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Recent progress in the discovery of ghrelin
O-acyltransferase (GOAT) inhibitors

Malliga R. lyer, (D} Casey M. Wood and George Kunos

Ghrelin is a stomach-derived peptide hormone which stimulates appetite. For ghrelin to exert its orexigenic
effect, octanoylation on the serine-3 residue of this gut-brain peptide is essential. The octanoylation of
ghrelin is mediated by a unique acyltransferase enzyme known as ghrelin O-acyltransferase (GOAT). Thus
modulating this enzyme offers viable approaches to alter feeding behaviors. Over the past decade, several
small-molecule based approaches have appeared dealing with the discovery of compounds able to
modulate this enzyme for the treatment of obesity and type 2 diabetes. Drug discovery efforts from
academic groups and several pharmaceutical companies have fielded compounds having efficacy in
altering acylated ghrelin levels in animal models but to date, compounds modulating the activity of the
GOAT enzyme do not yet represent clinical options. This mini-review covers the drug discovery
approaches of the last decade since the discovery of the GOAT enzyme.

Introduction

Diabesity is a growing public health concern worldwide."* In
the United States, the incidence of type II diabetes and
obesity have been increasing rapidly.® Therapeutic
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interventions in addition to lifestyle alterations and surgical
options are urgently needed. Ghrelin or acyl ghrelin is a
peptide hormone comprised of 28-amino acids, that is
synthesized mainly in the stomach X/A cells. Ghrelin was
discovered by Kojima and colleagues in 1999," and it is
implicated in many physiological processes related to
appetite stimulation, insulin sensitivity and energy
homeostasis through regulation of body fat.>®

Ghrelin in known to appear in two forms: the unacylated
ghrelin (UAG) which is the most common form in the
plasma, and acylated ghrelin (AG). The amino acid sequence
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of mammalian acyl ghrelin is highly conserved, differing only
at two residues between humans and rodents.” Modification
of serine-3 residue post-translationally by an eight carbon-
fatty acid octanoyl group results in acylated ghrelin
(commonly referred to as ‘ghrelin’) (Fig. 1). This
octanoylation probably renders the peptide brain-penetrant
and enables the acylated form of ghrelin to bind to the
growth hormone-secretagogue receptor 1a (GHS-R1a) in brain
to exert its physiological effects related to appetite and
growth hormone secretion. The discovery of liver-expressed
antimicrobial peptide 2 (LEAP2) as a potent, endogenous
antagonist of GHS-R1a has been reported.® The secretion of
LEAP2 mainly in the liver and small intestine, is suppressed
by fasting. LEAP2 fully inhibits GHS-R1a activation (ICs, = 6
nM) by ghrelin and blocks the major effects of ghrelin
in vivo, including food intake, GH release, and maintenance
of viable glucose levels during chronic caloric restriction.®’
The octanoylation of ghrelin is an important regulatory
process mediated by an acyltransferase enzyme known as
ghrelin O-acyltransferase (GOAT). The molecular identity of
GOAT was identified by two groups concurrently and reported
in 2008.''" GOAT is a 45 kDa transmembrane protein
belonging to  the family of  membrane-bound
O-acyltransferases (MBOAT). In the search for acyltransferase
responsible for octanoylation of ghrelin, Yang and co-workers
identified the MBOAT family of enzymes as possible
mediators. They screened sixteen MBOATs encoded by the
mouse genome for the ability to acylate ghrelin. Using rat
insulinoma (INS-1) cell line, each MBOAT was expressed
alongside ghrelin followed by the addition of octanoic acid to
the culture medium and analyzed for the presence of
octanoyl ghrelin.'® It was discovered that only treatment with
MBOAT4 produced acyl ghrelin. MBOAT4 was thus termed
ghrelin O-acyltransferase (GOAT). Octanoyl coenzyme A (CoA)
was later identified as the required acyl donor in the

George Kunos received his MD
degree from Semmelweis
University in Budapest and a
PhD in pharmacology from
McGill University in Montreal.
He stayed and rose through the
ranks at McGill, then served as
Professor and Chair of the
Department of Pharmacology
and  Toxicology at Virginia
Commonwealth University before
joining the NIH in 2000 in his
current position as Scientific
Director of the National Institute
on Alcohol Abuse and Alcoholism. His research over the last 25
years has focused on the biology of the endocannabinoid system,
with special emphasis on its role in regulating metabolism,
cardiovascular functions and addictive behavior.

George Kunos

This journal is © The Royal Society of Chemistry 2020

View Article Online
Review

OH

GS. N J;( FLSPEHQKAQQRKESKKPPAKLQPR
H
1

[e]
Inactive (des-acyl ghrelin)

Octanoyl-CoA
GOAT (

CoASH

OY\/\/\/Me

O
GS. N Jiﬂ/ FLSPEHQKAQQRKESKKPPAKLQPR
H ) 2

Active ‘ghrelin’ (octanoylated)

GOAT : Ghrelin O-AcylTransferase
CoA : coenzyme A

Fig. 1 Generation of ‘active ghrelin’.

transformation. With transfection assays, it was also found
that GOAT attached an octanoyl group specifically to serine-3
in ghrelin and the attachment required two amino acids in
the enzyme (ASP-307 and HIS-338) that are highly conserved
in MBOATs.'*'>"?

Previous studies have shown that GOAT mRNA expression
was high in the stomach and gut," and more recently its
expression was also reported in adrenal cortex, breast, right
and left colon, duodenum, jejunum, ileum, fat, fallopian
tube, gallbladder, lymph node, lymphocyte cell line, kidney,
liver, lung, muscle, myocardium, pituitary, oesophagus,
pancreas, ovary, placenta, prostate, testis, spleen and
thyroid."* GOAT expression could hence correspond to the
widespread role of ghrelin in autocrine and paracrine effects.

Identification of GOAT expression and distribution in
human tissues is important as it will facilitate the search for
GOAT inhibitors as an attractive approach to reduce the
actions of ghrelin such as modulating insulin secretion,
decreasing food intake and reducing adiposity. This may
hence become a promising therapeutic target because the
action of GOAT and thus its inhibition is very specific to
ghrelin.

Details on ghrelin physiology has been extensively
reviewed.'”” While the role of acyl ghrelin in metabolic
function is obvious, this peptide-hormone has also been
implicated in areas related to cognition, learning and
memory, as well as appetitive behavior'®'” and
gastrointestinal (GI) motility."® Ghrelin dysregulation is also
responsible for metabolic effects seen in Prader-Willi
syndrome and elevated levels of ghrelin in infancy can be
consequential for developing obesity related disorders in
adulthood.” Ghrelin's role has also been linked to
modulating alcohol and drug intake.>> Ghrelin deletion
has been reported to be protective against non-alcoholic
steatohepatitis (NASH).>* Studies on direct phenotypic effect
of GOAT modulation have also appeared recently. Genetic
deletion studies have suggested that GOAT is important for
survival in severe starvation.”® It has been found that GOAT
knockout mice fed with a sucrose supplemented high fat or
medium chain triglyceride diet were measurably more
resistant to weight gain than WT mice.>® Recent data
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suggested that plasma GOAT levels could represent a new
diagnostic biomarker for prostate cancer (PCa).**

Recently the first structural model of a eukaryotic
membrane-bound  O-acyltransferase =~ (MBOAT), ghrelin
O-acyltransferase (GOAT) was reported.'? The human GOAT
(hGOAT) structure was generated in the absence of any
experimental data and is highly consistent with a recently
reported crystal structure for the bacterial MBOAT homolog
p-alanyltransferase DItB.>” The reported model revealed the
design for transmembrane protein acylation with catalysis
occurring in an internal channel connecting the endoplasmic
reticulum (ER) lumen and cytoplasm. It was postulated that
ghrelin and octanoyl-CoA enter the GOAT internal channel
from the ER lumenal pore and cytoplasmic acyl donor
binding sites, respectively, followed by acyl transfer to the
ghrelin serine-3 side chain hydroxyl group. Octanoylated
ghrelin dissociates to the ER lumen resulting in the octanoyl
chain transiting through the GOAT interior, and coenzyme A
is released back to the cytoplasm.” In the absence of X-ray or
cryo-EM structure, the exact location and nature of the active
site and substrate-binding sites within GOAT remain
unknown, however several conserved residues have been
shown to be required for enzyme function.”® Among these
residues as discussed previously asparagine 307 and histidine
338 are highly conserved within the MBOAT family and
mutation of either residue has been shown to lead to a loss
of acylation activity of GOAT.

While structural and mechanistic basis for GOAT-
catalyzed ghrelin octanoylation has expanded rapidly in the
last decade along with a vast array of non-radioactive,
fluorescence-based tools for assaying GOAT activity,” %>
many aspects of GOAT enzymatic function remain to be
determined. Hence there is a need for generating selective,
high affinity inhibitors and pharmacological tools for
studying this enzyme. The past decade has seen active
research from various laboratories in the design and
development of GOAT inhibitors. This article is focused on
small-molecule based drug discovery work from the literature
as well as patent disclosures encompassing the past decade
on inhibiting GOAT for therapeutic gain.

Discovery of GOAT inhibitors

Shortly after the discovery of GOAT in ghrelin pathway, Yang
et al. reported that the enzyme was inhibited by its own
reaction product, the octanoyl ghrelin (2) with a modest ICs,
(7 uM)."* 1t was shown that when Ser-3 in ghrelin was
replaced with DAP ((S)-2,3-diaminopropionic acid) creating
an octanoyl-amide in lieu of ester both the 28-mer 3 and the
truncated 5-mer acyl ghrelin 5 were potent GOAT inhibitors
with ICs, values of 0.2 and 1 pM, respectively. The octanoyl
truncated analog 4, in contrast was much less potent with an
ICs, value of 45 pM. It is likely that strong product inhibition
of GOAT by these compounds is a function of hydrolytic
stability of the amide linkage over the ester functionality.
Most importantly, this work also showed that GOAT can

138 | RSC Med. Chem., 2020, 1, 1136-1144

View Article Online

RSC Medicinal Chemistry

OY\M Me

NH

GS_ N J;( FLSPEHQKAQQRKESKKPPAKLQPR
H 3

[e]

‘Octanamido ghrelin’

Ghrelin 2, ICsg = 7 uM
1Cs0 = 0.2 uM

OH Ph
(e} (e}
2 N - N \/\NHZ
H H H H
o} ~ o B

X Y
Memo

X = O Octanoyl ghrelin(1-5)-CONH2, 1Cso = 45 uM (4)

X = NH Dap-octanoyl ghrelin(1-5)-CONH,, ICso =1 uM (5)

Dap = (S)-2,3-diaminopropionic acid

Fig. 2 Chemical structures of earliest peptide-based GOAT inhibitors.

catalyse acylation of truncated peptides derived from
N-terminal ghrelin up to pentapeptide length. Utilizing
modifications of this inhibitor with different length acyl
chains, Darling et al** demonstrated that an eight-carbon
acyl group is required for maximum potency against GOAT
(Fig. 2).

Earliest reports of inhibiting GOAT to modulate serum
acylated ghrelin were claimed in the patent from Johns
Hopkins University.***> These inhibitors were designed as bi-
substrate analogs of the enzymatic reaction and were coupled
with one of the peptides able to cross cell membranes, the
11-mer Tat peptide. The patent filed had compounds shown
in general formula 6 where GS is the amino acid glycine and
serine, Dap is 1,2-diamino propanoic acid, which is a serine
isostere replacing serine at the 3 position, Ahx is the amino-
hexanoyl linker which connects the R amino acid residue
with Tat sequence which is abbreviated for trans-acting
activator of transcription. “Tat’ is a 11-amino acid/peptide:
YGRKKRRQRRR. The idea of a bi-substrate inhibitor is to
covalently combine two substrates to increase potency and
specificity. The main design feature of the inhibitor also
included a coenzyme A and an octanoyl ghrelin-based
peptide (Fig. 3).

Consistent with earlier work, five residues of ghrelin were
sufficient for inhibition but three residues were not.
Inclusion of 10 or more residues increased potency, with a
ceiling effect of ~75% inhibition of acylation seen. Amongst
many variations, a compound named GO-CoA-Tat 7 was
potent (100% inhibition at 100 nM), selective and effective
in vitro in cell culture and in vivo in mice in inhibiting GOAT
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Fig. 3 In vivo active GOAT inhibitors from Johns Hopkins group.
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and lowering acyl ghrelin levels. After intraperitoneal
administration, it enhanced insulin response to a glucose
load and led to a statistically significant weight loss in mouse
fed with a high fat diet. Treatment with this compound also
led to selective reduction of fat versus lean mass. The GO-
CoA-Tat inhibitor affected the weight and glucose levels in
wild-type but not ghrelin knock-out mice confirming the
specific targeting of ghrelin pathway.’® Photoactivatable GO-
CoA-Tat analogs that can bind and chemically crosslink
GOAT have also been claimed in this filing. To analyze GO-
CoA-Tat's inhibition of GOAT, a direct binding assay based
on photo-crosslinking on GOAT was developed. Two
chemically modified versions of the bisubstrate inhibitor,
namely, GO-CoA-Tat-FABP and GO-CoA-Tat-L5BP, in which
Phe4 or Leu5, is replaced with a photoreactive amino acid
benzoyl-phenylalanine and each was tagged with a biotin
group.”® The chemical modification showed that this
compound could covalently crosslink to recombinant
solubilized or microsomal GOAT and the crosslinking could
be blocked by an excess of unlabeled GO-CoA-Tat. This
technique provided unequivocal evidence for specificity and
direct binding of GO-CoA-Tat to GOAT. This compound, has
largely been useful as a pharmacological tool’”** and had
limited utility as a pharmaceutical because of its unfavorable
druggable profile as seen in its high molecular weight
(~3700 Da) and propensity for proteolytic degradation.

Around the same time as the Johns Hopkins patent
application, Patrick Harran in collaboration with University
of Texas also filed their invention for inhibiting GOAT. Their
inhibitor design was based on tight binding but non-reactive
mimic of putative transition state geometry of GOAT
catalysis.*® They envisioned that their compounds would be
able to bind GOAT in a manner to the tetrahedral oxyanion
in 8 and the synthesized compounds will have a stable
tetrahedral geometry seen in 9. The molecules also contained
appropriate hydrophobic tail for GOAT specific octanoylation
and functionality for stabilization of the enzyme/inhibitor
complex. It was rationalized that replacement of the oxygen
with carbon and selecting a poor leaving group for R3 will
achieve the transition state mimetics involved in octanoyl/
acyl transfer. The invention proposed compounds of the
broad formula 10. Synthetic variation yielded compounds
with GOAT inhibiting activity in the low micromolar range.
Two compounds PH1147 (ICs, = 90 uM) and BK1114 (ICs, =
50 uM) which differed by a methyl group at the quaternary
carbon showed promising GOAT inhibition (Fig. 4).

Harran's group had an additional disclosure where they
improved their earlier work to develop yet another series of
potent and selective GOAT inhibitors with negligible cellular
toxicity. The compounds in this invention were represented
by the general formula 13 and many compounds bearing a
thioamido-group which were tested showed GOAT inhibition
in the low nanomolar to micromolar range.*® A thiosarcocine
derived peptidomimetic was screened for GOAT-inhibiting
activity using membrane fractions prepared from Sf9 cells
infected with baculovirus encoding mouse GOAT as a source

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Mechanistic insight of the catalytic domain and peptidomimetic
GOAT inhibitors from Harran and co-workers.

of acyltransferase. Compound 1 (14) designated as lead
inhibitor inhibited GOAT in vitro in a dose-dependent
manner (ICso ~30 nM). A similar truncated analog which was
termed as negative control was inactive at a much higher
concentration. Compound 1 was administered IP to mice (80
mg kg™') showed that the circulating acyl ghrelin levels were
undetectable within minutes of the inhibitor administration.
The compound's physicochemical properties were deemed to
be in the range for an orally bioavailable compound (%F =
10-15%).

While the initial design of GOAT inhibitors were largely
peptide mimetics, Janda et al. reported naphthyl glycine
benzamide analogs active against GOAT in an ELISA based
assay. Two promising compounds had a GOAT inhibitory
ICs0 of 7.5 uM and 13 puM.*™** Further optimization of these
compounds has not appeared (Fig. 5).

Takeda Pharmaceuticals have patented a class of
aromatic/heterocycle-based GOAT inhibitors. They reported
several compounds having general structure 17 that fully
inhibit GOAT activity at 10 uM in vitro.** Recently they have

(o}

)J\ -R
N
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Garner and Janda Inhibitors
R =hexyl, ICso = 7.5 uM (15)

R = octyl, ICso = 13 uM (16)

Fig. 5 Napthalene-based small-molecule GOAT inhibitors from
Garner and Janda.
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reported a detailed evaluation of two compounds: compound
B, (4-chloro-6-{[2-methyl-6-(trifluoromethyl)pyridin-3-yl]
methoxy}-1-benzothiophen-3-ylacetic acid) was synthesized
and exhibited potent GOAT inhibition with oral
bioavailability.’®> The representative hit compound
(compound A, 18) and lead compound (compound B, 19)
showed reduced ICs, values at high concentrations of
octanoyl-CoA. Meanwhile, neither compound caused a shift
at high concentrations of des-acyl ghrelin. These results
indicated that compounds possessed competitive inhibitory
activity against octanoyl-CoA and noncompetitive inhibitory
activity against des-acyl ghrelin. Takeda team successfully
developed a homogeneous assay system and identified small-
molecule inhibitors of GOAT that showed activity both
in vitro and in vivo. Moreover, these two compounds
decreased acyl ghrelin production in the stomach of mice
after their oral administration. Compounds from Takeda has
been currently licensed by Rhythm Pharmaceuticals and
compound RM-853 (T-3525770, structure unknown) is
undergoing clinical development (Fig. 6).

Hougland and co-workers have been involved in extensive
research identifying new scaffolds that have activity against
GOAT.> 1In their early efforts, they identified and patented
GOAT inhibitors using a triazole linkage to incorporate
aromatic and alkyl substituents to mimic the natural octanoyl
group attached to ghrelin.** The series of “click-chemistry”-
derived triazoles utilize the same pentapeptide skeleton
screened by Yang et al'®> They demonstrate the enzyme's
ability to tolerate modification of the octanoate side chain.
Inhibitors of the general formula 20 include a triazole
portion, an alkyl linker, and a hydrophobic aromatic group
on a side chain. The hydrophobic aromatic group included
various length alkyl linkers. Three GOAT inhibitors with
linkers n = 1, 2 and 3 were synthesized and tested in vitro for
activity using a fluorescence-based assay. The compound with
a chain length n = 3 had better GOAT ICs, inhibitory activity
of 0.7 uM (Fig. 7).

In a recent report of small molecule GOAT inhibitors from
Hougland's group, a class of molecules derived from
synthetic triterpenoids was found to inhibit the human GOAT
(hGOAT) ortholog. A derivative of 2-cyano-3,12-dioxooleana-

|_2 L3

nu 2 G

18

Compound A
hGOAT ICsy = 8.6 nM
MGOAT ICg = 3.3 nM

Fig. 6 Takeda GOAT inhibitors.

Compound B
hGOAT IC5y = 1.7 nM
mGOAT ICgp = 3.1 nM
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1,9(11)-dien-28-oic acid (CDDO-EA, 22) was identified as
hGOAT inhibitor with ICs, value of 8 uM as assessed by a
microsomal hGOAT activity assay.”” In another filing,
Hougland and coworkers disclosed cyanosteroid compounds
that efficiently inhibit GOAT."® The compounds were based
on a steroid scaffold (23) with a,B-unsaturated ketone in the
A ring, which could also bear a cyano group. The most potent
compound in this series was cyanoenone 24 (ICs, = 8 uM)
which can covalently modify nucleophilic thiols in the
binding pocket. Studies demonstrated that these cyanoenone
molecules acted as covalent, reversible inhibitors of GOAT.
The requirement of a,B-unsaturation and Michael acceptor in
the A ring and the increased activity of a-cyanoenone suggest
that the compound could block hGOAT activity by alkylating
a nucleophilic cysteine residue involved in hGOAT catalysis."”
While the compounds helped shed light on the mechanistic
determinants for GOAT catalysis, the druggable parameters
of these compounds are unknown (Fig. 8).

Recently, the same group has also filed invention
disclosure for imaging agents that can bind to GOAT without
binding to GHS-R1a that will allow the specific detection and
imaging of GOAT in various tissues.”® The imaging agent
shown in 25 consists of GOAT recognition element that is
coupled via an amino acid linker to a chemical fluorescent
moiety, radiolabel or a metal chelator to allow imaging as
seen in 26. One of the compounds in this invention had a
high selectivity against GOAT over GSH-Rla (6 nM vs. 100
pM). A fluorescently labeled version of this compound
SulfoCy5-3 27, had an in vitro GOAT ICs, of 17 nM and it was
demonstrated that this ligand selectively labeled PC3 prostate
cancer cells with no binding to HEK293 cells (Fig. 9).

Martinez Grau from Eli Lilly, Madrid disclosed a singular
GOAT inhibitor 29 and its enantiomers in an initial filing.*’
The compound had a hGOAT inhibitory activity ICs, =192
nM. Administration of the compound of example 2 (29) in

CDDO-EA (22) 23

ICso =8 +4 uM C9/NSM-4-48, IC5p = 8 +2 uM

Fig. 8 Utilization of steroidal scaffold to generate covalent GOAT
inhibitors.

This journal is © The Royal Society of Chemistry 2020
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the patent for 3 days decreased plasma acylated ghrelin (AG)
by -1%, 5%, 45%, and 48%, and increased unacylated
ghrelin (UAG) by 2.24, 2.82. 2.53, and 2.9-fold, respectively at
0.3, 1, 3, and 10 mg kg‘l. Administration at 0.3, 1, 3, and 10
mg kg " resulted in 39, 54, 71 and 77% reduction respectively
in AG to total ghrelin ratio when compared to the vehicle-
treated control animals. Similarly, compound 66 (30) at 18
mg kg™ showed 86% reduction in AG to total ghrelin ratio
when compared to the vehicle-treated control animals. These
results demonstrate that the compound suppressed AG
production and elevates the UAG in circulation, similar to the
GOAT knock-out mouse, in vivo. In a related filing
trifluoromethyl  pyrimidyl-substituted compounds were
evaluated with different R groups.”® Compound 2 (31)
inhibited purified GOAT enzyme activity in vitro with an ICs,
of 69.5 nM. Administration of this compound at 0.1, 0.3, 1, 3,
and 10 mg kg™ resulted in 57, 62, 79, 82 and 82% reduction
respectively in AG to total ghrelin ratio when compared to
the vehicle-treated control animals. In yet another filing from
the Eli Lilly team, with expansion of the analogs belonging to
the formula 28, the claims were broadened and many
compounds were investigated.”® Representative compounds
31-34, had promising ICs, values in hGOAT assays.
Compounds were also investigated for acyl and des-acyl
ghrelin level after administration in C57BL/6 for 3 days at
different doses. Compound 71 (34) in the filing showed a
66% reduction in plasma acyl ghrelin levels after 3 mg kg™
dose and a 2.9-fold increase in unacylated ghrelin levels.
Sustained decrease in plasma acyl ghrelin levels were
observed after 3 mg kg™" dose (82% reduction) and a 2.8-fold
increase in unacylated ghrelin levels. The results from Eli
Lilly demonstrated that the GOAT inhibitors developed by
them suppressed AG production and elevated unacylated
ghrelin levels in circulation and supported the phenotype see
in GOAT knock-out mice in vivo. Optimization of these
inhibitors to improve potency and ADMET properties led to
the identification of LY3073084 (structure unknown),

This journal is © The Royal Society of Chemistry 2020
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potent and selective GOAT inhibitor that demonstrated
robust in vivo pharmacodynamic effects. More details on the
efficacy of this compound have not yet appeared (Fig. 10).

In the last few years there has been a series of patent filings
from Boehringer Ingelheim, Germany on compounds having
potent inhibitory activity on GOAT. In an initial filing
compounds of the general formula 35 belonging to the
oxadiazolopyridine scaffold were initially reported for use as
GOAT inhibitors by Godbout et al>®> Synthesis and
characterization of over 160 compounds were reported in this
detailed filing. Pharmacological testing and GOAT activity of
analogs in HEK293 cells were reported as ICs, values in this
filing. Many of the compounds showed potent GOAT inhibition
exemplified by compound 36 had an ICs, of 0.02 nM. In a
related genus, benzyl-, (pyridine-3-yl)methyl- or (pyridine-4-yl)
methyl substituted oxadiazolopyridine derivatives 37 were
discovered as highly potent GOAT inhibitors.”> Many
compounds (e.g. 38) in this broad invention disclosure had sub-
nanomolar to low picomolar inhibition for GOAT in HEK293
cells. In vivo effects, ADMET properties or other druggable
parameters of the compounds in this series were not reported.
Further, pyrazole and indazole-substituted oxadiazolopyridine
derivatives of the general structure 39 were also disclosed to
inhibit GOAT in the subnanomolar/picomolar range.*® In yet
another filing from Boehringer Ingelheim, heterocyclyl-
substituted oxadiazolopyridine derivatives of the general
formula 41, were reported as having inhibitory activity on GOAT
(Fig. 11).%°

Compounds with various substitution patterns were
synthesized and tested for GOAT inhibition. Pharmacological
testing revealed many compounds consistently exhibited sub-
nanomolar GOAT inhibition (e.g. 42). In a departure from
oxadiazolopyridine scaffold, triazolopyrimidine derivatives of
the formula 43 were also disclosed as GOAT inhibitors by the
Boehringer Ingelheim team.’® In this broad set of claims,

afo

R= Cyclopropyl ICs59 = 192 + 73 nM (29)
R= 1-Methyl pyrazole, E66, IC5q = 68.9 + 23.6 nM (30)
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Fig. 10 Pyrimidine-substituted GOAT inhibitors from Eli Lilly.
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Fig. 11 Disclosure of broad-based scaffolds for GOAT inhibition from
Boehringer Ingelheim.

compounds with a wide-ranging substitution pattern were
synthesized and tested for GOAT activity. Many compounds
again exhibited sub-nanomolar ICs, for hGOAT inhibition in
HEK293 cells. Compound 44 was disclosed to have an IC;, of
0.13 nM. In vivo effects of the potent compounds in this
series has yet to be revealed.

Recent invention disclosure from a global GSK team
revealed potent, substituted benzothiophenyl acetic acid
compounds of the general formula 45 as GOAT inhibitors.””
In a relatively narrow set of compounds synthesized under
the scope of invention, racemic compounds were separated
by chiral prep-HPLC and it is understood that the
S-enantiomers of the compounds exhibited potentially
favorable GOAT inhibition over R-enantiomer. One
compound designated as compound 1a (46) had an invitro
ICs, value < 50 nM. This compound was evaluated in vivo in
three preclinical species by assessing the level of reduction in
circulating acyl ghrelin levels post-treatment. A significant
reduction of acyl ghrelin levels was seen in mice (1 and 10
mg kg™') and rats (10 mg kg') upon treatment with 46. A
single dose PK/PD study was conducted in cynomolgus
monkeys and a 10 mg kg™' dose showed a 51% reduction in
acyl ghrelin levels over the first 24 h after treatment. Acyl
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Fig. 13 GOAT inhibitor structures revealed in patent filings from
China.

ghrelin levels were also investigated in a high fat-high
carbohydrate (HFHC) mouse model in conjunction with
rimonabant (CB1R antagonist) treatment. At the end of the
seven day period, mice on compound 1a (46) showed a 28%
reduction in acyl ghrelin levels and a statistically significantly
elevated level of des-acyl ghrelin. Rimonabant alone caused
an increase in des-acyl ghrelin levels but not to the extent
seen with compound 1a treatment. This filing is one of the
first reports of efficacy studies with a GOAT inhibitor in
higher mammalian species (Fig. 12).

Filings from China revealed preparation of various
benzothiophene compounds for activity against GOAT. In a
series of substituted filings Wang claimed substituted
(2-((furan-2-yl)oxy)benzo[b]thiophen-6-yl isoxazole-5-carboxylate)
(47-50) and as GOAT inhibitor for treatment of obesity and
diabetes.®® The prepared compounds were reported to have
good inhibitory activity against GOAT at 10 uM (Fig. 13).

Studies and invention disclosures have also appeared on
methods for diagnosing and/or predicting bladder and colon
cancer in a patient by quantifying levels of Inl-ghrelin
expression in a plasma sample isolated from an individual
and comparing the levels obtained with the levels of Ini-
ghrelin (splicing variant of ghrelin) expression, GOAT and/or
GHS-R1b in tissue samples in a reference sample.’® Patients
who show Ini1-ghrelin expression levels that are significantly
higher than the levels of the reference sample, have a higher
risk of developing cancer. This invention also included small
interfering RNA (siRNA) useful in a cancer treatment method.

Conclusions and future perspective

From 2010 to 2019, many publications on GOAT inhibitors
have emerged. Many of these inhibitors have been disclosed

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0md00210k

Published on 04 September 2020. Downloaded by RSC Internal on 11/9/2020 4:06:04 PM.

RSC Medicinal Chemistry

in the patent literature, where detailed publications on these
compounds are pending. The patents from the pharma cover
varied classes of compounds. In absence of computational
tools for structure-based drug design, efforts have been
focused on screening strategies using enzymatic assays by
various groups. Initial peptide-based inhibitors and
pharmacological tools paved the way for larger small-
molecule based drug discovery campaigns in this realm.
Common structural features like pyrimidine core, substituted
thiophene acetic acids and steroidal scaffolds were chosen as
starting points to expand the chemical space and
understanding of the structural biology of GOAT. While a
non-experimental, structural model for GOAT catalytic
domain mechanism has been postulated, experiment-based,
ligand-bound structural determination either by X-ray or
cryo-EM will elucidate the exact molecular determinants for
developing novel inhibitors for this enzyme. Development of
tighter binding and covalent inhibitors can further improve
the understanding of transition-state mechanism of the
catalytic domain of this enzyme. It is conceivable that the
revelation of the physiological roles and endogenous
substrates of the GOAT could lead to new therapeutic
indications by inhibiting GOAT activity. Utility of GOAT
inhibitors in clinic may be revealed as compounds start
entering clinical trials for indications related to obesity and
insulin resistance. The mutual specificity of GOAT, octanoate
and key acylation localized in the periphery (rather than
CNS) suggest that a small molecule inhibitor of GOAT would
not need to penetrate the brain, and hence mechanism-based
toxicity from its inhibition is limited.

Besides obesity and diabetes, it is conceivable that other
promising therapeutic applications of GOAT inhibitors can
include disorders related to food and drug intake particularly
alcohol and other drugs of abuse. While GOAT attenuation is
shown to be beneficial in non-alcoholic fatty liver disease
(NAFLD),*® the role of GOAT if any, in liver fibrosis leading to
hepatocellular carcinoma is unknown. With the widespread
expression of GOAT, the role of GOAT-ghrelin axis in
inflammatory and fibrotic disorders may become important.
The role of GOAT as a diagnostic marker in prostate cancer
and neuroendocrine tumor has been documented and
patented. However the detailed understanding of its effects
in other cancer and tumor microenvironment remains
unknown. Further the cross-talk between LEAP2 and GOAT
can be significant in mediating ghrelin actions.®”®" In view
of the emerging patent landscape Elli Lilly, Boehringer
Ingelheim and GSK, have promising compounds. Significant
work by Cole®® and Hougland*>*’” have advanced the
understanding of basic mechanistic aspects of the GOAT
enzyme. Despite the emergence of these GOAT inhibitors,
challenges remain related to efficacy, potency, PK/PD and
other druggable properties that underscore the feasibility for
development as a therapeutic. Thus, inhibition of GOAT
could yet prove to be a valuable target because of its insofar
unique action specific to ghrelin. The discovery of GOAT thus
offers a new a pathway for exploiting the ghrelin-GOAT axis

This journal is © The Royal Society of Chemistry 2020
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in managing obesity, diabetes and its related metabolic
complications. The scope for the generation of inhibitors
selective to GOAT and evaluating its potential in clinic will
certainly form the crux of research in many academic and
pharmaceutical research labs in the near future.
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