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Abstract

The approvals of semaglutide and twzepatide have set new benchmarks in the treatment of type 2
diabetes and obesity: Building on their success, novel GLP-1-based therapeutics are rapidly
advancing. These next-generation agents engage not only GLP-1 receptors but also those for
other gastro-entero-pancreatic hormones such as glicose-dependent msulinotropic polypeptide
(GIP), glucagon, amylin, and peptide YY (PYY) to enhance energy uptake, storage, and
expenditure through synergistic mechanisms.

Both GIP receptor agonism and antagonism, particularly in combination with GLP-1 receptor
agonism, have shown promise. Maridebart cafraglutide, combining GLP-1R agonism with GIPR
antagonism, exemplifies this innovative approach. Glucagon co-agonists like survodutide and
mazdutide have demonstrated significant weight loss and improved glycemic control. Amylin-

3
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based agents, including CagriSema (cagrilintide + semaglutide) and amycretm, enhance satiety
and glycemic outcomes through complementary actions.

Further mnovation is seen in triple agonists such as retatrutide, which targets GIP, GLP-1, and
gluicagon receptors to amplify metabolic effects. Meanwhile, the emergence of orally active
small-molecule GLP-1 receptor agonists like danuglipron and orforglipron, which are resistant to
enzymatic degradation, marks a major advance in patient-friendly drug delivery.

This review explores the mechanisms, clinical development, and therapeutic potential of these
novel agents, excluding already approved drugs like liraglutide, semaglutide, and tirzepatide. We
highlight how multi-receptor agonists and oral GLP-1-based ‘therapies may reshape the future
landscape of obesity and type 2 diabetes treatment by offering more effective and better-tolerated

options.

1. Introduction
In 2022, an estimated 828 million people worldwide had diabetes mellitus (1), a condition that
markedly increases ~the risk of complications including cardiovascular disease (CVD), renal
failure, vision loss, certain cancers, and infections such as COVID-19 (2). Obesity, affecting over
800 million globally (3,4) and ~42% of U.S. adults (5), is a major driver of this burden, with
annual healthcare costs of ~$173 billion in the U.S. alone (6). Excess visceral adipose tissue
(VAT) is a key determinant of obesity-related complications and the metabolic syndrome (7).
Obesity is now recognized as a chronic, progressive, and relapsing multisystem disease (8-10).
Although lifestyle modification remamns central to managing type 2 diabetes (T2D) and
obesity, most patients require adjunctive therapy to achieve sustained weight loss. Over the past
decade, GLP-1 receptor agonists (GLP-1RAs) have transformed care, with semaglutide and

4
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tirzepatide setting new efficacy benchmarks—achieving ~15% weight loss and improving
comorbidities (11-14). Building on this success, the therapeutic landscape is moving toward
multi-agonist strategies (e.g, GLP-1 with glucose-dependent msulinotropic polypeptide” [GIP],
gluicagon, or amylin), which enhance msulin secretion, suppress appetite, reduce ectopic fat
storage, and increase energy expenditure (15-18). Recent trials show these-agents can surpass
GLP-1RA monotherapy in weight loss and metabolic benefit (17,19,20):In parallel, advances in
oral and small-molecule GLP-1RAs are overcoming limitations of peptide .injectables, improving
drug stability and patient acceptance.

This manuscript sheds light on emerging GLP-1-based medications targeting obesity and T2D
beyond the established agents lke semaglutide -or tirzepatide. We review their mechanisms of
action, clinical trial outcomes, and potential adverse effects, aiming to inform about the current

frontier of GLP-1-based therapeutic innovations.

2. Gastro-Entero-Pancreatic Peptide Hormones with Therapeutic Potential Regarding
Glucose Homeostasis.and Body Weight Regulation: Potential M echanisms of Action

Recent efforts ‘have focused on modifying GLP-1 or combining it with other gastrointestinal and
pancreatic hormones to improve glycemic control and weight reduction while limiting adverse
effects. These strategies have yielded dual and triple agonists as well as agonist—antagonist
combinations. Terms such as “GLP-1 medicines” (19) overemphasize the GLP-1RA component,
whereas “nascent nutrient-stimulated hormone-based therapeutics” (20) is overly broad, as some
hormones of interest (e.g., glucagon) are not nutrient-stimulated. We therefore propose the term
“gastro-entero-pancreatic peptide hormones with therapeutic potential,” which best reflects both

their origin and peptide nature.
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Fig. 1 illustrates the conceptual framework underpinning the development of these novel
pharmacological strategies for obesity and T2D management, highlighting the integration of
diverse gastro-entero-pancreatic peptide hormones to optimize efficacy, safety, and clinical

outcomes.

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

Incretins, particularly GLP-1 and GIP, play critical roles in regulation of gluicose metabolism
independent of body weight. Whie GIP secretion is generally” preserved i T2D, its
msulinotropic eflicacy is markedly diminished (21). GLP-1. seeretion is also preserved in T2D,
but it is still able to elicit an insulinotropic response.in patients with T2D (21), leading to
effective lowering of plasma glucose in the fasting state (22) and afier meals (23), positioning the
GLP-1 receptor (GLP-1R) as a pivotal target for glucose-lowering therapies (24).

GLP-1 is secreted by L cells in response to nutrient intake, enhancing gluicose-dependent
msulin secretion without . increasing the risk for hypoglycemia (25,26). It also suppresses
glucagon secretion _during “hyperglycemia while allowing glucagon release during hypoglycemia
(27). Additionally, GLP-1 reduces appetite (28), delays gastric emptying (23), and promotes
weight loss (29). GLP-1RAs can cause gastroitestinal side effects, such as nausea, vomiting,
diarrhea, obstipation and others (30,31).

Beyond these classical actions, recent insights have revealed that GLP-1 is also produced in
pancreatic a-cells under metabolic stress and in preproglicagon (PPG)-expressing neurons of the
brainstem, which project to hypothalamic and autonomic centers, highlighting its neuroendocrine
functions beyond classical metabolic regulation (32). The central nervous system mechanisms
underlying GLP-1-mediated appetite suppression involve widely distributed GLP-1R-expressing

6
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neuronal populations rather than a single pathway (33). While gut-derived GLP-1 is not essential
for normal appetite control (34), brain-derived GLP-1 from preproglicagon neurons in the
brainstem plays a critical role, particularly during stress or excess food availability (35).

GLP-1RAs activate multiple sites including the hypothalamic arcuate nucleus, stimulating
POMC/CART neurons and inhibitng NPY/AGRP neurons via GABAergic. mechanisms,
brainstem regions, and diverse areas such as nucleus accumbens, lateral parabrachial nucleus,
hippocampus, and lateral septum (36-41). The anorectic effects are. predominantlty mediated
through glutamatergic signaling, as selective disruption of GLP-1Rs" in glutamatergic neurons
significantly attenuates appetite suppression by liraglutide. and~ semaglutide, while GABAergic
neuron-specific deletion has minimal impact (42). This distributed network explains why
endogenous GLP-1R  signaling importance varies with experimental context, while
pharmacological activation consistently reduces appetite across species.

Findings from GLP-1R knockout mice further underscore context-dependent roles in energy
homeostasis (26). Global. GLP-1R. knockout mice show normal food intake and body weight
under standard conditions ‘and even exhibit resistance to diet-induced obesity (43,44), nitially
suggesting GLP-1R 'signaling may be not essential to case an overt metabolic phenotype.
However; global. germline GLP-1R knockout mice are characterized by diminished nsulin
secretion in“response to oral glucose challenge (45). Moreover, acute pharmacological blockade
with exendin (9-39) consistently increases food intake (33), indicating endogenous GLP-1
actively suppresses feeding under physiological conditions.

Targeted deletion studies resolve this apparent contradiction, as knockdown of GLP-1Rs i the
lateral hypothalamus substantially increases food intake and body weight (46), while
dorsomedial hypothalamic GLP-1R deletion promotes weight gain and decreases energy

7
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expenditure (47). These findings suggest that developmental compensation and circuit
redundancy mask GLP-1R importance in global knockout models, but targeted disruption reveals
functionally significant roles for specific GLP-1R populations in appetite control.

At the molecular and cellular level, GLP-1R expression is largely confined to-pancreatic: -
cells and specific neurons, while it is minimal or absent in cells of peripheral tissues such as
hepatocytes, enterocytes, and adipocytes—despite clinical effects observed i these tissues. This
has led to growing recognition of indirect mechanisms of .action, mncluding vagal neural
signaling, &-cell-mediated somatostatin  release, and channeling..-Substrate flow (systemic
metabolic crosstalk) (32). These findings challenge the. traditional, simple view on incretin
function restricted to the stimulation of isulin..and suppression of glucagon secretion, and
support a more integrated framework in which. GLP-1 acts through both direct and indirect inter-
organ networks regulating glucose metabolism, energy balance, and cardiovascular function
(48,49).

Importantly, GLP-1-based. therapies have benefits beyond glucose control. Multiple studies
have demonstrated -pleiotropic effects of GLP-1 and GLP-1RAs, including anti-inflammatory
actions (50,51), mmprovements in postprandial hyperlipidemia (52,53), improvements in
endothelial dysfunction (54), reduction in oxidative stress (55), and preservation of pancreatic -
cell function (56,57).

The “earlier GLP-1RAs such as liraglitide (injected once-daily) showed the spectrum of
therapeutic effects (glycaemic control, body weight reduction, prevention of CV events and renal
functional decline, etc.), but with modest efficacy (58,59). The next-generation compounds such
as semaglutide and tirzepatide for once-weekly use are characterized by optimized dose-
escalation strategies that lead to better tolerance, lower adverse events rate, and greater eflicacy

8
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concerning glycemic control and weight reduction (60,61).

Common side effects of GLP-1RAs include nausea, vomiting, and diarrhea, which are
typically transient and can be prevented by a rather low mitial dose (relative to the maintenance
dose) and gradual dose-escalation with multiple steps. Safety considerations mclude
contraindications for individuals at risk, ie., with a personal or family history. of medullary
thyroid carcinoma or multiple endocrine neoplasia type 2. Despite earlier suspicions regarding a
potential risk, large-scale trials and meta-analyses have not demonstrated a direct association
between GLP-1RAs and an increased risk of pancreatitis or pancreatic cancer, a conclusion
supported by evaluations from regulatory agencies such asthe US FDA and EMA (62,63).

In parallel, emerging insights into GLP-1 biology, ranging from its multiple sites of synthesis
to indirect inter-organ signaling pathways, ‘have ‘expanded the conceptual framework beyond
classical incretin physiology (64,65). This. broader understanding does not only enhance our
mterpretation of GLP-1’s systemic effects, but also provides a strong rationale for the
development of multi-agonist therapies (GLP-1/GIP, GLP-1/glucagon, = GLP-1/amylin
combinations), which  leverage synergistic hormonal networks and offer therapeutic benefits

beyond conventional monotherapy.

(2) Glucose-Dependent Insulinotropic Polypeptide (GIP)
GIP is secreted by K-cells in the duodenum and jejunum in response to nutrient intake (66). It
plays a multifaiceted role in metabolism, including the stimulation of msulin secretion (“incretin
action”) (21) and of glucagon release (especially, when plasma glicose is low) (67), promoting
adipose tissue lipogenesis, and improving lipid buffering capacity (68).

Indeed, based on GIP receptor (GIPR) knockout mice, GIP was considered an obesogenic

9
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factor, smce GIPR knock-out prevented weight gain with high-energy feeding. Also, the
expression of GIPRs in adipose tissue (69), the increase of lipoprotein lipase (LPL) activity in
response to GIP (70), and the stimulation of adipose tissue blood flow under the influence of GIP
(71) seemed to support an obesogenic role for GIP. In addition, early studies of GIP analogues
alone failed to produce meaningful weight loss n humans (72,73). However, the notable weight-
reducing eflicacy of tirzepatide, a dual GLP-1R/GIPR co-agonist, has renewed mterest in GIP’s
role in body weight regulation (74).

Recent findings suggest that GIPR agonism exerts weight-reducing effects through both
central and peripheral mechanisms (75). In the central nervous:system, GIPR is expressed in the
hypothalamus and hindbrain, where its activation suppresses food mtake and reduces body
weight through GABAergic neurons in obese.rodents (76). These effects persisted in GLP-1R
knockout mice but were abolished m “amimals lacking neuronal GIPR, highlighting the
importance of central GIP signaling i appetite regulation (55). Intracerebral administration of
long-acting GIP analogs .reduced feeding at pharmacologically relevant doses, whereas native
GIP was less effective (55).

Emerging evidence indicates GIPR activation attenuates GLP-1R-associated vomiting in
shrews (77) and. may modulate dietary preferences, specifically reducing the hedonic appeal of
energy-dense foods (78). However, human studies have failled to document reduced energy
intake 'in response to exogenous GIP administration (73,79). A head-to-head comparison of
tirzepatide (a dual GIPR/GLP-1R co-agonist) and semaglutide (a selective GLP-1RA)
demonstrated superior weight loss with tirzepatide, but without measurable differences in
appetite, satiation, fullness, or ad libitum energy intake (80). This discrepancy between animal
and human studies regarding GIP's influence on energy intake suggests significant species

10
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differences that require further mnvestigation.

In peripheral tissues, GIP's effects are context dependent. Under conditions of
hyperinsulnemia, GIP enhances lipid storage by increasing LPL activity via PKB activation and
AMPK mhibition, inducing LPL gene transcription through CREB-TORC2 (81,82), prometing
adipocyte differentiation, and increasing adipose tissue blood flow, though-these effects are
attenuated in insulin resistance (71). In contrast, under insulin-resistant 0r hypoinsulinaemic
states, GIP promotes lipolysis and fatty acid oxidation (83). Long-acting GIPR agonists reduce
fat mass independently of food intake and suppress adipose tissue inflammation, indicating
broader metabolic benefits (84,85). A recent study demonstrated that increased GIPR expression
in adipose tissue promoted energy expenditure and led to weight loss through SERCA-mediated
futile calcium cycling, independent of sustained reductions in food intake (86).

Paradoxically, preclinical studies suggest that blocking GIP signaling also yields anti-obesity
effects (73,75,87). When used 4n combination with GLP-1RAs, GIPR antagonists reduced food
mtake and fat mass in animal models (87). This paradoxical finding reveals a unique therapeutic
opportunity, as both-activation and inhibition of GIPR signaling lead to weight reduction, though
they operate ~through fundamentally different mechanisms. These opposing effects can be
explained by their actions on distinct neuronal populations. GIPR agonists exert anorectic effects
by sactivating”GABAergic neurons in the hypothalamus and hindbrain, suppressing food intake
(76). In contrast, GIPR antagonists may act by silencing these inhibitory GABAergic circuits,
thereby unmasking adjacent glutamatergic neurons involved in satiety signaling, or enhancing
GLP-1R—mediated pathways (88). In preclinical studies, GIPR antagonists such as AT-7687
reduced weight gain in high-fat-fed non-human primates and potentiated the weight-lowering
effects of GLP-1RAs like liraglutide (89).

11
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The hypothesis that GIPR agonism leads to desensitization and, eventually, functional
antagonism has been proposed based on the concept of receptor down-regulation, but lacks
robust in vivo support (90,91). While chronic agonist exposure can desensitize the GIPR in
pancreatic islets (92), this mechanism appears limited and apparently does not extend to central
appetite regulation (93).

This duality has informed the development of two contrasting™ therapeutic strategies;
tirzepatide, a dual GLP-1R/GIPR co-agonist, achieves robust glycemic -and weight-lowering
effects through complementary actions on both receptors (13),..and AMGI33 (maridebart
cafraglutide), combining GLP-1R agonism with GIPR antagonism, further enhances weight loss
and improves metabolic parameters, likely by-.unmasking GLP-1-mediated satiety pathways
(16). These complementary approaches highlight the complex and multificeted role of GIP
signaling in metabolic regulation and offer promising avenues for the treatment of obesity and
related metabolic disorders (94). This paradox, where both GIPR agonism and antagonism can
lead to weight loss, along with" its relevance to tirzepatide’s mechanism of action, is summarized

in Table 1.

(3) Glucagon

Glucagon, physiologically secreted by pancreatic a-cells, is primarily known for its role in
gluicose” homeostasis, particularly during fasting and in case of hypoglycaemia, when elevated
plasma concentrations stimulate hepatic glycogenolysis and gluconeogenesis (95,96). Recently,
additional functions of gluicagon have been described: (a) msulinotropic actions within the
endocrine islet, e.g. in response to exposure to amino acids (protein-rich meals), when it might,
indeed, contribute to reducing plasma glucose concentrations, and (b) its physiological influence

12
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on weight regulation. In humans, gluicagon appears to decrease food mtake by inducing satiety,
potentially via the liver—vagus—hypothalamus axis (97-99). Additionally, gluicagon may
contribute to increases in resting energy expenditure under hypoinsulinaemic conditions, as its
thermogenic effect depends on low msulin levels and can be mhibited by mnsulin (100-102). This
dual role of glicagon, characterized by its ability to induce hyperglycemia and-to promote weight
loss, underscores its potential in metabolic disease management (103)." A challenge with
glucagon remains substantial induction of GI discomfort (104), -probably related to its potent
mterference with gut smooth muscle contraction and peristalsis (105,106).

Beyond glucose regulation, gluicagon influences lipid ‘metabolism by promoting hepatic [-
oxidation and mhibiting lipogenesis, effectively reducing hepatic fat accumulation (107). It also
plays a crucial role in amino acid metabolism, facilitating ureagenesis and reducing circulating
amino acid levels through enhanced hepatic “uptake—a process central to the liver—a-cell axis,
which maintains amino acid <balance (98,108,109). Glucagon also contributes to energy
homeostasis by increasing resting ~energy expenditure and inducing satiety via hepatic vagal
afferent signaling (103,110).

These effects highlight gluicagon’s emerging significance as a metabolic hormone with both
therapeutic challenges and opportunities, leading to active investigation. Glucagon receptor
antagonists ‘improve glycemic control in diabetes, but are often associated with adverse effects
such as hepatic steatosis and hyperlipidemia (103). Conversely, co-agonists targeting both
glucagon and GLP-1 receptors represent a promising approach for obesity and T2D treatment
(111). These agents synergize glucagon’s capacity to enhance energy expenditure with GLP-1’s
effects on glycemic control and appetite suppression, offering a novel therapeutic strategy for
managing metabolic diseases (112).

13
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(4) Amylin

Amylin, also known as islet amyloid polypeptide (IAPP), is a peptide hormone co-secreted with
msulin by pancreatic B-cells. It plays a role in regulating postprandial satiety” and glucose
metabolism. By acting on amylin receptors (AMYRs), which are heterodimers. of the: calcitonin
(CT) receptor (a class Bl G protein—coupled receptor) and one of-three receptor activity-
modifying protens (RAMP1, RAMP2, or RAMP3), amylin suppresses appetite, delays gastric
emptying, and inhbits glucagon secretion (113,114). These receptor.subtypes incluide AMY1Rs
(CTR-RAMP1), AMY2Rs (CTR-RAMP2), and AMY3Rs (CTR-RAMP3). Additionally, amylin
mteracts with calcitonin gene-related peptide (CGRP) receptors in the bramnstem, contributing to
its effects on appetite and gastrointestinal fmetion (115,116). Unlike other peptides that attenuate
appetite, amylin’s effects do not induce a compensatory reduction in energy expenditure, likely
due to its activation of the sympathetic nervous system (115,117,118).

The therapeutic potential. of amylin has led to the development of synthetic analogues.
Pramlintide, the first-US FDA-approved amylin analogue, has demonstrated weight loss of up to
7.9% over 12° months when combmed with lifestyle modifications (119). Cagrilintide, a long-
acting analogue, has shown superior dose-dependent weight loss, ranging from 6% to 10.8% m
phase 2 ftrials, outperforming liraglitide 3 mg and placebo (120). Notably, cagrilntide is being
evaluated in combination with semaglutide to enhance long-term efficacy and leverage
complementary mechanisms for obesity management (120).

Emerging mnovations include dual-actng amylin and calcitonin receptor agonists, such as
davalintide, KBP-042, and KBP-088, which have demonstrated significant weight loss in
preclinical models (121-123). Early-phase clinical trials are also advancing amylin receptor
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agonists like AZD6234 and ZPB8396, while oral dual GLP-1 and amylin agonists, including
amycretin (NNCO0487-0111), represent a new frontier in combination therapies.

Thus, amylin-based therapies, particularly in combination with other agents, represent a
promising approach for obesity treatment (124). Ongoing research is expected to” expand their

clinical applications and optimize their therapeutic potential.

(5) Peptide YY (PYY)

Peptide YY (PYY) is co-secreted with GLP-1 by intestinal L cells i-response to nutrient intake.
It is converted from its active form, PYY.36, to its active form, PYY3.36, via DPP-4. PYY3.36
acts through Y2 receptors (Y2R) i the nervous.system,. particularly in the hypothalamus, where
it inhibits neuropeptide Y (NPY) neurons and. indirectly activates pro-opiomelanocortin (POMC)
neurons to suppress appetite (125,126).

Several PYY3.36 analogues have been developed for obesity treatment. Long-acting receptor
agonists, such as NN9748 .and NNCO0165-1875, are currently undergoing clinical trials. In a
phase 1 trial, a PYY analogue (Y14 peptide) demonstrated a weight loss of 2.9-3.6 kg over 31
days, reducing food intake by 38-55% compared to placebo (127). Whie intravenous
administration of PYY has consistently reduced food intake (128), subcutaneous delivery of
long-acting "PYY receptor agonists appears more practical for clinical use. Combining these
agents with GLP-1RAs holds promise for achieving synergistic effects in obesity management
(126).

PYY has been known as a classical weight loss-mediator (125) and its role has been
investigated to explain the metabolic benefits after metabolic surgery (129). Postprandial PYY
levels are significantly lower in people with obesity before bariatric surgery confirming its
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negative correlation with BMI (128). In association with a significant reduction n body weight
after metabolic surgery, a substantial increase in circulatory PYY levels was noted (130).
Moreover, it was reported that suppression of PYY resulted in increased food intake m" people
with obesity (131).

Thus, PYY is a key effector of the early recovery of impairment of glucese-mediated insulin
and glucagon secretionin people who received bariatric surgery (130):~An animal study using
Goto-Kakizaki diabetic rats suggested that the remission of diabetes. after Roux-en-Y gastric
bypass was mediated by PYY, suggesting that drugs promoting PYY.release or action can restore
pancreatic islet function in people with T2D (129). Ongoing research is focused on optimizing
PYY-based therapies for obesity and T2D, with particular attention to improving delivery

methods and efficacy in combination treatments.

3. Evolution of Novel GLP-1 Based Medicines for Type 2 Diabetes and Obesity
Building on the beneficial clinical effects of GLP-1 treatments, the concept of nutrient-stimulated
hormone-based therapeutics. has emerged, combining GLP-1 with other gut hormones such as
GIP, glucagon,”and PYY. These innovative approaches underscore the expanding role of GLP-1-
based therapies in-managing these chronic conditions. Novel agents targeting multiple receptors
aim to enhance therapeutic outcomes by leveraging complementary mechanisms.

Fig. 2 provides an overview of novel GLP-1-based compounds currently in various stages of
clinical development. Fig. 3 illustrates the molecular structures and key modifications that enable

prolonged action and receptor specificity in these therapeutic agents.
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3.1. Innovation in Oral GLP-1 Receptor Agonists: Small-Molecule Agents

Recent advancements in GLP-1RA therapies have led to the development of oral formulations,
notably oral semaglutide, which requires the use of the absorption enhancer SNAC (sodium N-
(8-[2-hydroxybenzoyl] amino) caprylate) to achieve sufficient absorption (132). Oral
administration offers significant advantages in terms of convenience and adherence, compared to
mjectable formulations. However, oral delivery faces challenges such as~physical barriers in the
GI tract, the acidic microenvironment of the stomach, mefficient absorption, protease
degradation, and hepatic first-pass metabolism. Oral semaglutide addresses these limitations by
using SNAC to enhance absorption through the GI nucosa.~This is achieved by increasing
lipophilicity, converting semaglutide into a more. permeable monomeric form, locally elevating
pH, and mhibiting pepsin activity (133,134). However, oral semaglutide still has modest absolute
bioavailability (~1%) and requires strict dosing conditions (fasting and water, with no food for
30 minutes) to ensure absorption. High-dose oral semaglutide (25 mg and 50 mg daily) is
currently under investigation. for obesity treatment, as higher doses may achieve weight loss
comparable to injectable semaglutide 2.4 mg weekly. The progress with oral semaglutide
underscores both the possibilities and challenges of oral peptide therapy.

Beyond oral formulations, recent clinical investigations have explored higher-dose injectable
semaglutide ‘to enhance weight loss efficacy. In the STEP UP trial, once-weekly semaglutide 7.2
mg produced greater weight loss than the standard 2.4 mg dose (20.7% vs. 17.5% at 72 weeks),
with a higher proportion achieving >25% reduction (33.2% vs. 16.7%). Safety profiles were
similar, with GI events most common (135).

A groundbreaking advance has been the development of non-peptide, small-molecule GLP-
1RAs that can be given orally without any absorption enhancer. Two leading candidates are
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danuglipron (PF-06882961) and orforglipron (LY3502970) (136,137). Unlke large peptides,
these synthetic molecules are chemically stable in the acidic, enzyme-rich gastrointestinal
environment and readily absorbed. They bind to the GLP-1R at an allosteric site that
accommodates small molecules, activating the receptor’s signaling n a manner “analogous to
native GLP-1. Structural studies, including X-ray crystallography, have confirmed ‘that such
smallF-molecule agonists induce the active receptor conformation-and trigger canonical
downstream signaling via Gos coupling and cyclic AMP elevation (137). Notably, a conserved
tryptophan residue at position 33 in the receptor’s N-terminal extracellular domain is critical for
their activity, and these agonists engage it similarly to GLP-1 (136,137).

This innovation represents a significant advancement 'in oral incretin-based pharmacotherapy,
effectively overcoming the longstanding barriers associated with peptide delivery. Small-
molecule GLP-1RAs offer advantages. in  stability, dosing, and scalable manufacturing,

broadening treatment accessibility and supporting patient-centered care (Table 2).

Danuglipron

Danuglipron, asmall-molecule oral GLP-1RA, is being investigated as an adjunct to diet and
exercise for improving glycemic control i T2D (Table 2) (138). Preclinical studies in
humanized ‘mouse models demonstrated that danuglipron stimulated glucose-dependent nsulin
secretion and suppressed food intake with efficacy comparable to injectable GLP-1RAs (138).

In a phase 1 study, 16 weeks of danuglipron treatment in adults with T2D who were taking
metformin resulted i reduced glycemic indices and body weight, with favorable safety and
pharmacokinetic profiles (138). Subsequently, a phase 2b study assessed the efficacy, safety, and
tolerability of danuglipron over 16 weeks in 411 adults with T2D (Table 3) (139). Participants in

18
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the 120 mg twice-daily group achieved reductions n HbAlc and fasting glicose levels of —
1.16% (90% CI, —1.47% to —0.86%) and —33.24 mg/dL (90% CI, —45.63 to —20.84 mg/dL),
respectively, compared to placebo. Body weight reductions were also observed: —2.04 kg (90%
Cl, -3.01 to —1.07 kg) n the 80 mg group and —4.17 kg (90% CI, —5.15 to —3.18 kg) in the 120
mg group (139). A meta-analysis of four trials published between 2021 and 2023 confirmed that
danuglipron is effective in glycemic control and weight reduction in patients with T2D (140).

However, clinical development was halted in April 2025 due to hepatotoxicity (141).

Orforglipron

A phase la ftrial evaluated the safety, pharmacokinetics, and pharmacodynamics of single and
multiple doses of orforglipron n 92 healthy "adults aged 18—65 years (HbAlc <6.5%, BMI 20—
40 kg/m?) (142). Weight loss occurred in all patients completing 28 days of treatment, with dose-
dependent reductions, and all but the lowest dose group achieved statistically significant weight
loss compared to placebo.

In a phase 2 trial; orforglipron demonstrated significant efficacy in reducing blood sugar and
body weight (143). At 36 weeks, weight reductions ranged from —9.4% to —14.7%, compared to
—2.3% m the placebo group. A separate study assessing orforglipron (45 mg/day) in T2D patients
reported a 1:67% reduction n HbAlc and a 7.4% decrease in body weight (144). Orforglipron
(=12 mg/day) outperformed dulaglutide (1.5 mg/week) in both blood gluicose control and weight
loss. However, higher doses of orforglipron were associated with a greater incidence of GI-
related adverse events, such as nausea (25% vs. 18%) and vomiting (22% vs. 8%), compared to
dulaglutide.

In a phase 3 ACHIEVE-1 trial, once-daily orforglipron (3-36 mg) treatment for 40 weeks
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significantly reduced HbAlc by —1.24 to —1.48% points versus -0.41 with placebo in adults with
T2D (145). Body weight decreased by —4.5% to —7.6% across doses versus —1.7% with placebo.
Gastromtestinal adverse events were most common but generally mild-to-moderate, with
discontinuation rates of 4.4-7.8% for orforglipron versus 1.4% for placebo (145).

Orforglipron is currently being evaluated in the phase 3 ACHIEVE-4 trial. (NCT05803421),
which focuses on patients with T2D and obesity or overweight who are at high risk for CV
complications, including those with chronic kidney disease (CKD). The trial compares
orforglipron with insulin glargine, with results expected to further-elicidate its efficacy and
safety.

Orforglipron addresses several limitations ~.of oral semaglutide, including food-drug
mteractions and low oral bioavailability. However, as a non-peptide molecule, orforglipron
simplifies both usage and manufacturing ‘processes, potentially reducing costs and broadening
access to GLP-1RA therapies. These attributes make orforglipron a compelling candidate in the
ongoing evolution of GLP-1RA-based therapies, albeit that any off target effects, especially in
the brain will need to-be excluded.

The pursuit-of non-injectable oral GLP-1RAs reflects significant advancements i the field,
addressing patient preferences for convenience and adherence. The emergence of high-dose oral
semaglutide, “orforglipron, and danuglipron highlights both the potential but also the risks of
orally absorbable peptides and non-peptide agents to transform the treatment of obesity and

metabolic diseases.
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3.2. Dual Agonists for the Treatment of Obesity

(1) GLP-1/ GIP Receptor Co-agonists

Tirzepatide, a dual agonist targeting both GLP-1 and GIP receptors, has already demonstrated
remarkable efficacy n the management of diabetes (146) and obesity (147). Beyond tirzepatide,
a pipeline of mnovative dual GIP and GLP-1 receptor agonists is being developed to enhance
metabolic outcomes: SCO-094 (JapicCTI-205323), VK2735 (NCT06068946), and CT-388
(NCT06525935).

One such agent, DR10627, is a chemically synthesized linear. peptide consisting of 39 amino
acids (4457.96 Da) (148). The N-terminal sequence (1-29) s derived from GLP-1, with specific
mutations to enhance GIP activity. Its C-termmnal sequence incorporates ten amino acids from
exenatide, forming a "tryptophan cage" to .improve metabolic stability. Additionally, the C-
terminus is amidated, and a palmitoyl groupis conjugated via a y-glutamyl-linker at the Lys
position, extending its half-life.

Preclinical studies of DR10627 .demonstrated significant improvements in glucose control in
both Sprague-Dawley rats .and db/db mice (148). At doses of 10 and 30 nmolkg, DR10627
outperformed liraglutide (80 nmolkg) in potentiating weight loss, lowering lipid levels, and
enhancing overall metabolic health (148). Currently, DR10627 is undergoing phase 1 ftrials for
the treatment” of obesity and diabetes, representing a promising addition to dual-incretin-based

therapeutics.

(2) Unimolecular GLP-1 Receptor Agonists/ GIP Receptor Antagonists
Interestingly, GIPR antagonism, as well as agonism, has emerged as a viable strategy for
managing obesity and T2D. When combined with GLP-1R agonism, GIPR antagonism further
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enhances glycemic control and weight loss outcomes i pre-clinical models of obesity and

diabetes mellitus (84,149).

Maridebart cafraglutide (MariTide)

Maridebart cafraglitide (AMG 133), a bispecific molecule combining a GIPR “antagonist with
GLP-1RA peptides, exemplifies this novel therapeutic approach (Tabler 2) (16,87,150). It is
engineered by conjugating a fully human anti-GIPR monoclonal”antibody to GLP-1 analogue
peptides, thereby leveraging the complementary mechanisms of GIPR" antagonism and GLP-1R
agonism to achieve substantial weight reduction and metabolic “improvements.

GIPR antagonism has been shown to suppress. adipogenesis and enhance energy expenditure
(149). Genetic studies and preclinical models. indicate that GIPR knockout animals are resistant
to diet-induced obesity, and pharmacological GIPR blockade reduces body weight and improves
glucose homeostasis (66). By  inhibiting cAMP signalng i adipocytes, GIPR antagonism
mitigates the obesogenic effects” of GIP, including fat deposition and lipid storage (87).

Clinical trials of .maridebart cafraglutide have demonstrated promising results. When
administered every four weeks, the treatment resulted in a 15% reduction in body weight after
four doses over 85 days in people with obesity with a mean BMI of 33.8 kg/m® (16). Adverse
effects were mild to moderate, but highly prevalent (70-100%). In a subsequent 52-week, phase
2 trial 'of 592 adults with obesity (with or without T2D), once-monthly maridebart cafraglutide
mduced —12% to —16% weight loss in those without diabetes and —8% to —12% in those with
diabetes, compared with mmimal changes mn the placebo group. Among participants with T2D,
HbAlc reductions of —1.2 to —1.6% were observed. DXA analyses showed preferential fat mass
reduction compared with lean mass loss. Gastrointestinal adverse events remained prominent,
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with some mitigation with slower dose-escalation (151). However, these obvious tolerability
problems remain a challenge and need to be addressed by more effective dose escalation
regimens.

Another GIPR antagonist, AT-7687, has shown impressive results i combimation with
liraglutide in preclinical studies. In cynomolgus monkeys, this combination therapy achieved a
16.3% weight reduction, along with significant improvements i metabolic profiles, including a
30% decrease in glucose levels, a 52% reduction in msulin levels; and reductions i triglycerides
(39%) and LDL-cholesterol (48%) (89). These findings highlight..the potential of combining

GIPR antagonists with GLP-1RAs for comprehensive metabolic--management.

(3) Glucagon/GLP-1 Receptor Co-Agonists: Survodutide and M azdutide
Recent advances in peptide engneering have “enabled the development of single peptides capable

of targeting multiple receptors simultaneously, mimicking combination therapy.

Survodutide
Survodutide (BI 456906) is a dual gluicagon and GLP-1 receptor agonist with a prolonged half-
life of 100 hours’mn humans (152), with a structure modified from glucagon to achieve full
activation of ‘GLP-1 receptors and partial activation of glucagon receptors, thereby demonstrating
GLP-1R-biased activity (Table 2) (152). Additionally, survodutide incorporates a C;g fatty acid
for extended half-life and utilizes structural modifications, including C-terminal amidation and
substitution at the second ammo acid, to resist DPP-4-mediated degradation (152).

In phase 1 studies involving healthy volunteers and individuals with a BMI >27 kgnt,
survodutide achieved a maximum placebo-corrected weight loss of 13.8% by week 16 (153).
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Higher doses were associated with increased Gl-related adverse events. Phase 2 data revealed
that doses exceeding 1.2 mg twice weekly resulted in more than 50% of participants with T2D
achieving over 5% body weight reduction, while over 25% experienced weight loss exceeding
10% (154). Interestingly, HbAlc was remarkably improved despite glucagon agonism of" the
molecule in the subjects with T2D (154).

Currently, three phase 3 trials are underway. SYNCHRONIZE-1 (NCT06066515) includes
726 participants with obesity (BMI >30 kg/m? or >27 kg/m? with at least one obesity-related
complication) without T2D and SYNCHRONIZE-2 (NCT06066528) mvolves 755 participants
with BMI >27 kg/m? and T2D, and SYNCHRONIZE-CVOT(NCT06077864) nvolving 4,935
participants with BMI >27 kg/m? and CVD (155). Participants in both studies receive weekly
subcutaneous survodutide injections (uptitrated  to 3.6 or 6.0 mg) alongside lifestyle
nterventions.

Additionally, survodutide demonstrated significant improvements in metabolic dysfunction-
associated steatohepatitis . (MASH). without fibrosis progression n 47-62% of participants,
compared to 14% in the placebo group (156). Liver fat content was reduced more than 30% in

57-67% of participants across various dosage groups (156).

Mazdutide

Mazdutide (IBI362 or LY3305677), a once-weekly GLP-1 and glucagon receptor dual agonist,
has demonstrated significant efficacy in reducing body weight and HbAlc across multiple
clnical trials. In China, a 20-week phase 2 trial in patients with T2D, mazdutide up to 6 mg
reduced HbAlc (—1.41% to —1.67%) and body weight (—7.1%) significantly more than placebo,
with common adverse events including mild gastrointestinal symptoms and hypoglycemia (157).
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In a 24-week trial in Chnese adults with overweight or obesity, mazdutide reduced body weight
by —6.7%, —10.4% and —11.3% across doses of 3.0, 4.5 and 6.0 mg respectively compared to
1.0% with placebo (all p < 0.0001), with good tolerability (158). A meta-analysis™ further
confirmed its efficacy m weight loss (mean difference: —6.22%), with greater effects n
participants without diabetes (—8.44%) and longer treatment durations (—10.47%.at 24 weeks)
(159). The phase 3 GLORY-1 trial (NCT05607680) assessed theeflicacy and safety of
mazdutide m 610 Chinese adults with overweight or obesity. At week 32, mazdutide significantly
reduced body weight, with mean reductions of —10.1% (4 mg) and —12:6% (6 mg) compared to a
0.5% increase with placebo. Additionally, 73.9% and 82.0% of participants on 4 mg and 6 mg,
respectively, achieved >5% weight loss compared to. 10.5% with placebo. Mazdutide also
mproved cardiometabolic risk factors and. was well tolerated, with mild to moderate

gastrointestinal symptoms being the most common adverse events (157).

(4) Amylin/GLP-1 Receptor Agonist: Fixed-Dose Combinations or Dual Agonists
CagriSema

CagriSema is a once-weekly fixed-ratio combination of the long-acting GLP-1RA semaglutide
(2.4 mg) and the amylin analogue cagrilintide (2.4 mg) (Table 2). Buiding on the mechanisms
described earlier in Section 2.4, amylin complements GLP-1 by enhancing satiety and slowing
gastric emptying, supporting their combined use (160).

In a phase 2 trial, cagrilintide alone resulted in a 10% body weight reduction over 26 weeks in
participants with BMI >27 kg/m’ and associated comorbidities, compared to 3% with placebo
(120). A phase 1b study combining cagrilintide (up to 4.5 mg) with semaglutide (2.4 mg)
achieved a mean weight loss of 17%, outperforming semaglutide alone (10%) over 20 weeks
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(161). This combination therapy leverages complementary mechanisms, enhancing therapeutic
efficacy (162).

In a phase 2 trial involving individuals with T2D (BMI >27 kg/m®), weekly CagriSema
admmistration achieved a 2.18% reduction in HbAlc and a 15.6% weight loss (17). Another
phase 2 trial with 706 participants showed weight loss rates of 6.0—10.8%«in the CagriSema-
treated group versus 3.0% in the placebo group.

The recently completed REDEFINE 1 trial evaluated the efficacy of subcutaneous CagriSema
over 68 weeks in 3,417 participants with BMI >27 kg/m’ and obesity related complications.
CagriSema achieved a mean weight loss of 22.7%, compared-to 11.8% with cagrilintide, 16.1%
with semaglutide, and 2.3% with placebo. Furthermore, 40.4% of CagriSema-treated participants
experienced >25% weight loss, compared ‘to. 6.0% with cagrilintide, 16.2% with semaglutide,
and 0.9% with placebo. Gastrointestinal. adverse events were the most common but were
generally mild to moderate and diminished over time (163). The REDEFINE 2, a 68-week
efficacy and safety trial mvestigating once-weekly subcutaneous CagriSema, included 1,206
people with BMI >27. kg/m®> and T2D. The people treated with CagriSema achieved a superior
weight loss of 15.7% after 68 weeks compared to 3.1% with placebo. Weight loss of 5% or more
after 68 weeks was achieved by 89.7% of patients on CagriSema, compared to 30.3% by placebo

(164).

Amycretin

Amycretinis a single molecule that operates as a GLP-1RA and amylin receptor agonist. It can
be delivered orally. A first-in-human trial investigated the safety, tolerability, and efficacy of oral
amycretin in adults with BMI >27 kg/m® without diabetes. Over 12 weeks, amycretin
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demonstrated significant, dose-dependent reductions in body weight, with mean changes of —
10.4% and —13.1% for 50 mg and 2x50 mg daily doses, respectively, compared to —1.1% with
placebo. Adverse events were predominantly gastrointestinal, mild to moderate in severity, and
dose dependent (165). These agents target multiple metabolic pathways to achieve greater
efficacy in weight loss and metabolic control (166). In a phase 1b/2a randomized, placebo-
controlled and double-blinded study, amycretin was reported to body-weight loss of 9.7% on
1.25 mg (20 weeks), 16.2% on 5 mg (28 weeks) and 22.0% on 20 mg (36 weeks) in people living

with BMI >27 kg/m? (167).

3.3. Triple Peptide Receptor Agonists for the Treatment of Obesity and Type 2 Diabetes

(1) GIP/GLP-1/Glucagon Receptor Co-Agonists: Retatrutide

Retatrutide, a triple-agonist peptide targeting GIP, GLP-1, glicagon receptors, is engineered with
a fatty diacid moiety that enhances its pharmacokinetics, enabling a half-life of approximately
six days and facilitating weekly dosing (Table 2) (168,169). Compared to endogenous ligands,
retatrutide demonstrates a higher affinity for the GIP receptor than for glicagon and GLP-1
receptors, leveraging complementary mechanisms: GLP-1 and GIP inhibit glucagon-induced
gluconeogenesis, 'while gluicagon augments energy expenditure synergistically with GLP-1/GIP-
induced appetite suppression (168).

In a phase 2 trial involving participants with BMI >30 kg/m® without obesity related
complications or BMI >27 kg/m® with obesity related complications, retatrutide delivered dose-
dependent weight reductions after 24 weeks: —7.2% for 1 mg, —12.9% for 4 mg, —17.3% for 8
mg, and —17.5% for 12 mg, compared to —1.6% with placebo (170). By 48 weeks, weight
reductions of >5%, >10%, and >15% were achieved by 92%, 75%, and 60% of participants in
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the 4 mg group, increasing to 100%, 91%, and 75% in the 8 mg group, and 100%, 93%, and 83%
in the 12 mg group, compared to only 27%, 9%, and 2% in the placebo group (170).

In a phase 2 study of adults with T2D, retatrutide similarly achieved dose-dependent weight
reductions over 36 weeks: 3.2% with 0.5 mg, 7.9% and 10.4% with 4 mg (with and without
escalation), and 16.8%, 16.3%, and 16.9% with 8 mg (slow and fast escalation).and 12 mg doses,
respectively (104). The most common side effects were gastrointestinal symptoms, which were
dose-dependent and generally mild to moderate. A transient, dose-dependent increase in heart
rate, peaking at 24 weeks and attributed to glicagon-mediated .sympathetic nervous system
activation, was also observed (170).

To further evaluate retatrutide, multiple phase 3. trials are ongoing. The TRANSCEND-1 trial
(NCT06354660) is an 11-month study investigating retatrutide’s glycemic control in adults with
uncontrolled T2D, while TRANSCEND-2 (NCT06297603) is a 52-week study comparing
retatrutide with semaglutide in <adults with T2D inadequately controlled on metformn with or
without SGLT2 mhibitors.  Additionally, the TRIUMPH outcomes trial is a 5-year study
examining retatrutide’s. impact on CV and kidney outcomes in individuals with obesity and
established atherosclerotic CVD or CKD. This trial focuses on composite endpoints, including
major adverse CV events (MACE), heart failure-related hospitalizations, and renal function

decline (NCT06383390).

4. Kidney protection effect with novel GLP-1-based medications

In several large-scale clinical studies targeting CVD, established GLP-1RAs, such as liraglutide
in LEADER (171,172), semaglutide 1.0 mg in SUSTAIN-6 (173), and dulaglitide in REWIND
(174), showed beneficial renal outcomes, mainly driven by reductions in albuminuria or its
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progression (175) and by reducing the declne in eGFR over time (172,176,177).

Of note, n the FLOW trial, the first, multicenter, randomized controlled study with kidney
outcome, semaglutide 1.0 mg therapy reduced the risk of major kidney disease events in 3,533
patients with T2D and CKD (=50% eGFR decline, or kidney/cardiovascular death) by 24% and
all-cause mortality by 20% over 3.4 years (177). In a prespecified exploratory analysis of the
SURPASS-4 trial, tirzepatide reduced the risk of a composite kidney endpomt by 42% compared
with msulin glargne over 85 weeks (178). These findings ~Suggest that semaglutide and
tirzepatide may provide substantial kidney protection in people with.T2D at high cardiovascular
risk. A recent meta-analysis reported that long-acting GLP-1RA, including both once-weekly
semaglutide injection and oral semaglutide, reduced ‘incidence of MACE, composite renal

events, and all-cause mortality in patients with. T2D (179).

5. Sarcopenia and muscle health considerations with novel GLP-1-based medications
Although GLP-1-based .medications have transformed obesity management, concerns exist
regarding clinically ~meaningful sarcopenia, characterized by diminished muscle mass and
strength, which™ in ‘other circumstances correlates with poor health outcomes and increased
mortality(180,181).

Clnical trials of GLP-1RAs consistently demonstrate reductions in lean body mass. In the
STEP 1 trial, semaglitide treatment resulted in lean mass loss comprising 45.5% of overall
weight reduction (182), whereas tirzepatidle n SURMOUNT-1 accounted for 34.3% of weight
loss from lean tissue (74). Magnetic resonance imaging data from the SURPASS-3 substudy
demonstrated that tirzepatide therapy produced decreases in muscle volume (—0.44 to —0.76 L),
concurrent with decreased muscle fat infiltration (—0.23 to —0.44% points) (183), raising the
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possibility of reduced muscle mass, but improved muscle quality.

Evidence supports combining resistance training with adequate protein intake (>1.2 g/kg/day)
to preserve fat-fiee mass, with benefits persisting up to a year after treatment cessation (184)
Pharmacological strategies include inhibitors of the myostatin/activin pathway such ' as
bimagrumab, which increased lean mass by 3.6% and reduced fat mass by 20.5% (185), and is
under study in combmation with GLP-1RAs (NCT05616013, NCT06643728). Emerging
agents—trevogrumab, garetosmab, urocortin-2 peptides (186-188), .and’ selective androgen
receptor modulators like enobosarm (NCT06282458)—target muscle-catabolism to preserve or
augment lean mass. Importantly, assessing muscle strength vand function will be critical to

optimize GLP-1-based regimens and mitigate sarcopenia.risk during long-term therapy.

6. Summary and Conclusion
Recent developments have provided novel medications, all based on stimulating GLP-1 plus
other receptors, which can = on average — lead to more than 20% body weight reductions. The
effect sizes are highly wariable between individuals, and there is a lack of predictive markers or
criteria for early detection of non or low responders. In the end, the therapeutic goal is not just to
nduce weight loss, but to improve symptoms and consequences of obesity-associated
complications like progression of prediabetes to manifest T2D (189), advances stages of
MASLD (with fibrosis/cirthosis) (190,191), obesity-associated heart failure with preserved
gjection fraction (191-193), obstructive sleep apnoea syndrome (194), and osteoarthritis (195).
Diabetes and obesity are escalating global health challenges, with lifestyle interventions and
behavioral modifications currently forming the foundation of prevention and management.
However, medications serve as essential adjuncts, promoting additional weight loss and aiding
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weight maintenance. Semaglutide and tirzepatide, two widely used GLP-1-based agents, have set
new standards in the management of these conditions.

Emerging therapies, including dual and triple agonists targeting combinations of ‘GLP-1,
GIP, gluicagon, and amyln, are poised to achieve even greater efficacy. These agents, with
expected weight loss reductions exceeding 20%, exemplify the potential . of advanced
pharmacological strategies. The challenge will be how to improve .the tolerability of these
medications to facilitate the long-term treatment required ~'to address obesity related
complications.

Recent identification of peptides such as irisin, adropin;~and spexin has revealed new
regulatory pathways in metabolic regulation (196-198).  Irisin, a hormone-like peptide cleaved
from the transmembrane precursor FNDC5' in skeletal muscle and adipose tissue, promotes the
browning of white adipose tissue by enhancing mitochondrial activity and UCP1 expression
(199). Beyond its role in energy expenditure, irisin augments insulin biosynthesis and supports
the expansion of [-cell functional mass (200). An especially mnovative strategy mvolves
combining N-methyl-D-aspartate receptor antagonism with GLP-1R agonism; for example, the
bimodal GLP-1-MK-801 conjugate demonstrated enhanced weight loss efficacy while
mitigating adverse < effects through targeted brain delivery (201). Together, these advances
underscore the therapeutic promise of newly discovered peptides.

The combination of GLP-1-based treatments with the actions of other gastro-entero-
pancreatic peptide hormones with therapeutic potential promises a future with more effective
management of obesity and its associated co-morbidities. Multi-agonists that simultaneously
activate multiple hormone receptors hold the potential to redefine obesity pharmacotherapy,
addressing the multifactorial nature of the disease and improving outcomes for patients

31

GZ0Z 1890100 | | U0 Jasn a8y y yoleasay Aq G159/ 28/9E0LRUG/ABIPUS/QLZ | 0 L/IOp/8]01lE-80UBAPR/AIPS/WO0D dNO"dIWapEI.//:Sd)Y WO} POPEOjUMO(]



10

11

12

13

14

15

16

17

18

19

20

21

22

23

worldwide.
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Table 1. GIP receptor agonism and its effects on body weight in general, and as part of the mode -of-action
of the dual GIP/GLP-1 receptor agonist tirzepatide in the treatment of type 2 diabetes and obesity in
particular.

A What suggests an anorexigenic role

for GIP receptor agonism?

What suggest an orexigenic
(obesogenic) role for GIP receptor

agonism

Commentary

e In rodents, long-acting GIP recepto
r agonists (administered intracereb
roventricularly or peripherally) red
uce food intake and body weight (6
6)

¢ In human subjects, long-acting Gl
P receptor agonists lead to some w
eight loss (-2-3 kg) (202). Howeve
r, a mechanism has not been deline
ated.

e In rodents (66) and in human subje
cts with type 2 diabetes (203,204),
dual GIP/GLP-1 receptor agonists
(administered) reduce food intake
and body weight more than selecti
ve GLP-1 receptor agonists alone

¢ In mice, GIP receptor-expressing h
ypothalamic neurons, when stimul
ated, cause reductions. in food (ene
rgy) intake (205).

e Global GIP receptor knock-out mic
e are resistant to high-energy overfe
eding (206)

o Within the human population, indiv
iduals with loss-of-function mutatio
ns of the GIP receptor have lower.b
ody-mass-indices (207)

o GIP receptor antagonists can lead to
body weight reduction in rodents (1
49) and in human subjects (16), esp
ecially when combined-with GLP-1

receptor agonism.

The finding, that GIP receptor
agonism and antagonism can both
lead to weight loss; is a paradox. It
cannot beresolved, if one assumes
that the same receptors on the same
cells (neurons) are responsible. For
rodents, recently, hypothalamic
neurons expressing GIP receptors
have been found responsible for the
body weight reduction in response to
stimulating GIP receptors (66), and
brains stem neurons expressing GIP
receptors, when knocked out
specifically in these cells, sensitize to
weight-loss actions of GLP-1
receptor agonism (88), indicating that
agonism and antagonism at the GIP
receptor address different brain areas
and specific neurons triggering

differing biological responses.

What speaks in favour of GIP
receptor agonism playing arole in
the superiorbody-weight reducing
effect oftirze patide over selective
GLP-1 receptor agonists?

What speaks against ofarole of
GIP receptor agonism mediating
the superior body-weight reducing
effect of tirze patide over selective
GLP-1 receptor agonists?

Commentary

e Tirzepatide leads to more body we
ight reduction than the selective G
LP-1 receptor agonist semaglutide
in people with type 2 diabetes (203

e Exogenous (intravenous) GIP does
not lead to a reduction in ad libitu
m food (energy) intake in healthy h

uman subjects (73) or in individual

The neurobiology of GIP receptor-
agonism-induced weight loss has
only been delineated in rodents. The
lack of effect of exogenous GIP on
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); the difference could be pointing
to a role of GIP receptor agonism
e Long-acting GIP receptor agonists
lead to some moderate body weigh
t reduction in healthy human volun
teers and subjects with T2D (202).

s with type 2 diabetes being treated
with GLP-1 receptor agonists (79).
Rather, it impairs GLP-1’s ability t
o reduce ad libitumfood (energy) i
ntake in healthy human subjects (7
3).

e Tirzepatide did not reduce ad libitu
m food (energy) intake more thand
id semaglutide in T2D (80), althou
gh tirzepatide led to greater weight

reduction .

appetite, and ad libitum food
(energy) intake, in human clinical
studies points to a potential species
difference. Similar experiments with
exogenous GLP-1 have robustly
shown a reduction in appetite and ad
libitum food (energy).intake
compatible with long-term body
weight reduction (28,73).

What speaks in favour of GIP
receptor agonism playing arole in
the superior glycaemic control of
tirze patide vs. selective GLP-1

receptor agonists?

What speaks against ofarole of
GIP receptor agonism mediating
superior glycaemic control vs.

selective GLP-1 receptoragonists?

Commentary

e Tirzepatide reduces fasting plasma
glucose and HbA ;. more than dose
the most efficacious selective GLP
-1 receptor agonists, semaglutide (
203). The difference may be the co
nsequence of GIP receptor agonis
m.

e Tirzepatide treatment improves ins
ulin sensitivity (204), perhaps mor
e than just by reducing body weigh
t (208).

o Tirzepatide increases early and late
phase insulin secretion in response
to hyperglycaemia (in T2D) (204),
however, under conditions, when p
articipants were exposed to effecti
ve concentrations of tirzepatide, pr
oviding stimulation of GIP and GL
P-1receptors.

¢ Inindividuals with-T2D, exogenou
s GIP hasagreatly reduced insulin
otropic-potency:(21) and does not a
cutely reduce plasma glucose in ca
se of hyperglycaemia (209).

o Tirzepatide is characterized by GL
P-1receptor agonism biased towar
ds cAMP formations and against 13
-arrestin expression (211), which p
otentially may lead to GLP-1 recep
tor internalization, and a depletion
of the GLP-1 receptor pool on the
cell surface of 3-cells, and, thus, de

sensitization.

Prominent effect of GIP receptor
agonism in T2D contrast to the
universal finding of a substantial loss
of insulinotropic potency of GIP in
T2D. Improved glycaemic control
may improve the insulinotropic
function of GIP receptor agonism in
T2D, but attempts with intensified
insulin regimens have not normalized
the insulinotropic potency of
exogenous GIP, but rather only
partially rescued effects on insulin
secretory responses. It can only be
hypothesized, that glucose-lowering
through GLP-1 receptor agonism will
elicit a similar phenomenon.
Tirzepatide may just be a very potent

GLP-1 receptor agonist.
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e The impaired insulinotropic action
(21) and glucose-lowering activity
(209) of GIP (or IP receptor agonis
m provided by, e.g., tirzepatide) m
ay be improved due to the initial gl
ucose-lowering activitiy of GLP-1
receptor agonism provided by trize
patide (analogous to the effect of i

ntensified insulin regimens (210).
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1  Table 2. Pharmacological features of novel GLP-1 based agents targeting obesity and-diabetes

Name Molar mass Feature Dose Bioavailability Half-life Ref.
Semaglutide (NN9535)*  4113.64 g/mol GLP-1RA 0.25, 0.5, 1.0, 1.7, 2.4 89% 145-165 hours (182)
mg
Danuglipron (PF- 555.61 g/mol Oral, non-peptide, “.small 2.5, 10, 40, 80, or 120 NA 5.3+£0.81 hours in (138)
06882961) molecule, GLP-1RA mg 120 mg
Orfoglipron (LY- 882.97 g/mol Oral, non-peptide, ~small 9, 15, 27, or 45 mg 20-40% 25-68 hours (137,212,2
3502970) molecule, GLP-1RA 13)
Tirzepatide (LY- 4813.53 g/mol GLP-1 and GIP receptor dual 5, 10, or 15 mg 80% 5 days (214)
3298176)* agonist
Maridebart cafraglutide 4600.70 g/mol Agonist of GLP-1R and 21 to 840 mg NA 16.5-23.8 days (16)
(MariTide) (AMG 133) antagonist of GIPR
(monoclonal antibody)
Cagrilintide/ semaglutide 31,200 g/mol + Amylin and GLP-1 receptors Cagrilintidle 2.4 mg/ Cagrilintide  30% Cagrilintide  159- (161)
(Cagrisema) (NN-9388) ~ 4113.64 g/mol dual agonist semaglutide 2.4 mg (215)/ semaglutide 195 hours
89% /semaglutide  145-
165 hours
Survodutide (BT 456906) 4231.69 g/mol Glucagon/GLP-1  receptors 0.45, 1.8, 2.4, 3.0, or 93%(216) 100 hours (152)
dual agonist 4.8 mg
Mazdutide. (IBI362 or 4476.06 g/mol Glucagon/GLP-1  receptors 3.0, 4.5, or 6.0 or 9.0 NA 7.3-44.8 days (217,218)
LY3305677) dual agonist mg
Retatrutide (LY-3437943) 4845.44 g/mol GLP-1, GIP, and Glucagon 1, 3,8, or 12 mg NA 6 days (168,219)

receptors triple agonist

2 Semaglutide and tirzepatide are presented for comparison. RA, receptor agonist; Ref., reference; NA, not available.
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Table 3. Major clinical study data of novel GLP-1 based agents targeting obesity

o
S

Name Dose Duratio  Study Age/ Baseline Baseline WC' Body weight  WC reduction’ Study name ;;
n population  female %" weightand reduction’ (References) %

(weeks) BMI' i

Semaglutide 0.25, 0.5, 68 PWO 46 £ 13 years /. 105.4+22.1  5.7+0.3% -12.4% (- -0.34% pomnt (- STEP 1 (182) g
(NN9535)* 1.0, 1.7,2.4 without 73.1% kg/ 37.8+6.7 14.9% vs. - 0.52% vs. - %
mg diabetes ke/m? 2.4%) 0.17%) 5

Danuglipron 80, 120, 200 32 PWO 18-44 years NA NA -13.05% (- -11.62cm (- NCT04707313 72
(PF- mg bid without (38.9%), 45-64 11.65% vs. 11.43cm vs. (phase 2b) %
06882961) (Cohort 3) diabetes years (52.8%), 1.40%) 0.19cm) §
265 years %

(8.3%)/61.1% 3

Orfoglipron 12, 24,36, 36 PWO 50.9+12.6 110.94+28.1 117.7£14.8 cm  -12.4% (- -9.6cm(-13.6 cm GZGI: %
(LY- or 45 mg without years / 53% kg/ 38.7£7.6 14.7% vs. - vs. -4.0 cm) NCTO05051579 g
3502970) diabetes kg/m’ 2.3%) (phase 2) (143) g
Tirzepatide 5, 10,715 mg 72 PWO 44.9+12.3 105.6+22.92  114.4+15.59 -17.8% (- -14.5cm (-18.5 SURMOUNT-1 5
(LY- without years/67.8%  kg/ cm 20.9% vs. - cmvs. -4.0 cm) (74) §
3298176)" diabetes 38.146.69 3.1%) S
kg/m’ §

Maridebart 140, 280, 30 PWO 51.6+£12.8 90.5+10.3 102.4+10.8 cm -10.81% (- -8.37 cm (-8.17 NCT04478708 ;
cafraglutide 420 mg without years/87.5%  kg/ 32.5+2.6 11.23% vs.- cmvs. 0.3 cm) (phase 1) (16) g
(AMG133)  (multiple diabetes kg/n? 0.42%) s
ascending g%

doses) %

Cagrilintide/ 2.4 mg 20 PWO 37.04£9.7 years  98.0+17.3 NA -7.4% (-15.4% NA NCT04982575 i
semaglutide (Semaglutid without /27.0% kg/ 33.0+4.2 vs. -8.0% in (phase 1b) (161) g
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(Cagrisema) ¢)+0.16, diabetes kg/m’ placebo plus 9
0.3, 0.6, 1.2, semaglutide %

2.4,4.5mg 2.4 mg) g

(Cagrilintid )

e) %

Survodutide 0.6,2.4,3.6, 46 PWO 47.6 £ 13.5 105.9£17.4  112.8+13.0 cm -12.1% (- -12.1 cm (-16.0 NCT0466737 g
(BI1456906) 4.8 mg without years/70.0%  kg/ 37.6+6.0 14.9% vs. - cm vs. -4.0 cm) (phase 2) (220) g
diabetes kg/m’ 2.8%) é

Mazdutide  3.0,450r 24 PWO 35.8+9.2 88.5+15.3 103.9+11.4 cm -12.3% (- -7.6cm(-8.8cm  NCT04904913 g
(IBI362or 6.0mg without years/44.3%  kg/ 31.7+4.0 11.3% vs. vs.-1.1 cm) (phase 2) (158) :i.‘t;
LY3305677) diabetes kg/m’ 1.0%) g,
Retatrutide 1,4,38, 12 48 PWO 458 £12.2 108.0+£21.7  116.5416.4 cm -15.8% (- -17.0 cm (-19.6 NCT04881760 i
(LY- mg without years /48.0%  kg/ 37.4+6.0 17.5% vs. - cmvs. -2.6 cm) (phase 2) (170) %
3437943) diabetes kg/m’ 1.6%) =
"Semaglutide and tirzepatide are presented for comparison. 'Data in the high dose group. PWO, people with obesity. NA, not available g
%’h

8

&
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Figure 1. Development of novel pharmacotherapy approaches based on incretin for obesity and diabetes.

CNS, central nervous system; PYY, peptide YY

Figure 2. Novel GLP-1 based medications undergoing development or clincial trials for diabetes and obesity
NN, Novo Nordisk

Key: P1 = Phase 1; P2 = Phase 2; P3 = Phase 3

Figure 3. Amino acid structure of incretin-based medications

RA, receptor agonist; GCG, glucagon; Ant, antagonist
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GIP receptor agonists

GLP-1 receptor agonists 3 *GIP receptor antagonists

Injectable GLP1 + GIP antagonist
* Semaglutide 7.2mg (Novo Nordisk): “P3 * AMG 133 (Amgen): P2
* Ecnoglutide (Sciwind): P3

* Efpeglenatide (Hanmi Pharmaceutical): P2

* Noiiglutide (Jiangsu Hansoh Pharmaceutical): P2
*TG103 (CSPC Pharmaceutical): P3

Oral

» Semaglutide 50mg (Novo Nordisk): P3
* Orforglipron (Eli Lilly): P3

* Danuglipron (Pfizer): P2

* CT-996 (Roche): P1
0y

* 7P6590 (Zealand Pharmaceutical); Dlmhnm\

GLP1 + GIP agonists

* SC0-094 (Scohia Pharmaceutical): P1

* VK2735 (Viking Therapeutics): P2

* HRS9531 (Fujian Shengdi Pharmaceutical): P2
* HS20094 (Jiangsu Hansoh Pharmaceutical): P2
* CT-388 (Roche): P2 °

“Amylin agonists

GLP1 + amylin agonists
» CagriSema (Novo Nordisk): P
* Oral amycretin (Novo Nordisk): P

o
GLP1 + GIP + Glucagon agonists
* Retatrutide (Eli Lilly): P3 o
* HM15211 (Hanmi Pharmaceutical): P1

" Glucagon receptor agonists
* HM15136 (Hanmi Pharmaceutical): P1

GLP1 + Glucagon agonists

*P: phase :;f Eﬂase ; « Survodutide (Boehringer Ingelheim): P3
o Ph:g: 3 « Efinopegdutide (Hanmi Pharmaceutical): P2

* Mazdutide (Eli Lilly): P3
» Pemvidutide ALT-801 (Altimmune): P2

Figure 2
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Essential Points

GLP-1 receptor agonists (GLP-1RAs) have revolutionized treatment paradigms for type 2 diabetes and obesity,
and next-generation agents are building on this foundation with enhanced potency and multi-receptor targeting.
Novel multi-agonist therapies such as tirzepatide, retatrutide, and maridebart cafraglutide combine GLP-1
activity with GIP, glucagon, or amylin signaling to amplify weight loss and metabolic outcomes.

The paradoxical efficacy of both GIP receptor agonism and antagonism in combination with GLP-1RA
highlights the complex and therapeutically exploitable biology of gut hormones.

Co-agonists involving glucagon receptor signaling expand the therapeutic mechanism by. increasing energy
expenditure alongside appetite suppression.

Amylin-based agents further augment GLP-1 therapies by delaying gastric emptying, enhancing satiety, and
improving metabolic control.

The emergence of orally bioavailable GLP-1 receptor agonists,” including peptide and small-molecule

compounds, represents a transformative advance in patient-centered obesity and diabetes care.
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