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Biased signaling has been suggested as a means of selectively
modulating a limited fraction of the signaling pathways for
G-protein—coupled receptor family members. Hence, biased ligands
may allow modulation of only the desired physiological functions and
not elicit undesired effects associated with pharmacological treatments.
The ghrelin receptor is a highly sought antiobesity target, since the gut
hormone ghrelin in humans has been shown to increase both food
intake and fat accumulation. However, it also modulates mood, behav-
ior, growth hormone secretion, and gastric motility. Thus, blocking all
pathways of this receptor may give rise to potential side effects. In the
present study, we describe a highly promiscuous signaling capacity for
the ghrelin receptor. We tested selected ligands for their ability to
regulate the various pathways engaged by the receptor. Among those,
a biased ligand, YIL781, was found to activate the Gag/qq and Goup,
pathways selectively without affecting the engagement of p-arrestin
or other G proteins. YIL781 was further characterized for its in vivo
physiological functions. In combination with the use of mice in which
Gog/11 Was selectively deleted in the appetite-regulating AgRP neurons,
this biased ligand allowed us to demonstrate that selective blockade of
Gog/11, Without antagonism at p-arrestin or other G-protein coupling is
sufficient to decrease food intake.

biased signaling | ghrelin receptor | appetite regulation | food intake |
gastric emptying

hrelin is a gut hormone that stimulates food intake and
adiposity. It has been shown to act on a G-protein—coupled
receptor (GPCR), the ghrelin receptor (GhrR), in the hypotha-
lamic arcuate nucleus, where it increases the activity of the neuro-
peptide Y (NPY)/Agouti-related peptide (AgRP)-expressing neurons
and simultaneously inhibits proopiomelanocortin (POMC)-expressing
neurons through GABA-mediated transmission (1). Thus, GhrR is an
attractive target in the development of antiobesity treatment. How-
ever, GhrR signaling is also involved in several other functions, in-
cluding gastrointestinal motility, mood and behavioral regulation, and
growth hormone secretion (2). These diverse functions contribute
significantly to the major challenge in developing small-molecule
drugs that selectively modulate appetite, food intake, and body
weight via the receptor. Antagonists could also affect other physio-
logical functions regulated by the GhrR, causing potential side effects.
However, the concept of ligand bias offers an approach to
tackle this issue. The GhrR is a promiscuous seven-transmembrane
(7TM) receptor signaling through numerous different pathways
including both G-protein—dependent and —independent (3) mech-
anisms. Individual pathways, if selectively stimulated, may lead to
isolated physiological outcomes (4). Thus, it is critical to identify
the physiological functions associated with each of these GhrR-
mediated pathways in the hope of developing drugs that selectively
target appetite regulation.
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Activation of the GhrR induces calcium release, generally
assumed to be part of the Guog signaling pathway, via phospho-
lipase C activation and the resulting increase inositol tri-
phosphate (IP;) production (5). GhrR-promoted G, activation
has been demonstrated in GTPyS assays (6), in bioluminescence
resonance energy transfer (BRET)-based assays, and in isolated
lipid discs (7). Gay2/13 coupling has been suggested using specific
pathway inhibitors (2). Finally, GhrR activation leads to the re-
cruitment of p-arrestins (7, 8). The endogenous full agonist,
ghrelin, activates the entire signaling repertoire, leading to var-
ious biological functions. In contrast, functionally selective ago-
nists or antagonists, i.e., biased ligands (9-11), would activate or
block only a subset of the signaling repertoire, thus opening the
possibility of targeting only the physiologically beneficial path-
ways and not those associated with unwanted detrimental effects.
Such ligands that differentiate between G-protein-dependent
and —independent pathways have been described for other
receptors (4). For instance, p-arrestin-selective agonists have
been reported for the p1-adrenergic (12), the parathyroid hormone
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(PTH) (13, 14), the dopamine D2 (15, 16), and the angiotensin type
1 (AT1) receptors (17). Examples of clinically promising biased
agonists are the p-opioid receptor ligands TRV130 and PZV21,
biased for Ga; activation over p-arrestin recruitment. These ligands
display an efficacious analgesic effect with limited side effects (such
as respiratory depression and constipation) in animal models (18-
20). In a recent phase IIb clinical trial, TRV130 was found to be as
efficacious an analgesic as morphine, and its side effects related to
nausea, vomiting, and respiratory function were reduced compared
with morphine. Although more studies are needed to confirm the
possible advantages of biased ligands and whether the concept
could be applicable to other therapeutically relevant GPCRs, these
studies open exciting avenues for the discovery of a new generation
of safer drugs.

In the present study, we selected two small-molecule GhrR
ligands, the Bayer compound YIL781 and the Abbott compound
Abb13d, which were originally developed as GhrR antagonists,
and analyzed their properties in several signaling pathways to
assess whether they display biased activities. We report that,
while both compounds are weak inverse agonists for p-arrestin
recruitment and both inhibit the gastric emptying associated with
nausea, they differentially regulate the Gog/1; pathway. Abbl3d
is an inverse agonist for Gagq-associated signals, while
YIL781 is a partial agonist for this pathway. The two compounds
also had different in vivo effects on food intake, suggesting that
the appetite-modulatory effect resulted from an action on the
Goyg11 pathway. This role of Gag; in appetite regulation was
confirmed in a genetic murine model selectively lacking Ga, and
Gayp in the arcuate nucleus of the hypothalamus.

Results

Binding Properties. The binding properties of ghrelin and five
small-molecule ligands (21, 22) developed to antagonize GhrR
were assessed in HEK293 cells transiently transfected with wild-
type human GhrR (SI Appendix, Table S1). All the compounds
bound to the GhrR with high affinity, as estimated by binding-
competition assays using ["’H]-MK677 as the radioligand. The
affinities estimated based on the K; values varied between
0.09 nM and 10 nM (Fig. 14 and SI Appendix, Table S1).

Functional Evaluation.

Second messenger for the Gag/;; pathway. GhrR is described as a
primarily Gog/11-coupled receptor. Thus, pharmaceutical drug-
discovery programs have used Ca®* mobilization measurements
to identify GhrR antagonists, since this assay allows high-
throughput screening (5, 23). We evaluated the antagonistic
properties of the five compounds at ~80% of the maximal effi-
cacy of ghrelin. The apparent ICsy of the antagonists in the
calcium (Fig. 1B) and inositol phosphate (IP) (Fig. 1D) assays
varied from 1 nM to more than 1,000 nM (SI Appendix, Table
S1). Although the potencies and binding affinities correlated
relatively well for most compounds, a significant difference was
found for Abbl13d, which showed a 100-fold apparent lower
potency than its binding affinity determined in competition binding.
This discrepancy most likely results from probe dependency (24),
since the binding affinity was determined using [*’H]-MK677 as the
tracer, whereas the functional antagonism was assessed using
ghrelin as the agonist. Notably, YIL781 did not display partial
agonism when tested for antagonism in the calcium assay (Fig. 1B),
most likely due to the transient nature of the calcium response, i.e.,
the YIL781-induced calcium peak had returned to basal level at the
time of ghrelin administration.

When the compounds were tested for their intrinsic ability to
stimulate calcium release, YIL781, Glaxo755053, and JMV3002
were found to be partial agonists with efficacies of 20%, 20%,
and 13% of ghrelin-induced stimulation, respectively, and with
potencies similar to their binding affinities (Fig. 1C and SI Ap-
pendix, Table S1). IMV3002 differed slightly from the other
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Fig. 1. Binding properties and second-messenger responses induced by
ghrelin, YIL781, and Abb13d. (A) Competition binding of ghrelin (black
dashed line), YIL781 (blue line) and 13d (red line) using 3H-labeled MK-
677 as a radioligand. (B) YIL781 and Abb13d antagonize Ca%* mobilization
induced by 10 nM ghrelin. (C) When measuring the intrinsic activity of the
compounds, YIL781 turned out to be a partial agonist, and Abb13d was
found to be an inverse agonist for inducing Ca** release. (D) YIL781 and
Abb13d also antagonize the IP response induced by 10 nM ghrelin. (E)
YIL781 is a partial agonist and Abb13d is an inverse agonist for stimulation
of IP signaling. Data points are the mean + SEM of three to five independent
experiments performed in triplicate.

compounds, as its partial agonist potency in the calcium-release
assay was almost 100-fold lower than its potency in IP accumu-
lation, the latter being more consistent with its binding affinity.
Only two compounds, Abb13d and Abbl4c, were found to be
weak inverse agonists. The inverse agonist potency of Abb13d was
similar to its binding affinity, but the inverse efficacy of Abbl4c
was too weak to calculate an ECsg reliably. Such low apparent
efficacy is most likely due to the low and inconsistent level of
constitutive activity revealed by the calcium-release assays (25).
This was confirmed by the IP assay used as an additional readout
for the G 1-promoted phospholipase C (PLC) activity. Indeed,
the inverse efficacy of both Abbl3d and Abbl4c was readily ob-
served, with inverse efficacies of —23% and —26% and potencies of
76 nM and 10 nM, respectively (Fig. 1E and SI Appendix, Table S1).
As in the calcium assay, YIL781, Glaxo755053, and IMV3002 were
found to be partial agonists in the IP assay, with efficacies ranging
from 29% to 41% of ghrelin-induced stimulation (Fig. 1E and S/
Appendix, Table S1). In the interest of simplicity, we show only two
representative ligands—one partial agonist (YIL781), and one in-
verse agonist (Abb13d)—in Fig. 1.
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Fig. 2. Differential panel of G-protein activation by ghrelin, YIL781, and Abb13d, shown by two distinct BRET biosensors. Dose-dependent activation by
ghrelin (black), YIL781 (blue), and Abb13d (red) of Gag/11, Gatiso, Gatiz/13, and Gag proteins shown by Go-Rlucll/GFP10-Gy, BRET biosensors (A) and Rlucll-Gys/

GRK2-GFP10 BRET biosensors (B). Data points are the mean + SEM of three to five independent experiments performed in triplicate. Ghrelin is a full agonist
activating isoforms of all Ga protein families, whereas YIL781 and Abb13d signal only via proteins of the Gag11 and Gayz/13 families.
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To confirm that the Ca>* mobilization resulted from Gog1
activation, we tested ghrelin-induced Ca** mobilization in the
presence of G; (pertussis toxin, PTX), Gfy (gallein) (26), or Gay/
Gay1/Gays (UBO-QIC) (27) inhibitors. Only the Gogi/14 in-
hibitor abrogated Ca®* mobilization (SI Appendix, Fig. S1A4),
confirming the prominent role of this pathway in the calcium
response. This was further confirmed by the observation that no
ghrelin-induced calcium response could be observed in cells in
which Gag/1; was genetically deleted unless Gag, Gayg, or Goyy
was reintroduced in the cells (SI Appendix, Fig. S1B).

In summary, our results demonstrate that some com-

pounds developed as antagonists behave as partial agonists in
second-messenger assays downstream of Gag/1q, whereas
others have negative intrinsic activity and are inverse agonists.
Based on these observations, we selected one of the partial ago-
nists (YIL781) and one of the inverse agonists (Abb13d) for
further analysis.
Monitoring G-protein activation. To confirm the difference in the
intrinsic efficacy between YIL781 and Abb13d, we assessed the
direct activation of G proteins using BRET-based biosensors, an
approach that prevents interference from amplification or
crosstalk between downstream effector systems. First, we used an
assay that monitors the separation between Ga and Gy subunits
upon G-protein activation by measuring BRET between Ga
subunits fused to the energy donor, Rlucll, and Gy1 fused to the
energy acceptor, GFP10, in the presence of unlabeled Gf1. The
activation results in a decrease in BRET signal, and the ampli-
tude of this signal is used as an index of the G-protein activation
(28). As shown in Fig. 2, in addition to activating Gay, ghrelin
was able to activate Goy, and Goy; as well as members of the
Goy,, family. As suggested by the second-messenger assays,
YIL781 and Abb13d had distinct intrinsic efficacies. Whereas
Abb13d was a robust inverse agonist for Gay with a potency of
335 nM, YIL781 did not show any detectable intrinsic activity in
this assay. No intrinsic activity of either compound could be
detected for any of the other G proteins that were activated by
ghrelin; thus both YIL781 and Abbl3d behaved as neutral
antagonists for these pathways under the conditions studied.

To test whether the partial agonism detected for YIL781 using
the second-messenger assays could be revealed at the G-protein
level, we used a second BRET-based assay that is more sensitive
in detecting the activation of Gagy; family members. This bio-
sensor monitors the competition between Ga and GPCR kinase-
2 (GRK2) for their interaction with Gpy by measuring BRET
between GRK2-GFP10 and RluclI-Gy5 upon overexpression of
each individual unlabeled Ga subunit. The separation of Gfy
from the Ga subunit upon receptor activation results in an in-
crease in BRET between GRK2-GFP10 and Rlucll-Gy5. Be-
cause GRK2 harbors an RGS domain for Ga,, it is particularly
sensitive in detecting G4 activation. As can be seen in Fig. 2, the
ability of ghrelin to activate Gog/1, Gaijo, and Gayo/q3 family
members could be confirmed with this biosensor, although the
activation signals observed for Ga;; and Gay; were smaller and
could not be fitted to concentration-response curves. As was
observed with the Ga/Gfy separation assay, both Gay, and Gay;
could be activated by ghrelin. As expected, no activation of Gog
was detected.

Upon testing Abb13d and YIL781 with the GRK2-based
sensor, the inverse agonism of Abb13d was confirmed not only
for Gay but also for another member of the Gag1; family, Gay,
with ICs values of 229 nM and 209 nM, respectively (Fig. 2 and
SI Appendix, Table S2). In this assay, the partial agonism of
YIL781 was revealed with ECsgs of 16 nM and 53 nM, activating
both Gay and Gay; with 45% and 43% of ghrelin efficacy, re-
spectively, confirming the results obtained from the second-
messenger assays. This assay also confirmed the lack of in-
trinsic activity of the two compounds toward the Go;,, family
members. However, a significant partial agonism toward Gay,,
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but not Gays, could be detected for YIL781, indicating that it
could also be a weak partial agonist for this pathway (Fig. 2 and
SI Appendix, Table S2). Neither Abb13d nor YIL781 had sig-
nificant intrinsic activity toward Goy4 or Goys.

Monitoring p-arrestin recruitment. BRET between p-arrestinl/2-
Rlucll and rGFP-CAAX was used to measure the recruitment of
B-arrestins to the cell membrane upon receptor stimulation.
B-Arrestins are involved in the attenuation of the G-protein sig-
naling and internalization of the receptor but also initiate
G-protein-independent signaling cascades, possibly leading to
distinct physiological effects. Ghrelin induced recruitment of
both p-arrestin 1 and 2, with apparent potencies of 12 nM and
14 nM, respectively (Fig. 3). Both YIL781 and Abb13d antago-
nized the ghrelin-induced recruitment of p-arrestin 1, with po-
tencies of 314 nM and 2.3 pM, respectively (Fig. 34), and the
ghrelin-induced recruitment of p-arrestin 2, with potencies of
414 nM and 2.5 pM, respectively (Fig. 3C). Analysis of the in-
trinsic activity of the two compounds showed very little intrinsic
efficacy, YIL781 and Abb13d having a tendency toward inverse
agonism (Fig. 3 B and D).

Mapping of Receptor Interaction Epitopes. To determine the mo-
lecular differences responsible for the functional activity ob-
served for the partial agonist YIL781 compared with the
inverse agonists from Abbott, we conducted a targeted mu-
tational study. We used IP-accumulation assays as a functional
readout, since the differences in intrinsic activity were most
pronounced in this functional assay. As the inverse agonist, we
selected the most potent and high-affinity ligand, Abbl4c.
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Fig. 3. GhrR-mediated signaling through p-arrestins. (A and C) YIL781 and
Abb13d antagonize f-arrestin 1 recruitment (A) and f-arrestin 2 recruitment
(C) induced by 30 nM ghrelin. (B and D) YIL781 and Abb13d are weak inverse
agonists in terms of their intrinsic activity to recruit p-arrestin 1 (B) and
B-arrestin 2 (D). Data points are the mean + SEM of five to eight in-

dependent experiments performed in triplicate.
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Residues selected for mutagenesis were based on previous studied for their receptor-interaction patterns are peptide in-
studies characterizing receptor-recognition epitopes (29, 30).  verse agonists (31). Small-molecule antagonists and inverse ago-
The only other GhrR antagonists that have previously been  nists have never been mapped.
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Fig. 4. Substitutions in the GhrR that affect the potency of Abb14c and YIL781. In the helical wheel of the GhrR, residues are indicated with the following
color code: red, selective potency shift for Abbott 14¢; blue, selective potency shift for Bayer YIL781; black, potency shift for both Abbott 14 and Bayer YIL781.
Residues that are substituted and tested but do not affect the signaling properties are indicated in gray. Below the helical wheel is shown a molecular model
of the ghrelin receptor based on the X-ray crystal structure of the neurotensin receptor 1 (PDB 4GRV) shown from the extracellular side, where the seven
helical domains are presented as cartoon with selected residues shown in stick representation. ECL2 was omitted for clarity. The image was made with ICM,
Molsoft L.L.C. Dose-response curves are shown for selected GhrR mutants (solid lines) compared with the wild-type GhrR (dotted lines). Data points are given
as the mean + SEM of three to nine independent experiments performed in triplicate.
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Transmembrane domains TMII, TMIlI, and TMIV. AsplI:10 is a key residue
at the top of transmembrane domain TMII, which has previously
been recognized as a major interaction point for both inverse
agonists and agonists on the GhrR (29). Similarly, the activity of
both YIL781 and Abbl4c was completely abolished when
AsplI:10 was replaced by Asn (Fig. 4 and SI Appendix, Table S3).
GInII:05Ala and GIuIII:09GIn substitutions also completely
abolished the activity of the partial agonist YIL781 but only de-
creased the potency of the inverse agonist Abbl4c (Fig. 4 and SI
Appendix, Table S3). A similar trend was observed with the Ilel-
V:20Ala substitution, which decreased the potency of the partial
agonist more than 100-fold but had no effect on the potency of the
inverse agonist (Fig. 4).

Transmembrane domains TMVI and TMVII. PheVI:23 at the top of
transmembrane domain TMVI is an important agonist in-
teraction site (29), and Ala-substitution of this residue was also
detrimental for the activation by the partial agonist YIL781. In
contrast, the mutation decreased the potency of Abbl4c by only
~10-fold. Likewise, substitution of ArgV1:20, which is one of the
residues that maintain GhrR in the constitutively active confor-
mation, eliminated the activation by YIL781, whereas the po-
tency of Abbl4c was unaffected.

Substitution of PheVII:06 by Leu completely abolished the
inverse agonism of Abbl4c, whereas YIL781 showed only an
eightfold decrease in potency.

In summary, the inverse agonist activity was dependent on
only a few residues in the upper part of the transmembrane
segment located between transmembrane domains TMII and
VII (red and black residues in Fig. 4). In contrast, the biased
partial agonist YIL781 was dependent on several interaction
points covering a much broader part of the transmembrane re-
gion including transmembrane domains TMIII, TMIV, TMVI,
and TMVII and also reaching TMII (blue and black residues in
Fig. 4).

Based on the functional differences in signaling properties,
with Abb13d and Abb1l4c being inverse agonists and YIL781 being
a biased agonist with partial agonist properties in Gog/; and Gy,
coupling, we used these compounds to translate the signaling
properties to in vivo physiological function. Abb13d is chemi-
cally very similar to the highly potent Abbl4c, but it has more
useful pharmacokinetic properties for in vivo studies, e.g.,
better blood brain penetrance (22). Thus, Abb13d was used for
the in vivo studies.

In Vivo Profile of the Small-Molecule Ligands. Both Abb13d and
YIL781 have previously been reported to decrease food intake
and body weight in rodent models (21, 22). Given their distinct
efficacy profiles, we reevaluated the effect of Abbl3d and
YIL781 on food intake and additionally monitored the effect of
the ligands on gastric emptying. Food intake is regulated by a
complex interplay between various brain regions and the gut
(32). Inhibition of gastric emptying may translate into nausea,
thus leading to reduced food intake (33), whereas hypothalamic
suppression of food intake is a more direct measure of the ho-
meostatic appetite (34, 35).

Food intake. To investigate the hypothalamic effects of the two
compounds exclusively without influences from gastric empty-
ing, we used intracerebroventricular (ICV) administration into
the lateral ventricle of the rat brain. The administrations were
performed while the rats were housed in specialized cages
for continuous monitoring of feeding behavior (30). Both
YIL781 and Abb13d were initially administered just before the
beginning of the dark phase, when the appetite and plasma
ghrelin levels are high. These conditions were regarded as opti-
mal for monitoring potential inhibitory effects on food intake.
Surprisingly, only Abb13d decreased food intake, which was
observed after 1 h and continued for ~5 h after administration,
whereas YIL781 had no significant effect on food intake at either
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time point (Fig. 54). In contrast, when the partial agonist
YIL781 was administered during the early light phase, when the
rats are generally asleep and when plasma ghrelin levels are too
low to induce food intake, a significant increase in food intake
was observed during the first 30 min after administration. No
effect was observed for Abb13d under these conditions (Fig. 5B).
This is consistent with the fact that YIL781 is a partial agonist for
the Gog/1; and Gay, pathways and that the low circulating level of
plasma ghrelin may unmask the agonistic properties of YIL781.

Food intake
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Fig. 5. Effects of YIL781 and Abb13d on food intake and gastric emptying.
(A and B) Food intake in rats after IVC administration of YIL781 and Abb13d
just before onset of dark phase (A) and during the light phase (B) (vehicle,
n = 7; compound, n = 8). (C and D) Gastric emptying, measured as plasma
acetaminophen, in mice after oral administration of YIL781 and Abb13d in
wild-type mice (n = 8) (C) and GhrR-deficient mice (n = 8) (D). *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001 based on unpaired Student'’s t test
(A and B) or one-way ANOVA (C and D). Data represent mean + SEM. 13d,
Abb13d; veh, vehicle; YIL, YIL781.
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Gastric emptying. In this assay, YIL781 and Abb13d were admin-
istered orally 1 h before acetaminophen administration, which
was afterward measured in plasma as an indication of gastric
emptying. The study was performed 4 h after onset of the light
phase, when plasma ghrelin is low. Gastric emptying was strongly
decreased by both Abb13d and YIL781 (Fig. 5C). However, the
effect of the compounds was completely abolished in GhrR-KO
mice (Fig. 5D), showing that the effect is indeed mediated
through the GhrR. In accordance with previous results, vehicle-
treated wild-type mice showed faster gastric emptying than
GhrR-deficient mice (Fig. 5D) (1), confirming the role of con-
stitutive activity of the GhrR in gastric emptying. This suggests
that the partial agonism of YIL781 in the Gogq; and Goys
pathways was not sufficient to increase gastric emptying and
may indicate that a different signaling pathway including other
G proteins or f-arrestin recruitment is involved in this in
vivo function.

Knockout of Gogqq in AgRP Neurons. Publically available tran-
scriptomics data for AgRP neurons (36) show high gene-
expression levels of Gay and Gay, low expression of Gay4, and
undetectable levels of Gays (SI Appendix, Fig. S24). Gay,, Goys,
and p-arrestins 1 and 2 are also expressed in AgRP neurons (S/
Appendix, Fig. S2 B and C).

To verify the importance of the Gag1, pathway for the ghrelin-
mediated increase in food intake, we developed a mouse strain in
which Gay; was globally deleted and Ga, was removed selec-
tively in AgRP neurons (Fig. 64). This mouse strain was gen-
erated by cross-breeding AgRP-Cre mice with the Gaqﬂ/ fl,
Gall™" strain (37, 38). The mice were viable, and the breeding
followed normal Mendelian distribution. They developed nor-
mally in terms of body weight, body length, and body composi-
tion (SI Appendix, Fig. S34).

Under basal conditions, the Goy1-deficient mice did not show
any differences with respect to food intake (Fig. 6B), spontaneous
activity (SI Appendix, Fig. S3B), or energy expenditure (SI Ap-
pendix, Fig. S3C) compared with the control (Ga;;-KO) mice. The
s.c. administration of ghrelin (2 mg/kg) induced an acute increase
in food intake after 1 h in both Gay;-deficient mice and control
mice. However, the ghrelin-induced food intake was significantly
reduced in Gog1-KO mice compared with the control mice. After
2 h, no significant ghrelin-promoted food intake could be detected
in the Ga1-deficient mice, in contrast to the sustained response
observed in the control littermates. ICV administration of the
biased agonist YIL781 also increased the food intake in the con-
trol mice. However, this response was blunted in the Goy;-deficient
mice (Fig. 6), suggesting that Ga; signaling in the AgRP neurons is
indeed important for appetite regulation. In a similar way, we
generated a mouse strain in which Gay, was globally deleted
and Gay3 was removed selectively in AgRP neurons to test the
role of the Ga,/13 pathway for ghrelin-induced food intake. We
observed no difference in the ghrelin-induced food intake of
Gay2/13-KO mice and control mice (ST Appendix, Fig. S4). These
data indicate that the sustained ghrelin-induced effect on food
intake requires the Gayy; pathway and that Gayp/13 signaling is
not involved.

Discussion

In this study, we used pharmacological compounds for the GhrR
as tools to dissect the physiological importance of different Gu
subunits and p-arrestin signaling on food intake and gastric
emptying. A biased ligand, YIL781, which selectively activates
Goagn1 and Gay, but has no intrinsic activity for p-arrestin re-
cruitment, was found to increase food intake and decrease gas-
tric emptying. In contrast, Abb13d, which is an inverse agonist
for Gag11, decreased both food intake and gastric emptying. This
suggests that GhrR-mediated Gag/; activation promotes ho-
meostatic food intake, while other pathways are responsible for
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Fig. 6. Food intake in Gag/11-KO mice. (A) Schematic illustrating the mouse
model lacking Ga; globally and Gag specifically in AGRP neurons (Gag/q1-KO)
and the global Gay1-KO mouse used as control. (B) Food intake under basal
conditions, averaged over 5 d in Gag1-KO mice (n = 8) and controls (n = 8).
(C and D) Food intake 1 h (C) and 2 h (D) after s.c. ghrelin administration
(2 mg/kg) in Gag11-KO mice (n = 12) and controls (n = 18) just before the
dark phase. (E) Food intake 4 h after ICV administration of YIL781 during the
light phase in Gag11-KO mice (n = 6) and controls (n = 7). *P < 0.05, **P <
0.01, ****P < 0.0001 based on two-way ANOVA followed by Tukey’s post
hoc test. Data represent mean + SEM.

GhrR-promoted gastric emptying. The role of Gag;q in GhrR-
mediated appetite regulation was confirmed by the reduced
YIL781- and ghrelin-induced food intake we observed in mice
lacking both Gay and Gay; in AgRP neurons in the hypothala-
mus, the main neuronal population targeted by ghrelin.
Previous studies reported the ability of the GhrR to engage
various signaling pathways (2, 39). Using a combination of second-
messenger measurements and various BRET-based sensors, we
confirmed that ghrelin activation of its receptor leads to the acti-
vation of Gag11, Gotyy, and Gauyo/13 family members. Of note, GhrR
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was found to activate both Goy; and Gays in response to ghrelin.
This contrasts with a previous study indicating that only Gay3, but
not Gay,, was activated by the GhrR (39). The difference between
the two studies may result from different sensitivities of the bio-
sensors used. The Ga/py separation-based sensor utilized in the
study by M’Kadmii et al. used Gy2-GFP10 as the energy acceptor,
whereas Gy1-GFP10 was used for the Ga/py separation-based
sensor used in the present study. The activation of both Ga;, and
Gayz was also confirmed in the present study using the GRK2-
based sensor, supporting the notion that these two G proteins can
be activated by the GhrR. The GRK2-based BRET biosensors also
allowed us to study a broad array of signaling pathways that can be
employed by GhrR, allowing us to demonstrate that the entire Gotg11
family (Gag, Gay1, Gayy, and Gays) can be activated by ghrelin
with similar efficacy and potency. We also show that the GhrR
can activate Ga,, the atypical PTX-insensitive member of the
Goyo family.

Our study also shows that compounds developed as antago-
nists for the GhrR can have distinct intrinsic efficacy profiles.
Whereas Abb13d and Abbl4c are inverse agonists for the Gog1;
pathway, compounds such as Glaxo755053, JMV3002, and
YIL781 are partial agonists for this pathway. For the other
pathways engaged by ghrelin, the compounds chosen as repre-
sentative of these two profiles—Abb13d and YIL781—were both
neutral antagonists or tended to have very weak inverse efficacy,
except in the case of Goy, for which YIL781 showed partial
agonism. However, this partial agonism was detected only by the
most sensitive GRK2-based biosensor. The biased partial ago-
nism toward Gog/; observed for YIL781 is similar to what has
previously been described in the characterization of a series of
peptide-based GhrR ligands. For these peptides it was shown
that partial agonists for Go;1 coupling were neutral antagonists
in a p-arrestin 2 recruitment assay (39).

An exciting prospect is the possibility of using biased ligands to
develop improved drugs that can target specific functions
through selective effects on only a restricted subset of the pos-
sible signaling pathways for a given receptor. Mutations in the
intracellular loops of GhrR have previously been described to
stabilize the receptor in conformational states that selectively
activate either Gog,;; or f-arrestin and Gay, (40), indicating that
such biased conformations can be achieved. Due to the biased
properties of YIL781, which is a partial agonist for Gag, Gay,
and Gay, but a neutral antagonist or weak inverse agonist in the
engagement of other signaling pathways, i.e., Gati(1,2,3), Go(oA0B)
Ga,, Gays, Goyg, Gays, and B-arrestins 1/2, this compound rep-
resents a useful tool for uncovering the physiological importance
of the different signaling pathways.

The inverse agonist Abb13d decreased both food intake and
gastric emptying, whereas the biased agonist YIL781 differenti-
ated between these two physiological functions. It inhibited
gastric emptying while having no effect on hypothalamic-mediated
food intake in the dark phase, when ghrelin concentration is high,
and increasing food consumption in the light phase, when plasma
ghrelin levels are low (41) and the basal appetite is accordingly
weak. Given the signaling properties of the two ligands, these data
clearly indicate a role for Gag; and possibly Ga;; activation in the
centrally mediated stimulatory effect of ghrelin on appetite and food
intake. The observation that the partial agonism of YIL781 can
result in an increase in food intake may help explain previous un-
expected findings that presumed GhrR antagonists increased food
intake and body weight (42, 43). It is possible that these “antago-
nists” may also act as biased agonists with partial agonistic function
on Gag1; or Gay, coupling. Testing this hypothesis will require the
full signaling characterization of these peptide ligands.

To substantiate the significance of Go; for ghrelin-mediated
increase in food intake, we selectively deleted Gog1q in AgRP
neurons in the arcuate nucleus. In this mouse model, ghrelin
increased food intake only temporarily in the first hour after s.c.
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ghrelin administration, suggesting other signaling pathways
contribute slightly to the ghrelin-induced effect on food intake.
This may be because Gagy; is removed only in AgRP neurons,
and the GhrR is also expressed in other cell types. In addition, it
is possible that Goy4 or Gays, which are expressed at low levels
under normal conditions, are up-regulated in this knockout
model. The fact that YIL781, which is a partial agonist for both
Goy, and Goyg i, increased food intake suggests Goy, as an al-
ternative mediator of appetite regulation. However, food intake
in mice lacking Gay,/13 in AgRP neurons was not affected. The
approach of selectively knocking out specific G proteins in a
hypothalamic neuron population has previously been applied by
Lee Weinstein and coworkers to dissect the signaling outcomes
of the MC4 receptor regarding appetite regulation versus blood
pressure regulation (38). That study showed that Go, coupling is
required for the modulation of food intake, whereas the un-
wanted effect on blood pressure is dependent on Gog coupling.
Hence, this study precipitated further effort to develop a Gog11-
biased ligand. Our knockout of Gag; in AgRP neurons may
precipitate the development of inverse agonists for GhrR tar-
geting the Gag/1; pathway. The lack of a metabolic phenotype in
mice lacking Gag/11 in AgRP neurons may not be surprising and
most likely results from compensatory mechanisms during em-
bryonic development. It is commonly observed that knockout
models do not reveal a phenotype under basal conditions;
however, it is possible that metabolic challenges, such as expo-
sure to a high-fat diet, could uncover a phenotype as observed
for the global GhrR knockout (44). In other cases, such as the
GLP-1 receptor, which is a validated antiobesity target, a high-fat
diet does not reveal any phenotype (45).

When considering gastric emptying, one cannot fully exclude
the possibility that the inhibition of gastric emptying results from
the complete or partial inhibition of Ga/;; promoted by Abb13d
and YIL781, respectively, keeping in mind that a partial agonist
is also a partial antagonist. However, it would be somewhat
surprising if the inverse agonist and the partial agonist had the
same effect on gastric emptying, especially given that gastric
emptying is under tonic control of the GhrR, as illustrated by the
significantly slower gastric emptying observed in the GhrR-KO
mice. Therefore it is more likely that the inhibition of gastric
emptying by both Abb13d and YIL781 results from the blockade
of one or some of the other pathways engaged by GhrR, pre-
sumably through neutral antagonism or inverse agonism at the
p-arrestin, Gay,, or Goyz pathways. To address this issue, it
would be interesting in a future study to test how the compounds
work in a p-arrestin—-KO model. In particular, the effect of the
biased compound and ghrelin in mice with p-arrestin deficiency
selectively in the enteric neurons would be highly interesting.

Differentiating Abb13d and YIL781 by their action on food
intake and gastric emptying, given their different signaling pro-
files, may have important implications for the development of
drugs targeting GhrR-mediated food intake. Indeed, nausea, a
side effect often plaguing antiobesity drug development, may be
related to a reduction of gastric emptying. For example, the
therapeutic effect of the successful antiobesity drug liraglutide, a
GLP1 receptor antagonist, is based on its hypothalamically me-
diated anorexigenic effect. However, nausea is a common adverse
effect in many patients, sometimes leading to discontinuation of the
treatment (33, 34). It has been suggested that decreased gastric
emptying through an effect on the area postrema of the brain and
the enteric nervous system is the cause of such nausea (38). Since
ghrelin increases gastric emptying and the activity of the enteric
nervous system, GhrR antagonists could lead to similar nausea
caused by decreased gastric emptying.

Based on our data, we suggest that a compound with inverse
agonistic activity on Gag1; but partial agonism on some or all of
the other GhrR-engaged pathways is a favorable choice to pro-
mote appetite reduction without affecting gastric emptying.
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Materials and Methods

Cell Culture and Transfection. HEK293 cells were cultured at 10% CO,, 90%
humidity, and 37 °C in DMEM with GlutaMAX (Gibco) supplemented with
10% FBS, 100 U/mL penicillin, and 0.1 mg/mL streptomycin.

For binding, IP, and Ca®* assays, HEK293 cells were seeded in poly-p-ly-
sine-coated 96-well plates (PerkinElmer) the day before transfection, at
a density of 30,000 cells per well. Transient transfections were performed
using Lipofectamine 2000 (Thermo Fisher) according to the manufacturer’s
instructions. Cells were transfected with 20 ng DNA (pCMV-hGhrR or empty
pCMV) and 0.6 pL Lipofectamine 2000 per well for 5 h. Binding, IP, and Ca%*
assays were performed 48 h after the transfection was started.

For BRET assays, HEK293 cells were seeded in white poly-p-lysine—coated
96-well plates (PerkinElmer) the day before transfection, at a density of
30,000 cells per well. Transient transfections were performed using linear
polyethylenimine (PEI) (Polysciences, Inc.), at a PEI:DNA ratio of 3:1, as a
transfection reagent. After overnight incubation in the transfection mix,
fresh medium was added. BRET assays were performed 48 h after the
transfection was started.

Binding. Competition binding experiments were performed for 3 h at 4 °C
using 25 pM 3H-labeled MK-677. Binding assays were performed in 100 pL of
50 mM Hepes buffer, pH 7.4, supplemented with 1 mM CaCl,, 5 mM MgCl,,
0.1% (wt/vol) BSA, and 40 pg/mL bacitracin. Nonspecific binding was de-
termined as the binding in the presence of 1 pM unlabeled ghrelin. Cells
were washed twice in ice-cold buffer. Fifty microliters of lysis buffer/scintil-
lation fluid (30% ethoxylated alkylphenol and 70% diisopropylnaphthalene
isomers) was added, and the bound radioactivity was counted. Determina-
tions were made in triplicate.

Ca%* Mobilization. Two days after transfection, HEK293 cells were incubated
in loading buffer (HBSS supplemented with 20 mM Hepes, 1 mM CaCl,, 1 mM
MgCl,, 0.7 mg/mL probenicid, 0.2% Fluo-4) (50 pL per well) containing the
Ca®*-sensitive fluorophore (Fluo-4 AM, Life Technologies). The cells were
incubated for 1 h at 37 °C and then were washed twice in wash buffer (HBSS
containing 20 mM Hepes, 1 mM CaCl,, 1 mM MgCl,, 0.7 mg/mL probenicid).
Cells were incubated in 100 pL of wash buffer in a FlexStation 3 microplate
reader (Molecular Devices) for 5 min. Measurements were performed at
37 °C. A 485-nM excitation filter and 520-nM emission filter were used. Li-
gands (15 pL) were added at an injection speed of 2 ul/s. To test for an-
tagonism, compounds were added 30 min before ghrelin was injected.

IP-Accumulation Assay. One day after the transfection, HEK293 cells were
incubated in cell-culture medium containing 5 pCi/mL myo-[2-3H]inositol.
Following 24-h incubation, the cells were washed in HBSS (Gibco) and were
incubated in HBSS containing 10 mM LiCl (100 pL per well) for 30 min at
37 °C. The ligands were added, and the cells were incubated for 45 min at
37 °C. To test for antagonism, the cells were preincubated with the com-
pounds for 30 min; then ghrelin was added, and the cells were incubated for
45 min at 37 °C. The cells were then lysed in 10 mM formic acid for >40 min.
Twenty microliters of the lysate was transferred to a white 96-well plate
containing 80 pL of yttrium silicate Scintillation Proximity Assay (YSi-SPA)
beads (PerkinElmer). Lyophilized YSi-SPA beads were reconstituted in H,O
(1 g in 10 mL) and then were diluted 1:8 before use. Plates were sealed,
shaken at maximum speed for 10 min, and centrifuged at 400 x g for 5 min.
After an 8-h delay, y-radiation was measured in a Packard Top Count NXT
scintillation plate reader. Determinations were made in duplicate or triplicate.

BRET Assay. BRET assays were performed as described previously (28, 46, 47).
Proteins were fused to Rlucll as the energy donor and modified GFPs
(GFP10 or rGFP) as the energy acceptor.

To measure the interaction between Gy5 and GRK2 (using a GRK2-based
BRET biosensor detecting G-protein activation), HEK293 cells were cotrans-
fected with human GhrR, GRK2-GFP10, Rlucll-Gys, or GB; in the absence
(control) or presence of the tested Ga subunit (48, 49). As an alternative to
the GRK2-based BRET biosensor, activation of G proteins was confirmed by
monitoring the separation between Ga and Gy; in HEK293 cells. GB1 was
cotransfected with human GhrR, Ga subunits tagged with Rlucll, and
Gy1 tagged with GFP10 at the N terminus (28). To measure the recruitment
of B-arrestins by GhrR, we assessed its translocation to the plasma membrane
using an enhanced bystander BRET-based biosensor (50) that monitors BRET
between Rlucll attached to p-arrestin-1 or f-arrestin-2 and rGFP anchored to
the plasma membrane. For this purpose, HEK293 cells were cotransfected
with human GhrR, p-arrestin1/2-Rlucll and rGFP-CAAX (CAAX being the
membrane-anchoring protein motif of KRas) (50).
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Forty-eight hours after transfection, cells were washed in HBSS and in-
cubated in 90 pL of Tyrode’s buffer for 2 h at 37 °C. Then, cells were in-
cubated with 10 pL of ligand for 10 min. The luciferase substrate
coelenterazine 400a at a concentration of 2.5 pM was added 5 min before
BRET reading. BRET was measured using a Synergy Neo microplate reader
(BioTek) equipped with an acceptor filter (515 + 30 nm) and donor filter
(410 + 80 nm). The BRET signal was determined as the ratio of light emitted
by the acceptor (GFP10 or rGFP) to that emitted by the donor (Rlucll). The
agonist-promoted BRET signal (ABRET) is the difference in BRET recorded
from cells treated with agonist and cells treated with vehicle. For the GRK2-
based biosensor, the results are expressed as a BRET ratio, i.e., the ratio of
BRET obtained with ligand treatment to BRET obtained with vehicle treat-
ment. The results are then presented as the BRET ratio obtained from cells
transfected with the tested Ga subunit to the BRET ratio obtained from the
control transfection (without cotransfection of a Ga subunit), to correct for
the activation induced by endogenous Ga subunits.

Genetic Mouse Models. To study the role of ghrelin-mediated Gag/11-signaling
in AgRP neurons, we generated mice lacking both Ga globally and Gag in
AgRP neurons (Gnaq™; Gna11~'~; AgRP-cre*’~ mice, herein referred to as
“Gag11-KO” mice). Gnag™; Gna117~ mice are similar to wild-type litter-
mates and have a normal metabolic phenotype (37, 38) and were thus used
as controls (S/ Appendix, Fig. S3). In parallel, we generated mice lacking both
Gay globally and Goys in AgRP neurons (Gna13™; Gna12~~; AgRP-cre*’~
mice, herein referred to as "Gay,/13-KO” mice) to investigate if GhrR—-Gay2/13
coupling contributed to the orexigenic effect of ghrelin.

Animals were maintained on a 12-h light/dark cycle and had ad libitum access
to water and a chow diet (Altromin no. 1314; Brogaarden) unless otherwise
stated. The studies in mice and rats were approved by the Danish Animals
Inspectorate and were performed according to institutional guidelines.

The experiments were done in a 16-chamber indirect calorimetry system
(PhenoMaster; TSE Systems). Before any experiment, the animals were
allowed at least 5 d for adaptation to the new cages and single housing. Three
conditions were measured: baseline measurements, response to fasting, and
response to a single s.c. ghrelin administration. For the fasting study, the mice
were fasted for 24 h, starting in the beginning of the dark phase. The mice
had free access to water. The s.c. ghrelin administrations (2 mg/kg; Poly-
peptide) were likewise done immediately before the dark phase.

Before the beginning of the study, fat and lean mass of unanesthetized
mice was assessed by quantitative MRI using EchoMRI (Echo Medical Systems).

ICV Administrations of Abb13D and YIL781. Male Sprague-Dawley rats
(Taconic) were anesthetized with 0.27 mL/kg Hypnorm/midazolam (fentanyl
citrate, 0.07875 mg/mL; fluanisone, 2.5 mg/mL; and midazolam, 1.25 mg/mL).
After 30 min, 5 mg/kg Rimadyl (Pfizer) was given s.c., and the rat was fixed in
a stereotaxic instrument. The skull was exposed with a sagittal incision on
the midline of the scalp, a hole was drilled, and a stainless steel guide can-
nula was positioned 1.0 mm posterior to bregma and 1.5 mm lateral to the
midline. To secure the cannula, two 1.0-mm stainless steel anchor screws
(AgnThos) were attached to the skull, and dental cement (Poly-F Plus;
Dentsply) was applied. Postoperatively the rats received 5 mg/kg Rimadyl once
a day for 3 d. The rats were allowed at least 1 wk for recovery after the sur-
gery. To test the placement of the cannula, the drinking response to human
Angiotensin Il (Sigma-Aldrich) was monitored; only rats that drank more than
6 mL within the first half hour were included in the study. Compounds were
administered during the light phase or immediately before the dark phase.
Immediately after the injection, the rat was returned to its home cage, and
food intake was recorded using MANI FeedWin cases (Ellegaard Systems).

Gastric Emptying. Rates of gastric emptying were determined using plasma
concentrations of acetaminophen after oral administration. Mice were fasted
overnight and given 100 mg/kg acetaminophen in sterile water. Blood
samples were drawn in heparinized blood-collection tubes just before and
15 and 60 min or 20 and 40 min after acetaminophen administration. Ligands
were administered orally 1 h before oral administration of acetaminophen,
which was afterward quantified in plasma as a measurement of gastric
emptying. Plasma acetaminophen concentrations were measured using an
acetaminophen assay kit (Abbott).

Calculations and Data Analysis. Data were plotted and tested for statistical sig-
nificance using GraphPad Prism version 7.02 for Windows (GraphPad Software).
ECsp values of dose-response curves were determined by nonlinear regression.
The statistical significance for comparisons of food intake in the Gg/41-KO
and control mice was determined by a two-way ANOVA with Tukey’s
multiple-comparisons test. For the continued analysis of food intake over
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time, a two-way repeated-measures ANOVA and Sidak’s multiple compari-
sons test were used. Comparison of food intake in rats was determined by
Student’s t tests.

Statistical significance for comparisons of gastric emptying in wild-type
and GhrR-KO mice was determined by a one-way ANOVA with Dunnett’s
multiple-comparisons test for both sets of data. Statistical significance is
denoted as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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