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Abstract

The melanocortin system is a neuroimmunoendocrine hormone system that constitutes the fulcrum
in the homeostatic control of a diverse array of physiological functions, including melanogenesis,
inflammation, immunomodulation, adrenocortical steroidogenesis, hemodynamics, natriuresis,
energy homeostasis, sexual function and exocrine secretion. The kidney is a quintessential effector
organ of the melanocortin hormone system with melanocortin receptors abundantly expressed by
multiple renal paranchymal cells, including podocytes, mesangial cells, glomerular endothelial
cells and renal tubular cells. Converging evidence unequivocally demonstrates that the
melanocortin based therapy by using the melanocortin peptide adrenocorticotropic hormone
(ACTH) is prominently effective in inducing remission of steroid resistant nephrotic syndrome
caused by a variety of glomerular diseases, including membranous nephropathy and
podocytopathies such as minimal change disease and focal segmental glomerulosclerosis,
suggesting a steroidogenic independent melanocortin mechanism. Mechanistically, ACTH and
other melanocortin peptides as well as synthetic melanocortin analogues possess potent proteinuria
reducing and renoprotective effects that could be attributable to both direct protection of
glomerular cells and systemic immunomodulation. Thus, leveraging melanocortin signaling
pathways by using either the existing U.S. Food and Drug Administration approved melanocorin
peptide ACTH or novel synthetic melanocortin analogues represents a promising and pragmatic
therapeutic strategy for glomerular diseases. This review article introduces the biophysiology of
melanocortin hormone system with emphasis on the kidney as the target organ, discusses the
existing clinical and experimental data on melanocortin treatments for glomerular diseases,
elucidates the potential mechanisms of action, and describes the potential side effects of
melanocortin based therapy.
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Glomerular disease is the third leading cause of end stage kidney failure in the US1,
Treatment of glomerular disease depends on its cause and type, but currently is limited
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largely to the use of blockades of the renin-angiotensin-aldosterone system (RAAS) and
immunosuppressants, including glucocorticoids, alkylating agents, calcinurin inhibitors,
antimetabolites and more2. These treatments are, however, of limited utility with
unsatisfying therapeutic efficacy. Indeed, although 95% children® and 50-75% adults® with
minimal change disease (MCD) achieve complete remission of proteinuria after an 8-week
course of prednisone therapy, more than 70% of all patients who are initially prednisone
responsive go on to experience relapses of the nephrotic syndrome, and almost half of them
show frequent relapses or steroid dependence and require further immunosuppression®. For
other glomerular disease such as idiopathic membranous nephropathy (iMN)”-8 and focal
segmental glomerulosclerosis (FSGS)?, initial immunosuppressive treatments usually have
much lower response rates than for MCD, additional immunosupressants are essential to
induce remission. In actuality, neither the target cells nor the mechanism of action of these
immunosuppressants for glomerular disease has been clearly understood®. Most of these
therapeutic strategies were borrowed from transplant immunosuppressive regimens and thus
are believed to be effective in glomerular diseases also via immunosuppression; however,
some such as cyclosporine A0, are found to function, at least in part, through nonimmune
mechanisms’9, while some others, such as levamisole!, might be effective via immune
stimulatory mechanisms. Furthermore, a considerable number of patients suffer from the
complications of over-immunosuppression, including opportunistic infection, neoplasia
formation and growth retardation?:3. Therefore, it is imperative to develop novel and more
effective therapeutic modalities with minor side effects to satisfactorily ameliorate
glomerular injury and induce remission of proteinuria in patients with refractory glomerular
disease. Recently, a plethora of evidence suggests that melanocortins possess potent anti-
proteinuric and renoprotective activities and might serve in this role2-17,

Melanocortin system: a multitasking neuroimmunnoendocrine hormone

system

The melanocortin system is a set of hormonal, neuropeptidergic, and immune signaling
pathways that play an integral role in the homeostatic control of a diverse array of
physiological functions, including melanogenesis, inflammation, immunomodulation,
adrenocortical steroidogenesis, hemodynamics, natriuresis, energy homeostasis, sexual
function and exocrine secretionl’. The melanocortin hormone system is comprised of
multiple components, including the five guanine protein-coupled melanocortin receptors;
peptide ligands derived from the proopiomelanocortin preprohormone precursor; and
endogenous antagonists, agouti signaling protein and agouti-related protein (Table 1)18:19,

The endogenous agonist ligands of melanocortin hormone system, also known as
melanocortins, are a group of hormonal neuropeptide that include adrenocorticotropic
hormone (ACTH) and the different forms of melanocyte-stimulating hormone (MSH).
Melanocortin peptides are produced by corticotrophs in the anterior lobe of pituitary gland,
constituting 15-20% of the cells in the anterior lobe of the pituitary gland2°. Melanocortins
are synthesized from the precursor peptide pre-pro-opiomelanocortin (pre-POMC), which is
encoded by a single-copy gene on chromosome 2p23.3 that is over 8 kb in length?°. The
removal of the signal peptide during translation produces the 267 amino acid polypeptide
POMC, which undergoes a series of post-translational modifications such as
phosphorylation and glycosylation before it is proteolytically cleaved by prohormone
convertase (PC) enzymes PC1 and PC2 to yield a chemically and biogenetically related
family of polypeptides with varying physiological activity, including endorphin, lipotropins
and melanocortins?? (ACTH, a, B, yv-MSH) (Figure 1a).

Plasma melanocortins have a diurnal variation in normal subjects?122 and can be induced by
either physical or psychological stress, via hypophysiotropic hormones including
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corticotropin-releasing hormone and arginine vasopressin secreted by hypothalamus.
Conversely, melanocortin synthesis and release are negatively controlled by slow/
intermediate or fast feedbacks by many substances secreted within the hypothalamic-
pituitary-adrenal (HPA) axis. Glucocorticoids (cortisol in human) secreted from the adrenal
cortex in response to ACTH stimulation generate a negative feedback?!. Thus patients
treated with a high dose of synthetic glucocorticoids for a long period are likely to have a
very low plasma level of melanocortins and develop a clinical constellation of symptoms
that highly mimic the phenotypes of POMC deficiency syndrome, a rare genetic disease,
including hyperphagia, central obesity, pale skin and adrenal insufficiency?3.

The melanocortins exert their biological functions by binding to and activating the cognate
melanocortin receptors (MCRs), with different affinity?4. So far five MCRs have been
cloned and characterized. All of the five MCRs are highly conservative across different
species and share many homologs.1925 The MCRs are all members of the rhodopsin family
(class A) of seven-transmembrane guanine protein-coupled receptors, which intracellularly
mediate their effects mainly by activating adenylate cyclase leading to stimulation of the
cAMP-dependent cell signaling pathways24. The five MCRs have distinct tissue distribution,
convey signaling of different melanocortins and exert varying biological activities?.

MCI1R exhibits high affinity for ACTH and most MSH. It is highly expressed in
melanocytes and is the principal melanocortin receptor in the skin where it mediates
pigmentation as one of the major biological functions of most melanocortin peptides!®-23,
MCIR is also widely expressed in other organ systems, including adrenals, lung, lymph
node, ovary, testis, brain, placenta, spleen and uterus'®25 It is also present in vascular
endothelial cells and immune competent cells including leukocytes, dendritic cells and
macrophages, suggesting a role of MC1R in the regulation of inflammatory reaction and
immune response!®25, Indeed, a-MSH?28 or ACTH?2” treatment has been shown to prevent
acute and chronic inflammation in animal models of multiple diseases, including acute
kidney inflammation?” and injury28:28, Direct evidence of the important role of MC1R in
inflammation and immunomodulation was recently shown in mice with a nonfunctional
MC1R2°, These mice demonstrated a dramatic exacerbation of experimental
inflammation2®, confirming a general anti-inflammatory effect of the MC1R signaling
pathway.

The MC2R is the primary and exclusive receptor for ACTH that is expressed mainly in the
adrenal gland and binds to ACTH with strong affinity but does not bind to the MSH
peptides®25, Activation of the MC2R initiates a cascade of events affecting multiple steps
in steroidogenesis and growth of adrenal cortex. Of note, even though MC2R is
predominantly expressed in adrenal cortex, recent studies indicate that it is also present in
some other tissues including adipocytes where MC2R mediates stress-induced lipolysis via
central ACTH release!9:25,

Both MC3R and MC4R regulate energy expenditure1®25, The MC3R is expressed in the
brain predominantly in the arcuate nucleus in the hypothalamus and limbic system and in
few regions of the brain stem, as well as in the periphery where it has been found in the
placenta and gut tissues; it is also abundantly expressed in the heart and in renal distal
tubules and thus has been postulated to regulate hemodynamics, natriuresis and
cardiovascular functions. Indeed, y-MSH promotes urinary salt excretion via MC3R in the
kidneys39. Consistently, mice either with MC3R knockout or lacking y-MSH due to a defect
in PC2, when fed a high-salt diet, developed a severe hypertension30. The MC4R is
predominately found in the central nervous system, where it is represented in almost every
brain region, including the cortex, thalamus, hypothalamus, brain stem and spinal cord19:25,
MC3R and MC4R both can bind to ACTH or a-MSH with high affinity, but evidence
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suggests that they are not redundant in regulating food intake behavior and energy
homeostasis such as hunger and satiety signaling, because the MC4R receptor knockout
mice manifest hyperphagia, obesity, insulin resistance, and increased linear growth while the
MC3R receptor knockout animals are not hyperphagic but still obesel®25, In addition,
MC3R has been found to have thermoregulatory and immunomodulatory effects, whereas
MCA4R could additionally govern mood effects, control erectile function and mediate
aphrodisiac actions19:25,

The MC5R was the last of the MCR gene family to be discovered by homology screening
from genomic DNA in early 199051925, High expression levels of MC5R can be found in
exocrine glands in addition to various other organs including adrenal glands, fat cells, liver,
lung, lymph nodes, bone marrow, thymus, mammary glands, testis, ovary, pituitary testis,
uterus, esophagus, stomach, duodenum, skin, lung, skeletal muscle, exocrine glands and
kidney19-25, The MC5R mediated physiological functions are not well understood. Targeted
disruption of the MC5R gene in mice resulted in a severe defect in water repulsion and
thermoregulation due to decreased production of sebaceous lipids1®25, The MC5R has
similar affinity to ACTH and a-MSH and is believed to be responsible for the biological
functions such as sebaceous gland secretion, theromoregulation and
immunomodulation1®25, It has been suggested that MC5R agonists may perhaps alleviate
conditions such as dry eyes and mouth, and MC5R antagonists might be useful in the
treatment of acne. In addition, MC5R widely expressed on B and T lymphocytes might
mediate immunomdulatory effects of melanocortin peptides like a-MSH and ACTH19:25,

Receptor binding studies revealed that ACTH is able to target all of the five types of MCR,
implying a close association between multiple melanocortin-directed physiological
processes, including stress response, regulation of food intake, control of energy balance,
immunoregulation and exocrine gland functions1®:25, Other three MSH peptides are pan
agonists of the MCRs except MC2R with different potency. The molecular basis for varying
affinities of melanocortins to different MCRs lies in the molecular structures of the
melanocortin peptides!®25. ACTH and all of the three MSH share the same core tetrapeptide
sequence His-Phe-Arg-Trp (HFRW), which is the minimal sequence required for selectivity
and stimulation of the cognate MCRs (except MC2R)19:25, The Lys-Lys-Arg-Arg (KKRR)
motif is the address sequence that permits MC2R recognition and is unique to ACTH. This
explains why ACTH is the primary melanocortin that binds to MC2R (Figure 1b)19:25,
Recent data consistently proved the presence of various MCRs in kidney parenchymal cells,
signifying kidney as a prototypical target organ of the melanocortin system.

Kidney is an important effector organ of the melanocortin hormone system

As small peptides with very low molecular weights (2.2~4.5 kDa), melanocortins could
circulate through out the whole body and exert biological activities on most organ systems
expressing the cognate MCRs. It has been known for a long time that melanocortin peptides
possess a significant effect in the kidney30. As a matter of fact, ACTH has been used since a
half century ago for the treatment of nephrotic glomerular disease3L. In addition, the kidney
protective activity possessed by melanocortins, in particular a-MSH and ACTH, has been
reproducibly demonstrated in multiple animal models of kidney diseases, including MN32,
FSGS33, acute kidney injury (AKI) due to ischemia or sepsis?6:28, renal toxicity34 and
ureteral obstruction?”:35, Moreover, y-MSH has been found to have a prominent natriuretic
and diuretic effect on the kidney30. These extensive renal effects suggest that kidney serves
as an important effector organ of the melanocortin hormone system. However, although
MCR have been extensively investigated in many organ systems in animals and humans,
their expression in the kidney has been less studied and what kind of MCR the renal
parenchymal cells actually express remains controversial (Table 2). For instance, while Ni et
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al36 found that MC3R, MC4R and MC5R are expressed in both cortex and medulla of
murine kidneys; Lee et al3” only demonstrated MC1R and MC3R expression in rat kidney.
Our group recently found that MC1R is expressed abundantly and predominantly by renal
tubules and weakly by glomeruli, whereas MC5R is expressed weakly and sporadically by
renal interstitial cells but strongly by podocytes in rodents both in vivo and in vitro.17:28
Moreover, strong expression of MC5R and weak expression of MC2R have been
demonstrated in human kidney by PCR amplification of human kidney specific cDNA.38
This, to a certain extent, is consistent with the observation in sea bass where MC5R was
abundantly expressed in both the anterior and posterior kidneys3®. In contrast, in a lately
published study32, only MC1R was detected by RT-PCR as the major MCR in human
kidney and also in cultured human podocytes, glomerular endothelial cells, mesangial cells
and tubular epithelial cells. In depth studies, however, indicate that basal expression of
MCI1R is low in murine podocytes and upon stimulation by selective MC1R agonists CAMP
response was not significantly induced*. These discrepancies could reflect species
difference in renal expression of MCR but is more likely due to the potential pitfalls in the
nature of the detection technologies. Future studies should adopt more conclusive assays like
proteomic identification and results should be cross-validated by multiple traditional
detection technologies. Nevertheless, despite the existing controversy on the exact subtypes
of MCR expressed in the kidney, a growing body of evidence has clearly and consistently
proved that the kidney is indeed an important target organ of the melanocortin hormone
system (Table 2). In line with this view, deficiency of melanocortins such as ACTH has
been found to be associated with nephrotic syndrome caused by FSGS*1, inferring that the
melanocortin hormone system might be essential for renal homeostasis and melanocortin
deficiency might predispose to kidney disease*!. Thus, renal parenchymal tissues and cells,
including podocytes, mesangium, glomerular endotheia, tubular epithelia and
tubulointerstitium, are potential targets of melanocortin-mediated actions. Accordingly,
melanocortin based therapeutic regimens might have potential effects on disease or injuries
of these target renal tissues or cells, including podocytopathies like minimal change disease
and FSGS, mesangial diseases like IgA nephropathy and mesangial proliferative
glomerulonephritis (MsPGN), glomerular endotheliosis caused by transplant
glomerulopathy, pre-eclampsia, or thrombotic microangiopathy due to hemolytic-uremic
syndrome or thrombocytopenic purpura, and possibly tubular injuries like acute tubular
Necrosis.

Currently available melanocortin receptor agonists

A couple of natural and synthetic melanocortin peptides are already available for clinical
use. Some novel synthetic melanocortin analogues have been successfully developed and are
under clinical or pre-clinical trials for the purposes of sunless tanning, potential anti-obesity,
aphrodisiac, improvement of erectile dysfunction and possibly treatment of kidney diseases
(Table 3).

New approaches with available drugs

ACTH is a linear straight-chain nonatriacontapeptide containing 39 amino acids*2. The
sequence of amino acids occupying positions 25 to 33 may vary among species®2. However,
the N-terminal 24-amino acid segment is highly conserved and actually identical in all
species. In addition, this segment is required and sufficient for the adrenocorticotropic
activity. As a key component of the HPA axis, ACTH is the only melanocortin peptide that
is capable of activating MC2R and executing the steroidogenic action. Thus, ACTH
possesses dual physiological functions, namely MC2R mediated steroidogenesis in the
adrenal glands and a potent melanocortin effect in extra-adrenal organ systems (Figure 2).
Currently there are two forms of ACTH that are commercially available, natural and
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synthetic ones. The natural ACTH, Acthar gel, is a proprietary mixture isolated from porcine
pituitary extracts that is formulated with 16% gelatin gel. The major component of ACTH
gel is porcine ACTH1-39, which is only different from human ACTH in one amino acid
residual (residual 31 is serine for human and lysine for porcine) (Figure 1b). The ACTH gel
has been approved by the FDA since 1952 to induce diuresis or remission of proteinuria in
the nephrotic syndrome without uremia of the idiopathic type or that due to lupus
erythematosus*3. An active synthetic analogue of ACTH(1-24) that is not naturally
occurring consists of the first 24 amino acids of the native ACTH and is available in the
form of tetracosactide, including Cosyntropin as short acting formulation and Synacthen
(aqueous suspension of tetracosactide with zinc hydroxide) as long acting formulation#3. So
far Cosyntropin has been used solely to assess adrenal gland function, whereas repository
ACTH, either ACTH gel or Synacthen has been commonly applied to treat infantile spasm,
multiple sclerosis, gouty arthritis, autoimmune diseases and nephrotic glomerular
diseases*243. It is generally believed that short acting ACTH has strong and acute
steroidogenic activities while slow release long acting ACTH, either ACTH gel or
Synacthen, disrupts the diurnal rhythm in adrenal steroidogenesis and thus has minor
steroidogenic effects** but potentially greater melanocortin effects in extra-adrenal organ
systems, including the kidney.

Due to the high cost as well as potential concerns of anaphylactic reactions, natural ACTH
as compared with synthetic ACTH has been less frequently chosen for various clinical or
experimental purposes. However, even though it is claimed that synthetic ACTH (1-24)
possesses the same efficacy as natural ACTH with regards to all its biological activities, a
growing body of evidence suggests that they might be distinguishably different in terms of
pharmacokinetics and pharmacodynamics. Of note, the biological function of the 15 amino
acids (25-39) in the C-terminus of ACTH is uncertain and has been largely ignored for a
long time. Recent data suggests that amino acids 25-39 primarily confer stability of the
circulating ACTH, thus determining the half-life and efficacy of ACTH*2. In support of this,
site-specific amino acid substitution of phenylalanine (F) 39 of ACTH by cysteine (C),
which has a free sulfhydryl group that can react specifically with iodoacetamide derivatives
of lipophilic groups, significantly enhanced the biological activities of lipophilized
ACTH(F39C) as compared with native ACTH4. Lipophilized ACTH(F39C) bound more
tightly to serum albumin and cell membranes in vitro and had longer serum half-lives in vivo
than native ACTH#°. The documented plasma elimination half-life times of different types
of ACTH has been shown to vary remarkably between 4.9 and 28.6 minutes. A study in
healthy man indicated that the half-life of native ACTH is about 15 min“6. By contrast, the
half-life for tetracosactide (the active ingredient of Synacthen) is significantly shortened to 7
min. Consistently, in another study, the half-life of tetracosactide in the circulation of foetal
sheep was only 0.27 min#’, suggesting that the elimination rate of Synacthen in vivo is
substantially accelerated as compared to that of natural ACTH. Therefore, it is speculated
that natural ACTH might have more potent extra-adrenal actions than synthetic ACTH due
to longer duration of action. In addition, post-translational modification is an important
mechanism that regulates the biological activity of endocrine hormones, including ACTH.
Such modifications as glycosylation, phosphorylation, C-terminal amidation and N-terminal
acetylation, have been found to be present in natural ACTH*8, but totally absent from the
synthetic ones. These distinct molecular compositions and peptide structures might incur
different biological activities and efficacies*8. Moreover, ACTH is known to stimulate
lipostasis*® and insulin secretion®%51, The -cell tropic and insulin releasing activity has
been confirmed to reside in the C-terminal part of ACTH®L. Therefore, it is conceivable that
synthetic ACTH in which the C-terminal amino acids 25-39 have been truncated would
substantially lack the -cell tropic and insulin-releasing activities. Despite these differences
in pharmacokinetics and pharmacodynamics, both ACTH gel and Synacthen have recently
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been used respectively in the US and Europe for long-term treatment of steroid resistant
nephrotic glomerulopathies.

Novel MCR agonists

a-MSH—a-MSH is a naturally occurring melanocortin peptide with a tridecapeptide
structure®2, It is the most important melanocyte-stimulating hormone involved in stimulating
melanogenesis, a process that is responsible for hair and skin pigmentation in mammals. It
also plays a key role in the control of feeding behavior, energy homeostasis, and sexual
activities®2. a-MSH is a nonselective pan agonist of the MC1, 3, 4, 5R, but not MC2R,
which is exclusive for ACTH. Activation of the MC1R receptor is responsible for its effect
on pigmentation, whereas its regulation of appetite, metabolism, and sexual behavior is
mediated through both the MC3R and MC4R. a-MSH is generated as a proteolyic cleavage
product from ACTH (1-13). Natural a-MSH, unfortunately, has too short a half life in the
body to be practical as a therapeutic drug®3. Moreover, the potential impurity of the product
of natural a-MSH due to contamination by other dominant melanocortins or neuropeptides
is another concern. So far synthetic a-MSH (acetate salt) has been mainly used in pre-
clinical studies and demonstrated remarkable beneficial effects that ameliorate acute,
chronic or systemic inflammation and injuries in various organ systems, including skin,
lung, liver and kidney2%:54, Since 1999, the FDA Office of Orphan Products Development
has been sponsoring a phase I clinical trial (ClinicalTrials.gov identifier number
NCTO00004496) to assess the maximal tolerated dose and effects of a-MSH on acute renal
failure and to determine the safety and pharmacokinetics of a-MSH in patients either with
established ischemic acute renal failure or at high risk of acute renal failure following
kidney transplantation.

Synthetic a-MSH analogues—Several synthetic analogues of a-MSH have been
developed and investigated as medicinal drugs. These include afamelanotide®® (previously
known as melanotan 1), melanotan 1196, bremelanotide®’, AP21426:58 RM-49359 MS0532
and more. Most of these chemical compounds are derived from the chemical modification of
the molecular structure of a-MSH and most are also pan agonists of the MCRs (no MC2R)
except RM-493 and MS05, which respectively target MC4R and MC1R with high
specificity. All of these a-MSH mimetics have significantly greater potencies than a-MSH,
along with improved pharmacokinetics and distinctive MCR selectivity profiles. Because of
the difference in their molecular structures, these analogues possess different agonizing
activities for different MCRs and thus display distinct biological functions and clinical
effects.

Afamelanotide or Melanotan | is a potent and longer-lasting synthetic analogue of naturally
occurring a-MSH with the molecular structure modified ([Nle4-D-Phe7]-a-MSH) to
increase binding affinity to its main receptor MC1R®°, Afamelanotide is approximately
1,000 times more potent than natural a-MSH. Currently, Afamelanotide is in phase Il
clinical trials in Europe and in phase 11 in the US for skin diseases including vitiligo,
erythropoietic protoporphyria, polymorphic light eruption and prevention of actinic
keratoses in organ transplant recipients®®.

Melanotan Il is a cyclic lactam analog of a-MSH. It has weaker melanogenic activities as
compared to Melanotan | but exhibits much greater aphrodisiac effects®®. Melanotan 11 was
found to enhance libido and erections in most male test subjects and sexual arousal with
corresponding genital involvement in most female test subjects®S.

Bremelanotide, a metabolite of melanotan 11 that lacks the C-terminal amide functional
group, is under drug development as a treatment for female sexual dysfunction, hemorrhagic
shock and ischemia/reperfusion injury®0. It functions by activating MC1R and MC4R to
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modulate inflammation and limit ischemia associated injury. It was originally tested for
intranasal administration in treating female sexual dysfunction but this application was
temporarily discontinued due to concerns of side effects of elevated blood pressure®.

AP214, another synthetic analogue of a-MSH and a pan MCR agonist (no MC2R), was
developed by Action Pharma and is now owned by Abbott Pharmaceuticals. AP214 has
been shown by numerous preclinical studies26-8 to have potent anti-inflammatory activities
in experimental sepsis and arthritis. A phase-11 clinical trial has been completed using
AP214 to prevent acute kidney injury in patients undergoing cardiac surgery.

In summary, more and more synthetic a-MSH mimetics have been developed for the
purpose of melanocortin-based therapies for a variety of human diseases. As the kidney
expresses all MCRs targeted by these synthetic agonists, the melanocortin-based treatments
by using these novel drugs may also be a promising therapeutic modality for glomerular
diseases.

Melanocortin based therapy for glomerular diseases: clinical and
experimental evidence

A plethora of experimental evidence lately supports that melanocortins or their synthetic
analogues have a great beneficial effect in animal models of kidney diseases, including MN,
FSGS and AKIL7:61, Clinical experience of melanocortin based therapy for kidney diseases
is, however, largely limited to the use of ACTH, because so far all of the MSH and MSH
analogues have not been approved for clinical use yet and ACTH is the only FDA approved
drug with melanocortin activities. ACTH has been used since a half century ago for the
treatment of nephrotic glomerular disease and exhibited great clinical benefits in inducing
remission of proteinuria and nephrotic syndromel’-61, Since ACTH has both steroidogenic
effects in the adrenal gland and melanocortin activities in extra-adrenal organs, the clinical
effects of ACTH could be easily confounded and masked by the glucocorticoid mediated
effects. Indeed, in early times, it was believed that ACTH exerts these proteinuria-reducing
effects indirectly through the adrenal steroidogenic action because corticosteroids sometimes
also induce similar responsel’. Recently, some clinical studies applied ACTH therapy in
patients with glucocorticoid resistant glomerular diseases and shed light on the mechanism
of action of the anti-proteinuric effect of ACTH. It seems that ACTH might have a
protective effect on the kidney that is independent of its steroidogenic activity. This notion is
based on the following clinical observations: 1) the plasma levels of cortisols detected in
ACTH treated patients13-1444 were much lower than circulating glucocorticoid levels in
patients undergoing standard glucocorticoid therapy®2. Yet, the ACTH therapy still resulted
in comparable or even better outcome than steroid treatments in terms of remission of
proteinuria; 2) For some glomerular diseases like iMN, corticosteroids as sole treatment
even when administered at high doses, are unable to modify the natural disease course and
has unproven benefit, as demonstrated by multiple randomized controlled clinical trials’:8;
in contrast, ACTH monotherapy demonstrated striking beneficial effects and induced
remission of proteinuria and nephrotic syndromel8, arguing that the effects of ACTH is not
mediated via the steroid mechanisms; 3) In some nephrotic patients that had been resistant to
previous glucocorticoid therapy, ACTH treatment could still produce satisfactory
improvement in proteinuria, again suggesting a steroid independent mechanism of action.
Collectively, a burgeoning body of evidence supports that the renoprotective effect of
ACTH cannot be fully explained by its steroidogenic action. The extra-adrenal melanocortin
signaling mechanism might be, at least in part, responsible for the anti-proteinuric effect of
ACTH in nephrotic glomerular diseases.
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After decades of neglect, the therapeutic effect of ACTH on nephrotic syndrome was first
reexamined by Berg et al3. In their first study to optimize the dose of ACTH for adults with
nephrotic syndrome, 14 patients with biopsy proven iMN received intramuscular injection of
synthetic ACTH (1-24) at increasing dose during 8 weeks. The optimal dose was estimated
to be 1 mg twice per week, taking both the therapeutic effects and the modest side effects of
ACTH into consideration. ACTH therapy attained a concomitant improvement of
dyslipidemia, proteinuria and kidney dysfunction. Among the 14 patients, 5 who had severe
steroid resistant nephrotic syndrome responded remarkably well to ACTH therapy, implying
that the therapeutic effect of ACTH might be ascribed not to steroidogenesis but to its
melanocortin activities. Noteworthily, a quick relapse was observed in all cases when ACTH
was discontinued after a short treatment duration of 8 weeks. By contrast, patients who
received ACTH therapy for 1 year were still in remission even 18 months after cessation of
treatment, suggesting that an extended term of ACTH treatment is required in order to
achieve a sustained remission. In support of this, Hofstra et al®3 recently reported a high
incidence of relapse of nephrotic syndrome after ACTH treatment for 9 months. In their
nonrandomized study reported as a conference abstract, 75% of the iMN patients, who
achieved a remission after twice weekly synthetic ACTH therapy for 9 months, experienced
a relapse during 3 months follow-up after discontinuation of the therapy. To assess the
effectiveness and safety of ACTH therapy for nephrotic syndrome, Poticelli et all6
conducted an open label, prospective, randomized, controlled trial to compare the 12-month
course of synthetic ACTH monotherapy (1 mg, twice weekly intramuscular injection) with
the 6-month course Ponticelli immunosuppressive regimen [methylprednisolone plus a
cytotoxic agent (either chlorambucil or cyclophosphamide)] in 32 nephrotic patients with
biopsy proven iMN. ACTH therapy resulted in a similar remission rate (83%) as compared
with the Ponticelli immunosuppressive regimen (75%)6. Furthermore, there were no
significant difference in the relapse rate between the two therapeutic regimens after a
median follow-up of 24 months16. This study, at least, demonstrated that the therapeutic
efficacy of ACTH monotherapy is not inferior to that of the standard Ponticelli
immunosuppressive regimen for iMN. Consistently, Picardi et al®4 reported a sustained
remission of nephrotic syndrome in 5 iMN patients in a follow-up period up to 26 months
after receiving a 12-month course of synthetic ACTH (1 mg twice weekly) monotherapy.

Similar anti-proteinuric and renoprotective effects were also observed lately with natural
ACTH in patients with refractory iMN. In a retrospective case series study, Bomback et al1®
recruited 21 patients with refractory nephrotic syndrome due to a variety of glomerular
diseases. Among the 21 patients, 11 were diagnosed as iMN and most of them were
previously treated and failed to respond to a mean of 2 immunosuppressive regimens. After
ACTH gel treatment at a most commonly used dose of 801U twice a week for 5 to 12
months, 9 of the 11 patients (82%) with iMN achieved either partial (55%) or complete
(27%) remission of proteinurial®.

To understand the mechanism of action underlying the proteinuria reducing effect of ACTH
in MN, Lindskog et al32 tested the effect of synthetic ACTH in a rat model of passive
Heymann’s nephritis (PHN). Synthetic ACTH (10p.g/d) therapy for 4 weeks significantly
reduced proteinuria (about 50% reduction in urine albumin to creatinine ratio). This anti-
proteinuric effect was mimicked with an equal efficacy by the non-steroidogenic
melanocortin peptide a-MSH or its analogue MS05, a highly selective MC1R agonist,
accompanied with improved glomerular morphology and podocyte ultrastructure as well as
diminished urine excretion of thiobarbituric acid-reactive substances, a marker of oxidative
stress32, suggesting that the proteinuria reducing and kidney protective effects of ACTH is
mediated mainly by MC1R signaling but less likely due to steroid effects. Surprisingly,
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glomerular deposition of the complement C5b-9 membrane attack complex remained
unchanged as estimated by fluorescent immunohistochemistry, inferring that the proteinuria
reducing effect was achieved via direct podocyte protection32. This hypothesis was further
supported by successful detection of MC1R in podocytes in human and rat glomeruli32.
Thus, melanocortins including ACTH and a-MSH as well as synthetic melanocortin
analogues could potentially protect the podocytes from injury possibly via activating the
MCIR signaling in podocytes.

In addition to a direct podocyte protective effect, ACTH and other melanocortins might
induce improvement of proteinuria in iMN also via systemic immunomodulatory
mechanisms. This has been supported by multiple clinical studies. In a prospective study by
Bomback et all4, 5 patients with resistant iMN, who previously failed 2 to 4
immunosuppressive regimens, were recruited as one of the studied groups and received
ACTH gel therapy (80 IU twice a week) for 6 months. By the end of the treatment, 2 of 5
patients (40%) attained partial remission of proteinuria. Mechanistically, by 4 months of
ACTH gel therapy 3 of 5 patients (60%) demonstrated the disappearance in the serum of the
anti-phospholipase A2 receptor (PLA2R) autoantibody4, an etiological factor recently
characterized for the pathogenesis of iMN, thus denoting an immunologic remission.
Consistently, ACTH-induced remission of proteinuria in iMN is also observed to correlate
with a reduction in anti-PLAZ2R levels by another two collaborative studies reported as
conference abstracts6®66, One study examined serum samples from iMN patients treated
with synthetic ACTH by Berg et al®. Of the 9 patients who were anti-PLA2R positive at
baseline, all had either absent or decreased anti-PLAZ2R in their post-treatment serum
samples, with a mean decrease of 86% (range 19-100%) from the initial anti-PLA2R levels.
In 7 patients, a disappearance or a substantial decrease in anti-PLA2R correlated
respectively with complete (4 patients) or partial (3 patients) remission of proteinuria®®. In
the other study5®, 12 patients that were anti-PLAZ2R positive at baseline experienced a
reduction in anti-PLAZ2R autoantibody (17-100%) after 6 months of ACTH gel treatment
with a complete disappearance of anti-PLA2R in 5 cases. Another pilot study®” lately
reported as an abstract was designed to determine the dose and effectiveness of ACTH gel in
nephrotic patients with iMN and also revealed a similar effect of ACTH on the depletion of
anti-PLAZR autoantibody: ACTH gel treatment induced a significant remission of
proteinuria along with improvement in both serum albumin and total cholesterol levels®7;
Anti-PLA2R was positive at baseline in 15 of the total 20 patients and the levels were found
to change prior to and in correlation with the proteinuria response to ACTH gel therapy®’.
Taken together, it seems that ACTH therapy may exert the therapeutic effects additionally
by suppressing autoantibody production.

In agreement with the above clinical evidence, immunological research has evidently
indicated that B lymphocytes express abundant MCRs, including MC1R and MC3R.
Melanocortins like a-MSH possesses a potent inhibitory effect on human immune responses
to exogenous antigens likely via activating these MCRs on B lymphocytes®. Moreover, this
melanocortin induced immunomodulatory effects on B lymphocytes seems distinct from the
immunosuppressive effect conferred by glucocorticoids, because most of the patients with
refractory iMN recruited in the aforementioned studies had been previously treated with
other immunosuppressive regimens, including glucocorticoids, and failed to achieve clinical
or immunologic remissions. Thus the autoantibody suppressing activity of ACTH is
apparently not steroidogenic dependent but possibly mediated by a unique MCR directed
mechanism.

Collectively, clinical and experimental evidence proves that melanocortin therapy is able to
induce remission of proteinuria in patients with iMN through both a direct podocyte
protective mechanism and a steroidogenic independent systemic autoantibody suppressing
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mechanism that might be ascribed to the MCR mediated immunomodulatory effects on B
lymphocytes (Figure 2).

MCD and FSGS

As one of the 4 native melanocortin peptides, ACTH has been widely used since early 1950s
for the treatment of nephrotic syndrome possibly caused by lipoid nephrosis, an older term
for nil lesion or MCD?31:69.70° ACTH therapy was particularly provided for childhood
nephrotic syndrome in lieu of steroids with the hope of less growth retardation since it does
not suppress the adrenal glands3L. ACTH therapy was quite effective for both pediatric and
adult patients with nephrotic syndrome in 1950s and 1960s, but later has been largely
abandoned and replaced by the synthetic glucocorticoid therapy, due to the following
reasons: 1) the mechanism of action of ACTH was believed at that time to be mediated
solely via steroidogenesis; and 2) ACTH, either naturally or synthetically derived, is a
peptide and has to be administered by subcutaneous or intramuscular injection, which has
been considered less convenient as compared with the oral synthetic glucocorticoid therapy.
Recent clinical studies using ACTH in patients with steroid resistant MCD and FSGS
revealed extra benefit of ACTH and shed light on the melanocortin mechanisms. In an
observational study by Berg et al'2, 2 patients with MCD and 1 patient with FSGS had
nephrotic range proteinuria and demonstrated no response to previous steroid and cytotoxic
treatments. After the patients were converted to synthetic ACTH monotherapy for 2 to 7
months, the 2 MCD patients achieved complete remission and the FSGS patient attained
partial remission. The patients all remained in remission after they were followed up for 4 to
28 months following cessation of ACTH therapy2. In another retrospective case series
abstract report’1, 12 patients with primary FSGS and nephrotic syndrome resistant to prior
immunosuppressive therapies (median 3 therapies) were administered ACTH gel (median
dose 80 U subcutaneous injection twice weekly) for a median of 26 (range 12-56) weeks.
Five of 12 patients (42%) experienced partial remission at last follow-up (median follow-up
time 58 weeks after stopping ACTH). The median time-to-remission was 6 (range 6—24)
weeks. This ACTH induced remission rate in patients with refractory FSGS is consistent
with the finding by another prospective triall4, in which 5 patients with either MCD or
FSGS failed 2 to 4 previous immunosuppressive treatments and were converted to ACTH
gel monotherapy. After 6-month treatment, 2 of 5 patients (40%), 1 MCD and 1 FSGS,
achieved partial remission. Because the development of FSGS might involve multiple
pathogenic mechanisms, one would assume that combination of ACTH and a second
immunosuppressive agent that simultaneously targets different pathogenic pathways might
confer better benefit for refractory FSGS. Indeed, in a recent study reported as a conference
abstract, Berg et al”2 recruited 10 patients with severe FSGS that failed to respond to prior
treatments with prednisolone in combination with other immunosuppressants, including
cyclosporine, tacrolimus, mycophenolate mofetil and/or cyclophosphamide. After
prednisolone was replaced with synthetic ACTH for a median 18 months while continuing
therapy with a second immunosuppressive agent, 8 of 10 patients reached either complete (3
patients) or partial remission (5 patients), again suggesting a steroidogenic independent
mechanism mediating such a robust therapeutic efficacy.

As more and more physician scientists and renal pathologists agree, regardless of the
original etiology, the pathological basis of MCD and FSGS is essentially a disease of
podocytes or podocytopathy, characterized by massive podocyte foot process effacement,
microvillous transformation and podocytopenia as revealed by electron microscopy of the
diseased glomeruli’3. In an effort to understand if the anti-proteinuric activity of ACTH
observed in steroid resistant MCD and FSGS is attributable to a possible melanocortin
mediated podocyte protection, ACTH gel therapy was performed in rats subtotal
nephorectomy?33, a standard model of postadaptive FSGS (classic variant) and progressive
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chronic kidney disease’4. After subtotal renal ablation, rats received ACTH gel treatment
every other day for 5 weeks. ACTH markedly diminished proteinuria (over 50% reduction
in 24 hour urine protein excretion) and significantly preserved kidney function as measured
by increased renal plasma flow, improved inulin clearance rate and lowered serum creatinine
levels. Histologically, glomerulosclerosis and tubulointerstitial fibrosis, renal inflammation,
tubular atrophy, and tubular epithelial to mesenchymal transdifferentiation were all reduced
after ACTH therapy. Of note, ACTH had no significant effects on mean arterial pressure or
kidney-to-body weight ratio, suggesting that the effect of ACTH is less likely due to
hemodynamic regulatory activities or anti-hypertrophic mechanisms. Because
glucocorticoid therapy exacerbates proteinuria and glomerulosclerosis in this model’>,
steroidogenesis is also unlikely to contribute to the protective effect of ACTH. Instead,
evidence for direct podocyte protection was discovered in remnant glomeruli. This included
reduction in foot process effacement, diminished podocytic apoptosis, and lesser reductions
in glomerular expression of podocyte markers including vimentin, nephrin, podocin and
WT-1 in ACTH treated rats. These data suggest that ACTH reduces proteinuria and injury in
progressive glomerulosclerosis via direct podocyte protection. As MC1R and MC5R have
been evidently identified in podocytes both in vivo and in vitro, ACTH and a-MSH as well
as synthetic a-MSH analogues that possess agonizing activities on these MCRs might be
useful for the treatment of podocytopathic glomerular diseases like MCD and FSGS (Figure
2).

Other glomerular diseases

Experimental evidence proves that human glomerular capillary endothelial cells and
mesangial cells also express abundant MCR both in vivo and in vitro32, suggesting that
glomerular endothelium and mesangium may serve as targets of the melanocortin system,
and melanocortin therapy might have effects on mesangial disease, glomerular endothelial
injuries and mesangiocapillary diseases. So far pre-clinical data are very scarce on the
effects of melanocorins in these glomerular diseases. But clinical experience from ACTH
therapy in steroid resistant glomerular diseases, including mesangial proliferative
glomerulonephritis (MsPGN), IgA nephropathy (IgAN), mesangiocapillary (also known as
membranoproliferative) glomerulonephritis (MPGN) and glomerular endotheliosis suggests
that melanocorin based therapy is indeed beneficial for these glomerular diseases.

Both Berg et all2 and Bomback et al1415 reported in their case series studies that patients
with steroid resistant MsPGN, IgAN or MPGN responded very well to ACTH therapy in
terms of remission of proteinuria, inferring steroidogenic-independent melanocortin
mechanisms mediating a renoprotective benefit. In a prospective study by Bomback et all4,
5 patients with IgAN, 3 of whom previously failed other immunosuppressive treatment
regimens including prednisone, were recruited as one of the studied groups and received
ACTH gel therapy (80 IU twice a week). After 6 months treatment, 2 of 5 patients, one
previously untreated and one steroid resistant, both achieved remarkable proteinuria
remission. The experience of melanocortin-based therapy in glomerular endotheliosis is
even scarcer and only limited to a couple of case reports as conference abstracts. Patel et
al’® tried ACTH gel therapy in a patient with biopsy proven transplant glomerulopathy, a
prototypical glomerular endotheliosis possibly caused by antibody mediated rejection,
hepatitis C infection or calcinurin inhibitor toxicity. After 4-month ACTH treatment, the
patient demonstrated 50% reduction in proteinuria, associated with improvement in serum
albumin levels and kidney function. Noteworthily, as early as 1950s ACTH was proposed as
a promising therapy for thrombotic microangiopathy’’. More experimental as well as
clinical studies are, however, required to validate if melanocortin therapeutics is really
beneficial for diseases of the glomerular endothelium, including thrombotic
microangiopathy, transplant glomerulopathy and preeclampsia.
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In addition to direct melanocortin effects on kidney parenchymal cells, melanocortins
including ACTH are also able to target leukocytes and generate potent immunomodulatory
effects. Therefore, besides direct protection of podocytes, mesangial cells and glomerular
endothelial cells in primary glomerular diseases, melanocortin based therapy might also
have a beneficial effect in glomerular diseases that are secondary to systemic autoimmune
disorders, such as lupus nephritis. In fact, one of the FDA approved indications for ACTH
therapy is to induce remission of nephrotic syndrome caused by lupus erythematosus. In a
recent study by Berg et al”8 that was presented as a conference abstract, 5 patients with
lupus nephropathy received synthetic ACTH treatment for average 6 months. Urinary
albumin excretion decreased from average 4278 pg/ml to 285ug/ml, associated with
significant improvement in hypoalbuminemia and stabilization of kidney function. Three of
the 5 patients previously failed multiple immunosuppressive regimens including
glucocorticoids, again suggesting a steroidogenic independent melanocortin mechanism
mediating the renoprotective effect in lupus nephritis. To further verify the efficacy of
melanocortin based therapy in systemic autoimmune diseases, more randomized controlled
studies are merited to evaluate the improvements in not only renal parameters but also
systemic autoimmune activities.

mechanisms of melanocotin based therapy for glomerular

The MCRs are prototypical G protein coupled receptors8. Upon activation by
melanocortins, MCRs will activate the two principal signal transduction pathways involving
MCRs: cAMP signal pathway and phosphatidylinositol signal pathway®. These two signal
pathways will ignite many other downstream signaling cascades that are responsible for
various cellular effects, ultimately leading to renoprotection and remission of proteinuria.

1. Anti-apoptosis and pro-survival activities

Evidence suggests that the cAMP signaling pathway triggered by the MCR, in particular
MCIR, interacts and cross-talks with the mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) pathway8%-83, which is a key signaling cascade
that relays pro-survival/anti-apoptotic signals4. Podocytes have been proved to express
MCRs. In cultured murine podocytes expressing MCL1R, selective agonist of MC1R strongly
triggered cCAMP signaling pathway?C. Thus MCR agonists like ACTH and a-MSH might
have a direct anti-apoptosis/pro-survival effect on podocytes and protect podocytes from
death through the crosstalk between the MCR/cAMP signaling pathway and the MAPK/
ERK pathway (Figure 3). This mechanism presumably explains why ACTH treatment had a
direct podocyte protective effect and prevented podocytopenia in animal models of
postadaptive FSGS33,

2. Anti-inflammation and immunomodulation

As neuroimmunopeptides, melanorcortins possess a potent immunomodulatory activity in
circulating leukocytes, including monocyte, T and B lymphocytes, NK cells and antigen
presenting cells®5-87. In addition, in parenchymal cells of most organ systems, including the
kidney, melanocortins also have a prominent anti-inflammatory effect88, This anti-
inflammatory/immunomodulatory effect could be mediated by multiple MCRs, including
MC1R, MC3R and MC5R, and achieved through suppression of the transactivation
activities of NFiB®#88, a pivotal transcription factor that governs the expression of
numerous proinflammatory mediators implicated in immune response and inflammatory
reaction, such as chemokines, lymphokines, adhesion molecules and more®9. The exact
mechanisms for NF«xB inhibition induced by MCR signaling pathways remain unclear, but
evidence suggests that the MCR activated cAMP signaling pathway is involved®8. Protein
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kinase A (PKA) is substantially activated following the MCR triggered induction of
intracellular cAMP levels. As an important substrate of PKA, glycogen synthase kinase
(GSK) 3B will be phosphorylated and its activity suppressed. GSK3p has been shown to be
an important signaling transducer that controls phosphorylation specificity of NFkB RelA/
p65 and directs the selective transcription of NFxB dependent proinflammatory
molecules®. Thus, inhibition of GSK3p activity by the MCR-cAMP-PKA signaling
pathway will selectively obliterate the expression of proinflammatoty cytokines responsible
for inflammatory reactions and Th1 mediated immune response, including TNF-a, IL-13
and IL-12 (Figure 3)87. In addition, both activation of PKA and inhibition of GSK3p could
increase the activity of cAMP response element binding protein (CREB), a transcription
factor that controls the expression of anti-inflammatory cytokines like IL-10 that are
essential for immunotolerance®?. Besides, CREB also accounts for differential regulation of
Th1, Th2, and Th17 responses®6:87.91 CREB activation directs regulatory T cell lineage
commitment and thus favors immune tolerance®! (Figure 3). Indeed, treatment of primed T
cells with a-MSH could induce tolerance/anergy in primed CD** T helper cells and mediate
induction of CD25*CD** regulatory T cells through an MC5R dependent mechanism, thus
resulting in tolerance to experimental autoimmune injuries?2. Furthermore, a-MSH has been
demonstrated to have immunosuppressive activities also in humans, likely acting in part via
MC1R on monocytes and MC1,3R on B lymphocytes®8. It is tempting to speculate that the
therapeutic effects of melanocortin treatments in immune mediated glomerular diseases like
iMN and podocytopathies like MCD and FSGS might be attributable, at least in part, to
systemic immunomodulation, which could: 1) reinstate the immune balance between the
subsets of T helper lymphocytes, 2) reduce the production of autoantibody, and 3)
diminishes the release of pathogenic lymphokines that possess glomerular permeability
activities?3:94,

3. Regulation of cytoskeletons

G protein signaling ignited by MCRs, prototypical GPCR, is closely involved in fast acting
cellular responses, including cytoskeleton rearrangement and cell shape changes. Activation
of MC1R has been shown to regulate the activities of multiple cytoskeleton regulatory
signaling transducers, including Rac, Cdc42 and Rho through the cAMP-PKA signaling
pathway?>9, MC1R-cAMP-PKA signaling enhances the activity of GTP-binding protein
Rac, quickly resulting in altered lamellipodia and filopodia formation and increased cellular
arborization and dendritogenesis® (Figure 3). This effect might protect the podocytes from
cytoskeleton dysorganization induced by various immune or hon-immune mediated injuries,
and might also account for the improvement in podocyte foot process effacement and
podoc%/?'fe shape changes observed after ACTH treatment in animal models of postadaptive
FSGS®°.

Side effects of melanocortin based therapy

According to the existing experience of clinical use of ACTH as well as ongoing clinical
trials of other melanocortin analogues, the side effects of melanocortin-based therapy seem
mild, tolerable and reversible.

Allergy and anaphylaxis

All of the melanocortins that are currently available for medicinal use are peptides and
require injection as a way of administration. Among these drugs, natural ACTH is prepared
from porcine pituitary glands, while synthestic ACTH and other synthetic melanocortin
analogues are oligopeptides structurally derived from natural ACTH or a-MSH. As foreign
proteins or synthetic oligopeptides, these macromolecular drugs might potentially have
antigenic/immunogenic activity. Thus, allergy and anaphylaxis are reasonable concerns for
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melanocortin based therapy. However, in the past 60 years there were only several case
reports on mild allergic/anaphylactic reactions to clinical use of natural or synthetic ACTH
and most were limited to pediatric patients®7:98, suggesting the antigenicity and
immunogenicity of the melanocortin peptides might be minor.

Cushingoid symptoms

The steroidogenic melanocortin peptide ACTH has been labeled to potentially generate
steroid like side effects and incur cushingoid symptoms, including visceral obesity,
hyperglycemia, osteoporosis, avascular osteonecrosis and more. However, multifaceted
evidence indicates that ACTH as compared with glucocorticoids might play a distinct or
even opposing role in the development of some of these side effects. It is known that
glucocorticoid treatment or overproduction of endogenous cortisol could reduce bone
mineral density and result in osteoporosis®?. However, patients with adrenal Cushing’s
syndrome, where ACTH levels are suppressed, experience greater bone loss than those with
pituitary Cushing’s with high serum ACTH levels1%. Likewise, patients with familial
glucocorticoid deficiency with elevated ACTH levels, due to hypothalamic feedback, have a
higher bone mass than age-matched controls191, Taken together, these findings are
consistent with an anabolic effect of ACTH, which seemingly counteracts the bone loss due
to cortisol. Lately, through an animal model of glucocorticoid-induced osteonecrosis, it is
confirmed that ACTH treatment actually protected from methylprednisolone induced
avascular osteonecrosis of femoral headl%2. And this effect was attributed to the ACTH
promoted maintenance and regeneration of fine vascular networks surrounding the highly
remodeling bonel%2,

In addition, hyperglycemia is another common side effect of glucocorticoid therapy due to
impaired insulin production% or insulin resistancel%4. By contrast, ACTH has been
demonstrated to have opposing effects and prominently induce 3 cell production of
insulin105-107 | actuality, natural ACTH possess a potent f-cell tropic and insulinogenic
activity, which has been proved to reside in the C-terminal part ACTH(22-39) of ACTH>1,
Consistently, in a recent prospective randomized trial presented as a conference abstract, 18
patients with advanced diabetic nephropathy were treated with low doses of ACTH gel (16
or 32 U daily subcutaneous injection) for 6 months. The average 24 hour urine protein
excretion was significantly reduced from 7.8 to 2.3 gram, associated with stabilized kidney
function and no deterioration of diabetes. Only 2 of 18 patients (11%) required reduction in
ACTH dose secondary to hyperglycemial®8, suggesting that ACTH therapy, totally different
from glucocorticoid therapy, is safe for patients with diabetes, although large-scale trials
with long-term follow-up are required to validate this finding. Collectively, the steroid like
side effects or Cushingoid symptoms seem to be mild at the clinical doses of ACTH. It is
also conceivable that clinical use of non-steroidogenic melanocortins such as a-MSH or its
synthetic analogues should be able to avoid these steroid like side effects.

Hypertension

Hypertension is another occasional side effect observed in melanocortin based therapy. For
non-steroidogenic melanocortin or analogues mildly elevated blood pressure has been
reported during phase | or 11 clinical trials, possibly due to the hemodynamic actions
subsequent to MC3R activation in cardiovascular system3° or due to the central nervous
actions19°, In addition, ACTH therapy through the cortisol effect might also induce mild
hypertension. As a type of natural glucocorticoid, cortisol may elevate blood pressure
directly by enhancing vascular tonel19. On the other hand, cortisol has a fair amount of
activity on the minerocorticoid receptor!!, and may cause sodium and water retention,
potassium wasting and expansion of effective circulating volume, thus resulting in mild
hypertension or even congestive heart failure in some high-risk patients! 1. Uncontrollable
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malignant hypertension following ACTH therapy is very rare but could be seen in patients
with glucocorticoid remediable aldosteronism (GRA)12, GRA is a rare (prevalence: 0.66%)
autosomal dominant disorder!13, in which the promoter region of the 11-hydroxylase gene is
fused to the coding region of the aldosterone synthase due to an unequal gene crossing-over,
so that adrenal production of aldosterone is not only regulated by the RAAS, but largely
under the control of ACTH12, Following ACTH treatment, GRA patients may rapidly
manifest with fatigue, a drastic increase in blood pressure and severe headache12. The most
serious side effect of ACTH therapy in GRA patients is very severe hypertension resulting
in hemorrhage stroke!12. Therefore, for patients with uncontrollable hypertension following
ACTH treatment, GRA should be suspected and ACTH therapy should be discontinued.

Other side effects

Other possible side effects of melanocortins include skin pigmentation and increased risk of
melanoma due to MC1R activation114-116_ Therefore, melanocortin based therapy should be
avoided in patients with current or even antecedent malignant melanoma. Additional side
effects may include anorexia, mood changes, sleep disorders and behavioral disturbances
due to activation of MC3R and MC4R in the central nervous system18. Seborrheic dermatitis
and acne vulgaris are also possible concerns due to over-function of sebaceous glands
following activation of MC5R on sebocytes.11” Pan MCR agonists may potentially increase
libido and activate the yawning, stretching and erection reflexes due to activation of MC4R
in central nervous system118,

Conclusions

In the past several years, a growing body of clinical and experimental evidence consistently
indicates that melanocortin treatments have prominent anti-proteinuric and kidney protective
effects in a variety of glomerular diseases. The existing clinical findings are encouraging,
however, most were made in single-center observational studies with small sample sizes,
poor controls and short term follow up. Thus, additional large-scale multicenter randomized
controlled trials are warranted to revalidate the safety and efficacy of the melanocorin based
therapy for glomerular diseases. Moreover, an extended follow-up duration is merited to
assess whether the melanocortin based therapy can actually retard the progression of CKD
and stabilize kidney function, in addition to its proteinuria-reducing effect. In summary, the
melanocortin based therapy might represent a novel, promising and pragmatic therapeutic
strategy for glomerular diseases.
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CLINICAL SUMMARY

The melanocortin system is a set of hormonal, neuropeptidergic, and immune
signaling pathways that play an integral role in the homeostatic control of a
diverse array of physiological functions, including inflammation,
immunomodulation, and adrenocortical steroidogenesis.

The kidney is a quintessential effector organ of the melanocortin hormone
system with melanocortin receptors abundantly expressed by multiple renal
paranchymal cells, including podocytes, mesangial cells, glomerular endothelial
cells and renal tubular epithelial cells.

Converging clinical and experimental evidence suggests that the melanocortin
based therapy by using melanocortin peptides, including adrenocorticotropic
hormone (ACTH) and other melanocortin analogues confers potent proteinuria
reducing and kidney protective effects in a variety of glomerular diseases.

The anti-proteinuric and renoprotective effects exerted by the melanocortin
based therapy could be ascribed to both direct protection of glomerular cells and
steroidogenic-independent systemic immunomodulation and anti-inflammation.
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IS cuP  ¢LPH | Endorphin
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Melanocortins Amino acid sequences

Human o-MSH Ac-SYSMEHFRWGKPV-NH;
Human B-MSH HoN-AEKKDEGPYRMEHFRWGSPPKD—OH
Human y-MSH HoN-YVMGHFRWDREFG-OH
Human ACTH HoN-SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF-OH
Porcine ACTH HoN-SYSMEHFRWGKPVGKKRRPVKVYPNGAEDELAEAFPLEF -OH
Synthetic ACTH H-SYSMEHFRWGKPVGKKRRPVKVYP-OH

Figure 1. Biosynthesis and molecular structures of melanocortin peptides

(a) Pituitary biosynthesis of melanocortins. Melanocortins are synthesized in the anterior
pituitary gland from the precursor peptide pre-pro-opiomelanocortin (pre-POMC), which
undergoes a series of post-translational modifications such as phosphorylation and
glycosylation before it is proteolytically cleaved by prohormone convertase (PC) enzymes
PC1 and PC2 to yield a chemically and biogenetically related family of melanocortin
polypeptides, including ACTH, a-melanocyte stimulating hormone (MSH), f-MSH and -
MSH. CLIP, corticotropin-like intermediate peptide; LPH, lipotropin; (b) Molecular
sequences of natural human melanocortin peptides, porcine ACTH and synthetic ACTH.
ACTH is a linear nonatriacontapeptide straight-chain polypeptide containing 39 amino
acids. The sequence of amino acid occupying positions 25 to 33 may vary among species.
However, the N-terminal 24-amino acid segment is highly conserved and actually identical
in all species. The only one different amino acid between porcine and human ACTH is
underscored (residual 31 is serine for human and lysine for porcine). All melanocortin
peptides share the same core tetrapeptide sequence His-Phe-Arg-Trp (HFRW), which is the
minimal sequence required for selectivity and stimulation of the cognate MCRs (except
MC2R). The Lys-Lys-Arg-Arg (KKRR) motif is the address sequence that permits MC2R
recognition and is unique to ACTH.
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Figure 2. The melanocortin based therapy is effectivein glomerular diseases via both direct
protection of glomerular cellsand systemic immunomodulation

Melanocortins and their synthetic analogues induce remission of glomerular diseases mainly
by targeting the glomerular cells (podocytes, mesangial cells and glomerular endothelial
cells) and immune competence cells via the expressed melanocortin receptors (pathways in
blue) and thereby exerting both a direct cellular protective effect on glomerular cells and a
systemic immunomodulatory and anti-inflammatory effect. ACTH, the only melanocortin
peptide with steroidogenic activities, exerts an additional cortisol dependent effect that
might also contribute to the remission of glomerular diseases (pathways in yellow). P,
podocytes; M, mesangium; E, glomerular endothelial cells; C, glomerular capillary lumen;
BC, Bowman’s capsule; APC, antigen presenting cells. Schematic of a normal glomerulus is
reproduced with permission from Quaggin SE and Kreidberg JA. Development 2008;135(4):
609-620. doi:10.1242/dev.001081
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Figure 3. Molecular mechanismsresponsible for the effect of melanocortin based therapy in
glomerular diseases

When melanocortin peptide ligands bind to MCRs, which are prototypical G protein coupled
receptors, they causes a conformational change in the MCR, which allows it to act as a
guanine nucleotide exchange factor. The MCR can then activate an associated G-protein by
exchanging its bound GDP for a GTP. The G-protein’s a subunit, together with the bound
GTP, can then dissociate from the § and y subunits to further affect intracellular signaling
proteins, including adenylyl cyclase and phospholipase C, thus trigger the two principal
signal transduction pathways involving MCRs: cAMP signal pathway and
phosphatidylinositol signal pathway. The cAMP-PKA pathway regulates the downstream
signaling cascades, including the MAPK/ERK mediated pro-survival/anti-apoptosis pathway
that might protect the glomerular cells, such as podocytes and glomerular endothelial cells,
from injury and death; the CREB/NF«B pathway that balances the pro- and anti-
inflammatory reaction as well as the immune tolerance and autoimmune response; and the
cytoskeleton regulatory signaling pathway that might be involved in cytoskeleton
remodeling in glomerular cells such as podocytes. MEK, MAPK kinase; MCR,
melanocortin receptor; PKA, protein kinase A; CREB, cAMP response element binding
protein; GSK3p, glycogen synthase kinase 38; ERK, signal-regulated kinase; NF«B, nuclear
factor xB.

Adv Chronic Kidney Dis. Author manuscript; available in PMC 2015 March 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Gong

Table 1

Components of the melanocortin hormone system.

The melanocortin system

Ligands ACTH; a-MSH, f-MSH, -MSH

Receptors melanocortin receptor type 1~5 (Class A G-protein coupled receptors)

Antagonists  Agouti signaling protein (ASIP); Agouti related protein (AgRP)
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