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

1duasnue Joyiny vd-HIN

"s», NIH Public Access

(=
a2 & Author Manuscript

Published in final edited form as:
Nutrition. 2010 February ; 26(2): 146. doi:10.1016/j.nut.2009.07.003.

Update on Melanocortin Interventions for Cachexia: Progress

Toward Clinical Application

Mark Daniel DeBoer, MD, MS, MCR [Assistant Professor of Pediatrics]
Division of Pediatric Endocrinology, University of Virginia

Abstract

Cachexia is a devastating syndrome of body wasting that is associated with multiple common chronic
diseases including cancer, chronic kidney disease, and chronic heart failure. These underlying
diseases are associated with increased levels of inflammatory cytokines and result in anorexia,
increased resting energy expenditure and loss of fat and lean body mass. Prior experiments have
implicated the central melanocortin system in the hypothalamus with the propagation of these
symptoms of cachexia. Pharmacologic blockade of this system using melanocortin antagonists causes
attenuation of the signs of cachexia in laboratory models. Recent advances in our knowledge of this
disease process have involved further elucidation of the pathophysiology of melanocortin activation
and demonstration of the efficacy of melanocortin antagonists in new models of cachexia, including
cardiac cachexia. Additionally, small molecule antagonists of the melanocortin-4 receptor (MC4R)
continue to be introduced, including ones with oral bioavailability. These developments generate
optimism that melanocortin antagonism will be used to treat humans with disease-associated
cachexia. However, to date human application has remained elusive and it is unclear when we will
know whether humans with cachexia would benefit from treatment with these compounds.

Introduction

The past decade has provided an enlightening glimpse into the neural networks responsible for
the suppression of appetite seen in disease-associated cachexia [1]. Disease processes as
diverse as cancer, renal failure, cardiac failure and AIDS can result in this pathologic process
that involves increased resting metabolic rate, loss of muscle and fat stores, and anorexia at a
time when energy requirements are elevated. The similarity of this process across such diverse
underlying disease states is partly explained by a unifying characteristic of these diseases—
their increase in systemic cytokines [2]—and partly explained by the involvement of a vital
appetite-regulating center in the hypothalamus: the central melanocortin system.

Since the initial description of this neural center's role in the process of cachexia in 2001 [3],
insights continue to be elucidated regarding 1) the mechanisms through which the melanocortin
system propagates features of cachexia 2) new disease indications that respond to melanocortin
antagonism and 3) novel means of inhibiting the system. This review will focus on both our
current understanding of the mechanism by which the melanocortin system produces cachexia
of chronic disease and on updates regarding pharamacologic blockade of this system as a
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promising treatment for cachexia. We will close by considering outstanding issues needed to
advance the field.

Melanocortin physiology

The central melanocortin system is located principally in the arcuate nucleus of the
hypothalamus, in an area adjacent to the 3" ventricle [4]. This is an area of relative permeability
of the blood-brain barrier, giving the arcuate nucleus exposure to circulating indicators of
disease activity, including inflammatory cytokines [5]. The melanocortin system is comprised
of two types of neurons with opposing actions regarding appetite.

The first of these classes of neurons are anorexigenic in nature and express pro-
opiomelanocortin (POMC), a large peptide that is cleaved to yield a-melanocyte stimulating
hormone (a-MSH)(Figure 1). POMC-expressing neurons send processes that synapse with
second order neurons in multiple areas around the brain and brainstem, including the
paraventricular nucleus of the hypothalamus (also involved in appetite regulation), the lateral
hypothalamus and the nucleus of the solitary tract in the brainstem [4]. Once a-MSH is released
in synapses with these second order neurons, it binds to melanocortin 3 receptors and
melanocortin 4 receptors (MC4R), leading to widespread downstream effects, including a
decrease in food-seeking behavior, an increase in basal metabolic rate and a decrease in lean
body mass [6-9]. As such, activation of these POMC neurons is a major source of the symptoms
that are seen consistently in cachexia.

The second class of neurons in the melanocortin system are orexigenic in nature and express
neuropeptide-Y (NPY) and Agouti related protein (AgRP)(Figure 1). AgRP is a natural inverse
agonist of the MC4R, producing a decrease in the constant tone that POMC neurons place on
restraining appetite. Thus, administration of AgRP or a synthetic MC4R antagonist into the
intraventricular space result in an increase in food-seeking behavior [3,10]. Similarly, genetic
mutation of the MC4R results in a decrease in melanocortin tone and is the most common
monogenic cause of obesity [11,12]. The potential to reverse the anorexia, loss of lean body
mass and increased basal energy expenditure that result from melanocortin activation has made
antagonism of this system a major focus in the treatment for cachexia syndromes [3,13].

Recent insights into melanocortin physiology

Role of inflammation in POMC/AgRP neuronal activity

The past 3 years have further clarified multiple aspects of our understanding of the regulation
of the central melanocortin system—particularly in the setting of cachexia. POMC and AgRP
neurons have been known to express receptors to circulating factors such as leptin [14,15],
which allows for appetite regulation based on a signal of long-term energy reserves.
Administration of leptin had been shown to increase expression of POMC accompanied by a
decrease in feeding behavior [16]. In an analogous manner, POMC and AgRP neurons have
recently also been shown to express the receptor for IL-1f (Figure 1) [17,18]. This is significant
with respect to cachexia, given the presence of inflammatory mediators that are seen in the
various underlying diseases associated with cachexia [2], Recent work has demonstrated that
when hypothalamic explants are exposed to IL-18, POMC neurons respond by increasing
release of a-MSH [17], while AgRP/NPY neurons respond by decreasing release of AgRP
[18]. These responses thus likely affect activity at MC4-receptors on second order neurons
during worsening cachexia, causing a decrease feeding response, an increase in BMR and an
increase in catabolism of lean mass and fat mass.
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Role of the brainstem in cachexia

Recent investigations also suggest a role for the brainstem in cachexia-associated anorexia.
This point is particularly pertinent because the only location of POMC-expressing neurons
outside of the hypothalamus is the nucleus of the solitary tract (NTS), a neural center in close
proximity to the dorsal motor nucleus of the vagus, influencing gut motility and cardiovascular
function [19,20]. Neurons in the NTS (though, interestingly, not POMC neurons) are
transcriptionally-activated during cancer cachexia [21] and during injection of inflammatory
cytokines into the NTS [17,22,23]. Moreover, administration of AgRP or other melanocortin
antagonist into the region of the NTS increases food intake [24] and ameliorates inflammation-
associated anorexia during a 12-hour period after injection of IL-1p into the 41 ventricle
[22]. Thus, in addition to decreasing melanocortin output from the hypothalamus, treatment
with MC4R antagonists may also act at brainstem centers in addition to hypothalamic centers
to influence food intake.

Role of ghrelin in melanocortin inhibition

POMC and AgRP neurons also respond to circulating factors that are orexigenic in nature, such
as the stomach hormone ghrelin. Both POMC and AgRP neurons express Growth Hormone
Secretegogue receptor-1, the receptor to ghrelin (Figure 1), and treatment of cachexia with
ghrelin has been shown to increase expression of AgRP, associated with an improvement in
food intake and lean mass retention [25,26]. This serves as a reminder that additional treatments
such as ghrelin or ghrelin agonists may provide a further way to manipulate melanocortin
output toward improving cachexia-associated indices [27].

Genetic variation in MC4R

As the field of cachexia research moves closer to the use of melanocortin antagonists to treat
humans with cachexia, an additional issue of interest has been in underlying variability in the
MC4-receptor itself. Exploration into common polymorphisms of the MC4R have revealed a
differential of cachexia responses during cancer [28]. Individuals who have were homozygotes
for a VVal103lle polymorphism (approximately 2% of the population) appeared to be more
resistant to cancer cachexia caused by solid tumors than were homozygotes for the more
common allele. Though these finding need to be verified in a separate population, they are an
intriguing extension of research into amino acid sequences of the MC4R that play a role in
ligand binding or receptor function [29,30]. This underscores the possibility that not all
individuals will respond identically to new melanocortin antagonists, and that some
interventions may need to be tailored to a given patient's genotype [31].

Role of the central melanocortin system in blood pressure regulation

One final development in our understanding of the physiology of the melacortin system pertains
to additional systemic effects mediated by the melocortin system. Recent evaluation of
individuals who are deficient in the MC4R revealed that individuals that lack functional MC4R
(leading to early-onset obesity) have lower blood pressure than weight-matched controls
[32]. Futhermore, treatment of obese individuals with an agonist to MC4R (which acts like a-
MSH and was developed as a potential treatment for obesity) were found to have an increase
in blood pressure. Given the baseline hypertension commonly seen in obese individuals, this
revelation of increased blood pressure during therapy to activate the melanocortin system raises
questions regarding the safety of melanocortin agonists as a treatment for obesity. These
findings also give one pause in wondering whether treatment with melanocortin antagonists
may result in hypotension that would limit its therapeutic potential as well. Clearly a significant
amount of further investigation is needed to begin to start answering some of these questions.
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New animal models of cachexia demonstrating efficacy of melanocortin

blockade

In addition to an expanded understanding of melanocortin physiology and output effects,
efficacy of melanocortin inhibition continues to be demonstrated in an expanding number of
cachexia-associated diseases. Having been previously shown to improve food intake and lean
body mass in the settings of cancer cachexia and uremia, efficacy of melanocortin treatment
has been recently demonstrated in the setting of chronic heart failure (CHF) [33] and radiation
injury [34]. Confirmation of benefit in the setting of CHF represents a significant advance
given that CHF is estimated to affect 5 million individuals in the U.S. [35]. Of these,
approximately 15% suffer from cachexia due to their cardiac condition [36] and those who do
have a worsening in survival [37].

In their experiments, Scarlett et al. examined the effect of melanocortin inhibition using two
different models of cardiac failure: 1) surgical ligation of a branch of the left main coronary
artery, producing myocardial infarction (Ml), and 2) banding of the ascending aorta using
titanium clips, resulting in congestive heart failure. Both models resulted in heart failure and
cachexia with a >75% decrease in lean body mass accrual 6 weeks after surgery in wild-type
animals receiving either of the procedures. In both cases, however, melanocortin antagonism
completely ameliorated the loss of lean body mass.

When coronary artery ligation was performed in MC4R-KO mice, the mice did not display
any decrease in lean body mass relative to sham-operated MC4R-KO mice and did not exhibit
the increase in basal oxygen consumption seen in wild type mice with surgical MI. When aortic-
banded rats received AgRP via ICV catheter as a means of blocking melanocortin output, they
actually exhibited an increase in lean body mass accrual relative to sham-treated rats receiving
artificial saline ICV. In this case the melanocortin inhibition more than compensated for lean
mass losses due to heart failure.

These results, while not unexpected considering the efficacy of melanocortin antagonists in
other settings of cachexia, confirm potential for melanocortin treatment among the large
population of individuals with heart failure. An intriguing concept related to the lower blood
pressure seen in humans with MC4R deletions is that afterload reduction—an effect not
uncommonly sought in the treatment of heart failure [38]—may prove a further benefit to
melanocortin antagonists in this setting, though clearly a vast amount of research is needed
before this is clear.

Emergence of bioavailable small-molecule inhibitors

Initial demonstrations of efficacy of melanocortin antagonism—including the CHF study just
described—relied on either ICV treatment with AgRP or animals with genetic deletions of
MCA4R. These experiments were then followed by treatment with small molecules inhibitors
which themselves were administered via ICV catheters [3,39-41]. Perhaps the biggest advance
in the field of melanocortin antagonism from a clinical perspective has been the introduction
of peripherally-administrated compounds with efficacy in cachexia treatment (Table 1) [8,
42-48]. Over the past 5 years, the field has rapidly evolved to the point were at least 7 small
molecule inhibitors have been reported in the scientific literature to have efficacy following
peripheral administration in a variety of animal models of disease-associated cachexia. Table
1 lists these small molecule inhibitors, including 2 compounds with oral bioavailability [42,
46]—which are more likely to be preferred in clinical use if equally efficacious as compounds
requiring subcutaneous injection.
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Future needs

Despite recent advances in our knowledge of the melanocortin physiology and our ability to
inhibit the system in laboratory models of cachexia, multiple questions remain, some of which
give cause for optimism and some give cause for concern. Many of these questions relate to
limitations of the rodent models of cachexia that have provided all of our information regarding
the effects of melanocortin antagonism. Because of ethical concerns about the morbidity of the
mice and rats used in these models, we are unable to test the long-term prognosis for animals
receiving cachexia treatment. It has long been felt that improving the symptoms of cachexia
may in turn improve the underlying disease process as well, and this remains an untested hope
in the field of melanocortin antagonism.

Also unknown is whether long-term treatment with these compounds will lead to increased
tolerance and diminished efficacy on a long-term basis, since redundant pathways may lead to
similar systemic effects. The CHF model discussed previously [33] employed the longest
melanocortin treatment to date (6 weeks) with continued efficacy; melanocortin treatments of
this duration have thus far not been tested in models of cancer cachexia.

Finally, rodent models also make it difficult to adequately follow the sequelae of other systemic
effects of melanocortin antagonism, such as possible changes in blood pressure and potentially
other unanticipated effects. Unfortunately, the majority of these important issues may only be
answered when melanocortin antagonism is tested in humans. To date there have been no
published trials in humans, nor are such trials listed in the NIH clinical trials registry [49].

Thus, the success of melanocortin antagonists in animal models continues to buoy hopes
regarding application of these compounds in humans suffering from disease associated
cachexia. Still, many questions regarding safety and long-term efficacy remain and are unlikely
to be answered by animal models alone. Many of these questions will require testing in humans,
a step we await with cautious optimism.
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Figure 1. Model for activation of the central melanocortin system in the hypothalamus during
cachexia

The melanocortin system is comprised of neurons expressing either POMC or AgRP, each or
which express receptors to IL-1p. During cachexia inflammatory cytokines are released:;
IL-1p acts on the IL1-RI to increase release of a-MSH from POMC neurons and decrease
release of AgRP. This causes an increase in activity at the melanocortin-4 receptors (MC4R)
at second order neurons and downstream events characteristic of cachexia. Blockade of this
signal by melanocortin antagonists attenuates these downstream events. Additionally,
increased production of AgRP, as is caused by the effect of ghrelin at the GHS-1 receptor, also
blocks melanocortin output. (Figure adapted from reference [50], used by permission.)
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Table 1

Peripheral melanocortin antagonists with efficacy in rodent models of cachexia.

Reference

Cachexia model

Melanocortin antagonist

Route,
duration
of
treatment

Effects of
treatment with
melanocortin
antagonist

Cancer Cachexia

Oral administration

Weyermann 200942

C26 adenocarcinoma
(colorectal tumor)

SNT207707

Oral once
daily x 15d

Body weight: gain
1% vs. -1.1%
tumor control***
Fat mass change:
+0.6gvs.-0.69
control*

SNT209858

Oral once
daily x 15d

Body weight: gain
1% vs. -3% tumor
control***

Fat mass change:
+0.02gvs.-1.159g
control*

Chen 200846

Lewis Lung Carcinoma

Piperazine
(name not yet attributed)

Oral twice
daily x 4 d

Body weight:
+1.9% vs. -2.8%
control*

IP/SC administration

Chen 200846

Lewis Lung Carcinoma

Piperazine
(name not yet attributed)

1P bid x 4 d

Food intake (day
13 of tumor
burden): 2-fold
increase above
controls*

Tran 200744

Lewis Lung Carcinoma

Phenyl piperazine
(name not yet attributed)

1P bid x 4 d

Food intake (day
14 of tumor
burden): increased
86% above
control*

Lean body mass
accrual: 7-fold
above control*

Jiang 200745

Lewis Lung Carcinoma

Pyrrolidinone
(name not yet attributed)

SC bid x 4
d

Food intake (day
13 of tumor
burden): increased
82% above
control*

Lean body mass:
-0.5% vs -9.5%
control*

Vos 200448

C26 adenocarcinoma
(colorectal tumor)

ML00253764

SChidx 11
d

Body weight:
+8.3% vs. -7.2%
control**

Markinson 20058

Lewis Lung Carcinoma

NBI-12i

IP bid x 4 d

Food intake (day
13 of tumor
burden): increased
90% above
control*

Lean body mass
accrual: increased
4-fold above
control*

Nicholson 200647

Lewis Lung Carcinoma

ML00253764

SChidx 13
d

Lean body mass:
unchanged vs.
-4.8% for
control**

Uremia
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Reference Cachexia model Melanocortin antagonist | Route, Effects of
duration treatment with
of melanocortin
treatment | antagonist
43 5/6 nephrectomy NBI-12i IP bid x Weight gain:
Cheung 2007 14d increased 2.7 fold

above
nephrectomy
control*

Lean body mass:
2% gain vs. -0.5%
loss for
nephrectomy
control*
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