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Abstract: Major depression is one of the most prevalent mental disorders, causing significant human
suffering and socioeconomic loss. Since conventional antidepressants are not sufficiently effective,
there is an urgent need to develop new antidepressant medications. Despite marked advances in
the neurobiology of depression, the etiology and pathophysiology of this disease remain poorly
understood. Classical and newer hypotheses of depression suggest that an imbalance of brain
monoamines, dysregulation of the hypothalamic-pituitary-adrenal axis (HPAA) and immune system,
or impaired hippocampal neurogenesis and neurotrophic factors pathways are cause of depression.
It is assumed that conventional antidepressants improve these closely related disturbances. The
purpose of this review was to discuss the possibility of affecting these disturbances by targeting the
melanocortin system, which includes adrenocorticotropic hormone-activated receptors and their
peptide ligands (melanocortins). The melanocortin system is involved in the regulation of various
processes in the brain and periphery. Melanocortins, including peripherally administered non-
corticotropic agonists, regulate HPAA activity, exhibit anti-inflammatory effects, stimulate the levels
of neurotrophic factors, and enhance hippocampal neurogenesis and neurotransmission. Therefore,
endogenous melanocortins and their analogs are able to complexly affect the functioning of those
body’s systems that are closely related to depression and the effects of antidepressants, thereby
demonstrating a promising antidepressant potential.

Keywords: melanocortins; depression; inflammation; hypothalamic-pituitary-adrenal axis; neu-
rotrophins; neurogenesis; brain-derived neurotrophic factor; antidepressants

1. Introduction

Major depressive disorder (MDD) is one of the most common mental disorders. Ac-
cording to the World Health Organization, around 280 million people worldwide suffer
from depression [1]. Only a small proportion of people suffering from depression use
mental health services. In high-income countries, 33% of people with symptoms of de-
pression use mental health services, and only 8% in low-income countries. Even fewer
patients receive minimally adequate treatment (23% in high-income countries and 3% in
low-income countries) [2].

According to the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), to be
diagnosed with Major Depressive Disorder, a person must have at least 5 of the following
9 symptoms for at least two weeks: depressed mood, markedly diminished interest or
pleasure in all or almost all activities (anhedonia), decrease or increase in appetite (weight
loss or weight gain), insomnia or hypersomnia, psychomotor agitation or retardation,
fatigue or loss of energy, feelings of worthlessness or excessive or inappropriate guilt,
diminished ability to think or concentrate or indecisiveness, recurrent thoughts of death
(suicidal ideation) [3]. The patient must necessarily have at least one core symptom:
depressed mood or anhedonia. Obviously, patients with MDD will be characterized by
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significantly different combinations of symptoms, and two patients with the same diagnosis
may have only one symptom in common [4]. Such a variety of symptoms of MDD suggests
the involvement of various brain systems in the manifestation of this disease.

Despite significant advances in the study of depression in recent decades, the mechanisms
of the onset and development of depression remain poorly understood. The mechanisms of
the therapeutic effects of pharmacological agents used to treat depression are also obscure.

The heritability of depression is estimated at 31-42% [5,6]. Despite the identification of
genetic loci thought to increase the risk of developing depression, genome-wide association
studies have not led to the discovery of genes associated with the development of this
mental disorder [7-10]. Transcriptome-wide association studies indicate changes in the
expression of a large number of genes in depression [11-13]. But the reproducibility
of both transcriptome-wide association studies and genome-wide association studies is
still low. Such unsuccessful attempts to identify genes are explained by the polygenic
nature of depression, when the contribution of each individual gene to the development
of depression is small. Attempts are also being made to detect genes associated with
the development of depression and associated with dysfunction of various physiological
systems. For this purpose, gene expression is assessed in post-mortem brain samples and
peripheral blood of depressed patients. Such studies have led to the discovery of potential
candidate genes involved in inflammation, neuroplasticity, synaptic transmission, and
HPAA regulation [14-17].

Depression is a complex heterogeneous disease that depends on a combination of
genetic and environmental factors. The most influential hypotheses of depression are as
follows: monoamine (assumes a decrease in monoamine levels as a cause of depression),
neurotrophic (a decrease in neurotrophic factors levels, mainly BDNF), impaired neurogene-
sis in the hippocampus, neuroendocrine (hyperactivation of the HPAA), glutamate (altered
glutamatergic excitation), and immune/inflammatory (increased levels of inflammatory
cytokines) hypotheses [18-21]. Probably, all these hypotheses reflect various interrelated
aspects of the pathogenesis and manifestation of depression and/or correspond to different
processes leading ultimately to the onset of this disease.

Most of the current drug treatments for depression are based on the monoamine
hypothesis, which considers a decrease in brain levels of monoamines as the cause of the
development of depressive symptoms. First-generation antidepressants include tricyclic an-
tidepressants and monoamine oxidase inhibitors, while better-tolerated second-generation
antidepressants include selective serotonin reuptake inhibitors (SSRIs), serotonin and
norepinephrine reuptake inhibitors (SNRIs), and norepinephrine and dopamine reuptake
inhibitors (NDRIs) [22,23]. Both first- and second-generation antidepressants have a num-
ber of adverse side effects. Among the most common undesired effects are nausea, diarrhea,
weight gain, drowsiness, insomnia, dizziness, headache, and sexual dysfunction. The most
dangerous side effect of antidepressants is an increased risk of suicide in depressed children
and young adults [24]. Side effects of antidepressants, which are often intolerable, limit
their use in clinical practice. Almost 40% of patients do not experience long-term improve-
ment after antidepressant treatment. Such cases are referred to as a treatment-resistant
depression (TRD)—the impossibility of achieving and maintaining euthymia during ther-
apy with various types of antidepressants [25,26]. The resistance of a significant proportion
of patients to antidepressants may also indicate the existence of different mechanisms
underlying depression onset in different patients.

In addition to side effects and resistance to antidepressants, another significant drawback
is the need for their long-term use to achieve a therapeutic effect. The effectiveness of clinically
used antidepressants is also questionable [27,28]. The monoamine hypothesis of depression
is firmly entrenched not only in public consciousness, but also in the scientific community
and the strategies of pharmaceutical companies. However, the monoamine hypothesis is
being seriously criticized, in part, due to the fact that convincing evidence indicating the
involvement of serotonin in the development of depression has not been presented [29].
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Because of the obvious shortcomings of antidepressants used in clinical practice,
there is a need to find alternative approaches to the treatment of this mental disorder.
There is an urgent need for antidepressant drugs that are effective in patients with TRD,
are better tolerated by patients, and have a faster therapeutic effect. As noted above,
traditional antidepressants demonstrate a delayed therapeutic effect. At the same time,
the development of fast-acting antidepressants is principally possible, as evidenced by
the effectiveness of sleep deprivation and the effects of low doses of ketamine [30]. In the
case of ketamine, it has been shown that its administration leads to an improvement in
symptoms within a few hours [31-33]. The mechanisms of the antidepressant effects of
this noncompetitive NMDA receptor antagonist are still unclear. However, the recently
demonstrated involvement of opioid system activation in the antidepressant effects of
ketamine [34,35] not only may be related to its rapid antidepressant effects, but also raises
questions about its safety in long-term use.

Peptidergic systems may be potential targets for the development of drugs for the
treatment of depression. It is assumed that stress-related neuropeptides may play an impor-
tant role in the development of anxiety and depression [36], while both the neuropeptides
themselves and their receptors are considered as potential targets for the treatment of
mental disorders [37-39].

One such system is the melanocortin system, consisting of adrenocorticotropic hor-
mone (ACTH)-activated receptors and their ligands (melanocortins). ACTH is a key
component of the body’s stress response. Melanocortin receptors mediate various effects
of ACTH and related peptides in the brain and periphery. Interest in the study of the
central melanocortin system was significantly stimulated by its critical involvement in the
regulation of energy balance and body weight [40]. There are very close interrelationships
at the functional and neuroanatomical levels between the regulation of energy balance
and the neuroendocrine stress response, and this is confirmed by the high comorbidity
of obesity-related pathologies and stress-related mental disorders [41]. The melanocortin
system is a critical component and regulator of the neuroendocrine stress response, and its
role in stress and stress-induced pathologies, such as anxiety and depression, is also being
actively studied [42].

The aim of this review is to discuss the currently known biological activities of
melanocortins in the context of the hypotheses of depression, and to consider the properties
of the peptide family of melanocortins from the perspective of the development of new
pharmacological antidepressant treatments.

2. The Melanocortin System

The melanocortin system consists of a family of melanocortin peptides and a family
of their receptors [43]. Melanocortins are a family of peptides derived from the 26 kDa
proopiomelanocortin (POMC) precursor. POMC processing results in a number of bioactive
peptides, including ACTH, a-melanocyte stimulating hormone («-MSH), 3-melanocyte
stimulating hormone ((3-MSH), y-melanocyte stimulating hormone (y-MSH), 3-lipotropic
hormone (3-LPH), and p-endorphin [44]. Amino acid sequences of some natural human
melanocortins are presented in Table 1.

All melanocortins originate from different parts of proopiomelanocortin molecule by
limited proteolysis. x-MSH is the N-terminal part of the ACTH molecule, 3-MSH originates
from beta-lipotropin, and y-MSH peptides originate from the N-terminal sequence of
proopiomelanocortin. Modifications of N-terminal amino acids (acylation) or amidation of
the C-terminal alter the stability and activity of these peptides.

The main source of proopiomelanocortin is the pituitary gland (its anterior and inter-
mediate lobes), however, POMC mRNA is also found in other brain structures, as well as in
peripheral organs and tissues, such as lymphocytes, skin, placenta, pancreas, thyroid gland,
testes, intestine, kidneys, and liver [45]. x-MSH in the rat brain is also characterized by a
scattered distribution. Its highest content was found in the neurons of the arcuate nucleus
of the hypothalamus. x-MSH was not found in the cerebral cortex and cerebellum [46].
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Table 1. Amino acid sequences of natural melanocortins.

Peptide

Amino Acid Sequence

ACTH Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-

Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe

oa-MSH Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,
3-MSH H-Ala-Glu-Lys-Lys-Asp-Glu-Gly-Pro-Tyr-Arg-Met-Glu-His-Phe- Arg-Trp-Gly-Ser-Pro-Pro-Lys-Asp-OH
ys-Lys-Asp Y yr-Arg & 1rp-Gly ys-Asp
y1-MSH H-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-NH2
Y Y 8- \Ip-ASp-Arg
v2-MSH H-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH
v3-MSH H-Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-Arg-Arg-Asn-Ser-Ser-Ser-Ser-Gly-Ser-Ser-Gly-Ala-Gly-Gln-OH

The physiological effects of melanocortins are mediated through their interaction with
melanocortin receptors (MCRs). Cloning of the MCR genes has led to tremendous progress
in understanding the biological role of melanocortins. Five subtypes of MCRs have been
identified (MC1R, MC2R, MC3R, MC4R, MC5R) [47]. MCRs are classic G-protein coupled
receptors with seven transmembrane domains. MCRs have 40-60% amino acid sequence
homology, and they differ in their tissue distribution and affinity for various melanocortins
and physiological antagonists, such as ASIP (agouti-signaling protein) and AGRP (agouti-
related protein) [47,48]. ACTH, a peptide of 39 amino acids residues, and its N-terminal
fragments longer than 1-16 activate all five MCR subtypes. «-MSH activates four subtypes
(MC1R, MC3R, MC4R, MC5R), however shorter a-MSH fragments are not able to activate
MCIR but still can activate other subtypes of MCRs [49]. The expression of MC3R, MC4R,
and MCS5R subtypes has been found in the brain [49,50]. By binding to the correspond-
ing receptor, melanocortins are able to activate a number of signaling cascades, such as:
AC/cAMP/PKA, PLCB/DAG/PKC, PLCR/IP3/Ca?*, Jak/STAT, PI3K/ERK1/2 [51].

The specific effect exerted by MCR agonists depends on the subtype of the activated
receptor and its tissue localization. MCIR is responsible for skin and hair pigmenta-
tion, MC2R is required for steroidogenesis in the adrenal cortex, MC3R and MC4R are
involved in the control of food intake and behavior, and MC5R plays an important role in
sebogenesis [43].

The accessory proteins of the MCRs (MRAP and MRAP2) are also important. These
proteins interact with all five MCRs, are involved in the trafficking of receptors from the
endoplasmic reticulum to the plasma membrane, modulate their activity upon binding to
ligands, and are involved in the internalization of receptors [52,53].

Mutations in the genes of MCRs and accessory proteins can lead to the development
of a number of diseases. Mutations in the MCIR gene are associated with an increased risk
of melanoma, MC2R mutations result in familial glucocorticoid deficiency, and mutations
in the MC4R and MRAP2 genes are associated with severe forms of obesity [54]. As there is
both a wide variety of functions are carried out by the activation of melanocortin receptors,
and there are many diseases associated with mutations in the genes of these receptors, they
have become attractive targets for drug development.

In addition to endogenous melanocortins, a large number of their analogs have been
synthesized [55]. Currently, several melanocortin-based drugs have already been approved
for clinical use: Acthar® Gel—full-length ACTH1-39 (treatment of multiple sclerosis and
infantile spasms), Cortrosyn™—an ACTH1-24 fragment (used to diagnose adrenal insuf-
ficiency), Synacthen ®Depot—a fragment of ACTH1-24 (treatment of multiple sclerosis,
rheumatoid diseases, ulcerative colitis, nephrotic syndrome, and as a diagnostic test for
adrenal insufficiency), Scenesse®—Afamelanotide, an -MSH analogue (treatment of ery-
thropoietic protoporphyria), Vyleesi®—Bremelanotide, a cyclic heptapeptide (treatment
of hypoactive sexual desire disorder in women), and Imcivree ®—Setmelanotide, a cyclic
octapeptide (treatment of monogenic or syndromic obesity) [56].

3. The Monoamine Hypothesis of Depression and Melanocortins

The monoamine hypothesis of depression suggests that depression is associated
with a deficiency or imbalance of monoamine neurotransmitters, such as serotonin, nore-
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pinephrine, and dopamine. Although this hypothesis is based on the fact that various
antidepressants increase brain monoamine levels by inhibiting their metabolism or reup-
take, there is no evidence that a decrease in brain monoamine levels can cause depression.
Monoamine depletion studies demonstrated decreased mood in subjects with a family
history of MDD and in drug-free patients with MDD in remission, but not in healthy
humans [57]. The depressogenic activity of reserpine, an alkaloid that irreversibly blocks
vesicular monoamine transporters and reduces monoamine levels in the synaptic cleft, has
long been accepted as evidence of a causal relationship between low monoamine levels and
depression. However, there are no firm evidences that reserpine is depressogenic [58,59].
On the other hand, monoamine deficiency or imbalance may reflect complex brain dys-
functions associated with depression, and the therapeutic effectiveness of antidepressants
may be due to the complex normalization of these disturbances, the mechanism of which
includes an antidepressant-induced increase in monoamine levels. Accumulating evidence
suggests this complexity, such as the interconnected roles of serotonin, cytokines, and
neurotrophins in depression and antidepressant therapy [60].

In vivo studies indicate that melanocortins are able to influence brain monoamine
levels, both after central and peripheral administration. The ability of these peptides
after central administration to influence grooming behavior, locomotor activity, and re-
ward behavior, indicate a close relationship between the melanocortin and dopaminer-
gic systems [61]. Most studies indicate an increase in dopamine turnover after central
melanocortin administration, but the cellular and molecular mechanisms of this effect are
not known [62,63]. «-MSH administration into the ventral tegmental area (VTA), which
together with the nucleus accumbens (NAc) forms the brain reward/aversive system,
induce a significant increase in dopamine levels in the NAc. This increase is completely
blocked by pre-treatment with the MC4R selective antagonist HS131 [64]. Centrally admin-
istered melanocortins may affect not only dopamine release, but also dopamine receptors.
Melanocortin receptor agonist melanotan-II (MT-II) induces changes in dopamine D1-like
and D2-like receptor binding in several regions of the rat brain [65]. ACTH1-24 inhibits
association and dissociation of the dopamine D2 agonist to the dopamine D2 receptor,
suggesting a binding site for ACTH1-24 on the D2 receptor [66].

There are no direct data on the effects of centrally administered melanocortin re-
ceptor agonists and antagonists on norepinephrine and serotonin levels. However, in-
tracerebroventricular (ICV) injection of MT-II reduces the firing rate of locus coeruleus
noradrenergic neurons and increases the firing rate of dorsal raphe nucleus serotonergic
neurons [67]. Peripherally administered non-corticotropic melanocortins may affect brain
norepinephrine and serotonin levels. Subchronic peripheral ACTH4-10 administration
results in an increase of tyrosine hydroxylase activity in the locus coeruleus, a main brain
source of norepinephrine [68]. These data are consistent with the observed increase in the
rate of catecholamine synthesis in the whole brain and brain stem of intact rats following
subcutaneous (5C) administration of ACTH4-10 [69]. SC pre-treatment of rats with o-MSH
inhibits a stress-induced increase in cortical serotonin reuptake levels [70], suggesting
that peripheral melanocortins may directly or indirectly regulate serotonin levels in the
synaptic cleft under stress conditions. Systemic administration of Semax (Met-Glu-His-
Phe-Pro-Gly-Pro), an ACTH4-10 analog, failed to alter striatal concentrations of dopamine
and its metabolites but significantly increased the levels of serotonin and its metabolite
5-hydroxyindoleacetic acid [71].

Collectively, these data indicate that central melanocortin agonists can act as regulators
of the dopaminergic system, increasing its activity and affecting the reward/aversion
circuit. Peripherally administered melanocortin agonists can activate the serotonergic
and noradrenergic systems in intact and stress-exposed animals. Although there is only
fragmentary data on this ability, the reported effects of melanocortins suggest that it is
consistent with the hypothesis that such activity is related to the therapeutic effects of
antidepressant drugs. The effects of melanocortins on the dopaminergic, serotonergic, and
noradrenergic systems are summarized in Table 2.
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Table 2. A summary of the effects of melanocortin agonists on dopaminergic, serotonergic and noradrenergic systems.
. Experimental . Site of Agonist Effects Site of
Subjects Model Agonist Dose Injection Outcome Inhibitor Dose Injection Ref.
Studies performed in vivo
Conscious and Dopamine | and
Male albino rats freely moving o-MSH 1ug VTA DOPAC 7 in the caudate putamen and - - - [61]
rats nucleus accumbens
Conscious and AoRP Neuronal activation within midbrain
Long-Evansrats  freely moving . & . 1 nmol Icv dopamine neurons and dopamine - - - [62]
(inverse agonist) - .
rats turnover in the medial prefrontal cortex 1
Male SD rats Anaesthetized -MSH 10 nmol VTA Dopamine and DOPAC levels in the HS131 1 nmol VTA [64]
rats nucleus accumbens 1
Conscious and . . . .
Male Wistar rats ~ freely moving MT-II 0.0625, 0.625 pg Icv Changes n dqp amme Dl-like a'nd D2.—11ke - - - [65]
rats receptor binding in several brain regions
Firing rate of locus coeruleus
. noradrenergic neurons | and firing rate of
Male Wistar rats Anaei’;lzsetlzed MT-II 3 nmol Icv dorsal raphe nucleus serotonergic neurons - - - [67]
T
. AgRP . 1 nmol IcV Firing rate of lqcus coeruleus
(inverse agonist) noradrenergic neurons 1
Male C57BL/10 (ffonlscious Efmd ACTH 201U/kg P Tyrosine hydroxylase activity in the locus _ _ } [68]
Bg mice reely moving ACTH1-24 20 ug/kg coeruleus 1
mice
ACTH4-10 20 ug/kg
Conscious and
Male SD and . Catecholamine synthesis in the whole
Wistar rats freely moving ACTH4-10 25,50 ug ¢ brain and brain stem 1 ) ) ) [69]
mice
Male C57/bl Conscious and
mice and male freely moving Semax 0.15mg/kg P Extracellular striatal level of 5-HIAA 1 - - - [71]

SD rats

rats and mice
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Table 2. Cont.
. Experimental . Site of Agonist Effects Site of
Subjects Model Agonist Dose Injection Outcome Inhibitor Dose Injection Ref.
Studies performed in vitro
Inhibition of association and dissociation
Male Wistar rats Striatal tissue ACTH1-24 10 uM - of dopamine D2 agonist to the dopamine - - - [66]
D2 receptor
Male SD rats
(synaptosomal S . 3
preparation FST «-MSH 1,4ug sC Inhibition of FST-activated [°H]-5-HT ) ) ) [70]
£ . re-uptake
rom cortical
areas)

1: decrease; 1: increase; SD: Sprague-Dawley rats; ICV: intracerebroventricular; SC: subcutaneous; IP: intraperitoneal; FST: Porsolt’s forced swim test; VTA: ventral tegmental area.
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4. The Inflammatory Hypothesis of Depression and Anti-Inflammatory Effects
of Melanocortins

The inflammatory hypothesis of depression is based on the following main observa-
tions: (1) increased levels of pro-inflammatory cytokines in depressed patients, (2) depres-
sive symptoms in patients suffering from inflammatory diseases, and (3) an increased risk
of depression in patients undergoing pro-inflammatory cytokine therapy [72-74]. There is
a vast body of evidence showing elevated levels of various pro-inflammatory cytokines
(IL-1B, IL-6, TNF-«) in the blood of depressed patients [75-77]. The important role of
pro-inflammatory cytokines is evidenced by the fact that IFN-«, used to treat a number of
diseases, often causes symptoms of depression [78].

Studies using experimental endotoxemia in humans [79] show that intravenous admin-
istration of lipopolysaccharide (LPS) (0.4-0.8 ng/kg) induces depressed moods, increases
the level of anxiety [80-82], leads to the development of sickness and depressive symptoms,
and suppresses motivational behavior [83]. Along with mood changes, an increase in the
level of pro-inflammatory cytokines [84,85], activation of HPAA, which is confirmed by
a significant increase in the level of cortisol [86], and an increase in the norepinephrine
level [87,88] is observed in humans.

Depression can hardly be considered as an inflammatory disease. The inflammatory
process is neither necessary nor sufficient for the onset of depression. But activation of
the immune system can disrupt the functioning of the nervous and neuroendocrine sys-
tems [89]. What the cause is of a low-grade inflammatory process in depression is not clear.
Factors associated with the development of systemic inflammation and an increased risk of
depression include psychosocial stressors, poor diet, physical inactivity, obesity, smoking,
altered gut permeability, atopy, sleep disturbances, and vitamin D deficiency [90]. Not all
studies support an association between elevated cytokine levels and depression [91]. Pro-
inflammatory cytokine levels in healthy individuals and depressed patients may overlap to
a large extent. The discriminating ability of cytokine concentration is extremely low, and
the changes in their levels is largely non-specific [92].

It is known that antidepressants used to treat depression have immunomodulatory
properties [93]. Different types of antidepressants are able to reduce the level of cy-
tokines in experimental models in vitro and in vivo, as well as to normalize the level
of pro-inflammatory cytokines in depressed patients [94-100]. Anti-inflammatory treat-
ment decreases depressive symptoms [101]. However, the efficacy of non-steroidal anti-
inflammatory drugs (NSAIDs) on depressive symptoms appears negligible [102,103]. Com-
bination therapy is expected to be more effective, although there is evidence of antagonistic
effects of NSAIDs and SSRIs in mice and humans [104]. A more recent meta-analysis sug-
gests that anti-inflammatory drugs (NSAIDs, cytokine inhibitors, statins, glucocorticoids,
and minocycline) when used in a combination with antidepressants improve antidepres-
sant therapy [105]. It is clear that there is a bidirectional relationship between the immune
system and the HPAA, as well as a link between the inflammatory and neuroendocrine
hypotheses of depression [106,107]. Chronic hyperactivation of the HPAA, induced by
chronic psychosocial stress, may cause glucocorticoid resistance and impaired glucocorti-
coid inhibition of the inflammatory response and HPAA activity [106], which may explain
the elevated levels of pro-inflammatory cytokines accompanied by elevated cortisol levels
in a subset of depressed patients. Chronic inflammation can chronically activate the HPAA.
The weak antidepressant efficacy of NSAIDs may be due to the lack of ability to affect other
disturbances associated with depression and normalize HPAA activity. On the contrary,
antidepressants exhibit not only anti-inflammatory effects (including direct effects, as fol-
lows from their anti-inflammatory activity in vitro), but are also able to restore sensitivity
to glucocorticoids and normalize HPAA activity [106]. The increase in the effectiveness
of combined antidepressant and anti-inflammatory therapy may indicate the need for a
combination of anti-inflammatory activities and the ability to normalize HPAA activity in
potential antidepressant drugs.
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Quite a lot of information has been accumulated that indicates the anti-inflammatory ef-
fects of melanocortins. «-MSH is known to exhibit antipyretic, antimicrobial, anti-inflammatory,
and immunomodulatory properties [108]. Numerous in vitro and in vivo studies show that
melanocortins exert anti-inflammatory effects in a glucocorticoid-dependent (in the case
of ACTH) and glucocorticoid-independent manner [108]. «-MSH and related peptides
inhibit the secretion of pro-inflammatory cytokines (Figure 1), induce the secretion of
anti-inflammatory cytokines, inhibit the expression of adhesion molecules, reduce the
secretion of other inflammatory mediators (NO, prostaglandins), and are able to modulate
the activity of immunocompetent cells [109]. In vivo, melanocortins exhibit antipyretic
and anti-inflammatory effects in experimental models of neuroinflammation and systemic
inflammation [108,110-112]. The important role of melanocortins in the inflammatory
response is evidenced by the fact that injection of bacterial endotoxin leads to an increase
in the level of endogenous circulating «-MSH in both animals [113] and humans [114]. In
addition, intraperitoneal (IP) administration of LPS leads to an increase in POMC mRNA
expression in the arcuate nucleus of the hypothalamus [115]. Intravenous (IV) and ICV
administration of x-MSH has an antipyretic effect, inhibiting fever induced by the adminis-
tration of pro-inflammatory cytokines or bacterial endotoxin [116,117]. Central injection
of x-MSH analogue NDP-x-MSH also exhibits an antipyretic effect [118]. Probably, the
antipyretic effect of x-MSH depends on the activation of MC3R/MC4R, since the antagonist
of these receptors (SHU 9119) completely blocks this effect [119,120]. The selective MC4R
antagonist HS014 also blocks the antipyretic effect of x-MSH on LPS-induced fever [121].

melanocortins

MCIR, MC2R, MC3R,

MC4R, MC5R
IkB AMP
°.< Protein
« kinase A
50+ @
@s
IxB degradation
cytokine mRNA
@
I () . anti-inflammatory
N

cytokines

Figure 1. Mechanism of anti-inflammatory effects of melanocortins. MCIR: melanocortin 1 receptor;
MC2R: melanocortin 2 receptor; MC3R: melanocortin 3 receptor; MC4R: melanocortin 4 receptor;
MC5R: melanocortin 5 receptor; cAMP: cyclic adenosine monophosphate; PKA: protein kinase A; IkB:
inhibitor of nuclear factor kappa B; NF-«B: nuclear factor kappa-light-chain-enhancer of activated
B cells.

Circulating 0-MSH has been shown to reduce the production of pro-inflammatory
cytokines, thereby modulating inflammatory responses within the brain [122]. Central
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administration of a-MSH reduces LPS-induced COX-2 and iNOS mRNA expression in
the hypothalamus [123]. Both peripheral and central administration of x-MSH results in a
decrease in circulating and brain TNF-« levels [124]. Peripheral administration of Semax
led to a decrease in the pro-inflammatory cytokine mRNA in the brain in an experimental
model of ischemic stroke [125,126]. In a model of neonatal hypoxic-ischemic brain injury,
intranasal administration of the MC1R agonist BMS-470539 also led to a decrease in the
level of pro-inflammatory cytokines [127]. In vitro a-MSH and ACTH1-24 inhibits the
production of TNF-«, IL-6, and NO in cultured murine microglial cell lines [128] and also
inhibits TNF- production in human glioma cell lines [129]. The selective MC4R agonist
Setmelanotide suppresses neuroinflammation in human astrocytoma cell lines [130].

The mechanism of the anti-inflammatory action of melanocortins is poorly understood.
It is assumed that peptides of this family can act both on the periphery, directly affecting
immunocompetent cells expressing melanocortin receptors, and centrally, by activating
melanocortin receptors in various brain structures, thereby preventing the development of
an inflammatory response in the periphery [131]. Through which specific receptor subtype
melanocortins exert their anti-inflammatory effects is currently unknown. It has been shown
that all 5 subtypes of MCRs are expressed by immunocompetent cells. MC1R is expressed
by macrophages [132], B-lymphocytes, natural killer cells, cytotoxic T-lymphocytes [133],
neutrophils [134], and dendritic cells [135]; MC2R has been found on B- and T-lymphocytes,
as well as on macrophages [136]; MC3R is expressed by peritoneal macrophages [137];
and MC5R was found on the surface of mouse B-lymphocytes [138]. Expression of all
five subtypes of MCRs was also found on human lymphocytes and monocytes [139].
Immunocompetent cells express different subtypes of receptors, but researchers assign
the main role in the mediating of anti-inflammatory effects of melanocortins to MC3R
and MC4R [140], which are widely expressed in various brain structures [141,142]. Some
researchers suggest that MC3R [143] plays an important role, while others point to the main
role of MC4R [144]. The role of MCRs in the anti-inflammatory effects of these peptides
has been demonstrated in a number of experiments in vivo and in vitro. The selective
MC4R antagonist H5024 has been shown to block the anti-inflammatory effects of «-MSH,
preventing the decrease in iNOS expression and the production of NO in astrocytes [145].
Central administration of a-MSH reduces the induction of iNOS and COX-2 gene expression
at the hypothalamic level during endotoxemia. The action of x-MSH on LPS-induced iNOS
and COX-2 mRNA levels was not observed in the presence of a selective MC4R antagonist
HS024 [123]. Pretreatment with another selective MC4R antagonist (HS014) also blocks the
behavioral effects induced by IV IL-1p administration [146].

These data indicate that endogenous and synthetic melanocortins exhibit pronounced
anti-inflammatory effects both in the periphery and within the brain. Melanocortins, when
administered peripherally, can affect inflammatory processes not only in the periphery, but
also locally in the brain. It is assumed that depression is associated not only with systemic
low-grade inflammation, but also with chronic stress-induced neuroinflammation [147].
Melanocortins act on the peripheral and central inflammatory processes associated with de-
pression, exerting effects similar to those of classical antidepressants. The anti-inflammatory
effects of melanocortins are summarized in Table 3.
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Table 3. A summary of the effects of endogenous and synthetic melanocortin agonists in different models of inflammation.

Subjects Experimental Model Agonist Dose S.lte 9f Outcome Agoms.t ].Effeds Dose S.lte ?f Ref.
Injection Inhibitor Injection
Studies performed in vivo
. . . 2.5 ug v . .
White rabbits LPS-induced fever «-MSH Antipyretic effect - - - [116]
200 ng Icv
White rabbits IL-6 and TNF-o-induced fever a-MSH 200 ng Icv Antipyretic effect - - - [117]
White rabbits Leukocytic pyrogen-induced fever o-MSH 200 ng ICV Antipyretic effect - - - [118]
NDP-a-MSH 10,20 ng
Male SD rats LPS-induced fever a-MSH 300 ng/rat Icv Antipyretic effect SHU 9119 200 ng ICV [119]
Male SD rats LPS-induced fever «-MSH 25-100 pg/ks IP A““Pi’i?gi effect; SHU 9119 200 ng Icv [120]
Male SD rats LPS-induced fever a-MSH 1pg Icv Antipyretic effect HS014 1ug ICV [121]
Male Wistar rats LPS-induced endotoxemia «-MSH 3 nmol/rat Icv iNOS, COX-2 | HS024 1 nmol/rat ICV [123]
Male BALB/c LPS challenge oa-MSH Ovg v TNF-oc | - - - [124]
mice 50 g P
Expression of genes
. . . . related to

Male Wistar rats Transient cerebral ischaemia Semax 10 ng/100 g P . - - - [125]

inflammatory

processes |
. . . . IL-1e, IL-1p3, IL-6,

Male Wistar rats  Transient focal cerebral ischaemia Semax 10 ng/100 g P Ccl3, Cxcl2 | - - - [126]

Unsexed SD Neonatal hypoxia-ischemia 50, 160, IL-13, TNF-«,
rat pups brain injury BMS-470539 500 ug/kg Intranasal L6 | - - - [127]

Male Swi ACTH4-10 100 pg
ale Swiss . -,
Albine mice Experimental gouty arthritis «-MSH 10 ug SC KC, IL-1B | SHU 9119 10 ug P [137]
B-MSH 10 ug
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Table 3. Cont.

Subjects Experimental Model Agonist Dose Outcome Agoms.t ].EffeCts Dose S.lte ?f Ref.
Inhibitor Injection
Studies performed in vitro
Rat
hypothalamic LPS + IFN-y o-MSH 5uM iNOS | - - - [123]
explants
Mice brain LPS challenge oa-MSH 10715108 M TNF-o | - - - [124]
tissue
Murine G 1,10, 25,50 NO, TNF-
microglial cell LPS + [FN-y a-MSH11-13 7 e Ot PN - - - [128]
line (N9) 100 uM IL-6 |
me ACTH1-24
Anaplastic LPS + phorbol 12-myristate
astrocytoma cell p y «-MSH 10~17-10-10 M TNF-« | - - - [129]
. 13-acetate
line A-172
Human CCL2, CXCL10
astrocytoma TNF-« + [FN-y Setmelanotide 0.001-10 uM JIL-6, SHU 9119 10 uM - [130]
cells (U373) IL-11 1
5 x 10_13_5 % Nitrite
RAW 264.7 cells LPS + IFN-y «-MSH 10-5 M accumulation, iNOS - - - [132]
K
Human
monocyte- . -MSH 1012 M CD86, CD40 | . - - [135]
derived
dendritic cells
ACTH
ACTH (100 ng/mL)
Mice peritoneal . . _ _ )
macrophages Monosodium urate crystals ACTH4-10 100 pg/mL KC, phagocytosis | [137]
«-MSH 10 ug/mL
B-MSH 10-30 pg/mL
Cultured rat NO, PGE2, iNOS,
astrocytes LPS + IFN-y o-MSH 5uM CoX21 HS024 0.5 uM - [145]

J: decrease; 1: increase; SD: Sprague-Dawley rats; ICV: intracerebroventricular;

IV: intravenous; SC: subcutaneous; IP: intraperitoneal.
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5. The Neuroendocrine Hypothesis of Depression and Melanocortins

The HPAA is one of the most important neuroendocrine systems, and its dysregulation,
according to the neuroendocrine hypothesis, underlies the development of depression [148,149].
The functioning of the HPAA and its regulation are complex. Corticotropin-releasing
hormone (CRH) (produced predominantly by neurons in the parvocellular division of the
paraventricular nucleus (PVN) of the hypothalamus), secreted by the nerve endings of the
median eminence, synergistically with arginine vasopressin (AVP) promotes the release of
ACTH from the anterior pituitary gland. ACTH stimulates the synthesis and secretion of
cortisol by the adrenal cortex. Cortisol inhibits the release of CRH and ACTH by a negative
feedback mechanism [150].

The HPAA activity is under the control of various brain structures. An important role
belongs to the structures of the limbic system (hippocampus, medial prefrontal cortex, and
amygdala) [151]. The hippocampus regulates the HPAA by inhibiting its activity [152-155].
HPAA activity is also regulated by the medial prefrontal cortex. Lesions of the medial
prefrontal cortex significantly increase plasma levels of both ACTH and corticosterone
in response to a restraint stress. Injection of corticosterone into the same region of the
medial prefrontal cortex produces a significant decrease in plasma levels of both ACTH and
corticosterone [156]. The amygdala, on the contrary, stimulates the activity of HPAA. In
rats with medjial or central amygdaloid nuclei lesions, ACTH and corticosterone responses
to stress were blocked [157].

Increased levels of cortisol [158] and ACTH [159] indicate dysregulation of HPAA in
MDD patients. Such patients have elevated levels of cortisol not only in the blood, but
also in saliva [160,161]. Mean adrenal [158] and pituitary [162,163] volumes in depressed
patients are significantly larger than the adrenal and pituitary volumes of their matched
controls, and this indicates chronic hyperactivation of the HPAA in depression.

In animal models, chronic administration of corticosterone induces depression-like be-
havior [164,165] and is used as a pharmacological model of depression [166,167]. However,
not all researchers confirm the dysregulation of the HPAA in depression [168], because,
in some cases, depressed and non-depressed individuals exhibit similar baseline cortisol
levels [169,170]. The hypothalamic overdrive and impaired feedback theories of hypercorti-
solemia in depression are questionable [171]. Such differences in the data may be explained
by the fact that not all MDD patients are characterized by abnormalities in the HPAA. It has
been shown that the number of depressed patients with disturbances in the HPAA is no
more than 27-35% [172]. Normal cortisol levels do not indicate the absence of disturbances.
Depressed patients may have disturbed cortisol rhythms [173], or elevated production and
clearance rates of cortisol, but a normal 24 h mean plasma cortisol concentration [174]. The
relationship between cortisol levels and depression in humans is complex and depends on
the disease stage and its severity. Elevated cortisol levels is associated with severe forms of
MDD [175].

The dysregulation of HPAA in depression may be associated with impaired function-
ing of glucocorticoid receptors (GR), through which the regulation of HPAA activity is
carried out by a negative feedback mechanism. Malfunction of these receptors may be
the cause of HPAA hyperactivation (due to insufficient negative feedback inhibition of
HPAA by glucocorticoids) observed in a significant proportion of MDD patients [176].
Glucocorticoid resistance may be a result of impaired glucocorticoid receptors function
secondary to chronic exposure to inflammatory cytokines [177]. The dexamethasone sup-
pression test and combined dexamethasone (DEX)/CRH test are considered to measure
glucocorticoid receptor-mediated negative feedback and often used as a surrogate marker
in depression [178,179], which corresponds to the high clinical significance of the neuroen-
docrine hypothesis of depression. A meta-analysis confirmed the promise of using the
combined DEX/CRH test as a potential diagnostic test for MDD [180].

Successful antidepressant therapy leads to the normalization of the HPAA function-
ing [181-183]. Antidepressants act by restoring the negative feedback regulation of the
HPAA using glucocorticoids [176].
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However, the question of a causal relationship between effective antidepressant ther-
apy and normalization of HPAA activity is obvious. Does normalization of the HPAA
lead to improvement in depressive symptoms, or does the improvement in symptoms
normalize the HPAA? If the deregulation of the HPAA causes depression, depressed pa-
tients with impaired HPAA could benefit from normalization of its activity. Currently, the
possibility of using drugs that reduce the activity of HPAA (antagonists of CRH receptors
and glucocorticoid receptors, inhibitors of glucocorticoid synthesis) for the treatment of
depression is being investigated [184,185]. However, the therapeutic efficacy of cortisol
synthesis inhibitors and glucocorticoid receptor antagonists in depressed patients has not
yet been proven. For example, mifepristone, a glucocorticoid receptor antagonist, has been
shown to be ineffective [186], and corticosteroid synthesis inhibitors may only be effective
in some patients [187]. Patients responding to therapy with cortisol synthesis inhibitors
(metyrapone, ketoconazole) tend to have elevated cortisol levels prior to treatment [188].
Clinical trials of CRH1 receptor antagonists have also not yet led to their successful clinical
use [184].

Thus, the deregulation of the HPAA is closely associated with depression, and vice
versa, the therapeutic effect of antidepressants is associated with the normalization of the
HPAA activity. Despite the fact that attempts to develop antidepressant drugs that regulate
HPAA activity have not yet led to their clinical use, in our opinion, the possibilities of
normalizing HPAA activity are not limited to the effect on CRH receptors and glucocorticoid
receptors. The data presented belowindicate the potential for normalizing HPAA activity
by targeting the melanocortin system.

ACTH is an activator of all five known melanocortin receptor subtypes and a key
player in the HPAA. The production of ACTH by the anterior pituitary gland is under
the control of CRH secreted by hypothalamic neurons into the bloodstream, which con-
nects the hypothalamus and pituitary gland. There are several levels of regulation of
CRH secretion. CRH secretion in hypothalamic explants is inhibited by dexamethasone,
ACTH/ x-MSH, and CRH, indicating the existence of three negative feedback loops: an
ultrashort CRH-medjiated loop, a short loop mediated by hypothalamic POMC peptides
(ACTH/a-MSH), and a long glucocorticoid-mediated feedback loop [189]. Permanent
ACTH implants into the median eminence significantly depress blood corticosterone lev-
els in rats, which confirms the existence of a short ACTH-mediated negative feedback
loop [190]. In adrenalectomized/hypophysectomized animals, subchronic peripheral
administration of ACTH significantly reduced the number of CRH- and AVP-positive
neurons in the parvocellular division [191] and CRH levels in the hypothalamus [192],
which indicates the existence of a short negative feedback loop mediated by circulating
ACTH. In rat hypothalamic explants, CRH release is inhibited by ACTH1-39, ACTH1-24,
ACTHI1-17, and non-corticotropic x-MSH but not by ACTH18-39, further confirming the
existence of a short negative feedback loop [193]. Central administration of «-MSH results
in a decrease in plasma ACTH levels as well as CRH levels in the median eminence in
adrenalectomized rats, indicating the existence of a short negative feedback loop mediated
by hypothalamic «-MSH (a loop between CRH in the paraventricular nucleus and peptides
derived from POMC in the arcuate nucleus) [194]. MC3R is the most likely candidate of the
melanocortin receptors to mediate the short-loop negative feedback release of CRH caused
by ACTH/«-MSH peptides [195].

The effects of melanocortins on HPAA activity are poorly understood and seem to
depend both on the peptide itself and on the route of administration. Most of the exist-
ing studies indicate that central administration of melanocortins lead to activation of the
HPAA, and MC4R plays an important role in mediating this effect. Central administration
of melanocortin agonist MT-II to conscious and freely moving rats induce a rapid induction
of CRH gene transcription in the PVN, and this effect is accompanied by a rise in plasma
corticosterone levels. MT-II-induced increases in plasma corticosterone is attenuated by the
selective MC4R antagonist HS5014 [196]. In rats, ICV injection of ACTH1-24, ACTH1-16, and
(D-Phe’)ACTH4-10 elevates plasma corticosterone levels [197]. The non-selective MC3/4R
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antagonist SHU 9119 and the selective MC4R antagonist [D-Arg®]ACTH4-10, coadminis-
tered (ICV) with ACTH1-24, inhibit the ACTH1-24-induced activation of the HPAA, while
the selective MC3R agonist Lys-y2-MSH does not induce activation of the HPAA, which
also indicates the important role of MC4R in the activation of the HPAA [198]. Central SHU
9119 administration attenuates the CRH-induced plasma ACTH response [199]. Rats with
MCHA4R loss-of-function have normal basal levels of ACTH and corticosterone. However,
the plasma ACTH and corticosterone responses to restraint were significantly reduced
by loss of MC4R function. These results support the hypothesis that endogenous MC4R
signaling contributes to the HPAA response to stress [200]. The blockade of brain MC4R
with intranasal infusion of the MC4R antagonist HS014 to rats prior to single prolonged
stress leads to faster termination of stress responses, which is confirmed by a smaller rise in
plasma corticosterone [201]. The effects of peripheral melanocortins on HPAA appear to
depend on the activity of this neuroendocrine axis. SC administration of x-MSH causes
an increase in the plasma corticosterone levels in unstressed rats [202], and blocks their
increase caused by acute stress [70]. The above data indicates the HPAA is regulated by
melanocortins via ultrashort- and short-loop negative feedback mechanisms. The effects of
melanocortins on HPAA activity are summarized in Table 4.

A number of studies show the ability of melanocortins to regulate HPAA activity
during inflammation. Central administration of «-MSH, simultaneously with IL-1§3, block
the IL-1p-induced elevation of plasma ACTH and corticosterone [203]. Central admin-
istration of a-MSH prevents the IL-1x-induced increase in cortisol [204]. Peripherally
administered melanocortins are also able to regulate the HPAA activity in LPS or cytokine
exposed animals. The endotoxin LPS caused a marked increase in plasma ACTH levels
in mice, and IP administered «-MSH block LPS-induced ACTH release [205]. IV a-MSH
and NDP-a-MSH administration inhibits the capacity of IL-13 to enhance plasma levels of
corticosterone [206]. a-MSH and ACTH1-24 exert a dose-dependent inhibitory effect on IL-
6-stimulated CRH released from hypothalami explants [207]. Such effects of melanocortins
are probably mediated by MC3R/MC4R. Central administration of x-MSH and y-MSH
results in a significant reduction of the IL-13-induced plasma corticosterone levels. The ad-
ministration of SHU 9119 or the more selective MC4R antagonist HS014 blocked the effects
of peptides [208]. IV administration of NDP-a-MSH significantly attenuates endotoxin-
induced levels of proinflammatory cytokines (TNF-c, IL-13, IL-6), ACTH and cortisol.
Selective MC3R agonist D-Trp8-y-MSH exerts the same effects [209]. IP x-MSH suppresses
the LPS-induced rise in plasma ACTH and corticosterone levels. ICV injection of SHU
9119 has no effect on x-MSH-induced suppression of LPS-stimulated plasma corticosterone
levels [120], which indicates the possibility of regulation of HPAA activity by blood-brain
interface structures, such as the circumventricular organs and vagus nerve.
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Table 4. A summary of the effects of melanocortin agonists on HPAA activity.
Subjects Experimental Model Agonist Dose S.lte 9f Outcome Agoms.t ].Effeds Dose S.lte ?f Ref.
Injection Inhibitor Injection
Studies performed in vivo
Male SD rats . ACTH 1.mp1an’Fs ACTH 5U Mv.schan Corticosterone | - - - [190]
into the median eminence eminence
Adrenalectomized and 0.5,2 me/mL Number of AVP- and
Male SD rats hypophysectomized ACTH : (’1 L%h) SC CRF-positive PVN - - - [191]
animals H neurons |
Adrenalectomized and
Male SD rats hypophysectomized ACTH 2U SC CRH | - - - [192]
animals
Plasma ACTH levels |
Male Wistar rats  Adrenalectomized animals «-MSH 166, 1663 ng Icv CREF levels in the - - - [194]
median eminence |
Conscious and freely Plasma corticosterone 0.25,0.5,1.0
Male SD rats moving rats MT-II 0.5, 1 nmol ICV and CRH mRNA 7 HS014 amol ICV [196]
LD 5ug
7
. Conscious and freely Phe”]ACTH4-10 . B _ _
Male Wistar rats moving rats ACTHI-16 1ug ICV Plasma corticosterone [197]
ACTHI1-24 1ug
. Conscious and freely Plasma ACTH and SHU 9119 1,3 ug ICV
Male Wistar rats moving rats ACTH1-24 0.3-3 ug Icv corticosterone 0. [198]
Arg8]ACTH4-10 510 ug eV
Male Wistar rats Acute Fe.rltral C RH - - - Plasma ACTH levels | SHU 9119 (solo 0.5 nmol/day ICV [199]
administration effect) over 14 days
Homozveous or Stress-induced increase in
Y8 circulating ACTH and
heterozygous male rats .
Male rats . . - - - corticosterone was - - - [200]
with loss of function reduced by 1 £ MCAR
mutation in MC4R cduced by 10sS 0
function
Male SD rats IL-1B infusion o-MSH 0.1,1.0,10 ng ICV Plasma ACTH and - - - [203]

corticosterone |
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Table 4. Cont.
Subjects Experimental Model Agonist Dose S.lte ?f Outcome Agoms.t ].EffeCts Dose S.lte ?f Ref.
Injection Inhibitor Injection
Male SD rats Single prolonged stress - - - Plasma corticosterone | HS014 100 Intranasal [201]
gep 8 (solo effect) HE
Male Wistar rats Consc10u.s and freely o-MSH 50, 500 ug SC Plasma corticosterone - - - [202]
moving rats
Male SD rats FST o-MSH 1,4 ug SC Plasma corticosterone | - - - [70]
Female rhesus IL-1x infusion o-MSH 120 ug/h for2 h Icv Plasma cortisol | - - - [204]
monkeys
Male BALB/c LPS and IL-1B-induced
mice HPAA activation o-MSH 10 and 30 pg IP and SC Plasma ACTH | - - - [205]
CR:SW mice IL-lﬁ-inclluce'd HPAA o-MSH 30 ug v Plasma corticosterone | - - - [206]
activation NDP-a-MSH 15 Hg
Male Wistar rats IL-lB-in(?luce.d HPAA v-MSH Lug (@AY Plasma corticosterone | SHU 9119 1ug eV [208]
activation a-MSH 0.1 ng HS014 1ug ICV
Female thesus LPS-induced HPAA NDP-o-MSH 20 pg/h for 7 h v Plasma ACTH and SHU 9119 20 ug/hfor 7h v [209]
monkeys activation cortisol |
Male SD rats LPS-induced fever o-MSH 100 ug/kg P Plasma ACTH and SHU 9119 200 ng ICV [120]
corticosterone |
Studies performed in vitro
Rat 5HT-, ACh-, and ACTH
hypothalamic NE-stimulated CRH 10719107 M ) CRH | ) ) ) [189]
. a-MSH
explants secretion
ACTH 0.22-22 nM
Rat Rat hypothalamic
hypothalamic P ACTH1-24 22nM - CRH | - - - [193]
perifusion system
explants ACTH1-17 22nM
«-MSH 2.2nM
Rat hct _ —15_1n0—13
. IL-6-stimulated CRH ACTH1-24 107-107"M N CRH | - - - [207]
hypothalamic release - MSH 10-13_10-11 M
explants

1: decrease; 1: increase; SD: Sprague-Dawley rats; ICV: intracerebroventricular; IV: intravenous; SC: subcutaneous; IP: intraperitoneal; FST: Porsolt’s forced swim test.
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Therefore, the HPAA activity, both in inflammation and in its absence, can be regulated
by melanocortins, including non-corticotropic ones. When administered centrally, MCRs
agonists are activators of HPAA, but prevent its activation during central inflammation.
When administered peripherally, melanocortin receptor agonists are able to inhibit HPAA
activation induced by stress or systemic inflammation. This opens up the possibility of
normalizing depression-associated HPAA hyperactivity with peripheral administration
of melanocortins.

6. The Neurotrophic Hypothesis of Depression and Melanocortins

Neurotrophic factors play an important role in the development and functioning of
both the central and peripheral nervous systems, affecting the survival of neurons and
their proliferation, the growth of axons and dendrites, and participating in the processes of
neurogenesis and synaptic plasticity [210,211]. Changes in the levels of neurotrophic factors
may be associated with the pathophysiology of neurodegenerative and mental diseases,
including depression. The main facts supporting the neurotrophic hypothesis of depression
are as follows: a decrease in the brain-derived neurotrophic factor (BDNF) level in the brain
and blood of depressed patients, an increase in the BDNF level after effective antidepressant
therapy, and a decrease in the BDNF level in the brains of experimental animals exhibiting
depression-like behavior [212-214]. Clinical studies show that serum BDNF levels are
significantly lower in patients than in controls [215,216]. Effective antidepressant treatment
improves serum BDNF levels [217-219]. The absence of an early increase of serum BDNF
is a highly specific peripheral marker predictive for treatment failure in patients with
MDD [220]. Meta-analysis confirms that BDNF levels are abnormally low in patients suffer-
ing from MDD and that the BDNF levels are elevated following a course of antidepressant
treatment [221]. A higher BDNF promoter methylation status is significantly associated
with a suicidal ideation in depression [222]. Post-mortem analysis indicates a decrease
in the BDNF level in the hippocampus [223] and distinct cortical areas [224] of depressed
patients, as well as in prefrontal cortex and hippocampus of suicide victims [225]. Increased
BDNF expression was found in the hippocampus in subjects treated with antidepressant
medications at the time of death, compared with antidepressant-untreated subjects [226].

A decrease in BDNF levels has also been demonstrated in experimental models of
depression. Chronic unpredictable mild stress (CUMS) induces anhedonia and leads to
a decrease in BDNF levels in the hippocampus [227,228]. Data on the BDNF levels in
the hippocampus of animals exposed to CUMS are contradictory. Some authors point to
a reduction of hippocampal BDNF expression in young (but not adult) rats exposed to
CUMS [229], while others observe decreases of BDNF levels in the hippocampus of adult
animals and increases of BDNF levels in young animals [230]. Peripheral administration
of LPS, used as an inflammatory model of depression, also results in decreased levels of
BDNEF in the brain [231], reduced expression of BDNF mRNA [232], and reduced BDNF
protein levels in the rat hippocampus [233]. Knockdown of BDNF in the dentate gyrus
precipitates behaviors associated with depression [234].

BDNF produces antidepressant-like behavioral effects after ICV administration [235],
midbrain infusion [236], and a single bilateral infusion into the dentate gyrus of the hip-
pocampus [237]. Chronic administration of various antidepressants causes an increase in
BDNF mRNA expression in the hippocampus [238-240] and the rat frontal cortex [241].
Interestingly, recent studies demonstrated that antidepressants not only stimulate BDNF
expression, but directly bind to the high-affinity TrkB receptor for BDNE, thereby facilitating
synaptic localization of TrkB and its activation by BDNF [242,243].

The BDNF-TrkB system interacts with glucocorticoid receptors. Transgenic mice
with glucocorticoid receptor-impaired expression display lower levels of BDNF in the
hippocampus [244]. GR+/ — mice exhibit downregulation of BDNF protein content in the
hippocampus and demonstrate increased helplessness after stress exposure. Overexpres-
sion of GR in mice evokes reduced helplessness after stress exposure and increases BDNF
level in the hippocampus [245].
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Such interactions of glucocorticoids with the BDNF-TrkB system influences the central
nervous system [246]. Adrenalectomy induces an increase in the hippocampal BDNF
mRNA levels, while corticosterone administration decreases BDNF mRNA levels. This
may indicate that the BDNF gene is under the control of tonic inhibition by glucocorticoids.
An excess of glucocorticoids, by repressing the BDNF gene, can induce the development of
mental disorders [247-249]. The interaction of the BDNF-TrkB system with glucocorticoids
was also demonstrated in vitro in rat cortical neurons. Cotreatment of dexamethasone and
BDNF leads to a change in the expression of 933 genes after 3 h stimulation. Nearly half (455
of 933 genes) of all genes in the BDNF and dexamethasone cohort were uniquely induced or
repressed more than 2-fold by cotreatment relative to dexamethasone or BDNF alone. This
indicates that a distinct glucocorticoid-responsive transcriptome is evoked upon BDNF
signaling. BDNF treatment induces the phosphorylation of GR at serine 155 and serine 287,
thereby affecting its transcriptional activity [250]. Glucocorticoids can also affect the BDNF-
TrkB system. Glucocorticoids can selectively activate TrkB after in vivo administration in
the brain and in cultures of hippocampal and cortical neurons. The activation of TrkB by
glucocorticoids does not depend on increased production of neurotrophins. The ability of
glucocorticoids to increase TrkB activity results in increased neuronal survival [251].

Melanocortins are able to stimulate the levels of neurotrophic factors in the brain
in vivo and in cell cultures, mainly by astrocytes (Figure 2). Intranasal administration of Se-
max results in an increase of BDNF and NGF mRNA transcription [252,253], BDNF protein
levels, and expression and activation levels of TrkB receptor [252] in the rat hippocampus.
A number of studies point to the relationship between BDNF and the melanocortin system
in the context of the control of feeding behavior. In vivo, peripheral administration of MK1
(a selective MC4R agonist) decreases food intake in rats, and this effect is blocked by pre-
treatment with an anti-BDNF antibody administered into the third ventricle. In vitro, this
agonist stimulates BDNF release from isolated rat hypothalami, and this effect is blocked
by preincubation with the MC3/4R antagonist SHU 9119 [254]. MC4R~/~ mice have a
markedly reduced BDNF mRNA level in the ventromedial hypothalamus [255]. However,
circulating BDNF concentrations are not significantly associated with MC4R functional
status in humans [256].

melanocortins
MC4R
Protein synaptogenesis
kinase A dendritogenesis

neurogenesis
BDNF mRNA f
P >
CREB == (BDNF

Figure 2. Mechanism of neurotrophic effects of melanocortins. MC4R: melanocortin 4 receptor;
BDNF: brain-derived neurotrophic factor; cAMP: cyclic adenosine monophosphate; CREB: cAMP
response element-binding protein.
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In addition to the hippocampus and hypothalamus, melanocortins are able to regulate
the BDNF level in other brain structures. ICV delivery of the MT-II increases BDNF protein
content within the dorsal vagal complex [257]. Acute IP administration of x-MSH increases
the levels of BDNF mRNA in the rat striatum [258]. Acute intranasal administration of
Semax stimulates BDNF protein levels in the rat basal forebrain [259].

Astrocytes play a key role in the neurotrophic support of neurons, are strongly as-
sociated with depression, and are a target for antidepressants [260,261]. In cultured rat
brain astrocytes [262,263], the melanocortin receptor agonist NDP-a-MSH induces BDNF
mRNA transcription. In rat basal forebrain astrocytes, Semax stimulates BDNF and NGF
mRNA levels [264]. In cultured rat cortical astrocytes, x-MSH increases expression of
vascular endothelial growth factor (VEGF) [265], which is a potent neurotrophic factor
and is required for neurotrophic and antidepressant effects of BDNF [266]. In addition to
the effects of melanocortins on astrocytes, resent data shows that NDP-x-MSH stimulates
BDNF mRNA expression in murine Neuro2a neuroblastoma cells [267].

Thus, melanocortin agonists demonstrate an ability similar to antidepressants to
stimulate the expression of neurotrophic factors in the hippocampus, a number of other
brain regions, and in cultured astrocytes. The neurotrophic effects of melanocortins are
summarized in Table 5.



Int. J. Mol. Sci. 2023, 24, 6664 21 of 45
Table 5. A summary of the effects of melanocortin agonists on BDNF mRNA and protein levels.
Subjects Experimental Model Agonist Dose S.lte 9f Outcome Agoms.t ].Effeds Dose S.lte ?f Ref.
Injection Inhibitor Injection
Studies performed in vivo
Male rats Consc10u.s and freely Semax 50, 500 ug/kg Intranasal Hip poca}mpal BDNF - - - [252]
moving rats protein levels 1
. Conscious and freely Hippocampal BDNF
Male Wistar rats moving rats Semax 50 pug/kg Intranasal MRNA levels [253]
MC4R~/~ /- . Hypothalamic BDNF
null mice MC4R null mice ) ) . mRNA levels | ) ) ) [255]
Male Wistar Consc1ou.s and freely MT-IT 1 nmol /rat Icv BDNF protein levels within SHU 9119 0.5 nmol /rat cv [257]
Han rats moving rats the dorsal vagal complex 1
Male Wistar rats Conscious and freely o-MSH 0.5 mg/kg IP Striatal BDNF mRNA 4 - - - [258]
moving rats
. Conscious and freely BDNF protein levels within
Male Wistar rats moving rats Semax 50, 250 ug/kg Intranasal the basal forebrain - - - [259]
. Conscious and freely Hypothalamic BDNF
Male Wistar rats moving rats x-MSH 0.5 mg/kg P MRNA levels | - - - [263]
Studies performed in vitro
Rat
hypothalamic Isolated rat hypothalami MK1 1,10 uM - BDNF release 1 SHU 9119 3uM - [254]
explants
Rat astrocytes Rat cultured astrocytes NDP-o-MSH 0.1,1,10 uM - BDNF mﬁ{ggsa?d protein - - - [262]
Rat astrocytes Rat cultured astrocytes NDP-«-MSH 1uM - BDNF mRNA 1 - - - [263]
. Glial cell cultures from rat
Rat glial cells basal forebrain Semax 10 uM - BDNF mRNA *+ - - - [264]
Murine Murine neuroblastoma NDP-a-MSH 10-10,000 nM - BDNF mRNA 1 - - - [267]

neuronal cells

Neuro?2a cells

1: decrease; 1: increase; ICV: intracerebroventricular; IP: intraperitoneal.
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7. The Neurogenesis Hypothesis of Depression and Melanocortins

The pathophysiology of depression is also associated with impaired synaptic plas-
ticity and such processes as neurogenesis, synaptogenesis, dendritogenesis, and axon
branching. New neurons in adult mammals are formed only in two areas of the brain:
the subventricular zone of the lateral ventricles, and the subgranular zone of the dentate
gyrus of the hippocampus. The depression hypothesis associated with impaired neuroge-
nesis postulates that a decrease in the formation of new neurons in the dentate gyrus is
associated with the pathophysiology of depression, and an increase in neurogenesis in the
hippocampus is necessary for antidepressants to exert their therapeutic effects [268]. The
results of several meta-analyses indicate a decrease in hippocampal volumes in depressed
patients by an average of 8-10% compared with healthy people [269-273]. In addition
to the hippocampus, a decrease in volume is also observed in frontal regions, the puta-
men, and the caudate nucleus [274]. It is not clear whether the decrease in hippocampal
volume is associated with inhibition of neurogenesis, but impaired neurogenesis may be
one of the causes of the observed atrophy. Reduced hippocampal neurogenesis is not a
cause of stress-related behavioral deficits in animals [275], but behavioral effects of chronic
antidepressants treatment may be mediated by the stimulation of neurogenesis in the
hippocampus [276]. Chronic antidepressant treatment induces neurogenesis in adult rat
hippocampus increasing the proliferation of cells in the dentate gyrus [277].

The hippocampus is believed to be highly sensitive to stress, and high levels of glu-
cocorticoids may induce hippocampal atrophy [278]. Dentate granule cells are enriched
with mineralocorticoid and glucocorticoid receptors. These neurons require hormone
levels to be within the physiological range. In the absence of corticosteroids, proliferation
and apoptotic cell death are dramatically enhanced. Dendritic morphology and synap-
tic transmission are compromised. Prolonged high levels of corticosteroids conversely
suppress neurogenesis [279]. The role of neurogenesis on the development of depressive
symptoms is largely unexplored. Neurogenesis in the hippocampus may be necessary to
maintain normal HPAA activity through a hippocampus-dependent negative feedback
mechanism. If it is true, then patients with HPAA hyperactivation will be characterized by
reduced neurogenesis in the hippocampus, and stimulation of neurogenesis will normalize
HPAA activity.

The ability of melanocortins to stimulate brain BDNF expression indicates the possi-
bility of enhancing of hippocampal neurogenesis, since the BDNF-TrkB system is deeply
involved in this process [280]. NDP-«-MSH stimulates neurogenesis, which increased
the proliferation of neural progenitors in the hippocampus in an experimental model
of cerebral ischemia [281,282] and in a model of Alzheimer’s disease [283]. Subchronic
IP administration of selective MC4R agonist RO27-3225 enhances neurogenesis in the
subventricular zone in a model of cerebral infarction [284]. These data show that under
pathological conditions, melanocortins induce neurogenesis both in the subventricular
zone of the lateral ventricles, and in the subgranular zone of the dentate gyrus. It should
be noted that in all the above cases, the authors point to the involvement of MC4R in the
observed effects. Thus, the available data suggest that melanocortins can enhance adult
hippocampal neurogenesis, although more research is needed in this area. If the effects
of melanocortin agonists are confirmed in further studies using experimental models of
depression, it could be hypothesized that melanocortins may be effective in normalizing
depression-related impairments of hippocampal neurogenesis.

8. The Glutamate Hypothesis of Depression and Melanocortins

The glutamate hypothesis of depression was proposed following the discovery of
the antidepressant-like effects of NMDA glutamate receptor (NDMAR) antagonists in
mice [285]. In clinical trials, antidepressant effects were confirmed for the NDMAR antago-
nist ketamine [31], but not for a number of other NMDAR antagonists, such as memantine
and MK-801. The glutamate hypothesis proposes that depression is associated with al-
tered glutamatergic excitation at synapses in limbic regions [286]. Although the precise
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mechanism of ketamine’s antidepressant action is still unclear, according to the glutamate
hypothesis, a simplified mechanism involves blocking of NMDAR by ketamine, which
causes the enhanced release of glutamate into the synaptic cleft. This leads to increased
activation of AMPA glutamate receptors (AMPAR) and a subsequent increase in expression
and release of BDNF, which normalizes impaired synaptic transmission [287].

In this context, it is interesting that ACTH and a number of its corticotropic frag-
ments inhibit binding of the selective NMDAR ligand MK-801 to hippocampal membranes
in vitro [288]. «-MSH has also been shown to reduce the activation of NMDAR and
non-NMDAR (AMPAR and/or metabotropic group I glutamate receptors) in rat striatal
slices [289]. In ex vivo binding studies in mice, peripheral administration of Semax has
been shown to decrease the density of hippocampal NMDAR [290].

With regard to AMPAR, Semax was found to potentiate AMPAR currents in rat
cerebellum Purkinje cells in vitro [291]. An in vitro study also showed that activation of
postsynaptic MC4Rs in rat hippocampal neurons increased surface expression of the GluAl
subunit of the AMPAR and enhanced synaptic transmission [292]. In the same study, IP
injection of the melanocortin agonist d-Tyr MT-II or MT-II was shown to enhance long-term
potentiation (LTP) in the CA1 region of the mouse hippocampus. However, activation of
MC4Rs in the NAc by a-MSH results in suppression of synaptic transmission mediated
by AMPAR [293], indicating region-specific effects of melanocortins. Quite remarkably, a
similar situation has been demonstrated for ketamine, which enhances AMPAR function in
the hippocampus and medial prefrontal cortex but impairs it in the NAc [294].

Thus, despite the limited amount of available data, central and peripheral melanocortin
agonists are able to affect both NMDAR and AMPAR function, and exhibit effects consis-
tent with the mechanism of antidepressant action proposed by the glutamate hypothesis
of depression.

9. The Endocannabinoid Hypothesis of Depression and Melanocortins

According to the endocannabinoid hypothesis of depression, changes in the levels
of endogenous cannabinoids and/or the functioning of their receptors in the brain cause
symptoms of depression [295]. Depressed patients show a decrease in circulating endo-
cannabinoids levels, and in turn, successful antidepressant treatment increases their levels.
Blockade of the most abundant endocannabinoid receptor in the brain, CBR1, causes de-
pression, but chronic activation of CBR1 induces their desensitization. At the same time,
depression is associated with an increased density of CBR1 in the prefrontal cortex, which
is assumed as a compensatory mechanism in response to reduced levels of endocannabi-
noids [295,296]. Both the melanocortin and endocannabinoid systems in the hypothalamus
are involved in the regulation of eating behavior, energy homeostasis [297], and HPAA
activity [298], suggesting their close interactions. However, ICV administration of x-MSH
did not affect hypothalamic levels of endocannabinoids, but administration of HS014, a se-
lective MC4R antagonist, increased their levels [299]. However, it is not yet known whether
central or peripheral melanocortins affect endocannabinoid levels and their receptors in
brain regions associated with depression, such as the limbic system and prefrontal cortex.

10. The Effect of Melanocortins on Depression-like and Anxious Behavior

The question of the endogenous level of melanocortins in depression remains open
due to the small number of studies on this topic. Some researchers indicate a reduced
plasma level of x-MSH in MDD patients [300], other authors do not detect any differences
in the plasma level of x-MSH between MDD patients and healthy controls [301]. There
were no differences between depressed patients and healthy controls in x-MSH and ACTH
levels in cerebrospinal fluid and plasma [302]. There are currently no data on the effect
of melanocortins on depressive and anxious behavior in humans. The only exception is
a study, which showed that IV administration of an ACTH/MSH4-10 to human subjects
leads to a decrease in anxiety [303].
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Sequence polymorphisms of MCR genes may contribute to the risk of major depres-
sive disorder. It has been shown that the rs885479 polymorphism in the MCIR gene [304],
rs111734014 polymorphism in the MC2R gene, and rs2236700 in the MC5R gene are associ-
ated with the risk of MDD [305].

Indirectly, the possible involvement of the melanocortin system in depression is
indicated by studies demonstrating a close relationship between depression and obe-
sity [306,307]. A change in appetite (and consequently a change in body weight) is one of
the symptoms of depression. In turn, melanocortins are important regulators of feeding
behavior [308-311].

The role of melanocortins in animal models of anxiety and depression is being actively
studied. Central endogenous x-MSH may be involved in the development of anxiety
and depression. Most studies point to the antidepressant and anxiolytic properties of
melanocortin receptor antagonists and the anxiogenic effects of agonists. Antidepressant
and anxiolytic properties are exerted by central and peripheral administration of selec-
tive MC4R antagonists, such as HS014 [312], MCL0129 [313], MCL0042 [314], and the
MC3R/MC4R antagonist SHU 9119 [315,316]. Intranasal infusion of HS014 also prevents
development of depressive-like and anxiety-like behavior [317,318]. The important role
of MC4R allows for it to be considered as a target for the development of drugs for the
treatment of stress-associated diseases, such as anxiety and depression [319]. Centrally
administered MCRs agonists exert anxiogenic effects. The level of anxiety increases after
central administration of a-MSH [320,321] and ACTH1-24 [322], but not of ACTH4-10
and ACTH11-24. Similar effects have been observed after x-MSH administration into the
medial preoptic area [323]. MC4R signaling in the dorsal raphe nucleus affects anxiety and
depression-like behavior [324]. However, centrally administered melanocortins may exert
quite the opposite effects antagonizing the action of cytokines. Central administration of
«-MSH reverses IL-13-induced anxiety and administration of H5014 inhibit the effect of
x-MSH [325].

The effects of melanocortin receptor agonists on depression-like behavior are even
more controversial. Some authors point to the prodepressant properties of x-MSH after
central administration [326], while others do not demonstrate any influence of x-MSH on
the depression-like behavior [327]. Peripherally administered melanocortins exert antide-
pressant effects. IP administration of a-MSH (but not ACTH4-10 and ACTH1-24) decrease
immobility in the forced swim test [328]. IP administered ACTH6-9-Pro-Gly-Pro also exerts
antidepressant and anxiolytic effects [329]. We have previously shown that peripheral
administration of «-MSH and ACTH4-10 attenuates anhedonia in an inflammatory and
CUMS models of depression [330].

Several studies have shown that chronic administration of ACTH blocks the effects of
antidepressants. A single administration of either imipramine or desipramine significantly
decreases the duration of immobility in normal rats. The immobility-decreasing effect
induced by a single administration of antidepressants is blocked by chronic administration
of ACTH1-24, which like a full-sized ACTH, possesses corticotropic activity [331-333].

Antidepressants can also affect the melanocortin system. Fluoxetine administration
increases POMC expression and reduces MC4R expression in the hypothalamus [334].
POMC mRNA levels in the arcuate nucleus of the hypothalamus are increased following
chronic treatment with phenelzine and idazoxan [335]. However, orally administered
fluoxetine decrease x-MSH levels in the PVN of the hypothalamus [336].

The above data indicate the involvement of the melanocortin system in the develop-
ment of depressive-like and anxious behavior. The inconsistency of these data indicates the
need for further research in this area. The effects of agonists and antagonists of melanocortin
receptors depend on the route of administration (central or peripheral), the ability of drugs
to cross the blood-brain barrier, the specific area into which the drug is administered when
it is administered centrally, and the dose and selectivity of the agonist/antagonist to MCRs.
The effects of melanocortins on depression-like and anxious behavior are summarized in
Table 6.
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Table 6. A summary of the effects of melanocortin agonists on depression-like and anxious behavior.
. . Agonist .
Subjects Experimental Tests Agonist Dose S.1te ?f Outcome Effects Dose S.1te f)f Ref.
Model Injection . Injection
Inhibitor
Healthy Tasks designed to
normal, male - assess emotionality ACTHl/OMSH4_ 15 mg v Anxiety | - - - [303]
subjects or arousal
Social
isolation .
. Anxiety and
Male SD rats 1n.duced FST, EPM - - - depression-like HS014 1-10 nmol/rat ICvV [312]
anxiety- and . (solo effect)
; behavior |
depression-
like behaviors
Male ICR . EPM, light/dark .
mice. male Conscious and exploration test, Anxiety and MCL0129
o freely moving marble-burying - - - depression-like 1-30 mg/kg PO and SC [313]
Wistar rats, . . . (solo effect)
male SD rats mice and rats behavior, learned behavior |
helplessness test, FST
Conscious and
Male SD rats freely Vogel test, EPM - - - Anxiety | MCL0042 1-10 mg/kg SC [314]
. (solo effect)
moving rats
Acute restraint . SHU 9119
Male SD rats and FST EPM - - - Anxiety | (solo effect) 0.05, 0.5 nmol ICvV [315]
Conscious and Cyclo Anxiogenic-like effects
freely moving (B-Ala-His-D- Medial of agonist and Medial
Male SD rats rats and acute EPM Phe-Arg-Trp- 0.1, 1nmol amygdala  anxiolytic-like effect of SHU9119 05, 1.0 nmol amygdala [316]
restraint stress Glu)-NH2 antagonist
Single Anxiety and HS014
Male SD rats prolonged FST, EPM - - - depression-like 3.5ng, 100 ug Intranasal [317]
. (solo effect)
stress behavior |
Single Anxiety and HS014
Male SD rats prolonged FST, EPM - - - depression-like 3.5ng, 100 ug Intranasal [318]
. (solo effect)
stress behavior |
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Table 6. Cont.

. . Agonist .
Subjects Experimental Tests Agonist Dose S.1te ?f Outcome Effects Dose S.1te ?f Ref.
Model Injection . Injection
Inhibitor
Stress- Anxiogenic-like effects
induced 5 .
.Male ICR induced Vogel test, light/dark a-MSH 3,10 ug of agonists and
mice, male SD ~ anxiogenic- lorati ICV anxiolytic-like effect MCL0020 0.01-0.1 nmol ICV [320]
. exploration test :
rats like I 1 1 of antagonist
behavior MT- 0.1,03,1ug
Anxiogenic-like effects HS014 1-10 nM/rat ICv
Ethanol- of agonist and ;
. . c s antiserum
Male SD rats induced EPM «-MSH 0.5-5 pg/rat Icv anxiolytic-like effect against cv [321]
anxiolysis of antagonist o MSH
Conscious and ACTH1-24 0.1-10 ug
Male SD rats fr.eely Conflict test ~MSH 0255 g Icv Anxiety 1 - - - [322]
moving rats
Female Wistar Conscious and Medial
rats freely EPM «-MSH 100 ng preoptic Anxiety 1 - - - [323]
moving rats area
. IL-1B-induced o«~-MSH 0.2 ug
Male Wistar anxiety-like EPM ICV Anxiety | HS014 2pug ICcv [325]
rats . y-MSH 2 ug
behavior
Conscious and Antidepressant-like
Male SD rats freely FST «-MSH 100-400 Icv effect of antagonist and HS014 0.01-0.07 Icv [326]
. ng/rat prodepressant effect ng/rat
moving rats .
of agonist
Male albino Conscious and Antidepressant-like
freely moving FST «-MSH 1mg/kg IP P - - - [328]
rats effect
rats
Chronic immo-
bilization
. stress-induced .
Male Wistar anxiety-like FST, EPM ACTH6-9-Pro- 5,50, 500 P Antheprgssant and ) ) _ [329]
rats and Gly-Pro ug/kg anxiolytic effects
depressive-

like behaviour
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Table 6. Cont.
. . Agonist .
Subjects Experimental Tests Agonist Dose S.1te ?f Outcome Effects Dose S.1te ?f Ref.
Model Injection . Injection
Inhibitor
CUMS and MSH 100 pg/k
Male SD rats LPS-induced Sucrose preference o HE/ K8 P Antidepressant effects SHU 9119 43 ug/kg P [330]
depressive- fost ACTH4-10 58 ug/k
like behaviour ] ug/kg
Immobility-
. decreasing 100 pg/day
Mali;i\glstar effect of FST ACTH1-24 for1,3,7, SC Prodepressant effect - - - [331]
imipramine 14 days
and desipramine
Immobility-
Male Wistar decreasing FST ACTH1-24 100 pg/day SC Prodepressant effect - - - [332]
rats effect for 14 days
of imipramine
Immobility-
decreasing 100 pg/day
Male SD rats FST ACTH1-24 1P Prodepressant effect - - - [333]
effect for 14 days

of imipramine

1: decrease; 1 increase; SD: Sprague-Dawley rats; ICV: intracerebroventricular; IV: intravenous; SC: subcutaneous; IP: intraperitoneal; PO: peroral; FST: Porsolt’s forced swim test; EPM:

elevated plus maze.
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11. The Role of Melanocortins in Motivational and Hedonic Behavior

Melanocortins are involved in the regulation of feeding behavior. Central adminis-
tration of melanocortin receptor agonists decrease food intake. Melanocortins are able
to regulate not only homeostatic (metabolic), but also motivational and hedonic aspects
of feeding behavior, which is of particular interest from the point of view of anhedonia.
Anhedonia is most often assessed by the sucrose preference test in experimental models.

MCH4R deficient individuals exhibit a significantly reduced preference for high sucrose
food [337]. Deletion of both alleles of the MC4R decreases preference for palatable high-
sucrose foods in wild-type mice [338]. Global deletion of the MC3R decreases sucrose
intake and preference in female but not male mice [339].

The importance of the melanocortin system in the regulation of the motivational
and consummatory phases of food consumption is evidenced by animal studies using
melanocortin receptor agonists and antagonists. MT-II injected into the NAc decrease
both appetitive (motivational) and consummatory feeding behavior in mice [340]. Chronic
stress-elicited anhedonia requires activation of MC4R in the NAc [293]. Injection of MT-
II into the VTA decreases motivation to obtain sucrose pellets on both fixed ratio and
progressive ratio schedules of reinforcement [341] and decreases the intake of sucrose
solution [342]. Intra-VTA infusion of the selective MC3R agonist y-MSH, on the contrary,
increases responding for sucrose under a progressive ratio schedule of reinforcement [343].
MCH4R in the dorsomedial striatum appears to propel reward-seeking behavior [344].

Food motivated behavior tested under a progressive ratio schedule of reinforcement
dose-dependently decreased by ICV-injected «-MSH. In contrast to progressive ratio re-
sponding, free intake of sucrose remains unaltered upon «-MSH infusion. The authors
suggest that the motivation for palatable food is modulated by MC4R in the NAc [345].
Central AGRP administration results in significantly increased motivation for sucrose
solution in rats under a progressive ratio schedule of reinforcement [346]. Chronic central
MCR ligand infusion (SHU 9119 and MT-II) does not affect the response to non-ingestive
reward stimuli (lateral hypothalamic electrical stimulation) [347]. However, ICV infusion
of a-MSH decreases the rewarding properties of social interactions (rewarding stimulus) in
Syrian hamsters [348].

The effect of melanocortins on the perception of aversive stimuli was also shown. In
normal mice, systemic inflammation induced by LPS administration, results in aversion in
a conditioned place aversion paradigm. In contrast, mice lacking MC4R display preference
toward the aversive stimuli. Intranasal administration of MC4R antagonist HS014 prior
to LPS injection to wild-type mice results in antiaversive effect. This means that MC4R
signaling is required for assigning negative motivational valence to aversive stimuli [349].

The mechanisms of the regulatory effects of melanocortins on the motivational and
hedonic aspects of feeding behavior are currently unknown. The interaction of the
melanocortin and dopaminergic systems can play an important role. Hyperactivity of
POMC neurons in the arcuate nucleus of the hypothalamus (POMCARH neurons) re-
sults in decreased neural activities of dopamine neurons in the VTA. Inhibition of the
POMCARH 3 VTA circuit reduces depression-like behavior and anhedonia in mice exposed
to chronic restraint stress [350]. x-MSH infusion into the lateral hypothalamic area decreases
food intake and sucrose consumption and increases dopamine levels in rats. Dopamine
release occurs in both the anticipatory and consummatory phases of feeding. These data
suggest that «-MSH-stimulated activation of the dopaminergic system is involved in home-
ostatic and hedonic satiation [351].

These data indicate the involvement of central melanocortin receptors in the regulatory
mechanisms of the motivational and hedonic aspects of feeding behavior, and the close
relationship between the melanocortin and dopaminergic systems. Virtually all studies
point to the ability of melanocortin receptor agonists, after their central administration, to
suppress motivation for food rewards and reduce the consumption/preference for palatable
food. However, nothing is known about the effects of melanocortins after their peripheral
administration in this context.
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12. Some Features of Melanocortins and Their Possible Site of Action

Melanocortins are often injected ICV or directly into those brain structures that are
of interest in a particular study. The central route of administration is unacceptable for
humans and preference is given to peripheral routes of administration. But the peripheral
route of administration for peptides also has limitations due to their rapid degradation
by peptidases. The half-life of ®-MSH in plasma is about 7-18 min and depends on the
acetylation status of the peptide [352]. However, peptides have a number of important
advantages, including high affinity, specificity for receptors, as well as low immunogenicity
and toxicity. There are approaches that improve the absorption properties of peptides,
increase their proteolytic stability, and reduce renal clearance. Among the strategies that are
often used in the creation of drugs based on peptides are: molecule cyclization, N-terminus
acetylation, replacement of L-amino acids with D-amino acids, the use of non-canonical
amino acids, and conjugation to other molecules [353,354].

The nature of the effects after the peripheral administration of melanocortins indi-
cates their central action, but «-MSH does not cross the blood-brain barrier [355]. How
melanocortins exert central effects after peripheral administration remains unknown. Cir-
cumventricular organs may play an important role in this process. Melanocortins [356]
and their binding sites [357-359] were found in the median eminence. Probably, different
members of the melanocortin family differ in their ability to cross the blood-brain barrier.
A synthetic analogue of melanocortins (Semax) penetrates into the brain both after IV [360]
and after intranasal administration [361]. In contrast, MT-II, a synthetic analog of x-MSH,
does not cross the blood-brain barrier after IV administration and is detectable only in
circumventricular organs [362]. It is possible that small-molecules agonists and antagonists
of melanocortin receptors will be able to cross the blood-brain barrier much more easily.

13. Conclusions

Despite poorly understood molecular and cellular mechanisms of depression, accumu-
lated data indicate that the pathophysiology of this disease is associated with disturbances
in closely interrelated nervous, immune, and neuroendocrine systems. These disruptions
affect patterns of synaptic activity in the brain, which is reflected in changes in conscious-
ness, behavior, mood, and emotions [363]. The complexity of the mechanisms that cause
depression-associated states of the nervous system corresponds to the existence of several
hypotheses of the causes of depression and the mechanisms of action of antidepressant
drugs. Insufficient effectiveness of available antidepressants requires the search for new
antidepressant medications. One strategy for such a search could be to consider the known
activities of a candidate compound or family of compounds in the light of existing hypothe-
ses of depression.

The melanocortin system is involved in the regulation of numerous biological pro-
cesses, such as body weight and energy balance control, behavior, cognition, and neu-
roprotection. The most investigated melanocortins, ACTH and x-MSH, are key players
in the body’s neuroendocrine response to stress. An analysis of the known activities of
melanocortins shows that they are able to influence those body’s systems that are involved
in depression and which are normalized by effective antidepressant therapy. Melanocortins,
including non-corticotropic fragments, exhibit anti-inflammatory effects, are able to affect
brain levels of neurotrophic factors, and stimulate neurogenesis in the hippocampus in
some pathological states (Figure 3). There is evidence that non-corticotropic melanocortins
can affect brain monoamine levels, enhance AMPAR-mediated hippocampal synaptic
transmission, and inhibit HPAA activity via glucocorticoid-independent negative feed-
back. An important feature of melanocortins is their ability to have central effects when
administered peripherally. There are some open questions regarding potential treatment
with melanocortins. Do melanocortins need to cross the blood-brain barrier for their
central and neuroendocrine effects? What receptor subtypes are responsible for certain
effects of melanocortins and where are these receptors located? What negative side effects
can be expected if they are used to treat depression? To formulate research and devel-
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opment strategies for potential melanocortin-based antidepressants, we need to answer
these questions.
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Figure 3. Neurotrophic, neuroendocrine and anti-inflammatory effects of melanocortins. MCRs:
melanocortin receptors; MC1R: melanocortin 1 receptor; MC2R: melanocortin 2 receptor; MC3R:
melanocortin 3 receptor; MC4R: melanocortin 4 receptor; MC5R: melanocortin 5 receptor; ACTH:
adrenocorticotropic hormone; CRH: corticotropin-releasing hormone.

The polyfunctionality of melanocortins and their potential safety may be an impor-
tant advantage of these peptides over other compounds with antidepressant properties.
Simultaneous normalization of pro-inflammatory cytokines, cortisol, and neurotrophic
factors, as well as stimulation of neurogenesis induced by melanocortin treatment, may
result in faster and more effective improvement in depressive symptoms. The availabil-
ity of melanocortin-based drugs already approved for clinical use greatly facilitates the
possibility of testing them in depressed patients. The effectiveness of peripherally and, in
particular, intranasally administered synthetic melanocortins analogues is an important
advantage of these peptides that creates the basis for the synthesis of new, more effective,
melanocortin-based molecules.

Given that depression is associated with disturbances in a number of physiologi-
cal processes, and its pathogenesis may include various paths, the creation of a single
universal remedy for the treatment of this affective disorder is hardly possible. How-
ever, melanocortins could be used in the complex therapy of depression along with other
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treatments. To establish this possibility, additional fundamental and applied studies of
the central and peripheral effects of endogenous and synthetic melanocortins and their
mechanisms of action are needed.
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