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Abstract
Ghrelin is a 28 amino acid peptide mainly derived from 
the oxyntic gland of the stomach. Both acylated (AG) 
and unacylated (UAG) forms of ghrelin are found in 
the circulation. Initially, AG was considered as the only 
bioactive form of ghrelin. However, recent advances 
indicate that both AG and UAG exert distinct and com-
mon effects in organisms. Soon after its discovery, 
ghrelin was shown to promote appetite and adiposity 
in animal and human models. In response to these an-
abolic effects, an impressive number of elements have 
suggested the influence of ghrelin on the regulation of 
metabolic functions and the development of obesity-
related disorders. However, due to the complexity of 

its biochemical nature and the physiological processes 
it governs, some of the effects of ghrelin are still de-
bated in the literature. Evidence suggests that ghrelin 
influences glucose homeostasis through the modula-
tion of insulin secretion and insulin receptor signaling. 
On the other hand, insulin was also shown to influence 
circulating levels of ghrelin. Here, we review the rela-
tionship between ghrelin and insulin and we describe 
the impact of this interaction on the modulation of glu-
cose homeostasis.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Acylated ghrelin; Unacylated ghrelin; Insu-
lin secretion; β-cell functions; Insulin receptor signal-
ling; Glucose homeostasis

Core tip: The present invited review intends to summa-
rize the current knowledge on the relationships between 
ghrelin, insulin and glucose homeostasis in cellular, ani-
mal and human models.
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INTRODUCTION
Obesity and ensuing metabolic complications are major 
concerns for public health and these disturbances are 
anticipated to cause the first reduction of  life expectancy 
in modern history[1]. Unfortunately, efforts to curb and 
especially prevent this alarming trend have so far been 
met with disappointment. Although it was initially hypoth-
esized that metabolic dysfunctions develop in response to 
overeating and sedentarity, recent advances show that the 
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pathophysiological process is much more complex than 
anticipated. That is, obesogenic environmental and genetic 
factors disturb homeostatic crosstalk between tissues, pro-
mote excessive fat deposition and ultimately alter cellular 
functions[2-7]. Recently, a close relationship between the de-
velopment of  obesity-related disturbances and gut-derived 
hormonal dysregulations has been clearly established[8-11]. 
For instance, studies of  gut-derived peptides such as 
peptide tyrosine-tyrosine 3-36, glucagon-like peptide 1, 
glucose-dependent insulinotropic peptide and oxynto-
modulin have provided key information regarding factors 
promoting satiety, insulin secretion and glucose disposal. 
More recently, studies on ghrelin have significantly im-
proved our understanding of  mechanisms underlying the 
stimulation of  food intake, lipid accumulation in adipose 
tissues and the development of  metabolic dysfunctions 
such as insulin resistance and type 2 diabetes[12].

Ghrelin is a 28 amino acid peptide predominantly 
produced by the stomach[13-15] but also expressed at lower 
levels in other tissues such as the liver, pancreas, heart, 
central nervous system (CNS), esophagus and testis[16-18]. 
Although it was isolated from rat stomach extracts[13] 
ghrelin was initially shown to induce potent somatotro-
phic activity in the anterior pituitary[19-21]. Subsequent 
studies have also revealed the relevance of  ghrelin in the 
regulation of  appetite, storage and metabolism of  energy 
substrates, inflammation, stress and other key biological 
functions[22,23]. Strong evidence indicates the effects of  
ghrelin in the regulation of  metabolic functions and its 
potential role in the etiology of  obesity-related dysfunc-
tions such as insulin resistance and type 2 diabetes[24]. For 
the purpose of  the present work, we will emphasize on 
reviewing the inter-relationships between ghrelin, insulin 
and glucose homeostasis.

GHRELIN RECEPTOR
In the circulation, ghrelin is present under acylated (AG) 
and unacylated (UAG) forms[13]. The enzyme ghrelin 
o-acyltransferase (GOAT) was shown to be mandatory 
for the posttranslational addition of  the acyl chain on 
serine-3 of  ghrelin[25]. In blood, the half-life of  AG is ap-
proximately 10 min while UAG displays more stability 
with a half-life of  more than 35 min[26]. Although UAG 
accounts for approximately 50%-90% of  total ghrelin 
concentrations in the circulation, this form was initially 
considered as an artifact devoid of  biological activity[26,27]. 
However, recent advances indicate that UAG indepen-
dently mediates specific biological functions while shar-
ing others with AG.

The effects of  AG are mediated through the activa-
tion of  the native growth hormone (GH) secretagogue 
receptor 1a (GHS-R1a)[13,28]. Following the discovery of  
ghrelin, the AG form was reported to stimulate the re-
lease of  GH and to promote appetite through its action 
on the brain[13,29-31]. In contrast to its acylated counterpart, 
UAG was not shown to interact with the GHS-R1a. It 
has recently been suggested that AG and UAG may exert 

their effects through the interaction with other recep-
tors than the already identified GHS-R1a. The human 
ghrelin analog BIM-28163, which fully inhibits GHS-R1a 
receptor activation induced by native ghrelin, was shown 
to blunt AG-induced GH secretion[32]. However, since 
both AG and BIM-28163 induce neuronal activation in 
the dorsomedial hypothalamus, an important nucleus 
involved in regulating food intake, it is suggested that an 
unknown ghrelin receptor could mediate AG’s action in 
promoting weight gain[33,34]. Accordingly, it is proposed 
that the GHS-R1a acutely mediates AG action on ap-
petite, whereas an unknown ghrelin receptor modulates 
its chronic peripheral weight-increasing effects[35,36]. It has 
also been suggested that GHS-R1a could heterodimer-
ize with G protein-coupled receptor 83 (Gpr83)[37]. This 
study shows that the Gpr83/GHS-R1a dimerization 
affects ghrelin’s ability to activate its only known endog-
enous receptor, indicating that Gpr83 is an important 
regulator of  ghrelin receptor activity. AG was also shown 
to interact with several other G protein-coupled recep-
tors such as the dopamine receptor subtypes 1 and 2 
(DRD1/2) and melanocortin receptor 3 (MC3R) in the 
central nervous system[37-41]. Because the existence of  
another ghrelin receptor remains speculative, the follow-
ing sections will emphasize on the interactions between 
GHS-R1a and insulin synthesis/release and signalling.

In a landmark article, Tschöp et al[30] had observed 
that AG increases both food intake and adiposity in rats 
and mice, suggesting that the hormone promotes positive 
energy balance. GHS-R1a is predominantly expressed 
in the central areas known to be influenced by insulin, 
including hypothalamic neuropeptide Y (NPY)/agouti-
related protein (AgRP) neurons[42,43]. Furthermore, we 
and others have reported that the orexigenic effects of  
AG are mediated through the activation of  NPY and 
AgRP as well as the inhibition of  proopiomelanocortin 
(POMC)/cocaine- and amphetamine-regulated transcript 
(CART) neurons in the arcuate nucleus (ARC) of  the 
hypothalamus[29,44-49]. It has recently been hypothesized 
that the adipogenic effects of  both AG and UAG could 
be mediated in the CNS by the activation of  GHS-R1a[50]. 
Mice lacking GHS-R1a are protected against early-onset 
obesity, indicating the importance of  ghrelin signaling in 
regulating body weight[51]. The effect of  AG on food in-
take is believed to be mainly attributable to its interaction 
with the melanocortin system[44,52]. In fact, in the hypo-
thalamus, ghrelin promotes the expression of  the enzyme 
prolylcarboxypeptidase and therefore the degradation of  
melanocortin receptor agonist α-melanocyte-stimulating 
hormone[53]. Central melanocortin signaling has been 
shown to directly regulate insulin levels and to be inde-
pendently involved in the control of  glucose homeosta-
sis[54]. Moreover, the melanocortin system is an important 
downstream target for the effects of  insulin to regulate 
food intake and body weight[55]. The melanocortin system 
is active in areas where both insulin and ghrelin signalling 
components are expressed; therefore, potential crosstalks 
between these systems could be envisaged.
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COMMON PATHWAY FOR GHRELIN AND 
INSULIN RECEPTOR SIGNALING
in the central nervous system
As mentioned above, it is believed that the effects of  
ghrelin on feeding are mainly exerted through the 
ARC[29,56,57]. Since the central administration of  ghrelin in-
creases the mRNA expression of  NPY and AgRP while 
inhibiting the transcription of  POMC and CART, it has 
been suggested that the orexigenic actions of  ghrelin are 

mediated through the activation of  these neurons[29,44-49,58]. 
As presented in Figure 1A, GHS-R1a activation regulates 
intracellular calcium through the adenylate cyclase-protein 
kinase A (PKA) and phospholipase C-protein kinase C 
(PKC) pathways[43,59]. The PKA pathway has been shown 
to be related to the orexigenic effects of  ghrelin since 
inhibitors of  PKC do not influence the calcium response 
to ghrelin in NPY neurons of  the ARC[43]. Consequently, 
GHS-R1a activation in the ARC elicits calcium signaling 
through N-type calcium channel-dependent mechanisms.
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Figure 1  Crosstalks between ghrelin and insulin signaling. A: In the CNS, the interaction between GHS-R1a and ghrelin leads to the activation of PKC and PKA 
and ultimately to the opening of calcium channels. In the ARC, AG’s orexigenic effects are solely mediated through PKA activation and the intracellular entry of Ca2+; 
which in turn, generate a depolarization/activation of NPY neurons. GHS-R1a activation also triggers AMPK phosphorylation. Also, the activation insulin signaling path-
way leads to a phosphorylation cascade that involves PI3K, Akt/PKB and mTORC1. mTORC1 has been shown to reduce food intake by inhibiting NPY expression in 
ARC neurons. This suggests the existence of a crosstalk between these two signaling pathways, considering that AMPK inhibits mTORC1 activation while ghrelin also 
reduces the anorexigenic effects of insulin-mTORC1. GHS-R1a could also mediate mTORC1 activation through an AMPK-independent mechanism. Moreover, GHS-
R1a has been shown to dimerize with some GPCRs such as Gpr83, DRD1/2 and MC3R; B: In the periphery, the adipogenic effects of ghrelin have been shown to 
synergize with insulin signaling. In contrast to its central effects, the interaction between GHS-R1a and AG leads to decreases in AMPK activity in the periphery. GHS-
R1a also activates Akt, PKB, mTORC1 and ultimately PPAR-γ to stimulate insulin-induced adipogenesis. CNS: Central nervous system; PKC: Protein kinase C; PKA: 
Protein kinase A; ARC: Arcuate nucleus; GHS-R1a: Growth hormone secretagogue receptor 1a; NPY: Neuropeptide Y; AG: Acylated ghrelin; AMPK: AMP-activated 
protein kinase; mTORC1: Mechanistic target of rapamycin complex 1; MC3R: Melanocortin receptor 3; DRD1/2: Dopamine receptor subtypes 1 and 2; Gpr83: G 
protein-coupled receptor 83; GPCR: G protein-coupled receptors; PPAR-γ: Peroxisome proliferator-activated receptor γ; IR: Insulin receptor.
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in AMPK activation between the brain and the periphery, 
it is expected that ghrelin and insulin signaling crosstalks 
will be different in the CNS versus the periphery. In the 
periphery, it was observed that ghrelin stimulates adipo-
genesis[10,22]. The adipogenic effects of  ghrelin are mediat-
ed, at least in part, through the activation of  peroxisome 
proliferator-activated receptor γ (PPAR-γ), a nuclear 
receptor whose activity is positively influenced by key 
components of  the insulin pathway, namely Akt/PKB 
and mTORC1[71-73]. In fact in the periphery, AG promotes 
adipogenesis through PPAR-γ. Interestingly, a fully op-
erational form of  the mTORC1 complex is required for 
PPAR-γ activation; suggesting that AG’s adipogenic ef-
fects could be mediated through mTORC1. Consistently, 
ghrelin promotes activation of  the Akt/PKB pathway in 
macrophages, and this activation results in an enhanced 
activation of  PPAR-γ[74]. Unlike in the CNS, GHS-R1a 
adipogenic actions seem to synergize with the insulin 
signaling pathway, establishing the need to further under-
stand the discrepancies between mTOR, AMPK, insulin 
and ghrelin action in the brain versus peripheral tissues. It 
is noteworthy that both endogenous and pharmacological 
activation of  AMPK prevent adipogenesis while down-
regulating the expression of  key adipogenic genes includ-
ing PPAR-γ in the periphery[75,76]. Overall, these elements 
suggest that ghrelin needs to inhibit peripheral AMPK to 
exert its effects on fat accumulation.

It is also suggested that the insulin signaling pathway 
and insulin per se can affect ghrelin production and signal-
ing. It has been shown that components of  the mTOR 
signaling pathway are expressed in the endocrine cells of  
gastric mucosa, where nearly all ghrelin-positive cells are 
positively stained for these signaling molecules[77]. More-
over, rapamycin, a mTORC1 inhibitor increases gastric 
ghrelin mRNA, gastric preproghrelin levels and circulat-
ing ghrelin, demonstrating that the mTORC1 signaling 
pathway is crucial in ghrelin expression and secretion[78]. 
Therefore, insulin could also directly affect ghrelin se-
cretion. Altogether, these findings strongly suggest the 
existence of  a link between ghrelin and insulin signaling 
pathways. The following sections will focus on the physi-
ological impact of  such a relationship on glucose ho-
meostasis, insulin secretion and ghrelin levels in cellular, 
animal and human models.

GHRELIN AND GLUCOSE HOMEOSTASIS
The influence of  ghrelin on the regulation of  glucose ho-
meostasis was first hypothesized following the observa-
tion of  a negative correlation between circulating ghrelin 
and insulin levels in humans[79]. Later, an association be-
tween ghrelin and the homeostasis model of  assessment, 
an index of  insulin resistance, in women with polycystic 
ovary syndrome (PCOS) further supported the involve-
ment of  ghrelin in the development of  insulin resistance 
and type 2 diabetes[80]. Subsequently, the association of  
ghrelin with insulin, glucose and insulin resistance index-
es was investigated in different populations with definite 
metabolic profiles. For instance, in obese and non-obese 

AMP-activated protein kinase (AMPK) plays an im-
portant role in the regulation of  energy metabolism. This 
kinase is activated following an increase in the AMP/ATP 
ratio within the cell, a condition linked to cellular energy 
depletion[60]. Once activated, AMPK phosphorylates 
acetyl-CoA carboxylase and switches on catabolic pro-
cesses to promote ATP production[60]. Current evidence 
indicates that ghrelin could be considered as a signal of  
energy deficiency since it activates AMPK in the CNS. 
Moreover, ghrelin-induced calcium entry is substantially 
suppressed by an AMPK inhibitor[61]. Consistent with 
these observations, GHS-R1a positively modulates hy-
pothalamic AMPK[61,62]. In turn, the pharmacological 
activation of  AMPK was also shown to stimulate food 
intake in the hypothalamus[62]. This reinforces the view 
that AMPK is critical in the control of  feeding. How-
ever, little is known regarding the potential mechanisms 
through which AMPK-activation would mediate ghrelin’s 
orexigenic effects. Recent data suggest that in response to 
fasting, increased ghrelin levels promote feeding through 
AMPK-mediated activation of  hypothalamic fatty acid 
metabolism in the ventromedial hypothalamus (VMH)[63]. 
Further studies are needed to identify the mechanisms 
underlying ghrelin’s activation of  AMPK and to charac-
terize the neuronal centers involved in the stimulation of  
appetite.

AMPK influences the insulin signaling pathway, sug-
gesting that ghrelin-induced activation of  AMPK could 
affect this pathway. In fact, the activation of  AMPK in-
hibits the mechanistic target of  rapamycin (mTOR) com-
plex 1 (mTORC1) activity, a key protein complex activated 
downstream of  the insulin receptor (IR). mTORC1 is a 
central regulator of  cell metabolism, growth, proliferation 
and survival and acts as a nutrient/hormone sensor[64,65]. 
In the CNS, mTORC1 activation reduces food intake at 
least by reducing the hypothalamic expression of  NPY 
and AgRP[66,67]. Recent data indicate that ghrelin requires 
an intact hypothalamic mTORC1 to stimulate food in-
take[68]. In this study, the authors suggest that orexigenic 
effect of  ghrelin is mediated by AMPK in the VMH, 
but through the mTORC1 in the ARC. These results are 
rather counterintuitive since the effects of  AMPK and 
mTORC1 usually antagonize each other. AMPK activa-
tion promotes food intake whereas mTORC1 does the 
opposite. Indeed, injection of  insulin in rodents inhibits 
AMPK activity in the hypothalamus, promotes mTORC1 
activation, and reduces food consumption[69]. Recently, is 
has been suggested that ghrelin plays a dual time-depen-
dent role in modulating hypothalamus, since it only tran-
siently affects AMPK, which might explain the conflicting 
results[70]. More studies are needed to better understand 
the signaling events mediating the effects of  ghrelin on 
the regulation of  food intake.

In the periphery
As indicated in Figure 1B, in contrast to its central ef-
fects, ghrelin decreases AMPK activity in the periphery, 
indicating that the hormone bilaterally controls AMPK 
in the brain and peripherally. Because of  this divergence 
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children and obese adults with or without insulin resis-
tance or type 2 diabetes, pre-meal total ghrelin levels were 
inversely associated to insulin levels and the severity of  
insulin resistance[81-83]. The recent development of  new 
and more sensitive immunoassays has allowed the charac-
terization of  distinct biological activity of  AG and UAG 
in healthy and pathological conditions. This led to the 
observation that AG, rather than UAG, reduces insulin 
secretion while promoting insulin resistance in individuals 
with or without metabolic dysfunctions[27,84]. 

Soon after its discovery, ghrelin was shown to be se-
creted in a pulsatile manner in response to the nutritional 
status[31]. In clinical studies, ghrelin levels were initially 
measured from a unique sample in participants submit-
ted to an overnight fast. However more elaborate study 
designs have been developed to allow the determination 
of  ghrelin levels at different time points in pre-meal and 
postprandial conditions. The first evidence suggesting 
the involvement of  ghrelin in the regulation of  insulin 
secretion was provided by the observation of  a positive 
association between suppression of  total ghrelin levels 
and insulin concentrations in the postprandial condition 
in participants with uncomplicated obesity[85]. In addition, 
total ghrelin levels were negatively correlated to insulin 
resistance in obese children and adolescents[83].

As previously reviewed[86,87], several research teams 
have reported a link between ghrelin and the regulation 
of  glucose homeostasis but this was often achieved us-
ing one single fasting sample of  total ghrelin. Although 
they provided key information, data generated from 
these studies were often not in line with results obtained 
using AG or UAG treatments in cell, animal and human 
models. Accordingly, the inverse correlations of  ghrelin 
with insulin levels and insulin resistance commonly de-
scribed in the literature seem rather counter-intuitive at 
first glance for an adipogenic hormone promoting food 
intake and decreased energy expenditure. Indeed, we 
would expect that ghrelin, which drives food intake and 
adiposity would be positively associated with impaired 
metabolic functions. It is therefore likely that under 
physiological conditions, ghrelin acts as a regulator of  
energy balance to stimulate appetite and the storage of  
energy substrates while reducing energy expenditure in 
periods of  limited food availability. However, when nutri-
ents are abundant, ghrelin levels decrease to prevent the 
excessive accumulation of  energy substrates. Some also 
suggest the existence of  a state of  ghrelin resistance since 
high-fat consumption blunts the effects of  intracerebro-
ventricular-administrated ghrelin on GH secretion, ARC 
neurons activation and NPY/AgRP expression[88]. From 
an evolutionary perspective, ghrelin could favor survival 
for individuals having limited access to nutrients. How-
ever, impairments in the regulation of  ghrelin secretion, 
caused by the ingestion of  specific nutrients or other ge-
netic/environmental factors, could promote the excessive 
accumulation of  lipids and ultimately the development 
of  metabolic dysfunctions such as insulin resistance and 
type 2 diabetes.

EFFECTS OF GHRELIN ON INSULIN 
SECRETION
It was initially reported that a population of  ghrelin- and 
insulin-producing cells would have common embryonic 
progenitors within the developing endocrine pancreas[89]. 
In the pancreas, ghrelin-positive ε-cells are found as 
single cells in islet periphery. Ghrelin is also co-expressed 
with glucagon-secreting cells in humans and rats[17,90-94]. 
The expression of  GHS-R1a was also detected in islets 
as well as in several pancreatic cell lines, suggesting that 
ghrelin and its receptor could influence pancreatic func-
tions in a paracrine manner[95].

As presented in Table 1, the first direct evidence sug-
gesting the influence of  ghrelin on the regulation of  in-
sulin secretion was provided by Broglio et al[21] in healthy 
volunteers. In fasting condition, AG administered at 1 
μg/kg intravenously (iv) significantly reduced circulating 
insulin levels while increasing glycemia. Using the same 
conditions, AG was shown to reduce insulin secretion 
in young and elderly participants[106]. Since AG has a 
relatively short half-life in circulation, continuous admin-
istrations of  the peptide were performed to confirm the 
results obtained using bolus injections. The continuous 
infusion of  AG (1 μg/kg per hour) decreased the first 
phase of  insulin secretion postprandially, while causing 
a significant rise in glycemia[96,107]. This increase in blood 
glucose was also associated to an enhanced second-
phase insulin response. Similarly, Vestergaard et al[101-105] 
observed that AG infusions (0.3 μg/kg per hour to 1.0 
μg/kg per hour) promote insulin resistance; however they 
did not detect any fluctuation in insulin secretion[100,101]. 
At lower concentrations (0.3 to 1.5 ng/kg per hour), 
AG infusions reduced insulin secretion and glucose lev-
els[108]. The same authors have also observed a decrease 
in insulin secretion in response to the administration of  
physiological concentrations of  AG (0.2 and 0.6 ng/kg 
per hour)[26,109]. Consequently, it is suggested that physi-
ological levels of  ghrelin directly impair β-cell functions 
but the mechanisms underlying these effects remain to be 
clarified[109]. One appealing hypothesis is that these inhibi-
tory effects of  AG on insulin release could be mediated 
through the stimulation of  somatostatin production[97]. In 
contrast, a single bolus of  AG (1 μg/kg) did not induce 
any alteration of  glucose or insulin levels in obese wom-
en[110]. In a clinical study, UAG was administered for 16 
h at 1.0 μg/kg per hour and the postprandial insulin re-
sponse was potentiated in healthy volunteers[111]. Follow-
ing a meal, the inhibitory effect of  AG on insulin release 
was abrogated by the co-administration with UAG[96]. 
Furthermore, Kiewiet et al[112] reported that the combined 
treatment with AG and UAG increased insulin sensitivity 
in morbidly obese patients. Altogether, these studies show 
that ghrelin has complex effects when administered to 
humans and that the impact of  this hormone on glucose 
homeostasis likely depends on the dose, the nutritional 
status and the metabolic profile of  the population stud-
ied. Furthermore, the biphasic insulin response observed 
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after the administration of  AG indicates that the peptide 
could exert distinct effects on β-cells: an initial inhibition 
of  insulin release combined to a subsequent stimulation 
of  insulin synthesis[96,107]. Further studies are needed to 
clarify the causes of  the variability in insulin secretion 
and glucose homeostasis observed in response to ghrelin. 
To do so, it is critical to establish the concentrations at 
which ghrelin will be administered, and to design clinical 
protocols with well-established nutritional status and suf-
ficient blood samples to allow detecting positive/negative 
effects on insulin release under specific metabolic condi-
tions.

Similarly to the available data in humans, data derived 
from most rodent studies indicate that AG inhibits insu-
lin secretion. In wild type mice, iv administrations of  AG 
(5 nmol to 150 nmol) were shown to inhibit fasting and 
glucose-induced insulin secretion[113]. In contrast, insuli-
notropic effects have been reported in response to an iv 
injection of  AG (25 nmol/L) in rats[114]. In mice, the ad-
ministration of  AG (1 to 10 nmol/kg, iv) was also shown 
to induce biphasic responses[115]. In fact AG was shown 
to inhibit insulin release by blocking the effects of  a cho-
linergic antagonist on the activation of  phospholipase C 
(PLC) after 2 min but this effect was reversed 6 min after 
treatment[115]. During the early phase (2 min), ghrelin also 
promoted the stimulation of  insulin secretion by poten-
tiating the response of  the phosphodiesterase inhibitor 
IBMX, but this effect could no longer be observed at 6 
min. The same group also reported that the stimulatory 
effect of  ghrelin on insulin release was accompanied 
by increases in nitric oxide and that this outcome was 
mediated by the activation of  the neuronal constitutive 
nitric oxide synthase[116]. In mice, AG promptly inhibits 
insulin release but this effect is reversed over time. This 
suggests that AG could block the first-phase of  insu-
lin secretion and subsequently allow β-cells to release 
the hormone. Although these effects were modulated 
through PLC and phosphodiesterase, the mechanisms 
underlying these observations remain to be elucidated. 
Consequently, following the description of  this biphasic 

response, it is even possible to speculate that AG’s effects 
could be mediated through the activation of  more than 
one distinct receptor. For instance, these effects could 
potentially be regulated by the formation of  homo- and 
heterodimers between GHS-R1a and other receptors 
such as Gpr83 and DRD1/2[37,41]. Interestingly, the ex-
pression of  both GHS-R1 and DRD2 was previously re-
ported in β-cells[41,95]. Furthermore, DRD2 was shown to 
inhibit insulin secretion through the activation of  the β2-
adrenergic receptor[117]. This indicates that under distinct 
conditions, AG (and potentially UAG) could mediate the 
dimerization of  GHS-R1 and consequently exert differ-
ent effects on β-cell functions.

Genetic manipulations have also provided key data 
regarding ghrelin actions. Overexpression of  the ghrelin 
(Ghrl) gene was shown to decrease insulin levels in mice, 
while its inactivation was shown to enhance insulin secre-
tion and to prevent glucose intolerance[118-120]. In leptin-
deficient mice, the deletion of  the Ghrl gene potentiates 
insulin secretion and improves glucose homeostasis[121,122]. 
The pharmacological inhibition of  GHS-R1 was also 
shown to increase insulin secretion and improve glucose 
homeostasis[123]. In contrast, the ablation of  the Ghs-r1 
gene decreased glucose control and reduced insulin se-
cretion in leptin-deficient mice[124]. This impaired insulin 
response was associated with the upregulation of  Uncou-
pling protein-2 (Ucp-2), Sterol regulatory-element binding 
protein-1c (Srebp-1c), Carbohydrate-responsive element-
binding protein (Chrebp) and Macrophage migration in-
hibitory factor-1 (Mif-1) and with the downregulation of  
Hypoxia-inducible factor-1α (Hif-1α), fibroblast growth 
factor-21 (Fgf-21) and Pancreatic and duodenal homeo-
box-1 (Pdx-1) in whole pancreases[124]. These genes are 
known to decrease (Ucp-2, Srebp-1c, Chrebp and Mif-1) 
or improve (Hif-1α , Fgf-21 and Pdx-1) β-cell functions. 
Another group has also suggested that the effect of  AG 
could be mediated through an increased production of  
the β-cell autoantigen for type 1 diabetes (IA-2β)[125]. In 
perfused rat pancreases, the influence of  AG on insulin 
release was also investigated. AG (10 nmol/L) was shown 
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Table 1  Effects of ghrelin treatment in human participants

Model Treatment Dose Condition Endogenous insulin Insulin sensitivity

Healthy or hypopituitary 
humans

AG vs Ctrl (iv) AG + Arg vs Arg (iv) AG: 1 to 2.2 μg/kg
Arg: 0.5 g/kg

Fasting (overnight) Decreased Decreased[21,96-99]

Healthy or hypopituitary 
humans

AG + FFA vs FFA AG + UAG AG: 1 μg/kg
FFA: 25 g
UAG: 1 μg/kg

Fasting (overnight) Decreased No change[96,98]

Healthy humans AG + OGTT (iv) vs OGTT UAG 
vs Ctrl (iv) AG + UAG vs Ctrl (iv)

AG: 1 μg/kg
OGTT: 100g
UAG: 1 μg/kg

Fasting (overnight) No change No change[96,98]

Healthy humans AG vs Ctrl (iv) AG: 1 μg/kg Fasting (overnight) Increased Decreased[96]

Healthy humans AG vs Ctrl infusion 3h (iv) AG: 5 pmol/kg per minute Fasting (overnight) - Decreased[100]

Healthy, gastrectomized 
or hypopituitary humans

EHC: AG vs Ctrl 5 h (iv) pancreatic 
clamp + EHC:AG vs Ctrl 5 h (iv)

AG: 5 pmol/kg per minute Fasting (overnight) - Decreased[101-104]

Healthy humans EHC: AG 5 h (intramuscular) AG: non-specified 
supraphysiological dose

Fasting (overnight) - Increased[105]

AG: Acylated ghrelin; iv: Intravenous; Arg: Arginine; Ctrl: Control; UAG: Unacylated ghrelin; OGTT: Oral glucose tolerance test; EHC: Euglycemic/hyper-
insulinemic clamp.
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to promptly decrease insulin in situ secretion[126].
The effects of  ghrelin on the regulation of  insulin 

secretion were also investigated in vitro. In pancreatic tis-
sue fragments of  normal and diabetic rats, treatments 
with AG (1 pmol/L to 1 μmol/L) induced insulinotropic 
effects[127]. This effect was also observed in response to 
high doses of  AG (0.1 to 1 μmol/L) in cultured isolated 
mice islets[115]. In contrast, AG was shown to inhibit in-
sulin secretion in immortalized pancreatic β-cells (AG at 
0.1 μmol/L) and in cultured mouse islets (AG 1 to 100 
pmol/L)[115,128]. It is noteworthy that glucose levels and 
time of  incubation were critical elements mediating AG’s 
effects on insulin release. Accordingly, AG’s insulinotro-
pic effects were only detected at glucose concentrations 
above 8.3 mmol/L[94,115,127,128]. Data obtained in rodents 
indicate that ghrelin promptly mediates its effects on 
β-cell function[115]. In the circulation, AG must exert its 
activity quickly before being degraded. However, in vitro 
AG treatments were carried out for at least 30 min. It is 
therefore necessary to design experiments allowing the 
characterization of  ghrelin’s effects on insulin release in 
a time-resolved manner. This would allow determining 
whether ghrelin directly mediates insulin release and/or 
its synthesis within β-cells.

The effects of  AG and UAG on β-cells have been 
explored to clarify the effects of  both ghrelin forms on 
survival, proliferation and insulin release. It has been 
demonstrated that both AG and UAG stimulate insulin 
release in different β-cell lines[129,130]. Furthermore, in 
response to an intravenous glucose tolerance test, the 
administration of  UAG at 30 nmol/kg was shown to po-
tentiate insulin release in anesthetized rats[131]. Although 
these effects could not be detected in rat and mouse iso-
lated islets, the inhibitory effect of  AG on insulin release 
was reversed by the combined treatment with UAG[132]. 
Granata et al[130,133] also reported that both ghrelin forms 
promote cell survival and prevent apoptosis in different 
β-cell lines. This group also reported that UAG treatment 
(two subcutaneous administrations of  100 μg/kg for 7 
d) could prevent diabetes in newborn rats treated with 
streptozocin. Although UAG has been shown to influ-
ence the release of  insulin, important questions remain 
regarding the mechanisms underlying these effects in 
the pancreas. For instance, it will be critical to determine 
whether ghrelin influences the acute release of  insulin or 
its synthesis within β-cells.

The information contained in the above paragraphs 
suggests that AG inhibits while UAG restores insulin 
secretion. Although there are many discrepancies in the 
literature, evidence suggests that the influence of  ghrelin 
on β-cell function depends on the dose of  ghrelin used 
for the treatment as well as the glycemic state under 
which experiments are carried out. The available data also 
indicates the relevance of  establishing a time-frame dur-
ing which responses occur. In fact, different groups have 
described that ghrelin mediates a biphasic response with 
rapid inhibition and subsequent stimulation of  insulin re-
lease. Also, homo- and heterodimerization of  the GHS-
R1a receptor could explain the conflictual observations 

currently reported in the literature. It is therefore critical 
to fully determine the (1) optimal doses of  AG and UAG; 
(2) conditions; and (3) the time continuum under which 
ghrelin influences β-cell functions. Due to its adipogenic 
nature, it is also of  potential interest to investigate wheth-
er chronic hyperprolinemia could promote lipotoxicity 
within β-cells.

EFFECTS OF INSULIN ON CIRCULATING 
GHRELIN LEVELS
Early after the discovery of  ghrelin, an inverse relation-
ship was observed between the ghrelin and insulin levels 
in animal and human models. In the previous section, 
the effects of  AG and UAG on insulin were reviewed. 
However, the influence of  insulin on both ghrelin forms 
has also been investigated. It was initially observed that 
ghrelin levels decrease significantly in healthy participants 
in response to food intake[134,135]. Moreover, under fast-
ing conditions, ghrelin levels were shown to be inversely 
correlated with insulin values[79]. Taken together, these 
elements suggest that insulin could reduce circulating 
ghrelin levels.

Ghrelin levels have been measured following the 
intake of  different types of  meals. However, to isolate 
the effect of  insulin and eliminate potential confounding 
factors, specific models mimicking postprandial condi-
tions such as the oral glucose tolerance test (OGTT) or 
the euglycemic hyperinsulinemic clamp (EHC) have been 
used. It was first reported that total ghrelin levels are sig-
nificantly reduced in response to OGTT or mixed meals 
in healthy participants after approximately 35 min[136,137]. 
In these studies, circulating ghrelin levels were decreased 
in response to insulin but not following the combined 
parenteral administration of  insulin and glucose[136,137]. 
These results suggest that decreases in ghrelin levels are 
not directly mediated by insulin but rather through other 
mechanisms that require nutrients transiting in the gastro-
intestinal tract.

Clinical protocols were also designed to study the 
variations in total ghrelin levels under defined hyperin-
sulinemic conditions. For instance, in healthy and obese 
volunteers submitted to EHC or hypoglycemia, total 
ghrelin levels were significantly reduced[85,138]. Interest-
ingly, in slightly overweight individuals submitted to 
EHC, total ghrelin concentrations were reduced by 25% 
and these effects were still detectable 15 min after the 
insulin infusion ended[139]. Also, under the euglycemic/hy-
perinsulinemic condition, total ghrelin levels were further 
reduced by the co-administration with GH and an inhibi-
tor of  hormone-sensitive lipase activity in GH-deficient 
patients[140]. Similar results were observed in response to 
three-steps hypo-, eu- and hyperglycemic/hyperinsulin-
emic clamps[141]. Although total ghrelin concentrations 
were stable before the administration of  insulin, the lev-
els of  the hormone promptly decreased in response to 
hyperinsulinemia and remained stable during the hypo- 
and euglycemic states. However, the most important 
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reductions in ghrelin levels were noted during the hyper-
glycemic/hyperinsulinemic conditions. In another study, 
healthy participants were submitted to three different 
types of  clamps[142]. During the first clamp, hyperglycemia 
and the resulting elevation of  endogenous insulin did not 
alter ghrelin levels[142,143].

The impact of  EHC on ghrelin levels was also studied 
in different pathological conditions including Pradder-
Willi syndrome (PWS), PCOS, and hyper- and hypothy-
roidism. For instance, elevated total ghrelin levels were 
reported in children with PWS. The influence of  EHC 
on total ghrelin levels was therefore investigated in both 
patients with PWS and normal children[144]. Under these 
conditions, total ghrelin levels were decreased to a greater 
extent but still remained higher throughout the EHC in 
patients with PWS compared to controls. Total ghrelin 
levels were higher in PWS children and their response to 
EHC was proportional to the one of  control individuals. 
Glucose disposal was similar between normal children 
and PWS patients, suggesting that under hyperinsulin-
emic conditions ghrelin levels are reduced in function of  
the degree of  insulin resistance rather than being solely 
influenced by insulin and glucose levels. To confirm this, 
patients with type 2 diabetes and healthy individuals were 
also submitted to EHC. In these patients, fasting total 
ghrelin levels were lower than in healthy individuals. As 
expected, total ghrelin levels reduction was significantly 
less pronounced in patients with type 2 diabetes com-
pared to healthy individuals[145]. This suggests that im-
pairments in IR signaling could disturb the physiological 
regulation of  ghrelin levels. It is recognized that ghrelin 
levels and insulin sensitivity are lower in women with 
PCOS. To further study the effect of  insulin sensitivity 
on the regulation of  ghrelin levels, women with PCOS 
were submitted to EHC. Unexpectedly ghrelin levels 
were not differently modulated in PCOS than in normal 
women, indicating that the androgen levels could also in-
fluence the modulation of  ghrelin in this population[146].

Patients with hyperthyroidism also exhibit a nega-
tive association between total ghrelin levels and energy 
expenditure[147]. In these patients, ghrelin levels are also 
decreased. To investigate the effect of  hyperthyroidism 
normalization, ghrelin levels were measured during EHC 
before and after medical treatment with antithyroid hor-
mones. Similarly, increased ghrelin levels are observed be-
fore and after normalization in patients with hypothyroid-
ism[148]. Despite this difference, ghrelin profiles observed 
during EHC were not altered by antithyroid treatment or 
by L-thyroxine (T4) replacement[148,149]. These results in-
dicate that the reduction in ghrelin observed during EHC 
is independent of  thyroid status. The effect of  ghrelin on 
the hypothalamo-pituitary-thyroid axis was also investi-
gated in healthy participants. In contrast to the results ob-
tained in patients who underwent hyper- or hypothyroid 
normalization, the administration of  AG (50 μg) directly 
increased free T4 while reducing thyroid stimulating hor-
mone concentrations in the circulation[150]. This suggests 
that the thyroid status does not influence the inhibitory 
effect of  insulin on ghrelin secretion; however ghrelin 

treatment could directly regulate thyroid functions.
Total ghrelin levels are decreased to a greater extent 

during EHC in individuals with high insulin sensitivity. 
However the impact of  insulin on the circulating levels 
of  AG and UAG remained uncharacterized for many 
years. To further characterize the effects of  hyperinsu-
linemia on the different forms of  circulating ghrelin, we 
decided to measure AG and total ghrelin (and estimate 
UAG levels by subtracting total ghrelin-AG values) dur-
ing EHC in insulin-sensitive (ISO) and insulin-resistant 
(IRO) obese postmenopausal women[27]. Total ghrelin 
and UAG levels were significantly decreased by EHC in 
ISO and IRO women. However, during EHC, AG levels 
were significantly reduced only in ISO individuals and 
the maximal amplitude of  reduction was more impor-
tant than in ISO participants. Similarly, the AG/UAG 
ratio was significantly lower in ISO women in the fast-
ing condition and throughout EHC. Interestingly, in the 
total population (ISO + IRO), the maximal amplitude of  
reduction for total ghrelin and AG were both positively 
correlated with insulin sensitivity. It was later shown that 
fasting AG and UAG levels are decreased between the 
second and the third term of  pregnancy in women with 
diabetes[151]. This was also associated with less important 
decreases in UAG but not in AG during EHC.

The molecular mechanisms by which insulin regulates 
ghrelin levels were investigated only in a limited number 
of  studies. Similarly to the results obtained in humans, 
insulin was shown to reduce total ghrelin levels in rats[152]. 
Data presented in the signaling section also provided 
evidence that the gastric insulin signaling activation influ-
ences ghrelin mRNA, gastric preproghrelin and circulat-
ing ghrelin. Results from two different studies in rodents 
also indicate that a hyperinsulinemic state could enhance 
ghrelin mRNA expression but there is no information 
available on protein levels[31,114]. Although the effects of  
insulin on total ghrelin levels have been abundantly stud-
ied in the literature, it remains that AG and UAG profiles 
need to be further characterized. Therefore it is critical to 
decipher the mechanisms mediating the effects of  insulin 
and potential receptor signaling impairments on AG and 
UAG secretion both in animal and human models under 
normal and pathological conditions.

CONCLUSION
Although it was discovered more than ten years ago 
and was the object of  an impressive number of  publi-
cations, important questions still remain regarding the 
physiological control of  AG and UAG secretion and 
the distinct role of  both ghrelin forms in the regulation 
of  metabolic functions. The present work intends to 
highlight the interrelationships between ghrelin, insulin 
and glucose homeostasis. Available data indicate that 
ghrelin influences insulin secretion and vice versa. New 
evidence suggests the existence of  crosstalks between the 
signaling pathways induced by the activation of  the na-
tive ghrelin receptor, GHS-R1a and the insulin receptor. 
However, these interactions seem to oppose themselves 
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as they are taking place in the central nervous system or 
in the periphery. This suggests that in different tissues 
and organs, the heterodimerization of  GHS-R1a with 
Gpr83, DRD1/2, MC3R and potentially other receptors 
could trigger the activation of  distinct signaling pathways. 
Other important issues were denoted in the literature 
regarding the insulinotropic effects of  ghrelin in cellular, 
animal and human models. This suggests the critical need 
to better determine doses under which AG and UAG op-
timally activate distinct metabolic functions. Taking into 
consideration the complexity of  ghrelin’s physiology it is 
also important to characterize the conditions under which 
altered responses to AG and UAG are observed. Overall, 
these clarifications should provide a better understanding 
of  the mechanisms underlying AG and UAG secretion as 
well as to allow the deciphering of  their role in the regu-
lation of  distinct metabolic functions.
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