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Abstract

Glucagon-like peptide-1 (GLP-1) receptor agonists (GLP-1RAs) and dual incretin agonists have
demonstrated significant potential in improving adipose tissue function beyond their established effects on
appetite suppression and weight loss. These agents not only reduce overall fat mass but also induce
favorable changes in fat distribution and adipose tissue quality. Notably, they enhance brown adipose tissue
(BAT) activity and promote the browning of white adipose tissue (WAT), thereby increasing energy
expenditure. They are associated with reductions in adipocyte size, particularly within visceral fat depots,
alongside improvements in metabolic health markers. The aim of this publication is to provide a literature
review on the effects of GLP-1RAs and dual incretin agonists on adipocyte type and size, adipose tissue
functional remodeling, and their implications for obesity management. These findings highlight the capacity
of incretin-based therapies to modulate adipose tissue biology, offering metabolic benefits that extend
beyond weight reduction.
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Introduction

Obesity is a chronic, relapsing, and progressive disease with complex causes, including genetic, metabolic,
sociocultural, behavioral, and environmental factors [1]. It is associated with a wide range of clinical
complications, such as cardiovascular diseases (e.g., ischemic heart disease and heart failure), metabolic
disorders like type 2 diabetes, dyslipidemia, metabolic dysfunction-associated steatotic liver disease,
obstructive sleep apnoea syndrome, knee osteoarthritis, mental health disorders, and certain types of
cancer [2, 3]. Obesity is becoming increasingly common in the world. Since gaining weight raises the risk of
serious health problems, there is a strong interest in creating medications to help treat obesity. Current
approaches to treating obesity include lifestyle modifications, pharmacological therapies, and endoscopic
or surgical interventions [4].
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Glucagon-like peptide-1 (GLP-1) is an incretin hormone secreted by L-cells in the small intestine. It
lowers blood glucose levels by stimulating insulin secretion and suppressing glucagon (GCG) release from
the pancreatic islets in a glucose-dependent manner [5]. GLP-1 receptor agonists (GLP-1RAs) are
antidiabetic drugs that help control blood glucose levels and support weight loss in people with or without
type 2 diabetes [3, 6-17]. Although their weight loss effects are well known, the exact mechanism behind
these effects remains unclear. The GLP-1RAs have been shown to reduce food intake, promote weight loss,
and improve metabolic function in both animals and humans. These effects are thought to occur through
GLP-1’s influence on both peripheral (vagal) and central pathways, including the hindbrain, hypothalamus,
and brain regions involved in motivation and reward, which help regulate appetite and metabolism [8, 14,
18]. The precise mechanisms through which GLP-1RAs exert their effects on adipose tissue remain
incompletely understood. A potentially key mechanism through which GLP-1RAs act against obesity may
involve the modification of adipocyte phenotype and function.

Different types and sizes of adipose cells

There are different types of adipose cells: White, beige, and brown adipocytes exhibit distinct lipid
metabolism and thermogenic potential, which contribute to variations in their size and morphology. White
adipose tissue (WAT) is distributed across various distinct anatomical sites in the bodies of mammals. The
primary depots are generally classified as subcutaneous or intra-abdominal. In addition to these major
depots, smaller amounts of WAT are present in other regions, including the bone marrow, subdermal areas,
around blood vessels (perivascular), around the heart (epicardial), and in peri- and intermuscular spaces
[19]. WAT serves as a reservoir that helps manage excess energy intake and reduces energy expenditure
during obesity development. This leads to fat buildup in visceral and ectopic regions. These fat stores are
closely linked to persistent systemic inflammation, insulin resistance, and increased cardiometabolic risks
associated with obesity [20].

On the other hand, brown and beige adipocytes are characterized by a high mitochondrial content and
possess the ability to dissipate energy as heat. Brown adipose tissue (BAT), which plays a key role in
thermogenesis, is present in smaller depots located at specific anatomical sites. In both mice and humans,
these include the anterior cervical, supraclavicular, interscapular, perirenal, and perivascular regions [19,
21].

As obesity progresses, WAT expands abnormally in regions such as the omentum, mesentery, and
retroperitoneum, which together make up visceral WAT. This type of fat is metabolically very active and
consistently releases free fatty acids into the portal vein, contributing to the development of metabolic
syndrome characteristics [22]. Brown fat cells are different from white ones. The large number of
mitochondria and their iron content give brown fat its darker color. They have many small fat droplets, lots
of mitochondria, and high levels of a special protein—uncoupling protein 1 (UCP1) [23]. The thermogenic
function of BAT depends on UCP1, a fatty acid anion transporter located in the inner mitochondrial
membrane. UCP1 disrupts the mitochondrial oxidative respiratory chain by preventing adenosine
diphosphate (ADP) from synthesizing adenosine triphosphate (ATP), which leads to the release of energy as
heat. This process is regulated by the sympathetic nervous system. In mature adipocytes, noradrenaline
(NE) released by the sympathetic nervous system binds to 33-adrenergic receptors, activating the guanine
nucleotide-binding protein (Gs), which in turn stimulates adenylate cyclase (AC). Activated AC converts
intracellular ATP into cyclic adenosine monophosphate (cAMP), increasing cAMP levels and activating
protein kinase A (PKA). PKA then activates hormone-sensitive lipase (HSL), which accelerates the
breakdown of triglycerides into glycerol and free fatty acids. PKA also activates p38 mitogen-activated
protein kinase (MAPK), which then activates peroxisome proliferator-activated receptor (PPAR) gamma
coactivator-1 alpha (PGCla) and ATF-2. PGCla helps increase UCP1 gene activity by working with PPAR,
leading to more UCP1 production [24]. It is estimated that when fully activated, just 50 g of BAT can
account for up to 20% of the body’s basal energy expenditure [25]. When activated by fatty acids, UCP1
increases the flow of protons across the inner mitochondrial membrane without generating ATP. Instead,
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this process produces heat. Since it consumes energy without storing it, BAT functions as an energy-
expending organ [26] (Figure 1).
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Figure 1. Mechanism of thermogenesis in BAT. The icon is provided by Servier Medical Art (https://smart.servier.com),
licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). cAMP: cyclic adenosine monophosphate; PKA:
protein kinase A; MAPK: mitogen-activated protein kinase; PGC1a: peroxisome proliferator-activated receptor gamma
coactivator-1 alpha; UCP1: uncoupling protein 1; ATP: adenosine triphosphate; BAT: brown adipose tissue.

BAT activation may help improve metabolic issues such as high blood sugar and abnormal lipid levels,
suggesting it could be a useful therapeutic target for obesity and related metabolic disorders [24]. Studies
have shown that exposure to cold or B-adrenergic stimulation can induce the appearance of brown-like
adipocytes, known as beige cells, within the subcutaneous WAT of mice. Over the last decade, an increasing
number of studies have found that activating BAT and browning of WAT can protect against obesity and
obesity-related metabolic disease.

BAT functions as an essential thermoregulatory organ during early life and is abundant in infants and
young children. In adults, BAT at the scapular region largely disappears, with only small amounts remaining
in areas such as the clavicle, around the carotid arteries, and near the heart. As individuals age, the
likelihood of detecting BAT in the body decreases. PET/CT imaging studies have shown that BAT was
detected three times more often in individuals under the age of 50 compared to those aged 64 and above.
Besides age, the distribution of BAT also differs between men and women. PET/CT scans have shown that
females tend to have higher detection rates and greater amounts of BAT compared to males [27]. The
(re)discovery of active BAT in adults renewed scientific interest in its potential as a new treatment option
for obesity [28]. Some studies emphasize an important challenge in using BAT activation as therapy, since
patients need to have sufficient BAT mass and activity to benefit. Therefore, increasing the amount of
functional BAT is likely necessary to achieve meaningful improvements in metabolic health. BAT can be
activated by cold exposure, diet, and physical activity [24]. For instance, people working outdoors in colder
climates tend to have more BAT compared to those who work indoors [29]. Brown and beige adipocytes
rely on sustained B-adrenergic stimulation to maintain their functional activity. Patients with
catecholamine-secreting tumours (phaeochromocytomas) often have substantial BAT mass and function,
which regress upon surgical removal of the tumour [30].

Caloric restriction (CR) induces the browning of WAT, promotes the development of functional beige
fat, and enhances both the type 2 immune response and the expression of silent information regulator type
1 (SIRT1) [31]. Modulation of SIRT1 may improve mitochondrial function and promote BAT formation [32,
33]. The browning of WAT could be a potential strategy to expand the thermogenic potential of adipose
tissue mass. BAT activation is also debated as a potential therapeutic target for weight loss. When BAT is
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denervated, it loses its thermogenic and oxidative capacity, accompanied by a morphological
transformation known as “whitening”, characterized by the appearance of white-like unilocular adipocytes
[34]. Several studies have shown that exercise training—such as swimming, voluntary wheel running, and
treadmill running—promotes the browning of WAT in rodents through multiple mechanisms. In early
overfed male Wistar rats, moderate exercise increased sympathetic nervous system activity and
upregulated the expression of $3-adrenergic receptors and UCP1 in BAT, thereby enhancing its
thermogenic function and increasing energy expenditure [35, 36].

Beige adipocytes serve as an intermediate form between white and brown adipocytes. They typically
contain multiple lipid droplets, which are generally larger than those found in brown adipocytes. While
they possess more mitochondria than white adipocytes, their mitochondrial content is less than that of
brown adipocytes. Beige adipocytes also express UCP1 [23].

The different sizes of adipocytes are a separate and important issue. Variation in the size of adipocytes
is observed in conditions such as insulin resistance, diabetes, obesity, and during dietary interventions [37].
In general, large hypertrophic adipocytes are considered metabolically unfavorable and are associated with
various pathophysiological conditions. Some studies on human adipocytes demonstrated that increased fat
cell size correlates with impaired whole-body metabolic regulation and systemic insulin resistance. It was
found that an average adipocyte size of 115 um correlated with normal glucose tolerance test (GTT) results;
121 pm with impaired GTT; and 125 pm with diabetes [38].

Accordingly, pharmacological agents capable of reducing WAT and promoting its transdifferentiation
into beige or BAT, as well as decreasing adipocyte size, may play a significant role in the therapeutic
management of obesity.

GLP-1RAs

In healthy individuals, GLP-1 enhances insulin secretion and suppresses GCG release in response to nutrient
intake. Additionally, GLP-1 delays gastric emptying and promotes satiety. In patients with type 2 diabetes
mellitus (T2DM), supraphysiological doses of GLP-1 can normalize endogenous insulin responses during
hyperglycemic clamp studies. Due to the short plasma half-life of native GLP-1, several GLP-1RAs with
extended half-lives have been developed for the treatment of T2DM. GLP-1 receptors are expressed in
various tissues, including pancreatic beta cells and the central nervous system [39]. Treatment with GLP-1
analogs induces weight loss, primarily through mechanisms such as enhanced satiety, reduced appetite, and
decreased caloric intake. This weight reduction may consequently lead to a decrease in adipose tissue
volume. However, studies have shown that GLP-1 may improve insulin sensitivity, activate BAT and reduce
adipose tissue inflammation and GCG secretion [40-43]. In addition, GLP-1 contributes to weight loss,
primarily through mechanisms such as appetite suppression, reduced food intake, and delayed gastric
emptying [44]. However, the direct effects of GLP-1RAs on fatty acid synthase expression and lipid
metabolism remain unclear. Chen et al. [45] confirmed the presence of GLP-1 receptors in both
preadipocytes and differentiated adipocytes. A recent review of all these pharmaceutical agents highlights
their therapeutic potential and safety profiles in the management of obesity [46]. The known mechanisms
underlying its effects on weight loss include appetite suppression and reduced food intake, mediated
through hypothalamic and parasympathetic pathways [47]. The GLP-1RA exenatide has been shown to
reduce hyperactivation in brain regions associated with appetite and reward in response to food cues in
both obese individuals with type 2 diabetes and obese normoglycemic subjects, thereby normalizing neural
activation patterns to resemble those observed in lean individuals [48]. However, little is known about the
effects of GLP-1RAs on adipose tissue.

Effects of GLP-1RAs on adipocyte size and type

Liu et al. [49] (2022) described that GLP-1RA treatment resulted in a greater reduction in visceral adipose
tissue (VAT) and subcutaneous adipose tissue (SAT) in the subgroup with a greater reduction in body
weight. The absolute area reduction in VAT was significantly correlated with the reduction in body weight
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[49]. A short course of GLP-1RA treatment not only promotes weight loss but also appears to redistribute
fat deposits, which may help improve cardiovascular risk in patients with type 2 diabetes [50]. Liraglutide,
a GLP-1RA, may influence body fat distribution by regulating lipid metabolism in various fat tissues [51].
The results showed that liraglutide reduced visceral fat while relatively increasing subcutaneous fat. In
visceral WAT, lipogenesis was decreased, whereas it was elevated in subcutaneous WAT. The expression of
browning-related genes was upregulated in subcutaneous WAT. These findings suggest that liraglutide may
redistribute body fat and promote browning in subcutaneous WAT, thereby contributing to the
improvement of metabolic disorders. Liraglutide improved hepatic steatosis and decreased adipocyte size
in fat depots [52]. GLP-1 reduced the expression of lipogenic genes during in vitro differentiation of human
adipocytes derived from morbidly obese patients. Treatment with exenatide or liraglutide also decreased
the expression of adipogenic and inflammatory markers in the adipose tissue of obese individuals with
T2DM [53]. Liraglutide induced browning of WAT, which was noticeable 24 hours after its injection. Levels
of UCP1 protein were significantly increased in the WAT of mice treated with intracerebroventricular
liraglutide [54]. Both liraglutide injections and food restriction significantly decreased hepatic lipid
accumulation in rats. Additionally, liraglutide markedly increased UCP1 protein expression in the inguinal
and cluneal WAT, and this effect was dose-independent. These findings suggest that liraglutide promotes
browning and remodeling of subcutaneous WAT, similar to the effects observed with food restriction [52].

Exendin-4 is a peptide agonist of the GLP receptor that promotes insulin secretion and browning of
WAT. SIRT1 plays a vital role in the regulation of lipid metabolism. In vitro studies have shown that
exendin-4 enhances lipolysis and fatty acid oxidation by upregulating SIRT1 expression and activity in
differentiated 3T3-L1 adipocytes. Some studies highlight that a GLP-1RA promotes the browning of WAT in
a SIRT1-dependent manner, which may represent one of the mechanisms contributing to its weight loss
effects [55].

Semaglutide significantly promotes weight loss mainly by reducing food intake. However, the study
found that semaglutide also affects body fat distribution and adipocyte characteristics: semaglutide led to a
reduction in adipocyte size and macrophage infiltration, an increase in molecular markers of adipocyte
browning along with improved mitochondrial biogenesis, and a decrease in endoplasmic reticulum stress.
It increased multilocularity and enhanced UCP1 expression in obese mice. Therefore, semaglutide exerts
effects beyond merely reducing food intake [56].

Semaglutide enhances BAT thermogenesis and WAT browning mainly through the GLP-1/GLP-1R
pathway by activating adenosine monophosphate-activated protein kinase (AMPK), a key protein that
regulates cellular energy. AMPK activates SIRT1, which helps cells develop into brown and beige fat cells
and increases the levels of UCP1, a protein essential for heat production [57, 58] (Tables 1 and 2).

Table 1. Effects of GLP-1RAs on WAT/BAT (animal study).

Study/Author (year) Study type/model GLP-1RA used Biological effects of WAT/BAT

Ding et al. [58], 2006 Ob/ob mice Exendin-4 | Liver fat accumulation; improves insulin sensitivity;
(preclinical) indirect WAT benefits

Beiroa et al. [54], Rodents Liraglutide 1 BAT thermogenesis, 1 energy expenditure, | fat mass

2014

Xu et al. [56], 2016  Obese mice, Exendin-4 Browning of WAT, 1 mitochondrial activity, 1 UCP1
translational expression

Zhao et al. [52], Animal study GLP-1RA Redistribution of fat: | VAT, 1 SAT browning, and fatty acid

2019 (liraglutide) oxidation

Martins et al. [55], Obese mice Semaglutide | Inflammation in VAT, 1 browning of subcutaneous WAT

2022

BAT: brown adipose tissue; GLP-1RA: glucagon-like peptide-1 receptor agonist; SAT: subcutaneous adipose tissue; UCP1:
uncoupling protein 1; VAT: visceral adipose tissue; WAT: white adipose tissue.
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Table 2. Effects of GLP-1RAs on WAT/BAT (human study).

Study/Author (year) Study type/model GLP-1RA used Biological effects of WAT/BAT
Morano et al. [50], 2015  Human clinical (ultrasound, Liraglutide, | Abdominal subcutaneous and deep fat
3 months) exenatide thickness
El Bekay et al. [53], 2016 Human adipose tissue Liraglutide | Lipogenesis, 1 lipolysis in SAT; anti-
explants (in vitro) inflammatory effects
Chaudhury et al. [51], Clinical review Liraglutide | Body weight, | fat mass, and potential
2017 adipose redistribution
Liu et al. [49], (2022) Meta-analysis of 17 RCTs in GLP-1RAs | Visceral and SAT area
T2D patients (n = 924)
Papakonstantinou et al.  Molecular review Semaglutide Highlights the impact of semaglutide on adipose
[57], 2024 metabolism and energy homeostasis

BAT: brown adipose tissue; GLP-1RA: glucagon-like peptide-1 receptor agonist; SAT: subcutaneous adipose tissue; WAT: white
adipose tissue.

Therefore, GLP-1RAs (e.g., liraglutide, semaglutide, exendin-4) not only promote weight loss but also
improve fat distribution and induce browning of WAT. These effects involve reductions in visceral fat,
adipocyte size, and inflammation, as well as activation of thermogenic pathways such as AMPK/SIRT1 and
UCP1 expression.

Effects of dual agonists on adipocyte type and size

Tirzepatide is a dual agonist of glucose-dependent insulinotropic polypeptide (GIP) and GLP-1 receptors
that has shown better glycemic control and greater weight loss compared to selective GLP-1RAs in patients
with type 2 diabetes [59]. GIP is the main incretin hormone in healthy individuals and stimulates insulin
secretion. Unlike GLP-1, GIP also promotes GCG release in a glucose-dependent way. When blood glucose is
high, GIP increases insulin release, which lowers GCG levels. However, when blood glucose is normal or low,
GIP raises GCG levels [60]. Frias et al. [61] noted that tirzepatide showed a significant reduction in body fat
mass and adipocyte size, and improved insulin sensitivity. In participants who underwent dual-energy X-
ray absorptiometry, tirzepatide led to a mean reduction in total body fat mass of 33.9%, compared to 8.2%
with placebo. Additionally, the ratio of total fat mass to lean mass decreased more with tirzepatide than
with placebo [62] (Table 2). Compared to other anti-obesity medications (e.g., dulaglutide and semaglutide)
administered over the same duration, tirzepatide demonstrated a superior reduction in body fat
compartments, including total fat mass, VAT, and waist circumference [63]. According to Xia et al. [64],
tirzepatide effectively reduced VAT inflammation by inhibiting M1-type macrophage infiltration in the
visceral fat of obese mice (Table 3).

Table 3. Tirzepatide effects on WAT and BAT.

Parameter Tirzepatide

WAT browning Enhances WAT browning; upregulates thermogenic genes even at low doses [59]

BAT thermogenesis Increases BAT activity and BCAA catabolism, promoting energy expenditure [59]

Body composition Reduced total body fat mass of 33.9%, compared to 8.2% with placebo [63]

Inflammatory markers in It may reduce inflammation indirectly via improved insulin sensitivity and lipid metabolism [64]

WAT

Adipocyte lipid metabolism GIP regulates adipocyte lipid metabolism by enhancing lipolysis and lipoprotein lipase activity
[65]

Induction of lipolysis Dual incretin agonists exert additional effects through modulation of glucagon signaling [66]

BAT: brown adipose tissue; GIP: glucose-dependent insulinotropic polypeptide; WAT: white adipose tissue; BCAA: branched
chain amino acids.

The exact mechanisms underlying the greater weight loss observed with dual incretin agonists
compared to GLP-1RAs alone remain incompletely understood. Some studies suggest that GIP plays a
significant role in regulating lipid metabolism in adipocytes by promoting lipolysis and increasing
lipoprotein lipase activity [65]. Additionally, GIP facilitates fatty acid re-esterification. It is also possible that
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dual incretin agonists exert additional effects through modulation of GCG signaling. However, the role of
GCG in WAT has not been thoroughly investigated. Existing evidence indicates that GCG can induce lipolysis
in isolated adipocytes in vitro. Since dual incretin agonists increase circulating GCG levels, this mechanism

may also contribute to the enhanced weight loss and adipocyte-related effects observed with these agents
[66].

Conclusions

Obesity is characterized by both an increase in fat mass and pathological alterations in adipocyte function.
GLP-1RAs and dual incretin agonists have been shown to reduce adipocyte hypertrophy and stimulate the
activation of BAT, thereby enhancing energy expenditure and metabolic function. Studies have
demonstrated that agents such as liraglutide and semaglutide upregulate browning-associated gene
expression in subcutaneous WAT. Furthermore, dual incretin agonists like tirzepatide exhibit superior
efficacy, not only in reducing adipocyte size and visceral fat volume, but also in promoting BAT
thermogenesis.

This dual effect—shrinking adipocytes and enhancing thermogenic capacity—suggests a functional
shift in adipose tissue from energy storage toward energy dissipation. These findings highlight the
therapeutic potential of GLP-1RAs and dual incretin agonists as metabolic modulators that target both
quantitative and qualitative aspects of adipose tissue remodeling. Individual variation in BAT mass may
influence clinical response, highlighting the need to consider patient-specific factors when evaluating
treatment efficacy. The long-term safety of GLP-1/GIP combination therapy remains insufficiently verified.

While further research is warranted, current evidence supports their use as promising interventions to
improve metabolic health beyond mere weight loss. Additional research is required to develop
pharmacological agents capable of inducing the transdifferentiation of WAT into BAT tissue, thereby
offering a potential therapeutic strategy for the treatment of obesity.

Abbreviations

AC: adenylate cyclase

ADP: adenosine diphosphate

AMPK: adenosine monophosphate-activated protein kinase
ATP: adenosine triphosphate

BAT: brown adipose tissue

BCAA: branched chain amino acids

cAMP: cyclic adenosine monophosphate

CR: caloric restriction

GCG: glucagon

GIP: glucose-dependent insulinotropic polypeptide
GLP-1: glucagon-like peptide-1

GLP-1RAs: glucagon-like peptide-1 receptor agonists
Gs: guanine nucleotide-binding protein

GTT: glucose tolerance test

HSL: hormone-sensitive lipase

MAPK: mitogen-activated protein kinase

NE: noradrenaline

PGC1lo: peroxisome proliferator-activated receptor gamma coactivator-1 alpha

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 7



PKA: protein kinase A

PPAR: peroxisome proliferator-activated receptor
SAT: subcutaneous adipose tissue

SIRT1: silent information regulator type 1

T2DM: type 2 diabetes mellitus

UCP1: uncoupling protein 1

VAT: visceral adipose tissue

WAT: white adipose tissue

Declarations
Author contributions

NT: Conceptualization, Data curation, Investigation, Resources, Visualization, Writing—original draft,
Writing—review & editing. The author read and approved the submitted version.

Conflicts of interest

The author declares that there are no conflicts of interest.

Ethical approval
Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding
Not applicable.

Copyright
© The Author(s) 2025.

Publisher’s note

Open Exploration maintains a neutral stance on jurisdictional claims in published institutional affiliations
and maps. All opinions expressed in this article are the personal views of the author(s) and do not
represent the stance of the editorial team or the publisher.

References

1. Frithbeck G, Busetto L, Dicker D, Yumuk V, Goossens GH, Hebebrand ], et al. The ABCD of Obesity: An
EASO Position Statement on a Diagnostic Term with Clinical and Scientific Implications. Obes Facts.
2019;12:131-6. [DOI] [PubMed] [PMC(]

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 8


https://dx.doi.org/10.1159/000497124
http://www.ncbi.nlm.nih.gov/pubmed/30844811
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6547280

10.

11.

12.

13.

14.

15.

16.

17.

McGowan B, Ciudin A, Baker JL, Busetto L, Dicker D, Frithbeck G, et al. Development of the European
Association for the Study of Obesity (EASO) Grade-Based Framework on the Pharmacological
Treatment of Obesity: Design and Methodological Aspects. Obes Facts. 2025;[Epub ahead of print].
[DOI] [PubMed] [PMC(]

Kushner RF, Calanna S, Davies M, Dicker D, Garvey WT, Goldman B, et al. Semaglutide 2.4 mg for the
Treatment of Obesity: Key Elements of the STEP Trials 1 to 5. Obesity (Silver Spring). 2020;28:
1050-61. [DOI] [PubMed] [PMC]

Perdomo CM, Avilés-Olmos I, Dicker D, Frithbeck G. Towards an adiposity-related disease framework
for the diagnosis and management of obesities. Rev Endocr Metab Disord. 2023;24:795-807. [DOI]
[PubMed] [PMC(]

Donath MY, Burcelin R. GLP-1 effects on islets: hormonal, neuronal, or paracrine? Diabetes Care. 2013;
36 Suppl 2:5145-8. [DOI] [PubMed] [PMC(]

Mehta A, Marso SP, Neeland IJ. Liraglutide for weight management: a critical review of the evidence.
Obes Sci Pract. 2017;3:3-14. [DOI] [PubMed] [PMC]

Davies M], Bergenstal R, Bode B, Kushner RF, Lewin A, Skjgth TV, et al,; NN8022-1922 Study Group.
Efficacy of Liraglutide for Weight Loss Among Patients With Type 2 Diabetes: The SCALE Diabetes
Randomized Clinical Trial. JAMA. 2015;314:687-99. [DOI] [PubMed]

Singh G, Krauthamer M, Bjalme-Evans M. Wegovy (semaglutide): a new weight loss drug for chronic
weight management. | Investig Med. 2022;70:5-13. [DOI] [PubMed] [PMC]

Ahrén B, Atkin SL, Charpentier G, Warren ML, Wilding JPH, Birch S, et al. Semaglutide induces weight
loss in subjects with type 2 diabetes regardless of baseline BMI or gastrointestinal adverse events in
the SUSTAIN 1 to 5 trials. Diabetes Obes Metab. 2018;20:2210-9. [DOI] [PubMed] [PMC]

Pratley RE, Crowley M], Gislum M, Hertz CL, Jensen TB, Khunti K, et al. Oral Semaglutide Reduces
HbA, and Body Weight in Patients with Type 2 Diabetes Regardless of Background Glucose-Lowering
Medication: PIONEER Subgroup Analyses. Diabetes Ther. 2021;12:1099-116. [DOI] [PubMed] [PMC(]
Davies M, Feerch L, Jeppesen OK, Pakseresht A, Pedersen SD, Perreault L, et al.; STEP 2 Study Group.
Semaglutide 2-4 mg once a week in adults with overweight or obesity, and type 2 diabetes (STEP 2): a
randomised, double-blind, double-dummy, placebo-controlled, phase 3 trial. Lancet. 2021;397:
971-84. [DOI] [PubMed]

Wadden TA, Bailey TS, Billings LK, Davies M, Frias JP, Koroleva A, et al.; STEP 3 Investigators. Effect of
Subcutaneous Semaglutide vs Placebo as an Adjunct to Intensive Behavioral Therapy on Body Weight
in Adults With Overweight or Obesity: The STEP 3 Randomized Clinical Trial. JAMA. 2021;325:
1403-13. [DOI] [PubMed] [PMC]

Rubino D, Abrahamsson N, Davies M, Hesse D, Greenway FL, Jensen C, et al.; STEP 4 Investigators.
Effect of Continued Weekly Subcutaneous Semaglutide vs Placebo on Weight Loss Maintenance in
Adults With Overweight or Obesity: The STEP 4 Randomized Clinical Trial. JAMA. 2021;325:1414-25.
[DOI] [PubMed] [PMC]

Xie Z, Yang S, Deng W, Li ], Chen ]. Efficacy and Safety of Liraglutide and Semaglutide on Weight Loss in
People with Obesity or Overweight: A Systematic Review. Clin Epidemiol. 2022;14:1463-76. [DOI]
[PubMed] [PMC]

Wilding JPH, Batterham RL, Calanna S, Davies M, Van Gaal LF, Lingvay I, et al.; STEP 1 Study Group.
Once-Weekly Semaglutide in Adults with Overweight or Obesity. N Engl ] Med. 2021;384:989-1002.
[DOI] [PubMed]

Rodbard HW, Rosenstock ], Canani LH, Deerochanawong C, Gumprecht J, Lindberg S@, et al.; PIONEER
2 Investigators. Oral Semaglutide Versus Empagliflozin in Patients With Type 2 Diabetes Uncontrolled
on Metformin: The PIONEER 2 Trial. Diabetes Care. 2019;42:2272-81. [DOI] [PubMed]

Thethi TK, Pratley R, Meier ]]. Efficacy, safety and cardiovascular outcomes of once-daily oral
semaglutide in patients with type 2 diabetes: The PIONEER programme. Diabetes Obes Metab. 2020;
22:1263-77.[DOI] [PubMed] [PMC(]

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 9


https://dx.doi.org/10.1159/000546855
http://www.ncbi.nlm.nih.gov/pubmed/40743997
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12503508
https://dx.doi.org/10.1002/oby.22794
http://www.ncbi.nlm.nih.gov/pubmed/32441473
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7318657
https://dx.doi.org/10.1007/s11154-023-09797-2
http://www.ncbi.nlm.nih.gov/pubmed/37162651
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10492748
https://dx.doi.org/10.2337/dcS13-2015
http://www.ncbi.nlm.nih.gov/pubmed/23882039
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3920778
https://dx.doi.org/10.1002/osp4.84
http://www.ncbi.nlm.nih.gov/pubmed/28392927
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5358074
https://dx.doi.org/10.1001/jama.2015.9676
http://www.ncbi.nlm.nih.gov/pubmed/26284720
https://dx.doi.org/10.1136/jim-2021-001952
http://www.ncbi.nlm.nih.gov/pubmed/34706925
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8717485
https://dx.doi.org/10.1111/dom.13353
http://www.ncbi.nlm.nih.gov/pubmed/29766634
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6099440
https://dx.doi.org/10.1007/s13300-020-00994-9
http://www.ncbi.nlm.nih.gov/pubmed/33660198
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7994454
https://dx.doi.org/10.1016/S0140-6736(21)00213-0
http://www.ncbi.nlm.nih.gov/pubmed/33667417
https://dx.doi.org/10.1001/jama.2021.1831
http://www.ncbi.nlm.nih.gov/pubmed/33625476
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7905697
https://dx.doi.org/10.1001/jama.2021.3224
http://www.ncbi.nlm.nih.gov/pubmed/33755728
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7988425
https://dx.doi.org/10.2147/CLEP.S391819
http://www.ncbi.nlm.nih.gov/pubmed/36510488
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9738168
https://dx.doi.org/10.1056/NEJMoa2032183
http://www.ncbi.nlm.nih.gov/pubmed/33567185
https://dx.doi.org/10.2337/dc19-0883
http://www.ncbi.nlm.nih.gov/pubmed/31530666
https://dx.doi.org/10.1111/dom.14054
http://www.ncbi.nlm.nih.gov/pubmed/32267058
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7384149

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

Ladenheim EE. Liraglutide and obesity: a review of the data so far. Drug Des Devel Ther. 2015;9:
1867-75. [DOI] [PubMed] [PMC]

Maniyadath B, Zhang Q, Gupta RK, Mandrup S. Adipose tissue at single-cell resolution. Cell Metab.
2023;35:386-413. [DOI] [PubMed] [PMC]

Hropot T, Herman R, Janez A, Lezaic L, Jensterle M. Brown Adipose Tissue: A New Potential Target for
Glucagon-like Peptide 1 Receptor Agonists in the Treatment of Obesity. Int ] Mol Sci. 2023;24:8592.
[DOI] [PubMed] [PMC(]

Cohen P, Kajimura S. The cellular and functional complexity of thermogenic fat. Nat Rev Mol Cell Biol.
2021;22:393-409. [DOI] [PubMed] [PMC]

Chait A, den Hartigh L]. Adipose Tissue Distribution, Inflammation and Its Metabolic Consequences,
Including Diabetes and Cardiovascular Disease. Front Cardiovasc Med. 2020;7:22. [DOI] [PubMed]
[PMC]

Jung SM, Sanchez-Gurmaches ], Guertin DA. Brown Adipose Tissue Development and Metabolism.
Handb Exp Pharmacol. 2019;251:3-36. [DOI] [PubMed] [PMC]

Liu X, Zhang Z, Song Y, Xie H, Dong M. An update on brown adipose tissue and obesity intervention:
Function, regulation and therapeutic implications. Front Endocrinol (Lausanne). 2023;13:1065263.
[DOI] [PubMed] [PMC]

Lowell BB, Spiegelman BM. Towards a molecular understanding of adaptive thermogenesis. Nature.
2000;404:652-60. [DOI] [PubMed]

LiY, Fromme T. Uncoupling Protein 1 Does Not Produce Heat without Activation. Int ] Mol Sci. 2022;
23:2406. [DOI] [PubMed] [PMC]

Pfannenberg C, Werner MK, Ripkens S, Stef I, Deckert A, Schmadl M, et al. Impact of age on the
relationships of brown adipose tissue with sex and adiposity in humans. Diabetes. 2010;59:1789-93.
[DOI] [PubMed] [PMC]

McNeill BT, Suchacki K], Stimson RH. MECHANISMS IN ENDOCRINOLOGY: Human brown adipose
tissue as a therapeutic target: warming up or cooling down? Eur ] Endocrinol. 2021;184:R243-59.
[DOI] [PubMed] [PMC(]

Huttunen P, Hirvonen ], Kinnula V. The occurrence of brown adipose tissue in outdoor workers. Eur |
Appl Physiol Occup Physiol. 1981;46:339-45. [DOI] [PubMed]

Geslot A, Bennet A, Hitzel A, Thoulouzan M, Mouly C, Savagner F, et al. Weight-loss with activation of
brown fat: Suspect pheochromocytoma. Ann Endocrinol (Paris). 2019;80:314-8. [DOI] [PubMed]
Fabbiano S, Sudrez-Zamorano N, Rigo D, Veyrat-Durebex C, Stevanovic Dokic A, Colin D], et al. Caloric
Restriction Leads to Browning of White Adipose Tissue through Type 2 Immune Signaling. Cell Metab.
2016;24:434-46. [DOI] [PubMed]

Andrade JM, Frade AC, Guimaraes ]JB, Freitas KM, Lopes MT, Guimaraes AL, et al. Resveratrol increases
brown adipose tissue thermogenesis markers by increasing SIRT1 and energy expenditure and
decreasing fat accumulation in adipose tissue of mice fed a standard diet. Eur ] Nutr. 2014;53:
1503-10. [DOI] [PubMed]

Price NL, Gomes AP, Ling A], Duarte FV, Martin-Montalvo A, North B]J, et al. SIRT1 is required for
AMPK activation and the beneficial effects of resveratrol on mitochondrial function. Cell Metab. 2012;
15:675-90. [DOI] [PubMed] [PMC]

Bartness TJ, Vaughan CH, Song CK. Sympathetic and sensory innervation of brown adipose tissue. Int ]
Obes (Lond). 2010;34 Suppl 1:S36-42. [DOI] [PubMed] [PMC]

Norheim F, Langleite TM, Hjorth M, Holen T, Kielland A, Stadheim HK, et al. The effects of acute and
chronic exercise on PGC-1q, irisin and browning of subcutaneous adipose tissue in humans. FEBS J.
2014;281:739-49. [DOI] [PubMed]

Nguyen KD, Qiu Y, Cui X, Goh YP, Mwangi ], David T, et al. Alternatively activated macrophages

produce catecholamines to sustain adaptive thermogenesis. Nature. 2011;480:104-8. [DOI] [PubMed]
[PMC]

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 10


https://dx.doi.org/10.2147/DDDT.S58459
http://www.ncbi.nlm.nih.gov/pubmed/25848222
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4386791
https://dx.doi.org/10.1016/j.cmet.2023.02.002
http://www.ncbi.nlm.nih.gov/pubmed/36889280
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10027403
https://dx.doi.org/10.3390/ijms24108592
http://www.ncbi.nlm.nih.gov/pubmed/37239935
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10218520
https://dx.doi.org/10.1038/s41580-021-00350-0
http://www.ncbi.nlm.nih.gov/pubmed/33758402
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8159882
https://dx.doi.org/10.3389/fcvm.2020.00022
http://www.ncbi.nlm.nih.gov/pubmed/32158768
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7052117
https://dx.doi.org/10.1007/164_2018_168
http://www.ncbi.nlm.nih.gov/pubmed/30203328
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7330484
https://dx.doi.org/10.3389/fendo.2022.1065263
http://www.ncbi.nlm.nih.gov/pubmed/36714578
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9874101
https://dx.doi.org/10.1038/35007527
http://www.ncbi.nlm.nih.gov/pubmed/10766252
https://dx.doi.org/10.3390/ijms23052406
http://www.ncbi.nlm.nih.gov/pubmed/35269549
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8910648
https://dx.doi.org/10.2337/db10-0004
http://www.ncbi.nlm.nih.gov/pubmed/20357363
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2889780
https://dx.doi.org/10.1530/EJE-20-1439
http://www.ncbi.nlm.nih.gov/pubmed/33729178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8111330
https://dx.doi.org/10.1007/BF00422121
http://www.ncbi.nlm.nih.gov/pubmed/6266825
https://dx.doi.org/10.1016/j.ando.2019.06.004
http://www.ncbi.nlm.nih.gov/pubmed/31606198
https://dx.doi.org/10.1016/j.cmet.2016.07.023
http://www.ncbi.nlm.nih.gov/pubmed/27568549
https://dx.doi.org/10.1007/s00394-014-0655-6
http://www.ncbi.nlm.nih.gov/pubmed/24468941
https://dx.doi.org/10.1016/j.cmet.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560220
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3545644
https://dx.doi.org/10.1038/ijo.2010.182
http://www.ncbi.nlm.nih.gov/pubmed/20935665
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3999344
https://dx.doi.org/10.1111/febs.12619
http://www.ncbi.nlm.nih.gov/pubmed/24237962
https://dx.doi.org/10.1038/nature10653
http://www.ncbi.nlm.nih.gov/pubmed/22101429
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3371761

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

Stenkula KG, Erlanson-Albertsson C. Adipose cell size: importance in health and disease. Am ] Physiol
Regul Integr Comp Physiol. 2018;315:R284-95. [DOI] [PubMed]

Weyer C, Foley JE, Bogardus C, Tataranni PA, Pratley RE. Enlarged subcutaneous abdominal adipocyte
size, but not obesity itself, predicts type II diabetes independent of insulin resistance. Diabetologia.
2000;43:1498-506. [DOI] [PubMed]

Andersen A, Lund A, Knop FK, Vilsbgll T. Glucagon-like peptide 1 in health and disease. Nat Rev
Endocrinol. 2018;14:390-403. [DOI] [PubMed]

Akoumianakis I, Zagaliotis A, Konstantaraki M, Filippatos TD. GLP-1 analogs and regional adiposity: A
systematic review and meta-analysis. Obes Rev. 2023;24:e13574. [DOI] [PubMed]

Shah M, Vella A. Effects of GLP-1 on appetite and weight. Rev Endocr Metab Disord. 2014;15:181-7.
[DOI] [PubMed] [PMC(]

Lee YS, Jun HS. Anti-diabetic actions of glucagon-like peptide-1 on pancreatic beta-cells. Metabolism.
2014;63:9-19. [DOI] [PubMed]

Ben-Shlomo S, Zvibel I, Shnell M, Shlomai A, Chepurko E, Halpern Z, et al. Glucagon-like peptide-1
reduces hepatic lipogenesis via activation of AMP-activated protein kinase. ] Hepatol. 2011;54:
1214-23. [DOI] [PubMed]

Campbell JE, Drucker D]. Pharmacology, physiology, and mechanisms of incretin hormone action. Cell
Metab. 2013;17:819-37. [DOI] [PubMed]

Chen J, Zhao H, Ma X, Zhang Y, Lu S, Wang Y, et al. GLP-1/GLP-1R Signaling in Regulation of Adipocyte
Differentiation and Lipogenesis. Cell Physiol Biochem. 2017;42:1165-76. [DOI] [PubMed]

Toplak H, Woodward E, Yumuk V, Oppert JM, Halford ]JC, Frithbeck G. 2014 EASO Position Statement
on the Use of Anti-Obesity Drugs. Obes Facts. 2015;8:166-74. [DOI] [PubMed] [PMC(]

Kanoski SE, Fortin SM, Arnold M, Grill HJ, Hayes MR. Peripheral and central GLP-1 receptor
populations mediate the anorectic effects of peripherally administered GLP-1 receptor agonists,
liraglutide and exendin-4. Endocrinology. 2011;152:3103-12. [DOI] [PubMed] [PMC]

van Bloemendaal L, [Jzerman RG, Ten Kulve S, Barkhof F, Konrad R], Drent ML, et al. GLP-1 receptor
activation modulates appetite- and reward-related brain areas in humans. Diabetes. 2014;63:
4186-96. [DOI] [PubMed]

Liu F, Yang Q, Zhang H, Zhang Y, Yang G, Ban B, et al. The effects of glucagon-like peptide-1 receptor
agonists on adipose tissues in patients with type 2 diabetes: A meta-analysis of randomised controlled
trials. PLoS One. 2022;17:e0270899. [DOI] [PubMed] [PMC]

Morano S, Romagnoli E, Filardi T, Nieddu L, Mandosi E, Fallarino M, et al. Short-term effects of
glucagon-like peptide 1 (GLP-1) receptor agonists on fat distribution in patients with type 2 diabetes
mellitus: an ultrasonography study. Acta Diabetol. 2015;52:727-32. [DOI] [PubMed]

Chaudhury A, Duvoor C, Reddy Dendi VS, Kraleti S, Chada A, Ravilla R, et al. Clinical Review of
Antidiabetic Drugs: Implications for Type 2 Diabetes Mellitus Management. Front Endocrinol
(Lausanne). 2017;8:6. [DOI] [PubMed] [PMC]

Zhao L, Zhu C, Lu M, Chen C, Nie X, Abudukerimu B, et al. The key role of a glucagon-like peptide-1
receptor agonist in body fat redistribution. ] Endocrinol. 2019;240:271-86. [DOI] [PubMed]

El Bekay R, Coin-Aragiiez L, Fernandez-Garcia D, Oliva-Olivera W, Bernal-Lépez R, Clemente-Postigo
M, et al. Effects of glucagon-like peptide-1 on the differentiation and metabolism of human adipocytes.
Br ] Pharmacol. 2016;173:1820-34. [DOI] [PubMed] [PMC(]

Beiroa D, Imbernon M, Gallego R, Senra A, Herranz D, Villarroya F, et al. GLP-1 agonism stimulates
brown adipose tissue thermogenesis and browning through hypothalamic AMPK. Diabetes. 2014;63:
3346-58. [DOI] [PubMed]

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 11


https://dx.doi.org/10.1152/ajpregu.00257.2017
http://www.ncbi.nlm.nih.gov/pubmed/29641234
https://dx.doi.org/10.1007/s001250051560
http://www.ncbi.nlm.nih.gov/pubmed/11151758
https://dx.doi.org/10.1038/s41574-018-0016-2
http://www.ncbi.nlm.nih.gov/pubmed/29728598
https://dx.doi.org/10.1111/obr.13574
http://www.ncbi.nlm.nih.gov/pubmed/37191219
https://dx.doi.org/10.1007/s11154-014-9289-5
http://www.ncbi.nlm.nih.gov/pubmed/24811133
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4119845
https://dx.doi.org/10.1016/j.metabol.2013.09.010
http://www.ncbi.nlm.nih.gov/pubmed/24140094
https://dx.doi.org/10.1016/j.jhep.2010.09.032
http://www.ncbi.nlm.nih.gov/pubmed/21145820
https://dx.doi.org/10.1016/j.cmet.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23684623
https://dx.doi.org/10.1159/000478872
http://www.ncbi.nlm.nih.gov/pubmed/28668964
https://dx.doi.org/10.1159/000430801
http://www.ncbi.nlm.nih.gov/pubmed/25968960
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5644876
https://dx.doi.org/10.1210/en.2011-0174
http://www.ncbi.nlm.nih.gov/pubmed/21693680
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3138234
https://dx.doi.org/10.2337/db14-0849
http://www.ncbi.nlm.nih.gov/pubmed/25071023
https://dx.doi.org/10.1371/journal.pone.0270899
http://www.ncbi.nlm.nih.gov/pubmed/35797355
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9262225
https://dx.doi.org/10.1007/s00592-014-0710-z
http://www.ncbi.nlm.nih.gov/pubmed/25577244
https://dx.doi.org/10.3389/fendo.2017.00006
http://www.ncbi.nlm.nih.gov/pubmed/28167928
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5256065
https://dx.doi.org/10.1530/JOE-18-0374
http://www.ncbi.nlm.nih.gov/pubmed/30530905
https://dx.doi.org/10.1111/bph.13481
http://www.ncbi.nlm.nih.gov/pubmed/26993859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4867741
https://dx.doi.org/10.2337/db14-0302
http://www.ncbi.nlm.nih.gov/pubmed/24917578

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Martins FF, Marinho TS, Cardoso LEM, Barbosa-da-Silva S, Souza-Mello V, Aguila MB, et al.
Semaglutide (GLP-1 receptor agonist) stimulates browning on subcutaneous fat adipocytes and
mitigates inflammation and endoplasmic reticulum stress in visceral fat adipocytes of obese mice. Cell
Biochem Funct. 2022;40:903-13. [DOI] [PubMed]

Xu F, Lin B, Zheng X, Chen Z, Cao H, Xu H, et al. GLP-1 receptor agonist promotes brown remodelling in
mouse white adipose tissue through SIRT1. Diabetologia. 2016;59:1059-69. [DOI] [PubMed]
Papakonstantinou I, Tsioufis K, Katsi V. Spotlight on the Mechanism of Action of Semaglutide. Curr
Issues Mol Biol. 2024;46:14514-41. [DOI] [PubMed] [PMC(]

Ding X, Saxena NK, Lin S, Gupta NA, Anania FA. Exendin-4, a glucagon-like protein-1 (GLP-1) receptor
agonist, reverses hepatic steatosis in ob/ob mice. Hepatology. 2006;43:173-81. [DOI] [PubMed]
[PMC]

Samms R], Zhang G, He W, Ilkayeva O, Droz BA, Bauer SM, et al. Tirzepatide induces a thermogenic-
like amino acid signature in brown adipose tissue. Mol Metab. 2022;64:101550. [DOI] [PubMed]
[PMC]

Christensen M, Vedtofte L, Holst J], Vilsbgll T, Knop FK. Glucose-dependent insulinotropic polypeptide:
a bifunctional glucose-dependent regulator of glucagon and insulin secretion in humans. Diabetes.
2011;60:3103-9. [DOI] [PubMed] [PMC(]

Frias JP, Davies M], Rosenstock ], Pérez Manghi FC, Ferndndez Land6 L, Bergman BK, et al.; SURPASS-2
Investigators. Tirzepatide versus Semaglutide Once Weekly in Patients with Type 2 Diabetes. N Engl ]
Med. 2021;385:503-15. [DOI] [PubMed]

Jastreboff AM, Aronne L], Ahmad NN, Wharton S, Connery L, Alves B, et al.; SURMOUNT-1
Investigators. Tirzepatide Once Weekly for the Treatment of Obesity. N Engl ] Med. 2022;387:205-16.
[DOI] [PubMed]

Rochira V, Greco C, Boni S, Costantino F, Dalla Valentina L, Zanni E, et al. The Effect of Tirzepatide on
Body Composition in People with Overweight and Obesity: A Systematic Review of Randomized,
Controlled Studies. Diseases. 2024;12:204. [DOI] [PubMed] [PMC(]

Xia Y, Jin ], Sun Y, Kong X, Shen Z, Yan R, et al. Tirzepatide’s role in targeting adipose tissue
macrophages to reduce obesity-related inflammation and improve insulin resistance. Int
Immunopharmacol. 2024;143:113499. [DOI] [PubMed]

Kim SJ, Nian C, McIntosh CH. Activation of lipoprotein lipase by glucose-dependent insulinotropic
polypeptide in adipocytes. A role for a protein kinase B, LKB1, and AMP-activated protein kinase
cascade. ] Biol Chem. 2007;282:8557-67. [DOI] [PubMed]

Villarroya F, Peyrou M, Giralt M. Adipose Tissue, at the Core of the Action of Incretin and Glucagon-
Based Anti-Obesity Drugs. Curr Obes Rep. 2025;14:67. [DOI] [PubMed] [PMC]

Explor Endocr Metab Dis. 2025;2:101452 | https://doi.org/10.37349/eemd.2025.101452 Page 12


https://dx.doi.org/10.1002/cbf.3751
http://www.ncbi.nlm.nih.gov/pubmed/36169111
https://dx.doi.org/10.1007/s00125-016-3896-5
http://www.ncbi.nlm.nih.gov/pubmed/26924394
https://dx.doi.org/10.3390/cimb46120872
http://www.ncbi.nlm.nih.gov/pubmed/39728000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11674233
https://dx.doi.org/10.1002/hep.21006
http://www.ncbi.nlm.nih.gov/pubmed/16374859
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2925424
https://dx.doi.org/10.1016/j.molmet.2022.101550
http://www.ncbi.nlm.nih.gov/pubmed/35921984
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9396640
https://dx.doi.org/10.2337/db11-0979
http://www.ncbi.nlm.nih.gov/pubmed/21984584
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3219957
https://dx.doi.org/10.1056/NEJMoa2107519
http://www.ncbi.nlm.nih.gov/pubmed/34170647
https://dx.doi.org/10.1056/NEJMoa2206038
http://www.ncbi.nlm.nih.gov/pubmed/35658024
https://dx.doi.org/10.3390/diseases12090204
http://www.ncbi.nlm.nih.gov/pubmed/39329873
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11431103
https://dx.doi.org/10.1016/j.intimp.2024.113499
http://www.ncbi.nlm.nih.gov/pubmed/39471690
https://dx.doi.org/10.1074/jbc.M609088200
http://www.ncbi.nlm.nih.gov/pubmed/17244606
https://dx.doi.org/10.1007/s13679-025-00660-w
http://www.ncbi.nlm.nih.gov/pubmed/40892365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC12405374

	Abstract
	Keywords
	Introduction
	Different types and sizes of adipose cells
	GLP-1RAs
	Effects of GLP-1RAs on adipocyte size and type
	Effects of dual agonists on adipocyte type and size
	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	Publisher’s note
	References

