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Abstract
Ghrelin, the natural ligand for the growth hormone (GH)-secretagogue receptor (GHS-R), is
produced predominantly in the stomach. It is present in the circulation in two major forms, an
acylated and an unacylated form, both of which have reported activities. Some of the best
understood main effects of acylated ghrelin administration include anorexic effects, increased
appetite and the stimulation of GH secretion. Ghrelin also seems to plays a role in glucose
homeostasis, lipid metabolism and immune function. Based on its orexigenic and metabolic
effects, ghrelin and ghrelin mimetics have potential benefit in antagonizing protein breakdown and
weight loss in catabolic conditions such as cancer cachexia, renal, cardiac and pulmonary disease,
and age-related frailty. Ghrelin also has potentially useful positive effects on cardiac function and
gastric motility. Ghrelin antagonists may be of benefit to increase insulin sensitivity and potentiate
weight loss. The following chapter presents some background on ghrelin and ghrelin assays and
discusses some of the potential therapeutic approaches for the use of ghrelin, ghrelin mimetic
compounds and ghrelin antagonists in clinical disease.
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Physiology
Ghrelin is a 28 amino acid peptide hormone secreted predominantly from the stomach that
acts to regulate appetite and metabolism. The ghrelin peptide has an unusual post-
translational modification; an 8 or 10 carbon fatty acid is ester linked to serine 3. This
acylation is unstable, and the majority of ghrelin seen in the circulation is in an unacylated
form (Kojima et al. 1999). Only acylated ghrelin has biological activity at the known ghrelin
receptor (Smith 2005), though the des-acylated form is reported to have other activities
(Delhanty et al. 2010). The main site of ghrelin synthesis is within the oxyntic glands in the
fundus of the stomach, but ghrelin synthesis has also been documented in the small intestine,
and to lesser extents in the pancreas, immune cells and other sites (Korbonits et al. 2004).

Experiments examining the structure-activity relationship of ghrelin (Guerlavais et al. 2003),
showed that a bulky lipophilic residue at the Ser3 residue is necessary for its affinity towards
its receptor. This receptor was originally named the growth-hormone-secretagogue receptor
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1a (GHS-R), but after the discovery that its natural ligand was ghrelin, it is now often called
the ghrelin receptor. The n-octanoyl group can be replaced by a decanoyl or palmitoyl group
as well as a benzoyl or adamantyl group. The studies also showed that the ester function at
Ser3 can be replaced by an amide function without loss in biological activity and that the
four N-terminal residues of ghrelin are necessary for binding and activation of its receptor
(Bednarek et al. 2000; Matsumoto et al. 2001).

Naturally occurring ghrelin is heterogeneous due to variation in an intron splice junction
(desGln14), variation in proghrelin protease cleavage sites (desArg28), and variation in the
nature of the acylation which can be either 8 carbon (C8, octanoyl) or 10 carbon (C10,
decanoyl) and may contain a double bond (C8:0 or C8:1). In the stomach, these acylated
ghrelin forms have been isolated and their molar ratios have been described (Hosada et al.
2000) as follows: ghrelin (C8:0) : ghrelin (1–27) (C8:0) : ghrelin (C10:0) : ghrelin (1–27)
(C10:0) : ghrelin (C10:1) as 6:2:2:1:1.

Ghrelin has been shown to elicit multiple endocrine effects such as an increase in appetite,
increase in food intake, and growth hormone (GH) release (Tschoep et al. 2000; van der
Lely et al. 2004). Circulating ghrelin levels have also been shown to be associated with GH
secretion during fed conditions, implying that circulating ghrelin levels modulate the pre-
existing pulsatile GH pattern (Nass et al. 2008a), while GH seems to have no impact on
circulating ghrelin levels (Nass et al. 2004). Besides its orexigenic and GH releasing effects,
ghrelin has been shown to increase gastric motility (Levin et al. 2006), increase lean body
mass as well as exert adipogenic effects and anti-inflammatory effects (Dixit et al. 2004;
Kojima et al. 2001). Ghrelin is also thought to play a role in regulating glucose homeostasis
possibly by modulating insulin secretion and insulin sensitivity, however to date it is unclear
whether this is also the case under physiologic conditions (Tong et al. 2009; Tong et al.
2010). Recent animal studies also suggest that ghrelin might be necessary for triggering the
GH response to prolonged nutritional deprivation that prevents hypoglycemia under
conditions of long-term caloric restriction (Nass et al. 2010; Zhao et al. 2010). Des-acyl
ghrelin is reported to itself have multiple functions that are independent of the known
ghrelin receptor and sometimes appear to oppose the actions of acyl-ghrelin; these include
enhancement of pancreatic β-cell function and survival (Granata et al. 2010), beneficial
effects on cardiovascular function (van der Lely et al. 2004), and regulation of lipid and
carbohydrate metabolism (Delhanty et al. 2010). In order to accurately assess the physiology
of ghrelin and the regulation of the different forms of circulating ghrelin, the use of an assay
which can distinguish between acylated and des-acylated forms of ghrelin is mandatory (Liu
et al. 2008).

Ghrelin assays
Circulating ghrelin is heterogeneous (see above) and labile to degradation by both proteases
and especially by esterases in blood (Hosada et al. 2000; Liu et al. 2008). This results in a
mixture of ghrelin forms and degradation products. Assays for ghrelin must first start with a
sample preparation method where further degradation has been stabilized, and then must
characterize which forms of ghrelin or its fragments will be detected.

Sample preparation
Blood samples for ghrelin assay are usually collected in EDTA tubes. Chilling slows the rate
of esterase activity. Esterase/protease inhibitors added directly to the collection tube further
preserve ghrelin acylation. After prompt preparation of plasma, acidification with HCl can
irreversibly denature endogenous esterase activity (Liu et al. 2008).

Nass et al. Page 2

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Assay Types
1. Single-site RIA or ELISA for “active” or “total” ghrelin with or without C18
extraction—These assays are dependent on the specificity of a single antiserum which
may or may not require that the sample be extracted to remove interferences. This type of
assay is conveniently used to measure “total ghrelin”, whether or not it is acylated, but is
confounded by also detecting ghrelin fragments not detected by more specific assays
(Prudom et al. 2010).

2. HPLC separation of ghrelin isoforms followed by single-site ELISA or RIA—
This type of assay requires sample extraction and is tedious, but is able to separately
quantitate acyl and des-acyl ghrelin without interference from fragments (Hosada et al.
2000).

3. Two site sandwich assays specific for acyl or des-acyl ghrelin—This type of
assay uses the specificity of two separate antisera directed to the two ends of the ghrelin
peptide in order to lower non-specific signals and select for full-length ghrelin. The values
reported by this type of assay are generally lower than those seen in single site assays
(Prudom et al. 2010).

4. Mass spectrometry—This method offers the ultimate specificity in that it can identify
and distinguish all the ghrelin variants (Rauh et al. 2007), but is technically difficult,
requires sample extraction, and detection sensitivity is very dependent on sample
interferences. One assay protocol uses ghrelin immunoprecipitation to lessen sample
interferences before mass spectrometry (Gutierrez et al. 2008).

Care must be taken in evaluating ghrelin assay results. For example, Groschl found a tenfold
difference when the same set of samples were assayed for total ghrelin using kits from
different manufacturers (Groschl et al. 2004) and Hotta et al. found that in a sample set from
anorexia nervosa patients, acyl-ghrelin was either increased, decreased or unchanged
relative to controls depending which of three assays was used (Hotta et al. 2004).

Potential use of ghrelin or ghrelin antagonists in disease
A discussion about modulating ghrelin receptor action must consider 2 different therapeutic
approaches: a) blocking ghrelin receptor action and b) enhancing ghrelin receptor action.
The following review will address some of the studies published.

A) Animal studies
a) Enhancing ghrelin receptor action—The orexigenic and GH releasing effects of
ghrelin make it an excellent agent to be used in catabolic situations.

Cancer cachexia: In rodent models, ghrelin or ghrelin mimetic administration have been
shown to improve weight gain and food intake, when compared to mice receiving placebo
(DeBoer et al. 2007; Hanada et al. 2003; Wang et al. 2006). Garcia and colleagues could
show that ghrelin administration resulted in the decrease in cisplatin-induced mechanical
hyperalgesia, anorexia and cachexia in normal rats treated with cisplatin (Garcia et al. 2008).

End stage kidney disease (ESKD): Administration of a ghrelin mimetic (DeBoer et al.
2008) in a surgical model of CKD resulted in improved food intake and gain in lean mass
when compared to vehicle treated animals.
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Cardiac cachexia: Data by Nagaya et al. (Nagaya et al. 2005) suggested a beneficial effect
of chronic subcutaneous administration of ghrelin on LV dysfunction and LV remodeling
and cardiac cachexia in rat model with chronic heart failure. Further studies are necessary to
evaluate the cardiac effects of ghrelin or its mimetics.

Aging, sarcopenia: Administration of ghrelin over 2 weeks to senescent rats who
underwent a surgical intervention prevented the 2–3% body weight loss, which was found in
the control group. While the study did not find a difference in food intake, the results
suggested a possible decrease in the proinflammatory cytokine response after surgery in the
ghrelin treated animals (Nagaya et al. 2004). Increase in food intake and GH secretion in 27
months old rats was described by Toshinai et al. (Toshinai et al. 2007).

b) Blocking ghrelin action—Several clinical and animal studies suggest that ghrelin
might play a role in the regulation of glucose homeostasis either through hepatic glucose
production and or direct actions at the pancreas (Tong et al. 2009). In addition, GHS-R1a
deficiency in ob/ob mice was shown to improve glucose tolerance and enhance insulin
secretion (Sun et al. 2007). These observations lead to increased interest in developing GHS-
R1a antagonists. Esler et al. (Esler et al. 2007) showed an improved glucose homeostasis in
intraperitoneal glucose tolerance test in rats after a single dose of an oral GHS-R1a
antagonist. The group could also show a reduction in food intake and increase in weight
loss. Interestingly the antagonist had no effect on insulin secretion in the absence of ghrelin
in an in vitro model experiment (Esler et al. 2007). Another approach to block ghrelin action
was described by Helmling and colleagues (Helmling et al. 2004) who used a Spiegelmer, a
stable RNA-based compound, which can specifically bind noctanoyl ghrelin. The compound
was able to suppress ghrelin-induced GH release in rats by specifically binding acyl-ghrelin
and interfering with its activation of the ghrelin receptor. So far no studies have been
published showing long-term beneficial effects of blocking ghrelin action. The available
data describing the effects of ghrelin receptor antagonists are currently too limited to allow
conclusions to be drawn about their potential clinical uses.

B) Clinical studies
a) Enhancing ghrelin receptor action
1) Administration of ghrelin
Chronic heart failure (CHF): Nagaya et al. (Nagaya et al. 2004) studied the effects of
ghrelin on cardiac cachexia in patients with CHF. Daily administration of ghrelin (2ug/kg
bid) for 3 weeks resulted in an increase in food intake and body weight. The study, albeit not
placebo controlled, showed improvement in the exercise capacity and left ventricular
function.

End stage kidney disease (ESKD): Studies in malnourished dialysis patients suggest that
short term ghrelin administration over 2 weeks can increase food intake (Ashby et al. 2009).
Similar positive effects of ghrelin administration in peritoneal dialysis patients with mild to
moderate malnutrition was described by Wynne et al. (Ashby et al. 2009). The authors found
a doubling of the energy intake after a single subcutaneous injection of ghrelin (3.6 nmol/
kgbw).

Cancer cachexia: Cancer anorexia/cachexia is characterized by a catabolic state, which
includes weight loss, fat and muscle loss and hypermetabolism. Based on the preliminary
data of ghrelin administration in cancer patients, Strasser et al. (Strasser et al. 2008)
conducted a 2 weeks single-center, randomized, double-blind, placebo-controlled trial of IV
ghrelin infusion in patients with advanced, incurable cancer and involuntary loss of weight
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and appetite. The administered infusion rate was 2 or 8 ug/kg bw for 60 minutes. While the
infusion of ghrelin was safe and well tolerated, the study did not find an increase in
nutritional intake or an increase in IGF-I levels in the treatment group. One of the possible
explanations was thought to be the presence of ghrelin resistance. Other studies could show
an orexigenic effect in cancer patients. Neary et al. (Neary et al. 2004) did find a 31%
increase in energy intake after 2 ghrelin infusions, in a small number of mainly breast cancer
patients. One of the major concerns is the possibility of either direct ghrelin mediated or
indirect GH mediated stimulation of tumor growth in these patients. While some in vitro
studies have suggested that ghrelin might enhance the proliferation of cancer cells (Duxbury
et al. 2003; Yeh et al. 2005), others found an inhibition of proliferation and an increase in
apoptosis (Cassoni et al. 2006) in lung cancer cells. To date there are no clinical studies
suggesting an increase in tumor incidence with the administration of ghrelin, albeit the
available studies are short term studies and include only a small number of patients.

Chronic obstructive pulmonary disease (COPD: Intravenous ghrelin treatment for 3 weeks
in patients with COPD reduced the neutrophil count in sputum samples as well as the
volume of sputum (Kodama et al. 2008). IV ghrelin administration over 3 weeks in a dose of
2 ug/kg b.i.d to seven cachectic patients with COPD resulted in a small but significant
increase in body weight and an improvement in the 6 min walk (Nagaya et al. 2005). The
authors also found a decrease in plasma norepinephrine levels.

Aging: Based on the expected demographic age shift of the world population, strategies to
prevent and/or slow the development of frailty and the age-dependent muscle loss will be of
increasing interest (Nass et al. 2009; Thorner 2009). Several studies have found low acyl-
ghrelin levels in the elderly (Nass et al. 2008b; Rigamonti et al. 2002) supporting a role for
ghrelin or ghrelin mimetics in this age group. In a small study in frail older women, a graded
ghrelin infusion (2.5, 5, and 10 pmol/kg/min) over 180 minutes resulted in an increased food
intake. Overall the women consumed 51% more calories after the ghrelin infusion when
compared to placebo (Cappola 2009). Additional clinical studies in the aging field have been
done with ghrelin mimetics which have the advantage of oral availability and are discussed
below.

Gastric motility: The migrating motor complex is a pattern of electromechanical activity
observed in the gastrointestinal tract. Tack et al. (Tack et al. 2006) showed in 9 healthy
volunteers that administration of 40ug of ghrelin given IV, resulted in a gastric phase III
migrating motor complex (MMC), which was independent of motilin. In accordance with
the results of this study, Levin et al. (Levin et al. 2006) found an increase in the gastric
emptying rate in healthy humans after a 180 minute IV infusion of ghrelin.

2) Administration of ghrelin mimetics
Age related muscle loss and frailty: The first ghrelin mimetics were described in the 1970s
by Bowers et al., (Bowers et al. 1977) about a quarter of a century before the ghrelin
receptor (Howard et al. 1996) and ghrelin peptide (Kojima et al. 1999) were discovered.
They were called GH releasing peptides (GHRP) and initial research focused on their GH
releasing effects. In the 1990s the first orally available ghrelin mimetics were tested and
were named GH secretagogues (Smith 2005). The number of clinical studies with ghrelin
mimetics, some of them orally available, has been relatively small, when compared to the
studies testing the ghrelin peptide itself. This is surprising as some of the ghrelin mimetics
have the advantage that they are orally available and can be given once a day. One of the
first oral ghrelin mimetics, which was tested for its effects under a catabolic situation, is the
nonpeptide spiropiperidine MK-677 (Murphy et al. 1998). MK-677 is orally active and
enhances the pre-existing pulsatile release of growth hormone (GH) (Chapman et al. 1997).
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The study showed that administration of MK-677 improves nitrogen balance within 2 weeks
of caloric restriction. Short term studies with MK-677 showed its ability to enhance pulsatile
GH release and IGF-I concentrations to levels seen in young adults (Chapman et al. 1997)
and suggested that it could increase fat free mass in obese males (Svensson et al. 1998). In
an 18 months study, in postmenopausal women, MK-677 had a positive effect on bone
mineral density at the femoral neck when combined with alendronate vs alendronate alone;
however this effect was not seen at the lumbar spine, total hip or total body (Murphy et al.
2001). Bach et al. (Bach et al. 2004) report the effects of MK-677 when given to hip fracture
patients after hip surgery in a group of patients age 65 years and older. The study showed a
greater improvement relative to placebo in 3 of four lower extremity functional performance
measures. However the study did not find a statistically significant effect when measuring
the ability to live independently or in the domain of the SIP-NH (Sickness Impact Profile for
Nursing Homes) 6 weeks after the surgery. The longest study to date to assess the effects of
MK-677 in healthy older adults was published in 2008 (Nass et al. 2008c). One year
treatment with MK-677 resulted in an increase of fat free mass by 1.1 kg, while the placebo
group showed a 0.5 kg muscle loss (see figure 1). This effect was sustained for a total of 2
years in the group which received MK-677. The increase in muscle mass did not result in a
measurable change in muscle strength or function. This could be in part due to the fact that
the study included mainly physically fit, active, healthy older adults.

Treatment with the ghrelin mimetic capromorelin, a pyrazoline-piperidine, increased lean
body mass by 1.4 kg vs 0.3 kg in the placebo group and resulted in an improvement in
tandem walk and stair climb (White et al. 2009). The treatment group included older adults
with mild functional limitation. However, as part of the analysis, pooling of the treatment
group was required, because of different dosing groups.

Cancer cachexia, COPD and gastric paresis: Other ghrelin mimetics have been tested in
patients with cancer cachexia (RC-1291) and in COPD patients with cachexia (Garcia et al.
2007; Gertner 2010; Nagaya et al. 2005; Nagaya et al. 2006) and have shown improvement
in lean body mass. Administration of the ghrelin mimetic Ulimorelin (TZP-101) has shown
positive effects on nauseas associated with gastric paresis in patients with diabetic gastric
paresis (Lasseter et al. 2008). While these results are promising, most of these studies were
not conducted long enough to provide information about the safety of the compounds used.

Diagnostic use in GH deficiency: Other ghrelin mimetic compounds are in the early stage
of testing and have shown GH releasing effects in healthy adults, supporting a role for
ghrelin mimetics also as a potential diagnostic tool to be used in the future in diagnosing GH
deficiency (Zdravkovic et al. 2000).

Conclusion
Several conditions such as CHF, ESKD, COPD, cancer and the sarcopenia of aging are
associated with significant weight loss and increased protein breakdown, which ultimately
lead to increased morbidity and mortality. Based on its orexigenic effects, ghrelin and
ghrelin mimetics have been shown to be of potential benefit in antagonizing protein
breakdown and weight loss in catabolic conditions. Compared to ghrelin, ghrelin mimetics
have the advantage that some can be given once daily and are orally active. Further research
in this area is mandatory to assess the efficacy and safety of ghrelin mimetics.
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Figure 1.
Mean changes in fat and fat-free mass (FFM) at 12 months. (From Nass et al, 2008c)
Limb = appendicular lean soft tissue and appendicular fat; nonlimb = total minus limb.
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