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ABSTRACT: The glucagon-like peptide-1 receptor (GLP-
IR) is a class B G-protein coupled receptor (GPCR) that has
proven to be an effective target for developing medicines that
treat type 2 diabetes mellitus (T2DM). GLP-1R agonists
improve T2DM by enhancing glucose-stimulated insulin
secretion, delaying gastric transit, decreasing glucagon levels,
and reducing body weight due to anorexigenic actions. The
therapeutic successes of these agents helped inspire the design
of new multifunctional molecules that are GLP-1R agonists
but also activate receptors linked to pathways that enhance
insulin sensitization and/or energy expenditure. Herein, these
agents are discussed in the context of polypharmacological
approaches that may enable even further improvement in
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treatment outcomes. Moreover, we revisit classical polypharmaceutical GPCR approaches and how they may be utilized for
treatment of T2DM. To determine optimal combination regimens, changes in drug discovery practices are likely needed
because compensatory mechanisms appear to underlie progression of T2DM and limit the ability of current therapies to induce

disease regression or remission.
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B INTRODUCTION

Type 2 diabetes mellitus (T2DM), obesity, and related
comorbidities continue to be unmet medical needs of the 21st
century.' Fortunately, during the last several years, two new
classes of medications have been developed that may lay the
groundwork for substantially improving treatment outcomes for
patients suffering from these indications: sodium-glucose
cotransporter-2 (SGLT2) inhibitors” and glucagon-like pep-
tide-1 receptor (GLP-1R) agonists.3 In addition to robust
glucose lowering, a key advance is that drugs within these classes
demonstrate cardiovascular (CV) benefits, including reducin%
the risk of major adverse CV events (MACE) and mortality.**
The efficacy of these agents appears to result from their
mechanisms of action. SGLT?2 inhibitors work in a noninsulin
dependent manner by inhibiting the transporter in the proximal
convoluted tubule of the kidney to prevent glucose reabsorption,
thus facilitating glucose excretion into urine. GLP-1R agonists
activate GLP-1R signaling in pancreatic beta cells and in several
other tissues and cell types to improve glycaemic control by
enhancing glucose-stimulated insulin secretion, delaying gastric
transit, decreasing glucagon, and lowering body weight by an
anorexigenic mechanism.” The positive CV outcomes data for
SGLT2 inhibition and GLP-1R agonism definitively validate
these mechanisms for the treatment of metabolic disease.
Therefore, it is likely that future drug discovery efforts may focus
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on these mechanisms. In this regard, the pleiotropic effects that
GLP-1R agonists have on multiple regulatory pathways to
improve glucose control and total energy balance could provide
a foundation for new therapeutic strategies.

The GLP-1R is a class B G-protein coupled receptor (GPCR),
and GPCRs overall remain one of the most successful protein
families for target-directed drug discovery.”” There are on the
order of 300 nonolfactory GPCRs that are potential therapeutic
targets. Following the molecular biology revolution and the
elucidation of the full complement of the human GPCRome,
extensive work in academia and industry has prosecuted GPCR
targets to treat several conditions. While agents targeting the
amylin receptor (pramlintide as an adjunct to insulin for T1IDM
or T2DM) and the SHT2c receptor (lorcaserin for obesity) have
been approved by regulatory agencies and launched, the most
successful GPCR-based drug discovery campaigns for metabolic
disease are the GLP-1R agonists. A variety of factors have
contributed to these drugs being the most robust and widely
used GPCR ligands for metabolic diseases.” This review
summarizes key learnings with respect to GLP-1R biology and
lays out putative reasons for their efficacy. In our view, the ability
of GLP-1R agonists to simultaneously affect independent
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biological pathways leads to the proposal that designed
polypharmacology is a mechanism for enhanced benefit. We
focus mainly on GPCRs, primarily because the available data
best support this target class, and the structural homology of
GPCRs provides a tractable opportunity for rational exper-
imentation and discovery.

B THE RATIONALE UNDERLYING COMBINATION
THERAPY/POLYPHARMACOLOGY FOR T2DM

Unsurprisingly, polypharmacology/combination therapy is al-
ready a strategy utilized for the treatment of several conditions.
The use of polypharmacology to treat disease is best exemplified
by antipsychotic medicines that target multiple GPCRs and
neurotransmitter transporters to induce their therapeutic effect.’
Combination therapy is also standard practice in the treatment
of infectious disease, cancer, hypertension, and T2DM. For
instance, the antigluconeogenic drug metformin is widely used
in separate or fixed-dose combinations with other medications
such as SGLT2 or dipeptidyl peptidase-4 (DPP4) inhibitors.
However, in this report, we seek to differentiate between the
opportunistic combination of two independently developed
drugs versus the de novo design of a polypharmacological
molecule and fixed-dose combination based on a physiological
hypothesis. Much of modern drug discovery is predicated on
monogenetic target validation from human genetics and/or
genetically engineered rodents, of which unmined opportunities
may be low.” This is a paradoxical approach for developing
agents to treat metabolic disease, as progression to T2DM and
obesity for the majority of individuals is generally thought to be
driven by environmental factors in concert with a genetic
component that is polygenetic in nature.

B BODY WEIGHT REDUCTION FOR T2DM

A better understanding of the peripheral and central
mechanisms that regulate energy balance could facilitate the
design of potential new T2DM therapies that may offer the
metabolic benefits associated with weight loss. The complexity
of T2DM suggests that single agents that influence more than
one regulatory system or combination therapies affecting
complementary pathways are needed to show significant
metabolic benefits. Regardless of the approach, new therapies
must demonstrate better and more durable efficacy compared
with existing medicines in order to improve standard of care.
Given this challenge, combined with what we know about
progression from prediabetes to frank diabetes, reducing
adiposity while also improving glucose control is desirable.
Although lowering body weight is difficult, it has been shown
that it reduces the incidence of T2DM, and intervention to
decrease weight lowers diabetes risk and improves whole body
insulin sensitivity.'°~"* Furthermore, in T2DM patients, modest
weight loss of S—10% is associated with at least a 0.5% reduction
in HbAlc (several other CV risk factors are also reduced) and
even greater benefit occurs with 10—15% weight loss.'* These
findings provide additional rationale for pursuing new
therapeutic approaches that target multiple mechanisms,
including lowering body weight, for treating T2DM.

B GLP-1R AND THE INCRETIN EFFECT:
UNRAVELLING THE GLP-1R MECHANISM

The role of the gut in glucose homeostasis was elucidated by
studies demonstrating that insulin secretion in response to oral
glucose is substantially larger than in response to intravenously

infused glucose.® This physiological process is known as the
incretin effect, whereby macronutrients such as glucose, lipids,
and amino acids stimulate the release of glucoregulatory
peptides from cells of the small intestine and colon. The
predominant incretins are GLP-1 and glucose dependent
insulinotropic polypeptide (GIP).” These peptides are subject
to nutrient-dependent release from intestinal L- and K-cells into
the circulation and act on beta cells of the endocrine pancreas via
specific cognate receptors (GLP-1R and GIPR), to enhance
insulin secretion and normalize glucose levels. This physiologic
circuit is tightly regulated by the rapid inactivation of GLP-1 and
GIP by proteolysis.

GLP-1R agonists are primarily thought of as insulinotropic
agents via their action on the beta cell. GLP-1R activation causes
Gas-mediated cAMP production and glucose-dependent insulin
secretion in the beta cell, a key antiglycaemic mechanism of
GLP-1R agonists. The acute hypoglcycemic actions of GLP-1R
are now thought to be just one component of GLP-1 biology.
GLP-1R is expressed in extra-pancreatic tissues and GLP-1R
agonists have an array of complementary actions that enhance
glucose lowering and provide durability of effect.'® These
include rapid physiological effects such as slowing of gastric
emptying, suppression of glucagon secretion, and the inhibition
of food intake as well as longer-term beneficial effects on the CV
system.

Much effort has been undertaken to delineate the
contributions of individual cell types and organ systems to the
overall antidiabetic pharmacology of GLP-1R agonists. For
instance, gastric emptying is a determinant of postprandial
hyperglycaemia, and consequently %HbAlc levels;'” GLP-1R
activation slows gastric transit, thus contributing to the overall
mechanism whereby GLP-1R agonists improve postprandial
hyperglycaemia.'® Similarly, GLP-1 can independently reduce
glucagon secretion, and an important attribute of GLP-1R
agonist treatment is the ability to decrease hyperglucagonemia
in T2DM patients.'” Further, in both preclinical models and
humans, GLP-1R agonists demonstrate bona fide antiobesity
effects. Activation of the GLP-1R causes a decrease in energy
intake, rather than an increase in energy expenditure, to induce
weight loss. Interestingly, recent data indicate that once-weekly
GLP-1R agonist therapy with long-acting agents provides better
metabolic control than daily GLP-1R agonists that have poorer
pharmacokinetic properties,”””' suggesting sustained receptor
activation is beneficial. There is much interest in understanding
the neuronal mechanisms and circuits responsible for the
positive effects of GLP-1R activation.

The GLP-1R is expressed throughout both the central (CNS)
and the peripheral autonomic (ANS) nervous systems.”””>* The
integration of GLP-1R activation in these areas helps yield the
cumulative therapeutic benefit of GLP-1R agonists. Many of the
extra-pancreatic effects of GLP-1R agonists are thought to occur
by a complicated network of peripheral and CNS/ANS
effects.””***° GLP-1R-mediated actions have been observed
in vascular smooth muscle, the gastric antrum and pylorus,
enteric neurons, nodose ganglia (vagus), and dorsal root ganglia,
as well as several brain regions, including the hypothalamic
arcuate and paraventricular nuclei and the area postrema of the
brainstem.”” A critical question that is still being investigated is
whether the GLP-1R agonists (large, peptide-based molecules)
require direct access to brain regions expressing GLP-1Rs to
elicit their metabolic effects. For example, areas outside the
blood brain barrier, including the area postrema (a brainstem
circumventricular organ) and the nodose ganglion/vagal nerve
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Table 1. Potential Next Generation GLP1-Based Polyagonists”
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G49
MEDI0382
SAR425899
MK-8521
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ref and/or ClinicalTrials.gov identifier phase of clinical development

83 Phase 1 planned
58, NCT02205528 discontinued
NCT01358929 discontinued
NCT02759107 Phase 2

S1 N/A

84 N/A

85, NCT02394314 Phase 2
NCT02411825 Phase 2
NCT01982630 Phase 2, stopped
NCT03175211 Phase 1
NCT02972645 Phase 1
NCT02941042 Phase 1
NCT02692781 Phase 1, stopped
NCT03235219 Phase 2
NCT03406377 Phase 2
NCT02870231 Phase 1
NCT03374241 Phase 1
NCT03095807 Phase 1

“Examples of multireceptor agonists being investigated for the treatment of type 2 diabetes mellitus and/or obesity. For each agent, the
pharmacological profile and a representative clinical trial identifier is indicated if possible (clinicaltrials.gov). PNINC9204-0530 is being tested in
combination with the GLP-1R agonist liraglutide in obese but otherwise healthy patients.

have been implicated in the action of GLP-1.”7** In addition,
studies have shown that proopiomelanocortin peptide (POMC)
and cocaine- and amphetamine-regulated transcript (CART)-
expressing neurons of the arcuate nucleus bind and internalize
peripherally injected fluorescent liraglutide.”” POMC neurons
have been shown to reside inside the blood brain barrier,*”
suggesting some GLP-1R agonists penetrate into the arcuate
nucleus. The presence of fenestrated capillaries and those
surrounded by Virchow—Robin spaces may provide the arcuate
with privileged access to circulating factors.”"”** These studies
appear to provide the best evidence supporting the hypothesis
that direct stimulation of the CNS (POMC/CART neurons) is a
significant component of the mechanism whereby GLP-1R
agonists induce satiety and ultimately weight loss.”” However,
other recent work shows that deletion of GLP-1R from POMC
neurons does not influence the efficacy of exendin-4.*
Additionally, liraglutide efficacy is unaffected in subjects
harboring pathogenic mutations in the melanocortin 4
receptor.”® These findings suggest that other systems may
contribute to GLP-1R-induced weight loss. With GLP-1R
agonists now firmly established in the marketplace, efforts to
combine this anorectic mechanism with molecules that promote
energy expenditure are being investigated with the hope of
offering even greater effects on adiposity and glucose tolerance.

Recently, impressive clinical data have expanded the known
benefits of GLP-1R agonist treatment beyond glycaemic control
and body weight regulation. CV outcome studies for liraglutide
demonstrate improvement in overall cardiometabolic health.
This includes the prevention of nonfatal myocardial infarction,
nonfatal stroke, and CV event induced death.’ It is not clear
whether these improvements are due to specific interactions of
GLP-1R agonists with the CV system or indirectly due to
effective glycaemic control and weight loss. Overall, the biology
of GLP-1R is multifaceted and positive effects of GLP-1R
agonists are likely to be the summation of the several
physiological processes described above.

B A KEY SUCCESS: THE DISCOVERY AND
APPLICATION OF GLP-1R AGONISTS

The discovery and development of GLP-1R targeting drugs was
built on basic physiology studies demonstrating that GLP-1R
agonists are potent insulinotropic agents with robust glucose
lowering efficacy in animal models and humans.” Contrary to
what is widely posited as “genetic target validation”, GLP-1R
knockout rodents display only marginally diabetogenic
phenotypes. Rather, drug discovery and development was
enabled by classical pharmacological experiments with supra-
physiological levels of native GLP-1 that elucidated the key
physiology and pharmacology of GLP-1R biology. For example,
the ability of exogenous GLP-1(7—36) to normalize fasting
hyperglycemia in diabetic patients was a key piece of data driving
the progression of GLP-1 agonists to the clinic.’® During the last
1S years, DPP4 resistant, peptide-based GLP-1R agonists have
demonstrated strong efficacy in clinical trials, and several have
now become entrenched in the marketplace. Much of the
development of these agents concentrated on enhancing the
poor pharmacokinetics of native GLP-1.

A seminal observation was the discovery of the GLP-1R
agonist exendin-4 in the venom of the Gila monster (Heloderma
suspectum).36 Endogenous incretin peptides are rapidly
inactivated by DPP4 mediated hydrolysis of amino terminal
dipeptides. Thus, discovery of the DPP4 resistant peptide
exendin-4 (exenatide is the synthetic version) enabled the rapid
translation of GLP-1R agonists into drugs.3 In fact, the
publication describing the discovery, purification, and character-
ization of exendin-4 was in April of 1992°° and FDA approval of
exenatide occurred in April of 2005,”” an impressively short 13
years from discovery to medicine. Exenatide is dosed as a twice-
daily injection.”® To reduce dosing frequency, coformulation of
exenatide with microspheres containing poly(p,L-lactide-co-
glycolide) enables slow release (once-weekly injection).’”
Lixisenatide was developed by adding six lysines to the C-
terminus of exenatide in order to increase the half-life in blood
(once-daily injection).*’
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Figure 1. Potential combination approaches to increase endogenous concentrations of glucagon-like peptide-1 (GLP-1) for treating metabolic disease.
(A) Schematic depiction of putative therapeutic GPCRs expressed in entero-endocrine L cells. (B) The combination of olive oil to provide long-chain
fatty acids to promote GLP-1 secretion, a dipeptidyl peptidase-4 (DPP4) inhibitor to preserve active GLP-1, and a somatostatin receptor subtype S
(SSTRS) antagonist to blunt inhibition of GLP-1 secretion synergistically elevates endogenous GLP-1. Overnight-fasted C57BL/6 mice were given an
oral dose of a DPP4 inhibitor (sitagliptin, 10 mg/kg PO) and/or a SSTRS antagonist (compound 3-1, 30 mg/kg PO), followed 30 min later with an
oral bolus of water or olive oil (10 mL/kg PO). Plasma was collected at 15, 30, 90, or 180 min post-water or -olive oil dose for measuring active GLP-1
(Mesoscale Discovery). Data are represented as the mean + SEM and were compared using one-way ANOVA. The null hypothesis was rejected at p <
0.0S. Animals were studied and maintained in accordance with the Institutional Animal Care and Use Committee of Eli Lilly and Company, and the
Guide for the Use and Care of Laboratory Animals by the National Institutes of Health.

Analogues of GLP-1 include liraglutide (key feature: acylated
with palmitic acid attached to Lys26; once-daily injection),"'
dulaglutide (key feature: fused to the Fc component of
immunoglobulin G4 heavy chain; once-weekly injection),42
albiglutide (key feature: fused to human albumin; once-weekly
injection),” and semaglutide (key feature: acylated with C18
diacid attached via a glutamic acid and double 8-amino-3,6-
dioxaoctanoic acid linker; once-weekly injection).** All of the
approved GLP-1R agonists, described above, have positive
effects on glycaemic control in T2DM patients, as assessed by %
HbAlc lowering.45 Moreover, the various molecules demon-
strate varied levels of body weight reduction ranging from
marginal to clinically significant (e.g.,, 63% of patients receiving
semaglutide 1 mg dose show 5% weight loss).*>*® GLP-1R
agonists are well-tolerated medicines; however, nausea is known
to limit dose escalation.*”*” It is worth noting that DPP4
inhibitors, small molecules that increase circulating GLP-1 and
GIP concentrations by inhibition of their degradation, are also
effective and safe antidiabetic medications. These molecules are
less efficacious than GLP-1R agonists; for example these drugs
do not cause weight loss or improve CV outcomes.***’

Potential Promise of Multifunctional GLP-1R-Based
Agonists. New multifunctional peptide-based therapeutics
targeting more than one receptor may provide improved eflicacy
and tolerability and are currently the focus of considerable
research. Given the success of GLP-1R agonists, attention has
focused on further enhancing the activity of these therapeutics
while mitigating potential issues with tolerability (e.g., nausea)

that limit use at higher, more efficacious doses. Oxyntomodulin
(OXM) is a 37 amino acid peptide that has the unique biological
feature of being an endogenous coagonist activating both the
glucagon receptor (GCGR) and the GLP-1R. OXM has
comparatively weak in vitro affinities for the GCGR and GLP-
1R, in relation to its plasma concentration. Thus, it has been
suggested that endogenous OXM may not be physiologically
important;*” however, it is clearly of pharmacological relevance
given its dual receptor activation capability. Administration of
OXM to both rodents and humans’' has been shown to
effectively decrease food intake and body weight. Studies in
rodents illustrate that the enhanced body weight lowering
activity of OXM is the result of activation of both the GLP-1R
and GCGR. The important attribute of this approach is that
GCGR activation increases energy expenditure in humans.>”
Therefore, the ability of OXM and OXM-like molecules to
reduce caloric intake (through GLP-1R) and promote fuel
utilization (through GCGR) offers an attractive therapeutic
approach to substantially affect energy balance. Because of this
potential synergy, several GCGR/GLP-1R coagonist molecules
have been created and advanced to clinical investigation (Table
1). In addition to OXM, GIP is being introduced in new
therapeutic approaches. Early work with Gipr-deficient mice
resulted in confusion on the utility of GIPR modulators.>
Although GIP was found to enhance insulin secretion from
islets, the resistance of Gipr null animals to obesity suggested
that developing GIPR antagonists would be useful for the
treatment of obesity. Work now has largely refocused efforts on
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GIPR agonism, specifically in combination with GLP-1R
agonists as a potential new therapeutic strategy. Due to the
expression of GIPR in adipocytes, molecules possessing GIPR
activity may produce beneficial effects on lipid metabolism that
improve insulin resistance.”* The decline and re-emergence of
the GIPR as a target for metabolic disease has been reviewed in
extensive detail.>>~>” In turn, it should be pointed out that the
role of the GIP/GIPR axis in normal, diabetic, and obese
humans is complex, and there remain hypotheses that GIPR
antagonism could be viable.” Of note, Phase 2 clinical trial data
for the GLP-1R:GIPR coagonist NNC0090-2746 (RG7697/
RO6811135) was recently published, demonstrating safety and
efficacy in a 12-week setting.”® These findings seem to warrant a
definitive test of the coagonist hypothesis in large clinical trials.

Ultimately, the design of new GIPR/GLP-1R coagonists
presented an additional complement to the GCGR/GLP-1R
coagonists and led to the newest peptides and “unimolecular
polypharmacy” as coined by Finan, Tschop, DiMarchi, and
colleagues.’”~®" These agents combine the activity and efficacy
of simultaneously targeting three GPCRs in the family—
GCGR:GIPR:GLP-1R. The success in building molecules with
activity at three seemingly distinct GPCRs is made possible by
the homology of these receptors and natural ligands, as the GLP-
1R is 46% and 49% identical to the GIPR and GCGR,
respectively. The discovery and development of incretin ligands
with polypharmacology is currently of intense interest. A
summary of several publicly disclosed polyagonists is presented
in Table 1.

The enhanced efficacy of multitargeted incretins suggests that
in the future, it is likely that efforts will extend beyond the class B
GPCRs and perhaps toward other peptide receptors. Of
potential interest are ligands that modulate the neuropeptide
Y (NPY) family of receptors (of which there are five subtypes).
NPY administration increases food intake and body weight in
rodents. Surprisingly, little effect on food consumption or body
weight is observed in NPY knockout mice.”” Y1, YS, and Y2
receptor knockout mice exhibit higher body weight and humans
expressing an Y2 receptor variant are protected from obesity.**
Several compounds targeting NPY receptors advanced to
clinical studies. The YS receptor antagonists MK-0557 and
velneperit (S-2367) failed to reduce body weight in obesity
trials.””*> The Y2 agonist, peptide tyrosine tyrosine (PYY), has
demonstrated short-term efficacy in humans,’® although
significant nausea was produced.”” A mixed Y2/Y4 agonist
(TM30338) was advanced into clinical development, but results
have not been published. The combination of exenatide and
PYY has gained attention due to its synergistic actions on
reducing food intake in mice® and in obese human subjects.69
Furthermore, it has recently been disclosed that a new PYY
analogue NN9747 is being investigated clinically either alone or
in combination with semaglutide.”” Whether by coformulation
or unimolecular coagonists, it will ultimately be important to
determine which target(s) or pathway(s) best complement
GLP-1R activation to improve insulin sensitization and/or
weight loss.

Can Combinations of Small Molecules Targeting Gut
GPCRs Produce Efficacy Similar to the Therapeutic
Incretin Peptides? An alternative to subcutaneously injecting
engineered peptides to raise circulating levels of GLP-1 is to
increase concentrations of endogenous GLP-1 by orally
delivered small molecules that target GPCRs in the gastro-
intestinal tract. Several GPCRs have been implicated in
mechanisms that control GLP-1 secretion (Figure 1A); these

include receptors responsive to fatty acids (FFAR1 to FFAR4),
lipid derived molecules (GPR119), and bile acids (GPBA).
Lipid-activated GPCRs include FFAR1 (GPR40), FFAR2
(GPR43), FFAR3 (GPR41), and FFAR4 (GPR120); for a
thorough review, see ref 71. FEARI has been heavily studied for
T2DM, and agonists are shown to induce insulin secretion from
pancreatic beta cells and GLP-1 secretion from intestinal L cells.
A relatively new class of FFAR1 agonist/positive allosteric
modulators stimulate high levels of GLP-1 secretion.”” Although
preclinical data for several FFARI agonists have appeared
promising, none have achieved regulatory approval for human
use. In addition to fatty acids, GPCRs responsive to lipid-derived
molecules have received attention as potential therapeutic
targets for T2DM. The best example to date is GPR119 which is
activated by oleoylethanolamide and 2-oleoylglycerol.”" Syn-
thetic agonists to GPR119 induce GLP-1, GIP, and PYY
secretion, and lower glucose in preclinical models. Unfortu-
nately, numerous clinical candidates were discontinued, leading
to speculation that activation of GPR119 leads to more
profound effects in rodents; this may in part be due to the
inability of GPR119 agonists to produce robust incretin
secretion in humans.””’* The other gut GPCR heavily
implicated in GLP-1 secretion is GPBA (GPR131 or TGRS).
This receptor is activated by bile acids, and in mice, GPBA
agonists increase plasma GLP-1 and PYY levels and lower
glucose. Unfortunately, activation of this receptor leads to
gallbladder distension, an on-target side-effect that does not
appear separable from efficacy.”

Although a safe and efficacious GLP-1 secretagogue has yet to
emerge, recent studies investigating combination approaches
may spur further work in this area. For example, combining a
DPP4 inhibitor with a FFARI agonist increased concentrations
of active GLP-1 and synergistically reduced food intake and
body weight in diet-induced obese mice.”” The concept of using
combination drug approaches to increase endogenous GLP-1
was further exemplified by also including a somatostatin
receptor subtype S (SSTRS) antagonist. Here, a regimen
consisting of a DPP4 inhibitor, a GLP-1 secretagogue (FFAR1
and/or GPBA agonist), and a SSTRS antagonist (blunts
inhibitory tone on GLP-1 release) resulted in extremely high
levels of active GLP-1 that produced profound efficacy in
Lepr™® mice.”® Similar proof-of-concept findings are shown in
Figure 1B where olive oil is used as a general source of long-chain
fatty acids to promote GLP-1 secretion; the combination of a
DPP4 inhibitor and a SSTRS antagonist substantially increases
active GLP-1 concentrations when mice are administered oral
olive oil. For concepts like this to advance, the SSTRS
mechanism needs to be confirmed in humans and a safe GLP-
1 secretagogue must become available.

H COULD COMBINATION APPROACHES
REVIVE/RESURRECT CNS-TARGETED GPCRS FOR
METABOLIC DISEASE?

The CNS is the primary site of action to control food intake for
most known pharmacological mechanisms. Unfortunately,
targeting receptors in the brain for metabolic disease has fallen
out of favor for many pharmaceutical companies due to safety
issues observed with several CNS drugs. The most famous, and
now infamous, treatment for obesity is the combination of
fenfluramine and phentermine (fen-phen). The fen-phen
regimen relied on the actions of fenfluramine as a serotonin
releasing agent”” and phentermine as primarily a norepinephrine
releaser, although dopamine and serotonin release are also
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reported.”® Fen-phen produced significant weight loss primarily
by its action as an appetite suppressant.79 However, severe life-
threatening side effects (cardiac valvulopathy) caused by
ancillary agonism of the SHT2b receptor®’ required it to be
removed from clinical use in 1997. Similarly, rimonabant
(cannabinoid receptor 1 (CB1) antagonist) was halted in 2008
due to adverse effects such as depression and suicide, and
sibutramine (serotonin-norepinephrine reuptake inhibitor) was
withdrawn in 2010 due to concerns of increased CV risk.
Therapies available at the time of the writing of this review are
phentermine (Lomaira), buproprion-naltrexone combination
(Contrave), phentermine-topiramate combination (Qsymia),
and liraglutide (Saxenda). These treatments are moderately
effective, producing about 5—10% weight loss.®! Targeting
multiple monoamine receptors (via use of reuptake inhibitors
such as the serotonin and dopamine reuptake agents or
serotonin releasing drugs) or mu opioid receptors in
combination with monoamine uptake inhibitors (like the
dopamine reuptake inhibitor buproprion) have demonstrated
modest efﬁcacy.81 While safety remains of paramount concern,
the ability of small molecules to more readily access receptors in
the brain (compared to peptides-based agents) offers the best
opportunity of targeting multiple pathways in the CNS that
coordinate metabolism. Ultimately, however, efficacy similar to
or better than existing therapies, especially GLP-1-based
therapies, will be needed.

B A LOOK TO THE FUTURE OF GPCR DRUG
DISCOVERY IN METABOLIC DISEASE

Structural homology of the GPCR family provides an
opportunity to rationally design agents (small or large molecule)
that engage multiple GPCRs to generate synergistic, additive, or
complementary benefits through polypharmacology. Similarly,
fixed dose combinations are a bona fide method of engendering
greater efficacy. We propose that rationally designed or
empirically discovered GPCR polypharmacology may lead to
better outcomes in the design of more efficacious medicines for
treating T2DM and obesity.

The increased risk of T2DM due to elevated BMI** supports
the argument that a successful therapy would impact both body
weight and glucose control. Therefore, a critical feature of future
efforts should be developing medicines that address the negative
effects of excess energy consumption. Ideally, new therapies
would (1) improve acute and chronic aspects of glucose
metabolism and insulin sensitivity and (2) have an anorexigenic
effect to reduce excess calorie intake. Furthermore, because
weight loss is accompanied by decreased energy expenditure, a
new therapy should also (3) maintain or even increase basal
metabolic rate in order to ward off this adaptive response to
weight loss. Unfortunately, drug discovery approaches currently
used for validating single targets and identifying candidate
molecules are not optimally aligned with developing poly-
pharmacological therapies. For example, although many
medicines are tested in combination paradigms in the clinic,
typically these trials are composed of two approved mono-
therapies or one approved drug and one investigational
molecule. Thus, if synergistic disease-modifying pharmacology
could be achieved with two moderately efficacious but
unapproved monotherapies in combination, it would likely be
difficult to bring to patients under historic drug discovery
practices that focused mainly on registration of a single agent.

In summation, we propose that drug discovery resources be
applied to efforts aimed at understanding the physiology and

genetics of compensatory processes that limit the effectiveness
of single agents. An essential advance will be the identification of
GPCRs that regulate complementary pathways; these targets
will provide substrate for new discovery campaigns. To realize
the potential of future polypharmacological GPCR-based
medications—either fixed-dose combinations or unimolecular
entities—the methods used to discover and develop such drugs
will likely need refining.

B AUTHOR INFORMATION

Corresponding Author

*Tel.: (317)-276-8786. E-mail: willardfs@lilly.com.
ORCID

Kyle W. Sloop: 0000-0001-6748-9929

Francis S. Willard: 0000-0002-4260-2451

Notes

The authors declare the following competing financial
interest(s): All authors are employees of Eli Lilly and Company
and may own company stock or possess stock options.

B ACKNOWLEDGMENTS

The authors thank Ana Bueno, Angela Siesky, Mike Statnick,
and Ruth Gimeno for valuable feedback and discussions.

B ABBREVIATIONS

CART, cocaine- and amphetamine-regulated transcript; CB1,
cannabinoid receptor 1; CNS, central nervous system; CV,
cardiovascular; DPP4, dipeptidyl peptidase-4; FFARI, free fatty
acid receptor 1; GCGR, glucagon receptor; GIPR, glucose-
dependent insulinotropic polypeptide receptor; GLP-IR,
glucagon-like peptide-1 receptor; HbAlc, glycated hemoglobin;
MACE, major adverse CV events; NPY, neuropeptide Y; OXM,
oxyntomodulin; ANS, autonomic nervous system; POMC,
proopiomelanocortin peptide; PYY, peptide tyrosine tyrosine;
SSTRS, somatostatin receptor subtype 5; T2DM, type 2
diabetes mellitus

B REFERENCES

(1) Zimmet, P. Z., Magliano, D. J., Herman, W. H., and Shaw, J. E.
(2014) Diabetes: a 21st century challenge. Lancet Diabetes Endocrinol.
2, 56—64.

(2) Kalra, S. (2014) Sodium Glucose Co-Transporter-2 (SGLT2)
Inhibitors: A Review of Their Basic and Clinical Pharmacology.
Diabetes Ther. S, 355—366.

(3) Drucker, D. J., Habener, J. F., and Holst, J. J. (2017) Discovery,
characterization, and clinical development of the glucagon-like
peptides. . Clin. Invest. 127, 4217—4227.

(4) Zinman, B., Wanner, C., Lachin, J. M., Fitchett, D., Bluhmki, E.,
Hantel, S., Mattheus, M., Devins, T., Johansen, O. E., Woerle, H. J.,
Broed], U. C., and Inzucchi, S. E. (2015) Empagliflozin, Cardiovascular
Outcomes, and Mortality in Type 2 Diabetes. N. Engl. J. Med. 373,
2117-2128.

(5) Marso, S. P,, Daniels, G. H., Brown-Frandsen, K., Kristensen, P.,
Mann, J. F., Nauck, M. A, Nissen, S. E., Pocock, S., Poulter, N. R., Ravn,
L. S., Steinberg, W. M., Stockner, M., Zinman, B., Bergenstal, R. M., and
Buse, J. B. (2016) Liraglutide and Cardiovascular Outcomes in Type 2
Diabetes. N. Engl. J. Med. 375, 311-322.

(6) Santos, R, Ursu, O., Gaulton, A., Bento, A. P., Donadi, R. S,,
Bologa, C. G., Karlsson, A., Al-Lazikani, B., Hersey, A., Oprea, T. 1., and
Overington, J. P. (2017) A comprehensive map of molecular drug
targets. Nat. Rev. Drug Discovery 16, 19—34.

(7) Roth, B. L., and Kroeze, W. K. (2015) Integrated Approaches for
Genome-wide Interrogation of the Druggable Non-olfactory G Protein-
coupled Receptor Superfamily. J. Biol. Chem. 290, 19471—19477.

DOI: 10.1021/acsptsci.8b00009
ACS Pharmacol. Transl. Sci. 2018, 1,3—11


mailto:willardfs@lilly.com
http://orcid.org/0000-0001-6748-9929
http://orcid.org/0000-0002-4260-2451
http://dx.doi.org/10.1021/acsptsci.8b00009

ACS Pharmacology & Translational Science

(8) Sloop, K. W., Emmerson, P. J., Statnick, M. A., and Willard, F. S.
(2018) The current state of GPCR-based drug discovery to treat
metabolic disease. Br. J. Pharmacol., 14157 DOI: 10.1111/bph.14157.

(9) Roth, B. L., Sheffler, D. J., and Kroeze, W. K. (2004) Magic
shotguns versus magic bullets: selectively non-selective drugs for mood
disorders and schizophrenia. Nat. Rev. Drug Discovery 3, 353—359.

(10) Hamman, R. F., Wing, R. R,, Edelstein, S. L., Lachin, J. M., Bray,
G. A, Delahanty, L., Hoskin, M., Kriska, A. M., Mayer-Davis, E. J., Pi-
Sunyer, X., Regensteiner, J., Venditti, B., and Wylie-Rosett, J. (2006)
Effect of weight loss with lifestyle intervention on risk of diabetes.
Diabetes Care 29, 2102—2107.

(11) Tuomilehto, J., Lindstrom, J., Eriksson, J. G., Valle, T. T.,
Hamalainen, H., Ilanne-Parikka, P., Keinanen-Kiukaanniemi, S.,
Laakso, M., Louheranta, A., Rastas, M., Salminen, V., Uusitupa, M.,
et al. (2001) Prevention of type 2 diabetes mellitus by changes in
lifestyle among subjects with impaired glucose tolerance. N. Engl. J.
Med. 344, 1343—1350.

(12) Diabetes Prevention Program Research, G., Knowler, W. C,
Fowler, S. E, Hamman, R. F., Christophi, C. A, Hoffman, H. J,,
Brenneman, A. T., Brown-Friday, J. O., Goldberg, R., Venditti, E., and
Nathan, D. M. (2009) 10-year follow-up of diabetes incidence and
weight loss in the Diabetes Prevention Program Outcomes Study.
Lancet 374, 1677—1686.

(13) Petersen, K. F., Dufour, S., Befroy, D., Lehrke, M., Hendler, R. E.,
and Shulman, G. I. (2005) Reversal of nonalcoholic hepatic steatosis,
hepatic insulin resistance, and hyperglycemia by moderate weight
reduction in patients with type 2 diabetes. Diabetes 54, 603—608.

(14) Wing, R. R,, Lang, W., Wadden, T. A., Safford, M., Knowler, W.
C., Bertoni, A. G, Hill, J. O, Brancati, F. L., Peters, A, and
Wagenknecht, L. (2011) Benefits of modest weight loss in improving
cardiovascular risk factors in overweight and obese individuals with type
2 diabetes. Diabetes Care 34, 1481—1486.

(15) Nauck, M. A,, Homberger, E., Siegel, E. G., Allen, R. C., Eaton, R.
P., Ebert, R, and Creutzfeldt, W. (1986) Incretin effects of increasing
glucose loads in man calculated from venous insulin and C-peptide
responses. J. Clin. Endocrinol. Metab. 63, 492—498.

(16) Pyke, C., Heller, R. S., Kirk, R. K., Orskov, C., Reedtz-Runge, S.,
Kaastrup, P., Hvelplund, A., Bardram, L., Calatayud, D., and Knudsen,
L. B. (2014) GLP-1 receptor localization in monkey and human tissue:
novel distribution revealed with extensively validated monoclonal
antibody. Endocrinology 155, 1280—1290.

(17) Marathe, C. S., Rayner, C. K, Jones, K. L., and Horowitz, M.
(2013) Relationships between gastric emptying, postprandial glycemia,
and incretin hormones. Diabetes Care 36, 1396—1405.

(18) Linnebjerg, H., Park, S., Kothare, P. A., Trautmann, M. E., Mace,
K., Fineman, M., Wilding, I, Nauck, M., and Horowitz, M. (2008)
Effect of exenatide on gastric emptying and relationship to postprandial
glycemia in type 2 diabetes. Regul. Pept. 151, 123—129.

(19) Dunning, B. E., Foley, J. E., and Ahren, B. (2005) Alpha cell
function in health and disease: influence of glucagon-like peptide-1.
Diabetologia 48, 1700—1713.

(20) Wysham, C., Blevins, T, Arakaki, R., Colon, G., Garcia, P., Atisso,
C., Kuhstoss, D., and Lakshmanan, M. (2014) Efficacy and safety of
dulaglutide added onto pioglitazone and metformin versus exenatide in
type 2 diabetes in a randomized controlled trial (AWARD-1). Diabetes
Care 37,2159-2167.

(21) Blevins, T., Pullman, J., Malloy, J., Yan, P., Taylor, K., Schulteis,
C., Trautmann, M., and Porter, L. (2011) DURATION-S: exenatide
once weekly resulted in greater improvements in glycemic control
compared with exenatide twice daily in patients with type 2 diabetes. J.
Clin. Endocrinol. Metab. 96, 1301—1310.

(22) Richards, P., Parker, H. E., Adriaenssens, A. E., Hodgson, J. M.,
Cork, S. C., Trapp, S, Gribble, F. M., and Reimann, F. (2014)
Identification and characterization of GLP-1 receptor-expressing cells
using a new transgenic mouse model. Diabetes 63, 1224—1233.

(23) Cork, S. C., Richards, J. E., Holt, M. K., Gribble, F. M., Reimann,
F., and Trapp, S. (2015) Distribution and characterisation of Glucagon-
like peptide-1 receptor expressing cells in the mouse brain. Mol. Metab.
4,718-731.

(24) Egerod, K. L., Petersen, N., Timshel, P. N., Rekling, J. C., Wang,
Y, Liu, Q. Schwartz, T. W., and Gautron, L. (2018) Profiling of G
protein-coupled receptors in vagal afferents reveals novel gut-to-brain
sensing mechanisms. Mol. Metab. 12, 62—75.

(25) Krieger, J. P., Arnold, M., Pettersen, K. G., Lossel, P., Langhans,
W., and Lee, S. J. (2016) Knockdown of GLP-1 Receptors in Vagal
Afferents Affects Normal Food Intake and Glycemia. Diabetes 65, 34—
43.

(26) Halim, M. A., Degerblad, M., Sundbom, M., Karlbom, U., Holst,
J.J., Webb, D. L., and Hellstrom, P. M. (2018) Glucagon-Like Peptide-1
Inhibits Prandial Gastrointestinal Motility Through Myenteric Neuro-
nal Mechanisms in Humans. J. Clin. Endocrinol. Metab. 103, 575—58S5.

(27) Yamamoto, H.,, Kishi, T., Lee, C. E., Choi, B. J,, Fang, H,,
Hollenberg, A. N., Drucker, D. J., and Elmquist, J. K. (2003) Glucagon-
like peptide-1-responsive catecholamine neurons in the area postrema
link peripheral glucagon-like peptide-1 with central autonomic control
sites. J. Neurosci. 23, 2939—2946.

(28) Krieger, J. P, Langhans, W., and Lee, S. J. (2015) Vagal
mediation of GLP-1's effects on food intake and glycemia. Physiol.
Behav. 152, 372—380.

(29) Secher, A, Jelsing, J., Baquero, A. F., Hecksher-Sorensen, J.,
Cowley, M. A,, Dalboge, L. S., Hansen, G., Grove, K. L., Pyke, C., Raun,
K., Schaffer, L., Tang-Christensen, M., Verma, S., Witgen, B. M., Vrang,
N,, and Bjerre Knudsen, L. (2014) The arcuate nucleus mediates GLP-
1 receptor agonist liraglutide-dependent weight loss. J. Clin. Invest. 124,
4473—4488.

(30) Olofsson, L. E., Unger, E. K, Cheung, C. C., and Xu, A. W.
(2013) Modulation of AgRP-neuronal function by SOCS3 as an
initiating event in diet-induced hypothalamic leptin resistance. Proc.
Natl. Acad. Sci. U. S. A. 110, E697—706.

(31) Shaver, S. W., Pang, J. J., Wainman, D. S, Wall, K. M., and Gross,
P. M. (1992) Morphology and function of capillary networks in
subregions of the rat tuber cinereum. Cell Tissue Res. 267, 437—448.

(32) Rodriguez, E. M., Blazquez, J. L., and Guerra, M. (2010) The
design of barriers in the hypothalamus allows the median eminence and
the arcuate nucleus to enjoy private milieus: the former opens to the
portal blood and the latter to the cerebrospinal fluid. Peptides 31, 757—
776.

(33) Burmeister, M. A., Ayala, J. E., Smouse, H., Landivar-Rocha, A.,
Brown, J. D., Drucker, D.J., Stoffers, D. A, Sandoval, D. A,, Seeley, R. J.,
and Ayala, J. E. (2017) The Hypothalamic Glucagon-Like Peptide 1
Receptor Is Sufficient but Not Necessary for the Regulation of Energy
Balance and Glucose Homeostasis in Mice. Diabetes 66, 372—384.

(34) Iepsen, E. W,, Zhang, J.,, Thomsen, H. S., Hansen, E. L,
Hollensted, M., Madsbad, S., Hansen, T., Holst, J. J., Holm, J. C,, and
Torekov, S. S. (2018) Patients with Obesity Caused by Melanocortin-4
Receptor Mutations Can Be Treated with a Glucagon-like Peptide-1
Receptor Agonist. Cell Metab. 28, 23.

(35) Nauck, M. A, Kleine, N., Orskov, C., Holst, J. J., Willms, B., and
Creutzfeldt, W. (1993) Normalization of fasting hyperglycaemia by
exogenous glucagon-like peptide 1 (7—36 amide) in type 2 (non-
insulin-dependent) diabetic patients. Diabetologia 36, 741—744.

(36) Eng, J., Kleinman, W. A,, Singh, L., Singh, G., and Raufman, J. P.
(1992) Isolation and characterization of exendin-4, an exendin-3
analogue, from Heloderma suspectum venom. Further evidence for an
exendin receptor on dispersed acini from guinea pig pancreas. J. Biol.
Chem. 267, 7402—7405.

(37) Davidson, M. B,, Bate, G., and Kirkpatrick, P. (2005) Exenatide.
Nat. Rev. Drug Discovery 4, 713—714.

(38) Nielsen, L. L, Young, A. A, and Parkes, D. G. (2004)
Pharmacology of exenatide (synthetic exendin-4): a potential
therapeutic for improved glycemic control of type 2 diabetes. Regul.
Pept. 117, 77—88.

(39) DeYoung, M. B, MacConell, L., Sarin, V., Trautmann, M., and
Herbert, P. (2011) Encapsulation of exenatide in poly-(D,L-lactide-co-
glycolide) microspheres produced an investigational long-acting once-
weekly formulation for type 2 diabetes. Diabetes Technol. Ther. 13,
1145—1154.

DOI: 10.1021/acsptsci.8b00009
ACS Pharmacol. Transl. Sci. 2018, 1,3—11


http://dx.doi.org/10.1111/bph.14157
http://dx.doi.org/10.1021/acsptsci.8b00009

ACS Pharmacology & Translational Science

(40) Werner, U., Haschke, G., Herling, A. W., and Kramer, W. (2010)
Pharmacological profile of lixisenatide: A new GLP-1 receptor agonist
for the treatment of type 2 diabetes. Regul. Pept. 164, 58—64.

(41) Knudsen, L. B., Nielsen, P. F., Huusfeldt, P. O., Johansen, N. L.,
Madsen, K., Pedersen, F. Z., Thogersen, H., Wilken, M., and Agerso, H.
(2000) Potent derivatives of glucagon-like peptide-1 with pharmaco-
kinetic properties suitable for once daily administration. J. Med. Chem.
43, 1664—1669.

(42) Glaesner, W., Vick, A. M., Millican, R,, Ellis, B., Tschang, S. H.,
Tian, Y., Bokvist, K., Brenner, M., Koester, A., Porksen, N., Etgen, G.,
and Bumol, T. (2010) Engineering and characterization of the long-
acting glucagon-like peptide-1 analogue LY2189265, an Fc fusion
protein. Diabetes/Metab. Res. Rev. 26, 287—296.

(43) Young, M. A,, Wald, J. A, Matthews, J. E., Scott, R, Hodge, R. ],
Zhi, H, and Reinhardt, R. R. (2014) Clinical pharmacology of
albiglutide, a GLP-1 receptor agonist. Postgrad. Med. 126, 84—97.

(44) Lau, J., Bloch, P., Schaffer, L., Pettersson, I, Spetzler, J., Kofoed,
J., Madsen, K., Knudsen, L. B., McGuire, ], Steensgaard, D. B., Strauss,
H. M,, Gram, D. X,, Knudsen, S. M., Nielsen, F. S., Thygesen, P,,
Reedtz-Runge, S., and Kruse, T. (2015) Discovery of the Once-Weekly
Glucagon-Like Peptide-1 (GLP-1) Analogue Semaglutide. J. Med.
Chem. §8, 7370—7380.

(45) Andersen, A., Lund, A., Knop, F. K, and Vilsboll, T. (2018)
Glucagon-like peptide 1 in health and disease. Nat. Rev. Endocrinol. 14,
390—403.

(46) Pratley, R. E., Aroda, V. R, Lingvay, I, Ludemann, J., Andreassen,
C., Navarria, A., and Viljoen, A. (2018) Semaglutide versus dulaglutide
once weekly in patients with type 2 diabetes (SUSTAIN 7): a
randomised, open-label, phase 3b trial. Lancet Diabetes Endocrinol. 6,
275-286.

(47) Harris, K. B,, and McCarty, D. J. (2015) Efficacy and tolerability
of glucagon-like peptide-1 receptor agonists in patients with type 2
diabetes mellitus. Ther. Adv. Endocrinol. Metab. 6, 3—18.

(48) Green, J. B, Bethel, M. A, Armstrong, P. W., Buse, J. B., Engel, S.
S., Garg, J., Josse, R, Kaufman, K. D., Koglin, J., Korn, S., Lachin, J. M.,
McGuire, D. K., Pencina, M. J,, Stand], E., Stein, P. P., Suryawanshi, S.,
Van de Werf, F., Peterson, E. D., and Holman, R. R. (2015) Effect of
Sitagliptin on Cardiovascular Outcomes in Type 2 Diabetes. N. Engl. J.
Med. 373, 232—242.

(49) Madsbad, S., Krarup, T., Deacon, C. F., and Holst, J. J. (2008)
Glucagon-like peptide receptor agonists and dipeptidyl peptidase-4
inhibitors in the treatment of diabetes: a review of clinical trials. Curr.
Opin. Clin. Nutr. Metab. Care 11, 491—499.

(50) Holst, J. J., Albrechtsen, N. J. W., Gabe, M. B. N, and Rosenkilde,
M. M. (2018) Oxyntomodulin: Actions and role in diabetes. Peptides
100, 48—53.

(51) Cohen, M. A, Ellis, S. M., Le Roux, C. W., Batterham, R. L., Park,
A., Patterson, M., Frost, G. S., Ghatei, M. A., and Bloom, S. R. (2003)
Oxyntomodulin suppresses appetite and reduces food intake in
humans. J. Clin. Endocrinol. Metab. 88, 4696—4701.

(52) Tan, T. M,, Field, B. C., McCullough, K. A, Troke, R. C,
Chambers, E. S., Salem, V., Gonzalez Maffe, J., Baynes, K. C., De Silva,
A., Viardot, A., Alsafi, A., Frost, G. S., Ghatei, M. A., and Bloom, S. R.
(2013) Coadministration of glucagon-like peptide-1 during glucagon
infusion in humans results in increased energy expenditure and
amelioration of hyperglycemia. Diabetes 62, 1131—1138.

(53) Miyawaki, K, Yamada, Y., Ban, N., Thara, Y., Tsukiyama, K.,
Zhou, H., Fujimoto, S., Oku, A., Tsuda, K., Toyokuni, S., Hiai, H,,
Mizunoya, W., Fushiki, T., Holst, J. J., Makino, M., Tashita, A., Kobara,
Y., Tsubamoto, Y., Jinnouchi, T., Jomori, T., and Seino, Y. (2002)
Inhibition of gastric inhibitory polypeptide signaling prevents obesity.
Nat. Med. 8, 738—742.

(54) Yip, R. G, and Wolfe, M. M. (2000) GIP biology and fat
metabolism. Life Sci. 66, 91—103.

(55) Finan, B.,, Muller, T. D., Clemmensen, C., Perez-Tilve, D.,
DiMarchi, R. D., and Tschop, M. H. (2016) Reappraisal of GIP
Pharmacology for Metabolic Diseases. Trends Mol. Med. 22, 359—376.

(56) Nauck, M. A., and Meier, J. J. (2018) Incretin hormones: Their
role in health and disease. Diabetes, Obes. Metab. 20, 5—21.

10

(57) Gasbjerg, L. S., Gabe, M. B. N, Hartmann, B., Christensen, M. B.,
Knop, F. K, Holst, J. J., and Rosenkilde, M. M. (2018) Glucose-
dependent insulinotropic polypeptide (GIP) receptor antagonists as
anti-diabetic agents. Peptides 100, 173—181.

(58) Frias, J. P., Bastyr, E. J., 3rd, Vignati, L., Tschop, M. H., Schmitt,
C., Owen, K., Christensen, R. H.,, and DiMarchi, R. D. (2017) The
Sustained Effects of a Dual GIP/GLP-1 Receptor Agonist, NNC0090—
2746, in Patients with Type 2 Diabetes. Cell Metab. 26, 343—352 e342.

(59) Finan, B, Yang, B, Ottaway, N, Smiley, D. L, Ma, T,
Clemmensen, C., Chabenne, J., Zhang, L., Habegger, K. M., Fischer, K.,
Campbell, J. E., Sandoval, D., Seeley, R. J., Bleicher, K., Uhles, S,,
Riboulet, W., Funk, J., Hertel, C., Bellj, S., Sebokova, E., Conde-Knape,
K., Konkar, A, Drucker, D. J., Gelfanov, V., Pfluger, P. T., Muller, T. D.,
Perez-Tilve, D., DiMarchi, R. D., and Tschop, M. H. (2015) A rationally
designed monomeric peptide triagonist corrects obesity and diabetes in
rodents. Nat. Med. 21, 27—-36.

(60) Finan, B., Clemmensen, C., and Muller, T. D. (2015) Emerging
opportunities for the treatment of metabolic diseases: Glucagon-like
peptide-1 based multi-agonists. Mol. Cell. Endocrinol. 418 (Pt 1), 42—
54.

(61) Finan, B, Ma, T., Ottaway, N., Muller, T. D., Habegger, K. M.,
Heppner, K. M., Kirchner, H.,, Holland, J., Hembree, J., Raver, C,,
Lockie, S. H., Smiley, D. L., Gelfanov, V., Yang, B., Hofmann, S,
Bruemmer, D., Drucker, D. J., Pfluger, P. T., Perez-Tilve, D., Gidda, J.,
Vignati, L., Zhang, L., Hauptman, J. B., Lau, M., Brecheisen, M., Uhles,
S., Riboulet, W., Hainaut, E., Sebokova, E., Conde-Knape, K., Konkar,
A., DiMarchi, R. D., and Tschop, M. H. (2013) Unimolecular dual
incretins maximize metabolic benefits in rodents, monkeys, and
humans. Sci. Transl. Med. 5, 209ral51.

(62) Brothers, S. P., and Wahlestedt, C. (2010) Therapeutic potential
of neuropeptide Y (NPY) receptor ligands. EMBO molecular medicine 2,
429—4309.

(63) Lavebratt, C., Alpman, A., Persson, B., Arner, P., and Hoffsted, J.
(2006) Common neuropeptide Y2 receptor gene variant is protective
against obesity among Swedish men. Int. ]. Obes. 30, 453—459.

(64) Erondu, N., Gantz, L., Musser, B., Suryawanshi, S., Mallick, M.,
Addy, C., Cote, ], Bray, G., Fujioka, K, Bays, H., Hollander, P.,
Sanabria-Bohorquez, S. M., Eng, W., Langstrom, B., Hargreaves, R. J.,
Burns, H. D., Kanatani, A., Fukami, T., MacNeil, D. J., Gottesdiener, K.
M., Amatruda, J. M., Kaufman, K. D., and Heymsfield, S. B. (2006)
Neuropeptide Y5 receptor antagonism does not induce clinically
meaningful weight loss in overweight and obese adults. Cell Metab. 4,
275—282.

(65) Sato, N., Ogino, Y., Mashiko, S, and Ando, M. (2009)
Modulation of neuropeptide Y receptors for the treatment of obesity.
Expert Opin. Ther. Pat. 19, 1401—1415.

(66) Batterham, R. L., Cowley, M. A, Small, C. J., Herzog, H., Cohen,
M. A, Dakin, C. L., Wren, A. M., Brynes, A. E., Low, M. J., Ghatei, M. A,
Cone, R. D., and Bloom, S. R. (2002) Gut hormone PYY(3—36)
physiologically inhibits food intake. Nature 418, 650—654.

(67) Feletou, M., and Levens, N. R. (2005) Neuropeptide Y2
receptors as drug targets for the central regulation of body weight. Curr.
Opin Investig Drugs 6, 1002—1011.

(68) Talsania, T., Anini, Y., Siu, S., Drucker, D. J., and Brubaker, P. L.
(2005) Peripheral exendin-4 and peptide YY(3—36) synergistically
reduce food intake through different mechanisms in mice. Endocrinol-
ogy 146, 3748—3756.

(69) Schmidt, J. B., Gregersen, N. T., Pedersen, S. D., Arentoft, J. L.,
Ritz, C., Schwartz, T. W., Holst, J. J., Astrup, A., and Sjodin, A. (2014)
Effects of PYY3—36 and GLP-1 on energy intake, energy expenditure,
and appetite in overweight men. American journal of physiology.
Endocrinology and metabolism 306, E1248—1256.

(70) Novo Nordisk. (2017) Annual Report, Novo Nordisk A/S,
Denmark.

(71) Reimann, F., Tolhurst, G., and Gribble, F. M. (2012) G-protein-
coupled receptors in intestinal chemosensation. Cell Metab. 15, 421—
431.

(72) Gorski, J. N., Pachanski, M. J., Mane, J., Plummer, C. W., Souza,
S., Thomas-Fowlkes, B. S., Ogawa, A. M., Weinglass, A. B., Di Salvo, J.,,

DOI: 10.1021/acsptsci.8b00009
ACS Pharmacol. Transl. Sci. 2018, 1,3—11


http://dx.doi.org/10.1021/acsptsci.8b00009

ACS Pharmacology & Translational Science

Cheewatrakoolpong, B., Howard, A. D., Colletti, S. L., and Trujillo, M.
E. (2017) GPR40 reduces food intake and body weight through GLP-1.
American journal of physiology. Endocrinology and metabolism 313, E37—
E47.

(73) Nunez, D. J., Bush, M. A, Collins, D. A, McMullen, S. L.,
Gillmor, D., Apseloff, G., Atiee, G., Corsino, L., Morrow, L., and
Feldman, P. L. (2014) Gut hormone pharmacology of a novel GPR119
agonist (GSK1292263), metformin, and sitagliptin in type 2 diabetes
mellitus: results from two randomized studies. PLoS One 9, €92494.

(74) Katz, L. B, Gambale, J. J.,, Rothenberg, P. L., Vanapalli, S. R,
Vaccaro, N., Xi, L., Sarich, T. C., and Stein, P. P. (2012) Effects of JNJ-
38431055, a novel GPR119 receptor agonist, in randomized, double-
blind, placebo-controlled studies in subjects with type 2 diabetes.
Diabetes, Obes. Metab. 14, 709—716.

(75) Briere, D. A, Ruan, X, Cheng, C. C,, Siesky, A. M., Fitch, T. E,,
Dominguez, C., Sanfeliciano, S. G., Montero, C., Suen, C. S., Xu, Y.,
Coskun, T., and Michael, M. D. (2015) Novel Small Molecule Agonist
of TGRS Possesses Anti-Diabetic Effects but Causes Gallbladder Filling
in Mice. PLoS One 10, e0136873.

(76) Briere, D. A, Bueno, A. B., Gunn, E. J., Michael, M. D., and Sloop,
K. W. (2018) Mechanisms to Elevate Endogenous GLP-1 Beyond
Injectable GLP-1 Analogs and Metabolic Surgery. Diabetes 67, 309—
320.

(77) Rothman, R. B, and Baumann, M. H. (2002) Serotonin releasing
agents. Neurochemical, therapeutic and adverse effects. Pharmacol,
Biochem. Behav. 71, 825—836.

(78) Rothman, R. B., Baumann, M. H., Dersch, C. M., Romero, D. V.,
Rice, K. C,, Carroll, F. I, and Partilla, J. S. (2001) Amphetamine-type
central nervous system stimulants release norepinephrine more
potently than they release dopamine and serotonin. Synapse 39, 32—41.

(79) Wadden, T. A., Berkowitz, R. L, Silvestry, F., Vogt, R. A., St John
Sutton, M. G., Stunkard, A. J., Foster, G. D., and Aber, J. L. (1998) The
fen-phen finale: a study of weight loss and valvular heart disease. Obes.
Res. 6, 278—284.

(80) Fitzgerald, L. W., Burn, T. C., Brown, B. S., Patterson, J. P.,
Corjay, M. H,, Valentine, P. A, Sun, J. H,, Link, J. R., Abbaszade, I,
Hollis, J. M., Largent, B. L., Hartig, P. R,, Hollis, G. F., Meunier, P. C,,
Robichaud, A. J., and Robertson, D. W. (2000) Possible role of valvular
serotonin S-HT(2B) receptors in the cardiopathy associated with
fenfluramine. Molecular pharmacology 57, 75—81.

(81) Khera, R, Murad, M. H,, Chandar, A. K,, Dulai, P. S., Wang, Z.,
Prokop, L. J, Loomba, R, Camilleri M., and Singh, S. (2016)
Association of Pharmacological Treatments for Obesity With Weight
Loss and Adverse Events: A Systematic Review and Meta-analysis. Jama
315, 2424—-2434.

(82) Narayan, K. M., Boyle, J. P., Thompson, T. J., Gregg, E. W., and
Williamson, D. F. (2007) Effect of BMI on lifetime risk for diabetes in
the U.S. Diabetes Care 30, 1562—1566.

(83) Asami, T., Niida, A., and Ohno, S. (2016) Peptide Compound,
W0/2016/084826.

(84) Valdecantos, M. P., Pardo, V., Ruiz, L., Castro-Sanchez, L.,
Lanzon, B., Fernandez-Millan, E., Garcia-Monzon, C., Arroba, A. L,
Gonzalez-Rodriguez, A., Escriva, F., Alvarez, C., Ruperez, F. ], Barbas,
C., Konkar, A., Naylor, J., Hornigold, D., Santos, A. D., Bednarek, M.,
Grimsby, J., Rondinone, C. M., and Valverde, A. M. (2017) A novel
glucagon-like peptide 1/glucagon receptor dual agonist improves
steatohepatitis and liver regeneration in mice. Hepatology 65, 950—968.

(85) Henderson, S. J., Konkar, A., Hornigold, D. C., Trevaskis, J. L.,
Jackson, R., Fritsch Fredin, M., Jansson-Lofmark, R., Naylor, J., Rossi,
A., Bednarek, M. A., Bhagroo, N., Salari, H, Will, S., Oldham, S,
Hansen, G., Feigh, M., Klein, T., Grimsby, J., Maguire, S., Jermutus, L.,
Rondinone, C. M., and Coghlan, M. P. (2016) Robust anti-obesity and
metabolic effects of a dual GLP-1/glucagon receptor peptide agonist in
rodents and non-human primates. Diabetes, Obes. Metab. 18, 1176—
1190.

11

DOI: 10.1021/acsptsci.8b00009
ACS Pharmacol. Transl. Sci. 2018, 1,3—11


http://dx.doi.org/10.1021/acsptsci.8b00009

