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ARTICLE INFO ABSTRACT
Article history: Cachexia is characterized by anorexia, weakness, weight loss, and muscle wasting. Anorexia and muscle
Available online 30 July 2013 wasting are the key features of cachexia and they affect mortality, morbidity, and quality of life. Consis-
tent studies have found that feeding-regulating peptides such as melanocortin, ghrelin, and leptin are
1<€yW0ff15-‘ related to muscle metabolism, and the balance of catabolism and anabolism in muscle is regulated in
Cachexx'a the hypothalamus, which also regulates appetite and energy expenditure. In cachexia, proinflammatory
II\\/[norixm ) cytokines, such as TNF-a, IL-1, IL-6 and Angiotensin Il induce muscle atrophy. The mechanism is sug-
Gl;’::“flwasnng gested via upregulation of MuRF1 and MAFbx. In contrast, the orexigenic peptide, AgRP and ghrelin have
Melanocortin the effect to decrease proinflammatory cytokines and increase body weight, food intake, and muscle
mass.

The understandings of the pathological mechanism of anorexia and muscle metabolism in view of the
crosstalk between brain and muscle will open the new way for the management of cachexia. In this
review, we describe recent experimental and clinical studies that have examined the regulation of food
intake and muscle wasting in cachexia.

This article is part of a Directed Issue entitled: Molecular basis of muscle wasting.
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mechanisms, particularly those in the hypothalamus. Many fac-
tors must be considered in the hypothalamic regulation of food
intake, and the interactions between adiposity and the central neu-
ropeptidergic cascade downstream of leptin are increasingly being
studied.

Cancer cachexia is the main cause of death in approximately 20%
of cancer patients (Inui and Meguid, 2003). Cachexia is defined as
a complex metabolic syndrome associated with underlying illness

1. Introduction

Food intake is controlled by a complex network that depends
on the central regulation of energy homeostasis. Signals that regu-
late food intake are ultimately integrated or coordinated by central

* Thisarticle is part of a Directed Issue entitled: Molecular basis of muscle wasting. and characterized by loss of muscle with or without loss of fat mass
* Corresponding author at: Department of Psychoszmadc Internal Medicine, (Evans et al., 2008). Cachexia is highly associated with anorexia,
K i niversi te School of Medical and Dental Sciences, 8-35-1 . A s :
S:fg::g’;akfmgosh?mg?:g’_ 38;320' g, Tel.c w1 82275 S7B1: B weakness, weight loss, muscle wasting, and inflammation. Those
fax: +81 99 275 5749, phenotypes of cachexia affect mortality, morbidity, and quality of
E-mail address: inui@m kufm.kagoshima-u.ac.jp (A. Inui). life (Lainscak et al., 2008).
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Muscle wasting is the key feature of cachexia (Muscaritoli et al.,
2010; Zhou et al., 2010). Prevention of muscle catabolism has
been suggested to prolong survival independent of the disease
course (Zhou et al., 2010). Although the pathological mechanisms
of cachexia and muscle wasting have been under investigation,
insights have primarily been gained on the association of muscle
wasting and feeding-regulatory peptides such as leptin, ghrelin,
and melanocortin (Molfino et al., 2010). Herein, we demonstrate
the control of food intake and muscle wasting, focused on the inter-
action between brain and muscle.

2. Hypothalamic and peripheral regulation of muscle
metabolism and food intake

The regulation of food intake is coordinated in the hypothala-
mus. In particular, the arcuate nucleus of the hypothalamus (ARC)
is critical for appetite regulation. Many factors are implicated in
the hypothalamic regulation of food intake, melanin-concentrating
hormone (MCH), neuropeptide Y (NPY), agouti-related protein
(AgRP), proopiomelanocortin (POMC), cocaine-and-amphetamine
regulated transcript (CART). Of the peripheral peptides, ghrelin and
leptin have the orexigenic and anorexigenic effects respectively,
and make the regulatory feedback loop between the periphery and
brain. There is another crosstalk between the brain and muscle,
where melanocortin and ghrelin have the important role in the
mechanism of cachexia (Fig. 1). Among the numerous circulating
appetite regulating peptides, these two hormones, ghrelin and lep-
tin are particularly important in cachexia, and we will principally
discuss these two hormones here.

2.1. Melanocortins

The melanocortin system is a central component of the regula-
tion of feeding. It is composed of two types of neurons, the neurons;
NYP/AgRP and POMC/CART. These neurons are located in the ARC.
NPY/AgRP neurons release the orexigenic peptides NPY and AgRP,
an antagonist melanocortin, which increase food intake (Williams
etal, 2011; Xu et al., 2011). By contrast, POMC neurons synthesize
and secrete an anorexigenic peptide, a-melanocyte-stimulating
hormone («-MSH), which activates type4 melanocortin receptor
(MC4R) and decreases food intake.

The increase of cytokines stimulates the central melanocortin
system (Reyes and Sawchenko, 2002). Cytokines induce the
hypothalamic expression of the serotonin, which stimulate POMC
anorexigenic pathway. In the result MC4R is activated by serotonin
leading to induce anorexia (Tecott, 2007).

Arecent study has noted that AgRP, the endogenous inverse ago-
nist at the melanocortin-4 receptor (MC4R), ameliorates cachexia
associated with cancer (Joppa et al.,, 2007), uremia (Cheung et al.,
2008), and chronic kidney disease (Cheung and Mak, 2012) by
increasing food intake and reducing energy expenditure. Whereas
the release of AgRP is diminished by inflammation, AgRP treatment
decreases proinflammatory cytokines, and improves energy expen-
diture, food intake, muscle mass, body weight, fat mass (Joppa et al.,
2007; Cheung and Mak, 2012). In contrast to AgRP administration,
treatment of tumor-bearing rats with i.c.v. NPY worsens anorexia,
suggesting that cachexia does not result from a selective reduc-
tion in NPY release (Grossberg et al., 2010a). In addition to AgRP,
the administration of MC4-R antagonists increases food intake. The
MC4-R blocker decreases cyclic adenosine monophosphate accu-
mulation, indicating inverse agonist activity. Tumor-bearing mice
treated with MC4-R blocker maintain lean body mass. Furthermore,
orally available selective MC4-R antagonists also stimulate food
intake and reduce cancer-induced cachexia in mice (Weyermann
et al., 2009).

Together, AgRP and a-MSH will be the clues for the understand-
ing of the underlying mechanism and possible therapeutic target
for muscle wasting and anorexia.

2.2. Leptin

Leptin is a 16-kDa protein hormone secreted by adipocytes.
Plasma leptin concentration increases in proportion to body fat
mass and regulates food intake and energy expenditure to maintain
body fat stores. Leptin acts in the hypothalamus, where it inhibits
NPY and causes anorexia (EImquist et al., 1999).

Leptin also plays a key role in cancer anorexia-cachexia syn-
drome (Engineer and Garcia, 2012). Circulating leptin levels are
decreased in cancer cachexia animal models and in cancer cachexia
patients (Werynska et al., 2009; Smiechowska et al., 2010). Fur-
thermore, Leptin levels decreases gradually with tumor stage
and aggressiveness (Salageanu et al., 2010). In esophageal can-
cer patients, leptin levels correlate directly with body mass index,
tumor necrosis factor-alpha (TNF-a), albumin, and hemoglobin and
indirectly with IL-6, IL-8, and high-sensitivity C-reactive protein
(Diakowska et al., 2010).

Adipose-derived factors such as leptin, TNF-«, resistin, and
adiponectin have been shown to affect muscle metabolism, pro-
tein dynamics, or both directly. Leptin mediates the production
of inflammatory cytokines independent of its effects on food
intake (Burgos-Ramos et al., 2012). Despite low leptin levels, leptin
intense the inflammatory response and the levels of inflammatory
cytokines. Proinflammatory cytokines, such as TNF-q, interleukin
(IL)-1, and IL-6, have been proposed to cause cachexia by increasing
the expression of the hypothalamic leptin receptor (Salageanu
et al, 2010).

Although it is well known that leptin is an adipokine derived
from adiposity, a recent study has suggested that cultured
myocytes also release leptin (Wolsk et al., 2012). In skeletal muscle,
insulin sensitivity is improved by enhancing intracellular glucose
transporter type 4 transport (Sainz et al., 2012).

These studies imply that leptin acts to regulate muscle
metabolism and the production of cytokines in addition to the con-
trol of appetite and energy expenditure in cachexia.

2.3. Ghrelin

Ghrelin is a peptide hormone that stimulates growth hormone
release and positive energy balance via binding to growth hormone
secretagogue receptor (GHSR)-1a. Patients with cancer cachexia
exhibited increased circulating concentrations of ghrelin (Wolf
et al., 2006). In recent study, it is suggested that ghrelin has the
effect to decrease inflammatory cytokines. In fact, the inflammatory
cytokines are decreased in ghrelin-treated animals. Ghrelin inhibits
the expression of IL-1 receptor in the brainstem and decreases the
expression of pro-hormone convertase-2, an enzyme involved in
the processing of POMC to a-MSH. Ghrelin also increase the expres-
sion of AgRP and NPY in the hypothalamus (Deboer et al., 2008).
Furthermore, ghrelin reduces the elevated mRNA expression of
TNF-a and IL-6 in muscle and normalized plasma glucocorticoid
levels (Balasubramaniam et al., 2009). Injection of ghrelin causes
ghrelin resistance despite upregulation of hypothalamic GHS-R
expression in MCG 101-bearing mice, which show characteristic
anorexia, fat loss, and muscle wasting owing to increased concen-
tration of prostaglandinE2 and proinflammatory cytokines (IL-1p3,
IL-6, TNF-a) (Wang et al., 2006).

Ghrelin has also have attention for its anticatabolic effects
(Balasubramaniam et al., 2009; Sugiyama et al.,, 2012). Treatment
with ghrelin and ghrelin receptor agonists increases food intake
and improves lean body mass (Deboer et al., 2007, 2008).
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Fig. 1. The crosstalk between brain and muscle. Proinflammatory cytokines, such as TNF-a, IL-1[3, and IL-6, induce muscle atrophy via upregulation of MuRF1 and MAFbx.
Insulin resistance is present in cancer cachexia. In insulin resistant state, PI3K activity is decreased, leading to increase MuRF1 and MAFbx, resulting in muscle atrophy. IGF-1
induces skeletal muscle hypertrophy, in contrast, inhibit muscle wasting by decreasing MuRF1 and MAFbx. Glucocorticoids induce muscle atrophy by inhibiting the action
of insulin and IGF-1. Ghrelin has the effect to decrease inflammatory cytokines. Ghrelin inhibit the expression of MuRF-1 and MAFbx, lead to improve muscle catabolism.
Ang 1l induces skeletal muscle atrophy by increasing MuRF-1. Ang 11 reduce food intake by inhibiting NPY expression in hypothalamus. Leptin mediates the production
of inflammatory cytokines. Although leptin is decreased in cachexia, proinflammatory cytokines increase expression of the hypothalamic leptin receptor, leading to cause
anorexia by inhibiting NPY/AgRP and increasing POMC/CART. AgRP has the effect to decrease proinflammatory cytokines and to increase body weight, food intake, and
muscle mass. Muscle Ring Finger1 (MuRF1), Muscle Atrophy F-box (MAFbx), insulin-like growth factor 1 (IGF-1), Angiotensin Il (Ang II), neuropeptide Y (NPY), agouti-related
protein (AgRP), proopiomelanocortin (POMC) cocaine-and-amphetamine responsive transcript (CART), corticotrophin releasing factor (CRF), 5- -hydroxytryptamine (5-HT),

periventricular nucleus (PVN) arcuate nucleus (ARC), lateral hypothalamic area (LHA).

Ghrelin and its analogs improve body weight by regulating the
expression of muscle ring finger 1 (MuRF-1) and muscle atrophy f-
box (MAFbx) (Palus et al., 2011) further inhibiting the expression of
myostatin in skeletal muscle (Lenk et al., 2013). Expression of the
muscle-specific E3 ubiquitin ligases MuRF1 and MAFbx are nor-
malized by ghrelin (Balasubramaniam et al., 2009). In angiotensin
Il induced muscle catabolism, ghrelin-also improves body weight
loss and skeletal muscle catabolism (Sugiyama et al., 2012).

Although only acyl ghrelin can bind GHSR, both ghrelin and
des-acyl ghrelin stimulate proliferating C2C12 skeletal myoblasts
to differentiate via activation of p38 (Filigheddu et al., 2007). The
expression of des-acyl ghrelin impairs skeletal muscle atrophy
induced by either fasting or denervation without stimulating mus-
cle hypertrophy and GHSR-1a-mediated activation of the growth
hormone/insulin-like growth factor-1 (IGF-1) axis (Porporato et al.,
2013). In GHSR-deficient mice, both acyl ghrelin and des-acyl
ghrelin induce phosphorylation of Akt in skeletal muscle and
impair fasting-induced atrophy, implicating acyl ghrelin and des-
acyl ghrelin in the blocking of skeletal muscle atrophy independent
of growth hormones (Porporato et al., 2013).

Thus it is suggested that ghrelin and ghrelin receptor agonist
has the therapeutic potential, which lead to improve skeletal
muscle wasting as well as anorexia owing to its suppressive effect
on muscle proteolysis and its anti-inflammatory action.

3. Cytokine actions within the regulatory feedback loop

In anorexia-cachexia syndrome, the balance between proin-
flammatory and anti-inflammatory cytokines is important for the

development of the cachexia (Argiles et al., 2003). Inflammatory
cytokines such as IL-1f3, IL-6, TNF-c, and interferon-y (IFN-vy)
are potential causes of reduced food intake and increased energy
expenditure (Plata-Salaman, 2001). By contrast, anti-inflammatory
cytokines, includingIL-4,1L-10,IL-12, and IL-15, have anti-cachectic
properties. IL-15 increases glucose uptake in skeletal muscle
(Busquets et al., 2006), and is reported as an anabolic factor for
skeletal muscle. Muscle-derived IL-15 can decrease fat deposition
and adipocyte metabolism via a muscle-to-fat endocrine pathway,
and overexpression of IL-15 induces skeletal muscle hypertrophy
in vitro (Quinn et al., 2002; Quinn, 2008). The administration of
IL-12 to mice with colon-26 carcinoma alleviates body weight loss
and other abnormalities associated with cachexia.
Proinflammatory cytokines initiate a cascade of events that
ultimately leads to a state of wasting, malnourishment, and
eventually death (Ramos et al., 2004). Those cytokines are
involved in cancer related anorexia by increasing the levels
of corticotrophin-releasing hormone, a central nervous anorexi-
genic neurotransmitter, lead to suppress food intake. They also
mediate muscle atrophy. In particular, IL-1f, IL-6, TNF-oc and
leukemia inhibitory factor (LIF) have been associated with the
initiating event in muscle catabolism in clinical and experimen-
tal cachexia. Acute and chronic central administration of IL-1(3
results in muscle atrophy (Braun et al, 2011). This effect is
dependent on hypothalamic-pituitary-adrenal axis activation, as
central nervous system IL-1p-induced atrophy is abrogated by
adrenalectomy. These data suggest that central nervous sys-
tem inflammation induces muscle atrophy via activation of the
hypothalamic-pituitary-adrenal axis (Braun et al., 2011). IL-6 plays
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an important role in regulating fat metabolism in muscle, increas-
ing rates of fatty acid oxidation and attenuating the lipogenic
effects of insulin. TNF-a levels are elevated in the circulations of
patients with cancer cachexia (Argiles et al., 2003). TNF-« binds
to its receptor and induces the activation of the NF-«B family
of transcription factors (Von Haehling et al., 2002; Glass, 2005).
NF-kB activation was shown to be required for cytokine-induced
loss of skeletal muscle proteins (Glass, 2005). IL-6 plays a cru-
cial role in the para-neoplastic syndromes, including anorexia and
cachexia (Barton, 2005). LIF expression in the pituitary is necessary
todrive increased POMC mRNA expression and adrenocorticotropic
hormone release by pituitary corticotrophs in response to inflam-
mation (Ray et al., 1998; Chesnokova and Melmed, 2000). Gp130
is the signal-transducing subunit of the LIF-receptor complex. This
process is depend on gp130-mediated activation of Janus kinase 2
(JAK2)/signal transducer and activator of transcription 3 (STAT3)
signaling, which underlies the induction of POMC mRNA expres-
sion by leptin, suggesting that LIF may activate hypothalamic POMC
neurons in a similar manner (Stefana et al., 1996; Bates et al., 2003).
Indeed, LIF induces anorexia by directly activating POMC neurons
(Grossberg et al., 2010a, 2010b).

In an animal model of anorexia-cachexia syndrome with dereg-
ulated expression of a number of cytokines including IL-10,
pharmacologic intervention to impair protein synthesis restores
cytokine production to near normal levels, delays anorexia-
cachexia progression, and extends host survival (Robert et al.,
2012). These findings suggest a new therapeutic possibility for the
treatment of anorexia-cachexia syndrome that targets protein syn-
thesis by blocking the production of procachexic factors. Those
cytokines act via the hypothalamic central melanocortin system
to regulate skeletal muscle metabolism (Braun and Marks, 2011).

4. Pathological mechanism of muscle wasting

Progressive impairment of skeletal muscle is associated with
debility, morbidity, and mortality. In catabolic balance, proteoly-
sis and lipolysis are induced leading to the depletion of protein
mass and adipose tissue. Muscle wasting appears primarily to be
mediated by the activation of the ubiquitin proteasome system
(Attaix et al., 1999; Baracos, 2002). Three enzymatic components
are required for the muscle metabolism regulating process, an E1
ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme,
and an E3 ubiquitin ligating enzyme. Skeletal muscle atrophy
occurs via the induction of the E3 ubiquitin ligases. In the model
of skeletal muscle atrophy, two ubiquitin ligases have been identi-
fied: MuRF1 (Bodine et al., 2001) and MAFbx, also called atrogin-1
(Gomes et al., 2001). These ubiquitin ligases are significantly upreg-
ulated under atrophy conditions. The expression of MuRF1 and
MAFbx is negatively regulated by insulin/IGF-I signaling (Sacheck
et al., 2004).

Another cause of muscle wasting is the TNF-induced weak
inducer of apoptosis (TWEAK) and tumor necrosis factor receptor-
associated factor 6 (TRAF6), which has been identified as a novel
inducer of skeletal muscle wasting. Adult skeletal muscles express
minimal levels of Fn14, the bona fide TWEAK receptor. Spe-
cific conditions of atrophy such as denervation, immobilization,
and unloading rapidly induce the expression of Fn14, leading
to TWEAK-induced activation of various proteolytic pathways in
skeletal muscle (Kumar et al., 2012).

Angiotensin II (Ang II) induces body weight loss and skele-
tal muscle catabolism through the ubiquitin-proteasome pathway.
Ang II is elevated in cachexia and induces skeletal muscle atro-
phy by increasing the expression of E3 ligases atrogin-1/MuRF-1.
Ang Il reduces phosphorylation of AMP-activated protein kinase,
an enzyme that regulates NPY expression (Yoshida et al., 2012).

Intra-cerebro-ventricular Ang II infusion reduced food intake, and
Ang Il dose-dependently reduces NPY and orexin expression in
hypothalamus (Yoshida et al, 2012). In recent important study,
pharmacological blockade of ActRIIB pathway prevents muscle
wasting and furthermore dramatically prolongs survival, in the
animals in which tumor growth is not inhibited and fat loss and
production of proinflammatory cytokines are not reduced (Zhou
et al., 2010). ActRIIB pathway blockade abolished the activation
of the ubiquitin-proteasome system and the induction of atrophy-
specific ubiquitin ligases in muscles and also markedly stimulated
muscle stem cell growth (Zhou et al., 2010). This study suggested
an important link between activation of the ActRIIB pathway and
the development of cancer cachexia.

Branched-chain amino acids such as leucine and valine signif-
icantly suppress the loss of body weight through an increase in
protein synthesis and a decrease in degradation. Branched-chain
amino acids exert anticatabolic effects by promoting protein syn-
thesis and inhibiting intracellular proteolytic pathways (Berk et al.,
2008). A recent study has shown that dietary leucine supple-
mentation inhibits muscle protein breakdown in rats. In cultured
muscle cells, insulin and leucine have been found to act additively
in down regulating E2 ubiquitin-conjugating enzyme expression
(Sadiq et al.,, 2007), whereas branched-chain amino acids reduces
atrogin-1 and MuRF1 expression (Herningtyas et al., 2008; Op Den
Kamp et al., 2009).

The eicosanoids affect the inflammatory process and are impli-
cated in the process of cancer cachexia. They are unsaturated
C20 fatty acids which can be separated into two main groups:
lipoxygenase products including leukotrienes and lipoxins, and
prostanoids including prostaglandins, prostacyclin and thrombox-
ane. Eicosanoids play a role in generating inflammatory response,
which induces peripheral tissue loss. Additionally, eicosanoids play
arole in signaling the inflammatory mediators or catabolic factors,

for example proteolysis-inducing factor (Ross and Fearon, 2002).

5. Glucocorticoid and insulin signaling

Endogenous glucocorticoids and impaired insulin signaling are
also important for muscle catabolism (Dardevet et al, 1998;
Schakman et al., 2005; Hu et al., 2009). The stimulation of mus-
cle proteolysis requires 2 events; increased glucocorticoid levels
and impaired insulin signaling. Glucocorticoids inhibit protein syn-
thesis and increase the rate of protein breakdown. Glucocorticoids
induce muscle atrophy by inhibiting the action of insulin and
IGF-1. Growth hormones and IGF-1 stimulate skeletal muscle pro-
tein synthesis, whereas the expression of cytokines in skeletal
muscle may negatively regulate the autocrine synthesis of IGF-I
(Broussard et al., 2003; Frost and Lang, 2004). IGF-1 increases mus-
cle mass, whereas myostatin inhibits its development. Although
IGF-1 is a potent determinant of protein degradation in vitro and
is antagonized by glucocorticoids, the glucocorticoid antagonist
is insufficient to block muscle wasting (Pickering et al., 2003).
In the presence of insulin/IGF-I, Akt-mediated phosphorylation
inhibits FoxO nuclear translocation, suppressing FoxO-dependent
transcription of atrogin-1 and MuRF1, which in turn inhibits skele-
tal muscle atrophy (Op Den Kamp et al., 2009).

FoxO activation is associated with the progression of mus-
cle atrophy in cachexia (Reed et al,, 2012). The FoxO pathway
is activated in skeletal muscle during cachexia. Inhibition of
FoxO transcriptional activity prevents muscle fiber atrophy during
cachexia and induces hypertrophy (Reed et al., 2012).

Muscle hyperexpressing IGF-1 in both young and aged animals
display definitively increased fiber cross-sectional area. By contrast,
loss of muscle mass or reduction of fiber size in tumor-bearing
mice is not modified by IGF-1 expression (Penna et al., 2010). These
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Table 1
Clinical studies on the treatment of cachexia and sarcopenia.
Drug Company Type Pathological condition Phase of trials References
Megace ES Par Pharmaceutical Carnitine + celecoxib +/ Cancer Phase III Madeddu et al. (2012)
—megestrol acetate
Anamorelin Helsinn Therapeutics Ghrelin receptor Cancer Phase 111 Garcia et al. (2013)
agonist
EPA Nestle, Danone, Abbott, SOD agonist and UPP Cancer Phase II/111 Barber (2001),
Fresenius activator Hardman (2004) and
Fearon et al. (2006)
H-4864-GMP Bachem Human ghrelin Cancer Phase II Neary et al. (2004)
GTx-024 (enobosarm) GTx Selective androgen Cancer Phase I Dalton et al. (2011) and
receptor modular Dobs et al. (2013)
(SARM)
U-1250 Bachem Synthetic human Cancer Phase II Strasser et al. (2008)
ghrelin
P-0861 Polypeptide Synthetic human Cancer Phase I Lundholm et al. (2010)
Laboratories ghrelin
SUN11031 Asubio Synthetic human COPD Phase II Levinson and Gertner
Pharmaceuticals ghrelin (2012)
INCB018424 Incyte Jak1/2 inhibitor Leukemia Phase II Eghtedar et al. (2012)
OHR118 OHR Pharmaceutical Peptide nucleic acid AIDS Phase II Chasen et al. (2011)
immunomodulator
Celecoxib (Celebrex) Pfizer COX-2 inhibitor Cancer Phase I Mantovani et al. (2010)
MT-102 PsiOxus Therapeutics B-blocker Cancer Phase II Stewart Coats et al.
(2011)
ALD518 (BMS-945429) Alder Humanized IL-6 Cancer Phase II Bayliss et al. (2011)
Biopharmaceuticals monoclonal antibody
CK-2017357 Cytokinetics Skeletal muscle ALS Phase II Shefner et al. (2012)

troponin activator

5-HT2b/2c = 5-hydroxytryptamine 2b/2c; EPA=eicosapentaenoic acid; SOD=superoxide dismutase; UPP=ubiquitin proteasome pathway; COPD=chronic obstruc-
tive pulmonary disease; AIDS=acquired immune deficiency syndrome; COX-2=cyclooxygenase-2; ALS=amyotrophic lateral sclerosis; MC4=melanocortin-4;

CRF2R = corticotropin-releasing factor 2 receptor.

results demonstrate that muscle wasting is not associated with the
downregulation of molecules involved in anabolic response and
appears inconsistent with reduced activity of the IGF-1 signaling
pathway (Penna et al., 2010).

On the other hand, IL-6 and TNF-a cause insulin resistance,
IGF-1 resistance, and reduce the levels of testosterone and luteiniz-
ing hormone. IL-6 family ligands activate the JAK/STAT3 pathway.
Skeletal muscle STAT3 phosphorylation, nuclear localization, and
target gene expression are activated in cancer cachexia. STAT3 acti-
vation is a common feature of muscle wasting, activated in muscle
by IL-6 in vivo and in vitro and by different types of cancer (Bonetto
etal.,,2012). STAT3 is a primary mediator of muscle wasting in can-
cer cachexia and other conditions of IL-6 family signaling (Bonetto
etal, 2012).

6. Possible treatments for cancer-cachexia and muscle
wasting

Weight loss, fatigue, and markers of systemic inflammation
are most strongly and consistently associated with adverse qual-
ity of life, reduced functional capabilities, increased symptoms
and shorter survival (Wallengren et al.,, 2013). Recently, several
different therapeutic entities has emerged and under investiga-
tion in pre-clinical and in clinical models. The therapeutic target
for cachexia is including ghrelin and ghrelin analogs, selective
androgen receptor modulators (SARMs), testosterone, insulin-like
growth factor, myostatin antibodies, and also melanocortin-4
receptor antagonist. Recently, several interventional trials have
been performed in humans, and some promising treatments are
in phase III (Table 1).

Ghrelin is a leading candidate for muscle wasting treatment
because ghrelin levels are elevated in cancer cachexia and ghrelin
controls mediators involved in the cachectic process (Argiles and
Stemmler, 2013). In the clinical study, ghrelin treatment markedly
increased energy intake and increased appetite (Neary et al.,
2004). In other study, daily and long-term provision of ghrelin to

weight-losing cancer patients with solid tumorsimproved appetite,
and attenuated catabolism in a randomized, double-blind, phase 2
study (Lundholm et al.,, 2010).

Anamorelin, an orally activated ghrelin receptor agonist, has

been shown to increase body weight and anabolic hormone levels

in healthy volunteers and is being investigated for the treatment of
cancer cachexia. Anamorelin increases appetite and body weight
in cancer patients (Garcia et al., 2013). A phase III, randomized,
placebo-controlled clinical trial assessing anamorelin hydrochlo-
ride in patients with cachexia is recruiting patients (Fearon et al.,
2013).

The traditional Japanese medicine rikkunshito helps stimulate
endogenous ghrelin secretion by blocking the serotonin 2b/2c
receptor pathway and enhancing GHSR activity. Rikkunshito has
been shown to increase food intake in rats that have cancer
or have been administered chemotherapeutics (Fujitsuka et al.,
2011). Although ghrelin attenuates anorexia-cachexia in the short
term, it does not prolong survival (Fujitsuka et al., 2011), whereas
rikkunshito improves anorexia, gastrointestinal dysmotility, mus-
cle wasting, and anxiety-related behavior and prolongeds survival
in animals and patients with cancer (Fujitsuka et al.,, 2011). The
appetite-stimulating effect of rikkunshito is blocked by (D-Lys3)-
GHRP-6. The active components of rikkunshito, hesperidin and
atractylodin, potentiate ghrelin secretion and receptor signaling,
respectively, and atractylodin prolonged survival in tumor-bearing
rats (Fujitsuka et al., 2011). A potentiator of ghrelin signaling such
as rikkunshito may represent a novel approach for the treatment
of cancer cachexia (Hattori, 2010; Fujitsuka et al., 2012). Larger
clinical trials are required to develop ghrelin into an available and
reimbursable pharmaceutical intervention (Strasser, 2012).

Enobosarm, nonsteroidal SARMs has tissue-selective anabolic
effects in muscle and bone. Selective androgen receptor modula-
tors have been developed for the treatment of muscle wasting.
In a double-blind, placebo-controlled phase II trial, enobosarm
improved lean body mass and physical function in healthy elderly
men (Dalton et al., 2011).
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A weight-loss study conducted on cancer patients using a ran-
domized controlled trial of weekly nandrolone decanoate for 4
weeks in combination with standard chemotherapy (Bossola et al,,
2007) demonstrated significantly longer survival time in the group
receiving androgen therapy with a trend for less severe weight loss
with nandrolone decanoate. Testosterone is capable of reducing
systemic inflammatory cytokines such as TNF-c, IL1-B, and IL-6
and stimulating the anti-inflammatory cytokine IL-10 (Malkinet al,,
2004). ,

Recent studies also propose the combination therapies like
megestrol acetate plus L-carnitine, celecoxib (Madeddu et al,
2012). We hope the progress of clinical trials and the establishment
of new therapeutic guidelines in the future.

7. Conclusion

Anorexia-cachexia and muscle wasting affect morbidity, mor-
tality, and quality of life. A considerable amount of recent progress
has been made in the understanding of the brain-muscle crosstalk,
which mediate the food intake and muscle atrophy. Although the
pathological mechanism of anorexia-cachexia and muscle wasting
has been revealed, available and satisfactory treatment has not yet
emerged. These findings help to give hope for the future novel drug
target. Further clinical randomized studies are needed to enhance
beneficial nutritional and improve clinical outcomes of patients
with cachexia.

Acknowledgements

lappreciate to the staffs of Kagoshima University for their enthu-
siastic support.

References

Argiles JM, Busquets S, Lopez-Soriano FJ. Cytokines in the pathogenesis of
cancer cachexia. Current Opinion in Clinical Nutrition and Metabolic Care
2003;6:401-6.

Argiles JM, Stemmler B. The potential of ghrelin in the treatment of cancer cachexia.
Expert Opinion on Biological Therapy 2013;13:67-76.

Attaix D, Combaret L, Tilignac T, Taillandier D. Adaptation of the ubiquitin-
proteasome proteolytic pathway in cancer cachexia. Molecular Biology Reports
1999;26:77-82.

Balasubramaniam A, Joshi R, Su C, Friend LA, Sheriff S, Kagan RJ, et al. Ghrelin inhibits
skeletal muscle protein breakdown in rats with thermal injury through normal-
izing elevated expression of E3 ubiquitin ligases MuRF1 and MAFbx. American
Journal of Physiology - Regulatory, Integrative and Comparative Physiology
2009;296:R893-901.

Baracos VE. Hypercatabolism and hypermetabolism in wasting states. Current Opin-
ion in Clinical Nutrition and Metabolic Care 2002;5:237-9.

Barber MD. Cancer cachexia and its treatment with fish-oil-enriched nutritional
supplementation. Nutrition 2001;17:751-5.

Barton BE. Interleukin-6 and new strategies for the treatment of cancer, hyperprolif-
erative diseases and paraneoplastic syndromes. Expert Opinion on Therapeutic
Targets 2005;9:737-52.

Bates SH, Stearns WH, Dundon TA, Schubert M, Tso AW, Wang Y, et al. STAT3 sig-
nalling is required for leptin regulation of energy balance but not reproduction.
Nature 2003;421:856-9.

Bayliss TJ, Smith JT, Schuster M, Dragnev KH, Rigas JR. A humanized anti-IL-6 anti-
body (ALD518) in non-small cell lung cancer. Expert Opinion on Biological
Therapy 2011;11:1663-8.

Berk L, James ], Schwartz A, Hug E, Mahadevan A, Samuels M, et al. A randomized,
double-blind, placebo-controlled trial of a beta-hydroxyl beta-methyl butyrate,
glutamine, and arginine mixture for the treatment of cancer cachexia (RTOG
0122). Supportive Care in Cancer 2008;16:1179-88.

Bodine SC, Latres E, Baumhueter S, Lai VK, Nunez L, Clarke BA, et al. Iden-
tification of ubiquitin ligases required for skeletal muscle atrophy. Science
2001;294:1704-8.

Bonetto A, Aydogdu T, Jin X, Zhang Z, Zhan R, Puzis L, et al. JAK/STAT3 pathway
inhibition blocks skeletal muscle wasting downstream of IL-6 and in experi-
mental cancer cachexia. American Journal of Physiology - Endocrinology and
Metabolism 2012;303:E410-21.

Bossola M, Pacelli F, Tortorelli A, Doglietto GB. Cancer cachexia: it's time for more
clinical trials. Annals of Surgical Oncology 2007;14:276-85.

Braun TP, Marks DL. Hypothalamic regulation of muscle metabolism. Current Opin-
ion in Clinical Nutrition and Metabolic Care 2011;14:237-42.

Braun TP, Zhu X, Szumowski M, Scott GD, Grossberg AJ, Levasseur PR, et al.
Central nervous system inflammation induces muscle atrophy via activation
of the hypothalamic-pituitary-adrenal axis. Journal of Experimental Medicine
2011;208:2449-63.

Broussard SR, Mccusker RH, Novakofski JE, Strle K, Shen WH, Johnson RW, et al.
Cytokine-hormone interactions: tumor necrosis factor alpha impairs biologic
activity and downstream activation signals of the insulin-like growth factor I
receptor in myoblasts. Endocrinology 2003;144:2988-96.

Burgos-Ramos E, Canelles S, Perianes-Cachero A, Arilla-Ferreiro E, Argente J, Barrios
V. Adipose tissue promotes a serum cytokine profile related to lower insulin
sensitivity after chronic central leptin infusion. PLoS ONE 2012;7:e46893.

Busquets S, Figueras M, Almendro V, Lopez-Soriano FJ, Argiles JM. Interleukin-15
increases glucose uptake in skeletal muscle. An antidiabetogenic effect of the
cytokine. Biochimica et Biophysica Acta 2006;1760:1613-7.

Chasen M, Hirschman SZ, Bhargava R. Phase I study of the novel peptide-nucleic
acid OHR118 in the management of cancer-related anorexia/cachexia. Journal
of the American Medical Directors Association 2011;12:62-7.

Chesnokova V, Melmed S. Leukemia inhibitory factor mediates the hypotha-
lamic pituitary adrenal axis response to inflammation. Endocrinology
2000;141:4032-40.

Cheung WW, Mak RH. Melanocortin antagonism ameliorates muscle wasting and
inflammation in chronic kidney disease. American Journal of Physiology Renal
Physiology 2012;303:F1315-24.

Cheung WW, Rosengren S, Boyle DL, Mak RH. Modulation of melanocortin signaling
ameliorates uremic cachexia. Kidney International 2008;74:180-6.

Dalton JT, Barnette KG, Bohl CE, Hancock ML, Rodriguez D, Dodson ST, et al. The
selective androgen receptor modulator GTx-024 (enobosarm) improves lean
body mass and physical function in healthy elderly men and postmenopausal
women: results of a double-blind, placebo-controlled phase II trial. Journal of
Cachexia, Sarcopenia and Muscle 2011;2:153-61.

Dardevet D, Sornet C, Savary I, Debras E, Patureau-Mirand P, Grizard J. Glucocorticoid
effects on insulin- and IGF-I-regulated muscle protein metabolism during aging.
Journal of Endocrinology 1998;156:83-9.

Deboer MD, Zhu X, Levasseur PR, Inui A, Hu Z, Han G, et al. Ghrelin treatment of
chronic kidney disease: improvements in lean body mass and cytokine profile.
Endocrinology 2008;149:827-35.

Deboer MD, Zhu XX, Levasseur P, Meguid MM, Suzuki S, Inui A, et al. Ghrelin treat-
ment causes increased food intake and retention of lean body mass in a rat model
of cancer cachexia. Endocrinology 2007;148:3004-12.

Diakowska D, Krzystek-Korpacka M, Markocka-Maczka K, Diakowski W,
Matusiewicz M, Grabowski K. Circulating leptin and inflammatory response
in esophageal cancer, esophageal cancer-related cachexia-anorexia syndrome
(CAS) and non-malignant CAS of the alimentary tract. Cytokine 2010;51:132-7.

Dobs AS, Boccia RV, Croot CC, Gabrail NY, Dalton JT, Hancock ML, et al. Effects
of enobosarm on muscle wasting and physical function in patients with can-
cer: a double-blind, randomised controlled phase 2 trial. Lancet Oncology
2013;14:335-45.

Eghtedar A, Verstovsek S, Estrov Z, Burger ], Cortes ], Bivins C, et al. Phase 2 study
of the JAK kinase inhibitor ruxolitinib in patients with refractory leukemias,
including postmyeloproliferative neoplasm acute myeloid leukemia. Blood
2012;119:4614-8.

Elmquist JK, Elias CF, Saper CB. From lesions to leptin: hypothalamic control of food
intake and body weight. Neuron 1999;22:221-32.

Engineer DR, Garcia JM. Leptin in anorexia and cachexia syndrome. International

. Journal of Peptides 2012;2012:287457.

Evans WJ, Morley JE, Argiles ], Bales C, Baracos V, Guttridge D, et al. Cachexia: a new
definition. Clinical Nutrition 2008;27:793-9.

Fearon K, Arends ], Baracos V. Understanding the mechanisms and treatment options
in cancer cachexia. Nature Reviews Clinical Oncology 2013;10:90-9.

Fearon KC, Barber MD, Moses AG, Ahmedzai SH, Taylor GS, Tisdale M], et al. Double-
blind, placebo-controlled, randomized study of eicosapentaenoic acid diester in
patients with cancer cachexia. Journal of Clinical Oncology 2006;24:3401-7.

Filigheddu N, Gnocchi VF, Coscia M, Cappelli M, Porporato PE, Taulli R, et al. Ghrelin
and des-acyl ghrelin promote differentiation and fusion of C2C12 skeletal mus-
cle cells. Molecular Biology of the Cell 2007;18:986-94.

Frost RA, Lang CH. Alteration of somatotropic function by proinflammatory
cytokines. Journal of Animal Science 2004;82(E-Suppl.):E100-9.

Fujitsuka N, Asakawa A, Amitani H, Hattori T, Inui A. Efficacy of ghrelin in cancer
cachexia: clinical trials and a novel treatment by rikkunshito. Critical Reviews
in Oncogenesis 2012;17:277-84.

Fujitsuka N, Asakawa A, Uezono Y, Minami K, Yamaguchi T, Niijima A, et al. Poten-
tiation of ghrelin signaling attenuates cancer anorexia-cachexia and prolongs
survival. Translational Psychiatry 2011;1:e23.

Garcia JM, Friend J, Allen S. Therapeutic potential of anamorelin, a novel, oral ghrelin
mimetic, in patients with cancer-related cachexia: a multicenter, randomized,
double-blind, crossover, pilot study. Supportive Care in Cancer 2013;21:129-37.

Glass DJ. Skeletal muscle hypertrophy and atrophy signaling pathways. International
Journal of Biochemistry and Cell Biology 2005;37:1974~84.

Gomes MD, Lecker SH, Jagoe RT, Navon A, Goldberg AL. Atrogin-1, a muscle-specific
F-box protein highly expressed during muscle atrophy. Proceedings of the
National Academy of Sciences of the United States of America 2001;98:14440-5.

Grossberg AJ, Scarlett JM, Marks DL. Hypothalamic mechanisms in cachexia. Physi-
ology and Behavior 2010a;100:478-89.

Grossberg AJ, Scarlett JM, Zhu X, Bowe DD, Batra AK, Braun TP, et al. Arcuate nucleus
proopiomelanocortin neurons mediate the acute anorectic actions of leukemia
inhibitory factor via gp130. Endocrinology 2010b;151:606-16.



M. Amitani et al. / The International Journal of Biochemistry & Cell Biology 45 (2013) 2179-2185 2185

Hardman WE. (n-3) fatty acids and cancer therapy. Journal of Nutrition
2004;134:3427S-30S.

Hattori T. Rikkunshito and ghrelin. International Journal of Peptides 2010:2010.

Herningtyas EH, Okimura Y, Handayaningsih AE, Yamamoto D, Maki T, lida K, et al.
Branched-chain amino acids and arginine suppress MaFbx/atrogin-1 mRNA
expression via mTOR pathway in C2C12 cell line. Biochimica et Biophysica Acta
2008;1780:1115-20.

Hu Z, Wang H, Lee IH, Du ], Mitch WE. Endogenous glucocorticoids and
impaired insulin signaling are both required to stimulate muscle wasting
under pathophysiological conditions in mice. Journal of Clinical Investigation
2009;119:3059-69.

Inui A, Meguid MM. Cachexia and obesity: two sides of one coin? Current Opinion
in Clinical Nutrition and Metabolic Care 2003;6:395-9.

Joppa MA, Gogas KR, Foster AC, Markison S. Central infusion of the melanocortin
receptor antagonist agouti-related peptide (AgRP(83-132)) prevents cachexia-
related symptoms induced by radiation and colon-26 tumors in mice. Peptides
2007;28:636-42.

Kumar A, Bhatnagar S, Paul PK. TWEAK and TRAF6 regulate skeletal muscle atrophy.
Current Opinion in Clinical Nutrition and Metabolic Care 2012;15:233-9.

Lainscak M, Filippatos GS, Gheorghiade M, Fonarow GC, Anker SD. Cachexia: com-
mon, deadly, with an urgent need for precise definition and new therapies.
American Journal of Cardiology 2008;101:8E-10E.

Lenk K, Palus S, Schur R, Datta R, Dong ], Culler MD, et al. Effect of ghrelin and its
analogues, BIM-28131 and BIM-28125, on the expression of myostatin in a rat
heart failure model. Journal of Cachexia, Sarcopenia and Muscle 2013;4:63-9.

Levinson B, Gertner ]. Randomized study of the efficacy and safety of SUN11031
(synthetic human ghrelin) in cachexia associated with chronic obstructive pul-
monary disease. e-SPEN Journal 2012;7:e171-5.

Lundholm K, Gunnebo L, Korner U, Iresjo BM, Engstrom C, Hyltander A, et al. Effects
by daily long term provision of ghrelin to unselected weight-losing cancer
patients: a randomized double-blind study. Cancer 2010;116:2044-52.

Madeddu C, Dessi M, Panzone F, Serpe R, Antoni G, Cau MC, et al. Randomized phase
Il clinical trial of a combined treatment with carnitine + celecoxib +/— megestrol
acetate for patients with cancer-related anorexia/cachexia syndrome. Clinical
Nutrition 2012;31:176-82.

Malkin CJ, Pugh PJ, Jones RD, Kapoor D, Channer KS, Jones TH. The effect of
testosterone replacement on endogenous inflammatory cytokines and lipid pro-
files in hypogonadal men. Journal of Clinical Endocrinology and Metabolism
2004;89:3313-8.

Mantovani G, Maccio A,Madeddu C, Serpe R, Antoni G, MassaE, et al. Phase Il nonran-
domized study of the efficacy and safety of COX-2 inhibitor celecoxib on patients
with cancer cachexia. Journal of Molecular Medicine (Berlin) 2010;88:85-92.

Molfino A, Laviano A, Rossi Fanelli F. Contribution of anorexia to tissue wasting in
cachexia. Current Opinion in Supportive and Palliative Care 2010;4:249-53.

Muscaritoli M, Anker. SD, Argiles ], Aversa Z, Bauer JM, Biolo G, et al. Consensus
definition of sarcopenia, cachexia and pre-cachexia: joint document elaborated
by Special Interest Groups (SIG) “cachexia-anorexia in chronic wasting diseases”
and “nutrition in geriatrics”. Clinical Nutrition 2010;29:154-9.

Neary NM, Small CJ, Wren AM, Lee ]JL, Druce MR, Palmieri C, et al. Ghrelin increases
energy intake in cancer patients with impaired appetite: acute, randomized,
placebo-controlled trial. Journal of Clinical Endocrinology and Metabolism
2004;89:2832-6.

Op Den Kamp CM, Langen RC, Haegens A, Schols AM. Muscle atrophy in cachexia:
can dietary protein tip the balance? Current Opinion in Clinical Nutrition and
Metabolic Care 2009;12:611-6.

Palus S, Schur R, Akashi Y], Bockmeyer B, Datta R, Halem H, et al. Ghrelin and
its analogues, BIM-28131 and BIM-28125, improve body weight and regulate
the expression of MuRF-1 and MAFbx in a rat heart failure model. PLoS ONE
2011;6:e26865.

Penna F, Bonetto A, Muscaritoli M, Costamagna D, Minero VG, Bonelli G, et al. Mus-
cle atrophy in experimental cancer cachexia: is the IGF-1 signaling pathway
involved? International Journal of Cancer 2010;127:1706-17.

Pickering WP, Baker FE, Brown ], Butler HL, Govindji S, Parsons JM, et al. Glucocorti-
coid antagonist RU38486 fails to block acid-induced muscle wasting in vivo or
in vitro. Nephrology, Dialysis, Transplantation 2003;18:1475-84.

Plata-Salaman CR. Cytokines and feeding. International Journal of Obesity and
Related Metabolic Disorders 2001;25(Suppl. 5):548-52.

Porporato PE, Filigheddu N, Reano S, Ferrara M, Angelino E, Gnocchi VF, et al. Acy-
lated and unacylated ghrelin impair skeletal muscle atrophy in mice. Journal of
Clinical Investigation 2013.

Quinn LS. Interleukin-15: a muscle-derived cytokine regulating fat-to-lean body
composition. Journal of Animal Science 2008;86:E75-83.

Quinn LS, Anderson BG, Drivdahl RH, Alvarez B, Argiles JM. Overexpression
of interleukin-15 induces skeletal muscle hypertrophy in vitro: implica-
tions for treatment of muscle wasting disorders. Experimental Cell Research
2002;280:55-63.

Ramos EJB, Suzuki S, Marks D, Inui A, Asakawa A, Meguid MM. Cancer anorexia-
cachexia syndrome:; cytokines and neuropeptides. Current Opinion in Clinical
Nutrition and Metabolic Care 2004;7:427-34.

Ray DW, Ren SG, Melmed S. Leukemia inhibitory factor regulates proopiome-
lanocortin transcription. Annals of the New York Academy of Sciences
1998;840:162-73.

Reed SA, Sandesara PB, Senf SM, Judge AR. Inhibition of FoxO transcriptional activity
prevents muscle fiber atrophy during cachexia and induces hypertrophy. FASEB
Journal 2012;26:987-1000.

Reyes TM, Sawchenko PE. Involvement of the arcuate nucleus of the hypotha-
lamus in interleukin-1-induced anorexia. Journal of Neuroscience 2002;22:
5091-9.

Robert F, Mills JR, Agenor A, Wang D, Dimarco S, Cencic R, et al. Targeting protein
synthesis in a Myc/mTOR-driven model of anorexia-cachexia syndrome delays
its onset and prolongs survival. Cancer Research 2012;72:747-56.

Ross ]A, Fearon KC. Eicosanoid-dependent cancer cachexia and wasting. Current
Opinion in Clinical Nutrition and Metabolic Care 2002;5:241-8.

Sacheck JM, Ohtsuka A, Mclary SC, Goldberg AL. IGF-1 stimulates muscle growth
by suppressing protein breakdown and expression of atrophy-related ubiquitin
ligases, atrogin-1 and MuRF1. American Journal of Physiology - Endocrinology
and Metabolism 2004;287:E591-601.

Sadiq F, Hazlerigg DG, Lomax MA. Amino acids and insulin act additively to regulate
components of the ubiquitin-proteasome pathway in C2C12 myotubes. BMC
Molecular Biology 2007;8:23.

Sainz N, Rodriguez A, Catalan V, Becerril S, Ramirez B, Lancha A, et al. Leptin
reduces the expression and increases the phosphorylation of the negative reg-
ulators of GLUTA4 traffic TBC1D1 and TBC1D4 in muscle of ob/ob mice. PLoS ONE
2012;7:e29389.

Salageanu A, Tucureanu C, Lerescu L, Caras |, Pitica R, Gangura G, et al. Serum levels of
adipokines resistin and leptin in patients with colon cancer. Journal of Medicine
and Life 2010;3:416-20.

Schakman O, Gilson H, De Coninck V, Lause P, Verniers ], Havaux X, et al. Insulin-
like growth factor-1 gene transfer by electroporation prevents skeletal muscle
atrophy in glucocorticoid-treated rats. Endocrinology 2005;146:1789-97.

Shefner], Cedarbaum JM, Cudkowicz ME, Maragakis N, Lee ], Jones D, et al. Safety, tol-
erability and pharmacodynamics of a skeletal muscle activator in amyotrophic
lateral sclerosis. Amyotrophic Lateral Sclerosis 2012;13:430-8.

Smiechowska ], Utech A, Taffet G, Hayes T, Marcelli M, Garcia ]M. Adipokines in
patients with cancer anorexia and cachexia. Journal of Investigative Medicine
2010;58:554-9.

Stefana B, Ray DW, Melmed S. Leukemia inhibitory factor induces differentiation of
pituitary corticotroph function: an immuno-neuroendocrine phenotypic switch.
Proceedings of the National Academy of Sciences of the United States of America
1996;93:12502-6.

Stewart Coats AJ, Srinivasan V, Surendran J, Chiramana H, Vangipuram SR, Bhatt
NN, et al. The ACT-ONE trial, a multicentre, randomised, double-blind, placebo-
controlled, dose-finding study of the anabolic/catabolic transforming agent, MT-
102 in subjects with cachexia related tostage Illand IV non-small cell lung cancer
and colorectal cancer: study design. Journal of Cachexia, Sarcopenia and Muscle
2011;2:201-7.

Strasser F. Clinical application of ghrelin. Current Pharmaceutical Design
2012;18:4800-12.

Strasser F, Lutz TA, Maeder MT, Thuerlimann B, Bueche D, Tschop M, et al. Safety,
tolerability and pharmacokinetics of intravenous ghrelin for cancer-related
anorexia/cachexia: a randomised, placebo-controlled, double-blind, double-
crossover study. British Journal of Cancer 2008;98:300-8.

Sugiyama M, Yamaki A, Furuya M, Inomata N, Minamitake Y, Ohsuye K, et al. Ghrelin
improves body weight loss and skeletal muscle catabolism associated with
angiotensin Il-induced cachexia in mice. Regulatory Peptides 2012;178:21-8.

Tecott LH. Serotonin and the orchestration of energy balance. Cell Metabolism
2007;6:352-61.

Von Haehling S, Genth-Zotz S, Anker SD, Volk HD. Cachexia: a therapeutic
approach beyond cytokine antagonism. International Journal of Cardiology
2002;85:173-83.

Wallengren O, Lundholm K, Bosaeus . Diagnostic criteria of cancer cachexia: relation
to quality of life, exercise capacity and survival in unselected palliative care
patients. Supportive Care in Cancer 2013.

Wang W, Andersson M, Iresjo BM, Lonnroth C, Lundholm K. Effects of ghrelin on
anorexia in tumor-bearing mice with eicosanoid-related cachexia. International
Journal of Oncology 2006;28:1393-400.

Werynska B, Kosacka M, Golecki M, Jankowska R. Leptin serum levels in cachec-
tic and non-cachectic lung cancer patients. Pneumonologia i Alergologia Polska
2009;77:500-6.

Weyermann P, Dallmann R, Magyar ], Anklin C, Hufschmid M, Dubach-Powell J, et al.
Orally available selective melanocortin-4 receptor antagonists stimulate food
intake and reduce cancer-induced cachexia in mice. PLoS ONE 2009;4:e4774.

Williams KW, Scott MM, Elmquist JK. Modulation of the central melanocortin system
by leptin, insulin, and serotonin: co-ordinated actions in a dispersed neuronal
network. European Journal of Pharmacology 2011;660:2-12.

Wolf [, Sadetzki S, Kanety H, Kundel Y, Pariente C, Epstein N, et al. Adiponectin,
ghrelin, and leptin in cancer cachexia in breast and colon cancer patients. Cancer
2006;106:966-73.

Wolsk E, Mygind H, Grondahl TS, Pedersen BK, Van Hall G. Human skeletal muscle
releases leptin in vivo. Cytokine 2012;60:667-73.

XuY, Elmquist JK, Fukuda M. Central nervous control of energy and glucose balance:
focus on the central melanocortin system. Annals of the New York Academy of
Sciences 2011;1243:1-14. '

Yoshida T, Semprun-Prieto L, Wainford RD, Sukhanov S, Kapusta DR, Delafontaine P.
Angiotensin Il reduces food intake by altering orexigenic neuropeptide expres-
sion in the mouse hypothalamus. Endocrinology 2012;153:1411-20.

Zhou X, Wang JL, Lu ], Song Y, Kwak KS, Jiao Q, et al. Reversal of cancer cachexia
and muscle wasting by ActRIIB antagonism leads to prolonged survival. Cell
2010;142:531-43.



SUMMARY. . o

#BK BRI BERT

Cachexia® 2By, fREEEBE (FH)

Diagnosis, pathology and treatment of cachexia

EEES

Cachexiali B TR, HENLEERD, BBEORIZ2ERELARETHY, BEEEL
HECDEREZLCEHLTRDON D, TOREOEZECEYAI MM ICLZ22H5HOR
ERHY, HFAECEBEIZNE ~ONS U APEIEL I EPEETH %, Cachexia®i
BUBYEZOAELT, (HIE - RELRE, SHFELPOOBENET7 S/ O-FHFEETH .

EKEEY WORDS
B cachexia
B aiEraE
B QoL
B 2mEE
B 8% - AEHEE
I
Lol

BEE (cachexia) IZEWRIR i
&% o ICERGRL (Fran=7)
EEBELLRET Bl BX
MHRERLEEREE Uy~F, BEE
B, DAL REEBEERLE, %40
EEPEBIIAHLTHEDLND, B id
FICHT 4 A, ERFV T oOLRS T
FTADIHEYFEENT AL ENSD
A, BEDE¥OMEKICL), BEES
DQOLREMFH L OMMED S Iz
RoT&ALIET, BEOLELRFHREL
LT BmEND IS kol

R D BEMHE (cancer cachexia)
LR L, RS
FO0~80%IZFED S 1, FRILED20~
% EEHEDDBEVHN BT, —H&RIC
cancer cachexiald, FEOEITIHE VAT
HHEORBREECERL T LEND
H(E), BEIZL - TRERPHES

&
=
i

20(268) |

RE—FHH & B vol.30 nod

HEISFSETHBY,

Cancer cachexiaid B /0 IRIZ D
Z AL, BRE CIEEFREOEL
MNETHREREELZFIERBI D, £
DERMANEEETH DY, T2, FH
WA, BH%E )R EPHOEH -
RIS A AR A - (LB
R . 2 IRMBEREICET

{cachexiab FEL., DHO GBI
WRELSEETHO 7,

AH5 13 E (Zcancer cachexia® {1
2, BW, WEL S IHBEIC OV T
HT Do

/i
Cachexia®

20084, EBREREFESICLIDERS
NizcachexiaDBWik#E (M2) 12X3
&, cachexiald EREORRER O
FET T, 127 AU 5 %LU LARE AR,
L. POBIHET. EH AR,
BRIBIFEET, MEmEREOSHED
b 3EBERWMLTHE] L3Nb, Z
DH M Teachexiak BT S N EIE
[BES YL Ecachexial TH Y, EWY
HEOH L O TRBRESCLEIY v
Y7Ll RSO AENRIEENREA
NI D N

FERE BHE TICHERE
Precachexia Cachexia Refractory cachexia
EE ET
- FERI=5% CHREES>ERESLE - ERCERENEE
CBEARIRERBETE BMIK20 & - BAETE EERARAD
HERED>2% A
FhEHLONRITE - EHFBE<3 5B
FERDP>2%
BREETCEBRE
RIS

1. Cachexia®AF—
(LREIR) X % - B

Presented by Medical*Online



BERE
) & BHETe, BELTE
EXRMERETSAERS, BYEBIE
BRI R

—

L >

N

FRERS

B

, BBLES, HHET
g . 7, A 3
ERD  BER E RARSAREET
\. N N )
BURHDH
@ HET
‘ L+
12 5 RIS B £ b SRuTR
ORI RIET
5% DHBIET + Ok r
(% L < & BMI<20Kkg/m?) OUARERT -
JefEfET— A~ LR (CRP, IL6)
- Al {(Hb<12g/dL)
AETNT I CMfE (<3.28/d8)
i

|

2. Cachexia®2

n

Cachexia®D ¥R RE

BRI L IR TR LD ET
% cachexia DA IR AR & BT B 15,
A AL DN ERELR T 77—k R
% o IB#5E5E R T (tumor necrosis factor—
a TNF-a), 4 v ¥%—ua4F -1
(interleukin-1: IL-1), IL-6, 4 ¥ ¥ —
7 x W ¥~y (interferon-gamma : IFN-

(CH9) X oe%k - 51H)

y) BEDHFA M4 BEREREE
OREHLMEH, S BRNICESE - LS
n, 2HUEOKELFIERIT, F0OH
B LA EEIANFE DT VR
BRIELOTEEZVPEVIELS
#5, cachexia® ¥R - ME I BITH a2~
.lb y-}j—x %?%TL\Z) 2) 3) 8) "12)0
Cachexia® X EH 2 HWEND 1 D& L
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HLT, WMhhEHKIGEROMENTF
F Y (neuropeptide Y : NPY)/7 & —F
B~ 7 F K (agouti-related peptide :
AgRP) %iEHLS B, 2 LAV
FFYRIL) R EICE AR - RE
TEHEREDS, VA4 A A VIS o Tl
T AR cachexia Tl 2 Wi EZL D
b, Thabb, H4 b IA4BLTF
YD T F N (RIEED TS
FThENWS) [Boriz] Y7FN) 8K
TEHIEZ, RO T LIS
Tdh Z)NPY/AgRP/% L E LAR
RERDIF END 2012, BEHRDAIE,
EBARHR O, RN ZEERS L
W5 JzcachexiaDIREPER S NE T &
AR IRBENRT W5 8,

F N a=7 beachexia® R EN 2
BO12THAHY, ZhiZdHA raA
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factor 1 IGF) Z ED ALK EERK -
HRERECBIT S RTFORER LIS
R, T OME LBEEIELS
cachexiaDFM TH 5 BIEH OHIHE - £
BOBIERIENHO Y, I,
lipid mobilizing factor (LMF),
proteolysis inducing factor (PIF) # &
DFEREH» SEA SN BHMEF, B
B i PR I IR B LB OB E
BIEPHEENTVREM, 61T,
REMEY A b A 4 VIS WA L,
5 D7z & Dsickness behavior# 5| X #2
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New treatment of cachexia

SUMMARY

Cachexia®# L LviE

WBEEER BEaRT RN % Bk

E#%'Y (cachexia) REOCHHASEG AL T, HRAEZOHEIrEHIATVS, TL U
BLUTLYTFOY, BRNT7Y O ZREREHE (SARMs), 7 X MXFHY, 3
FREFUHE, A5/ NFABRE (MCIR) BREL Y, MEHEPEIHLOREICE
BINACELEOEFSBRIHNSERSh, —HIEITHTH D, EREAEZEOFHRER
FPIEHONBET, EREICLIYQOLFETLABREDOFEEESLCEERAROERICD

BB EERED,
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b, BRHHHOTHE, 1 ¥R VTR
%, BEMROTEL EORLEES L
CEATTESNAIREIZS S, ZoRH
BENSGEICED, BHEWRHE (cancer
cachexia) M X F — VA "HIEWHE
(precachexia)”, "HE{HE (cachexia)”,
R ¥ % (refractory cachexia)”
EHETTHE, KEWKEZIToTHED
WEMET 5 2 e TERRY, FER
BIEARW SN2 IREIC L 5, BFUETIC
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MR R, WIREELCEZHEWICH
WORBEHEAT) T L RLEART R
7%, B, ¥ ilrefractory cachexia?®
HBET5 &, BILNEIC L A2RHEEED

EU, EEWHZITo T LR EKE
LUNZEEFER EOERIHIT A
®, QOLEEF E€5 2 L12d %0 9 5,
FDD, BHEOAF— VML, ¥
U RBEHEIT) T ENEEL 25,

TEBHREORFEMBE s h2DOH
h, BRACLIAEEEREZUETS
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A TEYHRESEERT S (E1) 12,
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1. Y1 Mh1 g
BB HEEEL LB S NS4

A e BRI AEHIT, v
aNFaL N, FUTSAFUy, IL43
¥ v ¥ x ¥ B (eicosapentaenoic
acid ; EPA). 5'-deoxy-5-fluorouridine
(5-dFUrd), AF b=, Y <A F,
JERF 1 A FRPIEAESE (cyclooxygenase-2
(COX-2) MER), 7vIV4Fv v V%
Haif% 3 (angiotensin converting enzyme :
ACE) HE%E% EFRALNTVA, ¥
7z, JVU YA AL EEGETS
{EH % b2, iR BRTH S
EPAIZ. #KIEFH % 13 U oproteolysis-
inducing factor (PIF).lipid mobilizing
factor (LMF) @A F, BB L U0F
WHOSRINE L7255 2 & TEER
BEOQOLA MR T 2L LEOMEND
D, DAEIIBVTHREFITH LIEL
HAwbhTwa,

FA4 M4 VIEERRIROIT A, FH,
YT, WD Ok EOHBIITE (sickness
behavior) 5T 509", 0K
FOMRLHFEEIND,

2. B - HItEEDNEE
EREICBWTIE, BHFHEOKTIZ
EOCRBOMERPE LS, A Mo
773 O &) REERENEE
HEBEEORBANIR HERSH~2~
DEAFHERINTHS, T b=
(5-hydroxytryptamine ; 5-HT) 4 S5k
REFEO TS 7Y K7 VEHER A T
) FHEBEE, BHHRERETLOA
5Y, HEMEOFTEMENAE Y REL
BIWIEROBERIZEDN TH 5,
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ARC POMC/m

5-HT

T i)

Corit 1 7 b BREEE DT < i L e
EMAL(C) a f -
[ EmEE
UCPRBRH —  LT7FR
ST F

<’__‘

PIF

Q1 RERE: F220Fa41 F, TOFA700

Q2 XEFEIRE © cannabinoid, ¥ THEANT Z Y , BCAA, * hIOTS5 I K, EPA, 5-dFUrd, XJ b=, U Fvo K, B, FEHEE,
JERF O RRAREE (A F), BAREXFO4 K(E), pentoxifylline(A), & K55I LERIE(C), 7X bXFAV(E),
ACEMREZ(E), #EAXE(B,EF)

OHFBIRE: FL UL (A B EF), SARMS(E), 77 FE - FRE T EEEZE (E), MCARBHEF)

At MOA L EDOWMHFIEE, B B - BLEERWEE, C: Cori ¥ VILBEE, D E: PIF,LMF OBEEE, F: AMEESRE 6 HATE 15 0%

B1. BERREORRECRE

ERRERET, ZAr ¥l BRY, BBHOES R L. 2OEMISCTERr ZET 2 LENH L. 1 IR I v I F ol KL

FOUXAFArTHLH, TOFATOIHATERE TSN TwA Y, 200BIREL LT, £ nEFAFBIRIEHIhS2H5,

ARC : 3R 4%, VMH : 4. DMH - B4, LHA : 4%, PVN: &4, NPY : neuropeptide ¥. POMC : proopiomelanocortin, CART : cocaine-and

amphetamine-regulated transcript, ZAG ! zinc- a 2-glycoprotein, MuRF1 : muscle ring-finger protein 1, MAFbx ! muscle atrophy F-box,
protein, UCP @ uncoupling protein, DGC : dystrophin glycoprotein complex
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x®1. BREEFIL AN TICHT DBEEFRE

#= - 1e K54 AHZ AN HEEE/ ARE  BARKE o
Megace® ES Par Pharmaceutical BREE A 2 bu— )L $ o4 X FDAMES  Belller. et al - 1997
Bruera, et al : 1990
Loprinzi, et al © 1990
Anamorelin Helsinn Therapeutics VAV IV 37 e 4 SETTAH Garcia. et al © 2013
Vitor™ Ark Therapeutics # A Smith. 2006
EPA Nestle, Danone. S L OUPPIHMIL 9% FU/MHM Hardman, et al = 2004
Abbott, Fresenius Barber, et al © 2001
Fearon, et al : 2006
H-4864-GMP Bachem e brLY) s i 4 Neary, et al : 2004
GTx-024 GTx SARM 4 5 A Dobs, et al : 2011
(Ostarine)
U-1250 Bachem e bV v # B Strasser, et al : 2008
P-0861 Polypeptide Laboratories AW e LY v i I Lundholm. et al : 2010
SUN11031 Asubio Pharmaceuticals Gl b LY o BIEPAEEMEE B UM Levinson. et al : 2012
INCRB018424 Incyte Jak1/2[l1%8 ERIES S Eghtedar, et al : 2012
OHR118 OHR Pharmaceutical VAR T s A X 5 I Chasen, et al : 2011
Celecoxib Pizer COX-2/H# # 5 T4 Mantovani, et al : 2010
(Celebrex) ]
BYM338 Novartis e hE/ 7 O—F gk i I B
MT-102 PsiOxus Therapeutics B Z R ¥ 2 OH Stewart, et al : 2011
ALD5B18 Alder Biopharmaceuticals v MEIL-6E / 70— FILELK 8 $EOH Bayliss. et al : 2011
(BMS-045429)
CK-~2017357 Cytokinetics BRI L BT A Shefner, et al : 2012
AEZS5-130 Aeterna Zentaris : 1 Piccoli, et al : 2007
(EP-01572) ‘
Lenalidomide Celgene H) KA F7Fay 5 514 Sharma. et al : 2006
Olanzapine Eli Lilly - MR E R eRhEE % 21 # Braiteh, et al : 2008
S-HT-E R ERE
ACE031 Acceleron Pharma FoFE AT RS 5514 Attie, et al © 2013
LGD-4033 Ligand Pharmaceuticals SARM Eyor 214 Basaria, et al © 2013
GLPG0492 Galapagos SARM EEH 14 Nique, et al : 2012
BL-6020/979 Santhera Pharmaceuticals MC4 R #r:88 ## BT R FR Dallmann, et al : 2011
IL-15 Immunex, Amgen A rAA i Wi R Harcourt, et al : 2005
PG-873637 Procter & Gamble Pharmaceuticals CRF2R{EHH#E i IS Argilés. et al : 2008

SOD : superoside dismutase, UPP © ubiquitin proteasome pathway. IL-6 ! interleukin-6, Hi : histamine 1. CRF2R : corticotropin-releasing factor 2 receptor

(SCHE3S) & 1T - BIAD

3. BERESE

DAETERIEIC I vaanFaf B
EREREICHVLONTWED, BRET
7y 270 8 TH Hmegestrol
LEMEARRICEHTgETH L, T
FAFa L, A A A U EEROEE
L D EAEE M3 ¥ % . Cannabinoid
=77 RGO 12THY, Whik
HlRE VR 35 & UMM = BRI S 5 1E
HETH LRI, B%RERETLIHE
bdH b

F - PS-HTER S 7T 3 7 B
(branched-chain amino acid : BCAA)
THOT, 5-HTREN T2 81285
BRIk BREOWEVRIHME SN
Twb, BCAAK, BRRPEF L6
S-HTOERZRT SR LI & TAKE
WEL., SOHUUHHAROERICL RN
HBEZEFHOENT WS, T/, HEH
WETHLE TV FEVOBHERTH S
BRLELZFE L CERERBICISET
BRABITON TV 5,
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BHREETLIEMONTE LD,
5-HTna S BREZMEL, L) yof
WMERBT B LI X b BABIET, M1k
EREAS BREESR IALTBEr®
ETDIENPELMIEINZ I LI B
METFNVBLUBEEEIIBVTEFHK
TEITT P SINT DY HAE,
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Y/
W= BB EORSE

EMEOEENREOMRHEIMEL, v
KODPOWMETIIRELRHREZL26T
WREME 2 O RET Fu—F A HB S
NTWb, FLYrBLEI7LY 7
oy, BIRWT v POy s SapimsE
(selective androgen receptor modulators
SARMs), FARMATFOY, f VA ¥
B ENf (nsulin-like growth factor :
IGF)-1, 34 R¥F UMk, A5 /72N
F 4% 54K (melanocortin 4 receptor ;
MC4R) HEPudEd EOWgeiisEe, 3o
DOMBREBERLEL EOBEKER
Bt 4 E R, —MISEITHRTH
é 6)-33) (i 1 )3830

1. JLrus
BhLEERICHMENE LY I
i, BRIREEBOARL LT RN ER

CHTAWBEMROMFIN TS, 7

LY YRSV R REEE DRRIRIE
HL#HALNDDH D, BIRAIZETIL,
BiEEZ A LTV RS ETE
¥, BARTENTEHEEZLOIL
PHE SN TWB MY, Anamorelintd
GIRETRRE 7 LY » EHEETE
T, BEETIIEEEME FMLEH TR
T EAHRESN, BREIBELORH
| LTRHREMIHEA TV S, Anamorelin
T TICHE I HERAREZRT L, BE
FIIH LT AR UE S SREZEM
BEDLIEPHRESNTVEY A4 R
O Helsinn4k 13201148 8 A23H L v, 3E
ANHIRRERE AR S BN R S ERE RS
g E L7, anamorelin® 2 o — /5
Zhsk AL EEHR 7T v A%
BoSNMABRABRETRHLTB D,
ERNCIZ/ANFER T ERRESH IS TH
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BRI B £ Th %o

F 7., 1 F ¥ DAeterna Zentaristh id
20124E 3 A 8 H, MEWHZ b0 EHE%
WERIC, SV CERREHETH S
AEZS-130 (macimorelin) D& & E
MR FMT 58 T AHERARL BB L
ToEFERL T\ 5,

2. SARMs

SARMsiZ BB OWAITT T 2 65
WELTHEBERTV S, BERLIE
DONDBHELWENELTZT VS
AL T T R T AHER IR BR T,
SARMsIC L 2 R EHMMAFECHZD S
N7, SARMsT# 5GTx-0241Z 8511
MR A A, EATIRNHINRTE R
FIZBIT A EREO T T dkEE
ATV D,

3. 3 AXEFL

IFASF VBB ERRICHE
L, BRBOBKZHHTE2EHEE b0,
IARYF LTI FEVRBERDT Y
F Y I MZHEMAB (activin type I
receptor B ActRIb) FEREIZBY
ZEBHEIOFBERTCHY, BEL
TRT77FEY ADEMPERHTOT
ZFE Y ADERLS RO LN S,

F72, ActRIbOBEEF S FRH OB
2R CDHRL LT, REBB< Y ADETRF
FYETAHILPHRESN, BEREOE
HELTEBESRTWEY,

4, MCARISHEE

ABMEERTF FTHET 7 —FHHE
ZERH (agouti-related protein ; AgRP) &
PEMEOMCARIEHETSH ), RBE
ESED. AgRPIEEEZHEINL = 4
NEF—HBLZEOT LT, M RBIE
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