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Obesity is a chronic, relapsing disease driven by complex interactions
between genetic, environmental, neuroendocrine and behavioural
factors. The advent of incretin-based therapies and the expansion to
multi-receptor agonist peptides targeting glucagon-like peptide 1
(GLP1), glucose-dependentinsulinotropic polypeptide (GIP),
glucagon, and amylin receptors has transformed obesity treatment,
demonstrating average weight loss of more than 20% in humans and
improvements in abroad range of obesity-related comorbidities. In this
Review, we trace the recent evolution of obesity pharmacotherapy from
GLP1receptor agonists to next-generation multi-receptor agonists,
alongside strategies that incorporate oral formulations, weight-loss
quality approaches and tissue-specific drug targeting. We outline major
translational and biological challenges, identify key gaps for future
research and discuss emerging approaches aimed at achieving durable
and scalable obesity treatment.
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Introduction

The capacity to efficiently store excess energy in adipose tissue has been
fundamental to human evolution'. Although this adaptation, shaped
across long timescales, supported survival under conditions of food
scarcity, it has become maladaptive in modern environments®’. Today,
obesity isrecognized asa complex, chronic disease characterized not
solely by excess adiposity but also by ectopic and dysfunctional fat
deposits that contribute to physical and metabolic health complica-
tions, including type 2 diabetes (T2D), cardiovascular disease, sleep
apnoea, joint damage and certain cancers*”.

Since the 1980s, global obesity rates have risen dramatically®°.
Initially concentrated in urbanareas, the prevalence has alsoincreased
inrural populations, fuelling the global epidemic and posing one of the
most significant health challenges of the twenty-first century®. Today,
itis estimated that more than one billion people live with obesity, typi-
cally defined as abody massindex (BMI) of 30 kg mor higher®. Despite
the emergence of more nuanced diagnostic methods* that account
for both regional and organ-specific fat deposition, the scale of the
obesity epidemic remains overwhelming. Indeed, obesity prevalenceis
projected to nearly double by 2035, affecting approximately 1.9 billion
people, or roughly 25% of the global population’.

Thewidespread beliefthat obesity is simply the result of eating too
much and exercising too little has reinforced stigma by implying that
individuals are solely responsible for their condition®. This reductionist
view ignores the powerful genetic, environmental, neuroendocrine,
psychologicaland socioeconomic factors that shape body size, fat dis-
tributionand cardiometabolic health?. Inreality, lifestyle interventions
such asdieting and exercise have been insufficient to achieve sustained
weight loss in most individuals®'®. More concerningly, although pre-
vention remains the ultimate goal, no effective or scalable preventive
public health strategies have yet beenidentified. Consequently, treat-
ment options are currently limited to two main approaches: bariatric
surgery and pharmacotherapy. Althoughbariatric surgery is effective,
itisinvasive and impractical to address the scale of the medical need.
Thisunderscoresthe need for safe, accessible, effective pharmacologi-
calinterventions capable of facilitating weight loss, maintaining it over
time and improving overall cardiometabolic health.

Despite the need for effective therapies, the history of obesity
therapy has been marked by significant challenges". Throughout the
twentieth century, most attempts to develop obesity medications were
unsuccessful owingto either lack of efficacy or intolerable side effects".
Thisis perhaps not surprising, given that much of our understanding of
the physiological and neuroendocrine regulation of energy homeosta-
sisonly began to emerge in the 1990s, with discoveries such as leptin,
the hypothalamic melanocortin system and the appetite-regulating
role of gut hormones, followed by advances in human genetics and
the neurobiology of obesity in the early twenty-first century?®. After
decades of limited progress, 2021 marked a major advance with
the approval of the once-weekly glucagon-like peptide 1 receptor
(GLP1R) agonist semaglutide for the treatment of obesity. Withamean
placebo-subtracted weight loss of 10-15% in people with obesity> ™,
semaglutide setabenchmark for efficacy, helped to transform obesity
care and demonstrated health benefits beyond obesity>" . Tirzepa-
tide, aglucose-dependentinsulinotropic polypeptide receptor (GIPR)-
GLPIR co-agonist, hasshown greater weight-lowering efficacy inpeople
with obesity than semaglutide, reaching mean placebo-corrected
weight loss in the region of 15-20%'*'%, and additional benefits on
certain obesity-related complications'**° and diabetes prevention?.
We are now witnessing the emergence of next-generation molecules,

including GLP1R-glucagon receptor (GCGR)***, GLP1IR-GIPR-GCGR
tri-agonists*, amylin receptor (AMLNR) agonists*?” and combined
GLPIR-AMLNR co-agonists®. These advances are complemented
by a diverse pipeline of preclinical and clinical innovations, ranging
from oral peptide formulations, oral small molecules, unimolecular
peptide-drug conjugates (PDCs), to novel pharmacological targets
with differential effects on body composition, energy expenditure,
sustained weight loss, feeding behaviours and systemic inflammation
thatare orthogonal toincretins, offering continued hope for the future
management of obesity and cardiometabolic diseases to enhance
health-span®.

Inthis Review, we outline the current landscape of pharmacothera-
pies for obesity management, focusing on drug candidates currently
in clinical development, and examine the potential of emerging obe-
sity therapies to address a broad spectrum of chronic comorbidities
beyond weight loss. Ongoing challenges, and novel preclinical concepts
with the potential to address them, are discussed.

Obesity drug development landscape

Pharmacological treatments for obesity date back to the late nineteenth
century". Throughout most of the twentieth century, drug develop-
ment focused primarily on small molecules that suppress appetite
viamodulation of central monoaminergic pathways, including dopa-
mine, noradrenaline (also known as norepinephrine) and serotonin”.
Although a few agents from this era remain in clinical practice, such
as phentermine-topiramate and bupropion-naltrexone, these thera-
pies typically achieve no more than ~-10% reduction in body weight
at tolerable doses when used chronically®°*. Their long-term use is
further limited by adverse effects, including cardiovascular risks (for
example, hypertension, valvular heart disease) and neuropsychiatric
complications (for example, mood changes, anxiety, insomnia)*°~>*,
Other approaches, such aslipase inhibitors and a-glucosidase inhibi-
tors, act by limiting nutrient absorption and provide an alternative
mechanism for modest weight reduction®,

Atthestart of the twenty-first century, peptide-based drug devel-
opment emerged withtheintentionto capture the physiological effects
of neuroendocrine hormones®. The advent of half-life-extending
technologies® (Box 1) and the roadmap to the rational design of uni-
molecular peptide-based multi-agonists® represented transforma-
tive advances in peptide drug discovery during this era (Fig.1). These
innovations, building onimproved understanding of incretin biology
and energy homeostasis, enabled the development of highly effec-
tive therapies for the management of both obesity and T2D. Further-
more, these therapies are capable of inducing more than 10% weight
loss, with a potential beyond 20%*° (Fig. 2), and normalizing glycated
haemoglobin (HbA,.) levels inindividuals with and without obesity*.

GLPIR agonism

The story of GLP1 has unfolded over several decades. For much of
this time, research focused on its role in glucose homeostasis and its
therapeutic potential in T2D, with comparatively little attention to
body weight regulation and obesity. Inthe 1980s, scientists identified
GLPlasanincretin hormone that enhances glucose-dependentinsulin
secretion*>", catalysing drug discovery programmes targeting GLP1IR
agonism for T2D. The inherent pharmacokinetic limitations of native
GLP1, which result from rapid proteolytic inactivation by dipeptidyl
peptidase 4 (DPP-1V)** and fast renal clearance®, necessitated chemical
optimization to create molecules with viable therapeutic properties.
The first GLPIR agonist to gain regulatory approvalin the USAin2005
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Box 1| Half-life-extending technologies for biopharmaceuticals

The clinical utility of peptides and proteins has long been limited by
short plasma half-lives due to proteolytic digestion, renal excretion
and receptor-mediated clearance®°. Coupled with poor oral
bioavailability, these modalities often necessitate frequent injections,
compromising patient adherence and efficacy. To overcome these
limitations, molecular engineering strategies have been developed
to increase molecular size or enable endosomal recycling via the
neonatal Fc receptor, resulting in prolonged systemic exposure.
Among these, fatty acid acylation and Fc-fusion represent the most
clinically advanced and widely adopted strategies within obesity
drug development.

Fatty acid acylation has emerged as a versatile strategy to
prolong the half-life of peptide therapeutics by leveraging albumin’s
natural role as a fatty acid transporter to retain peptides in systemic
circulation and by promoting oligomerization at the injection
depot to slow absorption into the bloodstream™®. The strategy
was originally devised within the context of diabetes research
by coupling a myristic acid directly to the side chain of LysB29 of
human insulin®”'. Importantly, it was found that the length of the
fatty acid chain profoundly influenced both the rate of absorption
to the bloodstream and the binding affinity towards albumin, and
consequently the in vivo half-life****%, Additional insights were
obtained from structure-activity relationship studies, leading to the
development of liraglutide and insulin degludec, showing that the
insertion of a hydrophilic y-Glu spacer between the fatty acids and
the peptides improved parameters such as albumin binding affinity,
oligomerization and aqueous solubility®®**°. Finally, pivotal studies
leading to the discovery of semaglutide revealed that fatty diacids
confer significantly stronger binding to human serum albumin than
the corresponding fatty monoacids®. Moreover, further exploration
of the chemical nature of the spacer revealed that incorporation of
a hydrophilic linker with two amino-3,6-dioxaoctanoic acid (OEG)
units further enhanced albumin binding affinity, proteolytic stability

was exenatide for the treatment of T2D*°. It is a synthetic version of a
39-mer peptide isolated from the saliva of the Gila monster that has
aglycine residue instead of an alanine residue at position 2, making
it more resistant to DPP-IV cleavage; however, its circulatory half-life
remains relatively short owing to rapid elimination via glomerular
filtration®. In people with T2D, exenatide administered as twice-daily
subcutaneous injections, typically before meal ingestion, showed
promising glycaemic effects that coincided with amodest reduction
inbody weight™. Exenatide marked the first therapeutic proof of con-
cept that GLPIR agonism could be translated into meaningful clinical
benefit, validating decades of physiological research, but at the same
time highlighted the fundamental pharmacokinetic challenges of
short half-life and frequent dosing that would drive the next wave of
molecular innovation®.

To improve the pharmacokinetics of GLP1 analogues, fatty acids
were used to convey reversible binding to serum albumin with the goal
of extending the circulatory half-life of biopharmaceuticals (Box 1).
Positional scanning of the GLP1 peptide sequence identified several
sitesamenable to fatty acid derivatization, and through iterative chemi-
cal optimization, the first once-daily GLPIR agonist, liraglutide, was
developed and approved for T2D in 2009 in Europe, and in 2014 as

and overall pharmacokinetic properties, enabling once-weekly
dosing in humans'>*°, Notably, although the presence of 2% albumin
has been shown to reduce the in vitro GLP1R affinity of semaglutide
and similar analogues, this reduction does not impact their efficacy
in vivo™. Notably, variations of the fatty diacid protraction strategy
and extended hydrophilic linkers are now used in most long-acting
peptides in clinical development for obesity treatment, including
cagrilintide®, tirzepatide"®, retatrutide® and survodutide'®’.
Fc-fusion represents another clinically well-established strategy
for extending the half-life of biologics by harnessing the intrinsic
pharmacokinetic properties of the IgG Fc domain®®, a feature that
has been successfully applied in several approved therapeutics,
including the once-weekly GLP1analogue, dulaglutide, approved for
management of T2D*’. The prolonged systemic exposure observed
with Fc-fusion proteins arises from two key mechanisms. First, the
addition of the Fc domain increases the hydrodynamic radius of
the fusion construct by approximately 50kDa, thereby reducing
renal filtration®*°. Secondly, the Fc domain interacts with neonatal
Fc receptors in the endosomal compartments, enabling selective
recycling of the protein back into systemic circulation, thus escaping
degradation via lysosomal pathways®****°. Recent studies have
demonstrated that combining fatty acid acylation with Fc-fusion
synergistically improves the pharmacokinetics of insulin, suggesting
that this dual approach could be a promising and universally
applicable strategy to develop once-monthly peptide-based
obesity therapies*°°. Albumin similarly converges on the neonatal
Fc-receptor recycling pathway, and chemical conjugation of
peptides to albumin has emerged as a half-life extension strategy
analogous to Fc-fusion, most notably demonstrated by albiglutide
for the treatment of T2D*°". Furthermore, engineering efforts aimed
at enhancing Fc receptor binding affinity at acidic pH have opened
avenues to extend half-life beyond native levels, applicable to both
Fc- and albumin-based platforms®©2-4%4,

the first GLP1R agonist for obesity treatment™. The anorectic actions
of GLP1 were discovered in 1996 (refs. 54,55), but at the time, obesity
was not widely recognized as a disease, and drug development during
this erawas fraught with challenges". These factors might have limited
prioritization of, and investmentin, GLP1-based approaches for obesity
therapy. However, in the landmark SCALE obesity and pre-diabetes
trial, once-daily administration of 3.0 mg of liraglutide for 56 weeksin
people with obesity without diabetes resulted ina placebo-corrected
weight loss of 5.4%°, and continuation for 3 years maintained weight
loss and reduced the risk of developing T2D. Importantly, during
the clinical development of liraglutide, gradual dose escalation was
found to reduce the rate of gastrointestinal adverse effects, allowing
patients to tolerate higher doses and potentially achieve additional
therapeutic benefits®.

To improve the relationship between the pharmacokinetics and
pharmacodynamics of liraglutide, further chemical refinement of
the half-life-extending technology was undertaken, most notably
by introducing a C20 diacid that confers stronger binding affinity to
human serum albumin (Box 1), and incorporating protection against
DPP-1V cleavage, resulting in the discovery of the once-weekly analogue
semaglutide®. Both liraglutide and semaglutide were engineered to
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Fig.1| Peptide-based molecular formats in obesity pharmacotherapy.

a, Short- and long-acting peptide receptor agonists (for example, semaglutide,
dulaglutide, cagrilintide). b, Combination therapy of two or more molecules
inasingle formulation (for example, CagriSema, tirzepatide + eloralintide).

¢, Unimolecular peptide receptor agonists are single molecules engineered to
activate two or more hormonal pathways (for example, tirzepatide, retatrutide,
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survodutide) within one peptide backbone. d, Peptide-peptide fusion conjugates
are engineered formats in which two distinct bioactive peptides (for example,
amycretin/zenagamtide) are covalently linked head to tail. e, Peptide-antibody
conjugates comprise one or more peptides covalently linked to an antibody

(for example, maridebart cafraglutide or Fc-fusion conjugates).

structurally resemble native GLP1, minimizing amino acid substitutions
in the peptide backbone, partly to reduce the likelihood of anti-drug
antibodies that had been observed for exenatide and taspoglutide®® >
and partly to simplify biosynthetic manufacturing.

Semaglutide 1.0 mg was initially evaluated in patients with T2D,
where it delivered significant glycaemic control alongside a mod-
est placebo-subtracted weight loss of 3.9% over 30 weeks®’. These
results marked a step change in the chronic management of obesity
in patients with T2D, and suggested that greater weight loss might be
achievable at higher dose levels. In the STEP 1 trial, 68 weeks of treat-
ment with semaglutide 2.4 mg reduced body weight by 12.5% relative
to placeboinpeople with obesity without T2D". Additional weight loss
can be achieved with three times higher doses, resulting in an 18.3%
placebo-adjusted body weight reduction over 72 weeks in people
with obesity without T2D%*. Based on these clinical data, semaglutide
7.2mggained regulatory approval for weight lossin 2026%. In contrast,
reduced efficacy has been observed in patients with obesity and T2D,
resultingina 6.2% placebo-corrected body weight reduction over the
course of 68 weeks®®. A dose-ranging trial demonstrated that escalating
the weekly dose of semaglutide from 2.4 mgto16.0 mgcould generate
agreater placebo-subtracted weightloss of 7.8% over 40 weeks (includ-
ing 24 weeks of dose escalation)®’. However, the trial also revealed
that dose escalation amplifies treatment-emergent gastrointestinal
adverse effects and discontinuation rates, highlighting that greater
efficacy may come at the cost of compromising tolerability. Cessation
of semaglutide treatment results in weight regain and recurrence of
obesity and associated risk factors for cardiometabolic diseases®®®’,
and hence, weight loss maintenance is intrinsically dependent on
long-term adherence to treatment’. Emerging clinical data indicate
that tapering off semaglutide slowly instead of abruptly may support
the maintenance of lost weight for at least 26 weeks”'. However, the
evidence base is limited, and the causal contribution of drug tapering
remains uncertain.

Innovationin the field of GLPIR agonism continues with advances
in peptide design and receptor pharmacology converging to enhance
efficacy, durability and tolerability. Biased agonism offers the opportu-
nity to selectively modulate intracellular signalling to optimize clinical
benefit (Box 2), and breakthroughs in absorption enhancement and
small-molecule chemistry have enabled the development of the first
peptide-based and non-peptide, orally active GLP1R agonists, respec-
tively. Furthermore, continued efforts toimprove the pharmacokinetics
of GLPIR agonists have yielded molecules with progressively longer
half-lives and sustained receptor engagement. The clinical candidate
MET-097i, leveraging a lipidation-based, ultra-high-affinity albumin
binding strategy, exemplifies this progress with a half-life of 15-16 days
supporting once-monthly dosing in humans’. This molecule induced
a14.1% placebo-subtracted weight loss over 28 weeks in people with
obesity without T2D, approaching the efficacy of unimolecular dual
incretins despite acting selectively through the GLP1IR”. Furthermore,
oral once-quarterly GLP1 therapies are being explored for enhanced
weight-loss maintenance’™, alongside gene-encoded incretin approaches
designed to achieve durable, physiological GLP1secretion”.

Central pathways mediating the weight-reducing effects of GLP1R
agonists. Central to the anorexigenic effect of GLPIR agonists is their
ability to modulate both homeostatic and hedonic feeding circuits
across various brain regions, with particular emphasis on direct sig-
nalling in the hypothalamus and brainstem” 7%, A cumulative body
of evidence suggests that systemically administered GLPIR agonists
achieve direct central nervous system (CNS) target engagement pre-
dominantly at circumventricular and periventricular-adjacent sites
with limited penetration of the intact blood-brain barrier, including
the area postrema and median eminence, with downstream recruit-
ment of broader hindbrain and hypothalamic circuits’®””’**°, Where
hypothalamic access is observed, it may involve tanycyte-mediated
transport at the median eminence®'.
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Initial studies using loss-of-function rodent models and fluo-
rescently labelled liraglutide highlighted a crucial role for GLP1Rs
on pro-opiomelanocortin (POMC) neurons in mediating the
weight-lowering effects of this drug class’”*’>. However, more recent
preclinical evidence suggests that brainstem GLP1R-expressing glu-
tamatergic neurons are the primary mediators of the appetite- and
weight-reducing effects of long-acting GLPIR agonists®**°, Yet, no
single brain region has been identified as solely responsible for these
effectsin rodents, nor should it be expected, and studies unravelling
thenuanced centralmechanisms behind the weight-lowering actions of
GLPIR agonists are ongoing’*****% Itis clear, however, thatactivation
of GLP1Rsinthe area postrema of the brainstemin rodents contributes
to the gastrointestinal aversive effects of GLPIR activation®**%%, Some
studies suggest that selectively targeting GLP1Rs in the nucleus of
the solitary tract could be a strategy to achieve appetite suppression
without nausea, whereas othersindicate that the food intake-lowering
effects are inseparable from the aversive effects®%*,

GLPIR and GIPR co-targeting

Itremains enigmatic that both GIPR agonism and antagonism, whether
alone or in combination with GLPIR agonism, result in comparable
weight-loss outcomes. The rationale for GIPR antagonism derives from
human genetic studieslinking inactivating mutationsin the receptor to
alower BMI*°. However, attempts to leverage pharmacological GIPR
antagonism for obesity treatment using antibody- and peptide-based
modalities have only yielded moderate weight-loss efficacy in preclini-
cal studies’ *. Instead, co-treatment with GLPIR agonists results in
synergistic metabolic improvements in both mice and non-human
primates’°>%. The investigational drug maridebart cafraglutide
(MariTide), constructed by conjugation of two GLP1analoguesto a GIPR
antagonist antibody®*, reached maximum plasma concentrations after
4-6 days with a half-life of 23 days in humans following subcutaneous
administration, enabling once-monthly dosing’®. Phase Il clinical trials
with maridebart cafraglutide revealed an average placebo-adjusted
weight loss 0f 17.3% in individuals with obesity without T2D and 15.6%

a Adults with overweight or obesity
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loss in individuals with obesity and T2D over 52 weeks”’. Gastrointes-
tinal adverse events were common and moderately less frequent with
dose escalation and a lower starting dose. An extension of this study
showed that alarge majority of patients who had achieved significant
weight loss in the initial 52-week period were able to maintain their
weight loss when given lower or less frequent doses of the drug in the
second year of treatment, with favourable tolerability and no new safety
signals reported®.

Somewhat counterintuitively, transgenic overexpression of
endogenous glucose-dependentinsulinotropic polypeptide (GIP) and
pharmacological dosing of long-acting GIPR agonists both effectively
promote weightloss and improve glucose homeostasisinrodents®'*,
Mounting preclinical evidence indicates that the pharmacological
effects of GIPR agonismon food intake suppression are mediated viathe
CNS'*7% whereas the glucometabolic benefits appear to involve both
direct weightloss-independent actions on the endocrine pancreas'**'”’
and weight loss-dependent improvements in insulin sensitivity
Biochemically optimized GIPR agonists lower body weight and food
intakein GlpIr-knockout mice, but notin Gipr-knockout mice, support-
ing the therapeutic utility of coordinated agonism at both receptor
systems“’("m“.

Thefirst unimolecular peptide designed to harness coordinated
activation of the GLPIR and GIPR was reported in 2013'°% This mol-
ecule demonstrated superior metabolic outcomes in both rodents
and non-human primates relative to an appropriately matched GLP1R
agonist; however, the translational benefits in humans were under-
whelming, demonstrating only marginal improvements in body
weight and glycaemic control relative to open-label liraglutide'*’.
Although this prototypical peptide was discontinued, it demonstrated
the feasibility of the dual-incretin concept, fuelling the continued
drug development efforts that led to tirzepatide, the first dual ago-
nist molecule to gain regulatory approval for treatment of obesity.
Tirzepatide was engineered by chemically modifying the peptide
sequence of human GIP to confer GLPIR activity, and conjugating a
C20 fatty diacid-based half-life extender to the lysine in position 20
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Fig.2|Placebo-corrected efficacy estimand weight loss in advanced obesity
pharmacotherapy trials. a, Schematic of placebo-corrected weight loss
in people with overweight or obesity without type 2 diabetes. b, Schematic

of placebo-corrected weight loss in people with overweight or obesity and
type 2 diabetes.
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Box 2 | Biased agonism

Historically, obesity drug development emphasized sustained
receptor activation through pharmacokinetic optimization. However,
accumulating evidence indicates that signalling bias, that is,
preferential activation of specific intracellular G protein-coupled
receptor (GPCR) pathways (panels a and b), can meaningfully
influence therapeutic outcomes (panel ¢). Tirzepatide, for instance,
exhibits biased agonism at the glucagon-like peptide 1 receptor
(GLP1R), favouring GPCR signalling over (3-arrestin recruitment, a
feature that contributes to its glucose- and weight-lowering effects in
preclinical models™. This may be explained by the fact that B-arrestin
facilitates receptor desensitization and internalization, a process
leading to lower receptor availability at the plasma membrane and,
consequently, reduced GLP1R signalling""™. These pivotal findings
prompted a shift in anti-obesity drug discovery towards harnessing
biased signalling*®®.

Although the interpretation of tirzepatide data is complicated by
its dual GLP1R and GIPR activity, human pharmacogenomic evidence
supports the translational relevance of biased GLP1R agonism™®.
Individuals carrying rare 3-arrestin 1 loss-of-function variants confer
enhanced glycaemic responsiveness to GLP1R agonists, achieving
greater HbA,, reductions despite similar baseline blood glucose
levels™. Although the weight-lowering effects in these individuals
remain untested, preclinical studies show that biased GLP1R agonists
elicit more efficacious and durable improvements in glycaemic
control and body weight than unbiased agonists"*°°, However, to
fully comprehend whether biased signalling results in improved
clinical outcomes, dedicated head-to-head trials comparing

a b

cAMP response (%)

J\

pharmacokinetically matched biased and unbiased agonists are
warranted.

As multi-receptor agonists advance, detailed pharmacological
profiling becomes increasingly complex, and nuanced evaluation
is crucial for candidate selection in early drug development.
However, biased signalling at other class B GPCRs than the GLP1R
remains comparatively underexplored. For example, although
several studies have shown that genetic deletion of B-arrestin in
isolated pancreatic 3-cells and in vivo impairs glucose-dependent
insulinotropic polypeptide (GIP)-mediated insulin secretion and
glucose regulation®*"%, more recent pharmacological evidence
suggests that signalling bias towards cAMP at the glucose-dependent
insulinotropic polypeptide receptor (GIPR) may provide more
sustained metabolic benefits™®. However, minimal B-arrestin
recruitment may not always be beneficial. For instance, $-arrestin
engagement at the glucagon receptor (GCGR) can promote receptor
internalization“®®, potentially limiting hepatic glucose output and
dampening glucose excursions*®’. Finally, fatty acid acylation is
commonly used to extend the circulatory half-life of peptides;
however, prolonged activation of the GLP1R and GIPR has been
proposed to drive temporal receptor desensitization*“"". Hence,
biased signalling may provide a solution to overcome this challenge
and achieve more sustained therapeutic efficacy. Optimizing multiple
parameters across several target receptors presents a complex
challenge for traditional structure-activity relationship campaigns,
akin to solving a Rubik’s Cube in which each move affects the
entire system.
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tosupport once-weekly administration in humans"®. Mechanistically,

tirzepatide activates the human GIPR with similar potency to native
GIP, but differs in its molecular pharmacology at the human GLPIR,
with 13-fold lower potency compared with native GLP1'". Of note for
preclinical testing, tirzepatide is 75-fold less potent at the mouse GIPR
relative to the humanisoform, corresponding to the observation that
co-administration of a mouse GIPR agonist and tirzepatide results in
additional weight lossin diet-induced obese mice'®. Tirzepatide acts
as a biased agonist at the GLPIR, strongly promoting intracellular
cAMP production while eliciting reduced B-arrestin recruitment''"
(Box 2). The biased signalling profile may beneficially impact recep-
tor desensitization to provide sustained activation of the GLPIR
and may explain the observation that tirzepatide displays superior

Drug concentration Time

— DrugA — DrugB Drug C

weight-lowering efficacy relative to semaglutide in GIPR-deficient
micel[)i,ﬂ}f]li.

The effectiveness of tirzepatide has been characterized in multi-
ple clinical trials evaluating its efficacy for the management of both
obesity and weight-related comorbidities*"'*'*°, After 72 weeks of
treatment, tirzepatide reduced body weight inindividuals with obesity
by 20.1% relative to placebo. In participants with obesity and T2D,
the same treatment duration resulted in a lower placebo-corrected
body weight reduction of 12.4%'?". A clinical trial is currently inves-
tigating whether higher doses of tirzepatide (20.0 mg and 25.0 mg)
may provide additional weight-loss benefits in patients with obesity
and T2D (NCT06037252). A real-world analysis, alongside findings
from the SURMOUNT 5 trial, demonstrated that treatment with
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tirzepatide resulted in significantly greater weight loss compared
with semaglutide with a generally similar incidence of gastrointes-
tinal adverse event-related treatment discontinuations'*'*'*2, The
enhanced efficacy of tirzepatide relative to semaglutide may arise
from several mechanisms, such as engagement of complementary
GIPR-driven satiety pathways'%*'** stimulation of adipose tissue futile
cycling'?, biased agonism at the GLPIR'*>""'5 the anti-aversive effects
of GIP enabling escalation of the GLPIR agonism component'** % or
a combination thereof. Tirzepatide was also associated with greater
weight loss compared with the combination therapy CagriSemainan
open-label head-to-head phase lll clinical trial'”’. Preceding tirzepatide
therapy withintensive lifestyle intervention enhanced maximal attain-
able weight-loss outcomes'?, although this strategy appears to be
broadly effective for incretin-based therapies'***°. Sustained weight
lossrequires continued treatment; that is, treatment with tirzepatide
for up to 3 years was able to maintain an 18.4% placebo-corrected
weight loss”, whereas a switch to placebo resulted in immediate and
rapid weight regain™ and recurrence of cardiometabolic risk factors'.
Adherence to treatment was further associated with a 94% reduction
inthe risk of developing T2D in adults with obesity and prediabetes?.

Several other GLPIR-GIPR co-agonist programmes are advancing
through clinical development. KAI-9531 is a long-acting GLPIR-GIPR
dual agonist with a half-life of 7-8 days in healthy people, demon-
strating substantial improvements in glycaemic control and 21.1%
placebo-subtracted weight loss in individuals with obesity over
36 weeks'. Based on these results, KAI-9531 is now advancing into
phase Ill clinical trials for the treatment of obesity and T2D. Roche is
advancing two dual GLP1R-GIPR co-agonist molecules with promising
clinical profiles,namely CT-868 and CT-388"*"**. These molecules were
identified using chemotype evolution, afragment-based drug discovery
platformthat enables rapid synthesis and screening of target-focused
chemical libraries, and differ from other GLPIR-GIPR co-agonists by
having an N-terminal cap that confers dually biased agonism at the
humanisoforms of both target receptors™®. In preclinical studies, a tool
compound exhibiting comparable dually biased agonism at the murine
isoforms of the GLPIR and GIPR produced superior improvements in
glycaemic control and body weight compared with pharmacokineti-
cally matched, biased mono-agonist control compounds™®. Treatment
with CT-388, a once-weekly subcutaneous injectable for obesity and
T2D, induceda22.5% placebo-adjusted weight reduction after 48 weeks
inaphasell trial without reaching a stable weight-loss plateau’. Mean-
while, BGM0504, a C-terminally lipidated co-agonist designed with
artificial intelligence to have enhanced receptor potency relative to
tirzepatide™®, showed promising weight reduction in early-phase tri-
als, supporting its potential as a next-generation therapy'’. Finally,
olatorepatide, licensed by Regeneron, showed up to 19.0% weight
loss at48 weeksinaphaselll trialin Chinese adults with overweight or
obesity, positioning it among the more competitive late-stage obesity

therapies pending global validation™*°.

Central mechanisms engaged by GIPR-targeting therapies.
Although preclinical studies suggest that tirzepatide-induced weight
loss reflects both appetite suppression and blunting of metabolic
adaptation (adisproportionate decline in energy expenditure relative
to the amount of weight lost), clinical data indicate that this meta-
bolic protective effectis not preserved in humans'. Instead, a 6-week
randomized phase I trial suggested that tirzepatide lowers body weight
primarily by decreasing energy intake, suppressing appetite and food
cravings, and dampening neural responses to high-fat and high-sugar

food cues, consistent with effects on ingestive behaviour and food
reward'* In a single-participant intracranial recording case report,
tirzepatide exposure was associated with changes in patient-reported
food preoccupation, sometimes referred to as food noise'*’, alongside
modulation of nucleus accumbens activity, implicating the mesolimbic
reward circuitry'**. Complementing these findings, emerging mecha-
nistic dataare beginning to map the differential and synergistic neural
mechanisms that underlie the enhanced weight-loss benefits achieved
by either coordinately agonizing or antagonizing GIPRs in combination
with GLP1R agonism. Long-acting GIPR agonists act in the brain'***7%,
with evidenceimplicating GABAergic neurons'®'%, to suppress appe-
tite. Thisis consistent with findings showing that stimulation of endog-
enous GIP secretion lowers food intake and body weight, and that these
effectsare abolished by intracerebroventricular pre-treatment witha
GIPR-blocking antibody'*. Similar to GLPIR agonists, emerging evi-
denceimplicates the hindbrain as akey site for GIPR agonism-induced
weight loss'**¢1*8 consistent with data showing that hypothalamic
GIPRs are dispensable for the weight-lowering effects of combined
GLP1and GIP therapy and that hindbrain GIPR circuits can relay satiety
signals to the hypothalamus'*®.

Both GLP1R and GIPR agonists canindirectly suppress AgRP neu-
ronactivity, akey driver of feeding'®. Yet, GIP, but not GLP1, is required
for the nutrient-dependentinhibition of AgRP neurons, underscoring
the distinct central actions of the two incretin hormones'*. Diver-
gent CNS actions of GLP1and GIP are further supported by single-cell
RNA sequencingin mouse and human hypothalamus. Whereas GLPIR
is expressed in both neuronal and non-neuronal populations, GIPR
expression appears to be comparatively enriched in non-neuronal cell
types such as pericytes, oligodendrocytes and vascular smooth mus-
cle cells™° 2, These distinct expression patterns and mechanisms
suggest a molecular synergy that could explain the enhanced weight
loss observed with dual GLP1IR-GIPR co-agonists. For instance, stud-
ies conducted in mice indicate that pharmacological activation of
GIPRsinoligodendrocytes increases vascular permeability at the bar-
rier between the median eminence and arcuate nucleus, facilitating
enhanced uptake of peripherally dosed GLP1R agonists into hypo-
thalamic sites™>. Finally, GIPR agonism may also mitigate the nausea
commonly associated with GLP1R agonists in both preclinical*'** and
clinical settings™*. One proposed mechanisminvolves GIPR expression
in GABAergic neurons within the area postrema, which, upon activa-
tion, may inhibit excitatory glutamatergic GLP1R-expressing neurons
toreduce aversive effects®'%,

Conversely, the observation that GIPR antagonism also effectively
enhances GLP1-induced weight loss in humans presents a contrast-
ing, yet equally fascinating, mechanistic paradigm. This effect does
not reflect a simple reversal of GIPR signalling; instead, antagonists
appear to enhance weight loss through differential mechanisms that
involve disinhibition of central anorectic pathways. This hypothesis
is supported by studies revealing that disruption of GIPR signalling
in rodents either globally or in the brain diminishes the efficacy of
GIPR-blocking antibodies, whereas targeted deletionin the peripheral
nervous system or in GABAergic neurons does not"**'**, In further sup-
portofthismodel, transcriptomic analysis of the dorsal vagal complex
showed that pharmacologically agonizing or antagonizing the GIPR
induces opposing gene expression signatures, with the transcrip-
tional signature of GIPR antagonism closely resembling that of GLPIR
agonism'*, This, combined with evidence that the body weight- and
foodintake-reducing effects of GIPR-blocking antibodies are abolished
inboth GlpIr- and Gipr-knockout mice, and the observation that the
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weight-lowering efficacy of semaglutide is enhanced in Gipr-knockout
mice'”, indicates that pharmacological GIPR antagonism fundamen-
tally functions as a sensitizer for the anorectic signalling output of
GLPIR-expressing neurons™',

GLP1R-GCGR co-agonism

The historical framing of glucagon as the counter-regulatory hormone
toinsulin has long rendered it seemingly paradoxical in the context
of obesity and T2D pharmacotherapy™°. However, the capacity of
glucagon to stimulate lipid metabolism and energy expenditure pre-
sents a compelling metabolic advantage™’, provided its hypergly-
caemic propensity can be effectively counterbalanced. Recognizing
this challenge, the first fully synthetic, unimolecular GLPIR-GCGR
co-agonist was developed in 2009 through iterative modification of
the human glucagon peptide sequence to confer GLPIR activity™®.
Independently, oxyntomodulin, an endogenous albeit pharmacologi-
cally imbalanced GLP1IR-GCGR co-agonist, was used as a template
for chemical optimization'”. Together, these advances established a
rational multi-agonist design paradigm that has accelerated the clinical
development of unimolecular GLPIR-GCGR co-agonists.

Mazdutide is aonce-weekly GLP1IR-GCGR dual agonist in clinical
development for obesity and T2D. In aphase Il trial, weekly doses of up
t0 6.0 mginduced aplacebo-adjusted weight loss 0f 12.4% over 24 weeks
of treatment™’. In asubsequent phase lll study, 48 weeks of treatment
with once-weekly mazdutide 6.0 mg resulted in a placebo-corrected
weight loss 0of 14.7%, alongside improvements inbiomarkers of cardio-
vascular and liver health”. Beyond obesity and diabetes, mazdutide
is also being evaluated for other indications, including alcohol use
disorder (NCT06817356), and it was the first GLPIR-GCGR co-agonist
to gain regulatory approval in China'®".

Survodutideis afatty acid acylated GLPIR-GCGR co-agonist engi-
neered for once-weekly dosing in humans, with a receptor activity
profile favouring GLP1R activation eightfold relative to the GCGR'®’.
In people with obesity and without T2D, 46 weeks of treatment with
survodutide dose-dependently lowered body weight by up to 12.1%
relative to placebo, accompanied by improvementsinblood pressure®.
Inanother clinical trial investigating survodutide for the management
of T2D, the molecule improved HbA,. levels'®, perhaps mitigating
some concerns about glucagon’s potential hyperglycaemic liabilities.
Furthermore, the actions of glucagon to stimulate hepatic lipoly-
sis and suppress lipogenesis have served as a mechanistic rationale
for the evaluation of survodutide for the treatment of metabolic
dysfunction-associated steatotic liver disease (MASLD) and meta-
bolic dysfunction-associated steatohepatitis (MASH). In a phase Il
clinical trial of patients with biopsy-confirmed MASH, treatment with
survodutide significantly reduced liver fat contentand improved MASH
without worsening of fibrosis by up to 62%'**. Albeitin this trial, onein
five patients did not reach the maximal 6.0 mg dose level because of
gastrointestinal adverse effects, which may be a consequence of the
dose escalation usedinthe trial. Survodutideis currently being inves-
tigated intwo phase Il clinical trials for the treatment of patients with
MASH and moderate or advanced fibrosis or cirrhosis (NCT06632444,
NCT06632457).

A recent phase Ila study of another once-weekly GLPIR-GCGR
co-agonist, pemvidutide, showed a13.4% placebo-subtracted reduction
inbody weight over 48 weeks'®. Concerns about the potential negative
impact of glucagon onlean mass were dampened, as only 25.5% of the
weight loss came from fat-free mass, while 74.5% was from fat mass.
This effect on body composition mirrors that observed with other

long-actingincretin receptor agonists'®. Inaphase IIb trial of patients
with biopsy-confirmed MASH, pemvidutide achieved significant reso-
lution of steatohepatitis without worsening fibrosis, accompanied by
hepatic fat reductions of up to 58% over 24 weeks'®. Pemvidutide is a
balanced co-agonist, which may explain the rapid and robust effects
on hepatic fat clearance relative to other co-agonists that are more
imbalanced towards GLPIR potency.

Although the actions of glucagon seem to positively contrib-
ute to the efficacy and mode of action of both survodutide and pem-
vidutide, challenges have been encountered for other GLPIR-GCGR
co-agonists. For example, theimbalanced co-agonist, NN1177, favour-
ing GLPIR activationataratio of 3:1, was evaluated across three phase |
clinical trials'®. Treatment with NN1177 over 12 weeks achieved a
placebo-corrected weight reduction of up to 12.6%, but the emer-
gence of safety signals, including elevated heart rate, adverse liver
biomarkers and impaired glycaemic control, led to termination of its
clinical development'®®, These findings suggest that a central challenge
in optimizing GLP1IR-GCGR co-agonism lies in defining the relative
receptor activity and dose level, which will likely differ by disease
indication. In diabetes, for example, sufficient GLPIR signalling may
be required to counter the hyperglycaemic drive of GCGR activation.
Beyond glycaemia and cardiovascular risk, glucagon also stimulates
hepaticamino acid catabolism and ureagenesis, raising the possibility
of unfavourable shifts inbody composition.

GLPIR-GIPR-GCGR tri-agonism

The success of the dual agonist approaches prompted the idea that
integrated GLPIR, GIPR, and GCGR activity could further amplify
weight-loss efficacy, and dual-incretin receptor activity could help
offset the diabetogenic effects of glucagon'® 7>, To test this concept,
first-generation molecules such as NN1706 and SAR441255 were
chemically engineered to display balanced activity at all three recep-
tors and exhibit a pharmacokinetic profile conducive to once-daily
human dosing">">. In preclinical studies, these molecules demon-
strated hitherto unprecedented metabolic improvements, including
profound weight loss, enhanced glycaemic control and improvements
in fatty liver disease””"", Translational investigations with NN1706
demonstrated aplacebo-subtracted weightloss of 6.6% at the highest
dose level over 10 weeks of treatment, comparable to once-weekly
semaglutide, tirzepatide' and the combination therapy CagriSema'”
overasimilar treatment duration. However, its development was halted
owingto apersistent, dose-independentincrease in heart rate, which
dissipated upon treatment cessation. NN1706 is no longer in clinical
development; therefore, the mechanisms for these effects have either
not been studied or not communicated".

Retatrutide, the most advanced molecule in the tri-agonist class
currently being evaluated in multiple phase lll clinical trials'”’, is based
on the peptide sequence of human GIP, with amino acid substitu-
tions conferring activity at all three receptors, albeit with an imbal-
ance in relative potency profile favouring activation of the human
GIPR*. Itis a polypeptide, modified with a C20 fatty diacid through a
linker attached to the side chain of a lysine in position 17, achieving a
half-life of approximately 6 days in humans, supporting once-weekly
administration®*. In obese mice, the tri-agonist reduces body weight
by up to ~45% and significantly outperforms the weight-loss efficacy
of equimolarly dosed tirzepatide*. Furthermore, the highest dose of
retatrutide potently reduces food intake for up to 14 daysin mice, and
counters metabolic adaptation to prolong caloric restriction®. How-
ever,whereas GCGR activation typically increases energy expenditure
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as part of the weight-loss mechanismin rodents, retatrutide, consist-
ent with its relatively weak potency at the GCGR, does not elevate
energy expenditureinmice. Thisreceptor balanceis distinct fromother
co-and tri-agonists that more robustly engage the GCGR pathway.

In individuals with obesity without T2D, 48 weeks of treatment
with retatrutide, at the highest dose 0of 12.0 mg, resulted ina22.1% mean
body weight reduction relative to placebo controls, with around half
of the participants losing more than 25% of their initial body weight'”".
Aparallel 40-week phasellltrialinvestigating once-weekly retatrutidein
people with overweight or obesity and T2D showed a 14.3% weight loss
and1.9%reductioninHbA, levels at the highest dose level compared with
placebo controls”*'®°, In both trials, the safety and tolerability profile
of retatrutide, including gastrointestinal and cardiovascular adverse
effects, was generally comparable to that of other molecules in the GLP1
and GLP1-GIP classes. Corroborating these findings, retatrutide dem-
onstrated up to a 26.6% placebo-adjusted body weight reduction over
68 weeks, with substantial relief from knee pain in people with obesity
and knee osteoarthritis'™'. The safety profile of retatrutide was gener-
ally comparable to that of other incretin-based obesity therapies, with
gastrointestinal adverse events being the most common. Dysaesthesia
was observed in roughly onein five patients, but was generally mild and
rarely led to treatment discontinuation'. In extension, acomprehensive
phaselllprogrammeis ongoing to assess the safety and efficacy of retatru-
tideinadults with T2D (TRANSCEND-T2D), and overweight or obesity and
weight-related comorbidities (TRIUMPH), to define further the efficacy
and long-term safety of retatrutide across diverse patient populations.

Several additional GLPIR-GIPR-GCGR tri-agonists are in devel-
opment. Efocipegtrutide, developed by Hanmi Pharmaceuticals, is
optimized for once-weekly dosing and is currently in a phase IIb trial
for biopsy-confirmed MASH™®>'®3, Hanmi is also advancing HM15275,
another long-acting tri-agonist in phase I development, which has
shown metabolic efficacy superior to that of existing dual agonists in
preclinical studies™. In addition, UBT251, licensed by Novo Nordisk,
demonstrated a17.7% placebo-corrected weight loss over 24 weeksina
phaselltrial in Chinese people with overweight or obesity'®. Inaparal-
lel 24-week phase Il trial in individuals with T2D, UBT251 achieved an
8.4% placebo-adjusted body weight reduction at the highest dose, com-
pared with 3.4% for semaglutide 1.0 mg'*®. Although this magnitude of
weight loss over 24 weeks is notable, larger phase 1/l trials are neces-
sary tofully evaluateits efficacy and safety relative to other tri-agonists
currently in clinical development.

Despite the metabolic benefits observed with glucagon-inclusive
multifunctionalincretin receptor agonists, their clinical development
has highlighted important cardiac safety considerations, particularly
related to GCGR activation and heartrate increase. Inthe phase Il study
of retatrutide in participants with obesity, heart rate increases were
dose dependent and trended back towards baseline with continued
treatment, peaking at an increase of 10 bpm at the midpoint of the
study, declining to an increase of 6 bpm at 48 weeks with the highest
dose'”’. Furthermore, asmall percentage of participants undergoing a
fast dose-escalationregimen, aregimen not typically usedin phase Il
studies, experienced arrhythmias, an effect that seemed to be par-
tially managed in those following a slower dose-titration schedule, as
arrhythmias were not observed inthese participants. Hence, although
it remains unknown how drug exposure and the molecular pharmacol-
ogy of GLP1IR-GIPR-GCGR tri-agonism impact haemodynamics, it
seems that appropriate dose-titration regimens may mitigate some
of the effects. Furthermore, activation of GCGR signalling pathways
stimulates hepatic amino acid uptake and catabolism'’, which can

reduce circulating amino acid availability and may have implications
for muscle maintenance. Studies in rodents suggest that the impact
on lean body mass may be dose dependent, underscoring the impor-
tance of achieving theright balance to avoid excessive skeletal muscle
loss™®. However, given the diversity in receptor potency ratios across
tri-agonists in development, further human studies are necessary to
delineate how differencesinreceptor balanceimpact cardiac outcomes
andbody composition. Suchtrials willbeimportant to define therapeu-
ticwindows that maximize metabolic efficacy while minimizing cardiac
impact, ultimately informing the rational design of next-generation
tri-agonists optimized for both efficacy and safety.

Amylin-based weight-loss drugs

Amylinis a 37-mer peptide hormone produced and co-secreted with
insulin from pancreatic 3-cells in response to nutrient ingestion'’.
Amylin exerts its anorectic effects via engagement of AMLNRs in the
CNS, and amylin analogues are used clinically in diabetesand are being
advanced as anti-obesity therapies, particularly in combination with
GLP1R agonists. AMLNRs are not single proteins butinstead heterodi-
meric complexes consisting of the calcitonin receptor (CalcR) paired
withone ofthree receptor activity-modifying proteins (RAMP1, RAMP2,
RAMP3) toformdistinct AMLNR subtypes with unique pharmacological
profiles (AMLNR1, AMLNR2, AMLNR3)"°. By shaping ligand specificity
and signalling dynamics, RAMPs fulfil a central role in how amylin and
related therapeutics regulate appetite and energy balance'’. Pharma-
cologicalamylinregulates appetite suppression, delays gastric empty-
ing and enhances glucose handling, making AMLNRs a long-standing
target of interest for metabolic disease treatment'®. A major chemical
challenge, however, has been to mitigate the fibrillating propensity of
human amylin, which underlies the formation of cytotoxic amyloid
deposits in the pancreaticislets of patients with late-stage T2D"%. Rat
amylin contains three proline residues that disrupt the secondary struc-
ture of the peptide, reducing its tendency to form fibrils™. Incorporat-
ing these residues into the peptide sequence of human amylinled to
the discovery of pramlintide, the first AMLNR agonist to gain approval
for treatment of T2D in 2005. Although pramlintide demonstrated
efficacyinreducing foodintake and promoting weight lossin patients
with T2D, the necessity for frequent high-dose injections rendered it
undesirable for chronic weight management and it is primarily used
asan add-on to mealtime insulin therapy'*'*.

Using pramlintide asatemplate, further chemical optimizationand
derivatization with a half-life-extending technology yielded the long-
actingamylin analogue cagrilintide”. Although cagrilintide was initially
described asalong-acting amylin analogue, later studies revealed that
it also activates the calcitonin receptor, classifying it as a dual amylin
and calcitonin receptor agonist (DACRA) or otherwise unselective to cal-
citonin versus AMLNRs”*'”, Inrodents, however, it was demonstrated
that cagrilintide-induced anorexia and weight loss are fully dependent
onthe presence of the AMLNR1 and AMLNR3 subtypes'®.

In a dose-finding trial, once-weekly subcutaneous injections with
cagrilintide 4.5 mg induced a placebo-corrected body weight reduc-
tion of 7.8% over 26 weeks in subjects with overweight or obesity'”’.
A key objective in the development of cagrilintide was to combine
it with semaglutide to enhance weight loss and glycaemic control®.
Afixed-dose combination of cagrilintide 2.4 mgand semaglutide 2.4 mg
(CagriSema) induced amean placebo-corrected weight loss 0f17.3% over
68 weeks, with participants completing the trial at the maximum dose
achieving 20.4% weight reduction®®.In parallel, a 68-week phase Il trial
of CagriSemain participants with overweight or obesity and T2D found
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Table 1| Selected amylin receptor agonists in discovery and development

Drug Company Class Modality Clinical status Clinical trial identifier
or reference

Cagrilintide Novo Nordisk DACRA Peptide Phase Ill 200

Eloralintide Eli Lilly SARA Peptide Phase Il NCT07282600

Zenagamtide® Novo Nordisk DACRA, GLP1IRA Peptide Phase lll NCT06064006

NNC0662-0419 Novo Nordisk SARA/DACRA, GLP1RA, Peptide Phase Il NCT07184632

GIPRA

Petrelintide Roche, Zealand Pharma DACRA Peptide Phase Il NCT06662539

AZD6234 AstraZeneca SARA Peptide Phase Il NCT06862791

MET-233i Metsera DACRA Peptide Phase Il NCTQ07022977,
NCT06924320

KBP-336 KeyBioscience DACRA Peptide Phase Il NCT06833749

NNC0638-0355 Novo Nordisk DACRA Peptide Phase | NCTO06577766

NNCO0174-1213 Novo Nordisk SARA Peptide Phase | NCTO06719011

GUBamy AbbVie, Gubra DACRA Peptide Phase | NCT06144684

ACCG-2671 Structure Therapeutics DACRA Small molecule Phase | NA

PTT-A Pep2Tango DACRA, GLP1RA, GIPRA Peptide Preclinical NA

Structure Therapeutics ACCG-3535 DACRA Small molecule Preclinical NA

VRB-103 Verdiva Bio DACRA Small molecule Preclinical NA

For clinical trials see ClinicalTrials.gov. DACRA, dual amylin and calcitonin receptor agonist; GIPRA, glucose-dependent insulinotropic polypeptide receptor agonist; GLPIRA, glucagon-like
peptide 1receptor agonist; NA, not applicable; SARA, selective amylin receptor agonist. *Zenagamtide is being developed both as a subcutaneous injectable and in tablet formulation.

that those reaching the maximal dose achieved a10.3% placebo-adjusted
weight loss?”’. Both trials used a flexible dosing regimen to improve
completion rates, resulting in approximately 60% of the participants
reaching the maximum dose level. Accordingly, two additional phase Il
trialswith a stricter design have been launched to evaluate the efficacy
atfull therapeutic exposure (NCT06780449).Inaddition, the REDEFINE
phasellltrial programme will assess the impact of CagriSema on cardio-
vascular outcomes (NCT05669755) and explore the potential for further
weight loss with dose re-escalation and longer treatment duration®%,

Amylin-based obesity therapies are advancing rapidly, with
several long-acting amylin analogues under investigation in clinical
trials (Table 1). Two main classes exist based on receptor selectiv-
ity profiles, that is, selective AMLNR agonists (SARAs) targeting the
heterodimeric AMLNR3 complex and unselective AMLNR agonists
that target both the AMLNR3 complex and the calcitonin receptor
(DACRASs). The most clinically advanced molecule in the selective
AMLNR agonist class, eloralintide’®, achieved placebo-corrected body
weight reduction of11.5% in a12-week phase I multiple ascending-dose
trial’®*. Inasubsequent phase I trial, eloralintide demonstrated up to
19.7% placebo-subtracted weight loss over 48 weeks, with a tolerabil-
ity profile that compares favourably with incretin-induced therapies
and non-selective AMLNR agonists in similar patient populations?,
highlighting the potential of selective AMLNR agonism for obesity
treatment. Eloralintide is currently undergoing clinical evaluation
in combination with tirzepatide, a strategy that has the potential to
further enhance metabolic outcomes (NCT06603571).

Other notable selective AMLNR agonists include AstraZeneca’s
molecule AZD6234, currently in phase IIb clinical development
with the intention of pairing it with their long-acting GLPIR-GCGR
co-agonist AZD9550 (NCT06862791) (ref. 205), and Novo Nordisk’s
second-generation compound, amylin1213*, which has entered phasel

clinical evaluation (NCT06719011).Inaparallel phase I clinical trial, Novo
Nordisk is evaluating an unselective AMLNR agonist named amylin 355,
designed for oral formulation and with biophysical properties better
supporting co-formulation withsemaglutide and other incretin-based
molecules (NCT06577766). Other unselective receptor agonistsinclude
petrelintide being co-developed by Zealand Pharmaand Roche with the
intention of pairing it with the GLP-1R-GIPR co-agonist CT-3882°%2%,
the phase | compound GUBamy being co-developed by Gubra and
AbbVie?”®?%° both of which engage the amylinand calcitonin receptors,
akin to cagrilintide, as well as the phase Il molecule, KBP-336, which,
while also unselective, differs in its chemical design, being derived
from asalmon calcitonin template rather than an amylin-based scaffold
(NCT06833749)*°. This class also includes several innovative therapies
indevelopment, such as MET-233i, aonce-monthly peptide-based unse-
lective AMLNR agonist that demonstrated 8.4%body weight reduction
over 36 days ina phase I trial (NCT07022977)*!, and ACCG-2671 being
developed by Structure Therapeutics, which is a small-molecule oral
unselective AMLNR agonist?>%,

There hasbeen ongoing consideration as to whether purposefully
designed DACRASs offer additional therapeutic benefits compared with
more selective AMLNR agonists. Evidence from rodent studies showed
that while both selective and unselective AMLNR agonists reduce body
weight, unselective compounds more strongly induce behaviours
indicative of malaise and aversion?****, Exploring such insights in
humans will be instrumentaliin refining the design of next-generation
amylin-based therapies, ensuring optimized efficacy and safety
across diverse patient populations. Interestingly, a phase Il clinical
trial with the DACRA molecule petrelintide demonstrated up to 9.0%
placebo-corrected weight loss with a favourable tolerability profile
comparable to placebo, suggesting that it may be possible to achieve

weight loss at dose levels that do not induce aversion®”.
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Asillustrated by the proglucagon-derived peptide class, aunimo-
lecular multi-receptor agonist can offer practical advantages in obesity
drug development by combining multiple activities within a single
active pharmaceutical entity with a unified pharmacokinetic profile”®.
This approach also reduces formulation and manufacturing complex-
ity, obviating the need to co-formulate multiple peptides or biologics
with distinct biophysical properties (solubility, stability, aggregation),
and streamlines non-clinical and clinical characterization, as only one
molecule must be assessed for safety, immunogenicity and metabo-
lism. The clinical success of unimolecular incretin co-agonists has
likely spurred renewed interest in the development of unimolecular
GLP1and amylin-based co-agonists.

As early as 2013, the first GLP1and amylin fusion molecules were
conceptualized, using a head-to-tail peptide linkage of exenatide and
davalintide to preserve the N-terminal and C-terminal motifs essential
for GLPIR and AMLNR engagement, respectively, and thereby generat-
ing the first short-acting unimolecular GLPIR-AMLNR co-agonist?”.
Althoughthe fusionresulted inamore than 20-fold decrease in potency
atthe AMLNR, this co-agonist molecule delivered comparable efficacy
to co-administration of the monotherapiesin obeserats. More recently,
along-acting unimolecular tri-agonist with balanced activity at the
GLPIR, AMLN;R and CalcR, termed zenagamtide, also known as amycre-
tin, was developed by chemically fusing semaglutide witha DACRA®*'S,
Preclinical investigations showed that peripherally administered
zenagamtide accumulates in the hindbrain and hypothalamus, sug-
gestingthatit modulates energy homeostasis throughneuronal mecha-
nisms similar to CagriSema?®®. Zenagamtide is being developed as
both subcutaneous and oral formulations, and has demonstrated
promising results in early-phase clinical trials?**". In a phase Ib/Ila
clinical trial enrolling participants with overweight or obesity,
once-weekly subcutaneous injections with zenagamtide 20.0 mg
induced a placebo-subtracted body weight reduction of 23.9% over a
36-week period, and a parallel trial with oral zenagamtide administered
astwo 50.0 mgtabletsinasingle daily dose delivered 11.8% weight loss
over12weeks”®*%, Based on these results, both formulations are being
developed in the global phase Il clinical programme AMAZE for the
treatment of obesity and weight-related comorbidities.

The encouraging results from early-stage clinical trials with
zenagamtide have inspired the development of next-generation
unimolecular amylin-based multi-receptor agonists. Among these, a
tetra-agonist has been described, designed to combine the pharma-
cological actions of tirzepatide and cagrilintide in a single molecule
under the name PTT-A??. In rats with diet-induced obesity, PTT-A has
demonstrated superior weight loss compared with equimolarly dosed
tirzepatide, while also yielding favourable improvements in body
composition?”, Novo Nordiskis advancingaunimolecularamylin-based
tri-agonist (NNC0662-0419) in phase Il clinical development that
chemically combines a selective AMLNR agonist with a GLP1IR-GIPR
co-agonist imbalanced in favour of GIPR activation®”. Furthermore,
co-treatment with retatrutide and cagrilintide in diet-induced obese
rats results in synergistic weight-loss benefits, indicating that add-
ing GCGR agonism to the cocktail might confer additional metabolic
improvements. Whether amylin-based pharmacotherapies confer
benefits beyond additive anorectic effects remains an open ques-
tion. Whereas GIP may attenuate gastrointestinal adverse events and
glucagon enhances energy expenditure and exerts favourable effects
on hepatic lipid metabolism, the unique mechanistic contributions
of AMLNR agonism are less well defined. There is some evidence to
implicate amylininthe modulation of mesolimbic reward pathways and

therestoration of leptin sensitivity in the context of obesity; however,
these observations await robust clinical validation?* ¢,

Next-generation oral obesity therapies

Oral medicines provide a less-invasive alternative to injectables and
are generally more cost-effective to produce. This is due to both the
elimination of injection devices and, in the case of small molecules,
the typically lower synthesis costs compared with peptides. In addi-
tion, oral preparations may reduce health-care resource demands and
have a broader geographical reach by avoiding cold chain logistics,
injectiontraining and medical waste disposal. These advantages could
enhance the cost-effectiveness and accessibility of obesity medica-
tions, particularly in low-resource settings. Given the rapid proteolytic
degradation of peptides in the gastrointestinal tract and their poor
intestinal absorption, the development of effective oral peptide drugs
hasbeen notoriously difficult. As aresult, small-molecule alternatives
areincreasingly being pursued.

Nevertheless, the challenge of oral peptides has led to the explora-
tion of innovative solutions, such as the co-formulation of semaglutide
inatablet with the absorption enhancer, salcaprozate sodium (SNAC),
which facilitates transcellular absorption through the gastric mucosa,
resultinginan oral bioavailability of 0.5-1.0%*%. As aresult, oral sema-
glutide requires significantly higher doses given daily to achieve plasma
exposure comparable to that of weekly subcutaneous semaglutide®*.
However, owing to its long plasma half-life, the relatively low concen-
tration of the absorbed compound remains in circulation, gradually
accumulating to steady-state levels. Furthermore, the long half-life
of semaglutide can help to mitigate dose-to-dose variability in bio-
availability evident with absorption enhancer-based oral delivery of
peptides. In clinical trials, a daily dose of oral semaglutide 50.0 mg
delivered comparable efficacy and tolerability to subcutaneous sema-
glutide, achieving a placebo-subtracted body weight reduction of
12.7% in adults with obesity without T2D**. In a parallel, smaller-sized
phasellltrial, it was found that once-daily oral semaglutide 25.0 mgin
people with overweight or obesity led to an 11.4% placebo-corrected
body weight reduction over 64 weeks, and based on these results it
is the dose level that has gained regulatory approval by the FDAZ%,
However, the fact that oral semaglutide must be taken 30 min before
breakfast for optimal absorption challenges the treatment burden
and compliance of this type of oral obesity therapy®*. In parallel, Novo
Nordisk is pursuing the GLPIR-AMLN;R co-agonist, zenagamtide,
in an oral two-tablet single-dose formulation, enabled by the SNAC
co-formulation platform, as this was found to achieve higher drug expo-
sure than an equidose single-tablet version”®. Finally, Viking Therapeu-
tics is advancing an oral formulation of a peptide-based GLPIR-GIPR
co-agonist, VK2735, that demonstrated 13.0% placebo-subtracted
weight loss in a 13-week phase Il study at the highest dose level, but
with dose-limiting tolerability that may prohibit advancement of this
dose level™.

Although thefirst synthetic small-molecule GLPIR agonists were
reported almost two decades ago®***, concerns over their ability to
replicate the receptor activation mechanisms of larger peptide ligands
led commercial development to focus on peptide-based modalities.
However, with the recent discoveries of the non-peptide agonists
orforglipronand danuglipron, this long-held belief is being challenged
asthese molecules demonstrate potentactivation of the human GLP1IR
inexperimental models****¥, Before the availability of the human, acti-
vated GLPIR crystal structure in2017 (ref. 240), screening-based drug
discovery had been a central strategy for identifying small-molecule
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Table 2 | Selected oral obesity therapies in clinical development by USA trial status

Drug Company Target Modality Clinical status Clinical trial
identifier or
references

Semaglutide 25.0mg Novo Nordisk GLPIR Peptide Approved 13,15

Orforglipron Eli Lilly GLPIR Small molecule Approved 242

MDR-001 MindRank GLPIR Peptide Phase lll NCTO07274137

VK2735 Viking Therapeutics GLP1R, GIPR Peptide Phase IlI NCT07104500

Zenagamtide Novo Nordisk GLP1R, DACRA Peptide Phase Il NCT06049329

Elecoglipron AstraZeneca GLPIR Small molecule Phase Il NCT06579092

CT-996 Roche GLPIR Small molecule Phase Il NCT07081958

Aleniglipron Structure Therapeutics GLPIR Small molecule Phasel Il NCT06703021

HDM-1002 Huadong GLP1R Small molecule Phase Il NCT06500299

VCT-220 Corxel/Vincentage GLPIR Small molecule Phase Il NCTO7011797

RGT-075 Regor GLPIR Small molecule Phase Il NCT06277934

ASC30 Ascletis Pharma GLPIR Small molecule Phase Il NCT07002905

Monlunabant Novo Nordisk CB1R Small molecule Phase Il NCT05891834

Enobosarm Veru SARM Small molecule Phase Il NCT06282458

PF-07976016 Pfizer GIPR antagonist Small molecule Phase Il NCTO06717425

HRS-7535 Kailera, Hengrui GLPIR Small molecule Phase llI NCT06904105

IBI-3032 Innovent GLPIR Small molecule Phase | NCT07120425

MK-4082 Merck GLPIR Small molecule Phase | NCTO07388667

ACCG-2671 Structure Therapeutics AMLNR, CalcR Small molecule Phase | Initiation®®®

TLC-6740 OrsoBio Uncoupler Small molecule Phase | NCT05822544

ACCG-3535 Structure Therapeutics AMLNR, CalcR Small molecule Preclinical NA

ASC39 Ascletis Pharma AMLNR Small molecule Preclinical 253

Danuglipron Pfizer GLP1R Small molecule Discontinued 252

TERN-601 Terns Pharmaceuticals GLPIR Small molecule Discontinued 386

For clinical trials see ClinicalTrials.gov. AMLNR, amylin receptor; CalcR, calcitonin receptor; CB1R, cannabinoid receptor 1; DACRA, dual amylin and calcitonin receptor agonist; GIPR,
glucose-dependent insulinotropic polypeptide receptor; GLPIR, glucagon-like peptide 1 receptor; NA, not applicable; SARM, selective androgen receptor modulator.

scaffolds that could be chemically optimized with the aim of improv-
ing pharmacological and pharmacokinetic properties?****, As several
small-molecule GLP1R agonists progress through clinical development
(Table 2), this emerging class of therapeutics has the potential to pro-
vide effective, convenient and more widely accessible treatments for
people living with metabolic diseases.

Orforglipronis a high-affinity partial agonist of the human GLPIR,
exhibiting low intrinsic efficacy for activating downstream cellular
responses (canonical cAMP signalling) and negligible B-arrestin recruit-
ment, whichmay contribute to minimal receptor desensitization***”",
Inhumanized GLPIR rodent models, orforglipron elicits comparable
receptor engagement in the brain and pancreas to peptide-based
GLPIR agonists, and chronic pharmacological treatment results in
equipotentimprovementsinbody weight and glucose homeostasis®”.
With a half-life 0f29-49 hin humans, orforglipron supports once-daily
oral administration and, unlike oral semaglutide, does not require
specific meal timing?*’. In a phase Il study involving adults with over-
weight or obesity and a weight-related medical problem without
diabetes, once-daily oral administration of orforglipron 36.0 mg
induced an 11.5% placebo-subtracted body weight reduction over

72 weeks of treatment?*2. No hepatic safety concerns were identified. In
aparallel phaselll clinical trial, the safety and efficacy of orforglipron
36.0 mgwas evaluated in adults living with overweight or obesity and
T2D, revealing a placebo-corrected weight loss of 8.3% over a similar
treatment duration®”. Inboth of these trials, orforglipron treatment
was discontinued by approximately 10% of the participants*>*,
which appears higher than the discontinuation rates for oral semaglu-
tide 50.0 mg (6%)**° and subcutaneous 2.4 mg semaglutide (7%)'>°°.
Corroborating these observations, a population-adjusted indirect
treatment comparison study showed that oral semaglutide 25.0 mg
treatment was associated with both superior weight loss efficacy
and tolerability relative to orforglipron 36.0 mg (ref. 244). However,
orforglipron does not require food and water restriction before
administration, and it may represent an efficacious and more read-
ily scalable alternative to oral peptide-based GLP-1R agonists, with
potential advantages for manufacturing, storage and distribution. In
aphaselll maintenance trial, topline results indicated that switching
frominjectable incretin therapy (semaglutide 1.8-2.4 mg or tirzepa-
tide 10-15 mg) to once-daily oral orforglipron (titrated up to 36 mg)
reduced weight regain over 52 weeks versus placebo®”. Orforglipron
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was approved for weight loss in 2026 by the U.S. Food and Drug
Administration?.

Structurally related to orforglipron, the molecule aleniglipron
(GSBR-1290) is afully biased, orally available and potent small-molecule
GLPIR agonist, identified through a structure-based drug discovery
approach?®”. Aleniglipron at180.0 mg showed a placebo-adjusted mean
weight loss 0f 16.3% after 44 weeks in a phase Il clinical trial involving
participants with overweight or obesity***. Elecoglipron is another
clinicalmolecule from the same class of compounds that demonstrates
asafety and tolerability profile comparable to that of other GLP1R ago-
nists. Thismoleculeis progressing to phase lll clinical trials after dem-
onstrating positive resultsin phasellb trials for the treatment of obesity
and T2D**. CT-996, originally discovered by Carmot Therapeutics and
now being developed by Roche for obesity and T2D, is a high-affinity,
selective and biased GLPIR agonist with pharmacokinetics supporting
once-daily dosing in humans*°, In a phase I multiple ascending-dose
study, CT-996 achieved up to 6.1% placebo-subtracted weight loss over
4weeksand, based ontheseresults, is being advanced to phasell clinical
development. A phaselltrialisinvestigating the efficacy of CT-996 head
to head with semaglutide in people with T2D (NCT07112872). Finally,
Pfizer was progressing a biased GLPIR agonist, danuglipron, which
was developed through consecutive high-throughput screening and
hit-to-lead optimization®*®. Twice-daily dosing in patients with T2D
improved glycaemic control and reduced body weight*', but frequent
gastrointestinal adverse events and high discontinuationrates halted its
clinical development. Optimization of the release formulation resulted
inatabletamenable to once-daily dosingin humans, but this formula-
tion was eventually shown toinduce unpredictableliverinjury at higher
dose levels, associated with the metabolism of high concentrations of
smallmoleculeintheliver,and consequently the clinical development
was terminated®? These findings highlight that careful toxicological
assessmentisimportant for small-molecule weight-loss therapies, and
that this modality may pose a larger developmental risk during early
drugdevelopment, relative to peptide-based oral anti-obesity therapies
that are metabolized to the constituent amino acids.

The development of high-affinity small-molecule GLPIR ago-
nists has not only validated the feasibility of targeting this receptor
with non-peptide molecules but has also sparked interest in design-
ing low-molecular-weight, non-peptide agonists for other class B
GPCRs. Accordingly, preclinical efforts are under way to develop
small-molecule obesity therapies targeting the GIPR, GCGR, CalcR
and AMLNR (Table 2), likely with the intention of pairing them with
non-peptide GLPIR agonists, highlighting the broader therapeutic
potential of this emerging drug class****. Although no unimolecu-
lar non-peptide multi-receptor agonists have yet advanced to clini-
cal development, early evidence suggests that such molecules may
be feasible and could represent an innovative approach to enhance
weight-loss efficacy while minimizing drug-drug interactions in the
next generation of oral obesity therapies®>**,

Resurrection of CBIR antagonism

The cannabinoid 1 receptor (CB1R) antagonist rimonabant emerged
from growing interest in the role of the endocannabinoid system in
appetite regulation. Although itimproved weight and metabolic out-
comes, it was withdrawn in Europe owing to serious neuropsychiatric
adverse effects, including depression and anxiety>”**, Recently, there
has been renewed interest in CBIR pharmacology, focusing on strat-
egies that separate central and peripheral effects through rational
chemical design, guided in part by Lipinski’s rule of five, to achieve

molecular properties that limit brain penetration”*¢', Many of the
newer ligands act as de facto antagonists rather thaninverse agonists,
which may also contribute to reduced neuropsychiatric side effects
by blocking receptor activation instead of suppressing constitutive
CBIR activity. Data from a phase lla dose-finding clinical trial with a
first-generation peripherally restricted CBIR antagonist, monluna-
bant, demonstrated up to 7.4% placebo-corrected weight loss over
16 weeks?”. However, mild to moderate dose-dependent neuropsychi-
atricside effects such as anxiety andirritability were noted, questioning
the restricted brain access, and a phase IIb trial has been initiated to
interrogate the long-term safety of monlunabant.

Pharmacological strategies for lean mass preservation
The profound weightloss achieved with incretin-based obesity thera-
pies has prompted concernsregarding the accompanying reductions
in fat-free mass, which typically accounts for 25-40% of total weight
reduction in clinical studies®. Because fat-free mass, and in particu-
lar skeletal muscle mass and function, is a key determinant of resting
energy expenditure and physical capacity, these changes raise impor-
tant questions about long-term metabolic health, physical function and
therisk of treatment-emergent frailty. At the same time, reductionsin
fat-free mass are essentially aninevitable consequence of weight loss,
irrespective of the type ofintervention applied**2*°. The central chal-
lenge is perhaps therefore not to prevent any loss of lean mass, but to
develop strategies that preserve or augment skeletal muscle quantity
and function during pharmacologically induced weight loss.
Inhibitors that target myostatin or activin type Il receptors
(ActRlls), originally developed to treat conditions characterized
by muscle atrophy, are now being explored in combination with
incretin-based drugs as a therapeutic strategy to preserve lean mass
during weight loss. Bimagrumab, a human monoclonal antibody that
blocks ActRIl to stimulate muscle growth, has been shown to selec-
tively reduce body fat, increase lean mass and result in a total weight
loss of 6.5% after 48 weeks in individuals with overweight or obesity>®.
Similarly, the co-administration of monoclonal antibodies that inhibit
both myostatin and ActRIIsignalling was found to increase thigh mus-
cle volume while simultaneously reducing total fat mass in healthy
participants®®. Studies in rodents and non-human primates suggest
that combining blockers of the activin receptor signalling pathway
with semaglutide could fully reverse the lean mass loss associated with
semaglutide monotherapy®**?°. These findings were corroboratedina
recent phaselltrial, investigatingintravenous bimagrumabin combina-
tionwith subcutaneous semaglutide 2.4 mg (ref. 271). The combination
therapy produced clinically meaningful weight loss over 72 weeks, with
participantsachieving anaverage 22.1% reductionin body weight, sur-
passing the effects 0f10.8% for bimagrumab and 15.7% for semaglutide
comparators”’?, Fat mass reduction accounted for 92.8% of the weight
loss, substantially higher than the 71.8% observed with the group receiv-
ing semaglutide monotherapy. The combination regimen also yielded
greater reductions in abdominal adiposity and inflammation-related
biomarkers, suggesting a potential for not only enhanced weight loss
butalsoimproved cardiometabolic health outcomes. A subcutaneous
formulation of bimagrumab is currently being tested in combination
with tirzepatide in adults with obesity without T2D, investigating each
agentaloneorincombination (NCT06643728). However, another sepa-
rate phasellb trial assessing bimagrumab, alone and with tirzepatide,
in people with obesity and T2D was withdrawn for strategic reasons
before enrolment. Hence, the clinical progression of bimagrumab
may hinge on whether the combination demonstrates meaningful
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Table 3| Clinical trials for weight-related comorbidities

Company Drug Target Trialname Clinical status Clinical trial identifier
or references

Cardiovascular disease

Novo Nordisk Semaglutide GLPIR Approved 13,15

Novo Nordisk CagriSema GLP1R, AMLNR REDEFINE-3 Phase IIl NCT05669755

ELi Lilly Tirzepatide GLP1R, GIPR SURMOUNT-MMO Phase IIl NCT0555651270%

Eli Lilly Retatrutide GLP1R, GIPR, GCGR TRIUMPH-3, Phase IIl NCT05882045,
TRIUMPH-OUTCOMES NCT06383390

ELi Lilly Orforglipron GLPIR ACHIEVE-4 Phase IIl NCT05803421

Zealand Pharma, Boehringer Survodutide GLP1R, GCGR SYNCHRONIZE-CVOT Phase Il NCT06077864

Ingelheim

Amgen Maridebart cafraglutide GLP1R, GIPR MARITIME-HF Phase III NCTO07037459

Chronic kidney disease

Novo Nordisk Semaglutide GLPIR FLOW Approved 16

Novo Nordisk CagriSema GLP1R, AMLNR Phase Il NCT06131372

ELi Lilly Tirzepatide GLP1R, GIPR TREASURE-CKD Phase Il NCT05536804

ELi Lilly Retatrutide GLP1R, GIPR, GCGR TRIUMPH-OUTCOMES Phase Il NCT06383390

Phase Il NCT05936151

Zealand Pharma, Boehringer Survodutide GLP1R, GCGR SYNCHRONIZE-CVOT Phase IIl NCT06077864

Ingelheim

Amgen Maridebart cafraglutide GLP1R, GIPR MARITIME Phase IIl Not initiated

MASH

Novo Nordisk Semaglutide GLPIR ESSENCE Phase Il 17

ELi Lilly Tirzepatide GLP1R, GIPR SYNERGY-OUTCOMES Phase III NCT07165028 (ref. 282)
SYNERGY-NASH Phase Il

ELi Lilly Retatrutide GLP1R, GIPR, GCGR SYNERGY-OUTCOMES Phase IIl NCT07165028 (ref. 283)

Phase I

Zealand Pharma, Boehringer Survodutide GLP1R, GCGR LIVERAGE Phase III NCT06632457

Ingelheim

Merck, Hanmi Pharmaceuticals  Efinopegdutide GLP1R, GCGR Phase Il NCT06465186

Osteoarthritis

Novo Nordisk Semaglutide GLPIR STEP-9 Phase Il 288

ELi Lilly Tirzepatide GLP1R, GIPR STOP KNEE-OA Phase IV NCT06191848

Eli Lilly Retatrutide GLP1R, GIPR, GCGR TRIUMPH-4 Phase IIl NCT05931367

Chronic low back pain

ELli Lilly Retatrutide GLP1R, GIPR, GCGR TRIUMPH-7 Phase IIl NCT07035093

Obstructive sleep apnoea

Eli Lilly Tirzepatide GLPIR, GIPR OSA Approved 388

ELi Lilly Orforglipron GLPIR ATTAIN-OSA Phase III NCT06649045

ELi Lilly Retatrutide GLP1R, GIPR, GCGR TRIUMPH-1 Phase Ill NCT05929066

Amgen Maridebart cafraglutide GLP1R, GIPR MARITIME-OSA1, Phase Il NCT07225686,
MARITIME-OSA2 NCT07226765

Neurodegenerative disease

Novo Nordisk Oral semaglutide GLPIR EVOKE, EVOKE+ Discontinued 290
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Table 3 (continued) | Clinical trials for weight-related comorbidities

Company Drug Target Trial name Clinical status Clinical trial identifier
or references

Neuropsychiatric disorders

ELi Lilly Brenipatide GLP1R, GIPR RENEW-ALC Phase Il NCT07219966

ELi Lilly Brenipatide GLP1R, GIPR RENEW-Bipolar Phase Il NCTO07826175

ELi Lilly Brenipatide GLP1R, GIPR RENEW-Smk Phasel ll NCT07223840

Inflammatory diseases

ELi Lilly Tirzepatide GLP1R, GIPR TOGETHER AMPLIFY-PsO Phase IV NCT06857942

ELi Lilly Tirzepatide, Ixekizumab GLP1R, GIPR TOGETHER AMPLIFY-PsA Phase IV NCT06864026

ELi Lilly Tirzepatide, Mirikizumab  GLP1R, GIPR COMMIT-CD Phase llI NCT06937099

Eli Lilly Tirzepatide, Mirikizumab ~ GLP1R, GIPR COMMIT-UC Phase Ill NCT06937086

ELi Lilly Tirzepatide, Ixekizumab GLP1R, GIPR TOGETHER-PsA Phase llI NCT06588296 (ref. 389)

ELi Lilly Tirzepatide, Ixekizumab GLP1R, GIPR TOGETHER-PsO Phase Ill 389

ELi Lilly Brenipatide GLP1R, GIPR (Asthma) Phase Il NCT07219173

For clinical trials see ClinicalTrials.gov. AMLNR, amylin receptor; GCGR, glucagon receptor; GIPR, glucose-dependent insulinotropic polypeptide receptor; GLPIR, glucagon-like peptide 1

receptor; MASH, metabolic dysfunction-associated steatohepatitis; NA, not applicable.

improvements in body composition and physical function beyond
tirzepatide alone. In parallel, a phase Il clinical trial is investigating
apitegromab, a monoclonal antibody originally developed for spinal
muscular atrophy that blocks myostatin, as an adjunctive therapy to
tirzepatide (NCT06445075). Additionally, another phase Il study is
investigating dual blockade of GDF8 and activin A with monoclonal
antibodies in combination with semaglutide 2.4 mg (NCT06299098),
astrategy that has shown promising results in preclinical studies*”.

These considerations raise an important question: are
muscle-sparing co-therapies necessary for most patients onincretin-
based treatment, or should they be reserved for defined high-risk
subgroups, such as patients with advanced age or mobility limitations?
Recent controlled data with semaglutide and CagriSema showed that
weight loss was driven predominantly by fat mass reduction, with pres-
ervation of muscle function and reductions in intramuscular fat, and
withoutevidence of adisproportionate loss of skeletal muscle relative
to total weight loss™>**?°%?”*2¢_Furthermore, it is important to note
that despite the measured decreases in fat-free mass in clinical trials,
deficitsin physical function have collectively not been observedin the
patient populations typical of late-stage clinical trials. This is exempli-
fied by the SEMALEAN study with semaglutide, in which measures of
physical function showed improvement with treatment””>. Therefore,
amore pressing issue may be body composition changes in response
to treatment discontinuation, for example, whether weight regain
preferentially restores fat rather than muscle mass*’, and whether
long-termadverse outcomes are more closely linked to disproportion-
ate fat massregain than to modest treatment-associated reductionsin
lean mass.

Benefits beyond weight loss and

glycaemic control

Increasing experimental and clinical evidence indicates that
incretin-based drugs exert meaningful effects on symptoms, functional
capacity and prognosis in multiple disease contexts beyond obesity
and T2D, atleast partly independent of weight loss. This has prompted
evaluations of anti-obesity pharmacotherapies across a broad range
of diseases (Table 3 and Fig. 3).

The strongest evidence of an effect on disease parameters is in
obesity-related cardiometabolic comorbidities, where semaglutideis the
best-studied compound and has been reported to lower major adverse
cardiovascular events™?%,improve symptoms and physical functionin
heart failure with preserved ejection fraction'>**, and reduce the risk
of worsening heart failure or the composite of worsening heart failure
and cardiovascular death?”. Tirzepatide was reported to be non-inferior
to dulaglutide for major adverse cardiovascular events in people with
T2D and established atherosclerotic cardiovascular disease?°. There
are also data supporting benefits of several compounds, including
semaglutide*, tirzepatide®”, survodutide'*, and retatrutide*, across
multipleliver-related end pointsin MASH, with semaglutide currently the
only agentamong these to have received regulatory approval for MASH
(accelerated FDA approval in the USA). Evidence for organ protection
also extends to the kidney, with GLP1R and GLP1-GIPR agonists showing
benefits on chronic kidney disease end points'®"2542%,

Building on these pleiotropic benefits, investigations now extend
to additional disorders marked by systemic or neuroinflammation
and metabolic dysfunction?®*’, Although the evidence is still matur-
ing, clinical and preclinical dataindicate that single- and multi-target
incretin agonists may benefit obstructive sleep apnoea, osteoarthritis,
neurodegenerative disease and substance use disorders (Table 3 and
Fig.3). Tirzepatide has obtained regulatory approval for moderate-to-
severe obstructive sleep apnoea in adults with obesity”. In osteoar-
thritis, semaglutide use has been associated with lower risk of knee
replacement”, and retatrutide has also shown clinically meaning-
ful improvements in knee pain and physical function in a dedicated
phase lll trial®'. For neurodegeneration, including Alzheimer disease
and Parkinson disease, emerging evidence has suggested preventive or
disease-modifying potential®*®, However, two phase 1l trials evaluating
once-daily oral semaglutide 14.0 mg in mild cognitive impairment or
early Alzheimer disease did not meet the primary end point for slowing
disease progression in early symptomatic Alzheimer disease, despite
effects on Alzheimer disease-related biomarkers***°, Finally, modula-
tion of central reward pathways by GLPIR agonists has motivated trials
insubstance use disorders, with early signals of reduced cravings and
consumption of alcohol, tobacco and opioids™".
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7 Fig.3 | Expanding therapeutic scope of obesity
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Several key questions remain, including how GLPIR agonism pro-
duces systemic benefits beyond tissues with clear receptor engage-
ment and to what extent these effects are independent of weight
loss and glycaemic improvement. Proposed mechanisms include
reduced systemic inflammation®**, improved insulin sensitivity
anddirect cardiovascular and renal actions®>**=% (reviewed in>*>=>%),
but clarification of causal pathways in humans is needed to enable
biomarker-driven stratification, determine which mechanisms drive
therapeutic benefit in which diseases and inform whether to pursue
single, multi-agonist or combination therapies.

Emerging treatment concepts

Obesity pharmacotherapy is entering a new phase in which the focus
extends beyond the dominantincretin paradigm towards mechanis-
tic and technological innovations with the potential to complement,
or even transcend, appetite suppression®. After decades during
which many alternative pathways were deprioritized, renewed atten-
tion is turning to energy expenditure, central reward signalling and
tissue-specific metabolic modulation. At the same time, advances in
peptide engineering, medicinal chemistry and high-throughput biol-
ogy are enabling formats that range from higher-order multi-agonists to
PDCs, and from genomics-driven target discovery to biomarker-guided
patient stratification. These emerging concepts remain at various
stages of maturity, from exploratory preclinical work to early-phase
humanstudies, but together they outline aforward-looking landscape
that may help to address the limitations of today’s therapies (Fig. 4).

Genomics-driven target discovery
Leveraging human genetics offers a significant upside for novel tar-
get discovery and indication selection for clinical development. It is

estimated that the probability of success for novel investigational drugs
to advance from phase I clinical study to eventual launchiis 2.6 times
greater for drug mechanismsin which there is human genetic support
than for those without®®°. This appears to be even greater when looking
atmetabolic disorders, including obesity, where genetic evidence has
helped improve the likelihood to progress from preclinical to clinical
development, which may be areflection of preclinical models and
biomarkers that are more predictive of clinical outcomes relative to
other indications. Genome-wide association studies (GWAS) of body
weight and waist-to-hip ratio have identified hundreds of common
genetic variants associated with obesity and body fat distribution, each
with a small effect size, and established strong aetiological relation-
ships to obesity-related complications such as diabetes and coronary
artery disease® %, These analyses highlight the inherited basis of
obesity and the role the CNS has in body mass regulation as most of
these genes are expressed in the CNS*°°, Whole-exome sequencing
hasemerged as aleading approach for novel target discovery and has
been utilized to identify naturally occurring yet rare loss-of-function
variants associated with a large phenotypic impact and a degree of
protection from disease. This approach hasidentified (and validated)
an expanding number of new targets for pharmacological interven-
tion across various indications, notably cardiovascular disease®° ",
For traits and targets relevant for obesity, when complemented with
polygenicrisk score analyses, fine-mapping and conventional wet lab
validation, whole-exome sequencingled to the identification of GPR75
(among 15 other genes, primarily CNS targets, associated with BMI)
as an interesting anti-obesity target*>*"* that is also predominantly
expressed in the CNS*",

Layering in analyses of traits reflective of adiposity and body
fat distribution has further exemplified the power of leveraging
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whole-exome sequencing to identify rare protein-coding variants
as potential novel targets for obesity drug discovery, notably targets
expressed in the periphery. As established by Mendelian randomiza-
tion, increased adiposity, as proxied by waist-to-hip ratio adjusted for
BMI, is causally linked to cardiometabolic disease risk®°. Multi-ancestry
exome sequencing identified genes enriched for expression in adi-
pose tissue, where rare coding variants are associated with robust
differences in body fat distribution, as estimated from BMI-adjusted
waist-to-hip circumference ratio®*". Inhibin subunit BE (/NHBE) and
activin receptor 1C (ACVRIC) were identified in both studies and are
involved in the activin/inhibin and greater TGF[ superfamily. INHBE
encodes inhibin E subunit, which monodimerizes to form activinE,
which canthen activate ActRlls, and is predominantly expressedin the
liver. ACVRICis predominantly expressedin adipose tissue and encodes
activin receptor-like kinase 7 (ALK7), the activin type I co-receptor,
which, together with ActRlls, is a receptor complex mediating
activin E signalling. For both of these targets several small interfering
RNA (siRNA)-based therapies are currently in phase I testing or about
toenter clinical development®®~2,

Human genomics is a powerful tool for identification of novel
targets and prioritization of indications. However, reliance on genet-
icsalone would have missed some of the most transformative obesity
therapies, including GLP1R agonists. Although recent genomics-driven
work has highlighted GIPR as a potential target®”, its biology was orig-
inally defined through physiology-based experimentation®?, and
clinical dataindicate that GIPR modulationis effective only when com-
bined with GLP1R agonism, whether it is GIPR agonism or antagonism.
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Conversely, mutations in leptin receptor (LEPR) and melanocortin
4receptor (MC4R) are strongly correlated with obesity, but pharmaco-
logical targeting of these receptors for the treatment of general obesity
hasyielded only modest weight-loss effects in humans®*~¥, Together,
these examples highlight that although genomics can enrich discov-
ery and improve the probability of success, it cannot substitute for
physiology-driven experimentation and translational pharmacology,
which must proceed in parallel.

Precision medicine

Obesity is multifactorial and heterogeneous, with respect to both dis-
ease drivers and health consequences, often manifesting asaspectrum
of medical conditions with unique presentations. As such, individuals
living with obesity have different health profiles and therapeutic needs,
butare often discussed as asingle entity, defined by one single param-
eter (BMI).Inearly 2025, the Lancet Diabetes & Endocrinology Commis-
sion proposed a diagnostic framework that defines obesity as excess
adiposity (with or without abnormal distribution or function), distin-
guishes ‘preclinical obesity’ (increased risk without organ dysfunction)
from‘clinical obesity’ (adiposity with demonstrable organimpairment)
and recommends moving beyond BMI by incorporating measures of fat
distribution and, where available, imaging and biomarker-based risk
stratification to enable preventionand precision care’. However, there
is ageneral lack of standardized and validated criteria with sufficient
accuracy and refinement for diagnosis and measurement of obesity
that reflects the broad range of clinical manifestations and that also
integratesrisk factors of complications. Current medicinal treatment
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Fig. 4| Conceptual framework for achieving precision medicine. A systematic,
multistep process to optimize drug selection and maximize therapeutic outcomes
for patients with obesity with and without weight-related comorbidities.

The framework progresses from extensive patient characterization, including
genetic, clinical and multi-omics profiling, to informed patient stratification
based on biological, clinical and practical considerations. The ultimate goal is

o Adherence likelihood
« Safety/tolerability profile

to move beyond a ‘one-size-fits-all’approach by matchingindividual patients to
specific treatments (treatment A, B or C), thereby achieving higher drug effect
and safety through personalized medicine. Al, Artificial intelligence; GWAS,
genome-wide association studies; ML, machine learning; T2D, type 2 diabetes;
WES, whole-exome sequencing.
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Fig. 5| Mechanisms of tissue-specific targeting and intracellular delivery
by peptide-drug conjugates. Peptide-drug conjugates (PDCs) enable the
selective delivery of therapeutic payloads to specific tissues and cellular targets
by exploiting receptor-mediated mechanisms. This schematic illustrates key
processes involved in PDC function, that is, binding of the peptide moiety to

G protein-coupled receptors (GPCRs) on the cell surface, leading to receptor
activation and agonist-induced internalization of the GPCR-PDC complex and

Protein kinase Nucleus

subsequently intracellular trafficking to lysosomes, where the conjugated
small-molecule drugis typically released. The released payload can then

engage its target, including ion channels (for example, blockade by MK-801),
kinase signalling pathways or nuclear hormone receptors (NHRs) affecting
transcriptional regulation. Finally, internalized GPCRs may also be recycled back
to the plasma membrane for subsequent rounds of activation. E2, oestrogen.

for obesity is based on a one-size-fits-all approach wherein treatment
strategies are selected based on a small number of treatment choices
available, and the therapy choice is often not predicated on biological
mechanisms tied to underlying pathophysiology or disease state. There
issubstantial scope for stratification of clinical obesity into subtypes,
potentially based on their clinical presentation or pathophysiology,
but also genetically informed subtyping®®, which should enable bet-
ter disease management. Human pharmacogenetic analyses support
this concept, showing that variation in drug target genes, including
GLPIR and GIPR, contributes modestly tointer-individual variability in
weight-loss efficacy and gastrointestinal tolerability during GLP1-based
therapy®”. Although understanding of human disease progression is
advancing®’, we have yet to identify first, causal subtypes of adiposity,
andsecondly, causal subtypes of obesity-related complications, so that

we can establish an evidence foundation and a framework for clinical
guidelines of precision care®*.

The degree of weight loss needed for clinically meaningful benefit
across obesity-associated conditions may also help to guide treatment
selection. Thisincludes diversification of mechanisms of action, drug
modality and delivery. Furthermore, optimal precision medicine for
obesity, at least at a subgroup level, requires that treatment choice
be based on biological and mechanistic rationale, combined with
patient preference. Hence, a deeper understanding of the chronicity
of human obesity, both aetiology and progression, as well as human
behaviour, is a necessary next step. One such tactic to achieve this is
to categorize patients into dynamic subgroups viabiological markers
(for example, multi-omics) and clinical measurements (for example,
adiposity) (Fig. 4).

Nature Reviews Drug Discovery


http://www.nature.com/nrd

Review article

Although progressis being made at arelatively modest pace, cur-
rent challenges to fully enable this include the limited availability of
high-quality and high-resolution datafrom diversified patient groups
that are relevant for different approaches of stratification. Deeper
phenotyping, in particular more advanced clinical characterization
paired with multi-omic analyses, of individuals living with obesity
across diverse populations is needed. Much of the presiding work in
thisarenahasincluded bothretrospective and prospective analyses of
cross-sectional or longitudinal cohorts, but often the collected dataare
limited in scope or the patient populationstudied is rather homogene-
ous. More recently, deeper phenotypingin a controlled, randomized
clinical trial setting has provided insights into mechanisms of GLP1
therapy in obesity and cardiovascular complications, including body
weight-dependent and independent effects, and offers evidence of
potential indication expansion®'. Despite limitations to sample size
and the finite time frame of such trials, it will be important to more
deeply phenotype and characterize patients across many diverse rand-
omized trials exploring different drug mechanisms, and subsequently
harmonize that data with real-world evidence.

Peptide-drug conjugates

Alongside biomarker-driven patient stratification, new therapeu-
tic modalities are being developed to expand the mechanistic and
tissue-targeting options for obesity treatment, with PDCs as one
example (Fig. 5). PDCs combine the tissue specificity and receptor
selectivity of peptides with the pharmacological diversity of small
molecules or other bioactive cargoes. This can enable targeted effects
while potentially reducing systemic exposure and off-target toxicity.

GLP1 is the most widely used targeting vector, leveraging its
potent anorectic effects and receptor expression in key metabolic
tissues. The first reported GLP1-based PDC for obesity linked an aro-
matic oestrogen to a non-acylated GLP1 analogue (GLP1-E2), ena-
bling receptor-mediated uptake, linker cleavage and local oestrogen
receptor activation®>***, Other GLP1 conjugates have targeted nuclear
hormone receptors, such as glucocorticoid receptors, to reduce
obesity-associated neuroinflammation®*** and PPARs to improve
glucose control®®, or combined GLPIR agonism with N-methyl-
D-aspartate (NMDA) receptor antagonism to modulate hypothalamic
glutamatergic signalling®’ (Fig. 5). GLP1 conjugates have also been
developedto deliver antisense oligonucleotides or [ysosome-targeting
chimeras (LYTACs) for tissue-specific gene silencing®*** or protein
degradation®*° in GLPIR-positive tissues.

Beyond GLP1, other peptides have also served as targeting vectors.
Glucagon-based PDCs have been used to deliver thyroid hormones
selectively to the liver, harnessing thermogenic and lipid-lowering
effects while avoiding the diabetogenic risk of systemic glucagon
agonism’*, Similarly, neuropeptide Y, receptor targeting has enabled
delivery of the dual PPARa/y agonist tesaglitazar specifically to adi-
pocytes, improving glycaemic control and adipogenesis in diabetic
mice** (Fig. 5). Although these approaches show strong proof of prin-
cipleinpreclinical models, their clinical potential willdepend on dem-
onstrating sustained efficacy, acceptable safety and manufacturability
for long-term obesity managementin humans.

Grand challenges

Despite substantial advances in pharmacological interventions, obesity
remains a chronicrelapsing condition with complex multifactorial ori-
gins. The advent of highly effective weight-loss drugs has transformed
the therapeutic landscape, yet durable and scalable solutions remain

elusive.Key obstacles include long-term safety, affordability and equi-
tableaccess, as well as biological challenges such as variability in treat-
mentresponse and thebody’sintrinsic resistance to sustained weight
loss. Addressing these challenges will be essential not only toimprove
and expand current treatment options, but also to move towards a
functional cure for obesity.

Translational barriers

Although GLPIR agonists and related incretin-based drugs have been
used for more thantwo decades in diabetes, their widespread applica-
tion to obesity is far more recent, and lifetime safety profiles remain
uncertain. Rare adverse events may emerge after prolonged expo-
surein large, diverse populations, underscoring the importance of
post-marketing surveillance and long-term safety studies.

Patient adherence remains a crucial determinant of real-world
effectiveness. Weekly injections deter some individuals, and gastro-
intestinal side effects such as nausea or vomiting can delay or prevent
dose escalation****, Real-world data have shown that many patients
never reach the trial-proven maintenance doses, and fewer than half
remain on treatment after 1 year**’, Reasons range from tolerability and
cost to patients reaching a personal weight goal or shifting treatment
priorities®”. These barriers have also shaped patient behaviour, with
some adopting adaptive, but largely untested, strategies to prolong
treatment or reduce cost**®. Reported examples include stretching
dosingintervals beyond approved schedules, splitting doses to lower
the effective dose or switching from newer, highly potent drugs to
older, more affordable alternatives®*. Others discontinue pharma-
cotherapy entirely, pursuing lifestyle-based maintenance through
structured meal plans, app-based behavioural support or exercise
programmes'?**°% Although such approaches may help to temporar-
ily sustain weight loss, they may not provide the weight-independent
benefits of current incretin-based therapies, such as cardiovascular
risk reduction?*°, Emerging evidence suggests that transitioning
from high-potency drugs to less potent but more accessible agents can

Glossary

Pharmacokinetics

The time course of drug absorption,
distribution, metabolism and
excretion.

Energy homeostasis

The physiological processes that regulate
energy intake, energy expenditure and
energy storage to maintain energy

balance in the body over time.
Precision medicine

Incretin

A gut-derived hormone released
after nutrient ingestion that enhances
glucose-dependent insulin secretion.

An approach to disease prevention and
treatment that considers individual
variability in genetics, biology,
environment and lifestyle.

Metabolic adaptation

A compensatory reduction in energy
expenditure that exceeds that predicted
from changes in body mass and body
composition during and after weight loss.

Pharmacodynamics
The relationship between drug exposure
and its biological effects over time.

Unimolecular multi-receptor
agonist

A single molecular entity engineered to
activate two or more distinct receptors.

Weight-loss maintenance
Sustained maintenance of a reduced
body weight after an initial period of
weight loss.
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Fig. 6 | Conceptual body weight trajectories during and after obesity
pharmacotherapy. a, Cessation of current obesity pharmacotherapies results
inrapid body weight regain, reflecting the biological defence of adiposity
against weightloss. b, A durable and improved pharmacotherapy blunts the rate
of weight regain, consistent with partial modification of the defended level of

adiposity. ¢, Treatment with a disease-modifying therapy achieves weight loss
with no subsequent regain after cessation, reflecting a permanent downward
shiftin defended adiposity and representing a functional cure for obesity. These
trajectories are conceptual and do not reflect clinical validation for panels b and c.

preserve some weight loss**’, and similar findings have been reported
whenswitching from semaglutide or tirzepatide to oral orforglipron for
52-week maintenance, although the greater rebound after tirzepatide
may be consistent with withdrawal of GIPR agonism?>*. Systematic eval-
uation of dose-modulation and step-down strategies will be crucial to
inform evidence-based approaches for long-term weight maintenance
and to broaden the reach of obesity pharmacotherapy.

Targeting energy expenditure

Whereas appetite-suppressing strategies have driven recent thera-
peutic successes, safe pharmacological enhancement of energy
expenditure remains an unmet but high-priority goal®>. Weight loss
triggers metabolic adaptation, a disproportionate reductionin energy
expenditure, which likely contributes to weight regain. Addressing
this alongside appetite suppression could improve long-term weight
maintenance”**,

Currently approved incretin-based drugs show no measur-
able effects on energy expenditure in humans, despite encouraging
rodent data'’. Glucagon-containing multi-agonists are anticipated
to change this, with part of their weight-loss effect expected to derive
from increased energy expenditure®”. However, although both the
GLPIR-GIPR-GCGR tri-agonist retatrutide and the GLPIR-GCGR
co-agonist survodutide have progressed to phaselll clinical trials, clear
evidence of an impact on human energy expenditure is still lacking,
leaving open whether this mechanism will translate clinically.

Historically, the mitochondrial uncoupler 2,4-dinitrophenol (DNP)
proved that pharmacologically raising energy expenditure can drive
substantial fat loss, but safety concerns precluded clinical use™. Modern
uncouplers suchas BAM15 and controlled-release mitochondrial proto-
nophores (CRMPs) show metabolic benefits in preclinical models®**”,
yet the narrow margin between effective and dangerous doses, whereby
smallincreasesin exposure cansharply raise systemic heat production,
may limit enthusiasm for human trials. As an alternative, engaging
endogenous thermogenic pathways, such as brown adipose tissue
activationvia -adrenergic agonists, remains attractive, but systemic
receptor expression limits tissue specificity, creating a similarly nar-
row therapeutic window in which efficacy and cardiovascular safety

risks must be carefully balanced*®. Emerging work suggests that the
development of selective or biased agonists could offer novel strategies
to optimize outcomes in this space®*.

Other approaches to elevate energy expenditure include target-
ing futile substrate cycling®’, FGF21 analogues®®, targeted thyroid
hormonedelivery** and modulation of the leptin-melanocortin axis®".
Additional emerging targets such as NK2R agonism’®, bile acid recep-
tor (TGR5-FXR) modulation®®, myostatin inhibition***, urocortin 2
(UCN2) analogues, prolactin-releasing peptide (PrP) analogues®* and
GPR75 (refs. 313,314) antagonism may eventually broaden the therapeu-
tic toolkit. Yet these concepts remain atavery early stage, and no clear
pathtoaviable energy expenditure-stimulating therapy hasemerged.
At present, GCGR agonism stands out as the most clinically advanced
and mechanistically plausible approach, with potential to counter
metabolic adaptation via hepatic futile cycling and thermogenesis,
although risks of cardiovascular adverse effects and lean mass loss

require careful monitoring.

Variability in weight-loss efficacy

Distinct from inter-individual heterogeneity, another challenge in
obesity treatment is the systematic variability observed across clinical
subgroups. The most consistent exampleis T2D, for which clinical trials
repeatedly show smaller average weight reductions with GLP1R agonists
and related therapies compared with people without diabetes®****’
(Fig. 2). This pattern is observed across agents from semaglutide to
newer multi-receptor agonists and likely reflects a combination of
diabetes-associated biology, patient baseline characteristics, con-
comitant medications and trial-level differences rather than a single
diabetes-intrinsic mechanism.

Emerging data from newer multi-agonist therapies suggest the
absolute response in T2D may be improving, even if a gap persists.
InSURMOUNT-1and SURMOUNT-2, tirzepatide achieved 20.1% weight
loss in participants without T2D versus 12.4% in those with T2D, but
with thelatter reaching a weight-loss magnitude generally comparable
to that for semaglutide in non-diabetic obesity trials'®'*. Retatru-
tide has shown 26.6% placebo-corrected weight loss over 68 weeks in
non-diabeticindividualsinaphasellltrial®' and 13.9% over 36 weeks in
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those with overweight or obesity and T2D ina phase Il trial””"”°. Maride-
bart cafraglutide and CagriSema have each produced double-digit
weight loss in T2D populations, at a magnitude comparable to that
of semaglutide in non-diabetic trials’”*"". Zenagamtide has shown
promising early results in individuals without diabetes*?, with T2D
datapending.

The same factors that drive variability between groups — for
example, genetics, baseline adiposity, comorbidity burden, altered
hormone sensitivity, concomitant therapies that promote weight
gain, and ability to tolerate and adhere to target dosing — might also
contribute to the variability observed in treatment responsiveness
and adherence®*****°, Consequently, some high-responders in
‘obesity-only’ cohorts may be enriched for favourable tolerability
and fewer weight-promoting co-medications, whereas low respond-
ers may share constraints commonly presented in people with T2D.
Thus, group-level variability and individual heterogeneity are inter-
connected, and closing the efficacy gap will require strategies that
address both.

Biological barriers to durable weight loss

Although incretin-based pharmacotherapies achieve unmatched
weight loss, sustaining these effects remains challenging. Across clinical
trials with semaglutide and tirzepatide, treatment discontinuation is
followed by substantial weight regain, underscoring coordinated physi-
ological adaptations that favour recovery of lost weight*” (Fig. 6). The
therapeuticgoalistherefore not only to suppress appetite transiently,
butto permanently lower the defended level of adiposity. A sustained
downward shiftin defended fat mass would represent a functional cure
for obesity, but this remains to be demonstrated.

A nearer-term translational strategy is to treat maintenance as a
planned second phase in the context of weight loss. In a phase lll main-
tenancetrial, participants who had completed 72 weeks of semaglutide
ortirzepatide and reached astable weight-loss plateau were switched
to once-daily oral orforglipron or placebo for 52 weeks, with superior
weight maintenance on orforglipron versus placebo?”. Switching from
semaglutide was associated with a 0.9 kg difference at week 52, and
switching fromtirzepatide was associated with a 5.0 kg difference. This
approachdoes notalter defended adiposity, but it reframes durability
asamaintenance regimen that may reduce injection burden and limit
weight regain.

Beyond maintenance strategies, several biological mechanisms
are being pursued to blunt relapse biology after weight loss. Early on
it was found that leptin replacement can attenuate post-weight-loss
adaptations®? and may support maintenance when combined with
other agents***7>3”* Separately, the ghrelin—-LEAP2 axis has emerged
as a mechanistically distinct target®**”, with preclinical LEAP2 ana-
logues showing potential to blunt rebound hyperphagia, particularlyin
combination with GLP1R agonists*”*’, Finally, weight regain has been
linked to neuroplasticity within hypothalamic hunger circuits, motivat-
ing efforts to modulate region-specific glutamatergic signalling more
selectively than brain-wide NMDA antagonism®”*7°%¢_Collectively,
these concepts support the premise that weight-regain biology may
be pharmacologically modifiable and that future therapies may com-
bine weight-loss induction with dedicated maintenance regimens to
improve durability (Fig. 6).

Concluding remarks
Therapid evolution of obesity pharmacotherapy, from single-pathway
appetite suppressants to multi-agonist peptides, genomics-guided

target discovery and tissue-specific drug delivery, marks a pivotal
shift in the field. By clarifying the underlying pathophysiology and
demonstrating durable therapeutic effects, these advances are refram-
ing obesity as atreatable, biologically complex disease rather thana
static lifestyle condition. Yet formidable challenges remain: main-
taining weight loss after treatment withdrawal, extending efficacy
tosevere or treatment-resistant cases, ensuring long-term safety and
securing equitable global access. Progress will depend on advancing
emerging modalities, such asPDCs and precision biomarker strategies,
alongside mechanistic innovations that enhance energy expendi-
ture and counter the homeostatic drive to regain weight. Translation
from preclinical discovery to lasting human benefit will also hinge on
long-term studiesindiverse populations, rigorous safety surveillance
and strategies to preserve efficacy beyond controlled trial settings.
The convergence of mechanistic insight, technological innovation
and pragmatic health system solutions offers a credible path to
therapies that are both effective and widely accessible. The ultimate
measure of success will be to transform short-term pharmacological
efficacy into durable health benefits that reduce the global burden
of obesity-related disease.

Published online: 13 May 2026
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