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A B S T R A C T

Chemical derivatives of the gut-derived peptide hormone glucagon-like peptide 1 (GLP-1) are among the best-in-
class pharmacotherapies to treat obesity and type 2 diabetes. However, GLP-1 analogs have modest weight
lowering capacity, in the range of 5–10%, and the therapeutic window is hampered by dose-dependent side
effects. Over the last few years, a new concept has emerged: combining the beneficial effects of several key
metabolic hormones into a single molecular entity. Several unimolecular GLP-1-based polyagonists have shown
superior metabolic action compared to GLP-1 monotherapies. In this review article, we highlight the history of
polyagonists targeting the receptors for GLP-1, GIP and glucagon, and discuss recent progress in expanding of
this concept to now allow targeted delivery of nuclear hormones via GLP-1 and other gut hormones, as a novel
approach towards more personalized pharmacotherapies.

1. Introduction

Diabetes mellitus is a devastating metabolic disease that has
reached epidemic proportions worldwide. Type 2 diabetes (T2D) is the
most common form of the disease, affecting 90–95% of diabetic pa-
tients, with 415 million affected individuals. Estimates suggest that by
2040 this number will rise to 642 million [1]. This rise in diabetes has
severe economic consequences, since approximately 12% of the global
health expenditure ($673 billion) is spent on diabetes and its compli-
cations, which includes hospital, outpatient, and therapeutic interven-
tions [1]. This economic burden will continue to increase as the rates of
diabetes are growing rapidly, especially in low- and middle-income
countries, where more than 75% of diabetic individuals live [2–4].
Tragically, the World Health Organization (WHO) estimates that dia-
betes resulted in 1.6 million deaths in 2015, making it the 6th leading
cause of death [5].

Diabetes mellitus is characterized by pathological failure to buffer
against prolonged episodes of hyperglycemia, which ultimately leads to
diabetes related complications. Microvascular complications include
damage of the eyes (retinopathy), the nervous system (neuropathy) and
the kidney (nephropathy), while macrovascular complications include

coronary artery disease, cerebrovascular and peripheral vascular dis-
ease [6].

Cardiovascular disease is perhaps the most dangerous consequence
of diabetes, despite the ravaging impact that neuropathy, nephropathy
and retinopathy can have on diabetic individuals. The major con-
tributor to type 2 diabetes is obesity, which is also gaining global
prevalence [7,8].

Type 2 diabetes is managed with non-pharmacological interventions
and various pharmacological treatment options. While lifestyle changes
in diet and physical activity are the primary approach to treat in-
dividuals with diabetes, pharmacological options are usually required
to meet target levels of blood glucose and glycolysated hemoglobin
(HbA1c).

The most commonly used medicinal approaches to treat T2D in-
clude biguanides, sulfonylureas, thiazolidinediones, insulin, inhibitors
of the sodium glucose cotransporter 2 (SGLT 2) or the dipeptidyl pep-
tidase-4 (DPP-IV) enzyme, or mimetics targeting the receptor for glu-
cagon-like peptide 1 (GLP-1) [9]. While all of these pharmacotherapies
improve glucose handling, albeit with varying efficacy [10–12], many
of these options have undesirable effects and some even possess a dose-
dependent risk of causing hypoglycemia, such as insulin and
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sulfonylureas [13–16]. Other side effects, such as weight gain, are also
commonly described for the use of sulfonyluresas, insulin and thiazo-
lidinediones, which limit their overall use in already obese individuals
[16]. Collectively, there is a great demand for the development of safe
and effective anti-diabetic agents with accompanied weight reduction
and cardiovascular safety. In this review, we report recent advances in
the development of unimolecular polyagonists, describe the underlying
mechanisms identified in preclinical studies, and discuss potential
translational relevance of these novel pharmacotherapies.

2. Physiology and pharmacology of GLP-1, GIP and glucagon

2.1. Glucagon-like peptide 1 (GLP-1)

Insulin secretion is controlled not only by glucose directly but also
by insulinotropic factors like the incretin hormones glucagon-like
peptide 1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP)
[17].

Glucagon-like peptide 1 is synthesized and secreted primarily from
the intestinal L-cells after post- translational processing of proglucagon
by prohormone convertase 1/3 (PC1/3). The proglucagon gene is not
only expressed in the L-cells of the intestine, but also in the α-cells of
the endocrine pancreas and neurons located in the caudal brainstem
and hypothalamus [18]. GLP-1 is secreted in response to nutrient in-
gestion and acts as an insulinotropic hormone in a glucose-dependent
fashion [19]. GLP-1 binds to the GLP-1 receptor (GLP-1R), a seven
transmembrane G-protein-coupled receptor with high expression in
pancreatic islets, the central nervous system and enteric neurons [20],
but also in the lung, kidney, lymphocytes, macrophages [21], heart
[22], and human coronary endothelial cells [23].

In addition to its insulinotropic effects, GLP-1 also inhibits glucagon
secretion from pancreatic α-cells [24], delays gastric emptying [25],
enhances β-cell proliferation while inhibiting β-cell apoptosis in ro-
dents [26], decreases gluconeogenesis in the liver [27] and reduces
hepatic lipid content [20]. GLP-1 also decreases body weight via cen-
trally regulated inhibition of food intake, and GLP-1 fails to affect food
intake in mice with CNS-specific deletion of the GLP-1 receptor
[28–30]. In addition, GLP-1 has neuroprotective effects with pharma-
cological potential for the treatment of neurodegenerative diseases such
as Alzheimer’s [31] and Parkinson’s disease (PD) [32–34]. Exendin-4
has further been shown to have neuroprotective effects in animal
models of cerebral ischemia [35] and amyotrophic lateral sclerosis
[36]. Moreover, GLP-1 has cardioprotective effects and exerts metabolic
benefits in cardiomyocytes, blood vessels, immune cells, leading to at-
tenuated development of atherosclerosis, beneficial reductions in sys-
tolic and diastolic blood pressure, reduced cholesterol plasma levels,
and reduced ischemia-reperfusion injury [37–40]. Additionally, GLP-1R
mRNA transcripts are also expressed in the kidney and GLP-1 agonism
in rodents with diabetic nephropathy reduces proteinuria and produces
functional and histological improvement in the diabetic kidney [41].
Clinical data of pooled registration trials and results of large-sized
cardiovascular outcome studies indicate that use of GLP-1R agonists, in
addition to standard care, modestly improve albuminuria in T2D, be-
yond the effects of glycaemic control [42]. Especially the use of lir-
aglutide in patients with T2D and high cardiovascular risk has resulted
in lower rates of the development and progression of diabetic kidney
disease than placebo [43]. GLP-1R mRNA was also detected at high
levels in the rat lung and binds to receptors on the submucosal glands of
the trachea and the smooth muscle of the pulmonary arteries, causing a
significant increase in mucous secretion and pulmonary smooth muscle
relaxation [44,45].

The insulinotropic and cardioprotective actions of GLP-1 make it a
useful pharmacological tool in the fight against T2D. However, the
therapeutic value of native GLP-1 is hampered by a relatively short half-
life, less than two minutes in humans [46], due to degradation by di-
peptidyl peptidase-4 (DPP-IV), which cleaves GLP-1 at its second N-

terminal alanine 2 residue, thus yielding an inactive GLP-19-36 amide or
GLP-19-37 [46–48]. In addition, neutral endopeptidase (NEP) has also
been shown to deactivate GLP-1 in vivo [49,50]. To overcome the
susceptibility for rapid DPP-IV degradation, synthetically-designed
GLP-1 derivatives have been developed which possess a longer half-life
due to amino acid substitutions at the N-terminus, or the addition of
fatty acids which extend the half-life of GLP-1 through delayed clear-
ance from the circulation [51]. These synthetic analogs are currently
very popular in the treatment of diabetes.

Between 2005 and 2016, the FDA approved six synthetic GLP-1R
agonists available for use in the United States to treat T2D: exenatide
(Bayetta®, AstraZeneca, USA), liraglutide (Victoza®, Novo Nordisk),
exenatide long-acting release (Bydureon®, AstraZeneca, USA), albiglu-
tide (Tanzeum®, GlaskoSmithKline), dulaglutide (Trulicity®; Eli Lilly &
Co), and lixisenatide (Lyxumia®, Sanofi). These analogs have extended
biological half-lives and confer little to no risk of hypoglycemia.
Chronic treatment of patients with T2D patients over 12–52 weeks with
these different GLP-1 receptor analogs, such as liraglutide and exena-
tide, leads to a reduction in glycolysated hemoglobin (HbA1c) of 1.1-
1.6% and up to 5% reduction in body weight [52–57]. Besides the
glucose lowering effect of all GLP-1 analogs, in 2017, the FDA approved
liraglutide (Saxenda ®, 3 mg) for a second indication as an adjunct to a
reduced-calorie diet and increased physical activity for chronic weight
management in overweight and obese adult patients [58]. Also in 2017,
the FDA approved a new indication for liraglutide (Victoza ® 1,2/
1,8 mg), for reducing the risk for myocardial infarction, stroke, and
cardiovascular death in adults with type 2 diabetes who have estab-
lished cardiovascular disease. Based on the results from the LEADER
(Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular
Outcome Results—A Long Term Evaluation) trial, liraglutide reduced
the risk of cardiovascular death, nonfatal myocardial infarction, and
nonfatal stroke by 13% compared with placebo (p=0.01), with an
absolute risk reduction of 1.9% [59].

Currently, a new drug application for once-weekly semaglutide
(Novo Nordisk) was submitted to the FDA in December 2016.
Semaglutide is a fatty-acylated GLP-1 analog that has been shown to
decrease body weight and to improve glycemia in preclinical trials with
patients with type 2 diabetes [60]. Semaglutide is also under review by
the European Medicines Agency, and the Japanese Pharmaceuticals and
Medical Devices Agency [61].

Unfortunately, GLP-1 and its analogs induce adverse events, mostly
of gastrointestinal character, such as nausea, vomiting and diarrhea
[62]. These side effects occur in a dose-dependent manner, which
generally limits the use of higher doses to drive greater weight loss
[63]. An observed slight increase in heart rate in humans when treated
with liraglutide and exenatide long-acting release (LAR) led to required
cardiovascular outcome studies to demonstrate cardiovascular (CV)
safety via randomized, controlled trials.

In light of the dose-limiting side effects, there is a desire for safer
and more effective GLP-1 based analogs. In this review, we discuss the
advantages of GLP-1 agonism in conjunction with other hormones, such
as GIP and glucagon.

2.2. Glucose-dependent insulinotropic polypeptide (GIP)

Glucose-dependent insulinotropic polypeptide (GIP) is synthesized
in and secreted from enteroendocrine K- cells of the proximal small
intestine in response to dietary lipids [64–66]. Additionally, CNS pro-
duction of GIP has also been described in rodents [67], and GIP tran-
scripts have been localized in pancreatic α-cells of rodents and humans
[68]. Encoded by a proGIP precursor, post-translational processing by
the prohormone convertase enzymes 1 and 3 (PC1/3) yields a mature
42 amino acid protein (GIP 1–42) [69]. In pancreatic α-cells and a
subset of enteroendocrine K-cells however, differential processing of
proGIP by PC 2 and C-terminal amidation by peptidyl-glycine α-ami-
dating monooxygenase results in a 30 amino acid protein (GIP 1–30).
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The insulinotropic effects of this peptide seem to match GIP 1–42, but
its extra-pancreatic actions are still elusive [70]. GIP’s major physio-
logical role is targeting pancreatic islets to enhance insulin secretion
under conditions of hyperglycemia [18], but GIP also stimulates the
release of glucagon under conditions of hypoglycemia, thus serving as a
bifunctional hormone that is capable of buffering against both extremes
of glucose excursion [71]. In humans, intravenously administered GIP
increases plasma insulin levels [72], but in some obese T2D patients,
insulin secretion is blunted in response to GIP, indicating that impaired
GIP signaling may be part of the mechanisms that underlie T2D [73]. In
addition to its actions in modulating insulin release, GIP promotes
pancreatic β-cell growth, differentiation, proliferation and survival in
mouse models of diabetes [74]. GIP binds to the GIP receptor (GIPR), a
class B G-protein-coupled receptor with high expression not just in
pancreatic islets, but also in insulin-sensitive tissues involved in con-
trolling systemic metabolism, such as the hypothalamus [75] and adi-
pose tissue [76]. GIP has been stigmatized as an obesogenic factor,
since GIP stimulates adipogenesis under in-vitro conditions [77], in-
hibits lipolysis [78] and stimulates lipogenesis [79]. Blocking GIP sig-
naling in mice diminishes weight gain and improves glucose metabo-
lism [80–83]. Circulating levels of GIP also positively correlate with
body weight, and thus are typically elevated in genetically- and diet-
induced obese mice [84–86] and obese humans [87–89]. However, a
growing body of new evidence suggests that GIP agonism has metabolic
benefits. Mice overexpressing GIP or chronic GIPR agonism show im-
proved glucose metabolism, without negative effects on body weight
[90,91]. Other studies in pigs without functional GIP receptors show
impaired glucose tolerance due to delayed insulin secretion, impaired
insulinotropic effect of GIP and reduced β-cell-proliferation and re-
duced islet mass [92]. Analysis of several genome-wide association
studies (GWAS), especially the Meta-Analysis of Glucose and Insulin-
Related Traits Consortium (MAGIC), identified single nucleotide poly-
morphism (SNP) variants at the human GIPR locus (rs10423928) which
were associated with impaired glucose tolerance [93]. Carriers of this
GIPR rs10423928 A-allele showed decreased GIPR expression in islets
and a blunted insulinotropic response resulting in elevated blood glu-
cose following a post-oral challenge [94]. Such human studies thus
support the idea that GIPR is a potential pharmacological target for the
prevention and treatment of T2D.

Several GIPR antagonists have been used in rodents, suggesting that
pharmaceutical inhibition of GIP might benefit obesity related meta-
bolic disorders. These molecules evoke impaired glucose control
[95–98] and cause chronic weight loss in obese rodent models
[80,81,99,100]. But these initially classified antagonists turned out to
present cross-reactive antagonism at other receptors, for example at the
glucagon receptor [95], are of low potency [101–103] or are partial
agonists at the GIPR [97,104–106]. Thus, current data justify a re-
direction of manipulating the GIP system by increasing rather than
diminishing GIP action using appropriately validated tools.

Besides using the GIP system for the treatment of metabolic dis-
eases, GIP also influences bone remodeling and contains neuroprotec-
tive properties. In general, bone resorption is inhibited after nutrient
ingestion. The GIPR is expressed in osteocytes, osteoblasts, and osteo-
clasts, as shown by both mRNA and protein expression [107–109]. GIP
binds to GIPR in osteoblast cell lines at physiological concentrations,
and stimulates collagen α(I) gene expression and alkaline phosphatase
(ALP) activity, processes that are associated with bone formation [109].
In addition to promoting bone formation, GIP also reduces osteoclast
differentiation [110] and bone resorption [107]. GIPR knockout mice
exhibit reduced bone strength and increased trabecular (spongy) bone
volume [111,112], further emphasizing the role of GIP in bone for-
mation.

The GIPR is also expressed in the cerebral cortex, especially pyr-
amidal cortical neurons [113], the hippocampus and olfactory bulb in
rats and in the hippocampus and neocortex of humans [114]. Whether
GIP crosses the blood-brain-barrier in physiologically relevant

concentrations is still unclear; thus, the importance of central versus
peripheral-produced GIP remains elusive. GIP enhances neuronal stem
cell proliferation in the brain [113] and its property to enhance sy-
naptic plasticity in the hippocampus is a mechanism considered to re-
present the cellular level of memory formation, making GIP analogs a
promising target for the development of novel treatments of Alzhei-
mer’s disease [115]. GIPR has also been localized in cells within the
hypothalamus, pituitary, and adrenal cortex. GIPR activation increases
plasma corticosterone in rodents [93], but the importance of the GIPR-
hypothalamic-pituitary-adrenal axis has not yet been established for
humans.

While offering numerous beneficial glucometabolic and neuropro-
tective effects, the therapeutic value of native GIP is hampered by its
rapid degradation through N-terminal truncation by DDP-IV and un-
dergoes rapid renal clearance [46,116,117]. Comparable to the che-
mical optimization approaches of GLP-1, several GIP analogs have been
generated, for example by glycation, acetylation or acylation of the N-
terminal tyrosine residue (Tyr1) [91,118–126] or by substitutions for
the alanine residue (Ala2) via including clycine [118], N-methylglycine
[127], serine [74] or homoalanine [127]. All these modifications offer
protection from DPP-IV degradation, but with variable receptor affinity
and activity. Both the acute and chronic effects of these GIP analogs are
currently investigated in various animal models.

2.3. Glucagon

Glucagon is a 29 amino acid pancreatic peptide processed from
proglucagon in pancreatic α-cells by PC2 [128–131]. Glucagon is best
recognized for its acute ability to increase blood glucose by increasing
hepatic glucose production via enhanced glycogen breakdown and sti-
mulation of gluconeogenesis [132], thus providing the major counter-
regulatory mechanism for insulin in maintaining glucose homeostasis in
vivo.

Glucagon acts via a seven-transmembrane G protein-coupled re-
ceptor consisting of 485 amino acids [133] and glucagon-binding sites
have been identified in multiple tissues, including liver, brain, pan-
creas, kidney, intestine and adipose tissues [134,135].

Historically, glucagon was used predominantly for the treatment of
severe hypoglycemia [136]. Unfortunately, native glucagon possesses
only poor solubility in aqueous solutions at or near physiological pH
values. At concentrations suitable for its medicinal use, glucagon forms
trimers, which lowers its solubility at physiological pH [137]. In acidic
or alkaline aqueous solutions, its solubility is greater, but elicits a re-
duced chemical stability and biological potency. Thus, the glucagon
emergency kit requires instant dissolution of lyophilized glucagon in an
acidic solvent immediately prior to its use, a challenging task in a hy-
poglycemic emergency. Due to glucagon’s poor physical stability, short
duration of action and limited aqueous solubility the investigation of its
therapeutic potential in metabolic diseases has been difficult. Never-
theless, recent advances have altered the solubility of glucagon. To
increase the aqueous solubility of glucagon at physiological pH, the
substitution of asparagine (Asn) with asparic acid (Asp) at position 28
[138] or the COOH-terminal extension (CEX) of the glucagon sequence
with a nine-amino acid COOH-terminal sequence derived from the GLP-
1 paralog exendin-4 [138,139] is needed. Despite lower activity at the
glucagon receptor relative to the native hormone [138], the evaluation
of glucagon’s therapeutic potential has become possible in preclinical
studies.

Glucagon’s diabetogenic nature resulting from its potent ability to
enhance hepatic glucose output has led to various preclinical and
clinical studies investigating the antihyperglycemic effect by inhibiting
glucagon signaling. Such pharmacological approaches include the use
of GCGR antagonizing peptides, small molecules monoclonal antibodies
or antisense oligonucleotides. These studies have shown that inhibition
of glucagon signaling improves glucose metabolism in mice, rats, rab-
bits, dogs and monkeys [131]. Notably, glucagon has additional
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beneficial metabolic effects beyond glucose buffering, including the
modulation of lipid metabolism through activation of lipolysis and in-
hibition of lipid synthesis [140], regulation of energy intake [141],
stimulation of brown fat thermogenesis [142], improvement of cardiac
output [143] and inhibition of gastric motility [144].

Decades ago, repeated administration of glucagon was reported to
yield improvements in rodent metabolism, especially lower body
weight [145]. But the inherent risk of hyperglycemia, especially in
patients with T2D, has complicated the translation of these observa-
tions to human study.

3. Unimolecular polyagonists- a new strategy for the treatment of
the metabolic syndrome

3.1. GLP-1/Glucagon dual agonism

Many diseases cannot be sufficiently treated with a single drug re-
gimen. Increasing the dose of a single hormone therapy can potentially
increase the metabolic benefits of a drug but often coincides with an
increased prevalence of unwanted off-target effects. The co-adminis-
tration of several independent drugs, each having beneficial effects on
metabolism, can decrease body weight beyond what can be achieved by
a single hormone alone. Such combinatorial therapies are commonly
used in the treatment of hypertension, dyslipidemia and diabetes, in
order to meet target levels of blood pressure, lipids and glucose.
Previously in the field of diabetes and obesity, loose co-administration
of drugs were used to induce weight loss, such as the famous rainbow
pills in the 1949′s [146], the combination of phentermine and fen-
fluramine (Phen/Fen) in the 1990′s [147–153] or Qsymia®, the com-
bination of phentermine and topiramate [154–158]. While some of
these pharmacotherapies achieved remarkable effects on metabolism,
these combinations were not without risk and were not a pharmaco-
logical silver bullet against the obesity pandemic. However, in the last
decade, we have witnessed a remarkable progress in the development of
molecules that combine the beneficial effects of multiple key metabolic
hormones into a single entity of enhanced potency and sustained action
relative to the native hormones. The basic idea of these unimolecular
multiagonists is that the simultaneous activation of different signaling
mechanisms maximizes the metabolic benefits, minimizes adverse ef-
fects, and offers a more balanced pharmacokinetic action profile com-
pared to loose co-administration of single hormones. A large number of
unimolecular co-agonists are in preclinical and clinical development

(Table 1). Several of these peptides, which will be discussed in more
detail below, have shown synergistic metabolic action from mice to
man and show overall good tolerability and improved safety.

In 2009, a new peptide was developed combining the glycemic and
anorectic effects of GLP-1 with the lipolytic and thermogenic properties
of glucagon [159], under the hypothesis that the insulinotropic effect of
GLP-1 would restrain the hyperglycemic action of glucagon. Compared
to its native hormones, this GLP-1/glucagon co-agonist exhibits im-
proved pharmacokinetics and a superior time action. This co-agonist
was designed on a glucagon backbone with six amino acids substituted
by the respective GLP-1 residues [159]. Further modifications included
the introduction of an aminoisobutyric acid (Aib) residue at position 2
of the peptide to yield protection from DPP-IV inactivation, forming a
lactam bridge to boost GcGR agonism and to stabilize secondary
structure, and pegylation of the C24 residue to prolong in vivo action
and to delay renal clearance. Together these changes resulted in a
molecule with nearly balanced co-agonism at both receptors and the
necessary solubility and stability in physiological buffers [159]. In DIO
mice, a once-weekly treatment with 70nmol/kg of this GLP-1/glucagon
co-agonist normalizes body weight, improves glucose tolerance, lipid
metabolism, and liver steatosis, all within four weeks of treatment
(Fig. 1). In line with glucagon’s thermogenic capacity and GLP-1′s an-
orectic effect, the body weight loss is due to a loss of fat mass, decreased
food intake, and increased energy expenditure. Notably, this co-agonist
also decreases body weight and fat mass in GLP-1R KO mice, albeit with
lower efficacy than in wild type mice, emphasizing that glucagon sig-
nificantly contributes to the metabolic effects of this co-agonist.

Maximal weight loss in the absence of hyperglycemia was achieved
with a co-agonist comparably balanced for in vitro potency at murine
GLP1R and GCGR [160], although the most effective ratio of GLP-1R
and GCGR agonism may vary by species.

Interestingly, in DIO mice, the GLP-1/glucagon co-agonist restores
leptin responsiveness when combined with pegylated leptin (PEG-
leptin), thereby synergistically improving body weight loss [161].
Previously, the restoration of leptin sensitivity required the cessation of
a HFD [162,163], however, the co-agonist was able to improve leptin
sensitivity even in the presence of continued HFD. In these mice, liver
and plasma triglycerides, cholesterol, insulin and leptin plasma levels
improved after the treatment with the co-agonist, and the addition of
PEG-leptin resulted in further improvements in these metabolic markers
[161].

Nearly simultaneously to the development of this GLP-1R/GCGR co-
agonist, a second GLP-1/GCGR co-agonist was engineered, but this time
from the oxyntomodulin (OXM) peptide sequence. Oxyntomodulin is a
37 amino acid peptide released from intestinal L-cells in response to a
meal. Oxyntomodulin activates both the GLP-1 and glucagon receptors,
although with 10–100 fold lower affinity relative to the native hor-
mones [164]. Oxyntomodulin reduces food intake and promotes weight
loss in rodents and humans [165–169]. These observations prompted
the development of the GLP-1R/GCGR polyagonist (Dual AG), based on
the sequence of oxyntomodulin. The resulting Dual AG peptide is a full
agonist of both target receptors, with comparable activity to native
OXM [170]. In DIO mice, a two week treatment with 1.9 μmol/kg/day
of Dual AG promoted superior weight loss, lipid lowering effects and
improved glycemic control compared to a corresponding GLP-1R-se-
lective agonist [170]. Dual AG also increases fatty acid oxidation and
reduces hepatic steatosis [170].

Encouraged by the successful, independent development of different
GLP-1/glucagon co-agonists, other single molecule polyagonists with
enhanced metabolic efficacy were generated as anti-diabetic and anti-
obesity therapeutic options.

In 2016, another GLP-1/glucagon co-agonist, MEDI0382, was tested
in rodents and non-human primates. In DIO mice and cynomolgus
monkeys, the co-agonist potently induces weight loss, reduces hepatic
fat content and improves glucose metabolism [171].

One year later, another GLP-1/glucagon co-agonist was engineered

Table 1
Multiagonists Currently in Development.

Target Receptors Drug Company Status

GLP-1R/GCGR HM12525A Hamni Pharmaceuticals Phase I
JNJ-54728518 Janssen

Pharmaceuticals
Phase I

MEDI0382 MedImmune Phase II
MK-8521 Merck Phase II
NN9277 Novo Nordisk Phase I
MOD-6030/1 Prolor/OPKO Biological Preclinical
SAR425899 Sanofi Phase II
VPD-107 Spitfire Pharma Preclinical
TT-401 Transition Therapeutics Phase II
ZP2929 Zealand Phase I

GLP-1R/GIPR CPD86 Eli Lilly Preclinical
LY3298176 Eli Lilly Phase I
NN9709/MAR709/
RG7697

Novo Nordisk/
Marcadia

Phase II

SAR438335 Sanofi Phase I
ZP-I-98 Zealand Preclinical
ZP-DI-70 Zealand Preclinical

GLP-1R/GCGR/
GIPR

HM15211 Hamni Pharmaceuticals Preclinical
MAR423 Novo Nordisk/

Marcadia
Phase I
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on the exendin-4 sequence with included glucagon receptor agonistic
activity while maintaining the potent GLP-1R activity and achieving
sufficient in vivo stability. The introduction of a D-serine in position 2 of
a chimeric peptide (peptide 7) and a lysine residue in position 14
modified by addition of palmitic acid at the ε- group using a γ-glutamic
acid spacer provided a potent and balanced dual GLP-1/glucagon co-
agonist. In DIO mice, a twice daily treatment with 50 μg/kg of this co-
agonist showed significant glucose lowering effects with associated
body weight and body fat mass reduction in murine models of diabetes
and obesity over a treatment period of 33 days [172].

Additionally in 2017, a novel GLP-1R/GCGR dual agonist was de-
veloped with amino acid substitution at position 22, 23 and 25 by cy-
steine in glucagon and laurate maleimide conjugation to optimize the
pharmacokinetic profile of this compound. In DIO mice, administration
of 1000nmol/kg once every two days for a treatment period of one
month normalized glucose tolerance, adiposity and improved plasma
metabolic parameters, such as leptin, insulin and adiponectin [173].

Further confirming the translational value of the GLP-1/glucagon
combination, loose low-dose co-infusion of GLP-1 and glucagon has
been demonstrated to increase energy expenditure [174] and to de-
crease food intake in humans [52]. The translational potential of GLP-
1R/GCGR co-agonism is further underscored by the many co-agonists
currently being evaluated in clinical trials (Table 1).

3.2. GLP-1/GIP dual agonism

In 2013, a collaboration between the DiMarchi and Tschöp la-
boratories led to the development of a GLP-1/GIP co-agonist [175]. GIP
was included to increase the insulinotropic effects of GLP-1 while the
anorectic effects of GLP-1 would buffer against any possible obesogenic
action that may or may not arise from GIP agonism. Beginning with the
native glucagon sequence, amino acids from native GLP-1 and GIP were
introduced and the resulting peptides were analyzed for activity at the
GLP-1R and GIPR [175]. The final, balance co-agonist included an Aib
residue at position 2 for the prevention of DPP-IV degradation, and the
Cex extension to improve solubility and pharmacokinetics [175]. In
diet-induce obese and hyperglycemic leptin-deficient mice, daily ad-
ministration of the GLP-1/GIP co-agonist improves several hallmarks of
the metabolic syndrome, such as obesity, hyperglycemia and dyslipi-
demia (Fig. 1) [175]. This co-agonist has shown great translational
potential, with metabolic benefits translating from mice to non-human
primates and humans. In cynomolgus monkeys, the acylated co-agonist
was more efficient at reducing blood glucose levels and increasing
plasma insulin than liraglutide [175]. In humans, the pegylated co-
agonist was administered to healthy, non-diabetic volunteers. The co-
agonist decreased plasma insulin and decreased blood glucose during a
glucose infusion challenge, more effectively than liraglutide [175].

In a further clinical trial, a novel dual GLP-1/GIP co-agonist
(MAR709/RG7697) (Table 1) was recently investigated after a single

Fig. 1. Schematic on the physiological effects of multiagonists targeting the receptors for GLP-1/Glucagon, GLP-1/GIP.
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subcutaneous administration in healthy subjects. RG7697 was generally
well tolerated up to 3.6 mg and the evidence of its glycaemic effect and
pharmaocokinetic profile rendered this compound for further in-
vestigations in patients with T2D [176]. In a two week study, patients
with T2D received once daily RG7697. The pharmacodynamic effect
displayed dose-dependent reductions in fasting and postprandial
plasma glucose, without increasing the risk of hypoglycaemia [177].

This GLP-1/GIP co-agonist was further developed by the addition of
a fatty-acyl group. The fatty-acylated dual agonist, NNC0090-2746, was
recently analyzed in a 12- week, randomized, placebo- controlled,
double blind phase 2a trial, where T2D patients received 1,8 mg of the
co-agonist subcutaneously once daily for 12 weeks. NNC0090-2746
significantly improved glycemic control, and reduced body weight,
total cholesterol and leptin relative to placebo controls [178].

In addition to its metabolic action profile, GLP-1/GIP co-agonism
has recently been shown to have neuroprotective effects in cell and
mouse models of mild traumatic brain injury [179], in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model [180] and 6-
hydroxydopamine (6-OHDA) brain lesion rat model of Parkinson’s
disease [181] and in a rat model of Alzheimer’s disease [182] indicating
that this polyagonist has also translational potential outside of reg-
ulating body weight and glucose metabolism.

The translational value of all these co-agonists needs to be proven in
clinical settings, but already a number of compounds have proceeded
into phase I and II clinical trials [183] (Table 1).

3.3. Unimolecular GLP-1/GIP/Glucagon tri-agonism

The success of the various GLP-1/GCG and GLP-1/GIP dual agonists
inspired research towards the generation of a single molecule with
balanced activity at all three target receptors. This concept of a GLP-1/
GCG/GIP triple agonist was further spurred by the observation that the
loose adjunct administration of GLP-1/GIP along with glucagon was
superior in reducing body weight and to improve glycemia relative to
treatment with the co-agonist alone [184]. The first GLP-1/GCG/GIP
triple agonist was then engineered by introducing GCGR agonism to a
GLP-1R/GIPR co-agonist [184]. Structure-activity relationship (SAR)
studies identified key glucagon residues required for GCGR activity, and
inclusion of these residues (Glu16, Arg17, Gln20, Leu27, and Asp28)
resulted in a triple agonist [184]. In addition, the solubility and phar-
macokinetics of the triple agonist were enhanced by including an Aib
residue at position 2, a C-terminal CEX extension, and a palmitic acid
via the Lys10 residue [184]. The activity of this tri-agonist at each of
the three target receptors was validated using cell lines expressing a
target receptor and a cAMP sensitive luciferase assay. In each of the
three cell lines (GLP-1R expressing MIN6, GIPR expressing mouse 3T3-
L1 apidocytes, and GCGR expressing rat hepatocytes), the tri-agonist
displayed full activity and ten fold greater potency than the native li-
gand [184]. In DIO mice and rats, the tri-agonist lowered body weight
to a greater extent than a matched dose of liraglutide [184]. In mice,
the tri-agonist lowered food intake, reduced plasma insulin, increased
plasma FGF21, lowered plasma cholesterol, and decreased hepatic lipid
content, all more effectively than liraglutide (Fig. 1) [184]. Im-
portantly, the tri-agonist also lowered fasting blood glucose levels and
improved glucose tolerance, without inducing hypoglycemia. This
could indicate that the GLP-1R agonism successfully counters the acute
hyperglycemic effects of GCGR agonism, but it is also in keeping with
the published results that chronic GCGR agonism promotes body weight
loss and improvements in glucose tolerance [131]. In db/db mice, the
tri-agonist prevents the excessive weight gain, without altering food
intake [184]. Similarly, in ZDF rats, the tri-agonist decreases body
weight, decreases fasting blood glucose, improves glucose tolerance,
decreases glycosylated hemoglobin (HbA1C), and preserves islet cy-
toarchitechture [184]. Encouragingly, these beneficial effects were
maintained for 3 weeks following treatment cessation, although body
weight was regained [184]. In contrast, in lean mice the tri-agonist does

not lower body weight, food intake or induce hypoglycemia [184],
suggesting that the tri-agonist corrects metabolic dysregulation without
inducing detrimental effects in metabolically healthy animals. The in
vivo metabolic effects of the tri-agonist are dependent on agonism at
each of the three targeted receptors, as deletion or blockage of any of
the three targeted receptors results in blunted tri-agonist action[184].

Another iteration of a GLP-1R/GIPR/GCGR triple agonist has been
manufactured by Hanmi Pharmaceuticals [185,186]. This tri-agonist,
HM15211 (Table 1), is a glucagon analog with activity at all three
target receptors, and is conjugated to the human aglycosylate Fc frag-
ment to extend the circulating half-life [186]. This tri-agonist also in-
duces greater body weight loss compared to liraglutide, and improves
lipid metabolism and reduces hepatic steatosis [186].

Similarly, the tri-agonist YAG-glucagon is a modified glucagon
peptide that is DPP-IV resistant and has full activity at all three target
receptors, as shown by cAMP assays in target receptor transfected cell
lines [187]. YAG-glucagon does not affect body weight or food intake in
male NIH Swiss mice fed a high fat diet, although YAG-glucagon does
improve glucose tolerance in these mice [187].

Other multi-agonists have been created utilizing antibody frag-
ments. Syn-GIP-ZP is a tri-agonist created by fusing a dual GLP-1R/
GCGR peptide (ZP) and GIP analog to the heavy and light chains of
Synagis, an antibody known to have low immunogenicity in humans
[188]. This tri-agonist has in vitro activity at all three target receptors,
as measured by cAMP reporter assays in cell lines expressing the target
receptors [188].

The prevalence and beneficial effects of all of these triple agonists
underscore their potential as metabolic therapies. These multi- and tri-
agonists can be more effective than their constituent monotherapies
and are often more effective than currently available pharma-
cotherapies such as liraglutide. While these multi-agonists require ad-
ditional mechanistic and safety analyses, they are poised to become
effective new tools in the fight against diabetes, obesity, and metabolic
dysregulation.

4. Peptide and hormone combinations

In addition to peptide/peptide multiagonists, peptide/nuclear hor-
mone combinations can offer potential as anti-obesity therapeutics.
Nuclear acting hormones, such as estrogen, dexamethasone, and T3
have profound effects on metabolism, but often also induce undesirable
off-target effects due to their ubiquitous action profile [189]. The
principle of a chimera between a peptide hormone and nuclear hor-
mone is thus that the peptide hormone binds to its cell surface receptor
and when internalized via the natural cell cycle pathway takes the
nuclear hormone cargo with it, thereby restricting the nuclear hormone
to only enter and act on cells that express the receptor for the peptide
hormone (Fig. 2).

4.1. GLP-1 mediated delivery of estrogen

One example of a peptide/nuclear hormone combination is GLP-1
and estrogen. Estrogen has long been a potential anti-obesity and anti-
diabetic therapy. Across species, females are protected from obesity and
diabetes [190–192]. In vitro, estrogen protects pancreatic islets from
proinflammatory cytokines, and protects against H2O2 and STZ-induced
apoptosis [190]. In vivo, estrogen also decreases food intake while in-
creasing energy expenditure [193]. Unfortunately, estrogen also has
oncogenic and gynecological actions that preclude its use as a metabolic
therapy. In order to overcome these liabilities, estrogen was conjugated
to GLP-1, so that estrogen action was limited to cells that express the
GLP-1 receptor, hypothetically circumventing undesired side effects.
The GLP-1/estrogen conjugate consists of GLP-1 with the C terminal
exendin-4 (Cex) extension, an aminoisobutyric acid at position 2 for
protection from DPP-IV degradation, and a C-terminal lysine which
attaches to estrogen via a stable ether bond. This conjugate shows full
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GLP-1 activity in vitro in cells that express the GLP-1R [194]. In MIN6
cells, the GLP-1/estrogen conjugate stimulates estrogen response ele-
ments to a greater extent than estrogen alone, demonstrating enhanced
efficacy [194]. In DIO mice, the conjugate decreases fat mass without
altering lean mass, which is due in part to a decrease in food intake
[194]. The conjugate decreased the respiratory exchange ratio (RER)
[194], indicating altered nutrient utilization. The conjugate also re-
duced plasma cholesterol, triglycerides, and free fatty acids, lowered
plasma leptin, and reduced hepatosteatosis and hepatocellular damage
[194]. In addition, the conjugate lowered hyperglycemia, improved
glycemic control, and improved insulin sensitivity [194,195]. A CNS
specific knockout of the GLP-1R completely abrogates the metabolic
benefits of the GLP-1/estrogen conjugate [194], demonstrating the
necessity of central GLP-1R agonism. In mice without estrogen re-
ceptors, the body weight loss is blunted [194]. Importantly, in ovar-
iectomized (OVX) mice, the conjugate did not induce an increase in
uterine weight [194,195] or stimulate tumor growth in estrogen-sen-
sitive MCF-7 xenographs [194], suggesting the absence of estrogen ef-
fects in tissues lacking the GLP-1 receptor. Rats treated with the con-
jugate display reduced food reward behavior [196]. SPECT imaging in
these rats reveals that the supramammillary nucleus (SUM) is the target
site of the GLP-1/estrogen conjugate, a novel food-reward site within
the CNS [196]. The GLP-1/estrogen conjugate also targets the LH and
NTS, more classical energy balance regulating areas [196]. In summary,

the GLP-1/estrogen conjugate shows great promise for targeting es-
trogen therapy. Due to the oncogenic potential of estrogen agonism,
vigorous safety studies are required, however, early preclinical in-
vestigations have not revealed major off target effects. This conjugate
has potentially translational value and should continue to be in-
vestigated as a metabolic therapy.

4.2. GLP-1 mediated delivery of dexamethasone

Recently, a second example of a peptide/hormone combination,
GLP-1/dexamethasone (GLP-1/Dexa), was engineered. Following the
idea that coupling GLP-1 with the anti-inflammatory agent dex-
amethasone could selectively neutralize inflammatory-triggered pro-
cesses in the hypothalamus and other GLP-1R positive tissues, the
DiMarchi and Tschöp laboratories engineered a GLP-1/dexamethasone
co-agonist [197]. The GLP-1/dexamethasone conjugate consists of GLP-
1 with a C-terminal penicillamine (Pen) residue linked to dex-
amethasone. In DIO mice, a daily treatment with 100nmol/kg of GLP-1/
Dexa reduces body weight, food intake and fat mass, improves glucose
tolerance, reverses hypothalamic inflammation and ameliorates sys-
temic inflammation within acute and chronic treatment settings. In
contrast, in lean mice the co-agonist does not lower body weight, food
intake or induce hypoglycemia [197], suggesting that the co-agonist
primarily targets pathological processes driven by diet-induced obesity.

Fig. 2. Schematic on the cell-selective delivery of estrogen, dexamethasone or T3 using GLP-1 or glucagon as the peptide hormone shuttle.
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Encouragingly, this GLP-1/Dexa co-agonist does not induce negative
effects on bone integrity and HPA axis activity. Thus, GLP-1-directed
glucocorticoid pharmacology represents a safe and efficacious therapy
option for metabolic inflammation and obesity.

4.3. Glucagon-mediated delivery of thyroid hormone T3

Another peptide/hormone conjugate aims to address dyslipidemia
and cholesterol metabolism by the targeted delivery of T3 using glu-
cagon as the peptide carrier.

T3 increases energy expenditure and fatty acid oxidation, and in-
fluences cholesterol metabolism [198–200]. However, T3 off-target
effects include cardiac hypertrophy, tachycardia, bone resorption, and
muscle wasting [201–205]. In order to avoid these detrimental T3 ef-
fects, T3 was conjugated to DPP-IV resistant glucagon via a gamma-
glutamic acid spacer, thus limiting the T3 effects to tissues expressing
the glucagon receptor, which is mainly the liver and white adipose
tissue [206]. This conjugate has similar activity in vitro at the glucagon
receptor as native glucagon, and also induces the transcriptional ac-
tivity of thyroid hormone response elements in HepG2 cells expressing
GCGR [206]. In DIO and LDLR−/− mice fed a high cholesterol diet, the
conjugate lowers total cholesterol, reduces circulating triglycerides, and
lowers hepatic cholesterol and hepatocellular vacuolation [206]. The
conjugate further improves glucose tolerance, lessens hyperglycemia,
and increases insulin sensitivity [206], indicating that the hypergly-
cemic liability of glucagon receptor agonism is counter-balanced by T3
activity. All of the beneficial effects are lost in mice globally lacking the
glucagon receptor, or in mice lacking the thyroid hormone receptor B
isoform in the liver [206]. The weight loss activity of the conjugate is
mediated partially through increased browning of white adipose tissue
and an increase in whole body expenditure, consistent with T3 action
on this tissue [206]. Notably, the conjugate shows an improved action
profile relative to T3 treatment on both the cardiovascular system and
bone metabolism [206].

5. Conclusions

Over the last years, a series of unimolecular multiagonists have been
developed and their metabolic efficacy to improve body weight and
glycemia has been demonstrated to translate from diet- and genetically
induced obese rodents to non-human primates and humans. Several
unimolecular dual and triple agonists are in clinical evaluation and as
of today, the improved metabolic efficacy doesn’t seem to compromised
by reduced safety, thus emphasizing that these m
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