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Abstract

Introduction: The peptide hormone ghrelin regulates physiological processes associated with
energy homeostasis such as appetite, insulin signaling, glucose metabolism, and adiposity. Ghrelin
has also been implicated in a growing number of neurological pathways involved in stress
response and addiction behavior. For ghrelin to bind the growth hormone secretagogue receptor 1a
(GHS-R1a) and activate signaling, the hormone must first be octanoylated on a specific serine side
chain. This key transformation is performed by the enzyme ghrelin O-acyltransferase (GOAT), and
therefore GOAT inhibitors may be useful in treating disorders related to ghrelin signaling such as
diabetes, obesity, and related metabolic syndromes.

Areas covered: This report covers ghrelin and GOAT as potential therapeutic targets and
summarizes work on GOAT inhibitors through the end of 2019, highlighting recent successes with
both peptidomimetics and small molecule GOAT inhibitors as potent modulators of GOAT-
catalyzed ghrelin octanoylation.

Expert opinion: A growing body of biochemical and structural knowledge regarding the

ghrelin / GOAT system now enables multiple avenues for identifying and optimizing GOAT
inhibitors. We are at the beginning of a new era with increased opportunities for leveraging ghrelin
and GOAT in the understanding and treatment of multiple health conditions including diabetes,
obesity, and addiction.
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Introduction

Ghrelin is a 28-amino acid peptide hormone that is notable as the only known hunger-
stimulating hormone in humans. Originally discovered in 1999 during the search for the
endogenous ligand of the growth hormone secretagogue receptor (GHS-R1a), ghrelin
stimulates the release of growth hormone (GH) upon receptor activation [1]. When
compared to ghrelin isolated from rat stomach extracts by reverse-phase HPLC, a synthetic
ghrelin peptide exhibited a shift in retention time indicating the presence of a hydrophobic
modification on the naturally occurring hormone [1]. This modification was identified as
octanoylation of the hydroxyl sidechain of serine-3, with this acylation found to be essential
for ghrelin to activate GH secretion [1]. While originally identified in the stomach, ghrelin
expression has also been reported in a wide range of other tissues, consistent with the variety
of physiological effects attributed to ghrelin signaling [1, 2, 3, 4].

Ghrelin signaling impacts growth hormone release, appetite stimulation, and energy balance
[1,5,6,7,8,9, 10, 11, 12]. Activation of GHS-R1a stimulates the release of orexigenic
peptides neuropeptide Y (NPY) and Agouti-related peptide (AgRP), leading to increased
food intake [13, 14, 15, 16, 17, 18]. Mice lacking critical enzymes in the maturation pathway
of ghrelin exhibit reduced GH release, causing fatal hypoglycemia when exposed to
starvation conditions [19, 20]. Adiposity gains in NPY and GH deficient rodents have
revealed a role for ghrelin signaling in energy balance outside release of NPY and GH. [6,
21]. Ghrelin has also been proposed to have roles in neurological functions including
memory, addiction, and depression [22, 23, 24, 25, 26, 27]. Further correlations have been
made between ghrelin and stress, as blocking ghrelin receptor activation has shown
mediation of fear response in mice subjected to stress conditions [28, 29, 30]. The variety of
physiological process impacted by ghrelin provide an opportunity to control multiple
pathways by altering ghrelin signaling.

As the therapeutic potential of ghrelin and GHS-R1a signaling has been appreciated, the
development of GHS-R1a antagonists and inverse agonists has received increasing attention.
While a full discussion of this exciting research area is beyond the scope of this review on
inhibitors targeting ghrelin acylation, we direct the reader to several recent reviews detailing
studies of molecules developed to directly modulate GHS-R1a signaling activity [31, 32, 33,
34, 35, 36, 37].

The search for the enzyme responsible for the lipidation of ghrelin led to the discovery of
ghrelin C-acyltransferase (GOAT) in 2008 by two independent labs [38, 39]. A member of
the membrane-bound O-acyltransferase (MBOAT) family of integral membrane proteins,
GOAT acylates ghrelin with an octanoyl moiety that is unique among known proteins
(Figure 1) [40, 41]. GOAT is most highly expressed in the stomach, but is also produced in
the pancreas, with significant but lesser expression throughout the gastrointestinal tract [38,
39]. Expression of GOAT is also seen in the hypothalamus and pituitary, locations where
ghrelin is also found [42].

Ghrelin undergoes multiple processing steps before secretion as a mature peptide hormone.
Initially translated as the 117 amino acid preproghrelin, the peptide is cleaved by signal

Expert Opin Ther Pat. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Moose et al.

Page 3

peptidase to the prohormone proghrelin [43]. Proghrelin is then octanoylated by GOAT [38,
39], and acylated ghrelin is secreted after cleavage of the C-terminal portion of proghrelin to
yield the mature 28 amino acid hormone [43]. Acyl ghrelin (AG) is cleaved by serum
esterases to unacylated ghrelin (UAG), removing the ester-linked octanoyl chain and the
ability to activate the GHS-R1a receptor [44, 45, 46, 47, 48]. While UAG does not activate
GHS-R1a, there is evidence to suggest that it is still biologically active, playing a role in
insulin secretion [22, 49, 50].

Due to their nature as integral membrane proteins, GOAT and other members of the MBOAT
enzyme family have proven recalcitrant to structural studies. The membrane topologies of
GOAT, Hhat, and several lipid- and small-molecule acylating MBOAT enzymes have been
determined using selective permeabilization experiments [51, 52, 53, 54, 55, 56]. These
studies indicate MBOAT family enzymes are topologically complex proteins with multiple
transmembrane helices such as the eleven transmembrane domains in GOAT [51]. More
recently, a computational structure of human GOAT and a crystal structure of the bacterial
MBOAT alanyltransferase DItB have provided exciting insights into the catalytic strategies
employed by these enzymes to effect transmembrane protein and lipid acylation [57, 58],
and a cryo-EM structure of human sterol O-acyltransferase 1 (SOAT1) has provided insight
into the mechanism and inhibition of this enzyme which is involved in cholesterol storage
[59]. Access to these MBOAT structures opens a new avenue for structure-guided inhibitor
design targeting GOAT.

2. Therapeutic targets for ghrelin

2.1 Obesity and eating disorders

Associated with its role as the “hunger hormone”, ghrelin signaling was linked to appetite
control and stimulation shortly following its discovery [1, 6, 7, 40]. Ghrelin binding to GHS-
R1a in the arcuate nucleus of the hypothalamus stimulates NPY and AgRP containing
neurons, increasing food consumption and decreasing energy spending [13]. Increasing food
consumption leading to increased weight gain is one possible effect of ghrelin signaling, but
ghrelin can also modulate weight gain through the upregulation of adipogenesis
independently from food intake [60, 61]. Despite the ability of ghrelin to influence weight
gain, obese patients exhibit lower plasma ghrelin levels than controls [62, 63]. Interestingly,
ghrelin levels do not fall after a meal in obese humans when compared to lean controls,
indicating abnormal ghrelin signaling may be part of the pathophysiology of obesity [64].
Mice subjected to diet-induced obesity do not respond to exogenous ghrelin, failing to
stimulate food intake, GH release, or NPY/AgRP signaling. Peptide-based inhibitors
targeting the biosynthesis of acyl ghrelin have shown some promise in abating weight gain
in mice, validating the potential therapeutic value of targeting ghrelin signaling in treating
obesity [65]. However, a similar molecule that mimics UAG also impacts weight gain and
rebound feeding following fasting in mice without directly impacting GOAT acylation
activity [66]. This suggests additional complexity in the role and impact of ghrelin on these
aspects of metabolic control that remains to be fully defined.

Perturbations in ghrelin signaling have also been investigated in eating disorders including
anorexia nervosa and bulimia. Adolescents with anorexia nervosa have been shown to
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exhibit higher levels of ghrelin than controls, with a return to normal serum ghrelin
concentrations after weight recovery [67, 68]. Higher ghrelin concentrations have been
generally observed in patients with anorexia, while ghrelin measurements in bulimic patients
have shown more variability between studies [69, 70, 71]. In these disorders, the impact of
ghrelin upon behavior has been proposed to occur through the reward centers within the
brain leading to reinforcement of restrictive behaviors regarding food intake and purging
[72, 73, 74]. Somewhat counterintuitively, treatment with exogenous ghrelin or GHS-R1a
agonists has been shown to increase hunger and food intake in patients with anorexia
nervosa and cancer-induced cachexia [33, 75, 76, 77, 78]. A parallel study of peptide-based
GHS-R1a receptor agonists and antagonists demonstrated treatment with both types of
agents stimulated appetite in a rodent model [79], underscoring the necessity to develop a
more refined molecular understanding of ghrelin signaling.

2.2 Prader-Willi Syndrome

Patients with Prader-Willi syndrome (PWS) exhibit multiple symptoms, including mild
mental retardation, growth hormone deficiency, short stature, and behavioral issues. Obesity
and excessive weight gain are common for those affected by PWS, and one unusual
symptom of this disorder is insatiable appetite (hyperphagia) leading to chronic overeating
[80, 81]. While the molecular mechanisms for many PWS symptoms are unknown, initial
studies of PWS indicated the hallmark hyperphagic behavior was likely due to lack of
satiation rather than increased hunger [81]. The discovery of ghrelin in 1999 offered a
possibility that the hyperphagia and adiposity associated with PWS might result from
dysregulated ghrelin signaling [1, 82]. Examining the levels of serum ghrelin associated with
PWS revealed elevated ghrelin levels in both adults and children [82, 83, 84]. Complicating
the connection between ghrelin and PWS symptoms, elevated ghrelin levels are detected in
children prior to the onset of hyperphagia [85, 86]. As assays for AG have improved
(primarily due to increased sensitivity and the development of methods for the stabilization
of acylated ghrelin), increased ratios of AG to UAG have been detected in patients exhibiting
hyperphagia or weight gain, while patients tested prior to the onset of these symptoms
exhibit abnormally low AG to UAG ratios [87, 88]. These studies reconcile the anorexia
shown by infants with the hyperphagia displayed by adults by demonstrating a reversal in
the AG/UAG ratio, but the mechanism for this switch has yet to be deciphered.

Previous attempts to reduce ghrelin levels with somatostatin and its long-acting analogue
octreotide have not led to reduction in the symptoms of PWS patients [89, 90]. A PWS
mouse model, Snord116delhas also exhibited lower sensitivity to GHS-R1a receptor
targeted anorexic agents [91]. The inability of these molecules to affect cessation of PWS
symptoms suggested alternative routes for targeting the ghrelin signaling pathway that do
not depend on the GHS-R1a receptor, and the need to be able to change the AG/UAG ratio.
Targeting the biosynthetic pathway of ghrelin, particularly the acylation catalyzed by GOAT,
could provide such an option. However, it is important to note it remains to be conclusively
demonstrated that elevated serum acyl ghrelin levels are a driving causal factor in PWS-
associated hyperphagia. Clinical trials of GOAT inhibitors will offer the first insights into
this important question (discussed below).
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2.3 Addiction

Stimulation of the mesolimbic dopaminergic system, located in the ventral tegmental area
(VTA) of the brain, results in dopamine release in local neurons. This release is associated
with the reward pathways triggered through pleasurable behaviors like feeding or drugs of
abuse [92, 93, 94, 95, 96]. Ghrelin injections into the VTA have been shown to release
dopamine in a manner consistent with the activation of this reward pathway [97]. This
ability for ghrelin to alter the brain response to pleasurable stimuli led to the examination of
ghrelin in the context of altered seeking behaviors, including drug addiction.

A study performed with patients in hospital treatment for alcohol addiction reported that
ghrelin levels were significantly increased in this cohort, even when corrected for BMI [98,
99]. Over the course of patient withdrawal, plasma ghrelin levels continued to increase but
could not be correlated to craving experienced by the subjects [98]. Other studies have
positively correlated ghrelin levels to alcohol cravings [100, 101, 102, 103]. Furthermore,
recent fMRI studies have indicated that increased acyl ghrelin levels are significantly
associated with alcohol cue-induced brain response, while an increase in total ghrelin level
does not induce the same response [104, 105].

Pretreatment with synthetic ghrelin lowered the apparent threshold for cocaine to induce
conditioned place preference (CPP) and locomotion in rats [106, 107, 108]. Ghrelin also has
been shown to modulate the drug-seeking behavior of rats exposed to cocaine, increasing the
response of the animals to cocaine-associated cues [109]. Locomotion and CPP have been
shown to be reduced by the introduction of a GHS-R1a antagonist, indicating that the
receptor plays a role in the exhibition of addictive behaviors [110]. Ghrelin has also been
shown to have effects on the addiction pathway of nicotine and methamphetamine, as
inhibition of GHS-R1a similarly reduces locomotion and CPP under treatment with these
substances [110, 111, 112, 113].

The ghrelin signaling pathway may also play a role in the addiction to opioids. GHS-R1a
antagonist pretreatment has been shown to reduce morphine-induced behavior in rats [114].
Measurement of endocannabinoids released under morphine challenge showed significant
alteration following the introduction of a GHS-R1a antagonist, implicating ghrelin as an
actor in opioid reinforcing mechanisms [115]. GHS-R1a antagonism has also been shown to
reduce heroin seeking behaviors, as well as reduce fentanyl-induced dopamine release in rats
[116, 117].

2.4 Type Il diabetes

Type Il Diabetes Mellitus (T2DM) is a disease closely linked with obesity characterized by
dysregulation of the insulin signaling system. These problems may not be diagnosed until
clinical hyperglycemia occurs due to the inability of islet p-cells to secrete enough insulin to
counteract resistance [118, 119, 120]. Ghrelin has been linked to glucose regulation and
energy balance through effects on insulin signaling [121, 122, 123, 124]. The treatment of
human subjects with acyl ghrelin injection has been found to increase blood glucose levels
and decrease insulin levels, consistent with rodent studies [9, 10, 125, 126]. Acylated ghrelin
has been detected in the pancreatic islets, reducing Ca2* signaling resulting in the inhibition
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of glucose-dependent insulin secretion [127]. Exogenous acyl ghrelin reduces the insulin
response to glucose and indicates that endogenous ghrelin may play a role in physiologic
insulin secretion. A combination of AG and UAG strongly improves insulin sensitivity in
humans [49]. UAG correlates with lower insulin resistance in humans and lowering the ratio
of AG to UAG may be important in increasing insulin action, possibly by increasing survival
of islet B-cells [128, 129]. Injections of UAG and UAG analogues suppress the development
of insulin intolerance in murine models of diabetes [130]. Ghrelin antagonists may be able to
improve B-cell function by altering this ratio, providing a potential route towards treatment
of T2DM [131]. GOAT provides a potentially useful target in the efforts to modulate the
AG/UAG ratio, which could lead to a new treatment for diabetes.

3. Ghrelin O-acyltransferase inhibitors

As only acylated ghrelin binds to the growth hormone secretagogue receptor (GHS-R1a) and
activates signaling, inhibition of the acylation step catalyzed by GOAT may provide a means
to control ghrelin associated processes utilizing a small molecule GOAT inhibitor. While
acylation is a common post-translational modification [132], the ghrelin peptide is modified
on a serine side chain hydroxyl group with an unusual linear octanoic acid group [1]. The
serine octanoylation present in ghrelin is the only known example of this post-translational
modification, and ghrelin is the only known or predicted substrate for GOAT within the
human proteome [38, 41]. The unique nature of the ghrelin-GOAT system suggests that
inhibition of GOAT may provide a useful opportunity to develop a treatment for conditions
impacted by ghrelin signaling such as diabetes and obesity with a reduced likelihood of side
effects.

3.1 Peptide and peptidomimetic GOAT inhibitors

Given that the substrate for GOAT is a peptide, it is perhaps unsurprising that many of the
initial GOAT inhibitors have been peptide based. The first study reporting GOAT inhibitors
focused on interactions between GOAT and the product of GOAT-catalyzed acylation,
octanoyl ghrelin (1), which was shown to inhibit GOAT with an 1Csq of 7 uM [133].
Replacement of the serine ester linkage with a more hydrolytically stable amide bond
provided peptide 2, which was an even more potent GOAT inhibitor with an 1Cgy of 0.2 uM.
Further studies demonstrated a strong preference for the octanoyl sidechain, with chains of
other lengths being significantly less potent [41]. Evaluation of shorter peptides showed the
first five amino acids are the minimal sequence necessary for binding to GOAT, with
[Dap3]octanoyl-ghrelin (1-5)-NH, 3 having an ICsg of 1 uM in a radioactivity filter-binding
based assay. Subsequent studies of amide-linked octanoylated ghrelin mimics such as
compounds 2 and 3 utilizing more advanced methods developed by other groups have
demonstrated that this initial activity was underestimated, with 1Csq values of 10 - 20 nM
being a more accurate measure [41, 134, 135, 136].

In another study, the octanoylated amide in inhibitors like 3 was replaced with a triazole
linkage [137, 138]. Triazoles are often utilized as ester and amide isosteres, and therefore it
was anticipated that an appropriately functionalized triazole linked to a [Dap3]-ghrelin (1-5)-
NH, scaffold would be an effective GOAT inhibitor. Synthesis of a series of these
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compounds from the requisite azidoalanine containing peptide led to a new class of triazole
based GOAT inhibitors like alkyltriazole 4 (Figure 2). These triazole based product mimetics
show that the alkyl chain of the octanoate tolerates a number of hydrophobic groups,
including the phenyl ring in GOAT inhibitor 4. The further modification of this hydrophobic
sidechain may be a viable approach to increasing the potency of this class of GOAT
inhibitors. Additionally, modification of the sidechain may provide GOAT inhibitors with
increased stability /77 vivoand improved pharmacodynamic properties.

In their efforts to create a GOAT inhibitor, Cole and co-workers utilized a bisubstrate
approach that has proven useful in developing inhibitors against other types of enzymes [65,
139, 140]. This resulted in the GO-CoA-Tat bisubstrate inhibitor 5 (Figure 2), which utilizes
nonhydrolyzable linkages to connect the ghrelin peptide, octanoyl-CoA, and a Tat-derived
peptide sequence which provides membrane permeability and cell penetration. GO-CoA-Tat
inhibited GOAT with an ICgq of 5 pM in both HEK and HeLa cells that were stably
transfected with the enzyme. GO-CoA-Tat was then tested in mice where it was shown to
reduce acylated ghrelin levels in serum without changing the total amount of the ghrelin
peptide in the blood. Further evaluation in mice on a medium-chain triglyceride (MCT)-rich
high fat diet showed that GOAT inhibitor 5 prevented weight gain and improved glucose
tolerance [65]. Providing further evidence these results reflect effects on ghrelin signaling,
no similar beneficial metabolic effects were observed in mice where ghrelin levels had been
lowered by genetic knockdown. Treatment of Siberian hamsters with GO-CoA-Tat (inhibitor
5) every 6 hours (the duration of effectiveness for the inhibitor) during food deprivation led
to reduced food intake and an attenuation of food hoarding behavior during refeeding, which
supports a role for ghrelin in food consumption and addictive behavior [141]. These studies
provide the strongest evidence validating the pursuit of potent and bioavailable GOAT
inhibitors for use as therapeutics. The success of these studies has spurred other groups to
explore peptides as therapeutics targeting GOAT, but as these agents must be administered
by injection there has been scant interest in peptides in the pharmaceutical industry [142].

Some smaller peptide based GOAT inhibitors were disclosed by Garner and Janda in 2011
[143]. They utilized a catalytic enzyme-linked click-chemistry assay (cat-ELCCA) to screen
a library of small molecules for inhibition of GOAT [144], which resulted in the
identification of the non-natural peptides 6 and 7 (Figure 2) as GOAT inhibitors with 1Csq
values of 7.5 and 13.1 pM, respectively. The alkyl chains which decorate the amides of these
structures may be acting as surrogates for the octanoyl sidechain of ghrelin. These molecules
provide easily accessible structures that can be used as tools to probe ghrelin acylation by
GOAT, but no information is available on the behavior of these compounds in cell-based
systems or in animals.

An alternative peptidomimetic approach to develop GOAT inhibitors was undertaken by
Harran and co-workers [145, 146, 147, 148]. This work was performed in collaboration with
the Brown and Goldstein groups at the University of Texas Southwest Medical Center.
Harran hypothesized that a GHS-R1a receptor agonist could be modified into a potent
GOAT inhibitor. The hybrid structure 8 bearing the ghrelin headgroup at the A-terminus
combined with a spiroindoline sulfonamide derived from the ghrelin receptor agonist
MK-0677 was initially investigated. Synthesis and testing of this molecule showed that
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spiroindoline 8 was indeed a GOAT inhibitor with an 1Csq of 10 pM, and this compound was
then used as a lead for further optimization. Initially the residues next to the terminal glycine
were modified, which resulted in the discovery that a phenylglycine at this position had
slightly better potency than the serine. Additionally, the octanamide side chain was modified
which resulted in the discovery that rigidification of the alkyl chain by incorporating an
alkyne provided the more potent GOAT inhibitor 9, with an ICgy of 0.5 uM. Concerns about
the incorporation of the alkynoate, which is an excellent Michael acceptor and could react
with glutathione and other thiols in the extracellular matrix, led to the evaluation of other
rigid structures that were not capable of acting as alkylating agents. Cyclobutane 10 was
found to be one of the better inhibitors from this study, with an ICsg of 2 uM. Further
optimization of the spiroindoline sulfonamide showed that much of this structure was
superfluous, and the molecular weight could be reduced and membrane permeability of the
inhibitor could be enhanced by replacing this structure with a zer-leucine-proline diamine
end group as in peptide 11. Studies with 11 showed the terminal glycine was being cleaved
by proteases when the compound was dosed in mice. To slow this cleavage, methylation of
the terminal amine was explored, which provided compound 13 which was just as active and
more protease resistant. In addition, the glycine amide was also converted to the thioamide,
leading to 12 and 14. These systems were more robust /7 vivo and still quite active, with
thioamide 12 being the most potent GOAT inhibitor in this series with an I1Csq of 0.8 uM.
These optimized peptidomimetics were shown to readily cross cell membranes and lowered
levels of octanoylated ghrelin in mice for up to 3 hours.

3.2 Terpenoid and steroid-based GOAT inhibitors

In addition to peptide-based structures, some terpenes have also been observed to inhibit
GOAT (Figure 3). These were discovered by screening the Diversity 1V library from the NCI
utilizing a fluorescent peptide substrate as a reporter [135, 149, 150]. This screen resulted in
the identification of a synthetic oleanate triterpenoid, 1-[2-cyano-3,12-dioxooleana-1,9(11)-
dien-28-oyl]imidazole (CDDO-Im, 15) as the first reported small molecule inhibitor of
human GOAT (hGOAT) activity, with an 1Csq of 38 pM. This compound was part of a class
of antiangiogenic and antitumor agents which primarily exert their effects through disrupting
signaling in the Nrf2 and NF-xB pathways [151, 152, 153]. Further screening of CDDO
derivatives found that the ethyl amide 16 and methyl ester 18 were even more potent hGOAT
inhibitors. Interestingly, the free carboxylic acid 19 and the 3,3,3-trifluoroethyl ester 17 were
significantly less active. Examination of 18 suggested the -cyanoenone may play key role in
the pharmacophore as this functional group is an exceptional Michael acceptor, and
functions as such to modify a cysteine residue in KEAP to inhibit Nrf2 signaling [154, 155].
In synthetic studies to define the features of the CDDO-family compounds essential for
hGOAT inhibition, the smaller steroid-based -cyanoenone 20 supported the involvement of
the Michael acceptor in blocking hGOAT activity as 20 is also a potent hGOAT inhibitor.
Inhibition became less potent as the cyano group was exchanged for a less electron-
withdrawing functional group (like the bromide 21 and the unfunctionalized enone 22),
consistent with potency scaling with the electrophilic character of the inhibitor. The
terpenoid/steroid scaffold also plays a role in hGOAT inhibition, as smaller cyclohexanone-
based structures were significantly less potent. The cyanoenone compounds 18 and 20 were
demonstrated to be reversible covalent inhibitors of hGOAT using pulse dilution
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experiments, providing a mode of action not observed with other GOAT inhibitors. These
results were originally interpreted to implicate a functionally essential cysteine within
hGOAT as their likely target, with the mouse orthologue mMGOAT exhibiting resistance to
cyanoenone 20 suggesting the inhibition mechanism may not involve catalytic residues
[149]. Recent results demonstrating that cyanoenones also undergo Michael additions with
histidine sidechains complicate this analysis [156], and studies are now in progress to
determine which amino acids are modified by the cyanoenone GOAT inhibitors. Recently
there have been reports of similar terpenoids without a Michael acceptor (like 23) lowering
ghrelin levels in modified AGS-GHRLS cells which express both GOAT and produce
octanoylated ghrelin in the presence of octanoic acid [157]. Given that a number of similar
terpenoid structures were shown to have no effect on GOAT (unless they contain an
electrophilic enone) [149], it is likely that these ghrelin lowering effects of 23 are due to
interactions with other proteins or signaling pathways that influence ghrelin production or
secretion rather than direct inhibition of GOAT.

3.3 Small molecule GOAT inhibitors from the pharmaceutical industry — screening and

optimization
Pharmaceutical companies have also been active in screening for small molecule inhibitors
of GOAT. For example, researchers at Eli Lilly reported a series of aminopyrimidines as
GOAT inhibitors (Figure 4). Initially, the furanopyrimidine 24 was found through a
screening campaign utilizing an ELISA assay to measure GOAT acylation activity. This
initial hit was not competitive with ghrelin, but instead was competitive with the octanoyl-
CoA acyl donor. This suggests that compound 24 targets the acyl donor binding site within
GOAT rather than the ghrelin binding site that presumably binds the ghrelin derived
peptidomimetics discussed above. Deletion of a methyl group led to a significant loss in
activity as shown for pyrimidine 25, while replacement of the methyl with larger ethyl or
isopropy! groups (26 and 27) yielded inactive derivatives. The initial lead 24 showed poor
plasma stability, as the furan was not inert and generated many reactive metabolites under
physiological conditions [158, 159]. Deletion of the furan and replacement of the oxygen
with a chlorine at the R2 position of 28 or with a trifluoromethyl at R and a methyl group at
R2 relieved these issues. Further optimization of the benzoic acid containing substituent led
to structures like 28, with a piperidine linker connecting the 4-aminopyrimidine and the
diamide [158, 159, 160, 161, 162]. These studies eventually culminated in the discovery of
LY 3073084 29 (also known as GLWL-01), which demonstrated excellent PK/PD properties,
good renal clearance and an ICsq of 69 nM against hGOAT [163]. This compound is
currently being evaluated clinically for a number of disorders [164, 165, 166].

Several GOAT inhibitors with significantly different structures have also been disclosed
from workers at Takeda Pharmaceutical. These GOAT inhibitors are based on an aromatic or
heteroaromatic group (Arl, 30, Figure 4) linked through a benzothiophene and benzofuran to
a carboxylic acid [134, 167]. Work towards these compounds began with a screen of
~500,000 small molecules using a homogeneous time-resolved fluorescence (HTRF) assay.
This initial screen provided 301 compounds which were then evaluated by ELISA to remove
false positives, followed by dose response assays and substrate competition assays to
determine the best inhibitors. This approach identified the 2-thiobenzoxazole 31 as a lead
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compound, which was then optimized to the benzothiophene 32 [134]. Like the inhibitors
reported by the Lilly group, both 31 and 32 were octanoyl-CoA competitive and
noncompetitive when evaluated against des-acyl ghrelin. While the oxazole 31 showed poor
oral availability in mice, benzothiophene 32 exhibited good oral bioavailability and was able
to lower acylated ghrelin levels in mice (dose of 3 mg/kg) while the total amount of ghrelin
remained unchanged. The authors noted that more 7 vivo studies were ongoing with these
molecules.

With the published successes in peptidomimetic and small molecule inhibition of GOAT,
several other groups at pharmaceutical companies have now disclosed their results in the
screening and optimization of GOAT inhibitors (Figure 5). Inhibitors similar to those
disclosed from the Takeda group were recently revealed from a group at GlaxoSmithKline
[168, 169], with the same benzothiophene acetic acid core as shown in 33. These inhibitors
are distinguished by the incorporation of a functionalized bicyclic pyridocyclopentyl ether
(as shown for 34 and 35). Interestingly, the stereochemistry of the ether was not particularly
influential in the bioactivity of these systems. This series appears to be more potent than the
Takeda compounds, with the most potent compounds providing ICgq values of <50 nM
against GOAT. Yet another series of benzothiophene based GOAT inhibitors was recently
disclosed, this time with the general structure of 36 (Figure 5) [170]. These inhibitors keep
the heterocyclic linkage to the 6-position of the benzothiophene, but substitute an ester
linkage for the ether, and also replace the acetic acid at the 3-position of the benzothiophene
with an ether linkage at the 2-position to a functionalized pyridine. The most active
compounds have fluorine and methoxy substituents on this pyridine ring, as shown for 37
and 38.

The most potent GOAT inhibitors reported were recently disclosed by workers at Boehringer
Ingelheim. They first disclosed a series of 7-amino-[1,2,4]triazolo[1,5,-a]pyrimidines with
the base structure of 39 as GOAT inhibitors [171, 172, 173]. The most active members of
this series were substituted with a methyl group at the 5-position of the pyrimidine with a
benzylic pyridyl group at the 6 position as shown for 40 and 41 (Figure 5). These inhibitors
usually had the pyridyl group decorated with a fluorinated ether or amine at the 2-position of
the pyridine. Inhibitors of this type exhibited picomolar inhibitory activity against hGOAT as
measured with an ELISA assay. Later it was reported that 7-amino-[1,2,5]oxadiazolo[3,4,-
b]pyridines based on the structure of 42 were even more potent GOAT inhibitors [174, 175].
The most active compounds in this report were structures like 43 and 44 with I1Cgq values of
0.02 nM and 0.028 nM, respectively. In the future it will be interesting to determine if these
significantly more potent GOAT inhibitors can exert their activity in animal models of
obesity and diabetes.

4. Expert opinion

In the two decades since the discovery of ghrelin, ghrelin-dependent signaling pathways
have been increasingly considered enticing targets for the development of new
pharmaceuticals for treatment of disorders ranging from diabetes to obesity to addiction.
Utilizing GOAT inhibitors to specifically target this pathway has now become a reality, with
multiple classes of potent GOAT inhibitors developed both in academia and industry. The
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next step in the deployment of these agents for therapeutic use will require judicious choices
for the conditions targeted in clinical studies, with diabetes and addiction/alcoholism
amongst the most promising areas based on currently available data. As these inhibitors
proceed towards the clinic, they can be employed in a variety of contexts to investigate the
role of ghrelin in signaling pathways and disease states. Beyond informing our growing
appreciation for the impact of ghrelin signaling across multiple physiological contexts, each
new connection found through these studies can offer a potential avenue for therapeutic
exploration. With the first GOAT inhibitors now entering human trials,[164, 165, 166] we
anticipate a growing number of these agents supporting further clinical studies in the coming
years.

The recent creation of a structural model of GOAT now offers new opportunities for
understanding how reported GOAT inhibitors function and should accelerate understanding
of how the most potent GOAT inhibitors interact with the enzyme.[58] The growing body of
biochemical and structural knowledge regarding the ghrelin / GOAT system can now enable
virtual inhibitor screening, rational design of substrate- and product mimetic inhibitors,
efficient optimization of known GOAT inhibitors, and offers options for the creation of
mechanism-based GOAT inhibitors. Further development in GOAT activity assays will be
needed to enable economical high-throughput screening to support these continuing
inhibitor development efforts, providing new options compared to the ELISA-based screens
reported for industrial programs. Working in concert, these approaches will allow
researchers to rapidly apply these molecular tools to further elucidate ghrelin-dependent
signaling pathways and explore interconnections between ghrelin and other metabolism-
regulating hormones such as insulin. These studies will advance our knowledge of how
GOAT and ghrelin perform their essential roles in controlling metabolic regulation and
neuroendocrinology. Looking past ghrelin and GOAT, the successful elucidation of the
catalytic strategies employed by GOAT and inhibitor development targeting this
acyltransferase will inform parallel studies of other MBOAT family members that are
considered validated cancer drug targets [176, 177, 178].

We currently are experiencing an exciting inflection point in the investigation of the ghrelin/
GOAT system. The challenging integral membrane nature of GOAT has impeded
investigation of this intriguing enzyme, but after many years of steady progress we now have
the foundational structural and functional insights needed to accelerate studies towards
molecular agents to modulate GOAT activity. Furthermore, the unexpected finding that
ghrelin is a unique substrate for GOAT within the human proteome (an “one enzyme — one
substrate” system) suggests the potential to develop GOAT inhibitors with minimal potential
for undesired off-target pharmacodynamic effects.[41] In the next decade, we anticipate a
subset of the growing family of GOAT inhibitors will be explored as treatments for a range
of diseases including diabetes and obesity. In most cases, this will involve GOAT inhibition
in coordination with other established treatments to increase the efficacy of existing
therapies through exploitation of ghrelin’s linkage to other signaling pathways within the
body. Once considered an “undruggable” target, we now can confidently pronounce the
beginning of a new era for leveraging GOAT inhibition towards understanding the effects of
ghrelin signaling in multiple disorders and disease states.
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Avrticle highlights

. Ghrelin is a peptide hormone implicated in food intake, metabolic regulation,
stress response, and addictive behaviors.

. To be biologically active, ghrelin must be modified with an eight-carbon acyl
group by ghrelin G-acyltransferase (GOAT).

. Development of potent peptidomimetic and small molecule GOAT inhibitors
offers the opportunity to modulate ghrelin signaling by blocking GOAT
acylation activity.

. GOAT inhibitors have recently entered preclinical and clinical studies.

. Ghrelin and GOAT provide potential unexploited therapeutic avenues for
treating diabetes, obesity, and addiction.
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The Role of GOAT in Ghrelin Signaling
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Figure 2.
Peptide and peptidomimetic based inhibitors of GOAT
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Terpenoid GOAT inhibitors and related structures
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Heterocyclic GOAT inhibitors from Eli Lilly and Takeda
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Figure 5.
Heterocyclic Small Molecule GOAT Inhibitors from Other Patents
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