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Abstract

Cachexia is a syndrome of wasting and anorexia that worsens the prognosis of many chronic
diseases including cancer, chronic kidney disease, chronic heart disease and chronic obstructive
pulmonary disease. Properties of the orexigenic hormone ghrelin—including appetite-stimulation,
weight-gain production and increased cardiac output—make it a logical treatment for cachexia.
While endogenous ghrelin levels are increased in the setting of cachexia, treatment with ghrelin
and other GHSR-1a agonists in animal models of cachexia and in humans with cachexia have
demonstrated consistent effects of increased appetite and improved weight gain. These positive
effects occur in multiple underlying diseases associated with cachexia and appear to be sustained
over treatment duration of up to 12 weeks. The mechanism of action in producing these effects is
likely related to stimulation of central appetite centers such as the central melanocortin system and
to increased growth hormone release, though ghrelin’s effects may also relate to decreased
systemic inflammation and other direct and indirect actions. Questions regarding the long-term
safety of ghrelin treatment are still unanswered, as is the important question of whether successful
treatment of cachexia will improve the prognosis of the underlying disease itself.

Introduction

Cachexia is a wasting syndrome that accompanies a wide array of chronic diseases including
cancer, chronic kidney disease, chronic heart disease and chronic obstructive pulmonary
disease (COPD)(Tisdale 1997; Evans et al. 2008). While these diseases are varied in their
underlying pathophysiology, they each result in a loss of lean and fat mass that is in part
fueled by an increase in resting energy expenditure. Perhaps the most striking characteristic
of cachexia, however, is on-going anorexia at a time when energy stores are depleted. Thus
far, no definitive treatment has been shown to be effective for use in humans with cachexia.

One agent that has gained attention as a potential treatment for cachexia syndromes is the
gut hormone ghrelin (Kojima et al. 1999; Tschop et al. 2000; Nakazato et al. 2001). Given
its properties of increasing appetite and increasing fat mass accumulation—that is, the
opposite of processes observed during cachexia—ghrelin has been investigated in a growing
number of animal models and human trials testing its efficacy in treating cachexia. As we
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will see in this review, ghrelin and other agonists of the growth hormone secretegogue
recepetor (GHSR-1a) also exhibit additional properties that may further benefit specific
underlying diseases associated with cachexia.

Physiology of Ghrelin

Ghrelin is a 28-amino acid hormone whose discovery was based on the ability for ghrelin to
bind to the GHSR-1a in the hypothalamus and stimulate growth hormone release (Kojima et
al. 1999). Ghrelin contains a unique n-octylation of serine residue ser-3 catalyzed by
ghrelin-O-acyltransferase (GOAT) prior to its secretion (Gutierrez et al. 2008; Yang et al.
2008). In acylating ghrelin, GOAT utilizes fatty acids absorbed from the diet, including C6—
C10 fatty acids, with a strong preference for C8 (Nishi et al. 2005). This acetylation is
essential for ghrelin’s binding to the GHSR-1a (Kojima et al. 1999) but as described below,
may not be necessary for all of its actions.

Ghrelin is released primarily from endocrine cells in the antrum of the stomach and levels of
total ghrelin rise in response to time since last feed (Cummings et al. 2002). The regulation
of ghrelin release is at least partly in response to the availability of energy dense fatty acids
(Kirchner et al. 2009). As such, while ghrelin has traditionally been seen as a meal-initiating
hormone, it may also have properties of alerting growth-and appetite-regulating centers in
the organism regarding the availability of calorie-dense food sources.

Ghrelin’s actions on energy balance are mediated in part via its effects on central appetite
centers such as the central melanocortin system (Figure 1)(DeBoer and Marks 2006; DeBoer
2010). Ghrelin binds to GHSR-1a in the arcuate nucleus and ventromedial nucleus. In the
case of the melanocortin system, ghrelin stimulation results in an increase in expression and
release of the orexigenic peptide agouti-related peptide (AgRP) and neuropeptide-Y (Chen
et al. 2004) and a decrease in expression of the anorexigenic peptide pro-opiomelanocortin
(POMC), which is then cleaved to a-melanocyte-stimulating peptide (a-MSH)(Cowley et al.
2003). These effects ultimately lead to a decrease in signaling at the melanocortin-4 receptor
(MC4R) and an increase in signaling at the Y-1 receptor, with the result being altered
signaling at second order neurons and downstream effects of increased food-seeking
behavior and decreased basal metabolic rate (Marks et al. 2001; Laviano et al. 2008).

However, ghrelin’s actions pertinent to cachexia are not limited to these central effects.
Additional effects are as follows:

1. Inflammation

The GHS-R is expressed on lymphocytes, and administration with ghrelin or GHS-R
agonists has been shown to decrease expression of inflammatory cytokines in monocytes
and T-cells (Dixit et al. 2004) and decrease systemic inflammation in rodent models of
inflammation (Chang et al. 2003; Granado et al. 2005), which may decrease the severity of
processes related to cachexia.

2. Cardiovascular

Ghrelin has cardiovascular effects, including increased cardiac output and decreased blood
pressure (Nagaya et al. 2001c; Nagaya et al. 2004), as reviewed by Isgaard and Granata in
this special issue. These effects are discussed further in the section on cachexia from chronic
heart failure (CHF).
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3. Fat storage

Ghrelin has potent effects on fat storage, which may provide important energy reserves for
the organism as the processes of cachexia continue (Tschop et al. 2000).

4. Gastric motility

Ghrelin administration accelerates the rate of gastric emptying in humans even in the
presence of vagotomy (Tack et al. 2005; Binn et al. 2006), as reviewed by Jeffrey et al. in
this special issue.

5. Blood sugar maintenance during fasting

Potentially pertinent to long-standing anorexia seen in cachexia, acyl ghrelin is necessary for
growth-hormone mediated maintenance of fasting glucose levels during a prolonged fast
(Zhao et al. 2010) as reviewed by Ukkola in this special issue.

In addition to these effects of acyl ghrelin via GHSR-1a, desacyl ghrelin—which does not
bind to the GHSR-1a—also may exert other metabolic effects. Mice over-expressing desacyl
ghrelin are smaller than wild-type mice (Ariyasu et al. 2005). Desacyl ghrelin appears to
increase insulin sensitivity, increase fatty acid uptake in cardiomyocytes and decrease fat
mass (Zhang et al. 2008; Lear et al. 2010). Similarly, treatment with desacyl ghrelin has
effects including a partially-protective effect against myocardial damage in an animal model
of chemically-induced cardiac injury (Li et al. 2006). Desacyl ghrelin may also have an
effect on suppressing food intake (Asakawa et al. 2005), though these data have been
conflicting (Ariyasu et al. 2005).

As we will see, most cachexia syndromes have been shown to have elevated levels of
desacyl ghrelin at baseline and it is not known whether these elevated levels of desacyl
ghrelin are causative of symptoms or a physiologic response to cachexia. Most disease states
resulting in cachexia also demonstrate an elevation in acyl-ghrelin that may be expected
following loss of body mass. As suggested above, the expression of GHS-R in a variety of
tissues provides a wide scope of potential effects of ghrelin as a treatment for cachexia.
Research has thus focused on whether use of acyl-ghrelin or other GHS-R agonists may be
able to overcome the catabolic processes of cachexia.

Cancer Cachexia

Cachexia is a feature that complicates the course of multiple different malignancies. In
certain kinds of cancer—particularly gastrointestinal cancers—up to 85% of patients
experience cachexia, and cachexia contributes to at least 20% of cancer deaths overall
(Tisdale 2002). The weight loss experienced by patients can be severe, including loss of up
to 75% of muscle mass (Fearon 1992), though even subtle amounts of weight loss and
anorexia are associated with a worsened prognaosis, poorer response to chemotherapy and
increased morbidity (Barber et al. 1999). The loss of appetite may be a particularly
important sign in that one survey of patients with terminal cancer found the presence of
nausea or emesis was associated with a 68% decrease in survival and contributed to a
substantial decrease in quality of life (Vigano et al. 2004).

As is true of most diseases associated with cachexia, the presence of underlying
inflammation has been implicated as exhibiting important contributions in the production of
cancer cachexia and may be an important target of ghrelin’s actions in this setting. Pro-
inflammatory cytokines including IL-1f, IL-6 and TNF-o can be produced by tumor cells, as
well as from the host response to tumor (Deans and Wigmore 2005). Up to 50% of cancer
patients exhibit evidence of elevated inflammation at diagnosis (Falconer et al. 1995) and
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the associated increase in cytokines is strongly implicated in producing anorexia, at least
partly due to action at the central melanocortin system (Marks et al. 2001), as discussed in
the previous section (Figure 1).

In the setting of malignancy, serum levels of acyl and desacyl ghrelin are already elevated
25-50% above normal among individuals bearing a variety of cancers, including those due
to lung, breast, colon and prostate cancers (Shimizu et al. 2003; Garcia et al. 2005;
Malendowicz et al. 2009). The cause of these higher levels may be multi-factorial, as each
of these types of cancer and several others have been reported to express ghrelin
(Nikolopoulos et al. 2010). Nevertheless, the elevation in ghrelin in cancer cachexia is likely
also in part a physiologic response to the decrease in lean and fat mass in cancer (Shiiya et
al. 2002; Soriano-Guillen et al. 2004). Indeed, levels of acyl-ghrelin are 50% higher in
cancer patients with cachexia, when compared to those without cachexia and 80% higher
than in non-cancer patients (Garcia et al. 2005).

On the surface, the presence of anorexia in the face of elevated acyl ghrelin levels suggests
either an element of resistance to ghrelin’s orexigenic properties in the setting of cancer
cachexia or overwhelming anorexic effects of other processes. Attempts at treating cancer
cachexia with ghrelin have thus required supraphysiologic doses of ghrelin but have yielded
almost universally positive effects on appetite, suggesting that ghrelin’s effect on appetite-
stimulating centers is not saturated in the setting of cancer cachexia (DeBoer 2008).

Use of ghrelin and other GHSR-1a agonists have been tested in animal models of cancer
cachexia (DeBoer 2009) and have demonstrated a 20-37% increase in food intake, 10%
weight gain, and reversal of lean and fat mass losses (Hanada et al. 2003; Wang et al. 2006;
DeBoer et al. 2007). These effects appear to be mediated at least in part due to effects at the
level of the melanocortin system, as ghrelin treatment was accompanied by increased
expression of the orexigenic neuropeptides AgGRP and NPY (DeBoer et al. 2007).

Nevertheless, these animal experiments involved extreme doses of ghrelin (500-800 nmol/
kg/day) several orders of magnitude above those used in trials among healthy humans (2—6
nmol/kg/day)(Wren et al. 2001), raising the potential that ghrelin would not be as effective
in humans with cachexia. Early trials in human subjects with melanoma, breast and colon
cancers involved administering a blinded dose of ghrelin vs. placebo, demonstrating
increased appetite (Neary et al. 2004; Strasser et al. 2008)(Table 1 (DeBoer 2008)). Longer
term treatment was reported by Garcia et al. using a GHSR-1a-agonist called RC-1291
(Aminorhelin; Saphire Therapeutics, Bridgewater, NJ)(Garcia et al. 2007). Subjects with
multiple cancer types, predominantly lung cancer, were randomized to receive oral doses of
Aminorhelin (50 mg, molecular weight not reported) or placebo for 12 weeks. Treatment
yielded improvements in weight gain and lean mass vs. placebo. The investigators also
measured quality-of-life and IGF-1 levels, both of which were increased with RC-1291
treatment. Testing of RC-1291 in healthy volunteers for 5-6 days had also revealed dose-
dependent increases in IGF-1 and insulin-like-growth-factor binding protein 3 (IGF-BP3)
(Garcia and Polvino 2009).

Recently the results of another long-term trial of ghrelin treatment have been reported
among 31 subjects with progressive, unresponsive gastrointestinal cancers (Lundholm et al.
2010). These subjects were randomized to receive low-dose (0.7 ug/kg/d) or high dose (17
ug/kg/day) ghrelin for 8 weeks, to further test whether the effects of ghrelin could be
sustained over time. This group administered ghrelin as a once-daily subcutaneous (SC)
injection to be administered 30 minutes before the main meal of the day. Subjects receiving
high-dose ghrelin reported increased appetite (as measured via visual-analogue scale),
though their total food intake was not different from the group receiving low-dose ghrelin.
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The group receiving high-dose ghrelin had a decrease in loss of fat mass and trended toward
increased lean mass and increased energy balance. Interestingly, subjects in both groups
exhibited a non-significant 9-28% decrease in IGF-1 levels over the course of treatment.
This study thus emphasizes that ghrelin’s effects on body mass may be mediated without
increased food intake or increases in IGF-1. Finally, treatment with ghrelin following
removal of gastric cancer decreased the loss of body weight, though this may have been
partly due to replacement of normal endogenous ghrelin secretion (Adachi et al. 2010).

While moderate-length treatment courses of ghrelin have had beneficial effects, there exists
potential for tolerance to ghrelin’s effects or that counter-regulating processes would
overwhelm beneficial effects. Of additional concern regarding the use of ghrelin in cancer
patients is the potential for stimulating tumor growth. This remains an important possibility,
given ghrelin’s ability to stimulate processes related to cancer progression (as reviewed by
Chopin et al. in this special issue) and to stimulate growth hormone release. Although many
tumor cells express the IGF-1 receptor on their membranes (Maki 2010), neither animal
models nor human studies—albeit over short time periods—have reported increases in
tumor volume or disease severity during treatment with ghrelin. Studies have been mixed
regarding the effect of ghrelin or GHSR-1a-agonist treatment on levels of growth hormone
itself, with some reporting an increase in growth hormone (Garcia et al. 2007) and some
reporting no difference vs. controls (DeBoer et al. 2007; Lundholm et al. 2010). Finally,
while ghrelin has been reported to have anti-inflammatory properties in other settings,
decreases in inflammation have not been reported in the setting of cancer cachexia.

In summary, although cancer cachexia involves elevated levels of acyl ghrelin, treatment
with supraphysiologic doses of ghrelin nevertheless results in improvement in appetite.
While long-term studies have not demonstrated increases in food intake, there have been
demonstrable increases in weight stabilization and fat mass, suggesting metabolic effects
that may improve an organism’s energy reserve. Nevertheless, questions regarding safety
still need to be carefully addressed, and dosing regimens and long-term efficacy will need to
be optimized prior to clinical application. At the time of this writing, further trials are on-
going (www.clinicaltrials.gov accessed 11/18/2010) regarding the efficacy of ghrelin as a
treatment for cancer cachexia, raising interest that treatment with ghrelin or GHSR-1a
agonists may be an option for patients with cancer cachexia in the future.

Renal Cachexia

Similar to what is seen in cancer cachexia, in the setting of chronic kidney disease cachexia
involves a loss of lean body mass, increased energy expenditure and decreased appetite. This
constellation of symptoms affects up to 60% of patients on hemodialysis (Kalantar-Zadeh
and Balakrishnan 2006). Given a prominent decrease in serum protein levels in this setting,
this syndrome is also referred to as protein energy wasting (Muscaritoli et al. 2009; Naufel
et al. 2010). Inflammation—which is present in CKD at least in part due to uremic toxins,
decreased tissue perfusion and impaired renal clearance of cytokines (Muscaritoli et al.
2009)—appears to play a role, in that decreased hunger (as assessed by visual analogue
scales) correlates with markers of inflammation (Zabel et al. 2009). Other potential
causative factors include metabolic acidosis (Muscaritoli et al. 2009) and oxidative stress
due to uremia and dialysis itself (Locatelli et al. 2003). Muscle wasting in CKD is facilitated
by the ubiquitome protease system (Mitch and Goldberg 1996) and is complicated by
abnormalities in mitochondrial function, including a decrease in oxidative enzymes and their
activity (Adey et al. 2000).

As seen in other cachexia states, levels of ghrelin are elevated in renal cachexia. A more
striking finding in this state, however, is the sharp difference in desacyl ghrelin vs. acyl
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ghrelin. Desacyl ghrelin levels are elevated by 2.2—2.8 fold vs. controls among CKD patients
on hemodialysis and peritoneal dialysis (Yoshimoto et al. 2002; Buscher et al. 2010; Naufel
et al. 2010) and are higher in hemodialysis patients with anorexia than without (Muscaritoli
et al. 2007). While acyl ghrelin levels do not differ overall between CKD patients and
controls (Perez-Fontan et al. 2005; Buscher et al. 2010; Naufel et al. 2010), CKD patients
with cachexia have higher levels of acyl ghrelin than patients without cachexia (Bossola et
al. 2009).

As in other forms of cachexia, the higher levels of acyl ghrelin in renal cachexia may be a
physiologic response to a starved nutritional state and present the possibility that treatment
with additional doses would be saturated. Animal models of treatment of ghrelin or other
GHSR-1a agonists over a moderate time frame (14 days) demonstrated an increase in overall
food intake and increased total mass and lean body mass (DeBoer et al. 2008). However,
whereas adipogenesis has been a major effect of ghrelin treatment in non-diseased animals
(Tschop et al. 2000), in renal cachexia, treatment with ghrelin and other GHS-R agonists did
not change the loss of fat mass. While the main mechanism behind these changes is
uncertain, the clinical improvements were accompanied by altered expression of
neuropeptides and enzymes in the melanocortin system, a decrease in systemic
inflammatory cytokines, a decrease in the ubiquitome-protease system and a normalization
of mitochondrial enzyme activity, and it is likely that a combination of these effects
contributes to the changes in body mass (DeBoer et al. 2008; Barazzoni et al. 2010).

Among human subjects with end stage renal disease (ESRD), a single subcutaneous (SC)
dose of ghrelin (vs. placebo) in a blinded, cross-over trial resulted in an initial increase in
food intake that abated over the following 24 hours (Wynne et al. 2005), raising the question
of whether sustained treatment would continue to increase appetite (Table 1). The same
group subsequently performed a one-week randomized, cross-over trial of daily injections of
ghrelin vs. placebo, demonstrating sustained increase in food intake (Ashby et al. 2009).

Questions remain regarding longer-term use of ghrelin in CKD, including whether treatment
with native acyl ghrelin would lead to further accumulations of desacyl ghrelin in the
presence of poor renal clearance, and whether this would eventually affect efficacy.
Treatment using GHSR-1a agonists that cannot be converted to the desacyl state would
avoid this issue. Administration of ghrelin in the setting of renal failure has been shown to
decrease blood pressure (discussed further below), which is a potentially beneficial effect in
chronic kidney disease (Wynne et al. 2005; Ashby et al. 2009). Finally, a common outcome
of renal cachexia in childhood is poor linear growth, which is treated with injections of
human growth hormone. An uncertain but important consideration is whether improved
nutrition parameters with ghrelin could improve adult height outcomes among children with
CKD.

Chronic Heart Failure

Chronic heart failure (CHF) as a result of myocardial infarction and dilated cardiomyopathy
is a relatively common cause of cachexia, as 5.7 million people in the United States have
CHF and up to 15% of these will develop cachexia (Anker et al. 1997a;
American_Heart_Association 2005). Individuals with CHF who develop unintended weight
loss, decreased lean and fat mass and a decrease in appetite exhibit tripling of mortality rate
over an 18-month period, from 17% to 50% (Anker et al. 1997a; Anker et al. 1997b).

Cachexia due to CHF is related to systemic inflammation, and patients with CHF cachexia
exhibit over a two-fold elevation in TNF-a and IL-6 levels compared to those with non-
cachexic CHF (Levine et al. 1990; Torre-Amione et al. 1996). These elevated cytokines are
independent risk factors for mortality (Rauchhaus et al. 2000; Deswal et al. 2001) and are

Mol Cell Endocrinol. Author manuscript; available in PMC 2012 June 20.



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

1duasnuey Joyiny vd-HIN

DeBoer

Page 7

postulated to arise from the failing myocardium, response to endotoxin released through
edematous bowel wall or from hypoxic tissue (von Haehling et al. 2009). Again, these
inflammatory cytokines are thought to act at the level of the melanocortin system, as genetic
and pharmacologic blockade of this system improves body mass parameters (Scarlett et al.
2010).

Total ghrelin levels are 41% higher in individuals with CHF compared to controls (Nagaya
et al. 2001b) and are 50% higher in those with cachectic CHF vs. non-cachectics (Xin et al.
2009). Differences in levels of acyl ghrelin have not been reported. As in other disease states
underlying cachexia, administration of ghrelin and ghrelin agonists in animal models of
CHF has been shown to improve accrual of lean mass, fat mass and body weight several fold
vs. placebo over 3—4 week treatment periods (Nagaya et al. 2001c; Xu et al. 2005; Akashi et
al. 2009).

However, particularly appealing as an intervention for CHF cachexia are ghrelin’s additional
effects on cardiovascular function (reviewed by Isgaard and Granata in this special issue).
While the cause of these effects may be multi-faceted, the GHSR-1a is expressed in the
myocardium, raising the potential for direct as well as indirect effects (von Haehling et al.
2009). In animal studies, administration with ghrelin has been shown to increase cardiac
output (Nagaya et al. 2001c), decrease cardiac sympathetic tone (Schwenke et al. 2008),
decrease in atrial natriuretic peptide (Xu et al. 2005) and decrease cardiomyocyte apoptosis
(Xu et al. 2005), with ultimate improvements in mortality rates (Schwenke et al. 2008).
Nevertheless, these effects have not been universally demonstrated as other investigators
have not found changes in left ventricular (LV) ejection fraction or other markers of cardiac
function despite 2-fold increases over placebo in weight and in lean body mass (Akashi et al.
2009).

Systemic cardiovascular effects have also been reported in human studies of ghrelin
administration. An unblinded trial of twice-daily 1V ghrelin for 3 weeks to subjects with
CHF demonstrated increased LV ejection fraction, decreased end-diastolic function and
increased peak workload, as well as decreased B-type natriuetic peptide (a marker of LV
wall stress)(Nagaya et al. 2004) (Table 1). Other researchers noted blinded doses of ghrelin
(vs. placebo) to result in decreased mean arterial pressure and increased cardiac output
(without change in heart rate) in subjects with CHF (Nagaya et al. 2001a) and decreased
blood pressure in ESRD patients (Wynne et al. 2005; Ashby et al. 2009). It remains unclear
whether these are direct actions or secondary to other effects of ghrelin. Ghrelin also exerts
effects on body mass in cardiac cachexia in that a three-week course of ghrelin treatment
resulted in significant increases in lean mass and muscle strength, gains which were not
noted in untreated patients (Nagaya et al. 2004).

Pulmonary cachexia

Chronic respiratory diseases also can result in a cachexia syndrome, including chronic
obstructive pulmonary disease and recurrent pneumonias. Each of these results in increased
inflammatory cytokines, and as in other syndromes, the presence of cachexia is linked to
increased mortality (Andreas et al. 2005). Levels of total ghrelin are elevated in COPD (Itoh
et al. 2004); nevertheless, treatment with ghrelin as a twice-daily 1V infustion resulted in
increased food intake as well as increases in body weight and lean mass (Nagaya et al.
2005). When ghrelin was administered in an unblinded fashion to subjects with recurrent
lung infections and unintended weight loss (2 ug/kg IV twice daily for three weeks), this
resulted in increased food intake and increased body weight. Moreover, subjects had a
decrease in neutrophils and cytokines in their sputum and improved exercise tolerance
(Kodama et al. 2008) (Table 1).
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Recently, a synthetic GHS-R analogue was shown to increase appetite and increase weight
gain over placebo when given as twice-daily SC injections to subjects with COPD (von
Haehling et al. 2010). The subcutaneous delivery suggests clear potential for home
administration as a cachexia treatment.

Cachexia or anorexia from other underlying diseases

Safety

Treatment with ghrelin has also been show to be of benefit in other animal models of
cachexia or anorexia, including radiation injury (Shah et al. 2009), chemotherapy (Liu et al.
2006; Garcia et al. 2008) and burn injury (Balasubramaniam et al. 2006). Interestingly, in
the case of cisplatin-induced anorexia, ghrelin secretion is blunted (Yakabi et al. 2010),
underscoring potential differences in etiology of anorexia among various conditions and—
thus far—the ability of ghrelin to stimulate appetite and weight gain despite these
differences in etiology (Garcia et al. 2008). Human studies on ghrelin’s use in these
additional causes of cachexia have not yet been reported. Efficacy has also been
demonstrated in the anorexia of aging, including increased food intake in an animal model
(Toshinai et al. 2007) and increased lean mass accrual in a 2-year trial of an oral GHS-R
agonist in healthy elderly adults (Nass et al. 2008). Again, the etiology of age-associated
anorexia is likely to differ from cachexia of chronic disease, but appears to benefit from
treatment with ghrelin.

While the trials reported here have not had significant side effects associated with ghrelin
treatment, potential continues for pharmacologic effects of ghrelin that might limit its
application in cachectic patients. Tolerability has not seemed to be a significant effect,
though one blinded trial revealed a trend toward increased undesirable gastrointestinal
effects among subjects receiving ghrelin (Strasser et al. 2008). These gastrointestinal effects
included abdominal pain, dry mouth and an increase in bowel activity, which combined for
11 complaints during ghrelin treatment vs. 4 complaints during saline treatment (Strasser et
al. 2008).

As mentioned in the Cancer Cachexia section, theoretical concerns persist regarding the
possible effects of ghrelin on processes related to cancer (as reviewed by Chopin et al. in
this special issue) and on downstream results of increased levels of GH and IGF-1 in
malignancies. IGF-1 signaling plays a role in anchorage-dependent cell growth, which might
be important in tumor cell survival (Brodt et al. 2000; Maki 2010). Thus far, these concerns
have not borne out in animal models or human application, though longer-term treatment
will be necessary.

Additionally, the prospect of increased levels of growth hormone raises potential for
increased insulin resistance, and ghrelin administration in healthy individuals has been
shown to suppress insulin action and worsen glucose tolerance (Tong et al. 2010). This may
prove problematic in some cachexia-associated conditions, given that inflammation and use
of steroids are also associated with insulin resistance. The only human trial reporting
measures of insulin resistance showed non-significant increases following treatment with
GHS-R agonist vs. placebo (Garcia et al. 2007). Nevertheless, while prior trials have not
demonstrated significant problems, induction of glucose intolerance could preclude use of
ghrelin in a sub-set of patients with cachexia. Clearly, longer-term trials will be necessary to
answer these concerns.
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Conclusion

Ghrelin has received significant attention for the treatment of cachexia. This is particularly
important because no effective treatments have been shown to have such consistent effects
in animal models and human trials. Moreover, the additional systemic effects in improved
cardiovascular function particularly raise the potential for application in cachectic states
involving heart failure. Questions persist including whether ghrelin’s effects will be
sustained past the 8-12 week time points that represent the extent of current applications.
Further mechanistic studies will be important to determine any synergies that ghrelin
treatment may have with additional approaches to treating cachexia. These mechanistic
approaches include investigation of anti-inflammatory effects (Chang et al. 2003; Dixit et al.
2004; Granado et al. 2005), beneficial cardiovascular effects (Nagaya et al. 2001c; Nagaya
et al. 2004), and effects on the ubiquitome-proteosome system to help prevent losses of lean
mass (Mitch and Goldberg 1996; DeBoer et al. 2008), in addition to ghrelin’s effects on
appetite and fat storage. Finally, some optimism persists that successful treatment of
cachexia with ghrelin may improve the prognosis of underlying causative diseases, which
would add immense value to such treatment and remains a topic requiring further research.
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Figure 1. A model of ghrelin’s mechanisms of action in cachexia

Cachexia in the setting of multiple different underlying etiologies appears to have in
common an increase in inflammatory cytokines. This results in—among other things—
effects on the central melanocortin system of the hypothalamus, a key site of ghrelin’s
appetite-stimulating actions. Inflammatory cytokines act on receptors such as IL-1 receptor |
(IL1-RI) to increase activity of neurons expressing pro-opiomelanocortin (POMC),
increasing release of a-melanocyte stimulating hormone («MSH), which activates the
melanocortin-4 receptor (MC4-R) on downstream neurons. Inflammatory cytokines also
decrease activity of neurons expressing agouti-related peptide (AgRP), a natural antagonist
of the MC4-R. The net result of these processes is a decrease in appetite and increase in
degradation of lean mass. Conversely, ghrelin acts on GHSR-1a to increase expression and
release of AgRP and Neuropeptide Y. In addition to counter-acting the effects of
inflammatory cytokines in the melanocortin system, ghrelin treatment also decreases
systemic inflammation in some settings and has other potentially-important systemic effects.
Abbreviations: COPD, chronic obstructive pulmonary disease. (Adapted from DeBoer
Nature Clinical Practice: Endocrinology and Metabolism 2(8):459-466 and DeBoer
Nutrition 26:146-151.
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