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The ghrelin receptor (GhrR) is known for its strong orexigenic effects in pharmacological doses and 
has long been considered as a promising target for the treatment of obesity. Several antagonists 
have been developed to decrease the orexigenic signaling, but none of these have been approved 
for the treatment of obesity because of adverse effects and lack of efficacy. Heterodimerization 
and biased signaling are important concepts for G-protein coupled receptor (GPCR) signaling, and 
the influence of these aspects on the GhrR may be important for feeding behavior and obesity. 
GhrR has been described to heterodimerize with other GPCRs, such as the dopamine receptors 
1 and 2, leading to a modulation of the signaling properties of both dimerization partners. 
Another complicating factor of GhrR-mediated signaling is its ability to activate several different 
signaling pathways on ligand stimulation. Importantly, some ligands have shown to be “biased” 
or “functionally selective,” implying that the ligand favors a particular signaling pathway. These 
unique signaling properties could have a sizeable impact on the physiological functions of the 
GhrR system. Importantly, heterodimerization may explain why the GhrR is expressed in areas 
of the brain that are difficult for peptide ligands to access. One possibility is that the purpose 
of GhrR expression is to modulate the function of other receptors in addition to merely being 
independently activated. We suggest that a deeper understanding of the signaling properties of 
the GhrR will facilitate future drug discovery in the areas of obesity and weight management. 
(Endocrinology 161: 1–12, 2020)
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Ghrelin receptor (GhrR), also known as the growth 
hormone secretagogue receptor 1a (GHSR1a) (1), 

modulates growth hormone (GH) secretion and is a 
major regulator of food intake, adiposity, and glucose 
homeostasis in pharmacological doses (2, 3). In add-
ition, various other physiological functions of the GhrR 
system have been demonstrated. The endogenous ligand, 
ghrelin, was initially isolated from oxyntic glands of the 
stomach in 1999 by Kojima et al (4). Ghrelin is a pep-
tide hormone consisting of 28 amino acids that requires 
acylation at Ser3 catalyzed by ghrelin O-acyl-transferase 

(GOAT) (3). This acylation most commonly consists of 
either a C10 or C8 fatty acid, possibly depending on the 
fatty acids ingested in the diet (5, 6).

Physiological Functions

One of the most well-studied physiological effects 
of GhrR is its ability to induce acute GH secretion, 
a function that was described long before the en-
dogenous ligand for the receptor was discovered in 
1999. Pharmacological doses of ghrelin and other 

Abbreviations: AGRP, agouti-related peptide; cAMP, 3′,5′-cyclic adenosine 
5′-monophosphate; GABA, γ-amino butyric acid; GH, growth hormone; GhrR, 
ghrelin receptor; GI, gastrointestinal; GOAT, ghrelin O-acyl-transferase; leap2, 
liver-expressed antimicrobial peptide 2; NPY, neuropeptide Y; PLC, phospholip-
ase C; POMC, pro-opiomelanocortin; RhoA, Ras homolog family member A; TH, 
tyrosine hydroxylase; WT, wild-type.
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GhrR agonists enhance the secretion of GH; ac-
cordingly, such agonists are used as diagnostic tools 
for identifying GH deficiencies and are studied as 
pharmacological interventions to increase GH levels 
(3, 7, 8). Indeed, the small molecule MK-0677 was 
among the first discovered ghrelin mimetics that was 
able to induce GH release in vivo, and the compound 
has been used in clinical studies as a way to increase 
GH hormone levels to treat or improve conditions 
with GH deficiency (9-11). Additionally, MK-0677 
was used in the cloning of the GhrR in 1996 (11). 
Furthermore, ghrelin appears to function as an ad-
junct to growth hormone–releasing hormone, which is 
the main mediator of GH release and thereby aids in 
the pulsatile release of GH (12).

GhrR also plays a vital role in functions related to 
gastrointestinal (GI) activity. GhrR facilitates gastric 
emptying and increases motility throughout the GI 
system by regulating the neuronal tone of the stomach 
and intestines (13). A  proof-of-concept study found 
that a parenteral infusion of ghrelin leads to increased 
gastric emptying in patients suffering from diabetic 
gastroparesis, thus identifying a potential therapeutic 
role of ghrelin (14). Since then, several GhrR agonists 
have entered clinical trials, and the ghrelin mimetic, 
relamorelin, has shown to increase gastric emptying in 
patients with type 1 and 2 diabetes, while simultaneously 
reducing upper GI symptoms such as nausea, bloating, 
and pain (15-17). Relamorelin has been deemed safe 
for short-term use, and several clinical trials are cur-
rently investigating the safety and efficacy of long-term 
use (ClinicalTrials.gov identifiers NCT03383146, 
NCT03285308, and NCT03383146).

GhrR also appears to be involved in insulin se-
cretion and action (18, 19). Dezaki and colleagues 
found that ghrelin activates GhrR in pancreatic β 
cells, initiating the Gαi/o signaling pathway through 
heterodimer formation with somatostatin receptor 5 
(18, 19). Activation of the Gαi/o signaling pathway 
subsequently results in activation of voltage-dependent 
K+ channels and attenuation of membrane excit-
ability, which suppresses the glucose-induced increases 
in Ca2+ levels in β cells and ultimately decreases in-
sulin secretion. Therefore, ghrelin indirectly prevents 
insulin-induced decreases in plasma glucose levels. 
Interestingly, animal models in which the β-cell differ-
entiation factors Nkx2.2 or Pax4 have been knocked 
out show increases in levels of ghrelin-secreting pan-
creatic Ɛ cells during embryonic development (20). 
Furthermore, high circulating plasma ghrelin levels 
stimulate glucagon release from pancreatic α cells, 
which induces hepatic gluconeogenesis and leads to an 
increase in blood glucose levels (21, 22).

In addition to the direct effects of ghrelin on pancre-
atic islets, ghrelin-induced secretion of GH from pituitary 
glands is important for blood glucose regulation, espe-
cially during severe starvation (23). Zhao et al subjected 
GOAT−/− and wild-type (WT) littermates to a 60% cal-
orie–restriction diet and found that the blood glucose 
levels decrease and plateau after 4  days for WT mice, 
whereas glucose levels continued declining in GOAT−/− 
mice (23). In addition, higher levels of GH were measured 
in WT mice compared to GOAT−/− mice. These findings 
are in line with observations that GH increases hepatic 
gluconeogenesis through autophagy and the induction of 
vital enzymes in the gluconeogenic pathway (21, 24).

As previously mentioned, pharmacological activa-
tion of GhrR has potent effects on hunger sensation, 
food intake, and energy homeostasis. These effects are 
primarily mediated when ghrelin binds to GhrR on 
neuropeptide Y (NPY)/agouti-related peptide (AGRP) 
neurons in the arcuate nucleus of the hypothalamus 
(25), where it causes the release of NPY and AGRP and 
induces increased food intake behavior (25, 26). AGRP 
functions as an antagonist for melanocortin 3/4 recep-
tors (MC3/4) primarily found in the paraventricular 
nucleus, whereas NPY activates neuropeptide Y1 and 
Y5 receptors (27, 28). NPY/AGRP neurons also antag-
onize pro-opiomelanocortin (POMC) neurons through 
GABAergic inhibition (29). More recently, it has been 
shown that GhrR is expressed on tyrosine hydroxylase 
(TH)-positive neurons in the arcuate nucleus and that 
these neurons can be excited by GhrR through intra-
cellular regulation of Ras homolog family member 
A (RhoA) (30). TH neurons then induce an orexigenic 
response by inhibiting POMC neurons through 
γ-amino butyric acid (GABA) and dopamine release. 
Furthermore, TH neurons have axonal projections to 
the paraventricular nucleus, where they induce neuronal 
inhibition by GABA and dopamine. Additionally, TH 
neurons can indirectly excite AGRP/NPY neurons (30, 
31). Although it is well described that pharmacological 
doses of ghrelin and GhrR agonists increase activa-
tion of NPY/AGPR neurons and food intake, in animal 
models lack of the ligand, ghrelin, and the receptor do 
not markedly affect the body weight phenotype (32-35). 
An elegant study by McFarlane et al used a diphtheria 
toxin–mediated model to ablate the ghrelin-secreting 
cells in adult mice to circumvent any compensatory 
mechanisms induced by the global knockout mice (36). 
In this study, ghrelin was completely removed within 
2 days after diphtheria toxin administration; however, 
no effect was observed on food intake, body weight, or 
glucose homeostasis in these mice. Thus, it is not proven 
that secretion of ghrelin under physiological conditions 
is important for appetite regulation.
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GhrR also appears important for regulating reward 
signaling caused by addictive drugs such as nicotine, 
amphetamine, cocaine, and alcohol (37-39). In rodent 
models, GhrR antagonists cause decreases in alcohol in-
take and the reward value of alcohol (40). Importantly, 
the inverse antagonist, PF-05190457, is currently 
being tested in a clinical trial to examine its ability 
to reduce alcohol cravings in humans (ClinicalTrials.
gov Identifier: NCT02707055). Further, GhrR has 
also been found to mediate anxiety and fear enhance-
ment (41, 42) and its activation has been proposed to 
improve cognition and synaptic plasticity and lower 
neuroinflammation caused by amyloid β in Alzheimer 
disease (43). Ghersi and colleagues found that ghrelin-
induced synaptic plasticity is caused by the release of 
glutamate from hippocampal synaptosomes (44). They 
argue that the secreted glutamate subsequently acti-
vates NMDA (N-methyl-d-aspartate) receptors in the 
hippocampus, thus improving memory and learning. In 
addition, GhrR exerts a neuroprotective effect against 
Parkinsonism, because GhrR enhances the activity of 
uncoupling protein 2 in the mitochondria of dopamin-
ergic neurons, ultimately reducing the levels of oxida-
tive species and mitochondrial biogenesis (45).

Ghrelin Receptor Signaling Properties

GhrR belongs to family A  of the 7TM receptors 
called G-protein coupled receptors (GPCRs). GPCRS 
are membrane-bound proteins that bind various lig-
ands ranging from simple organic compounds, such 
as adrenaline, to complex proteins of various lengths. 
To account for the large quantity of different ligands, 
GPCRs have developed an intricate signaling network 
in which receptors use distinct G-proteins to differen-
tiate between the incoming signals. When no ligand is 
bound and the receptor is inactive, the G-proteins are 
associated into heterotrimers consisting of Gα, Gβ, and 
Gγ subunits. In this inactive state, guanosine diphos-
phate (GDP) is bound to the Gα subunit, and following 
receptor activation, GDP is exchanged for guanosine-
5'-triphosphate (GTP), leading to the dissociation of 
the trimer into Gα and Gβγ subunits. The dissociated 
Gα subunit can then initiate 1 or more of 5 distinct 
intracellular secondary messenger mechanisms. First, 
Gα can activate Gαs, causing activation of the enzyme 
adenylate cyclase and the formation of 3′,5′-cyclic ad-
enosine 5′-monophosphate (cAMP). Second, Gα can 
recruit members of the Gαi/o/z family, which have 
opposing functions to that of Gαs, thus attenuating 
adenylate cyclase activity and reducing cAMP levels. 
Third, Gα may recruit members of the Gαq family, 
leading to phospholipase C (PLC) activation, which 

cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) to 
produce inositol-triphosphate (IP3) and diacylglycerol 
(DAG). IP3 then associates with its receptor located in 
the endoplasmic reticulum membrane, causing cyto-
solic calcium release, whereas the DAG may initiate a 
large variety of kinase activities (46). Fourth, Gα12/13 
may activate of several rho guanine exchange fac-
tors including RhoA and their associated rho kinases, 
which can modulate the cytoskeletal architecture (47). 
Finally, Gα can act as part of Gαolfs, which are the 
main signal transducer of odorant receptors that use 
the same mechanisms as Gαs (48,49).

β-Arrestins have for many years been acknowledged 
as important regulators of GPCR mediated signaling 
as recruitment of β-arrestins attenuate the G-protein 
coupled signaling through internalization. However, 
GPCRs may also induce novel signaling cascades by re-
cruiting β-arrestins through phosphorylation of intra-
cellular loops and the C-terminal tail by GPCR kinases. 
Although β-arrestin recruitment is required for some 
signaling pathways, concomitant G-protein activation 
or recruitment is also required (50-54).

The initial observed signaling pathway for GhrR 
was calcium release studied during investigations 
of the ability of the receptor to initiate GH secre-
tion (11). This led to the notion that GhrR is Gαq-
coupled and signals through the PLC-IP3 cascade (55, 
56). Further research has found that GhrR signaling 
can occur through multiple pathways, including those 
involving Gαq, Gαi/o, Gα12/13, and β-arrestins (2). 
Several of these pathways have been verified in other 
secondary messenger assays. For instance, GhrR can 
signal through Gα 12/13, leading to RhoA kinase activity 
(57). Based on findings by Sivertsen et al, the majority 
of ghrelin-induced activation of the serum response 
element (SRE) is derived from combined effects of 
Gα12/13 and Gαq coupling (57). Furthermore, GhrR 
can couple to Gαi proteins in lipid discs and Gαo in 
GTPγS assays in HEK293 cells (58-60). Furthermore, 
activation of the family of Gαi/o subunits in HEK293 
cells expressing GhrR induces extracellularly regulated 
kinase 1/2 phosphorylation (61). Additionally, activa-
tion of GhrR can lead to β-arrestin recruitment, re-
sulting in internalization (62) (Fig. 1).

GhrR exhibits a significant level of constitutive ac-
tivity of approximately 50% when no ligand is bound 
(55); however, the physiological importance of constitu-
tive activity is not well established. In 2004 Wang and col-
leagues found 2 novel single-nucleotide polymorphisms 
in the human GHSR1a that led to missense muta-
tions: Ala204Glu in the second extracellular loop and 
Phe279Leu in TM6 (63). Mutations of Phe279 can 
induce changes in receptor conformation, leading to 
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diminished constitutive activity (64, 65). Furthermore, 
in 2008 Pantel et al found that the high level of GhrR 
constitutive activity also is abolished by the Ala204Glu 
missense mutation (66). This mutation was identified in 
2 unrelated families exhibiting short stature and who 
were overweight and was confirmed to eliminate basal 
activity of Gαq coupling using in vitro assays. Although 
the Ala204Glu mutation elicits no significant effects on 
the affinity and efficacy of ghrelin for GhrR (66), it is 
likely that the short stature observed in both families is 
due to the loss of constitutive GH secretion. However, 
the effect of decreased basal signaling by GhrR on food 
intake and obesity is counterintuitive. It has been ar-
gued that overweight conditions could be explained by 
upregulation of GhrR, resulting in increased responses 
to circulating levels of ghrelin (65). However, murine 
in vivo data have shown that administration of an in-
verse agonist at concentrations that only abolish basal 
signaling without affecting ghrelin-induced stimulation 
decreases food intake compared to a control group (67). 
Ghrelin is part of the intricate neuronal network that 
regulates satiety and feeding, and it is possible that the 
constitutive activity of GhrR significantly influences the 
activity of the POMC neurons through release of AGRP.

Complex Signaling Properties of the 
Ghrelin Receptor System

As described previously, GhrR is able to regulate several 
different physiological functions by signaling through 
numerous intracellular pathways in the presence and 
absence of ghrelin. The signaling properties of GhrR 
are further complicated by the ability of the receptor to 
form heterodimers with a number of other GPCRs and 
accessory proteins. Interestingly, heterodimerization 
modulates the activity of the involved receptors, thus 
heterodimerization may underlie the distinct purpose of 

GhrR expression in the brain areas, where the blood-
brain barrier prevents access to peripherally secreted 
ghrelin. Both heterodimerization of various GPCRs with 
GhrR and the endogenous ligands of heterodimerization 
partners can induce changes in GhrR signaling proper-
ties because of interactions or crosstalk with GhrR.

Heterodimerization

Heterodimerization is the dimerization of 2 molecu-
larly distinct proteins (68). In the early 1980s, Agnati 
and colleagues proposed the initial ideas underlying the 
principles of GPCR heterodimerization, and one of the 
earliest GPCR heterodimers was discovered in 1998, 
when White et  al described the dimerization of the 
GABAB receptor (69, 70). White and colleagues provided 
evidence that the GABAB receptor functions through 
the heterodimerization of GABABR1 and GABABR2. 
Other prominent heterodimers are the amylin recep-
tors, which consist of a family B GPCR, a calcitonin 
receptor, and one of three receptor activity-modifying 
proteins (RAMP1–3) (71). RAMPs are transmembrane 
proteins that span the membrane only once and directly 
interact with GPCRs and markedly increase the affinity 
of the GPCR for amylin (72). A  similar phenomenon 
has been described for the melanocortin receptor family, 
by which melanocortin-2 receptor accessory proteins 1 
and 2 (MRAP1/2) can form heterodimers with the 5 
MC receptors (73-75).

Heterodimerization of GPCRs has been shown to 
alter the downstream signaling pathways of some 
GPCRs, giving rise to intracellular signaling pathways 
previously thought impossible for the receptors in ques-
tion (76). This could lead to novel forms of intercellular 
communication resulting in different physiological out-
comes. This has major implications for the development 
of new drugs because the level of receptor dimerization 
in vivo is difficult to predict because of the complexity 
of cells. Heterodimerization may also explain the failure 
of some clinical trials on the emergence of side effects 
caused by receptor activation that was not identified 
in initial animal studies. Heterodimerization is also hy-
pothesized to interfere with surface expression levels 
and internalization rates of receptors, giving rise to fur-
ther complications in drug development (76, 77).

Heterodimerization of Ghrelin Receptor

Growing evidence indicates that GhrR heterodimerizes 
with receptors from the dopaminergic system, including 
dopamine 1 and 2 receptors (D1 and D2).

Figure 1. A depicting of the ghrelin receptor with the disulfide 
bridge, shown in black, which connects the first and second 
extracellular loops. The receptor is able to induce intracellular 
signaling cascades through the g-proteins Gαq, Gα12/13, and Gαi/o. 
The receptor is also able to recruit β-arrestin, which can lead to 
internalization. Adapted from Servier Medical art, available at www.
smart.servier.com.
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Dopamine 1 receptors
D1 receptors and GhrR are coexpressed in several 

brain regions, including the dentate gyrus of the hippo-
campus, the ventral tegmental area, and the midbrain 
(78, 79). The D1 receptor is primarily Gαs/olf coupled, 
and its activation leads to cytosolic accumulation of 
cAMP and protein kinase A activation (80). When the 
D1 receptor is coexpressed with GhrR in HEK293 
cells, potentiation of cAMP accumulation is observed 
on simultaneous stimulation of the cells with dopamine 
and ghrelin (78). In contrast, no cAMP accumulation 
was observed when only ghrelin was administered. 
Furthermore, potentiation could be ablated by per-
tussis toxin, on which cAMP levels returned to normal 
dopamine-induced levels. It was argued that the βγ sub-
unit, on Gαi/o activation of GhrR, induces adenylate 
cyclase 2 (AC2), through which potentiation of cAMP is 
observed (78). Using bioluminescence resonance energy 
transfer analysis, it was discovered that D1 and GhrR 
heterodimers require both dopamine and ghrelin to sta-
bilize the dimer and that a [GhrR/D1]2 heterotetramer 
may be required for signal potentiation. These findings 
were obtained using HEK293 cells and therefore may 
not accurately reflect in vivo signaling. Ghrelin does not 
actively enter the hippocampus, yet the hippocampus 
shows GhrR expression. In 2015 Kern et al sought to 
identify the underlying cause for hippocampal GhrR ex-
pression. They isolated primary hippocampal cells and 
observed expression both of the GhrR and the D1 recep-
tors (79). Using Förster resonance energy transfer and 
confocal microscopy, they were able to identify native 
heterodimers in hippocampal neurons in GhrR+/+ mice 
but not in GhrR–/– mice and found that dimerization 
resulted in a shift of the D1 signaling pathway to Gq at 
the expense of Gs signaling. Furthermore, this shift led 
to the formation of several mediators of synaptic plas-
ticity, possibly explaining the presence of GhrR in the 
hippocampus as a regulator of long-term potentiation, 
synaptic plasticity, and memory formation. Additionally, 
age-related decline in neuronal dopamine signaling may 
be counter-regulated through a D1/GhrR heterodimer.

Dopamine 2 receptors
Another study by Kern and colleagues describes 

heterodimers of GhrR and D2 receptors present in 
hypothalamic neurons in mice (81). They showed that 
stimulating primary cell cultures of hypothalamic mice 
embryo cells with quinpirole, a D2 receptor agonist, 
leads to calcium accumulation. The D2 receptor is 
primarily Gαi/o coupled and is incapable of signaling 
through Gαq under normal physiological conditions 
(82). However, calcium accumulation is caused by 
allosteric modulation of the D2 receptor by the GhrR 

rather than by basal activity of GhrR, because ablation 
of both Gαq and protein kinase C in these cells did not 
attenuate the calcium response. The authors propose 
that the observed calcium responses are a consequence 
of Gβγ-protein dependent mechanisms resulting in PLC 
activation by Gαi/o (81, 82). GhrR/D2 heterodimers 
have also been identified in proteoliposomes solubil-
ized with styrene maleic acid polymers by Damian and 
colleagues (83), who found that these receptors are po-
tentially present as tetrameric complexes coupled to 2 
sets of trimeric G-proteins. Furthermore, they found 
that GhrR induces conformational changes in the D2 
receptor through allosteric modulation that increases in 
Gαi/o signaling. However, these results were obtained 
in proteoliposome discs that may not accurately reflect 
hypothalamic cell surfaces. The observed heterodimer/
tetramer does not interact with other surface proteins 
that could change the observed conformations and 
signaling properties. In addition, both of these findings 
suggest an intricate relationship between GhrR and D2, 
with possible interactions regarding food intake and re-
ward signaling.

Orexin receptor 1
A study by Xue et al showed that GhrR and orexin 

receptor 1 (OX1R) can form a heterodimeric GPCR 
when cotransfected into HEK293 cells (84) and that 
stimulation of this heterodimer by ghrelin leads to the 
accumulation of cAMP and cAMP-response elements 
through Gαs signaling, which the GhrR is incapable of 
as an isolated receptor (2). Meanwhile, heterodimer for-
mation did not lead to any significant changes in orexin-
mediated signaling. The importance of these findings 
still remains elusive and needs to be investigated further 
in vivo. However, both receptors show similar expres-
sion patterns throughout the ventromedial nucleus of 
the hypothalamus in rats; because orexin plays a vital 
role in arousal, wakefulness, reward, and appetite regu-
lation, it is possible that heterodimer formation is im-
portant for food-motivated arousal (85-87).

Serotonergic receptors
Serotonergic receptor 2c (5-HT2C) is primarily ex-

pressed in the choroid plexus, amygdala, and POMC 
neurons in the arcuate nucleus of the hypothal-
amus, where it is involved in the regulation of many 
neurological circuits including those related to be-
havior, mood, anxiety, and feeding (88-90). In 2013 
Schellekens and colleagues proposed the presence of 
a novel heterodimer consisting of GhrR and 5-HT2C 
(91). They showed that cotransfection of HEK293 
cells with unedited 5-HT2C (5-HT2C-INI) and GhrR re-
sulted in diminished ghrelin-mediated calcium influxes 
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compared to those resulting from heterodimerization 
of GhrR with the naturally occurring 5-HT2C-VSV 
isoform (valine, serine, and valine at positions 156, 
158, and 160, respectively). Furthermore, the add-
ition of a 5-HT2C antagonist (RS102221) reestablished 
calcium influxes in cotransfected cells, suggesting the 
formation of a 5-HT2C/GhrR heterodimer. The ex-
istence of this heterodimer was further confirmed by 
cointernalization of both receptors following ghrelin 
administration. Schellekens et al have since then shown 
that their heterodimer might be important in mediating 
ghrelins’ orexigenic effect (92). The fact that both re-
ceptors are also expressed in the amygdala may imply 
that this heterodimer also plays a vital role in the regu-
lation of anxiety.

Melanocortin-3 receptor
The MC3 receptor plays an important role in the 

neuronal control of satiety (93). Using in situ hy-
bridization and immunohistochemistry, Rediger and 
colleagues demonstrated the expression of MC3R in 
the vast majority of GhrR-expressing neurons, pri-
marily NPY/AGRP, in the arcuate nucleus of mice 
(94). Additionally, Rediger et al examined COS-7 cells 
cotransfected with MC3R and GhrR, and observed a 
2-fold increase in cAMP accumulation on stimulation 
with α-melanocyte-stimulating hormone compared 
to stimulation of cells transfected with MC3R mono-
mers. They also found that heterodimer expression led 
to diminished levels of ghrelin-induced Gαq signal. 
These findings are supported by earlier investigations 
in COS-7 and HEK293 cells, which found evidence of 
heteroreceptor formation between GhrR and MC3R 
(91, 95).

Somatostatin receptor 5
Somatostatin is an inhibitor of insulin secretion from 

the pancreatic β cells (18, 96). Somatostatin receptor 
5 dimerizes with GhrR in INS-1SJ cells coexpressing 
both receptors at levels observed in rat islet cells (18). 
It seems that an intricate relationship between the 
concentrations of ghrelin and somatostatin exists be-
cause a high concentration of ghrelin leads to receptor 
heterodimerization, whereas a low concentration does 
not. When the receptors dimerize, a shift in the G pro-
teins activated from primarily Gαq to primarily Gαi/o 
is observed for GhrR, leading to ghrelin-mediated in-
hibition of cAMP formation and a subsequent decrease 
in insulin secretion. Additionally, this shift in G-protein 
coupling is not observed in INS-1SJ cells expressing 
only GhrR, indicating that heterodimer formation is re-
quired for this shift. High postprandial levels of plasma 
glucose will therefore result in low levels of ghrelin, 

and consequently, low levels of heterodimers. This will 
in turn diminish ghrelin inhibition of insulin secretion, 
resulting in a higher level of plasma insulin. During 
fasting, the opposite is observed, because increased 
levels of ghrelin will result in increased heterodimer for-
mation and decreased insulin secretion (18), supporting 
a role for ghrelin in stabilization of blood glucose and 
preventing hypoglycemia.

Melanocortin-2 receptor accessory protein 2
In 2017, it was discovered that MRAP2, previously 

described as a regulator of melanocortin-mediated sa-
tiety signaling, also modulates GhrR-mediated signaling 
(97). When dimerized with GhrR, MRAP2 potentiates 
intracellular Gαq signaling induced by ghrelin (97, 
98). Moreover, mice lacking MRAP2 do not show in-
creases in food intake 3  hours after central injections 
of ghrelin compared to WT littermates. These results 
suggest that MRAP2 is part of the intricate neuronal 
network regulating both ghrelin receptors on AGRP/
NPY neurons and MC4 receptors on POMC neurons. 
The dimerization interface for MRAP2 and GhrR is not 
well established but MRAP2 has been shown to form 
antiparallel dimers in the same manner as MRAP1. The 
antiparallel conformation of MRAP1 is important for 
the heterodimerization with MC2, and we propose that 
antiparallel dimers of MRAP2 are required for the dimer-
ization with GhrR (Fig. 2) (99-102). A similar conform-
ation has also been proposed for the heterodimerization 
of MRAP2 with OX1R and prokineticin receptor-1 
(103, 104).

A novel ligand for the ghrelin receptor
Some of the previously mentioned heterodimers 

are found in brain areas where ghrelin may not be 
able to enter. As previously proposed, one explan-
ation for the expression of GhrR in these areas could 
be heterodimerization and the subsequently altered 
signaling pathway of the involved receptors. However, 
another explanation would be that a novel endogenous 
ligand is able to modulate the activity of GhrR either 
as an independent agonist or as an allosteric modu-
lator. In other GPCRs multiple ligands acting on the 
same receptor have been described, including both the 
chemokine and family B incretin receptors (105). Also 
GPR39, which is one of the receptors with the closest 
homology to the GhrR (64), is modulated by allosteric 
ligands (106). In addition a novel endogenous antag-
onist, the liver-expressed antimicrobial peptide 2 (leap2), 
for the GhrR was recently described (107). Leap2 is a 
40-amino-acid peptide and, as in the case for ghrelin, 
it is debatable whether this peptide is able to cross the 
blood-brain barrier or if it is expressed in the brain.

Copyedited by: oup

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/161/4/bqaa020/5734640 by Faculty of Life Sciences Library user on 06 January 2022



doi: 10.1210/endocr/bqaa020 https://academic.oup.com/endo  7

Biased Signaling

Another intriguing phenomenon in the GPCR field is 
biased signaling, or functional selectivity, which has 
shifted the paradigm concerning intracellular GPCR 
signaling. It was initially believed that ligands are able 
to induce the same response in all available signaling 
pathways by acting in the same manner toward a given 
receptor, that is, by functioning as a full agonist, par-
tial agonist, antagonist, or inverse agonist for that re-
ceptor. During the last 2 decades, however, evidence 
has emerged that GPCR ligands can induce agonistic 
signaling through some G-proteins while concomitantly 
functioning as inverse agonists or not affecting other 
pathways. These ligands are often termed biased ligands 
(108-110) or functionally selective ligands. It has been 
proposed that these biased ligands can stabilize GPCRs 
in specific conformations that favor the activation of 
specific pathways (111-114). Differently biased ligands 
could be developed as research tools to allow for the in-
vestigation of specific pathways and their physiological 
functions. Additionally, activation of specific pathways 
could be a powerful tool for the pharmacological treat-
ment of various disorders because the ability to avoid 
certain signaling pathways could lead to drugs with di-
minished side effects.

As an example, the analgesic drug morphine and re-
lated opiates produce high levels of analgesia while 
concomitantly causing respiratory depression and con-
stipation. The analgesic effect is mediated through Gαi/o 
coupling whereas studies have shown that the side effects 
are mainly caused by signaling pathways that require re-
cruitment of β-arrestin 2 (109, 115). While attempting to 
circumvent these adverse effects, DeWire and colleagues 
discovered the compound TRV130, which exhibits 

biased properties (110). TRV130 displays analgesic ef-
fects comparable to morphine but with diminished re-
cruitment of β-arrestin 2 in mice. Several clinical trials 
have also demonstrated TRV130 to possess fewer ad-
verse effects than morphine (116-118); however, in 
late 2018 the Food and Drug Administration declined 
approval of the drug because of concerns regarding 
elongation of the Q-T interval (119). Additionally, the 
promising findings of TRV130 are contradicted by 
Kliewer and colleagues (120). They show that knockin 
mice with C-terminal mutations in the 11 serine/threo-
nine residues of the μ-opioid receptor elicit improved an-
algesia and a diminished tolerance but with an increase 
in adverse effects on dosing with Met-enkephalin. They 
argue that the observed adverse effects are not only de-
pendent on β-arrestin recruitment but also include other 
pathways. To our knowledge no biased ligand has been 
approved based on its functional selective signaling 
properties, though it has been pursued in many receptor 
systems (121-124). Nevertheless, TRV130 is an example 
of a biased ligand that has entered clinical trials, under-
lining the possibilities of biased ligands as new drugs.

Biased Signaling of the ghrelin 
receptor

As previously mentioned, activation of a GPCR with 
a biased ligand stabilizes the receptor in a conform-
ation that is able to discriminate between and acti-
vate specific signaling pathways. This phenomenon 
has also been demonstrated for GhrR. Mutational 
studies have shown that ghrelin can stabilize GhrR 
in specific conformations that favor the activation of 
Gαq, Gαi/o, Gα12/13, or β-arrestin recruitment (60, 
125, 126). Furthermore, the inverse agonist KwFwLL 

Figure 2. The ghrelin receptor can heterodimerize with several other G-protein coupled receptor (GPCRs) and membrane-spanning proteins 
whereby the signal transduction of the receptor can be altered. Here the heterodimer of the ghrelin receptor and the melanocortin-2 accessory 
protein 2 (MRAP2), with the N and C terminals in purple and blue respectively, is shown. The heterodimer leads to an increased Gαq activation and 
a subsequent increase in inositol-triphosphate accumulation. The antiparallel dimer conformation of MRAP2 is based on the interaction of MRAP1 
with the melanocortin 2 receptor (75). Adapted from Servier Medical art, available at www.smart.servier.com.
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and agonist AwFwLL are dependent on key residues 
in transmembrane helices III and IV, because muta-
tions in these helices cause significant changes in effi-
cacy. Such mutations changed the efficacy of KwFwLL 
from full inverse agonism in the WT receptor to partial 
agonism in the mutated receptor. It has been suggested 
that changes in efficacy illustrate ability of compounds 
to achieve different active and inactive conformations 
upon receptor binding (126). By assembling GhrR in 
lipid dishes and labeling it with fluorescence probes, 
Mary et al were able to show that the biased partial 
agonist JMV 3018 stabilizes GhrR in a conformation 
that is unable to recruit Gαi/o or β-arrestin in lipid 
dishes (60). In contrast, ghrelin stabilizes a different 
conformation that is able to recruit Gαq, Gαi/o, and 
β-arrestin but not Gαs. These findings are in line with 
knowledge that JMW 3018 is a biased ligand for Gαq 
coupling. Similar findings were obtained by Damian 
and colleagues (58), who found that the conformation 
achieved by ghrelin in the presence of β-arrestin differs 
from ghrelin-induced conformation in the presence of 
Gαq. These combined findings underline the notion 
that GhrR likely exhibits distinct conformations when 
activated by different ligands.

One of the main issues with GhrR antagonists is that 
they decrease gastric emptying and reduce intestinal 
motility (127). Recent data from Mende et  al suggest 
that the gastric emptying is dependent on β-arrestin, 
Gαi/o, or Gα13 signaling pathways. Moreover, it is 
shown that the appetite-regulating effects of ghrelin are 
mainly mediated by Gαq activation of GhrR in NPY/

AgRP neurons; at least the expression of the family of 
Gαq proteins is required for the sustained increase in 
food intake induced by ghrelin (108). Based on these 
findings, it can be postulated that a biased ligand with 
less agonistic potency or efficacy toward Gαq signaling 
compared to the ability to mediate signaling pathways 
downstream of β-arrestin, Gαi/o, or Gα13 could be an 
effective treatment for obesity without the side effect 
of constipation. Furthermore, a similar ligand could be 
useful for the pharmacological treatment of diabetic 
gastroparesis, because such activity would increase gas-
tric motility and diminish food-seeking behavior, poten-
tially leading to weight loss (Fig. 3).

The effects of biased signaling should also be kept 
in mind when screening compounds to treat a specific 
pathological condition, for example, when attempting 
to antagonize excessive food intake using GhrR lig-
ands. The compound GSK 161443 was initially devel-
oped as an antagonist for the GhrR, and although the 
compound inhibits calcium release in vitro and GH 
secretion in vivo, it also triggers increases in food in-
take and body weight when administrated to rats (128). 
Although biased signaling based on in  vitro charac-
terization remains to be proven, it has been suggested 
based on in vivo data. Similarly, a group of substituted 
1,2,4-trizoles that act as GhrR ligands show antagon-
istic activity in calcium mobilization assays and inhibit 
hexarelin-induced food intake in vivo (129), although 
these compounds show no effects on hexarelin-induced 
GH release in  vivo. These examples show that even 
though some compounds function as antagonists in 

Figure 3. Biased ligands are able to induce certain receptor conformations that favors the activation of specific intracellular pathways. An optimal 
biased ligand for the ghrelin receptor that can be used in the treatment of diabetic gastroparesis would favor the activation of β-arrestin while 
simultaneously having only a weak activity toward Gαq. Adapted from Servier Medical art, available at www.smart.servier.com.
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initial screenings, they may have agonistic properties for 
other pathways and thereby fail to trigger the desired 
effects in vivo. Even though many biased ligands have 
been studied intensely for their abilities to induce sep-
arate pathways through GhrR, further in vitro and in 
vivo research is warranted (108, 130).

Conclusion

In conclusion, GhrR signaling occurs through various 
intracellular pathways. This receptor can form 
heterodimers with several other GPCRs and accessory 
proteins, leading to changes in GhrR signaling proper-
ties. Furthermore, the heterodimerization of GhrR may 
alter the signaling pathways of its dimerization partner. 
It is possible that the physiological function of GhrR in 
areas, where none of the endogenous ligands for GhrR 
are expressed, involves this modulation of the signaling 
properties of dimerization partners. Finally, GhrR also 
appears to have profound biased signaling properties, 
increasing the potential for GhrR-targeting drugs for 
the treatment of diseases acting through specific intra-
cellular pathways.
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