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Abstract

Type 2 diabetes mellitus (T2DM) and obesity affect hundreds of millions of adults world-
wide and represent leading drivers of cardiovascular disease, chronic kidney disease, and
escalating healthcare expenditures. Incretin-based therapies have fundamentally reshaped
cardiometabolic disease management, with dual- and triple-receptor agonists extending the
benefits of traditional glucagon-like peptide-1 (GLP-1) receptor agonism. By synthesizing
clinical, mechanistic, and real-world data, this review examines the evolving therapeutic
landscape of GLP-1-based multi-agonists. Dual GLP-1/glucose-dependent insulinotropic
polypeptide (GIP) receptor agonists demonstrate superior metabolic efficacy compared
with GLP-1 receptor agonists alone, achieving greater reductions in body weight and
glycemic indices across diverse patient populations. Emerging triple agonists targeting
GLP-1, GIP, and glucagon receptors further enhance metabolic outcomes, with weight loss
approaching that observed following bariatric surgery in late-phase clinical trials. Mecha-
nistically, multi-receptor co- agonism produces synergistic effects through complementary
pathways, including appetite suppression, glucose-dependent insulin secretion, improved
adipose tissue metabolism, increased energy expenditure, enhanced hepatic lipid oxidation,
and reductions in hepatic steatosis. Beyond glycemic and weight endpoints, GLP-1-based
therapies confer clinically meaningful cardiovascular and renal protection. Trials consis-
tently demonstrate reductions in major adverse cardiovascular events across populations
with and without T2DM, while kidney-specific trials show significant slowing of disease
progression. However, gastrointestinal adverse events remain common and contribute to
substantial treatment discontinuation, particularly in real-world settings. Despite their
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1. Introduction
1.1. The Convergent Epidemics of Type 2 Diabetes Mellitus and Obesity

Type 2 Diabetes Mellitus (T2DM) and obesity represent two of the most pressing
public health challenges of the 21st century, affecting over 537 million and 890 million
adults globally, respectively [1,2]. These conditions frequently coexist, with approximately
90% of individuals with T2DM classified as overweight or obese, creating a syndemic
of cardiometabolic disease [3]. The economic burden is staggering, with T2DM-related
healthcare expenditures exceeding $966 billion annually worldwide, with obesity expendi-
ture at an estimated $260 billion in the United States alone [1,4]. Beyond financial costs,
these conditions drive premature mortality through cardiovascular disease, chronic kidney
disease, hepatic steatosis, and numerous malignancies.

Traditional management paradigms have historically addressed glycemic con-
trol and weight management as separate therapeutic targets. However, the shared
pathophysiology—insulin resistance, 3-cell dysfunction, chronic inflammation, and dysreg-
ulated appetite signaling—suggests that integrated pharmacological approaches targeting
multiple pathways simultaneously may offer superior outcomes. The emergence of incretin-
based therapies, particularly glucagon-like peptide-1 receptor agonists (GLP-1 RAs), has
begun to bridge this divide, demonstrating that substantial weight reduction and glycemic
improvement can be achieved through a unified mechanism.

1.2. Evolution of Incretin-Based Therapeutics

The incretin effect, whereby oral glucose elicits greater insulin secretion than intra-
venous glucose despite similar glycemia, was first described in 1964 [5]. This phenomenon
was later attributed to gut-derived hormones, primarily GLP-1 and glucose-dependent
insulinotropic polypeptide (GIP), which amplify glucose-stimulated insulin secretion. In
T2DM, the incretin effect is markedly diminished, contributing to postprandial hyper-
glycemia and progressive [3-cell failure.

The first GLP-1 RA, exenatide, was approved in 2005. It enhances glucose-dependent
insulin secretion-reducing hypoglycemia risk when not used with insulin or sulfonylureas,
and yields modest weight reduction of 2-3 kg [6,7]. Subsequent generations—liraglutide,
dulaglutide, and semaglutide—progressively improved upon this foundation through
extended half-lives enabling weekly dosing and enhanced potency. The SUSTAIN [8],
LEADER [9], and REWIND [10] cardiovascular outcome trials established that GLP-1
RAs not only improve glycemic control but also significantly reduce MACE (with pooled
analyses showing ~12% relative risk reduction), fundamentally repositioning these agents
from purely glucose-lowering drugs to therapies with demonstrated cardioprotective
benefit [11].

Despite a 10-15% mean weight reduction with the most potent GLP-1 monotherapies,
many patients do not achieve clinically significantly weight reductions [12]. Furthermore,
GIP—once thought to promote adiposity—has been reappraised, with GIP/GLP-1 receptors
co-agonism showing synergistic metabolic benefits exceeding single-receptor agonism [13-16].

1.3. The Multi-Agonist Revolution

The approval of tirzepatide in 2022, the first dual GIP /GLP-1 receptor agonist, marked
a transformative milestone in metabolic therapy. In SURMOUNT-1, tirzepatide produced
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up to 20.9% mean weight loss in adults with obesity, nearly doubling the effect of early
GLP-1 monotherapies [16] (p. 1). The SURPASS trials further demonstrated HbAlc reduc-
tions of 2.0-2.3%, establishing tirzepatide as the most potent glucose-lowering agent to
date [17]. Direct head-to-head comparison in SURMOUNT-5 (2025) confirmed tirzepatide’s
superiority over semaglutide 2.4 mg, with 20.2% versus 13.7% weight loss at 72 weeks [13].

These results have accelerated development of next-generation multi-agonists incorporat-
ing glucagon receptor activity. Retatrutide, the most advanced triple GIP/GLP-1/glucagon
agonist, achieved 24.2% weight loss at 48 weeks (12 mg weekly) in phase 2 trials—weight
reduction previously attainable only through bariatric surgery [18]. Additional inves-
tigational agents such as survodutide (GLP-1/glucagon dual agonist) and early-stage
quadruple agonists incorporating IGF-1 activity (bioglutide) aim to further enhance efficacy
and preserve lean mass during substantial weight loss.

The mechanistic rationale for multi-receptor agonism is compelling. GLP-1 receptor
activation suppresses appetite through hypothalamic POMC/CART neuronal pathways,
slows gastric emptying, and enhances glucose-dependent insulin secretion. GIP recep-
tor signaling complements these effects through adipose tissue regulation, supporting
glucagon responses during hypoglycemia, and potentially exerting antiemetic central
effects that may improve tolerability. Glucagon receptor activation uniquely increases
energy expenditure and hepatic lipid oxidation, mechanisms not engaged by GLP-1 or GIP
monotherapy. The convergence of these pathways produces metabolic effects exceeding
simple additivity, supporting the concept of true pharmacological synergy. Table 1, provides
a comprehensive overview of the incretin-based therapeutic landscape, from established
GLP-1 monotherapies to investigational multi-agonists, highlighting their mechanistic
diversity and expanding clinical applications.

Table 1. Incretin-Based Therapies: Approved and Investigational Agents by Mechanism of Action.

Drug Name

Therapy Level Mechanism of Action Indication

Exenatide [19]

Single GLP-1 receptor agonist Type 2 diabetes mellitus
(adjunct to diet and exercise)

Liraglutide [20]

Single GLP-1 receptor agonist Type 2 diabetes mellitus; chronic weight
management (obesity/overweight with
comorbidity); reduction in major adverse
cardiovascular events in T2DM with
established CVD

Lixisenatide [21,22]

Single GLP-1 receptor agonist Type 2 diabetes mellitus
(adjunct to diet and exercise)

Albiglutide [22] Single GLP-1 receptor agonist Type 2 diabetes mellitus (withdrawn from
market; evidence for CV risk reduction in
T2DM with CVD)
Dulaglutide [22,23] Single GLP-1 receptor agonist Type 2 diabetes mellitus; reduction in major

adverse cardiovascular events in adults with
T2DM and established CVD or multiple
risk factors

Semaglutide [24]

Single GLP-1 receptor agonist Type 2 diabetes mellitus; chronic weight
management (obesity /overweight with
comorbidity); reduction in major adverse
cardiovascular events in adults with obesity
or overweight and established CVD

Efpeglenatide [25]

Single GLP-1 receptor agonist Type 2 diabetes mellitus (investigational);
cardiovascular risk reduction in T2DM
(investigational)
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Table 1. Cont.

Drug Name Therapy Level Mechanism of Action Indication
Tirzepatide [26] Dual GLP-1 + GIP receptor agonist Type 2 diabetes mellitus; chronic weight
management (obesity /overweight
with comorbidity)
CagriSema [27] Dual (Combo) GLP-1 + Amylin receptor Obesity /overweight; type 2 diabetes mellitus
agonist (investigational, Phase 3)
Survodutide [28] Dual GLP-1 + Glucagon receptor Obesity / overweight; metabolic
agonist dysfunction-associated steatohepatitis
(investigational)
MariTide [29] Dual GLP-1 agonist + GIP antagonist Obesity /overweight (investigational)
Amycretin [30] Dual GLP-1 + Amylin receptor Obesity /overweight; type 2 diabetes mellitus
agonist (investigational)
Retatrutide [18,31] Triple GLP-1 + GIP + Glucagon Obesity/overweight; type 2 diabetes mellitus
receptor agonist (investigational)
Bioglutide (NA-931) [32] Quad GLP-1 + GIP + Glucagon + Obesity and metabolic disease

IGF-1 agonist

(early clinical development)

1.4. Critical Gaps in Current Literature

Despite remarkable clinical trial successes, significant knowledge gaps limit optimal
implementation of incretin-based therapies and highlight areas requiring urgent investigation.

Although clinical efficacy is well-established, the molecular mechanisms underlying
multi-agonist synergy remain only partially understood. Why does co-activation of GIP
and GLP-1 receptors produce effects exceeding mathematical additivity? Which signal-
ing pathways—Gs/cAMP, 3-arrestin, or biased agonism—drive therapeutic benefits versus
adverse effects? Emerging pharmacogenomic evidence, including associations between treat-
ment response and ARRBI ((3-arrestin), a key regulator of GPCR internalization and signaling
duration, as well as the presence of GLP1R variants, point towards the feasibility of person-
alized incretin therapy, yet translation into clinical practice is still in its infancy. Addressing
these unresolved mechanistic and genetic questions will be essential to fully realize the
transformative potential of next-generation incretin and multi-receptor agonist treatments.

Most trials compare novel agents to placebo rather than active comparators. Head-
to-head trials directly comparing tirzepatide, semaglutide, and emerging triple agonists
across T2DM and obesity indications remain sparse. Network meta-analyses provide
indirect comparisons, but real-world comparative effectiveness data spanning diverse
patient populations are critically needed.

Clinical trials emphasize HbAlc and weight as primary endpoints, yet patients priori-
tize quality of life, tolerability, and treatment burden. Real-world adherence data reveal that
only 32-46% of patients persist on GLP-1 therapy at 12 months, driven by gastrointestinal
side effects, injection fatigue, and cost barriers [33]. Understanding factors predicting
non-response, treatment discontinuation, and weight regain after cessation is essential for
appropriate patient selection and counseling.

Incretin therapies exist at the intersection of efficacy and limited accessibility. Monthly
costs of $1000-$1350 create substantial affordability barriers, with fewer than 1% of eligible
patients able to receive treatment at current prices without exceeding healthcare budget
thresholds. Insurance coverage patterns vary dramatically by indication (T2DM versus
obesity), payer type (commercial versus government sponsored), and geography, creating
profound health equity concerns. Prior authorization requirements consume 12 h weekly
per provider and contribute to 40% of prescriptions going unfilled [5]. Cost-effectiveness
analyses demonstrate favorable ICERs in selected analyses, particularly for T2DM indica-
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tions ($53,000-$69,000/ QALY), yet budget impact analyses reveal population-level access
is financially untenable without substantial price reductions.

The pipeline of incretin-based therapies is expanding exponentially, with oral formula-
tions (semaglutide 25/50 mg, orforglipron), monthly injectables (MariTide), triple agonists
(retatrutide entering phase 3), and novel indications (MASH, Alzheimer’s disease, chronic
kidney disease) rapidly advancing through clinical development, with one agent (semaglu-
tide) recently approved by the FDA [34]. Clinicians require evidence-based guidance to
navigate this evolving landscape and anticipate future treatment options.

1.5. Objectives and Scope of This Review

This narrative review addresses the identified gaps through comprehensive synthesis of
recent literature (2023-2025) organized around four primary objectives. First, we elucidate the
pharmacological and molecular mechanisms of GLP-1, GIP, and glucagon receptor signaling,
with emphasis on synergistic effects of multi-receptor co-agonism and pharmacogenomic
determinants of treatment response. Second, we systematically compare clinical efficacy
and safety across incretin-based therapies, synthesizing head-to-head trials, network meta-
analyses, cardiovascular and renal outcome trials, and real-world effectiveness studies. Third,
we analyze practical implementation considerations including cost-effectiveness, insurance
coverage patterns, patient selection strategies, drug interchangeability protocols, and adher-
ence optimization approaches. Lastly, we evaluate emerging therapies and future directions,
including oral and extended-release formulations, novel multi-agonist combinations, and
expanding indications beyond T2DM and obesity.

This review is structured to provide clinicians, researchers, and policymakers with
evidence-based guidance for optimizing incretin therapy in clinical practice while identify-
ing critical research priorities to advance the field. By integrating mechanistic insights with
clinical outcomes and implementation science, we aim to bridge the efficacy-effectiveness
gap and maximize the population health impact of these transformative therapeutics.

2. Pharmacology and Mechanisms

The pharmacologic basis of incretin-based multi-agonist therapies rests on coordinated
activation of the GLP-1, GIP, and glucagon receptors. These are class B G protein-coupled
receptors that regulate glucose homeostasis, lipid metabolism, appetite, and systemic energy
expenditure. The GLP-1 receptor (GLP-1R) is highly expressed in pancreatic beta cells, gas-
trointestinal tissues, and central appetite-regulating nuclei. Stimulation of GLP-1R primarily
couples to Gs, raising intracellular cAMD, activating protein kinase A (PKA) and exchange
protein activated by cAMP (EPAC) [35]. These pathways enhance glucose-stimulated in-
sulin secretion by promoting calcium influx, granule mobilization, and exocytosis, and
they function in a glucose-dependent manner that reduces risk of hypoglycemia. GLP-
1R also activates PI3K/Akt and ERK1/2 pathways that support beta-cell survival, while
beta-arrestin-regulated internalization influences signaling duration [35]. Within the cen-
tral nervous system, GLP-1R activation reduces appetite and alters reward-based feeding
circuits, while peripheral GLP-1R signaling slows gastric emptying; together these mecha-
nisms contribute to the substantial weight loss and cardiometabolic improvements observed
clinically [36]. A schematic representation of the mechanism is provided in Figure 1.

The glucose-dependent insulinotropic polypeptide receptor (GIPR) enhances insulin
secretion through similar, Gs-coupled, cAMP-dependent mechanisms but also exerts dis-
tinct effects in adipose tissue, bone, and the brain. Although individuals with obesity
frequently exhibit diminished insulinotropic response to endogenous GIP, pharmacologic
GIPR activation can overcome this relative resistance. When combined with GLP-1R
agonism, GIPR signaling produces a supra-additive rise in cAMP and insulin secretion,
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improving GLP-1 tolerability [37]. Additionally, GIPR activation also modulates adipocyte
lipid handling and has central actions that may reduce caloric intake while potentially
mitigating nausea associated with GLP-1 agents [38]. These mechanisms help explain the
enhanced glycemic and weight-loss efficacy of dual agonists such as tirzepatide compared
with GLP-1 receptor agonists alone.
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Figure 1. Mechanism of action of GLP-1 receptor agonists. GLP-1 receptor agonists bind the GLP-1
receptor on pancreatic 3-cells, activating Gs-adenylyl cyclase signaling to increase intracellular cAMP,
which enhances PKA /EPAC-mediated calcium influx and stimulates insulin granule exocytosis in a
glucose-dependent manner. Systemically, GLP-1 RAs slow gastric emptying and intestinal motility
predominantly through peripheral vagal-enteric mechanisms, while reducing appetite and increasing
satiety via central hypothalamic pathways and collectively improving postprandial and fasting
glucose control.

The glucagon receptor (GCGR), highly expressed in hepatocytes, couples to Gs to
stimulate glycogenolysis and gluconeogenesis, but it also plays a prominent role in lipid
and energy metabolism. GCGR activation increases hepatic mitochondrial beta-oxidation,
enhances tricarboxylic acid cycle flux, and raises whole-body energy expenditure [39].
Human studies have shown that glucagon can increase hepatic mitochondrial oxidative
rates by 50 to 75 percent, particularly in individuals with obesity [39]. These metabolic
actions provide a compelling rationale for incorporating glucagon agonism into multi-
receptor therapeutics, although such designs must balance glucagon’s glycemic effects with
the glucose-lowering actions of GLP-1 agonism.

Synergistic activation of these receptors drives the superior clinical performance of
multi-agonist therapies. GLP-1 and GIP co-agonism amplifies beta-cell signaling, improves
appetite regulation, and enhances tolerability [40]. Adding glucagon receptor activation
further extends weight-loss potential by increasing basal energy expenditure and pro-
moting hepatic fat oxidation. Triple agonists such as retatrutide demonstrate weight-loss
efficacy exceeding ~20 to 24 percent, surpassing dual agents and approaching surgical
outcomes [41]. Advances in biased agonism, where ligands preferentially engage specific
intracellular signaling pathways rather than uniformly activating all downstream effectors,
have enabled design of agents that favor cAMP signaling while limiting beta-arrestin driven
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desensitization, a concept discussed in greater detail later in this section. This selective
signaling contributes to more potent central and peripheral metabolic effects. Receptor
trafficking behavior, signaling bias, and tissue-specific patterns of expression have become
increasingly important determinants of therapeutic efficacy.

Pharmacokinetic engineering is essential for translating these mechanisms into clinical
benefits. Native GLP-1 has a half-life of approximately two minutes due to rapid degrada-
tion by DPP-4 and renal clearance [42]. Therapeutic incretin analogues require structural
modifications including DPP-4 resistant amino-acid substitutions, fatty-acid acylation to
promote albumin binding, or fusion to IgG Fc or albumin to exploit FcRn-mediated re-
cycling. These strategies produce half-lives of several days or longer and enable weekly
dosing, with fatty-acid acylation increasing albumin binding and prolonging circulation
time [43]. Tirzepatide incorporates a C20 fatty di-acid side chain that provides approxi-
mately 99 percent albumin binding and a five-day half-life [44]. Retatrutide uses similar
long-acting modifications to support weekly or extended-interval administration. These
pharmacokinetic designs promote sustained receptor engagement, improve adherence, and
reduce peak-related gastrointestinal effects.

Inter-individual variability in response to incretin-based therapies increasingly ap-
pears linked to pharmacogenomic variation. Genome-wide studies have identified GLP1R
variants that alter receptor signaling efficiency and correlate with differences in glycemic
response [45]. Variants in ARRB1, which modulates beta-arrestin recruitment and receptor
internalization, are also associated with enhanced HbAlc reduction among carriers [46].
These findings illustrate how genetic differences in receptor structure and downstream
signaling components influence therapeutic response. Future personalization of incretin-
based multi-agonist therapy may incorporate genetic markers across GLP1R, GIPR, GCGR,
and key signaling regulators such as beta-arrestin and cAMP regulatory pathways.

3. Clinical Efficacy: Glycemic Control
3.1. GLP-1 Receptor Agonists

GLP-1 receptor agonists exist in both short-acting and long-acting formulations, differ-
ing in pharmacokinetics, durability of glycemic control, and clinical performance. These
distinctions are clinically meaningful, as long-acting agents generally produce more sus-
tained reductions in HbAlc and fasting glucose, whereas short-acting formulations exert
stronger postprandial effects but more modest overall glycemic benefit.

Among long-acting GLP-1 receptor agonists, semaglutide demonstrates the greatest
glycemic potency across randomized trials and real-world studies, producing mean HbAlc
reductions of approximately 1.3-2.2% depending on dose and baseline glycemia [47] (p. 202)
and [48-50]. In the SUSTAIN clinical trial program, semaglutide consistently outperformed
placebo and active comparators, with a high proportion of patients achieving HbAlc targets
below 7.0% [15,48,49]. Dulaglutide, another once-weekly GLP-1 RA, similarly produces
robust glycemic improvements, typically achieving HbAlc reductions of approximately
1.1-1.7% across the AWARD trials, with incremental benefit observed at higher doses
in AWARD-11 [51-56]. Liraglutide remains an effective therapy but generally demon-
strates slightly lower glycemic potency than once-weekly agents in head-to-head trials
and network meta-analyses [57-59]. Short-acting agents such as twice-daily exenatide and
lixisenatide achieve more modest HbAlc reductions and are less effective for sustained
glycemic control [58,60-62].

Comparative analyses consistently rank semaglutide as the most effective GLP-1 RA for
HbA1c lowering, followed by dulaglutide and liraglutide, while short-acting agents demon-
strate inferior glycemic efficacy [58,63—66]. Meta-analyses further indicate that long-acting
formulations provide superior and more durable HbA1c reductions compared with short-acting
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agents, reinforcing a class gradient favoring sustained receptor activation [58,67]. Real-world
evidence broadly confirms this hierarchy, although absolute differences between long-
acting GLP-1 receptor agonists are modest relative to the larger glycemic improvements
achieved with dual incretin agonism [60,68-70].

Taken together, clinical trial and real-world data demonstrate that long-acting GLP-1
RAs provide effective and durable glycemic control and remain a foundational com-ponent
of contemporary type 2 diabetes management. However, their efficacy appears to plateau
relative to emerging dual and triple incretin agonists, positioning GLP-1 monotherapy as a
strong but lower-ceiling strategy and providing an important benchmark against which
newer multi-receptor therapies are evaluated.

3.2. Tirzepatide

Tirzepatide, the first dual GIP/GLP-1 receptor agonist, has redefined the upper limits
of glucose lowering effects achievable with incretin-based therapies. Its clinical efficacy
has been characterized through the SURPASS program, a global series of phase 3 random-
ized controlled trials evaluating tirzepatide across diverse treatment contexts including
monotherapy, add-on therapy, and comparisons with basal and prandial insulin. Collec-
tively, these trials provide the most comprehensive assessment to date of tirzepatide’s
glycemic effects, consistently demonstrating reductions that exceed those achieved with
traditional GLP-1 receptor agonists and insulin-based regimens.

Across SURPASS trials, tirzepatide consistently produces larger HbAlc reductions
than GLP-1 RAs and insulin-based regimens, with mean decreases typically ranging from
approximately 1.9% to 2.6% depending on dose and baseline glycemia [17,71-73]. A sub-
stantial proportion of patients achieve stringent glycemic targets, including HbA1lc levels
below 7.0% and, in some cases, near-normoglycemia [71]. These effects occur alongside clin-
ically meaningful reductions in background insulin requirements, highlighting tirzepatide’s
insulin-sparing potential [14,71].

The most direct comparative evidence comes from SURPASS-2, which demonstrated
superior glycemic efficacy of tirzepatide relative to semaglutide 1.0 mg across all tested
doses [74]. Mechanistic analyses suggest that this advantage is mediated by greater im-
provements in insulin sensitivity, enhanced glucose-dependent insulin secretion, and more
pronounced suppression of inappropriate glucagon signaling [75]. These findings provide
biological support for the clinical superiority observed with dual incretin agonism.

Subgroup analyses indicate that tirzepatide maintains strong glycemic efficacy across
a broad range of patient phenotypes, including variation in body mass index, baseline
HbAlc, and duration of diabetes. While lower baseline HbA1lc and shorter disease du-
ration are associated with higher likelihood of achieving near-normoglycemia, clinically
meaningful HbAlc reductions occur across all examined subgroups [71,76]. These data
support tirzepatide’s applicability across heterogeneous type 2 diabetes populations rather
than confinement to narrowly defined responder profiles.

Overall, the SURPASS program establishes tirzepatide as a highly potent glucose-
lowering incretin therapy, consistently achieving HbAlc reductions and normoglycemia
rates that surpass those of GLP-1 RAs and insulin-based regimens. These findings highlight
the therapeutic potential of multi-receptor agonism and provide a clear mechanistic and
clinical rationale for expanding beyond dual agonists. Building on tirzepatide’s success,
emerging triple agonists targeting GIP, GLP-1, and glucagon receptors simultaneously
represent the next evolution in incretin therapy and are now being investigated for even
greater metabolic efficacy.
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3.3. Emerging Multi-Agonist Therapies

Emerging multi-agonist therapies represent the next stage in incretin pharmacology,
aiming to extend glycemic efficacy beyond dual agonism by simultaneously targeting
GLP-1, GIP, and glucagon receptors. Early-phase clinical trials suggest that these agents
can achieve HbA1c reductions comparable to, and in some cases exceeding, those observed
with existing dual incretin agonists, although long-term comparative data remain limited.

Retatrutide, a first-in-class triple GIP/GLP-1/glucagon receptor agonist, has demon-
strated substantial glycemic efficacy in phase 2 studies of adults with type 2 diabetes. In
dose-ranging trials, retatrutide produced dose-dependent HbAlc reductions approaching
those observed with high-potency GLP-1 RAs and tirzepatide, with a meaningful propor-
tion of participants achieving HbAlc targets below 7.0% and near-normoglycemia [77].
These glycemic improvements were accompanied by marked reductions in fasting glucose,
supporting the metabolic impact of triple-receptor engagement [77]. While higher doses
produced numerically greater effects, differences between upper dose tiers were modest,
suggesting a potential plateau in glycemic response at higher exposure levels. Ongoing
phase 3 trials under the TRIUMPH program will be critical to defining long-term efficacy,
durability, and safety [78,79].

Survodutide, a dual GLP-1/glucagon receptor agonist, has also shown promising
glycemic effects in phase 2 trials. Across dose-escalation studies, survodutide produced
clinically meaningful HbAlc reductions that were broadly comparable to those achieved
with semaglutide 1.0 mg, with evidence of dose-responsive improvement at higher weekly
exposure levels [80,81]. Beyond glycemic lowering, survodutide has demonstrated fa-
vorable effects on fasting glucose and circulating glucagon levels, although the clinical
implications of these mechanistic findings remain to be clarified [81]. Ongoing phase 3
trials (SYNCHRONIZE-1 and -2) will further characterize its role in metabolic disease [28].

Taken together, available evidence indicates that emerging triple- and glucagon-
containing incretin agonists can achieve glycemic efficacy comparable to leading dual-
agonist therapies, potentially extending the therapeutic ceiling of incretin-based treatment.
However, current data remain largely confined to early-phase studies, and direct head-to-
head comparisons with tirzepatide and high-dose GLP-1 receptor agonists are lacking. As
larger and longer-term trials mature, future research will need to clarify whether incremen-
tal glycemic benefits translate into meaningful advantages in cardiovascular, renal, and
long-term metabolic outcomes. Table 2 summarizes the HbAlc-lowering efficacy across the
spectrum of incretin-based therapies, illustrating the progressive enhancement in glycemic
control from short-acting GLP-1 receptor agonists through multi-agonist formulations. This
compilation highlights the dose-dependent effects within each agent class and provides a
framework for understanding the relative potency of current and emerging therapies.

Table 2. HbAlc-Lowering Efficacy of GLP-1 Receptor Agonists and Multi-Agonist Therapies.

Agent Dose HbA1c Reduction (%) Key Trial/Source
GLP-1 Receptor Agonists (Long-Acting)
Semaglutide 0.5 mg weekly —1.0to —-15 SUSTAIN 1-5 pooled
1.0 mg weekly —1.3t0 —2.0 SUSTAIN 1-5 pooled
2.0 mg weekly -22 SUSTAIN FORTE
Dulaglutide 1.5 mg weekly —1.26 to —1.33 AWARD 1-6, 8 pooled
4.5 mg weekly -1.77 AWARD 11
Liraglutide 1.8 mg daily -1.2 Meta-analysis
Exenatide 2 mg weekly -0.9 Meta-analysis
GLP-1 Receptor Agonists (Short-Acting)
Exenatide 10 mcg BID —0.6to —0.8 Meta-analysis
Lixisenatide 20 mcg daily —0.6to —0.8 Meta-analysis
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Table 2. Cont.

Agent Dose HbA1c Reduction (%) Key Trial/Source
GIP/GLP-1 Dual Agonist
Tirzepatide 5 mg weekly —2.01 SURPASS-2
10 mg weekly —2.24 SURPASS-2
15 mg weekly —2.30to —2.40 SURPASS-2, 5
Triple Agonist (GIP/GLP-1/Glucagon)
Retatrutide 12 mg weekly —2.16 Phase 2
Dual Agonist (GLP-1/Glucagon)
Survodutide 0.9 mg weekly —1.46 Phase 2
1.8 mg weekly -1.71 Phase 2

HbA1lc = hemoglobin Alc; GLP-1 = glucagon-like peptide-1; GIP = glucose-dependent insulinotropic polypep-
tide; BID = twice daily. Data represent mean HbAlc reductions from baseline in key clinical trials.
SUSTAIN = semaglutide trials; AWARD = dulaglutide trials; SURPASS = tirzepatide trials.

4. Clinical Efficacy: Weight Reduction
4.1. GLP-1 Receptor Agonists

GLP-1 receptor agonists were the first incretin-based therapies shown to produce clinically
meaningful weight loss, and they remain foundational agents in obesity pharmacotherapy.
Among single-receptor GLP-1 RAs, semaglutide 2.4 mg consistently demonstrates the greatest
weight-reducing efficacy, achieving mean weight losses of approximately 13.9-16.0% across
the STEP trial program, substantially exceeding placebo and outperforming liraglutide
3.0 mg in direct comparisons [12,82-90]. Liraglutide produces more modest but clinically
meaningful weight loss, typically in the range of 5.8-8.0% across the SCALE trials, and
remains an effective option when semaglutide is unavailable or not tolerated [87,91,92].
Short-acting GLP-1 Ras and lower-dose diabetes formulations achieve smaller and less
durable weight reductions [93,94].

Across agents, weight loss with GLP-1 RAs is dose-dependent and most pronounced
during the first 6-12 months of therapy, with a tendency to plateau over longer treatment
durations [95-97]. Continued therapy is generally required to maintain benefit, as dis-
continuation is associated with substantial weight regain and reversal of cardiometabolic
improvements, as demonstrated in STEP 4 and other long-term studies [83,95]. These
findings underscore obesity’s chronic, relapsing nature and position GLP-1 monotherapy as
an effective but lower-ceiling strategy relative to emerging dual and triple incretin agonists.

4.2. Tirzepatide

Tirzepatide produces greater and more consistent weight loss than GLP-1 monotherapy
across randomized trials and real-world studies. In the SURMOUNT program, tirzepatide
achieved mean weight reductions of approximately 15.0-20.9% at 72 weeks, exceeding out-
comes observed with semaglutide 2.4 mg and other single-receptor agents [13,16,83]. Direct
head-to-head evidence from SURMOUNT-5 confirmed superior weight-loss efficacy com-
pared with semaglutide, with a substantially higher proportion of participants achieving
>20% and >25% weight loss [13]. Real-world analyses similarly demonstrate greater absolute
and percentage weight reductions with tirzepatide relative to GLP-1 RAs [98].

Body composition studies indicate that the majority of tirzepatide-associated weight
loss reflects reductions in fat mass, although lean mass loss remains clinically relevant and
warrants consideration in vulnerable populations [99]. Despite superior efficacy, weight
regain is common following treatment discontinuation, as demonstrated in SURMOUNT-4,
reinforcing the need for sustained therapy and long-term patient engagement [100,101].
Collectively, these findings position tirzepatide as the most effective currently approved
single-agent pharmacotherapy for weight reduction and establish a benchmark for next-
generation multi-agonist therapies.
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4.3. Emerging Multi-Agonist Therapies

Next-generation incretin therapies incorporating glucagon receptor agonism aim to
extend weight-loss efficacy beyond that achieved with dual incretin agonists. Retatrutide,
a triple GLP-1/GIP/glucagon receptor agonist, has demonstrated very large weight re-
ductions in phase 2 trials, with dose-dependent mean losses ranging from approximately
17% to 24% at 48 weeks in adults with obesity [18,77]. Early phase 3 findings from the TRI-
UMPH program suggest that retatrutide may achieve even greater weight loss over longer
treatment durations, although peer-reviewed long-term data remain pending [31]. These
results establish retatrutide as a potent addition to the arsenal of available pharmacologic
obesity treatments, pending full publication of late-phase outcomes.

Body composition analyses suggest that retatrutide produces substantial reductions in
fat mass but is also associated with lean mass loss proportional to total weight reduction,
similar to patterns observed with semaglutide and tirzepatide [102]. While the magnitude
of weight loss achieved with triple agonism is unprecedented in pharmacotherapy, the
long-term clinical implications such as effects on musculoskeletal health, nutritional status,
and durability of benefit remain incompletely understood.

Survodutide, a dual GLP-1/glucagon receptor agonist, has also demonstrated clin-
ically meaningful weight loss in phase 2 obesity and type 2 diabetes trials, exceeding
outcomes observed with selective GLP-1 RAs but appearing less potent than tirzepatide
in indirect comparisons [80,103,104]. As with other emerging multi-agonists, ongoing
phase 3 trials will be essential to determine long-term efficacy, tolerability, and optimal
positioning in obesity treatment algorithms [28].

This collection of early clinical evidence indicates that dual and triple incretin agonists
extend the weight-loss ceiling beyond what is achievable with GLP-1 monotherapy. How-
ever, greater efficacy is accompanied by unresolved questions regarding long-term safety;,
tolerability, lean mass preservation, and durability following treatment discontinuation.
As outcome data mature, future work will need to clarify how incremental weight-loss
benefits translate into sustained cardiometabolic and functional improvements.

5. Cardiovascular Outcomes
5.1. GLP-1 Receptor Agonists and Major Adverse Cardiovascular Events

Cardiovascular disease remains the dominant driver of morbidity and mortality
in both type 2 T2DM and obesity, accounting for approximately 50% of deaths in this
population [105] and underscoring the central importance of cardiovascular outcomes when
evaluating incretin-based therapies. Over the past decade, GLP-1 receptor agonists (GLP-1
RAs) have consistently demonstrated clinically meaningful reductions in MAC) [106], with
emerging dual and triple agonists prompting investigation into whether greater metabolic
effects translate into additional cardiometabolic benefit [107].

Across multiple placebo-controlled CVOTs, GLP-1 RAs have reduced the risk of
3-point MACE, typically defined as cardiovascular death, nonfatal myocardial infarction,
and nonfatal stroke. Trials including LEADER (liraglutide), SUSTAIN-6 (semaglutide),
HARMONY OUTCOMES (albiglutide), REWIND (dulaglutide), and AMPLITUDE-O (efpe-
glenatide) demonstrated statistically significant MACE reduction, whereas ELIXA (lixisen-
atide), EXSCEL (exenatide once weekly), and PIONEER-6 (oral semaglutide) established
cardiovascular safety without superiority [105].

In LEADER, once-daily liraglutide reduced 3-point MACE by 13% compared with
placebo (HR 0.87, 95% CI 0.78-0.97), driven primarily by reductions in cardiovascular
and all-cause mortality, including an approximately 22% relative risk reduction in cardio-
vascular death (HR 0.78, 95% CI 0.66-0.93; p = 0.007) [9]. Similarly, SUSTAIN-6 demon-
strated that injectable semaglutide was associated with a 26% reduction in MACE (HR 0.74,
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95% CI 0.58-0.95), with a particularly strong effect on nonfatal stroke [8]. In HARMONY
Outcomes, once-weekly albiglutide was superior to placebo, reducing MACE by 22%
(HR 0.78, 95% CI 0.68-0.90) in patients with established cardiovascular disease [108]. The
cardioprotective benefit extended to broader and lower-risk populations in REWIND,
which showed a 12% MACE reduction with dulaglutide (HR 0.88, 95% CI 0.79-0.99) among
patients largely without established cardiovascular disease [10,105].

At the class level, a large meta-analysis of randomized placebo-controlled trials in-
volving over 80,000 participants confirmed that GLP-1 RAs significantly reduced MACE
(OR 0.86, 95% C1 0.80-0.94), cardiovascular mortality (OR 0.87, 95% CI 0.81-0.94), and all-
cause mortality (OR 0.87, 95% CI 0.82-0.93) across subgroups defined by sex, baseline BMI,
renal function, and cardiovascular disease history [106]. Importantly, post hoc analyses of
LEADER and SUSTAIN-6 demonstrated that cardiovascular benefit was not proportional
to the degree of weight loss, suggesting that GLP-1-mediated cardioprotection is not solely
explained by weight reduction [109].

5.2. Dual Incretin Agonism: Tirzepatide and Cardiovascular Outcomes

Tirzepatide produces substantially greater reductions in HbAlc and body weight
than GLP-1 RA monotherapy; however, whether these metabolic advantages translate into
superior cardiovascular outcomes has been a critical question. The first active-comparator
incretin CVOT, SURPASS-CVOT, demonstrated that tirzepatide was non-inferior to du-
laglutide for time to first 3-point MACE (HR 0.92, 95.3% CI 0.83-1.00; p = 0.086), de-
spite greater weight loss and glycemic improvement—consistent with the possibility that
GLP-1-mediated pathways contribute substantially to the observed cardiovascular bene-
fit [109,110]. Importantly, SURPASS-CVOT was designed to assess non-inferiority rather
than superiority, and a statistically significant reduction in cardiovascular events beyond
GLP-1 receptor agonist therapy was not demonstrated.

Emerging real-world evidence has raised the possibility of additional cardiovascular
benefit with tirzepatide in selected high-risk populations. In a large retrospective observa-
tional study using the TriNetX network, tirzepatide use was associated with a lower risk
of a composite endpoint of myocardial infarction, ischemic stroke, and all-cause mortality
compared with GLP-1 receptor agonists (HR 0.60, 95% CI 0.43-0.84) among adults with
T2DM, overweight or obesity, and established ischemic heart disease [111]. In a separate
TriNetX observational cohort, tirzepatide was associated with lower hazards of all-cause
mortality (AHR 0.58, 95% CI 0.45-0.75), MACE (AHR 0.80, 95% CI 0.71-0.91), and major
adverse kidney events (AHR 0.54, 95% CI 0.44-0.67) compared with GLP-1 RAs [112].
These findings are hypothesis-generating and subject to residual confounding and do
not establish causal superiority over GLP-1 receptor agonist therapy. Nevertheless, they
suggest that dual GIP/GLP-1 receptor agonism may confer incremental benefit in carefully
selected populations.

5.3. Obesity-Specific Cardioprotection and Heart Failure Outcomes

The SELECT trial provided definitive evidence that GLP-1 RA therapy reduces cardio-
vascular events in individuals with overweight or obesity without T2DM. In patients with
established cardiovascular disease, semaglutide 2.4 mg reduced MACE by 20% compared
with placebo (HR 0.80, 95% CI 0.72-0.90). Notably, cardiovascular risk reduction occurred
early and was observed even among participants who did not achieve substantial weight
loss, further reinforcing the concept that cardioprotective effects are not solely mediated by
weight reduction [109,113].

Beyond atherosclerotic outcomes, incretin-based therapies have demonstrated clini-
cally meaningful benefits in obesity-related heart failure with preserved ejection fraction
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(HFpEF). Randomized trials of semaglutide (STEP-HFpEF) and tirzepatide (SUMMIT) have
shown improvements in health status and functional capacity, as well as reductions in
worsening heart failure events; in SUMMIT, tirzepatide reduced the hierarchical composite
of cardiovascular death or worsening heart failure (HR 0.62, 95% CI 0.41-0.95). These
benefits were accompanied by reductions in left ventricular mass and paracardiac adiposity
on cardiac imaging, as well as decreases in systemic inflammatory markers such as high-
sensitivity C-reactive protein, findings observed in both patients with and without T2DM
and therefore not solely attributable to glycemic improvement [114,115].

5.4. Future Trials

Despite consistent class-level benefit, heterogeneity exists across GLP-1 RA CVOTs.
Meta-regression analyses suggest that higher baseline BMI and older age are associated
with greater relative cardiovascular risk reduction, whereas baseline glycemic parameters
are less predictive of benefit. These findings support phenotype-guided patient selection
rather than exclusive reliance on glycemic thresholds when considering incretin-based
therapies [105].

An overview of GLP-1RA CVOTs is summarized in Table 3.

Table 3. Major Cardiovascular Outcomes Trials of GLP-1-Based Therapies.

Trial Population Therapy Comparator Primary CV Sample Size  Follow-Up HR for MACE
Endpoint ? (Years) (95% CI)

ELIXA [21] T2DM + recent ACS Lixisenatide Placebo 4-point MACE 6068 2.1 1.02 (0.89-1.17)
LEADER [9,116] T2DM + high CV risk Liraglutide Placebo 3-point MACE 9340 3.8 0.87(0.78-0.97)
SUSTAIN-6 [8,117] T2DM £+ CVD Semaglutide (inj) Placebo 3-point MACE 3297 2.1 0.74 (0.58-0.95)
EXSCEL [118,119] T2DM £+ CVD Exenatide (weekly) Placebo 3-point MACE 14,752 32 0.91 (0.83-1.00)
HARMONY T2DM + CVD Albiglutide Placebo 3-point MACE 9463 1.6 0.78 (0.68-0.90)
Outcomes [108]

REWIND [10] T2DM with CVriskor  Dulaglutide Placebo 3-point MACE 9901 54 0.88 (0.79-0.99)

previous CV event

PIONEER 6 [120] T2DM + CV risk Oral semaglutide Placebo 3-point MACE 3183 13 0.79 (0.57-1.11)
AMPLITUDE-O [25] T2DM +CVDor CKD  Efpeglenatide Placebo 3-point MACE 4076 1.8 0.73 (0.58-0.92)
FREEDOM-CVO[121]  T2DM + CV risk Exenatide (ITCA 650) Placebo 4-point MACE 4167 15 1.02 (0.87-1.20)

Abbreviation: ACS, acute coronary syndrome; CVD, cardiovascular disease; CKD, chronic kidney disease;
CV, cardiovascular; HR, hazard ratio, MACE, major adverse cardiovascular events; T2DM, type 2 T2DM, ? 4-point
MACE defined as a composite of cardiovascular death, non-fatal myocardial infarction, non-fatal stroke, and
hospitalization for unstable angina; 3-point MACE defined as a composite of cardiovascular death, non-fatal
myocardial infarction, and non-fatal stroke.

6. Renal Outcomes
6.1. GLP-1 Receptor Agonists and Renal Outcomes

Chronic kidney disease (CKD) is a common and clinically consequential complication
of T2DM and obesity [122], affecting an estimated ~40-50% of individuals with T2DM
globally, and is strongly associated with excess cardiovascular morbidity, heart failure,
and mortality. Evidence from cardiovascular outcomes trials indicates that GLP-1 RAs are
associated with kidney benefits, most consistently reflected by reductions in new-onset
macroalbuminuria and attenuation of eGFR decline [8,116,123].

In LEADER, liraglutide reduced the risk of a prespecified composite renal outcome by
22% compared with placebo, an effect driven primarily by a lower incidence of new-onset
persistent macroalbuminuria [9,116]. Similarly, in SUSTAIN-6, semaglutide reduced new or
worsening nephropathy, largely attributable to reduced albuminuria progression [8]. Renal
benefit extended to broader and lower-risk populations in REWIND, in which dulaglutide
reduced a composite kidney outcome—including sustained eGFR decline, end-stage kidney
disease, or renal death—in post hoc analyses, with consistent effects across baseline eGFR
and albuminuria strata [10,123].

The FLOW trial represents the first dedicated kidney outcomes trial of a GLP-1 RA.
Among patients with T2DM and established CKD, once-weekly semaglutide reduced the
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risk of major kidney disease events, including kidney failure, sustained >50% eGFR decline,
or death from kidney-related or cardiovascular causes by 24% compared with placebo
(HR 0.76, 95% CI 0.66-0.88). Semaglutide also slowed the annual rate of eGFR decline
relative to placebo, with benefits observed across baseline eGFR categories and among
patients receiving background renin-angiotensin system blockade [124]. Collectively,
secondary renal findings from cardiovascular outcomes trials and results from the FLOW
trial support a kidney-protective role for GLP-1 receptor agonists in patients with T2DM
and chronic kidney disease.

6.2. Dual/Triple Agonists

At present, renal outcomes data for dual and triple incretin agonists remain less mature
than for GLP-1 receptor agonists, with most available evidence derived primarily from post
hoc analyses and biomarker-based endpoints rather than dedicated kidney outcomes trials.
Post hoc analyses of the SURPASS-4 trial, which enrolled patients with T2DM and high
cardiovascular risk, demonstrated that tirzepatide was associated with favorable kidney
effects compared with insulin glargine. Specifically, tirzepatide slowed the annual rate
of eGFR decline and reduced progression of albuminuria, resulting in a lower risk of a
composite kidney outcome driven primarily by new-onset macroalbuminuria [125]. To
address potential confounding from weight-related changes in muscle mass and creatinine
generation, a complementary post hoc analysis of SURPASS-4 evaluated kidney function
using cystatin C-based eGFR. In this analysis, tirzepatide was again associated with a
slower decline in kidney function compared with insulin glargine, supporting the presence
of a kidney effect not solely attributable to changes in body composition [126].

Additional insight is provided by analyses of the SUMMIT trial in patients with
obesity-related heart failure with preserved ejection fraction. Tirzepatide was associ-
ated with favorable changes in kidney-related biomarkers over longer-term follow-up,
including reductions in urinary albumin-to-creatinine ratio and improvements in cystatin
C-based eGFR, with consistent effects across baseline eGFR categories. Urinary albumin-to-
creatinine ratio is a validated marker of kidney damage and cardiovascular risk; however,
the clinical implications of these biomarker changes for long-term kidney outcomes remain
to be determined. Notably, the presence of chronic kidney disease (CKD) did not attenuate
cardiovascular or functional benefits, and absolute reductions in heart-failure events were
numerically greater among participants with CKD [127]. Taken together, post hoc renal
analyses from SURPASS-4 and secondary analyses from SUMMIT demonstrate consistent
reductions in urinary albumin-to-creatinine ratio across distinct high-risk populations,
supporting a reproducible effect of tirzepatide on renal risk markers, although the implica-
tions for long-term sustained reductions in kidney failure, eGFR decline or renal mortality
remain to be determined.

Available data for triple incretin agonists targeting GLP-1, GIP, and glucagon receptors
are limited to early-phase metabolic and weight-loss studies, and renal outcomes have not
yet been systematically evaluated [107].

6.3. Clinical Implications for CKD

Evidence from cardiovascular outcomes trials and dedicated kidney outcomes studies
supports the role of GLP-1 receptor agonists as adjunctive therapies in patients with T2DM
and CKD, particularly among those with coexisting obesity or cardiovascular disease.
Across trials, GLP-1 RA therapy has been associated with reductions in albuminuria
progression, attenuation of eGFR decline, and lower risk of clinically important kidney
outcomes [8,9,116,123,124].
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GLP-1 RAs provide complementary kidney and cardiovascular protection alongside
established therapies such as renin—angiotensin system inhibitors and sodium-glucose
cotransporter-2 inhibitors [105,128]. In patients unable to tolerate SGLT2 inhibitors, GLP-
1 RAs represent a reasonable alternative with demonstrated cardiorenal benefit [109].
As data from FLOW and ongoing studies continue to mature, incretin-based therapies
may likely play an expanding role in integrated cardiovascular-kidney—metabolic risk
management strategies.

7. Safety and Tolerability
7.1. Gastrointestinal Adverse Events

Gastrointestinal adverse events represent the most common tolerability limitation of
incretin-based therapies, affecting 40-70% of patients to varying degrees but prompting
discontinuation in fewer than 10% of clinical trial participants [95,129]. Nausea occurs in
28-44% of patients, diarrhea in 19-30%, vomiting in 8-24%, and constipation in 11-24%
across the class [95,130]. These events are characteristically mild to moderate in severity,
emerge primarily during dose escalation, and typically diminish with continued therapy at
stable doses [95].

The temporal pattern of gastrointestinal symptoms follows a predictable course. Nau-
sea typically manifests within 48 h of drug initiation or dose escalation, often presenting
in the morning or after prolonged fasting periods [95]. The mechanism appears related
to GLP-1 pharmacokinetics, with symptom resolution occurring once steady-state drug
levels are achieved [131]. Most gastrointestinal adverse events occur within the first month
of treatment initiation, with frequency and severity decreasing substantially as patients
acclimate to therapy [132]. Shorter-acting formulations—exenatide twice daily more than
liraglutide daily—produce nausea more frequently than longer-acting weekly preparations
such as exenatide extended-release, dulaglutide, or semaglutide, likely because steady-state
levels minimize the fluctuations that trigger symptoms [131].

Comparative analyses reveal variation in gastrointestinal tolerability across agents. In
head-to-head comparison between tirzepatide and semaglutide for obesity (SURMOUNT-
COMPARE), nausea and constipation occurred at similar rates (44% vs. 44% for nau-
sea; 27% vs. 29% for constipation), while vomiting was less frequent with tirzepatide
(15% vs. 21%) [13]. Diarrhea rates were nearly identical (24% in both groups) [13]. Critically,
gastrointestinal adverse events led to treatment discontinuation more frequently with
semaglutide (5.6%) than tirzepatide (2.7%) despite similar symptom incidence [13]. Net-
work meta-analyses suggest that tirzepatide demonstrates the highest risk for nausea and
diarrhea in patients with T2DM, while dulaglutide and lixisenatide show lower risks [133].
Among non-diabetic patients with obesity, orforglipron shows the highest nausea risk,
followed by exenatide, tirzepatide, semaglutide, and liraglutide, with liraglutide associated
with the highest risk for diarrhea, dyspepsia, and eructation [130,134].

Mitigation strategies center on gradual dose titration and dietary modifications. Start-
ing at the lowest available dose—semaglutide 0.25 mg weekly or tirzepatide 2.5 mg
weekly—with monthly escalation guided by individual tolerance rather than fixed proto-
cols represents the cornerstone approach [95,135,136]. Extending titration schedules further
improves tolerability; a randomized trial demonstrated that prolonging semaglutide titra-
tion from 8 to 16 weeks with smaller incremental increases reduced gastrointestinal-related
withdrawal from 19% to 2% while maintaining equivalent efficacy [137]. During dose
escalation in clinical trials, patients were permitted to remain at a given dose for up to
8 weeks to allow symptoms to dissipate before advancing [95].

Dietary counseling provides first-line symptom management. Patients should con-
sume smaller, more frequent meals; eat slowly; and avoid high-fat, high-sugar foods during
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the first days after initiation or dose increases [89,95,129,136,138]. Adequate hydration is
essential to prevent dehydration-related complications including acute kidney injury and
cardiac palpitations [95,136]. Limiting alcohol and carbonated beverages can reduce nausea
and gastroesophageal reflux [95]. For persistent nausea, ginger or peppermint tea, acu-
pressure bands, and short-term antiemetics (prochlorperazine preferred over ondansetron
to avoid worsening constipation) provide relief [95,135]. Constipation management in-
cludes gradual increases in soluble and insoluble fiber, magnesium citrate supplementation,
polyethylene glycol, or bulk-forming laxatives [95,135]. For diarrhea, fiber supplements for
stool bulk and anti-diarrheal medications offer acute relief [95]. Dyspepsia may respond to
H2 blockers or proton pump inhibitors [135].

Proactive patient education before initiating therapy is critical. The American Associa-
tion of Clinical Endocrinology and The Obesity Society recommend detailed counseling on
expected side effects, early contact protocols if symptoms develop, and specific mitigation
strategies [95,136]. Patients must understand that if treatment is paused, they must restart
at the lowest dose and re-titrate to allow physiologic acclimation [129,136]. GLP-1 receptor
agonists should be used cautiously or avoided in individuals with unexplained weight
loss, undernutrition, significant or symptomatic gastroparesis, recurrent bowel obstruction,
or problematic constipation. Moreover, GLP-1 receptor agonists are contraindicated in
individuals with a personal or family history of medullary thyroid carcinoma or multiple
endocrine neoplasia type 2 and should be discontinued in the setting of severe hypersensi-
tivity reactions. Caution is also warranted in patients with severe gastroesophageal reflux
disease, a history of intestinal pseudo-obstruction, or conditions predisposing to dehydra-
tion, as persistent nausea, vomiting, or diarrhea may precipitate acute kidney injury. These
considerations are especially important in older adults, who may be more vulnerable to
frailty, sarcopenia, and adverse consequences of further weight loss [139]. In older adults,
careful dose titration, close monitoring of nutritional intake, and concurrent resistance
exercise and adequate protein intake are recommended to mitigate risks of sarcopenia,
functional decline, and falls.

7.2. Serious Adverse Events
7.2.1. Pancreatitis

Large-scale evidence indicates that GLP-1 receptor agonists and tirzepatide are not
associated with increased risk of acute pancreatitis. A 2025 study comparing GLP-1 RAs
to SGLT2 inhibitors in over 1.2 million patients with T2DM found similar pancreatitis
risk (HR 1.01; 95% CI 0.90-1.13) [140]. A multicenter analysis of 740,370 patients demon-
strated a trend toward lower risk of uncomplicated pancreatitis with GLP-1 RAs (HR 0.71;
95% CI 0.49-1.01), though this did not reach statistical significance [141]. Meta-analyses of
randomized controlled trials confirm no significant increase in pancreatitis risk with GLP-1
RAs compared to placebo or active comparators [142].

For tirzepatide specifically, pancreatitis rates in clinical trials were low and com-
parable to placebo. In SURMOUNT-1, adjudication-confirmed pancreatitis occurred in
0.2% of participants across all tirzepatide doses and 0.2% in the placebo group [16]. The
SURMOUNT-MMO safety extension reported three cases across tirzepatide groups versus
one in placebo group among 1032 participants [143]. A comprehensive meta-analysis found
no increased pancreatitis risk with tirzepatide compared to controls [144].

Emerging evidence suggests GLP-1 RAs may actually provide protective effects against
recurrent pancreatitis in patients with prior episodes, with tirzepatide showing particularly
favorable outcomes [145]. The American Association of Clinical Endocrinology recom-
mends considering alternative therapies in patients with active or very recent pancreatitis,
though history of remote pancreatitis does not constitute an absolute contraindication [146].
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7.2.2. Gallbladder and Biliary Disease

GLP-1 receptor agonists and tirzepatide are associated with a modestly increased
risk of gallbladder and biliary disease. A meta-analysis of 76 randomized controlled trials
involving over 100,000 patients found that GLP-1 RAs increased the risk of cholelithiasis
by 27% (RR 1.27; 95% CI 1.10-1.47), cholecystitis by 36% (RR 1.36; 95% CI 1.14-1.62), and
overall biliary disease by 55% (RR 1.55; 95% CI 1.08-2.22), translating to an additional
27 events per 10,000 patients per year [147]. The risk of cholecystectomy was similarly
elevated (RR 1.70; 95% CI 1.25-2.32) [147].

The risk demonstrates clear dose and duration dependence. Higher doses of GLP-1
RAs showed significantly increased risk (RR 1.56; 95% CI 1.36-1.78), while lower doses
did not (RR 0.99; 95% CI 0.74-1.33) [147]. Treatment duration exceeding 26 weeks was
associated with increased risk (RR 1.40; 95% CI 1.26-1.56), whereas shorter duration was
not [147]. The risk was particularly pronounced in weight-loss trials compared to T2DM
trials [147,148]. Real-world data comparing GLP-1 RAs to SGLT2 inhibitors showed a
modest increase in biliary disease risk (HR 1.15; 95% CI 1.05-1.26), equivalent to fewer than
one additional event per 1000 person-years [140].

For tirzepatide, SURMOUNT-MMO reported cholelithiasis in 2.1-3.6% of tirzepatide-
treated participants versus 1.9% with placebo, and cholecystitis in 0.4-1.1% versus 0.4% [143].
Meta-analysis found tirzepatide associated with increased composite gallbladder /biliary
disease compared to placebo or basal insulin (RR 1.97; 95% CI 1.14-3.42) [144]. Proposed
mechanisms include rapid weight loss, reduced gallbladder motility, and alterations in bile
composition [148,149].

7.2.3. Diabetic Retinopathy

The relationship between GLP-1 receptor agonists and diabetic retinopathy is nu-
anced, with the overall class not associated with increased risk except in specific high-risk
populations. A comprehensive meta-analysis of 78 randomized controlled trials involv-
ing 73,640 participants found that semaglutide was not associated with increased risk
of diabetic retinopathy overall (OR 1.04; 95% CI 0.92-1.17), with trial sequential analy-
sis confirming sufficient sample size to exclude a clinically meaningful 20% increase in
risk [150]. Real-world analyses found that GLP-1 RAs were associated with lower risk
of sight-threatening complications including proliferative diabetic retinopathy, diabetic
macular edema, and neovascular glaucoma, despite a marginally increased incidence of
any diabetic retinopathy [151].

However, patients with preexisting diabetic retinopathy and poor glycemic control
may experience transient worsening. The SUSTAIN-6 trial demonstrated increased rates
of vitreous hemorrhage, blindness, or need for intravitreal injection/photocoagulation
with semaglutide (HR 1.76; 95% CI 1.11-2.78), primarily observed in patients with estab-
lished retinopathy and long-standing poor glycemic control at baseline [150,152,153]. This
phenomenon likely relates to rapid glycemic improvement in patients with prolonged hy-
perglycemia, similar to effects observed with intensive insulin therapy [150]. The American
Diabetes Association (ADA) recommends assessing retinopathy status when intensifying
glucose-lowering therapies with GLP-1 RAs, as rapid HbAlc reductions can be associated
with initial worsening of retinopathy [154].

7.2.4. Emerging Multi-Agonist Therapies

Serious adverse event rates with retatrutide and survodutide are low and comparable
to placebo, occurring in approximately 4-8% of participants across clinical trials, with no
deaths attributed to either medication in major phase 2 trials [18,77,103,155]. For retatrutide,
serious adverse events occurred in 5% of participants in the T2DM trial (compared to
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7% with placebo and 2% with dulaglutide) and 4% in the obesity trial (versus 4% with
placebo) [18,77]. Three serious adverse events were attributed to retatrutide: one case
each of cholecystitis, acute pancreatitis occurring seven days after initial dosing, and
diabetic/starvation ketoacidosis [77].

For survodutide, serious adverse events occurred in 8% of participants in the
MAGSH trial (versus 7% with placebo) and 4% in the obesity trial (compared to 7% with
placebo) [103,155]. Only one serious adverse event across all survodutide trials was
considered drug-related [155]. There were no deaths, life-threatening events, or cases
of pancreatitis or hepatic injury in the survodutide trials [103]. Treatment discontinua-
tion due to adverse events was notably higher—8% with retatrutide and 20-25% with
survodutide—primarily driven by gastrointestinal events during dose escalation, though
most were mild to moderate in severity [77,103,155].

7.3. Discontinuation Rates: Clinical Trials Versus Real-World Practice

A substantial efficacy-effectiveness gap exists between clinical trial and real-world
discontinuation patterns. In clinical trials, discontinuation rates due to adverse events range
from 6-8% for both semaglutide and tirzepatide [135]. The head-to-head SURMOUNT-
COMPARE trial reported that 6.1% of participants discontinued tirzepatide and 8.0% dis-
continued semaglutide due to adverse events, with gastrointestinal events accounting for
2.7% of tirzepatide discontinuations versus 5.6% for semaglutide [13]. In STEP 1, 7.0% of
participants discontinued semaglutide 2.4 mg due to adverse events compared to 3.1% in
the placebo group [12]. The SURPASS-2 trial comparing tirzepatide to semaglutide 1 mg in
T2DM showed discontinuation rates of 6.0-8.5% across tirzepatide doses compared to 4.1%
with semaglutide [74].

In contrast, real-world discontinuation rates are substantially higher, with approxi-
mately 46-65% of patients discontinuing within the first year—though these figures re-
flect all reasons for stopping, not just adverse events [156,157]. A large US cohort of
125,474 adults with overweight or obesity found one-year discontinuation rates of 64.8%
for patients without T2DM and 46.5% for those with T2DM. A Swedish nationwide registry
study demonstrated cumulative discontinuation rates of 23.6% at 1 year and 38.5% at
3 years for GLP-1 receptor agonists [157].

Critically, more than half of patients who discontinue subsequently reinitiate treatment.
The cumulative incidence of reinitiation was 41.1% at 1 year and 57.4% at 3 years after
discontinuation, resulting in approximately 70-80% of patients having ongoing treatment
when accounting for reinitiation patterns [157]. An academic obesity clinic reported median
persistence of 10.7 months, with weight loss approximating clinical trial results among
those who remained on treatment [158].

Factors associated with higher real-world discontinuation include younger age, ab-
sence of T2DM, lower socioeconomic status, higher comorbidity burden, and gastroin-
testinal adverse events [156,157,159]. High out-of-pocket costs and insurance instability
remain among the most prominent structural barriers to persistence, particularly among
individuals in lower-income areas or those with high-deductible plans [156]. Geographic
and socioeconomic disparities further influence access, with markedly lower uptake in
communities with limited insurance coverage, higher social vulnerability indices, and
fewer obesity-specialty prescribers [156].

7.4. Special Populations
Elderly Patients

GLP-1 receptor agonists demonstrate a favorable safety profile in elderly patients,
with cardiovascular and renal benefits comparable to younger populations, though specific
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considerations warrant attention. The most common adverse effects are gastrointesti-
nal symptoms—nausea (25-60%), vomiting (5-15%), diarrhea, and constipation—which
typically emerge during dose escalation and diminish over time [160,161]. The ADA recom-
mends slow titration and advises particular caution when using GLP-1 receptor agonists in
older adults with unexplained weight loss, undernutrition, or recurrent gastrointestinal
problems, particularly those with problematic constipation, significant gastroparesis, or
bowel obstruction [139]. Importantly, these clinical red flags warrant caution in younger
adults as well.

Hypoglycemia risk is minimal with GLP-1 RAs alone but increases when combined
with sulfonylureas or insulin [160]. Treatment deintensification of these agents or diuretics
is recommended in older and frail individuals (approximately >65 years) to avoid hypo-
glycemia and hypovolemia [160]. Additional safety considerations include increased risk
of gallbladder disease and, for semaglutide specifically, potential worsening of pre-existing
diabetic retinopathy related to rapid glycemic improvement [94,138,160,161]. Injectable
formulations require adequate visual, motor, and cognitive skills for administration, though
weekly dosing schedules may facilitate adherence [139]. Patients should be monitored
regularly for excessive weight loss [139].

In patients aged > 80 years with T2DM, GLP-1 RAs demonstrated significant safety
and efficacy, with lower risks of major adverse cardiovascular events (HR 0.86), major
adverse kidney events (HR 0.86), all-cause hospitalization (HR 0.91), and all-cause mortality
(HR 0.82) compared to DPP-4 inhibitors, with no significant differences in heart failure or
bone fractures [162]. Meta-analyses confirm that cardiovascular and kidney benefits are
consistent between older (>65 years) and younger adults, with no evidence of age-related
heterogeneity in treatment effects [139,163].

7.5. Chronic Kidney Disease

GLP-1 receptor agonists do not require dose adjustment based on renal function and
can be used across the full spectrum of CKD, including in patients with eGFR as low as
15 mL/min/1.73 m? and those on dialysis [164]. This distinguishes them from SGLT? inhibitors,
whose glucose-lowering effects decline when eGFR falls below 45 mL/min/1.73 m? [165].

Agent-specific considerations exist. Exenatide should not be used when eGFR is below
30 mL/min/1.73 m?2 due to decreased clearance and reported cases of acute renal fail-
ure [166]. Lixisenatide is contraindicated when eGFR falls below 15 mL/min/1.73 m? [166].
In contrast, liraglutide, semaglutide (both injectable and oral), and dulaglutide require
no dosage adjustments as renal function declines [166]. KDIGO recommends prioritizing
liraglutide, injectable semaglutide, and dulaglutide over exenatide and lixisenatide, as the
latter two did not demonstrate cardiovascular benefit in their outcome trials [167].

Recent trial data have strengthened the evidence base for GLP-1 RAs in advanced
CKD. A dedicated glycemic control trial in patients with moderate-to-severe CKD (eGFR as
low as 15 mL/min/1.73 m?) demonstrated that dulaglutide resulted in significantly slower
eGFR decline compared with insulin glargine [168]. The FLOW trial of subcutaneous
semaglutide 1 mg weekly in patients with T2DM and CKD was stopped early for clear
positive efficacy on primary kidney disease outcomes [168].

Gastrointestinal side effects warrant particular attention in the CKD population. Nau-
sea, vomiting, and diarrhea occur in 15-20% of patients with moderate-to-severe CKD
but are usually tolerable with dose titration and abate over several weeks to months [164].
Caution is warranted among patients with or at risk for malnutrition due to weight loss
effects [164]. No dose reduction is needed when combining GLP-1 RAs with insulin in
moderate-to-severe CKD; in fact, hypoglycemia rates are reduced by one-half even with
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concurrent insulin therapy, though doses of insulin or insulin secretagogues may need
reduction to avoid hypoglycemia when initiating GLP-1 RA therapy [164].

7.6. Pregnancy

GLP-1 receptor agonists are contraindicated in pregnancy based on animal repro-
ductive toxicity studies and lack of adequate human safety data. Manufacturer recom-
mend discontinuing certain long-acting GLP-1 receptor agonists-such as semaglutide and
tirzepatide-at least Two months before planned conception to allow for drug washout,
while all agents should be stopped prior to pregnancy [160,169]. Animal studies showed
early pregnancy losses, fetal abnormalities during organogenesis, reduced fetal weight, de-
layed ossification, and skeletal variants—typically associated with marked maternal weight
loss [169]. The Endocrine Society recommends discontinuing GLP-1 RAs before pregnancy
in individuals with preexisting T2DM, emphasizing the need for effective contraception in
women of childbearing age not planning pregnancy and proactive transition to appropriate
glycemic management (typically insulin) upon discontinuation [169].

Human data provides initial reassurance but remains limited. A large multinational
cohort study of over 50,000 pregnancies found no elevated risk of major congenital malfor-
mations with periconceptional GLP-1 RA exposure compared to insulin [170]. However,
discontinuation proximal to pregnancy carries significant risks: a recent cohort study
found that GLP-1 RA use with prepregnancy or early pregnancy discontinuation was
associated with 3.3 kg greater gestational weight gain, higher rates of excess gestational
weight gain (65% vs. 49%), and increased risk of preterm delivery, gestational diabetes, and
hypertensive disorders of pregnancy [171].

Critical safety considerations include that approximately 40% of pregnancies in the
United States remain unintended, making effective contraception essential for women
on GLP-1 RAs [169]. GLP-1 RAs may affect oral contraceptive efficacy [169]. Abrupt
discontinuation without concurrent insulin initiation risks uncontrolled hyperglycemia
during organogenesis, which itself is teratogenic [172]. Coordination of care is essential:
effective preconception counseling, immediate glucose monitoring upon discontinuation,
and transition to insulin therapy are necessary to balance the risks of medication exposure
against the well-established teratogenic effects of hyperglycemia [169].

8. Patient Selection and Personalization
8.1. Clinical Phenotyping for Optimal Drug Selection

Patient selection for incretin-based therapies has evolved from a one-size-fits-all ap-
proach to increasingly nuanced phenotyping based on baseline characteristics, treatment
goals, and patient preferences. While tirzepatide demonstrates superior efficacy across
most populations compared to GLP-1 receptor agonists, specific clinical phenotypes predict
differential treatment responses and help guide optimal agent selection.

8.1.1. Predictors of Response Across Incretin Therapies

For both GLP-1 receptor agonists and tirzepatide, younger age, female sex, higher base-
line BMI, and lower baseline HbAlc consistently predict greater weight loss and glycemic
improvement [95,97,173]. However, tirzepatide achieves larger absolute reductions in
HbAlc and body weight across virtually all patient subgroups, with the magnitude of
benefit influenced by specific baseline characteristics [57,174,175].

Among GLP-1 receptor agonists, higher baseline BMI, younger age, and female sex rep-
resent the strongest predictors of weight loss [95,97]. In univariate analyses with semaglu-
tide, female sex was associated with 48% greater weight loss, younger age (<55 years)
with 24% greater loss, and higher baseline BMI (>40 vs. <30 kg/m?) with 23% greater

https://doi.org/10.3390/diabetology7030046


https://doi.org/10.3390/diabetology7030046

Diabetology 2026, 7, 46

21 of 60

loss [95]. Additional favorable predictors include higher baseline waist circumference,
hepatic steatosis indices, fat mass, and absence of prior metformin use [176]. Notably, early
weight loss at 6 months strongly predicts 12-month success, with 58% of early responders
maintaining >5% weight reduction long-term [176]. Patients without T2DM demonstrate
greater weight loss than those with T2DM across all GLP-1 receptor agonists [97].

For tirzepatide, similar but more pronounced predictor patterns emerge. Female
sex, younger age, White or Asian race, and higher tirzepatide doses (10-15 mg) were
associated with better outcomes [165]. In multivariate analyses, female sex conferred
2.4-fold higher odds of achieving >20% weight reduction, while lower baseline HbAlc
(1.62 higher odds), absence of hypertension (1.35 higher odds), and lower ALT (1.17 higher
odds) also predicted better response [95,173]. Metformin use at baseline has been associated
with greater likelihood of achieving >15% weight reduction with tirzepatide in exploratory
analyses, though causality has not been established. Lower baseline fasting glucose and
non-HDL cholesterol were also associated with higher likelihood of achieving >15% weight
loss [173]. Early glycemic response (>20% fasting glucose reduction at week 4) or early
weight response (>5% reduction at week 8) strongly predict superior long-term metabolic
outcomes, with early responders achieving HbAlc reductions of —2.6% versus —2.0% in
non-early responders at 40 weeks [177].

8.1.2. Baseline Metabolic Parameters and Treatment Outcomes

Higher baseline HbA1c predicts greater absolute HbAlc reduction with incretin-based
therapies. A systematic review found that 37 of 47 DPP-4 inhibitor studies and seven of
nine GLP-1 receptor agonist studies reported greater HbAlc decreases in patients with
higher baseline HbAlc [178]. Meta-analyses demonstrate a negative linear correlation
between baseline HbAlc and change in HbAlc (r = —0.70; p < 0.001) when incretin thera-
pies are added to metformin [179]. Paradoxically, for tirzepatide, lower baseline HbAlc
predicts higher odds of achieving >20% weight reduction (1.62 higher odds), suggesting
that patients with better baseline glycemic control may experience superior weight loss
outcomes [95].

Higher baseline BMI strongly predicts greater absolute weight loss. In univariate anal-
yses with semaglutide, patients with BMI > 40 kg/m? achieved 23% greater weight loss
compared to those with BMI < 30 kg/m? [95]. This relationship appears consistent across
incretin therapies, with higher baseline BMI, waist circumference, and fat mass all associ-
ated with enhanced weight reduction. However, the percentage of body weight lost may
be similar across BMI categories, meaning absolute kilogram loss increases proportionally
with baseline weight.

While T2DM duration was not extensively detailed as a predictor, longer disease du-
ration typically correlates with reduced beta-cell function, which may attenuate glycemic
response to incretin therapies. Early initiation of incretin therapy in newly diagnosed
T2DM provides more durable long-term benefits than sequential monotherapy [180]. Ob-
servational modeling from real-world cohorts suggests that modest reductions in BMI
and HbAlc are associated with lower long-term cardiovascular and renal event risk, em-
phasizing the clinical importance of sustained metabolic improvement. In an electronic
health record-derived analysis, each 1% reduction in BMI was associated with ~4% lower
cardiovascular disease risk and ~3% lower risk of insulin initiation, while each 1% reduc-
tion in HbAlc was associated with ~4% lower CKD risk and ~16% lower risk of insulin
initiation [181].
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8.1.3. Agent Selection: Tirzepatide Versus GLP-1 Receptor Agonists

The American College of Cardiology (ACC) recommends semaglutide and tirzepatide
as the obesity medications of choice among incretin therapies, with agent selection pri-
marily dictated by insurance coverage, availability, and affordability rather than specific
patient characteristics [182]. However, clinical trial and real-world data provide important
guidance for phenotype-based selection.

Tirzepatide produces superior weight loss across all patient populations, with mean reduc-
tions of 15-20.9% of initial body weight at 72 weeks compared to 9.6-17.4% with semaglutide
2.4 mg at 68 weeks [83,98,174,183]. In head-to-head real-world comparisons, patients receiv-
ing tirzepatide were more likely to achieve >5% (91% vs. 82%), >10% (77% vs. 67%), and
>15% (62% vs. 42%) weight loss at 12 months [98]. This superiority persists across sub-
groups with and without T2DM, though patients without T2DM achieve greater absolute
weight loss than those with T2DM for both agents [98,184].

For glycemic control, tirzepatide achieves HbAlc reductions of —2.10% (15 mg dose)
versus —1.59% with semaglutide 2.0 mg in network meta-analyses [174,183]. Among
approved incretin therapies, tirzepatide has demonstrated the greatest glycemic and weight-
loss efficacy to date in head-to-head and network meta-analyses; cardiovascular outcome
advantages over high-dose semaglutide remain under evaluation [185].

The dual GIP/GLP-1 receptor agonism of tirzepatide may contribute to enhanced ap-
petite suppression and improved tolerability compared with GLP-1 agonism alone, though
the specific role of GIP in central appetite regulation remains under investigation [182].
Tirzepatide has been associated with greater modeled indices of (3-cell responsiveness and
insulin sensitivity compared with dulaglutide [186]. Both agents share similar gastroin-
testinal adverse event profiles, with tirzepatide 15 mg showing comparable tolerability to
high-dose GLP-1 receptor agonists [82,94,184,187].

8.1.4. Practical Selection Criteria

Tirzepatide may be prioritized for patients with obesity (especially BMI > 35-40),
younger patients, those without established cardiovascular disease, and when primary
therapeutic goals are maximal weight loss and glycemic improvement [95,96,176,182]. The
greatest advantage is observed in patients with higher baseline BMI, female sex, younger
age, and when higher doses (10-15 mg) can be tolerated [95,173,176]. Some analyses
report numerically larger weight reductions in White and Asian participants treated with
tirzepatide, but these findings require additional validation and may reflect population
characteristics rather than biologic differences [165].

Semaglutide 2.4 mg may be preferred in patients with established atherosclerotic
cardiovascular disease given demonstrated MACE reduction in SELECT, whereas full
cardiovascular outcome data for tirzepatide in this population are still pending. Similarly,
semaglutide is favored in patients with chronic kidney disease due to dedicated renal
outcome data from FLOW, while renal evidence for tirzepatide is currently limited to post
hoc analyses [188,189]. For patients with T2DM requiring both glycemic control and weight
management, tirzepatide achieves superior outcomes in both domains [174,183].

Liraglutide 3.0 mg represents a less efficacious but established alternative, producing
mean weight loss of 5.8-7% at 26-68 weeks [82,184]. It may be considered for patients
who cannot tolerate weekly injections, prefer daily dosing, or have contraindications to
higher-potency agents, though its cardiovascular benefit is established only at the 1.8 mg
dose approved for T2DM [190].

Both tirzepatide and semaglutide are contraindicated in patients with personal or
family history of medullary thyroid carcinoma, multiple endocrine neoplasia syndrome
type 2, or known hypersensitivity [182]. Beyond these absolute contraindications, agent
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selection should prioritize efficacy goals, cardiovascular risk profile, tolerability, practi-
cal considerations including dosing frequency, and—critically—insurance coverage and
affordability [182].

8.2. Pharmacogenomic-Guided Selection

Genetic variants predict differential treatment response to incretin-based therapies,
though clinical implementation of pharmacogenomic testing remains aspirational rather
than standard practice. The most robust evidence supports associations between variants
in the GLP-1 receptor gene (GLP1R) and p-arrestin 1 gene (ARRB1) with glycemic response
to GLP-1 receptor agonists.

8.2.1. GLP1R Variants

The 156923761 (Gly168Ser) variant in GLP1R is the most consistently replicated genetic
predictor of GLP-1 receptor agonist response. Each copy of the serine allele (A allele)
is associated with a smaller HbAlc reduction of approximately 0.08% (0.9 mmol/mol)
following treatment [46,191-193]. This association has been confirmed across multiple
studies and ethnicities, with individuals carrying the GG genotype achieving greater
HbAlc reductions and higher rates of reaching the 7.0% HbAlc target [192,193].

However, this variant demonstrates a dual effect: while it diminishes glycemic
response, it paradoxically enhances weight loss with liraglutide treatment in some co-
horts [194]. The polymorphic A allele is associated with clinically relevant lower glycemic
response in everyday clinical practice, suggesting tissue-specific alterations in receptor
signaling [192,193].

8.2.2. ARRB1 Variants

Low-frequency coding variants in ARRB1 (3-arrestin 1) show even stronger associa-
tions with treatment response. Four specific variants—rs140226575 (Thr370Met), rs78979036
(Thr275Ile), rs58428187 (Lle158Val), and rs78052828 (Gly411Ser)—collectively contribute to differ-
ential HbAlc reduction [46]. The Thr370Met variant is particularly relevant for Hispanic and
American Indian/Alaska Native populations, where its frequency reaches 6-11% compared to
0.05% in White Europeans [46]. This variant confers 0.25% (2.7 mmol/mol) greater HbAlc
reduction per methionine allele, likely through enhanced (3-cell mechanisms affecting
GLP-1 receptor internalization and signaling [46].

Combined genotyping of GLP1R and ARRBI identifies clinically meaningful sub-
groups: approximately 4% of patients show 30% greater HbAlc reduction compared to the
9% with the least response [195]. These genetic effects appear specific to GLP-1 receptor ag-
onists and do not predict response to metformin, sulfonylureas, or other glucose-lowering
medications [46].

8.2.3. GIPR Variants and Dual Agonists

Evidence for GIPR variants predicting incretin therapy efficacy remains limited. While
the rs1800437 (Glu354GIn) variant is associated with obesity and insulin resistance, and the
rare Arg217Leu variant shows reduced receptor function in vitro [196], no robust pharma-
cogenetic data demonstrate that GIPR variants predict clinical response to dual GIP/GLP-1
agonists like tirzepatide [197]. The E354Q variant does not appear to significantly alter
tirzepatide signaling profiles [197].

8.2.4. Clinical Utility of Pharmacogenomic Testing

Despite the biological plausibility and statistical associations, pharmacogenomic
testing for GLP1R and ARRBI1 variants is not yet clinically useful for routine prac-
tice [46,192,193,195]. Current evidence supports their biological relevance but lacks the
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implementation framework needed for clinical application. Combined genotyping could
theoretically translate to an absolute benefit of 3.2 mmol/mol HbAlc reduction and poten-
tially three years longer before treatment failure in favorable genotype carriers [46,195].

Clinical implementation faces significant barriers. Genotyping is not routinely avail-
able at the point of prescribing, and no prospective trials have demonstrated that genotype-
guided therapy improves outcomes compared to standard care [46]. Most individuals fall
in overlapping regions of genetic risk distributions rather than at extremes where precision
medicine approaches would be most robust [195].

Additionally, current evidence has important limitations including small sample sizes,
limited ethnic diversity (particularly underrepresentation of Asian and African American
populations), reliance on candidate gene approaches rather than comprehensive sequencing,
and lack of data on cardiovascular and renal outcomes [46,198,199].

Other genes with preliminary associations include TCF7L2, CNR1, SORCS1, CTRB1/2,
TMEM114, and CHST3, though these require replication in larger studies [191,198,199]. The
field awaits prospective genotype-stratified trials to determine whether pharmacogenomic-
guided GLP-1 receptor agonist selection improves patient outcomes sufficiently to justify
routine implementation.

8.3. Predicting Response and Non-Response

Accurate prediction of treatment response and early identification of non-responders
allows clinicians to optimize therapeutic strategies, avoid treatment inertia, and personalize
management approaches for incretin-based therapies.

8.3.1. Predictors of Weight Loss Response

Dosing represents the strongest predictor of weight loss magnitude. For tirzepatide,
higher doses (10 mg and 15 mg) produce significantly greater weight loss than lower doses
(5 mg), with 15 mg achieving mean weight reductions of approximately 20-21% compared
to 15% with 5 mg [16,83]. Similarly, semaglutide 2.4 mg produces approximately 13-16%
weight loss compared to lower doses [13,200].

Demographic factors significantly influence response. Female sex, younger age, and
White or Asian race are associated with higher likelihood of achieving >15% weight loss
with tirzepatide [173]. Sex differences are notable, with men experiencing approximately
six percentage points less weight reduction than women with both tirzepatide and semaglu-
tide [13]. The presence of T2DM appears to attenuate response—patients without T2DM
achieve larger weight reductions than those with T2DM for both medications [98].

Baseline metabolic parameters predict tirzepatide response. Lower baseline HbAlc,
lower fasting serum glucose, and lower non-HDL cholesterol are associated with greater
weight loss [173]. Metformin background therapy in patients with T2DM also predicts bet-
ter response [173]. Tirzepatide consistently produces greater weight loss than semaglutide
across doses, achieving approximately 15-20% weight reduction at 12 months compared
to 8-14% with semaglutide, with adjusted differences of 5-7 percentage points favoring
tirzepatide [13,98].

8.3.2. Early Identification of Non-Responders

Early weight loss of <5% after three months of treatment is the most reliable clinical
indicator for identifying non-responders to GLP-1 receptor agonists, with this threshold
consistently predicting poor long-term outcomes [189,201]. Weight loss trajectories follow
a predictable pattern, with the most rapid reduction occurring during the first six months,
followed by gradual slowing and relative plateauing at 18 months [95].

Patients achieving >5% weight loss at one month are significantly more likely to reach
clinically meaningful weight reduction at three months (27% of patients), six months (45%),
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and 12 months (57%) [201]. Early response at six months strongly predicts 12-month out-
comes, with patients achieving weight loss at six months demonstrating substantially higher
likelihood of maintaining or extending their response through 12 months of therapy [176].
This early-to-late response correlation appears independent of baseline characteristics,
making it a practical clinical marker.

Monthly monitoring during dose escalation and at least quarterly thereafter allows
timely identification of inadequate response [135,189]. Assessment should include weight
trajectories, percentage weight loss, waist circumference changes, and improvements in
metabolic parameters such as blood pressure and glycemia [135]. Weight loss < 5% after
12-16 weeks warrants intervention [202].

Baseline characteristics associated with non-response include male sex, older age,
longer T2DM duration, and presence of T2DM, though these factors are less predictive
than early weight loss patterns [176,203,204]. Lower baseline body fat percentage, reduced
insulin resistance (lower HOMA-{3), and prior metformin use may also predict diminished
response [176,203].

8.3.3. Management of Non-Responders

Management of identified non-responders requires avoiding treatment inertia through
several strategies: (1) verifying medication adherence and assessing for missed doses that
may necessitate adjusted titration; (2) continuing standard dose escalation while document-
ing progress, recognizing that some patients require longer than standard 17-week titration
periods; (3) switching to an alternative GLP-1 receptor agonist or escalating to tirzepatide if
maximum tolerated dose of a GLP-1 receptor agonist proves ineffective; and (4) intensifying
treatment with additional approaches such as combination pharmacotherapy or structured
lifestyle interventions [89,189,202].

Treatment adherence critically determines long-term success. Patients maintaining
medication use achieve peak weight loss of approximately 12% total body weight, while
medication discontinuation results in rapid weight regain at approximately 0.55% of orig-
inal body weight per month [205]. Shared decision-making should guide therapeutic
adjustments, balancing treatment tolerance, financial considerations, and individual prefer-
ences against the potential benefits of continued therapy [89,189].

8.3.4. Factors Predicting Discontinuation

Gastrointestinal adverse events are the primary driver of treatment discontinuation,
occurring in <10% of patients in clinical trials, with nausea (25-60%), vomiting (5-15%),
and diarrhea being most common [95,160]. Higher doses and specific patient populations
predict increased adverse event risk. Female sex and older age are associated with higher
rates of gastrointestinal events [161].

Pre-existing conditions significantly influence adverse event profiles. Patients with
baseline diabetic retinopathy face increased risk of retinopathy complications, particularly
when experiencing rapid glycemic improvement [94,160,206]. History of gallbladder dis-
ease predicts higher risk of cholelithiasis and cholecystitis, with GLP-1 receptor agonists
increasing cholelithiasis risk by 46% overall. Concomitant medications modify safety pro-
files, with concurrent use of insulin or sulfonylureas substantially increasing hypoglycemia
risk, particularly in older or frail patients [94,160].

8.4. Contraindications and Precautions

Understanding absolute and relative contraindications to incretin-based therapies is
essential for safe and appropriate patient selection. Current evidence distinguishes between
contraindications supported by mechanistic concerns versus those established through
clinical outcomes data.
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8.4.1. Absolute Contraindications

Personal or family history of medullary thyroid cancer or multiple endocrine neoplasia
type 2 (MEN-2) are absolute contraindications [94,146,165]. This contraindication stems
from preclinical rodent studies showing thyroid C-cell tumors with GLP-1 RA treatment,
though cardiovascular outcomes trials have not demonstrated increased risk of medullary
thyroid cancer in humans [55]. The FDA has issued black box warnings for all GLP-1 RAs
based on this concern [207,208].

The contraindication persists despite reassuring human data because these are rare
conditions where even theoretical risk is considered unacceptable [148]. Large-scale human
studies and meta-analyses have not demonstrated a statistically significant increase in
thyroid cancer risk. A large international cohort study comparing nearly 100,000 GLP-1
RA users to over 2.4 million DPP-4 inhibitor users found no evidence of increased thyroid
cancer risk (pooled weighted HR: 0.81, 95% CI 0.59, 1.12) [148]. The discrepancy between
rodent and human data reflects fundamental biological differences: rodents express much
higher levels of GLP-1 receptors in thyroid C-cells than primates, and rodent studies used
supratherapeutic doses [160,207].

GLP-1 receptor agonists should not be used in patients with MEN-2, as this represents
an absolute contraindication across all agents in this class [146,160,209,210]. Clinicians
must screen for personal or family history of MTC or MEN-2 before initiating any GLP-1
RA, with one case report documenting incidental detection of MEN-2 during pre-treatment
evaluation [211]. Patients should be counseled regarding the contraindication and advised
to report symptoms suggestive of thyroid tumors, though routine calcitonin monitoring is
not recommended for patients without risk factors [146,203,212]. Several manufacturers
(e.g., semaglutide, tirzepatide) recommend discontinuing therapy at least two months
before planned conception to allow for drug washout [169].

8.4.2. Relative Contraindications and Precautions

ADA and other guidelines advise caution and often recommend avoiding GLP-1
RAs in patients with a history of pancreatitis [165]. However, this recommendation is
increasingly difficult to justify given that meta-analyses of long-term RCTs indicate no
increased risk with GLP-1 RAs [142,213]. A meta-analysis of seven placebo-controlled
cardiovascular outcomes trials found no increased risk of acute pancreatitis or pancreatic
cancer with GLP-1 RA treatment (Peto OR: 1.05, 95% CI 0.78, 1.40) [148,167]. These findings
led the FDA and European Medicines Agency to conclude that available data do not
support a causal association between incretin therapies and pancreatic cancer [146]. The
recommendation to avoid GLP-1 RAs in patients with pancreatitis history appears to
represent a “reconcilable divorce” between early concerns and current evidence [142,213].

Pre-existing diabetic retinopathy with poor glycemic control requires careful con-
sideration. Semaglutide was associated with increased retinopathy complications in the
SUSTAIN-6 trial (HR 1.76, 95% CI 1.11, 2.78), particularly among those with baseline
retinopathy who experienced rapid HbAlc reduction [55,146]. This appears attributable
to the magnitude and rapidity of glycemic improvement rather than a direct drug effect,
similar to what has been observed with insulin intensification [55]. For semaglutide specifi-
cally, retinopathy screening before initiation is recommended, particularly in patients with
proliferative diabetic retinopathy or HbAlc > 10% [160,209].

Gastroparesis or prior gastric surgical procedures warrant particular caution, as GLP-1
RAs delay gastric emptying and may exacerbate symptoms in patients with pre-existing
gastric motility disorders [209]. The American Gastroenterological Association (AGA)
recommends reviewing and potentially discontinuing GLP-1 RAs in patients with gastro-
paresis [214]. GLP-1 RAs are associated with increased risk of retained gastric contents
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during endoscopy, with long-acting formulations (semaglutide, dulaglutide, tirzepatide),
high doses, procedures during dose escalation, and pre-existing gastrointestinal comorbidi-
ties all increasing this risk [129,215].

Gallbladder disease history should prompt caution. Cholelithiasis risk is signifi-
cantly elevated with GLP-1 RA therapy (risk ratio 1.46, 95% CI 1.09-1.97), representing
approximately two additional cases per 1000 patients treated [216]. This risk appears more
pronounced in trials including individuals with overweight/obesity and with weight-loss-
inducing or high-dose formulations [216]. Gastroesophageal reflux disease (GERD) risk is
also increased (risk ratio 2.19, 95% CI 1.48-3.25), with approximately four additional cases
per 1000 patients [216].

8.4.3. Special Considerations for Gastrointestinal Disorders

Gradual dose titration is essential when GLP-1 RAs are used to minimize gastroin-
testinal adverse effects [215]. For semaglutide, the AGA recommends starting at 0.25 mg
weekly for 4 weeks, then increasing to 0.5 mg, 1.0 mg, and 1.7 mg weekly every four weeks
until reaching the maintenance dose of 2.4 mg after 16 weeks [215]. Clinical judgment
should guide adjustments based on individual patient response and tolerance [215].

For patients undergoing elective endoscopy, shared decision-making should weigh the
risks of continuing versus temporarily discontinuing GLP-1 RAs [129]. In most cases, these
medications can be continued periprocedurally, though a 24 h liquid diet may benefit high-
risk patients [129]. For upper endoscopy specifically, point-of-care ultrasound (POCUS)
examination for retained gastric content and consideration of prokinetic medications like
erythromycin may enhance safety [215].

Dietary modifications represent first-line management for gastrointestinal symptoms:
smaller, more frequent meals; adequate hydration; and avoidance of high-fat or high-sugar
foods [129]. If symptoms persist despite dietary adjustments, antiemetics including 5-HT3
antagonists (ondansetron), H1 antagonists (promethazine), or dopamine D2 antagonists
(prochlorperazine) can provide symptomatic relief [129,214]. The AGA emphasizes that
dietary interventions with small-particle, low-fat, low-residue diets should be considered
before or alongside pharmacologic interventions in patients with gastroparesis [214].

8.4.4. Drug Interactions and Concomitant Therapy

Concomitant use with sulfonylureas or insulin increases hypoglycemia risk and re-
quires dose adjustment. When HbAlc is <7.5% or hypoglycemic episodes occur, sulfony-
lureas should be discontinued; basal insulin should be reduced by 20-30% if HbAlc is at
or below target [209]. Treatment deintensification is particularly important in older and
frail individuals (approximately >65 years) to avoid hypoglycemia and hypovolemia [160].
GLP-1 RAs may impact absorption of oral medications requiring rapid onset due to delayed
gastric emptying, necessitating careful consideration of timing and drug-drug interac-
tions [214,215].

Hypersensitivity to GLP-1 RAs is a recognized contraindication [209]. Beyond absolute
contraindications, practical selection should consider gastrointestinal tolerability, pre-
existing conditions that may be exacerbated, concomitant medications that increase adverse
event risk, and patient-specific factors including age, renal function, and cardiovascular
risk profile.

9. Practical Implementation
9.1. Drug Interchangeability and Switching Protocols

Successful switching between incretin-based therapies requires understanding of
agent-specific pharmacology, adherence to standardized titration protocols, and proac-
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tive management of gastrointestinal adverse effects. While switching protocols are well-
established for transitions among GLP-1 receptor agonists, guidance for switches involving
dual GIP/GLP-1 agonists continues to evolve as clinical experience accumulates.

9.1.1. Overview and Clinical Rationale for Switching

GLP-1 RAs are classified as short-acting or long-acting based on their duration of
action and mechanism [160,217]. Short-acting agents (exenatide twice daily, lixisenatide
once daily) primarily delay gastric emptying and have more pronounced effects on post-
prandial glucose, while long-acting agents (liraglutide once daily; dulaglutide, exenatide
extended-release, and semaglutide once weekly) predominantly affect fasting glucose
through enhanced insulin secretion and reduced glucagon secretion [55,160,218]. Long-
acting agents demonstrate greater overall glycemic efficacy, with semaglutide showing
the most robust HbAlc reductions (approximately 1.2-1.5%), followed by dulaglutide and
liraglutide [55,58,219]. Weight loss ranges from 1.5 to 6 kg across the class, with semaglutide
and liraglutide demonstrating superior weight reduction [55,59,219].

Common reasons for switching include inadequate efficacy, gastrointestinal intoler-
ance, cost considerations, formulary changes, and patient preference [220,221]. Importantly,
comparative effectiveness studies demonstrate that both liraglutide (1.8 mg) and semaglu-
tide have demonstrated CV benefit; renal protection is best supported by semaglutide
based on FLOW, suggesting that switches driven by access or tolerability concerns are
clinically reasonable [221]. Real-world data indicate that switching to semaglutide from
other GLP-1 RAs can yield additional improvements in HbAlc (approximately 0.8%) and
weight loss (approximately 3.4 kg), particularly in patients with suboptimal response to
their initial agent [219].

9.1.2. Switching Protocols Between GLP-1 Receptor Agonists

No formal washout period is recommended when switching between GLP-1 receptor
agonists; expert consensus supports initiating the new agent at its initial titration dose
immediately after discontinuing the previous one [89,222]. For once-daily agents like
liraglutide, the new GLP-1 RA should be initiated 1 day after the last dose, while for once-
weekly agents (dulaglutide, semaglutide, exenatide extended-release), initiation occurs
1 week after the last dose [222].

Gradual dose titration of the new agent is essential to minimize gastrointestinal ad-
verse effects, regardless of the maintenance dose of the prior agent [89,94]. For semaglutide,
the AGA recommends starting at 0.25 mg weekly for four weeks, then escalating through
0.5 mg, 1.0 mg, and 1.7 mg every four weeks until reaching the maintenance dose of 2.4 mg
at 16 weeks [89]. For liraglutide, initiation begins at 0.6 mg daily for seven days, followed
by weekly increases through 1.2 mg, 1.8 mg, and 2.4 mg until reaching 3.0 mg daily at four
weeks [89].

When switching between long-acting agents, the new agent can typically be started
at its initial titration dose without a washout period, given the similar pharmacodynamic
profiles within this subclass [89,219]. Clinical judgment should guide whether to resume at
the same dose if 1-2 doses are missed, lower the dose if tolerance was marginal, or restart
the full titration schedule if >3 consecutive doses are missed [89].

9.1.3. Switching Between Semaglutide and Tirzepatide

Switching between semaglutide and tirzepatide can be accomplished by initiating
the new agent at its standard starting dose with gradual monthly titration, regardless of
the maintenance dose of the prior agent [182]. No washout period is required, and the
transition should prioritize minimizing gastrointestinal adverse effects while optimizing
metabolic outcomes.

https://doi.org/10.3390/diabetology7030046


https://doi.org/10.3390/diabetology7030046

Diabetology 2026, 7, 46

29 of 60

Tirzepatide demonstrates superior efficacy compared to semaglutide for both glycemic
control and weight reduction. In head-to-head trials, tirzepatide 10-15 mg produced
mean weight reductions of 20.9-22.9% versus 16.7% with semaglutide 2.4 mg [13,83].
For HbAlc reduction, tirzepatide 15 mg achieved reductions of approximately 2.1-2.5%
compared to 1.6-1.8% with semaglutide 2.4 mg [183,223,224]. The dual agonism of GIP and
GLP-1 receptors provides additional mechanisms for appetite regulation and adipocyte
metabolism beyond GLP-1 receptor activation alone [13,182,225].

When switching from semaglutide to tirzepatide, initiate tirzepatide at 2.5 mg weekly
and escalate monthly through 5 mg, 7.5 mg, 10 mg, 12.5 mg, and 15 mg based on individual
tolerance and response [13,135]. When switching from tirzepatide to semaglutide, initiate
semaglutide at 0.25 mg weekly and escalate monthly through 0.5 mg, 1.0 mg, 1.7 mg, and
2.4 mg [13,135]. In both directions, start at the initial titration dose regardless of prior
maintenance dose.

Both agents share similar gastrointestinal adverse event profiles, with nausea (33-44%),
diarrhea (23-31%), and vomiting (11-25%) being most common [135]. Discontinuation
rates due to adverse events range from 4.3-10% in clinical trials [182,223]. Indirect compar-
isons suggest comparable safety profiles, with no significant differences in gastrointestinal
adverse events when comparing equivalent doses [183,224,226].

9.1.4. Safety and Tolerability Considerations

Gastrointestinal adverse events—particularly nausea, vomiting, and diarrhea—are
the most common side effects across all GLP-1 RAs [58,59,227]. Once-weekly formulations
(exenatide extended-release, albiglutide) demonstrate lower nausea rates compared to daily
agents (liraglutide) or twice-daily exenatide, though injection-site reactions may be more
frequent with exenatide formulations [59]. The intrinsic risk of hypoglycemia with GLP-1
RAs is very low when used without insulin or secretagogues [58,227].

GLP-1 RAs should not be used concurrently with other GLP-1 RAs or DPP-4 in-
hibitors [89]. Caution is warranted when combining with insulin or sulfonylureas due
to increased hypoglycemia risk, and the delayed gastric emptying effect may impact ab-
sorption of medications requiring rapid onset [89]. Some real-world cohorts report lower
discontinuation with semaglutide relative to other GLP-1 RAs, though rates vary widely
depending on population, indication, insurance continuity, and follow-up duration [219].

To mitigate gastrointestinal adverse effects during transition, counsel patients on
eating smaller meals, avoiding high-fat foods, and limiting alcohol [135]. Short-term
antiemetics (ondansetron), H2 blockers or proton pump inhibitors for dyspepsia, and
osmotic laxatives (polyethylene glycol) for constipation may be considered as needed.

9.2. Dosing and Titration Strategies

Appropriate dosing and titration represent cornerstones of successful incretin-based
therapy, balancing the achievement of therapeutic goals with minimization of adverse
effects. Evidence-based titration protocols have been established for each agent, though
individualization based on patient tolerance remains essential.

9.2.1. Standard Titration Protocols

For semaglutide (subcutaneous), initiation begins at 0.25 mg weekly and titrates monthly
to minimize gastrointestinal adverse effects [89,135]. The standard escalation schedule is:
Week 04 at 0.25 mg weekly, Week 5-8 at 0.5 mg weekly, Week 9-12 at 1.0 mg weekly, Week
13-16 at 1.7 mg weekly, and Week 17+ at 2.4 mg weekly (maintenance dose) [89,207]. The
maintenance dose of 2.4 mg is typically reached after 16-17 weeks [89,207]. For patients with
T2DM, a 2.0 mg dose may be used as an alternative maintenance dose [94].
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Tirzepatide is initiated at 2.5 mg weekly with dose increases every four weeks in
2.5 mg increments [135,207]. The escalation schedule is: Week 0—4 at 2.5 mg weekly, Week
5-8 at 5.0 mg weekly, Week 9-12 at 7.5 mg weekly, Week 13-16 at 10.0 mg weekly, Week
17-20 at 12.5 mg weekly, and Week 21+ at 15.0 mg weekly (maximum dose) [16,207]. The
recommended maintenance dose is 5 mg, 10 mg, or 15 mg weekly, depending on treatment
response and tolerability [16,207].

Liraglutide is initiated at 0.6 mg daily and titrated weekly for obesity treatment [89,207].
The escalation schedule is: Week 1 at 0.6 mg daily, Week 2 at 1.2 mg daily, Week 3 at 1.8 mg
daily, Week four at 2.4 mg daily, and Week 5+ at 3.0 mg daily (maintenance dose for
obesity) [89,207]. For T2DM management, the maximum dose is 1.8 mg daily, reached after
at least one week at 1.2 mg [9,20].

Dulaglutide is initiated at 0.75 mg weekly and may be increased to 1.5 mg after four
weeks [10,23]. For patients requiring additional glycemic control, higher doses of 3.0 mg or
4.5 mg weekly (maximum) can be used, with at least four weeks at each dose before further
escalation [55,228].

9.2.2. Optimizing Titration to Minimize Adverse Events

The ADA, the European Association for the Study of Diabetes recommend gradual
up-titration as the optimal strategy to minimize gastrointestinal side effects when initiating
GLP-1 RAs [55]. Expert consensus and real-world experience support slower or flexible
dose escalations in patients experiencing gastrointestinal intolerance, allowing the titration
schedule to be extended beyond standard intervals [55].

A recent randomized controlled trial demonstrated that a 16-week flexible titration
regimen for semaglutide for management of obesity significantly improved adherence and
reduced adverse events compared to the label-recommended 8-week regimen [137]. In
this study, patients started at 0.0675 mg weekly with gradual increases of 0.0675 mg per
week, with delays permitted for gastrointestinal symptoms. Only 2% of patients in the
flexible arm withdrew due to gastrointestinal adverse events versus 19% in the standard
arm, while achieving similar final doses and comparable HbA1lc and BMI reductions [137].

Starting with the lowest available dose is essential across all GLP-1 receptor
agonists—0.25 mg for semaglutide and 2.5 mg for tirzepatide—to prevent clinically signifi-
cant side effects [135,136]. The American Association of Clinical Endocrinology (AACE)
emphasizes that individuals naive to these medications require this conservative initiation,
and those who discontinue or pause treatment must restart at the lowest dose [136].

9.2.3. Dose Adjustments for Gastrointestinal Side Effects

Patient education is essential to distinguish between nausea (a negative sensation
requiring intervention) and satiety (a positive sensation that supports weight loss) [55].
Dietary and behavioral modifications are recommended to minimize gastrointestinal symp-
toms, including practicing mindful eating (eating slowly, stopping when full, avoiding
eating when not hungry), consuming smaller meals or snacks, decreasing intake of high-fat
and spicy foods, moderating alcohol intake, and increasing water intake [55].

Maintaining patients at the lowest effective dose represents an alternative strategy
supported by clinical experience, with escalation reserved for when weight reduction ceases
or efficacy wanes [95]. During pivotal clinical trials, subjects were permitted to remain at a
given dose for up to 8 weeks as needed to allow gastrointestinal symptoms to dissipate [95].

The timing and composition of meals relative to medication administration influences
symptom severity. Nausea often occurs in the morning or after prolonged fasting, and
patients benefit from eating a small breakfast followed by additional small meals every
3—4 h with adequate fluid intake [95]. Some individuals develop a cycle where nausea
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prevents eating, which paradoxically worsens symptoms; breaking this pattern through
scheduled small meals is important [95].

Pharmacologic interventions provide symptom relief when dietary modifications
prove insufficient. For nausea, prochlorperazine may be preferable to serotonergic agents
like ondansetron, which can worsen constipation [95]. Short-term antiemetics remain
an option for severe nausea or vomiting, while H2 blockers or proton pump inhibitors
may address dyspepsia [135]. For constipation, ensuring adequate fiber and hydration is
foundational, with escalation to bulk-forming laxatives (psyllium), stool softeners (docusate
sodium), or osmotic/stimulant laxatives (polyethylene glycol) as needed [135].

If symptoms become intolerable despite these interventions, dose reduction to a previ-
ously tolerated level or temporary discontinuation may be necessary [95]. Approximately
6-10% of patients in clinical trials permanently discontinued GLP-1 receptor agonists due
to adverse effects, though observational data suggest discontinuation rates may reach 53%
at one year in real-world practice [135].

9.2.4. Management of Missed Doses

The ADA and the European Association for the Study of Diabetes emphasize that
gastrointestinal side effects tend to occur during initiation and dose escalation and diminish
over time, which is the rationale for their recommendation of gradual up-titration [55]. This
principle suggests that when doses are missed, particularly multiple consecutive doses, the
body may lose its adaptation to the medication, potentially necessitating a more cautious
approach to resumption.

For once-weekly formulations like semaglutide, dulaglutide, and tirzepatide, if a dose
is missed and fewer than five days have elapsed until the next scheduled dose, the missed
dose should be skipped and the regular schedule resumed. If more than 5 days remain, the
missed dose should be administered as soon as possible.

The American College of Cardiology provides guidance that if treatment is suspended,
reinitiation should be at the lowest dose with gradual up-titration to avoid recurrent nausea
and vomiting [138]. When two or more consecutive doses are missed, therapy should be
restarted at a lower dose with gradual dose increase to mitigate gastrointestinal adverse
effects [135]. The AACE emphasizes that individuals who discontinue or pause treatment
for a length of time will need to restart at a low dose and titrate up to enable the body time
to acclimate to the medication [136].

For perioperative management, the approach varies based on formulation and risk
factors. Long-acting formulations (semaglutide, dulaglutide, and tirzepatide), high doses,
procedures during dose escalation, and gastrointestinal comorbidities that delay gastric
emptying raise the risk of retained gastric contents [129]. Per 2023 American Society
of Anesthesia consensus guidance, withholding weekly GLP-1 RAs for one week prior
to procedures involving general anesthesia may be considered in patients at elevated
aspiration risk; recommendations continue to evolve, and shared decision-making with
anesthesia services is advised. Decision should be individualized based on patient and
procedure characteristics [135].

9.3. Combination Therapy Approaches

Combination therapy with incretin-based agents offers opportunities to enhance
efficacy through complementary mechanisms while managing safety considerations. Un-
derstanding which combinations provide additive benefit and which are contraindicated is
essential for optimizing treatment regimens.
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9.3.1. Combination with Metformin

Metformin plus GLP-1 RA represents the most evidence-based combination, with
71-82% of patients in cardiovascular outcome trials receiving metformin as baseline ther-
apy [229]. This combination provides additive glucose-lowering effects (HbAlc reduction of
1.0-2.5%) while maintaining low hypoglycemia risk and favorable weight profiles [165,180].
For patients with established atherosclerotic cardiovascular disease or high cardiovascular
risk, GLP-1 RAs should be added regardless of baseline glycemic control [165,230].

Initial combination therapy may be considered when HbAlc remains >1.5% above
target despite monotherapy, consistent with diabetes treatment guidelines rather than GLP1-
specific evidence to achieve more rapid glycemic control [165]. This combination provides
additive glucose-lowering effects while maintaining low hypoglycemia risk and favorable
weight profiles [180]. Routine self-monitoring of blood glucose may not be required when
GLP-1 RAs are paired with metformin alone, though monitoring is appropriate during
initiation, titration, appetite-related dietary changes, or when hypoglycemia risk factors are
present [230].

9.3.2. Combination with SGLT2 Inhibitors

GLP-1 receptor agonists and SGLT2 inhibitors can be combined, and the ACC considers
this combination reasonable when clinically indicated, despite the absence of cardiovascu-
lar outcome trials specifically studying their concomitant use [138]. The DURATION-8 trial
demonstrated greater reductions in blood pressure and body weight with the combination
of dapagliflozin and exenatide compared to either agent alone [138]. Additionally, ran-
domized placebo-controlled trials showed that dulaglutide, liraglutide, and semaglutide
provided additive glucose-lowering benefits over placebo in patients already receiving
SGLT2 inhibitors [138].

Subsequent cardiovascular outcome trials have provided robust evidence supporting
the efficacy and safety of this combination. Available evidence from subgroup analyses
and observational cohorts suggests that GLP-1 RAs retain cardiovascular and renal ben-
efits when used alongside SGLI2 inhibitors, though no large RCTs have been designed
to evaluate intentional co-therapy [231]. Observational data suggest lower cardiovascu-
lar and kidney risks with combination therapy versus monotherapy, although potential
confounding limits causal interpretation [232,233].

Real-world observational data suggest potentially additive benefits. A 2025 meta-
analysis of cohort studies found that combination therapy was associated with lower risks
of major adverse cardiovascular events (risk ratio 0.56), all-cause mortality (risk ratio 0.50),
and kidney composite endpoints (risk ratio 0.48) compared to monotherapy with either
agent [234]. The safety profile appears favorable, with no increased risk of serious adverse
events (SAEs), diabetic ketoacidosis, or urinary tract infections when GLP-1 RAs are added
to SGLT2 inhibitors [231].

An important practical consideration is that out-of-pocket costs may be very high for
some patients when using both drug classes simultaneously [138].

9.3.3. Combination with Insulin

When combining with insulin, GLP-1 RAs demonstrate greater efficacy and durability
than insulin intensification alone, with additional benefits of weight reduction and lower
hypoglycemia rates [165,235]. Prandial insulin should be reduced or discontinued first,
followed by basal insulin dose reduction as the GLP-1 RA is titrated, guided by glucose
monitoring [165,229]. Combination therapy often reduces required insulin doses, with
pooled estimates demonstrating modest reductions and real-world reductions varying
based on baseline insulin requirements [235].
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The ADA recommends GLP-1 RAs as the preferred injectable therapy over insulin for
persistent hyperglycemia, except when severe hyperglycemia (glucose > 300 mg/dL or
HbA1lc > 10%) with catabolic features is present [165]. Hypoglycemia risk increases when
GLP-1 RAs are combined with insulin (OR 1.28), necessitating close glucose monitoring
during the first weeks after initiation and dose titration [94,209,235].

9.3.4. Combination with Sulfonylureas

Most guidelines recommend reducing or discontinuing sulfonylureas when initiating
GLP-1 RAs to minimize hypoglycemia, with dose adjustments tailored to baseline HbAlc
and hypoglycemia history [209,230]. For patients with HbAlc < 7.5%, sulfonylureas should
be stopped at GLP-1 RA initiation; if HbAlc is 7.6-8.5%, reduce the sulfonylurea dose by
50%; only continue full-dose sulfonylureas if HbAlc > 8.5% [209]. The American College
of Physicians (ACP) notes that sulfonylureas and insulin are inferior to GLP-1 RAs for
reducing all-cause mortality and morbidity, though they may retain limited value for
glycemic control when cost is prohibitive [230].

9.3.5. Contraindicated Combination: DPP-4 Inhibitors

The ADA and ACCE guidelines do not recommend combining GLP-1 RAs with DPP-4
inhibitors due to overlapping mechanisms without additive benefit [165]. Both GLP-1 RAs
and DPP-4 inhibitors work through the incretin pathway—GLP-1 RAs directly activate
GLP-1 receptors with pharmacologic doses of GLP-1 analogs, while DPP-4 inhibitors
prevent the degradation of endogenous GLP-1 [165].

Head-to-head trials confirm the superiority of GLP-1 RAs over DPP-4 inhibitors across
multiple efficacy endpoints. A meta-analysis of 13 randomized controlled trials involving
4330 patients showed that GLP-1 RAs reduced HbAlc by an additional 0.41% and body
weight by 2.15 kg compared to DPP-4 inhibitors, with no increased hypoglycemia risk
despite higher rates of gastrointestinal side effects [236]. Switching from DPP-4 inhibitors
to GLP-1 RAs provides additional clinical benefit, with five interventional studies showing
further mean reductions in HbAlc of 0.69% and weight loss of 2.25 kg [236].

The AGA explicitly states that liraglutide and semaglutide should not be used with
DPP-4 inhibitors due to overlapping mechanisms and lack of anticipated additive effi-
cacy [89].

9.3.6. Key Safety Considerations Across Combinations

Common adverse effects include gastrointestinal symptoms (nausea 8-21%, vomiting
3-13%, diarrhea 9-13%), which typically diminish over time with dose titration [94,229].
Contraindications include personal or family history of medullary thyroid carcinoma or
multiple endocrine neoplasia type 2, pregnancy and hypersensitivity to GLP-1 RAs [209,229].
Individualized HbAlc targets of 7-8% guide therapy intensification in most adults, with
deintensification recommended if HbA1lc falls below 6.5% [229,230]. Coordination among the
multidisciplinary care team is essential, particularly when cardiologists initiate GLP-1 RAs
for cardiovascular indications while primary care physicians or endocrinologists manage
ongoing antihyperglycemic medication adjustments [209]. Metformin, SGLT2 inhibitors,
and GLP-1 receptor agonists all require renal consideration, with metformin contraindicated
in severe kidney impairment, SGLT2 inhibitors losing glycemic efficacy at low eGFR but
retaining some renal benefits, and GLP-1 agonists generally safe in mild-to-moderate CKD
while monitoring for dehydration-related complications.

9.4. Patient Education and Shared Decision-Making

Effective patient education and shared decision-making represent critical components
of successful incretin-based therapy. Comprehensive counseling encompasses expected
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outcomes, potential adverse effects, lifestyle modifications, and individualized goal-setting
aligned with patient values and clinical context.

9.4.1. Foundational Patient Education

The ADA recommends educating patients to distinguish between nausea and satiety
when initiating GLP-1 RA therapy, as these medications promote a sense of fullness that
facilitates weight loss [55]. This distinction is crucial because satiety is a positive sensation
supporting therapeutic goals, while nausea is an adverse effect requiring intervention.

Dietary and eating behavior modifications should be emphasized, including mindful
eating practices such as eating slowly, stopping when full, and avoiding eating when not
hungry [55]. Patients should be advised to consume smaller meals or snacks, decrease
intake of high-fat and spicy foods, moderate alcohol consumption, and increase water
intake to help manage gastrointestinal effects [55].

Anticipatory guidance regarding the expected timeline and transient nature of gas-
trointestinal symptoms is critical for promoting both short- and long-term adherence [209].
Patients should be informed that early satiety and gastrointestinal upset typically emerge
soon after initiation but generally improve within four weeks of continued use [209]. Fre-
quent small meals and avoidance of fried or fatty foods may further reduce symptoms of
satiety and bloating while supporting weight loss goals [209].

9.4.2. Expected Weight Loss and Outcomes

Expected weight loss varies substantially by medication and dose. Based on phase 3
clinical trial data, semaglutide 2.4 mg weekly produces mean weight loss of approximately
15% at 68 weeks, while tirzepatide 15 mg weekly achieves up to 21% weight loss at
72 weeks [135]. Liraglutide 3.0 mg daily results in more modest weight reduction of
approximately 5.8% after 26 weeks [82]. At standard glucose-lowering doses, weight loss
ranges from 2-4% of total body weight for dulaglutide, exenatide, and liraglutide, and
4-6 kg for semaglutide [138].

Individual responses vary considerably, and weight loss may be greater or less than
typical trial findings [135]. Patients should be counseled that reasonable weight loss
expectations focus on improving physical and mental health rather than achieving specific
numeric targets. The AGA emphasizes uncertainty and substantial variability in how
individuals weigh desirable effects against potential adverse effects, inconvenience of
weekly subcutaneous administration, cost, and monitoring burden [89].

A safe weight loss rate typically ranges from 0.5 to 2.0 1b (0.23-0.91 kg) per week [135].
Weight loss exceeding 5% per month or less than 5% after three months of therapy warrants
further evaluation. Monitoring should include weight trajectories, percentage and total
weight loss, waist circumference changes, and improvements in health outcomes such as
mobility, blood pressure, and glycemia [135].

Loss of both fat and lean mass is a normal physiological response to caloric restriction,
but adults >65 years may be at increased risk of sarcopenia during rapid weight loss;
although long term data remain limited [135].

Several trials have assessed body composition changes and shown that a meaningful
proportion of weight loss with GLP-1 receptor agonists reflects lean mass reduction. In
a DXA subset of STEP 1, semaglutide 2.4 mg was associated with approximately 6.9 kg
of lean soft tissue loss alongside 10.4 kg of fat mass loss (~40% of total weight loss from
lean tissue). In SURMOUNT-1, tirzepatide was associated with ~5.6 kg lean soft tissue loss
relative to ~15.9 kg fat mass loss (~26% of total weight reduction from lean tissue). Meta-
analyses indicate that potent agents such as semaglutide and tirzepatide may lose ~25% of
total weight as lean mass on average, though relative lean-mass percentages often remain
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stable and functional outcomes such as strength can improve with continued therapy
plus lifestyle support. These findings support the importance of assessing and mitigating
lean mass loss, particularly in populations vulnerable to sarcopenia. Though there are
associations with GLP-1 agonism and decreased muscle mass, it should be noted that the
effects of GLP-1 therapies generally improve muscle function by promoting mitochondrial
homeostasis and reducing inflammation, and GLP-1RAs are being researched as a potential
treatment for sarcopenia in certain cases [237,238]. Adequate protein intake is essential to
mitigate lean mass loss during weight reduction. Older adults and those at elevated risk
for sarcopenia may benefit from protein intake of 1.2-1.5 g/kg/day, distributed evenly
across meals to optimize muscle protein synthesis. Additionally, protein supplementation
may be considered when dietary intake is insufficient. Clinicians should regularly assess
muscle strength and function using office-based screening such as time for 5 sit-to-stand
tests or grip strength testing with a dynamometer. If decline is detected, patients should
ensure protein intake of at least 1.3 g/kg/day and engage in resistance training at least
two days per week, with consideration of referral to a registered dietitian nutritionist and
possible deescalation or discontinuation of therapy [135].

9.4.3. Safety Counseling and Warning Signs

Gastrointestinal adverse events occur in 47-84% of patients, with higher rates at obesity-
targeted doses, compared to 13-63% with placebo, with nausea, vomiting, diarrhea, and
constipation being most common [82]. While adverse events are frequent (80-97% vs.
63-100% with placebo), treatment discontinuation due to adverse events (0-26% vs. 0-9%)
and SAEs (0-10% vs. 0-12%) remain relatively rare [82]. Additional gastrointestinal com-
plications include cholelithiasis, cholecystitis, gastroparesis, and bowel obstruction, which
may warrant caution in susceptible individuals [161].

Warning signs of rare but SAEs should be reviewed. These include severe or persistent
abdominal pain, which could indicate pancreatitis, and symptoms suggestive of gallbladder
disease such as fever and right upper-quadrant abdominal pain [209]. While postmarketing
reports have suggested possible associations with pancreatitis, prospective randomized
trials have not confirmed an increased risk [138,209].

Patients should be counseled about hypoglycemia risk and symptoms when GLP-1
receptor agonists are combined with insulin or sulfonylureas, though the medications
themselves carry minimal hypoglycemia risk when used alone [94]. Contraindications
must be reviewed, specifically that GLP-1 receptor agonists should not be used in patients
with a personal or family history of medullary thyroid carcinoma or multiple endocrine
neoplasia type 2 [55]. Patients should also be informed about the association with increased
gallbladder and biliary diseases [55,94].

Additional counseling may be needed for patients with pre-existing diabetic retinopa-
thy and high baseline HbA1C, as rapid glycemic improvement can transiently worsen
retinopathy [55,94]. Monitoring for dehydration and renal impairment is warranted in
patients experiencing vomiting or diarrhea [89]. For patients using injectable formulations,
injection-site reactions may be prevented by rotating injection sites [209].

Medication interactions require specific attention: GLP-1 RAs are not recommended
to co-administered with dipeptidyl peptidase-4 inhibitors, as both work through GLP-1
signaling [89,138]. Delayed gastric emptying may affect absorption of medications requiring
rapid onset or narrow timing windows, such as oral contraceptives, analgesics, and some
antibiotics [89]. Patients should also be counseled that if treatment is suspended for more
than 2-3 consecutive doses, reinitiation should begin at the lowest dose with gradual
up-titration to avoid recurrent nausea and vomiting [89,138].
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9.4.4. Weight Regain and Long-Term Expectations

Weight regain is common upon discontinuation, necessitating counseling that these
medications may require lifelong use in conjunction with lifestyle changes [83]. In the
STEP 1 trial, participants who discontinued semaglutide after 68 weeks regained a mean of
11.6% of lost weight over the subsequent 52 weeks. In STEP 4, participants transitioned
from semaglutide to placebo regained 6.9% of lost weight during 48 weeks of placebo
administration [83].

9.4.5. Shared Decision-Making Framework

Shared decision-making for GLP-1 RA therapy requires balancing individual patient
goals, values, and clinical context with evidence on efficacy, safety, and feasibility. The
World Health Organization (WHO) emphasizes that obesity is a chronic, relapsing disease
requiring lifelong, person-centered care that integrates behavioral, medical, and other inter-
ventions [239]. This framework applies equally to T2DM management, where treatment
selection must align with patient priorities and comorbidities.

Clinicians should review FDA-approved indications specific to each agent. Semaglu-
tide (Ozempic) is approved for glycemic control in T2DM, reduction in MACE in adults
with T2DM and established cardiovascular disease, and reduction in sustained eGFR
decline, end-stage kidney disease, and cardiovascular death in adults with T2DM and
chronic kidney disease [188]. Tirzepatide is approved for weight reduction and mainte-
nance in adults with obesity or overweight with weight-related comorbidities, as well as
for moderate to severe obstructive sleep apnea in adults with obesity [188].

It is not clear that individuals would consistently prioritize desired outcomes over po-
tential adverse effects, inconvenience of weekly subcutaneous administration, potentially
high cost, burden of monitoring, and challenges associated with insurance authoriza-
tion [209]. The WHO guideline development process included individuals with lived
experiences of obesity, whose insights emphasized the need for clarity around indications,
values and preferences, and equitable access [239].

Social determinants of health screening should assess food and nutrition insecurity,
nutrition and culinary knowledge, and other factors that influence equitable obesity man-
agement with GLP-1 receptor agonists [95]. The WHO framework emphasizes that effective
chronic obesity care requires strong health systems dependent on adequate workforce train-
ing, supply chains, and referral systems, with financial coverage under universal health
care and national insurance schemes essential to ensure affordability and equity [239].

9.4.6. Integration with Lifestyle and Behavioral Therapy

The WHO recommends pairing pharmacotherapy with intensive behavioral therapy,
which represents a component of comprehensive multimodal care and can amplify and
sustain therapeutic benefits [239]. However, the recommendation is conditional due to low
certainty evidence of intensive behavioral therapy enhancing efficacy across tirzepatide,
semaglutide, and liraglutide, as well as variability in patient weight outcome priorities,
potential health equity impacts, and context-specific feasibility and cost of delivering
intensive behavioral therapy [239].

Baseline screening should include usual dietary habits, emotional triggers, disordered
eating, and relevant medical conditions, along with comprehensive examination including
muscle strength, function, and body composition assessment [95]. Priorities during GLP-1
use include nutritional and medical management of gastrointestinal side effects, navigating
altered dietary preferences and intakes, preventing nutrient deficiencies, and preserving
muscle and bone mass through resistance training and appropriate diet [95].
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Supportive strategies include group-based visits, registered dietitian nutritionist coun-
seling, telehealth and digital platforms, and Food is Medicine interventions [95]. Clinicians
should establish patient-centered goals for weight reduction and health at initiation, moni-
tor progress through weight trajectories and improvements in health outcomes, and provide
ongoing support to address challenges around GLP-1 treatment of obesity and T2DM [95].

9.4.7. Monitoring and Long-Term Management

Real-world discontinuation varies widely by access and insurance, ranging from
~40-65% at 1 year, with rising rates over longer follow-up. Discontinuation may relate
to side effects, costs, variable individual efficacy, or patient preferences [95]. Real-world
challenges include gastrointestinal side effects, risk of inadequate nutrient intake from
reduced food intake combined with insufficient nutritional counseling, and potential loss
of significant muscle mass and bone density [95].

Strategies to improve compliance and prevent weight regain after discontinuation
require ongoing study, as limited data exist on long-term efficacy and safety, titration,
maintenance, and discontinuation [95,239]. The WHO notes that trials are still ongoing,
and together with high current cost, inadequate health system preparedness, and poten-
tial equity implications, these factors reduced confidence that benefits clearly outweigh
undesirable attributes [239].

10. Cost-Effectiveness and Access
10.1. Cost-Effectiveness Analysis

Cost-effectiveness analyses evaluate whether the health benefits of GLP-1-based ther-
apies justify their costs, typically using incremental cost-effectiveness ratios (ICERs) ex-
pressed in cost per quality-adjusted life-year gained. Published ICERs for semaglutide
and tirzepatide vary substantially depending on the indication (obesity vs. T2DM), dose,
comparator, and time horizon, with most analyses finding these agents not cost-effective at
current prices for obesity treatment but potentially cost-effective for T2DM management.

For obesity management, a 2025 lifetime analysis found semaglutide (2.4 mg) had an
ICER of $467,676/QALY and tirzepatide an ICER of $197,023/QALY compared to lifestyle
modification alone, with both falling well above the $100,000/QALY threshold [240]. To
achieve cost-effectiveness at $100,000/QALY, prices would require discounts of 81.9% for
semaglutide and 30.5% for tirzepatide from current net prices [240,241]. A short-term
(68-week) analysis in patients without T2DM found subcutaneous tirzepatide cost-effective
compared to oral semaglutide with an ICER of $34,212/QALY, and both were cost-effective
compared to subcutaneous semaglutide and liraglutide at a $150,000/ QALY threshold [242].

For T2DM management, tirzepatide demonstrates more favorable cost-effectiveness.
A 50-year projection comparing tirzepatide doses (5, 10, 15 mg) to semaglutide 1.0 mg
found ICERs of $75,803, $58,908, and $48,785 per QALY for the respective doses, all falling
below typical willingness-to-pay thresholds [243]. A short-term (52-week) analysis reported
tirzepatide 10 mg vs. semaglutide 1 mg had an ICER of $2247 per 1% Alc reduction and
$237 per kg weight loss [244]. However, one systematic review concluded there was
insufficient evidence regarding tirzepatide’s value compared to SGLT2 inhibitors or GLP-1
receptor agonists due to methodological limitations [245].

Overall, current evidence suggests that tirzepatide is more cost-effective than semaglutide
across both obesity and T2DM populations, though neither agent meets conventional cost-
effectiveness thresholds for obesity treatment at current list prices. These findings underscore
the central role of pricing in determining the value proposition of incretin-based therapies.
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10.2. Pricing Crisis

As of 20242025, US list prices for GLP-1-based therapies typically range from roughly
$1000 to $1600 per month, depending on dose and formulation [165,189]. These are sub-
stantially higher than those in international markets, where the same medications are
sold for just a fraction of U.S. prices. International list prices for these medications are
substantially lower—often 5-10 x lower—than in the United States, reflecting differences
in pricing regulation, patent protections, limited competition, pharmacy benefit manager
(PBM)-linked rebate structures, and limited federal price-setting authority in the US.

10.3. Insurance Coverage Patterns

Coverage for incretin-based obesity pharmacotherapies in the United States remains
highly fragmented and restrictive, with substantial differences across Medicare, Medi-
caid, and private insurers. Medicare does not cover GLP-1 receptor agonists for obesity
alone, although recent FDA approval of semaglutide for cardiovascular risk reduction in
patients with obesity and established cardiovascular disease has created a pathway for
Part D coverage under that specific indication [87,95,182,246]. Medicaid coverage varies
widely, with only a minority of states covering anti-obesity medications and some states
discontinuing coverage altogether because of high costs and unsuccessful negotiations
with manufacturers [87,95,246]. Private insurance coverage is similarly inconsistent; earlier
analyses of marketplace plans suggested that only about 10-15% covered any obesity
pharmacotherapy, and even when coverage is available, insurers frequently impose clinical
restrictions or lifetime caps [95,246]. Real-world prescribing data further highlight these
disparities, with only 25% of patients successfully obtaining coverage for semaglutide
prescribed for obesity compared with much higher approval rates for T2DM indications
such as semaglutide [247].

Across insurers, coverage is typically tied to strict eligibility criteria that align with
FDA labeling, requiring a BMI of at least 30 kg/m? or at least 27 kg/m? with weight-
related comorbidities [189,248]. Prior authorization has become nearly universal, rising
from 2.8-5.0% through 2023 to nearly 100% of Medicare Part D plans by 2025, creating
substantial administrative burden for clinicians and health systems [249,250]. Additional re-
strictions such as step-therapy requirements, documentation of prior weight-loss attempts,
and proof of ongoing lifestyle interventions further limit access [95]. These combined
barriers including limited coverage, high annual out-of-pocket costs of $7000-$16,000, and
administrative hurdles, contribute to pronounced inequities in access, with higher use
among privately insured individuals and markedly lower uptake in socioeconomically
disadvantaged populations [247,251].

10.4. Health Equity Disparities

Marked health equity disparities characterize the use of GLP-1 receptor agonists for
obesity, with consistently lower prescribing rates among racial and ethnic minority groups,
individuals from socioeconomically disadvantaged communities, and residents of rural
areas. Large national analyses show that Hispanic, Asian, and Black patients receive
these medications at significantly lower rates than White patients, and these differences
persist even after adjusting for clinical need [95,252,253]. Notably, inequities remain evi-
dent even within health systems designed to reduce cost-related barriers; in the Veterans
Health Administration, all minority groups demonstrated significantly lower odds of GLP-1
prescribing compared with White patients despite standardized access and reduced copay-
ments [254]. Socioeconomic status further shapes access, with patients living in the most
socially vulnerable areas being substantially less likely to receive treatment. Geographic
disparities also contribute, as patients in rural areas show markedly reduced prescribing
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compared with those in metropolitan regions [253]. Together, these patterns underscore
significant inequities in access to incretin-based obesity treatment across multiple social
determinants of health.

These disparities reflect multiple barriers beyond medication cost, including subop-
timal insurance coverage, limited accessibility, low health literacy, and physician-patient
barriers such as provider bias [255]. Notably, while 51% of U.S. adults meet FDA eligibil-
ity for semaglutide, this rises to 57% among Black and 55% among Hispanic adults, yet
larger proportions of these groups face barriers such as being uninsured, lacking a regular
provider, having low income, or lacking higher education [95].

Insurance type remains one of the strongest determinants of access: some analyses
suggest disparities are widest among privately insured patients, narrower in Medicare, and
nearly absent in Medicaid, although Medicaid beneficiaries overall have the lowest rates
of use and significantly lower odds of initiating therapy compared with privately insured
individuals. Coverage exclusions such as Medicare’s prohibition on obesity-only indica-
tions and wide state-level variability in Medicaid benefits further exacerbate disparities,
while private plans impose substantial formulary restrictions and inconsistent approval
rates [95,256]. High out-of-pocket costs, often reaching thousands of dollars annually even
with insurance, pose another major barrier, disproportionately affecting racial and ethnic
groups with lower median wealth and contributing to clinician hesitation in prescribing
these therapies [95,257]. Provider-level factors also play a role, with evidence of differential
prescribing linked to patient race and ethnicity, including notably lower odds of GLP-1 use
among Asian patients; such disparities persist even in healthcare systems with minimized
cost barriers, highlighting the importance of clinical communication and potential implicit
bias [95,257]. Additional obstacles arise after prescriptions are written, as fill rates remain
low due to prior authorization requirements and pharmacy-level restrictions. Across sev-
eral analyses, fill and approval rates remain low, and appear especially low among patients
facing structural barriers, including some racial and ethnic minority groups and those
covered by Medicaid or Medicare [251,256]. Geographic inequities compound these issues,
as individuals living in rural areas remain substantially less likely to access GLP-1 therapies
due to limited specialist availability and infrastructural constraints [253].

These intersecting inequities highlight that expanding access to incretin-based thera-
pies will require more than clinical innovation alone; it will depend on structural solutions
that address coverage gaps, affordability, and systemic barriers to care.

10.5. Policy Implications

Policy strategies to improve access to GLP-1 RAs center on expanding Medicare
coverage, lowering prices through federal negotiation, redesigning health system delivery,
and implementing equity-focused approaches to reduce disparities. Legislative reform
through the Treat and Reduce Obesity Act remains the primary pathway to allow Medicare
Part D coverage for obesity treatment [258], while recent FDA approval of semaglutide for
cardiovascular risk reduction has created a narrower mechanism for Medicare coverage
of anti-obesity medications when prescribed for that indication [246]. Modeling studies
project substantial increases, as much as $47B, in Medicare spending over the next decade if
broad coverage of anti-obesity GLP-1 therapies is implemented, even under modest uptake
assumptions [259]. Because current prices render GLP-1 therapies far above accepted
cost-effectiveness thresholds, substantial price reductions are essential; historical Medicare
negotiations have produced 38-79% price cuts across other drug classes, and semaglutide
may become eligible for federal negotiation as early as 2027 based on its original T2DM
approval [95]. Globally, the WHO recommends generic manufacturing, tiered pricing,
pooled procurement, and voluntary licensing to expand access, with semaglutide’s patent
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expiration in 2026 offering a critical opportunity for scale-up [239]. At the health system
level, integrating GLP-1 therapy into primary-care chronic disease management platforms
with uniform coverage policies and reduced cost-sharing has been shown to eliminate racial
and socioeconomic disparities in prescribing [95], although administrative burdens remain
substantial as prior authorization requirements have risen to 99.9-100% of Medicare Part D
plans [249]. Equity-focused implementation will require identifying patients most likely
to benefit, monitoring treatment outcomes, and ensuring compliance with forthcoming
requirements that state Medicaid programs cover anti-obesity medications for individuals
with obesity and cardiovascular disease, although step-therapy constraints may still delay
access [182,246]. Finally, even under optimistic manufacturing assumptions, current global
manufacturing capacity is expected to reach only a small fraction—on the order of 10%—of
the global population living with obesity, even with aggressive scale-up [239].

These policy strategies highlight that expanding access to GLP-1-based obesity treat-
ments will require coordinated legislative, economic, and health-system reforms rather
than price reductions alone. Addressing insurance exclusions, affordability, administrative
burden, and structural inequities is essential to ensure that the clinical benefits of these
therapies translate into population-level impact.

11. Real-World Effectiveness and Adherence
11.1. Real-World Weight Loss (Tirzepatide —21.8% vs. Semaglutide —15.4%)

Real-world evidence indicates that incretin-based therapies achieve clinically mean-
ingful weight loss in routine practice, though the magnitude of benefit is consistently
attenuated relative to randomized clinical trials. This attenuation likely reflects real-world
factors such as variable dosing, treatment interruptions, and early discontinuation. Nev-
ertheless, across diverse observational datasets, dual GIP/GLP-1 receptor agonism with
tirzepatide demonstrates superior real-world weight reduction compared with GLP-1
receptor agonist monotherapy [98,260].

A large comparative effectiveness analysis conducted by Rodriguez et al. used U.S.
electronic health record data linked to pharmacy dispensing records between May 2022
and September 2023 [98]. This study included adults with overweight or obesity initiating
tirzepatide or semaglutide and employed propensity score matching to balance baseline
characteristics (18,386 matched patients; mean baseline weight approximately 110 kg;
52% with T2DM. Treatment discontinuation was common, with follow-up ending in 55.9%
of tirzepatide users and 52.5% of semaglutide users within one year. Despite these real-
world constraints, tirzepatide was associated with significantly greater weight loss across
clinically meaningful thresholds. Compared with semaglutide, tirzepatide users were more
likely to achieve at least 5%, 10%, and 15% weight loss, with hazard ratios of 1.76, 2.54, and
3.24, respectively. Absolute on-treatment weight loss also favored tirzepatide at three, six,
and 12 months, with between-group differences of —2.4%, —4.3%, and —6.9%. Rates of
gastrointestinal adverse events were similar between groups, suggesting that improved
effectiveness was not offset by reduced tolerability [98].

Complementary findings have been reported in administrative claims analyses focused
on populations with T2DM. In a large U.S. claims-based study with linked laboratory and
electronic health record data, Hoog et al. evaluated adults initiating tirzepatide or injectable
semaglutide and assessed weight change over 12 months among patients with available
paired measurements [260]. Tirzepatide was associated with greater mean weight reductions
than semaglutide in both GLP-1 receptor agonist-naive patients (—10.2 kg vs. —6.1 kg)
and GLP-1-experienced patients (—7.9 kg vs. —3.7 kg). These results reinforce that the
relative advantage of dual GIP/GLP-1 receptor agonism observed in randomized trials
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extends into real-world clinical practice, even in populations with prior exposure to incretin
therapy [260].

Collectively, these data demonstrate a consistent effectiveness gradient favoring
tirzepatide over GLP-1 receptor agonist monotherapy in routine care. However, the
substantial attrition observed across real-world cohorts underscores a persistent efficacy
effectiveness gap. High discontinuation rates, incomplete dose escalation, and variable
adherence substantially limit the population-level impact of these therapies, highlighting
the importance of implementation strategies that improve persistence and optimize dosing
to better translate clinical trial efficacy into real-world benefit.

11.2. Persistence Rates

Real-world persistence with GLP-1-based therapies is substantially lower than in
clinical trials, with multiple population-based studies in obesity consistently demonstrating
12-month persistence of approximately 32-46%. In a large U.S. claims analysis of adults
with obesity, only 32% of individuals who initiated a GLP-1 RA remained on therapy at one
year [33]. Similar discontinuation patterns were observed across commercial and Medicare
cohorts, where persistence at 12 months ranged from 35-46%, with higher persistence
observed among those achieving consistent dose escalation [158]. European registry-
based analyses corroborate these findings; in routine clinical practice, only about half of
semaglutide initiators for obesity remained on treatment after one year, despite widespread
prescribing and guideline uptake [261].

Individualized titration schedules—with slower escalation or temporary dose holds—
reduce gastrointestinal intolerance and improved likelihood of treatment persistence.
Across U.S. health-system data, fewer than 10-15% of semaglutide users reached the
recommended therapeutic dose within the expected timeframe, and many remained on
subtherapeutic doses for extended periods, which was associated with higher rates of dis-
continuation [158]. It is important to note that persistence improves when prescriptions are
continuously covered without lapses. Higher out-of-pocket costs and insurance instability
strongly predict early discontinuation and lower likelihood of re-initiation. Re-initiation
analyses similarly show that lapses in treatment are common; approximately 30-40% of
discontinued users restart therapy within 12 months, often following insurance approval
changes or weight regain [156].

Population-level utilization analyses further indicate that continuous use declines
sharply over the first 6-9 months, and fewer than half of individuals prescribed GLP-
1-based therapies maintain therapy over 12 months [156,157,159,262]. Across datasets,
persistence remains consistently low regardless of whether treatment is initiated for T2DM
or obesity, underscoring a substantial gap between clinical trial efficacy and real-world
treatment durability.

Finally, real-world users often report mismatched expectations regarding onset and
magnitude of weight loss, leading some to discontinue prematurely when early results
fall short of marketing-driven expectations. Patterns of discontinuation followed by
reinitiation—frequently triggered by weight regain—highlight the need for more structured
counseling around chronic therapy expectations [95,156].

11.3. Barriers to Adherence

As showcased throughout this review, multiple structural, clinical, and behavioral
factors contribute to suboptimal adherence and early discontinuation of GLP-1-based
therapies in routine care. Cost and insurance instability represent the most prominent
barriers. High out-of-pocket costs and lapses in coverage are consistently associated with

https://doi.org/10.3390/diabetology7030046


https://doi.org/10.3390/diabetology7030046

Diabetology 2026, 7, 46

42 of 60

early discontinuation, particularly among individuals from lower-income zip codes or
those insured through high-deductible plans [261].

Geographic and socioeconomic disparities further influence access: clusters of
markedly lower GLP-1 RA uptake have been identified in communities with limited
insurance coverage, higher social vulnerability indices, and fewer obesity-specialty pre-
scribers [263].

Gastrointestinal adverse effects, including nausea, vomiting, and early satiety, rep-
resent another major driver of early discontinuation. Beyond these GI symptoms,
gastroparesis-like syndromes have been reported in association with GLP-1 RA use [264],
contributing to a broader spectrum of gastrointestinal intolerance. In a population-based
observational study using the PharMetrics Plus for Academics database, semaglutide and
liraglutide were associated with an increased relative risk of gastroparesis (adjusted HR
3.67; 95% CI 1.15-11.90) and bowel obstruction (adjusted HR 4.22; 95% CI 1.02-17.40)
compared with bupropion-naltrexone, a non-GLP-1 anti-obesity therapy. However, abso-
lute event rates were low (7.3-9.1 events per 1000 person-years) and causal inference was
limited by the observational study design [265]. These effects often emerge during dose
escalation, are compounded by inconsistent titration practices, with variable resolution
across patients; real-world data demonstrate that many patients titrate more quickly than
recommended, while others maintain low doses that compromise efficacy and reduce
motivation to continue therapy [158]. The frequency of dose interruptions, delays in re-
filling prescriptions, and deviations from recommended uptitration schedules collectively
contribute to lower adherence.

Clinical inertia and systems-level barriers also play significant roles. Limited follow-up
visits, inadequate counseling on expected side effects, and variable prescribing practices
contribute to inconsistent medication use across health systems. Observational studies
indicate that older age, mental health comorbidities, and multiple chronic conditions further
reduce the likelihood of persistent use [261].

Finally, real-world users often report mismatched expectations regarding onset and
degree of weight loss, leading some to discontinue prematurely when early results
fall short of marketing-driven expectations. Patterns of discontinuation followed by
reinitiation—frequently triggered by weight regain—highlight the need for more structured
counseling around chronic therapy expectations [156].

11.4. Adherence Improvement Strategies

Investigation of strategies that may increase or reduce patient persistence will be
crucial to widespread adherence improvement efforts. Notably, reductions in common
adverse GI effects have been noted to bolster patient retention [158]. Real-world titration is
highly variable, with a substantial proportion of patients either escalating more quickly than
recommended or remaining on subtherapeutic doses, both of which are associated with
lower long-term persistence. The method most frequently employed by physicians to help
mitigate these complications is dose escalation, whereby the patient begins therapy on the
lowest available dose and over time escalates to the therapeutic dose. Additionally, efforts
to reduce cost burden are of paramount importance to adherence. A large 2025 cohort study
examined the effects of increased cost sharing on adherence to prescribed GLP-1 regimens
and found an inverse relationship between patient persistence and greater out of pocket
drug costs [266]. Lastly, there are currently very few large, adherence-intervention based
trials to better quantify the effects of such strategies on compliance. However, smaller
pilot trials on overall medication management in T2DM suggest the benefits of patient
education, consistent follow-up visits, and digital coaching as possible viable ways to
improve likelihood of continued use [267,268].
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12. Emerging Therapies and Future Directions
12.1. Oral Formulations (Semaglutide 25/50 mg-2025, Orforglipron Approval ~2026)

Future incretin-based therapy development aims to meet gaps in adherence, side effect
profiles, and metabolic effectiveness. Emerging options include oral formulations, monthly
injectables, triple-agonist therapies, and novel combinations such as GLP-1/amylin re-
ceptor agonists. Oral treatments may improve patient adherence, psychological barriers
to treatment entry, and global accessibility concerns. In PIONEER 1, a 26-week phase 3b
trial examining the effectiveness of oral semaglutide versus placebo in T2DM patients,
significant reductions in both A1C and body weight were found at the highest dose [269].
Similar findings occurred in PIONEER 3, which showed greater effectiveness on HbA1C
and body weight with oral semaglutide versus sitagliptin in patients whose T2DM was un-
controlled on metformin with or without sulfonylurea [270]. In a landmark study involving
patients with obesity without T2DM, the OASIS-4 trial indicated a body weight change of
—13.6% on 25 mg oral semaglutide versus —2.2% on placebo after 64 weeks [271]. Oral
semaglutide is currently approved for both T2DM and weight management. Together,
these findings highlight the clinical utility of orally administered incretin therapy.

One limitation is that orally administered peptides require careful timing of adminis-
tration relative to meals. Studies have shown limited to no systemic semaglutide exposure
if consumed in the fed state, with a fasting period of at least 30 min needed to achieve
adequate absorption [272,273]. Orforglipron, a small-molecule non-peptide GLP-1 RA,
demonstrated a body weight change of —11.2% on the highest dose of the drug relative to
—2.1% with placebo [274]. Early data from the ACHIEVE-3 trial suggests that orforglipron
may achieve greater weight loss and glycemic control than oral semaglutide, although full
trial data is pending publication [275]. Early data suggest orforglipron absorption may be
less dependent on fasting than peptide-based orals; these findings are based on phase 2
trials, with confirmation expected from phase 3 data [276].

12.2. Monthly Injectables (MariTide Phase 3)

Other options for increasing patient adherence include adjustments to dose frequency.
While most subcutaneous treatments are currently dosed once weekly, monthly dosing
options are an evolving area of study. A double blind randomized controlled trial of once-
monthly maridebart cafraglutide, an investigational GLP-1 agonist currently undergoing
phase 3 trials, showed significant weight reduction versus placebo in patients with obesity
with or without T2DM [29]. Similarly, monthly administration of efpeglenatide, another
investigational incretin-based therapy, resulted in statistically significant body weight and
HbA1C reductions versus placebo in patients with T2DM uncontrolled on metformin.
Efpeglenatide has a unique peptide conjugation structure that allows for its longer half-life
and potential for biweekly or once-monthly dosing [277]. Although its biologic properties
are promising, early studies suggest monthly regimens may achieve comparable weight
reduction; effects on glycemic control relative to weekly dosing require further study [278].
Other candidates for long-acting injectables are currently in development. Met097i, which
has a half-life of 15 days, nearly doubling that of most existing GLP1-agonists, is in early-
stage clinical development currently, with promising preliminary results for weight loss
and tolerability [279]. As there are currently few studies on the efficacy and tolerability of
monthly dosing strategies, future work should seek to examine which existing incretins may
be suitable for extended dosing regimens as-is, or given the addition of unique conjugation
structures to lengthen drug half-lives.
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12.3. Triple Agonists (Retatrutide Phase 3, Approval 2027-2030)

Triple agonists are another promising frontier within incretin treatments. Retatrutide,
which combines GLP-1, GIP and glucagon agonism, has demonstrated powerful weight
loss results rivaling that of bariatric surgery [280]. In a 48-week phase 2 trial, approximately
one fourth of participants lost 30% or more of their body weight while on the highest dose
of the drug, with a mean reduction of 24.2% among all participants [18]. Safety profiles were
overall similar to dual agonist GLP-1/GIP therapies [18]. As many participants continued
to lose weight throughout the conclusion of the phase 2 retatrutide trial, TRIUMPH phase
3 trials are ongoing to determine the safety and maximal efficacy of retatrutide [281]. While
these results are highly promising, final approval of the drug is still underway. Other
GLP-1/GIP/glucagon agonist therapies such as SAR441255 and HM15211 are currently in
phase 1 and 2 clinical trials, respectively [282,283]. Given the possibility of rapid weight
loss due to this drug class, future studies should prioritize investigating the rate of lean
muscle versus fat loss. It has been posited that glucagon signaling may increase lipid
oxidation therefore leading to a greater relative fat mass loss. Phase 2 data include body-
composition measures suggesting proportionate lean/fat loss similar to other incretin
therapies; additional detailed analyses are ongoing to further investigate these mechanistic
possibilities [102]. Preclinical models raise questions about glucagon-related effects on
protein turnover, but human data are insufficient to determine clinical relevance [284,285].
As more diverse triple-agonist therapies are developed, future studies should seek to
consistently include metrics such as DEXA or MRI-based body composition scans, muscle
strength and functional endpoints.

12.4. Novel Combinations (Amycretin 24% Weight Loss, Cagrisema, Bioglutide)

In addition to triple agonists, other combination therapies such as CagriSema, which
pairs semaglutide with cagrilintide, a long-acting amylin analogue, are being evaluated for
approval in phase 3 trials. In a 20-week phase 1b trial, mean weight loss from the drug was
estimated at 17.1%, compared to a 12.4% mean loss from semaglutide 2.4 mg alone in the
STEP 1 trial [286]. Similarly, amycretin, which is a unimolecular agonist of GLP-1, amylin
and calcitonin receptors, has demonstrated up to 24.3% weight loss at 36 weeks versus 1.1%
with placebo [30]. These findings are derived from early-stage trials as the drug has not
yet been approved. Durability and body-composition effects remain under investigation.
A key goal of ongoing drug development is the addition of mechanisms that may be
protective of lean muscle mass during periods of rapid weight loss. NA-931 (Bioglutide),
an investigational quadruple GLP-1, GIP, glucagon and IGF-1 agonist is in phase 2b/3 trials
currently to assess its effectiveness alone or in combination with tirzepatide [32]. Another
first-in-class GLP-1 and IGF-1 dual agonist therapy, NA-941, is being evaluated in phase 2
trials currently. IGF-1 agonism is hypothesized to support muscle metabolism, but clinical
evidence confirming preservation of lean mass is currently limited [287].

12.5. Expanding Indications (MASH, Alzheimer’s, CKD, OSA)

Outside of weight management, the potential future indications for GLP-1 agonists
continue to expand rapidly. Many of these use cases relate to the sequelae of metabolic syn-
drome. In a landmark trial examining the effect of subcutaneous semaglutide on metabolic
dysfunction associated steatohepatitis (MASH), significantly higher resolution rates were
achieved with semaglutide 0.4 mg versus placebo [288]. Although semaglutide improved
steatohepatitis resolution in trials, antifibrotic benefit has not yet been demonstrated. In
chronic kidney disease (CKD), the FLOW phase 3 trial tested 1.0 mg semaglutide and
found a reduced risk of clinically meaningful renal events such as transplant or initiation
of long-term dialysis. A decreased risk of cardiovascular death was also observed [124].
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Semaglutide is currently approved to treat both MASH and CKD. Conditions that are
commonly found to co-occur with obesity, such as obstructive sleep apnea, have also
shown improvement with incretin therapy. The SURMOUNT-OSA trial demonstrated
clinically significant reductions in the apnea-hypoxia index, hypoxic burden, and subjective
patient-reported sleep quality measures [289]. Weight loss likely mediates much of the
benefit. Ongoing trials are underway, and tirzepatide has not been formally approved to
treat OSA. As GLP-1 receptors are expressed throughout the brain in regions including
the brainstem, hypothalamus, amygdala and hippocampus, the potential for neurological
implications is broad. Small trials including a pilot study of liraglutide have demonstrated
improvements in Alzheimer’s disease benchmarks, such as a preservation of brain glucose
metabolism [290]. However, topline manufacturer-published results from a larger phase
3 trial EVOKE which did not meet primary cognitive endpoints versus placebo. Final
publication of these larger trials’ results are pending [291]. Another brain-based implication
for incretin therapy is addiction medicine. One study examining the effect of semaglutide
on alcohol consumption in rats found a greater than 50% reduction in intake, with cor-
related declines in addiction-related brain regions such as the nucleus accumbens [292].
Human observational studies have shown correlations between GLP-1 agonist use and
reduced recurrence of alcohol use disorder [293]. Randomized placebo controlled studies
are warranted to further investigate these potential effects on alcohol consumption patterns.
While these results are highly promising, at this time no GLP-1 RA has been formally
approved to treat neurologic or psychiatric diagnoses.

12.6. Future Research Priorities

As the implications and potential benefits of GLP-1 agonist use are far reaching, future
study should aim to investigate which specific therapies are ideal for each patient population
based on factors such as age, comorbid conditions, health weight loss goals, and lifestyle
preferences. As more data emerge on these questions, patients and clinicians will be
empowered to make sound decisions on which incretin therapy offers the greatest benefit at
the lowest chance of nonresponse, adverse effects or suboptimal adherence. Importantly,
as 12-month discontinuation rates have been quoted as high as 50% or more in some
investigations, future drug development should aim to ameliorate side effects that commonly
lead to discontinuation, such as GI distress [294]. Lastly, as the incretin therapy market
becomes increasingly competitive due to demand and expanding use cases, strategies to
improve patient ease of use, such as longer dosing intervals, should be prioritized.

13. Conclusions

Incretin-based therapies have fundamentally redefined medical management of obe-
sity and T2DM, establishing a clear efficacy gradient grounded in receptor biology. Among
GLP-1 receptor agonists, semaglutide remains the most potent single agonist, while
tirzepatide’s dual GIP/GLP-1 activation consistently achieves greater reductions in weight
and HbAlc in trials and real-world cohorts. Next-generation triple agonists such as retatru-
tide may approach or surpass outcomes of metabolic surgery for responders, marking the
next evolution in pharmacologic treatment.

The therapeutic armamentarium is rapidly expanding. The first oral GLP-1 agonist for
obesity was recently approved, improving accessibility for patients who decline injections,
and long-acting injectable formulations with monthly or extended dosing intervals are in de-
velopment, aiming to reduce treatment burden and improve persistence. Beyond metabolic
control, GLP-1-based therapies are emerging as targeted treatments for cardiometabolic dis-
ease more broadly: multiple GLP-1 receptor agonists reduce major adverse cardiovascular
events and slow kidney disease progression, and early evidence shows clinically meaningful
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improvements in obesity-related conditions such as obstructive sleep apnea, with ongoing
investigations into MASH, neurodegenerative diseases, and addiction medicine.

Safety profiles remain favorable overall, dominated by dose-dependent gastrointesti-
nal effects that can be mitigated through gradual titration and anticipatory counseling.
Early treatment response reliably identifies non-responders who may benefit from dose
escalation, switching agents, or combination therapy. While genetic predictors of treatment
response show promise, pharmacogenomic testing remains investigational and is not yet
incorporated into routine therapeutic decision-making.

Despite transformative efficacy, translation into population-level benefit remains
constrained by cost, limited coverage, administrative burden, and discontinuation rates
exceeding 50% in one year. Closing this efficacy—effectiveness gap will require coordinated
structural solutions: expanded insurance coverage, price reductions through negotiation
and generic entry, equitable delivery models, flexible titration protocols, and structured
support to sustain adherence. With broader access and improved implementation, incretin-
based therapies have the potential not only to treat obesity and type 2 diabetes at scale, but
also to reduce downstream diseases such as cardiovascular disease, kidney failure, and
obstructive sleep apnea—shifting the trajectory of population health in the coming decade.
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