meal is as follows: leptin, which is produced by adipocytes and entero-
cytes, activates POMC neurons in the arcuate nucleus [16]. This leads to the release of
melanocortins (predominantly α-MSH) from POMC neurons which activates melanocortin
receptors (predominantly MC4R) on higher order satiety neurons. Satiety and the desire to
perform physical activity are increased. In post-prandial periods, the AgRP/NPY neurons
act as antipodes of POMC neurons, leading to unpleasant hunger pains. Ghrelin, a hor-
mone produced by the enteroendocrine cells, activates AgRP/NPY neurons in the arcuate
nucleus [17]. These neurons, in turn, release AgRP, NPY and GABA (gamma-aminobutyric
acid) to antagonise, directly and indirectly, higher-order satiety neurons and their recep-
tors (e.g., MCR4), leading to hyperphagia. AgRP/NPY neurons also directly inhibit the
release of melanocortins from POMC neurons during post-prandial periods. Agouti-related
protein/peptide (AgRP) is a neuropeptide synthesised by the cell bodies of AgRP/NPY
neurons in the ventromedial arcuate nucleus in the brain. Agouti protein is a paracrine
competitive antagonist of MC1R and MC4R. The effect of this blockage is hyperphagia,
obesity and eventual type II diabetes [18]. Therefore, providing exogeneous melanocortins
is likely to correct hyperphagia and restore satiety.

3.2. Melanocortins and Leptin: A Potential Downstream Advantage

Since the first ob/ob mouse was discovered by chance in 1949 at the Jackson Labora-
tory, scientists have been intrigued by the possible use of leptin as an obesity therapy to
prevent type II diabetes [19]. Ob/ob have a recessive gene mutation that prevents them
from producing leptin [20]. This leads to uncontrollable eating and high blood glucose
levels, creating phenotypically corpulent mice. While leptin has been found to have some
positive effects in insulin-deficient type I diabetes, it has not seen the same success in
treatment for obesity, metabolic syndrome and type II diabetes [21]. This is due to a key
difference between ob/ob mice and human type II diabetics. Leptin mutations in humans
are vanishingly rare and therefore, most type II diabetics have adequate leptin levels. Un-
fortunately, in type II diabetics, there seems to be a so-called leptin insensitivity, which
is comparable to insulin resistance seen in type II diabetics and patients with metabolic
syndrome. As explained in the previous section, melanocortins are downstream from leptin
signalling and there is no known resistance to the effects of the melanocortins. Administer-
ing melanocortins potentially bypasses the leptin pathway by cozening the appetite centres
in the brain into thinking a large calorie-dense meal has just been consumed.

A level of extended satiety can thus be reached, allowing for an amelioration of obesity
and its consequent conditions, such as type II diabetes and its associated insulin resistance.
The administration of various synthetic melanocortin peptides has been successfully used
in this manner in multiple animal and human studies [6–9,11,12,22–41].

3.3. An Additional Benefit: The Effects of Melanocortins in the Periphery

The metabolic benefits of melanocortins do not cease at the neuroendocrine level.
Melanocortins also directly act on adipocytes via MC4R in the periphery to increase lipolysis
and activation of brown adipose tissue (BAT).

Melanocortins activate neurons innervating adipose tissue via MC4R and MC5R to
release noradrenaline which activates β 1–3 adrenergic receptors on the cell surface, leading
to a downstream signalling cascade which results in expression of lipase enzyme that breaks
down triglycerides in the large lipid droplets found in adipocytes into free-fatty acids and
glycerol (Figure 4). This leads to reduced lipid volume in the adipocytes and thus a
reduction in their size, resulting in a loss of adipose tissue mass. In addition, melanocortins
help to counteract adipogenesis caused by enhanced levels of Agouti-signalling protein
(ASIP) seen in type II diabetics [42].
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Figure 3. Control of appetite by opposing actions of POMC and AgRP/NPY neurons in the arcuate
nucleus. Signalling controlling appetite and food intake in the arcuate nucleus. Following stimu-
lation by ghrelin, AgRP/NPY neurons release AgRP, NPY (Neuropeptide Y) and GABA (Gamma-
Aminobutyric acid) to directly and indirectly antagonise downstream satiety neurons and their
receptors, including MC4R, increasing feeding. AgRP/NPY neurons also directly inhibit POMC
neurons. Following stimulation by leptin, POMC neurons release melanocortins (including α-MSH)
to act at MC4 receptors on downstream satiety neurons, increasing satiety.
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Figure 4. Stimulation of Lipolysis in white adipose tissue (WAT) by melanocortins. Melanocortins
stimulate lipolysis in peripheral white adipose tissue through two related, yet distinct processes.
In the first process, following stimulation by melanocortins (including α-MSH) at cell surface G-
protein coupled receptors (MC2R & MC5R), an intracellular signalling pathway is mediated through
cAMP and protein kinase (PKA), leading to the release of the lipolytic enzyme lipase, which in
turn breaks down triglycerides into free fatty acids (FFAs) and glycerol which are then exported
into the bloodstream to be metabolised. In the second process neurons innervating WAT are acti-
vated by melanocortins through MC4R & MC5R to release noradrenaline. Noradrenaline activates
β 1-3-adrenergic receptors (βadrR1-3) leading to a similar intracellular signalling cascade as the
first process.
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BAT, differentiated from white adipose tissue (WAT), is a metabolically active form
of adipocyte found in small quantities in human adults. It is primarily found around
cervical, supraclavicular, axillary periaortic, para-vertebral and suprarenal areas. BAT
undergoes a process of non-shivering thermogenesis via activation of the mitochondrial
protein, uncoupling protein 1 (UCP-1), which acts to decrease the proton gradient across
the mitochondrial inner membrane formed by oxidative phosphorylation (see Figure 5).
This scuppers the ability of the mitochondria to produce adenosine triphosphate (ATP) and
instead produces copious amounts of heat. BAT is normally activated following a large meal
or exposure to cold temperatures. In the early part of the twentieth century an explosive
used in munitions factories during World War I, 2,4-dinitrophenol, was repurposed as a
weight loss drug due to its mitochondrial uncoupling effects. Unfortunately, whilst being
highly efficacious in reducing obesity and insulin resistance, uncoupling drugs tread a very
thin line between a therapeutic and a fatal dose [43]. They have been banned by the FDA for
use in humans since 1938 [44]. Consequently, a direct upregulation or activation of UCP-1
or other uncoupling proteins is considered unwise. Indeed, as this review has expounded
on, homeostatic mechanisms control the majority of metabolic processes. Therefore, it is
crucial for an effective therapy to work within these confines and to only supplement where
a rate-limiting step exists. Melanocortins function within these bounds, failing to cause
the dangerous cardiovascular side effects of uncoupling drugs while providing a similar
metabolic benefit.
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Figure 5. Thermogenesis in the mitochondrion of a Brown Adipocyte. Melanocortins stimulate the
activation of uncoupling protein 1 (UCP-1) via sympathetic stimulation of neurons innervating Brown
Adipose Tissue (BAT) to uncouple the electron transport chain (consisting of C1, C2, Co-enzyme
Q, C3, Cytochrome C and C4) from converting adenosine diphosphate (ADP) to adenosine triphos-
phate (ATP) through ATP Synthase to instead producing heat from fatty acids, leading to reduced
body weight.
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3.4. Setmelanotide: Emerging Evidence for the Use of a Clinical Melanocortin Analogue in
Metabolic Disease

The practicality of using melanocortins as therapeutics was initially uncertain as
bioidentical melanocortin peptides have vanishingly short half-lives and are promiscuous
agonists of all melanocortin receptors [45]. Formulation work commenced and biochemists
utilised non-canonical amino acid substitutions to prolong half-life and to make the syn-
thetic peptides more specific for certain melanocortin receptors, although some would argue
more work needs to be conducted on increasing specificity as every synthetic melanocortin
to date is still somewhat promiscuous [45]. Setmelanotide is an example of a designed
synthetic selective peptide agonist of MC4R currently being developed by Rhythm Phar-
maceuticals as a subcutaneous injectable anti-obesity treatment for Prader–Willi syndrome
(PWS) (a genetic cause of MC4R deficiency), leptin receptor deficiency (LEPR), POMC
deficiency and lifestyle-induced obesity. Setmelanotide has completed phase III trials for
POMC deficiency and LEPR deficiency and was approved by the FDA as first-in-class
medication in November 2020. It has also been provisionally approved this year in France
for lesional hypothalamic obesity and has been approved in Canada for Bardet-Biedl syn-
drome. The trials showed significant weight loss (an average of 10%) after one year of
setmelanotide therapy [10,11,46]. The therapy was shown to achieve this 10% average
weight loss in 80% of patients with POMC deficiency and 45.5% of patients with a LEPR
deficiency [10,46,47]. Furthermore, it was shown that setmelanotide induced at least a
25% reduction in hunger in 72.7% of patients with LEPR deficiency and in 50% of patients
with POMC deficiency [10,46]. The average weight loss of patients with POMC and LEPR
deficiency was 31.9 kg and 16.7 kg, respectively [10,46]. BMI measurements were also
significantly lowered by an average of between 22.3 and 49.2% in patients with POMC
deficiency and by an average of 10.6% in patients with LEPR deficiency [10,46]. Follow up
unpublished studies on these patients reported at a recent French paediatrics conference
showed sustained weight loss over a period of 3 years. Additional successful phase III
trials in other forms of genetic obesity such as Bardet–Biedl and Alström syndromes are
currently under priority review with the FDA [47–49]. The FDA approved setmelanotide
for Bardet–Biedl syndrome in June 2022. A range of phase II and III trials (titled DAYBREAK
and EMANATE) in different rare genetic forms of obesity including MC4R deficiency are
currently underway [7]. The mechanism of action of setmelanotide is via suppression of
appetite, an increase in satiety and an increase in thermogenesis, leading to a reduction in
excess feeding behaviours and a higher resting energy expenditure rate [7,11,46–49]. Set-
melanotide exerts its effects by binding to MC4R in the PVN of the hypothalamus and the
lateral hypothalamic area (LHA). Some have raised concerns of negative neuropsychiatric
effects of setmelanotide such as an increased suicidal ideation seen in some patients in
follow up studies of patients from the initial phase III study [49]. However, it should be
noted that many patients with obesity report low self-esteem, poor body image, depression
and anxiety, with depression being a major risk factor for developing obesity [48,50]. There-
fore, it is unclear whether pre-existing depression is causing the suicidal ideation or if it is
worsened by the drug. The manufacturer denies that these cases were a result of treatment,
and further follow-up studies report improved quality of life (QOL) assessments in the
majority of patients treated [48,50]. However, further studies should focus on this potential
concerning side effect.

Similar to how GLP-1 analogues are currently used to treat both type II diabetes
and obesity (although this review does not intend to make a direct comparison between
the two with regard to either efficacy or side effect profile), melanocortins with similar
actions to setmelanotide have potential for treating diabetic patients in the future and for
preventing many more patients suffering from obesity, PCOS and metabolic syndrome from
developing type II diabetes. Although setmelanotide and other synthetic melanocortins
have been developed for genetic forms of obesity, melanocortins (melanotan I and II and
bremelanotide) also work to decrease body fat in both healthy non-obese and diet-induced
obese individuals [51–53]. A truncated form of MSH caused an average approximate body
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fat loss of 2 kg over a 6-week period using twice daily nasal administration in healthy,
non-obese subjects [51]. These are the only human trials to date using melanocortins in
non-genetic forms of obesity. More long-term human studies are needed to determine the
safety and utility of melanocortins for treating diet-induced obesity. Various diet-induced
obese animal models have shown substantial weight loss after administration of various
bioidentical and synthetic melanocortin peptides [27,30,54,55]. This melanocortin-induced
weight loss has also been seen even in leptin resistant animals [56,57]. With the paradigm-
shifting success of GLP-1 agonists, the question may be asked as to what further benefit
could melanocortins provide in the obesity treatment milieu. Although they provide a
sustained weight loss (up to 15% average of total body weight in long-term large-scale
trials), according to studies, 70% of patients taking GLP-1 agonists discontinue use after
24 months (it is still a matter of speculation as to why this is so, but some have postulated
that severe nausea and other gastrointestinal side effects could be major contributors, as well
as cost and ease-of-access issues) [58–60]. Melanocortins can cause skin darkening, flushing,
increased libido, spontaneous erections and mild nausea but are generally well-tolerated,
some of these side effects may be seen as additional benefits (although they may not be
desirable for all people), hence the colloquial moniker of the melanocortin class as being
“Barbie drugs” as they cause skin tanning, weight loss and sexual arousal [61,62]. Spurred
on by weight loss results seen in healthy obese women using the FDA-approved female
sexual dysfunction melanocortin drug bremelanotide (an average loss of 1.3 kg bodyweight
over 16 days and a reduction of an average of 400 kcal in food consumption per day in
the first phase I trial and an average loss of 1.7 kg bodyweight over 12 days in the second
phase I trial; side effects in the trial were classed as mostly mild, whilst a smaller subset
of subjects had side effects classed as moderate; skin darkening was reported as a side
effect in 15–63.3% of the bremelanotide-treated group across both studies; and five patients
had to withdraw due to nausea, dizziness and hypertension), Palatin Pharmaceuticals is
developing a combination treatment of bremelanotide and a low-dose GLP-1 agonist to
treat obesity [52]. They hope to have improved tolerability and patient compliance with
similar or enhanced weight loss compared to GLP-1 agonist monotherapy. Therefore, rather
than replacing the already efficacious GLP-1 agonists, in the future, melanocortin/GLP-1
agonist dual therapy may be a way of maximising the potential benefits of both drugs
whilst allowing far lower dosages and thus decreasing the chances of side effects and
increasing patient adherence.

4. Melanocortins and Their Potential in Treating Diabetic Complications
4.1. Atherosclerosis and the Melanocortins

Atherosclerosis, a chronic inflammatory disease affecting the aorta, is a complex
process whereby inflammation and oxidative stress result in endothelial dysfunction, lipid
accumulation in the vessel walls, monocyte infiltration and foam cell formation, all of which
leads to the formation of a lesion or plaque. If these plaques become unstable, they can
rupture. Rupture of an atherosclerotic plaque can lead to myocardial infarction or stroke,
often resulting in sudden death. Diabetes accelerates atherosclerotic plaque formation.

So what evidence is available for the role of melanocortin receptors in atherosclerosis?
Previous studies have shown that the MC4R is involved in cardiovascular disease, reviewed
in Copperi et al. [63]. A recent study on Korean subjects showed that the MC4R single-
nucleotide polymorphism (SNP) rs17782313 was found to be associated with a higher risk
of diabetes and cardiovascular disease in lean men [64]. Although the C allele of this gene
in humans increases BMI, it did not increase cardiovascular disease risk [65]. Knocking
out MC4R in mice resulted in increased body weight and the development of late-onset
hyperglycaemia and atherosclerotic plaque accumulation when fed a semisynthetic diet of
0.02% cholesterol [66]. MC4R knockout mice fed a western diet and infused with ANGII
are susceptible to abdominal aortic aneurism, and MC4R mice, on an ApoE ko background,
have exacerbated atherosclerosis [67].
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Deficiency in MC1R (on an ApoE background) in mice fed a high-fat diet exacerbates
atherosclerosis by increasing monocyte accumulation in the vessels along with elevated
total plasma cholesterol [68]. Another study examining leukocyte-specific MCR1 deficiency
showed an increase in circulating Ly6Chigh monocytes, B and CD4+ T cells, though this did
not translate to changes in atherosclerotic plaque accumulation after HFD as there was a
preference of these cells to migrate to the spleen [69].

Mice deficient in MC3R after ischemia/reperfusion injury showed increased cell
adhesion and emigration as well as increased chemokines [70]. Activating MC3R using
the agonist [D-Trp8]-y-MSH in APOE KO mice on a high-fat diet has also been shown to
reduce plasma proinflammatory cytokines and leukocytes in both the circulation and in the
aorta [71]. However, this intervention model did not result in changes in the expression of
aortic adhesion molecules or changes in plaque accumulation and stability [71].

Is there also evidence for the role of the melanocortins in atherosclerosis? The expres-
sion of melanocortins and associated proteins have been examined in the blood vessels
of both rodents and humans. In studies by Rinne, POMC was shown to be expressed in
human plaques and was associated with the presence of macrophages [72,73]. Expres-
sion of α-MSH was detected in healthy and atherosclerotic human and murine vessels
and decreased expression was seen in advanced atherosclerosis in ApoE KO mice on an
HFD [74]. In contrast to declining α-MSH in advanced lesions, an increase in POMC was
detected in unstable plaques in humans [72]. This paradox is explained by a decrease in the
POMC processing enzymes, carboxypeptidase E (CPE) and α-amidating monooxygenase
(PAM), and an increase in prolylcarboxypeptidase (PRCP), the enzyme that inactivates
α-MSH [72]. The increase in POMC expression in plaques is most likely a compensatory
mechanism responding to the inactivation of α-MSH or the decrease in expression of
POMC processing enzymes. Western-diet-fed LDLR knockout mice overexpressing α-MSH
and γ-MSH showed improved glucose tolerance, reduced plaque formation and reduced
pro-inflammatory cytokines [75]. A recent study on T2DM patients showed that α-MSH is
reduced in the circulation of diabetic patients compared to non-diabetic controls [76].

Despite some evidence that the melanocortins are involved in inflammation and vascu-
lar tone and that increasing α-MSH may be a beneficial treatment strategy, few studies have
examined melanocortins in type 1 diabetic models. Whether the melanocortins are effective
in ameliorating atherosclerosis in various diabetic models needs further investigation.

4.2. Diabetic Nephropathy and the Melanocortins

Chronic kidney disease (CKD) is the irreversible alteration of kidney structure and
function over an extended period of time [77]. Diabetic nephropathy is the main cause of
CKD, comprising up to 30–50% of all CKD, a condition without a definitive cure [61,77].
Very few studies to date have looked at the melanocortins in diabetic nephropathy despite
the need for new therapeutics for CKD. ACTH was used for many years to stimulate
the release of cortisol to treat conditions such as rheumatoid arthritis, lupus, multiple
sclerosis and nephrotic syndrome but was soon after replaced by glucocorticoid steroids
due to their lower cost [78]. Corticosteroids are commonly used in the treatment of kidney
disease; however, patients can have side effects including an increased risk of develop-
ing diabetes mellitus [79]. ACTH was later found to have steroid-independent effects
through binding to the MC3R and a superior side effect profile [61,80]. ACTH treatment
improved proteinuria and glomerular filtration rate in patients with membranous glomeru-
lar nephropathy [81]. The use of ACTH was also examined in patients with diabetic
nephropathy and showed stabilisation of renal function and reduction in urinary protein
excretion [82]. The non-steroidal melanocortins, α-MSH, γ-MSH and β-MSH, can stimulate
the melanocortin receptors and are anti-inflammatory and immunomodulatory. As a result,
the melanocortins should have some effect on the kidney, especially as their receptors
are expressed on many kidney cells [61,83]. MSH has been shown to be renoprotective
in mouse models of human nephrotic syndrome, but no studies have been performed in
models of diabetic nephropathy to date [84]. Therefore, due to their mechanistic potential
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which has been partially evidenced in studies to date, the melanocortins deserve further
investigation into their ability to treat kidney disease, including diabetic nephropathy.

4.3. Diabetic Retinopathy and the Melanocortins

Diabetic retinopathy is the only cause of blindness that has increased in prevalence
in the past 20 years [85]. Diabetic retinopathy is either non-proliferative or proliferative,
where the latter involves the growth of newly formed vessels, and the former involves
microvascular alterations in the retina [86]. Diabetic macular edema, a severe complication
of diabetic retinopathy, is more likely to occur as diabetic retinopathy progresses. As
with other diabetic complications, the initiator is hyperglycemia but other processes such
as inflammation, oxidative stress and epigenetic modifications are involved in diabetic
retinopathy [87].

Controlling blood glucose, blood pressure and serum cholesterol is critical to slowing
the progression of diabetic retinopathy [88], though this can be difficult to achieve. The
current treatments that inhibit the progression of DR are laser-induced photocoagulation
and intravitreal injections of anti-VEGF or corticosteroids. These therapies are not ideal.
Photocoagulation can destroy parts of the retina, while intravitreal injections require
frequent visits to the doctor for transitory beneficial effects in only 50% of patients [87]. The
increased risk of cataract formation and intraocular pressure limits the use of corticosteroids.
Therefore, many studies have been investigating the use of other therapies including
melanocortins to treat diabetic retinopathy. In 2011, it was shown that human type 2
diabetic patients with proliferative diabetic retinopathy have lower serum concentrations
of ACTH than diabetic patients with non-proliferative disease, indicating that increasing
melanocortins may be beneficial [89].

The role of the melanocortin receptors, in particular MC1, MC4 and MC5, detected in
the retina, have been investigated. The expression of MC1 and MC5 receptors increases in
retinal cells after exposure to high-glucose [90]. Cells treated with glucose in the presence
of agonists for these receptors have been shown to restore antioxidant enzymes to normal
levels. In another study, blocking MC1 and MC5 receptors in an STZ-induced diabetic
retinopathy mouse model caused an increase in an array of cytokines, while receptor ago-
nists returned these levels back to normal, indicating a protective role for these receptors
in DR [91]. Fingolimod, a drug used to treat multiple sclerosis, was also examined for its
effects in the retina as there is an increased risk of macular oedema in these patients [92].
However, a study in diabetic rats showed that fingolimod protected against retinal inflam-
mation [93]. This drug was also predicted to bind to the melanocortin receptors using
in silico modelling [91]. In an STZ mouse model of retinopathy, it was demonstrated
that Fingolimod acts as an MCR1 and MCR5 agonist to reduce retinal angiogenesis and
reduce retinal VEGF [91]. This drug was less effective in the presence of MC1R and MC5R
antagonists [91].

Studies have also examined the effect of melanocortin treatment on diabetic retinopa-
thy. In studies looking at injecting α-MSH intravitreally in STZ-induced diabetic rats
showed that α-MSH prevented the breakdown of the blood–retina barrier by blocking
the aberrant expression of tight junction genes, pro-inflammatory genes and oxidative
stress [94,95]. In a model of retinal ischemia/reperfusion injury in akita mice, reduced
retinal swelling and oxidative stress and increases in IL-10 were observed following in-
traperitoneal injection of α-MSH [96]. During ischemia, glutamate is elevated leading to
the generation of ROS through ionotropic and metabotrophic receptors, leading to cell
death. A study demonstrated the ability of α-MSH to prevent glutamate-induced cell death
in chicken retinas in vitro (treated explants) and in vivo (intravitreal injections) [97]. This
study showed that cell death is prevented through α-MSH blocking the upregulation of
the pro-apoptotic micro RNA 194 [97]. One limitation of α-MSH is its short serum half-life.
Therefore, the generation of analogs has been undertaken for use in DR. One such analog,
PL-8331, was used in a mouse model of diabetic retinopathy [98]. Here, it was shown that
PL-8331 was anti-inflammatory and enhanced the survival of retinal cells in vivo [98].
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To date, research has focused on using α-MSH or MCR agonists; however, it is clear that
further research into melanocortins is warranted for the treatment of diabetic retinopathy.

5. Conclusions

Melanocortins have shown promise in early animal and human studies in treating a
variety of conditions inculpated in the aetiology and complications of diabetes. They have
been found to be well-tolerated in large human trials and now, a number of melanocortins
have made their way to market for various dermatological, sexual and metabolic disorders,
although potential side effects such as nausea and skin flushing should be considered.
Therefore, it is an opportune time for endocrinologists and scientists in the field to consider
the benefits of melanocortins in assisting their patients to prevent or treat diabetes. The
conclusion of this review is simple: melanocortins have a number of tangible positive
effects on the development, progression and complications of diabetes. Further formulation
work to ensure the specificity of melanocortin receptor activation and reformulations to
maximise serum half-life should also be considerations for the further development of
melanocortins in treating diabetes and its complications. However, if these and other
potential hurdles are cleared, melanocortins may become a vital tool in the treatment of
this burgeoning disease in the ensuing decades; thus, they warrant a more thorough and
pronounced investigation in fields outside of dermatology.
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