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To the many scientists who contributed to expand knowledge of the
melanocortin system.



FOREWORD

It is clear that the melanocortins are of immense academic interest. Further,
these molecules have remarkable potential as pharmaceutical agents for treatment
of multiple human and veterinary disorders and diseases. The evidence to support
academic interest and clinical applications lies in significant part within the
chapters of this book, chapters written by noted experts in the field who have
worked diligently to understand the molecules and to move them toward clinical
applications. I personally believe that the a-MSH molecule and its derivatives will
be used as routine therapeutics in the very near future. My belief is so strong that I
left academia to form a company based on o-MSH analogs and have caused millions
of dollars to be spent on melanocortin research. Now why would a sane professor
pick up such a challenge and enter business, an essential step toward any clinical
application? It is the a-MSH story that drove me. Consider that o-MSH occurs in
exactly the same amino acid sequence in humans and in the sea lamprey, an organism
unchanged since its appearance during the Pennsylvanian period of the Paleozoic
era (about 300 million years ago—way before dinosaurs were to be considered).
There is unpublished evidence that the stability of the molecule can be traced back
a half billion years. Frankly, I believe that the molecule existed even when single
cells began to live together. I speculate that the purpose of the molecule was then,
as perhaps now, to modulate inflammation and infection, the earliest challenges to
cells and cell colonies. We must await the motivation of cell physiologists to tell us
if this is true but it is, in me, an unshakeable belief. I am an agrarian pragmatist and it
seems that things must have been just this way, judging from what we know now.

Now, while Mother Nature was doing her work on a-MSH, we humans were
simply oblivious to the events. We did not even know that such a molecule as a-MSH
existed. That is, until Aaron Bunsen Lerner and his colleagues began to provide
evidence for structure and function of the molecule in the early 1950s, not quite 60
years ago. As a slide from Dr. Catania’s general presentation shows, by1990 when
she and I had begun working together, about 40 years after the reports from Lerner’s
lab, the annual production rate of a-MSH papers in the literature stood at 23. There
was subsequently a dramatic and progressive rise in reports, with the total papers

vii



viii Foreword

published from1990 to 2008 reaching over 5800. We need no further testament to
the promise and excitement of melanocortin research.

As I have spent many years as editor and reviewer, always with an eye to the
reader, I ask: What will readers get from this book? The answer after my personal
review is: Quite a lot. The reader gets the latest perspectives on all aspects of the
melanocortin molecules: from their amino acid sequences, their receptors, the
mechanisms of their action, their roles in physiological and pathological processes,
and the clinical significance of the molecules. Even the novice reader can see that it
is likely that these ancient molecules operate in many different functions. They are
said to be “pluripotential.” From this perspective it is perhaps a pity that the major
melanocortin molecule is called “o-melanocyte stimulating hormone” for we know it
is much more than that. The term still leads students and novices to wrong conclusions
and inaccurate theories concerning pigmentation. Still, no one would dare posit a
more descriptive term because we all respect the name given to the molecule when
it was discovered 60 years ago.

I can think of no other scientist I would recommend to edit this book. Dr.
Catania is one of the most intelligent, knowledgeable and dedicated people I know
and she takes our field very seriously. It was my pleasure to meet her some time
ago at an international conference in Italy. I was immediately struck by her clinical
background and avidity for science and the literature. It was immediately clear
that she had an intense inherent interest and talent for science. At the time I told
fellow faculty that her interests and capabilities were exceptional, truly unique. We
arranged for her to travel to Southwestern Medical School at Dallas to collaborate
with us on a-MSH research. My estimate of her abilities was proven correct and
the collaboration was very fruitful... She calls me “mentor” but, in truth, I did little:
just some basic ideas about scientific research and about writing research papers
that I learned the hard way—through mistakes. She has become well-known based
on her own self-generated projects, her high rate of research production, and on
her many major summaries of where we are in the field, published as meritorious
literature reviews.

James M. Lipton, PhD

Emeritus Professor of Physiology

University of Texas Southwestern Medical Center at Dallas
Dallas, Texas

USA



PREFACE

Melanocortin peptides and their receptors are key elements of ancient modulatory
systems that appeared very early in evolution. Pro-opiomelanocortin (POMC) is a
common precursor of melanocortins, the collective term for adrenocorticotropic
hormone (ACTH), a-, -, y- melanocyte-stimulating hormone (a.-, $-, y-MSH), and
endorphins. The pituitary of the lamprey, the most ancient of vertebrates, contains
recognizable POMC sequences with structural similarity to those of teleosts and
higher vertebrates. Melanocortin receptors are likewise very ancient.

The presence of melanocortins in primitive animals was paradoxically
detrimental to research in higher organisms. It has not been long since melanocortins
were considered an “evolutionary remnant” and the true potential of this system
overlooked. Although adrenal, pigmentary, and behavioral effects of melanocortins
have been known for over 50 years, the discovery that melanocortins have potent
modulatory effects on host responses is much more recent. Significant progress stems
from the signal contribution of my Mentor, Dr. James M. Lipton who discovered
the antipyretic and anti-inflammatory actions of a-MSH. A major breakthrough
in understanding melanocortin action came with the cloning of the melanocortin
receptor (MCR) family by Dr. Kathleen Mountjoy, author of a chapter in this book.
Characterization of receptors promoted substantial advances in understanding
the nature and effects of melanocortins. The observation that melanocortinergic
neurons exert a tonic inhibition of feeding behavior was a momentous discovery
in melanocortin research. The multiple actions of natural peptides can be exploited
therapeutically through design of synthetic analogues with specific effects.

This book represents the joint effort of an international group of scientists
who are at the forefront of research in the field. The volume spans information on
chemistry, pharmacology, distribution, and therapeutic potential of melanocortins. A
recurrent theme in this volume is the role played by distinct melanocortin receptors
in mediating melanocortin effects. Although these receptors have been identified
and well-characterized, information in the book indicates that definite categorization
of their expression and function in different conditions still needs major work. For
example, it is clear that control of food intake mainly depends on central MC4R
subtypes and pigmentation is regulated by MC1R in melanocytes. On the other hand,
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X Preface

it appears that the anti-inflammatory effects of melanocortins are orchestrated by
multiple receptors in the brain and in peripheral cells.

Several human disorders could benefit from melanocortin treatment. Obesity
has become a major health problem in Western countries. Synthetic MC4R agonists
are very promising candidates to treat this disorder; clinical trials are already in
progress. The anti-cytokine action and the inhibitory effect on inflammatory cell
migration make melanocortins potential new drugs for treatment of acute, chronic,
and systemic inflammation. The neuroprotective action in vascular and inflammatory
brain injury is likewise well established. Melanocortins could form a novel class of
therapeutic agents for several disorders of the nervous system. Through activation
of MCIR, a-MSH confers photoprotection to human melanocytes and reduces DNA
damage caused by exposure to solar ultraviolet radiation. Based on these actions,
MCIR agonists are promising agents for melanoma prevention strategies.

The severe disability caused by obesity, neurological, and inflammatory disorders
has very high costs in terms of decrease in quality of life and ability to work. These
conditions thus entail a heavy economic price for both the patients and the society.
It is clear that effective treatments would be a beneficial response to significant
needs. As research described in this book indicates, melanocortins have a remarkable
potential for treatment of many dire conditions.

Anna Catania, MD

Center for Preclinical Investigation

Fondazione IRCCS, Ca' Granda, Ospedale Maggiore Policlinico
Milano

Italy
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CHAPTER 1

Structure-Activity Relationships (SAR)

of Melanocortin and Agouti-Related
(AGRP) Peptides

Anamika Singh, Erica M. Haslach and Carrie Haskell-Luevano*

Abstract

tructure-activity relationship (SAR) studies are a key feature of peptide and peptidomimetic
S research to improve the biological properties of native peptides and convert them into more

drug-like compounds. Peptide SAR studies involve the systematic modification of a lead
peptide to provide insight into the molecular determinants of the ligand-receptor interactions
that result in either receptor stimulation or inhibition. This chapter will discuss structure-activity
relationships of the endogenous and synthetic agonists and the antagonists of the melanocortin
system.

Introduction

The melanocortin receptors (MCRs) belong to the family of seven transmamebrane (TM)
spanning G-protein coupled receptors (GPCRs) that stimulate the cAMP signal transduction
pathway. Five subtypes of melanocortin receptors have been identified to date MCIR-MC5R."7 The
endogenous melanocortin agonists peptides, o, , y-melanocyte stimulating hormones (MSH) and
adrenocorticotropic hormone (ACTH) are derived by the posttranslational processing of the proopi-
omelanocortin (POMC) gene transcript (Fig. 1).* AILMSH ligands contain a His-Phe-Arg-Trp core
sequence (Fig. 1), which is important for melanocortin receptor stimulation.”!* The melanocortin
receptor system is unique among GPCRs in terms of having both naturally occurring agonists and
antagonists. The melanocortin antagonists, agouti and agouti-related protein (AGRP) are the only
two endogenous antagonists of GPCRs identified to date.!*'

Cloning of melanocortin receptor subtypes rejuvenated the field in terms of research relating
to SAR of MSH and ACTH peptides from the traditional studies dating back to the early 1960s
utilizing frog and lizard skin bioassays. The MC1R is expressed in melanocytes and is involved in coat
coloration and pigmentation. The MC2R only responds to stimulation by ACTH, is expressed in
the adrenal cortex and adipocytes and is involved in steroidogcnesis. The MC3R is expressed in the
brain, placenta, heart and gut, whereas, the MC4R primarily expressed in the brain. Both the MC3R
and MC4R are involved in the regulation of energy homeostatis, as related to the feeding behavior,
satiety and obesity.""> The MC5R is expressed in the muscle, liver, spleen, lung, brain, adipocytes
and variety of other tissues where it is involved in the exocrine gland function.'® Some of the known
physiological functions and primary ligands for MCRs are summarized in the Table 1.

*Corresponding Author: Carrie Haskell-Luevano—Department of Pharmacodynamics,
University of Florida, PO Box 100487, Gainesville Florida, 32610-0487 USA.
Email: carrie@cop.ufl.edu

Melanocortins: Multiple Actions and Therapeutic Potential, edited by Anna Catania.
©2010 Landes Bioscience and Springer Science+Business Media.




2 Melanocortins: Multiple Actions and Therapeutic Potential

POMC —P[ N-terminal Fragment + ACTH + B -lipoprotin ]
v-MSH o-MSH + CLIP p-MSH + B-endorphin

a-MSH Ac-SYSMEHFRWGKPV-NH;

B-MSH AEKKDEGPYRMEHFRWGSPPKD-OH

y-MSH YVMGHFRWDRFG -OH

ACTH SYSMEHFRWGKPVGKKRRPVKVYPNGAEDSAEAFPLEF

Figure 1. POMC processing of the melanocortins and primary sequence of the melanocortin
peptides with core “His-Phe-Arg-Trp”.

Table 1. Expression and function of melanocortin receptors

Receptor Expression Primary Ligand Physiological Function
MCI1R Melanocytes, adipocytes, a-MSH Skin pigmentation, animal coat
macrophages, sebocytes coloration, melanocyte function
MC2R Adrenal cortex, ACTH Steroidogenesis
adipocytes
MC3R Brain, placenta, heart, gut «, y-MSH Energy homeostasis
MC4R Brain a, B-MSH Energy homeostasis, erectile function

MC5R Muscle, liver, spleen, lung, a-MSH, ACTH  Sebaceous gland lipid secretion
brain, adipocytes,

Table 2. Amino acid sequence of different forms of »-MSH

11-MSH  Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-NH,
12-MSH  Tyr-Val-Met-Cly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly

¥;-MSH  Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-Pro-Arg-Asn(glycosyl)-Ser-Ser-Ala-
Gly-Gly-Ser-Ala-Gln

Structure and Chemistry of Melanocortin Peptides

a-MSH is the first thirteen N-terminal amino acid residues of ACTH and is identical in all
mammals. It is acetylated at the N-terminus and amidated at the C-terminus. 3-MSH is a 22 residue
peptide and B-MSH(5-22), is found in the human hypothalamus with the C-terminal exists as
the free acid.”” y-MSH peptides are endogenously present in three pharmacologically active forms,
¥5-MSH, y,-MSH and y,-MSH (Table 2). y-MSH peptides have been detected in the pituitary and
plasma, brain, vascular system, the bronchi and kidneys. ACTH is composed of 39 amino acids,
having serine at the N-terminus and the phenylalanine residue at the C-terminus.

Structure-Activity Relationships (SAR)
Modification of biological activity or selectivity of the compound by altering its chemical struc-
ture is the primary goal of structure-activity relationship studies. The insight generated by SAR
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Figure 2. Summary of the “Classical” peptide structure-activity relationship (SAR) studies.

studies provide valuable information about the ligand, receptor binding pocket and ligand-receptor
interactions which serve as a tool to the drug design process (Fig. 2).

Linear Melanocortin Peptides

The melanocortin ligands, both endogenous and synthetic, have been subjected to various
structure-activity studies which led to valuable information about the receptor-ligand interactions.
Receptor-ligand interactions are postulated to be responsible for molecular recognition, ligand
binding and receptor stimulation. Structure-activity relationship (SAR) studies enable the iden-
tification of the chemical groups responsible for producinga target biological effect which aids in
the design of ligands with more potency and selectivity. The SAR studies of melanocortin peptides
are discussed herein. A summary of earlier findings precede more recent studies in each section.

a-MSH

Extensive SAR studies have been performed on melanotropin peptides, especially a-MSH
and reviewed periodically.”'®2° a-MSH is a nonselective agonist at four melanocortin receptors,
MC1 and MC3-MCS5. Extensive structure-function studies of a-MSH eventually resulted in a
more potent and enzyme-resistant analogue [Nle?, DPhe’]-a-MSH (NDP-MSH), that contains
the “active core” fragment of melanocortin peptides with Nle substitution at position 4 instead
of Met which is prone to oxidation and DPhe at position 7 in place of Phe.?! Radiolabeled deriva-
tives of NDP-MSH are extensively used for melanocortin receptor studies. Truncation studies of
a-MSH, which involves selective removal of N- and/or C-terminal residues, followed by evaluation
of the truncated analogues for binding and/or functional activity revealed that residues 4, 10 and
12 contributes to the potency of the peptide. The minimum sequence identified for the biological
activity was Ac-His-Phe-Arg-Trp-NH, (core message sequence) for 0-MSH in classical frog (Rana
Pipiens) and lizard (4nolis carolinensis) bioassays.'**** Moreover, it is hypothesized that a bioactive
conformation involves a 3-turn containing the core message sequence.”'**2>¢¢ Using the lizard
skin bioassay, residues 1-3, 5 and 13 were identified not to be important for agonist potency. The
NDP-MSH truncation studies at the MC4R determined that the minimum sequence required for
activity was Ac-DPhe-Arg-Trp-NH,, with the addition of His, potency was significantly increased
at mouse melanocortin receptors.*

An Alanine scan is a classical SAR method, which also complements the truncation studies in
determining the residues responsible for, or contributing to, the biological properties of the na-
tive peptide important for molecular recognition and functional activity. Positional Ala scan of
0o-MSH revealed that positions 4, 6, 7, 8 and 9 (Table 3) are important for the receptor binding
at MCIR.” Important points which were revealed after SAR studies of o-MSH are summarized
in Table 4. More recent work on a-MSH includes cyclic analogues which will be discussed in a
different section.
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Table 3. Alanine substitution of core HFRW in o-MSH

AA a-MSH at mMCI1R (B16 melanoma cell assay)
His 100 fold |in binding; 6 fold |in activity

Phe 200 fold |in binding; 260 fold |in activity
Arg 2080 fold |in binding; 100 fold |in activity
Trp 2000 fold |in binding; 125 fold |in activity

Data taken from reference 8.

Tetrapeptide Ac-His-DPhe-Arg-Trp-NH,

Several SAR studies of the core tetrapeptide sequence were carried out in search of more
drug-like melanocortin ligands. Ala scan of the tetrapeptide Ac-His-DPhe-Arg-Trp-NH, showed
that substitution of His with Ala resulted in greater reduction of potency, whereas, substitution
of DPhe resulted in 1500-fold decreased potency at mMCIR and complete loss of activity at
the mMC3R-mMC5R at concentrations up to 100 uM.” Replacement of Arg with Ala gave
decreased potency ranging from 170-1,740 fold at the mouse MC1R and MC3-5R.% Complete
loss of activity was seen for Trp replacement with Ala at mMC3R, however, 220-, 2540- and
9700-fold decreased potency was observed at mMC1R, mMC4R and mMCSR, respectively.®
Holder et al have reported SAR studies of the Ac-His-DPhe-Arg-Trp-NH, tetrapeptide template
using a positional scanning approach.”3!' Several novel compounds with unique pharmacology
were identified in these studies (Table 5). It was reported that introducing biphenylalanine (Bip) or
tetrahydroisoquinoline (Tic) (peptides 2 and 3) instead of Trp in the Ac-His-DPhe-Arg-Trp-NH,
template results in increased affinity for the MC1R and MC5R over the centrally expressed MC3
and MC4 receptors (Table 5). In a similar study corresponding to the alteration of the DPhe po-
sition, it was reported that Ac-His-(pI)DPhe-Arg-Trp-NH, (peptide 4, Table 5) possesses novel
pharmacology as an antagonist and partial agonist at the mMC3R and a potent full agonist at
the mMC4R (Table 5).3'%? Substitution at the His position in the Ac-His-DPhe-Arg-Trp-NH,
template revealed that various natural and unnatural amino acids can increase selectivity for the
centrally expressed MC4R over the MC3R (Peptides 5 and 6; Table 5). Positional scanning of
the Arg position has shown that the guanidine side chain of Arg is important for ligand receptor
interactions in peptide ligands (peptides 7 and 8, Table 5).%

In asimilar study, a series of pentapeptides, based on the AMC4R agonist (Ac-His®-DPhe’-Arg®-
Trp’-Gly'*-NH,), were synthesized in which either DPhe” or Trp? residue systematically substi-
tuted.*® A number of interesting DPhe surrogates [DThi, (3-CF;) DPhe, 2- pDNal and (3,4-diCl)
DPhe)] as well as Trp surrogates (2-Nal and Brta) were identified in this study. Cheung et al
have reported positional scanning approach on Bu-His-DPhe-Arg-Trp-Gly-NH, template
and screened the compounds on human melanocortin receptors.” This study suggested that
replacement of the His residue with the rigid, nonbasic Atc residue resulted in the selective
hMCA4R agonists without any stimulatory activity at the hMC3R. Substitution of the DPhe
residue in the butanoyl-His-DPhe-Arg-Trp-Gly-NH, template with unusual amino acids resulted

Table 4. Summary of SAR studies for a-MSH

A. Ac-His-Phe-Arg-Trp-NH, (Core Sequence): important for biological activity.

B. Residues 4, 10 and 12 are important to retain equipotency to the parent peptide.

C. Residues 1-3, 5, 11 and 13 are not important and contribute minimally to the potency.
D. N-acetylation and C-amidation is necessary for enzymatic stability.

E. Reverse turn is proposed in the core sequence region.
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in some very potent agonists at the hAMCIR and hMC4R.** The (pCl)pPhe and (pBr)pPhe
pentapeptide analogues possessed low ECs, values at the h(MC1R and hMC4R, similar to the
(pI)DPhe analogue that was characterized at the mouse melanocortin receptor in the Table 5.
However, no characterization was performed at the hMC3R and hMC5R. Substitution of the
Trp residue in the butanoyl-His-pPhe-Arg-Trp-Gly-NH, template resulted in the identification
of a potent agonist at the hMC1R and hMC4R without any increase of selectivity or potency
than the parent compound.’® Only a slight decrease in potency as compared to the reference
compound was observed for the D Trp modified peptide. Positional scanning at the Arg position
resulted in acylguanidine and cyanoguanidine derivatives (less basic surrogates) that retained
melanocortin stimulatory activity of the parent at the hMC1R and hMC4R.* Introduction of
other natural and unnatural amino acids in place of Arg resulted in decreased potency that was
similar to the observations reported in the Ac-His-DPhe-Arg-Trp-NH, template which may
suggest that positive charge of Arg® is not essential for efficient interaction of pentapeptides
with both h(MC1 and hMC4Rs.

Previous structure-activity relationship (SAR) studies, modifying the DPhe” of synthetic
melanocortin ligands (0-MSH numbering) such as MTIL> SHU9119% (Table 7) and the
tetrapeptide template Ac-His-DPhe-Arg-Trp-NH, led to the hypothesis that bulky substitu-
ent at the DPhe’ position may be responsible for antagonism at the MC3 and MC4 receptors.
Ac-His-DNal(2')-Arg-Trp-NH, was identified as an antagonist, similar to that of SHU9119,
however, with decreased potency.® Unexpectantly, modification at the DPhe position with pl,
resulted in the tetrapeptide Ac-His-DPhe(pl)-Arg-Trp-NH, that possessed “mixed pharmacology”
as discussed earlier with antagonist/partial agonist activity at the mMC3R, while retaining full
nanomolar agonist potency and efficacy at the mMC4R .*! Recently, Proneth et al has published
the study based on the hypothesis that the DPhe” position can be exploited for improvement of
receptor selectivity for the mMC3R versus the mMC4R and for the differentiation of agonist
versus antagonist activity at the mMC3R.* Several residues with diverse ranges of electronic,
polar properties and size were chosen to replace the DPhe’ at para and meta positions. Selected
compounds pharmacology at the mouse melanocortin receptors (MC1R, MC3R-MC5R) are
summarized in (Table 6).

The incorporation of the smaller fluorine, chlorine and bromine substituents at the para posi-
tion of DPhe slightly improved ligand potency for mMC1R, mMC4R and mMC5R, whereas the
larger p-I substituent in peptide 12 and the pCF; in peptide 13 or a Cl substituent in the meta
position (Peptide 15, 16) slightly decreases ligand potency for these receptor subtypes. Peptides
with fluorine or chlorine substituents at the para position of DPhe have slightly improved agonist
potency for mMC3R, whereas the peptides with large halogens or -CF; at the para position or
with chlorine in the meta position, function as partial agonist/antagonists or as very poor agonists.
Comparison of the halogen-containing tetrapeptides revealed that peptide 9 with DPhe(pF) was
the most potent tetrapeptide agonist for mMC3R (ECs, = 50 nM), whereas peptides 12 with
DPhe(pl) and 15 with DPhe(3,4-diCl) were the most potent tetrapeptide antagonists for the
mMC3R with Ki=260 nM (Table 6). It was suggested that antagonism of bromo-, iodo-, dichloro-
and trifluoromethyl-containing tetrapeptides at mMC3R may be attributed to a combination of
hydrophobicity and van der Whaals interactions with surrounding receptor atoms from the putative

hydrophobic ligand binding pocket.*

N-Terminus Modifications

a-MSH contains a N-terminal acetyl group as a result of endogenous posttranslational pro-
cessing. Modification of the N-terminus is another approach to generate SAR data. The addition
of fatty acid conjugates,”* biotin*' and chlorotriazinylaminofluorescein®* to the N-terminus
of melanocortin peptides have been reported and resulted in enhanced or decreased potencies
in the classical skin and tyrosinase melanocortin bioassays. In a more recent study, Bowen et al
synthesized a branched flexible linker that incorporates a fluorescent dansyl moiety and used to
connect two high affinity NDP-a-MSH ligands or two low affinity Ac-MSH ligands.® It was
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reported that binding to the hMCA4R was not diminished for linker-ligand combinations relative
to the corresponding ligand alone.

Additionally, the design and synthesis of N-terminally modified tri- and tetrapeptide ligands
have been reported.# In these studies it was observed that the octanoyl-His-DPhe-Arg-Trp-NH,
tetrapeptide is more potent at the mMCI1R, mMC3-5R’s than the reference peptide Ac-
His-DPhe-Arg-Trp-NH,. This compound exhibited approximately 80- to 100-fold difference
in potency at the mMCIR, mMC3R, mMC4R and only about 8-fold difference in potency
at the mMCS5R.* In a similar study, it was reported that a 4-phenylbutanoyl derivative (C¢Hs
(CH,),CO-His-DPhe-Arg-Trp-NH,) is a 1440-fold more potent subnanomolar agonist at the
hMCIR than the reference compound.#” The increase in potency observed from addition of
aliphatic chains to the tetrapeptides may be attributed to an increase in hydrophobic ligand—
receptor interactions, since the melanocortin receptors putatively contain a hydrophobic binding
pocket.®®* An alternative explanation may be that introduction of hydrophobic acyl groups to the
N-terminus enhance peptide—lipid interactions along the membrane—liquid interface, thereby
increasing availability of the ligand to the lipid bilayer.**>

p-MSH

Yan et al have reported extensively on §-MSH as MC4R selective agonists and summarized their
work in recent review.”! Truncation of B-MSH has generated two more potent, but nonselective
peptide agonists, B-MSH (7-22) and f-MSH(9-22). It was suggested that C-terminal amidation did
not alter the ligand binding affinity or selectivity. Also the N-terminus was acetylated for increased
enzymatic stability. Inversion of chirality at the Phe residue showed improved binding potency at mel-
anocortin receptors, but no selectivity enhancement was observed. Introduction of a cyclic constraint
resulted in a potent and selective ligand Ac-YR-c[ CEHDPhe-RWC]-NH, with increased selectivity
at MC4R over MCIR, MC3R and MC5R subtypes. In vivo studies showed reduction in food intake
and body weight gain in rats treated with Ac-YR-c[CEHDPhe-RWC]-NH,. Moreover, extensive SAR
studies on Ac-YR-c[CEHDPhe-RWC]-NH, have resulted in a series of small, potent and selective
MC4R agonists.>' SAR studies designed to pharmacologically characterize a-MSH/B-MSH hybrid
analogues have been presented.” In the same study, analogues were synthesized that contained the
N-terminal residues 5-9 from o-MSH and the Pro-Pro-Lys-Asp sequence corresponding to the
C-terminus of human 3-MSH, connected by a disulfide bridge between the side chains of two cysteine
residues. A series of compounds with different chiralities, but a similar disulfide template have been
shown to significantly alter potency and selectivity at hAMC3-5 receptors.

y-MSH

Ala scan of Y,-MSH revealed that when positions 5-8 (His-Phe-Arg-Trp) were substituted with
Ala, analogues resulted with decreased potency at the hAMC3-5Rs.>* These data confirmed the pos-
tulated importance of the His-Phe-Arg-Trp sequence for stimulating potent agonist pharmacological
responses at melanocortin receptors. A D-amino acid scan was also performed using the y,-template
that discovered that changing the configuration of Trp-8 to DTrp increased the selectivity of the
compound for the hMC3R versus the hMC4R (300-fold more selective), as compared to y,-MSH,
which s only 17-fold selective in a cAMP functional bioassay.”* Another important feature identified
from this latter study was that when Phe® was replaced with DPhe, a loss of hMC3R versus hMC4R
selectivity resulted. A cyclic scan was carried out to probe the receptor-active conformation of the
His-Phe-Arg-Trp pharmacophore in y-MSH.” Various cyclic analogues were designed and synthesized
including 20-23 membered cyclic disulfides ring and 23-membered lactam rings. It was concluded
that the 26-membered ringwas important for selectivity, whereas, 23-membered analogues were desir-
able for alteration of potency. In the same study, replacement of His, Phe, or Trp with hydrophobic
residues, converted agonist to antagonist in at least one of the melanocortin receptors, showing the
role of these amino acids in structure-activity relationship.”® In a different study, Asp-10 position in

Lys-y,-MSH was found to be an important residue to get selectivity at MC3R over MC4R ¢



Structure-Activity Relationships (SAR) of Melanocortin and Agouti-Related (AGRP) Peptides 9

ACTH

Truncation of ACTH in some studies increased the in vivo potency of the compound as com-
pared to the ACTH (1-39). SAR studies report that the [DSer!, Lys"’, Lys'*]-ACTH(1-18)-NH,
derivative is 5-fold more potent than the full length ACTH.” Other studies have revealed that the
introduction of an extra amino acid at the N-terminus of ACTH(1-19)-NH, (i.e., alanine or proline)
decreased steroidogenic activity by 40% and 65% respectively.*® Replacement of Gluin ACTH(1-19)
with Gln has been shown to reduce in vivo steroidogenic activity by two-thirds.> The His at the sixth
position has been demonstrated to be important for proper steroidogenic activity of ACTH (1-19),
as its replacement with Phe results in almost 90-fold decreased potency.”® Several reports have been
published in order to probe specific amino acid position in regards to the influence on adrenocorti-
cotropic activity and the significance of an amide or acid at the C-terminal ¢! However, truncation
and positional scanning studies data regarding the ACTH molecule is limited. Recently, it has been
reported that truncated ACTH fragments such as ACTH(1-18) and ACTH(1-17) possess nM
potency at the human MC2R ¢ Interestingly, N-terminally truncated ACTH(11-24) was reported
to be a competitive antagonist of ACTH(1-24) in the isolated adrenal gland cell assay.*

NDP-MSH

It was observed during early studies that the heating of 0-MSH in basic solution altered (in-
creased) its biological properties as a result of partial amino acid racemization.®* It was identified,
using high-resolution gas chromatographic that the Phe-7 residue was the predominant racemized
residue and speculated that this amino acid may be responsible for the enhanced properties ob-
served for racemized 0-MSH activity. These data resulted in the design and discovery of the highly
potent and “prolonged” acting a-MSH analog, NDP-MSH.* Truncation studies of NDP-MSH
have shown that the minimal sequence required to elicit a response in the uM range at the cloned
mouse melanocortin receptors was Ac-DPhe-Arg-Trp-NH,.** However, the introduction of the
His residue at the N-terminus of the tripeptide results in an increase in potency (100-fold) for the
ligand (Ac-His-DPhe-Arg-Trp-NH,) at the four mouse melanocortin receptor subtypes examined.
In two different studies from Bednarek et al, various analogues of NDP-MSH were synthesized
and identified peptides selective for the hAMC1R and hMC5R receptor subtypes.®+°

SAR of Cyclic Melanocortin Peptides

Many endogenous peptides are small and often conformationally flexible, making the correlation
between conformation and pharmacological activity difficult.® Introduction of cyclic constraints
can restrict conformation of the peptides and aid in structural analysis, as well as lead to more
selective and potent ligands by stabilizing secondary structures, such as 3-turns. Cyclic analogues
of biologically active linear peptides have demonstrated the potential to: (1) increase agonist and
antagonist potency; (2) withstand proteolytic degradation; (3) increase receptor selectivity; (4)
enhance bioavailability; and (5) bioactive conformation of ligands.” There are four main ways to
form constrained cyclic peptides. These cyclizations involve bridging between (i) two side chains;
(ii) a side chain to N-terminus; (iii) a side chain to C-terminus; (iv) or two backbone residues either
C-terminal or N-terminal. The most common cyclization is between two distant side-chains, for
e.g., lactam or disulfide bridges. The effects of different cycles and their sizes on the melanocortin
ligands, affinity to bind to the receptors, selectivity and their activity will be discussed. Both cyclic
lactam and cyclic disulfide approaches were applied on a-MSH to give more potent and selective
analogues on melanocortin receptors. The Ac-[Cys®,Cys'°]-a-MSH, which contains a disulfide
bridge between Cys* and Cys'® amino acids and resulted in enhanced biological properties. This
cyclic disulfide a-MSH analog was more potent in the frog skin bioassay, than o-MSH, but was
not particularly potent in subsequent evaluations using mammalian bioassays. Sawyer et al sug-
gested that cyclization constrains the analogue in a conformation favorable for peptide—receptor
interactions, the “bioactive” conformation, which likely consisted of a reverse -turn around the
His-Phe-Arg-Trp sequence. Recently there has been renewed interest in using disulfide a-MSH
analogs to help rigidify conformational flexibility that has led to the discovery of fairly potent
and selective melanocortin ligands.®7! Schioth et al have reported potent and selective disulfide
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Table 7. Amino acid sequence of synthetic melanocortin peptides

Ligand Amino Acid Sequence Ref.
NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH, 59
MTII Ac-Nle-c[Asp-His-pPhe-Arg-Trp-Lys]-NH, 73
SHU9119 Ac-Nle-c[Asp-His-pNal(2’)-Arg-Trp-Lys]-NH, 74
HS014 c[Cys-Glu-His-pNal(2")-Arg-Trp-Gly-Cys]-Pro-Arg-Leu-Asp-NH, 111

peptide antagonists for the MC4R that increase food intake following intracerebroventricularly
(i.cv.) as well as peripheral administration.”! These compounds were more selective for the MC4R,
however, the disulfides had decreased affinities than the lactam analogues with same 23-membered
ring. Subsequently, by changing the ring size to 26-membered, a more MC4R selective com-
pound HS014 was found and increasing the ring size to 29-memebered-MC3R selectivity was
increased.”®”! Three important observations led to the discovery of more potent cyclic analogues
of a-MSH like MT1I are discussed. (i) Both o-MSH and NDP-MSH adopted folded conforma-
tions that placed the aromatic His®-Phe’(or DPhe’)-Trp’ residues on the same face of the peptide
in B-turn conformation; (ii) hydrophilic Glu®, Arg® and Lys'' residues were oriented on the face
of the peptide opposite the aromatic groups; (iii) although Glu® and Lys"! were in close proximity
to one another, the charged groups were not close enough to form a strong ionic interaction. Later
Al-Obeidi et al have demonstrated that the linear Ac-[Nle?, pPhe’, Lys'’]-0-MSH4_1-NH, and
the Ac-[Nle?, Asp®, DPhe’, Lys'’]-0-MSH,4_10-NH, analogues, which contain Lys at position 10,
adopt a folded configuration in which the side chain carboxyl group of either Asp or Glu and the
side chain amino group of Lys were in close proximity and a putative reverse turn occurred around
the His-DPhe-Arg-Trp residues.”” Once this observation was made for the linear peptides, the cor-
responding lactam cyclized MTII and MTII-like peptides were synthesized and were found to be
highly potent and exhibited prolonged activity.”” MTII is a smaller peptide, the lactam derived
from the (4-10)-fragment of NDP-MSH and more potent, but nonselective agonist at MC1
and MC3-5Rs. Subsequent structure-activity relationship studies of MTII modified with bulky
aromatic amino acids led to the discovery of SHU9119 which is a high affinity antagonist for
melanocortin MC3 and MC4Rs and an agonist for melanocortin MC1 and MC5Rs (Table 7).
L.C.V. administration of MT1II reduced food intake and conversely administration of SHU9119
increased food intake and body weight.”®

Backbone Cyclization and N-Methylation of Melanocortin Peptides

Backbone cyclization (BC) is one of the approaches that has been utilized to overcome the draw-
backs of peptides being flexible. BC is formed by covalently connecting atoms in the backbone (N
and/or C) of a target linear peptide via a linker to form a ring. BC has been shown to dramatically
enhance the metabolic stability of peptides in serum and intestinal enzymes. A library of backbone
cyclic peptides with a basic parent peptide sequence with the same side chain pharmacophores and
hence the same potential bioactivity, but they differ in their ring size and chemistry, conferring
conformational diversity. Advantage of BC over other peptide cyclization methods is that it use
the backbone atoms, leaving the side chain intact which are essential for biological activity at the
receptor. This method has been shown to improve the metabolic stability of peptides in serum
and also pharmacological selectivity of a given peptide. Utilizing this approach, Hess et al have
synthesized a library of backbone cyclic analogues where the bridge was formed connecting the
N-terminus to the Nat of the C-terminal Gly building unit by a dicarboxylic acid spacer.” All the
peptides in the library bear the same parent sequence, but differ in ring size. From this study, they
found the compound BL3020-1 which was selective for the MC4R and had favorable metabolic
and pharmacokinetic properties. This peptide was detected in the brain (determined after 8h)
following oral administration to rats.
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N-methylation is another approach to improve the pharmacokinetic property of peptides and
convert them into more drug-like candidates. Mono-N-methylation has been used for years to
change pharmacological properties of peptides. However, multiple N-methylation is becoming
more common in the field. In different study, Linde et al performed SAR studies on compound
BL3020-1, utilizing both BC and N-methylation approaches.” Two libraries were synthesized,
comprising 37 backbone cyclic (BL3020) and N-methylated backbone cyclic (N-Me) peptides
with the same sequence as compound BL3020-1 (Phe®-pPhe-Arg-Trp-Gly'°-NH,) and a lactam
bridge between the N-terminus and the backbone nitrogen of the C-terminal Gly. The peptides
in the BL3020 library differed in ring size and ring chemistry, whereas the peptides in the N-Me
libraries differed also in the number and position of the N-Me group. These libraries were screened
to select peptide(s) with improved selectivity and activity towards the MC4R, while retaining
resistance against intestinal enzymes. An N-Me and amide bond modification study has also been
performed on the tetrapeptide Ac-His-DPhe-Arg-Trp-NH, sequence.”

Agouti-Related Protein (AGRP)

As mentioned previously, the melanocortin system is the only GPCR known to date to be
regulated by endogenous antagonists. The agouti protein and agouti related protein (AGRP) modu-
late melanocortin receptor function with MCR subtype selectivity. They are paracrine signaling
molecules exhibiting antagonistic activity at the MC1R, MC3R and MC4R.""'> Agouti protein
is expressed in the skin and has been shown to antagonize the action of a-MSH at the MCIR,
MC3R and MC4R."""” AGRP was identified based upon its similarity in size and genomic struc-
ture to the agouti protein.'>”® AGRP is a potent orexigenic (appetite stimulating) neuropeptide
that has been shown to be expressed primarily in the arcuate nucleus of the hypothalamus and
adrenal cortex, with slight expression in the lung and kidney. AGRP is a competitive antagonist
and blocks the action of the melanocortin agonists at the MC3R and MCA4R. In addition, studies
have demonstrated AGRP to act as an inverse agonist at the MC4R.”>* It has been proposed that
AGRP mediates obesity and hyperphagia through the MC4R due to the observation that an obese
phenotype was exhibited by transgenic mice when the human AGRP gene was introduced into
their genome. This phenotype is similar to that of the MC4R deficient mice.'>”®

AGRP Structure

Within the 132 amino acid polypeptide chain of AGRP, there is a postulated signal peptide
sequence, an asparate (glutamate)-rich acid region in the middle and a conserved C-terminal do-
main rich in cysteine residues. Both agouti and AGRP contain this conserved C-terminal cysteine
rich domain (Fig. 3). This region contains ten cysteine residues that form five disulfide bonds
which contribute to the stability of agouti.””*> AGRP,*"¥ their antagonistic effects, and has been
shown to display similar pharmacology to that of the full protein.®* McNulty et al used nuclear
magnetic resonance (NMR) to determine the three-dimensional structure of the C-terminal of
AGRP.® From NMR studies, it was observed that there are three loops that define the tertiary
structure of hAGRP(87-132): the N-terminal loop amino acids LGQQ, hAGRP (95-98), the
central loop containing the residues proposed to be responsible for antagonism of the C-terminal,
hAGRP(111-116), and the C-terminal loop, hAGRP(121-128). Three hAGRP disulfide bonds
(Cys87-Cys102, Cys94-Cys108, Cys101-Cys119) were identified to be involved in a mammalian
inhibitor cysteine knot (ICK) motif in the C-terminal region that contributes to the conformation
of the active loop. Within the ICK motif, a three-stranded anti-parallel -sheet was identified.
Two strands of this structural feature form a secondary structure known as a -hairpin involving
hAGRP residues (106-120), that has been observed to be important for the antagonistic activity
of hAGRP (87-132)."

AGRP SAR

In 1999, Tota et al conducted the first structure-activity studies of hAGRP and it was found that
that the N-terminal end of hAGRP is not necessary for it to bind to the MC3R and the MC4R,
while the C-terminal was found to exhibit similar antagonistic pharmacology to that of the full
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|
| | |
AGRP (87-132) CVRLHESCLGQQVPCCDPCATCYCRFFNAFCYCRKLGTAMNPCSRT
L |
- | I |
Mini-AGRP Acetyl-CVRLHESCLGQQVPCCDPAATCYCRFFNAFCYCR

Figure 3. Structure of AGRP and mini-AGRP.

hormone.® Additional studies were then performed to identify which regions of the C-terminal
domain contribute to antagonistic activity. Through SAR studies, it was found that the endogenous
antagonists contain a conserved tripeptide motif, Arg-Phe-Phe, within the C-terminal domain
that was postulated to mimic the binding of the core sequence of the melanocortin agonists. This
triplet has been shown to be located in the active central loop CRFFNAFC, hAGRP (110-117).
Only slight changes were observed for hAGRP(87-132) binding affinity when residues in the
N-terminal loop and C-terminal loop were modified, adding further support that the central
portion of hAGRP (87-132) is important for molecular recognition and stimulation. Tota et al
synthesized monocyclic peptides based on the octapeptide loop, [Cys-Arg-Phe-Phe-Asn-Ala-Phe-
Cys], containing the Arg-Phe-Phe triplet. All synthetic analogues displayed a lower affinity for the
MC3R than the MC4R, however, were all still active. In the same study, linear analogues were syn-
thesized in which Cys residues were replaced by Ser residues, however, these peptides were basically
inactive. This study resulted in the reduction of a large ligand, hAGRP (87-132), to a ten residue
analogue, Y-c[CRFFNAFC]-Y that retained a similar pharmacological profile to the C-terminal
domain. This decapeptide was less potent at the MCA4R, with an ICs, binding affinity of 57nM
compared to the full length C-terminal peptide at the MC4R (3.5nM). Its shorter length may not
have allowed it to achieve the ideal conformation modifyingits ICs, value or it may lack additional
pharmacophores found within AGRP that contribute to potent antagonistic activity.**

Although this monocyclic decapeptide was less potent at the MC3R and MC4R when
compared to the C-terminal peptide, interestingly it was found to exhibit agonist activity at the
mMCI1R, which is not observed with the endogenous hAGRP protcin.83 Further studies were
performed on this cyclic decapeptide due to the interesting activity observed at the mMCIR.
A novel peripheral skin MCIR antagonist was discovered when the disulfide bridge formed by
Cys110-Cys117 of Y-c[CRFFNAFC]-Y was replaced by a lactam bridge through the use of Glu
and Dpr (diaminopropionic acid), which is interesting since the endogenous AGRP protein does
not bind, agonize or antagonize at this receptor. It is also an antagonist at the MC4R, however, it
was not functional at the MC3R or MCSR %

Subsequent structure activity studies were performed using this decapeptide template to regain
MC3R pharmacology; peptides were synthesized in which the N- and/or C-terminus were ex-
tended or included more than one cyclization based on previous studies done by AMGEN.® This
resulted in the identification of two monocyclic peptide sequences consisting of 14 amino acids
with both MC3R and MC4R antagonistic activity. From these two peptides, Ye[ CRFFNAFC]
YARKL-NH, and TAYc[ CRFFNAFC]YAR-NH,, it was hypothesized that the extension of the
C-terminus of the decapeptide template is necessary to re-establish MC3R antagonism.* In addi-
tion, it was proposed that Arg-120 is important for activity at MC3R due to a postulated participa-
tion in a B-hairpin secondary structure involving hAGRP106-120 as indicated by NMR 3%

Stereochemical modifications of the Arg-Phe-Phe region were examined in the monocyclic
hAGRP(103-133,C105A, C108A, C119A), DPAATAY-c[ CRFFNAFC]YARKL.* Both ends of
the decapeptide template were extended beyond the minimal sequence; in addition, it contained
the B-hairpin motif hRAGRP(106-120) and the proposed active loop. This peptide displayed
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high nM antagonism at the MC3R and MC4R and was a full agonist at the MC1R. A p-amino
acid scan was performed in hopes of increasing antagonistic potency at the MC3R and MC4R;
however, it actually resulted in the conversion of an antagonist to an agonist. The addition of the
D-stereo isomers resulted in the loss of antagonistic activity at the MC3R and MC4R, except for
the DPhe'*? analogue. This analogue showed a reduction in maximal stimulation at the MC3R and
MCA4R. In comparison to the control lacking D-amino acids, the DArg'"! peptide was shown to be
a 6-fold less potent mMC1R agonist, became a MCS5R agonist, was only able to stimulate MC3R
to 70% maximal stimulation, however, it possessed UM mMC4R full agonist pharmacology. An
8-fold increase in potency at the mMCIR was observed for the DPhe'" analogue and was a full
UM agonist at both the nMC3R and mMC4R. The observation that the D-amino acids converted
these analogues into full uM or partial agonists leading to the hypothesis that L-amino acids are
needed to maintain potent antagonism of AGRP derived peptides at MC3R and MC4R . Agonist
activity may be attributed to putative interactions between the nMC4R Asn115—hAGRP DArg
in TM3 and mMC4R Phe176-h-AGRP DPhe'"® that were observed when homology modeling
studies were conducted using these analogues and the mMC4R 5%

Two bicyclic hAGRP derived compounds presented by AMGEN were further examined by
the Haskell-Luevano lab to determine the minimal sequence needed for maintaining MC4R an-
tagonism.* The bicyclic compounds were constructed by extending both ends of the decapeptide
beyond the active central loop, hAGRP(110-117), contained two out of the five disulfide bonds
with the substitution of pseudo isotere 0-aminobutyric acid (Abu, U) for the Cys residues not
participating in disulfide bonds. The hAGRP (91-122) analogue displayed decreased antagonistic
activity at the MC3R and MC4R, even though it did not include the disulfide bond containing
the active loop, RFFNAFC. The other bicyclic analogue, hAAGRP(101-122) exhibited binding
affinity that was equipotent to hRAGRP (87-132), however, was a 80-fold less potent mMC4R
antagonist.” Modeling studies postulate that the decreased potency of this analogue may be due
to the presence of an additional interaction of the Argl11 with mMC4R Asn115 that was not
observed for hAGRP(87-132) in modeling studies.

Through the use of NMR, mutagenesis and pharmacological studies, mini-AGRP (Fig. 3) was
designed by Jackson et al based on the hypothesis that the ICK domain found in the C-terminal
region of AGRP can maintain the antagonistic activity of this region.” This mini-protein,
Not-acetyl-AGRP(87-120, C105A), encompasses four of the five disulfide bridges found with the
C-terminal domain and demonstrated a similar ICK folding motif. When assayed it was found to
exhibit nearly identical pharmacological profiles to the full length C-terminal, hRAGRP(87-132) for
the melanocortin receptors. The design of this mini-protein confirmed the hypothesis that N-terminal
loop of this ICK region and the tri-peptide were sufficient for full biological activity.

Development of Chimeric Peptide Analogues

Another approach for SAR s to place key structural moieties into novel templates or link them
together on alternate templates to produce chimeric analogues to examine selectivity and/or po-
tency. Recent examples in this context are the novel chimeric melanotropin-deltorphin analogues
by Han etal®’ Chimeric melanocortin-AGRP peptides were synthesized to test the hypothesis that
the Arg-Phe-Phe motif hAGRP(111-113) mimics the DPhe-Arg-Trp of the melanocortin ago-
nists in interactions with melanocortin receptors. Agonist activity was observed at the mMCIR,
mMC3-5Rs when the DPhe-Arg-Trp residues in NDP-MSH and MTII were substituted with
the AGRP Arg-Phe-Phe residues in a study conducted by Joseph et al.” The NDP-MSH ana-
logue, Ac-Ser-Tyr-Ser-Nle-Glu-His-Arg-pDPhe-Phe-Gly-Lys-Pro-Val-NH, exhibited nanomolar
agonist potency at the mMCI1R and was selective for the mMCIR over the nMC3R, mMC4R
and mMC5R. The results of this study support the hypothesis that the Arg-Phe-Phe residues of
AGRP mimics the agonist residues Phe-Arg-Trp.

Wilczynski et al substituted different combinations of the agonist tetrapeptide, His-Phe-Arg-Trp,
for the Arg-Phe-Phe triplet in the antagonist hRAGRP(109-118) template Tyr-c[Asp-Arg-Phe-
Phe-Asn-Phe-Phe-Ans-Ala-Phe-Dpr]-Tyr-NH,, that contains a lactam bridge rather than a
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disulfide bridge.”> The peptide, Tyr-c[Asp-His-DPhe-Arg-Trp-Asn-Ala-Phe-Dpr]-Tyr-NH,, ex-
hibited sub nM agonist activity equipotent to a-MSH at the nMC1R, mMC3R and mMC4R,
however, at the mMCA4R it was 30-fold more potent than the endogenous 0-MSH peptide. The
deletion of His within that peptide resulted in an analogue that was 200 fold more- selective for
MCA4R versus MC3R. Further SAR studies were conducted in this chimeric peptide template by
Wilczynski et al to find out if the chimeric peptides exhibit pharmacological profiles similar to the
melanocortin agonists and antagonists. Unexpected results were observed with the replacement
of His with Pro and Phe at the mMC3R. It was found that these peptides were nM antagonists
with partial agonist activity. In addition, they were found to display equipotent agonist activity
at the mMC4R compared to the control template. The mixed pharmacology observed for the
peptide with the Phe replacement of His, Tyr-c[f3-Asp-Phe-DPhe-Arg-Trp-Asn-Ala-Phe-Dpr]-
Tyr-NH,, may be explained by the presence of a y-turn with the DPhe as indicated by NMR stud-
ies.” Modifications at the His position have been previously shown to differentiate between MC3R
and MCA4R selective agonist activity. The replacement of DPhe with Ala and DNal(1') resulted in
730- and 560-fold, respectively, nMC4R selective agonists versus mMC3R. Also, they displayed
nM agonist activity at the nMCIR and mMC5R.*?

A potent nanomolar agonist was identified when His-DPhe-Arg-Trp replaced the Arg-Phe-Phe
triplet in mini-AGRP (hAGRP 87-120, C105A).* A study conducted by Jackson et al involved the
design of ligands based on the substitution of the active loop region, RFFNAF, of mini-hAGRP.
Modeling studies postulated that the HFRW tetrapeptide of 0-MSH and RFF of AGRP overlap
in binding sites within the MC4R .* It was hypothesized that mini-AGRP containing the HFRW
sequence should function as an agonist; however, it should maintain mini-AGRP receptor selectivity,
binding only to MC3R and MC4R. The substitution of amino acids did result in the conversion of
pharmacology from antagonist to agonist; however, differences in receptor selectivity were noticed
amongthe eleven analogues in which they were active at MCIR, MC3R and MCA4R. This led to the
hypothesis that the overlapping binding sites are not exactly aligned, it is more of a partial overlap of
the agonist and antagonist postulated binding pockets within the MC4R.*

Conclusion

Significant effort has been made in attempt to understand the ligand-receptor interactions
and its outcome to design more efficient compounds that mimic the biological properties of the
endogenous melanocortin peptides. The task of designing receptor targeted ligands that are selec-
tive, potent and drug-like metabolically is very challenging and demanding. Continuous research
and new discoveries will emerge in the approach and strategies to design novel compounds. The
results from SAR studies have enhanced our understanding of the melanocortin system and
ongoing efforts may aid in finding novel ligands with increased stability, potency and receptor
subtype selectivity.
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CHAPTER 2

Melanocortin Signalling Mechanisms
Paula C. Eves and John W. Haycock*

Abstract

he melanocortin family are a series of very potent neuropeptides that derive from

a parent propopiomelanocortin molecule (POMC). They are expressed predominantly

in the brain, specifically the pituitary gland and also in the central nervous system.
Interestingly, recent research also suggests the existence of regulatory functions outside of the
brain, in a wide range of peripheral tissues. Several important melanocortin peptides with differ-
ing functions are created by the tissue-specific proteolytic cleavage of POMC, generating peptides
including ACTH and a-MSH. For many years the major recognised function of a-MSH was an
ability to stimulate melanocyte cells of the skin to pigment. However, a number of parallel func-
tions unrelated to melanogenesis have been described in the literature for several years. A more
complete understanding of this work arose after the discovery and cloning of the melanocortin
receptors in 1992, which lead to the recognition of many wider roles of the melanocortin peptides.
The knowledge of the tissue in which a given receptor subtype was expressed could now be com-
bined with functional downstream studies. From these studies, we know that o-MSH has a very
significant role in controlling inflammation and immunomodulation, with other roles including
control over energy homeostasis and exocrine secretion, an ability to trigger erectile functions
and the control of sexual behaviour. This chapter will briefly review the melanocortin system and
melanocortin receptors, with a focus on the key signalling mechanisms of a-MSH and how these
link receptors through to function.

Introduction

The melanocortin peptides adrenocorticotrophic hormone (ACTH), a-, 3- and y-melanocyte
stimulating hormone (a-, - and y-MSH) are derived from the postranslational processing of
proopiomelanocortin (POMC), summarised in Figure 1.' Prohormone convertase Type 1 (PCI,
also known as PC3) is a serine type proteinase that initially cleaves POMC to produce pro-ACTH
and B-lipotropin (3-LPH). PC1 then acts on the pro-ACTH molecule to produce an N-terminal
peptide (N-POC) and a joining peptide (JP). A second serine proteinase called prohormone
convertase 2 (PC2) has a number of target substrates and acts on the 3-LPH molecule to form
y-lipotropin (y-LPH) and B-endorphin (B-END). It also acts on ACTH to form ACTH 1-17,
corticotrophin-like intermediate lobe peptide (CLIP) and importantly o-melanocyte-stimulating
hormone (a-MSH), after modification by a CPE peptidase. Other target sites for PC2 include
the cleavage of y-LPH to form 3-MSH and N-POC to form y-MSH. The predominant body site
for production of the melanocortin peptides is the pituitary gland, however extra-pituitary sites
for melanocortin peptide production are also reported and include the skin.*?
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Brain Hypothalamus Pituitary

Figure 1. The processing of proopiomelanocortin arises in the pituitary gland within the brain.
A series of proteolytic cleavage events generate shorter active peptides including a-MSH,
ACTH and B-endorphin.

Melanocortin Receptors

The many functions of the melanocortin peptides are elicited through the tissue specific ex-
pression of five melanocortin receptors, named MC1R to MC5R. Each receptor type has a very
similar structure and is comprised of a seven-pass transmembrane structure linked to a G-protein.
The receptors have N-glycosylated regions at the amino termini, conserved cysteine residues at the
carboxyl termini and recognition sites for interaction with protein kinase A (PKA) and protein
kinase C (PKC). The conformation of each receptor enables individual ligands to bind to the
extracellular domain with specificity which in turn activates an intracellular domain resulting in
asecondary signalling pathway. The intracellular pathways activated thereafter lead towards resul-
tant functions. However, specific functions are controlled not just by a given ligand, but also by
interactions between a ligand and a receptor sub-type. Furthermore the tissue-specific expression
of receptor sub-types provides an additional level of control.

The MCl1 receptor (MCIR) is 317 amino acids in length and has a very high affinity for a-MSH.
It was the first of the receptors to be cloned* and is expressed in a wide range of cells including
the skin (keratinocytes, melanocytes and fibroblasts), melanoma cells, immune cells (neutrophils,
monocytes, dendritic cells, B-lymphocytes), glial cells and endothelial cells.> MCIR spans the
plasma membrane seven times and links the extracelluar ligand-binding domain with a G-protein
on the intracellular side. The major recognised function of the MC1 receptor resulting from its
interaction with a-MSH is the synthesis of pigmentation (or melanogenesis) and the regulation
of skin physiology.® It has been widely documented that when 0-MSH binds to melanocytes, an
intracellular elevation of cyclic AMP arises from the activation of adenylyl cyclase which in turn
activates the enzyme tyrosinase, resulting in the synthesis of eumelanin.® Of particular interest is
that MCIR is expressed on many nonpigmentary cells and a role for this receptor during inflam-
mation and immunoregulation is now supported by a large number of studies.

The MC2 receptor binds most melanotropic peptides, but has highest affinity for ACTH. It
is 297 amino acids in length, spans the membrane seven times and links to a G-protein complex
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on the intracellular side. MC2R is predominantly expressed in the adrenal cortex and is concen-
trated in the zona glomerulosa and zona fasiculata.” In addition to the adrenal cortex, MC2R
is expressed in the skin, on human keratinocytes, melanoma cells and in murine adipocytes.*!!
Activation of MC2R results in the secretion of adrenal steroids which have a predominant role in
stress function. ACTH binding activates adenylyl cyclase and the elevation of cyclic AMP, which
in turn activates PKA. Interestingly, ACTH is reported to upregulate the expression of its own
MC2 receptors.”

The MC3 receptor is 361 amino acids in length and is expressed in the CNS, stomach, duo-
denum, kidneys, placenta, heart, human monocytes and murine macrophages.'*'® Unusually it
binds the y-MSH peptide and has a comparable affinity between this and ACTH. Activation of
the receptor results in the elevation of cyclic AMP, but in addition an inositol Ca**-phospholipid
signalling system is present under certain conditions (discussed in further detail below).”” MC3R
is involved in anti-inflammatory responses,'®'*! the control of feeding behaviour and has a role
in autonomic functions and energy homeostasis.***' Interestingly, mice which are deficient in
MC3R demonstrate an increase in the amount of basal adipose tissue compared to wild type and
also display a higher weight gain to food intake ratio.”

The MC4 receptor is 332 amino acids in length and has the highest affinity for a-MSH and
ACTH, with a lesser affinity for §-MSH and y-MSH. It is predominantly expressed in the CNS
and whilst it is expressed widely throughout the CNS tissue (including the spinal cord, brainstem,
hypothalamus, thalamus and cortex) it has not been found in other peripheral body tissues to
date.*' Activation of MC4R results in the elevation of cyclic AMP through adenylyl cyclase, which
primarily causes changes in the neuroendocrine and autonomic system, in particular control over
food intake and alterations in energy homeostasis. Mice which a have loss-of-function of the MC4
receptor do not respond to a-MSH with a predictable decrease in weight compared to wild type*
and in this respect are similar to MC3R-deficient mice in that they more readily convert food in
to adipose tissue.”® It has also been demonstrated that MCA4R is involved in penile erection and
sexual function, thought to arise via expression of this receptor in the spinal cord.*

The MC5 receptor is 325 amino acids in length and is widespread in many peripheral tissues
including exocrine glands, the spleen, skin, lung, gut, sexual organs, bone marrow and adipose
tissue.' It has the highest binding affinity for o-MSH, slightly less affinity for ACTH and does
not bind y-MSH at all. The predominant functions arising from MC5R are a regulation of the
exocrine glands and control over the secretion of sebum. Thus, mice with a disruption in this
receptor display an inability to repel water effectively and have problems with regulating body
temperature.” Interestingly, it has been shown that MCSR is expressed on B-lymphocytes and
that a-MSH acting through this receptor can switch on the Jak/STAT phosphorylation pathway.*
This second messenger pathway typically communicates pro-inflammatory cytokine and growth
factor signals.?

Melanocortins and Pigmentation

The ability of melanocortins to stimulate human skin pigmentation was demonstrated by Lerner
and McGuire*” and Levine and colleagues,” who showed that injection of a-MSH, -MSH or
ACTH can produce measurable skin darkening in humans. Local immunoreactivity for POMC
and MSH peptides is reported in human skin,??? with the largest concentrations of a-MSH be-
ing found in the epidermis.?** 0-MSH in particular plays an important role in modulating the
ratio of phacomelanin (yellow/red pigment) to eumelanin (brown/black pigment) in humans.
Ultraviolet radiation stimulates human skin keratinocytes to produce and secrete o-MSH and
ACTH which then act predominantly on MC1Rs to stimulate melanocytes to produce eumelanin.
This production of eumelanin helps protect melanocytes from UV-induced apoptosis and DNA
damage. However, studies on the pigmentary effects of a-MSH on human skin melanocytes in
vitro do not give a clear consensus on the function of this hormone. Some investigators report
that cultured human melanocytes do not pigment in response to a-MSH,**> while others report
significant melanogenic responses to this peptide.®*
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A significant finding in the field of skin pigmentation biology was the discovery that the
MCIR is highly polymorphic.”” Both loss-of-function and gain-of-function MC1R muta-
tions have been demonstrated in a large number of species. In humans, MC1R gene variations
correlating with loss of receptor function are associated with red haired individuals who have
an inability to tan when exposed to sunlight.””* Epidemiological data has also suggested for
many years that melanoma incidence in the Northern hemisphere correlates with individuals
who display such traits. It has been generally accepted that eumelanogenic skin pigmentation
arising in response to UV-light protects skin cells from DNA mutations and neoplasia. It is
therefore highly relevant that some polymorphic variations of the MC1R have been associated
with human cutaneous melanoma,*-# although not all studies confirm a positive association.®
Structure-activity studies of the MCIR using human melanoma as a model demonstrate that
polymorphic loss-of-function variations of the extracellular domain interrupt ligand binding,
whereas variations confined to the intracellular domain permit ligand binding, but interrupt
second message activation.*

Melanocortin Anti-Inflammatory and Immunomodulatory Roles

An unambiguous role for MSH peptides in the regulation of inflammatory responses has
been reviewed expertly and in detail previously.##® In these studies the anti-inflammatory effects
of a-MSH in particular have been demonstrated to occur in the brain and central neurogenic
pathways, but also in migratory immune cells and many peripheral tissues. Inflammatory responses
clicited in the body are largely mediated by the release of proinflammatory cytokines such as in-
terleukin-1 (IL-1), IL-6 and tumour necrosis factor-o. (TNF-at), as well as immunostimulatory
cytokines such as interferon-y (IFN-y). A large number of studies have now demonstrated that
a-MSH and other melanocortins, by binding to melanocortin receptors both in the CNS and
peripheral tissues can exert potent anti-cytokine and anti-inflammatory effects. a-MSH has also
been demonstrated to antagonise many of the biological effects of surface bacterial endotoxins,
such as lipopolyssaccharide (LPS). These anti-inflammatory effects include reduction of body
temperature, suppression of fever and immune and neuroendocrine functions. In addition to
counteracting the effect of proinflammatory cytokines, a-MSH also upregulates the production
of immunosuppressive cytokines such as IL-10.” It is therefore suggested that the downregulation
of proinflammatory cytokines and upregulation of immunosuppressive factors supports a pivotal
role for 0-MSH in regulating anti-inflammatory responses within the body.

The anti-inflammatory biology of 0-MSH is mediated in the periphery by altering the expres-
sion of key adhesion molecules, such as intercellular adhesion molecule-1 (ICAM-1). ICAM-1
has a central role controlling immunologic and inflammatory reactions by physically linking
interactions between T-lymphocytes and target cells.>® Levels of ICAM-1 are normally very low
in human cells,”*** but are upregulated dramatically when cells and tissues are exposed to a wide
range of proinflammatory cytokines (e.g., IFN-y, IL-1, IL-6 and TNF-a).>* Studies have shown
that 0-MSH can significantly inhibit the upregulation of ICAM-1 in a wide range of cells (e.g.,
melanocytes and melanoma cells).** When investigating the intracellular mechanism of how this
arises, chemicals such as isobutylmethylxanthine (IBMX) and forskolin are found to mimic the
action of 0-MSH. IBMX is a phosphodiester inhibitor which prevents the breakdown of cyclic
AMP. Forskolin is a labdane diterpene produced by the Indian coleus plant and activates adenylyl
cyclase, which in turn raises cyclic AMP levels. This suggests that a-MSH inhibits inflammatory
signalling by the cyclic AMP pathway. Interestingly, the extent of a-MSH inhibition of ICAM-1

correlates with the relative number of MSH receptors.>

Intracellular Signalling of Melanocortin Peptides

The predominant signalling pathway of the five melanocortin receptors is through the activa-
tion of adenylyl cyclase and elevation of cyclic AMP. The multitudes of potential functions which
arise thereafter are primarily dictated by the individual melanocortin ligand (e.g., a-MSH verses
¥-MSH), the receptor subtype and the tissue in which that receptor is expressed. Of particular
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interest is that additional second messenger pathways have been reported e.g., intracellular cal-
cium elevation has been detected from MCIR and MC3R in response to o-MSH and Jak/STAT
activation from MCSR.!"'75¢ Thus evidence is appearing that suggests the presence of alternative
or additional pathways. It would appear that activation of these pathways is under physiologi-
cal control and that individual pathways can communicate with each other, known as receptor
‘cross-talk’. Thus, if the cyclic AMP pathway is inhibited pharmacologically by the use of agents
such as N6-phenylisopropyl adenosine (R-PIA) a-MSH can be demonstrated to stimulate an acute
intracellular calcium signal instead.'"'75¢ R-PIA is a specific agonist of the A1 adenosine receptor
which links to a class of Gy, proteins that inhibit adenylyl cyclase.

These findings would therefore suggest that the MC1 receptor is linked to both adenylyl cyclase
and the Ca?*/diacylglycerol/inositol trisphosphate pathways (summarised in Fig. 2). The response
to R-PIA/0-MSH has been reported in detail for a number human melanoma cell types" and
human keratinocyte cells*® and it is suggested that in fact all five receptor subtypes are linked to
a Ca* signalling system.” The data on human melanoma cells and keratinocytes would suggest
that 0-MSH acts through a ‘dominant’ cyclic AMP pathway, but under conditions where this
pathway is inhibited, a resultant Ca** signal arises instead. It has also been found that ACTH plus
R-PIA and ACTH derivatives (e.g., ACTH 1-17) plus R-PIA can elevate intracellular calcium in
normal human keratinocytes,* supporting a similar link between MC2R and a calcium pathway
in these cells. The specificity of the MCl1 receptor on calcium signalling has been demonstrated by
transfection of the MC-1R in to CHO-K1 cells, where wild type CHO-K1 cells do not express
MCIR or respond to combinations of a-MSH/R-PIA. However transfected CHO-K1/MCIR
cells elevate calcium when stimulated with a-MSH/R-PIA.* The functional significance of an
interaction between these pathways is not fully understood. However in keratinocyte cells it has
been shown thatifintracellular calcium levels were elevated using ionomycin the NF-kB transcrip-
tion factor could be inhibited in the presence of TNF-0.>¢ This is an important finding, as it is
now widely accepted that a-MSH acts as an anti-inflammatory and immunomodulatory molecule
by inhibition of NF-kB, a transcription factor that exists in virtually all cell types.”® Whilst, most
studies report that this arises via the cyclic AMP pathway, it would appear that acute elevation of
intracellular calcium can also inhibit this pathway.

NF-kB plays a critical role in the immune system by regulating the expression of several proin-
flammatory cytokines and genes.”® It has a major role in controlling gene expression in response
to TNF-a,, a very common proinflammatory cytokine. In practice the activation of NF-kB arises
in response to a very wide range of pro-inflammatory stimuli. This triggers the proteolysis of a
cytoplasmic inhibitory component (IkB) and unmasks a nuclear localization signal, enabling the
translocation of a p50-p65 heterodimeric complex into the nucleus. It is here that a highly specific
interaction arises between NF-kB and certain gene promoter regions facilitating RNA polymerase
IT activation and mRNA synthesis.>®

Manna and Aggarwal first described that a-MSH could inhibit activated NF-kB in im-
mune cells in a dose and time-dependent manner.” These findings have been confirmed and
extended to show that 0-MSH can inhibit TNF-o-induced activation of NF-kB in human
cutaneous and ocular melanocytes and melanoma cells,**! human dermal fibroblasts>®*¢* and
keratinocytes,** olfactory ensheathing cells of the central nervous systems,® Schwann cells of
the peripheral nervous system® and endothelial cells.® The mechanism is widely agreed to arise
via the elevation of cyclic AMP, as the use of IBMX or forskolin for elevating cyclic AMP was
found to inhibit NFkB. However, a more precise mechanism linking a-MSH with NF-kB was
not understood until 2000 when it was shown that human melanoma cells and keratinocytes
responded to TNF-a stimulation (or sub-toxic hydrogen peroxide stimulation) with rapid acti-
vation of the enzyme glutathione peroxidise (GPx).*' This rapid activation was inhibited in the
presence of a-MSH.®! GPx is a key antioxidant enzyme that enables cells to specifically remove
peroxide species, more generally referred to as ‘oxidative stress’ Early studies have suggested that
the generation of peroxide species (and related oxygen free radicals) are cytotoxic. However,
it is more generally agreed that only an excessive or unregulated production of these species is
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damaging and that regulated levels control transcription factor activation and cell signalling.*”
Thus, NF-kB can be activated by both TNF-a or hydrogen peroxide (as peroxide species can
activate NF-kB directly). It is long been reported that TNF-a can signal by transiently elevat-
ing intracellular peroxide species®” and so if a-MSH can inhibit the generation of these species,
inhibition of NF-KB is expected to result.®!

Studies have also shown that a-MSH can down regulate NF-kB activation in human immu-
nodeficiency virus (HIV) infected monocytes.*® This suppression of NF-kB by o-MSH, which
is not believed to have any pharmacologic toxicity in humans, makes it an interesting candidate
for the potential treatment of pathogenic conditions initiated through NF-kB activation, such
as inflammatory diseases and HIV replication in AIDs. The potent ability of a-MSH to inhibit
NF-kB activation may also make it potentially useful for ischemic injuries, particularly relevant
for tissue of the brain and heart (reviewed in ref. 48).

The discovery that melanocortins can control NF-kB infers that any gene under the control
of NF-kB is under potential regulation. NF-kB controls the expression of about 150 genes,
which are grouped according to function and include cytokines, cytokine receptors and adhe-
sion molecules.”® A number of functional studies have shown the link between melanocortins,
NF-kB and the relative expression of several down-stream proteins. Of particular note is work
on the relative expression of adhesion molecules such as ICAM-1 and E-Selectin, as an interac-
tion between these adhesion molecules and immune cells is required for a primary inflammatory
or immune response. For example, TNF-a can upregulate the expression of ICAM-1 in human
melanoma cells and 0-MSH can inhibit this increase.>* Similarly, LPS mediated upregulation of
E-selectin in endothelial cells is inhibited by a-MSH.® However, these detailed studies represent
only a small proportion of potential candidate proteins that are under the complete control of
melanocortins via NF-kB. In addition to NF-kB, intracellular signalling mechanisms have also been
shown to involve activation of the cyclic AMP response element-binding protein (CREB).7° As
CREB plays an important role in cell survival during metabolic and oxidative stress, it is thought
that activation of this intracellular signalling pathway provides cells with anti-inflammatory and
anti-apoptotic capabilities.

The key anti-inflammatory signalling pathways mediated by the melanocortins are thought to
arise predominantly via the MC1 and MC3 receptors in peripheral tissues and by the MC4 recep-
tor in the CNS.® In this respect other signalling pathways involving a-MSH or MSH agonists
have included phosphorylation of mitogen-activated protein kinase/extracellular signal-regulated
kinase (MAPK/ERK). This includes work showing attenuation of p38 MAPK phosphorylation
and a decrease in activation of the stress-activated kinase, JNK3. It is also reported that activation
of cyclic AMP via MCA4R, followed by attenuation of p38 MAPK or MAPK/JNK results in the
decreased production of TNF-o and inhibition of NF-kB.®® Although it is not yet clear what
definitive roles MAPKs play following MC4R activation by a-MSH, they have been suggested
by Lasagna and colleagues to participate in the anti-inflammatory biology of a-MSH.

Melanocortin Receptor Antagonists and Agonists

In addition to melanocortin peptide derivatives of POMC which serve as agonists to the five
melanocortin receptors, there are also two naturally occurring antagonists. These include the
agouti signalling protein (ASP) and the agouti-related protein (AGRP).”"”2 Both antagonists play
important roles in preventing agonist-induced G-protein activation and upregulation of cyclic
AMP by competitively binding to the receptors. This antagonism has been clearly demonstrated
in mice. For example, activation of MC1Rs by 0-MSH results in the synthesis of the black/brown
cumelanin pigment, whereas antagonism of melanocyte MCIR by agouti in mice switches pig-
ment production to the yellow/orange pheomelanin pigment resulting in a yellow/orange coat
colour.” Whilst a definitive role for this endogenous antagonist in human pigmentation has not
been fully elucidated, recent work has shown that in humans, a 3'UTR ASP polymorhphism has
been found at a higher frequency in darker-skinned populations compared to Caucasians and has
been associated with dark hair and eye colour (reviewed in ref. 74).
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Conclusion

The present chapter summarises the key signalling mechanisms that arise between melanocortin
peptides and their receptors, focussing predominantly on o-MSH. It covers functional studies with
respect to melanocortins, pigmentation and inflammation in a breadth of cell types including those
of the skin, nervous tissue and the vasculature. Importantly, a-MSH assists many cells to resist the
actions of proinflammatory cytokines, in particular TNF-a,, which serves to trigger inflammation
in a wide range of tissues via the activation of NF-kB. The role of how the melanocortins, the
melanocortin receptors and signalling pathways interact are discussed in relation to attenuating
inflammation, in light of the predominant second messenger pathways and how these link to the
control of major proteins such as ICAM-1 and E-Selectin in regulating the immune response.
Finally, the roles of antagonists are considered as modulators of receptor function.
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CHAPTER 3

Distribution and Function
of Melanocortin Receptors

within the Brain
Kathleen G. Mountjoy*

Abstract

iological responses to pro-opiomelanocortin (POMC)-derived peptides administered in
B the brain were documented in the 1950s but their molecular mechanisms of action only

began to be resolved with the mapping of melanocortin receptor subtypes to specific brain
regions in the 1990s. Out of the five melanocortin receptor subtypes, MC3R and MC4R are
widely recognised as ‘neural’ melanocortin receptors. In situ hybridization anatomical mapping
of these receptor subtypes to distinct hypothalamic nuclei first indicated their roles in energy
homeostasis, roles that were later confirmed with the obese phenotypes exhibited by Mc3R and
Mc4R knockout mice. It is perhaps less well known however, that all five melanocortin receptor
subtypes have been detected in developing and/or adult brains of various species. This chapter
provides a comprehensive summary of the detection and mapping of each melanocortin receptor
subtype in mammalian, chicken and fish brains and relates the sites of expression to functions that
are cither known or proposed for each receptor subtype.

Introduction

Melanocortin peptides derived from pro-opiomelanocortin (POMC) have been known to
have many diverse functions in the brain since the 1950s."* Melanocortin peptide-induced stretch-
ing and yawning response and grooming in the rat, were among the first described behaviors.
Grooming behavior is thought to regulate body temperature and to reduce mild stress-induced
arousal.> Melanocortins injected into rat brain were also shown to exhibit potent antipyretic
activity,* affect brain development,’ learning, memory, sexual behavior, attention and motiva-
tion and functional recovery from central nervous system (CNS) lesions.* Functional recovery
from impaired motor activity caused by 6-hydroxydopamine lesions in the nucleus accumbens
was accelerated by adrenocorticotroping o (ACTHy 1) and a-melanocyte stimulating hormone
(0-MSH).> Melanocortins were first shown to regulate appetite when a-MSH and ACTH, 4
were injected into rat brain either intracerebroventricular (icv) or directly into the hypothalamus
and resulted in a significant decrease in food intake.”

The cloning of the melanocortin receptors in the 1990s*’ stimulated intense interest in mel-
anocortin peptide signaling in the brain and a great deal of this interest has since focused on roles
for melanocortin peptides in energy homeostasis.' This led large pharmaceutical companies to
search for small molecule agonists and antagonists of specific brain melanocortin receptors.'*'>
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Although none of these have yet translated into therapeutics for energy homeostasis, the develop-
ment of these drugs has helped to identify functions for specific brain melanocortin receptors. This
knowledge identified other potential therapeutic interventions targeting melanocortin receptors,
such as treatment for brain inflammation'® and erectile function.!t

Of the five melanocortin receptor subtypes, the melanocortin 3 (MC3R) and melanocortin
4 (MCA4R) receptors are widely recognised as the ‘neural’ melanocortin receptors. These brain
receptors have been extensively characterised for expression and function since obese phenotypes
developed in either Mc3R or Mc4R knockout mice.'” However, while the central MC3R and
MCA4R proteins play critical roles in regulating energy homeostasis, they are not the only mel-
anocortin receptors expressed in the brain. All five melanocortin receptor subtypes have been
detected in the brain of various species although the MC3R and MC4R are the most abundant
central melanocortin receptors. Mapping the mRNA expression of Mc3R and Mc4R in rat or
mouse brain led to predictions for melanocortin peptide roles in energy homeostasis and other
physiological functions. The aim of this chapter is to provide a comprehensive summary of the
mapping of each melanocortin receptor subtype in mammalian, chicken and fish brains. These
sites of receptor expression are then related to functions that are either known, or proposed, for
cach receptor subtype.

MCIR Is Expressed in the Periaqueductal Gray and the MC1R

Regulates Pain and Analgesia

The MC1R is well known for its expression in melanocytes where it plays a critical role in pig-
mentation. Recessive defective mutations in the MCIR result in red hair and fair skin.!> However,
the MC1R is expressed in other tissues and has functions beyond pigmentation. Mc1R mRNA
has been detected by reverse transcriptase polymerase chain reaction (RT-PCR) in BALB/c
mouse brain.'¢ In rat and human brain, MC1R mRNA and protein is expressed in neurons in the
periaqueductal gray (PAG) region as shown using in situ hybridization and immunohistochem-
istry, respectively.”” This expression suggested a functional role for the MCIR in analgesia since
the PAG region is a midline locus of crucial relevance to endogenous analgesic circuitry."® The
Mc1R has also been shown to be present in teleost fish (platyfish, medaka and zebrafish) and the
Japanese pufferfish (Fugs) brain using RT-PCR."? In Fugu, weak Mc1R expression was seen in
the telencephalon, optic tectum and hypothalamus following southern blotting of the RT-PCR
products. The functional roles of the Mc1R in teleost brain are unknown.

Evidence supporting a role for MCIR mediated analgesia in mouse and human was provided
when a quantitative trait locus for stress-induced analgesia mapped to the mouse chromosome
8 where the McIR is encoded.?! This association was observed in females but not in males, thus
reflecting reported sex differences in pain and analgesic sensitivity.* Confirmation that the Mc1R
mediates K-opioid analgesia in female mice was provided when female but not male Mc1R* mutant
mice displayed altered k-opioid analgesia® and red haired and fair skinned women with two defec-
tive MCIR alleles displayed greater analgesia from x-opioid, pentazocine, than red haired men
with variant MC1R alleles, or men and women with all other hair colors.” Pentazocine produced
increases in ischemic pain thresholds and tolerance, decreases in rating of ischemic pain intensity
and decreases in thermal pain intensity ratings and these responses were robust in red haired women
with variant MC1R alleles. Proof that the MCIR affects pain and u-opioid analgesia in mice and
humans was provided when Mogil et al*® demonstrated that Mc1RY* mutant mice and human
red heads with two defective MCIR alleles displayed reduced sensitivity to noxious stimuli and
increased analgesic responsiveness to the u-opioid selective metabolite, M6G. These effects were
similar in both male and female mice and there was no effect of gender in humans, in contrast to
the sex dependent responses observed for k-opioid analgesia.?!

MCIR expression in the PAG is likely responsible for mediating MCIR regulation of pain
and analgesia but its mechanism of action is unclear. Mogil et al*! were unable to produce reli-
able effects on nociceptive sensitivity in either gender when they injected 0-MSH icv into mice.
These authors raised the possibility that the K-opioid receptor ligands such as dynorphin may
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be involved. Metabolites of dynorphin derived from cleavage of the amino terminal Tyr residue
(des-Tyr derivatives) bind and antagonise the MC1R in vitro, with potencies that parallel those
reported for pharmacological non-opioid effects of dynorphins in vivo.**

The MCIR may also have an immunomodulatory role in the brain. MCI1R mRNA has been
detected in a human glioma cell line (A-172, anaplastic astrocytoma cells) and a-MSH has potent
anti-cytokine effects on these cells.”® However, it is unknown whether the MCIR is expressed
in glioma cells and astrocytes in vivo. If it is, then it could modulate inflammatory responses in
the CNS.

MC2R Is Expressed in Teleost Fish Brain and Fetal Mouse Brain,

but Not in Adult Mammalian Brain

The MC2R is recognised as the ACTH receptor in the adrenal cortex where it regulates glu-
cocorticoid, aldosterone and androgen production. MC2R mRNA has also been detected in fetal
mouse brain? and in teleost fish brain.”” Inmunohistochemical studies showed that Mc2R protein
is expressed in the developing mouse embryo in a wide number of tissues, including the brain and
spinal cord. Mc2R protein is present in the mouse telencephalon, mesencephalon, metencephalon,
myelencephalon and spinal cord from E11.5 to E13.5.% The expression of Mc2R in adult Fugu
brain is very low but was detected using RT-PCR in total RNA prepared from telencephalon
and hypothalamus, as seen with ethidium bromide staining.' Southern blotting of the RT-PCR
products also showed Mc2R mRNA expression in cerebellum and brain stem. Like Fugu brain,
the hypothalamus of Rainbow trout also expresses low levels of Mc2R mRNA as detected by
quantitative real-time PCR on cDNA prepared from total RNA.*

The presence of Mc2R in the brain at late stages of mouse organogenesis suggests that the Mc2R
plays a role in brain development. The Mc2R has not been found in adult brain of any mammal
despite extensive searches for this receptor in brain.*? It has been proposed that the Mc2R in
teleost brain may exist as a central negative feedback loop for ACTH, arole later taken over by the
MC3R in mammals.” Interestingly, only four melanocortin receptor subtypes are present in Fugu,
medaka and stickleback genomes; the MC3R gene is missing.'” Not only is the MC3R missing in
these fish, but the natural mammalian MC3R ligand, y-MSH, is also missing. Zebrafish however,
do have a Mc3R gene and therefore Mc3R expression is variable in fish.?

MC3R Is Specifically Expressed in Hypothalamus and the Limbic
System Where Its Functions Are Not Clearly Understood

Adult Brain

The Mc3R is the most abundantly expressed melanocortin receptor subtype in the rat brain.
It was first cloned in 1993 from rat by Roselli-Rehfuss et al*” and from human by Gantz et al.>' In
both instances, MC3R mRNA expression was detected by Northern blotting using 4-5 ug of rat
hypothalamic tissue poly (A)* RNA. Nevertheless, MC3R gene expression is relatively low in the
brain as poly (A)* RNA was required for its detection. Expression of Mc3R mRNA is restricted
in the adult rat brain, with highest densities being found in the hypothalamus and limbic systems.
In situ hybridization mapping of Mc3R mRNA in rat brain determined the anatomical localiza-
tion for this melanocortin receptor subtype in approximately 30 different nuclei***' (Fig. 1). The
greatest density of Mc3R containing neurons in the hypothalamus were found in the arcuate
nucleus (ARH), the dorsomedial portion of the ventromedial nucleus (VMHAI), anteroventral
preoptic area, posterior hypothalamic area and the medial preoptic area (MPO). Outside of the
hypothalamus, relatively dense signal was observed in the intermediate part of the lateral nucleus of
the septum, in the medial habenula nucleus of the thalamus (MHDb), in the ventral tegmental arca
(VTA) and in the central linear nucleus of raphe.’® Weak signals were present in the hippocampus,
the piriform cortex and a few brainstem nuclei.

Autoradiographs of ['*I]-NDP-MSH binding (binds both MC3R and MC4R similarly) and
displacement with nonradioactive Y1-MSH (40 fold selective for MC3R) was used as a method



32 Melanocortins: Multiple Actions and Therapeutic Potential

MC3R mRNA

Figure 1. Schematic of rat adult brain sagittal section showing regions expressing Mc3R mRNA.
POMC neurons shown as black dots and POMC projections shown as black lines. Shading
represents regions in situ hybridization mapped for Mc3R mRNA expression.*° (Modified from
ref. 142 with permission.) Abbreviations: AAA: anterior amygdala; AC: anterior commissure;
ACB: nucleus accumbens; ACi: Anterior commissure, intrabulbar; ARH: arcuate nucleus
hypothalamus; BST: bed nuclei of the stria terminalis; CA1-3: hippocampus; CC: corpus
callosum; CP: caudate putamen; DMH: dorsomedial nucleus, hypothalamus; DMX: dorsal
motor nucleus of the vagus; LS: lateral septal area; LSd: lateral septal area, dorsal aspects;
MeA: medial amygdala; MH: medial habenula; MPO: medial preoptic area; OT: olfactory
tubercle; PAG: periaqueductal gray; PIR: piriform cortex; PV: periventricular zone; PVH: para-
ventricular nucleus, hypothalamus; PVT: paraventricular nucleus, thalamus; RN: red nucleus;
SC: superior colliculus; SN: substantia nigra; VMH: ventromedial nucleus, hypothalamus; VTA:
ventral tegmental area; ZI: zona incerta. A color version of this image is available at www.
landesbioscience.com/curie.

to discriminate between Mc3R and Mc4R in rat brain.* The autoradiographs showed dominant
expression of Mc3R in the nucleus accumbens shell, MPO and VMH.

In the ARH, Mc3R mRNA is expressed in both POMC and agouti-related peptide (AgRP)
neurons.’*** Double labelling in situ hybridization was used to show that a large portion of
POMC neurons in the rostral ARH are positive for Mc3R mRNA*? as are a large proportion
of AgRP expressing neurons.> Mc3R was detected in 31% POMC and 44% AgRP expressing
neurons. Many AgRP expressing neurons also express neuropeptide Y (NPY) and therefore it is
not surprising that double labelling in situ hybridization also showed that 38% of NPY neurons
in rat ARH express Mc3R mRNA.* Mc3R mRNA expression was mapped in Spiny dogfish
(Squalus acanthias) brain using southern blotting of RT-PCR products. Mc3R mRNA mapped
to hypothalamus and telencephalon in Spiny dogfish brain'® and interestingly dogfish contains
¥-MSH, like mammals.” In contrast to Frugn, zebrafish do have a Mc3R gene but its expression
in zebrafish brain has not been mapped.* Interestingly in chicken, the Mc3R is not expressed in
brain, but it is expressed in adrenal gland.?”

Fetal and Postnatal Brain

No Mc3R mRNA was detected in the developing rat embryo.*® Expression of this receptor first
appeared in the rat brain at postnatal (PN) day 0 when weak signal was seen in the hypothalamus.”
The diencephalon and mesencephalon expressed Mc3R mRNA by PN day 7 and by PN day 21 the
expression was similar to adult Mc3R mRNA expression with intense signals seen in the VMH,
ARH, MHb and VTA regions.***
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Functions for MC3R in Brain

Mapping Mc3R mRNA expression in adult rat brain indicated several physiological functions
for the MC3R, many of which have either not yet been confirmed, or are poorly understood. First,
strong Mc3R protein but not mRNA expression in the nucleus accumbens (ACB) suggested that
the MC3R is working presynaptically in nerve terminals of long projecting neurons. Expression of
Mc3R mRNA in ARH POMC neurons also suggested that MC3R functions presynaptically as
an auto-receptor to control the release of POMC-derived peptides. Electrophysiological studies
on neurons expressing green fluorescent protein under the control of the POMC promoter indeed
showed that melanocortin peptides have an autoinhibitory effect on POMC neurons.® Second,
co-expression of Mc3R with POMC, AgRP and NPY in the ARH was evidence that the MC3R
plays a role in complex interactions controlling energy homeostasis, since all three molecules
play critical roles regulating body weight. Indeed, the phenotype of the Mc3R knockout mouse is
modest obesity, resulting in large part from increased feed efficiency and a reduction in locomo-
tor activity.”"* The expression of MC3R in AgRP neurons might serve as a negative feedback
control through MC3R autoregulation of POMC-derived peptides since AgRP is an antagonist
of MC3R signaling in the brain.

The Mc3R knockout mouse model as well as the development of MC3R specific ligands has
enabled MC3R specific functions to be identified. Mc3R knockout mice exhibit abnormal daily
patterns of feeding behavior and thisled to the discovery that the Mc3R is critical for entrainment
of anticipatory behavior to feeding time.* Maintaining circadian rhythms in energy consumption
and expenditure is dependent on synchronisation of oscillating clock genes in the forebrain® and
Mc3R deficiency results in impaired synchronisation of clock genes.** While the master pacemaker
clock for light entrainable oscillation is located in the suprachiasmatic nucleus (SCN), the loca-
tion of the food entrainable oscillator is uncertain. The VMHdI shares strong connections with
regions involved in appetite regulation, such as paraventricular and dorsomedial hypothalamic
nuclei” and the dense Mc3R expression in this brain region® may be responsible for maintaining
entrainment to feeding time. Similar dense Mc3R mRINA expression is observed in the MHDb, a
site of melatonin synthesis in addition to the pineal gland.®® The MHDb is a key bridge between
limbic forebrain and midbrain monoaminergic centers and has been associated with functional
roles involved in the regulation of sleep, circadian rhythm, stress response, pain, feeding and re-
productive behaviour.” It is possible that Mc3R expression in the MHD is involved in circadian
rthythms and possibly entrainment of anticipatory behavior to feeding.

A potential role for CNS Mc3R in the seasonal regulation of Siberian hamster body weight was
identified when Mc3R mRNA was found to be photoperiodically regulated in the dorsomedial
posterior arcuate nucleus (dmpARC).** Mc3R mRNA is expressed only under short photoperiod.
A change in the duration of melatonin secretion from the pineal gland is the main driver relaying
aresponse to photoperiod to the dmpARC.>! The changing photoperiod triggers seasonal adapta-
tions including altered food intake and body mass, annual reproductive activity cycle and changes
in pelage color and insulation.* Short days drive a reduction in food intake and a corresponding
loss in body weight and are associated with increased posttranslational endoproteolytic POMC
processing to increase the relative abundance of a-MSH.> It is possible that photoperiod-induced
increased MC3R expression in the dmpARC regulates this posttranslational processing of POMC
during short days since the MC3R acts as an autoreceptor.

The VTA and ACB are important brain structures involved in the dopaminergic mesolim-
bic reward system involved in drug dependence and motivational processes.’*> Regulation of
the rat dopaminergic mesolimbic system may be a function for MC3R expressed in the VTA
and ACB.** Gamma 1-MSH shows 4-fold selectivity for the MC3R over the MC4R and when
YIMSH was injected into rat brain VTA, it caused an increase in the release of extracellular
dopamine and its metabolite in the ACB together with pronounced grooming and vertical
activity. Interestingly, y 2MSH also selectively binds the MC3R but it had the opposite effect
and decreased extracellular dopamine. The mechanism of action for these opposing effects of

YIMSH and y2MSH is unknown.
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MCA4R Is Expressed in Distinct Nuclei in Every Region of the Brain

Reflecting It’s Many Diverse Functions in the Brain

The MCA4R has attracted much attention in recent years due to its involvement in the regu-
lation of appetite and energy homeostasis.”” The MC4R is one of the most well characterised
monogenic factors causing human obesity. Single point mutations in the MC4R coding region
account for about 5% morbid human obesity while two polymorphisms in the human MC4R
coding region are associated with protection from human obesity.®*” The phenotype of the
Mc4R knockout mouse first identified the MC4R gene with physiological roles in regulation
of appetite, body weight, linear growth, lean body mass, glucose homeostasis, insulin secretion
and sensitivity, bone mineral content and sympathetic nervous system responses.”” Because of
the critical role that the MC4R plays in energy homeostasis, more attention has been given to
investigating specific CNS functions for the MC4R than has been given to the other MCR sub-
types and this has included the development of MC4R-specific agonists and antagonists.''> The
MC4R is the second most highly expressed melanocortin receptor subtype in the mammalian
brain. In contrast to the Mc3R mRNA, Mc4R mRNA has not been detected in any rat brain
region by Northern blotting. It is however, much more widely expressed in the brain compared
with the Mc3R.© Although we know a lot more about specific functions for the CNS MC4R
than we do for the CNS MC3R, there is still a great deal that we do not know about specific
physiological roles for MC4R in the brain. Understanding roles for this receptor until now has
focused largely around energy homeostasis and brain inflammation as there is huge potential
for pharmaceutical interventions in these areas.

Adult Brain

The MC4R was first cloned in 1993%°¢! and although its expression was originally reported to
be only in the brain, it has since been detected at low levels in the periphery where its functions
are probably numerous, but not yet determined.®*** The MC4R in mammals is not therefore
brain specific, but most of our knowledge about the MC4R today relates to MC4R expression
and function in the brain. In situ hybridization studies mapped the brain anatomical localization
of the Mc4R in rat®¢'65 and mouse®*®” to over 100 different nuclei (Fig. 2) and remarkably, in
the mouse ~1 kb Mc4R promoter drives this pattern of expression.®® The hypothalamus and
brainstem contain the highest Mc4R mRNA expression. Hypothalamic sites expressing Mc4R
mRNA include the periventricular zone of the hypothalamus with strongest expression in the
suprachiasmatic preoptic nucleus, anteroventral periventricular nucleus (AVPV), supraoptic
nucleus (SO), paraventricular nucleus of the hypothalamus (PVH), MPO, anteroventral preoptic
nucleus, anterior hypothalamic nucleus, ventromedial nucleus of the hypothalamus (VMH),
dorsomedial nucleus of the hypothalamus (DMH), tuberomammillary nucleus and lateral
hypothalamic area. Brain stem sites expressing the highest Mc4R mRNA expression include
the superior colliculus, in particular the optic layer and nucleus of the optic tract, dorsal motor
nucleus of the vagus nerve (DMX), substantia nigra (SN), red nucleus (RN), raphe, and reticular
formation in particular parvicellular reticular nucleus. After the hypothalamus and brain stem
the strongest Mc4R mRNA signals are seen in several nuclei of the amygdala including the
anterodorsal part of the medial nucleus of amygdala, the medial zone of cortical nucleus of the
amygdala and the capsular part of the cental nucleus of the amygdala.

Regions in the isocortex expressing Mc4R mRNA include the primary auditory area, agranular
insular and anterior cingulate areas of isocortex. Mc4R mRNA is also expressed in regions of
cortex involved in olfactory responses, such as the anterior olfactory nucleus, the taenia tecta,
olfactory tubercle and the piriform area. In the hippocampus relatively high levels of expression
are seen in the lateral part of the entorhinal area and ventral part of the subiculum with lower
levels present in the parasubiculum and fields CA1, CA2 and CA3 of Ammon’s horn. The
lateral septal nucleus is among those regions with relatively high densities of MC4R mRNA,
especially the lateral septal nucleus and the medial septal nucleus. Moderate levels of Mc4R
mRNA expression are present throughout the bed nuclei of the stria terminalis (BST) and
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MC4R mRNA

Figure 2. Schematic of rat adult brain sagittal showing regions expressing Mc4R mRNA. POMC
neurons shown as black dots and POMC projections shown as black lines. Gray shading
represents regions in situ hybridization mapped for Mc4R mRNA expression.*®® (Modified
from ref. 142 with permission.) Abbreviations used as in Figure 1 legend.

higher levels of expression are seen in the septohippocampal nucleus, subfornical organ (SFO)
and fundus of the striatum. Weak Mc4R expression is present in the thalamus and mostly seen
in the suprageniculate nucleus, zona incerta and the peripeduncular nucleus. In the striatum,
Mc4R mRNA signal is present in the entire rostrocaudal extent of the caudate-putamen and
in the ACB.

The Mc4R has also been detected in fish and in chicken brains. In chicken, RT-PCR detected
Mc4R in the brain but anatomical mapping was not performed.® In the gold fish however, Mc4R
mRNA has been mapped using in situ hybridization.”” High Mc4R expression was found in the
telencephalon, preoptic area, ventral thalamus, tuberal hypothalamus and hypothalamic inferior
lobe. RT-PCR also detected low levels of Mc4R expression in goldfish cerebellum. Detailed brain
mapping using RT-PCR showed Mc4R mRNA expression in Sea bass, Dicentrarchus labrax,
and found this receptor to be expressed in telencephalon, preoptic area, hypothalamus, ventral
thalamus, tectum mesencephalon and rombencephalon regions of the brain.”” RT-PCR was also
used to detect Mc4R mRNA in brains of barfin flounder, Verasper mosers” and in Fugu brain."”
RT-PCR detected expression in Frugu brain in the telencephalon, optic tectum, hypothalamus
and cerebellum, but not in the brain stem. Overall, the distribution of MC4R in teleost and
mammalian brains is very similar.

Fetal and Postnatal Brain

Mapping of Mc4R mRNA during rat development showed strong expression in the brain
from E14 in diencephalon neuroepithelia, telencephalon, lamina terminalis and spinal trigeminal
nucleus.®2 By E19, the pattern of CNS Mc4R mRNA expression is similar to that seen in adult
rat brain. As seen in the developing embryo, postnatally Mc4R mRNA also predominates and
continues to show a distinct temporal and spatial pattern of expression.*®

Functions for MC4R in the Brain

The unique neuronal distribution of Mc4R mRNA in fetal and adult rat brains indicated
specific and complex physiological roles for the MC4R in neuroendocrine and autonomic con-
trol. Mc4R mRNA expression in hypothalamic and brain stem nuclei suggested roles in control
of energy homeostasis, stress and reproduction, all of which have been confirmed, although still
poorly understood. Characterisation of the phenotype of the Mc4R gene knockout mouse first



36 Melanocortins: Multiple Actions and Therapeutic Potential

exposed the critical role MC4R plays in appetite control and body weight regulation in mam-
mals.”> However, it is only recent experiments using a conditional Mc4R knockout mouse in
which Mc4R expression was rescued specifically in the PVH and amygdala brain regions, that
started to shed light on the relative contribution of MC4R signaling in individual CNS sites.”
These studies identified Mc4R expression in the PVH and possibly the amygdala, as critical for
appetite regulation. Further evidence that Mc4R in the PVH is critical for appetite regulation
was provided when adeno-associated virus-mediated knockdown of Mc4R in the PVH promoted
hyperphagia in adult rats fed a high fat diet.”

Mc4R is co-expressed with corticotrophin releasing hormone (CRH) on PVH neurons and
administration of CRH to rodent brain inhibits appetite.”” CRH also inhibits appetite in Mc4R
knockout mice indicating that CRH may act downstream of the MC4R in the PVH to regulate
appetite.”® In addition, single-minded gene 1 (Sim1), brain derived growth factor (BDNF)
and oxytocin may also be mediators of MC4R signaling in the PVH. Sim1 is a transcriptional
factor expressed in the PVH and amygdala and Si721 knockout mice are obese and resistant to
melanocortin peptide inhibition of appetite.”” Activation of Mc4R in the PVH magnocellular
neurons results in mobilisation of intracellular calcium and induction of c-Fos, followed by
dendritic oxytocin release.” Oxytocin deficiency is responsible for much of the hyperphagia in
obese Sim*~ mice” and therefore oxytocin likely mediates at least some of the MC4R driven
inhibition of appetite. The synthetic melanocortin peptide, MTII, stimulates BDNF expression
in the VMH of wild type mice and BDNF suppresses feeding in Mc4R knockout mice,* all of
which suggests a role for BDNF also mediating MC4R regulation of appetite. In the brainstem,
feeding and body weight are controlled by the DMX, a region of high MC4R mRNA density
that receives afferent projections from the gastrointestinal tract.! Activation of brainstem Mc4R
reduces meal size®! without affecting meal frequency.® A critical role for the Mc4R in satiety
suppression of food intake by cholecystokinin (CCK) mediated by melanocortin neurons in the
brainstem was demonstrated using Mc4R knockout mice.®* BDNF is also a downstream media-
tor of brainstem MC4R induced appetite suppression.* However, it remains to be determined
how MCA4R satiety signaling in the brainstem integrates with MC4R suppression of appetite
initiated in the PVH. Mc4R mRNA was found in the nodose ganglia and electrophysiological
and biochemical methods were used to provide evidence that MC4R signaling in the caudal
brainstem leads to mainly presynaptic modulation of glutamatergic synaptic transmission.®
Presynaptic MC4R may therefore modulate vagal glutamatergic inputs to nucleus of the solitary
tract (N'TS) neurons.®

Rescue of MC4R in PVH/amygdala restored appetite control and linear growth but not
energy expenditure.”’ The neuroanatomical sites critical for MC4R mediated energy expenditure
are not yet identified. It is known however, that MC4R regulation of energy expenditure is medi-
ated through activation of the sympathetic nervous system involving sites in the hypothalamus
and brain stem.**¥ Mc4R mRNA expression in the intermediolateral cell column (IML) of
the spinal cord®® first implicated the sympathetic nervous system in MC4R regulation of
energy expenditure. The IML projects to postganglionic neurons innervating brown adipose
tissue (BAT'). BAT also receives inputs from other autonomic control regions expressing Mc4R
mRNA such as the ventro-medial preoptic nucleus, PVH, LHA and rostral ventrolateral me-
dulla. Transneuronal viral retrograde tract tracer, the pseudorabies virus (PRV), was used to map
brain regions where sympathetic outflow to white adipose tissue (WAT) and BAT originate.®
Highest percentages of PRV infected cells that co-express Mc4R mRNA are laterodorsal teg-
mental nucleus and the rostral raphe pallidus following PRV injection into BAT and the PVH
following PRV injection into WAT. In addition to regulating cellular thermogenesis in BAT, the
CNS Mc4R through activation of the sympathetic nervous system controls peripheral nutrient
partitioning by promoting fat storage via direct actions on liver, muscle and fat metabolism.***
Some of these central MC4R mediated actions can be pharmacologically manipulated and in
future may lead to treatments for Type 2 diabetes.”
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Expression of Mc4R in parabrachial neurons (PBN) located in the dorsolateral of the pons
in the brainstem suggested that this receptor might be involved in illness-related suppression
of feeding. The PBN is a relay centre for signals from the NTS to the forebrain and has been
implicated in mechanisms underlying anorexia and food aversion during disease. Dual labelling
in situ hybridization showed MC4R mRNA on neurons in the external lateral parabrachial
subnucleus that displayed lipopolysaccharide- or lithium chloride- induced expression of c-fos
mRNA.” Activation of brain structures by systemic administration of lipopolysaccharide models
acute systemic infection associated with anorexia, while activation of brain structures by sys-
temic administration of lithium chloride is representative of conditioned taste aversion (CTA).
Furthermore, these Mc4R expressing neurons all co-express calcitonin gene related peptide
(CGRP) and it has been suggested that there is a MC4R regulated CGRP-positive pathway from
the external lateral parabrachial subnucleus to the amygdala that relays information to forebrain
responses to certain aspects of sickness behavior.”” CGRP is anorectic and induces CTA.

Further neuroendocrine roles for Mc4R expressed in the PVH include inhibition of oxytocin
release from their terminals in the neurohypophysis® and stimulation of CRH” and thyroid
releasing hormone (TRH)? with subsequent increased anterior pituitary gland production of
ACTH/0-MSH (94) and thyroid stimulatinghormone,” respectively. Mc4R mRNA is expressed
in both the magnocellular and parvocellular divisions of the PVH and it may therefore play a
role in the release of arginine vasopressin (AVP) followed by anterior pituitary production of
ACTH. In hypothalamic explants, a-MSH significantly increased AVP release”®®” and AVP is
a potent stimulator of ACTH release.”® CNS Mc4R is also associated with mediating leptin
stimulation of luteinizing hormone and prolactin secretion in rats, but the sites of brain MC4R
expression responsible for these responses are unknown.”!” In the ACB, MC4R mediates
a-MSH induced release of dopamine.'®! Elevations in dopamine were observed in the caudate
putamen and ACB after a-MSH was administered into rat VTA, a dopamine synthesising
brain region where Mc4R mRNA is weakly expressed. Pretreatment with a MC4R selective
antagonist blocked the 0-MSH induced dopamine response.'®! This Mc4R mediated increase
in dopamine may be involved in Mc4R regulation of appetite and behaviors such as excessive
grooming'®® and stretching and yawning.'»'%

MCc4R expressed in the parvocellular division of the PVN participates in the stress response
through stimulation of CRH followed by release in rats of pituitary derived ACTH and increased
circulating corticosteroids.” Central melanocortins also activate, stress-induced behavior such
as excessive grooming independent of adrenal derived corticosteroid and these behavioral effects
are mediated through the Mc4R.** ACTH, ,; administered into the PAG,'* the periventricular
nucleus'® and the substantia nigra'® induced excessive grooming behavior. MC4R is expressed in
all of these brain regions where it may be modulating the dopamine response. MC4R expressed
in the amygdala plays an important role in morphine tolerance, a response that is mediated
through dopamine signalling.'”'® Morphine down regulated MCA4R expression in the ACB
and the PAG, brain regions that mediate opiate addiction.!®” Furthermore, the MC4R modulates
the behavioral effects of cocaine. Chronic, but not acute, cocaine treatment increased Mc4R
mRNA expression in the striatum and hippocampus and antagonism of MC4R in the amygdala
reversed morphine tolerance.'®

Central MC4R not only plays an important role in the stress response but it also plays a
role in the regulation of emotional behaviour.” Stimulation of Mc4R causes anxiogenic-like
activity in rats."!° Administration of o-MSH into the MPO and ventromedial nucleus, areas
where Mc4R is expressed, significantly increased aggressive behaviour.'! Intraventricular ACTH
reduced social interaction in male rats and the septum was identified as a brain region mediat-
ing the anxiogenic-like effects of ACTH.'? The relatively high expression of Mc4R mRNA in
the lateral septum likely plays an important role in this anxiety-like behavior. Mc4R mRNA
expression is also relatively high in the amygdala, a brain region that plays a role in orchestrating
various aspects of emotional output and fear-related behaviours."”* MC4R mRNA is increased
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in the amygdala and in the hypothalamus by electrical foot shock stress.!'* The central nucleus
of the amygdala where Mc4R mRNA is expressed also contains a relatively high concentration
of CRH, which may mediate the MC4R effects of stress.'”> MC4R-mediated stimulation of
PVH CRH and the subsequent activation of the hypothalamic-pituitary-axis are also believed to
play a role in melanocortin anxiogenic-like effects.!'* Mc4R mRNA in the dorsal raphe nucleus
and locus coeruleus may modulate serotoninergic and noradrenergic signaling with stimulation
of the MC4R associated with anxiety-like behavior and MC4R antagonism associated with
antidepressant-like effects.””!"”

A physiological role for MC4R in reproductive function was demonstrated by difficulties
with breeding homozygous MC4R null mice.'® Melanocortin peptides play a significant role
in regulation of penile erection through activation of the MC4R centrally and peripherally.
Central administration of the MC4R selective agonist, THIQ, into the 3rd ventricle of rats
increased reflective penile erections.!”? The brain regions responsible for these MC4R mediated
effects on erection are unknown but may reside in the MPO and PVH, regions known to be
involved with copulatory behaviors.

A functional role for the MC4R in neuroprotection was first identified when Mc4R mRNA
was found to be up-regulated in the striatum in the nondamaged hemisphere within 24 hour
after severe unilateral hypoxic ischemic brain injury.”® This Mc4R up-regulation may be in-
volved in transfer of function to the uninjured hemisphere following unilateral brain injury.
Intracerebral events contributing to ischemia- and stroke-induced brain damage promote an
inflammatory response. The neuroprotective effect of melanocortin peptides could be mediated
through the modulation of mechanisms such as inflammatory reaction and apoptosis associated
with neuroinflammatory diseases.’>'*"'2> Mc4R expressed in the brainstem DMX and ventral
division of the nucleus ambiguous may mediate the melanocortin protective effects in rats
against hemorrhagic shock.'*

The CNS MC4R modulates heart rate and blood pressure in humans and mice and this
involves enhanced sympathetic nerve activity.'”"'?” Mc4R~~ mice maintain normal blood pres-
sure despite marked obesity and MC4R deficiency in humans results in lower heart rate and
blood pressure and lower urinary norepinephrine excretion than in control subjects. Acute
central administration of o-MSH in mice increased mean arterial pressure and heart rate,
except in Mc4R'~ mice.”?® The MC4R expressing brain regions responsible for melanocortin
peptide regulation of cardiovascular function have not been identified but are likely to involve
MC4R expressed in the PVH and/or in the NTS. Both PVH and NTS brain regions can lead

to activation of sympathctic nerve activity.

MCS5R Expression and Function in the Brain Is Unclear

The MC5R is the most widely expressed melanocortin receptor in the periphery where it
likely has many functions that are not yet identified.'*'? Analysis of the McSR knockout mouse
phenotype exposed the role for MCSR in exocrine function, regulating sebaceous gland secre-
tion."® Expression of the MC5R was initially recognised in human," mouse'” and rat'*® brain
using RT-PCR and/or RNase protection assay. Rat brain McSR mRNA expression was reported
to be in the olfactory tubercle, substantia nigra, striatum, medulla, cerebellum, hypothalamus,
hippocampus, midbrain and cerebral cortex. However, attempts to map McSR mRNA in rat
or mouse adult brain using in situ hybridization have failed to detect this receptor.!**'* In the
mouse embryo during the organogenetic period, Mc5R protein was detected using immuno-
histochemistry in the telencephalon (cerebral cortex) from E16.5 to R18.5.%¢

McSR mRNA has been detected in brains of birds and fish. RT-PCR detected McSR ex-
pression in brain of adult White Leghorn chickens.®® Southern blotting of RT-PCR products
detected McSR mRNA expression in Spiny dogfish (Sgualus acanthias) brain where it mapped
to hypothalamus, telencephalon and weakly in the brain stem."” In Cyprinus carpio, McSR
mRNA is expressed in brain as shown by RT-PCR."? In situ hybridization studies revealed
Mc5R mRNA expression in many regions of goldfish brain, including ventral telencephalon,
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nucleus lateralis tuberis and nucleus preopticus.’*® MC5R mRNA has also been detected in
Rainbow trout brain using RT-PCR.!**

The function of MC5R in adult brain of any species is not understood, but expression of
Mc5R in mouse embryo suggests that it may play a role in the development of brain cerebral
cortex. The sites of McSR expression in goldfish brain suggest MC5R has neuroendocrine and
behavioral roles in goldfish some of which overlap with roles for the MC4R."** It is possible that
the mammalian MC4R has taken over these roles that were once the functions of MCSR.

Melanocortin Receptor Accessory Proteins (MR A Ps)

It is likely that the biological activity of each melanocortin receptor subtype expressed in
the brain is modified by receptor interacting-proteins in ways that we do not yet understand.
One or more G protein coupled receptor (GPCR)-interacting proteins modify the biological
activity of most, if not all, GPCRs expressed in the brain.”> GPCRs have long been known to
mediate many of their effects through interacting with heterotrimeric G proteins. However, a
large number of proteins in addition to G proteins have recently been recognised to interact
with various GPCRs. These interacting proteins include GPCRs themselves as homo- or
hetero-dimers, multi-domain scaffolding proteins and accessory/chaperone molecules. They
provide diverse molecular mechanisms for ligand recognition, signaling specificity and recep-
tor trafficking.’®> Recently, a family of novel accessory proteins for the melanocortin receptors
have been discovered and in humans they comprise two splice variants, MRAPa and MRAPf
and a second gene, MRAP2.13¢13 MRAP« is essential for the MC2R to functionally express
in the adrenal cortex and in heterologous cells, but it is not essential for the other melanocor-
tin receptor subtypes to functionally express. Nevertheless, MRAPa and MRAP2 have been
found to interact with all five receptor subtypes in vitro and in contrast to the MC2R, these
MRAPs reduce the responsiveness of MCIR, MC3R, MC4R and MC5R to melanocortin
peptide coupling to adenylyl cyclase.'**'* These MRAPs are expressed in the brain as well as in
the periphery, but it is unknown whether they modify brain melanocortin receptor signaling.
MRAPs may be functioning similar to receptor activity modifying proteins (RAMPs) that are
required for calcitonin-like receptor expression in the plasma membrane and functioning as
cither the calcitonin gene-related peptide or adrenomedullin receptor.’®® However, there are
no structural similarities between RAMPs and MRAPs. There is structural, but not sequence,
similarity with accessory proteins described for the olfactory receptors, receptor-transporting
protein (RTP) 1 and 2 and receptor-expression enhancing protein (REEP).'* However, the
structure of MRAPs is unique among GPCR accessory proteins since MRAPs form antiparallel
homo- and hetero-dimmers."**!¥! It is unknown at present, precisely where MRAPs are expressed
in the brain. However, if they co-express with melanocortin receptors in the brain they are likely
to be important modulators of central melanocortin functions and may themselves become
targets for therapeutic interventions.

Conclusion

MC3R and MC4R have long been recognised as the ‘neural’ melanocortin receptor sub-
types. However, all five melanocortin receptor subtypes have been detected in developing
and in adult brains of various species. Their distinct receptor subtype-dependent pattern and
region-specific expression refects different functions for each melanocortin receptor subtype in
the brain (Table 1). These functions include brain development; regulation of neuropeptide and
pituitary-derived hormones, the stress response, appetite and feeding behavior, reproduction,
pain, analgesia, anxiety, cardiovascular function and neuroprotection (Table 2).

Molecular biological techniques and genetically engineered mice have played critical roles in
exposing functions for melanocortin receptors expressed in the brain. The many diverse func-
tions for melanocortin peptides in the brain makes these receptors attractive drug targets for
diseases, dysfunctional behaviors, analgesia and brain inflammation. There is a great deal yet to be
revealed about specific functions and mechanisms of action for melanocortin receptors expressed
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Melanocortins: Multiple Actions and Therapeutic Potential

Table 2. Functional roles for melanocortin receptors expressed in mammalian brain
(* function is predicted)

Receptor Functions Reference
MCI1R e Pain and analgesia (mediates k-opioid analgesia in 21,23
females and u-opioid analgesia in males and females)
* Neuroprotection* 25
MC2R * Brain development*
MC3R ® Brain development*
* Auto-receptor controlling release of POMC-derived 40
peptides
* Nutrient partitioning 41, 42
® Locomotor activity 41, 42
¢ Food entrainable feeding behaviour 43
e Seasonal regulation of body weight* 50
e Reward system involved in drug dependence and 56
motivation*
MC4R * Brain development*
¢ Neuroendocrine regulation (stress response, growth 75, 78, 93-97, 99-101,
and reproduction) 119
¢ Autonomic nervous system control (thermogenesis, 86, 87, 89, 90
insulin sensitivity, nutrient partitioning)
e Appetite regulation including food aversion and satiety 73, 74, 83, 92
¢ Morphine tolerance and opiate addiction 107-109
* Anxiety-like behaviour 97, 110, 111, 113, 116,
17
* Neuroprotection 13, 120-124
e Blood pressure and heart rate 125-127
MC5R ® Brain development*

in specific brain nuclei that will underpin future targeted interventions. Understanding specific
functions for the melanocortin receptors expressed in avian and teleost brains will contribute
to this knowledge. Furthermore, MRAPs are relatively new players in the melanocortin system
and their significance for melanocortin receptor signaling in the brain is unknown.
Importantly, future therapeutics targeting any of the brain melanocortin receptors should
consider potential harmful side effects of these drugs on fetal development since at least four
melanocortin receptor subtypes are expressed in the developing mammalian brain.
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CHAPTER 4

Drugs, Exercise,

and the Melanocortin-4 Receptor—
Different Means, Same Ends: Treating Obesity

Jay W. Schaub, Erin B. Bruce, and Carrie Haskell-Luevano*

Abstract
s the percentage of obese humans expands, new options for weight loss are being explored.
ABody weight homeostasis is the result of a balance between energy intake (food) and
expenditure (activity). A shift in homeostasis into a negative balance results in weight
loss. Two potential options available for the management of body weight, as related to the
melanocortin system, are exercise (increase energy expenditure) and drugs targeting the mel-
anocortin-4 receptors for satiety.

Introduction

The metabolic syndrome is a topic of great interest to the healthcare community. Obesity
is defined as having the excessive accumulation of adipose tissue leading to detrimental health
conditions' and is measured using the body mass index scale (BMI). The BMI is calculated using
a ratio between an individual’s weight and the square of their height. BMI is considered to be a
general indicator of the amount of adipose tissue in the body. Adults are considered overweight
if they possess a BMI of 25 greater and are considered to be obese if their BMI equals or exceeds
30.2 While BMI is an indicator of body fat, it is not a direct measurement of adipose tissue. Since
BMI is an arbitrary scale, it is not an accurate indicator of obesity for all individuals notable such
as professional athletes and pregnant women who might have a high BMI, but low body fat com-
position. Obese individuals with abdominally localized fat deposits are at a higher risk for diseases
associated with obesity such as diabetes, cardiovascular diseases and some cancers.?

With the increasing incidence of obesity, significant research is being conducted to study
the cause and effects as well as the impact on healthcare. Viewed from a total body standpoint,
an increase in adipose tissue weight represents a net increase in the body’s energy stores (Fig. 1).
However, there are many causes for this shift in energy homeostasis and often multiple factors
act togcthcr to cause the increase of adipose tissue that leads to obcsity. The cause most popu-
larly linked to the rapid increase in obesity worldwide is the increase of energy dense diets and
adecrease in physical activity resulting in a positive energy balance with the understanding that
prolonged positive balances in energy homeostasis leads to weight gain and potentially obesity.>
With the many physiological mechanisms that regulate energy homeostasis and metabolism, it is
possible that some individuals may have an inherent susceptibility to obesity.? Obesity often runs
in families, suggesting that certain characteristics, such as where the fat is located and the ability
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Figure 1. Observed body weight is the result of the homeostatic balance between energy
input (1) and energy expenditure or output (O). Increased output or decreased input shifts the
balance resulting in a decreased body weight. Weight gain is the result of a shift in the other
direction with either reduced output, increased input, or both.

to lose weight easily, are heritable traits.> Scientists have also found certain strains of mice that
are sensitive to weight gain when on a high fat diet while others are resistant to weight gain and
increased adiposity.* One type of genetic mutation that has been identified in morbidly obese
humans are melanocortin-4 receptor (MC4R) polymorphisms.>” Children with MC4R poly-
morphisms possesse excessive amounts of adipose tissue and experience increased overall growth
compared to the average child.>%’

Since obesity is the result of sustained positive energy balance, in order to stabilize or reduce
body weight one must achieve a neutral or negative energy balance respectively. This change in
energy balance can be achieved by reducing energy intake, increasing energy output, or a com-
bination of the two. Energy intake reduction is often achieved by diet restriction, while energy
expenditure increase can be accomplished by an increase in physical activity (i.e., exercise). One
method of suppressing hunger and thereby food intake, is through the chemical manipulation of
the regulatory feedback systems of the brain. There are several feedback mechanisms that have
been shown to affect feeding behavior, however we will focus specifically on the role of the mel-
anocortin-4 receptor and its potential as a drug target for the suppression of hunger. In addition
to pharmaceutical intervention, there are behavioral changes that can lead to weight loss. An
example of such a change would be implementation of an exercise routine to increase the energy
expenditure of the body. Because of the wide spread incidence of obesity, it is paramount in the
development of treatments options to develop methods that could easily be made available to
large subsets of the population with relative ease meaning that combination of food restriction
and increased physical activity would be most successful.

Melanocortins

The melanocortin system is made up of five G-protein coupled receptors (GPCRs) consisting of
seven transmembrane helical domains with three intracellular loops and three extracellular loops,
an intracellular C-terminus, and an extracellular N-terminus.''¢ The melanocortin receptors signal
primarily through the adenylate cyclase and cyclic adenosine monophosphate (cAMP) pathway
via the Ga, protein sub-unit.!”"” However, it has been demonstrated that melanocortin receptors
are also capable of signaling through the phospholipase C and calcium ion (Ca*) pathway.**
The melanocortin system possesses a series of endogenous agonists derived from the proopiomel-
anocortin (POMC) gene transcript.”* POMC is posttranslationally cleaved and modified into the
melanocortin agonists adrenocorticotropin hormone (ACTH), a.-, 8- and y-melanocyte stimulat-
inghormones (MSH).? In addition to endogenous peptide hormones, the melanocortin pathway
is unique in that it has the only two known endogenous antagonists for GPCRs: agouti signaling
peptide and agouti related peptide (AGRP).2*?* Central administration of cither endogenous or
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synthetic melanocortin agonists inhibits food intake in rodent models, while antagonists elicit a
strong feeding response.”**! The melanocortin receptors (MC1-5R) serve as regulatory units for
amultitude of signaling pathways throughout the body. The MC1R is responsible for the control
of skin and hair pigmentation.'® The melanocortin-2 receptor is involved in steroidogenesis and
the stress response pathway.'*** The MC2R is unique among the melanocortin receptors in that,
of the endogenous agonists, it only responds to ACTH."” The MC3R is expressed in the gastroin-
testinal tract, the pancreas, the heart, and importantly the central nervous system and brain.!!4
MC3R knockout mice are reported to possess normal body weight, but increased fat mass.?>3
The MCA4R is centrally expressed and has been demonstrated to play a role in the regulation of
feeding behavior and energy homeostasis'#!¢33 as well as sexual function.’” Characterization of
the MC4R knockout mouse resulted in an obese, hyperphagic, hyperinsulinemic, hypetleptinemic,
as well as increased body length phenotype.® The physiological role of the MC5R has not been
fully elucidated at this point in time, though the MCS5R is expressed in many tissues through out
the body and is proposed to be involved in exocrine gland function.”

The Agouti peptide, normally expressed in skin, has been established to be a competitive antago-
nist of not only the MCIR, but also the MC3R and MC4R.**#! The agouti lethal yellow mouse
(AY/a) was identified to ectopically express agouti resulting in a light coat coloring and obesity.”
Because of the obese phenotype of the agouti mouse, the physiologic role of the melanocortin
receptors expressed in the feeding center of the brain was investigated. The MC4R is expressed
throughout the brain, including high levels of expression in the hypothalamus, a region of the brain
well established to be important for energy homeostasis.'*!¢ The generation of the melanocortin-4
receptor knockout (KO) mouse in 1997 yielded a hyperphagic mouse with an obese phenotype,
confirming the importance of the MC4R in energy homeostasis and body weight maintenance.®
It is hypothesized that the obese phenotype of the agouti yellow mice is due to antagonism of a
centrally expressed melanocortin receptor by overexpression of agouti protein.'!4264

The MC4R KO mice have also been characterized as possessing hyperphagia, hyperglycemia,
hyperinsulinemia, with elevated circulating leptin levels, but with normal basal corticosterone
levels compared to the wildtype mice. %% As a result of these findings, the MC4R KO mouse has
become an important animal model for obesity and central regulation of energy homeostasis.

In addition to the MC4R, the melanocortin-3 receptor is also located in the central nervous
system with highest levels of expression being in the hypothalamus."® Creation of a MC3R KO
mouse generated mice with normal body weights (compared to WT littermates), but with increased
fat mass.?** These results indicate that while the MC3R appears to be involved in the regulation
of energy homeostasis, the MC4R plays a more critical role in the regulation of body weight and
food intake and that the MC3R might play a more subtle role in energy homeostasis.””

There are many receptors, ligands and pathways that are involved in aspects of energy balance,
however we will focus primarily on the melanocortin system and the pathways intertwined with it.
The two classes of pathways that we will discuss are the orexigenic and anorexigenic, or those that
promote the intake of food and those that inhibit food intake, respectively. The primary neuropep-
tides of the orexigenic signaling pathway we will discuss are AGRP and neuropeptide Y (NPY).
mRNA for the melanocortin antagonist, AGRP, is expressed primarily in neurons located in the
arcuate nucleus (ARC) of the hypothalamus with projections to the anterioperiventricular preoptic
area, the periventricular nucleus, the parvocellular portion of paraventricular nucleus (PVN), the
dorsomedial nucleus, the rostral end of the posterior nucleus, the anterior hypothalamus, the lateral
hypothalamus, the bed nucleus of the stria terminalis, and the ventral region of the lateral septal
nucleus.”® Neurons expressing NPY are located in the arcuate nucleus of the hypothalamus with
projections to the paraventricular hypothalamus with NPY immunoreactivity being reported in
the subnuclei of the paraventricular hypothalamic nucleus.”? It has been shown that the majority
of neurons that express AGRP coexpress NPY.>

The anorexigenic pathway is made up of peptides, that when secreted, reduce food intake. POMC
mRNA is expressed in neurons with cell bodies in the arcuate nucleus of the hypothalamus with
projections reported to extend into the preoptic nucleus, the anterior hypothalamic nucleus, the
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Figure 2. POMC/CART neurons stimulate MC4R expressing neurons to decrease food intake
while AGRP/NPY inhibits activity of downstream neurons promoting eating. AGRP/NPY neu-
rons also forms regulatory feedback mechanism with POMC/CART neurons.

dorsomedial nucleus, the periventricular nucleus, the amygdala, the midbrain, the cortex, the brain
stem, the septum nucleus interstitialis stria terminalis, the mammillary body, the central gray mat-
ter, the cuneiform nucleus, and the nucleus of the solitary tract.>**> The majority of the neurons that
express POMC also express Cocaine- and amphetamine-regulated transcript (CART).** CART
mRNA expression has been reported in the Edinger-Westphal nucleus, the induseum griseum, the
pariventricular nucleus, the arcuate nucleus, the supraoptic nucleus, the nucleus accumbens, the
medial olfactory tubercle, the olfactory tubercle, the perifornical region, the primary somatosensory
area (layer 4) of the neocortex, the bed nuclei of the stria terminalis, the dorsal blade of the dentate
gyrus of the rostral hippocampus, the medial region of the septal nucleus, the dorsal part of medial
nucleus, the posterior cortical nucleus, and the posterior basolateral nucleus.”*

In order for any of these neuropeptides to have an effect on food intake they must act on
downstream neurons possessing the corresponding receptors. Neurons expressing MC4R RNA
are located in many of the regions of the hypothalamus including the median preoptic nucleus,
the suprachiasmatic preoptic nucleus, the periventricular nucleus, the paraventricular nucleus,
the anterior hypothalamic nucleus, the ventromedial hypothalamic nucleus and the dorsomedial
nucleus.'®? NPY-1R expression has been reported in neurons with cell bodies located in the
paraventricular nucleus, the suprachiasmatic nucleus, the dorsal parvocellular region and the
dorsal, ventral and anterior regions of the periventricular nucleus.’> The NPY-2R is found on the
neurons expressing NPY and AGRP.®

Itis the interplay between these endocrine hormones and their receptors that regulates food intake
(Fig. 2). Neurons expressing the MC4R are stimulated by neurons secreting POMC from the arcu-
ate nucleus, resulting in a decrease in food intake. However, when the NPY/AGRP neurons in the
ARC are stimulated, AGRP and NPY act on the MC4R/NPY-1R possessing neurons in the PVN
to increase food intake. Additionally, neurons expressing AGRP inhibit neurons expressing POMC

resulting in an increase in food intake both because of an increase in antagonist concentration, but
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Figure 3. Serotonin, insulin, and leptin all modulate feeding behavior through melanocortin
neurons. All three molecules increase POMC neuron activity while inhibiting AGRP/NPY
neuron activity.

also a decrease in agonist concentration. Also, it has been shown that there is an autoregulatory feed
back loop of the AGRP/NPY neurons that act on the POMC/CART expressing neurons.® While
this system is considered to be a central mechanism involved in regulation of food intake and satiety,
there are many effectors that have been shown to influence this system.

One such regulator of the central melanocortin pathway is leptin.®! Leptin is a polypeptide
hormone that is secreted from adipose tissue that acts on hypothalamic neurons to promote the
release of POMC while inhibiting NPY and AGRP secretion, thereby causing a decrease in food
intake.®*¢> Neurons expressing POMC have been demonstrated to coexpress the leptin receptor
and are believed to mediate leptin’s anorexigenic effects (Fig. 3).%

Insulin is secreted from the pancreas, promotes glucose uptake, and is believed to act in a
similar manner to leptin in the arcuate nucleus of the hypothalamus, activating POMC and
inhibiting NPY/AGRP expressing neurons (Fig. 3).% It has been demonstrated that leptin can
inhibit insulin secretion and also increase insulin sensitivity in some tissues.®® In 2000, using
the MC4R knockout mouse, Fan et al proposed that leptin’s ability to regulate insulin was via
the melanocortin pathway. Fan’s study proposes an that it may not be obesity that is causing
diabetes in the MC4R KO mouse, it may be in part due to the disruption melanocortin system
itself.% Furthermore, Obici showed in 2001 that the MC4R mediates the actions of insulin in
the body, as well as fat distribution.”” When the MC4R is stimulated by the agonist a-MSH
the amount of abdominal fat decreased and hepatic insulin action was increased.”” In 2002,
Benoit showed that insulin receptors are colocalized with POMC in neurons of the arcuate
nucleus, further demonstrating insulin’s actions regulating and being regulated by the central
melanocortin system.®

Another regulator of the melanocortin system is serotonin (5-hydroxytryptamine, or SHT)
(Fig. 3). Heisler et al demonstrated that serotonin regulates the melanocortin system via the
SHT R and the SHT,cR.**”° They proposed that serotonin inhibits AGRP neurons via the
SHT 3R and decreases an inhibitory effect of AGRP on POMC neurons also through the 1B
receptor. They also show that serotonin acts directly on the POMC neurons via the SHT,cR.”
These actions take together, cause an increase in POMC and its derivatives followed by a decrease
in food intake. Lam et al showed via in situ hybridization and immunohistochemistry that the
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SHT,R is colocalized with POMC in neurons in the arcuate nucleus, further explaining how
serotonin directly regulates the central melanocortin system.” It is through the manipulation
of these signaling pathways that melanocortin-4 agonists could be used as effective methods of
decreasing food intake. However, decreases in energy intake are only half of the energy balance
picture. A decrease in body weight is achieved by shifting the homeostatic balance of the body’s
energy regulatory system to a negative balance. This can be accomplished by either decreasing
energy intake as discussed previously, or by increasing energy expenditure.

Exercise

Exercise, defined as sustained physical activity, is being increasingly investigated to understand
the mechanisms by which it causes physiological changes in the body. Physical activity in animals
(in the wild) is generally a result of specific stimuli, such as the need to find food or water, migra-
tion to a breeding ground, or to escape a predator. In the laboratory setting, the physical activity
associated with these needs is often climinated and any occurring physical activity is performed
voluntarily, not out of necessity. Because exercise is rarely isolated to one part of the body, it is not
unexpected that multiple homeostatic systems are directly influenced by physical activity. Exercise
has been demonstrated in a variety of models to positively effect thermoregulation, circulatory
cfficiency, metabolism, physical endurance, appetite, sleep patterns, stress pathways, mental health,
and chronic diseases including obesity and Type II diabetes.“4672%¢ A a result, exercise is the only
universally prescribed treatment for alleviation of symptoms of many chronic diseases including
obesity, cardiovascular disease, and Type II diabetes.”

Studying the effects of voluntary exercise presents the challenge of monitoring the many pa-
rameters of interest simultancously. For experiments involving energy homeostasis, two variables
of particular interest are energy intake and expenditure. Energy intake can be monitored simply by
measuring food eaten while energy expenditure presents a larger challenge with the most common
methods being through the use of metabolic cages or activity monitoring systems.

Three different systems that have been used to quantitatively measure voluntary physical activ-
ity are the use of infra red beam break systems, an angled rotating running track, or alternatively,
a running wheel connected to magnetic switches that are monitored by computer and software
systems.**“*%” The computerized monitoring systems used in these studies utilize software capable
of displaying and analyzing the activity data from the individual animal cages. The possibility of
experimental animals either choosing to exercise or not are potential drawbacks in studies relying
on paradigms of voluntary exercise.

Patterson and Levin examined the long term homeostatic effects of voluntary exercise in
diet-induced obese and diet-resistant rats.” It was suggested that duration of the metabolic ef-
fects caused by exercise after physical activity is ceased, are dependent in part, on the age of the
animal. They hypothesized that exercise lowers the defended level of adiposity and that exercise
at an carly age influences the formation and development of energy balance signaling pathways in
the hypothalamus. The monitoring of a signaling molecule or molecules generated peripherally
during exercise is suggested as a mechanism by which rats monitor their level of energy balance
and determine caloric need, instead of by direct regulation of physical activity. This theory sup-
ported is supported by the finding that rats adjust their food intake rather than level of activity
when allowed to exercise freely.

Flores et al studied the effects of acute exercise on the hypothalamic sensitivity to centrally
administered insulin and leptin and the downstream signaling pathways.”* Male rats were forced
to swim for two three-hour sessions, after which they were centrally injected with varying doses
of leptin or insulin. It was found that both leptin and insulin were more effective in reducing food
intake in exercised rats versus they rested controls. It was also reported that leptin and insulin were
more effective in activating the phosphorylation of downstream signaling molecules in the exercised
animals, providing insight into the molecular mechanisms by which exercise is modulating food
intake. The role of interleukin-6 (IL-6) in insulin and leptin signaling was investigated by central
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Figure 4. Illustration of the effects of voluntary exercise on body weight, fat mass and adiposity
factors (insulin and leptin) of the MC4RKO mouse and wildtype littermate controls.**

administration of anti-IL-6. It was found that blocking the action of IL-6 prevented the increase
in leptin and insulin sensitivity and the downstream signaling changes gained from exercise.

In addition to other rodent models, work has been done with the MC4R knockout mouse
and the changes that occur to its phenotype as a result of exercise. The Haskell-Luevano group
first reported the effects of voluntary exercise observed in the MC4R KO mouse model in 2004,
which was followed by a more comprehensive study published in 2009.%% It was found that when
MCA4RKO mice, at a young age, were allowed to exercise in cages equipped with running wheels,
that the animals did not develop the obese phenotype associated with the MC4RKO mouse.*®
Parameters measured over the course of those experiments include total body weight and length,
food intake, running wheel activity, reproductive success, circulating serum hormone concentra-
tions, as well as fat and lean mass composition and distribution.** Additionally, circulating plasma
levels of whole blood glucose and serum cholesterol, insulin, and leptin were monitored. Those
studies found that when allowed access to voluntary exercise equipment, many of the parameters
monitored as indicators of obesity were maintained at levels comparable to those of the wildtype
littermate control mice. Specifically, voluntary exercise was shown to prevent the large increase
in body weight and fat mass with the associated hyperinsulinemia and hyperleptinemia, typically
observed for the MC4RKO mice (Fig. 4). Additionally, exercise was able to avert the decline in
reproductive success seen in the obese MC4R KO mice. Changes in the hypothalamic expression
levels of selected genes due to genotype, exercise, or an interaction between genotype and exercise
were observed.* These data suggest that a change other than increased energy expenditure alone
might be responsible for the lack of an obese phenotype in the MC4R KO exercised animals.

The positive effects of exercise on energy balance is not limited only to rodent models. Exercise
has been shown to curb appetite and decrease unrestricted food intake in humans. This makes
exercise appealing as a method of weight loss both as a method of increasing energy expenditure
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and also by decreasing energy intake. One of the mechanisms involved in appetite regulation is
the signaling of endocrine peptide hormones from the gut on the energy sensing portion of the
hypothalamus. Martins et al, using a group of human subjects, monitored the serum levels of
several gut hormones in two groups (one exercised, one sedentary) to establish the effect of acute
aerobic exercise on appetite and meal size and to try an establish a link between exercise, appetite
and gut hormone concentration.” Blood was drawn at 30 minute intervals and plasma concentra-
tion for cholecystokinin (CCK), peptide YY (PYY), glucagon-like peptide-1 (GLP-1), pancreatic
polypeptide (PP), non-esterified fatty acids (NEFA), and triacylglycerol (TAG) were monitored
from the time of the initial meal, through the exercise or rest portion and until the start of the meal
with unrestricted food access. It was reported that NEFA and TAG were significantly increased in
the exercising subjects and blood glucose was decreased. This is consistent with previous theories
that FFA are mobilized during exercise to reduce the amount of glucose or glycogen consumed
to maintain activity and the fact that free glucose in the blood stream would be prone to uptake
and oxidation during exercise. There was a significant and sustained elevation in circulating PP in
the exercised individuals and an increase in PYY and GLP-1 which diminished over time. There
was no reported difference in ghrelin concentration, however there was a significant decrease in
insulin during the exercise and recovery periods (also consistent with theories of glucose conserva-
tion). Self-reported hunger was reduced in the exercised group compared to the sedentary group
but the meal size for the exercised group was significantly larger. The authors explained this as a
difference in relative energy intake (REI), calculated by subtracting estimated energy expenditure
during the experimental time frame from the caloric intake of the meal. The REI of the exercised
group was significantly lower than that of the sedentary group. This effect was tentatively classi-
fied as exercise-induced anorexia and the authors suggest it may be due to the increased levels of
GLP-1,PYY, and PP. It is important to note that it is almost certain that other and likely multiple,
pathways are involved in exercise mediated changes in appetite and energy homeostasis in addition
to the gut hormones in this study.

Technological advancements that allow experimenters to consistently measure small physi-
ological changes have permitted the field of exercise physiology to progress significantly. One of
the areas in which this has made the greatest difference is the study of changes at the genetic or
transcriptional level that are propagated by exercise instead of just the translational or activated
protein level of regulation. It has been reported that in the MC4RKO mouse, that voluntary ex-
ercise changes the level of hypothalamic expression of POMC, AGRP, NPY, CART, the NPY-1R
and the melanocortin-3 receptor.*

Because of its central involvement in the feeding pathway, the melanocortin system and specifi-
cally the melanocortin-4 receptor, is a viable drug target for the reduction of food intake for the
treatment of obesity. Additionally, exercise is a complex behavior affecting the entire body that
not only increases the body’s energy expenditure, but also has positive effects on animals with
obese phenotypes that might be acting through the melanocortin pathway. Neurons expressing
melanocortin-4 receptors involved in the POMC/AGRP regulatory circuit (Fig. 2) are believed
to propagate the signaling cascade resulting the change in feeding behavior. To fully understand
the regulation by the melanocortin system, it is necessary for all the downstream neurons/path-
ways to be identified and characterized. Better understanding of the pathways and how they are
positively effected by exercise may allow for the generation of a new generation of drugs designed
to mimic specific interactions while avoiding undesirable side effects associated with nonspecific
drugactions.

Due to the wide spread expression of the melanocortin-3 and melanocortin-4 receptors in the
brain, it is reasonable that the melanocortin system may play a less passive role in behavior that
originally believed. New studies utilizing melanocortin-3 receptor null mice have demonstrated that
the melanocortin signaling pathway plays a larger role in feeding behavior other than just whether
feeding is stimulated or inhibited. Sutton et al demonstrated that the MC3R is involved in meal
entrainment with wildtype mice showing increased activity in the time leading up to food access
compared to MC3R KO mice which did not exhibit the same anticipatory behaviors.®



Drugs, Exercise and the Melanocortin-4 Receptor 57

Conclusion

The obesity epidemic, along with the financial costs and health risks associated with being
overweight, has reached a point where it can no longer be ignored. Action must be taken to stem
and reverse the trend by whatever means necessary. Shifting the energy balance of the body to
create a deficit, promoting weight loss, remains the most practical and non-invasive alternative.
Drugs that target the melanocortin-4 receptors located in the feeding center of the brain are one
option for reducing food intake, while exercise remains a practical option for increasing energy
expenditure.

In order to exploit MC4R agonists as drugs to reduce eating many obstacles still exist that must
be overcome. First, because of the high level of homology between the melanocortin receptors
and the similarities between their ligands, undesirable interactions might occur unless a highly
selective agonist is developed for the MC4R. Second, due to the central location of the neurons
that possess the receptors, drugs must be able to pass through the blood brain barrier in order to
be effective. Additionally, route of administration must be considered. Because of the location
of the neurons that control feeding behavior, central administration of the drug would be ideal,
however central administration of drugs to human patients is rarely practical. Instead, options for
peripheral or oral administration must be investigated with oral bioavailability and drug stability
taken into account. Finally, the long term effects of chronic melanocortin agonist exposure must
be studied to be sure that no complications develop.

Exercise is generally considered a benign activity, with the benefits gained from regular physical
activity far outweighing any potential detrimental effects. Exercise as a means of weight loss or the
prevention of the onset of an obese phenotype has been demonstrated in both diet induced obesity
and genetic risk of obesity animal models. Better understanding of the molecular mechanisms of
exercise will allow for the design of more comprehensive exercise regimens and potentially new
drug targets that could increase the quality of life for overweight or obese individuals. Additionally,
there is an increasing body of evidence showing that the benefits gained from regular exercise
provides are not limited solely to weight loss.

Regardless of the underlying cause of obesity, the need to be able to shift the energy balance
remains unchanged. It will be important to consider treatment plans that will address both the
underlying cause of the disease and establish ongoing treatment to prevent relapse. Drugs that
decrease hunger through the melanocortin-4 receptor pathway and exercise are two alternatives
for the modulation of energy homeostasis and the reduction of body weight.
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CHAPTER S

Melanocortins in Brain Inflammation:
The Role of Melanocortin Receptor Subtypes

Ruta Muceniece* and Maija Dambrova

Abstract

he melanocortins (MC) are released from neurons and paracrine cells in the CNS where

they are involved in important physiological functions, including regulation of body tem-

perature and immune responses. MC bind to melanocortin receptors, a class of cell surface
G-protein-coupled receptors. Of the five subtypes of MC receptors that have been cloned in
mammals, the MC1, MC3, MC4 and MCS5 receptors are expressed in brain tissues. Expression
of MC receptors in both brain cells and cells of the immune system suggests direct involvement
of MC in regulation of inflammatory processes in the brain. The binding of MC to MC receptors
induces activation of adenylate cyclase, increase in intracellular cAMP level and, consequently,
inhibition of the nuclear transcription factor kappaB (NF-xB) signalling. Inflammatory pro-
cesses contribute to development of severe CNS diseases, both in acute and chronic conditions.
Thus far, the anti-inflammatory effects of MC in the CNS have been mainly studied using
peptides that are relatively unselective for individual MC receptor subtypes. Consequently,
these studies do not allow identification of specific MC receptor(s) involved in the regulation
of inflammatory processes. However, recently synthesized ligands selective for individual MC
receptors indicated that both MC4 and MC3 agonists are promising anti-inflammatory agents
in treatment of brain inflammation.

Introduction

The melanocyte-stimulating hormones (collectively referred to as melanocortins or MC) are
a class of endogenous peptides that were originally found in cells of the intermediate lobe of the
pituitary gland. The first scientific report on biological activity of MCs appeared in 1912 when
Fuchs etal demonstrated that pituitary extracts darken the skin of frogs.! The recent cloning of five
MC receptor subtypes prompted localization studies showing expression of MC1, MC3, MC4 and
MCS receptors in the brain.”* Subsequently, it was discovered that MCs are involved in important
physiological functions, including regulation of body temperature and immune responses.>® This
chapter discusses the role of MCs in regulation of brain inflammation processes with respect to
activity of receptor-subtype selective compounds.

Distribution of MC Expressing Neurons and MC Receptors

in the Brain

MCs, namely a-, B-, YMSH and ACTH, are generated by posttranslation processing of the
precursor pro-opiomelanocortin (POMC) that is cleaved in a tissue-specific manner. In the brain,
MCs-expressing neurons are found mainly in the arcuate nucleus of hypothalamus, zona incerta
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and the nucleus of solitary tract in the brain stem. MC-ergic fibers from these neurons project
throughout the brain."*¢*

By using MSH peptide-specific antibodies, o MSH immunoreactivity is found in all
MC-expressing neurons and projecting fibers e.g., forebrain, amygdala, striatum, nucleus ac-
cumbens, epithalamus, thalamus, septal area, hypothalamus-preoptic area, midbrain, hindbrain
and spinal cord. BMSH immunoreactivity has been detected in the human hypothalamus, but
YMSH immunoreactive neurones are demonstrated in two nuclei: the arcuate nucleus and nucleus
commissuralis. YMSH-ergic fibers from the arcuate nucleus of hypothalamus innervate the hypo-
thalamus, thalamus, amygdala, forebrain, diencephalon, central gray matter of the midbrain and
upper pons, whereas from nucleus commissuralis YMSH immunoreactive fibers project to the
medulla oblongata.">*1

The existence of MC specific binding sites in the brain was established by using radioiodi-
nated aMSH and its synthetic analogue, NDP-MSH (Nle*, p-Phe’-aMSH). #*'"* NDP-MSH
binding sites in the brain were found to be distributed more broadly relative to the POMC
innervation regions.*®'? Because NDP-aMSH recognizes all the MC receptors, these early
studies could not identify specific receptor subtype distribution within the brain. However,
the existence of heterogenous receptors was postulated based on differences in binding affinity
in different brain regions.”

The cloning of five MC receptor subtypes in early 1990s spurred MC-related research
significantly.!*!® Then it became possible to study precise distribution of MC receptors by
using corresponding gene cDNA or mRNA, or receptor protein structure data. The studies
on distribution of cDNA for all five MC receptor subtypes in human tissue revealed limited
distribution of MC1 and MCS5 within the brain.""'"> Whereas MC3 and MC4 were suggested
to be the brain receptors.>>!9*!

More detailed distribution studies and comparison with the earlier published distribution of
immunoreactivity of the MSH peptides were carried out by using mRNA detection technolo-
gies.'>*2* As expected from pharmacological profile of MC3 and MC4 receptors,> the distribution
of MC3 mRNA corresponds well with YMSH immunoreactivity.>*** MC3 mRNA-containing
neurons are largely localized in arcuate nucleus and hippocampal formation of forebrain-projecting
POMC neurons and in only a few brainstem nuclei.**

However, MC3 receptor protein autoradiography studies revealed much wider distribution
of the receptor protein compared to that of mRNA. The finding that a large portion of POMC
neurons express MC3 receptor led to the proposal of presynaptic localization of MC3 receptor
and its role as autoreceptor, regulating the release of MSH peptides from POMC neurons.?

MC4 receptor is expressed in the brain much more abundantly than MC3. Neurons that
express mRNA for MC4 include more than 100 different discrete brain structures. Overlapping
MC3/MC4 mRNA-containing neuron distribution corresponds well with NDP-MSH binding
sites.'>** However, in several hypothalamic regions MC4 mRNA is abundant and its expression
does not overlap with that of MC3 receptor. MC4 mRNA presence in paraventricular nucleus
suggests a role for MC4 in neuroendocrine control. The most mRNA for MC4 and MC4 recep-
tor protein are expressed in ventrolateral part of the ventromedial hypothalamic nuclei which is
related to neural control of feeding and reproductivity, whereas mRNA for MC3 are expressed in
the dorsomedial part.'®**% Also, presence of mRNA for MC4 expressing cells in preoptic, hypo-
thalamic and brainstem nuclei implicated in thermoregulation and fever was found and a role for
MC4 in neuroinflammation suggested.” MC4 receptors were found not only on neurons but also
on glial cells. Indeed, astrocytes also known as astrocytic glial cells, which upon injury of nerve
cells and inflammation stimuli become phagocytic, express MC4 receptor protein but not MC3.
This fact confirmed the MC4 role in neuroinflammation, stroke therapy and neuroprotection in
hypoxia-ischemic brain injury. ¢

Presence of mRNA for MCl1 receptor in mouse brain,”” murine brain microvascular endothelial
cells,” human astrocytic cell line A-172,% and rat and human periaqueductal gray,* demonstrate
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limited distribution of MC1 in the CNS. The MC1 receptors may play some role in the MCs
central effects due to the high MSH peptide binding potency.*

Also, mRNA for MCS5 receptor were found in human, rat and mouse brain. However,
the role of MCS5 in the brain is not clear yet and detailed its distribution within brain structures
is not described.

3,14,31

MCR Subtypes and Brain Inflammation

The presence of MC3 and MC4 receptors and, to less extent, MC1 and MCS5 receptors in
the brain structures suggests that each of them could mediate the anti-inflammatory action of
the MCs and other MC receptor active substances. The most convincing evidence about the
protective effects against brain injury has been obtained using nonspecific MC receptor agonists.®
However, these compounds can only show that MC receptors have a role in regulation of inflam-
matory processes, but do not provide information about receptor subtype. The involvement of
specific MC receptor subtypes is deduced from pharmacological studies with receptor subtype
selective ligands and animal models. For example, it was concluded that MC1 receptor does not
mediate the anti-inflammatory actions of aMSH in the brain because it was shown that aMSH
inhibits NF-KB activation in acute brain inflammation even in mice with nonfunctional MC1
receptor.’> However, since the proportion of MCI receptor and also MC5 receptor in the brain
tissues is relatively small, the contribution of these receptors to overall MC receptor-mediated
anti-inflammatory effect might be minor and difficult to trace in vivo.

To date the main candidates in mediation of anti-inflammatory signals within the brain are
the MC3 and MC4 receptors. Indeed, it was shown that the MC3/MC4 receptor antagonists
HS014 and SHU9119 block aMSH-induced effects on production of inflammatory cytokines
within CNS.% In an earlier study we showed that the anti-inflammatory effect of BMSH in the
acute bacterial lipopolysaccharides (LPS)-induced brain inflammation model was blocked by the
MC3/MC4 receptor antagonist HS014.%* Although HS014 has binding preference for MC4
receptors, its antagonistic selectivity for the MC4 versus MC3 receptor is too low to discriminate
between the two receptors in the paradigm used.***

In the absence of selective antagonists, the peptides with different, non-overlapping affinity
profiles for MC receptor subtypes can be used. In such studies, we evaluated the anti-inflamma-
tory effects of low-affinity MC4 receptor peptide ligands in brain inflammation models. The
correlation analysis of effect-MC-receptor selectivity indicated the leading MC3 receptor role
for the anti-inflammatory effects of peptides. In other studies, the MC3 receptor dependent
anti-inflammatory action of the MCs was suggested by use of agonists with a higher selectivity
toward MC3 receptor (y2MSH, MTII) and MC receptor antagonists (more information in the
reviews in refs. 37,38). However, thus far there are no MC3 receptor selective synthetic ligands
available and this hinders more precise investigations.

The most abundant glial cell population in brain tissues is astrocytes which play an active
role in immune responses and tissue repair.’” Astrocytes do not express MC3 receptor whereas
the activation of MC4 receptor in these cells reduces the inflammatory response and prevents
apoptosis induced by LPS and interferon (INF-y).* Experiments based on MC receptor agonists
and antagonists (e.g., the nonselective antagonist HS024) have led to similar conclusions on
involvement of MC4 receptors in regulation of inflammation in the brain. Data showed that
oaMSH inhibits inducible nitric oxide (NO) synthase (NOS2) activity and expression of the
cyclooxygenase-2 (COX2) gene via activation of MC4 receptor in the hypothalamus of male
rat; " the peptide likewise reduces inflammatory mediator production in glial and neural cells.*’
Pharmacological blockade of MC4 receptors prevented the neuroprotective effect of NDP-MSH
in a severe model of focal cerebral ischemia, suggesting that MC receptor agonists could produce
neuroprotection in different experimental models of ischemic stroke.*" Consistently, our data
show that the MC4 receptor-selective compound THIQ weakly antagonizes LPS-induced
NO overproduction in the mice brain after intracisternal administration.*? A similar, though
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smaller, effect was exerted by MC3 receptor ligands.**** Recently, lack of protection of another
selective MC4 receptor agonist RY767 in rat transient middle cerebral artery occlusion model
has been reported.*

It should be considered that there is no uniquely selective MC receptor antagonist that
can unequivocally indicate which MC receptor subtype is involved in MC receptor-mediated
anti-inflammatory effects in vivo. Indeed, the antagonists (SHU119, HS024, HS014) have
been shown to be selective towards MC3 or MC4 receptor in the binding assay, but they are
nonselective inhibitors of aMSH-stimulated cAMP generation.®* MC receptor agonists
(MSH peptides, NDP-MSH) are likewise only partially selective in activation of MC recep-
tor subtypes.>H17:3

Within brain tissues, compensatory up-regulation of individual MC receptor subtypes likely
occurs in response to inflammatory stimuli and/or in physiological conditions. Thus, despite the
large number of MC receptor subtype selective substances that have been designed, the relative
low selectivity of most of them together with the colocalization of different MC receptor subtypes
in the same tissues make difficult a clear-cut definition of which MC receptor subtype is involved
in mediation of anti-inflammatory effects.

Main Intracellular Signalling Pathways of MC Receptors

MC receptors are cell surface G-protein coupled receptors (GPCRs) and the main physiologi-
cal responses of MC are mediated through adenylate cyclase (AC) activation (Fig. 1) to increase
levels of cAMP within the cell.>!!""? cAMP target in cells is protein kinase A (PKA). AC is a
key enzyme that couples with both the stimulatory and inhibitory G proteins (Gs and Gi), while
Gq coupled GPCRs activate phospholipase C (PLC) and trigger the inositol phosphate (IP)/Ca?*
cascade. In MC3 and MC4 receptor activation, IP/Ca* pathway may also be stimulated by cAMP
targeted PKA.*% In addition to PKA activation, cAMP regulates the activity of cAMP-gated
channels and Rapl-specific guanine nucleotide exchange factors, which facilitate links with
mitogen-activated protein kinases (MAPK) cascade. GPCRs can stimulate the MAPK cascade
via a few principle pathways: Ras-dependent activation of MAPK via transactivation of receptor
tyrosine kinases, Ras-independent MAPK activation via protein kinase C (PKC) at the level of
Raf and activation as well as inactivation of MAPK via the cAMP/PKA pathway in dependency
on the type of Raf:* The recently discovered MC3 and MC4 receptor mediated influences on
cell proliferation, differentiation, development, stress responses and apoptosis through MAPK
signalling cascades by stimulation of ERK1/2 phosphorylation confirm cross-talk between PKA
and MAPK pathways.®*#-5!

It is important to know how activation of AC leads to expression of different genes tht provide
start or stop signals for the physiological responses of cells e.g., release of pro-inflammatory or
anti-inflammatory agents (Fig. 1). MCs act at least on two transcription factors: cAMP responsible
clement binding protein (CREB) and NF-kB. CREB in its activated form regulates cell prolif-
eration, differentiation and survival. CREB switches on and off genes responsible for impaired
immune responses and long term memory.>*

However, the main mechanism of neuroprotective action of MC has been explained by inhibi-
tion of NF-kB translocation to cell nuclei induced by various inflammatory agents.>*'*>* In cyto-
plasm, NF-kB exists in its resting state complexed to an inhibitory protein of the IkB family.>¢>*
Phosphorilation of IkB occurs by multi-subunit IkB kinase (IKK) which activation is triggered
by multiple pathways, among them from stimulation of cell surface receptors for tumour necrosis
factor (TNF-a), LPS and interleukins (IL-1).>* NF-kB is required for induction of large number
of genes that regulate inflammation. Its activation leads to over-expression of several proteins—
chemokines, cell adhesion molecules, NOS2, COX2, IL-1 and IL-6, etc.>* As a consequence
of NF-«B inhibition, MC reduce production of IL-1, IL-6, IL-8 and TNF, as well as adhesion
molecules ICAM-1 and VCAM-1.255%%

Interactions between cAMP-dependent and NF-kB regulated pathways are complex and
depend on cell type. Induction of NF-kB-dependent gene expression is inhibited by elevated
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Figure 1. Schematic model for MC receptor signaling. Binding of MC receptor ligands activates
adenylate cyclase (AC) and phospholipase C (PLC). Activation of AC leads to the production
of cAMP. Then cAMP activates protein kinase A (PKA) leading to the phosphorilation of the
cAMP-responsive element-binding protein (CREB) and interaction with mitogen activated
protein kinases (MEK/MAPK) cascade, as well as to the inhibition of degradation of inhibitor
(IkBa) of the nuclear factor-kB (NF-kB). Thus, MCs inhibit NF-xB translocation to the nucleus
and the transcription of various inflammatory genes. Activation of PLC triggers the inositol
phosphate (IP)/Ca* and diacylglycerol (DAG) pathways leading to the activation or inhibition
of transcription factors (TF). DAG activates protein kinase C (PKC) and triggers PKC-mediated
specific protein (Ras/Raf-1 etc.) phosphorylation in the cell-type specific way.

cAMP and by over-expression of the catalytic subunit of PKA (PKAc).*¢ Cellular CREB binding
protein (CBP) forms a complex with the phosphorylated NF-kB that is obligatory for its tran-
scriptional activity. At the same time CBP is also involved in regulation of CREB transcriptional
activity therefore cAAMP-mediated inhibition of NF-kB may be due to competition between
activated CREB and NF-kB for a limited CBP binding sites.”” Also, inhibition of phospho-
diesterases that results in elevated cAMP level, significantly reduces IkB phosphorylation and
DNA binding activity of NF-kB but enhances DNA binding activity of CREB.”® However,
cAMP and partially PKA independent mechanism for regulating NF-kB nuclear transloca-
tion is also suggested.” Indeed, PKAc is maintained in an inactive state in NF-kB-IkB-PKAc
complex and, when IkB degradates, transcriptional activity of NF-kB is regulated by PKAc
subunit through cAMP-independent pathway.*

The CREB/CRE transcriptional pathway is activated by MC and regulates the expression of
COX2. Dual role of COX2 (excitotoxic and neuroprotective) is described in the dependence
on the model systems and stimulus paradigms used. Prostaglandins (PG) PGE-1, PGE-2 and
PGI2 released due to the COX-mediated metabolism of arachidonic acid (AA) are shown to be
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protectants against hypoxia, glutamate-induced neurotoxicity and trauma.®® Interestingly, the
signalling pathway of neuroprotective action of PGE2 is similar to that of MC and is mediated
through increase in intracellular cAMP level.®° In contrast, the anti-inflammatory action of MC
may result from inhibition of over-stimulated PG synthesis via inhibition of NF-kB pathway and
further to the inhibition of COX2 expression.”**% Also, MC receptors have recognition sites for
protein kinase C (PKC) that links MC receptors to the phospholipase A2 (PLA2) pathway and
directly to inhibition of the AA metabolism.!

Another controversial endogenous agent in line with PGs is TNF. Under pathological condi-
tions, TNF targets AC in microglia (where MC4 and MC1 receptors are found) that results in
reduced cAMP synthesis. Low cAMP level contributes to expression of potentially neurotoxic
molecules—IL-12 and IL-1f3, NO, chemokines and major histocompatibility complex.”> MSH
peptides in concentration-dependent fashion inhibit production of TNF, IL-6 and NO in LPS
and IFN-y activated microglial cells, probably by increasing cAMP level.>

Although MCs may activate diverse signalling pathways (Fig. 1), as key element nowadays is ac-
cepted inhibition of NF-kB translocation in nuclei with following decrease of NO over-production
by activated NOS2. The anti-inflammatory effects of MCs have a regulatory nature. In line with
capacity to reduce all main inflammation markers—cytokine and chemokine production, oxidative
stress and inflammatory cell migration—MCs do not change physiological low levels of cytokines
and NO if tissue or cells are not activated by proinflammatory stimuli.?3¢456¢!

Potential Therapeutic Applications of MC Receptor Subtype

Selective Compounds

It is now clear that inflammation and inflammatory mediators contribute to both acute CNS
injury during stroke and cerebral ischemia, brain trauma, epilepsy, as well as chronic CNS diseases,
such as multiple sclerosis, Alzheimer’s disease, Parkinson’s disease.®62¢4

Native MC reduce the main aspects of inflammation, such as inflammatory mediator produc-
tion, oxidative stress and inflammatory cell migration, as it is illustrated by recent review articles
describing neuroprotective potential of MC.4”% The protective effects of MC receptor ligands are
expected to find broad therapeutic applications. Therefore, MC receptor active compounds have
been continuously synthesized and tested for possible therapeutic applications.®

As summarized in Table 1, both native MC peptides and synthetic ligands with differing se-
lectivity for MC receptor subtypes have been tested in CNS inflammation-related experimental
models in vivo. The most studied peptide, tMSH, acts as a significant modulator of host reactions
including fever and inflammation.>¢!?3%¢¢” Since aMSH antagonizes pyrogenic and proinflam-
matory effects of cytokines such as IL-1, IL-6, TNF and IFN-y, cytokine antagonism is believed
to be responsible for at least part of the anti-inflammatory/antipyretic influence of aMSH.® The
mechanism of action of aMSH is mediated through rapid prevention of IxBa degradation and
subsequent modulation of NF-kB-mediated transcription inhibition, as it was shown in glioma
cells and in experimental brain inflammation.***5* Two other native MC peptides, PMSH and
YMSH, are studied in models of brain inflammation to much lesser extent. However, in model of
LPS-induced brain inflammation model, both MSH and YMSH were more active inhibitors of
NO production than aMSH?* and in the case of PMSH the protective effect was shown to be
NF-kB pathway-dependent and blocked by HS014.* These findings suggest that, in addition to
aMSH, also BMSH and YMSH peptides may have specific functions in the regulation of brain
inflammatory processes.

Centrally administered MC exert anti-pyretic effect by acting through central MC receptors.
Asan additional evidence for MC receptor-mediated central regulation of body temperature serves
finding that intracerebroventricular (icv), but not intravenous (iv) administration of SHU9119
exacerbated fever in rats.” Both MC3¢” and MC4 receptor®® have been mentioned as possible
mediators of antipyretic activities of MC receptor ligands. It must be noted again that conclusion
about specific MC receptor subtype was drawn by using MCR3/4 antagonists SHU9119 and
HS014, but this approach in in vivo models has not been predictive enough.

66-69
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Table 1. The brain inflammation and injury linked effects of MC receptor ligands
Compound  Receptor Activity/Selectivity Model, Effect References
aMSH *MC receptor agonist with binding potency Anti-pyretic, 27,34,65
MC1>MC3>MC4>MC5 anti-inflammatory *30
BMSH *MC receptor agonist with binding potency Anti-inflammatory 34,43
MC1>MC3>MC4>MC5 in LPS induced brain ~ * 30
inflammation
¥1,2MSH *MC receptor agonist with binding potency Anti-inflammatory 34,
MC1 = MC3 and almost nonbinding to in LPS induced brain ~ * 30
MC5 and MC4 inflammation
12MSH *MC receptor agonist with binding potency No effect, ischemic 70,
MC1 = MC3 and almost nonbinding to stroke *30
MC5 and MC4
SHU9119 **MC3/MC4 receptor antagonist lcv, exacerbates fever 67,
in rats ** 35
RY767 MC4 receptor agonist No effect, rat transient 44
middle cerebral artery
occlusion
NDP- aMSH  *Nonselective MC receptor agonist with Brain ischemia, 41,70,71,
binding potency MC1>MC3=MC4=MC5 improvement *30
THIQ MC4 receptor agonist (in vitro) LPS-induced brain 42
inflammation, partial
improvement
MET10501 MC4 receptor agonist Spinal cord injury, 71,72
protective
Ro27-3225 ~ MC4 receptor agonist Haemorrhagic shock 71
HS024 ***MC4 receptor antagonist unselective Blocks effects of 40,
in CAMP assay with the order of binding aMSH in LPS induced  *** 45
affinity: MC4>>MC3>>MC5>MCT1; inflammation in
astrocites
HS014 **MC3/MC4 receptor antagonist Blocks effects of 43,
with order of the binding affinity: BMSH in LPS induced ~ ** 35

MC4>>MC3>MC1>MC5

brain inflammation

*Schioth et al, 1996
**Schioth et al, 1999
***Kask et al, 1998

In a gerbil model of ischemic stroke, the aMSH analogue NDP-MSH modulated the inflam-
matory and apoptotic cascades and reduced hippocampus injuries even when delayed up to 9 h

after ischemia, with a dose-dependent improvement in subsequent functional recovery.

41,70

The neurotropic effect of the MC receptor ligands has been suggested also in pathophysiology
of spinal cord injury following trauma as peripheral nerve regeneration.® In these experimental
conditions, the neuroprotective effect was shown for MC4 receptor synthetic agonist ME10501

in a rat model of spinal cord injury.

72,73
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Conclusion

It is clear that MC receptors and their ligands are potent inhibitors of inflammatory processes
within the CNS. Therefore, MC receptor agonists are potential drugs for treatment of global
cerebral ischemia and reperfusion, focal cerebral ischemia, brain inflammation and traumatic
injury. Recognition of the receptor(s) subtypes involved in this protective action would be im-
portant for therapeutic development. Unfortunately, most of the in vivo experiments are based on
MC-receptor unselective compounds. This prevents unequivocal identification of a specific MC
receptor subtype as the most important for treatment of inflammation-related conditions within
brain. The anti-neuroinflammatory effects of MC may depend on the localization of MC receptor
subtypes in the corresponding brain structure, as well as on the colocalization with other receptor
subtypes and cross-talk of signalling pathways.

MC receptors are very promising targets for therapeutical applications in brain inflammatory
conditions. Targeting multiple MC receptors with small molecule agonists might provide novel
therapeutic strategy for the treatment of acute and chronic disorders of the nervous system.
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CHAPTER 6

Melanocortins and the Cholinergic
Anti-Inflammatory Pathway

Daniela Giuliani, Alessandra Ottani, Domenica Altavilla, Carla Bazzani,
Francesco Squadrito and Salvatore Guarini*

Abstract

xperimental evidence indicates that small concentrations of inflammatory molecules

produced by damaged tissues activate afferent signals through ascending vagus nerve

fibers, that act as the sensory arm of an “inflammatory reflex”. The subsequent activation
of vagal efferent fibers, which represent the motor arm of the inflammatory reflex, rapidly leads
to acetylcholine release in organs of the reticuloendothelial system. Acetylcholine interacts with
a7 subunit-containing nicotinic receptors in tissue macrophages and other immune cells and
rapidly inhibits the synthesis/release of tumor necrosis factor-ot and other inflammatory cytok-
ines. This neural anti-inflammatory response called “cholinergic anti-inflammatory pathway” is
fast and integrated through the central nervous system. Preclinical studies are in progress, with
the aim to develop therapeutic agents able to activate the cholinergic anti-inflammatory pathway.
Melanocortin peptides bearing the adrenocorticotropin/a-melanocyte-stimulating hormone
sequences exert a protective and life-saving effect in animals and humans in conditions of circula-
tory shock. These neuropeptides are likewise protective in other severe hypoxic conditions, such as
prolonged respiratory arrest, myocardial ischemia, renal ischemia and ischemic stroke, as well as in
experimental heart transplantation. Moreover, experimental evidence indicates that melanocortins
reverse circulatory shock, prevent myocardial ischemia/reperfusion damage and exert neuropro-
tection against ischemic stroke through activation of the cholinergic anti-inflammatory pathway.
This action occurs via stimulation of brain melanocortin MC;/MC; receptors. Investigations that
determine the molecular mechanisms of the cholinergic anti-inflammatory pathway activation
could help design of superselective activators of this pathway.

Introduction

Melanocortins have long been considered to only exert control on endocrine and pigmentary
processes. For the first time our Teacher, Professor William Ferrari, in 1955, then Professor
David De Wied* and over the subsequent decades several other independent groups, reported
many important extra-hormonal effects of melanocortins.>'® In addition to the pituitary gland,
production of melanocortins was also documented in a variety of peripheral tissues and within the
central nervous system (CNS).>>!! Altered production of these neuropeptides has been recognized
among the causes of many morbid conditions including anorexia, hyperfagia, obesity, cachexia,
pain, inflammation, sexual dysfunctions, circulatory shock, organ damage induced by ischemia/
reperfusion, neurodegeneration.>”*"> a-Melanocyte-stimulating hormone (a-MSH) is the natural

*Corresponding Author: Salvatore Guarini—Department of Biomedical Sciences,
Section of Pharmacology, University of Modena and Reggio Emilia, Modena, Italy.
Email: salvatore.guarini@unimore.it

Melanocortins: Multiple Actions and Therapeutic Potential, edited by Anna Catania.
©2010 Landes Bioscience and Springer Science+Business Media.




72 Melanocortins: Multiple Actions and Therapeutic Potential

melanocortin peptide able to induce all extra-hormonal effects of melanocortins. Identification and
cloning of the five melanocortin receptors (MC,;-MC;) in the nineties,'*! as well as the synthesis
of selective agonists and antagonists at MC receptors,'*'¢?! increased the general interest for this
family of molecules in view of their possible therapeutic use.>”!113:222

The protective and resuscitating effects of melanocortins in extreme hypoxic condition ap-
pear particularly promising for therapeutic purposes. Adrenocorticotropin (ACTH)/0-MSH
sequences, as well as shorter fragments and synthetic analogs, have a life-saving effect in animals
and humans in conditions of circulatory shock.?*** These neuropeptides are likewise protective in
other severe hypoxic conditions, including prolonged respiratory arrest,” myocardial ischemia,***!
renal ischemia®™** and ischemic stroke,”* as well as in experimental heart transplantation.®

Preclinical evidence indicates that melanocortins produce their protective and life-saving effects,
at least in part, by activating the recently recognized “cholinergic anti-inflammatory pathway”, the

motor arm of the “inflammatory reflex”>'?

The Inflammatory Reflex

In the past, the vagus nerve was only considered a part of the parasympathetic nervous system
with precise functions, such as the regulation of heart and gut activities and respiration. However,
more recent data have disclosed previously unrecognized functions of the vagus nerve. Electrical
stimulation of the vagus nerve is currently approved for treatment of epilepsy and major depression;
additional therapeutic uses under investigations include obesity, Alzheimer’s disease, chronic pain
and some neuropsychiatric disorders.**> The mechanisms underlying the beneficial effects of the
vagus nerve therapy are not fully understood.

The CNS modulates local and systemic inflammatory responses to various stressor agents
through humoral and neural mechanisms.>*** High levels of cytokines and other inflammatory
mediators can reach brain areas devoid of blood-brain barrier (dorsal vagal complex including
the sensory nuclei of the solitary tract, area postrema and dorsal motor nucleus of the vagus).* !
This humoral route for communication between the immune system and the CNS seems to be
involved in several processes, including fever, anorexia and activation of hypothalamic-pituitary
responses. Knowledge of the humoral route was the base for development of anti-inflammatory
drugs including glucocorticoids.>>¢*%4

Efferent vagus nerve signalling contributes to modulation of inflammation. Efferent vagal
signalling may facilitate lymphocyte release from the thymus through a nicotinic acetylcholine
rcccptor—mediated mechanism; moreover, clinical studies indicate that nicotine exerts beneficial
influences in inflammatory bowel disease.”* These observations led Tracey and coworkers to hy-
pothesize that the parasympathetic nervous system could modulate the systemic inflammatory
response, as an alternative mechanism for rapid cytokine control. They verified this hypothesis in
experimental models of endotoxic shock in rats and their investigations led to the identification of
the “cholinergic anti-inflammatory pathway”, the motor arm of the “inflammatory reflex”’! Low
levels of inflammatory molecules produced in damaged tissues activate afferent signals through
ascending vagus nerve fibers (neural inflammation-sensing pathways at low threshold of detection)
and this could serve as the sensory arm of the inflammatory reflex.’>¢*¢* The subsequent activa-
tion of vagus efferent activity, which includes the motor arm of the inflammatory reflex, rapidly
leads to acetylcholine release in organs of the reticuloendothelial system (liver, lung, heart, spleen,
kidney and gastrointestinal tract). Acetylcholine interacts with 07 subunit-containing nicotinic
acetylcholine receptors in tissue macrophages and other immune cells surrounding the cholinergic
terminals and rapidly inhibits synthesis/release of tumor necrosis factor-o. (TNF-at), interleukin-1
(IL-1) and other cytokines: this neural anti-inflammatory response is fast and integrated within
the CNS.553% The old observations by Guarini and coworkers,**?” that nicotine and dimethylphe-
nylpiperazinium reverse hemorrhagic shock through a peripheral, nicotinic receptor-mediated
mechanism, can be explained on the basis of these novel findings.

Based on the observations by Tracey and coworkers, our group identified the cholinergic
anti-inflammatory pathway in hemorrhage-shocked rats.> Subsequently, several other groups
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have shown the activity of this cholinergic anti-inflammatory pathway in various experimental
conditions characterized by a systemic inflammatory response.”***%7! Preclinical studies are in
progress to verify the role of the cholinergic anti-inflammatory pathway in local and systemic
experimental diseases. Indeed, activation of this pathway could be used therapeutically. Vagus
nerve control of visceral organs is integrated and regulated through the CNS. Reciprocal neural
interconnections among the nucleus tractus solitarius, dorsal motor nucleus of the vagus, nucleus
ambiguus, other forebrain structures such as hypothalamus, amygdala and insular cortex, form a
brain network that regulates efferent vagal activity and related visceral organ functions.” Receptors
belonging to this central autonomic network could be targets for activators of the cholinergic
anti-inflammatory pathway.

Antishock Effects of Melanocortins

Circulatory shock is a severe pathological condition accompanied by a systemic inflammatory
response, with upregulated expression of inflammatory mediators and recruitment of inflamma-
tory cells in several tissues. Activation of nuclear transcription factors including NF-kB triggers an
inflammatory cascade with production of cytokines, such as TNF-a, chemokines, cell adhesion
molecules, free radicals including nitric oxide and other inflammatory mediators.3!:32345153657377
The multiple organ injury that is often associated with shock can be caused by both hypoperfusion
and reperfusion during resuscitation.””8%

The antishock effects of melanocortin peptides ACTH-(4-10), a-MSH, ACTH-(1-17),
ACTH-(1-24), discovered in our laboratory, has been subsequently confirmed in several studies.
The original investigations were performed in a severe model of hemorrhagic shock, induced by
stepwise withdrawal of about 50% of the circulating blood in rats and dogs. This procedure causes
death in all animals within 30-35 min.***#"# Conversely, intravenous injection of melanocortin
peptides rapidly induces a dose-dependent restoration of arterial blood pressure and tissue blood
flow. Normalization of arterial and venous pH and base excess, as well as of venous tension of O,
and CO, and of venous oxygen saturation and lactate, also gradually occur.® The reversal of hemor-
rhagic shock induced by melanocortin peptides is associated with marked increase in circulating
blood volume. Such increase is the consequence of mobilization of the peripherally pooled residual
blood from the liver, spleen and other organs.**#3% Subsequent studies using the same experimental
model indicated that melanocortins greatly prolong survival and extend the time-limit for effec-
tive blood reinfusion (up to 3-4 hours after shock, versus 10-15 min in saline-treated animals) for
complete shock reversal.”?

These resuscitating effects have been confirmed in the same animal models of hemorrhagic
shock,® as well as in hemorrhage-shocked/resuscitated hamsters,*” in hypovolemic shock induced
in rabbits by graded occlusion of the inferior vena cava,® in a rat model of splanchnic artery oc-
clusion® and in a severe model of prolonged respiratory arrest in rats.®> ACTH-(1-24) has then
been successfully used in human conditions of hemorrhagic and cardiogenic shock (intravenous
bolus of 5-10 mg), both in anecdotal cases and randomized controlled studies.?>*

Clinical studies on the effectiveness of melanocortins in circulatory shock are in progress.
From a practical point of view, availability of drugs able to retard shock progression toward an
irreversible state, extending the time-limit for a successful first aid of civilian and military victims
of traumatic accidents, is of great importance.

The antishock effects of melanocortins are adrenal-independent, can be obtained with intrac-
erebroventricular injection of doses much lower than those required by the intravenous route
and are mediated by melanocortin MC, receptors located in the CNS.2¢3%3282 Such effects are
associated with marked reduction in NF-kB activation and plasma concentrations of inflam-
matory mediators, including TNF-a, oxygen free radicals and nitric oxide and in intercellular
adhesion molecule expression by vascular endothelium.?!3%7576%3 This action is consistent with the
established anti-inflammatory influence of melanocortins”!! and suggests that the ability of these
neuropeptides to extend the time-limit for an effective blood reinfusion? may be due to blockade
of the mechanisms responsible for late organ failure and death.
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The antishock effect of melanocortins is prevented by a) bilateral cervical vagotomy, b) the
intracerebroventricular injection of the acetylcholine-depleting agent hemicholinium-3 and ¢) the
pharmacological blockade of central (but not peripheral) muscarinic acetylcholine receptors.*”
These observations suggest a contribution by CNS cholinergic pathways involving muscarinic
receptors. Indeed, cholinomimetic agents, able to cross the blood-brain barrier, likewise reverse
hemorrhagic shock, in rats and rabbits.”*

The impressive resuscitating effect of melanocortins in severe shock models, the ineffectiveness
of the conventional antishock drugs in the same animal models,” as well as the beneficial results
obtained in human conditions of hemorrhagic and cardiogenic shock, suggest that melanocortins
acting at MC, receptors could be innovative and promising resuscitating drugs in conditions of
circulatory shock.

Melanocortins Reverse Circulatory Shock through Activation

of the Cholinergic Anti-Inflammatory Pathway

Efferent vagus nerve signalling reduces the systemic inflammatory response in endotoxic
shock. Indeed, electrical stimulation of efferent vagal fibers during experimental letal endotoxemia
blunts hepatic TNF-a synthesis/release, attenuates serum levels of this cytokine and prevents
shock development.” Moreover, acetylcholine reduces release of several inflammatory cytokines
by lipopolysaccharide-stimulated human macrophages and this effect is counteracted by nicotinic
receptor antagonists. In hemorrhagic shock, as well as in splanchnic artery occlusion shock, elec-
trical stimulation of efferent vagal fibers rapidly reverses hypotension, prevents hepatic NF-kB
activation, blunts hepatic TNF-a synthesis/release, lowers TNF-o serum levels and improves
survival in rats.®”” These findings suggest that a “cholinergic anti-inflammatory pathway” oper-
ates during endotoxic, hemorrhagic and splanchnic artery occlusion shock, to counterbalance
development of the inflammatory cascade responsible for vascular derangement and multiple
organ failure (Fig. 1). Identification of drugs able to activate this pathway might provide highly
effective and innovative approaches for treatment of circulatory shock.

As reviewed above, melanocortin peptides of the ACTH/MSH family exert a prompt and
sustained resuscitating effect in conditions of circulatory shock. This effect is adrenal-independent
and occurs through inhibition of the systemic inflammatory response.?*#757¢%3 Previous investiga-
tions on the anti-inflammatory effects of melanocortins showed that systemic administration of
a-MSH reduces blood concentrations of IL-10t and TNF- in a mouse model of lipopolysac-
charide-induced systemic inflammation.'® Furthermore, Lipton and coworkers showed that in a
mouse model of peritonitis/endotoxemia induced by cecal ligation and puncture, systemic treat-
ment with 0-MSH improves survival.'! Collectively, these findings indicate that melanocortins
counteract the systemic inflammatory response in circulatory shock.

The next question was whether hemorrhagic shock reversal produced by melanocortins
depends on activation of the vagus nerve-mediated cholinergic anti-inflammatory pathway.!
Action potential recordings in hemorrhage-shocked rats treated with nanomolar concentrations
of ACTH-(1-24), indicate that neural efferent activity along the vagus nerve markedly increases.
This effect is associated with the restoration of cardiovascular and respiratory functions, blunted
NF-kB activity and decreased TNF-ot in liver and plasma. Bilateral cervical vagotomy, or pharma-
cological blockade of brain melanocortin MC; receptors and muscarinic acetylcholine receptors,
or of peripheral nicotinic acetylcholine receptors, prevents the life-saving effect of ACTH-(1-24)
and the associated effects on NF-kB activity and TNF-a levels.®! Blockade of brain MC; recep-
tors and muscarinic receptors (a) blunts the stimulating effect of ACTH-(1-24) on efferent vagal
activity, (b) reduces, like bilateral cervical vagotomy, the blood volume to be withdrawn in order
to induce shock and (c) prevents the compensatory increase in efferent vagal activity normally
occurring during bleeding in control shocked animals.

Collectively, these findings indicate that melanocortins suppress the NF-kB-dependent systemic
inflammatory response triggered by hemorrhage and reverse shock condition, through activation of
the cholinergic anti-inflammatory pathway within the brain (Fig. 1). These results likewise indicate
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Figure 1. Modulation of the inflammatory response in circulatory shock, through the cholinergic
anti-inflammatory pathway. Low levels of inflammatory molecules produced in damaged tissues
activate afferent signals through ascending vagus nerve fibers (sensory arm of the inflammatory
reflex). Activation of the cholinergic anti-inflammatory pathway (motor arm of the inflamma-
tory reflex, that is impaired during shock) by electrical stimulation of efferent vagal fibers, or
by stimulation of brain melanocortin MC, receptors (likely in the vagus dorsal motor nucleus:
DMN), rapidly leads to acetylcholine (Ach) release in organs of the reticuloendothelial system
(RES). Acetylcholine released from efferent vagal terminals interacts with a7 subunit-containing
nicotinic acetylcholine receptors (a7nAchR) on tissue macrophages and other immune cells sur-
rounding the cholinergic terminals and inhibits the synthesis/release of inflammatory cytokines,
with consequent reduction in cytokine plasma levels and attenuation of the systemic inflamma-
tory response. Acetylcholine interaction with peripheral muscarinic receptors (mAchR) does not
play a role in circulatory shock. On the contrary, brain muscarinic receptors also are involved
in triggering the cholinergic anti-inflammatory pathway.

that blockade of either brain MC; receptors, or brain muscarinic receptors, or efferent vagal transmis-
sion, accelerates the evolution of shock. These observations suggest the existence of a melanocort-
in-dependentantishock pathway. The involvement of brain muscarinic receptors in activation of the
cholinergic anti-inflammatory pathway has been subsequently confirmed in experimental endotoxic
shock.'? Blockade of the cholinergic anti-inflammatory pathway activity by the nicotinic acetylcholine
receptor antagonist chlorisondamine provides a mechanism for the original observations by Guarini
and coworkers,®? that dimethylphenylpiperazinium and surprisingly nicotine (a CNS acting drug)
reverse hemorrhagic shock through a peripheral, nicotinic receptor-mediated pathway.

Interestingly, melanocortins exert their well-known anti-inflammatory activity mainly via a
central mechanism that leads to reduced pro-inflammatory cytokines and chemokines production
and increased release of the anti-inflammatory cytokine IL-10." This mechanism partly overlaps
with the cholinergic anti-inflammatory pathway, which modulates the systemic inflammatory
response in shock conditions by inhibiting monocyte production and release of pro-inflammatory
cytokines, but not of the anti-inflammatory cytokine IL-10.%!
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Protective Effect of Melanocortins in Myocardial

Ischemia/Reperfusion

Melanocortins are also highly effective in treatment of animal models of myocardial ischemia.
Ischemia rapidly causes profound biochemical and morphological changes and induces an inflam-
matory reaction in the heart tissue. Reperfusion is associated with severe alterations of cellular
metabolism that may lead to further tissue injury. Myocardial reperfusion causes severe arthythmias,
endothelial dysfunction, myocardial stunning, cell death either by necrosis or apoptosis and a high
lethality.>*!%31% It appears that myocardial ischemia triggers apoptosis and reperfusion accelerates
the process.!” Both ischemia and reperfusion induce oxidative and nitrosative stress**%1% as well
as early activation of mitogen-activated protein kinases and NF-kB!*>!% in cardiac myocytes. These
signal transduction mechanisms may in part contribute to cardiac injury, by causing early increase
in expression of heart damaging factors and in part to cardioprotection.!! A number of innovative
pharmacological approaches to myocardial ischemia/reperfusion injury have been investigated,
but the results are cither conflicting or not confirmed in clinical trials.'>! 4

We have shown that melanocortins, including [Nle?,p-Phe’]a-MSH (NDP-a-MSH), y,-MSH
andY,-MSH, injected intravenously during experimental coronary occlusion, exert a protective effect
both in rats subjected to transient myocardial ischemia followed by reperfusion—an animal model
characterized by high incidence of ventricular tachycardia (VT), ventricular fibrillation (VF) and
death—and in rats subjected to permanent coronary artery occlusion.***”3!!> Myocardial ischemia/
reperfusion injury also activates the anti-apoptotic, pro-survival cascades of the phosphatidylinosi-
tol 3-kinase-Akt and extracellular signal-regulated kinases (ERK 1/2), that appear to make up an
universal pro-survival signalling pathway mediating myocardial protection at reperfusion.! In the
rat model of myocardial ischemia/reperfusion described above, ACTH-(1-24) enhanced ERK 1/2
activation, triggering therefore the pro-survival cascade. In addition, melanocortins reduced histo-
logical alterations in the left ventricle, including those involving structural proteins, counteracted
the inflammatory response and stimulated anti-apoptotic reactions.*’

The cardioprotective effect of melanocortins has been confirmed in rat hearts isolated 12 hours
after treatment with a-MSH or ACTH-(4-10) and then subjected to a 30-min period of ischemia
followed by 120 min of reperfusion.*"!¢ In this experimental model, melanocortin treatment results
in areduction in VF, infarct size and activity of the apoptotic protein caspase-3 and in an increase
in the expression of the anti-inflammatory protein heme oxygenase-1. Melanocortins have also
been shown to be effective in mouse models of myocardial ischemia/reperfusion.'>%

The prevention of ventricular arrhythmias in transient myocardial ischemia and the reduction
of infarct size in permanent ischemia may be due to the melanocortin ability to inhibit the oxygen
free radical discharge and to reduce the inflammatory and apoptotic responses.'>*¢3*4 Indeed,
melanocortin peptides have a peculiar, adrenal-independent, anti-inflammatory activity.”'"*' An
anti-apoptotic activity, has also been demonstrated.>*%

It appears that the cardioprotective effect of melanocortins could be mediated by brain melano-
cortin MC; receptors.®¥34115 Indeed, when the selective MC; agonist Y,-MSH was administered
intracerebroventricularly, a dose ten times lower than that needed by the intravenous route provided
full protection. This observation could explain the reason why treatment of isolated rat hearts with
ACTH-(4-10) given at the time of reperfusion, rather than “in vivo” before heart harvest, failed
to improve the post-ischemic recovery.'* However, the data of Getting and coworkers® suggest a
minor participation of cardiac MC; receptors.

Interestingly, melanocortins also cause a significant increase in allograft survival in experi-
mental heart transplantation. Although they do not eventually prevent rejection, treatment was
associated with a marked decrease in leukocyte infiltration and in expression of inflammatory
molecules involved in allograft rejection.® Gene expression profile studies have revealed that
melanocortin treatment of recipients preserves transplanted heart function by altering multiple
protective pathways.'”

Thus, melanocortins could be an useful tool for the prevention of cardiac damage, in different
conditions of ischemia/reperfusion injury.
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Melanocortins Prevent Myocardial Ischemia/Reperfusion-Induced
Damage through Activation of the Cholinergic Anti-Inflammatory
Pathway

Electrical stimulation of the vagus nerve has been proposed as a novel approach for treatment
of myocardial ischemia/reperfusion injury. Indeed, stimulation of the vagus nerve prevented VF
and VT in cats after myocardial reperfusion following a 20-min period of coronary occlusion'®
and VF in dogs with a healed myocardial infarction.'”” Moreover, it has been reported that vagus
stimulation improves long-term survival after chronic heart failure in rats.”?” These investigations
have provided a robust framework for the interpretation of findings by Cheng and coworkers.'?!

The nucleus ambiguus has long been considered the major vagal nucleus controlling the heart
activity, whereas the vagus dorsal motor nucleus was thought to play only a marginal role. Recently,
Cheng and colleagues'?' provided anatomical evidence for dual vagal cardiac efferent pathways
in rats, that could play different roles in control of heart function. The data showed that neurons
of the nucleus ambiguus and dorsal motor nucleus of the vagus project axons that converge to
the same cardiac ganglia and innervate separate nonoverlapping populations of principal neurons
within each cardiac ganglion. These findings, together with functional observations by the same
investigators,'*'* suggest that both brain nuclei play important, though different, roles in control-
ling cardiac function. During myocardial ischemia and reperfusion, therefore, one of these dual
vagal cardiac efferent pathways could be a cholinergic anti-inflammatory pathway, involved in
cardioprotection, as it occurs in circulatory shock. Indeed, in conditions of heart failure, a systemic
inflammatory response plays a fundamental pathogenetic role.'**

These observations encouraged further investigations, aimed at determining whether melano-
cortin peptides activate such vagal efferent pathway(s) in experimental conditions of ischemic heart
disease. In rats subjected to coronary artery occlusion (5 min) followed by reperfusion (5 min),
electrical stimulation of efferent vagal fibers (5'V; 2 ms, 1-9 Hz, for the whole period of ischemia/
reperfusion) has been shown to strongly reduce the incidence of severe arrhythmias and lethality
and the increases in free radical blood levels and left ventricle histological alterations and to aug-
ment the activation of the anti-apoptotic prosurvival kinase ERK 1/2.% Nanomolar amounts of
the melanocortins ACTH-(1-24) (agonist at all MC receptors) and y,-MSH (selective agonist
at MC; receptors)—administered in rats during coronary occlusion, intravenously or intracere-
broventricularly at a dose 10 times lower—produces the same protective effects of efferent vagal
fiber electrical stimulation (Fig. 2).% Since bilateral cervical vagotomy blunts the beneficial effect
of ACTH-(1-24) and of the selective MC; agonist y,-MSH, the protective effect of melanocortins
likely involves such vagal pathway. Accordingly, blockade of peripheral muscarinic acetylcholine
receptors prevents the effects of both electrical stimulation and melanocortins; in the latter case,
also central muscarinic receptors seem to be involved.

More recently, the improvement in functional recovery, following vagus nerve electrical stimu-
lation of isolated rat hearts subjected to ischemia/reperfusion injury, has been associated with
inhibition of cardiomyocyte adenosine triphosphate depletion; indeed, it is established that rapid
depletion of adenosine triphosphate leads cells to death. In the same investigation, the beneficial
effect of acetylcholine against depletion of adenosine triphosphate has been also shown in isolated
cardiomyocytes subjected to hypoxia/reoxygenation. In both studies, the protective effects seem
to be mediated by muscarinic acetylcholine receptors.'*

Overall, these results indicate a protective, efferent vagal cholinergic pathway operative in
conditions of ischemic heart disease, that could be activated by melanocortins (Fig. 2). The
melanococortin-induced activation of such a pathway seems to be triggered by stimulation of brain
MGC,; receptors,” 411> with involvement of brain and (as main final step) heart muscarinic receptors.
Ischemia/reperfusion injury is still considered a major problem in patients with acute coronary
occlusion and in patients undergoing surgical operations, such as coronary artery bypass grafting.
These patients could benefit by a pharmacological activation of the cholinergic anti-inflammatory
pathway. Benefits for patients with ischemic heart diseases by melanocortin-induced triggering
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Figure 2. Modulation of the inflammatory response in myocardial ischemia/reperfusion and
heart failure, through the cholinergic anti-inflammatory pathway. Low levels of inflammatory
molecules produced in damaged tissues activate afferent signals through ascending vagus nerve
fibers (sensory arm of the inflammatory reflex). Activation of the cholinergic anti-inflammatory
pathway (motor arm of the inflammatory reflex, that is impaired during ischemia/reperfusion)
by electrical stimulation of efferent vagal fibers, or by stimulation of brain melanocortin MC;
receptors likely located in the vagus dorsal motor nucleus (DMN) or nucleus ambiguous (NA),
rapidly leads to acetylcholine (Ach) release in the heart. Acetylcholine released from effer-
ent vagal terminals interacts with muscarinic acetylcholine receptors (mAchR) on myocardial
tissue leading to cardioprotection. Likely, acetylcholine interaction with peripheral nicotinic
receptors (a7nAchR) in organs of the reticuloendothelial system (RES) plays a role in myocar-
dial ischemia/reperfusion and heart failure, a condition where also a systemic inflammatory
response can occur. Brain muscarinic receptors are also involved in triggering the cholinergic
anti-inflammatory pathway.

of the cholinergic anti-inflammatory pathway could be even greater, because of the established
ability of melanocortins to increase the anti-inflammatory cytokine IL-10 production.! Indeed,
modulation of inflammation with IL-10 attenuates left ventricle disfunction and remodeling after
acute myocardial infarction in mice.'*

Neuroprotection by Melanocortins in Ischemic Stroke

Stroke is the third main cause of death and the leading cause of adult disability in developed
countries. Within minutes to days after a cerebral vessel occlusion, several pathological pathways are
triggered, which may potentially damage brain cells.”>'*” Despite intensive investigations aimed at
developing innovative neuroprotective treatments for brain injury, no novel drugs have established
clinical effectiveness. Toxic side effects, short therapeutic treatment window, single-mechanism of
neuronal damage blockade are the main problems.'?'” Indeed, information from clinical trials
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suggests that targeting an array of key pathophysiological mechanisms is essential for an effective
and safe management of stroke.”'?”1213° At present, the only approved therapy for ischemic stroke
is thrombolysis within 3 hours of symptom onset.”'*'3! However, only 3% of all stroke patients
can receive thrombolytic agents, only few of treated patients experience some benefits and a grow-
ing body of evidence indicates that these drugs also have deleterious effects.?>!*>

Protective properties of melanocortins in experimental brain ischemia have been reported by
Lipton’s group. These experiments showed that o-MSH improves recovery of auditory-evoked
potentials in a dog model of transient brain stem ischemia.®® Tatro’s group reported that a-MSH
reduces brain TNF-a levels in transient global and focal cerebral ischemia in mice.'* Recently,
our research group provided the first clear evidence that melanocortins afford a strong neuro-
protection against damage consequent to global or focal cerebral ischemia in gerbils and rats,
through the activation of CNS melanocortin MC; receptors.”®*# Eleven-day intraperitoneal
treatment with nanomolar amounts of the melanocortin NDP-a-MSH, but not of the selective
MC; receptor agonist Y,-MSH, protects against impairment in learning and memory caused by
transient global brain ischemia in gerbils (induced by occlusion of the common carotid arteries
for 10 min).*“ This protective and long-lasting (67 days, at least) effect, which is prevented by
pharmacological blockade of MC; receptors, occurs also when treatment starts several hours
after ischemia (being 18 hours the approximate time-limit). In transient global brain ischemia
in gerbils, functional recovery after stroke is associated with a modulation of the excitotoxic,
inflammatory and apoptotic responses in the hippocampus and with a consequent reduction of
the morphological damage and an increase in the number of viable neurons. The same melano-
cortin treatment given for 11 days also protects against impairment in learning and memory,
sensory-motor orientation and coordinated limb use in a rat model of focal cerebral ischemia
caused by intrastriatal microinjection of endothelin-1.# In this severe experimental model, the
MC, receptor-dependent protective effect of NDP-o-MSH is associated with diminished exci-
totoxic, inflammatory and apoptotic reactions.” Other beneficial features involve a significant
reduction of the severe morphological damage of the nucleus striatum, including a reduction of
neuronal death, demyelination and phagocytic activity. Neuroprotection is also associated with
asignificant increase in number of small vessels within ischemic areas, relative to saline-treated
rats. Of great importance, also in these rat studies NDP-0-MSH showed a broad therapeutic
treatment window.”” Subsequently, Forslin Aronsson and coworkers'?> and Chen and coworkers*
confirmed the neuroprotective effect of a-MSH in other models of global and focal cerebral
ischemia, without investigating MC receptors.

In conclusion, melanocortin agonistsat MC;, receptors appear to producc effective neuroprotec-
tion with a broad time window and through counteraction of the main ischemia-related mecha-
nisms of brain damage. Furthermore, the antipyretic action of melanocortins is well established'*¢
and hypothermia might contribute to neuroprotection during cerebral ischemia.'”” Stroke therapy
with these neuropeptides, therefore, could take a further advantage by melanocortin-induced
hypothermia.”> No novel drug has so far been shown to possess so many favourable and promising
characteristics, at least in experimental stroke models.

Melanocortins Produce Neuroprotection Against Ischemic Stroke
by Activating the Cholinergic Anti-Inflammatory Pathway

Observations in animals'**'* and humans'®'¥! indicate that stroke is associated with systemic
pathophysiological reactions. Widespread production/activation of inflammatory mediators in the
peripheral immune system following focal cerebral ischemia has been reported in mice.'#

The systemic pathophysiological reactions associated with focal cerebral ischemia and a
possible protective involvement of the cholinergic anti-inflammatory pathway, have been inves-
tigated in rats.” Following intrastriatal microinjection of endothelin-1, the activation of ERK
1/2, c-jun N-terminal kinases and caspase-3, the increase in TNF-a concentration and DNA
fragmentation, as well as the increase in TNF-a plasma levels, occur over the ensuing hours in
the striatum and liver of control stroke rats. This suggests cerebral and systemic activation of
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Figure 3. Modulation of the inflammatory response in ischemic stroke, through the cholinergic
anti-inflammatory pathway. Low levels of both brain inflammatory molecules spreading outside
the blood-brain barrier and inflammatory molecules produced in damaged peripheral tissues,
activate afferent signals through ascending vagus nerve fibers (sensory arm of the inflammatory
reflex). Brain melanocortin MC, receptor agonists, besides to produce strong neuroprotection
in the injured brain area, activate the cholinergic anti-inflammatory pathway (motor arm of the
inflammatory reflex, that is impaired after stroke), likely by acting on MC, receptors in the vagus
dorsal motor nucleus (DMN), leading to acetylcholine (Ach) release in organs of the reticuloen-
dothelial system (RES). Acetylcholine released from efferent vagal terminals interacts with a7
subunit-containing nicotinic acetylcholine receptors (a7nAchR) on tissue macrophages and
other immune cells surrounding the cholinergic terminals and inhibits the synthesis/release of
inflammatory cytokines, with a consequent reduction in cytokine plasma levels and the attenu-
ation of the systemic inflammatory response. Protective signals towards the CNS via the afferent
vagal fibers (owing to the activation of the vagus nerve-mediated cholinergic anti-inflammatory
pathway) also seem to occur in stroke. It is unknown whether acetylcholine interaction with
peripheral muscarinic receptors (mAchR) plays a role in ischemic stroke. Likely, brain muscarinic
receptors are also involved in triggering the cholinergic anti-inflammatory pathway. Electrical
stimulation has not been assessed in stroke models.

excitotoxic, inflammatory and apoptotic responses. Intraperitoneal treatment with nanomolar
doses of NDP-a-MSH 3 to 9 hours after stroke suppresses the excitotoxic, inflammatory and
apoptotic cascades at central and peripheral level. Bilateral vagotomy and pharmacological
blockade of peripheral nicotinic acetylcholine receptors blunt the neuroprotective effect of
NDP-a-MSH.# Focal brain ischemia causes, therefore, detrimental effects not only in the brain,
but also in the liver. This leads to hypothesize that a protective, melanocortin-activated, vagal
cholinergic pathway is likely operative in conditions of ischemic stroke, to modulate cerebral
and systemic pathological reactions (Fig. 3). Decreased expression and impaired function of
brain muscarinic acetylcholine receptors have been associated with neuron degeneration after
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ischemic stroke.'® This suggests that brain muscarinic receptors may be involved in triggering the
cholinergic anti-inflammatory pathway much as in circulatoy shock and myocardial ischemia.

However, the vagus nerve-mediated cholinergic anti-inflammatory pathway is an efferent
pathway and its activation by melanocortins can only account for the peripheral protective ef-
fects observed by Ottani and coworkers.” How can we explain why vagotomy and peripheral
nicotinic receptor blockade blunt the protective effect of melanocortins against brain damage?
It has been reported that lipopolysaccharide-induced systemic inflammation in conjunction
with global cerebral ischemia exacerbates brain damage in rats." This suggests that inhibition
of systemic responses could result in cerebral protective effects. Moreover, vagal afferents are
widely distributed throughout the CNS and vagus nerve stimulation causes synaptic activation
at multiple sites in both cerebral hemispheres.” Therefore, protective signals towards the CNS
owing to the activation of the vagus nerve-mediated cholinergic anti-inflammatory pathway can
be hypothesized in stroke (Fig. 3).

Evidence suggests that in conditions of brain ischemia endogenous melanocortins could exert
arole in neuroprotection. A) Melanocortin-treated stroke animals learn more rapidly than sham
ischemic ones, ™ but after the blockade of melanocortin MC; receptors there is a worsening in
memory recovery, as compared with ischemic control animals.** B) Melanocortins increase the
anti-inflammatory cytokine IL-10 that modulates the inflammatory cascade.'"?" Interestingly, it
has been reported that low plasma concentrations of IL-10 are associated with early worsening of
neurological symptoms in stroke patients.! C) 0-MSH concentrations in plasma are reduced in
patients with acute traumatic brain injury. Consistent with a physiological neuroprotective role of
melanocortins, patients with the lowest circulating levels have an unfavourable outcome.'!

Taken together, these observations point to a neuroprotective role of a cholinergic anti-in-
flammatory pathway, likely activated by melanocortins, that could be physiologically operative
in conditions of ischemic stroke and brain injury, to protect against local and systemic damage.
This further supports the important role of the cholinergic anti-inflammatory pathway in the
defense mechanisms.

Conclusion

MC;and MC; receptors are the most abundant MC receptor subtypes within the CNS, being
brain distribution of MC, receptors broader than that of MC;.>7"* MC; and MC; receptors also
occur in the vagus dorsal motor nucleus and ventral division of the nucleus ambiguous'*'“ and these
receptors are believed to play an important role in central regulation of certain body functions.>'*”
This supports the hypothesis that central melanocortins activate efferent vagal fiber-mediated
cholinergic anti-inflammatory pathway(s) to protect against damage caused by circulatory shock,
myocardial ischemia and ischemic stroke and perhaps following other severe inflammatory insults.
Such efferent cholinergic pathways could be specific for different pathological conditions; indeed,
in circulatory shock and ischemic stroke this pathway seems to be mediated by peripheral nicotinic
acetylcholine receptors, whereas in myocardial ischemia peripheral muscarinic acetylcholine recep-
tors appear to be predominantly involved. However, because MC receptors, including MC; and
MC,, are also expressed in numerous peripheral tissues,”!"'>?! additional protective influences of
melanocortins likely occur via interactions with peripheral melanocortin receptors.

The CNS and peripheral organs communicate via neuronal and humoral pathways.>>** After
brain injury, immunodepression and inflammation in peripheral organs can occur. Indeed, several
cerebral injury types have been shown to be associated with intestinal, pulmonary and hepatic in-
flammation.” The abundant distribution of MC; and MC; receptors within the CNS, together with
the preclinically demonstrated ability of melanocortins acting at central MC; and MC; receptors
to prevent central and peripheral detrimental consequences of a brain inflammatory injury due to
ischemia and reperfusion, suggest promising perspectives for the clinical use of melanocortins. These
brain receptors could be pharmacological targets for the treatment of several central and peripheral
disorders, likely through the activation of the efferent vagal anti-inflammatory pathway(s).>4%4
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Several instances of ischemia/reperfusion injuries could take advantage of melanocortin-in-
duced activation of the cholinergic anti-inflammatory pathway, also because melanocortins
increase the production and release of the potent anti-inflammatory cytokine IL-10 from mono-
cytes through a 3,-adrenergic receptor-dependent mechanism.'"* Indeed, it is well established
that melanocortins also stimulate adrenergic transmission and therefore they can centrally
modulate local and systemic inflammation through both adrenergic and cholinergic pathways.>!!
Recent data suggest that the splenic nerve, through a complex mechanism involving adrenergic
and cholinergic signals, is required for the cholinergic anti-inflammatory pathway activity against
systemic inflammation and the spleen could be a primary source of TNF-a..7!48

Investigations designed at determining the molecular mechanisms of the cholinergic anti-in-
flammatory pathway activation could provide further insight into the neural regulation of inflam-
mation and could help design of superselective activators of such a pathway: agonists at individual
brain MC receptors could be significant candidates.
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Melanocortin Control of Cell
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Abstract

ver 20 years of research based upon application of experimental models of inflammation
O and tissue injury have revealed exquisite controlling functions for melanocortin hormones

and, subsequently, their synthetic derivatives. More recent discoveries have shed light on
the receptor targets responsible for these effects, leading to what could be the next step-change for
thisline of research, the development of novel therapeutics for the control of human inflammatory
pathologies. Here we review some of this work with particular emphasis on more recent studies that
have substantiated the activities of melanocortin peptides to reveal important regulatory functions
for their receptors in vascular inflammation and disease models. Moreover, we summarise the drug
discovery activities (for what is published knowledge) attempting to capitalise on this wealth of
research on melanocortins, though we should not forget the successful employment of ACTH to
treat human gouty arthritis. Altogether, this chapter would corroborate and flare the enthusiasm
for this line of research, as we are confident that the right times might have arrived to develop
novel anti-arthritic and tissue-protective compounds that will be acting by mimicking the way our
endogenous melanocortins would act to exert their homeostatic and check-point functions.

Introduction

It is often said that the seminal study of Philip Hench published in 1949 reporting the efficacy
of compound E (later characterised and synthesised by Sarett as cortisol), ““... a new day dawned
in rheumatology. Therapy was now dated BC (before cortisone) or after (AC)!”! Whereas this is
true, it is also true that in the same study Philip Hench and colleagues reported also the therapeutic
efficacy of pituitary adrenocorticotrophin (ACTH) when administered in rheumatoid arthritis
patients.” The effect of ACTH on changing the numbers of circulating leukocytes had already
been reported.® The clinical efficacy of ACTH was rapidly confirmed in patients suffering of
gouty arthritis* a therapeutic response attributed to increased endogenous cortisol* and, possibly
as a consequence, to modulation of circulating white blood cells.’ The buzz of those frontier years
yielded the notion that “.. glucocorticoids changed much of the face of therapeutics not only in
rheumatological practice but throughout the whole field of medicine’! Whereas this is certainly
true even at the end of the first decade of the third millennium, that is 60 years after the discoveries
of Hench and colleagues (1), it is surprising how little—or not enough—has been done to capi-
talise on the clinical observations produced with ACTH. In reality the literature stores the data,
the problem is to go out to find them. In fact, a mid -90s clinical study in gouty arthritis patients
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confirmed the efficacy of ACTH also when a controlled design was used, with the hormone af-
fording a therapeutic control of the disease that suggested, to the Authors, the existence of other
molecular mechanisms beside the expected adrenal gland activation and the ensuing increase in
circulating cortisol.* ACTH is still used in US for gouty arthritis, in patients manifesting intoler-
ance to nonsteroidal anti-inflammatory drugs.”

So what could be the alternative mode of action of ACTH? Nowadays and this book is a tes-
timony to this, our knowledge is much increased and the biosynthetic link between ACTH and
melanocyte stimulating hormone (MSH) species is clear.* Moreover, alpha-MSH is the prototype
of a series of natural and synthetic peptides (melanocortins) endowed with potent biological
properties. This Chapter attempts to summarise some of their major effects with particular em-
phasis on peripheral inflammation. We will also address, though at its infancy, the issue of whether
therapeutic exploitation of this line of research could be an effective way for the development of
novel anti-inflammatory therapeutics.

Inflammation: Cell Traflicking and Microcirculation

The response that our body sets up to counteract the attacks by xenobiotics and infective agents
has the main goal of producing a safe, space limited and temporal controlled reaction, disposing
of the agent(s) and with minimal damage to the host tissue in order to assure rapid regain of the
homeostasis. A hallmark of this inflammatory response is the movement of white blood cells from
the vascular district towards the site of the tissue injury or xenobiotic invasion. This movement of
cells is orchestrated by several classes of inflammatory mediators, including adhesion molecules,
rapidly acting mediators such as autacoids (e.g., histamine or leukotrienes) and polypeptides such
as cytokines and chemokines.” The sequential activation of specific processes, promoted by these
pro-inflammatory mediators, then occurs are reported in Figure 1.

Whereas the life-saving importance of the inflammatory reactions is out of dispute,'®!! the
appreciation that inflammation does not extinguish by itself has recently emerged. Therefore, in
parallel and possibly as a consequence to the increased levels of pro-inflammatory mediators, classes
ofanti-inflammatory mediators are being discovered. In analogy to the variety of pro-inflammatory
mediators, there are short-lived lipids such as lipoxins, proteins and peptides, autacoids such as
adenosine and even, as recently reported, adhesion molecules' within the umbrella of endogenous
anti-inflammation.”*" It is important to establish how each of these mediators, part of specific
homeostatic circuits, would operate. Appreciation of specific patho-physiological pathways is
important to characterise the cellular and tissue-restricted events that each of these checkpoints
mediators bring about; similarly, in terms of pharmacology, the investigation of the specific recep-
tor target(s) that mediate the actions at the molecular level of a given anti-inflammatory mediator
is of crucial importance. The best approach would be to parallel increment of our knowledge at
both levels.

Figure 1 illustrates not only the sequelac of events responsible for the extravasation of the blood
borne leucocytes (granulocytes, monocytes and lymphocytes; all of these groups being formed
by multiple subgroups) via the processes of cell rolling, adhesion and emigration (also referred to
as diapedesis), but it also shows tissue resident cells. The inflammatory vascular response is initi-
ated by mast cells'® and macrophages,'” resident cells that play a whistle blower role: release of
pro-inflammatory mediators by these cells would activate the vascular endothelium initiating the
cascade of molecular and cellular processes required for the inflammatory reaction to begin and
progress. However, in line with the notion of the existence of pivotal checkpoints in the body to
assure that the inflammatory reaction is confined to the affected tissue and that it is also limited in
its time frame, both resident cells and blood borne leucocytes would be targeted by endogenous
anti-inflammatory mediators to assure proper activation of the resolution phase and termination
of the inflammatory reaction in a safe manner.

ACTH, alpha-MSH and other melanocortin peptides belong to this large family of anti-in-
flammatory mediators. This is evident from their modulatory effect on cells which play impor-

les in the initiati i 11 luti f the infl ion;'81
tant roles in the initiation, maintenance as well as resolution of the inflammatory reaction;
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Step 1: Rolling Step 2: Firm Adhesion

Blood borne
Leukocyte
(e.g. PMN)

EC

Basement membrane

Step 3: Emigration

MC

Figure 1. Recruitment of blood borne cells in inflammation. Depicted is a schematic repre-
sentation of the initial events regulating the extravasation of blood borne leukocyte, with
emphasis on their interaction with the endothelial cell (EC) monolayers on the vascular wall.
Highlighted are the processes of leukocyte (a neutrophil is shown as an example, PMN) roll-
ing, adhesion and emigration, with the sequential involvement of multiple players, including
adhesion molecules and leukocyte activators. The initiating role of tissue resident cells, such
as the mast cell (MC) and the macrophages (M@), is also indicated. Melanocortin peptides
can act on their receptors to modulate the re-activity of many cellular players operative in
the context of inflamed vessel. Abbreviations: CD: cluster definition; ICAM: inter-cellular
adhesion molecule; MadCAM: mucosal addressin cell adhesion molucule; PSGL-1: P-selectin
glycoprotein-1.

moreover, the application of models of inflammation to animals which have been nullified for
specific components of the melanocortin system, in particular specific receptors responsible for
bringing about its homeostatic functions, confirms the checkpoint role of these mediators in the
overall complcx scenario of inflammation. We will now discuss some of the properties associated
with melanocortin biology in the context of experimental and human inflammation.

Melancortins in Experimental Inflammation

The therapeutic effectiveness of natural and synthetic melanocortins as anti-inflammatories has
been widely studied in experimental models of vascular inflammation and disease. Local as well
as systemic treatment seems to improve, in many cases, disease outcome. Table 1 summarises the
use of melanocortin peptides in experimental models of inflammation.

Studies from the late 1980s were the first to suggest that alpha-MSH had anti-inflammartory
properties. Pyretic responses are induced upon the release of inflammatory mediators within the
brain; treatment with alpha-MSH completely antagonised the effect of endotoxin, tumour necrosis
factor (TNF)-o and interleukin (IL)-6 induced febrile responses.®**! These intriguing results led
to the wider studies of melanocortin peptides in other inflammatory settings including ischaemia
reperfusion injury, lipolysaccharide (LPS)-induced inflammation and arthritis.***
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Figure 2. Melanocortin receptors. Schematic representation of MCRs on a hypothetical plasma
membrane. Activation of any of these receptors by a melanocortin peptide will cause activa-
tion of a stimulatory G protein (Gs) leading to accumulation of intracellular cAMP. In some
cell system, MC3R has also been associated with inositol-tri-phosphate (IP3) accumulation.
Succinct distribution patterns for each receptor and their main biological functions, are also
reported. AC: adenylate cyclase; GDP and GTP: guanine diphosphate and guanine triphosphate;
PK, protein kinase. This schematic figures highlights the proposed functional importance of
MCTR and MC3R in controlling experimental and human inflammatory disease.

A rapid overview of Table 1 allows the formulation of a number of general comments. (1)
Endogenous peptides and synthetic melanocortin compounds inhibit activation of the mas-
terminder nuclear factor KB (NFkB);*? as a consequence, (2) they affect classical markers of
inflammation downregulating cytokine (TNF-a,, IL-18) and chemokine (IL-8) levels as well as
levels of others pro-inflammatory agents (inducible nitric oxide synthase, nitrites and nitrates).>*!
Furthermore (3) melanocortins control leucocyte-endothelial interactions by decreasing cell
adhesion molecule expression (examples are intercellular adhesion molecule-1 [[CAM-1] and
vascular cell adhesion molecule-1 [VCAM-1])* thus blocking leukocyte migration to the site of
vascular inflammation. The overall outcome (4) is that treatment of animals with alpha-MSH, and
more recently other synthetic derivatives, would generally reduce tissue injury and inflammatory
responses (see Table 1).

We now need to mention, briefly, that five melanocortin receptors have so far been cloned
and their acronym goes from MCIR to MCSR® (Fig. 2). Whereas MC2R, expressed on adrenal
cells, is the highly specific receptor for ACTH, MCIR is expressed by melanocytes and controls
skin pigmentation, so it mediates one of the major physiological functions of alpha-MSH. Recent
reviews'®32 and other chapters in this book have elaborated on the distribution patterns of MC3R,
MC4R and MCSR, in addition to MC1R.

Ischaemia reperfusion (IR) injury occurs as a consequence of low oxygen state usually due to
inadequate blood flow/supply and is followed by a period when blood flow is restored. IR is usually
a reversible process unless the period of ischaemia exceeds a critical period of time when diverse
molecular and cellular alterations occur and injury becomes irreversible and restoration of blood
flow often exacerbating the deleterious effects of ischaemia.® The IR phenomenon is common in
a variety of vascular-based pathologies including myocardial infarction, stroke and lung injury.
Several melanocortins including the pan-receptor agonists ACTH and alpha-MSH and more
selective agonists have been exploited in models of IR injury with promising outcomes (Table 1).
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For example, pan-agonist ACTH is cardioprotective in myocardial ischaemia reperfusion injury
whilst, selective MC3R agonist; [D-Trpg]-y-MSH is protective of injury occurring during IR in
the mesentery. 3

At the molecular level the melanocortins act to suppress pro-inflammatory cytokines/chemok-
ines including IL-1f, TNF-a and KC. Getting et al showed decreases of ~30% systemic and
~60% local IL-1p levels and ~50% both for systemic and local KC levels, following therapeutic
intervention with the MC3/4R agonist melatonin (also termed MTII) in a murine model of
myocardial ischaemia reperfusion injury® Furthermore cotreatment with MTII and the mixed
MC3/4R antagonist SHU9119, but not selective MC4R antagonist HS024, reverted the effects
on IL-1p and KC levels suggesting a role for MC3R in these protective actions; this study also
observed that MC3R was present on cardiac macrophages but not parenchymal fibroblasts or
cardiomyocytes.”

The identification of receptor(s) and cells modulated to bring about the attenuating actions of
alpha-MSH in renal IR injury is less clear. Chiao et al convincingly showed that alpha-MSH, dosed
either at the start of ischaemic phase or during the late (>6 h) reperfusion phase, attenuates renal
damage by downregulating expression of KC and endothelial ICAM-1 expression, thus preventing
neutrophil trafficking and adhesion to the kidney.” In a further study using mice knockout for
ICAM-1, which had a 75% reduction in neutrophil infiltration compared to wild type controls,
alpha-MSH was able to provide renal protection despite the lack of involvement of neutrophil
adhesion and emigration, indicating that its immunoregulatory actions are unlikely effected solely
through the neutrophil

More recently Lee et al have shown that both MC1R and MC3R are expressed in the outer
medullary region of the IR-injured kidney and thus speculated that protective effects afforded
by alpha-MSH may be through interaction with these receptors.”’ As to whether one or other
MCR or even both may command this regulatory effect remains to be deciphered. The recent
availability of transgenic mice mutant or void of MCRs will initiate a surge of experiments in
the inflammation field and allow for better understanding of the mechanisms behind which the
melanocortin peptide activities lie.

Effects of Melanocortins on Inflammatory Cells In Vitro

As summarised, in part, above and displayed in Table 1, there are no doubts that melanocortin
peptides exert a regulatory role on the inflammatory process. In this section one would like to
convey the reader’s attention to the effects of melanocortins on specific inflammatory cells in vitro
mimicking the environment common to various pathologies in mouse and human.

Monocytes and Macrophages

Whereas macrophages are tissue resident cells rcady to promote the inﬂammatory reaction,
monocytes are recruited to local sites of injury where they sustain inflammation, but then also
mature to macrophages with switch towards an anti-inflammatory phenotype, promoting the
resolution of acute inflammation.'”*® The mouse macrophage has been one of the most common
cells studied for addressing the biology of melanocortins and their receptors.

LPS-stimulated RAW?264.7 murine macrophages respond with induction of nitric oxide (NO)
synthase I and NO release and this was inhibited by alpha-MSH.* The same study showed that
basal as well as TNF-a stimulated RAW264.7 cells were able to release alpha-MSH, supporting
the stimulating hypothesis that peripheral expression of melanocortins could occur, a topic pro-
moted by the studies of Blalock and colleagues.*” Moreover, RAW264.7 cells expressed MCIR,
which was then proposed to be the main effector for the actions of alpha-MSH on this cell type.
Therefore, the proposed model was that alpha-MSH released by the inflamed macrophage might
exert an immunomodulatory function through its self-expression of MCIR.*

RAW?264.7 cells expressed not only MC1R, but also MC3R; the same pattern was evident
in primary peritoneal macrophages.*! Incubation of macrophages with ACTH led to a time-
and concentration-dependent induction of heme oxygenase Type 1 (HO-1).** This response



98 Melanocortins: Multiple Actions and Therapeutic Potential

was thought to be through MC3R: the more selective MC3R agonist [D-Trps]-y-MSH in-
duced HO-1 with similar profiles to ACTH; morcover, ACTH-induced HO-1 expression
was also detected in peritoneal macrophage collected from the recessive yellow e/e mouse,
which bears a mutated and inactive form of MC1R.” Furthermore in the same macrophage
[D-Trps)-y-MSH induced a typical cAMP response characteristic of the G-protein coupled
melanocortin receptors.”

Monosodium urate crystal stimulated macrophage treated with long-lasting selective MC3R
agonist MT1I inhibited IL-1f and KC release in vitro and in vivo.* Collectively these data lead
one to speculate that MC3R may be the more influential melanocortin receptor above that of
the actions of MCIR, in regulating the mouse macrophage in normal and inflamed settings. In
contrast, data studying the effects of alpha-MSH on human monocyte and macrophage indicate
a predominant role of MC1R as the anti-inflammatory receptor.

LPS-stimulated human THP-1 monocyte/macrophage cells released TNF-o which was
inhibited upon treatment with alpha-MSH.* When the stimulated cells were incubated with
antibody to human MCI1R this inhibitory effect was attenuated supporting the hypothesis that
MCIR is the primary MCR operational to regulate alpha-MSH functions.”® Using primary
human blood-derived monocytes, Bhardwaj et al reported up-regulated protein expression for
MCIR upon endotoxin and mitogen stimulation.* In this study the capacity for alpha-MSH
to regulate costimulatory molecule expression was also addressed. Monocytes treated with LPS
induced phenotypic expression of costimulatory molecules CD80 and CD86 which coincided
with higher levels of MCIR expression. After treatment with alpha-MSH, cells exhibited a strong
and weak down-regulatory effect on CD86 and CD8O0, respectively. Collectively, it seems clear
that alpha-MSH may modulate human monocyte activation/maturation through MC1R.%

In general, whether the effect of alpha-MSH on monocytes and macrophages are through
MCIR or MC3R, the broad anti-inflammatory response can be attained by intracellular accumu-
lation of cyclic adenosine monophosphate (cAMP), because of adenylate cyclase activation and
the ensuing protein kinase A activation,'®# as well as by inhibition of NFKB activation, a nuclear
factor which induces transcription of a cohort of inflammatory genes. Manna and Aggarwal quite
clegantly used electrophoresis mobility shift assays to show that inflammatory agents LPS, okadaic
acid and ceramide induce cAMP-dependent NFkB activation with the effect being reversed in the
presence alpha-MSH. This phenomenon is perhaps counter-intuitive in view of the early increases in
cAMP that activation of all melanocortin receptors would cause, but was studied not only in human
monocytic U937 cells but also in HeLa epithelial, H4 Glioma and Jurkat T-cell lines.? Moreover,
similar effects of alpha-MSH were noted in LPS/IFN-y stimulated RAW?264.7 cells.”

Mast Cells

Mast cells are the resident cells of connective tissue which once activated instigate multiple
effects including release of pro-inflammatory mediators, vasodilation and angiogenesis.'**** The
study of the Metcalfe group showed that bone marrow derived murine mast cells express MCIR
at the gene and protein level upon phorbol 12-myristoyl-13-acetate (PMA)-stimulation and the
receptor was functional since treatment with alpha-MSH led to intracellular accumulation of
cAMP.® Furthermore, alpha-MSH was also able to downregulate IL-1f3, TNF-otand lymphotactin
responses of IgE receptor-dependent mast cell activation.>

Human mast cells are also responsive to alpha-MSH. Both primary skin mast cells and leukemic
mast cell line (HMC-1) express prohormone convertases and the pro-opiomelanocortin gene
product. IgE immune complex stimulation of both cell types cause a time-dependent extracellular
release of alpha-MSH.>!

We believe that a great potential exists for further and more detailed analysis of melanocor-
tin peptides actions upon mast cells, in several inflammatory contexts, both in mouse and man,
nonetheless these initial studies are strongly indicative that a cell type which sustains multiple
functions in early and late phase of inflammation® can be a major understudied yet target cell
for melanocortins.
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Neutrophils

Neutrophils are the first cells to migrate to sites of inflammation where they can release
detrimental products to kill the xenobiotic inflammogen, but could also damage the host tissue.
A number of in vivo studies have shown inhibitory effects of alpha-MSH on the process of neu-
trophil migration.*>*%*

Some hints to cellular mechanisms have been derived from in vitro studies: alpha-MSH brought
about up-regulation of clastase in IL-8-stimulated human HL-60 cells (surrogate for human
neutrophils) and subsequently down-regulated CXCR1 and CXCR2, two chemokine receptors
that drive neutrophil chemotaxis.” In another study with a synthetic molecule (CKPV), based
on the functionally active lys-pro-val (KPV) C-terminal sequence of alpha-MSH, inhibition
of PMA-induced reactive oxygen species (ROS) production from neutrophils was observed.*
Similarly, alpha-MSH was able to reverse LPS/PMA production of ROS from rat peritoneal
neutrophils and effect that appeared to be cyclo-oxygenase dependent manner.””

Endothelial Cells

Microvascular endothelial cells are crucially located to promote and control, the initial processes
of vascular inflammation, namely leukocyte rolling, adhesion and emigration (Fig. 1), prior to
sub-endothelial tissue matrix migration to the site inflammation. Mouse brain and human dermal
(both primary and transformed) microvascular endothelial cells are known to express MCIR.
Moreover and intriguingly, it is well established that endothelial cells can be source of POMC
and its peptides® pointing again to the existence of integral peripheral loops (as we have seen it
in the macrophage) for activation of this counter-regulatory pathway.

Upon TNF-a or LPS stimulation of human dermal microvascular endothelial cells, alpha-MSH
significantly decreased mRNA and protein levels of cell adhesion molecules E-selectin, VCAM-1
and ICAM-1.” These properties of alpha-MSH explained the inhibitory effect of this melanocor-
tin on adhesion of leukocytes to endothelial cells in vitro, as seen using static assays; alpha-MSH
attenuated T- and B-cell adhesion to dermal endothelial cells promoted by LPS.”

Other Cells

The actions of melanocortins have also been implicated in non-acute immunomodulatory
functions of fibroblasts, lymphocytes and dendritic cells (DC).

MCIR expressing dermal fibroblasts stimulated with TNF-o and treated with alpha-MSH
and KP, V (a modification of the tripeptide KPV) inhibited NFKB activation and ICAM-1 up-
regulation.” Human peripheral monocyte-derived DC also express MCIR mRNA, with protein
levels increasing upon maturation. In mature DCs, costimulatory molecule CD86 was significantly
downregulated in the presence of alpha-MSH, whilst only a slight decrease in CD40 was observed.®!
Thus, melanocortin peptides may play a role in the signals required for antigen presentation.

In line with these results, in vivo studies have shown that alpha-MSH induces tolerance in a
hapten-specific manner. Hapten dinitro-fluorobenzene (DNFB) pulsed-bone marrow derived DC
treated with alpha-MSH were injected into naive mice. After further challenging with DNFB,
car swelling was significantly reduced compared to pulsed DC untreated with the melanocort-
in.®2 Furthermore, after resensitisation to study hapten-specific tolerance induction, ear swelling
remained suppressed confirming that tolerance had been reached.*

Finally, Cooper et al noted an immunosuppressive response in streptodornase-induced, but not
anti-CD3 induced, lymphocyte proliferation.®® The model suggested is that alpha-MSH activate
MCI1R-expressing monocytes and MCIR- or MC3R-expressing B-lymphocytes and that this is
independent of the nonMCIR expressing T-lymphocyte status.®

In summary, the portfolio of anti-inflammatory properties of alpha-MSH, ACTH and other
natural and synthetic melanocortin peptides, is quite substantial. Many data in experimental animals
have been produced and in some cases are corroborated by clinical data, example being the use of
ACTH in human gouty arthritis and the anti-inflammatory actions of ACTH, alpha-MSH and
other peptides in models where the experimental inflammatory response is elicited by monoso-
dium urate crystals (Table 1). Furthermore, major cell players in the innate immune response are
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targeted by melanocortin peptides, with some interesting data on cells of the adaptive immune
arm also emerging in the most recent years.

In the near future, we should expect further a clearer understanding of the melanocortin
receptors through which these POMC cleavage products may be functioning. This will be brought
about by the more recent availability of MCR transgenic mice and the ever-expanding synthetic
melanocortin analogues being generated.

Lessons from Melanocortin Knockout Mice

The role played by melanocortin peptides in modulating the host inflammatory response is
beyond doubt. The availability of mice with nonfunctional MC1 receptor, the recessive yellow e/e
mice® or the generation of MC3R knockout, by homologous recombination replacing the entire
MC3R coding region with a neomycin-resistance cassette,® has given an important contribution
to the identification of the specific target that could be exploited for drug discovery, in relation
to a specific experimental or human pathology. Figure 2 reminds us of some pharmacological and
tissue-distribution characteristics of MCRs, including established physiological functions.

In experimental colitis, using two distinct models, an important regulatory role emerged by
testing the profile of disease in the recessive yellow e/e mouse. This mouse colony bears a mutated
and inactive, MC1R® and the animals have a characteristic altered coat colour, despite beingon a
C57/Black6 background, without clear defects in the immune system. Induction of dodecyl sodium
sulphate-induced colitis in the recessive yellow e/e mice resulted in marked epithelial disintegra-
tion with multiple ulcerations, increase in immune cell infiltrates and oedema formation.® Such
an effect for endogenous MCI1R was not restricted to this specific model of colitis because upon
induction of the experimental disease by administration of C. rodentium (mimicking human en-
teropathogenic E. coli infection), the recessive yellow e/e mice displayed again significantly higher
responses, including increased colonic hyperplasia and mucosal oedema.®

Our own studies have focussed predominantly on acute inflammation, monitoring leukocyte
trafficking as a hallmark of the host response and tissue injury, as the one observed after an IR
procedure. In crystal-induced peritonitis, a time-dependent accumulation of neutrophils could
be monitored and this occurred with a similar profile in wild type and recessive yellow e/e mice.”
The lack of involvement of endogenous MCIR did not hamper the pharmacological testing of
MCR pan- or selective agonists. Treatment of mice with alpha-MSH as well as with the more
selective MC3R agonist (D[ Trpg]-y-MSH) displayed an anti-inflammatory action that was intact
in recessive yellow e/e mice.*¢” The crucial role for endogenous MC3R in bringing about these
anti-inflammatory properties (inhibition of migrated leukocytes was paralleled by reduction in
exudate cytokine and chemokine levels) was assessed because these effects were lost in MC3R
knockout animals.>*

In the ovalbumin-induced airway inflammation model, melanocortin peptides including
alpha-MSH and D[ Trp;]-y-MSH, were active in attenuating the extent of allergic inflammation,
reducing eosinophil and lymphocyte accumulation.®® These effects were again maintained in the
MCIR recessive yellow e/e mice, but there are no data available for the MC3R knockout mouse
as yet. Nonetheless, these findings are supported by a previous study where treatment of mice
with 0-MSH attenauted airway inflammation, inhibiting the influx of eosinophil and IL-4 and
IL-13 levels in bronchoalveolar lavage fluids, as well as reducing peribronchial inflammatory cell
infiltrate.”

Recently, in a model of mesenteric IR, the early vascular events operative in inflammation
could be monitored, comparing responses in wild type, MC1R recessive yellow e/e and MC3R
knockout mice. Intravital microscopy of the mesenteric microcirculation allowed us to reveal
a marked augmentation of the extent of white blood cell adhesion and emigration in MC3R
knockout animals, whereas the MCIR mutant colony yielded no different responses when com-
pared to wild type mice.®! An interesting, though not fully detailed, observation was the fact that
indication for a higher degree of cell adhesion and emigration emerged in MC3R knockout mice
even when subjected to the sham procedure: it is highly likely that endogenous MC3R acts an
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important check point to keep the microvasculature in an anti-inflammatory status, at least in the
mesenteric vascular bed.

Treatment of mice with D[ Trps]-y-MSH produced marked attenuation (>60%) of leukocyte
adhesion and emigration, a pharmacological action that was absent in MC3R knockout mice.
Alrogether these data reveal the existence of a tonic inhibitory signal provided by MC3R in the
mesenteric microcirculation of the mouse, able to down-regulate cell trafficking and local genera-
tion of inflammatory mediators.”

Whereas it is clear that mice knockout for specific MCR are powerful tools for dissecting
the functions of these genes in many tissues and disease conditions,”®”" it is unfortunate that not
many studies have been performed with them, applying models of innate and adaptive immunity.
Nonetheless, a recent study made use of the MC3R knockout mouse, at an age (>6 weeks) where
defects in body weight are evident, reporting reduced expression in markers of inflammation (e.g.,
monocyte chemotactic protein-1 mRNA) in the absence of application of specific inflammogens.”™
These data are in clear contrast to the majority of the literature on melanocortin peptides and the
phenotype observed in the mesenteric microcirculation of MC3R knockout animals, discussed
above.’! Further studies are required to understand the potential fine tuning role that MC3R may
sustain and that seems to be subverted in obesity.

Finally, mice knockout for MC5R have also been generated” but, again, poorly studied in the
context of inflammation. This transgenic colony allowed the identification of an important physi-
ological role for MC5R in production and secretion of the major products in multiple exocrine
glands (e.g., sebaceous preputial, lacrimal and Harderian grands). MC5R knockout mice have
in fact, altered lipid production in various exocrine tissues leading to the defects in maintaining
thermoregulation when wet, but no effects on body weight have been noted.” Furthermore, MCSR
might play an important role in ocular immunity,” since its gene deletion is associated with greater
damage to the mouse retinal structures in a model of experimental autoimmune uveo-retinitis.
Given the wide distribution of MC5R mRNA in peripheral tissues and cells, it is unfortunate that
MCSR knockout mice have not been studied in models of inflammation.

Drug Discovery Melanocortin Peptide Pharmacology

As discussed above and in other sections of this book, the discovery in the 1990s of the mel-
anocortin receptors and the identification of their biological effects, has raised the interest of
pharmaceutical companies in the development of new drugs to target these receptors, potentially,
for several medical applications, including pain modulation, obesity, anorexia, inflammation
and erectile dysfunction. Surprisingly, despite the growing body of evidence and the traditional
use of ACTH for the treatment of gout,” most of the programs targeting the generation of new
melanocortin agonist/antagonists have focused on the activity of these molecules on food intake
and sexual dysfunction. Very few investigators and pharmaceutical companies have attempted to
exploit melanocortin receptors, especially MC1R and MC3R, as targets for the development of
new anti-inflammatory and immune modulator medicines. As summarised in this chapter, there
is a wealth of experimental data supporting inhibitory functions for MC1R and MC3R agonism;
furthermore, the recent identification of a possible role for MC5R in inflammation should awake
interest in the development of potent and selective MC5R agonists. Targetingof MC1R and MC3R
would come with both advantages and disadvantages; but the main obstacle of targeting MC1R
relates to its role in skin pigmentation. However, alpha-MSH derivatives have been developed in
order to improve the potency, selectivity and safety profile.

The tri-peptides KPV (or alpha-MSH,, 3 as said above) and KPT [Lys-Pro-Thr; IL-1f95.195)
have emerged as leading candidates due to their ability to conserve anti-inflammatory proper-
ties without activation of skin pigmentation.®” Furthermore, their low molecular weight makes
them useful for local delivery; secondly, their low cost production would be favourable for large
scale-production. One potential problem could derive from unfavourable pharmacokinetics.
Indeed, other approaches have kept alpha-MSH as the basis, but have aimed at increasing its short
half-life: alpha-MSH-transferrin” and NDP-0-MSH ([Nle;, [D-Phe,] alpha-MSH), also known
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as MT-1,7¢ have been developed for this purpose. The chemical immobilization of small peptides
has also been studied as possible delivery systems: peptide GKPV attached to Novagel polystyrene
beads and displayed inhibitory effects on HBL human melanoma cells.” The alpha-MSH-derived
synthetic peptide (CKPV), is a dimer produced by inserting a Cys-Cys linker between two units
of KPV.*¢

A different strategy has been the one of N-terminal “capping” of the tetrapeptide
His-Phe-Arg-Trp (alpha-MSHjy),”® which corresponds to the minimal sequence that binds all
MCR except MC2R. Furthermore, N-terminal fatty acylation of the tetrapeptide can be used
to modulate its potency and selectivity.”” Along similar lines HP228 [(Ac-Nle,, Glns, [D-Phe,],
[D-Trpy)) alpha-MSH], a pan-agonist with some degree of preferential activation for MCIR,
displays inhibitory properties on leukocyte migration and in a model of myocardial ischaemia in
mice.”® Peptide AP214* is also tissue protective and it contains six lysine residues at the amino
acid terminus of alpha-MSH.

Cyclic peptides such as MT-II (Ac-Nle4-c[Asps,D-Phe;,Lys,,] alpha-MSH) and SHU-9119
(Ac-Nle4-c[Asps,D-Nal(2');,Lys,o] alpha-MSH)® have been used as a prototype for new ana-
logues that can exert potent anti-inflammatory activity, "% longer half life and agonist activity
toward specific receptors.

Gamma-MSH has been used as the starting point for the development of specific agonists to
activate MC3R-dependent anti-inflammatory pathway. Addition of Trp in position 8 of the y-MSH
molecule increases the potency of the native peptide towards the MC3R.® In vitro and in vivo data
demonstrates [D-Trpg]-y-MSH as a selective agonist for MC3R and that it retains its anti-inflamma-
tory properties in mice lacking functional MC1R (recessive yellow e/e mice). Recently, we reported
that [D-Trpg]-y-MSH looses its anti-inflammatory activity in mice deficient of the MC3R, reinforc-
ing not only specificity of this compound but, also, the relevance of this receptor as a trigger of the
endogenous anti-inflammatory loop centred on MC3R, at least in rodents.* With respect to MC3R,
anew cyclic peptide cyclo-(Nle-Arg-[D-Phe]-Arg-Trp-Glu)-NH, has been recently described with
selective agonistic activity to this receptor.’

Novel compounds directed to the MC3R can come from R and D programs relating to obesity,
as several compounds already in the pipeline of pharmaceutical companies demonstrate agonist
activity towards MC3R and MC4R. The main problem with the use of such compounds in in-
flammatory disorders would be their inherent effects on food intake, however a further analysis
of compound libraries and/or the screening programs could allow the identification of molecules
retaining MC3R (or MC3/MC4R) agonist activity, but being unable to cross the blood brain bar-
rier (a condition sine qua non for development of novel anti-obesity MC4R agonists), so selecting
compounds endowed solely with peripheral anti-inflammatory activities.

Small nonpeptide molecules represent—clearly—another important approach to the develop-
ment of therapeutics modelled on MCR biology. Usually, though not often, small molecules would
have the advantage of longer half-life than their peptide counterparts. BMS-470539 a tyrosine-based
molecule developed by Bristol Meyers***” acts through MCIR to produce anti-inflammatory re-
sponses, both in vitro and in vivo. EL13, developed by Melacure Therapeutics AB and with affinity
for MC1R,* is another low molecular weight compound successfully tested in DNFB-induced
paw oedema. Furthermore, neuroprotective effects in experimental spinal cord injury model were
shown by the small molecule ME10501,% a compound with high affinity at MC4 receptors.

Currently, two compounds are under clinical trial assessment. Action Pharma A/S compound
AP214is being tested for postsurgical organ failure, whereas bremelanotide (Palatin Technologies,
Inc.) could become a new indication for organ protection, attenuating ischemia reperfusion
injury.

Conclusion

A large portfolio of experimental systems has indicated melanocortin agonists as potential
therapeutics for the treatment of several inflammatory disorders, including peritonitis, theumatoid
arthritis or inflammatory bowel disease. The wishful success of AP214 and bremelanotide trials
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would stimulate future drug discovery programs based on potent and selective agonists towards
MCIR, MC3R—and possibly MC5R—so to open opportunities for the development of new
medicines for inflammatory conditions, exploiting in this manner the endogenous anti-inflamma-
tory pathway centred on this fascinating group of receptor and peptides.
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Abstract

uring the last two decades a significant number of investigations has established the fact
D that a-Melanocyte-stimulating hormone (0-MSH) is a potent anti-inflammatory media-

tor. The anti-inflammatory effects of a-MSH can be elicited via melanocortin receptors
(MC-Rs) broadly expressed in a number of tissues ranging from the central nervous system to cells
of the immune system and on resident somatic cells of peripheral tissues. 0-MSH affects various
pathways regulating inflammatory responses such as NF-kB activation, expression of adhesion
molecules, inflammatory cytokines, chemokine receptors, T-cell proliferation and activity and
inflammatory cell migration. In vivo a-MSH has been shown to be anti-inflammatory as well
in animal models of fever, irritant and allergic contact dermatitis, cutaneous vasculitis, fibrosis,
in ocular, gastrointestinal, brain and allergic airway inflammation and arthritis. A broad range
of effects of a-MSH exerted beyond the field of inflammation, its pigmentory capacity being
only the most visible aspect, has been one of the major impediments limiting the use of a-MSH
in human inflammatory disorders. Interestingly KPV, C-terminal tripeptide of a-MSH, which
lacks the entire sequence motif required for binding to any of the known MC-Rs, retains almost
all of the anti-inflammatory capacity of the full hormone, but in its activities display a lack of any
pigmentory action. While the exact signaling mechanism utilized by KPV and related peptides
currently is unknown it has been demonstrated already that significant similarities between
anti-inflammatory signaling of 0-MSH and those short peptides exist. These a-MSH related
tripeptides thus may be useful alternatives for anti-inflammatory peptide therapy. KdPT, a deriva-
tive of KPV corresponding to IL-10,95 195, currently is emerging as another tripeptide with potent
anti-inflammatory effects. A more limited spectrum of biologic activities, potentially advantageous
physicochemical, pharmacokinetic and pharmacodynamic properties as well as the expectation of
low costs for pharmaceutical production make these agents interesting candidates for the treatment
of immune-mediated inflammatory skin and bowel diseases, allergic asthma and arthritis.

Introduction

a-Melanocyte-stimulating hormone (0-MSH) which initially was characterized as a pig-
ment-inducing (melanotropic) peptide is meanwhile known to exert a wide range of biologic
activities far beyond pigmentation. The anti-inflammatory effects of a-MSH in particular have
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a-MSH Ac-SYSMEHFRWGKPV-NH,
a-MSH(6-9) Ac-HFRW-NH,
0-MSH(11-13) Ac-KPV-NH,
IL-13(193-195) H-KPT-OH

Figure 1. Peptide sequences of the melanocortins, the central melanotropic pharmacophore
of a-MSH and the a-MSH-related C-terminal tripeptides.

received attention during the last years due to efforts to harness the potent anti-inflammatory
in vivo effects of 0-MSH and related peptides for the treatment of human inflammatory dis-
orders."” The mediation of a-MSH effects relies on interaction with a family of five G-protein
coupled so called melanocortin receptors, MC-1R to MC-5R. As the core peptide a-MSHy,
(Histidine-Phenylalanine-Arginine-Tryptophane, HFRW) has been identified as the pharma-
cophore responsible for binding of a-MSH to its family of receptors peptidic, peptidomimetic
and nonpeptidic variants of this motif have been synthesized and investigated in a range of
in vitro and in vivo models. Beyond this core motif the C-terminal tripeptide of o-MSH
(Lysine-Proline-Valine, KPV, o-MSH), ;5) has been found to retain most if not all of the
anti-inflammatory capacities of a-MSH. This tripeptide and peptides of similar composition
recently also received growing attention, as they might prove to be exceptionally useful in the
therapy of inflammatory diseases, not only due to their anti-inflammatory properties but also to
alack of some a-MSH effects which in a therapeutic setting might cause unwanted side effects.
It has, for example, been shown in frog and lizard skin bioassays* that these tripeptides do not
exert any significant melanotropic effect.

The sequence of a-MSH is contained within ACTH and the sequences of a-, -, y-MSH
and ACTH all have the core amino acid sequence HFRW in common (Fig. 1). The small
C-terminus derived peptides include the N-acetylated and C-amidated tripeptide KPV as well
as several stereoisomers, i.c., dKPV, KPdV, KdPV and dKPdV. A structurally related derivate
is KdPT (Lysine-D-Proline-Threonine), which in its all-L-form is part of the sequence of
IL-1B(IL-1B193.195)- This tripeptide recently has been shown to possess potent anti-inflammatory
effects in many aspects resembling those of KPV or o-MSH. This chapter summarizes our cur-
rent knowledge on the immunomodulatory spectrum of those a-MSH related tripeptides and
derivatives.

o-MSH Related Peptides and Melanocortin Receptors—Mediation

of Anti-Inflammatory Effects?

The melanocortins -, -, y-MSH as well as ACTH bind to melanocortin receptors, a family
of five cell surface receptors which is part of the superfamily of G-protein coupled receptors
with seven transmembranal domains.>® Five MC-R subtypes with differential affinities for the
different natural ligands have been cloned. Shortened a-MSH fragments containing the core
peptide HFRW are capable of binding to MC-1R, MC-3R, MC-4R and MC-5R albeit with
less MC-R subtype specificity than the full length natural melanocortins.” Ligand stimulation
of all MC-Rs leads to activation of an adenylate cyclase resulting in increased intracellular
levels of cAMP. In addition, other signaling events, especially calcium fluxes® but also activa-
tion of mitogen-activated protein kinases’ may occur. The exact outcome of ligand binding to
the MC-Rs in terms of signaling events appears to depend on the cell type studied. Expression
analysis has shown that MC-Rs, in particular MC-1R,"™" are expressed in a considerable
number of tissues and cells. The majority of anti-inflammatory effects of a-MSH in vitro have
been linked to the MC-1R.

While the presence of the C-terminal amino acids clearly is important for the binding of o-MSH
to its receptors'® it is still controversial whether tripeptides like KPV and its stereoisomers alone
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bind to MC-Rs and whether they thus utilize identical signaling pathways. In several studies using
frozen rat brain tissue, murine B16 melanoma cells or RAW 264.7 macrophages, KPV apparently
did not compete with binding of radiolabeled a-MSH or NDP-MSH."”* In the latter cell line KPV
also failed to increase cAMP levels while, on the other hand, intracellular induction of cAMP has
been observed in murine microglial cells.” In addition, a-MSH, KPV, KPdV and ACTH elicit
intracellular calcium fluxes in human keratinocytes expressing the MC-1R with similar potency.
In Chinese hamster ovary cells stably transfected with the MC-1R a-MSH and KPV also elevated
intracellular calcium.® Other more functional in vitro and in vivo studies in the murine system failed
to show an involvement of MC-1R, MC-3R and MC-4R in the anti-inflammatory mechanism
of KPV and rather suggested an inhibition of IL-1f functions by this peptide.”! Interestingly, the
addition of tyrosine to the tripeptide KPV, cither at the C- or the N-terminus yields tetrapeptides
(Ac-Tyr-Lys-Pro-Val-NH, and Ac-Lys-Pro-Val-Tyr-NH,) which bind to MC-1R weakly and also
induce cAMP formation.”

Some of the anti-inflammatory effects of -MSH have been observed at extremely low—
in some assays femtomolar—concentrations. Considering the ligand binding affinities for
MC-1R only very little receptor occupancy can be expected at such concentrations, indicating
that the anti-inflammatory signals mediated by a-MSH are processed not only by MC-Rs
but also through additional effector pathways. Data showing that 0-MSH, as well as KPV,
strongly antagonise hyperalgesia induced by IL-1p in rats are clearly in line with this notion.?
Moreover, additional studies demonstrated that o-MSH as well as KPV significantly reduces
surface binding of radiolabeled IL-1f to the T-cell subclone EL4-6.1.2* Further support for
a nonMC-R-mediated effector pathway involved in the anti-inflammatory action of a-MSH
comes from animal studies employing signal-deficient MC-1R mice (recessive yellow e/e
mice).2'»

An ex vivo study, using peripheral blood mononuclear cells from patients with different
variants of MC-1R, also indicated that some effects of a-MSH are independent of receptor
status.'? While the investigated receptor variants are known to compromise signaling through the
MC-1R via alterations in adenylate cyclase activity other receptor mediated signaling pathways,
such as the aforementioned signaling through calcium influx, may be unchanged. Moreover,
some effects of 0-MSH and consequently of related peptides capable of binding to the MC-Rs,
even if weakly, may require the presence of not only one type of MC-R, namely MC-1R but
rather of two, MC-1R and MC-3R. The possible direct antagonistic interaction with IL-1f
signaling also has to be taken into consideration when assessing the different effects of o-MSH
or the related KPV-like tripeptides in different kinds of cells. In the context of these prevailing
uncertainties it is interesting that only recently an observation has been made which may greatly
change ideas of pathways through which the effects of KPV or related tripeptides are mediated.
In a recent study® it was shown that KPV in nanomolar concentrations is capable of suppressing
activation of the transcription factor NF-kB by IL-1f in the immortalized colonic carcinoma
cell line Caco2-BBE as well as by TNFa in the human T-cell lymphoma cell line Jurkat. While
both cell lines express several subtypes of MC-Rs treatment with neither KPV nor a-MSH
induced cAMP formation in either cell line. In another immortalized colonic carcinoma cell
line, HT29-CL.19A KPV had no effect on IL-1f induced NF-kB activation. Interestingly, it
is known that this cell line in contrast to the two aforementioned cell lines does not express
the peptide transporter PepI 1. Further investigations using radiolabeled KPV revealed that the
tripeptide is a substrate for the peptide transporter. Meanwhile it also has been shown that KAPT
also is a substrate for this peptide transporter (unpublished data), which generally is capable
of moving a broad variety of di- and tripeptides from outside the cell into its interior. Thus the
short peptides derived from the C-terminus of 0-MSH and their derivatives have—at least in
cells expressing PepI'1—direct access to intracellular targets. This may be an important part in
the puzzle of our understanding the underlying effects in peptide hormone mediated effects.
In vivo thus different signaling mechanisms for the full lengths mediators and for shortened
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peptides released by e.g., protease digestion may exist in parallel and may have additive, subtrac-
tive or entirely different effects.

Anti-Inflammatory Effects of a-MSH Related Tripeptides In Vitro

and Vivo

Most of the studies evaluating the anti-inflammatory effects of a-MSH-related tripeptides have
concentrated on the L-form of KPV. Only a limited number of studies employed other stereoi-
somers with D-enantiomers of single or all amino acids. KPV was shown to suppress production
of TNF-a, IL-6 and NO induced by proinflammatory stressors in astrocytes and microglia.?*?"
Suppression of LPS/IFNY induced NO production by RAW 264.7 cells was similarly effective as
with full-length a-MSH.” In the same study it was also found that cyclic KPV derivatives (using
cither the a- or €-amino group of lysine for cyclisation with the carboxy-group of L-or D-valine)
were significantly weaker in their anti-inflammatory activity.

Moreover, the study showed a lack of cAMP formation upon stimulation with KPV, pointing
to a MC-1R independent mechanism of KPV activity in this setting. KPV potently blocked
activation of NF-kB by TNFa. in human keratinocytes and monocytic cells***! displaying a
potency comparable to that of a-MSH. In human keratinocytes a-MSH, KPV and KPdV
effectively inhibited TNF-o induced NF-KB activation in human keratinocytes. In this study
KPV was about 100times less potent than 0-MSH while KPdV was about 100times more po-
tent,’® with maximum inhibition of NF-kB activation at concentrations of 1077 M, 10 M and
107" M, respectively. The stereoisomer KdPV was capable of suppressing LPS-induced NF-xB
activation in rat alveolar cells with an ECs; of 5.5 ug/mL, corresponding to ~1.5 x 107> M.**
Interestingly, these in vitro findings are in some contrast to a previous study in which KdPV
was found to lack antipyretic activity in vivo.*» When tested in a murine picryl chloride model
of irritant dermatitis over a dose range of 20 pg to 80 ug per animal KdPV failed to exert any
significant anti-inflammatory effect on ear swelling. This lack of effect might be attributable to
the dose range tested which—assuming a low effectiveness for KdPV as found in the in vitro
experiments on rat alveolar cells—may reconcile these different data sets. However, both lines
of evidence seem to indicate that the L-configuration of proline is important for the anti-in-
flammatory effects mediated by KPV and its stereoisomers at least in the models employed.
Finally, KPV was also shown to directly induce IL-10 in human monocytes in the absence of
any other, pro-inflammatory stimulus.*

However, it is important to note that apart from the already mentioned lack of pigmentary
induction by KPV additionally other modulatory effects of -MSH are not replicated by KPV.
Specifically, the cytoprotective effect of 0-MSH observed in UVB-induced apoptosis in normal
human melanocytes® was not observed for KPV. This may either suggest some kind of cell
type specificity and/or an indispensable role for MC-1R signaling in the modulatory effect of
a-MSH in this system.

While the number of in vivo studies involving KPV or its stereoisomers and derivatives
still is quite limited, comprising only a few animal models of inflammation, those studies that
were conducted reveal a promising anti-inflammatory activity. Upon intracerebroventricular or
intravenous administration to rabbits made hyperthermic by systemic adminstration of IL-1
containing leukocytic pyrogen KPV has antipyretic effects.**?” These studies using truncated
forms of 0-MSH revealed that the antipyretic message sequence of this peptide hormone resides
in its C-terminal amino tripeptide KPV as a-MSH, ;, had no effect on fever. The antipyretic
activity of KPV was higher upon central than upon peripheral administration and overall
lower than the antipyretic effect of full-length a-MSH.* Interestingly, 0-MSH, ; as well as
0o-MSH, 3, i.e., Gly-Lys-Pro-Val and Trp-Gly-Lys-Pro-Val, turned out to have significantly less
anti-inflammatory capacity in this setting while 0-MSHj 13, i.¢., Arg-Trp-Gly-Lys-Pro-Val, was
more potent than KPV. Of these a-MSHj ,; and a-MSHy ;3 were found not to bind to MC-Rs,
despite the fact that they carry increasing portions of the classical pharmacophore.”
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In accordance with the effect of KPV on NF-kB activation in vitro the peptide suppressed activa-
tion of this transcription factor in the brain of LPS-treated mice in vivo.*® In mouse models of skin
inflammation including irritant and allergic contact dermatitis, KPV exerted anti-inflammatory
effects as well. 3% As for o-MSH a single iv. injection of a low dose of KPV or KdPT (1.5 ug)
around the time of sensitisation with a hapten is sufficient to suppress contact hypersensitivity reac-
tions and to induce hapten specific tolerance (unpublished data). Earlier studies on the hyperalgesic
effect of IL-1P revealed that KPT and KdPT can counter the hyperalgesia induced by IL-1p
suggesting an IL-1 antagonism of KdPT as a possible anti-inflammatory effector mechanism as
already speculated for KPV. The analgesic effect of KdPT in its strongest was comparable to that
of indomethacine yet did not result in any gastric lesions.* In this context again differences in the
effects of these peptides were found. Interestingly, the antialgesic effects of KAPV in an acidic-acid
induced abdominal constriction test were inhibited by the opioid antagonist naloxone while the
effects of KPT or KdPT were not® KdPT on the other hand did not antagonize the hyperalgesic
effects of PGE,; and being not effective in the hot plate test appears not to mediate its signals via
central nervous system pathways.?* That descending neurogenic pathways are also of less importance
for the anti-inflammatory mechanism of KPV than for full-length a-MSH was shown in mice
with experimentally-induced hind paw inflammation. KPV administered intraperitoneally had
marked anti-inflammatory activity even in animals with spinal cord transection.*!

Experiments on inhibition of crystal-induced peritonitis of mice?! shed additional light
on the potent anti-inflammatory effects of KPV and the underlying signaling mechanism. In
these experiments a-MSH, KPV and the a-MSH core peptide HFRW significantly reduced
accumulation of polymorphonuclear leukocytes in the peritoneal cavity. Interestingly, the
selective MC-1R agonistic peptide MS05 did not have any anti-inflammatory effect in this
model while the MC-3/4R agonist Melanotan II (MTII) turned out to be about as effective as
a-MSH or KPV. As described previously for RAW264.7 macrophages KPV failed to increase
cAMP levels, indicating that KPV signaling is independent of MC-Rs and especially of MC-1R.
The latter is supported by the fact that in mice with nonfunctional MC-1R KPV likewise had
anti-inflammatory effects.

Recently, it was demonstrated in an additional setting that KPV and the IL-1f derived
tripeptide KdPT both have potent anti-inflammatory effects in vivo.**#” In mice with dextrane
sulphate-induced experimental inflammatory colitis (dextrane sulphate sodium = DSS) treat-
ment with KPV or KdPT greatly reduced several signs of colitis. The tripeptide-treated animals
recovered earlier and showed significantly less ulceration, less leukocyte infiltrations, submucosal
edema and epithelial denudations than the control animals. Interestingly, KdPT was significantly
more effective in its anti-inflammatory effect than KPV.%#” For KPV it was shown that doses as
low as 100 ng per day administered intravenously were already effective. On molecular level it was
observed that the activity of myeloperoxidase (MPO) was reduced significantly as well. In another,
more immunologic model of colitis KPV was also found to be effective. In the CD45RB" transfer
colitis model KPV was found to be effective even when administration started only 26 days after
the colitogenic CD45RB" CD4+-T-cells were injected. In both models the anti-inflammatory
effects of KPV were quite pronounced and moreover set in rather quickly. In another report on
oral application of KPV in DSS-colitis® the tripeptide was also shown to be highly effective. In
this study KPV was added to the drinking water at 100 WM concentration and the animals were
allowed to consume the water ad lib. Intestinal inflammation induced by DSS or by trinitroben-
zene sulfonic acid (TNBS) was reduced significantly by KPV. In the DSS model intestinal levels
of IL-6 and IL-12 mRNA were also reduced, while in the TNBS model additionally a reduction
of IFNy and TNFo. mRNA was observed. Interestingly, KPV also had an effect on DSS-induced
colitis in mice with a defect in MC-1R signaling.*® In these mice, which due to a single base pair
deletion in the gene for the MC-IR express only a nonfunctional form of the receptor, a more
pronounced form of colitis was observed as compared to wildtype C57BL/6 animals. Using these
¢ /e -mice (also named recessive yellow) it was shown that KPV did not significantly reverse
weight loss in treated animals compared to controls. However, while all PBS-treated mice died
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within nine days of the first DSS-contact while all animals treated with KPV survived during this
observation period.

Therapeutic Potential of o-MSH-Related Tripeptides in Human

Immune-Mediated Inflammatory Diseases

a-MSH has been investigated in terms of its commercial potential since many years. A signifi-
cant number of patents have been filed claiming effects of natural MSH-peptides and a multitude
ofligands for the melanocortin receptors optimized for MC-R subtype affinity and selectivity has
been designed. Among these patents and compounds many have the anti-inflammatory effects
of a-MSH as subject and target MC-1R. Commercial success, however, until now essentially
has proved elusive, aside from afamelanotide (which is identical to Nle*-d-Phe’-a-MSH and
currently under development for erythropoietic protoporphyria)® or the in certain cycles more
or less flagrant abuse of cyclic derivatives like melanotan I and melanotan IL°

The natural, full sequence a-MSH would display its full hormonal spectrum of biologic
effects some of which will always be unwelcome, which ones depending on the general setting
for a given therapeutic situation: a drug to treat inflammation displaying an additional unwar-
ranted tendency towards patchy pigmentation certainly will suffer from acceptance problems
in the general population. Thus limiting the width of the spectrum of effects of a-MSH-like
anti-inflammatory drugs is necessary. The most trodden way towards this goal lies in making
the MSH-like compound more specific for a single MC-R of choice in accordance with con-
temporary paradigms or in reducing or altering the signaling sequence until some hormonal
effects begin to vanish. Moreover, a-MSH is not very stable in biologic environments and
becomes degraded rather quickly. The half life of full-length a-MSH administered intrave-
nously is only a few minutes and accordingly the duration of the antipyretic effect of a-MSH
is limited to about 1.5 hrs.>! This is probably due to the fact that o-MSH is readily degraded
by a number of proteases. Among these are several serum proteases including aminopeptidase,
angiotensin-converting enzyme, alpha-chymotrypsin, neutral endopeptidase 24.11 (NEP),
prolyl endopeptidase and trypsin.®**° Expression of NEP on the cell surface of many cell types
may directly limit the effects of a-MSH on cellular level.>>

While its in vivo half-life yet may suffice for achieving some therapeutic efficacy, especially
when one considers that proteolytic digestion may yield still active fragments, a-MSH also is
not sufficiently stable in order to give a drug formulation a sufficient shelf-life or to guarantee
casy handling. Stability issues as such can be overcome by changing the amino acid sequence and
introducing nonnatural amino acids or by altogether leaving behind the amino acid make up, mov-
ing towards structurally related but nonnatural small molecular weight compounds. Early on full
length variations of 0-MSH—optimized with hindsight to efficacy or stability—showed promise,
but mostly still communicated the entire range of effects of 0-MSH, often with a higher degree of
effectiveness or efficacy for one or several of these effects. Indeed, attempts have been successful
to create protease-stable a-MSH analogues such as NDP-MSH but with increased potency on
pigmentation while interestingly lacking a definitive effect on experimental fever when injected
intravenously.® A major advantage of KPV and its stereoisomers indeed appears to be the lack of
melanotropic effect—which is mostly based on the central message sequence of a-MSH>*—while
most of the anti-inflammatory effects are found to be retained in those peptides. The so far only
study on KdPT effects on pigmentation revealed that in homeostatic situations no effects of KAPT
on melanogenesis in hair follicles are observed.”” Only under inflammatory conditions, i.e., upon
stimulation with IFNY increased pigmentation was observed. Whether this can be replicated in
vivo or occurs in nonscalp skin is unknown.

Quite a few of the efforts to generate optimized ligands for MC-1R—mainly for the treat-
ment of inflammatory disorders—ended unsuccessfully, often due to a lack of in vivo efficacy of
the optimized ligands. In other cases the artificial ligand turned out to possess more or less potent
effects in prophylactic settings, but did not affect pro-inflammatory mediators in therapeutic
settings.®” This may point to still unresolved flaws in the paradigm of 0-MSH signaling through
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the Melanocortin receptors and/or additional pathways. The recent identification of a pathway
allowing signaling inside the cell certainly will explain some of these failures.

Another issue to keep in mind is the pharmaceutical acceptability of the new ligands, which
not only need to be sufficiently stable in vivo but also either have to be capable of permeating the
skin in epicutancous applications or to become systemically available in systemic, preferably oral
use while at the same time avoiding the introduction of new and unwarranted or even inacceptable
kinds of toxicity. Currently no data exist on the precise pharmacokinetics of KPV and related trip-
eptides in blood and it is even unknown as to whether such tripeptides are endogenously produced
from o-MSH, ACTH, POMC or other precursors. However, when the observed minimal side
effects after systemic administration of a-MSH analogues in man are examined in this context
the rapid degradation of a-MSH in serum may be related to these findings. Intravenous injection
of the superpotent 0-MSH analogue NDP-MSH into humans for evaluation of its effect on skin
pigmentation yielded little side effects. Adverse effects were minimal at doses of up to 0.16 mg/
kg and comprised occasional gastrointestinal upset and facial flushing.*** Considering the well
known and rather broad spectrum of adverse effects observed for almost all conventional immu-
nosuppressive therapies (e.g., azathioprine, cyclophosphamide, cyclosporine, methotrexate and
mycophenolate mofetil) including modern biologics and also for many anti-inflammatory drugs,
the safety profile of 0-MSH and related peptides thus far appears to be high with an even more
preferable profile expected for shorter peptides.

Considering these facts and the results obtained with pharmacophore-like ligands with high
receptor selectivity and affinity yet lacking effect it may be worthwhile to further investigate the
anti-inflammatory tripeptides derived from or related to the C-terminus of a-MSH. KPV, its
stereoisomers, as well as KdPT are attractive future candidates for pharmaceutical companies that
wish to exploit these peptides for the treatment of human inflammatory diseases. These peptides are
small in size and can without much further modification permeate the skin and become bioavailable
after peroral administration as well. Their composition—mostly natural amino acids and similarity
to sequences found in proteins of the human body—allows expecting a moderate degree of toxic-
ity. Introduction of d-enantiomers moreover provides a direct and easy way to enhanced stability
against proteolysis. The molecular pathways so-far found to be involved with the anti-inflammatory
activity of KPV are very similar to those utilized by a-MSH. A major component of these effector
pathways is inhibition of inflammation by reduction of NF-kB activation, resulting in reduced
expression of cytokines, chemokines and cell adhesion molecules. Moreover, suppression of TNF-o
production and in several systems concomitant induction of IL-10 plays an important role. In many
immune-mediated inflammatory diseases ranging from skin diseases such as eczema or psoriasis,
to allergic diseases like allergic rhinitis or allergic asthma but also including inflammatory bowel
disease, rheumatoid arthritis and others these effector pathways of inflammation are central to the
pathogenesis of those discases. The modern immunosuppressive biologics targeting single mediators
in those pathways, as for example in anti-TNF-o therapy, have emerged as novel and powerful
treatment for such diseases.® Yet the use of these compounds due to their intended effect of mostly
complete abrogation of effects of single, central inflammatory mediators come with some strings
attached, especially with a view on long-term therapy as often required for the diseases targeted,
since this kind of strategy opens doors for opportunistic diseases ranging from infections to cancer.
The risk for such side effects should be clearly less for the a-MSH like tripeptides, as they do not
abrogate completely any given mediator (as far as tested) but rather mitigate the expression of a
flurry of inflammatory effectors and this only in inflammatory conditions.

In this respect it may therefore be of interest that o-MSH and KPV recently were found to
possess antimicrobial activity against S. aureus and C. albicans.® This antimicrobial activity of
a-MSH peptides results from at least two different effects: an increase in bacterial cAMP content
on the one hand and an in vitro increase in killing of both pathogens by human neutrophils.
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Conclusion

In summary, a-MSH and related tripeptides have been shown to possess promisinganti-inflam-
matory effects. a-MSH-related tripeptides already display only a limited part of the spectrum of
hormone activities attributed to the full length 0-MSH. They are small and in comparison to other
modern biologics inexpensive molecules suitable for large scale pharmaceutical production, avoiding
the traps and costs of biotechnological procedures. The low molecular weight of a-MSH-related
tripeptides provides advantages especially for local therapy of inflammatory disorders and based
on what is known with regard to toxicology of 0-MSH or NDP-MSH can be expected to display
a beneficial toxicity profile. The authors are thus confident that a-MSH-related tripeptides or
compounds derived from them are promising new tools for the treatment of immune-mediated
inflammatory diseases.
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CHAPTER 9

Protective Effects of Melanocortins
in Systemic Host Reactions

Stefano Gatti,* Caterina Lonati, Andrea Sordi and Anna Catania

Abstract

ystemic inflammatory reactions are pivotal in many disorders and have important secondary

influences in many more. Although inflammation is initially useful to limit infection, it can

also be detrimental and cause organ failure. Modulation of systemic reactions is important
to restrict mediator release and limit cell activation that could cause harmful consequences.
Experiments in which different models and treatments were used show that melanocortins reduce
host responses such as fever, shock, reperfusion injury and allograft rejection. Melanocortin-derived
peptides could be an effective treatment to prevent organ failure caused by excessive production
of pro-inflammatory mediators. The degree of the modulatory effect exerted by melanocortins
should be sufficient to reduce severity of systemic inflammation without impairing the host
defense mechanisms.

Introduction

Despite different etiologies, disorders such as sepsis syndrome, septic shock, acute respiratory
distress syndrome (ARDS), autoimmune vasculitis and several other conditions are collectively
classified as “systemic inflammation”. Development of systemic inflammation is promoted by inter-
actions between host cells and external agents such as bacteria or endotoxins in infectious disorders,
or endogenous molecules in cancer and autoimmunity. The term acute phase response (APR) indi-
cates the host reaction that occurs during systemic inflammation. APR begins in the circulation or
at inflammatory sites where monocytes, macrophages and, to a lesser extent, neutrophils, produce
and release inflammatory cytokines such as interleukin (IL)-1, IL-6 and tumor necrosis factor o
(TNF)-o.. Upon cytokine stimulation, the central nervous system (CNS), the autonomic nervous
system (ANS) and the adrenal glands, establish a rapid and intense protective/reactive response.
In the CNS, cytokines induce a cascade of events causing the appearance of the three hallmarks
of the APR: fever, leukocytosis and increase in acute phase proteins (APPs). In addition, there is
activation of a variety of behavioral responses, mostly mediated by the hypothalamic—pituitary—
adrenal and hypothalamic—pituitary—gonadal axes, includinglethargy, anorexia and adipsia. The
systemic inflammatory response is initially useful to limit infection but it can also be detrimental
and cause organ failure. Modulation of the systemic reactions is, therefore, important to restrict
mediator release and cell activation that could cause harmful consequences.

As extensively discussed in other sections of this book, melanocortins and their receptors
are part of a major modulatory system that reduces host responses to infectious, circulatory, or
immune-mediated challenge.
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Figure 1. Melanocortins and their receptors are part of a major modulatory system that reduces
host responses to infectious, circulatory, or immune-mediated challenge. These modulatory
peptides reduce systemic inflammatory reactions such as fever, acute phase response, allograft
rejection, reperfusion injury, septic shock and acute lung injury.

This chapter reviews the effects of a-melanocyte stimulating hormone (0-MSH) and related
melanocortins in modulation of systemic host reactions of different origin (Fig. 1).

Fever

The febrile reaction is a typical consequence of release of inflammatory mediators within the
brain. The traditional view holds that fever occurs via actions of cytokines such as TNE, IL-1,
IL-6 and interferons on CNS temperature controls. These endogenous pyrogens produced by host
cells in response to exogenous pyrogens cause production of cyclooxygenase (COX)-2-dependent
prostaglandin (PG)E, in the ventromedial preoptic area (VMPO). However, this concept was
challenged when specific blockade of either IL-1 or TNF activity did not diminish the febrile
response to LPS, to other microbial products or to natural infections in animals and in humans.
Evidence indicated that, during infection, fever could occur independently of IL-1 or TNF activ-
ity. The cytokine-like property of Toll-like receptor (TLR) signal transduction provides a basis by
which any microbial product can cause fever by engagingits specific TLR on the vascular network
supplying the thermoregulatory center in the anterior hypothalamus. Because fever induced by
IL-1, TNF-a, IL-6 or TLR ligands requires production of PGE, and activation of hypothalamic
PGE, receptors, it appears that there is a common pathway for fever induction by endogenous
or exogenous pyrogens. Indeed, fever is caused by COX2-dependent PGE, production by either
cytokine- or toll-like receptor activation.'? The latter mechanism likely occurs during infectious
fever whereas cytokine-dependent fever accompanies autoimmune or malignant disorders.
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Endogenous melanocortins act centrally as physiological modulators of fever, recruited during
the febrile response to restrain its intensity. The conception that a-MSH is important to control
of fever stems from the initial observation that the molecule has antipyretic properties.> a-MSH
inhibits fever caused by endotoxin, endogenous pyrogen and individual cytokines.*'* This effect
was discovered in a screening for fever-reducing activity of a large number of peptides adminis-
tered centrally to rabbits made febrile by injection of endogenous pyrogen, which was produced
by incubating white blood cells from a donor rabbit with bacterial lipopolysaccharide.> a-MSH
reduced fever when given centrally in doses that had no effect on normal body temperature.?
Neither central nor intravenous injections of antipyretic doses of 0-MSH in rabbits exposed to
cold had any effect on their temperature. Therefore, like the classical antipyretic drugs, the peptide
does not simply inhibit central pathways for heat production and conservation. ACTH(1-24)
and ACTH(1-39), which contain the amino acid sequence of a-MSH and recognize the same
melanocortin receptors, were likewise very potent in reducing fever. Reduction of fever by central
or peripheral administration of ACTH in adrenalectomized rabbits indicates that the molecule
is antipyretic per se and does not require adrenal mediation.”” When it is administered centrally,
the antipyretic potency of a-MSH in reducing a standard fever caused by endogenous pyrogen
is very great: more than 25,000-fold greater on a molar basis than that of acetaminophen,'® with
intravenous administration the potency of a-MSH is about 20,000 times that of acetaminophen.
The superpotent 0-MSH analog (Nle?,p-Phe’)-0-MSH, was approximately 10 times more potent
than a-MSH in reducing fever when given centrally’ Fevers caused by endotoxin'”** and the
cytokines IL-1,** IL-6° and TNF® but not those caused by IFN y** and PGE,’ were inhibited by
o-MSH. The antipyretic message sequence of 0-MSH(1-13) resides in the C-terminal tripeptide
Lys-Pro-Val.* Although this tripeptide was not as potent as the 1-13 amino acid sequence, it re-
duced fever when given centrally or peripherally; both acetylated and non-acetylated forms of the
tripeptide were effective. N-terminal and intermediate amino acid sequences of 0-MSH have no
antipyretic activity. Adding amino acids to the C-terminal tripeptide sequence can either reduce
or enhance antipyretic potency® Addition of glycine to form a-MSH(10-13) slightly decreased
potency; the 9-13 fragment was almost devoid of antipyretic activity whereas the potency of the
0o-MSH(8-13) sequence was approximately 10-fold greater than that of a-MSH(11-13).2

The great potency of a-MSH and its presence within the brain suggested that this peptide
could be an endogenous modulator of fever. To test this idea, 0-MSH concentration was measured
in aliquots of tissue from brains of febrile and afebrile rabbits. During fever, a-MSH within the
septal region increased two- to three-fold whereas there was no significant change in any other
region sampled.” This observation was subsequently confirmed in research that showed an increase
in septal concentration of 0-MSH during fever, but no change in animals with comparably high
body temperature induced by exposure to a hot environment.”” These observations indicate that
the increase in septal concentration of a-MSH is specific to fever and not caused by nonspecific
stress or elevation of brain or body temperature. These findings were interpreted to be compatible
with an a-MSH-specific septal modulation of hypothalamic fever controls. Experiments with
push-pull perfusion of the septal region indicated that a-MSH is released in a pulsatile fashion
during endogenous pyrogen-induced fever; such release did not occur when rabbits were afebrile.?®
0-MSH release was not dependent on body temperature and the pulses appeared to result from a
direct action of cytokines because some occurred before there was any rise in body temperature.
Such pulsatile release is common in neuroendocrine systems and the peptide released with each
pulse would have a certain duration of action, perhaps modulating fever and other host responses.
Consistent with this idea, injections of a-MSH into septal sites reduced fever in rabbits.?>*

The importance of central a-MSH to control of fever was supported by results of experiments
on inactivation of the naturally-occurring peptide. After injections of an antiserum highly specific
for a-MSH into the third cerebral ventricle, the febrile response to intravenous administration
of endogenous pyrogen was increased in amplitude and was greatly prolonged.* Treatment with
a-MSH antiserum did not alter normal body temperature nor did injections of normal rabbit
serum alter fever. Thus, binding and inactivation of naturally occurring central a-MSH greatly
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augments fever but does not affect normal thermoregulation. These observations support the idea
that endogenous central a-MSH is important for fever control, but that it has no role in control
of normal temperature. It is notable that rats treated as neonates with injections of monosodium
glutamate, which selectively destroys a-MSH-containing cells in the arcuate nucleus, developed
greater increases in temperature after central injections of IL-1°%% or PGE,* than did control
animals. a-MSH content of the medial basal hypothalamus and lateral septum of monosodium
glutamate-treated rats was reduced relative to control animals.>

Subsequently, cloning of melanocortin receptors (MCR) promoted research aimed at determin-
ing the MCR subtypes involved in the antipyretic effects of melanocortins.** These studies have
focused on the potential roles of the MC3R and the MC4R that are prominently distributed in
autonomic sites in the hypothalamus and brain stem.* Intracerebroventricular injection of a syn-
thetic MC3R/MCA4R antagonist, SHU-9119 in endotoxin-challenged rats prevented antipyretic
influences of a-MSH. Neither a-MSH nor SHU-9119, alone or in combination, altered body
temperatures in afebrile rats. In LPS-treated rats, intracerebroventricular injection of SHU-9119
significantly increased fever, whereas intravenous injection of the same dose of SHU-9119 had no
effect. Neither intracerebroventricular nor intravenous SHU-9119 affected LPS-stimulated plasma
ACTH or corticosterone levels. These results indicate that endogenous central melanocortins exert
an antipyretic influence during fever by acting on MCRs located within the brain, independent
of any modulation of the activity of the pituitary-adrenal axis.**

Endotoxemia and Septic Shock

The complex Toll-like receptor signaling plays a crucial role in the innate system as a first line of
defense against pathogens.* However, a sustained inflammatory response can result in tissue dam-
age.” A continuum exists from minor systemic reactions associated with a self-limited infection to
severe multiorgan dysfunction that marks severe sepsis. Indeed, sepsis occurs as a clinical syndrome
when infection is associated with the systemic inflammatory response. Apoptosis, mitochondrial
dysfunction, sepsis-related immunosuppression, late mediators of systemic inflammation, control
mechanisms for coagulation and reprogramming of immune response genes all have critical roles
in the development of sepsis. Counteraction of these events could improve patient outcome.

Initial experiments on -MSH in modulation of host reactions demonstrated that the peptide
reduces the acute phase response to endotoxin.”® Subsequently, it became clear that o-MSH
given centrally or peripherally modulates many aspects of the host response to endotoxemia®
and improves survival in models of septic shock.***! Treatment with a-MSH increased survival
in murine septic peritonitis induced by cecal ligation and puncture.* In untreated animals
survival at 24 h was approximately 10%. Survival rose to 50% in animals treated with a-MSH
alone and to 80% when the peptide was associated with the antibiotic gentamicin. Gentamicin
alone increased survival by only 40%.

In a model of acute hepatitis accompanying endotoxemia, hepatic inflammation was induced by
administering endotoxin to mice pretreated with Corynebacterium parvum.* 0-MSH treatment
clearly prevented liver inflammation. The peptide inhibited systemic NO production, hepatic neu-
trophil infiltration and decreased hepatic mRNA abundance for TNF-at and the neutrophil and
monocyte chemokines (KC/IL-8 and MCP-1). Therefore, 0-MSH prevents endotoxin-induced he-
patic inflammation by inhibiting production of chemoattractant chemokines which then modulate
infiltration of inflammatory cells.”? These effects on the liver can account for the marked reduction
in acute phase proteins observed during melanocortin treatment of endotoxemic animals.

The Shwartzman reaction is a potentially lethal generalized thrombo-haemorrhagic hypersen-
sitivity response that occurs after sequential injections of LPS.* Persistent expression of vascular
adhesion molecules contributes to enhanced diapedesis and activation of leukocytes, which sub-
sequently leads to hemorrhagic vascular damage. In murine LPS-induced cutaneous vasculitis, a
single injection of 0-MSH significantly suppressed the deleterious vascular damage and hemorrhage
by inhibiting the sustained expression of vascular E-selectin and vascular cell adhesion molecule
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(VCAM)-1.% These observations indicate that -MSH may have therapeutic potential for the
treatment of vasculitis associated with gram negative infections.

In addition to the natural molecules, certain synthetic melanocortins have been used successfully
in models of endotoxemia/septic shock. A heptapeptide analog of a-MSH (HP-228) protected
rats against effects of endotoxin.® LPS increased iNOS activity in aortic segments and HP-228
pretreatment markedly reduced this response. Further, the rate of conversion of arginine to citrul-
line in lung homogenates from HP-228-treated rats was significantly reduced.®

The synthetic peptide (CKPV),, based on the C-terminal sequence of a-MSH, is a promising
candidate to treat inflammation. Indeed, (CKPV'), modulates broad cAMP-dependent, anti-inflam-
matory pathways in human neutrophils® and reduces TNF-o. production by mononuclear cells.*
In a rat model of endotoxin-induced peritonitis (CKPV), significantly inhibited concentrations
of TNF-at and nitric oxide both in plasma and in the peritoneal fluid.*

The beneficial effects of melanocortins in endotoxin-induced host reactions are not surprising
in view of the capacity of these peptides to inhibit NF-kB activation induced by LPS and other
stimuli.”* Indeed, NF-kB induces transcription of most of the molecules responsible for systemic
inflammation including cytokines, chemokines, growth factors and iINOS. Therefore, reduction of
NF-kB activation by melanocortins exerts protective influences during endotoxemia.

Acute Respiratory Distress Syndrome (ARDS)

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are severe com-
plications of pneumonia, sepsis, trauma and inhaled irritants. Clinically, acute lung injury is
characterized by production of proinflammatory mediators, massive neutrophil influx into the
lung and damage to lung epithelium. Activation of leukocytes and release of proinflammatory
mediators from multiple cell sources cause both local and distant tissue injury. The outcome of
ALI/ARDS is determined by the ability of the injured lung to repopulate the alveolar epithelium
with functional cells. However, prognosis for survival is poor and, if resolution occurs, there is
evolution to severe lung fibrosis in a substantial proportion of cases. Effective therapies for this
dire disease are still needed.

Early research on lung injury induced by endotracheal instillation of endotoxin in rats showed
that treatment with a-MSH greatly reduces leukocyte concentration in the bronchoalveolar lavage
fluid.* These salutary effects of a-MSH were recently confirmed and extended in lung injury
caused by intratracheal instillation of bleomycin.® This model is currently used to investigate
cellular and subcellular processes leading to lung fibrosis. However, as signs of lung damage occur
immediately after bleomycin instillation, this model is also very helpful to explore carly stages of
lunginjury.>' Research on bleomycin instillation in rats showed that acute lung injury is associated
with endogenous production of a-MSH: the peptide increased in the circulation and was expressed
in lung infiltrating cells. Treatment with o-MSH greatly improved the clinical and molecular pic-
ture of bleomycin-induced injury. Three main gene categories, stress response, fluid homeostasis
and inflammation, known to contribute to development of acute lung injury were modulated by
peptide treatment. Further, 0-MSH treatment caused significant reduction in bleomycin-induced
interstitial edema. This effect was marked by improved histological picture and virtually normal
wet to dry weight ratio. This observation is very important in that impaired alveolar fluid clearance
is associated with worse survival in patients with acute lung injury.*

Ischemia and Reperfusion Injury

Tissue damage that occurs during blood reperfusion after an ischemic period is a serious problem
in many vascular disorders and reperfusion procedures. Such damage is caused by migration of
inflammatory cells when the blood flow is restored and is the consequence of marked upregula-
tion of endothelial adhesion molecules that occurs during ischemia. 0-MSH treatment reduced
ischemia and reperfusion injury in heart,”**° brain,***” kidney**** and gut.®®

Both ACTH and NDP-a-MSH reduced consequences of short-term coronary ischemia
followed by reperfusion and the damage induced by a permanent coronary occlusion in rats.”
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Ischemia was produced by ligature of the left anterior descending coronary artery. Postischemic
reperfusion induced ventricular tachycardia, in all saline-treated rats and ventricular fibrillation
and death in a high percentage of animals. In rats treated with intravenous ACTH(1-24) there was
asignificantly dose-dependent reduction in the incidence of arrhythmias and lethality. Treatment
with ACTH(1-24) almost completely abolished increase in blood free radical concentration
induced by ischemia and reperfusion. In rats subjected to permanent coronary occlusion, the
amount of healthy myocardial tissue in NDP-0-MSH treated animals was significantly greater
than in control rats.”® The protective effect of ACTH(1-24) against the occurrence of ventricular
tachycardia, ventricular fibrillation and lethality was not affected by adrenalectomy. Use of specific
melanocortin receptor antagonists suggests that MC3R subtype mediates the protective effect of
ACTH(1-24) in myocardial ischemia/reperfusion-induced arrhythmias.®

Related research indicated that the protective effects of ACTH(1-24) in these same models
of reperfusion injury also occurs when small concentrations of the peptide are injected into the
brain.>* Treatment with ACTH(1-24) by the intracerebroventricular route reduced the incidence
of ventricular tachycardia, ventricular fibrillation, fall in mean arterial blood pressure and lethality
produced by five min ligature of the left anterior descending coronary artery. Complete (100%)
protection occurred with an intracerebroventricular dose 10 times less than that needed by the
intravenous route. Therefore, the protective effect of melanocortin pcptidcs against myocardial
injury caused by ischemia and reperfusion can occur through an action within the brain.>* This
observation reinforces the idea that damage in peripheral tissues can be reduced by marshaling the
anti-inflammatory influence of -MSH and related peptides within the brain.*

Several investigations indicate that 0-MSH protects against renal injury after ischemia in mice
and rats.>$¢1¢26 Influences of 0-MSH were explored in a model of bilateral renal ischemia in
mice.”® o-MSH significantly reduced ischemia-induced renal damage, measured by changes in
renal histology and plasma blood urea nitrogen and creatinine. Further, the peptide significantly
decreased tubule necrosis, neutrophil plugging and capillary congestion. Even when treatment
was delayed 6 h after ischemia, 0-MSH significantly inhibited renal damage. Peptide treatment
was associated with reduction in ischemia-induced increases in mRNA for the murine neutrophil
chemokine KC/IL-8. a-MSH also inhibited induction of mRNA for the adhesion molecule
ICAM-1, which is known to be critical in renal ischemic injury. The peptide inhibited nitration
of kidney proteins and induction of NOS2.%

Mesenteric ischemia and reperfusion injury to the intestine is a common and often devastating
clinical occurrence for which there are few therapeutic options. a-MSH had protective influences
in the postischemic small intestine.®® The research analyzed the effects of the peptide on intestinal
transit, histology, myeloperoxidase activity and NF-kB activation after 45 min of superior mes-
enteric artery occlusion and/or 6 h of reperfusion. Rats subjected to ischemia and reperfusion
exhibited markedly depressed intestinal transit, histological evidence of severe injury to the ileum,
increased myeloperoxidase activity in ileal cytoplasmic extracts and biphasic activation of NF-kB
in ileal nuclear extracts. In contrast, rats treated with a-MSH before ischemia and reperfusion had
intestinal transit and histological injury scores comparable to those of sham-operated controls. In
addition, the 0-MSH-treated rats demonstrated less ischemia and reperfusion induced activation of
intestinal NF-kB and myeloperoxidase activity after prolonged reperfusion. There are indications,
therefore, that 0-MSH limits postischemic injury to the rat small intestine.®

Organ Transplantation

Acute rejection is a significant obstacle to successful organ transplantation and its prevention is
crucial for favorable clinical outcome. Although immunosuppressive molecules can reduce rejec-
tion, they are associated with serious side effects such as organ toxicity, increased viral infection
and cancer.® Because most of these harmful effects are dose-dependent, reduction of immuno-
suppressive drug treatment necessary to prevent rejection is a major clinical target. As intragraft
inflammation is known to promote and accelerate rejection,”” use of anti-inflammatory compounds
that enhance effectiveness of immunosuppressive agents could be a successful strategy.
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Research on experimental heart transplantation showed that treatment with a-MSH prolongs
survival and improves allograft histopathology in the highly MHC mismatched transplantation
model Brown Norway into Lewis rats.® Such beneficial effects were associated with reduced
intragraft expression of cytokines, chemokines and adhesion molecules.®® Subsequent research
based on gene expression profiling, revealed multiple protective influences exerted by a-MSH
that could account for the reduced damage in transplantated heart grafts.®” Indeed, peptide treat-
ment caused substantial up-regulation of several salutary molecules including signal transduction
mediators, metalloproteinases, serine proteases, energy pathway mediators and ion channels.
Concurrent down-regulation of growth factors, cytokines, chemokines, oxidative stress mediators
and ribosomal proteins likely contributes to preserve myocardium from injury. Consistent with
the idea that 0-MSH protects organs from reperfusion injury, peptide treatment also prevented
antigen-independent damage in syngenic transplantation. In addition, 0-MSH treatment exerted
remarkable protective effects on a number of calcium regulatory proteins that were severely reduced
by heart transplantation.”

Conclusion

Preclinical evidence indicates that melanocortins are key modulators of host reactions including
systemic inflammation. Experiments in which different models and treatments were used show that
melanocortins modulate fever, vasculitis, reperfusion injury and other host responses. Melanocortin
treatment reduces but does not abolishes inflammatory mediator production. Therefore, the degree
of the modulatory effect should be sufficient to reduce severity of systemic inflammation without
impairing the host defense mechanisms.
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CHAPTER 10

Development of a-Melanocortin
Analogs for Melanoma Prevention

and Targeting

Zalfa A. Abdel-Malek*

Abstract
P 1 elanocortins, particularly o-melanocortin (at-melanocyte stimulating hormone,
o-MSH), were first identified as the physiological regulators of pigmentation in many
vertebrate species. Their role in regulating human pigmentation was unequivocally
demonstrated in the 1990s, with the cloning of the human melanocortin 1 receptor (MCIR)
gene from human melanocytes and the demonstration that functional MCIR is expressed
by these cells. a-Melanocyte stimulating hormone is a tridecapeptide, with the core sequence
His®-Phe’-Arg’-Trp’ shared with - and y-MSH and identified as essential for receptor activation
and stimulation of pigmentation. The small size of 0-MSH makes it an attractive molecule for
drug design. There has been longstanding interest in the development of melanocortin analogs
that target the MC1R expressed on normal melanocytes and melanoma cells. The aim has been
to develop MCIR agonists that stimulate melanogenesis and confer photoprotection to human
melanocytes and thus prevent skin cancer formation. Recent findings that the physiological o-MSH
not only stimulates melanogenesis, but also reduces the extent of DNA damage caused by exposure
to solar ultraviolet radiation have further rejuvenated the interest in developing synthetic MCIR
agonists for skin cancer prevention. a-Melanocortin analogs have also been developed for imag-
ing of melanoma tumors, localization of residual metastasis and specific delivery of radionuclides
to eradicate melanoma tumors, sparing normal tissues. The main challenge is to develop specific
MCIR agonists that will target melanocytes for skin cancer prevention, or for localization and
treatment of metastatic melanoma.

Introduction

The first and perhaps best described physiological effect of melanocortins, particularly o-MSH,
is stimulation of integumental pigmentation of many vertebrate species, including mammals.!
Injection of mice that are wild type for extension, the genetic locus that codes for the MC1R, with
a-MSH results in the development of black hairs due to stimulation of synthesis of eumelanin by
follicular melanocytes.? On the other hand, mice harboringloss of function mutation in this gene
(¢/e; recessive yellow) fail to respond to physiological melanocortins with eumelanin synthesis and
have a yellow coat color due to the predominance of pheomelanin, the red-yellow pigment.® In the
1960s, Lerner and McGuire* demonstrated that injection of human subjects with purified a-MSH
and B-MSH increased skin darkening, particularly in sun-exposed anatomical sites. These early
studies suggested that a-MSH affects human skin pigmentation, similar to its effects on follicular

*Zalfa A. Abdel-Malek—Department of Dermatology, University of Cincinnati, Cincinnati,
Ohio 45267, USA. Email: abdelmza@email.uc.edu
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melanocytes in mice. However, the observed increase in skin darkening of human subjects could
not be definitely attributed to the direct effect of a-MSH on melanocytes, since it could be due to
stimulation of production of autocrine or paracrine factor(s) that increase melanogenesis. It took
almost three decades, until the 1990s, to prove unequivocally that cultured human melanocytes
respond directly to o-MSH and ACTH with stimulation of melanogenesis and proliferation
and that these effects are mediated by activation of the MCI1R, which is expressed on the cell
surface of melanocytes.”® We showed that o-MSH and ACTH are equally potent and both are
more potent than B-MSH, while y-MSH is the least effective, in activating the MC1R expressed
on human melanocytes.” That human epidermal melanocytes, as well as melanoma cells, express
MCIR" generated interest in developing potent and stable o-melanocortin analogs to stimulate
melanogenesis and to detect and target drug delivery to melanoma cells.

a-Melanocortin Analogs as Tanning Agents

The in vivo effect of melanocortins on human skin generated interest in developing 0-MSH
analogs for “sunless tanning”. a-Melanocyte stimulating hormone is a tridecapeptide (Ac-Ser-Tyr-
Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,, with the core sequence His-Phe-Arg-trp
shared with 8- and y-MSH and found to be sufficient for increasing pigmentation." The small size
of a-MSH has facilitated the design and development of analogs, many of which were agonists
of the melanocortin receptors 1, 3, 4 and 5. It is common knowledge that increasing facultative
pigmentation induced by sun exposure is photoprotective, since melanin, particularly eumelanin
reduces the penetration of UV rays through the epidermal layers.'>"* The first analog to be de-
veloped for this purpose was Ac-[Nle*-p-Phe’]-0-MSH (NDP-MSH), whereby Methionine in
position 4 was replaced by Norleucine and L-Phe in position 7 was substituted by D-Phe."* This
analog proved to be more potent and stable and with more prolonged effect than the physiological
a-MSH in several bioassays, including frog and lizard bioassays and tyrosinase activity assay on
mouse melanoma cells and cultured normal human melanocytes.!*!®

The early results obtained by Lerner and McGuire were confirmed in 1991, when it was
demonstrated that injection of human subjects with the NDP-MSH induced skin darkening, in
addition to side effects, such as flushing and nausea.”” The pigmentary effect of NDP-MSH was
evident in individuals having skin phototype III or IV, according to the Fitzpatrick classification
(those who tan and do not burn upon sun exposure) even in the absence of sun exposure and with
application of sun screen and was maintained for a considerably long time.

Recently, the pigmentary effect of NDP-MSH was reported in individuals with skin Type I
or II, who burn and have a poor tanning capacity.® The increase in pigmentation in response to
NDP-MSH was due to stimulation of eumelanin synthesis without any effect on pheomelanin
synthesis. This and the early study by Levine et al' relied on multiple injections of volunteers with
NDP-MSH, which is not a practical method of delivery. To circumvent this, a time release patch
was developed, which proved to be efficacious and reduced the undesirable effects of the analog by
delivering it subcutaneously rather than systemically (reviewed by Hadley and Dorr).?! The most
recent human study with NDP-MSH showed that it reduced the extent of DNA photoproducts, as
well as sunburn cells (i.e., apoptotic keratinocytes), that are induced by UV irradiation, indicating
reduction of UV-induced DNA damage.?®

Toxicological studies carried out with NDP-MSH demonstrated that it was not toxic or terato-
genic to mice, rats or Yucatan miniature pigs (reviewed by Hadley and Dorr).?! It did not increase
the growth or metastasis of melanoma cells injected in mice, nor did it increase the growth of human
melanoma tumors in SCID mice.???* Furthermore, treatment of freshly isolated human melanoma
tumor cells or melanoma cell lines with NDP-MSH did not increase their colony forming ability,
suggesting lack of an effect of NDP-MSH on malignant transformation.**

The potency, stability and residual effect of NDP-MSH were due to stabilization of the B-turn
structure involving the Phe” residue. Based on this, highly potent cyclic disulfide analogs of linear
o-MSH were designed, such as Ac[Cys*, Cys!’]-a-MSH.? Further computational studies led
to the design of the cyclic lactam analog Ac-Nle* -c[Asp’-His®-D-Phe’-Arg®-Trp’-Lys'’]-NH,
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(MT-II).* The fragment analog MT-II was developed as an attempt to deliver it transdermally.
This analog has high potency at the human MC1R, MC3R and MC4R; it enhanced skin tanning,
yet produced immediate penile erection in male volunteers. For that reason its pigmentary effect
was no longer pursued. The stability and excellent biodistribution of NDP-MSH and MT-II
made them very useful for examining agonist activities of melanocortin peptides. MT-II has been
used to develop potent antagonists of the human melanocortin receptors. The best example is
Ac-Nle*-c-[Asp’>-His®-D-Nal(2')7-Arg®-Trp’-Lys'’]-NH, (SHU-9119).% In contrast to its antago-
nistic activity at the MC3R and MC4R, this analog has high agonistic activity at the MCIR.

The pharmaceutical use of peptides is limited by their susceptibility to enzymatic degrada-
tion, which greatly compromises their bioavailability. To overcome this deficiency, peptoids that
resemble the natural structure of peptides yet have less susceptibility for enzymatic degradation
have been synthesized.?® Peptoids are polymeric compounds composed of N-substituted gly-
cine. When peptoids were modeled after the tetrapeptide His-Phe-Arg-Trp that is conserved
in all melanocortins and account for their pigmentary effects, this resulted in compounds with
reduced melanogenic activity but increased selectivity for each of the melanocortin receptors
MCIR, MC3R, MC4R and MC5R.

a-Melanocortin Analogs Reduce UV-Induced DNA Damage

Our laboratory has made the important discovery that 0-MSH confers photoprotection not
only by increasing melanogenesis by human melanocytes, but also by reducing the burden of DNA
damage caused by solar ultraviolet radiation (UV) (Fig. 1).” We have shown that treatment of
UV-irradiated melanocytes with a-MSH reduced the generation of reactive oxygen species within
minutes, as measured by decreased hydrogen peroxide generation and subsequently oxidative DNA
damage, exemplified by less induction of 8-0x0-dG.?>*° Furthermore, a-MSH inhibited oxidative
damage by increasing the activity of catalase, as well as the levels of the antioxidant proteins catalase,
hemeoxygenase-1 and ferritin. Moreover, 0-MSH enhanced the repair of DNA photoproducts,
evidenced by increased removal of cyclobutane pyrimidine dimers in a-MSH-pretreated, compared
to untreated UV-irradiated melanocytes.”” The effect of 0-MSH on reduction of DNA photo-
products was also reported by Bohm et al.’! and activation of nucleotide repair was confirmed
more recently by Smith et al.* In our study, the above effects of a-MSH were observed before any
measurable increase in eumelanin or total melanin content.”” The timing of the above events and
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JOxidative DNA TEumelanin
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Figure 1. Mechanisms by which physiological a-MSH and synthetic MC1R agonists prevent
malignant transformation of melanocytes to melanoma.
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their occurrence in tyrosinase-negative albino melanocytes suggest that the effects of a-MSH on
the DNA damage response to UV are independent of increased melanin content.?”?

Based on our results, we hypothesize that a-MSH has immediate effects on the UV response
of human melanocytes, exemplified by reduced reactive oxygen species and oxidative DNA dam-
age and enhanced repair of DNA photoproducts and latent effects, exemplified by stimulation of
melanogenesis (Fig. 1). The former effects are critical for insuring genomic stability of melano-
cytes and prevention of mutagenesis and the latter are important for protection from subsequent
UV exposures. The novel effects of a-MSH described above rejuvenated the interest in utilizing
a-MSH-based analogs for skin cancer prevention, not merely for enhancing tanning, but also for
stimulating mechanisms that reduce UV-induced DNA damage and thus prevent sun-induced
skin cancer, including melanoma.

We have been interested in designing and testing small peptide analogs of a-MSH that are
potent, long acting and lipophilic that can be applied topically for skin cancer prevention. We
have reported the effects of a panel of N-capped tetrapeptide analogs, consisting of amino acids
6-9 of a-MSH, on human melanocytes and found two analogs, namely 5-phenylbutyryl (LK184)
and n-pentadecanoyl-His-D-Phe-Arg-Trp-NH,, to be significantly more potent than a-MSH and
equally potent to the tridecapeptide analog NDP-MSH. #3334 The former two analogs mimicked
a-MSH in its effects on stimulation of pigmentation as well as reduction of generation of reactive
oxygen species and enhancement of repair of DNA photoproducts (Fig. 1). The effects of these
analogs were entirely mediated by binding to the MCIR, as they were absent in melanocytes
that expressed loss-of-function MC1R and were blocked by the MC1R antagonist agouti signal
protein. One of these analogs, n-phenylbutyryl-His-D-Phe-Arg-Trp-NH, was selective for MCIR
and selectivity of the other analog is currently being determined.

More recently, we synthesized and tested smaller o-MSH analogs, tripeptides containing the
6-8 amino acid residues His-D-Phe-Arg that had N-capping or C-terminal modifications, or were
Arginine mimetics. After testing a panel of 17 tripeptides, only 3 C-terminally modified analogs
proved to be active on MCI1R, evidenced by stimulating cAMP formation as well as tyrosinase
activity in human melanocytes.” These tripeptides were less effective than a-MSH by 1 log unit, yet
retained considerable activity at micromolar concentrations. The most potent of these C-terminally
modified tripeptides mimicked a-MSH in reducing hydrogen peroxide generation and enhancing
repair of DNA photoproducts by UV-irradiated human melanocytes (Fig. 1). The effects of this
analog were mediated by binding MC1R since they were absent in melanocytes expressing loss of
function MCI1R. Generation of active tripeptide analogs of a-MSH is an important step towards
the successful development of topically applied agents, due to the small size of these peptides.
Improvement on the stability, lipophilicity and potency will help achieve this goal.

The MCIR gene is one of the most polymorphic pigmentary genes and is a major determinant
of the diversity of human pigmentation. Additionally, the MCIR is recognized as a melanoma sus-
ceptibility gene, since some allelic variants, mainly R160W, R151C and D294H, that are strongly
associated with red hair phenotype and poor tanningability increase the risk for melanoma.**** These
variants are thought to have a heterozygous effect on melanoma risk and to increase the penetrance
of the mutations in the melanoma locus CDKN2A 3% Expression of these variants as heterozygotes
reduces MCIR activity, thus are expected to compromise the ability of melanocytes to respond to
physiological 0-MSH with reduced DNA damage and repair of DNA photoproducts. We propose
that treatment of melanocytes with these MC1R genotypes or mutations in CDKN2A4 with potent
and stable melanocortin analogs should increase the activation of MC1R, thus augmenting the DNA
damage response, as well as stimulating pigmentation, thus reducing the risk of melanoma.

a-Melanocortin Analogs for Melanoma Targeting

It is known that many melanoma tumors over express the MCIR, which enables them to
respond to autocrine melanocortins for their autonomous growth.'® For that, there has been long
term interest in targeting MC1R with melanocortin peptides to diagnose melanoma, particularly
metastases after resection of the primary tumor. Metastatic disease is the main cause of death of



130 Melanocortins: Multiple Actions and Therapeutic Potential

melanoma patients, hence the importance of detection for prognosis. Alpha-MSH analogs have
been labeled with metals for potential medical uses. Many '"'In- and "*F-labeled MCIR targeting
peptides have been developed and primarily characterized as imaging agents.*? The octapeptide
[BAla’, Nle?, Asp®, D-Phe’-Lys"]-a-MSH (MSH,,.) and NDP-MSH were conjugated to the metal
chelator 1,4,7,10-tetrazocyclododecane 1,4,7,10-tetraacetic acid (DOTA) to allow for radiometal
incorporation and labeled with ""'In.# DOTA-MSH,,, bound the MC1R with high affinity, but its
affinity was lower than that of DOTA-NDP-MSH. Both peptides exhibited high MC1R-mediated
uptake by BIGF1 tumors in tumor-bearing C57 mice, with DOTA-MSH,,, having a poorer clear-
ance from kidneys than DOTA-NDP-MSH, which showed poorer clearance from bone. Generally,
"n-DOTA-MSH,,, proved to have more favorable properties than '"In-DOTA-NDP-MSH,
suggesting that it might be a promising melanoma imaging agent.

For further improvement on DOTA-MSH,.,, a shorter linear a-MSH analog [Nle?,
Asp®,p-Phe’]-0-MSH, ;; (NAPamide) was synthesized and conjugated with DOTA on the
C-terminal, rather than the N-terminal as in the case of the former analog.43 DOTA-NAPamide
had almost 7-fold higher binding affinity to MCIR and exhibited markedly higher uptake by
B16F1 cells and less kidney uptake than DOTA-MSHo,.. Another approach was undertaken
to increase the tumor-to-kidney ratio of the melanocortin analog. This involved the synthesis of
glycosylated derivatives of "'In-labeled, DOTA-conjugated NAPamide. N-terminally positioned
galactose in this analog slightly improved the tumor-to-kidney ratio, thus serving as a potential
lead for novel MCIR targeting molecules.

In one study, the biological properties of the cyclic pz-fAla-Nle-cyclo[ Asp-His-D-Phe-Arg-
Trp-Lys]-NH, a (Melanotan IT) and linear pz-p Ala-Nle-Asp-His-DPhe-Arg-Trp-Lys-NH,, both
labeled with fac-[*™ Tc(CO);), were compared.® Cyclic constraint, as in Melanotan IT resulted in
increased affinity to MC1R, as well as greater potency, enzymatic stability and prolonged activity.
The cyclic compound demonstrated higher levels of internalization and higher degree of cellular
retention in BI6F1 melanoma cells, compared to its linear counterpart.

Radiolabeled melanocortin analogs can be potentially used to target radiation to eradicate
melanoma tumors. For that, DOTA-Re(Arg'')CCMSH, a peptide cyclized by nonradioactive
Re and contained an N-terminal DOTA chelator, was developed and radiolabeled with the
beta-particle-emitter '7’Lu, or 2*Pb, the parent radionuclide of *?Bi that yields an alpha and a
beta particle upon decay.* The former resulted in 25-30% reduction in tumor size in melanoma
tumor-bearing mice and a significant improvement in mean survival time with no evidence of
radiation-related damage to the kidneys. The latter had the advantage of targeting melanoma tumor
cells with minimal normal tissue exposures and dose-dependent therapeutic efficacy.

Conclusion

Numerous melanocortin analogs have been designed with the goal of utilizing them for
increased tanning, or for screening or targeting melanoma tumors. The major challenges for
the design of effective analogs are their potency, stability and importantly, selectivity for the
MCIR. The issue of selectivity is of special importance, since many analogs can bind and activate
MCIR, MC3R, MC4R and MC5R, resulting in additional effects other than the intended
effects on pigmentation or melanoma targeting. In the skin, MCIR is expressed primarily
on melanocytes’” and MC1R and MCSR on sebocytes.””* Keratinocytes and fibroblasts do
not express melanocortin receptors, as determined by RT-PCR, as well as functional assays
(receptor binding assay, coupling of the receptor to adenylate cyclase and increasing cAMP)%
(our unpublished data). Overcoming these challenges should lead to the generation of highly
efficacious analogs that can be utilized for skin cancer prevention or for localizing and treat-
ment of metastatic melanoma.
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MSH Radiopeptides for Targeting

Melanoma Metastases
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Abstract

adiolabeled peptides have become important tools for preclinical cancer research and in

nuclear oncology they serve as diagnostic and more recently also as therapeutic agents.

Whereas the development of receptor-mediated targeting for therapy has been confined
to some radiolabeled antibodies and somatostatin/SRIF analogs, recent research into radiolabeled
a-melanocyte-stimulating hormone (a-MSH) and its receptor MC1R (over-)expressed by mela-
noma tumor cells has demonstrated that small metastatic melanomalesions in experimental animals
are specifically targeted by MSH radiopeptides. Thus MSH radiopharmaceuticals will eventually
open a new avenue for the treatment of melanoma metastases in man, provided that the targeting
efficiency can be further enhanced and nonspecific incorporation into nontarget organs, e.g., the
kidneys, minimized. Some novel MSH lead compounds containing a glyco moiety, added negatively
charged groups or a cyclic structure show very promising in vivo targeting characteristics.

Introduction

Ionizing radiation is one of the major means to kill tumor cells in patients suffering from
cancer."” Although most patients undergoing radiation therapy are exposed to external beam
radiation, internal radiotherapy based on targeting radioisotopes to the neoplastic tissue is
receiving increased interest because targeting of radiolabeled peptides or antibodies to cancer
cells can be made more specific than external radiation.* Because of their much lower molecular
weight and hence their very low immunogenicity and excellent tumor penetration, radiopeptides
have attracted steadily increasing interest in receptor-mediated tumor targeting during the past
fifteen years. A variety of human tumors express or overexpress receptors for one or more of
the many known regulatory neuropeptides or peptide hormones, thereby offering attractive
targeting systems for tumor diagnosis and imaging.® The list of the different regulatory peptides
for tumor targeting in preclinical development has now exceeded the number of thirty,**” but
routine application as diagnostics in the clinic is confined to a much smaller number® and internal
radiotherapy is currently carried out with only a few selected radiopeptides.® The best example
illustrating the rational of the strategy of receptor-mediated tumor targeting are radiolabeled
analogs of somatostatin which are routinely used to image tumors expressing somatostatin
receptors, thus demonstrating promise for internal radiotherapy in patients.”!

The idea to apply radioactive peptides to receptor-mediated targeting of tumor cells dates
back to the early 1970s, when in Robert Schwyzer’s laboratory the first of several highly tritiated
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analogs of a-melanotropin (0-MSH) were prepared and later applied to in vitro and in vivo tar-
geting experiments (reviewed by refs. 11,12). Although these radiopeptides became very useful
for the identification and characterization of melanocortin receptors by binding experiments,
autoradiography and crosslinking methods, in vivo targeting of melanoma in animal models was
not successful: firstly, the analogs suffered from insufficient in vivo stability and secondly, the ra-
diotoxicity of the tritium that had accumulated in the tumor was much too low to arrest tumor cell
growth. On the other hand, these experiments demonstrated that radioactive peptides are readily
taken up by tumor cells, an important advantage of peptides over antibodies for tumor targeting.
In 1990 Bard et al showed in vitro and in vivo results with an '"'In-labeled analog of 0-MSH with
which melanoma tumors in experimental animals could be targeted." This was the first report on
a regulatory peptide carrying a chelating group for incorporation of radiometals.

a-MSH and many of its analogs have been studied extensively in the context of their mela-
nogenic activity in melanocytes and melanoma cells as well as their binding to and regulation
of melanocortin receptors (reviewed by refs. 11,14-16). Whereas human melanocytes generally
express low numbers of melanocortin-1 receptor (MC1R)"” and none of the other four MC
receptor subtypes, melanoma cells frequently overexpress MC1R which is therefore regarded as
useful marker for malignant melanoma.'®** These findings were the basis for our original studies
on the in vivo targeting of melanoma with "'In-labeled a-MSH containing DTPA (diethylen-
etriaminepentaacetic acid) as chelator for insertion of the radiometal.?*** In the past few years,
our and other laboratories have developed short linear or cyclic a-MSH analogs containing the
macrocyclic cyclen-type chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid). The characteristics of the most promising of these compounds with potential as melanoma
targeting radiopharmaceutical will be presented in this chapter.

Radionuclides and Chelators for MSH Peptides

The general principle of tumor targeting with radiopeptides is outlined in Figure 1. The
radiopharmaceutical is applied systemically, in most cases intravenously, leading to accumulation
in the target organ and also in nontarget tissues, mainly the kidneys, liver and spleen. Binding
of the radiopeptide to its receptor induces receptor down-regulation and internalization of the
receptor-ligand complex. The internalized receptor-ligand complexes are first found in endosomes
and later part of the radioactivity may be seen in the nucleus and also in mitochondria. The selection
of the radioisotopes depends on the purpose of the targeting: for diagnostic applications, isotopes
emittingy-radiation are necessary (e.g., “Ga, Tk, !"'In), or positron-emitters (e.g., '°F, *Cu, “Ga,
124) which also produce y-photons. For therapeutic application, short-range oi-emitters (e.g., 2L A,
212Pb, 23Bj, 25 Ac) or B-emitters (e.g., Y, 7"Lu, “Cu, "*'I, ¥*Re) are selected or, alternatively, isotopes
that emit Auger electrons (e.g., ”Tc, ""'In). The targeting characteristics of 0-MSH radiopeptides
have been tested with many of these radionuclides. DOTA turned out to be the most versatile
chelator for radionuclide targeting of melanoma; it proved to be superior to nonmacrocyclic DTPA.
Some other macrocyclic chelators have also been tested successfully with a-MSH analogs such
as the cyclam-type chelator CBTE2A for “Cu labeling.* A different approach for the insertion
of ™Tc or '"®Re into MSH peptides was developed without attachment of a dedicated chelator
structure:” the side-chains of three Cys replacing specific residues in the MSH molecule together
with an amino group can form an NS;-type chelator after appropriate folding of the peptide.
As a consequence of the complexation with the radiometal, the initially linear MSH peptide gets
cyclized.” The *Tc radiometal may also be attached to MSH peptides in form of fac[*™Tc(CO),]*
by complexing to a pyrazolyl chelator incorporated into MSH.*

MSH with High Potency for Melanoma Targeting

Radiopeptides for tumor targeting are only then an excellent alternative to radiolabeled an-
tibodies when synthetic peptide analogs with excellent biostability and bioactivity are available
to which suitable chemical groups for incorporation of a variety of different radioisotopes can
be attached. Figure 2 list important requirements for MSH and other peptides that are used as
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Figure 1. General principles of receptor-mediated targeting of tumor cells by radiopeptides
labeled with diagnostic and therapeutic radioisotopes (for details see text; reproduced with
permission from ref. 25).
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Figure 2. Important requirements for the design and development of MSH peptide radiophar-
maceuticals include the limitation of the molecular weight of the peptide, a highest possible
receptor affinity and internalization into target cells as well as excellent biostability, plasma
clearance and low nonspecific tissue accumulation of the radiopeptide.
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radiopharmaceuticals. Generally, screening and selection for high in vitro potency is not the sole
indicator for obtaining good targeting characteristics. For example, when we prepared various
MSH dimer peptides, they displayed excellent in vitro MC1R affinities and were amongst the most
potent MSH ligands ever reported, but in vivo their nontarget organ accumulation (kidneys, liver
and others) was dramatically increased as compared to monomeric MSH radiopeptides.?” Thus,
the rule to keep the molecular weight of the peptide to <1,500 was also true in this example and
it is particularly important for rapid plasma and kidney clearance and to keep nontarget organ
accumulation as low as possible. Other factors include good biostability which can be achieved by
use of a D-Phe residue at position 7 of a-MSH and/or cyclization of the peptide as well as other
structural modifications (e.g., capping of the N- and C-terminus), a well balanced hydrophilicity/
hydrophobicity of the molecule (e.g., by insertion of sugar moieties) and a favorable distribution
of positive and negative charges across the molecule.

The choice of the best suited chelator is an important factor,’ but as most authors designing
MSH radiopeptides have used DOTA, little experience with other chelators has been gathered
for this class of peptide. Also, a systematic study on the way how the chelator should be linked
to the MSH peptide and the ensuing influence on the in vivo characteristics has not yet been
reported. From our own observation we assume that by introducing a cleavage site in the linker
region specific for enzymes of the tubular system of the kidneys, the nonspecific accumulation
in this organ may be reduced. In the search for general recommendations, Froidevaux et al found
that the positive charge of a free lysine side-chain of a-MSH exerts an adverse effect on kidney
retention.® This adverse effect can be eliminated when the DOTA chelator is attached directly on
the lysine side-chain of the MSH analog or when the positive charge is neutralized by attaching,
e.g., a small protecting group such as formyl.

In general, receptor binding and bioassays are the first screening methods for analyzing novel
synthetic peptides, followed by receptor autoradiography using melanoma tissue sections to ex-
amine MCIR distribution in the tumor and to check for the suitability of the MSH radiopeptide
for this type of application.* Receptor autoradiography is also important to assess the accumula-
tion of MSH radiopeptides after in vivo biodistribution studies.” This latter method which has
recently been complemented by PET analysis has become an important tool in the development
of melanoma targeting systems. In addition the kinetics of cellular uptake of radiopeptides and
the residence times of the radionuclide in the cell are also routinely examined.

Owing to its excellent receptor binding characteristics, DOTA-NDP-MSH was first MSH
radiopeptide thoroughly examined in vitro and in vivo as it displayed good accumulation in the
tumor.** Some of the nonspecific organ values, however, were relatively high which lead to the
design and synthesis of fragments and fragment analogs of NDP-MSH with lower side-effects.
As specified below, the first of these compounds was DOTA-MSH,, in which the DOTA chela-
tor was placed at the N-terminus.* The second compound, DOTA-NAPamide,* contained the
DOTA chelator on the side-chain of the lysine residue, i.c., at the C-terminus of the molecule. After
labeling with '"'In or “Ga/Ga, high and specific melanoma uptake and relatively moderate or
low kidney uptake was observed in mice. The amount of accumulated radioactivity in the kidneys
observed with [“Ga]DOTA-NAPamide was the lowest of all synthetic DOTA-0-MSH analogs
studied at that time.?>** With both tracers, DOTA-MSH, . and DOTA-NAPamide, metastatic
melanoma lesions could be detected by autoradiography following in vivo biodistribution (Fig. 3).
A more recent development avoiding the presence of a chelator is the use of '*F-containing MSH
radiopeptides for PET analysis.!

As ?™Tc and "Re cannot be complexed stably with DOTA-type chelators, Giblin et al studied
Cys-containing 0-MSH analogs with which these radioisotopes can be complexed internally by the
peptide itself (see above).?” The excellent biological potency and biostability of such cyclized MSH
peptides initiated a series of studies with a large number of cyclic and linear analogs of this type, which
turned out to be an interesting alternative to shorter linear peptides such as DOTA-NAPamide.*
Comparison of the biodistribution data showed that the cyclic structures had the tendency of aslightly
or markedly higher nonspecific accumulation,” in particular to the bone marrow. Nevertheless, other
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Figure 3. Autoradiographs of tissue sections from melanoma-bearing mice. [""'In]DOTA-MSH,,
was injected to mice inoculated with B16F1 cells and tissues were collected 4 h postinjection.
A-D, Autoradiographs (left panel) and scanner images (right panel) of a primary melanoma
with surrounding skin tissue (A), lung with melanotic melanoma metastases (B), lung with
amelanotic melanoma metastases (C), liver with melanotic melanoma metastases (D). Arrows
indicate the melanoma lesions.

pharmacological criteria such as increased in vivo biostability or longer residence times in the tumor
may perhaps compensate for the slight disadvantage of lower specificity.® This also applies to lactam
bridge-cyclized analogs of the type of DOTA-NAPamide peptide.*
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Figure 4. PET imaging of melanoma-bearing mice with [®*Ga]DOTA-NAPamide (scatter- and
attenuation-corrected PET images of melanoma-bearing mice). [**Ga]DOTA-NAPamide (50.1
GBg/umol; 40 pmol) was injected into mice implanted in right flank with B16F1 melanoma and
imaged at 0.5, 1, 2 and 3 h after injection (n = 2): coronal image (A) and transaxial image (B)
of mice 0.5 h after injection. Only melanoma, kidneys, bladder and, to a lesser extent, heart
are detectable. No further background reduction could be observed at later time points.

Nonspecific Targeting

The retention of considerable amounts of the injected dose by the kidneys limits the therapeutic
efficacy of radiopeptides, as renal toxicity is a dose-limiting factor.”'? For the same reason diag-
nosis of tumors localized in the kidney region is strongly compromised. Renal accumulation is a
general problem for all radiopeptides containing metal chelators such as DOTA or DTPA and is
not confined to MSH analogs. In most of the published studies with DOTA-MSH radiopeptides,
the uptake of radioactivity by the kidneys usually exceeded that of the tumor. DOTA-NAPamide
showed tumor-to-kidney ratios >1, which means that with this radiopeptide more radioactiv-
ity was found in the tumor than the kidneys (Fig. 4). In order to reduce uptake by the kidneys
further, various methods have been developed, such as infusion of basic amino acid cocktails,*
which positively influenced excretion of MSH radiopeptides.®® Other efforts should focus on the
clucidation of the mechanism of retention of radiopeptides in the kidneys: It is now relatively well
established that radiopeptides are reabsorbed by proximal tubules via luminal endocytosis after
glomerular filtration. The peptides are then delivered to lysosomes where they are hydrolyzed to
a final radioactive metabolite that cannot leave the lysosomes, leading to long-term sequestration
of the radioisotope in the proximal tubular cells.** MSH radiopeptides exhibiting lower renal
uptake per se would clearly represent a major step forward. However, as this is difficult to achieve
before molecular details of the reuptake have been clarified, an alternative strategy is the develop-
ment of MSH radiopeptides with markedly enhanced tumor uptake so that the dose of injected
radiopeptide can be reduced, leading to lower kidney burden.

Relevant Lead Compounds

Figure 5 lists some of the most relevant lead compounds of MSH radiopeptides for melanoma
targeting. Several additional compounds have appeared in the literature recently, but most of
these have their roots in the structures shown here. In the last twenty years, NDP-MSH has
become a kind of reference compound and it is usually the first ligand tested in any experimen-
tal system. As mentioned above, the targeting characteristics of DOTA-NDP-MSH are not
optimal because of its higher accumulation in some nontarget tissues, e.g., the bone marrow,
when compared to shorter peptides.** DOTA-MSH,,, was the first lead compound with which
excellent and specific accumulation in metastatic melanoma lesions could be demonstrated,
with negligible accumulation in the bone marrow.?* It is also the lead structure for a new de-
rivative with phosphotyrosine yielding an excellent tumor-to-kidney ratio (unpublished data).
With the DOTA-NAPamide molecule, kidney uptake could be further reduced, compared
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Figure 5. Lead structures for MSH radiopharmaceuticals. 1: [Nle*, p-Phe’, Lys(DOTA)"]-a-MSH
(DOTA-NDP-MSH); 2: DOTA-[B-Ala?, Nle*, Asp®, p-Phe’, Lys'’l-a-MSH;o (DOTA-MSH,.);
3: [Nle*, Asp®, b-Phe’, Lys(DOTA)"]-a-MSH,;; (DOTA-NAPamide); 4: Galactosyl-[Nle*, Asp®,
p-Phe’, Lys(DOTA)"]-a-MSH,,; (DOTA-Gal-NAPamide); 5: ReO-cyclized DOTA-[Glu?, Cys?,
Cys*, D-Phe’, Arg"]-a-MSH, 13 (DOTA-Re(Arg')CCMSH); 6: Lactam bridge-cyclized DOTA-[Gly!,
Glu?, cyclo(Lys®, Nle*, p-Phe’, Arg", (Val-Asp)¥)]-a-MSH (DOTA-CycMSH).

to that of DOTA-MSH,,.. Indeed, DOTA-NAPamide is one of the most potent MSH target-
ing molecules.®® Addition of an N-terminal galactosyl residue to DOTA-NAPamide further
enhances these positive characterstics so that DOTA-Gal-NAPamide exhibited even more
favorable pharmacokinetic data.”” Its high melanoma uptake and lower kidney retention and
above all its improved tumor-to-kidney uptake ratio (Fig. 6), opens the door to the develop-
ment of novel glycosylated radiolabeled a-MSH derivatives for melanoma targeting with
further reduced nephrotoxicity. The literature on Re-cyclized lactam bridge-cyclized MSH
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Figure 6. Tissue distribution of [""InN]DOTA-Gal-NAPamide at 4, 24 and 48 h postinjection.
Results are expressed as % of injected dose per gram of tissue (%ID/g; means = SEM; n = 4).
tP < 0.05 vs [""'InIDOTA-NAPamide (reproduced with permission from ref. 47).

37,39,40 35,36,42,44,48-50

radiopeptides and the many different studies with therapeutic and diagnostic
radionuclides with these peptides is impressive, leading to the expectation that a breakthrough
to a clinical application may soon be reached (reviewed in ref. 43). Nonetheless, the targeting
efficiency with these peptides so far does not show an advantage over linear peptides such as
DOTA-Gal-NAPamide.

Conclusion

In the past few years, considerable progress in the design of more specific and stable a-MSH
radiopeptides has been documented in the literature. The novel MSH compounds display
comparable targeting characteristics in experimental melanoma models as achieved with the
clinically used somatostatin radiopharmaceuticals in their experimental cancer models. A first
breakthrough was DOTA-NAPamide which for a long time yielded the best tumor-to-kidney
ratio when studied with in vivo biodistribution experiments. DOTA-Gal-NAPamide and a
peptide containinga phosphorylated tyrosine residue further improved the targeting specificity
of DOTA-NAPamide. For the rhenium-cyclized or lactam bridge-cyclized MSH analogs also
marked progress has been reported. Yet, in view of the high tolerance of melanoma to ionizing
radiation requiring a very high accumulation of radionuclide in tumor lesions and hence high
doses of radiopharmaceutical, the rate of MSH-mediated tumor uptake and residence times of
radionuclides in the tumor should first be enhanced further before clinical studies are started.
We believe that it is less important to test too many different radionuclides with the same
peptides and in the same experimental setting as there are more important open questions to
solve at present: (1) the development of targeting systems with which the radionuclides are
more rapidly and extensively internalized into tumor cells; (2) a better understanding of MC1R
regulation in melanoma in vivo in order to find the most efficient targeting conditions; (3) the
study of appearance of a-MSH antibodies in the circulation under specific pathophysiological
conditions. Such antibodies could scavange MSH radiopharmaceuticals, thus reducing the ef-
ficiency of any therapy. Once these and other open questions are resolved, a clinical study with
the then most appropriate MSH radiocompound may lead to a real breakthrough in clinical
melanoma targeting.
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CHAPTER 12

Applications of the Role of a-MSH

in Ocular Immune Privilege
Andrew W. Taylor* and Darren Lee

Abstract
here is an important role for o-MSH and the melanocortin receptors in ocular immunity,
development and health. This chapter will cover what is known about how o-MSH is
part of the mechanisms of ocular immune privilege, about the expression of melanocortin
receptors and the implications of these findings on the role of a-MSH in ocular physiology and
its potential use to treat ocular pathologies.

Ocular Immune Privilege

It is greatly appreciated that the ocular microenvironment has an unique relationship with
the immune system, in that immunity is highly regulated within the eye. It is considered to be an
evolutionary adaptation to prevent excessive inﬂammatory responses that are often accompanied
with collateral damage caused by vascular leakage, cell death and fibroses, which can permanently
impair vision and cause blindness.! This immunoregulation is characterized by immunity failing
to mount a response that would reject an allograft placed into the ocular microenvironment even
if the immune response is primed.? Moreover, there is an induction of regulatory immunity to
the foreign antigens.’ This feature of ocular immunity defines immune privilege. The mechanisms
of ocular immune privilege actively suppress the activation of effector T-cells, suppresses proin-
flammatory activation of macrophages and neutrophils and alters the presentation of antigen by
antigen presenting cells to suppress inflammation and to promote regulatory T-cell activation.*”
The mediators of this immunosuppression are membrane bound proteins and soluble immuno-
modulating factors produced by parenchymal cells, neurons and immune cells within the ocular
microenvironment.

The soluble immunomodulating factors within the ocular microenvironment are found pri-
marily in aqueous humor, the fluid filling the anterior chamber of the eye. Aqueous humor sup-
presses inflammation mediated by macrophages stimulated with bacterial products.® In addition,
aqueous humor treated macrophages and dendritic cells cannot function as antigen presenting
cells that promote proinflammatory activity by T-cells.” Moreover, aqueous humor treatment of
macrophages induces anti-inflammatory cytokine production and the presentation of antigen
in a manner that promotes regulatory T-cell activation.'®'! These findings suggest that resident
ocular macrophages and dendritic cells are inhibited from mediating inflammation while they are
still able to clear pathogens and damaged cells. When effector T-cells are treated with aqueous
humor, the T-cells can no longer mediate hypersensitivity responses.’* Aqueous humor changes
the T-cell cytokine profile from interferon-gamma (IFN-y), to transforming growth factor-beta
(TGF-f).""" This change is associated with the T-cells changing their functionality from inflam-
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matory to regulatory. The very ability of the ocular microenvironment to resist the activation of
effector T-cells can be seen when effector T-cells are placed into the anterior chamber along with
their specific antigen and antigen presenting cells.'> Whereas, if this adoptive transfer of effector
T-cells, antigen and antigen presenting cells were injected into the skin they would mediate a
vigorous hypersensitivity response which does not occur when injected into the anterior chamber
of the eye. Also, treatment of the effector T-cells with aqueous humor before injecting them with
antigen and antigen presenting cells into the skin suppresses the expected inflammatory response. '
Moreover, such aqueous humor treated T-cells function as regulatory T-cells and suppresses im-
munity."” Therefore, in aqueous humor there are constitutively expressed immunomodulating
soluble factors that suppress the activation of inflammatory immunity while turning the immune
response onto itself, further promoting immune privilege.

a-MSH in the Eye

Aqueous humor subjected to HPLC size separation revealed two fractions of immunomodu-
lating activity." The first fraction was found to be centered on 25 kDa associated with activated
transforming growth factor-beta2 (TGF-B2). The second immunomodulating fraction was found
to be the peptides contained in a fraction that was 2 kDa or less in molecular weight. It was in
this low molecular weight fraction that the immunomodulating neuropeptides of aqueous humor
were found. The first described immunomodulating neuropeptide in the eye was alpha-melanocyte
stimulating hormone (0-MSH).!"® This thirteen amino acid long neuropeptide that is derived from
sequential endoproteolytic cleavage and posttranslational modifications of pro-opiomelanocortin
hormone (POMC) was originally described for its melanin-inducing activity in frogs.'® In mam-
mals it has become more evident that o-MSH has a more fundamental role in homeostasis of
metabolism and immunity."”*

The immunomodulating role of a-MSH is demonstrated by the suppression of endotoxin
and proinflammatory cytokine (such as IL-1f and TNF-at) induced systemic inflammatory
responses of animals injected with a-MSH.?*” At the cellular level, it is clear that a-MSH binds
its melanocortin receptors on cells of innate immunity (macrophages, dendritic cells and neutro-
phils). The ability of these cells to generate reactive oxygen intermediates, nitric oxide, produce
pro-inflammatory cytokines and to migrate are profoundly suppressed by a.-MSH.?*33 Endotoxin,
IL-1f and TNF-a activated intracellular signaling pathways are blocked by a-MSH preventing
the translocation of NF-kB from the cytoplasm to the nucleus.***! This suppression is early in the
signaling cascade and involves IRAK-M binding to IRAK-1.# In addition, a-MSH promotes
production of anti-inflammatory cytokines like IL-10, its own production and up-regulates mel-
anocortin receptor expression.’*## This action of 0-MSH is not only anti-inflammatory, but it
promotes a self-perpetuating anti-inflammatory autocrine loop.

In aqueous humor, a-MSH is constitutively present at a concentration of approximately 107!
M." Aqueous humor depleted of a-MSH can no longer modulate T-cell activity. The function
that a-MSH plays in aqueous humor is to suppress IFN-y production by effector T-cells. Also, it
is through 0-MSH that aqueous humor mediates a change in an antigen-specific T-cell response
from proinflammatory to regulatory.!>* In this process, TGF-2, also found in aqueous humor,
helps enhance this activity of o-MSH induction of regulatory activity in T-cells.*® The aqueous
humor/a-MSH-induced regulatory T-cells express the expected regulatory T-cell marker of CD25
and are only CD4* T-cells. These regulatory T-cells produce TGF-f, but not IL-4 or IL-10. It is
possible to generate these T-cells in vitro by treating antigen-stimulated CD4* T-cells with only
o-MSH at its 10™"! M physiological concentration.'>*** In adoptive transfer experiments it has
been shown that these a-MSH-treated T-cells require restimulation with their specific antigen
to activate their suppressive functionality, but they suppress the activation of neighboring T-cells
that can be responding to other antigens.

The potential for a-MSH to induce regulatory T-cells in vivo was demonstrated by finding
that melanocortin 5 receptor (MC5r) knocked-out mice naturally recovering from autoimmune
uveitis lack the presence of retinal autoantigen-specific regulatory CD25* CD4* T-cells in their
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spleens, unlike wild type mice.”>? These results suggest that the natural recovery from autoimmune
disease is not dependent on these regulatory T-cells, but that the induction of the regulatory T-cells
through MC5r is a by-product of the recovery. A possible role for these regulatory T-cells is to
prevent the expression of memory immunity to the autoantigens. When adoptively transferred,
the regulatory T-cells from postrecovered wild type mice into post recovered MCSr mice prevent
a rapid and severe uveitic response to a second immunization with retinal autoantigen.>!

Melanocortin Receptors and the Eye

There are four melanocortin receptors for a-MSH that are differentially expressed throughout
the body. In the eye, the melanocortin receptors MC3r, MC4r and MC5r are expressed in the
inner neural retina layers with MC3r and MCr localized to retinal ganglion cells, MC5r in the
neural outer plexiform layers and the retinal pigment epithelial cells express MC1r and MC5r. %53
The expression of the melanocortin receptors in the eye are evolutionarily conserved and there
is evidence that a-MSH, through its receptors, play an important role in retinal and neuronal
development.**>¢ Neurite outgrowth from embryonic retinal explants can be stimulated with
a-MSH treatment and there has been found a spatial and temporal expression of a-MSH in chick
embryonic eye development with the retinal pigment epithelial cells as the source of a-MSH.****
These indicate that with our previously described immunomodulating activity, a-MSH is also a
neurotropic factor that may be necessary for development and survival of the retina.

Support of the dual role of 0-MSH in the immune privileged eye is seen when we induce autoim-
mune disease in mice with MC5r knocked-out and when o-MSH is used as ocular therapy, which
we will discuss in the next section.’?” As previously stated, the induction, tempo and resolution
of autoimmune uveitis in the MC5r knock-out mice is no different from the wild type mouse.
Also, while there is an induction of regulatory T-cells in the spleens of the wild type mice and not
in the MC5r knock-out mice they are not necessary for the resolution of uveitis. One of the most
striking differences is seen when comparing the histology of the post-uveitis retinas of the wild
type and MC5r knock-out mice. The post-uveitic wild type mouse retina displays retinal folds and
some granulomas formations, but is mostly intact with discernible retinal layers. In contrast, the
retinas of post-EAU MC5r knock-out mice are severely damaged with losses in photoreceptors
and disorganization of the retinal layers.”™*” When a gene therapy approach was used to deliver
o-MSH into the uveitic eyes of wild type mice and MC5r knock-out mice, only the uveitis of
the wild type mouse was suppressed. The MC5r knock-out mice received no immunosuppressive
benefit as observed in the wild type mice, but histological examination of the post-uveitis retina
revealed less damage and some preservation of the retinal layers.”” Such a benefit from a-MSH
treatment may be due to it working through the other expressed melanocortin receptors in the
eye. Such findings indicate the importance of the melanocortin system in the development, health,
survival and immune privilege of the retina.

Application of a-MSH in Ocular Therapy

The immunomodulating activity and possible natural role in immune homeostasis of a-MSH
has long suggested that it may be an effective and safe immunosuppressive therapy. There are mul-
tiple publications demonstrating the application of o.-MSH either through peptide (cytokine-like)
or gene therapy to suppress animal models of septic shock, contact hypersensitivity, allograft survival
and multiple sclerosis.??427313543-4557-¢¢ Because of the intimate role of 0-MSH in ocular immune
privilege, the potential of delivering 0-MSH into an inflamed or wounded eye to reimpose ocular
immunosuppression has been an intriguing possibility. Several rodent models of ocular pathology
have been tested and treated with o-MSH to see if it is possible to prevent, suppress and restore
ocularimmune privilege. Experimental autoimmune uveitis (EAU) and endotoxin induced uveitis
(EIU) are rodent models for endogenous uveitis in humans, which in the USA 2 million persons
are afflicted. Persistent and reoccurring uveitis leads to visual impairment and possible blindness.
The current treatments are limited to steroids, which because of serious side effects limits their use.
The potential of using an immunomodulating neuropeptide like 0-MSH that has the additional
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possibility of (re)imposing immune privilege or immune tolerance is an exciting possibility of a
new therapeutic approach.

The mouse model of EAU is an antigen specific, CD4* T-cell dependent, uveitis, in which mice
are immunized to break tolerance and activate effector T-cells specific to the retinal antigens such
as interphotoreceptor retinoid-binding protein (IRBP) and retinal soluble antigen (SAg).” The
resulting inflammation of the retina is easily monitored and scored. The uveitis, unlike in many
humans, is limited in that it lasts from 30 to 90 days depending on the strain of mouse when it
spontaneously resolves. Analyzing how mouse uveitis spontaneously resolves led to finding the
presence of MC5r-dependent regulatory T-cells in the spleens of EAU-recovered mice, which
we discussed in the last two sections.*"** The methods of delivering a-MSH into mice with EAU
have included systemic injections of a-MSH peptide and conjunctival injection of an a-MSH
expression plasmid. If a-MSH is systemically injected when the uveitis is at its maximum, the
treatment accelerates the recovery.®® When a-MSH is injected at the start of uveitis it can delay
the onset of the disease and when an a-MSH encoded plasmid is injected into the conjunctiva
of mouse eyes at the onset of inflammation it suppresses the severity and hastens the resolution
of the autoimmune disease.” The mechanism of immunosuppression mediated by these a-MSH
therapies are not completely understood, but it is likely a combination of a-MSH antagonizing
proinflammatory cytokines and chemokines and its induction of regulatory and immunosuppres-
sive activity in immune cells. Whether these a-MSH therapies alone are sufficient to reestablish
immune privilege is to be seen.

The EIU model of uveitis in rats is induced by the injection of bacterial endotoxin, lipopolysac-
charide, which results in ocular inflammation within hours of the injection and is fully resolved by
48 hours.” This model of uveitis involves a stepwise change in the expression of intraocular inflam-
matory cytokines and chemokines.”” These are followed by a breakdown in the blood ocular barrier
and infiltration of immune cells. Around 24 hours, intraocular immunosuppressive molecules begin
to be re-expressed, inflammation subsides and immune privilege is restored. It is viewed that in EIU,
immune privilege is able to naturally reassert itself in response to the induction of innate immune
mediated intraocular inflammation. A systemic injection of a-MSH peptide effectively inhibits
the ocular inflammation and suppresses infiltration of cells into the ocular microenvironment.*>%*
The mechanism by which 0-MSH can suppress EIU is through suppression of cyclooxygenase 2
production by macrophages within the ocular microenvironment.* The effect of a-MSH treat-
ment is the suppression of the early events of EIU; therefore, preventing the subsequent infiltration
of immune cells and production of proinflammatory cytokines and chemokines in the eye.> A
similar anti-inflammatory eflicacy was seen when o-MSH was systemically injected or topically
applied to the eye of rabbits with surgical trauma to the cornea.”

The potential benefits of 0-MSH therapy are not limited to only ocular inflammatory dis-
case. There is a potential of a-MSH therapy to be effective in treating other ocular pathologies.
Intravitreal injection of 0-MSH analogs retard photoreceptor loss in RCS rat, which is a model
of retinal dystrophy.”" This may be working through the melanocortin receptors inducing some
undefined neurotropic activity. It has also been demonstrated that topical application of a-MSH
is effective in lowering the intraocular pressure in normal tension rabbits for up to six hours by
stimulating PGE2 and prostacyclin levels in iris and ciliary body cells.” This finding suggests a
potential for a-MSH therapy to be an effective antiglaucoma drug.

There is also the potential of using a-MSH in more unconventional therapies that involve
manipulating immune cells ex vivo to generate antigen-specific regulatory T-cells. It is possible in
amouse model to generate ocular autoantigen specific T-cells that when restimulated and treated
with a-MSH they become antigen-specific regulatory T-cells capable of suppressing EAU.* The
only requirement of antigen specificity for these regulatory T-cells is that they are specific for any
retinal autoantigen, not necessarily the target autoantigen.'*®** Adoptive transfer of similarly
generated o-MSH regulatory T-cells specific to retinal autoantigens into mice with neonatal
retinal allografts suppressed graft rejection and promoted retinal tissue development.® This activity
of the a-MSH generated regulatory T-cells tells us that these regulatory T-cells need to see their
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antigen to activate their immunosuppressive activity in vivo and the regulatory T-cells can create
a supportive environment that promotes tissue survival and development. Therefore, a potential
exists to take advantage of this feature of o-MSH generated regulatory T-cells and use the regu-
latory T-cells to suppress inflammation by generating o-MSH regulatory T-cells to any antigen
expressed within the target tissue. It may even be possible to suppress autoimmunity by using an
antigen that is purposely introduced into the tissue to activate the regulatory T-cells. This would
be a benefit of using the a-MSH generated regulatory T-cells in autoimmune diseases where it is
unclear as to what is the target antigen.

Conclusion

The role of o-MSH in mediating the expression of ocular immune privilege has further added
to our understanding of o-MSH in the maintenance of immune homeostasis. The mechanisms of
a-MSH modulation of immunity have suggested new therapeutic approaches to inflammatory and
autoimmune discases. Whether it is necessary to find ways that single out the immunomodulating
activity of 0-MSH from a-MSH’s role in skin pigmentation and metabolic homeostasis is to be
determined. The characterization of a-MSH in ocular immunity defines its importance and its
place in the evolutionary adaptation of the ocular microenvironment to highly regulate immunity
for the purpose of preserving vision.
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