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The many faces of ghrelin: new perspectives for nutrition research?

Birbel Otto'*, Jochen Spranger™*, Stephen C. Benoit®, Debbie J. Clegg’ and Matthias H. Tschop™

"Medical Department — Innenstadt, University Hospital Munich, Munich, Germany

2Department of Clinical Nutrition, and

3Department of Pharmacology, German Institute of Human Nutrition Potsdam-Rehbriicke, Germany
*Department of Endocrinology, Diabetes and Nutrition, University Hospital Berlin, Campus Benjamin Franklin, Berlin, Germany
SDepartment of Psychiatry, University of Cincinnati, Cincinnati, OH, USA

(Received 3 March 2004 — Revised 19 January 2005 — Accepted 20 January 2005)

The appetite-modulating peptide ghrelin is predominantly produced and secreted by the stomach and shows a strong growth hormone-releasing activity,
which is mediated by the activation of the so-called growth hormone secretagogue type la receptor. Ghrelin is involved in the regulation of energy balance
by increasing food intake and reducing fat utilization. Additionally, it stimulates lactotroph and corticotroph function, influences the pituitary gonadal axis,
inhibits pro-inflammatory cytokine expression, controls gastric motility and acid secretion and influences pancreatic exocrine and endocrine function, as well
as impacting on glucose metabolism. This review summarizes the known functions of ghrelin and its role in the regulation of the gut—brain axis.

Ghrelin: Diabetes: Obesity: Anorexia: Energy balance

The discovery of two new hormones has profoundly changed the
scientific model of energy balance regulation during the past
decade. One of these, the now well-known adipocyte hormone
leptin has been studied extensively since its discovery in 1994
(Zhang et al. 1994). The other, ghrelin, was discovered in 1999
(Kojima et al. 1999) and is also involved in the regulation of
food intake and body weight. An impressive number of data
have been generated, which consistently suggest a role for ghrelin
as a humoral signal from the stomach to inform the brain about
acute changes in peripheral energy balance.

However, numerous questions about the function of this hor-
mone remain. The cross-species transferability of ghrelin-related
findings, differential roles for the putative brain-derived and peri-
pherally circulating ghrelin, its (in)activation by attachment or
cleavage of its octanoyl side chain, and its possibly redundant
rather than essential role in the regulation of food intake and
body weight regulation all remain unanswered. Non-acylated
ghrelin is predominantly produced and, after post-translational
octanoylation, secreted by the gastric mucosa. The principal site
of ghrelin production is clearly the stomach, which contributes
70 % of the circulating ghrelin concentration (Jeon et al. 2004).
Additionally, ghrelin has been detected in the small intestine, pan-
creas, kidneys, lung, placenta, testes, pituitary and hypothalamus
(Kojima et al. 1999; Date et al. 2000; Mori et al. 2000; Gualillo

et al. 2001; Korbonits et al. 2001; Volante et al. 2002; Cowley
et al. 2003).

Ghrelin increases food intake, and it may be involved in the
regulation of energy balance (Tschop er al. 2000; Horvath et al.
2001; Nakazato et al. 2001; Wren et al. 2001; Zigman & Elm-
quist, 2003). For example, ghrelin’s circadian rhythm indicates
that there is a pre-meal increase in ghrelin and postprandial
decreases, which may suggest an important role for ghrelin in
meal initiation (Cummings et al. 2001). Even a more conservative
interpretation of the available data suggests that ghrelin may,
along with multiple other afferent signals, inform neuroendocrine
networks in the central nervous system (CNS) about acute and
chronic changes in food intake, metabolism or body fat mass
(Tschop et al. 2000; Horvath et al. 2001; Cowley et al. 2003;
Zigman & Elmquist, 2003). These changes may initiate efferent
responses that regulate energy homeostasis.

Molecular aspects of ghrelin

Ghrelin is a twenty-eight amino acid peptide cleaved from the
precursor preproghrelin and is the first peptide isolated from
mammals in which the hydroxyl group (of a specific serine resi-
due) is acylated by n-octanoic acid. The octanoylation allows
the peptide to bind to its receptor, the growth hormone (GH)
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secretagogue receptor (GHS-R) type la (Kojima et al. 2001). The
acylation of the hydroxyl group of serine in position 3 is required
for ghrelin’s ability to alter energy balance or endocrine function
in rodents and man. Intriguingly, it is also required for the hor-
mone to cross the blood—brain barrier (Banks et al. 2002; Gua-
lillo et al. 2003).

In human serum, non-acylated ghrelin is found in much higher
amounts than ‘bioactive’ (acylated) ghrelin (about 3—4 % of total
circulating ghrelin), and this ratio is closely maintained even after
meal intake (Lucidi ef al. 2004). Recent work suggests, however,
that the non-acylated form is not completely biologically inactive.
For example, it may have cardiovascular and anti-proliferative
effects mediated through different GHS-receptor subtypes or
completely different, unknown, ghrelin receptors (Date et al.
2000; Cassoni et al. 2001). Nonetheless, in man, non-acylated
ghrelin does not possess the endocrine activities of acylated ghre-
lin and does not change the secretory patterns at the pituitary or
the pancreas (Broglio et al. 2003b).

Ghrelin and endocrine axes

Ghrelin dose-dependently stimulates GH-releasing activity, which
may be mediated via the activation of GHS-R type la (Kojima
etal. 2001). We recently reported a potential GH—ghrelin feedback
loop between stomach and the pituitary using a hypophysectomized
rat model. In that study, we demonstrated that hypophysectomy
increased circulating plasma ghrelin levels in rats compared with
plasma ghrelin levels from sham-hypophysectomized or normal
rats, whereas GH administration decreased circulating ghrelin
levels in normal rats (Tschop et al. 2002). In GH-deficient dwarf
rats, however, plasma ghrelin concentrations (Kojima et al. 1999;
Date et al. 2000) are not significantly different from those of
normal controls (Tschop e al. 2002). Therefore, the lack of pituitary
hormones, but not GH deficiency alone, may result in significant
increases in circulating ghrelin level in rodents. Furthermore, GH
replacement therapy does not seem to significantly modify circulat-
ing ghrelin levels; it is, however, effective in changing body fat dis-
tribution and body fat mass (Janssen ez al. 2001). Similar, although
slightly controversial, results have recently been reported by Barkan
et al. (2003), who demonstrated that circulating ghrelin concen-
trations were not affected by an isolated suppression of GH level
in human subjects. Finally, however, Freda er al. (2003) found
that the surgical removal of a GH-producing tumour in acromegalic
patients normalized suppressed serum ghrelin levels.

The GH-releasing effect of ghrelin has been demonstrated
numerous times and is independent of gender, although it under-
goes an age-related decrease (Broglio ef al. 2003a). Currently,
ghrelin is thought to have a modulatory role on GH secretion,
rather than a direct effect on the physiological system driving
the endogenous production and secretion of GH pulses (Broglio
et al. 2003a; Cummings & Shannon, 2003). Additionally, ghrelin
stimulates the lactotroph and corticotroph system, and the sys-
temic administration of synthetic ghrelin increases adrenocortico-
trophic hormone and cortisol levels in healthy subjects (Arvat
et al. 2001; Leal-Cerro et al. 2002). Patients with Cushing’s syn-
drome have a hyperresponsiveness of adrenocorticotrophic hor-
mone and cortisol in response to systemic administration of
ghrelin (Leal-Cerro er al. 2002). Wren et al. (2000) suggested
that ghrelin stimulates the hypothalamo-pituitary-adrenal (HPA)
axis at the hypothalamic level, through the activation of cortico-
trophin-releasing hormone and vasopressin. We recently

demonstrated that endogenously and exogenously induced hyper-
cortisolism led to a significant decrease of plasma ghrelin in
human subjects, suggesting a possible feedback mechanism
between gastric ghrelin secretion and the HPA axis (Otto et al.
2004). In Cushing’s syndrome, reduced ghrelin secretion may
reflect a compensatory response to the metabolic consequences
of chronic hypercortisolism. However, the effect of ghrelin on
lactotroph and corticotroph secretion is independent of gender
and age (Broglio et al. 2003a) — factors known to be important
in HPA dysregulation.

Sex hormones modulate circulating plasma ghrelin concen-
tration in human subjects and in rats (Pagotto et al. 2003;
Clegg et al. unpublished data) — the data so far available indicate
that ghrelin may operate at different levels of the reproductive
system (Barreiro & Tena-Sempere, 2004). Testosterone replace-
ment therapy restores normal ghrelin levels in hypogonadal men
(Pagotto et al. 2003), whereas obese women with polycystic
ovary syndrome and hyperandrogenism have lower ghrelin
levels than matched obese individuals (Pagotto et al. 2002;
Schofl et al. 2002). Anti-androgen treatment increases circulating
ghrelin concentration in obese women with polycystic ovary syn-
drome (Gambineri et al. 2003). Ghrelin was shown to suppress
luteinizing hormone (LH) secretion in vivo, and to decrease
LH-responsiveness to LH-releasing hormone (Barreiro & Tena-
Sempere, 2004). Vulliemoz et al. (2004) found that a Sh ghrelin
infusion significantly decreased LH pulse frequency in ovari-
ectomized rhesus monkeys and postulated that ghrelin might med-
iate the suppression of the reproductive system observed in
conditions of undernutrition, such as in anorexia nervosa. These
findings suggest that there is an interaction between steroid hor-
mones from the HPA as well as the hypothalamo-pituitary-gona-
dal axis that regulate the orexigenic drive, metabolism and body
composition in health and disease.

Ghrelin and energy balance

A solid body of data demonstrates that ghrelin is involved in the
regulation of energy balance. Cummings ez al. (2001) demonstrated
that there is a pre-meal increase in plasma ghrelin, suggesting a
possible role for ghrelin in meal initiation. Exogenous ghrelin
induces weight gain in rodents by increasing food intake and redu-
cing fat utilization (Tschop et al. 2000; Wren et al. 2001; Tang-
Christensen et al. 2004). In cachectic cancer patients, intravenously
administered ghrelin had a stimulatory effect on food intake com-
pared with saline infusion (Neary et al. 2004).

In rodents, the central administration of ghrelin is relatively more
potent in inducing these effects than is peripherally administered
ghrelin, suggesting an important central action for these effects
(Tschop et al. 2000). Additionally, centrally (interceberebroventri-
cular) administered ghrelin triggered sustained changes in food
intake and spontaneous locomotor activity (Tang-Christensen
et al. 2004) and potently enhanced fat ingestion (Shimbara et al.
2004). Finally, centrally administered ghrelin exerts an orexigenic
activity through neuropeptide Y and agouti-related protein systems
(Chen et al. 2004) and also induces immunoreactivity for C-Fos
(a marker of neuronal activation) in feeding-related brain areas
(Hewson & Dickson, 2000; Olszewski et al. 2003), indicating that
ghrelin-induced food intake is mediated via the orexin pathway
(Toshinai et al. 2003).

Contrary to our prediction, circulating ghrelin levels are
decreased in human obesity (Tschop et al. 2001b). Therefore,
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many recent experiments have focused on a possible negative
relationship between ghrelin level and BMI, including the fact
that weight loss increases the circulating level of ghrelin in
healthy individuals (Ravussin et al. 2001) and obese subjects
(Hansen et al. 2002). One interpretation of these findings is that
ghrelin secretion is reduced in a state of energy excess (i.e. obes-
ity), possibly to reduce orexigenic stimulation during states of
positive energy balance. Further support for this model is derived
from studies in patients with anorexia nervosa who have elevated
plasma ghrelin concentrations that return to a normal range after
partial weight gain (Otto et al. 2001). Similarly, in rodents, circu-
lating ghrelin concentrations are decreased in acute states of posi-
tive energy balance and are increased in fasting periods or in
states of cachexia (Nagaya er al. 2001; Tschop et al. 2001a;
Ariyasu et al. 2002).

Controversy remains over to what extent postprandial ghrelin
secretion depends on macronutritients, and this field needs further
investigations in the future. Gomez e al. (2004) found that all
nutrient types (i.e. carbohydrates, proteins and fats) inhibited
ghrelin secretion equally in the fasted rat, whereas in human sub-
jects ghrelin release was dependent on the ingested macronutri-
ents (less suppression resulting from lipids than carbohydrates),
as was described by Erdmann e al. (2003) and Overduin et al.
(2005). Additionally, Callahan er al. (2004) concluded that post-
prandial ghrelin suppression was proportional to ingested energy
load but was not a determinant of inter-meal interval. However,
Erdmann er al. (2004) described a correlation between ghrelin
release and the recurrence of hunger.

In summary, it appears that, independently of the (patho)phy-
siological state or species, ghrelin is a signal to the CNS when
acute or chronic energy supplies are insufficient (Tschop et al.
2000). Ghrelin-induced positive energy balance is GH-indepen-
dent and probably involves the modulation of a network of
CNS cells, such as leptin-responsive neurones in specific
regions of the hypothalamus and the brainstem (Horvath et al.
2001; Nakazato et al. 2001; Cowley et al. 2003; Faulconbridge
et al. 2003). This is, however, probably not the only site of
action of ghrelin. Indeed, there may be direct effects of ghrelin
on adipose tissue (Ott et al. 2002), on the vagus nerve as a
target of peripheral signal regulating energy balance (Asakawa
et al. 2001), and on the HPA axis (Wren et al. 2000),
where ghrelin may influence energy balance and adiposity as
well.

Ghrelin and glucose homeostasis

Studies in man, as well as in experimental animals, have found a
negative association between circulating ghrelin concentrations
and insulin secretion (McCowen er al. 2002; Mohlig et al.
2002; Saad et al. 2002; Flanagan et al. 2003). Circulating ghrelin
concentrations are suppressed independently of glucose during a
hyperinsulinaemic clamp (Flanagan et al. 2003). These findings
support the hypothesis that insulin is an important regulator of
plasma ghrelin. One caveat, however, is that most of these studies
used a hyperinsulinaemic—euglycaemic clamp, and therefore
changes in ghrelin level may be secondary to the duration or con-
centration of postprandial hyperinsulinaemia. In contrast, Caixas
et al. (2002) demonstrated that, 30—40 min after an oral glucose
load or mixed liquid meal, ghrelin level was decreased by 28 %
and 26 %, respectively. The parenteral administration of glucose
and insulin (Humalog 0-03U/kg subcutaneously) did not,

however, suppress ghrelin concentrations, suggesting that changes
in plasma insulin or glucose are not responsible for changes in
ghrelin levels after food intake (Caixas et al. 2002, Schaller
et al. 2003).

Obese patients with type 2 diabetes mellitus have lower fasting
plasma ghrelin concentrations than normal-weight patients with-
out diabetes (Shiiya er al. 2002). Low plasma ghrelin levels are
independently associated with insulin resistance, hypertension
and the prevalence of type 2 diabetes (Poykko et al. 2003).
Plasma levels of ghrelin and insulin are similar in acromegalic
patients with GH-induced insulin resistance to obese patients
(Cappiello et al. 2002). Consistent with a ghrelin—insulin inter-
action, Pagotto er al. (2002) described lower ghrelin levels in
patients with polycystic ovary syndrome, a syndrome character-
ized in part by decreased insulin sensitivity. Furthermore, obese
human subjects, exhibit insulin resistance in association with
elevated ghrelin levels, relative to non-insulin-resistant individ-
uals (English er al. 2002). Additionally, Dezaki et al. (2004)
recently demonstrated that endogenous ghrelin in pancreatic
islets restricts insulin release by attenuating Ca’* signalling
B-cells. These findings implicate ghrelin in the integrative regu-
lation of energy homeostasis (Dezaki er al. 2004) and suggest
that ghrelin might partially underlie some of the mechanisms
associated with obesity and type 2 diabetes (Horvath e al. 2001).

Two recent reports examined the postprandial regulation of
plasma ghrelin in the absence of insulin (patients with type 1 dia-
betes with and without a basal substitution of insulin analogue).
The findings suggest that although ghrelin levels fail to decrease
after meals in patients with type 1 diabetes, the ability to suppress
postprandial ghrelin can be restored by the replacement of a basal
amount of insulin or an insulin analogue (Murdolo et al. 2003;
Spranger et al. 2003). Thus, a postprandial insulin peak does
not seem to be required for the reduction in ghrelin secretion nor-
mally seen following food consumption, although some insulin is
necessary. Collectively, these results suggest that glucose, and
possibly NEFA, affect ghrelin secretion by activating the gastric
ghrelin-secreting or the nephric ghrelin-clearing cells via an insu-
lin receptor-mediated action.

Plasma ghrelin levels are decreased following gastric infusions
of glucose (Tschop et al. 2000). However, Williams et al. (2003)
demonstrated that gastric infusions of either glucose or water did
not decrease plasma ghrelin level when the pylorus was occluded.
One conclusion from these studies is that meal-related plasma
ghrelin suppression requires post-gastric absorption, which may
be mediated via circulating serum factors rather than by intralum-
inally acting nutrient components.

Intriguingly, circulating ghrelin levels have been reported to
be decreased following gastric bypass surgery (Cummings
et al. 2002). Although several more recent studies have con-
firmed these findings, a few others have found no change or
even an increase in circulating ghrelin following gastric
bypass. The superior efficacy of this bariatric surgery, compared
with any other treatment for obesity, has long been speculated
to have an underlying endocrine mechanism. In fact, some have
suggested that the surgery-induced ebbing of ghrelin from
its main source in the stomach may represent such a
mechanism.

Broglio et al. (2001) found that ghrelin administration induced
a significant increase in plasma glucose level followed by a
reduction in insulin secretion; the authors suggested that one
mechanism of ghrelin action might be a direct stimulatory
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effect on glycogenolysis and insulin secretion. Additionally, it has
been demonstrated that ghrelin blocks the inhibitory effects of
insulin on gluconeogenesis (Murata et al. 2002). The recent find-
ings of Dezaki er al. (2004) implicating the insulinostatic action
of pancreatic islet origin, possibly together with that of circulating
ghrelin, summarizes the function of ghrelin in regulating glucose
metabolism. Through manipulations of the ghrelin—GHS-R
system, Dezaki et al. (2004) hope to provide new tools
to treat patients with hyperinsulinaemia, type 2 diabetes and
obesity.

Ghrelin and gastroenteropancreatic function

The gastric hormone ghrelin also acts at the gastroenteropancrea-
tic level, where both GHS-R 1a and 1b are expressed (Date et al.
2000). Interestingly, there is a close structural relationship
between the precursor peptides of motilin and ghrelin, which
share a 36 % sequence homology of the mature peptides
(Asakawa et al. 2001). Additionally, Feighner et al. (1999) first
demonstrated a high degree of structural homology between the
gastrointestinal motilin receptor 1A and the GHS-R 1a receptor.
Collectively, these findings suggest potential similar functions
for ghrelin and motilin.

Indeed, ghrelin stimulates gastric acid secretion and gut moti-
lity in rats (Date et al. 2001; Trudel et al. 2002), whereas
Masuda et al. (2000) demonstrated that these actions are mediated
by the cholinergic system and are abolished by pre-treatment with
atropine or vagotomy. Date et al. (2001) found that even the intra-
cerebroventricular administration of ghrelin increased gastric acid
secretion in a dose-dependent manner, suggesting that ghrelin sig-
nals from the gut to the brain as well as from the brain to the gut.
This finding seems particularly intriguing since there are reports
of a well-defined population of bipolar-shaped neurones in the
internuclear hypothalamic space around the third ventricle that
express small amounts of ghrelin (Cowley er al. 2003). Such
reports, however, remain controversial as they are based on
immunohistochemistry or PCR studies and await confirmation
by in situ hybridization.

Stomach-derived ghrelin signalling starvation and GH release
may be related to the CNS via the afferent vagal nerve (Date
et al. 2002) as ghrelin given intravenously decreased the gastric
vagal afferent (Asakawa et al. 2001; Date er al. 2002). Impor-
tantly, GHS-R la may be synthesized in vagal afferent neurones
and transported to the afferent terminals (Date et al. 2002).
Additionally, Sakata et al. (2003) described GHS-R-producing
cells in the rat nodose ganglion; furthermore, it has been demon-
strated that blockade of the gastric vagus abolishes gastric acid
secretion (Masuda er al. 2000; Date et al. 2001) as well as
ghrelin-induced food intake and GH secretion in rats (Date et al.
2002). In contrast, Sibilia er al. (2002) described a centrally
mediated inhibitory role of ghrelin and synthetic GH secretago-
gues on acid secretion in rats. One conclusion from the current
data is therefore that ghrelin signalling between the periphery
and the brain involves classical endocrine mechanisms (i.e. via
circumventicular organs) in hypothalamic and brainstem regions
as well as neuronal pathways such as the vagal system. In
addition, this communication may be sent from gut to brain as
well as brain to gut, as outlined earlier.

Gastrectomy in rats reduces the circulating ghrelin concen-
tration by approximately 80 %, showing that the stomach is the
main source of endogenous ghrelin (Date er al. 2000).

Furthermore, circulating ghrelin levels are correlated with gastric
emptying in human subjects (Tschop er al. 2001a), and Trudel
et al. (2002) demonstrated a direct prokinetic effect of ghrelin
by administering ghrelin, which reversed a gastric postoperative
ileus in rats. Additionally, there was no significant change in
ghrelin level after modified sham-feeding or non-nutritive gastric
distension (Erdmann ef al. 2003, Williams et al. 2003).

In human subjects, ghrelin (bolus injection of 3-3 pwg/kg) stimu-
lates circulating somatostatin and pancreatic polypeptide release
by increasing glucose and decreasing insulin levels (Arosio et al.
2003). Additionally, ghrelin is a potent inhibitor of cholecysto-
kinin-induced pancreatic exocrine secretion in vivo (rats) and
in vitro (pancreatic lobules) (Zhang et al. 2001). This inhibitory
action of ghrelin is indirect and exerted at the level of the intra-
pancreatic neurones (Zhang et al. 2001). Egido et al. (2002)
stimulated insulin secretion from isolated rat pancreas with glu-
cose, arginine and carbachol (acting via different mechanisms
on the pancreatic 3-cell) and found a blunted insulin response
by exposure to ghrelin, as well as a reduced somatostatin response
to arginine. These results suggest that endogenous ghrelin in islets
acts on pancreatic (3-cells to restrict glucose-induced insulin
release, which was recently confirmed by Dezaki et al. (2004).
These findings are consistent with the negative correlation
between insulin and ghrelin plasma levels in human subjects
(Cummings et al. 2001; Tschop et al. 2001a; Mohlig et al.
2002). In summary, the involvement of ghrelin in multiple gastro-
enteropancreatic processes further supports the notion that this
unusual hormone plays a physiologically relevant role in the
endocrine control of energy balance.

Ghrelin — an important endogenous regulator of energy
balance?

It remains to be shown whether the orexigenic and anabolic
effects of ghrelin and the changes in its secretion are physiologi-
cally relevant to the control of body weight. Similarly, it is
unclear whether the findings described here are simply artefacts
arising from artificial administration routes, supraphysiological
doses, non-human experimental models or non-specific detection
methods. What is clear, however, is that very substantial exper-
imental evidence suggests that ghrelin has a significant role in
the regulation of metabolic processes. This is further supported
by the fact that the molecular structure of ghrelin is well con-
served throughout numerous species, indicating that the peptide
might be essential for at least one of the biological functions on
which survival is dependent. Once potent and specific pharmaco-
logical antagonists become available, significant progress in
answering these open questions can be made. Apart from deter-
mining the main physiological role of ghrelin, modification of
the ghrelin pathway with receptor antagonists and agonists
might pave the way for new drug treatments for diseases such
as obesity, diabetes, cachexia, chronic inflammation, heart failure
and cancer.
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