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Diabetes mellitus and obesity remain preeminent global health crises, with diabetes prevalence exceeding 589 million and obesity
projected to affect half of the global adult population by 2030. The advent of incretin-based pharmacotherapy has revolutionized
the management of these metabolic conditions. This review synthesizes two converging domains: the superior clinical profile
of dual glucose-dependent insulinotropic polypeptide (GIP)/glucagon-like peptide-1 (GLP-1) receptor agonism compared to se-
lective GLP-1 agonism, and the cellular determinants of GIP-mediated metabolic improvements. Drawing on pivotal data from
the SURMOUNT-5 head-to-head trial, the SURPASS clinical program, and the Ravussin metabolic sub-study, we observe that
dual agonism provides a significant clinical advantage; tirzepatide achieved 20.2% mean weight loss compared with 13.7% for
semaglutide at 72 weeks. Mechanistically, GIP receptor activation facilitates weight loss through enhanced fat oxidation, opti-
mized adipose tissue lipid buffering, and adiponectin-mediated insulin sensitization, alongside complementary central nervous
system (CNS)-mediated appetite suppression. Despite challenges, including the “GIP paradox” (agonism vs. antagonism), re-
liance on rodent models, and a lack of long-term longitudinal data, the evidence establishes dual incretin agonism as a therapeutic
leap. Future perspectives highlight triple receptor agonists and pharmacogenomic stratification as the next frontiers in precision
metabolic medicine.
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Introduction

Diabetes mellitus and obesity are among the most
pressing global health challenges of our time. As of 2024,
the International Diabetes Federation estimates that roughly
589 million adults worldwide live with diabetes, a num-
ber expected to climb to 853 million by 2050 [1]. Run-
ning alongside this trend is a dramatic rise in obesity, which
now affects over one billion people and is on track to impact
half the adult population by 2030 [2]. When type 2 diabetes
(T2D) and obesity occur together, also referred to as “dia-
besity”, the consequences are especially serious, with sub-
stantially elevated risks of cardiovascular disease, chronic
kidney disease, and early death [3]. Even after decades of
lifestyle-based interventions, bariatric surgery, and conven-
tional drug therapies, the demand for more effective, better-
tolerated treatments has only grown.

At the center of recent progress is the incretin sys-
tem. Incretins are peptide hormones released by the
gut in response to food intake, and their main job is to
boost glucose-dependent insulin secretion from pancre-
atic β-cells. The two key incretins, glucose-dependent in-

sulinotropic polypeptide (GIP) and glucagon-like peptide-
1 (GLP-1), are together responsible for an estimated 50–
70% of the insulin released after a meal in healthy individ-
uals. This phenomenon is known as the incretin effect [4].
Over the past two decades, drugs targeting the GLP-1 re-
ceptor (GLP-1R) have proven remarkably successful: GLP-
1 receptor agonists (GLP-1 RAs) like semaglutide show
strong efficacy in both lowering blood glucose and reducing
body weight across large clinical trials [5]. More recently,
tirzepatide, a dual GIP/GLP-1R agonist, has raised an in-
triguing possibility that activating both incretin pathways at
once could yield metabolic benefits that GLP-1R agonism
alone cannot match [6].

This review examines whether dual agonism truly
advances beyond selective GLP-1R agonism, considering
both clinical trials and proposed mechanisms. Head-to-
head trial data show that tirzepatide outperforms semaglu-
tide on weight loss endpoints, but the underlying reasons,
especially howmuch of the advantage comes from glucose-
dependent insulinotropic polypeptide receptor (GIPR) acti-
vation specifically, remain incompletely understood [6,7].
There is growing evidence that GIPR agonism plays a dis-
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tinct role in boosting fat oxidation, modulating adipose tis-
sue metabolism, and improving insulin sensitivity through
both peripheral and central pathways [7,8]. That said, much
of themechanistic evidence still comes from rodent models,
and how well these findings translate to humans remains an
open question.

Incretin-based interventions for diabetes and obesity
are organized around two connected themes. First, it com-
pares the clinical efficacy of tirzepatide and semaglutide
as representative dual and single incretin receptor agonists.
Then, it examines the physiological role of GIPR agonism
in fat oxidation and weight loss at the molecular and cellu-
lar level. Throughout, attention is given to the challenges
of moving from preclinical findings to the clinical setting,
and the review concludes by considering the broader clin-
ical implications, outstanding research gaps, and future di-
rections in this fast-moving field [9,10].

Background of the Incretin Concept

The incretin concept has roots stretching back over a
century. In 1902, Bayliss and Starling identified secretin,
the first hormone ever described, and showed that chem-
ical signals produced in the gut could regulate distant or-
gans like the pancreas [11]. This opened the door to the
idea that the gastrointestinal tract might also release factors
that stimulate insulin secretion. By 1906, Moore and col-
leagues were already trying to treat diabetes with duodenal
extracts, believing that some gut-derived substance could
support pancreatic function. The term “incretin” itself was
coined by La Barre in 1932 to describe a hypothetical in-
testinal hormone that promoted insulin release. This is as
opposed to “excretin” which refers to substances driving
exocrine pancreatic secretion [11]. It would take several
more decades, however, before the analytical tools existed
to isolate and characterize the actual peptides involved.

The definitive proof came in the 1960s. Studies by
McIntyre and colleagues and Perley and Kipnis showed that
oral glucose produced a much larger insulin response than
the same amount of glucose given intravenously [11,12].
This gap confirmed the incretin effect as a real physiologi-
cal phenomenon and initiated the search for the responsible
hormones. In the early 1970s, Brown and colleagues pu-
rified gastric inhibitory polypeptide from porcine intestinal
extracts and demonstrated that it stimulated insulin secre-
tion in a glucose-dependent fashion, establishing GIP as
the first known incretin [12,13]. GIP was later renamed
glucose-dependent insulinotropic polypeptide to better cap-
ture its actual function, since the original name had been
based on its ability to inhibit gastric acid secretion [11].

Even after GIP was identified, immunoneutralization
and surgical resection studies showed that it could not fully
account for the incretin effect. This pointed to at least one
more incretin hormone [13]. The breakthrough arrived in
the mid-1980s, when cloning of the proglucagon gene by

Bell and colleagues revealed two new glucagon-like pep-
tides, GLP-1 and GLP-2 [11]. Follow-up work in the lab-
oratories of Habener and Holst showed that the truncated
form, GLP-1(7–36 amide), had insulinotropic activity even
more potent than full-length GLP-1 [11,12]. Importantly,
GLP-1 also turned out to suppress glucagon release from
the α-cells, slow gastric emptying, and promote satiety via
central nervous system pathways, making it an especially
attractive drug target. Together, GIP and GLP-1 were con-
firmed as the two principal incretin hormones, and studies
with selective receptor antagonists showed that they collec-
tively account for the full incretin effect in healthy people
[5].

Incretins are unique not just because they stimulate in-
sulin secretion, but because they only do so when blood
glucose levels are elevated. GIP and GLP-1 are derived
from different populations of enteroendocrine cells in the
intestinal lining. GIP is made mainly by K-cells, concen-
trated in the duodenum and proximal jejunum and acti-
vated primarily by luminal fat and carbohydrate. GLP-
1 is secreted by L-cells, found mostly in the distal ileum
and colon, triggered by nutrients reaching the lower gas-
trointestinal (GI) tract [12,13]. At the cellular level, both
hormones bind their respectiveG-protein-coupled receptors
(GIPR and GLP-1R) on pancreatic β-cells, engaging the
Gαs subunit. This activates adenylyl cyclase, raising intra-
cellular cyclic adenosine monophosphate (cAMP), which
in turn switches on protein kinase A (PKA) and exchange
protein activated by cyclic-AMP 2 (Epac2). Incretins do
not independently trigger insulin secretion; they only po-
tentiate the glucose-stimulated insulin secretion (GSIS) that
glucose itself initiates. Glucose enters the β-cell via glucose
transporter 2 (GLUT2) transporters and is metabolized to
increase the intracellular adenosine triphosphate/adenosine
diphosphate (ATP/ADP) ratio, which is the primary signal
that closes ATP-sensitive potassium channels (KATP chan-
nels), depolarizes the membrane, and triggers insulin exo-
cytosis. Incretin signaling through cAMP/PKA and cAM-
P/Epac2 amplifies this glucose-initiated process at multi-
ple points: PKA sensitizes KATP channels to the ATP/ADP
ratio (lowering the threshold for closure), enhances L-type
calcium channel conductance, and facilitates granule mobi-
lization and fusion through phosphorylation of soluble N-
ethylmaleimide-sensitive factor-attachment protein recep-
tor (SNARE) complex components [13,14]. Epac2 mo-
bilizes calcium from intracellular endoplasmic reticulum
(ER) stores and promotes granule docking through Rab3-
interacting molecule 2 (Rim2) and Mammalian Unc-13 ho-
molog 1 (Munc13-1) interactions. Because every step de-
pends on glucose having already initiated the cascade, the
risk of hypoglycemia is inherently low. This is a major
clinical advantage over sulfonylureas, which close KATP
channels independently of glucose and can therefore cause
hypoglycemia.
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A two-minute half-life provides a poor foundation for
drug development. Both GIP and GLP-1 are rapidly bro-
ken down by dipeptidyl peptidase-4 (DPP-4), which inacti-
vates them within minutes of release, roughly 2 minutes for
GLP-1 and 5-7 minutes for GIP. This poses a huge pharma-
cological challenge. Two strategies subsequently emerged
to address this limitation: DPP-4 inhibitors, which extend
the life of the body’s own incretins, and engineeredGLP-1R
agonists designed to resist degradation [11]. The latter ap-
proach proved powerful, with synthetic GLP-1 RAs includ-
ing exenatide, liraglutide, and semaglutide each improving
on glycemic control and weight loss over the previous gen-
eration [12]. Drug development focused almost entirely on
GLP-1 rather than GIP because studies in patients with T2D
showed that GIP’s insulin-stimulating potencywas severely
blunted, whereas GLP-1 remained effective at supraphysio-
logical doses [5]. This apparent “resistance” to GIP in T2D
led the field to dismiss GIP as a therapeutic target, a view
later challenged by the clinical success of tirzepatide, as dis-
cussed below.

Dual Versus Single Incretin Receptor Agonism

To understand the differences between semaglutide
and tirzepatide, it is first necessary to examine their molec-
ular structures, as these shape how each drug interacts with
its target receptors and downstream signaling. Semaglu-
tide and tirzepatide share the same once-weekly subcuta-
neous administration route but differ in their receptor tar-
gets, molecular structure, and pharmacological profile. The
following sections describe each agent before a direct com-
parison.

Molecular Structure and Mechanism of Semaglutide
Semaglutide is a selective GLP-1R agonist, a 31-

amino acid synthetic analogue of human GLP-1(7-37) that
has been engineered with several structural tweaks to over-
come native GLP-1’s rapid degradation [5]. At position 8,
the primary DPP-4 cleavage site, alanine is swapped for α-
aminoisobutyric acid (Aib), which blocks enzymatic break-
down. At position 34, lysine is replaced with arginine to
ensure site-specific acylation. The remaining lysine at po-
sition 26 is linked to an octadecanedioic (C18) fatty diacid
chain through a linker containing a mini-polyethylene gly-
col spacer and a γ-glutamic acid; this allows non-covalent
binding to serum albumin, stretching the circulating half-
life to roughly 165 hours and making once-weekly dosing
possible. The result is a drug that a patient injects once a
week and largely forgets about, a marked improvement over
multiple daily injections that defined diabetes management
for decades. When semaglutide binds GLP-1R on β-cells,
it triggers the Gαs/adenylyl cyclase/cAMP/PKA pathway,
boosting glucose-dependent insulin secretion and suppress-
ing glucagon release from α-cells [13]. Beyond the pan-
creas, it slows gastric emptying and acts on GLP-1Rs in

the hypothalamic arcuate nucleus and brainstem to suppress
appetite and caloric intake [5,12]. This combination of pe-
ripheral metabolic effects and central appetite suppression
established semaglutide as the most effective single-agent
GLP-1 RA available and the clinical benchmark against
which tirzepatide is evaluated. Specific trial outcomes are
discussed in the section “Head-to-Head Clinical Evidence:
The SURMOUNT-5 Trial”.

Molecular Structure and Mechanism of Tirzepatide
Tirzepatide is a dual GIP/GLP-1R agonist, a single

synthetic molecule designed to engage both incretin recep-
tors simultaneously [13,15]. It is a linear 39-amino acid
molecule based on the native human GIP sequence, in-
corporating structural elements from both GIP and GLP-1.
In total, it contains regions homologous to GIP, residues
shared with GLP-1 and exendin-4, and a limited number
of unique positions that distinguish it from corresponding
parent peptides [15]. A key structural feature is the N-
terminal tyrosine (Tyr1), which is present in native GIP
but replaced by histidine in GLP-1. Cryo-electron mi-
croscopy shows that Tyr1 inserts deeply into the GIP recep-
tor binding pocket, and substitution with histidine reduces
GIPR binding affinity by ~20-fold, playing a central role in
tirzepatide’s preferential activity at the GIP receptor [16].

Tirzepatide is structurally engineered to be more sta-
ble and resistant to degradation, which also prolongs its
time in circulation. At position 2, native alanine is re-
placed with α-aminoisobutyric acid (Aib), conferring resis-
tance to DPP-4 cleavage, while a second Aib substitution at
position 13 further stabilises the peptide structure [15,16].
The C-terminal is amidated to guard against carboxypepti-
dase degradation. Its pharmacokinetic profile is primarily
directed by acylation at lysine-20 with a C20 fatty diacid
(eicosanedioic acid), attached via a hydrophilic linker com-
posed of a γ-glutamic acid spacer and two 8-amino-3,6-
dioxaoctanoic acid (AEEA) units. This lipid chain allows
tight non-covalent binding to serum albumin, giving a half-
life of about 116.7 hours and once-weekly dosing [15].
Prominently, the C20 fatty diacid is two carbons longer than
semaglutide’s C18 chain, and molecular dynamics simu-
lations propose it folds differently depending on whether
tirzepatide is bound to GIPR or GLP-1R, potentially sup-
porting its specific receptor behaviour [16].

These structural choices shape tirzepatide’s receptor
binding and signaling profile. In vitro, tirzepatide binds
GIPR and generates cAMP at roughly the same potency
as native GIP. At GLP-1R, however, its binding affin-
ity is about fivefold weaker than GLP-1, and its potency
at stimulating cAMP is reduced further, roughly 20-fold
weaker [15,16]. Favoring GIPR over GLP-1R is believed
to contribute to the hypothesis that stronger GIPR activa-
tion paired with moderate GLP-1R activation produces bet-
ter metabolic outcomes. On top of this, tirzepatide shows
biased agonism at GLP-1R: it drives cAMP signaling (the
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Gs pathway) while causing less β-arrestin recruitment than
native GLP-1 [16]. That distinction matters: β-arrestin
recruitment mediates receptor internalization, desensitiza-
tion, and some of the gastrointestinal side effects asso-
ciated with GLP-1R activation. Tirzepatide’s reduced β-
arrestin engagement may help explain its better tolerability
[16]. Tirzepatide was approved by the Food and Drug Ad-
ministration (FDA) for T2D in May 2022 (Mounjaro) and
for chronic weight management in November 2023 (Zep-
bound) [13,15].

Head-to-Head Clinical Evidence: The
SURMOUNT-5 Trial

The SURMOUNT-5 trial, published by Aronne and
colleagues [6] in the New England Journal of Medicine
in July 2025, was the first direct head-to-head compari-
son of tirzepatide and semaglutide for obesity treatment.
This phase 3b, multicenter, open-label trial was conducted
across 32 clinical sites in the United States and Puerto Rico,
enrolling 751 adults aged 18 or older with a body mass in-
dex (BMI) of 30 or above, or 27 or above with at least one
weight-related comorbidity such as hypertension, dyslipi-
demia, obstructive sleep apnea, or cardiovascular disease.
People with T2D were excluded so that weight loss effects
could be assessed without glycemic confounders. Partic-
ipants were randomly assigned 1:1 to receive tirzepatide
or semaglutide by weekly subcutaneous injection, each es-
calated to the maximum tolerated dose: 10 or 15 mg for
tirzepatide, and 1.7 or 2.4 mg for semaglutide.

The primary endpoint was percent change in body
weight from baseline to week 72, analyzed using a mixed-
model-for-repeated-measures approach. Key secondary
endpoints included change in waist circumference and the
proportion of participants reaching weight loss thresholds
of 10%, 15%, 20%, and 25% [6]. The trial was open-label
due to differences in dose-escalation schedules and injec-
tion devices between the two medications, meaning that
both participants and investigators were aware of treatment
allocation. This design should be considered a limitation,
especially for subjective outcomes.

The results favored tirzepatide. At 72 weeks,
tirzepatide produced a mean weight loss of –20.2% (95%
confidence interval (CI), –21.4 to –19.1) compared with –
13.7% (95%CI, –14.9 to –12.6) for semaglutide, a between-
group difference of 6.5 percentage points (p < 0.001). Waist
circumference dropped by 18.4 cm with tirzepatide ver-
sus 13.0 cm with semaglutide (p < 0.001). Tirzepatide-
treated participants were roughly 1.3, 1.6, 1.8, and 2.0 times
more likely to achieve at least 10%, 15%, 20%, and 25%
weight loss, respectively, and 32% of those on tirzepatide
reached the 25% threshold. Gastrointestinal adverse events
led to discontinuation in approximately twice as many par-
ticipants receiving semaglutide (5.6%) as those receiving
tirzepatide (2.7%). This fits with the idea that GIPR co-
activation may temper GLP-1R-mediated nausea [6]. Key

molecular and clinical characteristics of both agents are
summarized in Table 1 (Ref. [6,7,8,15,16,17,18]) below.

SURMOUNT-5 also highlighted something worth
paying attention to: women achieve approximately 6 per-
centage points greater weight loss than men across both
treatment groups. No formal statistical test was reported
for this difference, so it should be treated as an obser-
vation rather than a confirmed finding, although it is not
trivial. The Semaglutide Treatment Effect in People with
obesity (STEP) trials, which enrolled only 19–26% men
compared to 35% in SURMOUNT-5, consistently showed
higher overall weight loss [6].

A meta-analysis of 14 RCTs found that women lose
approximately 1.69%more weight thanmen onGLP-1 RAs
broadly, and that gap widens as overall weight loss in-
creases, where the losses are among the largest ever re-
ported for a pharmacological intervention [19]. Women
have higher plasma concentrations of GLP-1 RAs due to
lower average body weight and reduced drug clearance,
meaning they are effectively exposed to more drug per dose
[19,20]. Estrogen may also play a role, with some evi-
dence suggesting it acts synergistically with GLP-1 signal-
ing in appetite-regulating neural circuits. Although this re-
mains a hypothesis rather than an established mechanism
[20]. Women are still underrepresented in preclinical GLP-
1 research, and sex-disaggregated pharmacokinetic and ef-
ficacy data are rarely reported as primary outcomes. As
these drugs come into use among tens of millions of pa-
tients, this gap is becoming increasingly difficult to justify.

Supporting Evidence From the SURPASS Program
and Original Mechanistic Studies

Beyond weight loss, mechanistic analyses from
the SURPASS program provide further insight into its
metabolic effects. A post hoc analysis of SURPASS-1 ex-
amined tirzepatide monotherapy in 478 participants with
early T2D over 40 weeks, looking at β-cell function and
insulin sensitivity using the homeostatic model assessment
(HOMA2). Tirzepatide increased homeostatic model as-
sessment of β-cell function (HOMA2-B) (a marker of β-cell
function based on C-peptide) by up to 92% at week 40 in a
dose-dependent manner, while fasting proinsulin levels fell
by 49–55% compared to just 0.6% with placebo. The drop
in the proinsulin-to-C-peptide ratio hints that tirzepatide
was not just increasing insulin output but also improving
the quality of β-cell processing. Reductions in homeo-
static model assessment of insulin resistance (HOMA2-IR),
fasting insulin, and increases in adiponectin and insulin-
like growth factor-binding protein-binding protein 2 also
pointed to genuine improvements in insulin sensitivity [17].

A companion post hoc analysis of SURPASS-2 ex-
tended these observations by directly comparing tirzepatide
with semaglutide (1 mg) in 1879 participants with T2D re-
ceiving background metformin over 40 weeks. HOMA2-B
increased by 96.9–120.4% with tirzepatide (5, 10, and 15
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Table 1. Comparison of tirzepatide and semaglutide.
Tirzepatide Semaglutide

Molecular properties

Type Dual GIP/GLP-1 agonist Selective GLP-1 agonist
Peptide length 39 AA (GIP-based backbone) 31 AA (GLP-1-based analogue)
DPP-4 resistance Aib at positions 2, 13 Aib at position 8
Acylation C20 eicosanedioic acid at Lys20 C18 octadecanedioic acid at Lys26
Half-life 116.7 h (~5 days) 165 h (~7 days)
GIPR activity Comparable to native GIP; Tyr1 critical (~20-fold loss if mutated) None
GLP-1R affinity ~20% of native GLP-1; biased agonism (cAMP > β-arrestin) Full agonist
Dosage 5, 10, or 15 mg/week SC 1.7 or 2.4 mg/week SC

Clinical efficacy (SURMOUNT-5, 72 weeks)

Body weight –20.2% (95% CI –21.4 to –19.1) –13.7% (95% CI –14.9 to –12.6)
Waist
circumference

–18.4 cm –13.0 cm

≥25% weight loss 32% 16%
GI
discontinuation

2.7% 5.6%

HOMA2-B Increased 97–120% Increased 84%
HOMA2-IR Decreased 15.5–24% Decreased 5.1%

Metabolic mechanisms

Fat oxidation Increased beyond prediction; RQ 0.85→0.80 No substrate-shifting effect observed
Adipose tissue Lipid buffering; adiponectin +26%; prevents adiposity No direct activation; only proportional

loss with body weight
CNS effects GIPR + GLP-1R in hypothalamus; area postrema → reduced nausea GLP-1R only; higher nausea-related

discontinuation

Cross-species considerations

Human evidence SURMOUNT-5; SURPASS 1–5; Ravussin (metabolic chambers, limited n) STEP 1–4; SUSTAIN 1–10;
well-characterized

Preclinical
evidence

Primarily rodent (3T3-L1, GIPR-/- mice) Validated across rodent and human
models

Translation caveat Direct translation limited. Species differ in adipose distribution, brown fat,
and metabolic rate. GIPR-/- may cause developmental compensation.
Agonism-vs-antagonism paradox unresolved.

Stronger translational evidence;
well-established human pharmacology.

Note: Clinical efficacy data from the SURMOUNT-5 trial [6] and SURPASS post hoc analyses [17,18]. Metabolic data from [7,8]. Molecular
data from [15,16]. AA, amino acids; Aib, α-aminoisobutyric acid; CI, confidence interval; CNS, central nervous system; GI, gastrointestinal;
GIPR, glucose-dependent insulinotropic polypeptide receptor; GLP-1R, glucagon-like peptide-1 receptor; HOMA2-B, homeostatic model
assessment of β-cell function; HOMA2-IR, homeostatic model assessment of insulin resistance; RQ, respiratory quotient; SC, subcutaneous.

mg) versus 84.0% with semaglutide, while HOMA2-IR de-
creased by 15.5–24.0% with tirzepatide compared to only
5.1% with semaglutide. Fasting glucagon also fell more
with tirzepatide across all doses. The glycated hemoglobin
A1c (HbA1c) and weight loss held consistently regardless
of where patients started in terms of β-cell function or in-
sulin resistance. This indicates that dual agonism benefits
patients across the spectrum of disease severity. Tirzepatide
improvedHOMA2-IR by 3–5 timesmore than semaglutide,
and this difference was only partly explained by the greater
weight loss, supporting a direct metabolic effect of GIPR
co-activation on peripheral insulin sensitivity [18].

SURMOUNT-5 is a strong study, but several limita-
tions should be considered. The open-label design may

have influenced more subjective outcomes such as appetite
and self-reported side effects. Its 72-week duration also
limits conclusions about long-term durability and safety be-
yond two years, given the well-documented tendency for
weight regain after GLP-1 receptor agonist discontinuation
[10]. In addition, comparing maximum tolerated doses of
structurally different molecules makes strict dose equiva-
lence difficult to interpret.

GIPR Agonism

With tirzepatide’s clinical effects established, the next
question concerns the role of GIPR activation: what does
GIPR activation specifically contribute? The focus is on
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the biology, including signaling, tissue-specific effects, and
metabolic pathways, rather than on tirzepatide. This dis-
tinction matters because tirzepatide activates both recep-
tors simultaneously, making it difficult to attribute any sin-
gle outcome to one pathway alone. Accordingly, this sec-
tion draws on preclinical studies characterizing GIPR func-
tion in isolation, clinical data where tirzepatide’s effects
exceed what GLP-1R activation alone would predict, and
the Ravussin metabolic study as the most direct human ev-
idence. Separating the effects of GIP from those of GLP-1
in a drug that activates both receptors simultaneously is in-
herently difficult.

GIPR Biology and Signaling
The GIP receptor is a class B1 G-protein-coupled re-

ceptor in the secretin receptor family. Structurally, it fea-
tures a large extracellular N-terminal domain for ligand
binding, a seven-transmembrane helical domain for sig-
nal transduction, and an intracellular C-terminal domain
that engages downstream effectors. GIP is a 42-amino
acid peptide derived from a distinct 153-amino acid pre-
prohormone. It binds the receptor, activating Gαs, lead-
ing to stimulation of adenylyl cyclase and raising intracel-
lular cAMP. Elevated cAMP engages two parallel effec-
tors that amplify glucose-stimulated insulin secretion. The
first effector, PKA, does not close KATP channels directly;
it sensitizes them to the ATP/ADP ratio generated by glu-
cose metabolism. This reduces the depolarization threshold
so that a given glucose stimulus produces a larger secre-
tory response. PKA also enhances L-type calcium chan-
nel conductance and phosphorylates exocytotic machin-
ery including synaptotagmin and SNARE complex proteins
to accelerate granule fusion. At the transcriptional level,
PKA phosphorylates cAMP response element-binding pro-
tein (CREB) to drive expression of β-cell survival genes, in-
cluding insulin receptor substrate 2 (IRS2) and B-cell lym-
phoma 2 (Bcl-2), linking the same signal to both acute se-
cretion and long-term β-cell maintenance. The second ef-
fector, Epac2, operates independently of PKA: it mobilizes
calcium from ER stores via ryanodine and IP3 receptors
and promotes granule priming through Rim2 and Munc13-
1. Pharmacological studies have shown that inhibiting both
PKA and Epac simultaneously abolishes the incretin effect
almost entirely. Inhibiting either alone reduces it by only
40–60%, confirming their parallel and complementary con-
tributions. The entire cascade remains strictly glucose de-
pendent. Without elevated glucose, KATP channels stay
open, and there is no baseline secretory event to potentiate
[5,13,14].

Beyond acute insulin release, GIPR activation has
trophic effects on β-cell mass. GIP promotes prolifera-
tion through phosphoinositide 3-kinase/protein kinase B
(PI3K/Akt) -mediated phosphorylation and inactivation of
forkhead box O1 (FoxO1), relieving its repression of the
cell cycle, while concurrently upregulating pancreatic and

duodenal homeobox 1 (PDX-1), a master transcription fac-
tor for β-cell identity and insulin gene expression. On the
survival side, PKA phosphorylates the pro-apoptotic pro-
tein Bad at serine 112, sequestering it in an inactive com-
plex with 14-3-3 proteins and preventing caspase activa-
tion. These trophic effects have been demonstrated in cell
culture and rodent models and may be relevant to T2D, in
which progressive β-cell failure is driven by glucolipotoxi-
city and ER stress [5,13]. GIPR is also expressed in white
and brown adipose tissue, bone, the CNS, and the cardio-
vascular system, where GIP’s metabolic roles are discussed
in the following sections (Fig. 1).

The GIP Paradox in Type 2 Diabetes
In healthy individuals, GIP’s greater contribution to

the postprandial insulin response has been demonstrated
by studies using the selective GIPR antagonist GIP (3-30).
Healthy volunteers received oral glucose with and with-
out co-infusion of GIP (3-30): blocking GIP action re-
duced postprandial insulin secretion by approximately 50–
60%, while the GLP-1R antagonist exendin (9-39) reduced
it by only 20–30%. The loss of this effect in T2D was
characterized using hyperglycemic clamp studies, where
patients received graded GIP infusions at plasma glucose
clamped at 8–10 mmol/L: unlike controls, T2D patients
showed markedly blunted C-peptide responses even at 5–
10 times physiological GIP concentrations, while GLP-1’s
responsiveness was preserved at supraphysiological doses.
GIPR downregulation under chronic hyperglycemia, im-
paired receptor-G-protein coupling, and glucolipotoxicity-
induced desensitization of downstream signaling underlie
this loss of responsiveness. Improving glycemic control
may partially restore the β-cell’s responsiveness to GIP,
which points to functional desensitization rather than per-
manent receptor loss [5]. With tirzepatide, higher levels
of GIP receptor stimulation appear to overcome this re-
duced sensitivity [15]. GIPR activation also exerts impor-
tant metabolic effects in peripheral tissues, such as adipose
tissues.

In preclinical models, both GIP receptor agonism and
antagonism promote weight loss, an observation that should
not be possible if GIP has a clear and consistent metabolic
role [21]. That contradiction is the GIP agonism-versus-
antagonism paradox, and it remains one of the most unre-
solved questions in incretin biology.

How can activating and blocking the same receptor
produce the same outcome? Three compelling explana-
tions, as summarized in Table 2 (Ref. [5,15,21]), may re-
solve this paradox. Receptor desensitization offers an an-
swer: flood the GIPRwith sustained stimulation, and it may
stop listening; β-arrestin-mediated internalization progres-
sively silences the very receptor being activated, so that
chronic agonism ends up functionally resembling blockade
[21]. A second proposed mechanism is tissue specificity:
GIP exerts different effects in fatty tissues, the pancreas,
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Fig. 1. Comparative signaling pathways and physiological effects of GIP and GLP-1. GIP (left) is secreted from intestinal K-
cells and activates GIPR, engaging the cAMP/PKA/Epac2 cascade to potentiate glucose-stimulated insulin secretion, promote β-cell
survival, enhance lipid buffering and fat oxidation in adipose tissue, and suppress appetite while attenuating nausea via the CNS. GLP-1
(right) is secreted from L-cells and activates GLP-1R through the same cAMP/PKA pathway, potentiating insulin secretion, suppressing
glucagon, slowing gastric emptying, increasing satiety, and promoting β-cell survival. Both pathways are strictly glucose-dependent.
Created in BioRender (https://BioRender.com/nrdb9u5). GIP, glucose-dependent insulinotropic polypeptide; cAMP, cyclic adenosine
monophosphate; PKA, protein kinase A; Epac2, exchange protein directly activated by cAMP 2.

and the brain, and the whole-body outcome is a net sum
of these divergent actions, meaning both agonism and an-
tagonism could produce weight loss simply by winning in
different tissues [15]. A third possibility looks at the prob-
lem in the disease itself: GIP signaling in obesity and T2D
is not the same system as in lean physiology; receptor ex-
pression is altered, downstream pathways are rewired, and
what works in a healthy mouse may simply not translate
[5,21]. None of these explanations is fully satisfactory on
its own, and that may be precisely the point. If we cannot
agree on what GIP receptor activation does, therapeutic de-
velopment rests on uncertain ground, and choosing incor-
rectly between agonism and antagonism could have major
consequences for the next generation of drugs.

GIPR Agonism in Adipose Tissue
GIPR is highly expressed in white adipose tissue, ini-

tially complicating our understanding of GIP’s role in obe-
sity. Early work characterized GIP as a lipogenic hor-
mone: it stimulates triglyceride synthesis, lipoprotein lipase

activity, and insulin-stimulated glucose transport through
GLUT4 translocation, and drives de novo lipogenesis [8].
These effects were first demonstrated in vitro using dif-
ferentiated 3T3-L1 adipocytes, where GIP (1–100 nM) in-
duced dose-dependent increases in LPL mRNA expression
and enzymatic activity, promoted GLUT4 translocation (as-
sessed by subcellular fractionation), and enhanced lipoge-
nesis measured by 14C-acetate incorporation [5,8]. In vivo,
GIP receptor knockout mice (GIPR−/−) gained approxi-
mately 40% less weight than wild-type littermates when fed
a high-fat diet over 20 weeks, accompanied by reduced vis-
ceral adipose tissue mass, which initially cemented GIP’s
reputation as a pro-obesity hormone [5]. However, these
knockout models develop compensatory metabolic adapta-
tions from early life, so their phenotype may not accurately
reflect acute GIPR modulation in adult physiology [15].

A more nuanced picture has since emerged, one that
reframes GIP’s adipose tissue effects as metabolically pro-
tective rather than harmful. GIPR activation in subcuta-
neous adipose tissue promotes safe lipid storage, limiting
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Table 2. Proposed mechanistic explanations for the GIP agonism-versus-antagonism paradox [5,15,21].
Explanation Key evidence Limitation

Receptor desensitization Chronic GIPR stimulation may trigger β-arrestin–mediated
internalization, making prolonged activation functionally resemble

blockade

Not demonstrated in humans

Tissue-specific signaling GIPR mediates distinct effects in adipose tissue, β-cells, and CNS;
agonism and antagonism may produce similar outcomes through

different tissue-level pathways

Relative tissue contributions
unquantified

Developmental
compensation

Germline GIPR knockout mice adapt from birth, potentially
exaggerating apparent benefits of receptor deletion

Knockout phenotypes ≠ acute
pharmacological blockade in adults

free fatty acid spillover into the liver, skeletal muscle, and
visceral compartments, where ectopic deposition fuels in-
sulin resistance and systemic inflammation [7]. In addition,
GIP stimulates adiponectin secretion, an insulin-sensitizing
adipokine that boosts fatty acid oxidation in muscles and
curbs hepatic glucose output [7]. Clinical data are consis-
tent with these effects: tirzepatide has been shown to raise
circulating adiponectin by up to 26% at the 10mg dose [15].

Instead of promoting fat accumulation, GIPR agonism
redirects fat metabolism in a way that increases systemic in-
sulin sensitivity and reduces cardiometabolic risk. Despite
tirzepatide causing some loss of lean mass during weight
loss, evidence suggests that approximately 74% of weight
loss comes from fat and 26% from lean mass, comparable
to other weight loss methods [20]. Since lean mass also
includes water and other non-muscle tissues, this does not
translate directly into a proportional loss of skeletal muscle.
The long-term implications for muscle strength and func-
tion remain unclear and require further investigation.

Increased Fat Oxidation: The Ravussin Study
The study by Ravussin and colleagues [7], published

in Cell Metabolism in 2025, provided human-level evi-
dence for the metabolic effects of dual incretin agonism.
This metabolic substudy recruited adults with obesity and
used whole-room indirect calorimetry, metabolic cham-
bers, the gold standard for measuring energy expenditure
and substrate oxidation. These are airtight rooms where
participants live for 24 hours while sensors continuously
track oxygen consumption (VO2) and carbon dioxide pro-
duction (VCO2); from these values, the respiratory quo-
tient (RQ, VCO2/VO2) is calculated, showing whether the
body is primarily oxidizing carbohydrates (RQ near 1.0) or
fats (RQ near 0.7). Participants underwent 24-hour assess-
ments before and after tirzepatide treatment, allowing pre-
cise tracking of changes in total energy expenditure, resting
metabolic rate, and how the body was dividing its fuel use
between fat and carbohydrate.

The key finding was that tirzepatide significantly in-
creased fat oxidation beyond what would be expected from
weight loss alone [7]. This is important because weight
loss is typically accompanied by metabolic adaptation, in-
cluding a disproportionate decline in resting metabolic rate

(adaptive thermogenesis), reduced fat oxidation, and hor-
monal changes that favour weight regain. In contrast,
tirzepatide did not appear to exacerbate these responses.
Total energy expenditure and resting metabolic rate de-
clined in proportion to changes in body mass, with no ev-
idence of excess adaptive thermogenesis. Specifically, the
24-hour respiratory quotient decreased from approximately
0.85, indicating mixed substrate utilisation, to around 0.80,
reflecting a greater reliance on fat oxidation. This reduc-
tion was larger than those predicted by standard models of
metabolic adaptation based on changes in body composi-
tion [7]. This points to a move toward greater fat use, which
could help explain improvements in body composition, in-
sulin sensitivity, and longer-term weight control. The in-
vestigators proposed that GIPR signallingmay contribute to
this effect because of GIP’s recognised role in adipose tissue
lipid metabolism. Since tirzepatide is a dual GIP/GLP-1R
agonist, the contribution of GIPR activation cannot be de-
termined from this study alone. Thus, tirzepatide’s biased
agonism at the GLP-1 receptor may also play a role in these
metabolic effects.

Central Nervous System Effects

In addition to peripheral effects on fat metabolism,
GIPR activation also exerts significant effects in the central
nervous system. GIPR is expressed in several hypothalamic
nuclei involved in appetite regulation, including the arcu-
ate nucleus, paraventricular nucleus, and ventromedial hy-
pothalamus, as well as the area postrema and nucleus of the
solitary tract [8]. These expression patterns partially over-
lap with GLP-1R distribution, suggesting that dual agonism
is involved in a broader network of appetite-regulatory cir-
cuits than either agonist alone [6,8]. One hypothesis is that
GIPR activation in the area postrema may dampen GLP-
1R-mediated nausea by modulating the emetic reflex. This
aligns with the clinical observation in SURMOUNT-5 that
GI adverse events leading to treatment discontinuation oc-
curred approximately half as often with tirzepatide com-
pared to semaglutide [6,10]. Overall, the CNS effects of
GIPR agonism appear to contribute to both greater appetite
suppression and improved tolerability, thereby supporting
long-term treatment adherence.
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Discussion

The evidence in this review supports the conclusion
that dual GIP/GLP-1R agonism is an advance over selec-
tive GLP-1R agonism. The SURMOUNT-5 data showed a
6.5 percentage point weight loss advantage for tirzepatide,
with superior results across every threshold measured and
clinically significant improvements in waist circumference
[6]. These clinical numbers are backed by a coherent
mechanistic framework: Dual GIP/GLP-1R agonism is as-
sociated with enhanced fat oxidation without worsening
metabolic adaptation, promotes healthy lipid buffering in
adipose tissue and adiponectin-mediated insulin sensitiza-
tion [7], and provides complementary CNS appetite sup-
pression through circuits that GLP-1 alone does not fully
engage [6,8,10]. The SURPASS program data show that
tirzepatide improves β-cell function and insulin sensitiv-
ity through mechanisms only partly explained by weight
loss, suggesting additional GIPR co-activation contribution
[17,18]. These headline numbers also obscure an impor-
tant nuance: women lost roughly 6 percentage points more
weight than men in SURMOUNT-5. This disparity is con-
sistent with the broader GLP-1 receptor agonist literature,
yet its underlying mechanisms remain poorly understood,
and with tens of millions of patients now receiving these
drugs, it can no longer be treated as a peripheral concern.

In addition, most of what we know about GIPR sig-
naling at the cellular and tissue levels still comes from ro-
dent models, and mice are not simply miniature humans.
Their adipose tissue distribution, metabolic rate, and recep-
tor expression patterns differ in ways that matter, and the
GIPR knockout mouse, one of the most cited models in this
field, develops without GIP signaling from birth. What-
ever leanness these animals display may reflect a lifetime
of metabolic rewiring, not what happens when you block
the receptor acutely in an adult with obesity. The Ravussin
study provides the closest available direct evidence in hu-
mans and is therefore particularly valuable. However, the
small sample size and use of tirzepatide, a dual agonist,
make it impossible to cleanly attribute the fat oxidation
findings to GIP alone [7]. SURMOUNT-5 adds another
layer of complexity: because neither participants nor in-
vestigators were blinded to treatment, subjective outcomes
such as nausea and gastrointestinal symptoms may have
been shaped by expectation [6].

The safety picture is promising but incomplete. Both
drugs were well tolerated overall, with gastrointestinal side
effects, including nausea, vomiting, diarrhea, and consti-
pation, being the most commonly reported events, mostly
during dose escalation. Severe adverse events were rare
and balanced between groups. Only one confirmed case of
pancreatitis emerged in the semaglutide arm, and no cardio-
vascular deaths, thyroid malignancies, or pancreatic can-
cers were observed [6]. Although reassuring, 72 weeks is a
relatively short observation window for a drug that patients

may take for decades. The absence of a signal is not the
same as proof of safety, and the long-term consequences of
sustained dual incretin receptor activation on the pancreas,
thyroid, gallbladder, and beyond remain open questions that
only larger, longer trials can answer. One additional signal
warrants attention: a recent network meta-analysis in adults
with overweight or obesity found that both drugs modestly
increased resting heart rate relative to placebo: Tirzepatide
by about 2 bpm and semaglutide by 3–4 bpm. Although
this increase is not considered clinically meaningful in iso-
lation, it warrants monitoring in patients with pre-existing
arrhythmias or heart failure [22].

The paradox of GIP agonism-versus-antagonism re-
mains a central unresolved issue in the field. Both phar-
macological activation and blockade of GIPR reduce body
weight in animal models [15]. Several explanations have
been proposed, including dose-dependent receptor desen-
sitization, tissue-specific signaling, and context-dependent
metabolic effects [9,15]. If GIPR antagonism can produce
weight loss, then dual-acting approaches combining GLP-
1R agonism with GIPR antagonism may represent a poten-
tial therapeutic strategy [9].

The field is advancing rapidly, and several questions
warrant priority. Although 72 weeks is sufficient to es-
tablish efficacy, it is too short to determine the long-term
durability of weight loss, cardiovascular outcomes, or rare
safety risks associated with continuous use [6]. Triple re-
ceptor agonists targeting GIP, GLP-1, and glucagon recep-
tors are already moving through clinical development; re-
tatrutide, for instance, has shown up to 24% weight loss in
early trials, with the glucagon component enhancing hep-
atic lipid oxidation and thermogenesis [23]. Perhaps most
exciting is the prospect that genetic and biomarker profiling
could identify which patients are most likely to benefit from
dual versus single agonism, shifting treatment from a one-
size-fits-all model toward personalized metabolic medicine
[9,10]. At the most fundamental level, human studies of
selective GIPR agonists and antagonists are needed to dis-
entangle the effects of GIP from those of GLP-1, a question
that, as this review highlights, remains surprisingly unre-
solved.

The clinical translation of incretin-based therapies has
reshaped how we manage diabetes and obesity. Semaglu-
tide (Ozempic/Wegovy) and tirzepatide (Mounjaro/Zep-
bound) are now among the most widely prescribed drugs in
endocrinology, and for the first time, pharmacological treat-
ments are reliably producing weight losses of 15–20%, ap-
proaching the range of some bariatric surgical procedures,
without the surgical risks [6,13]. In addition, these drugs
tackle glycemic control and weight management simultane-
ously, a dual benefit that was historically challenging with
older medications [10].

Tirzepatide and semaglutide represent some of the
most important advances in metabolic medicine in decades,
yet the patients who stand to benefit most, those in low- and
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middle-income countries, where 95% of projected diabetes
growth will occur by 2050, are the least likely to ever re-
ceive them [1,2]. In the United States alone, list prices ex-
ceed $1000 per month, and supply shortages, driven partly
by off-label cosmetic use, have left patients with genuine
clinical need unable to access treatment [10]. A drug that
works brilliantly but remains accessible only to a wealthy
minority cannot solve a global health crisis. Pricing reform,
accelerated generic development, and coordinated global
health policy are not optional; they are essential if these
therapies are to realize their full potential.

Other difficult questions are emerging. What does
it mean for patients to remain on treatment indefinitely,
knowing that discontinuation will likely reverse its bene-
fits? Weight regain after withdrawal is well-documented,
and the prospect of lifelong pharmacological dependency,
together with its cumulative financial burden, raises serious
questions about sustainability for both patients and health-
care systems [4]. At the same time, the widespread off-label
use of these drugs for cosmetic weight loss is impossible
to ignore. When semaglutide and tirzepatide are used for
modest cosmetic weight loss while patients with T2D or se-
vere obesity cannot access them because of shortages and
cost, the allocation of a scarce medical resource has clearly
failed [9]. There is also the question of who funds the evi-
dence base. The SURMOUNT trials were sponsored by Eli
Lilly and the STEP trials by Novo Nordisk, the same com-
panies that stand to profit from their findings. Although
these studies met rigorous regulatory standards and there is
no implication of misconduct, industry sponsorship creates
a structural conflict of interest that the field has not fully
confronted [5,6]. Progress without accountability is incom-
plete, and these concerns warrant the same scrutiny as the
clinical data.

Conclusion

Dual incretin agonism represents an advance in
the treatment of obesity and type 2 diabetes. The
SURMOUNT-5 trial demonstrated that tirzepatide pro-
duces greater weight loss than semaglutide with better toler-
ability and superior outcomes across every threshold mea-
sured. GIPR co-activation contributes through enhanced
fat oxidation, adipose tissue lipid buffering, adiponectin-
mediated insulin sensitization, and complementary CNS
appetite suppression through circuits that GLP-1 alone does
not fully engage. Improvements in insulin sensitivity ob-
served in the SURPASS program appear to exceed those
attributable to weight loss alone, suggesting that GIPR ac-
tivation may exert direct metabolic effects independent of
weight reduction. The GIP agonism-versus-antagonism
paradox remains unresolved, much of the mechanistic ev-
idence remains preclinical, and 72 weeks is not sufficient
to answer questions about durability, rare safety signals, or
the consequences of treatment discontinuation. These are

not minor caveats but central questions for the next gen-
eration of trials. The incretin story is far from complete.
From Bayliss and Starling’s discovery of secretin in 1902
to today’s dual and triple agonists, this field has repeatedly
defied expectations.
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