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summary	 Ghrelin is an orexigenic hormone released from the stomach that stimulates 
the release of growth hormone and has been shown to inhibit the release of insulin. Evidence 
from rodent models of diabetes and perturbed ghrelin signaling suggest that ghrelin plays 
a role in regulating glucose homeostasis. Ghrelin may act as a paracrine signaling factor 
within the pancreas in the control of b‑cell function. Ghrelin levels are reduced in obesity 
and diabetes, and insulin resistance has been linked to mutations in the ghrelin precursor 
molecule. Ghrelin appears to exert antioxidant and antiapoptotic effects upon endothelial 
and nervous tissue, and may help to protect against diabetes-related disease. The role of 
ghrelin in the development of diabetes and its potential utility as a treatment for some of the 
effects of diabetes remain unclear and require further study.
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�� Ghrelin, a hormone released from the stomach, has been shown to inhibit the release of insulin in vivo 
and in vitro.

�� Obesity and diabetes are associated with decreased plasma ghrelin levels. 

�� Rodent models of disrupted ghrelin signaling have perturbed glucose homeostasis. 

�� Ghrelin appears to have a role in maintaining blood glucose levels in starvation. 

�� Ghrelin may play a paracrine role in the pancreas in the control of insulin release. 

�� Mutations in ghrelin have been implicated in reduced insulin sensitivity. 

�� Ghrelin may act to counter the consequences of diabetes induced by oxidative stress.

�� Ghrelin may play an antiapoptotic and proliferative role in the pancreatic b‑cell. 
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Role of ghrelin in glucose homeostasis 
and diabetes

Review
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Diabetes mellitus
Diabetes mellitus is typified by an inability to 
either produce or utilize insulin, resulting in inef-
ficient uptake of glucose into peripheral tissues. 
The World Health Statistics Report released in 
May 2012 suggests that approximately one in ten 
adults worldwide are diabetic [1]. Poor diabetes 

management and long-term disease progression 
may precipitate microvascular and macrovascular 
complications, increasing morbidity and mortal-
ity rates. Determining the underlying factors that 
contribute to the development and progression 
of Type 1 and 2 diabetes is key to prevention 
and treatment. The complexity of the endocrine 
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pathways regulating glucose homeostasis, and 
the cross talk between these pathways, suggest 
that investigating factors that regulate glucose 
homeostasis besides insulin may identify novel 
pharmacological targets. One hormone that has 
been shown to affect insulin release is ghrelin. 
Evidence suggests that ghrelin may be impli-
cated in the pathogenesis of diabetes, and that 
the ghrelin system may be a potential target for 
novel pharmacotherapies for diabetes. 

Ghrelin
Ghrelin is a 28‑amino acid peptide hormone 
cleaved from the precursor molecule prepro
ghrelin [2]. It is produced by and released from 
the stomach in at least two forms: acylated ghre-
lin and des‑acyl ghrelin [3]. Acylation is vital for 
ghrelin bioactivity and arises through the addi-
tion of an octanoyl group to the serine at the 
third N‑terminal position in a reaction catalyzed 
by the enzyme GOAT [4]. Acylated ghrelin makes 
up approximately 20% of the total circulating 
ghrelin, with the remainder consisting of des‑acyl 
ghrelin (also known as unacylated ghrelin) [5]. 
Ghrelin is most highly expressed in the stomach 
[6], which is the source of most circulating ghre-
lin [7], but lower levels can also be detected in 
the pancreas, intestine and hypothalamus [2,8,9]. 
Acylated ghrelin binds to and activates GHS‑R 
with a half maximal effective concentration in 
the low nanomolar range [10]. Des‑acyl ghrelin 
also binds to GHS‑R, but with an efficacy sev-
eral orders of magnitude lower than acylated 
ghrelin [11,12]. GHS‑R is most highly expressed 
in the arcuate nucleus of the hypothalamus and 
in the anterior pituitary [13]. It has been sug-
gested that des‑acyl ghrelin can exert some bio
logical effects through an unidentified receptor 
or via a nonreceptor mediated mechanism [14–16]. 
Investigations using GHS‑R-deficient mice show 
that central administration of des‑acyl, but not 
acylated ghrelin, induces feeding [17]. This is 
thought to be mediated through a hypothalamic 
feeding neuronal circuit distinct from the ghrelin 
signaling pathway, although other studies have 
suggested that des‑acyl ghrelin lacks biological 
activity [18]. Other forms of ghrelin also exist [19], 
but are notably less well studied than acylated 
and des‑acyl ghrelin. 

Ghrelin has a number of physiological roles. 
Ghrelin stimulates growth hormone (GH) 
release from the pituitary [2], increases food 
intake and decreases energy expenditure [20–22], 
has prokinetic effects in the gastrointestinal tract 

and is thought to play an anti-inflammatory role 
[23,24]. In addition, there is convincing evidence 
that ghrelin plays a role in insulin release and 
glucose homeostasis. There remains much debate 
on the effects of ghrelin on insulin signaling, and 
on its role in diabetes, and these topics are, thus, 
the focus of this review. 

Ghrelin in the pancreas
Ghrelin is expressed in the pancreas [6,25]. The 
existence of a novel endocrine pancreas cell type, 
the epsilon cell, which produces and secretes ghre-
lin, was first suggested a decade ago [26]. Ghrelin 
is more highly expressed in the developing than 
in the adult pancreas [27]. Epsilon cells constitute 
30% of developing islets at week 23 of gestation, 
but this decreases to just 1% of pancreatic cell 
types in the adult pancreas, suggesting that ghre-
lin may play a role in islet b‑cell differentiation 
and proliferation [28]. Thus, pancreatic ghrelin 
may act in an autocrine or paracrine fashion to 
regulate pancreatic function and suppress insu-
lin release. Interestingly, ghrelin attenuates the 
stimulatory effects of glucose-stimulated insulin 
secretion that the gut hormone GLP‑1 promotes 
in single b‑cell and islet cultures [29]. It may be 
that ghrelin acts on other hormonal signaling 
pathways to control glucose homeostasis in the 
pancreas. 

Ghrelin inhibits insulin release
The ghrelin receptor, GHS‑R, is expressed in 
the pancreas [30], where it appears to be present 
in pancreatic b‑cells, and weakly expressed in 
b‑cells [25]. This suggests a role for ghrelin in 
pancreatic function. Early in vitro investigations 
in isolated rat islet cultures demonstrated that 
ghrelin at a concentration of 10 nM inhibits, and 
GHS‑R antagonists promote, glucose-induced 
insulin release [31]. It was also shown in single 
b‑cells that the administration of ghrelin pre-
vented Ca2+ induced insulin release. Ghrelin also 
inhibited glucose-stimulated insulin release from 
ex vivo perfused rat pancreas, and this effect was 
reversed upon treatment with GHS‑R antago-
nists [32]. Isolated islets from ghrelin null mice 
had greater glucose-induced insulin release 
compared with wild-type littermates, but not 
an increased islet insulin content. Peripheral 
ghrelin administration to animals and humans 
has also been shown to reduce circulating insu-
lin levels. Both 10 nmol/kg intraperitoneal and 
50 nmol/kg intravenous doses of ghrelin admin-
istered to mice decreased circulating insulin 
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levels, increased fasting glucose and decreased 
glucose tolerance, suggesting an inhibitory effect 
on insulin secretion [31,33,34]. In humans, intra-
venous infusion of 1 µg/kg ghrelin in healthy 
subjects worsens glucose tolerance by decreasing 
plasma insulin levels [33,35]. It has been suggested 
that the effects of ghrelin on glucose homeostasis 
may be mediated via effects on GH. Certainly, 
GH replacement therapy administered to 
GH‑deficient humans induces insulin resistance 
[36], although ghrelin levels remain unaltered in 
patients both before and after treatment with 

GH, suggesting there is no feedback response 
between manipulating GH and ghrelin signaling 
[37,38]. To date, the effects of ghrelin administra-
tion in diabetics has not been investigated. For 
an overview of the effects of ghrelin on insu-
lin release in vitro and in vivo see Tables 1 &  2, 
respectively [9,12,27,29,31–35,39–49]. 

Physiological role of ghrelin in glucose 
homeostasis
Ghrelin has been established as a negative 
regulator of insulin release. In accordance with 

Table 1. In vitro studies investigating the effects of ghrelin on insulin release.

Study (year) Species In vitro system Ghrelin concentration Glucose concentration 
(mmol/l)

Change in insulin 
concentration

Ref.

Date et al. (2002) Rat Isolated islets 1 pmol/l 8.3 ~100% increase [107]

1 pmol/l 2.8  No change
Egido et al. (2002) Rat Pancreas perfusion 10 nmol/l 5.5 No change [39]

10 nmol/l 9 ~50% decrease
Reimer et al. (2003) Mouse Isolated islets 10 nmol/l 8.3 ~40% decrease [34]

10 nmol/l 11.1 ~30% decrease
10 nmol/l 16.7 ~30% decrease

Dezaki et al. (2004) Rat Isolated islets 10 nmol/l 2.8 No change [31]

10 nmol/l 8.3 ~30% decrease
1 pmol/l 2.8 No change
1 pmol/l 8.3 No change

Wierup et al. (2004) Rat INS‑1 b‑cell 100 nmol/l 3 No change [27]

100 nmol/l 15 ~40% decrease
Dezaki et al. (2006) Rat Pancreas perfusion 10 nmol/l 8.3 ~50% decrease [32]

10 nmol/l (des‑acyl ghrelin) 8.3 No change
Doi et al. (2006) Mouse MIN6 cell 0.1 nmol/l 22.2 ~30% decrease [40]

1 nmol/l 22.2 ~40% decrease
10 nmol/l 22.2 ~40% decrease

Gauna et al. (2006) Rat INS‑1 b‑cell 10 nmol/l (rat ghrelin) 20 ~300% increase [41]

10 nmol/l (human ghrelin) 20 ~400% increase
Granata et al. (2007) Hamster HIT‑T15 100 nmol/l 1.25 No change [42]

100 nmol/l (des‑acyl ghrelin) 1.25 ~50% increase
100 nmol/l 7.5 ~30% increase
100 nmol/l (des‑acyl ghrelin) 7.5 ~30% increase
100 nmol/l 15 ~40% increase
100 nmol/l (des‑acyl ghrelin) 15 ~20% increase

Qader et al. (2008) Mouse Isolated islets 1 pmol/l 12 ~50% decrease [43]

0.1 nmol/l 12 ~30% decrease
10 nmol/l 12 ~30% increase
1 µmol/l 12 ~100% increase

Rat Isolated islets 1 pmol/l 8.3 No change
10 nmol/l 8.3 ~30% decrease
1 µmol/l 8.3 ~40% decrease

Wang et al. (2010) Mouse MIN6 cell 10 nmol/l 3.3 No change [44]

10 nmol/l 22.2 ~25% decrease
Damdindorj et al. 
(2012)

Rat Isolated islets 10 nmol/l 8.3 mmol/l + 10 nmol GLP‑1 ~45% decrease [29]



Diabetes Manage. (2013) 3(2) future science group174

Review  Banks & Murphy

this, when blood glucose is high after a meal, 
and increased insulin release is required, ghre-
lin levels are decreased [33]. Ghrelin is low in 
obese individuals, who have higher insulin lev-
els, although it seems likely that the increased 
insulin is a response to relative insulin insensi-
tivity, rather than an effect of the low ghrelin 
levels [20,50]. It has been well characterized that 
ghrelin levels are altered in metabolic disease. 
However, care must be taken when interpret-
ing the effects of ghrelin on insulin levels in 
metabolic disease, as changes in insulin may 
be secondary to changes in body weight, rather 
than a direct effect of ghrelin signaling. It is, 

therefore, currently unclear whether the altera-
tions in insulin levels observed in the obese are 
due, even in part, to alterations in ghrelin sign-
aling. A recent study in obese individuals with 
Type 2 diabetes who underwent laparoscopic 
banding found that their circulating levels of 
ghrelin increased and insulin decreased after 
surgery [51]. However, even with these changes, 
their Type  2 diabetes improved or resolved, 
likely secondary to their weight loss, and the 
low insulin levels may well reflect their increased 
insulin sensitivity rather than a specific effect of 
the altered ghrelin levels. However, it must be 
noted that the assays used to measure ghrelin 

Table 2. In vivo studies investigating the effects of ghrelin on insulin release.

Study 
(year)

Species Conditions Ghrelin concentration and route of 
entry

Glucose 
concentration and 
route of entry

Change in 
insulin 
concentration 

Ref.

Broglio 
et al. (2001)

Human Overnight fasted, healthy 
individuals. Bolus 
injected, measured over 
180 min

1 µg/kg iv. – ~50% decrease [33]

Reimer 
et al. (2003)

Mouse 3 h fasted. Bolus injected 
over 3 s 

5 nmol/kg iv. tail vein 1 g/kg iv. tail vein No change [34]

50 nmol/kg iv. tail vein 1 g/kg iv. tail vein ~40% decrease
150 nmol/kg iv. tail vein 1 g/kg iv. tail vein ~50% decrease

Akamizu 
et al. (2004)

Human Overnight fasted, healthy 
individuals. Bolus 
injected, measured over 
90 min

1 µg/kg iv. – No change [45]

5 µg/kg iv. – ~70% decrease

Broglio 
et al. (2004)

Human Overnight fasted, healthy 
individuals. Bolus 
injected, measured over 
120 min

1 µg/kg iv. – ~50% decrease [46]

1 µg/kg iv. (des‑acyl ghrelin) – No change
1 µg/kg iv. (ghrelin and des‑acyl ghrelin) – No change

Dezaki et al. 
(2004)

Mouse Overnight fasted. Bolus 
injected, measured over 
60 min

1 nmol/kg ip. 1 g/kg ip. ~50% decrease [31]

10 nmol/kg ip. 1 g/kg ip. ~60% decrease

Gauna et al. 
(2004)

Human Overnight fasted, 
GH‑deficient individuals. 
Bolus injected, measured 
over 2 h

1 µg/kg iv. – No change [47]

1 µg/kg iv. (des‑acyl ghrelin) – No change
1 µg/kg iv. (ghrelin and des‑acyl ghrelin) – ~50% decrease

Lucidi et al. 
(2005)

Human Overnight fasted, healthy 
individuals. 120-min 
infusion

7.5 pmol/kg/min – No change [48]

15 pmol/kg/min – No change

Gauna et al. 
(2007)

Rat Overnight fasted. Bolus 
injected, measured over 
50 min

30 nmol/kg iv. jugular vein 1 g/kg iv. jugular vein ~20% decrease [12]

30 nmol/kg (des‑acyl ghrelin) iv. jugular 
vein

1 g/kg iv. jugular vein ~40% increase

Cui et al. 
(2008) 

Rat 24 h fasted. 10–40-min 
infusion

1 ng/kg at 1 ml/h iv. femoral vein 13.3 mg/kg/min iv. 
femoral vein

No change [49]

1 ng/kg at 1 ml/h iv. portal vein 13.3 mg/kg/min iv. 
femoral vein

~60% decrease

Tong et al. 
(2010)

Human Overnight fasted, healthy 
individuals. 65-min 
infusion

0.3 nmol/kg/h iv. 11.4 g/m2 body 
surface area bolus at 
55 min iv.

~30% decrease [35]

0.9 nmol/kg/h iv. ~35% decrease
1.5 nmol/kg/h iv. ~40% decrease

GH: Growth hormone; ip.: Intraperitoneal; iv.: Intravenous.
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and sample collection methods vary between 
papers. Many papers report total ghrelin levels, 
which refer to the levels of acylated plus des‑acyl 
ghrelin. Commercially available radioimmuno-
assay kits in which the epitope recognized by 
the antibody is common to both acylated and 
des‑acyl ghrelin were widely used. Active ghrelin 
levels constitute acylated ghrelin levels, and are 
considered more relevant to actual ghrelin activ-
ity given the low efficacy of des‑acyl ghrelin at 
GHS‑R [12]. Sandwich assays detecting specific 
epitopes specific for either acylated or des‑acyl 
ghrelin are now more commonly used, allow 
levels of total and active ghrelin to be specifically 
reported and are generally more sensitive than 
traditional competitive radioimmunoassays 
[52,53]. In addition, circulating levels of ghre-
lin reported in the literature vary greatly, even 
when the same form is ostensibly being meas-
ured. One study reported a tenfold difference 
in the total ghrelin levels measured by different 
assays [54]. Additionally, levels of acyl ghrelin 
can rapidly alter if blood collection samples are 
not treated appropriately. Rapid acidification of 
blood samples has been suggested to be required 
to stabilize acylated ghrelin, preventing cleavage 
of the acyl group from the ghrelin peptide by 
endogenous esterases [55], and specific esterase 
inhibitors can also be useful [52,56]. Cleavage 
of the acyl group renders ghrelin inactive, and 
means that the molecule will be detected as a 
component of total ghrelin measurements, but 
not of active ghrelin [52]. However, recent evi-
dence suggests that acidification may not aid 
plasma ghrelin measurement, and may in fact 
contribute to the decline of active ghrelin levels 
in samples [57]. Thus, differences between forms 
of ghrelin measured and the levels detected with 
different assays should be considered when 
interpreting the ghrelin literature. 

The stimulatory effects of ghrelin on feeding 
suggest that the reduction of ghrelin in obesity 
may represent a feedback loop by which the 
body is attempting to reduce food intake, rather 
than modify glucose homeostasis. However, 
there is evidence that ghrelin is regulated by 
physiological changes in glucose homeostasis. 
Recent work suggests that low glucose levels 
can stimulate, and high glucose levels inhibit, 
ghrelin release from gastric mucosal cells [58], 
and it seems possible that ghrelin-releasing 
cells in other tissues may also be glucose sen-
sitive. However, others have suggested that it 
is hyperinsulinemia rather than the resulting 

low glucose levels that suppress plasma ghrelin, 
and have found that ghrelin is still suppressed 
if euglycemia is maintained in the presence of 
high insulin levels [59]. Other forms of ghrelin 
may also exert differential effects on glucose 
homeostasis. The form N‑decanoyl ghrelin is 
an alternative form of circulating ghrelin that 
has a decanoic acid group attached to the serine 
at position 3, rather than the more common 
octanoic acid modification. Circulating levels of 
N‑decanoyl ghrelin decrease after administra-
tion of a 75‑g glucose load, but not after inges-
tion of a 296‑kcal meal, whereas N‑octanoyl 
ghrelin and total ghrelin both decreased after 
glucose load and a meal [60]. Given this differ-
ential regulation by glucose, it is possible that 
different forms of ghrelin may play different 
roles in aspects of glucose homeostasis. 

The lack of a profound body weight pheno-
type of ghrelin-deficient mice originally sug-
gested ghrelin was not critical in the control of 
energy homeostasis [61]. However, ghrelin-defi-
cient and GHS‑R-deficient mice do appear resis-
tant to the development of high-fat diet-induced 
obesity [62,63], and the same GHS‑R-deficient 
mice were found to have improved insulin sen-
sitivity when fed a high-fat diet compared with 
wild-type littermates [64]. These same models of 
perturbed ghrelin signaling also exhibit a dif-
ferential thermogenic phenotype [65] and genetic 
ablation of the GHS‑R improved insulin sensi-
tivity in older mice, suggesting the GHS‑R may 
have a role in age-related impairment of insulin 
sensitivity [66]. 

While the loss of ghrelin signaling may pro-
tect against the development of diabetes in these 
mice, these effects may well be secondary to the 
lower body weight the ghrelin-deficient mice 
exhibit on a high-fat diet, rather than result-
ing from the direct effect of ghrelin on glucose 
homeostasis. There is evidence that ghrelin can 
alter insulin sensitivity in addition to regulating 
insulin release. Another study found an associa-
tion in humans between the ratio of acylated to 
unacylated ghrelin and insulin sensitivity [67], 
and administration of ghrelin has also been sug-
gested to reduce insulin sensitivity in humans 
[47]. It is also possible that the true physiological 
role of ghrelin may be masked by the activa-
tion of compensatory pathways in these ghre-
lin signaling-deficient models. Perhaps the most 
convincing evidence for a specific physiological 
role for ghrelin in energy homeostasis comes 
from a recent study in starved mice. Ghrelin is 
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a potent stimulator of GH release, and it is well 
known that GH also inhibits insulin release. A 
recent study demonstrated that active ghrelin-
deficient Goat-/- mice subjected to a 40% caloric 
restriction regime develop profound and often 
fatal hypoglycemia after fasting [68]. Infusion 
of ghrelin or GH prevented hypoglycemia and 
death in Goat-/- mice [69]. In times of decreased 
body fat, such as after lengthy calorie restric-
tion, when ghrelin is high, ghrelin-stimulated 
GH release may be vital in maintaining suf-
ficient glucose levels for life. Thus, it may be 
that a major physiological role of ghrelin is 
to maintain blood glucose during starvation, 
and that this is mediated through the release 
of GH. However, a subsequent study found 
that four separate murine models of perturbed 
ghrelin synthesis and signaling demonstrated 
no increase in the incidence of hypoglycemia 
and no significant changes in insulin levels in 
starvation, and, thus, the physiological role of 
ghrelin in glucose homeostasis under these con-
ditions remains a point of contention [70]. It is 
currently unknown whether ghrelin-stimulated 
GH release is more physiologically important in 
glucose homeostasis than the direct effects of 
ghrelin on insulin release. However, the pres-
ence of ghrelin-releasing cells in the pancreas 
suggests that ghrelin may play a paracrine or 
autocrine role within this organ. 

Ghrelin in the development of diabetes
The role of ghrelin in energy homeostasis, and 
the fact that the obese are more likely to develop 
Type 2 diabetes, can make it difficult to deter-
mine whether associations between ghrelin and 
altered glucose homeostasis represent a specific 
role for ghrelin or are secondary to alterations in 
body weight. Mutations in ghrelin and GHS‑R 
have been associated with the development of 
obesity and Type 2 diabetes [71,72]. Leu72Met is 
one of the most common polymorphisms in pre-
proghrelin, and has been linked to the develop-
ment of obesity and Type 2 diabetes [73,74]. Con-
versely, it has been shown in the Chinese popu-
lation that there is no association of Leu72Met 
with the development of Type 2 diabetes [75]. 
However, using the Homeostasis Model of 
Assessment – Insulin Resistance (HOMA‑IR) 
test in this population, Leu72Met was associated 
with insulin resistance. Leu72Met may, thus, 
contribute to the decline of glucose tolerance, 
but may not represent a significant risk factor 
in diabetogenesis. 

Prader–Willi syndrome is a genetic disease 
associated with high circulating levels of ghrelin, 
hyperphagia, obesity and Type 2 diabetes. It is 
possible that the elevated levels of ghrelin may 
contribute to the development of Type 2 diabetes 
in Prada–Willi sufferers due to both its obeso
genic properties and effects on insulin release. 
Inhibiting ghrelin release using somatostatin 
analogs does not, however, reduce hyperphagia 
in these patients, suggesting it is not caused by 
the high levels of ghrelin alone [76]. The anti-
diabetic drug liraglutide, which acts as a GLP‑1 
analog, has been shown to suppress ghrelin and 
improve HOMA‑IR in a Prader–Willi sufferer; 
although the improvement in glucose homeosta-
sis may be due to the direct effects of liraglutide, 
which acts as an incretin [77]. As ghrelin was 
only measured before and after the 12‑month 
liraglutide treatment, it is not clear whether the 
decrease in body weight from 2 months post-
treatment was as a result of, or preceded, the 
decrease in ghrelin levels. 

Ghrelin as an antioxidant in 
diabetes‑related disease
In addition to putative roles in glucose homeo-
stasis, ghrelin may also be able to modulate or 
protect against the downstream effects of dis-
rupted glucose homeostasis. The creation of 
an unfavorable cellular oxidative environment 
is thought to play a role in the development 
of diabetic-related complications, including 
neuropathies and retinopathies. Hyperglycemia 
directly causes increased production of reactive 
oxygen species (ROS) through excessive cellu-
lar glucose oxidation. These ROS oxidize DNA 
and activate cellular stress signaling pathways, 
causing damage and leading eventually to cel-
lular destruction [78]. Ghrelin is widely regarded 
as possessing antioxidant properties and, thus, 
may play a role in preventing b‑cell decline 
and the development of diabetes-related com-
plications [79–81]. Obese subjects with Type 2 
diabetes have increased plasma levels of lipid 
peroxidation, a marker of oxidative stress, in 
addition to the expected hyperleptinemia and 
hyperinsulinemia. It has been postulated that 
decreased plasma ghrelin in obese diabetic 
individuals is secondary to these increased 
levels of insulin, leptin and lipid peroxidation 
[82]. Insulin and leptin both inhibit ghrelin, 
and, thus, ghrelin levels may alter in response 
to changes in these factors, rather than being 
a driver towards the development of diabetes. 
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Oxidative stress may also cause neuropathic 
damage. Ghrelin treatment increases levels 
of the antioxidants catalase and superoxide 
dismutase in the small intestine and protects 
against peripheral sensory nerve damage in 
streptozotocin-induced diabetic rats [83].

The antioxidant effects of ghrelin may be 
mediated, at least in part, by UCP2. UCP2 is 
a mitochondrial membrane protein thought to 
uncouple oxidative phosphorylation from ATP 
synthesis through proton transfer, releasing 
thermal energy [84]. UCP2 can also act as a free 
radical scavenger, counteracting ROS to prevent 
tissue damage. Ghrelin has been suggested to 
support the sustained activity of hypothalamic 
neuropeptide Y/agouti-related protein neurons 
by protecting them from the ROS produced by 
b‑oxidation by upregulating UCP2 activity [85]. 
Ghrelin also signals through an UCP2‑mediated 
pathway to activate mitochondrial respiration to 
preserve nigrostriatal dopaminergic neuronal 
viability and function [86]. Ghrelin also appears 
to promote UCP2 expression in the pancreas 
to modulate insulin release. Ghrelin-mediated 
upregulation of UCP2 inhibits insulin release 
through an AMPK‑dependent pathway [44], and 
ablation of ghrelin reduces pancreatic UCP2 
expression and increases glucose-stimulated 
insulin release [87]. UCP2, therefore, appears 
to play a role in mediating the effects of ghrelin 
on neuronal and endocrine cell function. 

Diabetic gastroparesis is a gut motility dis-
order typified by delayed gastric emptying, 
and may present with nausea, vomiting, bloat-
ing, heartburn and early satiety [88]. The risk 
of developing gastroparesis is 30‑fold higher 
in Type  1 diabetics and eightfold higher in 
Type 2 diabetics than in healthy controls [89]. 
It is widely believed that autonomic neuropathic 
damage caused by oxidative stress through 
hyperglycemia is responsible for diabetic gastro
paresis [90,91]. Gut motility is mediated partly 
through neural signaling from the vagus nerve 
[92] and ghrelin has been shown to signal to 
vagal nerve efferents and afferents [93]. One 
human study reported that plasma ghrelin in 
diabetics with gastroparesis was not suppressed 
by oral glucose loading to the same degree as 
in nongastroparetic diabetic individuals [94]. In 
addition, administering exogenous ghrelin to 
patients with diabetic gastroparesis can enhance 
their gastric emptying [95]. Dysfunction of 
the vagal afferent signaling usually mediated 
through the release of ghrelin may, thus, be 

responsible for the development of gastroparesis 
in chronic diabetes.

Endothelial dysfunction is a major compli-
cating factor in diabetes, more commonly seen 
in chronic disease [96]. A loss of endothelial 
viability may lead to cardiovascular disease, 
nephropathy, retinopathy and neuropathy. 
Ghrelin appears to exert a significant anti
oxidant effect on vascular endothelial and 
nervous tissue, protecting against the effects 
of ROS [97,98]. Vascular endothelial decline is 
responsible for the development of most dia-
betes-related disease and, thus, it may be pos-
sible that ghrelin agonists have potential in the 
treatment of complications such as proliferative 
diabetic retinopathy.

Proliferative diabetic retinopathy may cause 
blindness in diabetes. It is associated with ele-
vated levels of ROS, which are thought to con-
tribute to microvascular damage in primary ret-
inopathy, causing the loss of viable retinal blood 
vessels and creating hypoxic conditions favor-
able for the neovascular changes observed in 
secondary retinopathy [99]. Interestingly, it has 
recently been shown that intravitreal delivery 
of ghrelin analogs Dap3‑ghrelin and GHRP6 
significantly reduced retinal degeneration in a 
rat model of oxygen-induced retinopathy [100]. 
However, the pathological angiogenesis usu-
ally observed in secondary retinopathy was 
increased with ghrelin administration in this 
model. The evidence that ghrelin may cause 
pathological angiogenesis may contraindicate 
use as a therapy for now, but further investi-
gation into the effects of targeting the ghrelin 
system in diabetic disease is required. 

Apoptosis & b‑cell proliferation
b‑cell apoptosis is commonly observed in 
diabetic pancreatic tissue and represents an 
important step in the decline of pancreatic 
function. It has recently been suggested that 
des‑acyl

 
ghrelin fragments promote the sur-

vival of human b‑cells and islets under condi-
tions of both serum starvation and cytokine-
induced cell death [101]. Increased cytokines 
are thought to precipitate b‑cell destruction 
in Type 1 diabetes. When des‑acyl ghrelin was 
administered to streptozotocin rats, blood glu-
cose levels decreased and animal survival rates 
were increased to approximately 80% after just 
9 days of treatment. Thus, des‑acyl ghrelin may 
be exerting a protective effect against hyper-
glycemic damage in pancreatic b‑cells. This is 
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supported by previous in vitro investigations 
from the same group, which showed that both 
acylated and des‑acyl ghrelin stimulated prolif-
eration in HT‑T15 b‑cells despite serum star-
vation and treatment with cytokines [42]. The 
leptin-deficient ob/ob murine model of obesity 
has a diabetic phenotype. It has recently been 
shown that in Ghsr-/-:ob/ob mice there is pro-
found hyperglycemia, reduced insulin release 
and reduced glucose tolerance compared with 
ghrelin deficient ob/ob mice, and that these dif-
ferences are not secondary to changes in body 
weight [102]. Ablation of the GHS‑R in these 
mice also caused an upregulation of unfavorable 
b‑cell regulators. The ablation of the GHS‑R 
would be expected to reduce food intake and 
increase energy expenditure, thereby reduc-
ing further progression of insulin resistance 
in these diabetic mice. However, this model 
suggests that the impairment of insulin secre-
tion observed in the absence of ghrelin signal-
ing may at least be partly due to compromised 
b‑cell function. This suggests that ghrelin is 
antidiabetic in nature and protective against 
the decline in b‑cell function. It also highlights 
that GHS‑R antagonists may be ineffective in 
treating, or may even worsen, the progression 
of diabetes. These findings are further compli-
cated by another study that found that an ob/ob 
mouse also deficient in ghrelin (rather than 
GSH‑R) had increased insulin sensitivity and 
attenuated hyperglycemia compared with ob/ob 
mice that express ghrelin [87]. In comparison, 
the findings in the Ghsr-/-:ob/ob mouse suggest 
that there may be nonghrelin-mediated effects 
of the GHS‑R on glucose handling [102]. These 
very different phenotypes suggests ghrelin and 
GHS‑R signaling may have subtle and complex 
effects on glucose homeostasis, the resolution of 
insulin sensitivity and perhaps b‑cell survival. 

Conclusion & future perspective
This review has highlighted the complexity in 
the interactions between ghrelin and insulin 
in the control of glucose tolerance and insulin 
sensitivity. It has yet to be elucidated whether 
the observed changes in ghrelin are causative or 
secondary to the development of diabetes. The 
mechanism or mechanisms by which ghrelin 
regulates insulin dynamics remains unknown, 
but the conflicting evidence on the resulting 
changes in insulin release as a result of ghrelin 
administration, as documented in the literature, 
suggests a degree of complexity. Ghrelin may 

directly influence insulin signaling by inter-
fering with islet function, preventing insulin 
synthesis and release, perhaps contributing to 
the development of diabetes [103]. It may be 
that ghrelin indirectly affects insulin release by 
stimulating the release of GH, or by inhibit-
ing the actions of downstream signals such as 
GLP‑1 [29]. It is currently unclear whether the 
characteristically low levels of ghrelin in obese 
individuals precede and contribute to insulin 
resistance, or whether the decrease in ghrelin 
is a consequence of insulin resistance [20,50]. 
There have been conflicting reports regarding 
whether current pharmacological diabetes treat-
ments modulate ghrelin levels, suggesting that 
antidiabetic drugs may partly exert their effects 
through ghrelin signaling, but the data remain 
inconclusive [104–106]. Most evidence suggests 
that blocking ghrelin signaling may be benefi-
cial in the treatment of diabetes, by preventing 
ghrelin-induced inhibition of insulin release 
and possibly by preventing the putative negative 
effects that ghrelin exerts on insulin sensitivity. 
However, in terms of using ghrelin as a therapy 
to treat diabetes, further basic research on the 
relationship between insulin and ghrelin signal-
ing is required. This relationship is clearly com-
plex, and probably dependent on disease type 
and progression, severity of insulin resistance, 
the existence of comorbid disease and genetic 
background. Any antidiabetic effects of ghrelin 
may possibly be outweighed by its pathological 
angiogenic properties in, for example, secondary 
retinopathy [100]. GHS‑R agonists and antago-
nists may both be effective if administered at an 
appropriate time point in disease progression, 
such as in early prediabetics and late adult dia-
betic neuropathies, respectively. The pleiotropic 
nature of ghrelin complicates pharmacological 
targeting of this signaling pathway, but it seems 
possible that the ghrelin system represents a 
viable therapeutic target for the prevention or 
treatment of diabetes. 
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monophosphate/protein kinase a, 
extracellular signal-regulated kinase 1/2, and 
phosphatidyl inositol 3‑kinase/Akt signaling. 
Endocrinology 148(2), 512–529 (2007).

43	 Qader SS, Håkanson R, Rehfeld JF, 
Lundquist I, Salehi A. Proghrelin-derived 
peptides influence the secretion of insulin, 
glucagon, pancreatic polypeptide and 
somatostatin: a study on isolated islets from 
mouse and rat pancreas. Regul. Pept. 
146(1–3), 230–237 (2008).

44	 Wang Y, Nishi M, Doi A et al. Ghrelin 
inhibits insulin secretion through the 
AMPK‑UCP2 pathway in b cells. FEBS Lett. 
584(8), 1503–1508 (2010).

45	 Akamizu T, Takaya K, Irako T et al. 
Pharmacokinetics, safety, and endocrine and 
appetite effects of ghrelin administration in 
young healthy subjects. Eur. J. Endocrinol. 
150(4), 447–455 (2004).

46	 Broglio F, Gottero C, Prodam F et al. 
Non‑acylated ghrelin counteracts the 
metabolic but not the neuroendocrine 
response to acylated ghrelin in humans. 
J. Clin. Endocrinol. Metab. 89(6), 3062–3065 
(2004).

47	 Gauna C, Meyler FM, Janssen JA et al. 
Administration of acylated ghrelin reduces 
insulin sensitivity, whereas the combination 
of acylated plus unacylated ghrelin strongly 
improves insulin sensitivity. J. Clin. 
Endocrinol. Metab. 89(10), 5035–5042 
(2004).

48	 Lucidi P, Murdolo G, Di Loreto C et al. 
Metabolic and endocrine effects of 
physiological increments in plasma ghrelin 
concentrations. Nutr. Metab. Cardiovasc. Dis. 
15(6), 410–417 (2005).

49	 Cui C, Ohnuma H, Daimon M et al. Ghrelin 
infused into the portal vein inhibits glucose-
stimulated insulin secretion in Wistar rats. 
Peptides 29(7), 1241–1246 (2008).

50	 Mclaughlin T, Abbasi F, Lamendola C, Frayo 
RS, Cummings DE. plasma ghrelin 
concentrations are decreased in insulin-
resistant obese adults relative to equally obese 
insulin-sensitive controls. J. Clin. Endocrinol. 
Metab. 89(4), 1630–1635 (2004).

51	 Hady H, Dadan J, Gołaszewski P. 100 obese 
patients after laparoscopic adjustable gastric 
banding – the influence on BMI, gherlin and 
insulin concentration, parameters of lipid 
balance and co-morbidities. Adv. Med. Sci. 
57(1), 58–64 (2012).

n	 Obese patients show raised ghrelin and 
reduced insulin levels in circulation after 
laparoscopic gastric banding.

52	 Liu J, Prudom CE, Nass R et al. Novel 
ghrelin assays provide evidence for 
independent regulation of ghrelin acylation 
and secretion in healthy young men. J. Clin. 
Endocrinol. Metab. 93(5), 1980–1987 (2008).

53	 Prudom C, Liu J, Patrie J et al. comparison of 
competitive radioimmunoassays and two-site 
sandwich assays for the measurement and 
interpretation of plasma ghrelin levels. 
J. Clin. Endocrinol. Metab. 95(5), 2351–2358 
(2010).

54	 Gröschl M, Uhr M, Kraus T. Evaluation of 
the comparability of commercial ghrelin 
assays. Clin. Chem. 50(2), 457–458 (2004).

55	 De Vriese C, Gregoire F, Lema-Kisoka R, 
Waelbroeck M, Robberecht P, Delporte C. 

Ghrelin degradation by serum and tissue 
homogenates: identification of the cleavage 
sites. Endocrinology 145(11), 4997–5005 
(2004).

56	 Blatnik M, Soderstrom CI. A practical guide 
for the stabilization of acylghrelin in human 
blood collections. Clin. Endocrinol. 74(3), 
325–331 (2011).

57	 Blatnik M, Soderstrom CI, Dysinger M, 
Fraser SA. Prandial ghrelin attenuation 
provides evidence that des‑acyl ghrelin may 
be an artifact of sample handling in human 
plasma. Bioanalysis 4(20), 2447–2455 
(2012).

58	 Sakata I, Park W-M, Walker AK et al. 
Glucose-mediated control of ghrelin release 
from primary cultures of gastric mucosal 
cells. Am. J.  Physiol. Endocrinol. Metab. 
302(10), E1300–E1310 (2012).

59	 Lucidi P, Murdolo G, Di Loreto C et al. 
Ghrelin is not necessary for adequate 
hormonal counterregulation of insulin-
induced hypoglycemia. Diabetes 51(10), 
2911–2914 (2002).

60	 Yoh J, Nishi Y, Hosoda H et al. Plasma levels 
of N‑decanoyl ghrelin, another acyl- and 
active-form of ghrelin, in human subjects and 
the effect of glucose- or meal-ingestion on its 
dynamics. Regul. Pept. 167(1), 140–148 
(2011).

61	 Sun Y, Ahmed S, Smith RG. Deletion of 
ghrelin impairs neither growth nor appetite. 
Mol. Cell. Biol. 23(22), 7973–7981 (2003).

62	 Zigman JM, Nakano Y, Coppari R et al. 
Mice lacking ghrelin receptors resist the 
development of diet-induced obesity. J. Clin. 
Invest. 115(12), 3564–3572 (2005).

63	 Sun Y, Butte NF, Garcia JM, Smith RG. 
characterization of adult ghrelin and ghrelin 
receptor knockout mice under positive and 
negative energy balance. Endocrinology 
149(2), 843–850 (2008).

64	 Longo KA, Charoenthongtrakul S, Giuliana 
DJ et al. Improved insulin sensitivity and 
metabolic flexibility in ghrelin receptor 
knockout mice. Regul. Pept. 150(1–3), 55–61 
(2008).

65	 Ma X, Lin L, Qin G et al. Ablations of 
ghrelin and ghrelin receptor exhibit 
differential metabolic phenotypes and 
thermogenic capacity during aging. 
PLoS ONE 6(1), e16391 (2011).

66	 Lin L, Saha PK, Ma X et al. Ablation of 
ghrelin receptor reduces adiposity and 
improves insulin sensitivity during aging by 
regulating fat metabolism in white and 
brown adipose tissues. Aging Cell 10(6), 
996–1010 (2011).



future science group www.futuremedicine.com 181

The role of ghrelin in glucose homeostasis & diabetes  Review

67	 Barazzoni R, Zanetti M, Ferreira C et al. 
Relationships between desacylated and 
acylated ghrelin and insulin sensitivity in the 
metabolic syndrome. J. Clin. Endocrinol. 
Metab. 92(10), 3935–3940 (2007).

68	 Li RL, Sherbet DP, Elsbernd BL, Goldstein 
JL, Brown MS, Zhao T-J. Profound 
Hypoglycemia in starved, ghrelin-deficient 
mice is caused by decreased gluconeogenesis 
and reversed by lactate or fatty acids. J. Biol. 
Chem. 287(22), 17942–17950 (2012).

69	 Zhao T, Liang G, Li R et al. Ghrelin 
O‑acyltransferase (GOAT) is essential for 
growth hormone-mediated survival of 
calorie-restricted mice. Proc. Natl Acad. Sci. 
USA 107(16), 7467–7472 (2010).

n  n	 Suggests that the physiological role of 
ghrelin in glucose homeostasis is to protect 
against otherwise fatal hypoglycemia in 
starvation.

70	 Yi C-X, Heppner KM, Kirchner H et al. 
The GOAT-ghrelin system is not essential 
for hypoglycemia prevention during 
prolonged calorie restriction. PLoS ONE 
7(2), e32100 (2012).

71	 Baessler A, Hasinoff MJ, Fischer M et al. 
Genetic linkage and association of the 
growth hormone secretagogue receptor 
(ghrelin receptor) gene in human obesity. 
Diabetes 54(1), 259–267 (2005).

72	 Hinney A, Hoch A, Geller F et al. Ghrelin 
gene: identification of missense variants and 
a frameshift mutation in extremely obese 
children and adolescents and healthy normal 
weight students. J. Clin. Endocrinol. Metab. 
87(6), 2716 (2002).

73	 Berthold HK, Giannakidou E, Krone W, 
Mantzoros CS, Gouni-Berthold I. The 
Leu72Met polymorphism of the ghrelin gene 
is associated with a decreased risk for Type 2 
diabetes. Clin. Chim. Acta 399(1–2), 
112–116 (2009).

74	 Korbonits M, Gueorguiev M, O’Grady E 
et al. A variation in the ghrelin gene 
increases weight and decreases insulin 
secretion in tall, obese children. J. Clin. 
Endocrinol. Metab. 87(8), 4005–4008 
(2002).

75	 Liu J, Liu J, Tian L-M et al. Association of 
ghrelin Leu72Met polymorphism with 
Type 2 diabetes mellitus in Chinese 
population. Gene 504(2), 309–312 (2012).

76	 Tan TM-M, Vanderpump M, Khoo B, 
Patterson M, Ghatei MA, Goldstone AP. 
Somatostatin infusion lowers plasma ghrelin 
without reducing appetite in adults with 
Prader–Willi syndrome. J. Clin. Endocrinol. 
Metab. 89(8), 4162–4165 (2004).

77	 Senda M, Ogawa S, Nako K, Okamura M, 
Sakamoto T, Ito S. The glucagon-like 
peptide‑1 analog liraglutide suppresses 
ghrelin and controls diabetes in a patient 
with Prader–Willi syndrome. Endocr. J. 
59(10), 889–894 (2012).

78	 Evans JL, Goldfine ID, Maddux BA, 
Grodsky GM. Are oxidative stress−activated 
signaling pathways mediators of insulin 
resistance and b‑cell dysfunction? Diabetes 
52(1), 1–8 (2003).

79	 Zwirska-Korczala K, Sodowski K, Konturek 
SJ et al. Postprandial response of ghrelin and 
PYY and indices of low-grade chronic 
inflammation in lean young women with 
polycystic ovary syndrome. J. Physiol. 
Pharmacol. 59(Suppl. 2), 161–178 (2008).

80	 El Eter E, Al Tuwaijiri A, Hagar H, Arafa M. 
In vivo and in vitro antioxidant activity of 
ghrelin: attenuation of gastric ischemic 
injury in the rat. J. Gastroenterol. Hepatol. 
22(11), 1791–1799 (2007).

81	 Kheradmand A, Alirezaei M, Birjandi M. 
Ghrelin promotes antioxidant enzyme 
activity and reduces lipid peroxidation in the 
rat ovary. Regul. Pept. 162(1–3), 84–89 
(2010).

82	 Hamed EA, Zakary MM, Ahmed NS, 
Gamal RM. Circulating leptin and insulin 
in obese patients with and without Type 2 
diabetes mellitus: relation to ghrelin and 
oxidative stress. Diabetes Res. Clin. Pract. 
94(3), 434–441 (2011).

83	 Karatug A, Sacan O, Coskun ZM et al. 
Regulation of gene expression and 
biochemical changes in small intestine of 
newborn diabetic rats by exogenous ghrelin. 
Peptides 33(1), 101–108 (2012).

84	 Mailloux RJ, Harper M-E. Uncoupling 
proteins and the control of mitochondrial 
reactive oxygen species production. 
Free Radic. Biol. Med. 51(6), 1106–1115 
(2011).

85	 Andrews ZB, Liu Z-W, Walllingford N et al. 
UCP2 mediates ghrelin/’s action on NPY/
AgRP neurons by lowering free radicals. 
Nature 454(7206), 846–851 (2008).

86	 Andrews ZB, Erion D, Beiler R et al. 
Ghrelin promotes and protects nigrostriatal 
dopamine function via a UCP2‑dependent 
mitochondrial mechanism. J. Neurosci. 
29(45), 14057–14065 (2009).

87	 Sun Y, Asnicar M, Saha PK, Chan L, Smith 
RG. Ablation of ghrelin improves the 
diabetic but not obese phenotype of ob/ob 
mice. Cell Metab. 3(5), 379–386 (2006).

88	 Hasler WL. Gastroparesis: pathogenesis, 
diagnosis and management. Nat. Rev. 

Gastroenterol. Hepatol. 8(8), 438–453 
(2011).

89	 Choung RS, Locke GR 3rd, Schleck CD, 
Zinsmeister AR, Melton LJ 3rd, Talley NJ. 
Risk of gastroparesis in subjects with Type 1 
and 2 diabetes in the general population. 
Am. J. Gastroenterol. 107(1), 82–88 (2012).

90	 Iwasaki H, Kajimura M, Osawa S et al. 
A def﻿iciency of gastric interstitial cells of 
Cajal accompanied by decreased expression 
of neuronal nitric oxide synthase and 
substance P in patients with Type 2 diabetes 
mellitus. J. Gastroenterol. 41(11), 1076–1087 
(2006).

91	 Choi KM, Gibbons SJ, Nguyen TV et al. 
Heme oxygenase‑1 protects interstitial cells 
of cajal from oxidative stress and reverses 
diabetic gastroparesis. Gastroenterology 
135(6), 2055.e2–2064.e2 (2008).

92	 Bennett A. Relation between gut motility 
and innervation in man. Digestion 11(5–6), 
392–396 (1974).

93	 Lee H-M, Wang G, Englander EW, Kojima 
M, Greeley GH Jr. Ghrelin, a new 
gastrointestinal endocrine peptide that 
stimulates insulin secretion: enteric 
distribution, ontogeny, influence of 
endocrine, and dietary manipulations. 
Endocrinology 143(1), 185–190 (2002).

94	 Asai S, Katabami T, Obi N et al. No ghrelin 
response to oral glucose in diabetes mellitus 
with gastroparesis. Endocr. J. 56(1), 79–87 
(2009).

95	 Murray CDR, Martin NM, Patterson M 
et al. Ghrelin enhances gastric emptying in 
diabetic gastroparesis: a double blind, 
placebo controlled, crossover study. Gut 
54(12), 1693–1698 (2005).

96	 Stehouwer CDA, Gall M-A, Twisk JWR, 
Knudsen E, Emeis JJ, Parving H-H. 
Increased urinary albumin excretion, 
endothelial dysfunction, and chronic low-
grade inflammation in Type 2 diabetes. 
Diabetes 51(4), 1157–1165 (2002).

97	 Zhao H, Liu G, Wang Q et al. Effect of 
ghrelin on human endothelial cells 
apoptosis induced by high glucose. Biochem. 
Biophys. Res. Commun. 362(3), 677–681 
(2007).

98	 Obay BD, Taşdemir E, Tümer C, Bilgin 
HM, Atmaca M. Dose dependent effects of 
ghrelin on pentylenetetrazole-induced 
oxidative stress in a rat seizure model. 
Peptides 29(3), 448–455 (2008).

99	 Sapieha P, Hamel D, Shao Z et al. 
Proliferative retinopathies: angiogenesis that 
blinds. Int. J. Biochem. Cell Biol. 42(1), 5–12 
(2010).



Diabetes Manage. (2013) 3(2) future science group182

Review  Banks & Murphy

100	 Zaniolo K, Sapieha P, Shao Z et al. Ghrelin 
modulates physiologic and pathologic retinal 
angiogenesis through GHSR‑1a. Invest. 
Ophthalmol. Vis. Sci. 52(8), 5376–5386 (2011).

n	 Ghrelin expression and its antioxidant effects 
were investigated in a rat model of 
retinopathy and evidence is provided of the 
angiogenic properties of ghrelin.

101	 Granata R, Settanni F, Julien M et al. Des‑acyl 
ghrelin fragments and analogs promote 
survival of pancreatic b-cells and human 
pancreatic islets and prevent diabetes in 
streptozotocin-treated rats. J. Med. Chem. 
55(6), 2585–2596 (2012).

102	 Ma X, Lin Y, Lin L et al. Ablation of ghrelin 
receptor in leptin-deficient ob/ob mice has 
paradoxical effects on glucose homeostasis 

when compared with ablation of ghrelin in 
ob/ob mice. Am. J.  Physiol. Endocrinol. Metab. 
303(3), E422–E431 (2012).

n  n	 Mice lacking both the ghrelin receptor 
and leptin show a reduction in glucose 
tolerance compared with those lacking 
ghrelin and leptin.

103	 Deng S, Vatamaniuk M, Huang X et al. 
structural and functional abnormalities in the 
islets isolated from Type 2 diabetic subjects. 
Diabetes 53(3), 624–632 (2004).

104	 Kusaka I, Nagasaka S, Horie H, Ishibashi S. 
Metformin, but not pioglitazone, decreases 
postchallenge plasma ghrelin levels in Type 2 
diabetic patients: a possible role in weight 
stability? Diabetes Obes. Metab. 10(11), 
1039–1046 (2008).

105	 Doogue MP, Begg EJ, Moore MP, Lunt H, 
Pemberton CJ, Zhang M. Metformin 
increases plasma ghrelin in Type 2 diabetes. 
Br. J. Clin. Pharmacol. 68(6), 875–882 
(2009).

106	 Thondam SK, Cross A, Cuthbertson DJ, 
Wilding JP, Daousi C. Effects of chronic 
treatment with metformin on dipeptidyl 
peptidase‑4 activity, glucagon-like peptide 1 
and ghrelin in obese patients with Type 2 
diabetes mellitus. Diabet. Med. 29(8), 
e205–e210 (2012).

107	 Date Y, Nakazato M, Hashiguchi S et al. 
Ghrelin is present in pancreatic 
alpha‑cells of humans and rats and 
stimulates insulin secretion. Diabetes 51, 
124–129 (2002).


