
Nanotechnology-enabled targeted delivery of incretin therapies 
for the treatment of obesity and metabolic disorders

Daniel Ejim Uti a,b,* , Josephine E. Egbung c, Esther Ugo Alum b, Inalegwu Bawa a, 
Samuel Ali Agada a, Celestine O. Ogbu a, Okechukwu Paul-Chima Ugwu b

a Department of Biochemistry, Faculty of Basic Medical Sciences, College of Medicine, Federal University of Health Sciences, Otukpo, Benue State, 
Nigeria
b Department of Biochemistry, Research and Publications, Kampala International University, P.O. Box 20000, Kampala, Uganda
c Department of Public Health Science, Faculty of Allied Medical Sciences, University of Calabar, Calabar, Nigeria

A R T I C L E  I N F O

Keywords:
Nanotechnology-based drug delivery
Incretin mimetics
Obesity and metabolic dysfunction
GLP-1 receptor agonists
Targeted nanocarriers
Personalized nanomedicine

A B S T R A C T

Obesity is a significant health issue worldwide, and a key risk factor for type 2 diabetes mellitus 
(T2DM), cardiovascular disease (CVD), non-alcoholic fatty liver disease (NAFLD), and related 
complications. Incretin-based therapies, especially glucagon-like peptide-1 receptor agonists 
(GLP-1RA) and Incretin-based therapies, particularly glucagon-like peptide-1 (GLP-1) and dual or 
triple agonists targeting glucose-dependent insulinotropic polypeptide (GIP) have enhanced the 
metabolic regulation and therapy of obesity. Nevertheless, their clinical use is limited by enzy
matic degradation, short biological half-life, low bioavailability, frequent administration, and 
systemic adverse effects. This review looks into the physiological functions of incretin hormones, 
the primary constraints of the present incretin-based treatment, and how nanotechnology can 
enhance their administration. It reviews lipid-based, polymeric, biomimetic, and stimuli- 
responsive nanocarriers looking at the benefits of peptide stability, release control, oral, inject
able delivery, and targeting to metabolically important tissues, including the liver, adipose tissue, 
and brain. Formulation strategies that are included in the review development include poly
ethylene glycol (PEG) and biomimetic coatings, and newer strategies that include artificial in
telligence (AI) are not yet widely explored, but the concepts have been intergraded. On the whole, 
nanotechnology has the potential to enhance incretin therapy but additional studies on safety, 
scalable manufacturing and clinical translation are required before such systems can be used in 
medical care.

1. Introduction

Obesity alongside metabolic dysfunction represent a major worldwide health concerns because medical experts estimate that more 
than 1 billion people experience obesity, and this disease is associated with metabolic syndrome, exhibiting different complications 
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and other metabolic diseases (Fig. 1) (Jin et al., 2023; Kurul et al., 2025). It is a known risk factor for the development of type 2 
diabetes mellitus (T2DM), cardiovascular diseases and non-alcoholic fatty liver disease (NAFLD) and some cancer types (Y. Chen et al., 
2023; Kurul et al., 2025; Uti et al., 2025). The weight-related metabolic complications, insulin resistance together with dyslipidemia 
and hypertension and chronic low-grade inflammation lead to decreased quality of life and elevated mortality rates (Uti et al., 2025). 
The fight against obesity with life-style interventions, pharmaceutical drugs and bariatric surgery meets ongoing difficulties to sustain 
ideal weight maintenance goals and control of the ensuing metabolic dysfunctions.

Incretin hormones play a crucial role in maintaining glucose homeostasis, regulating energy balance, and modulating insulin 
secretion (Angelini et al., 2024; Michałowska et al., 2021; Reed et al., 2024). The two important hormones known as glucagon-like 
peptide-1 (GLP-1) along with glucose-dependent insulinotropic polypeptide (GIP) function predominantly to balance glucose ho
meostasis and control energy intake and insulin release, and both of which are secreted by enteroendocrine cells in response to nutrient 
intake (Angelini et al., 2024; Mehta et al., 2023; Michałowska et al., 2021). The multiple metabolic effects of GLP-1 include stimulating 
glucose-dependent insulin secretion along with glucagon inhibition and delayed gastric emptying together with lipid metabolism 
modulation and reduction of inflammation (Kurul et al., 2025). Research indicates that GIP helps stimulate insulin production while 
playing an essential part in regulating lipid metabolic processes and shows signs of regulating fat tissue stability and body energy 
management (Quesada-Vázquez et al., 2024; Q. Zhang et al., 2021). Glucagon demonstrates dual metabolic functions through its 
ability to raise blood glucose levels through hepatic gluconeogenesis and glycogenolysis actions even though it originally obtained 
recognition for its blood glucose elevation abilities (Kajani et al., 2024; Zeigerer et al., 2021). New pharmacological treatments 
combine glucagon benefits with those of GLP-1 and GIP in either dual-agonist or triple-agonist combinations for maximizing metabolic 
control and weight management.

Research is ongoing to establish how incretin drugs affect the effectiveness of obesity treatment. Glucagon-like peptide-1 receptor 
agonists (GLP-1RAs) alongside dual or triple agonists targeting GLP-1 and GIP receptors and glucagon receptors have demonstrated 
notable success in treating obesity cases with metabolic issues (Del Prato et al., 2022; Forst et al., 2024; Newsome and Ambery, 2023). 
Despite their clinical benefit incretin-based therapies have several drawbacks that include their short life span and quick breakdown by 
DPP-4 and low bioavailability following subcutaneous administration and the negative effects of nausea and vomiting and broad 
distribution in the body (Psaltis et al., 2025; Saini et al., 2023). Novel therapeutic approaches need to be developed to enhance the 
stability and bioavailability and targeted delivery of incretin-based drugs since nanotechnology-based drug delivery systems hold 
promise as alternative.

Medicinal applications of nanotechnology have emerged as a solid solution to address existing delivery challenges (Haleem et al., 
2023; Kurul et al., 2025; Puri et al., 2024). In this review, we particularly concentrated on nanotechnology designed to enhance 
incretin-based therapeutics such as GLP-1 receptor agonists, GIP-based agonists, glucagon-based agonists and dual/triple incretin 
co-agonists. The focus is on the delivery systems that overcome the key translational limitations of these peptide drugs, specifically 
enzyme degradation, short plasma half-life, low oral bioavailability, overwhelming injection load, and non-targeted tissue delivery. 
Lipid-based, polymeric, biomimetic, and stimuli-responsive nanocarriers are therefore addressed in respect to their applicability with 
regard to incretin stabilization, controlled release, organ targeting, and therapeutic efficacy. In cases where the broader concepts of 
nanotechnology are referred to, it is only done to emphasize design concepts that may be applicable to incretin delivery, particularly in 
the areas that are at the preclinical level. The recent trend toward environmentally-friendly materials have given rise to biologically 
synthesized nanoparticles, and metal-organic frameworks and nanorobotics as tools for specific drug delivery. The safety of these 
technologies are essential and researchers are evaluating nanoparticle biological interactions to help reduce the hazard.

The clinical application of incretin mimetics as a glycemic and weight control drug faces limitations stemming from stability issues 
along with bioavailability limitations and patient adherence problems (Bendicho-Lavilla et al., 2022). The development of 
next-generation incretin mimetics becomes feasible because nanotechnology-based initiatives solve current obstacles through 
improved pharmacokinetics and targeted delivery together with enhanced patient convenience. The review would explore how 

Fig. 1. Health Complications Associated with Metabolic Syndrome. Adapted and modified from Mann et al., 2024.Under open access Creative Commons 
Attribution-Non Commercial 4.0 International License (CC BY-NC 4.0) (Created in https://BioRender.com).
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nanotechnology is revolutionizing the delivery and efficacy of incretin-based therapies (e.g., GLP-1 receptor agonists) for treating 
obesity and related metabolic disorders.

2. The physiological role of incretin hormones in metabolic regulation

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

It is a hormone from intestinal L-cells that are stimulated by nutrients for secretion. Glucagon like peptide helps in glucose ho
meostasis, insulin secretion, and appetite regulation (Holst, 2022; Kurul et al., 2025). Development of therapeutic agents for type 2 
diabetes mellitus (T2DM) and obesity is based on GLP-1 receptor agonists (GLP-1RAs) (Kurul et al., 2025; Mehta et al., 2023). Various 
mechanisms via which GLP-1 regulates appetite, enhances insulin secretion and maintain glucose homeostasis. These include hypo
thalamic regulation, it can activate the Arcuate Nucleus (ARC), paraventricular nucleus (PVN), brainstem action, activate the vagal 
nerve, cause delayed gastric emptying, promote insulin secretion, beta-cell proliferation and survival, and inhibition of glucagon 
secretion (Kabahizi et al., 2022; Roh and Choi, 2023).

Glucose homeostasis is achieved through multiple mechanisms, such as enhanced glucose uptake in the peripheral tissues, inhi
bition of hepatic glucose production and suppressions of gastric emptying. Indirectly, GLP-1 improves insulin sensitivity by means of 
weight loss and reduction in lipotoxicity and therefore insulin resistance (Dimitriadis et al., 2021; Gastaldelli et al., 2016). GLP-1 has 
shown therapeutic efficacy in diabetes and obesity and consequently, GLP-1 receptor agonists including exenatide, liraglutide and 
semaglutide have been developed to recapitulate the effect of native GLP-1 by acting on the GLP-1 receptors. They are agents of 
glycemic control and weight loss. On the contrary, DPP-4 inhibitors work by inhibiting the breakdown of native incretin hormones and 
hence extending the natural GLP-1 and GIP (Barać and Roganović, 2025; Gunturu, 2024; Hamed et al., n.d.; Kupnicka et al., 2024).

GLP-1 has potential neuroprotective effects for the treatment of neurodegenerative diseases and has, therefore, possible applica
tions for conditions such as Alzheimer's disease (Lv et al., 2024; Siddeeque et al., 2024). Finally, it is stated that GLP-1 plays a key role 
in maintaining metabolic homeostasis, controlling appetite, insulin secretion, and glucose homeostasis. Five (multi) armed structure of 
the mechanism and a valuable target in terms of treatment of metabolic disorders including diabetes and obesity. Fresh therapeutic 
strategies for treating metabolic and neurodegenerative diseases may arise as a result of research on more general physiological effects 

Table 1 
Physiological roles, mechanisms, and obesity-related modulation of incretin hormones in metabolic regulation.

Regulatory 
Factor/Axis

Source/ 
Anatomical Origin

Primary 
Physiological 
Role

Key Mechanisms of 
Action

Relevance to 
Obesity/Metabolic 
Dysfunction

Therapeutic/ 
Translational 
Relevance

References

Glucagon-like 
peptide 1 
(GLP-1)

Intestinal L-cells Glucose 
homeostasis, 
insulin 
secretion, 
appetite 
regulation

Activates hypothalamic 
regions (ARC, PVN), 
brainstem action, vagal 
nerve activation, 
delayed gastric 
emptying, promotes 
insulin secretion, β-cell 
survival, inhibits 
glucagon secretion

Reduced GLP-1 
secretion and 
receptor sensitivity in 
obesity, leading to 
impaired glucose 
homeostasis and 
appetite regulation

GLP-1 receptor 
agonists (GLP-1RAs) 
like exenatide, 
liraglutide, 
semaglutide for 
T2DM and obesity; 
potential 
neuroprotective 
effects

(Alcaino et al., 2024; 
Drucker, 2018)

Gastric 
inhibitory  
polypeptide 
(GIP)

Enteroendocrine 
K-cells of the 
proximal small 
intestine

Enhances 
insulin 
secretion, 
regulates lipid 
metabolism, 
energy balance

Stimulates pancreatic 
β-cells, increases LPL 
activity, triglyceride 
synthesis, enhances 
lipid storage in adipose 
tissue

Chronic GIP 
elevation in obesity 
contributes to fat 
accumulation and 
insulin resistance; 
GIP receptor 
activation in brown 
adipose tissue may 
enhance energy 
expenditure

Dual GIP/GLP-1 
receptor agonists (e. 
g., tirzepatide) 
improve glycemic 
control, weight loss, 
lipid metabolism

(Nogueiras, 2021; 
Quesada-Vázquez et al., 
2024)

Glucagon 
receptor 
agonists 
(GRAs)

Pancreatic α-cells Enhances 
lipolysis, energy 
mobilization, 
and glycemic 
regulation

Increases cAMP levels, 
activates protein kinase 
A (PKA), promotes 
glycogenolysis, 
gluconeogenesis, fatty 
acid oxidation, and 
thermogenesis

In obesity, glucagon 
resistance may 
impair lipid 
metabolism and 
increase hepatic 
steatosis; GRAs can 
enhance 
thermogenesis and 
energy expenditure

GRAs for obesity, 
T2DM, NAFLD/ 
NASH, 
cardiometabolic 
protection; co- 
therapy with GLP-1 
and GIP agonists for 
optimal effects

(Novikoff and Müller, 
2023; Shepard and 
Ecelbarger, 2021; Spezani 
& Mandarim-de-Lacerda, 
2022)

Adipose-Liver- 
Brain 
Crosstalk

Adipose tissue, 
liver, brain

Regulates 
metabolic 
homeostasis and 
energy balance

Adipokine and 
inflammatory cytokine 
signaling, FFA release, 
neural pathways

Dysregulated 
adipokine signaling 
in obesity contributes 
to insulin resistance, 
NAFLD, and 
metabolic syndrome

Targeting adipokine 
pathways and neural 
regulation to improve 
metabolic disorders

(Azzu et al., 2020; Hemat 
Jouy et al., 2024; Y. Yao 
et al., 2020)
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of GLP-1 (Tamayo-Trujillo et al., 2024).

2.2. Gastric inhibitory polypeptide (GIP)

Glucose dependent insulinotropic polypeptide (GIP) (Gastric inhibitory polypeptide) is a key incretin hormone released by 
enteroendocrine K-cells within the proximal small intestine (Guccio et al., 2025; Oteng et al., 2024). Metabolic regulation through 
stimulation of insulin secretion following nutrient intake plays a very important role. The diabetes and obesity related functions of GIP 
in relation to glucose homeostasis, lipid metabolism and energy balance have placed GIP beside glucagon-like peptide-1 (GLP-1) as an 
important therapeutic target (Gaffey et al., 2024; Kurul et al., 2025; Y. Yao et al., 2020). Because GIP acts in two ways, it has been the 
subject of intense scientific investigation. Despite its insulinotropic effects being beneficial for glucose regulation, the role of glucagon 
in lipids metabolism has caused controversy in its long term effect on obesity and metabolic diseases (Y. Jiang et al., 2025; Ques
ada-Vázquez et al., 2024).

The opportunity that exists for treating T2DM and obesity through the interplay between GIP and GLP-1 is a particularly unique 
one. GIP is a hormone that exerts many physiological effects and the majority of which are involved in anabolic and catabolic 
metabolic processes. It can broadly be categorized in its effect on glucose and lipid metabolism in metabolic balance. GIP is the key 
player in postprandial glucose regulation, since it increases glucose induced insulin secretion (Fisman and Tenenbaum, 2021). 
Pancreatic β cell express GIP receptors and on activation of the GIP receptor, insulin secretion is augmented, but this does not happen in 
individuals with T2DM, in whom the pancreatic β cells are not responsive to GIP, and is therefore considered to be resistant to GIP 
(Kurul et al., 2025; Varney and Benovic, 2024). In addition to that, GIP also takes part in lipid metabolism. GIP is not only an insu
linotropic hormone, but it also plays an important role in lipid metabolism (Kurul et al., 2025; Nauck and Müller, 2023). It enhances 
the activity of lipoprotein lipase (LPL) and triglyceride synthesis, and in consequence, it facilitates the uptake and storage of lipid in 
adipose tissue (Nauck and Müller, 2023). Such action also provides for efficient storage of energy, which in evolutionary terms was 
another aspect that proved to be an advantage on plenty of food. In the setting of caloric excess, however, there now exists evidence 
indicating that chronic activation of GIP signaling contributes to obesity and insulin resistance related to fat accumulation (Corbin 
et al., 2018; Quesada-Vázquez et al., 2024).

Interestingly, other than inhibitory effects on carbohydrate metabolism, GIP may also increase fat oxidation and energy expen
diture under certain condition. Agonists at GIPR are suggested to modulate activation of brown adipose tissue, and enhance ther
mogenesis and the effect of metabolic health (Campbell, 2020; Genchi et al., 2023). In terms of its role as a metabolic regulator, GIP has 
this paradoxical role in fat accumulation in some tissues and the utilization of fat in other tissues (Chait & den Hartigh, 2020; Fukuda, 
2021). Advances in incretin-based therapies have put GIP and GLP1 receptor agonists in good position for therapeutic use for metabolic 
disorders. More interestingly, after the advent of the dual GIP/GLP-1 receptor agonists, like tirzepatide, have shown considerable 
improvement of glycemic control, weight loss along with lipid metabolism (Quesada-Vázquez et al., 2024; Thomas et al., 2021). This 
indicates that single hormone therapies should be an ineffective strategy where one sets out to target and suppress both of the receptors 
simultaneously.

2.3. Glucagon receptor agonists

Glucagon functions as a metabolic regulatory hormone by supplying catabolic action that activates energy store mobilization as an 

Fig. 2. Illustrates the physiological role of incretin hormones in metabolic regulation following nutrient intake (Created in https://BioRender.com).
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insulin oppositional response (Quesada-Vázquez et al., 2024; J. Zhang et al., 2023). The medical community identifies GRAs as 
promising therapeutic options for treating all three components of metabolic syndrome alongside obesity and diabetes 
(Clemente-Suárez et al., 2023; Godoy-Matos et al., 2020). The properties of lipid metabolism control and energy usage together with 
glycemic regulation make glucagon receptor agonists attractive agents for metabolic syndrome treatment (Conceição-Furber et al., 
2022; Muzurović et al., 2022; Quesada-Vázquez et al., 2024). During hypoglycemic events and periods of fasting state pancreatic 
α-cells produce the 29-amino acid peptide hormone glucagon. As a G-protein-coupled receptor (GPCR), the glucagon receptor (GCGR) 
primarily works in the liver yet detection exists in adipose tissue and kidneys and in the central nervous system (Capozzi et al., 2022; 
Chrysavgis et al., 2024). When GCGR receptors become activated, the body produces more adenylate cyclase leading to elevated cyclic 
AMP (cAMP) levels thus triggering protein kinase A (PKA) signaling that manages glucose and lipid metabolic activities (Gao et al., 
2023; Janah et al., 2019).

Glucagon promotes liver processes of glycogen breakdown and gluconeogenic synthesis which together result in rising blood 
glucose levels in fasting conditions. The use of incretin-based therapies alongside glucagon allows the counteraction of its hyper
glycemic effects which results in favorable blood glucose control. Pancreatic islets use glucagon to release insulin based on paracrine 
mechanisms that work especially well during times of glucose availability (Campbell and Newgard, 2021; Wendt and Eliasson, 2022). 
The prolonged activation of glucagon receptors reduces insulin levels needed in the body which leads to better insulin sensitivity as 
well as decreased risk of insulin resistance. The therapeutic potential of GRAs includes their medical application for obesity control as 
well as their use in type 2 diabetes management and NAFLD and NASH therapy and cardiometabolic protection and neurodegenerative 
disease treatment (Ferguson and Finck, 2021). Hyperglycemic risks combined with gastrointestinal side effects and cardiovascular 
risks exist as barriers for successful use of these medications. Upcoming investigations should evaluate how to achieve the best possible 
level of advantage between glucagon's positive and negative effects during co-therapy with GLP-1 and GIP receptor agonist treatments. 
Knowledge about how people individually respond to GRAs can create specific treatment protocols for obesity treatment alongside 
diabetes management.

Achieving optimal therapeutic effects with glucagon receptor agonists proves difficult because of their risks to cardiovascular 
health and hyperglycemic conditions (Quesada-Vázquez et al., 2024). Researchers need to establish future research directives that 
involve the creation of more targeted GRAs together with compound therapy evaluation for achieving optimum therapeutic results. 
Finally, GIP influences glucose and lipid metabolism in a dual manner and is therefore an important component of incretin physiology. 
These has been summarized in Table 1, and Fig. 2. Consequently, to develop further therapeutic evolution, it will be necessary to 
understand GIP's subtle contribution to metabolic control.

2.4. The interplay of adipose-liver-brain crosstalk in regulating obesity and metabolic disorders

Several metabolic disorders including type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD) and metabolic 
syndrome are spreading across the globe because energy regulation between brain, liver and adipose tissue remains unstable. A unique 
equilibrium between adipose tissue and brain and liver functions serves as the main regulatory system (Fan et al., 2025; Tattoli et al., 
2024). This regulatory network consisting of three major components enables metabolic function by using hormonal and neural 
together with inflammatory signaling pathways (Quesada-Vázquez et al., 2024). Adipose tissue serves as an endocrine tissue which 
produces bioactive molecules including adipokines and free fatty acids (FFAs) besides inflammatory cytokines that direct metabolic 
processes throughout the body while enabling communication between adipose tissue and the liver and brain for regulating energy 
balance (Baldelli et al., 2024; L. Xie et al., 2024). The metabolic regulatory system depends heavily on adipokines such as leptin and 
adiponectin to function properly because leptin directs hypothalamus activities that suppress hunger and enhance energy use. The 
development of leptin resistance in obesity causes people to retain excessive hunger while decreasing their energy utilization 
(Clemente-Suárez et al., 2023).

Both metabolic problems and inflammatory factors lead to obesity through abnormal production of pro-inflammatory cytokines 
such as TNF-α, IL-6, and MCP-1. The cytokines disrupt insulin receptor signals which leads to insulin resistance while promoting the 
accumulation of liver lipids (Mehta et al., 2023; Uti et al., 2025; H. Wu and Ballantyne, 2020). Metabolic dysfunction receives 
additional escalation from the entry of macrophages and other immune cells into adipose tissue (Uti et al., 2025). Glucose and lipid 
metabolic functions of the liver derive information from both brain signals and adipose tissue signals. Free fatty acids that originate 
from adipose tissue get transported to the liver thus causing triglyceride buildup that predisposes patients to NAFLD (Bansal et al., 
2023; Chadt and Al-Hasani, 2020; X. Li and Wang, 2020). This condition becomes worse due to de novo lipogenesis instigated by 
insulin resistance combined with very low density lipoproteins (VLDL) secretion impairment and processes activated by cytokines from 
adipose tissue which lead to mitochondrial dysfunction and oxidative stress that further enhances liver damage and promotes lipid 
accumulation (Basil et al., 2024; Bo et al., 2024). Blood glucose homeostasis along with hepatic insulin sensitivity experience changes 
from the liver's management of glucose levels in the blood. High glucose production from poor hepatic glucose control and hyper
glycemia develops as a result of insulin resistance in obesity patients who later develop T2DM(Lewis et al., 2021; Mu et al., 2019). The 
faulty hepatic insulin response results in elevated glucagon activity thus intensifying blood sugar elevation (Hatting et al., 2018). The 
hypothalamus includes the arcuate nucleus (ARC) which functions as a critical element for energy balance management because it 
processes signals from peripheral organs through hormonal and neural communications (Pixner et al., 2023). Overconsumption of 
nutrients causes hypothalamic inflammation which damages leptin and insulin signaling pathways and produces persistent hunger 
together with decreased energy consumption (Bhusal et al., 2021; C. H. Lee et al., 2020).

Adipose liver brain axis presents a significant biological model in comprehending how incretin-based medications rule on appetite, 
glucose regulation, lipid metabolism, and insulin sensitivity. With respect to nanotechnology, the crosstalk is applicable since tailored 
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nanocarriers can enhance the delivery of GLP-1-, GIP-, and glucagon-based therapeutics to metabolically significant tissues, such as the 
liver, fat tissue, and the central nervous system. Hence, it is only discussed here as a mechanistic background to other sections on tissue- 
targeted incretin nanomedicine.

3. Limitations of conventional incretin-based therapies

3.1. Short half-life and rapid degradation of peptide-based drugs

The incretin-based therapeutic drugs GLP-1 receptor agonists and DPP-4 inhibitors have brought a major shift in T2DM treatment 
practices through their ability to enhance β-cell function together with glucose homeostasis. The major limitation of peptide-based 
drugs in these therapies comes from their short half-life duration along with their fast biological breakdown mechanisms 
(Quesada-Vázquez et al., 2024; Y. Xie et al., 2023). The primary factor which results in the short half-life of incretin-based drugs is 
enzyme-mediated breakdown by dipeptidyl peptidase-4 (DPP-4). The incretin hormone GLP-1 displays brief plasma existence of 1-2 
min because enzyme DPP-4 rapidly cleaves its N-terminal portion thereby producing nonfunctional products (Mima, 2016). GIP 
(intestinal polypeptide) together with other incretin hormones becomes degraded after contact with DPP-4 (Deacon, 2019; M. Razavi 
et al., 2022).

The short length of GLP-1-receptor agonists (GLP-1RA s) as small peptides allows both renal filtration and bloodstream enzymes to 
reduce their effectiveness (Latif et al., 2024; H. Y. Lee et al., 2024; Mima et al., 2012; Mima et al., 2023). Because small peptides readily 
pass through the kidneys small peptides need to be provided multiple times per day to sustain therapeutic drug levels in circulation 
(Mima et al., 2023). Gastrointestinal tract conditions lead to the natural degradation of these peptides so oral accessibility remains 
restricted (G. Chen et al., 2022; Tasdemiroglu et al., 2022). The rapid proteolytic degradation both in bloodstream plasma and tissue 
cells shortens the amount of time these medications remain effective which forces patients to take multiple doses each day or use 
specialized extended-release formulations. Multiple factors arise from short half-life including increased frequency of dosing and poor 
patient compliance and unstable glycemic control as well as increased cost of development and multiple strategies to counteract the 
short half-life (G. Chen et al., 2022; L. Wang et al., 2022).

The newer generation GLP-1 receptor agonist (RAs) including Liraglutide along with dulaglutide and semaglutide contain struc
tural modifications which stop DPP-4 degradation and extend their half-life duration (Quesada-Vázquez et al., 2024). Longer half-life 
becomes possible through albumin and fatty acid conjugation which decreases the amount of these drugs eliminated through the 
kidneys (Quesada-Vázquez et al., 2024). Drugs delivered through PEGylation along with nanotechnology demonstrate better solubility 
and proteolytic resistance which extends their effectiveness duration. Scientists investigate oral GLP-1RA s together with non-peptide 
alternatives to solve the limitations involving DPP-4 sensitivity and renal clearance issues (Mehta et al., 2023; Y. Yao et al., 2020). A 
big pharmacological hurdle for peptide-based incretin therapies comprises their brief lifetime together with fast breakdown which 
forces patients to stick to multiple administrations daily while negatively impacting medication adherence (Quesada-Vázquez et al., 
2024). Drugs based on incretin therapy have gained more effectiveness and convenience through recent innovations in structural 
modifications and drug delivery systems and oral formulations to address their initial limitations. Research should concentrate on 
finding non-peptide components as well as gene therapy applications along with extended-release oral formulations to maximize 
incretin-based drug treatment effectiveness.

3.2. Suboptimal bioavailability and need for frequent injections

The main issue hindering incretin-based therapy use particularly with GLP-1 receptor agonists exists in their limited bioavailability 
due to their swift enzyme breakdown and kidney elimination mechanisms. GLP-1 native form becomes degraded rapidly through the 
enzymatic activity of dipeptidyl peptidase-4 (DPP-4) rendering its half-life shorter than 1-2 min (Farngren and Ahrén, 2019). The short 
circulatory lifespan of GLP-1 analogs along with their vulnerability to DPP-4 degradation stimulates scientists to create resistant 
analogs and DPP-4 inhibitory compounds but these developed treatments still demand multiple daily dosages. Acquiring oral ab
sorption of GLP-1 receptor agonists becomes challenging because of three major barriers: degradation in the gastrointestinal tract 
alongside poor intestinal permeability and inconsistent absorption levels that vary depending on food consumption. DPP-4 inhibitors 
perform better when taken orally than GLP-1 receptor agonists despite showing limited therapeutic effects (Gallwitz, 2019; Mehta 
et al., 2023).

Scientists are studying different pharmacologic delivery techniques to enhance incretin-based therapy performance including lipid 
and nanoparticle carriers together with Rybelsus oral semaglutide administration and intranasal and transdermal applications along 
with hydrogen-based delivery approaches (Andersen et al., 2021; Nicze et al., 2024). Routine administration becomes essential 
because patient responsibilities conflict with medication compliance requirements when most short-lived drugs need subcutaneous 
injections. Profitability along with accessibility issues become barriers since injectable medicine costs exceed those of oral medications 
specifically in low- and middle-income countries (LMICs) due to restricted diabetes treatment availability in such regions (Aremu et al., 
2022; Baryakova et al., 2023; J. Xu et al., 2021). Compulsory self-injection administration requirements for diabetic patients causes 
major life quality deterioration because of the difficulty in administration together with worries about discomfort and side effects and 
expensive treatment costs (Ndara and Nuuyoma, 2023; Negash et al., 2023).

Scientists are working to create extended-release versions of GLP-1 analogs besides developing creative delivery methods that 
involve weekly or monthly GLP-1RA formulations alongside oral semaglutide and implantable or depot-based GLP-1 delivery systems 
(Kalra and Sahay, 2020; Yu et al., 2018). Future research aims to create better oral GLP-1RA s along with peptide modifications to 
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extend stability and absorption enhancers for intestinal drug uptake and microencapsulation and nanocarrier systems for enzymatic 
protection of GLP-1 molecules. Combination therapy strategies for improved outcomes connect GLP-1RA s with different anti-diabetic 
medications including GLP-1/Glucagon dual agonists for dual weight management and glucose regulation and GLP-1/GIP receptor 
agonists for additional metabolic advantages is of great importance.

The clinical advancements in T2DM treatment with incretin-based therapies face important roadblocks due to their limited 
bioavailability and required multiple administration. Researchers are presently working on improving the chemical stability of oral 
formulations and non-intravenous administration and sustained-release GLP-1 receptor agonists to optimize treatment results by 
making therapy more accessible to patients while lowering abandonment rates and generating superior diabetes management results.

3.3. Challenges in targeting adipose-liver-brain metabolic pathways

Energy regulation with metabolic homeostasis depends on functional processes between adipose tissue and the liver and brain. 
Several obstacles stand in the way of creating successful therapeutic methods to target this complicated network (Mehta et al., 2023; 
Wen et al., 2022). The therapeutic challenges involve the resistance and functional impairment of adipose tissue and liver metabolic 
disruptions along with neurologic complexities and systemic interactions and off-target consequences and unpredictable long-term 
process effects (AlZaim et al., 2020; Bettinetti-Luque et al., 2024). The progression of obesity-related conditions includes various 
factors such as the action of inflammatory mediators, fat tissue placement outside normal locations, multiple adipose tissue types, 
impaired hepatic metabolism, neuroinflammation with cognitive deficits, systemic interactions with feedback mechanisms and safety 
issues with unintended side effects along with long-term unexpected outcomes. The next generation of incretin therapy includes dual 
receptor agonists along with triple receptor agonists and small-molecule GLP-1RAs and personalized medicine and biomarkers with 
multi-targeted approaches and lifestyle and behavioural interventions which demonstrate stronger metabolic regulatory properties (de 
et al., 2022; Neto et al., 2023).

These problems underpin the necessity of nanotechnology-based incretin delivery platforms that enhance tissue selective delivery, 
decrease intoxication and enhance long-term metabolic regulation via the combination of adipose, liver, and brain regenerative 
metabolisms.

3.4. Market availability and characterization of incretin-based therapies

The current landscape of incretin-based therapies, including GLP-1 receptor agonists (e.g., liraglutide, semaglutide) and dual/triple 
agonists (e.g., tirzepatide), faces significant market-related challenges and opportunities (Anastasiou et al., 2025; Reddy et al., 2024). 
Despite promising clinical efficacy, the high cost of these therapies limits their widespread market availability, particularly in low and 
middle-income countries (LMICs) where access and affordability remain key barriers (Morin et al., 2023). Some medications have been 
approved by drug regulatory bodies such as the US FDA and EMA and have opened their way to the market, but further character
ization based on real-life evidence and pharmacoeconomic studies are needed to maximize their clinical value. Long-acting formu
lations are more convenient, but injection-related pain is associated with poor patient compliance and adherence. New formulated 
formulation techniques and development of next generation dual and triple agonists in nanotechnology may enhance tolerability but a 
detailed market analysis is necessary to define cost effectiveness and competitive positioning. These market barriers are important for 
the worldwide expansion of incretin-based approaches to the treatment of obesity and metabolic dysfunction.

3.5. Positioning nanotechnology-based incretin delivery relative to current clinical therapies

Though the clinical efficacy of long-acting GLP-1 receptor agonists (e.g., semaglutide, dulaglutide) is outstanding and oral sem
aglutide is accessible, there are significant therapeutic drawbacks. These are in the form of gastrointestinal (GI) adverse effects, inter- 
transmission variability in the oral absorption, absence of tissue specificity, and chronic administration. Delivery systems based on 
nanotechnology have been suggested in the control of these unmet requirements but their benefits ought to be compared to the current 
standards.

The better and more reliable oral delivery is one of the needs that have not been fulfilled. Even though it is novel, oral semaglutide 
has low and unpredictable bioavailability, as it depends on the absorption enhancements (Abbasi et al., 2026; Solis-Herrera et al., 
2024). Alternatively, nanocarriers that are discovered to be effective in protecting incretin peptides against enzymatic breakdown and 
increase intestinal absorption include pH-responsive, mucoadhesive, and lipid-based nanoparticles. The second huge opportunity is 
organ specific targeting. The traditional GLP-1 receptor agonists are spread out over the body, and nanoparticles can be used to target 
the liver, adopting fat, or central nervous system (CNS), potentially enhancing activity and reducing side effects.

In formulation terms, nanotechnology brings about adjustable physicochemical parameters, which are the ones which have direct 
effect on the performance of the therapeutic activity. As reported, the particle sizes of report systems are usually in the 50-300 nm 
range, which allows the uptake into cells, allowing extended circulation (Islam et al., 2025). The encapsulation efficiencies tend to be 
60-90 percent according to the carrier composition (e.g. lipid-based and polymeric systems). Moreover, controlled release kinetics are 
also able to maintain the release of drugs during prolonged durations (hours-days) which may have lowered dosing schedule in 
comparison to the current therapies (Ataide et al., 2023). Preclinical models of biodistribution have shown that surface modified 
nanoparticles are able to increase the accumulation of the model in target tissues though there is inconsistency in biodistribution across 
the various models.

Significantly, no studies of head-to-head comparison of systems based on nanotechnology and approved incretin therapies can be 
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Table 2 
Nanotechnology-driven strategies for enhancing incretin drug delivery in obesity treatment.

Therapeutic Cargo Nanocarrier 
Type

Targeting Strategy Route of 
Administration

Experimental Model/ 
Application Context

Main Efficacy Outcomes Safety/Formulation 
Considerations

Development 
Stage

References

Nanotechnology- 
Driven 
Innovations in 
Incretin 
Mimetics 
Delivery

Lipid-Based 
Nanoparticles

Liposomes, Solid Lipid 
Nanoparticles (SLNs), 
Polymeric Nanoparticles 
(NPs)

Encapsulation for 
controlled and targeted 
drug release

Cancer, 
neurodegenerative 
diseases, infectious 
diseases

Enhancing the stability 
and bioavailability of 
incretin mimetics for 
sustained appetite 
suppression

Possible lipid- 
related toxicity; 
formulation 
stability

Preclinical–early 
translational

Y. Xu et al. 
(2020)

​ Peptide- 
Conjugated & 
Hybrid NPs

RGD, TAT peptides, 
aniopep-2

Receptor-mediated 
endocytosis for 
targeted delivery

Cancer therapy, gene 
therapy

Directing incretin drugs 
to adipose and liver 
tissues for improved 
metabolic effects

Polymer 
biocompatibility 
and degradation 
concerns

Preclinical (Ilieş et al., 
2024; M. Liu 
et al., 2021)

Nanocarriers for 
Enhanced 
Bioavailability & 
Stability

PEGylation PEGylation of incretin 
mimetics

Extends drug stability, 
minimizes degradation 
& immune response

Diabetes treatment 
(exenatide, liraglutide, 
semaglutide)

Extending the half-life of 
GLP-1 agonists to reduce 
dosing frequency and 
enhance efficacy

Stability and 
leakage issues

Preclinical (Poudwal 
et al., 2021; 
Y. Yao et al., 
2020)

​ Biomimetic 
Coatings

Liposomal 
encapsulation, cell 
membrane, mucin-based 
coatings

Protection against 
enzymatic degradation 
& immune clearance

Peptide-based drugs, 
diabetes therapy

Enhancing incretin drug 
absorption and stability 
in the gastrointestinal 
tract

Scalability and lipid 
oxidation concerns

Preclinical (Dash et al., 
2020; Lutz 
et al., 2022)

Stimuli-Responsive 
Nanoparticles

pH-Sensitive 
NPs

Polymethacrylate- 
coated, chitosan 
nanogels

Controlled drug release 
at specific pH levels

Oral peptide 
therapeutics

Enabling pH-triggered 
incretin release in the gut 
for improved 
bioavailability

Immunogenicity 
risk; complex 
synthesis

Preclinical (Araújo et al., 
2015; X.-Q. 
Wang and 
Zhang, 2012)

​ Enzyme- 
Triggered NPs

Trypsin-sensitive, DPP-4- 
active NPs

Drug release activated 
by enzymatic 
interaction

Oral GLP-1-based 
therapies

Enzyme-responsive 
incretin release to 
prevent premature 
degradation and improve 
therapeutic effects

Manufacturing 
complexity

Preclinical (Pinto et al., 
2024; Y. Yao 
et al., 2020, 
2020)

Targeting Adipose- 
Liver-Brain 
Crosstalk

BBB 
Penetration

Liposomes, SLNs, 
polymeric & inorganic 
NPs

Enabling nanoparticle 
transport across the 
blood-brain barrier

Neurodegenerative 
diseases, metabolic 
disorders

Delivering incretin drugs 
to the hypothalamus to 
regulate appetite and 
energy balance

Variability in pH 
response

Preclinical (W. Zhang 
et al., 2021; 
Zhou et al., 
2018)

Targeting Adipose- 
Liver-Brain 
Crosstalk

Hepatic 
Targeting

Liposomes, lipid 
nanoparticles (LNPs), 
polymeric nanoparticles, 
and surface- 
functionalized 
nanocarriers

Protection of incretin 
peptides from 
degradation, prolonged 
circulation, sustained 
release, and enhanced 
hepatic delivery

Obesity, insulin 
resistance, NAFLD/ 
NASH

Liver-directed delivery 
of GLP-1R agonists and 
incretin co-agonists to 
improve hepatic lipid 
metabolism and insulin 
sensitivity

Variability in 
enzyme activity

Preclinical (Peng et al., 
2025; Yabut 
and Drucker, 
2023)

Nanoparticles for 
Gut Microbiome 
Modulation

Probiotic- 
Loaded NPs

Encapsulation of 
probiotics in PLGA, 
chitosan, or lipid-based 
NPs

Protecting probiotics 
from degradation and 
ensuring targeted gut 
release

Gut microbiome 
modulation, metabolic 
health improvement

Enhancing gut 
microbiota balance to 
support incretin- 
mediated metabolic 
benefits

Potential hepatic 
accumulation; 
safety concerns

Preclinical–early 
translational

(Lopes et al., 
2023; S. 
Razavi et al., 
n.d.)
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found. The evidence available is almost in preclinical stages and most of the variables like optimal dosing schedule, safety and clinical 
superiority are yet to be determined. Thus, even though nanotechnology presents a promising solution especially in the area of oral 
delivery and targeted therapy and controlled release the translational benefit of nanotechnology over the existing clinical standards 
should undergo additional challenging validation.

4. Nanotechnology-driven innovations in Incretin Mimetics Delivery

4.1. Nanoparticle-based drug delivery systems

This section examines three main approaches regarding nanoparticle-based drug delivery: Lipid-Based Nanoparticles, Solid Lipid 
Nanoparticles (SLNs), Polymeric Nanoparticles for Controlled and Sustained Release, and recently developed Peptide-Conjugated and 
Hybrid Nanoparticles for Targeted Delivery (L. Xu et al., 2022) (Table 2).

Drug delivery benefits significantly from the usage of lipid-based nanoparticles because they demonstrate both excellent stability 
and encasing ability for hydrophilic and hydrophobic drugs and besides these benefits they are compatible with biological systems 
(Mehta et al., 2023). The particles replicate biological membranes to deliver drugs efficiently during controlled release processes. The 
common varieties of nanoparticles for drug delivery systems are liposomes and solid lipid nanoparticles (SLNs) and polymeric 
nanoparticles. Spherical vesicles with an aqueous core and one or more phospholipid bilayers make up liposomes as a nanoparticle 
structure (Mehta et al., 2023, 2023, 2023). These carriers provide several benefits including degraded components that break down 
easily and are able to compromise with biological systems as well as degrading agent immunity while enabling 
surface-function-selection processes to reach specific targets and enabling drug substance stability and increased dissolving power 
(Magadani et al., n.d.; Trucillo, 2024). The medical field utilizes nanoparticles for cancer treatments and antimicrobial drug delivery 
together with gene therapy and vaccine administration. Submicron lipid-solid carrier systems known as Solid Lipid Nanoparticles 
(SLNs) use surfactants to maintain their stability while composed of solid lipid materials (Arabestani et al., 2024; Mehta et al., 2023).

The biodegradable structures used in polymeric nanoparticles assist controlled drug release rates through their biocompatible 
polymers. Three main polymers used for fabricating nanoparticles are poly (lactic-co-glycolic acid) (PLGA) as well as chitosan with 
polyethylene glycol (PEG)-based polymers (R. Sun et al., 2024). The advantages of these nanocarriers consist of sustained drug release 
that presents controlled formulation with improved bioavailability and targeted delivery capability and lower number of required 
doses (Mall et al., 2024). The combination of peptide-related and hybrid nanoparticles has emerged as a modern approach in nano
medicine through specific peptide connections or nanocarrier combinations for precise targeting functions. The system uses RGD 
(Arg-Gly-Asp) peptides, TAT peptides as well as aniopep-2 for targeting functions (Javid et al., 2024; Y. Zhang et al., 2021). The 
combination of diverse nanomaterials in hybrid nanoparticles allows for simultaneous access to several benefits such as prolonged 
stability with precise delivery precision and controlled substance release. These nanomaterials serve different applications in treating 
cancer and treating neurodegenerative conditions and delivering genetic material (Deivayanai et al., 2024; Drabczyk et al., 2024).

Recent progress in contemporary medicine relies on nanoparticle-based drug delivery technologies that enhance therapeutic ef
ficacy and provide more effective therapy while minimizing possible side effects. The biological characteristics of lipid-based nano
particles integrate with the controlled release capabilities of polymeric nanoparticles and the targeted precision of peptide-conjugated 
or hybrid nanoparticles (Elumalai et al., 2024). Future breakthroughs in drug delivery systems via research will enable successful 
personalized therapy techniques for cancer, neurological diseases, and infection control.

4.2. Nanocarriers for enhanced bioavailability and stability

a. PEGylation in Incretin Mimetics Delivery: PEGylation is a measure which could enhance the stability and pharmacokinetic 
characteristics of peptide therapeutics, whereas extended activities of commercial incretin receptor agonists are not a result of 
PEGylation per se, but an uncountable number of drug-specific structural and formulation solutions (Santhanakrishnan et al., n.d.; 
Simberg et al., n.d.). Dulaglutide is a GLP-1 analogue with an amino acid hydrolysis reaction with an amino acid analogue, 
semaglutide, an GLP-1 analogue with amino-acid substitutions and a lysine-26 side-chain amino acid substitution to extend human 
plasma levels, oral semaglutide, co-formulated with sodium N-(8-[2-hydroxy (Holler et al., 2025; Peri et al., 2025). In this regard, 
in case of maintaining the endogenous GLP-1 against degradation, preserving degradation must be addressed in DPP-4 inhibition, 
rather than in GLP-1 receptor agonism.

b. Biomimetic Coatings for Protection and Enhanced Absorption: Biomimetic coatings that derive their design from biological 
membranes and proteins function as an alternative to PEGylation for enhancing drug stability and accessibility(Y. Yao et al., 2020). 
Drugs benefit from these materials which duplicate cell-based components to protect medication ingredients and maintain 
bloodstream durability while enabling pharmaceutical segmentation(H. Liu et al., 2023). The main strategies for drug protection 
utilize liposomal encapsulation and cell membrane coatings and mucin-inspired coatings. A careful application of liposomal ma
terials results in proteolytic protection of incretin mimetics and the addition of cell membrane coatings leads to improved 
biocompatibility with natural defense systems. The addition of mucin to hydrogels contributes to the protection of peptides from 
gastrointestinal enzymes so they become more suitable for oral administration of incretin mimetics(Ferreira-Faria et al., 2022). The 
applications of these approaches include both protecting peptides from enzymatic breakdown and extending circulation duration 
and decreasing immune system removal.

D.E. Uti et al.                                                                                                                                                                                                           Obesity Medicine 61 (2026) 100712 

9 



4.3. Stimuli-responsive nanoparticles (pH-sensitive, enzyme-triggered release)

The release of medication from stimuli-responsive nanoparticles (SRNPs) occurs according to physiological changes such as pH 
conditions and enzymatic activity which optimizes drug distribution and lowers adverse effects and delays additional dosing frequency 
(Ahmadi et al., 2020). 

a. pH-Sensitive Nanoparticles: The drug release capabilities controlled by pH make nanocarriers an optimal choice to transport 
incretin mimetics by mouth for intestine-directed release (J. Wang et al., 2023). The nanoparticles maintain stability in regular 
body fluid conditions then change their shape under either acidic or alkaline solution conditions. French researchers developed a 
system where the incetins stay protected by a protective layer at acidic conditions but they break down at higher pH values to 
release the peptide for systemic intake (L. Liu et al., 2017). The delivery of GLP-1 receptor agonists through 
polymethacrylate-coated nanoparticles serves as an oral treatment while targeting intestinal tissues through chitosan nanogels and 
utilizing liposomes that respond to pH changes for oral absorption (Ziebarth et al., 2024).

b. Enzyme-Triggered Nanoparticles: Drug release through enzyme-responsive nanoparticles (ERNPs) occurs when the nano
particles experience contact with particular enzymes found in gastrointestinal tracts or bloodstream systems. The systems 
demonstrate high effectiveness for delivering incretin mimetics to their intended targets while decreasing side effects and the need 
for multiple dosages (M. Li et al., 2020; Y. Wang et al., 2024). These nanoparticles contain enzyme-sensitive linkers which break 
down after specific enzymes like proteases or amylases exist. When nanoparticles encounter enzyme proteins they begin to break 
down while simultaneously releasing incretin mimetics to the specific site. Medical professionals employ trypsin-sensitive nano
particles for oral delivery of GLP-1 while DPP-4-active nanocarriers function for incretin mimetic treatments and enzyme-triggered 
hydrogel systems maintain sustained peptide administration (Ren et al., 2022; Q. Zhang et al., 2024). The development of incretin 
mimetics requires better biocompatible long-term solutions combined with improved methods to scale up production and obtain 
regulatory requirements and overcome inconsistent bioavailability following oral administration under shifting gastrointestinal 
conditions. Innovation in nanomedicine along with polymer chemistry development brings forth innovative increase mimetics 
delivery approaches which promise extended and improved drug formulations that are friendly for diabetic patients

Fig. 3. Types of Adipose Tissue and Their Interconnections with Metabolic Regulation. (Created in https://BioRender.com).
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4.4. Targeting adipose-liver-brain crosstalk

4.4.1. Nanoparticle-facilitated BBB penetration for central appetite regulation
The crosstalk between adipose tissue and liver with brain functions as an essential mechanism for metabolic equilibrium and 

appetite control and exhibits dysfunctions in cases of obesity and diabetes and NAFLD. Integration of signals originating from pe
ripheral tissues carefully occurs within the hypothalamus and brain through this essential connection (Yang et al., 2024; Y. Yao et al., 
2020). Several therapeutic interventions with central nervous system (CNS) targets become ineffective because the blood-brain barrier 
(BBB) prevents drug entry (Banks et al., 2024; Y. Yao et al., 2020). The adipose tissue represents an endocrine organ since it releases 
hormones and adipokines that control appetite functions and energy equilibrium mechanisms. Leptin triggers signals to hypothalamus 
for decreased hunger as well as more energy consumption. Leptin resistance emerges in obesity that diminishes the feedback regulation 
system. The liver functions through insulin and glucagon signals to control glucose and lipid operations while hepatokines enable brain 
interactions that affect appetite regulation and metabolic activities. When these pathways suffer regulatory breakdown it causes 
people to eat in excess and develop metabolic problems (Stefanakis et al., 2024).

The arcuate nucleus (ARC) within the hypothalamus houses two essential neuronal networks that include POMC/CART cells which 
serve as appetite-reducing elements along with appetite-increasing AgRP/NPY neurons (Jais and Brüning, 2021). Metabolic diseases 
develop because neuronal circuit dysfunctions occur in the body. The brain endothelial cells of the BBB function as an extensive 
filtering boundary which blocks the entrance of nearly all medications and proteins. Staggered delivery of therapeutic agents through 
nanoparticles serves as an innovative method which allows passage through the BBB to directly change appetite-regulatory circuits in 
the brain (Kochman et al., 2026). A range of nanoparticles have been researched for drug delivery purposes with representatives 
coming from liposomes and solid lipid nanoparticles (SLNs) together with polymeric nanoparticles and inorganic nanoparticles and 
magnetic nanoparticles and exosome-mediated delivery (Kadry et al., 2020).

Parameter selection for obesity treatments should focus on utilizing leptin inhibition as well as RNA-based therapies and blocking 
neuropeptides and modifying the gut-brain axis. Background studies must focus on improving nanoparticle size parameters and surface 
modification techniques and extended assessments of biocompatibility and safety in addition to obtaining medical authorization for 
CNS nanoparticle therapies.

4.4.2. Hepatic targeting for improved lipid metabolism and insulin sensitivity
Liver is also a prime target organ in obese-related metabolism disfunction since it controls the gluconeogenesis, and the glycogen 

metabolism, lipid processing as well as insulin sensitivity (Truong and Lee, 2025). Primarily, hepatic steatosis and hepatic insulin 
resistance are the potential causes of hyperglycemia, dyslipidemia, and NAFLD/NASH development (Truong and Lee, 2025). This is 
why polydactic intravenous delivery of incretin-based therapeutics can be effective in enhancing the level of metabolic regulation and 
minimizing the level of exposure of the body and off-target side effects.

Hepatic targeting is applicable using nanotechnology given the possibility of protecting drugs target to the liver like peptide drugs, 
including GLP-1 receptor agonists, dual GLP-1/GIP agonists and glucagon-containing co-agonists by protecting those drugs in 
nanoparticles. Lipid nanoparticles, polymeric nanoparticles, liposomes and surface-functionalized nanocarrier can be designed to 
enhance hepatic uptake and long-lasting release and intracellular delivery of incretin-related cargo (Uti et al., 2025). They are 
especially appealing in the field of obesity, insulin resistance, and fatty liver disease whereby the local delivery to the liver was likely to 
improve lipid metabolism, decrease the hepatic glucose production, and enhance insulin sensitivity.

Nevertheless, the vast majority of nanotechnology approaches applicable in targeting the liver are still at the preclinical phase in 
regard to incretin therapy. More effort is required to get tissue specificity, long term safety, reproducibility, dose control and trans
lational feasibility of these methods to be included in clinical trials. Therefore, hepatic targeting can be regarded as a good but still 
developing field of nanotechnology-based incretin therapy.

4.4.3. Adipose tissue delivery for thermogenesis and adipokine modulation
The multiple functions of adipose tissue as an organ consist of energy storage and endocrine signaling and the regulation of body 

temperature (Mısırlıoğlu, 2025). The tissue participates extensively in controlling metabolic processes that encompass energy balance 
together with homeostasis. Through adipose tissue delivery approaches using transplantation and targeted drug delivery methods 
medical teams aim to regulate thermogenic functions and adipokine production for treating metabolic diseases mostly obesity and type 
2 diabetes (Cheng et al., 2024). The three basic types of adipose tissue include white adipose tissue (WAT), brown adipose tissue (BAT) 
alongside beige adipose tissue (Uti et al., 2025), and the general interconnection between the adipose, neuronal network, glucagon, 
and insulin sensitivity given in (Fig. 3) as earlier shown by Ruud et al. (Ruud et al., 2017). The human body stores triglycerides in WAT 
to serve as its main form of energy storage until times when additional energy is needed. The excessive growth of WAT tissue leads to 
obesity alongside insulin resistance along with numerous metabolic diseases. Besides energy storage WAT produces adipokines like 
leptin and adiponectin together with resistin and pro-inflammatory cytokines that lead to changes in energy balance and systemic 
inflammation. The quantity of WAT tissue plays a fundamental role in causing metabolic problems with its primary accumulation 
happening in abdominal spaces (Sakers et al., 2022; Semwal et al., 2022).

Brown adipose tissue (BAT) functions as specialized tissue which produces thermogenic heat to regulate body temperature when 
staying in cold conditions. BAT activation creates enhanced metabolic energy consumption leading to better glucose control and 
insulin responsiveness while presenting itself as a valuable therapeutic objective for metabolic diseases including obesity (Maliszewska 
and Kretowski, 2021). Cold exposure together with physical activity or pharmacological therapy allows beige adipocytes to develop 
between existing white adipocytes throughout WAT(Magro and Dias, 2024; Scheel et al., 2022). The thermogenic behaviour found in 
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Table 3 
Advances and challenges in nanotechnology-enhanced incretin therapies: Preclinical and clinical insights.

S. 
No.

Application Advantages Shortcomings Recent Animal 
Model Studies

Clinical Trials Future Directions 
and Personalized 
Approaches

References

1 Nanoparticle-based 
GLP-1 receptor 
agonists

Enhanced 
bioavailability 
and sustained 
release.

Limited long-term 
data.

Improved 
efficacy and 
prolonged 
action in 
diabetic rats.

No specific named 
clinical nanoparticle- 
based GLP-1 
formulation or trial 
identifier is provided 
in this review; 
therefore, clinical 
translation should be 
regarded as emerging 
rather than 
established

Precision 
nanomedicine for 
individualized 
dosing.

(Magro and 
Dias, 2024; 
Sharmah 
et al., 2024)

2 Nanoparticle-based 
GIP receptor agonists

Targeted 
delivery to 
tissues, reducing 
side effects.

Complex 
manufacturing 
processes.

Better glucose 
regulation in 
obese rodent 
models.

Clinical evidence 
remains insufficiently 
defined in the current 
manuscript; no named 
formulation or trial 
identifier is cited here

Personalized 
nanomedicine for 
optimized therapy.

(Mukherjee 
et al., 2023; 
Y. Yao et al., 
2020)

3 Nanoparticle-based 
glucagon receptor 
agonists

Potential for 
weight loss and 
improved insulin 
sensitivity.

Risk of immune 
responses to 
nanoparticles.

Increased 
weight loss and 
glucose 
homeostasis in 
animals.

At present, this area 
should be considered 
preclinical/early 
translational in the 
context of this review 
unless specific human 
studies are identified

Exploring 
combination 
therapies with 
other 
nanomaterials.

(Min, 2024; 
Palani et al., 
2022)

4 Comparative analysis 
of nanoparticle- 
enhanced vs. 
conventional 
therapies

Superior efficacy 
with fewer side 
effects in 
preclinical trials.

High costs of 
development and 
production.

Animal models 
show better 
results with 
nanoparticles.

No robust, clearly 
identified 
comparative clinical 
dataset is presented 
here; claims of clinical 
superiority should 
therefore be avoided

Future clinical 
trials may 
determine patient- 
specific benefits.

B. Wang 
et al. (2024)

5 Nanotechnology in 
improving therapy 
adherence

Increased patient 
compliance due 
to reduced 
frequency of 
administration.

Regulatory hurdles 
for approval.

Animal studies 
demonstrate 
better 
adherence with 
long-acting 
formulations.

Human adherence 
benefit remains 
hypothetical in the 
absence of clearly 
cited clinical studies 
specific to nano- 
enabled incretin 
systems

Potential for home- 
based self- 
administration.

Ekpa et al. 
(2020)

6 Nanoparticle 
formulations for 
combination therapy

Enhanced 
therapeutic 
outcomes when 
combined with 
other drugs.

Possible 
interactions with 
other medications.

Synergistic 
effects observed 
in combination 
therapy models.

Clinical validation is 
not yet established in 
this review

Personalization of 
combination 
therapies to 
address individual 
patient needs.

Shrestha 
et al. (2019)

7 Targeted delivery 
systems for reduced 
systemic side effects

Targeting 
specific organs 
and tissues for 
minimal 
systemic 
exposure.

Difficulty in 
achieving precise 
targeting in 
humans.

Studies show 
precise liver 
targeting in 
rodent models.

Translational status 
remains early; clinical 
benefit has not yet 
been demonstrated 
here with specific 
named trials

Advances in 
targeting strategies 
for better 
precision.

(Machindra 
et al., n.d.; 
Rus et al., 
2021)

8 Enhanced 
pharmacokinetics 
and 
pharmacodynamics

Extended drug 
half-life and 
more controlled 
drug release.

Risk of altering 
pharmacokinetic 
profiles in some 
individuals.

Animal studies 
show slower 
release and 
improved 
control over 
blood glucose 
levels.

Clinical 
pharmacokinetic 
confirmation for 
specific nano-incretin 
products is not clearly 
documented in this 
manuscript

Personalized 
dosing strategies 
based on 
pharmacokinetic 
data.

(Pise, 2024; 
S. Wang 
et al., 2020)

9 Nanoparticle- 
mediated gene 
delivery for incretin 
therapy

Potential for 
genetic 
modifications to 
enhance therapy 
outcomes.

Ethical concerns 
and long-term 
effects.

Gene delivery 
models show 
enhanced 
expression of 
target incretin 
receptors.

No clinical trials are 
identified here for 
gene-delivery 
applications in 
incretin nanotherapy

Research in gene- 
editing techniques 
for diabetes 
management.

(Lourie 
et al., 2024; 
Tasyurek 
et al., 2014)

10 Nanotechnology in 
reducing drug 
resistance

Ability to bypass 
cellular 

Challenges in 
identifying all 

Animal studies 
indicate 
reversal of 

Clinical relevance 
remains speculative 

Targeting 
molecular 

(Y. Yao 
et al., 2020; 

(continued on next page)
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BAT cells also occurs in beige cells which help boost metabolism and energy expenditure through UCP1 expression. The research 
potential of beige fat stands out due to its capability to improve thermogenic activity independently from major weight reduction 
(Magro and Dias, 2024).

Researchers have investigated different delivery methods for adipose tissue because they seek to improve metabolic health through 
thermogenic enhancement and adipokine secretion management (An et al., 2023; Ghesmati et al., 2024). Research conducted on 
improving thermogenesis focuses on BAT transplantation alongside beige fat induction procedures and pharmacological activation 
and gene therapy with cell-based approaches and nanoparticle-mediated drug delivery techniques (T. Zhu et al., 2023). The results 
from BAT transplant research demonstrate promising potential as obesity and diabetes therapeutic solutions because they increase 
metabolic function along with insulin sensitivity. Experts use several methods to turn beige fat into thermogenically active beige fat 
which includes exposing tissues to cold temperatures and exercise and giving substances that stimulate β3-adrenergic receptors or 
modify genetic expression patterns (S. Lee et al., 2022; Negroiu et al., 2024).

Mirabegron together with thyroid hormone analogs and GLP-1 receptor antagonists and CRISPR-based gene editing as well as stem 
cell-derived adipocytes and nanoparticle-mediated drug delivery constitute pharmacological approaches to activate thermogenesis 
(Dąbrowska and Dudka, 2023; X. Sun et al., 2023). Through genetic modification scientists can enhance adipocyte thermogenic po
tential by changing the genes that direct BAT development as well as those regulating UCP1 expression. ADMSCs alongside other stem 
cells show potential to become thermogeneic adipocytes that could serve as bases for therapeutic approaches to increase energy 
consumption and enhance metabolic health (Dowker-Key et al., 2024; X. Yao et al., 2020). Polymeric nanoparticles provide exact 
regulation of metabolic pathways by carrying tiny molecules with RNA therapies straight to adipose tissue and gene-editing tech
nologies (kapoor et al., 2023). The continued development of this approach requires resolving technical problems regarding long-term 
effectiveness and patient-oriented medicine solutions and improved delivery methods. These therapies need sustained activation of 
thermogenesis therapy without detrimental effects so they can become successful treatments. Moving onward with clinical effec
tiveness in pharmacological treatments requires specific improvements in the stability and delivery system characteristics as well as 
pharmacological agent bioavailability and selectivity. The regulatory role adipose tissue plays in metabolism remains essential because 
its potential to influence thermogenesis and adipokine release gives motivation to fight obesity and metabolic disorders effectively. 
Research must continue to improve methodical delivery systems along with harm assessment while building custom-made treatments 
to treat obesity-related conditions across the world.

5. Preclinical and clinical advances in nanotechnology-enhanced incretin therapies

A summary of some of the representative preclinical advances and of translation issues in nanotechnology-enhanced incretin 
therapies is summarized in Table 3. Since the field remains in its early stages of development, the table highlights evidence-of-concept 
results and opportunities to formulate the field, critical limitations, and the prevailing state of the field translationally, as opposed to 
suggesting an implied clinical maturity. The analysis explores both advantages and restrictions of GLP-1 GIP and glucagon receptor 
agonist nanoparticles that compares its attributes with the conventional therapeutic alternatives. This study explores the recent trends 
in personalized medicine along with the precision nanomedicine methods that strive to induce the most effective results of treatment 
while dealing with type 2 diabetes, and obesity patients.

6. Challenges, safety considerations, and regulatory perspectives

Nanomedicine shows significant potential as it continues to advance rapidly for treating complex obesity cases along with their 
linked metabolic problems. The medical implementation of nanoparticles (NPs) requires resolving various crucial problems that stand 
in the way of global acceptance. Security obstacles together with scaling problems combine with regulatory issues and moral aspects 
create substantial barriers in the nanomedicine field. This section provides a detailed analysis of essential matters within nanomedicine 
treatment for obesity.

6.1. Potential toxicity and immunogenicity of nanoparticle formulations

Nanoparticles create major health threats to human beings through their distinctive physical and chemical attributes (Vignesh 
et al., 2025). The combination of toxic effects includes damage to cells together with tissue deposition and damage to blood vessel 
walls. The direct toxic effects of nanoparticles stem from their small dimensions which produces big surface contact and strong 
reactivity that triggers oxidative stress along with inflammatory reactions and DNA alterations (Vignesh et al., 2025). During obesity 
treatment NPs tend to build up in adipose tissue as well as liver and gut tissue. The prolonged build-up of nanoparticles in liver tissue 

Table 3 (continued )

S. 
No. 

Application Advantages Shortcomings Recent Animal 
Model Studies 

Clinical Trials Future Directions 
and Personalized 
Approaches 

References

resistance 
mechanisms.

potential resistant 
pathways.

resistance to 
conventional 
therapies.

without identified 
human studies

pathways specific 
to drug resistance.

X. Zhu et al., 
2024)
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and kidneys along with the spleen creates toxicity because these organs become unable to clear them properly from the body. In
dividuals who have obesity face an increased risk for cardiovascular diseases since endothelial dysfunction generates vascular toxicity 
and inflammatory processes in blood vessels (Zhaisanbayeva et al., 2024).

The activation of immune responses becomes possible through immune stimulation by foreign nanoparticles which results in toxic 
immune reactions. The application of polyethylene glycol (PEG) coatings helps reduce immune reactions to NPs yet recurring in
teractions between NPs and immune cells cause potential harmful effects (Padín-González et al., 2022; Pondman et al., 2023). 
Nanoparticles' toxicity requires control through essential development initiatives based on testing which incorporates optimization of 
size and shape as well as surface charge and coatings and use of biocompatible materials.

6.2. Scalability and cost-effectiveness in pharmaceutical development

The potential of nanomedicine for obesity treatment encounters major obstacles during large-scale manufacturing together with 
maintaining economic efficiency (Türeli and Türeli, 2020). The products encounter challenges in large-scale manufacturing because 
specialized equipment needs along with minimal material availability and stable product stability under unique processing envi
ronments (Thursby and Juge, 2017). Nanostructured liposomes together with lipid nanoparticles (LNPs) demand high production costs 
which prevents their wide clinical use because of their expense (Thursby and Juge, 2017). Nanostructured liposomes and LNPs 
command production expenses that exceed conventional formulations by several times thus making them inaccessible for broad 
clinical use. Commercial innovation of nanomedicines requires pharmaceutical businesses to minimize production expenses while 
sustaining product quality standards (L.-P. Wu et al., 2020). The wide adoption of nanomedicines as obesity treatments depends 
heavily on two main factors: automated manufacturing improvements and reduced material production expenses. The commercial 
adoption of nanomedicine treatments for obesity relies on solving the existing obstacles.

6.3. Regulatory hurdles and translational challenges in clinical applications

When applied in medical treatment, nanomedicines face many regulatory barriers because they are novel compounds that require 
regulatory bodies to verify safety and the effectiveness of their benefits (Đorđević et al., 2022). Current guidelines for nanomaterials 
treatment of obesity prove challenging for researchers because they lack flexibility for adapting to various kinds of nanoparticles used 

Fig. 4. Emerging Trends in Smart Nanocarriers and Multi-Functional Drug Delivery Systems (created in https://BioRender.com).
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in medical applications (Đorđević et al., 2022). Approval delays frequently occur because nanomedicines do not have enough 
documented safety data because they represent new medical approaches. Researching the delayed adverse effects of nanoparticles 
proves difficult because it limits our ability to predict their safety outcomes across extended timescales (Ali et al., 2023). The pro
duction of nanoparticles requires maintaining strict consistency between batches because regulatory requirements demand evidence 
proving that materials maintain minimal changes in their dimensional properties together with their surface features and chemical 
makeup. Translational efforts face hurdles when interpreting preclinical study results for human trials since metabolic dissimilarities 
and immune system reactions and distribution patterns between animals and humans pose problems (Ali et al., 2023; Ineichen et al., 
2024). Nanoparticles' properties present unique design issues in clinical trials because it necessitates novel approaches for finding 
correct drug amounts and scheduling of therapy as well as setting measurable outcomes. Off-target impacts together with non-target 
tissue accumulation create difficulties in understanding trial findings.

6.4. Ethical considerations in the use of nanomedicine for obesity treatment

The implementation of nanomedicine for obesity therapy induces ethical dilemmas since it demands a careful assessment of both 
the therapeutic advantages and patient and community security hazards (L. Jiang and Carmichael, 2019). Physical approval from 
patients remains essential when taking nanomedical substances since their advanced scientific concepts exceed basic human under
standing. Certain vulnerable populations including children and elderly citizens along with economically disadvantaged people may 
become susceptible to clinical trial participation and nanomedicine treatment adoption because of inadequate risk comprehension 
(Quesada-Vázquez et al., 2024). The expense of nanoparticle-based obesity treatments could grow health inequalities because they 
would likely become available only to upper-class patients and nations (Fathi-karkan et al., 2025; Jia et al., 2023). The importance of 
global health equity demands nanomedicines to comply with worldwide health priorities so that they can enhance healthcare for 
lower-income population groups. Applied nanoparticulate medical treatment creates ethical problems regarding their environmental 
impact. The improper clearance of nanoparticles inside the body might result in their eventual release into the environment. The 
environmental hazards posed by accumulating nanoparticles require attentive assessment because they affect aquatic ecosystems 
mainly.

The promise of nanomedicine for obesity treatment advances forward while facing various essential hurdles. The full potential of 
nanomedicine depends on solving safety problems with nanoparticle formulations and resolving scalability and cost matters and 
regulatory complexities as well as ethical considerations. The effective use of nanomedicines for obesity management requires mutual 
cooperation between researchers and regulatory bodies and pharmaceutical industry representatives.

7. Future prospects in nanotechnology for obesity and metabolic dysfunction treatment

A new drug delivery revolution emerged with nanotechnology that offers healthcare professionals the possibility to transform 
obesity treatment methods together with related metabolic disorders. Combining research on smart nanocarriers with artificial in
telligence applications and combination treatments with gene therapy methodologies will have significant impact on breakthroughs in 
obesity and metabolic disease treatment. The following part examines new trends for smart nanocarriers together with multi- 
functional delivery systems and AI-based formulation optimization and nanotechnology-gene therapy combinations and 

Fig. 5. Integrating AI and Nanotechnology for Personalized Formulation and Gene Therapy (created in https://BioRender.com).

D.E. Uti et al.                                                                                                                                                                                                           Obesity Medicine 61 (2026) 100712 

15 

https://BioRender.com


nanotechnology-enhanced incretin mimetics applications.

7.1. Emerging Trends in Smart Nanocarriers and Multi-Functional Drug Delivery Systems

Nanocarriers based on smart design marks a tremendous progress in pharmaceutical drug delivery systems (Fig. 4). The nano
carriers exhibit distinct traits through environmental stimuli conditions which enable controlled drug delivery to the target site 
without producing unwanted effects and generates superior therapeutic results. Smart nanocarriers have experienced several ad
vancements according to recent trends. 

a. Stimuli-Responsive Nanocarriers: The release mechanism of stimuli-sensitive nanocarriers operates through specific physio
logical cues which include pH levels and temperature fluctuations alongside enzyme or antigen recognition (Ahmar, 2024). Smart 
nanocarriers possess the ability to activate under the specific conditions of fat tissue acidity and adipose cell enzymatic activity in 
metabolic disorder treatments (Sargazi et al., 2024). Through selective release mechanisms the drug reaches its targeted action site 
more effectively because off-target effects are minimized and the drug remains bioactive.

b. Targeted and Controlled Release Systems: The main hurdle in treating metabolic conditions involves obtaining proper doses to 
specific target tissues across prolonged periods. Nanocarriers accustomed to controlled incretin mimetic, or lipolytic agent delivery 
systems demonstrate extended medication effects which enhance medical performance while shortening medication schedule 
intervals. Nanocarriers having multiple functions as lipid-based nanoparticles and polymeric nanoparticles together with micelles 
enable simultaneous delivery of various drugs which enhances the therapeutic effect through combined metabolic pathway 
intervention.

c. Surface Modifications of Nanocarriers: Represent an essential strategy to improve their ability to target specific areas. By 
attaching targeting ligands including antibodies as well as peptides and aptamers to nanocarriers their capability to target receptors 
expressed within adipose tissues and muscle cells and within the liver gets enhanced (Correia et al., 2021; Fatima et al., 2025). The 
drug requires vital surface modifications to prevent systemic harm and maintain its action within particular metabolic organs. The 
therapeutic index of obesity treatment and type 2 diabetes management becomes more effective through targeting receptors 
mediating insulin resistance and tissue inflammation in adipose tissue.

d. Combination Nanotherapies: Scientists are focused on multi-functional drug delivery platforms because these systems effectively 
provide combined medical treatments for complex metabolic diseases. A nanocarrier system which contains several active in
gredients including incretin mimetics and lipolysis-stimulating agents and anti-inflammatory agents enables treatment of obesity 
along with its various underlying factors. Multiple drug delivery through co-encapsulation reduces medication complications since 
it reduces treatment complexity and helps patients meet their treatment requirements (Razzaq et al., 2025).

7.2. The role of artificial intelligence and computational modeling in optimizing formulations

The design process of nanocarriers for drug delivery has received significant improvement through the application of Artificial 
Intelligence (AI) and computational modeling systems especially when treating metabolic diseases such as obesity (Fig. 5). Imple
mentation of artificial intelligence (AI) and gene-based technology into nanotechnology based incretin therapy is a new and highly 
speculative area with little direct support in incretin systems. AI-based approaches are starting to be pursued in maximizing the design 
parameters of nanocarrier such as particle size, surface modification, drug loading, and release kinetics. AI may be useful in incretin 
therapy by predicting interactions between drugs and carriers, refining oral peptide delivery systems, and enhancing system targeting 
to metabolically viable tissues, including the liver and adipose tissue. Regarding this, the computational modeling can be used to 
design lipid-based or polymer-based nanoparticles, which will stabilize and absorb GLP-1 receptor agonists better. Nevertheless, the 
existing applications are mostly preclinical, formulation-oriented and there are no developed AI-directed incretin nanomedicine 
systems.

Other future strategies in inhibiting or stimulating incretins that have been suggested include gene-based methods, such as using 
nanocarrier-mediated nucleic acid delivery. Theoretically, a prolonged effect of the treatment using nanoparticles of genes encoding 
GLP-1 analogs or incretin-signaling regulators may be possible. Also, RNA-based interventions can address the insulin-sensitizing or 
appetite-regulating pathways. These approaches are however currently, these are concepts and no clinically proven gene therapies on 
incretin systems through nanotechnology exists. In sum, although AI and gene-based methods have a chance to improve the new 
evolution of incretin nanomedicine, it is still in its early stages and investigative mode. Safety, efficacy and translation amenable 
research is yet to be established prior to clinical application.

8. Conclusions

This review assessed the limitations of conventional incretin-based therapies in the management of obesity and metabolic 
dysfunction, while highlighting the innovative potential of nanotechnology-based delivery systems. The objectives were achieved 
through a comprehensive analysis of how advanced nanocarrier systems including lipid-based nanoparticles, polymeric nanoparticles, 
and stimuli-responsive platforms can effectively overcome the challenges of enzymatic degradation, short biological half-life, and 
systemic side effects associated with current incretin mimetics. In doing so, we underscored the novel and promising intersection of 
nanotechnology with incretin-based therapies, proposing a next-generation framework that incorporates smart nanocarriers, artificial 
intelligence-driven formulation strategies, and the potential synergy with gene therapy.
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Our findings confirm and extend previous observations on the pharmacokinetic and pharmacodynamic enhancements achievable 
through nanotechnology, and we provide new insights into targeted delivery to key metabolic organs such as the liver, adipose tissue, 
and the brain. From these investigations, several future perspectives arose: there is a critical need to prioritize comprehensive safety 
profiling and biocompatibility testing of nanoparticle systems, to develop scalable and cost-effective manufacturing processes, and to 
conduct rigorous preclinical and clinical studies that validate both the therapeutic efficacy and the long-term safety of these emerging 
treatments. Furthermore, the integration of personalized medicine approaches, incorporating omics data and artificial intelligence, 
holds considerable promise in optimizing patient-specific outcomes. In summary, nanotechnology-enhanced incretin-based therapies 
represent a transformative avenue for addressing the global burden of obesity and metabolic dysfunction, offering the potential for 
more effective, targeted, and patient-centered treatment solutions in the years to come.
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Caballero, M., Gutierrez, A., Baglietto-Vargas, D., 2024. Adipose tissue as a therapeutic target for vascular damage in Alzheimer's disease. Br. J. Pharmacol. 181 
(6), 840–878. https://doi.org/10.1111/bph.16243.

Bhusal, A., Rahman, M.H., Suk, K., 2021. Hypothalamic inflammation in metabolic disorders and aging. Cell. Mol. Life Sci.: CM 79 (1), 32. https://doi.org/10.1007/ 
s00018-021-04019-x.

Bo, T., Gao, L., Yao, Z., Shao, S., Wang, X., Proud, C.G., Zhao, J., 2024. Hepatic selective insulin resistance at the intersection of insulin signaling and metabolic 
dysfunction-associated steatotic liver disease. Cell Metab. 36 (5), 947–968. https://doi.org/10.1016/j.cmet.2024.04.006.

Campbell, J.E., 2020. Targeting the GIPR for obesity: to agonize or antagonize? Potential mechanisms. Mol. Metabol. 46, 101139. https://doi.org/10.1016/j. 
molmet.2020.101139.

Campbell, J.E., Newgard, C.B., 2021. Mechanisms controlling pancreatic islet cell function in insulin secretion. Nat. Rev. Mol. Cell Biol. 22 (2), 142–158. https://doi. 
org/10.1038/s41580-020-00317-7.

Capozzi, M.E., D'Alessio, D.A., Campbell, J.E., 2022. The past, present, and future physiology and pharmacology of glucagon. Cell Metab. 34 (11), 1654–1674. 
https://doi.org/10.1016/j.cmet.2022.10.001.

Chadt, A., Al-Hasani, H., 2020. Glucose transporters in adipose tissue, liver, and skeletal muscle in metabolic health and disease. Pflügers Archiv 472 (9), 1273–1298. 
https://doi.org/10.1007/s00424-020-02417-x.

Chait, A., den Hartigh, L.J., 2020. Adipose tissue distribution, inflammation and its metabolic consequences, including diabetes and cardiovascular disease. Front. 
Cardiovasc. Med. 7. https://doi.org/10.3389/fcvm.2020.00022.

Chen, G., Kang, W., Li, W., Chen, S., Gao, Y., 2022. Oral delivery of protein and peptide drugs: from non-specific formulation approaches to intestinal cell targeting 
strategies. Theranostics 12 (3), 1419. https://doi.org/10.7150/thno.61747.

Chen, Y., Wang, W., Morgan, M.P., Robson, T., Annett, S., 2023. Obesity, non-alcoholic fatty liver disease and hepatocellular carcinoma: current status and 
therapeutic targets. Front. Endocrinol. 14. https://doi.org/10.3389/fendo.2023.1148934.

Cheng, Y., Liang, S., Zhang, S., Hui, X., 2024. Thermogenic fat as a new obesity management tool: from pharmaceutical reagents to cell therapies. Biomedicines 12 (7), 
1474. https://doi.org/10.3390/biomedicines12071474.

Chrysavgis, L.G., Kazanas, S., Bafa, K., Rozani, S., Koloutsou, M.-E., Cholongitas, E., 2024. Glucagon-like peptide 1, glucose-dependent insulinotropic polypeptide, and 
glucagon receptor agonists in Metabolic dysfunction-associated steatotic liver disease: novel medication in new liver disease nomenclature. Int. J. Mol. Sci. 25 (7), 
7. https://doi.org/10.3390/ijms25073832.

D.E. Uti et al.                                                                                                                                                                                                           Obesity Medicine 61 (2026) 100712 

18 

https://BioRender.com/s09o0gn
https://BioRender.com/s09o0gn
https://doi.org/10.1016/j.apsb.2026.01.035
https://doi.org/10.1016/j.nantod.2020.100914
https://doi.org/10.22034/cas.2022.343533.1019
https://doi.org/10.1113/JP286293
https://doi.org/10.1016/j.jddst.2022.104118
https://doi.org/10.3389/fcvm.2020.602088
https://doi.org/10.4093/dmj.2023.0011
https://doi.org/10.4093/dmj.2023.0011
https://doi.org/10.1007/s13679-025-00623-1
https://doi.org/10.1007/s40265-021-01499-w
https://doi.org/10.1016/j.peptides.2024.171216
https://doi.org/10.1016/j.biopha.2024.116433
https://doi.org/10.1021/acsnano.5b02762
https://doi.org/10.3390/pharmacy10050106
https://doi.org/10.3390/molecules28031449
https://doi.org/10.1053/j.gastro.2019.12.054
https://doi.org/10.3390/nu16152436
https://doi.org/10.1016/j.xcrm.2024.101760
https://doi.org/10.1016/j.hnm.2023.200210
https://doi.org/10.3390/biology14121650
https://doi.org/10.1038/s41573-023-00670-0
https://doi.org/10.1186/s40842-024-00187-4
https://doi.org/10.1016/j.apsb.2021.08.003
https://doi.org/10.1111/bph.16243
https://doi.org/10.1007/s00018-021-04019-x
https://doi.org/10.1007/s00018-021-04019-x
https://doi.org/10.1016/j.cmet.2024.04.006
https://doi.org/10.1016/j.molmet.2020.101139
https://doi.org/10.1016/j.molmet.2020.101139
https://doi.org/10.1038/s41580-020-00317-7
https://doi.org/10.1038/s41580-020-00317-7
https://doi.org/10.1016/j.cmet.2022.10.001
https://doi.org/10.1007/s00424-020-02417-x
https://doi.org/10.3389/fcvm.2020.00022
https://doi.org/10.7150/thno.61747
https://doi.org/10.3389/fendo.2023.1148934
https://doi.org/10.3390/biomedicines12071474
https://doi.org/10.3390/ijms25073832
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