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ABSTRACT

GLP-1 receptor agonist medications have the potential to promote marked weight loss, but maximal and sustained benefit may
be compromised by poor compliance and cessation of use. Development of next-generation medications that address current
obstacles to effective use and development of effective adjunct treatments will benefit from better characterization of their mech-
anisms of action. This narrative review critically assesses eight purported mechanisms including modulation of appetite, chem-
osensory function, cravings/aversions, food noise, gastric emptying, the microbiome, incretin activity, and energy expenditure.
Current evidence does not support a single dominant mechanism; a combination of subtle effects may underlie the efficacy of
these medications. However, as experience with these medications and methods to assess their effects grows, it should be possible

to better determine the relative importance of these and possibly other mechanisms.

1 | Introduction

The marked increased trajectory of overweight/obesity preva-
lence in the US in the late 1970s [1-4] prompted efforts to mit-
igate the problem, and it remains a high priority for research,
clinical, public health, and regulatory communities [5, 6]. A
focus on the gut and endocrine control mechanisms arguably
stems from the seminal observation by Gibbs et al. that chole-
cystokinin (CCK) exerts anorectic effects in rats independent of
malaise [7]. Considerable subsequent work revealed a wide array
of gut hormones with pleiotropic effects, including an often
weak and inconsistent [8, 9] impact on appetite and food intake.
However, subsequent work with supraphysiological concentra-
tions of selected gut peptides and administration of agonists for
their receptors, most notably glucagon-like peptide-1 receptor
agonists (GLP-1RA), revealed that they were effective for weight
management [10-13].

The marked improvement in nonsurgical treatment efficacy has
resulted in expanding use of these medications [14, 15]. A na-
tionwide analysis identified roughly more than a million new
GLP-1RA users between 2011 and 2023 in the United States.
From 2018 to 2023, annual spending on these medications in-
creased from $13.7 billion to $71.7 billion [16]. In 2023, 89% of
spending was for medications approved for the management
of type 2 diabetes, and 11% for obesity [17]. However, there is a
trend for greater use to manage overweight/obesity [18]. As of
May 2024, approximately 12% of the population has used a GLP-
1RA medication, and about 40% of individuals report doing so
to lose weight [19].

Despite the unprecedented level of success in nonsurgical mod-
eration of body weight, estimates of discontinuation of medi-
cation use are high, varying between 20% [20] and > 50% [21].
Moreover, among patients who continued GLP-1 RA therapy,
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only 48.6% achieved adequate adherence (medication posses-
sion ratio >0.80) at 1lyear, indicating that most had gaps in
medication coverage exceeding 20% of days [20]. Both of these
problems are greater in populations using these medications in
nonclinical trial settings [22], which is concerning since treat-
ment discontinuation often results in weight regain [23]. These
poor adherence statistics underscore the importance of better
characterizing and addressing undesirable treatment side ef-
fects to enhance compliance and identifying the most import-
ant mechanisms of action to guide future drug development
[24]. Moreover, high treatment attrition has prompted think-
ing about ways to mitigate weight regain following for-cause or
planned withdrawal through behavioral and pharmacological
approaches [25, 26]. These recommendations also require im-
proved knowledge of the mechanisms by which these medica-
tions work as they seek to complement or replace their modes
of action. Additionally, these medications have been reported
to improve psychotic disorders, seizures, neurocognitive con-
ditions (including Alzheimer's disease and dementia), coagu-
lation and cardiometabolic disorders, infectious illnesses, and
several respiratory illnesses or worsen other health conditions
including gastrointestinal disorders, hypotension, syncope, ar-
thritic complications, nephrolithiasis, interstitial nephritis and
drug-induced pancreatitis [24]. Realizing these benefits and/or
reducing risks will also necessitate expanded understanding of
the mode of action of GLP-1RA medications.

Multiple mechanisms of action related to GLP-1RA have been
identified [27, 28]. Here, we critically assess the role and magni-
tude of eight commonly cited mechanisms. These include effects
on appetite, chemosensory function, food cravings/aversions,
food noise, gastric emptying (GE), the gut microbiome, incretin
activity, and energy expenditure.

2 | The Effect of GLP-1 RAs on Appetite
Regulation

Though the appetitive effects of endogenous GLP-1 are limited
under physiological conditions [29-31] and may not play a dom-
inant role in modulating energy intake [9], supraphysiological
concentrations of GLP-1 have been shown to reduce hunger
and augment fullness [32]. It is widely held that GLP-1RAs pro-
mote weight loss through modulation of appetitive sensations.
However, changes in subjective appetite ratings can be statis-
tically significant but still small in absolute terms. Given the
larger evidence base for this mechanism than most others, it is
possible to present medication-specific findings.

2.1 | Liraglutide

Liraglutide is a once-daily, fatty-acid-conjugated human GLP-1
receptor agonist (half-life ~13h) indicated for type 2 diabetes and
chronic weight management. A 52-week randomized controlled
trial (RCT) in adults with obesity compared participants receiv-
ing liraglutide (3 mg/day) paired with intensive behavioral therapy
(IBT) to those receiving IBT alone [33]. Hunger was reduced and
fullness increased at weeks 6 and 24 for the individuals receiving
liraglutide plus IBT compared to those receiving IBT alone, but
these effects were not sustained from week 24 to the end of the

intervention. A crossover trial investigating once-daily subcu-
taneous liraglutide (1.8 or 3mg) in individuals with obesity but
without diabetes reported that during the 300-min postprandial
period, both 1.8 and 3.0mg doses of liraglutide elicited a modest,
equivalent rise in the overall appetite score, a composite of satiety,
fullness, inverse hunger, and inverse prospective food consump-
tion, indicating enhanced satiety with no dose-dependent effect
[34]. At no single time point did the appetite responses of the ac-
tive and placebo-treated participants differ significantly. Another
study compared liraglutide with lixisenatide, a short-acting GLP-
1RA, in adults with type 2 diabetes and found that both treatments
produced comparable reductions in total and macronutrient in-
take and similarly suppressed subjective appetite ratings over
10weeks [35].

In a year-long, per-protocol analysis, liraglutide 3mg/day pre-
served postprandial appetite suppression (0% change vs. —14%
with placebo; p=0.023), but produced no significant changes in
emotional- or uncontrolled-eating scores compared with placebo.
Because all outcomes were assessed only in participants who com-
pleted the protocol, these results may overstate the drug's true ef-
fectiveness relative to an intention-to-treat analysis [36]. Overall,
these findings suggest that liraglutide produces only a modest,
nondose-dependent appetite effect that appears to be transient.

2.2 | Semaglutide

Semaglutide is a once-weekly, acylated human GLP-1 receptor
agonist (half-life ~165h) indicated for type 2 diabetes and chronic
weight management. Semaglutide has been associated with a dose-
dependent reduction in self-reported hunger and increased satiety,
though the absolute differences in appetite ratings are often small.
In one 12-week study [37], subcutaneous injection of semaglutide
was titrated in 4-week increments, from 0.25mg (weeks 1-4) to
0.5mg (weeks 5-8) and finally to 1.0mg (weeks 9-12), resulting in
a significantly greater appetite suppression compared to placebo at
5weeks (p=0.0023). As with the previously cited Liraglutide study
[34], this was observed as an overall effect though at no measured
time point did the appetite ratings of the active and placebo treated
participants differ significantly.

In a 20-week randomized trial, weekly injections of 2.4 mg sema-
glutide in individuals with obesity improved postprandial appetite
ratings (reduced hunger and prospective consumption; increased
fullness and satiety; all p<0.02) [38]. Oral administration of sema-
glutide, with doses ranging from 3 to 14mg, in a cross-over trial
with individuals with type 2 diabetes mellitus (T2D), revealed that
the drug led to improved satiety, hunger, and overall appetite score
after a fat-rich breakfast, but had no effect after a standard meal
(breakfast) [39, 40].

Taken together, semaglutide produces consistent but often small

absolute shifts in subjective appetite ratings in controlled set-
tings that may be dependent on meal composition.

2.3 | Dulaglutide

Dulaglutide is a once-weekly, Fc-fusion human GLP-1 re-
ceptor agonist (half-life ~90h) approved for type 2 diabetes
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management. The effect of dulaglutide on appetite suppression
is weaker compared to other GLP-1 RAs. A 6-month study in in-
dividuals with T2D receiving weekly subcutaneous injections of
1.5mg dulaglutide revealed a 55% reduction in appetite vs. 12%
in the control group at day 30, along with significantly improved
fullness and satiety in the first week. However, appetite grad-
ually returned to baseline levels after 3months and remained
unchanged for the duration of the study, suggesting an adaptive
response over time [39].

2.4 | Tirzepatide

Tirzepatide is a once-weekly, dual GIP/GLP-1 receptor agonist
peptide (half-life ~120h/5days) approved for type 2 diabetes and
chronic weight management. Multiple trials have documented
that tirzepatide suppresses appetite and, in some cases, to a
greater extent than mono-agonists (e.g., liraglutide) (p <0.05)
[40]. Other work suggests comparable effects to semaglutide. In
one 28-week trial, both tirzepatide (15mg/week) and semaglu-
tide (1 mg/week), administered in separate treatment arms, each
reduced appetite compared to placebo (p <0.001) in individuals
with T2D, but there was no statistically significant difference in
appetite suppression or in energy-intake reduction between the
tirzepatide and semaglutide groups [41]. Appetite suppression
with both GLP-1RAs was evident by week 4 and increased over
time, remaining significantly lower than placebo through week
28. Additionally, separate researchers [42] observed a significant
reduction in hunger perception with 10 and 15mg tirzepatide, as
well as a significant increase in postprandial fullness across all
doses of tirzepatide (5, 10, 15mg) and dulaglutide (0.75mg), in a
52-week trial involving 48 Japanese patients with T2D. Fullness
did not differ across tirzepatide doses, and the greater effects ob-
served at higher doses were primarily due to lower ratings in the
control groups. Thus, tirzepatide enhances satiation modestly
perhaps to a greater extent than liraglutide and comparably to
semaglutide, but not in a dose-dependent manner within the
therapeutic range [43-45].

2.5 | Effects on Different Populations
2.5.1 | Individuals With and Without Diabetes

GLP-1RA effects on appetite vary based on metabolic status.
Many studies [35, 39, 41, 42, 46] report a significant decrease
in hunger and an increase in fullness in individuals with
T2D or type 1 diabetes mellitus (T1DM) following liraglutide
(1.8 mg/day) [47]. In contrast, one study noted semaglutide did
not significantly affect hunger in a population without diabetes
[37], while another study in a sample without diabetes observed
a significant but modest increase in overall appetite score, sati-
ety, and fullness, along with a reduction in hunger [34]. These
findings are inconsistent but suggest a stronger effect on pa-
tients with diabetes.

2.5.2 | Individuals With and Without Obesity

Most studies investigating GLP-1RAs and appetite have been
conducted in individuals with obesity, limiting the ability to

draw comparisons with leaner populations. As such, it remains
unclear whether baseline adiposity modifies responsiveness
to GLP-1RAs. Interestingly, evidence from a study using a su-
praphysiological GLP-1 infusion in 20 healthy, normal-weight
men showed significant effects on satiety, hunger, and full-
ness [32] demonstrating that lean individuals can respond ro-
bustly to GLP-1 under certain conditions. Given increasing
use of GLP-1RAs by individuals with lower levels of adiposity
[32, 48], further research is needed to determine whether the
degree of adiposity alters the efficacy of GLP-1RAs on appetite
suppression.

In summary, GLP-1RAs reduce subjective measures of appetite
by roughly 0%-20% and lower ad libitum energy intake by up to
~35% (38, 41, 49]. However, appetite differences are often small
in absolute terms at any single postprandial timepoint and a
clear dose-response relationship is lacking [34, 49]. The error
terms of measured appetitive sensations are generally small
[34, 37] suggesting a lack of high and low responder subgroups.
Diet composition may also influence appetite. For instance,
semaglutide has shown greater effects on appetitive sensations
following a fat-rich meal compared to a standard test meal [46].
Such variability may partially explain the heterogeneity noted
across studies. Finally, while some studies report initial appetite
suppression, these effects may not persist with long-term use.
Diminishing changes in appetite scores over time, particularly
with liraglutide and dulaglutide, suggest an adaptive response
that limits sustained benefit [33, 36, 39]. Typically, drug effects
peak within the first few days after dosing (e.g., semaglutide and
dulaglutide peak concentrations occur ~1-3days and ~24-72h
postdose, respectively), which makes within-week variation
in appetite plausible [44, 45]. Because trials assess appetite on
a limited number and pattern of test days, the magnitude and
time course of within-week fluctuations in subjective appetite
have yet to be quantified. The effects of these medications on
satiation (within-meal sensations) are also not known but may
yield useful mechanistic information. Collectively, despite clin-
ical reports of large shifts in appetite, measurements under con-
trolled conditions suggest the need for caution in assuming that
GLP-1RAs produce clinically meaningful or lasting effects on
appetite regulation.

3 | Effects of GLP-1RA on Chemosensory Function

Recent evidence suggests that signaling mechanisms between
the oronasal region and peripheral tissues form an integrated
system that optimizes the coordination of ingestive behavior,
digestion, nutrient absorption, and metabolic regulation [50].
There is a strong theoretical basis for expecting GLP-1RAs to
alter gustatory and olfactory function and for these sensory
systems to modulate metabolic processes. Reports of altered
chemosensory function are not common among those using
GLP-1RAs, but unconscious, gradual shifts may hold implica-
tions for treatment compliance and efficacy.

Expanding beyond the oral cavity, nutrient-sensing mechanisms
in the gut utilize G-protein-coupled receptors (GPCRs) homol-
ogous to those found on the tongue. These receptors detect
“taste” compounds that initiate intracellular signaling cascades
that regulate nutrient transporter expression, facilitate nutrient
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absorption, and stimulate the secretion of enteroendocrine hor-
mones, including GLP-1, GIP, CCK, peptide YY (PYY), ghrelin,
and secretin. These processes are important for maintaining en-
ergy balance and glucose homeostasis [51, 52].

3.1 | Insulin Signaling and Taste Perception:
Metabolic and Neural Links

GLP-1-induced insulin secretion may indirectly affect taste. In
rodents, insulin regulates taste bud maintenance, with met-
abolic dysregulation diminishing receptor sensitivity [53]. In
humans, direct evidence of insulin’s role in taste bud mainte-
nance is limited. However, some studies have reported that
insulin is transcribed and translated in mammalian taste bud
cells, indicating a potential local role in taste function [53, 54].
Additionally, impaired taste is well documented in individuals
with diabetes. This may be due to altered insulin signaling or
neuropathy [55]. Early work suggested a glucose-specific im-
pairment of taste in individuals with a family history of dia-
betes, supporting a hormonal or metabolic influence on taste,
independent of neuropathy [56].

3.2 | GLP-1 and Taste Modulation: Insights From
Rodent Models

Recent biophysical evidence from rodent studies suggests that
GLP-1 plays a significant role in modulating taste perception.
GLP-1 is expressed in taste buds and modulates taste via para-
crine signaling to adjacent nerve fibers, a process regulated by
dipeptidyl peptidase-4 (DPP-4). Increased DPP-4 expression in
diabetic models links metabolic dysregulation to altered taste
perception, particularly reduced sweet sensitivity, potentially
influencing food preferences [50, 57].

GLP-1 receptor knockout mice exhibit reduced sensitivity to
sweet compounds [51, 52, 58] and umami stimuli [58]. There is
also evidence of a modest decrease in citric acid sensitivity in
mice, indicating a potential role for GLP-1 in sour taste function
[52]. GLP-1 receptor knockout mice also exhibit higher detec-
tion thresholds for dietary lipids, suggesting a reduction in oral
fat sensitivity [51]. This effect may be mediated by lipid-sensing
receptors such as CD36 and GPR120, which contribute to fatty
acid detection through distinct, concentration-dependent sig-
naling pathways and play key roles in oral fat perception and
fat-based food attraction [59, 60]. In contrast, no significant dif-
ferences have been observed for bitter or salty taste sensitivity in
the absence of GLP-1 signaling [51] indicating quality-specific
effects. However, sodium intake has been shown to increase
postprandial GLP-1 secretion, likely through SGLT1-mediated
uptake [61]. Interestingly, although GLP-1 receptor activation
suppresses saline intake in rodents, there is no direct evidence
that it alters salt taste perception [62].

3.3 | GLP-1RA and Taste Modulation in Humans

There are inconsistent data from human studies suggesting GLP-
1RAs alter taste. Some data indicate that liraglutide enhances
sweet taste sensitivity (i.e., decreased detection thresholds). In

contrast, a recent study evaluated taste quality recognition in
GLP-1RA users in a two-phase design: in open-label Phase 1,
participants exhibited reduced identification of sweet, salty,
sour, bitter, and umami tastes (fat was not assessed), and in
blinded Phase 2, when subjects were unaware the study was
evaluating taste changes, objective deficits persisted despite no
self-reported alteration in taste function [63]. Separately, dimin-
ished hedonic responses (i.e., subjective pleasure and liking)
to sweet and high-fat foods have been observed in adults with
obesity treated with semaglutide [37] as well as in individuals
with type 2 diabetes treated with liraglutide [64]. Variability in
outcomes may stem from several factors. One key consideration
is the type of GLP-1RA used. Semaglutide has a substantially
longer half-life and enhanced ability to engage central appetite-
regulating pathways compared to liraglutide. It may elicit a
more prolonged or potent modulation of taste-related brain cir-
cuits [65]. Second, treatment duration and dosage may influence
whether peripheral [66] or central [67] mechanisms dominate.
Shorter treatments may primarily affect gut-brain signaling,
whereas longer treatments might alter central hedonic pro-
cessing. Third, individuals with T2D often show altered taste
sensitivity at baseline either masking or exaggerating treatment
effects. Finally, variability in methodological approaches, in-
cluding the specific taste dimension assessed, such as detection
thresholds versus hedonic responses, further hampers interpre-
tation and comparison across studies.

3.4 | Olfaction

Olfaction plays a crucial role in food appeal and ingestive be-
havior through central and peripheral (gut olfactory receptors)
pathways that regulate appetite and metabolism [68, 69].

3.41 | GLP-1and Insulin Signaling in
the Olfactory Bulb

Although hormonal signaling molecules are not classical li-
gands for olfactory receptors, emerging evidence suggests that
hormones such as insulin, GLP-1, and ghrelin can modulate
olfactory pathways, potentially influencing receptor expres-
sion and/or function [70-72]. The olfactory bulb experiences
the highest concentration of insulin and contains the highest
concentration of insulin receptors in the brain, suggesting it
may play a significant role in insulin-mediated neural function
[73, 74]. Insulin influences olfactory responsiveness in distinct
ways depending on its site of release and action. In humans,
peripheral short-term hyperinsulinemia reduces olfactory sen-
sitivity in healthy individuals, potentially serving as a satiety
signal that suppresses food-seeking behavior [66]. In contrast,
intranasal administration of insulin, which bypasses the periph-
ery and directly targets the brain, enhances odor perception [67].

Given that GLP-1RAs augment central insulin concentrations,
they may contribute to improved olfactory function [75]. The ol-
factory bulb also expresses GLP-1 receptors, as demonstrated in
rodent studies [70, 76]. In this region, GLP-1-producing neurons
enhance the excitability of mitral cells, key relay neurons in the
olfactory circuit, by modulating voltage-dependent potassium
channels [77, 78]. Increased excitability of mitral cells likely
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amplifies the transmission of olfactory signals to higher brain
regions involved in odor perception and feeding behavior, pro-
viding a pathway by which metabolic signaling molecules like
GLP-1 can influence sensory-driven ingestive responses [77].
Behaviorally, GLP-1 signaling in the olfactory bulb modulates
olfactory-driven foraging: blocking GLP-1 receptors suppresses
food-seeking in lean mice, while activating them restores this
behavior in obese mice [70]. Thus, while GLP-1RAs elevate pe-
ripheral insulin, which may reduce olfactory sensitivity, their
potential to enhance central insulin signaling and directly ac-
tivate GLP-1 receptors in the olfactory bulb suggests a nuanced,
site-dependent influence on olfactory-driven ingestive behavior.
More studies are needed to investigate whether GLP-1RAs influ-
ence olfactory perception in humans and, if so, to delineate the
relative contributions of peripheral insulin, central insulin sig-
naling, and direct GLP-1 receptor activation in olfactory brain
regions.

3.4.2 | Peripheral Effects of Endogenous GLP-1
on Olfaction

Olfactory receptors are part of the GPCR superfamily and have
been identified in peripheral tissues, including adipose tissue,
gut, pancreas, muscle, and brain [79, 80]. In these sites, they
detect various metabolic signals, including short-chain fatty
acids (SCFA), ketone bodies, amino acid metabolites, and lipid-
derived molecules such as medium-chain fatty acids. Through
such signals, they modulate key metabolic processes, including
insulin and glucagon secretion, fatty acid oxidation, lipogene-
sis, and thermogenesis [80, 81]. Similar to oral-gastrointestinal
signaling, olfactory receptors in the gut, such as OR51E1, play
arole in GLP-1 secretion, linking olfactory stimuli to peripheral
metabolism [82]. These receptors are locally activated on entero-
endocrine L cells by odorant ligands present in the gut lumen.
Oral administration of specific odorants, such as nonanoic acid,
enhances GLP-1 secretion and lowers blood glucose concentra-
tions in rats [83]. In vitro studies demonstrate that certain vola-
tile compounds, such as diacetyl, can suppress GLP-1 production
and secretion in enteroendocrine cells [84]. This suggests that
odorant-mediated modulation of GLP-1 occurs through local gut
receptor activation.

3.4.3 | Effects of GLP-1RASs on Olfaction

Impaired olfactory function is common in individuals with pre-
diabetes and diabetes, and treatment with liraglutide enhances
olfactory-related brain activity and improves odor sensitivity
[75, 85]. However, other studies report minimal or no effects of
GLP-1RAs on olfactory performance [63]. These discrepancies
may be partly influenced by differences in study populations (e.g.,
with diabetes vs. without), types of GLP-1R As used, treatment du-
ration, or variability in olfactory testing methods. Further research
is needed to clarify the conditions under which GLP-1 signaling
influences olfactory function. Evidence suggests that GLP-1 and
insulin may influence olfactory and taste function via local and
systemic mechanisms and that GLP-1 may be released via acti-
vation of olfactory and taste receptors in the gut, yet the extent
to which these processes drive changes in food preferences and
food/energy intake remains poorly characterized. Although some

studies indicate that GLP-1RAs enhance sweet and fat taste sen-
sitivity and improve olfactory function, others report minimal or
inconsistent effects, raising questions about individual variability,
methodological discrepancies, and the broader implications of
these findings. Additionally, much of the current evidence relies
on rodent models that may not fully capture human metabolic and
behavioral responses. Further, the limited number of human stud-
ies often suffer from small sample sizes of individuals with varying
health status administered different medications. Given the pro-
found influence of taste and smell on ingestive behavior, a more
mechanistic understanding of GLP-1RA's role in sensory modula-
tion is critical. Future research must disentangle the direct effects
of GLP-1RAs from secondary metabolic adaptations and establish
whether these sensory changes are causally linked to appetite sup-
pression and weight loss.

4 | Effects of GLP-1RA on Cravings/Aversions

It has been posited that GLP-1RAs modify ingestive behavior
through their influence on food cravings and aversions [86, 87],
which are defined as motivations to consume or avoid specific
foods that are sufficiently intense that they interfere with daily
activities [88, 89]. This definition distinguishes cravings or
aversions from appetitive sensations such as hunger, fullness,
and desire to eat or hedonic responses. Cravings and aversions
are typically assessed through self-report methods, including
questionnaires and food records. No standard or objective mea-
surement index currently exists [90]. These responses can be
triggered by external cues (e.g., social context, food appearance,
or memories of past experiences) as well as internal states (e.g.,
hunger, stress, or fatigue). While cravings are not considered a
disease and may not be inherently harmful, they can contribute
to unhealthy dietary patterns and/or undesired weight gain in
certain individuals [88, 91]. Some evidence suggests that crav-
ings may predict future weight gain and that managing cravings
supports long-term weight loss maintenance [92]. Conversely,
extreme, broad-based aversions may lead to weight loss and/or
nutritional deficiencies depending on the types and quantity of
foods affected [90].

4.1 | GLP-1RA and Food Cravings

Several brain regions have been associated with reward-seeking
behaviors, mostly in the cortical areas in the mesolimbic reward
system [93]. GLP-1 receptors are expressed in these regions and
have direct connections to the nucleus tractus solitarius (NTS)
[94], potentially contributing to the regulation of hedonic eat-
ing [95]. GLP-1RAs have also been linked to the regulation of
dopaminergic neurotransmission, a contributor to reward pro-
cessing [96]. Moreover, stress can influence food intake through
cortisol-dopamine interactions that may be influenced by GLP-1
[97]. Regarding food aversions, anatomical and behavioral anal-
yses reveal that GLP-1 actions in the area postrema (AP) drive
nausea and aversive responses [98]. Notably, administration of
GLP-1 is sufficient to induce a conditioned flavor aversion in ro-
dents [99].

Evidence on the effects of GLP-1RAs on food cravings remains
limited, with even fewer studies exploring their contribution to
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food aversions. Some GLP-1R A medications, such as lixisenatide
and tirzepatide, reportedly suppress cravings. In one study,
lixisenatide administration was associated with an inverse re-
lationship between brain reward activity and self-reported crav-
ings and hunger among individuals who reduced their energy
intake [100]. Similarly, an 18-week study investigating the ef-
fects of tirzepatide in individuals with obesity reported signif-
icant reductions in cravings for sweets, carbohydrates, and fast
food, though no changes were observed for cravings related to
high-fat foods or fruits and vegetables [91]. The extent to which
these observed changes qualify as reduced cravings is uncer-
tain. Commonly used craving measures primarily quantify how
strongly an individual wants a specific food (urge intensity),
whereas “food noise” reflects how often and how intrusively
food-related thoughts occur (cognitive preoccupation), which
may or may not culminate in craving or eating. Distinguishing
between the two may clarify whether reduced intake is due to
appetite drive, food reward valuation, and/or disengagement
from habitual cue-triggered eating.

Preclinical studies suggest that Semaglutide can access areas of
the brain involved in appetite and cravings regulation, partic-
ularly within hedonic neural pathways [101]. One of the most
notable sets of investigations in this area is the STEP trials
(Semaglutide Treatment Effect in People Living with Obesity),
a series of randomized controlled trials investigating the effects
of Semaglutide (2.4 mg/week) on cravings over a long time pe-
riod (104 weeks) in individuals with overweight or obesity and
weight-related comorbidities but without diabetes. Participants
receiving semaglutide demonstrated improved ability to resist
cravings and control eating, as evidenced by their scores in the
Control of Eating Questionnaire (COEQ). Specifically, cravings
for savory foods showed sustained improvement throughout the
study, while reductions in cravings for sweet foods improved
up to lyear but did not remain statistically significant over the
full 2-year period compared to the placebo. A systematic review
reporting the effects of GLP-1RAs on reward-related behaviors
indicated similar findings, with participants having less hunger
and food cravings, better control of eating habits, and lower de-
sire to eat high-fat foods after Semaglutide injection compared
to controls [37]. Similar to the STEP trials, reductions in sa-
vory food cravings appeared more robust than those for sweet
cravings.

4.2 | GLP-1RA and Food Aversions

GLP-1RAs may also promote specific food aversions. These
aversions are often highly specific (e.g., to greasy or sweet foods)
and are distinct from a general lack of appetite. While they may
contribute to short-term decreases in consumption of particu-
lar items, they are unlikely to account for the substantial weight
loss associated with GLP-1RAs, as they do not typically gener-
alize across the diet. Existing research suggests that aversions
are more likely to influence food preferences than total energy
intake [102]. More recent qualitative studies involving patients
taking GLP-1RAs have noted these experiences anecdotally,
particularly regarding high-fat foods [37]. However, systematic
research measuring the prevalence and dietary impact of aver-
sions remains limited. Further exploration into the neurobiologi-
cal and experiential differences between suppression of cravings

and augmentation of aversions could help clarify their distinct
roles in shaping dietary behavior under GLP-1RA treatment.

In summary, no published study examining the effects of
GLP-1RAs has explicitly differentiated between cravings, food
aversions, and more subtle appetitive sensations or hedonic re-
sponses. Instead, claims have been based on self-reported data,
often without training, terminology, or clear definitions with
the assessment tools used. Thus, the true incidence and con-
sequences of cravings and aversions related to GLP-1RA use
have yet to be identified, and existing evidence does not sup-
port a major independent contribution of these phenomena to
GLP-1RA-induced weight loss. Nevertheless, cravings are an
important and frequently overlooked aspect of long-term weight
management and should be considered in the context of GLP-
1RA therapy. These medications may help to suppress cravings,
with a resultant contribution to weight loss and/or weight loss
maintenance, though at this time the magnitude and consis-
tency of effects appear limited. Additionally, there are incon-
sistent findings regarding the sensory characteristics of altered
cravings (i.e., savory vs. sweet) with different medications that
require verification. Even less clinical evidence is available re-
garding the incidence of GLP-1RAinduced food aversions on
weight management.

5 | Effects of GLP-1RA on Cognition (Food Noise)

Food noise refers to persistent, intrusive thoughts about food,
with excessive food rumination often reported by individuals
with obesity or certain eating disorders [103, 104]. In today's
environment, where food is easily accessible and affordable, in-
dividuals who constantly think about food have increased op-
portunities to obtain and consume a surplus of energy [105]. It
has been hypothesized that this easy access to food is a contrib-
uting factor in the current obesity pandemic [106].

Food noise is an internal phenomenon that may be elicited or am-
plified by external food cues. It may reflect heightened food cue
reactivity, defined as conditioned physiological-psychological
response to environmental food cues. With respect to eating be-
haviors, the processing of external food noise could drive exter-
nal eating. External eating, a concept guided by the externality
theory of obesity [107, 108], describes how certain individuals
(e.g., those with obesity) may be more inclined to eat in the pres-
ence of sensory food cues (e.g., sight or smell of food) [109]. As an
internal manifestation, food noise does not necessarily require
an external cue, but instead relies primarily on “persistent, in-
trusive thoughts about food stemming from interoceptive sig-
nals that are disruptive to daily life and make healthy behaviors
difficult” [110]. Sources of internal cues consist of appetitive sen-
sations as well as momentary, personal factors such as experi-
ences of stress, hormonal change, and emotion [111]. Processing
of internal food noise could be related to dietary disinhibition,
defined as the tendency to overeat in response to various emo-
tional (e.g., negative affect or mood) and habitual (e.g., cyclical
and failed efforts to diet) factors [112, 113].

GLP-1RA drugs may modulate food noise, a claim that has so
far been supported primarily by anecdotal clinical observa-
tions stating that these drugs “quiet” the noise around food
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[114]. Interestingly, similar anecdotal reports are also made for
diminutions of substance abuse (e.g., alcohol and nicotine) and
compulsive behaviors (e.g., shopping and gambling) [115]. A
clear physiological mechanism for this process has not yet been
identified, but GLP-1RAs may elicit changes in neural circuits
mediating reward and aversion [109, 116]. Specifically, it has
been hypothesized that the use of GLP-1RAs diminishes one's
food thoughts and related food-securing actions to levels beyond
those achieved by intensive behavioral interventions.

Several studies, including observational cohorts [117-124], clin-
ical trials [33, 36, 37, 40, 46, 47, 50, 125-127], and studies using
neuroimaging methodology [48, 100, 128], have examined the
effects of GLP-1R As on food noise and related eating behaviors.
While study designs and populations varied, most included in-
dividuals with overweight/obesity [33, 36, 37, 40, 46-48, 50, 100,
117-128], and many involved individuals with T2D. Some stud-
ies also included healthy participants [33, 36, 37, 40, 48, 117, 127]
or those with conditions such as polycystic ovary syndrome [50]
or T1DM [47]. Sample sizes and participant ages varied widely,
but most research focused on adults aged 45years and older. The
majority of studies ranged from three to 6 months, with one ob-
servational cohort study following participants for 2years [118].
Liraglutide and semaglutide were the most commonly studied
GLP-1RAs, though others, such as lixisenatide, dulaglutide,
exenatide, and tirzepatide, were also examined. Comparators
included placebo/saline injection [36, 37, 40, 46-48], behav-
ioral therapy [33, 36, 127], other types of diabetes medications
[121, 126, 128], and some trials had no comparator [50, 125].
Findings from these diverse methodological approaches are
more similar than dissimilar and demonstrate that GLP-1RAs
produce the generalizable effects elaborated below. As the ad-
vancement of GLP-1RAs continues with dual and tri-agonists
[129], it will be important to examine whether their use results
in larger and sustained effects in reducing food noise. No study
has measured food noise directly, given that validated tools for
this construct have only recently emerged [110, 130]. Still, many
studies assessed related eating behaviors, such as susceptibility
to overeating in response to cues, using various questionnaires,
such as the Three Factor Eating Questionnaire, the Dutch
Eating Questionnaire, the Eating Inventory, the Control of eat-
ing Questionnaire, the 100mm visual analog scale, and more.
These collective questionnaires highlight both the conceptual
relevance to food noise and the need for standardized, validated
measures. Nevertheless, the measures featured in this analysis
illustrate potential manifestations of food noise (e.g., maladap-
tive eating behaviors), that are proximal to weight manage-
ment [131].

Most, but not all [120, 122], observational studies demonstrated
significant reductions in external [119, 121, 123, 124] and un-
controlled eating [117] suggesting individuals may have ex-
perienced decreases in food noise over time. These findings
are insightful, but limitations in study design prevent a clear
attribution of changes of GLP-1RA use to changes in external
eating, which could be confounded by other factors, such as
behavioral reactivity and lifestyle modification. Clinical trials
are better suited to explore the modulating role of GLP-1RAS on
food noise. Two identified studies found significant decreases
in external [125] and uncontrolled [1] eating; however, they did
not include a comparator. More insightful are studies utilizing

within-subjects crossover designs or between-subjects parallel/
multi-arm designs.

One of three crossover studies reported that daily injection of
liraglutide led to a significant reduction in disinhibition com-
pared to participants in the placebo group [47]. Other studies
used the COEQ and reported a reduction in food thoughts and
improved control of eating when using injected or orally ad-
ministered semaglutide [37]. Notably, in one study [37], the VAS
question “How often have you had thoughts of food” had the sec-
ond highest mean decrease of all COEQ items, which probably
aligns closest with the current conceptualization of food noise.
Given the limited scope and number of studies, it is difficult to
draw definitive conclusions on whether one drug outperforms
another in reducing food noise.

Among parallel/multi-arm studies, the GLP-1RAs outperformed
the standard control in decreasing dietary disinhibition [37, 40],
binge eating [126], and food preoccupation [33]. However, one
12-week study reported null effects for changes in uncontrolled
eating with improvement in cognitive restraint [36], potentially
due to the derivation of these findings from a secondary, explor-
atory analysis. Exploratory analyses are useful in generating hy-
potheses [132], but they should also be assessed with additional
considerations to determine veracity when findings are used to
explore causal processes [133]. Future studies should continue
to incorporate a standard control group, and for these studies,
sample sizes should be powered to examine food noise as a pri-
mary outcome.

Studies measuring brain activity through neural imaging tech-
niques also provide important insights into food noise and the
cognitive processing of food cues. Two studies reported that
food cues, post-GLP-1RA administration, drive differential
brain activation among individuals with obesity and individ-
uals of normal weight. Individuals with obesity showed de-
creased responses in the amygdala and insula [48] and in the
fusiform gyrus and lateral ventricle [100]. The amygdala and
insula are areas in the brain proposed to help with appetite
regulation, and they guide processes such as diminishing the
value of food upon satiety [48]. Thus, decreased activity in
these areas may relate to a lower emotional salience to food
cues. The fusiform gyrus helps with object recognition and
could be associated with the neural processing of visual food
cues [100], so decreases in external eating over time could be
due to diminished reward from visual food cues while tak-
ing these drugs. Another functional magnetic resonance im-
aging study argues eating behaviors could be a mechanistic
explanation for individual variability in weight loss when on
GLP-1RAs [128]. This perspective is valuable and holds merit
in short-term weight loss studies, but given the potential for
eating behaviors to longitudinally adapt with GLP-1RA use,
future work should examine change in food noise and eating
behaviors over time.

Taken together, studies with stronger methodological designs
suggest GLP-1RAs contribute to diminished external and in-
ternal manifestations of food noise, as shown through changes
in eating behaviors and resultant weight loss. Future studies
should use direct measures of food noise, such as the recently
published Food Noise Questionnaire [110] or Ro Allison Indiana
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Dhurandhar Food Noise (RAID-FN) Inventory [130], to better
understand its modulation by GLP-1RA use.

6 | Effects of GLP-1RA on Gastric Emptying

It is commonly stated that a primary mechanism for weight loss
with the use of GLP-1RAs is augmented satiety due to delayed
gastric emptying (DGE). GLP-1RAs mimic the enterogastrone
function of endogenous GLP-1, which delays GE and inhib-
its gastric secretions [134-136]. However, DGE may not be the
primary mechanism behind satiety and weight loss for several
reasons. First, studies reporting statistically significant effects
of GLP-1RA usage on DGE and improved satiety vary greatly
in methodology and study design, often employing inadequate
gastric motility measurement techniques to form these conclu-
sions [137-140]. Second, it cannot be assumed that DGE leads
to greater satiety, as studies show these factors are not tightly
coupled [35, 38, 141, 142]. Finally, there is controversial evidence
regarding whether the effect of DGE is strong enough to signifi-
cantly reduce subsequent energy intake [35, 38, 143].

Both endogenous and exogenous GLP-1 delay GE and reduce
the frequency of the migrating motor complex (MMC) in the
small intestine [139, 141, 144, 145]. This effect is noted in both
healthy individuals and those with diabetes and appears to be
dose-related [34, 139, 141, 146-148]. GLP-RAs mimic this prop-
erty and may reduce GE by modulating antro-pyloro-duodenal
motility via cholinergic pathways [136, 141, 149]. Others hy-
pothesize that prolonged distention facilitates greater cumu-
lative release of gastrointestinal hormones, thereby sustaining
stimulation of gastrointestinal vagal receptors [148, 150, 151].
Similarly, GLP-1RAs may continually stimulate GLP-1 recep-
tors on vagal afferent nerves, indicative of the presence of nu-
trients and thereby delay GE. As a result, chyme remains in
the stomach, sustaining intragastric volume and prolonging
activation of gastric mechanoreceptors, specifically in the an-
trum [139, 141, 147, 152]. The antrum is a source of satiation
signals, and many studies report that GLP-1 redistributes gas-
tric contents, favoring the antrum [136, 139, 141, 153]. Some
evidence suggests that this extended enhancement of satiation/
satiety attributed to GLP-1RA concentrations may reduce en-
ergy intake, ultimately resulting in weight loss [139, 141]. While
the effect of GLP-1 on GE is well-documented, findings on the
magnitude of this effect vary. Some studies report a substantive
increase in GE time, while others conclude the impact is min-
imal [137, 143, 147, 154, 155]. Inconsistent findings may stem
from differences in research design and methodologies. Studies
report that GE can be significantly delayed in individuals who
initially exhibit a rapid emptying rate, a characteristic of obe-
sity and diabetes [137, 139, 141, 142]. Age, sex, and blood volume
may also contribute to interindividual variations in baseline
gastric-emptying rates and skew results [38, 137, 141, 156-158].
Additionally, selection bias is possible where individuals with
gastroparesis are less likely to participate in GLP-1RA studies
due to the potential for exacerbated symptoms [138].

Differences in gastric motility measurement techniques fur-
ther complicate findings as no single method accounts for all
variables affecting GE [141]. Gastric scintigraphy remains the
“gold standard” for measuring GE. This technique directly and

concurrently tracks both solid and liquid meal components
from ingestion to excretion. While comparatively expensive,
it is non-invasive and provides accurate measurements of in-
tragastric chyme distribution [141]. Other techniques, such as
C-breath tests, ultrasound, and D-xylose plasma concentration
measurements, are indirect and may only assess liquid emp-
tying [137]. The acetaminophen absorption (AA) test, another
common method, indirectly measures GE by tracking the ap-
pearance of paracetamol in the bloodstream once it reaches
the small intestine. However, because acetaminophen is only
absorbed in the small intestine rather than the stomach, this
method assumes rapid absorption into the duodenum, which
may not always be accurate [159]. Additionally, this test pri-
marily measures the liquid phase of GE. Given these limita-
tions, results from AA tests must be interpreted with caution
[38, 139, 141].

Assuming GLP-1RAs significantly delay GE, questions remain
about whether the effects are clinically meaningful. A recent
meta-analysis compared pooled GE times in GLP-1RA users
and placebo controls [143]. While no significant difference was
observed using AA tests, gastric scintigraphy studies reported a
pooled mean difference of 40.2min, concluding that this delay
was not clinically meaningful. Similarly, a study using 13C-
breath test to determine the effect of liraglutide and lixisenatide
on GE in those with T2D reported a delay of 25+10 and
52+17min, respectively [35]. GE rates in people with obesity
tend to be more rapid compared to healthy individuals, yet the
reported delay is also not clinically meaningful. Furthermore,
the correlation between DGE and appetite reduction or weight
loss is weak [35, 141].

Many studies, even those with substantially different results for
GE rates, do not report significant correlations between GE and
satiety [38, 137, 142, 147, 148]. One study using gastric scintigra-
phy reported physiological (0.3 pmol-kg™-min~') and supraphys-
iological (0.9 pmol-kg~‘min~') doses of GLP-1 resulted in solid
food retention in the antral region of the stomach for 60-120 and
75-120min, respectively [147]. Despite this delay, there was no
significant relationship between the amount of retained gastric
content and appetitive sensations [147]. Similarly, a study using
10 mcg of lixisenatide reported DGE, but theorized a centrally
mediated reduction in energy intake.

A study conducted on six men with obesity using AA testing de-
termined that less than 50% of a mixed-nutrient meal emptied
within 180 min in individuals infused with GLP-1 (0.75 pmol-k-
g~'min~'), whereas the saline-infused control group exhibited
full GE within the same time frame [148]. This study reports a
significant delay in GE rates and a significant reduction in hun-
ger, desire to eat, and prospective food consumption 4h post-
ingestion compared to the control group. However, feelings of
fullness 4h post-ingestion were not significantly different be-
tween GLP-1 and saline. Although this study demonstrates DGE
by exogenous GLP-1, the lack of a significant effect on feelings
of fullness suggests these are not tightly coupled [148]. A simi-
lar study supports this concept. A RCT with 16 healthy men ob-
served no statistically significant effects on hunger or fullness
scores at GLP-1 infusion concentrations of 0.375 and 0.75 pmol-k-
g~'min~!. Even supraphysiological doses (1.5 pmol-kg~!min~")
did not increase satiety ratings [154].
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In a 20-week study with parallel groups, one group received 21
progressively increasing doses of semaglutide and another pla-
cebo. Following adjustment for body weight, no difference in
GE rates was observed using AA [38]. Despite using an AA test,
the study was well-designed to assess GLP-1's impact on satiety.
This study demonstrates that GLP-1RA's satiety-inducing prop-
erty is observed when DGE is not.

Given these conflicting findings, it appears unlikely that the
reported enhanced satiety and weight loss observed with GLP-
1RAs can be attributed to their effect on DGE. Satiety is gov-
erned by a complex interplay of hormonal and neural signals
and modifying a single factor does not fully explain the mecha-
nisms behind sustained satiety and reduced energy intake [150].
GLP-1RAs' marked success in weight management cannot be
primarily attributed to their mimicry of endogenous GLP-1's en-
terogastrone property.

7 | Effects of GLP-1RA on the Gut Microbiome

The gut microbiome refers to the diverse community of microor-
ganisms, including bacteria, viruses, fungi, and archaea, that re-
side in the gastrointestinal tract. These microbes play essential
roles in digestion, immune function, and energy regulation, and
they influence host metabolism, inflammatory responses, and
even communication with the brain, profoundly impacting over-
all health and disease risk. In both rodent models and human
studies, GLP-1RA therapy induces measurable changes in gut
microbial composition, which may in turn modulate microbial
metabolic outputs and influence host physiology. For instance,
the use of GLP-1RA decreases the Firmicutes/Bacteroidetes
ratio, which is a feature that has been associated with lean phe-
notypes [160]. GLP-1RA has also been shown to promote the
presence of beneficial bacteria, such as Lactobacillus, in the gut
[23]. Changes in the gut microbiome at the community level
have been reported, with GLP-1RA promoting greater alpha-
diversity in adults with T2D [161] and diet-induced obese mice
[162]. However, these shifts may reflect not only direct drug-
microbe interactions but also changes secondary to reduced en-
ergy intake and altered gastrointestinal transit.

Perhaps the strongest causal evidence for the gut microbiome's
involvement in GLP-1RA-induced metabolic regulation comes
from antibiotic and microbiota transplantation studies. When
treated with antibiotics to abolish their gut microbiome, GLP-
1RA-treated mice had reduced weight loss, worse glycemic re-
sponse, greater insulin resistance, and greater adipocyte size
[160, 163]. Furthermore, germ-free mice that received micro-
biota from GLP-1RA-treated diabetic mice showed improved
glucose-stimulated insulin secretion compared to those that re-
ceived microbiota from untreated diabetic mice [160].

Other than reducing inflammation by promoting intestinal bar-
rier function, additional mechanisms have been suggested by
which the gut microbiome may mediate GLP-1RA-induced met-
abolic regulation, such as through the production of microbial
metabolites. The gut microbiome regulates metabolism, appe-
tite, and glycemic responses partly through influencing GLP-1
production via a variety of metabolites it generates, such as
SCFA [164-166] and bile acids [167, 168]. GLP-1RA medications

may alter the synthesis of these microbial metabolites. For ex-
ample, GLP-1RA medication enhanced the relative abundance
of SCFA-producing bacteria [169, 170] in diabetic rodents. While
the reported data are limited, a functional impact may exist,
as GLP-1RA treatment increases fecal SCFA concentrations
in humans with T2D. SCFA may augment satiety signaling by
creating a potential positive feedback loop that amplifies the an-
orectic effects of GLP-1 through activating colonic free fatty acid
receptors FFAR2 and FFAR3 on enteroendocrine L cells and
vagal afferents [171-173].

Primary bile acids are synthesized by the liver and are metabo-
lized into secondary bile acids by the gut microbiota. Although
data are scarce, GLP-1IRAs may modulate bile acid metabo-
lism by increasing serum unconjugated deoxycholic acid and
decreasing taurine-conjugated deoxycholic acid [174]. Due to
bile acids’ potent role in regulating energy metabolism and in-
flammation, they have been speculated to contribute to GLP-
1RA-induced metabolic regulation via microbiome-mediated
mechanisms. Some bile acids can stimulate insulin and GLP-1
secretion through activation of the farnesoid X receptor (FXR)
and TGR5 pathways [175].

Another proposed mechanism linking GLP-1RA therapy and
the microbiome is improved intestinal barrier function through
promoting tight junction integrity and thereby reducing gut
microbiome-derived inflammation. Indeed, GLP-1RA report-
edly exerts anti-inflammatory effects on inflammatory bowel
diseases [176-178]. GLP-1R A treatment improved intestinal per-
meability and reduced oxidative stress, intestinal and systemic
inflammation, circulating endotoxin lipopolysaccharide (LPS)
level, and pro-inflammatory cytokine interleukin 6 in diabetic
rats [179] and LPS-challenged rats [180]. GLP-1R A has also been
shown to promote the relative abundance of the gut microbial
taxon Akkermansia muciniphila, a species that increases with
enhanced intestinal mucus production. A greater proportion of
A. muciniphila reduces intestinal permeability and inflamma-
tion [162, 181, 182].

In summary, GLP-1RAs alter the relative abundance of gut mi-
crobial species and enhance alpha diversity either through di-
rect effects or secondary to medication-promoted weight loss.
Preliminary studies with antibiotics and microbial implants
support a direct effect possibly through satiety signaling, re-
duced inflammation and/or modulation of bile acid metabolism.
The degree to which these effects alter food intake and body
weight remains uncharacterized.

8 | Incretin Effects of GLP-1RAs

GLP-1RA administration promotes insulin secretion when
blood glucose concentrations are elevated [183, 184], resulting
in a reduction in glycemia. There is a long-standing view that
the sensation of hunger is intensified under conditions of ele-
vated insulin and lower blood sugar concentrations [185]. Some
studies focus more specifically on insulin [139, 186] and others
on glucose [187, 188] as drivers of appetitive sensations. Still,
other work indicates a lack of a causal relationship between
postprandial glucose and/or insulin concentrations and subjec-
tive hunger [185, 189]. There is unquestionably a postprandial
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rise of insulin and a subsequent reduction of glucose, perhaps
even below premeal concentrations, that is accompanied by a
reduction of hunger. However, these associations are unlikely
to reflect a causal relationship due to no effects on appetite ob-
served in most studies [190-192] under controlled conditions
of clamping glucose or insulin. Thus, it is questionable that the
incretin effect of GLP-1RA plays an important role in appetite
modulation and thereby contributes to a reduction of food/en-
ergy intake and body weight.

Patients with diabetes have lower incretin effects than individ-
uals with normoglycemia and tend to lose less weight on treat-
ment. Data from The Semaglutide Treatment Effect in People
with obesity (STEP) trials, which assessed the efficacy of sema-
glutide (2.4mg) in patients with normoglycemia or T2D, indi-
cated greater weight loss (average of 16.8% across STEP-1, 3, and
5) in healthy patients with mean HbA1, of 5.7% compared with
a mean 9.64% weight loss in participants with HbA1_ of 8.1%
(STEP 2 trial) [10, 193-195]. A similar observation was made in
SURMOUNT-1 and SURMOUNT-2 trials, where similar doses
of tirzepatide were administered to participants with obesity or
overweight and normal to only prediabetes blood glucose con-
centrations (mean HbA1 : 5.6%, fasting glucose: 95.3mg/L, fast-
ing insulin: 86.4 pmol/L) and to people with T2D (mean HbA1 :
8.07%, fasting glucose: 161.2 mg/L, fasting insulin: 83.6 pmol/L),
respectively, for 72weeks. In SURMOUNT-1, the percentages
of weight reduction for participants with normal to slightly el-
evated glycemia was —20.9%, while changes in glycemia were
—10.6 mg/dL (fasting glucose) and —0.51% (HbA1 ) [196]. Values
for glycemia and weight loss for SURMOUNT 2 were —48.9 mg/
dL (fasting glucose), —2.07% (HbA1) and —14.7% (tirzepatide,
15mg) [197], respectively. In SURMOUNT 3 and 4, which re-
cruited individuals with overweight or obesity and prediabetes
or normoglycemia, body weight decreased by 18.4% and 26%
respectively, while changes in HbA1_ were —0.5% and —0.57%
[23, 195]. The glucose-lowering effect in T2D is consistent with
the incretin activity of GLP-1RA but there is no effect observed
in healthy participants. Moreover, treatment effects on insulin
secretion were not reported in these trials although the proof-of-
concept study for tirzepatide shows augmented insulin secretion
in patients with diabetes [198]. Similarly, in another small cohort
study, the administration of GLP-1RA to individuals with or
without diabetes reported enhanced insulin secretion in healthy
individuals about three to five times more than it increased in-
sulin secretion in individuals with diabetes [199]. Thus, these
trials indicate reductions in glycemia were greater and weight
loss was less in the patients with T2D compared to individuals
with similar adiposity but glycemia in the normal or prediabetic
range. Such findings are not consistent with a view that elevated
insulin and lower blood sugar concentrations augment hunger
and food intake resulting in greater adiposity.

It should also be noted that the direction of causality between in-
cretin effects and weight loss is uncertain. One could posit that
the greater insulinotropic effect of GLP-1 in healthy individuals
could explain why they tend to lose more weight compared to pa-
tients with diabetes placed on a similar dose of GLP-1RA or GIP/
GLP-1RA. A recent consensus from post hoc studies that com-
pared single and dual receptor agonists suggested that changes
in bodyweight may be mostly responsible for improved insulin
sensitivity in individuals with diabetes [200]. Consequently, loss

of excessive fat mass may be playing an important role in restor-
ing insulin sensitivity as opposed to the reverse. Taken together,
available data from trials of single GLP-1 and dual GLP-1/GIP
receptor agonists do not reveal that an incretin effect is respon-
sible for weight loss in healthy individuals and those with T2D.

9 | Effects of Endogenous GLP-1 on Energy
Expenditure

Another mechanism by which GLP-1RAs may decrease
body weight is through augmentation of energy expenditure.
Assessments have been made of these drugs on resting and post-
prandial energy expenditure, the thermic effect of feeding, and
physical activity.

The acute effects of GLP-1 infusion on energy expenditure have
been studied in diverse populations for nearly three decades. A
systematic review reported that intravenous or subcutaneous
GLP-1 infusions do not increase basal or resting energy expen-
diture in humans [201]. A later study concurred and expanded
the evidence base noting that GLP-1 infusion during isoglycemic
clamp did not affect resting energy expenditure [202]. Similarly,
infusion of GLP-1 does not increase postprandial energy ex-
penditure [203]. Indeed, in some reports, postprandial energy
expenditure was paradoxically suppressed by acute GLP-1 in-
fusion in individuals with a normal weight and in individuals
with obesity [204, 205]. This may relate to the acute inhibition
of GE by GLP-1 [140, 205]. Additionally, this inconsistency may
stem from a difference in measurement timing. For example, a
decline was reported when energy expenditure was measured
every hour for 4h during the postprandial time period and the
largest effect was noted in the first hour [204, 205]. In contrast,
no effect was observed when measurements were only obtained
before and 210 min after meal ingestion [203]. Additionally, the
physical form of the meal was different between the studies. A
reduction of energy expenditure was noted following ingestion
of a solid meal, and no effect was reported with a liquid-based
meal. This may relate to the slower emptying of solid versus lig-
uid loads [206]. Overall, the evidence indicates GLP-1 adminis-
tration leads to no effect or a decrease in thermogenesis. There
is no evidence to support that GLP-1 increases thermogenesis, as
would be expected were it to contribute to weight loss.

9.1 | The Effect of GLP-1RA on Energy
Expenditure

The evidence for the effect of acute GLP-1RA injection on
energy expenditure is limited, but suggests a lack of effect
[207]. Chronic GLP-1RA treatment effects have been variable.
Exenatide [208-210] and liraglutide [139, 211, 212] had no sig-
nificant impact on resting, total, and/or sleeping energy expen-
diture in some studies, while others have reported a reduction
in total energy expenditure by exenatide [213] and liraglutide
[34, 214]. Additional studies have been published, but they
lacked an appropriate control group or calculated energy expen-
diture indirectly [215-218]. Further, it is important to note that
body weight, body composition, and age influence energy ex-
penditure measurements [219], and chronic energy restriction
itself lowers energy expenditure [220]. Many studies did not
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adjust for these potential confounders. Thus, if an individual
experienced significant weight loss from the treatment, energy
expenditure could be underestimated at the post-intervention
time point. However, even when adjustments were made for
at least one of these factors, the results remained inconsistent;
with one study reporting an increase of 12%-17% [221], two
studies reporting no effect [37, 209], and one study noting a
trivial (< 10%) decrease at an early time point (4-12weeks) of
the intervention [214]. Overall, the chronic effect of GLP-1RA
administration on energy expenditure does not support a sub-
stantive increase, indicating it is an unlikely mechanism for
weight loss due to GLP-1RA use.

Given that exogenous GLP-1 might suppress diet-induced
thermogenesis, this raises the question of whether similar ef-
fects are observed with GLP-1RA. One study reported that an
acute exenatide injection had no effect on postprandial energy
expenditure [207]. However, it should be noted that energy
expenditure was measured before and 210 min after meal in-
gestion, similar to the study reporting no effect of exogenous
GLP-1 infusion on postprandial energy expenditure [203].
Chronic exenatide injection also appeared to have no effect on
diet-induced thermogenesis [216]. Overall, the current limited
evidence indicates there is no observed effect of GLP-1RA use
on diet-induced thermogenesis.

Recently, the effect of GLP-1RA administration on physical
activity has been assessed [213, 222], with some studies sug-
gesting a potential increase [222] and others demonstrating no
changes [213]. Whether any increase in physical activity is a
direct effect of GLP-1RA use or a secondary effect of weight
loss with improved mobility or motivation is not known. In
most studies, energy expenditure measurements are con-
ducted under well-controlled experimental settings that do
not account for daily activities. As physical activity is the most
variable component of energy expenditure [223], future studies
should examine the behavioral effects of GLP-1RA under natu-
ralistic living conditions.

Most work on energy expenditure to date has focused on single
agonists, but the increased weight loss efficacy of dual and tri-
agonists [224, 225] suggests they warrant additional study, es-
pecially those including glucagon. Glucagon infusion increases
energy expenditure [226] and does so independently of brown
adipose tissue thermogenesis in humans [227]. In rodents, a tri-
agonist increased energy expenditure via glucagon receptor ag-
onism [228, 229]. However, early findings for dual GLP-1, GIP,
and glucagon receptor agonism in humans have revealed chron-
ically lowered lean body mass-adjusted total and resting energy
expenditure [230]. Another study did not find an effect on total
and resting metabolic rate, but sleeping metabolic rate was low-
ered by dual agonism [231]. The mechanisms of both acute and
chronic effects of glucagon agonism on energy expenditure in
humans remain to be better characterized.

In summary, there is a lack of evidence that GLP-1RAs induce
weight loss via increased energy expenditure. However, in-
creased energy expenditure due to enhanced physical activity
warrants further study. Future generations of GLP-1RA drugs
that aim to exploit this mechanism are being developed and may
hold promise.

10 | Conclusion

GLP-1RA medications have led to unprecedented, nonsurgical
levels of weight loss. There has been considerable speculation
about the mechanisms underlying this therapeutic benefit. An
improved understanding will aid new drug development, ben-
eficial adjunct therapies, and, possibly, approaches to enhance
drug use compliance and adherence. However, the evidence re-
viewed here (see Table 1 for a summary) does not appear con-
sistent with the substantial and sustained 15%-25% weight loss
achieved with these medications. It may be that there are other
mechanisms not considered here that better account for the ob-
served weight management benefits. Alternatively, the impact
of the reviewed mechanisms could be underestimated due to
insufficient understanding of their roles or that there is synergy
whereby modest changes in multiple mechanisms support a
larger impact on body weight.

Clarification of these alternatives should be a high priority for
future research. As a base to build on, the present review finds
reduced hunger and/or augmented fullness are documented,
but of modest magnitude, not dose-dependent, and appear
transient over time. Subjective appetite ratings may be related
to diet composition (e.g., high or low fat), vary by health status
(e.g., obesity or diabetes), and are frequently assessed over short
time windows; as such, they do not reliably capture real-world
eating patterns or long-term effects on energy balance. Thus,
present understanding of their role in weight management is
incomplete. Subtle chemosensory shifts may also contribute:
gradual and often unnoticed changes in taste or smell can still
alter hedonic valuation and food choice over time. This prin-
ciple is consistent with population-level reformulation strat-
egies, which rely on incremental reductions that consumers
typically do not detect while preferences adapt (e.g., the UK
salt-reduction program [232]). Consistent with this, a recent
study reported that objective chemosensory testing can reveal
changes not captured by self-report [63], underscoring that “not
noticing” does not imply “no effect.” Cravings and aversions
generally hold limited impact on body weight, due, in part, to
their specificity and little evidence suggests this is markedly
altered by GLP-1RA medications. Food noise is a new concept
that remains poorly characterized and, until recently, without
an agreed-upon method of measurement. However, there are
consistent clinical reports of GLP-1RA-induced diminutions of
persistent, intrusive food thoughts that may underlie excessive
energy intake. This may still prove to be a dominant mode of
action. If so, it will be critical to characterize its sustainabil-
ity and what adjunct treatments will be required to minimize
this driver with cessation of GLP-1RA use. Delayed GE is also
a consistent finding, but of short duration (e.g., ~40min) and
poorly correlated with appetitive ratings, the presumed media-
tor of reduced energy intake and body weight. Enhanced fiber
intake has been proposed to augment GLP-1RA effects on GE
and GI transit, but given complications of diarrhea and consti-
pation with medication use, careful attention to the types of
fibers ingested will be required to ensure symptoms are not in-
tensified and possible beneficial effects related to slowed emp-
tying/transit are not undermined. There are suggestive effects
that GLP-1RAs may alter the gut microbiome with resultant
augmentation of appetitive sensations, but given the evidence
on appetite indicates it is of limited magnitude, and transient,

Obesity Reviews, 2026

11 of 22



(senunuo))

Surdojaasp [11s o1e
KJTPI[BA JONIISUOD pUE
Ayresned 1ng ‘(joryuod Junes
PIIOM-[BSI PUE S0USIAYPE
[e101ARYRq) YSIY A[[EIUS10d

SO JySTom JO IALIP
juspuadapur ue se
UIB}IS0UN ‘90UBUIUTRWT
1yS1om pue 90UISYPE I0J
[nySurueawt A[[eryualod

uanoxdun urewal
ssof JySrom pue axyejul
£319u9 03 Sy uI[ [esned nq
‘90UQIdYPE PUB UOTII[IS

PoZ119)0BIRYD [[9M
jou o1e uoneydepe pue
9SIN0J-dWI) N ‘SYIUOW
I9A0 paure)sns A[qeqoid

S9IpNJs SS0Io® A[qeI[aI JoU
nq ‘(K1oaes “3-9) sis1ad
Kew sanITenb 19430 S[IYM
(399ms “3-9) sa1103938D
UIB}I90 I0J QW) IOAO
9renuane Aew s3UIARID

0UIPIAD
JUSIOJJNSUL/IBI[OUN

9OUIPIAD PIIIWI[/IBI[OUN)

$1YSnoy) pooj/uoniqryuisip
/3unes UaALIp-and Ul

sjusuwroaoIduIl MOYS SAIPNIS
jsow :(saanseaur Axoid
10J) Y31y 03 9)BISPON

paIpnis-19pun pue
JUS)SISUODUT :SUOISIOAR
J10J MO'T "W} SSOIo®
sar1039180 SuraeId
o13109ds 10J JUSISISUOD SSI[
sGurae1o 381891, 0) TRUSIS
JUQJSISUOD DIOU :SUTABIO
PaoNPaI 103 2JBIPOIN

(esuodsa1 oruopay ‘sa

Surreos ‘s spjoysaIy}

uonIu30991/U01}93)3p)
ad£) owooino pue ‘([ows

JXJU0D PUE JUWNISUT
£q Axea s9z1s 199139 Inq
“pajrodar Afuouwrurod
9Ie pooj Inoqe s3ysnoy)
Juonednoooaid pooy
‘uonIqIyuIsIp ‘Juryes
pa[jonuosun ‘3uned
[BUISIXA UI SUOIIONPAI
‘JI0M [RUOIIBAIISqO
/S[BLI) SSOIO® :(S9WO02IN0
Ax01d u0) 91eISPON

[rews Ay
/UIB}I90UN :SUOISIAY -
‘(BJep SWIOS UT JoMS <
K1oaes) o1j10ads-Ayrrenb
U9)JO PUE PIZIPIBPURIS

K[o1RI 918 SOZIS 109]J9
nq speonpai ;sguraeI)-
*9)BISPOW 0} [[BUIS

(sosuodsai1 oruopay ‘sa
spoysa1y) “3-9) syurodpus

asiou
pooj—uontugo)

SUOTSIoAE
/sSuraeId pooq

/8ury1] pooj ur sagueyd 0} *SA 9)SB)) SUTBWOP AIOSUS SSOIO® JUQ)SISUOIUT UL (uonoejio
nqrnuod Aew ;[njsurueawt ‘saIpnj3s sso1oe sgurpury peynuenb Arrood opnjuew pue 93se)) Uorouny
A[renusjod 1nqg urelrvdun "PAYSI[qeIS? ION S0UAPIAS ON SN0oua301939Y :MOT UM S309JJ9 ISOPOIN K10suasoway)
SUI0D)NO [BITUID
uredxa A[ng jou op JX9JU0D pue dInseaw £q
AToY1] pue 3sapou a1e SNo3ua5019)9Y INq ‘S[eL)
QUOT® SIIYS INQ ‘SSO] P[101)UOD SSOIJE (SSAU[[NJ S9ZIS J09JJ0
JySrom pue ayejur A319ud JUSISURI) oI€ saogue1 onnaderaty) /Kyomyes | /198uny 1) djeIgpou 0} [[eWs Jnq
PpooNpal 03 SAINQLIIUOD $199JJ9 $310da1 [RISAS UM JUQ)SISUOIU] JUQISISUOD AJ[BUONIIII “quedyyrudis A[eonsnels Kyones/ameddy
9OUBAI[II [BITUI[D 9oud)sisiad rerodurag, asuodsai-asoq Aoud)sIsuo) apmyuSey WISTUBYIIAI

'sso] JySrom paonpur-jstuoge 103deoar 1-opndad ay1[-uoSeon|3 jo swstueyosw pasodoid SS0I0E 90UIPIAD Jo ATewINS | T HTAV.L

Obesity Reviews, 2026

12 of 22



'$939qeIp ¢ 2dA) ‘el ‘stuoSe 103dooa1 T-opndad ox1-uoSeon|s ‘Y 1-d1D SUONEBIAIQQY

SSOT 1YSom Vi1
-d19 JO WISIuBYOUL
Arewrid e se moT

uonendar ayadde/ssor
1yS1oMm JO WISTURYISW
Arewid e Se 90UBASI[I MO[
“uawaoIdur OTUIdIALS
BIA JSLI OT[0qBIQWOIPILD
pue juswadeurW S9}3qRIp
JI0J 90UeAS[I TROTUI YSIH

PAYSI[qeISa 10U INq [eNUIOJ

(Team a1e ssOf JySrom
/K3917ES 1M SUOTIB[II0D
pue ‘njdurueawr A[[eOTUID
JOU US3JO oIk SAB[IP) MO

90UIPIAD JUSOIFFNSUT

S9UWI0DINO JTWAIA[S
JI0J JUSUI)BAI) PINUNUOD
M paureIsng

ureIaoun

QUII) ISAO0 Sajenualje UaljO

(s3stuoge-113/1eNnp)
wstuogde 103dada1 uodeon3
10§ $309JJ9 PIIL[oI-aSOp
[BIIUD)OJ "SSB[D € SB SV YT
-dTO I0J PaySI[qeISd 10N

(sadue1 onnadelay)
UIYIIM UOTJRIIS UITNSUT
/8ur1amof 9soon|3 1938213
donpoid 0) spus) wistuoge
103d9001 197e013) syutodpua
J1[0qEBIoW 10J JUISAIJ

Q0UIPIAD
JUSIOIIFNSUL/IBI[OUN

sSunas 9Inoe Ul JUIPIAg

suewIny Ul ,9seaIoul
[nySuruesw ou,, 10§
Kou93sISu0d Y3Iy—o3eIapoIN

2L Ul $109J39 SuLIamo|
-9s0on[3 + ordonjournsur
103 AOU)sIsu0d Y3IH

.Sa1njeudis,, [BIqOIOIW 10
exe)} O1J103ds 10J AOUIISISU0D
O] INq ‘KISIAIP
/uonisoduwod awo1qoIdTw
Ul SIYTYS YIIM UOHJBIOOSSE
JO 9OUDIPIAR 9JBISPON

(uStsop Apmis
pue ‘uonerndod ‘oyex
Surfydws o1nsed aurpeseq
‘onbruyo9) juswaINsLowW
£q Ky1ouagosiay
y31y) 91eI19poW-Mm0]

pasea103p ANy3Irs 10

[INU U23JO {[[eWS 0} SUON

joa11pul/[Tews 1eadde s309530
‘oyejut A31ou9/aadde Jo
ISALIP ® SV "elwdA[Sowiou

T [RWTUTW ‘L Ul

1013109 1943 10§ YSIH

"JISURI} PIId)[B PUR ‘SSO[
JYS1oMm ‘OxBIUT PAoNpal
Aq papunojuod 2q ued
$3991J0 Inq ‘KISIOATID
-eydre/uonisodwos
ur S93ueYD 9JBISPOIN

(£311qeLIRA [RNPIAIPUL
-193ut y31y) juspuadap
-poyjouw pue JSOPON

arnyrpuadxe AS1ouyg

(uoSeon(3/urnsur)
Ky1Anoe UTjRIOU]

SWIOIQOIOTIA

Surfidwe ornsen

OUBAJ[AI [BITUI[D

9ou93sIsaad [erodura,

asuodsai-asoq

Adoud)sISuU0)

apmyruSey

WISTUBYIIA

(ponunuo)) | THATAVL

13 of 22

Obesity Reviews, 2026



the importance of this mechanism is uncertain. GLP-1RA ef-
fects on the microbiome may hold greater clinical importance
for other health conditions. This review did not find evidence
of a direct incretin effect or an increase of any dimension of
energy expenditure on weight loss or maintenance. It may be
that the constellation of multiple subtle effects is sufficient to
explain the marked weight loss associated with GLP-1RA use.
Key priorities moving forward are to develop and validate di-
rect measures of food noise, and to conduct mechanistic tri-
als testing whether changes in these pathways actually drive
reductions in food intake and body weight loss. Longitudinal
work is also needed to assess persistence, adaptation, and out-
come during dose changes or discontinuation, as well as iden-
tification of moderators (e.g., sex, diabetes, eating-behavior
phenotypes, and diet composition) that may explain heteroge-
neity and inform adjunct strategies.
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