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A B S T R A C T   

The peripheral peptide hormone ghrelin is a powerful stimulator of food intake, which leads to body weight gain 
and adiposity in both rodents and humans. The hormone, thus, increases the vulnerability to obesity and binge 
eating behavior. Several studies have revealed that ghrelin’s functions are due to its interaction with the growth 
hormone secretagogue receptor type 1a (GHSR1a) in the hypothalamic area; besides, ghrelin also promotes the 
reinforcing properties of hedonic food, acting at extra-hypothalamic sites and interacting with dopaminergic, 
cannabinoid, opioid, and orexin signaling. The hormone is primarily present in two forms in the plasma and the 
enzyme ghrelin O-acyltransferase (GOAT) allows the acylation reaction which causes the transformation of des- 
acyl-ghrelin (DAG) to the active form acyl-ghrelin (AG). DAG has been demonstrated to show antagonist 
properties; it is metabolically active, and counteracts the effects of AG on glucose metabolism and lipolysis, and 
reduces food consumption, body weight, and hedonic feeding response. Both peptides seem to influence the 
hypothalamic–pituitary–adrenal (HPA) axis and the corticosterone/cortisol level that drive the urge to eat under 
stressful conditions. These findings suggest that DAG and inhibition of GOAT may be targets for obesity and 
bingeing-related eating disorders and that AG/DAG ratio may be an important potential biomarker to assess the 
risk of developing maladaptive eating behaviors.  
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1. Introduction 

In 1999, using an orphan-receptor strategy, the 28 amino acid 
octanoylated peptide ghrelin was purified from the rat stomach and 
recognized as the endogenous ligand of the growth hormone (GH) 
secretagogue receptor, a G protein-coupled receptor (GPCR), known as 
GHSR1a [1]. Both rat and human ghrelin are characterized by a length 
of 28 amino-acids, differing only in two residues, and share the presence 
of a modification at Ser3 by n-octanoic acid, which is essential for 
hormonal activity [1,2]. Ghrelin is the first known example of a bioac
tive peptide modified by an acylation reaction performed by the enzyme 
ghrelin O-acyltransferase (GOAT) [3,4]. Two principal forms of ghrelin 
peptide are observed in tissues and in plasma: the active n-octa
noyl-modified form and the non-modified form, known as 
des-acyl-ghrelin (DAG), which lacks the ability to activate GHSR1a [1,5, 
6]. The main site of ghrelin production is the stomach; in situ hybridi
zation and immunohistochemistry analysis revealed that ghrelin is 
synthesized by distinct endocrine cells of the gastric oxyntic glands, 
specifically the X/A-like cells, which contain round, compact, and 
electron-dense granules filled with ghrelin [7–10]. After the production, 
ghrelin is secreted in the bloodstream and reaches the anterior pituitary 
gland, where it stimulates the release of GH in a dose-dependent manner 
[1,8]. Interestingly, ghrelin is also synthesized in the small and large 
intestines and centrally by the neurons of the arcuate nucleus of the 
hypothalamus (ARC), even though the number of ghrelin-positive cells 
in this brain region is limited [1,5,8,9]. 

Ghrelin exerts its functions by binding and activating GHSR1a, a 
typical GPCR with 7 transmembrane domains, coupled to a Gαq/11 pro
tein, and promotes mobilization of calcium from intracellular stores, 
mediated by the activation of phospholipase C [11–13]. In the brain, 
GHSR1a is highly expressed in the pituitary gland and in the hypo
thalamus, specifically in the ARC, a crucial region for the neuroendo
crine and appetite-stimulating properties of ghrelin [12,14], even 
though the expression of this receptor was also determined in other 
hypothalamic nuclei (anterior hypothalamic, suprachiasmatic, ante
roventral preoptic, paraventricular, and tuberomammillary nuclei) [12, 
15] and at extra-hypothalamic sites, such as the dentate gyrus, the CA2 
and CA3 regions of the hippocampus, the substantia nigra, the ventral 
tegmental area (VTA), and the dorsal and median raphe nuclei [15,16], 
indicating a role in various physiological functions over the regulation of 
GH secretion. 

Soon after the discovery, ghrelin was demonstrated to be a powerful 
appetite-stimulating hormone, with the ability to promote feeding and 
adiposity and to regulate energy metabolism in humans and rodents 
[17–22]. Furthermore, ghrelin acts as a key regulator of meal initiation, 
considering that its blood levels follow a circadian fluctuation, aligned 
with mealtimes, with the highest concentrations found pre-prandially, 
while decreasing after meals [23–25]. Peripheral ghrelin can affect 
feeding behavior in different ways, since it is able to cross the 
blood-brain barrier by passive diffusion through the fenestrated capil
laries of the median eminence, close to the ARC [26]. Alternatively, it 
can activate GHSR1a in the vagus nerve terminals, transmitting infor
mation to the nucleus of the tractus solitarius (NTS), which indirectly 
communicates with the hypothalamus [27]. The effects of ghrelin on 
food intake have been attributed to the activation of central GHSR1a, 
particularly in the ARC, where the potent appetite-stimulating peptides 
neuropeptide Y (NPY) and agouti-related peptide (AgRP) appear to 
mediate the orexigenic effects of ghrelin, considering that in this region, 
intracerebroventricular (ICV) injections of ghrelin were able to increase 
c-FOS expression on NPY-positive neurons and enhance the levels of 
NPY and AgRP mRNA transcripts [20,21,28]. More specifically, in the 
ARC, GHSR1a is predominantly expressed on NPY and AgRP neurons, 
which are activated and depolarized by ghrelin, conversely to 
pro-opiomelanocortin (POMC) neurons, which are hyperpolarized, due 
to an increase in GABA inhibitory post-synaptic currents, which results 
in potent orexigenic signals induced by ghrelin [18,29]. In addition, 

another potential mechanism that explains how ghrelin exerts an 
orexigenic response is mediated by the upregulation of the enzyme 
prolyl carboxypeptidase, responsible for the inhibition of the hypotha
lamic peptide α-MSH [30], which is then unable to activate the 
melanocortin-4 receptor (MC4R) in the paraventricular nucleus of the 
hypothalamus (PVN), consequently promoting satiety signals [31,32]. 

Intriguingly, as will be discussed in the next sections, the role of the 
ghrelin system and the enzyme GOAT in the regulation of food intake is 
not merely limited to the homeostatic aspect, which is principally 
related to its action in the hypothalamus, the main feeding center. It is 
also involved in the non-homeostatic aspect, consistent with the 
expression of ghrelin receptors even at extra-hypothalamic sites, in
teractions with other neurotransmitters, and stress responsiveness, 
which are implicated in feeding behavior. Therefore, in this review, we 
highlight how ghrelin may increase food motivation and reward, leading 
to the consumption of highly palatable foods (HPF), regardless of the 
metabolic demand and energy status [33–36], probably playing a role in 
aberrant feeding patterns, such as binge eating (BE) behavior. Notably, 
the BE episode is a main feature of eating disorders, particularly in 
bulimia nervosa (BN), BE/purging subtype of anorexia nervosa (AN), 
and binge eating disorder (BED). In contrast to other reviews that 
covered this topic [37–40], our aim was firstly to explore the extensive 
association between ghrelin, dietary behavior, food intake, and reward, 
focusing on the interaction with several neurotransmitters, beyond the 
point of view of obesity or energy metabolism. Subsequently, the po
tential use of GOAT inhibitors as a new pharmacological approach is 
discussed, as they exert an anorexigenic effect, limiting the production 
of ghrelin and simultaneously enhancing the level of DAG. Conse
quently, this innovative therapeutic strategy could be considered as a 
future perspective against obesity and bingeing-related eating disorders. 
Finally, the role of the ghrelin system in BE behavior and its relationship 
with the hypothalamic–pituitary–adrenal (HPA) axis are described. 

2. The neural mechanisms underlying the role of ghrelin system 
in food reward 

2.1. Ghrelin and the mesolimbic dopamine system 

The influence of ghrelin signaling on the non-homeostatic aspect of 
feeding is consistent with the presence of GHSR1a not only in the hy
pothalamic nuclei, but also in reward-related brain areas, principally on 
dopaminergic VTA neurons [15,41,42]. These neurons send projections 
to the nucleus accumbens (NAc), prefrontal cortex (PFC), and other 
brain areas (including the hippocampus and hypothalamus), and are 
activated in response to both natural rewards such as food, and artificial 
rewards such as alcohol or drugs of abuse [43–46]. In particular, similar 
to drugs of abuse, microdialysis studies in animals revealed that the 
consumption of HPF (rich in sugar and/or fat), activating VTA dopa
minergic neurons, triggers dopamine release in the NAc, which is 
correlated to their reinforcing properties [47,48]. 

Ghrelin was found to target and activate GHSR1a expressed in the 
VTA and promote synaptic input reorganization of VTA dopaminergic 
cells, triggering dopamine release and turnover in the NAc [41,49]. 
Thus, the action of ghrelin on dopamine neuronal activity suggests its 
ability to influence the brain reward system. Moreover, ghrelin modu
lates phasic dopamine release and NAc neural activity in response to 
motivationally relevant stimuli, such as food-predictive cues, which 
then drive and facilitate food-directed behaviors [50,51]. Intriguingly, 
the locomotor-stimulatory and dopamine-enhancing effects induced by 
ghrelin appear to be mediated by cholinergic transmission, since they 
were blocked by mecamylamine (a non-selective nicotinic acetylcholine 
receptor antagonist). Moreover, the direct stimulation of the GHSR1a in 
the laterodorsal tegmental area was able to activate the mesolimbic 
dopamine system, sending cholinergic projections to the VTA [49, 
52–55]. Furthermore, pre-treatment with mecamylamine completely 
blocked the increased food intake elicited by intra-VTA injections of 
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ghrelin in both satiated mice and rats and prevented the exogenous 
ghrelin-induced conditioned place preference (CPP) [56,57]. Thus, 
ghrelin may activate GHSR1a expressed on cholinergic neurons of the 
laterodorsal tegmental area, promoting the release of acetylcholine in 
the VTA, which in turn stimulates nicotinic acetylcholine receptors and 
consequently leads to the release of accumbal dopamine [53,54,56]. 
Since the acetylcholine-dopamine pathway is critically associated with 
the hedonic and reinforcing aspects of artificial and natural rewards [58, 
59], the ability of ghrelin to activate this neural network suggests that it 
could increase the incentive salience of signals related to motivated 
behaviors, including drug and food seeking, and represents a potential 
target for addictive behaviors, such as compulsive-like eating and drug 
dependence. 

Ghrelin-induced activation of the mesolimbic dopamine system also 
appears to involve other neural mechanisms, including glutamatergic 
transmission, considering that ghrelin requires excitatory glutamatergic 
input to increase the electrical activity of dopaminergic neurons in the 
VTA [41] and that the N-methyl-D-aspartate (NMDA) receptor antago
nist D-AP5 (directly injected in the VTA) abolished ghrelin-associated 
locomotor stimulation and accumbal dopamine release [60]. 

2.2. The effects of ghrelin on food reward and motivation 

Considering the previously discussed ability of ghrelin to influence 
mesolimbic dopamine signaling, several studies investigated whether 
this peptide could affect the intake and motivation to obtain highly 
palatable and rewarding foods using different experimental paradigms 
and conditions. 

Systemic ghrelin seems to enhance consumption and preference for 
sweet taste food, regardless of the caloric content, indicating that 
feeding responses evoked by ghrelin could be partially related to reward 
seeking [57,61]. Accordingly, in a free-choice paradigm between the 
standard and HPF, intra-VTA injections of ghrelin increased the con
sumption of more rewarding food, without altering standard chow 
intake [34]. In addition, ghrelin, both centrally and peripherally 
administered, enhances the reward value of a high-fat diet (HFD) and 
chocolate pellets, under the CPP, a paradigm in which the animal learns 
to associate reward from food with a given environment [34,36]. 
Interestingly, the consumption of the more rewarding food in the 
free-choice paradigm and the CPP for the HPF are both significantly 
suppressed by genetic ablation and pharmacological blockade of 
GHSR1a [34,36,57,61], and the GHSR1a knockout (KO) mice also failed 
to present the accumbal dopamine release elicited by exposure to the 
HPF [34]. The absence of GHSR1a also revealed to be protective against 
stress-induced hedonic eating, since mice lacking this receptor failed to 
exhibit CPP and increased intake of HFD, after being exposed to a 
stressful procedure [62], a factor that is known to promote the over
consumption of HPF in both humans and rodents [63–68]. 

Ghrelin influenced not only the preference for HPF, but also 
enhanced the motivational effort required by the animals to obtain the 
food reward, as assessed by the operant conditioning paradigms. 

Indeed, mice tested in an operant conditioning protocol to obtain 
HFD pellets, under a progressive ratio schedule of reinforcement, 
showed a higher breakpoint (determined as the last progressive ratio 
which an animal successfully completed to receive a reinforcement) 
after receiving peripheral ghrelin injections, when compared to the 
saline-treated counterpart [36]. 

Similar results were obtained in rats, observing that both intraperi
toneal (IP, 0.33 mg/kg) and ICV (0.5 and 1 µg) ghrelin administrations 
increased all the measures of operant behavior (the active lever presses 
and number of sugar pellets earned) of the animals, in the satiated state 
[69]. ICV ghrelin infusion (0.1 and 1 nM) also enhanced the motiva
tional effort of rats to obtain a 5% sucrose solution in the same experi
mental paradigm, without influencing the perception of food 
palatability, as determined via lickometry [70]. Furthermore, Skibicka 
et al. investigated the role of the endogenous ghrelin system in the 

motivation for HPF. Sucrose self-administration was performed in 
overnight-food-restricted rats to ensure high levels of circulating ghre
lin. In this experiment, IP injection of the GHSR1a antagonist JMV2959 
at 3 mg/kg or ICV injections at 5 and 10 µg significantly decreased the 
operant response to sucrose pellets, confirming the hypothesis that 
central ghrelin signaling promotes the incentive values of different re
wards, such as food [69]. Recently, Bake et al. also demonstrated that 
ICV ghrelin delivery in rats not only increases the motivation to obtain 
sucrose pellets in a progressive ratio operant responding paradigm, but 
this effect was also extended to the less rewarding chow pellets, further 
supporting the powerful ability of ghrelin to enhance the motivational 
effort of animals in the context of food intake, independent of caloric 
content and palatability [71]. 

Several studies have highlighted that the capacity of ghrelin to 
promote incentive-motivated behaviors is mediated by the VTA by se
lective injections in this brain region. Accordingly, King et al. used mini- 
osmotic pumps to chronically infuse ghrelin into the VTA of male rats for 
14 days and found that both satiated and restricted animals, treated with 
10 nM/day ghrelin, increased active lever presses for chocolate-flavored 
pellets, whereas treatment with the ghrelin receptor antagonist [D- 
Lys3]-GHRP-6 (200 nM/day) blocked the increase in the effort made 
by the rats to obtain the same pellets, despite being food deprived [72]. 

Direct infusion of 0.33 µg and 1.0 µg of acylated ghrelin in the VTA 
enhanced the operant response for sucrose pellets in male rats, which 
was conversely suppressed after microinjection of the GHSR1a antago
nist JMV2959 at 10 µg dose; interestingly, delivery of both ghrelin and 
JMV2959 in the NAc shell did not alter food motivated behaviors of rats, 
confirming that the VTA, instead of the NAc, is a primary target of 
ghrelin influence in the motivation to obtain HPF [73]. However, 
although the NAc does not seem primarily involved, this area appears as 
a necessary downstream mediator of the effect of ghrelin on food 
reward, since the D1-like receptor antagonist SCH-23390 (0.3 µg) and 
the D2-like receptor antagonist eticlopride (1.0 µg), when directly 
infused in the NAc shell, interrupted the food-motivated behaviors of 
sucrose pellets elicited by intra-VTA ghrelin, without any influence on 
ghrelin-induced hyperphagia for standard chow [74]. This suggests the 
existence of divergent neurocircuitries that mediate the effect of ghrelin 
on eating behaviors, one involved in the non-homeostatic rewarding 
aspect, which requires dopaminergic signaling in the mesolimbic sys
tem, and the other involved in the homeostatic regulation of food intake. 
However, ghrelin signaling in the VTA acts as a primary target in 
modulating both reward-based eating and fasting-induced hyperphagia, 
as assessed in a restricted feeding protocol performed in rats, in which 
intra-VTA injections (1, 2, and 4 µg) of ghrelin promote over
consumption of an HFD in either calorically sated and 21-h 
food-restricted animals, effects attenuated by pre-treatment with the 
GHSR1a antagonist [D-Lys3]-GHRP-6 [75]. 

Finally, a recent report provided evidence that the anorexigenic gut 
hormone glucagon-like peptide 1 (GLP-1) and the monoamine neuro
transmitter 5-hydroxytryptamine (5-HT), which is known to reduce food 
intake and profoundly influence food reward-related behaviors [76–80], 
crucially impact the ghrelin-associated behavioral response and appe
titive motivation within the VTA [81], in which GLP-1 and 5-HT2c re
ceptors are highly expressed [82,83]. Indeed, pre-treatment via both 
systemic and intra-VTA administration of the GLP-1 receptor agonist 
exendin-4 and the 5-HT2c receptor agonist Ro60-0175 significantly 
attenuated the elevated operant response to sucrose pellets induced by 
the VTA-injected ghrelin (300 pmol) [81]. 

2.3. Participation of opioids and endocannabinoids signaling in ghrelin’s 
effects on food reward 

The central ghrelin system seems to be involved in the opioid- 
associated changes in the mesolimbic dopaminergic system related to 
reward processing, and microdialysis studies revealed that pre- 
treatment with the GHSR1a antagonist JMV2959 was able to blunt the 
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augmentation of extracellular dopamine concentration in the NAc, 
following morphine and fentanyl injection [84–87], to reduce their 
associated CPP and behavioral stimulation [84–87] and attenuate her
oin seeking in chronically food-restricted rats, when directly infused into 
the VTA [88]. Moreover, subchronic treatment with JMV2959 signifi
cantly increased the levels of the opioid peptides 
Met-enkephalin-Arg6Phe7, dynorphin B, and Leu-enkephalin-Arg6 in 
reward-associated regions, such as the VTA, hippocampus, and striatum 
[84], supporting that the ghrelin system regulates reinforcement pro
cesses via the modulation of opioid transmission in different brain areas. 

In the context of food intake, the endogenous opioid system, through 
the mu-opioid receptor (MOR), delta-opioid receptor (DOR), and kappa- 
opioid receptor (KOR), is not only deeply involved in the regulation of 
appetite and metabolism, but also plays an important role in the hedonic 
and rewarding aspects of eating processes [89–91]. MOR agonists 
injected in the VTA are powerful stimulators of food intake, and the 
activation of MOR is necessary for the release of dopamine in the NAc in 
response to palatable food ingestion [92,93]. 

Furthermore, it was highlighted that the opioid system, principally 
through the MOR, behaves as a critical downstream mediator of the 
effect of ghrelin on free feeding and food reward. Indeed, despite in 
2005 Naleid et al. reported that the MOR-preferring antagonist 
naltrexone did not block ghrelin-induced food intake, either injected in 
the VTA or in the NAc at a dose of 25 µg [94], a subsequent study 
revealed that pre-treatment with naltrexone (50 µg), infused in the 
lateral ventricle, was able to suppress both the free-feeding of chow and 
the enhanced operant responding to sucrose pellets induced by ghrelin 
[95]. However, when the same MOR antagonist was microinjected in the 
VTA at a dose of 25 µg, it selectively blocked the increased motivation 
for HPF seen after intra-VTA ghrelin administration, without affecting 
standard chow consumption [95]. This indicates a direct interaction 
between ghrelin and opioids in the VTA, as demonstrated by the 
observation that central ghrelin infusion results in elevated MOR 
expression in this brain region [95]. 

Interestingly, the MOR does not appear to be the unique opioid re
ceptor involved in ghrelin’s influence on food intake and reward, but 
also the KOR, which colocalizes with GHSR1a in both the hypothalamic 
area and in the VTA [96]. Indeed, central pharmacological blockade of 
KOR using the selective antagonist NorBNI, significantly decreased 
ghrelin-induced food intake, which was accompanied by a reduced 
expression of transcription factors and hypothalamic neuropeptides 
(AgRP and NPY) that are implicated in the orexigenic activity of ghrelin 
[96]. To investigate the specific neuronal population involved in the 
interaction of KOR with ghrelin, genetic silencing of KOR, in the ARC or 
the VTA, was performed in rats, using an adeno-associated viral vector 
encoding rat KOR short-hairpin RNAs (shRNA). The inactivation of KOR 
in the ARC attenuated the increased food intake caused by ICV ghrelin, 
but this was not replicated with genetic silencing in the VTA, suggesting 
that the KOR neuronal population in this brain region is not required for 
the orexigenic effect of ghrelin [96]. However, in the same year, 
Kawahara et al. reported a different finding: peripheral ghrelin admin
istration might switch the dominant opioid receptor pathway for highly 
rewarding foods from MOR to KOR, which in turn results in a suppressed 
activity of the mesolimbic dopamine transmission, as assessed through 
the microdialysis technique [97,98]. 

Taking into account the discussed interaction between opioids and 
the ghrelin system and the role that endocannabinoids play in the 
reinforcing properties of opioids [99,100], it was investigated whether 
ghrelin signaling might influence the opioid-induced changes in meso
limbic anandamide (AEA) and 2-arachidonoylglycerol (2-AG), which 
are the best characterized endocannabinoids [101,102]. The results of 
two studies by Sustkova-Fiserova et al. revealed that pre-treatment with 
the GHSR1a antagonist JMV2959 reversed the morphine- and 
fentanyl-associated increase in AEA and intensified the decrease in 2-AG 
in the NAc shell, effects abolished by the co-administration of JMV2959 
with ghrelin [103,104]. Ghrelin receptor antagonism also reduced the 

intravenous self-administration, tendency to relapse, and behavioral 
stimulation induced by WIN55,212-2 (a cannabinoid receptor type 1 
[CB1R] agonist), as well as reversed the dopamine and endocannabinoid 
(AEA, 2-AG) release in the NAc shell and the accumbal GABA decrease 
[105,106] and, additionally, diminished the CPP and behavioral stim
ulation produced by the partial CB1R agonist tetrahydrocannabinol 
[105]. 

The endocannabinoid system, principally via the activation of the 
CB1R, is not only deeply involved in the regulation of food intake, 
producing orexigenic stimuli at the hypothalamic level, but also in
creases motivation to consume food by interacting with mesolimbic 
reward pathways. Therefore, targeting CB1R is considered a validated 
pharmacological tool to treat altered feeding behaviors and obesity 
[107,108]. However, despite the existence of a clear functional inter
connection between endocannabinoids and ghrelin, which seems to 
occur via CB1Rs and independently from CB2Rs [109], only a few 
studies have investigated whether CB1R antagonism might be a useful 
strategy to attenuate ghrelin-stimulated food intake. The first evidence 
was reported in a study by Tucci et al., in which the orexigenic effect of 
intra-PVN ghrelin (100 pmol) in rats was prevented by the peripheral 
administration of the CB1R antagonist SR141716 (rimonabant, 1 
mg/kg), while such a compound did not alter feeding behavior per se 
[110]. This result was subsequently confirmed by observing that 
IP-injected rimonabant prevented the increased food consumption eli
cited by subcutaneous administration of the GHSR1a agonist hexarelin 
[111]. 

Furthermore, ICV ghrelin stimulates food intake in wild type (WT) 
mice, but not in CB1R KO animals, and CB1R antagonism blocks the 
ability of ghrelin to increase the hypothalamic AMP-activated protein 
kinase activity (AMPK) and expression of 2-AG and suppresses excit
atory synaptic inputs in the PVN, which are correlated with the induc
tion of feeding behavior [112]. On the other hand, intact ghrelin 
signaling is required for the cannabinoid influence on AMPK activity, as 
the AMPK effects of CB1R agonism were abolished in central and pe
ripheral tissues of GHSR1a KO animals [113]. 

Moreover, in order to investigate the contribution of peripheral 
CB1Rs on ghrelin-induced food consumption, an ultra-low dose of 
rimonabant (0.03 mg/kg), chosen to avoid central effects, and the se
lective peripheral CB1R antagonist LH-21 were able to counteract the 
hyperphagia stimulated by the ICV administered ghrelin, supporting 
that the interplay between ghrelin and endocannabinoid systems in the 
regulation of appetite might occur at a peripheral level [114]. Specif
ically, CB1Rs located in the neuroendocrine cells of the stomach regulate 
gastric ghrelin secretion and modulate ghrelin-induced food intake via a 
mechanism that requires intact vagal communication [115]. These 
findings could also have important therapeutic implications, since 
blockade of central CB1Rs, even though effective in reducing food 
intake, was commonly found to promote psychiatric side effects, such as 
anxiety and depression [116], while targeting the peripheral endo
cannabinoid system could reduce the possibility of occurrence of these 
aversive factors. 

Finally, with regard to CB1R antagonism on ghrelin-induced acti
vation of the mesolimbic system, a recent study by Kalafateli et al. 
showed that systemic and intra-VTA administrations of rimonabant 
were able to prevent locomotor stimulation and NAc dopamine release 
induced by centrally injected ghrelin, while they did not attenuate the 
increased food intake elicited by ghrelin, suggesting that the ability of 
ghrelin to activate the mesolimbic dopamine system depends on CB1Rs, 
but these are not involved in the regulation of feeding behavior [117]. 
However, this study had a limitation in performing the experiments in 
fed mice, without investigating the effect of ghrelin and rimonabant 
administrations under a motivated state, observed in the food restriction 
status [117]. 
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2.4. The interaction of ghrelin system with orexin neurotransmission 

Orexin-A and orexin-B represent a family of peptides derived from 
the proteolytic processing of a common precursor (pre-pro-orexin) and 
are the endogenous ligands of two GPCRs, recognized as the orexin-1 
(OX1R) and orexin-2 receptors (OX2R) [118]. Orexin-producing neu
rons are predominantly localized in the lateral hypothalamic area 
(LHA), generally identified as the main feeding center, and project 
widely to several brain regions, such as the hypothalamic nuclei and the 
brainstem [119,120], where they profoundly influence a great number 
of functions, including the sleep/wake cycle and the regulation of food 
intake [121,122]. Specifically, the orexin system, mainly through OX1R, 
is implicated in controlling both homeostatic and reward-based feeding, 
and antagonism at OX1R suppresses food intake [123], high-fat pellet 
self-administration [124], and compulsive-like eating [125]. 

Intriguingly, the LHA-orexin system is one of the most important 
brain sites in mediating the orexigenic properties of ghrelin, since both 
ICV and intra-LHA injections of this peptide have been demonstrated to 
promote c-FOS expression, and activation of orexin-expressing neurons 
in this region [126–129] and the ghrelin-induced food intake is atten
uated by genetic deletion of orexins [129], treatment with antibodies 
against orexin-A and orexin-B [129], and administration of an OXRs 
antagonist [128]. 

Additionally, the action of ghrelin on food reward requires intact 
orexin signaling, as demonstrated in a study by Perello et al., who found 
that ghrelin-induced acquisition of CPP and increased breakpoint in the 
operant conditioning paradigm for HFD pellets, are suppressed in 
orexin-deficient mice and in WT mice pre-treated with the OX1R 
antagonist SB-334867 (10 μg/g BW), at a dose that alone does not in
fluence the intake of freely available food [36]. These effects were 
accompanied by higher c-FOS expression in the LHA orexin neurons of 
mice treated with ghrelin, as determined by dual-label immunohisto
chemistry [36]. However, the exact neural circuitry underlying the 
interaction of ghrelin and orexins in food reward is not completely un
derstood, but the authors proposed that ghrelin might activate GHSR1a 
expressed on orexin-containing neurons of the LHA [130,131], which in 
turn send projections to the VTA [132] and consequently activate the 
mesolimbic dopaminergic system, findings that are in accordance with 
the crucial role that orexins play in the reward-based processes related 
to the drugs of abuse and HPF overeating [133,134]. A subsequent 
investigation highlighted that, when directly injected into the lateral 
hypothalamus of rats, ghrelin potentiated the phasic dopamine spikes in 
the NAc evoked during sugar pellet retrieval, and this effect was reca
pitulated following intra-VTA administered orexin-A [50]. In addition, 
selective blockade of VTA OX1Rs with SB-334867 attenuated the ability 
of ghrelin to increase the consumption of rewarding food in ad libitum 
fed rats, revealing that ghrelin influences food intake and the associated 
reinforcement processes in an orexin-A-dependent manner [50]. 

Recently, it was also observed that the activity of ghrelin signaling in 
the LHA might present sexual dimorphism: despite ghrelin, adminis
tered directly in the LHA, was found to promote food intake and food- 
motivated behaviors for sucrose in both male and female rodents, the 
acute pharmacological blockade of GHSR1a in the same brain region 
reduced food intake, body weight, and food motivation only in female 
rodents [135]. Moreover, the latter revealed a higher expression of 
GHSR1a mRNA (about 30%) in the LHA compared to male rats, and they 
also increased orexin gene expression in response to intra-LHA admin
istered ghrelin [135]. 

Finally, a novel neural network linking ghrelin and orexin signaling 
was proposed by Hsu et al., revealing that GHSR1a-expressing neurons 
of the ventral hippocampus (VHP), which are necessary for conditioned 
feeding behaviors, provide direct inputs to the dorsal perifornical LHA- 
orexin neurons, which act as downstream mediators of ghrelin-induced 
feeding [136]. This is further supported by the significantly increased 
expression of c-FOS in orexin-expressing neurons of the dorsal peri
fornical LHA, after ghrelin administration in the VHP, and the 

suppression of VHP ghrelin-induced hyperphagia, through central in
jection of an OX1R antagonist [136]. Furthermore, the LHA-orexin 
neurons that receive inputs from the VHP were demonstrated to send 
projections to the laterodorsal tegmental nucleus in the hindbrain, and 
blockade of OX1R in this region abolished the increased meal size 
observed with VHP injection of ghrelin, supporting the existence of a 
multi-order circuit linking hippocampal ghrelin neurotransmission and 
LHA orexin signaling to the laterodorsal tegmental nucleus, which is 
involved in promoting meal size and ingestive behaviors [137] (as 
shown in Fig. 1). These interesting results, combined with previous 
findings revealing that VHP ghrelin signaling promotes food intake, 
operant response to sucrose, cue-induced feeding, and dopaminergic 
activity in the NAc [138], should lead to future studies, in order to 
investigate whether the ghrelin system in the hippocampus and orexin 
neurotransmission might interact in the context of reward-based eating 
behaviors and aberrant feeding patterns. 

3. The enzyme GOAT and the implications in food intake 

GOAT belongs to a family of membrane-bound O-acyltransferases 
(MBOATs) and is the only enzyme capable of mediating the acylation of 
ghrelin to produce acyl-ghrelin (AG), linking a medium fatty acid chain, 
typically octanoate, to a serine residue. This leads to the active form of 
the hormone, which is completely absent in mice lacking GOAT, 
emphasizing the essential importance of this key enzyme [3,4,139]. 
GOAT modulates food intake and food reward, and in rodents, the 
mRNA of this enzyme has been found in the peripheral system, such as 
the gut, stomach, and in the central nervous system, principally in the 
hypothalamus [4,5,140,141], accordingly with the expression of ghre
lin, whose activation occurs primarily in the gastric tissue [3,4,141, 
142]. Elevated GOAT mRNA expression was observed in the hypothal
amus, as well as in the stomach fundus, during both short- and long-term 
dietary restriction, with higher plasma levels of active ghrelin specially 
in 3-weeks food-restricted animals [143–146]. Thus, GOAT mRNA is 
modulated in the rat hypothalamus and stomach, following metabolic 
stress, and increased ghrelin levels may affect the undernutrition con
dition and result in adaptation to alterations in energy balance and body 
weight homeostasis [143,144]. However, a different evidence was 
found, revealing higher gastric expression of GOAT gene under ad libi
tum conditions, which significantly decreased during fasting conditions 
[139,147]. Moreover, in another study, after 48-h of fasting or partial 
food deprivation, GOAT mRNA levels remained fairly stable compared 
to ad libitum rats until there was an excessive weight loss which led to 
increased levels of both the enzyme and the corresponding produced 
peptide [142]. Ghrelin mRNA resembled GOAT expression, but AG 
concentrations in blood did not change over the course of fasting [139]. 
Ghrelin circulates in two major forms: AG and DAG, with the latter 
lacking octanoylation at serine 3 and represents the most abundant 
molecule of circulating hormone, even though DAG does not bind 
GHSR1a [5,148]. In fact, DAG was found to bind and act in the ARC cells 
in a GHSR-independent manner and was able to reduce, through ICV 
administration in mice, the orexigenic effect of peripherally injected 
ghrelin, hypothesizing that both peptides could act on different ARC 
cells, thus differentiating the response to food consumption [149]. After 
IP or ICV administration, DAG also seemed to induce inhibitory effects 
on feeding and delay gastric emptying in both sated and food-deprived 
mice, in contrast to the activities of AG, and peripheral injection of DAG 
increased c-FOS expression in the PVN and ARC, highlighting actions in 
these areas, but not in NTS [150]. Interestingly, the orexigenic proper
ties of AG were blocked by IP co-administration with DAG (AG 13 μg/kg 
and DAG 64 and 127 μg/kg, inactive when injected alone) in ad libitum 
fed rats [151] and significantly diminished the neuronal activity in the 
ARC; when injected alone, they showed increased neuronal activity in 
the same brain region [151]. Moreover, Davis et al. investigated the 
involvement of GOAT in food motivation and in the hedonic aspect of 
feeding and, interestingly, a reduced hedonic feeding response was 
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found in mice GOAT KO compared to WT littermates. The latter have 
consumed more HFD, after a period of caloric restriction and refeeding 
with standard food and, in addition, under ad libitum conditions, WT 
and GOAT KO mice showed similar rates of operant responding. 
Conversely, GOAT KO mice did not increase their levels of responding 
after 24-h of fasting, suggesting that AG is involved in the regulation of 
hedonic-based feeding behaviors [152]. The current study also revealed 
that, unlike GOAT KO, WT mice exposed to one week of a diet rich in 
medium-chain triglycerides (MCT) increased body weight, indicating a 
possible role of GOAT in the regulation of body weight and fat mass 
[152]. These findings were supported by Kouno et al., in which GOAT 
KO mice demonstrated attenuated voluntary sucrose consumption and a 
reduction in HFD and HFD plus high-sucrose diet intake compared to 
WT, together with a discrete reduction in body weight and food inges
tion under the MCT diet [153,154]. GOAT KO mice fed with MCT plus 
high-sucrose diet showed a prominent reduction in feed efficiency, food 
intake, and body weight [154], considering the MCT diet responsible for 
the increment of the AG levels [155], and the activation of the ghre
lin/GOAT system was impaired in the absence of GOAT in GOAT KO 
mice. Meanwhile, in WT mice, the MCT diet contributes to food intake 
and weight gain [154]. These findings support the hypothesis previously 
expressed by Kirchner et al., according to which acylation and activation 
of ghrelin are strictly influenced by the type of food ingested and fatty 
acid composition [139], assessing dietary lipids are used for ghrelin 
acylation [155], and transgenic mice are not capable of producing large 
amounts of AG when fed with regular chow. Additionally, GOAT KO 
mice under daily consumption of carbohydrates consumed less glucose 
and maltodextrin solution compared to WT mice, and the same mice fed 
with a diet rich in maltodextrin, corn starch, and HFD exhibited 
decreased food intake associated with less weight gain compared to WT 
mice [156]. Moreover, in WT mice, both AG and DAG were adminis
tered, showing how AG enhanced the major consumption of glucose and 
maltodextrin solutions, while DAG did not increase consumption [156]. 
GOAT KO rodents also showed altered salty taste perception, and the 
genomic ablation of GOAT or ghrelin in mice exhibited a significant 

reduction in taste sensitivity to appetitive lipid stimuli, suggesting that 
AG may be strongly involved in lipid taste perception. Considering how 
fatty food can easily lead to obesity and loss of control over eating in BE 
episodes, these results are crucial for understanding the possible rela
tionship between gustatory perception of dietary lipids and the modu
latory role in taste sensitivity of ghrelin [157]. Recently, stable 
expression of GOAT was observed in HFD-induced obese mice: mRNA 
levels of this enzyme remained unchanged compared to mice fed a 
standard diet, highlighting how it may not be a crucial factor for the 
decreased ghrelin secretion in obesity [158]. Davis et al. evaluated the 
transcriptional levels of orexin and found diminished OX1R expression 
in the NAc in GOAT-KO mice, without changes in the hypothalamus, 
suggesting that a decreased orexin signal can affect eating behavior 
[152]. Moreover, Sirohi et al. analyzing rats under an HFD-limited 
regimen with ad libitum chow and found elevated AG plasma levels 
1-h prior to the access to the fat diet, accompanied by a voluntary 
pre-prandial caloric restriction as an adaptation to maximize the amount 
of fat to ingest, which could be the probable cause for the AG profile 
(since rats were not in a negative metabolic state). In the same rats, an 
increased genetic expression of GHSR and pre-pro-orexin in the hypo
thalamus, and elevated OX2R mRNA in the medial PFC and not in the 
VTA were observed: alterations in the orexin cortical signaling may be 
related to ghrelin activity and could drive motivation and binge-like 
intake for rewarding food [159]. Additionally, Perello et al. did not 
observe the effects of ghrelin on HFD reward in orexin-deficient mice 
and in WT mice treated with an OX1R antagonist [36], hypothesizing 
that ghrelin exerts its rewarding effects through activation of the hy
pothalamic orexin system [36]. Given the role of orexin in BE behavior, 
characterized by compulsive overeating of HPF in a discrete period of 
time [160] and selective OX1R antagonism blocked BE for HPF without 
affecting standard food intake [125], it would be interesting to inves
tigate the ghrelin system and the inhibition of GOAT on food motivation, 
feeding reward, and eating behavior in hypothalamic and 
extra-hypothalamic sites and their possible correlations. 

Fig. 1. The neural network linking ghrelin 
signaling in the VHP, LHA-orexin neurons, and 
the laterodorsal tegmental nucleus. Ghrelin ac
tivates the GHSR1a expressed in the VHP, 
which in turns provides direct inputs to the to 
the dorsal perifornical LHA-orexin producing 
neurons. These neurons send projections to the 
OX1R-expressing neurons of the laterodorsal 
tegmental nucleus, in the hindbrain, which are 
critical mediators for the ability of ghrelin to 
increase meal size, since the OX1R antagonist 
SB-334867 blocks the increased meal size 
stimulated by ghrelin injection in the VHP 
[137]. GHSR1a: Growth Hormone Secretagogue 
Receptor type 1a, LDT: Laterodorsal Tegmental 
nucleus, LHA: Lateral Hypothalamic Area, 
OX1R: Orexin-1 Receptor, VHP: Ventral 
Hippocampus.   
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3.1. GOAT-inhibitors as a therapeutic strategy 

Since the discovery of various regulatory activities of ghrelin, several 
compounds have been synthesized to antagonize the functions of this 
hormone. Among these different strategies, the GHSR1a antagonists, 
analogs of DAG, and inhibitors of GOAT were emphasized; they have 
been analyzed and tested with different outcomes [161,162]. Recently, 
research has focused on the inhibition of the enzyme GOAT, since the 
blockage has a dualistic effect, preventing the activity of ghrelin and 
potentially increasing the concentration of the DAG counterpart with its 
related actions (Fig. 2). The primary aim is, until now, focused toward 
limiting the hyperphagic responses evoked by ghrelin, the development 
of obesity and the consequences of this status, with the possible future 
exploration and efficacy in the BED. IP injection with GO-CoA-Tat, a 
GOAT-inhibitor, in WT mice fed with the MCT diet, reduced plasma AG 
but not DAG levels and prevented the body weight gain compared to the 
vehicle counterpart. Moreover, through quantitative magnetic reso
nance, it was observed that rodents treated with GO-CoA-Tat presented 
significantly lower fat mass, but not lean mass. The compound was also 
tested in ghrelin KO animals and revealed that, under the same condi
tions, GO-CoA-Tat did not show a significant impact [163]. Additionally, 
GO-CoA-Tat in WT mice seems to exert an anorexigenic effect due to its 
ability to reduce the meal frequency and AG levels, but not the meal size 
or DAG profile, and increase satiety compared to the vehicle [164]. A 
further study showed that the above-mentioned inhibitor does not alter 
GOAT mRNA and reduces plasma levels of adrenocorticotropic hormone 
(ACTH), aldosterone, and corticosterone concentrations with respect to 
control rodents, thus acting on the HPA axis function in the rat [165]. 
These insights show the potential use of GOAT-inhibitors as therapeutic 
targets, which is promising not only in obesity, but also in disorders that 
exhibit a tendency to consume high-calorie food and accumulate adi
pose tissue. 

4. The role of ghrelin system in BE behavior from preclinical and 
clinical studies 

4.1. Preclinical studies 

Considering the role of ghrelin and GOAT in driving food intake and 

enhancing food reward, it was investigated the potential involvement of 
the ghrelin system in the neurobiological mechanisms underlying BE 
behavior, since the impulsivity and reward sensitivity present in eating 
disorders can also be increased by ghrelin plasma levels or activity in the 
VTA [166,167]. BE has also been related to a dysfunction of ghrelin 
signaling [168], and a potential new pathway for the involvement of 
ghrelin in the neurobiology of BE is represented by the zona incerta 
GABA neurons, excited by ghrelin. Optogenetic stimulation of zona 
incerta GABA neurons can promote the characteristics of binge-like 
eating; in mice, an increased preference for high-fat and sweet items 
over normal food was demonstrated, probably due to the attenuated 
satiety feedback [169]. The effects and levels of ghrelin have been 
explored in different animal models, including rodents fed with HFD, or 
those using limited access to the HPF schedule with or without alter
nation of periods of caloric restriction. The feeding paradigm of Bello 
et al. demonstrated that intermittent acute food restriction followed by 
2-h of access to HPF, twice-per-week, induced a binge-like phenotype 
without an increase in the body weight, as conversely revealed by the ad 
libitum HPF access (obese phenotype), and the total ghrelin levels are 
different between these two groups, with a higher level of this hormone 
in the binge-group, which contributed to the elevated consumption in
side the discrete time interval [170]. The limited access to HPF, avoiding 
periods of restrictions, allowed anyway the manifestation of BE epi
sodes; however, in the study of Bake et al., the profile of circulating 
ghrelin was not to altered [171]. Moreover, in a study by Valdivia et al. 
in mice, 2-h HFD consumption over a 4-day period promoted an esca
lation of HFD intake, which is associated with the loss of control over 
eating, typical of BE episodes. Interestingly, ghrelin signaling is essential 
for the escalation of HFD intake, considering that it was not observed in 
GHSR1a-KO mice [172]. This finding was also supported by a subse
quent study by King et al., using a limited access model of binge-like 
eating, in which mice were offered daily or intermittent (3 days per 
week) access to HFD for 2-h, in addition to ad libitum standard chow. It 
was observed that GHSR1a KO mice reduced the HFD intake, compared 
to the WT littermates, under the intermittent schedule, but not during 
the daily access, indicating a crucial role of ghrelin receptors in main
taining binge-like eating under certain experimental conditions. Inter
estingly, the lack of ghrelin receptors was accompanied by a reduced 
activation of dopaminergic neurons in the NAc, as revealed by c-FOS 

Fig. 2. The effects of GOAT inactivation on homeostatic and non-homeostatic aspect of eating and on AG/DAG balance. The inhibition of the enzyme GOAT prevents 
the acylation reaction at Ser3 increasing the concentration of the DAG and impairing the activity of the AG, potentially reducing its related actions on food intake. 
AG: Acyl-Ghrelin, DAG: Des-Acyl-Ghrelin, GOAT: Ghrelin O-Acyltransferase, HFD: High Fat Diet, OX1R: Orexin-1 Receptor. 

E. Micioni Di Bonaventura et al.                                                                                                                                                                                                            



Pharmacological Research 172 (2021) 105847

8

immunohistochemistry, confirming the interaction of ghrelin signaling 
with dopaminergic transmission in the mesolimbic system [173]. 
Indeed, in GHSR-deficient mice, an attenuated binge-like HPF intake 
was observed in contrast to WT mice [174], while satiated mice with 
GHSR expression limited to dopamine neurons (DAT-GHSR) enhanced 
BE behavior and food anticipatory activity (FAA) similar to WT mice, in 
contrast to GHSR-deficient mice [175]. Moreover, DAT-GHSR mice did 
not increase food intake in response to both IP and ICV injections of 
ghrelin, suggesting that the mechanisms underlying ghrelin control 
regarding the reward-related aspects of eating behaviors can be 
completely distinct from those mechanisms that regulate homeostatic 
feeding [175]. FAA, which is reduced in the absence of the ghrelin re
ceptor and increased in the restricted feeding paradigm [176,177], was 
investigated in rats. They were fed with an HPF schedule, specifically 
chocolate, developing FAA in the hours preceding the access to palatable 
meal (15 min), revealing a positive correlation between plasma ghrelin 
levels, chocolate intake, and anticipatory locomotor activity in rats 
[178]. Thus, these findings highlight that anticipation of HPF in ad 
libitum animals may reflect the reward-motivated behavior component 
that drives to eat, whereas in restricted rodents, the principal factor is 
hunger, and ghrelin signaling is implicated in both conditions. In fact, 
ghrelin can stimulate the intake a palatable meal, enhancing the 
rewarding properties of chocolate, as demonstrated by the increased 
FAA when ghrelin was ICV injected. Unexpectedly, in a recent study by 
Bake et al., an acute ICV or intra-VTA injection of ghrelin in rats under 
the BE paradigm, prior to access to HFD, increased regular chow intake, 
while decreasing HFD consumption, which was normally preferred 
under the same conditions. This result suggests that ghrelin can shift 
dietary choice towards chow, even in animals that are strongly moti
vated to consume HFD. However, in contrast to acute treatment, chronic 
ICV ghrelin injections promote HFD consumption in the same feeding 
schedule, while having no impact on regular chow intake, which is 
interpreted as a hyperghrelinaemic state of the animal following chronic 
treatment, which favors the consumption of energy-dense foods [179]. 
Moreover, in rodents with free access to HFD or high-carbohydrate diet, 
ICV injection of ghrelin showed a pronounced preference for HFD, and 
in two subgroups of rats, with a clear preference among these diets, the 
ICV administration of ghrelin again showed a predilection for the 
ingestion of fat over a high-carbohydrate diet [180]. 

4.2. Clinical studies 

Clinical studies using functional magnetic resonance imaging (fMRI) 
revealed an increased neural response in brain reward-related areas, 
such as the amygdala, striatum, orbitofrontal cortex, and hippocampus 
and not the hypothalamus, in healthy volunteers while viewing food 
pictures, after administration of ghrelin. The hormone may contribute to 
hedonic feeding, enhancing the incentive and hedonic responses to food- 
related cues [19,181]. Moreover, a reduction in plasma ghrelin was 
observed in both non-obese and obese women with BED and obese 
non-BE women compared to healthy and normal-weight women with 
BN. Variables as body weight, body mass index (BMI), and plasma 
concentrations of glucose did not affect the differences in plasma ghrelin 
levels in the several subjects examined, as well as the frequency and the 
severity of compensatory behavior in bulimic women and the frequency 
and severity of bingeing in BED. The diminished ghrelin profile was 
probably due to counteracting the excess energy and the necessity to 
reduce appetite [182]. Similar findings were obtained considering the 
lower fasting ghrelin level in overweight/obese binge eaters than in 
obese non-binge eaters, without correlation with body fat, since body 
composition did not differ among the groups, suggesting that BE 
behavior may downregulate ghrelin signaling [183]. Indeed, BE 
behavior can be engaged in the absence of hunger when ghrelin is 
present at low levels. Women with AN had significantly elevated plasma 
ghrelin concentrations compared to women with BN, BED, and women 
without eating disorders [184]. Conversely, other studies found that 

plasma ghrelin in anorexic and bulimic patients with habitual BE/purge 
behavior was higher than that in anorexic and bulimic patients without 
purging behavior, despite similar nutritional parameters, suggesting 
that the plasma ghrelin profile could be potentially influenced by the 
number of BE/purge cycles and uncontrolled eating [185–187]. More
over, examining plasma levels of ghrelin in obese adolescents with or 
without BE, it was shown no significant difference in ghrelin levels be
tween the groups [188]. 

However, despite the non-discrimination between AG and DAG, 
several studies hypothesized the antagonistic function of DAG towards 
AG, considering its regulatory role in the consumption of food [150,189] 
and the imbalance of AG/DAG, which is responsible for the development 
of obesity and BE behavior. In obese individuals, the mean fasting 
concentrations of AG and DAG were significantly lower than in 
non-obese subjects, and this normal-weight group presented post
prandial AG levels which were significantly decreased, while DAG levels 
were unchanged. On the other hand, obese individuals showed 
decreased levels of DAG and unchanged AG levels [190]. Furthermore, 
in obese patients, GOAT is reduced and ghrelin levels are increased in 
gastric tissue. Specifically, ghrelin mRNA expression was elevated in the 
stomach and ghrelin-positive cells were detected, prompting a major 
energy consumption in the obese status. Conversely, a reduction in the 
quantity of GOAT-positive cells (whereas transcripts encoding GOAT 
were not significantly different) might be an adaptation to the abun
dance of ghrelin in obese compared to normal-weight subjects [191]. In 
contrast, in obese individuals with or without BED, significantly lower 
fasting AG levels were found in obese binge eaters compared to obese 
individuals without BED [192–194], probably due to a downregulation 
induced by overeating. However, different post-prandial changes were 
detected; ghrelin declined less in the BED group [192,194] or did not 
diverge significantly in the two groups [193]; meanwhile, the AG/DAG 
ratio decreased in obese non-binge eaters [193]. Recently, associations 
were found between low levels of DAG and the binge eating scale (BES), 
although the difference was not statistically significant. Furthermore, a 
negative statistically significant relationship was found between AG and 
BES, and the authors suggested that a DAG deficiency with normal levels 
of ghrelin could reflect the obesity status (negative correlations of DAG 
have been obtained with body weight and BMI), whereas low total 
ghrelin levels may be a marker of BED [148]. Moreover, when 
compulsive subjects with BED were compared to the AN patients, they 
displayed, as in the above results, significantly lower levels of both AG 
and DAG [195], supporting the hypothesis that acylation of ghrelin may 
be modulated by the lipids on the diet [155]. Indeed, during the limited 
caloric intake, the levels of ghrelin secretion may increase to stimulate 
hunger, developing resistance to AG, and prolonging starvation. On the 
other hand, low total ghrelin, a downregulation probably due to 
habitual overeating, could promote BE behavior/episode, even though 
more elucidation needs to be done for the possible effect of disbalance of 
the AG/DAG ratio. 

5. Ghrelin system and the relation with HPA axis and aberrant 
feeding behaviors 

5.1. Ghrelin system and the relation with HPA axis in rodents 

Ghrelin and DAG are deeply involved in stress-responsiveness and in 
the regulation of the HPA axis [196–202] and interestingly, stress, 
negative emotional states, and rewarding properties of food and hunger 
are important features that can trigger BE episodes [203–210]. Indeed, 
Ghr-/- mice were more anxious after an acute restraint stress than WT 
mice, with potent neuronal activation in the PVN and medial nucleus of 
the amygdala. Meanwhile, exogenous ghrelin reversed this effect, and 
the absence of ghrelin displayed a dysfunctional glucocorticoid negative 
feedback [197]. Numerous studies have revealed that acute stress in
creases peptide levels and regulates the HPA axis in both humans and 
rodents, and that DAG showed anxiolytic activity under stress conditions 
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accompanied by reduced corticosterone concentration. The effect 
observed with AG could be partially caused by DAG, even though DAG 
influence on the HPA axis was not correlated with the c-FOS activation 
in the PVN, suggesting an additional brain area involving the CRH re
ceptor 2 [196,197,199,211,212]. In accordance with the development 
of BE behavior under adverse circumstances [68,205,206], the increase 
in ghrelin levels due to the stress conditions evidenced as this hormone 
could potentially lead to the episode of BE, not only for the stimulation 
of hunger or the urge to eat per se, but also in mediating reward, 
resulting in food craving, in order to alleviate negative feelings [197, 
213,214]. Thus, GOAT could be a promising target in modulating dys
regulated appetite, and accordingly, emerging findings showed that 
GOAT KO mice, lacking AG but with elevated DAG, displayed a decrease 
in anxiety-like behavior and showed no difference in the corticosterone 
levels compared to WT mice; acute injections with DAG reduced 
anxiety-related behavior in Ghr KO mice, highlighting an anxiolytic role 
[215]. 

Collectively, the ability of AG to affect these factors highlights the 
complexity of ghrelin signaling and the possible implications of target
ing this system to ameliorate not only the excessive feeding per se, but 
also the behavioral and motivational aspects that drive compulsive-like 
food consumption. 

5.2. Ghrelin system and the relation with HPA axis and aberrant feeding 
behaviors in humans 

The possibility of an increase in plasma ghrelin levels in response to 
psychological stress, as reported in rodents, was investigated in patients 
with BED. The study by Rouach et al. found an intermediate value of 
increased ghrelin levels in patients with BED, when compared to normal 
weight and obese subjects during and following the Trier Social Stress 
Test (TSST), a psychosocial protocol in which patients are exposed to a 
public speech in front of an evaluative audience [216]. The data 
revealed an interaction between cortisol and ghrelin responses, since 
there was a positive correlation between the rise of plasma ghrelin and 
the serum cortisol response. Moreover, a higher urge for uncontrolled 
eating was detected in the BED group, than in the other two groups, even 
if at the end of the test, it had also occurred in other subjects [217]. The 
same result was obtained by using another type of physiological labo
ratory stressor, the Cold Pressor Test, in overweight women with night 
eating status, which revealed increased cortisol, ghrelin, and hunger 
ratings [218]. Similarly, in lean and overweight/obese individuals, a 
differential impact of food cues and exposure to stress was observed on 
plasma ghrelin levels, leading to an increased ghrelin response only in 
the overweight/obese group and not in the lean counterpart. In the same 
group, the stress-induced increase in ghrelin plasma level was also 
significantly associated with higher HFP craving and consumption, as 
assessed by the Food Craving Scale and Food Snack Test, proposing that 
weight-dependent changes in ghrelin signaling might promote the 
ingestion of HPF, particularly under stressful conditions [219]. Another 
study showed high levels of AG only in patients with the BE variant of 
AN after acute stress, compared to BN and controls [220]. Even in the 
absence of psychological stress, a positive correlation between ghrelin 
and cortisol concentrations was detected in patients with BED, sug
gesting the stimulatory effects of ghrelin on the HPA axis at the hypo
thalamic level, and this relationship is affected by the nutritional status 
of the subjects [184]. In young healthy subjects, after an overnight fast, a 
single bolus injection of 100 μg of ghrelin led to pronounced ACTH and 
cortisol concentrations and a rapid stimulation of appetite, with vivid 
imagination of their preferred meal, especially salty or sweet food, 
compared to placebo controls [221]. Similarly, an increase in ACTH and 
cortisol levels was also observed with the acute intravenous adminis
tration of ghrelin at a dose of 1.0 mg/kg in AN, BN, and obese patients 
[222–224]. 

Healthy human volunteers have been tested to assess the effect of 
endogenously- or exogenously-induced hypercortisolism that led to 

parallel growth of cortisol/AG concentrations, whereas elevated ACTH 
plasma levels did not stimulate ghrelin secretion [225]. 

Collectively, the results indicate the interrelationship between 
ghrelin and the HPA axis and the involvement of the HPA axis in the 
ghrelin response to psychological stress. Further studies were also con
ducted in the field of emotional eating, which is strongly associated with 
BED and with which it shares some crucial characteristics (such as the 
urge to eat after adverse events and negative feelings), examining the 
response following a TSST. In these studies [226,227], a more pro
nounced cortisol concentration in emotional than in non-emotional 
eaters was revealed and lower baseline ghrelin levels increased after 
the laboratory test in the same subjects. The anticipation of this stressor 
elicited cortisol responses and led, in the emotional eaters, to a greater 
food ingestion compared to the control, and ghrelin, which increased 
moderately in response to the stress, did not decline rapidly after a meal 
in emotional eaters as compared to non-emotional controls. To date, the 
blunted postprandial decreased level of ghrelin may prolong feeding 
signaling and reduce satiety response in both emotional and BE in
dividuals [226,227]. 

6. Conclusion 

The ghrelin system and the enzyme GOAT, which mediates the 
acylation reaction, necessary for the production of this hormone in its 
active form AG, are increasingly involved in the complex modulation of 
food regulation, hunger stimulation, food choice, and obesity. They 
could potentially play a key role in BED, triggering reinforcement 
mechanisms associated with food reward and impulsive behaviors. 
Indeed, the ghrelin system is not only implicated in homeostatic feeding, 
but also acts in the mesolimbic system, as a promoter of food reward and 
craving, and in the hippocampus, associated with the learned and 
cognitive aspects of eating (Fig. 3). Interestingly, ghrelin performs 
orexigenic activity via interactions with several neurotransmitters, such 
as dopamine, opioids, endocannabinoids, and orexins, which are crucial 
mediators of food intake and aberrant feeding patterns. Preliminary 
encouraging anti-obesity results were shown by GOAT inhibitors and by 
the increase of DAG plasma levels, which revealed antagonist properties 
towards the orexigenic AG. DAG, being unable to activate GHSR1a, 
could potentially attenuate the activity of neural circuits that promote 
overeating of HPF and, additionally, reduce the ingestion of food even 
under aversive stressful conditions, affecting the HPA axis, body weight, 
and the growth of adipose tissue in both rodents and humans, factors not 
only behind the bingeing-related eating disorder, but also in obesity and 
related diseases. Thus, these effects suggest that the ghrelin-GOAT- 
GHSR1a system may be a target for reducing hedonic and non- 
homeostatic feeding. 
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Fig. 3. Summary of the principal factors that 
promote the release of ghrelin and the main 
brain areas involved in its orexigenic response. 
Ghrelin is secreted by the stomach in response 
to multiple factors and, after the conversion by 
the enzyme GOAT, it reaches the central ner
vous system, where it interacts with its receptor 
in brain areas involved in several aspects of 
eating behavior, such as the hypothalamus, 
VTA, and hippocampus. DAG: Des-Acyl- 
Ghrelin, GOAT: Ghrelin O-Acyltransferase, 
VTA: Ventral Tegmental Area.   
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