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ABSTRACT

The discovery of long-acting incretin receptor 
agonists represents a major stride forward in 
tackling the dual epidemic of obesity and dia-
betes. Here we outline the evolution of incre-
tin-based pharmacotherapy, from exendin-4 to 
the discovery of the multi-incretin hormone 
receptor agonists that look set to be our next 
step toward curing diabetes and obesity. We 
discuss the multiagonists currently in clinical 
trials and the improvement in efficacy each 
new generation of these drugs bring. The suc-
cess of these agents in preclinical models and 
clinical trials suggests a promising future for 

multiagonists in the treatment of metabolic dis-
eases, with the most recent glucose-dependent 
insulinotropic peptide receptor:glucagon-like 
peptide 1 receptor:glucagon receptor (GIPR:GLP-
1R:GCGR) triagonists rivaling the efficacy of 
bariatric surgery. However, further research is 
needed to fully understand how these therapies 
exert their effect on body weight and in the 
last section we cover open questions about the 
potential mechanisms of multiagonist drugs, 
and the understanding of how gut–brain com-
munication can be leveraged to achieve sus-
tained body weight loss without adverse effects.

R. M. Gutgesell · T. D. Müller (*) 
Institute for Diabetes and Obesity, Helmholtz 
Diabetes Center, Helmholtz Munich, Neuherberg, 
Germany
e-mail: timodirk.mueller@helmholtz-munich.de

R. M. Gutgesell · T. D. Müller 
German Center for Diabetes Research (DZD), 
Neuherberg, Germany

R. Nogueiras 
CIBER Physiopathology of Obesity and Nutrition 
(CIBERobn), ISCIII, Madrid, Spain

R. Nogueiras 
Department of Physiology, CiMUS, University 
of Santiago de Compostela-Instituto de 
Investigación Sanitaria, Santiago de Compostela, 
Spain

M. H. Tschöp 
Helmholtz Munich, Neuherberg, Germany

M. H. Tschöp 
Division of Metabolic Diseases, Department 
of Medicine, Technical University of Munich, 
Munich, Germany

T. D. Müller 
Walther-Straub Institute for Pharmacology 
and Toxicology, Ludwig-Maximilians University, 
Munich, Germany

http://crossmark.crossref.org/dialog/?doi=10.1007/s13300-024-01566-x&domain=pdf
http://orcid.org/0000-0001-6137-0468
http://orcid.org/0000-0002-9976-9930
http://orcid.org/0000-0002-0624-9339


1070 Diabetes Ther (2024) 15:1069–1084

Keywords: Incretin; Dual-agonist; Triagonist; 
GLP-1; GIP; Glucagon; Obesity; Diabetes

Key Summary Points 

In this article we underscore need for more 
effective and safer anti-obesity pharmaco-
therapies due to the limited efficacy and/or 
significant adverse effects of drugs prior to 
the discovery of incretin-based therapies.

We highlight the significant advances in obe-
sity pharmacotherapy, detailing the role of 
hormonal regulation, genetic factors, and the 
central nervous system.

This review showcases the promising 
advancements in incretin-based thera-
pies which have demonstrated remarkable 
improvements in weight management and 
glucose control, rivaling previous medica-
tions and nearing the result of bariatric 
surgery.

We identify and discuss ongoing challenges 
in the field, including the need for a deeper 
understanding of the mechanisms behind 
incretin agonists effectiveness, improving 
their safety profile and the necessity for more 
research into the central processes affected by 
these treatments.

INTRODUCTION

The global prevalence of obesity and diabetes 
continues to surge, contributing significantly 
to morbidity and mortality through diseases 
like heart disease and cancer [1]. This is an 
unsolved problem and the number of people 
worldwide with diabetes is expected to increase 
in prevalence by 46% by 2045 [2]. Obesity is a 
major part of the problem, its complications 
including chronic kidney disease, hyperten-
sive disease, stroke, and liver disease negatively 
impacting quality but also quantity of life as 
life expectancy decreases as body mass index 
(BMI) increases [3]. The prevalence of obesity 
is expected to increase from 11% to 18% from 

2010 to 2030 [4] paralleling diabetes trends. In 
the face of this epidemic, while lifestyle modifi-
cations are critical, they often prove inadequate 
for long-term weight management and glyce-
mic control, underscoring the urgent need for 
research and development of effective and safe 
anti-obesity pharmacotherapies.

Despite the development, approval and wide-
spread prescription and use of drugs for the treat-
ment of obesity, we have for a long time lacked 
highly effective anti-obesity drugs [5]. Previous 
pharmacological attempts to combat obesity 
have utilized a variety of strategies including (1) 
anorectics; sympathicomimetics, serotonergic 
agonists, opioid receptor antagonists; (2) lipase 
inhibitors (orlistat); (3) increasing basal energy 
expenditure through mitochondrial uncou-
pling (2,4-dinitrophenol, DNP); (4) cannabinoid 
receptor antagonists; and (5) combination thera-
pies of selected gut hormones. However, most of 
these efforts have been plagued with significant 
adverse effects and/or limited efficacy which has 
resulted in the withdrawal and discontinued use 
for the majority of these medications [5].

The development of effective pharmacother-
apies that entail a reduction of adverse effects 
has hinged on the understanding of the neu-
roendocrine pathways involved in the homeo-
static control of body weight. This new para-
digm began with the discovery of leptin, by Jeff 
Friedman and others in 1994, the first hormone 
whose primary function is the regulation of 
body weight, by signaling from the adipose tis-
sue to pro-opiomelanocortin (POMC) neurons 
[6] in the hypothalamus to reduce food intake. 
This was followed by the discovery of an oppos-
ing hormone, ghrelin, which facilitates signaling 
from the gut and acts on agouti-related peptide 
(AgRP) neurons in the hypothalamus to increase 
food intake [7, 8].

Our understanding of obesity since the dis-
covery of leptin has revolved around the idea 
that BMI has a genetic basis, with approximately 
40–70% of the variation in BMI in the popula-
tion being attributable to heritable factors [9], 
and that the majority of genetic variation asso-
ciated with BMI is in the central nervous sys-
tem (CNS) [10]. A prominent example of a spe-
cific mutation associated with obesity was the 
discovery that a four base-pair deletion in the 
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melanocortin-4 receptor (MC4R) leads to obesity 
by inhibiting the leptin-melanocortin pathway 
[11]. However, the magnitude of the effect of 
a deficiency in hypothalamic neuroendocrine 
signaling provides a clear direction for the 
development of therapeutic strategies. Unfortu-
nately leptin mimetics have failed to provide sig-
nificant weight loss outside the cases of leptin-
replacement therapy for patients with genetic 
leptin deficiency [12, 13]. Likewise, while ghre-
lin has the potential to be a useful treatment 
for cancer cachexia [14], strategies for inhibit-
ing ghrelin signaling have thus far not produced 
viable pharmacotherapies for obesity, but this is 
an ongoing area of research [15, 16]. Leptin and 
ghrelin are only two of many neuroendocrine 
signaling pathways facilitating peripheral-brain 
communication regulating metabolism [17, 18]. 
The obvious question was whether leveraging 
any one or a combination of these other sign-
aling pathways may provide a more successful 
path to obesity pharmacotherapy.

Among the many gut hormones implicated 
in control of glucose metabolism are the incre-
tin hormones glucagon-like peptide 1 (GLP-1) 
and glucose-dependent insulinotropic polypep-
tide (GIP). Secreted from enteroendocrine cells 
of the upper (GIP) or lower (GLP-1) intestine in 
response to food intake, they not only stimu-
late pancreatic insulin secretion in a glucose-
dependent manner but also act in the brain 
to decrease body weight via inhibition of food 
intake. Especially in unimolecular formulations 
with agonism also at the receptor for glucagon, 
these hormones ultimately turned out to be 
the most effective obesity and diabetes thera-
pies to date. Glucagon was discovered in 1923 
as a hyperglycemic factor in the pancreas [19]. 
The classical view of the function of glucagon 
as a counter-regulatory hormone to insulin, 
whereby it is secreted by pancreatic α-cells in 
response to hypoglycemia and then acts on 
the liver to increase glucose production, has 
not changed [20]. Trying to develop a therapy 
that increases glucagon signaling would seem 
to be counterproductive at least in a diabe-
tes context. However, the classical model has 
evolved into a complex picture: insulin secretion 
depends on intra-islet glucagon signaling [21] 
and α-cells secrete glucagon in response to fatty 

acids, metabolites, paracrine, endocrine, and 
neuronal signals. Therefore, glucagon acts not 
only to increase glucose production but also to 
induce lipolysis, fatty acid oxidation, ketogene-
sis, increase thermogenesis and energy expendi-
ture, bile acid synthesis, and finally induce satia-
tion and reduce food intake [22, 23]. These are 
almost all positive things for the treatment of 
diabetes and obesity, which makes the gluca-
gon signaling pathway an attractive target for 
an anti-obesity medication despite the induction 
of glucose production, but only if its hyperglyce-
mic liability can be restrained. Consistent with 
the observation that glucagon acts on the pan-
creatic β-cells to stimulate insulin secretion via 
the GLP-1 receptor (GLP-1R) [24–27], long-term 
treatment of diet-induced obese (DIO) mice with 
a biochemically modified water-soluble gluca-
gon improved glucose metabolism with equal 
efficacy relative to treatment with exendin-4 
[23]. 

GIP was discovered in the early 1970s by 
John Brown and colleagues as the gastric-
inhibitory polypeptide [28, 29]. Soon there-
after, the peptide was identified as an insulin 
secretagogue in humans [30]. Since the insuli-
notropic but not the gastric-inhibitory action 
of GIP prevailed at physiological concentra-
tions [30–32], the peptide was later renamed 
glucose-dependent insulinotropic polypeptide. 
Apart from stimulating the secretion of either 
insulin or glucagon in glucose-dependent 
manner [33], GIP promotes lipogenesis and 
lipid deposition under conditions of hyperin-
sulinema [34–36] while stimulating lipolysis 
and fatty acid oxidation under conditions of 
normo- or hypoinsulinemia [37–39]. GIPR ago-
nism further promotes bone formation [40], 
has beneficial effects in animal models for 
atherosclerosis [41–43] and neurodegenerative 
diseases [44, 45], and decreases body weight in 
obese rodents via inhibition of food intake [46, 
47]. GLP-1 was discovered by Svetlana Mojsov 
and Joel Habener in the early 1980s [48–50]. 
Initially characterized as the second incretin 
hormone [51], GLP-1 was later found to have 
pleiotropic action well outside the pancreas, 
with broad action in the brain and the periph-
ery and which includes decrease of gastric 
emptying, inhibition of food intake, increase 
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of natriuresis and diuresis, modulation of 
rodent β-cell proliferation, decrease of inflam-
mation and apoptosis, improvement of cardio-
vascular function, and modulation of learning 
and reward behavior [52] (Fig. 1). Consistent 
with the broad action of the incretins in the 
brain and the periphery, the receptors for GIP 
and GLP-1 receptors show widespread distri-
bution that includes also hypothalamic and 
hindbrain regions implicated in regulation of 
body weight and food intake [52–55]. GLP-1R 
is accordingly also found in the heart, and 
kidney, while GIPR is also expressed in the 
brain, adipose tissue, stomach, small intestine, 
bone, and heart [56]. These incretins share 
large parts of their amino acid sequences with 
glucagon, as well as having a short half-life. 
GIP and GLP-1 are both degraded very quickly 
by dipeptidyl peptidase  4 (DPP4) [57–59], 
making analogues of these endogenous hor-
mones poor drug candidates. This limitation 
was first overcome in 1992 when Eng and col-
leagues discovered exendin-4 in the venom of 
the Gila monster (Heloderma suspectum) [60]. 
Exendin-4 shares a large portion of its amino 
acid sequence and glucose-lowering and insu-
lin-sensitizing effects with GLP-1 [60, 61]. 
However, when compared to endogenous GLP-
1, exendin-4 has a C-terminal extended (CEX) 
amino acid sequence, along with substitution 
of the N-terminal alanine-2 residue with gly-
cine, which makes the peptide resistant to deg-
radation by DPP4, resulting in a significantly 
longer half-life than endogenous GLP-1 [62].

INCRETIN MONOAGONISTS

Exenatide, based on exendin-4, was the first 
incretin agonist to receive Food and Drug 
Administration (FDA) approval in the USA, with 
diabetes indication in 2005. A twice-daily injec-
tion of 10 μg yielded placebo-adjusted reduc-
tions of hemoglobin A1c (HbA1c) of − 0.8% 
(5  μg) and − 1.0% (10  μg) after 30  weeks of 
treatment. Importantly, both arms of the trial 
showed a significant reduction in body weight 
[63]. This early success of this first GLP-1R ago-
nist drug has been followed by a number of 
GLP-1 analogues, including liraglutide [64, 65] 
and semaglutide, which has completely trans-
formed the landscape of obesity. A once-weekly 
injection of 2.4 mg of semaglutide resulted in a 
remarkable reduction in body weight by − 14.9% 
in adults with obesity, along with substantial 
improvements in glucose homeostasis and 
reduced risk of cardiovascular events [66, 67].

As a result of the interrelated nature of differ-
ent metabolic diseases, and the negative effect 
on cardiovascular health that prior drugs for the 
treatment of obesity had, there has long been 
interest in the effect of GLP-1R agonists on car-
diovascular health. Another GLP-1R agonist, 
lixisenatide, which, like liraglutide and sema-
glutide, improves glycemic control and was also 
well tolerated in patients with type 2 diabetes 
[68], did not have an increase in cardiovascu-
lar events in patients with higher risk [69]. It 
was then found that patients with diabetes and 
high cardiovascular risk that were treated with 

Fig. 1  Synergies in mechanisms that regulate body weight 
and glucose metabolism by incretin agonism across tissues 
in humans [22, 23, 106]. Different incretin agonists exert 
complementary effects on key peripheral organs and the 

brain to both directly and indirectly affect energy and glu-
cose. GIP glucose-dependent insulinotropic polypeptide, 
GLP-1 glucagon-like protein 1. Created by BioRender.com
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liraglutide and semaglutide, but not exenatide, 
had a lower risk of non-fatal myocardial infarc-
tion and stroke [66, 70, 71] and another GLP-
1R agonist, dulaglutide, reduced major adverse 
cardiovascular events [72]. Subsequently, in the 
SELECT trial, patients with overweight or obe-
sity and established cardiovascular disease, but 
no diabetes, that were treated with semaglutide 
had a significantly lower composite of cardiovas-
cular events (death from cardiovascular causes, 
nonfatal myocardial infarction, and nonfatal 
stroke) than placebo [73]. These clinical trial 
results clearly demonstrate the cardiovascular 
therapeutic usefulness of GLP-1R agonists in 
addition to their original indications for obesity 
and diabetes.

Improved patient access and lowering the 
treatment barrier is another area of active study 
for GLP-1R agonists. One way to accomplish this 
is by increasing the treatment interval, a once-
monthly injection of efpeglenatide, a novel 
GLP-1R agonist, maintains a very similar efficacy 
and safety profile as semaglutide. In a phase II 
trial, once-monthly efpeglenatide reduces both 
HbA1c and body weight [74], and in a trial sim-
ilar to the SELECT trial, patients with obesity, 
no diabetes, and a history of either cardiovas-
cular or kidney disease that were treated with 
once-monthly efpeglenatide had a lower risk of 
cardiovascular events [75]. The recent develop-
ment of orally administered semaglutide gives 
patients another treatment option: a daily dose 
of 50 mg in patients with obesity but not diabe-
tes had a similar efficacy for reduction in body 
weight (− 15.1%) as the once-weekly injection 
in a phase 3 trial, with a similar tolerability pro-
file [76]. These developments will contribute to 
making GLP-1R agonists an excellent treatment 
option for patients with overweight, diabetes, 
and cardiovascular risk factors.

Though far exceeding the efficacy of prior 
anti-obesity medications, GLP-1R monoagonism 
still falls short of the efficacy of bariatric surgery 
in treating obesity and diabetes, which resolves 
type 2 diabetes (T2D) for more than 80% of 
patients and produces an average of 25–33% 
reduction in body weight depending on the 
type of surgery employed [77, 78]. The two most 
commonly used bariatric surgery techniques 
are sleeve gastrectomy (61% of procedures in 

the USA) and Roux-en-Y gastric bypass (17%). 
The procedures involve the removal of approx-
imately 80% of the stomach or attaching the 
jejunum directly to the upper portion of the 
stomach, respectively [79]. They are irrevers-
ible, require major lifelong lifestyle changes, 
and have complication rates of 11–23% [78]. 
The absence of alternative treatment options 
for severe obesity and its related diseases has 
forced many patients to accept the drawbacks 
of surgery. This situation provides the motiva-
tion to build on the effectiveness of these early 
drugs, aiming to bridge the gap between phar-
macotherapies and surgical methods. To do this 
we need to look beyond GLP-1 alone.

REVISITING GLUCAGON

Glucagon shares many structural similarities 
with the incretins, which along with its abil-
ity to decrease body weight makes glucagon an 
interesting target for the treatment of obesity. 
GCGR is expressed in liver, brain, kidney, preadi-
pocytes, pancreas, and heart [20, 80]. Unfortu-
nately, the solubility of endogenous glucagon 
at physiological pH is quite low, presenting a 
challenge for its pharmacological use. However, 
DiMarchi, Tschöp, and colleagues were able 
to circumvent this problem by appending the 
same CEX amino acid sequence from exendin-4 
to glucagon which improved solubility. This 
enabled the direct comparison of the effect 
of glucagon and GLP-1R agonists using mini-
pumps to continuously administer this water-
soluble glucagon-CEX, exendin-4, or vehicle to 
DIO mice. They found that glucagon-CEX and 
exendin-4 induced a similar reduction in body 
weight and improvement in glucose tolerance 
[23]. This finding set the blueprint for GCGR 
agonism, rather than antagonism, as a therapeu-
tic approach for the treatment of obesity.

GLP‑1/GLUCAGON DUAL AGONIST

With glucagon and GLP-1, there were now two 
peptide analogues, each having a similar effect 
on reducing body weight. The obvious question 
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was whether agonist activity at both receptors 
simultaneously could have a synergistic effect 
on weight loss over monotherapies. Day et al. 
synthesized a peptide based on the shared amino 
acid sequence between glucagon and GLP-1 and 
the CEX tail that could act as an agonist at both 
receptors with nearly equal potency (Fig. 2). 
In DIO mice treated with the balanced dual-
agonist, there was approximately 10% greater 
reduction in body weight than with the version 
favoring the GLP-1R. Both versions of the dual 
agonist had a similar impact on glucose toler-
ance. When both drugs were given to mice lack-
ing the GLP-1R, the GLP-1-centric dual agonist 
produced no change in body weight while the 
balanced dual agonist still produced a significant 
reduction in body weight [81]. This first dual 
agonist demonstrated that unimolecular incretin 

multiagonists can offer synergistic effects on 
body weight reduction by acting on multiple 
receptors.

The first GLP-1R/GCGR agonist to be put in 
clinical trials, cotadutide, produced comparable 
reductions in body weight and blood sugar lev-
els in adults with overweight or obesity, and T2D 
as 1.8 mg of liraglutide [82]. While this was not 
a reciprocation of the magnitude of the effect in 
mice, cotadutide did induce a dose-dependent 
4–8 times greater reduction in triglycerides over 
liraglutide. Survodutide, a second GLP-1R/GCGR 
agonist, was more successful and produced up 
to a − 18.7% reduction in body weight follow-
ing 46 weeks of treatment in a phase 2 trial in 
adults with obesity [83] (Table 1). Mazdutide, 
another GLP-1R–GCGR dual agonist, produced a 
− 11.7% reduction in body weight in a phase 1b 

Fig. 2  A The amino acid sequence of a GLP-1R/GCGR 
dual agonist MK1462 [116], B the amino acid sequence of 
the GLP-1R/GIPR dual agonist tirzepatide [117], and C 
the amino acid sequence of a triagonist [99]. These multi-
agonists are an assemblage of parts from each incretin and 
incorporated lessons learned from prior incretin mimetics: 

Aib substitute to prevent degradation by DPP4, acylation 
from liraglutide or semaglutide to increase solubility, and 
the CEX tail from exendin-4. GCGR  glucagon receptor, 
GIPR GIP receptor, GLP-1R GLP-1 receptor, Aib 2-ami-
noisobutyric acid, DPP4 dipeptidyl peptidase  4, CEX 
C-terminal extension
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Table 1  Summary of dual and triple incretin-based co-agonists in clinical trials

Mechanism 
of action

Drug Clini-
cal trial 
phase

Company Patient 
population

Duration 
of study 
(weeks)

% Change in 
body weight

TRAE 
(prevalence)

Refs.

GLP-1R/
GIPR 
agonist

Tirzepatide 3 Lilly Obesity 72 − 15.0 
(5 mg)

− 19.5 
(10 mg)

− 20.9 
(15 mg)

Nausea 
(< 34%)

Diarrhea 
(< 23%)

Vomiting 
(< 13%)

Constipation 
(< 12%)

[91]

GLP-1R/
GCGR 
agonist

Mazdutide 2 Lilly/Inno-
vent

Obesity 24 − 6.7% 
(3 mg)

− 10.4% 
(4.5 mg)

− 11.3% 
(6 mg)

Nausea 
(< 41%)

Diarrhea 
(< 32%)

Vomiting 
(< 28%)

[113]

GLP-1R/
GCGR 
agonist

OPK88003 2 Opko 
Health/
Lilly

Obesity and 
T2D

30 − 4.4 kg 
(70 mg)

N/A [114]

GLP-1R/
GCGR 
agonist

BI 456906 2 Boehringer 
Ingelheim/
Zealand 
Pharma

Obesity 46 − 18.7% 
(4.8 mg)

N/A [83]

GLP-1R/
GCGR 
agonist

Cotadutide 2 AstraZeneca Overweight 
and T2D

54 − 3.70 
(100 μg)

− 3.22 
(200 μg)

− 5.02 
(300 μg)

Nausea 
(< 35%)

Vomiting 
(< 17%)

[82]

GLP-1R/
GCGR 
agonist

Efinopegdu-
tide

2 Hanmi Obesity and 
T2D

24 − 8.5% 
(10 mg)

Nausea 
(< 28%)

Diarrhea 
(< 17%)

Vomiting 
(< 17%)

Constipation 
(< 17%)

[115]
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trial after just 12 weeks [84]. This demonstrates 
that GCGR agonism alongside GLP-1R agonism 
outperforms GLP-1R monoagonism preclinically 
and in humans.

ETHICAL APPROVAL

This article is based on previously conducted 
studies and does not contain any new studies 
with human participants or animals performed 
by any of the authors.

GLP‑1/GIP DUAL AGONIST

The recent discovery of new synthetic GIPR ago-
nists, which exhibit similar effects to endoge-
nous GIP but have longer half-life and improved 
solubility, present yet another tool for obesity 
therapy. GIPR is expressed primarily in β-cells 
in the pancreas, but also in the brain, adipose 
tissue, stomach, small intestine, bone, and heart 
[56]. Contrary to early loss of function studies 
that suggested that GIPR drove an increase in 
body weight, there is no evidence that GIPR 
agonism increases body weight [85, 86]. Devel-
oping GIPR agonists has an additional chal-
lenge compared with glucagon and GLP-1, as 
the endogenous human and mouse GIPs differ 
slightly; human GIP is a poor agonist for the 
mouse GIPR [87, 88]. To solve this problem, a 
variety of stable and long-acting GIP analogues 

have been developed and tested for binding effi-
ciency and action on both human and mouse 
GIPRs [86]. An optimized GIP agonist, exhibit-
ing full potency for the human GIPR that also 
acts as an agonist at the mouse GIPR, induced a 
reduction in body weight and blood glucose in 
GLP-1R knockout mice but not GIPR knockout 
mice [46, 86]. This indicates that GIP agonism, 
and not off-target GLP-1R agonism by the GIP 
analogue, is responsible for the observed body 
weight loss. Further study found that GIPR ago-
nism in the central nervous system (CNS) alone 
was sufficient to produce a significant reduc-
tion in body weight [46], an effect subsequently 
shown to result from GIPR signaling in inhibi-
tory γ-aminobutyric acid (GABA)-ergic neurons 
[47]. This indicates that GIPR agonism offers sig-
nificant therapeutic potential for the treatment 
of obesity.

Developed using a similar approach as the 
GLP-1/glucagon dual agonist, a GLP-1/GIP dual 
agonist produced greater reductions in body 
weight than GLP-1 monoagonists alone in DIO 
mice [46, 47, 89]. This GLP-1/GIP dual agonist 
was then validated in a short-term obesity study 
in humans, where it produced a − 2.5% reduc-
tion in body weight after 12 weeks compared to 
− 2% with liraglutide (− 1% for placebo), and a 
similar reduction in HbA1c levels [90]. Another 
GLP-1/GIP dual agonist, tirzepatide, was subse-
quently developed. In its phase 3 trial in adults 
with obesity, the highest dose of 15 mg once 
weekly produced an average reduction in body 
weight of 22.5% after 72 weeks of treatment 

Table 1  continued

Mechanism 
of action

Drug Clini-
cal trial 
phase

Company Patient 
population

Duration 
of study 
(weeks)

% Change in 
body weight

TRAE 
(prevalence)

Refs.

GLP-1R/
GIPR/
GCGR 
agonist

Retatrutide 2 Lilly Obesity 48 − 8.7% 
(1 mg)

− 17.1% 
(4 mg)

− 22.8% 
(8 mg)

− 24.2% 
(12 mg)

Nausea 
(< 45%)

Diarrhea 
(< 15%)

Vomiting 
(< 19%)

Constipation 
(< 16%)

[102]
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[91], and a 15.7% reduction in body weight in 
patients with obesity and diabetes [92]. In the 
SURPASS trials, tirzepatide consistently outper-
formed placebo and active comparators in reduc-
ing HbA1c across all doses [90, 93–96]. Critically, 
the most frequent adverse events with tirzepa-
tide, mild to moderate gastrointestinal events, 
including vomiting (5–10%), diarrhea (12–16%), 
and nausea (17–22%), were not higher than 
semaglutide in SUPRASS-2 [97]. In fact there is 
evidence in preclinical studies that GIPR ago-
nism attenuates GLP-1R agonist-induced nau-
sea and emesis [98]. Without increasing adverse 
events, dual agonism of GIPR and GLP-1R sig-
nificantly outperforms GLP-1R monoagonism 
preclinically and in humans.

The advent of dual incretin agonists has 
marked a significant milestone in the manage-
ment of obesity and T2D. We have begun to har-
ness the synergistic effects of GLP-1 and gluca-
gon, as well as GLP-1 and GIP, to offer superior 
efficacy in glucose regulation and weight man-
agement compared to any prior treatment 
options other than bariatric surgery.

TRIAGONISTS

In 2015, Finan and colleagues designed and 
characterized in DIO mice the first monomeric 
triple gut hormone receptor agonist, target-
ing simultaneously not only GIPR and GLP-1R 
but also the GCGR [99]. This molecule (Fig. 2) 
was not only engineered to target the three 
receptors simultaneously in a high-potency 
and balanced manner but also to exhibit 
more optimized pharmacokinetic properties. 
Indeed, this unimolecular triagonist (1) com-
prised parts of the native hormone sequences, 
selected to induce the desired activity at each 
of the targeted receptors and (2) is based on 
previous discoveries made during the elabo-
ration of mixed co-agonists. It included pro-
tection against DPP4-mediated degradation, 
the exendin-4-based C-terminal extended 
sequence, and the addition of a C16 acyl chain 
to mediate albumin binding [99] (Fig. 1). This 
triagonist proved to be more efficient at induc-
ing body weight loss than a GIPR/GLP-1R dual 

agonist (matched potency and equivalent 
doses) in DIO mice, without further reducing 
food intake. In the same study, triagonism was 
associated with greater reduction in fat mass, 
lower plasma cholesterol levels, and improved 
liver health. While the triagonist did not 
induce a stronger reduction in blood sugar lev-
els in a glucose tolerance test, it did produce 
lower insulin levels when compared to dual 
agonist-treated DIO mice. In mice deficient for 
each of the different gut hormone receptors, 
the improvements in body weight and glucose 
metabolism seen with the triagonist rely on 
both GLP-1R and GIPR signaling. However, 
the agonism of the GCGR is specifically neces-
sary for the supra-improvement observed with 
the triagonist in regard to body weight loss, fat 
mass reduction, and decreased food intake [99]. 
The authors also showed that the additional 
GCGR agonism enhances energy expenditure 
without increasing locomotor activity, which 
suggests an effect on nutrient utilization and 
fat oxidation and that the triagonist does not 
act solely by lowering caloric intake [99]. Finan 
et al. noted the importance of balancing GCGR 
agonism with GLP-1R/GIPR agonism to prevent 
any potential diabetogenic effects.

These results motivated the development of 
similar drugs that have now entered clinical tri-
als, including HM15211 (Hanmi) and retatrutide 
(aka LY3437943, Eli Lilly). HM15211 has been 
shown to achieve a reduction in hepatic fat 
(through effects on energy intake, β-oxidation, 
and de novo lipogenesis), alongside decreased 
inflammation and fibrosis in the liver, and its 
clinical development focused on non-alco-
holic steatohepatitis (NASH)/fibrosis treatment 
[100]. The improvement in liver health with a 
triagonist treatment is in line with the results 
reported in DIO mice by Finan et al. in 2015 [99]. 
Between 2017 and 2021, two studies were con-
ducted, testing HM15211 in humans: a phase 1, 
single ascending dose trial that confirmed 
safety and tolerability in otherwise healthy sub-
jects with obesity [100] (NCT03374241; and a 
phase 1b/2a, multiple ascending dose study, in 
obese subjects with non-alcoholic fatty liver 
disease (NCT03744182). HM15211 is currently 
undergoing phase 2 clinical trial for the treat-
ment of NASH [101].
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A second triagonist, retatrutide, is currently 
in the spotlight as it entered phase 3 clinical tri-
als and has shown, so far, undeniably promising 
results regarding the treatment of both diabetes 
and obesity [102, 103]. In the phase 2 study for 
efficacy for obesity, after 48 weeks of treatment, 
retatrutide treatment induced a weight reduc-
tion of 15% or more in 60%, 75%, and 83% of 
the participants who received either 4, 8, or 
12 mg of retatrutide, respectively, versus 2% 
of those who received the placebo treatment. 
The highest dose, 12 mg, of retatrutide resulted 
in a mean weight reduction of 24.2% in obese 
participants after 48 weeks [102]. Strikingly, the 
weight loss was continuous over the 48 weeks 
of treatment and had not reached a plateau 
[102]. Of note, at week 48, 72% of the partici-
pants beginning the trial with prediabetes had 
returned to normoglycemia with retatrutide vs 
22% in the control placebo group.

The phase 2 trial for retatrutide efficacy in 
patients with diabetes also compared the safety 
and tolerability of retatrutide vs a placebo or 
dulaglutide (GLP-1R agonist)-treated groups 
[103]. After 24 weeks, reductions in HbA1c were 
significantly larger than in the placebo group 
for all doses and protocols of retatrutide, apart 
from the lowest (0.5 mg). Additionally, 8 and 
12 mg of retatrutide produced greater HbA1c 
reductions than with 1.5 mg dulaglutide [103]. 
These findings remained consistent at 36 weeks, 
where body weight dose-dependently decreased 
with retatrutide treatment (up to 16.94% with 
12 mg), compared to 3.00% with placebo and 
2.02% with dulaglutide. At doses of 4 mg and 
greater, retatrutide significantly induced higher 
body weight loss than placebo or dulaglutide in 
patients with diabetes [103].

As with other peptide analogues, the most fre-
quent adverse effects with retatrutide affected 
the gastrointestinal system, with mild to mod-
erate severity, which could be attenuated with a 
lower starting dose [102, 103].

Taken together, these studies highlight the 
therapeutical potential of retatrutide for people 
with T2D and/or with obesity. While the safety 
and tolerability profile of retatrutide is compel-
lingly similar to that of GLP-1R monoagonism 
and GLP-1/GIP dual agonism [102, 103], its effi-
cacy, especially regarding obesity and its effect 

on body weight loss, is again greater, bringing us 
closer to closing the gap with bariatric surgery.

OPEN QUESTIONS ON 
MECHANISM FOR WEIGHT LOSS: 
INSIGHTS FROM PRECLINICAL 
WORK

Despite the plethora of incretin agonists cur-
rently in clinical trials and their impressive effi-
cacy in obesity and T2D management, the pre-
cise mechanisms driving the reduction in body 
weight remain obscure, particularly regarding 
the enhanced effects observed with multiag-
onism. Agonism of each incretin receptor has 
different, often complementary effects on body 
weight and energy metabolism (Fig. 2) [5, 23, 
104–107].

The most common adverse effect found in 
clinical trials of incretin agonists is nausea. 
Is there a way to keep the reduction in body 
weight and blood glucose while reducing these 
off-target effects in future generations of incre-
tin agonists? In preclinical models, the addition 
of GIPR agonism to GLP-1R agonism attenuates 
emesis while increasing the amount of body 
weight reduction compared to GLP-1 agonism 
alone [98]. In human trials thus far, dual and tri-
agonist drugs have shown similar adverse effects 
as GLP-1R monoagonists, but these preclinical 
studies suggest that GIPR agonism may hold 
the key to achieving the weight loss benefits of 
incretin agonism with milder adverse effects. 
Thus, there is particular interest in understand-
ing the mechanisms involved in GIPR agonism. 
So far we know tirzepatide drives insulin secre-
tion primarily via GIPR in human islets [108]. 
Moreover, GIPR signaling in the hypothalamus 
regulates appetite and body weight [53]. We 
see these superior benefits of the dual GLP-1/
GIP dual agonist due to action in the CNS [46]. 
Endogenous GIP is likely degraded before it 
can reach CNS GIPRs and has its primary effect 
preferably on adipose tissue where it promotes 
positive energy balance. It is probable that the 
GLP-1/GIP dual agonist acts directly on the CNS, 
inducing satiety and weight loss in a far more 
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potent manner than the GIP-induced promotion 
of positive energy balance peripherally.

Another key question that remains unan-
swered is what brain regions and cell types 
are involved? GLP-1, GCG, and GIP receptors 
are expressed in several different cell types in 
the hypothalamus and hindbrain, including 
endothelial cells, tanycytes, and neurons. In a 
recent study Liskiewicz and colleagues found 
that GABAergic neurons expressing the GIPR in 
the area postrema are activated by long-acting 
GIPR agonists, and GIPR signaling in GABAergic 
neurons is required for the body weight-lower-
ing effects of GIP [47].

While this review has primarily focused on 
unimolecular gut hormone multiagonism, 
another open question is whether we can more 
effectively treat diabetes and obesity in specific 
patient populations by coupling gut hormone 
agonists with other hormone analogues. This is 
an active field of research, and there have been 
preclinical studies where GLP-1R agonists have 
been conjugated with other molecules. This 
might be an opportunity to tailor the drug for 
specific patient subpopulations. For example, it 
is becoming increasingly clear that high-fat diet 
feeding and obesity cause alterations in brain 
circuits that are critical for the control of moti-
vational behavior. In line with this, mice treated 
with a GLP-1R/dexamethasone conjugate dis-
played a reduction in food-motivated behavior 
versus GLP-1R agonism alone, without increas-
ing anxiodepressive behavior and memory [109].

Another pressing question is that of long-term 
weight management. Patients who discontinue 
semaglutide therapy and have lost weight tend 
to regain it fairly quickly [110]. It remains to be 
determined whether patients with obesity and 
T2D will need continuous treatment with incre-
tin agonists to maintain glucose homeostasis 
and body weight, as patients at high risk of heart 
attack or stroke require continual statin therapy, 
or if at some point there will be an adaptation 
to lower body weight and associated benefits 
which can be maintained without continued 
treatment. Another issue pertaining to long-
term patient health following incretin agonist 
treatment is that of muscle loss during weight 
loss. This is a common problem associated with 
any form of body weight loss, and there is no 

evidence that incretin agonist treatment leads 
to a greater proportion of lean mass loss than 
other methods [111]. However, as low muscle 
mass is associated with adverse health outcomes 
and higher all-cause mortality in older adults 
[112], it is crucial to incorporate interventions 
aimed at preserving lean mass during weight 
loss. Strategies such as resistance training and 
high-protein diets, alongside incretin agonist 
therapy, are essential for maximizing long-term 
patient health.

Further research is needed to investigate not 
only the central mechanisms affected by gut 
hormone agonists but also the brain areas and 
cell types affected by and driving obesity. More-
over, it remains unclear what happens down-
stream of central incretin receptor activation 
and what circuits are involved. Understanding 
the mechanisms of these drugs may not only 
help develop the next generation of anti-obesity 
medications but also improve our understanding 
of how body weight is regulated.

CONCLUSION

The evolution from single incretin agonists to 
the development of unimolecular agonists has, 
up to now, culminated in the phase 2 triumph 
of a retatrutide, underscoring a pivotal shift 
towards matching the effectiveness of bariatric 
surgery in treating diabetes and obesity. How-
ever, the journey forward necessitates extensive 
preclinical exploration to elucidate underlying 
mechanisms and proactive health-policy inter-
ventions to democratize patient access to these 
transformative therapies.
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