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Ghrelin and Metabolic Disorders
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Abstract: Ghrelin is a gut-brain peptide that has somatotropic, food intake increasing and adipogenic effects. Ghrelin is
involved in modulating insulin and glucose metabolism in rodents according to recent studies. In humans acylated ghrelin
reduces insulin sensitivity while unacylated ghrelin has opposite effects. In general, ghrelin seems to have diabetogenic
effects. Obese, in particular abdominally obese, subjects have low ghrelin levels and decreased total ghrelin levels have
been associated with metabolic syndrome and Type 2 diabetes. Most of the human studies in Type 1 diabetes have re-
ported low ghrelin levels probably as a compensatory mechanism against hyperglycaemia. The data on obestatin in the
regulation of energy balance is extremely contradictory. Interestingly, ghrelin receptor antagonists may improve glucose
tolerance in rats without inducing weight gain by increasing insulin secretion. Antagonism of ghrelin function to treat dia-
betes is thus a fascinating idea. This review concentrates on recent findings on the orexigenic peptide ghrelin and its de-
rivatives in metabolic disorders with emphasis put on human studies.
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INTRODUCTION

Ghrelin, a blood-borne orexigenic signal from gut to
brain [1], has diverse hormonal, metabolic, and cardiovascu-
lar activities [2]. Subcutaneous administration of ghrelin
stimulates effectively energy intake in healthy lean human
volunteers [3]. Serum ghrelin may be a hormonal marker of
increased energy efficiency. St-Pierre et al. reported that
higher levels of ghrelin are associated with low levels of
resting and postprandial thermogenesis [4].

Ghrelin levels are decreased in human obesity [5]. Fat
and carbohydrate content of meals may affect ghrelin re-
sponses. A fat-rich meal does not suppress plasma active
ghrelin levels in either lean or obese women [6]. Moreover,
in obese, unlike lean women, a high carbohydrate meal also
fails to suppress plasma ghrelin levels. Diet-induced weight
loss is associated with an increase in fasting ghrelin [7]. Ro-
mon et al. [8] studied the influence of weight loss in 17
obese women on the plasma ghrelin response to a fat- or
carbohydrate-rich meal. Weight loss was associated with
more pronounced postprandial plasma ghrelin decrease after
a carbohydrate meal, whereas the response to a fat meal was
not modified.

Ghrelin seems to be a sensitive indicator for changes in
substrate oxidation. The effect of short-term energy restric-
tion combined with physical activity on changes in substrate
oxidation and changes in plasma concentrations of ghrelin
was investigated by Nitsche et al.[9]. The increase in respira-
tory quotient (RQ), suggesting a shift from fat oxidation to-
wards carbohydrate oxidation, was significantly and inde-
pendently correlated with the increase in plasma ghrelin [9].

*Address correspondence to this author at the Specialist in internal medicine
and endocrinology, Department of Internal Medicine and Biocenter Oulu,
University of Oulu, Kajaanintie 50/P.0. Box 5000, Oulu, FIN-90014, Fin-
land; Tel: 08-315 4121; Fax. 08-3154139; E-mail: olavi.ukkola@oulu.fi

1389-2037/09 $55.00+.00

Obese subjects may demonstrate a reduced ghrelin post-
prandial suppression [10]. This reduced suppression may
influence satiety, thus reinforcing obesity. Also the blunting
of the nocturnal rise of ghrelin may be a biological feature of
human obesity [11].

Ghrelin may affect adipocyte metabolism. Ghrelin, as
well as des-acyl ghrelin, may act directly as antilipolytic
factors on the adipose tissue through binding to a specific
receptor which is distinct from growth hormone se-
cretagogue type 1a (GHS-R1a) [12]. The mitogenic and anti-
apoptotic actions of ghrelin in 3T3-L1 adipocytes have been
demonstrated [13]. The studies on the effects of ghrelin on
adipogenesis are, however, contradictory and Zhang et al.
[14] demonstrated that ghrelin inhibits adipogenesis by stim-
ulation of cell proliferation via the mediation of a ghrelin
receptor, likely a novel unidentified subtype.

Ghrelin has been shown to induce tissue-specific changes
in mitochondrial and lipid metabolism gene expression and
to favor triglyceride deposition in liver over skeletal muscle
[15].

Rise of plasma ghrelin with weight loss may not be sus-
tained during weight maintenance. This was evidenced by
Garcia et al. [16]. In their study ghrelin concentrations re-
turned to baseline with sustained weight maintenance, sug-
gesting that its effects are unlikely to regulate long-term en-
ergy balance. Latter could also mean that human body resists
weight loss by increasing appetite hormone and tries to
achieve the earlier positive energy balance.

Prospective studies on the predictive value of baseline
ghrelin on the later weight changes are almost lacking. How-
ever, in longitudinal analysis of the Rancho Bernardo cohort
ghrelin did not predict long-term changes in weight and body
mass index in older adults [17]. Therefore, physiologic varia-
tions in plasma ghrelin concentration may have little role in
regulating future body weight. The final conclusion can be,
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however, made only after more prospective studies are avail-
able.

WHAT HAVE WE LEARNED FROM GHRELIN
KNOCK-OUT MODELS?

To further study the role of endogenous ghrelin in energy
balance ghrelin-deficient (ghrl(-/-)) mice have been gener-
ated. These studies have failed to show any significant de-
fects in food intake, or body weight in adult Ghrl-/- mice.
Wortley et al. reported that ghrl(-/-) [18] mice exhibited
normal growth rates as well as normal spontaneous food
intake patterns. However, endogenous ghrelin seems to play
a prominent role in determining the type of metabolic sub-
strate (i.e., fat vs. carbohydrate) that is used for maintenance
of energy balance, particularly under conditions of high fat
intake.

Two recent studies have demonstrated that Ghrl-/- and
Ghsr-/- mice are resistant to diet-induced obesity when fed a
high-fat diet during the early post-weaning period. First
study [19] suggested endogenous ghrelin to have an impor-
tant role in the metabolic adaptation to nutrient availability
and absence of ghrelin protected against early-onset obesity.
The latter notion was supported by the observation that male
Ghrl-/- mice were protected from the rapid weight gain in-
duced by early exposure to a high-fat diet 3 weeks after
weaning.

Another study [20] showed that mice lacking ghrelin
receptors resisted the development of diet-induced obesity.
GHSR deletion also affected locomotor activity and levels of
glycemia.

De Smet et al. [21] studied energy homeostasis and gas-
tric emptying in ghrelin knockout mice. They concluded that
ghrelin is not an essential regulator of food intake and gastric
emptying, but its loss may be compensated by other redun-
dant inputs. In old mice, meal initiation triggered by the
light/dark cue may be related to ghrelin while in young ani-
mals, ghrelin seems to be involved in the selection of energy
stores.

Therefore, ghrelin appears not to be an essential regulator
of appetite in adult mice. The latter notion was supported by
report of Sun et al. [22] suggesting that adult congenic ghre-
lin-/- and Ghsr-/- mice are not resistant to diet-induced obe-
sity. However, they show under conditions of negative en-
ergy balance impairment in maintaining glucose homeosta-
sis. The primary metabolic function of ghrelin in adult mice
seems therefore to be to modulate glucose sensing and insu-
lin sensitivity.

GHRELIN AND INSULIN METABOLISM

Ghrelin is mainly produced by the stomach, although
ghrelin receptor (GHS-R1a) is expressed widely including
the pancreas [23]. Ghrelin-producing epsilon-cell population
has been demonstrated in rodent islets [24]. Among its plei-
otropic actions, ghrelin inhibits cell apoptosis of pancreatic
beta cells [25].

Ghrelin may regulate glucose homeostasis. Ghrelin inhib-
its insulin secretion from pancreatic islets of the rodents [26].
The effects of ghrelin were accompanied by an increased rate
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of nitric oxide production. Ablation of ghrelin in mice in-
creases glucose-induced insulin secretion, and improves pe-
ripheral insulin sensitivity [23]. Antagonism of the pancre-
atic islet-derived ghrelin function enhances insulin secretion
to prevent high-fat diet-induced glucose intolerance [27].

Insulin and leptin are among the potential antagonists of
ghrelin. Acute insulin infusion during a euglycemic clamp is
able to suppress plasma ghrelin concentrations in uncompli-
cated obesity [28]. However, the assumption that glucose
and insulin directly regulate ghrelin secretion has been ques-
tioned. Broglio et al.[29] reported that ghrelin secretion is
inhibited by glucose load and insulin-induced hypoglycae-
mia but unaffected by glucagon and arginine in humans, two
substances able to increase insulin and glucose levels.

Leptin and insulin could regulate plasma ghrelin levels in
different levels of obesity [30]. The latter was supported by
the data showing that leptin could be of importance for sup-
pression of basal ghrelin during moderate weight gain in
normoinsulinemic subjects, whereas hyperinsulinemia but
not leptin is responsible in more severe obesity.

Administration of exogenous ghrelin to humans has ef-
fects on insulin metabolism. Ghrelin given intravenously to
healthy young men impairs insulin sensitivity [31]. Ghrelin
in obese patients with polycystic ovary syndrome induced a
trend toward an increase in plasma glucose levels, and a sig-
nificant decrease in insulin concentrations [32]. Another
study in female obese patients did not find significant differ-
ences in glucose or insulin levels following ghrelin or
growth hormone-releasing hormone plus ghrelin administra-
tion [33]. Finally, ghrelin appears to directly potentiate adi-
pocyte insulin-stimulated glucose uptake in selective adipo-
cyte populations and may improve insulin sensitivity [34].

Glucagon may inhibit ghrelin secretion in humans [35-
37]. Ghrelin is a potent and powerful glucagonotropic hor-
mone in vitro [38]. However, in rats glucagon seems to
stimulate acute release of both forms of ghrelin [39].

The influences of incretins on plasma ghrelin levels have
been explored. Hagemann et al. [40] reported that glucagon-
like peptide-1 (GLP-1) suppresses ghrelin levels, through its
insulinotropic action, in the late postprandial period. The
interaction between ghrelin and incretins may affect food
intake. Ghrelin may stimulate food intake in part by attenuat-
ing the inhibitory effects of GLP-1 on gastric emptying and
food intake [41].

Based on these studies, it seems that ghrelin might have
some role in glucose and insulin metabolism. Therefore,
changes in the activity of the hormone might affect glucose
tolerance.

TOTAL, ACYLATED, UNACYLATED GHRELIN -
DOES IT MATTER?

Most of the earlier studies on ghrelin and energy balance
were performed using total ghrelin assays. Two forms of
circulating ghrelin have been described: acylated ghrelin
(AG) (<10% of circulating ghrelin) and unacylated ghrelin
(UAG).

Although originally thought that UAG does not activate
GHSR-1a, Gauna et al. [42] recently reported that it is a full
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agonist of the type GHSR-1a. UAG is not a non-functional
peptide. The role of UAG in regulating food intake as well as
gastric emptying has been demonstrated [43]. UAG has been
shown to decrease food intake in food-deprived rats and to
delay gastric emptying and the effect is mediated by the hy-
pothalamus [44]. In addition, UAG may be involved in the
pathogenesis of anorexia in chronic disease, like renal insuf-
ficiency [45].

AG and UAG exert pleiotropic actions, including regula-
tion of insulin secretion and glucose metabolism. AG and
UAG promote survival of both beta-cells and human islets
[46]. The relation of AG to UAG may have clinical signifi-
cance in metabolic disorders. Obesity could alter circulating
ghrelin profile, and relative AG excess could contribute to
obesity-associated insulin resistance in metabolic syndrome
[47]. In addition, both increased AG physiological concentra-
tions and elevated AG / UAG ratios are associated with insu-
lin resistance in obese or overweight postmenopausal women
[48].

Some studies have provided evidence that AG and UAG
have different effects on insulin metabolism. Gauna et al.
[49] reported that glucose output by primary hepatocytes is
stimulated by AG and inhibited by UAG. Moreover, UAG
counteracts the stimulatory effect of AG on glucose release.
UAG is able to antagonize the influence of AG on insulin
secretion and glucose metabolism [50]. The metabolic ac-
tions of different forms of ghrelin administrated acutely in
humans have been examined in adult-onset growth hormone-
deficient patients [51]. Administration of AG reduced insulin
sensitivity. This decrease in insulin sensitivity was prevented
by coinjection of UAG. This combined administration of AG
and UAG even significantly improved insulin sensitivity,
compared with placebo. In glucose-stimulated conditions,
exogenous UAG seems to act as a potent insulin se-
cretagogue, whereas endogenous AG exerts a maximal tonic
inhibition on glucose-induced insulin release [52].

To sum up, acylated and non-acylated ghrelin seem to
have different effects on metabolism. What is the relevance
of this in the ghrelin pathophysiology is unknown at the
moment.

GHRELIN IN METABOLIC SYNDROME

Ghrelin could be involved in the pathogenesis of cluster-
ing of metabolic abnormalities commonly observed in the
metabolic syndrome (MS). The negative association between
ghrelin and waist circumference, a prerequisite for the MS,
has been reported [53]. Low ghrelin concentrations have
been associated with the features of the MS, like obesity
[54], insulin resistance [55-57], and blood pressure [58, 53].
A positive correlation between ghrelin and high-density
lipoprotein (HDL) cholesterol concentration has also been
observed [53, 59]. Because adiposity influences all other
features of the MS, low ghrelin in MS could reflect only the
obesity state as has been suggested by a recent study [59].
We have earlier reported that the association of HDL-
cholesterol and fasting blood glucose with plasma ghrelin
levels remained significant after adjustment for body mass
index (BMI) which is consistent with the notion that they are
not entirely dependent on the amount of body fat [60]. Low
ghrelin is independently associated with fasting insulin con-
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centrations and insulin resistance, a key phenomenon in the
MS [61]. In our earlier study [60] low ghrelin was a statisti-
cally significant predictor of MS in logistic regression analy-
sis so that the subjects in the 1% ghrelin quartile were at
higher risk of having MS compared to the subjects in the 4"
quartile (OR=1.82, 95%CIl: 1.27-2.60, P=0.001). When we
further analyzed the data, low ghrelin was an independent
predictor of MS only among the subjects belonging to the
highest leptin quartile (unpublished observations) suggesting
novel interactions between leptin and ghrelin influencing
insulin resistance (Fig. 1).

Decreased circulating levels of ghrelin in MS might play
a role in the associated increased atherosclerosis. A study in
Japanese population [62] suggested that decreased ghrelin
levels may be related to carotid atherosclerosis among older
subjects with MS. Tesauro et al. [63] showed that ghrelin
reverses endothelial dysfunction in patients with the MS by
increasing nitric oxide bioactivity. Basal and postprandial
plasma levels of peptide hormones, including ghrelin, in
women with moderate and morbid obesity with the MS were
recently studied [64]. Plasma total and acylated ghrelin
failed to show a decrease in obese women following inges-
tion of mixed meal that is typically observed in lean controls.
Instead, elevated plasma levels of total and acylated ghrelin
were sustained after a meal, especially in morbidly obese
women suffering from MS. The authors suggested that the
constant feeding drive observed in these patients may origi-
nate from relatively high plasma level of this potent orexi-
genic peptide [64].

In conclusion ghrelin is downregulated in MS. Whether
the latter phenomenon is a physiological response to hyper-
insulinemic state or whether low ghrelin per se has a causa-
tive role in the development of the cluster, are unknown.

GHRELIN IN DIABETES MELLITUS

Ghrelin is increased in streptozotocin (STZ)-induced
diabetic (DM) mice. Leptin treatment partially reverses ele-
vated plasma ghrelin levels in STZ-DM mice suggesting that
hypoleptinemia in STZ-DM mice may upregulate ghrelin
[65]. An interesting study by Esler et al. [66] provided evi-
dence that small-molecule ghrelin receptor antagonists im-
prove glucose tolerance, suppress appetite, and promote
weight loss. A single oral dose of a GHS-R1a antagonist im-
proved glucose homeostasis in rat. Improvement in glucose
tolerance was attributed to increased insulin secretion.
Whether increased ghrelin signaling contributes to diabetic
hyperphagia in rodents has been explored by Gelling et al.
[67]. Their findings demonstrated that uncontrolled diabetes
increases both circulating ghrelin levels and behavioral sen-
sitivity to ghrelin. These findings support the hypothesis that
increased ghrelin signaling contributes to the pathogenesis of
diabetic hyperphagia.

Ghrelin levels in children with type 1 diabetes mellitus
(TADM) have been studied. Body mass index (BMI)-
adjusted levels of acylated and total ghrelin were reduced in
T1DM compared with healthy subjects [68]. A negative as-
sociation was found between AG and fasting insulin serum
levels and insulin resistance among the healthy children.
T1DM children showed a negative association of their
plasma acylated and total ghrelin with daily insulin dosage,
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Fig. (1). The shows associations of different components of the metabolic syndrome and the association of ghrelin with the metabolic clus-
tering. Abdominal fat is the central feature. With the other conventional components of the metabolic syndrome, proinflammation, prothrom-
bosis and insulin resistance are the key features of this syndrome. We suggest that low plasma ghrelin levels act as a physiological counter-
part to high leptin and that these changes are linked to the insulin resistance and metabolic syndrome.

and the adiposity indices. Soriano-Guillén et al. [69] studied
22 children with newly diagnosed T1DM and measured cir-
culating levels of ghrelin at diagnosis before insulin therapy
and after insulin therapy. Ghrelin levels were significantly
decreased at diagnosis and remained decreased after insulin
therapy. These data indicate that low ghrelin levels in dia-
betic children are possibly a defensive mechanism against
hyperglycemia [69]. To determine the effect of the initial
metabolic imbalance and its restoration after insulin therapy
on acylated ghrelin levels in children with TIDM twenty
prepubertal children with newly diagnosed disease were pro-
spectively studied [70] at diagnosis and after 1 and 4 months
of therapy. AG levels were lower at diagnosis, with a signifi-
cant increase at 1 month and normalizing at 4 months. The
authors concluded that BMI is not the main predictor of AG
in newly diagnosed T1DM subjects. Finally, twenty-seven
children with TIDM and 25 healthy controls were investi-
gated by Bideci et al.[71]. Ghrelin levels were similar in
patients compared to controls suggesting that ghrelin levels
remain unchanged in children with T1DM, or that altered
ghrelin levels at diagnosis recover as a consequence of insu-
lin therapy.

Ghrelin levels in subjects with type 2 diabetes mellitus
(T2DM) have also been studied. Ghrelin concentrations are
decreased in the healthy offspring of T2DM subjects [72]. In
our own data low ghrelin was independently associated with
T2DM, insulin concentration, insulin resistance and elevated
blood pressure [61]. Ghrelin might have some role in the
etiology of T2DM and the regulation of blood pressure.

The relationship between plasma ghrelin concentrations
in diabetic (11 TIDM and 97 T2DM) patients and diabetic
complications were investigated in Japanese population. The

study showed the plasma ghrelin concentration may be sup-
pressed in long-term poor glycemic control and multiple
diabetic complications [73].

Therefore, both type 1 and type 2 diabetes has been asso-
ciated with altered ghrelin concentrations. However, pro-
spective studies are needed to elucidate the potential causal
role of ghrelin in the development of diabetic state.

OBESTATIN IN METABOLIC DISORDERS

Obestatin is a newly identified peptide that is derived
from post-translational processing of the prepro-ghrelin
gene. Obestatin was originally thought to oppose ghrelin's
effects on food intake in rodents [74, 75]. Two recent rodent
studies, however, do not support a role of the obestatin in the
regulation of energy balance [76, 77]. The role of obestatin
in human obesity is also very unclear. Increased obestatin,
decreased ghrelin levels, and a decreased ghrelin/obestatin
ratio characterized obesity in women in one study [78]. In
contrast, Guo et al. [79] suggested that high preprandial
ghrelin to obestatin ratio may be involved in the etiology and
pathophysiology of obesity. Huda et al. [80] reported that
obestatin does not vary significantly with a fixed energy
meal but are significantly lower in morbidly obese subjects
as compared to lean subjects. The effect of weight loss on
obestatin levels have been studied in obese children [81].
Weight reduction due to a long-term lifestyle intervention
resulted in an increase in obestatin levels [81].

Stadler et al. [82] reported that fasting plasma concentra-
tions of obestatin are reduced in insulin resistance, and are
positively associated with whole-body insulin sensitivity in
non-diabetic humans. Furthermore, plasma obestatin is re-
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duced by insulin in insulin-sensitive, but not in insulin-
resistant persons. Plasma obestatin levels have been reported
to be lower in patients with T2DM and impaired glucose
regulation than in controls [83]. In a study on isolated islets
from mouse and rat pancreas the effects of the proghrelin
products, alone and in combinations, on the secretion of in-
sulin, glucagon, and other peptides from isolated islets of
mice and rats were studied [84]. Surprisingly, AG and obes-
tatin had almost identical effects although obestatin inhibited
insulin secretion more effectively than AG. In mouse islets,
AG inhibited insulin secretion at low doses and stimulated at
high. The combination of obestatin, AG and UAG resulted in
effects that were indistinguishable from those induced by
obestatin alone. From the data the authors concluded that the
effects of endogenous, circulating AG may be overshadowed
by obestatin. However, the current data on obestatin in
metabolic disorders remains contradictory.

WHAT ARE THE POSSIBLE MECHANISMS BEHIND
GHRELIN’S EFFECTS ON INSULIN METABOLISM

Clinical studies are insufficient to tell us the mechanism
if ghrelin level is a physiological response or a causative
factor for the insulin resistance. However, some mechanistic
and molecular studies exist in addition to those reviewed
earlier in this article. Ghrelin has been reported to affect in-
sulin signalling system implicating peripheral actions of
ghrelin in glucose homeostasis [85]. In hepatoma cells ghre-
lin had an anti-insulin action and up-regulated glu-
coneogenesis. One could speculate that ghrelin deficiency in
itself and/or the decreased somatotrophic effects associated
with ghrelin deficiency decrease insulin sensitivity. Based on
the wide tissue distribution of both ghrelin and its receptor,
regulation of glucose homeostasis is possible through both
endocrine, paracrine and autocrine pathways.

CONCLUSIONS

Ghrelin might have a role in glucose and insulin metabo-
lism. Insulin seems to be an important determinant of ghrelin
concentration independent on adiposity. Whether ghrelin
concentrations are downregulated in multiple obesity-related
co-morbidities as a physiological response to hyperinsuline-
mic state remains unknown. The best way to examine the
potential role of ghrelin in metabolic disorders is to perform
prospective studies and clinical trials. Since ghrelin is a dia-
betogenic factor at least in rodents, the inhibition of ghrelin
function could provide an attractive target for therapy against
diabetes.
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